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ABSTRACT 

The n- type  conductivi ty in commercia l ly  available stabilized zirconia elec- 
trolyte tubes was studied from 600 ~ to 1400~ using three independent  tech- 
niques: emf measurements  on H~-H20 mixtures,  coulometric t i t rat ion of oxy-  
gen out of liquid s i lver  or copper, and electrolyte breakdown in gas mixtures  
with low oxygen activities. From the coulometric t i t rat ion results 

54.5 • 103 
log Pe -- Jr 14.0 

T 

where P0 is the oxygen pressure at which the ionic and n-type conductivities 
are equal. Determinations of the electrolyte breakdown voltage permit rea- 
sonable estimates of P0 to be made. Disagreement between the first two tech- 
niques was found which enabled discrepancies in the literature to be resolved. 

Recent emf measurements  on oxide electrolyte cells 
to de termine  thermodynamic  propert ies have indicated 
that  accuracies exceeding •  mV (_+I00 ca l /mole  Oz) 
can be realized (1, 2). In addition, accuracies exceed-  
ing _+2 mV are often reported. Consequently,  even 
small  electronic t ransport  numbers  in the electrolyte  
can prove significant, emphasizing the importance of 
a knowledge of electronic conductivi ty in oxide elec- 
trolytes. 

An increasing number  of thermodynamic  and kinetic 
studies using oxide electrolytes as well  as almost all 
the investigations concerning ei ther the determinat ion 
of oxygen in metals  or gases or the electrochemical  
control of oxygen in gas mixtures  wi th  oxide electro-  
lyte cells (3) involve the use of commercia l ly  avai l-  
able calcia- or yt t r ia-s tabi l ized zirconia tubes (gen- 
eral ly from the Zirconium Corporation of Amer ica) .  
They are impervious and enable the electrode com- 
par tments  to function independently.  Nevertheless,  
electronic conductivi ty data are ve ry  l imited for such 
tubes. 

Previous work  on electronic conduct ivi ty  in stabi- 
lized zirconia samples exhibits  marked  disagreement.  
Since, f rom oxygen permeabi l i ty  measurements,  th 

10 -2 at 600~176 and Po2 ---- 1 arm where  t~, is the 
t ransport  number  of electron holes (4-6), p - type  con- 
duct ivi ty can be neglected. Nonetheless, it could be- 
come significant at higher  tempera tures  since, for ZrO2- 
CaO electrolytes,  the act ivation energy for p- type con- 
duction, 43.8 kca l /mole  (6), is considerably higher  
than that for ionic conduction, 25-30 kca l /mole  (3). 
However ,  n - type  conductivi ty is appreciable at low 
oxygen pressures on account of the reaction 

1 
Go = - - O 2 ( g )  "~- VO" "~- 2e'  [1] 

2 
where  Oo is an oxygen ion on a normal  latt ice site, Vo'" 
is a doubly ionized oxygen vacancy, and e' is an excess 
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electron. The usual parameter  to describe n - type  con- 
duct ivi ty  is Po, the oxygen pressure at which t~ ~ 0.5 
where  te is the t ransport  number  of excess electrons 
(7). The widespread values of log P0 at 1000 ~ and 
1600~ which have been reported are listed in Table I. 
In this table, O symbolizes dissolved oxygen. 

Regarding the techniques used to obtain these data, 
the measured emf, E,,, of an oxygen concentrat ion cell 
having a stabilized zirconia electrolyte and oxygen 
pressures of Po2' and Po 2" at the anode and cathode, 
respectively,  (Po2" ~ Po2')  is given by 

RT P02 ''1/4 
E.~ -~ ~ In [2] 

F P02 '1/4 + Po 1/4 

providing that  P02" > >  Po (7). I t  is assumed that  the 
n - type  conductivity,  ~,, follows the theoret ical  P02 -1/4 
dependence, predictable from Eq. [1]. If the oxygen 
act ivi ty at the anode is very  low such that  P02' < <  Po, 
a m a x i m u m  emf, Emax, given by 

RT Po2" 
E ..... = In ~ [3] 

4F Pe 

will be observed and P0 can be calculated. In the 
maximum emf method, the low oxygen activity at the 
anode is achieved thermodynamically whereas, in the 
cou]ometric titration method, it is achieved by elec- 
trochemically removing oxygen from the anode 
chamber. In the latter case, if the applied potential is 
high enough and concentration overpotential only 
arises at the low oxygen-pressure  side, Emax can be 
measured upon opening the circuit. 

The thermodynamic  emf, Et, of the cell is 

RT Poz" 
Et ---- In ~ [4] 

4F Po2' 

,An average ionic transport number, ~, between the 
oxygen pressures imposed at the electrodes is defined 
as 

~ = E,~ [5] 

Et 
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Table I. Reported log P~ values for stabilized zirconia electrolytes 

Sample ,  
mole  per  cen t  (m/o)  T e c h n i q u e  1000~ 

log  P0, a t m  

1600~ Ref 

ZrO~-CaO-MgO tube  M a x i m u m  e m f  --24 
Ca-CaO v s .  a i r  

ZrO~ + 10% YzO~ d i sk  C o u l o m e t r i c  t i t r a t i o n  --27 
O~ ou t  of Hc-H~O --31 

ZrO~ + 15% CaO d i sk  Emf  c o m p a r i s o n  --23 
NbO~-Nb~O~-~ v s .  Fe-FexO 

ZrO~ + 15% CaO tube  C o u l o m e t r i c  t i t r a t i o n  --28 
Oc ou t  of air  

ZrOz + 15% CaO d i sk  D-C po l a r i z a t i on  --31 
Fe-Fe~O or  Co-CoO v s .  A u  
A-C c o n d u c t i v i t y  --27 
as f u n c t i o n  of Po 2 

ZrO0 + 12% CaO + Emf  c o m p a r i s o n  
4% MgO tube  Hc-H~O v s .  air 

ZrO= + 15% CaO disk  E m f  comparison 
CO-CO~ vs. air 

ZrO:  + 15% CaO tube  C o u l o m e t r i c  t i t r a t i o n  --27 
ZrO~ + 10% CaO tube  M a x i m u m  e m f  --23 

AI-AI~Oa vs. O- ~ 
ZrO~ + 14% MgO tube  E m f  c o m p a r i s o n  

O (in Fc-C)  v s .  0._, 
ZrO~ + 7% Y'.'Oa rod C o u l o m e t r i c  t i t r a t i o n  --31 (c~ 

O out  of A g  
ZrO.~ + 15% CaO p la te  D-C p o l a r i z a t i o n  --37r 

N,_,-O~ v s .  N,z-O2 
ZrO~ + 10% Y,:O~ tube D-C polarization --30 (~) 

N...  v s .  air 

- -  1 3 ( a )  

--15 

- -  1 2  

- 14  

- -  1 3 ( ~  

--16 

(7) 

(8) 

(9) 

(I0) 

(II) 

(II) 

(12) 

(13) 

~14) 
~15) 

(16) 

(17) 

(18) 

(19) 

(~ E x t r a p o l a t e d  f r o m  1227~ 
(b) 1627oc. 
(c) E x t r a p o l a t e d  f r o m  1200~ 
(~ E x t r a p o l a t e d  f r o m  727~ 
r  = --28 for  ZrOz + 16% CaO. 

The emf comparison method involves determining E,a 
for a cell which satisfies the requ i rement  P o 2 "  > >  P o 2 '  

P0 and then calculat ing Po via Eq. [2], i.e., in effect, 
comparing Em and Et. Since only t~ values were  re-  
ported in three papers (12-14), Po was found using, in 
turn, Eq. [4], [5], and [2]. 

In the d-c polarization technique, potentials  are ap- 
plied to a cell with one reversible  electrode and one 
electrode, which is made the cathode, that  prohibits 
the electrolyte  from having access to oxygen because 
it is e i ther  i r revers ible  (11, 19) or nonporous (18). 
Ionic current  is blocked and a plot of log electronic 
current  against applied potent ial  can be used to obtain 
the n - type  conductivi ty at the oxygen pressure defined 
by the reversible  reference electrode (11, 18, 19). By 
consequence of the proport ional i ty  be tween r and 
Poe -1/4 and available ionic conduct ivi ty  data (3), P0 
can be determined.  

Lastly, a-c conduct ivi ty  measurements  as a function 
of oxygen pressure can be used to obtain r and, there-  
fore, Pe direct ly  if the required low oxygen activit ies 
can be rel iably established. 

The ionic t ransport  number,  t~, can be readily shown 
to be 

P o 2 1 / 4  
t~ = [6] 

Po~ 1/4 + Po ]/4 2 

Accordingly, a knowledge of Po suffices for calculat ing 
the ionic t ransport  number  at any required oxygen 
pressure. Combining Eq. [2], [4], and [6] leads to 

R T  
E,n -- Et -4- - - l n  (tl)Po2' [7] 

F 

Equation [7], in conjunct ion with Eq. [5], provides an 
impor tant  relat ionship between (ti)po,,. and t~. 

The purpose of this paper is threefold:  first, to re-  
port P0 values for commercia l ly  available stabilized 
zirconia tubes which were  measured over a wide t em-  
perature  range, second, to introduce an approximate  
electrolyte  breakdown technique, and third, to compare 
the results obtained by several  techniques  so that  rea-  
sons for the serious disagreement  in Table I can be ad- 
vanced thereby indicating which data are more re-  
liable. 

Experimental 
The solid electrolytes were  impervious ZrO2 -~- 10 

m/o  CaO closed-end tubes supplied by the Zirconium 
Corporation of America.  They were  24 in. long with an 
ID of 9.5 mm and OD of 13.5 mm and contained the 
fol lowing impuri t ies  in we igh t  per cent ( w / o ) :  0.62 
SiO2, 0.25 MgO, 0.i0 Fe203, 0.18 AI20~, and 0.II TiO2. 

The tubes exhibited good thermal shock resistance 
and excellent stability during temperature cycling and 
were not destabilized after being partially reduced 
electrochemically. 

In all the experiments, the reference electrode con- 
sisted of oxygen at 1 atm pressure flowing through a 
piece of 45-mesh Pt gauze held firmly against the plati- 
nized inside surface of the closed end of the electrolyte 
tube as previously illustrated (20). Either preanalyzed 
gas mixtures were passed at 1 atm pressure over a 
similar electrode on the outside surface of the closed 
end of the tube, which was held inside a quartz tube, 
or the electrolyte tube was dipped about 1/4 in. into 
liquid silver or copper of known oxygen content, which 
was controlled by bubbling preanalyzed gas mixtures 
(Ar-Oo for silver and CO-CO2 for copper) through 
the metal. Electrical contact with the liquid metals 
was established with Chromel A wire (80% Ni, 20% 
Cr) for silver and stainless steel wire (Type 314) for 
copper. 

The measuring instruments have already been de- 
scribed (20). 

Results and Discussion 
The Pt, 02 reference electrode is nonpolarizable from 

700~176 (20, 21) and hence any overpotent ia l  can 
be at t r ibuted to the Pt, gas mix ture  electrode or the 
l iquid meta l  electrode. 

E m f  m e a s u r e m e n t s . - - T h e  emf comparison technique 
was studied from 600~176 wi th  the cell 

( - - )  H2-H20/ZrOz-CaO/O2 ( + )  (I) 

In an effort to make  Po2' ~" Po, ul t rapure  hydrogen 
(>99.999% on a he l ium-f ree  basis) containing 4 ppm 
H20, 0.5 ppm 02, ~50 ppm He, and ~5  ppm N2 was 
passed into the anode chamber.  The equi l ibr ium oxy-  
gen pressures or, more correctly,  oxygen activit ies (22), 
measured emf's, and calculated Pe values (Eq. [2] or 
Eq. [4], [7], and [6]) are given in Table IL 



where 

N - T Y P E  CONDUCTIVITY 

Table 11. Results for the emf comparison technique 

Terap,  ~ log  Po~', a rm Era, mV log P~, atrn 

635 -- 33.33 1464 --34.2 
800 -- 28.95 1466 --28.6 
900 -- 26.89 1459 --25.6 

1000 -- 25.14 1464 --23.9 
1050 -- 24,37 1444 --22,5 
l l0O -- 23.65 1430 --21.4 

Interchanging the gases in the electrode compartments  
did not affect the results. 

High gas flow rates were required to obtain these 
data. The emf increased markedly  as the flow rate at 
the anode was increased and did not level off unt i l  the 
ul t rapure hydrogen impinged on the electrode with 
room-tempera ture  l inear speeds of 80-100 cm/sec. On 
an average, flow rates of 2.2, 10, and 30 cm/sec at 25~ 
yielded emf's that were about 100, 50, and 10 mV lower 
than those listed in Table II. Because of electronic 
conductivi ty and, perhaps, slight porosity in the elec- 
trolyte, oxygen is cont inuously t ransferred (as ions 
and atoms or molecules, respectively) from the cath- 
ode to the anode chamber where it reacts with hydro-  
gen. The result ing diffusion overpotential  lowers the 
cell emf. High flow rates are needed so that the un-  
wanted water molecules can be flushed away. 

Unfortunately,  exper imental  evidence indicates that  
the complete el iminat ion of diffusion overpotential  was 
impossible making the Em values in Table II too low 
and the log P0 values too high. This was suggested 
a priori  by the severe flow rate dependence. The Po 
values are several orders of magni tude higher than 
those derived from the coulometric t i t ra t ion technique. 
Drying the H2-H20 mixture  did not lead to any in-  
crease in Em and its presence in the anode chamber did 
not produce any detectable changes in the conductivity 
of the electrolyte. 

Oxygen permeabi l i ty  through the electrolyte arising 
from either electronic conductivi ty or porosity in-  
creases with temperature.  From the results for cell (I) 
in Table II and Eq. [4] and [ 5 ] , ~  ---- 0.98 at 635~ and 
0.89 at ll00~ Interestingly,  Po was not significantly 
affected by replacing oxygen in the reference compart-  
ment  with a CO-CO2 mixture  containing 1.08% CO2 
[Po2" = 10-18 atm at 1000~ (22)] during the mea-  
surements at 1000~176 Although the driving force 
for open-circuit  oxygen transfer is reduced, n - type  
conductivity in the electrolyte increases. 

Less reducing H2-H20 mixtures  were also passed into 
the anode chamber of cell (I). At 1000~ measured 
emf's for mixtures  containing 0.1% and 0.06% H20 
[Po2' ---- 10-2o.5 and 10 -21.~ atm, respectively (22)] 
were about 10 and 15 mV too low, respectively. How- 
ever, when  t~ ~ 1, calculation of P0 using Eq. [2] is im-  
practical which could, in part, account for the high Po 
values in Table II at the lower temperatures.  Previ -  
ously in H2-H20 mixtures, emf deviations from ideality 
were observed below oxygen pressures of only 
10 -18 -- 10 -19 atm at 1000~ (23, 24) and 10 - s  -- 10 -9 
atm at 1600~ (12, 23, 25) and have been at t r ibuted to 
both electronic conductivity (12) and porosity (24-26) 
in the ceramic electrolytes. 

Coulometr ic  t i t r a t i o n . J O x y g e n  was electrochemi- 
cally removed from liquid silver or copper containing 
5 x 10 -4 to 5 x 10 -3 atomic per cent (a/o) O in the 
cell 

( - - )  O ( i n A g  or Cu)/ZrO2-CaO/O2 (~-) (II) 

Experiments  were carried out from 1000~176 for 
silver and from 1100~176 for copper. 

To appreciably lower the oxygen activity at the 
metal-electrolyte  interface, the applied potential  was 
held constant for 2 min  prior to opening the circuit and 
immediately measur ing the cell potential. Repeating 
this procedure at increasing applied potential  (0.2V in-  
crements) led to max imum open-circuit  cell potentials 
when the applied potential  reached 2-3V. Subsequent  

increases served only to fur ther  reduce the cathode 
side of the electrolyte. Substoichiometric ZrO2, but  
never  zirconium metal, was allowed to form. If reoxida- 
t ion due to oxygen diffusion from the bulk  of the liq- 
uid metal  and oxygen migrat ion through the electrolyte 
was prevented, the cathode side was observed to be a 
whit ish-gray color, rather  than white. If reoxidation 
was permitted, the original resistance of the electrolyte 
was general ly restored wi thin  a few minutes  indicating 
no det r imenta l  s t ructural  changes had occurred. 

In  Fig. 1, E m a x  is plotted against temperature.  Com- 
parable values were obtained by coulometrically t i-  
t rat ing oxygen out of H2-H20 mixtures  dilute in H20 
using cell (I) .  During current  passage through cell 
(II) ,  the only overpotential  which appears is diffusion 
overpotential  at the liquid metal  electrode (21). Hence, 
equi l ibr ium exists at the electrode-electrolyte inter-  
faces and Po can be calculated from Eq. [3]. The results 
are presented in Fig. 2 and can be expressed as 

54.5 X I0~ 
log P 0 -  -t- 14.0 [8] 

T 

The Po values are 5-6 orders of magni tude higher than 
the decomposition pressures of tetragonal  ZrO2 (22). 

Such a dependence for Po can be predicted by noting 
that, for an oxide electrolyte 

a~ : Aiexp  ( - - ~ H J R T )  [9] 

an = AnP02 -1/4 exp ( - - A H n / R T )  [10] 

where a~ and a. are the ionic and n- type  conductivities, 
respectively, A~ and An are approximately constant, 
and AH~ and AHn are apparent  activation enthalpies 
for ionic and n- type  conduction, respectively. When 
at ~ an, Po2 ~- Po and, thus 

Po ~- (An~At)  4 exp [ - -4(~Hn -- A H i ) / R T ]  [11] 

meaning that 
A 

log Pe -~ -- ~ �9 B [12] 
T 

1.85 

1.7372 (hHn - -  AHi) 
A : [13] 

R 
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Fig. 1. Maximum cell potential resulting from coulometric 

titration of oxygen out of liquid silver or copper. Reference 
electrode was Pt, 02 (1 atm). 
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Fig. 2. Temperature dependence of Po for commercially avail- 
able stabilized zirconia electrolytes. 

and 
B = 4 log ( A J A O  [14] 

Possible changes in A~ or • wi th  tempera ture  (3, 27) 
make lengthy extrapolat ions of Eq. [12] uncertain.  
Comparing Eq. [8], [12], and [13] gives -~H, -- • = 
62.3 kcal /mole.  Since • was determined to be 25.3 
k c a l / m o l e ,  AHn = 87.6 kcal /mole .  It wil l  be associated 
with one half the enthalpy of reaction [1] and any en- 
thalpy needed to release excess electrons from electron 
traps such as ionized oxygen vacancies, Zr 4+ ions, and 
intersti t ial  or easily reducible impuri ty  cations. 

Electrolyte breakdown. - - In  the electrolyte break-  
down technique, a potential,  E, is applied to the cell 

( -- ) poz'/ZrO2-CaO/P02" ( + ) (III) 

as shown, making Poz" and Poe" the oxygen pressures 
at the cathode and anode, respectively.  The equi l ib-  
r ium concentrat ion of electroactive species at the cath-  
ode (O, 02, CO.,, H.~O, etc.) is kept low to essentially 
suppress ionic current  and the anode is a nonpolariz-  
able reference electrode. As the ionic IR drop and any 
transition overpotent ia l  wil l  be negligible, concentra-  
tion overpotent ia l  at the cathode accounts for the en- 
tire applied potential. Therefore  

RT Po2" 
E = I n -  [15] 

4F P02' 

where  Po2' is the oxygen pressure imposed at the cath-  
ode surface of the electrolyte  by the applied potential  
(E is considered positive for convenience) .  

The n- type  current  density, i~, obeys the equation 

dE E 

where  x is the distance across the electrolyte  from the 
reference electrode, an is the apparent  average n- type  
conductivity,  and 1 is the thickness of the electrolyte. 

At any point inside the electrolyte under  s teady-state  
conditions 

R T  Po2 
E = . In [17J 

4F Po2' 

where Po2 is the oxygen pressure corresponding to the 
local chemical  potential.  Differentiat ing Eq. [17] wi th  
respect to x, substi tuting into Eq. [16], and integrat ing 
across the electrolyte  gives 

RT f l n  Po2" 
in : - ~ - ' ~ l n  eo2' an d In Po2 [18] 

Equations of this type have been der ived and discussed 
by Wagner (28). 

Al ternat ively,  at any point inside the electrolyte 

O" n 
in = --ff grad ~le, [19] 

where  he' is the electrochemical  potential  of excess 
electrons and the absolute value of the vector  grad Ue' 
= d~e,/dx (4). For  reaction [1] in equi l ibr ium 

grad ~oo = 1/2 grad ~o2 q- grad ~lvo'" -t- 2 grad ~e, 
[20] 

where  ~ is chemical  potential.  Since the ionic current  is 
v i r tua l ly  zero, at steady state grad ~lyo'" = 0. Also grad 
~oo ~ 0 meaning that  

grad ~le' = -- u grad ~o2 [21] 

Substi tut ion of Eq. [21] into Eq. [19] fol lowed again 
by integrat ion across the electrolyte  from x = 0 at the 
anode to x = L at the cathode produces Eq. [18]. 

From Eq. [10] 
( P o 2 )  - ' /4  

an = ai " ~ 0  [22] 

Insert ing Eq. [22] and d in Po2 = dPo2/Po2 into Eq. 
[18] yields 

RT 
in = - ~ a i P o  1/4 (--Po2 "-1/4 q- Po2 '-1/4) [23] 

Substi tution of Eq. [15] into Eq. [23] leads to the final 
expression 

RT 
in = a~Pol/4 Po2 "-1/4 [ e x p ( E F / R T )  -- 1] [24] 

Fl 
This equation wil l  only apply when E is low enough so 
that an o= Po2'-z/4, i.e., at reasonably small  deviations 
from stoichiometry in the electrolyte  near  the cathode. 

In the case of significant ionic current  

RT Po2" 
E = in + IR q- llt [25] 

4F Poz' 

where  I is the ionic current,  R is the ionic resistance 
of the electrolyte, ~lt is t ransi t ion overpotential ,  and, 
again, Po~' is the oxygen pressure at the cathode sur- 
face of the electrolyte.  If ~lt ~ 0 and Po2' is determined,  
i ,  could be evaluated using Eq. [7] and [8] in a recent  
paper (29). For almost complete ion blocking, an ap- 
proximate expression for in has been der ived (18). 

For the ZrO2 q- 10 m / o  CaO electrolytes studied 
here 

~ = 837 exp (--25,300/RT) [26] 

and ! = 0.2 cm. Theoret ical  electronic current  density 
curves at 1000 ~ and l l00~ for Po2" = 1 atm, calculated 
from Eq. [24], are shown in Fig. 3. The Po data were  
obtained from Fig. 2. Applied potentials making Po2' = 
Po (Eq. [15]) cause considerable electrolyte  break-  
down, e.g., from Fig. 3, in = 21 and 47 m A / c m  2 at 1000 ~ 
and ll00~ respectively.  According to Eq. [24], when  
exp (EF/RT)  ~ >  1, Po could be quant i ta t ive ly  deter-  
mined by extrapolat ing plots of In in vs. E to E = 0. 

To effect ion-blocking conditions, low oxygen ac- 
t ivit ies at the cathode in cell  (III) were  established 
with  either Ar-O2 mixtures  dilute in 02, CO-CO2 
mixtures  dilute in CO2, or a H2-H20 mix ture  dilute in 
H20. High flow rates were  required to el iminate or 
minimize open-circui t  diffusion overpotent ia l  which 
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was discussed in the section on emf measurements .  
Pr ior  to breakdown, the a-c resistance of the elec- 
t rolyte  measured at 3000 Hz was about 35 and 15 ohms 
at 1000 ~ and ll00~ respectively.  Potent ia l  was ap- 
plied to the cell al lowing 20-30 min per 0.1V incre-  
ment. Total  current  density vs. applied potential  plots 
are shown for Ar-O2 mixtures  and for CO-CO2 and 
H2-H20 mixtures  in Fig. 4 and 5, respectively.  The 
composition given for the H2-H20 mix tu re  was cal- 
culated f rom the cell emf. Between  5 and 60 min were  
required to reoxidize the electrolyte  by in terrupt ing 
the current.  

Comparing Fig. 4 and 5 wi th  Fig. 3, it is evident  
that  ionic current  was not total ly suppressed al though 
ionic resistance polarization and transi t ion overpoten-  

tial, which is impor tant  in CO-CO2 mixtures  (20), are 
low. In addition, the surprisingly slow current  increase 
at high applied potentials at 1000~ indicates that, at 
this temperature ,  the loading rate  was too rapid for 
s teady-state  electronic currents  to be ful ly realized. 
Lastly, the current  densities are somewhat  low since 
they are based on the geometric area of the cathode- 
electrolyte interface (1.0 cm 2) ra ther  than the actual 
area of contact be tween the Pt  gauze and the electro- 
lyte which was somewhat  smaller. Nevertheless,  cur-  
rents were  observed to increase significantly at po- 
tentials near  those corresponding to P~ (Fig. 1). Ex-  
trapolat ion of the steep portions of the curves  to i ---- 
0 gives breakdown voltages of 1.74 and 1.70V at 1000 ~ 
and ll00~ respectively,  corresponding to oxygen 

2 5  

2 0  

15 

,ol 

0 J 
1 .4  

CELL: (-) Ar-O 2/ZrO 2 -CaO/02(+) 
FLOW RATE = 12-4cm/sec ot 25 ~ C 

o" 

~ O  

- - - - - - - - o ~ V - - - ' - ' - - ~  12" /~ - ' -  I I ~ i 
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2 - 2  

Fig. 4. Breakdown voltages in Ar-O2 
mixtures dilute in O~. 
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Fig. 5. Breakdown voltages in 
C0-C02 mixtures dilute in C02 
and a H2-H20 mixture dilute in 
H20. 
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pressures about one order of magni tude  higher than 
Po (Fig. 2). 

Physically,  e lectrolyte  b reakdown proceeds as fol- 
lows. At applied potentials sufficiently high to make  the 
oxygen act ivi ty at the cathode very  low, the cathode 
surface of the electrolyte  becomes electronical ly con- 
ducting via reaction [1]. The current  increases since 
electrons can now be t ransferred direct ly from the 
cathode to the electrolyte  forming F-cen te rs  (if they 
are t rapped by oxygen vacancies) or Zr 3+ ions and, as 
a consequence, more O = ions init ial ly migrate  f rom the 
cathode side to the anode side of the electrolyte  than 
are produced from oxygen-bear ing  species in the gas 
phase. Accordingly, the reduced zone spreads slowly 
towards the anode at a rate  controlled by the electronic 
resistance of the electrolyte;  this reduct ion causes large 
hysteresis in cur rent -potent ia l  curves. Simultaneously,  
e!ectronic current  continues to increase since the elec- 
tronic conductivi ty of the electrolyte increases. Even-  
tually, the equi l ibr ium composition of the electrolyte, 
dictated by the oxygen activities at the anode and 
cathode, is reached and the current  becomes constant. 
If  the cathode region is marked ly  reduced (tl ~ 0), 
oxygen-bear ing  species a t tempting to maintain the 
ionic current  are obliged to diffuse through the reduced 
zone prior  to electrochemical  reaction. Severe  reduc-  
tion wil l  result  in the format ion of ei ther te t ragonal  
ZrO2 or ~-zirconium (which may react wi th  the elec- 
trode) in conjunction with  a CaO-enr iched cubic phase 
and simultaneous or subsequent cracking of the elec- 
t rolyte  (30, 31). 

In general, care must  be taken to ensure that  oxy-  
gen-bear ing species have l imited access to the cathode 
surface of the electrolyte.  The ionic current  may in- 
crease at high applied potentials because, when the 
electrolyte can conduct electronically,  direct oxygen 
t ransfer  from the gas phase to the electrolyte does not 
necessitate the nearby presence of the electrode (18, 
20, 32). Secondly, it may be impossible to decrease the 
oxygen act ivi ty in gas mixtures  to ve ry  low levels  be-  
cause of ei ther their  buffer capacity or slow decomposi-  
tion (15). 

Comparison of the di~erent techniques.--The Po re-  
suits at 1000~176 for the emf comparison technique, 
given in Table II, are 4-5 orders of magni tude  higher  
than those shown for the cou]ometric t i t rat ion tech- 
nique in Fig. 2. Interest ingly,  using the 1000~ data in 
Table I, a paral le l  comparison can be drawn between 
previous studies involving emf measurements  (7, 9, 15) 
and coulometric  t i t ra t ion (8, 10, 14, 17). 

In this work, a strong dependence of emf on flow 
rate for H2-H20 mixtures  dilute in H20 was found, 
which indicates that  open-circui t  oxygen t ransfer  
through the electrolyte leading to diffusion overpoten-  

tial can seriously l imit  the accuracy of emf measure-  
ments at very low oxygen activities. Not surprisingly, 
as ment ioned earlier, its influence was not eliminated.  
Its detr imental  effect can be fur ther  appreciated by 
noting that  P0 calculated from available t~ data (12) 
for cell (I) depends on the value of q chosen, e.g., at 
1600~ P0 : 10 -1~, 10 -14, and 10 -13 atm using t-i ~ 0.99, 
0.98, and 0.95, respectively.  Al though oxygen t ransfer  
can be minimized by keeping Po2' ~ P0 such that  
t~ ~ 1, the required calculation of Po from Eq. [2] be- 
comes very sensitive to small  errors in the measured 
emf. In some previous work, emf measurements  were  
taken on cells having, as anodes, two-phase mixtures  
which only provide an invar iant  oxygen act ivi ty as 
long as both phases can be retained at the electrode-  
electrolyte interface. High Po values would be calcu- 
lated if the anode were  appreciably oxidized. However ,  
to at t r ibute the high values in Table I solely to concen- 
trat ion overpotent ia l  effects may  be an oversimplifi-  
cation. For instance, Schmalzr ied (7) ment ioned that  
his cell emf could be kept constant for hours. Other 
factors such as impurit ies in the electrolytes will  be 
part ly responsible. 

The coulometric t i t rat ion technique is rapid and 
should be accurate if ve ry  low oxygen activities can be 
established at the cathode. Fai lure  to achieve this in 
N2-O2 mixtures  at 600~176 might  account for the 
inconsistently high coulometric t i t rat ion Po data that  
has been reported (15). Disagreement  can, at least in 
part, be traced to different electrolyte purities. In the 
electrolyte  tubes used here, the ease of reduct ion of the 
Fe 3+ and Ti ~+ impur i ty  ions could aid the onset of 
n- type  conduction. The low P0 values recent ly reported 
by Swinkels  (17) are for h igh-pur i ty  electrolytes. 

The d-c polarization technique is often inaccurate, 
especially when electronic t ransport  numbers  are low, 
Results achieved by this technique for ZrO2-CaO elec- 
trolytes at low oxygen pressures and for ThO2-Y20.~ 
electrolytes at high oxygen pressures disagreed mark -  
edly with a-c conduct ivi ty  measurements  (11). More 
recent  values are ent i re ly  unrealistic since ionic cur-  
rent  was insufficiently blocked. They are 2-3 orders of 
magni tude  lower than the decomposition pressures of 
te t ragonal  ZrO2 (22). 

In summary,  the coulometric t i t rat ion results are 
preferable.  Thermodynamic  proper ty  measurements  
with stabilized zirconia cells support  the P0 data ob- 
tained by this technique (3). 

Critical oxygen pressures 5or oxide e~ectro[ytes.--The 
results of this invest igation are summarized in Table III. 
Results for the more stable ThO2-Y203 electrolytes are 
included for comparison. The 1600~ values are based 
on the fact that  ThO2-Y203 electrolytes have been used 
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Table 111. Critical oxygen pressures (activities) for solid oxide 
electrolytes 

l o g  P o  2, a t m  

T e m p ,  t~ = t ,  = ~ = t-~ = 
Electrolyte ~  0 5 0  a) 0 . 9 9  0 . 9 9  (b) 0 .99(r  R e f  

Z r O ~ - C a O  1 0 0 0  - - 2 9  - - 2 1  - - 2 6  - - 2 4  T h i s  
w o r k  

1600  --  15 ( ~  -- 7 -- 10 T h i s  
w o r k  

TbO~-Y~O3 I000 --33 --25 --30 --29 (9,33) 
1600 --19 - - i i  --15 -- 13 (34,35) 

(a) L o g  P o .  2 = log Pc. 
(b) I n  a c e l l  w i t h  Oe a t  1 a r m  a t  t h e  r e f e r e n c e  e l e c t r o d e  ( n e g l e c t -  

i n g  p - t y p e  c o n d u c t i v i t y  i n  t h e  c a s e  o f  T h O ~ - Y e O ~ ) .  
(c) I n  a c e l l  w i t h  a n  F e - F c x O  r e f e r e n c e  e l e c t r o d e ,  i . e . ,  o x y g e n  

! 0 r e s s u r e s  a t  t h e  c a t h o d e  o f  10  -15 a n d  10 - s  a r m  a t  1000  ~ a n d  1 6 0 0 ~  
r e s p e c t i v e l y  (221 ,  n e g l e c t i n g  m u t u a l  s o l u b i l i t y  o f  t h e  l i q u i d  p h a s e s  
a t  1 6 0 0 ~  

c~) E x t r a p o l a t e d  f r o m  1 4 0 0 ~  

to obtain reliable free energy data for the Mn-MnO 
system at 1550~ (34) and the Si-SiO2 system at 
1600~ (35). The t~ ---- 0.99 data were calculated from 
Eq. [6] and the ~ ---- 0.99 data were obtained by trial 
and error in Eq. [7] in conjunct ion with Eq. [6]. 

For ZrO2-CaO electrolytes, the critical oxygen pres- 
sures are consistent with thermodynamic  property 
measurements  using stabilized zirconia cells. Results 
for the free energy of formation of Cr203, determined 
from emf measurements  on the cell 

Cr-Cr2OJZrO2-CaO/air  (IV) 

at 700~176 (10, 36, 37), are in excellent agreement  
with the l i terature (22). The Cr-Cr203 electrode exerts 
an oxygen pressure of 10 -21.6 atm at 1000~ (22) and, 
from Table III  and Eq. [2], [4], and [5], }-~ ---- 0.999 for 
cell (IV). Lower oxygen pressures at the anode gener-  
ally introduce sufficient n - type  conductivi ty to render  
accurate emf measurements  impossible (3). 

Evidence has been advanced to suggest that  elec- 
tronic conductivity is quite low at an oxygen pressure 
of 10 -12 atm at 1600~ (3). For cell (IV) at 1600~ the 
anode oxygen pressure is 10 -11.s a tm (22) and, from 
this work, t~ ---- 0.98. The Cr-Cr203 electrode has been 
successfully used as a reference electrode in several 
recent studies at 1500~176 (35, 38, 39). 

Conclusions 
Determinat ion of n - type  conductivi ty in oxide elec- 

trolytes via emf measurements  at low oxygen activi- 
ties is general ly inaccurate on account of oxygen t rans-  
fer through the electrolyte, an unavoidable  conse- 
quence of electronic conductivity and porosity. Low 
exygen activities are more rel iably realized by coulo- 
metric ti tration. Following the breakdown of an oxide 
electrolyte can lead to reasonable estimates of the mag- 
ni tude of n - type  conductivity. 

The oxygen activities imposed by the Cr-Cr203 sys- 
tem approximately define the lower l imit  of practical 
applicabil i ty of commercial ly available stabilized zir- 
conia electrolytes. 

Transport  number  determinat ions can only serve as 
a guide to the use of oxide electrolytes. Variables such 
as electrolyte pur i ty  and porosity, possible electrode- 
electrolyte interactions, and the cell a r rangement  
render  individual  checks advisable whenever  possible. 
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ABSTRACT 

The processes involved in the formation of the posit ive lead-acid ba t te ry  
plate in H2SO4 with sp gr  1.15 and 1.05 and in 0.7M Na2SO4 were  studied by 
x - ray  diffraction, wet  chemical  analysis, and microscopic observations. It  was 
found that  formation takes place in two stages. During the first one, H2SO4 
and H20 penetra te  f rom the bulk of the solution into the plate. As a result  of 
chemical  and electrochemical  reactions te t -PbO and basic sulfates of lead 
are converted to PbSO4 and a-PbO2. These compounds form zones which ad- 
vance into the paste. Par t  of the hydrogen ions evolved during the reaction of 
formation of PbO2 migra te  from the plate in order for the lat ter  to remain  
electroneutral .  During the second period H20 is consumed in the plate. Lead 
sulfate is oxidized to ~-PbO2. Sulfur ic  acid originates and diffuses in a di rec-  
tion opposed to that  in the first period. Taking into account specific conditions 
of the chemical  and electrochemical  reactions in porous electrodes a mecha-  
nism is suggested for the formation processes of the posit ive plate. Ion dif-  
fusion and migrat ion are considered to be the ra te - l imi t ing  steps of the proc-  
esses. The direction of advance of the PbO2 and PbSO4 zones is explained in 
terms of this mechanism as wel l  as the a/fl-Pb02 ratio dur ing formation in the 
three solutions. The parameters  which control  the phase composition of the 
active mater ia l  of the lead-acid bat tery  posit ive plate are listed. 

Format ion  is one stage of the technological process 
of lead-acid bat tery production. By mixing oxidized 
lead powder  with sulfuric acid a paste is obtained 
which consists of lead monoxide and basic sulfates of 
lead. After  pasting on a grid and curing, the paste is 
subjected to formation. During formation lead monox-  
ide and the basic sulfates are converted by electro-  
chemical  reactions to active material ,  i.e. to lead at 
the negat ive plate and to lead dioxide at the posit ive 
one. Format ion takes place in a sulfuric acid solution. 
Lead monoxide and basic sulfates of lead are unstable 
in sulfuric acid, and therefore  the electrochemical  re-  
actions are accompanied by chemical sulfation proc- 
esses. All  this imparts  a great  complexi ty  to the forma-  
tion process. Until  now attention has been mainly  
focused on the influence of paste, electrolyte and cur-  
rent  density, of temperature,  etc. on the processes at 
the positive plate (1-15). This interest  may be ex-  
plained by the fact that formed plates contain both the 
acidic ~ and the alkal ine a polymorph of PbO2. On the 
other  hand, the capacity and the life of the positive 
plate is determined by the ratio between the poly-  
morphs in it. With the increase in the content  of the 
beta polymorph in the act ive mass, the capacity in-  
creases but the life of the plate decreases. 

At tempts  at elucidating the formation processes of 
the positive plate were  mainly  concerned with deter-  
minat ion of the mechanism of format ion of a-PbO2. 
Two schools of thought  are to be found in the l i tera-  
ture. According to the first one, the solution in the 
pores is locally alkalinized which leads to the forma-  
tion of a-PbO2 (1, 5). According to the second one, 
a-PbO2 is a result  of solid-state reactions wi th in  the 
basic lead sulfate crystals (2, 4). In order to elucidate 
the mechanism of the processes which take place upon 
formation of the positive plate, however,  it is not 
enough to de termine  the causes which lead to the 
formation of a-PbO2. 

In the present work the changes in phase and chemi-  
cal composition occurring during formation of the posi- 
t ive plate in solutions of different pH were  followed by 
x - r a y  diffraction and chemical  analysis. This makes  it 

K e y  words :  lead acid ba t te ry ,  load acid b a t t e r y  t ecbno logy ,  PbOz 
e lect rode,  e l e c t rochemica l  r eac t ions  in  a Dorous mass,  e l e c t rochem -  
ical  o x i d a t i o n  of  l ead  o x i d e  and bas i c  sul fa tes .  

possible to de termine  the electrochemical  and chemi-  
cal processes of formation. In order  to establish the 
chemical  reactions between the solution and paste, the 
changes in phase composition upon leaving the plate 
in the solution at open circuit  were  followed by x - ray  
diffraction and chemical  analysis. Since the products 
obtained contrast in color, it proved possible to deter-  
mine the distr ibution of the processes wi th in  the plate 
by microscopic observations at low magnification. The 
suggested mechanisms of the processes of formation 
and of their  dependence on the pH of the solution in 
which forming was carried out is based on these results. 

Experimental 
Plates of dimensions 143 • 125 • 1.8 m m  (14 A-hr )  

were  formed. The paste was prepared by mixing lead 
powder  with sulfuric acid [4.5 weight  per  cent (w/o)  
with respect to the lead powder] .  The paste density 
was 3.60 g /cm a. The e lect roformat ion density current  
was 5 m A / c m  2 and the t empera tu re  25~ Format ion 
was carried out in three kinds of solutions: H2SO4 
sp gr 1.05 (pH ----- 0.25), and 1.15 (pH : --0.20) and 
0.7M Na2SO4 (pH = 7). The phases in the dry paste 
were identified. Samples were  taken close to the four 
corners and from the middle portion of the plate. The 
mater ia l  was homogenized in a mortar  and t ransferred 
to the sample holder of a TuR-M 61 x - r ay  diffractome- 
ter (filtered copper radiat ion).  

Cells consti tuted by two posit ive and three negat ive 
plates were used in the invest igat ion of the processes. 
The following parameters  were  measured every  two 
hours dur ing the formation process: 

(i) Potent ial  of the positive plate under  load r 
(ii) Potential  of the positive plates at open circuit  r 
(iii) Phase composition of the paste and of the active 

mass. One of the positive plates was removed and 
washed. Samples were  taken as already described and 
x-rayed.  

(iv) Chemical composition of the paste and active 
mass. The following components  were analyt ical ly 
determined:  (a + ~) PbO2, total PbO (free PbO plus 
PbO in the basic sulfates),  and total  PbSO4 (free 
PbSO4 plus PbSO4 bonded in the basic sulfates).  

(v) The distr ibution of the reaction products  along 
the cross section of the plate. Under  the binocular  mi -  
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croscope the distr ibution of the compounds was fol-  
lowed along the cross section of the plate. Color and 
b lack-and-whi te  photographs were  taken. After  sam- 
pling the plate was re turned  into the cell, the current  
was adjusted, and the formation resumed. 

Results 
Formation in HzS04 of sp gr 1.15.--Figure 1 (a) shows 

the changes in the intensities of the characterist ic dif- 
fraction lines of PbSO4 d ---- 3.00A, 3PbO.PbSO4.H20 
d = 3.26A, 2PbO.PbSO4t d = 2.95A, te t -PbO and a- 

1 T h e  d i f f r a c t i o n  l i n e  w i t h  d = 2 . 9 5 A  i s  c o m m o n  to  P b O . P b S O i  
~I = 100} (16)  a n d  t o  2 P b O , P b S O ~  ( I  = 100)  ( 1 6 ) .  T h e  s e c o n d  
s t r o n g e s t  l i n e  o f  P b O . P b S O 4  h a s  d = 3 , 3 3 A  ( I  = 100)  w h i l e  f o r  
2 P b O - P b S O ~  i t  h a s  d = 2 . 8 7 A  ( I  = 7 0 ) .  I n  i t s  x - r a y  d i f f r a c t i o n  p a t -  
t e r n  t h e r e  i s  n o  l i n e  w i t h  d = 3 . 3 3 A  w h e r e a s  o n e  w i t h  d = 2 8 7 A  i s  
o b s e r v e d ,  T h e  i n t e n s i t y  o f  t h e  l a t t e r  c h a n g e s  i n  a w a y  s i m i l a r  t o  
t h a t  o f  t h e  2 . 9 5 A  l i n e .  T h i s  l e a d s  u s  t o  a s s u m e  t h a t  t h e  2 . 9 5 A  l i n e  
b e l o n g s  t o  2 P b O . P b S O I .  

PbO2 d : 3.12 -- 3.13A; ~-PbO2 d : 2.79A measured 
on x - r ay  diffraction pat terns  during formation.  Figure  
l ( b )  i l lustrates the chemical  analysis results for 
PbSO4, PbO, and PbO2. 

From Fig. 1 (a) it is seen that  3PbO.PbSO4-H20 and 
2PbO.PbSO4 disappear wi thin  the first two hours of 
formation while chemical  analysis [Fig. 1 (b)]  shows 
that  PbO reacts completely  up to the sixth hour. Lead 
sulfate originates as a result  of these reactions. This 
compound constitutes as much as half  of all lead com- 
pounds in the plate during the first two hours of for-  
mation [Fig. 1 (b)] .  This amount  of PbSO4 begins to 
decrease after the fourth hour and after 18 hr forming 
only 10% of it remains. In addition Fig. 1 (a) and 1 (b) 
show that  up to the fourth hour of formation only te t -  
PbO and the basic sulfates are e lectrochemical ly  oxi-  
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Fig, 2. (a). Intensity change~ 
of the characteristic diffraction 
lines of 3PbO'PbSO4"H20 with 
d = 3.26.& ( O ) ,  2PbO.PbS04 
with d = 2.95.$, (41), PbSO4 
with d = 3.00,& (A) ,  tet-PbO 
with 3.12,& ( I )  upon leaving 
the plates in H2S04 of sp gr 
1.15. (b). Changes in the 
amounts of the total PbO (A )  
and PbS04 (&)  upon leaving 
the plate in H2S04 of sp gr 1,15. 
(c). Change in the plate poten- 
tial (with respect to the Hg/ 
14g~S04 electrode) q~o (x) upon 
exposure ta H2$04 of sp gr 1,15, 
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dized to PbO2. The 3.13A diffraction line of a-PbO~ 
coincides with the 3.12A line of tet-PbO. The intensity 
of this diffraction line common to both compounds 
abruptly decreases during the first four hours of the 
formation process after which it remains constant. This 
shows that ~-PbOe forms only during the first 2-4 
hours. Similar results were also reported elsewhere 
(I, 2). Since during this period only tet-PbO and basic 
sulfates of lead are oxidized, it follows that a-PbO:~ 
originates by electrochemical oxidation of these com- 
pounds. After 6 hr of formation the 3.13A diffraction 
line is diagnostic for a-PbO.2. Beta lead dioxide forms 
intensively in the plate after the fourth hour. Lead 
sulfate is oxidized during this time interval. The mo- 
ment at which the formation of ~-PbO2 begins can be 
assessed by x-ray diffraction only with great difficulty 
and uncertainty. This is due to the fact that the 2.79A 

line of ~-PbO2 overlaps wi th  the 2.80A line of te t -PbO, 
while the remaining  strong lines of #-PbO2 coincide 
e i ther  with those of PbSO4 or of ~-PbO2. At the end 
of the formation x - r a y  diffraction data show that the 
plate contains ~-PbO2 in an amount  much larger  than 
that  of a-PbO2. 

The values of the plate potential  under  polarization 
and at open circuit  are  plotted on Fig. 1(c). Pr ior  to 
formation the grid is the only conducting element  of 
the plate. At the beginning of the formation process 
the current  density is large, owing to the small  area 
of the grid. Therefore, the values of ~i are high. With 
the formation of PbO2 in the plate, the surface at 
which an electrochemical  process may proceed in- 
creases and current  density decreases, which leads to 
the decrease of ~. This occurs in the first 30 min  after 
the start  of formation. Subsequently,  up to the fourth 
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Fig. 3. Photomicrographs of cross sections of a portion of the 
plate between two grid bars at different stages of formation in 
H2S04 of sp gr 1.15. (a). Unformed plate. (b-e). The dork portions 
are Pb02 zones, while the light ones are zones of unformed divalent 
lead compounds. (f). Completely formed plate. 

hour, the potential  retains a comparat ive ly  constant 
value. This period is connected with  the oxidation of 
te t -PbO and basic sulfates of lead to PbOf. When the 
amount  of PbO becomes small, the potential  increases, 
and PbSO4 begins to oxidize to ~-PbOf. At r = 1460 
mV oxygen is evolved at the positive plate. This leads 
to a decrease in current  efficiency for the format ion 
of PbOf. The curve of PbO2 in Fig. l ( b )  rises more 
slowly. 

Taking into account the changes in the above pa ram-  
eters, the process of formation can be divided into two 
stages: 

First  stage (prior to the four th  hour) .  Chemical  re-  
actions between H2SO4 and te t -PbO and basic sulfates 
wi th  PbSO4 as a result ;  e lectrochemical  react ion dur-  
ing which te t -PbO and basic sulfates are oxidized 
mainly  to c~-PbO2 and par t ia l ly  to fl-PbO2. 

Second stage (after  the four th  hour) .  Lead sulfate is 
oxidized to ~-PbO2. No ~-PbO2 forms. The electro-  
chemical  reaction takes place at high posit ive poten-  
tials at which O H -  oxidizes to 02. During this t ime 
in terval  a considerable part  of the current  is consumed 
for the evolution of O2. 

In order to elucidate the reactions occurr ing between 
H2SO4 and the paste as well  as the influence of the 
electrochemical  react ion on the chemical  reactions in 
the plate, the same number  of positive and negat ive 
plates as in the format ion exper iment  were  assembled 
in a cell and soaked in H2SO4 of sp gr 1.15. At open 
circuit only chemical  reactions take place in the paste. 
The results of phase and analytical  investigations and 
of potential  measurements  are plotted in Fig. 2. Basic 
sulfates react completely wi th  H2SO4 up to the tenth 
hour, while  12% te t -PbO remains in the plate even 
after  staying 18 hr  in H2SO4. By comparing these re-  
suits with those of Fig. 1, it becomes obvious that  the 
rate of format ion of PbSO4 is accelerated by an elec- 
t rochemical  reaction. 

The values of the electrode potential  in H2SO4 Of 
Sp gr 1.15 are plot ted in Fig. 2(c) .  These potential  
changes are due to chemical  reactions, which occur in 
the paste at the surface of the grid. The Pb/PbSO4 
equi l ibr ium potent ial  is about 0.5V more negat ive  than 
that  of the P b / P b O  electrode in the same acid. From 
Fig. 2(a) it is seen that  the amount  of t e t -PbO de- 
creases, whereas  that  of PbSO4 increases wi th  time. 
Nevertheless,  the plate potential  becomes more  posi- 
tive. The electrochemical  behavior  of the plate is con- 
nected with  passivation phenomena occurring at the 
lead grid, which were  considered in some detail  for 
the Pb/PbSO4 electrode in a previous work  (17). 

Figure  3 shows photomicrographs of the plate cross 
section at the various stages of formation. It is seen 
that  the formation proceeds by zones. The grid bars 
are a l ternate ly  arranged wi th  respect to the plate faces. 
Upon switching on the polarizat ion those portions of 
the bar which are closest to the solution are covered 
first by a PbO2 layer. An electrochemical  reaction 
takes place at the PbO2 surface as a result  of which 
the paste is oxidized and a PbO2 zone originates. The 
lat ter  is located between the bar and the solution [Fig. 
3 (b) ] .  This zone grows subsequent ly  inwards  in the 
paste and is preceded by a bleached layer  containing 
PbSO4 crystals (this is seen on the color photographs) .  
The PbO2 zones f rom two neighboring bars advance 
one towards the other  in the interior  of the paste [Fig. 
3 (c) ]. They include the PbSO4 crystals obtained before 
them. This lasts unt i l  the PbO2 zones join [Fig. 3 (d)] .  
The chemical  sulfation reactions begin with  the soak~ 
ing of the plate in the solution. The paste reacts wi th  
H2SO4 and PbSO4 layers begin to grow in the paste 
from the two faces of the plate (color photographs) .  
With the progress of format ion a moment  is reached 
in which te t -PbO and the basic sulfates disappear and 
the PbSO4 zones cover the PbO2 one [Fig. 3 (d) ]. Under  
the action of polarization PbO2 now grows towards the 
bulk of the solution at the expense of the oxidation of 
the PbSO4 zones. Beta lead dioxide is formed [Fig. 
1 (a), 3 (e)] .  The lead sulfate crystals included during 
the first stage in the PbO2 zones are also oxidized to 
g-PbOe. At different heights and breadths the plate 
shows different stages of this most general  course, fol-  
lowed by the motion of the processes throughout  its 
cross section. 

F rom this zonal course of the chemical and electro-  
chemical  reactions it follows that  the phase compost- 



12 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  January 1972 

6,01 
a 

. _  " - .  

f 2 , 0 -  a 

E , ~  ,. ~ A----A~--, , .A 
�9 

A ~ A ~  A 

J 

7s 

B / 

" , , , 

1,4 Ir 0 +. . , . . . . , . . ._+. . . .__,  , ,  + 
I~+~+, +---+~§ k,, , . . . . /  

Fig. 4. (a). Intensity changes 
of the characteristic diffraction 
lines of 3PbO'PbSO4"H20 with 
d = 3.26~ ( O ) ,  2PbO-PbS04 
with d = 2.95.~ (O) ,  PbS04 
with d ----- 3.00.~ (A) ,  fl-Pb02 
with d = 2.79.~ (I-]), tet-PbO 
-I- (~-PbO2 with d = 3.12-3.13.~ 
(11) during formation in H2S04 
of sp gr. 1.05. (b). Changes in 
the amounts of (~ Jr- /9) PbO~ 
([~), PbS04 (A) ,  and total PbO 
(A )  in percentages during for- 
mation. (c). Change in the plate 
potential (with respect to the 
Hg/Hg2SO4 electrode) under 
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r (x) during formation. 

t,0 

m 

Q 6  I I t I I I I I 
0 4 8 12 16 

~,,,,,,"X ~ x ~ X ~ X  

X ~ x  ~ X  

t i m e  in hours 
tion of the active mater ia l  is different in the various 
portions of any plate segment. Such a difference in the 
phase composition was also observed by others (3). 
According to Fig. 1 and 3, around the grids and in a 
large internal  portion of the plate the active mater ia l  
consists mainly  of a-PbO2 while fl-PbO2 is to be found 
at the surface of the formed plate. 

Formation in H2S04 of sp gr 1.05.--Figure 4 gives 
the values of the parameters  during formation. The 
pat tern  of the changes in phase and chemical composi- 
tion is similar  to that  of Fig. l. The decrease of H2SO4 
in the format ion solution lessens the role played by 
chemical sulfation reactions in the formation processes. 
As a result, the first stage of formation lasts about 8 
hr. Basic sulfates react up to the sixth hour [Fig. 4 ( a ) ]  
and PbO up to the tenth hour  [Fig. 4 (b) ] .  The PbSO4 
content in the plate reaches about 30%. Only after the 

eighth hour does PbSO4 begin to oxidize to ~-PbOf. An 
analysis of the strong lines in the x - r a y  diffraction 
pat tern  of ~-PbO~ shows that  the 2.79 and 3.51A lines 
appear only at the sixth hour of formation. At the 
same t ime the plate contains considerable amounts  of 
a-PbO2. Consequently,  the t ime in terval  during which 
the a polymorph of PbO2 originates upon format ion 
in H2SO4 of sp gr 1.05 is longer than upon formation 
in H2SO4 of sp gr 1.15. In a completely formed posit ive 
plate the a-PbO2 content is approximate ly  equal  to 
that  of t~-PbO2 [Fig. 4 (a ) ] .  The behavior  of r and ~o 
follows the changes which take place in the phase com- 
position [Fig. 4(c) ]  and confirms that  the first forma-  
tion stage lasts longer. 

F igure  5 represents the changes in the phase and 
chemical  composition of the plates soaked in H,2SO4 
of sp gr 1.05 at open circuit. At this sulfuric acid con- 
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Fig. 5. (a). Intensity changes 
of the characteristic diffraction 
lines of 3PbO'PbSO4"H20 with 
d ~ 3.26~, ( O ) ,  2PbO'PbSO4 
with d = 2.95A (O) ,  PbSO4 
with d = 3.00A (AS), tet-PbO 
with d = 3.12,~, ( ! )  upon leav- 
ing of the positive plates in 
H2SO4 of sp. gr 1.05. (b). 
Changes in the amounts of total 
PbO (A )  and PhSO4 (As) upon 
leaving the plates in H2SO4 of 
sp gr 1.05. (c). Change in the 
plate potential (with respect to 
the Hg/Hg~zSO4 electrode) q~o (x) 
upon exposure to H2S04 of sp gr 
1.05. 
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centrat ion the rates of sulfation of te t -PbO and basic 
sulfates s trongly decrease. 

The microphotographs of the plate cross section at 
the various stages of format ion indicate that  the ad-  
vance of the PbO2 and PbSO4 zones in the plate is s imi-  
lar  to that  observed dur ing format ion in H2SO4 of sp gr 
1.15. 

Formation in 0.7M Na2SO4.--Figure 6 gives the va l -  
ues of the measured parameters  during formation. The 
basic sulfates react up to the eighth hour [Fig. 6 (a ) ]  
and PbO up to the tenth hour [Fig. 6 (b)] .  The forma-  
tion of PbSO4 is slow and its content  reaches a maxi -  
mum value only at the eighth hour  [Fig. 6 (a), (b) ]. At 
the twel f th  hour PbSO4 begins to oxidize. F rom Fig. 
6 (a) it is seen that  only a-PbO2 and PbSO4 are formed 
during the first stage. The intensi ty  of the 3.12A dif-  

fract ion line decreases up to the fifth hour owing to 
the decrease in the amount  of te t -PbO.  Subsequent ly  
the intensi ty of this par t icular  diffraction l ine is con- 
t rol led by a-PbO2 and therefore  increases, reaching a 
constant value. Af te r  10 hr  the 3.12A line becomes 
characterist ic for ~-PbO2. 

Between  the eighth and the tenth  hour of formation 
the amount  of PbO in the plate is ve ry  small. The oxi-  
dation of this compound is unable to main ta in  a con- 
stant current.  This is why  the plate potent ia l  increases 
[Fig. 6 (c) ] and oxygen evolut ion begins. Star t ing from 
the twel f th  hour of formation PbSO4 is oxidized to 
fl-PbO2. During this t ime in terva l  oxygen evolut ion 
is the second electrochemical  reaction. A comparison 
of the intensities of the diffraction lines of a- and 8- 
PbO2 [Fig. 6 (a ) ]  shows that  a-PbO2 is present  in the 
formed plate in an amount  larger  than that  of/~-PbO2. 
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Figure  6 indicates that  the two formation stages are 
clearly separated. The first one ends at the eighth-  
ninth hour, while  the second one begins at the e lev-  
en th - twe l f th  hour. During the first stage it was found 
that the pH of the solution is alkaline. The second 
stage begins only when  the solution is acidified. This 
occurs after  the tenth hour of format ion when the pH 

becomes less than 2. These changes in pH in the bulk 
of the solution are determined by the total balance of 
the ions which are consumed and originate  at the posi- 
t ive and the negat ive  plates. These phenomena will  be 
studied in another  paper. 

An exper iment  was performed in which the pH of 
the formation solution was maintained between 10 and 
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Fig. 7. (a). Intensity changes 
of the characteristic diffraction 
lines for 3PbO'PhSO4"H20 with 
d = 3.26A ( O ) ,  2PbO'PbSO4 
with d ~ 2.95~, ( e ) ,  tet-PbO 
with d = 3.12,& (El) upon 
leaving of the positive plates in 
a 0.TM Na2SO4 solution. (b). 
Changes in the amounts of total 
PbO (Z&) and total PbSO4 ( A )  
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to a 0.TM Na2SO4 solution. 

~IE 4,0 
U 

, m  

2,0 

c -  

O 

75 

~ 5 0  

25 
i 

0 

-1,4 

a 

m 

P I ' - - ~ " ~ ' " t  , ~ :  I I I I ,,I 

4 b 12 
I 

16 

,A 

I I I I I I .I I 

4 0 12 16 

X x 

B 

-1,0 " ~  

-0,6 I 
0 

11 for 23 hr by means of NaOH. Up to the eighth hour 
PbO and the basic sulfates were converted to ~-PbO2 
and PbSO4. From the eighth to the twen ty - th i rd  hour 
x - r ay  and chemical analyses revealed no change in the 
amounts  of a-PbO2 and PbSO4. Oxygen was evolved at 
the positive plate dur ing the period. At the twenty-  
third hour of formation the solution was acidified with 
H2SO4 and the pH adjusted to 2. For 4 hr the entire 
amount  of PbSO4 in the plate was oxidized to ~-PbO2. 
Thus the durat ion of the first stage and the start  of 
the second one may be controlled by means of the pH 
of the solution. 

Figure 7 gives the result  of phase and chemical anal -  
yses of positive plates soaked in a 0.7M Na2SO4 solu- 
t ion as a function of the t ime of exposure at open cir- 
cuit. From Fig. 7(a) it is seen that 2PbO.PbSO4 dis- 
appears after 4 hr f rom the plate. The amount  of 

I I I I I I . . . .  I 

4 8 12 16 

t.ime in hours 

l 
te t -PbO decreases to a certain extent  while that  of 
3PbO.PbSO4.H20 increases somewhat. This shows a 
conversion of 2PbO.PbSO4 to 3PbO.PbSO4"H20. No 
diffraction lines of PbSO4 were recorded in the x - ray  
patterns. Figure 7 (b) shows that  the amounts  of total 
PbO and total  PbSO4 in the plate remain  unchanged. 
This means that there are no reactions occurring be- 
tween the compounds of the plate and Na2SO4. If we 
compare these results with those of Fig. 6 it becomes 
clear that  PbSO4 [Fig. 6(a) ]  is produced dur ing for- 
mat ion by a process induced by the electrochemical 
oxidation reaction of the basic sulfates present  in the 
paste. 

Figure 8 reproduces photomicrographs at the vari-  
ous stages of formation in 0.7M Na2SO4. In  this case, 
too, formation begins at those portions of the grid bars 
that  are close to the plate surface [Fig. 8 (b ) ] .  H o w -  
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during the first stage consist of ~-PbO2 and PbSO4 
whereas the plate surface is constituted only by a- 
PbO2. After full  conversion of PbO and basic sulfates 
to the above compounds and acidification of the solu- 
tion, PbSO4 oxidizes to p-PbO2. The fully formed plate 
consists of ~-PbO~ in which ~-PbO2 is precipitated 
[Fig. 8 (f) ]. 

Fig. 8. Microphotograph of cross sections of a plate segment 
between two grid bars at different stages of formation in 0.7M 
Na2SO4 solution. (a). Unformed plate. (a-e). The dark portions 
in the section of the plate are PbO2 zones while the light ones 
consist of unformed divalent lead compounds. (f). Completely 
formed plate. 

ever, the distr ibution of the phases upon formation is 
different from that observed in an acid medium. First  
the PbO2 zone grows along the plate surface. Soon 
the plate is covered with a thin brown layer of a-PbO2 
[Fig. 8(c)] .  Subsequent ly  the PbO2 layer continues to 
grow from the surface toward the interior of the paste 
[Fig. 8(d) ] .  Lead sulfate crystals originate before the 
PbO2 zones (seen on color photographs).  These crys- 
tals are included in the PbO2 zones [Fig. 8(c),  (d),  
(e) ]. Thus the in te rna l  portions of the plate formed 

Discussion of  Results 
Specific properties of electrochemica~ and chemical 

reactions in porous eIectrodes.--The electrochemical 
and chemical formation processes take place in a por- 
ous medium consisting of the start ing and reaction end 
products. Therefore the number  of occurring elemen-  
tary processes (hydration, dissociation, dissolution, ion 
diffusion and migration, neutralization,  charge transfer,  
nucleation, crystal growth, etc.) is considerable. Which 
one of these e lementary processes plays a l imit ing role 
on electrochemical and chemical reaction rates depends 
on the specific conditions created by the porous elec- 
trode, which may be outl ined in the following way. 

First, the surface of the crystals is in contact with 
the solution in  the pores. The volume of the solution 
in the pores is small compared to the surface of the 
crystals which inclose the pores. This is why under -  
and supersaturat ion of the solution in the pores is 
easily and rapidly achieved. This strongly favors the 
crystall ization and dissolution processes of the crys- 
tals, as well as hydrat ion and neutral izat ion within 
the plate. These processes take place at very high rates. 

Second, the pores in the unformed mater ia l  electri-  
cally connect the grid or the PbO2 zone with the bulk  
of the electrolyte. An equivalent  electrical circuit of 
the plate would include paral lel  resistances, each cor- 
responding to one pore. The formation process begins 
first at those locations in the plate where the length of 
the pores which connect the electrode surface with 
the bulk  of the solution is smallest. There, the electrical 
resistance of the paste is smallest. Indeed, the forma- 
tion begins at those portions of the grid bars which are 
closest to the bu lk  of the solution. The PbO2 zone orig- 
inates there [Fig. 3 (b) and  8 (b) ] .  With its appearance 
the current  density decreases and the importance of 
other parameters  which control the direction of mo- 
tion of the PbO2 zone in the paste increases. On the 
other hand, the pores have widely different electrical 
resistances. The large pores have a small  resistance and 
favor ion t ranspor t  between the bulk  of the solution 
and the in ternal  portions of the paste and active mate-  
rial. The small  pores hinder  this motion of ions. But, 
since the sum of the surfaces of the small  pores is usu-  
ally several times larger than  that  of the large pores it 
follows that  the chemical and electrochemical proc- 
esses are determined by the conditions prevail ing in 
the small pores. The ratio between these two types of 
pores controls the l imi t ing influence of diffusion and 
migrat ion of ions on electrochemical and chemical re-  
action rates in the various portions of the plate. 

Third, dur ing the electrochemical process the posi- 
tive charges of the lead ions increase from 2 to 4. In  
order for the solution in the pores to become electro- 
neutral ,  the excess positive charges must  migrate  from 
the interior  of the plate into the bulk  of the solution. 
The migrat ion of the positive ions, if slowed down, 
hinders the electrochemical reaction at the given loca- 
t ion in the plate. There, the growth of the PbO2 zone is 
also slowed down. The part icipation of a given ionic 
species in the migrat ion is controlled by its mobil i ty  
and concentration. The H + ions possess a mobi l i ty  sev- 
eral times higher than that  of the remain ing  ones. 
Therefore, their part icipat ion in the migrat ion process 
will be overriding. This imparts  a considerable role to 
the pH of the solution on the processes occurring in the 
plate. 

Mechanism of the formation processes.--The over-al l  
claemical and electrochemical reactions which take 
place during formation of positive plate may be deter-  
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Fig. 9. Diagram of the ele- 
mentary chemical and electro- 
chemical processes during the 
first stage of formation. 

mined from the E/pH diagram of the lead-sulfuric 
acid-base system. A sufficiently complete E/pH dia- 
gram was given by Ruetschi and Angstadt  (18) from 
which it is seen that the following chemical and elec- 
trochemical reactions may take place dur ing formation 

PbO + H2SO4 = PbSO~ + H20 
3PbO.PbSO4.H20 + 3H2SO4 =4PbSO4 + 4H20 

2PbO.PbSO4 + 2H2SO4 = 3PbSO4 + 2H20 
PbO2 + 2H + + 2e -  = P b O +  H20 

Cr 2 = 1.107 -- 0.059 pH Ref. (19) 

4PbO2 + 8H + + H2SO4 + 8e = 
3PbO-PbSO4-H20 + 4H20 

r = 1.285-- 0.074 pH + 0.007 lgaso42- Ref. (18) 

2PbO2 + 4H + + H2SO4 + 4e = PbO-PbSO4+ 3H20 
Cr 2 = 1.422 -- 0.089 pH + 0.015 lg aso42- (18) 

PbO2 + 2H + + H2SO4 + 2e = PbSO~ Jr 2H~O 
r = 1.685 -- 0.118pH + 0.029 lg aso42- (18) 

The equations show that  the reactions which occur 
dur ing formation of the plate depend on the pH of the 
solution. In  addition, the same start ing compounds of 
the paste participate in two competing reactions: chem- 
ical and electrochemical. The chemical sulfation reac- 
t ion is controlled by  the concentrations of the ions in 
the soiution in the pores. The electrochemical reactions 
of formation of PbO2 depend not only on the ionic 
composition of the solution but  also on the electrode 
surface potential. 

In  order to define the processes of formation two 
questions should be answered: First, what  is the mech- 
anism by which the alkal ine ~ polymorph originates 
dur ing  formation in an acid medium and which factors 
affect the a/fl-PbO2 ratio. Second, what  determines the 
direction of advance of the PbO2 zone during forma- 
tion. To this effect the over-al l  chemical and electro- 
chemical reactions should be decomposed into ele- 
men ta ry  reactions. The relationships among the lat ter  

2 The values are  given wl th  respect  to the normal  hydrogen  eIec- 
trode. The calculations do not  take into account  the two different 
polymorphs  of PbOe. No equat ion is given in the quoted work  for 
the equi l ibr ium potential  of PbO~/2PbO.PbSO~. 

with in  the pores should be established. On Fig. 9 
this is done for the first stage of formation, 3PbO. 
PbSO4-H20 being taken as example. After  water  has 
penetrated in the plate this compound is first hydrated, 
as a result  of which certain Pb 2+, SO42-, and O H -  
concentrat ions are main ta ined  in the pores. Besides 
w a t e r ,  H 2 S O 4  diffuses in the plate ( D s o 4  2 -  and Dn+) .  
After  moving toward the interior  of the paste it reacts 
according to reactions 1 and 2 and disappears. Gen-  
erally speaking, as a result  of these reactions te t -PbO 
and basic sulfate crystals contained in the paste are 
dissolved and yield PbSO4 and H20. The reaction rates 
and the depth at which H2SO4 penetrates in the plate 
depend on the acid concentrat ion in the formation solu- 
tion. Our experiments  showed that  in I~2SO4 of sp gr 
1.15 the rate of formation of PbSO4 is higher (Fig. 2) 
than that  of H2SO~ of sp gr 1.05 (Fig. 5). In  neut ra l  
solutions no PbSO4 is formed, according to the E/pH 
diagram. This is why reactions 1 and 2 do not take 
place when  the plates are soaked at open circuit in a 
Na2SO4 solution (Fig. 7). 

Microscopic examinat ions of the chemical reactions 
between the paste and H2SO4 showed that  during a 
considerable t ime interval  the in terna l  portions of the 
plate remain  unat tacked by H2SO4. Tribasic lead sul- 
fate of such in terna l  portions is in equi l ibr ium with 
Pb 2+, SO42-, and O H -  ions of the pore solution. When 
these pores contact with the PbO2 surface, electro- 
chemical reaction 3 and chemical reaction 4 wil l  occur. 
In  reaction 4, four H + ions are evolved for every lead 
ion. Two of these hydrogen ions must  migrate  out of 
the plate (MH+) in order to main ta in  the electroneu- 
t ra l i ty  of the solution in the pores. The remain ing  two 
participate in the neutral izat ion reaction 2. This reac- 
t ion decreases the pH of the solution in the pores. The 
stabili ty field of PbSO4 is reached and PbSO4 crystals 
are deposited in the pores before the PbO2 zone. This 
may be observed on color photographs (which cor- 
respond to Fig. 3, 8). The changes in pH of the pore 
solution occur in the weakly alkaline, neutral ,  and 
weakly acidic pH range and yield the a polymorph of 
PbO2. Figures 1, 4, and 6 show that  a-PbO2 forms when 
the plate contains lead monoxide and basic sulfates. 
Therefore, the increase of PbSO4 in the basic sulfates 
leads to a decrease in  the O H -  ions in the pore solu- 
tion. This diminishes the role of reaction 2 in the oxi- 
dation mechanism. The formation of a-PbO2 decreases. 
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Conversely, when the PbO content  in the paste and in 
the basic sulfates is larger the role of reaction 2 is 
larger, and the amount  of a-PbO2 is larger. Conse- 
quently,  the amount  of a-PbO2 in the active mater ia l  is 
controlled by the PbO/PbSO4 ratio in  the paste, ir-  
respective of whether  these components are present  as 
discrete phases or combined in basic sulfates. The P b O /  
PbSO4 ratio changes in  the paste when the amount  of 
H2SO4 with respect to the lead powder dur ing prepara-  
tion of the paste is changed. In addition, this ratio 
changes dur ing  formation in H2804 as a consequence 
of chemical reactions 1 and 2 between the paste and 
the solution. Therefore, the a-PbO2 amount  in the ac- 
tive mater ial  depends on the concentrat ion of sulfuric 
acid in the solution. In  the case of sulfuric acid of 
sp gr 1.15 the active mater ial  contains less a-PbO~ 
[Fig. 1 (a)]  than the active mater ial  obtained by for- 
mat ion in H2SO~ of sp gr 1.05 [Fig. 4 (a ) ] ,  since at this 
lat ter  acid concentrat ion less PbSO4 has been produced 
dur ing  formation [Fig. 1 (b), 4(b)  ]. 

The direction of motion of the PbO2 zone in the paste 
constitutes the second important  aspect of the mech- 
anism of the processes taking place during formation. 
From the equations of the equi l ibr ium potentials of 
the PbO.,_/PbO, PbO2/3PbO.PbSO4-H20, PbOf /PbO.  
PbSO4, and PbOf/PbSO4 electrodes it is seen that  at a 
given pH, the values of these potentials become more 
positive with the increase in the PbSO4 content  of 
divalent  lead compounds. Therefore, by increasing the 
plate potential, the equi l ibr ium potentials of P b O J  
PbO and of the basic sulfates are successively reached. 
The current  density 5 mA/cm2 is main ta ined  constant  
by oxidation of these compounds. This explains why 
dur ing the first stage the potential  is low [Fig. l ( c ) ,  
4(c),  6(c)] .  During formation in H2SO4 the surface of 
the plates is sulfated. Lead monoxide and basic sulfates 
of lead from the in terna l  portions of the plate remain  
for a long time unat tacked by the acid. This is why 
the PbO, zones advance in the plate, oxidizing the 
monoxide and the basic sulfates. Lead sulfate crystals 
formed as a result of the electrochemical reaction are 
included in the PbO2 zone since the electrode potential  
is lower than that  required for its oxidation. Figures 
3(b) ,  (c) show the advance of the PbO2 zone at those 
locations of the paste where the PbO and basic sul- 
fates content  is largest. When the amount  in the paste 
of these compounds reaches a small  value, the potential  
increases, reaching values at which PbSO4 is oxidized 
[Fig. l ( c ) ,  4(c)] .  The PbO2 zone advances from the 
interior  toward the surface of the plate [Fig. 3(d) ,  
(e) ]. During formation in NafSOt the solution at the 
plate surface has a higher pH than that in the pores 
of the in terna l  portion. This is why the PbO2 zone ad- 
vances first along the plate surface [Fig. 8(b) ,  (c)] .  

The direction of motion of the PbO2 zone is deter-  
mined not only by these thermodynamic  causes, but  
also by kinetic factors. Thus, the migrat ion rate of the 
H + ions obtained by  reaction 4 may  also control the 
direction of motion of the PbO2 zone. If the migrat ion 
is hindered the pore solution will be charged positively. 
This decreases the rate of electrochemical oxidation of 
Pb 2+ since, as a result  of this process the number  of 
positive charges in the pore solution increases. Thus 
the rate of formation of PbO2 decreases in those por- 
tions of the PbO2 zone, where t ransport  of H + ions is 
hindered. The migrat ion of H + ions is favorized in 
those pores which contain solution with the highest 
pH. In  them the direction of diffusion of H + coincides 
with the direction of their  migration. During formation 
in H2804 the pores of the in terna l  portions of the plate 
retain for the longest t ime the solution with the highest 
pH. The PbO2 zone advances dur ing the first stage to- 
ward the interior  of the plate [Fig. 3(b) ,  (c), (d)] .  
During formation in Na~SO4 or weakly alkal ine solu- 
tions the migrat ion of H + ions is most favorable at the 
surface of the plate. This explains why the PbO2 zone 

Pb SO 4 ~ PI~*+ SO 2 -  

J 
12 + .... Pb 4+ 

| 1 | 
/ 

@ PI~++2H20--4H++J3 PbO 2 

M H § I i  

21"120 ~ 2 0 H - +  2H § 

] I , , . .  

2OH-- 2e--- �89 02 + 
Fig. 10. Diagram of the elementary chemical and electrochemi- 

cal processes during the second stage of formation. 

first covers the plate surface and then advances wi thin  
the plate [Fig. 8 (b),  (c) ]. 

The x - ray  data on the ini t ia l  phase composition of 
the paste did not show the presence of unoxidized lead 
in it. In  practice, however, the unformed paste fre- 
quent ly  contains several per cent unoxidized lead. Ac- 
cording to Ness (15) and Ruetschi and Cahan 
(14) upon formation lead powder is oxidized to a-PbOe. 
The difference between the plate potential  ~b~ and the 
equi l ibr ium potential  of the Pb/PbO2 electrode is 
largest, and, therefore, lead wil l  be thermodynamical ly  
most unstable  upon formation and the lead particles 
will  be oxidized at the first stage of formation in which 
a-PbO2 is obtained. 

During the second period of formation PbSO4 oxi- 
dizes to PbO2 and O H -  to O~. These processes are in-  
dicated in the diagram of Fig. 10. Oxidation of PbSO4 
takes place ent i re ly  in an acidic medium. Therefore, 
only ~-PbO2 is formed [Fig. 1 (a), 4 (a),  6 (a) ]. Sulfuric 
acid obtained as a result  of reaction 5 diffuses from the 
plate into the bulk  of the solution, as opposed to the 
first stage. 

During the second period the electrode potential  is 
more positive than  the evolution potential  of oxygen 
and oxygen is evolved at the PbO2 surface. 

At the end of the formation the H2SO4 concentrat ion 
in the formation solution increases with respect to the 
init ial  one. The formation processes free the whole 
amount  of H2SO4, used for producing basic sulfates 
dur ing paste preparation.  

Parameters which control the processes of formation 
o] positive plates.--Starting from the mechanisms al- 
ready outl ined for the first and second formation stages 
it becomes possible to determine the parameters  con- 
troll ing the phase composition of the active material.  
According to them the ratio between a- and ~-PbO2 is 
determined by the equation 

q~ - -  q'PbS04 - -  q'PbO 
a/~ PbO2 = 

q~ "~ q'PbSO4 -~ q'PbO 

qOebo is the total s tar t ing amount  of PbO occurring 
in the paste as a discrete phase or bonded in basic 
sulfates. Its value is determined by the ratio between 
the weight of the oxidized lead powder and that  of the 
H:SO4 used in the preparat ion of the paste. 
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q'PbO is the amount  of PbO converted to ~-PbO2. This 
process occurs between the first and the second stage 
oxidation. During this in termediate  period the amount  
of unreacted PbO is relat ively small. It is unable  to 
main ta in  constant  the formation current  and the plate 
potential  increases while PbSO4 and O H -  begin to oxi- 
dize, thus acidifying the pore solution and leading to 
the formation of fl-PbO2 from PbO. 

qOpbso4  is the init ial  amount  of PbSO4 combined in 
the basic sulfates. It  is controlled by the amount  of 
H2SO4 added to the lead powder during paste prep-  
aration. 

q'PbSO4 is the amount  of PbSO4 produced dur ing the 
first stage of formation. It depends on the following 
parameters:  

(i) Amount  of H2SO4 in the formation solution 
(I-t2SO4 concentrat ion and its volume per plate).  At 
equal volumes the larger the concentrat ion of H 2 S O 4 ,  
the more ~-PbO2 will  form. This is confirmed both by 
Dodson's exper iments  (1) and by the results obtained 
in the present  work. During formation in di luted H2SO4 
one should also take into account processes occurring 
at the negative plate. The products formed or con- 
sumed at this plate change the ionic composition of 
the formation solution. 

(ii) Format ion  current  density. This parameter  de- 
termines the velocity of advance of the PbO2 zones in 
the paste as well  as the potential  under  current.  

(iii) Paste density. 
(iv) Exposure of the plates at open circuit to H2SO4 

prior to formation. The longer this period, the larger 
the amount  of PbSO4 formed in the paste. 

(v) Grid design. In  thicker plates and in the case of 
smaller in tergr id  distances the amount  of PbSO4 dur-  
ing the first stage of formation should be less. 

( vi) Temperature.  

If the paste contains unoxidized lead an addit ional 
term, which takes into account the oxidation of Pb to 
--PbO2, should be added to the above equation. 

This considerable variety of parameters,  which in-  
fluence the formation processes, introduces serious 
difficulties in the production of plates having strictly 
defined characteristics. Determining the influence of 
each of the indicated parameters  on the phase composi- 
tion (~/~-PbO2) and also on the init ial  characteristics 
of the plate (capacity and start) will  be the aim of 
our future  investigations. 

Manuscript  submit ted Ju ly  13, 1971; revised manu-  
script received ca. Sept. 22, 1971. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL. 
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Mechanism of the Formation of Blisters on 
the Lead Electrode of the Lead-Acid Battery 

C. F. Yarnell* 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

A constant current  study of the reduction of tetrabasic lead sulfate to lead 
coupled with microscopic examinat ion of the lead electrode showed that a 
solid layer of lead sulfate developed on the surface during formation. A fis- 
sure develops between the lead formed from the surface layer of lead sulfate 
and the lead in the center of the electrode. Hyrogen trapped in this fissure 
pushes the surface layer out to form a blister. A microscopic study of elec- 
trodes formed in decreasing concentrat ions of sulfuric acid showed that  blister-  
ing is e l iminated at lower concentrations. 

The spongy-lead negative electrode of the lead-acid 
cell is made by electrochemical reduction in dilute 
sulfuric acid of a lead or lead alloy grid filled with a 
dried paste material.  This paste mater ia l  may be 
made in the conventional  manne r  by mixing a leady 
oxide with water  and sulfuric acid or by mixing te t ra-  
basic lead sulfate with water  (1). The reduction, 
which is known as formation, may take place either 
in a completely assembled cell containing unformed 

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  lead sulfate ,  t e t r abas i c  lead sulfate ,  nega t ive  lead 

electrode,  h y d r o g e n  evolut ion.  

positive and negative plates or the plates may be 
formed individual ly  and subsequent ly  assembled into 
c~lls. In  the lat ter  method, known  as tank  formation, 
the completely formed negative plates often have blis- 
tered surfaces. Since negative plates formed in assem- 
bled cells are rigidly held in place by the separators, 
the spongy lead is not free to expand and consequently 
blisters are not seen. Perhaps because most automobile 
batteries are made by this method, little a t tent ion has 
been given in the l i terature to the phenomenon of 
bl istering dur ing tank  formation. 
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Using optical microscopy, Simon and Jones  have 
examined  (2) plates that  were  tank formed in sulfuric 
acid of different specific gravit ies ranging f rom 1.05 
to 1.45. They did not repor t  the format ion of bl istered 
surfaces on their  plates. It has been reported (2, 3) that  
the format ion of lead star ted at the grid members  and 
then a coating of lead rapidly formed on the outside 
of the plate which advanced inward toward the center  
of the plate. More recent ly  Simon has repor ted  (4) 
that in some plates the format ion of lead started below 
the surface of the plate. 

The modification of the lead crystals produced on 
formation of negat ive  plates containing l ignin and 
BaSO4 in vary ing  amounts was recent ly  reported (5). 
Blisters were  not observed since these negat ive plates 
were  not tank formed, but formed in assembled cells 
containing 1.050 sp gr sulfuric acid. The surface layer  
of these negat ive plates was different and some plates 
contained large voids just below the surfaces. It  was 
postulated (5) that  the differences in crystal  s t ructure  
at the surface may  be the result  of surface sulfation. 

The exact chemical  composition of the unformed,  
cured plates used in the previous studies is not clear. 
The chemical  composition of the plates undoubtedly 
affects their  behavior  during formation, and in fact 
we have observed that  on tank formation, some com- 
mercial  plates wil l  form bl is tered surfaces, a l though 
others with a different formulat ion wil l  not. In order 
to de termine  the mechanism of format ion of the blis- 
ters, a study was under taken  using a pure compound, 
tetrabasic lead sulfate, as the negat ive  paste material .  
Its performance in the negat ive plate has been pre-  
viously reported (1). 

Exper imenta l  Procedure 
Lead-calc ium alloy (0.05% Ca) negat ive  grids 

(7.6 • 6.3 • 0.4 cm) were  hand pasted with a wa te r  
paste of tetrabasic lead sulfate plus 2% of an ex-  
pander. I Af ter  air drying, each negat ive  was placed 
in a Teflon holder  be tween  two formed posit ive 
(PbO2) plates of the same size. The posit ive and un-  
formed negat ive plates were  0.6 cm apart  and micro-  
porous rubber  separators were  placed between them. 
Each th ree-p la te  cell was placed in a glass jar  con- 
taining 2000 ml of sulfuric acid and al lowed to soak 
for one-hal f  hour. The specific grav i ty  of the sulfuric 
acid was var ied  f rom cell to cell over  a range of 
1.005 to 1.210. The cells were  then formed at a constant 
current  of 0.35A for approximate ly  70 hr. This corres-  
ponds to a negat ive  plate current  density of about 
0.35 A / d m  2 which is wi thin  the range recommended  
by Vinal (6). 

During formation, the negat ive potent ial  vs. a mer -  
cu ry /mercurous  sulfate electrode and cell potent ial  
were  recorded. In order  to minimize the junct ion po- 
tential, me rcu ry /mercu rous  sulfate reference  elec- 
trodes were  made with  the same concentrat ion of sul- 

1 N a t i o n a l  L e a d  C o m p a n i e s '  K •  expander. 

furic acid as that  used in the format ion of the 
negat ive plate. 

Af ter  formation, the negat ive plate was immedia te ly  
washed in distil led water  and dried in a heated vac-  
uum desiccator. The dried negat ive plates were  encap- 
sulated in epoxy and examined  under  the microscope. 

Results and  Discussion 
The number  of blisters on a given plate var ied f rom 

paste batch to batch and was probably dependent  to 
some extent  on the paste density. A negat ive  plate 
which was severely  bl is tered is shown in Fig. la. 
This negat ive plate was formed in 1.050 sp gr sulfuric 
acid. A cross-sectional v iew of a blister  is shown at a 
magnification of 25X in Fig. lb. Only a part  of the 
blister is visible at this magnification. Porous lead has 
been lifted f rom the surface to form a dome-shaped 
blister. 

Areas of the plate which did not contain blisters 
did contain a fissure which was at exact ly  the same 
depth as the thickness of the blister. This fissure is 
shown in Fig. 2 at a magnification of 25X. The porous 
lead on ei ther  side of the fissure had a different 
crystal l ine s t ructure  as shown at a magnification of 
250• in Fig. 3 and 4. The lead in the center  of the 
plate appeared to be made up of long dendri t ic  
crystals. The lead on the surface of the plate was in 
the form of many  small  needles radiat ing f rom a 
larger  piece of lead. Only porous lead was found 
throughout  the plate which indicates that  the te t ra -  
basic lead sulfate had been complete ly  reduced to lead. 

Figure 5 shows a typical plot of negat ive and positive 
plate potentials vs. Hg/Hg2SO4 as a function of t ime 
on formation at a constant current  in 1.050 sp gr 
sulfuric acid. The positive potent ial  remains constant 
throughout  the format ion since the posit ive plates 
were  completely formed prior  to use. Since the nega-  
tive plate contains pure tetrabasic lead sulfate plus a 
known amount  of expander,  the t ime requi red  to com- 
pletely convert  the plate to spongy lead may  be 
calculated from Faraday 's  law. This t ime is plotted 
as the vert ical  line on the graph. The formation process 
is 100% efficient since the complete reduct ion to lead, 
as shown by the sudden increase of negat ive potential, 
occurs at the calculated theoret ical  end of format ion 
time. To the r ight  of the vert ical  line, hydrogen is 
being evolved at a potent ial  which levels off at --1.55V. 

In Fig. 5, three  different potential  steps or changes 
in slope are evident  during the formation. They occur 
at 7-17 hr wi th  a potent ial  of --0.99V, at 20-26 hr wi th  
a potential  of --1.02V, and at 32-37 hr  wi th  a poten-  
tial of --1.105V.These steps could be due to reduct ion 
of lead compounds formed when tetrabasic lead sul- 
fate is immersed in sulfuric acid. 

Tetrabasic lead sulfate (4PbO.PbSO4) can react  
with sulfuric acid to yield 3PbO.PbSO4,PbO'PbSO4, 
and PbSO4. 2PbO-PbSO4 probably would not be 
formed since it is repor ted  (7) to be unstable at 

Fig. 1. Blistered negative plate. 
(a) View of a severely blistered 
plate. (b) Cross-section of part of 
a blister at 25X magnification. 
The base of the blister is to the 
left and the crest is at the right 
edge. 
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Fig. 2. Cross-sectional view of 
the surface of a formed negative 
plate showing the fissure that oc- 
curs just below the surface of the 
plate. Magnification 25X. 

Fig. 3. Same as Fig. 2, cross- 
sectional view of lead above the 
fissure near the surface of the 
plate. Magnification 250X. 

25~ The extent  and rate of the reactions that  produce 
these compounds will of course depend upon the acid 
concentration. Calculations of the free energy of the 
reduction of each compound indicate that  the order 
of . reduct ion should be, in decreasing potential:  
4PbO-PbS04, 3PbO'PbS04,  PbO'PbS04,  and PbS04. 
Since PbS04 would be the last compound to be 
reduced, one might expect the most prominent  step 
occurring at --1.1V to be lead sulfate. 

In  order to determine whether  or not lead sulfate 
was being reduced at --1.1V, a negative plate was 
removed from the formation jar  after its negative 
potential  vs. Hg/Hg2SO4 had reached --1.10V. A 
cross section of the surface of this incompletely 
formed negative plate is shown at a magnification of 
25• in Fig. 6. The negative plate contained only 

spongy lead in the center, as in Fig. 4, and a layer 
of unformed mater ia l  on the surface of the plate 
approximately the same thickness as the blisters. This 
unformed mater ial  contained no lead, but  only a 
crystall ine mater ia l  sur rounding very small  pieces of 
tetrabasic lead sulfate. Some of this crystall ine mate-  
rial  was scraped off and analyzed. Chemical and x - ray  
diffraction analyses showed it to be lead sulfate. This 
suggests that  the potential  step occurring at --1.1V 
is due to reduction of lead sulfate to lead. 

The thickness of this surface layer of lead sulfate 
corresponds exactly to the depth of the fissure (see 
Fig. 2) and tile thickness of the blister (see Fig. lb ) .  
As can be seen by comparing Fig. 3 with Fig. 4, the 
reduction of the lead sulfate in this surface layer 
produces spongy lead with a different s t ructure from 
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Fig. 4. Same as Fig. 2, crass- 
sectional view of lead below the 
fissure, in the middle of the plate. 
Magnification 250X. 

that  in the center  of the negative. The lead formed 
from the lead sulfate is more finely divided and con- 
sequent ly  less porous than that formed ]n the center  
of the plate. The presence of spongy lead with  a 
different s t ructure  on cycling on the surface of the 
negat ive plate has been previously reported (1). 

The above observations suggest a plausible mech-  
anism for blister formation. When a negat ive plate 
containing tetrabasic lead sulfate is immersed in 1.050 
sp gr sulfuric acid, the surface of the plate reacts with 
the acid to form a layer  of lead sulfate. Fissures de- 
velop be tween the lead sulfate and the mater ia l  in the 
plate interior. The fissure is probably caused by the 
50% increase in mater ia l  volume associated with  the 
conversion of tetrabasic lead sulfate to lead sulfate. 
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Fig. S. Positive (dashed line) and negative (solid line) plate 
potentials vs. Hg/Hg2S04 reference electrode as a function of 
time on formation in 1.050 sp gr sulfuric acid. The solid vertical 
line is the calculated end of formation time based on the weight 
of 4PbO'PbS04 contained in the plate. 

This surface layer  of lead sulfate is the last area of the 
negat ive plate to be reduced to lead. The lead formed 
from it has a different crystal  morphology and is per-  
haps less porous than that  in the center  of the plate. 
Near  the end of formation hydrogen gas is generated 
and becomes t rapped in the fissure between the two 
differently s t ructured spongy lead layers. Enough pres- 
sure is exer ted to push the surface layer  out to form 
a blister. 

If  the spongy lead contained trace metal  impurities,  
the bl istering could be disastrous. In this case, a meta l  
impur i ty  could lower the hydrogen overpotent ia l  
causing generat ion of hydrogen before the plate is 
completely formed. This gas would very  effectively be 
t rapped behind the lead sulfate which forms a very  
nonporous (see Fig. 6) coating on the surface of the 
plate. Much of the gas generated would be trapped, 
causing the format ion of many  severe blisters. This 
la t ter  phenomenon has been observed in paste batches 
that  contained re la t ive ly  high levels  of metal l ic  im- 
purities. 

The  observations described previously were  obtained 
with  negative plates that  were  al lowed to soak for one- 
half  hour prior  to the start  of formation. However,  a 
plate not soaked and one soaked for 20 hr  prior  to 
formation gave results which were  identical  to those 
for plates soaked for one-hal f  hour. Therefore  the 
length of the soak t ime does not appear to be a sig- 
nificant parameter  in relat ion to the bl is ter ing phe-  
nomenon. The implications of this observation are 
being invest igated as part  of a more detailed study of 
the formation process. 

The thickness of the blisters is direct ly  related to 
the thickness of the solid layer  of lead sulfate which 
develops on the surface of the plate. If  the concentra-  
t ion of sulfuric acid avai lable  for react ion with  te t ra -  

Table I. Thickness of outer Jead layer in different 
concentrations of sulfuric acid 

T h i c k n e s s  ca l -  
Spec i f i c  g r a v i t y  M e a s u r e d  r a n g e  c u l a t e d  f r o m  fo r -  

of  a c i d  of t h i c k n e s s ,  e m  m a t i o n  p lo t ,  cm 

1.005  0 . 0 0 0 - 0 . 0 0 5  - -  
1 .015  0 , 0 0 5 - 0 . 0 1 6  0 .013  
1 .030  0 . 0 1 8 - 0 . 0 3 1  0 .031  
1.050 0 .033-0 .056  0.051 
1.210 0 .094-0 .142 0.145 
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Fig. 6. Cross-sectional view of 
the surface of an incompletely 
formed negative plate which was 
removed after the negative plate 
potential vs.  Hg/Hg2S04 had 
reached --1.1V. Magnification 
25X. 

Fig. 7. Cross-sectional views of 
the surface of negative plates 
formed in (a) 1.005, (b) 1.015, (c) 
1.030, and (d) 1.050 sp gr sulfuric 
acid. Magnification 25X. 

basic lead sulfate is reduced, the thickness of the lead 
sulfate layer and lead formed from it should decrease. 
This is indeed what  is observed as shown ill Fig. 7 and 
Table I. The surface layer of lead due to surface sulfa- 
tion on negatives formed in 1.005 sp gr acid is so th in  
that  no blisters are observed. For negatives formed in 
1.015 sp gr acid only t iny  blisters were observed (Fig. 
7b). As the specific gravi ty of the acid is increased, 
the blisters become larger and thicker unt i l  in 1.210 
sp gr acid the blisters are so thick (see Table I) that 
they appear only as a humping  of the pellets. 

Format ion plots of negatives in sulfuric acid of dif- 
ferent specific gravities are shown in Fig. 8. For a 
specific gravi ty of 1.005, the step due to reduction of 
lead sulfate is not seen. At specific gravities greater 
than 1.015, the step increases in width un t i l  in 1.210 
sp gr sulfuric acid it is the dominant  feature of the plot. 

The width of the lead sulfate step occurring in the 
formation plot is a measure of the thickness of the 
lead sulfate layer  and consequently of the thickness 
of the lead resul t ing from its reduction. The thickness 
of the lead layer was estimated from the formation 
plots by taking the ratio of the width of the step to 
the theoretical end of formation time, mul t ip ly ing  by 
the thickness of the negative, and dividing by two. The 
results are given in Table I and it can be seen that  the 
calculated results agree reasonably well  with the 
measured results. 

Conclus ion 
Blistering of negative plates has been shown to re-  

sult from the reduction of a surface coating of lead 
sulfate which is produced by chemical reaction between 
the paste mater ia l  and the forming acid. This phenom- 
enon may be el iminated altogether by reducing the 
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electrodes as a function of time on formation in (A) 1.005, (B) 
1.015, (C) 1.030, (D) 1.050, and (E) !.210 sp gr sulfuric acid. 

concentrat ion of the forming acid. In  fact, negative 
plates without  blisters have been formed in distilled 
water. However, by e l iminat ing the blisters completely, 

one sacrifices ini t ial  plate capacity. Blistering does 
increase the ini t ial  surface area of the plate as well 
as the amount  of acid immediately available for dis- 
charge within the plate. However, after cycling a n u m -  
ber of times, the capacity of plates without  blisters 
does increase to that of the blistered plates. By choos- 
ing the proper concentrat ion of forming acid, a balance 
may be obtained between the degree of blistering 
which can be tolerated and the init ial  capacity desired. 
Depending on the intended use for a part icular  battery,  
one may be wil l ing to accept some blistering in order 
to obtain a higher init ial  capacity. 

Manuscript  received Aug. 25, 1971. This was Paper 
20 presented at the Cleveland Meeting of the Society, 
Oct. 3-7, 1971. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL.  
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Impurity Distributions in Anodic Films on Tantalum 

R. E. Pawel, *,1 J. P. Pemsler, *,2 and C. A. Evans, Jr2 

ABSTRACT 

Anodization of t an ta lum in electrolytes containing phosphorus or fluorine 
ions resulted in the incorporation of a quant i ty  of these elements into the 
anodic film. While phosphorus was concentrated in the outer portions of such 
films, fluorine was attracted to the oxide/metal  interface. We employed an ion 
microprobe mass spectrometer to examine the concentrat ion profiles of these 
elements in films formed by a variety of anodization procedures. These ex- 
per iments  demonstrated the usefulness of the IMMS as a tool for such work 
and, in addition, furnished information on the characteristics of both film 
growth and the distr ibution and movement  of these impurities. The influence 
of f luorine-rich layers at the oxide/metal  interface on the adherence of the 
anodic films was also shown. 

During the anodization of t an ta lum (as well as sev- 
eral other valve metals) ,  the inclusion in the product  
film of impur i ty  atoms from the electrolyte is a com- 
mon occurrence and impur i ty  effects on both the char-  
acteristics of film formation and various film prop- 
erties have been reported (1). In  addition, it has been 
observed exper imental ly  that  the impur i ty  distr ibution 
may not be uniform throughout  the film and may, in 
fact, have an unusua l  variat ion with depth caused by 
the part icular  manne r  in which the anodization was ac- 
complished. For example, the "two-layer" structure 
associated with films on t an ta lum anodized in sulfuric 
or phosphoric acid has been well  documented (1-8). 
One can argue that impor tant  properties of these films 

* Elect rochemical  Society Act ive  Member .  
z Metals  and  Ceramics  Division,  Oak Ridge National  Laboratory ,  

Oak Ridge, Tennessee  37830, 
Ledgemon t  Laboratory ,  Kennecot t  Copper Corporation,  Lex ing -  

ton, Massachuset t s  02173. 
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may be determined by both the amount  and the distri-  
bution of the impurit ies wi th in  them. 

Since the thickness of bar r ie r - type  anodie films on 
t an ta lum is general ly l imited to only a fraction of a 
micron, special techniques are required for their anal -  
ysis. Most previous experiments  concerning the direct 
determinat ion of the impur i ty  distr ibution wi thin  
these films have involved radio- t racer  methods com- 
bined with chemical sectioning. Chemical sectioning 
provides a surpris ingly uni form removal of layers of 
the anodic oxide, although very  careful exper imental  
procedures are necessary to assure reproducible sec- 
t ioning rates (1, 2, 4, 13). 

We are examining the applicabil i ty of the Ion Micro- 
probe Mass Spectrometer (GCA Technology Division, 
Bedford, Massachusetts) for the determinat ion of im-  
iourity distributions in thin anodic oxide films. The de- 
tails of the design and general  operation of the IMMS 
have been described in detail previously (9). Basically, 
the ins t rument  is a sput ter ing device in which the 
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sputtered mater ia l  is sampled by a mass spectrometer.  
Thus, for a constant sput ter ing rate, the output  of the 
spectrometer  furnishes a measure of the ion yield or 
concentrat ion of a given mater ia l  as a function of 
depth. Although,  in principle, comparison of these ion 
intensities wi th  appropriate  standards would permit  
the determinat ion of absolute concentrations, we have 
not yet  a t tempted to use the IMMS as a tool for quant i -  
ta t ive  analysis. All  of the profiles presented in this 
work  are based on a rb i t ra ry  ion intensi ty units, which 
may vary  from exper iment  to experiment ,  and must be 
considered with this in mind. 

In this paper we present  results which test the 
sensit ivity of the apparatus for various types of work  
with  u l t ra - th in  oxide films. These results  concern the 
behavior  of phosphorus and fluorine impuri t ies  in-  
corporated during the anodization of tanta lum and, in 
particular,  the use of thin phosphorus-r ich layers as 
"markers ."  

Experimental Procedure 
Tanta lum specimens 4 were  prepared from 1 X 2 X 

0.05 cm coupons. These were  annealed in vacuum (10 -6 
Torr)  for 2 hr at 1600~ mechanical ly  polished through 
0.3 ~-alumina, and electropolished in a 90% H2SO4-10% 
HF solution. A short length of tan ta lum wire  was spot- 
welded to each specimen to facili tate handling and to 
serve as electr ical  contact during anodization. The 
polished specimens were  then washed careful ly  and 
boiled in distilled water  for 1 hr  to remove  or counter-  
act the effect of the residual fluoride from the electro-  
polishing bath. 

The specimens were  anodized at room tempera ture  
to a given voltage in a simple cell in which the init ial ly 
high currents  were  l imited to about 10 m A / c m  2 by a 
var iable  series resistor. The resistance was reduced to 
zero and the specimen held at full  vol tage for a "stan- 
dard" t ime of 2 min in order  to be able to apply pre-  
viously determined thickness calibrations (10) to the 
films: 16.5 A / V  in dilute Na2SO4 and KF;  13.2 A / V  in 
concentrated (14.7M) H3PO4. The "duplex"  and "sand- 
wich" type films dealt  wi th  in this paper were  produced 
by sequential  anodization in the various electrolytes. It 
was assumed that  the increment  of thickness produced 
by an additional anodization depended only upon the 
voltage increment  and the par t icular  electrolyte.  

Results and Discussion 
Anodizat ion in 0.035M (0.5%) NazSO4.--The anodiza- 

tion of tan ta lum in dilute sulfate solutions produces 
amorphous, essentially stoichiometric tan ta lum pent-  
oxide films which have uniform propert ies  over  a range  
of formation conditions. We utilized such films in the 
pre l iminary  stages of this study to observe the effect 
of ins t rument  variables, par t icular ly  those which con- 
trolled the size, intensity, stability, and uni formity  of 
the argon ion-beam used for sectioning. 

As reported previously (9), some modifications in the 
ion lenses and ion current  measur ing devices proved 
ve ry  useful in increasing the rel iabi l i ty  of the ins t ru-  
ment  for our purposes. With these changes, the uni-  
formity  of the beam was improved,  result ing in a sec- 
t ioning (crater)  geometry  which produced a depth 
resolution useful for work  wi th  anodic films. The 
geometry  of mater ia l  removal  was checked by ob- 
serving in te rmi t ten t ly  the uniformity  of the in ter fer -  
ence color of the remaining  film at the bottom of the 3 
mm X 4 mm ell iptical  crater  produced by the beam. 
At a depth of 1000A, variat ions of the order  of ___50A 
across the crater  were  general ly  observed. Calibrations 
of the sputter ing rates of these films as a function of the 
beam parameters  were  obtained by means of s ide-by-  
side color comparisons wi th  a s tandard set of anodized 
specimens. Sput ter ing  rates of 0.5-1-&/sec used in this 
invest igation could be reproduced f rom run - to - run  to 
within --+10%. By moni tor ing ei ther the Ta or O ion 
intensities during sputter ing of the films, the position 

4 N o m i n a l  a n a l y s i s  is  99 .7 -99 .8% T a  w i t h  Nb,  Fe ,  W, a n d  Si  as 
m a j o r  m e t a l l i c  i m p u r i t i e s .  

and effective "width"  of the ox ide /meta l  interface could 
be determined.  Generally,  a sigmoidal decrease of these 
intensities over  a distance of about 200A was as- 
sociated wi th  the interface. This was v iewed as a rea-  
sonable value, par t icular ly  since the surface of elec- 
tropolished tanta lum is not precisely planar  on a fine 
scale (11). 

Anodization in HsPOa.--Anodic films formed on tan-  
ta lum in H~PO4 solutions are known to contain signifi- 
cant quantit ies of phosphorus. Not unexpectedly,  most 
of the propert ies of these films are significantly al tered 
as a direct result  of such incorporation. While a number  
of investigators have presented results which have been 
interpreted in terms of a nonuniform distr ibution of 
phosphorus, Randal l  et al. (4) were  the first to include 
a quant i ta t ive  description. These invest igators found 
that  all the  phosphorus was concentrated in the outer 
half  to two- th i rds  of the oxide, and that  its concentra-  
tion within  this layer  was uniform. Both the absolute 
concentration of phosphorus and the re la t ive  depth of 
the enriched layer  depended upon the concentrat ion of 
the electrolyte. 

Typical  phosphorus concentrat ion profiles de ter -  
mined in the present invest igation by the IMMS for 
films formed in concentrated (14.7M) H~PO4 are shown 
in Fig. 1. The phosphorus concentrat ion drops off 
rapidly to a plateau which extends about two- th i rds  of 
the way  through the film. The high apparent  concen- 
t rat ion at the e lec t ro lyte / f i lm interface was also ob- 
served in ear l ier  measurements  (9) on films formed in 
both 14.7M and 0.9M H~PO4. While the extent  of the 
surface enr ichment  is reduced somewhat  by ultrasonic 
cleaning of the specimens in detergent  solution (used 
on the present specimens),  its persistence suggests that  
more  than s imply a surface art ifact  or occlusion is 
involved. For the case of films formed in 0.9M H~PO4, 
the phosphorus plateau extended about half  way 
through the films; the high surface concentrat ion was 
also observed. Thus, wi th  the exception of our observa-  
tion of phosphorus enr ichment  at the surface of the 
film, our profiles are  in excel lent  agreement  wi th  those 
of Randall. Subject  to the l imitations discussed below, 
the phosphorus profile indicated that  there  is an ap- 
parent  t ransport  fract ion for tan ta lum ions of about 
0.65 for anodization in 14.7M I-~PO4. 

"Sandwich" films and marker  exper imen t s . - -The  re-  
sults that  two distinct layers are formed when tanta-  
lum is anodized in H3PO4 solutions implies that  both O 
and Ta ions are mobile. If addit ional oxide can only 
be formed at the e lec t ro ly te /ox ide  and ox ide /meta l  
interfaces and if the phosphorus itself is essentially im-  
mobile, it follows that  sequential  or mult iple  anodiza- 
tions in concentrated and dilute electrolytes could es- 
tablish zones rich in phosphorus ent i rely buried within 

12 

�9 J I i 
,ooo ~ F,LM 

~0 �9 

c 
= 

>_ 6 o ^'---z---~ 1 

z ixl 

+~ 6oo \ 
2 

100 200 300 400 500 600 700 800 
DISTANCE FROM OUTER SURFACE (angstroms) 

Fig. 1. Phosphorus concentration profiles in anadic films formed 
in concentrated (14.7M) H3P04 to thickness of 600.&, O ,  (45.5V) 
and lO00.&, O, (75.8V). 
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the layer. The existence of such zones would present 
interest ing implications regarding the properties of 
these films. 

The results of a duplex anodization are i l lustrated in 
Fig. 2. In this experiment,  a 1000A film was formed in 
concentrated (14.7M) H3PO4; the specimen was care- 
fully washed and then reanodized in 0.035M Na2SO4 
to a total film thickness of 2700#k. The Ta and P ion pro- 
files shown in the figure confirm the fact that the phos- 
phorus existed in an isolated region wi th in  the film. The 
thickness of the phosphorus-rich zone is consistent with 
its thickness prior to the second anodization, except 
that it does not exhibit  the expected asymmetric  dis- 
t r ibut ion favoring the side toward the electrolyte. The 
variations in the Ta ion intensit ies are thought to be 
pr imar i ly  the result  of drifts in the sput ter ing beam 
currents. 

A test of the resolving power of the IMMS for locat- 
ing and describing thin, embedded layers in oxide films 
is shown in Fig. 3. In this set of specimens, phosphorus- 
rich layers having thicknesses of about 17, 35, and 65A 
were sandwiched between layers of plain oxide by a 
three-step anodization in 0.035M Na2SO4, 14.7]VI H3PO4, 
and again in 0.035M Na2SO4. All  three layers were 
easily resolved by the IMMS, resul t ing in the Gaus-  
s ian-type curves for relative phosphorus concentrat ion 
shown. The measured widths at ha l f -max imum in-  
tensi ty were 85, 115, and 150A, respectively, for the 
three phosphorus layers. Even if we ignore the possi- 
bi l i ty that the final anodization step caused a slight 
spreading of the phosphorus layer, these values indicate 
that  the technique is capable of locating an in terna l  
interface of this sort to wi thin  about 40A. (Note that  
an infinitesimally thin layer  would exhibit  an apparent  
thickness of 60-80A.) It  therefore appears that  the 
resolution of the ins t rument  is ent i rely satisfactory for 
defining impur i ty  distr ibutions on this fine scale. 

This method was used to study the systematic move-  
ment  and broadening of a th in  phosphorus-r ich layer 
during subsequent  anodization in dilute electrolytes. If 
the phosphorus is indeed immobile, as suggested by 
Randal l  (4), it would serve as an ideal "marker"  and 
information relat ing to the mechanism of film forma- 
tion could be obtained. We anodized a group of speci- 
mens in 14.7M H3PO4 to an apparent  film thickness of 

I I I 
a 17A EMBEDDED LAYER 
�9 35A EMBEDDED LAYER 
o 65A EMBEDDED LAYER 
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Fig. 3. Concentration profiles for thin phosphorus-rich layers 
embedded in anodic tantalum oxide film. The three specimens 
were prepared by (a) anodizing each to a film thickness of 500A 
in 0.035M Na2SO4, (b) reanodizing in 14.7M H~P04 to add 25.& 
A ,  50.& � 9  und 100.& O of film, two thirds of which is phos- 
phorus-rich, and finally, (c) anodizing again in 0.035M Na.~SO4 
to add 500.& more to the total film thickness. 

25A. If we neglect the effect of the pre-exis t ing film and 
assume that the same phosphorus distr ibution exists 
here as in the thicker films of Fig. 1, the phosphorus- 
rich layer will be slightly less than  20A thick, and its 
center will  be located about 10A from the outer sur-  
face. We then reanodized these specimens in 0.035M 
Na2SO4 to add increments  of phosphorus-free oxide 
from 500-4000A in thickness. The phosphorus profiles, 
determined by the IMMS and normalized to a constant 
peak intensity, are presented in Fig. 4. The final posi- 
tion of the marker  layer  is approximately in the center 
of the film for all specimens. Note also that  the ap- 
parent  thickness of the layer (defined as the width of 
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Fig. 4. "Marker" experiments with thin, phosphorus-rich layers. 
Concentration profiles exhibited by 17.& marker layer (25.& film 
formed directly on tantalum surface) after subsequent anodization 
in 0.035M Na2S04 to 500, 1000, 2000, 3000, and 4000,&. 
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Fig. 5. Effect of marker layer depth on profile determination. 
Film 'A' contains a 17,~ layer buried by subsequent anodization 
(3000.~) in 0.035M Na2SO4. Film 'B' is identical, except that ap- 
proximately 1000.~ of the outer film has been removed by chemical 
dissolution in NH4F-HF solution. 

the profile at ha l f -max imum intensi ty) ,  increases wi th  
the thickness of added oxide. 

The final position of the marker  is de termined by the 
re la t ive  t ransport  fractions of the ions across the film 
and aIso by the extent  of its movemen t  induced by 
the electric field and /or  the ion flux. If  the degree of 
the lat ter  type of migrat ion is direct ly proport ional  to 
the amount  of anodization after  the marke r  is placed, 
the t ransport  fractions obtained f rom the data of Fig. 
4 and similar exper iments  wil l  be in error  by a con- 
stant factor which relates this movement  to the total  
amount  of new oxide formed. The extent  of this error  
cannot be determined f rom these experiments.  How-  
ever, the apparent  spreading of the marker  as a func-  
tion of continued anodization implies at least some 
small  degree of interact ion wi th  the ion flux or that  
some oxide is forming internally.  

An apparent  spreading of the marker  layer would 
also be observed if the crater  formed by the IMMS 
beam changed in shape or became roughened in pro-  
portion to the depth eroded. In order to check this pos- 
sibility, we repeated the 3000A film exper iment  em-  
ploying chemical means to remove  a portion of the 
outer oxide. Approx imate ly  1000A of oxide was re-  
moved from this specimen by par t ia l ly  dissolving the 
film in a solution of 25g NH4F in 100 cc HF. Figure 5 
indicates that  the marker  profiles obtained "hefore and 
af ter"  are v i r tua l ly  identical. Thus, unless the chemical  
removal  of the oxide produces an identical roughening 
of the surface, it appears reasonable to conclude that  

the marke r  spreading is a real, albeit  a comparat ive ly  
small effect. 

The results of our exper iments  which bear  direct ly 
upon the mechanism of anodic oxidation of tan ta lum in 
the manner  previously described in dilute aqueous 
solutions are listed in Table I. If  it is assumed that  the 
phosphorus-r ich layer  serves as an inert, immobile  
marker  (i.e. that  its changes in position are solely a 
result  of the motion of the Ta and O ions), then the 
fract ional  burying of the marker ,  hX/hW, is a measure  
of the tan ta lum ion t ransport  fraction. In this expres-  
sion, AX is the observed change in marke r  depth re la -  
t ive to the ox ide /e lec t ro ly te  interface during the period 
in which the total thickness of the film is changing 
by AW. The tan ta lum ion t ransport  fractions are listed 
in the last column of the table and are sensibly con- 
stant wi th  a value  of 0.46 __ 0.05. Their  constancy points 
out that  if the phosphorus marke r  is indeed mobile, 
contrary  to our above assumption, it moves in v i r tua l ly  
direct proport ion to the extent  of subsequent  anodiza- 
tion. 

In excel lent  agreement  wi th  the above results, per -  
haps because phosphorus was also used as a marker ,  
Randall  (4) obtained a value of 0.48 for the corres-  
ponding transport  fraction. However ,  Davies et al. (12) 
utilizing injected Xe 125 atoms as markers,  and Whit ton 
(14), using Kr  sh, obtained values of about 0.3. In order 
to rat ionalize the two results on the basis of their  face 
value, a difference in mobil i ty  of approximate ly  0.2 
A / A  must  exist for the phosphorus and the inert  gas 
markers  during anodization. It may  be per t inent  to 
note that  the mass of the marker  species (13), as well  as 
the charge (14), wil l  determine its re la t ive  mobil i ty 
and final position in the film. Obviously, marke r  be- 
havior  is complex and the categoric in terpre ta t ion of 
such results is dangerous. 

Anodizatio,~ in O.09M (0.5%) KF.--It  is wel l  known 
that  anodization of tan ta lum specimens prepared by 
polishing in reagents  containing HF produces anodic 
films that  are poorly adherent.  It has also been shown 
(15) that  anodization even in dilute f luorine-containing 
electrolytes permits  large numbers  of such films to be 
stripped in sequence f rom a single specimen. This is 
the basis of a sensitive microsect ioning technique which 
is applicable to both t an ta lum and niobium, as wel l  as 
their  alloys. A reasonable explanat ion for this behavior  
is that  a f luorine-containing f i lm--perhaps  an oxy-  
f luoride--is  formed at the ox ide /me ta l  interface and 
serves as an efficient par t ing agent between the metal  
and the film. The fact that  this par t ing layer  remains  
in position at the interface during anodizing has been 
used as evidence to support the idea that  cation mi-  
gration is the p r imary  mechanism of anodic film forma-  
tion (1). 

Our application of the IMMS to the examinat ion of 
fluorine profiles in anodic films furnishes an explana-  
tion for the effect which is consistent wi th  the fact that  
both tan ta lum and oxygen ions are mobile. A fluorine 
concentrat ion profile for a 2000A anodic film formed in 

Table I. Movement of thin, phosphorus-rich layers during anodization 

Phos. peak  posi- Final  w id th  of Frac t ional  Apparen t  
tion wi th  respect  P- r ich  zone b u r y i n g  Ta t ranspor t  

Configurat ion (a) to E/O interface,  A (at '/2 max.  int.) ,  A AX/AW f ract ion,  t T .  

500/100P/500 240 150 210/500 0.42 
1006/100P/1000 490 200 460/1000 0.46 
25P/1000 450 200 (?) 440/1000 0.44 
500/25P/500 240 85 230/500 0.46 
500/25P/500 250 90 240/500 0,48 
500/50P/500 255 115 238/500 0.48 
251~ 220 95 210/500 0.42 
25P/1000 475 130 465/1000 0.47 
25P/2000 950 180 940/2000 0.47 
251~ 1520 190 1510/3000 0.50 
25P/4000 2060 230 2050/4000 0.51 
25P/3000 1400 180 1390/3000 0.46 

(a) ,,p,, indicates  a phosphorus- r ich  layer.  For  example ,  500/100P/1000 means  the first anodizat ion was  car r ied  out in dilute Na2SO4 t o  
500A; next ,  100A was  fo rmed  in 14.7M I-~PO4 (outer two- th i rds  is P- r ich) ;  finally, 1000A w e r e  added by anodizing again  in di lute Na2SO4. 
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Fig. 6. Fluorine and oxygen concentration profiles in anodic 
film formed on tantalum in O.09M (0.5%) KF. OFluorine profile, 
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a dilute KF  solution is i l lustrated in Fig. 6. The con- 
centrat ion is essentially constant  throughout  the film, 
but  rises abrupt ly  at the oxide/metal  interface. The 
oxygen profile, shown on a less sensitive scale, shows 
no such peak, but  behaves in normal  fashion through 
the interface. The presence of a fluorine-rich layer of 
some sort at the interface is evident. Furthermore,  the 
width of the F peak at ha l f -max imum intensi ty is only 
about 100A and, taking into account the resolution 
limits of the IMMS for such interfaces, we estimate the 
thickness of this layer to be less than 50A--perhaps 
much less. 

In order to test the hypothesis that  fluorine itself is 
mobile dur ing anodization and may be dr iven through 
the film to the oxide/metal  interface, we measured the 
fluorine profiles on a series of specimens which had 
been pre-anodized in a dilute sulfate solution to pro- 
duce 500A adherent  layers of fluorine-free oxide and 
then reanodized in 0.09M KF to produce increments  of 
f luorine-containing oxide with thicknesses of 250, 500, 
and 1000A, respectively. If fluoride were immobile, 
none should be found within  500A of the oxide/metal  
interface. The results of these experiments  are pre-  
sented in Fig. 7. Reanodization to add 250 and 500A 
thickness to the oxide layer caused measurable  amounts  
of fluorine to migrate into the formerly "plain" oxide 
layer as manifested by the considerable broadening of 
the F-dis t r ibut ion curves into this region. Reanodiza- 
tion to add 1000A of film, however, resulted in the 
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Fig. 7. Fluorine concentration profiles in anodic films formed 
stepwise on tantalum in dilute Na2S04 and KF solutions. All three 
specimens were first anodized in 0.035M Na2S04 to form 500,~ of 
fluorine-free oxide. They were then reanodized in O.09M KF to 
the indicated total thicknesses. 

fluorine finally reaching and apparent ly  being concen- 
trated at the oxide/metal  interface. This behavior is 
similar to that  for anodization wholly in  KF, and the 
eventual  formation of a discrete F-r ich layer shows 
that the fluorine migrated toward the oxide/metal  
interface to an extent  which depended upon the amount  
of anodization. Thus, if a fluoride-rich layer does not 
already exist at the interface, sufficient fluorine can 
migrate  to cause its formation and perhaps continued 
growth. 

It is per t inent  to point out that  the films which have 
the fluoride layer  at the interface easily strip from the 
specimen; the others do not. These results are useful in 
unders tanding the action of fluorine in de termining the 
relative adherence of anodic films on tanta lum.  Only 
very small  amounts  of fluorine at the interface are re-  
quired to decrease marked ly  the adherence of the film. 
For example, we have found that  the fluorine in a 50A 
film formed in dilute KF, when dr iven through an ad- 
herent  anodic film to the interface, is sufficient to cause 
complete loss of adherence. Probably  less than  a mono-  
layer of fluorine atoms is involved. 

An estimate of the mobil i ty  of the fluorine was also 
obtained in these experiments.  In  order to drive fluo- 
r ine from a "sandwich" through a given thickness of 
adherent  film, it was necessary for additional oxide be- 
tween two and three times this thickness to be formed. 
Holding the composite for extended periods of t ime 
under  conditions where the electric field in the oxide 
was sufficient to main ta in  only very  slow over-al l  
growth rates did not cause appreciable fluorine move-  
ment. Apparent ly,  gross ion movement,  or the added 
field strength associated with it, was necessary to pro- 
mote this effect. 

Conclusions 
The ion microprobe mass spectrometer has been 

shown to be a useful ins t rument  for describing the 
distr ibution of impurit ies in th in  anodic oxide films. 
The sputter ing rates and crater shapes were controlled 
such that they varied very  little with t ime and pene-  
t rat ion depth (at least for several thousand ang-  
stroms). The effective resolution, in terms of the ap-  
parent  thickness of a plane interface, was about 50A. 
The inclusion and movement  of phosphorus and fluo- 
r ine in anodic t an ta lum oxide films during a variety of 
anodization procedures were studied. The specific con- 
clusion are: 

(i) When films are formed in concentrated HaPO4, 
the phosphorus concentrates in the outer two-thirds  of 
the film implying, if the phosphorus is immobile, a 
value of the t an ta lum ion transport  fraction of about 
0.65. This is different from the value of 0.46 found for 
anodization in the dilute sulfate solution. It  may be sig- 
nificant in this respect to point  out that  the h igh- tem-  
perature oxygen permeat ion rates through anodic films 
containing phosphorus have been observed to be mucb 
less than those through the pla in  anodic oxide (10). 

(ii) Thin, phosphorus-r ich layers of known thick- 
ness may be positioned in otherwise normal  anodic 
films. 

(iii) Phosphorus-r ich layers spread only slightly 
during continued anodization. 

(iv) If phosphorus is itself mobile dur ing anodiza- 
tion, it moves in v i r tua l ly  direct proport ion to the 
amount  of anodization and, thus no direct values could 
be determined concerning the extent  of this movement.  
Assuming the phosphorus marker  layer  to be immobile, 
the apparent  t an ta lum ion t ransport  fraction is about 
0.46 for anodization in dilute sulfate solutions. The cor- 
responding t ransport  fraction determined by previous 
investigators using inert  gas atoms as markers  is about 
0.3. Thus, if these markers  are immobile, phosphorus 
is d rawn to the oxide/metal  interface by approximately 
0.2 A / A  during anodization. 

(v) During anodization, f luorine-rich marker  layers 
or fluorine ions from the electrolyte may be driven 
comparat ively large distances through the film toward 
the oxide/metal  interface. Thus, fluorine cannot be 
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used effect ively as a m a r k e r  for ion t r anspor t  studies. 
(vi) The loss of adherence  of the  anodic films on 

t an t a lum occurs when a f luor ine-r ich layer  forms at  the 
o x i d e / m e t a l  interface.  This "par t ing  agent"  can be p ro -  
duced by  (a) anodizing specimens pol ished in f luoride- 
containing reagents ,  (b) anodizing specimens in fluo- 
r ide solutions, or  (c) d r iv ing  a f luor ide-r ich layer  
th rough  the anodic film by  cont inued anodization.  
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The Effect of Fluoride Ion on the Anodic 
Behavior of Titanium in Sulfuric Acid 

M. J. Mandry 1 and G. Rosenblatt *'~ 
Department of Metallurgical Engineering, Queen's University, Kingston, Ontario, Canada 

ABSTRACT 

The anodic behavior of titanium in the presence of fluoride ion and sulfuric 
acid has been studied. Fluoride ion accelerates active corrosion and results in 
more active, time-dependent corrosion potentials and greatly increased current 
requirements for passivation. The critical current density is found to be first 
order with respect to fluoride ion at low concentration and less than unity at 
higher  fluoride levels.  Corrosion in the  passive region is also increased a l though 
to a lesser ex tent  than in the  active state. 

Titanium offers many advantages over other mate- 
rials when used in acid media, displaying excellent 
corrosion resistance. Recent literature (1-4) has been 
largely concerned with the anodic behavior of titanium 
in acid solutions. The effect of chloride ion on the cor- 
rosion res is tance of t i t an ium and its al loys has been 
recen t ly  out l ined by  Thomas and Nobe (2) for sulfuric 
acid solutions and by  Levy  (5) and T a k a m u r a  (6) for 
concent ra ted  chlor ide solutions. However ,  ve ry  l i t t le  
work  (7-9) exists  on the effect of fluoride ion on t i -  
t an ium corrosion, pa r t i cu l a r ly  in the smal l  amounts  
encountered  in indus t r ia l  environments ,  despi te  the 
fact tha t  fluoride ion has been found to be an ex t r eme ly  
pernicious impur i t y  wi th  r ega rd  to t i t an ium corrosion. 
The purpose  of the fol lowing inves t igat ion was to de-  
t e rmine  the  anodic behavior  of t i t an ium in the  presence 
of fluoride ions. 

Experimental Procedure 
Titanium used in this study was commercially pure 

Ti75A (max % 0.08C, 0.05N, 0.015H, 0.20Fe) in the an- 
nealed condition. Samples cut from the slab of the as- 
received titanium were mounted in epoxy resin (Arm- 
strong Activator W and C-4 resin) so that only one 
face was exposed to the test solution. Care was taken 
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to avoid crevices between the sample and the epoxy 
mount. Some titanium samples were machined into 
cylindrical electrodes and mounted using Teflon com- 
pression gaskets (10). Both methods gave the same 
results in the sulfuric acid-fluoride solutions used in 
the  work.  Samples  were  pol ished on meta l lograph ic  
abras ive  paper ,  washed in de te rgent  solution, mounted  
in an electrode holder  (10), and degreased  wi th  ace- 
tone. They were  f inal ly r insed  wi th  dis t i l led wa te r  
before  immedia te  inser t ion into the cell. The cell  and 
aux i l i a ry  pla t in ized p la t inum electrodes were  s imi lar  
in design to those descr ibed ear l ie r  in the  l i t e ra tu re  
(4, 10), except  tha t  a Luggin  p robe- re fe rence  e lect rode 
assembly was employed which contained an isolating 
stopcock to avoid contamination by the chloride solu- 
tion of the reference electrode. The stopcock was closed 
during the course of the experiment and ionic contact 
was maintained through a film of electrolyte on the 
stopcock. In all cases electrode potentials are reported 
vs. SCE, uncorrected for liquid junction potentials. 

Anodic polarization was achieved by using an Ano- 
trol potentiostat (Model 4100). Electrode potentials 
were measured with a high impedance electrometer 
(Wenking PPT-19) to an accuracy of 1 mY. The elec- 
trode potentials were set in steps of 25 mV into the 
passive region, after which 50 or 100 mV steps were 
t aken  in order  to resul t  in an ove r - a l l  t r ans fe r  ra te  of 
0.3 V/hr .  Solut ions of IN sulfuric acid were  p repared  
f rom r eagen t -g r ade  sulfuric acid and double-d is t i l l ed  
water .  F luor ide  addi t ions  were  made  to the  sulfuric  
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acid in the form of a concentrated solution of reagent-  
grade sodium fluoride. Purified hydrogen was bubbled 
through the solution during the test. 

Ti tanium electrodes were self-activated (2) by im- 
mersion in  1N sulfuric acid solution through which 
purified hydrogen was passed for a period of 18 hr. 
Reproducible corrosion potentials were readily ob- 
tained using this procedure which was preferred to 
the activation t rea tment  using HF (2) or cathodic pre-  
polarization (3). Anodic polarization was init iated only 
after a steady corrosion potential  was at tained (no 
change in potential  of more than 2 mV for 30 rain).  
Solutions containing fluoride required a fur ther  wait-  
ing period before this steady state was reached. The 
corrosion potential  was found to be depressed by about 
50 to 75 mV after immersion in the sulfuric acid-fluo- 
ride solution, but  drifted in a positive direction to a 
steady potential  after a 3-hr period. 

Results 

Anodic polarization oJ titanium.--The effect of fluo- 
ride ion on the anodic polarization characteristics of 
t i t an ium are shown in Fig. 1. As can be seen from the 
data collected from these curves and summarized in 
Table I, small  increases in fluoride ion concentrat ion 
produce large increases in the critical current  needed 
for passivation. The smallest NaF concentrat ion ex- 
amined (0.59 • 10 -8 M) increased the current  density 
for passivation by a factor of three over that of ti- 
t an ium in the absence of fluoride. Quanti ta t ive com- 
parisons were difficult to make because earlier work 
studying the effect of fluoride ion on the corrosion of 
t i tan ium involved larger fluoride concentrat ions and 
employed HF and various media with added NH4F 
and HF. However, the t rend observed previously (7-9) 
of increasing critical current  densities with fluoride is 
in general  agreement  with our data. Although both the 
critical current  and the passive current  density (at 
O.6V) show a rapid ini t ial  increase with increasing 
fluoride concentration, the form of the curves is differ- 
ent in each case (Fig. 2). At high fluoride concentra-  
tions (greater than 15 • 10 -3 M), the passive current  
density is largely independent  of fluoride concentra-  
tion, while the critical current  density required for 
passivation is found to continuously increase. A more 
aative corrosion potential  is also produced when NaF 
was added (greater than 1.2 • 10 -3 M) (Table I) and 
the potential  at which passivation is init iated (pr imary 
passivation potential)  is also shifted to more active 
potentials. However, the pr imary  passivation potential  
remains  constant (--0.575V) between fluoride concen- 
trations of 2.5 • 10 -3 and 36 • 10-3M. 

At this point it is interest ing to compare the effects 
of fluoride ion with respect to chloride ion on t i tanium. 
Thomas and Nobe (2) reported that active t i tan ium 
corrosion in H2804 was largely unaffected by additions 
of NaC1 (up to 5.8%). A small decrease in the critical 
current  required for passivation was recorded along 
with a decrease in the passive current  density. Chloride 
ion therefore acts as a mild inhibi tor  in the passive 

Table I. Effect of fluoride ion on the anodic behavior of 
titanium in IN  sulfuric acid 

Pa s s ive  
S o d i u m  c u r r e n t  
f luor ide  A c t i v e  Cr i t i ca l  d e n s i t y  
concert-  co r ros ion  c u r r e n t  a t  0.600V 
t r a t i o n  p o t e n t i a l  d e n s i t y  v s .  SCE 

(10 "~ mola r )  (V v s ,  SCE) ( ~ / c m  ~) ( ~ A / c m  -~) 

P r i m a r y  
p a s s i v a t i o n  

p o t e n t i a l  
(V v s .  SCE) 

0.0 - -  0.680 32 1,5 - -  0.500 
0.6 - - 0 . 7 0 5  81 1,8 - -0~  
1.2 - - 0 . 7 0 5  120 2.8 - - 0 . 5 5 0  
2.4  - - 0 . 7 9 0  250 3.0 - - 0 . 5 7 5  
4.5 --0.800 440 7.5 --0.575 
6.9 - - 0 . 8 1 0  920 18.0 - - 0 . 5 7 0  
8.9 - -  0.800 1185 32.0 - -  0.575 

16.8 - -  0.780 1345 75,6 - -  0.575 
24,0 -- 0.780 1700 81.2 -- 0.560 
36.0 -- 0.795 2100 80.9 -- 0.575 

120.0 - -  0.825 4580 259,0 - -  0.600 

corrosion of t i tanium, but  fluoride at much smaller  con- 
centrat ions is a very strong activator of both active 
and passive corrosion. Fluoride additions are extremely 
effective in prevent ing passivation by increasing the 
critical cur rent  and also the anodic current  in  the pas- 
sive state and, therefore, reducing the effectiveness of 
the protective t i t an ium oxide film. 

E~ect of temperature.--Figure 3 shows the polariza- 
tion behavior of t i tan ium in 1N H2SO4 at different tem- 
peratures and fluoride concentrations. The active cor- 
rosion region for t i tan ium is lengthened when the 
temperature  is increased. Although current  fluctuations 
around the corrosion potent ial  and the narrowness of 
the active region before the onset of passivity pre-  
vented any accurate determination,  the corrosion cur-  
rent  was estimated to increase with temperature.  Pas-  
sivity was more difficult to a t ta in  as evidenced by the 
increased critical current  density, but  increased passive 
current  densi ty (at 0.6V vs. SCE) indicates that  the 
passive state was less protective at higher tempera-  
tures. The potential  at which passivation was init iated 
was found to be similar in all cases (--0.550V). 

Discussion 
Fluoride ion provides a strong activating effect Oll 

the corrosion of t i t an ium in both active and passive 
states. However, corrosion in the active state is more 
greatly accelerated by fluoride ion which results in the 
increased critical current  densities and therefore in-  
creased charge requirements  in order to reach the pas- 
sive state. Taken together with the observation of a 
more active and t ime-dependent  corrosion potential, 
this seems to indicate an adsorption process as part  of 
the corrosion mechanism. However, the high hydrat ion 
energy associated with the fluoride ion (11), as well as 
previous exper imental  work of fluoride adsorption on 
zirconium (12), seems to preclude any explanat ion re- 
quir ing specific adsorption during anodic polarization. 
If the onset of passivity is delayed by the dissolution 
of existing film or consumption of the precursors for 
film formation, then a larger critical cur rent  density 
would be required. Previous mechanisms for zirconium 
dissolution in fluoride solutions proposed by Meyer 
(13, 14) and more recent ly by Rettig et at. (15) suggest 
that the passive film is dissolved by HF which diffuses 
to the electrode surface in  the following reactions (14) 
involving fluoride complex ions 

Z r p a s s i v e  f i lm +4  -~- H F ~  ZrF +8 + H+ [1] 

ZrF +3 + HF-~ ZrF2 +2 + H + [2] 

(ZrF) b-14-(b-l)+ -~- HF-~ ZrFb(4--b)+- I- H + [3] 

where b ---- 2.5 to 4.0. A general equation can be for- 
mulated for titanium corrosion in the passive state 

Tipas s ive  f i lm ( 5 - b ) +  ~- bHF ~ TiFb (4-b)+ -~- bH + [4] 

where b -~ 1 to 3 with HF being formed in  solution 

(H + + F -  ~ HF; log kz = 3.62 at 25~ (18) 

Fur ther  reactions are then possible with the fluoride 
complex ion according to the reaction scheme (Eq. 
[2] and [3]) proposed by Meyer (13, 14). Anodic 
dissolution studies on t i t an ium in sulfuric acid (1) 
have indicated that  t i t an ium is oxidized to Ti a +. If the 
same reaction can occur in  the presence of fluoride 
then the passive film forming reactions 

Ti--> Ti 3+ + 3e [5] 

Ti 3+ "~ Tipassive film 8 + [6] 

will occur in competition with the film dissolution re- 
action 

Tipassive film 3 + ~- 2HF --> TiF22 + -{- 2H + [7 ] 

During anodic polarization in the passive region, the 
film dissolution reaction becomes rate controll ing and 
the increased local concentrat ion of hydrogen ion pro- 
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duced by the film dissolution react ion [7] results in the 
formation of HF near  the t i tanium surface. The critical 
current  density for passivation then becomes dependent  
on the local HF concentration.  Etching on the tip of 
the Luggin probe situated near  the surface was ob- 
served after  complet ion of anodic polarization and con- 
firmed the interracial  format ion of HF. Meyer  (14) also 
suggested that  the order of the corrosion react ion for 
such a mechanism would be uni ty  so that  the rate 
would  be given by an expression r ---- k (HF) ; where  
k is the rate  constant of the react ion sequence. 
In our case an order sl ightly larger  than uni ty  was ob- 
ta ined for the dependence of cri t ical  cur ren t  density 
on fluoride concentrat ion (Fig. 4), a l though a fract ional  
order  (0.56) was obtained at higher  fluoride concentra-  
tions. This change in react ion order  indicates a differ- 
ent react ion mechanism from that  at lower fluoride 
concentrations. To obtain an order of unity wi th  re-  
spect to HF, a s t ra ight forward react ion scheme involv-  
ing hydrogen ion is assumed. Above a cri t ical  concen- 
tration, react ion by way of an in termedia te  fluoride 
species, ei ther as a surface film or complex ion situated 
at the surface, may occur and hence a fract ional  reac-  
tion order would  then  be possible. 

In the region of active corrosion, fluoride produces a 
more act ive corrosion potential,  decreases the anodic 

and cathodic (hydrogen evolut ion) Tafel  slopes, and 
results in an increased corrosion current  (16). An im- 
portant  factor in the active corrosion of t i tanium in the 
presence of fluoride seems to be the increased hydrogen 
evolut ion rate  brought  about by the decreased Tafel 
slope for hydrogen. The mechanism by which  fluoride 
alters this parameter  is the subject of a future  paper. 

Within the passive region above the p r imary  passiva-  
tion potential, a ful ly  consolidated oxide film exists, 
and the action of fluoride ion is difficult to describe 
wi thout  fur ther  measurements  of oxide film thickness. 
Increased passive current  density (Table I) could re-  
sult f rom ei ther  the inhibi t ing action of fluoride ion on 
the oxide growth, incorporated within the oxide layer  
wi th  a resul tant  weakening  of the structure,  or the in-  
creased dissolution of the oxide caused by HF produced 
within  the solution. Potentiostat ic  pulse measurements  
(17) per formed during the corrosion of t i tan ium in 
fluoride solutions indicate the existence of a single 
porous oxide layer. The exact  na ture  of this layer  and 
changes with fluoride concentrat ion remain  undefined 
at present. 

Manuscript  submit ted March 17, 1971; revised manu-  
script received Sept. 2, 1971. 



VoL 119, No. 1 ANODIC BEHAVIOR OF T I T A N I U M  33 

1 0  4 
! I 

% 

"~.^3 
l U  

Z 

p- 
Z 

r 

0 

.-1 

I -  
n -  
O 

J 

, f "  
/ SLOPE = .56 

/ 

10 I 
10 -s 10 -z 

C O N C E N T R A T I O N  

I 
10 -1 

NaF, M 

Fig. 4. Determination of the reaction order for the dissolution 
of titanium with respect to fluoride concentration. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1972 
J O U R N A L .  
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Effects of Alkyl Amine Surfactants on Mass 
Transfer Controlled Corrosion Reactions 

G. Kar, I. Cornet,* and D. W. Fuerstenau 
College o~ Engineering, University 05 California at Berkeley, Berkeley, California 94720 

ABSTRACT 

The cathodic polarization technique has been used to detect the specific 
role of concentrat ion and chain length of alkyl  amine surfactants on the cor- 
rosion reaction in a turbutent-f iow system involving a rotat ing Monel cyl inder-  
saline water interface. The mass t ransfer  l imit ing current  necessary for com- 
plete cathodic protection of Monel decreased with increased surfactant  con- 
centrat ion and chain length. The phenomenon has been explained in terms of 
a "resistance barr ier"  due to the precipitate film of neut ra l  amine molecules 
on the Monel surface. With the help of a simple "regression" analysis the 
relat ive significance of different variables and their interactions have been 
discussed. 

Research on corrosion inhibi t ion by adsorbed sur-  
face-active materials  in  turbulent-f low systems has 
been largely neglected despite the fact that  corrosion 
and corrosion inhibi t ion in numerous  mar ine  applica- 
tions involve motion of a metal  surface relat ive to a 
seawater environment .  The interfacial  region between 
the metal  and the solution is the site for corrosion re- 
action, and the rate processes may be controlled by 
mass t ransfer  of the reacting species through the in ter-  
facial film. This, in turn,  is controlled by the dynamic 
shear conditions imposed by relative flow of metal  and 
solution. There has been very little work reported on 

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  Mone l ,  r o t a t i n g  c y l i n d e r ,  c a t h o d i c  p r o t e c t i o n ,  o x y g e n  

r e d u c t i o n ,  m a s s  t r a n s f e r  l i m i t i n g  c u r r e n t ,  a l k y l  a m i n e s ,  a d s o r p t i o n ,  
corrosion i n h i b i t i o n .  

the performance of corrosion inhibitors in such tur -  
bulent  systems. However, there are several related 
areas of investigation that are significant to the study 
of such a system. 

Several  workers have considered the adsorption of 
simple organics (1-5) and long chain organic surfac- 
tants  on polarized copper and nickel  ( 6 - 8 ) s u r f a c e s  
and the mercury-wate r  interface (9, 10). Hackerman 
(7, 8) has summarized the observed relationships be-  
tween the inhibi t ion process and surfactant  molecular  
structure. Specific effects of organic inhibitors on the 
corrosion of mild steel in  acid solution (11-13), and the 
effects of organic amine inhibitors on the corrosion of 
iron in acid solution (14), and in organic solvents (15) 
have also been reported. The analysis given in two 
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detailed reviews (7, 16) suggests that  the effectiveness 
of organic and inorganic inhibitors for a given metal  
depends on the inhibi tor  concentration, the pH of the 
system, the velocity of the metal  relat ive to the solu- 
tion, time, surface preparation,  surfactant  chain length, 
temperature,  cross-sectional area of the organic mole- 
cules, and the nature  of the funct ional  group on the 
inhibitor.  Analysis of basic mass t ransfer-control led 
reactions in tu rbu len t  systems, at the surface of rotat-  
ing disks and cylinders and at static surfaces has re-  
ceived considerable at tent ion (17-26). Reviews have 
also appeared on the suitabil i ty of several electrochem- 
ical techniques for analysis of the fundamenta l  aspects 
of the adsorption of organic inhibitors on solid e l ec -  
trodes  (27-30). 

In  the present  investigation, the current  required to 
protect a metal  cyl inder rotat ing in an aerated 4% 
NaC1 (0.685M) solution has been investigated as part  
of the study of the effect of mass t ransfer  on corrosion 
and corrosion prevention. In such a system, two major  
cathodic reactions can occur. At low negative potentials 
the  reaction 02 + 2H20 + 4 e -  = 4 O H -  (E  ~ = -- 
0.40V) and at a slightly more negative potential  the 
reaction 4H20 + 4e -  = 4 O H -  + 2H2gas (E ~ = -- 
0.828V) takes place. However, for the purpose of in-  
vestigating the oxygen mass t ransfer  to and reaction 
at the surface, the former cathodic reaction is usual ly  
considered as the p r imary  one, and all experiments  
have been done in the potential  range of this reaction. 
Subsequently,  the corrosion of the metal  can be con- 
sidered to be governed by the redox reaction 

02 + 2H20 + 2 M . ~  2M ++ + 4 O H -  [1] 

where M is a divalent  metal. The metal, however, can 
be protected by  cathodic polarization, whereby the oxy- 
gen reaching the metal  surface is reduced by the ex- 
ternal  supply of electrons. The polarizing current  
necessary to protect the metal  completely depends on 
the rate of convective diffusion and access of dissolved 
oxygen to the metal  surface. This current  is often 
termed "Mass Transfer  Limit ing Current"  (MTLC). 
The MTLC can be reduced considerably by using 
cationic surfactants, which, when adsorbed from the 
solution phase onto the metal  cathode, can form a bar-  
rier for oxygen diffusion. 

The alkyl amine surfactants of various chain length 
were selected as model corrosion inhibitors in view of 
the key role of ni trogen centers discussed by Hacker-  
man (7), Nakagawa et al. (14, 15), and of increasing 
chain length (8) in the action of corrosion inhibition. 
Furthermore,  the quant i ta t ive  hemimicelle model of 
surfactant  adsorption at the solid-liquid interface de- 
veloped by Fuers tenau  et al. (31, 32), has been tested 
in detail for alkyl amines at negat ively charged oxide 
surfaces. The extension to cathodically polarized metal  
surfaces is therefore well served by this earlier quan-  
t i tative adsorption work. The results of this invest iga-  
tion have been summarized and discussed in terms of 
the mechanical  and chemical variables affecting the 
process. An at tempt has been made to unders tand the 
mechanism of corrosion inhibi t ion and, part icularly,  
its sensit ivity to relative motion, inhibi tor  concentra-  
tion, and surfactant  chain length. 

E x p e r i m e n t a l  M e t h o d  
In  order to incorporate into polarization phenomena 

the effects due to mass t ransfer  between the metal  sur-  
face and the liquid, an apparatus with a vert ical ly 
rotat ing cylindrical  cathode was designed and con- 
structed. The cyl inder  (19.2 cm long • 1.91 cm diam) 
consisted of a 7.6 cm long test electrode made of Monel 
(67% Ni, 30% Cu, 1.4% Fe, 1.0% Si, 0.15% C, 0.01% S) 
alloy in  the midsection and acrylic plastic at either 
end to avoid end effects. The test electrode, operated 
as a cathode, was rotated at the center of a concentric 
counterelectrode (7.6 cm long • 14 cm diam) made 
of p la t inum strip on t i tanium. The cell containing the 
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Fig. 1. Apparatus for polarization studies 

electrolyte (4% NaC1 aqueous solution) was made of 
Lucite and was part ial ly open to the atmosphere at 
the top. The speed of the cylinder was varied using a 
variable-speed motor. Arrangements  were made for 
a galvanostatic polarization study. The potential  of the 
cathode was measured with reference to a saturated 
calomel reference electrode (SCE). The general  layout 
of the experimental  assembly and its electrical circuits 
is shown schematically in Fig. 1. 

The Monel electrode was cleaned mechanically,  
etched with concentrated hydrochloric acid, and 
washed repeatedly before immersion in the 4% NaC1 
solution. This cleaning procedure yields a reproducible 
surface in that under  a given set of solution conditions, 
the observed rest potential  and l imit ing current  are 
constant. 

The alkyl amine surfactants were used as ammonium 
acetate salts. These were prepared by dissolving high- 
pur i ty  pr imary  amines obtained from Armour  Indus-  
tr ial  Chemical Company in benzene and adding an 
equimolar  quant i ty  of glacial acetic acid. The acetate 
salt was recrystallized from benzene by cooling, and 
excess benzene was removed in a vacuum desiccator. 

The oxygen content  of the solution, which was ana-  
lyzed for each r un  by the s tandard Winkler  method, 
was varied by controlled exposure of a i r -sa turated 
NaC1 solution to hel ium gas for various time periods. 
In most experiments,  the oxygen content was main-  
tained reasonably constant  by exposing the  electrolyte 
solution to the atmosphere for a day to effect oxygen 
saturation. During the entire experiment,  the electro- 
lyte was left open to the atmosphere. 

Considering the complexity arising out of tempera-  
ture variations, which cause changes in oxygen solu- 
bil i ty and its diffusivity, kinematic viscosity of the 
electrolyte, surfactant  solubility, etc., all experiments  
were conducted at a fixed temperature  of 20~ 

Resu l ts  
Ef fec t  of speed of ro ta t i on . - - In  order to delineate the 

role of the mass t ransfer  controlled process in rotat ing 
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Table I. The limiting current densities for a Monel cathode at 
various rotational speeds 

L i m i t i n g  c u r -  
R o t a t i o n a l  R e y n o l d s  O x y g e n  r e n t  d e n s i t y  

s p e e d  ( r p m )  n u m b e r  eonc. ,  p p m  ( A / c m  2) x 10 ~ 

60 1,130 6.40 0.77 
73.5 1,390 6.45 0.99 

151.2 2,660 6.32 1.42 
200 3,780 5.96 1.82 
380 7,180 6.40 2.96 
600 15,210 5.60 4.40 
900 17,010 6.40 5.26 

1400 26,400 6.32 7.35 
2000 37,800 6.18 8.77 
2052 38,780 6.60 9.87 
3330 6~,940 6.06 12.06 

Table II. The limiting current densities for a Monel cathode at 
1400 rpm for various oxygen contents 

L i m i t i n g  
O x y g e n  c u r r e n t  density 

eonc., p p m  (A/cmr x 10 4 

1.35 1.35 
2.24 2.85 
2.60 3.07 
5.00 6.36 
5.35 6.92 
5.52 7.02 
6.08 6.92 
6.32 7.35 

systems, the polarization behavior of Monel was de- 
termined as a funct ion of the speed of rotation, in the 
absence of inhibitors in a i r -saturated 4% NaC1 solu- 
tion. From the polarization curve, the l imit ing cur ren t  
was taken as the point at which a slightly fur ther  in-  
crease in current  resulted in a large increase in poten-  
tial (v i r tual ly  infinite slope of the polarization curve) .  
The l imit ing current  densi ty values corresponding to 
part icular  rotat ional  speed and oxygen concentrat ions 
are summarized in Table I. As the speed of rotat ion 
increases, the thickness of the diffusion boundary  layer  
decreases, thereby increasing the oxygen concentrat ion 
gradient  and the l imit ing current  density. Thus, in 
order to achieve protection of the metal  surface, larger 
current  density is required at higher rotat ional  speed. 

Effect of dissolved oxygen concentration.--Since oxy- 
gen is the pr imary  species reduced at the cathode 
surface, its concentrat ion in  solution should control 
the MTLC. In  order to verify this, the oxygen content  

in solution was varied, keeping the speed of rotat ion 
constant  at 1400 rpm, and the MTLC values were ob- 
tained from polarization measurements  on the Monel 
cathode. These results are given in Table II. 

Effect of surfactant concentration and surfactant 
chain length.--When alkyl amine acetates were added 
to the system, reduct ion in  MTLC values were ob- 
served. A sample polarization curve for Monel in the 
presence of surfactant  is shown in  Fig. 2. This figure 
shows that  at low concentrat ions of amine  salt, (10 -6, 
10-SM), the effect of surfactant  on MTLC is hardly  
significant, while above 10-SM there is a sharp de- 
crease in MTLC. At concentrat ions exceeding 10-4M 
a thin, white precipitate film appears to be coating the 
electrode uniformly.  The film tends to grow with time. 
The film appears only towards the lat ter  stages of the 
polarization experiment,  and it dissolves into the elec- 
trolyte in a short t ime if the polarizing current  is 
switched off. The electrode, which is usual ly  hydro-  
philic before the start  of the experiment,  becomes hy-  
drophobic after the experiment.  The film is clearly 
a precipitate in  that  it is easily washable and soluble 
if the pH is lowered. 

The effect of concentrat ion of a lky lammonium ace- 
tate on MTLC for protection of Monel was investigated 
at various rpm's  of the electrode and various alkyl  
chain lengths of the surfactant.  The results are pre-  
sented in terms of l imit ing current  density values that  
have been normalized with respect to oxygen concen- 
t rat ion (which usual ly  varied wi th in  --+10%). In  Fig. 
3, the effect of the concentrat ion of dodecylammonium 
acetate on the l imit ing current  density is presented for 
several different rotat ional  speeds of the electrode. 
Figure 4 presents the effect of the concentrat ion of 
decyl (C10), dodecyl (C12), and tetradecyl (C14) am- 
monium acetates on the l imit ing current  density at an 
electrode rotat ional  speed of 1400 rpm. 

Effect of pH.--Most  experiments  were conducted 
with a i r -sa turated 4% NaC1 solution at a pH of about 
5.3. Measurement  of the pH of the bu lk  electrolyte 
dur ing the exper iment  showed a definite upward  t rend 
of pH with the progress of the polarization experiment.  
When suitable buffers (sodium acetate and acetic acid 
for pH's below 7 and sodium borate and sodium hy-  
droxide for pH's above 7) were used to fix the pH in 
both the acid and basic ranges below pH 8, there was 
no visible precipitate on the Monel surface, and MTLC 
values in each case coincided with that  when  no 
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and 2000 rpm. 
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su r f ac t an t  was  p r e sen t  (Fig.  5).1 I n  so lu t ions  buf fe red  
at  p H  3.95, 5.15, 5.85, and  7.86, the  l imi t ing  c u r r e n t  
dens i t ies  w e r e  found  to be  1.19 • 10 -4  , 1.16 • 10 -4  , 
1.16 • 10 -4, and 1.23 • 10 -4  A / c m 2 / p p m  O2, r e spec -  
t ive ly .  

Discussion 
MTLC in the absence of surfactants.---Since t h e r e  is 

no g e n e r a l  exac t  so lu t ion  fo r  diffusion of a species  to 
and  f r o m  a r o t a t i n g  cy l i nde r  in an inf ini te  so lu t ion  
med ium,  t h e  p r o b l e m  has been  t r e a t ed  by cons ide r ing  
d i f fe ren t  l im i t i ng  cases separa te ly .  F o r  t u r b u l e n t  flow 
cases, w i t h  a ro t a t ing  cyl inder ,  t he  use  of  d imens iona l  
ana lys i s  to co r r e l a t e  hea t  and  mass  t r a n s f e r  da ta  has  
been  found  to be qu i te  conven ien t .  A c c o r d i n g  to Ib l  
(17) and E i s e n b e r g  et al. (20, 21), mass  t r a n s f e r  da ta  
for  r o t a t i ng  cy l inders  can  be co r r e l a t ed  by the  r e -  
l a t ionsh ip  

Sh ---- 0.079 Re ~ �9 Sc 0.356 [2] 
w h e r e  

iLd 
Sh  ( S h e r w o o d  n u m b e r )  : 

nFD~C 
1 Due to the  s w a m p i n g  effect  of h i g h  c o n c e n t r a t i o n  of ch lo r ide  

ions in  the  4% NaC1 so lu t ion ,  t he  e q u i v a l e n t  c o n c e n t r a t i o n  of al-  
k y l a m m o n i u m  ions  are  l a r g e l y  g o v e r n e d  by  the  ch lo r ide  ion  con-  
cen t ra t ion .  Therefore ,  t he  a m o u n t  of ace ta te  ions  added  for  buf fe r -  
i n g  w o u l d  no t  affect  the  a l k y l a m m o n i u m  ion  c o n c e n t r a t i o n  v e r y  
much .  

and  

ud  
R e  (Reyno lds  n u m b e r )  --  

V 
Sc ( S c h m i d t  n u m b e r )  = - -  

D 

iL ---- mass  t r a n s f e r  l i m i t i n g  c u r r e n t  dens i ty  (A .  
c m - - 2 )  

d = cha rac te r i s t i c  l e n g t h  of  cy l i nde r  (era) 
n ---- n u m b e r  of e l ec t rons  t ak ing  pa r t  in t he  r e -  

ac t ion  
F -- F a r a d a y  cons tan t  ( A . s e c . e q v t .  -1  mole  -1)  
D = diffusion coefficient  for  t he  d i f fus ing  species 

( cm2 . see -1 )  
_~C ---- concen t r a t i on  g r a d i e n t  of t he  r e a c t i n g  spe-  

cies = bu lk  concen t ra t ion ,  s ince at the  
MTLC,  c o n c e n t r a t i o n  of the  r eac t i ng  species 
at t h e  m e t a l  su r face  is a s sumed  to be zero 
(mo le s . e r a  -~) 

u ---- r ad ia l  ve loc i ty  of t he  cy l i nde r  (e ra . see  -1)  
---- k i n e m a t i c  v i scos i ty  of t he  so lu t ion  (cm 2. 

s e e - l )  

The  resu l t s  of our  i nves t i ga t i on  in the  absence  of any  
su r fac tan t  h a v e  been  ana lyzed  in t e r m s  of  t he  r e l a -  
t ionship  g i v e n  as Eq.  [2] in o rde r  to conf i rm tha t  o x y -  

Fig. 5. The effect of buffered 
electrolyte on the polarization curve 
for Monel in 4% NaC| (air-saturat- 
ed) solution with dodecylammonium 
acetate at 20~ and 1400 rpm. 
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gen  r e d u c t i o n  at the  m e t a l  ca thode  is a typ ica l  mass  
t r a n s f e r - l i m i t e d  react ion .  In  Eq. [2], us ing  the  e x p e r i -  
m e n t a l  Sc v a l u e  of  488, and  r educ ing  the  o the r  d i m e n -  
sionless n u m b e r s  to m e a s u r a b l e  pa ramete r s ,  one a r r ives  
at the  r e l a t i onsh ip  

iL ---- 7.41 X 10 -7  �9 N ~ [Co.;] [3] 
w h e r e  

N ~ ro ta t iona l  speed  of t h e  e l ec t rode  in r p m  
[Co2] ----bulk o x y g e n  c o n c e n t r a t i o n  at MTLC,  in 

a i r - s a t u r a t e d  4% NaC1 solu t ion  at  20~ 
(ppm)  

A l i nea r  r eg res s ion  analys is  of the  e x p e r i m e n t a l  da ta  
resu l t s  in an  e q u a t i o n  of the  f o r m  

iL ~- 7.42 X 10 -7  �9 N -(0"64 -+ 0 . 0 3 3 3 )  [Co2](0.994 +-- 0.088) 
[4] 

w i t h  t - v a l u e s  of 43.9 and 23.6 for  N and [Co2], r e spec -  
t ive ly .  

I f  a 95% conf idence l imi t  is ass igned  to the  indices  
of N and  [Co2], Eq.  [3] and  [4] appea r  to be  in exce l -  
l en t  ag reemen t .  The  resu l t s  a re  p lo t t ed  in Fig. 6 and  7. 
These  resu l t s  c l ea r ly  ind ica te  tha t  o x y g e n  r e d u c t i o n  at 
t he  Mone l  surface,  in a t u r b u l e n t  system, and in the  
absence  of any  sur fac tan t ,  obeys  t he  mass  t r ans f e r  cor -  
r e l a t ion  g iven  in Eq.  [2]. 

MTLC in the presence of sur]actant.--When the  su r -  
f ac tan t  is added  to the  e lec t ro ly te ,  va r i ous  changes  

E 
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I I I I I I I I I I I I I ' I I I 

0 EXPERIMENTAL ~ -  

. . . . .  ' . . . . . . .  ,oo' /o ' ' ioo 
CATHODE ROTATIONAL SPEED (rpm) 

Fig. 6. Rotational speed vs. normalized limiting current density 
plot for Monel in 4% NaCI (air-saturated) aqueous solution at 
20~ 
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Fig. 7. Dissolved oxygen concentration vs. limiting current density 
plot for Monel in 4% NaCI (air-saturated) aqueous solution at 
20~ and 1400 rpm. 

m a y  occur.  Changes  in o x y g e n  solubi l i ty ,  v i scos i ty  of 
t he  e lec t ro ly te ,  d i f fus iv i ty  of  o x y g e n  molecu les ,  etc., 
in  add i t ion  to t h e  adsorbed  fi lm at  the  e l ec t rode  sur -  
face,  r e su l t  in o v e r - a l l  r e d u c t i o n  in t he  MTLC.  H o w -  
ever ,  i t  m a y  be  a s sumed  tha t  the  effect  of changes  in 
t he  so lu t ion  p rope r t i e s  due  to t he  su r f ac t an t  add i t ion  
a re  m i n o r  at these  low concen t r a t i ons  c o m p a r e d  to 
t he  effect  of t he  adsorbed  film. T h e  n a t u r e  of t he  a d -  
so rbed  film, on the  o the r  hand,  m a y  v e r y  w e l l  be  a 
func t i on  of the  speed of ro ta t ion ,  su r fac tan t  c o n c e n t r a -  
t ion and  cha in  length ,  etc. 

F i g u r e  3, a p lot  of a l oga r i t hmic  r e l a t i on  b e t w e e n  the  
n o r m a l i z e d  l im i t i ng  c u r r e n t  dens i ty  and c o n c e n t r a t i o n  
of added  sur fac tan t ,  has t h r e e  c l ea r ly  d is t inc t  regions.  
Up to a su r fac tan t  concen t r a t i on  of 1 X 10-bM the re  
seems to be  no effect  of su r f ac t an t  on the  l imi t ing  cu r -  
r en t  densi ty .  B e t w e e n  1 • 10 -5  and  2 • 10-4M con-  
cen t r a t i on  t he r e  is a r ap id  dec rease  of  M T L C  w i t h  
inc reas ing  su r fac tan t  concent ra t ion .  A b o v e  2 X 10-4M 
concent ra t ion ,  t he r e  is no f u r t h e r  r educ t ion  of MTLC.  
P r e s u m a b l y ,  b e l o w  1 X 10-bM concent ra t ion ,  t he re  
is v e r y  l i t t l e  adsorbed  fi lm to offer any  res i s tance  
to the  e l ec t ron  t r ans f e r  process  and  thus  t he r e  is no 
decrease  in MTLC.  A concen t r a t i on  of 2 X lO-4M be-  
haves  as a "c r i t i ca l  concen t ra t ion , "  above  wh ich  the re  
is no f u r t h e r  r e d u c t i o n  of MTLC.  This  is e x p l a i n e d  in 
the  l a t t e r  pa r t  of th is  section.  

In  the  i n t e r m e d i a t e  r ange  w h e r e  the  su r fac tan t  ad-  
d i t ion  causes s ignif icant  change  in  MTLC,  an  a t t e m p t  
has  b e e n  m a d e  w i t h  t h e  he lp  of a r eg res s ion  analys is  
to de l inea te  the  effects of d i f fe ren t  i m p o r t a n t  var iables .  
Based  on the  resu l t s  shown in  Fig.  3 and 4, the  fo l low-  
ing  func t iona l  r e l a t i onsh ip  was  used  for  the  analys is  

Y = aXi + fiX2 + ~X3 + ~XiX2 + eX2X3 [5] 
where 

Y---- (/L) 0 - -  (iL)Csurf 
: t he  r e d u c t i o n  in M T L C  v a l u e  due 

to the  add i t ion  of su r f ac t an t  
(iL)o : l im i t i ng  c u r r e n t  dens i ty  in t he  ab-  

sence  of the  su r f ac t an t  
(iL)Csurf----limiting c u r r e n t  dens i ty  in the  

p re sence  of a g i v e n  concen t r a t i on  
of t he  su r fac tan t  

X i  ---- log  N 
X2---- log  Csurf (Csur f  ---- su r f ac t an t  con-  

cen t r a t i on )  
X 3 = l o g  e m (m  --  n u m b e r  of ca rbon  

a toms  in each  chain;  14 ----- m ~-- 8) 
X1X2, X2X3, X2X1 are  t he  f i r s t -o rde r  in -  

t e r ac t i on  t e r m s  

A tes t  of t he  s ignif icance of the  va r i ous  t e r m s  in Eq. 
[5] s h o w e d  t h a t  t he  ro t a t i ona l  s p e e d - s u r f a c t a n t  i n t e r -  
ac t ion  was  not  s t a t i s t i ca l ly  s ignif icant  at the  95% level .  
The  r educed  f o r m  of t he  r eg re s s ion  equa t i on  w r i t t e n  
in t e r m s  of the  "bes t  fit" p a r a m e t e r  v a l u e s  is as fo l -  
lows  

(iL)Csurf = (iL)O -- 1.196 X 10-14N 1"089 " 

Csurf0.188m-l.085 �9 e T M  [6] 

The  m u l t i p l e  co r r e l a t i on  coefficient squa re  was  0.9345, 
and  t - v a l u e s  for  a, /~, % and 0 w e r e  10.3, 2.1, 4.1, and 3.2, 
r e spec t ive ly .  

A l t h o u g h  this  is not  a comple t e  m o d e l  and  is l im i t ed  
to a sma l l  range ,  i t  is s ignif icant  in the  sense tha t  i t  
ind ica tes  the  i m p o r t a n t  va r i ab l e s  w h i c h  should  be  con-  
s ide red  i n  case of any  l a t e r  d e v e l o p m e n t  of a m o r e  
comple t e  model .  

The pH efIect on MTLC.- -Thus  far ,  t he  effect  of 
ro t a t i ona l  speed, o x y g e n  concen t r a t i on  and  a l k y l a m -  
m o n i u m  ace ta te  concen t r a t i on  and  cha in  l e n g t h  on the  
NITLC of a Mone l  ca thode  has  b e e n  discussed.  H o w -  
ever ,  ano the r  i m p o r t a n t  v a r i a b l e  such as the  p H  of 
the  sys tem should  be cons idered  here .  As  ind ica ted  
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earlier, the pH of the bulk electrolyte continuously 
increases with the progress of the polarization experi -  
ment. A possible explanat ion for this is given in the 
following paragraphs. 

The rotat ing cathode has a much th inner  diffusion 
layer around it compared to that of the stat ionary 
anode. Although dur ing the passage of the current ,  
O H -  ions produced at the cathode and H + ions pro- 
duced at the anode are of equal quanti ty,  the local 
amount  of O H -  ions per un i t  volume is much greater 
than that  of H + ions because of a much smaller cath-  
odic area compared to the anodic one. This higher con- 
centrat ion per unit  volume combined with a th inner  
diffusion layer creates a higher driving force for O H -  
ions than for H § ions diffusing into the bulk solution. 
Since the ent i re  system is a nonequi l ibr ium one, the 
bulk  pH increases with time during the polarization 
experiment.  When the polarization is stopped, the bulk 
pH tends to assume the original pH value, after suffi- 
cient t ime is allowed for equilibration. 

The nonequi l ibr ium pH at the cathode surface is con- 
ceivably higher than that  of the bulk electrolyte at 
any instant  dur ing the polarization measurement .  The 
appearance of a white precipitate film on the Monel 
electrode is most l ikely due to the precipitation of 
neutra l  amine molecules according to the reaction 

RNH8 + ~- O H - ~ R N H 2 +  H20; p K : - - - 3 . 4  

which occurs when the nonequi l ibr ium surface pH 
reaches a value high enough for hydrolysis to become 
significant. An estimation of solubility constants indi-  
cate this reaction is more l ikely to occur than  any  other 
precipitat ion reaction. Also, infrared spectra of the 
dried precipitate confirmed that the film mater ia l  is 
the amine and not an amin ium salt. The bulk  pH never  
attains a high enough value for hydrolysis, so the bulk  
solution remains clear. The reason that the precipitate 
film disappears shortly after the polarization current  
is switched off is that  there is no fur ther  O H -  ion 
production at the surface and the bulk and surface at-  
ta in  an equi l ibr ium pH value. 

The above explanat ion can be justified by supple- 
ment ing  it with the evidence obtained from experi-  
ments  with addition of a suitable buffer to the system. 
Figure 5 shows the effect of buffering. The buffering 
action extends up to the electrode surface and hence 
there is no local high pH with neutra l  amine molecule 
precipitat ion on the cathode. Therefore, no decrease 
in the MTLC values is observed, even in the presence 
of high surfactant  concentration. Tests with t r imethyl -  
dodecyl ammonium chloride which does not hydrolyze 
or precipitate at high pH showed no effect on the 
MTLC. 

These results clearly indicate that the effect of alkyl  
amine surfactants on the reduction of MTLC is ma in ly  
due to a precipitate film of neutra l  amine  molecules 
on the metal  surface. The film, which may be formed 
by direct interact ion with the metal  surface and by 
association of these neut ra l  molecules by van der 
Waals's forces, acts as a "resistance barr ier"  in ad- 
dition to the diffusion layer resistance and affects the 
electron t ransfer  process at the interface. The observa-  
t ion that  the metal  surface becomes hydrophobic in 
the presence of the surfactant  indicates strong adsorp- 
t ion of a lky lammonium ions on the metal  surface. 
However, this init ial  adsorption alone does not reduce 
the MTLC. It is the subsequent  formation of the pre-  
cipitate film which affects this mass t ransfer  controlled 
process. 

As seen in Fig. 3 and 4, for all rotat ional  speeds and 
chain lengths considered, 2 • 10-4M a lky lammonium 
acetate concentrat ion appears to be a critical value 
above which there is no fur ther  increase in the film 
thickness and reduction of the MTLC. This may result  
from the films being sufficiently thick when a concen- 
t ra t ion of 2 • 10-4M is reached so that the 02 reduc-  
tion is reduced sufficiently and the pH is insufficient 

to cause any fur ther  hydrolysis. Except for the C10 
chain length case, no exper iment  could be done above 
5 • 10-4M concentrat ion because the surfactant  solu- 
bi l i ty was limited in such concentrated NaC1 solution. 

Summary 
The current  requirements  for the cathodic protection 

of a metal -sa l ine  water  interface in a turbulent- f low 
system can be considerably reduced by using alkyl 
amine  surfactants. The formation of a film of neut ra l  
amine molecules at the metal  surface where the local 
nonequi l ibr ium pH is quite high, causes a barr ier  to 
the oxygen diffusing to the metal  surface. The current  
requi rement  is found to be sensitive to the relative 
velocity of the metal-electrolyte  interface, surfactant  
concentrat ion and chain length, and pH of the system. 
Considering the complex na ture  of the system, no 
rigorous physical model can be given at this stage to 
account for the var iat ion of the film resistance with 
different variables. However, this study can eventual ly  
be applied to the problem of corrosion control by the 
use of cathodic protection and corrosion inhibitors in 
a variety of conditions in the marine  environment .  
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Passivation of Chromium-Containing Iron and 
Nickel-Base Alloys in Aqueous Solutions at 289~ 

David A. Vermilyea* and Maurice E. Indig 
Corporate Research and Development, General Electric Company, Schenectady, New York 12301 

ABSTRACT 

A system which allows electrochemical studies to be conducted in relat ively 
uncontaminated aqueous solutions at 289~ using a reference electrode which 
permits potentials to be referred to the s tandard hydrogen electrode scale, is 
described. Current-potent ia l  curves for Type 304 stainless steel, Inconel 600, 
and other iron and nickel-base alloys containing less than 14% Cr are pre-  
sented. It is found that passivation in dilute H2SO4 is more difficult at 289~ 
than at 25~ because of the faster attack by the acid at the high temperature.  

The advent  of nuclear  power has resulted in the use 
of some familiar  materials  in new environments  and, 
as might be expected, a host of new corrosion prob- 
lems have been encountered. In order to be able to 
unders tand  corrosion processes in aqueous solutions at 
about 300~ it is necessary to have information about 
the electrochemical phenomena involved. During the 
last several years a few electrochemical studies under  
these conditions have been published (1-8). All  of these 
previous studies have been difficult to in terpret  either 
because the electrical potential  scale was not ade- 
quately  defined or because the use of static autoclaves 
resulted in gradual  contaminat ion of the solutions with 
corrosion products. 

In this paper we report  studies conducted using an 
in ternal  Ag/AgC1 reference electrode, which permits  
potentials on the s tandard hydrogen electrode (SHE) 
scale to be determined. We have also used a refreshed 
autocIave system for par t  of our measurements  to avoid 
contamination.  

Experimental 
The reference electrode used for studies in static 

autoclaves has already been described (9). That elec- 
trode is not suitable for a refreshed autoclave which 
is always completely full, and so the reference elec- 
trode shown in Fig. 1 was designed. The electrode itself 
is a silver wire onto one end of which a bead of AgC1 
is melted. The 0.035 in. diam wire passes through a 
s tandard high pressure electrical fitting (Conax Com- 
pany) with a modified insulator. The insulator  is made 
of Rulon for resistance to deformation at the operating 
temperature,  has a hole drilled through it to permit  
passage of the silver wire, and is threaded at its outer 
end to accept a re ta in ing nut  in which a set screw 
clamps the silver wire. The re ta ining nu t  is required 
to prevent  extrusion of the silver wire by the high 
in ternal  pressure. 

The electrode is insulated from the autoclave solu- 
t ion by means of a Teflon tube which is hea t - sh runk  
onto the electrode. The Teflon tube also forms the salt 
bridge connecting the electrode to the autoclave solu- 
tion, and contains an asbestos wick to assure a cont inu-  
ous electrical path. For  assembly the Teflon tube con- 
ta ining the asbestos is sh runk  onto the silver wire, 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  cor ros ion ,  po la r i za t ion ,  e l e c t r o c h e m i c a l  s tudies .  
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Fig. 1. Ag/AgCI reference electrode for use in refreshed outo- 
clave system. 

which is then inserted into the Rulon fitting so that  the 
end of the Teflon tube is about % in. inside the Rulon. 
The salt bridge is filled with 10-2M KC1 after evacua- 
t ion of the air. The salt bridge is long enough (10 cm) 
so that  about 10 days would be required for diffusion 
to alter the KC1 concentrat ion in  the vicini ty of the 



40 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  January 1972 

Ag/AgC1 electrode. Contaminat ion of the autoclave 
solution by the outward  diffusion of chloride ions is 
small because of the small  volume of the salt bridge 
and because of the continual  re f reshment  of the auto-  
clave solution. 

We have  found that  electrodes of this design per form 
well, provided a pressure of about 200 psi above the 
vapor pressure of water  is mainta ined on the system. 
At lower pressures the electrode tends to open circuit, 
probably because of bubble formation in the salt 
bridge. We have  also found that  the potentials devel -  
oped by this electrode are less rel iable  than the poten-  
tial mainta ined by the electrode used in the static sys- 
tem, and have observed deviations as large as 0.1V 
from electrode to electrode. We do not know the reason 
for these variations. Finally,  these electrodes are en- 
t i rely unsui table  for use in solutions containing hydro-  
gen gas, which readily diffuses through the Teflon and 
reduces the si lver chloride. 

Specimen electrodes were  most ly 0.030 in. wires, 
and were  introduced via Conax fittings in the manner  
described for the reference electrode. The wires were  
usually electropolished using standard techniques, and 
no effort was made to remove  the electropolishing 
residue. We have found that  the friction between the 
wire and the Rulon is very  low at 289~ and that  the 
retaining nut is essential to prevent  extrusion of the 
electrode. The electropolishing residue may  have an 
initial inhibi t ive action but is probably soon removed  
or al tered by the corrosion process. Such a residue 
does represent  an uncer ta in ty  in our exper imenta l  data. 

Figure  2 shows a schematic diagram of the refreshed 
autoclave system used in these studies. Ion exchange 
columns are used to pur i fy  the make -up  water,  which 
is taken f rom the laboratory distilled wate r  system. 
Af ter  purification the resist ivi ty of the water  is about 
5 x 106 ohm-cm. The desired solution composition with  

respect to acids, salts, and gases is produced in the 
holding tanks, f rom which the solution is pumped 
through a high pressure ion exchange column, to a 
regenera t ive  heat  exchanger  and finally to the auto- 
clave. After  passing through the autoclave the solu- 
tion is cooled, again ion exchanged to remove  corro- 
sion products in the effluent and depressurized prior 
to its re turn  to the holding tank  or discard. Pumping 
rates can be as high as 200 cc /min;  we normal ly  used 
40 cc/min,  giving a re f reshment  t ime of about 18 rain 
for the 1 li ter autoclaves. Autoclaves made f rom both 
316 stainless steel and t i tanium alloy 6A1-4V were  used. 

We reported previously (9) that  the open-circui t  
potentials of various electrodes such as stainless steel 
and Inconel 600 in solutions f rom pH 3 to pH 10 were  
close to that  for a p la t inum electrode if the solution 
contained hydrogen or oxygen. We bel ieve this be-  
havior  occurs because of the low corrosion rates of the 
electrodes and because hydrogen and oxygen react  
rapidly at 289~ the electrodes behave as hydrogen or 
oxygen electrodes. In order to avoid such effects we 
used an argon atmosphere in all the tests to be re-  
ported here. 

Potentiostatic polarization curves were  obtained 
using standard equipment  and techniques in the static 
and refreshed systems. The autoclave itself was 
grounded and used as the counterelectrode;  and the 
potentiostat  was connected to the a-c line through an 
isolation transformer.  The resistances between the 
working electrodes and the autoclave were  measured 
with  an a-c bridge, and IR corrections ( typical ly some 
tens of mil l ivolts  at 10 -3 A / c m  2) were  made to the 
potentials. Since the resistance at a small cyl indrical  
electrode is largely  confined to the region ve ry  close 
to the electrode the errors involved in this procedure 
were  small at the moderate  current  densities used. 
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R e s u l t s  
Stainless steel.--A major  problem wi th  these passi- 

vat ion studies has been contaminat ion of the solutions 
with iron dissolved from the specimens or system. 
The ferrous ions produced are readily oxidized to Fe203, 
forming red dendri t ic  deposits and contr ibut ing to the 
observed current.  In static autoclaves in solutions of 
pH 3 the iron concentrat ion may  easily rise to about  
3 x 10 -4 M/L,  and contr ibute  a current  of 3 x 10 -4 
A / c m  2. Figure  3 compares typical  polarization curves 
for Type 304 stainless steel in pH 3 H2SO4 solutions 
in the static and refreshed autoclaves. It  can be seen 
immedia te ly  that  the curves do not coincide as far  as 
potentials are concerned, wi th  the curve  for the re-  
freshed system about 0.15V more posit ive than that  
tor the static system. This shift represents  an uncer -  
tainty in the reference electrode potent ia l  which we  
have not been able to resolve. It  may  resul t  f rom poor 
control of the chloride ion concentrat ion in the ref -  
erence electrode used in the refreshed autoclave or 
f rom differences in the hydrogen or oxygen contents 
of the electrolytes in the two systems. It  is bel ieved 
that  the potentials measured with  the electrode used 
in the static system are more reliable. On that  assump- 
tion, the oxidat ion of Fe  +2 starts at about --0.2V. Even 
in the refreshed system Fe +~ and other  impuri t ies  are 
not ent i re ly  excluded, and their  oxidation contr ibuted 
about 15 x 10 -0 A / c m  2 in the passive region. The iron 
content of the solution after test was 7 x 10 -6 M/L,  
which could account for most of the observed current.  
In the static system iron oxidation almost ent i re ly  ob- 
scures the passive corrosion of the metal,  and causes a 
current  density of about 250 x 10 -6 A / c m  2 at potentials 
more positive than -{-0.2V. Contaminat ion wi th  iron 
and possibly other  mater ia ls  has so far p revented  the 
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exper imenta l  determinat ion of the  t rue passive corro- 
sion current  in these acid solutions. 

The general  features of the passivation of stainless 
steel are readi ly  visible in Fig. 3. At  the open circuit  
potent ial  stainless steel is "act ive;"  upon polarization 
it becomes passive; at higher  potentials  the current  
increases presumably  because of oxidation of Cr2Os to 
chromate;  secondary passivi ty then occurs; and finally 
oxygen evolut ion begins. Note that  the current  in the 
region of secondary passivity falls to about the same 
level  as in the passive region, the curent  being deter-  
mined by oxidation of Fe  +2 and not by corrosion of the 
metal,  which proceeds at a much slower pace. 

In the "act ive" condition the meta l  is not "clean" but 
is covered with  a corrosion product  which reaches in-  
ter ference color thickness after  hour- long exposures at 
pH 3-4 and grows to a thickness of about a few microns 
after  a day. We suspect that  this film is porous. 

When a specimen is polarized into the passive region 
in di lute acid solutions an ex t remely  thin, l ight  tan 
film is formed in a day; it is probably less than 500A 
thick. In a typical  set of exper iments  a specimen polar-  
ized 54 hr in the passive region in an electrolyte  con- 
taining pH 4 H2SO4 lost 1.64 x 10 -4 g / c m  2 while a 
f ree ly  corroding specimen lost 2.34 x 10 -3 g/cmg; passi- 
vation effected a great  decrease in the corrosion rate. 

The effect of pH on the polarization of stainless steel 
is shown in Fig. 4. As the pH increases the peak active 
current  decreases, and at neutra l  (not shown) pH the 
mater ia l  is observed to be passive at open circuit. Also 
as the pH increases the potent ial  at which oxidation of 
Fe +2 starts decreases by 0.330 V/pH unit, whi le  the 
potential  at which Cr203 oxidation begins decreases by 
0.183 V/pH unit. In neutral  solutions, in which not 
much Fe + 2 is soluble, the current  in the passive region 
is quite low and decreases steadily wi th  t ime as the 
passive film grows. In an exper iment  dur ing which the 
specimen was polarized into the t ranspassive region 
the current  fel l  in one day to about 9 x 10 -6 A / c m  2, and 
the specimen remained bright. In other exper iments  in 
neutra l  wa te r  currents  of about  10 -6 A / c m  2 have been 
observed after  polarization in the passive region for 
an hour or so. Probably  spurious electrochemical  effects 
contr ibuted impor tan t ly  to these currents.  

Stainless steels depleted of chromi~m.--Special al- 
loys containing Fe-10Ni-xCr  where  x ~-~ 8, 10, 12.5, and 
14% were  vacuum arc mel ted and drawn to 0.030 in. 
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Fig. 4. The effect of pH on the polarization of Type 304 stainless 
steel in static autoclaves. 
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wires. These wires were  annealed in hydrogen to pro-  
duce a reasonably good surface and to remove  cold 
work. Figure  5 shows several  typical  curves  taken f rom 
runs made at pH 3 in static and refreshed autoclaves 
while Fig. 6 shows data obtained at pH 4 in a refreshed 
autoclave. A comparison of data for the 14% Cr al loy 
in Fig. 5 and 6 again demonstrates  the effect of con- 
tamination with  Fe +2 in the static autoclave. The data 
for the 8, 12.5, and 14% Cr alloys show that  as the 
chromium content  is reduced passivation becomes more  
difficult; the passive current  for the 8% alloy is of the 
order of 10 -3 A / c m  2 compared to about 10 -5 A / c m  2 or 
less for Type 304 stainless steel. Surface condition and /  
or cold work  was very  impor tant  wi th  these alloys; 
rough surfaces and heavy cold work  great ly  inhibited 
passivation. 

The fact that  the 10% Cr alloy did not passivate in 
the refreshed autoclave is an indication of another  
problem with  static autoclaves, namely,  that  the pH 
increases wi th  t ime as the protons are reduced in cor-  
rosion reactions. The actual pH in the static autoclaves 
for the exper iments  shown in Fig. 5 was greater  than 
3, and passivation was easier. 

InconeI 600 and re~ated a~oys.--With one impor tant  
exception Inconel 600 behaves in a manner  very  similar  
to that  of 304 stainless steel. At low pH it is act ive at 
open circuit; it passivates readi ly  upon polarization; 
and the current  increases rapidly at about the potent ial  
at which Cr20,~ oxidation occurs. As shown in Fig. 7, 
however,  the Inconel does not exhibi t  secondary pas- 
sivity but instead corrodes at increasing rates at in-  
creasing potentials. Evident ly  the r emova l  of chromium 
from the surface of the alloy results in a mater ia l  
which is not readi ly  passivated. 

*IH 

Fig. 6. Polarization curve for a Fe-lONi-14Cr alloy in a refreshed 
autoclave. 

Alloys containing Ni-8Fe-xCr ,  where  x -- 5 and 10 
behave like depleted stainless steels, as shown in Fig. 
8. The 5% alloy could not be passivated, while  the 10% 
alloy could be polarized to high potentials but  corroded 
at a high rate. The peculiar  i r regular i t ies  in the current  
potential  curves for the 10% alloy have not yet  been 
interpreted.  

Discussion 
It is interest ing to contrast  the behavior  of the iron 

and nickel base alloys at 289~ and at 25~ The curves 
for 304 and Inconel 600 in dilute acids at 289~ are 
similar  to those obtained using 1N H2SO4 at 25~ ex-  
cept that  Inconel 600 does not show secondary passiv- 
i ty at 289~ Evident ly  the at tack by H2SO4 on the 
passive film is great ly  accelerated at the high tempera-  
ture so that dilute solutions cause high active currents  
and prevent  secondary passivity of Inconel  600. The 
aggressive behavior  of dilute sulfuric acid at 289~ is 
also shown by the fact that  it is not possible to passi- 
vate nickel (or iron, for that  mat te r )  in such solutions. 

A fur ther  interest ing contrast  is the observation of 
thick films on "act ive" mater ia ls  at 289~ and the 
apparent  absence of such films at 25~ It  is commonly 
thought  that  active metals  are f i lm-free;  these exper i -  
ments show that  such is not always the case. 

A c k n o w l e d g m e n t  
We are indebted for helpful  advice and discussions 

to Mr. W. Nelson of General  Electric 's  Atomic Power  
Equipment  Depar tment  and to Dr. R. L. Cowan of the 
General  Electric Nucleonics Laboratory.  

Manuscript  submit ted June  7, 1971; revised manu-  
script received Sept. 9, 1971. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the December  1972 
JOURNAL. 



Vol. 119, No. 1 P A S S I V A T I O N  IN A Q U EO U S  SOLUTIONS 43 

"s 

I I I I 

IIIICONEL 600 3o41 
I 
I 
I 
I 
1 
I 
I 

s I I I 
10"0.4 0 *0.4 "0.8 "12 "1.6 

POTENTIAL vs SHE-VOLTS 
Fig. 7. Polarization curves for Type 304 stainless steel and In- 

canel 600 in pH 3 H2SO4 in refreshed autoclaves. 

REFERENCES 
1. A. L. Bacarella, This Journal, 108, 331 (1961). 
2. A. L. Bacarella and A. L. Sutton, ibid., 112, 546 

(1965). 
3. B. E. Wilde, Corrosion, 23, 331 (1967). 
4. A. H. Taylor and F. H. Cocks, Brit. Corrosion J., 4, 

287 (1969). 
5. J. Postlethwaite and R. A. Brierby, Corrosion Sci., 

10, 885 (1970). 
6. R. L. Cowan and R. W. Staehle, This Journal, 118 ,  

557 (1971). 
7. T. Fujii ,  T. Kobayashi, and G. Ito, Nippon Kinzoku 

,o-2 

io-S 
-0: 

Ni 

I I I I 

NI-SFo-5Cr 
/ , 

I 
I / , / 

/ 
�9 / -,, ," I" / / , 

~ INi-8Fe-IOCr 

i 

I 

ii u 

1 I i i 

0 *0.4 *0.8 *12 
POTENTIAL vs SXE-YOLT$ 

*i.6 

Fig. 8. Polarization curves for nickel and Ni-8Fe-xCr alloys in 
pH 3 H2SO4 in refreshed autoclaves. 

Gakkaishi, 35, 41 (1971). 
8. T. Fujii ,  T. Kobayashi, and G. Ito, ibi,d., 35, 47 

(1971). 
9. M. Indig and D. A. Vermilyea, Corrosion, 27, 312 

(1971). 

An Experimental Setup for Electroplating of Moving Wire 
A l a d a r  T v a r u s k o *  

Engineering Research Center, Western Electric Company, Princeton, New Jersey 08540 

ABSTRACT 

A small exper imental  electroplating line was bui l t  to study under  controlled 
laboratory conditions the metal  electrodeposition process on wire moving up to 
35 m/sec (7000 fpm).  This paper describes in detail the wire electroplating line, 
the process ins t rumentat ion,  and the computer /e lectroplat ing l ine interface, 
and briefly, the on-l ine digital data acquisition system. The electrodeposition of 
various metals can be studied potentiostatically or galvanostatically in steady.- 
state or t rans ient  mode or potentiodynamically.  The efficacy of the setup is 
i l lustrated by results on copper electrodeposition. 

The electrodeposition of various metals has been ex- but  to much less extent  on continuous substrates mov-  
tensively studied on s tat ionary or rotat ing electrodes ing at high speeds. 

* Electrochemical Society Active Member. The electrot inning of rapidly moving steel sheets is 
Key words: experimental electroplating line. moving wire. e lec-  widely used for the production of t inplate and has been 

t rochemical  ins t rumenta t ion ,  digi tal  data acqt~isition system,  elec~ 
trodeposition of copper, the subject of numerous  investigations (1). The elec- 
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Fig. 1. View of the electroplating line 

trodeposition of metals, especially magnetic alloys, on 
wire moving at slow speeds (up to 0.02 m/sec)  has 
been studied because of its importance in the produc- 
t ion of plated-wire  memories (2). Electroplating of 
wire, especially electrot inning of copper wire moving 
at high speed (up to 20 m/sec) is done commercial ly 
on a large scale. The few publications (3-10) on the 
electroplating of high-speed wire deal with commercial  
production lines. 

In  view of the aforementioned, a small  exper imental  
electroplating l ine was bui l t  to study the metal  elec- 
trodeposition process on moving wire under  controlled 
laboratory conditions. This paper describes in detail the 
wire electroplating line, associated ins t rumentat ion,  
and briefly, the on- l ine  digital data acquisition system. 
Results on copper electrodeposition are presented to 
i l lustrate the efficacy of this flexible setup. 

Electroplat ing Line 
In production, the wire cont inuously moves through 

a series of tanks without  or with mult ipassing in the 
electroplating tank. This a r rangement  is not suitable 

_O : -  C) 
for laboratory invest igat ion because of the need of 
large amounts  of wire and heavy capstans. In  the pre-  
ferred loop arrangement ,  a kold-welded wire belt  is 

( )  

moved over two wheels, one of which is motor driven. 
The wire on the bottom level goes through the electro- 
plat ing line. 

The electroplating line, shown in Fig. 1-3, consists 
of electrocleaning, electroplating, rinsing, and air-wipe 
cells, wire t ranspor t  and contact mechanism, solution 
transfer  and storage, support  frame with a jig plate, 
water, gas, and electricity supplies, and drain. The 
wire can be plated at speeds up to 35 m/sec (7000 fpm) 
or higher depending on the motor used. 

The various parts  of the plat ing l ine are firmly fast-  
ened by stainless steel screws to a 2.5 cm thick a lumi-  
n u m  jig plate top. This top is firmly screwed to the 
support ing f rame made of steel square tub ing  (5 X 5 
cm) which is firmly attached to the concrete floor to 
prevent  its vibrat ion and movement.  The plat ing l ine 
rests at a convenient  height of 90 cm. The compressed 
air, water, and dra in  pipes, and the support  for the 
wire supply reel are firmly attached to the top plate 
from beneath. The connections to the various cells are 
made through three long and narrow slits in the top 
plate. Pumps, filters, flowmeters, and solution contain-  
ers are located under  the plat ing line. Polypropylene 
tubing and fittings are used. 

Figure 2 shows the flow diagram of the electroplat-  
ing and electrocleaning solutions which have similar  
paths. Therefore, only one of them wil l  be described. 
The solution is stored in a 20 li ter Teflon coated glass 
reaction flask T1 resting in the a luminum heating man-  
tle M1. The magnetic coupled seal-less pump P1 forces 
the solution through the polypropylene filter. The flow 
rate is adjusted by the 14-turn stainless steel needle 
valve V10 and indicated on the flowmeter FM1. These 
are mounted onto a stainless steel bracket  which is 
firmly screwed to the floor (Fig. 1). The solution enters 
the bottom of the inner  compar tment  of cell near  the 
wire exit and leaves it over the wall  at the wire en-  
trance. The solution flows back from the outer com- 
par tments  of the cell to the container  T1 by  gravi ty 
and is recirculated by the pump. The solution from the 
inner  compar tment  of the cell is released by tu rn ing  off 
the pump and opening the Teflon solenoid valve. 

Figure 3 shows the flow diagram of the water  and 
gas supply lines and the drain. These services are con- 
nected to the central  service droplines behind the p la t -  
ing line through appropriate, quickly disconnectable 
filters and shut-off valves (not shown).  The tempera-  
ture  of the rinse water  is adjusted by the valves in 
the hot and cold water  droplines. Cold and hot water  
is available at the plat ing l ine through valves V1 and 
V8. The various supplies are turned on by actuat ing 
the proper solenoid valves from a central  panel. 

The compressed air to the air-wipe cells is adjusted 
by valve V3 to the desired rate of flow. Par t  of the 
air is taken from the air chamber  of the a i r -wipe  cell 
to the nozzles located in the electrocleaning and elec- 
t roplat ing cells (Fig. 4) ; the purpose of these nozzles is 
to blow off most of the adhering solution before the 
wire enters the rinse cell. Another  path from the com- 
pressed air dropline goes through solenoid valve V5 to 

Fig. 2. Flow diagram of elec- 
troplating and electrocleaning 
solutions. 
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Fig. 3. Flow diagram of 
water and gas supply lines and 
drain. 

t h e  minia ture  air cylinder C1 and its rod is connected 
to the moving contact wheel assembly (Fig. 8). The 
pressure on the air cyl inder is adjusted by regulator  
G1 to a desired value (0.3 to 1.7 atm) which assures 
a positive contact between the wire belt  and the con- 
tact wheel. The tension on the wire, i.e., the pressure 
on air cylinder should be kept to an optimized min i -  
mum to avoid the stretching of the wire. Compressed 
air is taken from the air chamber of the left air-wipe 
cell to its last special wire guide (Fig. 5D); this setup 
significantly decreases the water  drag-out  by the mov- 
ing wire. 

The ni t rogen is used to provide a positive iner t  
atmosphere in the electroplating cell and reaction flask 
T1 if needed (e.g., in electroplating of t in) .  

The water  from the Plexiglas rinse and air-wipe cells 
is discharged through PVC pipes into the central  drain  
system without  pretreatment .  

The electrocleaning and electroplating cells are of 
similar construction but  of various lengths as shown 
in Fig. 4. The polypropylene cells have three compart-  
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Fig. 4. Top view and cross section of electrocleaning and elec- 
troplating cells. 

ments:  two outer and a central. The solution is con- 
tained in the central, plat ing compar tment  by the two 
inner  walls one of which is higher at the wire exit to 
prevent  its escape over this wall. The solution is 
pumped into the central  compar tment  through the left 
hole; when the central  compar tment  is filled up, the 
solution flows over the right, lower inner  wall  onto the 
wire even at very high wire speeds and re turns  to the 
solution container  through the large outlet. The over- 
flowing solution is advantageous because (a) the wire 
is thoroughly wetted by the electrolyte before enter ing 
the inner  plat ing compartment,  and (b) the suction of 
air bubbles  is thus eliminated.  The solution is released 
from the inner  compar tment  through the other hole by 
opening the solenoid valve. The contoured sheet metal  
anode is in the central  compar tment  and is contacted 
through the back wall  (not shown).  

The press-fit Teflon wire guides in the walls (shown 
in Fig. 5): (a) guide the wire through the cells, (b) 
prevent  excessive leakage of the solution owing to the 
small  clearance around the wire, and (c) are easily 
replaceable to accommodate wires of various sizes. The 
1/2 in. long Teflon wire guides are used in  the inner  
walls. The 1 in. long guides (Fig. 5B), placed in the 
outer walls of the neighboring cells, help the al ign- 
ment  of the cells and prevent  the dripping of the solu- 
t ion be tween two neighboring cells. 

The electroplating cell has an a t tachment  on the 
outside of the right inner  wall  (Fig. 4) for a reference 
electrode which is inserted through the two-piece 
Plexiglas cover (Fig. 1). The solution path from the 
wire to the reference cell is through small dril l  holes 
in a special, properly oriented Teflon wire guide (Fig. 
5C), inner  wall  (subsequent ly plugged up) ,  and the 
a t tachment  to the inner  wall. The overflowing solution 
and the solution dragged by the wire keeps this path 
filled. This solution path provides an isolated "capil- 
lary" to the wire allowing the measurement  of the wire 
potential  at the entrance. A similar  a r rangement  can 
be added to the other inner  wall  and thus the potential  
could be measured at both ends of the wire. 

The left outer compar tment  of both cells (Fig. 4) is 
equipped with two nozzles (Fig. 6) for high velocity 
gas which removes a large port ion of the solution 
dragged out by the emerging wire. The solution drop- 
lets from this compar tment  flow back to the solution 
container  through the bottom hole. The entire cell is 
covered by Plexiglas cover with lift ing knobs to pre-  
vent  the escape of l iquid droplets into the air. 

The nozzle can be rotated on the nozzle extension to 
an adequate degree and is t ightened in this position by 
the nozzle clamp as shown in  Fig. 6. This nozzle ar-  
rangement  allows the fluid jet  to strike the wire sym- 
metrically.  It  is preferred to tu rn  the nozzle into the 
moving wire and thus the fluid stream will hit the wire 
at less than  a 90 ~ angle. 

The electroplating l ine contains two ai r -wipe and 
two water  rinse cells made of Plexiglas which are simi- 
lar  except for some addit ional  tappings in  the air-wipe 
cells. Figure 7 shows a photo of the last a i r-wipe cell of 
the electroplating line. The fluid (air or water)  enters 
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Fig. 5. Wire guides for 24 
gauge wire used in inner cell 
walls (A), to connect outer 
walls of neighboring cells (B), 
for the reference electrode (C), 
and to decrease the water 
drag-out (D). 
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symmetr ical ly  on both sides of the cell through poly-  
propylene fittings (1/2 in. NPT).  The fluid leaving the 
chamber  through the six nozzles impinges on the wire 
at six different locations from four different angles at 
high velocity and exits through the large tube glued 
into the bottom of the base plate. In  order to prevent  
the escape of liquid droplets from these cells, they have 
slipfit covers. 

Each ai r -wipe cell has addit ional  polypropylene fit- 
tings (~/4 in. NPT, only one is shown in Fig. 7) to 
provide air to the two nozzles located in both elec- 
trolysis cells. The last a i r-wipe cell's right chamber  
has an addit ional brass hose fitting leading to the spe- 
cial wire guide (Fig. 5D). 

The wire from the spool is threaded through the 
various cells, and pulled over the driving and contact 
wheels. The most f requent ly  used copper wire is cut 
to the required length and the two ends are joined 
without  a foreign mater ia l  (by a "KOLDWELD" unit, 
Type KBM3-162, Division of Kelsey-Hayes Company, 
Utica, New York, shown in Fig. 1 before the plat ing 
l ine).  The wire belt is t ightened over the two wheels 
by activating the min ia ture  air cyl inder C1 (Fig. 3) to 
a predetermined pressure. The wire was found to move 
smoothly in the V-grooves of both wheels at all  the 
speeds investigated. 

The driving wheel assembly is located on the left 
side of the cells (Fig. 1). The phenolic dr iving wheel 
(% in. thick) is fastened by two flanges and a key to 
the shaft of a d-c motor and has six 2-in. diameter  
equally spaced holes to make it lighter. The motor is 

firmly screwed to the motor  mounting.  The vertical 
a l ignment  of the wire is assured by the close tolerances 
in the motor mount ing  and the sideways a l ignment  is 
made by moving and securing the phenolic wheel by 
the two flanges. 

The sliding contact wheel and rotat ing contact uni t  
is on the right side of the cells (Fig. 1) and is shown 
in detail in Fig. 8. The contact wheel assembly is elec- 
t r ical ly isolated from the metal  frame by  a thick 
phenolic base which is firmly screwed to the a luminum 
jig plate. The a luminum bracket  provides a firm sup- 
port for the sliding contact wheel and rotat ing contact 
unit. 

The rotat ing mercury  contact (ROTOCON, Model 
MSD-2, Meridian Laboratory, Inc., Madison, Wiscon- 
sin) provides a low resistance ( ~  5 mohms) path from 
its s tat ionary te rminal  post to the contact wheel for 
up to 20A continuous direct current ;  it can be rotated 
up to 4500 rpm. The s tat ionary par t  of ROTOCON is 
electrically isolated from the stainless steel casing by 
a phenolic split spacer. The flange on ROTOCON's ro- 

Fig. 6. Nozzle assembly used in rinsing and air-wiping of the 
wire. Fig. 7. View of an air-wipe cell 
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I n s t r u m e n t a t i o n  
The exper imental  wire electroplating setup is shown 

schematically for potentiostatic measurements  in Fig. 
9 and its view in Fig. 10. The wire is electrocleaned 
and electroplated on the plat ing l ine the process pa-  
rameters  of which are main ta ined  constant  by the 
various controllers. The electroplating of wire may be 
done potentiostatically or galvanostatically in steady- 
state or t rans ient  mode or potentiodynamically.  The 
measured variable or variables are displayed on the 
various oscilloscopes and meters and collected by the 
digital data acquisit ion system through a suitable in-  
terface. The data are recorded on an IBM compatible 
magnetic tape which is hand-carr ied  to an IBM 360/50 
computer and the exper imental  data are stored on 
disks. The various experiments  can be randomly  re- 
tr ieved from the disk and plotted on the plotter. The 
exper imental  data are reduced and correlated with 
the help of various computer  programs. 

Process controIters.--The various ins t ruments  are 
housed in s tandard electric racks and oscilloscope cart 
on both sides of the electroplating line (Fig. 10). The 
left rack next  to the line contains the relay and sole- 
noid panels for remote activation of the ins t ruments  
and solenoid valves, motor speed control, heating man-  

Fig. 8. Cross section of the sliding contact wheel and rotating 
contact unit. 

tat ing shaft is electrically isolated by a phenolic in-  
sulator r ing from the flange of the stainless steel shaft; 
these two flanges are firmly secured to each other by 
plastic screws. The shaft rotates in two bearings which 
are inserted into the casing and separated by a stain-  
less steel bushing. The shaft is hollow to br ing through 
the isolated contact wires from the rotat ing disks of 
the ROTOCON to the contact wheel. The inside flange 
and the contact wheel are press-fit onto the shaft and 
the aforementioned wires are soldered to the hard 
gold-plated contact wheel. The entire uni t  is t ightened 
by the threaded outside flange. 

The aforedescribed rotat ing contact uni t  is firmly 
housed in  the casing which moves on the slide sup- 
ports. Two V-grooved, hardened tool steel slides are 
firmly screwed to the top and bottom of the casing. 
This uni t  moves on ten  stainless steel balls whose 
equal spacings are ensured by two bearing spacers. 
These balls are contained by the V-grooved, hardened 
tool steel slide supports which are firmly screwed to 
the support bracket. The upper  slide support  is secured 
by a slide lock. The rotat ing contact wheel assembly 
is pushed away from cells by  the air cylinder secured 
to the casing and thus the wire belt  is t ightened over 
the two wheels. 

Rotating wheel and wire moving at high speed are 
potential  safety hazards. Therefore, the two wheels 
are housed under  t i l table safety covers. The sides of 
the cover are I in. thick Plexiglas sheets and the top 
is 1/4 in. thick a luminum plate. The tubu la r  Plexiglas 
wire guard forms a protective shield around the upper  
part  of the wire belt between the two wheel covers 
and can be pushed back for easy access to the cells. 
The two halves of a Plexiglas tube are held together 
by three hinges on the rear  side and can be opened by 
releasing push but ton fasteners in the front. These 
features can be seen in Fig. 1. 

In  order to el iminate the fumes and /or  gases, an 
exhaust  system with t i l table hood was added over the 
electroplating line and is connected to the ducts on 
the ceiling by a 10 in. diameter  flexible hose (Fig. 10). 
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Fig. 9. Schematic of the experimental wire electroplating setup 
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Fig. 10. View of the experimental wire electroplating setup 

tle control, three temperature  controllers and tempera-  
ture  indicator for rinse water. 

The solution temperatures  are main ta ined  at least 
wi th in  0.2~ by tempera ture  controllers of various 
ranges through the heating mantles,  individual  ther -  
mistor probes, and 500W immersion heaters. 

The speed of the wire is main ta ined  by controll ing 
the speed of the 1/4 hp d-c motor through its control 
uni t  and is adjusted by a t e n - t u r n  potent iometer  which 
is paralleled by a diode for protection. A tachometer 
is mounted onto the shaft of the motor and its output  
is converted by a resistor ne twork  and displayed on 
a 4-digit  digital vol tmeter  directly as motor speed in 
revolutions per minute  or wire speed in  feet per minute.  

Instrumentation for electrochemical studies.--The 
wire, grounded at one place in the ent i re  setup, is elec- 
trocleaned cathodically at constant  current  for a cer- 
tain t ime by the galvanostat  (Harrison Laboratories, 
a Division of Hewlet t -Packard,  Model 6438A). The lead 
between the stat ionary par t  of the ROTOCON contact 
and the negative pole of this power supply is opened 
by  a relay after the electrocleaning. The anode is a 
stainless steel sheet and is connected inside the elec- 
t rocleaning cell to a stainless steel te rminal  which is 
contacted by a t ightly secured mechanical  lug from the 
outside. 

The potential  of the wire in the electroplating solu- 
t ion is measured against  the reference electrode (usu-  
ally saturated calomel electrode) and cont inuously dis- 
played on a bat tery-operated,  solid-state electrometer 
with floating inputs (Keithley Ins t ruments ,  Model 602). 

There are two fast response potentiostats (-~10 ~sec 
rise t ime) (Tacussel, Lyon, France;  J. P. Ryaby Asso- 
ciates, Passaic, New Jersey) available on the electro- 
plat ing line. The first rack on the r ight  of the electro- 
pla t ing l ine houses the 100A potentiostat  (Type PRT20- 
100XZ), and the 10A potentiostat  (Type PRT20-10XZ) 
is in the second rack. Both potentiostats are equipped 
with Zerostat and phase shift corrector plug-ins.  The 
lead going to the working electrode receptacle of the 
potentiostat  was in ter rupted  by a relay to allow the 
correction of the signal 's phase shift and set the pulse 
or sweep length and magni tude  to the specified values 
in  the absence of current  flow [by a mercury-wet ted  
relay (C. P. Clare & Company, Model HG2A-1007, 5A/ 
pole) and a mercury  power relay (C. P. Clare & Com- 
pany, Model H - l )  for the 10 and 100A potentiostat, 
respectively].  

The current  flowing through the electroplat ing cell 
is measured as a voltage drop on resistor R which is 
in  series with the counterelectrode. The 10A potentio-  
stat has two 0.1 ohm precision four - te rmina l  wire 
wound current  sensing resistors in parallel  (5W, "Cur- 

ristors," General  Resistance Inc.) whereas the 100A 
potentiostat  has three shunts  mounted on a rear  panel  
(Weston, 100A-100 mV, 50A-50 mV, 25A-50 mV).  The 
voltage drop is fed to the various ins t ruments  through 
a BNC tr iaxial  receptacle. 

The potential  of the working electrode can be ma in -  
tained at a constant  value for a certain period or varied 
l inear ly  with the help of the funct ion generator  
(Tacussel, Type GSTP2B).  A single pulse or sweep is 
usual ly  used and  ini t iated by a manua l  trigger. There 
are two manua l  triggers in  the setup. One is in the 
funct ion generator  and the other is connected to the 
synchronizat ion interface. The manua l  start  in  the syn-  
chronization interface s imultaneously  triggers the 
funct ion generator and associated ins t ruments  and the 
digital data acquisit ion system. The manua l  tr igger in 
the funct ion generator  init iates the single pulse or 
sweep to the potentiostat  and s imultaneously triggers 
the various oscilloscopes and  the timer. 

The length of the pulse or sweep is measured by the 
t imer  with a microsecond resolution (Beckman Uni -  
versal  Eput| and Timer, Model 7360A). The input  to 
this t imer  is taken from the synchronizat ion output  of 
the function generator. 

The output  of the funct ion generator,  (Va -- t) is 
displayed on the oscilloscope (Tektronix Readout, Type 
567 with a digital unit, Type 6R1A, dual- t race amplifier 
plug-in,  Type 3A2, and time base plug-in,  Type 3B2). 
The magni tude  of the superimposed signal is adjusted 
to the specified value and read on the digital uni t  of 
the readout scope. The shape of the signal taken from 
the function generator  output  is compared with the 
shape of the signal taken from the potentiostat  output  
to the cell on the dual - t race  plug-in.  I t  is advantageous 
to make this visual  comparison on repeti t ive signals. 
The signal taken from the reference electrode te rmina l  
is usual ly  distorted and is corrected by  adjust ing the 
RC values of the potentiostat 's  phase-shift  corrector 
p lug- in  unt i l  the two traces on the scope are closely 
similar. 

The current-vol tage  curve (I-V) from the poten-  
tial sweep measurement  is displayed on a storage oscil- 
loscope (Tektronix,  Type 564 with two dual- t race dif- 
ferent ial  amplifier plug-ins,  Type 3A3). The current  
is displayed also as a funct ion of t ime (I-t) on an-  
other storage oscilloscope (Tektronix,  Type 564B with 
dual- t race differential amplifier plug-in,  Type 3A3, and 
time base plug-in,  Type 2B67). Polaroid oscillograms 
are taken wi th  a trace recording camera and used for 
immediate  qual i tat ive evaluat ion of the experiment,  
filing, and comparison with the plots made subse- 
quent ly  by the plotter. The current  is also displayed 
on an integrat ing digital vol tmeter  with a floating in-  
put  (DVM, Weston Instruments ,  Model 1420). It  is 
used to (a) establish the absence of cur ren t  flow after 
the open-circui t  potential  of the cathode was com- 
pensated on the funct ion generator, (b) display the 
current  used for the f requent  test ing of the cal ibrat ion 
of the signal condit ioning amplifiers, and (c) display 
the current  in digital form if it is changing slowly. 

The exper imental  se tup shown in Fig. 9 for a poten-  
tiostatic mode of operation, can be easily and speedily 
converted for gaIvanostatic or constant  voltage mea-  
surements.  

Digital Data Acquisition System 
The voltage drop on the current  measur ing  resistor 

R and other variables are available as analog signals. 
The tedious extraction of numerical  data from the 
analog results for quant i ta t ive  correlations can be 
el iminated if the data are collected in digital form in 
parallel  to the analog display of the data. 

In  view of the aforementioned, a digital data acqui-  
sition system (Fig. 9 and 10) was added to the elec- 
t roplat ing l ine which will be described separately in 
detail. Briefly, the analog signals are condit ioned in the 
signal condit ioning unit.  The sampling rate of data 
acquisition, displayed on the t imer  (Itron, Model 651), 
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is variable from 36.7 #sec up depending on the com- 
puter  program, funct ion generator setting (Wavetek, 
Model 111), and number  of channels  (up to 5 with the 
present ly avai lable software).  The synchronizat ion in-  
terface contains a manua l  start  which s imultaneously 
initiates the exper iment  and the acquisit ion of data at 
a predetermined rate after the exper imental  condi- 
tions were entered via Teletype terminal .  The maxi -  
mum 2040 data points are stored in the memory  of the 
computer (Digital Equipment  Corporation, DEC, 
LINC-8) and automatical ly t ransferred at the end of 
the experiment  to an IBM compatible 7-track magnetic 
tape through the magnetic tape interface. An incre-  
menta l  tape recorder (Precision Ins t rument ,  Palo Alto, 
California, Model PI-1167) is used to prepare digital 
magnetic tapes from low-speed pre-digit ized data 
(coming from LINC-8) in  IBM format. 

The IBM compatible magnetic  tape is carried by hand 
to an IBM 360/50 computer  and the exper imental  data 
are t ransferred to a disk (IBM-2316 disk pack).  The 
various experiments  on the disk are randomly  iccessi- 
ble and a software has been developed to manipulate ,  
retrieve, and correlate the data and certain, specifically 
chosen points of the various experiments.  The experi-  
menta l  data point and their  correlations are plotted by 
a Cal-Comp plotter. 

Signal  cond i t i on in g . - -Th e  magnitudes  of the analog 
signal inputs  to the computer  are not uniform. The in -  
put  to the computer, on the other hand, must  be __+1.00V 
or less and one side of the input  is near  ground poten-  
tial. In  order to provide the opt imum 1.00V input  to 
the computer and to avoid ground loops in the entire 
experimental  setup, an interface was bui l t  for maxi-  
mum 10 channels. Its schematic diagram is shown in 
Fig. 11 for only two channels  in view of their  s imilar i-  
ties. 

The signal is fed to the differential input  of a d-c 
operational  amplifier which has a s ingle-ended output  
with a slewing rate of 5 V/~sec. These are commercial ly 
available amplifier boards (DEC, Type A201) which 
are plugged into DEC module sockets. These sockets 
with the d-c power supply (PS1, DEC, Type 2R1520- 
.400) are secured to a front panel  which houses the 
fuses, lights, act ivating switch, and tr iaxial  input  signal 
receptacles. The front panel  swings out from the rear  
of the module sockets so that  their wire wrap connec- 
tors can be easily reached. The a-c power to this in ter -  
face is t aken  from the computer to avoid unnecessary 
complications. 

The feed-back resistors are chosen depending on the 
magni tude of the input  signal. The output  of the oper- 
ational amplifier is fed to a 500 ohm, 15-turn t r impot  
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which is grounded at one end through the computer. 
This t r impot  is adjusted so that  the output  is 1.00V 
for the ma x i mum input.  The amplifier input  is pro- 
tected by diodes. 

Results 
Some exper imenta l  data will  be presented here to 

i l lustrate  the efficacy of the aforedescribed setup. The 
exper imenta l  results will  be discussed in subsequent  
papers in more detail. 

The current -vol tage  curves are f requent ly  used for 
the invest igat ion of electrochemical processes and can 
be obtained in steady-state or t rans ient  conditions. 
Figure  12 shows potent iodynamic I -V curves for the 
electrodeposition of copper from a flowing 0.09.4M 
CuSO4-0.~.4M H2SO4 solution onto copper wire (0.5 mm 
diameter, 24 gauge) at rest and moving at various 
speeds. It  can be seen that  the l imit ing current  density, 
IL, plateau is present  at this slow sweep rate (0.1 V/  
sec) and IL increases with increasing wire speed. The 
I - V  curves shift toward higher potentials due to the 
lack of IR compensation. 

Figure 13 shows the effect of sweep rate on the I-V 
curves for nonmoving  copper wire (conditions similar 
to Fig. 12). The magni tude  of I increases with increas- 
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Fig. 12. Potentiodynamic I-V curves at various wire speeds and 
0.1 V/sec sweep rate for the electrodepasieion of copper from 
0.024M Cu$O4-O.24M H2S04 solution on a 03 mm diameter copper 
wire. 

FZ I 
120 VAC I I 

LI _ 

2 5  

lOOmy ~ 4 5 0 0  

L~ i  J 
2 5  

""" " .2J kL-L 

o TO 
COMPUTER o 

TO ~COMPUTER 

Fig. ! 1. Schematic diagram of the signal conditioning unit 

/ r ..~ 
o 
x :," 2~o ....... 

5 / i /  co 

< ,:,,::, iod',,..j/ 

U 1 f SWEEP RATE 

o i ' l  ; I , I 
o .4 .B 1,2 1.6 2.e 2.4 

APPLIEO VOLTAOE. V 

Fig. 13. Potentiodynamic I-V curves at various sweep rates for 
the electrodeposition of copper from 0.024M CuSO4-O.24M H2S04 
solution on a 0.5 mm diameter copper wire at rest, 
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Fig. 14. Potentiodynamic I-V curves at various wire speeds, U 
and 50 Y/sec sweep rate for the dectrodepasitian of copper from 
0.24M CuSO4-2.36M H2S04 flowing solution on a 0.5 mm diam- 
eter copper wire. Curve I, U ~ 3.30 m/sec; curve 2, U - -  6.90 m/ 
sec; curve 3, U ---- 10.52 m/sic; curve 4, U ~- 14.17 m/sic. 

ing sweep rate, as expected. The IL plateau is absent 
at these sweep rates and I goes through a max i mum 
and min imum before the start  of H~ evolution. It  is to 
be noted that the sweep rate greatly influences the 
behavior of I between the max imum and min imum and 
a plateau appears at high sweep rates. 

The ins t rumenta t ion  of this experimental  setup pro-  
vides parallel  analog and digital data acquisition sys- 
tems. Figures 12 and 13 are samples of the la t ter  sys- 
tem and were plotted by  the computer  plotter. The 
data were not subjected to any smoothing. The analog 
signals are recorded as oscillograms on Polaroid films 
(Fig. 14 and 15). Thus, the exper iment  can be imme-  
diately evaluated and the data, obtained by the two 
acquisition systems, can be compared. 

The wire speed significantly affects the IL in the 
potent iodynamic I -V curves at low sweep rates (Fig. 
12). At medium sweep rates, the magni tude  of I in-  
creases also and the min imum in the I-V curves dis- 
appears gradually with increasing wire speed, as shown 
in Fig. 14 for a more concentrated solution (0.24M 
CuSO4-2.36M H~SO4). 

Figure  15 shows the t ime dependence of I dur ing a 
short potentiostatic pulse at various wire speeds in 
the aforementioned solution. The individual  I- t  curves 
are displaced by 2A (0.275 A/cm 2) for clarity. The 
I-t  curves were obtained in flowing solution except 
as noted. The fluid flow slightly increases the magni -  
tude of I which decreases considerably with t ime in 
both cases; this decrease is especially large at longer 
times. The decrease of I with time becomes smaller  
with increasing wire speed and I remains  near ly  con- 
stant at the highest wire speeds. 

As ment ioned earlier, these results are described 
here to show the usefulness of this flexible wire elec- 
troplat ing setup. The interpreta t ion and correlation of 
these and other results will  be presented in future 
papers. 
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Fig. 15. Time dependence of current density at various wire 
speeds during potentiostatic pulses of 750 mV for the electro- 
deposition of copper from 0.24M CuSO4-2.36M H2SO4 flowing solu- 
tion on a 0.5 mm diameter copper wire. The curves are displaced 
by 2A in the y direction far clarity. 
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Eiectrothinning and Electrodeposition of Metals in 
Magnetic Fields 

J. Dash and W.  W.  King 

Physics Department, Portland State University, Portland, Oregon 97207 

ABSTRACT 

Experiments  have shown that  metals can be electrothinned and electro- 
deposited more uniformly if the electrolysis is performed in a magnetic  field. 
In  addition, the resistance of electrolytic cells is reduced in a magnetic  field. 
These effects have been characterized for various orientations and strengths 
of the electric and magnetic fields. 

In  an earlier, p re l iminary  report, some results were 
presented to show that  the application of magnetic 
fields during electrolysis increases the uni formi ty  of 
anodic dissolution of metals (1). These studies have 
been continued in order to investigate both anode and 
cathode processes for addit ional orientations and 
strengths of the electric fields (E) and magnetic fields 
(B) and other types of electrodes and electrolytes. 

Experimental Methods and Results 
Figure  1 shows a diagram of the circuit used for elec- 

trolysis. The constant  current  device was used to com- 
pensate automatical ly for changes in resistance of the 
electrolytic cell. In  this way it was possible to main-  
tain constant current  dur ing electrolysis and thus to 
follow the changes in  cell resistance by means of the 
voltage-t ime recorder. The cell with the electrode ar-  
rangement  used for the ini t ial  e lectrothinning experi-  
ments  is shown in Fig. 2. Later experiments  were per- 
formed with a plate disk cathode, shown in Fig. 3, 
which also shows the schematic positioning of the 
electrolytic cell between the polepieces of the 4 in. 
electromagnet, used for all  experiments.  Still other 

Key words: electrothinning, eleetrodeposition, magnetic fields. 

experiments  were performed with a 19 m m  ID cylin-  
drical cathode surrounding the sample (anode).  

Exper iments  with the cell of Fig. 2 on A1-3.4 atomic 
per cent (a/o) Zn were performed at various applied 
magnetic field strengths in  order to determine the 
mi n i mum B required to produce relat ively large elec- 
t ron- t ransparen t  films. As previously described (1), 
the 0.1 m m  thick samples used for these experiments  
were in the solut ion-treated and air-cooled condition. 
The electrolyte consisted of 33 volume per cent (v/o)  
conc HNO3 and 67 v /o  methyl  alcohol. This was cooled 
to --13~ prior to each experiment.  Current  was main-  
tained at 0.075A dur ing every experiment.  Thus, the 
init ial  current  densi ty  was approximately  the same for 
all experiments (about 0.25 A/cm2). No insulat ing lac- 
quer was used for edge protection dur ing electrolysis. 
After  electrothining, profiles were obtained by moun t -  
ing the samples on clear glass in the object p lane of a 
photographic enlarger  and recording the pat terns of 
t ransmit ted light on pr in t ing  paper. 

The results obtained with B of increasing strength 
applied normal  to the plane of the sample are shown 
in Fig. 4. Without an applied B, th inn ing  is concen- 
trated at the air-electrolyte interface, and perforation 
first occurs here. Application of B during the process 
lowers the air-electrolyte interface and causes the 
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CA) I RECORDER J 
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DEVICE 

VOLTAGE 

DIVIDER 

8.5 VOJ.TS 
4-4 

VOLTS ~ OUTPUT 

Fig. 1. (a) Schematic diagram of the circuit used for electrolysis. 
An ammeter is at A, the electrolytic cell at B, and a voltmeter at 
V. (b) Circuit of the constant-current device, which served to com- 
pensate automatically for changes in resistance of the electrolytic 
cell. Only direct current was used for these experiments. 
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Fig. 2. Illustration of the electrode arrangement used for some 
of the electrothinning experiments. 
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Fig. 3. Schematic arrangement of the electrolytic cel| between 
the polepieces of an electromagnet. The plate-disk cathode, used 
for some of the experiments, is shown here. 

process to occur more un i formly  over the ent i re  sub-  
merged portion of the sample. With B : 4.5 kG, prefer-  
ential  th inn ing  at top of the electrolyte is no longer a 
l imit ing factor, and it is possible to continue electrolysis 
unt i l  the sample is fair ly uni formly  t ransparent  to 
electrons over the entire remaining  area. Electron mi-  
crographs taken from a sample th inned with B of 9 kG 
normal  to the sample plane are shown in Fig. 5. 

In  Fig. 4 it is also apparent  that  the left edge of each 
sample th inned  in the presence of an  applied B has 
been preferent ia l ly  dissolved. The st irr ing pat tern  es- 
tablished in the electrolyte by this part icular  orien- 
tat ion of B probably causes enhanced mobil i ty and 
therefore an increased rate of reaction at this edge. 

By periodic reversal  of B during the process, it is 
possible to al ternate the preferent ial  attack from the 
left to the right edge and thus to improve the over-al l  
uni formi ty  of thinning.  

With B applied parallel  to the sample plane in the 
horizontal direction (electrode a r rangement  of Fig. 2), 
the s t i rr ing pat tern  is altered such that  th inn ing  occurs 
most rapidly at the bottom of the sample (Fig. 6). 
Again, B ---- 4.5 kG is required to prevent  the sample 
from breaking off premature ly  at the air-electrolyte 
interface. Periodic reversal  of B in this or ientat ion is 

Fig. 4. Profiles of AI-3.4 a/o Zn samples thinned with B applied 
perpendicular to the sample plane in the cell of Fig. 2. 

not as effective in increasing the uni formi ty  of th inn ing  
as for the case of B normal  to the sample plane. 

The other electrode ar rangements  ment ioned above 
helped to establish that  it is the orientat ion of B with 
respect to the sample that  pr imar i ly  controls the final 
profile. The results in Fig. 7 and 8, obtained respec- 
t ively with the cylindrical  cathode and with the plate 
cathode, show that  in both cases the profiles obtained 
with B normal  to the sample plane are similar to those 
obtained for this case wi th  the wire cathodes. This is 
also true for B parallel  to the plane of the sample. 

Of all the ar rangements  described above, perhaps the 
most practical for uniform th inn ing  with m i n i m u m  B 
strength is that shown in Fig. 3. It  can be seen in Fig. 8 
that B of 3 kG parallel  to the sample plane was suffi- 
cient to prevent  premature  break-off at the air-elec- 
trolyte interface, whereas approximately 50% higher 
values of B were required to prevent  break-off at this 
interface in all other arrangements.  

Thinning in other metal-electrolyte  systems with ap- 
plied B has not yet been investigated extensively, but  
the studies which have been conducted indicate that  
the observations reported above are general. For ex- 
ample, some results of th inn ing  pure, polycrystal l ine 
Cu in an electrolyte consisting of water saturated with 
CuSO4 are shown in  Fig. 9. The cell of Fig. 2 was used 
for these experiments,  and the electrolyte temperature  
at the start  of each exper iment  was 24~ Constant 
current  of 0.08A was maintained,  and the init ial  cur-  
rent  density was about 0.26 A /cm 2. Al though electro- 
lytic polishing does not occur under  these conditions, 
the profiles obtained without  applied B and with B 
parallel  to the sample plane (Fig. 9) are very  similar 
to those obtained for the A1-Zn alloy under  polishing 
conditions (Fig. 6). An obvious difference is the large 
number  of t iny  holes wi th in  the th inned  regions of the 

Fig. 5. Electron transmission 
photographs (50 kV) taken from 
AI-3.4 a/o Zn sample thinned 
with B ~ 9 kG normal to the 
plane of the sample. (a) Low 
magnification photograph to il- 
lustrate qualitatively the manner 
in which individual crystals dis- 
solve during electrolysis in ap- 
plied B. Though thinning occurs 
preferentially at grain bounda- 
ries and the edges of the grains 
are rounded, the centers of 
grains, where chemical composi- 
tion is more uniform, thin much 
more uniformly. (b) High mag- 
nification photograph to show 
that relatively large areas are 
transparent to electrons of mod- 
erate energy. 
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Fig. 6. Profiles of AI-3.4 a/o Zn samples thinned with B applied 
parallel to the sample plane in the cell of Fig. 2. 

Fig. 7. Profiles obtained with cylindrical stainless steel cathode 
concentric with the samples (AI-3.4 a/o Zn). 

in ter face  is much less in this  case than  for e lec t ro-  
th inning  of A1-Zn wi th  the  HNO~-methyl  alcohol elec-  
t ro ly te  (Fig. 6). This suggests tha t  a given B s t rength  
produces  a grea ter  degree of s t i r r ing in the  CuSO4 
e lec t ro ly te  than  in the  HNO3 electrolyte.  The main  
reason for this  m a y  be due to the  grea te r  degree  of 
ionizat ion of the CuSO4 e lec t ro ly te  and the resul t ing 
g rea te r  degree  of in teract ion w i th  the  appl ied  B. 

S t i r r ing  effects observed at the  cathodes of the  cell  
dur ing the  e lec t ro th inning exper iments  wi th  appl ied  B 
suggested that  there  might  be significant changes in 
the character is t ics  of electrodeposits ,  compared  wi th  
deposits  p roduced  wi thout  appl ied  B. This was inves t i -  
gated for the  deposi t ion of Cu from CuSO4-satura ted 
H20 solution wi th  the  cell  shown in Fig. 10. The  sub-  
s t rates  used for deposit ion were  double,  3 m m  diam 
Cu grids used to "sandwich" thin  specimens for elec-  
t ron microscope examinat ion.  These were  spo t -welded  
onto P t  wi re  leads  and bent  so tha t  the  p lane  of the  
lower  grid was at  90 ~ to the  p lane  of the  gr id  welded 
to the  lead wire.  In  the  e lect rolyt ic  cell  the lower  grid 
was horizontal ,  as shown in Fig. 10. Profiles of a grid 
pr ior  to e lec t ropla t ing are  shown in Fig. l l ( a l )  and 
11 (b) .  The Cu anode str ips  were  the  same size as for 
the e lec t ro thinning exper iments  (Fig. 9). 

Electrodeposi t ion wi thout  appl ied  B y ie lded  the p ro-  
file shown in Fig. 11 (a2) [and at  h igher  magnification 
in Fig. l l ( c ) ]  for  the  horizontal  grid. Note tha t  the 
or ig ina l ly  square openings have become dis tor ted to 
pin-cushion shapes. The corresponding photographs  of 
a hor izonta l  grid p la ted  wi th  the  same cell  cur ren t  for 
the same time, but  wi th  B appl ied  normal  to the  plane 
of the  anode, are shown in Fig. 11 (a3) and 11(d) .  In 
this  case the shapes of the  openings remain  prac t ica l ly  
unchanged f rom the original .  

Scanning  e lect ron microscope photographs  of po r -  
t ions of the grids in Fig. 11 ( a l )  and 11 (a2) were  taken  
to show the th ree -d imens iona l  differences in morphol -  
ogy of the electrodeposi ts  wi thout  and wi th  appl ied  B. 
These are  shown in Fig. 12 and 13, respect ively.  The 
much grea ter  degree  of d is tor t ion of the  or ig inal  grid 
bar  shapes resul t ing from deposi t ion wi thout  appl ied  
B can be apprec ia ted  by  compar ing  Fig. 12a wi th  Fig. 
13a. The enhanced un i fo rmi ty  of the e lectrodeposi t  
wi th  appl ied  B is apparen t  f rom the comparison of 
Fig. 12b and 13b. 

In  addi t ion to the  morphology  differences for both 
e]ectrothinning and e lect rodeposi t ion which resul t  f rom 
the appl ica t ion  of B dur ing  electrolysis,  the  e lect r ica l  
resis tance of the  cell is almost  a lways  less wi th  appl ied  

Fig. 8. Profiles of AI-3.4 a/o Zn samples obtained by thinning 
with the cell of Fig. 3. 

Fig. 9. Profiles of pure Cu obtained by thinning with CLISO4-H20 
electrolyte in cell of Fig. 2. 

samples to which B was applied.  These perfora t ions  
were  caused by  p re fe ren t ia l  dissolution at gra in  bound-  
aries. I t  should also be noted tha t  the  B s t rength  re -  
quired to p reven t  b reak-of f  at  the  a i r -e lec t ro ly te  
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Fig. 10. Electrode arrangement used tar deposition of Cu from 
CuSO4-H20 electrolyte. The horizontal portion of the cathode was 
examined after deposition. 
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Fig. 11. Profi|es of Cu grids elec- 
troplated with Cu from CuSO4-H20 
electrolyte: (al, b) before electro- 
plating; (a2, c) plated without ap- 
plied B; (a3, d) plated with B ~-- 
7.4 kG parallel to plane of the grid. 
The same deposition current (0.08A) 
and time (9.4 rain) were used for 
(a2) and (a3). 

B. For e lectrothinning of Al -Zn  with the HNO3 elec- 
trolyte, the cell resistance was lowered by about 20% 
with applied B of 9 kG. The original data for cell volt-  
age at constant current  for the electrodeposits of Fig. 
l la2  and l la3  are reproduced in Fig. 14a and 14b, re- 
spectively. These data show that  the average cell re-  
sistance without  applied B is at least 20% higher than 
when B is applied during the process. Furthermore,  
after about the first minute,  deposition proceeds at 
almost constant cell resistance in the presence of ap- 
plied B, whereas large fluctuations occur throughout  
the process without  applied B. I t  is believed that  most 
of this difference is due to changes in the anode proc- 
esses, but  no quant i ta t ive  informat ion is yet  available. 

The morphology of the Cu deposit is also dependent  
on the orientat ion of B with respect to the plane of the 

cathode. This is shown by the results of deposition on 
double, 3 mm diam Cu electron microscope grids with 
hexagonal openings (Fig. 15). In this case the grids 
were suspended vert ical ly in the electrolyte, parallel  to 
the plane of the anode. The electrolyte and deposition 
conditions for these experiments  are commonly used in 
s tandard plat ing practice (2). The results in Fig. 15 
show that the deposit tends to build up paral lel  to the 
direction of B. The extent  of closing of the holes is 
greatest for B parallel  to the plane of the grid (Fig. 
15d) and least for B normal  to the plane of the grid 
(Fig. 15c). Even in these low magnification photo- 
graphs, the deposits made with applied B (15c and d) 
appear more uniform than  that  made wi thout  B (15b). 
Microhardness tests, taken on comparable portions of 
the solid border  of each grid, appear to confirm this. 

Fig. 12. Scanning electron micrographs of portions of the grid electroplated without applied B, shown in Fig. 11(a2): (a) low mag- 
nification; (b) a portion of a grid bar at high magnification. 
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Fig. 13. Scanning electron micrographs of portions of the grid electroplated in the presence of applied B, shown |n Fig. I1(a3): (o) 
low magnification; (b) a portion of a grid bar at high magnification. 
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Fig. 14. Variation of cell voltage during deposition of Cu from CuSO4-H~O electrolyte at constant current (0.08A). (a) Data for dep- 
osition on grid shown in Fig. 11(a2) (no applied B), (h) data for deposition on grid shown in Fig. 11(a3) (with B = 7.4 kG applied par- 
allel to plane of the grid). 

Photographs were taken of a group of 4 equally-spaced 
Knoop indentat ions  on each grid (all made with a 100g 
load) by focusing on the roots of the indentations.  The 
indentat ions in the electrodeposit made without  applied 
B (Fig. 16b) are less well defined than  either group of 
those made with applied B (Fig. 16c and d). The most 
probable cause of this difference is a rougher surface 
in the case of the deposit made without  applied B. 
Fur ther  work is needed to assess the differences in 
hardness of these deposits. 

To determine the effect of applied B on the cell re-  
sistance dur ing  deposition of Cu from the CuSO4-H2SO4 
electrolyte, B was var ied bo th  in  s t rength and orienta-  
tion dur ing deposition on a double Cu grid suspended 

Table I. Electrolytic cell resistance as a function of magnitude 
and orientation of applied B 

Applied B 

C e l l  R e s i s t a n c e  
c u r r e n t  l o w e r i n g  

S t r e n g t h  ( A m p e r e s  d u e  to  B 
( k G )  O r i e n t a t i o n  D i r e c t i o n  -*-0.0005) (% --+1} 

0 - -  - -  0.02 - -  

5.5 B j_ cathode N o r m a l  0.02 ]0  

5.5 B ] ] c a t h o d e  N o r m a l  0.02 ]0  

3.0 B II c a t h o d e  N o r m a l  0.02 7 

3.0 B I I c a t h o d e  R e v e r s e d  0.02 7 

vertically, parallel  to the plane of the Cu anode. The 
results are given in  Table I. 

In  this case the cell voltage (0.2-0.3V) is much lower 
than  for the data of Fig. 14, due to the much lower cell 
current,  higher temperature,  and greater degree of 
ionization. The percentage reduction in the cell re-  
sistance was less in this case, but  the magni tude  of B 
was  also less. The data of Table I show that  a reduction 
in B from 5.5 kG to 3.0 kG increases the cell resistance 
by about 3 %. Change in  the orientat ion or direction of 
B with respect to the electrodes appears not to have 
any effect on the magni tude  of the cell resistance. 

Discussion of Results 
No previous reports of the effects of applied B on 

electrothinning processes have been found in the l i tera-  
ture. Although there have been previous studies of 
electrodeposition under  the influence of applied B 
(3-6), most of this work was concerned with deposition 
of the ferromagnetic elements, Fe, Co, and Ni. For  dep- 
osition of Cu and Sb in  applied B, no effect was ob- 
served (3). Yang (3) did observe that  B applied nor-  
mal  to the cathode caused enhanced deposition of the 
ferromagnetic elements in this direction, bu t  he re-  
ported no difference for the deposits obtained with B 
parallel  to the cathode in comparison with those ob- 
ta ined without  applied B. 

Many of the effects of applied B on electrolytic proc- 
esses described above appear to be similar  to those 
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Fig. 15. Electrodeposition of Cu on 
Cu grids suspende,~ vertically in 
electrolyte containing 0.22g CuSO4 
and 0.04 cc H2SO4 per cc H20. 
Electrolyte temperature was main- 
tained at 50 ~ • 2~ the current 
was constant at 0.02A, and the time 
of deposition was 740 sec for each 
of these experiments. (a) Proflie of 
grid before deposition, (b) plated 
without applied B, (c) plated with 
B ~ 5.5 kG normal to the plane of 
the grid, (d) plated with B ~ 5.5 
kG parallel to the plane of the 
grid. The extent of deposition par- 
allel to the plane of the grid is 
least for (c) and most for (d). 

which occur due to ul t rasonic  v ib ra t ion  dur ing  elec-  
t rolysis  (7). The basic mechanisms by  which the  two 
types  of field in teract  wi th  e lect rolytes  are  qui te  differ-  
ent. Ul t rasonic  fields impa r t  v ib r a to ry  mot ion to all  
par t ic les  in the  electrolyte ,  but  magnet ic  fields in te r -  
act only  wi th  moving charged part icles .  Through the 

Lorentz  force, F ---- q (v • B) ,  where  q is the charge  of 

a part icle,  v i ts velocity,  and B the magnet ic  field 
strength, a moving charged par t ic le  is caused to spiral  
about its or iginal  path.  The  direct ion of spira l ing is op-  
posite for opposi te  charges. Other  studies, using a l t e r -  
nat ing cur ren t  dur ing  electrolysis,  have  shown tha t  the  
magnet ic  force decreases the  mobi l i ty  of moving 
charged par t ic les  in e lec t ro ly tes  (8). Thus our  observa-  
t ion that  appl ied  B lowers  e lectrolyt ic  cell resis tance in 
d i r ec t - cu r ren t  e lectrolysis  (i.e. increases the  mobi l i ty  
of charged par t ic les)  m a y  be expla inab le  b y  enhanced 
mobi l i ty  at the  so l id- l iquid  interfaces due to intense 
mixing,  which more  than  cancels the  reduced mobi l i ty  

Fig. 16. Impressions from same locations in samples of Fig. 15 
made with Knoop indenter under 100g load on Tukon microhardness 
tester. (a) Sample before deposition, (b) plated without applied 
B, (c) plated with B ~ 5.5 kG normal to plane of the grid, (d) 
plated with B ~ 5.5 kG parallel to plane of the grid. 

in the  bu lk  of the  electrolyte .  S imi lar ly ,  the  v ib ra to ry  
mot ion caused by  ul t rasonic  fields m a y  not  increase 
mobi l i ty  in the bu lk  of the  electrolyte,  bu t  the reduc-  
tion in polar izat ion at  the  electrodes resul ts  in an over -  
al l  reduct ion  of cell resis tance (7). 

A fundamenta l  difference be tween  the  ul t rasonic  
and the magnet ic  in teract ions  is that  the  former  t r ans -  
fers energy to the e lect rolyte  but  the  l a t t e r  does not. 
Thus, if fu r ther  research proves  tha t  magnet ic  fields 
are  as effective as u l t rasonic  fields in improving  elec-  
t rodeposi t ion and other  impor tan t  e lect rolyt ic  p roc-  
esses, it  would appear  tha t  the former  have  apprec iable  
economic advantages.  This is especial ly  t rue  if  the  
necessary B can be suppl ied wi th  pe rmanen t  magnets .  

Exper imenta l  and theore t ica l  studies to improve  the 
unders tand ing  of the resul ts  repor ted  above are  in 
progress.  
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Electrophoretic Deposition of Aluminide Coatings 
from Aqueous Suspensions 

H. A. Fisch 
TRW Inc., Equipment  Group, Materials Technology Department, Cleveland, Ohio 44117 

ABSTRACT 

A process was developed on a laboratory scale for eleetropboretic deposi- 
tion of metals from aqueous suspensions formed by mixing metal  powder or 
flake with an amine solubilized acrylic resin, glycerol, and a detergent  wett ing 
agent in deionized water. Electrophoretic deposition parameters  are discussed 
in terms of deposits formed from a luminum flake on B-1900 alloy. From this 
basis, the process was extended to the deposition of bisque envelopes for the 
formation of a luminide coatings modified with additions of Cr, Si, and a Ti 
coating containing A1203. Electrophoretica]ly deposited AI, A1-Cr, and AI-Si 
coatings provided protection against dynamic hot corrosion (sulfidation) for 
times comparable to those observed for convent ional ly  processed coatings. 

Aluminide  coatings are widely used in gas turb ine  
power plants of mi l i tary  and commercial aircraft be- 
cause they provide a reliable deterrent  against oxida- 
tion, hot corrosion, and thermal  fatigue damage of 
critical and expensive hardware.  While much re-  
search has been and is cur ren t ly  being conducted to 
develop improved metallic coating systems, an a lumi-  
nide coating on nickel-  and cobalt-base superalloys has 
been demonstrated to be the most protective and eco- 
nomical system available for applications up to about 
2000~ Higher operating temperatures  of advanced 
engines may require new substrates and coating alloys; 
however, in most cases in te rna l  cooling of blades and 
vanes will keep the temperature  of some of these com- 
ponents wi thin  the protective range of the aluminides. 
Furthermore,  while future  turbine  inlet  temperature  
requirements  may preclude the use of aluminides on 
first- and possibly second-stage blades and vanes, sub- 
sequent cooler stages which at present  are uncoated 
will  require protection wi th in  the tempera ture  capa- 
bil i ty of the aluminide coatings. 

Aluminide  coatings for protecting nickel-base or 
cobalt-base superalloys against oxidation and hot cor- 
rosion are most commonly formed by pack cementat ion 
processes, or variat ions of this process such as pack- 
diffusion (]) or s lurry-diffusion (2) and by s lur ry-  
fusion. A typical pack-diffusion process involves plac- 
ing the article to be coated into a retort  containing 
powdered metallic and nonmetal l ic  coating mater ia l  
and, if required, an activator. This is followed by heat-  
ing to a tempera ture  sufficient to vaporize the pow- 
dered coating mater ial  thereby causing a solid-vapor 
interface reaction to occur between the article and the 
coating vapor. In a s lurry-diffusion process, the ana-  
logous solid-vapor interface reaction is ordinari ly  
achieved by applying a sprayed layer or bisque en-  
velope of coating source materials  onto the article to be 
coated, drying to form an adherent  deposit, and form- 
ing the diffusion coating by heating. S lur ry- fus ion  in-  
volves spraying to form a bisque on the surface then 
heat ing to melt  and diffuse the source materials at the 
bisque-substrate  interface. For  each of these processes 
heating may  be done in inert  atmosphere, air, hydrogen, 
or vacuum. 

Format ion of coatings from a bisque is considered 
by many  to be the most versati le process for producing 
coatings. In  general, any coating formed by pack ce- 
menta t ion can also be formed by slurry-diffusion and 
typical examples of this interchangeabi l i ty  have been 
described in the l i terature (1, 2). As modifications of the 
spray-pack process other means such as dipping, pa in t -  
ing, or electrophoretic deposition can be used to form 

K e y  words :  a lumin ide  coat ings,  sulf idat ion res i s tan t  coat ings,  
a e r o s p a c e  coat ings ,  e lec t rophore t ic  deposi t ion,  e lec t rocoat ing.  

the bisques. Among these methods, electrophoretic dep- 
osition has part icular  advantages. This method pro- 
vides superior coverage to relat ively inaccessible sur-  
faces of the part  being coated, better  uni formi ty  at 
edges, and reduced losses from over-spray and drag- 
out normal ly  associated with spraying and dipping. 

Present  technology for the electrophoretic deposition 
of metals is based on using organic solvents as dis- 
persants. Shyne et al. (3) discussed the deposition of 
nickel, n ickel-chromium, and n icke l -chromium-i ron  
coatings as well  as nonmetal l ic  coatings onto base 
metals using alcohol as the suspending medium. Lamb 
and Reed (4) investigated the deposition of a luminum,  
silicon, germanium, GeO2, WO3, NiO, BaTiO~ from 
water as well  as organic liquids which were classed as 
nonpolar, including gasoline and cetane; slightly polar, 
such as ethers; and strongly polar comprising alcohols, 
nitroparaffins, and water. They were unable  to obtain 
deposits from water, and the best deposits were ob- 
tained from liquids of in termediate  polarity;  e.g., di- 
ethylene glycol dimethyl  ether, and pyridine. The use 
of polar and nonpolar  organic liquids for the deposition 
of a luminum flake on gold-plated Monel rods was in-  
vestigated by Pearls tein et al. (5), who found that  the 
best deposits were obtained from suspensions in butyl  
amine. Gutierrez et aL (6) used isopropanol and ni t ro-  
methane  as suspending media for depositing niobium, 
other refractory metals, carbides, and oxides on metal  
and graphite substrates. Ortner  (7) deposited metals, 
oxides, and carbides on various metallic substrates 
using an isopropanol-~i t romethane mixture.  Fisch and 
Kmieciak (8) util ized this solution to deposit tungsten 
and tungsten-Ti l l2  mixtures  on a t an ta lum alloy. Alu-  
m i num has been deposited on steel strip and plate from 
organic suspensions containing water. The Brit ish Iron 
and Steel Inst i tute  (9) described the continuous alu-  
m i num coating of steel strip from a methanol -wate r  
solution containing a small amount  of electrolyte and 
Yamada et al. (10, 11) discussed the use of alcohol-20% 
water, and pure alcohol as suspending media for de- 
positing a luminum on steel plate. 

Although electrophoretic deposition of metals from 
organic media is in an advanced state of development  
it has not been widely used as a means for applying 
coating bisques. This may be due in part  to potential  
fire and health hazards associated with deposition from 
organic solvents. The use of water  as the suspending 
medium would el iminate the fire hazard and to a great 
extent reduce the health and waste disposal problems 
associated with high concentrat ions of volatile organic 
solvents. 

This paper discusses the use of water  as the suspend- 
ing medium for electrophoretic deposition of metals 
and mixtures  of metals and oxides as bisques for the 

57 



58 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  January 1972 

formation of aluminide coatings used for protect ing air-  
craft gas turbine engine blades and vanes. Deposition 
of metal l ic  bisques is analogous to commercial  electro-  
coating processes (12-15) used to deposit resin and 
pigment  mixtures.  Each of these deposition processes 
utilizes suspensions of insoluble phases in water  con- 
taining a soluble resin complex. Typically, a resin com- 
plex consists of a maleinized oil or organic solvent 
soluble polycarboxylic  acid resin and an alkaline 
(KOH, amine, or ammonia)  solubilizing agent. In a 
very  simplified manner  an electrocoating process may 
be described as a combination of three electrokinetic  
phenomena;  electrophoresis,  electroosmosis, electrolysis 
and electrodeposition. The presence of an electr ical  
field produces electrophoret ic  migrat ion of suspended 
particles to the anode where  they  are deposited and 
the deposit is concentrated and dewatered by electro-  
osmosis. Simultaneously,  electrolysis of wa te r  results 
in gas evolution;  hydrogen at the cathode, and oxygen 
and H + at the anode. Electrodeposit ion occurs at the 
anode (18). At a metal l ic  anode additional reactions 
may occur. Among these are: electrodissolution of the 
anode, the format ion of organometal l ic  complexes 
between ions result ing from this dissolution and the 
resin, and decarboxylat ion and cross-l inking of the 
resin by reactions such as the Kolbe reaction. The 
formation of organometal l ic  compounds, cross-l inking 
of the resin and coagulation of the resin as a result  of 
localized decreases in pH in the vic ini ty  of the anode 
can lead to the deposition of resin on the anode (16-18). 
These various electrode reactions are schematically 
shown in Fig. 1 using an amine-solubi l ized resin as an 
example.  

Procedures 
Although electrophoret ic  deposition parameters  were  

de termined  using a luminum flake having a par t ic le  size 
7.5~ or less, deposits were  also obtained using 4 to 44~ 
atomized powders. This flake together  with various 
amounts of an amine-solubi l ized acrylic resin formula-  
tion containing 40% solids (No. 65137 Clear, Gl idden-  
Durkee Division of SCM, Inc.), 4g glycerol, and 0.05g 
detergent  wet t ing agent (Orvus AB, Procter  and Gam-  
ble Company) were  added to 70g deionized water  hav-  
ing an initial resist ivi ty of 1.2-2.0 megohm-cm.  The 
over-a l l  pH of the suspensions var ied  between 7.8 and 
8.3. 

The deposition cell was a 100 ml  beaker  and the alu- 
minum flake was mainta ined in suspension by agitat ion 
with a Teflon-covered magnetic stirrer. The cathode 
of the deposition cell was a 20 mesh Monel screen hav-  
ing a hollow paral le lepiped configuration 25 x 37 x 50 
mm. Deposits (bisques) were  formed on a centra l ly  
located anode which was a cast nickel-base superal loy 
(B-1900, composition; Ni, 8% Cr, 10% Co, 6% Mo, 6% 
A1, 1% Ti, 4% Ta, 0.1% C, 0.1% Zr, 0.015% B) coupon 
approximate ly  2 x 12 x 18 mm having an area about 

CATHODE (-) ANODE (+) 

~s NRzH2 + R C O 0 - ~  

OLUBILIZED AMINE COMPLEX 

NR?H+ H20~NRzH ~ +OH- 

2H**2e-~ H2~ 

2H++2e - ~  H 2 

RC 00- * H * ~ RCO0 H coo(:Julohon 

2 H 2 0 ~  4H++ 4e- +021 cjos forrnahon 

M e ~  Men*+ne - anode dissolution 

nRCOO+Me n + ~  Me (RCOO)n rne~oL comprex forrnahon 

RCOO- ~ R+ e- +C02~ decarboxylation 

R+ R ~ RR Kolbe reochon 

Fig. 1. Electrode reactions during electrocoating 

5.3 cm 2. Before deposition, coupon surfaces were  p re -  
pared by degreasing in t r ich lore thylene  fol lowed by an 
acetone rinse. Bisques were  formed from freshly pre-  
pared suspensions using 40 and 60V d.c. for t imes f rom 
5 to 30 sec. Af te r  coating, the bisques were  rinsed in 
water  and air dried at 180~ Coatings were  formed by 
heat ing the bisques in a 1 x 10 -4 Torr  vacuum 4 hr at 
1975~ 

Other  aluminide coatings containing Cr, Si, and Ti 
plus A1203 modifiers were  formed by substi tut ing dif-  
ferent  coating source mater ia ls  for the a luminum flake. 
In other  respects the suspension compositions were  es- 
sential ly the same. However ,  for these coatings dep-  
osition times were  as long as 5 min and deposition vol t -  
ages up to 100V d.c. were  used. 

The hot corrosion (sulfidation) resistances of the 
simple aluminide coating and the Cr and Si modified 
coatings were  evaluated using wedge-shaped  simulated 
airfoil specimens in dynamic hot corrosion (sulfida- 
tion) rig tests and compared to the resistances of the 
corresponding convent ional ly  formed coatings. 

Electrophoretic Deposition of Aluminum Flake 
Electrophoret ic  deposition of a luminum flake was in- 

vest igated as a function of deposition voltage, time, and 
suspension composition. 

Effect of suspension liquid composition.--The sus- 
pension liquid consisted of deionized water,  an organic 
modifier, a wet t ing  agent, and resin. Varying the com- 
position and amounts of each of these mater ia ls  had a 
significant effect on bisque formation. 

The deionized water  used for the suspensions had a 
specific resistance of 1.2-2.0 megohm-cm.  However ,  
bisque deposits could also be obtained using suspen- 
sions in ordinary tap water.  Since decorat ive appear-  
ance was not a consideration, the presence of small  
amounts  of impuri t ies  such as chloride or sulfate ions 
and soluble metal  compounds z was re la t ive ly  insignifi- 
cant. However,  because of its higher  conductivity,  the 
use of tap water  may result  in more gassing (electrol-  
ysis), less electrophoret ic  t ransfer  of polymer  and resin, 
and excessively pi t ted deposits. 

Control of suspension pH was an impor tant  factor in 
electrophoret ic  deposition. As the pH increased th inner  
coatings resulted under equivalent  conditions, possibly 
because an insulat ing film was formed more rapidly on 
the substrate as a result  of enhanced coagulation of the 
resin due to the format ion of metal l ic  complexes re-  
sulting from increased anodic dissolution of the sub- 
strate or by cross- l inking of the resin. At  a bulk pH 
10.5-11, the substrate surface under  the bisque was 
etched and the bisque contained hemispherical  pits. 
These observations are indicat ive of substrate dis- 
solution and gas evolut ion accompanying bisque dep-  
osition. However ,  etching and gas evolut ion were  not 
problems at pH 7.9-8.8 where  usable bisques were  de-  
posited. Local variat ions in ion concentrations and 
suspension pH near  the anode, and gas evolut ion at 
each electrode were  not exper imenta l ly  investigated. 
The lower usable suspension pH was determined ei ther  
by the value at which the deposited bisques could not 
be sufficiently dewatered  by electroosmosis, or the resin 
coagulated in the bulk of the suspension. 

The organic modifiers contained one or more hy-  
droxyl  groups. Al though the addit ion of glycerol  pro-  
vided the most uni form bisques, other  modifiers such as 
methanol,  isopropanol, and cyclohexanol  could also be 
used. The concentrat ion of modifier needed to produce 
an opt imum deposit depended on both the chemical  
composition of the modifier and the bisque being de-  
posited. In the absence of a modifier or at low concen- 
trations, pi t ted and /o r  uneven  nodular  bisques were  
formed, while  using too much modifier resul ted in thin 
pit ted bisques. 

Addit ion of a detergent  wet t ing  agent  improved 
bisque adherence and was also found to act as an ant i -  

z Typ i ca l  ana ly s i s :  27 pprn CI-, 32 p p m  SO~=, 58 p p m  meta ls ,  t o t a l  
h a r d n e s s  125, 
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pit t ing agent. Vir tual ly  all  of the work util ized an al-  20o 
kane sulfonate, "Orvus AB." A household detergent, 
"Trend," was also usable and other wet t ing agents 
compatible with the suspension could probably  be 
substituted. 

E~ect o~ deposition temperature and voltage.--The 
electrophoretic bath was operated at room tempera ture  
with the max imum operating tempera ture  being below _.~ 
a tempera ture  (approximately 85~ which would ini-  
tiate thermal  degradation of the resin-solubil izer com- 
plex. The deposition voltage was also critical. Below z 100 
approximately 25V d.c. the bisque had poor adherence ,.~" 
and contained too much water  due to an insufficient po- o 
tent ial  gradient  for proper electroosmosis. The upper  
voltage l imit  (above approximately 70V d.c.) was de- c- 
termined by a value which produced an unsatisfactory ,.o 

U. 
deposit because the bisque was too thin, it was exces- 
sively pitted or nodular  ra ther  than  smooth and uni -  
form or it was excessively thick at edges or corners. 
With other suspension consti tuents main ta ined  con- 
stant, these l imit ing voltages varied with resin and alu-  
m inum concentrations. 

Ei~ect of resin and aluminum concentrations.- 
Bisques were formed from suspensions containing 
0.014-0.086g A1/gram H20 and solid resin to a luminum 
ratios 1:1.25, 1:2.5, and 1:5. Figure 2 shows typical 
variations of deposition current  with t ime at 40V d.c. 
deposition potential. Similar  relationships were ob- 
served at 60V d.c. At both voltages, the current  de- 200 
creased with t ime for all a l uminum and resin concen- 
trations. The decrease in current  is a t t r ibuted to pro- 
gressively increasing resistance of the bisque as dep- 
osition progressed. At constant  resin to a luminum ~, 
ratios increasing a l u m i n u m  concentrat ions led to a O. 

more near ly  constant current  vs. time relationship. The E 
O quant i ty  of electricity passed dur ing deposition S t Idt, '== 
E was computed from these curves and effective currents  ~. 

were obtained by dividing values of this integral  by z 
deposition times. The relationship between the effec- t~ 100 
t i re  current  at 40 and 60V d.c. and solid resin content  Q: 
of the suspension is shown in Fig. 3 and 4. In  each of o 
these figures the l ine represents the relationship de- "' > 
termined in the absence of a luminum at pH 7.9-8.3. C-- 
Between 0.01 and 0.02g res in /gram H20, the effective ,o, 
current  changed rapidly and errat ical ly with increasing 
resin concentration, but  became essentially constant at "' 
concentrations greater than about 0.02g res in /gram 
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Fig. 2. Typical current-time relationships during electrophoretic 
deposition of aluminum at 40V. 
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Fig. 3. Effective current at 40V as a function of resin concen- 
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Fig. 4. Effective current at 60V as a function of resin concen- 
tration. 

H20. The approximate correspondence between effec- 
tive curents measured for suspensions with and without  
a luminum indicated that  effective current  depended 
principal ly on resin concentration. Similar  relationships 
also were found at pH 7.2-7.6 and pH 8.6-8.8. Since 
these curves were determined using fresh suspensions, 
it was suspected that the erratic behavior was caused 
by incomplete hydrolysis of the resin; however, sus- 
pensions aged at room temperature for 4-24 hr pro- 
vided essentially the same effective current relation- 
ships. Figure 5 shows a relationship between unit area 
bisque weight and coulombs. The slopes of the straight 
lines represent the coulombic yields of the depositions. 
Essentially equivalent yields were obtained at 40 and 
at 60V d.c. and the yields were independent of resin to 
aluminum ratios and aluminum concentrations up to 
0.043 g/gram H20. However, at a higher aluminum con- 
centration (0.086 g/gram Ha0) significantly higher 
yields were obtained. 

The relationship between bisque weight and alu- 
minum concentration is given in Fig. 6. Below about 
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0.04g A1/gram H20, the amount  of bisque per coulomb 
increased in a near ly  l inear  manne r  with a luminum 
concentrat ion and appeared to level off above 0.06g 
A1/gram H20. 

After  vacuum firing to form coatings, the bisques 
were still intact  and easily removed by l ightly brush-  
ing the coupons. The surface appearances of the bisques 
and coatings are summarized in Table I. Based on 
appearance, the best over-al l  bisques and coatings were 
obtained from the following four suspensions: 

A1 conc, Ratio, 
gram A1/gram H20 resin: A1 

0 . 0 1 4  1:1.25 
0 . 0 2 9  1 :5  
0 . 0 4 3  1 : 1 . 2 5  
0.086 1:5 

Coating properties.--In the formation of a coating 
from a bisque having a specific composition, four physi-  
cal characteristics are commonly used to evaluate the 

Table I. Surface appearance of bisques and coatings 

S u r f a c e  a p p e a r a n c e  
Ra t io ,  Con e At ,  B i s q u e  Coating 

r e s in  :A1 g / g  H 2 0  40V 60V 40V 60V 

1:1.25 0.014 U H p  U S 
0.029 Sp  H p  S S 
0.043 Sp  U U U 

1:2.5 0.021 U U U U 
0.043 U H p  U S 
0.064 H p  H p  S U 

1:5 0.029 U U U S 
0.057 U Sp U S 
0.086 U Sp  U S 

u. uniform; Sp. slight pitting; Hp, heavy pitting; S, spotty. 

coating and to control the coating formation process. 
These are: coating weight per un i t  area, thickness, 
bui ld-up,  and microstructure.  For  given bisque com- 
positions and hea t - t rea tment  conditions, coating thick- 
ness is general ly a function of bisque weight per uni t  
area or of bisque thickness, and is essentially constant  
above a m i n i mum bisque weight. For  coating repro-  
ducibility, bisques are usual ly  deposited at values above 
this m i n i m u m  weight. Figure 7 shows curves for the re- 
lationship between coating weight and bisque weight 
using bisques formed at 40 and 60V d.c. f rom suspen- 
sions having resin to a luminum ratios of 1:1.25 and 1:5 
with a luminum concentrat ions from 0.014 to 0.086g A1/ 
gram H20. Essentially constant  coating weights were 
obtained from bisques heavier  than  10 mg / c m 2 for all 
of the conditions investigated up to an a luminum con- 
centrat ion of 0.043g A1/gram H20. At a higher a lumi-  
num concentrat ion (0.086g A1/8m H20) heavier coat- 
ings were formed for the same bisque weight indicating 
an effect of a luminum concentrat ion in the suspension 
on coating weight. These data i l lustrate  the ranges over 
which suspension compositions may be varied while 
still producing an essentially constant  coating weight. 

As the a luminide coating was formed, the dimensions 
of the specimen also increased. The amount  of this 
increase is defined as coating build-up,  and is measured 
using a micrometer.  Total coating thickness which also 
includes the aluminide found below the original surface, 
was determined metal lographical ly on cross sections 
through the coating and substrate. Figure  8 shows that  
coating thickness increased l inear ly  with coating 
weight while the relationship between coating bui ld-  
up and coating thickness (Fig. 9) was similar to that  
observed between bisque and coating weight. A photo- 
micrograph of a typical coating is shown in Fig, 10. 
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Other coating properties such as chemical composition 
and composition gradients from the coating surface into 
the substrate were  not investigated for this coating. 

Formation of Other  Aluminide Coatings 
The electrophoretic deposition technique developed 

using flake a luminum was used to apply several a lumi-  
nide coatings to B-1900 alloy coupons. These coatings 
comprised deposition from suspensions of alloys, mix-  
tures  of metals and nonmetals,  and mixtures  of alloys 
and oxides. Typical coating formation parameters  and 
coating properties are summarized in Table II. 

Deposition parameters  such as time, current  density, 
and voltage depended on factors such as the size of the 

article to be coated and electrode spacing. The relative 
amounts  of resin and coating source mater ial  depended 
on factors such as particle shape (granular  or flake), 
particle size, size distribution, and chemical composi- 
tion. There was an opt imum solids to resin ratio and 
total  solids concentrat ion in  the dispersion needed to 
avoid pitted bisques. 

Cr modi~ed coating.--In many  pack-diffusion or 
s lurry-diffusion processes, Cr-A1 alloy powder source 
activated by inorganic halides is used as the a luminum 
source. However, these activation materials  could not 
be used in electrophoretic deposition because they co- 
agulated the suspension. Instead, a water  insoluble 
chlorinated hydrocarbon, which did not produce coagu- 
lation, was used as an activator. Coating bisques were 
deposited from suspensions containing chlorinated hy-  
drocarbon activator and --40~ prealloyed 56Cr-44A1 
powder. In  addition, various bisques were deposited 
containing up to 50 w/o  (weight per cent) -- 40~ A1203. 
Two deposition voltages, 30 and 40V d.c. were used 
with deposition times up to 30 sec. Diffusion coatings 
were formed by heating the bisques 4 hr  at 1900~ in 
argon at a pressure of 150 Torr. 

The presence of A1203 in the bisques resulted in more 
friable bisques after heating but  did not  affect either 
the coating microstructure or coating weight  gain re-  
lationships. The microstructure of a typical A1-Cr 
coating, Fig. 11, was essentially the same as for a coat- 
ing formed by either diffusion-pack or spray-pack proc- 
esses. Figure 12 shows the relationship between coat- 
ing weight and the weight of 56Cr-44A1 powder in the 
bisque. At the same pH and total solids in the suspen- 
sion heavier  deposits were obtained at 40V d.c. than 
were obtained at 30V d.c. As shown in Fig. 13, l inear  
relationships were obtained between coating bui ld-up  
and coating thickness as a funct ion of coating weight. 

Table II .  Coatings formed using electrophoretic deposition from aqueous suspensions 

E l e c t r o p h o r e t i c  H e a t  t r e a t m e n t  
b i s q u e  ]~arameters c o n d i t i o n s  

B i s q u e  
C o a t i n g  compos i t i on ,  Volts ,  T i m e ,  W e i g h t ,  T ime ,  Temp ,  

designation w / o  V d.c. sec m g / c m  2 h r  "F A t m  

Coating properties 

W e i g h t ,  B u i l d - u p  Th ickness ,  
m g / c m ~  m m  X 103 

AI -Cr  56Cr-44Al  40 30 133 
A1-Si A1 + Si  30 10 21 

A1-Ti + AlcOa .4,1=O8 50 1 15 
f2 s tep)  A1-Ti  40 240 160 

AI -T i  + AI20~ (AI-Ti)-20A12Os 40 240 580 
S e r m e T e l  J A1 + a d d i t i v e s  40 300 80 

4 1900 At*  10.3 38 75 
4 1975 Vac . t  7.5 20 70 

6 1975 H25 4.1 12.5 44 
6 1975 H25 3.5 12.5 63 
2 1600 Ar* 4.7 28 70 

* Argon at 150 Torr. 
V a c u u m  of 1 x 10-~ Tor t .  

$ Atmospheric pressure. 
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Fig. 11. Microstructure of an AI-Cr coating (190X etched) 
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The relationship between coating bu i ld -up  and coating 
thickness is shown in Fig. 14. These relationships are 
comparable to results obtained for A1-Cr coatings 
formed on B-1900 by a diffusion-pack process. 

Si modified coatings.--Aluminide coatings containing 
silicon were formed from bisques which were deposited 

Fig. 15. Microstructure of an AI-Si coating (190X etched) 

from suspensions containing either flake a luminum and 
--40~ powdered silicon or 3.5-6.0 atomized a luminum 
powder and --40~ silicon. Coatings were formed by 
heat ing the bisques at 1975~ for 4 hr in vacuum. Fig-  
ure 15 shows the microstructure  of a coating formed 
using an atomized powder bisque and comparable mi-  
crostructures were obtained using bisques of flake alu-  
minum. The presence of silicon in the coating was con- 
firmed by electron microprobe examination.  

AI-Ti modified coating containing Al203 particles.-- 
Aluminide coatings were formed from bisques contain-  
ing --40~ prealloyed A1-Ti powder, chlorinated hydro-  
carbon activator, and --40~ A1203. Coating bisques 
were applied in two ways: by  electrophoretically de- 
positing a layer of A1203 and subsequent ly  depositing 
the A1-Ti bisque and by s imultaneously depositing a 
bisque containing AI-Ti  and A1203. Both types of 
bisques were fired in hydrogen for 6 hr at 1975~ The 
microstructure  of a coating formed by s imultaneous 
deposition of A1-Ti and A1203, shown in Fig. 16, was 
comparable to those produced from sequential ly  de- 
posited bisques. 

SermeTel J coating.--The SermeTel J coating is ordi- 
nar i ly  formed by spraying, painting, or dipping a pro- 
pr ietary composition (Teleflex, Incorporated) onto the 
part  to be coated and firing at 1600~ in an iner t  a tmo- 
sphere. Since the composition was supplied as a sus- 
pension in an organic media, and electrophoretic de- 
posits have been obtained from organic liquids, initial, 
but  unsuccessful, at tempts were made to deposit bisques 
directly from that  suspension. Also, it was not possible 
to form deposits from the as-received suspension either 
diluted with deionized water  or diluted with resin and 
water. 
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ings were subjected to a commonly used hot corrosion 
(sulfidation) test under  dynamic conditions which simu- 
late the exposure conditions in an aircraft  jet engine. 
The test bars were rotated at 1750 rpm in a combusted 
gas stream having a velocity ratio of approximately 
0.6 Mach. The apparatus burned  Jet  A fuel to which 
0.4 w/o  sulfur  was added as di ter t iary butyl  disulfide 
and 35 ppm chloride was added as synthetic sea salt 
(16.6g MgO2 �9 6H20, 1.9g CaC12, 6.0g Na2SO4, and 37.6g 
NaC1 in 5 gal H20).  Specimen temperatures  were ad- 
justed by varying the fue l /a i r  ratio and temperatures  
were monitored using an optical pyrometer.  The coated 
bars were exposed under  the following tempera ture  
cycle: 

1 min  hea t -up  + 2 rain at 1750~ 

1 min  hea t -up  ~- 1 min  at 2050~ 

2 rain air cool. 

Fig. 16. Microstructure of an AI-Ti coating containing AI203 
particles (190X etched). 

Fig. 17. Microstructure of a SermeTel J coating (190X etched) 

However, deposits were obtained by  suspending the 
solid consti tuents of the SermeTel  J in water  to which 
resin had been added. The as-received organic sus- 
pension was evaporated to dryness, and residue ground 
and washed with water  un t i l  the pH of the water  in-  
creased from 2 to 6.5, then  washed with isopropanol, 
and air dried. The dried powder was made into a sus- 
pension, deposits were formed and fired at 1600~ for 2 
hr in argon at 150 Torr. A typical microstructure  is 
shown in Fig. 17. 

Hot Corrosion Resistance of Coatings 
Aluminum,  A1-Cr, and A1-Si coatings were formed 

on wedge-shaped B-1900 test bars approximately 12 
mm diameter  x 75 m m  long (0.5 x 3 in.).  These coat- 

The coating characteristics and the protective lives of 
the coatings are summarized in Table III. This table 
also gives the protective characteristics of A1-Cr coat- 
ings formed by the diffusion-pack process and tested 
s imultaneously with the electrophoretically formed 
coatings, as well  as independent ly  measured protective 
lives for A1-Si and A1-Cr. These results show that  coat- 
ings formed by electrophoretic deposition of the coat- 
ing powders exhibited protective lives comparable to 
those obtained by  the convent ional  procedures. 

Summary and Conclusions 
An electrophoretic deposition technique utilizing 

aqueous suspensions has been developed on a labora-  
tory scale for forming coating bisques used in produc-  
ing a luminide coatings on nickel-base superalloys. The 
process which is analogous to commercial  electrocoat- 
ing processes, utilizes a suspension of metallic particles 
in deionized water  containing an amine-stabi l ized 
acrylic resin. Electrophoretic deposition parameters  
(suspension composition, deposition time, and voltage) 
were determined using a luminum flake. The process 
was extended to the formation of a luminide  coatings 
modified with additions of Cr, Si, and a mix ture  of Ti 
and A1203 particles. 

Chromium modified a luminide coatings were formed 
from bisques containing chlorinated hydrocarbon ac- 
t ivator and prealloyed 56Cr-44A1 powder. Silicon modi-  
fied a luminide coatings were formed from bisques de- 
posited using either a luminum flake or atomized alu-  
m i n u m  powder and silicon powder. Ti tanium-modif ied 
a luminide coatings containing part iculate A1203 and 
the "SermeTel J" coating were also formed from elec- 
trophoretical ly deposited bisques. Microstructures, 
thickness, and weight gains of these four coatings were 
comparable to the corresponding properties of coatings 
produced using vacuum-pack  or spray-pack processes. 

Simple aluminide,  chromium-modified and silicon- 
modified a luminide coatings were formed on wedge 
shaped B-1900 test bars and hot-corrosion sulfidation 
tested under  dynamic conditions which simulated con- 
ditions in a jet engine. The protective lives of coatings 
formed by electrophoretic deposition of bisques were 
comparable to those of the same coatings formed by 
diffusion-pack or spray-pack processes. 

Table III. Hot corrosion resistance of aluminide coatings 

Bisque wt ,  C o a t i n g  wt ,  Coating thickness  Protect ive  l i fe  
Coating t ype  m g / c m  2 m g / c m 2  m m x  10 s m i l s  h r / m i l  To ta l  h r  

Electrophoretic  
A1 46 8,2 70 2.8 20 55 
A1-Si 47 7.0 63 2.5 22 55 
A1-Cr 140 8.0 63 2.5 33 82 

Conventional  
AI-Si* . . . .  13-18 46-64 

Al-Crt  -- 10.3 70 2.8 32 90 

* Slurry coated. 
t Diffusion-pack coated. 
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Because of its s imi la r i ty  to es tabl ished electrocoat ing 
processes, e lec t rophoret ic  deposi t ion of metal l ic  coat-  
ing bisques has excel lent  potent ia l  for  use in a cont inu-  
ous au tomated  coat ing process for app ly ing  p resen t ly  
avai lable  commercia l  a lumin ide  coatings to j e t  engine 
hardware .  These coatings are  typ ica l ly  formed using 
una l loyed  metals ,  mix tu res  of metals ,  al loys or m i x -  
tures  of meta ls  and ceramics,  and this work  has shown 
tha t  i t  is feasible to deposi t  bisques of these mate r i a l s  
by  e lec t rophoret ic  deposi t ion f rom water .  

Manuscr ip t  submi t ted  Ju ly  26, 1971; revised m a n u -  
script  rece ived  Oct. 1, 1971. 

Any  discussion of this paper  wil l  appea r  in a Discus- 
sion Section to be publ ished in the  December  1972 
JOURNAL.  
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Cell Design for Potentiostatic Measuring System 
B. D. Cahan) Z. Nagy) and M. A. Genshaw *,2 

Electrochemistry Laboratory, University of Pennsylvania, Philadelphia, Pennsylvania 19104 

ABSTRACT 

Design cr i ter ia  are  examined  for an e lect rochemical  measur ing  system to 
be used for potent iosta t ic  t rans ien t  invest igat ion of fast e lectrode reactions.  
The impor tance  of codesign of the  cell and electronics is emphasized.  The cell  
design is examined  in deta i l  in this paper,  while  tha t  of the  potent ios ta t  is 
t rea ted  in a separa te  paper .  To obta in  the  desired character is t ics  of s tabi l i ty ,  
good f requency response, accuracy  in potent ia l  control, and un i fo rm cur ren t  
d is t r ibut ion  on the work ing  electrode, the  fol lowing fea tures  are  requi red :  
smal l  cell  resistance,  smal l  re ference  e lect rode resistance, smal l  in te re lec t rode  
s t ray  capacitances,  smal l  work ing  electrode area, a smal l  but  va r i ab le  solu- 
t ion resis tance be tween  the  point  of potent ia l  measuremen t  and the work ing  
electrode, and a "symmetr ica l"  e lect rode a r rangement .  A cell  meet ing  these 
requ i rements  was built .  The main  novel  fea ture  of the  cel l  is the  complete  
e l iminat ion  of the  t roublesome "classical  Luggin  capi l la ry ."  

In a potent iosta t ic  system the  cell  is in the feedback  
of the control  amplifier.  The feedback  f ract ion and 
phase shift  in the  feedback  loop are  de te rmined  by the 
cell, and therefore  i t  can have  a s t rong influence on the 
response character is t ics  of the  system. When  designing 
such a measur ing  appara tus  it is, therefore,  impor tan t  
to view the sys tem as a single unit,  to design the cell 
wi th  the potent ios ta t  in mind, and vice versa. The ideal  
potent iosta t ic  setup is a phys ica l  impossibi l ty.  I t  would  
mean tha t  the double  l ayer  capaci tance is fu l ly  charged 
at  t ---- 0W time, tha t  is, i t  would  requi re  a zero series 
resistance in the  cell, and an infinite cur ren t  capabi l i ty  
of the potent iostat .  A rea l  system has finite response 
character is t ics  to a s tep input. These response charac-  
ter is t ics  can be de t e rmined  by  e i ther  the  cell or the  
potentiostat .  I t  is des i rable  for the  expe r imen te r  to 
have control  over  these response character is t ics  and, 
therefore,  they  should be de te rmined  by  the potent io-  
stat. The cell character is t ics  a re  not  under  ful l  control  
by  the  exper imenter ,  since they  depend on the elec-  
t rode reaction;  and even wi th  the  same elect rode proc-  

�9 Elect rochemical  Society Act ive  Member .  
Elec trochemical  Society  S tuden t  Associate.  

1Presen t  address :  Chemis t ry  Depar tment ,  Case-Western  Reserve  
University ,  Cleveland, Ohio 44106. 

Presen t  address :  A m e s  Research  Labora tory ,  Miles Laborator ies ,  
Inc., Elkhar t ,  Ind iana  46514. 

Key  w o r d s :  low iR drop, low in te rna l  resis tance,  low s t ray  capaci-  
tance reference ,  cell design,  un i fo rm  cur ren t  dis t r ibut ion,  potent io-  
s ta t ic  t ransients ,  fas t  e lec t rochemical  reactions.  

ess they  are  var iable ,  depending  on pa rame te r s  l ike 
solut ion concentra t ion and potent ia l  range  invest i -  
gated. ~ It  was the  aim of the  p resen t  w o r k  to design an 
appara tus  for the invest igat ion of fast  e lec t rode  reac-  
tions wi th  potent ios ta t ic  t r ans ien t  technique.  The cell  
and the potent ios ta t  were  codesigned, and  efforts were  
made  to have the sys tem cont ro l led  by  the potent ios ta t  
at al l  t imes and under  al l  expe r imen ta l  conditions.  The 
cell design is descr ibed  here.  A la te r  pape r  wi l l  t r ea t  
the  potent iosta t  (1).  

Criteria of a Good Cell 
The fol lowing proper t ies  of the  sys tem are  used to 

establ ish design cr i ter ia  for  the cell: s tabi l i ty ,  f re-  
quency response, accuracy ( inc luding accuracy  of po-  
tent ia l  control  and accuracy of the  poin t  of potent ia l  
control) ,  and cur ren t  d is t r ibut ion  over  the surface of 
the  work ing  electrode. F igure  1 gives a simplif ied 
schematic of a potent ios ta t ic  measur ing  system; both 
the  reference and work ing  e lect rodes  a re  more  complex 
than  indicated,  but  this  s imple scheme wi l l  be sufficient 
for the present  purpose.  

Stability cr / t e r /a . - -The  s tab i l i ty  c r i te r ia  of such sys-  
tems have been t rea ted  in de ta i l  by  Schroeder  and 

3 This t r ea tmen t  refers to a complete ly  general  case. In specific 
cases w h e n  the  electrode react ion is a l ready  fa i r ly  well  k n o w n  the 
des ign  problem is simplified. 
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Fig. I. Schematic for a potentiostatic system. Rs = solution re- 
sistance; Rr = resistance of reference electrode; Re = error re- 
sistance; Rf = faradaic resistance; Cdl = double layer capaci- 
tance; Cg = stray capacitance between reference and ground; 
Cd = distributive capacitance between the cell solution and the 
electrolyte in Luggin capillary; Ca = stray capacitance between 
reference and auxiliary electrode; Ci = input capacitance of po- 
tentiostat; Es = signal voltage; A = input stage of potentiostat; 
B = control and output stage of potentiostat. 

Shain (2). It is required that the cell introduce only a 
small phase shift in the feedback to keep the system 
stable. Phase shifts are introduced by var iat ion of the 
feedback ratio with f requency and by addit ional delays 
in the feedback loop, such as the complex impedance 
presented by the reference electrode capillary, shown 
as Cd in  Fig. 1. The cell acts as a voltage divider and 
sets the feedback ratio as 

Zf + Re 
B---- 

Zf -[- Re -[- Rs 

Because Zf (the electrode impedance) 4 is frequency 
dependent, the phase shift and the feedback ratio also 
change with frequency. The worst phase shift occurs 
at the highest frequencies. Because of this, the stability 
and frequency response criteria are interconnected 
since stability can be obtained at a sacrifice in rise 
time by slowing down the potentiostat (i). This prob- 
lem was treated in detail by Booman and Holbrook 
(3), who have shown that for optimum stability-rise 
time, the total cell impedance should be minimized, 
and Re should be set to an optimum (nonzero) value 
which depends on the characteristics of the cell and the 
potentiostat. To avoid further signal delays in the feed- 
back loop, the stray capacitance (Cg and Cd) should 
be kept to a minimum. 

Response of system.--The response of the system to 
a voltage step is determined by the largest RC time 
constant in the system. It is desirable to keep all those 
associated with the cell [i.e., ReCdi, RfCdi, Rr(Cg + Ci), 
and RrCa] at minimum value and set one in the poten- 
tiostat to control the rise (1). 

It should be remembered here that  the potent ial  
rise t ime can be defined at points a, b, and c (Fig. 1). 
In  a practical cell, only that  at "a" is measurable;  on 
the other hand, we want  to minimize the one at point 
"c." For example, the effect of RrCa is to give a fast 
rise at "a" but  a slow one at "c"; this is because Ca 
shunts the feedback divider, causing a un i ty  feedback 
fraction at high frequencies and, therefore, making the 
potentiostat  effectively inoperat ive at short t imes (Cd 
can also have a similar effect). RfCdl is not directly 

4 z~ in this simple scheme is the parallel combination of Rt and 
Cab in reality it can he much more complex. 

under  the control of the experimenter ,  since it  de- 
pends only on the electrode reaction being invest i -  
gated. ReCdl can be minimized by  keeping Re small. 
Decreasing the area of the electrode does not change 
R~C~I, since it causes opposite changes in  Re and Cdl. 
There is another reason, however, to keep the electrode 
small. The rise t ime of the system (when not controlled 
by an RC time constant  in the cell) is determined 
by either the slew rate of the potentiostat  or by /max/ 
Cd~, whichever  is slower (where imax is the ma x imum 
current  of the potentiostat) .  For  example, for a 1A 
potentiostat, the double layer charging takes 1 ~sec for 
every microfarad of double layer  capacitance. Also, 
Rr, Cg, Ca, and Cd should be kept  at m i n i m u m  by  cell 
design. 

Accuracy criterion.--The accuracy cri terion requires 
that, after the ini t ial  rise, the potential  of the working 
electrode be kept exactly at the signal potent ial  fed to 
the potentiostat. This criterion of potential  control is 
twofold. The potentiostat  controls the potential  at 
point "a" (Fig. 1). Although the feedback fraction 
affects the gain and so the accuracy (at "a"), this effect 
is negligible for practical situations. The experimenter ,  
however, wishes to control the potential  at point "c"; 
and the error so introduced is ire, where i is the cell 
current.  This can be minimized by keeping Re small. 

Uniform current distribution.--The fourth criterion 
of cell design is a un i form current  dis t r ibut ion over the 
surface of the working electrode. The experimenter  
wishes to keep every point of the electrode at the pre-  
set potential, which requires that  the equipotential  lines 
in the vicini ty of the electrode in the solution should 
run  parallel  to the electrode surface. 

Summing  up, then, the requirements :  low total cell 
resistance, low-resistance reference electrode, small-  
area working electrode, low stray capacitances, and 
uniform current  distr ibution over the working elec- 
trode surface. The requirements  for Re are contradic-  
tory: zero is required  for precise potent ial  control, but  
a finite resistance is required for stability; therefore a 
variable  Re is desired. 

Previous Cell Designs 
Among the above-listed requirements,  those associ- 

ated with the reference electrode are the most t rouble-  
some. The conventional  Haber -Luggin  capillaries (4) 
have several drawbacks. Barnar t t  (5) investigated the 
errors involved in different positionings of the capil-  
lary. When placed perpendicular ly  in front  of the 
working electrode (the most usual  a r rangement ) ,  it 
has to be kept at a distance more than twice its outer 
diameter  from the surface to avoid dis turbing the equi-  
potential  lines; this introduces a considerable Re. Plac- 
ing it closer to the electrode will  distort the current  
lines exactly at the point of control, causing most of 
the electrode surface to be at a potential  different from 
that  desired. In addition, the distorted current  dis t r ibu-  
tion may affect the nature  of the electrode reaction 
itself. Vertical positioning at the side of the electrode, 
or backside placement  ( through a hole from the back- 
side of the working electrode) does not  avoid the cur-  
rent  distortion problem. The high frequency character-  
istics of the Luggin capil lary are also poor. It  usual ly 
has a high ohmic resistance, since it is made thin to 
allow close placement;  and it  also has large coupling 
capacitance (Cd) between the cell solution and the 
electrolyte in the capillary. This question was investi-  
gated by Bewick et al. (6); they have found its elec- 
trical equivalent  circuit to be very complex, best ap- 
proximated by  a t ransmission line. This l ine (repre-  
sented by Cd in Fig. 1) cannot be represented by any 
simple RC t ime constant  and can make the problem of 
correct compensation of potentiostat  very difficult; it 
should therefore be eliminated.  

Several  efforts were made in the past to correct this 
situation. Piontell i  et al. (7, 8) proposed a capil lary 
shown in Fig. 2a. This is a f lat-ended glass tube pressed 
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Fig. 2(a). Piontelli electrode; (b) sidehole electrode 

against the electrode surface, with the electrical con- 
nection made through a small  hole near  the surface. 
This can produce low Re, but  the high-frequency char-  
acteristics are still poor. Cahan et al. (9) used a side- 
hole electrode, which is an inside-out  version of the 
Piontel l i  capillary; this is shown in Fig. 2b. A flat work-  
ing electrode is pressed against a glass or Teflon tube 
leading to the auxi l iary electrode; a small  capil lary 
hole is dri l led into the wal l  of this tube, close to the 
surface of the working electrode, which connects to 
the reference electrode. This a r rangement  provides 
low Re, and the h igh-f requency characteristics are also 
improved. The stray capacitance is small  because of the 
thick walls separating the reference from the other 
electrodes, and the ohmic resistance can also be made 
smaller than that of a conventional  Luggin, since the 
capil lary hole can be widened after a short distance. 
Fle ischmann and Hiddleston (10) advocated the use 
of a very thin metal  wire coated with organic resin on 
the sides, in place of the capillary. This also can give 
low Re, but  the h igh-f requency characteristics are not 
good for several reasons. The stray and distr ibutive 
capacitances are large because of the thin resin coat- 
ing. The resistance of such a reference electrode can 
also be high; the resistance of the metallic wire itself 
is negligible, but  the faradaic resistance is high due to 
the small  area exposed to the solution. Assuming that  
the potent ia l -de termining  reaction has an exchange 
current  density of 1 mA/cm 2, the faradaic resistance 
will be over 100 kohms for a 40 s.w.g, wire; if (Cg 
+ Ci) is 50 pf (picofarad),  a 5 ~sec rise time will  
result. In  selection of such an electrode, therefore, the 
io value of the electrode reaction becomes important ,  
while this resistance term is negligible wi th  usual  ref- 
erence electrodes. This type of reference is also l imited 
to metal  electrodes. 

The other criteria, namely  the low cell resistance 
and the uniform current  distr ibution (neglecting dis- 
tort ion by the reference electrode), can be more easily 
met. The impedance of the counterelectrode can be 
made negligibly small  by using a relat ively large sur-  
face area, and it was completely neglected in the above 
discussion. The solution resistance can also be made 
small by using concentrated electrolytes and close 

electrode spacing; the use of stopcocks between the 
electrode compartments  of the cell should be avoided 
if possible. 

Uniform current  distr ibution can be achieved by a 
number  of geometrical ar rangements  as given by 
Kasper (11). A spherical working electrode surrounded 
by a concentric counterelectrode sphere, or a cyl indri-  
cal working electrode surrounded by a concentric 
counterelectrode cylinder with the solution limited to 
the height of the cylinders, are two possibilities. The 
counterelectrode does not have to follow exactly the 
shape of the working electrode if they are sufficiently 
far removed (12). These two ar rangements  also have 
the peculiari ty that /Re can be reduced, for a fixed posi- 
tion of the Luggin tip, by reducing the radius of the 
working electrode (13, 14). This can be easily shown 
for the spherical arrangement ,  with the assumption 
that  the reference electrode distance from the working 
electrode is large compared to the radius of the work-  
ing electrode. In this case, Re will increase with the 
inverse of the radius, while the area of the electrode 
will  decrease as the square of the radius. Therefore 
the error, at a given cur ren t  density, wil l  decrease 
l inearly with the radius. When the reference electrode 
is closer, and for the cylindrical  case, the mathematics  
is somewhat more complicated, but  the effect is in the 
same direction. An impract ical ly small radius would be 
needed, however, for fast reactions. 

Another  way (11) to achieve un i form current  dis- 
t r ibut ion is to use parallel  plate electrodes with the 
solution column between them having the same cross 
section, everywhere along its length, as the shape of 
the electrodes. Here again the counterelectrode can 
be of any shape as long as it is far enough removed 
from the working electrode. For example, if the solu- 
tion column, having the same cross section as the work-  
ing electrode, is at least three times as long as the 
diameter of the working electrode, the shape of the 
counterelectrode chamber, and the shape and position 
of the counterelectrode in it, have negligible effect on 
the current  distribution. 

Experimental 
Cell design.--Among the above designs, the sidehole 

electrode satisfies best the requirements;  but  there are 
some remaining problems. To achieve low Re, a very 
fine hole has to be drilled. This still can give consider- 
able Rr, even if the capil lary is short; it is not easy to 
fabricate; and there is possibility of gas bubble  block- 
ing, especially with Teflon. Also, it has been pointed 
out that very low Re may not be desirable; and with 
this design, once the cell is assembled, Re cannot be 
easily varied. 

Extensions of the concept are shown in Fig. 3 and 4. 
In the first design (Fig. 3) the "sidehole" was extended 
360 ~ around to form a conical slot with the two Teflon 
pieces held apart  by suitable spacers. This a r rangement  
would considerably reduce Rr and any  blockage prob- 
lems. It can be used advantageously when a limited 
area of the large electrode is to be studied. Figure 4 
shows the concept of the cell which was actually built.  
The cell consists of two fluorocarbon plastic pieces. The 
working electrode is press-fitted into the bottom piece, 
so as to provide a flush surface with the plastic. The 
top portion has a cylindrical  hole corresponding exactly 
in position and dimension to the working electrode; 
this hole leads to the auxi l iary  electrode chamber. A 
thin gap between the two pieces, again 360 ~ around, 
leads to the reference electrode. 

A more detailed drawing of the design is shown in 
Fig. 5, and a photograph is given in Fig. 6. The working 
electrode (3 mm diameter)  is press fitted into a slightly 
undersized hole to provide a good seal; a backup O-r ing 
seal is also provided. The whole piece can be mechan-  
ically polished together to provide a perfectly flush 
surface, or the electrode can be prepared separately 
by any desired technique and adjusted flush with the 
Teflon surface under  a microscope, with the adjust ing 
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reference electrode groove; 10 ~ reference electrode connection, 
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illuminating fiber light guide; 14 ~ observation window; 15 
part of stainless steel frame; 16 ---- Viton O-rlngs. 

Refe r 
com'p~ 

Cell 
body 

Fig. 4. Extension of the sidehole electrode concept, horizontal 
slot reference. 

screw. Two electr ical  contacts are provided, one for 
the current  source, the other  for potent ia l  measure-  
ment.  This a r rangement  serves two functions. First, it 
el iminates the contact resistance which was measured 
to be about 0.02 ohm, and the resistance of the current  
lead; these resistances could cause significant iR drop 
errors. Second, together  wi th  the differential  input  
potentiostat  (1), it reduces to a m in imum the amount  
of common mode error  signal introduced by the in-  
ductances of the current  leads and by ground loop 
errors. 

Fig. 6. Photograph of the cell with the potentiostat showing on 
the left. 

The center  hole in the top part  is three t imes as long 
as the d iameter  of the working electrode. It is sur- 
rounded by two concentric grooves. The first one, which 
contains the reference electrode, is separated by a 1.5 
mm wide gap from the center  hole. The outside groove 
contains a Viton O-ring.  The gap thickness be tween 
the two pieces is control led by a stainless steel spacer 
avai lable in thicknesses f rom 2.5 X 10 - s  to 2.5 X 10 -2 
cm. The gap can also be continuously adjusted slightly 
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by loosening the nuts  on the stainless steel frame hold- 
ing the two parts together. The exact a l ignment  of 
the upper  and lower parts of the cell is assured by 
locating pins and by dri l l ing the center  hole at the 
same t ime in both parts. The auxi l iary  electrode is a 
p la t inum spiral located near  the bottom of the auxi l iary 
electrode chamber. The reference electrode in the 
present work was a metal  wire r ing  in the inner  groove. 
It  must  be noted here that  the reference electrode does 
not have to form a full  ring. As a mat ter  of fact, not 
only metal  wire reference electrodes but  any type of 
reference electrode which can be prepared in micro 
form can be used (e.g., mercury-coated gold wire for 
Hg/Hg20, Hg/Hg2C12, or Hg/Hg2SO4 electrodes; silver, 
or si lver-coated plat inum, for Ag/AgC1 electrode; 
charged palladium, etc.). 

The cell can be filled by evacuating it through the 
reference electrode connection and then sucking solu- 
t ion into the cell. Alternat ively,  filling with pressure 
while vent ing through the reference electrode connec- 
tion can be used. In  either case the solution is forced 
into the gap. Once the gap is filled, the in terna l  tension 
will  keep the solution in place, in spite of the hydro-  
phobic na ture  of the surfaces. 

Test results.--A set of tests were carried out to check 
whether  the cell achieved the design criteria. The val-  
ues of Re, t~s, and Rr were measured and compared to 
calculated values. A p la t inum working electrode was 
polished with the cell bottom to provide a perfectly 
flush surface. The reference electrode was a zinc wire, 
and the electrolyte was potassium hydroxide solution. 
The conductivi ty of the electrolyte was separately de- 
termined. Galvanostatic pulses were applied, and from 
the resul t ing potential  t rans ient  the value of Re was 
determined. The values of Rs and Rr were measured 
with an a-c bridge. Measurements were carried out at 
a series of solution concentration, gap thickness, and 
current  densities. 

The results of Re measurements  are given in Table I. 
Two examples of the oscillograms are shown in Fig. 7. 
The value of Rs was measured in 1M KOH giving 70 
ohms, the value calculated for the cylindrical  channel  
alone is 60 ohms. The value of Rr was measured also 
in  1M KOH: 850, 75, and 40 ohms were found for 2.5, 
12.5, and 25 >< 10-a cm gaps, respectively. The cal- 
culated figures were: 215, 43, and 22 ohms. 

Discussion 
The data presented above indicate that  the design 

criteria have been met. The Re value can be reduced 
to that equivalent  to less than 0.0025 cm column of 
solution. This is much smaller  than can be convenient ly  
reached by normal  Luggin (about 0.04 cm ) (14), and 
about the same as claimed for the thin wire electrode 
(10). As can be seen in Table I, Re is directly propor-  
t ional to the solution conductivity,  increases with gap 
thickness, and is independent  of current  density. 

Table I. Results of Re measurements 

No, 

de, solu- 
d. C u r r e n t  t i on  height 

KOH spacer  dens i t y  Re e q u i v a l e n t  
conc. t h i c k n e s s  ( rnA/  (ohm to  Re (de -- ~/~d) 
(M) (cm x i0 a) cra~) cm ~) (cm • I0 ~) (cm X 103) 

1 0.3 12.5 48 0.10 7.6 1.3 
2 0.3 12.5 94 0.12 9.1 2.8 
3 0.3 12.5 215 0. II 8.4 2.1 
4 1 12.5 48 0.041 8.0 1.7 
5 1 12.5 94 0.043 8.4 2.1 
6 1 12.5 228 0.046 9.0 2.7 
7 3 12.5 48 0.021 9.0 2.7 
8 3 12.5 94 0.021 9.0 2.7 
9 3 12.5 228 0.022 9.5 3.2 

I0 1 25.0 48 0.064 12.5 0.0 
i i  1 25.0 94 0.060 11.8 --0.7 
12 1 25.0 228 0,062 12.3 -- 0.2 
13 1 7.5 48 0.029 5.7 2.0 
14 1 7.5 94 0,032 6.3 2.6 
15 1 7.5 228 0.033 6.5 2.8 
16 1 2.5 94 0.011 2.1 0.8 
17 1 2.5 228 0.014 2.7 1.4 

Fig. 7. Examples of Re measurements. (a) Test No, 1, potentiM 
scale = 5 mV/cm; current scale = 2 mA/cm; horizontal = 5 
~sec/cm. (b) Test No. 16, potential scale = 10 mV/cm; current 
scale = 5 mA/cm; horizontal = 5 ~sec/cm. 

From Re values an  equivalent  solution column height 
was calculated, and compared to the half  spacer thick- 
ness in Table I. Half of the spacer thickness was used 
because the reference electrode picks up an average 
potential  over the gap, which should correspond to the 
midpoint  since the current  dis t r ibut ion is uniform. At 
the highest thickness the agreement  is good, at the 
lower values there is an approximately constant  error, 
2.2 X 10 -3 cm in average. This slight error is presumed 
to be caused by deformation of the plastic cell body 
under  pressure. The frame is exert ing a compressing 
stress on the cell at the edges which might  result  in 
a slight expansion of the middle portions, causing the 
gap to be larger than the spacer. In  the examples 
shown on Fig. 7 a large spike can be seen at the be-  
ginning of the potential  t rans ient  taken with the 0.0025 
cm gap. This is due to stray capacitive pickup between 
the auxil iary and reference electrodes. When the gap 
is widened to 0.0125 cm this peak completely disap- 
pears, because the lowered Rr shunts this capacitive 
spike to ground. 

The value of Rr is also small, in the few hundred  
ohms range. For a Luggin in the above-quoted (14) 
m i n i mum thickness, using the same solution, it wil l  
be about 4 kohms for every mil l imeter  length of the 
th inly  drawn portion, which could then easily add up 
to many tens of kilo ohms. The measured gap resistance 
is about four times that of the calculated for 0.0025 cm 
gap, and about double for the 0.0125 and 0.025 cm gaps. 
This discrepancy may be due par t ia l ly  to incomplete 
filling of the gap by the electrolyte, and par t ia l ly  to the 
use of less than a full  circle of reference wire (the 
reference wire was forming usual ly  less than a half  a 
circle). The stray capacitances are also reduced as 
compared to other types of references since heavy 
plastic blocks separate the electrodes. An impor tant  
beneficial effect is that  Co is not of a t ransmission l ine 
nature any  more but  can be represented as a regular  
(and very  small) stray capacitance. 
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With this cell geometry a compromise has to be 
reached regarding the requirements  of low total cell 
resistance, and small  electrode area. A 3 mm diameter  
seems reasonable, Cdl is then about 2 ~f, and since Re 
can be lowered to about 0.1 ohm, the ReCdl t ime con- 
stant  is below the microsecond range. At the same 
time the total cell resistance is reasonably low at 70 
ohms for a 1M solution of KOH. 

The current  distr ibution over the working electrode 
surface is uniform, in spite of the nonsymmetr icaI  
work ing-auxi l ia ry  arrangement ,  because of the long 
channel  in front of the working electrode. Note that 
although the gap will  cause some current  distortion at 
the edges of the electrode, this will  be very  small  be- 
cause of the small  thickness of the gap. 

Observation of the working electrode is possible 
with a low power, long working distance, stereomicro- 
scope through the quartz window. I l luminat ion  is 
provided through fiber l ight guide te rminat ing  close 
to the working electrode in the cell body. The slight 
t ransparency of the K E L - F  plastic allows the passage 
of sufficient light. 

Fur ther  testing of the cell under  potentiostatic con- 
ditions is to be reported separately (1). 

Some fur ther  improvements  on the cell might  be 
affected. The gap thickness could possibly be fur ther  
reduced using th inner  spacers. This, however, wil l  
raise Rr, which could be counteracted by using a less 
wide gap than the present  1.5 ram. The filling of the 
gap could be helped by sodium t reatments  of the gap 
surfaces to make them less hydrophobic, at the danger  
of possible introduct ion of impurities. Placing the 
reference groove in the lower part  of the cell with 
outlet at the bottom would reduce inductive pickup. 
The induct ive pickup is the funct ion of the area of 
the loop formed by the reference electrode, working 
electrode, and connecting leads. When both electrode 
connections are at the bottom of the cell the loop can 
be minimized by closely spaced parallel  leads. Placing 
a screen counterelectrode closer to the working elec= 
trode, wi thin  the channel, would cut down Rs at some 
sacrifice of current  distr ibution uniformity.  

Summary 
A cell has been designed and buil t  for potentiostatic 

t rans ient  s tudy of fast electrode reactions which in-  
corporates the following features. Low (and adjust-  
able) error resistance between the point  of potential  
control and the working electrode, a reference elec- 
trode having improved high-f requency characteristics, 
and uni form current  distr ibution over the working 
electrode surface. 
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Mass Transfer to a Rotating Sphere at 
High Schmidt Numbers 
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ABSTRACT 

The Lighthil l  t ransformation is used to calculate l imit ing rates of mass 
t ransfer  to a rotat ing sphere on the basis of shear-stress calculations found 
in the l i terature.  

Chin (1) has recent ly calculated rates of mass t rans-  
fer to a rotat ing sphere on the basis of calculated 
velocity profiles from the li terature.  Near the poles of 
the sphere, the si tuation is essentially identical to a 
rotat ing disk. Chin has calculated also the next  term in 
an expansion for small values of e, the angle from the 
pole. He takes the Schmidt number  to be large, a good 
approximation for electrolytic solutions. 

This is an excellent si tuation in which to use the 
Lighthil l  t ransformat ion (2-4) to calculate the mass- 
t ransfer  rate at angles ~ which need not be small. For 

* Electrochemical Society Active Member. 
Key words:  current distribution, limiting current. 

high Schmidt numbers,  the diffusion layer  is much 
th inner  than the hydrodynamic boundary  layer, and 
the shear stress or the velocity derivat ive at the wal l  

Ore 
1~ = - ,  [1] 

0r r ~ 9"o 

provides sufficient informat ion about the velocity pro- 
files to permit  the calculation of a first approximation 
to the mass- t ransfer  rate. For  axisymmetric  bodies, 
this result  takes the form (4) 

in - -  nFDic| ll (4//3) 9 , ~ i ~  ~ / ~  d x ]  113 [2] 
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where x is the distance along the electrode from its up-  
stream end, ~ ( x )  is the normal  distance of the surface 
from the axis of symmetry,  and si is the stoichiometric 
coefficient of the l imit ing reactant  in the electrode re-  
action 

~ $iMi zi --> h e -  [3] 
i 

This result  applies at high Schmidt  numbers  to the 
l imit ing current  densi ty i ,  when  the effect of ionic 
migrat ion on the l imit ing reactant  can be ignored. 
Thus, the concentrat ion of the l imit ing reactant  is zero 
at the electrode surface and equal to c~ in the bulk  
solution outside the diffusion layer. 

For a sphere 

= ro sin e and x -~ roe [4] 

If we define a dimensionless shear-stress dis t r ibut ion 
B (0) according to 

B(O) = pvlnlro~ 3/2 [5] 

then Eq, [2] can be wr i t ten  as 

2rosiin 
Nu(0) -- - -  

nFDic| 
2~/B sin 0 Re 1/2 Sc 1/3 

= [6] 

r -~ 9 f0  ~/B sin e sin e do 

where Nu(e) is the  local Nusselt number ,  Re : ro 2 12/v 
is the Reynolds number ,  and Sc m u/Di is the Schmidt 
number .  For an electrode extending from the pole to 
the angle e, we can define the average Nusselt n u m b e r  
Nuavg analogously in terms of the average current  
density. Appropriate  integrat ion of Eq. [6] yields 

31/3 Re,/2 Scl/3 [~o ]2/3 
Nuavg =- r ( 4 - ~  ~-  Z ~os  e) ~ / B s i n e s i n s d e  

[7] 

Banks (5) has solved the boundary- layer  equations 
for a rotat ing sphere and expresses the shear-stress dis- 
t r ibut ion in  an expansion for small  e 

B(0) : 0.51023 0 -- 0.22129 e 3 -t- 0.02071 e~ -- 0.00189 e v 

[8] 

Manohar (6) has solved the boundary- l aye r  equations 
numer ica l ly  and gives a graph of the shear-stress dis- 
tr ibution.  His results should be better  than  those of 
Banks when  the angle e is not small. 

On the basis of these results, we have expressed B 
as 

B (e) : 0.51023 ~ -- 0.1808819 e 3 -- 0.040408 sin 3 ~ [9] 

as shown in Fig. 1. For small  values of e, this reduces to 

B (~) : 0.51023 a -- 0.22129 ~3 W 0.020204 ~5 

- -  0.00438e 7 ~- O(09) [10] 

and approximates well  Bank's  expression 8 for the first 
three terms. Figure 1 can be compared with the graph 
given by Manohar (6). 

The local and average Nusselt numbers  are now 
obtained from Eq. [6] and [7] by carrying out the in te-  
gration with B(0) given by Eq. [9]. The results are 
shown in Fig. 2 along with Chin's result  for the local 
Nusselt number .  Chin obtained correctly the first two 
terms for the local Nusselt number  in an expansion for 
small values of 0. However, he predicts too high a 
mass- t ransfer  rate near  the equator of the sphere. Thus, 
his value of 0.474 for Nuavg/2Rel/2Sc 1/3 for a sphere or 
a hemisphere should be replaced by the value of 
0.4508. 

The boundary - l aye r  results do not predict  that  the 
shear stress goes to zero at the equator, as it must. 
Thus, there must  be a small  region near  the equator 

0.3 

0.2 

v rn 

0.1 

' I ' I ' 

30 60 90 
8 (degree) 

Fig. 1. Dimensionless velocity derivative on the surface of a ro- 
tating sphere. 

1 . 3 ~  I 

~ 0 . 5  

0 
0 30 60 90 

e (degree) 

Fig. 2. Local and average Nusselt numbers for a rotating sphere 
at high Schmidt numbers, calculated from the shear stress results 
of Manuhar. The local Nusselt numbers obtained from Chin's 
analysis are shown for comparison. 

where B goes from the value  predicted by boundary-  
layer theory to zero at the equator itself. This will  
lower the mass- t ransfer  rates predicted for this region. 

These results can be extended to metal  deposition 
on a rotat ing sphere at the l imit ing current  from a solu- 
t ion of a single electrolyte by redefining the local Nus- 
selt n u m b e r  as 

( 1  - -  t+)  2roin 
Nu(e)  _ [11] 

z + FDc~ 

and replacing the Schmidt number  by Sc = v/D, where  
D is the diffusion coefficient of the electrolyte and z+ 
and t+ are the charge number  and transference number  
of the reacting cation. 
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SYMBOLS 
B dimensionless velocity derivative at the sur-  

face 
c~ bulk  concentrat ion of the l imit ing reactant,  

mole/cm~ 
D diffusion coeff• of single electrolyte, cm2/ 

s e e  
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0 

D i  

e -  
F 
i ,  
Mi 
n 

Nu(0) 
NUavg  
r 
ro  
Re 

Si 

Sc 
t+ 
V0 
X 

diffusion coefficient of l imit ing reactant, cm2/ 
s e a  
symbol for the electron 
Faraday 's  constant, 96,487 coulombs/equiv 
l imit ing current  density, A /cm 2 
symbol for the chemical formula of species i 
number  of electrons t ransferred in the elec- 
trode reaction 
local Nusselt number  
average Nusselt number  
radial distance, cm 
radius of sphere, cm 
Reynolds n u m b e r  
normal  distance of surface from axis of sym- 
metry, cm 
stoichiometric coefficient of species i in the 
electrode reaction 
Schmidt number  
cation transference number  
velocity in the e-direction, cm/sec 
distance along electrode from its upstream 
end, cm 

zi charge number  of species i 
;~ velocity derivative at the surface, sec -1 
r (4/3) 0.89298, the gamma function of 4/3 
8 angle from the pole of the sphere 
v kinematic viscosity of the fluid, cm2/sec 

rotation speed of sphere, radian/sec  

Manuscript  received June  24, 1971. 

Any discussion of this paper wil l  appear in  a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 
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Interstitial Silver Ions and Standard Potentials 
Arnold Hoffman* 

Research Laboratories oS Polaroid Corporation, Cambridge, Massachusetts 02139 

It  has been suggested by Awad et al. (1) that  the po- 
tential  of a silver electrode is l ikely to vary  with the 
activity of interst i t ial  silver ions, Ag +~, in an adhering 
silver halide crystal in a manne r  analogous to the 
activity of silver ions, Ag +, in solution. 

Subsequently,  we had shown (2) that  if it is assumed 
that the chemical potentials of silver lattice positions 
in silver halides can be equated and considered as a 
reference state, a relationship is obtained between the 
standard Gibbs-Stockholm potentials, E o, of a si lver- 
silver halide electrode and the Ag+~ composition in the 
silver halide crystal, i.e. 

where 

RT/NF = 
B 

E ~ = R T / n F  In 1/X~ + B + C [1] 

0.059V at room tempera ture  
RT/2nF in ~ (3 = number  of available in-  
terst i t ial  sites per silver ion lattice site). 
The range of values of Xi is relat ively 
large compared to the small  differences in 
the value of B. Therefore, B can be treated 
as a constant. 

C --- Constant, assuming the energy of a silver 
ion lattice position can be taken as the ref-  
erence state for all  silver halides. 

X~ -- NJNI 
Ni ---- Concentration of Ag+i, (number/cm a) 
N~ -- Concentration of silver ions at lattice posi- 

tions; for all the silver halides Nl >> Ni 
and the value of N, are approximately 
equal to each other, therefore Xi can be 
expressed as Ni. 

or 

E ~ = RT/nF In I/Ni + D [2] 
where 

D = B + C + RT/nF In NI = Constant 

* Electrochemical Society Active Member. 
Key words: silver halides, interstitial silver ions, Frenkel defects, 

standard potentials. 

Equat ion [2] predicts that  a plot of the s tandard po- 
tentials, E o vs. the log of the concentrat ion of in ter-  
stitials, Ni, should give a straight l ine with a slope 
equal to --59 mV (at room tempera ture) .  

The s tandard potentials for the various silver halides 
are listed relat ive to NHE (3) in Table I. There exists 
two modifications of AgI at room temperature,  a hexa-  
gonal E-phase and a cubic 7-phase (4). Ruby and 
Tremmel  (5) using cathodic cyclic vo l tammetry  with 
carbon paste silver halide electrodes obtain two current  
peaks for their  AgI results. We have assumed that  
these two peaks reflect the reduction potent ial  of the 
two modifications of AgI. These values differ from the 
value usual ly  tabula ted for an unspecified form of AgI 
[--0.152V (3) ]. 

Also listed in Table I are the  concentrat ion of in te r -  
stitial silver ions obtained by several workers. 

The data were obtained in the following ways: 
(A) The slope of plot of ionic conductivi ty vs. the 

log 1/T which reflects, in part, the f ree-energy differ- 
ence of a silver ion in a lattice and interst i t ial  position 
(6). 

(B) Applying a model of a diffuse space charge near  
the crystal surface to measurements  of: (i) surface 
charge or zeta-potent ial  of silver halide as a function 
of pAg using Grimley 's  theory (4), and (ii) depen-  
dence of la ten t - image  dis t r ibut ion on an electric field 
as applied by Trautwei ler  (7). 

A plot of E vs. log Ni is shown in  Fig. 1. The 
straight line d rawn through the points has a slope 

Table I .  

E (vs. NHE) 
AgX volts N~ R e f e r e n c e  

AgC1 + 0.222 6 • 101o-6 • 1011 (6) 
A g B r  +0.071 5 • 1014-8 x 1014 (6-9) 
~-AgI  --0.099 • 5 2.5 • 10~-2.5 • 10 TM (4) 
�9 y - A g I  --0.189"4- 5 2 X 101~-3 X 10 TM (4) 
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equal to about --55 mV, in good agreement  with Eq. 
[2]. 

Thus, the model proposed by Honig et al., that  the 
silver halide lattice can be treated as a solvent, and 
the vacancies and interst i t ial  ions as solute anions and 
cations, respectively, is justified. 

The apparent  val idi ty  of Eq. [2] suggests that  any 
materials incorporated into a silver halide lattice that  
can change the concentrat ion of interst i t ials  should 
manifest  a potential  different from that  of an undoped 
silver halide 

Teltow (10) has shown that  the incorporation of 
small amounts  of Cd + + [<0.01 mole per cent (m/o)  
CdBr2] into AgBr decreased the ionic conductivity. An  
extrapolat ion of his data to room tempera ture  indicates 
a reduction of Ag+i by a factor of three to five at a 
concentration of 0.01 m/o  CdBr2. Since the ionic con- 
duct ivi ty of silver halides (in this range of impur i ty  

concentrat ion) is proport ional  to the concentrat ion of 
interst i t ial  silver ions, it may be concluded that  in this 
range of concentrat ion of Cd + +, the concentrat ion of 
Ag+i has been reduced by a factor of three to five. 

It has been reported (11) that  the cathodic char- 
acteristic potential  of silver halides, formed in  the 
presence of Cd + + (rinsed and reduced in KNO3) were 
always more anodic (~30 mV for AgBr) compared to 
that  obtained in the formation of the silver halide in 
the absence of Cd + +. (The actual amount  of Cd + + in-  
corporated into the silver halides was not measured.) 
This is equivalent  to stating that  the E o is more posi- 
t ive (--30 mV for AgBr) for the silver halide formed 
in the presence of Cd. The line in Fig. 1 predicts that  a 
change of +30 mV for the Eo of a silver halide (e.g. 
AgBr) should be accompanied by a reduct ion of the 
concentrat ion of Ag+i by a factor of 3.2. Thus, it would 
be expected that  the level of Cd + + incorporated into 
the silver halide electrochemically is of the order of 
~0.01 m/o  CdBr2. Quant i ta t ive  data would be neces- 
sary to verify this. 
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Interactions in Mixed Potential Systems 
Francis M.  Donahue* 

Department of Chemical Engineering, The University oi Michigan, Ann Arbor, Michigan 48104 

Interactions between the anodic and cathodic par -  
tial processes in mixed potential  systems, e.g. corro- 
sion or electroless plating, can be ascertained from 
extensive studies of the electrodekinetics of the re-  
spective par t ia l  processes [e.g. see Ref. (1)].  During 
electroless plat ing studies, the author and co-workers 
(2, 3) found that  the interactions could be deduced 
without  extensive electrodekinetic studies. Because 
of the general  interest  in mixed potential  systems and 
a need for a relat ively rapid method of deducing the 
magni tude  of interactions among the reactants (if 
present) ,  the per t inent  relationships for this analysis 
are derived in this paper. 

Consider the following generalized mixed potential  
system 

* E l e c t r o c h e m i c a l  Society  Act ive  M e m b e r .  
K e y  words:  corrosion, e l e c t r o c h e m i c a l  r e a c t i o n  o rde r s ,  e l ec t ro -  

d e k i n e t i c s ,  e l ec t ro l e s s  p l a t i n g ,  rate equations.  

Reda -+- Oxc ~ Oxa ~ Redc [1] 

To continue the generality, it wil l  be assumed that  both 
reactants of the mixed potent ial  system interact  in 
both of the part ial  processes. Thus, the respective rate 
laws may be wr i t ten  as 

--ra = ka [Red]a ~ [Ox]c 8~ [2] 
and 

--re = kc [Ox]c 6 [Red]a ~1 [3] 

The mixed current  density for such a system is 

i,~ = Fna k% [Red]a �9 [Ox]c~l exp [ @ o :  ~b~ 1 [4a] 
L .l  

im = Fnc koc [Ox]c~ [Red]avl exp [ @~ -- @~ ] [4b] 
~c 
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Equat ing  [4a] and [4b], tak ing  logar i thms and r e a r -  
ranging  

babe { ~#~ ~#, + l o g [  (nk~  
~o-- ba+ bc -~c + ba 

(8 - -  81) log [Ox]r - -  (7 --  ~l) log [Red]a t [5] + 
J 

Par t i a l  different iat ions of Eq. [5] y ie ld  

[ 0~o ] = ( 8 _ 8 , )  babe 
0 log [Ox]c [Red]a,T ba + be [6] 

and  

= -  ( v - ' n ) - -  [7] 
0 log [Red]a tOx]c,T ba + bc 

F u r t h e r  useful  re la t ionships  may  be obta ined  by  tak ing  
the logar i thms of Eq. [4a] and [4b], solving for 4o, 
equat ing the resul ts  and  rea r rang ing  to obtain 

1 
log im= ~ {r176 -- r + bc log [F(nk~  

ba + bc 

+ balog [F(nk~ + (bob + bo81) log [Ox]c 

+ (bay + bevl) log [Red]a} [8] 

Partial differentiations of Eq. [8] yield 

[ Ologi~ ] = bd5 + ba~, 

0 log [Ox]c [aed]a,T ba + bc [9] 
and  

[ 01ogim ] ---, baT+bc71 
Olog [Red]a [ox]e,~ ba+ bc [i0] 

Finally, dividing Eq. [6] by [9] and Eq. [7] by [10] 
give the following 

[ 0~o ] = babe(8--81) [11] 

0 log i~n [Red]a,T buS1 + bcS1 
and 

[ 0 4 0 ]  _ _ _ babc(,--"/1) [12] 

0 log im [Ox]c.T bat  + beT1 

Equat ions  [6], [7], and  [9]-[12] r epresen t  diagnost ic  
cr i ter ia  which can be used to evalua te  the  proper t ies  
of mixed  potent ia l  systems. In  par t icu la r ,  these r e l a -  
t ionships pe rmi t  the  de te rmina t ion  of the  symbiotic  
effects of the  pa r t i a l  processes. 

Mathemat ica l ly ,  the  six equations noted above r ep -  
present  only  four independent  relat ionships.  However ,  
they  do represent  six " independent"  combinat ions  of 
exper imenta l  da ta  points. Since the re  are  six "un-  
knowns" in the equations,  viz. ba, bo % 71, 8, and 81, i t  
is more  correct  ma themat i ca l ly  to eva lua te  two of the  
pa rame te r s  independen t ly  of the  m i x e d  poten t ia l  m e a -  
surements.  Whi le  the author  does not  wish to impose 
his bias on the reader ,  it  is u sua l ly  s impler  to measure  
the  Tafel  slopes independent ly .  

In order  to demons t ra te  the  u t i l i ty  of the  technique 
two examples  wi l l  be given. Ke l ly  (1) s tudied the  dis-  
solution of i ron in acidic solutions. F r o m  a separa te  
s tudy  of the  anodic pa r t i a l  process, he had  ascer ta ined 
that  the ra te  law for i ron dissolution was 

- - T F e  ~-~ k F e [ I - I + ]  - 1  [ 1 3 ]  

From Eq. [3], one deduces tha t  81 ---- --1. His Eq. [22] 
is s imi lar  to Eq. [6] of this  paper ;  l ikewise,  Fig. 6 of 
his paper  represents  the  da ta  requ i red  for Eq. [6] of 
this paper.  Solving Eq. [6] using the da ta  in his figure 
and his observed Tafel  slopes, one deduces that  8 ----- 1, 
which  is consistent  wi th  a l l  known da ta  for hydrogen  
evolut ion on iron. 1 

Kel ly  c lea r ly  s aw the  po ten t i a l i t y  of c o m b i n i n g  ce r t a in  r a t e  d a t a  
w i th  m e a s u r e m e n t s  a t  the  m i x e d  po ten t ia l  to deduce  " u n m e a -  
su red"  r eac t ion  orders .  H o w e v e r ,  his  de r ived  re la t ionships ,  be ing  
specific to his system, lacked the appearance of generality. 

73 

Exper iments  in the  author ' s  l abo ra to ry  (2-4) on 
electroless n ickel  p la t ing led to the  fol lowing con- 
clusions: (i) n ickel  ions have no effect on the  anodic 
pa r t i a l  process, and (ii) hypophosphi te  ions in terac t  
wi th  the cathodic pa r t i a l  process wi th  a ca lcula ted  re -  
action order  of 0.7. These conclusions were  based upon 
de te rmina t ions  of the  six diagnostic c r i te r ia  der ived 
above, the  Tafel  slope for  n icke l  ion r e p o r t e d  by  
Yeager  and co -worke r s  (5) and the assumpt ion  tha t  
ba ~ bc [based on the "polar iza t ion curves" of Donahue 
and Yu (4) ]. 

The foregoing analysis  is genera l  for a l l  mixed  po-  
ten t ia l  systems. I t  is p red ica ted  upon (i) the commonly 
accepted pr inciple  tha t  the  ra tes  of a l l  e lec t rochemical  
react ions at the  mixed  potent ia l  sat isfy the r equ i re -  
ment  of charge  conservat ion first enuncia ted  by  Wag-  
ner  and Traud (6), and (ii) the  commonly  accepted 
pr inc ip le  tha t  ra te  laws can be  wr i t t en  for pos tu la ted  
chemical  react ions  in a genera l  form using empir ica l  
react ion orders. A final assumption,  which  cannot  be 
avoided in this analysis,  is tha t  the  Tafel  slopes for the 
respect ive  pa r t i a l  processes in the  mixed  potent ia l  sys- 
tem are  not  different  f rom those observed in separa te  
e lec t rodekinet ic  studies. This assumpt ion can be  ver i -  
fied, however ,  b y  polar iz ing the mixed  potent ia l  system 
and observing the respect ive  Tafel  slopes. More com- 
p lex  mixed  potent ia l  systems, e.g. those involving more  
than  two par t i a l  processes, reduce to equations s imi-  
la r  in form to the  equat ions de r ived  here  (7). 

Manuscr ip t  received Apr i l  12, 1971. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ ished in the  December  1972 
JOURNAL.  

LIST OF SYMBOLS 
ba anodic Tafel  slope ("base 10"), V 
bc cathodic Tafel  slope ("base 10"), V 
F F a r a d a y  constant,  96,500 coulombs/g  equiv. 
[I-I + ] concentra t ion of hydrogen  ions, M 
/m mixed current density, A/cm 2 
ka specific ra te  constant  for  the  anodic par t ia l  

process, uni ts  dependent  upon react ion orders  
and concentra t ion units  

k~ specific ra te  constant  for anodic pa r t i a l  process 
at the s tandard  e lec t rode  potent ial ,  (see ka for 
uni ts)  

kc specific ra te  constant  for the  cathodic pa r t i a l  
process, (see ka for units)  

k% specific ra te  constant  for the  cathodic par t ia l  
process at  the  s tandard  e lect rode potential ,  
(see ka for uni ts)  

k F e  specific ra te  constant  for i ron dissolution, g 
mole i ron --  g mole  H + / cm 2 1 --  sec 

n~ number  of g ram equivalents  p roduced /g  mole  
of anodic ma te r i a l  reac ted  

ne number  of g ram equivalents  p roduced /g  mole 
of cathodic ma te r i a l  reac ted  

Oxa product  of the anodic pa r t i a l  process 
Oxc reac tan t  of the  cathodic pa r t i a l  process 
[Ox]e concentra t ion of Oxe, M 
Redo reac tan t  of the  anodic pa r t i a l  process 
Redo product  of the  cathodic pa r t i a l  process 
[Red]a concentra t ion of Redo, M 
- - ra  ra te  of the anodic pa r t i a l  process, g mo le / cm 2 

sec 
--re ra te  of the cathodic pa r t i a l  process, g mo le /  

cm 2 see 
--rFe ra te  of the i ron reaction, g moles i ron / cm 2 sec 
fla anodic Tafel  slope ("base e") ,  V 
fie cathodic Tafel  slope ("base e") ,  V 

react ion order  wi th  respec t  to the  anodic re -  
ac tant  in the  anodic pa r t i a l  process, d imen-  
sionless 

"~1 react ion order  wi th  respect  to the anodic re-  
actant  in the  cathodic pa r t i a l  process, d imen-  
sionless 

8 react ion order  wi th  respect  to the  cathodic re -  
ac tant  in the  cathodic pa r t i a l  process, d imen-  
sionless 

81 react ion order  wi th  respect  to the  cathodic re -  
ac tant  in the  anodic pa r t i a l  process, d imen-  
sionless 
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~o  s tandard electrode potential  of the anodic par-  
tial process, V 

r s tandard electrode potential  of the cathodic 
partial  process, V 

r mixed potential, V 
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The Carbon Cloth Electrode 
R. Hand, A. K. Carpenter, C. J. O'Brien, and R. F. Nelson *'I 

Department of Chemistry, Sacramento State College, Sacramento, California 95819 

For some time, we have been using carbon cloth 
electrodes for coulometry and preparat ive scale elec- 
trolytic work. This is a woven graphite mater ial  that 
comes in large rolls f rom the Carbon Products Divi-  
sion of Union Carbide Corporation. 

The carbon cloth appears general ly  to have the 
electrochemical properties of other carbon electrodes 
as far as working ranges in various solvents go. We 
have used it p r imar i ly  for anodic work in aqueous 
and nonaqueous media; however, it functions well 
for cathodic work in the few systems that  we have 
investigated. The electrochemical area is about 3 
cm2/cm 2 geometrical area and the mater ia l  stands 
up well  under  relat ively high current  densities. We 
have passed currents  of 100 mA/cm~ during con- 
t rol led-potent ial  preparat ive-scale electrolytic work 
with no apparent  damage to the electrode. F i lming 
does not  appear to be any  more of a problem with 
carbon cloth than  with other electrodes; in fact, we 
have had somewhat bet ter  luck with it than  with 
p la t inum with regard to filming by  electrolysis prod- 
ucts. A str iking example of this is in the anodic 
oxidations of indole and t ryptophan in aqueous buffer 
solution. At a p la t inum gauze electrode filming ensues 
from the start  of the electrolysis and the currents  
obtained are very low, thus forcing a prolonged 
electrolysis. Upon subst i tut ing a carbon cloth elec- 
trode, however, much higher electrolysis currents  
were realized and the time of electrolysis was 
shortened dramatically.  

The cloth is re la t ively inexpensive, so one can 
simply cut out a piece according to how much is 
needed and discard it after the electrolysis; a l te rnate-  
ly, the electrodes can be reused a number  of times. 

The major  drawbacks to the cloth are that  it is 
not readi ly suited for rout ine electrochemical work 
in chronoamperometry,  cyclic vol tammetry,  etc., and 
it has poor mechanical  strength. Because of its con- 
figuration, convection begins in acetonitrile after 
2-3 sec and rapidly  becomes a serious problem. In  
addition, the electrochemical area is relat ively large 
for a small  piece of cloth and this may lead to 
solution IR drop and amplifier l imita t ion problems. 
In  addition, at high cell currents  of 5-20A, the resist-  

. Electrochemical  Society Active Member.  
1 Present  address: Depa r tmen t  of Chemistry,  Univers i ty  of Idaho, 

Moscow, Idaho 83843. 
Key  words:  eleetrosynthesis,  coulometry,  graphi te .  

ance of the cloth, normal ly  just  a few ohms/cm 2, leads 
to markedly  uneven  current  dis t r ibut ion and poor 
potential  control. However, at "ordinary" current  
levels, this is no problem at all. 

Because it is a woven material ,  one needs a fairly 
large piece so that it will hold together. Contact can 
normal ly  be made through an alligator clip, but  it 
has to be firmly affixed. Because of the poor mechan-  
ical s trength and the woven na ture  of the cloth, 
shredding occurs readily; this would obviously lead 
to problems in quant i ta t ive  electrochemical work, 
since the area is changeable. 

For precision coulometric studies the cloth electrode 
is more than  satisfactory; background currents  are 
negligible and the high surface area facilitates electrol- 
ysis. We had occasion to carry out low-concentra t ion 
coulometric n -va lue  studies on oxidations of a large 
series of subst i tuted carbazoles using first p la t inum 
and then  carbon cloth working electrodes. The n -va lue  
determinat ions were pre t ty  much the same in both 
cases, but  the pre-electrolysis background currents  
were considerably lower at the carbon cloth. The 
major  use to which we have put the carbon cloth is 
for preparat ive-scale electrolyses. It  is ideal for this 
type of work since one can readily vary  the electrode 
configuration and surface area from one r un  to the 
next. Studies in both st irred solutions and flow systems 
have been very satisfactory. 

Since the mater ia l  is inexpensive (about $35 per 
pound- - and  a pound makes a lot of electrodes!) and 
readily adaptable to a number  of electrochemical 
applications, the carbon cloth electrode may  be of 
considerable use to practical electrochemists. 

Acknowledgment 
It should be noted that  to our knowledge the first 

use of carbon cloth for electrochemical work was in 
the laboratory of Dr. R. N. Adams at the Univers i ty  
of Kansas. F inancia l  support  of this work through 
NSF grant No. GP-20606 is grateful ly acknowledged. 
Special thanks are also due to Drs. R. N. Adams and 
D. E. Smith for their  support  and encouragement.  

Manuscript  submit ted May 21, 1971; revised m a n u -  
script received ca. Sept. 24, 1971. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 



Torsion Effusion Determination of Sodium Partial Pressure 
Over Na O 

V. Piacente, A. Desideri, and G. Bardi 

Laboratorio di Chimica Fisica ed Elettrochimica, Universit~ di Roma, Rome, Italy 

The evaporation process of Na20 has been invest i -  
gated by  several authors (1-5) who have shown that  
this oxide evaporates according to the scheme 

Na20(1) ~ 2Na(g) d- �89  [1] 

Mass-spectrometric investigation have shown more-  
over that  in the vapor phase NaO and Na~O molecules 
are in the ratio P N a / P N a O  ~ P N a / P N a 2 0  ~--- 104.  N O  good 
agreement  was noted between the Na part ial  vapor 
pressures from Brewer and Margrave (3) and Hilden-  
brand and Murad (4) and the ones measured by Kroger 
and S t r a tmann  (5). 

In order to utilize this oxide for a direct mass-spec- 
trometric determinat ion of sodium activity in an alloy 
uti l izing a twin  cell (6, 7), we were induced to carry 
out pressure measurement  of the vapor over NaeO (1) 
uti l izing a torsion-effusion apparatus. 

The torsion effusion method was originated by Vol- 
mer  (8) and the principle of the method has been de- 
scribed elsewhere (9, 10). 

Vapor pressures were calculated from the torsion 
effusion data by  means of the equation 

P : 2k~/(aldl f l  ~- a2d2f2) [2] 

where  P is the pressure, a the deflection, k the torsion 
constant  of the suspension, al, a2, dl, and d2 the orifice 
areas and distances from the axis of rotat ion and f~ and 
].z the Freeman  and Searcy (11) correction factors for 
orifice geometry. 

In this experiment,  cells of MgO, placed in a graphite 
container, were employed. The temperature  was mea-  
sured with a Pt, P t -Rh  10% thermocouple inserted in 
a second container,  similar to the one already men-  
tioned and placed beneath it. The details of the effusion 
cell are given in Table I. Total vapor pressures from 
1.2 • 10 -5 to 2.0 • 10 -4 atm obtained in the tempera-  
ture  range 1144~176 are reported in Table II. 

All  calculated thermodynamic  functions were based 
on the assumption that no significant number  of gase- 
ous oxide molecules were present  in the vapor phase. 
The Kp values of reaction [1] have been calculated 
from Kp : 0.286 P t o t  5/2. Calculations of A H ~  for re-  
action [1], reported in Table II, are made from the 
equation 

AH~ = - - R  In K p  - -  A [  ( G ~  __ Ho29s)/T] [3] 

The free energy function values, (G~ -- H~ 
used for these calculations were taken from the JANAF 
tables (1967) (12) and are reported in Table II. An 
average third law value of AH~ = 149.2 __ 0.4 kcal /  
mole was obtained by this method (Table II) .  

Key words: vapor pressure, sodium vapor, sodium oxide. 

Table I. Physical constants of the torsion effusion apparatus 

Physical  constant Cell  1 Cel l  2 

T o r s i o n  c o n s t a n t  k ( d y n e  cm/rad)  of  W 1.355 1.355 
w i r e  ( l e n g t h  34.2 - -  0.1 c m ,  d i a m e -  
t e r  30 ~m)  

~( 1) 7.90 • 0.05 14.70 - -  0.05 
Orifice area of M g O  cel ls  (10-8 cm2) ( ( 2 )  9.15 • 0.05 12.30 • 0.05 

~( 1) 0.80 0.85 
F o r c e  correction factor  (11) ( ,  (2) 0.81 0.85 

M o m e n t  a r m  (cm)  ~ (1) 1,27 _ 0.01 1.27 ~ 0.01 

~, (2) 1.29 • O.Ol 1.29 - -  0.01 

Table II. Third law AH~ values for the reaction: 
Na20(I) "-> 2Na(g) ~ ~ 02(g) 

T 105 P t o t  - - R  In Kv --A[(G~176 AH~ 
( K e l v i n )  ( a t m )  (eu) (eu)  ( k c a l / m o l e )  

Cel l  1 
1157 1.41 58.0 72.72 151.24 
1163 1.86 56.6 71.80 149.34 
1195 3.39 53.6 71.84 149.64 
1205 4.27 52.5 71.46 149.61 
1215 5.25 51.4 71.38 149.18 
1219 5.76 51.0 71.34 149.13 
1226 7.06 50.0 71.28 148.69 
1240 9.32 48.6 71,12 149.17 
1256 11.34 47.6 71.05 149.02 
1269 13.64 46.7 70.95 149.30 
1272 13.92 46.6 70.92 149.49 
1285 16.90 45.6 70.82 149.60 
1286 17.56 45.4 70.82 149.46 
1304 20.32 44.7 70,69 150.46 

Cell  2 
1144 1.21 58.7 71.96 149.46 
1174 2.42 55.3 71.70 149.10 
1184 3.24 53.8 71.62 148.50 
1189 3.24 53.8 71.58 149.08 
1206 4.84 51.8 71.46 148.65 
1225 6.88 50.1 71.29 148.70 
1234 7.25 49.8 71.23 149.35 
1236 8.88 48.8 71.21 148.33 
1246 9.33 48.6 71.12 149.17 
1252 10.50 48.0 71.07 149.08 
1259 11.81 47.4 71.03 149.10 
1266 13.50 46.8 70.95 149.07 
1271 14.13 46.5 70.93 148.11 
1276 15.94 45.9 70.89 149.02 
1280 17.00 45.6 70.86 149.07 

Average  149.2~0,4  

A second law t rea tment  of K~ for reaction [1] yields 
a AH~ value at 1224~ of 136.4 +_ 3.5 kcal /mole which 
corresponds to A H ~  = 145.2 _+ 3.5 kcal /mole calcu- 
lated uti l izing the (H~ -- H~ values reported in 
the JANAF tables (12). 

A weighted average of the second law and third 
law values gives hH~ = 149 ___ 2 kcal/mole,  in agree- 
ment  with the third law value of AH~ = 151.1 __+ 1.5 
kcal /mole obtained uti l izing Hi ldenbrand and Murad's  
data (4). 

The part ial  vapor pressure of sodium obtained from 
our total vapor pressures is somewhat  less than  the 
l i terature  data (Fig. 1 open circles and squares),  but  
does not show a very wide difference from Hilden-  
brand 's  value (black squares).  

Considering the uncertaint ies  associated with the 
applied measur ing methods and with the ins t rumenta l  
sensitivity, for instance, the uncertaint ies  in the Free-  
men factor or the effusion orifice area and with 
the relat ive cross section of Na(g)  [about a factor 2 
(13) ] in Hi ldenbrand ' s  data, we can conclude that  our 
values are in good agreement  with those proposed by 
this author. 

In  Fig. 1 a straight l ine which takes into account 
Hi ldenbrand 's  values and ours, is plotted. We propose 
this l ine as representat ive of the variat ion of the so- 
d ium part ial  vapor pressure with temperature  over l iq- 
uid Na20. The slope, 1.192 X 104, was found by least- 
squares from our data, and is in good agreement  with 
that  obtained from the pressure values of Hi ldenbrand 
(1.178 • 104). Differences were found in the absolute 
values of the part ial  pressures of Na (g). However, con- 
sidering the uncertaint ies  of the measurements  made 
by the two methods, the two sets should be considered 
as being in agreement, all the more so that  Hilden-  
brand  used a mass spectrometer which was not very 
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Fig. I .  Ha (g) partial pressure 
over No20(r between 1150 ~ 
oncl ]300~ The equcltion of 
the stroight line is log P(otm) 
- -  5.49 - -  1.]92 x 104/T. 

"2. 
E 

I 

I o ~ :  i Klemrn and Scharf (I) 
Kr6ger and Stratrnann (5) 
Hildenbrand and Murad ~4) 

Brewer and Margrave (3) 

our vatues-  celt 1 

& 

A e 

i L I I I I I 
8 9 10 11 

sensitive for absolute measurements .  Therefore Fig. 1 
shows an in termediate  l ine drawn with the same slope 
as the two exper imental  lines. The pressure values of 
the other observers are also shown for comparison; they 
were not considered in the selection of the line. 

LIST OF SYMBOLS 
Deflection angle, rad iant  

a Orifice area, cm 2 
d Distance of the effusion orifice 

from the axis of rotation, cm 
T Absolute temperature,  Kelv in  
P Part ial  pressure of gaseous spe- 

cies, a tm 
Kp Equi l ibr ium constant  of reaction 
AH~ Standard enthalpy of reaction at 

298~ kcal /mole 
[ (G ~ T ~ H ~ Free energy function variat ion for 

the specified reaction, eu 
(HT -- H~ Enthalpy variat ion between 

298~ and T~ kcal /mole  

SUMMARY OF z~H VALUES 
"Second law" Evaluat ion of AH~ value of the 

specified reaction uti l izing the 
van ' t  Hoff equation in the invest i -  
gated temperature  range. 

"Third law" Evaluat ion of AH~ value of the 
specified reaction uti l izing the 
Gibbs-Helmholtz  equation in the 
form 

AH~ -~ A G~ -- T[~(G~ -- HO29s) /T] 

together with [ (G~ -- H~ 

(11T)X10 4( K -I ) 
values from the JA N A F  Tables 
(I2).  

Manuscript  submit ted March 30, 1971; revised m a n u -  
script received Sept. 9, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 
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ABSTRACT 

Electrical conduction in yellow lead oxide has been studied between 500 ~ 
and 800~ and ionic and electronic contr ibut ions separated by means  of t rans-  
port and EMF techniques. The electronic conductivi ty depends on oxygen 
part ial  pressure and on doping. Its dependence on the oxygen pressure is 
markedly  different for samples doped with bismuth or with potassium. It 
increases with pressure in K-doped samples; approximately  as p1/n with n be- 
tween 4 and 6. In  Bi-doped samples a decrease is found wih n between --4 
and --6. Informat ion on ionic conduction stems main ly  from t ranspor t  number  
determinat ions with the EMF technique. I t  was found that  the ionic conduction, 
which is carried by oxygen, is independent  of the oxygen pressure and i n -  
creases  on the addition of bismuth. Self-diffusion measurements  of oxygen 
were carried out using the isotope exchange method. It was found that  the 
exchange at the surface is too slow with oxygen gas, but  a diffusion-controlled 
exchange rate could be obtained with a carbon dioxide gas. The results cor- 
respond well  with those given by Thompson and Strong; the self-diffusion 
coefficient at 787~ amounts  to about 10 -10 cm2/sec. Doping with bismuth 
increases this value, whereas an influence of potassium dope is not  so evident. 
No influence of the oxygen pressure could be found. Al though doping with 
bismuth causes similar changes in the ionic conduct ivi ty and in  the self-diffu- 
sion of oxygen, a quant i ta t ive  comparison suggests that  t ranspor t  of oxygen in  
neut ra l  form also makes a contr ibut ion to the diffusion. 

Notwithstanding intensive research, the only good 
oxygen- ion conductors known are those with fluorite- 
type lattices like stabilized zirconia. The oxygen mo-  
bi l i ty in those structures is enhanced by doping with 
oxygen-vacancy generat ing ions. 

It  was suggested many  years ago that  oxygen is 
relat ively mobile in orthorhombic lead oxide, the yel-  
low, h igh- tempera ture  modification. Self-diffusion 
studies by Lindner  and Terem (1) showed that  the 
lead mobi l i ty  is too low to explain the observed oxi- 
dation rate of metall ic lead and they concluded that  
fast oxygen diffusion must  be possible. This idea was 
confirmed by measurement  of the self-diffusion co- 
efficient of oxygen by Thompson and Strong (2). The 
value of 7-10 -10 cm2/sec extrapolated from their data 
for 1000~ is comparable with the value of 2.10 -9 
cm2/sec found for calcia stabilized zirconia at the 
same tempera ture  (3). 

Conductivi ty studies of orthorhombic lead oxide are 
scarce (4, 5). The only extensive investigations are 
those by Gri inewald (6) and co-workers and by Rits- 
chel and Schmidt, who summarized the results (7). 
However, al though it was known from the above men-  
tioned diffusion results and from direct observations 
(8) that  ionic conduction mus t  play a role, the conduc- 
t ivi ty  data were interpreted by these authors  ent i re ly  
on the basis of electronic conduction. Moreover, the 
measurements  were carried out at temperatures  where 
the yellow modification is not stable and probably  in 
an atmosphere where oxidation to a higher oxidation 
state takes place. Therefore, the value of the results 
and especially of the theoretical discussion seems 
doubtful.  

x Present  address:  N. V. Philips '  Gloei lampenfabr ieken,  I n fo rma-  
tion Systems and Automation,  Eindhoven,  Nether lands.  

K e y  words:  solid electrolyte,  semiconductor, isotope exchange,  
lattice defects. 

With the aim of gaining insight into the defects 
present  in the h igh- tempera ture  phase of lead oxide 
a study of the electrical properties and of the oxygen 
self-diffusion was under taken.  The influence of oxygen 
par t ia l  pressure and of doping was investigated, and 
the ionic and electronic contr ibut ions separated by 
means of various solid electrolytic techniques. Pre-  
l iminary  results of this invest igat ion were presented 
orally at a meet ing of The Chemical Society (9). 

Experimental 
Sample preparation.--The star t ing mater ia l  was v e r y  

pure  lead oxide, prepared at our laboratory by Kwes-  
troo and Huizing (10). The concentrat ion of most im-  
purities was at the ppm level or lower; no impuri t ies  
could be detected with spectrographic analysis (10). 
The mater ia l  was present  in the red te t ragonal  form, 
the thermodynamic  stable situation, which is also the 
only form in which h igh-pur i ty  lead monoxide can be 
kept at room tempera ture  (11). 

From this material ,  3 mm thick pellets were pressed 
(compression force 6000 kg, diam 8 ram) in a steel die 
which was "cleaned" by carrying out several  pre-  
l iminary  pressings. For  contacting, p la t inum gauzes 
were pressed together with the material .  The pellets 
were fur ther  densified by  hydrostatic pressing at 30 kB. 
Analyt ical  checks showed that  wi th  sufficient care con- 
taminat ion  could be largely avoided. 

Dopants were introduced in  two steps using a 1% 
mixture  obtained by sintering pressed pellets and sub-  
sequent powdering as an in termediate  step. Bi and 
K-dopants  were introduced as Bi203 and anhydrous 
K2COs of spectroscopic purity.  The final compositions 
were checked analytically.  

For the self-diffusion experiments  single crystal 
plates and spheres were also used. Crystals were ob- 
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tained by pull ing from a Pt -cruc ib le  or by slowly 
cooling a melt  in a Pt-boat .  They contained a variable  
amount  of p la t inum of up to $/2% depending on the 
oxygen part ial  pressure dur ing melting, and they were 
only stable at room temperature  if doped with Bi (12, 
13). Spherical particles were obtained by mel t ing the 
lower end of a s trongly v ibra t ing rod of sintered PbO 
and selecting the solidified drops which had sprinkled 
off according to size and perfection of shape. 

Conductivity measurements.--Most electrical con- 
duct ivi ty  measurements  were performed with low 
frequency a-c techniques. The sample was suspended 
between l ightly pressed Pt-disks contacting the bui l t -  
in Pt  gauzes in such a way that  no direct contact 
b e t w e e n  the sample and the quartz glass or a lumina  
sample holder existed. The la t ter  was placed in a 
quartz glass furnace tube connected to a vacuum sys- 
tem. Stat ionary or flowing gases in the pressure range 
of about 10 -4 to 10 +~ Torr could be introduced. A spe- 
cial P i r an i - type  gauge was developed to cover this 
complete range (14); at a later stage also zirconia- 
type oxygen gauges (15) were used. 

A difficulty arose because of the t ransformat ion of 
the ini t ial  low- tempera ture  modification to the high- 
temperature  modification studied. This led to a loss in 
packing density of the pellet, causing an increased 
in tergra in  resistance. If the sample was allowed to 
cool below the t ransformat ion point of about 500~ 
often a complete disintegrat ion accompanied the re-  
versed phase transition. Thus the measurement  pro- 
gram of a par t icular  sample had to be carried out in 
o n e  run  without  cooling. Because of the large in ter -  
grain resistances the absolute value of the resistance of 
the samples was not reproducible between samples. 
But, taking the precaution of allowing some t ime for 
sintering, the values for one sample were reproducible 
on pressure and tempera ture  cycling in the range of 
500~176 to wi th in  a few per cent and the character-  
istic pressure and tempera ture-dependence  also repro- 
duced between samples. Samples doped with Bi were 
stabilized in the yellow modification and consequently 
did not give rise to the above-ment ioned difficulties. 

Transport number determination.---Several types of 
galvanic cells were tried in order to obtain informa-  
tion about the t ransport  numbers.  They were of the 
current  as well  as of the EMF-type.  

Pt  (O2,Pz)/PbO - tab le t s /P t  (O2,PI) [ 1 ] 

P b / P b O / P t  (O2,P1) [2] 

A + AOz/PbO/B + BO~ [3] 

Pt  (O2,P1)/ZrO2 (0.15 C a O ) / P b O / P t  (O2,P1) [4] 

Pt  (O2,P1)/PbO/Pt  (O2,P2) [5] 
Tubandt ' s  method of de termining weight changes 

due to current  flow in the tablets of cell [1] allows 
determinat ion of the Pb- ion  t ransport  number  (16, 17). 
The accuracy was found to be severely l imited by 
pellet deformation, s inter ing together, and evaporation 
losses. The results suggest that  about 1% of the cur-  
rent  is t ransported by Pb- ions  (air ambient,  700~ 
This value was just  above the l imit  of detectabili ty; 
hence the influence of temperature,  dopant and, oxygen 
part ial  pressure could not be studied. 

The EMF of cell [2] yields an average ionic t ransport  
number ,  and from the slope of the EMF vs. oxygen 
pressure curve this t ranpor t  number  can in principle 
be found as a funct ion of the oxygen pressure (18, 17). 
The difficulty of localizing the mol ten lead was solved 
by the use of a cup-shaped sample obtained by press- 
ing with a sui tably shaped die. However, the mater ial  
to be used for the electrical contact with the lead drop- 
let lying in the PbO-cup  was a problem, because of 
al loying or the formation of an intermediate  oxide 
layer. This, together with problems caused by the 
geometry and complicated by the poor wett ing between 
Pb and PbO, had the result  that  no reliable data could 
be obtained with this cell. 

Cells of type [3] are l imited by the small  choice of 
metal  and metal-oxide mixtures  that  exhibit  an oxygen 
part ial  pressure higher than  that  over Pb-PbO.  In  this 
respect Cu-Cu20 and Bi-Bi203 are possible, but  it 
appeared that  they could not supply the oxygen cur-  
rent  demanded by such a conductive, and at the same 
t ime "leaky," electrolyte like PbO without  strong 
modification of the oxygen potential  at the electrode- 
sample interface. 

In  ceils of type [4] the electronic current  in the 
PbO-sample  is suppressed by  the electrolyte tablet  of 
stabilized zirconia, provided that  no oxygen leak be- 
tween the tablets takes place. At a first sight apparent ly 
t rus twor thy looking values for the ionic conductance 
of PbO could be derived from the slope of the current -  
voltage characteristics. A reproducible dependence on 
oxygen part ial  pressure, which was different for dif- 
ferently doped samples, was found. However, it ap- 
peared that  the results were inconsistent with those 
obtained by means of cell [5]. Fur ther  investigation 
revealed that with the same oxygen par t ia l  pressure 
at both sides the results depended on the pressure of 
added inert  gas, and that  also a geometrical influence 
was present. It  could be concluded that  oxygen pene- 
trat ion by gas diffusion took place along the interface 
between the polished pellets; thereby par t ly  removing 
the blocking action on the electronic current  and caus- 
ing an overestimate of the ionic t ransport  number .  
Evidently,  oxygen migrat ing between the pellets had 
occasionally to pass as ions through PbO and so an 
influence of the dopant concentrat ion and deviation 
from stoichiometry of the samples was still present  in 
the results. But, of course, a false law of dependence 
on oxygen pressure was suggested by this complicated 
and unpredictable  mechanism. Attempts  to block the 
gas diffusion, for instance by imbedding the cell in 
inert  powder, were unsuccessful. 

These negative results were quoted here pr imari ly  
because they clearly i l lustrate  the difficulties that  may 
be encountered when  applying to oxides the  methods of 
Wagner  (18), J~vhich were so f rui t ful ly  applied to 
halides. 

The results presented below were all obtained by 
means of cells of type [5], where the sample is used 
as electrolyte and is ar ranged to separate two gas 
compartments.  Figure 1 is a schematic drawing of the 
setup. The PbO-sample,  with its p la t inum gauze con- 
tacts, was compressed inside an a lumina  tube. After  
insert ing the lat ter  in the rest of the equipment  it was 
sintered for a few days and in many  cases a reasonably 
gas-tight cell was obtained. As with the conductivi ty 
measurements,  the tempera ture  had to be kept above 
the t ransi t ion temperature  during the complete series 
of experiments  with each sample. Often this took sev- 
eral weeks. Such cells are amenable  to two types of 
measurement.  Most direct is the quant i ta t ive  deter-  
minat ion with help of the pressure gauges of the 
amount  of oxygen t ransported by a known current.  
In that case P1 is chosen equal to P2. Calibrat ion could 
be done easily by means of a current  through the 
zirconia tube which also separated the two gas com- 
partments.  In  this way residual  leak- through was auto- 
matical ly compensated for. This method was only 
suitable in a nar row range of oxygen pressures where 
the differential sensit ivity of the P i ran i  gauges was 
high. 

P,RAN, t 
At2 03 SAMPLE Z r O 2 ~ - J  

=Pb0 ~ \ . . . . . . . .  I . . . . ~ ,  ~ . . . .  " 7  

Fig. 1. Electrochemical cell with lead oxide separating two gas 
compartments. A zirconia cell is used as a reference. 
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Fig. 2. Theoretical time dependence of the isotope ratio in 
originally enriched COx-gas and initially natural 02-gas during ex- 
change with natural lead oxide. The symbols used are explained 
in the appendix. 

The method of measur ing the EMF developed across 
the Pt-contacts  when  a small  pressure difference was 
applied appeared to be applicable over a wider range 
of oxygen pressures. The ratio of the voltages over the 
PbO-sample  and over the zirconia cell equals the ionic 
t ransport  number  in PbO. Several  precautions had to 
be taken. First, only a relat ively small pressure differ- 
ence had to be used at each pressure in order to obtain 
a significant t ranspor t  number ,  and also to minimize 
the effect of leak-through.  Second, because of the small  
EMF's encountered, stray thermal  EMF's have to be 
minimized by  a very careful construction and position- 
ing of the furnace to avoid thermal  gradients. Never-  
theless, correction for the residual thermal  EMF was 
necessary. This could not be obtained by simply sub- 
tracting the voltage with no pressure difference since 
the thermoelectric force strongly depended on the 
average value of the oxygen pressure. However, cor- 
rections could be obtained by comparison of the EMF's 
obtained before and after rever t ing the high and low 
pressures. The difference between these voltages 
amounts  to twice the significant EMF. 

O x y g e n  s e l f - d i f I u s i o n  m e a s u r e m e n t s . - - U s e  was made 
of the method of isotope exchange with a gas phase as 
introduced by Haul  (19). I t  consists of following the 
isotope ratio of an OlS-enriched gas ambient  during 
the establ ishment  of equi l ibr ium with the sample. For  
the analysis an Atlas type M86X mass spectrometer 
was used which is specially suited for the accurate 
determinat ion of isotope concentrat ion ratios because 
it is equipped wi th  a double ion collector. The ratio of 
masses 34 and 32 was used. Equi l ibrat ion of the molec- 
ular  species in the gas mixture,  which was obtained by 
dilution of heavi ly  enriched oxygen, was ensured by 
heating with a p la t inum catalyst before the exchange 
exper iment  started. It  was found that, in contrast to 
the experience of Thompson and Strong (2), the ex- 
change rate was l imited by a very slow surface reac- 
tion so that  the self-diffusion coefficient could not  be 
calculated from the results with any accuracy. How- 
ever, OlS-exchange between lead oxide and carbon 
dioxide was very  fast. So diffusion coefficients could 
be found from experiments  with mixtures  of carbon 
dioxide and oxygen, the lat ter  being necessary to be 
able to control the deviation from stoichiometry. 

Due to the very slow exchange rate of oxygen atoms 
between O2 and COx-molecules in the gas phase a very 
simple method appeared to be possible for the s imul-  
taneous determinat ion of the rate constant  for the 
exchange reaction between 02 and PbO and the self- 
diffusion coefficient in the solid. I t  consisted of the use 

e Marke ted  by  V a r i a n -MAT  G.m.b.H.,  Bremen,  West  Germany .  

for instance of na tu ra l  02 mixed with enriched CO2 
and then following the OlS-content of both species dur-  
ing the diffusion exper iment  (masses 34 and 46). A 
theoretical t ime dependence of both isotope fractions 
during such an exper iment  is shown in Fig. 2. 

The rate constant  Ko for the exchange reaction can 
be defined by the equat ion 

dq 
= - -  a K o ( q  - -  rs) [6] 

dt 

where q is the OlS-isotope fraction in the oxygen gas 
and rs that  in the solid at the surface (19). If the 
constant  a (dimension cm -1) is defined as the ratio of 
the total number  of O-atoms in a depth of 1 cm in the 
solid (calculated for the total react ing surface area) 
to the total number  of O-atoms present  in the oxygen 
gas, the proport ionali ty factor Ko attains the dimension 
of a velocity (dimension cm/sec) .  Since rs = rcox, 
because the CO2 exchange reaction is very fast, Ko 
can be calculated at every moment  f rom the slope of 
the O2-curve and the separation be tween the two 
curves. 

Of course, this holds good only if the exchange in 
the gas phase and at foreign surfaces is negligible. 
Blank experiments  showed this to be the case provided 
no metals were present  such as Pt  or Au in the hot 
zone of the quartz-glass reactor. Furthermore,  the 
PbO-sample  had to be positioned in  such a way that  
the slight amount  of PbO that  evaporates cannot con- 
dense on hot quartz surfaces near  the temperature  

WATER IN 

tE 
,ER 
3) 

Fig. 3. Reactor vessel used for exchange experiments. A cooled 
finger screens the hot walls against evaporating lead oxide. The 
sample is contained in an alumina sample holder with a perforated 
lid. 
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t rans i t ion  zone. These condit ions could be met  wi th  the - q  

setup shown in Fig. 3, in which  a cool finger screened 10 ~ 
the  t rans i t ion  zone f rom the  sample  holder .  The re -  
qui red absence of meta l s  made  i t  necessary  to de te r -  
mine the  sample  t empe ra tu r e  in a separa te  run  wi th  
the  thermocouple  Th 2 a t tached  to the  sample.  I t  was 
a f t e rwards  bent  back  into the  cool zone. The t h e rmo-  
couple Th 1, posi t ioned in an in t rus ion of the reactor,  ~2E 
served in the  fu rnace-cont ro l  unit.  c.) 

Formulas  used to calculate  D and Ko from exper i -  
men ta l  t ime dependence  curves of the  isotope rat ios  ";~ 
are  given in the appendix.  The da ta  were  analyzed by  
means  of a d igi ta l  computer .  >- 104= 

Results > 
Measurement of total conductivity.--Figure 4 gives an ~-- 

impression of the t empe ra tu r e  dependence  of the  to ta l  
conduct iv i ty  for different  dopants  a t  a fixed oxygen [:3 
pressure.  The  slope of the  curves  for  pu re  and for Z 
b i smuth  conta ining samples  corresponds to an ac t iva -  0 
t ion energy  of 1.2 ~- 0.05 eV independent  of the  dopant  r 
concentra t ion and of the oxygen pressure.  However ,  
potass ium containing samples  exhib i t  a lower  value  of ~ -5 
0.9 • 0.05 eV, which  is again independen t  of the  oxy-  C) 10 
gen pressure,  and which is the same for K-conc e n t r a -  ~-" 
tions of 100 ppm and 1000 ppm. 

Typical  conduct iv i ty  isotherms for d i f ferent ly  doped 
samples  are  shown in Fig. 5 in a doub ly  logar i thmic  
plot. S t r ik ing  is the  posi t ive slope for potass ium doped 
samples  and the negat ive  one for  those containing 
bismuth.  The slopes of s t ra ight  l ine segments  corre-  
spond to a 1/4 to 1/6 power  dependence  for  K-dop ing  
and to the same values  but  wi th  negat ive  sign for Bi. 
Undoped samples  show a shal low min imum and the 
curve for 10 ppm Bi i l lus t ra tes  the  high sensi t iv i ty  for 
contaminat ion.  

Iso therms taken  at  t empera tu re s  different  f rom tha t  
in Fig. 5 have essent ia l ly  the  same shape; they  show 
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Fig. 4. Conductivity isobars for pure and doped lead oxide 
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Fig. 5. CoNductivity isotherms for pure and doped lead oxide 

mere ly  a shif t  corresponding to the  t e m p e r a t u r e  depen-  
dence depicted in Fig. 4. Because of this  s imple be -  
havior  of both  the isotherms and the isobars, the in-  
format ion  given in the  figures is sufficient to der ive  the 
conduct iv i ty  of a cer ta in  sample  at any  t empera tu re  
and pressure  in the  ranges  800~176 and 10 -3 to 
760 Torr.  

However ,  as ment ioned  before,  the  magni tude  of the 
conduct iv i ty  values  did not  reproduce  wel l  in the  Bi-  
free samples. So there  is some arb i t ra r iness  in the  level  
on which the curves  have  been d rawn  corresponding 
to perhaps  a factor  of five. Fo r  the  pu re  and the K -  
containing samples  the  curves  represent  the more  con- 
duct ing ones encountered.  In  the  plot  the  min ima  in 
the  low-doped  sample  curves  fit r easonably  wel l  wi th  
that  of the  pure  curve as should be expected  if they  
correspond to intr insic  conduct ivi ty.  But  still,  i t  m a y  
be possible tha t  the  comple te  set of curves  should be 
shif ted somewhat  up to h igher  values.  Of course these 
considerat ions  do not  affect the  in teres t ing pressure  
and dopant  influences shown. 

Ionic transport numbers.--Some typica l  t r anspor t  
number  isotherms are  shown in Fig. 6, whi le  a sum-  
m a r y  of the resul ts  is given in Fig. 7. Aga in  we  en-  
counter  the slopes of Fig. 5, but  now in the  opposi te  
direction.  Because of the  logar i thmic  scales curves 
represent ing  the  ionic conduct ivi ty ,  i.e. the  produc t  of 
to ta l  conduct iv i ty  and t r anspor t  number ,  can be ob-  
ta ined  by  s imply  adding the  corresponding curves  of 
Fig. 5 and 7. The opposite slopes then cancel  and, to a 
first approximat ion ,  the  ionic conduct iv i ty  is found to 
be independent  of oxygen pressure.  Fo r  a special  case 
this is shown in Fig. 8. 

Since these t r anspor t  numbers  were  de r ived  d i rec t ly  
from the EMF of cells of type  [5], the values  obta ined 
were  not  influenced by  in t e rg ra in  contacts, as were  
those of the pa r t i a l  conductivi t ies .  In  accordance wi th  
this the values  were  wel l  reproduc ib le  be tween  sam-  
ples. Moreover,  va lues  de r ived  f rom a di rec t  com- 
par ison of the  oxygen t r anspor ted  by  a cur ren t  through 
the PbO and the zirconia s tandard  (see Fig. 1) fitted 
the curves well, as is i l lus t ra ted  by the  t r iangles  in 
Fig. 6. Only  when the observed t r anspor t  number  
comes out lower  than  about  1% are  there  indicat ions 
t ha t - fo r  some unknown reason the  values  a re  unde r -  
est imated.  Therefore,  the  ful l  l ines of Fig. 6 have  not  
been ex tended  to tha t  region. 
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Fig. 6. Typical experimental results of transport number deter- ~J 10 
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rained by measurement of the gas transported by a current. 
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Fig. 7. Summary of transport-number isotherms for pure and 

doped lead oxide. 

The transport  numbers  general ly  show a weak tem- 
perature dependence. For pure samples some increase 
is found for a temperature  rise from 940 ~ to 1000~ 

Fig. 9. Survey of results of exchange experiments. The upper 
levels indicate the rate constant Ko for oxygen exchange with the 
surface. The intermediate levels give the self-diffusion coefficients 
D. The dashed horizontals indicate geometrical averages for D. 

The increase with tempera ture  for K-doped samples is 
apparent  from Fig. 6. Moderately Bi-doped samples do 
not show any tempera ture  dependence, while  a very 
small  decrease with tempera ture  is found for the 100 
ppm samples. 

Self-dif]usion coet~cient of oxygen.--Since the tem- 
perature dependence of the oxygen self-diffusion is 
known from l i terature (2), most exchange experiments  
were performed at a fixed tempera ture  of 787~ An  
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influence of sample type, dopant or oxygen pressure 
was looked for. The results are presented in Fig. 9. 

Eve ry  column represents  an experiment ,  the upper 
level  corresponds to the value Ko found for the rate 
constant of the surface react ion wi th  oxygen gas, the 
lower level  gives the diffusion coefficient. The reaction 
rate constant was defined in Eq. [6]. 

The oxygen part ial  pressure was near  10 Torr  for all 
points not marked  wi th  an L, and the Ko-values  given 
always correspond to that  pressure. The L -marked  
columns show exper iments  wi th  the left  hand neigh-  
boring sample but performed in an oxygen- f ree  CO2 
atmosphere.  The doped samples contained 600 ppm Bi 
or K. The spheres had a radius of about 0.5 mm and 
were  undoped. The single crystals contained up to 0.5% 
of p la t inum present  as visible aggregates in the c leav-  
age plane. Crystals were  selected for absence of these 
visible defects. 

The values show a considerable spread which is least 
for Bi-doped specimens as was the case in the con- 
duct ivi ty  experiments .  For the pure and K-doped  
tablets there  is a clear correlat ion between the values 
of D and Ko. This can be seen in Fig. 9 from the lower 
spread in the distances be tween  the D and Ko levels, 
which correspond to the logari thms of their  quotients. 
It seems therefore  reasonable to assume that  a signifi- 
cant part  of the scatter stems from differences in effec- 
t ive surface area of different tablets. Consequently,  the 
value of Ko may  be considered as a measure  for this 
area, at least in comparable  samples. 

If the significantly lower values of Ko for b ismuth-  
doped samples also indicate a lower effective surface 
area wi th  respect to pure tablets, the higher  average D 
for these samples would  be more  pronounced than 
already suggested by the figure. A higher  diffusion 
coefficient is consistent wi th  the higher  ionic conduc- 
t iv i ty  found, and also with  the bet ter  s interabil i ty 
exper ienced with these samples leading to better  repro-  
ducibil i ty and possibly a smoother surface. 

The values of the self-diffusion coefficient found for 
spheres and single crystals average at 4.10 -11 cm2/sec, 
which is in good agreement  wi th  the data of Thompson 
and Strong (2). It  is somewhat  lower than the average 
obtained with  pure  pellets. 

Comparison of the diffusion values in L -marked  
columns, which were  obtained at ve ry  low oxygen 
part ial  pressures wi th  their  left  hand neighbors, 
shows that  there  is no significant pressure dependence 
on the part  of the self-diffusion coefficient of oxygen. 

Discussion 
Electronic conductivity.--The electronic conductivity,  

which forms the main component  of the total conduc- 
tivity, shows a dependence on the oxygen pressure that  
suggests p - type  conduct ivi ty  in potassium and n - type  
in bismuth containing lead oxide. This is confirmed by 
the sign of the thermo EMF which was ment ioned as a 
disturbing factor in the discussion of the cell  exper i -  
ments. A sign reversa l  of this thermo-force  also oc- 
curred at the min imum of the conduct ivi ty  isotherms of 
pure samples as could be expected for a transi t ion f rom 
n to p-type. This behavior  is consistent with ele-  
men ta ry  semiconductor  theory where  Bi is expected to 
be a donor and K an acceptor assuming them to sub- 
stitute for Pb. 

It  is interest ing to compare the exper imenta l  value  
for the intrinsic electronic conduct ivi ty  o-e obtained 
f rom Fig 5 (o" e : 10 -5 ohm-1  cm-1  at 873~ with  a 
theoret ical  value  that  can be calculated f rom the op- 
t ically de termined  bandgap value, the carr ier  mobility, 
and the effective mass. F rom the optical absorption 
spectrum we found indications of an indirect  bandgap 
E at room tempera ture  of 2.66 eV (20). Almost  the 
same value  is quoted by All  Ben Hadj (21), while  
Iinuma, Seki, and Wada (13) give 2.75 eV at 300~ 
wi th  a t empera ture  coefficient of --1 x 10 -8 eV/deg.  
Keezer, Bowman, and Becker  (22, 23) de termine  the 
bandgap as 2.67 eV and find a value  for the electron 

mobil i ty  ~n at room tempera ture  of 50 cm2/V sec. If we 
assume the same mobi l i ty  for holes and introduce a 
T -3/2 dependence (24) we find with  the formula  

o - ~ : 2  h 2 . e x p  -- 2k---~ �9 q(~,~ + ~ )  [7] 

a value of roughly  10 -4 ohm - I  cm - I  for the intrinsic 
electronic conduct ivi ty  at 873~ This must  be con- 
sidered as consistent wi th  the exper imenta l  value of 
10 -5 ohm -1 cm - I  r emember ing  the use of the free 
electron mass m instead of the effective one and the 
nature  of the sintered samples. 

The corresponding f ree  car r ie r  concentrat ion is of 
the order of magni tude of 1018 cm -3. This is several  
orders of magni tude  lower than the dopant concentra-  
tions introduced in the doped samples, never theless  we 
find only a moderate  increase in the electronic con- 
duct ivi ty  on doping. So we must  conclude that  the 
dopant atoms do not act as simple donors or acceptors 
mere ly  generat ing equiva len t  concentrat ions of free 
charge carr iers  but that  the main charge compensation 
of the bu i l t : in  ions of deviat ing va lency is obtained by 
the simultaneous formation of charged latt ice defects. 

Ionic conductivity.--The same lat t ice defects could 
also determine the ionic conduction and the self- 
diffusion. The ionic conductivit ies as der ived f rom the 
total  conduct ivi ty  curves (Fig. 5) and the t ransport  
numbers  (Fig. 7) appear  to be independent  of the 
oxygen pressure i r respect ive of the impuri t ies  in t ro-  
duced. However ,  samples containing 1000 ppm of bis- 
muth  show a tenfold higher  ionic conduct ivi ty  than 
pure ones. Doping with  potassium does not seem to 
give rise to a change in the ionic conductivity.  

The act ivat ion energy of the ionic conduct ivi ty  ap- 
pears to have the same va lue  of 1.2 eV for ei ther bis- 
muth  or potassium doped lead oxide. It equals that  of 
the electronic conduct ivi ty  for Bi-containing samples 
(constant t ransport  number)  but  exceeds the act iva-  
tion energy for the l~-type conduct ivi ty  of K-doped 
material .  This results in the positive t empera tu re  co- 
efficient of the t ransport  number  observed for this ma-  
terial. 

The charged lattice defects formed by introduction 
of bismuth ions on lead ion lattice positions may be 
ei ther  lead vacancies or oxygen interstitials.  The ob- 
served increase in the oxygen conduction leads us to 
conclude that  interst i t ial  oxygen ions are responsible 
for the ionic transport.  This ra ther  unusual  mechanism 
may be connected wi th  the crystal  s t ruc ture  of or tho-  
rhombic lead oxide which is made up of sheets con- 
taining infinite Pb-O zigzag chains. The outer  surfaces 
of such sheets contain only Pb-atoms,  while  all oxygen 
atoms are inside them (25-27). A weak  bonding exists 
be tween these re la t ive ly  wide ly  spaced sheets. 

Sel~ di~usion.--If the same type of latt ice defect is 
responsible for both ionic conduct ivi ty  and self-dif-  
fusion both phenomena must  be related by Einstein 's  
relation, which for lead oxide can be wr i t ten  in the 
form 

O ' i o  n " - -  2 X 108 D/T [8J 

Here  correlat ion effects are  neglected and a charge of 
2 is a t t r ibuted to the mobile  oxygen defects. In t roduc-  
ing the value of 10-10 cm2/sec for the diffusion coeffi- 
cient at 787~ in pure samples, we find the value  
2.5 x 10 -5 ohm -1 cm -1 for the ionic conductivi ty 
carr ied by oxygen ions. This appears to be about 100 
t imes greater  than the value obtained f rom our exper i -  
menta l  data for the ionic conduct ivi ty  of those samples. 
For  b ismuth-doped lead oxide a higher  D-va lue  as well  
as higher  ionic conduction was found, but here a large 
discrepancy factor exists too. 

This could mean that  some error  was made in the in- 
terpreta t ion of the experiments .  It  might  be argued 
that  the self-diffusion found is too high because of a 
fast grain boundary  diffusion process. However ,  the 
insignificant D-difference found for poly and mono-  
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crystal l ine samples rules this out. Moreover,  this proc- 
cess would also increase the ionic t ransport  number  ob- 
tained by both the EMF and the direct  t ransport  
method. 

It must  be stated that  the diffusion and conductivi ty 
measurements ,  al though per formed on comparable  
samples, did not per ta in  to the same region of the 
samples. The diffusion data come f rom exper iments  
where  the re levant  par t  of the sample extends to only 
a few microns below the f ree  surface. In the conduc- 
t iv i ty  determinat ions  the complete sample is involved. 
So a surface layer  of a higher  ionic conduct ivi ty  could 
explain the results. However ,  exper iments  wi th  elec- 
t rode ar rangements  using a guard ring did not confirm 
the presence of such a layer.  

Could then perhaps the conduct ivi ty  measurement  
have led to much too low values? If  grain boundary 
layers of lower  electronic conduct ivi ty  in the current  
path had led to underest imat ion of the conductivity,  
they would at the same t ime have caused a higher  EMF 
because the oxygen potent ial  gradient  would have 
concentrated across these electron blocking layers espe- 
cially. Thus a kind of compensation wi th  regard  to the 
ionic conduct ivi ty  value would have  occurred. More-  
over, electronic barr iers  cannot exist in intrinsic ma-  
terial, since any band bending at the interface would  
lead to an increased surface conductivity.  Fur thermore ,  
a nonuni form deviat ion f rom stoichiometry was not 
possible during the experiments ,  since the t ime con- 
stant for equi l ibrat ion appeared to be of the order of a 
second, which value is consistent wi th  the theory of 
chemical  diffusion in a mixed  conductor using the data 
for lead oxide. 

There remains the possibility that  ve ry  small contact 
areas be tween the grains are responsible for the loss 
of a factor of 100 in conductivity.  In that  case we 
should expect  an impedance drop at higher  measuring 
frequencies  due to capacit ive bridging of the narrow 
gaps. However ,  only a slight decrease in impedance 
was found at f requencies  up to 5 MHz and this stood in 
no proport ion to the factor looked for. 

These considerations lead us to consider a funda-  
menta l  reason for the re la t ive ly  high diffusion constant, 
namely  that  oxygen t ransport  in the neutra l  form 
should make the main contr ibution to it. The proposed 
predominant  covalent  character  of the bonds in the 
oxides of lead (28) could be the origin of such be- 
havior. However ,  the ionic conduct ivi ty  must  still be 
by oxygen in some charged form since, as we learned 
f rom the Tubandt  type of t ransport  experiments ,  the 
t ransport  number  of lead is too low to account for the 
observed ionic transport.  

Defect model.--The re la t ive  insensit ivity of both the 
self-diffusion and the ionic conduct ivi ty  to doping in- 
dicates that  a fair degree of natural  atomic or ionic 
thermal  disorder is present  in lead oxide at the t em-  
perature  of study. The threshold concentrat ion where  
impuri t ies  begin to shift  this intrinsic defect equi l ib-  
r ium must  be of the order of 100 ppm since at about 
that  concentrat ion the self-diffusion and the ionic con- 
duct ivi ty  begin to change. As the exper iments  show, 
changes of this order of magni tude  cannot be induced 
by pressure variat ions wi th in  our exper imenta l  range. 
Par t ia l  confirmation of this may  be seen in some po- 
tent iometr ic  t i t rat ion exper iments  using a zirconia 
cell, which were  not ment ioned so far. It  was aimed to 
determine  the deviat ion f rom stoichiometry,  but  we 
could only deduce an upper  l imit  of about  10 -4 . 

When we t ry  to summarize  the above-ment ioned  re -  
sults in terms of a defect model, we encounter  diffi- 
culties. The oxygen-pressure  dependence of the elec- 
tronic conduct ivi ty  of doped samples is consistent wi th  
a situation where  a concentrat ion of doubly charged 
defects is fixed by the e lee t roneutra l i ty  constraint.  
They were  supposed to be inters t i t ia l  oxygen ions for 
the ease of Bi-doping. The exper ience  that  the ionic 

conduct ivi ty  is independent  of the oxygen pressure and 
increases wi th  Bi-content  fits well  into this picture. 

Al though the same qual i ta t ive  behavior  of the self- 
diffusion coefficient of oxygen was found, the quant i -  
ta t ive disagreement  led us to bel ieve in neut ra l  t rans-  
port. However ,  the concentrat ion of neut ra l  interst i t ial  
oxygen atoms would cer ta inly depend on the oxygen 
pressure, probably in proport ion to the square root, and 
this would lead to the same pressure dependence of the 
coefficient of self-diffusion. This is not found. 

This discrepancy is difficult to resolve. The supposi- 
tion that  the isotope diffusion goes by some associate 
of e lementary  defects would resolve the problem of the 
pressure dependence, but  leaves the observed dopant 
dependence to explain. Perhaps more  information on 
the dopant and pressure dependences of the lead-diffu-  
sion coefficient could provide  a clue to unrave l  the 
mechanism in the future.  

Conclusion 
The conductivi ty of or thorhombic lead oxide is to an 

appreciable par t  ionic and carr ied by oxygen ions. This 
oxygen conduct ivi ty  does not depend on the oxygen 
pressure. The variat ions in the ionic t ransport  number  
wi th  oxygen pressure are due to the changes induced 
in the electronic conductivity,  which in turn  depends 
on the type and concentrat ion of impuri t ies  introduced. 

Bi-doping results in n - type  conduct ivi ty  wi th  an 
almost --u power  dependence on oxygen pressure. At 
the same t ime the ionic conduct ivi ty  is increased; ten-  
fold wi th  1000 ppm Bi. When in that  case the  electron 
conductivi ty is reduced by a high oxygen pressure, the 
m a x i m u m  ionic t ransport  number  of about 50% is ob- 
tained. 

Doping with  potassium causes p - type  conduct ivi ty  
wi th  a near + 1/4 power dependence on pressure. Con- 
sequent ly  the m a x i m u m  transport  number  occurs at the 
low pressure side wi th  K-doped  samples. The resul t ing 
electronic and ionic conductivit ies are somewhat  lower 
than wi th  bismuth as is the m a x i m u m  transport  num-  
ber obtainable. The ionic conduct ivi ty  is the same as 
in pure PbO. 

From these results it is concluded that  the incorpo- 
rat ion of t r iva lent  meta l  results in the formation of 
interst i t ial  oxygen ions, which are responsible for the 
increase in ionic conduct ivi ty  observed. 

The self-diffusion exper iments  show that  oxygen dif- 
fusion is also independent  of oxygen pressure and in- 
creases upon doping wi th  bismuth, just  as does the 
oxygen ion conduction. However ,  there  is a discrepancy 
because the self-diffusion coefficient appears to be 
about 100 times higher  than would be expected on the 
basis of the ionic conductivity.  It  seems therefore  that  
t ransport  of oxygen in neut ra l  form is responsible for 
the major  part  of the self-diffusion. However ,  the ob- 
served independence of oxygen diffusivity on oxygen 
pressure is difficult to unders tand in this light. 
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A P P E N D I X  
The diffusion results were  compared with  theoret ical  

curves calculated with  the formulas  given below. They 
were  der ived along lines given by Haul, Dfimbgen, and 
Jus t  (29) for the exchange with  one gas species. It  is 
assumed that  the surface react ion veloci ty  wi th  CO2 is 
ve ry  fast, whi le  that  wi th  O2 is described by a rate 
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constant  Ko. Separate formulas are given for a one 
dimensional  geometry and for spherical samples. The 
error funct ion type of solutions which holds good for 
relat ively small  penetra t ion depths are given only. 
The following notations are used 

P 
q 
r 
indext 
index0 
kc 

~o 

S 

D 
Ko 

g 

F(y) 

Y~ 
F'(y) 
G(y)  

Yk  
G'(y) 
eerfc (x) 
erfc (x) 
t 

the isotope fraction in CO2 
the isotope fraction in O2 
the isotope fraction in the solid 
means at moment  t 
means ini t ial  value 
ratio of the total  number  of O-atoms in the 
CO2-gas to that in the solid 
ratio of the total number  of O-atoms in the 
O2-gas to that  in the solid 
ratio of the exchanging surface area to the 
sample volume 
the self-diffusion coefficient of oxygen 
the surface reaction velocity of oxygen as 
defined by Eq. [6] 
the quant i ty  (kcKo) / (SD) 
a function defined as F(y)  : y3 + y2 + (kc/ 
ko + 1)gy + gkc/~o 
the three roots of F(y)  ---- 0 (i ---- 1, 2, or 3) 
the first der ivat ive of F(y)  
a function defined as G(y) : y4 ~_ y3 ~_ 
(gkc/~,o Jr g -- kc/3)y2 + gykc/ko -- ~2cg/ 
(3~o) 
the four roots of G(y) -- 0 (k ---- 1, 2, 3, or 4) 
the first derivat ive of G (y) 
the funct ion exp (x 2) erfc (x) 
the function 1-erf(x)  
the t ime coordinate 

For the ini t ial  conditions of an exper iment  start ing 
with the na tura l  isotope ratio in the oxide and in the 
oxygen gas and with enriched CO2 we have: qo : to. 
The solutions for the CO2 and the 02 then become 
for one dimensional  geometry 

3 

Pt--ro = ~ yi2+g~c/ko eerfc ( S~/D Y,~v~) 
Po -- ro ~=1 F'(yi) lc  

( ) - -  ~ eerfc Yi 
Po -- re 4=1 F' (yi) lc 

for spherical geometry 

4 

Pt -- ro ~ ykS + gkc/ko ( S~/D~ ) 
- -  eerfc - -  ye~/t  

Po -- r0 k=l G'(yk) ~c 

q t - - r 0  ~ gyk~c/ko ( S~/D ) 
: eerfc Yk~/t 

P0--  re k=l G'(yk) ~c 
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ABSTRACT 

The fluorescence and reflection spectra are studied of sodalite doped with 
S - - ,  $2-,  O2% Mn 2+, Co 2+, Ni 2+, Cr 3+, or Fe 3+. New fluorescence emissions 
reported are an emission consisting of a number  of peaks between 4500 and 
7000A ascribed to 02 - ,  an emission at 5420A ascribed to Mn 2+, and an emission 
at 6830A ascribed to Fe 3+. The t ransi t ion metals appear to be incorporated 
.preferentially at A1 or Si sites. Electron irradiat ion causes i rreversible changes 
m the uv  reflection spectrum. These may be connected with the occurrence 
of a residual  coloration after optical bleaching. A residual  coloration appears 
to be connected also with the presence of 0 2 -  fluorescence under  uv  excita- 
tion. 

Sodalite is a mater ial  which, because of its photo- 
chromic and cathodochromic properties, has been the 
subject of a number  of investigations (1-8). 

The chemical composition of the na tura l ly  occurring 
mater ial  is Na4A13Si~O12C1. Synthetic  sodalites have 
been prepared in which the C1 is replaced by OH, Br, 
I, C103, C104, or BrOw, the Na by other alkalies, the 
A1 by Ga, and the Si replaced by  Ge. The cubic crystal 
s tructure (ao ---- 8.870A for Cl-sodalite) was first 
elucidated by Paul ing  (9) and refined by LSns and 
Schulz (10). 

Most of the work on the cathodochromism of sodalite 
concerns sulfur-doped halide sodalite. We found that  
doping with sulfur  is not essential for cathodochrom- 
ism to occur. This was also noted by Taylor et al. (5). 
Undoped sodalite samples, which are not  at all or only 
slightly photochromic (for 2537 and 3650A radiat ion) ,  
may even show better  cathodochromic properties than 
sulfur-doped samples. Since the presence of defect 
centers is essential in the process of coloring, one of 
the main  objects of the present  investigation is to t ry  
to unders tand  the na ture  and the role of these defect 
centers in doped and "undoped" sodalite in order to 
achieve better  control of its cathodochromic properties. 

Fluorescence spectra and powder reflection spectra of 
sodalite samples are described and discussed. 

Preparation of Sodalite Samples 
Since a full account of the preparat ion of sodalite 

will  appear in another  publicat ion (11), only a short 
description wil l  be given here. Bromide sodalite is 
especially dealt with because it seems to show the 
best compromise between different properties such as 
sensitivity, bleaching rate, and color. The chloride and 
iodide sodalites result  when sodium bromide in the 
following methods is replaced by sodium chloride or 
iodide. 

Method / . - -One  of the first known  preparat ion 
methods for sodalite, due to Medved (12), was used by 
us in the early stages of the investigation. All our sul-  
fur-doped samples were prepared by this method. The 
method consists in mixing the dry start ing materials, 
viz. NaOH, A120~, SIO2, NaBr, Na2SO4, and Na2CO3, 
and firing at 900~176 in air. The resul tant  soda- 
lite could be made photochromic by reduction in flow- 
ing hydrogen at 900~ The reduced mater ial  often 
even developed a color in daylight  and bleaching was 
poor. These properties could be improved by part ial  
reoxidation by a short heating at 900~ in air. 

Method 2.--This method was developed by Schuil 
and Holland of our company (13). It is also a "dry" 
method differing from the previous one in that a gel 
is first made of the start ing materials (NaA102, SIO2, 
and NaBr) in water  and then evaporated to dry-  

K e y  words: reflection spectra, fluorescence spectra, sulfur, oxy-  
gen, transition metals.  
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ness. This mater ial  is converted into sodalite by firing 
at l l00~ in air with extra  NaBr. 

Method 3.--The preparat ion of sodalite by low- tem-  
perature hydrothermal  reaction was first applied by 
Barrer  et al. (14), using kaolinite as a s tar t ing mate-  
rial. We used pure start ing materials  instead. An al-  
kaline solution of sodium aluminate,  silica, and sodium 
bromide was agitated for 5 days at 80~ in closed Teflon 
bottles. The sodalite formed was made cathodochromic 
by an "activation" consisting in firing for 15 min  at 
900~ in air. This was sometimes carried out with 
extra NaBr (75% by weight) added to increase the 
bromine content. Sodalites containing Ga instead of 
A1 or Ge instead of Si were also made by this method 
by using the appropriate s tar t ing materials.  

Method 4.--This is a modification of the previous 
method, using sodium bromate (or chlorate for C1- 
sodalite) in the solution instead of the bromide 
(chloride). The activation procedure, which is the 
same as before, converts the halogenate sodalite into 
the corresponding halide sodalite. 

Method 5.- -Another  modification of method 3 con- 
s~sts in leaving the halide out of the solution. This re-  
sults in hydroxide sodalite being formed. The s a m e  
activation procedure, using extra  sodium halide, con- 
verts the hydroxide sodalite into the halide sodalite. 

Measuring Equipment 
Optical spectra were measured using a Hilger Mono- 

spek 1000 grat ing monochromator  (focal length 1 m, 
dispersion 8 A / m m )  in conjunct ion with an 800 Hz 
chopper, photomultiplier,  and lock-in  amplifier. The 
(Philips) photomult ipl iers  used were the 51 UVP 
(S 13 response) for the uv  region and the XP 1002 
(S 20 response) and XP 1005 (S 1 response) for the 
visible and near - inf ra red  regions. 

Reflection spectra of powder samples at room tem- 
perature were obtained by passing the chopped radia-  
tion from a deuter ium or tungsten  lamp through a 
monochromator and, after reflection by the sample, de- 
tecting it by a photomultiplier.  Smoked MgO was used 
as a standard. 

Fluorescence spectra were measured with the sam- 
pies immersed in l iquid ni t rogen in  a quartz Dewar 
vessel. Excitat ion was by radiat ion from a low-pres-  
sure mercury  lamp (mainly  2537A), filtered by a 
liquid B~ickstrSm filter (15) and a Schott UG 5 filter. 
In  some cases 3650A radiat ion from a super-h igh-pres-  
sure mercury  lamp (Philips SP 1000), filtered by liquid 
CuSO4 and UG 1 filters, was used. 

Mechanism of Coloring and Bleaching 
There is no existing theory concerning defect centers 

in sodalite, and we will  therefore give only a simple 
and qual i tat ive description of the processes of coloring 
and bleaching. 
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A 

VA L ENCE BA ND 
Fig. 1. Energy level diagram for defects in a crystal 

We assume the presence in cathodochromic sodalite 
of two types of defect centers, the acceptor- l ike  type 
A centers and the donor- l ike  type B centers (see 
Fig. 1). 

The coloration process can be described as the charge 
t ransfer  f rom an electron-t i l led low- ly ing  center  A to 
an empty  h igh- ly ing  center  B (see Fig. 1). The visible 
coloration is connected with  the capabil i ty of the elec- 
tron in B of being exci ted to the conduction band or 
to an exci ted state by absorption of a photon. In photo-  
chromism the charge t ransfer  f rom A to B proceeds 
by photo-exci ta t ion of the electron in A to the con- 
duction band and t ransfer  via this band to B. In 
cathodochromism the final state of affairs is the same, 
but  the p r imary  process is the creation by electron 
excitat ion of a large number  of free electrons in the 
conduction band and of free holes in the valence band, 
these electrons and holes then being captured by cen- 
ters B and A, respectively.  

Bleaching is the t ransfer  of the electron at B back 
to A, induced by l ight or by heat. When the bleaching 
is by heat, the p r imary  process may  be the exci tat ion 
of the electron f rom B to the conduction band or the 
excitat ion of the hole f rom A to the valence band. 
I t  is known from the theory of thermoluminescence  
(16) that, when a solid containing centers is heated 
at a constant rate, an approximate ly  l inear relat ion 
exists be tween  the ionization energy of the centers and 
the absolute t empera ture  at which the ionization rate  
reaches a maximum.  The value of the proport ional i ty  
factor for sodalite is not known but values for dif- 
ferent  mater ia ls  are found to lie wi th in  the range of 
1.9 • I0-S to 2.8 • 10 -S e V / ~  (16). It  then follows 
f rom the t empera tu re  at which rapid bleaching occurs 
( ~  500~ that  the ionization energy must  have a 
value of 0.95-1.4 eV. As shown by electron spin res-  
onance (1) the B centers in sodalite are halogen vacan-  
cies which show an absorption band wi th  a m a x i m u m  
at 2.3 eV. Their  the rmal  ionization energy is not known 
but the value of 1.8 eV at the long-wave leng th  tai l  of 
the absorption band gives a reasonable est imate of 
this energy because optical absorption ( involving the 
ground and ionized states) cannot occur for photon 
energies below the the rmal  ionization energy. This 
value  is significantly higher  than the values of 0.95- 
1.4 eV obtained f rom thermal  bleaching, so that  we 
conclude that  A centers wi th  ionization energies less 
then 1.4 eV ionize to cause the thermal  bleaching ra ther  
than B centers. 

A residual  coloration, i.e. a coloration which cannot 
be bleached optically, can be explained if we assume a 
second type of A centers which may  come into exis- 
tence as a result  of radiat ion damage and in which 
trapped holes have a negligible probabi l i ty  to recom-  

bine with  free electrons. The electrons wi l l  then be  re-  
t rapped by the B centers causing a pe rmanent  colora- 
tion. 

The function of the type A centers can be twofold. 
In the uncolored state they  can serve to compensate 
for the positive charge of the chlorine ion vacancies. In 
order to acquire the colored state they  must  be able to 
lose electrons to the chlorine vacancies and to bind the 
remaining holes so that  the  colored state may  persist. 
Some type A centers may serve  only one of these pur -  
poses. Type A centers in sodalite which fulfiI1 both 
these functions can be, for example,  S - -  or O - -  ions 
replacing C1- ions, Fe 2+ ions replacing A1 ~+ ions, or 
sodium-ion vacancies. 

Results and Discussion 
Band gap of sodalite.--Since the band structure of 

sodalite is not known and accurate values of the ab- 
sorption coefficient as a function of the wave leng th  can- 
not be obtained f rom powder  reflection spectra, only 
rough estimates of the value of the bandgap can be 
made. The powder  spectra show a steep drop of the re-  
flection coefficient below a certain wavelength .  The 
s t ra ight- l ine portions of the curve  below and above 
the "knee"  were  l inear ly  ext rapola ted  and the in ter-  
section point was taken as the band edge. Bandgaps 
thus obtained were  6.1 eV for Cl-sodalite,  5.9 eV for Br -  
sodalite, and 5.2 eV for I-sodalite.  Duncan et al. (7) 
ment ion a value  of 5.2 eV but do not specify the type 
of sodalite. 

Sul fur  centers.--The effect of different t rea tments  of 
sulfate-doped bromide sodalite on its uv  reflection 
spectrum is shown in Fig. 2. The curve  for an unre -  
duced sample (curve 1) shows an absorption at 2600A. 
This band is probably not characterist ic for the S O 4 - -  
ion because not all  sul fa te-doped samples show it. I r -  
radiat ion by 2537A uv does not give rise to coloration. 
These facts, together  wi th  the assumed acceptor- l ike  
character  of the sulfate center, indicate an energy-  
level  position close to the valence band, at a distance 
greater  than 5 eV below the conduction band. 

Af ter  reduction in hydrogen the uv reflection spec- 
t rum shows a strong absorption, with a tail  extending 
up to 4000A (see curve 2 in Fig. 2). We observed that  
excitat ion at 77~ by 3650A radiat ion gives rise to a 
broad fluorescence band with  a m a x i m u m  at 9000A. 
This emission was also observed by Taylor  et al. (5) 
and was ascribed by them to S - -  ions. We also ascribe 
the strong absorption to these ions. 

A coloration is observed for radiat ion wi th  wave-  
lengths up to 4000A. This fact indicates that  the uv 
absorption must  be due to the exci tat ion of electrons 
from the S - -  centers to the conduction band. We 
therefore  locate the energy level  of the S - -  ion at a 
position about 3.1 eV below the conduction band (see 
Fig. 3), corresponding to the tai l  of the  absorption. 
The fluorescence may  be ascribed to the reverse  proc-  
ess, possibly via an excited state. 

If  the assigned level  position is correct, the distance 
to the valence band will  be about  2.8 eV (see Fig. 3). 
Therefore,  if empty  S - -  centers (i.e. S -  ions) are 
present, electrons f rom the valence band can be ex-  
cited to the empty  levels. Par t  of the observed uv ab- 
sorption may be due to this process. 

Par t ia l  reoxidat ion of the reduced sodalite samples 
by short heating to 900~ in air causes most of the 
strong absorption to disappear  and a new absorption 
wi th  a m a x i m u m  at 3700~k to appear (see Fig. 2, curve  
3). Exci tat ion at 77~ with  3650A radiat ion now gives 
rise to the characterist ic fluorescence of the $2-  mole-  
cule ion shown in Fig. 4. This emission is wel l  known 
in sodalite (1, 5, 17) as wel l  as in the alkali  halides 
(18, 19). The emission peaks of some of our samples 
showed a fine s tructure (see Fig. 5) which was also re-  
ported by Rolfe (19) in alkali  halides and ascribed to 
coupling wi th  lat t ice phonons. Radiat ion of 2537A 
wavelength  gives rise to photochromism, whereas  
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3650A radiat ion does not. These observations suggest 
an energy level scheme as shown in Fig. 6. 

The par t ly  reoxidized samples show a weaker  photo- 
chromism than the reduced ones, whereas the bleaching 
properties are better. This may be the result  of the 
different charge of the S - -  and $2-  ions. In  the un -  
colored state of the sodalites, S - -  has an effective 
negative charge of un i ty  having a large capture cross 
section for holes, whereas $2-  is effectively neutral ,  
having  a small  capture cross section. In  the colored 
state the empty S - -  center (i.e. the S -  ion) is effec- 
t ively neut ra l  and therefore has a small  capture cross 
section for electrons in contrast to the empty  $2-  center  
(i.e. the $2 molecule) which is effectively positive, re-  
sul t ing in a large capture cross section for electrons. 

The above-ment ioned part ial  reoxidation, convert ing 
S - -  centers into $2-  centers, may be described by the 
reaction equat ion 

2S'cl-~ S2cl + Vcl + 2e [1] 

In describing this chemical reaction we find it conven-  
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v 
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Fig. 3. Schematic energy level diagram of S - -  in bromide so- 

dalite. 

lent to use the notat ion of KrSger and Vink (20) for 
defect centers: S'cl is a S - -  ion on a Cl-site, S2cl is a 
$2-  molecule- ion on a Cl-site, Vcl is a chlor ine- ion 
vacancy containing an electron, and e is an electron. 
The role of the oxidizing agent, i.e. the atmospheric 
oxygen, is to remove the electrons produced by Reac- 
tion [1], e.g. in the following way 

�89 + Vc[ -t- e-~ O'cl [2] 

where O'cl is an O - -  ion on a Cl-site. 

Q~ 

p_ 
/ 

/ 
/ 

/ 
/ 

/ \ 
/ \ 

/ 
/ 

/ /  

7000 6000 5000 /4000 
WAVELENGTI-/ (,~) 

Fig. 4. Fluorescence of $2-  in bromide sodalite at 77~ 
(solid curve). The spectral sensitivity of the equipment is shown 
by the dashed curve; the cutoff near 4000,/~ is due to a filter 
(Schott GG 15) used to suppress stray radiation. 
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Fig. 5. Fine structure on the 
$2-  fluorescence peaks in bro- 
mide sodolite at 77~ 
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It  was found by Taylor et al. (5) that  chloride soda- 
lite doped with S - -  showed a residual  coloration after 
prolonged irradiat ion with electrons, i.e. the induced 
color could not be bleached optically. This was accom- 
panied by the appearance of the $2-  fluorescence under  
3650A radiation. Though there are probably many  rea-  
sons for the residual  coloration, we propose the follow- 
ing mechanism as a possible one. We assume that  the 
sulfur  is incorporated as S - -  ions which may be ex-  
cited or ionized by  the electron bombardment  and then 
may become mobile and combine with other sulfur 
ions, forming $2-  molecule ions. This may again be 
described by the reaction Eq. [1]. In  this case, however, 
we have no reaction like Eq. [2] to remove the elec- 
trons created by Reaction [1]. These electrons will  then 

i 
5.9 eV 

CONDUCHON BAND 

253? .4 

3.4 eV 
3 7oo 5300 

VA L ENCE BA ND 
Fig. 6. Schematic energy level diagram of $2-  in bromide 

sodalite; 3700,~ radiation gives rise to fluorescence (zero-phonon 
wavelength 5300.~), 2537.~ radiation gives rise to photochromism. 

fill empty  chlorine vacancies causing a pe rmanen t  
coloration. 

Oxygen centers.--Since oxygen is chemically related 
to sulfur it may  be expected that  oxygen centers exist 
that  are analogous to the sulfur  centers described in 
the previous section. These centers have been found in 
alkali  halides (21-24) but, unt i l  recently, not in soda- 
lite. 

Some sodalite samples, when  excited at 77~ with 
2537A radiation, show a weak, s t ructured emission 
superimposed upon a broad background emission (see 
Fig. 7a) (25). The emission is relat ively strong in 
chloride and bromide sodalite samples made by low- 
temperature  hydrothermal  synthesis (method 3) and 
has also been observed sometimes in samples made by 
method 4. We ascribe this emission to the O2- mole-  
cule ion because the general  appearance and the peak 
spacings are similar  to those of the O2- emission in 
the alkali halides. 

No prominent  absorption has been found which can 
be ascribed to the O2- center. Since 2537A radiat ion 
excites the fluorescence while 3650A radiat ion does not, 
the absorption spectrum may  be similar to that  in KC1 
with a m a x i m u m  at 2500A and almost no absorption at 
3650A (22). Photochromism is observed only for uv 
with wavelengths shorter than  2100A. These observa-  
tions agree with the energy level scheme in Fig. 8. 

Sodalite samples exhibi t ing the O2- fluorescence 
often show a residual coloration. The cause may be the 
same as that proposed for the $2-  centers. 

We did not observe the O - -  centers, either in ab-  
sorption or in luminescence. The centers have been ob- 
served in alkali  halides (24). We th ink  that  they are 
nevertheless present  in  sodalite and play an impor tant  
role as type A centers. This has previously been sug- 
gested by Bal lentyne  and Bye (6). 

Transition metals.--Sodalite samples doped with Co, 
Ni, Mn, Fe, and Cr show some interest ing optical prop-  
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Fig. 7. Fluorescence of bromide sodalite at 77~ due to (a) 
0 2 -  ions, (b) Mn 2§ ions, and (c) Fe 3+ ions. The dashed curve 
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erties. These samples  were  p repa red  by  method  5. The 
doping was car r ied  out by  adding 2% b y  weight  of the 
t ransi t ion meta l  hal ides  to the  sodium hal ide  used for 
the  act ivat ion.  The appearance  of the  doped powders  
was "cobal t  blue" for Co, l ight  pu rp le  for Ni, grayish  
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Fig. 8. Schematic energy level diagram of 0 2 -  in bromide 

sodalite; 2537~, radiation gives rise to fluorescence (zero-phonon 
wavelength 4500•). Photochromism is observed for short-wave- 
length radiation ( <  2100./0 only .  

for Mn, and pure  whi te  for F e  and Cr. Some of the 
uv reflection spect ra  be tween  2000 and 4500A are  
shown in Fig. 9. F luorescence  was observed in the  Mn 
and Fe doped samples  only. The green Mn fluorescence 
was weak,  the red  Fe  fluorescence re la t ive ly  s trong 
(see Fig. 7b and c) .  

The incorpora t ion  of the  t rans i t ion  meta l s  in soda-  
l i te has severa l  in teres t ing  aspects. Firs t ,  the  question 
whe the r  the  meta l  ions are  incorpora ted  in the  a lu-  
minosi l icate  network,  at  chlor ine  or  sodium sites, or 
in ters t i t ia l ly ;  second, the  coordinat ion number  of the 
ions; and third,  the i r  valency.  

According  to Linwood and Wey l  (26), who s tudied 
the behavior  of Ni, Co, and  Mn in glasses, the blue 
color of the  Co-doped samples, the  purp le  color of the 
Ni -doped  samples, and the green luminescence of the 
Mn-doped  samples  al l  point  to a fourfold  coordinat ion 
of the  d iva len t  ions, which impl ies  incorporat ion at  A] 
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Fig. 9. UV reflection spectra 
at 20~ of bromide sodalite 
samples doped with Co, Cr, Fe, 
or Mn. 
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Fig. 10. Crystal-field splitting for the 3d 5 configurotion of 
Mn 2+ and Fe 3+ ions. 

or Si sites. The  luminescence of Mn 2+ is connected 
with  a t ransi t ion f rom the lowest  exci ted level  (4T~ 
split off f rom the 4G atomic level)  to the ground level  
(6A1, atomic state 6S) (see Fig. 10). 

Another  a rgument  for the fourfold coordination of 
Mn 2+ is der ived f rom its e.s.r, signal. An exper imenta l  
re lat ion be tween  the hyperfine constant  and the co- 
valency divided by the coordination number  for Mn 2 + 
in various host crystals (27) gives a value for the 
hyperfine constant of 82 X 10 -4 cm -1 for a sixfold co- 
ordinat ion by oxygen and of 75 X 10 -4 cm - t  for a 
fourfold coordination. The exper imenta l  value  of 
76 X 10 -4 cm -1 (28) indicates a fourfold coordination. 

For the case of iron we have to consider both the 
va lency (2 or 3) and the coordination number  (4 or 
higher) .  We can rule  out divalent  iron for the fol low- 
ing reasons. The energy- leve l  split t ing of the divalent  
ion in a fourfold coordination is shown in Fig. 11. For  
a sixfold coordination the positions of the 5E and 5T2 
levels are reversed.  The zero-phonon absorption of 
Fe 2+ with  a te t rahedra l  coordination of oxygen has 
been found at a phonon energy of 3595 cm -1 (k = 
3.45~) (29). The transi t ion energy for an octahedral  
coordination is not known. In v iew of its l inear  crystal  
field dependence and the crystal  field being 9/4 t imes 
as strong, it may  be est imated to have a value of 8100 
cm -1 or 1.235~. Nei ther  of these energies agrees wi th  
our exper imenta l  value of 15,900 cm -1 or 6300A (the 
h igh-energy  tail  of the fluorescence band) .  The ob- 
servation that  i ron-doped sodalite which has been 
reduced in flowing hydrogen at 900~ shows nei ther  
the fluorescence band at 6800A nor the absorption band 
at 2400A gives additional support  to the conclusion that  
the iron is in the t r iva len t  state. 

2..  

5 D 5 E 
CRYSTAL FIELD PARAMETER 

Fig. 11. Crystal-field splitting for the 3d 6 configuration of 
Fe ~+ with tetrahedral coordination. 

The question of the coordination of the Fe  3+ ion is 
more difficult to answer. Theoret ical ly  and exper i -  
mental ly,  l i t t le is known about the crystal-f ie ld-spl i t  
energy levels of Fe  3+. The  electron configuration of 
Fe 8+ is 3d 5, the same as that  of Mn 2+. The  var ia t ion in 
the energy levels  of Fe 3+ and Mn 2+ wi th  the crystal  
field strength is qual i ta t ive ly  the  same (see Fig. 10) 
but quant i ta t ive ly  different. The first exci ted level  of 
the free Fe 3+ ion is 32,000 cm - I  above the ground state 
as compared to 26,859 cm -1 in the case of Mn ~+. The 
crystal  field split t ing paramete r  is, however ,  larger  for 
Fe  3 + than for Mn 2 + and the lowest t ransi t ion energy of 
the Fe 3 + ion in the crystal  may  therefore  be lower  than 
that  of Mn e+. Dvir  and Low (30) find a va lue  of 12,300 
cm -1 for the absorption corresponding to the lowest 
t ransi t ion energy of octahedral ly  coordinated Fe s+ in 
beryl. Comparison of this value  wi th  that  found above 
for the fluorescence (15,900 cm -1) indicates a fourfold 
coordination. Pot t  and McNicoll (31), however ,  ob- 
served blue and infrared emissions due to Fe 3+ in 
7-alumina which they ascribe to Fe 3+ in fourfold and 
sixfold coordination, respectively.  Melamed et al. (32) 
observed an emission band with  a m a x i m u m  at 6800A 
and a number  of absorption bands due to Fe 3+ in 
LiA15Os. The emission band was ascribed to the 
4TI (4G) ~ 6A1 (6S) t ransi t ion of t e t rahedra l ly  co- 
ordinated Fe 3+. There was, however,  some ambigui ty  
in the band assignments, especial ly those of the ab- 
sorption bands. We may conclude that  the question of 
the coordination number  has not yet  been solved. 

Doping with  Fe, Ni, Mn, Co, or Cu in concentrat ions 
of 20-200 ppm causes an increase of the optical bleach-  
ing rate  of e lec t ron- i r radia ted  sodalite (33). This may 
be connected with  the abi l i ty of these e lements  to act 
as recombinat ion centers. Doping with  Cr has l i t t le in-  
fluence on the bleaching rate. 

Radiation damage.--The coloring of sodalite by elec- 
t ron bombardment  and the optical bleaching will  be 
the subject of another  paper  (33). Here  we wil l  de- 
scribe the effect of the electron bombardment  on the 
reflection and fluorescence spectra, which was studied 
in connection with  i r revers ib le  effects in coloring and 
bleaching. 

The bombardment  was carr ied out in a demountable  
tube. The durat ion of bombardment ,  the effects of 
bleaching by visible or uv radiation, the tempera ture ,  
the storage t ime after  the bombardment ,  and the com- 
position of the mater ia l  were  varied. 

A short i r radiat ion (10 kV, 1 ~C/cm2), giving a con- 
trast  of about 2: 1, causes the appearance of two uv ab- 
sorption bands at 2600 and 3500A (see curves 1 and 2 in 
Fig. 12). These bands are not direct ly  connected wi th  
the visible coloration because bleaching of the lat ter  
has no effect on the uv  bands. I r radia t ion with  uv 
in one of the bands causes the bands to disappear si- 
multaneously.  This exper iment  has been per formed 
using radiat ion of 3650A or 2537A, situated reasonably 
wel l  wi th in  the absorption range of the  bands. The 
bands always occur s imultaneously and wi th  the same 
intensi ty ratio. These facts indicate that  the bands are 
associated with  the same defect. 

I r radiat ion for longer  t imes (10 kV, 50 ~C/cm2), 
causing saturat ion of the visible coloration, does not 
fur ther  increase the uv bands but  produces a general  
absorption in the wave leng th  range of 2000-4000A (see 
curve  3 of Fig. 12). This is often accompanied by the 
appearance of a pe rmanent  color which cannot be 
bleached optically. 

Heating to 200~ causes the complete disappearance 
of the two absorption bands but  only par t ia l  disap- 
pearance of the diffuse absorption. 

The uv absorption spect rum changes when  the ir-  
radiated sodalite is stored at room temperature .  Li t t le  
change is observed for a couple of hours after  i r radi-  
ation but 24 hr  later  the absorption bands at 2600 and 
3500/k have disappeared and a new band shows up at 
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2400A (see dashed curve in Fig. 12). Storage for longer 
periods does not change the spectrum any further.  
Prepara t ion  method 2 was used for the case i l lustrated 
but  other methods were found to give similar results. 

The effect of the following substi tut ions in the soda- 
lite were studied: Br by OH, C1, or I; Na by Li, K, or 
Rb; Si by Ge; and A1 by Ga. In  all  cases the same ab-  
sorption bands  were observed. The sodalite s t ructure  
also is not essential  since nepheline,  which has a differ- 
ent (hexagonal) s t ructure likewise shows these bands. 

In  view of these observations we tentat ively  suggest 
that  the defect is an oxygen radical ion, tied with one 
bond to a silicon or a luminum ion, or an oxygen ion 
that  has been knocked completely free of the silicate 
network and is occupying some interst i t ial  position. 

The na ture  of the defect corresponding to the con- 
t inuous absorption between 2000 and 4000A is not yet  
known. Since this absorption develops s imultaneously 
with a pe rmanen t  coloration of the sodalite, there may 
be a connection between these two effects. 

It  is not yet certain whether  the radiat ion damage in 
itself is harmful  to the coloring and bleaching prop- 
erties of sodalite. 

The fluorescence spectrum of sodalite (at 77~ is 
very sensitive to electron irradiation. A short i r radia-  
tion (10 kV, 1 ~C/cm 2) causes the development  of a 
broad emission band  with a m a x i m u m  in the near  u.v. 
The origin of this band  is not yet  known. It  vanishes 
again after prolonged irradiation. All  other emissions 
(due to Fe 3+, Mn 2+, and O2-)  are s trongly quenched. 
These effects will  be studied further.  

Conclus ion  
Cathodochromic sodalite was prepared by h igh- tem-  

perature  solid-state reaction and by low- tempera ture  
hydrothermal  reaction. 

Undoped samples were not photochromic but  their  
cathodochromism was often superior to that  of sul-  
fur-doped ones. These "undoped" samples are as- 
sumed to contain O - -  and O2-, acting as acceptor 
centers. Doping with Fe, Ni, Mn, Co, or Cu increases 
the optical bleaching rate of e lectron- i r radiated soda- 
lite, Cr has li t t le effect, O2- causes a residual  colora- 
tion. Mn 2+ shows a green luminescence, Fe 3+ a red 
luminescence, and O2- a luminescence with severa] 
peaks between 4500A and 7000A. The t ransi t ion metals 
are probably incorporated at A1 or Si sites of the soda- 
lite. Pe rmanen t  changes due to electron irradiat ion 

were found in the uv reflection spectrum: one, after 
short irradiation, resulted in two absorption bands at 
2600A and 3500.~; the other, after prolonged irradiation, 
resulted in a general  absorption between 2000A and 
4000A. The interrela t ion between these phenomena and 
irreversible effects in cathodochromism is under  study. 
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Characterization of a Gold-Copper Composite Surface for 
Plated Wire Memory 

F. E. Luborsky, M. W. Breiter,* and B. J. Drummond 
General Electric Corporate Research and Development, Schenectady, New York  12301 

ABSTRACT 

Gold electrodeposited at very low currents  onto a coarse-grained copper 
surface was found to enhance nondestruct ive read-out  (NDRO) memory  per-  
formance when used as a substrate for the electrodeposition of Permal loy 
films. The structure of this Au layer  is studied. Corrosion potential  measure-  
ments  are used to show that  the Au covers about 0.4 of the surface when  de- 
posited on the coarse-grain Cu to produce opt imum NDRO properties but  the 
same quant i ty  of Au deposited on f ine-grain Cu covers ~0.7 of the surface. The 
average Au thickness, grain size, lattice parameter,  and coverage all show 
a sharp change at the same current .  This current  occurs just  beyond the dep- 
osition current  used to produce the opt imum surface for NDRO memory wire. 
It  appears to correspond to the t ransi t ion from a Au island s t ructure  to a 
continuous film structure and is close to the point  at which the Au deposition 
efficiency rises sharply. Scanning electron micrographs indicate the presence 
of Au islands at the low currents  but  do not have sufficient resolut ion to show 
their detailed structure. 

Wires plated wi th  a th in  film of NiFe are becoming 
increasingly important  as elements for computer  mem-  
ories. The magnetic properties of the NiFe are crit i-  
cally dependent  on the na ture  of the substrate. Cop- 
per has typical ly been used and control of its surface 
topography to achieve the desired characteristics has 
been discussed extensively. This area of work has 
been recent ly  reviewed (1). More recent ly it has been 
shown (2, 3) that the presence of gold islands on the 
copper, par t icular ly  on rough coarse-grained Cu, re-  
sults in  great ly improved magnetic  properties. 

This paper  describes the physical and metal lurgical  
s tructures of these Au films deposited on Cu. 

Sample Preparation 
Wire samples were all prepared in a continuous 

plat ing system briefly described previously (2, 3). The 
substrate wire was either 2.2 rail diameter  electro- 
polished tungsten  wire I plated with about 1~ of Au 
or 2.2 rail CuBe wire ~ drawn to a smooth surface 
finish. A f ine-grain smooth Cu layer  with an average 
thickness of 2g was then deposited from a CuSO4 
electrolyte containing UBAC 3 as a level ing agent. 
Some samples were then given a controlled roughness 
by depositing another  layer  of Cu from a CuSO4 

* E lec t rochemica l  Socie ty  Act ive  Member. 
K e y  words :  e lec t rodepos i ted  t h in  films, m a g n e t i c  m e m o r y ,  film 

s t ruc tu re .  
G e n e r a l  Elect r ic  C o m p a n y ,  L a m p  Metals  a n d  Componen t s  De~ 

p a r t m e n t ,  Cleveland,  Ohio 44117. 
2Li t t le  Fal ls  Alloys,  Inc.,  Paterson, New J e r s e y  07501. 
s Udyl i te  Corpora t ion ,  Det ro i t ,  Mich igan  48234. 

electrolyte at higher temperatures  without  any  level-  
ing agents. F ina l ly  Au was deposited from an Orosene 
999 electrolyte 4 at various currents  using 30~ 4.3 
pH, and a constant  flow across the wire from four 
perpendicular  directions staggered along the length 
of the wire. All plat ing cells were 2 in. long. 

Analytical Techniques and Results 
Corros/on potential measurements.--Corrosion po- 

tentials  on specimens consisting of two different met -  
als have been shown (4-6) to be related to the pro- 
port ion of the exposed areas of the two metals. I t  
can be shown theoretically, assuming that  both the 
anodic reaction of metal  dissolution at exposed copper 
and the cathodic reaction of oxygen reduct ion at 
exposed gold are controlled by activation polarization, 
that  

Vcorr ~- K 1  - -  K 2  l o g  (Acu/AAu) [1] 

w h e r e  V c o r r  is the corrosion potential  measured against 
a suitable reference electrode. K1 and K2 are con- 
stants which depend on the Tafel slopes of the 
individual  electrode reactions, .on the corrosion po- 
tent ia l  of the pure  Cu, and on the exchange current  
densities. Acu designates the fraction of the total  sur-  
face which is covered by copper, AAu the fraction 
covered with gold. Calibrat ion curves obtained on 
short-circuited Cu and Au electrodes are shown in 
Fig. 1 for a var ie ty  of conditions. As shown by the 

Techn ic  Inc.,  P.O. Box  965, P rov idence ,  Rhode  I s l and  02901. 
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Fig. 1. Calibration for corrosion potentials of Cu-Au coupled 
samples of various geometries in different electrolytes. Electro- 
lyte was air agitated at 1 ft3/hr for the open symbols or mildly 
stirred for the solid symbols. 

results in 1M NH,C1, for Acu/AAu less than  ,~0.05 the 
results follow the funct ional  form of Eq. [1]. This 
has been demonstrated previously (5). In  this range, 
the results were independent  of the size and geometry 
of the coupled specimen of Cu and Au and independent  
of the degree of agitation. 

For the invest igat ion of small  Au islands on Cu 
substrates in the present  work, the region where 
Acu/AAu is greater than  0.05 is important.  As indicated 
in Fig. 1, in this range the potentials appear to be 
sensitive to electrode geometry, and to approach a 
l imit ing potential  for each electrode geometry and 
for each of the electrolytes explored. Thus the results 
no longer follow the form of Eq. [1] at Acu/AAu 
> 0.05. This suggests that  the electrode reactions are 
at least in par t  diffusion controlled and that  the 
exchange current  for Au is very  small  compared to 
the Cu. Thus a steady-state mixed potent ial  cannot 
be established. Nevertheless, empirical calibration 
curves can be established for a given set of experi-  
menta l  conditions. 

In  all cases, when the cal ibrat ion samples were first 
immersed, the potentials showed an ini t ial  very rapid 
change with time, before stabilizing to a constant 
value. In  the case of the samples of Au plated on Cu, 
after the ini t ial  rapid change in potential  most samples 
slowly drifted in potential  probably indicative of 
changes in the surface of the samples. Thus the po- 
tentials used were obtained by extrapolat ing this 
slowly changing port ion of the curve back to zero time. 
Some typical examples of such curves are shown in 
Fig. 2 for samples prepared at different gold currents  
onto the rough Cu substrates. Similar  curves were 
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Fig. 2. Typical variation of corrosion potential with time after 
immersion in 1M NH4CI for samples prepared with no Au (nc) and 
with Au deposited at various currents in a 2 in. long cell onto the 
2.2 mil diameter wire. Wire speed 14 in./min; Au electrolyte flow 

1.9 liters/min. Rough coarse-grain Ca substrate. 

obtained for samples prepared on the smooth Cu 
substrates. The corrosion potentials obtained by  extra-  
polation to t : 0 are shown in Fig. 3. On the right 
hand ordinate are the corresponding Cu area fractions 
obtained from the empirical cal ibrat ion curve in 
Fig. 1 using the curve obtained with the 2-mil  Cu- 
plated CuBe wire tested in  1M NH4C1. Note that  at 
low Au deposition currents  on the smooth Cu, the area 
fraction of exposed Cu is almost independent  of 
current ;  Ac,  ---: 0.3 • 0.1 (AAu -- 0.7 • 0.1). For the 
rough Cu there is a pronounced m i n i m u m  at 1.0 mA 
of the deposition current ;  Acu = 0.55 (AA~ ~ 0.45). 
For the thick Au films, the scatter indicates the 
random occurrence of p in  holes or other flaws. Under  
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Fig. 3. Corrosion potentials obtained from curves in Fig. 2 by 
extrapolation from times > 4 min back to zero time, as a 
function of the current used to deposit the Au. The corresponding 
Cu area exposed is shown on the right hand ordinate as obtained 
from Fig. 1. O Smooth fine-grain substrate, D rough coarse- 
grain substrate. 
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Table I. Area fractions of gold determined from corrosion potentials 

On fine-gralned Cu 
O n  c o a r s e -  

A u  current  grained Cu 1st Test  2 n d  T e s t  

n c  0 0 0 
0.05 O.lS ----. 0.1 0.6 -----. 0.1 0.6 ----- 0.1 
0.2 0.35 "*- 0.1 0.85 ~ 0.05 0.80 ----- 0.05 

10 1.00000 1.00000 1.00000 

N o t e s :  S a m p l e s  prepared at 21 l n . / m i n .  Electro lyte  f low ---- 0.3 
liter/rain in Au plating bath, Average value of two samples re- 
ported. 

the Au plat ing conditions of Fig. 3, the memory  
characteristics, specifically the NDRO quality, show a 
pronounced opt imum at a deposition current  of 1 mA 
Au on the rough Cu, but  little or no opt imum on the 
smooth Cu. Thus the qual i ty of the memory  charac- 
teristics may be correlated in an empirical way to the 
shape of the curves in Fig. 3. 

In another  set of samples prepared at  a lower 
electrolyte flow rate in the gold plat ing bath similar 
results (Table I) were obtained. However, the opti- 
mum magnetic properties for the data in Table I 
occurred at a gold deposition current  of ~0.1 mA 
rather  than at 1.0 mA for the data in Fig. 3. The 
difference is a t t r ibuted to the different degree of 
agitation in the gold plat ing bath. 

Cyclic vol tammetry,  in  principle, could also give 
a quant i ta t ive measure of relat ive surface areas; but  
it was found in previous work (7) that  for these Au-  
Cu surfaces the results could not be made quant i ta t ive  
because of interference of C u O 2 - - .  

Gold analysis.--Long lengths of CuBe wires plated 
with gold at various currents  were analyzed for Au. 
A s tandard wet chemistry Au assay was used, good 
to ~ 2 ~g. The results, converted to an average Au 
thickness, are shown in Fig. 4. The upper  points were 
also obtained by  calculation from the weight  gain of 
the sample after  the gold plating. 

Since gold deposits are formed in the absence of 
a cathodic current,  gold deposition occurs also by 
either a chemical reaction or a mixed potential  process 

- ~ -  I ~ ' I ~ i ~ [ 

o i iooo 
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Fig.  4 .  A v e r a g e  A u  t h i c k n e s s e s  c a l c u l a t e d  f rom w e i g h t  o f  A u  
found by chemical analysis on the some samples as in Fig. 2 and 
3. Analytical error possible in the analysis is indicated by the 
vertical line. 

at open circuit. Dur ing  the deposition process the 
wires were in the plat ing bath for the same t ime 
(6 sec). Thus the abscissa in Fig. 4 represents  also a 
measure of the number  of coulombs consumed dur ing 
the deposition. The data in Fig. 4 imply that  the 
efficiency of gold plat ing ( =  average gold thickness/  
coulomb) decreases on both the smooth and the 
rough substrate with increasing current  between 0.1 
and 1 mA. After  passing through a m i n i m u m  at about 
1 mA, the efficiency increases between 1 and about 5 
mA; then it decreases again. The lat ter  decrease of the 
efficiency is understandable.  It  results from the in -  
crease of the contr ibut ion of hydrogen evolution to 
the cathodic current.  The decrease of the plat ing 
efficiency between 0.1 and 1 mA is more difficult to 
interpret  because the composition of the commercial 
bath is not known. It is considered l ikely that  the 
deposition at currents  below 1 mA involves a com- 
plexed gold ion of a different valency than  the deposi- 
tion above 1 mA. Electrochemical conversion .of the 
complexed ion, involved in the deposition process 
below 1 mA, to another  complexed ion might  account 
for the .observed decrease of the plat ing efficiency 
between 0.1 and 1 mA. 

X-ray di~raction.--In order to obtain x - r ay  diffrac- 
tion results a thick film of Au was obtained by 
stopping the line. The lattice parameters  and grain 
sizes obtained are shown in Fig. 5. The lattice para-  
meters at low currents  correspond to that  of pure 
Au; at higher currents  an alloy is indicated. The 
grain sizes were determined by line broadening using 
the average of several reflections. Corrections for 
s t ra in broadening were not included. Thus the sizes 
are lower limits. Here also the change in properties 
occurs at the same Au current  as in  Fig. 3 and 4. 

Scanning electron microscopy.--The same samples 
as in Fig. 2-5 were examined in a conventional  
scanning electron microscope using secondary electron 
detection. Typical pictures, on the smooth Cu sub-  
strate, are shown in Fig. 6, originally at 2000 magnifica- 
tion. The first picture (no contact with the plat ing 
bath) and the last two (prepared after gold deposition 
at 5 and 15 mA) show no fine structure.  All  the 
other samples show a fine s tructure which could 
not be clearly resolved even in  pictures taken  origi- 
nal ly  at 10,000 magnification (Fig. 7). The spots, 
assumed to be the Au islands, appear to be about 1000 
• 500A in diameter  and have a density of about 
109-101~ 2 at a current  of 1 mA. 

Scanning micrographs of the Au deposits on the 
rough Cu substrates all looked alike. A typical ex- 
ample is shown in Fig. 8. The extreme roughness of 
the Cu masks any  effects due to the Au. 

o..=c~ ~ PURE Au~-- 4.08 o,..r 

4.05 

Q 

% I i I I 4.04 
I I0 

GOLD CURRENT, mo 

Fig. 5. The grain size and lattice parameter of the gold deposit 
for samples prepared as in Fig. 4 on a smooth fine-grain Cu sur- 
face but with the plating line stopped so as to form a thick 
enough film for x-ray diffraction. Open points for as deposited; 
solid points after annealing samples 1 hr at 250~ 
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Fig. 6. Scanning electron micrographs of the samples prepared at different Au currents as indicated on the micrographs (nc ~ no 
contact with the Au electrolyte) using a smooth fine-grain Ca substrate. 

Discussion 
The magnetic  properties developed in zero mag-  

netostrictive Permal loy  films electrodeposited on 
these substrates are discussed in detail elsewhere 
(2, 3). The opt imum nondestruct ive read-out  charac- 
teristics were obtained by deposition of the Permal loy 
onto a substrate of coarse-grained Cu with Au islands. 
The gold plat ing cur ren t  necessary for the achieve- 
ment  of the opt imum characteristics depended on the 

Fig. 8. A typical scanning electron micrograph of the rough Cu 
Fig. 7. Some samples from Fig. 6 at higher magnification surface (Cu ~ 4 mA). 
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agitation around the wire as provided by the flow 
through the plat ing cell. The opt imum current  was 
,~0.1 mA for a flow of 0.3 l i t e r /min  and 1.0 mA 
for a flow of 1.9 l i ters/rain.  It  was also shown (2, 3) 
that  on f ine-grained Cu substrates the presence of 
Au islands, prepared over the entire range of deposi- 
tion currents, had l i t t le or no effect on the magnetic  
properties of the Permalloy.  All of these results, 
obtained from the magnetic properties, are consistent 
with the results found in this work. For example, 
on the smooth Cu there was almost no change in 
the amoun t  of Au deposited (Fig. 4) or in its 
coverage (Fig. 3) below the 1-2 mA range where Au 
islands form, but  on the rough Cu there are significant 
changes. 

One of the features of interest  is the geometry of 
the Au islands. The average height, h, can be cal- 
culated assuming that  the islands are cylindrical  posts, 
by  using the total  weight  of Au per square centimeter,  
WAu, obtained from the chemical analysis and the 
fractional coverage AAu from the corrosion potential  
measurements  where 

h : WAu/19.3 A,~u 

For the f ine-grained substrates at the opt imum plat-  
ing current ,  WAu ---- 6.4 • 10 -6 g /cm ~ (----33A from 
Fig. 5) and AAu --~ 0.7 • 0.1 (Fig. 4) giving 

h ---- 48A 

For the coarse-grained substrates, WA, ---- 3.7 • 10 -6 
g /cm 2 ( : l g A ) ,  AAu = 0.45 _ 0.1, and therefore 

h : 43A 

which is the same as on the f ine-grain Cu. 
The diameter  D and number  N of is lands/square 

centimeter,  were estimated from the high magnifica- 
tion scanning electron micrographs (Fig. 7) even 
though the poor resolution l imited the accuracy of 
the measurements.  The diameter  on f ine-grain Cu 
w a s  estimated to be 1000A _ 50% and the number  
of islands as 109 to 1010/cm2 at the opt imum plat ing 

current  of 1 mA. The area fraction of Au, calculated 
from these e s t i m a t e s  

AAu : D2N/4 : 0.08 to 0.8 -4- 50% 

which is at least in the range of values obtained from 
the corrosion potential  measurements.  

It is suggested that the mi n i mum in the curves of 
Au coverage vs. deposition current  (Fig. 4) occurs 
because the quant i ty  of Au deposited also goes through 
a minimum.  The m i n i m u m  is more pronounced for 
deposition of Au on the rough surface because of the 
selective deposition onto the high potent ia l  points, 
i.e., the high points on the surface. 

Conclusions and Summary 
The deposition of Au at low currents  produces 

islands on the Cu. The production of opt imum mag-  
netic properties in a Permal loy  film deposited on 
these substrates corresponds to a specific Au island 
structure which has been characterized by average 
thickness measurements,  corrosion potential  measure-  
ments, scanning electron micrographs, and x - r ay  dif- 
fraction results on two types of Cu surfaces. The 
application of the measurement  of corrosion potential  
to determine the relat ive surface areas of Cu and Au 
w a s  found to be especially useful. 

Manuscript  received May 28, 1971. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 
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Carrier and Zinc Concentrations for 
Zinc Diffusion in Gallium Arsenide 

C. H. Ting 
IBM Components Division, East Fishkill Facility, Hopewell Junction, New York  12533 

and G. L. Pearson 
Stan]ord Electronics Laboratories, Stanford University, Stanford, California 94305 

ABSTRACT 

The zinc and free carrier concentrat ion profiles for zinc-diffused regions 
in GaAs were determined by means of radiotracer and Hall  coefficient mea-  
surements,  respectively. The carrier  concentrat ion is significantly lower than  
the total  zinc concentration. The difference increases for longer diffusion times. 
This difference is a t t r ibuted to zinc precipitaton in the heavily damaged dif- 
fused region. The measurements  indicate that  about 20-35% of the zinc is pre-  
cipitated in the samples studied. A novel method of making  ohmic contacts for 
Hall  measurements  is described. These contacts are not  destroyed by suc- 
cessive lapping, thus making the incremental  Hall  measurements  possible. The 
sources of exper imental  error are discussed briefly. 

Zinc is used extensively as an acceptor impur i ty  
in GaAs. It was reported that for mel t -doped GaAs 
the free carrier concentrat ion is essentially equal  to 
the zinc concentration, even for heavi ly  doped samples 

Key words:  radiotracer profiles, Hall measurement ,  precipitates, 
diffusion induced defects .  

(1). However, for zinc-diffused samples the carrier  
concentrat ion may be less than  the zinc concentrat ion 
since zinc diffusion is known  to induce defects in 
GaAs (2, 3). Precipitates at these induced defects 
were revealed by infrared t ransmission microscopy 
and x - r ay  t ransmission microscopy. The precipitates 
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were  found to be zinc rich by electron microprobe 
analysis (4). Goldstein (5) measured the free carr ier  
concentrat ion in zinc-diffused samples and found it 
to be approximate ly  equal  to the total  zinc concentra-  
tion. However ,  he did not give any exper imenta l  
details so it is impossible to tel l  whe the r  his samples 
were  f ree  of induced defects or to de termine  how 
accurately  he could have  measured  a difference be-  
tween the carr ier  and total  zinc concentrations. 

In this study both the car r ie r  and zinc concentrat ion 
profiles were  measured on zinc-diffused GaAs samples. 
The zinc concentrat ion profiles were  determined by 
measur ing the radioact ivi ty  of successively removed  
layers;  the carr ier  concentrat ion profiles were  deter -  
mined by Hall  measurements  on the same sample 
before  and after  the remova l  of each layer.  A signifi- 
cant difference be tween the zinc and carr ier  concen- 
trat ions was observed. 

Exper imental  Procedure 
The start ing mater ia l  was single-crystal ,  p - type  

GaAs oriented in the <111> direction. Pure  Zn 65 
(245-day half- l i fe)  was used as a diffusion source. Two 
diffusion runs were  carr ied out, one at 751~ for 
3 hr  and another  at 755~ for  6 hr. Af te r  diffusion 
the samples were  quenched quickly  in water.  Test 
samples of 0.200 in. d iameter  were  cut out f rom the 
diffused samples wi th  an ultrasonic cutter.  The zinc 
concentrat ion profiles were  determined by a conven-  
t ional radiotracer  technique of lapping and counting; 
it wil l  not be described in detail  here. The carr ier  
concentrat ion profiles were  de termined  by measur ing 
sheet conduct ivi ty  ~s and sheet Hall  coefficient R~s 
before and af ter  remova l  of small  layers  for radio-  
t racer  counting. 

The exper imenta l  setup for Hall  and conduct ivi ty  
measurements  is similar  to the four -poin t  probe de- 
veloped by Buehler  and Pearson (6). This method 
requires  a centered, square ar ray  of ohmic contacts 
on a circular sample, and is identical  to the van der 
Pauw method (7) if the contacts are located on the 
per iphery  of the sample. Because edge contacts are 
difficult to make, the spacing of the square array, s, is 
usually smaller  than the sample diameter,  d, as il lus- 
t ra ted in Fig. 1. The correct ion factors for nonper i -  
pheral  contacts can be calculated for this case be-  
cause of the simple symmet ry  of the square ar ray  
centered on a circular  sample; the values are given 
by Buehler  (6). 

Unlike point contacts on InAs (6), point contacts 
on GaAs genera l ly  do not yield good electr ical  contacts 
because an insulating layer  always exists on the GaAs 
surface. Good ohmic contacts are necessary for the 
measurements .  These contacts should be made to the 
ent ire  depth of the diffused layer  instead of just  on 
the surface so they wil l  not be destroyed by each 
lapping. This is accomplished by dri l l ing ul t rasonical ly 
a square a r ray  of small  holes in the diffused sample; 
then alloy contacts are made  inside these holes. The 
four-point  probe can be used on these alloy contacts 
after successive lappings. The  contact holes are 0.006 
in. d iameter  and are spaced about 0.100 in. apart ;  the 
sample d iameter  is 0.200 in. Because the size of the 
dril led holes is ve ry  small  compared to the sample 
size, these alloy contacts can be t rea ted  as point 
contacts. To ca r ry  out Hall  measurements  on the en- 

Fig. !. Four-point Hall probe 

T~ d - /  

t ire diffused p layer, the holes for alloy contacts must  
be deeper  than the diffused layer.  In this case a hole 
depth of 0.005 in. was used. 

The exper imenta l  results described here  were  ob- 
tained by diffusing zinc into p- type  bulk  wi th  low 
carr ier  concentrat ions (2 X 101~ cm-8 ) ,  to avoid com- 
plicating the Hall  measurements  due to the p -n  junc-  
tion. With n - type  bulk, meaningful  measurements  can 
be obtained only if the alloy makes  good rect i fying 
contacts to the n - type  bulk  so current  flow is l imited 
to the p layer. Good rect i fying contacts cannot be ob- 
tained readi ly  in the ul t rasonical ly  dri l led holes and 
the resul t ing Hal l  measurements  on n- type  samples 
were  unsatisfactory. 

Exper imenta l  Results 

The sheet conduct ivi ty  ~s and the sheet Hall  
coefficient RHs obtained by successive measurements  
after  removal  of incrementa l  layers  para l le l  to the 
surface are  shown in Fig. 2 for the 3-hr  diffusion 
and in Fig. 3 for the 6-hr  diffusion. The conduct ivi ty  
~(x) and carr ier  concentrat ion p(x )  can be de te r -  
mined f rom the measured sheet coefficients by using 
the fol lowing relat ions (8, 9) 

d 
~(x) = --~'= .'s [1] 

p (x) = [2] 
d 
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Fig. 2. Sheet conductivity and sheet Hall coefficient vs. distance 
from the surface for sample No. 1. Diffusion data: T ~ 75|~ 
t ~ 3 h r .  
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Fig. 3. r and RHs VS. distance from the surface for sample No. 
2. Diffusion data: T - -  755~ t - -  6 hr. 
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These equations and the data given in Fig. 2 were 
used to determine the conductivi ty a(x)  and the hole 
concentrat ion p (x )  for the 3-hr  run, as shown in 
Fig. 4 and 5, respectively. The total zinc concentrat ion 
obtained from radioactivi ty measurements  is also 
shown in Fig. 5 for comparison. Two sets of data 
points, one obtained for the Hall  measurement  side 
and the other for the opposite side, were used to 
increase accuracy in constructing the zinc concentra-  
t ion profile. The conduct ivi ty and carrier  concentrat ion 
of the 6-hr run, obtained from the data given in 
Fig. 3, are shown in Fig. 6 and 7, respectively. The 
total zinc concentrat ion profile obtained from the Hall  
measurement  side is also given in Fig. 7 for 
comparison. 

It should be pointed out that some precautions were 
taken to obtain reasonable accuracy. There are three 
major  sources of exper imental  error. 

1. Noise: The Hall  voltage measured is ra ther  
small  (a few microvolts) because of high carrier  con- 
centrat ion and rela t ively low mobil i ty;  therefore, 
fluctuations caused by unavoidable  external  noise are 
important.  To improve accuracy, the average of four 
readings obtained by reversing the current  and mag- 
netic field is taken, in the usual  manner .  

2. Nonohmic contacts: These will  give superfluous 
voltages that wil l  result  in very large errors. Although 
alloyed ohmic contacts can be made on the diffused 
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layer, their  qual i ty  deteriorates as successive layers 
are removed, because it is more difficult to obtain 
ohmic contacts in the inter ior  of the sample where 
carrier concentrat ion is lower. This becomes a serious 
problem near  the diffusion front  where  the concentra-  
tion drops sharply. 

3. Nonparallel lapping: The accuracy in  deter-  
min ing  diffusion depth is l imited by the degree to 
which lapping is not paral lel  to the surface. This is 
par t icular ly  impor tant  for the first few layers. 

Meaningful  results can be obtained only when 
sufficient care is taken with the experiment.  That 
this has been accomplished is evidenced by  the small  
scatter in the exper imental  values of as and RHs, aS 
shown in Fig. 2 and 3. However,  the final values of 
o(x) and p(x)  are not as accurate as the measured 
values of ~s and RHs. This is because derivatives and 
the square of derivatives of the measured quanti t ies 
are involved in the calculation of ~(x) and p ( x ) ;  
these derivatives tend to accentuate any exper imental  
error. To increase accuracy, all derivatives obtained 
from exper imental  data are first plotted against  dis- 
tance to el iminate any dubious points, and only the 
smoothed values are used in  subsequent  calculations. 

Discussion 
It  is clearly shown in  Fig. 5 and 7 that  the carrier 

concentrat ion is less than  the total zinc concentrat ion 
in the diffused region�9 This difference can be at t r ibuted 
to zinc precipitation, since precipitates in the heavily 
damaged diffused layer have been identified as zinc rich 



Vol. 119, No. 1 ZINC D I F F U S I O N  IN G A L L I U M  ARSENIDE 99 

(4). Therefore, the results presented here verify quan-  
t i tat ively the existence of zinc precipitation in the 
diffused layer. This result  should be compared with 
the measurements  obtained from melt-doped samples, 
where a one- to-one correspondence between zinc and 
carrier  concentrat ion was reported for zinc at approxi-  
mately  1019 cm -3 in the grown crystals (1). The 
difference could be due to the fact that the melt-doped 
samples have relat ively small  defect concentrations 
as compared to the diffused region. 

It should be pointed out that  in  using Eq. [2] to 
calculate the carrier concentrat ions shown in  Fig. 5 
and 7, the Hall coefficient factor (10) has been taken 
as unity. It  is well known in  semiconductor theory 
that this factor is uni ty  only for degenerate materials;  
in general  its value lies between 1 and 2, depending 
on the scattering mechanism. In  the case of p- type  
gall ium arsenide, the mater ia l  is degenerate for 
p ~ 1013 cm -3 at room temperature  (11). Therefore, 

in Fig. 5 and 7, the calculated carrier concentrations 
are correct throughout  the diffused region except at 
the sharp diffusion front where  carrier concentrat ion 
falls off ra ther  sharply. 

An est imate of the amount  ~f zin~c precipitat ion 
can be obtained from Fig. 5 and 7. The total zinc 
present  in the diffused sample per uni t  surface area is 
given by the area under  the concentrat ion-dis tance 
curve; similarly, the total n u m b e r  of carriers is 
given by the area under  the carr ier-distance curve. 
Results obtained from Fig. 5 indicate that  the number  
of free carriers is equal  to approximately 78% of the 
total number  of zinc atoms present;  thus precipitation 
accounts for approximately 22% of the total zinc in 
the first sample. The results shown in Fig. 7 indicate 
that  precipitat ion accounts for approximately 34% of 
the total zinc in  the second sample. 

It has been shown that  for very  shallow diffusions 
there are no significant induced defects (3). The 
shallow diffusion corresponds to the th in  layer near  
the surface where defect concentrat ions should be 

small; therefore, zinc precipitat ion should also be 
small. This is indeed the case since it is shown in 
Fig. 5 that the agreement  between the carrier and 
zinc concentrations is quite good near  the surface. 
The results presented here, therefore, are consistent 
with the observations made by Black (3). As dif- 
fusion time increases, induced defects will  eventual ly  
propagate into the region near  the surface and zinc 
precipitates will  increase. This is i l lustrated by the 
significant difference be tween carrier  and zinc con- 
centrat ions in the region close to the surface shown 
in Fig. 7. 
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Heteroepitaxial GaAs on Aluminum Oxide 

The Formation and Electrical Properties of Zn- and Cd-Doped Films 

H. M. Manasevit and A. C. Thorsen 
Autonetics Division of North American Rockwell Corporation, Anaheim, CaliSornia 92803 

ABSTRACT 

An all metalorganie-hydr ide  chemical vapor deposition process has been 
used to produce p- type  GaAs films on sapphire. Dimethylcadmium or di-  
ethylzine have been combined with t r imethylgal l ium and arsine to produce 
films with net  acceptor concentrations as high as 5 x 1017 and 8 x 1019 cm -3, 
respectively. The doping concentrat ions are found to be an exponent ial  func-  
t ion of growth tempera ture  when other parameters  remain  fixed. The elec- 
trical properties of thick films are found to be equivalent  to good quali ty bu lk  
GaAs. Hole mobilities approximately 80-90% of the best thick-fi lm values 
have been obtained for acceptor concentrations --1019 cm -8 in  th in  (-~1 #m) 
films on sapphire and spinel. 

In  1968 the first successful use of metalorganics in 
the preparat ion of epitaxial  GaAs on sapphire (A1203) 
and other substrates was reported by our laboratories 
(1). Since that  time, extensive studies of the properties 
of undoped GaAs/A1203 films formed by the reaction 
of t r imethylga l l ium (TMG) and arsine (AsH3) have 
been carried out (2, 3). The process for producing 
p- type films by the addition of diethylzinc (DEZ) to 

Key words: ehemicaI vapor deposition, metalorganics, t r imethyl-  
gallium, arsine, spinel. 

the react ion mixture  containing TMG and AsI-Iz (1) 
has been explored in more detail and has been ex- 
tended to include d imethylcadmium (DMCd) as the 
dopant source. The electrical characteristics of these 
films have been investigated and related to the growth 
conditions. 

Experimental 
The apparatus, chemicals (except for DMCd), and 

exper imental  techniques used for the present  work 
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have been described previously (1-3). The DMCd was 
obtained from Orgmet, Inc., Hampstead, New Hamp-  
shire, and handled in a fashion similar  to the DEZ. 

The TMG was carried into the reactor by passing 
H2 gas through the liquid, equil ibrated at 0~ AsH3 
diluted to 10% in H2 was normal ly  used as the 
source of As. The dopant  gases were added by passing 
the carrier  gas over the l iquid (either DEZ or DMCd) 
main ta ined  at 0~ unless otherwise stated. In  the 
data discussed in  the following sections, a notat ion 
X-Y-Z describing a par t icular  set of exper imental  
conditions refers to X cm3/min of the AsH3-H2 mix-  
ture passing into the reactor along wi th  Y cmd/min 
bubbled through TMG and Z cm3/min of H2 passed 
over the dopant  liquid. These were mixed with the 
carrier gas flowing at 1-3 l i ters /min.  

The dopant vapors were introduced into the reactor 
in three different ways in order to determine a 
preferred doping process: (i) with the TMG vapor 
after the introduct ion of AsH3 into the reactor (pre- 
AsH3 process); (ii) with the ASH3, prior to the in t ro-  
duction of the TMG (pre-AsHa-DEZ process); and 
(iii) with all gases s imultaneously introduced into 
the reactor. 

Mechanically polished (000I) A1203 substrates were 
used exclusively for the studies reported. 
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Results and Discussion 
Previous studies (1, 3) on the growth of undoped 

GaAs/A1203 have led to considerable insight into 
the deposition conditions (such as gas flow rates and 
growth temperatures)  necessary to produce good 
qual i ty undoped epitaxial  layers. The present work 
has extended this s tudy with the objective of produc- 
ing heavily doped 1 ~m-thick p- type  GaAs with 
acceptor concentrat ions greater than  1019 cm -3 for 
photocathode applications. Some results of photo- 
emission measurements  on these films have been 
described by Liu et al. (4). The over-al l  deposition 
conditions used for these doping studies have been 
those which yield good qual i ty undoped films (3). 

Doping Studies with Diethylzinc 
Most of the studies of p+ GaAs growth on A1203 

involved the use of DEZ as the source of dopant. The 
results are discussed in detail in the following sections. 

E~ect  o~ deposition conditions on carrier concentra- 
t i ons .~There  are a number  of growth parameters  
which can be varied in order to change the acceptor 
concentrat ion in the GaAs films. An obvious one is 
the ad jus tment  of the amount  of dopant introduced 
into the reactor per uni t  time. This control has been 
achieved by two different means:  (i) by adjust ing 
the carrier gas flow over the dopant source; (ii) by 
controll ing the bath tempera ture  of the dopant source. 

In  Fig. 1, the effects are i l lustrated for Zn-doped 
GaAs films grown on A1203 for three different DEZ 
bath temperatures.  For  the DEZ bath at room tempera-  
ture, the growth tempera ture  was 725~ with AsH3- 
TMG flows of 90-10; at the lower DEZ bath tempera-  
tures, a growth temperature  of 700~ was employed 
with AsH3-TMG settings of 175-65. The semilog plots 
indicate that  higher flow rates produce increases in 
acceptor concentrations up to a point  of saturation, 
after which the carrier concentrat ion remains  es- 
sential ly constant. The higher carrier concentra-  
tion obtained by increasing the DEZ bath temper-  
ature (and hence vapor pressure) indicate that 
the saturat ion in carrier  concentrations at a given 
bath temperature  is a consequence of the l imited 
vaporization rate of the DEZ at the tempera ture  of 
the bath and the depletion of the vapor over the DEZ 
caused by the high H2 flow rates. The higher flows are 
believed to decrease the amount  of DEZ vapor over 
the l iquid below that which is expected for equi l ibr ium 
conditions. 

Fig. 1. Net acceptor concentration of Zn-doped GaAs/AI203 
films vs. flow rate of H2 over DEZ. For DEZ at 0~ and - -23~ 
growth temperature = 700~ film thickness ~ I pro, AsH3-TMG 
setting 175-65-Z; for DEZ at room temperature: growth tempera- 
ture = 725~ film thickness ~ 7-10 ~m, AsH3-TMG setting 90- 
lO-Z. 

For a given set of growth conditions, the net 
acceptor concentrat ion is also found to increase by 
lowering the growth temperature.  A m a x i m u m  net  
carrier concentration of ~8  X 1019 cm -3 was obtained 
in thick films at 650~ for a DEZ bath tempera ture  of 
0~ Films grown at temperatures  of 625~ did not 
appear, either electrically or visually, to be as good 
as those grown at higher temperatures.  

A plot of the measured var ia t ion of acceptor concen- 
t rat ion with reciprocal growth tempera ture  is given 
in Fig. 2 for a series of th in  (--1 ~m-thick) Zn-doped 
samples grown under  essentially identical conditions. 
It shows that  an exponent ia l  relationship exists be-  
tween the two variables. From the slope of the ex- 
per imenta l  l ine an  activation energy of 2.1 eV can be 
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Table I. Variation of mobility with film thickness for Zn-doped 
GaAs/AI203 films grown at 700~ 

Thickness  Carrier H o l e  
( /~m) c o n c e n t r a t i o n  m o b i l i t y  

(10  TM c m ~ )  ( c m ~ / V - s e c )  

0 . 4  2 . 5  5 9  
0 .6  2 .3  63  
1 .0  2 . 5  66  
4 .1  2 . 4  72  
5 .7  2 . 5  75  
7 .9  2 .6  77  

17 .3  2 . 4  77  
2 1 . 1  2 . 4  75  

deduced; however ,  the present  data are insufficient to 
de termine  the mechanism responsible for this depend-  
ence. 

Variation of electrical properties wi th  film thick-  
ness .--As in the case of undoped GaAs/A1203 (3), 
there  appears  to be an improvement  in film qual i ty  
wi th  film thickness. Table I i l lustrates the changes 
in hole mobi l i ty  wi th  thickness for the best films 
grown wi th  a hole concentrat ion of ~2.5 • 10 is cm-3.  
These films were  grown ei ther  by the pre-AsH3 
process (with the DEZ mixed  with  the TMG) or by 
the pre-AsH3-DEZ process (see Exper imenta l  section). 
The average mobil i t ies  increase wi th  thickness and 
appear  to reach a max imum at a thickness of about 
4 ~m. Thin films grown by the technique of premixing  
all gases were  found to have consistently lower mobi l -  
ities than those grown by the other  two methods. Very 
l i t t le  change was found in carr ier  concentrat ion for 
films of different thicknesses grown under  otherwise 
identical  conditions. This indicates that  a near ly  uni-  
form doping concentrat ion profile exists in these 
heavi ly  doped layers. 

Hole mobili ty as a function of carrier concentra- 
t ion.--The electrical propert ies of many  of the Zn- 
doped GaAs films on A1203 grown using the pre-AsH3 
and pre-AsH3-DEZ processes are summarized in Fig. 
3 and 4, where  Hall  mobi l i ty  is plot ted vs. acceptor 
concentrat ion for thick and thin films, respectively.  
Growth  rates of 0.6-1.0 ~ m / m i n  and AsH3-TMG flow 
rates which normal ly  lead to good qual i ty  undoped 
films were  used. The average hole mobil i t ies  character-  
istic of bulk GaAs (5) are shown for comparison 
(solid l ine),  a l though the mobili t ies of many of the 

films are greater  than these bulk values. For this 
reason a curve  (dashed line) depicting the best 
mobilit ies in the thicker  films is also plot ted in both 
figures. It can be seen that  the mobili t ies in the best 
thin films are typical ly  f rom 80 to 90% of the best 
thick-f i lm values where  comparable  data are available. 

120 - -  

I00 

E 
80 

Thlckness> 4 Fm 

~700C 

675C 
-e  650 C 

] i i i i i i i L 1o 19 i L i , i i , 
013 

Net Acceptor Concentrabon (cm "3) 

Fig. 3. Hale mobility vs. net aceeptor concentration for thick 
(> 4 /~m) Zn-doped GaAs/AI203 films grown at various tempera- 
tures. The solid line is an overage bulk mobility fram ref. (5). 
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Fig. 4. Hole mobility vs. net acceptor concentration for thin 
(between 0.9 and 1.5 ~m) Zn-doped GaAs/AI203 films grown at 
various temperatures. The solid llne is an average bulk mobility 
from ref. (5), and the dashed line denotes the best thick-film 
mobilities from Fig. 3. 

The mobili t ies in the thin films at carr ier  concentra-  
tions less than ~5  • 10 is cm -3 appear  to saturate at 
a m a x i m u m  value of about 100 cm2/V-sec. This behav-  
ior is probably  due to the compara t ive ly  high defect 
s t ructure found in thin layers  (2). 

Simultaneous growth studies of Zn-doped P+ GaAs 
on spinel and Al~O3.--Stoichiometric spinel (MgA1204) 
was also examined as a substrate  for p+ GaAs epi- 
taxy, wi th  emphasis placed on the (110) orientat ion 
of MgA1204. A comparison of data compiled on a 
number  of p+ Zn-doped GaAs films prepared  simul-  
taneously on (0001)A1203 and (l10)MgA1204 sub- 
strates uti l izing the pre-AsH3-DEZ method and dif- 
ferent doping levels is given in Table II for films 
grown at 625~176 It would  appear that  p+ films 
grown on (l10)MgA1204 [ (100)-or iented  growth  of 
GaAs] are essential ly equivalent  e lectr ical ly  to those 
grown on (0001)A1203 [ ( l l l ) - o r i e n t e d  growth of 
GaAs]. For both types of substrates, growth at 625~ 
(and to a lesser extent  at 650~ has not appeared 

to be as good as that  obtained at higher  temperatures .  
When A1203 is used as a substrate, the growth 

and subsequent  remova l  of a GaAs film is often found 
to condition the surface in such a way  as to yield 
superior qual i ty  GaAs films on reuse. This behavior  
was not observed for (110) MgA1204 substrates. In all 
cases, GaAs films grown on reused but not repolished 
MgA1204 substrates have been found to be electr ical ly 
inferior  to those grown s imultaneously on reused 
A1203 substrates. 

Doping Studies with Dimethylcadmlum 
Dimethy lcadmium (DMCd) was also examined  as 

a possible dopant for the format ion of p - type  GaAs 

Table II. Comparison of the electrical properties of p+ Zn-doped 
(111 )GaAs/(0001 )AI203 and (1,00)GaAs/(i 10)MgAI204 grown 
simultaneously by the pre-AsH3-DEZ method at 625~176 

G r o w t h  T h i c k -  C a r r i e r  
t e m p  n e s s  R e s i s t i v i t y  c o n e  M o b i l i t y  S u b -  

( ~  (~m) (ohm-cm} (cm -3) (cm2/V-sec) strate 

7 0 0  1 .0  0 . 0 0 8  8 .6  • 10  i s  91  S a p p h i r e  
1 ,0  0 . 0 1 0  7 .4  X 10 TM 8 4  S p i n e l  

2 0 . 8  0 . 0 0 8  8 .0  x 10  TM 102  S a p p h i r e  
2 2 . 6  0 . 0 0 7  9 .4  • 10  TM 99  S p i n e l  

1,O 0 . 0 0 5 4  1 ,6  x 10 TM 7 4  S a p p h i r e  
1.0 0 . 0 0 4 8  1 .6  x 10  TM 8 4  Spinel  

6 7 5  1 .2  0 . 0 0 2 9  4 .1  x 10 TM 5 4  S a p p h i r e  
1 .2  0 . 0 0 2 7  3 .6  x 10  TM 66  S p i n e l  
5 .5  0 . 0 0 1 6  6 .6  x 10 TM 60  S a p p h i r e  
5 .6  0 . 0 0 2 5  3 .6  x 10 TM 6 9  S p i n e l  

6 5 0  1.1 0 . 0 0 2 3  5 .4  x 10  TM 49  S a p p h i r e  
I . i  0 . 0 0 2 0  5 .2  X I 0  i9 59  S p i n e l  

625  19,1 0 . 0 0 8 7  3 .6  x 10 TM 2 0  S a p p h i r e  
18 .9  0 . 0 0 8 4  4 .7  x 10  TM 16 S p i n e l  
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Fig. 5. Net carrier concentration vs .  flow rate of H2 over 
DMCd for thick (~20  ~m) Cd-doped GaAs/AI203 films grown 
at settings of 175-65-Z. 

films on (0001)A1203. The DMCd was mainta ined at 
a t empera tu re  of 0~ gas flow conditions were  used 
which had been satisfactory for Zn doping. The 
var ia t ion of net  car r ie r  concentrat ion for a series of 
thick films grown at 700~ as a function of the flow 
rate  of carr ier  gas over  DMCd is shown in Fig. 5. 
When using gases which yield undoped films with 
net electron concentrat ions of ~-10 is cm -3, the addition 
of a small  amount  of Cd results  in a decrease in net  
electron concentration. With increases in Cd, the films 
become p-type,  wi th  the net  hole concentrat ion rising 
rapidly to , ,3 X 10 :s cm -3 and saturat ing at 

4-5 X 1016 cm -3. By changing the DMCd bath 
t empera tu re  to room tempera tu re  (from 0~ and 
hence increasing the DMCd vapor  pressure, the accep- 
tar  concentrat ion in films grown at 700~ saturated at 
~1  X 1017 cm -3 at a film growth ra te  of 1.2 #m/min.  
At  a growth  ra te  of 2 ~m/min,  the hole concentrat ion 
increased to 1.6 X 1017 cm -3. This last effect, a 
slight increase in hole concentrat ion with  increasing 
growth rate, was also observed in the Zn-doping stud- 
ies. The l imiting va lue  of carr ier  concentrat ion ap- 
pears to be determined by the tempera ture  of the Cd 
source, as was found wi th  Zn doping. 

The net hole concentrat ion in the Cd-doped films 
also increased exponent ia l ly  wi th  decreasing deposi- 
tion t empera tu re  when  other  deposition conditions 
remain  fixed. At 675~ the acceptor concentrat ion 
increased to 2.2 X 1017 cm -a  at growth rates of 
1.2 ~ m / m i n  and to 5.2 X 1017 c m - 3  at growth rates 
of 2 /~m/min. At  725~ a hole concentrat ion of 
4 • 101~ cm -3 was obtained. A plot of the acceptor 
concentrat ion obtained for Cd doping (for a growth 
rate  of ~1  #m/min )  as a function of reciprocal  growth 
tempera ture  is shown in Fig. 6. The l imited data avai l -  
able support  an exponential  relat ionship with  an 
act ivat ion energy  of ~2.8 eV, sl ightly larger  than was 
found in the case of Zn-doped films. 

The mobil i ty  car r ie r  concentrat ion data for Cd- 
doped GaAs films are shown in Fig. 7. The highest 
Hall  mobili t ies for the thick films are sl ightly larger  
for a g iven hole concentrat ion than those repor ted  by 
Conrad and Haisty (6) for homoepi taxia l  GaAs films 
doped wi th  Zn from DEZ, and compare favorably  
with  the average hole mobili t ies of bulk GaAs taken 
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Fig. 6. Net acceptor concentration of thick (24-34 #m) Cd- 
doped GaAs/AI2Os films vs. reciprocal growth temperature. 
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Fig. 7. Hole mobility vs. net acceptor concentration for Cd-doped 
GaAs/AI208 films grown at various temperatures. The solid line is 
an average bulk mobility from ref. (5). 
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f rom the data of Sze and I rv in  (5)1 (solid curve) .  
The few thin Cd-doped samples that  were  measured, 
indicated by the solid circles in Fig. 7, exhibited 
much lower  mobilities. 

Conclusions 
Diethylzinc and d imethylcadmium have been shown 

to be effective sources of dopant for the growth of 
p- type  GaAs on insulat ing substrates by chemical  
vapor  deposition techniques. It  has been found that  
the acceptor concentrat ions obtained are an exponen-  
tial function of growth tempera ture  for a g iven set 
of growth conditions. The mechanism for this type 
of dependence cannot be deduced from the exper i -  
menta l  data available. The m a x i m u m  concentrations 
of Zn and Cd incorporated in the GaAs films in these 
exper iments  appear  to be l imi ted by the t ranspor t  of 
sufficient dopant gas f rom the source. 

Electr ical  measurements  of the films grown in this 
s tudy have shown that  good qual i ty  GaAs may  be 
grown over  a wide range of acceptor concentration. 
Thick films are found to have hole mobil i t ies  typical 

1 T h e  m o b i l i t y  (/~) v~. c a r r i e r  c o n c e n t r a t i o n  (n) d a t a  w e r e  ca l cu -  
l a t ed  f r o m  Fig.  1 of  (5) a s s u m i n g  /L = 1/nep.  T h e r e  a r e  s o m e  d i f f e r -  
e n c e s  b e t w e e n  t h e s e  d a t a  a n d  t h a t  i n  F ig .  2 of  (5) a t  l o w  c a r r i e r  
c o n c e n t r a t i o n s .  
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of the  best  bu lk  ma te r i a l  for acceptor  concentrat ions  
f rom ~3  • 1016 to ~1019 cm -~. At  the highest  doping 
concentra t ions  the  be t te r  Zn-doped  thin  (~1  ~m) 
films exhib i ted  hole mobi l i t ies  nea r ly  as high as the 
best  th ick  films. At  concentrat ions  less than  1018 cm -~ 
the thin film mobil i t ies  appear  to level  off at values 
~lO0 cm~/V-sec, a l though da ta  a re  l imi ted  for  these 
car r ie r  concentrat ions.  The fact tha t  th ick  films can 
be grown wi th  bu lk  mobil i t ies  indicates  tha t  lower -  
t h a n - b u l k  mobil i t ies  in th in  layers  are  p robab ly  due 
to a compara t ive ly  high defect  s t ruc ture  in these films, 
r a the r  than  compensat ion  f rom donor impur i t ies  in 
the  gas sources. 
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Experiments and Calculation of the 
Ga-GaAs-GaP Ternary Phase Diagram 

Kozo Osamura, Jun Inoue, and Yotaro Murakami 
Department of Metallurgy, Faculty of Engineering, Kyoto University, Kyoto, Japan 

ABSTRACT 

A large  pa r t  of the  gal l ium rich side of the  G a - G a A s - G a P  phase  d iag ram 
has been de te rmined  using the DTA method and the powder  x - r a y  method.  The 
t e rna ry  phase  d i ag ram of G a - G a A s - G a P  has been calcula ted using two ap-  
proaches,  i.e. the  quas i -chemica l  equi l ib r ium model  and the r egu la r  solution 
model. Both of these ca lcula ted  t e rna ry  phase d iagrams are  found to agree 
wi th  the exper imenta l  data, 

In teres t  has increased recen t ly  in the semiconduct-  
ing mater ia l s  which are  obta ined when  solid solut ion 
occurs be tween two compounds of the type  A r a b  v. A 
number  of the  I I I - V  t e r n a r y  phase d iagrams  have been 
s tudied previously,  because  an unders tanding  of the 
phase chemis t ry  of these systems is pa r t i cu l a r ly  useful  
for  the  deve lopment  of solution growth  techniques.  A 
considerable  amount  of w o r k  has been devoted to the  
s tudy  of the  G a - A s - P  t e rna ry  system. The l iquidus  
curves  in the  pa ren t  Ga-As  and G a - P  systems have been 
s tudied py  many  authors  (1-4) and thei r  t he rmody-  
namic proper t ies  have  been discussed by  Thurmond  
(5) and A r t h u r  (6). The solidus line of the  G a A s - G a P  
quas i -b ina ry  phase d i ag ram has been de te rmined  by  
Osamura  and Murakami  (7). Panish  (8) has de te r -  
mined  the l iquidus-sol idus  isotherms of the  G a - G a A s -  
GaP t e r n a r y  system using the different ia l  t he rma l  
analysis  and an opt ical  technique.  

A method  of calculat ing the  t e rna ry  phase  d iagrams 
for  I I I -V  systems from the ava i lab le  the rmodynamic  
da ta  is ex t r eme ly  desi rable  because the  exper imen ta l  
de te rmina t ion  of the  phase d iagrams including l iquidus 
curves  and t ie  l ines is a prohib i t ive  task. Te rna ry  phase  
d iagrams of I I I -V  compounds can be calcula ted using 
both the quas i -chemica l  equi l ib r ium (QCE) and regu-  
la r  solut ion (RS) models  which  are  based  upon I le -  
gems and Pearson 's  (9) modifications of Vie land 's  
equat ions (I0) to t e r n a r y  I I I -V  systems. The QCE 
model  has been appl ied  b y  S t r ingfe l low and Greene  to 
severa l  I I I -V  systems, i.e. the  I n - G a - A s  (11), I n - A s - S b  

Key words: gallium arsenide, gallium phosphide. 

(11), and G a - I n - P  (12) systems. On the o ther  hand, 
An typas  has used the RS model  for the calculat ion of 
the  I n - G a - A s  (13), G a - A s - S b  (14), and G a - G a A s - G a P  
(15) t e r n a r y  phase  diagrams.  However  the  QCE ap-  
proach has not  been appl ied  to the  G a - G a A s - G a P  sys- 
tem unt i l  now. 

In  the  present  paper ,  the  de te rmina t ion  of the  l iq-  
u idus-sol idus  isotherms in the  G a - G a A s - G a P  t e rna ry  
phase d iag ram has been per formed  in detail ,  especial ly  
in the  region of the  ga l l ium-r ich  corner  using the 
different ia l  t he rma l  analysis  and  the powder  x - r a y  
method.  The t e rna ry  phase d i ag ram of G a - G a A s - G a P  
system is ca lcula ted using two approaches,  i.e. the  QCE 
and RS models. A n d  both these ca lcula ted  t e rna ry  
phase d iagrams  are  compared  wi th  the  exper imen ta l  
da ta  of this w o r k  and Panish ' s  data.  

Experimental Results 
Differential  t he rma l  analysis  was used for the  de-  

t e rmina t ion  of the  l iquidus-sol idus  isotherms.  In  this  
work,  the  mate r ia l s  used were  semiconductor  grade  Ga, 
GaAs, and GaP. The DTA method  used here  is s imilar  
to tha t  which  was  descr ibed ear l ie r  for  the  s tudy (13) 
of the  phase d iag ram of G a A s - G a S b  compounds.  In 
order  to mel t  the  const i tuents  together  completely,  the  
DTA cell, p laced  in a la rge  b lock  inside a resistance 
furnace  as shown in Fig. 1, was heated to 50~ above 
the expected  t empera tu re  for the  first appearance  of 
solid. Af te r  holding at  that  t empe ra tu r e  for 1 hr, the 
cell  was s lowly cooled wi th  a constant  cooling ra te  of 
1.5~ Thermal  effects were  noted by  cont inuously  
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Fig. 1. Apparatus for differential thermal analysis 

recording the emf of P t -P tRh  thermocouples. The de- 
te rminat ion  of the t ransformat ion tempera ture  seems 
to be reasonably accurate since the tempera ture  differ- 
ence between a specimen and the Inconel  block was as 
small  as several  degrees centigrade. After  the cell had 
been cooled to 50~ under  the inflection point  observed 
in the cooling curve, the cell was again heated with a 
constant  heating rate of 1.5~C per  minute ;  Fig. 2 shows 
a typical example of DTA curves. In  both the cooling 
snd  heat ing curves the inflection point  could be de- 

Table h DTA determination of liquidus temperature and the 
corresponding measured solidus composition 

(at %) ( 'C) 
NGA NAs Np To TS T XGaP 

90.00 8.00 2.00 1036 1067 1051.5 0,562 
80.00 18.00 2.00 1118 1150 1134.0 0.311 
75.00 23.00 2.00 1162 1186 1174.0 0.290 
70.00 28.00 2.00 1188 1218 1203.0 0.158 
60.00 38.00 2.00 1239 1248 1243.5 0.124 
60.00 48.00 2.00 1250 1270 1260.0 0.110 
90.00 6.00 4.00 1092 1120 1106.0 0.788 
80.00 16.00 4.00 1151 1181 1166.0 0.556 
75.00 21.00 4,00 1192 1220 1206.0 0.432 
70.00 26.00 4.00 1216 1254 1235.0 0.402 
60.00 36.00 4.00 1256 1266 1261.0 0.280 
50.00 46.00 4.00 1260 1284 1272.0 0.206 
90.00 4.00 6.00 1136 1162 1149.0 0.882 
80.00 14.00 6.00 1197 1217 1207.0 0.670 
75.00 19.00 6.00 1220 1250 1235.0 0.533 
70.00 24.00 6,00 1248 1270 1259.0 0,523 
90.00 2.00 8.00 1174 1198 1186.0 0.921 
85.00 7.00 8.00 1195 1214 1204.5 0.833 
60.00 12.00 8.00 1222 1240 1231.0 0.732 
75,00 17.00 8.00 1246 1268 1257.0 0.650 
75.00 25.00 - -  1112 1152 1132.0 0.0 
95.00 5.00 - -  843 886 864.5 0.0 
98.00 2.00 - -  748 780 764.0 0.0 

tected, where it is suggested that  a p r imary  crystal  ap- 
pears in the melt  at the temperature,  Tc, and the last 
solid completely dissolves at the temperature,  Th; 
these temperatures  are listed in Table I. I t  was found 
that  Tc is about 200-30~ lower than Th. Panish (8) 
has pointed out that  the supercooling effect leads to 
some discrepancy in DTA(cooling) and opt ical(heat-  
ing) data. Th may be higher than  the correct t ransi t ion 
temperature  because the mel t ing point of the solid 
which does not contact the equil ibrated l iquid is higher 
than the l iquidus temperature,  and therefore the com- 
plete dissolution will  lag in  the heating process. There-  
fore, in the present  analysis, it seems that  an average 
of Tc and Th is a more rel iable indication of the correct 
t ransi t ion temperature.  

The pr imary  crystals were collected by the following 
technique. The same specimen used in the DTA was 
heated unt i l  it was completely l iquid and then cooled 
slowly below its l iquidus tempera ture  (To) deter-  
mined previously. After  the inflection point was ob- 
served in a cooling curve, the ampul  was quenched in 
water by removing the stopper shown in Fig. 1. After  
removal  of the Ga by dissolution in hot HC1 solution, 
the larger crystals were separated, and ground down to 
an average size of 10~. 

Lattice parameters  of the specimens were determined 
by the powder x - r a y  method, where the diffraction 
angle was calibrated by using the s tandard angles of 
Si powder. The average value  of lattice parameter  was 
calculated from the peaks corresponding to (440), 
(531), (620), (533), (444), and (511). Figure  3 shows 
typical x - r ay  diffraction pat terns  of (531), of which 
peaks for GaAs and GaP were measured at 28 = 107.42 ~ 
and 113.54 ~ , respectively. Assuming that  the change of 
lattice parameter  in  the solid solution with composition 
obeys Vegard's law (17), the alloy composition of 
specimens was estimated from the lattice parameter  
and listed in  Table I. 

Fig. 2. Typical DTA curves 

Calculation of Phase Diagrams 
The RS model assumes a completely random dis- 

t r ibut ion of the const i tuent  atoms and then a tem- 
pera ture  independent  interact ion parameter .  However, 
the interact ion parameters  in I I I -V b inary  solutions 
show a l inear tempera ture  dependence as pointed out 
by  some authors (5, 6). I t  should be recognized that  the 
RS model with ~R m a -- bT  is only an approximation 
for the QCE model as discussed by Str ingfel low and 
Greene (18) for Ge-M, Si-M, and I I I -V systems. There-  
fore, the QCE calculation of the te rnary  phase diagram 
is main ly  carried out and discussed, and the RS calcu- 
lation is also performed in order to find the val idi ty of 
the RS model as an approximate t rea tment  of the QCE 
model in the Ga-As-P  system. 
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Fig. 3. Powder x-ray patter.s of (531) pla.e for some GaAsl-xPx 
solid solutions. 

The b ina ry  l iquidus  l ine on the T - X  phase d iagram 
can be ca lcula ted  using Vie land 's  express ion (10) for 
the  I I I -V  compound- l iqu id  equi l ib r ium 

1 ] + In [ "yAs.I.TB ~.1. 
in [ 4 X ( 1  X) ,A~S ] 

ASF [ TF ] 
-- - -  l [I] 

R T 

where A and B show the Ill group and V group com- 
ponent, respectively, and T F is the melting point of AB 
compound and AS F is the entropy of fusion per mole of 
compound and X is the atom fraction of A component 
in the liquid phase in equilibrium with solid AB at a 
temperature T, and 7A and ")'a are activity coefficients, 
and 7a s.L and 7B s.*. correspond to those of the stoichio- 
metric liquid. These values may be expressed in terms 
of the interaction parameter by the two approaches, i.e. 
the QCE and RS models. The Ga-As and Ga-P inter- 
action parameters were obtained by making a least 
squares fit of the calculated binary phase diagrams to 
the experimental data. In the present work, only the 
data of K6ster and Thoma (3) for the Ga-As system 
and the data of Rubenstein (2) for the Ga-P system 
have been selected in order to link the ternary experi- 
mental data smoothly to the binary data in the region 
of temperatures where the experiments have been 
carried out. The temperatures of fusion of GaAs and 
GaP were extracted from the literature (5). An esti- 
mate of the entropy of fusion was obtained by a com- 
parison with entropies of IV-group elements after 
Thurmond (5), but the values were employed from the 
table of Kubaschewski et al. (19). The interaction pa- 
rameters in both of the QCE and RS models determined 
by fitting Eq. [I] to the experimental data are listed in 
Table II  where  i t  was found tha t  the  in terac t ion  pa -  

Table II. List of thermodynamic parameters used in calculating 
the Ga-GaAs-GaP phase diagram 

TFGaAs = 1238~ 
~SFGaAs = 15.45 e.u.  
~%a-As = - -6470  c a l / m o l e  
~RGa-As = - -5 .2  T c a l / m o l e  

TF6ap ---- 1465~ 
ASFGap = 16.25 e .u .  
D%a-P  = - -4170  c a l / m o l e  
GRGa-p = - - 3 . 0  T c a l / m o l e  
~QAs-P ~ ~RAs-P ~ 0 c a l / m o l e  
~QGaAs-Ga~' = ~@GaAs-GaP -~ 0 cal/mole 
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r amete r s  for  the  G a - A s  and G a - P  l iquid sys tem are  
constant  f rom the QCE model  and on the o ther  hand 
are  propor t iona l  to t empe ra tu r e  f rom the RS model.  

T e rna ry  phase d iagrams  of I I I - V  compounds have 
been ca lcu la ted  using the QCE and RS models.  In  both 
cases, as ac t iv i ty  coefficients in the t e r n a r y  system 
can be represen ted  in te rms of the  in terac t ion  p a r a m -  
eters  in b ina ry  systems, t e r n a r y  phase  d iagrams  can 
be ca lcula ted  wi thout  the  aid of exper iments .  In  com- 
put ing the condit ions for equi l ib r ium be tween  a t e r -  
na ry  l iquid solution A, B, C (Ga, As, P)  and a quas i -  
b ina ry  solid solution A B - A C  ( G a A s - G a P ) ,  S t r ingfe l low 
and Greene  (11) der ived  the fol lowing equat ions 

In 'YAB X = i n  'yAS'l"ya s ' l '  -~  R T - -  

[2a] 
[ 4VA,cNANc ] 

In 7AC ( 1 -- X) ---- in 7AS'I"~C s'l" 

ASFAc [ TFAC 1 ]  [2b] 

+---if--  r 
where  "YAB and "IAC are  the  ac t iv i ty  coefficients of A B  
and AC in the  solid solution, X is the mole  f ract ion of 
AB, N~ and "t~ (i ---- A, B, C) a re  the  a tom fract ions and 
ac t iv i ty  coefficients of i in the  l iquid solution, respec-  
t ively.  Equat ion [2] can be solved numer ica l ly  on a 
computer  to y ie ld  two sets of curves,  one descr ibing 
the l iquidus isotherms and the o ther  descr ibing the 
solidus isoconcentrat ion curves  of the  system. 

First ,  the calculat ion of ac t iv i ty  coefficients in the 
t e rna ry  system is based on the QCE model. The majo r  
assumptions necessary  to calculate  ac t iv i ty  coefficients 
are: 
(i) The d is t r ibut ion  of const i tuent  a toms is ca lcula ted  
using a mass ac t ion- l ike  expression 

Ni~N~j/(Nij) 2 _-- 1,4 exp [212ij•/ZRT] [3] 

where  i and j each represen t  e i ther  A, B, or C. 
(ii) The molar  heat  of mix ing  is expressed as 

AHrn = [NAB~'~AB Q 2c ~BC~BC Q -~ NACI~ACe]/Z [4] 

and the excess free energy of mixing, AF xs, is obtained 
from AHm by integrating the Gibbs-Helmholtz equa- 
tion. Therefore, the activity coefficients are derived 
from AF xs using the general thermodynamic relation 
as follows 

[ O(~Fxs/RT) ] [5] 
In 7~ ---- ~FXS/RT + (i -- NO ONi N~/Nk 

In the QCE model, the activity coefficient cannot be ex- 
pressed analytically, but is computed numerically in 
terms of temperature and composition. 

Second, using the RS model, activity coefficients in 
the ternary system can be analytically expressed in 
terms of the interaction parameters of the various 
binary systems as shown in the following 

In 7A = [flABRNB (1 -- NA) -- ftBcRNBNc 
+ f~AcRNc(1 -- N A ) ] / R T  [6a] 

lnTB ---- [~ABRNA(1 -- NB) + ~'IBcRNc(1 -- N8) 
-- ~%AcRNaNc]/RT [6b] 

In 7c = [--I~ABRNANB "~ I%BcRNB (1 -- NC) 
+ I%AcRNA(I -- Nc)]/RT [6c] 

This expression of ternary activity coefficients has been 
reported by Furukawa and Thurmond (20) and is con- 
sistent with Darken's quadratic representation (21) 
only in the case of the regular solution, where the pa- 
rameter I2~j R differs only by a factor of RT from aij of 
Darken. 

The quasi-binary solid solution in equilibrium with 
the ternary liquid was assumed to be constituted of 
AB and AC chemical units (ii). For the zincblende 
lattice, where AB-AC interactions are considered, 
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Fig. 4. Ga-GaAs-GaP liquidus isotherms. ~ QCE calcula- 
tion; . . . .  RS calculation. 

the appropriate value of Z is 12. The activity coeffi- 
cients can be calculated similar  to the case of the 
b inary  system based on the QCE and RS models. 
Therefore, subst i tut ing Eq. [5] or [6] in Eq. [2] the 
te rnary  phase diagram can be calculated numerica l ly  
to yield the l iquidus and solid dis t r ibut ion curves. Here 
the interact ion parameter  of the GaAs-GaP system was 
determined by fitting the solidus to exper imenta l  data 
(7) using the QCE model and the RS model. Both cal- 
culations were in good agreement  for [~GaAs-GaP : 0 cal /  
mole. The interact ion parameter  of the As-P  system 
was also assumed to be zero cal/mole. 

Figure 4 represents the calculated isothermal liq- 
uidus l ines from 900 ~ to 1450~ by  50~ increments.  It  
is found that the solid lines obtained from the QCE 
model bend more steeply than the dotted lines from 
the RS model. 

In  Fig. 5-8, the exper imental  results reported by 
Thurmond for the Ga-As and Ga-P  systems, and by 
Panish for the Ga-GaP-GaAs  system from solution 
growth and solution epitaxy and our exper imental  re-  
sults are compared with the computed diagrams. Figure 
5 is a portion of Fig. 4, plotted in Cartesian coordinates, 
showing.the equi l ibr ium solubili ty of P as a funct ion of 
the As concentrat ion in the melt  from 900 ~ to 1300~ 
isotherms where the exper imenta l  points at each tem-  
perature  are obtained by interpolat ion and extrapola-  
tion from Panish 's  data and from the data of this work. 
Figure 6 also shows a portion of the te rnary  phase 
diagram in greater detail, on which the solubil i ty of As 
is plotted as a function of temperature  at isophosphor- 
ous concentrations. Excel lent  agreement  is obtained be- 
tween calculated and exper imental  results. At the same 
time the l iquidus curves calculated using the in ter -  
action parameters  of the Ga-As and Ga-P  b ina ry  sys- 
tems presented in Ref. (15), are shown, where these 
parameters  have been corrected with respect to the 
values of entropy and temperature  of fusion. These 
l iquidus curves are found to be higher than  the ex- 
per imental  data on the side of the Ga-P  b inary  system. 

In Fig. 7, calculated GaP isoconcentration lines are 
plotted along with the exper imental  data, where each 
curve and point are labeled with XGaP. Figure 8 shows 
a portion of the GaP isoconcentration lines as a func-  
t ion of As concentrat ions at isophosphorous concentra-  
tions. Although the pr imary  crystals were obtained 
from the supercooled melts, the exper imental  results 
show general ly good agreement  with the calculated 
results. At low GaP concentration, exper imental  data 
deviate from the calculated isoconcentration lines. 
I t  should be pointed out that  the l iquidus in equi l ib-  
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Fig. 5. Liquidus isotherms of the Ga-GaAs-GaP system. 
QCE calculation; . . . .  RS calculation; Q Present work; �9 Pan- 
ish (8); [ ]  K6ster and Thoma (3); A Rubenstein (2) where these 
experimental points are obtained by interpolation and extrapola- 
tion. 
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Fig. 6. Phosphorous isoconcentration curves plotted as a function 
of temperature and arsenic concentration in the melt. ~ QCE 
calculation; . . . .  RS calculation; . . . . .  RS calculation us- 
ing parameters that appeared in Ref. (15); Q Present work; �9 
Panish (8). 

r ium with the quas i -b inary  solid solution falls rapidly 
over the b inary  l iquidus and therefore the experi-  
menta l  inaccuracy wi th  tempera ture  is large. 
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Discussions and Conclusions 
The liquidus isotherms of the GaAsl-xPx pr imary  

phase field of the Ga-GaAs-GaP  system have been de- 
termined in detail over the Ga-r ich part  of the sys- 
tem using the DTA method, where the l iquidus tem- 
peratures have been determined from the average of 
inflection points in heating and cooling curves. The 
l iquidus isotherms were used to determine the l iquidus 
compositions for the growth of GaAsl-=Px crystals 
from the liquid. The p r imary  crystals were obtained 
from supercooled melts and these compositions were 
determined using the powder x - r ay  method. Our ex- 
per imenta l  l iquidus temperatures  and solidus concen- 

\ \  
o "-,~.02 

I 

4 .5 

Fig. 8. GaP isoconcentration 
curves as a function of arsenic 
at isophosphorous concentra- 
tions. ~ QCE calculation; 
. . . .  RS calculation; @, Q ,  A 
and [ ]  are Np ---- 0.08, 0.06, 
0.04, and 0.02, respectively. 

trations are general ly in agreement  with Panish 's  op- 
tical data. 

The interact ion parameters  of Ga-As and Ga-P  bi-  
na ry  systems necessary to calculate the te rnary  phase 
diagram have been determined in the condition of a 
smooth l inkage from the te rnary  l iquidus curves to the 
b inary  data in the region of temperatures  where ex- 
periments were carried out. It  has also been shown that 
the calculated t e rnary  phase diagram of the system 
Ga-GaAs-GaP based on the QCE model is in excellent 
agreement  with exper imental  data. In addition, the ter-  
nary  phase diagram obtained from the RS t rea tment  
is s imilar  to that  calculated by the QCE model and ex-  
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plains fairly the exper imental  results in the present  re-  
gion where experiments  have been carried out. The in-  
teraction parameter  C~ ~ in the QCE model is taken to 
be constant  in the present  work. In  practice the tem-  
perature dependent  interact ion parameter  should be 
chosen in order to fit the b inary  data in the wide range 
of composition up to NGa : 1, using both sets of data 
reported by Hall  (1) and KSster and Thoma (3) for 
the Ga-As system 

~QGa-As ~-~ 5120 -- 8.00T 

and the data of Hall  (1) and Rubenste in  (2) 

I'~QGa.P ~ 5360 -- 6.42T 

for the Ga-P  b inary  system. As pointed out by  Str ing-  
fellow (12), it is, however, doubtful  whether  bending 
the model to fit the b inary  data improves the phase 
diagram calculation. The appropriate method of im- 
proving the calculation is to use a more sophisticated 
model which includes the physical processes which 
take into account that  the interatomic interactions are 
temperature  and composition dependent.  
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Nondestructive Thickness Determination of Polycrystalline 
Silicon Deposited on Oxidized Silicon 

Conrad J. Dell'Oca* 
Research and Development Laboratory, Fairchild Camera and Instrument Corporation, Palo Alto, Caliiornia 94304 

ABSTRACT 

Infrared in terferometry  is used to determine the thickness of polycrystal-  
line silicon (polysilicon) deposited on oxidized silicon by the thermal  decom- 
position of silane. The thickness is obtained by comparing the measured wave-  
length positions of the reflectivity extremes with those predicted theoretically 
and plotted against polysilicon thickness for a given under ly ing  SiO2 thick- 
ness. The infrared optical properties of polysilicon are ~ound to be essentially 
the same as those of s ingle-crystal  silicon. 

An accurate method is required for de termining the 
thickness of polycrystal l ine silicon (polysilicon) films 
deposited on oxidized silicon substrates. Several  non-  
destructive optical methods were considered because 
of their  apparent  advantages over destructive methods 
which have been used. Although the optical properties 
of polysilicon appear to depend on deposition and 
postdeposition conditions (1), it was assumed for 
the ini t ial  survey that  these properties are essentially 
the same as those of s ingle-crystal  silicon. 

Calculations and measurements  indicate that  ellip- 
sometry would not be a convenient  method except for 
very thin and smooth films. This is because (a) the 
ell ipsometry curves cycle rapidly with polysilicon 
thickness, and thus this thickness must  be known in 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  i n f r a r e d ,  i n t e r f e r o m e t r y ,  t h i n  f i lms,  r e f r a c t i v e  index .  

advance wi th in  ra ther  nar row limits.I; (b) the oxide 
thickness must  be accurately known;  and (c) the 
roughness of the polysilicon can be such that  very 
large errors are introduced. Reflectance in ter ferometry  
in the visible and near  infrared has been used by 
several authors in measur ing two dielectrics on silicon 
(2-4), but  it has several drawbacks when  applied to 
polysilicon. One is that the optical properties of the 
polysilicon and the substrate change rapidly over this 
spectral range. Another  is that  the polysilicon becomes 
absorbing, l imit ing the lower wavelength at which 
interference is observed. Conceivably a method (2) 
wherein  the interference response is cal ibrated by an 
independent  thickness measurement  could be used 

For  e x a m p l e ,  t he  po lys i l i con  t h i c k n e s s  m u s t  be  k n o w n  to  w i t h i n  
a b o u t  800A w h e n  u s i n g  a w a v e l e n g t h  of  6328A a t  an  ang le  of  i n -  
c idence  of 70 ~ . 
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to overcome the first objection. Reflectance inter~ 
ferometry in the infrared suffers less than  the other 
two methods in  that: (a) above 1.5 #m wavelength  
both silicon and polysilicon can be considered to be 
nonabsorbing and nondispersive, and (b) the results 
are less affected by oxide thickness and surface rough-  
ness of the layer. There is, however, an  increase in 
the m i n i m u m  polysilicon thickness which can be mea-  
sured. This paper describes the application of the last 
method to the measurement  of polysilicon films. 

Exper imenta l  Procedure 
Silicon wafers [ p  > 1.5 ohm-cm, n -  or p-type,  

and (111) orientation] which had their  f ront  sides 
mechanical ly-chemical ly  polished were oxidized in 
dry oxygen at about 1200~ The oxide thickness was 
measured with an ellipsometer. Polysilicon was then 
deposited on the front side of the oxidized wafer  by 
the thermal  decomposition of silane in a hydrogen 
carrier gas in a horizontal  epitaxial  reactor. 2 

The spectrophotometer used was a Beckman Model 
IR5A which has a wavelength range from 2 to 16 ~m. 
Reflectivit:~ measurements  were made at an angle of 
incidence of 30 ~ using a specular reflection attachment.  
Where computed and exper imental  reflectivity curves 
were compared, the spectrophotometer was calibrated 
by measur ing the response of a bare silicon surface 
prior to and after measur ing the response of the 
polysilicon film. The before and after cal ibrat ion 
curves agreed in all cases wi th in  1% intensity.  

Calculations 
The optical properties of the various materials  

considered (Fig. 1) are such that  interference condi- 
tions are in error if calculated from approximations 
involving single reflection at the interfaces. The 
exact reflectivity equation must  be used and for the 
reflection of unpolarized light, this equat ion is 

p - -  (iRpt 2 +4- tRs]2)/2 [1] 

R,  and R, are the ampli tude reflectivity coefficients 
for light polarized respectively paral lel  and perpen-  
dicular to the plane of incidence, and for two layers on 
an infinite substrate each has the form (5) 

r l  Jr- r 2e  -2 j~ l  + ?'3e - 2 j ( ~ 1 + ~ )  + r l r 2 r s e  -2j~'~ 
R ---- [2] 

1 + rlr~e-2J ~1 + rlr~e-2J(~l+a~ ) + r2rae -2j82 

where r~ is the Fresnel  reflection coefficient of the i th 
interface, 51 ---- 2~Nidi cos r is the phase re tardat ion  
suffered by light of wavelength )~ on crossing the i th 
film of refractive index Ni ---- n~ -- jki and thickness 
di, and r is the refractive angle in the i th layer. 

Fr inge charts for de termining polysilicon thickness 
were constructed by calculat ing from Eq. [1] the 
wavelength (1.5 < L < 12 ~m) at which the reflectivity 
reaches a max imum or m i n i m u m  for various polysili-  
con and silicon dioxide thicknesses. In  the calculation, 

2 Appl ied Mater ia ls  Technology, Model AMH-620. 
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Fig. 1. Reflection of light from polysilicon on oxidized silicon 
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Fig. 2. Polysilicon thickness vs. wavelength position of extremes 
in intensity for 100 nm of Si02 on silicon ( + ,  O, and numbers on 
lines denote, respectively, lines of minimum intensity, lines of 
maximum intensity, and the order in which they are encountered 
with decreasing wavelength). 

the materials  were assumed nondispersive and nonab-  
sorbing. The index of refract ion of polysilicon was as- 
sumed to be the same as that  of the silicon substrate, 
which was taken to be 3.42 (6), and that  of silicon di- 
oxide was 1.46, the value found in the visible light 
range. Four  charts were necessary to span the polysili- 
con thickness range of interest, which extended from 
less than  1 to 7.5 ~m. A typical fr inge chart, in this case 
for polysilicon on 100 nm of oxide, is shown in Fig. 2. 
Each l ine on this chart  shows polysilicon thickness 
vs. wavelength position of a part icular  interference 
extreme. For the purpose of discussion, the lines are 
numbered  in the order in which the extremes are 
observed with decreasing wavelength.  Calculations 
indicate that  extremes corresponding to lines 1 and 2 
are too broad for their  position to be determined 
accurately and are not useful in de termining poly- 
silicon thickness. Thus for the wavelengths considered, 
polysilicon thicknesses above 0.3 ~m can be determined 
by using this chart. 

The effect of oxide thickness on the fringe chart  
is as follows. Below 100A, the variat ions in  intensi ty  
diminish to a point where it becomes difficult to de- 
te rmine  accurately the position of the extremes. Below 
about 600 nm, the fringe lines are l inear ly  dependent  
on polysilicon thickness. A change in  oxide thickness 
in this region displaces a given intensi ty  extreme by 
an amount  almost independent  of polysilicon thickness. 
This is seen in Fig. 3, where fringe charts correspond- 
ing to 100, 300, and 500 n m  of oxide are superimposed. 
Each interference order is represented by  a se t  of 
three l ines corresponding to the three oxide thick- 
nesses. It  is also evident  from this figure that  the 
wavelength of an extreme shifts much less (by  about 
four times) for a change in  oxide thickness than  for 
the same change in polysilicon thickness. Oxides of 
600 nm or more cause some of the fringe lines to be-  
come noticeably nonlinear.  This is because conditions 
are being approached for interference at the polysil-  
icon oxide interface. In  this region, it is still possible 
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Fig. 3. Superposition of fringe charts for SiOz thicknesses of 
100 nm (full line), 300 nm (dashed line), and 500 nm (dotted line). 
The 500 and 300 nm lines are, respectively, omitted from fringe 
1 and 6 to 9. (Notation as in Fig. 2.) 

to determine polysilicon thickness, but  more expertise 
is required in  in terpre t ing the interference response. 

Results 
Test of assumptions.--Experimental and computed 

reflectivity curves were compared in order to test the 
assumptions made in the calculation of the charts. For 
the case of silicon covered only by thick silicon dioxide 
films, an index of refraction value of 1.46 for the silicon 
dioxide was found to hold out to 6 ~m wavelength.  
Beyond this wavelength,  deviat ion between calculated 
and exper imental  occurs, and eventua l ly  the SiO2 
s t ructural  response is observed. With thin polysilicon 
films (1 ~m or less) or films deposited at low tem- 
peratures (~650~ on oxidized silicon, agreement  
(within 2%) between calculated and exper imental  re-  
flectivity curves is found out to 8 ~m wavelengths (Fig. 
4). Above this point, the SiO2 s t ructural  response 
causes deviations. As the polysilicon thickness increases 
with respect to the oxide thickness, the effect of this 
response diminishes. With the thicker films, however, 
agreement  between calculated and exper imental  results 
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Fig. 4. Comparison of experimental reflectivity (solid line) re- 
sponse for polysilicon film on 240 nm of SiO2 with the calculated 
reflectivity (points) using N1 = N3 ~- 3.42, N2 = 1.46, and 
~o = 30 ~ (cross bars indicate the calculated effect of _ 2 %  
variation in polysilicon thickness which is 680 rim, polysilicon de- 
posited at 650~ 
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Fig. 5. Experimental reflectivity results yielding 2.45 #m (upper 

carve) and 5.86 Fm (lower curve) of polysilicon on 140 nm of SiO2. 
The dashed lines indicate the expected calculated interference 
envelope. (Polysilicon deposited at 850~ 

is no longer obtained as shown by the examples in 
Fig. 5 where the dashed lines represent  the calculated 
reflectivity envelope. The diminished reflectivity re-  
sponse is caused by surface roughness of the polysili-  
con and not by absorption in the film. Infrared t rans-  
mission studies of thick (~75 ~m), unsupported,  pol- 
ished polysilicon films indicate that al though the poly- 
silicon is more absorbing than silicon, the imaginary  
part  of its index of refraction, which is about  0.001 at 
2.5 ~m and decreases with wavelength,  is at least sev- 
eral orders too small  to produce the observed decrease 
in the reflectivity. 

Even more critical than the assumptions made about 
the optical properties is the assumption made in Eq. [2] 
that  the silicon substrate is infinite when, in fact, it is 
t ransparent  at these wavelengths.  Nevertheless, the as- 
sumption may be used because it can be shown that  
interference occurring wi th in  the silicon substrate and 
tbe oxide layer covering its back side has li t t le effect 
on the reflectivity response measured from the poly-  
silicon. First, the thickness of the silicon substrate is 
such that  interference wi th in  it will  not be resolved by 
the IR-5A. This was confirmed by measurements  made 
on unoxidized substrates. Second, any  effect that  
interference in the substrate has on absolute intensi ty  
is el iminated by  the spectrophotometer calibration. 
Finally,  calculations indicate that  the in tensi ty  reflected 
from the back side oxide-air  interface is small, and 
interference occurring in this layer can be neglected. 
It  was found that  the wavelengths of the extremes 
remain,  wi thin  exper imental  error, the same after the 
oxide is removed from the back of the substrate even 
in the case of thick oxides (,~1 ~m). 

Limitations and accuracy.--The polysilicon thickness 
was obtained by matching measured wavelengths of 
reflectivity extremes to those shown in the calculated 
fringe chart. Extremes occurring below 6 gm wave-  
length were used because the best agreement  between 
experimental  and calculated reflectivity occurs here. 
As the optical thickness of the polysilicon increases 
with respect to that  of the oxide, the effect of the SiO,., 
s t ructural  response on the interference response 
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diminishes, and the 6 ~m upper wavelength l imit  can 
be relaxed. However, the 2 to 6 ~m wavelength range 
is sufficient to measure polysilicon films from 0.3 to 
above 5 ~m. 

The accuracy is the sum of the theoretical and ex-  
per imental  accuracies. On the basis of the foregoing 
justification of assumptions, the theoretical accuracy 
is estimated to be 2 % in de termining polysilicon thick- 
ness using wavelengths from 2 to 6 ~m. Experimental ly,  
the wavelength of the reflectivity extremes obtained 
from thin polysilicon films can be measured to 1000A 
or less except for extremes No. 1 and No. 2 which are 
not used. The position of the extremes can be deter-  
mined more accurately as they get sharper; but  the 
sharper extremes correspond to fringe lines of higher 
order which have steeper slopes. This results in an 
uncer ta in ty  of about 150A in the polysilicon thickness 
determined from any  of the extremes. For thicker 
polysilicon films this may be somewhat larger; for 
example, in the lower part  of Fig. 5, the polysilicon 
thickness determined from each individual  extreme 
is wi thin  200A of the mean  thickness. Error  in deter-  
mining  oxide thickness as was seen in the fr inge chart  
contr ibutes about one quar ter  of its value to the un -  
certainty, and this contr ibut ion can usual ly  be ne-  
glected. Thus in the wavelength  range  from 2 to 6 ~m, 
it is estimated that  the over-al l  accuracy of the IR 
interference method is 2% % 150A. The accuracy of 
relative measurements  is less dependent  on the correct- 
ness of the assumptions, and thickness variat ions corre- 
sponding to roughly twice the ins t rumenta l  precision 
or about 75A should be detectable for thin polysilicon 
films. 

In  comparing the IR interference technique with 
other methods of measur ing film thickness, it must  be 
kept in mind that  this method gives an average thick- 
ness over the area covered by the IR beam (about 2 
cm by 1 to 3 ram) while other methods measure local 
thickness. Table I presents a comparison of the thick- 
ness values for 15 polysilicon films determined from IR 
interference in the wavelength range from 2 to 6 ~m 
with the values obtained by averaging two or more 
local measurements.  The local measurements  were 
made by either Nomarski or Tolanski interference 
techniques, or wi th  a mechanical  stylus (DEKTAC3). 
The nominal  accuracy of these methods is est imated to 
be 0.25 and 0.1 fringes, or 750 and 300A. for the No- 
marski  and Tolanski techniques, respectively, and 4% 
for the DEKTAC. Within  these accuracies agreement  
between IR and local measurements  is found for all 
except three specimens of Table I. The discrepancy for 
these three specimens (DP2-1, C1, and C2) arises 
because they were much less uni form in thickness, as 
was indicated by local measurements.  

Summary 
An interference method is described for the thickness 

measurement  of polycrystal l ine silicon deposited on 

a M a n u f a c t u r e d  b y  S l o a n  I n s t r u m e n t  Corpo ra t ion .  

Table I. Thickness of polysilicon determined from infrared 
interference and from other methods 

T h i c k n e s s  of  p o l y - S i  (nm)  

O t h e r  I n f r a r e d  
S p e c i m e n  SiO= (nm) me thods*  i n t e r f e r e n c e  

P8-1 140 510 N 545 
P8-2 140 420 N 448 
D P 2 ~  240 655 T 700 
DP2-2  240 625 T 645 
DP2-3 240 660 T 680 
DP1-2 240 810 T 780 
C1 280 1350 T 1420 
C2 280 1500 T 1600 
P40-6 180 652 T 635 
P40-20 180 630 T 630 
P40-11 152 650 T 640 
1'20-14 210 620 T 625 
P20-16 180 665 T 650 
EY~ 140 2400 D 2450 
T K - I  140 6000 D 5860 

* M e a s u r e m e n t s  m a d e  b y :  N - N o m a r s k i  i n t e r f e r ence ,  T - T o l a n s k i  
in t e r fe rence ,  and  D - m e c h a n i c a l  s ty lus  ( D E K T A C ) .  

thermal ly  oxidized silicon. It  provides a rapid nonde-  
structive measurement  of polysilicon thicknesses 
greater than  0.3 ~m with an  est imated accuracy of 2% 

150A and a sensi t ivi ty of 75A. when  the interference 
measurements  are made in the 2 to 6 ~m wavelength 
region. The method is developed for SiO2 thicknesses 
of 0.5 ~m or less but  could be extended to larger thick- 
nesses. The sensit ivity to var ia t ion in  thickness is four 
times greater for polysilicon than for silicon dioxide; 
thus, the method is par t icular ly  suitable for production 
control. 
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In-Process Thickness Monitor for Polycrystalline 
Silicon Deposition 

T. I. Kamins* and C. J. Del l 'Oca*  
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ABSTRACT 

A n  in f ra red  in te r fe rence  method  for  moni tor ing  the  th ickness  of a film of 
po lycrys ta l l ine  si l icon dur ing  its deposi t ion on oxidized sil icon is described.  
Wi th  this  method,  deposi t ion can be t e rmina ted  when  the desired film th ick-  
ness is obtained.  Qual i ta t ive  agreement  has been found be tween  the  ca lcula ted  
and observed var ia t ions  of the emi t ted  in tens i ty  measured  dur ing deposit ion.  

This paper describes an infrared interference method 
for monitoring the thickness of a layer of polycrystal- 
line silicon during its deposition by the thermal de- 
composition of silane. A theoretical basis for the 
method is also given. The method is similar to one 
previously reported in the literature for the silicon-on- 
sapphire system (1), but in the present case the tech- 
nique is applied to deposition on a two-layer substrate, 
such as is currently used in silicon technology. 

Since the deposition rate is a strong function of the 
deposition temperature and the silane flow rate under 
normal operating conditions, accurate control of these 
two parameters is necessary. In general, poor control 
is detected only after the wafers are removed from 
the reactor and the thickness of the deposited layer is 
measured. The use of an in-line monitor allows the 
deposition to be terminated when the desired thickness 
is obtained. Since only one test wafer is monitored, 
however, good temperature and flow uniformity are 
still necessary in order to avoid wafer-to-wafer vari- 
ations. 

With this method of in-line monitoring, an infrared 
detector is used to observe the radiation emitted from 
an oxide-covered silicon wafer during the deposition of 
a polysilicon film on the oxide. As the thickness of the 
film increases, the  in tens i ty  of the  emi t ted  rad ia t ion  is 
modula ted  and passes th rough  successive m a x i m a  and 
minima.  The emi t ted  in tens i ty  is also dependent  on the 
optical  p roper t ies  of the mate r i a l s  and the  th ickness  of 
the  oxide  layer .  

The calculat ions involved in the  preceding  pape r  
(2) and in the  presen t  pape r  a re  fo rmal ly  s imi-  

lar, bu t  the  va r i ab le  moni tored  by  the two methods  
differs. In  the  previous  case, the  in tens i ty  was observed 
as a function of wave leng th  af ter  the  deposi t ion was 
completed,  whi le  the  presen t  me thod  considers  the  in-  
tens i ty  as a function of thickness dur ing  the  deposi t ion 
process. 

Calculations 
We show that,  as the  thickness  of the  polysi l icon 

changes, in ter ference  effects modula te  the  emiss iv i ty  
and, hence, the rad ia t ion  emi t ted  f rom the  wafer  sur -  
face at  a given angle. 

The emissivity1 of the  wafer  surface can be ca lcu-  
la ted ind i rec t ly  by  using the  fundamen ta l  re la t ionship  
that  at a given t empe ra tu r e  the  emiss iv i ty  and the ab-  
sorp t iv i ty  of a body are  equal.  The absorpt iv i ty ,  and 
hence the emissivi ty,  can be ca lcula ted  by  considering 
the  r e fec t ion  of l ight  f rom the  polysi l icon surface at  
an angle r f rom the  normal.  If  we assume tha t  the  
silicon subs t ra te  appears  inf ini tely thick, then the  in-  
c ident  in tens i ty  equals  the  absorbed in tens i ty  plus  the  
reflected intensi ty;  i.e., the  absorp t iv i ty  plus the  re -  
f lect ivi ty equals  unity.  Thus, the  emissivi ty,  s, is r e -  

* Electrochemical  Society Act ive  Member .  
Key  words:  infrared,  in te r fe romet ry ,  thin films. 
1 The  emissivi ty is the ratio of the intensi ty  radia ted by  a body 

to tha t  radia ted  by  a perfect ly  emit t ing body (a black body) at the 
same tempera ture .  

la ted  to the  reflectivity,  p, by the  equat ion 

�9 = 1-,o [1] 

where  the  ref lect ivi ty can be ca lcula ted  for  the  po ly -  
s i l icon-oxide-s i l icon sys tem as in the  preceding  paper  
(2). 

Figure  2 shows the dependence  of the  emiss iv i ty  on 
the polysi l icon thickness  for  th ree  oxide thicknesses 
as ca lcula ted  using Eq. [1] for ~ = 2.4 ~m and ~#0 = 

36.4 ~ (Fig. 1). Since the  opt ical  p roper t ies  of these 
mate r ia l s  a re  not we l l  known at  the  t empera tu re s  and 
wavelengths  under  considerat ion,  the  r o o m - t e m p e r -  
a ture  values of re f rac t ive  index  were  used in this  cal -  
culation. [At  least  for s ing le -c rys ta l  silicon, there  is 
some indicat ion tha t  the  opt ical  p roper t ies  a re  not  
s t rongly  dependent  on t e m p e r a t u r e  (3,4).] I t  was fu r -  
ther  assumed tha t  the  polysi l icon was not  absorbing 
and had the  same ref rac t ive  index  as s ing le -c rys ta l  
silicon [3.42]. The ref rac t ive  index of SiOs was t aken  
to be 1.46. F igure  2 indicates  tha t  in te r fe rence  effects 
modula te  the  emiss iv i ty  and the r ad ia t ed  in tens i ty  2 
as the  thickness of the polysi l icon l aye r  changes. 

According to the  calculations,  successive m a x i m a  or 
min ima  in the  in tens i ty  a re  separa ted  by  a change in 
the  polysi l icon thickness,  Ad, which causes a 180 ~ 
change in the  phase of the  l ight  t r avers ing  Ad; that  is 

Ad = ~(2ni cos r -I 
= (~/2) (nl 2 -- n0 s sin s r [2] 

where n is the refractive index and the subscripts 0 
and 1 refer to the ambient and polysilicon, respectively. 
This equation indicates that Ad is independent of the 
oxide thickness and properties. Furthermore, since 
Ttl 2 >> nO 2, Ad is also insensitive to the angle at which 

s The total power radiated by the surface is the integral of the 
power radiated at all angles and wavelengths and should remain 
constant as the film thickness increases. Thus, the temperature of 
the  surface will not  ref lect  th/s modulat ion in emissivi ty.  
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Fig. 2. Calculated dependence of the emissivity on the thick- 
ness of the polysilicon for three oxide thicknesses: (a) 0.13 ~m, 
(b) 0.90 #m, and (c) 1.25 Fm. The dashed curve in (a) indicates 
the emissivity for a slightly absorbing polysilicon layer. 

the radiation is intercepted so that some error in 
measuring the angle can be tolerated. 

Figure 2 shows, however, that both the starting point 
and the amount of modulation of the emitted intensity 
dur ing  deposition will  be funct ions of the oxide thick-  
ness. If the oxide thickness is such that  the phase 
change, 82, of the radiat ion crossing it is equal  to ran, 
then the reflectivity and hence the emissivity will  re-  
main  constant  as the polysilicon thickness changes. 
For this condition, we obtain complete destructive in -  
terference between light reflected at the upper  and 
lower surfaces of the oxide layer. Figure 2(b)  shows 
the calculated emissivity for a 0.90 ~m oxide film at 
two wavelengths;  the curve for ~ = 2.40 ~m represents 
destructive interference with 82 = n. 

If the polysilicon were to absorb some of the radia-  
tion, the ampli tude of the emissivity modulat ion would 
decrease with increasing polysilicon thickness, so that  
the emissivity would eventua l ly  reach a constant  value. 
This decrease in  ampli tude would set an upper  l imit  
on the polysilicon thickness which could be monitored. 
The dashed curve in Fig. 2(a) shows the emissivity 
calculated with the imaginary  par t  of the refractive 
index of the polysilicon, kl, equal  to 0.2. 

Experimental Procedure 
The thickness moni tor  has been used to observe the 

deposition of submicron films of polysilicon in an  RF-  
heated, horizontal  epitaxial  reactor. 3 An infrared py-  
rometer, 4 which is sensitive in the wavelength range 
from 2.0 to 2.6 ~m, was used to detect the radiat ion 
being emitted from the growing film. Al though only 
part  of the radiat ion emitted from the wafer  surface 
will  reach the infrared detector, the wafer is expected 
to be the principal  source of the radiat ion str iking the 
detector. Once operat ing conditions are attained, the 
temperatures  of the various surfaces in the reactor 
should remain  essentially constant. Then, the in tensi ty  
reaching the detector wil l  be affected only by the 
changing thickness of the polysilicon film. 

8 Applied Materials Technology, Model A M H = 6 2 0 .  
4 IRCON, Model 300 T5C. 

The experimental arrangement is shown in Fig. 1. 
The pyrometer was focused on the oxide-covered sil- 
icon wafer through the wall of the quartz deposition 
tube and a safety glass window; the light path between 
the heated wafer and the detector made an angle 40 
_~ 37 ~ with the vertical. Radiation sensed by the de- 
tector originated from a spot less than 5 mm in diam- 
eter. The signal from the pyrometer was recorded on a 
strip-chart recorder. After the wafer was removed 
from the reactor, the polysilicon thickness was mea- 
sured by infrared interferometry (2). 

Experimental Results and Discussion 
In  order to s tudy the usefulness of the method, the 

effects of deposit thickness, deposition temperature,  
and oxide thickness were considered. 

In  the first exper iment  polysilicon was deposited at 
850~ on a silicon wafer  covered by  0.13 ~m of ther= 
mal ly  grown SIO2. Figure 3(a)  shows the recorder 
trace for an 8.18-min deposition with a flow consisting 
of 0.05% silane in a hydrogen carrier gas. The trace 
starts from a point determined by the thickness of the 
under ly ing  oxide, increases to a maximum, and then 
goes through successive min ima  and maxima,  in qual i -  
tat ive agreement  with the calculated behavior shown 
in  Fig. 2 (a).  The final film thickness was subsequent ly  
measured to be 0.90 ~m. 

The decrease in  ampli tude as the film thickness in-  
creases can be a t t r ibuted to three effects. These are 
dispersion, surface roughness, and absorption of radia-  
t ion by the film. The first is perhaps the most important  
since the detector has a fairly large bandwidth.  If the 
effect is solely one of absorption, which is unlikely,  
a k1 of 0.2 would be required for the decrease. This 
value is roughly two orders of magni tude  larger than 
that  found at room tempera ture  (2). Surface roughness 
is not a significant factor at these thicknesses as in-  
dicated by IR measurements  (2). Five complete cycles 
have been observed dur ing  some depositions, at least 
four of which were useful  for thickness monitoring.  
Therefore accurate control should be possible for films 
over 1 #m thick. The use of a nar rower  bandpass filter 
is expected to extend the use of this method to thicker 
films. Significantly longer wavelengths cannot easily 
be used because of the rapid decrease in the t ransmi t -  
tance of quartz above 4 ~m. 

Thickness corresponding to one cycle . - - In  order to 
find the thickness corresponding to one comp]ete cy- 
cle, a series of films was deposited at 850~ on 0.13 ~m 
of thermal ly  grown SIO2. Each deposition was t e rmin-  
ated at a ma x i mum or m i n i m u m  in the emitted in ten-  

z 
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R E C O R D E R  O U T P U T  

Fig. 3. Recorder traces observed during the deposition of poly- 
silicon films on SiO2. The three parts of the figure correspond to 
oxide thicknesses of (a) 0.13 ~m, (b) 0.90 ~m, and (c) 1.2 ~m 
and may be compared to the calculated curves shown in Fig. 2. 
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Table I. Deposition parameters for films deposited at 850~ 
with deposition terminated at an intensity extreme 

Deposition Thickness dif- 
t ime Thickness ference for half  
(min) Cycles (p, rn) cycle (~m) 

3.75 1,15 0,39 } 0.16 

5.28 1.65 0,55 t 0.16 

6.78 2.15 0.73 
0,17 

8.18 2.65 0.90 

sity. Table I shows the t ime and thickness of each 
deposit. The fract ional  part  of the  cycle corresponds 
to the trace f rom the start ing point to the first peak 
and cannot be accurately determined.  Therefore,  the 
thickness per cycle was de termined  f rom the thickness 
differences be tween the successive depositions. We find 
one complete  cycle for each 0.34 ~m of depdsited silicon. 
From Eq. [2], the equiva len t  wave length  is 2.4 ~m 
when  the room tempera tu re  value  of the refract ive  
index of silicon is used; this wave leng th  is near  the 
center  of the region of sensit ivi ty of the detector.  The 
trace [Fig. 2 (a ) ]  calculated by using this wave length  
is in qual i ta t ive  agreement  wi th  the exper iment  [Fig. 
3 (a ) ] .  The agreement  indicates that  this method of 
compensat ing for the t empera tu re  var ia t ion of the re-  
f rac t ive  index by using the wave leng th  found from 
Eq. [2] leads to a self-consistent  set of calculations. 

E~ect of temperature.--Films were  deposited at 750 ~ 
850 ~ and 950~ on 0.13 ~m of the rmal ly  grown SiO2. 
Each deposition was te rminated  at the second min imum 
in the trace, and the thickness of the resul t ing de- 
posit was measured after the wafer  was removed f rom 
the reactor. The thickness of the three films was the 
same wi th in  exper imenta l  error  (0.56 __ 0.01 ~m);  the 
shape of the recorder  trace was also the same for the 
three temperatures ,  confirming that  the relat ion be- 
tween emissivi ty and thickness is not a strong func-  
tion of the deposition temperature .  Therefore,  slight 
errors in the t empera tu re  setting during the deposi- 
t ion wil l  not be cr i t ical ly important .  Of course, the 

absolute magni tude of the emit ted  radiat ion changes 
wi th  temperature .  

Effect of oxide thickness.--In order to de termine  the 
effect of oxide thickness, films were  also deposited on 
oxide layers 0.90 and 1.2 ~m thick. Figures  3(b)  and 
3(c) show the exper imenta l  results, which may  be 
qual i ta t ive ly  compared to the calculated behavior  
shown in Fig. 2(b) and 2(c) .  The thickness cor-  
responding to one cycle is the same for the different 
oxide thicknesses, but  the start ing point and the  mag-  
ni tude of the intensi ty modulat ion vary.  The trace for 
the deposit on the  1.2 ~m oxide  starts near  a m ax imum 
and shows substantial  intensi ty  change, in agreement  
wi th  the calculations [Fig. 2 (c ) ] .  The magni tude  of 
the signal f rom the deposit  on the 0.90 ~m oxide is 
much weaker,  as expected [Fig. 2 (b)] .  Successful u s e  
of the method requires  avoiding oxide thicknesses 
close to those corresponding to 82 = m~ since small  
exper imenta l  var iat ions would  lead to large errors  in 
thickness. It  should also be noted that  the oxide thick-  
ness can be chosen so tha t  the deposition of a g iven 
thickness of polysilicon wil l  be te rmina ted  at a max i -  
mum or m in im um  for the  best process control. In addi-  
tion, best control  wi l l  be achieved wi th  an oxide th ick-  
ness less than ~/2n2 so tha t  a given percentage un-  
cer ta inty in oxide thickness wi l l  correspond to a small  
uncer ta in ty  in the phase. 
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ABSTRACT 

Po lyqua te rna rya lky lammonium iodide-s i lver  iodide compounds wi th  high 
ionic conduct ivi ty  in the solid state have  been prepared.  The systems (RzN- 
(CH2),-NRa) I2 -- AgI, at 1:12 ratio, g ive  specific conductivit ies of the order 
of 10 -2 (ohm • c m ) - L  For  the system oc tamethy ld ie thy len t r i ammonium io-  
d ide-s i lver  iodide in the ratio 1: 22, the specific conduct ivi ty  reaches, at room 
temperature ,  a value  of 5.8 • 10 -2 (ohm • cm) -1 

Sol id-s ta te  e lectrochemical  generators  are known to 
present some advantages over  t radi t ional  ones widely  
employed in many  fields of technique. Considerable 
fur ther  advantages could be attained, provided that  
the conduct ivi ty  of a solid e lec t ro lyte  becomes com- 
parable wi th  that  of a strong electrolyte  in aqueous 
solution. These reasons just i fy  the interest  in this field 
and the researches carried out, especially in recent  
years, on substances which may constitute h igh-con-  
duct ivi ty  solid electrolytes.  

* Electrochemical  Society Active Member.  
Key  words:  electrical conductivi ty,  silver iodide, solid-state elec- 

t rochemist ry .  

Severa l  promising results  have  recent ly  been 
achieved, mainly  as a consequence of work  conducted 
by Takahashi  and Yamamoto,  Owens and Argue, Brad-  
ley and Greene, etc., as summarized in Table I. 

So far, the highest specific conduct ivi ty  at room 
tempera tu re  has been measured wi th  RbAg415 (10), 
which, in the best conditions, gives a value X = 2.70 • 
10-* (ohm • cm) -1. However ,  rubid ium-conta in ing  
compounds are quite  expensive,  so that  it is of interest  
to look for other  conducting materials  of lower cost; 
moreover,  still  higher  conductivit ies would  be we l -  
comed. Such compounds should also be t he rmodynami -  
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Table I. 

Conductivity 
A u t h o r s  Compound (ohm • ern)-1 R e f e r e n c e  

Ive s  and  J a n z  AgC1 1 x 10 -7 (1) 
Mi l l e r  and  M a u r e r  A g B r  3 x 10 .7 (2) 
L iese r  ~ A g I  2 x 10 -e (3) 
M r g u d i c h  A g I  (amalg .  el.) 1.5 X 10 -I (4) 
T a k a h a s h i  and  Yama-  Ag3SI 1 x 10-~ (5) 

m o t o  
B r a d l e y  and  G r e e n e  RbAg~I~ 1.24 • 10 -1 (6) 
Owens  and  A r g u e  RbAg4I~ 2.10 x 10 -1 (7) 
De Rossi, Pistoia, and RbAg4Is 2.50 x i0 -I (8) 

Scrosati 
T a k a h a s h i  and  Yama-  RbAg~I~ 1.70 x I0  -~ (9) 

mo to  
R a l e i g h  RbAg4I~ 2.70 x 10-~ (10) 
O w e n s  Me4NAgsI~ 4.0 • 10 --~ (11, l g )  
Owens  Me2Et.zNAgTI~ 6,4 • 10 -~ {11, 12) 

cally stable at low temperatures,  while RbAg415 is not. 
These reasons have fur thered studies on other com- 
pounds. 

In  recent papers, Owens (11, 12) extensively ex- 
amined the behavior of a new series of solid electro- 
lytes still based on AgI, in which rub id ium iodide was 
replaced by a t e t raa lky lammonium iodide. Since prom- 
ising results were so obtained (see Table I) ,  the pres- 
ent study was carried out for a new series of compounds 
in which silver iodide is associated with alkylated 
po lyammonium iodides of the general  formula  

R~N+-(CH2) , [N+R2-  (CH2),]m-N+R3 (2 ~ r e ) I -  

where R is an alkylic radical: in particular,  compounds 
in which m ---- 0 and 1 ----- n --~ 10 have been examined. 

Most of the experiments  reported in this paper were 
carried out on hexamethonium iodide-silver iodide 
compounds, because the hexamethonium iodide is a 
low-cost, readily available material.  I t  yields the in-  
termediate value of n :-  6. The chemical formula may 
be wr i t ten  as 

(CHs) 3N- (CH2) 6-N (CH3) 312 (HexI2, see Table III)  

Experimental 
Among the products of the series under  study, on]y 

three pentane-  1 ,5-bis- t r imethylammonium iodide 
(pentamethonium iodide), hexane- l ,6 -b i s - t r ime thy l -  
ammonium iodide (hexamethonium iodide) and dec- 
ane - l ,10-b i s - t r ime thy lammonium iodide (decametho- 
n ium iodide) could be found commercially as salts. 

The other compounds were t ransformed into salts 
through two procedures (examples are reported be-  
low), method A for methyl  derivatives of amines 
(1,1-bis-diethylamino-methane,  1 ,2-bis-dimethylami-  
no-ethane,  1,3-bis-dimethylamino-propane,  1,4-bis-di- 
me thy lamino-bu tane) ,  and method B for the free 
amine 1,9-diamino-nonane.  

All  the starting products employed were Fluka  or 
Carlo Erba (analyt ical  grade) and were used without  
fur ther  purification. 

Method A.--Sg (0.043 moles) of 1,2-bis-dimethyl-  
amino-e thane  are dissolved in 50 ml  of cyclohexane at 
a tempera ture  of 0 ~ to 5~ 13g (0.091 moles---slight 
excess) of CH3I, dissolved in 15 ml of cyclohexane, are 
slowly added to the solution, which is stirred for 2 hr, 
at 0 ~ to 5~ After  filtering, the solid is dried at 140~ 
for 15 min:  15.5g of product (90% yield) are obtained. 

Analysis Ith ---- 63.5% Iex : 63.1% 

Method B (13).--4.74g (0.030 moles) of 1,9-diamino- 
nonane  are slowly dissolved in 16.5g of 90% formic acid 
solution (0.320 moles---l: 11 ratio) at a tempera ture  not 
exceeding 5~ then 13.5g of 35% formaldehyde solution 
(0.150 moles - - l :  5 ratio) are added. The mixture  is first 
heated, unt i l  carbon dioxide evolution ceases and then 
is refluxed for 5 hr. After  cooling, the solution is satu- 
rated with KOH whereupon,  the resul t ing upper  layer  
is extracted three times with ether; after washing with 
water, the ether is dried over Na~SO4. 

A solution of 9g (0.063 moles---slight excess) of CHsI, 
dissolved in 15 ml  of ether, is slowly added (0~176 
outside tempera ture- -see  method A) to the ethereal 
solution with s t i rr ing and then method A is followed 
through; 13.1g of product are obtained (88% yield) .  

Analysis I t h  = 51.0% I ex  ---~ 5 0 . 9 %  

Octamethyld ie thy len t r iammonium iodide (CH3)3N- 
(CH2) 2-N (CH3) 2- (CH2) 2-N (CH3) 313 was prepared by 
method A from 10.9g of pentamethyld ie thy len t r iamine  
and 28.4g of CH3I: 34.2g of product were obtained (91% 
yield).  

Analysis Ith ---- 65.1% Iex ---- 64.9% 

The materials  used for  the conductance tests were 
prepared by melt ing the polymethonium iodides with 
silver iodide. Appropriate quanti t ies  of AgI and poly- 
methonium iodide, powdered and in t imate ly  mixed, 
were heated under  vacuum to a tempera ture  approach- 
ing 250~ The resul t ing compound, rapidly cooled to 
room temperature,  was pelletized and annealed for ap- 
proximately  20 hr at a tempera ture  of 165~ 

The analyt ical  composition of the samples was 
checked by the following method. A known quant i ty  
of the solid electrolyte, suspended in a known volume 
of a s tandard silver ni t rate  solution, was boiled for 
several hours to obtain the decomposition of the com- 
pound and the precipitat ion of I -  ions as AgI. After 
cooling, the excess of silver ni t ra te  was t i t ra ted with 
a sodium chloride s tandard solution. The results of the 
above analysis show that  the error on the indicated 
equivalent  per cent of AgI (calculated as: 100 • AgI 
moles/AgI moles /- 2 • polymethonium moles) does 
not exceed --+0.2%. 

In  order to t ry  to achieve bet ter  conductivi ty re- 
sults, a radiat ion test was carried out with some of 
the products under  examinat ion (HexI2-AgI 1:12 and 
OdtI3-AgI l :22- -see  Table IV) and with RbAg4I~ and 
(CHa)4NAg6Iv. A series of samples were exposed at 
room tempera ture  to a 0.14 megarad /h r  source of 7 rays 
(~0Co) with an Atomic Canada Ltd. v-cell. The radia-  
tion doses used ranged from a m i n i m u m  of 7 megarad 
to a max imum of about 70 megarad. In  no case were 
variat ions in electrical conductivi ty observed. However 
the color of the samples became reddish-brown,  sug- 
gesting that, at least wi th in  the superficial layers, a 
decomposition of the iodides to e lementary  iodine 
should have occurred. 

Differential thermal  anaiyses (DTA) were operated 
with a 419-Type Netzsh ins t rument  having the follow- 
ing characteristics: low- tempera ture  apparatus, steel 
block, i ron-cons tan tan  thermocouple protected against 
direct contact with the mater ia l  under  examinat ion  by 
sui tably shaped p la t inum plates, calcined kaol in  as 
reference material ,  heating rate 5 ~ C/min.  

X - r a y  diffraction experiments  were performed with 
a PW 1050/25 Type Phil ips diffractometer, using nickel-  
filtered C u ~  radiation. 

The specific conduct ivi ty  of the samples was deter-  
mined by using a cell (8) in which the electrolyte, 
pelletized under  vacuum at 1100 kg /cm 2 pressure, was 
placed between two amalgamated silver electrodes. The 
measurements  were carried out with a 4896 Type 
Tinsley conductivi ty bridge with oscillographic re- 
setting (545 B Type Tektronix) .  The pressure of 1100 
kg/cm 2 was selected since it gives the highest specific 
conductivi ty values for the examined electrolytes (see, 
for example, Table II) .  

Results and Discussion 
DTA and x - rays . - -DTA was carried out at tempera-  

tures ranging between room tempera ture  and 230~ 
i.e. up to a temperature  just  below melting, for differ- 
ent ratios of the HexI2-AgI system (1:10, 1:11, 1: 12, 
1: 13, 1: 14). The results showed that  each composition 
presents an endothermic peak at approx. 150~ i.e. 
close to the AgI~ ~ AgIa t ransformat ion temperature.  
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Table II. Specific conductivity of HexAgl2114 pellets as a function 
of applied pressure at room temperature 

(average value from 4 or 5 measurements) 

Applied pressure Specific conduct ivi ty  
(kg/c  m2) X (ohm • crn)-I 

400 0 .025~0.001 
800 0.027d-0.001 o 

1100 0.029d-0.001 E 
1500 0.027-----0.001 
2000 0 .026+0.001 

2 
fi 
s The quan t i ty  of heat involved in the transformation,  

per formula weight of compound, is a m i n i m u m  for 
the 1:12 ratio. This seems to indicate that  the thermal  
preparation,  described in  the exper imenta l  section, 
provides a substant ia l ly  complete but  not quant i ta t ive  
formation of the desired compounds (approx. 95% 
for the 1:12 rat io) .  This conclusion is supported by the 
x- ray  diffraction spectra of the same materials.  

The AgI reflexes are always present, and their  in ten-  
sities as a function of composition follow the pat tern  
of the areas under  the DTA peaks, the 1:12 ratio giv- 
ing the least AgI intensities. 

Figure  1 shows the area of the DTA peaks obtained 
for the various ratios. The broken curve indicates the 
values corrected for excess of AgI added over the 
1:12 ratio, on the basis of the area of the peak mea-  
sured with pure AgI samples (average 88 mm2/mM 
AgI).  

For ratios 1:12 and lower, it is observed that  the 
corrected area (approx. 50 mm2/mM of the compound) 
is equivalent  to 0.5-0.6 moles of AgI per formula 
weight, which may correspond to par t ia l  decomposi- 
tion, or to incomplete formation of HexAg12114. For 
compositions to the left of 1: 12, i.e. an excess of HexI2, 
the relative amount  of free AgI is even higher, thus 
just i fying the assumption that an excess of HexI2 may 
decompose some of the conducting compound. The fol- 
lowing may be a possible reaction 

HexI2 + HexAg12114 --> 2 HexAg416 + 4 AgI [1] 

On the other hand, in the absence of HexI2 in excess, 
the HexAg12114 decomposition reaction could result  

HexAg12114 --> HexAg416 + 8 AgI [2] 

Both of these reactions could be responsible for the 
presence of free AgI in the range of compositions at 
the left of 1:12 in Fig. 1, while for other ratios only 
reaction [2] would apply. There is nothing, however, 
in the l i terature,  to just ify reactions [1] and [21, ex- 
cept the analogy with the RbAg~I5 decomposition re- 
actions. As a mat ter  of fact, the conductivi ty values 
calculated on these assumptions ( taking into account 
the part ial  decomposition of HexAg~I14 to HexAg4Is 
and AgI, which are both considered nonconduct ing com- 
pounds, and the relat ive di lut ion effects) give values 
that are substant ia l ly  greater than the observed values 
above and below the 1:12 composition. 

Conductivity.--The conductivi ty values obtained for 
the various compounds and compositions studied, are 
reported in Tables III  and IV. 

Figure 2 shows the specific conductivi ty as a funct ion 
of the equivalent  per cent of AgI for some of the sys- 
tems studied. For comparison, the curves obtained by 

0 

200 - 

100 - 

0 

116 

- 2  

c::I 

"6 

I I l I I 
1:10 1:11 1:12 1:13 1:14 

Hex 12 - AqI composition 

Fig. 1. DTA peak area as a function of molar composition for 
Hexl2-Agl system. 

Owens for tetramethylammonium iodide-silver iodide 
and diethyldimethylammonium iodide-silver iodide 
systems are also shown. The maximum conductivity 
values indicate that, according to DTA and x-ray ex- 
periments, the formula of conducting polymethonium 
compounds is QAg12It4 (Q is the polymethonium ca- 
tion). 

For OdtI3-AgI system the maximum conductivity 
value is obtained with a 1:22 ratio. 

Table V reports the specific conduct ivi ty of 
HexAgl~I14 at different temperatures.  From these 
values, an Arrhenius  act ivation energy of 2730 cal /mole 
can be calculated: the corresponding value for RbAg415 
is about 2300 cal/mole, and for (CHa)4NAg617 about 
4000 cal/mole. 

It has been concluded, par t icular ly  on the basis of 
x - r ay  diffraction evidence, that  the reason for the 
high ionic conduct ivi ty  of crystals of silver iodide com- 
pounds with rub id ium or t e t r aa lky lammonium iodides 
may be ascribed to the high mobi l i ty  of silver ions 
through channels made up of iodide ion tetrahedra 
(14, 15). 

While there is the need for addit ional confirmatory 
studies, such as t ransference n u m b e r  measurements,  
d-c polarization measurements,  and Hall  effect, it may 
be assumed at this stage, on account of the s imilar i ty  
between the conductivi ty values reported in this work  
and those reported by Owens, and the analogy in the 
composition of these species that  the cause for the high 
conductivi ty of our compounds is due to a similar  
mechanism. 

The specific conductivi ty of AgI (a) at room tem-  
perature, obtained by extrapolat ing data at higher 
temperatures,  is about  7 • 10 -2 (ohm • c m ) - 1  (16). 
This value cannot be obtained directly because the 

Table Ill. Specific conductivity of polymethonlum iodide-silver iodide compounds in the ratio 1:12 

Polymethon ium iodide X (ohm X cm) -z 

I) ( C2H5 ) ~CHsN- CH2-NCI4_8 (C~H5) ~/s 
2) (CP~) 8N- { CH~) ~-N ( CHD.I. 
3) (CHa) sN- (CHs) a-N (CH~) sI~ 
4) (CI'I3) 8N- (CH~) 4-N (CHs) 312 
5) (CH3) 3N- { CH~) 5-N (CHa) 3I~ 
6) (CHa) 3N- (CHs) 6-N (CI-Ia) ~I2 
7 ) (CH3) 3N- (CH~) o-N ( CI-la ) ~I~ 
8) (CI-I~) 3N- (CH~) to-iN (CHs) ~Is 

(methane- l,l-bis-methyldiethylamrnonium iodide) 
(ethane- 1,2-bis-trimethylammonium iodide) 
( propone- 1,3-bis-trimethylammonium iodide) 
( butane- 1,4-bis-trimethylammonium iodide) 
( pen tane- 1 ,5-b is - t r imethylammonium iodide) 
(hexane-  1 ,6-b is - t r imethylammonium iodide) 
(nonane- 1 ,9-b is - t r imethylammonium iodide) 
(decane- l , lO-b is - t r imethy lammonium iodide) 

0.045 
0.027 
0.013 
0.027 
0.012 
0.029 
0.014 
0.011 
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Table IV. Specific conductivity of pelletized Hexl2-Agl and 
Odtl3*-Agl systems as a function of equivalent per cent of Agl 

E q u i v .  %,  HexI .z -AgI ,  E q u i v ,  %,  O d t I a - A g I ,  
A g I  X ( o h m  X crn) - I  A g I  X ( o h m  • c m ) - I  

84.61 0.004 84.20 0.013 
85,51 0,026 85.71 0.030 
85.71 0,029 86.87 0.054 
85,91 0.013 87.99 0.058 
86.87 0.002 88.89 0.046 

90.70 0.024 

* Odt = Octamethyldiethylentriammonium cation. 

Table V. Temperature dependence of the specific conductivity of 
pelletized HexAg12114 

T (*K) X ( o h m  x c m ) - i  

383.15 0,044 
313.15 0,034 
298.15 0.029 
283.15 0.021 
281.15 0,020 
273.15 0.018 
269.15 0.017 
243.15 0.0095 
237,15 0.0085 
233.15 0.0075 

alpha modification, AgI (a), is unstable  below 146~ 
The reaction of silver iodide with suitable salts, s tabil-  
izes a crystal lattice which possesses the high conduc- 
t ivi ty channels even at comparat ively low tempera-  
tures. In  a way, it can be thought as a per turbat ion,  
induced by  the species introduced into the lattice, 
which, by hinder ing the close packing of the iodide 
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1.5 

2.0 

Me2Et2 NI- Ag[ (12) 
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I _ I 

85 90 

Me4 NI- Agl (12) 

equivalent percent of Ag! 

Fig. 2. Composition dependence of the specific conductivity of 
some binary solid electrolyte systems at room temperature. A,  
Odtl3-Agl (see Table IV); I I ,  No. 6 (see Table III); ['7, No. 8 (see 
Table I I I ) ;  A ,  No. 1 (see Table I I I ) .  

ions, characteristic of the nonconduct ing AgI (~), 
makes it possible for a more open s t ructure  to persist 
at lower temperatures.  Among the salts which stabilize 
such a structure (see Table I) ,  silver sulfide can be 
mentioned. In  a 1:1 molar  ratio with silver iodide, 
Ag2S induces a specific conductivi ty value of approx. 
10-2 (ohm • cm) -1, and rub id ium iodide which 
shows a specific conductivi ty of approx. 10 -1 (ohm • 
cm) -1 in a 1:4 molar  ratio. 

Many qua te rnary  ammonium compounds (Owens 
and this study) are also capable of modifying the AgI 
lattice, producing results approaching those obtained 
with RbI. The greater  conductivity of RbAg415 with 
respect to the R4NI-AgI compounds is a t t r ibuted (15) 
to the higher lattice symmet ry  of the former, to its 
higher holes--Ag + ratio, and to the lower volume of 
Rb + compared with organic cations. 

Similar  considerations can be made about the com- 
pounds studied in this work. In  particular,  it is possible 
to compare conductivities with respect to the size of 
the organic cations introduced in the lattice. 

With reference to Owens'  conclusion (11) that  it is 
necessary to use a lkylammonic  cations of volumes 
ranging between 30 and 85 A 8 to obtain satisfactory 
results, it should be observed that  in the case of the 
compounds reported in this study, it appears that  it 
is not the total volume of each individual  cationic par-  
ticle present  in the lattice that  should be considered, 
but  ra ther  the volume of each stabilization cation, a 
term referring, in our case, to each individual  a lkyl-  
ammonic group present  in the organic cation intro-  
duced. 

A sizable portion of the high conductivi ty channels 
are obstructed by the large organic cations. In  this 
respect, perhaps better  results would be obtained if a 
species could block a large n u m b e r  of AgI uni ts  in an 
open-structure  lattice, while  itself possessing a min i -  
mum molecular  volume. 

It  appears that  oc tamethyld ie thylent r iammonium 
iodide, whose compound with AgI presents the highest 
conductivi ty value among the species examined here, 
seems to follow this logical order, since in this case 
each alkyled ni t rogen uni t  stabilizes slightly more 
than  seven units  of AgI, al though its volume is less 
than half the volume of the polymethones. (This con- 
clusion is also supported by the tendency of specific 
conductivity to decrease as the number  of carbon atoms 
per stabilization cat ion.--See Table III) .  

In the case of me thane - l , l - b i s -me thy ld i e thy l enam-  
monium iodide, the conductivi ty is greater than  for 
other polymethones: a similar effect is reported by 
Owens, who finds the highest values in d imethyl -d i -  
e thy lammonium iodide. Further ,  a certain tendency 
for higher conductivity can be observed in  poly- 
methones containing an even number  of intermediate  
- -CH2- -  groups when compared to those with an odd 
number:  this could be justified by the observation that  
the odd or even number  of carbon atoms in  normal  
saturated hydrocarbons determines conformational  
changes~_which considerably affect their mel t ing tem- 
pe ra tu re ' and  the relat ive enthalpy changes. 

It appears then that  the polymethonium cations with 
an even number  of - - CH 2- -  intermediate  groups tend 
to hinder  less than  the ones with an odd number  the 
mobil i ty  of Ag +, as if they might  be present  in the 
lattice in a more "streamlined" position, thus obstruct-  
ing a tower number  of conduction channels.  

From the above, it can be assumed that, at least for 
the compounds of the series ment ioned here, the max-  
imum specific conductivi ty l imit  which can be aimed 
at would be only slightly lower than the value that  
silver iodide would reach if it could be present  at room 
temperature  in a form with m a n y  holes available for 
each Ag +. This value, however, would be reasonably 
high, and could be considered as sufficient for many  
practical applications, once its ionic character is def- 
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ini tely verified. Such studies are in progress and wil l  
be reported later. Cells of the type: Ag/HexAg12114/ 
HexI2,I2,C have been already put  together and dis- 
charged for many  hours with an ini t ial  emf of about 
0.64V. Efforts in this direction should, therefore, be 
considered with interest.  
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Technical Notes 
i 

Washing Calcium Halophosphate Phosphors 
with Diethylenetriamine Pentaacetic Acid 

E. A. Graft* 
Westinghouse Electric Corporation, Bloomfield, New Jersey 07003 

The calcium halophosphate phosphor having the 
formula 3Ca3 (PO4) 2 �9 Ca (F, C1) 2 activated with ant i -  
mony and manganese  is general ly prepared by firing a 
raw mix of the consti tuents required to satisfy the 
formulation. An inherent  deficiency of the solid-state 
reaction is that  the firing gives rise to local concentra-  
tion excesses of consti tuents which are not ent irely 
incorporated into the phosphor matrix.  These un in -  
corporated constituents, especially manganese and 
ant imony,  tend to absorb both ul traviolet  and visible 
light thus reducing the phosphors response (1). In 
addition, if the an t imony appears on the surface in a 
reduced state the phosphor may take on a gray body 
color which leads to an undesirable increase in absorp- 
t ion of visible light (2). Also the probabi l i ty  of 
mercury  a t tachment  to the phosphor arises if there 
are a number  of free metal  atoms present (3). This 
results in a grayish phosphor that yields poor per-  
formance in a fluorescent lamp. 

Due to lamp output  losses associated with the pres- 
ence of the previously noted undesirable materials,  it 
has long been the practice in the preparat ion of cal- 
cium halophosphate phosphors to employ inorganic 
and organic acids as washing aids (4, 5). 

Mar tyny  (6) showed that  employing a sequestering 
agent, e thylenediamine tetraacetic acid (EDTA) as a 
washing agent would remove portions of those delete- 
rious materials  not previously removable  with the 
organic and inorganic acids. 

Though EDTA is an efficient sequestering agent, an 
even more efficient agent is d ie thylenet r iamine penta-  
acetic acid (DTPA).  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  p h o s p h o r s ,  s e q u e s t e r i n g  a g e n t s ,  bal l  m i l l i n g ,  l u m e n  

o u t pu t .  

The DTPA is s t ructura l ly  similar to EDTA but  it has 
the advantage of forming more stable complexes and 
of being able to complex two metal  ions per mole. 
EDTA can only form 1:1 complexes. The structures 
of the two sequestering agents and the types of com- 
plexes formed are i l lustrated in Fig. 1. 

Table I shows the significantly higher  stabil i ty of 
the chelates formed with DTPA as compared with 
those formed employing EDTA. 

Another  factor in the greater s tabil i ty of chelates 
formed with DTPA is its pH dependence in comparison 
to that  of EDTA (7). The plots shown in Fig. 2 il lus- 
t rate  the difference between DTPA and EDTA where 
pM is a funct ion of pH. pM is defined as the negative 
logarithm of the metal  ion concentrat ion (M+).  The 
data shown are typical of that  obtained for many  of 
the cations encountered in calcium halophosphate 
phosphors. From these data it is evident  that  DTPA is 
in many  instances a better  chelating agent than EDTA 
at both lower and higher pH values. 

One last but  quite impor tant  advantage in the use 
of DTPA is that it is more soluble than EDTA. At 

Table I. Stability of DTPA and EDTA chelates 

S t a b i l i t y  c o n s t a n t s  ( L o g  K)  
D T P A  E D T A  

M a n g a n e s e  15.11 13.47 
I r o n  ( I I )  16.66 14.22 
I r o n  ( I I I )  28.8 25.1 
Cadmium 18.93 16.48 
Zinc 18.14 16.58 
Lead 18.87 18.3 
Calcium 10.11 10.97 
Strontium 9.68 8.63 
Magnesium 9.02 8.69 



Vol. 119, No. 1 W A S H I N G  W I T H  D T P A  119 

HOOC CH 2 CH 2 COOH 

, ~ N C H  2 C H 2 N ~  

HOOC CH 2 CH 2 COOH 

EDTA 

HOOC CH 2 CH 2 COOH 

~ N C H , ~  CH,., NCH. CH2 N ~  
~ c I 

HOOC CH 2 CH2COOH CH2 COOH 

DTPA 

0 0 
II II 

-o-c CH2~ jCH 2 C-O- 
I~ICH2 CH2 N 

CH 2 CH 2 
I I 
C-O-M-O-C 
II II 
0 0 

EDTA- I:1 COMPLEX 0 
0 II 
II CH.-C 

-O--C CH_ , =: I 

- - N C H 2  CH2 NCH2 CH2 N 
I I I 0 

CH 2 CH 2 CH2--C I 
I I 0 
C-O-M-O-C 
II II 
0 0 

DTPA-I -" 2 COMPLEX 

Fig. 1. EDTA and DTPA metal 
ion complexes. 

room tempera ture  the DTPA is 21/2 times more soluble 
than  EDTA, and at elevated temperatures  the differ- 
ence in the solubil i ty of the two sequestering agents 
increases. 

In  this s tudy I tried to determine if the apparent  
advantages of DTPA over EDTA could be t ranslated 
into an improved treat ing or washing process for cal- 
cium halophosphate phosphors. 

Initially,  tests were run  on s tandard Cool White 
halophosphate phosphor. This mater ia l  was ball  milled 
with different quanti t ies of the sequestering agent. 
After  milling, the s lurry  was washed several times by 
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decantat ion and then  subjected to the normal  lamp 
processing stages for this phosphor. All lamp results 
were obtained in 40W fluorescent lamps. 

Figure 3 is a plot of lumen  gain vs. weight per cent 
sequestering agent. As can be seen from the curves, 
for the weight per cents employed, the lumen improve-  
ment  is significantly larger for the phosphors treated 
with DTPA than  for those treated with EDTA. The 
improved output  for the DTPA treated phosphors was 
only part ial ly related to improved maintenance.  Figure 
4 is a plot of the 0-100 hr lumen  drop vs. the weight 
per cent DTPA used. Data is only plotted for the ap- 
paren t ly  opt imum range of 0.05-0.15 weight  per  cent 
(w/o)  DTPA. As the quan t i ty  of the DTPA employed 
increased, the lamp maintenance  degenerated. How- 
ever, even at 0.15 w/o  DTPA the lamp maintenance  
was somewhat bet ter  than  for control lamps prepared 
with untreated phosphors. Figure 4 does show that  
main tenance  improvements  represent  between 25 and 
50% of the improvement  obtained with the use of 
DTPA. The rest of the improvement  is related to 
improved ini t ial  output. The data in Fig. 4 indicate 
the opt imum DTPA content  from the s tandpoint  of 
main tenance  to be at 0.05 w/o, however, the results 
plotted in Fig. 3 indicate that  100 hr output  peaks at 
0.10 w/o DTPA. 

Figure 5 shows the effect of sequestering agents on 
the output  of 40W fluorescent lamps over an extended 
burn ing  period. The treated phosphors shown in the 
figure were processed with 0.10 w/o DTPA and EDTA 
based on the total  weight of phosphor. After 2500 hr  
of burning,  the lamps containing the DTPA treated 
phosphor have dropped 2% less in  relat ion to their  
100 hr output  than the lamps containing the untreated 
phosphor. The main tenance  of the DTPA treated phos- 
phor is slightly bet ter  than  that  of the EDTA treated 
phosphor. 

Analyses of wash water  residues from phosphor 
slurries treated and not treated with DTPA show some 
marked differences. The level of impuri t ies  detected 
in the DTPA generated residue is general ly  greater 
than the level detected in the residue from the un-  
treated phosphors. For some impuri t ies  such as man-  
ganese and cadmium the level of impuri t ies  differs by 
a factor of 10. 

X- ray  fluorescence measurements  performed on 
phosphors treated and not treated with the DTPA 
show str iking differences in the quanti t ies of an t imony 
and manganese  present. Treated phosphors record 
5-8% lower an t imony and manganese  levels than  their  
unt rea ted  controls. 
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Fig. 3. Lumen gain at 100 hr 
vs. weight per cent sequestering 
agent. 
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From the work performed to date, several conclu- 
sions can be drawn. 

(i) Diethylenetriamine pentaacetic acid is an effec- 
tive aid in the processing of calcium halophosphate 
phosphors. Its use reduces the level of certain ap- 
parently unreacted phosphor constituents. This reduc- 
tion in turn is related to both improved initial lamp 
performance and improved maintenance characteristics 
for the treated phosphors. 

(ii) The intrinsic characteristics of diethylenetri- 
amine pentaacetic acid make it a more suitable and 
effective sequestering agent than ethylanediamine 
tetraacetic acid for use in processing calcium halo- 
phosphate phosphors. 
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Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 
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Dielectric Loss, Electrode Deterioration, and the 
Sodium Problem in MOS Structures 

D. J. Silversmith 
Bell Telephone Laboratories, Incorporated, Murray HAll, New Jersey 07974 

Two reports of the h igh- tempera ture  and  low-fre-  
quency dielectric loss in MOS structures have pur -  
ported to s tudy ionic t ranspor t  and space charge po- 
larization effects. Using this data, the present  note 
correlates the dielectric relaxat ion results to elevated 
tempera ture  measurements  of capacitance. The com- 
parison indicates that  above 300~ the metal  elec- 
trode reacts with silicon dioxide to give a displace- 
men t  current  component  similar to that  associated 
with the "slow t rapping instabili ty." The solid-state 
electrolytic reactions indicated here make the precise 
ionic contr ibut ion to the displacement uncer ta in:  
therefore, voltage ramp measurements  of ionic im-  
purit ies above 350~ are problematic.  Fur the r  evidence 
for a h igh- tempera ture  solid-state electrolytic reac-  
tion is obtained from measurements  performed al ter-  
nately in N2 and O~ ambients.  

Dielectric Loss Experiments 
Using 3500A thick steam oxides grown on 4-7 ohm- 

cm n - type  silicon, Burkhard t  (1) measured the fre-  
quency dependence of the dielectric loss in the oxide 
as a funct ion of temperature  (400~176 From a plot 
of the frequency at which the dissipation factor, tan  
8, peaked (at zero d-c bias) vs. the corresponding tem- 
perature, an activation energy of 0.438 eV was deter-  
mined for the re laxat ion process. Burkhard t  related 
the peak in tan  8 to an ionic space charge polarization; 
his inference is that  a solid-state reaction between the 
a luminum electrode and the SiO~ produces positively 
charged oxygen vacancies which can diffuse within the 
oxide under  the influence of an electric field. Burkhard t  
el iminated the possibility that  sodium ions were the 
source of space charge polarization by observing no 
change in the exper imental  results for in tent ional ly  
contaminated devices. Measurements  were also made 
on MOS devices wi th  chrome field plates instead of 
a luminum,  but  these devices showed no s t ructure  in 
the dissipation factor at all. 

Kriegler  and Bar tn ikas  (2) have reported on mea-  
surements  of dielectric loss and capacitance as a func-  
t ion of tempera ture  (300 ~ to 425~ and frequency 
(1.5 to 1000 Hz) in  MOS structures. Gold-protected 
chrome was used for the field plate, and gold, for a 
back contact. Figure 1 gives the real  and imaginary  
parts  of the dielectric constant  of a typical  device at 
400~ and is taken from the measured paral lel  ca- 
pacitance and conductance data of Kriegler  and Bar t -  
nikas. From the peak of the dissipation factor, t an  5 
_-- e"/s', vs. measurement  temperature,  Kriegler  and 
Bartnikas  find activation energies ranging from 1.21 
to 1.43 eV, depending on the extent  of annealing.  The 
relaxat ion phenomenon is ascribed to sodium contam- 
ination. Because the activation energy is close to the 
value of 1.39 eV found by Snow et a[. (3) for sodium 
transport,  Kriegler  and Bar tnikas  inferred an indirect  
confirmation of an ionic model for dielectric loss. 

Discussion of Dielectric Loss Data 
Burkhardt ' s  temperature  range is significantly higher 

than  that  of Kriegler  and Bartnikas,  and different field 
plate  metals were used. All  Burkhardt ' s  measurements  
were preceded by a 1-hr anneal  at 490~ Kriegler  
and Bartnikas  have observed that  the peak in the dis- 

K e y  w o r d s :  m e t a l  ga te  e lectrodes,  ionic impur i t i es ,  e lec t r ica l  in -  
s tab i l i ty  in MOS devices,  sol id-s ta te  e lec t ro ly t ic  reac t ions .  

sipation factor and the s t ructure  of the real  par t  of 
the dielectric constant  decrease with t ime at elevated 
temperature.  In  fact, at 490~ a device with gold-pro-  
tected chrome electrodes has all  s t ructure  completely 
annealed out after 1 hr. Therefore, it is not surprising 
that Burkhard t  found no discernable s tructure for 
chrome-metal l ized devices. 

The case for Kriegler  and Bartnikas '  (2) determi-  
nat ion of sodium as the source of s t ructure in the fre- 
quency dependence of the dielectric constant  is, how- 
ever, tenuous. The apparent  "anneal ing  out" of sodium 
with t ime necessitates the inclusion of a deep t rapping 
mechanism with a very high activation energy in the 
model. The work of K u h n  and Si lversmith (4) sug- 
gests that  at temperatures  above 300~ the re-emission 
time for sodium traps is ext remely  small; no annea l -  
ing out of ionic t ranspor t  was observed. Exper iments  
by  K u h n  and Si lversmith (4) on field-induced t rans-  
port of alkali  ions in MOS structures indicate that 
the analysis of diffusion of sodium ions in  SiO2 by 
Snow et al. (3) is, in  fact, related to t rap emission 
mechanisms at the metal-si l ica interface ra ther  than 
to bu lk  diffusion. 

Simul taneously  and in substant ia l  agreement  with 
K u h n  and Si lversmith (4), Chou (5) has made a s tudy 
of the MOS current  dependence as a funct ion of tem- 
perature  in terms of an electrochemical cell. He found 
it necessary to make mobile ion t ransport  measure-  
ments  in the range of 200 ~ to 250~ to assure equi-  
l ib r ium conditions needed for consistent quasi-static 
or t r iangular  voltage sweep measurements.  Chou could 
not find any significant ionic current  below 145~ 
above 310~ there was evidence of a current  cont r ibu-  
t ion due to an electrolytic react ion at the electrode- 
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Fig. I. Dielectric relaxation of a thermally grown SiO2 film at 
400~ from the work of Kriegler and Bartnikas (2). Time depen- 
dence of the relaxation spectrum: (a) initial measurement, (b) 
after 12 hr, and (c) after 6 days. 
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oxide interface. In  addition, Chou and Eldridge (6) 
have observed that  protracted, postmetall ization an-  
neal ing t rea tments  (viz. 30 min  at 500~ can pro- 
mote extensive low-field breakdown in MOS devices. 
Hofstein (7) and Yamin  (8) have noted solid-state 
reactions between metal  electrodes and silica at ele- 
vated temperatures  of about 40O~ These reactions 
modify the apparent  na ture  of the ionic drift  insta-  
bility. K u h n  and Si lversmith (4) observed a temper-  
ature l imit  around 370~ above which gross instabi l -  
ities were evident. These instabili t ies appeared to be 
related to the deteriorat ion of the a luminum or chrome 
field plate. These observations suggest that  reactive 
metal  electrodes can interact  with silica to cause de- 
vitrification and growth of s t ructural  defects under  
the edge of the metal  electrode. 

Slow Trapp ing  Instabi l i ty  
Negative bias aging of MOS devices at temperatures  

in excess of 200~ has been observed to shift the flat- 
band voltage negatively, as if positive charge drifted to 
the metal-oxide interface (9-11). This effect, which 
saturates in several hours at 300~ and wi th in  min -  
utes at 400~ has not been considered to be a t t r ibu t -  
able to ionic transport.  Deal et al. (10) suggested that  
silicon is injected from the bu lk  into the silica film 
under  the influence of the negative electric field and 
that the excess silicon in silica is positively charged. 
Holstein (11) has proposed that the effect is related to 
the t rapping of holes by a level of donor- l ike states 
in the oxide close to the Si-SiO2 interface with an en-  
ergy level close to the Si valence band. 

Although such discussions of the slow t rapping in-  
stabili ty have general ly excluded electrode-insulator  
reactions, this note indicates that  electrochemical effects 
are a l ikely source for this instability. 

Electrolytic Dependence on Gaseous A m b i e n t  
In  a recent piece of work, Chou (12) has observed 

displacement currents  for t r iangular  voltage sweep 
measurements  on MOS devices at 390~ that  were 
higher in a 10 -3 Torr oxygen ambient  than in 760 Torr  
oxygen. The present author has performed h igh- tem-  
perature quasistatic measurements  a l ternat ively  in  
one atmosphere ni t rogen and oxygen ambients.  The 
oxides were prepared by the dry  thermal  process and 
were 2000A thick. For oxides containing less than 10 TM 

mobile ions/cm2 no significant differences in apparent  
ion current  were observed below 300~ for measure-  
ments  performed in ni t rogen and oxygen. For either 
higher temperatures  or much higher ion surface den-  
sities, a higher displacement current  was seen for mea-  
surements  in a ni t rogen ambient  than  in an oxygen 
ambient.  

A typical  quasistatic I -V curve is given in Fig. 2 
where ni t rogen is denoted in solid l ine and oxygen in 
dashes. The measurements  were made at 319~ on an 
oxide 2000A thick. The peaks corresponding to the n i -  
t rogen ambient  can be taken a~ a measure  of alkali  ion 
contaminat ion if electrode reactions are disregarded. 
The peak corresponding to the decreasing voltage 
sweep is more sharply defined because there is, ap- 
parently,  no t rapping-release mechanism associated 
with the Si-SiO2 interface; Kuhn  and Si lversmith (4) 
have noted, however, an ionic t rapping mechanism at 
the metal-oxide interface. For the device analyzed in 
Fig. 2, the surface density of alkali  (sodium) ions is 
4.2 • 1012/cm2. The same measurement  in an oxygen 
ambient  indicates a sl ightly smaller displacement cur-  
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Fig. 2. Displacement current response of an MO$ capacitor at 
319~ The substrate consisted of o P-type 10 ohm-cm (100) 
wafer. The oxide was 2000~. thick and was grown in a dry oxidation 
furnace at 1150~ Fifteen-mil dots of 200A Cr and 2000~ Au 
were deposited for field plates. The sweep rate of the d-c ramp 
was 44.8 mV/sec. The solid line measurement was made in a 760 
Torr nitrogen ambient, and the dashed line measurement was made 
i. 760 Tort oxygen. 

rent. At temperatures  somewhat  higher than 319~ the 
differences between currents  measured in ni t rogen and 
oxygen can be as much as 20%. The problem with very  
high tempera ture  measurements  of the quasistatic I -V 
curve is that the repeatabi l i ty  is not good. Obviously 
the devices degrade with voltage cycling at high tem- 
peratures. The part ial  pressure dependences of ion cur-  
rent  in MOS devices at temperatures  above 300~ is 
explicable in terms of an electrochemical polarization 
process at the edge of the electrode-insulator  interface, 
into which the ambient  gas can diffuse This depen-  
dence is prima 1acie evidence for the occurrence of a 
reaction at the electrode-insulator  interface. 

Manuscript  submit ted May 14, 1971; revised manu-  
script received Sept. 7, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1972 
J O U R N A L .  
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Activity Coefficients for a Regular Multicomponent Solution 
A. S. Jordan 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

The concept of a regular  l iquid or solid solution was 
first introduced by Hi ldebrand (1) and subsequent ly  
placed on a firm theoretical foundat ion by Guggenheim 
(2). Many applications of regular  solution theory have 
been made in the field of semiconductor phase equi-  
libria. In  particular,  in early work, Thurmond  (3) and 
Thurmond and Kowalchik (4) analyzed the l iquidus 
data for a large number  of Si- and Ge-based b inary  
systems by means of regular  solution activity co- 
efficients (2). More recently, the act ivi ty coefficients 
derived for regular  b inary  (2) and te rnary  (5) solu- 
tions have been successfuly applied to calculations of 
the b inary  l iquidus curves and te rnary  l iquidus iso- 
therms in the Ga-As, Ga-P  (6), Ga-As-Cu (7), Ga- 
As -Zn  (8,9), G a - P - Z n  (9,10), and Ga-A1-As (11) 
systems. 

Several  semiconductor systems of current  interest, 
such as the qua te rnary  G a - P - Z n - O  and G a - A s - P - Z n  
systems, contain more than three components. Very 
recently, a schematic discussion of the main  features 
of the A1-Ga-In-P,  Ga-Sb- In-As ,  and A1-Ga-As-Sn 
qua te rnary  systems have been presented by  Panish 
and Ilegems (12). The eventual  thermodynamic  ana l -  
ysis of such complex systems would benefit from a 
knowledge of the activity coefficients for regular  quater-  
na ry  solutions. However, to the best of this author 's  
knowledge, explicit  formulas for the activity coeffi- 
cients of regular  solutions that  contain more than three 
components are not available. It  is the objective of this 
note to derive the activity coefficients for regular  mu l -  
t icomponent  solutions in a convenient  form from the 
Gibbs free energy of mixing  and to provide detailed 
expressions for the activity coefficients of qua te rnary  
mixtures.  

The Gibbs free energy of mixing, G M, of a regular  
b inary  solution containing n moles is given according 
to the statistical t reatments  of Guggenheim (2) and 
Prigogine (13) by 

al2R1T/2 
G M :  ~ - } -  R(n~lnx~ -~ n2 In x2) [1] 

where n~ and x~, respectively, are the n u m b e r  of moles 
and mole fraction of component i(i = 1 or 2) and ~2 
is the so-called interchange energy related to the near -  
est neighbor pairwise interact ion energies, u~, Avo- 
gadro's number ,  No, and coordination number ,  Z, by 
a~2 : NoZ[u~ -- (u~ + u ~ ) / 2 ] .  Phenomenologically,  
Eq. [1] states that  the entropy of mixing of a regular  
solution is that  of an ideal solution (second term) and 
that  the heat of mixing is parabolic in n~ and n2 (first 
t e rm) .  

It can be shown in a s traightforward manne r  either 
by the generalization of the phenomenological  defini- 
tion or by  an extension of the statistical work (2, 13) 
on b inary  solutions that  for mul t icomponent  systems 
Eq. [1] takes the form 

2 k = l  ~----1 7/, k ~ l  

where the summat ion  extends to all  of the m compo- 
nents  and a~ is the appropriate generalization of the 
interchange energy. 

By an application of the we l l -known thermodynamic  
relationship 

Key  words :  t he rmodynamics ,  phase  d iagrams ,  solution theory,  
compound semiconductors ,  l iquidus  surface  calculations.  

= R T  in  ai = R T  In 7~v~ [3] 
O~ti 

to Eq. [2], 1 where as and •i denote the activity and ac- 
t ivi ty coefficient of component  i, respectively, one finds 

RT In as = RT In xi -}- ~ akj - -  [4] 
k~-I j = l  Oni  

k~j 

Performing the indicated par t ia l  differentiation, the 
double sum in Eq. [4] separates into three sums. Then, 
after rearrangement ,  one can express In 74 as 

m m 

RT In "~i -- 2 j=l aijxj -~ 2 k=l 

2 k = l  j=l 
k ~ j  

Since the indices k and j have identical  l imits and also 
ak~ = aik, the second single sum in Eq. [5] can be com- 
bined with the first one, so that In 7i reduces to 

RT In 7i = j = l  aijXj -- "~ k=~ j=l aejXkXj [6] 

i~j k~J 
By separat ing the quadrat ic  terms present  in Eq. [6] 

a more convenient  expression for In 7i can be derived. 
Let us exclude the terms from the double sum in Eq. 
[6] for which k : i and j -- i and absorb the result ing 
single sum 

- -  ~ a l j X i X j  - -  a k i X k X i  = - -  2 "2 aijxixj 

in the single sum in Eq. [6]. Then, the single sum con- 
tains the term 1 -- xi which can be replaced by 

tTt 

1 - - x ~ - -  ~.r x~ ~ x j  
k = l  

k ~ L  i ~ k  
to yield for In "~ 

j = l  k~l j = l  

Contract ing the double sums in Eq. [7] and restricting 
the values of k and j to k < j gives the desired ex- 
pression for the activity coefficient of component  i in a 
regular  multicomponent solution in the form 

R T l n , i : ~ i ~ x ~ 2 2 r  ~ ~ x~x~(ai~-}-~i~--akj) 

i ~  ~ < L  i ~ ,  i ~  

Note tha t  to p e r f o r m  the par t ia l  d i f ferent ia t ion wi th  respec t  to 
n~, one m u s t  r ewr i t e  x~ in Eq. [2] in t e rms  of the  n u m b e r  of moles  

as n ~ / Z  n~ .  
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One can read i ly  show tha t  the  set of Eq. [8] for i : 1, 
2 . . . .  m satisfies the  mul t i component  G ibbs -Duhem 
equation. 

I t  follows f rom Eq. [8] for In "yi tha t  for an m - c o m -  
ponent  system there  are  (m --  1) quadra t ic  t e rms  and 
[ (m --  1) (m --  2 ) ] / 2  c ross- te rms in the  mole  fract ions 
xj. In par t icular ,  t ak ing  m m 2 and m ~ 3, respect ively ,  
one has 1 and 2 quadra t ic  t e rms  and 0 and 1 cross- 
terms,  in agreement  wi th  the  w e l l - k n o w n  expressions 
for the  ac t iv i ty  coefficients of r egu la r  b ina ry  (2) and 
t e rna ry  solutions (5).  

As an example ,  apply ing  Eq. [8] to a qua te rna ry  
regula r  solution (3 quadra t ic  and 3 cross- te rms)  yields  

RTln'y1 = Otl2X22 -~- a13x32 -~ a14x42 --~ x2x3(a12 ~- a13 - -  a23) 

~- x2x4(a12 "~ a14 - -  a24) "~- x3x4(a13 -~ a14 - -  a34) 

RTln~2 ---: a12Xl 2 ~- a23X32 -~- a24x42 -~ XlX3 (al2 "~- a23 - -  a13) 

~- x3x4(a23 -~- a~24 - -  a34) "~- XlX4(al2  "4- a'24 - -  a14) 

R T  ln'~3 ---- a l a x l  2 -4- a23x22 -~- a34x42 -~- XlX2(al3  -~ a23 - -  a12) 

"~- x2x4(a23 --~ a34 - -  a24) -~- X lX4(a l  3 -~ ~34 - -  a14) 

RTln'y4 - -  a14Xl 2 -~- a24x22 ~- a34x32 -~ XlX2(a l4  -~- a24 - -  a12) 

-~ XlX3(a14 ~ - a34 - -  a13) "~ x2x3(a24"~ - ~34 - -  a23) 

[9] 

Obviously,  if  x4 or  x3 and x4 are  equal  to zero, the  ac-  
t iv i ty  coefficients for  t e r n a r y  (5) or b ina ry  (2) r egu la r  
solutions resul t  f rom Eq. [9]. 

Manuscr ip t  submi t t ed  May  21, 1971; rev ised  m a n u -  
scr ipt  received ca. Oct. 6, 1971. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1972 
JOURNAL. 
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Lanthanum Trifluoride as a Membrane in a Reference 

Electrode for Use in Certain Molten Fluorides 

H. R. Bronstein and D. L. Manning 
Chemistry Division and Analytical Chemistry Division, 

Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

A reference electrode system which utilizes the unique propert ies  of a single 
crystal  l an thanum trifluoride membrane,  namely, negligible solubili ty and v i r -  
tual ly 100% current  t ransport  by fluoride ions, was successfully used both for 
e lectroanalyt ical  measurements  and for obtaining thermodynamic  data in 
certain fluoride melts  of interest  to the Molten Salt  Breeder  Reactor. 

A knowledge of the chemical  and thermodynamic  
propert ies of mol ten fluoride salt mixtures  used or 
contemplated for use as fuel  solvents or coolants in 
the Molten Salt  Breeder  Reactor  (1) is necessary not 
only f rom the standpoint of operat ional  suitabil i ty 
but also for the fuel reprocessing technology. 

The measurement  of equi l ibr ium potentials of gal-  
vanic cells is in pr inciple  one of the most a t t ract ive 
and direct means of obtaining much of this information. 
As in all galvanic cells the half -cel l  of interest  is cou- 
pled wi th  a suitable re ference  electrode. However ,  
difficulties are  encountered in selecting a reference  
electrode for use in these fluoride melts. Of the few 
known reference electrodes each has certain inherent  
disadvantages.  Our par t icular  effort was to develop a 
simple, convenient,  and stable reference  electrode 
system useful for thermodynamic  as wel l  as e lectro-  
analyt ical  measurements  in fluoride melts of interest  
in connection wi th  the Molten Salt  Breeder  Reactor. 

The N i / N i ( I I )  couple in fluoride salts shows Nern-  
stian behavior  (2). A nickel-nickel  fluoride reference 
electrode contained in a th in -wal led  (1/32 in.) boron 
ni tr ide (BN) th imble  was previously developed for 
potent ial  measurements  in mol ten L i F - N a F - K F  [42- 
11.5-46.5 mole per cent ( m / o ) ]  and LiF-BeF2-ZrF4 
(65.6-29.0-5.4 m/o )  at a working tempera tu re  of about 
500~176 (2, 3). Boron nitride, normal ly  an insulator 
in fluoride melts, is s lowly impregnated  by the mel t  
to provide ionic contact. This wet t ing  occurs in about 
24 hr  in mol ten  L i F - N a F - K F  while  a longer period, 
10-14 days, is usual ly required in LiF-BeF2-ZrF4 at 
500~176 At higher  temperatures ,  however,  the BN 
barr ier  appears to deter iorate  permi t t ing  mixing of 
the melts. 

Our modification of this electrode system was sug- 
gested by the successful use of single crystal  m e m -  
branes of CaF2 at e levated tempera tures  in solid-state 
e lectrochemical  cells such as Ni, NiF2/CaF2/MgF2, Mg 
to obtain Gibbs energy data f rom measured emf  va l -  
ues (4-6) and the fluoride ion electrode in aqueous 
media using a LaF3 membrane  (7) 

K e y  words:  l a n t h a n u m  t r i f luo r ide ,  m e m b r a n e ,  emf  m e a s u r e -  
men t s ,  r e fe rence  e lec t rode ,  e l ec t roana ly t i ca l ,  m o l t e n  salts. 

NaF (0.1M) AgC1,Ag 
F- /LaF3(c)  NaC1 (0.1M) 

The successful operat ion of each system is basically 
due to the re la t ive ly  "open" crystal  s t ructures of CaF2 
and LaF3 which favor  a mechanism of conduction v i r -  
tual ly 100% by the mobile  F -  ion (8, 9). 

Experimental 
Figure  1 i l lustrates the 

/ LiF 67 m/o,  NiF2(c) 
] BeF2 33 sat 'd j LaF3(c) J / 

] Ni 

reference electrode system. A CaF2 crystal  could not 
be used since its solubil i ty is much too great  in the 
fluoride melts  of interest.  Al though no solubil i ty data 
are avai lable for LaF3 in the fluoride melts  used or 
contemplated for use in the Molten Salt  Reactor  Pro-  
gram, it was expected by analogy to CeF3 (10) to 
be approximate ly  1 m / o  at tempera tures  of interest  
500~176 The single crystals of LaF3 3~ in. diam by 
1 in. lengths were  obtained f rom Optovac, Incorporated. 
The cup portion, 1/s in. diam by 1/z in. depth, was 
formed by dri l l ing with  a hollow diamond dril l  to the 
proper  depth and then careful ly  breaking the center 
core loose f rom the main  body. The  cup contained the 
same fluoride salt mix ture  as the test mel t  except  for 
the small  quant i ty  of NiF2 necessary to saturate the 
melt, 10-3 mole fraction. Contact to the mel t  in the cup 
is achieved wi th  the small  nickel  electrode. The LaF3 
crystal  is contained inside the nickel  sheath (some 
were  of copper) but separated f rom the sheath by a 
form machined f rom solid boron nitride. The whole 
assembly is held f irmly in place by the nickel nut. The 
purpose of the fine porosi ty nickel  frit  is to protect  the 
crystal, as much as possible, f rom undue etching by the 
molten fluoride. Once the melt  inside the fri t  and at the 
f r i t -crys ta l  interface becomes saturated wi th  LaF3, 
fur ther  attack on the crystal  is minimized due to the 
slow rate  of diffusion of the mel t  in the pores of the 
frit. 

Generally,  electrical  contact through the reference 
electrode was achieved within 5 min after  dipping into 
the melt.  A depth of 1/4 in. to V2 in. was usual ly main-  
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of the lanthonum trifluoride membrane 

tained. Typical resistance of an electrode is of the 
order of 500 K ohms over the range 500~176 as in-  
dicated by a Keithley electrometer. The LaF3 crystal 
showed insignificant at tack from the mol ten fluorides 
when  wetted through a fine porosity flit,  approxi-  
mately  10~ pore size. One crystal  remained in excellent 
condition after contacting the melt  approximately 50 
days at 500~ If care is exercised to heat and cool the 
crystals slowly to avoid cracking, they can be cleaned 
with water  and reused. A model of an electrode system 
where a Ni-NiF2 solid pellet (4) is press-fitted against 
one face of the solid LaF3 crystal, the other face of the 
crystal against the nickel flit, was abandoned because 
of difficulties in main ta in ing  good contact between the 
Ni-NiF2 pellet and the LaF8 crystal surface. 

The exper imental  a r rangement  for voltammetric  
studies in  molten fluorides has been described previ-  
ously (11). The solvent used was LiF-BeF2 (67-33 
m/o) .  Uran ium was added as LiF-UF4 (73-27 m/o) .  
Handl ing of the fluoride salts was carried out in a dry 
box. The controlled potent ial-control led current  cyclic 
vol tammeter  is described elsewhere (12). The vol tam- 
mograms were displayed on a Moseley Model 2D-2A 
X-Y recorder or a Tektronix  Type 549 storage oscillo- 
scope. A dip- type p la t inum indicator electrode (area 
~0.1 cm ~) was used. The rate of voltage scan was 0.] 
V/sec unless otherwise specified. 

The LiF-BeF2 (67-33 m/o)  was prepared from opti- 
cal grade single crystal LiF and doubly distilled BeF2. 
For the galvanic cell measurements  the melt  was con- 
tained in a nickel cup, 21/2 in. diam by 3 in. high. The 
nickel cup was positioned within a stainless steel cyl- 
inder  which in tu rn  was set into a 3 in. diam • 16 in. 
high Marshall  furnace. The header closing the cyl in-  
der had provisions for raising and lowering the elec- 
trodes and the nickel thermocouple tube through Tef- 
lon vacuum-pressure  seals. In  addition, en t ry  tubes in 
the header permit ted evacuation and pressurization 
of the apparatus. The salt mix ture  was pretreated by 
slowly heating under  vacuum. At the mel t ing temper-  
ature the apparatus was pressurized with mass-spec- 
t rographical ly pure argon with an overpressure main-  
tained at 3 psi greater  than  atmospheric as con- 
trolled by a nul lmat ic  type of valve. The temperature  
of the melt  was measured with a Chromel-Alumel  
thermocouple inserted into the nickel tube. Constant  
temperature  600 ~ • 2oc, was main ta ined  by c o n v e r t -  

t ional control devices. At tempera ture  the electrodes 
were lowered into the melt  to the required depths. 
The voltage of the cell was measured using a Poten-  
t iometr ic-Voltmeter  bridge in conjunct ion wi th  a Hew- 
lett Packard Model 426 d-c micro vol tammeter  and 
recorder. 

Results and Discussion 
The LaF~ membrane  reference electrode was used 

to follow vol tammetr ical ly  the half -wave potential  of 
the U ( I V ) - U ( I I I )  reduct ion wave (11) in  molten 
LiF-BeF2-ZrF4 (67-33 m/o)  at 500~ The melt  
contained approximately 0.2 m/o  UF4. The concentra-  
t ion of U( I I I )  was varied by controlled reduct ion of 
U(IV)  with zirconium meta l  (13). Of interest  here 
was to observe if an  increase in  the concentrat ion of 
U( I I I )  (melt  more reducing) would adversely affect 
the performance of the reference electrode which 
would be reflected in erratic hal f -wave potentials. 
The U ( I V ) / U ( I I I )  ratio was varied from ,--10:1 to 
:> 10,000: 1. The El~2 o f  the U( IV)  ~ U( I I I )  reduction 
wave vs.  the reference electrode remained constant  at 
--1.352 _ 0.024V over a period of 20 days and 62 
determinations.  The ha l f -wave  potential  is the vol t -  
ammetr ic  equivalent  of the s tandard electrode po- 
tent ial  (E~ i.e. the potential  at which the U ( I V ) / U  
(III) ratio is un i ty  at the electrode surface. This po- 
tential  occurs at 85% of the peak current  (14). Since 
NiF2(c) in the reference electrode is at un i t  activity, 
the measured potential  is the s tandard potential  of the 
cell (Ni,NiFs(c)//U+3U+4). The value of E ~ was cal- 
culated to be --1.343V from the equation AG ~ ---- 
- r i F E  ~ and the free energy of formation of NiF2 (15), 
and of UF4, and UF3 (15) in the solvent LiF-BeF2 
(67-33 m/o) .  The calculated E o is in good agreement  
with the vol tammetr ic  value. 

Since the activity coefficients are known for BeF2 
i n  LiF-BeF2 melts (16) the galvanic cell 

/ L i F  6 7 m / o  /LaF3 / L i F  67 (NiF2(c)~ / 
33 m/o  Ni B e / B e F 2  33 / BeF2 \ s a t ' d  ] 

provides a means of ascertaining any deviat ion from 
ideal thermodynamic  behavior  of the reference elec- 
trode system. 

With the fluoride activities in the melts on both 
sides of the LaF3 crystal being essentially the same, 
and with the LaF3 membrane  conducting 100% by 
means of its mobile F -  ion, junct ion potentials  should 
be v i r tual ly  eliminated. 

The measured voltage of this galvanic cell at 600~ 
should correspond to the voltage calculated by com- 
bining the data of the cell Be/LiF-BeF2 (67-33 m / o ) /  
Pt,H2(g),HF~g) (16) and of the reaction NiF2(c) + 
H2(g) = 2HF(g) + Ni (17) if asymmetry  and junct ion 
potentials are negligible or nonexistent.  The initial  
s teady-state voltage was 2.045 • 0.003V in very good 
agreement  with 2.041 _ 0.003V obtained from combin-  
ing data from Ref. (16, 17). Apparent ly  asymmetry  
potentials at the LaF~ crystal interfaces and l iquid- 
solid junct ion potentials are negligible. However, after 
a period of ini t ial  stability, the potential  began a slow 
decline. At the te rminat ion  of the exper iment  it was 
found that the NiF2 content  of the reference cell 
had been converted to an equivalent  amount  of finely 
dispersed nickel metal. An impur i ty  in the static atmo- 
sphere of purified argon or hel ium gas main ta ined  in 
the quite l imited volume of the apparatus could not 
be responsible for the consumption of NiF2. Loss of 
NiF2 due to bery l l ium metal  t ransport  in the vapor 
phase was ruled out since bery l l ium has no measurable  
vapor pressure at 600~ Since this phenomenon did not 
occur in the U 4 + /U 3 + experiment,  some small intrinsic 
electronic conduction in the LaF3 crystal was also ruled 
out. However, the possibility of the equi l ibr ium reac- 
tion 

Be ~ + 2LiF(LiF-BeF2) ~ BeF2(LiF.BeF2) "~ 2Li ~ 
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providing the source of reducing power via the gas 
phase must  be considered. Pure  Li at 600~ has a vapor 
pressure of approximately 10 -4 atm. Since the activity 
of Li at equi l ibr ium is approximately 10 -16 from ther-  
modynamic  calculations (15, 18) and if the l i th ium 
is presumed to be soluble in the melt  to that  extent  
(19), it is safe to assume that  its vapor pressure would 
be negligible. This assumption was proven valid by 
later  experiments.  

This almost negligible concentrat ion of l i th ium 
would, however, provide the conditions under  which 
certain ionic solids wil l  start  to conduct via electrons 
(20). 

3 L i ( L i F - B e F 2 )  4-  L a F 3  ~ L a ( L a F s )  4-  3 L i F ( L i F - B e F 2 )  

The l an thanum metal  dissolving, or in other words, 
electrons subst i tut ing for fluoride ions, in the LaF3 crys- 
tal would impar t  n - type  conduction to the crystal (20). 
Alternat ively,  the same mechanism would occur if 
bery l l ium metal  in some manne r  either by solution, 
perhaps as a subvalent  ion Be + or Be22+ (21) or by 
the "chunking effect" (22, 23) reached the LaF3 crys- 
tal. 

3Be (dissolved in LiF-BeF2) 4- 2LaFs ~ 3BeF2(LiF-BeF2) 

(or solid dispersed Be o) 4- 2La (in LaFs) 

'no X # X  e 
From the equat ion t e  - -  aLa 1/3, derived by 

r ion 
Wagner  (20), one may readi ly  calculate a value for 
the electronic t ransference number .  Using the values 
n ~ = 10 is, the number  of electrons substi tuted for fluo- 
ride ions per cm 3 with the assumption that this value 
for Ca in CaF2 at 600~ is a fair approximation of La 
in LaF3, ~ = 10 -4 cm2/V-sec, the mobil i ty of the elec- 
t ron in  the crystal (20), e = 1.6 • 1019 coulombs, the 
charge on the electron, �9 = 10 -5 ohm - I  cm - l  (9), the 
ionic conductivi ty of LaF~ at 600~ and a = 10 -9, the 
activity of the La obtained from the free energies of 
formation of LaF3 (18) and of BeF2 in LiF-BeF2 (67- 
33 m/o)  (15), an  electronic t ransference number ,  
te = 10 -3 is obtained from the above equation. An 
electronic t ransference number  of this magni tude  is 
much too small  to affect the ini t ia l  measured voltage. 
However, the in terna l  "short circuiting" result ing from 
this electronic conductivi ty (24), i.e. NiF2 4- 2e-  -> Ni o 
+ 2F- ,  leads to the depletion of NiF2 in the LaF3 cup 
and ul t imate  failure of the electrode system as shown 
by the eventual  decline in the voltage. This phenome- 
non does not occur with the U4+/U 3+ melt  as the 
formation of l an thanum by  this couple is v i r tua l ly  
nonexistent,  aLa = 10 -29, as would be expected since 
the free energy per equivalent  is much less negative 
than the Be/BeF2 couple (15). 

To differentiate between the "chunking effect" and 
solution of bery l l ium or of formation of dissolved Li 
the following exper iments  were performed. The beryl -  
l ium electrode was immersed in a LiF-BeF2 (67-33 
m/o)  melt  contained and separated from the main  melt  
of LiF-BeF2 (67-33 m/o)  by a BeO crucible whose 
porosity allowed ion migration. Since solid bery l l ium 
meta l  is less dense than  the melt  (25), any  solid metal  
detached from the electrode by "chunking" would rise 
to, and be trapped at, the melt  surface wi th in  the cru-  
cible. Dissolved metal, on the other hand, would still 
reach the LaF3 crystal. The observation was that  under  
these conditions the NiF2 in the LaF3 cup was still 
t ransformed into Ni metal. In  another  experiment,  
NiF2 was added to the main  melt  as a "getter" for dis- 
solved metal. The bery l l ium electrode was again en-  
capsulated wi th in  the BeO crucible containing the pure 
LiF-BeF2 (67-33 m/o)  melt. A n y  dissolved metal  en-  
ter ing the main  melt  is immediate ly  oxidized by the 
Ni ++ ions. By this means the cell potent ial  of 2.045 
__ 0.003V was main ta ined  for a period of three days. 
Terminat ion  of the exper iment  was caused by the loss 
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of ion migrat ion through the porous BeO crucible walls 
which had become plugged by the deposition of nickel. 
No metallic nickel was found in the cup, e l iminat ing 
the vapor t ranpor t  mechansm. 1. 

This value of 2.045 _+ 0.003V when combined with 
the data of Baes (16) and Blood (17) gives an EO60ooc 
for NiF2, our standard, of 2.692 +_ 0.010V. This value is 
in excellent  agreement  with 2.700 +_. 0.015V obtained 
from the following solid-state cells at 600~ 

emf (V) ~ 
r .4- Ni,NiFJCaF2/A1Fs,A1 --1.7~0 _ 0.003 (5, 6) 

Ni,NiF2/CaF2/MgF2,Mg --2.343 ___ 0.003 (5, 6) 
Mg,MgF2/CaF2/ThF4,Th 4-0.310 • 0.005 (4) 
Th,ThF4/CaF2/A1F3,A1 --0.310 +_ 0.003 (4) 

and the free energies of formation of MgF2 (AG~ = 
--232.4 ___ 0.6 kg-cal)  and A1F9 (~G~ = --306.5 
__ 0.7 kg-cal)  calculated from calorimetric data (27). 

We have demonstrated the practicali ty of using 
single crystal  LaF~ with proper precautions as a br idg-  
ing ionic conductor with certain h igh- tempera ture  
fluoride melts. Reference electrodes so constructed ap- 
pear compatible with these molten fluorides for ap- 
preciable periods of t ime and afford a means of obtain-  
ing emf data of thermodynamic  significance. Such a 
reference electrode is also useful  for electroanalytical  
measurements,  i.e. in  a three-electrode configuration 
for vol tammetry,  chronopotentiometry,  etc. The refer-  
ence electrode couple, of course, is not restricted to 
nickel. We chose the Ni /Ni ( I I )  couple in  light of 
previous experience (2) which indicated its sui tabil i ty 
as a reference electrode couple in molten fluorides. 
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Electrochemical Properties of RbAg41  Solid Electrolyte 
II. Study of Silver Electrode Reversibility 
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Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

The reversible behavior of silver electrodes in RbAg415 solid electrolyte 
has been tested by micropolarization studies. It  has been found that  while 
planar  silver electrodes are reversible, the mixed si lver-electrolyte electrodes 
most commonly used in solid-state batteries are not. The different behavior of 
the two electrodes has been related to the different physical aspects of their 
surfaces. In the case of the mixed electrolyte-si lver electrodes, there are pref-  
erential  points of silver deposition and depletion corresponding to areas of low 
IR drop through the electrolyte. This explanat ion has been confirmed by the 
observed dendrit ic growth of silver along the preferent ial  deposition points 
on the Ag(RbAg415) electrodes. Finally,  it has been shown that  even though 
p lanar  silver electrodes behave reversibly at low current  levels, they may also 
form dendrit ic growths at the current  levels required for practical batteries. 
It  appears that  a practical rechargeable cell which uses RbAg415 electrolyte 
will  require planar  silver electrodes of very high surface area and the cell 
assembly will require a container  which allows cell thickness change during 
cycling. 

In recent years a considerable amount  of research 
work has been reported on solid electrolytes, due to 
the technological advantages promised by solid-state 
batteries, such as long shelf life, extreme minia tur iza-  
tion, and a wide operat ing tempera ture  range. 

In  particular,  three types of bat teries uti l izing 
RbAg~I5 as solid electrolyte have been described in 
detail (1-3). Since the ionic conduct ivi ty  of this elec- 
trolyte is solely due to Ag + ions, the above-ment ioned 
three cells have silver as the main  anodic mater ial  but  
use different cathodes as shown in Table I. 

In  both the cells described by Argue, Owens, and 
Groce (1) and by Takahashi  and Yamamoto (3), an 
at tempt to lower the polarization effects between the 
anodes and electrolyte (which must  be minimized if 
practicable bat tery  dra in  rates are to be achieved) was 
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K e y  words :  solid electrolyte,  si lver e lectrode reversibi l ty .  

made by mixing silver electrode mater ia l  with the 
electrolyte itself, a procedure that  enlarges the elec- 
t rolyte/electrode interracial  area. The mixed electro- 
lyte-s i lver  electrode concept is analogous to the porous 
electrodes used in l iquid electrolyte cells to increase 
the interracial  area and thus decrease the current  
density for a given discharge rate. A similar result  has 
been obtained by DeRossi, Pistoia, and Scrosati (3) by 
amalgamat ion of the silver electrode according to the 
procedure recommended by Mrgudich (4). Amalga-  
mated silver electrodes, however, are not  usable as 
long-life anodes in solid-state batteries, since mercury  
slowly reacts with RbAg415 electrolyte, as was pointed 
out by Scrosati, Germano, and Pistoia (5). 

The objective of these studies is an unders tanding  of 
the Ag/RbAg415 electrode process on discharge and 
recharge. I t  is felt  that  such knowledge is needed be-  
fore a practical secondary ba t te ry  based on this elec- 

TaMe I. RbAg4|5 so|id electro|yte ce||s 

Anode composi t ion Cathode compos i t ion  OCV (V) Reference  

Mixture  of powdered  carbon, s i lver  and elec- 
t rolyte  

A m a l g a m a t e d  s i lver  

Mix tu re  of powdered  s i lver  and electrolyte 

Mixture  of carbon,  RbI8 and  e lectro lyte  

Mixture  of graphi te ,  Is, and te trabuty l  a m m o -  
n i u m  iodide  

Mixture  of Te. AgaTe, graphite ,  and electrolyte 

0.66 Argue,  Owens,  and Groce (1) 

0.58 DeRossL Pistoia,  and Scrosati  (2~ 

0.22 Takahashi  and Y a m a m o t o  (3) 
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t ro lyte  can be developed, since the rechargeabi l i ty  of 
test cells has appeared to be l imited by si lver den-  
drites which are deposited at the si lver electrode on 
recharge and which rapid ly  short the cell  (2, 6). An 
unders tanding of the electrochemical  revers ib i l i ty  of 
the si lver electrode and the factors which influence the 
reversible  behavior  of the electrode are basic for the 
development  of a rechargeahle  cell. 

Experimental 
The electrolyte was prepared  by mel t ing a stoichio- 

metric mix ture  of AgI  and RbI under  a dry ni t rogen 
atmosphere.  The mel t  was quenched, crushed, and an-  
nealed for at least 24 hr  at 160~ Powder  diffrac- 
tion x - ray  analysis showed the product identical  to that  
reported by Bradley  and Greene (7). The cells studied 
in this work  were  prepared by pressing the electrode 
materials  and electrolyte  into a single pellet. Pressures 
of about 2000 k g / c m  2 were  used. The cell d iameter  
was 1.27 cm and the electrolyte  thickness of the order  
of 1-2 mm. 

Micropolarizat ion measurements  have  been shown to 
be useful tests for determinat ion of electrode revers i -  
bi l i ty (8) and this technique, which is par t icular ly  
suitable for the study of solid e lectrolyte  systems, has 
been applied to the study of both si lver and s i lver-  
electrolyte  mix ture  electrodes. 

Micropolarizat ion behavior  was examined by two 
different methods. 

(i) Dynamic.--Small ( ~  + 1 mV) voltage excursions 
around zero cell potent ial  were  made by use of a 
Tacussel GSATP mult i funct ion generator  coupled to a 
Tacussel PRT 20-10x potentiostat,  and the correspond- 
ing cur ren t -vo l tage  curves were  plot ted on a Honey-  
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well  Model 560 XY recorder.  Times requi red  for a com- 
plete vol tage scan were  var ied  f rom 10 sec to 3 hr. The 
potential  was also moni tored  at the cell by a Cimron 
Model 6753 DVM. The DVM readings were  used for 
the reported data. 

(ii) Static.--Point by point vol tage excursions were  
effected by use of a Kepco precision vol tage source, and 
the currents  moni tored by use of the Cimron DVM and 
a precision resistor. Af te r  each new vol tage setting, the 
current  fell  to a constant value af ter  a few minutes, 
and these I -V points defined the micropolar izat ion 
curves. 

It  was found that  the results of both methods were  
identical for a given cell. 

Results and Discussion 
The micropolar izat ion behavior  of the cell 

Ag [ RbAg415 [Ag  [1] 

is shown in Fig. 1A. There  is no evidence of hysteresis, 
and the anodie and cathodic lines being coincident, 
thus show that  the electrodes prepared by pressing 
si lver powder  on the electrolyte  so as to form a planar  
interface may  be considered reversible.  This is not the 
ease for the electrodes usual ly used as anodes in solid- 
state batteries,  i.e. the s i lver -e lec t ro ly te  mixture .  This 
is shown by the mieropolar izat ion behavior  of the cell 

Ag (RbAg4Is) ] RbAg415 [Ag  (RbAg4Is) [2] 

reported in Fig. lB. Gross hysteresis effects are pres-  
ent, and the lines re la ted to the anodic and cathodic 
current  are not coincident. The hysteresis effects were  
independent  of whe ther  the micropolar izat ion mea-  
surements  were  made via vol tage sweep methods or 
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Fig. 3. Cross section of various electrodes. The electrolyte is the lower portion of the sample (X  100). A, planar silver; B, silver-elec- 
trolyte mixture; C, silver-electrolyte graphite mixture; D, silver mesh. 

Fig. 4. Cross section of cell showing silver dendrite growth through the electrolyte ( X  100) 

via po in t -by-po in t  methods. Since polarization is pro-  
port ional  to current  density, the micropolar izat ion 
tests are compared on a current  basis, even though for 
a given current  the real  current  density for the high 
surface area mixed  Ag-RbAg415 anode will  be much 
lower than the corresponding planar  cell. If  the com- 
parisons are made on a vol tage basis, the hysteret ic  
behavior  of the mixed  electrode is even more apparent,  
as shown in Fig. 2A. This increase in i r revers ibi l i ty  
wi th  decreasing real  cur ren t  densi ty (due to the in-  
creased surface area of the mixed  electrode)  is cer-  
ta inly an unexpected  result. 

The addition of graphi te  to the mixed  AgoRbAg415 
anode has been done to p reven t  the electronic isolation 
of the silver part icles in the electrode (9). Such an 
electrode shows the same type of hysteresis as the 
mixed electrode wi thout  the graphite, as shown in 
Fig. 2B. The explanat ion of the different behavior  of 
the various electrodes may  be related to the different 
physical aspects of their  surfaces, as shown in the 
microphotographs reported in Fig. 3, which shows cross 
sections of the electrodes. 

In the case of the mixed  e lec t ro ly te-s i lver  electrodes, 
the surfaces are str ict ly nonplanar,  and thus there  are 
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Fig. 5. Progressive dendrite growth and eventual electrolyte fracture. Pictures taken at 5 rain intervals (X30) .  

preferential  points of silver deposition and depletion 
corresponding to areas of low resistance through the 
electrolyte. At these points, the current  densi ty is very 
high, with consequent high polarization. On discharge 
(silver oxidation),  a "leveling" process occurs; i.e. the 
silver at the projecting points is "dissolved" into the 
electrolyte, decreasing the height of the projection, 
with consequent increase of the resistance through the 
e]ectrolyte at that  point  and thus a decreased current  
density. 

On charge, however, there is no such "self-regulat-  
ing" process, and the projections grow with preferen-  
tial silver deposits. This lowers the resistance through 
the electrolyte at that point, increasing the current  

densi ty there with consequent shorting. Since the 
electrode surfaces cont inual ly  change on charge and 
discharge, the current  density across the "rough" elec- 
trode is therefore not only nonuni fo rm but  changes in 
a random, nonuni fo rm manner .  Additionally,  the silver 
and electrolyte phases are noncontiguous,  and many  
electronically isolated masses of electrolyte and silver 
exist in the electrode. These areas contr ibute  fur ther  to 
the nonuni formi ty  of the electrode and lack of re- 
versibi l i ty found. 

In an at tempt to increase the surface area of the 
electrode and yet re tain the reversible properties of 
the planar  electrode, a silver mesh was pressed on the 
electrolyte. This electrode showed bet ter  micropolar-  
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Table Ih Constant potential electrolysis data of Ag I RbAg415 I Ag 
cell 

(1.26 cm2 electrode surface) 

Time Current 
(hr) (mA) 

O 0.50 
26 0.40 
80 0.23 

t00 0.19 

ization behavior than  the mixed electrode, but  some 
hysteresis was apparent.  An  analysis of the effect of 
the dimensions of the roughness on the electrode re- 
versibil i ty may shed some light on this phenomenon.  
The concepts of micro- and macro-cur ren t  distr ibution 
developed by Cheh (10) for deposition of gold on 
rough surfaces may be applicable here, and such a 
s tudy is present ly  underway.  A cross section of this 
electrode is shown in Fig. 3D. 

The reversibi l i ty  of the p lanar  electrode is ap- 
parent ly  due to the following: 

i. Lower, more evenly dis tr ibuted current  density. 
No "Hot Spots." 

ii. Minimized sites of preferential  silver deposition. 
If the explanat ion above is correct, there are strong 

possibilities of obtaining a dendrit ic growth of silver 
along the preferent ia l  deposition points on the 
Ag (RbAg4Is) electrodes. To test this possibility, a cer- 
tain amount  of charge (about 500 coulombs) has been 
passed through a Ag [ RbAg415 [Ag (RbAg4I~) encapsu- 
lated cell. A cross section of the cell, reported in Fig. 
4, shows gross dendri t ic  growth through the electrolyte. 

To test this further,  a 2 m m  thick cross section was 
cut from a test cell similar to [2]. Current  was passed 
between the two electrodes at a current  density of 
~20 m A / c m  2, and microphotographs were taken at 
5-min intervals  using light t ransmit ted  through the 
electrolyte. Figure 5 shows the cross section of the cell, 
with the cathode on the left in each microphotograph. 
The deposition of Ag shows as the shaded t r iangular  
area growing from the cathode into the electrolyte. 
Under  the stated conditions a layer of about 1.8 mm of 
Ag was deposited dur ing  the electrolysis, a sufficient 
amount  to cause the electrolyte fracture exhibited. The 
current  decreased precipitously, of course, when the 
electrolyte fractured. 

Though the p lanar  electrodes showed reversible be-  
havior at low current  levels, they may also form den-  

dritic growths at cur rent  levels required for practical 
batteries. About  150 coulombs were passed through the 
cell 

Ag [ SbAg415 1 Ag [3] 

at constant  potential. The current  remained steady for 
a time, then progressively fell off to lower values as 
shown in Table II. When removed from the cell holder, 
the anode was found disconnected from the cell, and 
gross silver deposits had separated the cathode from 
the electrolyte as shown in Fig. 6A. A cross section of 
the cell, Fig. 6B, shows that  the anode surface had been 
eroded deeply, accounting for its detachment,  and the 
cathode-electrolyte interface was opened up by  the 
deposited silver. This behavior  was also seen in a cell 
which used mixed si lver-electrolyte electrodes. 

The dendrite growth through the electrolyte always 
occurred when  the cell was absolutely immobilized 
(i.e. encapsulated) and could not accommodate the 
thickness change due to the silver deposition on charge. 
In  these lat ter  two experiments,  the cell was l ightly 
loaded and accommodated the expansion. 

Conclusion 
The micropolarization results indicate that  while 

mixing  silver powder wi th  electrolyte to increase the 
anode/electrolyte interfacial  area may improve the dis- 
charge rate of a given cell, it cer ta inly inhibits  the 
reversibi l i ty of the silver anode in this system. The 
electrolysis s tudy shows that  there is probably an 
upper  l imit of the amount  of charge which can be 
passed either to or from a silver electrode in contact 
with RbAg415 without  seriously breaking the in ter -  
facial contact, and that  a flexible ra ther  than  rigid 
packaging wiI1 prevent  dendri te  penetra t ion of the 
electrolyte. 

It  thus appears that a practical rechargeable cell 
which uses RbAg415 electrolyte will  require the follow- 
ing: 

i. P lanar  AglRbAg415 interfaces of high surface 
area/electrode capacity. A thin-f i lm mul t i layer  sand- 
wich construction appears suitable. 

ii. Container  which follows slight thickness change 
dur ing cycling. 

Cells which test these proposals are now under  ex- 
aminat ion and the pre l iminary  results appear to sup- 
port these proposals. The fabrication, testing, and per-  
formance of these cells wil l  be reported subsequently.  

Manuscript  submit ted Apri l  14, 1971; revised m a n u -  
script received Sept. 24, 1971. 

Fig. 6. Ag 1 RbAg415 [ Ag cell after massive electrolysis. The 
positive electrode is on the right side in both photographs. 
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Any discussion of this paper  will  appear  in a Dis- 
cussion Section to be published in the December  1972 
J O U R N A L .  
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Cathodic Discharge Controlled by 
Dissolution Kinetics 
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ABSTRACT 

A theoret ical  analysis is presented for the cons tan t -cur ren t  discharge of a 
th in- layer  cathode with  control  by dissolution and diffusion of the electro-  
active material .  The t rea tment  involves the solution of Fick 's  second law of 
diffusion for an electrolyte  layer which is bounded on one side by a p lanar  elec- 
trode of a meta l  to be electrodeposited and on the opposite side by a planar  
surface of a par t ia l ly  soluble compound of that  metal.  It is shown that  the po- 
tent ial  at the metal  surface may reach a steady state wi th in  a few minutes  
after  the current  is applied in an ini t ia l ly  saturated solution. There  is a cri t ical  
current  density, however ,  at which a t ransi t ion occurs and the potent ial  ap- 
proaches infinity. The dissolution rate  constant and other  parameters  of the 
system may be de termined  by several  procedures involving the use of t ran-  
sient data. This electrode configuration also provides  a model  of the inner  
s t ructure of a porous bat tery cathode. Exper imenta l  results on cadmium fluo- 
r ide in aqueous 4M KF indicated a dissolution rate constant of 8 x 10 -9 m o l e /  
cm2-sec. 

For  a mater ia l  M, wi th  a surface area A, dissolving 
by the process 

kl 
M (solid) ~,~ M (dissolved) 

ka 

the rates of dissolution and crystal l ization may  be ex-  
pressed as 

Rate1 ---- k lA  [1] 
and 

Rate2 ---- k2AC [2] 

where  kl and k 2 a r e  the respect ive rate  constants on a 
unit area basis and C is the concentrat ion of the dis- 
solved mater ia l  at the surface. At equil ibrium, the 
dissolution and crystal l izat ion rates are equal. The 
exchange  ra te  is then 

k~ ---- k2C o [3] 

where  C ~ is the solubil i ty of M in the liquid. At a sur-  
face concentrat ion C, less than C ~ the net dissolution 
rate  is 

dN 
- -  ~- k lA  -- k2AC [4] 

dt 
o r  

dN 
= k2A (C ~ -- C) [5] 

dt 

An equat ion in the form of [5] was given by Shchu- 
karev  in 1896 (1) and by Noyes and Whi tney in 1897 
(2), but  k2 was in te rpre ted  as a diffusion parameter .  
In 1904, Nernst  introduced the diffusion boundary layer  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  b a t t e r y  e lec t rodes ,  c r i t i ca l  c u r r e n t  dens i ty ,  r a t e  con-  

s tan t ,  t h i n - l a y e r .  

concept, taking into account the concentrat ion gradient  
near a dissolving surface by the relat ionship (3) 

dN 
-- A D ( C - -  C| [6] 

dt 

In Eq. [6], which approximates  Fick's first law, D is 
the diffusion coefficient of the dissolved species, C is 
its concentrat ion at the surface, C| is the concentrat ion 
in the bulk of the solution, and 8 is the effective thick-  
ness of the diffusion layer.  For  mixed  kinetic and dif-  
fusion control, Eq. [5], as wel l  as Fick 's  laws, must  be 
satisfied. Most theoret ical  t rea tments  of nonfaradaic 
dissolution rates since the t ime of Noyes and Nernst  
have emphasized mass t ransfer  in the solution. Excep-  
tions are the work  of Jaenicke  (4) and Vermilyea  
(5) on the potent ia l -dependence  of solution rates of 

salts. 
Recent  concern wi th  ba t te ry  electrode mechanisms 

has prompted  fur ther  interest  in this area. For  example,  
the discharge of an insoluble cathode mater ia l  wil l  be 
very  slow unless the process is assisted by electronic or 
ionic conduct ivi ty  in the solid oxidizer  phase (6). If  
the act ive mater ia l  is sufficiently soluble in the electro-  
lyte, however ,  it can be discharged by a solution 
mechanism involving dissolution of the solid, t ranspor t  
of the active species through the electrolyte,  and sub- 
sequent  electron t ransfer  at the surface of an inert  
current  collector. The dissolution ra te  of the oxidizer 
may then control the discharge process. A theoret ical  
analysis of the solution mechanism is presented in the 
ensuing discussion, wi th  the condition of constant cur-  
rent  density. The results are applicable to bat tery  
electrode studies and to more  general  invest igat ions of 
dissolution kinetics. 
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Recording 

Potentiometer __.L~---- R ere r enc e Electrode 
S ~ Dis solving Material 
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Thin-Layer 
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i Constant ] Current 
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Fig. 1. Arrangement for galvanostatic measurements on thin- 
layer electrode. 

Thin-Layer Electrode with Dissolving Reactant 
The a r rangement  shown schematically in Fig. 1 in-  

cludes a th in - layer  cathode assembly with a smooth 
current-collector  plate as one wal l  and a smooth non-  
porous plate of a reducible salt or oxide with signifi- 
cant solubil i ty as the opposite wall. To simplify the 
analysis for metal  ion reduction, the current  collector 
is assumed to consist of the metal  that  is formed on 
cathodic discharge of the salt or oxide. The in tervening  
space, of a small  thickness l, is filled with an inert  
electrolyte of high concentrat ion compared to that  of 
the dissolved reactant.  The influence of ohmic drop is 
therefore considered negligible. Discharge of the active 
mater ial  occurs when  the metal  plate is cathodically 
polarized. Connection through the electrolyte to the 
anode is established through the opening around the 
periphery of the paral le l -pla te  structure. This ar range-  
ment  is somewhat similar to the th in - layer  electrode 
of Anson and co-workers (8), but  the plate opposite 
the metal  electrode now consists of the electroactive 
material,  ra ther  than an insulator.  

It  wil l  be assumed in this discussion that  Eq. [1] 
through [5] are valid. Generally,  this wil l  be t rue when 
the electrolyte and the dissolved reactant  have a com- 
mon anion;  al though k2 may then depend on the elec- 
trolyte concentration, it will  be essentially constant  
dur ing an individual  experiment.  Variations of ac- 
t ivi ty  coefficients and diffusion coefficients with con- 
centrat ion are neglected in this analysis, as are changes 
in the layer thickness l due to dissolution and elec- 
trodeposition. 

Analysis for Constant-Current Electrolysis 
When a constant  cathodic current  density is applied 

to the metal  plate, as shown in Fig. 1, the reactive 
cation wil l  be depleted wi th in  the solution layer  as the 
corresponding metal  deposits on the electrode surface. 
Addit ional  salt will dissolve to counteract  this loss, and 
eventually,  if the current  is not too high, a steady state 
wil l  be attained. Accordingly, the potential  of the metal  
plate with respect to the reference electrode will 
change upon application of the current  and finally 
reach a constant  value which is a measure of the 
steady-state metal  ion concentrat ion at the plate sur-  
face. It  will  be shown that  the rate constant  kl may be 
determined from the steady-state potent ia l  or from the 
t ransient  response of the electrode. Conversely, if kl 
and the solubil i ty of the active mater ia l  are known, the 
current -potent ia l  and potent ia l - t ime curves may  be 
estimated for a bat tery  cathode with a given inner  

spacing and a solut ion-control led discharge mecha-  
nism. 

To develop these relationships, it is necessary to solve 
Fick's second law of diffusion 

0C 02C 
= D [7] 

Ot Ox 2 

for the appropriate ini t ial  and boundary  conditions. 
In  this problem, C represents the concentrat ion of the 
active metal  ion at any t ime t and distance x from the 
metal  surface, and D is its diffusion coefficient in the 
support ing electrolyte. If the space between the elec- 
trode and the dissolving surface is saturated wi th  the 
active mater ial  at the beginning of the experiment,  the 
ini t ial  concentrat ion is given by 

C o = k l / k 2  (t  = 0) (O ---- z - -  l) [8] 

Under  a constant  current  densi ty I, the concentration 
gradient  at the electrode surface (x = 0) is given by 

- -~x J~=o - n F D  [9] 

The flux of metal  ion at the dissolving surface (x = l) 
is equal to the net  dissolution rate 

(0c  
D -~X/x=l  = kl - -k2Cx=t  [10] 

The corresponding heat t ransfer  problem was solved 
by Newman and Green in 1934, using the principle 
of the heat balance integral  (7). From their  results, the 
metal  ion concentrat ion at any distance and time may 
be computed for both steady-state and t ransient  con- 
ditions. The required t ransformations are facilitated by 
the following definitions of dimensionless quantit ies:  

Concentrat ion:  n F D  (C ~ - -  C) / (I~) 
Distance: x / l  
Time: D t / l  2 
Dissolution rate parameter :  k l l / ( D C  ~ 
Current  density: I l l  (nFDC o) 

The data for concentrat ion at the electrode surface are 
available as Table IV in Ref. (7), with the following 
changes of notation: 

E ---- (C ~ - -  Cx=o)nFD/ I1  [11] 

P = Dt/12 [12] 

N u  = k l l /  (DC ~ [13] 

T h e  s t e a d y  s t a t e . - - A l t h o u g h  the t rans ient  solution 
requires a numer ica l  presentation, conditions in the 
th in- layer  electrode s t ructure  are quite simple at the 
steady state. It is apparent  from Table IV of Ref. (7) 
that  the dimensionless concentrat ion variable  at the 
metal  electrode reaches a l imit ing value given by 

n F D ( C  ~ - -  Cx=o) 1 + k l l / ( D C  o) 
-- (t--> oo) [14] 

II k l l /  (DC ~ 

Furthermore,  at the dissolving surface 

nFD ( C  ~ - -  Cx=~) 1 
- -  ( t ~  oo)  [15 ]  

II k l l /  (DC ~ 

Since the concentrat ion gradient  at the steady state is 
uniform throughout  the thickness of the electrolyte 
layer, Eq. [14] and [15] lead to the simple situation 
represented by Fig. 2. 

S t e a d y - s t a t e  p o t e n t i a L - - T h e  concentrat ion at the elec- 
trode surface is readily given in terms of the measured 
potential  change AE if the me ta l /me ta l  ion couple is 
assumed to be reversible 

Cx=o : C ~ exp ( n F ~ E / R T )  [16] 
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Fig. 2. Concentration profile at  the steady state 
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The combinat ion of Eq. [14] wi th  Eq. [16] yields 

, ( l 1 )  
1 -- exp (nF~E| = nF  ~ + ~ [17] 

f rom which the s teady-sta te  potent ial  change ~E| may 
be calculated. 

Critical current  densi ty . - - I t  follows f rom Eq. [17] 
that  --AE~ becomes infinite when  

nF  
I -- -- Ie [18] -~ 

-FE- + 
The meta l  deposition process cannot sustain, indefi- 
nitely, a current  density as high as the cri t ical  value  
Ic, defined by Eq. [18]. When the applied cur ren t  meets  
or exceeds this condition, a t ransi t ion is expected in 
the potent ia l - t ime curve. The t ime at which this occurs 
is predictable as discussed below. 

The transient response.--Figure 3 shows a set of po- 
ten t ia l - t ime curves calculated at several  fractions of 
the critical current  density. These transients  were  ob- 
tained from Table IV of Ref. (7), wi th  Eq. [16], taking 
I -- 0.01 cm, D ---- 1 X 10 -5 cm2/sec, T ---- 298~ and 
k11/(DC ~ ---- 1. A rate pa ramete r  of uni ty  corresponds 
to the condition 

l 1 
---- -- [19J 

DC ~ kl  

in which the diffusion and dissolution terms contr ibute 
equal ly  to the r ight  side of Eq. [17]. The crit ical  cur-  
rent  density is then given by 

Iel 1 ( kll  ) 
- -  - -  ~ = 1 [ 2 0 ]  

nFDC ~ 2 DC ~ 

and the crit ical  t ransient  is the upper  curve in Fig. 3. 
It  is apparent  f rom this group of curves that  the t ransi-  
t ion occurs qui te  sharply  at Ic. At  a current  density 
only 0.2% lower, for example,  the potent ial  shift 
reaches a s teady-s ta te  va lue  of 0.160V and, theore t i -  
cally, wil l  not exceed this limit. 

Critical transition t ime . - -The  t ransi t ion t ime Drc/l~ at 
the critical cur ren t  density was de termined  by graphi-  
cal interpolat ion of the data in Table  I of Ref. (7). 
That  table gives a function F(O,P) ,  which takes the 
form 

..... I [ I [ I :~ -co  

o.  5()o 
,j Zil - -  

o Iu 

. . . . .  o . . . .  _ 

o. zoo  

s 21j 40 60 ~0 100 

(sell 

Fig. 3. Potential-time curves for dissolution-controlled electrode. 
n ~- l ;  k t l / D C  ~ - ~  1;  ! = 0.01 cm;  D = 1 X 10 - 5  c m 2 / s e c ;  
T = 298  ~ K. 
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time function with different criteria for 

DC ~ ) Cx=o 
F(O,P) = i+--~.~,~ ~-~ (l----It) [21] 

(P = Dr~V) 

for the crit ical  condit ion in the electrochemical  prob-  
lem. Ideally,  xc would correspond to the value  of P, or 
Dt/ l  2, at which Cz=o/C ~ ---- 0 and --AE = ~ .  Since 
an infinite potent ial  wi l l  not be reached exper imental ly ,  
Dt/12 was evaluated  for Cx=o/C ~ ratios of 10-2, 10 -z, 
10 -4, and 0(<5 X 10-~). The respect ive values of 
--n• in volts at 25~ are 0.118, 0.177, 0.236, and 
oo (>0.254). These results are shown in Fig. 4, where  
Dzc/l 2 is plot ted against the reciprocal  of the rate  pa-  
rameter .  The  scattering of calculated points at the two 
lowest concentrat ion rat ios is due to loss of significant 
figures. It is c lear  f rom this analysis that  the exper i -  
menta l  t ransi t ion t ime is bet ter  evaluated  wi th  re f -  
erence to a selected Cz=o/C o ratio than by visual esti-  
mation on the shoulder of the potent ia l - t ime curve. The 
condition --n•  ---- 0.118V occurs before the transi t ion 
(see Fig. 3), but  the corresponding t ime is correlatable  
with k l l /DC o. The plots in Fig. 4 are almost linear. In 
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Table I. Transition times for different electrode configurations (a~ 

F e b r u a r y  1972 

I(b) 

nCo 
(A x c m /  

e q u i v )  

T h i n - l a y e r  e l e c t r o d e  T h i n - l a y e r  e l e c t r o d e  
w i t h  d i s s o l u t i o n  w i t h o u t  d i s s o l u t i o n  (8) 

Cz=o/C o riFle~ 12 
k,l  r 

10 -3 10-* 0 I 3D 
DCo re  (sec) (sec) 

U n c o n f i n e d  
e l e c t r o d e  (9) 

~rn2F2DCo2 

4I~ 
( s e c )  

8.76 0.1 -- -- -- 107 
32.1 0.5 - -  -- -- 27 
48.2 1.0 91.4 125 (c~ 143(r 17 
64.3 2.0 57.5 81 93 12 
80.4 5.0 39.5 55 63 
87.6 i0.0 32.8 47 54 -- 

96.5 oo 27.7 38 44 -- 

955 
71 
31 
18 
11 

9.5 
7.8 

(a) C o n d i t i o n s :  ~ = 0.01 cm;  D = 1.0 • l 0  -6 cm~/sec.  
(b) C h o s e n  so t h a t  I = Ic i n  t h e  d i s s o l v i n g  s y s t e m .  
co) E x t r a p o l a t e d ;  F ig .  4. 

the l imit ing case, the dimensionless t ransi t ion t ime is 
given by 

12 \ - - - ~ / /  + 4.4 DC o - -  2 [22] 

(C~=o/C ~ : O) 

over the indicated range of the rate  parameter .  
It  is of interest  to compare the critical t ransi t ion 

t ime ~c in the dissolving system wi th  the chronopo-  
tent iometr ic  t ransi t ion t ime for a th in - l aye r  electrode 
wi thout  dissolution (8) and for an unconfined planar  
electrode (9). The la t ter  t imes are  g iven by Eq. [23] 
and [24]. 

n F i C  o 12 Thin- layer  electrode 
- - - -  wi thout  dissolution [23] 

I D (l 2 < ~D) 

~n2F2DC o Unconfined electrode; 
-- semi-infini te  l inear [24] 

412 diffusion 

Table I gives t ransi t ion t imes calculated for the three  
electrode configurations at equal  current  densities. As 
expected, the t ransi t ion is postponed in the dissolving 
system by the presence of a nearby  source of react ive 
material .  A small  rate constant leads to a long crit ical  
t ransi t ion t ime but corresponds to a small  cri t ical  cur-  
rent  density, according to Eq. [18]. When kl = 0, the 
problem of the dissolut ion-control led electrode re-  
duces to that  of the ear l ier  th in - l aye r  electrode (8), 
and Ic = 0, i.e., a transi t ion is no longer  avoidable. In 
the opposite situation (kl --> ~ ) ,  the discharge is dif-  
fusion-control led;  Cz=l = C ~ at all times, and the di- 
mensionless transi t ion t ime reaches the l imit ing value  

DTc/l 2 : 4.4 (kl : 0o) [25] 

(Cx=o/C ~ = O) 

1 T h i s  e q u a t i o n  m a y  be  s u i t a b l e  fo r  e x t r a p o l a t i o n  to l o w e r  v a l u e s  
of kll/DCo, h u t  t h e  d i r e c t  n u m e r i c a l  c a l c u l a t i o n s  h a v e  n o t  b e e n  
e x t e n d e d  to  t h a t  r eg ion .  

Table II. Slope of the linear critical transient ca~ 

a (nFAE/RT) 

O(Dt/12) 
k l l /  (DC o) L i n e a r  r e g i o n  

0 0 
O.1 0 .0967 
0.5 0.427 
1.0 0.741 
2 .0  1.180 
3.0 1.433 
4.0 1.599 
5.0 1.725 
8.0 1.955 

10.0 2 .045 
oo 2.466 

ca) R e v e r s i b l e  d e t e c t o r  e l e c t r o d e .  

S l o p e  o] the  cr i t i ca l  t r a n s i e n t . - - T h e  crit ical  t ransient  
for k t l / ( D C  ~ = 1 is seen in Fig. 3 to have  a long l inear  
section. The slope 

--0 ( n F A E / R T )  

O (Dt / l~ )  

was determined numer ica l ly  f rom Table  I of Ref. (7) 
for this and other  values of the dissolution rate  pa-  
rameter .  In each case, a region of constant  slope was 
found for D t / l  2 > 0.5, as shown in Fig. 5. Numerica l  
values of the slope in the l inear - t rans ien t  region are 
given in Table II. 

E v a l u a t i o n  o$ p a r a m e t e r s . - - T h e  foregoing analysis 
provides several  methods for the evaluat ion of kl if l, 
D, and C ~ are known. In terna l  checks can thus be 
made on the in terpre ta t ion of the data. The  ra te  con- 
stant k~ is avai lable (i) f rom the s teady-s ta te  poten-  
tial, through Eq. [17], a l though this method is not ve ry  
precise; (ii) f rom the crit ical  current  density, through 
Eq. [18] ; (iii) f rom the crit ical  t ransi t ion time, accord- 
ing to Fig. 4 and Eq. [22]; and (iv) f rom the slope of 
the l inear par t  of the cri t ical  transient,  by  means of 
Table II. 

The kinetic and diffusion terms are convenient ly  re-  
solved by the use of a var iable- th ickness  cell. Equat ion 
[18] may be rear ranged  to the form 

3.0 

kt,! /IDC~ 

I I I I 

~. 1o 

L 
I.O 

o [ 
2 

. t 

J 

Fig. 5. Slope of the critical transient. Arrows indicate the times 
for Cx=o /C  ~ = 10 -8 .  

n.l  
I I I l 

6 ~ io L3 

Dr. ! 
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nF l 1 
= ~ + ~ [ 2 6 ]  

Ic DC ~ kx 

which is l inear  in I. Then if I~ is de termined for several 
thicknesses of the electrolyte layer, and its reciprocal 
plotted as a function of l, the constant  kt is found from 
the intercept  at I = 0, and the product DC o is available 
from the slope. This is probably the most reliable pro- 
cedure for determinat ion of kl. The highest rate con- 
stant  that  can be measured in this way wil l  depend on 
the relative magni tudes  of kl and DC~ In  a typical  
situation, D ~ 10 -5 cm2/sec and I ~-~ 10 -a  cm. Then if 
C ~ is large, say 10-4 mole /cm 3, the measurable  kl might  
be as high as 5 X 10 -6 mole/cm2-sec. When the dis- 
solution is very  slow, the crit ical cur ren t  is independent  
of the electrode spacing, and kl is given simply by 

k l =  nF  - - ~  > k l > 0  (27) 

The smallest measurable  kl will  tend to be l imited 
by extraneous faradaic current.  

It  is also possible, unde r  favorable conditions, to 
determine D and C ~ separately from the dependence 
o f  ~e on l. For this purpose, Eq. [22] may be wri t ten  as 

= 9.8 n u 4.4 --~ 2 [ 2 8 ]  
z DCo 

( C~=o/C ~ = O) 

and the value of kl taken from the plot of 1/Ic vs. l. 
Present  experience indicates that  the critical t ransi-  
t ion t ime is more difficult to determine exper imenta l ly  
with satisfactory precision than is the critical current.  
It is significant, nevertheless, that  all three parameters  
- -k l ,  D, and Co--are obtainable, in principle, from th in -  
layer  cell measurements .  

Implications far Battery Electrode Processes 
The th in- layer  electrode discussed herein may be 

considered a model for the inner  s tructure of a bat tery 
cathode containing a par t ia l ly  soluble reactant  which 
is nonconduct ive in  the solid state. Similarly,  it may 
represent a discharged secondary anode with a slowly 
dissolving nonconductive solid reaction product. A 
more general  application of this model to include dis- 
solving materials  with solid-state ionic or electronic 
conductivi ty would require  exLernal control of the po- 
tent ial  at the dissolving interface. The potential  de- 
pendence of kl, as discussed by Vermilyea, could then 
be taken into account (5). The th in - layer  model is 
expected to find applications in organic-electrolyte 
batteries, where the solut ion-control led cathode proc- 
ess may be a common occurrence (e.g., CuF2). Some 
implications of the theory for bat tery  electrode per-  
formance are as f o l l o w s :  

(i) The current  density wi th in  the microstructure of 
a porous electrode must  be less than that  given by Eq. 
[18] if the discharge is to continue without  extreme 
polarization. 

(it) As long as the critical cur rent  density region is 
avoided, a dissolution-controlled electrode will  operate 
with a relat ively low overvoltage ( < u.zV), a t t r ibut -  

able to concentrat ion polarization, unless the faradaic 
process is irreversible. 

(iii) With complete control by dissolution kinetics 
(kl < <  DCo/1), the critical current  density is pro- 
port ional  to the dissolution rate constant  and  inde-  
pendent  of the spacing be tween the dissolving solid 
mater ia l  and the current  collector. With complete con- 
trol by mass transport,  the critical cur ren t  densi ty is 
inversely proportional to the spacing. 

(iv) The number  of coulombs obtainable per un i t  
area of the current  collector surface, at the critical 
cur rent  density, is given by  

Qe = Ic~c [ 2 9 ]  

With Ic from Eq. [18] and ~c from Eq. [22], this charge 
is found to be 

Qc = nFC~ { k t l  \ \ DC ~ ~ 2  [30] 

1 -l- [ \ DC ~ J / 

For very rapid dissolution, then 

Qc = 4.4 nFC~ ( -D--CT>> 2 )  [31] 
kll 

= 4.4 Qi 

where Qi is the electrical equivalet  of the active ma-  
terial  ini t ia l ly present in  the solution layer  at satura-  
tion. This l imitat ion on the high-ra te  discharge depth 
may be avoided by keeping the cur ren t  densi ty below 
its critical value. 

Dissolution Rote of CdF2 in 4M KF 
A brief  invest igat ion of cadmium fluoride dissolving 

in aqueous 4M KF was made to ver i fy the th in - layer  
method for dissolution kinetics measurements .  The 
procedures and results are reported below. 

E x p e r i m e n t a L - - T h e  th in- layer  cell assembly, i l lus- 
t rated in Fig. 6, was mounted  on a Starre t t  Model 
2MARL micrometer  caliper, readable  to ~ • cm. 
The cadmium fluoride was a slice of a single crystal 
prepared in an earlier study (10). This mater ia l  con- 
tained 0.01 mole per cent (m/o)  Y(I I I )  bu t  was not 
cadmium-treated.  The paral lel  plate, counter, and ref- 
erence electrodes were all of cadmium metal. The area 
of the cadmium plate on which deposition occurred 
was 0.280 cm 2. The potent ia l - t ime curves at constant  
currents were recorded at room tempera ture  on a 
Pr inceton Applied Research Model 170 Electrochem- 
istry System. The solubili ty of cadmium fluoride in 
4M KF was estimated by a colorimetric method in-  
volving the comparison of cadmium sulfide suspensions 
(11). 

Resul ts  and d i s cus s ion . ~T he  critical current  effect 
predicted theoretically was observed for cadmium 

r I I 

coo tor \ I IFEpoxy 

S~176176176 

Epoxy 

i cm I 

J 

Fig. 6. Thin-layer cell assembly 
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Table III. Dissolution rate constant for cadmium fluoride in 4M KF 

E v s .  t 

1 / I e  V~. I T r a n s i t i o n  t i m e  
E v a l u a t i o n  m e t h o d  I n t e r c e p t  L i n e a r  s l o p e  C~-_o/C ~ = 10 -4 C,#=o/C ~ : 10 -~ 

2.3 X I 0  -l~ 4,5 X I 0  -~ 5,4 X i 0  -9(a) 
k~ ( m o l e / e m = - s e c )  8 . I  X I 0  -9 2 .4  X 10 -4(b) 4.1  X I 0  -9(b) 5.2  x i 0  -~ 

(~) D ~ 9,5 X 10-4 cm2/see, 
(b) D = 1.0 x 10 -5 c m 2 / s e c .  

fluoride, as in Fig. 7. Generally,  it  was possible to de- 
t e rmine  Ic wi th in  ,~ --+10%, but  an accurate Tc proved 
somewhat more difficult to evaluate. The central  curve 
in Fig. 7, for 7.9 X 10 -4 A /cm 2, represented a close 
approach to the critical condition. The expected l inear 
plot of 1/I~ vs. I was also obtained, as shown in Fig. 8. 
The dissolution rate constant  kl, determined by several 

] I I 

--]-- 
O. t v  

_ J _  / 
[ 1 I 

I { an~p/cm z) 

8 . 9 x  10 4 ---- 

_ S  

1 I 
0 

7.9x10 -4 

~E: o. 177/n 

7. 1 x 10 -4 

I f I I 
ioo z o o  

t { s e c )  

Fig. 7. Potential-time curves for CdF2 dissolving in aqueous 4M 
KF. I - -  0.01 cm. 

7 

x 

I t I 
o ol o . o i  o o~ o.o3 

Fig. 8. Determination of kl  for CdF2 from critical current density 
in variable-thickness cell. 

different procedures, is reported in Table III. The value 
of 8.1 • 10 -9 mole/cm2-sec, from the intercept  in  Fig. 
8, probably is the most accurate. A value of 7.6 X 10 -11  
mole/cm-sec was calculated for DC ~ from the slope of 
the same line. With the exper imental  C ~ of 8 X 10 -~ 
mole/cm 3, this result  indicated a rather  high diffusion 
coefficient of 9 • 10 -5 cm2/sec for the cadmium-con-  
ta ining species in 4M KF. A solubil i ty of 2.8 • 10 -5 
mole/cm 3 is reported in the l i tera ture  for CdF2 in 4M 
KF at 20~ (12). However, this amount  of CdF2 did 
not dissolve, even on standing, in the present  room- 
temperature  experiments.  The kl values for the E vs. t 
curves are therefore given on two bases in Table III: 
w i t h D  = 9 • 10 -5 , as calculated, and wi th  D = 1.0 
• 10 -5, which is typical of metal  ions in aqueous 
solutions. The smaller D yielded a more consistent re-  
sult for kl from the l inear  slope. 

These results show that  the cadmium deposition 
process in the electrode system Cd/CdF2(s) /4M KF 
was one of mixed control by dissolution kinetics and 
diffusion. The rate constant  of 8 • 10 -9 mole/cm2-sec 
corresponds to an equi l ibr ium exchange rate of ap- 
proximately 6 atomic layers/see on the cadmium fluo- 
ride surface. Vermilyea (5) has estimated the maxi -  
mum rate re for such an exchange from the relationship 

re -- DC~ [32] 

where d, the " jump distance," is of the order of 
3 • 10 - s  cm. With DC o = 7.6 • 10 -11 mole/cm-sec,  
as found from the th in - l ayer  measurements ,  the maxi -  
m u m  exchange rate would be 2.5 • 10 - s  mole/cm2-sec, 
or ,~105 times as great as the observed kl. 
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The Anodic Oxide of Iron: 
Its Component Layers and Their Properties 

F. C. Ho* and J. L. Ord** 
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ABSTRACT 

The anodic oxidation of an iron electrode in a neutral  borate e lec t ro lyte  is 
studied using a fol lowing ellipsometer.  The oxide film is found to consist of two 
layers wi th  different refract ive  indices: an outer  layer  of Fe203 and a thicker  
inner  layer of Fe304. A thin layer of Fe304 is grown on the electrode in the 
active state, and the electrode passivates when a par t ia l  monolayer  of Fe203 
is grown at the Fe304-electrolyte interface. Passive state anodic oxidation 
causes s imultaneous growth of the two layers, the inner  layer  growing ap- 
p rox imate ly  80% faster than the outer  layer.  We conclude that  the Fe2Os layer  
inhibits anodic dissolution of the electrode, and that  both the Fe203 layer  and 
the port ion of the Fe304 layer  grown in the passive state act as the  electr ical ly 
l imit ing barr ier  across which the overpotent ia l  appears. The possibility that  
the two layers grow in a proport ion dictated by the t ransport  numbers  of 
mobile defects (as has been proposed for the anodie oxide of tanta lum) is 
discussed. 

Iron has received considerable study as a passive 
electrode in acid electrolyte  and as a ba t te ry  elec- 
trode in basic electrolyte,  but many  recent  studies 
(1-6) have been carr ied out in the neutra l  borate  buf-  
fer  made  popular  by Cohen and co-workers  (7-10). 
This electrolyte  offers many  advantages for both elec- 
troche,nical  and ell ipsometric measurements .  At  pH 
8.4 iron has an act ive state which enables passivation 
to be studied, but  the current  density requi red  to passi- 
vate  the electrode (10 -4 A / c m  2) enables the electrode 
to be passivated readi ly  wi thout  appreciable damage 
to the optical surface. In the passive state, there is 
negligible dissolution of the oxide, and the subsidiary 
layer  of dissolution products which complicates opti- 
cal measurements  in acid electrolyte  (3) is not pres-  
ent. In addition, the oxide layer can be removed from 
the surface at a control led ra te  by cathodic reduct ion 
in the borate buffer, and the optical constants of the 
surface re tu rn  to their  ini t ial  values after  reduct ion 
is complete. 

There  have been a number  of optical studies of the 
anodic oxidat ion of iron in borate buffer (1, 3, 6), and 
al though these studies have genera l ly  agreed on the 
thickness of the anodic oxide, they have disagreed on 
whe the r  the anodic oxide consists of a single layer  or 
two layers wi th  different composition. The studies 
which favored two- layer  models (1, 3) were  unable 
to present  optical evidence of the existence of more 
than one layer  on the surface. The aim of this paper  is 
to present direct optical evidence showing that  the 
anodic oxide consists of two component  layers. 

Experimental 
The fol lowing el l ipsometer  buil t  in our laboratory,  

described in detail  e lsewhere  (11), uses a he l ium-neon  
gas laser as a l ight source, and all of our  measurements  
are carr ied out at a wave leng th  of 6328A. The el l ip-  
someter  is dr iven by stepping motors geared to give 
the ins t rument  a resolution of 0.01 ~ and an average 
nul l ing t ime of 0.7 sec under  the exper imenta l  con- 
ditions used in this study. In a typical  exper iment  
we record over  1000 data points wi th  a range of 2 ~ in 
polarizer  reading, P, and 0.2 ~ in analyzer  reading, 
A, and a s tandard deviat ion of 0.005 ~ as de termined 
by least squares analysis. To simplify handl ing and 
displaying the data, we general ly  divide the points 
into groups at 0.1 ~ increments  in P and calculate an 
average  value  of A for the 15 to 30 points in each 
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group. These averaged points are then plotted in figures 
wi th  the scale on the A-axis  expanded fivefold over  
the scale on the P-axis .  The averaged points general ly  
exhibi t  a 0.003 ~ s tandard deviat ion when fitted to 
straight lines using least squares. All  of the measure -  
ments reported in this paper were  made on a sample 
whose a l ignment  was not dis turbed throughout  the 
series of experiments ,  and hence the data do not show 
the offset f rom exper iment  to exper iment  that  gener-  
ally characterizes el l ipsometric data. 

The cell used wi th  the eUipsometer in this work  is 
a hollow equi la tera l  pr ism of 75 ml  capacity into which 
a p la t inum counterelectrode,  mercurous  sulfate re fe r -  
ence electrode with  0.1N K2SO4 salt bridge, gas dis- 
persion tube, and sample holder  can be inserted 
through s tandard- taper  joints. The geometry  of the 
cell requires  that  the el l ipsometer  be set for an angle 
of incidence of 60 ~ . The cell has inlet and outlet  con- 
nections enabling deaerated electrolyte  to be added 
from a 2-l i ter  reservoir ,  and electrolyte  contaminated 
with  ferrous ions to be flushed from the cell. The 
electrolyte  used in all measurements  is an equivolume 
mixture  of 0.15N sodium borate and 0.15N boric acid 
of pH 8.4. All  the exper iments  were  carried out at room 
tempera ture  (23~ 

The iron sample is a cylindrical  single crystal  0.3 in. 
long by 0.2 in. in diam which is c lamped be tween  Tef-  
lon washers  in the holder to expose a ver t ica l  surface 
of 1.2 cm~ area to the electrolyte.  The optical measure-  
ments are made on a flat on one side of the cylinder.  
Since variat ions in surface roughness can affect the 
optical data, the exper iments  were  per formed in a 
careful ly  chosen sequence. Severa l  p re l iminary  oxi-  
dat ion-reduct ion cycles were  per formed to smoothen 
the surface which  had been chemical ly  polished just  
prior to insert ion in the cell. When the bare  surface 
polarizer  reading increased by no more than 0.01 ~ after 
an oxidat ion-reduct ion  cycle, the exper iments  were  
started, and no fu r ther  change in surface roughness 
was detected unti l  the final exper iment  in the series 
was performed.  The l inear potent ial  sweep exper iment  
was per formed last because we expected the slow pas- 
sivation to roughen the surface (which it did, in t ro-  
ducing an offset of 0.06 ~ in P) .  

The analog circui t ry  consists of three operational  
amplifiers which are  used to supply the cell wi th  con- 
stant currents,  constant potentials, or l inear  potent ia l  
sweeps, and two operat ional  amplifiers which follow 
the potential  and the current.  The current  source can 
provide an a-c current  superimposed on the d-c en-  
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abling a lock-in amplifier to detect the potential  com- 
ponent 90 ~ out of phase with  the a-c current  in order 
to moni tor  the capacitance of the electrode. All  po- 
tentials  quoted in this paper  are measured re la t ive  to 
the mercurous  sulfate reference electrode. 

Results 
When designing exper iments  for the fol lowing ell ip- 

someter,  we  t ry  to keep the layer  growth rates reason- 
ably slow and approximate ly  constant so that  the 
e l l ipsometer  can achieve its op t imum performance.  
Galvanostat ic  exper iments  usual ly provide the best 
conditions, and most of the exper iments  described here 
were  per formed at a constant 10 ~A/cm 2. This current  
density is not adequate  to passivate the electrode, but 
a special passivation technique is required in any event  
in order to avoid the deposition of FeO.OH from fer-  
rous ions in the electrolyte.  Since our exper iments  are 
designed to look for a "fine s t ructure"  in the optical 
data, it is important  to avoid deposition of even traces 
of FeO.OH. 

The effects of t race FeO.OH deposition show up 
clear ly  in a l inear  potent ial  sweep experiment .  This 
type of exper iment  provides good exper imenta l  condi- 
tions for the e l l ipsometer  when the potent ial  is swept 
in the anodic direction, and is bet ter  than a galvano-  
static exper iment  for fol lowing passivation. Cathodic 
potential  sweeps provide  poor conditions for fol lowing 
layer  r emova l  because of the narrowness  of the po- 
tent ial  regions over  which reduct ion takes place. 

The data plotted in Fig. 1 were  obtained f rom an 
exper iment  in which an anodic sweep at 10.8 mV/sec  
was fol lowed by galvanostat ic  reduct ion at 10 ~,A/cm 2. 
The sweep begins at point A with  the electrode under  
cathodic reduct ion in an unst i r red e lect rolyte  free of 
ferrous ions. (The argon flow was shut off for this ex-  
per iment  to provide  reproducible  conditions for an ex-  
per iment  in which diffusion plays a significant role.) 
The current  density and polarizer  null  reading are 
plotted vs. potent ial  in the lower  part  of the figure for 
the anodic sweep, and the optical data are displayed 
in a polar izer -analyzer  plot in the upper  port ion of 
the figure. 

The na ture  of the passivation process shows up 
clearly f rom the  data in Fig. 1. The  change in polari-  
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Fig. 1. Anodic potential sweep at 10.8 mV/sec followed by 
cathodic reduction at 10 #A/cm 2 for an iron electrode in borate 
buffer. The current density (solid curve, right scale) and polarizer 
readings (open circles, lower left scale) are plotted vs. potential 
in the lower portion of the figure for the anodic sweep ABCD. The 
optical data are plotted in the upper portion of the figure. 

zer null position plot ted in the figure is proport ional  
to film thickness for thin films, and est imates of film 
thickness dur ing passivation can be made using the 
approximate  cal ibrat ion factor of 15 A / d e g  (see Ap-  
pendix) .  Li t t le  film buildup is indicated unti l  the cur-  
rent  density approaches its peak value of 120 ~A/cm 2 
at --0.990V, at which point about 4A of film cover the 
surface. The layer  thickens to 10A as the current  falls 
f rom its peak value to 35 ~A/cm 2 at --0.772V (point 
B in the figure).  

As the l inear sweep continues beyond point B, there  
are three exper imenta l  results which detect  the dep- 
osition of FeO.OH:  the current  density rises, the P - A  
plot inflects sharply  upward,  and the P - t  slope in-  
creases. The deposition process has been studied in 
detail  in this electrolyte  by Markovac and Cohen (12, 
13), and the optical propert ies  of the deposited layer  
have been studied in our laboratory (14). The reason 
that  even a small  deposition part ial  current  has a 
significant effect on optical measurements  is twofold: 
the deposited FeO.OH has a real ref ract ive  index of 
1.7 which differs significantly from the index of the 
anodic oxide, and deposition of one molecule  of FeO- 
OH requires  the t ransfer  of only a single electron. 
Even though the concentrat ion of ferrous ions in the 
electrolyte  does not reach a significant level  in this 
experiment ,  the crit ical  factor de termining the extent  
of deposition is the concentrat ion of ferrous ions ad- 
jacent  to the electrode as the potential  crosses the 
value above which deposition takes place. The results 
presented in Fig. 1 are val id only for a ver t ic ia l  elec- 
t rode in an unst i r red e lect rolyte  swept at 10.8 mV/sec,  
but any passivation process which takes the electrode 
through the act ive state direct ly  to a potent ia l  above 
the deposition potential  wi l l  show some of the effects 
of FeO-OH deposition. One very  simple way to lessen 
the deposition effect is s imply to pause at point B in 
Fig. 1 and increase the argon flow for a short t ime to 
al low the ferrous ions to diffuse into the bulk of the 
electrolyte.  In the passivation technique we use, the 
electrode is passivated by connection to a potentiostat  
set at --0.825V, then, af ter  the current  densi ty drops 
below 2 ~A/cm2, the cell  is drained and refilled wi th  
electrolyte three  t imes before the electrode is taken 
to higher  potentials  in the passive region. This tech-  
n ique minimizes  the total  number  of ferrous ions 
produced, and, af ter  three  changes of electrolyte,  no 
traces of FeO-OH deposition can be detected optically. 

Data obtained from a galvanostat ic  exper iment  per-  
formed in e lectrolyte  free of ferrous ions are presented 
in Fig. 2. The electrode was first passivated by the 
technique described above, then the electrode was held 
at --0.825V unti l  the current  density reached 1.0 
uA/cm 2. At this point (point A in the figure) an anodic 
current  of density 10 ~A/cm~ was applied, and the 
growth of the film was fol lowed to a potent ia l  of 0.3V 
(point B). The current  was then reversed,  and the 
reduct ion of the film proceeded through two potent ial  
plateaus wi th  distinct optical data segments,  BC and 
CD. At point D the optical data re tu rn  to their  initial 
values prior  to passivation. 

The plots of potential  and polar izer  null  reading vs.  
t ime in the lower  par t  of the figure show that  a film 
builds up at a constant rate  under  anodic conditions, 
and is removed at a faster  ra te  under  cathodic condi-  
tions. In the upper  par t  of the  figure the optical data 
are shown on a polarizer  vs.  analyzer  plot. The s truc-  
ture  in the data is accentuated in the figure by the five- 
fold expansion of the analyzer  scale over  the polarizer  
scale. The oxidat ion data t race out a s traight  line from 
A to B, and on reduct ion the data fall on two distinct 
lines, BC and CD, both with  slopes different f rom the 
slope of AB. The s t ructure  in this figure could not be 
resolved in the ear l ier  work  carried out in this labora-  
tory with  a manual  e l l ipsometer  (3). 

As is always the case w h e n  very  thin films are stud- 
ied, unique ref rac t ive  index and thickness values can-  
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Fig. 2. Galvanostatic oxidation (AB) and reduction (BCD) at 
10 #A/cm 2 of an iron electrode in borate buffer. The optical data 
are displayed on a P-A plot in the upper portion of the figure 
(top and upper left scales), and potential (solid curve, right scale) 
and P (open circles, lower left scale) are plotted vs. time in the 
lower portion of the figure. 

not be de termined from the optical data. Calculations 
of possible refractive index values are given in the 
appendix, as are values for the thickness calibration 
factor (the number  of angstroms of film which shift 
the polarizer nu l l  reading one degree).  

It  is possible, however, to interpret  the structure in 
the optical data without detailed analysis. When a very 
thin film of constant  refractive index builds up un i -  
formly on a substrate, the optical data obtained with 
an ell ipsometer during the growth of the film trace 
out a straight l ine on a P - A  plot. The l ine starts at the 
bare substrate point and has a slope which depends 
on the value of the film refractive index. Of the three 
l inear  segments, AB, BC, and CD of the optical data 
in Fig. 2, only CD is a straight l ine passing through 
the bare substrate point, and hence only in  this region 
can the surface be covered with a simple film of cons- 
tant  index and changing thickness. Both the passive 
growth segment, AB, and the first reduct ion segment, 
BC are linear, but  nei ther  extrapolates to the bare 
surface point, point D. 

The two-pla teau  potential  t ransient  observed on 
cathodic reduct ion was interpreted by Nagayama and 
Cohen (7) as resul t ing from sequential  removal  of 
layers of ~-Fe203 and FeaO4 from the surface. This 
in terpre ta t ion of the process has met  with wide, bu t  
not unan imous  (6) agreement  among workers  in the 
field. I t  is the simplest in terpre ta t ion  which can be 
given the data presented in  Fig. 2, and it is the only 
in terpre ta t ion of the reduct ion process which is di-  
rect ly consistent with all our exper imental  results. We 
therefore conclude that  segment BC of the optical data 
is generated as a cons tant - index layer of Fe203 is 
reduced in thickness unt i l  at point C the under ly ing  
layer  of FeaO4 is exposed to the electrolyte. Segment  
CD is then generated as this inner  constant - index 
layer  is reduced in thickness unt i l  at point  D the bare 
substrate  is exposed to the electrolyte. The difference 
between the slopes of segments BC and CD is due to 
the difference between the refractive indices of Fe2Oa 
and Fe304. The sets of possible refractive indices for 
the two layers which fit the data in Fig. 2 are given 
in the appendix. 

If the reduct ion process is identified as the sequential  
removal  of layers of Fe20~ and FeaO4, the passive-state 
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anodic oxidation process must  result  in the s imul tane-  
ous growth of these two layers. (The active state oxi- 
dat ion data r un  paral lel  to CD indicat ing growth of 
FeaO4 only.) The l inear i ty  of optical data segment  AB 
shows that  the two layers grow at rates whose ratio 
is a constant  independent  of potential.  One can th ink  
of AB as a vector whose components along BC and  CD 
are proport ional  to the thicknesses of the component  
layers grown during passive-state oxidation. 

The constancy of the ratio of the layer growth rates 
and the l inear i ty  of the growth as a funct ion of po- 
tential  can be demonstrated by a series of experiments  
in which cathodic reduction is ini t ia ted at in termediate  
points along AB. In  Fig. 3 the ABC data from Fig. 2 
(for which the peak anodic potential  was 0.3V) is re-  
plotted as A3-B3-C3, and data from exper iments  with 
peak potentials of 0.0 and --0.3V are plotted as A2- 
B2-C2 and A1-B1-C1, offset in  the analyzer  direction 
by 0.08 ~ and 0.16 ~ respectively. The offsets enable the 
data to be plotted without  overlap, and construction 
lines are drawn through the t r iangle vertices to show 
the s imilar i ty  of the tr iangles and the l inear  depen-  
dence of the lengths of their  sides on the peak anodic 
potential.  The lengths of the sides of the optical data 
tr iangles are directly proport ional  to the difference 
between the peak anodic potential  and --0.97V. 

The inflection at C in a P-A plot of the optical data 
can also be detected in plots of P or A vs. time. Since 
A has its m i n i mum value at C, the detection of the 
inflection in  an A - t  plot is just  as direct as it is in a 
P - A  plot. The inflection in a P - t  plot is less apparent,  
but  even on the scale used for the P- t  plot in Fig. 2 
the inflection at C can be seen. The slope of the cathodic 
portion of the P- t  plot is steeper than  it is in  the 
anodic portion. 

If we were to choose specific values for the layer 
indices, we could, from the data presented to this 
point, calculate growth rates and thicknesses for the 
two component layers as a funct ion of potential  under  
anodic and cathodic conditions. In  order to determine 
the electrochemical properties of the individual  layers, 
however, we require  addit ional  data on the electrical 
behavior  of the electrode. In  galvanostatic experiments,  
the potential  of the electrode is its most p rominent  
electrical parameter.  When a-c currents  are super-  
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Fig. 3. P-A plot of the optical data obtained in galvanostatic 
experiments at 10 /~A/cm 2 with peak potentials of --0.3V (1), 
0.0V (2), and 0.3V (3). The data from the 0.0V and --0.3V experi- 
ments are offset 0.08 ~ and 0.16 ~ respectively in the A direction 
to enable the construction lines to show the proportionality between 
the lengths of the triangle sides and the difference between the 
peak potential and --0.97V. 
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Fig. 4. Reciprocal capacitance as a function of potential during 
galvanostatic oxidation at 10 #A/cm 2 with superimposed a-c cur- 
rents of frequency 50 Hz (circles), 100 Hz (squares), and 200 Hz 
(triangles). 

imposed in galvanostatic experiments,  the a-c potential 
can be recorded along wi th  the d-c potential.  The 
capacitance of the electrode can be calculated from 
the component  of the a-c potential  90 ~ out of phase 
with the current ,  and conditions can be found for 
which this capacitance shows the reciprocal depen- 
dence on film thickness expected of the capacitance of 
an oxide film. In  Fig. 4, values of reciprocal capacitance 
measured at frequencies of 50, 100, and 200 Hz are 
plotted vs. formation potential  for galvanostatic oxi- 
dation at 10 ~A/cm 2. (We use the term formation po- 
tent ial  to designate the potent ial  of the electrode under  
galvanostatic oxidation at a specified formation current  
density.) The three sets of data all fall on a l ine which 
intersects the potential  axis at --0.97V, the potential  at 
which the optical data t r iangle extrapolates to zero. 
This is also the potent ial  which was identified as the 
zero of overpotential  of the passive iron electrode in 
this electrolyte in an  earlier paper (3), in which open- 
circuit t ransients  were used to determine both the 
Tafel slope and the reciprocal capacitance of the elec- 
trode. Hence the thickness of the passive layer, the 
electrically l imit ing layer across which the overpo- 
tential  appears, has the same dependence on formation 
potential  as have the lengths of the sides of the optical 
data triangle. The passive layer may correspond to 
any of the sides of the triangle, and thus it may  consist 
of the outer layer of Fe203, the inner  Fe304 formed in 
the passive state, or both. The experiments  described 
below are designed to enable us to decide among these 
three possibilities. 

The key to the de terminat ion  of the properties of 
the individual  component  layers is provided by the 
fact that they grow simultaneously but  are removed 
sequentially.  In  principle, we can use cathodic reduc- 
tion to "plane away" as much of the film as we wish 
from the side exposed to the electrolyte, then we can 
make the electrode anodic to determine the electrical 
properties of the port ion of the film which remains.  
This exper iment  is complicated in practice by the 
necessity of sweeping ferrous ions produced on reduc-  
t ion from the electrolyte before the electrode is made 
anodic. We do this by opening the circuit and changing 
the electrolyte three times before reapplying the an-  
odic current .  

The first cycling experiments  show the anodic be-  
havior  of the inner  layer  with the outer layer removed 
completely by cathodic reduction. The results of two 
such experiments  are plotted in Fig. 5 with some of 
the finer detail  plotted on an expanded scale in Fig. 6. 
The init ial  anodic cycles are the same as the one for 
the data plotted in Fig. 2. At point  B the cur ren t  is 
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Fig. 5. Galvanostatic oxidation (AB), reduction (BCE), reoxida- 
tion (EF), and final cathodic reduction (FD) at 10 #A/cm 2 of an 
iron electrode in borate buffer. The results of two experiments 
in which the initial reduction is taken to slightly different points 
are superimposed in the figure. The optical data are displayed in 
a P-A  plot in the upper portion of the figure, and potential is 
plotted vs. time in the lower portion. The time required to change 
the electrolyte at point E is not shown in the figure. 
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Fig. 6. Data from Fig. 5 plotted on expanded scales. Potential 
and polarizer reading are plotted vs. time in the lower portion of 
the figure for segment EI-F1, and the initial portions of the opti- 
cal data obtained on reduction from FI and F2 are plotted in the 
upper portion. 

reversed and the electrode is reduced unt i l  all of the 
outer layer and about half  of the inner  layer  formed in 
the passive state are removed from the electrode. The 
two experiments  whose data are superimposed in the 
figure have the anodic current  reapplied at sl ightly 
different points along the cathodic reduct ion transient .  
At point  E1 in  the first exper iment  and E2 in the 
second, the circuit  is opened while the electrolyte is 
changed. The inner  layer dissolves slowly dur ing  the 
minute  or so required to change the electrolyte (not 
shown in the t ime plot in Fig. 5), and points E1 and 
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E2 are actual ly the optical readings recorded just  prior 
to reapplying the anodic current .  The anodic t ransients  
E l -F1  and E2-F2 differ considerably al though their  
s tar t ing points are close together. E2-F2 is a typical 
active-state t ransient  with the potential  remain ing  in 
the active region and the optical data showing no 
change for a period of 100 sec at an anodic current  
densi ty of 10 #A/cm~. El -F1,  plotted on an expanded 
scale in the lower part  of Fig. 6, is a typical  passivation 
t ransient  with the potential  staying in the active region 
for 20 sec before inflecting into the passive region. 
The polarizer reading shows no change unt i l  the po- 
tent ial  reaches the passive region, then changes l in-  
early with t ime at a rate similar to its rate dur ing 
oxidation from A to B. The electrode is active at both 
E1 and E2, but  at E1 it can be passivated at an anodic 
current  density of 10 ~A/cm 2, whereas at E2 it cannot. 

The final cathodic reductions from F1 and F2 to D 
are included in Fig. 5 and their  init ial  portions are 
shown in an expanded P-A plot in the upper  part  of 
Fig. 6. Points  E1 and F1 appear in the plot but  the 
optical data obtained dur ing  oxidation from E1 to F1 
are omitted in order not to obscure the structure in the 
reduction data. On reduction from F1 the data show 
the inflection characteristic of the presence of an outer 
layer, whereas on reduction from F2 the data all fall 
on the line characteristic of the inner  layer. 

The cycling data presented in Fig. 5 and Fig. 6 pro- 
vide more information about the passivation process 
than they do about the potential  profile in the passive 
state. They show that  the inner  layer is subject to an-  
odic dissolution when  exposed to the electrolyte, but  
they provide no information concerning the anodic 
behavior of the inner  layer when covered by an outer 
layer which blocks the anodic dissolution reaction. In 
order to determine the electrical characteristics of the 
individual  layers, we perform a cycling exper iment  in 
which we reapply the anodic current  after reducing 
the outer layer  unt i l  just  sufficient of it to keep the 
electrode passive (less than one monolayer)  remains 
covering the inner  layer. The results of this experiment  
are plotted in Fig. 7. 

The ini t ial  anodic cycle in Fig. 7 is the same as it 
is in Fig. 2 and Fig. 5. The reduction cycle is stopped at 
E by opening the circuit, and the electrolyte is changed 
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Fig. 7. Galvanostatir oxidation (AB), reduction (BE), reoxida- 
tion (EFG), and final reduction (GHD) at 10 /~A/cm 2 of an iron 
electrode in borate buffer. The optical data are displayed on a 
P-A plot in the upper portion of the figure, and potential is plotted 
vs. time in the lower portion. The time required to change the elec- 
trolyte at point E is not shown in the figure. 

before reapplying the anodic current.  As in Fig. 5, the 
time required to change the electrolyte is not shown 
in the t ime plot in the lower part  of the figure. The 
open-circuit  potential  just  before reapplying the 10 
~A/cm ~ anodic current  is --0.92V, and hence the elec- 
trode is still passive. When the circuit is closed, the 
potential  ini t ia l ly rises rapidly to point F, then takes 
on a slope more like the usual  oxidation slope, un t i l  at 
point  G the potential  re turns  to 0.3V, its value at 
point B. The optical data show an inflection at point  
F, and when 0.3V is reached at point G the polarizer 
reading is significantly larger than it is at point  B. 
The final cathodic reduction, GHD, enables the thick- 
nesses of the component  layers at G to be determined. 
The lengths of the optical data segments obtained on 
reduction indicate that  point G the outer layer thick-  
ness is only 53% of its value at B, and that  the inner  
layer grown in the passive state has increased its 
thickness by 12% at G over its thickness at B. The 
slope of the optical data segment GH is significantly 
greater than  the slope of BE, hence the composition 
of the outer layer must  be changed somewhat by  the 
cycling process. 

The reciprocal capacitance of the electrode was 
monitored during the cycling experiment,  and the a-c 
potential  recorded dur ing segments AB and EFG of 
the exper iment  are plotted in Fig. 8. Along AB it is 
reasonable to take the a-c potential  as a measure of 
the reciprocal capacitance of the oxide film (except in 
the region of point B where the curvature  in  the data 
is characteristic of the onset of oxygen evolut ion) .  On 
reoxidation, the a-c potential  cannot be assumed pro- 
portional to the reciprocal capacitance of the film dur-  
ing the rapid rise in potential  from E to F, but  this 
assumption appears reasonable along FG. The data in 
Fig. 8 show that  the reciprocal capacitance has lower 
values dur ing  reoxidation than  it has at the same po- 
tent ial  dur ing  oxidation. 

Discuss ion  
The difference between the indices of the component  

layers of the anodic oxide makes their  direct experi-  
menta l  detection possible, and the proportionali t ies 
between layer thickness and formation potential  follow 
directly from exper imental  results. The resul t ing con- 
clusion that  the passive-state overpotential  must  ap-  
pear either across the outer layer, the inner  layer 
formed in the passive state, or both, is not a definitive 
statement, but  it is based direct ly on exper imenta l  
results. In  order to decide among these three possi- 
bilities we must  use the cycling exper iment  data and 
draw conclusions concerning the electrochemical pro- 
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Fig. 8. The a-c potential 90 ~ out of phase with a 10 /~A/cm ~ 
a-c current superimposed on a d-c current of 10 #A/cm ~, plotted 
as a function of potential for segments AB and EFG of the cycling 
experiment plotted in Fig. 7. 
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perties of the individual  layers. The way in which 
these conclusions are drawn requires  some discussion. 

The first cycling exper iments  show that  the electrode 
is no longer passive once the outer  layer  is removed.  
This result  can be in terpre ted  in two ways: ei ther  the 
inner layer plays no role in passivity, or it can play a 
rote only when it is protectea  I rom the electrolyte  by 
the outer  layer. 

The final cycling exper iment  provides results which 
enable us to decide between tne~e two possibilities. 
When the electrode is reoxidized with  only a thin outer 
layer covering the lower  layer, the potential  rises 
rapidly to wi th in  0.2V of its value  at the end of the 
init ial  oxidatmn cycle, and when  it does re tu rn  to this 
peak potential,  the outer  layer  has regained only 53% 
of its former  thickness. If the overpomnt ia l  appeared 
across the outer  layer  only, the reduction in its thick-  
ness would have resul ted in a potential  of --0.30V 
ra ther  than the observed 0.3uV at point G. Hence the 
overpotent ia l  cannot appear across the outer  layer 
alone; it must appear  ei ther across both it and the 
passive port ion of the inner layer,  or across the lat ter  
only. 

Two results  f rom the final cycling exper iment  show 
that the overpotent ia l  must  appear  across both the 
outer  layer  and the inner  passive layer. When 0.3V is 
reached for the second time, the passive port ion of the 
inner layer  has increased in thickness by 12%, and if 
the potent ia l  appeared across this layer  alone the po- 
tent ial  at point G would have been 0.45V ra ther  than 
the observed 0.3V. In addition, the decrease in the re-  
ciprocal capacitance on cycling suggests that  the two 
layers act as capacitors in series. A decrease in the 
thickness of the outer  layer  and an increase in the 
thickness of the inner  layer  can re turn  the electrode 
to the same overpotent ia l  and lower reciprocal  capaci- 
tance only if the overpotent ia l  appears across both the 
outer layer  and the passive port ion of the inner  layer. 

If we assume that  a simple model  of capacitors in 
series is valid, we can calculate the potentials  across 
the component  layers and their  reciprocal  capacitances 
at point B. The total potential  and total capacitance 
can be expressed in terms of the individual  layer ca- 
pacitances and potentials at point B and G, yielding 
four  equations. The proport ional i ty  between the th ick-  
nesses of the component  layers at B and G is known 
from the optical data, and since all  simple models 
have both reciprocal  capacitance and potential  pro-  
port ional  to thickness, the four equations can be wr i t -  
ten in terms of the four variables  consisting of the 
component  layer potentials  and capac i tances  at point 
B. These equations can be solved to give V1 ---- 1.01V 
and l / C ,  : 6.78 X 104 cm2/fd for the passive inner 
layer, and V2 ---- 0.256V and 1/C2 : 3.40 X 104 cm2/fd 
for the outer  layer.  

With an addit ional  assumption concerning the re-  
f ract ive indices of the layers, the fields in the compo- 
nent  layers and their  low f requency dielectric con- 
stants can be calculated. If we assume that  the two 
layers differ l i t t le in index, and we take 2.0 for the 
real  components  of their  indices, we calculate  fields 
of 7.7 and 3.0 X 106 V / c m  (at 10 ~A/cm2), and dielec- 
tric constants of 22 and 27 for the inner and outer 
layers respectively.  We present  these values as typi-  
cal of the numbers  resul t ing from this line of reasoning, 
not as results fol lowing direct ly  f rom exper imenta l  
data. The optical evidence for a difference in the 
composition of the outer  layer  after  cycling shows 
that these calculations are no more  than a guess at 
quant i ta t ive  values for the electr ical  parameters  of 
the individual  layers. 

Al though it is difficult to de termine  the individual  
layer parameters  accurately, it is clear  that  both layers 
play impor tant  roles in passivity. The outer  Fe203 
layer  inhibits the anodic dissolution process and drops 
some of the overpotential ,  but the bulk of the overpo-  
tent ia l  appears across the Fe304 formed in the passive 

state, and hence it is the growth  of this layer  which is 
pr imar i ly  responsible for the low currents  characteris-  
tic of passivity. At  the present  t ime we can offer no 
explanat ion for the difference be tween  the propert ies 
of the portions of the Fe3Okt layer  formed in the act ive 
and passive states. We suspect that  a sl ightly different 
layer is grown when Fe304 is exposed to the electro-  
lyte, its g rowth  competing with  anodic dissolution, than 
when Fe304 is grown under  a layer of Fe203 in the 
passive state. We could fit our optical data on reduction 
of Fe30~ to two l inear  segments, but we doubt that  
this would be significant because the fit to a single 
line has a s tandard deviat ion of less than the resolu-  
tion of the instrument.  

Throughout  this paper  we have refer red  to the 
outer layer as Fe203, and we have taken pains to point 
out that  its refract ive index differs from that  of the 
FeOOH layer  which can be deposited if ferrous ions 
are not removed from the electrolyte.  We have taken 
care to remove ferrous ions from the electrolyte  so 
that  deposition of FeOOH does not take place except  
in the l inear sweep exper iment ,  but  careful  study of 
the s tructure in our data leads us to conclude that 
FeOOH can also be produced by direct  anodic oxida-  
tion when Fe304 is exposed to the electrolyte.  The 
buildup or removal  of FeOOH can be detected by the 
slope of the data in a P - A  plot, and we can distinguish 
between the two methods of its format ion from a P - t  
plot because the deposition process involves only 1/3 
as much charge t ransfer  as does direct oxidation, and 
begins at a higher  potential. If  we are correct  in our 
conclusion that  the hydrated ferr ic oxide (FeOOH or 
Fe203"HeO) can be formed anodically when Fe~O~ is 
exposed to the electrolyte,  whereas  Fe203 is formed by 
anodic oxidation in the passive state, then passivation 
of the electrode must  result  f rom formation of a 
part ial  monolayer  of FeOOH ra ther  than Fe~O~ at the 
Fe304 surface. The ra te  of FeOOH format ion indicates 
that  the process is anodic oxidation in competi t ion with 
anodic dissolution ra ther  than dissolution-precipitat ion.  

In most of our exper iments  the proport ion of FeOOH 
in the outer  layer  is not significant. The most impor-  
tant  exception occurs in the reoxidat ion segment of 
the final cycling exper iment  which was used to calcu- 
late the electr ical  parameters  of the Fe~O4 and Fe20~ 
layers. If  we at tempt  to correct  these calculations to 
take account of the presence of FeOOH, we obtain 
values of 8.8 and 2.2 • 106 V / c m  for the fields at 10 
uA/cm 2, and 28 and 20 for the dielectric constants of 
the Fe~O4 and Fe20~ layers respectively. The numbers  
should still be considered only rough estimates for the 
values of the parameters .  The other  exper iment  in 
which a significant proport ion (if not all) of the outer 
layer is composed of FeOOH is the repassivat ion seg- 
ment  of the first cycling experiment .  This is not readi ly  
apparent  f rom inspection of Fig. 6 because an expanded 
polarizer scale is used in the figure. 

The simultaneous growth  of two layers requires  that 
oxygen incorporated in the inner  layer must  be t rans-  
ported through the outer  layer, and iron incorporated 
in the outer  layer  must  be t ransported through the 
inner layer. With the possibility of iron being t rans-  
ported as ferrous and ferr ic  vacancies or interstitials, 
and of oxygen perhaps being mobile in the form of 
vacancies, the problem is not so much one of proposing 
a model, but of finding sufficient exper imenta l  evidence 
to l imit  the number  of models  which can account for 
the data. The situation at the interface between the 
two layers is ve ry  complex, and no clear  distinction 
can be drawn between growth and conversion proc- 
esses. It is not surprising that  our calculation of the 
layer parameters  indicates that  the electric displace- 
ment  is not the same in the two layers, and hence the 
interface between them has a charge of densi ty 1.6 X 
10 -5 cou lomb/cm 2 on it. 

In this paper we have presented only the results  of 
galvanostatic oxidation exper iments  carr ied out at a 
current  densi ty of 10 ~A/cm 2. Our aim in so doing has 
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been to present  the results  of measurements  on this 
system under  the simplest  set of exper imenta l  condi- 
tions which show the impor tant  features  of its be-  
havior.  We are cur rent ly  involved in a more  detailed 
study of this system under  a wide var ie ty  of exper i -  
menta l  conditions, and we wil l  present  our a t tempt  
at construct ing a detailed model  for the film growth 
process when  the study is complete. 
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A P P E N D I X  

The optical data-analys is  p rogram is wr i t ten  in 
Hewle t t -Packard ' s  vers ion of BASIC, and consists of 
approximate ly  110 statements.  The program makes use 
of the ma t r ix  routines and is wr i t ten  to handle mul t i -  
p le- layer  calculations. The substrate index calculated 
for iron at a wave leng th  of 6328A is 3.44-3.97i. Values 
of the layer  index, n-ik,  giving theoret ical  curves 
which fit the data, are obtained by plot t ing the locus 
traced out in the P -A  plane as k is var ied  for a layer  
of fixed n and thickness. This curve general ly  in ter-  
sects the exper imenta l  data line at two points, one at 
a low value  of k and one at a high value. These inter-  
sections give the values of k for which n- ik  is a pos- 
sible value  of the layer  index, and enable thickness 
calibration factors, expressed as angstroms per degree 
change in P, to be calculated for each index value. 
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Fig. 9. The low k-value sets of possible refractive indices, plotted 
as curves in n-k space, for the inner (nl ,  kl)  and outer (n2, k2) 
layers, and the corresponding thickness calibration factors, .~D/_XP, 
plotted as a function of n. 
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Fig. 10. The high k-value sets of possible refractive indices, 
plotted as curves in n-k space, for the inner (nl ,  k l )  and 
outer (n2, k2) layers, and the corresponding thickness calibration 
factors -~D/.~P, plotted as a function of n. 

We display the results of these calculations as curves 
in n - k  space in Fig. 9 for low k values and in Fig. 10 
for high k values. The values plot ted for the outer  
layer index were  calculated for an inner  layer  index of 
2.5-0.45i, but the outer  layer  index calculat ion is not 
over ly  sensitive to the value  chosen for the inner  layer  
index. Each point on these curves gives a possible 
value of a layer  index. 

The thickness cal ibrat ion factor corresponding to 
each index is plot ted in the figures as a function of n. 
For low k values, the optical thickness calibration 
factor is not over ly  sensitive to k, and one curve  is 
drawn for the two layers. If  the low k indices plotted 
in Fig. 9 are taken as more reasonable on physical  
grounds, and if a va lue  for n of 2 or a l i t t le  greater  is 
taken as reasonable for an oxide film, a "reasonable 
guess" at the thickness cal ibrat ion factor of 15 A / d e g  P 
is obtained, 
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Double Layer Capacitance of Iron and Corrosion 
Inhibition with Polymethylene Diamines 
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ABSTRACT 

The effect of ~,~-polymethylenediamines NH2-(CH2)n-NH2 (n ~ 2-12) on 
the corrosion of iron in deaerated 6N HCI at 25 ~ was invest igated by polariza-  
tion measurements  and colorimetric analysis of solution. The adsorption of 
these inhibitors at the meta l / so lu t ion  interface was moni tored by measurement  
of the double layer  capacitance using the single pulse method. 1,3-propanedi- 
amine was found to be a bet ter  inhibitor than ethylenediamine,  but  no fur ther  
improvement  in per cent inhibit ion resulted upon increasing the chain length 
from n ~ 3 to n z 8. Increased inhibitor efficiency for hydrocarbon chains 
longer than eight carbon atoms was at t r ibuted to the concomitant  decreased 
solubility. On a re la t ive  solubil i ty basis, the C6-diamine was more  efficient 
than the Cl2-diamine, a l though both inhibitors produced 90% inhibit ion at a 
reduced concentrat ion of 0.i. The double layer  capacitance was approximate ly  
constant at 21 ~F/cm~ for the C2- through Cs-diamines, and al ternated be- 
tween 6 and 14 ~F/cm 2 for tbe C~- through Cl2-diamines. The constancy at 
21 ~F /cm 2 suggets that  diamines wi th  up to 8 carbon atoms are adsorbed in 
the same configuration, probably  the fiat position. The subsequent  reduction 
and al ternat ion in capacitance is bel ieved due to a s t ructur ing of the adsorbate 
s imilar  to that  in the bulk where  certain physical propert ies  oscillate with 
carbon number.  Colorimetr ic  analysis of solutions wi th  and wi thout  NH2- 
(CH2)4-NH.2 additions showed the dissolution rates to be higher  than those 
measured by the polarization technique, possibly due to the "chunk" effect, in 
which dislodged grains of meta l  contr ibute  to the total  but  not faradaic cor-  
rosion. 

Organic amines function as corrosion inhibitors in 
aqueous solutions by adsorption at the meta l / so lu t ion  
interface so as to reduce the meta l  reac t iv i ty  (1-3). The 
adsorption theory  of corrosion inhibit ion (4, 5) postu- 
lating that  adsorption is general  over  the entire surface 
was first proposed by Hackerman  and Makrides (6). 
The first evidence for chemisorpt ion of organic in-  
hibitors was obtained in this laboratory  (2, 7, 8), al- 
though the adsorption measurements  were  made sep- 
arately in parallel  noncorrosive environments ,  such as 
cyclohexane solutions. More recently,  measurement  of 
the double layer capacitance has proved promising in 
moni tor ing adsorption direct ly in the electrolyte  of in-  
terest  (9). 

It  has been clear ly  established that  the molecular  
s t ructure  of the inhibitor  has a major  influence on cor- 
rosion inhibit ion (10, 11). Previous work  by Annand, 
Hurd, and Hackerman  (12) has shown that  short 
repet i t ive  chains -NH- (CH2)2 -NH-  of polyethylene  
polyamines great ly  improved inhibitor  effectiveness on 
a per ni trogen basis compared to the monomeric  spe- 
cies NH2- (CH2) 2-NH2. 

The present  communicat ion reports  on the effect of 
increasing the  hydrocarbon chain length be tween the 
end groups of a,~-diamines of the homologous series 
NH2-(CH2),-NH2, for n ---- 2-12. 

These diamines were  of interest  due to the flexible 
hydrocarbon chains of the higher  carbon numbers  in 
the series. It was expected that  the longer  units would 
allow adsorption of both polar end groups connected 
by a buckled polymethylene  chain so as to present  
hydrophobic "humps" to the corrodent  solution. How-  
ever, the shorter  diamines proved to be the more effi- 
cient inhibitors on a re la t ive  concentrat ion basis. 

Corrosion rate measurements  of iron in 6N HC1 at 
25~ were  made by the polarization technique for sev-  
eral  concentrations of each of the inhibitors. Adsorption 
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of the inhibitors was studied by measurement  of the 
double layer capacitance using the single pulse tech- 
nique developed in this laboratory  (13). In separate 
experiments,  the open-circui t  corrosion rates wi th  
NH2-(CH2)~-NH2 as inhibitor  were  also determined 
colorimetr ical ly by the mercaptoacet ic  acid method. 

Experimental 
Corrosion inhibitors.--Reagent grade e thylenedi-  

amine was used wi thout  purification. 1,12-dodecanedi- 
amine was analyzed by acidimetric  t i t rat ion with stan- 
dard hydrochloric acid to be 99.4% pure  and was also 
used without  fur ther  purification. 1,6-hexanediamine 
was recrystal l ized f rom benzene at 10~ and was ti-  
t rated to be 99.1% pure. Al l  other  diamines were  puri-  
fied by disti l lation in air or under  reduced pressure. 

Inhibitor  solutions were  made by dissolving a known 
weight  of inhibitor  in 6N HCI, which was obtained 
by diluting the reagent  grade acid wi th  double dis- 
tilled water  prepared in a Barnstead still. Al l  the in- 
hibitors were  completely soluble in the concentrat ions 
used; no suspensions were  employed. Diamines with 
more  than 12 methylene  groups were  not studied due 
to solubili ty problems. 6N HC1 was used as the corro-  
sion medium to minimize pH changes upon addition of 
the inhibitor. 

Electrodes for corrosion studies.--Polarization mea-  
surements  and colorimetr ic  analyses of solutions of 
f reely  corroding iron uti l ized Mall inkrodt  analyt ical  
grade iron wire  (99.5% Fe, 0.01% C, 0.03% Mn, 
0.001% P, (0.001% Si, 0.01% S).  The wire  was in- 
serted through a close-fit t ing hole in a Teflon holder. 
The holder, in turn, was machined  to fit into a s tandard 
tapered glass joint  at the end of the electrode as- 
sembly. Electr ical  contact was made by means of 
mercury  inside the tubing. 

The wires were  cut to a length of 2.0 cm to give a 
projected surface area of 0.227 cm 2. Before use, an 
electrode was degreased with  spectroscopic grade pen-  
tane and then electropolished at 85 m A / c m  2 for 2 rain 
in a 4/1 mix ture  of HC104:CH~COOH, a modification 
of the etch developed by Sewell ,  Stockbridge,  and 
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Cohen (14). The electrode was then washed with  
double-dis t i l led wate r  and inserted into the polar iza-  
tion cell. 

Polarization measurements.---Polarization measure-  
ments  were  made at 25~ using small  glass cells (40 
or 75 ml  working volumes)  in which anode and cath-  
ode compar tments  were  separated by a fr i t ted glass 
disk. P la t inum foil of approximate ly  1 cm ~ area was 
used as the auxi l ia ry  electrode. Solutions were  de- 
aerated for at least 8 hr wi th  hel ium gas which passed 
through charcoal at l iquid ni t rogen tempera tu re  and 
then through a solution identical  to that  being studied 
to minimize vapor  loss of solution in the polarization 
cell. The potent ia l  of the test electrode was measured 
vs. a saturated calomel electrode using a Kei th ley  elec- 
trometer.  A Luggin capi l lary was not necessary due to 
the high conductance of the solutions used. Steady 
open-circui t  corrosion potentials were  established in 
1-8 hr, the longer  t imes being required for the more 
concentrated inhibitor  solutions. Polarizat ion measure-  
ments  were  then made galvanostat ical ly  using a 90V 
ba t te ry  wi th  a series of var iab le  resistors (Rexternal ~'~> 
Rcell). A second Kei th ley  e lec t rometer  was used to 
measure the current.  The cathodic branch was always 
determined first; the open-circui t  potent ial  was then 
re-es tabl ished and the anodie curve determined.  Po-  
tent ial  values at a given current  were  genera l ly  steady 
within  1-5 min. 

Colorimetr~c analysis.--Iron dissolution rates were  
also measured in separate exper iments  by colorimetr ic  
analysis of solution containing a freely corroding iron 
electrode. One mil l i l i ter  samples were  wi th rawn  peri -  
odically and analyzed for iron by the mercaptoacetic 
acid method (15). Absorbances were  read at 526 m# 
with  a Beckman DU Spectrophotometer  and were com- 
pared to a s tandard Lamber t -Bee r  curve. The cal ibra-  
tion factor for 1 ml  of solution was e i ther  3.29 ~moles 
Fe + +/adsorbance  uni t  or 6.50 gmole/absorbance unit, 
depending on the final dilution. The exper imenta l  con-  
ditions for these colorimetric runs were  identical to 
the electrochemical  polarizat ion measurements  in 
terms of electrode area, electrode preparation,  solu- 
tion volume (60-80 ml) ,  and t ime of solution degassing. 

Differential capacitance.--Electrical double layer ca- 
pacitances were  measured by the single current  pulse 
technique using the pulse generator  developed in this 
labora tory  (13). The pulse durat ion was 10 #sec with 
a 1/2 ~,sec rise time. Pulse ampli tude and repet i t ion 
ra te  were  variable,  but  genera l ly  800 ~,A and 3 pulses /  
sec, respectively,  were  used. The double layer  charging 
curves were  displayed on a Tetronix 531A oscilloscope 
with  Type D plug- in  unit  and were  photographed. 

The double layer  capacitance cell  was similar  to that  
used in previous work  (16). It  is essential ly a 200 ml  
P y r e x  glass cell which houses the working electrode 
and an auxi l ia ry  p la t inum electrode of ca. 400 cm 2 
area. A side l imb separated by fr i t ted glass acted as an 
inlet  port  for the reference electrode. The solutions 
were  deaerated with  hel ium as in the polarization 
measurements .  No greases or lubricants  were  used to 
minimize solution contamination.  

More reproducible  capacitance data were  obtained 
if a 99.99% iron rod was used in place of the 99.5% 
iron wire. The rod was enclosed in polyethylene 
to expose only the bot tom face of 0.0108 cm 2 geometr i -  
cal area. The electrode holder  was fashioned so that  
the exposed port ion of the electrode was ver t ical  in the 
solution. Hydrogen  bubbles tended to collect on hor i -  
zontal electrodes ini t ia l ly  used and lead to spurious 
data. Most capacitance data  were  taken in 6N HC1 
solutions, but  a l imited number  of exper iments  were  
also made for 3N HC1. 

Solubility determinations.--Because of the decreased 
inhibitor  solubil i ty wi th  longer  carbon chains, it was 
desired to compare the inhibitor  efficiencies of the C6- 
and C12-diamines at the same re la t ive  concentrations, 

L A Y E R  C A P A C I T A N C E  147 

C/Csat, where  Csat is the saturat ion concentration.  Sa tu-  
rated solutions of these two compounds were  prepared 
by st i rr ing excess diamine in 6N HC1 for two months. 
The mixtures  were  filtered (or centr i fuged)  and the 
filtrate analyzed for diamine concentration. 

The saturat ion concentrat ion of the C12-diamine was 
determined color imetr ical ly  by the 2,4-dinitrofluoro- 
benzene (DFB) method developed by Dubin (17). The 
main feature  of this method is that  colored side prod- 
ucts of the DFB reagent  are removed  by dioxane prior 
to colorimetry.  A standard L am ber t -Bee r  plot was pre-  
pared f rom known solutions of NH2-(CH~)z2-NH2 in 
6N HC1. The method of Dubin was fol lowed quite 
closely, except  that  all volumes were  doubled, i.e., 0.l 
ml of diamine solution was used. Absorbances were  
read at 350 m~, using a Cary 14 recording spectropho- 
tometer.  The saturated solution was t reated in the same 
manner  after dilution to a known appropriate  volume 
so that  the absorbance reading was within  the region 
of the standard Lamber t -Bee r  plot. 

The saturated solution of NH2-(CH2)6-NH2 in 6N 
HC1 was analyzed for amine concentrat ion by back ti-  
t rat ion with  standard hydrochloric  acid. The amine 
concentrat ion was given by the total  number  of equiv-  
alents t i t ra ted plus the equivalents  required to neu-  
tralize the original  6N HC1. 

Results 
Polarization measurements.--Figure 1 shows po- 

larization curves for iron in 6N HC1 with  and wi thout  
additions of NH2-(CH2)3-NH2. These curves are repre-  
sentat ive of plots obtained for all inhibitors used in 
this study. The anodic Tafel  region for both unin-  
hibited and inhibi ted systems genera l ly  spanned less 
than a decade in current,  but intersected with  the cath- 
odic Tafel  line at the open-circui t  corrosion potential.  
Anodic Tafel  slopes were  70 +_ 10 mV/decade,  in nomi-  
nal agreement  wi th  the value  of 60 mV/decade  re-  
ported by Lorenz (18). Cathodic Tafel  slopes were  
130 _+ 20 mV/decade,  in agreement  wi th  the usual 
value of 120 mV/decade  (19). 

Open-ci rcui t  corrosion rates de termined f rom the 
polarization curves are shown in Fig. 2 as a function 
of inhibitor  concentrat ion for NH2-(CH2)s-NH2. The 
general  decline in corrosion current  density f rom the 
uninhibi ted rate of 1982 uA/cm ~ to a l imit ing value of 
150-200 #A/cm 2 was observed for all inhibitors studied. 

The various inhibitors in the series NH._,- (OH2) ,-NH., 
are compared in Fig. 3. The inhibi tor  effectiveness is 

I "1 Umnhlblted / 

t o L ' - ~ , ' ~  ~ , , ~ , , 
C, at ,~c 7 -  

300 4 0 0  500  6 0 0  

-E  in mV vs. S.C.E. 

Fig. 1. Polarization curves for iron in deaerated 6N HCI at 
25~ with NH2-(CH2)3-NH~ as inhibitor. (Molar concentrations of 
inhibitor are indicated). 



148 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  February 1972 

2 0 0 0  ~ - - -  Uninhibited Rate 
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Moles/I .  NH2- (CHz)3- NH2 

Fig. 2. Corrosion current densities for iron in deaerated 6 N  
HCI with NH2- (CH~)3-NH~ inhibitor. 

represented as the per  cent inhibition, defined in the 
usual manner  

io -- i 
%I - - , - -  X 100 [1] 

io 

where  io and i are the uninhibi ted  and inhibi ted cor- 
rosion current  densities, respectively.  According to 
Fig. 3, NH2-(CH2)3-NHg. is a bet ter  inhibi tor  than 
ethylenediamine,  in the sense that  a lower  concentra-  
tion of amine is requi red  to yield a g iven per  cent in- 
hibition. Increases in chain length up to Cs have  no 
fur ther  effect on the inhibitor  efficiency. However ,  for 
longer carbon chains, the curves again shift to the left. 
Thus, the concentrat ion of diamine needed to produce 
a given per cent inhibit ion follows the order:  C~2 < Cz~ 
< (Cs to Ca) < C,~. 

From a practical  standpoint,  the Cl~-diamine is the 
best inhibitor  in terms of mater ia l  requirement ,  but 
it also has the lowest  solubil i ty and dissolves wi th  
difficulty. In fact, the increase in per cent inhibit ion 
upon increasing the chain length f rom 6 to 12 carbon 
atoms is largely a solubil i ty effect, as wil l  be seen be-  
low. On a re la t ive  concentrat ion basis, the C~-diamine 
is more efficient than the C~2-diamine. 

Figure  4 shows the cal ibrat ion curve  developed to 
de termine  the solubil i ty of NH=-(CH=)12-NH= in 6N 
HC1 by the 2,4-dinitrofluorobenzene (DFB) method. 
This Lamber t -Bee r  plot  was made by t reat ing 0.1 ml  
samples of known concentrat ion of NH=-(CH=)~=-NH., 
in 6N HC1. A 5 ml al iquot  of the saturated solution, 
prepared as described earlier,  was di luted to a known 
volume; and a 0.1 ml  port ion was analyzed by the DFB 
method. For  two different dilution schemes, the results  
w e r e :  Csa t  = 9.3 X 10 - s  M/l i ter ,  and 8.6 • 10 - s  

M/l i ter ,  respectively.  Analysis  of the saturated solution 
of NH2-(CH2)6-NH2 in 6N HC1 by acid t i t ra t ion gave  
the result:  Csat ---- 6.79 M/l i te r .  

F igure  5 shows per cent inhibi t ion for the  C6- and 
C~2-diamines as a function of reduced concentrat ion 
C/Csat. The C6-diamine is seen to be the more  efficient 
inhibitor. 

Double layer capacitance.--Figure 6 shows double 
layer  capacitance curves for iron rod (99.99% pur i ty)  
in 6N HC1 wi th  NH2-(CH2)ll-NHg. as inhibitor. The 
effect of increased amine concentrat ion is to decrease 
the double layer  capacitance, due to adsorption of the 
surface act ive organic molecule  (20, 21). In Fig. 6, as 
wel l  as in all capacitance curves observed in this study, 
the double layer  capacitance was a smooth function of 
electrode potential.  No capacitance humps (9) were  
observed. 

Figure  7 shows the double layer  capaci tance at open 
circuit  potential  as a function of NH2-(CH2)l l -NH2 
concentration. The values tend toward a l imit ing ca- 
pacitance of 7 ~F/cm 2. Results for the CH-diamine  in 
3N HC1 are also shown in Fig. 7. The set of capaci-  
tance-potent ia l  curves for 3N HC1 are ve ry  similar  to 
the 6N curves, except  that  the init ial  uninhibi ted ca- 
pacitance is somewhat  lower  for 3N HC1. However ,  the 
l imit ing capacitance is about the same. 

Double layer  capacitance curves for iron in 6N HC1 
with NH2- (CH2) 12-NH2 are  shown in Fig. 8. The l imi t -  
ing capacitance at open circuit  potent ia l  is 15 ~F/cm 2. 

As seen in Fig. 7, the double layer  capacitance of 
the C~2-system attains its min imum at 5 X 10 -4 moles 
NH2-(CH.~)12-NHJliter:  Cdt is then constant wi th  
fur ther  increases in inhibitor  concentration. This va lue  
of 5 X 10 ~4 m o l e / l i t e r  is also that  m in im um  concen- 
trat ion at which the system attains its m a x i m u m  in-  
hibition. F igure  3 shows the per cent inhibit ion to be 
essentially constant at 90% for C ~ 5 X 10 -4 moles /  
liter. Similarly,  comparison of Fig. 3 and 7 shows the 
C~-sys t em first exhibits  m in im um  Cat and 90% I at 
C ~ 0.02 moles / l i ter .  L imi t ing  double layer  capaci- 
tances were  thus measured for the var ious diamines at 
concentrations which yielded the m a x i m u m  per cent 
inhibit ion (i.e., 90%). In the cases of the Co- and C10- 
diamines, saturated solutions were  used prepared  by 
st i rr ing excess diamine in 6N HC1 for several  days and 
then filtering. Severa l  C-E curves are shown in Fig. 9 
for various carbon numbers.  Data  for the l imit ing 
capacitances are summarized in Table  I, and the t rend 
is shown in Fig. 10. 

The l imit ing values of the double layer  capacitance 
are essentially constant at ca. 21 ; ,F/era 2 for n ---- 2-8. 
The sharp drop at n ---- 9 is bel ieved due to a change 
in inhibitor configuration at the meta l / so lu t ion  in te r -  
face. The subsequent  a l ternat ion in capacitance is 
thought  to be another  manifestat ion of the "even-odd  
effect" (22). These aspects wil l  be discussed later. 

Fig. ) .  Comparison of inhibi- 
tor efficiencies for the homo- 
logous series NH2- (CH2)n-NH2.  
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Table I. Limiting double layer capacitances of iron in 
NH2-(CH2)n-NH2 inhibited solutions of 6N HCI 

1.0 

0.5 

0 , = = ~ I I i = , I = i i i 1 I I = I 
0 0 . 0 5  0 . 1 0  0 . 1 5  0 . 2 0  

F M o l e s  o f  A m i n e  

Fig. 4. Calibration curve for the determination of NH2-(CH2)z2- 
NH2 by the 2,4-dinitrofluorobenzene method at 350 m#. 
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Fig. 5. Compar=son of NH2-(CH2)6-NH2 and NH2-(CH2)I2-NHs 
inhibitors on a relative concentration basis. 

Color~metr~c analysis.--Figure 1 1  s h o w s  c o r r o s i o n -  
t i m e  c u r v e s  for  i r o n  w i r e  (99.5% p u r i t y )  a t  o p e n - c i r -  
cu i t  p o t e n t i a l  in  6N HC1 w i t h  N H 2 - ( C H 2 ) 4 - N H 2  as i n -  

Carbon number Cone. (M/liter) C in/tF/cm 2 

2 0 . 4 0 9  2 2 . 3  

3 0 .400  18.7  
4 0 .507 20 .7  

6 O. 198 22 .1  
'7 0 .244  22 .0  
8 0 .444  20 .7  
9 0 .286  6.7 

10 0.0620 16.1 
I i  0.0196 7.5 
12 0.00137 14.2 

* Data not taken for the C~- diamine. 

h ib i t o r .  T h e  c o n c e n t r a t i o n  of  F e  + + ions  in  s o l u t i o n  w a s  
d e t e r m i n e d  b y  t h e  m e r c a p t o a c e t i c  ac id  m e t h o d .  E q u i v -  
a l e n t  c o r r o s i o n  c u r r e n t  d e n s i t i e s  ( b a s e d  o n  F e  -~ F e  + + 
+ 2e)  a r e  c o m p a r e d  w i t h  c o r r o s i o n  c u r r e n t  d e n s i t i e s  
d e t e r m i n e d  f r o m  t h e  p o l a r i z a t i o n  c u r v e s  in  Fig .  12. T h e  
two  se ts  of  r a t e s  do no t  agree ,  p r e s u m a b l y  d u e  to t h e  
" c h u n k "  effect  (23) ,  as  w i l l  b e  d i s c u s s e d  la te r .  

Discussion 
Double layer capacitance.--As is w e l l  k n o w n ,  t h e  

s ing le  pu l se  t e c h n i q u e  c a n  s e p a r a t e  d o u b l e  l a y e r  ca -  
p a c i t a n c e  f r o m  c o e x i s t e n t  f a r a d a i c  ef fec ts  b y  c h a r g -  
ing  t h e  d o u b l e  l a y e r  q u i c k l y  r e l a t i v e  to t h e  d u r a t i o n  
of t h e  c h e m i c a l  r e a c t i o n .  U s i n g  t h e  G r a h a m e  m o d e l  of 
t h e  i n t e r f a c e  
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Fig. 6. Double layer capaci- 
tance for iron (99.99% purity) 
in 6N HCI with NH2-(CH2)ll- 
NH2 inhibitor. (Inhibitor con- 
centrations in mole/liter are 
given on the figure. Arrows in- 
dicate open-circuit potentials.) 
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double layer capacitance of iron in 6N HCI at 25 ~ 

rent  pulse i is (24) 

V = iRf 1 - -  exp - -  ~ -}- 
Cd[ Rstd -'~ Rsoln 

[2] 
where Cal is the double layer capacitance, Rf and Rsol, 
the faradaic impedance and solution resistance, re-  
spectively, and Rstd a s tandard resistance in the cir- 
cuit used to fix the current  pulse. For  (Rstd -Jr Rsoln) 
> >  Ri (Rstd = 100 K in this study) and for small  t 
Eq. [2] reduces to 

dt 
CalL: i dV [3] 

where d t / d V  is the reciprocal slope of the charging 
curve. A typical  trace is shown in  Fig. 13. 

As Lorenz and Fischer (25) have pointed out, 
min ima  in C-E curves for certain systems cannot  prop- 

erly be identified with the zero-point  of charge of the 
metal  due to specific adsorption of ions from solution. 
Thus, the min ima  in Fig. 6, 8, and 9 correspond to the 
potentials of the noncharged halide ion-covered sur-  
faces (9). In  most cases reported herein, the nu l l  point  
of the hal ide-covered surface is near ly  identical with 
the open-circui t  corrosion potential.  In  the cathodic 
direction, the double layer  capacitance rises due to H + 
adsorption. In the anoclic direction, the increase is due 
to adsorption of halide ions or possibly hydroxyl  ions 
formed during the dissolution process (18, 19). 

As seen in Fig. 6, 8, and 9, the addit ion of inhibi tor  
leads to a general  decrease in double layer  capacitance 
over the entire C-E curve. This general  decrease shows 
that the inhibitors are adsorbed on both anodic and 
cathodic sites, as was first proposed by Hackerman 
and Makrides in their adsorption theory of corrosion 
inhibi t ion (6). 

As ment ioned earlier, double layer capacitances were 
measured using 99.99% iron instead of the 99.5% wire 
used in the polarization studies. The purer  i ron tended 
to give more reproducible capacitance data, presum- 
ably because of the diminished faradaic reaction. The 
hydrogen evolution reaction proved to be troublesome. 
Collection of bubbles on the iron electrode was in i -  
t ial ly a problem and resulted in spurious data unt i l  a 
vertical  electrode was adopted. 

Configuration of d iamines . - -The  constant  double 
layer capacitance at m a x i m u m  coverage for n -- 2 
to n = 8 (Fig. 10) suggests that those diamines all 
adsorb at the Fe/HC1 interface in the same configura- 
tion. The organic molecules are believed to lie fiat with 
both end groups adsorbed. Reasons for this in te rpre-  
tat ion follow. 

At the a i r /wa te r  interface, the surface tensions of 
short chain difunct ional  acids, alcohols, and amines are 
lower than the  corresponding monofunct ional  com- 
pounds (26, 27) due to interact ion of both polar end 
groups with the surface. At the meta l / solut ion in ter -  
face, the fiat difunct ional  molecules exhibit  the higher 
double layer capacitances clue to a decreased distance 
between the "capacitor plates" (26, 27). In  1N Na=SO4 
with IN addit ion of ethylenediamine,  double layer  
capacitances of 11.2 #F /cm "z have been reported for 
mercury  (26) and ca. 15 ~F/cm 2 for lead (28). These 
values are of the same order reported herein, al lowing 
for the differences in base solutions. 
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Fig. 9. Differential capaci- 
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Evidence that  short l inkages lie flat on the active 
iron electrode is provided in work by Annand,  Hurd, 
and Hackerman (12), who found that  short repetit ive 
chains -NH-(CH2)2-NH- of polyethylene polyamines 

increased inhibitor  effectiveness by orders of magni -  
tude on a per ni t rogen basis compared to the mono-  
meric species. This effect was interpreted in terms 

2 5  

% 
,,';- 2 o  
::L 

"~ 15 

. ~  fO 

- -  5 

0 i I I i I i I , I ill '2 2 3 4 5 6 7 8 9 I0 I 

Ca rbon  Number  

Fig. I0. Limiting double layer capacitances of the polymethyl- 
enediamines NH2-(CH2)n-NH2 at open-circuit potentials. 

Uninhibited // / 
~ u 3 0 0  / o x io -3  

;-~ 200 / 
U- , i  0 .0503 

g / 
,oo / /  , ~ o  o.,o~ 

g 

i 

0 I00 2 0 0  3 0 0  4 0 0  5 0 0  
Minutes 

Fig. 11. Corrosion-time curves for iron (99.5%) purity in 6N 
HCI with NH2-(CH2)4-NH~. inhibitor. (Concentrations of amine are 
indicated on the figure.) 



152 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  February 1972 

5000 

L 
4000 

:r 3000 
.-- Calorimetric Analysis 

o 

_~ 
2000 

I00O ~ ~  

0 I I I I I I I I I I 

0 0.05 0.10 
Moles/I. NH 2 - (CH2) 4 - N H 2 

Fig. 12. Comparison of corrosion rates determined colorimetri- 
cally and by polarization curves for iron in 6N HCI with NH2- 
(CH2)4-NH2 inhibitor. 

Fig. 13. Double layer charging curve for iron (99.99%) in 6N 
HCI with 0.0196 moles/liter NHs-(CH2)Iz-NH2 at open-circuit 
potential (--0.480V vs. SCE). 

of increased adsorption, implying that  the polymer 
uni ts  must  adsorb at repeated distances along the sur-  
face. 

The abrupt  decrease in l imit ing differential capaci- 
tance in passing from NH2-(CH2)s-NH2 to NH2- 
(CH2)9-NH2 (Fig. 10) reflects a change in configura- 
tion and /o r  dielectric constant. With long enough 
polymethylene chains, repulsive interactions between 
amine end groups of adjacent  flat molecules cause 
some of the molecules to reorient  to the upright  posi- 
tion. When addit ional  metal  surface is exposed due to 
this reor ientat ion to the upright  position, addit ional  
d iamine  molecules in solution adsorb end-on  between 
vertical  neighbors. The resul t ing capacitance is thus 
lower than for the C2- to Cs-diamines which are ad- 
sorbed in the flat position. 

This change in conformation is probably  a gradual  
one with coverage, passing through an intermediate  
stage in which the hydrocarbon chains are "buckled" 
between the adsorbed amine end groups. Direct deter-  
minat ion  of end- to -end  distances in a,,~-dibromoal- 
kanes has shown that  folding of hydrocarbon chains 
becomes appreciable with 10 or more carbon atoms 
(29). F i lm balance studies at the a i r /wa te r  interface 

with dicarboxylic acids of 12 or more methylene  groups 
have shown considerable buckl ing of the hydrocarbon 
chain between the two hydrophil ic end groups (30). 
In  addition, based on interracial  tension data for NH2- 
(CH2)4-NH2 and NH2-(CH2)I0-NH2 at the wa te r /  
chloroform interface (31), the l imit ing cross-sectional 
molecular areas can be calculated from the Gibbs ad- 
sorption equation to be 151 and 58 square angstroms, 
respectively. The smaller area of the C10-diamine must  
mean that  the hydrocarbon chain is buckled in the 
organic phase, whereas the C4-diamine lies flat at the 
interface. 

The reduction and ensuing a l ternat ion in differential 
capacitance for the C9- to C12-diamines suggests that  
these adsorbates are s t ructured similar to the bulk, 
where certain physical properties oscillate with carbon 
number .  It is well  known that  the physical properties 
of a,~-dicarboxylic acids in the solid state, e.g., melt -  
ing point, refractive index, and solubility, show pro- 
nounced a l ternat ion with carbon number  (32). These 
fluctuations in physical properties are caused by al ter-  
nations in the crystal structures. In  the zigzag ar-  
rangement  of the methylene  groups, the carbon chains 
of "even" acids lie in one plane; but  the "odd" acids 
are twisted. This torsional effect imparts  higher en-  
ergies, and lower mel t ing points for instance (33), to 
the odd acids. 

Less is known about the physical properties of the 
corresponding a,~-diamincs. However, fluctuations in 
melt ing points (see Table II.) suggest that  the homo- 
logous series of diamines also displays the "even-odd" 
bulk  property effect. With regard to the surface, then, 
the regular  oscillation in differential capacitance at 
saturat ion coverages can be at t r ibuted to al ternat ions 
in  the local dielectric constant, which in t u rn  result  
from al ternat ions in  posit ioning of the polar end groups 
in the adsorbed monolayer.  That  is to say, the Cg- 
through Ct2-diamines are s tructured at the me ta l /  
solution interface with hydrocarbon chains in the ver-  
tical position. S t ruc tur ing  of polar adsorbates at the 
gas/solid and sol id/ l iquid interfaces is well  known 
in simpler systems (34, 35). 

Comparison o] inhibitors.--In comparing the relat ive 
efficiency of a homologous series of adsorption type 
corrosion inhibitors, account must  be taken of the fol- 
lowing molecular  parameters  (2-6, 10, 11) : (i) the 
electron donat ing abi l i ty  of the adsorbing inhibitor, 
(ii) molecular  area, and (iii) inhibi tor  solubility. 

The electron donat ing abi l i ty  of the amines can be 
estimated from their  base strengths (6). Table II lists 
acid dissociation constants pKa taken from published 
l i terature (36, 37). Larger pKa'S imply stronger bases 
and hence better  electron donors. Table II shows ethyl-  
enediamine to be the weakest  base. This fact explains 
the lower inhibi t ion with e thylenediamine  compared to 
propylenediamine (Fig. 3). The two inhibi tors  have 
comparable solubilities, and the differences in  cross- 
sectional areas are too small  to account for the differ- 
ences in corrosion current  densities. Based on liquid 
density calculations (38), these cross-sectional areas 
are 25.3A 2 for NH2-(CH2)2-NH2 and 29.4fl_ 2 for NHe- 
(CH2)3-NH2. The former area is in agreement  with the 

Table II. Some properties of the diamines NH2-(CH2)n-NH2 

M e l t i n g  p K s  
n p o i n t ,  ~  p K I  p K 2  R e f .  

2 8 .5  ~ 9 . 9 3 - 9 . 8 7  6 . 8 5 - 6 . 8 0  (36 )  
3 d O  ~ 1 0 . 3 0 - 1 0 . 7 2  8 . 2 9 - 8 . 9 8  (36 )  
4 27 ~ 10.19-10.82 8.78-9.61 (36) 

5 12 ~ 1 0 . 2 5  9 . 1 3  ( 3 6 )  
6 4 2 "  1 0 . 9 3  9 . 8 3  ( 3 6 )  
7 2 8  ~ - -  
8 52  ~ 1 1 . 0  10.1  ( 3 6 )  
9 37  ~ -- -- 

10 6 2 "  11 .2  10 .7  (37~ 
11 58 ~ -- -- 

12 67  ~ - -  -- 

13  51 ~ -- -- 
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values 25.5-29.0A 2 observed for vapor phase adsorption 
of e thylenediamine  on At2Oa catalysts (39). 

The agreement  in the per cent inhibition vs. concen- 
t ra t ion curves for the C3- to Cs-diamines (Fig. 3) was 
surprising in v iew of the increased basicity and mo- 
lecular  area (flat configuration) wi th  increasing car-  
bon number.  Diamines wi th  up to eight carbon atoms 
are readi ly  soluble, so that  solubil i ty differences were  
minimal.  

Two reasons can be given that  the per cent in-  
hibit ion curves coincide for the C3-Cs diamines. First,  
it is possible that  the higher  members  wi th in  the C3- 
to Cs-range do not stretch complete ly  flat on the sur-  
face. X - r a y  determinat ion  of end- to -end  distances in 
CG- to Cls-polymethylene  dihalides has shown that  
even the shorter  chains display some buckling (29). 
This effect could reduce the differences be tween the 
effective cross-sectional areas of the C3- to Cs-di- 
amines. In addition, a given coverage of any of these 
inhibitors below the monolayer  volume could serve to 
ennoble a much larger  area of metal  surface. Previous 
work, for instance, has shown that  an absolute cover-  
age of less than 0.1 monolayer  of polypyridine pro-  
duced 80% inhibit ion (12). Absolute adsorption iso- 
therms were  not de termined in the present  work, but 
Fig. 5 shows that  a re la t ive  concentrat ion of only 0.01 
produced 80% inhibit ion for NH2-(CH2)6-NH2 or NH2- 
(CH2) z2-NH2. 

With increased chain length, the diamines become 
notedly more  insoluble, wi th  lower  concentrat ions re-  
quired for protection. Here, the inhibitors must  be 
compared on the basis of reduced concentrat ion C/Csat, 
in that  the free energy  of adsorption of the inhibitor 
is comprised in part  of the t e rm RT In C/Csat (40, 41). 

At  reduced concentrat ions of C/C~at ~-- 0.01, the C6- 
and C~2-diamines yielded the same per cent inhibition, 
i.e., 80% inhibition at C/Csat ~ -  0.01 and tending toward 
90% at higher  concentrat ions (see Fig. 5). For such 
efficiencies, the uptake  of inhibitor  is no doubt the 
m ax imum for each case, al though the inhibitor  con- 
figurations are different. As inferred f rom the double 
layer  capacitances, the C6-diamine lies flat but the 
C~2-diamine is vertical.  Thus, at concentrations below 
m ax imum coverage, the C6-diamine should cover more 
metal  surface than the ver t ical  C12- and would be 
expected to be the more efficient inhibitor. Figure  5 
shows that  1,6-hexanediamine is more efficient than 
1,12-dodecanediane at the lower  reduced concentra-  
tions. 

Other  factors being equal, medium-sized hydrocar-  
bon chains of NH2-(CH2)n-NH2 diamines are thus 
more  efficient corrosion inhibitors than the longer  hy-  
drocarbon linkages. 

Possibili ty of  ~ocalized corrosion.--As shown in Fig. 
12, open-circui t  dissolution rates de termined by po- 
larization measurements  are not in agreement  wi th  
rates de termined by colorimetr ic  analysis of corrodent  
solutions. The dissolution ra te  of uninhibi ted iron in 
6N HC1 was only half  the rate  determined by colori-  
metr ic  analysis of the solution. This observat ion was 
reported a few years ago in this laboratory  (10) and 
more recent ly  by Oakes and West (42). 

Oakes and West (42) following Florianovich,  Kolo-  
tyrkin,  and Sokolova (43) a t t r ibute  this disagreement  
be tween electrochemical ly  and chemical ly  determined 
rates to the operat ion of a separate, potent ia l - inde-  
pendent  "chemical  dissolution" process (44), which 
is co-exis tent  with the electrochemical  process but not 
measured by the polarizat ion curve. 

Al ternately ,  the observed effect could be due to 
localized corrosion. Before the appearance of the term 
"chemical  dissolution," Marsh and Schaschl (23) had 
suggested. that  such effects could be explained by dis- 
solution of metals  in "chunks" or blocks of atoms. That  
is, preferent ia l  a t tack along grain boundaries  can cause 
grains of meta l  to be dislodged from the meta l  surface. 
These dislodged grains would  continue to produce 
Fe + + ions, but would be disconnected f rom the elec- 

t rochemical  circuit, so that  the e lectrochemical ly  mea-  
sured rate  would  be too low. 

Loose metal l ic  part icles collected f rom the surfaces 
of steel dissolving in HC1 and H2SO4 have been identi-  
fied by the optical microscope (45). Mechanical  dis- 
integrat ion and spalling of various nonferrous metals  
is wel l  known (46). 

A l imited number  of exper iments  were  also done 
with  3h r HC1. Agreement  was found between corrosion 
rates de termined  by the polarization method and by 
colorimetric analysis. For  uninhibi ted iron, the two 
rates were  238 and 241 ~A/cm 2 respectively.  With 
0.0105 M / l i t e r  of added NH2-(CH2)4-NH2, the  rates 
were 101 #A/cm 2 by polarizat ion and 119 ~A/cm 2 by 
colorimetr ic  analysis. Agreemen t  be tween the  two 
methods has also been reported for 1N HC1 (1). 

F igure  14 compares polarization data for NH2- 
(CH2)4-NH2 in 6N and 3N HC1. It  is seen that  the 3N 
data (where  no "chunk"  effect occurs) lie on the 6N 
curve (where  there  is an accompanying chemicome-  
chanical effect). Thus, the e lectrochemical ly  deter -  
mined per  cent inhibit ion curves for 6N HC1 accurately 
reflect the behavior  of the inhibitor at lower acid con- 
centrations. If  the ex ten t  of localized corrosion is the 
same from diamine to diamine, the electrochemical  
rates also accurately evaluate  the re la t ive  per form-  
ances of the diamines in 6N HCI. 

Conclusions 
1. The double layer capacitance at the Fe/HC1 inter-  

face decreases at all electrode potentials  wi th  additions 
of NH2-(CH2)~-NH2, for n = 2-12. This general  de- 
crease indicates that  the inhibitors are adsorbed on the 
surface at both anodic and cathodic sites. 

2. The l imit ing double layer  capacitance at sa tura-  
tion coverage is approximate ly  constant at 21 ~F/cm 2 
for n = 2-8. This constancy is in terpre ted  on the basis 
that  these diamines all assume flat configurations at 
the interface. 

3. The l imit ing double layer  capacitance for NH2- 
(CH2)9-NH~ drops to 6 ~F/cm 2 and al ternates  wi th  
increasing carbon number  be tween 6 and 14 ~F/cm 2 
for n = 9 --> 12. The decrease in capacitance re la t ive  to 
n = 3 --> 8 and subsequent  a l ternat ion in va lue  sug- 
gests that  these monolayers  are s t ructured like the 
bulk solids with hydrocarbon chains outward.  

4. 1,3-propanediamine is a bet ter  corrosion inhibi tor  
than ethylenediamine,  but  no fur ther  increase in effi- 
ciency is obtained if up to eight methylene  l inkages 
are used. 

5. On a re la t ive  solubili ty basis, NH2-(CH2)6-NH2 
is more efficient inhibitor  than NH2-(CH2)12-NH~, 
al though both compounds produce 90% inhibit ion at 
C/Csat ---- 0.1. 
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Fig. 14. Per cent inhibition with NH2-(CH2)~-NH2 in 6N HCI 
and 3N HCI. 
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Pitting and Deposits with an Organic Fluid 
by Electrolysis and by Fluid Flow 
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ABSTRACT 

Electrolysis exper iments  were  per formed with  iron electrodes in phosphate 
ester fluids. Pi t t ing corrosion occurred and films were  deposited on the elec-  
trodes. The effect of various addit ives was invest igated and a model  involving 
a threshold current  density for pit t ing was formulated.  The relat ionship of 
the results to corrosion by electrokinet ic  currents  is studied. The occurrence 
of e leetrokinet ical ly  produced corrosion is discussed. 

This paper  describes some electrochemical  exper i -  
ments which were  per formed in phosphate-ester  based 
hydraul ic  fluids. The exper iments  were  associated with  
the discovery of a new wear  mechanism in steel 
hydraul ic -cont ro l  valves. The wear  mechanism is a 
corrosion react ion dr iven by electrokinetic  currents  
associated with  the flowing fluid and has been de- 
scribed in detail  e lsewhere  (1). The present  paper is 
concerned pr imar i ly  wi th  the associated e lec t rochem- 
istry of the phosphate ester fluids and its relat ionship 
to the wear  mechanism. 

Electrolysis Experiments 
A pr imary  object ive of the exper iments  was to de- 

te rmine  if corrosion could be produced by purely  elec- 
t rochemical  means, wi thout  the fluid flow present  in 
the hydraul ic  valves.  The exper iments  were  per formed 
using phosphate ester fluids (2), whose propert ies  are 
listed in Table I. 

Parallel-Electrode Cells 
An exper iment  was conducted with 2 • 12 cm 

paral le l  pure - i ron  sheet electrodes, separated by 0.3 cm, 
and immersed in 850 cc of continuously stirred phos- 
phate ester fluid in a Py rex  beaker.  

For  an applied potent ial  of 500V the init ial  current  
was 2 mA and decayed over  the 313 hr  of the test to 
0.8 mA. This represented a range of current  densities 
of 0.3-0.8 m A / c m  2 based on the facing areas. No cor- 
rosion of the electrodes was observed but deposited 
films were  observed. 

The electrodes were  washed with  acetone and films 
that had formed were  scraped off. Upon re turn ing  the 
electrodes to the cell, the  current  was about 11% 
greater  for  a given potent ial  than the current  at the 
beginning of the run. In this and other  exper iments  
the anode film had the high resistance. Fluid conduc- 
tivity, measured in a conduct ivi ty  cell, was found to 
have increased sl ightly in this exper iment  al though it 
decreased in other  experiments .  

" Electrochemical  Society  A c t i v e  M e m b e r .  
Key words:  e lectrokinet ics ,  s treaming current,  corrosion, phos-  

phate ester,  e lectrode films. 

Table I. Properties of phosphate ester hydraulic fluid 

Composition: 
B a s e s t o e k - -  

a p p r o x i m a t e l y  9 0 % - - a  m i x t u r e  of phosphate esters 
R 
O 

w i t h  g e n e r a l  f o r m u l a  R O - - P - - O R  w h e r e  R ' s  m a y  
I[ 
O 

be alkyl  or a r y l  g r o u p s .  
Viscosity i mprove r - -ap p r ox im ate ly  1 0 % - - p o l y m e t h y l  m e t h a -  

c r y l a t e  
Corrosion i n h i b i t o r s ,  d y e ,  e t c . - - m i n o r  c o n s t i t u e n t s  

D e n s i t y - - l . 0 5  g / c c  
V i s c o s i t y - - 1 2  e e n t i p o i s e  
V a p o r  p r e s s u r e  a t  2 5 0 C - - 2 - 7  m m  H g  
Electrical  c o n d u c t i v i t y - - a p p r o x .  10-7  o h m - 1  c m  -1 
Dielectr ic  c o n s t a n t - - a p p r o x .  8 

Curren t -poten t ia l  curves  both for clean and film- 
covered electrodes in the para l le l -e lec t rode  cell are 
shown in Fig. 1. The slope of the curve  for clean elec- 
trodes is consistent wi th  the fluid conduct ivi ty  and 
cell geometry.  Extrapola t ion  of the cur rent -potent ia l  
curve to zero current  indicates a ra ther  large polar i -  
zation for the f i lm-covered electrodes compared to the 
clean electrodes. 

The l ight tan colored anode film cracked af ter  wash-  
ing with acetone and was easily removed  with  a Teflon 
scraper. The total weight  was 0.135g and accounted for 
about 90% recovery  of the anode film. The amount  of 
the cathode film was only about 1-10% by volume of 
the anode film, and was very  f irmly adhering requi r -  
ing a steel scalpel to remove  it. Results of instru-  
menta l  analyses of the films are presented in Table 
IL The anode film was amorphous and appeared to 
have a composit ion similar  to the phosphate ester, 
al though high in iron. Mass spectrographic analysis 
of the cathode film showed sodium, carbon, and oxygen 
as major  components, suggesting that  it was sodium 
carbonate. 

An approximate  current  efficiency for format ion of 
the anode film can be calculated assuming that  the 
film is a polymer  of phosphate ester formed by a 
one-e lec t ron /molecu le  process. This would be akin to 
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Table II. Analyses of anode and cathode films from electrolysis 
of phosphate ester hydraulic fluid 

Analysis Anode f i lm C a t h o d e  f i lm 

X - r a y  d i f f r a c t i o n  A m o r p h o u s  
X - r a y  e m i s s i o n  

M a j o r  ( 2 1 0 % )  O r g a n i c s  N a  

Minor ( - - 1 - 1 0 % )  Fe, P 
Lesser (~0.1-1%) Ca, Fe, P, Mg 

(<0.1%) Mn, Mg, Cu, AI, Si, er Cu, AI, Trace Si 

Mass spectrograph 
Major C, O, organics Na, C, O 
M i n o r  F e ,  P ,  H 
Lesser Mn, Mg, AI, Si P 
Trace Cu, Cr Ca, Fe, Mg, Cu, Al, Si, H 

Atomic absorption 10.7% Fe 

a Kolbe- type  react ion in which free radicals are formed 
and subsequent ly  polymerize.  The  calculation is based 
on t r ibu ty l  phosphate  wi th  molecular  we igh t  218, 
which was the dominant  species in the fluid. The 
total charge passed in this exper iment  was 1100 cou- 
lombs which would  give 2.5g of mater ia l  for a one- 
electron reaction. Only 5.5% of this amount  of mater ia l  
was collected. The reaction product  was  thus ei ther 
quite  soluble or other  reactions giving soluble prod- 
ucts occurred. 

The conduct ivi ty  of the anode film can be est imated 
f rom its thickness and the cur ren t -poten t ia l  data  of 
Fig. 1, to be about 10 -9 o h m - l c m  -1 which is about  a 
factor of 100 less than that  of the fluid. 

Because of the absence of corrosion in the cell, a 
second para l le l -e lec t rode cell wi th  much smaller, 0.025 
cm, interelectrode spacing, i l lustrated in Fig. 2, was 
used to obtain h igher  cur ren t  densities. The cur ren t -  
potential  curves for it are given in Fig. 3. The current  
very rapidly  decayed with  t ime (in seconds) to a 
lower  pla teau when  a constant potential  was applied. 
The initial peak cur ren t  was consistent wi th  the con- 
duct ivi ty  of the fluid and the cell  geometry.  Replace-  
ment  of the electrolyte  in the cell, wi thout  cleaning 
the electrodes, gave the same current  vs. t ime profile. 
Thus the l imit ing current  was due to decreased electro-  
lyte  conduct ivi ty  ra ther  than the anode film which pre-  
sumably could not fo rm in the short time. At  a poten-  
tial of 400V or more  across the thin cell, sparking 
occurred resul t ing in arc craters in the metal.  The arc 
craters could be readi ly  distinguished from corrosion 
by their  contour and shiny appearance.  A brownish or 
bluish coloration appeared on the electrodes but  the 
film thickness was insignificant in these short runs as 
compared to the exper iments  in the beaker  cell. No 
electrode corrosion was observed wi th  ei ther paral le l -  
electrode cell. 

Needle-to-Plane Cell 
A small  in tere lect rode distance was needed to obtain 

high current  densi ty to study pi t t ing corrosion and 
a re la t ive ly  large volume of electrolyte was requi red  
to avoid a decrease in conductivity.  These requi rements  
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were  met  wi th  the needle- to-p lane  cell  i l lustrated in 
Fig. 4. One electrode was a steel phonograph needle 
wi th  approximate ly  a 25;~ tip radius and the opposing 
electrode was a polished steel block. Intere lect rode 
spacing could be adjusted wi th  a micrometer  head 
holding the needle. With  a potent ia l  of about IV across 
the cell, the needle was careful ly  moved unt i l  it 
touched the block as indicated by a sharp increase in 
current.  It  was then backed off to a suitable spacing, 
usual ly about 25~. 

Pi t t ing corrosion was observed;  it occurred only 
on the anodic electrode al though deposits were  formed 
on both. The polished block was anodic in most of the 
runs and photomicrographs were  made of its surface. 
The effect of current  densi ty and various addit ives on 
the anodic pi t t ing corrosion is summarized in Table '  
III. Only re la t ive  measurements  of the amount  of 
pi t t ing corrosion based on depth and areas of pit t ing 
corrosion were  obtained. 

A significant amount  of pi t t ing occurred in run 6. 
The m a x i m u m  depth of the pi t ted area was about  4~. 
The diameter  of the continuously pi t ted area was about 
150~. The continuously pi t ted area was surrounded by 
a zone of individual  pits. 
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Table Ill. Conditions and observations for needle-to-plane 
electrolysis experiments 

Cell conduct= Relative amount 
ance • I0 6 of pitting 

R u n  E lec t ro ly t e  r (V) I (/~A~ r (min)  q (coulombs)  (ohm -1) (Scale of  10) 

6 Phosphate es te r  250 40 55 0.131 0.16 5 
7 P h o s p h a t e  es te r  170 26 70 0.109 0.15 2 
8 Phosphate es ter  + 1% CCh 170 26 60 0.094 0.15 5 
9 P h o s p h a t e  es te r  + 2% H20 82 27 60 0.097 0.33 4 

10 P h o s p h a t e  es te r  + 1% CI-IsNO2 170 15 95 0.085 0.09 S p a r k  
11 P h o s p h a t e  es te r  + 0.1% CHsNO~ 215 24 60 0.086 0.11 1 
12 P h o s p h a t e  es te r  260 40 10 0.036 0.15 1 
13 P h o s p h a t e  es te r  340 50 8 0.036 0.15 2 
14 P h o s p h a t e  es te r  200 30 13.5 0.036 0.15 1 
15 P h o s p h a t e  es te r  120 20 20 0.036 0.17 0 
16 P h o s p h a t e  es te r  + 1% h y d r o q u i n o n e  150 32 64 0.123 0.21 2 
17 P h o s p h a t e  e s t e r  + 11% hydroCluinone  48 35 67 0.141 0.73 0 
18 P h o s p h a t e  es te r  + 1% C C h  80 70 60 0.25 0.9* 10 

I n t e r e l e c t r o d e  spac ing  d = 2.5 • 10 -8 cm in  a l l  runs, 
" Solution had been in open beaker in laboratory atmosphere for 

Current  efficiency of pit t ing corrosion in the center  
of the pi t ted area can be est imated by comparing the 
measured depth to the calculated depth based on maxi -  
m u m  current  density. The max imum current  density in 
the center  of the corroded area can be est imated from 

A~b 
i = = [1] 

g 

A conductivity,  ~ _-- 10-7 ohm-1  cm-1, an applied po- 
tential,  A~b _-- 250V, and a gap of 25~ gives a max im um  
current  density of 1 • 10 -2 A / c m  2. The thickness of 
meta l  removed by this current  density in 55 rain, as- 
suming the iron corrodes to valence 2, is 11~ from Fara -  
day's law. Only 4~ were  measured. The min imum cur-  
rent  efficiency for corrosion in the center  of the pi t ted 
area was therefore  about 36%. The average current  effi- 
ciency for corrosion for the whole surface based on the 
total  volume of metal  removed and the total charge 
was about 2%. Thus, most of the current  passed was 
consumed in the f i lm-forming and other  oxidat ion 
reactions surrounding the pi t ted area. There  appears 
to be a threshold current  density for corrosion below 
which only the f i lm-forming react ion or other  oxida-  
tions occur. 

Decreasing the current  slightly, as in run  7, signi- 
ficantly decreased the amount  of pitting. The deposit 
and the pi t ted area, before and af ter  cleaning, is 
i l lustrated in Fig. 5 for run  7. The thickness of the 
deposit decreases wi th  distance from the  needle elec-  
trode. The center  area was opaque while  interference 
fringes are observed on the per iphery  (Fig. 5a). 

Addit ion of carbon te t rachlor ide  in run 8 markedly  
increased the amount  of pit t ing as can be seen by 

several weeks. 

comparing Fig. 6 to Fig. 5 for runs having otherwise 
identical  conditions. Addit ion of the 1% carbon te t ra -  
chloride did not change the conduct ivi ty  of the elec-  
t rolyte  as can be seen by comparing the cell conduct-  
ance of runs 6, 7, and 8 in Table III. In a second run 
with  1% carbon te t rachlor ide  added, number  18, much 
higher  conductance was observed. This solution was 
in an open beaker  exposed to laboratory a tmosphere  
for several  weeks. Hydrolysis  of CC14 or absorption 
of HC1 f rom the laboratory  atmosphere may  have  
occurred. The current  density was high in run 18, 
result ing in a re la t ive ly  large amount  of pitting. 

Dist i l lat ion-purif ied t r ibutyl  phosphate, repor tedly  
containing 2 ppm chloride, 1 gave no measurable  pit-  
t ing with  a needle- to-p lane  cell as compared to signi- 
ficant pi t t ing with  the unpurified fluid containing 21 
npm chloride for the same current  and time. This 
behavior  appears analogous to pit t ing of iron in aque-  
ous solutions for which pit t ing is promoted by pres-  
ence of halide ions. The hydraul ic  fluids used in the 
electrolysis exper iments  of Table III  had residual 
chloride concentrat ions from the manufac tur ing  proc- 
ess of 50-500 ppm. 

Addi t ion of 2% wate r  in run  9 apparent ly  doubled 
the conductivi ty and significantly increased the re la -  
t ive amount  of pi t t ing compared to run  7 for the same 
current.  Addi t ion of ni t romethane,  a possible corro-  
sion inhibitor, in runs 10 and 11 caused a decrease 
in conductivity.  Sparking  occurred when it was at-  
tempted  to run  at the same current  as in run  7. It 
is, therefore,  not certain whe the r  n i t romethane  acted 
as a corrosion inhibitor. 

* Courtesy of Stauffer Chemical Company. 

Fig. 5. Anode film and corroded area from run 7. a--Before cleaning, b--after cleaning 
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Fig. 6. Pitted area in run 8 with !% CCI4 after removal of the 
solid film. 

Fig. 7. Relation between streaming current and wall and fluid 
current densities in two-dimensional, unit-thickness converging 
channel. 

As a first approximat ion with phosphate ester fluids, 
is may be neglected with respect to iw because resist-  
ance to current  flow through the fluid is much greater 
than through the metal-f luid interface. Also, iw is 
positive for phosphate ester fluids and results in an-  
odic pi t t ing corrosion of the upstream wall. 

Many experiments  were performed in  tests of the 
above model. The exper iment  which is of most in-  
terest in connection with the electrochemistry used 
the apparatus shown diagramatical ly in  Fig. 8. All  
dimensions of the system were large compared with 
the gap width, so that  the two-dimensional  analysis 
represented by Fig. 7 and Eq. [2] is applicable. After  
fluid flow for a period of 28.5 hr both film deposits 
and pit t ing corrosion were found. The pi t t ing looked 
identical in appearance to that produced in  the needle-  
to-plane cell. 

A photograph of the cleaned surface after the 28.5 
hr exper iment  is shown in Fig. 9. The outer  portion 
furthest  from the center had no deposit and retained 
the polished appearance of the original  surface. A 
worn r ing located by the 0.25 cm marker  averaged 
6.35~ max imum depth directly under  the inner  edge 
of the orifice, i.e., at x ~ 0 in Fig. 7. An average 
profile of the corroded r ing was determined from six- 
teen radial  t raverses using a Talysurf  Model 3 ins t ru-  
ment  (1). The depth tapered off to zero at about 
0.020 cm upst ream from the inner  edge of the orifice 
and about 0.005 cm downstream. A light-colored film 
covered the l ight-s ta ined area both upst ream and 
downstream of the worn ring. There was no measur-  
able metal  removal  except wi th in  the worn  ring. It 

Additions of hydroquinone were made in  runs  16 
and 17 to determine if an easily oxidizable mater ia l  
would consume cur ren t  in  preference to pi t t ing cor- 
rosion. At the 11% level (approximately 1 mole/ l i ter )  
in r un  17, p i t t ing was v i r tua l ly  el iminated for a con- 
dition of current  density and t ime which would have 
otherwise produced a large amount  of pitting. Addi-  
t ion of hydroquinone  also increased the conductivity.  

Flow Induced Pitting Corrosion 
To unders tand  the relat ionship of the electrochem- 

istry of the phosphate esters to the flow induced wear 
mechanism, a brief  description of that  mechanism 
is given here. A detailed description has been pub-  
lished elsewhere (1). 

The wear  occurs upstream of small  gaps at the 
end of 90 o converging channels  as shown in Fig. 7. 
The fluid is accelerated towards the gap and the 
s t reaming current  is, produced by the flow, is a func-  
t ion of fluid velocity and must  change with distance 
from the gap. Consideration of a differential volume 
element, ~ by  dx, and conservation of charge, requires 
the presence of the wal l  cur rent  density, iw, and  a 
fluid current  density if, both normal  to the wall. Us- 
ing the assumptions listed in Table IV it has been 
shown (1) that  

iw~if~ 1.17e~'z, (Q)a/2 

Table IV. Assumptions used in derivation of Eq. [2] 

Fig. 8. Wear test apparatus 

I. Equilibrium electrical double layer at walls of orifice, i.e., ~ does 
not change with velocity. 

2. No local changes in fluid permittivity and viscosity. 
3. Two-dimensional approximation for flow in orifice, i.e., radius 

of orifice, R ~ gap (Fig. 8). 
4. Diffuse double layer is thin compared to hydrodynamic bound- 

ary layer, therefore velocity is linear in y within double layer. 
5. Jeffrey-Hamel solution of Navier-Stokes equations for flow into 

90---degree converging channel is applicable for x ~-~ gap. 
6. Reynolds number, Q/~, ~ 100. 
7. The wall current, iw, is supplied by electrochemical reactions, 

e.g., oxidation of a fluid component or corrosion. Fig. 9. Photograph of worn and stained areas on polished block 
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Fig. 10. Comparison of corrosion current density end model 
equation. 

might  be added that  l amina r  flow obtains on the 
upstream side of the orifice so the wear and deposits 
there are not related to turbulence.  

Corrosion current  density was calculated from the 
average measured profile from Faraday 's  law 

ZFpmt 
ic -- - -  [3] 

MT 

and is plotted as a function of position, x, upstream 
from the orifice in Fig. 10. Wall current density cal- 
culated from Eq. [2] is also plotted in Fig. 10. Values 
of the parameters  used in Eq. [2] and [3] are given 
in Table V. There is a range of distance, x, for which 
there is a correlation between the model and the ex- 
periment.  For values of x less than the gap width, Eq. 
[2] is not valid because the poin t -s ink  approximation 
used is invalid. No corrosion was observed for values 
o f x  > 2 • 10 - 2 c m .  

Discussion 
Relationship of Electrochemistry and Wear Mechanism 

Format ion  of films on the electrodes at low current  
densities and corrosion plus film formation at high 
current  densities observed in the electrolysis experi-  
ments  with the needle- to-p lane  cell appears to have 
a direct analogy to the results obtained with the flow 
system. In  Fig. 1O a sharp cut-off of the corroded zone 
at about 2 • 10 -~ cm from the orifice was noted, and 
a film deposit on the surface at larger distances from 
the orifice is indicated by the light stained areas in 
Fig. 9. In Fig. 5 for the needle- to-plane  cell it is seen 
that the anode film extends well beyond the pitted 
area. There is apparently a threshold potential or 
current density below which pitting does not occur. 
In both the electrolysis experiments and the flow ex- 
periments, the corrosion began as small discrete pits 
which grew in time and merged in the high-current- 
density zone. 

Formation of a low-conductivity anode film may 
have a beneficial effect in decreasing corrosion by 
decreasing the wall current. Ohmic polarization of 
the anodic film can be calculated from Eq. [i]; a 
corrosion current density of 2 • 10 -4 A/cm 2 under 
the film (Fig. 10), a film conductivity of 10 _9 ohm -I 
cm -I and a film thickness of 2.5 • 10-4 cm (assuming 
1/10 of the gap width) gives an ohmic polarization 

Table V. Values of parameters used in Eq. [2] and [3] 

= 7.1 • 10 -18 e o u l o m b / V  e m  [d ie lec t r i c  c o n s t a n t  = 8) 
= 0.20V [ d e t e r m i n e d  w i t h  h i g h - v e l o c i t y ,  sma l l  gap  s t r e a m i n g  

c u r r e n t  i n s t r u m e n t  (1) ] = 0.1 cme/sec 
Qavg 30.5 cme / see  
z = 2 ( a s s u m e d  t h a t  Fe~§ f o r m e d )  
pm = 7.86 g / e r a  s 
M = 55.8 g / m o l e  
I" = 28.5 • 3600 see 
t d e t e r m i n e d  as a f u n c t i o n  of  x f r o m  a v e r a g e  profi le  d e t e r m i n e d  by 

T a l y s u r f  (1) 
ir = 0 

iT 
iox 

i w 

~p 

Fig. 11. Proposed relation of oxidation, pitting, and wall cur- 
rents. 

of the film of 50V. A corresponding potential  drop 
would also occur in the fluid in  the direction of flow. 
This is the same magni tude  as the open-circui t  po- 
tent ial  measured with a s tat ionary r ing-d isk  elec- 
trode in the flow system (1). Conduction from the 
fluid may therefore explain the large deviations from 
theory in  Fig. 10 at distances greater than the gap 
distance. 

A proposed relat ionship between corrosion and oxi- 
dation of other species in phosphate ester fluids, il- 
lustrated in Fig. 11, is based on observations in  the 
electrolysis exper iments  and flow experiments.  It 
is perhaps an oversimplification but  provides a basis 
for fur ther  experimentat ion.  Direct exper imenta l  mea-  
surements  of anodic overpotential  in  phosphate ester 
fluids have thus far been thwarted by the low con- 
ductivity. If there are several different species in the 
fluid that  can be oxidized, the total cur rent  for 
oxidation of these species may be stepped as in a 
polarographic wave. It  is proposed that  there is a 
pit t ing potential, ~p, as in aqueous solutions and that  
the current  densi ty for pi t t ing rises steeply with 
potential  above Cp. For a wall  cur ren t  iw, as shown 
in Fig. 11, pi t t ing corrosion and oxidation of electro- 
lyte species could occur simultaneously.  

The amount  of corrosion occurring at an orifice 
could be decreased in three ways according to Fig. 11. 

Decrease iw, e.g.: by decreasing zeta potential  
through control of surfactants  present;  by decreas- 
ing flow rate; by increasing conduction from fluid, 
with higher conductivi ty fluid or with high-resis t -  
ance surface films on surface; by using a very- low 
conduct ivi ty (hydrocarbon) fluid. 2 

Increase iox, e.g.: by adding easily oxidized species. 
Increase ~p, e.g.: by removing species that  promote 

pit t ing such as C1- ; by adding inhibitor.  
Some of these techniques have been verified in prac- 

tice, others remain  to be tested. 

Other Possible Occurrences of Wear Mechanism 
At the completion of the work relat ing to the wear 

in the hydraulic  valves, other possible technological 
applications of the theory were explored. A review 
of the l i terature  and approximate calculations of wall  
cur ren t  densities indicate condit ions favorable to this 
mechanism may occur in cavitation, drop impingement  
and in ball  and roller bearings. For example, collapse 
of a cavitat ion bubble  adjacent  to a wall  according to 
the Rayleigh equation (4) can produce high current  
densities. Al te rna t ing  currents  would be generated at 
surfaces in these cases but  corrosion may still  occur, 
al though at less than 100% current  efficiency (5). 

The review of bear ing technology by Bisson and 
Anderson (6) in 1964, describes unexpla ined  pi t t ing 
and formation of films and sludges which should be 
examined in l ight  of the new mechanism. Salomon 

2 S t r e a m i n g  c u r r e n t  is o b s e r v e d  to go  t h r o u g h  a m a x i m u m  as  a 
f u n c t i o n  of  c o n d u c t i v i t y  fo r  h y d r o c a r b o n s  w i t h  added conducting 
spec ies  (3). I t  fo l lows  t h a t  w a l l  c u r r e n t  shou ld  exhibi t  s imilar 
b e h a v i o r .  
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(7) found electrostatic effects in lubricated machinery  
and related these to wear  but no adequate theory was 
presented. Furey  (8) found interest ing pat terns of 
deposits in a rotat ing ball exper iment  suggestive of 
electrostatic fields being present. He also found voltage 
developed in  these exper iments  al though he did not 
have an explanation.  Zaslavsky and Shor (9) observed 
that wear  rate was related to the potential  applied 
between two rubb ing  lubricated surfaces. 

Invest igat ions into relat ion of wear and deposit 
formation to wall  currents  generated dur ing rolling 
and sliding contact could provide a new approach to 
unders tanding  some old lubricat ion problems. 

Conclusions 
Electrolysis experiments  were carried out with 

iron electrodes in phosphate ester hydraul ic  fluids 
having conductivities of 10 -7 ohm -1 cm -1. It  was 
found that:  

a. F i lm deposits with composition similar  to the 
fluid formed on the anodes. The conductivi ty of these 
films was significantly lower than  the parent  fluid. 

b. Th inner  deposits with composition approximating 
sodium carbonate formed on the cathodes. 

c. Pi t t ing corrosion occurred on the anode at high 
current  density. Pi t t ing was promoted by addition of 
carbon tetrachloride and  inhibi ted in low chloride 
fluids, analogous to effect of halide ions on pit t ing 
of i ron in aqueous solutions. 

d. The electrode films and corrosion were similar 
to films and corrosion observed in high velocity fluid 
flow systems in which electrokinetic currents  a r e  

generated. 

Manuscript  received Ju ly  19, 1971; revised m a n u -  
script received ca. Aug. 29, 1971. This was Paper  
84 presented at the Detroit  Meeting of the Society, 
Oct. 5-9, 1969. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 
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Sealing Studies of Anodic Oxides by 
Wide-Line NMR Spectroscopy 

Bernard R. Baker and Robert M. Pearson 
Kaiser Aluminum & Chemical Corporation, Center for Technology, Pleasanton, California 94566 

ABSTRACT 

Wide-l ine nmr  measurements  show that  anodic coatings formed in 15% 
H~SO4 at 25~ and 12 A/f t  2 for 1 hr and sealed for 30 min in boiling water  at 
pH 6 contain 11-13% H20 as OH groups plus 1-4% physically adsorbed water. 
Nitrogen adsorption measurements  show a surface area of about  20 m2/g 
for unsealed coatings and about 5 m2/g for sealed coatings. The unsealed 
coatings contain about 1.2 • 10~' pores/cm 2 of mean radius  of 60A. About  
46% of the water  contained in a sealed coating is on a surface. F rom this, and 
from nmr  l ine widths, a surface area of 260 m2/g is estimated. The difference 
between the gas adsorption and n m r  estimates of surface areas is explained by 
the model proposed for the coating structure, one consisting of an array of 
microcrystall i tes estimated to be about 25A in radius. Gas adsorption analyzes 
only the major  pore surfaces, but  nmr  analyzes the crystall i te surfaces as well. 
Sealing is regarded to be pr imar i ly  a surface reaction on the crystallites. 

The porous anodic oxide films formed on a luminum 
by anodizing in sulfuric acid or other s t rongly acidic 
electrolytes are commonly sealed, usual ly  by immer-  
sion in boil ing water  or dilute buffer solutions. The 
oxide becomes hydrated to a certain extent,  the poros- 
ity decreases and susceptibili ty to s taining or corrosive 
attack is minimized. 

Because sealing is impor tant  in commercial anodiz- 
ing, m a n y  investigators have expended considerable 
effort on studies of the mechanism of the reaction. 
Some of the more common techniques include elec- 
t ron microscopy, gas adsorption, x - r ay  and electron 
diffraction, x - r ay  emission spectroscopy, and infrared 
spectroscopy. Unfor tunately ,  none of the techniques 
has yet produced a definitive answer to the funda-  
menta l  problems of sealing, in particular,  the mecha-  
nism by which the oxide adsorbs and binds water. 

Key words: anodizing, aluminum, adsorption, hydration. 

Several  more or less plausible  theories have arisen. 
We make no at tempt here to correctly at t r ibute  all of 
these theories to their  originators, par t ly  because some 
of the ideas have almost assumed the status of folklore. 

One of the more widely accepted concepts is that  
A1203 becomes hydra ted  to form boehmite (A1OOH) 
which, because of its greater specific volume, plugs the 
pores to a certain extent. Spooner and Forsyth (1) 
found boehmite pat terns by  x - ray  diffraction, but  
nevertheless minimized the importance of boehmite 
as a sealing factor. They at tempted to explain the ap- 
parent  pore plugging by a dissolution and reprecipi-  
ration of an oxide hydrate.  I t  is as difficult to argue 
with this concept as it is to prove it. 

Another  theory which may  have considerable merit,  
at least in part, is the concept put  forward by Murphy 
(2). He regards sealing as a surface effect ra ther  than 
a pore plugging effect. Murphy  postulated that  re-  
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placement  of surface sulfate ions by hydroxyl  ions 
changes the surface f rom an act ive  one that  is recept ive  
to dyes (and to stains or corrosive agents) to one that  
is more inert.  This type of ion exchange must  cer ta inly  
occur to some extent,  but  it is not clear  how it would 
affect coating properties. 

O'Sull ivan,  Hockey, and Wood (3) proposed a model  
for unsealed coatings consisting of a re la t ive ly  open 
ar ray  of a lumina  crystallites. During sealing, these 
crystall i tes agglomerate  to some extent,  forming hy-  
droxyla ted  surfaces and t rapping molecular  water  in 
the  in tercrysta l l i te  voids. 

Few workers  have done more  than to speculate on 
the nature  of the wa te r  in sealed coatings al though 
O'Sull ivan,  Hockey, and Wood made some reasonable 
est imates based on inf rared  spectra of ambient,  evacu-  
ated, and deutera ted  films, both sealed and unsealed. 
They est imated that  about 5-20% of the total hy-  
droxylic  species in sealed coatings is molecular  water.  
The  precise amount  was inde te rminant  because of un-  
cer ta inty  in the ext inct ion coefficient ratio necessary 
for the calculation. They were  able to determine,  how-  
ever, that  the re la t ive  amount  of molecular  water  in-  
creased wi th  an increase in sealing time. 

In  a p re l iminary  repor t  we discussed the adsorption 
of water  vapor  by dry, unsealed coatings formed at 
25~ in 15% sulfuric acid on 99.99% a luminum anod- 
ized 1 hr  at 12 amperes per square foot and 15V (4). 
We postulated a model  similar  to that  of O'Sull ivan,  
Hockey, and Wood in which the oxide was inferred to 
consist of submicrocrystal l i tes  of near ly  anhydrous 
alumina. On exposure to water  vapor, the crystal l i te  
surfaces adsorbed wate r  convert ing it to surface 
hydroxyl  groups which then  physical ly adsorbed 
molecular  water .  In this paper, we present  a method 
for analyzing anodic oxides for crystal l ine hydroxyl ,  
surface hydroxyl ,  and physical ly adsorbed water  by 
wide- l ine  nmr. From these results and paral lel  gas 
adsorption studies we infer  (i) a detailed model  for 
unsealed as wel l  as sealed coatings and (ii) a mecha-  
nism for the sealing reaction which contains several  
of the best features of previous models. 

The analysis we use is based on techniques developed 
for the study of catalytic and desiccant aluminas (5). 
General  references to the technique include a rev iew 
by O'ReiI ly  (6) and a paper  by Saito and Hagewara  
(7). 

Experimental 
All  coatings were  formed on 99.99% a luminum foil, 

3 mil  thickness. The foil was par t ia l ly  slit prior  to 
anodizing into 2 in. • 0.4 in. strips for nmr  samples 
or 1 in. • 0.1 in. strips for gas adsorption samples. 
The end of each strip was left  at tached to a central  
bus strip for anodizing. The foil was mounted  in a 
Lucite and a luminum rack, cleaned in Oakite  inhibited 

Unsealed 
oxide 

alkaline cleaning solution, given a 1 min  caustic etch 
(45-57 g / l i t e r  sodium hydroxide,  1.5 g / l i t e r  sodium 
gluconate, 5-25 g / l i t e r  a luminum at 55~ then de-  
smut ted in 35% nitr ic  acid fol lowed by a thorough 
distil led wate r  rinse. 

Coatings were  made by anodizing at 14V, 12 A / f t  2, 
for 60 min  in 15% H2SO4 at 25~ Af ter  anodizing, the 
samples were  rinsed thoroughly  in disti l led water  and 
cut f rom the bus strip. They were  then ei ther  sealed 
immedia te ly  for 30 min in boiling distil led water  or 
blown dry in a s t ream of fil tered air depending upon 
their  purpose. The seal bath was prepared fresh for 
each sample  by br inging boil ing disti l led water  to pH 
3 wi th  acetic acid then adjust ing to pH 6 with  sodium 

hydroxide.  They were  then placed ei ther  in tared 
0.5 • 5 in. Pyrex  nmr  sample tubes sealed wi th  rubber  
serum stoppers or in tared gas adsorption sample 
tubes. Oxide weights  were  obtained finally by str ip-  
ping the oxide film f rom the substrate in a boiling 
solution containing 20 g / l i t e r  chromic acid and 35 
ml / l i t e r  of 1.75 g / m l  phosphoric acid leaving the 
"bare"  metal.  

Ni t rogen adsorption and desorption isotherms were  
obtained on an Aminco Adsorptomat.  Surface  areas 
and pore radii  distr ibutions were  obtained using the 
method of Barret t ,  Joyner ,  and Halenda (8). The nmr  
spectra were  obtained as described ear l ier  (4) except  
that  data  collection and reduct ion was per formed using 
a Fab r i -TEK Model 1074 ins t rument  computer.  

The spectra are a composite of a nar row line (ca. 
0.2G) due to physical ly  adsorbed wate r  and a broad 
line (ca. 5.5-7.0G) due to chemisorbed water  (hydroxyl  
or wa te r  coordinated to a luminum ions). If  a nar row 
(0.125G) modulat ion is used the wide signal is mini-  
mized and the nar row signal is dominant.  This allows 
quant i ta t ive  determinat ion  of physically adsorbed 
water. To obtain a useful  spect rum of the broad line 
species the physical ly  adsorbed water  must  first be 
removed.  This was accomplished e i ther  by heat ing to 
90~ in a vacuum oven for several  hours or by evacu-  
ating the sample at room tempera tu re  to about 10-4 mm 
Hg for several  days. The two methods gave comparable  
results, however,  each method also removes  some 
broad line species as well,  as shown by comparison of 
gravimetr ic  and nmr  results for the water  loss. This 
difference was added to the nmr  value  for chemisorbed 
water  as a correction. 

A sample of KA-201 (R) desiccant a lumina (a 
Kaiser  A l u m i n u m  & Chemical  Corporat ion commercial  
transit ion alumina)  containing a known concentration 
of physical ly  adsorbed wate r  was used as a standard 
for the nar row signal and a sample of gibbsite was 
used as a s tandard for the wide signal. The water  con- 
tent  was calculated f rom the double integral  of the 
spectrum using the relat ion 

curve  area (sample) 
% water  ~ % water  (std) • 

curve  area (std.) 

oxide bulk  densi ty (std.) 
X 

oxide bulk  density (sample) 

The curve  areas were  corrected to a common instru-  
ment  gain setting. The oxide densities were  expressed 
as gram ox ide /cen t imete r  of sample  tube. 

Results 
Water content of sealed coatings.--The analysis of 

the water  content  and distr ibution in sealed oxides is 
based on the fol lowing flow sheet 

Seal  30 rain Sealed 90~ low vacuum 
> > "dry"  oxide 

Boiling water  oxide or room temp high vacuum 

400~ Ignited chrome-phosphor ic  
) "bare"  meta l  

- h i g h  vacuum oxide Str ip  

Weights were  recorded at each stage. The nmr  spectra 
were  recorded for sealed oxide, dry oxide, and ignited 
oxide. Thus the water  losses were  observed by weight  
loss and by nmr.  The  spectra and wa te r  contents of 
unsealed oxides were  discussed previously  (4). 

We assumed, initially, that  gentle heat ing or strong 
evacuat ion would  remove  just  the physical ly adsorbed 
water  leaving the chemisorbed wate r  intact. This as- 
sumption is not valid. The weight  loss on heat ing to 
90~ in a low vacuum or at room tempera tu re  in a 
high vacuum is a lways higher  than the physical ly  ad-  
sorbed water  as de termined  f rom nmr  (Table I).  This 
is in accord with  the the rmograv imet r i c  curve  of 
Fig. 1 which shows a continuous wate r  loss over  the 
whole t empera tu re  range. 
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Table I. Comparison of gravimetric and nmr water 
determinations a,b 

Table Ih Water contents of sealed onodic oxides (a) 
(% of sealed weight) 

Sarn- 
p ie  

P h y s i c a l l y  C h e m i s o r b e d  
a d s o r b e d  w a t e r  w a t e r  

n m r  n m r  
wt ,  loss  n a r r o w  wt. loss (b road  

90~ s i g n a l  40O~ s igna l )  

To ta l  R e s i d u a l  W e i g h t  L i n e - w i d t h  
w a t e r  loss  w a t e r  ga in  of  s i g n a l  

( n m r  s ig-  on  seal-  P h y s i c a l l y  C h e m i -  o f  c h e r a i -  
i n g  (% of a d s o r b e d  s o r b e d  T o t a l  so rbed  w a t e r  n m r  na l  a f t e r  

G r a v i -  (car- 400~ S a m p l e  sea led  wt.)  w a t e r  w a t e r  w a t e r  (gauss)  
m e t r i c  rec ted)  ign i t ion)  

1 6.3 (o) 3.6 5.5 7.1 
2 4.8 I . I  6.1 6.0 
3 4.6 2.4 6.4 8.7 
4 3.8 1.8 8.7 7.6 
5 5.3 (o) 3.3 9.3 9.4 
6 4.4 2.3 7.2 9.1 
7 5,3 (~) 3.0 10.0 (e) 9.1 

1 10.6 3.6 11.5 15.1 7.0 
12.1 13.4 1.7 2 8.8 1.1 11.0 12.1 7.0 
10.9 10.8 1.3 3 - -  2.4 12.5 14.9 7.0 
l l .O 13.3 1,6 4 - -  1.8 11.4 13.2 7.0 
10.5 11.4 1,8 5 3.3 12.3 15.6 7.0 
14.6 14.7 0.93 6 10-~ 2.3 12.9 15.2 6.7 
11.6 13.5 1.7 7 12.0 3.0 11.4 14.4 5.9  
15.3 14.4 O 

<~) A l l  v a l u e s  are  w e i g h t  pe r  cen t  based  on  sea led  we igh t s .  
~b)All s amp le s  sea led  30 ra in  in  b o i l i n g  w a t e r  a t  pH 6.0. 
~c)Weight loss in  h i g h  v a c u u m  a t  r o o m  t e m p e r a t u r e ,  a l l  o the r  

losses i n  t h i s  c o l u m n  by  h e a t i n g  to 90~ in  low v a c u u m .  
ed) Th is  c o a t i n g  was  d r i e d  a t  9O~ before  sea l ing .  The  r e s i d u a l  

w a t e r  c o n t e n t  a f t e r  d r y i n g  wa s  0.5%. 
~e) Th i s  s a m p l e  i g n i t e d  a t  600~ 

We regard  the nmr  va lue  for physical ly  adsorbed 
water  to be accurate to about ___10%. The difference 
be tween the weight  loss and the nmr  value  thus repre -  
sents water,  held as A1-OH2 or A1-OH, which is lost 
easily, therefore  not avai lable for analysis as chemi-  
sorbed water  in the next  step. The difference is added 
to the nmr  value for total  water  loss as a correction 
(column 7, Table I) .  It  is, of course, not added to the 
gravimetr ic  value  since the total  weight  loss (column 
6) a l ready includes it. The values for chemisorbed 
water  in columns 4 and 5 are the apparent  wa te r  con- 
tents of the "dr ied"  oxide. 

The total  water  de termined  by nmr  is always equal 
to or higher  than the value obtained gravimet r ica l ly  
except  for the sample ignited to 600~ This difference 
appears also in columns 4 and 5 for chemisorbed water  
and probably results f rom react ion of water  released 

400~ 
from the oxide on the substrate, 2A1 -5 3H20 ) 
A12Os + 6H2. This react ion would result  in a loss of 
protons wi thout  an appreciable  accompanying weight  
loss. 

We therefore  regard the nmr  values to be a bet ter  
measure of wa te r  content  and distr ibution than the 
gravimetr ic  values but  the nmr value  for chemisorbed 
water  must  be corrected by gravimet r ic  measurement  
in the first step of the analysis. The resul ts  are  sum- 
marized in Table II which include the residual  water  
content  af ter  ignit ion at 400~ Table  II also shows the 
l ine-widths  of the chemisorbed wa te r  spectra which 
give information,  discussed below, on the s t ructure  of 
the surface. 

The re la t ive  wa te r  contents of about  1-4% physi-  
cally adsorbed and 11-12% chemisorbed water  are in 

2.0  

~o 

J 1.0 
.e: 

0 I00 200 300 400  500 600 

Temperature, ~ 

Fig. I. Thermogrovimetrie analysis of ]8..5 mg of sealed oxide 
heated at |O~ in a 30 ec/min H2 purge, 

<~* Sea led  30 m i n  b o i l i n g  w a t e r ,  p H  6.0. 

agreement  wi th  the estimates of O'Sul l ivan,  Hockey, 
and Wood (3) on the re la t ive  amounts  of free and 
bound water .  

Gas adsorption.--Our analysis of the gas adsorption 
data  follows s tandard procedures  discussed by Barret t ,  
Joyner ,  and Halenda  (8); Lippens (9);  and Brunauer ,  
Emmett ,  and Tel ler  (11). The adsorption isotherms 
permi t  two independent  calculations of the surface 
area, Scum and SBET. Values of Scum were  determined 
by the Barret t ,  Joyner ,  and Halenda method.  In pr in-  
ciple, the mean pore radius is g iven by 

2Ve 

S 

where  Vp is total pore vo lume and S is the surface 
area presented by the pores. This assumes uniform, 
cylindrical,  nonintersect ing pores. Such a pore wil l  fill 
by capil lary condensation when  the pressure of the gas 
above the capi l lary reaches a pressure given by the 
Kelv in  equat ion 

P 2~V cos 0 
L n - - - -  

Po RTrk 

where  P/Po is the re la t ive  vapor  pressure of the con- 
densed gas, �9 is the surface tension, 8 is contact angle, 
V is the molar  volume of the condensed gas, and rk is 
the kelvin radius of the pore. In practice the pores are 
not all the same size and condensation wil l  occur over  
a range of re la t ive  pressures. Thus rk is obtained over  
each increment  of pressure and 

2Vp 
S =  

Tk 

is calculated for that  increment .  
Also in practice, as gas adsorbs on the pore walls 

the effective pore radius changes wi th  each monolayer  
of gas adsorbed. This effect is accounted for in the Bar -  
rett, Joyner,  and Halenda method by measur ing  the 
amount  adsorbed at 64 s tandard values of the  re la t ive  
pressure, P/Po, for which corrections for the adsorbed 
thickness have been tabulated.  

The value  of SBET is obtained f rom an analysis of the 
isotherm data using the BET equat ion 

P 1 ( C -  1)P 
= ~ - } -  

X (Po -- P) XmC X,~CPo 

where X is the weight (g) of adsorbant per gram of 
sample at pressure, P, and Xm is the weight of adsorbant 
per gram of sample at full monolayer coverage. C is a 
constant for a given gas and surface, containing, among 
other parameters, the energy of activation of ad- 
sorption and the vibration frequencies of the adsorbed 
molecules. If P/X(Po -- P) is plotted vs. P/Po a 
straight  line of slope S = C -  1/XmC and intercept  
i = 1 /X~C is obtained. Solving the  two equations 
s imultaneously gives the values  of the two unknowns,  
X, ,  and C. The value of SBET is obtainable f rom X~, 
using a value of 16.2A 2 as the area occupied by one 
adsorbed ni t rogen molecule.  Since the va lue  of Scum 
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Table III. Nitrogen absorption on anodic oxides 

S a m p l e  

S u r f a c e  a r e a  
(m2/g) 

M e d i a n  Pore  Scum<*} 
radius volume desorp- 
(A) (craB/g) t i on  SB~T 

1 U n s e a l e d  58 0.17 60.5 62.5 
2 U n s e a l e d  63.1 0.11 41.9 24.0 
3 U n s e a l e d  51.9 0.085 44.1 16.6 
4 U n s e a l e d  59.8 0.20 32.8 21.8 
5 Sea led  2 w e e k s  o v e r  r o o m  

t e m p  w a t e r  v a p o r  19.8 0.04 33.7 5.1 
6 S e a l e d  2 w e e k s  o v e r  r o o m  

t e m p  w a t e r  v a p o r  25.8 0.05 39.4 33.8 
7 S e a l e d  2 w e e k s  o v e r  r o o m  

t e m p  w a t e r  v a p o r  64.4 0.02 12.0 5.0 
8 Sea led  2 w e e k s  o v e r  r o o m  

t e m p  w a t e r  v a p o r  29.1 0.04 25.9 4.9 
9 Sea led  1 m i n  b o i l i n g  w a t e r  15.2 0.007 9.0 

10 S e a l e d  10 m i n  b o i l i n g  w a t e r  21.0 0.009 8.4 27.2 
I I  S e a l e d  30 m i n  b o i l i n g  w a t e r  18.9 0.0092 9.9 8.0 
12 Mode l  (Unsea led )  90(") 0.105 ~ 23.4 
13 M o d e l  (Sealed)  20 <b~ 0.052 ~ 5.2 

(a~ M o d e l  a s s u m e s  9.5 X 10 l~ p o r e s / c m  2 a nd  an  a p p a r e n t  ox ide  
d e n s i t y  of 2.3 g/cm3. The  p o r e  r a d i i  are  e s t i m a t e s  based  on e l ec t ron  
p h o t o m i c r o g r a p h s  of Ref. (16). 

<b) Po re  r a d i u s  fo r  m o d e l  a s s u m e d  to be 20A a c c o r d i n g  to gas  ad-  
s o r p t i o n  d a t a .  

r F r o m  d e s o r p t i o n  d a t a .  

arises from specific assumptions concerning the shape 
of the pores and SBET makes no assumptions of pore 
shapes, an agreement  be tween Scum and SBE w implies 
that  the assumptions implicit  in the value of Scum (cy- 
lindrical,  uniform, nonintersect ing pores) are valid. It 
is seen from Table III  that  they are not equal. This 
implies, that in the equation 

2 v p  

r is too small, one in terpre ta t ion of which is that the 
pores are bottle shaped or that  each pore has a variable  
radius. 

This in terpre ta t ion would account for the hysteresis 
observed in the isotherm of Fig. 2 and in the different 
radius dis t r ibut ion curves for adsorption and de- 
sorption of Fig. 3. We choose not to belabor this in ter-  
pretation, however. An equal ly  plausible mechanism, 
described by Cohan (12), considers cylindrical  pores to 
fill by adsorption on the pore walls present ing a cyl in-  
drical meniscus and to desorb by the Kelvin  mecha- 
nism from a hemispherical  meniscus. 

In  view of the rather  poor reproducibil i ty of the pore 
volumes (0.085-0.20 cmS/g) and surface areas (32.8-60.5 
m2/g) for unsealed coatings it does not appear enl ight-  
ening to pursue fur ther  the question of pore shapes. 
The poor reproducibi l i ty  probably arises from (i) 
necessarily small oxide sample weights, (ii) relat ively 
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Fig. 2. Typical nitrogen adsorption-desorption isotherm of an 
unsealed oxide. 
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Fig. 3. Typical pore radius distribution curve for an unsealed 
oxide. The larger radius curve is from the adsorption leg, the 
smaller one from the desorption leg. 

low porosity of the sample, and (iii) relat ively poor 
reproducibi l i ty  of the surface character. The results 
are good enough, however, to make comparisons to 
other results in the l i terature and to compare to cur-  
rent  models of the coating structure. 

The surface areas we obtain are roughly the same 
as those obtained by Burwell ,  Smudski,  and May (13); 
Cosgrove (14); and Paolini, Masoero, Sacchi, and 
Paganel l i  (15), al though direct comparison is difficult. 
Burwel l  et  al. report  600 cm 2 real surface per cm 2 
geometrical surface on coatings formed at about  14 
A/ f t  2 and 17V in 15% H2SO4 at 21~ If we make a rea- 
sonable assumption of coating density, this converts to 
about 19 m2/g (for an apparent  density of 2.5 g /cm :~ 
and the density may be somewhat higher).  They esti- 
mated a pore radius of 53A and 1.55 • 1011 pores/cm 2. 
Cosgrove finds 81A radii  pores by n - b u t a n e  adsorption 
and a surface area of 680 cm 2 per cm 2 of geometrical 
surface. This also converts to about  19 m2/g if the den-  
sity is taken as 2.5 g /cm 2. Cosgrove and Paolini  et al. 
report isotherms that are somewhat steeper than ours 
in the capil lary condensation region and they do not 
observe hysteresis. 

Based on unpubl ished pore counts (9.5 X 101~ from 
electron micrographs observed earlier in this labora- 
tory for comparable coatings (16) and assuming 100A 
radius cylindrical  pores, we calculate a surface area 
of 26.0 m2/g for coatings having our exper imental  den-  
sity (2.3 g/cm3). For  60A radius pores, the calculated 
area is about 16 m2/g. Alternat ively,  using our experi-  
menta l  values of the radius (60A) and surface area 
(20 m2/g),  the calculated pore densi ty is 1.2 X 1011 
pores/cm 2. 

In any event, the gas adsorption data is consistent 
with a pore model with pore counts and pore d imen-  
sions about the same as found by other workers from 
both gas adsorption and electron microscopy. The pore 
radii, volumes, and surface areas of sealed coatings are 
interesting. Sealing, either by boiling water  or by 
vapor does not close the pores ent i re ly  (note radii  of 
15 to about  30A, discounting the one value of 64.4A). 
Boiling water  seals result  in a lower pore volume and 
surface area than vapor aging al though there is not 
much difference in pore radii  between vapor aged and 
boiling water  sealed samples. 

The n m r  spectra also provide informat ion on surface 
areas in two ways (5). The first method is an estimate 
of surface hydroxyl  content  from the width of the 
broad hydroxyl  signal. I t  is based on the fact that  
motional  nar rowing  of the signal occurs for surface 
protons to a greater  extent  than for protons bound to 
oxides on a crystalli te interior. A silica gel having 
only surface hydroxyl  groups has a width of 0.310G 
(6). Gibbsite with only inter ior  hydroxyl  groups has 
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a width  of 12.75G. Using these two standards and as- 
suming a l inear relat ion be tween line width and 
re la t ive  surface concentrat ion gives the equat ion 
F ---- (12.75 -- .~H)/12.44 where  F is the fraction of total 
protons residing on the surface. 

The width  of the hydroxyl  signal on an unsealed 
coating containing 3% OH is 5.5G. The value  of F is 
thus 0.58. The area covered by OH in the unsealed 
coating is S : CFNSo  where  C is moles of OH per 
gram of oxide, N is Avogadro 's  number,  and So is the 
area (in square meters)  occupied by one OH group. 
Peri  (17) gives a va lue  of So of 8A 2. The value of S is 
thus 49 m2/g which is about twice that  obtained from 
nitrogen absorption. We conclude that  the major  pore 
surface is near ly  completely  covered by OH wi th  the 
remainder  of the hydroxyl  groups distr ibuted over  
crystal l i te  surfaces in the pore walls and on the in- 
terior  of crystallites. 

A related empir ical  re lat ion was developed from a 
comparison of a luminum-27 spectra wi th  proton spec- 
tra for a series of nonanodic aluminas. This showed 
that  the average  l ine -wid th  of hydroxyls  in the first 
two layers of a crystal l i te  is 2.5G. Comparison of this 
and gibbsite gives the relat ion F2 : (12.75 -- • 
where  F2 is the fract ion of hydroxyl  protons in the first 
two layers (5). For  the unsealed coatings F~ is 0.71. 

The second est imate of surface area is based on an 
empir ical  inverse l inear  relat ionship observed between 
BET surface areas and l ine-widths  for OH on the sur-  
face of desiccant a luminas  (5). This relation, expressed 
as ~H ---- 13.20 -- 0.0243 SBET gives a value  of the sur-  
face area of the unsealed coatings of 317 m2/g. The ob- 
vious discrepancy between this value  and the gas ad- 
sorption results  can be rat ionalized easily by a model  
which assumes the  coating to consist of submicro-  
crystal l i tes penet ra ted  by pores in the classical sense. 
Apparent ly,  only the major  pore surfaces are accessible 
to ni t rogen in the times al lowed for establ ishment  of 
equi l ibr ium in the isotherm experiments ,  but  in the 
course of their  format ion or on long exposure to water  
vapor  or shorter  exposure  to higher  t empera tu re  water,  
water  can penetra te  into the pore walls. A possible 
mechanism of water  penetra t ion would be a hydroxyl  
migrat ion f rom site to site across an oxide crystallite. 

This model  is supported by the wate r  contents of 
sealed coatings. The l ine width  of the hydroxy l  signal 
is 7.0G which corresponds to 260 m2/g where  F ---- 0.46 
as the fraction of total  OH on the surface. Using 8A 2 
surface per OH we calculate a surface capacity of 4.9% 
H20 (as OH).  If this represents  46% of the total, the 
total combined water  content  is 10.7%, in reasonable 
agreement  wi th  the exper imenta l  values of Table II. 

Fur the r  support  comes from an analysis of the water  
contents of coatings formed in an electrolyte  of 5-sul- 
fosalicylic acid and sulfuric acid. A pre l iminary  anal-  
ysis of two of these sealed films showed a hydroxyl  
line wid th  of about 12G and a total  wa te r  content  of 
about 3%. The 12G line width corresponds to a surface 
area of 50 m2/g which, compared to the sulfuric acid 
film, should have a capacity of 50/260 • 11 ---- 2.1%. 

We wish to compare the specific vo lume of the pore 
wall  oxide to an oxide having no intercrysta l l i te  void 
volume in order to est imate the intercrysta l l i te  void 
volume of the pore wal l  oxide. Since we assume the 
crystal l i tes  in the pore wall  to have a close-packed 
oxide structure,  the best comparison is probably with 
aA1203. The apparent  coating density is 2.3 g / c m  8 and 
the specific vo lume is 0.44 cmS/g. I f  the ma jo r  pore 
volume of about 0.1 cm~/g is subtracted f rom this the 
specific volume of pore wall  oxide is 0.34 cma/g. The 
single crystal  density of aA1203 is 3.97 g / cm 3 and the 
specific vo lume is 0.252 cm3/g. The ratio 0.252/0.34 ---- 
0.75 gives an intercrysta l l i te  void volume of pore wal l  
oxide of 25%. 

It can be shown that  each sphere in a collection of 
spheres in cubic close packing occupies a volume of 
about 5.6 r 8 where  r is the sphere radius. This volume 
includes the in tercrysta l l i te  void volume associated 
wi th  each sphere. The actual vo lume of the sphere is 

4/3 ~r 3 or 4.2r 3. The ratio of actual vo lume  to apparent  
volume is 0.75 in agreement  wi th  the exper imenta l  
value. Thus, the oxide s t ructure  can be described in 
te rms  of a model  consisting of c lose-packed oxide 
crystallites. If  the volume of a model  crystal l i te  is 
5.6r 3, n crystal l i tes has a volume, V(n)  ---- 5.6r3n ----- 0.34 
cm3/g. If the total crystal l i te  area is 317 m~/g, the 
area of one crystal l i te  is 3.17 • 106/n ~ 4~r 2 cm3/g. 
From these two equations, the radius of the crystal l i te  
is calculated to be 24A, which is reasonable in view of 
the weak electron diffraction pat terns  obtained f rom 
anodic oxides (18). 

Conclusions 
Over  half  of the combined water  in a sealed oxide 

resides within the first two oxide ion layers of a sur-  
face. In order to account for a surface area of this mag-  
nitude, capable of accommodat ing as much surface 
water  as is observed, we  postulate a sumicrocrystal l i te  
mater ia l  penetra ted by classical pores. The surface 
area and oxide density is consistent wi th  a close- 
packed spherical crystal l i te  model  in which the crys-  
tall i te d iameter  is about 40A. Only the major  pore sur-  
faces are accessible to ni t rogen or other  gaseous ad- 
sorbants but the crystal l i te  surfaces are  accessible to 
water  in a react ion that  is slow at room temperature .  
Coatings exposed to boiling water  for 30 rain absorb 
about the same quant i ty  of water  as similar  coatings 
exposed to saturated wate r  vapor  at room tempera ture  
for two weeks (4). Fur thermore ,  the re la t ive  amounts  
of physically and chemical ly  adsorbed water  are about 
the same; whe ther  sealed in boiling wate r  or by water  
vapor  adsorption. 

There is a difference, however ,  in porosi ty between 
films sealed by boiling wate r  and by room tempera ture  
vapor. Boiling wate r  sealing results in smaller  pores, 
smaller  pore volumes, and lower surface areas, even 
though the wate r  contents of the films sealed by the 
two methods are the same. The part ial  pore closure 
observed for the vapor  sealed films is probably the 
result  of a swell ing that  must  occur when the crystal-  
lite surfaces adsorb water .  The additional pore closure 
for boiling water  sealing may be the result  of a dissolu- 
tion and reprecipi ta t ion of oxide near the pore mouth 
as suggested by Spooner  and Forsyth  (1). 

One of the somewhat  surprising results of this study 
was the observat ion that  some proton containing spe- 
cies other  than physical ly adsorbed molecular  wa te r  
can be removed from the oxide re la t ive ly  easily by 
gentle heat ing (90~ or room tempera ture  evacuation. 
Water  (or, at least the e lements  of water )  probably oc- 
cur on the surface as A1--OH ~I), A1--OH2 (n), and A1--O 
- - - H-OH ~Hz~. The first two structures are responsible 
for the broad line (about 3-13G, depending on the 
re la t ive  concentrat ion of surface to inter ior  species). 
The last structure,  physically adsorbed water  is re -  
sponsible for the nar row line (about 0.2G). Per i  has 
described a model  A1203 surface to account for dif- 
ferences in ease of dehydrat ion of the oxide surface 
(17). According to his model  adjacent  hydroxyl  groups 
combine to lose water  randomly  subject  to the restr ic-  
tion that  e i ther  adjacent  0 2 -  pairs or adjacent  ex-  
posed A1 a+ pairs constitute higher  energy sites, mak-  
ing H20 removal  from such sites more  difficult. We 
postulate that  coordinated water  (s t ructure II) should 
be removed more easily than water  condensed f rom 
adjacent hydroxyl  pairs and it is this form of water  
that  is removed most easily, along with  the physically 
adsorbed water.  

One important  practical  consequence of the re la t ive  
ease of removal  of s t ructural  water  is the possibility 
that  a water  loss-gain cycle is set up on anodized alu-  
minum articles exposed to t empera tu re  and humidi ty  
changes. Such a cycle could have the effect over  a 
period of t ime of loosening some of the oxide to form 
the powdery  deposit  called bloom or blush. This possi- 
bi l i ty  is now under  investigation.  
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Note added in proof: The broad- l ine  species lost 
easily at low temperatures  may  result  from conden-  
sation reactions occurring in gelatinous, hydra ted  alu-  
mina  deposited in the pores and near the oxide surface, 
- -A1- -OH + HO--A1--  --> --A1--O---A1--  + H20. This 
type of reaction would break one A1---O bond but  
would establish another  A1---O bond. On the other 
hand, a condensation of OH groups from two neigh-  

OH OH O 

boring sites on a surface, A1 A1 ~ A1 A1 + H20 or 
OH OH O 
I I / \ 

A1 A1 --> A1 A1 + H20, would break one A1--O 
bond and either leave a Lewis acid site or result  in a 
change in A1 coordination number .  The condensation 
occurring in a gelatinous a lumina  should be more 
favorable energetically and could account for the 
easily lost broad- l ine  species. 
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A Negative-Ion Type Instability in MOS Devices 
Earl S. Schlegel *'1 and George L. Schnable *,~ 

Philco-Ford Corporation, Blue Bell, Pennsylvania 19422 

ABSTRACT 

A hot-bias instabil i ty capable of shifting threshold voltages to positive 
values has been observed in the field oxide of MOS devices that  have stable 
gate oxides. The instabi l i ty  is a t t r ibuted to a contaminant  that  is introduced 
dur ing  thermal  oxidation or other h igh- tempera ture  processes, and is be- 
lieved to be due to an immobile negative ion coexistent with a mobile positive 
ion. The activation energy and mobil i ty of the mobile charge are similar to 
that  of sodium in SiO2. The effects of differences in processing are discussed. 

The electrical properties of thermal ly  grown SiO2 
and of its interface with silicon have been the subject 
of extensive studies designed to create and improve 
the technology for bui lding planar  diodes, transistors, 
and integrated circuits. These properties, to a large 
extent, control the performance, yield, and  rel iabil i ty 
of both bipolar and MOS devices. 

A number  of papers have been published that  de- 
scribe the electrical properties of thermal ly  grown 
SiO2 in detail (1, 2). This l i terature contains little in-  
formation on negative charge in thermal ly  grown SiO2 
layers. Ker r  (3) found that net  negative charge can 
be bui l t  up in lead-alumino-borosi l icate  or z inc-a lu-  
mino-borosil icate that  has been deposited by sedimen- 
tat ion techniques, if the s tructure is heated with an 
applied negative bias. Snow and Dumesni l  (4) have 
shown that net  negat ive  charge can be developed in 
lead glass due to a combinat ion of positive mobile lead 
ions and immobile negative ions. Snow and Deal (5) 
showed that  net  negative charge densities could be 
created in P205 (15 mole per cent) containing SiO2 
layers, due to dipolar polarization under  negative bias 
at an elevated temperature.  Kuper  et al. (6, 7) reported 
that  Br from NaBr par t ia l ly  neutral izes the effects 

* Elect rochemical  Society Act ive  Member .  
1P re sen t  address :  Wes t inghouse  Research  Laborator ies ,  Beulah  

Road, Churchi l l  Boro, P i t t sburgh ,  Pennsy lvan ia  15235. 
P resen t  address :  RC& Corporat ion,  Dav id  Sarnoff  Research  Cen- 

ter~ Princeton,  New J e r s e y  08540. 
Key  words :  SiO.~, MOS device  instabil i ty,  MOS device fa i lure  

mechan i sm,  nega t ive  ions in  SiO2, alkal i  ions in SiO2. 

of positive ions in SiO2 and that  this Br diffuses much 
more slowly than sodium at 80O~ Gold is reported 
to be negat ively ionized in SiO2 (8-10). Chang and 
Tsao ( l l )  reported that  zinc behaves as a negative 
charge in SIO2, but  they did not show a net  negative 
charge per uni t  area. Brotherton (12) has shown that 
p la t inum can create a large negat ive charge density 
in SiO2 layers. Dunbar  and Hauser (13) found a mobile 
negative ion that builds up large net  negat ive  charge 
densities in unannea led  pyrolytic SiO2 layers. Iwauchi  
and Tanaka  (14) reported on a negat ive- ion type of 
instabil i ty in Si-SiO2 structures that  were formed by 
d-c reactive sputtering. They interpreted their  observa-  
tions in terms of a mobile negative ion and reported 
that it could be immobilized by phosphorus in a m a n -  
ner  similar to that  used widely in the indus t ry  to 
immobilize positive mobile ions such as sodium. 

Many studies of thermal ly  grown SiO2 layers have 
shown that  the as-formed condit ion (or the condition 
after the sample has been heated to 300~ with the 
metal  electrode on the oxide shorted to the substrate) 
for mobile charge in the oxide is such that  the flat- 
band voltage is near  its least negative point. Radio- 
chemical studies (6, 7) have shown that  the mobile 
charge species in this case are alkali ions- -most  fre- 
quent ly  sodium. 

Two recent papers have described the existence of 
a negat ive- ion type of instabi l i ty  in thermal ly  grown 
oxides. Reynolds et al. (15) showed a decrease in the 
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After 12 Minutes at 300~ 
with OV on Gate 

-50 

I 
After 12 Minutes at 300~ 

with -36V on Gate 

o 
Gate Voltage, volts 

+50 

Fig. 1. Effect of Qneg on the characteristics of p-channel MOS 
transistors located in different areas of a single wafer. 

threshold voltage of thick oxide transistors designed 
for use as MOS test vehicles, due to step-stressing 
involving a negative bias. Deal (16) reported that  
negative ions, that are not mobile at 300~ can contam- 
inate oxides at temperatures  of about 900~ and make 
silicon surfaces p-type.  

In  this paper, we report  on the results of experi-  
mental  studies of negative charge in thermal ly  grown 
SiO2 layers of the type used widely in the indus t ry  for 
field oxides in MOS microcircuits. The results of a 
study of the characteristics of this type of charge are 
reviewed and a model is proposed. 

Exper imenta l  Findings 
GeneraL--The charge that is the subject of this pa- 

per is set apart  from other mobile ion instabili t ies by 
a distinctive characteristic. This is that  after the device 
has been fabricated or after it has been baked under  
shorted conditions, a bake with negative applied bias 
causes the capacitance-voltage characteristics of an 
MOS capacitor or the current-vol tage  characteristics of 
an MOS transistor to shift in the positive voltage direc- 
tion. This shift sometimes changes the f la t -band or in-  
version voltage to positive values; that  is, the net  
effective charge densi ty takes on negative values. 
Changes of this magni tude  are shown in Fig. 1 for 
p-channel  MOS transistors designed for use as test 
structures and fabricated in our laboratory. The oxide 
in the gate region was 15,000A thick, and it was formed 
by the processes being used to form the field oxides 
in MOS microcircuits ( thermal  oxidation by a dry-  
we t -d ry  process, at 120O~ The silicon was <111> 
orientation,  phosphorus doped, with a resist ivi ty of 
5 ohm-cm. The metaIlization was e -gun  evaporated 
a luminum. 

In this paper we define Qneg as the difference be-  
tween the effective charge densities after a drift  at 
300~ under  negative applied voltage and an anneal  
at 300~ under  short-circui t  conditions. 

We have found significant amounts  of Qneg in sam- 
ples from three other manufacturers ,  and we have 
found lit t le to indicate that  any manufac ture r  is free 
of this instabili ty.  (The problem is more readi ly  un -  
covered in the samples from some manufac turers  than  
from others because some microcircuit  chips are made 
with discrete test s tructures and others are not.) Table 
I shows typical data taken from devices from three 
other manufacturers .  

Spatial distribution.--This negat ive- ion type insta-  
bi l i ty is almost never  observed in the gate oxide, even 
in samples in which it occurs to a strong degree in 
the field oxide. 

When Qneg is found on a wafer, its dis t r ibut ion over 
the area of the wafer is nonuniform,  as shown in Fig. 
1. The data in Fig. 1 were taken from randomly  chosen 
regions over the area of a single wafer. Each curve 

Table I. Field inversion voltage instability in MOS IC's 
commercially available from three other manufacturers 

A f t e r  b a k e  u n d e r  A f t e r  b a k e  
s h o r t - c i r c u i t  w i t h  n e g a t i v e  

M a n u f a c t u r e r  cond i t ions ,*  V a p p l i e d  bias,  �9 V 

A 47 44 
47 47 
5 8  10 
44 27 
48 25 

B 15 14.5 

C 33 1 
34 4 

* D r i f t i n g  w a s  p e r f o r m e d  at  300~  f o r  12 ra in  w i t h  e i t h e r  0 or  
- -30V app l ied .  

Table II. Data from etching experiment to determine 
location of negative charge 

Effec t ive  cha rge  d e n s i t y  ca l cu l a t ed  
f r o m  the  f l a tband  v o l t a g e  

(10 n e h a r g e s / c m  2) 

A f t e r  - -36V d r i f t  A f t e r  0V d r i f t  

U n e t c h e d  layers  -- 7.7 to  + 3.3 + 3.4 to + 4.0 
(2~ th ick)  
E t c h e d  l ayers  + 1.7 to  + 2.6 + 3.1 to  + 3.7 
(1/~ th i ck )  

represents the cur rent -vol tage  characteristics of a 
single transistor. 

An etching exper iment  on an oxide sample that  con- 
tained Qneg showed both a reduction in the mobile 
and in the net negat ive charge when  1~ of the 2-~ 
thick oxide was etched away. The data in  Table II 
show that  most of the mobile charge and most of the 
negative charge were located in the outer half  of 
the oxide. 

Metallization e~ects.--The negat ive- ion type insta-  
bi l i ty has been found in unmetal l ized samples that  
were drifted with a gold ball  probe and under  elec- 
trodes formed with a conductive paste. 

Differences in the tempera ture  or ambient  composi- 
tion dur ing the alloying of the a luminum metal  do 
not affect Qneg. Exper iments  in  which the a luminum 
was removed from metall ized samples that  were sub- 
sequently remetall ized showed no significant change 
in the level of Qneg. 

High-temperature process el~ects.--The differences 
between the processes used to grow the gate and the 
field oxides that  cause the difference in Qneg in these 
oxides are believed to be the tempera ture  and humid-  
ity leveIs used to grow the oxides. The field oxide 
is grown at 1200~ in oxygen bubbled through water  
at 95~ The gate oxide, grown in regions from which 

I I / I  I 
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/ 
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.E / 

o* / 
[ I I 1 
1 2 3 zl 

Qn~J in Capacitor (1011 c~arges/cm 2) 

Fig. 2. Comparison of Qneg in MOS capacitors and MOS trans- 
istors on the same wafer. 
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Fig. 3. Temperature dependence of the time required to drift 
Ones. 

the field oxide was removed, is grown at 10OO~ in 
dry  oxygen. 

Extensive studies lead to the conclusion that  Qneg is 
always dependent  on conditions involved in proc- 
esses performed above 600~ 

Gettering.--We find that  Qneg densities of 5 • 101~ 
cm -~ can be decreased to less than 1 X 10 TM cm -2 by 
phosphorus or HC1 t reatments  of the type known to 
immobilize sodium ions (17-20). The phosphorus was 
deposited from a POC18 source onto wafers at 1000~ 
for 5 min. The phosphorus glass was not stripped, and 
the phosphorus was dr iven  in for 10 min  at 1000~ 
In  the case of HC1, the sample was heated in 2% HC1 
in N2 at 100O~ for 30 min. 

We find that  Qneg is affected by the proximity  of a 
pn junct ion,  as shown in  Fig. 2. This is s imilar  to the 
effect of a pn junc t ion  on positive mobile ion densities 
(Qo) reported in Ref. (21). 

Kinetics of the instability.--There appears to be 
no difference between the drift  rates for the init ial  
drift  and a subsequent  recovery drift  of Qneg such as 
that  usual ly found for positive mobile ions (22). 

The Qneg ions are near ly  immobile at room temper-  
ature both before and after they have been drifted 
at 30O~ although shifts into the positive quadran t  
have been found after a bias of 105 V/cm was applied 
for 425 hr  at room temperature.  At 3O0~ a similar  
shift occurs in less than  12 rain. 

Measurements of the drift  rate of Qneg have been 
taken as a funct ion of temperature,  and an activation 
energy of 32 kcal /mole has been calculated. This 
value agrees very  closely with that  reported by Hof- 
stein (22) and by Snow et al. (23) for sodium ions. 
Our data are shown in  Fig. 3. 

7 I 8 11 
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2 t ~ i  . " - �9 �9 , 

I t ? ; . ' " . .  �9 . .  
0 �9 �9 
0 I0 20 30 40 50 

Oo (1011 charges/cm2) 

Fig. 4. Comparison between Qneg and Qo (300~ in MOS 
capacitors. 

Comparison of Qneg and Qo.--An effort to determine 
whether  there is a correlation be tween Qneg and the 
density of positive mobile ions (Qo) in individual  MOS 
capacitors yielded the results given in Fig. 4. The 
broken line shows the locus of points where the den-  
sities of the two types of charge would be equal. These 
data show that  Qneg is always less than Qo and that  
there is no clear correlation between these two types 
of charge. 

Model 
The negat ive- ion type instabi l i ty  must  involve a 

mobile ion species ra ther  than  dipole polarization 
because the shift along the voltage axis is f requent ly  
found to be greater  than the voltage that  was used 
to induce the shift. Two possibilities exist: there 
could be (a) negative mobile ions or (b) negative im-  
mobile ions in combinat ion wi th  positive mobile ions. 

Based on  previously reported informat ion (7) that  
anions are only mobile at temperatures  of about 80O~ 
or higher and on our observation that  the instabi l i ty  
appears to be introduced only dur ing  processes that  
involve temperatures  above 600~ we infer (24) 
that the instabi l i ty  is due to an immobile anion con- 
t aminan t  that is introduced dur ing a high temperature  
process, in combinat ion with a mobile cation be- 
lieved to be sodium. The anion contaminant  appears to 
be related to sodium, and sodium ions are typically 
found in samples that have the negative ion contam- 
ination. Apparent ly ,  the presence of the anion causes 
the sodium to be distr ibuted to some extent  through 
the thickness of the oxide layer, in contrast  to the 
usual tendency for the sodium to lie near  the metal -  
oxide interface. 

Conclusions 
An instabi l i ty  has been observed in the field oxide 

of MOS microcircuits that  has been a t t r ibuted to a 
combinat ion of positive mobile ions, probably  sodium, 
and negative immobile ions that  are due to a contam- 
inant  that  is introduced during a h igh- tempera ture  
processing step such as oxidation. 

The inversion voltage under  metal  lines over field 
oxide of commercial ly available MOS-integrated cir- 
cuits can be degraded to the point  where the opera- 
t ing voltage causes channel ing between two isolated 
p-regions and degrades or fails the circuit (25). 

The instabi l i ty  is found only in field oxides and 
therefore a test of stabil i ty of only the gate oxide is 
an insufficient test for the prediction of microcircuit  
reliability. 

The manufac ture  of reliable MOS microcircuits re-  
quires (a) an unders tanding  of the possible effects 
of negat ive- ion type instabili ty,  (b) the use of fabri-  
cation techniques which avoid ionic contaminat ion 
in field oxides or include gettering techniques, and 
(c) rout ine  qual i ty  control techniques to insure the 
stabil i ty of field oxides in completed devices. 

Manuscript  submit ted June  25, I971; revised m a n u -  
script received ca. Oct. 21, 1971. This was Paper  26 
presented at the Washington, D. C., Meeting of the 
Society, May 9-13, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1972 
J O U R N A L ,  
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Structure of Noncrystalline Co-25 a/o W Electrodeposit 
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ABSTRACT 

Noncrystal l ine electrodeposits of Co-25 atomic per cent (a/o) W prepared 
from ammoniacal  alkaline tar t ra te  electrolyte were studied by x - r ay  diffrac- 
tion. A model for the s t ructure  of this alloy was developed. The principal  
assumptions involved in constructing the model are based main ly  on require-  
ments  for the electrodeposition. The model requires that  the alloy consist of 
distinct basic s t ructural  uni t s  in the form of tetrahedra,  each composed of 
three cobalt atoms and one tungsten atom. The dimensions of this s t ructural  
uni t  correspond to those of the intermetal l ic  compound Co3W. Certain criteria 
.govern the bonding of the te t rahedra to form larger aggregates. The scatter- 
mg function calculated from the model agrees quite well  with the diffraction 
data. The model also accounts for differences in the composition of amorphous 
deposits prepared at different current  densities. The electrochemical require-  
ments  for the formation of this s t ructure by electrodeposition are discussed. 
The operation of similar processes in the electro- or chemical deposition of 
other alloys having stoichiometric composition is considered. 

Solid amorphous b inary  and te rnary  alloys of var i -  
ous compositions (1-4) can be prepared by several 
different techniques (1,2, 5, 6). Many of these alloys 
have x - r ay  diffraction pat terns which are very similar 
to one another. This implies similarit ies in the atomic 
distr ibutions of the respective alloys. A n u m b e r  of 
s t ructural  models have been considered to describe 
these distr ibutions (2, 7). In a ra ther  exhaust ive study 
(7) it has been shown that  these models general ly  do 
not give satisfactory agreement  with x - r ay  diffraction 
data or that  they conflict with physical parameters  
of the material .  

Recently it has been shown (8) that  for Ni -P  amor-  
phous deposit a model consisting of a dense random 
packing of hard spheres (9, 10) yields an atomic dis- 
t r ibut ion funct ion (11) which agrees quite well  with 
the pair  dis t r ibut ion funct ion deduced from x - ray  dif- 
fraction data. It is believed (8) that  s imilar  agreement  
should be found for other amorphous alloys possessing 
similar diffraction patterns. 

The dense random packing model in its present 
form is monatomic and treats all the atoms in the alloy 
as identical. Its usefulness in the case of Ni -P  appears 
to be related to the following properties of the Ni-P 
alloy examined:  (i) the difference in Goldschmidt 
atomic radii  of Ni and P is small; (ii) the contr ibut ion 
of P to the scattered x - r ay  in tensi ty  is relat ively small. 
Thus, in so far as atomic a r rangement  and x - ray  
diffraction are concerned, the phosphorus may be con- 
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sidered as a per turba t ion  in a pure nickel  amorphous 
structure. 

The present paper deals with the s tructure of Co-25 
a/o W alloy which has a diffraction pat tern  similar 
to that of the Ni-P. This Co-W alloy does not appear to 
satisfy the conditions required for the usefulness of the 
monatomic model approximation.  Furthermore,  from 
electrochemical and crystallographic considerations to 
be described, Co-25 a/o W amorphous deposit is ex- 
pected to possess a dist inctive short range order. The 
dense random packing model, even in a b inary  form 
which explicit ly recognizes the existence of the two 
atomic species, would not adequately treat  this crucial 
feature of short range order. Instead, a model for the 
structure of this alloy is developed ent i re ly  from elec- 
trochemical and crystallographic considerations. The 
scattering funct ion of this model is then calculated 
and is compared with the exper imental  results from 
x- ray  diffraction measurement .  

In  a previous paper (12) the relationship between 
cathode potential  and s t ructure  of deposits in the elec- 
trodeposition of Co-W alloys was reported. Since that  
paper was published in Japanese,  the per t inent  results 
will be summarized here. 

Electrodeposition of Co-W alloy from the ammonia-  
cal alkal ine tar t ra te  electrolyte has two main  electrode 
reactions. One reaction produces a cathode deposit 
which is a close-packed hexagonal  solid solution con- 
taining up to 17.9 a/o W. The second reaction produces 
a noncrystal l ine deposit having the stoichiometric com- 
position of Co3W. The occurrence of these two reac- 
tions is a funct ion of the cathode potential.  Within  a 
certain range of cathode potent ial  both reactions may 
be operative and the deposit will  consist of a mix ture  
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Fig. 1. Initial current density vs. cathode potential curve for 
deposition of Co-W alloy from ammoniacal alkaline tartrate elec- 
trolyte. [(NH4)2C406H4, 0.260 M/L; Na2W04, 0.247 M/L; COS04, 
0.013 M/L; at 80~ pH 8.7] 

of the two phases, viz., noncrystal l ine phase and cph 
phase. 

Figure 1 is the cathodic current  density vs. potential  
curve for this system. There are three impor tant  
ranges. In  range I the cathode potential  is less nega-  
tive than at iL and the deposit consists only of the cph 
solid solution phase. In  range II, from iL to bI, the de- 
posit is a mix ture  of the cph and noncrysta l l ine  phases. 
Within  range II the composition of the cph phase, as 
determined by gravimetric chemical analysis, remains  
constant  at 17.9 a/o W. However, in going from iL to 
bI the fraction of noncrysta l l ine  phase in the deposit 
increases so that the total tungsten content  of the 
deposit also increases; from 17.9 a/o W at iL to 22.2 
a/o W at bI. 

In ranges I and II the deposits are dense and can be 
electropolished to make thin foils for t ransmission 
electron microscopy. In  deposits prepared at bI no 
crystal l ine phase is detectable by electron microscopy 
at higher magnifications or by  selected area electron 
diffraction. (As will  be explained in the Discussion, the 
deviation of the composition from that  of Co~W is 
probably  due to excess cobalt rather  than to the 
presence of cph phase.) 

Deposits obtained in range III, where the cathode 
potential  is more negative than bF, consist only of the 
noncrystal l ine phase having the stoichiometric com- 
position of Co3W. These deposits contain considerable 
amounts  of hydrogen and, unl ike  the deposits of ranges 
I an II, are loose and cannot  be prepared as thin foils. 

I t  should be remarked  that  Fig. 1 is d rawn for the 
par t icular  case in which tungsten ions constitute 95% 
of the total metal  ions in  the solution, i.e., W / ( W  4- Co) 
m 0.95. The following deposition parameters  were 
fixed in  the experiment:  ammonium tar t ra te  0.26 M/L;  
total metal  concentrat ion (sodium tungstate  4- cobalt 
sulfate) 0.26 M/L;  pH ---- 8.7 as adjusted with ammo-  
n ium hydroxide (all reagents were special grade);  
bath tempera ture  80.0 ~ • 0.2oC; no agitation. If the 
tungsten concentrat ion is changed while keeping the 
total metal  concentrat ion fixed, the curve of Fig. 1 is 
displaced vertically; the current  densities at iL, bI, and 
bF increase proport ional ly  as the cobalt concentrat ion 
increases. However, the values of cathode potential  
which define the boundaries  of the three ranges are 
invariant .  The three ranges with their  respective de- 
posit structures were observed to occur throughout  a 
con t inuum of values of electrolyte tungsten concentra-  
t ion from 70-95%. Thus, the structure of the deposit 
depends chiefly on the cathode potential.  

Deposits of various thicknesses ranging from about 
10-50;L were prepared. Neither the composition nor 

x- ray  scattering pat terns  showed any  thickness de- 
pendence. Transmission electron diffraction pat terns 
of deposits prepared at bI  showed an essentially iso- 
tropic halo pat tern  characteristic of amorphous mate-  
rials. 

X-Ray Measurement  and Results 
For the present  investigation noncrysta l l ine  deposits 

of about 20~ thickness were electrodeposited onto mild 
steel substrates. The electrolyte had a molar  metal  
ratio of W / ( W  4- Co) = 0.80. The deposition param-  
eters were the same as in the previous work (12). 
Specimens were prepared potentiostat ically at bI  in 
region II and galvanostat ical ly at a cur ren t  density far 
above bF in region III. The thickness of 20~ was chosen 
so that  the deposits would appear near ly  infinite in 
thickness for the MoKa radiat ion employed in the 
x - r ay  scattering measurements .  

X- ray  scattering data were measured at room tem-  
perature in air using a Rigaku Denki  counter  diffrac- 
tometer equipped with the Type CN4133L generator. 
A rotat ing Mo target  operated at a high output  of 60 
kV and 100 mA, a bent  LiF monochromator  in the dif- 
fracted beam, and a scinti l lat ion counter  were used. 
Data were taken by a scanning at 1 ~ of 28 per rain 
and reading the chart  oscillations in steps of 0.2 o 2~. 
The ampli tude of random oscillations for all the scat- 
ter ing angles was less than 65 electron units  before 
damping correction. Fixed t ime counts were made at 
20 ~ 2~ (near  the position of the first max imum)  and at 
90 ~ 2e. The ratio of these values compared well  with 
the corresponding ratio taken from the chart. 

Figure 2 shows exper imental  interference functions 
for two specimens; one prepared in region III  (curve 
a) and the other prepared at bI  in region II  (curve b).  
These interference functions were extracted from the 
measured x - ray  scattering data by the procedure de- 
scribed in the Appendix. The interference functions 
for the two specimens are very near ly  the same in 
spite of the differences in over-al l  composition and oc- 
cluded hydrogen. Therefore, all  the deposits, those ob- 
tained at bI  as well as those obtained in region III, may 
be considered to have essentially the same structure, 
viz., amorphous CosW. Since the deposits have been 
found to be homogeneous and isotropic (12), the usual  
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Fig. 2. Comparison of calculated model interference functions 
(curves c, d) with experimental interference functions (curves a, b). 
Zeros of intensity are displaced, o, Specimen prepared in region 
III; b, specimen prepared at bl; c, 276 atom model aggregate; d, 
104 atom model aggregate. The circles ore the scatters at low 
angles for curve c ( 0 )  and d (0 ) .  
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techniques for analysis of diffraction pat terns of amor-  
phous mater ia ls  are  applicable. 

It  should be noted that  the loose nature  of deposits 
prepared in region III  prevents  accurate correct ion for 
x - r a y  absorption. Thus, curve  b is to be pre fe r red  for 
comparison between exper imenta l  and theoret ical  in- 
ter ference functions. 

Theoretical Calculations and Results 
Model: Basic Unit 

The calculat ion of the interference function, the 
double summat ion t e rm in Eq. [Al l ,  begins wi th  the 
selection of a model. As indicated above, the noncrys-  
tal l ine phase may  be considered to consist only of Co- 
25 a /o  W alloy. A simple model  wil l  have as its basic 
s t ructural  unit  a group of four  atoms; 3 Co and 1 W. 
These may  be ar ranged in the form of a te t rahedron 
with interatomic distances 2.560A for Co-Co and 
2.545A for Co-W. These are the interatomic distances in 
the Co3W ordered cph alloy (19) and they should be 
a good approximat ion  for  the amorphous alloy. Paul ing 
(20) or  Goldschmidt  (21) atomic sizes are not used 
since transi t ion elements  have  marked  electronic un-  
certainty, especially on al loying (22). This te t ra-  
hedral  model  is consistent wi th  the observed homo- 
genei ty  of the deposit (12) and with  the location of the 
first max imum in the x - r ay  scattered intensi ty distr i-  
bution. 

An  additional reason for the choice of a clustered 
a r rangement  comes f rom the fact that  tungsten does 
not electrodeposit  by itself f rom aqueous solutions 
(23) al though cobalt and cobal t - tungsten  alloys do. 
The te t rahedra l  basic unit  permits  each tungsten atom 
to be surrounded by cobalt atoms in the deposit. 

Model: Aggregate 
Having  assumed a basic s t ructura l  unit, the te t ra-  

hedron formed by three  cobalt atoms and one tungsten 
atom, it is necessary to consider the conditions which 
govern the bonding of basic units to form larger  ag- 
gregates. One condition, which shall  be called Cri ter ion 
I, is that  for a given number  of basic units the most 
stable of all possible aggregates wil l  be the one having 
the m a x i m u m  number  of first nearest  neighbor bonds. 
(If two or more  possible aggregates have the max imum 
number  of first nearest  neighbor  bonds, then the one 
with the m a x i m u m  number  of second nearest  neighbor  
bonds will  be the most stable.) Differences in atomic 
species are neglected. Cri terion I has been shown to be 
valid for pairwise interactions involving Morse or 
Lennard-Jones  potentials (24). Cri terion I was im- 
plicit ly applied in the choice of a te t rahedron as the 
basic unit. 

According to Cri ter ion I, when an addit ional  basic 
unit is added to a pre-exis t ing  aggregate (which may 
consist only of one basic unit  and which may  include 
substrate atoms),  one atom of the unit must bond to a 
te t rahedra l  site on the aggregate. Such te t rahedral  
sites are formed when  three atoms on the aggregate 
surface are bonded in the form of a triangle. Keeping 
in mind the facts that  tungsten cannot electrodeposit  
by itself f rom aqueous solutions and that  the aggregate 
has the stoichiometric composition of Co3W, Criterion 
II is introduced: deposition of a tungsten atom is pre-  
ceded by the deposition of three  cobalt  atoms which 
form a t r iangular  a r ray  to provide a te t rahedra l  site 
for the tungsten atom. Criterion II per imits  tungsten 
atoms to deposit only on te t rahedra l  sites formed by 
three  cobalt atoms. Cobalt atoms, however,  can deposit 
on any te t rahedra l  site. Al though Cri ter ion II is rea-  
sonable for  small  aggregates, it may  be somewhat  too 
restr ic t ive when  large aggregates are considered. 
Nevertheless,  the cr i ter ion is expected to be satisfied 
most of the t ime and depar tures  f rom the cr i ter ion in 
large aggregates should not grea t ly  al ter  the scattered 
intensi ty distribution. 

F igure  3 i l lustrates the way in which an addit ional  
basic unit  may  bond to a pre-exis t ing  aggregate. First  
one atom of the unit  bonds to a te t rahedra l  site. Then 

OU IU 

o 

oo .:?),o 

D 
Fig. 3. Illustration of possible bonding sites on tetrahedron 

the additional atoms of the uni t  take up positions so as 
to maximize the number  of first neares t  neighbor 
bonds. Thus, Cri terion I is satisfied. In Fig. 3 the three 
large circles represent  atoms on the aggregate surface 
which form a te t rahedra l  site. The shaded circle is a 
tungsten atom. The assumed growth sequence is that  
three cobalt atoms bond to the aggregate  to form a 
new te t rahedra l  site which can be occupied by a tung-  
sten atom (Cri ter ion II) .  The first cobalt a tom bonds 
to the te t rahedra l  site on the aggregate  (center of 
figure).  The second cobalt  a tom may  bond to any of 
three possible sites; I, O, or D. Once the second atom is 
bound to one of these three sites, the third atom can 
bond to e i ther  of two sites. For  example,  if the second 
atom bonds to site I, the third a tom can bond to site 
IU or to site ID. Al though the order in which the three 
cobalt atoms bond is immater ia l ,  a new te t rahedra l  site 
for the tungsten a tom can be formed only if the three 
cobalt atoms take up one of six possible configurations 
indicated in Fig. 3. 

Construction of model aggregate and the calculation 
of model interference function.--The assumed bond 
lengths in the basic s t ructural  unit  were  2.560A for 
Co-Co and 2.545A for Co-W. The difference in these 
bond lengths, less than 1%, was neglected and a nor-  
malized bond length of 2.550A was chosen for con- 
struction of model  aggregates as wel l  as for the calcu- 
lation of model  in ter ference  functions. This value for 
the bond length is an average ar r ived  at by assigning 
the Co-W bond length twice the weight  of the Co-Co. 
This weighing factor approximates  the re la t ive  fre-  
quencies and re la t ive  scat ter ing power  of Co-W and 
Co-Co pairs. 

The calculation of a model  in ter ference  function 
I~  (k) should be done using measured r~j data obtained 
by selecting each atom in turn  as an origin and mea-  
suring the distances to all the  other  atoms in the 
model, r~j data thus obtained direct ly  give the radial  
distribution function (RDF) if the model  is large 
enough compared to the atomic size. The size of the 
model  aggregate to be constructed is, however ,  limited. 
A significant distinction be tween  small  and large ag- 
gregates is that  in the former  the number  of atoms 
lying at or near  the surface of the aggregate  is a large 
fract ion of the total  number  of atoms. Therefore,  the 
over -a l l  shape of the model  should be near ly  spherical  
so that  the env i ronment  of an interior  atom of a very  
large aggregate  can be represented wi th  a min imum 
number  of spheres. 

To compute  the model  in ter ference  function, the 
atomic pair distr ibution function (PDF) of the model  
was measured. This was done by selecting one of the 
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interior spheres as an origin and measur ing the dis- 
tances to all the other spheres. These distances were 
normalized to give the actual  interatomic dimensions. 
This procedure was repeated to obtain the PDF's  with 
respect to four different interior atoms, three cobalt 
atoms, and one tungs ten  atom. The sum of the four 
PDF's, which should be approximately proport ional  to 
the RDF of a very large aggregate, was used to com- 
pute the model interference functions. 

Two different model aggregates were constructed 
according to the prescription described in the preced- 
ing section and the model interference funct ions were 
computed. The calculations were performed with the 
aid of a TOSBAC 3400/41 computer. 

The first model was bui l t  using 276 rigid spheres 
represent ing 207 cobalt atoms and 69 tungsten  atoms. 
In constructing this model, the configurations between 
the pre-exis t ing aggregate and addit ional  basic uni ts  
were chosen in a random manner  wi th in  the restric- 
tions of Criterion II. This procedure simulated the ob- 
structive effects of the codepositing hydrogen on sur-  
face diffusion and choice of stable deposition sites for 
cobalts. Par t icular  a t tent ion was paid to make the ag- 
gregate as dense as possible. Nevertheless, it was found 
to be impossible to prevent  the  format ion of clearances 
or voids that  could accommodate several atoms. In this 
model, Cri terion II was strictly adhered to. Criterion 
I, however, was not r igidly maintained.  

The second model was bui l t  using 104 rigid spheres 
representing 78 cobalt atoms and 26 tungsten  atoms. 
It  was intended to satisfy Cri terion I. Certain restr ic-  
tions were imposed in construction of this model. 
Three addit ional  units  were added to a uni t  (desig- 
nated as the base) with the relat ion OU and satisfying 
Criterion II. To each of those three uni ts  fur ther  addi-  
tion of three uni ts  was made with the same relation 
OU. Thir teen more uni ts  were added to make the ag- 
gregate as dense as possible and spherical. Criterion II 
was strictly adhered to. Though the occurrence of 
clearances was unavoidable,  the resul tant  aggregate is 
believed to be the densest of numerous  configurations 
examined. 

The calculated model interference functions for the 
276 and 104 atom aggregates are shown in Fig. 2 as 
curves c and d, respectively. In computing these func-  
tions, the measured PDFs were arbi t rar i ly  te rminated  
at 12A for the 276 atom model and at 9A for the 104 
atom model. 

Discussion 
The curves a and b in Fig. 2 are the exper imental  

interference functions of specimens prepared in region 
III  and at bI, respectively. As previously explained, ab-  
sorption corrections for specimens prepared in region 
III are subject to some inaccuracy. Therefore, curve b 
is to be preferred for comparison with the calculated 
interference functions c and d. Such comparison shows 
that the 276 atom curve gives poor agreement  with 
the exper imenta l  curve at lower scattering angles. 
At higher angles, however, the agreement  is bet ter  
and there is complete consistency of phase. The 104 
atom curve gives quite good agreement  over the ent i re  
angular  range. The sharpness of the first max imum 
(k ---- 3.1) is reproduced quite well in both calculated 
curves. This serves to just ify the choice of PDF used 
in the calculation. The addit ional  small  bumps at low 
angles in the calculated curves, where the contr ibu-  
tions from the longer interatomic distances are sig- 
nificant, are probably  terminat ion  effects. 

For purposes of calculation it was assumed that  the 
RDF of a very large aggregate could be represented 
by the sum of the PDF's  wi th  respect to four different 
interior atoms in the model  aggregate. It  should be 
mentioned that there were noticeable differences be- 
tween those four PDF's. Thus, the sum may  differ 
somewhat from the RDF of a very large aggregate. 
This may be responsible for some of the disagreement 
between the exper imenta l  and calculated interference 
functions. 

The fundamenta l  features of the model may be sum- 
marized as follows: (i) the ahoy consists of basic 
s t ructural  units in  the form of tetrahedra,  each com- 
posed of one tungs ten  and three cobalt atoms; (ii) the 
deposition of a tungsten  atom is preceded by the dep- 
osition of three cobalt atoms which form a t r iangular  
array to provide a te t rahedral  site for the tungsten  
atom (Criterion I I ) ;  (iii) the bonding energy of an 
aggregate should be minimized by maximizing the 
number  of first nearest  neighbor bonds (Criterion I) 
or by some other dense packing of the te t rahedra sub- 
ject to the l imitat ions imposed by (i) and (ii) .  These 
three assumptions seem reasonable in view of the 
just i fying evidence already presented. 

It should be noted that  the aggregates constructed 
using the above rules exhibit  nei ther  crystal symmetry  
nor t ranslat ional  invariance.  They do not correspond 
to the model of randomly stacked close-packed planes 
(ii). 

As indicated above, the model was deduced from the 
existence of te t rahedra and from the rules that  domi- 
nate the geometry dur ing the coagulation of atoms of 
different species. These features of the model result  in 
certain similarities to the model of dense random 
packing of hard spheres ( l l ) .  The dense random pack- 
ing model is the s t ructure  that rigid balls assume when 
they are poured into a vessel and vibrated to attain 
dense packing. This model was ini t ia l ly developed in-  
dependent ly  by Scott (10) and Bernal  (11) for the 
structure of liquids. 

The principal  difference between the present  model 
and the dense random packing model is that  the pres- 
ent model deals explicit ly with the existence of two 
atomic species with a distinct shor t - range order. The 
consequence of this is the existence in the present 
model of clearances and voids that  can accommodate 
several atoms. This is impossible in Bernal 's  model. In  
contrast to the procedure of the present  paper, Bernal  
extracted a statistical geometry describing the atomic 
ar rangement  in dense random packing. This statistical 
geometry consists of five polyhedral,  arrays of atoms. 
Of these five Bernal  polyhedra, the te t rahedron has the 
highest f requency of occurrence, 73%. In  the present 
model the choice of basic s t ructural  un i t  ( te trahedron) 
and bonding rules (Criteria I and II) result  in a pre-  
ponderance of te t rahedral ly  arranged atoms. Some 
other polyhedra also form, such as at clearances and 
voids. 

In view of the points that were ment ioned here, the 
present model is new and different from the model of 
dense random packing. A short range order should 
also be considered in the case of the Ni-P system since 
evidence suggesting shor t - range order in  Ni-P non-  
crystal l ine deposits has already been found (25, 26). 

As previously mentioned, large aggregates wil l  con- 
tain voids. These occur even when a conscientious 
effort is made to keep the aggregate as dense as pos- 
sible. The voids are believed to contribute to the loose 
na ture  of deposits formed in region III  (Fig. 1). Co- 
depositing hydrogen is also expected to play a role 
in producing looseness at these higher cur ren t  densi-  
ties. The noncrystal l ine deposits formed at bI  in region 
II are dense rather  than  loose. They also have an over-  
all composition which is richer in cobalt, containing 
only 22.2 a/o W. These differences are a t t r ibuted to 
excess cobalt filling in the voids of the deposits made 
in region II. Since individual  voids are not expected 
to be large enough to accommodate more than a small  
number  of cobalt atoms, the presence of the excess 
cobalt would not effect the observed scattered in ten-  
sity distributions. 

One must  consider the character of the electro- 
chemical processes for the formation of the homoge- 
neous deposit at the stoichiometric composition Co3W. 
Obviously, the basic un i t  composed of three cobalt 
atoms and one tungsten  atom arranged in  a te t rahedron 
is formed by the preferred deposition of tungsten  on 
the te t rahedral  site formed by  the cobalt triangle. It  
should be noted that  two features, (i) the deposition 
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sequence deduced from the empirical  fact that cobalt 
can deposit by itself from aqueous solutions but  tung-  
sten cannot, and (ii) the specific site at which tungsten 
bonds, should both be strictly adhered to otherwise the 
te t rahedral  s tructure and stoichiometric composition 
cannot exist. 

The t r iangular  ar ray  of three cobalts can form any-  
where on the surface of the electrode by the diffusion 
of three deposited cobalts. Thus, for the formation of 
Co3W, there must  be a high probabi l i ty  that a tungsten 
bonds to the site formed by the cobalts regardless of 
where on the surface the tr iangle forms. This implies 
that everywhere near  the surface the concentrat ion of 
cobalt is near ly  zero while  the concentrat ion of tung-  
sten is finite. Such a si tuation will  prevai l  if deposi- 
tion of cobalt is a diffusion controlled process and if 
tungsten  forms an adsorbed layer over the entire elec- 
trode surface. Since the basis support ing this electro- 
chemical process (a diffusion controlled process and an 
adsorbed surface layer) is only geometrical, it should 
be independent  of the following factors: (a) whether  
the process is electro- or chemical deposition; (b) 
whether  the deposit is crystal l ine or noncrystal l ine;  
(c) what  atomic species are involved; and (d) what  
the stoichiometric composition is. Thus an analysis of 
an electrochemical process will have a simplification 
if the deposit is found to have any fixed stoichiometric 
composition in the as-plated conditions. 

It should be noted that  the unquest ionable  existence 
of cobalt tr iangles to provide sites for the deposition of 
tungsten is in accordance with the recent  (27) but  
classical (28) assumption that chemisorption, which 
should be required for catalytic action, involves more 
than one t ransi t ional  metal- ion.  Thus, the existence of 
the cobalt t r iangle is believed to give support  for the 
catalytic in terpreta t ion of the deposition process of 
re luctant  metals (29-31). There is no final agreement  
as to the mechanism by which the deposition of re- 
luctant  metals  occurs, and the catalytic hypothesis is 
merely  a restatement  of the phenomenon with the un -  
known factors termed catalytic (32, 33). Though there 
is a basic problem of why the t r iangular  array (34) of 
cobalt is stable in the electrodeposition of Co-W alloy. 
the explanat ion given here supports the concepts of 
catalytic action of freshly deposited iron group metals. 
Furthermore,  the existence of an adsorbed layer, which 
was deduced here, is in accordance with considerations 
described elsewhere (29, 31, 35-37). The idea of cobalt 
deposition being diffusion controlled is not inconsistent 
with the formation of intermetal l ic  compounds by 
electrodeposition at high current  densities (38). 
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APPENDIX 
Treatment of X-ray Scattering Data 

As indicated, the samples are considered to be non-  
crystall ine alloys formed by the units  of three Co atoms 
and one W atom. The x - r ay  scattered intensi ty at 
T =  0~  

I(k) = I e { ~  'i2q- ~ ' J j  kr~j q - ~  Si 

[Al l  

where k = 4.~ sin 8/7.; r~ is the distance between 
atoms i and j; fi and Si are, respectively, the scattering 
factor and inelastic scattering intensi ty  of atom i; and 
I~ is the intensi ty  scattered by an isolated electron. The 
summations are carried out over all atoms in the dif- 
fracting volume. The first two terms on the right side 
of Eq. [Al l  are the Debye formula (13). 

Due to thermal  agitation, the double summation 
term in [Al l ,  which shall be called the model in ter -  
ference function IM(k), suffers Debye-Waller  damping 
(14). At a temperature  T (~  IM(k) may be ex-  

pressed as [IM(k) ]T 

[IM(k)]r = ~ f i  2 [1 -- exp ( - -2M)]  

-~- IM(k) exp (--2M) [A2] 

The value of B (15) involved in the Debye factor, 
exp( - -2M) = exp [--2B(sin0/~.)2],  is a calculated 
mean value weighted by the alloy composition. At 
300~ the value of B equals 0.44 for the alloy prepared 
at bI and 0.43 for the alloy prepared in region III. 

The single summat ion terms in [Al l  and the sum- 
mation term in [A2] are the independent  coherent, in-  
coherent, and thermal  diffuse scattering, respectively. 
These are determined by the alloy composition and are 
independent  of the structure. The only term which is 
determined by the s tructure is the double summation 
term I~(k). The value of this term is determined by 
the atomic ar rangement  in the material,  i.e., the values 
of rij which occur and their f requency of occurrence 
as well as the dis tr ibut ion of atomic species. 

In this paper the interference functions IM(k) for 
two differently prepared samples are exper imenta l ly  
obtained by the procedure described below. The ex- 
per imental  interference functions are compared with 
the calculated model interference functions. No at-  
tempt is made to obtain an exper imental  radial  dis- 
t r ibut ion function (RDF).  

The measured intensi ty  data were corrected for air 
scattering, polarization, and absorption. The corrected 
intensities are proport ional  to I(k) of [Al l  in which 
[IM(k)]r is involved in the double summat ion term. 
The intensi ty  was normalized to electron units  by as- 
suming that at high scattering angles (k ~ 10A -1) 

I(k)/Ie ~ ~ (f~2 q_ Si-t- f~2 [1 -- exp ( - -2M)]}  [A3] 
i 

Monochromator a t tenuat ion  of Compton scattering at 
higher angles (16) was neglected. IM(k) exp (--2M) 
was obtained from the normalized intensi ty  by sub-  
traction of all the single summat ion terms, viz., r ight  
side of [A3]. Multiplication by the inverse of the 
damping, exp (2M), gave the exper imental  interfer-  
ence function, IM (k). 

In the t rea tment  of the intensi ty  data, l inearly in-  
terpolated l i terature values were used for ]~ (17) and 
Si (18). The same values of ]i were used in the calcu- 
lation of the model interference functions. 
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On the Uniformity of Phosphorus Emitter 
Concentration for Shallow Diffused Transistors 

P. C. Parekh 1 

Sylvania Electric Company, Woburn, Massachusetts 01801 

ABSTRACT 

The variables affecting the uni formi ty  of sheet resistance for a two-step 
shallow phosphorus emitter  diffusion were examined. The source used was 
POCla. The uni formi ty  of sheet resistance (and hence surface concentrat ion) 
w a s  predominant ly  dependent  on the variables dur ing the deposition process. 
These were oxygen and ni trogen flow, wet ni t rogen flow and temperature  of 
deposition. The lat ter  ranged from 700 ~ to 860~ A comparison was made of 
the variables that affect phosphorus, boron, and arsenic depositions. The be- 
havior of oxygen on the sheet resistance profile dur ing phosphorus deposition 
was different from that observed for boron and arsenic depositions. 

Recently considerable at tent ion has been devoted to 
the fabrication of shallow diffused high-speed in te-  
grated circuits. Here the use of small  components 
coupled with submicron diffusions places a consider- 
able demand on the fabrication technology. In some 
recent work it has been shown that the uni formi ty  of 
boron (1) and arsenic (2) diffusions is governed by 
the deposition variables. By optimizing these variables 
a desired control of surface concentrat ion can be 
achieved. In  this paper the variables controll ing the 
un i formi ty  of phosphorus emit ter  diffusion (using 
POCla as a source) for shallow diffused transistors are 
investigated. 

Experimental Conditions 
The tempera ture  of deposition was varied from 700 ~ 

to 860~ Dr ive- in  was performed in dry oxygen at 
10400C. In  all cases the t ime of deposition was 30 rain 
while the t ime of dr ive- in  was 10 rain. The final j unc -  
t ion depth was 0.8~. 

Figure 1 shows the a r rangement  of the source bottle 
and the deposition furnace tube used in this experi-  
ment.  A major  portion of the ni t rogen and oxygen 
gases (designated here as carrier gases) was in t ro-  
duced into the furnace tube at room temperature.  In 
some cases wet ni t rogen gas (designated at N2/H20) 
was introduced by bubbl ing  ni t rogen gas through a 
water  container  main ta ined  at 20~ A fixed quant i ty  
of ni t rogen gas (designated as N2/source, flow rate ---- 

1 Present address: Raytheon Company, Microwave Transistor 
Group, Spencer Laboratory, Burlington, Massachusetts 01803. 

Key words: silicon, sheet resistance, POCls. 

200 cma/min)  flowing paral lel  to the surface of the 
POCla l iquid was used to introduce the POCla vapor 
into the furnace  tube at point  A a s  shown in  the figure. 
The tempera ture  at position A varied from 500 ~ to 
680~ the precise value was dependent  on the tem- 
pera ture  of the constant  zone. The source bott le w a s  

mainta ined  at 20~ 
The start ing mater ia l  was 2-in. diam n- type  sub- 

strates of resist ivi ty 0.2 ohm-cm and (111) orientation. 
The wafers were diffused with a uniform shallow 

boron base diffusion with a surface sheet resistance of 
aoo ohm/sq. A flat boat 16 in. in length was loaded 

N2/SOURCE 

N24- 0 Z (GARRIER GASES} 

Nz/H20 - - I  

\ / 
POG1 AT 20~ 3 DEPOSITION BOAT 

Fig. i. Geometry of the source bottle and the deposition furnace 
tube. 
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with these wafers and placed into a furnace tube for 
phosphorus deposition. The wafers were labeled to 
identify their  position in the furnace tube. After  30 
rain of deposition, the wafers were dr iven at 1040~ for 
10 min. 

Some recent work has shown that  the uni formi ty  of 
diffusion is p redominant ly  dependent  on the variables 
dur ing  the deposition process (1, 2). Thus anomalous 
behavior  dur ing deposition can be detected after the 
dr ive- in  diffusion by measur ing sheet resistance, rd, 
and junct ion  depth, Xj. This was accomplished by the 
four-point  probe method. The junct ion depth was mea-  
sured using angle- lapping techniques and an in ter-  
ference microscope. F rom these measurements  surface 
concentration, Co, (for a gaussian distr ibution) was 
obtained using I rvin ' s  curves (3). 

The uni formi ty  of the diffusion is indicated by vari-  
ations in surface concentration, Co, wi th in  a slice and 
from slice to slice. For  a specific d r ive- in  diffusion, the 
surface sheet resistance, rd, is a good indication of the 
surface concentrat ion involved. However, slight dis- 
crepancies may be observed for the following cases: 
(I) A nonuni form diffusion results in large variat ions 
in the concentrat ion gradient  wi th in  a slice and from 
slice to slice. This in  t u rn  causes variable junct ion 
depths, Xj. If a fixed value of Xj is chosen to evaluate 
Co, erroneous results are obtained. (II) When concen- 
trations exceed the solid solubili ty l imit  in silicon at 
the diffusion temperature,  sheet resistance measure-  
ments in general  indicate a lower value of concentra-  
tion than is actual ly present. This is due to the forma- 
t ion of phosphorus and sil icon-phosphide precipitates. 
From the above cases uncer ta in ty  may exist in ob- 
ta ining correct values of surface concentrat ion in some 
instances. For most cases, however, the var iat ion of 
ra (after the dr ive- in  diffusion) can be taken as a good 
indication of the surface concentrat ion involved. 

Results and Discussion 
Factors Affecting the Uniformity of Diffusion 

Recently, several workers  (4-6) have considered the 
variables affecting the uni formi ty  of phosphorus dif- 
fusion. Heynes and Wilkerson (4) used POCla as a 
source and observed that  the oxygen concentrat ion 
was a critical parameter  for deposition temperatures  
--1000~ They also observed that  in the absence of 
oxygen, etching of silicon occurred due to by-products  
formed by disassociation of POC13. In  addition, this 
was accompanied by high sheet resistance values. 
Heynes and Van Loon (5) and Kesperis (6) observed 
that in a phosphine system, the presence of oxygen was 
essential in achieving good diffusion characteristics. 
In  addition, increasing the oxygen concentrat ion in-  
creased sheet resistance indicating that  an increasing 
amount  of SiO2 was formed. 

Also recently, in a two-step investigation of boron 
(1) for base diffusion (using BBrz as a source) and 
arsenic (2) for bur ied layer  diffusion (using AsCls and 
tetraethyl  orthosihcate as the sources) three points 
were observed: (I) Increasing the oxygen concentra-  
tion dur ing deposition increased the rate of formation 
of B203 or As203. This shifted the position of the zone 
of uni form sheet resistance toward the source end of 
the deposition tube. The "zone of uni form sheet re-  
sistance" is defined as that  par t  of the furnace tube 
in which the rate of deposition of B203 or AseO3 on the 
wafers is maximum. This is indicated by the maxi -  
mum glass thickness after deposition and the lowest 
value of rd after the dr ive- in  diffusion. (II) Increasing 
the deposition temperature  increased the rate of for- 
mat ion of B203 or As203, thus shifting the position of 
the zone of uni form sheet resistance toward the source 
end of the tube. (III) Increasing the ni t rogen carrier 
flow shifted the position of the zone of uni form sheet 
resistance toward the open end of the tube. 

From the above observations, the basic role of oxy- 
gen in the two systems is to change the rate of forma- 
t ion of B203 or As2Os. No appreciable oxidation of 

silicon, which could lead to high sheet resistance, was 
observed. In  the subsequent  discussion, it will  be shown 
that oxygen did not influence the rate of formation of a 
phosphorus species in the furnace atmosphere. How- 
ever, the presence of wet ni t rogen considerably in-  
creased the rate of formation of such a species leading 
to lower sheet resistance. 

The influence of oxygen flow on sheet resistance pro- 
file across the deposition boat.--Figure 2 shows the 
ra profile across the deposition boat for a deposition 
tempera ture  of 860~ In one set of curves, the carrier 
gas was only oxygen with a flow rate of 1800 cm3/min, 
while in the second set of curves, the carrier  gas was 
only ni t rogen with a similar  flow rate. As indicated 
earlier, in both cases the N2/source flow rate was 200 
cm3/min. In the figure the zero reference of the boat is 
taken as that  end nearest  the gas inlet  of the furnace 
tube (source end) while the numbers  on the horizontal 
axis indicate the distance in inches from the zero ref-  
erence to the center of a slice. F rom the figure, the 
following points may be observed: (I) Str ipping glass 
prior to dr ive- in  diffusion increases sheet resistance as 
expected. (II) Heynes and Wilkerson (4) observed that  
in the absence of 02 and using POClz as a source, a 
considerable amount  of damage due to etching dur ing  
deposition was observed. This was accompanied by 
shallow penetrat ion of junct ions  and high sheet resist-  
ance. In  this investigation, in the absence of O2, no 
surface damage such as etching of wafers was observed 
after deposition. In  addition, the lowest value of rd 
and the highest value of Xj were observed. The degra- 
dation of diffusion observed by Heynes and Wilkerson 
(4) may have been due to excessive POC13 present  in 
the furnace atmosphere. From Fig. 1 it can be seen 
that  N2 gas carries vapor of POC13 into the furnace 
tube. This is unl ike most POCI~ systems used where 
N2 gas is bubbled through POC13 liquid. This causes an 
excessive amount  of POC13 to enter  the furnace, re-  
sult ing in the formation of large amounts  of chlorine 
which leads to surface damage. The surface con- 
centrat ion (after the d r ive - in  diffusion) in  Fig. 2 in 
the absence of 02 was 7 x 1020 a toms/cm ~ when glass 
was not stripped (thickness <500A) prior to the 
dr ive- in  diffusion. (III) POC13 part ia l ly  disassociates 
into its constituents. The disassociation products are 
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Fig. 2. Sheet resistance, rd, profiles along the deposition boat 
with nitrogen and oxygen as the carrier gases. The drive-in tem- 
perature and time are 1040~ and 10 min, respectively. 
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P406, PCla, and C12. P406 in turn disassociates into 
P,_O4 and red phosphorus by the following reaction (7) 

2P406 -> 3P204 -t- 2P (red) 

The above compounds react  wi th  02 to fo rm phos- 
phorus pentoxide. Note that  the point of contact be-  
tween  the phosphorus species and O2 is at point A 
( tempera ture  680~ as shown in Fig. 1. 

The rate of formation of phosphorus pentoxide 
should be dependent  on the O2 concentration. Varying 
the O2 flow rate should shift the position of the zone 
of uni form sheet resistance as in boron (1) and arsenic 
(2) diffusions. In the present  work  increasing the 02 
concentrat ion increased sheet resistance uni formly  on 
all slices across the boat while  the position of the zone 
of uni form sheet resistance was insensitive to O2 var i -  
ations. In addition, the glass thickness on wafers  af ter  
deposition remained constant (as observed visually, 
thickness <500A) for different O2 concentrations. 

The influence of deposition temperature on sheet re- 
sistance profile across the deposition b o a t - - T h e  rate of 
formation of phosphorus species (P406, P204, red phos- 
phorus) in the furnace a tmosphere  is dependent  on the 
tempera ture  of deposition. This in turn profoundly af- 
fects the sheet resistance profile across the deposition 
boat, which was previously  i l lustrated for boron (1) 
and arsenic (2) diffusions. F igure  3 shows the var ia -  
tion in sheet resistance profile across the deposition 
boat for phosphorus at deposition tempera tures  of 7 0 0  ~ , 

760 ~ and 860~ Here  no oxygen was used. From the 
figure, the fol lowing points can be observed: (I) 
toward the source end of the tube, sheet resistance is 
high for a deposition t empera tu re  of 700~ As the 
gases proceed toward the open end of the tube, in-  
creasing amounts  of phosphorus species are formed 
causing a reduct ion in sheet resistance. (II) For a dep- 
osition t empera tu re  of 860~ the rate  of formation of 
phosphorus species is enhanced, resul t ing in a low 
sheet resistance value across the deposition boat. The 
surface concentrat ion here  was calculated to be ~102z 
a toms/cm 3 indicating that  the solid solubil i ty l imit  of 
phosphorus in silicon was reached. (III) In the boron 
(1) and arsenic (2) depositions, the sheet resistance 

after  the d r ive - in  diffusion was correlated wi th  the 
glass deposited after  deposition. In Fig. 3, no glass was 
visual ly observed for  a deposition t empera tu re  of 
700~ but for 860~ the thickness was approximate ly  
500A. 

The influence of carrier gas velocity on sheet re- 
sistance profile across the deposition b o a t - - I n  the 
boron base system (1) increasing the carr ier  gas veloc-  
ity shifted the position of the zone of uniform sheet 
resistance toward the open end of the tube. However ,  
no increase in sheet resistance was observed due to 
dilution of 82Oa in the furnace atmosphere.  This is a 
result  of having a sufficient amount  of 8203 present  
even at the higher  gas velocity. In the case of the 
arsenic deposition (2), the position of the zone of 
uniform sheet resistance shifted toward the open end 
of the tube upon increasing the N2 carr ier  gas velocity. 
However ,  a decrease in surface concentrat ion was ob- 
tained. This is thought  to be due to an insufficient 
amount  of As203 present  when  the gas veloci ty  is in-  
creased. Similar  behavior  was observed here for the 
phosphorus system. Increasing the gas veloci ty  shifted 
the position of the zone of uni form sheet resistance 
toward the open end of the tube. However ,  consider-  
able dilution of phosphorus species in the furnace  at-  
mosphere was observed, thus increasing the sheet re-  
sistance. This is shown in Fig. 4 where  rd after  the 
dr ive- in  diffusion is plotted vs. nitrogen carr ier  flow 
rate for deposition tempera tures  of 760 ~ and 860~ 
For these two cases, approximate ly  similar  sheet re -  
sistances (solid solubili ty range)  were  observed for a 
ni trogen carr ier  flow rate of 300 cm3/min when  no 
glass was removed prior to d r ive - in  diffusion. This in- 
dicates that  the glass deposited at the lower  deposition 
tempera ture  was sufficiently doped for the surface 
concentrat ion to attain the solid solubil i ty limit. The 
decrease in the formation of the phosphorus species at 
the lower deposition t empera tu re  and at the higher  
ni trogen gas flow is apparent  f rom the figure. When 
glass was stripped, prior  to the dr ive- in  diffusion, a 
higher sheet resistance was observed for both dep-  
osition tempera tures  as expected. 

The influence of wet  nitrogen flow on sheet resistance 
profile.--In the  presence of a wet  N2 flow (wi th  no 
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O~ present)  the phosphorus specie formed by the dis- 
association of POC13 reacts wi th  H20 (7) 

P204 -J" 2H~O-~ HsPOa + HPO3 

to form phosphorus and metaphosphorie acid. The 
former is immediately converted into orthophosphoric 
acid by the reaction 

4/-IsPOa --> 3H~PO4 + Ph3 

In general, the reaction of wet N2 with P204 produces 
a series of mixtures such as orthophosphoric acid, 
present over the entire range of P40,0 �9 6H20 to P4Oz0 �9 
2H20; triphosphorie acid, HsPaO10, likewise present 
over the entire range; phyrophosphoric acid, H4P=OT, 
present up to 85% weight per cent (w/o) P4Oz0, and 
one or more polymers of metaphosphoric acid, 
(HPO3),, present at P4Oz0 compositions above 83%. 

Figure  5 shows the distr ibution of sheet resistance 
across the deposition boat in the presence and absence 
of wet  ni t rogen flow. In the former  case, 150 cm~/min 
of ni t rogen gas was bubbled through a water  bath 
mainta ined at room temperature .  The deposition tem-  
pera ture  was 700~ and no oxygen was used. In the 
absence of wet  nitrogen, no glass was visual ly ob- 
served af ter  deposition. In the presence of we t  ni t ro-  
gen, the wafers  toward the source end of the tube had 
a coating of 1300A of glass, while  on those toward  the 
open end of the tube the coating was 600-700A. The 
wafers  were  processed through the dr ive- in  diffusion 
without  str ipping the glass. The effect of adding the 
wet ni trogen was to shift the position of the zone of 
uni form sheet resistance, rd, toward the source end of 
the tube. Here, the glass formed consisted of complex 
compounds of the P205-H20 system as described before. 
The concentrat ion of these compounds deposited on the 
surface of the wafer  was determined by their  part ial  
pressure in the gas. The part ial  pressure of the phos- 
phorus specie formed in the presence of wet  ni trogen 
far  exceeds that  formed when no wet  ni t rogen was 
added to the system. 

Similar  results, as indicated, were  obtained when 
oxygen replaced ni t rogen as the carr ier  gas. This is 
i l lustrated in Fig. 6 for a deposition tempera ture  of 
760~ The adddit ion of wet  ni t rogen decreased the 
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sheet resistance considerably. No glass was detected in 
the absence of wet  ni trogen;  however ,  in the presence 
of wet  nitrogen, the thickness of the deposited glass 
was approximate ly  1400A. The dotted line in the figure 
shows the sheet resistance profile when  glass was not 
removed prior  to the d r ive - in  diffusion. The solid line 
shows the case when glass was r emoved  pr ior  to dr ive-  
in diffusion. It can be seen that  no difference in sheet 
resistance was recorded for the la t ter  case between the 
absence and the presence of wet  nitrogen. This in- 
dicates that  at the tempera ture  of deposition addit ional  
penetrat ion of phosphorus into silicon did not  occur 
when wet  ni t rogen was used. These resul ts  appear  to 
contradict  the predictions of Heynes  and Van Loon (5) 
who indicated that  phosphorus pentoxide and phos-  
phoric acids are expected to be equal ly  react ive  wi th  a 
silicon surface. However ,  a paral le l  analogy exists in 
the present work  and Heynes '  work  on boron diffusion 
(8). The presence of water  assisted in the distr ibution 
of doping through the format ion of boric acids which 
are much more volati le than the B20~ formed by the 
reaction of BBr3 and 02. The result  was that  h igher  
surface concentrat ions were  achieved when  water  was 
present. 

Formation of Phosphorus Skin 
The format ion of arsenic (2) and boron (9) skins 

have been reported in the l i terature.  Their  occurrence 
is a result  of the format ion of a high ra te  of B208 or 
As203. In the present  exper iment  under  certain con- 
ditions the presence of a phosphorus skin (insoluble in 
HF) was observed. These conditions were  low tem-  
pera ture  of deposition, low carr ier  flow rate, and the 
presence of wet  nitrogen. 

Degradat ion of Device Parameter  
The need for phosphorus emit ter  surface concen- 

trations --~ the solid solubi l i ty  has been emphasized 
by several  workers.  Lawrence  (10) observed that  the 
enhanced diffusion of base impuri t ies  (emi t te r  dip 
effect) was a t t r ibuted to excess vacancies in the base 
region generated by dislocations formed during the 
emit ter  diffusion. Recently,  it was observed (11, 12) 
that  degradat ion in AhFE ['-%hFE = hFE(T2)/hFE(T1), 
T2 > T1] occurred as the phosphorus emi t te r  concen-  



Vol. 119, No. 2 S H A L L O W  D I F F U S E D  T R A N S I S T O R S  177 

trat ion increased. This has been a t t r ibuted to a de- 
crease in energy band  gap in the emit ter  region upon 
increasing the phosphorus concentration. The forma- 
t ion of emit ter  edge dislocations due to high concen- 
t ra t ion phosphorus diffusion has been recent ly  dis- 
cussed (12-14). The increase in junct ion  leakage cur-  
rent  in the presence of these dislocations and the deg- 
radat ion of several t ransistor  parameters  clearly in-  
dicate the need for a well-control led low concentrat ion 
phosphorus emit ter  diffusion. The system presented in 
Fig. 1 is clearly capable of achieving a wide range of 
concentrat ions at and below the solid solubil i ty limit. 

Conclusion 
For deposition tempera ture  ranging from 700 ~ to 

860~ the presence of 02 increased sheet resistance 
while the deposited glass thickness was general ly less 
than  500A. In  the presence of wet N2, high surface con- 
centrat ions resulted with a deposited glass thickness of 
1300-1400A. The position of the zone of uniform sheet 
resistance was affected by the introduct ion of moisture;  
however, it was insensit ive to the presence of O2. The 
position was also affected by  varying  the phosphorus 
deposition tempera ture  when  no O2 or moisture were 
present. 

It  can be concluded that  any reaction of O2 with 
POCIs or its consti tuents appears to have no affect on 
surface concentration.  The influence of 02 is in mask-  
ing the diffusion of phosphorus into silicon. 

Manuscript  submit ted April  26, 1971; revised m a n u -  
script received Oct. 26, 1971. 

A ny  discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 
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Electrochemical Reduction of Benzofuroxan 
h Aqueous Solutions 

C. D. Thompson* and R. T. Foley** 
Chemistry Department, The American University, Washington, D.C. 20016 

ABSTRACT 

Constant  potential  reductions of benzofuroxan in acidic, neutral ,  and basic 
solutions over a stirred mercury  pool electrode were followed by analysis of 
the products. The pr imary  product was o-benzoquinone dioxime which was 
further  reduced to 2,3-diaminophenazine and o-phenylenediamine  in propor-  
tions which vary with the pH. Fast  sweep vol tammograms and data of other 
investigators suggest that  the reduct ion of the dioxime proceeds through an 
o-benzoquinone diiroine intermediate  which fur ther  reduces or couples to 
yield the observed products. 

Previous studies of the electrochemical reduction of 
benzofuroxan (BFO) include polarographic work at a 
dropping mercury  electrode (DME) by Schindler  (1) 
and Levin (2) and bat tery depolarizer work by Hardy 
(3) and Shaw (4). Schindler  found that  BFO reduced 
in two waves throughout  the pH range from 1.24 to 
9.90. The first wave corresponds to a two-electron re- 
duction which was ascribed to formation of o-benzo- 
quinone dioxime (ODI) on the basis of the spectrum 
and electrochemical behavior of the reduced solution. 
However, the height of the second wave was pH de- 
pendent.  At  pH's below about  4.5 or above 7.8, the 
height of the second wave indicated a fur ther  six- 
electron reduction, presumably  to o-phenylenediamine  
(OPD). Between pH 4.5 and pH 7.8 the wave height 
indicated only a four-electron reduction, for which no 
explanat ion was given. The top line in Fig. 1 shows 
this relationship between polarographic current  and 
pH from data extracted from Schindler 's  paper  (1). 

This paper presents data for constant  potential  re-  
ductions of aqueous BFO solutions over a stirred mer -  

�9 Electrochemical Society S t u d e n t  A s s o c i a t e .  
** Electrochemical Society A c t i v e  M e m b e r .  
Key words: electro-organic, o-benzoquinone dioxime, o-phenyl- 

enediamine, o-benzoquinone diimine, cathode depolarizer. 

cury pool electrode at various pH values. Reductions 
performed at voltages more negative than the crest of 
the second polarographic wave resulted in an insoluble 
precipitate which was isolated and identified as 2,3-di- 
aminophenazine (2,3-DAP). Analyt ica l  procedures 
were developed to measure quant i ta t ive ly  the concen- 
trations of the various species in the reduced solutions 
and these are described in  the exper imenta l  section. 

The objective of this work has been to ident ify and 
measure quant i ta t ive ly  the major  products resul t ing 
from the electrochemical reduct ion of benzofuroxan. 
The isolation of these products, fast sweep vol tammo-  
grams, and the work of other researchers make possible 
a reasonable unders tand ing  of the pa thway of the re-  
duction. 

Abbreviations and Structures 

BFO Benzofuroxan I~ I / O 
N 

ODI o-Benzoquinone dioxime ~ NOH 

* N0H 
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Fig. !. Upper curve, left scale: maximum polarographic current 
vs. pH for the second reduction wave of benzofuroxan from 
Schindler's data (1). Lower curve, right scale: E1/~ vs. pH for 
the oxidation of o-phenylenediamine from the data of Parker and 
Adams (13). This curve is a composite of 16 separate points. 

OPD o-Phenylened iamine  

2,3-DAP 2,3-Diaminophenazine 

o-Phenylened i imine  

Exper imenta l  

Reagents and So~tions 

~ NH2 

"-NH2 

eN ~ ~ "NH2 

~ NH 

~ N H  

Elec t ro ly te  solutions at pH 2.12, 6.50, and 9.90 were  
made  which contained 0.10N KC1 as electrolyte.  The 
pH 2.12 electrolyte  was made by adding 7.5 ml  HsPO4 
to 1.0 l i ter  water .  KC1, 7.45g, was then added and the 
solution t i t ra ted to pH 2.12 by dropwise addit ion of 
30% KOH. The pH 6.50 e lect rolyte  was made by adding 
403 ml 0.1N KOH to 900 ml  0.1M KH2PO4 containing 
9.693g KC1. The pH 9.90 e lect rolyte  was made by t i t ra t -  
ing a 1.0 l i ter  solution containing 16.34g K3PO4 and 
7.455g KC1 to pH 9.90 wi th  6N HC1. Solutions of 1.0 • 
10-3M BFO were  made  by dissolving 0.0681g BFO 
(Eastman No. 10204) in 500 ml  of the desired e lectro-  

lyte. 
o-Benzoquinone dioxime (ODI) was synthesized by 

the method of Pesin et  al. (5) in which BFO is reacted 
with  H2NOH.  HC1. The product  was recrystal l ized 
f rom ethanol  and water  two times and dried in a 
vacuum desiccator rap: 144.5~176 (uncorr.) ,  l i t -  
e ra ture  144 ~ (5) and 149 ~ (6). 

2,3-DAP was synthesized by a method similar  to that  
of Ul lman  and Mauthner  (7) and Sawicki  et  al. (8) 
where in  OPD is reacted with  FeCls in acidic medium. 
Af ter  purification the product  yielded yel low plates of 
2,3-DAP rap: >320 ~ The visible and u l t rav io le t  
spectra showed peaks at 263, 280 (shoulder) ,  454, and 
432 m~ (shoulder)  which are in good agreement  wi th  
those repor ted  by Matsumura  (9) of 265-285 and 454 
m;L. The I R  spectrum was identical  to that  reported 
by S tammer  and Taurins  (10). 

Analytical Procedures 
ODI may  be de termined  spectrophotometr ical ly  in 

the presence of BFO and OPD. In neut ra l  solutions 
BFO absorbs at 356 m~ and interferes  wi th  the ODI 

absorption at 397 m~. In 6N HC1 or in di lute ammonia  
solution the ODI absorption is split into two peaks at 
321 and 425 m~. The 425 m~ value  is sufficiently high to 
prevent  in terference by BFO. Under  these conditions, 
plots of ODI concentrat ion vs. absorbance were  made 
from which the ODI concentra t ion in reduced solutions 
could be measured.  2,3-DAP interferes  and the test 
cannot be used on solutions reduced at voltages more 
negat ive than the first polarographic wave. 

2,3-DAP was also de termined  by a spectrophoto-  
metr ic  procedure. Dechary  et al. (11) de termined 
glyoxal  by condensing it wi th  2,3-DAP and measur ing 
the blue color produced at 600 m~. For  this work  the 
determinat ion was reversed:  glyoxal  was used to de- 
termine 2,3-DAP. For  reasons of solubility, 2,3-DAP 
standard solutions were  prepared in a 1:1 mix ture  of 
electrolyte  solution and glacial  acetic acid. Reduced 
solutions of BFO or ODI were  also di luted wi th  an 
equal  vo lume of acetic acid and the test was then per -  
formed s imultaneously on the  s tandard and reduced 
solutions. Appropr ia te  aIiquots of samples and stan- 
dards (0.5-3.0 ml)  were  di luted to 3.0 ml  wi th  a 1:I  
mix tu re  of e lectrolyte  solution and acetic acid. To each 
of these solutions was added 1.0 ml  conc H2SO4 and 
50 ul glyoxal. The tubes were  placed in a boiling water  
bath and 50 #1 addit ional  g lyoxal  was added. Af te r  10- 
min heating, the tubes were  removed,  chilled in an ice 
bath unti l  cold, and 1.O ml  KNO2 solution (48 mg/2O0 
ml H20) was added fol lowed by 1.0 ml H3PO2 (50% 
aqueous Fisher  A-154) and reheat ing for 30 rain. On 
cooling, the tubes were  di luted to 7.0 ml  wi th  I0N 
H2SO4 and absorbance of standards and samples read 
at 600 m~. 

It  was shown that  BFO, ODI, and ODP do not in ter -  
fere. The test performs less wel l  in acidic electrolyte  
solutions where  green ra ther  than clear  blue solutions 
are sometimes observed. In nonaqueous electrolyte  
solutions, e.g., ~-butyrolactone-0.5NI LiC104, the color 
fades on prolonged heat ing and the azo-forming step 
must be omitted. 

OPD was de te rmined  by conversion of the OPD to 
2,3-DAP followed by a second running  of the 2,3-DAP 
test. Since the FeC13 oxidat ion does not go to com- 
pletion, s tandard OPD solutions in the same electro-  
ly te-acet ic  acid mix tu re  were  run  concurrent ly  wi th  
the reduced solutions and it was assumed that  the same 
percentage  oxidat ion was obtained in both cases. To 3.0 
ml samples of reduced solutions or standards was 
added 1 drop 40% FeC13 �9 6H20 and 1 drop 10N H2804. 
The solutions were  heated in a boiling wate r  bath for 
10 rain, cooled to room temperature ,  and di luted to 7.0 
ml wi th  distil led water .  At  this point, a white  precipi-  
tate was sometimes observed due to format ion of ferr ic 
phosphate f rom the phosphate buffer system in the 
electrolyte. If so, the tubes were  centr i fuged and 
aliquots used in the phenazine test. The normal  con- 
version of OPD to 2,3-DAP was 70-80%. 

Reductions 
The polarograms and constant potent ial  reductions 

were per formed wi th  a Beckman Electroscan-30 in a 
large H-cel l  constructed of two 100 ml  beakers  sepa- 
rated by a tube containing a glass frit. The  working  
compar tment  contained a dropping mercu ry  electrode, 
saturated calomel reference, mercu ry  pool working 
electrode with  an est imated area of 16.0 cm 2, ni t rogen 
bubbler, and a mo to r -d r iven  glass rod  which  st irred 
the mercu ry  pool. Electronic  connection to the mercury  
pool was made  through a p la t inum wi re  encased in a 
glass tube sealed at the lower  end. The counterelec-  
t rode in the o ther  cell  compar tment  was a large 
p la t inum gauze. The s t i r red mercu ry  pool a r range-  
ment  was adopted as a result  of p re l iminary  studies at 
a s tat ionary p la t inum electrode which resul ted in in-  
soluble film format ion which made reduct ions difficult 
to perform. 

An initial polarogram was made and the solution 
was reduced at the desired voltage. The coulombic data 
could be calculated f rom a chart  of the current  vs.  
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Fig. 2. Polarogram of 1.0 x 10-3M benzofuroxan at pH 6.5 

time. The reduct ion was in ter rupted  periodically to 
run  additional polarograms from which the BFO and 
ODI concentrat ions could be estimated. F igure  2 is a 
polarogram of 1.0 • 10-3M BFO in pH 6.5 electrolyte.  
Two distinct waves  can be seen that  have  E1/2 values 
of --0.005 and --0.25V, in substantial  agreement  wi th  
those repor ted  by Schindler  (1) of --0.00 and --0.26V 
(SCE).  The  average  diffusion currents  measured at 
--0.10 and --0.40V were  7.8 and 22.7 ~A, thus, the 
height  of the second wave  is 22.7 -- 7.8 #A, or 14.9 ~A. 
The ratio of the first and second waves  at pH 6.5 is 
7.8/14.9, or ve ry  near ly  one to two. Polarograms of 
ODI show only a single wave  at the same E1/2 value  
as the second reduct ion wave  of BFO. 

The polarographic  cur ren t  values for the various 
concentrat ions of BFO and ODI were  measured  in the 
three  electrolyte  solutions. F igure  3 shows a plot of 
average diffusion currents  measured  at --0.10 and 
--0.40V vs. BFO and ODI concentrat ion in pH 6.5 elec- 
t rolyte  f rom which the BFO and ODI concentrat ions 
in a reduced solution may  be estimated. Similar  plots 
were  constructed at pH 2.12 and 9.90. 

Fast  sweep vo l tammograms  at the DME were made 
wi th  a Hewle t t  Packard  Model 202-A tr iangle gener-  
ator coupled wi th  the Electroscan. The  recorder  of the 
Electroscan was disconnected and the cell current  mea-  
sured on a Tekt ronix  Type 564B storage oscilloscope 
through terminals  provided in the Electroscan. This 
a r rangement  results in the cell current  being super-  
imposed on the vol tage sweep which makes absolute 
quant i ta t ive  measurements  of the current  impossible. 
For  this reason, cur ren t  scales have been omit ted f rom 
Fig. 5, 6, and 7. Since the sweep ra te  was fair ly 
fast, 1 sec to 40 msec per  cycle, compared to the drop 
time, 3.6 sec, it was felt  that  the growth  of the drop 
dur ing a single cycle would have  a min imal  effect. 

Results 
First reduction wave.--85.0 ml 1.0 • 10-3M BFO in 

pH 6.5 e lect rolyte  was reduced at --0.10V. The concen- 
t ra t ion of ODI af ter  the passage of 3.86 coulombs was 
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�9 I I I I I I I I I 0 
0.1 0.5 0.5 0.7 0.9 

X I0 "5 MOLES PER LITER 
Fig. 3. Tap curve, left =cole: average polaregrophir current 

measured at --0,40V (5CE) vs. concentration of benzofuroxan at 
pH 6.5. Bottom curve, right scale: average polaregraphic current 
measured at --O.iOY vs. concentration of henzofuroxon at pH 6.5. 
Middle curve, right scale: overage polarographie current measured 
at --0.40V vs. concentration of a-benzoquinone dioxime at pH 6.5. 

measured as 0.26 • 10-3M (acidic spectrophotometr ic  
test) and 0.30 • 10-3M (basic spectrophotometr ic  
test) .  The theoret ical  coulombs necessary to produce 
the 0.26 • 10-3M solution is 4.26. Another  reduct ion of 
80.0 m] of the same solution at the same vol tage 
yielded the results  shown in Table  I. In this case, the 
BFO and ODI concentrat ions were  de termined  f rom 
the polarographic wave  heights. 

These results support  the contention of Schindler  
(1) and Lev in  (2) that  the product  of the first wave  is 
ODI resul t ing f rom a two-e lec t ron  reduct ion of benzo- 
furoxan. 

Second reduction wave. - -Reduct ion of 80.0 ml  1.0 • 
10-3M BFO in pH 6.5 electrolyte  at --0.40V, approxi-  
mate ly  --0.10V beyond the crest of the second wave  as 
seen in Fig. 2, resul ted in the polarographic currents  
shown in Table  II. Af te r  the passage of 12.8 coulombs, 
the BFO and ODI concentrat ions were  0.13 • 10-3M 
and 0.90 • 10-3M, respectively.  The calculated cou- 
lombs necessary to reduce this much BFO to ODI is 
13.4. The implicat ion is that  reduct ion of BFO at poten-  
tials sl ightly more negat ive  than the second wave  does 

Table I. Reduction of 80.0 ml 1.0 x 10-3M BFO in pH 6.5 
electrolyte at --O.IOV (SCE) 

T h e o r e t i c a l  
C o u l o m b s  B F O  conc ODI conc coulornbs  for  

pas sed  • 10~M • 10SM 2 e - p r o c e s s  

0 . 0  1 . 0  0 . 0  - -  
4.7 0.72 0.31 4.8 
8.8 0.41 0.61 9.5 

15.1 0.11 0.88 13.6 

Table 11. Reduction of 80.0 mr 1.0 x ]O-~M BFO in pH 6.5 
electrolyte at --0.40V (SCE) 

P o l a r o g r a p h i c  Polarographic 
C o u l o m b s  c u r r e n t  (~A) a t  c u r r e n t  (#A) a t  

passed --0.10V (SCE) --0.40V (SCE) 

0.0 7,6 21.9 
12.8 2.1 12,1 
59.4 0.0 2.5 
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Table Ill. Analytical and coulometric results obtained for the reduction of BFO and ODI at 
pH 9.9, 6.5 and 2.12 

R e d u c t i o n  of  1.0 • 10-SM R e d u c t i o n  of  1.0 • 10-SM 
b e n z o f u r o x a n  o - b e n z o q u i n o n e  d i o x i m e  

Al l  c o n c e n t r a t i o n s  t i m e s  10~M 

4 5 4 5 
1 2* 3 M a t e r i a l  C o u l o m b s  6 1 2* 3 M a t e r i a l  C o u l o m b s  6 

Conc Conc Conc a c c o u n t e d  to  m a k e  M e a s u r e d  Conc Conc Conc a c c o u n t e d  to  m a k e  M e a s u r e d  
ODI  2 ,3 -DAP OPD for ,  % 1, 2, 3 c o u l o m b s  ODI 2 ,3 -DAP OPD for,  % 1, 2, 3 c o u l o m b s  

PH 9.9 0.28 0.07 0.612 103 20.6 22.9 0.34 0.055 0.61 106 13.4 12.6 
(0.14) (0.11) 

PH 6.5 0.075 0.17 0.202 61 16.2 24.2 0.13 0.17 0.23 70 8.1 16.6 
(0.34) (0.34) 

p H  2.12 0.11 0.164 0.317 76 15.3 18.7 0.09 0.131 0.11 46 4.82 8.8 
(0.33) (0.26) 

" 2,3-DAP values in ( ) are as monomer. 

not proceed directly to the ful ly reduced products but  
ra ther  yields the dioxime which, after the BFO in 
solution is depleted, is then fur ther  reduced. The ap- 
pearance of the solution during a reduction also sup- 
ports this conclusion. Ini t ia l ly  the solution is colorless. 
Dur ing  the reduction, the solution becomes reddish- 
b rown (the color of the dioxime at pH 6.5) unt i l  suf- 
ficient coulombs for a two-electron reduct ion have 
passed. Upon fur ther  reduct ion the solution clears to 
a yellowish color. 

A small amount  of b rown precipitate was observed 
in the cell at the end of the reduction. The amount  of 
this precipitate seemed to increase upon standing, even 
though the electrolytic reduction had been completed. 
Exper iments  were under taken  to determine the struc- 
ture  of this precipitate and the products remain ing  in 
solution. 

Nine 80 ml solutions of 1.0 X 10-3M BFO in pH 6.5 
electrolyte were reduced at --0.40V. The total cou- 
lombs passed were estimated at 600. After s tanding 4 
to 6 hr, each solution was filtered, and the precipitate 
thoroughly r insed with water. The total  weight of this 
precipitate, referred to as "A," was 39.8 rag. The prod- 
uct remain ing  in solution was isolated by evaporat ion 
of the combined supernatent  solutions and extraction 
with ethanol  which was evaporated to yield "B." 

The NMR, uv, IR, and visible spectra of B were 
identical with the spectra of synthetic 2,3-DAP. 2,3- 
DAP forms a green solution with concentrated H2SO4 
which becomes brown upon di lut ion (12). Synthetic  
2,3-DAP and product B gave positive results with this 
test. 

The uv and visible spectra of A indicated that the 
product  was, in part, also 2,3-DAP. However, the IR 
spectrum of A showed strong adsorptions at 1340, 2850, 
and 2900 cm-1 which are not  due to 2,3-DAP. A did 
not give near ly  as strong a qual i tat ive test with sul-  
furic acid as did synthetic  2,3-DAP or B. Because so 
little product was available, 40 rag, of which most had 
been used in qual i tat ive tests and for IR, uv, and 
visible spectra, no fur ther  characterization was at-  
tempted. 

Since it was known  that  OPD air oxidizes to 2,3-DAP 
(13) and product B was isolated from evaporat ion of 
the reduced solutions, the 2,3-DAP and OPD deter-  
minat ions  were  developed which could be run  directly 
on the solutions immediate ly  following the reduction. 
Constant  potential  reductions at voltages slightly above 
the crest of the second wave were performed on BFO 
and ODI solutions at the three pH values. The cou- 
lombic, polarographic, and analyt ical  data collected 
from these reduced solutions are given in Table III. 

Discussion 
The first two-electron polarographic wave in neu-  

tral  and  basic solutions results in the dioxime product. 
In  acidic solutions the two waves cannot  be dist in-  
guished as seen in Fig. 4, the polarogram of BFO in pH 
2.12 electrolyte. 

A satisfactory explanat ion of the processes involved 
with the second reduction wave, the two-electron 

"dip" in the second reduct ion wave in the middle pH 
range as shown in  Fig. 1 and the formation of the 
phenazine and diamine products can be made by as- 
suming an o-benzoquinone diimine in termediate  re- 
sult ing from a four-electron reduction of the dioxime. 
This di imine may be fur ther  reduced to OPD or couple 
to produce 2,3-DAP. The over-al l  reaction for the 
formation of the imine and fur ther  reduct ion to OPD 
is shown in reaction I. 

~ - N O H  > 4e w 

~NOH 4H + 

+ 2H20 < > 
~NH 2H + ~ N H $  

If] 

The argument  in  support  of the di imine intermediate  
is summarized here followed by a more complete de- 
scription of each line of evidence. 

(a) Chemical and electrochemical oxidations of 
OPD in aqueous solutions are known to proceed 
through the di imine in termediate  which couples to 
yield 2,3-DAP. 

(b) The t ransi t ion in the polarographic reduction 
wave of BFO and ODI from four to six electrons oc- 
curs at the same p i t  value, 7.8, as does the change in 
slope of the E1/2 vs. pH curve for the oxidation of 
OPD. It has been shown that  this pH is the same as the 
PKa value for the di imine intermediate.  

(c) The formation of the di imine intermediate,  re-  
sult ing from a four-electron reduct ion of ODI, ac- 

Fig. 4. Reduction polarogram of 1.0 x 10-3M benzofuroxan at 
pH 2.12. 
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counts for the four-e lec t ron  polarographic  wave  ob- 
served in the middle  pH range. 

(d) Fast  sweep vo l tammograms  show a new peak 
for the reduct ion of BFO and ODI at pH 9.9. This is 
the expected resul t  for  an in termedia te  species in the 
reduct ion pa thway  between ODI and OPD. 

The electrochemical  oxidat ion of OPD has been 
studied in considerable detai l  in aqueous solutions 
throughout  a wide range of pH values and at a var ie ty  
of electrode surfaces (13-17). The unanimous con- 
sensus of these invest igators  is that  the react ion pro-  
ceeds through a two-e lec t ron  oxidation of the diamine 
to diimine, and in middle  or s l ightly acidic pH ranges 
the diimine couples wi th  unreacted OPD to yield 2,3- 
DAP which is the observed product. This la t ter  
coupling react ion involves a fur ther  four-e lec t ron  oxi-  
dation. Pa rke r  and Adams (14), who describe the ini-  
t ial  two-e lec t ron  wave  as a redox couple, plot ted E1/2 
values for the oxidation of OPD at a rota t ing plat inum 
electrode and found sharp changes in the slope of the 
curve  at pH 4.5 and 7.8. These data are shown in Fig. 1 
along with  a plot of the polarographic  current  of the 
second reduct ion wave  f rom Schindler ' s  data. 

The correlat ion between the break in the E1/2 curve  
at pH 7.8 and the t ransi t ion be tween a four-  and a 
s ix-e lect ron reduct ion wave  for BFO at the same pH 
is ve ry  striking. Parker  and Adams (14) showed that  
this break is the PKa va lue  of the diimine intermediate.  
The other  change in slope at pH 4.5 occurs at the pKa 
value  for OPD. Elv ing  and Krivis  (16, 17) found that  
at pH 5, in the region of the four-e lec t ron  wave  for 
the reduct ion of ODI, the oxidation of OPD gave two 
waves. The first wave  is a two-e lec t ron  oxidation to 
the di imine which then couples wi th  unreac ted  OPD 
to form 2,3-DAP. This is fol lowed by a second one- 
electron wave  due to a f ree- radica l  react ion result ing 
in a polymeric  film coating of the electrode. At  pH 11 
a single two-e lec t ron  oxidat ion occurs but  no fur ther  
oxidat ion wave  is seen, and the electrode is not fouled. 
Evidently,  in solutions above pH 7.8 where  the diimine 
is not protonated, it does not easily couple to form the 
phenazine. Consequently,  when  this in termedia te  is 
formed by the reduct ion of BFO or ODI above pH 7.8, 
the coupling does not occur, but  ra ther  the imine is 
fur ther  reduced to OPD. As a result  a single s ix-e lec-  
t ron wave  is seen for the reduct ion of ODI above pH 
7.8. This conclusion is supported by the data in Table 
III  which show that  OPD is the major  reduct ion prod-  
uct at pH 9.9 and that  ve ry  l i t t le  phenazine is formed. 

At pH values be tween  about 4.5 and 7.8, where  the 
imine is known to couple to form the phenazine, the 
reduction of ODI proceeds in only a four-e lec t ron  
process to the in termedia te  fol lowed by coupling. Table 
III shows that  the major  reduct ion product  in this pH 
range is 2,3-DAP. 

Fast sweep vo l tammograms  provide fur ther  evidence 
for the di imine intermediate .  F igure  5 shows vo l tam-  
mograms of 1.0 • 10-SM BFO in pH 9.9 e lect rolyte  
solution at sweep rates of 1, 5, and 10 Hz. The init ial  
vol tage was 0.0 (SCE) and the sweep ampl i tude  was 
--1.05V. At  I Hz, peaks can be seen at --0.15 and 
--0.52V, wi th  a ve ry  small  peak  at --0.41V which is 
not present  in the dropping mercury  polarograms. As 
the f requency of the sweep is increased to 10 Hz the 
peak at --0.41V becomes larger  than the peak at 
--0.52V. This is the expected behavior  if the reduct ion 
is proceeding through the diimine in termedia te  at 
this pH. 

Vol tammograms at pH 6.5 are shown in Fig. 6: The 
first wave  is difficult to see. However ,  at 1 Hz there  is 
a large wave  at --0.25V with  a ve ry  small  wave  at 
--0.73V. At  10 and 25 Hz no change is seen which 
agrees wi th  the polarographic behavior  indicating only 
a four-e lec t ron  reduct ion to the di imine in the middle  
pH ranges. It might  be added that  similar  results are 
obtained f rom fast sweep vo l tammograms  of ODI. 
This is expected since the init ial  BFO reduction yields 
the dioxime. 

Fig. 5. Fast sweep voltammogram of 1.0 x 10-8M 8FO at pH 
9.9. For all three sweeps, point A marks the beginning of the 
cathodic sweep at 0.00V (SCE). Point E marks the end of the 
cathodic sweep and the beginning of the anodic sweep at --1.05V. 
Point C is the end of the anodic sweep, 0.00V. Upper sweep: 1 Hz, 
oscilloscope trace rate 0.2 sec and 0.41V/large division. Middle 
sweep: 5 Hz, 50 msec and 0.46V/large division. Lower sweep: 
10 Hz, 20 msec and 0.37V/large division. 

In acidic solutions below about pH 4.5 the situation 
is less clear. The polarographic  wave  for the reduction 
of BFO shifts f rom four to six electrons quite gradual ly  
as can be seen in Fig. 1. It  is hard to correlate  this shift 
wi th  the change in the slope of E1/2 vs. pH for the oxi-  
dation of OPD. However ,  one explanat ion  seems pos- 
sible. The papers of E1ving and Krivis  (17) and 
Parker  and Adams (14) repor ted  only a single two-  
electron oxidation wave  for OPD to the di imine at pH's  
below 4.6. Nonetheless, an electrode coating or film 
was observed, which was a t t r ibuted to a pos t -e lec t ro-  
lytic react ion of the di imine in acidic solutions. There  
is evidence of such a process in the reduct ion of BFO. 
Figure  7 shows fast sweep vo l tammograms from -50.20 
to --0.88V for the reduct ion of BFO in pH 2.12 elec- 
trolyte. It was observed that  there  is an init ial  peak at 
--0.04V followed by a large wave  whose max ima  is at 
--0.55V. Then, as the vol tage decreases, another  re-  
duction wave  is seen; an unusual  occurrence. This may 
be in terpre ted  as an electrochemical  reduct ion fol- 
lowed by a chemical  react ion which yields a product  
that  may  be fur ther  reduced. At  10 Hz the scan shows 
no second wave, perhaps because the scan is faster  than 
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Fig. 6. Fast sweep voltammogram of 1.0 x 10-3M BFO at pH 
6.5. Cathodic sweep from A (~0.10V)  to B (--0.98V).  Anodic 
sweep from B to C (-~0.10V). Upper sweep: 1 Hz, 0.2 sec and 
0.40V/large division. Lower sweep: 10 Hz, 20 msec and 0.40V/ 
large division. 

the chemical reaction. Other explanat ions such as the 
production of an insoluble film on the electrode are 
also plausible. 

The reduction of two molecules of ODI to 2,3-DAP 
requires six electrons over-alL This would account for 
the over-al l  s ix-electron reduct ion wave in acidic solu- 
tions. However, this explanat ion fails to account for 
the "missing" product noted in Table III  for the re-  
duction of ODI at pH 2.12. The fact that  a film forms 
on the electrode dur ing  the oxidation of OPD and the 
same phenomenon is observed in the reduction of BFO 
(the odd behavior of the mercury  electrode in Fig. 4 
between --0.1 and --0.JV) indicates a polymer forma- 
tion, perhaps due to successive coupling of di imine 
with phenazine molecules. The complexity of the re-  
action in acidic solutions is increased by the fact that 
BFO reacts with the mercury  electrodes in acidic solu- 
tions. If a solution of BFO is allowed to stand over a 
mercury  pool for several hours the solution darkens to 
reddish-brown.  The uv and visible spectra indicate 
that this product is not the dioxime. 

Conclusions 
The general  course of the reduction of benzofuroxan 

in aqueous solutions is clear. The BFO undergoes a 
two-electron reduct ion to o-benzoquinone dioxime 
which is fur ther  reduced to o-benzoquinone di imine 
by  a four-electron process, reaction [II], below. The 
di imine is then reduced to o-phenylenediamine,  reac- 
t ion [III], or couples to form 2,3-diaminophenazine. 

The details of the phenazine formation are not clear, 
but  a number  of possibilities must  be considered. Con- 
densation of ODI and OPD with loss of two molecules 
of water  could lead to 2,3-DAP. However, in neu t ra l  or 
basic solutions, analysis of the reduct ion products 
showed that  a considerable amount  of these products 
can exist together without  reaction, or with only very 
slow reaction. The more l ikely explanat ion is that  the 
phenazine formation is electrochemical in na ture  and 
involves the imine intermediate.  Reaction wi th  BFO 

Fig. 7. Fast sweep voltammogram of 1.0 x 10-8M BFO at pH 
2.12. Cathodic sweeps from A (+0 .20V)  to B (--0.88V).  Anodic 
sweep from B to C (+0.20V) .  Upper sweep: 1 Hz, 0.2 sec and 
0.4iV/large division. The lower sweep shows two traces. The sweep 
which includes the first major peak is at 5 Hz, 50 msec and 
0.49V/large division. This sweep is marked by points A, B, and C. 
The trace of slightly larger amplitude is at 10 Hz and 0.40V/large 
division. The cathodic sweep is from D (+0 .20V)  to E(--0.88), 
and the anodic sweep is from E to F (~0.20V) .  

and subsequent  reduct ion is ru led  out because the first 
product of the reduct ion of BFO, even at voltages more 
negative than the second polarographic wave is ODI. 
That  is, near ly  all the BFO in solution is reduced to 
ODI before the ODI is fur ther  reduced to the imine. It 
is also possible that  the phenazine formation results 
from a coupling of the di imine with ODI involving a 
two-electron reduction. This pa thway is at tract ive ex-  
cept for the fact that  no polarographic wave is seen 
to indicate this process. Also this would require six 
electrons over-al l  from the dioxime to the phenazine, 
whereas only a four-electron wave is observed in the 
middle pH range where the phenazine product is most 
abundant .  This leaves coupling of the imine with itself 
or with OPD, there being precedent  for the lat ter  al- 
ternat ive (16, 17). 

.~O. .>~NOH 4e- ~ N \  

~N/ O 2e-  

2H + " ~ / - ' N H  4H+ 

NH 
> ~ 1 ~  I ~ -~ 2H20 

[II] 

~ r  2e -  ~ N H 2  
> [III] 

"NH 2H + ~ NH2 
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Interdependence of Parameters in Reactive Sputtering 
of Manganese in Oxygen 

L. D. Locker,* R. W. Landorf, C. L. Naegele, I and F. Vratny* 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Manganese oxide thin films deposited over the Ta205 layer  in t an ta lum 
capacitors are known to improve yield and reliability. In  this investigation 
reactive sput ter ing is used to prepare  manganese  oxides. The results show that  
films with resistivities below 1 ohm-cm can be produced, but  the in terdepen-  
dence of oxygen part ial  pressure, power input, and substrate tempera ture  limits 
the deposition rates that can be obtained without  producing oxide phases with 
higher resistivities. 

With d-c sput ter ing at 4.0 kV, Mn203 is produced as the oxygen pressure 
increases from 3 X 10 -2 to 4 X 10 -2 Torr. This corresponds to a substrate tem- 
perature  increase from 275 ~ to 360~ and a 50% increase in deposition rate. The 
complexity of the interactions in both d-c and rf  reactive sput ter ing is fur ther  
i l lustrated by the max imum in substrate temperature  obtained with argon- 
oxygen mixtures  containing 0.5% O2. For reactive sputter ing of materials  
similar to Mn-O, where several phases and variable stoichiometry are possible, 
it is therefore necessary to determine exper imenta l ly  the conditions of power 
density, pressure, and substrate temperature  that give the max imum dep- 
osition rate  for each phase. 

Independent  investigations (1-3) confirm the im-  
provement  in the yield and the rel iabi l i ty  of t an ta lum 
thin-f i lm capacitors obtained by adding a thin layer 
of MnO2 over the Ta205 dielectric (e.g., Ta-Ta205- 
MnO2-Au).  The manganese dioxide films can be de- 
posited by pyrolysis of Mn(NO3)2 sprayed onto the 
t an ta lum pentoxide, by reactive evaporat ion of man-  
ganese, or by reactive sputter ing of manganese (4). 
Favorable  capacitor performance has been obtained 
with d-c diode reactive sput ter ing in pure oxygen or 
in oxygen-argon mixtures  when  low resist ivity (1-15 
ohm-cm) MnO2 is produced (2). RF sput ter ing of Mn 
in oxygen has produced manganese  oxide films with 
resistivities as low as 5 X 10 -3 ohm-cm (5). By using 
the technique of rf  -5 d-c sputter ing (6), deposition 
rates can be increased compared with the more con- 
vent ional  methods of diode sputtering. The plasma 
density is increased, and an insulat ing oxide layer that  
forms on the cathode can be sputtered. However, in re- 
active sput ter ing there is a complex interdependence 
among power input,  substrate  temperature,  total pres-  
sure, and oxygen part ial  pressure, and the resul tant  
deposition rate, composition, and electrical properties 
of the films. Especially for the Mn-O system, where 
several phases and var iable  stoichiometry can occur, 

* E lec t rochemica l  Socie ty  Act ive  Member .  
1 P re sen t  address :  Weston  Componen t s  C o m p a n y ,  Sc ran ton ,  P e n n -  

sy lvan ia  18501, 
K e y  words:  die lectmc films, m a n g a n e s e  oxides ,  sputter ing,  t h in  

films. 

it is not usual ly  possible to obtain the opt imum 
electrical properties at high deposition rate. 

Experimental 
Sputter ing was done in an oi l -diffusion-pumped bell 

jar  system with a l iquid ni t rogen baffle, capable of an 
ul t imate  pressure of 1 X 10 -6 Torr. Coming  7059 glass 
substrates were mounted  on a water-cooled support  3 
in. above the cathode. The sput ter ing source con- 
sisted of electroplated manganese  on stainless steel. 
The reactive gas was pure  oxygen at pressures of 
5 X 10 - 2 ,  3 X 10 - 2 ,  2 X 10 - 2 ,  1 X 10 -2, and 5 X 10 -3 
Torr and oxygen-argon mixtures  with different oxygen 
part ial  pressures between 2 X 10 -5 and 2 X 10 -2 Torr. 
In  the oxygen-argon mixtures  the total pressure was 
constant at 2 X 10 -2 Torr. Cathode voltages with pure 
oxygen were either 1.5, 2.5, or 4.0 kV d.c., and 4.0 kV 
d.c. with the oxygen-argon mixtures.  In  separate ex- 
periments  approximately 200W of rf power was com- 
bined with either 2.5 or 4.0 kV d.c. F i lm thicknesses 
were measured with the Talysurf,  and resistivities 
were measured from the current-vol tage  characteristic 
between metal  contacts evaporated on the sample sur-  
face. The substrate temperature  was measured with a 
thermocouple imbedded in the substrate holder. Al-  
though this is a low estimate of the surface tempera-  
ture, the heat flow conditions, and more recent  mea-  
surements  with thin film thermocouples that  are cited 
below, indicate that  the observed variat ions in tern- 
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perature  are valid for the growing film. Crystallo- 
graphic phase identification was done by x - r ay  diffrac- 
tion. 

Results 
All  of the phases Mn, MnO, Mn~O4, Mn203, and MnO2 

have been obtained in the course of the experiments,  
although the x - r ay  diffraction pat terns are often diffi- 
cult to interpret .  The resistivities of the films cover the 
range from 10 -2 ohm-cm to 107 ohm-cm. Deposition 
rates cover the range from 2.5 A / m i n  to 85 A/rain.  
The results are summarized in Fig. 1 and 2. In  Fig. 1 
the resist ivity values in ohm-cm are marked next  to 
the corresponding data  points. The substrate  tern- 
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Fig. 1. Substrate temperature vs. oxygen pressure for different 
d.c. or d.c. and rf power levels. Numbers adjacent to data points 
are resistivity values (ohm~ for the manganese oxide films. 
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Fig. 2. Deposition rate v s .  oxygen pressure for different d.c. or 
d.c. and rf power levels. 

I 0 4  

225~ IZ5~ 50~ O~ -550C 
I I I I 

~. O,lOeV 

~ 0.21eV 

I I I I I 
I0  .0 2.5 3.0 3.5 4.0 4.5 

I / TX  ](~3(~ 

Fig. 3. Resistance vs. temperature typical of manganese oxides 
with resistivities between 0.1 and 10 ohm-cm. 

perature m a x i m u m  with approximately 0.5% 02-95.5% 
A has been confirmed in  an independent  invest igat ion 
(7), using a P t /P t -10% Rh th in  film thermocouple on 
a glass substrate. 

Films with resistivities between 0.1 and 10 ohm-cm 
are probably close in s tructure and composition to the 
MnO2 prepared by  pyrolysis of Mn (NO3)2 (8, 9). Only  
a few diffuse lines appear in  the x - ray  diffraction pat-  
terns of the sputtered films, so that  a specific phase 
identification is not possible. However, for all  the films 
in this resistivity range the tempera ture  coefficient of 
resistance (d In R/d ( l / T ) )  is approximately  con- 
stant  and is close to the values found with films pro- 
duced by Mn(NOs)2 pyrolysis. The activation energy 
for the n - type  conduction is indicated in  Fig. 3. The 
apparent  nonl inear i ty  in the plot may be due to oxygen 
of water  vapor evolution dur ing  heating. Upon re-  
cycling the sample tempera ture  be tween  --55 ~ and 
125~ the 0.21 eV activation energy is removed and 
only the 0.10 eV value is obtained. 

For d-c sput ter ing at 2.5 kV, the lowest oxygen par-  
tial pressure producing a resist ivi ty in  the 0.1 to 10 
ohm-cm range is 2 X 10 -4 Tort.  In  comparison, at 
4.0 kV d.c. the lowest pressure is 1 • 10 - s  Torr. The 
higher substrate temperatures  in  the lat ter  case would 
favor t ransformat ion to NIn20~ at  a higher pressure 
than  at 2.5 kV d.c. At  4.0 kV d.c. and an oxygen par-  
tial pressure of 5 X 10 -4  Torr  the x - r a y  diffraction 
pa t te rn  is clearly a-Nin2Os. Similarly,  in pure  oxygen 
at 4.0 kV d.c. there is a change to Mn203 between 
3 X 10 -2 and 5 X 10 -2 Torr, when  the substrate  tem-  
perature increases from 275 ~ to 360~ In  this case, 
the NInO2 -~ Mn203 transit ion,  which decreases the 
O: Mn ratio, occurs even as the oxygen pressure is in -  
creased. This is fur ther  evidence that  the increase in 
substrate tempera ture  and possibly the change in m a n -  
ganese sput ter ing rate from the cathode as the pres- 
sure is increased, are impor tant  in de termining  the 
phase that  forms. The substrate  t empera ture  is also 
impor tant  in regard to the rate of film growth. When 
the substrate tempera ture  is increased independent ly  
of power input  and oxygen pressure (4.0 kV d.c., 
5 X 10-~ Torr  pure O2), by resistance heat ing of the 
substrate holder, the film growth rate increases. The 
thermal  activation energy is 4 _+ 2 kcal /mole  Mn203. 

When rf power is added to the a rgon-oxygen dis- 
charge, the growth rates (A/ra in) ,  at corresponding 
pressures, increase in almost all cases. (An accurate 
comparison of rates in terms of mass / t ime must  ac- 
count for changes in  film density.) The resist ivi ty of 
the films also increases, and the x - r ay  diffraction pat-  
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terns show that  a lower oxide than  MnO2 is pro- 
duced. The results therefore indicate that  the in ter -  
dependence of the sput ter ing variables restricts the 
flexibility to obtain given film properties at high dep- 
osition rates. 

Discussion 
Valletta and Pl iskin (10) have used the infrared 

spectra to characterize manganese  oxides prepared by 
d-c reactive sput ter ing in oxygen at 5 X 10 -2 Torr. 
They conclude that  manganese  dioxide is formed only 
when  the substrate tempera ture  is below 350~ This 
is in agreement  with the x - r ay  diffraction results pre-  
sented above, where a definite t ransformat ion to Mn203 
is observed between 275 ~ and 360~ The resistivity 
changes also indicate the phase transformation.  

The metastable products formed in the thermal  
oxidation of manganese  can be explained in terms of 
the ra te - l imi t ing  t ransport  reaction, producing concen- 
t rat ion gradients and an electric field across the grow- 
ing oxide film (11, 12). For example, thermal  oxida- 
t ion in 1 a tm air at 350~176 produces Mn304, and 
at pressures down to 10 -4 Torr  produces MnO and 
Mn304 (11). The situation is analogous in the oxida- 
tion of iron and copper. For  copper, results on reactive 
sput ter ing have been obtained by Pe rny  and Lavil le-  
St. Mart in  (13, 14). The Cu20 phase is formed under  
conditions where equi l ibr ium calculations predict CuO. 
Although the mechanism of reactive sput ter ing is u n -  
l ikely to be the same as thermal  oxidation, nonequi -  
l ibr ium conditions also exist dur ing  reactive sputter-  
ing since the oxide is deposited from species in an 
electric discharge. 

Figures 1 and 2 suggest that  the interactions in an 
argon-oxygen discharge are sensitive to the composi- 
tion of the mixture.  This is best i l lustrated by the 
max imum in substrate tempera ture  observed with 
0.5% 02. A complete explanat ion of the observed 
changes in substrate temperature  and deposition rate 
require informat ion on the concentrat ions of positively 
charged ions, secondary electrons, and reactive species 
in the discharge. The species in an argon rf  glow dis- 
charge are A, A +, A*, and e - ,  where A* denotes an 
excited argon atom. Lounsbury  (15) has recently 
studied the effects of 1% O2 added to the argon dis- 
charge at a total pressure of 4 • 10 -2 Tort.  The oxy- 
gen addition increases the A + concentration, decreases 
the A* concentration,  and  probably  causes a change in 
the electron energy dis tr ibut ion in the plasma. The 
increased ion concentrat ion will  cause an increase in 
secondary electron emission from the cathode. Sec- 
ondary electron emission will  also be affected if an 

oxide layer is present  on the cathode. These secondary 
electrons are responsible for the substrate heating 
(16, 17). Therefore, a combinat ion of factors will  have 
an effect on the substrate  tempera ture  and the sput-  
ter ing rate  from the cathode. Although the species in 
oxygen-argon mixtures  have not been examined for 
compositions other than  A - l %  O2, this type of in-  
formation is very impor tant  in general. When this is 
combined with informat ion about the reaction proc- 
esses on the substrate surface, a detailed mechanism 
of the reactive sput ter ing process can be proposed. 
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ABSTRACT 

The precipitat ion of ions generated at an electrode, operating at a constant  
current,  with ions of the adjacent  electrolytic solution has been modeled as a 
growing porous layer. The thickness of the layer as a function of t ime for 
short times is given by a power series expansion of time. The long- t ime solu- 
tion was determined by a numerica l  calculation on a digital computer. A 
criterion for l inear  growth rate as a function of t ime is given. 

Moving boundary  problems, such as mel t ing-freez-  
ing, evaporat ion-condensat ion,  and purification of ma-  
terials, involving heat and mass t ransfer  have been 
treated in depth (1-7). A moving boundary  problem is 
encountered in the field of electrochemistry when  ions 
being generated at an electrode, operating at a constant  
current ,  form a precipitate with ions of the adjacent 
electrolytic solution. The resul t ing precipitate forms a 
growing porous layer  on the electrode. Studies of 
anodic dissolution of various metals which form porous 
coatings (8) can be considered examples of growing 
porous layers. In  the case of silver, a porous layer 
occurs only after a nonporous layer has been formed 
or when large currents  are employed (9, 10). Jackson 
and Blomgren (11) studied the anodic dissolution 
of l i th ium in a 1M solution of A1C13 in propylene car- 
bonate and observed a growing porous layer of LiC1. 
Other examples of growing porous layers are the oxi- 
dation of tungsten (12) and the scaling of metals (13). 
In  the following analysis, the thickness of a growing 
porous layer as a funct ion of t ime is determined, and 
a cri terion for l inear  growth rate as a function of time 
is given. 

Description of Model 
The system under  consideration consists of an elec- 

trode in contact with a b inary  electrolytic solution. 
The current  densi ty is assumed uni form over the sur-  
face of the electrode. Variat ion in concentrat ion occurs 
only in the direction perpendicular  to the electrode 
surface, and convection is assumed to be negligible. At 
time t = 0, a constant  current  is applied to the elec- 
trode. The metal  ion which is being generated at the 
electrode surface combines with the anion of the b inary  
electrolyte and precipitates at the electrode surface 
(the solution being ini t ial ly at the saturat ion concen- 
tration, cs). Fur ther  precipitat ion occurs at the in ter -  
face between the advancing front of the porous layer 
and the electrolytic solution. The porous layer  is as- 
sumed to have a homogeneous porosity. The saturat ion 
concentrat ion inside the porous layer  will be allowed 
to increase above the ini t ial  sa turat ion value due to 
local resistance heat ing (10, 14). Dilute-solut ion theory 
(15) will be used t o  re la te  the derivat ive of the con- 
centrat ion at the electrode surface to the current  den-  
sity. 

Mathematical Formulation 
The equations necessary to describe the growing 

porous layer are (where c refers to the concentrat ion 
inside the porous layer) 

0c O2c 
- - = s  O < X < b ( t )  [1] 
Ot OX ~ 

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  A s s o c i a t e  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  G l o b e - U n i o n  Inc . ,  M i l w a u k e e ,  W i s c o n s i n  53201. 
K e y  w o r d s :  p o r o u s  l aye r s ,  p r e c i p i t a t i o n ,  g r o w t h  r a t e .  

cLt--0 : Cs [2] 

c[x=m) = c s  [3] 

Oc it--  K 

OX • nFD E �9 [4] 

db (t) De Oc F 
- -  - L [ 5 !  

dt (1- -e)pm OX t x=6(t) 

Equation [1] is the species cont inui ty  equation with 
the rate of production in the porous layer  equal to 
zero. Equations [2] and [3] give the ini t ial  and 
boundary  value concentrations. Equat ion [4] relates 
the derivative of the concentrat ion at the electrode 
surface to the applied current ,  t ransference number  of 
anion, diffusion coefficient of the b inary  electrolyte 
in the porous layer, and porosity of the layer. Equation 
[5] is obtained from an over-al l  mater ia l  balance and 

relates the rate of growth of the porous layer  to the 
flux of precipitate in solution at X ---- 5 (thickness of 
porous layer) .  The diffusion coefficients in these equa-  
tions are assumed independent  of concentrat ion and 
equal to each other. The quant i ty  ( 1 -  e)p~n, indicates 
the amount  of precipitate present  in  the solid portion 
of the porous layer. 

The following change of variables is made in  order 
to immobilize the boundary  (7) 

L e t x  = X / 5 ( t ) ,  ~ = D t ( K / ( 1  - -  ~)pm) 2 

o - -  (c -- C s ) ~ / K S ( t ) ,  A = b ( t ) K / ( 1  - -  ~)p,. [6] 

Equations [I-6] are now expressed as 

A200 • 
- t - 2  o - - x  . . . .  0 < x < l  [7] 

OT Ox dT Ox 2 

0[~=0 = 1 -  x [81 

e l x = z  " - "  0 [9] 

~176 / 
- -  = - - 1  [ 1 0 ]  
OX x=0 

da __ 00 [11] 
d T  0 X  x - -1  

A]~=0 - -  0 [12] 

The x domain has now been reduced to 0 < x < 1. 
Equation [7] is slightly more complex than its counter  
part  (Eq. [1]), however, the dependence of Eq. [3] 
and [5] on 5(t)  has been removed. The solution to 
Eq. [7-12] will first be examined for small  ~ by ex-  
pressing A and 0 as a power series in T. 

_X : T -- a~ 2 -I- b~ 3 -]- c~ 4 -k dT 5 -{- 0(~ ~ [13] 

186 
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o : 1 -- x-- A(x)z + B(x)~ 2- C(x)T 3 

+ D(x)z 4 + O(T 5) [14] 

By substituting the above series into Eq. [7-12], the 
unknown coefficients can be determined. The result is 
given by 

A = ~ -- ~2/2 -5 5"~3/6 -- 17z4/8 -5 827z5/120 + 0(T s) [15] 

o : ( i  -- x) -- (I -- x2)~/2 + 5 ( i  -- X2)T2/4 

-5 [ 5 3 ( 1 -  x 2 ) / 1 2 -  ( I -  x4)/2]z 8 

-5 [895(1-- x2)/48 - - 1 7 ( 1 - -  x4)/24]~ 4-50(T 5) [16J 

Let us digress a moment and determine what a rea- 
sonable value for T might be. For i = 10 -3 A/cm 2, 
�9 = 0.1, /:) = 10 -5 cm2/sec, pm -- 4 �9 10 -2 moles/cm 8, 
t = 5.4 �9 103 sec one obtains T ---~ 0.001. Therefore, as 
can be seen, the short-time solution can be used to de- 
scribe the behavior of the porous layer for relatively 
long real times. 

Let us now determine if -% -- ~1/2 at long times, 
which would be characteristic of unrestricted semi- 
infinite diffusion from an electrode. The change of 
variables used to obtain Eq. [7-12] was useful in ob- 
taining the short-time solution. For the development 
of the long-time solution, the following change of 
variables will be used in Eq. [1-6] 

(c - cD 
f ( n , ~ )  - 

(I -- e) pm 2~/~ 

~] = XK/2(1 -- ,)~X/~ 
-%, : 5 ( t ) K / 2 ( l  --e)p~N/~ 

: D t [ K / ( I  -- e))m] 2 

Equations [1-6] then become 

of O~f of 
4 ~  = -  "-5 ~1' -- 2f [17J 

a~ O~l 2 a~ 

f [~/=A1 ' - -  0 [18] 

a l l  = - 1  [ 1 9 ]  
Oq [ 7=0 

dA1 A1 0 f  
_ -{ - -  [20] 

~,l,=0 = 0 [21] 

Equations [14-19] can be t ransformed into the fol- 
lowing to facilitate the computer  computat ion 

A~ da~ [ k/:~ e~l ~ 
-----5 -= [ i+ 

[ ( ~ A 1  ea~ ~ err -%~ -5 1) err -%~ 

_ k/~ y~e,O(erfn)2d~l ] ] =  1 [22] 
o [~/~Me ~ erf al -5 1] 

2Me~,'[nffe- ,~dn-se-~/2] 
f=n4 

[AI\/~ e a~ erfA1 -5 1] 

+,(~) [ [ e - ~  -- A/~n erfcn] ~ o  en" erf,ldn 

+ e, erfc erf d. ] + + e [231 

where 

2 k / z  e -A~  dM 
~ ( T )  : - -  

eAl~ ]2 d.V/T 
"x/~ [ A,erf• -5 _ ~ n  

e ( , ) / 2  
B :  

e - A12 

[A1erf~t-5 V~ ] 

[[\/~Me~l, erfc.Al--lJe-a~"S;le,'~dn 

- [V'~ ,A,erfcA, + A/~-A, n e -~1~] fo~le '2 erfcndll 

+ k/~Al~oo~e~'(erfcn)2d~l j 

Equations [22] and [23] were solved on the IBM 360 
computer using a standard Runge-Kutta program. The 
short- and long-time solutions for • as a function of 
are given in Fig. I. 

Discussion 
One can see from Fig. 1 that  for �9 < 0.01 we have 

_x ~ z. As was shown earlier, this l inear  dependence 
can be used to characterize a growing porous layer for 
relat ively long real times (~108-104 sec). If for this 
region, A ~ z, the resistance of the porous layer  (small 
porosity) is the main  factor in determining the poten- 
tial difference between the metal  electrode and a 
reference electrode located just  outside the porous 
layer (at constant  current ) ,  then one should ob- 
serve a l inear  dependence of potential  vs. time. Jack-  
son and Blomgren (11) studied the anodic dissolution 
of l i th ium in a A1Cla- propylene carbonate electrolyte 
solution and observed a growing porous layer of LiC1. 
Their model assumes a l inear  growth rate of the porous 
layer. Using the parameters  suggested for their  sys- 
tem, ~ was found to be ,~0.01 which justifies the use of 
the l inear  growth rate assumption. Using similar pa- 
rameters  for systems studied by Webb, Norton, and 
Wagner  and Haycock, one obtains a value of �9 < 0.01 
thus just i fying their  assumption of a l inear  growth rate 
of the porous layer. 

As shown in Fig. 1, • does not become proport ional  
to T l/2 even for �9 ~ 100. Increasing the value of i in 
the previous example from 10-3 to 10 -1 A/cm 2 gives 

: 10. This value of T corresponds to a concentrat ion 
~0.5 moles/cm 3 at the electrode surface, a highly 
unrealist ic number .  We may therefore say that  the 
physical properties of the solution are violated long 
before • becomes proportional to ~/2. 

In  summary,  while  there are questions concerning 
the val idi ty  of some of the assumptions made in posing 
the growing porous model, it is believed that the 
quali tat ive description of the phenomena is correct 
and is in agreement  with exper imental  results. Also 
a criterion for assuming a l inear  rate of growth of a 
porous layer is given by �9 < 0.01. The ma x i mum value 
of r for which Eq. [15] and [16] remain  valid is ~0.1. 

Manuscript  submit ted June  22, 1971; revised manu-  
script received ca. Oct. 14, 1971. 

A ny  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 

NOMENCLATURE 
c concentration of precipitate species in solution, 

moles/cm 3 
c, saturat ion concentrat ion of precipitate in solu- 

tion, moles /cm a 
diffusion coefficient, cm2/sec 
: De LS, effective diffusion coefficient in porous 
medium, cm2/sec 
Faraday 's  constant, 96,493 coulombs/equiv 
current  density, A /cm 2 
see Eq. [4] 

D 
b 
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Fig. 1. The dimensionless 
thickness of the porous layer as 
a function of dimensionless 
time. 
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n number  of electrons involved in the electrode 
reaction 

t time, sec 
X distance from electrode surface, cm 
x -~ X /8  (t),  dimensionless distance 

thickness of porous layer, cm 
• ~ 5 ( t ) K / ( 1  -- ~)p~,, dimensionless thickness 

porosity of porous layer 
o : (c -- cs) e/K8 (t),  dimensionless concentrat ion 
p,~ density of crystal l ine precipitate, moles/cm ~ 

: Dt ( K / (  1 -- ~) ~m) 2, dimensionless t ime 
t -  anion t ransference number  
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Liquid Ammonia as a Nonaqueous Solvent: 
The Kinetics of the Pb/Pb" Exchange 
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ABSTRACT 

The exchange reaction at polycrystal l ine lead electrodes in l iquid ammonia  
at --45 ~ ~- 1~ has been investigated. At low overpotent ials  the reaction ap- 
pears charge t ransfer  controlled. At high overpotent ials  the react ion is more  
complex. It is suggested that this is due to the surface being blocked by 
Pb (NH3) 2 (NO~) 2. 

Liquid ammonia  has considerable at t ract ion for use 
as a nonaqueous solvent. It  has a sizable tempera ture  
range in the l iquid phase --33.3 ~ to --77.7~ It  is in ter -  
esting for electrochemists  since its propert ies  are ana- 
logous to those of water.  Liquid ammonia  dissociates 
in a s imilar  manne r  to that  of water  

2NHs ~-~ NI-I4 + + NH2-  [I] 

2H20 ~ H30 + q- O H -  [2] 

a l though its dissociation constant (1,2) 10 -30• is con- 
siderably less than that  of water  10 -14 . A m m o n i u m  
salts act as an equivalent  to acids in water  and amides 
as an equivalent  to alkalis in water. Also, many  com- 
mon inorganic salts are  soluble in l iquid ammonia  so 
that  the problems of high electrolyte  resistance and 
diffusion resistance are not f requent ly  encountered in 
electrochemical  studies as they f requent ly  are in other 
nonaqueous solvents. 

Liquid  ammonia  has been used extens ive ly  for the 
preparat ion of compounds which are ei ther  unstable at 
ambient  tempera tures  or sensitive to water.  These prep-  
arat ions have  been carr ied out ei ther e lect rochemi-  
cal ly (3, 4) or chemical ly  (5-7). We became interested 
in using an electrochemical  technique to produce de- 
protonated species of the type [M(L -- H ) x ( L ) y - x ] X z  
(where  M = transi t ion metal,  L -- H ~ deprotonated 
ligand, L -- ligand, X ~ halide) which have prev i -  
ously been prepared by chemical  methods (5-7). 

Ini t ia l  studies by us on the deprotonation of com- 
pounds of the above type were  complicated by the lack 
of a suitable reference electrode for use in l iquid am-  
monia. A l i te ra ture  search showed that  few electro-  
chemical  studies have been made in this solvent. Ples-  
kov and Monossohn (8) first described a Pb/Pb(NO.~) 
half  cell for use as a reference  electrode in liquid am- 
monia. This has repor ted ly  been used successfully by 
Lai t inen and Shoemaker  (9) and by Miles and Kel le t  
(10). An electron reference electrode has been used by 
Hammer  and Lagowski  (11) whi le  Watt  and Sowards 
(12) describe the use of a Hg/HgC12 half  cell  as a ref-  
erence electrode for potent iometr ic  titrations. A hydro-  
gen reference electrode has been described by Baldwin 
and Gill  (13) though Her lem (1) indicated that  such 
an electrode was not practical.  

We have invest igated all these reference electrodes 
wi th  the exception of the electron electrode. We agree 
with  the findings of Her lem (1) that  the hydrogen 
electrode is not  a pract ical  reference electrode in liquid 
ammonia  (the exchange current  is too small) while  
investigations of the Hg/HgC12 electrode were  incon- 
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clusive in that  it appeared to operate for only a few 
minutes  at a time. The Pb /Pb (NOs)2  electrode, how- 
ever,  appears to work  well. Therefore  it seemed useful  
to investigate it fu r ther  and a kinetic study of this 
electrode is recorded in this paper. 

Experimental 
Vacuum line.--The vacuum line was evacuated  using 

a ro tary  vacuum pump. Provis ion was made  on the 
vacuum line for at taching an electrolytic cell and a 
cyl inder  of ammonia.  A mercury  manomete r  was used 
to monitor  the pressure in the line. The electrolyt ic  
cell, cyl inder of ammonia,  and the vacuum pump could 
all be isolated individual ly  f rom the vacuum line. 

The cell.--The electrolytic cell consisted of a single 
compar tment  into which could be introduced, test, 
auxil iary,  and reference electrodes. The cell  was pro-  
vided with  a means to attach it to the vacuum line and 
a manomete r  for moni tor ing the pressure in the cell. 

The electrodes.--The test, auxil iary,  and reference 
electrodes were  constructed f rom polycrysta l l ine  lead 
rod (99.999% supplied by Materials Research Corpora-  
tion) sheathed in polyethylene.  Electr ical  connections 
to the electrodes were  via p la t inum wires fused to the 
lead rod. 

The electrical circuit.--The exper imenta l  technique 
used in this study was that  of l inear sweep vo l tam-  
metry.  This was carr ied out using a potentiostat  based 
on Phi lbr ick  Research K2W Operat ional  amplifiers 
which were  chopper stabilized by Phi lbr ick  Research 
K2PA amplifiers and used in a modified Phi lbr ick  Re-  
search Operat ional  Manifold 6009. The sweep genera-  
tor, current  follower,  and adder were  of convent ional  
chopper stabilized design. A Kei th ley  601B electrom- 
eter was used as a vol tage follower.  Curren t  potent ial  
curves were  recorded on a Mosley Autograf  Model 
2DR-2 X-Y recorder.  

Experimental procedures.--A known quant i ty  (ana- 
lytical reagent  grade) of lead n i t ra te  and sodium 
ni t ra te  [a constant concentrat ion (2.0M NO8-)  in ni-  
t rate being maintained]  were  placed in the electrolytic 
cell together  with a magnet ic  stirrer.  The test elec- 
trodes were  prepared by cutting a thin slice from the 
electrode, so exposing a new surface for every  run. 
The cell and the electrodes were  assembled together,  
connected to the vacuum line and then evacuated for 
a number  of hours before use. During this t ime the 
cell was gent ly heated so as to dr ive off any water  
which may  have  been present. The  celt and the vac-  
uum line were  then isolated from the vacuum pump 
and the combined system moni tored for any leaks. This 
was accomplished by observing if there  was any fall  in 
the manomete r  a t tached to the vacuum line over  a 
period of half  an hour. The cell was then  immersed 
in an isoproponyl/CO2 bath at --70~ and al lowed to 
cool. Ammonia  gas was then introduced into the vac-  
uum line from the cyl inder  of ammonia.  The ammonia  
was twice disti l led over  potassium before use and 
condensed in the cell at  a pressure  of a few cent i-  
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Fig. I. A typical current density/overpotential curve, 0.$M Pb 2+, 
2.0M NO3- ,  - -45 ~ + I~ 

meters  less than atmospheric.  The l iquid ammonia  was 
st i rred cont inuously in the cell  dur ing condensation by 
means of the magnet ic  s t i rrer  to help the dissolution 
of the salts. When the requi red  volume of l iquid am-  
monia had been condensed, the ammonia  cyl inder  and 
the electrolytic cell were  isolated from the vacuum 
system. The vacuum line was then evacuated,  the small 
amount  of ammonia  left  in the system being expel led 
into the atmosphere.  The electrolyt ic  cell was then re-  
moved from the vacuum line. 

Ohmic resistance.--The contr ibut ion of R~ (the ohmic 
resistance) to the total  resist ive component  of the elec- 
trode impedance was made negligible by the cell elec- 
trode geometry  and could be neglected. Typical  values 
of a few ohms were  obtained f rom impedance measure-  
ments. 

It  was noticed that  when  the l iquid ammonia  reached 
its boiling point, --33.3~ a whi te  precipi ta te  was ob- 
tained f rom the solution; this was collected and la ter  
analyzed. 

Results 
Figure  1 shows a typical  cu r ren t /vo l t age  curve ob- 

tained at a polycrysta l l ine  lead electrode in sodium 
n i t r a t e / l ead  n i t r a t e / l iqu id  ammonia  electrolytes. A 
study was made of the kinetics of the exchange reac-  
tion at low and high overpotentials .  

Low overpotentials.--Figure 2 shows a number  of 
scans at different sweep rates. In Fig. 3 are shown a 
number  of cur ren t /po ten t i a l  curves at vary ing  lead 
ion concentrations. In Fig. 4 log Pb 2+ has been plotted 
against io, ~ the slope of the curve  gives a ---- 0.50. 

High overpotentials.--Figure 5 shows typical  anodic 
Tafel  plots obtained at high overpotent ials  for two dif-  
ferent  lead concentrations. The slopes of the curves 
give a ~ 0.51 • 1 assuming a two electron transfer.  
In general  at lower  lead ion concentrat ions the Tafel  

io i s  o b t a i n e d  f r o m  t h e  r e d u c e d  f o r m  o f  t h e  E r d e y - G r u z  a n d  
V o l m e r  e q u a t i o n  w h i c h  a t  l o w  o v e r p o t e n t i a l s  r e d u c e s  to  i = 

z F y  
- -  ~,o - -  

RT" 

Fig. 2. Current density against overpotential curves at different 
sweep rates; O 0.02 V/min, �9 0.16 V/rain, [ ]  0.8 V/min, 2.0M 
NO3- ,  0.7M Pb 2+, - -45  ~ ~ 1 ~ 

region became less distinct. Cathodic plots at higb 
overpotent ials  did not show a distinct Tafel  region. The 
electrode behaved as if the exchange reaction was 
slowly being blocked off. 

Analysis of the white precipitate.--The white  solid 
precipitated f rom solution when the t empera tu re  of the 
l iquid ammonia  reached its boiling point, --33.3~ was 
analyzed and found to have  the chemical  formula  
Pb (NH~) 2 (NO3) 2. 

Discussion 
At low overpotent ials  the ra te-cont ro l l ing  step ap- 

pears to be the charge t ransfer  react ion 

Pb --~ Pb 2+ -k 2e [3] 

The value  of ~ ~ 0.5 indicates that  at low overpoten-  
tials the react ion is not complicated by kinet ical ly ac- 
tive adsorbed species (14). At  high anodic overpo-  
tentials  the reaction appears also to be charge t rans-  
fer controlled. At  high cathodic overpotent ia ls  (>40 
mV from equi l ibr ium) the current  appeared to de- 
crease wi th  increasing cathodic potentials.  If  the elec-  
t rode was mainta ined at a constant cathodic potent ial  
the current still decreased with t ime but did not 
become constant even after  many  hours. This be-  
havior  seems consistent wi th  the electrode react ion 
being inhibited by some cathodic product  blocking 
the electrode surface [ tenta t ive ly  identified as Pb 
(NH~) 2 (NO3) 3, see la ter  ]. 

The exchange react ion at a polycrysta l l ine  lead elec- 
trode in aqueous solutions has been studied by a 
number  of workers  (15-17). They found that  at low 
overpotent ials  the react ion was charge t ransfer  con- 
t rol led with an apparent  exchange current  of 100 mA 
cm -2 (0.5M Pb2+), an act ivat ion energy of 12.6 _ 2 kJ  
mole  -1 and a = 0.68. The high a value  was a t t r ibuted 
to the adsorption of Pb 2 + ions on the electrode surface. 
As stated above, the value  of a ---- 0.5 obtained in 
l iquid ammonia  indicates that  in this solvent  such ad- 
sorption does not occur. I f  the apparent  exchange cur-  
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rent  in both solvents is calcutated for the same tem-  
perature,  a value  of 31.0 mA cm -~ is obtained at --45~ 
for the exchange current  in the aqueous system and 
20.0 m A c m  -2 for the exchange current  in l iquid am-  
monia. This seems to indicate that  at low overpoten-  
tials the mechanism of the exchange react ion at a 
polycrystal l ine lead electrode is not p r imar i ly  con- 
t rol led by the solvent but  by the surface of the elec- 
trode itself. 

The white  precipi tate obtained from solution when 
the l iquid ammonia  is al lowed to boil has been ident i -  
fied as Pb(NI-L~)2(NOa)2, showing that  the species 
Pb(NHg) ~+ leads to the production of this insoluble 
salt in l iquid ammonia.  As divalent  lead tends to be 
e i ther  four  or six coordinated, we can assume that  in 
solution we  have species of the  type 

NHs NHs 

1 !bE.. .- NHs /Pb~ NHs.... 

NHs / I~NHs or 

NHs NH 

NHs 

I0 

LJ 

I i I I I , * l J , , , j , , , i  

I 0  I 0 0  
Pb ~§ con c en t rat io n x I 0  z 

Fig. 4. The variation of exchange current with Pb 2+ concen- 
tration; 2.0M NO3- ,  - -45 ~ • 1~ 

It is suggested that at low overpotentials the lead loses 
its ammonias  of salvat ion s imul taneously  so that  no 
species of the type Pb (NHs)2 + are produced whi le  at 
high cathodic overpotent ials  the reduct ion goes via the 
Pb(NHs)  2+ species, causing a solid to form on the 
electrode and so inhibi t ing the reaction. Therefore  we 
can wri te  
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Fig. 5. Anodic Tafel plots obtained at different Pb s+ concen- 
trations; I I  0.SM Pb 2+, O 0.05M Pb 2+, 2.0M NOs- ,  - -45 ~ 
• 1~ 
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Pb(NH3)42+ -t- 2e m Pb ~ NH3 

Pb(NH3)42+ ~ Pb(NH3)22+ ~ 2NH3 
Pb(NH3)22+ ~ 2NO3- --> Pb(NHa)2(NO3)2$ 

(precipi tated)  
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The Temperature Dependence of Viscosity and Conductivity 
of Concentrated Aqueous Calcium Nitrate Solutions 
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Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 20910 

and C. T. Moynihan and P. B. Macedo 
Vitreous State Laboratory, Catholic University of America, Washington, D. C. 20017 

ABSTRACT 

Shear  viscosities have been measured as a function of t empera tu re  for 
aqueous calcium ni t ra te  solutions in the composition range  R =- 4-10 (R -= 
moles wa t e r /mo le  salt) over  a t empera tu re  range from 25~ to as low as 
--83~ and over  a viscosity range from 10 -1 P to as high as 5 • 107 P. Con- 
duct ivi ty  measurements  are  also reported for the solution of composition R ---- 8 
over  the range 30 ~ to --83~ As is the case for a wide var ie ty  of other  liquids, 
the Fulcher  equat ion is found to give an inadequate  description of the  t em-  
pera ture  dependence of the t ransport  propert ies  of these solutions when ap- 
plied to data extending over  many orders of magnitude,  and the t ransport  
propert ies  exhibi t  a tendency to re turn  to Arrhenius  behavior  at high viscosi- 
ties. Comparison of the conduct ivi ty  and viscosity data for the R ~ 8 composi-  
t ion indicates that  it is s imilar  to other  ionic l iquids in tha t  at  low viscosities 
the t ime scales for viscous flow and for ionic conduction are  comparable  in 
magnitude,  but that  at high viscosities, in the vicini ty  of the glass transi t ion 
temperature ,  the t ime scale for viscous flow is ve ry  much longer than that  
for conduction. 

A characterist ic feature  of concentra ted  aqueous 
electrolyte  solutions is their  g lass-forming ability. 
Angel l  and Sare (1) have recent ly  reported glass- 
forming concentrat ion ranges for a large number  of 
these solutions, along wi th  the corresponding glass  
t ransi t ion temperatures ,  Tg, at which the solution vis-  
cosity approaches a va lue  of around 1013 P. In some 
cases these solutions cannot only be quenched to the 
glassy state, but  held in the supercooled state long 
enough to make  physical  measurements  in the largely 
unexplored range be tween the the rmodynamic  l iq-  
uidus t empera tu re  and the glass t ransi t ion tempera ture .  
Reports  of measurements  of t ransport  propert ies  of 
concentra ted electrolyte  solutions at t empera tures  
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t ra ted  solutions, glass t rans i t ion  t empera tu re ,  Fu lcher  equation.  

well  below room tempera tu re  are not uncommon 
[Garret t  and co-workers  (2) have  carr ied out mea-  
surements  as low as --75~ However ,  except  for 
two recent  reports  (3, 4) on electr ical  re laxat ion 
phenomena near Tg, none of these studies have been 
carr ied to sufficiently low tempera tu res  to a l low obser-  
vation of a significant fract ion of the huge change in 
t ransport  propert ies  (as much as fifteen orders of 
magni tude  for viscosity) which occurs be tween the 
t empera tu re  region of "normal"  fluidities and the glass 
transition region. 

As an init ial  effort in this direction, we  repor t  in 
this paper a study of the t empera tu re  dependence of 
the viscosity of concentrated aqueous calcium ni t ra te  
solutions in the glass-forming composition region over  
a viscosity range f rom 10 -1 P to as h igh  as 5 • 107 P. 
For purposes of comparison, the t empera tu re  depen- 
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( m o l e w a t e r )  ( m o le sa l t  ) ( ~ m 3 )  
R �9 m . Density 

mole salt  kg water  Tg (K)* 

4.018 13.815 1.770-8.7 • 10-~t (~ 
6.004 9.245 1.635-8.6 • 10-~t (~ 
8.035 6 .908 1 .541-8 ,6  • lO-~[t (~  

10.026 5 .537 1 .480-8 .0  • l O ~ t  (~  

218 
195 
183 
175 

* Data f rom Ref. (I). 

dence of the  conduct ivi ty  has also been studied at 
one composition. Our choice of the calcium ni t ra te -  
wa te r  system for  s tudy was mot iva ted  by the re la t ive  
ease with which these solutions can be supercooled 
and by their  high glass t ransi t ion temperatures ,  which 
lead to the development  of high viscosities at t em-  
peratures  not too great ly  removed from ambient.  In 
addition, considerable interest  has been exhibi ted in 
the t ransport  propert ies  of this system over  the past 
several  years (1, 3, 5-13). 

Experimental 
Sample preparation.--Solutions were prepared f rom 

reagent  grade calcium nitrate  t e t rahydra te  (Mall inc- 
krodt  AR) .  To remove  any insoluble mat te r  capable 
of act ing as nucleat ion centers  for crystallization, the 
solutions were  filtered in a recirculat ing system con- 
taining a Teflon filter of 5 #m pore size (Millipore 
Corporat ion) .  Water  content  was determined f rom 
the weight  loss of samples dehydra ted  at 115~ and 
then dried to constant weight  at 190~ Density mea-  
surements  (see below) were  used to cross check the 
composition of all samples. We wil l  express solution 
compositions in terms of the molar  water  to salt 
ratio, R. 

R ---- moles w a t e r / m o l e  salt 

The actual R values for the solutions studied are 
given in Table I along with  the corresponding molal i -  
ties. Since the R values are so close to integers, we 
wil l  subsequent ly  specify solution compositions by 
R values rounded off to the nearest  in teger  (R : 4, 
6, 8, or 10). Tg values for these solutions taken f rom 
the paper of Angel l  and Sore (1) are  also given in 
Table I. 

Temperature control and measurement.--Samples 
were  thermosta ted in a 4 l i ter  Dewar  flask containing 
ei ther  methanol  or an e thanol -methanol  mix ture  
s t i rred wi th  a mechanical  stirrer.  Tempera tu re  was 
control led to wi th in  __.0.01 ~ above --60~ and to wi thin  
+-0.05 ~ below --60~ by periodical ly  adding small  
amounts  of  dry  ice or l iquid ni t rogen to the bath. Tem- 
peratures  were  measured  to an accuracy of -+0.10~ 
with  a cal ibrated copper-constantan thermocouple  
whose measur ing junct ion was si tuated in the bath 
just  outside the sample container. Sufficient t ime for 
thermal  equi l ibrat ion was al lowed at each t empera -  
ture before measurements  were  started. The repro-  
ducibi l i ty of the data  taken over  a period of t ime at 
the same tempera tu re  was considered proof that  ther -  
mal  equi l ibr ium with  the bath  had been reached. 

Density measurements.--Densities of the solutions 
at 25~ were  measured in a pycnometer  and agreed 
wi th in  0.01% with  the density data of Ewing and Mi- 
kovsky (14). Densities as a function of t empera tu re  
were  measured over  the range --25~176 by means of 
a cal ibrated di la tometer  and agreed wi th in  0.03% with  
densities ext rapola ted  l inear ly  from the Ewing and 
Mikovsky data (14) (measured over  the range 25 ~ 
60~ Subsequent ly  the  densi ty data were  used both 
to check sample composit ions and to calculate densities 
at t empera tures  below --25~ by l inear extrapolat ion.  
Linear  density vs. t empera tu re  equations for our solu- 
tions are given in Table I. 

Viscosity measurements.--Viscosities below 200 P 
were  de termined  with  fac tory-ca l ibra ted  Cannon-  

Fenske capi l lary viscometers  wi th  an inherent  ac- 
curacy of about __.0.5%. Above 102 P viscosities were  
measured with  a Brookfield Model RVT rotat ing cyl in-  
der viscometer  using a 2.2 cm ID cyl indrical  glass 
sample container  and a 0.32 cm OD stainless steel 
spindle immersed  in the solution to a depth of 5.1 cm. 
The Brookfield viscometer  was cal ibrated wi th  NBS 
standard viscosity oils. In the range 102-104 P viscosities 
were  measured  with  the Brookfield viscometer  using 
the rotat ional  method ( inherent  accuracy --+1%). In 
the range 104 to 5 • 107p the decay method was used 
( inherent  accuracy ___2%). Weiler  et oZ. (15) have de- 
scribed both methods in detail. The principal  problem 
encountered in viscosity measurements  at low tem-  
peratures  was the l imited amount  of t ime the solutions 
could be kept  in the supercooled state wi thout  crysta l -  
lizing. With the R ---- 8 solution this problem necessi- 
tated f requent  remel t ing  of the sample, whi le  wi th  the 
R = 4 and R ----- 10 solutions the tendency of the solu- 
tions to crystall ize prevented  viscosity determinat ions  
above 10~ and 101 P, respectively.  

Conductivity measurements.--Conductivities in the 
range 10-1 to 10-4 ohm-1  cm-1  were  measured  in the 
f requency  region 1-30 kHz with  a th ree - t e rmina l  t rans-  
former  a rm ratio bridge ( inherent  accuracy +--0.5%) 
similar  in design to that  described by Cole and Gross 
(16). The conduct ivi ty  cell used in this range was 
similar  to one described previous ly  (6, 17) and had a 
cell constant of 214.5 cm -1. The conduct ivi ty  cell, 
admit tance bridges, and procedure  used for mea-  
surements  in the range 10 -5 to 10 -9 ohm -1 cm -1 have 
been described e lsewhere  (3). As is shown in Fig. 1, at 
the lower end of this range the measured  conduct ivi ty  
of the sample exhibits  a marked  f requency dependence 
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Fig. 1. Frequency dependence of measured conductivity of 
Ca(NOs)2-H20 solution, R = 8o at low temperatures. 
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Table II. Shear viscosity and conductivity as o function of temperature for Ca(NO3)2-H20 solutions 

R=4 

t (~ ~ ( P )  

R = 6  R = 8  R = 1 0  

t ( ~  v/ ( P )  t ( ~  ~/ ( P )  t ( ~  a ( o h m - 1  c m - D  t ( ~  y ( ~  

- - 5 . 0  9 . 7 9  • 10 '  
- - 1 0 . 0  2 . 3 2  • 10  ~ 
- - 1 5 . 0  6 . 5 0  • 10  e 
- - 2 0 . 0  2 . 3 1  x 10  a 
- -25.0 8 ,4  • 10 ~ 

25.0 2.90 x 10 -1 22.6 1.120 x 10 - I  30.5 5.78 x 10 -2 
20.0 3.61 X lO -1 20.0 1.281 x 10 -1 24.5 5.16 x 10 ~ 
15.0 4.63 • lO- :  10.0 1.907 x 10 -1 17.6 3.98 x 10 -:~ 

S.O 8.54 • 10 - i  0.0 3.07 • 10 - i  8.3 2.90 • 10 -~ 
0,0 1.198 --i0.0 5 . 4 9  x 10 - I  0.6 2 . 0 2  x 10 -~ 

- - 5 . 0  1 . 7 4 7  - - 1 5 . 0  7 . 8 7  x 10  -1 - - 5 . 0  1 . 5 8  X 10 -~ 
- - 1 0 . O  2 . 6 8  - - 2 0 . 0  1 . 1 5 5  - - 1 0 . 0  1 .27  • 10 -u 
- - 1 5 . 0  4 , 3 9  - - 2 5 . 0  1 . 8 1 0  - - 1 5 . 0  9 . 3 4  • 10-:~ 
- - 2 0 , 0  7 . 6 1  - - 3 0 . 0  3 , 0 1  - - 1 9 , 0  7 .11  x 10  ~ 
- - 2 5 . 0  1 , 5 1 6  • 10 L - - 3 5 . 0  5 . 4 7  - - 2 5 . 0  4 . 4 6  • 10  -3 
- - 3 0 . 0  3.27 X 1 0  L - - 3 9 , 5  9,80 --30.0 2 .91  X 10 -8 
- - 3 5 . 0  8 . 2 3  • 1 0  l - - 4 4 . 8  2 . 3 3  X 10 * - - 3 5 . 0  1 .77  X 10  -~ 
- - 4 0 . 0  2 . 4 7  • 10~ - - 5 0 . 3  6 . 6 5  • 10  a - - 4 0 . 0  9 . 9 7  • 10 -4 
- - 4 5 . 0  6 .8 1  X 10~ - - 5 5 . 0  1 . 6 7 0  X 10~ - - 4 5 . 0  5 . 1 0  X 10  -4 
- -50.0 3.05 X 10 ~ - -62.3 9.13 X 10 :~ - -50.0 2.35 X 10 -4 
- -55.0 1.77 • 10~ --70.0 1.87 X 10~ - -66 .0  6.3 x 10 -e 
- -57.5 5.2 • 104 --71.0 3,44 • 10 ~ - -70.0 1.9 ~ • 10 -s 
--60.6 1.60 • I(Y --72.4 5.4 x I0~ -74.0 4.5 • I0 -v 
--61,0 2.64 • I05 --73,0 8.0 • IO~ --76.3 1.44 • I0 -~ 
--62.0 4.28 • 10 ~ --74,0 1.43 • 10 ~ --80.0 3.3 • 10 -s 
--63.0 7.4 • 10 s --75.0 1.88 • 10 a --83.0 6.3 X 10 -~ 
- - 6 4 . 0  1 . 2 7  • I0~  - - 7 6 . 0  3 . 6 2  x I0~ 
- -65.0 2.25 x 10 ~ - - 7 7 , 0  7 .3  x lO~ 
- -66.0 3.92 • lOe - - 7 7 . 7  9.2 x 105 
- - 6 7 . 0  7 .8  x 10e - - 7 9 , 1  2 . 1 2  x 10 e 
--68.0 1.52 X i0~ --80.0 4 .3  x I0 ~ 
--69.0 2.77 • 107 --81.0 7.5 x 106 
--70.0 5.5 x 107 --82.0 2,13 x i0~ 

- - 8 2 . 7  3 . 4 5  x 107 

I0.0 1.004 • 10 -z 
5.0 1.224 • 10 -I 
0.0 1.512 • I0 -z 

- -5 ,0  1.902 • 10 - I  
--I0.0 2.46 • 10 -I 
--15.0 3 . 2 9  • 10 -1 
- -20.0 4.54 • 10 -I 
--25.0 6.50 • 1O -i 
--30.0 9.91 • 10-~ 
- -35.0 1.592 
--40.0 2.79 
- - 5 0 . 0  1 . 0 7 4  • IO t 

in the audio region due to re laxat ion processes in the 
solution (3, 4), so that  de terminat ion of the l imit ing 
low frequency conductivi ty at the lowest temperatures  
required measurements  at frequencies as low as 1 Hz. 

At all temperatures  the over-al l  accuracy which may 
be claimed for our viscosity and conductivi ty measure-  
ments  is pr imar i ly  determined by the tempera ture  
dependence of the t ranspor t  properties and the ac- 
curacy of the tempera ture  determinat ion (• In 
the vicini ty of room temperature,  this t empera ture-  
induced uncer ta in ty  is in the range of 0.3-0.6%, but  
it rises to 5-8% in the vicini ty of the lowest tempera-  
tures (around --80~ at which measurements  were 
performed. 

Results and Discussion 
Our exper imental  values for the shear viscosities, n, 

of solutions of composition R ---- 4, 6, 8, and 10 and 

50 25 0 
8 I l I 

Fig. 2. Arrhenius plots of 
shear viscosity for aqueous 
calcium nitrate solutions. 
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specific conductances, ~, for the R = 8 composition are 
given in Table II. 

In Fig. 2 and 3, Arrhenius  plots are shown for the 
shear viscosities and the conductivity. As is the usual  
case for l iquids in this viscosity range, these plots are 
curved in a direction corresponding to an increase in 
the apparent  activation energy with decreasing tem- 
perature, where apparent  activation energy, E, is de- 
fined by 

E / ~  = 0 In w / O ( 1 / T )  [1] 

where w is a t ransport  property such as ~1 or 1/~, and 
is the ideal gas constant. We have calculated apparent  
activation energies as a funct ion of tempera ture  for 
viscosity and conductivi ty from the slopes of least- 
squares fits of the data to equations cubic in ( l / T ) .  
These are plotted in Fig. 4. (The E vs.  T plot for 
at R ---- 10, which lies atop the E vs.  T plot for (1/~) 

t (~ 
-25 -50 -75 

i i i 

= 6  

R = 8  

R = 4  

R = 10 

I I I I I I I 

4.2 4.4 4.6 4.8 5.0 5.2 5.4 

IO00/T I~ 



Vol .  119,  No.  2 T E M P E R A T U R E  D E P E N D E N C E  195 

5O 
I 

1 

0 

-1 

-6 

-7 

-8 
3.0 

-2 

0 , .  
- 3  

~ - 4  

-5 

25 
I 

-o.._.o." 

10 1 
b 

10 .2 

10"3 
5O 

J 
I 

0 -5~0 - 100 
t ~ C 

t (~ 
0 -25 -50 -75 

I I I I 

I I i I 

3.2 3.4 3.6 3.8 
I I 

4.0 4.2 4.4 
IO00/T (~ 

I I I I I 

4.6 4.8 5.0 5.2 5.4 

-1 

-2 

-3 

-4 

-5 

-6 
" T ,  

c 
" 7  - -  

t~  

-8 "~ 

-9 

1-10 

Fig. 3. Arrhenius plots of 
shear viscosity and conductiv- 
ity for Ca(NO3)2-H20 solu- 
tion, R ~ 8. Inset: Viscosity- 
conductivity product as a 
function of temperature. 

at R : 8 has been omit ted for clarity.)  As may  be 
seen from Fig. 2-4, the t ransport  propert ies  of these 
solutions become ex t r eme ly  t empera tu re  dependent  at 
high viscosities so that  at the highest  viscosities for 
which measurements  were  per formed the viscosity 
changes by an order  of magni tude  in only three  to 
four  degrees. 

During the past several  years the non-Arrhen ius  
tempera ture  dependence of concentrated aqueous elec- 
t rolyte  solutions in the viscosity range 10 -z  to 10 z P has 
f requent ly  been accounted for in terms of the Fulcher  
equat ion (5-13) 

In w = A "k B /  ( T  - -  To) [2] 

where  A, B, and To are  empir ical  parameters .  The To 
has been in terpre ted  as a zero-mobi l i ty  t empera tu re  
at which the free vo lume (18) or configurational en- 
t ropy (19) of the l iquid would vanish at equil ibrium. 
In Table III  are shown the Fulcher  equat ion para-  
meters  obtained f rom leas t -squares  fits of the viscosity 
or conductance data for each solution over  the ent ire  
t empera ture  range available. In the cases in which 

the data cover an extens ive  range (~ for R : 6 and 
8 and 1/~ for R : 8), the s tandard deviat ions of 
In w from the best-fi t  Fu lcher  equations lie outside 
the est imated uncertaint ies  in the precision of our 
measurements .  (Note that  s tandard deviat ion in w ~- 
[ •  avg ~ (1/100) avg % error  in w.) Hence the 
Fulcher  equation does not give a good description of 
the t ransport  propert ies  of concentrated aqueous elec- 
t ro ly te  solutions over  extended ranges. To confirm this, 
we divided the data for each solution into subsets 
corresponding roughly  to the viscosity ranges 10 -1 to 
101 , 101 to 104 , and 104 to 10 s P and fit each subset to 
the Fulcher  equation. These results are also shown in 
Table III  and in all cases the s tandard deviat ions are 
consistent wi th  the est imated precision of our data. 
Thus the Fulcher  equation, as a smoothing funct ion for 
t ransport  p rope r ty - t empera tu re  data, should not be 
applied over  ranges covering more  than about three 
orders of magni tude  in the t ransport  property.  

It is no tewor thy  that  for each solution, as one pro-  
ceeds to higher  and higher  viscosity ranges, the To 
value obtained f rom the Fulcher  equation-f i t  in that  
range progressively decreases. The apparent  activation 
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Fig. 4. Apparent activation 
energy as a function of temp- 
erature for transport properties 
of concentrated Ca(NO3)2- 
H20 solutions. 
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Table Ill. Best fit Fulcher equation parameters for Ca(NO3)2-H20 
solutions over various viscosity and temperature ranges 

A p p r o x .  r a n g e  T e m p .  S t d .  d e v .  
P r o p e r t y  w R i n  ~7 ( P )  r a n g e  ( ~  A B To I n  

~/ (P )  4 1O-z-1O 1.  7 t o  7 0  --  5 . 8 7 5  6 3 3 . 2  2 0 7  0 . 0 0 2  
10z-1O~ -- 25  t o  7 - -  9 . 5 0 7  1 1 6 3 . 2  1 8 5 . 5  0 . 0 3 0  
lO-Z- lO~ -- 25 t o  70  - -  6 . 5 2 2  7 4 6 . 7  2 0 0 , 5  0 . 0 6 1  

:7 (P )  6 ] O - z - I O  t - - 2 5  to  25  - - 6 . 2 2 7  564.0  185 O . O l l  
101-104 -- 55 to -- 26 -- 6.541 881.2 170 0.052 
I04-10 s -- 70 to -- 55 -- 15.013 1516.3 157 0.025 
l O -Z - l O  s - - 7 0  t o  25  - - 8 . 0 7 3  8 4 5 . 0  170 .8  0 . 1 0 8  

(P )  6 l O - Z - l O  t --40 t o  23  - - 6 . 5 5 8  5 4 1 . 1  172 .5  0 . 0 1 1  
I 01 -10  ~ - -  70 t o  - -  40 - -  6 .684 612.2 166 0 .089  
104-10 ~ - -  83 t o  - -  70 - -  7.201 722.4 161 0.096 
l O - l - l O  s - -  83 t o  23 - -  7.805 738.3 161.2 0.116 

~; (P )  10 l O - Z - l O  I - 50 t o  l O  - -  6 .609 496.0  168 0.008 
1 / ~  ( o h m - ~  c m - D  4 10-1-10~* 5 t o  70  --  0 , 7 1 2  5 6 6 . 8  2 0 4  0 . 0 0 3  
I / ~  ( o h m  -z c m  -z) 8 10-I-101 --40 to  31 --0.625 449.8 173.5 0.016 

lOZ-lO ~ -- 76 to  -- 40 -- 3.530 629.9 153.5 0.026 
I0~-10 ~ -- 63 to  -- 70 -- 12.275 1810.0 132 0.072 
I 0 - ' - I 0  s - -63  to  31 --2.050 664.4 157.8 0.132 

* D a t a  f r o m  R e f .  ( 6 ) .  

energy in terms of the Fulcher  equation parameters  is 

E / ~  : BT2 / (T  -- To) 2 

so that a decrease in To indicates a reversion to Ar-  
rhenius  behavior (constant E, corresponding to To = 
0) of the t ransport  property in question. Hence these 
concentrated electrolyte solutions exhibit  the same 
tendency to revert  to Arrhenius  behavior  at very high 
viscosities that  has been noted for a wide var ie ty  of 
other glass-forming liquids (20). In this respect it is 
also noteworthy that  the rate of decrease of the ap- 
parent  To value with increasing viscosity is smaller  
for the less concentrated solutions, so that the more 
dilute solutions tend to revert  to Arrhenius  behavior  
at higher viscosities than do the more concentrated 
solutions. 

Recently Tweer ct al. (20) have proposed a theory 
(the "envi ronmenta l  re laxat ion model") for the tem- 
perature dependence of l iquid t ransport  properties 
over extensive viscosity ranges. The theory success- 
ful ly predicts the occurrence of Arrhenius  behavior  at 
the high and low tempera ture  viscosity extremes, 
along with an in termedia te  region of varying  activa- 
tion energy, by relat ing the tempera ture  dependence 
of the apparent  activation energy to the tempera ture  
dependence of the range of the local l iquid micro- 
structure. Tweer et al. (20) have also derived from 
the env i ronmenta l  relaxat ion model a semiempirical  
equation containing five adjustable parameters  for 
the temperature  dependence of l iquid t ransport  pro- 
perties. Our present  data do not  cover a sufficient 
range to allow an unambiguous  determinat ion of these 
five parameters,  which are highly interdependent .  
Hence we will  not a t tempt  at present  any  quant i ta t ive  
expression of our results in terms of the env i ronmenta l  
relaxat ion model, but  ra ther  mere ly  point  out their  
quali tat ive accord with this theory. 

Figure  5 shows isothermal logari thmic plots of vis- 
cosity vs. mole per cent salt. The large composition 
dependence of t ranspor t  properties of these solutions 
and the increase in composition dependence with de- 
creasing tempera ture  has been noted previously by 
Angell  (7, 8). Angel l  also noted that  the isothermal 
composition dependence of the t ransport  properties at 
temperatures  above 0~ may be expressed simply in 
terms of the apparent  composition dependence of the 
Fulcher  equation To parameter.  In  support  of this cor- 
relat ion Angel l  and co-workers (9, 12) have noted 
that  the measured Tg and the Fulcher  equation To 
derived from data in the 10 -1 to 10 ] P viscosity range  
show identical composition dependences. Our present  
measurements  are in accord with this finding, the 
T J T o  ratio being constant  at 1.05 __+ 0.01 over the 
composition range R ---- 4-10 for To values extracted 
from data in the lowest viscosity region. For the 
higher viscosity ranges, however, the T J T a  ratio is 

no longer composition independent ,  so that  it seems 
unl ike ly  that  Angell 's  t rea tment  of the composition 
dependence of the t ransport  properties of these solu- 
tions will be valid in these regions. 

In the inset of Fig. 3 the ~ product for the R = 8 
solution has been plotted vs. temperature.  The remark-  
able feature of this plot is the sharp upward  bend in 
the ~ curve at the lowest temperatures.  This feature 
is also revealed in Fig. 4 in terms of the large dif- 
ferences in the viscosity and conduct ivi ty apparent  
activation energies at the lowest temperatures  and in 
Table III in the more rapid decrease (with increasing 
viscosity) of the apparent  To value for conductivi ty 
relative to that for viscosity. In  this respect, the R = 
8 calcium n i t ra te -wate r  solution is s t r ikingly similar 
to the fused ni t ra te  system 0.4 Ca(NO3)2-0.6 KNO3 
(20, 21), in which the viscosity to conductivi ty ap- 
parent  activation energy ratio, EJEa,  was constant 
at about 1.29 up to a viscosity of about 104 P, then rose 
gradual ly  with decreasing temperature,  finally leveling 
off at a value of about 1.85 near  T~. In  the present  case 
of the R = 8 calcium ni trate  solution, E J E a  is 
roughly constant  at about 1.18 at higher temperatures,  
but, like the fused salt, begins to increase with de- 
creasing tempera ture  at a viscosity of about 104 P. 
Tweer et al. (20) have shown that  in terms of the en-  
v i ronmenta l  relaxat ion model the observed tempera-  
ture dependence of the E,/E~ ratio for the above men-  
tioned ni t ra te  melt  (and hence also for the Ca(NO3)2 
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Fig. 5. Composition dependence of shear viscosity of Ca(NO3)2- 

H20 solutions. 
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R ---- 8 solution) may be interpreted in terms of dif- 
ferences in the ranges or distances over which the 
ionic conductivi ty and viscous flow processes are af- 
fected by the local l iquid microstructure.  

Both viscous flow and ionic conduction may be de- 
scribed in terms of characteristic relaxat ion times. For 
viscous flow the appropriate relat ion is (22) 

where <~s> is the average shear relaxation time and 
G~ the limiting high frequency or "solid-like" shear 
modulus of the liquid. For ionic conductivity the rela- 
tion is (3, 4, 23) 

where <~> is the average conductivity relaxation 
time, ~o is the permittivity of free space (8.854 X 10-'4F 
era-z), and ,s is the relative permittivity or dielectric 
"constant" of the liquid arising from polarization 
processes not involved in long range charge transport. 
While G= and ,s are in general temperature dependent, 
their variations with temperature are expected to be 
negligible compared to the order-of-magnitude changes 
encountered in ~ and •. Reasonable "figure-of-merit" 
values for G= and ,s are 

G| ,~ 2 • 10 z0 dyne  cm -2 

,s ,~ i0 

so that to estimate the shear to conductivity relaxation 
time ratio we may use 

In the temperature interval 25 ~ to --60~ for the 
Ca(NOs)2 R : 8 solution, the ~lr product is (within a 
factor of two about 1 X 10 -2 , which gives a < Ts> /  
<T~> ratio of 0.5, i.e., approximately unity.  Hence at 
high temperatures  and low viscosities the t ime scales for 
the ionic conduction process and for the s t ructural  re- 
a r rangements  involved in the viscous flow process are 
of similar  magnitude,  which is in tu rn  the basis for the 
approximate val idi ty  of the Stokes-Einstein and the 
Nerns t -Eins te in  relations in the highly fluid region of 
the liquid. As indicated in the inset of Fig. 3, however, 
the or product begins to increase rapidly with de- 
creasing tempera ture  at viscosities above 104 P, leading 
to a similar marked rise in the <Ts>/<r~> ratio. At 
the lowest tempera ture  for which data are available 
for the Ca(NO3)2 R = 8 solution the estimated <Ts>/ 
<T~> ratio has r isen to about 15 and, judging from 
the tempera ture  dependences of ~] and ~ in this region, 
probably  at tains a value of at least 104 at T~. The 
<~s> /<T~>  ratio at Tg for the fused calcium-potas-  
sium ni t ra te  mix ture  (21) is also around 104. Hence 
near  Tg ionic conduction in these liquids does not re- 
quire  s imultaneous s t ructural  rear rangements  of the 
l iquid quasi-lattice. Such a phenomenon could be ex- 
plained if the cations were considerably more mobile 
than the anions or vice versa, since viscous flow would 
require motion of both types of ions, while conduction 
would presumably  involve pr imar i ly  displacement of 
the more mobile ionic species. Thus a < T s > / < ~ >  
ratio much greater  than un i ty  would be expected for 
alkali  silicate melts, where charge would be t rans-  
ported by the alkali  ion moving through a ne twork  
formed by the large, mul t ip ly  charged silicate ions. It 
is somewhat surprising, however, to find this in simpler 
ionic liquids, such as Ca(NO3)2-H20 solutions or 
Ca(NO3)2-KNO3 melts, where nei ther  the cation nor  
the anion is incorporated into a covalently bonded net -  
work. Nonetheless on the basis of the two systems 
which have been investigated so far, we speculate that  
the occurrence of a < r s > / < T ~ >  ratio near  Tg which is 
substant ia l ly  greater than  uni ty  is probably a general  
feature of all highly concentrated ionic conductors. 

Previous in terpre ta t ion of the Fulcher  equation To 
parameter  as an equi l ibr ium property of a l iquid had 
led Moynihan, Angell,  and their  co-workers (6, 12, 13, 

24) to suggest that  the To parameter  should be the 
same for all t ransport  properties of the same liquid. As 
may be seen from the To parameters  for ~1 and (1/#) 
for the R ---- 4 and 8 solutions in Table III, this is true 
within exper imental  uncer ta in ty  for the viscosity range 
10 -z to 10 z P, but, as is shown for the R ---- 8 solution, 
ceases to hold true at higher viscosities. Results of the 
same sort were obtained from a comparison of vis- 
cosity and conductance for the ni t rate  melt  0.4 
Ca(NO3)2-0.6 KN03 (21). 

Conclusion 
The present results for t ranspor t  properties of con- 

centrated aqueous Ca(NOs)2 solutions indicate the 
failure of the Fulcher  equat ion to adequately account 
for the data over extensive ranges in viscosity, as has 
recent ly  been found to be the case for a wide variety 
of other liquids (15,20, 21, 25). These solutions also 
exhibit  the general  tendency to revert  to Arrhenius  be- 
havior at high viscosities. At temperatures  near  Tg the 
large differences in the tempera ture  dependences of 
the viscosity and conductivi ty lead to the conclusion 
that in the glass transition region there must  be a large 
difference between the time scales for ionic conduction 
and for viscous flow. In  the future  we hope to report  
extensive results of ul trasonic and electrical relaxation 
experiments  for these solutions to provide a quant i ta -  
tive comparison of the s t ructural  and electrical re laxa-  
tion times. 
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Voltammetric Determination of Oxygen in Liquid 
Metals Using Solid Oxide Electrolytes 

T. H. E tsell* and S. N. Flengas* 
Department of Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

Dissolved oxygen was electrochemically reduced in cells of the type 

( - - )  O( in  M)/ZrO2-CaO/O2 (4-) 

where M was either silver or copper. Impervious ZrO2 4- 10 m/ o  (mole per 
cent) CaO electrolyte tubes were immersed in  the l iquid metal. The depen-  
dence of current  on immersion depth, applied potential, time, dissolved oxygen 
concentration, temperature,  and the ampli tude and frequency of vibrat ion 
of the electrolyte was studied. The electrode reactions are reversible. At 
sufficiently high applied potentials, diffusion overpotential  appears at the 
liquid metal  electrode and, for small depths of immersion, l imit ing currents  
are eventua l ly  realized. They are directly proport ional  to the concentrat ion of 
dissolved oxygen meaning  that  vol tammetr ic  measurements  could be used to 
determine the dissolved oxygen content  of l iquid metals. This proport ional i ty  
was verified from 0.002 to 0.15 a/o (atomic per cent) O in silver between 1000 ~ 
and 1200~ and from 0.005 to 0.13 a/o O in copper between 1100 ~ and 1300~ 
Effective diffusion layer thicknesses are about 0.05 cm. 

Electromotive force measurements  on oxygen con- 
centrat ion cells with solid oxide electrolytes have been 
used for the in situ determinat ion of dissolved oxygen 
in many  liquid metals  and alloys. For instance, results 
have been reported on the activity of oxygen in  liquid 
silver (1-3) and copper (3-21). In  several  invest iga-  
tions, values for the solubil i ty l imit  of oxygen in liquid 
copper were concurrent ly  determined (6, 7, 10). 

An earlier paper concerning the behavior of the l iq- 
uid silver electrode dur ing  current  flow (22) indicated 
the feasibil i ty of analyzing l iquid metals for dissolved 
oxygen using a vol tammetr ic  technique. This method 
depends upon the establ ishment  of l imi t ing currents  at 
the metal-e lectrolyte  interface dur ing the electrochem- 
ical removal  of oxygen from the l iquid metal.  The 
conditions necessary to observe l imit ing currents  were 
defined in this investigation. The influence of the depth 
of immersion of the electrolyte tube is discussed in de- 
tail, and cur ren t -poten t ia l  and cur ren t - t ime  character-  
istics are shown. Results are given which relate the 
dissolved oxygen concentrat ion to the l imit ing cur ren t  
density over a wide range of oxygen contents for both 
silver and copper. 

The principle of the oxygen concentrat ion cell when 
current  is passed with the l iquid metal  electrode as the 
cathode is i l lustrated in Fig. 1 (O symbolizes dissolved 
oxygen in the figures). At the metal-e lectrolyte  
interface, dissolved oxygen (existing in solution as 
atoms or anions) is reduced according to 

O ( i nM)  4- 2e-> O = [1] 

Hence, l iquid metals can be electrolytically deoxidized, 
e.g., copper (23, 24). When the applied potential  is high 
enough to lower the dissolved oxygen concentrat ion at 
the interface below the bulk  concentraton, oxygen 
passes through a diffusion layer, which appears in the 

" Electrochemical  Society Act ive  Member.  
Key  words:  solid electrolytes, zireonia, oxygen determinat ion,  

vo l t ammet ry ,  l imit ing currents,  diffusion overpotential ,  liquid 
metals,  silver,  copper. 

l iquid metal, in order to reach the interface. If the in -  
terracial concentrat ion becomes negligible wi th  respect 
to the bulk concentration,  l imit ing currents ,  controlled 
by diffusion and convection, wil l  be observed. Forced 
convection in the metal  results from vibra t ing  the 
electrolyte, as indicated. As a consequence, the diffusion 
layer is set up more quickly and is more stable. Oxygen 
ions are t ransported through the solid electrolyte and 
are oxidized at the Pt, O2 anode via the reaction 

0 = ~ I~ 02 4- 2e [2] 

Experimental 
The cell design used for the reported measurements  

is shown in Fig. 2. The electrolyte was an impervious 
tube of ZrO2 4- 10 m/o  CaO, closed flat at one end. The 
inner  surface of the closed end had been platinized by 
applying drops of a 5-10% chloroplatinic acid solution 
and decomposing the solution at 600~176 The elec- 
trolyte tube was 24 in. long wi th  a nomina l  ID of 3/s in. 
and OD of u in. 

I \ \ 

--i  \o-f 
ol 

| \ | 
Pt,O~ \ '~ I---,---- ELECTRONIC 

~,~ I CONDUCTOR 
~\"~j--~-- VIBRATING 
\ \ L ~  zroi CaO 

,~H  !~ -DIRECTION OF V,.RAT, ON 
~ i ~ ' \ ' 1  --_ ~Pt GAUZE 

Ol ~'~. DIFFUSION LAYER 
"~-_O(inM)+2e~O = 

LIQUID METAL 
Fig. 1. Principle of the voltammetric determination of oxygen 

in liquid metals. 
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Fig. 2. Oxygen concentration 
cell. 
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The  l i qu id  m e t a l  was  con ta ined  ins ide  an  a l u m i n a  
tube  h a v i n g  a h e m i s p h e r i c a l  c losure  w h i c h  was  18 in. 
long  w i t h  an  ID of 1-1/16 in. and  OD of 1-5/16 in. 
E n o u g h  99 .999+% m e t a l  shot  was  in i t i a l ly  added  so 
tha t  t h e  l iqu id  w o u l d  h a v e  a h e i g h t  of 1V2 in . - -175g  
of  s i lve r  or  150g of copper .  

To se rve  as a conduc t ing  l ead  for  e s t ab l i sh ing  e l ec t r i -  
cal  con tac t  w i t h  t he  l iqu id  meta l ,  a 2 in. l e n g t h  of 0.057 
in. C h r o m e l  A w i r e  (80% Ni, 20% Cr)  for  the  s i l ve r  
e x p e r i m e n t s  and  of 0.105 in. s ta in less  s tee l  w i r e  (Type  
314) for  copper  w e r e  used. The  l ead  was  s p o t - w e l d e d  to 
a p iece  of 0.020 in. P t  + 13% Rh  wire .  S ince  the  j o in t  
was  in t he  hot  zone, t h e r m o e l e c t r i c  forces  w e r e  v i r t u -  
a l ly  e l imina ted .  The  lead  w i r e  was  he ld  in a 4 m m  OD 
qua r t z  tube.  (Fo r  copper ,  this  t ube  was  jo ined  to a 
p i ece  of  6 m m  O D  q u a r t z  t u b i n g  to a c c o m m o d a t e  the  
s ta in less  steel .)  The  Iead p r o t r u d e d  1 in. be low  t h e  
q u a r t z  t u b e  and  d ipped  about  1,4 in. in to  t he  meta l .  T h e  
space  b e t w e e n  it  and  the  q u a r t z  t ube  was  sma l l  e n o u g h  
to p r e v e n t  a t t ack  of t he  P t - R h  w i r e  b y  m e t a l  vapor .  

To con t ro l  the  c o n c e n t r a t i o n  of d i s so lved  oxygen ,  gas 
m i x t u r e s  of k n o w n  o x y g e n  con ten t  (Ar -O2 for  s i lve r  
and  CO-CO2 for  copper )  w e r e  b u b b l e d  t h r o u g h  t h e  
l iqu id  meta l .  T h e y  e n t e r e d  the  cel l  v ia  a q u a r t z  t u b e  

w i t h  an  ID of 2.5 m m  and  OD of 4 m m  w h i c h  was  
g e n e r a l l y  in se r t ed  about  11/4 in. in to  the  meta l .  Both  
q u a r t z  tubes  could  be eas i ly  ra i sed  or  l o w e r e d  t h r o u g h  
the  T y g o n  t u b i n g  seals. 

T h e  bo ron  n i t r i de  r ad i a t i on  baffle, he ld  10 in. above  
the  su r face  of t h e  l i qu id  m e t a l  by  a p iece  of w i r e  
w o u n d  on the  e l e c t r o l y t e  tube,  had  been  m a c h i n e d  to 
fit t i g h t l y  agains t  the  c e r amic  tubes  to h e l p  a c h i e v e  
p r o p e r  a l ignmen t .  In  o rde r  to p r e v e n t  its r e ac t i on  w i t h  
quar tz ,  the  baffle was  kep t  in the  cold zone. F u r t h e r  
a l i g n m e n t  of the  e l e c t r o l y t e  t u b e  was  a c h i e v e d  because  
a 3 in. long  brass  t u b e  w i t h  an  ID of 1/2 in. was  so lde red  
to the  brass  cap. The  brass  f i t t ing was  ad ju s t ed  so tha t  
the  O - r i n g  seal  p ressed  v e r y  g e n t l y  aga ins t  t he  e l ec t ro -  
l y t e  w h i c h  was  coa ted  w i t h  a t h in  l aye r  of  g rease  in 
th is  region.  In  th is  m a n n e r ,  a g a s - t i g h t  seal  cou ld  be  
m a i n t a i n e d  w h i l e  t h e  e l e c t r o l y t e  t u b e  was  v i b r a t e d  
f ree ly .  A m o t o r - d r i v e n  s tee l  rod  was  c l a m p e d  to the  
tube  i m m e d i a t e l y  above  the  brass  f i t t ing (not  s h o w n ) .  

A 1/4 in. a l u m i n a  rod,  w h i c h  had  two  1/16 in. holes  
and was  28 in. long, he ld  a % in. d i am c i rc le  of 45 -mesh  
P t  gauze  f i rmly  aga ins t  t h e  ins ide  of the  e l ec t ro ly t e  
tube.  T h r e e  spr ings  loca ted  at  120 ~ i n t e r v a l s  a r o u n d  the  
cel l  en su red  sa t i s f ac to ry  e lec t r i ca l  contact .  O x y g e n  at 
a p re s su re  of 1 a tm  was  passed o v e r  the  P t  gauze  to 



200 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  February 1972 

form the reference electrode. To facilitate the gas flow, 
slits had been cut into the bottom of the a lumina  rod. 
A P t - P t  ~ 13% Rh thermocouple was welded to the 
Pt  gauze. The P t -Rh  wire also served as the positive 
lead to the cell. 

The cell was heated in a Pt  resistance furnace with 
a 2 in. long constant  tempera ture  zone ( •176  For 
electrical shielding, a grounded 0.025 in. thick Inconel  
tube  l ined the furnace walls. The rubber  and cement 
connections were protected by a cooling coil soldered 
to the brass cap and a fan. 

Before measurements  were begun, the cell was 
heated to 1200~ to reduce contact resistance between 
the Pt  gauze and the electrolyte. Suitable gas mixtures  
were bubbled,  in turn,  through the metal  un t i l  the cell 
emf reached the theoretical  value. Equi l ibr ium was ap- 
proached very  slowly (several hours were often inade-  
quate) for Ar-O2 mixtures  dilute in 02 (~100 ppm) 
and CO-CO2 mixtures  dilute in CO ( ~  1%), probably 
due to slow CO2 decomposition in the lat ter  case (8). 
It was usual ly  achieved coulometrically for these mix-  
tures. Prior  to the vol tammetr ic  measurements,  the gas 
flow was stopped. The experiments  were not conducted 
above 1200~ for silver because of excessive evapora-  
tion, nor above 1300~ for copper because of excessive 
oxidation of the stainless steel lead wire. In  the lat ter  
case, the oxide severely attacked the quartz sheath at 
1300~ Three independent  runs  for both silver and 
copper were made. 

Results and Discussion 
As iner t  conducting leads, Chromel A and Type 314 

stainless steel funct ioned very  well  for silver and cop- 
per, respectively. They were not chemically attacked 
and the oxide films protect ing them had a negligible 
resistance. 

For l iquid copper, 6 in. lengths of ~/s in. SiC rod, 
mechanical ly  joined to either Chromel A or gold wire, 
were also tried. The rods had a densi ty of 92% of the 
theoretical value. They were found to be quite satis- 
factory for emf measurements  but  unre l iable  for vol- 
tammetr ic  measurements,  probably due to the forma- 
tion of a surface layer  of SiO2 which often caused a 
large increase in their resistance. A SiC lead could be 
useful for emf readings in liquid copper containing 
impuri t ies  such as sulfur  and phosphorus which would 
restrict  the use of stainless steel. In  earlier work, a 
cermet of 72% Cr and 28% A1203 was successfully used 
(3, 8, 13, 14, 20, 21). 

Initially,  the resistance of the electrolyte varied 
somewhat with t ime due to a changing contact area 
with the Pt  gauze electrode upon the evolut ion of 
oxygen dur ing current  flow. However, it soon became 
approximately constant  ( •  On an average, the 
a-c resistance of the cell (electrolyte and lead wires),  
measured at 3000 Hz, for an electrolyte immersion of 
Ys in. into the l iquid metal  was 17.5, 8.2, 5.2, and 4.0 
ohms at 1000 ~ 1100 ~ 1200 ~ and 1300~ respectively. 

Emf measurements.--The emf or reversible poten- 
t ial  of the cell i l lustrated in Fig. 2 can be expressed as 

RT 
E r e v  " -  - -  ~ I n  POz [3] 

4F 

where Po2 is the oxygen pressure imposed by the gas 
mixture  in equi l ibr ium with the l iquid metal.  When 
the electrolyte was submerged even sl ightly in  the 
metal, the emf responded slowly to changes in the 
oxygen pressure above the metal  relat ive to the v i r tu -  
ally ins tantaneous response recorded for a Pt,gas elec- 
trode. Therefore, the emf is main ly  dependent  on the 
oxygen act ivi ty at the bottom of the electrolyte tube. 
Agreement  between measured and theoretical values 
to wi th in  __ 1 mV for Ar-O2 mixtures  and • 3 mV for 
CO-COs mixtures  was general ly  achieved. Thermo-  
electric forces were found to be no greater than  0.5 
mV (the liquid metal  electrode was positive).  

After  the gas flow was interrupted,  emf's of 250 and 
700 mV for silver and copper, respectively, remained 
essentially constant  for 12 hr. These results indicated 
that  the cells were gastight and verified the expected 
low electronic conduct ivi ty  and porosity of the ZrO2- 
CaO tubes. 

Dissolved oxygen concentrations.--In the case of 
silver, the oxygen pressures calculated from Eq. [3] 
were converted into dissolved oxygen concentrat ions 
using available solubil i ty data at an oxygen pressure 
of 1 atm and Sievert 's  law which has been verified for 
the Ag-O system (1, 25). At 1 atm, silver wil l  dissolve 
1.969, 1.793, and 1.649 a/o O at temperatures  of 1000% 
1100 ~ and 1200~ respectively (1, 25, 26). 

For copper, the dissolved oxygen concentrat ions 
were determined from data recent ly reported by F rue -  
han and Richardson (14). The reaction 

Vz O~ (g, 1 atm) ~ O (in Cu, 1 a/o)  [4] 

has part ial  free energies of solution of --18,300, 
--18,130, and --18,020 ca l /g -a tom at 1100 ~ 1200 ~ and 
1300~ respectively, whereby dissolved oxygen has the 
properties corresponding to infinite dilution. The 
former two values are in excellent agreement  with the 
earl ier  results of Wilder (7) al though the most recent  
data (21) indicate free energies about  130 ca l /g-a tom 
less negative. The equi l ibr ium constant  for reaction [4] 
is given by 

a /o  O 
K = �9 [5] 

P o 2  '/~ 

assuming Henry 's  law is obeyed- -a  reasonable assumpr 
t ion for the Cu-O system below 1 a/o O from 1100 ~ 
to 1400~ (4-6, 7, 11, 12, 14, 17). At 1100 ~ , 1200 ~ and 
1300~ K • 10 -2 = 8.18, 4.90, and 3.19 atm-V*, re-  
spectively. Using Eq. [5], the dissolved oxygen concen- 
t ra t ion can be readily calculated for any  given oxygen 
pressure in equi l ibr ium with l iquid copper. 

Cell reversibility.--The plot of cell potential  vs. 
current  in Fig. 3 for an electrolyte immersion depth of 
~/s in. indicates that  the oxygen concentrat ion cell dis- 
charges reversibly. In agreement  with earlier work on 
l iquid silver (22), only resistance polarization is pres-  
ent  since, wi th in  exper imenta l  error, the slopes of the 
lines approximate the corresponding a-c resistance of 
the cell. At lower oxygen concentrations, some diffusion 
overpotential  caused by a bui ldup of dissolved oxygen 
at the metal-electrolyte  interface was unavoidable,  
especially at high currents.  The Pt, O2 reference elec- 
trode was nonpolarizable,  even at 200 mA and 1000~ 

Influence o~ the depth of immersion of the electrolyte 
tube.--During electrochemical removal  of oxygen from 

0 . 6 ]  i i i i T i 

cELL,,o nAoorco,,zro2 o,o2, , 

I ~ (1) 0.1500 ATOM "/,0 in Ag-tO00"C 

o \ ,21O:,o: 4: o ,,: :,,,,o0o: 

I -,.. 
0.1 

~ lo 2? 47 so 60 70 
I (mA)  

Fig. 3. Discharge curves. Cell potential is plotted against cur- 
rent. 
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the l iquid metal,  react ion [1] wil l  occur over  the ent i re  
meta l -e lec t ro ly te  interface, i.e., some of the O = ions 
wil l  be formed on the side of the electrolyte  tube. 
Theoret ical  curves for the ratio of the total  current,  
It, to the current  carried across the bot tom of the elec- 
t ro lyte  tube, Ib, as a function of the depth of immer -  
sion are presented in Fig. 4. These curves were  der ived 
by dividing the tube into a number  of paral le l  conduc- 
tors; their  der ivat ion is given in the Appendix.  It  
should be emphasized that  the curves are applicable 
only when the current  is control led by the resistance 
of the electrolyte,  i.e., in the absence of diffusion over -  
potential. 

Case 1 and case 2 refer  to two different sizes of the 
circular  Pt  gauze electrode. Case I (diam ---- 1/4 in.) 
would apply if only that  portion of the Pt  gauze di- 
rect ly  under  the alumina rod (Fig. 2) were  making 
suitable contact wi th  the electrolyte,  whereas  case 2 
(diam ---- 3/8 in.) would apply if the ent ire  Pt gauze 
were  making suitable contact. Al though the currents  
are higher  in case 2 (see Appendix) ,  it results in a 
greater  percentage of the current  crossing the side of 
the electrolyte  for a given depth of immersion. The 
exper imenta l  points, represent ing  an average of sev-  
eral  determinat ions  of e i ther  the a-c  resistance of the 
electrolyte  or the d-c resistance at low currents  and 
high oxygen concentrat ions at various depths of im-  
mersion, support  the correctness of the model  proposed 
in the Appendix  and favor  case 2 up to a depth of im- 
mersion of ~ in. The agreement  wi th  case 2 is con- 
sistent wi th  the observat ion made after the runs that  
both the Pt  gauze electrode and Pt  black deposit cov-  
ered the entire inside of the bot tom of the electrolyte 
tubes. At greater  depths of immersion, the currents  
became more insensit ive to changes in the depth than 
predicted f rom Fig. 4 indicating, undoubtedly,  some 
interference among the competing currents  in the var i -  
ous segments of the tube. 

The effects presented in Fig. 4 would be less severe  
if the thickness of the bottom of the electrolyte  tube 
were  reduced. However ,  grinding the electrolyte  wi th  
SiC powder  led to a serious ~isk of cracking the 
ceramic tube. When diffusion overpotent ia l  appears. 
the influence of the depth of immersion becomes more 
pronounced since the longer resistance paths through 
the electrolyte  for O = ions formed at the side of the 
tube (see Appendix)  become less important .  In the 
limit, when the oxygen concentrat ion is very  low along 

the ent ire  meta l -e lec t ro ly te  interface, the current  wil l  
be proport ional  to the  submerged outside area of the 
electrolyte tube (assuming a constant diffusion layer 
thickness).  As the electrolyte tubes had an actual  OD 
of 1.25 cm, the area of the meta l -e lec t ro ly te  interface 
was 1.23, 2.47, and 3.72 cm 2 for depths of immers ion of 
0, l/s, and 1/4 in., respectively.  

Establishn~ent of limiting currents.--Most of the 
measurements  were  taken while  the electrolyte  tube 
was vibra ted  with an ampli tude of 1/16 in. and a f re-  
quency of 84 cycles/min.  These conditions produced 
current  fluctuations near  the l imit ing currents  of 2-3% 
and <0.5% of the readings for depths of immersion of 
~/s and 1/2 in., respectively.  These percentages increased 
marked ly  at h igher  ampli tudes and increased by a 
factor of about 1.5 at a f requency of 42 cycles/min.  

Severa l  impor tant  features of the preceding section 
are i l lustrated by the cur ren t -potent ia l  curves for 
0.0622 a /o  O in si lver at 1000~ shown in Fig. 5. The 
potential  was applied at a rate  of 0.8 V / m i n  to avoid 
lowering the bulk oxygen concentrat ion significantly. 
A rate of 0.4 V / m i n  was satisfactory if the init ial  read-  
ing was taken near  the onset of appreciable diffusion 
overpotential .  

At  low currents,  the d-c  resistances, calculated from 
the slopes of the curves, were  general ly  somewhat  
higher than the corresponding a-c resistance, e.g., 17% 
higher  for % in. immersion in Fig. 5. The percentage 
increased when ei ther  the oxygen concentrat ion or the 
a-c resistance was decreased. For  instance, it was about 
50% at 1000~ and 75% at 1200~ for 0.01 a /o  O in 
silver. However,  this d isagreement  was determined to 
be solely caused by diffusion overpotent ia l  at the l iquid 
metal  electrode and, consequently,  reactions [1] and 
[2] proceed reversibly.  Diffusion overpotential ,  ha, in 
the absence of other  types of overpotential ,  can be 
expressed as 

~a : E -- Erev -- IRa-c [6] 

where  E is the applied potential,  Erev is the revers ible  
potential  (I = 0), and Ra-c is the a-c resistance of the 
cell. Close agreement  was found between the diffusion 
overpotentia],  measured  immedia te ly  after  the current  
was interrupted,  and the total  overpotential ,  given by 
the r igh t -hand  side of Eq. [6]. Fu r the r  evidence of 
diffusion overpotent ia l  was der ived from the fact that, 
at low oxygen concentrations, the a-c resistance mea-  
sured at 1000 Hz was often about 5% higher  than that  
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Fig. 5. Current vs. applied potential curves for 0.0622 a/o O in 
silver at IO00~ The potential was applied at a rate of 0.8 V/rain. 
Results are shown for three depths of immersion of the electrolyte 
tube. The amplitude of vibration of the electrolyte was i /16  in. 
and the frequency of vibration was 84 cycles/rain. 

measured at 3000 Hz. It should be noted that  the 
low-cur ren t  points for ~/4 and �89 in. immersion are al- 
most coincident as would be predicted from Fig. 4. 

F rom the example  in Fig. 5, it is evident  that  l imi t -  
ing currents  were  readi ly  observed at a depth of im- 
mersion of 1/8 in. For this condition, the path lengths 
for the O = ions formed at all points on the meta l -e lec -  
t rolyte interface were  similar  (see Fig. 16b). At  the 
higher  applied potentials, there  was a tendency for 
the current  to drop because of a decrease in the bulk 
oxygen concentration. At  2.2V ( E  - -  IRa.c ~ 1.5V), re -  
duction of the oxide electrolyte  leading to n - type  con- 
duct ivi ty  begins to interfere.  For 1/4 in. immersion, the 
curve has an i r regular  shape since the current  is a com- 
posite of contributions f rom competing sections of the 
electrolyte with varying path lengths. The O -  ions 
formed on the outside of the electrolyte  tube near  the 
surface of the metal  must  t ravel  a re la t ive ly  long dis- 
tance to reach the Pt  gauze electrode. Accordingly,  
higher applied potentials are required to achieve cur-  
rent  control by diffusion overpotential ,  ra ther  than 
the electrolyte resistance, in this region. Therefore,  the 
l imit ing current  is observed at h igher  applied poten-  
tials than that  for % in. immersion. The ratio of the 
l imit ing currents  (1.5) is in excel lent  agreement  wi th  
the ratio of the areas of the meta l -e lec t ro ly te  interface, 
i.e., the l imit ing current  densities are equal. 

Unfortunately,  l imit ing currents  could not be mea-  
sured at a depth of immersion of �89 in. Even  in the 
flattest region of the curve, the cur ren t  increases by 
about  2% per  0.1V increment.  N - t y p e  conduct ivi ty  
near  the bot tom of the tube interfered before the oxy-  
gen concentrat ion at the meta l -e lec t ro ly te  interface 
near  the surface of the l iquid meta l  could be signifi- 
cant ly lowered. The l imit ing current  would be 97 mA 

if it continued to be proport ional  to the submerged 
outside area of the electrolyte.  

Necessarily, f rom Fig. 5, the major i ty  of the results 
were  obtained at small  depths of immersion.  Accord-  
ingly, the depth of immers ion had to be accurately 
controlled since the current  is ve ry  sensit ive to this 
var iable  (Fig. 4 and 5). Al though l imit ing currents  
were  observed to be independent  of the cell  resistance 
from 17.5 to 40 ohms at 1000~ the a t ta inment  of a 
low cell resistance was very  impor tant  for ~/4 in. im- 
mersion since l imit ing currents  could then be estab- 
lished over  a wider  potent ial  range. When the resist-  
ance was too high, the cur ren t -poten t ia l  curves at 1/4 
in. immersion took a similar  shape to curve  3 in Fig. 5. 

Possible interference f rom the gas phase due to 
ei ther  direct e lectrochemical  reaction near  the meta l -  
e lectrolyte-gas  boundary or chemical  dissolution of 
oxygen from the gas phase into the diffusion layer  must 
be considered, par t icular ly  at high oxygen pressures. 
However,  l imit ing currents  were  not significantly 
affected by evacuat ing the system immedia te ly  prior  
to the vol tammetr ic  measurements .  The large size of 
the electrolyte  re la t ive  to the quant i ty  of l iquid metal 
rendered a noticeable drop in the bulk concentrat ion 
of dissolved oxygen unavoidable.  Nevertheless,  by ap- 
plying the potent ial  at 0.8 V/min,  it was calculated that  
this error  caused the l imit ing currents  to be low by no 
more than 1.5% at �89 in. immersion and 4% at 1/4 in. 
immersion. 

Current -potent ia l  curves for two oxygen contents in 
l iquid copper at 1200~ are plotted in Fig. 6. The depth 
of immersion of the electrolyte  was 118 in. F rom the 
initial slopes of the curves, the d-c resistances are 15 
and 50% higher  than the a-c resistance (5.2 ohms) for 
the 0.0500 and 0.0146 a/o O compositions, respectively.  
Again, l imit ing currents  are wel l -def ined and n- type  
conduct ivi ty  interferes  at high applied potentials 
(E  --  IRa~  ~ 1.4V). 

If the thicl~.ess of the diffusion layer  (Fig. 1) is in-  
dependent  of the applied potential,  then diffusion over-  
potential  obeys the relat ionship 

2 . 3 R T  St 
h a - - - - l o g  . [7] 

nF ~l -- i 
where  n is the number  of electrons involved in the 
electrode reaction, i is the current  density, and il is 
the l imit ing current  density. The plots of ~la vs .  log 
[ i J ( i l  - -  i ) ]  in Fig. 7 and 8 serve to ver i fy  the two-  
electron process at the cathode given by react ion [1]. 
Figure  7 is der ived from curve  1 in Fig. 5 and Fig. 8 is 
der ived f rom Fig. 6. Theoret ical  slopes are 0.126 and 
0.146V at 1000 ~ and 1200~ respectively.  The most ac- 
curate  points were  general ly  obtained in the range 
0.1V ~ ~l~ ~ 0.2V. Below 0.1V, small  errors  in i great ly  
affect na and, above 0.2V, small  errors  in i great ly  
affect Jog [i~/ (i~ - -  i )  ]. 

Linear  plots only resulted f rom data obtained at % 
in. immersion of the electrolyte  tube. For  case 2 in 
Fig. 4 which represents  resistance control  of the cur-  
rent, I t / Ib  : 1.93 at % in. immersion. This factor be- 
comes 2.01 for diffusion overpotent ia l  control  (ratio of 
the appropriate areas).  Consequently,  the ratio is al-  
most unaffected by the applied potent ial  and theoret i -  
cal behavior  is observed. For  grea ter  depths of im-  
mersion, s imilar  plots were  displaced above the theo-  
ret ical  lines and were  convex towards the abscissa. 

Limit ing currents  could also be established by hold-  
ing the applied potential  constant as i l lustrated by the 
cur ren t - t ime  curves for l iquid si lver in Fig. 9. Similar  
chronoamperometr ic  results were  obtained for copper. 
The applied potentials correspond to approximate ly  
the middle of the flat portions of the respect ive cur-  
ren t -poten t ia l  curves (~d -=-- 0.4-0.6V). At  zero t ime 
(~a = 0), the currents  were  equal  to ( E  - -  Erev ) /Ra-c  in 
accordance with Eq. [6]. They were  wi th in  10% of the 
l imiting values in 15 sec and were  ful ly  established in 
1 to 1�89 min. The t ime requi red  decreased when ei ther 
the tempera ture  or applied potent ial  was increased or 
the depth of immersion of the electrolyte  was de- 
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Fig. 6. Current vs. applied 
potential curves for two oxygen 
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at 1200~ The depth of im- 
mersion of the electrolyte tube 
was ~ in. "/'he conditions were 
identical to those given for Fig. 
5. 

creased. After  1V2 to 2 min, the currents  dropped be- 
cause of a decrease in the bulk oxygen concentration. 
This is more apparent  for the lower curve  in Fig. 9 
since the l imit ing currents  increase notably with tem-  
pera ture  (next  section).  Even  after 1 rain, it can be 
calculated that  the l imit ing currents  can be up to 3% 
low on account of the decrease in the bulk oxygen 
concentration. 

E~ect  of the dissolved oxygen  concentrat ion.- -The 
relat ionship be tween  the l imit ing current  densi ty and 
the dissolved oxygen concentrat ion is presented for 
si lver in Fig. 10 and 11 and for copper in Fig. 12. The 
log-log plot has been drawn for si lver in Fig. 11 to 
enable the results for the entire oxygen concentrat ion 
range which was studied to be seen more clearly. The 
depth of immersion of the electrolyte  was e i ther  Ys or 
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Fig. 7. Verification of the two-electron reaction at the liquid 
silver cathode. Derived from curve 1 in Fig. 5. 
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copper cathode. Derived from Fig. 6. 
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liquid silver. The depth of immersion of the electrolyte tube was 
in. The amplitude of vibration of the electrolyte was 1/16 in. 

end the frequency of vibration was 84 cycles/rain. 

1/4 in. Current  densities were calculated by dividing 
the currents  by the geometric area of the metal -e lec-  
trolyte interface, i.e., 2.47 or 3.72 cm 2, respectively. 
However, these areas are somewhat  uncer ta in  because 
of the surface tension of the liquid metals. Since con- 
tact angles general ly  exceed 90 ~ , the actual  areas may 
be less than the calculated values which would make 
the cur ren t  densities higher. 

Generally,  the data were reproducible to ___3% upon 
oxygen content  or tempera ture  cycling wi th in  a given 
run, but  only to about ___10% from run  to run.  Points 
below 2 and above 50 mA/cm~ were usual ly  not  as re-  
producible as those in the in termediate  range. 

Limi t ing  currents  are directly proport ional  to the 
dissolved oxygen concentration.  They increase signifi- 
cantly with tempera ture  and the lines in Fig. 1O and 
12 pass through the origin. Cal ibrat ion curves such as 
these could be used to analyze l iquid metals for dis- 
solved oxygen. 

Using Fick's first law, the l imi t ing cur ren t  density 
can be wr i t ten  as 

2FDoco 
i~ = [8] 

6 

where  Do is the d i f fus ion coeff icient of  oxygen  in  the 
l iquid metal,  Co is the bu lk  concentrat ion of oxygen in 
the metal, and ~ is the effective thickness of the diffu- 
sion layer. From the average of three recent indepen-  
dent  investigations (27-29), Do • 104 in silver is 
0.99, 1.28, and 1.59 cm2/sec at 1000 ~ 1100 ~ and 120O~ 
respectively. The diffusion coefficient is independent  of 
oxygen concentrat ion (30). From the average of two 
recent independent  studies (31,32), Do • 104 in cop- 
per is 0.74, 0.98, and 1.27 cm2/sec at 1100 ~ 1200 ~ and 
1300~ respectively. Conver t ing concentrat ions to 
g -a toms/cm 3 using the densities of l iquid silver (33) 
and copper (34) enables effective diffusion layer  thick-  
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Fig. 10. Limiting current density vs. oxygen concentration at 
low oxygen concentrations in silver. The depth of immersion of the 
electrolyte tube was either ~ or I/4 in. The amplitude of vibration 
of the electrolyte was 1/16 in. and the frequency of vibration was 
84 cycles/min. 
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Fig. 12. Limiting current density vs. oxygen concentration for 
copper. The conditions were identical to those given for Fig. 10. 

nesses to be found. For  example,  at 0.0385 a /o  O in 
copper at l l00~ since iz ---- 15.0 • 10 -3 A / c m  2, F = 
9.65 X 104 coulomb/equiv ,  Do ---- 0.74 • 10 -4 cm2/sec, 
and co = 4.84 • 10 -5 g-atoms/cmS, Eq. [8] gives 
5 = 0.046 cm. At  l l00~ a value  of 0.054 cm was cal-  
culated for silver. At 1200~ ~ = 0.042 and 0.045 cm 
for copper and silver, respect ively.  Consequently,  the 
l imiting currents  increase wi th  t empera tu re  due to 
both an increase in Do and a decrease in 6 (Eq. [8]).  
The la t ter  occurs because the viscosity of the l iquid 
meta l  decreases as the t empera tu re  is increased. 

The diffusion layer  data are comparable  for l iquid 
si lver and copper since the i r  viscosities are s imilar  
(35). Nevertheless ,  the values  are somewhat  h igher  for 
silver, probably since Do is higher.  Often, 8 has been 
found to vary  as D �9 (0 < x < 1) in aqueous studies 
(36). 

The effective thicknesses of the diffusion layer  are 
re la t ive ly  high implying that  v ibra t ing  the electrolyte  
was not an efficient method of s t i r r ing the metal.  
However ,  this served to stabilize the  diffusion layer  
(prevent  it f rom spreading wi th  t ime)  and lower the 
t ime requi red  to establish l imit ing currents.  By con- 
t inuing to bubble the gas mix tures  through the  meta l  
dur ing the measurements ,  iz could be marked ly  in-  
creased and, accordingly, 5 could be marked ly  de- 
creased. However ,  l imit ing currents  obtained in this 
manner  were  not  ve ry  reproducible.  

It  should be noted that  the results for 5 are average  
values over  the entire meta l -e lec t ro ly te  interface. 
They are not necessari ly the same along the side as 
across the bo t tom of the electrolyte  tube, nor are they 
probably even constant across the bot tom of the tube. 
By sealing an electrolyte  pel let  into a quar tz  tube or 
pressing a pel let  against  a polished a lumina  tube, the 
diffusion conditions could be bet ter-def ined and uncer -  
tainties associated with  measurements  near  the surface 
of the meta l  could be eliminated.  Unfor tunately ,  at-  
tempts  to do this led to poorer  reproducibi l i ty  of 

45 

o 0.0197 ATOM "1,_.0 in Ag-1000"C 
40 �9 0,0095 ATOM 

35 

3O 

~ 25 

20 

15 

1( I i I i 
0.05 0.10 0.15 0.20 )25 

AMPLITUDE OF VIBRATION (in.) 

Fig. 13. Limiting current vs. amplitude of vibration of the 
electrolyte tube for silver and copper. The depth of immersion 
was �88 in. and the frequency of vibration was 84 cycles/rain. 

the vo l tammetr ic  measurements  on account of leakage 
be tween the electrode compartments .  

Effect o~ the amplitude and :frequency of vibration o~ 
the electrolyte.--The effect of the ampli tude of v ibra-  
tion of the  electrolyte  tube on the l imit ing current  for 
both si lver and copper is shown in Fig. 13. At  lower 
temperatures,  the dependence appeared somewhat  more 
pronounced. The l imit ing cur ren t  was approximate ly  
doubled by increasing the ampli tude f rom 1/16 to 
1/4 in. The currents  at zero vibrat ion were  often higher 
than the ext rapola ted  values, undoubtedly  due to 
natura l  convect ion in the meta l  which arises f rom 
density gradients that  are, in turn, caused by oxygen 
concentrat ion and tempera tu re  gradients. The density 
increases as the oxygen concentrat ion decreases. 

Limit ing current  as a function of the f requency  of 
vibrat ion is plot ted for both metals  in Fig. 14. Again, 
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Fig. 14. Limiting current vs. frequency of vibration of the 
electrolyte tube for silver and copper. The depth of immersion 
was 1/4 in. and the amplitude of vibration was 1/16 in. 
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a l inear  dependence was observed which was s t ronger  
at lower temperatures .  

Conclusions 
By elect rochemical ly  removing  dissolved oxygen 

from liquid metals  in cells wi th  impervious  solid oxide 
electrolytes,  l imit ing currents  control led by oxygen 
diffusion and convect ion in the l iquid meta l  can be 
established. Ei ther  the applied potent ia l  can be in- 
creased at a rate of about  0.8 V / m i n  or a sui table  ap- 
plied potent ial  can be held constant for 1 to 1 �89 rain. 
To achieve electr ical  contact, Chromel  A wi re  for 
s i lver  and Type 314 stainless steel w i re  for copper are 
very  satisfactory. Using electrolyte  tubes, the influence 
of the depth of immers ion must  be considered to in- 
terpret  the results and small  immers ion depths are 
necessary to obtain l imit ing currents.  Stabi l i ty  of the 
diffusion layer  is ensured by providing forced convec-  
tion in the metal, but  natura l  convect ion may  be suffi- 
cient. 

Limi t ing  currents  are direct ly  proport ional  to the 
dissolved oxygen concentra t ion at low oxygen  contents 
and increase substant ial ly wi th  temperature .  Diffusion 
layer  thicknesses decrease wi th  t empera tu re  and are 
sl ightly greater  for l iquid si lver than l iquid copper. 
Vol tammetr ic  measurements  could be used to analyze 
l iquid metals  and alloys for dissolved oxygen. 
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A P P E N D I X  

Calculation o~ the Inl~uence of the Depth of Immersion 
of a Solid Electrolyte Tube in a Liquid Metal 

The fol lowing calculat ion is appl icable  to the in- 
fluence of the depth of immers ion on the cur ren t  
through the cell when  the current  is solely control led 
by the resis tance of the solid electrolyte,  i.e., in the ab-  
sence of diffusion overpotential .  Regarding emf  mea-  
surements,  it could also be used to de termine  mixed  
potentials  resul t ing f rom oxygen act ivi ty  gradients  
along the l iquid meta l -e lec t ro ly te  interface. 

For  an electr ical  conductor wi th  potentia. ' - inde- 
pendent  conductivity,  the current,  I, is given by 

EcA 
Z -- - -  [93 

Y 

where  E is the applied potent ial  (corrected for the cell 
emf  in the case of an ionic conductor) ,  s is the specific 
conductivity,  A is the area through which the current  
passes, and y is the path length for the current .  In the 
case of an e lect rolyte  tube immersed in a l iquid meta l  
depicted in Fig. 15, the path length for O = ions wi l l  be 
dependent  upon the position on the l iquid me ta l - e l ec -  
t ro lyte  interface where  they are e i ther  produced or 
consumed. Since the l iquid meta l  conducts e lectroni-  
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cally, the electrochemical  reduct ion of oxygen dis- 
solved in the meta l  wil l  occur over  the ent ire  surface 
abcde. To be oxidized, the O = ions which are produced 
must  migrate  through the electrolyte  to the Pt  elec- 
trode. Oxygen ions formed at c must  only t ravel  a 
distance ch and those formed at b must  t r ave l  a dis- 
tance bg, while  those formed at a must  t r ave l  a dis- 
tance afg. 

Since E is constant over  the surface abcde and r is 
constant throughout  the solid e lectrolyte  (electronic 
conduct ivi ty  is negligible) ,  Eq. [9] predicts that  

A 
I ~ -- [10] 

y 

When y is not constant for a given area, then 

A = - - : =  + + . . . .  + 
Y2 Y, 

and, therefore  

y* 

where A is the area on the outer  surface of the elec- 
t rolyte tube (A2 -- A1), ( l / y )  is the average  value  of 
1/y for this area, and y* is the effective path  length 
which is the reciprocal  of ( l / y ) .  It  is assumed that  the 
current  carried by each e lement  • is independent  
of the remaining  elements  since the e lements  un-  
avoidably overlap, i.e., in Fig. 15, the area defined 
by abcde (the area of the l iquid meta l -e lec t ro ly te  
interface) is greater  than the area defined by ghi (the 
area of the P t -e lec t ro ly te  interface) .  

When values of A/y* for two or more areas are de- 
termined, then, if their  currents  are independent,  the 
total  current  passing through them wil l  s imply be pro-  
port ional  to the sum of their  A/y* values. In effect, the 
electrolyte  is divided into a number  of paral le l  con- 
ductors. Calculations for the electrolyte  tubes used in 
the present exper iments  for two different cases regard-  
ing the Pt  electrode wil l  now be given. 

Cross sections containing the longitudinal  axis of the 
electrolyte  tube are d rawn in Fig. 16. Each length on 
the outside surface defines an a rea - -c i rcu la r  on the 
bottom and curved on the side. Each area involving 
a different type of calculat ion wil l  be discussed in turn. 

Case 1. The Pt electrode only partly covers the bot- 
tom surIace of the inside oI the electrolyte tube (Fig. 
16a).--In Fig. 16a, the c i rcular  Pt  gauze electrode has 
a diameter  of 1./4 in. This represents  the smallest  area of 
P t -e lec t ro ly te  contact possible in the present  invest iga-  
tion since the Pt  electrode was held f irmly against the 
electrolyte  with a '/4 in. a lumina  rod (Fig. 2). 

Area  fg. The path length for all the O = ions formed 
in this area is fi. Accordingly,  

A ~ ( 1 / 8 ) 2  
- -  - -  0 . 7 8 5 4  in. ---- 1.995 cm 

y 1/16 

Area  dr. For  a given e lement  of this area at e, the 
path length y is x /x  2 -}- (1/16)2 where  x is the distance 
fe and 1/16 in. is the thickness of the electrolyte  tube. 
The area represented  by fe is 

A ---- ~ (x  ~- Ys) 2 -- n ( ~ ) 2  [12] 
Therefore  

dA = 2~(x -{- ~/s)dx [13] 

Subst i tut ing for y and dA in Eq. [11] and evaluat ing 
the integral  gives 

A tx2 
~-- = 2nN/x s + (I/16)s xl 

+ - i - i n  x +  -~ /xz+  (1/16)s [14] 

Integrat ion constants wil l  be omit ted since definite in-  
tegrais  are being considered. At  f, x ---= Xl = 0 and at 
d, x = x~ = 1/s in. Subst i tut ing into Eq. [14] yields 
the result  that  

,4 
- -  = 4 . 1 1 3  c m  y* 
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Fig. 16. Illustration of the method used to calculate the effect of the depth of immersion of a solid electrolyte tube on the current. 

Dimensions are in inches. The Pt electrode is hatched. Arrows are drawn on lines representing current paths through the solid electrolyte 
which was divided into sections fg, df, bd, and ab. 

A r e a  bd. The  p a t h  l e n g t h  y for  O = ions f o r m e d  at  
any  e l e m e n t  c w i t h i n  this  a r ea  is \ I x  2 -6 ( % ) 2  w h e r e  
x is the  d i s tance  bc. The  a rea  def ined by  bc is s imp ly  
g i v e n  by  

A = - - x  [15] 
2 

since t h e  e l ec t ro ly t e  t u b e  has  an  OD of 1/2 in. T h e r e -  
fore  

dA = - - d x  [16] 
2 

Again ,  subs t i t u t i ng  for  y and  dA in  Eq.  [11] and 
e v a l u a t i n g  gives  

A M ( ) ~ 2  
- -  In x - 6  A/x  2 + (Y8) ~ [17] 

y* 2 zl 

Here ,  x ~- x l  ---- 0 at b and  x ---- x2 : 1/16 in. at  d. 
C o n s e q u e n t l y  

A 
- -  ~- 1.920 cm y* 

A r e a  ab. O x y g e n  ions f o r m e d  at a m u s t  t r a v e l  a long  
ahi  to r each  the  P t  e lec t rode .  Accord ing ly ,  the  p a t h  
l e n g t h  y is ~ / x  2 -6 (1/16) 2 -6 1/16 w h e r e  x is the  l e n g t h  
ba. F o r  t he  a rea  def ined by  ba, Eq.  [15] and  [16] apply.  
There fo re ,  f r o m  Eq. [11] 

A ~ s dx 
-- - -  -- ~x [181 
y* 2 1 ~ / x  2 -6 (1/16)2 -6 1/16 

E v a l u a t i n g  th is  i n t eg ra l  b y  r a t iona l i z ing  the  d e n o m i -  
na to r  i nva l ida t e s  the  s i tua t ion  w h e r e  x ---- 0. F o r  the  
gene ra l  case, it can  be  d e t e r m i n e d  by m a k i n g  the  sub -  
s t i tu t ion  x ---- 1/16 t an  0 w h e r e  0 is the  ang le  shown in 
Fig. 16a. Hence ,  dx -7- 1/16 sec20 d0. The  i n t eg ra l  in Eq. 
[18] can  n o w  be w r i t t e n  as 

y dx :y do [19] 

V 'x  2 -6 (1 /16)2-+  1/16 cos 0(1 + cos 0) 

Us ing  the  m e t h o d  of pa r t i a l  f rac t ions  and i n t e g r a t i n g  
y ie lds  

f do sin o 
--  In  (sec 0 + t a n 0 )  

cos O(l + cos O) I + c o s O  
[20] 

X 
Reca l l i ng  tha t  t an  0 --  resu l t s  in an  express ion  

1/16 

for Eq. [18] of the  f o r m  

A 
- -  = - - i n  
y* 2 

~ / x  2 -6 ( I /16 )  2 -6 x l'r2 

1/16 xt 

x [x2 
[ 2 1 ]  

-- -2 ~/x 2 -6 (1/16) 2 -6 1/16 zl 

At  b, x ---- x l  ---- 0 and  at a, x ----- x2. The  va lue  of x2 wi l l  
depend  on the  dep th  of  i m m e r s i o n  of the  e l ec t ro ly t e  
tube.  F o r  example ,  if  the  d e p t h  of i m m e r s i o n  is 1/2 in., 
t hen  x2 ---- 7/16 in. and 

A 
- -  - -  7.089 cm 
y* 

Case 2. The P t  electrode covers the entire bottom 
surface of the  inside of  the e~ectrolyte tube (Fig. 16b). 
- - T h i s  case w o u l d  be  e x p e r i m e n t a l l y  rea l i zed  in the  
p r e sen t  w o r k  if a l l  of  t h e  P t  gauze  e l ec t rode  ( d i a m e t e r  
_-- % in.) w e r e  in close con tac t  w i t h  the  e lec t ro ly te .  

A r e a  fg. The  A / y  v a l u e  can  be  ca l cu la t ed  as for  
case 1. 

A r e a  df. F o r  O = ions f o r m e d  a t  e, the  p a t h  l eng th  y 
is \ / x "  -6 (1/16) 2 w h e r e  x is the  d i s tance  fe. F o r  t he  
a rea  def ined by re, dA ~ 2~(x  -6 3/16) dx. Subs t i t u t i ng  
for y and  dA into Eq.  [11] p roduces  a so lu t ion  s imi la r  
to Eq. [14]. Here ,  x l  ---- 0 and x2 ---- 1/16 in. 

A r e a  bd. In se r t i ng  y ---- \ / x  2 -6 (1/16)  2 and Eq. [16] 
into Eq. [11] g ives  a so lu t ion  s imi la r  to Eq.  [17]. Again ,  
the  l imi t s  of i n t e g r a t i o n  a r e  0 and  1/16 in. 

A r e a  ab. O x y g e n  ions f o r m e d  at a m u s t  t r a v e l  a dis-  
tance  ah  t h r o u g h  t h e  e l ec t ro ly t e  ( the  P t  e l ec t rode  is 
th in ) .  The  pa th  l e n g t h  y is \ I x  2 -6 (1/16)  2 and Eq. [15] 
and [16] apply.  The  so lu t ion  is iden t i ca l  to t ha t  for  
a rea  bd. A t  b, x ---- x l  ---- 0 and x2 can  h a v e  any  
des i red  va lue .  

S o m e  of t he  ca l cu l a t ed  v a l u e s  a r e  r e c o r d e d  in Tab l e  
I. I t  is a p p a r e n t  f r o m  these  da t a  and  Eq.  [17] and [21] 
that ,  if  the  O = ions m i g r a t i n g  t h r o u g h  the  e l ec t ro ly t e  
do not  in teract ,  t h e n  as x2 --> oo (a rea  ab) ,  A / y *  -~ oo 
and the  p e r c e n t a g e  of the  c u r r e n t  ca r r i ed  across  the  
bo t tom of t he  e l e c t r o l y t e  tube--> 0. Reca l l i ng  Eq. [10], 
it is obvious  tha t  h i g h e r  cu r r en t s  w i l l  be  o b s e r v e d  in 
case 2 t h a n  in case 1. 

The  to ta l  c u r r e n t  for  any  dep th  of immers ion ,  It, m a y  
now be eas i ly  c o m p a r e d  to the  c u r r e n t  c ross ing  the  ou t -  
side of the  b o t t o m  of t h e  e l e c t r o l y t e  tube,  Ib, i.e., t h e  
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Table I. A/y* values (cm) for the solid electrolyte tube 

A r e a  Case 1 Case 2 

fg 1.996 4.489 
df 4.113 3.051 
bd 1.920 3.516 

ab(xe ---- 1/16 in.) 1.864 3.516 
ab(x2 = 3/16 in.) 4.380 7.255 
ab(x2 = 5/16 in.) 5.955 9,226 
ab(x2 = 7/16 in.) 7.089 10.550 

total current  at zero depth of immersion. As an ex- 
ample, for case 1 and a depth of immersion of u in. 
(~:2 ---- 7/16 in.), the ratio is 

It 1.995 -~ 4.113 -p 1.920 W 7.089 

Ib 1.995 -p 4.113 : 2.475 

Ratios calculated in this manne r  for n ine  depths of im- 
mersion were used to plot Fig. 4. 
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Detection of Nonuniform Current Distribution on a Disk Electrode 
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ABSTRACT 

The relative meri ts  of different methods of detecting a nonuni form current  
dis t r ibut ion on a disk electrode are discussed. Some implications of such a 
dis t r ibut ion are presented. Exper imenta l  results are reported for collection 
efficiency measurements  on the system of Albery and Ulstrup. 

We consider here several aspects of the current  and 
potential  dis t r ibut ion on a rotat ing disk electrode, a 
problem for which a theoretical analysis  has been pre-  
sented earlier (1-4). Since this electrode is popular ly  
regarded to have a uni form current  distribution, it is 
appropriate to give examples i l lus t ra t ing under  what  

" E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  o h m i c  p o t e n t i a l  drop ,  co l l ec t ion  efficiency. 

conditions a nonuni form distr ibut ion can be expected. 
We should also like to discuss possible methods of 
detecting that  a nonuni form current  dis t r ibut ion pre-  
vails. In this connection, new exper imental  data are 
given for one of these methods, that  involving the 
rotat ing r ing-d isk  electrode system as used by Albery  
and Ulstrup (5). 
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Current Distribution on a Disk Electrode 
The current  distr ibution on a rotat ing disk elec- 

t rode is described in detail  in Ref. (2). On the basis 
of mass- t ransfer  considerations alone, Levich  (6) has 
shown that  the current  distr ibut ion should be uniform, 
and the disk surface is said to be uni formly accessible 
f rom a mass- t ransfer  standpoint�9 This conclusion is 
val id at the l imit ing current,  where  the concentrat ion 
of the reactant  is zero over  the entire surface of the 
disk electrode. [See, however ,  the paper  (7) on the 
effect of radial  diffusion.] 

At c u r r e n t s b e l o w  the l imit ing current,  the ohmic 
potential  drop tends to produce a nonuniform current  
distribution. The ex t reme case is the pr imary  current  
distr ibution (1) 

i 0.5 
�9 = [ 1 ]  
lav~ (1 -- r2/ro 2) 1/2 

which corresponds to the solution of Laplace's  equa-  
tion for the potential  when  the potential  in the solu- 
tion adjacent  to the electrode is uniform�9 Here, the 
disk electrode is taken to be embedded in a large, 
insulat ing plane with the counterelectrode at infinity. 
The p r imary  current  distr ibution prevai ls  when the 
surface overpotent ia l  for the electrode react ion is neg-  
l igible and there  are no mass- t ransfer  limitations. 

For  in termedia te  cases, the current  distr ibution can 
be described in terms of seven parar.aeters (2), two 
of which we consider here 

( 4 )  ZFroil,r, J = ~ Z F r ~ 1 7 6  and N-- - - - -F  [2] 
RTK~ R T ~  

J can be regarded as a dimensionless exchange current  
density and N as a dimensionless l imit ing current  
density�9 Smal l  values of J lead to a uniform current  
distr ibution; large values, to a nonuniform distr ibu-  
tion. Even for a small va lue  of J, the  distr ibution can 
be nonuniform if the current  is large. Here  one can 
use as a pa ramete r  the average current  density .made 
dimensionless in the same manner  as J in Eq. [2]. 
The value of N determines  how large the dimensionless 
average current  density can be wi thout  exceeding the 
l imit ing current�9 At  the l imit ing current,  the current  
distr ibution is uniform, but  this mass- t ransfer  effect 
loses force at currents  only sl ightly below the l imit ing 
current.  

The current  density, whe ther  it be the exchange cur-  
rent  density, the l imit ing current  density, or the aver -  
age current  density, is made dimensionless wi th  the 
electrode radius to, the solution conduct ivi ty  ~, and 
other  parameters  over which there is l i t t le  exper imenta l  
control. Large  disks and low conductivit ies promote a 
nonuniform current  distribution, and vice versa. For 
laboratory  work  on polarography and electrode ki- 
netics, small  disks and small  reactant  concentrat ions 
with an excess of support ing electrolyte  can be used 
to ensure a uni form current  distribution�9 However ,  in 
engineer ing systems involving electroplating, corro-  
sion, etc., a nonuni form cur ren t  distr ibution must  be 
expected. Ohmic effects can lead to the fol lowing un-  
desirable results: (a) nonuniform deposition or dis- 
solution, (b) errors  in kinetic parameters  calculated 
wi th  neglect  of current  nonuniformities,  (c) loss of 
control  in analyt ical  determinat ions  [Harrar  and Shain 
(8) give a lucid account of such an example  in large 
cells], and (d) waste  of current  in cathodic protection 
in corroding systems. 

Some numer ica l  examples  may be helpful�9 For  
ro- -0 .25  cm, K~ ---- 0.1 ( o h m - c m ) - l ,  io ---- 1 m A / c m  ~, 
Z ~ 1, and T ---- 298~ the value  of J is about 0.1. For  
small  values of the average  current  density, this value 
of J implies a fair ly uniform current  distribution, but  
for an average current  densi ty of O.1 A / c m  2, the cur-  
rent  distr ibution will  be nonuniform�9 However ,  for a 
value  of io -- 40 A / c m  2, the value  of J is about 4000, 
and the current  distr ibut ion wil l  be nonuniform at all  
current  densities (except  ve ry  close to the l imit ing 

current) .  For  this value  of io, it is unl ikely that  a 
large enough concentrat ion of support ing electrolyte  
could be used to obtain a uni form current  distribution. 

As an example  of the ohmic effect in corrosion 
studies, we  might  ask how large a disk electrode can be 
protected cathodical ly by a counterelectrode at infinity, 
without  waste of current.  We assume that  the disk is 
rotated, the flow is laminar,  and the l imit ing current  
for the oxygen reaction is uniform. 

The desired current  distr ibution for cathodic pro-  
tection is de te rmined  by the l imit ing current  dis tr ibu-  
tion for oxygen reduction�9 This results  in a potential  
variat ion in the solution adjacent  to the protected sur-  
face. The potent ial  difference ,Ar be tween  the solution 
adjacent  to the center  of the disk and that  adjacent  to 
the outside edge of the disk, for a uniform current  
distribution, can be obtained f rom Ref. (2) as 

4r -- 0.36338 roi/K| [3] 

We want  the electrode to have a potential  between that 
necessary to prevent  oxidation of the meta l  (say, 
--0.1V vs. NHE) and that  at which hydrogen genera-  
tion begins (say, --1.OV vs. NHE).  This means that  .Ar 
should be no larger  than 0.9V. For  a l imit ing current  
density of 10 m A / c m  ~ and a conduct ivi ty  of 0.04 (ohm- 
cm)-1 ,  the largest  disk which can be cathodically pro- 
tected is ro ---- 9.9 cm. 

The above equat ion can also be used for anodic pro-  
tection of an electrode with  act ive-pass ive  kinetics�9 
The potent ial  of the electrode should be large enough 
to ensure that  the surface is in the passive region 
and small  enough to ensure that  it is not in the t rans-  
passive region�9 Assume that  this gives an al lowed 
m ax im um  of -~r of 0.5V and that  the current  density 
in the passive region is 10 -~ A / c m  2. Then, the largest  
disk which can be protected anodically corresponds to 
ro ---- 5500 cm, again for a conduct ivi ty  of 0.04 (ohm- 
c m ) - l .  Equat ion [3] can also be used to guide the 
selection of conditions for constant-potent ia l  elec- 
trolysis. 

Detection of the Current Distribution 
Various methods are conceivable for detecting a 

nonuniform current  distr ibution on a rota t ing disk 
electrode. Direct  measurement  of the deposit thickness 
has been used with  success by Marathe  and Newman 
(9). I rene Sun, at Berkeley,  has sectioned a radioact ive 
deposit on a disk electrode, and autoradiograms of 
radioact ive deposits have been made by Jo rdan  and 
Finston (10). Recently,  Bruckenste in  and Mil ler  (11) 
have reported additional results of deposit thickness 
measurements .  

Albery  and Uls t rup (5) have measured collection 
efficiencies at the r ing electrode of a r ing-disk  system 
with a v iew toward detect ing a nonuniform cur ren t  
distr ibution on the disk electrode. If the current  den-  
sity is higher  near  the edge of the disk than at the 
center, then the collection efficiency at the r ing should 
be higher  than that  calculated with  the assumption of 
a uni form current  densi ty on the disk. A quant i ta t ive  
comparison of theory and exper iment  is made diffi- 
cult by the fact that  a current  to the r ing wil l  ac- 
centuate the nonuni formi ty  on the disk. Nevertheless,  
the results of Albe ry  and Ulstrup show a lower  mea-  
sured collection efficiency�9 This conflict led us to re-  
peat  the experiments ,  as described in the next  section�9 
Af ter  complet ion of the present  work, Bruckenste in  
and Mil ler  (11) also repor ted  results  on this system, 
wi th  conclusions which genera l ly  agree with those 
described below. Also, it is repor ted  1 that  the results  of 
Albery  and TJlstrup have been recanted. 

It would be more s t ra ight forward  to use the r ing-  
disk system as a sectioned electrode for the purpose of 
measur ing the nonuni formi ty  of current  distribution�9 
In this application, the ring and the disk would  be 
held at the same potent ial  so as to funct ion as a 
single electrode to the parts of which the current  

1 B a r r y  Mi l le r ,  P r i v a t e  c o m m u n i c a t i o n .  See Ref.  8 of  the  p a p e r  by 
B r u c k e n s t e i n  a n d  Mi l l e r  (11). 
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could be measured separately.  Since this is a classical 
method of measur ing current  distributions, we have 
assessed in a separate  paper  (12) the e r ror  which 
might  be introduced by the  nonzero gap between the 
ring and the disk. Exper imenta l  measurements  are also 
reported for this technique. 

Angell,  Dickinson, and Greef  (13) have  measured 
the potential  distr ibution near  a rotat ing disk elec-  
trode. In order for such measurements  to detect a 
nonuniformity  of current  distr ibution on the disk, 
measurements  would have to be made quite  close to the 
electrode itself, as shown by the theoret ical  potential  
profiles along the disk axis (see Fig. 1). McIntyre  and 
Peck (14) have developed an in te r rup te r  technique 
and applied it to the  measurement  of the ohmic po- 
tent ial  drop at a rotat ing disk electrode. Al though the 
ohmic potential  drop to the center  of the disk can vary  
by 27% depending on the uni formi ty  of distribution 
of the same total  cur ren t  (2), an in te r rupter  tech-  
nique wil l  ideal ly measure  the ohmic potential  drop 
corresponding to the p r imary  current  distribution, in- 
dependent  of the actual current  distr ibution prevai l -  
ing before in ter rupt ion  of the current  (15). 

Ring C o l l e c t i o n  Ef f ic iencies  for  the  
B r o m i d e - B r o m i n e  System 

Albery  and Ulstrup (5) have reported the results of 
exper iments  wi th  a r ing-disk  assembly to test cri t i -  
cally the predictions of current  distr ibution on a disk 
electrode. The disk was operated at a given current  
as an anode, oxidizing bromide to bromine, which was 
then reduced back to bromide at the ring. The nonuni-  
form current  distr ibution on the disk should produce 
a concentrat ion of bromine  at the edge of the disk 
which is h igher  than that  expected from the average  
current  density.~ This should resul t  in a higher  current  
on the r ing (or a h igher  collection efficiency) than that  
predicted by Albe ry  and Bruckenste in  (16). In other  
words, bromine  produced near  the edge of the disk has 
less chance to diffuse away and therefore  more chance 
to react  at the ring. In contrast, A lbe ry  and Ulstrup 
report  a lower  cur ren t  on the ring. 

Three  effects might  complicate the in terpre ta t ion of 
these results: (i) Operat ion of the r ing cathodical ly 
enhances the nonuni formi ty  of the current  distr ibution 

Note  h o w e v e r  t h a t  t he  e q u a t i o n  t h a t  t h e y  p ropos e  fo r  p r e d i c t i o n s  
of  t h i s  effect  is  i n c o r r e c t  (12). 

on the disk and should lead to a still h igher  collection 
efficiency; (ii) the ohmic potent ial  drop may have 
been large enough in some of the di lute  soutions to 
obviate the l imi t ing-cur ren t  measurements  on the ring, 
that is, the r ing may  not have been at l imit ing current  
at the potential  of its operation; and (iii) kinetic com- 
plications on the disk might  have resul ted in the pro-  
duction of less bromine than  was supposed. 

For  the rotat ing r ing-d isk  system described below, 
calculations were  made of the ohmic potent ial  drop 
be tween  the r ing and the reference  electrode, wi th  the 
ring operat ing at l imit ing current.  The results of New-  
man (2) and of Nanis (17) were  used for the calcu- 
lations. It  was found that  the  ohmic effect was too 
small, and in the wrong direction, to be of importance 
for the concentrat ions and placement  of reference  elec- 
trode used in the measurements  repor ted  below. 

Since the importance of the last possibility could not 
be determined f rom the data repor ted  by Albery  and 
Ulstrup, the measurements  were  repeated.  The solu- 
tions were  NaBr and HC104 in water.  The ring, disk, 
and counterelectrodes were  made of plat inum. The 
dimensions of the r ing-d isk  assembly (RD1) were  
ro ---- 0.442 cm, rl  ---- 0.504 cm, and r2 --~ 0.621 cm. 
The calculated collection efficiency was 0.340. The  r ing 
and disk were  imbedded in epoxy, and the over -a l l  
radius was 1.27 cm. The reference e lect rode probe 
(Luggin capi l lary  tip) was placed in the plane of the 
disk at r ---- 2.27 cm. A Regatron cons tant -current  
power supply mainta ined a constant disk current.  A 
Wenking potentiostat  and vo l t age - ramp generator  were  
used to measure  the l imit ing current  curves on the 
ring. Currents  were  determined by measur ing the po- 
tent ial  drop across precision resistors. The vessel con- 
taining the solution and electrodes was open to am-  
bient air  and was at ambient  t empera tu re  (23 ~ • 2~ 
The r ing-disk assembly was rotated at 1550 rpm. 

Since this system has received recent  a t tent ion (11), 
we shall describe our results briefly. 

At high and modera te  concentrations, the ring l imit -  
ing current  for bromine reduct ion was broad and well  
defined. At decreased concentrations, especially that  
of HC104, the region be tween  a t ta inment  of l imit ing 
current  and onset of reduct ion of oxide on the plat i-  
num was more narrow. 

Results of collection efficiency measurements  at 
moderate  concentrat ions are given in Table I. The mea-  
sured collection efficiency is grea ter  than that  calcu- 
lated for all but three entries in the table. This indica- 
tion of a nonuni form cur ren t  distr ibution is in qual i -  
ta t ive  agreement  wi th  the predictions of Newman  (2). 

However,  the more interest ing systems are the dilute 
solutions in which Albery  and Ulstrup found the anom- 
alous collection efficiencies. To invest igate  the possi- 
bil i ty that  these results were  caused by kinetic com- 
plications on the disk, disk polarization curves were  

Table I. Collection efficiencies for NaBr-HCI04 systems 

S o l u t i o n  To ta l  d i sk  
c o m p o s i t i o n  c u r r e n t  (mA) - -  [ r / l d  

0.1M N a B r  0.1 0.350 
0.1M HC104 1.0 0.345 

5.0 0.360 
10.0 0.350 

0.01M N a B r  0,01 0,350 
0.01M HCIO~ LOG 0.353 

0.00IM NaBr 0.005 0.350 
O. 1M HalO4 0.010 0,350 

0.020 0.340 
0.030 0.340 
0.040 0.350 
0.050 0.350 
0.100 0.350 
0.050 0.354 

0.001M N a B r  0.010 0.340 
0.01M HC104 0.012 0.360 

0,050 0.360 
0.10 0.355 

0.0001M l~aBr 0.02 0.350 
0. I M  HC10~ 0.03 0,350 
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Fig. 2. Disk polarization curves in 0.001M NaBr-0.001M HCIO4: 
curve 1, freshly buffed; curve 2, run immediately after 1; curve 3, 
prereduced at --100 mV for 1 rain; curve 4, preoxidized at +2500 
mV for 1 min. 

measured for different preparat ions of the surface. 
Typical results are shown in Fig. 2. 

Curves 1-4 were obtained in a solution of 10-SM 
HC10~ 10-3M NaBr, with RD1, and in the sequence 
numbered.  Curve 1 was taken after the r ing disk had 
been freshly buffed on a metal lographer 's  whee l - -our  
usual  preparation.  The run  (and each subsequent  run)  
was started at +500 mV (vs. SCE) and  swept at 156 
m V / m i n  to more positive potentials, with simultaneous 
measurement  of the disk current .  Immedia te ly  after 
curve 1 was obtained, the potential  was re turned to 
+ 500 mV, another  sweep was started, and curve 2 was 
obtained. The difference in  the two was caused by the 
different state of the p la t inum surface in the two runs. 
This was confirmed by  (i) prereducing the disk at 
--100 mV (vs. SCE) for 1.5 rain before curve 3 was 
taken and then (ii) preoxidizing the disk at +2500 mV 
(vs. SCE) for 1 min  before curve 4 was obtained. 
Finally,  a curve was obtained after the disk had been 
prereduced at --100 mV (vs. SCE) for 5 min, and the 
results were identical  to curve 3. 

Similar  investigations at concentrat ions of 10-2M 
HC104 and 10-SM NaBr revealed that  the inhibi t ion of 
Br2 production on a preoxidized surface was much less 
impor tant  than  for the above system. With a lower 
concentrat ion of HC104 (10-4M, 10-3M NaBr) ,  how- 
ever, it was not possible to obtain a current  due to B r -  
oxidation of more than 0.12 mA (total disk current)  no 
mat ter  how much the disk had been prereduced. One 
may  conclude that  (i) b romine  evolut ion on the disk 
is affected by the surface preparation,  i.e., inhibi ted by 
oxide on the p la t inum and (ii) a reproducible surface 
may be obtained by prereduct ion of the disk. Similar  
inhibi t ion effects have been  obtained recent ly for the 
C1--C12 system (18). 

The influence of the preparat ion of the disk surface 
on the collection efficiencies in di lute solutions is 
demonstra ted by the results in  Table II. For  pre-  
oxidized p la t inum disks, these results are qual i ta t ively 
in agreement  with those of Albery and Ulstrup. Pre-  
sumably,  the extra  disk current  on a preoxidized sur-  
face (above that  required to produce the Br2 detected 
on the r ing)  goes to produce oxygen which is not  re-  
duced on the r ing in the potent ial  region scanned. 
However, prereduced p l a t inum shows a s tr iking dif- 
ference, i.e., the collection efficiency is constant  up to 
the disk l imit ing current .  This indicates that  all  the 
disk current  is going to produce Br2, which is then 
detected on the ring. Bruckenste in  and Miller (11) also 
obtained results on prereduced p la t inum but  did not 
use the same system to obtain results on preoxidized 
surfaces. In  general, their  measured  collection effi- 
ciencies are in agreement  with ours but  showed larger 
deviations from the calculated collection efficiencies 

Table II. Surface treatment effects on collection efficiency in 
NaBr-HCI04 systems 

Tota l  
d i s k  

S o l u t i o n  c u r r e n t  
c o m p o s i t i o n  (mA) - - I r / I a  D i s k  t r e a t m e n t  

0.001M N a B r  
0.001M HCIO4 

0.01 0.330 P r e r e d u c e d  a t  --100 m V  fo r  1 rain  
0.02 0.330 P r e r e d u c e d  a t  --100 m V  for  1 rain  
0.03 0.330 P r e r e d u c e d  a t  --100 m V  for  1 ra in  
0.05 0.340 P r e r e d u c e d  a t  --100 m V  for  1 ra in  
0.10 0.340 P r e r e d u c e d  at  --100 m Y  for  1 rain  
0.25 0.350 P r e r e d u c e d  at  --100 rnV fo r  1 rain  
0.30 0.340 P r e r e d u c e d  a t  --100 m V  for  1 ra in  
0.40 0.330 P r e r e d u c e d  at  --100 m V  for  1 ra in  
0.25 0.120 l > r e o x i d i z e d  at  +2500 raV fo r  1 ra in  
0.40 0.075 P r e o x i d i z e d  a t  +2500 m V  for  1 ra in  

0.001M N a B r  0.01 0.340 P r e r e d u c e d  at  --500 m V  for  1 r a in  
0.0001 HC104 0.03 0.330 P r e r e d u c e d  at  --500 m V  for  1 rain  

0.05 0.330 P r e r e d u c e d  a t  --500 m V  for  1 rain  
0.10 0.330 P r e r e d u c e d  at  --500 m V  for  1 rain  

than ours do. This may be due to a geometrical effect. 
but  it seems premature  to discuss such possibilities. 

We have two general  conclusions about this experi-  
menta l  work. First, the conditions of the p la t inum 
surface are impor tant  in the kinetics of formation of 
Br2 from B r -  in dilute HC104 solutions. Preoxidized 
surfaces give collection efficiency restllts in agreement  
with those of Albery and Ulstrup; prereduced surfaces 
give results in  qual i ta t ive agreement  with theoretical 
predictions. Second, these kinetic complications make 
the system a poor one for more extensive investigations 
of this type. Another,  more reliable system should be 
used for more quant i ta t ive  work on detecting nonun i -  
form current  distr ibutions by collection efficiency mea-  
surements.  On the other hand, it will  be extremely 
difficult to obtain results by collection efficiency mea-  
surements  which will  be more than  just  quali tat ive 
tests of the theoretical predictions. The other methods, 
herein discussed, seem more suitable for quant i ta t ive  
work [see also Ref. (12)]. 

Conclusions 
Nonuniform current  distr ibutions on a disk electrode 

may be detected in several ways. Of these, the method 
of measur ing the deposit thickness on the disk and the 
technique of using the r ing-d isk  system as a sectioned 
electrode are probably  the most straightforward. The 
collection efficiency method, proposed by Albery  and 
Ulstrup (5) is not as simple to interpret ,  but  it may be 
used to provide qual i ta t ive evidence for nonuni fo rm 
current  distributions.  Exper imenta l  data have been re-  
ported here that  support  the predictions of theory (2) 
when the p la t inum surface is properly prepared. 
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ABSTRACT 

Integrals  relat ing surface concentrat ion to surface flux for the diffusion 
layer on a rotat ing disk are used to evaluate collection efficiencies for a 
r ing-disk  system and to assess the error involved in using this system as a 
sectioned electrode to measure the current  distribution. Exper imenta l  results 
are reported which confirm these predictions at the l imit ing current .  Below the 
l imit ing current,  a nonuni fo rm current  distr ibution is obtained. 

The Diffusion Layer on a Rotating Disk 
Equations relat ing to the diffusion layer on a rotat ing 

disk are used to rederive in a new way Albery  and 
Bruckenstein 's  formula (1) for the collection efficiency 
of a rota t ing r ing-d isk  system. The same method is 
then used to assess the accuracy of using a r ing-disk  
electrode as a sectioned electrode for the direct mea-  
surement  of the current  dis t r ibut ion on a disk electrode. 

Steady t ransfer  of a solute species obeys the equation 
of convective diffusion 

v-Vc~ : Di~72c~ [1] 

if, for one reason or another, electric migrat ion of this 
species can be ignored. This condition applies to a 
neut ra l  solute and to a minor  ionic solute in a solution 
with an excess of inert, support ing electrolyte. The 
equation also applies to a solution of a single electro- 
lyte where the migrat ion terms can be el iminated by 
means of the e lectroneutral i ty  condition (2-4). In  this 
case,  Di is replaced by the diffusion coefficient of the 
electrolyte. 

The appropriate form of this equat ion for the diffu- 
sion layer on a rotat ing disk is 

( Ocior Oc, ~ 02Cioy 2 aya (a l v )~  r -- y ~y / = Di [2] 

The radial  diffusion terms are neglected on the basis 
of the thinness of the diffusion layer, compared to the 
radius of the electrode. We treat  the neglect of these 
terms in a separate paper (5). For  large values of the 
Schmidt number  Sc = v/Di, as encountered in elec- 
trolytic solutions, the diffusion layer is also much th in-  
ner  than  the hydrodynamic boundary  layer, and it is 
appropriate to approximate the normal  and radial  com- 
ponents vy and Vr of the velocity by the first terms of 
their  power-series expansions in the normal  distance y 
from the disk. This introduces the rotat ion speed 12, the 
kinematic  viscosity v, and the dimensionless constant  a 
from the solution of the hydrodynamic  problem (6-8), 

* Electrochemical Society Active Member .  
K e y  w o r d s :  c u r r e n t  distribution, collection efficiency.  

where it is assumed that the mass- t ransfer  process does 
not influence the fluid motion. 

Equation [2] forms, in essence, the basis of the deri-  
vation of the l imit ing current  at a disk electrode (3, 4). 
It  is also the star t ing point  for Newman 's  analysis of 
the current  dis t r ibut ion on a disk electrode below the 
l imit ing current  (9) and for Albery and Bruckenstein 's  
analysis of the collection efficiency of a r ing-d isk  sys= 
tern (1). It  is convenient  to introduce the dimensionless 
distance from the disk 

: y(a~/3D~) 1/3 (12/v) 1/2 [3] 

so that Eq. [2] becomes 

( 0ci0__~_ 0cl ~ O2ci0--- ~ [4] 

The boundary conditions for Eq. [4] will normally 
include 

c i : c |  at ~ =  ~ and OcJOr:O at r - - 0  [5] 

as well as a specification of the concentrat ion co or the 
concentrat ion derivative Oci/O~ or a combinat ion of 
these on the surface of the disk at ~ = 0. The problem 
can be solved formally to yield either the derivat ive at 
the surface in terms of the surface concentrat ion (10) 

{~Ci I __ --r yo' dCo 
0~ ~=o r ( 4 / 3 )  

or vice versa (11) 

- 1 1 "r Oci 
co(r) - c| : r(2/3----~ ,~o n 0 ~  

I dr" 
r=r' ( rS--  r'3)1/3 [6] 

r' dr '  

~=0 ( r z - -  r,3)2/3 [7] 

These equations are analogous to those integral  equa-  
tions commonly used to relate the surface concentrat ion 
and the normal  derivat ive of concentrat ion for prob-  
lems involving unsteady, l inear  diffusion in a s tagnant  
medium. Equat ion [6] should be regarded as a Stieltjes 
integral. 

Rosner (10, 12) has discussed the application of these 
equations to certain aspects of the r ing-d isk  system 
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and to other geometries [see also Chambr~ (13) and 
Chambr~ and Acrivos (14)]. Analogous expressions 
have been derived for hea t - t ransfer  problem by Tribus 
and Klein  (15). Appendix  II treats other geometries 
at high Schmidt  numbers .  

At the l imit ing current,  the concentrat ion of the 
reactant  is zero over the entire surface of the disk 
electrode. In  Eq. [6], Co is regarded in this case to 
change discontinuously from c~ to 0 at r = 0, and 
dco/dr is zero over the remainder  of the electrode. 
This equation then yields 

c~Ci ] C| 

0~ ~=0 -- r (4 /3 )  [8] 

the result  of Levich (3). 

Ring and Disk Electrodes 
The integrals  in  Eq. [6] and [7] can be applied to 

evaluate the collection efficiency of a r ing-disk system 
and to treat  the l imit ing current  on a sectioned disk 
electrode. We wish to t reat  three cases. It should be 
emphasized that  the application of the mathematical  
expressions [6] and [7] represents a new t rea tment  
of these three cases and completely confirms the older 
work referenced. On the other hand, Eq. [6] and [7] 
and their  extensions in Appendix  II are more widely 
useful than just  for the three cases described here, 
which i l lustrate their use for disk and sectioned-disk 
electrodes. 

I. In  most applications of rotat ing r ing-disk  elec- 
trodes, an unstable  in termediate  is generated on the 
disk and detected on the ring. The appropriate bound-  
ary conditions on the surface are 

0 "~ r ~- re (on the disk) co : ca 

ro < r < rl (on the insulat ing Oci/0f = 0 t [9] 
annulus)  

rl'~r~-~r~ (on the r ing) C o :  0 

Here Ca is the concentrat ion of this species on the disk, 
where it is produced. Normal ly  the bulk  value is c, 
= 0. It  should be pointed out that  the condit ion of 
uni form concentrat ion on the disk surface is, strictly 
speaking, an assumption, problems of current  dis t r ibu-  
t ion on the disk having been ignored. Fur thermore ,  
Eq. [1] and [2] do not account for any homogeneous 
decomposition of the species produced on the disk. 

II. When both the disk and the r ing are at l imit ing 
current  for the same reaction, the boundary  conditions 
on the surface are 

0 ~ r ~-~ to, Co=O } 

r o < r < r , ,  0 c i / ~ = O  [10] 

T 1 ~ r ~ T2, C o = 0 

III. When no current  is passed through the disk and 
the r ing is at l imit ing current ,  the boundary  conditions 
are 

O ~ r < rl, 8ci/8f -- O 
[11] 

f rt --~ r ~-~ r2, C o : O  

This case, of course, also applies when  there is no disk 
electrode. Obviously, Co = c| for 0 ~ r < r~, as shown 
by  Eq. [7]. 

These three cases will  be discussed in detail, and the 
concentrat ion and current  dis t r ibut ion will  be derived 
for each region on the rotat ing surface. These cases can 
be treated s imultaneously  with the appropriate values 
of c| and Cd given in Table I. 

On the disk, the surface flux is given by Eq. [6]. 

c3Ci C| -- ca 
= ~ (disk) (12) 

af [=0 r (4/3) 

On the insulat ing annulus,  the surface flux is zero. 
Hence, Eq. [7] can be used to determine the surface 

Table I. Values of c~ and ca for the various cases 

Case cd c 

L Collection efficiencies cd 0 
IL Sectioned disk 0 c~ 
IIL Ring only c= c~ 

concentration, the surface flux on the disk being given 
by Eq. [12]. 

C~ -- ca ~ro r' ~r' 

Co = e| -- r ( 2 ) - 3 ~ ' / 3 )  )o (r 3 _ r'3) 2/3 (annulus)  

[13] 

In Appendix I it is shown how to evaluate this inte- 
gral. With that result, Eq. [13] can be expressed as 

C| -- Cd [ 

co : cd + r ( 2 / 3 ) r ( 4 / 3 )  [ "6x/~ 

1 ( 2 0 - - 1 )  I In (1- t -#)  3 ] 
+ ta -' + T 1 + [14] 

where 
o~ : rS/ro3 -- 1 [15] 

On the r ing electrode, the surface concentrat ion is 
zero, and the surface flux can be obtained from Eq. 
[6], the surface concentrat ion on the disk being given 
by cd and the surface concentrat ion on the annulus  
being given by Eq. [13] or [14]. 

~ci I : - - r  f Cd-- C| 
-~ -  ~=o r (4/3i- r 

-l- o ~ r=r' ( r3 -- r'3) I/~ (r~ r1"--3)t/3 [16] 

From Eq. [14] 

dCo c| -- Cd to2 
-- (annulus)  

dr r (2 /3 )  r (4 /3 )  r ( r  3 -- roS) 2/8 
[17] 

and Eq. [16] becomes 

= C| -- Cd 
P -~ ~ ~=0 (T3--T13) 1/3 

C| -- C d f r l  rro2dr ' 

r ( 2 / 3 ) r ( 4 / 3 )  Jro r ' ( r  's -- %3)2/3 (rz _ r'3)1/3 
[18] 

Let us evaluate a quan t i ty  jr, proport ional  to the 
total flow of the species to the r ing  

~r r20ci  t Jr : rdr [19] 
I W [=0 

Integrat ion of Eq. [18] in  this way over r gives 

1 f (c| -- Cd) (r~ ~ -- r l  ~) 
Jr = 2r(4/3-------~ 

(c| -- ca)to s ~n 

+ Co(rl) (r2 z -- rlS) 2/3 -- r ('273Tr-(47~ J'ro 

(r23 _ r'8)2/3 - (rl  s -- r'3) s/s dr '  "~ 

(r '3 __ To3) 2/3 ~ ~ [20] 

In  Appendix  I it is shown how to evaluate integrals 
of the type involved here. Similarly,  let 

~ o r ~  [21] 
0ei c~ -- ca 

Jd : "~ ~=0 2F(4/3) 

In  order to avoid wri t ing complicated expressions 
more than  once, let us define N as the following func-  
t ion of the geometric ratios r2/ro and rl /ro 
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f O  rO 
N ---- (r23 --  r13) 2/3 r '  dr' 

ro2r(2/3)r(4/3) ( r l  a --  r'a)2/3 

722 - -  r l  2 1 ( r l  

ro 2 ~- r ( 2 / 3 ) r ( 4 / 3 )  J~o 

(r2 a - -  r'3) 2/3 - -  ( r l  3 - -  r '3) 2/3 d r '  

(r'3 __ ro 3) 2/3 r' 

_-- (A s _ B 3) 2/3 r ~/~-, in  
1 + 03 

L 4~ (1 + 0) a 

_ ~ t a n - 1  q- 
W 7 

N/3 1 + A3~3 3 ( 2A~ - -  1 ~ 1 
+ 4= In (1 + A~)  a + 2= t a n - 1  " \ ~  ) + "4" 

_ A  2 [~/3.1n lq-@ 3 
4~ (1  + ~ ) 3  

3 t a n - 1  [22] 

w h e r e  

A = r2/ro, B = r l / r o ,  ] [23] 

1 ( A a - - B 3 )  '/3 
o---- ( B  a - -  1)1/3, ~ - - . ~  B a ' - -  

T h e n  we  can  w r i t e  

C| - -  Ca C| ( r 2  3 - -  r l  3 )  2/3 
Jr -- - -  ro2N -Jr" -~ 

2r  (4 /3)  2 r  (4/3)  

C| ( r 2  3 - -  r l  3 )  2/3 
- -  jctN d- [24] 

2 r  (4/3)  

I f  no o the r  reac t ions  occur,  t h e  ra t io  of the  to ta l  r i ng  
c u r r e n t  to t he  to ta l  d i sk  c u r r e n t  for  the  first  case in 
Tab le  I is found  to be  

-- Jr / in  = N [25] 

s ince in  th is  case c ,  ---- 0 a n d  at l  t h e  ac t i ve  i n t e r m e d i a t e  
w h i c h  reac t s  on the  r i n g  is p r o d u c e d  a t  the  disk. Then,  
N is ca l l ed  the  co l lec t ion  efficiency, and  Eq. [22] ag rees  
e x a c t l y  w i t h  the  exp re s s ion  d e r i v e d  by  A l b e r y  and  
B r u c k e n s t e i n  (1) by  a n o t h e r  me thod .  These  au tho r s  
h a v e  t a b u l a t e d  v a l u e s  of  N for  g i v e n  va lues  of  rl/ro 
and  r2/rl. The  ana ly t i c  f o r m  of the  r e su l t  m a k e s  it  
easy to e v a l u a t e  N n u m e r i c a l l y  for  va lues  of  rl/ro and  
r2/rl outs ide  those  t abu la ted .  

F o r  case  III, w h e n  t h e r e  is no d i sk  e lec t rode ,  Cd = C., 
and  the  to ta l  f low to t he  r i n g  r educes  to 

(r23 -- r13)2/3 
3r = c| [26] 

2 r  (4 /3)  

a r e su l t  first  ob ta ined  b y  L e v i c h  (16) and l a t e r  by  
Ib l  (17) and Rosne r  (10). 

The  g e o m e t r i c  q u a n t i t y  N can also be  m e a s u r e d  w i t h  
a r i n g - d i s k  sys tem w h e r e  bo th  e l ec t rodes  a r e  o p e r a t e d  
at  t he  l i m i t i n g  c u r r e n t  for  t he  same  react ion .  E q u a -  
t ions [21] and  [24] t h e n  y ie ld  for  the  ra t io  of  t he  to ta l  
r i ng  c u r r e n t  to t he  to ta l  d isk  cu r ren t ,  s ince Cd = 0 
(case II  in Tab l e  I) 

j~ (r2 3 _ r13) 2/3 
.-:- = N [27] 
3d ro 2 

in a g r e e m e n t  w i t h  t he  r e su l t  of B r u c k e n s t e i n  (18). 
The  r o t a t i n g  r i n g - d i s k  e l ec t rode  sys t em is u sua l l y  

used  as a p o l a r o g r a p h i c  i n s t r u m e n t ;  species w h i c h  are  
g e n e r a t e d  at  t he  d isk  a re  de t ec t ed  on the  r ing.  The  
p r e sence  of  uns t ab l e  i n t e r m e d i a t e s  can  be  de t ec t ed  in 
this  way,  bu t  it is difficult  to t r e a t  q u a n t i t a t i v e l y  t he  

k ine t ics  because  of u n c e r t a i n t y  in t he  r e l a t i v e  i m -  
po r t ance  of  ohmic  po t en t i a l  drop  and c o n c e n t r a t i o n  
and  su r face  ove rpo ten t i a l s .  On  the  r ing,  t he  inf luence  
of su r face  o v e r p o t e n t i a l  and  ohmic  p o t e n t i a l  d rop  is 
neg l ig ib le  w h e n  it  is o p e r a t e d  at  the  l i m i t i n g  cu r ren t .  
The  k ine t ics  of  g e n e r a t i o n  of the  ac t ive  i n t e r m e d i a t e  
on the  disk is less w e l l  known,  h o w e v e r ,  because  of 
the  n o n u n i f o r m i t y  of the  c u r r e n t  d i s t r i bu t ion  on the  
disk. The  a s sumpt ion  of a u n i f o r m  su r face  c o n c e n t r a -  
t ion on the  d i sk  su r f ace  is ques t i onab l e  for  case  I of 
Tab le  I. 

W h e n  the  r i n g - d i s k  sys t em is used  for  p l a t i n g - t y p e  
appl ica t ions ,  t he  s a m e  r eac t i on  w o u l d  occur  on bo th  
e lec t rodes ,  and t h e y  w o u l d  n o r m a l l y  be ope ra t ed  at  the  
same  potent ia l .  I f  bo th  a r e  o p e r a t e d  be low  the  l im i t i ng  
cu r ren t ,  the  n o n u n i f o r m  c u r r e n t  d i s t r i bu t ion  on the  
disk aga in  m a k e s  it diff icult  to ana lyze  the  e l ec t ro -  
chemica l  kinet ics .  H o w e v e r ,  i t  is j u s t  because  of the  
n o n u n i f o r m  c u r r e n t  d i s t r i bu t ion  tha t  a r i n g  w o u l d  be  
used w i t h  t h e  disk. The  r i n g - d i s k  sys t em m i g h t  be 
used to d e t e r m i n e  the  c u r r e n t  d i s t r ibu t ion ,  o r  t h e  r ing  
m i g h t  be  i nc luded  to m a k e  t h e  c u r r e n t  d i s t r ibu t ion  
m o r e  n e a r l y  u n i f o r m  on the  disk. S ince  the  n o n u n i -  
for tu i t ies  a r e  g rea t e s t  on the  ou t e r  edge  of  a disk, the  
r ing  m i g h t  be v i e w e d  as " soak ing  up"  the  n o n u n i f o r m i -  
ties. The  jus t i f ica t ion  for  use  of t h e  r ing  for  e i t he r  
purpose  m u s t  come  f r o m  an ana lys i s  of  the  c u r r e n t  on 
a r ing  as c o m p a r e d  to the  c u r r e n t  o v e r  an  e q u i v a l e n t  
a r ea  of  a d isk  e lec t rode .  

S ince  sec t ioned  e lec t rodes  a re  c o m m o n l y  used to 
m e a s u r e  the  c u r r e n t  d i s t r i bu t ion  on an e lec t rode ,  f r e -  
q u e n t l y  at  the  l im i t i ng  cu r ren t ,  i t  w o u l d  be  v a l u a b l e  
to assess the  e r r o r  i n t r o d u c e d  by  the  nonze ro  th ickness  
of t he  insula tor .  One s t a n d a r d  of c o m p a r i s o n  w o u l d  
be  the  r i n g  c u r r e n t  d iv ided  by  the  c u r r e n t  dens i ty  on 
the  d isk  and  the  a rea  of  the  r ing  e lec t rode .  F r o m  Eq. 
[24], this  ra t io  is g iven  b y  

(r23 __ r13)2/a __ ro2N 
]1 = [28] 

r22  - -  r l  2 

and is t a b u l a t e d  in Tab l e  II. D e p a r t u r e s  of  this  ra t io  
f r o m  un i ty  s h o w  by h o w  m u c h  t h e  a v e r a g e  c u r r e n t  
dens i ty  on the  r ing  exceeds  t he  c u r r e n t  dens i ty  on the  
disk. S ince  l i m i t i n g  c u r r e n t s  a re  be ing  cons idered ,  th is  
c u r r e n t  dens i t y  on  t h e  d isk  is t he  a p p r o p r i a t e  s t a n d a r d  
s ince i t  w o u l d  p r e v a i l  e v e r y w h e r e  i f  t he  in su la t ing  
annu lus  w e r e  of  ze ro  th ickness .  

As a second s t a n d a r d  of compar i son ,  we  take  the  
r ing  c u r r e n t  d iv ided  by  the  c u r r e n t  dens i ty  on the  disk 
and the  a rea  of  bo th  the  r ing  e l ec t rode  and  the  i n su l a t -  
ing annulus .  This  ra t io  is g i v e n  by  

(r2 s _ r l  3) 2/3 _ ro2N 
f2 = [29] 

r 2  2 - -  7"o2 

and is t a b u l a t e d  in Tab l e  III.  Again ,  d e p a r t u r e s  of th is  
ra t io  f r o m  u n i t y  show by  h o w  m u c h  the  a v e r a g e  c u r -  
r e n t  dens i ty  on t h e  r ing  and  annu lu s  is less t h a n  t h e  
c u r r e n t  dens i ty  on the  disk. 

F o r  th in  insu la to r s  or  w i d e  r ings,  bo th  of these  
ra t ios  a p p r o a c h  uni ty .  F o r  a r i ng  e l ec t rode  whose  a rea  

Table II. Total ring current divided by the current density on 
the disk and the area of the ring (from Eq. [28])  for the case 

where both the ring and the disk are at limiting current 
for the same reaction 

r~/ro 1.1 1.2 1.5 2 3 

~22 -- ~12 
0.05 1.0366 1.0390 1.0395 1.0401 1,9409 
0.1 1.0720 1.0724 1.0735 1.0749 1.6767 
0.2 1.1304 1.1313 1.1336 1.1366 1.1400 
0.5 1.2713 1.2736 1.2795 1.2860 1.2928 
1 1.4497 1.4540 1.4641 1.4746 1.4846 
2 1.7112 1.7181 1.7337 1.7491 1.7628 
5 2.2156 2.2269 2.2514 2.2744 2.2940 

10 2.7431 2.7584 2.7910 2.8209 2.8459 
20 3.4247 3.4446 3.4869 3.5252 3.5569 
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Table Ill. Total ring current divided by the current density on 
the disk and the area o~ both the ring and the annulus 

(from Eq. [29]) far the case where both the ring and the disk 
are at limiting current for the same reaction 

Table IV. Sectioned-electrode measurements at limiting current 
All solutions were IM in KN03. Solutions I, II, and III 

were 0.005, 0.01, and O.05M respectively, in both 
K4Fe(CN)e and K3Fe(CN)6 

r2 / ro  1.1 1.2 1.5 2 3 

rt2 - -  re2 

r ~  - r~2 
0.05 0 .9894 0.9895 0.9900 0 .9906 0.9914 
0.1 0.9746 0.9749 0.9759 0.9772 0.9788 
0.2 0.9420 0.9427 0.9447 0.9471 0.9500 
0.5 0.S475 0.8491 0.8530 0 .8574 0.8619 
1 0.7248 0.7270 0.7320 0.7373 0.7423 
2 0 .5704 0.5727 0.5779 0.5830 0 .5876 
5 0 .3693 0 .3712 0 .3752 0.3791 0 .3823 

10 0.2494 0 .2508 0.2537 0.2564 0.2587 
20 0.1631 0.1640 0.1660 0.1679 0.1694 

is t e n  t i m e s  t h e  a r e a  of  t h e  i n s u l a t o r ,  t h e  e r r o r  r e p r e -  
s e n t e d  b y  t h e  r a t i o  f2 c a n  b e  e x p e c t e d  to b e  less  t h a n  
3% w h i l e  t h a t  r e p r e s e n t e d  b y  I1 c a n  be  g r e a t e r  t h a n  
7%. T h e s e  r a t i o s  t h u s  p r o v i d e  a ba s i s  fo r  t h e  d e s i g n  
of r i n g - d i s k  s y s t e m s  fo r  c u r r e n t - d i s t r i b u t i o n  s tud ies .  
S i m i l a r  c o n s i d e r a t i o n s  a p p l y  to t h e  d e s i g n  of  s e c t i o n e d  
e l e c t r o d e s  fo r  o t h e r  g e o m e t r i e s  w h e n  m a s s - t r a n s f e r  
l i m i t a t i o n s  d e t e r m i n e  t h e  c u r r e n t  d i s t r i b u t i o n  (see  
A p p e n d i x  I I ) .  

T h e  r a t i o  f2 d e p e n d s  m o s t  s t r o n g l y  o n  t h e  r a t i o  of 
t h e  a r e a  of t h e  i n s u l a t o r  to t h e  a r e a  of t h e  r i n g  e l ec -  
t rode .  C o n s e q u e n t l y ,  w e  h a v e  u sed  t h i s  for  one  of t h e  
g e o m e t r i c  p a r a m e t e r s  in  T a b l e s  II  a n d  III .  W i t h  a 
s t r o n g  d e p e n d e n c e  on  t h i s  p a r a m e t e r ,  t h e  cho ice  of  
t h e  o t h e r  p a r a m e t e r  b e c o m e s  less i m p o r t a n t ;  w e  chose  
r2/ro,  t h e  r a t i o  of t h e  o u t e r  r a d i u s  of t h e  r i n g  to t h e  
r a d i u s  of t h e  d i sk  e l ec t rode .  T h e s e  g e o m e t r i c  p a r a m e -  
t e r s  r e p l a c e  t h e  r a t i o s  r l / r o  a n d  r2 /rs .  

Exper imental  Determinat ion  of Cur ren t  Distr ibutions 
T h e  e x p e r i m e n t a l  i n v e s t i g a t i o n  of t h e s e  p r e d i c t i o n s  

w a s  d i v i d e d  in to  t w o  p a r t s .  T h e  f i rs t  o b j e c t i v e  w a s  
to i n v e s t i g a t e  w h e t h e r  or  no t  Eq. [29] w a s  o b e y e d  a t  
l i m i t i n g  c u r r e n t  fo r  t h e  s o l u t i o n s  u sed  he re .  T h e  sec-  
o n d  p a r t  w a s  to i n v e s t i g a t e  t h e  d e p a r t u r e  f r o m  t h i s  
e q u a t i o n  b e l o w  t h e  l i m i t i n g  c u r r e n t ,  i.e., to d e t e r -  
m i n e  w h e t h e r  or  no t  a n o n u n i f o r m  c u r r e n t  d i s t r i b u t i o n  
c o u l d  be  o b s e r v e d .  

T h e  e l e c t r o l y t i c  s o l u t i o n s  u s e d  w e r e  c o m p o s e d  of 
KNO3, K 4 F e ( C N )  6, a n d  K3Fe (CN)  6. T h e  c o n c e n t r a t i o n  
of KNO3 w a s  a l w a y s  1 m o l a r ,  a n d  t h e  c o n c e n t r a t i o n s  
of t h e  o t h e r  t w o  c o m p o n e n t s  w e r e  v a r i e d  b u t  t h e i r  
r a t i o  w a s  a l w a y s  1. F r e s h ,  f i l t e red  s o l u t i o n s  w e r e  u s e d  
for  t h e  d e t e r m i n a t i o n s  b e c a u s e  it  w a s  f o u n d  t h a t  t h e  
s o l u t i o n s  d e c o m p o s e  s l o w l y  u p o n  e x p o s u r e  to l i g h t  a n d  
air .  T h e  m e a s u r e m e n t s  w e r e  m a d e  a t  a b o u t  23~ 

T h e  r o t a t i n g  r i n g - d i s k s  w e r e  c o n s t r u c t e d  of p l a t i n u m  
w i t h  e p o x y  i n s u l a t i o n .  T h e  r e l e v a n t  d i m e n s i o n s  of t h e  
a s s e m b l i e s  w e r e :  r i n g - d i s k  1 ( R D 1 ) ,  ro = 0.441 cm,  r~ 
---- 0.502 cm, r2 = 0.620 cm, a n d  o v e r - a l l  r a d i u s  1.27 cm;  

r i n g - d i s k  2 ( R D 2 ) ,  ro -= 0.322 cm, rs --~ 0.478 cm, r2 ---- 
0.633 cm, a n d  o v e r - a l l  r a d i u s  1.27 cm;  r i n g - d i s k  3 
( R D 3 ) ,  ro = 0.441 cm, r l  =- 0.498 cm, r2 ---- 0.616 cm,  
a n d  o v e r - a l l  r a d i u s  1.27 cm.  T h e  r i n g - d i s k s  w e r e  po l -  
i shed  b e f o r e  e a c h  r u n  on  a m e t a l l o g r a p h i c  w h e e l  w i t h  
0.05~ a l u m i n a .  

T h e  r i n g - d i s k s  w e r e  o p e r a t e d  p o t e n t i o s t a t i c a l l y  w i t h  
a W e n k i n g  p o t e n t i o s t a t .  B o t h  w e r e  o p e r a t e d  anod ica l l y .  
O n e  o u t p u t  f r o m  t h e  p o t e n t i o s t a t  w as  t a k e n  to a p a r a l -  
le l  c i r cu i t  i n  o n e  leg of  w h i c h  w a s  a p r e c i s i o n  r e s i s t o r  
a n d  t h e  c o n n e c t i o n  to t h e  disk,  a n d  in  t h e  o t h e r  leg  
was  a v a r i a b l e  r e s i s t o r  a n d  t h e  c o n n e c t i o n  to t h e  r ing .  
F o r  m e a s u r e m e n t s  at  t h e  l i m i t i n g  c u r r e n t ,  t h e  p o t e n t i a l  
d r o p  ac ross  e a c h  r e s i s t o r  w a s  m e a s u r e d ,  a n d  t h e  c u r -  
r e n t  w a s  c a l c u l a t e d  f r o m  t h i s  a n d  t h e  m e a s u r e d  r e -  
s i s t a n c e  of e a c h  res i s to r .  F o r  m e a s u r e m e n t s  b e l o w  t h e  
l i m i t i n g  c u r r e n t ,  t h e  p o t e n t i a l  ac ross  t h e  r e s i s t o r s  w a s  
m a t c h e d  to w i t h i n  0.05 mV.  F r o m  th i s  a n d  t h e  m e a -  
s u r e d  r e s i s t ance ,  t h e  c u r r e n t  t h r o u g h  e a c h  r e s i s t o r  w a s  
ca l cu l a t ed .  T h e s e  p o t e n t i a l  d r o p s  w e r e  m e a s u r e d  w i t h  
a H o n e y w e l l  p o t e n t i o m e t r i c  s t r i p  c h a r t  r e c o r d e r .  

R o t a t i o n  I r  I r  ro 2 
R i n g - d i s k  s p e e d  - -  )cs 
a s s e m b l y  S o l u t i o n  ( r p m )  la  Ia r ~  --  to2 t h e o r y  

RD1 I 1550 0.858 4- 0 .1% 0.879 0.871 
II  1550 0.852 ---- 0 .9% 0.872 
I I I  1550 0.852 -4- 0 .1% 0.872 
I I I  2500 0.847 ----- 0 .1% 0.867 
I I I  750 0.855 • 0 .1% 0.876 

RD2 I 1550 2 .300 - -  0 .1% 0.801 0.798 
I I  1550 2.308 • 0 .2% 0 .804  
I I I  1550 2.312 - -  0 .2% 0.805 
I I I  2500 2.305 • 0 .1% 0.803 
I I I  750 2.295 -4- 0 .5% 0.800 

RD3 I I I  750 0.832 • 0 .02% 0.875 0.879 
I I I  1550 0.833 • 0 .3% 0.876 
I I I  2500 0.831 "*- 0 .03% 0.874 

T h e  r e f e r e n c e  e l e c t r o d e  w a s  a s t r i p  of p l a t i n u m  
p a r t i a l l y  i m m e r s e d  in  a s ide a r m  c o m p a r t m e n t  f i l led 
w i t h  t h e  s o l u t i o n  b e i n g  i n v e s t i g a t e d .  T h e  s ide  c o m -  
p a r t m e n t  w a s  c o n n e c t e d  t h r o u g h  a L u g g i n  c a p i l l a r y  
to t h e  m a i n  so lu t ion .  T h e  c a p i l l a r y  t ip  w a s  p o s i t i o n e d  
in  t h e  p l a n e  of  t h e  d i s k  s u r f a c e  a t  2.27 c m  f r o m  t h e  
c e n t e r  of t h e  r i n g - d i s k  a s s e m b l y .  

T h e  a n o d i c  l i m i t i n g  c u r r e n t  w a s  a t t a i n e d  w i t h  o v e r -  
p o t e n t i a l s  b e t w e e n  + 4 0 0  m V  a n d  W800 mV.  I n  t h e  
l i m i t i n g  c u r r e n t  r eg ion ,  b o t h  t h e  r i n g  c u r r e n t  a n d  d i sk  
c u r r e n t  w e r e  c o n s t a n t  w i t h  p o t e n t i a l .  I n  T a b l e  I V  is 
l i s t ed  t h e  r a t i o  of r i n g  c u r r e n t  to d i sk  c u r r e n t ,  i n  t h e  
l i m i t i n g  c u r r e n t  reg ion ,  fo r  e a c h  s o l u t i o n  u s e d  a n d  a t  
s e v e r a l  r o t a t i o n  speeds .  T h e  r e s u l t s  a re  t h e  a v e r a g e  
of s e v e r a l  runs ,  a n d  t h e  p e r  c e n t  of a v e r a g e  d e v i a -  
t i on  is a l so  g iven .  A l so  g i v e n  is t h i s  r a t i o  m u l t i p l i e d  
b y  t h e  r a t i o  of d i sk  a r e a  to  t h e  a r e a  of i n s u l a t i n g  
a n n u l u s  p lu s  r i n g  e l ec t rode .  T h i s  m a y  be  c o m p a r e d  to 
t h e  v a l u e  of f2, a lso l i s ted,  c a l c u l a t e d  f r o m  Eq.  [29]. 

T h e  e x p e r i m e n t a l  r e s u l t s  a g r e e  w i t h  t h e  p r e d i c t i o n s  
of Eq.  [29] to b e t t e r  t h a n  1%. Also,  t h e r e  is no  d e -  
p e n d e n c e  on  c o n c e n t r a t i o n  or  r o t a t i o n  speed ,  w h i c h  is 
also c o n s i s t e n t  w i t h  Eq.  [29]. T h e  d e v i a t i o n  f r o m  f2 
( t h e o r y )  is c o n s i d e r e d  to b e  w i t h i n  e x p e r i m e n t a l  e r ro r .  

T h e  l a r g e s t  e r r o r  w a s  p r o b a b l y  t h e  m e a s u r e m e n t  of 
t h e  e l e c t r o d e  d i m e n s i o n s .  

T h e  s e c o n d  p a r t  of  t h e  i n v e s t i g a t i o n ,  i.e., s e c t i o n e d  
e l e c t r o d e  m e a s u r e m e n t s  b e l o w  t h e  l i m i t i n g  c u r r e n t ,  
w o u l d  b e  e x p e c t e d  to r e v e a l  a h i g h e r  v a l u e  of f2 
(meas . )  t h a n  p r e d i c t e d  b y  Eq.  [29].  T h i s  is t h e  r e s u l t  
o b t a i n e d ,  as  s h o w n  in  Fig.  1 a n d  2. ,~ is t h e  d e v i a t i o n  
of t h e  m e a s u r e d  r e s u l t s  f r o m  p r e d i c t i o n s  of Eq.  [29], 
p l o t t e d  in  Fig. 1 as a f u n c t i o n  of t h e  f r a c t i o n  of l i m i t -  
ing  c u r r e n t  on  t h e  d i sk  p lus  r ing .  ~ is ze ro  a t  l i m i t i n g  
c u r r e n t ,  a n d  i n c r e a s e s  w i t h  d e c r e a s i n g  i m p o r t a n c e  of 
t he  c o n c e n t r a t i o n  o v e r p o t e n t i a l  a n d  t h e  i n c r e a s i n g  i m -  
p o r t a n c e  of o h m i c  p o t e n t i a l  d r o p  as t h e  c u r r e n t  is d e -  
c r e a s e d  b e l o w  t h e  l i m i t i n g  c u r r e n t .  T h e  f e r r o - f e r r i -  
c y a n i d e  s y s t e m  w a s  no t  u n d e r  k i n e t i c  c o n t r o l  in  t h e  
c o n c e n t r a t i o n  a n d  p o t e n t i a l  r a n g e s  u s e d  he re .  

C u r v e s  A a n d  B of Fig.  1 w e r e  o b t a i n e d  for  RD2 
a n d  RD3 a t  t h e  s a m e  r o t a t i o n  s p e e d  in  s o l u t i o n s  of 
t h e  s a m e  compos i t i on .  T h e  d i f f e r e n c e  b e t w e e n  t h e  two  
c u r v e s  is due  to t h e  d i f f e r e n t  gap  w i d t h s  of t h e  t w o  
a s sembl i e s .  

S ince  t h e  o u t e r  r a d i i  of  RD2 a n d  RD3 a r e  a p p r o x i -  
m a t e l y  equal ,  c u r v e s  A a n d  B w e r e  o b t a i n e d  w i t h  
t h e  s a m e  v a l u e  of  t h e  d i m e n s i o n l e s s  r o t a t i o n  speed ,  N, 
of N e w m a n ' s  t h e o r y  (9) ( n o t  to b e  c o n f u s e d  w i t h  t h e  
co l l ec t i on  eff ic iency N ) .  T h i s  p a r a m e t e r  is de f ined  as  

ZFr2i l im 
N ---- - - r ( 4 / 3 )  - ~  

R T  K~ 

T h e  v a l u e s  of N fo r  c u r v e s  A a n d  B a r e  I 5.84 a n d  5.89, 
r e s p e c t i v e l y .  T h e  p a r a m e t e r  is a m e a s u r e  of t h e  r e l a -  
t ive  i m p o r t a n c e  of t h e  o h m i c  p o t e n t i a l  d r o p  as  corn-  

1 T h e  v a l u e s  of  hr w e r e  c a l c u l a t e d  f r o m  t h e  l i m i t i n g  c u r r e n t  d e n s i t y  
a n d  t h e  c o n d u c t i v i t y  of  1M KNO3, i . e . ,  ~ = 0.1 ohm-1  c m - L  
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Fig. I .  A as a function of the fraction of limiting current. Curve 
A-RD3, 1550 rpm, 1M KNO3, 0.05M K3Fe(CN)6, 0.05M K4F3(CN)6. 
Curve B-RD2, 1550 rpm, 1M KNO3, 0.05M K3Fe(CN)6, 0.05M 
K4Fe(CN)6. Curve C-RD3, 1550 rpm, 1M KNO~, 0.005M K3Fe(CN)6, 
0.005M K4Fe(CN)6. I--indicates standard deviation. 
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Fig. 2...4 as a function of rotation speed. Numbers on the curves 
indicate the fraction of limiting current on ring plus disk. RD3-- 
1M KNO3, 0.05M K3Fe(CN)6, 0.05M K4Fe(CN)6. I--indicates 
standard deviation. 

pared to the concentrat ion overpotential  at a part icu-  
lar fraction of l imit ing current.  

The effect of changing N was measured in two ways. 
First, the composition of the solution was changed 
from 0.05M in both ferrocyanide and ferricyanide to 
0.005M in both ferrocyanide and ferricyanide. With 
this solution, the value of N is 1 0.595 for RD3, and 
curve C of Fig. 1 was obtained. These results may be 
compared to curve A. Thus, by reducing the concen- 
t ra t ion of ferro-ferr icyanide,  one reduces the impor-  
tance of the ohmic potential  drop, at a part icular  
fraction of l imit ing current,  and the current  becomes 
more uniform. 

N was also changed by varying  the rotat ion speed, 
with the results shown in Fig. 2. The increase of ro- 
tat ion speed increases N and thus the importance of 
the ohmic drop, producing a less uni form cur ren t  dis- 
t r ibution.  

Conclusions 
It has been possible to determine the error involved 

in using the r ing-disk  system as a sectioned electrode. 
The predictions for operation at l imit ing current  were 
verified by exper iment  wi thin  1%. When operated 
below the l imit ing current ,  a nonuni form current  
dis t r ibut ion is observed. The average current  density 
on the r ing  is higher than  the average cur ren t  densi ty  
on the d i sk - -an  observation which is consistent with 
Newman 's  theory (9). 

Bruckenstein  and Miller (21) recent ly reported mea-  
surements  similar  to those here but  with a NaBr-  
HC104 system. Their  measurements  also revealed a 
nonuni form current  distr ibution.  They found that  an 
increase in conductivi ty (thus reducing N) made the 
current  dis t r ibut ion more uniform. They do not report 
values of the impor tant  parameters  for their  system, 
nor  even the location of the reference electrode, so a 
more direct comparison with the present  results is not  
possible. It  is surprising, however, that  the ratio of 
ring current  density to disk current  density, which 
they measure, is constant  for various fractions of 
l imit ing current  (which fractions they do not specify). 
This should be contrasted with the data reported here, 
in Fig. 1. The explanat ion for this behavior  is not 
clear, but  it may  be related to the kinetic complica- 
tions of the NaBr-HC104 system (22). 

The diffusion coefficient for the ferrocyanide ion in 
the systems used here has been calculated from the 
measured anodic l imit ing currents,  and the equation 
(3, 9) 

nEe= a y / s  
iur, = r (4"13) ( "3"/ 12~/2D~/Zv-1/~ 

In making the calculations, the viscosity of water  and 
the density of 1M KNO3 were used. The viscosity of 
1M KNOz, 0.05M ferrocyanide, 0.05M ferr icyanide was 
found to be the same as that for water  (within 5%) 
at the same temperature.  The results are: 

(i) 1M KNOz, 0.05M KzFe(CN)6, 0.05M K4Fe(CN)6 
rotat ion speeds of 750, 1550, and 2500 rpm 
Di -- 0.567 X 10 -5 cm2/sec with a s tandard de- 
viat ion of 0.0166 X 10 -5 cruZ/see. 

(ii) 1M KNOz, 0.01M KzFe(CN)6, 0.01M K4Fe(CN)~ 
rotation speed of i550 rpm 
Di --- 0.599 • 10 -5 cm2/sec with a s tandard de- 
viat ion of 0.007 • 10 -5 cm2/sec. 

(iii) 1M KNOB, 0.05M K3Fe(CN)6, 0.005M K4Fe(CN)6 
rotat ion speed of 1550 rpm 
Di = 0.577 • 10 -5 cm2/sec with a s tandard  de- 
viat ion of 0.013 • 10-z cm2/sec. 

The value of Di = 0.606 X 10-5 cm2/sec is predicted 
from the correlation of Gordon, Newman, and Tobias 
(23). This compares favorably with that  reported here. 

The theoretical  results for sectioned electrodes can 
be extended to a var ie ty  of geometries involving 
forced, l aminar  convection, as shown in Appendix  II. 
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APPENDIX I 

First  let us evaluate the integral  

(1 - -  ~)2 / s  (1 - -  xZ) 2/3 (1 - -  x3) 2Is 
[30] 

In  the first integral,  make the subst i tut ion y = xZ; in 
the second, make the subst i tut ion 

e 3 =  1/x ~ -  1 [31] 
Then we have 
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f f  xdm 
(1 Z ~)2/3 

1 
-{- - -  In - - ,  t a n -  ~ - -  

6 (I  + 0)a V ~  - ~/~- 

Next we want  to evaluate the integral  

~':; (A~ - -  x~) ~/3 dx 
I J1 (X 3 - -  1) 2/3 X 

where A :~ x > 1. Let 

= x3/(x  3 - -  1) 
Then 

3 ~ . , ( ~ , -  1) 3 

d~ 

15o~ dy f f  d~ 
-- "-3 ~jl/3(1 __ y)2/3 -- 1 ~ 03 

1 2 ~ 1 do 

(:-) 1 o 2 - - ~  d o = r  r 
3 0 2 - - 0 +  1 

1 1 
~ l n  ( 1 + o )  + - - l n ( o  2 - o +  1) 
3 6 

1 t an  -1 2 0 - - 1  ]0 ( 2 )  ( 4 )  

1 + 0 3 1 20 -- 1 

6~/3 
[32] 

[33] 

[34]  

do) 

w(fl~ - -  1) 1/3 

f ] - -  (1 - -  fl) (~ - -  1) (fl~ - -  1) 1/3 [35]  

where 
[3 1 -- 1/A 3 [36] 

In  the first i n t eg ra l  let y3 = /~ -- 1; in the second i n  
t eg ra l  let y3 = ( ~  _ 1 ) / (1  -- t~) Then we have 

i = A2 ~,~ ydy ~ ydy 
1 + y 3  * 1-t-y3 [37] 

where 
r  (~o~ 1) z/3 1 ( A3-- x3 ) 1/3 

= - -  [38]  
A ~ - - - 1  

The integrals here can now be evaluated in a manne r  
used above for the first integral  

f ~ ydy f ~r ydy 
I =  ( A 2 - - 1 )  o l + y  3 F l_}_y 3 

f $ ydy 
-- A2 - -  _ (,4.2 -- 1)r(4/3)r(2/3)  

�9 "o l + y 3  

1 1 FA3~ 3 1 [ 2 A ~ - - I  \ 
+ - - l n  ~ ~ t a n  1 L )  + 

6 (1 + A ~ ) 3  _ _  ~ 6 ~ 3  

1 1 + ~  3 
- -  A 2 - - l n  

6 ( i  + ~)~ 

1 2~--  1 

Note that 
r (2/3) r (4/3) = 2~/3~v~ [40] 

and that  

( ) ( 1 )  2 ~ - - 1  ~ tan ~ [41] t a n  = 

APPENDIX II 

Diffusion Layers in Laminar  Forced Convection 
at High Schmidt Numbers  

Because the diffusion coefficient is so small  in elec- 
trolytic solutions, the diffusion layer  general ly lies 
very  close to the electrode surface and it is appropriate 
to approximate the velocity components by the first 
terms in their power-series expansions in the normal  
distance from the surface. The Lighthil l  t ransforma-  

y 

 l(x 1 _ _  

Fig. 3. An electrode on an axisymmetric body with axisymmetric 
flow. 

tion (19, 20) is useful  for t reat ing such diffusion layers. 
The diffusion-layer form of Eq [1] then is 

Oci 1 (~[3)' Oc~ 02ci 
y~ y2 _ _  -- Di [42] 

0x 2 ~ ay ~y2 

where the coordinate system is indicated in Fig. 3, fl (x) 
is the velocity derivat ive Ovx/Oy at y = 0, and for an 
axisymmetric  body ~ ( x )  is the distance of the surface 
from the axis of symmetry.  For  two-dimensional  dif- 
fusion layers, ~ = 1. Outside the diffusion layer, at 
y = ~ ,  the concentrat ion is ci = c| 

We solve the problem first for the boundary  condi- 
tions on the surface 

c~ :c |  at y : 0 ,  X < X o  
[43] Y c i : 0  at y:O,x~- -Xo  

In terms of the s imilar i ty  var iable  

= [44] 

the solution is (for x > Xo) 

c~ 1 f :  = o ( 0  - -  - -  e - ~  dx [45]  
c~ r (4/3) 

which gives for the concentrat ion derivative at the 
wall  

Oci c| [9D~ ]1/3 

The above solution can be used to treat  the case of a 
varying surface concentrat ion by superposition of re-  
sults for appropriate changes in the surface concen- 
t rat ion at many  points xo along the surface 

-~  ~=0 r(4 /3)  ~ ~=~o 
dxo 

[47] 

By means of the coordinate t ransformat ion 

r 3 = ~ X / ~  dx and f = YX/I~r 

[9D,  f - 11/a ~ x / ~  dx J [48] 

Eq. [47] becomes 

Oci --r i'r dco ] dr' 
O~ ~=o = r (4 /3 )  ] r=r' (r3--r'Z) 113 [49] 

which is the same as Eq. [6]. The coordinate t rans-  
formation [48] also reduces Eq. [42] to Eq. [4]. 

Equat ion [49] should have the same inverse [7] as 
Eq. [6]. We can derive this in a more straightforward 
manner  than that  used in Ref. (11) by  following 
Tribus and Klein  (15), p. 215. Write  Eq. [49] as 
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OCi - - r '  ~r" dco I dx 
[50] ! 

0~ ~=0 r ( 4 / 3 )  "o  [ ~=~ (r'~ _ x s) ,/8 
r=r" 

Multiply by (r 3 -- r '3) -2/3 3r'dr' and integrate  from 0 
to r. 

; r o c ,  t r 'dr '  ~ r  3r'2 

3 ~ o - ~  ~=0 (ra _ r'3)2/3 -- r(4/3----~ 

f o  r" rico dx  dr' 
[51] 

T r=x (?,'3__ X3)1/3 ( r  3 _  r ,3)2/3 

In terchange the order of integrat ion on the right. 

~or 0c, I r'dr' --1 f r  dco 
3 ~ ~=0 ( r3 - -  r '3)  2/3 - -  r ( 4 / 3 )  "o - - ~ r  ~=x 

S~ dx  [52] 
3r'2dr' 

(r,3 _ x 3) ,/s (r3 __ r'3) 2/3 

In the inner  integral,  let  

y = (r'~ -- x S ) / ( r  3 -- x 3) 
so that  

~ r  3r'2dr ' = ~ '  dy 

x (r'3 -- X3) 1/3(T3 - -  r '3)2/3 y l / 3 ( 1 - - _  y )2 /3  

1 2 2:~ 

Then we have  

~ =  d x  = co(r)  --  c~ 

--1 t "r Oci r'dr' 
- -  r(2/3-------) "~'o 0~ ~=0 (r  3 -- r'3) 2/3 [54] 

in agreement  wi th  Eq. [7]. The inverse of Eq. [47] can 
thus be writ ten,  expressing the surface concentration 
as an integral  over  the flux 

(Di/3) 1/3 
co(x) -- c| -- 

r ( 2 / 3 )  

fo x Oc~ ~(xo)dxo  
[55] 

~=~o ~ V ~  dx 
xo 

With these results we can now work, for various 
geometries,  the same problems as outl ined in Table I. 
The collection efficiency problem may then not be 
realistic since we have no justification for assuming 
that  the surface concentrat ion is uni form on the first 
electrode (unless the first e lectrode is at l imit ing cur- 
rent  for the react ion which produces the act ive in- 
te rmedia te) .  The third problem is t r ivial  since we 
worked  it out before the superposition (see Eq. [46]). 

Let  us have two electrodes g iven by 

O~--r~--ro and r l ~ r - - ~ r 2  

with an insulator between (ro < r < rD. On the first 
electrode, co = Cd, and Eq. [12] gives the flux. On 
the insulator, ~c~/tg~ = 0 at i" = 0, and the surface 
concentrat ion is given by Eq. [13] or [14]. On the 
second electrode, Co = 0, and the flux is given by 
Eq. [18]. 

Note that  

f~ 2 0cl 
Jr= rdr 

~=0 
( Di )1/3 ~x2 0Ci 

= ~- ~, ~ .=0~dz [56] 

and is proport ional  to the total flow to the second 
electrode. Similarly,  Jd is proport ional  to the total 
flow to the first electrode, and Eq. [21] and [24] 
apply. 

Fur thermore ,  for sectioned electrodes at the l imit ing 
current,  fl and f2 have the meaning original ly  intended 

(but not stated expl ici t ly) .  ]1 is the current  to the 
second electrode divided by the current  which would 
flow to the area of the  second electrode if the in- 
sulator were  an electrode, f2 is the current  to the sec- 
ond electrode divided by the current  which would flow 
to the combined area of the second electrode and the 
insulator if the insulator were  an electrode. 

Consider the special case of sectioned electrodes in 
the wall  of a flow channel  (or a tube or an annulus) .  
f~ =f~o, a constant, and ~ is a constant. Then, according 
to Eq. [48] 

r 3 = x ~ / ~ o  [57] 

Tables II and III  still apply, but A = r2/ro = (x2/xo) 1/8 
and B = rl/ro = (x l /xo)  1/3, and the parameters  on 
those tables are 

r2 / X 2 ~  1/3 r12--ro 2 x12/3--Xo 2/3 
ro ~ ) \ ' ~ o /  a n d  r22 _ r l  2 x22/3 _ Xl 2/3 [58] 

NOMENCLATURE 
a = 0.51023 
A = r2/ro 
B = rl/ro 
c~ concentrat ion of the species of interest  (mole /  

cm 3) 
c o  surface concentrat ion of the species of interest  

(mole /cm 3) 
c. concentrat ion of the species of interest  outside 

the diffusion layer  (mole / cm s). 
ca uniform concentrat ion of the species of interest  

near the surface of the disk electrode (mole / cm 3) 
D~ diffusion coefficient of the species of interest  

(cme/sec) 
f~ see Eq. [28] 
f2 see Eq. [29] 
into l imit ing current  density on disk electrode ( A /  

cm 2 ) 
I see Eq. [33] 
Jd proport ional  to the total  mass- t ransfer  rate  to 

disk electrode (mole /cm) .  
jr proport ional  to total  mass- t ransfer  rate to ring 

electrode (mole /cm) .  
N dimensionless l imit ing current  densi ty for disk 

electrode [see Ref. (9) ] 
N collection efficiency for r ing-disk  system 
r radial  distance f rom the axis of the disk 
ro radius of disk electrode (cm) 
rl inner radius of r ing electrode (cm) 
r2 outer radius of r ing electrode (cm) 

distance of ax isymmetr ic  surface f rom axis of 
symmet ry  (cm) 

Sc ---- ~/D~, the Schmidt  number  
v fluid veloci ty  (cm/sec)  
x distance along electrode (cm) 
y normal  distance f rom the electrode surface (cm) 
t~ veloci ty der ivat ive  at the wall  ( s e c - D  
r gamma functiort 

dimensionless normal  distance for the diffusion 
layer (see also Eq. [48]) 

o = (r3/ro a - -  1) 1/3 
: (B 3 -- 1)'/~ 

~ solution conduct ivi ty  outside the diffusion layer 
(mho/cm)  

v kinematic  viscosity (cm2/sec) 
see Eq. [44] 
see Eq. [23] 

i~ rotat ion speed ( radian/sec)  

REFERENCES 
1. W. J. Albery  and S. Bruckenstein,  Trans. Faraday 

Soc., 62, 1920 (1966). 
2. W. Nernst, Z. Physik.  Chem., 2, 613 (1888). 
3. V. Levich, Acta  Physicochim. U. R. S. S., 17, 257 

(1942). 
4. J. Newman,  Advan.  Electrochem. Electrochem. 

Eng., 5, 87 (1967). 
5. W. H. Smyr l  and J. Newman,  This Journal, 118, 

1079 (1971). 
6. Th. v. K~rm~n Z. Angew.  Math. Mechan., 1, 233 

(1921). 
7. W. G. Cochran, Proc. Cambridge Phil. Soc., 30, 

365 (1934). 
8. E. M. Spar row and J.  L. Gregg, J. Heat Transfer, 

81C, 249 (1959). 
9. J. Newman,  This Journal, 113, 1235 (1966). 



Vol. 119, No. 2 R I N G - D I S K  AND SECTIONED DISK ELECTRODES 219 

10. D. E. Rosner, ibid., 113, 624 (1966). 
11. J. Newman, ibid., 114, 239 (1967). 
12. D. E. Rosner, Symp. (International) Combust. 

11th, pp. 181-194 (1967). 
13. P. L. Chambr~, Appl. Sci. Res., 6A, 97 (1956). 
14. P. L. Chambr~ and A. Acrivos, J. Appl. Phys., 27, 

1322 (1956). 
15. M. Tribus and J. Klein, Heat Transfer Symp. Univ. 

Mich. 1952, 211 (1953). 
16. V. G. Levich, "Physicochemical Hydrodynamics,"  

Sect. 18, Prentice-Hall ,  Inc., Englewood Cliffs, 
N.J .  (1962). 

17. N. Ibl, This Journal, 108, 610 (1961). 

18a. S. Bruckenstein,  Elektrokhimiya, 2, 1085 (1966). 
18b. D. T. Napp, D. C. Johnson, and S. Bruckenstein,  

Anal. Chem., 39, 481 (1967). 
19. M. J. Lighthill,  Proc. Roy. Soc., Ser. A, 902, 359 

(1950). 
20. J. Newman, Ind. Eng. Chem., 60, 12 (1968). 
21. S. Bruckenstein  and B. Miller, This Journal, 117, 

1044 (1970). 
22. W. H. Smyrl  and J. Newman, This Journal, 119, 

208 (1972). 
23. S. L. Gordon, J. S. Newman, and C. W. Tobias, 

Ber. Bunsen. Physik. Chemic, 70, 414 (1966). 

Electrochemical and Chemical Corrosion of 
Tungsten Carbide (WC) 

John D. Voorhies *,1 

Chemical Engineering Department, Stanford University, Stanford, California 94305 

Tungsten carbide (WC) has attracted interest  in 
recent  years because of its electrocatalytic properties 
in anodic reactions of S2, CO, and other fuels (1-6). 
Bianchi et al. (7) have studied the general  electro- 
chemical properties of a low area WC surface and 
Mazza and Trasatt i  (8) have used WC as an "inert" 
electrode mater ia l  for solution redox measurements.  

In the work of Binder et al. (4, 5) and Pohl and 
BShm (1-3), there is evidence for chemical and electro- 
chemical react ivi ty of the WC surface in aqueous elec- 
trolytes. Binder  cites anodic passivation of WC with 
evolution of CO2 and speculates that  the passivated 
surface consists of WO3 which is reducible to a hydro-  
gen tungsten bronze. BShm (6) finds that  preanodiza-  
t ion is necessary to achieve moderate levels of hydro-  
gen adsorption on WC. There is also a consensus that 
oxidation of the WC surface is necessary for electro- 
catalytic activity in the anodic oxidation of fuels. 

The present work is a potentiostatic-coulometric 
study of the anodic corrosion of WC powder and the 
cathodic reduction of the surface anode product. Oxi- 
dation of WC by the one-electron oxidants, ceric sul-  
fate, and ferricyanide is also described. 

Experimental 
The sample of WC powder (I) used almost exclusively 

in this work was grateful ly  received from Prof. Dr.- 
Ing. F. A. Pohl and Dr. H. B6hm of AEG-Telefunken,  
Forschungsinst i tut  Frankfur t ,  6 F rankfu r t  (Main) -  
Niederrad, Goldsteinstrasse 235. The BET surface area 
of this mater ial  is 5 m2/g. X- r ay  diffraction shows a 
clean WC pat tern  with lattice constants for the simple 
hexagonal structure, a = 2.9004A, c = 2.8444A and an 
average apparent  particle size from x- ray  line broad-  
ening of about 300A. Deviat ion of the lattice constants 
from the accepted values, a = 2.906A, c = 2.837A (9) 
may  be interpreted as a slight deficiency of carbon, a 
condition which is claimed (5) to favor electrocatalytic 
activity of WC. Spectral  analysis by uv emission 
indicates about 10 ppm Cu, 2 ppm Mg, and 20 ppm Si. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 1970-71 S e n i o r  E d u c a t i o n a l  L e a v e  f r o m  A m e r i c a n  C y a n a m i d  

C o m p a n y ,  S t a m f o r d ,  C o n n e c t i c u t  06904. 
K e y  w o r d s :  t u n g s t e n  ca rb ide  (WC),  cor ros ion ,  su r face  oxide.  

Sample II was obtained from Norton Company, 
Worcester, Mass., and also shows a clean diffraction 
pat tern with exact WC stoichiometry. The surface area 
is 2 m2/g. 

All  electrochemical measurements  were obtained 
with the Wenking 61-TR Standard  Potentiostat  used 
only in its simple static mode with manua l  ad jus tment  
of the controlled electrode potent ial  in discrete poten- 
tial steps. The working electrode compar tment  was a 
Pyrex glass tube 10 cm long with an I.D. of 11 mm 
and a fine fr i t ted glass closure at one end, the bottom 
of the electrode compar tment  in  its normal  vertical  
orientation. In  the first experiments,  the working 
electrode was contained in this compartment,  and the 
reference electrode was positioned in the electrolyte 
outside of the frit. As the frit  resistance was 15 ohms 
saturated with 2N H2SO, electrolyte, the "controlled 
potential" was actually the sum of a variable  IR com- 
ponent  and the electrode potential. Nevertheless, use- 
ful coulometric informat ion was obtained in 200-300 
mV intervals  with this setup, and the first two entries 
in Table I are from measurements  of this kind. 

In  order to obtain more meaningfu l  current-electrode 
potential  values, a glass sidearm was attached to the 
working electrode compar tment  and the reference elec- 
trode placed therein, thereby contacting the electrolyte 
within the working electrode compar tment  and el imi-  
nat ing the variable  IR component. 

Table I. Coulombic ratio---anodic corrosion: 
cathodic reduction of corrosion product 

S a m p l e  A n o d i c  Ca thod ic  
I A E G  WC) corrosionS") reductionCb* Ra t io  

~g) (coulombs)  (coulombs)  (A:C) 

0.49 15.2 0,S06 18,8 
0,224 7.61 0.377 20.2 
0.125 5.32 0.246 21.6 
0.50 32.9 1.65 19.9 
0.50 17.6 (c~ 0,437 40.2r 

(at Co r ros ion  a t  one  or m o r e  p o t e n t i a l s  i n  the  r a n g e  +0.45  t o  
+ 0.75V v s .  HE. 

Cbl Net  ca thod ic  r e d u c t i o n  of anod ic  co r ros ion  p r o d u c t  on  s u r f a c e  
of WC. 

r E x p e r i m e n t  in  2M H3PO~, a l l  o the r s  in  2N H2SOt. 
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The working electrode itself was a compacted slug 
of powdered material ,  WC or tungsten meta l  powder, 
contained in the annulus provided by a sleeve of poly-  
e thylene tubing (6 mm I.D.) extending 0.5-1 cm be- 
yond the contact end of a spectrographic graphi te  rod 
which provided electronic contact to the potentiostat .  
The counterelectrode was a spectrographic graphi te  
rod positioned in the simple beaker  cell far f rom the 
working electrode to prevent  contaminat ion with  gas 
from the counterelectrode.  

The reference electrode was a small, stable Beckman 
f iber- junct ion saturated calomel electrode whose po- 
tential  was checked f requen t ly  against several  larger  
SCE's and measured against a plat inized p la t inum wire 
hydrogen electrode [PH2 = 1 atm, E ( S C E - H E )  : 
+249 mV] in the test electrolyte.  Al l  values of elec- 
trode potential  are repor ted  with  respect to the hydro-  
gen electrode in the test e lectrolyte  (HE).  

Two electrolytes were  used, 2N H2SO4 and 2M 
H3PO4, both prepared wi th  doubly distil led wate r  and 
Baker  and Adamson reagent  grade acid wi thout  fur-  
ther  purification. The test e lectrolyte  was not deaerated 
during or prior  to an experiment ,  and therefore  small 
residual oxygen currents  were  observed in cathodic 
measurements .  These currents  were  accounted for in a 
small cathodic "blank" measured before the anodic 
corrosion-cathodic reduction measurements  and sub- 
t racted f rom the coulombs for cathodic reduction. 

Coulometric  values for a specific faradaic process 
were  obtained by integrat ing cu r ren t - t ime  curves at a 
given controlled potent ial  or range of potentials. The 
coulombs required to charge the double layer on these 
high area powder  electrodes were  not subtracted from 
these values. An est imate of this capaci tat ive charge 
in a potential  step of 100 mV for an 0.50g sample of 
AEG WC (2.5 m 2 BET area) in 2N H2SO4 is 0.01-0.02 
coulomb f rom the charging current  in a step from 
+0.2 to +0.1V in the initial potentiostatic measurements  
before anodic corrosion. This charging error  in the 
coulombic measurements  cited in Table I is most sig- 
nificant for the cathodic reduct ion step. Al though the 
error  is par t ia l ly  compensated by the blank correction 
ment ioned previously, it could make  the smaller  
cathodic values in Table I 5-10% high. 

Results 
Potentiostatic-WC powder.--In the anodic corrosion 

of WC powder  in di lute  H2SO4, the corrosion reaction 
forms a passive surface layer, and the current  de- 
creases i r revers ib ly  over  periods up to 45 min  as the 
act ive surface area is depleted. Even af ter  excursions 
of several  minutes into regions of cathodic reduction, 
a re turn  to a given anodic corrosion potent ial  produces 
no faradaic increase in anodic current  over  the prior 
level  attained. This phenomenon was also cited by 
Binder  et al. (4) using the t r iangular  wave  potential  
sweep method on res in-bonded WC powder  electrodes. 

Potentiostat ic cur ren t -poten t ia l  curves are shown in 
Fig. 1 for AEG WC(I )  in 2hr H2SO4 at room tempera -  
ture, based on current  observed after  2 and 5 min at 
each potential.  Corrosion begins at re la t ive ly  low anode 
potentials compared wi th  t i tanium carbide in the same 
medium (10). At  currents  above 4 mA for a typical  
0.50g test electrode, gas evolut ion is observed in the 
anode compartment .  The gas contained CO2, identified 
by mass spectroscopy and acid t i t rat ion after  absorp- 
tion in NaOH. Cathodic reduction of the surface oxide 
and the ear ly  part  of the hydrogen evolut ion react ion 
are also shown in Fig. 1. 

The two WC powder  samples are surpris ingly differ- 
ent in their  anodic corrosion behavior.  Sample II re-  
quires about 300 mV higher  anode potential  to produce 
corrosion current  densities equivalent  to I. Reduction 
of the surface oxide is similar  qual i ta t ive ly  to sample 
I. Anode currents  are so low in the normal  corrosion 
range for I, however,  that  an accurate  coulometric  
measure  of reduct ion of anode product  is impossible. 

The extent  of anodic corrosion before low currents  
of about 5% of the m a x i m u m  faradaic current  are 

+14 - 
Q 
O + 1 2 - -  
Z 

<~ I + l O -  

a ~ + 8 -  
u.J 

a. + 6 - -  

~ + 4 - -  
_J 

O - -  I 

B * 
0 -  2 -- 
i- 

~-4 I I I 
+ 0 . 8  + 0 . 6  + 0 . 4  + 0 . 2  0 

VOLT VS. H.E. 

Fig. 1. Fotentiostatic la ,  e VS. E curves. !, First measurements 
(cathodic direction); 2, second measurements (anodic direction); 
O ,  2 rain points; �9 5 min points; A ,  cathodic reduction of 
surface oxides2 min, A ,  cathodic reduction of surface oxide-- 
5 min; 0.50g AEG WC. 

observed is in the order of 1-5 tungsten atom layers 
depending on the s toichiometry of the anode process, 
which could involve f rom 2-10 electrons per W atom. 
This assumes that  all of the 5 m2/g BET surface area 
is e lectroact ive and that  the average surface tungsten 
atom density is 1.3 • 1015 W a toms /cm 2. 

Cathodic reduction of anode product .--The cathodic 
reduction of the surface corrosion product  formed 
anodically occurs ve ry  rapidly  in a na r row range of 
potential  (-J-0.35 to +0.25V vs. HE, Fig. 1). The cou- 
lombic value associated with  this process can be sep- 
arated from the small background cathodic "blank" 
mentioned previously  wi th  reasonable accuracy. As the 
potential  of reduction is about 350 mV anodic to the 
hydrogen evolut ion reaction, the electrode process must 
be the reduct ion of a tungsten species, possibly WO3. 

The coulombic ratio of anodic corrosion to net 
cathodic reduct ion of the corrosion product  is r emar k -  
ably constant for several  sample sizes, ranges  of anode 
potential  and extents  of corrosion (Table I).  The value 
of this ratio in 2N H2SO4 is about 20. 

The exper iment  with 2M HaPO4 was prompted  by 
expectat ion of a solubilizing or complexing effect of 
phosphate on the anodic tungsten oxide. The very  large 
coulombic ratio of anodic corrosion to cathodic reduc-  
tion indicates a surface react ion very  different from 
that  in sulfuric acid. The anode product  does not, how-  
ever, ~ppear to be soluble in that  the surface is still 
i r revers ibly  passivated by the anode process. 

Tungsten meta l . - -A  comparison of the behavior  of 
tungsten meta l  wi th  WC under  identical  exper imenta l  
conditions in 2N H2SO4 is also striking. Tungsten as a 
pure high area powder  (2 m2/g) or as a polycrystal l ine 
foil does not passivate under  the cur ren t -po ten t ia l -  
t ime conditions of the present  study. Also, no easily 
reducible  surface oxide is observed on W. Anode prod-  
ucts are ei ther  soluble and thereby  reducible  over  a 
broad and more cathodic range of potentials or insolu- 
ble and cathodical ly inert  prior  to hydrogen evolution. 

Current-t ime curves.MThe cur ren t - t ime  curves at a 
fixed electrode potent ial  were  compared with  the ex-  
ponential  curves predicted for a simple first order rate  
process at a two-d imens iona l  surface layer  in which 
the instantaneous current,  it, is given by 

s i t =  k(Ns ~  i tdt)  [1] 
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Fig. 2. Kinetic analysis of current-time data. O ,  anodic cor- 
rosion at +0 .55V  (sample A), O,  anodic corrosion at +0 .60V  
(sample B); /k, cathodic reduction of oxide at +0 .35V (sample 
A). 

in which k is a first order  rate  constant which depends 
on potential  and has the units sec -1, and Ns o = init ial  
surface sites for the electrode react ion expressed in 
coulombs. The anodic corrosion and cathodic reduc-  
tion of WO= should obey this relat ionship providing 
there  are no slow diffusional processes in the l iquid or 
solid phases at the electrode surface. For  the case of 
anodic corrosion assuming n ---- 10 electrons per W 
atom, Ns o ---- (grams sample) • (BET surface area, 
m2/g) • (20.8)coulombs.  

A more convenient  in tegrated form of Eq. [1] is 

- - k t  
log it -'-- ~ -~ log kNs  o [2] 

2.303 

Figure  2 shows log it vs.  t for several  anodic and 
cathodic experiments .  Exper imenta l  plots do not fol-  
low the expected ra te  law in the  ini t ial  port ion be-  
cause of capaci tat ive charging and in the final port ion 
because of subsurface oxidat ion for the anodic process. 
Values of N, o obtained f rom an extrapolat ion of the 
l inear port ion of the exper imentaI  curves  are com- 
pared below with  the calculated values for a complete  
BET monolayer  corrosion. 

WC Sample  Ns ~ (s lope-intercept)  Ns ~ (calc.) 

0.125g 2.08 13.0 
0.500g 10.4 52.0 

The low values  of Ns o f rom this analysis of the i - t  
curves may mean that  (i) the stoichiometry,  n = 10 
electrons, is too high, (ii) the measured BET area is 
not the effective corrosion area, or (iii) the total anodic 
coulombs passed in a given exper iment  represents  
several  layers of subsurface oxidation on a fraction of 
the BET area ra ther  than a real  monolayer.  

The i - t  analysis of cathodic reduct ion of the anode 
product  is also difficult because of small  regions of 
l inear i ty  in log it vs.  t. The best est imate of Ns ~ for one 
0.50g sample of WC was 0.99 coulomb by the slope- 
intercept  method compared with the measured 1.65 
coulombs requi red  to reduce the  surface oxide. 

The very  high rate  of reduct ion of oxide is indicated 
by a rate  constant, k, of 0.03 sec-Z measured  at -b0.35V 
vs. HE compared wi th  0.0009 and 0.002 sec -~ at 
+{-0.55 and +0.60V respect ively  for anodic corrosion. 
The ratio of rate  constants is even larger  if N~ o is ex-  
pressed as number  of sites ra ther  than as coulombs. 

H y d r o g e n  e v o l u t i o n  r e a c t i o n . - - B i n d e r  e t  al. (4) and 
BShm (6) have suggested that  the electrocatalyt ic  
act ivi ty  of WC for fuel cell anode reactions, e.g., by-  

drogen ionization, is promoted by the formation of an 
oxygenated  surface containing W, C, O, and H. A simi- 
lar promotion effect might  be observed in the hydrogen 
evolution react ion (h.e.r.) on "as is" WC and surface 
oxidized WC. The observed cur ren t -poten t ia l  curves 
for the h.e.r, on these two surfaces (AEG WC) in 2N 
H2SO4 at room tempera ture  were, however ,  identical. 

C h e m i c a l  o x i d a t i o n . - - A  suspension of AEG WC in 
0.2N ceric sulfate 2N in H2SO4 evolved  gas rapidly  at 
room temperature ,  and the fine particles were  com- 
pletely oxidized to a whi te  mater ia l  bel ieved to be 
tungstic acid. An 0.099g sample complete ly  decolorized 
2.0 meq. of Ce +4 (40% bulk oxidation of WC assuming 
WO3, CO2, n = 10) and was about 50% oxidized in 
bulk by a fur ther  increment  of Ce +4, which was not 
fully decolorized. Apparent ly,  the complete  bulk oxi-  
dation of the sample was precluded by passivation of 
the large WC particles which sett led under  the layer 
of white  tungstic acid precipitate.  

In order  to de te rmine  the CO2 evolved quant i ta-  
t ively, the product  gas was absorbed in 0.0924N NaOH 
and t i t ra ted  with  0.0987N HC1. An excess of WC 
(0.101g = 5.1 meq. for bulk oxidation, n ~ 10) was 
reacted with  1.0 meq. of Ce +4 completely  decolorizing 
the solution and evolving about 70% of the expected 
CO2. The low result  was probably  caused by inefficient 
collection of CO2. 

Ceric sulfate in 2N H2SO4 is s t rongly oxidizing 
(formal potential, E ~ ---- 1.459V). Oxidat ion wi th  fer r i -  
cyanide in 2N H2SO4, E ~ ~ +0.69V, represents  more 
closely the range of corrosion potentials in the electro-  
chemical  work. In 0.2N ferricyanide,  2N H2SO4, AEG 
WC powder evolved gas very  s lowly and showed no 
evidence of bulk oxidation. In fact, the amount  of CO2 
collected f rom 0.4-1.0g samples of WC in excess fe r r i -  
cyanide corresponded to surface monolayer  or part ial  
monolayer  oxidation. 

Discussion 
The pr imary  result  of this study is the rat io of about 

20 be tween the coulombs requ i red  to oxidize a sample 
of WC anodically and the coulombs for reduct ion of 
the anode product. The constancy of this value  in 2N 
H2SO4 under  varying conditions of sample size, extent  
and potent ial  of anode corrosion (Table I) suggests 
that  there  are single anodic and cathodic reactions 
ra ther  than  a mul t ip l ic i ty  of poor ly  defined reactions. 
Moreover,  for any anodic s toichiometry involving from 
2 to 10 electrons per  tungsten atom, the cathodic re-  
duction requires  only 0.1-0.5 electrons per tungsten 
atom oxidized. If a W(VI)  oxide is the anode surface 
product, then the cathodic process is e i ther  a par t ia l  
reduct ion of W(VI)  to W ( V )  or the format ion of 
HxW(VI)  oxide in which x ---- 0.1-0.5. 

A possible scheme supported in part  by the ident i -  
fication of CO2 as an anode product, the chemical  oxi-  
dation work  described herein, and chemical  and elec- 
t rochemical  reduction of bulk WO3 to hydrogen tung-  
sten bronzes (11-13) is 

Anode 

WC + 5H20-~ WOe + CO2 + 10H+ + 10e 
Cathode 

WOs + 0.5H + + 0.Se -> H0.sWOa 

Some evidence against the formation of "surface 
hydrogen tungsten bronzes" are the citations by A r m -  
strong et  al. (14) that  "sodium tungsten bronzes are 
completely  inactive for anodic hydrogen oxidat ion" and 
by Vondrak and Balej  (15) that  hydrogen  on cation 
vacancies in the lat t ice of a sodium tungsten bronze is 
oxidized at --0.1V vs.  RHE, whi le  in the present  study 
"HzWO3" is formed at +0.35V. 

The work  of BShm (6) on adsorption and anodic 
oxidation of hydrogen on WC is interest ing and rele-  
vant  in that  the m a x i m u m  value  of hydrogen adsorp- 
tion, 32.5 microcoulombs /cm 2, represents  a coverage of 
only about 15% of the avai lable  surface tungsten 
atoms and in that  an oxidat ive p re t rea tment  of the 
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WC, namely  several anodic square wave pulses to 1000 
mV vs. hydrogen electrode, substant ia l ly  increases hy= 
drogen adsorption. Both facts can be explained by 
assuming that  the hydrogen is "adsorbing" on a com- 
plete or part ial  surface oxide as HxWO3, where x is 
small  in the range 0.1-0.5. 

The comparison of WC with W metal  indicates a 
strong influence of carbon in the tungsten lattice on 
the electrochemistry of W. Although WC is an in ter-  
stitial carbide, its crystal  s tructure is simple hexagonal 
whereas W is body centered cubic. The shortest W-W 
distance is 2.86A in WC and 2.74A in W: the density 
of WC is 15.6 g/cc compared with 19.2 g/cc for W. 
It is difficult to imagine that  this moderate expansion 
of the W lattice in WC is responsible for the differences 
in electrochemical behavior of W and WC. It is more 
l ikely that  there is a chemical effect of carbon on the 
formation and reduction of the surface oxide. 

The exper iment  on the hydrogen evolution reaction 
on "as is" WC and anodized WC is cer ta inly not de- 
finitive in that  "as is" WC may be covered with sorbed 
oxygen. It is noteworthy, however, that  the h.e.r, oc- 
curs on WC with essentially no overvoltage whereas 
pure W powder requires an overvoltage of about 0.10V 
to achieve a given tow cur ren t  densi ty for the h.e,r, in 
2N H2SO 4. 

The oxidation=reduction properties of WC in aque- 
ous media are novel and interest ing in several  re-  
spects. It is surpr is ing that  the surface and bulk  cor- 
rosion, both anodic and chemical, occur so easily at 
room tempera ture  in aqueous solutions at "medium to 
high" anodic potentials. The almost complete bulk  oxi- 
dation of WC by  aqueous ceric sulfate is unexpected 
in view of the l i terature  (9, 16) on the apparent  kinetic 

~500~ 
stabil i ty of WC to oxidation (WC -~ 02 > oxi- 
dation) and to the dissolving power of strong minera l  
acids. A thermodynamic  estimate of s tandard free en-  
ergy at room tempera ture  of the reaction 

WC ~- 5H20 ~ 10Ce+4-~ "WO3" ~- CO2 ~- 10H + ~ 10e 

"WO3" -- a WO3 hydrate,  
2F~ ~ --180 to --200 kcal /mole 

is ~F ~ ~ --319 kcal/mole,  and it is apparent  that one- 
electron oxidants with a potential  as low as +0.1V vs. 

the s tandard hydrogen electrode are possible oxidants 
for WC. 
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ABSTRACT 

Silicon dioxide was thermal ly  grown in an oxygen atmosphere containing 
a small percentage of tr ichloroethylene (C2HC13) vapor. As a result  of this 
process, it was possible to fabricate metal-oxide-semiconductor  (MOS) diodes 
with greatly reduced oxide space charge. This reduction in oxide charge was 
accompanied by improved electrical stabil i ty under  b ias- tempera ture  stress. 
It is believed that the pyrolysis product, chlorine, acts as a getter to cont inu-  
ously remove mobile impur i ty  cations such as Na + dur ing  the oxidation proc- 
ess. Also described are various charge phenomena under  b ias- tempera ture  
stress conditions. 

The performance of MOS devices depends critically 
on the s tabi l i ty  of the insulating oxide between the 
silicon substrate and the metal  counterelectrode. The 
most significant device instabi l i ty  general ly arises from 
ionic contaminat ion (such as sodium) which is un -  
avoidably included in the oxide during thermal  oxida- 
tion. These ions act as a positive space charge and are 
mobile under  b ias- tempera ture  stresses (1-4). Thus 
the electrical characteristics of such devices are not 
predictable and are var iant  with time. 

A number  of researchers have developed techniques 
for e l iminat ing or reducing the positive ion space 
charge in thermal  oxide layers with varying degrees 
of success. These techniques include the use of phos- 
phosilica layers (5-7) and the production of clean 
oxides by in  situ gaseous etching with HC1 and sub-  
sequent  oxidation of the silicon by means of rf 
induct ion heating (8). More recently, Heiman and 
Robinson (9) and Kriegler  et al. (10) have shown that  
clean oxides can be produced by the addition of 
HC1 dur ing  thermal  oxidation. In  this paper the 
method disclosed is a similar  technique, but  it is 
much easier to implement  since the gettering agent 
(C2HCla) is noncorrosive and is very easy to handle  
safely. This process results in the reduction of oxide 
charges and in the stabilization of the ionic migrat ion 
instabili ty.  Various charge phenomena under  bias- 
tempera ture  stress conditions are described. 

Experimental Procedures 
Silicon dioxide films were thermal ly  grown in a 

dry  oxygen atmosphere at 1050~ with a small  per-  
centage of t r ichloroethylene (C2HCI~) vapor included. 

The oxygen flow rate was 1.5 liters per minute.  
The tr ichloroethylene vapor was added by bubbl ing  
hel ium (at a slow rate of 0.05 liters per minute)  
through C2HC13 mainta ined  at room temperature.  No 

* Electrochemical Society A c t i v e  M e m b e r .  
Key words: oxide charge, gettering, oxidation, clean oxide. 

special mixing was employed. Epitaxial  n / n  + silicon 
wafers of 10 and 30 ohm-crn were used. The wafer 
orientat ion was (111). No special precautions were 
used with respect to furnace cleanliness. However, the 
wafers were degreased in tr ichloroethylene and a c e -  
t o n e  and rinsed in ul trasonical ly agitated, flowing, 
deionized water  for 10 min  before being loaded into 
the modified oxidation furnace. For comparison, wafers 
with convent ional ly  grown, dry thermal  oxide were 
also prepared. 

Following oxidation, a l uminum gate electrodes (26 
rail diameter  dots) were applied to the oxide films by 
means of vacuum evaporation and photomasking. In-  
dividual  MOS devices were diced out, die bonded 
(at 400~ and ul t rasonical ly lead bonded to TO-5 
headers. 

Measurements of the MOS capacitance voltage char- 
acteristics were performed at 1 MHz and were auto- 
matical ly recorded on an X-Y plotter. The X-Y plotter 
scheme is a modification of that  proposed by  Zain-  
inger (11). 

Results 
The f iat-band voltages ~7F B for a number  of MOS 

devices are plotted in Fig. 1. It is clearly indicated 
that the effective oxide charge density is great ly  re-  
duced in samples exposed to C2HC13 vapor dur ing 
oxidation. It is also evident  that  the C2HCl~ treated 
samples have their  f lat-band voltages constrained to 
a much narrower  range of values. In  Fig. 2, the results 
of b ias- tempera ture  stress tests for oxide stabil i ty 
are shown. In these tests positive or negative bias 
voltages were applied for 30 min  at the tempera ture  
indicated. The samples were then quenched to room 
tempera ture  while still under  bias. The improvement  
in stabil i ty afforded by the C2HC13 process is obvious. 
It is, however, noted that  at temperatures  above 200~ 
the f iat-band voltage, VFm increases significantly upon 
prolonged stress. 

223 
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Fig. 1. The flat-band voltage 
(VFB) of MOS devices. The 
values shown are measured 
from randomly picked devices. 
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It was observed that for C2HCla grown samples, 
both posit ive and negat ive B-T stress cause the fiat- 
band voltage to shift sl ightly in the negat ive bias 
direction. A slight broadening of the C-V curve  is 
also observed with this small increase in VFB. With 
a posit ive bias of 20V applied to a 1500A thick 
oxide, the flat-band voltage shift, -~VFB, was within 
half  a vol t  af ter  several  days of stress at 150~ At 
tempera tures  higher  than 200~ however,  VFB shows 
a large increase and slowly reaches a saturated value  
in approximate ly  10 hr. These saturated values are 
VFB ---- 1.6V at 200~ and VF~ ~ 2.7V at 250~ 
These h igh- tempera tu re  bias-stress shifts in the flat- 
band vol tage cannot be recovered e i ther  by short  
circuit ing the device at e levated t empera tu re  nor 
by reverse  bias stresses. Since it has been shown that  
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Fig. 2. The shift of flat-band voltage under bias-temperature 
stress at various temperatures. The stress was •  bias for 30 
rain. The oxide thickness is about 1500,~,. 

ionic contaminat ion within  an SiO2 layer  can be re-  
arranged in minutes  at 150~ the above h igh - t emper -  
ature, slow bias-stress phenomenon cannot be at t r ib-  
uted purely  to ionic migration.  The actual mech-  
anism is not yet  wel l  understood. 

Under  negat ive bias-stress, the flat-band shift is in 
the negative bias direction even with  bias voltages 
as low as --5V. The sa tura ted  values  of ~VFB at 
250~ (see Fig. 3) were  observed to be proport ional  
to the applied negative bias. This observat ion is similar  
to that  reported by Deal et al. (12) and Miura et al. 
(13). The t ime to reach a saturated -~VFB condition 
is re la t ive ly  long and requires  several  hours even 
at t empera tures  as high as 400~ Only par t ia l  re -  
covery  of the shifted C-V curve  can be obtained by 
a short circuit, h igh- t empera tu re  t reatment .  Sl ight ly 
higher values of ~VFB were  observed for higher  stress 
temperatures .  These observed phenomena suggest that  
it is intr insical ly connected with  the silicon d iox ide /  
silicon interface, and that  the dominant  drift  mech-  
anism is carr ier  in jec t ion- t rapping  (8, 14, 15) al though 
some ion migrat ion appears to be active. 

The exact mechanism by which the C2HC13 vapor  
acts to reduce the oxide charge is not known. It 
is bel ieved that  the pyrolyt ic  product, chlorine, acts 
as a get ter ing agent for sodium and other  ionic con- 
taminants  during the oxidat ion process. Presumably  the 
chlorine reacts wi th  the metal l ic  ions to form volati le 
chlorides which are removed as gases. It is also sug- 
gested that the carbon reacts wi th  the oxygen to form 
carbon dioxide and escapes from the furnace as a gas. 
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Fig. 3. Saturated values of flat-band voltage as a function of 
applied negative bias for MOS devices. 
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In  addition to the possible gettering of alkali ions 
from the oxide, there also appears to be some kind 
of chemical reaction occurring which modifies the 
oxide structure. This is evidenced by the observed 
shifts in  the C-V curve at bias-stress temperatures  
greater  than  or equal  to 200~ The fact that  ~V~,B is 
tempera ture  dependent  very likely reveals the creation 
of oxide charge (a slow state). Possibly this charge 
arises from the ionization of metallic chlorides which 
are formed and are not removed dur ing  the oxide 
growth process. These charged species may have very 
low mobilities and may be well  trapped. It was found 
that h igh- tempera ture  anneal ing of the sample in 
air without  bias causes an increase in VFB. The 
amount  of increase is proport ional  to the anneal ing 
tempera ture  and is in the order of 1V at 400~ 
This would support our assumption. 

In  summary,  it has been demonstrated that silicon 
dioxide grown in  a C2HC13/O2 atmosphere has a much 
lower oxide charge. However, the exact mechanism 
controll ing the h igh- tempera ture  (~200~ instabi l-  
ity is not well  understood and addit ional effort is 
required. 

Acknowledgments 
We would like to thank  Mrs. C. M. Hoyland and 

Mr. A. Fritz who assisted in the fabrication of the 
devices. 

Manuscript  submit ted June  22, 1971; revised m a n u -  
script received ca. Oct. 20, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1972 
J O U R N A L .  

REFERENCES 

1. E. H. Snow, A. S. Grove, B. E. Deal, and C. T. Sah, 
J. Appl. Phys., 36, 1664 (1965). 

2. E. Yon, W. H. Ko, and A. B. Kuper, IEEE Trans. 
Electron Devices, ED-13, 276 (1966). 

3. J. Lindmayer,  Solid-State Electron., 9, 225 (1966). 
4. S. R. Hofstein, IEEE Trans. Electron Devices, ED- 

13, 222 (1966). 
5. D. R. Keer, J. S. Logan, P. J. Burkhardt ,  and W. A. 

Pliskin, IBM J. Res. and Develop., 8, 376 (1964). 
6. Y. Miura, S. Tanaka, Y. Matukura,  and H. Osafune, 

This Journal, 113, 399 (1966). 
7. M. Yamin, IEEE Trans. Electron Devices, ED-13, 

246 (1966). 
8. S. R. Hofstein, Solid-State Electron., 19, 657 (1967). 
9. R. H. Robinson and F. P. Heiman, This Journal, 

118, 141 (1971). 
10. R. J. Kriegler, Y. C. Cheng, and D. R. Colton, 

Paper  79 presented at Electrochem. Soc. Meeting, 
Washington, D. C., May 9-13, 1971. 

11. K. H. Zaininger,  RCA Rev., 27, 341 (1966). 
12. B. E. Deal, M. Sklar, A. S. Grove, and E. H. Snow, 

This Journal, 114, 266 (1967). 
13. Y. Miura and Y. Matukura,  Japan J. Appl. Phys., 

5, 180 (1966). 
14. T. L. Chu, J. R. Szedon, and C. H. Lee, Solid-State 

Electron., 1@, 897 (1967). 
15. S. M. Hu, D. R. Kerr, and L. V. Gregor, Appl. Phys. 

Letters, 1@, 97 (1967). 

Effects of Annealing on Luminescent Properties 
of (Zn,O)-Doped GaF 
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ABSTRACT 

Anneal ing  studies were performed on (Zn,O)-doped GaP at 400 ~ 600 ~ and 
900~ The photoluminescent  qua n t um efficiency and the vis ib le / infrared 
emission ratio were both found to increase with decreasing anneal ing tem- 
perature.  The increase in both quanti t ies  is pr imar i ly  a t t r ibuted to an in-  
crease in the concentrat ion of neares t -ne ighbor  (Zn,O)-pairs .  Results are 
discussed and quant i ta t ively  compared to a recent theoretical model which 
predicts the equi l ibr ium (Zn,O)-pa i r  concentrat ion as a function of tempera-  
ture. 

The purpose of this paper is to present  pre l iminary  
results of anneal ing studies that were performed on 
samples of (Zn,O)-doped GaP. A par t icular  objective 
of the present  work was to evaluate the effects of low 
anneal ing temperatures  ( ~  600~ in conjunct ion 
with long anneal ing times (many  hours) to increase 
the equi l ibr ium concentrat ion of red- luminescence re-  
combinat ion centers. The present  study differs from 
earl ier  work in that the investigation was made on 
bulk material,  ra ther  than on p -n  junctions,  and it 
included anneal ing temperatures  lower than previously 
explored. Our invest igat ion was l imited to bu lk  mate-  
rial because evaluat ion of electroluminescent  emission 

~" Th i s  p a p e r  is based  u p o n  a thes i s  s u b m i t t e d  by  D. L. H u g h e s  to 
L e h i g h  U n i v e r s i t y  in  p a r t i a l  f u l f i l l m e n t  of the  r e q u i r e m e n t s  for  the  
M.S. degree .  
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1 P r e s e n t  addres s :  Wes t e rn  E lec t r i c  Company ,  Lee ' s  S u m m i t ,  Mis-  

sou r i  64063. 
K e y  w o r d s :  l uminescence ,  s emiconduc to r s ,  g a l l i u m  p h o s p h i d e ,  an-  

nea l ing ,  dopan t s ,  p h o t o l u m i n e s e e n c e .  

from a p -n  junct ion would have added another  degree 
of complexity to the problem, as is discussed later. 

Numerous fundamenta l  studies have been made on 
red-luminescence emission of (Zn,O) -doped GaP (1, 2). 
Low-tempera ture  investigations of Henry, Dean, and 
Cuthbert  (3) and Morgan, Welber, and Bhargava (4) 
were responsible for clearly establishing the red- lumi-  
nescence emission process. Basically, red emission is 
produced by either the decay of excitons bound to 
(Zn,O)-complexes or from recombinat ion of electrons 
bound at (Zn,O)-complexes with holes t rapped at 
distant  zinc acceptors. At temperatures  below approxi-  
mately 60~ pair luminescence dominates, but  above 
60~ exciton luminescence dominates. However, the 
actual tempera ture  at which exciton decay becomes 
predominant  depends upon the zinc doping concen- 
t rat ion and the excitat ion intensi ty  (5). Inf rared 
emission is produced by recombinat ion of electrons at 
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unpai red-oxygen  sites wi th  ei ther  holes on distant 
z inc-acceptor  sites (donor-acceptor  pair  recombina-  
t ion),  or with free holes (bound-f ree  recombinat ion) .  
Recent  work  has suggested that  the lat ter  is the domi- 
nant  process at room tempera tu re  (6, 7). 

Severa l  previous investigations (8-13) have shown 
that  the quan tum efficiency, ~IE, of GaP diodes can be 
improved by employing a suitable heat  t reatment .  
Par t  of the change in mE can be a t t r ibuted to an in- 
crease in the concentrat ion of Zn-O pairs (8) and part  
can be a t t r ibuted to a change in the electr ical  prop- 
erties of the p -n  junction. However ,  the change in the 
electr ical  propert ies may  have an opposite effect to 
that of an increase in the Zn-O pair  concentration. It 
is, therefore,  difficult to quant i ta t ive ly  determine  
the increase in Zn-O pair  concentrat ion by studying 
electroluminescent  emission f rom GaP diodes. For 
this reason, the present  invest igat ion was confined to 
an examinat ion of photoluminescent  emission from 
bulk GaP. 

Experimental 
The p- type  GaP crystals used in this study were  

flux grown from a ga l l ium phosphide saturated gal-  
l ium solution by a slow cooling method. In addition 
to the GaP and Ga, the solution included 0.07 mole 
per cent (m/o)  Zn and 0.04 m / o  Ga203. The small  Ga 
samples produced by the growth  process were  first 
lapped into 15 mil  thick platelets and then polished 
on one side. Next  the samples were  cut into a c lover-  
leaf shape about 4 mm in diameter.  Carr ier  concen- 
trations and Hall  mobi l i ty  were  determined using the 
van der  Pauw technique (14). 

In an a t tempt  to inhibit  out-diffusion of dopants, all 
of the samples (except  for those in a control  group) 
were  coated with  an r f - spu t te red  film of SIO2, ap- 
p rox imate ly  3500A thick. 

Samples  were  annealed in a quartz  ampoule  which, 
af ter  being evacuated to 10 -6 Torr, was filled with 
argon to atmospheric  pressure. To establish an initial 
reference condition, all  samples were  first heated to 
900~ for 10 rain and then quenched by plunging the 
ampoule into a room- tempera tu re  water  bath. Af te r  
this initial heat t reatment ,  but  pr ior  to fur ther  heat  
t reatment ,  the samples were  said to be in the " t ime- 
equa l -zero"  (t  = 0) condition. The same quenching 
procedure  was used after  each anneal ing cycle to in- 
sure that  the equi l ibr ium defect concentrat ion at a 
given anneal ing tempera ture  would be fixed in the 
sample. If samples were  cooled slowly, ra ther  than 
quenched, fur ther  anneal ing would occur dur ing the 
cool-down period and the defect concentrat ion would 
genera l ly  not correspond to the equi l ibr ium value  for 
the anneal ing tempera ture  that  was used. 

There  are several  approaches that  can be used to 
obtain a t ime- t empera tu re  plot of the effects of an- 
neal ing on a given parameter .  One approach is to start  
with many  groups of samples, one for each annealing 
t ime to be investigated. Each group is then annealed 
only once; the first group is annealed for a certain 
length of t ime and each successive group is annealed 
for a progress ively  longer time. Unless all of the sam- 
ples have near ly  identical  properties,  such an approach 
results in a considerable amount  of scatter in the data. 
An a l ternat ive  approach, and the one used in the 
present  investigation, is to cycle the same group of 
samples in cumula t ive  fashion assuming that  N suc- 
cessive anneal ing cycles of durat ion At are equivalent  
to a single annealing cycle of durat ion N times • 

Two anneal ing temperatures ,  400 ~ and 600~ were  
invest igated in addition to the init ial  900~ t empera -  
ture. One group of SiO2 coated samples was annealed 
at 400~ using 30 rain t ime increments  up to a cumu-  
lat ive value of 4 hr, a f ter  which the t ime increment  
was increased to 4 hr. A second group of coated sam- 
ples was annealed at 600~ using 4 hr  t ime increments.  
A third group of samples, not SiO2 coated, was an- 
nealed at 400~ using 15 min increments  for the first 
hour  and one hour increments  thereafter .  

Af ter  every  heat  t reatment ,  each sample 's  photo- 
luminescent  efficiency was measured and its 77~ 
emission spectra was recorded. Emission spectra mea-  
surements  were  per formed at 77~ in order to com- 
pletely resolve the red and infrared emission bands, 
the tails of which overlap each other  at room t em-  
perature.  Efficiency measurements  were  made only at 
room tempera ture  because it was not possible to make 
absolute efficiency measurements  at 77~ with  the 
exist ing apparatus. 

Results 
Conventional  x - r a y  methods were  used to identify 

both the composition and orientation of grown crys-  
tals. Debye-Scher re r  pat terns  and Laue photographs 
confirmed that  the samples were  gal l ium-phosphide  
single crystals wi th  the polished face paral le l  to a 
( i l l )  plane. Room tempera tu re  resist ivi ty and Hal l -  
effect measurements  were  made on five representa t ive  
samples. The average resis t ivi ty and Hall  coefficients 
obtained were  0.129 ohm-cm and 8.61 cm3/coulombs, 
respectively,  f rom which the corresponding average  
values of carr ier  concentrat ion and Hal l  mobi l i ty  
were  calculated to be 8.10 • 1017 cm -3 and 70 cm2/ 
V-sec. 

In Fig. 1, the externa l  photoluminescence quan tum 
efficiency, np, is plotted as a function of annealing 
t ime for two temperatures ,  400 ~ and 600~ The plotted 
data are for two specific samples, however ,  the shape 
of the curves obtained is typical  for all  samples. That 
is, there  were  variat ions in the initial values of ~lp, 
but  a plot of ~p vs. t ime annealed at a g iven tempera -  
ture for all samples in a group showed a consistent 
t rend in the data. The significant features of Fig. 1 
are: first, the existence of a p la teau in the values of 
np af ter  long anneal  t imes; second, a larger  percentage 
increase in the plateau value  of ~p for a 400~ anneal  
tempera ture  than for a 600~ anneal  tempera ture ;  and 
third, the observation that  the plateau va lue  of np 
for samples annealed at 600~ was reached in less than 
4 hr, whereas  approximate ly  16 hr  were  requi red  to 
reach the corresponding p la teau-va lue  of ~lp for sam- 
ples annealed at 400~ The shor t - term peak in n, 
af ter  approximate ly  1 hr  of cumula t ive  anneal ing at 
400~ was observed for all samples that  had been 
coated with  an SiO2 film, but  was not observed for 
uncoated samples. 

In Fig. 2 the integrated red to infrared emission ratio 
is shown as a function of anneal ing t ime for two 
representa t ive  samples annealed at 400 ~ and 600~ 
This ratio is seen to increase by a factor of 14 after  
24 hr  of cumulat ive  anneal ing t ime at 400~ whereas  
only a factor of four increase is observed for samples 
annealed at 600~ Measurement  of the red / in f ra red  
ratio for samples annealed at 600~ was discontinued 
after  12 hr  of cumulat ive  anneal  t ime when  it ap- 
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Fig. 1. Total radiative efficiency, using photoexcitation, is 
shown for two representative Si02-coated GaP samples annealed 
at 400 ~ and 600~ 
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Fig. 2. The integrated red to infrared emission ratio at 77~ is 
shown for the two samples whose room temperature efficiency is 
shown in Fig. 1. 

peared that  this quant i ty  had reached a ma x i mum 
after less than 4 hr of annealing.  

As indicated earlier, SiO2 films were not deposited 
on one group of samples annealed at 400~ The data 
obtained from measurements  on these uncoated sam- 
ples were not as consistent as the data from coated 
samples, but  the following observations were made. 
The efficiency of uncoated samples steadily decreased 
for the first hour and then leveled off, or began to 
gradual ly  increase with fur ther  heat t reatment .  For 
those samples whose efficiency did increase, approxi-  
mately  16 hr of anneal ing at 400~ were required to 
reach the original t = 0 value (15). The appearance 
of the surfaces of uncoated samples indicated that  
some type of surface deposits were being produced. 
Etching the bu lk  samples produced only a slight im-  
provement  in the photoluminescent  efficiency, whereas 
etching has been reported (13) to improve the effi- 
ciency of electroluminescent  diodes by 20-30%. The 
increase in the integrated red- inf ra red  emission ratio 
was also less for uncoated samples than  for coated 
ones. 

A brief  exper iment  was performed to see if the 
difference between coated and uncoated samples could 
be explained by zinc out-diffusion from the uncoated 
samples. An  uncoated sample was broken into two 
pieces, but  only one was annealed in the usual  manner .  
Both samples were then examined for zinc concentra-  
tion by using d-c arc excitation to record optical 
emission of e lemental  zinc. Unfortunately,  the results 
were inconclusive because the zinc concentrat ions were 
too near  the detection l imit  of the equipment.  However, 
no obvious loss of zinc was observed. 

Discussion 
The results shown in Fig. 1 and 2 are general ly 

consistent with those obtained by Onton and Lorenz 
(8) in their  anneal ing  studies. It should be noted, 
however, that  OL measured diode electroluminescence 
efficiency, hE, ra ther  than bulk  photoluminescence 
efficiency, n,. Thus, the "permanent"  degradation in 
,]~ which they observed after extended anneal ing  at 
600~176 may have been degradation of the p -n  
junct ion  itself ra ther  than being related to (Zn, O) -  
pairing. For example, extended anneal ing  may have 
merely  al tered the impur i ty  concentrat ion at the p - n  
junct ion and thereby reduced the efficiency of injec-  
t ion of electrons into the (Zn, O)-doped p-side of the 
diode. By measur ing np in bu lk  material,  the present  
s tudy concentrated on basic luminescent  efficiency and 
avoided the complication of possible p -n  junct ion  
degradation. 

In  agreement  with the observations of Onton and 
Lorenz, the present  results indicated that  infrared 
emission could be shifted to red emission by anneal ing 
at temperatures  of 400~176 Conversely, red emis- 
sion could be shifted into the infrared band by  an-  

neal ing at a higher temperature.  Onton and Lorenz 
suggested that such results could be explained in terms 
of the equi l ibr ium n u m b e r  of Zn-O neares t -neighbor  
pairs formed at a given temperature.  Assuming the 
total n u m b e r  of zinc and oxygen atoms in a sample 
to be constant, the number  of oxygen atoms that  can 
participate in infrared emission is reduced whenever  
zinc and oxygen atoms combine to form nearest-  
neighbor pairs. Thus an increase in red emission via 
exciton decay at Zn-O complexes is expected to be ac- 
companied by a decrease in infrared emission when-  
ever a sample is annealed at a tempera ture  which 
favors formation of Zn-O pairs. 

The above qual i ta t ive arguments  were put  in 
quant i ta t ive  form by  Onton and Lorenz and, more re- 
cently by Wiley (16). Both calculations are based 
upon the s imilar i ty  between formation of Zn-O pairs 
in GaP and the formation of Coulomb-bonded donor- 
acceptor pairs in Ge and Si. Using the work of Lidiard 
(17) as a basis, Wiley has calculated a theoretical 
curve for the fraction, F = [P] / [O] ,  of oxygen atoms 
which are paired, where [P] is the equi l ibr ium (Zn, 
O) -pa i r  concentrat ion at a given temperature  and 
[O] is the total subst i tut ional  oxygen concentration, 
assumed to be tempera ture  independent.  

As will  be shown, the red / in f ra red  emission ratio 
obtained exper imenta l ly  in the present  investigation 
can be compared to Wiley's theoretical pair ing frac- 
tion. However, it is first necessary to develop a model 
for minor i ty  carrier recombinat ion in GaP using s tand-  
ard semiconductor statistics (18). Referring to Fig. 3, 
we see that  there are three recombinat ion paths 
labeled S, Q, and Y. The paths labeled S and Q cor- 
respond to minor i ty -car r ie r  capture by the (Zn,O) 
and O-centers, respectively, while the Y-path cor- 
responds to nonradia t ive  band - to -band  recombination 
through some unknow n  center or centers. Path  Y, the 
"shunt  path," is used as a means of quant i ta t ively  
accounting for all minor i ty  carriers which do not 
recombine through either (Zn, O) or O-centers. 

After Dishman and DiDomencio (19), we define a 
branching  ratio as the fraction of minor i ty  carriers that 
recombine through a given path. If Rs, Rq, and Ry de- 
note the capture rates for the three recombinat ion 
centers, the branching ratio for a given center is just  
the capture rate for that  center divided by the sum of 
the three capture rates. Thus, the branching ratios s, 
q and y are 

s = Rs/(Rs  + Rq Jr Ru) [1] 

q = Rq/(Rs Jr Ra + Ru) [2] 

y = R J ( R s  Jr Rq "Jr Ry) [3] 

CONDUCTION BAND 

S,Vnt Q, Vno Y, Vn 

- - N  t 

~ ~(I -br)s No 

V A L E N C E  BAND 

Fig. 3. The three minority-carrier capture paths, denoted S, Q, 
and Y, applicable to GaP at 77~ are shown along with other 
notation used in the text. Radiative transitions from the (Zn,O) and 
O-centers are indicated by wavy-line arrows. 
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At  low exc i t a t i on  l eve l s  we  can  i gno re  the  f r ac t ion  of 
(Zn, O) or  O - t r a p s  tha t  a re  a l r e a d y  e l e c t r o n - o c c u p i e d  
(or exc i ton  occupied)  and t ake  each  cap tu re  ra te  to 
be s imply  the  m i n o r i t y  c a r r i e r  concen t ra t ion ,  n, d i -  
d ived  by  the  a p p r o p r i a t e  c ap tu r e  l i fe t ime.  The  cap tu r e  
ra tes  a re  (19) 

Rs = n/~,t  = nwnt  Nt [4] 

Re = n/~no = nW,o  No [5] 

Ry = n / z ,  [6] 

In the  above  equat ions ,  v is the  c o n d u c t i o n - b a n d - e l e c -  
t ron  t h e r m a l  ve loc i ty ,  T is the  cap tu r e  l i fe t ime,  a is 
the  c a p t u r e  cross section,  and N is t he  r e c o m b i n a t i o n -  
cen t e r  concen t ra t ion .  Quan t i t i e s  subsc r ip t ed  w i t h  t r e -  
fe r  to (Zn ,O) -cen t e r s ,  wh i l e  those  subsc r ip ted  w i t h  o 
r e fe r  to o x y g e n  centers .  Us ing  the  above  express ions ,  
and e l im ina t i ng  the  c o m m o n  fac to r  n, we  ob ta in  the  
fo l lowing  equa t ions  for  the  b r a n c h i n g  ra t ios  

Wrnt Nt 
s = [7] 

Vtrnt Nt - I -  Vtrno No - I -  1/xn 

V(rno No 
q = [8] 

v~nt Nt + vr No + 1/x, 

l /T.  
Y = [9] 

Wrnt Nt + Vano No + 1/rn 

I t  is c o n v e n i e n t  to define two  m o r e  b r a n c h i n g  rat ios,  
br and  bm in the  f o l l o w i n g  w a y  (19). We  a re  u l t i -  
m a t e l y  i n t e r e s t ed  in r a d i a t i v e  q u a n t u m  efficiency, and, 
the re fore ,  b, or  bir is def ined as the  f r ac t ion  of the  
to ta l  r e c o m b i n a t i o n  t h r o u g h  (Zn, O) or  O-cen te r s ,  r e -  
spect ive ly ,  t ha t  is r ad ia t ive .  If, for  example ,  y = 0 and 
br = blr = 1, t he  r a d i a t i v e  q u a n t u m  eff iciency wou ld  
be  100%. 

W e  can n o w  w r i t e  d o w n  express ions  for  the  r ed  and 
i n f r a r e d  q u a n t u m  efficiencies ~lr and ~l~r, r e spec t ive ly ,  
for  b a n d - t o - b a n d  exc i ta t ion .  

~lr = brs [10] 

~lir = b~rq [11] 

D e n o t i n g  the  i n t e g r a t e d  r e d / i n f r a r e d  emiss ion  ra t io  
by ,~, w e  see tha t  ~ = nr/m~ can  be  w r i t t e n  as 

b~s 
- -  ' [12]  

birq 

brant Nt 
- [13]  

birano No 

The  above  express ion  for  ~ can  be c o m p a r e d  w i t h  
t he  t h e o r e t i c a l  r e su l t s  of W i l e y  by  m a k i n g  a f ew  s l ight  
changes  in his nota t ion .  Wi l ey  ca l cu la t ed  the  f rac t ion ,  
F, of o x y g e n  a toms  tha t  a re  pa i r ed  into  Z n - O  com-  
plexes.  D e n o t i n g  the  to ta l  subs t i t u t i ona l  o x y g e n  con-  
cen t r a t i on  by  Noo, the  f r ac t ion  F can  be  w r i t t e n  

F = Nt/Noo [14] 

H o w e v e r ,  No = No~ -- Nt, and  n o w  a can  be expres sed  
in t e r m s  of F 

= '  [15 ]  
birano 

The  coefficient  of F / ( 1  -- F) in Eq.  [15] can  be  con-  
s ide red  a scale f ac to r  w h i c h  wi l l  be deno ted  as K 

brcnt 
K -- [16] 

bir~no 

A l t h o u g h  no t  necessa r i ly  t rue,  K wi l l  be a s sumed  in-  
d e p e n d e n t  of h e a t  t r e a t m e n t  in t h e  p r e sen t  discussion.  
S o l v i n g  Eq. [15] for  F we  h a v e  

F -- - -  [17] 
K + ~  

Thus, t h r o u g h  Eq. [17], the  p re sen t  e x p e r i m e n t a l  
va lues  of ~ can  be r e l a t ed  to t h e o r e t i c a l  v a l u e s  of F 
in t e rms  of the  scale  factor ,  K, g i v e n  in Eq. [16]. 

To c o m p a r e  F and  a, t he  scale f ac to r  K can  e i t h e r  
be ca l cu l a t ed  us ing  Eq. [16], or  e m p i r i c a l l y  d e t e r m i n e d  
by c u r v e  fitt ing. E x p e r i m e n t a l  w o r k  p e r f o r m e d  e lse-  
w h e r e  (20) gave  the  fo l l owing  e s t ima tes  for  the  
b r a n c h i n g  ra t ios  and  c a p t u r e  cross sect ions:  br --~ 0.07; 
bit --~ 0.6-0.7; ~n~ ~ 10 -16 cm2; and  ~no --~ 1-2 X 10 -zs  
cmL More  r e c e n t  w o r k  (21) has  ind ica ted  ~n~ is about  
a fac tor  of t w e n t y  l a rge r  t h a n  the  above  va lue  and 
tha t  a,o depends  l i n e a r l y  on the  hole  concen t ra t ion .  
F o r  t he  p re sen t  samples  w h e r e  p _~ 8 X 1017, the  es t i -  
m a t e d  v a l u e  of a,o is 4 X 10 -16 cm 2. Us ing  the  m o r e  
r ecen t  va lues  of ant and  ~,o, t he  ca l cu la t ed  v a l u e  of t he  
scale fac to r  is K _~ 5. 

W h e n  plots  of  K vs. t e m p e r a t u r e  and  ~ vs. t e m p e r a -  
t u re  w e r e  m a d e  us ing  the  v a l u e  K = 5, t he  two  cu rves  
w e r e  found  to h a v e  a s imi l a r  shape  bu t  to di f fer  in 
magn i tude .  I n  v i e w  of t h e  unce r t a in t i e s  i n v o l v e d  in 
t he  e s t ima tes  g i v e n  above ,  i t  was  dec ided  to use  K 
as an  e m p i r i c a l l y  d e t e r m i n e d  scale  factor .  This  was  
accompl i shed  by  ca lcu la t ing  the  v a l u e  of K r e q u i r e d  
to m a k e  the  cu rves  co inc ide  at  400~ T h e  e m p i r i c a l  
va lue  (K ---- 32) was  t h e n  used  in con junc t i on  w i t h  
e x p e r i m e n t a l  va lues  of ~ at 600 ~ and  900~ to ca lcula te ,  
us ing Eq. [17], n e w  v a l u e s  of F. T h e  e x p e r i m e n t a l l y  
d e t e r m i n e d  va lues  of F a re  p lo t t ed  in Fig. 4 a long  
w i t h  the  comple t e  t h e o r e t i c a l l y  p r e d i c t e d  c u r v e  of 
Wiley .  As can  be seen, t he  e x p e r i m e n t a l  a g r e e m e n t  
is qu i t e  good. 

In  the  above  m a t h e m a t i c a l  d e v e l o p m e n t ,  t he  reason  
w h y  ( Z n - O ) - p a i r i n g  p roduces  an  inc rease  in t he  r e d /  
i n f r a r ed  emiss ion  ra t io  can  be  eas i ly  seen. Less obv i -  
ous is w h e t h e r  an  inc rease  in ( Z n - O ) - p a i r i n g  can  ac-  
count  for  the  o b s e r v e d  increase  in p h o t o l u m i n e s c e n t  
efficiency. To a n s w e r  th is  quest ion,  np should  be e x -  
pressed  in t e r m s  of F, r N, etc., and  the  r e su l t i ng  
equa t ion  d i f f e ren t i a t ed  w i t h  respec t  to F. I f  d q J d F  > 
0, this  indica tes  tha t  ( Z n - O ) - p a i r i n g  does i m p r o v e  the  
p h o t o l u m i n e s c e n t  eff ic iency as wel l .  The  ca lcu la t ion  
is g iven  here ,  bu t  i t  is easy  to s h o w  tha t  dqp/dF is, in 
fact, a lways  posi t ive .  This  r e su l t  is r e a s o n a b l e  because,  
phys ica l ly ,  r a d i a t i v e  r e c o m b i n a t i o n  is be ing  sh i f ted  
f r o m  the  u n p a i r e d - o x y g e n  cen t e r  to t h e  (Zn,O) - c e n t e r  
w h i c h  has  a l a r g e r  c a p t u r e  cross  sec t ion  and, hence ,  a 
fas te r  m i n o r i t y - c a r r i e r  c ap tu r e  ra te .  

A l t h o u g h  ( Z n , O ) - p a i r i n g  is seen  to increase  ~lp, the  
a m o u n t  of th is  inc rease  cou ld  not  be q u a n t i t a t i v e l y  
de t e rmined .  I t  was  neces sa ry  to m e a s u r e  ~lp at  r o o m  
t e m p e r a t u r e  w h e r e  the  r e l a t ionsh ip  b e t w e e n  ~lp and 
t h e  va r ious  f u n d a m e n t a l  quan t i t i e s  becomes  v e r y  com-  
p l i ca ted  and  i nvo lves  add i t iona l  p a r a m e t e r s  wh ich  de-  
pend  on Nr (19). Thus,  i t  is not  p rac t i cab le  to ca lcu-  
la te  dnp/dF at r o o m  t e m p e r a t u r e .  The  o b s e r v a t i o n  tha t  
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Fig. 4. A plot of the present experimental results is shown to- 
gether with the theoretical pair-equilibrium curve of Wiley. 
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the plateau value of ,1~ was reached in about 16 hr 
of 400~ annealing,  whereas a was still increasing at 
that  time, indicates that  ~p does not depend solely 
on F. 

There are two other possibilities which can account 
for part  of the increase in ~p with annealing.  One pos- 
sibili ty is that  oxygen is l iberated from compounds 
dur ing anneal ing  and, thereby, the total  subst i tut ional  
oxygen concentrat ion in the lattice is increased. The 
basis for this suggestion is that  Ga2Os precipitates have 
been observed (22) in GaP crystals and there is the 
possibility that other compounds which dissociate at 
a lower tempera ture  might also be present. A second 
explanat ion for part  of the net increase in ~]p is that 
anneal ing might  produce a reduction in the amount  of 
nonradia t ive  recombinat ion that  occurs. If the recom- 
binat ion through shunt  path Y were reduced, the 
photoluminescent  efficiency would increase but  the 
red / inf ra red  ratio would not be affected, as shown by 
Eq. [13]. 

To investigate the reversibi l i ty  of pairing, sample 
H-140 was heated to 900~ for 30 min  and quenched 
after it had undergone an anneal ing  cycle of 24 hr at 
400~ For comparison purposes, the original  t ~ 0 
values were 0, ---- 0.47%, ~ ---- 2.2, while the values 
after the final 30 min-900~ t rea tment  were ~]p -~ 
0.81%, ~ ---- 2.4. The reset value of a is, wi thin  experi-  
mentaI  error, equal to the original t ---- 0 value, thus 
demonstrat ing that emission can be shifted between 
the red and infrared emission bands by appropriate 
heat t rea tment  and that  no permanent  degradation was 
observed in  this sample. The reason why the efficiency, 
,lp, was not reset to its original  t ---- 0 value is not clear 
but  at least this result  is not inconsistent with the two 
lat ter  suggestions regarding the over-al l  increase in ~1, 
with annealing.  That  is, anneal ing might  have i rrevers-  
ibly increased the subst i tut ional  oxygen concentrat ion 
and /or  decreased the amount  of nonradia t ive  recom- 
bination. 

Summary 
In  the present  work we have investigated the effects 

of annea l ing  on the photoluminescence efficiency of 
Zn-O doped GaP. Samples that  were examined were 
solut ion-grown with doping concentrat ions similar to 
those used for the p-side of GaP l ight -emit t ing  diodes. 
Photoluminescence emission spectra were obtained at 
77~ in order to determine how the red and infrared 
emission bands are separately affected by heat t reat-  
ment.  Samples were cut in a small  cloverleaf shape to 
insure that  successive optical measurements  would be 
made at the same position on the sample. A SiO2 coat- 
ing was applied to samples in an at tempt  to reduce 
factors which might  adversely affect the reproducibi l -  
i ty of the results. 

The results obtained in the present invest igat ion are 
in substant ial  agreement  with those obtained by  Onton 
and Lorenz (8). We did not observe any  permanent  
degradation in the photoluminescence properties of 
bu lk  samples after prolonged heat t reatment ,  and 
therefore we a t t r ibute  the pe rmanen t  degradation of 
diode efficiency observed by  Onton and Lorenz to some 
adverse change in the electrical properties of their p - n  
junctions.  The present results are consistent with the 
notion that  low- tempera ture  annea l ing  promotes 
coulomb-bonding of Zn-O acceptor-donor pairs at 
neares t -neighbor  lattice sites (16). Using a scale fac- 
tor based upon a wel l - founded model (19), quant i ta -  
tive agreement  between the present exper imental  re-  
sults and the theoretically predicted (Zn ,O)-pa i r  equi-  
l ibr ium curve calculated by Wiley (16) has been ob- 
tained. It was shown that  the increase in total radia-  
t ive efficiency could be a t t r ibuted in par t  to an increase 
in the n u m b e r  of (Zn, O)-pa i r s  that results from low- 
tempera ture  annealing.  Other possible mechanisms 
that are proposed to explain part  of the increase in ~, 
are: (i) an increase in  the total amount  of subst i tu-  
t ional  oxygen and (ii) a decrease in nonradia t ive  
transitions, par t icular ly  through the band - to -band  

shunt  path. The observation that  the original  efficiency 
could not be reset after a subsequent  900~ anneal -  
quench cycle is qual i ta t ively explainable by either of 
the above arguments.  

Conclusions 
The results obtained in the present work indicated 

that  anneal ing temperatures  lower than  600~ are 
desirable in order to increase both the red- lumines -  
cence efficiency and the total luminescence efficiency 
of (Zn, O) doped GaP. Al though the present  work 
involved bulk  material,  similar results are expected 
for diodes fabricated with p- type  mater ial  having 
similar doping concentrations. Inasmuch as lumines-  
cence recombinat ion processes are the same for any 
band- to -band  excitation method, the only reason for 
anneal ing diodes at temperatures  higher than 400~ 
would be if the p - n  junct ion  were adversely affected 
by a long durat ion anneal ing at 400~ 

Although the present  study was unable  to completely 
evaluate the efficacy of the SiO2 films used on the 
samples, the conclusions are that  such films are 
general ly beneficial. A fur ther  evaluat ion of the films 
should be made using GaP diodes similarly coated and 
subjected to the same type of heat t reatment .  

In  view of the in tent ional ly  l imited scope of the 
present  investigation, fur ther  work of a s imilar  na ture  
is suggested in order to answer some of the unresolved 
questions. Addit ional  informat ion about radiat ive and 
nonradiat ive processes in GaP can be obtained by 
s tudying the luminescent  t ime decay of the bound 
exciton emission, as shown recent ly by Jayson et al. 2~ 
Measurements of photoluminescent  efficiency and 
emission spectra, as performed in the present  investi-  
gation, only determine steady-state  luminescent  prop- 
erties, whereas decay measurements  yield informa-  
tion about the kinetics of radiat ive and nonradia t ive  
recombination.  Through an unders tanding  of GaP re-  
combinat ion processes, obtained in such studies, it 
should be possible to improve the a l ready-high elec- 
t roluminescent  efficiencies obtainable with GaP light-  
emit t ing diodes. 
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Luminescence and Structural Properties of Thiogallate 
Ce and Eu*'-Activated Phosphors. Part l 

Phosphors 

T. E. Peters* and J. A. Baglio 
The Bayside Research Center of GTE Laboratories, Incorporated, Bayside, New York 11360 

ABSTRACT 

Thiogallate compounds represented by the formula MGa2S4 [where M = 
Ca +2, Sr +2, Ba +2, Pb +2, Eu +2, (Na+ILa+3),  and (Na+iCe+3) ] were prepared 
by solid-state reaction. Single crystals of the alkaline earth derivatives were 
also obtained by vapor t ransport  of the corresponding polycrystal l ine mate-  
rial. X - r ay  diffraction analyses of the single crystals show that  BaGa2S4 is 
cubic belonging to space group Th~-Pa3 while SrGa2S4 and CaGa2S4 are iso- 
morphous belonging to the orthorhombic space group D2h24-Fddd. X - r a y  pow- 
der diffraction results on the other derivatives indicate that  they are all  
isostructural with the Sr analogue. The alkaline earth thiogallates are the 
basis of a new type of sulfide phosphor. Rare earth ions readily subst i tute for 
the alkal ine earth in the host lattice result ing in phosphors that fluoresce 
strongly under  ul t raviolet  and cathode rays. The luminescence properties of 
the host compounds and the Ce +3 and Eu +2-activated phosphors are described. 

In  recent years much of the luminescence research 
has been concerned with the fluorescence of rare earth 
ions in oxygen dominated systems. The fluorescence of 
rare earth ions in sulfur  dominated lattices has re- 
ceived considerably less attention. Contemporary re- 
search, for example, includes the work of Brown and 
Shand (1) and Suchow and Stemple (2) who reported 
on the emission of several of the t r ivalent  rare earth 
ions in various semiconducting thiospinel host crystals. 
Anderson (3-4) investigated rare earth emission in 
zinc and cadmium sulfides and noted that  the t r iva lent  
rare earth ion can associate with a variety of acceptor 
defects, and it thereby occupies a n u m b e r  of non-  
equivalent  symmet ry  sites. This gives rise to complex 
emission and absorption spectra and consequent dif- 
ficulty in theoretical interpretat ion.  Addit ional  com- 
plications arise as a result  of broad band emissions 
originating from impur i ty  levels wi th in  the bandgap of 
sulfide host. The only efficient sulfide phosphors based 
on rare earth activators were those described by 
Urbach (5), Ward (6) and their associates beginning 
in 1946-1947. These are the infrarad st imulable alka-  
l ine earth sulfides doubly activated with Ce +3, Eu +2 
and Eu +2, Sm+~. Keller  and co-workers (7) la ter  re- 
ported on the fluorescence of v i r tua l ly  all of the rare 
earth ions in SrS and recent ly Lehmann  and Ryan (8) 
presented data on the cathodoluminescence of CaS: 
Ce +3 and CaS:Eu +2. Although the alkal ine earth sul-  
fides are efficient hosts for rare  earth ions, phos- 
phors of this type have not been widely used because 
of their  susceptibil i ty to hydrolysis. It  was decided, 
therefore, to investigate b inary  compounds based on the 
alkaline earth sulfides since these materials  should 

* Electrochemical  Society Act ive  Member.  
Key words:  luminescence,  phosphors,  s t ructural  properties,  Eu+~ 

activated,  Ce~ activated,  thiogallate. 

readily accommodate subst i tut ional  rare earth ions and 
might also be more stable toward hydrolysis. 

It has been shown (9) that the bandgap of a b inary  
chalcogenide compound can be estimated from the 
ari thmetic mean  of the bandgaps of the unary  com- 
ponents. The absorption spectra of SrS have been de- 
termined (10) and consequently the bandgap is known 
to be about 4.05 eV. Gal l ium sulfide (Ga2Ss) was 
chosen as the second part  of the b inary  system since it 
also possesses a relat ively large bandgap (3.31 eV) 
(11). The absorption edge of the b inary  compound was 
calculated to be about 3.68 eV and it would therefore 
be t ransparen t  in  the visible region of the spectrum. 
Evidence for the existence of such compounds was 
given by Bostsarron (12) who prepared CaGa2S4 and 
noted that it exhibited a complicated x - ray  diffracto- 
gram. 

Initially, the activators chosen for s tudy included 
those in which 4f,-15d --> 4f" transi t ions were known 
to play an impor tant  role in the emission process (i.e., 
Ce +3, Eu +2, yb+2) .  Of these only Ce +3 and Eu +2 were 
found to exhibit  visible emission at 300~ Subse- 
quently,  activators chosen from the remaining  rare 
earth ions in which the fluorescence arises from 
transit ions wi thin  the shielded 4f shell were also in -  
vestigated. In this report  the luminescence and struc- 
tural  properties of the host compounds and the Ce +3 
and Eu+2-activated phosphors are described. Appli-  
cations of the Ce +3 and Eu +2 phosphors and the lumi-  
nescent properties of the remain ing  rare earth ions will  
be the subject of subsequent  articles. 

Experimental 
Materials preparation.--The start ing materials  em- 

ployed in the preparat ion of the thiogallate compounds 
were high pur i ty  alkaline earth carbonates PbS,Ga20~ 
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(99.99%) and the appropriate  ra re  ear th  oxides 
(99.9%). All  reagents  except  PbS were  subsequently 
conver ted  to thei r  respect ive sulfides by react ion at 
900~176 in a s t ream of H2S gas. Stoichiometric  
quanti t ies  of the various sulfides were  then thoroughly 
mixed by grinding in a glass mor ta r  and the result ing 
blend was subjected to a solid-state reaction at 900 ~ 
1O00~ in H2S. Under  these conditions the reaction usu- 
ally resul ted in the formation of M+2Ga2S4 in about 2 
hr. The compound was obtained in the form of a sin- 
tered cake which was then mor ta red  and sieved prior 
to evaluation.  The phosphors were  formula ted  as: 
MI-~Eu~Ga2S4 or M1-2zCexNaxGa2S4 (M ---- Ca, Sr, 
Ba) .  Al te rna te  compensat ion mechanisms for Ce +'~ 
such as those expressed by the general  formulas 
M+21-3zCe~_,xGa2S4 and M+21-xCexZnxGa2-xS4 were  
also invest igated but sodium compensation proved to 
be the most effective in producing efficient phosphors. 
The monovalent  sodium was usual ly introduced as 
NaC1 but in some syntheses (viz. Na0.sLn0.sGa2S4) 
NauCO3 was found to be more suitable. The Ce 3 + and 
Eu 2+ activators were general ly  introduced at a suffi- 
cient ly high concentrat ion level  to assure accurate 
gray{merry and lower doping levels  were  achieved by 
dry dilution. 

Alkal ine ear th  thiogal late  single crystals were  grown 
from the corresponding polycrystal l ine compounds by 
iodine vapor  transport.  Quartz ampules 2.54 cm I.D. 
and 20. cm in length were  filled with  enough iodine so 
that  the pressure was approximate ly  0.5 atm at the hot 
zone tempera ture  of 960~ The ampules were  placed 
in a tube furnace with  a 200~ tempera tu re  drop over  
the length of the tube. The reaction t ime was usually 
5 days. The crystals thus obtained were  usual ly in the 
1 m m  range or less. In one case, however ,  (SrGa2S4: 
Eu),  it was possible to obtain a single crystal  with di- 
mensions 5 • 5 • 2 mm. 

Measurement techniques.--X-ray powder  diffraction 
techniques were  employed in the identification of the 
various sulfide reagents  and thiogallate compounds. 
Single crystal  lattice parameters  and space group de- 
terminat ions  were  obtained f rom Weissenberg photo- 
graphs. In addition, emission spectroscopy and chemi- 
cal analysis were  employed to monitor  the pur i ty  and 
s toichiometry of the start ing materials,  the sulfide 
reagents, and the finished phosphors. Emission and ex-  
citation spectra are given in terms of re la t ive  energy 
and re la t ive  energy efficiency vs. wavelength.  Radiant  
efficiencies under  cathode ray  exci tat ion were  deter-  
mined in a manner  analogous to that  described by 
Bri l  and Klasens (13). Photoluminescence was mea-  
sured relat ive to suitable s tandard phosphors under  
exci tat ion by a medium or low pressure mercury  vapor  
lamp whose output  was filtered by a Wrat ten  No. 7-54 
filter. The emission was detected by a Photovol t  

Photometer  equipped wi th  a 1P21 phototube and a 
Wrat ten  106 filter. 

Results and Discussion 
Crystallography.--Optical and crystal lographic ex-  

aminat ion of single crystals of BaGa2S4 show that  it is 
cubic. The diffraction symmet ry  and systematic ab- 
sences correspond to the te t rahedra l  space group 
Th6-Pa3 (14). Since the general  position for this space 
group is twen ty - four  fold and because there  are 12 
fo rmula -weigh t  units per unit  cell, the bar ium ions 
must be in two different sites; 8 Ba ions lie in the spe- 
cial position c wi th  point symmet ry  3, and 4 Ba ions 
lie in the special position a or b wi th  point symmet ry  
3. Since it is assumed that  act ivator  ions substi tute for 
Ba, these ions also lie in two different sites. The pert i -  
nent crystal  data are compiled in Table I. 

Microscopic examinat ions  of the Sr and Ca analogues 
indicated that  both these compounds are biaxial. Weis- 
senberg pat terns  confirmed that  they are isomorphous 
and belong to the or thorhombic crystal  class. The dif- 
fraction symmet ry  and systematic absence are con- 
sistent wi th  space group D2524-Fddd. As shown, how-  
ever, in Table I there  are additional extinct ions that  
are not accounted for by this space group. At tempts  to 
re index the pat terns so as to be more consistent with 
other space groups were  unsuccessful. An explanat ion 
for these anomalous extinctions is the possibility of 
twinning, al though no evidence of this was detected by 
polarized microscopic studies. Even if Fddd is indeed 
the correct space group, the point symmetr ies  for Ca 
and Sr atoms are not de terminable  f rom exist ing data 
because the general  position is th i r ty - two  fold and 
there are 32 fo rmula -we igh t  units per  uni t  cell. The 
point symmetr ies  of Ca and Sr would  be low, however ,  
since the highest possible site symmet ry  for this space 
group is 222 (positions 8a and b).  Moreover,  only half 
of the cations could occupy these positions; the re-  
mainder  would be requi red  to be in sites wi th  ei ther 
2 or 1-point symmetry.  

X- r ay  powder  diffractograms on all the other  related 
compounds show that  they are isomorphous with 
SrGa2S4. The lattice parameters  and other  crystal  data 
are listed in Table I. The observed in terp lanar  spacings 
are compared in Table II wi th  those obtained f rom the 
assumed crystal  model. 

In a recent  article, Eholie and co-workers  (15) re-  
ported the preparat ion and crystal lographic propert ies  
of PbM2X4, EuM2X4, and SrM2X4 (M ---- A1, Ga and 
X = S, Se).  The unit  cell parameters  for the supercell  
of EuGa2S4 (with their  notation a and b interchanged)  
and density (32 formula  un i t s /un i t  cell) are in good 
agreement  with our results as presented in Table I. 
(They did not repor t  any latt ice parameters  for 
SrGa2S4.) Their  single crystal  studies on PbGa2Se~ 

Table I. Crystallographic data* 

Compound a b c z pobs peale Sp.Gp. 

BaGa2S~ 12.680 (4) 12.660 (4} 12.660 {4) 12 3.92 3.98 The-Pa3 
SrGa2S~ 20.840 (4) 20.495 i4) 12.212 {4) 32 3.61 3.62 D2h24-Fddd 
CaGa~S4 20.087 (4~ 20.087 (4~ 12.112 {4) 32 3.38 3.34 D~a2~-Fddd 
EuGa~S4 20.716 (5) 20.404 (5) 12.200 (5~ 32 4.2 4.32 D2h-~-Fddd 
PbGa~S~ 20.706 (8) 20.380 (9) 12.156 (9) 32 4.6 4.92 D.-h~4-Fddd 
Nao.sLa0.sGa~Sr 20.384 (9) 20.384 (9) 12.075 (9) 32 3.6 3.69 D-2h-~-Fddd 
Nao.~Ceo ~Ga~,S4 20.230 (9) 20.230 (9) 12.130 (9) 32 3.5 3.74 Deh~-Fddd 

S y s t e m a t i c  absences  for  SrGa2St  type  s t r u c t u r e  

h k l :  h + k = 2n% h 4- 1 = 2n?, k 4- 1 = 2n;" 
k + 1 = 4n {when h is  even)  
h k o :  h ,k  = 4n 

(h + k = 4 n ) f  
hol: h,l ---- 4n 

(h + i = 4n)? 
okl: k + 1 = 4n? 
boo: h = 4nt 
Oko: k = 4nt 
001: I = 4nt 

* E s t i m a t e s  of  s t a n d a r d  d e v i a t i o n s  are  i n  pa ren theses .  
% E x t i n c t i o n s  r e q u i r e d  by  D ~ - F d d d .  
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showed that this compound is also orthorhombic 
a = 21.28, b ---- 21.54, and c = 12.72A, wi th  16 formula 
weight  uni t s /uni t  cell. These authors did not report a 
space group for this or any of the other compounds 
since, as in our case, there were  more systematic ab- 
sences observed than are strictly required by any 
orthorhombic space group. In order to explain  the 
anomalous extinctions these authors also postulated 
the presence of twinning  even though they were  unable  
to interpret the diffraction data wi th  this assumption. 
Attempts,  moreover, to refine a proposed substructure 
wi th  unit  cel l  parameters a/2, b/2, and c/2 and space 
group Bbmb were unsuccessful.  The absences found 
for the "superstructure" are, at least, consistent wi th  
Fddd and unti l  these anomalies  can be resolved by more 
extensive  structure analysis, it appears that in all  cases 
Fddd would be the most consistent tentat ive  space 
group for all  these compounds. 

Compound stability.--All of the MGa2S4 (M = Ca, Sr, 
Ba) phosphors appeared to have a satisfactory shelf  
l i fe  but efforts were made to ascertain their stability 
toward hydrolysis.  This was  accomplished by  mea-  
suring the pH change of an aqueous dispersion of sev-  
eral representative samples of each of the alkaline 
earth phosphors. The results of these measurements  
indicate that the stabil ity decreases in the order 
Ba > Sr > Ca. 

Experiments  employing  SrGa~S4: Eu indicate that the 
phosphor undergoes l imited hydrolysis  after synthesis  
which  imparts an alkaline pH to its aqueous disper- 
sion. After repeated replacement of the dispersion 
medium the pH of the l iquid returns to the neutral  
range and remains constant. The init ial  alkal ine re-  
action is probably related to the hydrolysis  of free 
SrS since phosphors prepared with  a stoichiometric 
excess of Ga2S3 did not produce this phenomenon.  
However,  chemical  analyses indicated the presence of 
both gal l ium and strontium ions in the dispersion 
medium which suggests that the init ial  hydrolysis  of 
SrS is fol lowed by  a much slower hydrolysis  of the 
stoichiometric phosphor. 

Luminescence.--The thiogallates exhibit  many  of the 
perversities observed in other sulfide phosphor systems 
with  regard to nonreproducibility.  This is particularly 
true with  the unactivated thiogallates and is much less 
so for the activated products. Only the most  consist-  
ent ly  observed characteristics of the thiogallate phos- 
phors are discussed in the fo l lowing sections. 

Unactivated phosphors.--Unactivated BaGa2S4 is inert 
at 300~ but calcium and strontium thiogallates exhibit  
a broad band luminescence.  The intensity  of the emis-  
sion is stronger near the top surface of the  reacted 
phosphor cake and diminishes  near the core. Typical 
excitation and emission spectra, which  are s imilar for 
both compounds, are presented in Fig. 1. 

Init ial ly  it was assumed that the luminescent  centers 
responsible for the host emission were  cation vacan-  
cies introduced by the sulfurizing atmosphere era- 
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Fig. I .  Relative excitation spectra (a) and spectral energy dis- 
tribution of fluorescence (b) for SrGa2S4. 
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ployed in the synthesis. However, the same emission 
was observed when syntheses were conducted in N2 or 
N2-H2 ambients  and when a stoichiometric excess of 
ei ther MS or Ga2S3 were provided in the formulation. 
In  a subsequent  invest igat ion it was found that 
MGa2S4:Pb +~ [M = Ca, Sr; Pb ~ 0.5 atomic per cent 
(a /o ) ]  phosphors exhibited excitat ion and emission 
spectra similar  to those of the unact ivated products. 
However, none of the metall ic ions with the ns 2 elec- 
tronic configuration were detected by  a spectrographic 
analysis  of the sulfide star t ing mater ia ls  or the un -  
activated thiogallate phosphors. Thus the luminescent  
center responsible for the emission of the unact ivated 
thiogallates remains  unassigned. 

Ce+S-activated phosphors . - -The fluorescence in Ce +3- 
activated phosphors arises from 2D -~ 2F electronic 
transi t ions of the Ce +3 ion. Al though visible emission 
has been reported (16) the fluorescence is usual ly 
characterized by  broad bands appearing in the near 
ultraviolet  region of the spectrum. 

Emission and excitation spectra for the Ce+3-acti- 
vated thiogallates are presented in Fig. 2. The spectra 
are for samples containing 2 a/o Ce +~. In  the isomor- 
phous calcium and s t ront ium thiogallates significant 
levels of photoluminescence were observed for concen- 
trat ions as small as 0.01 a/o and complete concentrat ion 
quenching did not occur even when all of the alkaline 
earth cation was replaced, viz., Na0.5Ce0.sGa2S4. Solid 
solutions of BaGa2S4 with Na0.sCe0.sGa2S4 are limited. 

The emission spectra of all three phosphors are sim- 
ilar; two bands are observed and their  separation cor- 
responds to that usual ly  found for the ground doublet 
2F7/2, 2F5/2. Fur thermore  the excitation spectra are 
identical for both emission bands. The excitation 
spectra for the isostructural  calcium and s t ront ium 
thiogallates are similar while that  of the BaGa2S~: 
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Fig. 2. Relative excitation spectra (a) and spectral distribution 
of fluorescence (b) for M+2Ga2S4:Ce,No phosphors. 

Ce,Na differs slightly. Diffuse reflectance spectra of the 
unact ivated thiogallate host compounds show no indi-  
cation of a strong absorption corresponding to the 
principal  excitat ion bands in the Ce +3 phosphors, while 
the Ce +3 activated compounds do absorb in this region. 
Consequently the principal  excitation bands must  be 
due to direct Ce +s absorption. In the 310 nm region, 
however, both the unact iva ted  and Ce+~-activated 
compounds absorb strongly, and it is therefore quite 
l ikely that the shorter wavelength excitation bands are 
due to host absorption. The most apparent  feature of 
these spectra is that  the excitation and emission bands 
are located at longer wavelengths than  are general ly 
observed for Ce +z in oxidic hosts, but  a spectral shift 
of this type is expected as a consequence of the nephel-  
auxetic effect (17). 

The luminescence response of the M+2Ga2S4:Ce,Na 
phosphors is compared to that  of b lue-emit t ing s tan-  
dard phosphors in Table III. The radiant  cathodo- 
luminescence efficiency of the Ce+S-activated calcium 
and s t ront ium thiogallates are approximately equal to 
the Ca2A12SiO7:Ce (P-16) phosphor while the bar ium 
thiogallate exhibits a sl ightly lower efficiency. The 
thiogallate phosphors also exhibit  a strong response to 
the radiat ion from a medium pressure mercury  vapor 
lamp but  are less effectively excited by low pressure 
mercury vapor lamp radiation. 

Eu +2 phosphors . - - In  Eu+2-phosphors the fluorescence 
arises from transi t ions be tween the 4f65d and 4f ~ con- 
figurations. The fluorescence is characterized by broad 
bands whose peak wavelength is s trongly influenced by 
the chemical nature  and symmetry  of the host crystal. 
Blasse et al. (18), for example, show that  in a number  
of oxygen-dominated compounds the Eu +2 emission 
peaks in the wavelength in terva l  390-520 nm and in 
a lkal ine-ear th  sulfides the emission has been observed 
at even longer wavelengths  (viz., CaS:Eu2+~max = 
650 nm) (8). 

The excitation and emission spectra for the Eu +2- 
activated thiogaUates are shown in Fig. 3. The spectra] 
data are for phosphors activated with 2 a/o Eu +2. 

The excitat ion spectra consist of extremely broad 
bands which extend well  into the visible region and 
overlap the emission bands to a considerable extent. 
The excitation bands in the visible are undoubtedly  
due to Eu +2 absorption since the unact ivated host com- 
pounds do not absorb in this region. As a consequence 
of this strong visible absorption, the phosphors exhibit  
a light green to yellow body color. 

Blasse et al. (18), using an approach similar  to that 
employed by Wood and Kaiser  (20) for Sm +~, de- 
scribed an approximate energy level scheme for Eu +~. 
As in the case of Ce +s, the excitation spectrum was 
interpreted in terms of the crystal field spli t t ing of the 
5d levels. This approach was successful when  applied 
to hosts where the Eu + 2 ion is located in a lattice site 
of fair ly high symmetry,  bu t  for lower symmetry  sites 
such as in  the present  case the excitation spectrum is 
too complex for such an analysis. 

Table III. Performance data for M+2G0254: Ce,Na and 
related phosphors 

C a t h o d o l u m i n e s c e n c e  Photolumineseence (e~ 
relative luminance 

k m a x ,  ~er, (c) 
Phosphor* ~m % MPMV LPMV 

C a G a ~ 4 : C e , N a  468 4.5 69 10.5 
SrGa~S4:Ce,Na 455 5.0 61.5 13.5 
BaGa2S4: Ce,Na 455 2.9 105 9.2 
Ca~AlsSiOT:Ce 405 4.5 (~) ~ - -  
MgWO4(a) 490 - -  100 
ZnS:Ag(b) 455 -- 1~ -- 

* Ce +8 conc - -2  a/o.  
(~) M g W O 4 - - N B S  No. 1027. 
(b) Z n S : A g - - N B S  No. 1020. 
(0) ~ c r ~ a b s o l u t e  r a d i a t i v e  et~iciency for  20 k V  CR exc i t a t i on .  
(d~ Eel. (22) 
(e) MPMV, L P M V - - m e d i u m  p re s su re  and  low p re s su re  m e r c u r y  

v a p o r  l amp,  r e spec t ive ly .  
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Fig. 3. Relative excitation spectra (a) and spectral energy dis- 
tribution of fluorescence (b) for M +2Ga2S4:Eu phosphors. 

As shown in Fig. 3, the emission bands are re la -  
t ive ly  nar row and depending on the choice of host 
cation they  peak in the blue-green through yel low 
regions of the spectrum. The isostructural  calcium and 
s t ront ium thiogallates form a complete  series of solid 
solutions whose spectral  energy  distr ibution vary  uni-  
formly f rom the green of Srl-xEuxGa2S4 (~ ~ 535 nm) 
to the yel low of Cal-xEuxGa2S4 (h ---- 555 nm) .  Solid 
solutions in the ba r ium-s t ron t ium system are limited. 

Tr ichromat ic  coefficients der ived f rom the cathodo- 
luminescence spectra of the  Eu +2-activated M +2Ga2S4 
compounds and some of their  b inary  solid solutions, 
together  wi th  those of several  commercia l  phosphors, 
are given on the CIE diagram in Fig. 4. In the figure 
the lines connecting the coordinate points of the 
M +2Ga284: Eu phosphors indicate the range of chroma-  
t icity values that  can be obtained f rom solid solutions 
of the type Sro.97-xEu0.03M+2zGa2S4 (where  M ---- Ca, 
Ba and x ---- 0 -~ 1.0). The double lines on the SrGa2S4: 
Eu-BaGa2S4:Eu join indicate a region of mixed  phase. 
Thus from x ---- 0 - .  0.1 the phosphors exhibi t  the 
SrGa2S4 crystal  s t ructure  and f rom x ---- 0.6-1.0 they 
possess the BaGa2S4 structure.  

One of the  more  interest ing of these phosphors is 
SrGa2S4:Eu whose chromat ic i ty  values indicate that  it 
is more  saturated in color than most of the com- 
merc ia l ly  avai lable phosphors. Employed in a color TV 
application as a substi tute for the (Zn ,Cd)S :Ag  green 
p r imary  the SrGa2S4:Eu phosphor would increase the 
gamut  of obtainable colors approximate ly  10%. It  is 
also interest ing to note that  small  (,~ 10%) substi tu- 
tions of Ba for Sr  actual ly improves the color sl ightly 
and at the same t ime improves  the stabil i ty of the 
phosphor toward  hydrolysis. 

The Eu+2-act ivated thiogallates exhibi t  an excel lent  
cathodoluminescence response as demonst ra ted  by the 
data presented in Table  IV. The table also presents 
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Fig. 4. Trichromatic coefficients of M+2Ga2S4:Eu and other 
green-emitting CRT phosphors. 

analogous data for two commercia l  phosphors which 
have served as the green p r imary  in color television 
picture tubes. 

The radiant  efficiency of the Eu+2-act iva ted  thio- 
gallates decreases in the order  Ca > Sr  > >  Ba. In gen- 
eral, the lumen equivalents  fol low this same progres- 
sion and as a consequence the differences in the 
luminous efficiencies are larger.  

A comparison of the cathodoluminescence data for 
the g reen-emi t t ing  phosphors is of par t icular  interest  
because of the excel lent  color coordinates of the 
SrGa2S4:Eu +2. The radiant  efficiency of the SrGa2S~: 
Eu +2 is observed to be only 38% that  of the (Zn,Cd)S: 
Ag but its lumen equivalent  is approximate ly  30~ 
higher. Thus it has a luminous efficiency which is 50~ 
that of the green sulfide pr imary.  Similarly,  by vir tues 
of its h igher  lumen equivalent  and a sl ightly higher  
radiant  efficiency the luminance of the SrGa2S~:Eu 
exceeds that  of Zn2SiO4: Mn by about 19%. 

At low current  densities the emission intensi ty of a 
cathodoluminescent  phosphor increases l inear ly  with 
increasing beam current.  At  high current  densities, 
however ,  ZnS type phosphors saturate or become non- 
l inear  in their  response to current  (21). The luminance 
of a SrGa2S4:Eu phosphor re la t ive  to that  of the green 
(Zn, C d ) S : A g  p r imary  is presented as a function of 
cathode current  in Fig. 5. These measurements  were  
obtained with  a 25 kV electron beam scanned at the 
normal  TV rate  over  a 4 in. X 4 in. raster. The beam 
spot d iameter  was 0.010 in. and the dwell  t ime was 
about 0.1 ~sec. The re la t ive  luminance  is observed to 
increase l inear ly  wi th  cur ren t  reaching a value  of 85~ 

Table IV. Luminescence data for M+2Ga2S4:E - and 
related phosphors 

Phosphor* 

C o o r d i n a t e s  L u m e n  Relative 
~Tcr.(a) equiv- luminance(~) 

x y % a l e n t  Let(b) M P M V  L P M V  

C a G a 2 S , : E u  0.39 0.59 7.8 
S r G a 2 S , : E u  0.26 0.69 7.6 
BaGa2S4:Eu 0.14 0.48 4.5 
ZnzSiO4:Mn (~) 0.22 0.70 7.0 
fZn:Cdl S:Ag 0.25 0.56 20.0 
SrAI204:Eu 0.28 0.55 1.5 (e) 

594 46.3 134 91 
560 42.6 80 72 
325 14.6 37 18 
510 35.7 - -  100 
428 85.6 10O - -  
-- -- 129 154 

* EU +2 c o n c - - 2  a / o .  
(") y c r - - a b s o l u t e  r a d i a t i v e  e f f i c i ency  fo r  20  k V  CR e x c i t a t i o n .  
(b* L , , r - - l u m i n o u s  e f f i c i e n c y - - l u m e n s / e l e c t  w a t t .  
(vl M P M V ,  L P M V  m e d i u m  p r e s s u r e  a n d  l o w  p r e s s u r e  m e r c u r y  

v a p o r  l a m p ,  r e s p e c t i v e l y .  
(d> N B S - - 1 0 2 1 .  
(e) Ref.  (18). 
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of the green (Zn ,Cd)S:Ag at 95 uA. Phosphors with a 
l inear  response are of interest  for use in PDF (post 
deflection focusing) and Tr in i t ron  type CR tubes where 
they are subjected to higher current  densities than 
those encountered in convent ional  TV picture tubes. 
Thus the SrGa2S4:Eu phosphor might  find application 
in one of these tube designs. 

The response of the M+2Ga2S4:Eu phosphors to the 
radiat ion from low and medium pressure mercury  
vapor lamps is also given in Table IV. The Eu +2- 
activated thiogallates are similar  to the M+2Ga2S4: 
Ce,Na phosphors in that  they have a somewhat higher 
response to the long uv radiat ion of the medium pres- 
sure mercury  lamp. However, the Eu+2-act ivated 
phosphors, in contrast to the M+2Ga~S4:Ce,Na mate-  
rials, also respond rather  well to short uv excitation. 

Sulfide phosphors are general ly  avoided in fluores- 
cent l ighting applications because of their poor main-  
tenance. The light output  of a 40W lamp containing 
(Zn,Cd)S:Ag,  for example, drops to 73% of its init ial  
value after 100 hr  of operation. The SrGa2S4:Eu phos- 
phor, while it does not compare favorably to s tandard 
lamp phosphors for maintenance,  is considerably bet-  
ter than  the (Zn ,Cd)S:Ag losing only 10% of its ini t ial  
in tensi ty  in 100 hr. 

Summary 
The synthesis and crystallographic properties of 

thiogallate compounds of the general  formula  
M+2Ga2S4 [where M = Ca +z, Sr +2, Ba +2, Pb+2, Eu +2, 
(Na+lLa+3),  and (Na+lCe+3) ] have been described. 
All  of these compounds, except BaGa2S~, are isomor- 
phous and belong to the orthorhombic space group 
D2524-Fddd. BaGa~S4 was found to be cubic and be- 
longs to the space group Th6-Pa3. 

Unact ivated BaGa2S4 does not fluoresce at 300~ but  
the calcium and s t ront ium thiogallates exhibit  a broad 
band emission peaking at 560 nm. Thus far the lumi-  
nescent center responsible for this fluorescence has not 
been identified. 

The Ce+8-activated phosphors exhibit  a strong blue 
fluorescence when  excited by the radiat ion of a medium 

pressure mercury  vapor lamp or cathode rays. The 
Eu+2-phosphors fluoresce in the b lue-green  through 
yellow region of the spectrum depending on the choice 
of host cation. The Eu+2-act ivated phosphors are ef- 
fectively excited by uv radiat ion from low and 
medium pressure mercury  vapor lamps and by cathode 
ray. 

The CIE coordinates of the SrGa2S4:Eu phosphor 
(x ---- 0.26, y ---- 0.69) indicate that  it is superior in 
color to most of the commercial ly available CRT phos- 
phors. Opt imum cathodoluminescence values are about 
50% of the green (Zn ,Cd)S:Ag pr imary  employed in 
color CRT's. Relative luminances of 85% are achieved 
at higher current  densities indicat ing the potential  of 
this mater ial  in CRT systems requir ing nonsaturable  
phosphors. 
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Measurement of Resistivity of Epitaxial Wafers 
Using a Voltage Relaxation Technique 

Takashi Agatsuma* 
Semiconductor & Integrated Circuits Division, Hitachi, Ltd., Kodaira, Tokyo, Japan 

ABSTRACT 

A voltage re laxat ion technique has been devised as a means of measur ing 
the resist ivi ty of epitaxial  wafers. The principle, the method, and examples 
of the measurement  are presented. In  this approach, the s teady-state  value, 
Vs, of the voltage relaxat ion characteristic which is observed when a high-  
voltage ramp is applied in the reverse direction to a point  contact diode, is 
related to the resist ivity of the epitaxial  wafer. Vs, measured on silicon slices, 
showed a power dependence of kp, where p is the resist ivity of the silicon 
slice and k is a constant. This dependence was used to obtain cal ibrat ion curves. 
It was also found, in the case of epitaxial  wafers, that  t ime spent in room air 
after epitaxial  growth, and heat conduction from the back side of the wafers, 
had to be taken into consideration. Vs could not be measured for approximately 
I hr  after epitaxial  growth, but  after 2 or 3 hr it was possible to take stable 
measurements ;  this can be explained in terms of slow surface states which grow 
with the silicon dioxide film on the surface of the wafers. When heat con- 
duction from the back side of a wafer 2001~ thick is considered, it was found 
that the pulse width of the measur ing voltage ramp should be less than  i00 
~,sec. If wafers were treated with hydrofluoric acid, then V~ could be measured 
immediate ly  after such a t reatment .  However, when t rea tments  were repeated 
on the same wafer and Vs was measured after every repetition, it was noted 
that  Vs varied •  to 5V. It is suggested that the var iat ion of Vs would be re-  
duced if the fast surface states at the interface of the SiO2 film and the silicon 
bu lk  could be ful ly occupied. 

The method for evaluat ing the resist ivi ty of epitax- 
ial wafers by  uti l izing the tu rnover  breakdown of 
point  contact diodes has been known  as the point  
contact breakdown (PCB),  or three-point  probe break-  
down, technique. This approach uses calibration curves 
obtained by measur ing the tu rnover  voltage as a func-  
t ion of the  resistivity. 

Three theories have been proposed in connection 
with the tu rnover  phenomenon associated with point  
contact diodes. The first theory explains the tu rnover  
in terms of an avalanche effect, t reat ing the point  con- 
tact diode as a step PN junct ion  (1). In  the second 
theory, tu rnover  is considered to be a thermal  effect. 
It  implies that  turnover  occurs when the tempera ture  
at the point  contact has reached the intr insic  tempera-  
ture  of bu lk  silicon (2). The third theory states that  the 
tu rnover  phenomenon  should not be considered to be a 
pure thermal  effect, but  that  a field emission effect from 
surface states may be involved (3). 

The PCB method has been explained in terms of the 
first or the second theory. However, this paper  pre-  
sents a method for measur ing the resist ivity of epi tax-  
ial wafers by the point contact breakdown technique 
based on the thi rd  theory. This method has been called 
the voltage relaxat ion technique (4). 

Principle of Measurement 
Measurement of Vs.--The principle of measurement  

is based on the relaxat ion characteristics of the volt-  
age past the tu rnover  point when a silicon point con- 
tact diode is biased in the reverse direction. A sche- 
matic representat ion of the measur ing circuit  and a 
typical example of the voltage relaxat ion characteristic 
for an N- type  Si slice are shown in Fig. 1 (a) and (b). 
The applied voltage consists of a ramp with a constant  
slope, ~10 7 V/sec, followed by  a constant  voltage 
region. The voltage ramp is applied in the reverse 
direction through the cur ren t  l imit ing resistance, RL. 

As noted in Fig. 1 (b) ,  the diode voltage rises steep- 
ly, corresponding to the rising slope of the applied 
voltage and then shows an exponent ial  decay 
characterized by the t ime constant  "T." This is the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
Key  w o r d s :  s i l icon,  p o i n t  contac t ,  t u r n o v e r  vo l t age ,  f ield emiss ion .  

first stage, Fig. 1 (b).  Subsequently,  the voltage ap- 
proaches the s teady-state  value of Vs. This is the 
second stage. In i t ia t ion  of tu rnover  corresponds to the 
point where the voltage begins an exponent ia l  decay 
from its ma x i mum value, TO. 

As observed in Fig. 1 (b),  the tu rnover  voltage and 
the t ime constant  in the first stage vary wi th  the am- 
pli tude of the applied voltage Va, but  the voltage Vs 
in the second stage shows almost no var iat ion with 
ampli tude of the applied voltage. Vs, however, as 
shown in  Fig. 2 (a) and (b) ,  was found to show a 
power dependency on resistivity of the samples. The 
turnover  voltage measured using the PCB method is 
shown as dotted lines in Fig. 2. The samples were 
mirror-pol ished silicon slices obtained from mel t -  

@ 
To.~ste. I 
w er 

rising flat 
part port 

(a) MEASURING CIRCUIT AND WAVE FORM OF VOLTAGE 
RAMP 

TO TO 

l Ist sta~e \ 2nd. stage 
TIME (01 ms/div) 

Vo;l. 300V 2, 350V TIME 
3, 400V 4, 450V 

(b) RELAXATION CHARACTERISTICS OF VOLTAGE 

Fig. 1. The Measuring circuit, waveform of the applied voltage, 
and relaxation characteristics of the voltage. 
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Fig. 2 (a) and (b). Calibration curves showing Vs as a function of resistivity for N- and P-type silicon 

grown single crystals. Before measurement ,  specimens 
were dipped in hydrofluoric acid, followed by  a de- 
ionized water  rinse and a spin dry. A tungsten  whisker 
with a 3 ~ 5~ point diameter  was used. The point  load- 
ing was 4 grams. 

The voltage re laxat ion technique uses the resist ivity 
dependency of Vs to generate cal ibrat ion curves in 
order to evaluate the resist ivi ty of epitaxial  wafers. 
Figure 3 is used to show how Vs is determined from the 
vol tage-current  and the vol tage- t ime characteristics. 
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Fig. 3. Determination of Vs from I vs. V and V vs. t plots 

It is seen that  the dense spot in the V-I  characteristic, 
after turnover,  corresponds to the value of Vs. 

Physical model of Vs.--The relaxat ion phenomenon 
shown in Fig. 1 (b) can be understood as a process of 
charge transfer  from a nonequi l ib r ium to an equil ib-  
r ium state (3). The process may be described in terms 
of the rate of change in the density of occupied slow 
surface donor states nt. The rate, dnt/dt is proport ional  
to the product of nt and the tunne l ing  probabi l i ty  of 
electrons through the forbidden zone of Si, e x p ( - - ~ /  
Fs), where Fs is the electric field s trength at the Si- 
SiO2 interface and ~ is a constant  depending on the 
properties of slow states. 

The voltage Vs is considered to correspond to the 
condition dnt/dt = 0, where  the process of electron 
t ransfer  comes to equi l ibr ium such that  the current  
due to emitted electrons from slow states balances the 
charging current  from the metal  ( tungsten) .  Under  
this condition the interface electric field strength Fs 
reduces to a value (Fss) just  large enough to main ta in  
the equi l ibr ium state for the system. 

An energy diagram showing nonequi l ib r ium and 
equi l ibr ium states for a tungs ten  point contact to N-Si  
is shown in Fig. 4. 

The voltage drop Vs across the depletion layer in the 
equi l ibr ium state is related to Fss in terms of the 
depletion layer width vs. the resist ivi ty of Si sub-  
strates. Therefore, Vs can be correlated with the re-  
sistivity of Si if an appropriate form of the junct ion  
is assumed at the point contact and Fss is also assumed 
not to change with resistivity of the Si. However, the 
resistivity dependence of Vs will not be expressed ex- 
plicitly, because the junct ion  shape at the point con- 
tact is not established, and the dependence of the 
slow surface states on resistivity is not known. Hence 
the dependence of Vs on resist ivity must  be deter-  
mined experimental ly.  

Si02 
e ~ io~ 

z~Et~ ~ L ~  TUNNELING o. CONDUCTION CURRENT 
slow ~ ~ CU.~R.RENT ~--- b. CHARGING CURRENT 
states ~ /T ~ :  FROM TUNGSTEN 

k .  S C ;NON EQUILIBRIUM STATE 

. . . .  E O U , U . , u .  STATE ~ , ,  ~ . . . .  
TUNGSTEN ~ J ~ / ~  Ev 

N-- SILICON ~ 

Fig. 4. Energy diogrom for the system under the opplieotion 
of the voltage romp. 

Results and  Discussion 
The value of Vs was found to vary  with many  

factors when  using epitaxial  wafers. 

Variation of Vs with applied voltage.--The value of 
Vs was found to vary  with tempera ture  (3). Therefore, 
the measurement  of Vs must  be made by taking into 
consideration heat conduction from the wafer to the 
sample holder, since the wafer is of l imited thickness 
and does not make a good thermal  contact wi th  the 
copper plate of the sample holder. The pulse width and 
the ampli tude Va of the applied voltage are subject  
to restrictions. 

In  order to el iminate the effect of heat conduction 
at the contact between the wafer surface and the cop- 
per plate, the pulse width of the applied voltage should 
be shorter than  the t ime it takes the heat generated 
at the point  contact to reach the back side of wafers; 
this is given by tr ~'~ 0.3 W2/k (7), where W is the wafer 
thickness and k is the thermal  diffusivity of silicon. If 
200~ is subst i tuted for W and 0.51 cm2/sec for k, tr 
0.24 msec. Figure 5 shows how the values of Vs vary  
with pulse width of the applied voltage for various 
wafers. Vs has a tendency to decrease with pulse width 
beyond 0.1 ,-~ 0.2 msec, which is of the same order of 
magni tude  as the calculated value of tr. 

Vs for thick silicon slices (5 ~ 6 ram) showed no 
var iat ion with pulse width, so the decrease of Vs with 
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Fig. 5. Variation of Vs with pulse width of the applied voltage 
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pulse width for the th inner  wafers  may be explained 
in terms of the the rmal  effect ment ioned above. Hence, 
for wafers  of practical  thickness, pulse width  of the 
applied voltage should be kept below 0.1 ~ 0.2 msec. 

When the ampli tude of the applied vol tage Va is in-  
creased, Vs decreased slowly, but  Is, the current  at Vs, 
increased noticeably. This is shown in Fig. 6 in terms 
of Vs vs. Is curves, where  pulse width  was held to 0.1 
msec. For  thick silicon slices, Vs showed no variat ions 
with applied voltage. Therefore,  the decrease of V~ 
with Is is also considered to originate from a t empera -  
ture rise at the point contact due to poor the rmal  con- 
duction at the contact surface of the wafer  and copper 
plate. Thus the ampli tude of the applied vol tage must 
be l imited to a value  just  large enough for observing 
voltage relaxation.  

Variation o~ Vs with time.--Figure 7 i l lustrates how 
Vs for N- type  epi taxial  wafers  varies wi th  t ime after 
a hydrofluoric acid etch. The width  and ampli tude of 

the applied vol tage pulse were  selected so as to give 
consistent results as discussed above. Vs showed a 
very  slight increase wi th  time, but for practical  pur -  
poses, it may be considered as constant. The var ia t ion 
of Vs for N- type  epi taxial  wafers  as a funct ion of t ime 
after epi taxial  g rowth  is shown in Fig. 8. The sample 
was a lot consisting of six wafers  made in the same 
epi taxial  furnace. As shown in Fig. 8, different values 
of Vs were  measured among the wafers  as wel l  as at 
various points on a given wafer  wi th in  an hour or two 
after  epi taxial  growth. There were  also points on 
wafers  through which no current  flowed. In this case, 
an oscillation appeared in the vo l tage- t ime  character -  
istics. Af te r  2-4 hr  (or longer)  Vs reached a uniform 
value without  var ia t ion f rom wafer  to wafe r  or f rom 
point to point on a g iven wafer.  

The variat ions of Vs with  t ime on wafers  after 
hydrofluoric acid etching and af ter  epi taxial  growth 
are  considered to be due to the different thicknesses 
of the insulat ing thin films on the surfaces of the 
wafers. These films probably increase in thickness with 
time af ter  t reatment .  Thickness of the insulat ing thin 
film as a function of t ime after  hydrofluoric acid t rea t -  
ment  is shown in Fig. 9. These data were  measured  
by e l l ipsometry  (5). In this case, the ext inct ion coeffi- 
cient, k ---- 0, and the re f rac t ive  index, n = 1.45 for SiO2 
were  used for the insulat ing thin film. As can be seen 
in Fig. 9, an SiO2 film of 8-12A was formed imme-  
diately af ter  the t rea tment ;  in a few days it became 
17-19A thick. 

The var ia t ion of SiO.2 film thickness as a function 
of t ime in room air af ter  epi taxial  growth is shown 
in Fig. 10. Immedia te ly  af ter  epi taxial  growth, the 
surface is seen to be covered  with  an SiO2 film of 
~4A. In a few hours the film gradual ly  grew in 
thickness to ~14A. However ,  it did not grow beyond 
~14A even after  several  weeks. 

As shown in Fig. 8, wi thin  1-2 hr  af ter  epitaxia] 
growth Vs had different values f rom wafer  to wafer,  
and from point to point on a given wafer.  This period 
of 1 to 2 hr is considered to correspond to the t ime 
for which the thickness of the SiO2 film is in the range 
of 4-8A. After  3-4 hr, where  Vs showed no variat ion 
f rom wafer  to wafer,  the SiO2 film was observed to 
grow to 8-12A (see Fig. 10). This may  indicate that  
for the measurement  of Vs on epi taxial  wafers, an 
SiO2 film of ,~10A in thickness is requi red  on the sur-  
face. For  wafers  after a hydrofluoric acid t reatment ,  
an SiO2 film of 8-12A in thickness was formed on the 
surface immedia te ly  af ter  t rea tment  (Fig. 9). Thus, 
Vs can be measured immedia te ly  af ter  a hydrofluoric 
acid t reatment ,  Fig. 7. 

Fig. 7. Var iat ion of  Vs with 
t ime af ter  hydrofluoric acid 
treatments 

2 4 0  

2 

leo" 

1 7 0  

J 1 6 0  

1 5 0  

12 

I I 0 ~  

f l  
0 

I 

I I I 
2 3 ~ , o  ~ 

o ~ 

I J m I I I 
3 5 "~ IO 4 2 3 5 7 iO 5 

TIME (SEC) 

N-type EP Si 
HF dip ; 30sec  
DI  water rinse 

S -  ~ spin dryed 

a e .  different 
o ,  waferl 

n 
v 



Vol. 119, No. 2 R E S I S T I V I T Y  O F  E P I T A X I A L  W A F E R S  241 

1 4 0  

" "  1 3 0  u) 

h 

1 2 0  

I 1 0  

N - t y p e  E P  Si 

o f  d i f f e r e n t  w a f e r s  o ,-, �9 �9 " s  

; V a r i a t i o n  o f  V s o n  
a n  i n d i v i d u a l  w a f e r  

I I n I I , I i I i I I i 

5 7 I0  5 2 3 5 7 10 4 2 3 5 7 I0 s 2 

T I M E  ( S E C )  

Fig. 8. Variation of Vs with 
time af ter  epitaxial  growth. 

~ 2 0  
v 

( n  
( / )  
i l J  
z 

f J  

~_ io 

IE 
. J  

o ;  N-Si  
& ; N-EP 
�9 ; P-EP 

n~ ; I . 45  
kox ; 0 
n=u ;4.05 
kr ; 0.028 
STORAGE IN ROOM AIR 

o �9 

x xA  
x 

o A �9 
A �9 

o 

O 
O 

O O 

% ~ 

o o o Q O i p  
0 0 

0 0 0 A 

m 

A A A 

n I I I ~ ~ n n n I a n n n I n I a I 
" ~  2 :5 5 7 I03 - 3 5 7 104 2 :5 5 7 105 2 3 5 7 

TIME (SEC) 
I I I I I I I 

I0 30 60min 2 3 4 5 
I I I I I I I 

IOhr I 2 5 IOday 

Fig 9. Film thickness of Si02 
as a function of time after hy- 
drofluoric acid treatment. 

2O 

u )  

z 

o 

p.  

N-type EP Sl 

�9 [] o ;DIFFERENT LOTS 
llox ; 1.45 
kox ; 0 
nsi ; 4.05 
ks( ; 0.028 
STORAGE IN ROOM AIR 

o 

o 

%. 

o o ~ 

| 

| 
x �9 o 

A 

| 

to s io �9 
TIME (SEC) 

| i i a I i I 

""~J '0 30 60rain' 2' i 4 5 IOhr ; i 5 ' '  '1() ;~Odo 

The  r e q u i r e m e n t  of an  SiO2 fi lm ~ 1 0 A  th ick  on the  
su r face  of Si for  cons i s ten t  resu l t s  shows  e v i d e n c e  tha t  
t he  s low su r face  s ta tes  r e spons ib le  for  t he  vo l t age  r e -  
l axa t i on  a r e  f o r m e d  a f t e r  t he  SiO2 fi lm becomes  ~IOA 
thick.  

Fig 10. Film thickness of SiO~ 
as a function of time after 
epitaxial growth. 

Waveform of voltage re~,axation.--Figures 11 (a) and 
(b) show the  va r i ous  types  of vo l t age  r e l a x a t i o n  w a v e -  
fo rms  for  N - E P  Si wafers .  F i g u r e  l l ( a ) - ( 1 )  g ives  t h e  
n o r m a l  m o d e  of  vo l t age  r e l a x a t i o n  and Fig,  t l ( a ) - ( 2 )  
shows  the  case w h e n  seconda ry  b r e a k d o w n  occurs  (6).  
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This is observed in thinner,  higher  resist ivi ty epi taxial  
layers. In this case, the ini t iat ing vol tage of secondary 
breakdown is measured as Vs. 

Figures l l ( b ) - ( 1 )  and (2) are used to show the 
condition for epi taxial  wafers  having an SiO2 film 
~26A thick. No current  was observed to flow and thus 
the measurement  was not possible. Also, Figures 11 (b ) -  
(3), (4), (5), and (6) show abnormal  modes observed 
during the first 10 min to 1 hr af ter  epi taxial  growth. 
As noted, Vs could not be defined. 

Variations oJ Vs with successive hydrofluoric acid 
treatments.--The manner  in which Vs for the same 
wafer  of N- type  EP Si varies  as a function of the 
number  of times it is subjected to hydrofluoric acid 
t rea tment  is shown in Fig. 12. The t reatments  and the 
measurements  were  repeated every  hour and repeated 
9 times. Also shown in Fig. 12 are different V-I  char-  
acteristics. For  the "0" trace, V8 ~90V and for the 
"X"  trace, Vs ~100V. 

When the vol tage ramp was applied successively to 
the same point on a wafer,  Vs was observed to increase 
at every  repet i t ion of the voltage pulse. The var ia t ion 
of Vs as a function of the number  of t imes the ramp 
vol tage was applied is shown in Fig. 13. (The sample 
used was the same as that  of Fig. 12.) As shown in 
Fig. 13, when Vs was ~90V, the change of Vs was 

small  (,-,2V). For  a Vs of ~100V, the var ia t ion was as 
large as 6V. 

The change of Vs when  city water  and deionized 
water  were  used a l te rna te ly  for rinsing af ter  hydro-  
fluoric acid t rea tment  is shown in Fig. 14. (The same 
sample studied in Fig. 12 was used again.) Vs for the 
deionized water  rinse was ,~100V, but it became ~90V 
when city water  was used. The magni tude  of this 
var ia t ion is consistent with that  noted in Fig. 12. Thus, 
it is possible that  the variat ions observed in Fig. 12 
are due to fluctuations in the pur i ty  of wa te r  used for 
post rinsing after  the hydrofluoric acid treatments.  

As i l lustrated in Fig. 12 and 13, the var ia t ion  of Vs 
with successive hydrofluoric acid t reatments ,  as well  
as wi th  every  repet i t ion of applied voltage, was ac- 
companied by a different slope of the ohmic region 
in the V-I  characteristics. Al though the V-I  character -  
istics in this region are not  understood, it is assumed 
that  fast states at the interface of the SiO2 film and 
the silicon bulk are responsible for the current  con- 
duction of the region as shown in Fig. 4. Then, the 
rate equation for the number  of electrons in fast states 
can be given in terms of the change in nt (8), where  
nt is the density of occupied fast states of the donor 
type capable of emit t ing electrons into the conduction 
band of Si. 
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with 

dnt 

d t  
= Cn (nspt  - -  n tn l )  + J t / q  [1] 

nl = Nc exp [-- (Ec -- ED/kT]' 

ns = Nc exp [-- (Ec -- EFe)/kT] 

Pt = N~ --  n~ 

where  Nc is the effective density of states for the con- 
duction band, Nt is the  densi ty of fast states, C,  is the 
capture  coefficient of e~ectrons, Et is the energy  Ievel 
of fast states (assumed to have  a single charged center)  
and EFe is the quas i -Fermi  level  of Si to which a 

negat ive bias is applied. J t / q  represents  the charging 
current  of electrons f rom tungsten. 

In the present  case whe re  the rise t ime of the ap-  
plied ramp is long enough compared to the t ime con- 
stant of fast states, the system can be regarded as being 
in a s teady-s ta te  condition. Then, the cur ren t  in the 
ohmic region is given by the first te rm of Eq. [1] as 

Js = qCnNc [p~ exp {-- (qV + C B ) / k T }  
-- nt exp {-- (Ec --  E t ) / k T } ]  [2] 

where  Cs is the barr ie r  height  for a tungsten-s i l icon 
contact, and V is the reverse  applied voltage. For  large 
bias voltage the first te rm in Eq. [2] can be neglected, 
so Js varies  largely  wi th  the values of nt  and Ec --  Et. 
Subst i tut ing typical  values for fast states under  large 
bias vol tage (8) (C,~ = 10 - s  cm3/sec, Nc = 2 • 1021~ 
cm s, E c - - E t  = 0.15 eV, nt = 1013 cm -s,  k T  = 0.025 
eV) in Eq. [2], Js becomes 104 A / c m  ~, which is found 
to correspond to the experiments ,  ~104 A/cm2 for Is = 
10 mA and the radius at the point = 7.5~. 

Thus, for the sample that  has Vs ~90V and a steeper 
slope, the ohmic region is considered to have the 
higher  density of occupied fast states, nt. On the  other  
hand, the sample that  has a V8 ,~100V shows evidence 
of fast surface states that  are par t ia l ly  occupied and 
that  interact  wi th  the unoccupied fast states. 

The Vs variat ions at every  repet i t ion of the applied 
vol tage are assumed to resul t  f rom a decrease in the 
density of fast states capable of emit t ing electrons, ~ ,  
due to the t rapping of electrons in the unoccupied fast 
states. If  this is the case, it wil l  be understood that  
for the sample of V~ ~90V, which showed the lowest 
value of Vs variat ions in Fig. 13, the densi ty of unoc- 
cupied fast states is considered to be minimum. The 
sample of Vs ~100V which showed a large var ia t ion  of 
Vs with repet i t ive  pulse' applicat ion has a large density 
of unoccupied fast states which act as a t rapping center  
for electrons. 

The variat ions of Vs wi th  wate r  af ter  HF  t rea tment  
may also be understood in terms of the densi ty of oc- 
cupied fast states which are able to emit  an electron 
into the conduction band. The sample t reated with  
city wate r  has a h igher  densi ty  of occupied fast states. 
For the deionized wate r  r insed sample, the density of 
occupied fast states is considered to be lower, and is 
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also subjected to variat ions with pur i ty  of the deion- 
ized water. 

From the above experiments  and discussions, it is 
evident  that  in order to measure V~, the fast states 
must  be ful ly  occupied (metallic surface).  Under  this 
state, the effect of fast states on V, will be eliminated. 

Comparison with usual PCB method.--Figure 15 
shows a comparison of the voltage relaxat ion curves 
for two cases where the rising slopes of the voltage 
ramp are 107 V/S and 105 V/S. A N-Si slice of 3.8 ohm- 
cm resist ivity is used. The rising slope for the lat ter  
case corresponds closely to that  of the PCB method 
which uses a 50 Hz half rectified voltage. 

For Fig. 15-(a) many  values of tu rnover  are seen 
depending on the ampli tude of the voltage ramp, but  
in each case the voltage relaxed towards its s teady-state  
value, Vs. On the other hand, for Fig. 15-(b) ,  it was 
not possible to define a s teady-s ta te  value, Vs, since 
the turnovers  were not characterized in terms of the 
relaxat ion process as described in Fig. 1 (b).  However, 
the turnovers  occurred at near ly  the same voltage, ir-  
respective of the ampli tude of the voltage ramp. This 
indicates that  the tu rnover  voltage can be correlated 
with the resistivity, as utilized in the PCB method. 
The tu rnover  voltages as a funct ion of Si resist ivity 
however, as shown by the dotted lines in Fig. 2, were 
seen to depart  from the Vs vs. resist ivi ty curves for 
both the lower and higher resist ivi ty ranges. 

Summary and Conclusions 
1. The s teady-state  value of Vs for voltage relaxation 

curves, which is observed when a high voltage ramp 
is applied in the reverse direction to a point  contact 
Si diode, can be related to the resist ivity of Si slices. 

2. The voltage re laxat ion is due to the emission of 
current  carriers from slow surface states at the in ter-  
face of the tungsten point  and the silicon dioxide film 
through the forbidden zone into the conduction band 
of Si; Vs corresponds to the voltage which gives a 
critical field s t rength at the interface of Si and 8iO2 
film just  large enough to hold a steady state of current  
flow for the system. 

3. The voltage relaxat ion technique, which is based 
on Vs vs. the resist ivi ty of Si slices, is applied to the 

evaluat ion of the resist ivi ty of NN + epitaxial  wafers. 
In  this case, the effects of heat conduction, slow sur-  
face states, and fast surface states on "Js must  be 
taken into consideration. 

4. The thermal  consideration arising from the l imited 
thickness of silicon wafers requires that  the pulse width 
of the voltage ramp should be below ~I00  /~sec and 
the ampli tude should be l imited to a value just  large 
enough for observing voltage relaxations.  

5. For the measurement  of Vs, an SiO2 film ,-~10A in 
thickness is required for growth of the slow surface 
states necessary for voltage relaxation. Moreover, the 
fast states must  be ful ly occupied. In this case, a 
higher slope of the ohmic region of V-I  characteristic 
is obtained, and less var iat ion with repeti t ive applica- 
tions of the voltage ramp is seen. 
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Growth Mechanism for Germanium Deposition 
near a SiO=-Ge Boundary 
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ABSTRACT 

Enhanced growth (ridge growth) of germanium on germanium near  an 
ox ide-germanium boundary  has been studied in the Ge-H-CI system as a func-  
tion of tempera ture  and oxide pad width. A model is presented assuming that  
surface diffusion of some germanium-conta in ing  species occurs along the 
SiO2 pads, thereby feeding addit ional mater ia l  to the ge rman ium at the pad 
edge to form the ridge. It is shown that  volume diffusion effects alone cannot 
explain the data. It appears that the reaction at the ox ide-germanium boundary  
is much faster than surface diffusion and that adsorption of ge rman ium-bea r -  
ing species on the oxide mask constitutes a ra te- l imi t ing  step. 

A number  of investigators (1-14) have studied the 
selective epitaxial  deposition of silicon, germanium,  
and gal l ium arsenide through holes in thin SiO2 masks. 
In some cases (6, 7, 8, 12) an enhanced growth or 
"ridge" on the otherwise p lanar  Si epi taxy has been 
observed immediate ly  adjacent  to the edge of the SiO2 
mask. In  a t tempt ing to prepare such structures for 
epitaxial  depositions by either vapor phase or l iquid 
etching, sometimes an enhanced etching or t rough 
formation has been found in the semiconductor surface 
just  at the edge of the mask (5, 7-9). 

The ridge growth has not been studied in detail 
par t ly  because of the prevalence of Si nucleat ion on 
the oxide. It has been reported, however, that the ridge 
growth could be reduced by using narrow oxide win-  
dows (7), or by lowering the tempera ture  or reactant  
concentrat ion (12). Alexander  and Runyan  (5) and 
Schnable et al. (7) showed that  the reaction of Si and 
SiO2 in the presence of H2 (or HzO) explains in part 
the trough formation above 1250~ Oldham and Holm- 
strom (8) assumed that both ridge and trough forma- 
tions are due to enhanced reactant concentrations and 
hence enhanced growth and etching rates at the edges 
of the holes. They develop a volume diffusion model 
and are able to explain qualitatively their observed 
trough formation. Shaw (i0) speculates that in the 
liquid etching of GaAs there is a surface diffusion 
of etchant along the mask which leads to enhanced 
etching at the edge of the hole. Sirtl and Seiter (12) 
report that the use of silicon nitride masks eliminated 
both the trough and ridge formation in Si although 
very little experimental data was presented. 

In the epitaxial deposition of Ge from GeCl4 and H2, 
we have found that ridge growths occur around the 
periphery of SiO2 masking pads on the Ge surface. 
Trough formation has not been observed. In this sys- 
tem the Ge does not either nucleate on or react with 
the SiO2 mask at the relatively low temperatures of 
600~176 used. For these reasons and because the 
ridge growth was found to vary significantly over a 
wide range of growth conditions, this system was in- 
vestigated in some detail both theoretically and ex- 
perimentally. 

A model has been developed assuming that  surface 
diffusion of some Ge-conta in ing  species occurs along 
the SiO2 pads, thereby feeding addit ional  mater ia l  to 
the Ge at the pad edge to form a ridge. The model is 
able to explain both the increase of ridge growth with 
tempera ture  and the saturat ion of growth with in-  
creasing pad width. It  is shown in the Appendix that  
a pure volume diffusion model cannot explain the ex- 
per imenta l  results. 

* Electrochemical  Society Act ive  Member ,  
K e y  words:  r idge growth,  selective epitaxial deposition. 

Experimental 
Oxide pad formation.--Prel iminary observations of 

ridge growth on par t ia l ly  masked substrates indicated 
that  the excess or ridge growth was sensitive to both 
tempera ture  and oxide pad width. Therefore, ridge 
growth was invest igated systematically as a function 
of these parameters.  First, SiO2 (20O0A) was de- 
posited on <110> germanium substrates. Then  oxide 
pads were formed on the substrate using conventional  
photoresist-etch techniques in the pat tern  shown in 
Fig. 1. These pads were rectangles in  sets of three 
having a length to width ratio of 5: 1. The oxide pad 
widths, equal  to the interpad widths, varied from 40 
to 588 ~m. The oxide pads covered approximately  16% 
of the total ge rmanium area. The germanium sur-  
rounding the oxide pads was then  selectively etched 
to a depth of 1 ~m using an H202-HfO solution. During 
this etching an oxide overhang developed from the 
etch undercut t ing  the oxide at the SiO2 boundary.  The 
amount  of undercut t ing  was the same as the etch 
depth of 1 ~m thereby forming a 45 ~ angle for the 
mesa side. 

Ge rman ium was deposited from a GeC14-H2 mix-  
ture in  a convent ional  vert ical  epitaxial  reactor under  
the following conditions: substrate tempera ture  range, 
600~176 Ge/H2 ---- 3.6 • 10-4; l inear  gas stream 
velocity, 175 cm/min ;  growth times were constant  at 
11 min. Under  these conditions the growth rate was 
constant at 0.099 ~m/min  (15), and ridge growth im- 
mediately adjacent  to the oxide was noted for all 
samples. 

Fig. i. Mask pattern 
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Fig. 2. Schematic of a representation of a section through a 
ridge showing coordinate system. 

Ridge measurement.--Vertical profiles of the ridge 
were  taken across the shor ter  dimension of the pads 
employing a stylus gauge. The top of the germanium 
epi taxy far  f rom the oxade pads, ex t reme let t  or r ight  
(Fig. 2), was taken  as the reference  level. The excess 
growth area, A in square cent imeters  was calculated 
f rom the area under  the Talysurf  curve above the 
reference level  which corresponded to the cross- 
hatched area in Fig. 2. Thus A is the growth above that  
which one would  expect  on a bare Ge wafer.  The fig- 
ure  depicts a case where  the epi taxial  refill level  cor-  
responds exact ly  wi th  the oxide level. Exper imenta l ly  
we could approach this exact  refill case wi th in  15% 
and in cases where  there  were  deviations, corrections 
were  made to s imulate  a perfect  refill. In addit ion a 
small  correct ion was made to the calculated excess 
area due to the nonplanar i ty  of the ge rmanium sur- 
face under  the oxide overhang. This correction was no 
greater  than 5% and usually was less than 1%. It  was 
found that  the excess growth  be tween  pads of a set 
was the same as that  exter ior  to a set. 

Results.--In Fig. 3 a scanning electron microscope 
photograph of a typical  r idge surrounding an oxide 
pad is shown. Ridges were  smooth, nonfaceted, and 
typical ly  1-2 ~,m high. A few ridges were  3 ~m high. 
They could extend to a distance of 200 ~m f rom the 
oxide. In Fig. 4 we plot the average  excess growth 
area as a function of oxide pad width. The deposition 
tempera tures  for the samples range f rom 600~176 
The dashed curves through the exper imenta l  points 
are discussed later. We note that  the exper imenta l  
points for each excess growth  curve  seem to begin 
parabolical ly at the smaller  pad widths but  then satu- 
ra te  for larger  pad widths. We also note that  the maxi -  
mum excess area increases with increasing tempera-  
ture. 

Fig. 3. Scanning electron microscope photograph of "ridge 
growth" surrounding an oxide pad. 

�9 600oc  

= 650% 

o 700~  ~' Z~ 

| 800~  

875~  
| 

| | ~ - -  - -  

12 . /  

w 

w 8 

T F / | 
6 ~- , /  @ 
5~- o o o o ~' 

o �9 ix ~ . _ _  - -  - o -  o 

Width 1 [ c~'lo-3] 

Fig. 4. Excess area of the ridge as a function of pad width. 
- -  ~ Theoretical. 

It was observed f rom ridge examinat ion  with the 
scanning electron microscope that  the Ge-SiO2 con- 
tact angle of the r idge var ied  marked ly  during growth 
as a function of t ime of growth.  It was also noted that  
the overgrowth  of Ge on the SiO2 was a small  fraction 
of the pad width. 

Model 
To our knowledge,  the only quant i ta t ive  analysis of 

excess growth during select ive chemical  vapor  deposi- 
tion is due to Oldham and Holmst rom (8). In a sense, 
their  system is the " inverse"  of ours since in their  
case the rat io of exposed Si area to that  of the oxide 
mask is small. Their  analysis is based on a calculat ion 
of an enhanced volume diffusion field. In the Appen-  
dix it is shown that  this effect cannot explain our 
observations. However ,  the results of the preceding 
section suggest the fol lowing model: r idge growth 
is due to the surface diffusion on the oxide of some 
Ge-bear ing  species to the Ge-oxJde boundary. 

Referr ing to Fig. 2, a s tagnant  layer  of thickness b 
allows volume diffusion. The existence of a s tagnant  
layer  has been argued by several  authors (16-19) as a 
convenient  means of calculat ing mass t ransfer  coeffi- 
cients. The impinging molecules may then be in- 
corporated direct ly  at the Ge-vapor  interface or be 
adsorbed on the oxide of width  2/ whe re  they wil l  
diffuse to the oxide-Ge boundary.  In both cases, in-  
corporation into the Ge lat t ice requires  a chemical  
reaction. In  the Ge-H-C1 system, the net  react ion is 

GeC14 + 2H2 ~ Ge + 4HC1 [1] 

and it is assumed that  GeC14 is the major  chemical ly 
react ive species. A detai led thermodynamic  analysis of 
this system, s imilar  to that  carr ied out by Lever  (20) 
on the Si-H-C1 system, is contained in unpublished 
work  by Silvestri .  For  low C1 to H ratios and for in- 
creasing temperatures ,  this analysis shows that  most 
of the GeC14 wil l  first be conver ted to GeHCla and 
with fu r the r  increase in t empera tu re  to GeC12. In lieu 
of any detailed kinetic informat ion we simply point 
out that  if this conversion is sufficiently rapid, then 
the major  chemical ly  reac t ive  species diffusing through 
the stagnant  layer  could be GeHC13 or GeCI2. Inves t i -  
gations by infrared spectroscopy (21-23) indicate that  
such might  be the case, al though operat ing conditions 
were  different f rom ours. The over -a l l  react ion [1] is 
assumed to hold also for the adsorbed GeC14 at the 
oxide-Ge boundary.  I so thermal  conditions are assumed 
since main ly  processes at the interface are considered. 
Also it can be shown that  essential ly s teady-s ta te  
conditions prevail .  

In order to set up the surface diffusion model, let  
n(x)  be the number  of adsorbed molecules on the 
oxide per  unit  area. The coordinate x refers  to the 



Vol.  119, No.  2 G R O W T H  M E C H A N I S M  F O R  GE D E P O S I T I O N  247 

direct ion para l le l  to the wafer  in Fig. 2. I t  has been 
shown (24-26) that  n must  obey the mass-balance 
equat ion 

d2n n 
D s - -  + ~ = 0 , [ x  l < ~  [2] 

dx 2 

where  Ds is the surface diffusion coefficient, ~ the 
mean l i fe t ime of an adsorbed molecule  on the oxide, 
and ~ is the flux of impinging molecules. Physically,  
the first t e rm of [2] is the divergence of the surface 
flux which must  accommodate  the ne t  flux f rom the 
vapor. This net  flux may  be v iewed as a detailed 
balancing of two processes: a flux ~ f rom the vapor  
to the oxide which may  have  to take an adsorption 
barr ier  into account and a reverse  process - -n /~  due 
to desorption. The surface flux at the oxide-Ge bound-  
ary is prescribed by a f irs t-order chemical  react ion 

dn 
- -  Ds -~x : ksn, x : l [3] 

where  ks is a react ion ra te  constant. We assume a 
f irs t-order react ion since such is the case for growth 
on a bare Ge wafer  (15). Defining a mean  diffusion 
distance (24) Xs = (Ds ~)1/2, a symmetr ic  solution of 
[2] and [3] is easily obtained 

[ c o s h x / x s  ] 

n (x)  = tO 1 ~ (Ds/ksxs)  sinh I/Xs + cosh ~/Xs 
[4] 

Physically,  xs is a capture  distance; the density n 
varies  largely  wi thin  a distance Xs of the Ge-oxide  
boundary. The surface flux at the boundary is then 

dn 
Js : --Ds - ~  x=~ : xs r [Ds/ks Xs + coth l / x s ] - i  

[5] 
and the average  density is 

1 S '  ~ 
n : ~ n ( x )  dx  

I 

= "~4, 1 -- (1/Xs) (DJks x~  + coth l /xs )  

Turning now to the Ge ridge, the existence of such 
a smooth (i.e. nonfaceted) s t ructure  can be explained 
on the basis of Mullins '  analysis (2'/, 28) of morpholog-  
ical changes due to capillarity.  However ,  contrary to 
the case of grain boundary  grooving, the Ge-oxide  
contact angle is not maintained,  i.e., local edge equi-  
l ibr ium is not satisfied. If it is assumed that  each 
adsorbed molecule reacting at the Ge-oxide  boundary 
according to [1] and [3] is then t ranspor ted  by surface 
diffusion over  the r idge (formally,  the surface flux is 
continuous at x = D, the excess area A, defined in the 
last section, is just  

A = 12tjs = f l txs  ~ [Ds/ksxs + coth I / Xs ] - i  [7] 

where  12 is the atomic volume of Ge (2.21 • 10 -23 
cm3), t the  time, and where  [5] has been used. The  
argument  leading to the first equal i ty  of [7] can be 
made rigorous by using Mullins '  equat ion of motion 
of the r idge (27). It  is seen that, as a function of pad 
width  l, A is l inear  in l for l ~ Xs. The slope at the 
origin is 

dA 
: l~t ~ [8]  

dl z=0 

and is independent  of the surface processes. For  I ~ 
Xs, A saturates reaching a m a x i m u m  excess growth 
Amax 

Amax = a t  Xs r  -I- D J k s x s )  [9] 

Discussion and Conclusions 
To summarize,  two ex t reme  models are proposed. A 
surface diffusion model  in which volume diffusion 

through the stagnant  layer  is unper turbed  by the ox- 
ide, and a v o m m e  diffusion model  in which surface 
diffusion on the oxide is not operative.  The calculated 
excess growth curves  for large pad widths saturate for 
the first model  (l ~ xs) and increase l inear ly  for the 

second (~ ~ 5). Since our observations (Fig. 4) show 

a plateau region for all  temperatures ,  the surface dif-  
fusion mechanism is favored. However ,  this does not 
rule out some enhanced volume diffusion which is 
probably negligible at small  pad widths, but which 
might  dominate  for la rger  ones. In fact, exper imenta l  
observat ion on larger  pads should show again a rise 
above the plateau leve/  that  has been observed. This 
might  explain why Oldham and Holmstrom's  calcula-  
tions (8) fit their  data. A more accurate  description 
would have to couple the surface and volume diffusion 
processes. 

At this point let us examine  another  mechanism 
leading to a saturat ion of growth curves. The reaction 
at the Ge-oxide  boundary  could become surface rate 
l imited (29). Si lvestr i  (15) has established under  the 
same operat ing conditions that  above 600~ the  bare 
Ge wafer  system is mass t ransport  limited. However ,  
just  at the Ge-oxide  boundary where  the r idge is 
highest, the effective growth ra te  is about three  t imes 
faster than on the remainder  of the bare Ge surface. 
This enhanced growth  rate must  be due to an increase 
in the t ransport  of reactants  to (or react ion products 
from) the ridge. We can conceive that  for sufficiently 
large enhanced t ransport  rates due to large enough 
pads coupled with  very  fast surface diffusion or due to 
very  high l inear gas stream velocities as was observed 
by Reisman (29) in a different system, the growth rate 
wil l  reach a maximum.  This wi l l  occur when  the par -  
tial pressures of the reactants  at the surface become 
essentially equal  to the input  pressures or when  the 
par t ia l  pressures of the products become e i ther  essen- 
t ia l ly  uniform throughout  the system or zero due to 
the fast effective remova l  of products f rom the ridge 
to the gas phase. Under  these conditions the react ion is 
surface rate  l imited and fur ther  increase in t ransport  
rates, however  accomplished, wil l  not  fur ther  increase 
the growth  rate. How close are we to that  condition 
in the present  system? For  a bare Ge wafer,  Si lvestr i  
has shown (i) that  the growth rate can be at least 
doubled by doubling the l inear  gas veloci ty  [see Fig. 
6, Ref. (15)] wi thout  showing any sign of saturation 
in growth  rate  which might  occur if surface limited 
operat ion obtains (29), and a l te rna t ive ly  (ii) at 800~ 
the growth rate  would  have to increase a factor of 
sixteen before the react ion becomes surface rate  l im- 
ited. In this la t ter  case, we assume that  an increase 
in the net t ransport  of reactants  to the ridge by the 
oxide pads is equivalent  to the net increase in growth 
rate that  occurs by increasing the Ge/H2 ratio from 
3.6 • 10 -4 to -- 5.9 • 10 -3 as indicated by Fig. 2 and 
3 of Ref. (15). Thus, we conclude that  a surface rate 
l imita t ion probably has not been reached in the neigh-  
borhood of the ridge, al though any increase in t rans-  
port rates unavoidably  shifts the system closer to that  
condition. 

The expression [7] for the excess area A, has been 
fitted to the exper imenta l  data of Fig. 4. To this effect, 
the observed pla teau in A for large pad widths, l, was 
equated to Amax. An init ial  slope was est imated so 
that  the dashed (calculated) curves would  go through 
most of the exper imenta l  points at the "knee." Such 
an est imate was not carr ied out for the 875~ data. 
Araax and the slope are recorded as a funct ion of t em-  
pera ture  in Table I. In Fig. 5 and 6 of In Amax and 
In dA/dlll_-_o vs. 1iT,  it is seen that  the data points fall 
on straight  lines. Since we  have  not measured  a slope 
for 875~ two leas t -squares  lines have been calculated 
for Amax corresponding to the case when  one does or 
does not include the 875~ value  of Amax. These lines 
are almost  coincident so that  only the line correspond- 
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Table I. 

Tempera ture .  ~ 

600 650 700 800 875 

d A / d [  x 10 6 (cm) 3.3 4.8 8.8 16.7 
A m a x  • 107 (ClTI 2) 2.9 3.3 5 13.5 16.5 
x~  x 108 ( c m )  

(without  875~ point)  7.529 7.357 7.206 6.953 
x8 x 108 (cm) 

( w i t h  875~ point] 7.7 7.36 7.07 6.6 6.312 

ing to the ful l  data  has been represented in Fig. 5. 
P re l iminary  numerica l  analysis has shown that  an 
opt imum fit requires  that  Ds/ksxs ~ 1 which means 
that  the surface react ion is much fas ter  than mass 
t ransport  on the oxide. Equat ion [7] then reduces to 

A = 12t~xs tanh I/Xs = Amax tanh I/xs [10] 

Then, using Eq. [8], the mean diffusion distance can 
be expressed as 

Xs ~ A m a x  " ~  l=o  

As a function of tempera ture ,  values of xs are  calcu-  
lated according to Eq. [11] by using the leas t -squares  
fit of Amax and the slope. Corresponding to the two 
leas t -square  lines of Amax, two sets of values of x~ 
are calculated and are recorded in Table I. It  is seen 
that  xs decreases s lowly with  t empera tu re  according to 
the re la t ion xs = xs ~ exp E / k T  which is consistent wi th  
the predict ion of Burton, Cabrera, and F rank  (24). The 
values of xs just  calculated and the measured values 
of Amax allow the excess growth  to be computed ac- 
cording to Eq. [10]. The computed curves are dashed 
in Fig. 4. Both sets of xs are used and lead to curves  
differing at most by 5%. Al though our surface diffusion 
model  does predict  a plateau, the calculated curves do 
not fit the initial portions of the exper imenta l  data, 
since these present  an inflection point. In part icular ,  
the  discrepancy between the data at 875~ and our  
model  is so large that  no curve represent ing  these data 
has been shown. Al though the reason for  this lack of 
fit is not clear, we speculate that, in addit ion to reac-  
t ion [1] there  are other  competing reactions as yet  un-  
accounted for. For  example,  it might  be postulated that  
HC1, l iberated by the reaction, [1], on the Ge surface 
flows back over  the oxide and is desorbed into the 
vapor. The inclusion of a second adsorbed species into 
the model  could possibly explain the observed discrep- 
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ancy. In particular,  such an improved model  would 
have to explain the 875~ data where  deviat ions to 
the present model  are largest. 

In spite of these l imitat ions we have  tr ied to obtain 
an unders tanding of the impingement  flux ~. F igure  6 
and Eq. [8] suggest that  an Arrhenius  form holds 

r = dp o e - Q / k T  [12] 

where  k is Bol tzmann's  constant (8.62 • 10 -5 eV/~  
Since f~ = 2.21 • 10 -23 cm 3 a n d t  = 660 sec, we cal-  
culate  r = 1.69 • 10 TM cm -2  sec -1, Q = 0.67 eV. This 
suggests that  an adsorption step (which might  include 
a part ial  reaction with  energy  barr ier  Q) is ra te  l imi t -  
ing and that  ~bo is a f requency factor. The value  of r 
may  be compared with  the molecular  impingement  flux 
Z given by kinetic theory (30) 

Z = p(2~ m k T )  -1/2 [13] 

where  p is the part ial  pressure and m is the mass of 
a molecule of GeCI4. The GeC14 to H2 concentrat ion 
ratio is 3.6 • 10 -4 the mass of a GeC14 molecule  is 3.56 
• 10-22g. Z varies f rom 2.212 • 10 TM cm -2  sec -1 at 
600~ to 1.929 • 1019 cm -2 sec-~ at  875~ which is 
ve ry  close to the calculated value  of r 

Final ly  an est imate of the surface diffusion coeffi- 
cient (31) can be obtained with  Eq. [6] and [10]. Since 
Amax ~--- ~t~xs and for large pad widths ~ ~ ~ 

( A m a x  ) 2 1 
D, = Xs2/~ = \ ~ ~. r [14] 

For  large l, when  the effects of the ox ide-Ge boundary 
can be neglected, ~ could be est imated by an appropr i -  
ate adsorption isotherm. This wil l  not be pursued fu r -  
ther  since exper imenta l  data on Ds is unavailable.  

In conclusion, we observe Ge ridges at the  edges of 
SiO2 masks. These growths increase wi th  t empera tu re  
and oxide pad width. A surface diffusion model  is pro-  
posed which explains the saturat ion effect. I t  appears 
that  the react ion at the ox ide -Ge  boundary is much 
faster than surface diffusion and that  adsorption of Ge-  
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bear ing  species on the oxide mask constitutes a ra te -  
l imit ing step. It  is fur ther  shown that  volume diffusion 
cannot explain the observations. However ,  certain de-  
tails remain  unexplained;  in par t icular  the inflection 
characterist ic at higher  tempera tures  indicates some 
competing process (or processes) not being considered. 
t t  should be noted that  if the boundary condit ion [3] 
is a l tered to al low half-  and second-order  reactions, it 
can be shown that  the curves obtained still exhibi t  the 
same behavior  as [7]. Thus a more  complete descrip- 
tion wil l  have to introduce more  than one reaction and 
the diffusion paths of the products of the reactions. 

A P P E N D I X  

It remains to be invest igated whe ther  or not vo lume 
diffusion alone can expla in  the saturat ion effect. Let  
N ( x , y )  be the density of Ge-bear ing  species (mole-  
cules/cubic  cent imeter)  in the gas phase; x, y are the 
rec tangular  coordinates of Fig. 2. Under  s teady-state  
conditions, N must  obey the t ime- independent  diffusion 
equation (32) 

0iN O~N 
+ ---- 0 [A- l ]  

Ox 2 Oy ~ 

Assume then that  surface diffusion is not operative, 
i.e., n is a constant. Then Eq. [2] implies that  the net  
flux above the oxide is zero 

ON 
----0, Ix I < l  [A-2] 

BY y=o 

This boundary  condition produces a bending of the 
flux lines toward the Ge, thereby  enhancing the vol -  
ume flux to the ridge. An explicit  calculat ion is possi- 
ble when  the Ge-vapor  react ion is much faster  than 
mass transport.  The densi ty over  the Ge is then con- 
strained to its equi l ibr ium value/Ve 

N ( x , o )  ----Ne, Ix[ > l  [A-3] 

Final ly  it is assumed that  the density is mainta ined 
at a constant value No (determined by the input) at 
the top of the stagnant  layer  

N(x ,  8) = No [A-4] 

Since excess growth  between pads is the same as that  
exter ior  to a set of pads, an infinite interpad distance 
can be assumed. The solution of [A- l ]  under  the con- 
ditions [A-2-4] can be obtained by standard methods 
of conformal  mapping (33). A mapping of the z ---- 
x + iy plane into the (~,) plane can be found which 
conserves the boundary conditions and reduces the 
problem to a simple one-dimensional  one. If Im de-  
notes the imaginary  part  and k ---- ~l/28, we get 

N : Ne-~- ( N o - -  Ne) ImoJ/:~ 

[ cosh ~(Ixl + i y ) / 8 -  sinh2% ] 
o l - t -  ~ _--cosh-1 

L J cosh ~. 
[A-5] 

wi th  the restr ict ion O --~ Imp, --~ ~. Finally,  the excess 
growth is given by 

Z .o-..  ] A / a D t =  dx  ~y  ,j=o -5 

N O - -  N e 
- -  [2~ -- In cosh ~] [A-6] 

where  in the integral,  we have subtracted out the un-  
per turbed flux, i.e., the flux der ived from [A-5] for  
l --> o. This function is plotted in Fig. 7. It depends 
solely on the characterist ic ratio 1/5 (exper imenta l ly  
always < <  1) and does not saturate. The l inear rise 
for I > 8 is easily understood because the flux lines 

over  the oxide are then essential ly paral lel  to the x-  
axis. 
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High Apparent Mobility in Inhomogeneous Semiconductors 
C. M. Wolfe,* G. E. Stillman,* and J. A. Rossi 

Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02173 

ABSTRACT 

In this paper we discuss in detail a simple model for an inhomogeneous 
semiconductor which leads to an anomalously high measured mobility. Quan-  
t i tative results from this model are compared to exper imental  data from 
several different measurement  configurations with in tent ional ly  introduced 
conducting inhornogeneities. These results cast doubt on the use of a high 
mobi l i ty  as an indication of the quali ty of a semiconductor unless the homo- 
geneity is unambiguously  determined. These results may also qual i ta t ively 
account for the behavior of samples with conducting inhomogeneit ies such as 
accumulat ion layers, metall ic inclusions or precipitates, and doping variat ions 
due to polycrystal l ine growth or faceting effects. 

The effects of various types of inhomogenei ty  on the 
mobil i ty in semiconductors have been examined theo- 
retically in some detail. Juretschke et aI. (1) have 
treated the effects of nonconduct ing cavities in con- 
ducting materials.  The properties of semiconductors 
with disordered regions produced by fast neutron i r -  
radiation have been discussed by Crawford and Cle- 
land (2) and Gossick (3). A detailed t rea tment  of the 
effects of random inhomogeneities has been given by 
Herr ing (4). Bate and Beer (5) and Bate et al. (6) 
have examined the influence of macroscopic conduc- 
t ivi ty gradients and discontinuities. Weisberg (7) has 
treated the scattering of current  carriers by the space 
charge regions sur rounding  localized inhomogeneities. 
All  of these t rea tments  have shown that the mobil i ty 
of inhomogeneous samples should be anomalously low 
either as a result  of the averaging inherent  in the Hall 
and resistivity measurements  or as a result of carrier 
scattering. 

Although anomalously low mobilities are commonly 
observed experimental ly,  anomalously high mobili t ies 
have also been observed in several semiconductors, 
including silicon where  an accumulat ion layer  was 
induced on a high-resistance n- type sample by an HF 
t rea tment  (8) and GaAs which was grown under  
gal l ium-r ich conditions (9). Mobilities which appear 
to be anomalously high have also been observed in 
other compound semiconductors which were grown 
under  meta l - r ich  conditions and which may have 
metallic inclusions or precipitates (10). By means of a 
simple model we have previously shown (11) that 
high apparent  mobili t ies can be obtained in semicon- 
ductors with conducting inhomogeneities. Since this 
model may qual i ta t ively account for the high mea-  
sured mobilit ies in semiconductors with conducting 
inhomogeneities, we extend these results in the present  
paper and discuss in more detail the theoretical  and 
exper imental  effects of conducting inhomogeneities on 
resist ivity and Hall  measurements  in semiconductors. 

T h e o r e t i c a l  M o d e l  
The model which leads to an anomalously high mea-  

sured mobi l i ty  is shown in Fig. 1. This sample con- 
sists of a cyl indrical ly symmetric van der Pauw con- 
figuration (12) of radius a, conduct ivi ty  ~, and mobi l i ty  
#, with a conducting inhomogenei ty  in the center of 
radius b, conductivi ty ~o, and mobil i ty ~o. The ap- 

* Electrochemical Society Active Member. 
Key words: high mobility, iuhomogeneity, metallic inclusion, 

~aceting effect. 

parent  resistivity of this sample is determined by mea-  
suring the voltage induced between contacts 3 and 4 
with zero magnetic  field while  a current  is flowing 
through contacts 1 and 2. The apparent  Hall  constant 
is obtained by measur ing the voltage induced between 
contacts 2 and 4 by a magnet ic  field B while a current  
is flowing through contacts 1 and 3. ( In this model we 
treat the conductivi ty and the mobil i ty  as funda-  
mental  parameters  of the semiconductor, whereas we 
treat the apparent  resistivity, the apparent  Hall con- 
stant, and the apparent  mobil i ty  as parameters  of the 
measurement  sample.) By assuming that  the contacts 
have only one dimension along the sample thickness 
(t), general  expressions are derived in the Appendix 
for the apparent  resist ivity (Eq. [A-5])  and the ap- 
parent  Hall constant (Eq. [A-6])  of the measurement  
configuration. Although the numer ica l  results to be 
presented later were calculated for various values of 
the conductivi ty ratio (~o/r for discussion purposes 
these expressions can be simplified by assuming that 
the conductivi ty of the inhomogenei ty  (~o) is much 
greater  than the conduct ivi ty  of the medium (a). Thus, 
in the l imit  (~o/~ ~ co) the apparent  resistivity is 
given by 

2 

1 3 

4 
Fig. 1. Cylindrically symmetric van der Pauw configuration of 

radius r ~ a with a conducting inhomogeneity of radius r ~ b 
which leads to an anomalously high apparent mobility. The con- 
tacts are indicated by 1, 2, 3, and 4. 
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oo  

I ~ ( i  -- a2n) 3 ( - - i )  "+ I  

. . . . .  2 ~  [1] papp(a)-- ~ l n 2  = (1-~-a4n)('~-~-a 2n) n 

and the apparent  Hall  constant  is given by 

~ ( 1 - -~4n-2  ) 2 
4 ~ ~ " ~ 4 . - 2  , (1 - t -8  2 ) (__1).+ 1 

R,pp(~,8) = - - - -  ~:~ 
( l - - a 4 n - 2 )  2 ( 2 n - -  1) 

~ . = I  1 - ] -  1 - ~ - ~ - ' ~  8 2 

[2] 

where ~ is the ratio of the radius of the inhomogenei ty  
(b) to the radius of the sample (a) and 8 is the product 
of the real mobi l i ty  of the semiconductor (~) and the 
magnetic  field (B).  

From these equations we can examine qual i tat ively 
the effect of the inhomogenei ty  on the resist ivity and 
Hall  measurements .  In  the absence of an inhomogenei ty  
(a = 0) the series in  Eq. [1] reduces to In 2, so 
Papp(0) = 1/~. The series in Eq. [2] reduces to ~/4 and 
Rapp (0,8) : ~/~. The calculated mobil i ty  

Rapp (0'8) ] 
[ ~aPP (0'8) = Papp (0) 

is then equal to the real mobil i ty  of the sample. (Actu- 
ally, both the apparent  Hall  constant  and the apparent  
mobil i ty  are independent  of 8 in this case, since the 
effects of scattering mechanisms are not included in the 
model. The ~ arguments  are main ta ined  for nota-  
t ion consistency.) 

In the low field l imit  (82 < <  1), it can be seen that  
both the apparent  resist ivi ty and the apparent  Hall 
constant  decrease as the relat ive extent  of the inhomo- 
geneity is increased (~ > 0). However, the resist ivity 
decreases faster than the Hall constant, thus result ing 
in a higher apparent  mobili ty.  Physically, this is a 
geometrical effect where the current  lines in the Hall  
measurement  configuration with an applied magnetic 
field tend to spread around the inhomogenei ty  more 
than the current  lines in the resist ivi ty measurement  
configuration. Thus, the Hall  voltage is reduced less 
than the resistivity voltage by the inhomogeneity.  

For a given size inhomogenei ty  as the magnetic field 
is increased the measured Hall  constant  increases and, 
since the resist ivi ty is measured in zero magnetic field, 
the measured mobil i ty  increases. In  the high field l imit  
(82 > >  1), the measured Hall  constant is equal to ~/~, 
which is the Hall constant of the homogeneous part  of 
the sample. Physically, this effect is a resul t  of the 
current  l ines being distorted out of the inhomogenei ty  
by the magnetic  field, un t i l  in the high field l imit  there 
is no cur ren t  flow into the inhomogeneity.  As has been 
pointed out by Herr ing (4) this is a consequence of the 
interactions of the boundary  conditions between the 
inhomogenei ty  and the sur rounding  medium induced 
by the magnetic  field. 

Quant i ta t ive results for the dependence of the ap- 
parent  resistivity, apparent  Hall  constant, and ap- 
parent  mobi l i ty  on the relat ive extent  of the inhomo- 
geneity (~), the normalized magnetic  field (8), and the 
ratio of the conduct ivi ty of the inhomogenei ty  to the 
conductivi ty of the sur rounding  medium (~o/r have 
been calculated from the general  expressions derived 
in the Appendix. Since the results are dominated by 
the discont inui ty  in conductivi ty r as opposed to the 
discont inui ty  in mobi l i ty  (~o/~), it was assumed that  
8o : fl in the calculations to avoid unnecessary com- 
plications. These results are plotted in Fig. 2, 3, and 4. 

Figure 2 shows the dependence of the normalized re-  
sistivity [pa,~(~, ~o/~)~'] on ~ and r162 In  addit ion to 
the decrease in pa,,(a) with increasing ~ previously 
indicated, for small  values of ~ the major  decrease in 
pap~(~, r occurs for ~o/r between 1 and about 10. 
Thus, relat ively small values of r can significantly 
affect the resist ivity measurement .  

Fig. 2. Theoretical dependence of the normalized apparent re- 
sistivity [Papp(C~, O'o/O') o'] on the relative extent of the inhomogene- 
ity (a ~ b/a) and the ratio of the conductivity of the inhomogene- 
ity (~o) to the conductivity of the medium (~). 

The dependence of the normalized Hall  constant  

R.pp ~,8, T ~ 

on ~, 8, and ~o/~ is shown in Fig. 3. Here we see the in- 
crease in Rapp(~, r with 8 previously indicated. How- 
ever, these quant i ta t ive  results for R~pp (~, 8, ~o/~) show 
that for values of ~ as low as about  10 the measured 
Hall constant  approximates rather  closely the Hall  con- 
stant of a homogeneous sample for all values of ~. Also, 
relat ively small values of ~ro/~r have an appreciable 
effect on the Hall  constant  measurement  (for values 
of ~ greater than about 0.2 which eorresponds to 4% of 
the volume) as well  as on the resist ivi ty measurement .  

Figure 4 shows the dependence of the normalized 
mobil i ty  

[ ~app(~, 8, ~ro/{r ) ] 

on ~, 8, and ~o/~. For low values of a and 8 we see the 
increase in apparent  mobil i ty  with increasing a as 
previously indicated. However, for ra ther  large values 
of a the apparent  mobi l i ty  begins to decrease. This is 
because in the low field region the relative shunt ing 

Fig. 3. Theoretical dependence of the normalized apparent Hall 
constant [Rapp(O:,fl, O'o/O')o'/,~] on the normalized magnetic field 
(~ ---- ~B) and ~ for several values of ~o/~. 
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Fig. 4. Theoretical dependence of the normalized apparent mo- 
bility [P, app(Or fl,#o/#/P.] on ~ and c~ for several values of O'o/O'. 

effect of the inhomogenei ty  on the Hall  voltage com- 
pared to the resist ivity voltage begins to decrease for 
relat ively large inhomogeneities. In  the high field 
region, however, the apparent  mobil i ty  continues to 
increase with a since almost all of the current  is in the 
homogeneous par t  of the sample regardless of the size 
of the inhomogeneity.  Here also for a given a we see 
rather  sizable increases in apparent  mobil i ty  with 
and ~o/o, so that, depending on the various parameters,  
the apparent  mobil i ty  can exceed the real mobil i ty  by 
as much as several orders of magnitude.  

Experimental Verification 
Since the theoretical  model represents a ra ther  ideal- 

ized inhomogeneous measurement  sample, a n u m b e r  of 
the more commonly used measurement  configurations 
were investigated exper imenta l ly  to test the general i ty  
of the model. For  this purpose conducting inhomo- 
geneities were in tent ional ly  introduced into thin epi- 
taxial  layers of GaAs which were grown on semi- 
insulat ing substrates. Conducting n + regions were ob- 
ta ined by  alloying tin, and metall ic inclusions were 
simulated by al loying gal l ium into the exposed surface 
of the epitaxial  layers. This was expected to be a good 
representat ion of the theoretical model since the lay-  
ers were thin compared to the extent  of the inhomo- 
geneity and also because the current  flow tends to 
become two-d imens iona l  with increasing magnetic  field 
(4). In  addition to a number  of van  der Pauw config- 
urations, including cloverleaves, crosses, squares, and 
circles, the s tandard  rectangular  Hall  configuration was 
also investigated. The real mobil i ty  (~) was deter-  
mined from resist ivity and Hall  measurements  before 
the inhomogeneities were introduced, and the apparent  
mobil i ty  [~app (a, 8)] was determined by  measurements  
after the inhomogeneit ies were introduced. In  each 
configuration the apparent  mobil i ty  after introducing 
inhomogeneit ies was greater than the real mobility. 

Some of these results are shown in Fig. 5 where the 
ratio of the apparent  mobi l i ty  to the real mobi l i ty  is 
plotted vs. the relat ive size of the inhomogenei ty  (~). 
Experimental ly,  the parameter  a was estimated from 
the area of the inhomogenei ty  and the area of the 
portion of the sample which was measured.  The differ- 
ent symbols indicate different measurement  configura- 
tions. Exper imenta l  values of t~ were between 0.5 and 
1.0 and the corresponding theoretical  curves calculated 
for ~o > >  ~ are shown. Much of the scatter in the 
exper imental  data is caused by uncer ta int ies  in esti- 
mat ing  area. Also we expect the effect to be quan t i t a -  
t ively somewhat different in the various measurement  
configurations. However, it can be seen that  in all 
configurations an anomalously high apparent  mobil i ty  
could be obtained by int roducing a conducting in-  

FApp(=,, 8) 

L_ / B  = 1.0 

I I ] I I I I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

a 

Fig. 5. Experimental dependence of #app(~,~)/# on ~. The 
theoretical curves for ~o : > >  ,r bracket the values of fl for the 
experimental data. Different symbols indicate the different van 
der Pauw measurement configurations: O--cross, A---cloverleaf, 
[=]--square, and e---circle. The rectangle indicates the standard 
Hall configuration. 

homogeneity and that  the exper imenta l  data are in 
reasonable agreement  with the theoretical model. 

In Fig. 6 we show the exper imental  dependence of 
the apparent  mobi l i ty  on the normalized magnetic  field 
(8). The parameter  ~ was varied either by changing 
the magnetic field or by  changing the measurement  
temperature  and thus the real  mobi l i ty  of the sample. 
As in the previous figure the different symbols repre-  
sent the different measurement  configurations and 
theoretical curves calculated for ~o > >  ~ bracket  the 
estimated values of ~ for the exper imenta l  samples. As 
can be seen, the apparent  mobi l i ty  increases with ~ in 
reasonable agreement  with the model. 

Applicability 
Since it has been shown that  anomalously high ap- 

parent  inabil i t ies can be obtained as a result  of con- 
ducting inhomogeneities in semiconductors, it is ap- 
parent  that  the homogeneity of the mater ia l  must  be 
determined before the mobi l i ty  can be used as a figure 
of meri t  for the material .  Al though there are a number  
of techniques for detecting inhomogeneit ies (13), they 
may not produce definitive results for some types of 

p-ApV(=, / 3 ) 

u = 0.5 r 

[3 

�9 D �9 

a = 0 . 4  

_ l e  

I I I 
10-2 10-1 10 o 101 10 2 

Fig. 6. Experimental dependence of /~app(~,#)/~ on #. The 
theoretical curves for cro > >  ~r bracket the values of a for the 
experimental data. The symbols hove the same meaning as in 
Fig. 5. 
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mater ia l  inhomogeneity.  Unin ten t iona l ly  introduced 
conducting inhomogeneities which are similar  to the 
model constructed here are expected to have several 
characteristic features. 

First, the observation of anomalously  high mobilit ies 
is general ly not expected to be very reproducible. The 
effect may be observed in samples prepared under  
conditions which result  in accumulat ion layers on the 
surface of the measurement  sample, or for compound 
semiconductors the effect may be most commonly ob- 
served in samples which are grown under  metal-r ich 
conditions and which may have metall ic inclusions or 
precipitates. Doping variat ions in a sample may  also 
lead to measurements  of anomalously high apparent  
mobility. Since crystalli tes of different orientat ion 
c a n  incorporate impuri t ies  at different rates during 
growth (14), the effect may be observed in polycrys- 
tal l ine samples. High apparent  mobili t ies due to the 
so-called "facet effect" may also occur in Czochralski- 
grown crystals for measurement  samples which are 
cut normal  to the growth direction. [Expressions for 
the apparent  resist ivity and Hall  constant  of samples 
with conductivi ty gradients  which approximate those 
observed in the "facet effect" (15) are derived in the 
Appendix.] 

For pure samples the measured mobi l i ty  in samples 
with conducting inhomogeneities may exceed the theo- 
retical lattice scattering l imited values. For  example, 
in GaAs the polar optical phonon scattering limit (16) 
at 300~ is calculated to be 8000 +__ 1000 cmS/V-sec 
using the most accurate exper imental  parameters.  At 
77~ a lattice l imited mobil i ty  of about 240,000 cm2/V - 
sec has been calculated (17). However, by in ten t ion-  
ally in t roducing conducting inhomogeneit ies in sam- 
ples, we have increased the measured 300~ mobil i ty  
from 7400 to 24,000 and the measured 77~ mobil i ty 
from 150,000 to 740,000 cms/V-sec. 

Samples with conducting inhomogeneities may ap- 
pear to be quite uncompensated.  For measurements  
in low magnetic fields this is because the apparent  
carrier  concentrat ion is higher than the real concen- 
tration. However, this is also t rue  for measurements  in 
high magnetic fields, since, even though the apparent  
carrier concentrat ion approaches the real concentra- 
tion, the apparent  mobil i ty  is higher. 

One method of de termining the presence of conduct-  
ing inhomogeneities and thus est imating the homo- 
geneity of a mater ia l  is to examine the magnetic field 
dependence of the Hall  constant. For a homogeneous 
sample the Hall  constant  should decrease with increas- 
ing magnetic field as expected by the magnetic field 
dependence of the Hall  coefficient factor. This depen-  
dence can be estimated or calculated from the Hall  
coefficient factors for the re levant  scattering mech- 
anisms (18, 19). The effect of conducting inhomo- 
geneities however, is to give an increase in Hall con- 
s tant  with magnet ic  field which may  reduce or e l im- 
inate  the expected variation. Thus, if the magnetic 
field dependence of the Hall  constant  is anomalous, 
then the presence of conducting inhomogeneities is 
indicated. 

For the in tent ional ly  introduced inhomogeneities 
previously described, this effect is quite pronounced. 
This is shown in Fig. 7 where the magnetic field depen-  
dence of the normalized Hall  constant is plotted for a 
GaAs sample before and after an inhomogeneity was 
introduced. The upper curve shows the variat ion ex- 
pected due to the magnetic  field dependence of the 
Hall  coefficient factor (19) [r(p) ~- neR(~)] and the 
exper imental  data points for a homogeneous sample 
(open circles) are in reasonable agreement  with the 
expected dependence. The lower theoretical curves and 
exper imental  data points (solid circles) indicate the 
dependence obtained after an inhomogenei ty  was in t ro-  
duced in the sample. 

Conclus ions 
Since in tent ional ly  introduced conducting inhomo- 

geneities result  in anomalously high measured mobil-  

t r ( , 8 )  = n e R  (.8) 

O.B 

RApp(a, B)~ 
F 

OE 

a=0.4 
0.4 

of 0.5 
0.2 

J L ~ 1 = 1 , i I  , J , t r L i L I  J , i i l l l l [  I I I I I I I I  

iO'2 10" ] 10 ~ )O l 10 2 

Fig. 7. Theoretical (curves) and experimental (circles) depend- 
ence of Rapp(a, fl)r on fl for a homogeneous sample (upper) and 
a sample with an intentionally introduced inhomogeneity (lower) 
with ~ between 0.4 and 0.5. 

ities, similar effects may be observable in samples with 
other conducting inhomogeneities such as accumulat ion 
layers, metall ic inclusions and precipitates, and doping 
variat ions due to polycrystal l ine growth or faceting 
effects. This casts doubt on the use of mobil i ty as a 
f igure-of-meri t  for a mater ia l  unless homogeneity can 
be established. 
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APPENDIX 

Formulation of Model 
Consider the cyl indrical ly symmetr ic  van der Pauw 

configuration with a radial  change in conductivi ty (~) 
shown in Fig. 1. The relationship between the current  

- >  

density, J, and the potential,  V, is given by J = -~ grad 

V', where ~ is the magnetoconduct ivi ty  tensor. With 
the magnetic field B in the z direction 

0" o" 
p - -  

1 +/3s 1 +/92 

- - p  1 + p 2 ,  I + P  2 0 

0 0 cr 

where ;~ -- ~B. In  the steady state d~v ~ ---- 0 and the 
differential equation which determines the t ransport  
of charge is 

d iv~  grad V ---- 0 [A- l ]  

We next  consider a current  I through any  contact on 
the per imeter  r ---- a. The current  density at the contact 
is 

I 
Jr(a, r ---- 

taA~ 
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To s impl i fy  the  p r o b l e m  we  ob ta in  o n e - d i m e n s i o n a l  
contac ts  by l e t t ing  Ar app roach  zero. 

l ira l im  I I 
A@'~OJr(a, rp) : A@'-> O - -  __ ~ (@--  r 

taA~ ta 

w h e r e  6(~b - -  r is the  Di rac  de l t a  funct ion ,  and  r is 
the a n g u l a r  position of  the  contact. In t he  r e s i s t i v i t y  
ca l cu la t ion  we  pass a c u r r e n t  t h r o u g h  the  con tac t s  at 
r = ~/2 and  r ---- 0, w h i c h  re su l t s  in the  b o u n d a r y  
condi t ions  

] Jr(a,r  : - -  5 @-- --  5(~  --  O) [A-2] 
ta -2  

and  d e t e r m i n e  t h e  vo l t age  induced  b e t w e e n  the  con-  
tacts  at r = n and  r = 3~/2 w i t h  zero  m a g n e t i c  field. 
In  the  Ha l l  cons tan t  ca l cu la t ion  w e  pass a c u r r e n t  
t h r o u g h  the  contac ts  at  ~ = ~/2 and  ~ = 3~/2, w h i c h  
resu l t s  in the  b o u n d a r y  condi t ions  

0(o 
[A-3] 

and determine the voltage induced between the con- 
tacts at ~ = 0 and ~ = ~ by a magnetic field B. 

Discontinuity in Conductivity 
I f  we  as sume  tha t  the  conduc t iv i ty ,  a, and  the  m o b i l -  

ity, ~, a r e  d i scon t inuous  at  r = b, t h e n  Eq. [ A - l ]  
r educes  to L a p l a c e ' s  e q u a t i o n  w h i c h  is separable .  A t  
t he  b o u n d a r y  b e t w e e n  the  two reg ions  we  r e q u i r e  tha t  
the  r a d i a l  componen t s  of the  c u r r e n t  be  equal ,  J r (b ,  ~) 
= J r~  r  and tha t  the  t angen t i a l  c o m p o n e n t s  of the  
field be equal ,  E~(b, ~) = E~o(b, r  This  g ives  us for  
the  p o t e n t m l  at  any  po in t  (r, ~b) in the  ou t e r  r eg ion  

V ( r , r  = Ao + ~ { [A , r  ~ -- b'~"r-"(An~ + Bn~l)] 
H 

cos n~ + [B,r~ -- b'Z,,r-,(B,~ -- Ann)]  sin n~ } 

w h e r e  

(~o 2 _ ,~2) + ( , , 'o~o-  ~/~)~ 
7 = ~, 

(~o+W) 2 + ( ~ o ~ o  - -  ~)2 

2~ (O,o~o -- ~) 

(,~o+,~)2 + (~o~o _ ~;~)2 

[A-4]  

O' f ro  
---- - -  and wo -- - -  

1 + r 1 + /~o 2 

llrn lhn 

( N o t e t h a t  ~o ~o ) - - - - ~  oo 7 : 1, a n d -  -> o~ Vl : O. 
tr ~r 

An and  Bn are  t h e n  d e t e r m i n e d  f r o m  the  b o u n d a r y  con-  
d i t ions  a t  r - -  a. 

F o r  the  r e s i s t i v i t y  d e t e r m i n a t i o n  Eq. [A-4] ,  b o u n d -  
a ry  condi t ions  [A-2] ,  and  v a n  de r  P a u w ' s  express ion  
(12) for  t he  r e s i s t iv i ty  in ze ro  m a g n e t i c  field, p ---- 
(~ / ln  2) (V t / I ) ,  y ie ld  an  a p p a r e n t  r e s i s t i v i t y  g i v e n  by  

Papp a ,  - -  : 
~ l n 2  n=l  (1"~-7~ 2") 

( I  --'y,~4") ] 1 
( i  + w  4n) J ~ - ( - - 1 )  "+~ [A-S] 

w h e r e a - -  b / a a n d 7  : (#o ~ -  # 2 ) / ( # o + r  = O. 

l i ra  
TO ob ta in  Eq.  [1] r ~v p a p p ( a ,  f ro /o-)  - -  p a D p ( a ) .  

F o r  t he  H a l l  cons t an t  d e t e r m i n a t i o n  we  use  Eq.  
[A'-4], b o u n d a r y  condi t ions  [A-3] ,  and  the  exp re s s ion  
for  t he  H a l l  constant ,  R : Vt / IB ,  to find an a p p a r e n t  
H a l l  cons tan t  g iven  by  

l i m  
To obtain Eq. [2] r -> oo Rapp(% fl, #o/r ~: Rapp(a, fl). 

The apparent mobility is 

# a p p  a ,  fl ,  , - -  

# a p p  

which  resu l t s  in 

for  a > 0 and ao/~ > 1. 

Papp 

> 1  

Gradient in Conductivity 
If we as sume  tha t  t he  c o n d u c t i v i t y  has  a rad ia l  

dependence  of the  f o r m  ~ = %(b/r)2~ so tha t  
( l / a )  (d~/dr) = ( - - 2 ~ / r ) ,  and  the  m o b i l i t y  is un i fo rm,  
t h e n  Eq. [A-1]  is aga in  separable .  The  po ten t i a l  a t  any  
po in t  (r, r  in the  o u t e r  r e g i o n  is 

oo 

V(r , r  = Ao + r~e~r ~ ?'-~ (4n2+1)~/~ 
n = l  

[ A ,  cos i" (4n 2 -- ~2) I/2~b ~_ Bn sin f ( 4 n  2 -- ~2)I/2~] [A-7]  

for 2n > /~  and  f posi t ive .  To d e t e r m i n e  An and B,~ f r o m  
the  b o u n d a r y  condi t ions  at  r = a, i t  is necessa ry  to 
cons t ruc t  a set  of o r t hogona l  so lu t ions  to Eq. [ A - l ] .  
S ince  this is qu i te  c u m b e r s o m e  to do in genera l ,  we  
m a k e  the  s imp l i fy ing  a s sumpt ion  tha t  ~2 < <  1 and  
then  use the  solu t ions  [A-7]  w h i c h  a r e  o r t h o g o n a l  on 
the  i n t e r v a l  0 to 2~ w i t h  respec t  to the  w e i g h t i n g  func-  
t ion e - ~ .  To a p p r o x i m a t e  t he  r ad ia l  c o n d u c t i v i t y  de -  
pendence  o b s e r v e d  e x p e r i m e n t a l l y  for  the  " face t  e f -  
f ec t "  in C z o c h r a l s k i - g r o w n  crysta ls ,  we  use a v a l u e  

= I/2 so tha t  # = #o(b/r).  
For the  r e s i s t iv i ty  d e t e r m i n a t i o n  Eq. [A-7] ,  b o u n d -  

a ry  condi t ions  [A-2] ,  and  v a n  der  P a u w ' s  exp re s s ion  
for  t he  r e s i s t iv i ty  y ie ld  an a p p a r e n t  r e s i s t i v i t y  g iven  
by  

Papp = - -  
~o 

n = l  

[(16n2 + 1 ) Y 2 -  (4n2% 1)'/~] 
( - -1 ) '~+ l  

[(16n2 + 1)'/~ - -  1][  ( 4 n 2 +  1) V2 --  1] 
[A-S] 

F o r  the  Ha l l  cons tan t  d e t e r m i n a t i o n  w e  use  Eq.  
[A-7] ,  b o u n d a r y  condi t ions  [A-3] ,  and the  express ion  
for  the  Ha l l  cons tan t  to find an a p p a r e n t  H a l l  cons tan t  
g iven  by 

R a p p :  ~ ( b )  16 ~ - -  
o" o 

( 2 n -  1) 
( - - 1 )  '~+i [A-9]  

{[4(2n --  1) 2 + 1] V~ --  1} 2 

R a p p  
F o r  ~app : , Eq. [A-8] and  [A-9]  g ive  ~PP > 1. 

P a p p  /.t 
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Effects of Grown-In and Process-Induced Defects 
in Single Crystal Silicon 

D. I. Pomerantz* 
P. R. Mallory & Co., Inc., Laboratory for Physical Science, 

Northwest Industrial Park, Burlington, Massachusetts 01803 

ABSTRACT 

Distr ibutions of defects observed in single crystals of silicon grown from 
t h e  m e l t  a r e  shown to be congruent  with two well  know n  growth inhomo- 
geneities characterized either by a spiral ramp pat tern or a faceted core 
pat tern  in the crystal. The consequences of these defects are traced through 
the oxidation of the substrate, as required for a subepitaxial  diffusion, and 
(after removal  of the oxide) the growth of an epitaxial  layer. It  wil l  be shown 
that the defect distr ibutions persist through these processes and, interact ing 
with process induced defects, produce several characteristic distr ibutions of 
stacking faults in the epitaxial  layer. 

The two most s tr iking growth inhomogeneit ies of 
silicon single crystals grown from the melt  are growth 
spirals and growth cores (1-5). Spiral  growth (1-4) 
is produced when  the axis of crystal  rotat ing is not  
coincident with an axis of thermal  symmet ry  so that  
the growing interface experiences tempera ture  fluc- 
tuations with the period of the rotation. The result  is 
a surface of constant (e.g., maximum or min imum)  
growth rate which will  normal ly  have the shape of a 
spiral ramp distr ibuted wi thin  the growing crystal with 
its axis parallel  to the direction of growth. 

Growth cores (4, 5) are characterized by a solid- 
l iquid interface which is extremely flat and close to a 
(111) plane. This facet, which is usual ly  in the center  
of the crystal is believed to be produced by rapid 
lateral  growth. 

The existence of both types of growth fluctuations 
described above is largely deduced from the presence 
of resist ivity striations (1, 4) in the crystal which are 
caused by the variat ion of effective segregation co- 
efficient with growth rate. 

In  the light of these results, it is reasonable to ex- 
pect that  the observed fluctuations in growth rate 
might  also produce a defect s t ructure  resembling the 
s t ructure  of resist ivity striations; and in  fact defect 
s tructures which are similar  to spiral growth pat terns 
have been observed by several  workers. In  part icular  
Schwuttke (6) and Kaiser and Keck (7) have shown 
the precipitat ion of oxygen in this pat tern  in crystals 
grown from quartz crucibles. In low dislocation, low 
oxygen crystals grown by the Dash technique Plas-  
kett (8) and de Kock (9) have described a similar 
dis t r ibut ion of defects which are a t t r ibuted to vacancy 
clusters. Both types of defect were found to be nuclea-  
t ion sites for the precipi tat ion of copper, which by 
infrared microscopy enabled the dis t r ibut ion to be 
made visible. 

* Electrochemical Society Active Member. 
Key words: silicon, single crystals, defects, stacking faults, oxida- 

tion, epitaxy, sodium, copper, 

It wil l  be the purpose of this work to show that 
silicon crystals can contain defect dis tr ibut ions which 
are congruent  to both spiral-  and core-type growth 
inhomogeneities.  We do not here at tempt to identify 
the na ture  of these g rown- in  defects, but  their  effects 
wil l  be traced through the processing of silicon slices 
as typically required for subepitaxial  diffusion and 
the growth of an epitaxial  layer. It will  be seen that 
the over-a l l  dis t r ibut ion of defects remains stable 
throughout  these processes al though the individual  
defects undergo characteristic changes. Specifically it 
will  be shown that  dur ing thermal  oxidation of a slice 
these g rown- in  defects can act as nucleat ion sites for 
the precipi tat ion of fast diffusing impuri t ies  which 
form clusters characteristic of copper. 

It will  also be seen that  these defect distributions, 
in teract ing with surface defects at the oxide-silicon 
interface, nucleate characteristic pat terns of stacking 
faults in  epitaxial  layers. 

Experimental Procedure 
The single-crystal  slices used in this s tudy were ob- 

tained from several commercial  sources and were 
grown either by  the Czochra~ski method from quartz 
crucibles or by the Dash "pedestal" method (10-11). 
All  crystals were grown on the ~ 111~  axis to a diam- 
eter of 1.25 in. and were doped with boron in the range 
101~-1016 a toms/cm 3. Dislocation density in the crucible- 
grown crystals was less than 1000/cm 2 and essentially 
zero in the Dash-grown crystals. Slices from these 
crystals were cut from 2-5 ~ off the <111> axis along 
the <110> direction and were supplied with one side 
polished in such a way as to remove a m i n i m u m  of 
two mils from the sawn surface. F ina l  slice thickness 
was 7.5-9.5 mils. Various polishing methods were used, 
but  to e l iminate  the possibility that any of the ob- 
served structures could be a t t r ibuted to polishing 
variables; samples of as-received slices were fur ther  
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polished to a depth of 1-2 mils using the nonprefe ren-  
tial etch described by Lawrence  and Koehler  (12). 
This etch was also used, where  specified, to remove 
saw damage from the back of the slice. 

Slices or portions of slices prepared  as described 
above were  oxidized under  one of the fol lowing con- 
ditions: (i) wet  oxygen, saturated wi th  wate r  vapor  
at 95~ for a period of 1-2 hr  at 1200~ (ii) dry 
oxygen for periods ranging from 1-7 hr  at 1200~ 
(iii) s team at 1200~ for a period of 1-2 hr. All  
oxidations were  carr ied out in an ex te rna l ly  heated 
quartz  tube with  slices held by a quartz  boat and the 
oxidation period was preceded and fol lowed by a 5 
rain flush with  dry oxygen. 

In some cases where  indicated below the quartz  boat 
was del ibera te ly  contaminated wi th  a drop of 0.1M 
sodium ni t ra te  solution prior  to insert ion in the oxida-  
tion furnace. Oxidat ion tubes used for this purpose 
were  not used for other  types of oxidation. 

Port ions of slices which were  oxidized as described 
above were  etched in HF to remove  the oxide and 
then used as substrates for epi taxial  deposition of 
silicon layers by the hydrogen reduction of silicon 
tetrachloride.  The growth conditions and substrate 
prepara t ion are described in Ref. (13). In order to 
observe the effects of the oxidation, control slices 
which had not been oxidized were  also subjected to 
the HF etch and processed in paral le l  with the oxi-  
dized slices through epi taxial  deposition. 

The defect s tructures in as-received,  oxidized, and 
epi taxia l ly  deposited slices were  revealed  by means  
of the s t ructural  etch described by Sir t l  and Adle r  (14) 
(Solution B). Epi taxial  layers were  etched 1-2 rain to 
show stacking faults. Other samples were  etched 2-5 
min. To revea l  the stacking fault  distr ibutions in the 
macrophotographs the samples were  i l luminated at 
glancing incidence in a direction normal  to one of the 
stacking fault  edges. In this way specular reflections 
are obtained f rom the etched stacking fault  facets 
which produce the small  br ight  spots in the photo- 
graphs. 

Results 
The exper imenta l  procedure described above has 

been used to trace the evolut ion and effects of g rown-  
in silicon crystal  defects through the processes typi-  
cally used to produce an epitaxial  layer  over  a lo- 
calized diffused layer  as required for many  electronic 
devices. These processes are the oxidation of a sub- 
strate as requi red  for a subepitaxial  diffusion fol lowed 
by remova l  of the oxide and growth of the epi taxial  
layer. 

Grown-in de]ects.--The defect distributions ob- 
served in this work  wil l  be seen below to be mor-  
phological ly congruent  to the growth  inhomogeneit ies  
described in the introduction. In this work  the defect  
pa t te rn  corresponding to spiral  g rowth  has been seen 
only in Dash- type  crystals (10, 11). Such a "spiral-  
g rowth"  type of defect distr ibution in a Dash crystal  
is seen in Fig. 1 which i l lustrates the s t ructura l  etch 
pa t te rn  produced on the polished surface of a slice 
cut perpendicular  to the growth direction. These 
"swir l  pat terns"  are found on more careful  examina-  
tion to be spirals ra ther  than concentric rings. They 
cannot be a t t r ibuted  to surface preparat ion since they 
penetra te  the slice, as can be demonstra ted by remov-  
ing various thicknesses of the sample wi th  a nonpref -  
erent ial  etch (12) fol lowed by application of the struc- 
tura l  etch (14). More complex swirl  pat terns  are f re-  
quent ly  observed, one of the more  common being a 
double spiral as seen in Fig. 2. (This sample was oxi-  
dized to make  the swirl  pat tern  more visible, as ex-  
plained below.) 

Al though the defect pat terns  seen in Fig. 1 and 2 
appear  similar  to resist ivi ty striations, the detailed 
s t ructure  is quite different as seen in Fig. 3. This shows 
the micros t ructure  of the swirl  pa t te rn  of Fig. 1 which 
is found to be composed of small, t r iangular ,  flat bot- 

Fig. i. Swirl pattern seen in low dislocation silicon crystal as grown 

Fig. 2. Double swirl pattern in low dislocation silicon crystal 
after oxidation. 

Fig. 3. Microstructure of the swirl pattern shown in Fig. 1 
at the edge of a spiral band. 
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Fig. 4. A montage of the swirl pattern on the front (F) and 
back (B) surfaces of a slice illustrating the shape of the growth 
interface. Two mils removed from each side after oxidation by 
nonpreferential etch. 

tomed pits mixed  with a much lower  density of larger  
pits having the same geometry.  Both types of etch pit  
can vary  considerably in density f rom crystal  to crys-  
tal and at high densities the smaller  pits merge  to form 
an "orange peel" surface. Crystals f rom a number  of 
commercial  sources grown by the Dash method have 
been examined and all have shown this structure.  

By comparing the spirals produced by etching the 
front  and back surfaces of a slice it can be established 
that  these pat terns  represent  the intersect ion of the 
(111) faces of the slice with the spiral growth ramp 
surface described above. This is shown in Fig. 4 where  
photographs of the spiral pat tern  on the front and 
back surfaces are superimposed. From the spacing 
be tween  the pat terns  on the front  and back surface 
the contours of the growth interface can be deter -  
mined. To enhance the visibi l i ty of the swirl  pa t te rn  
on this sample the slice was oxidized prior  to s t ruc-  
tural  etching as described below. 

Corresponding to the observat ion of Wang (15) 
that  growth cores are genera l ly  observed in crucible-  
grown crystals, this work  has observed the correspond-  
ing core- type  defect s t ructure  only in crystals of this 
type. The characterist ic defect pat tern  in such a crys-  
tal  is a core region consisting of a series of lamel lar  
regions paral le l  to (111) planes wi th  defect density 
a l ternat ing be tween  high and low values in a l ternate  
lamellae.  

When such a crystal  is sliced more  than a few de- 
grees off the (111) plane these lamel lar  regions in-  
tersect  the slice surface in a series of bands of a l ter -  
nat ing defect density. These bands are seen in Fig. 5 
and the l e f t -hand  sample of Fig. 6. Both samples are 
or iented 4 ~ f rom the (111) plane. The sample il lus- 
t ra ted in Fig. 6 was etched nonpreferent ia l ly  to a 
depth of 2 mils prior to the s t ructural  etch to e l imi-  
nate the possibility that  the observed structure was 
due to surface prepara t ion  of the slice. The apparent  
curva ture  of the core bands is due to slight curva ture  
in the surface after  the nonpreferent ia l  etch. 

The straight  core defect bands i l lustrated in Fig. 5 
are characterist ic of a flat polished surface. Al though 
these are visible on the polished and etched surface 
of the as -grown slice, as in Fig. 6, this sample was 
oxidized pr ior  to s t ructural  etching to improve  con- 
trast  in the photograph. 

A typical core- type  defect pat tern  of a slice cut close 
to a (111) plane is shown in the le f t -hand  sample of 
Fig. 7. The micros t ructure  of as -grown core defects 
is similar  to that  found in growth spirals such as i l lus- 
t ra ted  in Fig. 3. 

E~ects oS oxidation.--Generally speaking all of the 
oxidation processes described above produce a coars- 
ening of the defect  s tructures observed in slices cut 
f rom the as-grown crystal;  that  is, the etched struc- 
tures become larger  and more distinct. However ,  the 
wet  oxidat ion processes (s team or wet  oxygen) gen- 

Fig. 5. The bands of structure in the center of this oxidized 
silicon slice ore produced by a lamellar distribution of defects 
grown into the core of the crystal. The defects around the periphery 
occur at the oxide-silicon interface and are gettered by the core 
defects. Slice is from crucible-grown crystal cut 4 ~ off (111) 
orientation with back surface etched nonpreferentially before 
oxidation. 

Fig. 6. Core band defects before oxidation (left) and after 
oxidation (right). Interracial defects on the right-hand sample 
(bottom and upper right) are gettered from the surface in the 
clear areas around the oxidized core bands. Two mils removed 
from front and back of both samples by nonpreferential etch 
prior to treatment. 

eral ly produce a much grea ter  degree of coarsening 
than dry oxidation. This is t rue  even when the oxides 
are grown to the same thickness. 

The coarsening of the swirl  micros t ructure  after  a 
2 hr  wet oxidation (procedure No. i) is i l lustrated in 
Fig. 8 and 9. Here  it can readily be seen that  the small  
pits present  in as -grown crystals develop into large 
and distinct saucer pits af ter  oxidation. This effect is 
not due to oxidat ion of the surface but penetrates  
through the slice as i l lustrated in Fig. 4 in which the 
sample after oxidat ion was etched nonpreferent ia l ly  
to a depth of 2 mils before s t ructural  etching. 

When the as-grown crystal  has a s t rongly developed 
swirl  pattern, i.e., one where  the pits are numerous 
and re la t ive ly  wel l  developed af ter  s t ructura l  etching, 
the micros t ructure  produced after  oxidat ion becomes 
more complex. In increasing order  of complexity,  the 
first stage results in increased size and definition of the 
saucer pits af ter  s t ructural  etching. The second stage 
results in l inear arrays of over - lapping  saucer pits 
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Fig. 7. Defect structure in a core cut close to a (111) plane; 
after oxidation (left) and core gettering effect on stacking faults 
in an epitaxial layer (right). Crucible-grown crystal with back 
surface etched nonpreferentially before oxidation. 

Fig. 9. Detail of Fig. 8 showing microstructure of swirl pattern 
before (left) and after oxidation (right). 

Fig. 8. Swlrl structure after oxidation (right) is considerably 
coarser than before oxidation (left). 

aligned in ~112~  directions. Finally, for very  strongly 
developed swirl  pat terns  in the as-received crystal, 
oxidation produces s tructures such as shown in Fig. 10. 
Here  we see the ~112~  arrays of pits observed in the 
second stage producing deeply etched, s t ructured 
grooves. At  the same t ime a number  of granular  ap- 
pear ing l inear  s t ructures  al igned in the ~110~  direc- 
tion appear. These ~110~  structures are much more 
superficial than those al igned in the ~112~  direction. 
The etch proper t ies  of these two types of arrays are 
ev ident ly  due to the fact that  the ~112~  oriented 
structures are p la te- l ike  precipitates penet ra t ing  into 
the crystal  whereas  the ~110~  oriented figures are 
needle- l ike  structures. The result  is confirmed by se- 
quent ial  etching of the slice using a l ternat ing struc- 
tura l  and nonst ructura l  etchants. 

The defects observed in crystal  cores also exhibi t  a 
coarsening effect due to oxidation. The effect of oxida-  

Fig. 10. Detail of a swirl pattern showing copper-like precipi- 
tates after oxidation. 

t ion on core defects is i l lustrated in Fig. 6. As with  de- 
fects distr ibuted in the form of growth spirals, this 
effect also penetrates  the slice as seen in Fig. 11. In 
this figure the front and back surfaces of the sample 
are shown simultaneously,  but  offset so as to align 
corresponding band patterns. The core bands such as 
i l lustrated in Fig. 6 (left  sample) produce a charac-  
teristic defect micros t ruc ture  after  oxidation. As il- 
lustrated in Fig. 12, short etching t imes produce an 
ar ray  of l inear grooves oriented in the ~110~  direc-  
tions. Fur the r  s t ructural  etching expands these grooves 
into trapezoids and finally into large t r iangular  pits. 

Considerable var ia t ion in the degree of coarsening 
of as-grown defect s t ructure during oxidation is ob- 
served when different oxidat ion furnaces are  used and 
when  different oxidat ion boats are used. Variat ions 
are also observed due to differences in density of de- 
fect s t ructure  from crystal  to crystal  in the as-grown 
condition. A high degree of coarsening is f requent ly  
observed when  the slices are oxidized in contact wi th  
specific "slab" type quartz  boats whi le  other  boats of 
the same type produce lesser effects. These results are 
not al tered by convent ional  techniques of cleaning or 
etching the quartz.  Using a quar tz  slab which pro-  
duces a high degree of coarsening, this effect can be 
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Fig. ! i .  The front (left) and back (right) surfaces of the same 
oxidized stlce containing core band defects. The shift in core 
bands over the thickness of the slice is due to the slight mis- 
orientation of the slice surface from the (111) planes of the core 
lamellae. Two mils etch-polished from both sides after oxidation. 

Fig. 13. The interfacial defects produced by sodium con- 
tamination during oxidation (upper right) nucleate stacking faults 
in a subsequent epitaxial layer (lower right). Both are gettered 
by underlying spiral defect pattern. The left half slice is a 
control sample similarly processed but oxidized in an uncon- 
taminated furnace. Back surface nonpreferentially etched prior 
to oxidation. 

Fig. 12. The linear microstructures which develop in core bands 
after oxidation etch into triangles which penetrate the slice along 
(i11) planes. Sirtl etched 1 rain (left); 3 rain (center); 8 rain 
(right). 

significantly reduced by insert ing a d u m m y  slice be- 
tween  the oxidized slice and the slab. 

In contrast  to the bulk defects described above, oxi-  
dation also introduces another  type of defect which is 
largely  confined to the region of the crystal  near  the 
oxide interface and wil l  be re fer red  to as an in te r -  
facial  defect. The characterist ic etch s t ructure  of these 
defects, l ike some of the bulk defects described above, 
is a shallow t r iangular  "saucer"  pit on (111) surfaces. 
The defects described in the previous work  (13) were  
found to be of this type which was de termined  by the 
disappearance of these s tructures a few microns be-  
low the surface. [Analogous pits are not seen on (100) 
surfaces.] Unlike the bulk defects however,  no evi-  
dence has been observed at or near  the slice surface of 
any etch structures prior to oxidation which are pre-  
cursors of interfacial  defects. 

It was speculated that  the interfacial  defect might  
be due to sodium, a prevalent  contaminant  and a 
rapid diffuser in the quartz  tubes used for oxidation. 
To clar ify this point some slices were  oxidized by the 
methods  described above except  that  the quar tz  boat 
or tube was contaminated with  a drop of sodium ni-  
t ra te  solution. The result  of such an exper iment  is 
shown in Fig. 13. To see the effect of the sodium more 
clear ly  the back surface of this slice was etched be- 
fore oxidation to prevent  get ter ing of the sodium (see 
below).  The upper  r igh t -hand  quar te r  which was oxi-  
dized in a sodium-contaminated  tube clear ly  has a 
much higher  density of defects than the upper  lef t -  
hand quar ter  which was oxidized as control  in an un-  
contaminated tube. As seen in Fig. 14 these sodium- 

Fig. 14. The interfacial defects produced by sodium con- 
tamination during oxidation (left) and the stacking faults 
nucleated by such defects in an adjacent epitoxial layer (right). 
Detail from Fig. 13. 

induced defects produce the characteris t ic  saucer- 
shaped etch pit  of an interfacial  defect. The sodium- 
induced defects also occur quite close to the oxide 
interface; a l though for sufficiently contaminated  sam- 
ples they  may penet ra te  to a depth of 5 to 10t~. As wil l  
be seen they behave in other  respects exact ly  like the 
saucer pits described above and in Ref. (13) which 
occur advent i t iously  during oxidation such as those 
seen in the upper  l e f t -hand  sample of Fig. 13. 

Like the interfacial  saucer pits previously  described, 
the sodium-induced defects produced during oxidation 
also have a strong orientat ion dependence.  This is 
seen in Fig. 15 where  a small, roughly  hemispherical  
hole has been etched in the (111) surface prior to 
oxidation in a sodium-contaminated  environment .  Fig-  
ure  15 is a scanning electron micrograph of such a 
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Fig. 15. Scanning electron micrograph of a hemispherical hole 
in a (111) silicon surface which has been oxidized in a sodium- 
contaminated environment. Sodium precipitates occur preferenti- 
ally near the (111) surfaces of the hole. 

hole after  a s t ructural  etch. The sodium defects can be 
seen to cluster near  the regions of the hole surface 
which are near  the (111) orientation. 

Gettering ef]ect of bulk defects.--In this section it 
wil l  be shown that  the  two types of defects described 
in the previous section, bulk and interracial,  in teract  
in such a way during the oxidat ion process that  the 
interracial  defects tend to disappear f rom regions of 
the interface which are closely approached by the 
bulk defect distribution. For  reasons given below, this 
will  be referred to as a get ter ing effect. The result  is 
i l lustrated in Fig. 16 (upper segments) .  This slice was 
oxidized with  the back surface etched nonpreferent i -  
ally to r emove  saw damage. The left  and r ight  halves 

Fig. 16. The hazy rings in the upper segments are interfaciaJ 
defects after oxidation which are gettered by the underlying 
swirl structure in the clear areas. The bottom segments show 
the stacking fault distribution produced by the interracial defects 
in an epitaxial layer. Back surface nonpreferentially etched before 
oxidation. 

Fig. 17. The interracial defect structure of Fig. 16 (upper 
right segment) superimposed on the underlying swirl structure 
shown in Fig. 4. 

were  oxidized in two different furnaces but  under  the 
same conditions, namely  1200~ for 1 hr  in dry oxy-  
gen. After  r emova l  of the oxide the upper  two seg- 
ments  were  s t ructura l ly  etched. The r ing- l ike  hazy 
regions, which in micros t ruc ture  consist of densely 
packed saucer pits, are readi ly  shown to be in ter -  
facial defects of the type described above, since they 
disappear if a few microns of the silicon surface are 
removed by a nonpreferent ia l  etch and the exposed 
surface is then re-e tched structurally.  The clear areas 
be tween  these rings of s t ructure  have been get tered of 
interfacial  defects by the under lying "sp i ra l -growth"  
defect distribution. This is i l lustrated in Fig. 4 which 
depicts the upper  r ight  segment  of Fig. 16 Sir t l -e tched 
at a depth of 2 mils below the surface. The relat ionship 
be tween the bulk defect distr ibution of Fig. 4 and the 
surface defect distr ibution of Fig. 16 can be visualized 
by superimposing photographs of the two distributions 
as in Fig. 17. Here  it can be seen that  the swirl  pat tern  
is located close to the inner  edge of the rings of in ter-  
facial defects. Interracial  defects produced by sodium 
contaminat ion during oxidation are also gettered, as 
seen in Fig. 13, by g rown- in  bulk defects of the spiral 
distribution. 

Get ter ing effects due to bulk defects are also ob- 
served in crystals having growth cores as seen in Fig. 
5, 6, and 18. Figure  18 shows, in the top two quarters,  
the get ter ing of interracial  defects by subsurface core 
defects during oxidation. This slice was cut on the 
(111) plane and had a nonpreferent ia l ly  etched back 
surface during oxidation. Figure  5 and the r igh t -hand  
segment of Fig. 6 show the disappearance of interracial  
defects during oxidation due to the get ter ing effect of 
core bands as observed when  the slice is cut s l ightly 
off the (111) plane. In Fig. 5 the interfaciaI  defect 
s t ructure  consists of a r ing of saucer-shaped etch pits 
around the edge of the slice. This s t ructure  disappears 
due to get ter ing in the center  of the slice inside a 
scalloped boundary which approximates  the per imeter  
of the core band. A similar  effect is seen in the r ight-  
hand segment of Fig. 6 where  the interfacial  defects 
appear  in the lower and upper  r ight  areas. 

Interfacial  defects can be get tered by dislocations 
induced during oxidation as wel l  as by defects grown 
into the crystal. One technique which was previously 
demonstra ted to achieve this effect is to leave the back 
surface in a roughened condition during oxidation 
(13). The effect of this t rea tment  can be seen by com- 
paring the le f t -hand half  slice shown in Fig. 19 with 
the slice shown in Fig. 5. The sample shown in Fig. 19 
was oxidized with  the back surface in a lapped condi- 
tion while that  shown in Fig. 5 was oxidized with the 
back surface etched nonpreferent ial ly .  The absence 
of interfacial  defects around the per imeter  of Fig. 19 
is due to the get ter ing effect of the lapped back sur-  
face during oxidation. As can be seen in Fig. 19 this 
condition of the back surface during oxidat ion does not 
have any get ter ing effect on core- type  defects. The 
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Fig. 18. Gettering of interracial defects by a core after 
oxidation (upper segments) and the effect on stacking fault 
nucleation in a subsequent epitaxial layer (lower segments). 
Slice was cut on (111) plane and oxidized with a nonpreferenti- 
ally etched back surface. Numerals on bottom segments scribed 
before oxidation. 

Fig. 20. A scribe mark produced before oxidation getters in- 
terfacial defects around the rim of this slice but not bulk defects 
occurring in the core region. Detail from Fig. 5. 

Fig. 19. The core defects (left) seen after oxidation nucleate 
bands of stacking faults (right) in a subsequent epitaxial layer. 
Back surface lapped before oxidation. 

effect of process- induced dislocations is also i l lus- 
t ra ted in Fig. 20 and 21. In Fig. 20 the dislocations 
which propagate from the scribe mark  during oxida-  
tion get ter  the interracial  defects around the r im of the 
slice. The same effect is seen in Fig. 21. This slice was 
oxidized wi th  the central  region in contact wi th  a 
spacer on a quartz  slab. The region wi th  a high density 
of slip in the figure (bot tom and left) overhung the 
spacer and slip is due to the  the rmal  shock produced 
in this region when  the slice was inserted into the 
oxidation furnace. The the rmal  shock of the central  
region was considerably less because it was in good 
thermal  contact, through the silicon spacer, wi th  the 
under ly ing quartz  boat, a re la t ive ly  large thermal  
mass. The hazy regions in this sample consist of in te r -  
facial precipitates and, especial ly at the boundary  of 
the slipped region, one can clear ly  see the get ter ing 

Fig. 21. The gettering of interfacial defects (upper right) by 
dislocation array (bottom and left) produced by thermal shock 
during oxidation. 

effect of the dislocations introduced by the rmal  shock 
dur ing oxidation. It can also be observed f rom Fig. 20 
that  the dislocations induced during oxidation do not 
produce any apparent  get ter ing of the g rown- in  de- 
fects in the crystal  core. In fact, it is observed that  
g rown- in  bulk defects in general  are resis tant  to get-  
tering by process- induced dislocations. 

Nucleation o~ stacking faults.--Both interfacial  de- 
fects, and bulk defects which intersect  the oxidized 
surface, are found to nucleate  stacking faults in epi-  
taxial  layers. Epi taxial  growth conditions and the 
method of observing the stacking faults are  given in 
the section on Exper imenta l  Procedure.  Substrates  
f rom the same lots which had not been oxidized pro- 
duced epi taxial  layers  wi th  a un i formly  low stacking 
fault  densi ty averaging less than i 0 / c m  2. 

The nucleat ing effects of interfaciaI  defects are 
c lear ly  seen in Fig. 16, 18, and the r igh t -hand  seg- 
ments  of Fig. 13. These slices were  oxidized and after 
remova l  of the oxide the lower segments received an 
epi taxial  deposit. In all  three cases there  is a c lear-cut  
correlat ion be tween  interfacial  defects seen in the up-  
per segments after  oxidat ion and stacking faults nu-  
cleated in the epi taxial  layer on the lower segments. 
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Fig. 22. The swirl pattern defects produced after oxidation 
(left) nucleate stacking faults (right) in a subsequent epitaxial 
layer. Back surface lapped before oxidation. 

In the case of Fig. 13 the stacking fault  density is ex-  
t r emely  high due to del iberate sodium contamination.  
Figures  13, 16, and 18 also i l lustrate  the effect of get-  
ter ing on stacking fault  nucleation. The under lying 
spiral defect pa t te rn  in Fig. 13 and 16 has get tered 
r ing- l ike  regions of the surface which are re la t ive ly  
free of interracial  defects and therefore  have a much 
reduced stacking fault  density. In Fig. 18 the same 
effect is seen in the core region. (Note also in Fig. 18 
the get ter ing effect on stacking faults of the nu-  
merals, scribed before oxidation.) 

To observe the nucleat ion of stacking faults by bulk 
defects it is genera l ly  necessary to suppress nucleation 
by interracial  defects. This can usually be done by 
oxidat ion of the slice wi th  the back surface in a lapped 
or sawed condition. As ment ioned above such a pro- 
cedure has the effect of e l iminat ing interfacial  defects, 
but  does not have any observable get ter ing effect on 
bulk defects. The result  is i l lustrated in Fig. 22. Both 
segments of this slice were  oxidized together  for 2 hr 
in wet  oxygen with  back surfaces lapped. Af ter  oxide 
removal  the r ight  segment  then received an epi taxial  
deposit. Af te r  s t ructural  etching the rings of swir l-  
type defects seen on the left (oxidized) sample can be 
seen to correlate  closely with rings of stacking faults 
in the r ight  (epitaxial)  sample. 

It is f requent ly  difficult to distinguish a stacking 
fault  nucleated by a bulk defect f rom one produced 
by an interfacial  defect when both are present. How-  
ever, if the bulk defects occur in the well  developed 
form shown in Fig. 10 these l inear s t ructures  also 
result  in l inear arrays  of stacking faults as shown in 
Fig. 23. 

Stacking faults are also nucleated by the core type 
of bulk defects. Again, as with swi r l - type  defects, it is 
not always easy to distinguish the stacking faults nu-  

Fig. 24. Microstructure of the epitaxial layer from Fig. 19 
(right) showing high density of linear stacking faults produced 
by core defects of the type shown in Fig. 12. 

cleated by core defects unless those nucleated by in- 
terracial  defects are suppressed by gettering. An ex-  
ample is seen in Fig. 19 which shows a slice get tered 
during oxidat ion by means of a lapped back surface. 
As seen in the le f t -hand  sample the get ter ing effect 
of the back surface does not prevent  development  of 
core defects during oxidation. (The same result  as for 
swirl  defects seen in Fig. 22.) The r igh t -hand  half  of 
the sample shown in Fig. 19 received an epi taxial  de- 
posit subsequent  to oxidation. The stacking fault  dis- 
t r ibut ion in this sample is seen to correlate  closely 
wi th  the distr ibution of defects in the core bands. 

The l inear type of defect found in core bands, as 
i l lustrated in Fig. 12, invar iab ly  produces a very  high 
percentage of l inear  stacking faults in epi taxial  over -  
growths as opposed to the t r iangular  stacking faults 
nucleated by saucer defects such as seen in Fig. 14. 
Such l inear stacking faults are i l lustrated in Fig. 24. 
It can also be seen from this figure that  the l inear  
faults are equal  in length or shorter  than a side of a 
t r iangular  fault. There  are also many  dislocation pairs 
separated by distances of this order. In many  cases the 
stacking faults nucleated by l inear - type  core defects 
disappear ent i re ly  leaving only the dislocation pairs, 
as seen in Fig. 25. 

As described above the incidence of interfacial  de- 
fects on (100) surfaces af ter  oxidation is much less 
common than on (111) surfaces. This was i l lustrated 
for sodium-induced defects in Fig. 15. The nucleation 
of stacking faults on oxidized (100) surfaces is simi- 
lar ly  rare. F igure  26 i l lustrates the or ientat ion de-  

Fig. 23. These oriented lines of stacking faults are nucleated 
in epitoxial layers grown over substrates containing linear defects 
such as shown in Fig. 10. 

Fig. 25. Dislocation pairs seen in epitaxial layers grown over 
banded care defects appear to be annealed linear stacking faults. 
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Fig. 26. Scanning electron micrograph of the stacking fault 
distribution in an epitaxial layer grown in a hemispherical hole 
on a ( | |1 )  surface. The surface of the hole was previously oxidized 
in a sodium-contaminated environment as in Fig. 15. 

pendence of stacking fault  nucleation in a hemi-  
spherical  hole previously oxidized in a sodium con- 
taminated  envi ronment  s imilar ly  to the sample shown 
in Fig. 15. Again, it can be seen that  stacking faults 
nucleate preferent ia l ly  close to the points of tangency 
of (111) planes with the hemispherical  surface on 
which the epi taxial  layer was deposited. 

I n t e r p r e t a t i o n  of Results 
The defect distr ibutions described above which are 

observed in as -grown crystals have a str iking simi- 
lar i ty  to the resist ivi ty striations previously described 
(1-5). This suggests a common origin, namely, growth 
rate  fluctuations. The spiral ramp type of growth in- 
homogenei ty  which is congruent  wi th  the " swi r l " - type  
defect s t ructures  i l lustrated in Fig. 1 and 4 has been 
explained as due to a t empera tu re  fluctuation of one 
cycle per rotat ion of the crystal  (1-3). This is pro-  
duced when the tempera ture  distr ibution around the 
c i rcumference  of the growth interface has one max i -  
m u m  and one minimum. The double spiral  pat tern  seen 
in Fig. 2 where  both spirals have the same rotat ional  
sense can be explained by a t empera ture  distr ibution 
with  two max ima  separated by two minima around the 
c i rcumference  of the growth interface, thus producing 
two cycles of t empera ture  fluctuation per crystal  rota-  
tion. 

Figures 5, 6, 11, and 19 show that  the core defect 
distributions observed in this work  are congruent  wi th  
the faceted growth inhomogeneit ies  previously re-  
ported (4,5); that  is, the defects appear in a series of 
lamel lae  of a l ternat ing defect density which are para l -  
lel to (111) planes and located within  the core region 
of the crystal. If the slice cut f rom the crystal  is 
sl ightly misoriented f rom the <111> direction, this 
results in a series of bands of a l ternat ing defect density 
on the surface of the slice. The shift in the position of 
these bands f rom the front  to the back surface of the 
slice as in Fig. 11 can, in fact, be used to est imate the 
misor ientat ion of the slice surface which is equal  (in 
radians) to the shift in position of the striations divided 
by the sample thickness. In the case of the sample of 
Fig. 11, the resul t  is about 4 ~ f rom the <111> di- 
rect ion toward the <110> direction. 

The result  of oxidation on the micros t ructure  of 
g rown- in  defects implies that  the coarsening of as- 
grown defect s t ructure  during oxidation is due to the 
decorat ion of the defects by impuri t ies  introduced in 
the oxidat ion process. The fact that  the coarsening 

effects penet ra te  the slice indicates that  these impur i -  
ties have high diffusion constants in silicon similar  to 
copper, nickel, iron, manganese,  or cobalt. The fact 
that  many  of these impuri t ies  also diffuse rapidly in 
quartz  at the oxidat ion t empera tu re  probably explains 
the result  obtained with  quartz  slabs as oxidation 
boats. It  is probable  that  some degree of contaminat ion 
also comes f rom diffusion of such impuri t ies  through 
the wall  of the quartz  furnace tube. In fact, it appears 
that  the presence of contaminants  f rom this class of 
impuri t ies  cannot be complete ly  e l iminated f rom con- 
vent ional  oxidation systems in spite of precautions 
taken to purify and clean the components  of the sys- 
tem. If g rown- in  defects are present  in the crystal, it 
is probable that  these contaminants  wil l  precipi ta te  on 
such defects. 

The bulk defects exhibi ted by oxidized swirl  pa t te rn  
(Fig. 10) have a form which is ve ry  close to the copper 
precipi tates  observed by Schwut tke  (6) in the form of 
needles or iented in the <lOO> direction and platelets 
which bisect the angles made by the needles when  ob- 
served in the <111> direction. 

The propert ies  of l inear  defects produced in core 
bands (Fig. 12) could be expla ined if these defects 
existed in the form of t r iangular  plates lying in (111) 
planes perpendicular  to the growth direction. In a 
slice cut sl ightly off the (111) orientat ion only one 
edge of such a platelet  could lie in the plane of the 
sample and would  be the first to etch. On deeper  e tch-  
ing the whole  platelet  would be del ineated as in Fig. 
12. This mode of etching suggests that  these defects 
are ve ry  similar  to the stacking faults repor ted  by a 
number  of workers  (16-21) to be produced when  sur-  
faces damaged by abrasion or vacuum anneal ing are 
oxidized. The difference is that  the faults observed in 
this work  penet ra te  the crystal  so that  their  appear-  
ance is not due to oxidation as such, but  ra ther  to the 
accompanying processes of annealing' and /o r  the pre-  
cipitation of fast diffusing impurities.  A similar  genera-  
tion of bulk stacking faults is repor ted  by de Kock (9). 
Thomas (17) and Lawrence  (18) showed that  l inear  
defects of the type seen in core striations also nucleate 
the precipi tat ion of copper. 

The above results do not throw much l ight  on the 
nature  of the g rown- in  defects prior  to oxidation. It is 
therefore  not possible to decide whe the r  these defects 
might  be produced by oxygen as shown by Schwut tke  
(16) or by vacancies as proposed by Dash (11), Plas-  

ket t  (8), and de Kock (9). However ,  the resemblance 
to copper- l ike  s tructures after oxidation suggests a 
third possibility, namely,  that  these bulk defects are 
ini t ial ly due to copper, which combines a ve ry  low 
equi l ibr ium segregation constant wi th  a ve ry  low solid 
solubility. Because of its small segregation coefficient, 
fluctuations in growth rate  wil l  produce large changes 
in effective segregation coefficient and therefore  large 
fluctuations in the amount  of copper incorporated into 
the growing crystal. Because of its low and strongly 
tempera ture  dependent  solubility, the copper may  be 
expected to precipi tate out readi ly  during cooling f rom 
the growth temperature .  This idea is supported by the 
observat ion that  bulk  defects tend to be most promi-  
nent in crystals grown at high rates. 

The interfacial  defects described in this work  which 
occur advent i t iously  during oxidation and those which 
are introduced del iberately during oxidation, by con- 
taminat ion with  sodium, can be identified wi th  the 
"saucer" defects described in Ref. (13) which produced 
the same etch structures.  This is to say both nucleate  
stacking faults (see Fig. 13, 16, and 18) and are get-  
tered both by dislocations (see Fig. 21) as wel l  as by 
regions of surface damage (see Fig. 20 and 22). In ad- 
dit ion to these previously  described propert ies  of in ter -  
facial defects this work  has found that  they are lo- 
cated wi th in  a few microns of the oxidized interface. 
Unl ike  the bulk defects described above, however ,  no 
evidence has been observed at or near the slice sur-  
face of any s tructures  pr ior  to oxidat ion which  are pre-  
cursors of interfacial  defects. That  is to say, the in ter-  
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Fig. 27. Cross section through 
a slice explaining the relation- 
ship between bulk and inter- 
facial defect structures seen in 
Fig. 17. The gettering effect, 
G, of the bulk defect distribu- 
tion, B, is most pronounced 
where the bulk defect distribu- 
tion approaches the surface of 
the slice. Both interfacial 
defects, I, and the bulk defect 
distribution, where it intersects 
the surface of the slice, nucleate 
stacking faults, SF. 

G SF G SF 
A . - - A  A 
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facial defect is not due to the heterogeneous nucleat ion 
of impuri t ies  precipi ta t ing on a pre-exis t ing  site but 
ra ther  the homogeneous nucleat ion of precipitates at 
the oxidized interface. Another  proper ty  of interfacial  
defects which has been demonst ra ted  here is that  they 
are get tered by bulk defects of both the core and 
spiral patterns. Examples  of core get ter ing are Fig. 5 
and the upper  segments  of Fig. 18. Examples  of spiral 
get ter ing are the upper  segments of Fig. 16. 

The var iable  density of interracial  defects can. be ex-  
plained by the var iable  get ter ing due to bulk defects 
such as those described above. This is understood 
with reference  to Fig. 27 which d iagrammat ica l ly  
shows a cross section of a slice such as the one shown 
in Fig. 4, 16, and 17. The spiral  growth pa t te rn  is 
shown as concave toward the upper  surface of the 
slice (as demonst ra ted  in Fig. 4). The resul t  is a 
periodic var ia t ion of spacing between this get ter ing 
sink and the surface, the separat ion being a m a x i m u m  
just  at the outside edge of the swirl  pa t te rn  and a 
m in imum at the inside edge of the swirl  pattern.  This 
explains why  the get ter ing effect of the spiral  g rowth  
surface is greatest  inside the swirl  contour and least 
outside the swirl  contour as seen in Fig. 17. 

The difference be tween  the left  and r ight  halves  of 
the slice shown in Fig. 16 is bel ieved to be due to the 
fact that  the furnace used for oxidizing the left  half  
was somewhat  more contaminated so that  more  of the 
subsurface get ter ing s t ructure  was saturated wi th  im-  
purit ies during oxidation. In general, it has been found 
that  in the absence of a get ter ing surface on the back 
of the slice during oxidation, considerable variat ions of 
this type exist. In fact, it is difficult wi th  a tube- type  
oxidat ion furnace to maintain  a (111) surface free of 
interfacial  precipitates in the absence of some type of 
get ter ing sink. 

The observations of the sodium-l ike  species respon- 
sible for interracial  defects may be explained as fol-  
lows. If the quant i ty  of sodium contaminat ion is small  
and the back surface of the slice is lapped or otherwise 
damaged prior  to oxidation, the sodium wil l  be quant i -  
t a t ive ly  removed by  this get ter ing sink. If  the quant i ty  
of sodium present  is large enough to saturate  this 
get ter ing sink or to saturate the crystal  in the absence 
of such a sink at the oxidation temperature,  then, as 
the crystal  is cooled down after  oxidation, the sodium 
will  be forced to precipi tate  e i ther  in the bulk or at the 
surface of the crystal. Since the diffusion constant of 
sodium is ve ry  high (22) it can freely move to ei ther  
bulk or surface sites. Which site the  sodium reaches 
wil l  depend both on its p rox imi ty  and affinity for the 
site. Where  the bulk defect distr ibution approaches 
closely to the surface it getters sodium from the sur-  
face, indicating that  i t  has a greater  affinity for this 
species. Where  the bulk defect dis tr ibut ion is fur ther  
away from the surface, some sodium wil l  precipi tate  
at the oxide interface because of its closer proximity,  
in spite of the fact that  this site has a smal ler  affinity 
for sodium. 

As i l lustrated in Fig. 27 it has been shown that  epi- 
taxia l  s tacking faults are nucleated both by interfacial  
defects and also by bulk defects where  they intersect  

the surface of an oxidized slice. In regions where  bulk 
defects below the surface get ter  interracial  nucleii  
(e.g., Fig. 16 and 18) the stacking faults also disappear 
in the over ly ing epi taxial  layer. The stacking faults 
produced by interfacial  defects may also be el iminated 
if the back surface is left  in a lapped or otherwise  
damaged condition during oxidation. This is probably 
due to the ne twork  of dislocations int roduced by such a 
t rea tment  and is similar  to the get ter ing effect of dis- 
locations seen in Fig. 21. Such a t r ea tment  does not 
however  prevent  the format ion of stacking faults due 
to bulk defects (viz., Fig. 19 and 22). These can only be 
e l iminated ei ther  by prevent ing  the format ion of de- 
fects during crystal  growth or by e l iminat ing the im-  
purit ies which precipi ta te  on such defects in process- 
ing. 

The l inear stacking faults  (Fig. 24) produced by core 
band defects seem to have a tendency to anneal  out of 
the slice during epi taxial  growth leaving as residue a 
shallow dislocation loop such as shown in Fig. 25. 

The observat ion that  stacking faults are  re la t ive ly  
rare  in epi taxial  layers grown on previously oxidized 
(100) substrates compared with  (111) substrates can 
be in terpre ted  in the l ight of Fig. 15 and 26. I t  appears 
that  this resul t  is due to the strong tendency of in ter -  
facial precipitates to prefer  (111) surfaces. 

Conclusions 
In summary,  a relat ionship has been established be-  

tween two types of defects in s ingle-crysta l  silicon and 
two types of impuri t ies  which have propert ies  s imilar  
to sodium and copper. The following propert ies  of the 
defects have been demonstrated.  

Proper t ies  of bulk defects: 

1. They are present  in the crystal, as grown, and 
dis tr ibuted congruent ly  wi th  growth ra te  inhomoge-  
neities ei ther  of the spiral or of the core (faceted) 
type. 

2. They produce etch structures after  oxidation 
which are s imilar  to copper precipitates.  The  forma-  
tion of these s tructures is not inhibited by known cop- 
per get ter ing centers such as dislocations or regions of 
surface damage. 

3. Where  close to the surface, they act as get ter ing 
sites dur ing oxidation for the species responsible for 
interracial  defects and thus inhibit  the nucleation of 
stacking faults by such defects in epi taxial  layers. 

4. Where  they intersect  an oxidized surface, they 
nucleate stacking faults in epi taxial  layers.  In  par-  
t icular  l inear  defects nucleate l inear  stacking faults 
which tend to anneal  out of the epi taxial  layer. 

Proper t ies  of interfaciaI  defects: 

1. They occur after  oxidat ion at or near  the oxide-  
silicon interface with  a strong preference for (111) 
surfaces. 

2. They are not correla ted with  observable  surface 
structures prior  to oxidation. 

3. They are great ly  enhanced by del iberate  sodium 
contaminat ion during oxidation. 
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4. They are gettered dur ing oxidation by damaged 
regions of the crystal, by dislocations, and by bulk  
defects while lie close to the oxide interface. 

5. They nucleate stacking faults in epitaxial  layers. 

Manuscript  submit ted June  12, 1970; revised m a n u -  
script received ca. Oct. 25, 1971. This was Paper  98 
presented at the Los Angeles Meeting of the Society, 
May 10-15, 1970. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL. 
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ABSTRACT 

Electrolytic effects, crystal coloration, and charge storage observed when an 
electric field is applied to single crystals of calcium orthovanadate  at tempera-  
tures above 700~ are shown to be associated with oxygen migrat ion and the 
creation of V 4+ centers in the crystal. The oxygen t ransport  number  is shown 
to be constant  at 0.9 over the tempera ture  range 650~176 wi th  an activa- 
tion energy for predominant ly  ionic conduction of 1.05 _ 0.05 eV. The amount  
of recoverable charge stored in the crystal depends on the sample used and also 
on the charging current,  but  is about 15% for an average crystal with a charg- 
ing current  density of several mi l l iamperes / square  centimeter.  The open-ci r -  
cuit voltage is of the order of several volts. Deteriorat ion of the bulk mater ia l  
during electrolysis and barr ier  effects appear to be the major  l imitat ion on the 
use of the mater ial  as a charge storage medium. 

Calcium orthovanadate  has been grown as a single 
crystal  and investigated for use as a laser host mate-  
r ial  (1, 2). Crystals grown from melts having stoichi- 
ometric proportions and in an atmosphere of excess 
oxygen are yellow in color, while growth in  an atmo- 
sphere deficient in  oxygen results in  a strong black 
coloration. It has been found that  a similar  black color- 
ation can be electrolytically induced into crystals of 
calcium orthovanadate  by the application of an electric 
field at temperatures  above about 700~ (3). On re- 
moval  of the applied field, colored crystals are found 
to contain an excess charge which can be released by 
short-circui t ing the crystal through an external  circuit. 
This suggests applications such as current  in tegrat ing 
devices. 

Electrolytic coloration is well known in the alkali  
halides (4) and normal ly  requires the migrat ion of an 
ionic species (and/or  its associated vacancy) with the 
inject ion and capture of electrons at an appropriate 
site in the crystal  lattice. The main  feature of the 
or thovanadate  is the high current  density achieved 
(10-~ A/cm2 at tens of vol ts /cent imeter)  compared 
with the alkali  halides where  10-s A/cm 2 at hundreds  
of vol ts /cent imeter  is more usual. In  the alkali  halides, 

Key words:  sol id-state electrolysis ,  ionic conductivi ty,  charge 
storage, oxygen  transport, calc ium or thovanadate ,  and electrolytic 
coloration. 

the characteristic optical and electrical properties arise 
from electrons captured at halide ion vacancies to form 
F-centers.  In  calcium orthovanadate,  Ca.3(VO4)2, the 
migrat ing ionic species is l ikely to be oxygen, while 
an optical absorption which causes a black coloration 
is known  in other vanad ium compounds to be due to 
V 4+ ions (5). In  this paper we report experiments  
which confirm these suggestions and describe an in-  
vestigation of the charge storage process. 

Experimental 
Measurements  of the oxygen t ranspor t  number  and 

of electrical conduction were under taken  in the ap- 
paratus shown in Fig. 1. The crystal  was held between 
two ceramic tubes by spring pressure with a concentric 
pair of smaller  diameter  tubes allowing gases to be 
circulated near  the crystal face. The central  tubes also 
carried p la t inum wires which made contact to p la t inum 
electrodes evaporated on to the surface of the crystal. 
The crystal  and electrode system were mounted  
wi thin  a small  muffle furnace and a side window was 
used to view the crystal dur ing the experiment.  The 
furnace tempera ture  was measured and controlled by 
means of an in terna l  thermocouple and the gas flow 
rate and composition were regulated by an external  
gas mixing  system. The crystals were Czochralski- 
grown and were prepared by cut t ing with a wire saw 
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HEATER 
COILS I N S U L A I t O N  

OUT 

GROIJNDE0 
M E I A L  SHIELD - -  I~RA SS, A L U M I N U M ,  OR 

A N D  CONTACT 
A L U M I N A  TUBE 

Fig. 1. High-temperature apparatus for conductivity and oxygen 
transport measurements. 

a n d  b y  s u b s e q u e n t  m e c h a n i c a l  po l i sh ing .  A K e i t h l e y  
610B e l e c t r o m e t e r  h a v i n g  a n  i n p u t  i m p e d a n c e  of  1014 
o h m s  w a s  u sed  to m e a s u r e  o p e n - c i r c u i t  v o l t a g e s  or  
emf ' s ,  w h i l e  c u r r e n t  w a s  m e a s u r e d  b y  a p o t e n t i o m e t r i c  
r e c o r d e r  c o n n e c t e d  ac ross  a 100 o h m  r e s i s t a n c e  p l a c e d  
in  se r i e s  w i t h  t h e  c rys ta l .  

Results 
Oxygen Transport 

T h e  t h e o r y  a n d  p r a c t i c e  of t r a n s p o r t  n u m b e r  m e a -  
s u r e m e n t s  h a v e  b e e n  d i s cus sed  b y  Mi tof f  (6 ) .  I f  t he  
p a r t i a l  p r e s s u r e  of  a gaseous  ion  w h i c h  is i n v o l v e d  in  
t r a n s p o r t  w i t h i n  a m e m b r a n e  is Pl a n d  P2 on  e i t h e r  
s ide  of  t h e  m e m b r a n e ,  r e s p e c t i v e l y ,  a n  e m f  is d e v e l -  
o p e d  ac ross  t h e  m e m b r a n e  g i v e n  b y  

2.3 RT Pl 
E t h e o r  = ~ log  - -  [1] 

4 F  P2 

w h e r e  R is t h e  gas  c o n s t a n t ,  F is t h e  F a r a d a y  c o n s t a n t ,  
a n d  T is t h e  a b s o l u t e  t e m p e r a t u r e .  H o w e v e r ,  i f  c o n -  
d u c t i o n  w i t h i n  t h e  m e m b r a n e  o c c u r s  a lso  b y  t h e  m o v e -  
m e n t  of  o t h e r  ions  o r  b y  e l ec t rons ,  t h e  o b s e r v e d  emf,  
Eexp, is less t h a n  t h a t  c a l c u l a t e d  f r o m  Eq. [1] a n d  t h e  
t r a n s p o r t  n u m b e r  ti is de f ined  b y  

Eexp a'l 
h = ~ = �9 [2] 

E t h e o r  a to ta l  

T h e  e m f  m e a s u r e d  as  a f u n c t i o n  of t e m p e r a t u r e  b e -  
t w e e n  e v a p o r a t e d  p l a t i n u m  c o n t a c t s  of a n  a r e a  m u c h  
less t h a n  t h a t  e x p o s e d  to t h e  gas  is s h o w n  in  Fig.  2 fo r  
t h e  case  of p u r e  o x y g e n  (Pl  = 1 a t m )  m a i n t a i n e d  a t  
one  s u r f a c e  a n d  a i r  (P2 ~ 0.2 a t m )  m a i n t a i n e d  a t  t h e  
o t h e r .  R e s u l t s  fo r  a c t i v a t e d  z i r c o n i a  a r e  a lso  s h o w n  
s ince  i t  is k n o w n  (7)  t h a t  t h e  t r a n s p o r t  n u m b e r  fo r  
t h i s  m a t e r i a l  is v e r y  close to u n i t y  a n d  t h i s  f ac t  w a s  
u sed  as  a f o r m  of  c a l i b r a t i o n  fo r  t h e  a p p a r a t u s .  T h e  
t r a n s p o r t  n u m b e r  c a l c u l a t e d  fo r  c a l c i u m  o r t h o v a n a d a t e  
is s h o w n  as a f u n c t i o n  of t e m p e r a t u r e  in  Fig.  3. T h e  
t r a n s p o r t  n u m b e r  is c o n s t a n t  a t  0.9 o v e r  t h e  t e m p e r a -  
t u r e  r a n g e  f r o m  650 ~ to 900~ a n d  t h e  c o n d u c t i o n  
p roce s s  in  a s - g r o w n  c r y s t a l s  is t h e r e f o r e  p r e d o m i n a n t l y  
due  to o x y g e n  ion  m i g r a t i o n .  

M e a s u r e m e n t s  w e r e  a lso m a d e  of  t h e  c o n d u c t i v i t y  of 
t h e  c r y s t a l s  as  a f u n c t i o n  of  t e m p e r a t u r e ,  u s i n g  e i t h e r  
a c o n s t a n t  c u r r e n t  of  less  t h a n  10 - s  A / c m  2 or  a s m a l l  
a -c  v o l t a g e  i n  a n  a t t e m p t  to  a v o i d  p o l a r i z a t i o n  effects.  
I n  b o t h  cases  t h e  c o n d u c t i v i t y  w a s  f o u n d  to b e  t h e r -  
m a l l y  a c t i v a t e d  w i t h  a n  a c t i v a t i o n  e n e r g y  of 1.05 • 
0.05 eV. T h e  m a g n i t u d e  of  t h e  d - c  c o n d u c t i v i t y  for  
n e a r l y  s t o i c h i o m e t r i c  c r y s t a l s  u n d e r  t h e s e  c o n d i t i o n s  
w a s  of  t h e  o r d e r  of 10 - s  ( o h m - c m ) - I  a t  T ~ 800~ 
T h e  c o n d u c t i v i t y  w a s  l a r g e r  fo r  c r y s t a l s  g r o w n  in  an  
a t m o s p h e r e  de f i c i en t  in  oxygen ,  a l t h o u g h  s u c h  c r y s t a l s  
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Fig. 3. Transport number of calcium orthovanadate as a func- 
tion of temperature. Transport number for activated zirconia 
taken to be unity at 700~ 

w e r e  no t  c o l o r e d  as  s t r o n g l y  as t h o s e  c o l o r e d  e l e c t r i -  
cal ly .  T h e  a c t i v a t i o n  e n e r g y  fo r  c o n d u c t i o n  w a s  s i m i l a r  
for  a s - g r o w n  c r y s t a l s  of  b o t h  y e l l o w  a n d  b l a c k  color .  

Charge Storage 
GeneraL--Crystals w e r e  cu t  in  t h e  f o r m  of  f lat  s l abs  

1-2 m m  in  t h i c k n e s s  a n d  0.5 to  1.0 c m  2 i n  a r ea .  P l a t i -  
n u m  c o n t a c t s  w e r e  e v a p o r a t e d  to c o m p l e t e l y  c o v e r  t h e  
s l ab  faces  a n d  t h e  c r y s t a l s  w e r e  t h e n  m o u n t e d  w i t h i n  
t h e  f u r n a c e .  W h e n  t h e  c r y s t a l  w a s  h e a t e d  a b o v e  700~ 
a n d  a v o l t a g e  a p p l i e d  c o r r e s p o n d i n g  to a f ie ld of t h e  
o r d e r  of 30-40 V / c m  a b l a c k  c o l o r a t i o n  w a s  o b s e r v e d  
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to enter  the crystal  f rom the negat ive electrode and 
sweep across the crystal. The magni tude  of the thres-  
hold voltage was not par t icu lar ly  reproducible  sug- 
gesting that  e lectrode conditions were  of importance.  
On the assumption that  the color was due to the in-  
ject ion and migra t ion  of electrons, an effective carr ier  
mobi l i ty  and concentrat ion could be computed  f rom the 
transi t  t ime for the color and from the  calculated con- 
ductivity.  This assumes a uni form field distr ibution 
wi th in  the crystal  which is probably  unwar ran ted  and 
the calculat ion can only be regarded as providing an 
order  of magni tude  for the quantities.  The values 
obtained for the effective mobi l i ty  and carr ier  con- 
centrat ion at 730~ were  1 • 10 -4 cm2/V-sec and 3 • 
1019 cm -3, respectively.  Removal  of the external  field 
showed that  the blackened crystal  re ta ined a potential  
difference be tween  the electrodes of several  volts wi th  
a polar i ty  the same as that  of the applied voltage. 
Shor t -c i rcui t ing  the  electrodes produced a current  in 
the ex te rna l  circuit  which decayed with t ime accom- 
panied by the movemen t  of the black color back to- 
ward  the negat ive electrode. 

Current and voltage as a ~unction of t ime.--The crys-  
tal cur ren t  and open-circui t  vol tage measured as a 
function of t ime are shown in Fig. 4. For  voltages 
below 30 V/cm,  no color could be observed to enter  
the crystal  and the current  decreased wi th  t ime from 
an init ial  va lue  indicat ing effects due to polarization. 
At  higher  voltages, carr ier  inject ion was observed and 
the current  in the crystal  increased monotonically. The 
open-ci rcui t  vol tage measured on removal  of the ex te r -  
nal  vol tage was found to increase wi th  applied voltage, 
a l though no simple relat ionship could be deduced. The 
var ia t ion  of open-ci rcui t  vol tage with  the charging 
t ime for fixed applied vol tage was also complex as 
shown in Fig. 5. The longer charging t imes produced a 
smaller  initial open-ci rcui t  voltage, but  the t ime de-  
pendence was less pronounced. A similar  effect has 
been observed in polyethylene (8). 

Shor t -c i rcui t ing  the electrodes caused a discharge 
current  to flow in the externa l  circuit. The discharge 
cur ren t  t ime constant was longer than that  for the 
charging process and integrat ion of the charging and 
discharging cur ren t  over  t ime indicated that  for an 
average  crystal  about  15% of the charge was recover-  
able. It  may  be noted that  in a previous set of ex-  
per iments  (3) a larger  recovery  rate was obtained (up 
to 80%), par t icular ly  in crystals grown from a stoichi- 
ometric  melt. These exper iments  were  carried out wi th  
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voltage (lower) for a cycle, i .e,  applied voltage on, open circuit, 
short circuit. Voltages marked on diagram are these applied from 
the external voltage source. Crystal thickness 1.07 mm. 
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Fig. 6. Successive charging and discharging current cycles for 
a fixed applied voltage of 4V across 1 mm thick crystal. 

charging currents  about five or ten t imes smaller  than 
those used in the present  exper iments  and this could 
have had some bearing on the difference in results. 
The effect of repeated charging and discharging cycles 
is shown in Fig. 6. The current  flowing for a given ap- 
plied vol tage becomes smaller  on successive cycles, in-  
dicating a change in the bulk mater ia l  or in the elec- 
trodes during the course of charge injection. 

Potential distribution.--The in ternal  potent ial  distr i-  
bution during coloration was est imated by wrapping  
a p la t inum wire  around the center  of a crystal  of about 
1 cm thickness and recording the potent ia l  of this elec- 
trode with  respect to the le f t -hand electrode using a 
second Kei th ley  610B electrometer .  As shown in Fig. 7, 
the electrode potent ial  was roughly  one half  the ap-  
plied voltage for the uncolored crystal  but became 
smaller  if the color entered f rom the le f t -hand  side, 
or larger  when  the color entered  f rom the r igh t -hand  
side. The simplest  in terpre ta t ion  of this behavior  is 
that  the conduct ivi ty  of the blackened region of the 
crystal  is h igher  than that  of the uncolored mater ia l  
due to the presence of the injected charge. 

Crystal decomposition.--On cooling crystals which 
had had currents  of several  m A / c m  2 passed for 10 
rain or so wi th  the same polari ty being maintained,  
the bulk mater ia l  was found to become clouded and in 
some cases to be severe ly  cracked. In addit ion the 
negative p la t inum electrode became blackened with  
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some visible evidence of diffusion of the electrode ma-  
terial  into the crystal. Al though the color of the posi- 
t ive electrode was unchanged, microscopic examinat ion  
showed large depressions had been formed under  the 
electrode indicating that  mater ia l  had been lost f rom 
the crystal. These observations are consistent with 
electrolytic action wi th in  the material ,  with the move-  
ment  of oxygen vacancies toward  the negat ive  elec- 
t rode and the release of gaseous oxygen from the posi- 
t ive electrode. 

Optical e~ects and electron paramagnetic resonance. 
- - T h e  optical absorption spectrum recorded by a Cary 
Model 15 spectrophotometer  is shown in Fig. 8 for a 
yel low and blackened crystal, respectively.  The black 
color is seen to arise f rom a broad absorption banal ex-  
tending the width  of the visible spectrum (4). Direct  
evidence that  the electron is associated wi th  a vana-  
dium site is shown by the electron paramagnet ic  reso- 
nance spectrum measured at 21 GHz at 70~ and 
shown in Fig. 9. A ful l  analysis of this spec t rum has 
not yet  been carr ied out, but the two sets of eight  lines 
could e i ther  arise f rom electrons t rapped at two types 
of vanadium sites or f rom an electron t rapped be tween  
a vanad ium site and an associated defect such as an 
oxygen vacancy. Such V 4+ sites have an electron spin 
S = �89 and a nuclear  spin I ---- 7/2 leading to a single 
resonance containing (2I -t- 1 = 8) lines. The concen- 
t ra t ion of paramagnet ic  spins in a colored crystal  was 
found to be of the order  of 10 TM spins /cm 3 which is 
in agreement  wi th  the carr ier  concentrat ion est imated 
f rom the electr ical  data. As far  as could be ascertained 
the resonance signals were  s imilar  for electr ical ly 
colored crystals and for those grown in an oxygen-  
deficient atmosphere.  
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Fig. 8. Optical absorption spectra for calcium orthovonadate, 
(a) "Normal" yellow crystal, probably stoichiometric. (b) 
Blackened crystal. 
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Fig. 9. Electron poramagnetic resonance spectrum of 
centers in electrolytically colored calcium orthovanadate. 

color 

Discussion 
The t ransport  measurements  indicate that  conduction 

in stoichiometric calcium or thovanada te  occurs p re -  
dominant ly  by the movemen t  of oxygen ions. The 
t ransport  number  of 0.9 implies that  an emf  may  be 
developed in a cell based on calcium or thovanadate  
which is close to the the rmodynamic  maximum.  The 
in ternal  impedance  of severa l  such cells was in the 
range 10s-10 ~ ohms when  operated in the t empera tu re  
range near  1000~ 

The mechanisms of charge inject ion and crystal  
coloration in alkali  halides and calcium or thovanadate  
are compared in Fig. 10. In the alkali  halides, coloration 
involves the migrat ion of hal ide ions toward the posi- 
t ive electrode, the movemen t  of halide ion vacancies 
toward the negat ive electrode, and the inject ion of 
electrons f rom the negat ive  electrode to form neut ra l  
F-centers  at the halide ion vacancy sites. In the or tho-  
vanadate,  where  measurements  show tha t  oxygen  mi -  
grat ion is predominant ,  the corresponding process is 
that  of oxygen migra t ion  to and release f rom the posi- 
t ive  electrode, oxygen vacancy migrat ion to the nega-  
t ive electrode, and e lec t ron inject ion and capture  at 
oxygen vacancy sites. Local neut ra l i ty  requi res  two 
electrons for each vacancy site and the optical and 
electron paramagnet ic  resonance results  suggest that  
these electrons are located at vanadium sites adjacent  
to the vacancy. Electron migra t ion  by hopping be tween  
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Fig. 10. Comparison of the mechanisms of electrolytic coloration 
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V 4+ and V 5+ sites is wel l  known in vanadium com- 
pounds and the large number  of avai lable  V s+ sites 
may account for the high current  densities observed 
in the or thovanadate  compared  with  alkali  halides. 

A full  analysis of t ime-dependen t  space charge in- 
ject ion into insulators is normal ly  difficult. In the pres-  
ent case, the evidence for local neut ra l i ty  in the 
colored region, the comparable  ionic and electronic 
contributions to the total  conductivity,  and the wel l -  
defined boundary  of the charged region allow a quasi-  
static approach to be used to in terpre t  the processes 
involved.  This is i l lustrated in Fig. 11. The crystal  is 
divided into colored and uncolored regions wi th  a 
boundary at d, the conduct ivi ty  in the colored region 
61 being due to an ionic component  ai and an electronic 
component  Ze, whi le  that  in the uncolored region z2 is 
total ly ionic r The ratio of these conductivi t ies  is con- 
venient ly  wr i t ten  as 

O' 1 o- e 
- - ~  1 + - - : l E m  [3] 

Making an init ial  assumption of no space charge ac- 
cumulat ion wi th in  the crystal, the par t ly  colored 
crystal  of area  A can be regarded as two resistances 
in series 

d (L - d) 
/h + R2 = ~ + ~ A  [4] 

and the current  and vol tage distr ibut ion calculated as 
a function of the position of the boundary.  Three  quan-  
tities can be compared wi th  exper iment :  the values  of 
current  when  the boundary  is at d ---- 0 and at d ---- L, 
and the vol tage measured at an electrode si tuated at 
the mid-poin t  of the crystal.  The current  should rise 
f rom an init ial  va lue  r to a va lue  of ~'IAV/L, an 

p REGION i :  REGION 
:1: 'IT 

4 .~= Y: 
N,P 

- - - - -% v 

0 d L 

Fig. 11. Model for charging process. Region I is neutral but 
has conductivity ~t -{- ~e, region II has purely ionic conductivity, 
0"|. 

increase of (1 + m) due to the inject ion of electrons 
into the sample. It  is easily shown that  the voltage 
measured at an electrode placed at L/2  is given as 
a function of y = d/L by the expression 

V 
Vw~ = [ 5 ]  

2 [ y +  ( 1 - -  y) ( l  + m) ] 

This expression has a value of V/2 when the con- 
duct ivi ty  is uni form (with the boundary  at d ---- 0 and 
d ~ L, respect ively)  and has a min imum value  of 
V / ( 2  + m) when  the boundary is at d ---- L/2.  A simi- 
lar  analysis can be made for the inject ion of electrons 
at d = L wi th  the voltage again being measured  be- 
tween electrodes at d ---- 0 and d ---- L/2. In this case 
the vol tage at L/2  is expected to rise as the  electron 
cloud penetrates  the crystal. 

Comparison of these results wi th  the exper imenta l  
data shown in Fig. 4 and 7 shows general  agreement  
wi th  this model. The approximate  position of the 
boundary is shown by arrows on the diagram. The rise 
in current  and fall  in center  electrode potential  occur 
as predicted as the color enters the crystal  and leads 
to a va lue  of the paramete r  m be tween  2 and 3. How-  
ever  the rise in center  electrode potent ial  as the color 
crosses the mid-poin t  does not occur and it is there-  
fore necessary to consider other  phenomena  which may  
occur during coloration. These are i l lustrated in Fig. 
12 and include the formation of a negat ive space charge 
region beneath  the posit ive electrode due to the migra-  
tion of negat ively  charged oxygen  ions and the release 
of oxygen through the electrode. 

The effect of a negat ive space charge layer  may  be 
evaluated by repeat ing the above analysis wi th  the 
inclusion of a distr ibut ion of space charge wi th in  the 
crystal. For  example,  a distr ibution which can be jus t i -  
fied on empir ical  grounds is a negat ive space charge 
densi ty which increases l inear ly  f rom the edge of the 
colored region toward  the posit ive electrode. This 
corresponds to the accumulat ion of oxygen ions beneath 
this electrode. The effect of the distr ibution is included 
through Poisson's law and it is found that  the center  
electrode potent ial  falls continuously to zero when  
calculated as a function of increasing boundary  pa ram-  
eter  y ----- d/L. This polarization effect is not in accord 
with  the exper imenta l  behavior  shown in Fig. 7. 

The exper imenta l  observat ion of a loss of mater ia l  
under  the posit ive electrode is s trong evidence that  
oxygen escapes through the electrode and that  the 
total  densi ty of excess negat ive charge in the boundary  
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Fig. 12. Model including space charge at the positive electrode 
and oxygen loss from the crystal. The graph shows the expected 
change in the potential of the center electrode with the position 
of the boundary layer. 
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layer dis t r ibut ion is thereby reduced. Taking this ef- 
fect into account is difficult to do in a quant i ta t ive  
fashion without fur ther  informat ion regarding condi- 
tions at the boundary.  However, quali tat ively,  oxygen 
loss would  be expected to lead to a slower decrease in 
the center electrode potential  as the color enters the 
crystal. This is shown in the graph in Fig. 12 and is in 
substant ia l  agreement  with the exper imental  behavior. 
Such a large effect due to electrode conditions would 
account for the difficulty of obtaining reproducible 
threshold and open-circui t  voltages in repeated experi-  
ments  on a single sample or between different samples. 

The effect of electrolysis may be seen in the decreas- 
ing magni tude  of the injected current  on successive 
charging cycles shown in Fig. 6. If electrical neut ra l i ty  
is main ta ined  in the colored region dur ing the appli-  
cation of the external  field, the injected charge must  
be located in the neighborhood of an oxygen vacancy. 
During electrolytic action and subsequent  crystal de- 
composition, such vacancies will be progressively swept 
out of the crystal leading to a smaller  charge injection 
dur ing subsequent  cycles. 

Conclusions 
Some application of calcium orthovanadate  as a high 

temperature  charge storage and oxygen t ransport  me-  
dium appear to be possible. The principal  l imitat ion 
is contact and mater ia l  deteriorat ion due to electrolysis 

within the bulk. An increase in lifetime and improved 
charge storage efficiency can be obtained by operating 
at low specimen currents. 
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A Radiochemical Technique for 
Determining Depth Distributions in Mo 

M. R. Arora* and Roger Kelly* 
Institute for Materials Research, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

Molybdenum can be anodized at up to 235V in an electrolyte containing 
glacial acetic acid, Na2B4OT" 10 H20, and water. The result ing oxide films, which 
must  be stabilized by compressed-air  drying, show br i l l iant  interference 
colors, have a l inear  (or near ly  l inear)  thickness-voltage relation, and can be 
formed with thicknesses of up to 380 ~g/cm 2 of oxide (~8400A). When exposed 
to 1.0 g/ l i ter  aqueous KOH, the films dissolve ("strip") wi th in  30 sec, whereas 
the under ly ing  metal  dissolves at a rate of only 20 A/hr .  The film thicknesses 
formed on Mo which has been subjected to Kr  ion bombardment  at doses of 
up to 4 X 1018 ions/cm 2 are s imilar  to those on unbombarded specimens. ~ 
follows from these results that the use of an anodizing-s t r ipping sequence for 
de termining depth distr ibutions in Mo should be possible. Examples of depth 
distr ibutions for 10-keV Kr implanted at doses from 4 X 1013 to 4 X 1018 ions/  
cm~ are given and are shown, by comparison both with theory and with pre-  
viously obtained results for W, to be numer ica l ly  plausible. 

Although a great deal of effort has been devoted in 
recent years to s tudying the penetra t ion of energetic 
charged particles into solids, most of the work has 
been restricted either to low-mass targets (A1, Si, 
A1203, WO3) or to high-mass targets (W, Au) (1-5). 
This leaves much to be done in the in termediate  mass 
region, for example, work on max imum ranges (6) and 
on "supertails" (7). We propose to describe here an 
electrochemical technique suitable for depth-d is t r ibu-  
tion measurements  with Mo, mass 96; in addition, we 
demonstrate  the plausibi l i ty  of the technique by re-  
port ing pre l iminary  depth-dis t r ibut ion  measurements  
for Mo in the l i t t le-s tudied high-dose region. 

The technique developed for s tudying the penet ra-  
t ion of ions into Mo is similar in  all respects to the 
anodizing-str ipping methods previously developed by 
Davies and co-workers with A1 (1), Si (2), W (3), 

* Electrochemical Society Active Member. 
Key words: molybdenum, anodization, thin films, deDth distribu- 

tions. 

and Au (4). Thus, with all five materials  under  suitable 
anodizing conditions, an ext remely  un i form oxide layer  
can be formed, whose thickness is de termined main ly  
by the applied formation voltage. Also with all five 
materials,  solvents exist which will  rapidly dissolve the 
anodic oxide layer but  not at tack the under ly ing  metal. 

We would point  out that  fur ther  possibilities for 
s tudying intermediate  masses have recent ly  presented 
themselves. Andersen  and Sorensen (8) have demon-  
strated that well-defined halide films can be formed 
and stripped from Cu (mass 64) and Ag (mass 108). 
In addition, v ibra tory  polishing (9) and  sput ter ing 
(10) are near ly  universa l ly  applicable. None of these 
al ternat ives is, however, as s t raightforward as might  
be desired. 

Anodizing-Stripping Procedure for Mo 
Specimen preparation.--Polycrystalline Mo foils, 

which were 0.1 mm thick and had purit ies of 99.8%, 
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were  used as specimens throughout  this work.  They 
were  degreased wi th  pe t ro leum ether  and etched in 
di lute nitric acid; they were  then anodized at 80-1007 
several  t imes and the anodic oxide films thus formed 
were  dissolved in di lute  KOH solution (to be discussed 
la ter) .  This preanodizing t rea tment  may  be assumed 
by analogy wi th  A1 (1) to provide  a reproducibly  fiat 
surface of constant area for  thickness cal ibrat ion and 
subsequent  depth-dis t r ibut ion measurements .  

Anodizing step.--There are at least two examples  in 
the l i tera ture  where  Mo has been anodized under  e tch-  
ing or polishing conditions (11, 12), a l though no ex-  
amples at all are known to the authors where  the 
anodizing of Mo led [as wi th  the closely related W 
(3) ] to a protect ive oxide film. For  example,  negat ive 
results were  obtained by Wood and Pearson (13). 
While the init ial  results obtained here tended to con- 
firm the difficulty of forming films, it was found, af ter  
a ra ther  large number  of unsuccessful experiments ,  
that  films could be readi ly  grown using an electrolyte  
s imilar  to that  proposed by Keil  and Salomon (14) 
for V: glacial acetic acid, O.02M Na2B4OT.10H~O, and 
e i ther  1.0M or 2.0M water .  Higher  amounts  of wa te r  
( >  2.0M) resul ted in excessively unstable films: spe- 
cifically, wi th  5.0M water  in the electrolyte,  fresh films 
tended to become nonuni formly  th inner  in 25 sec when  
exposed to the  surrounding air and could not be sta- 
bilized by compressed-a i r  drying. Fi lms formed in the 
e lec t ro lyte  wi th  1.0M wate r  were  not affected by 45- 
sec exposure to air and were  found to be par t icular ly  
stable when dried wi th  compressed air. They could 
then be preserved  in air for more than a day  and in a 
desiccator for more  than two weeks. Fi lms formed with  
2.0M water  showed an in termedia te  behavior,  being 
closer, however ,  to those formed with  1.0M water .  
Water  contents of less than 1.0M resul ted in stable but  
nonuniform films, the nonuni formi ty  being presumably  
due to the low conduct ivi ty  of the electrolyte  [cf. Ref. 
(15)]. These conclusions are all based on the observa-  
tion of in terference colors. 

The exper iments  were  car r ied  out at 25 ~ • I~ and, 
on the basis of the above considerations, were  confined 
main ly  to the electrolyte  wi th  1.0M water .  A planar  
Pt  foil, separated by about 1.0 cm from the Mo speci- 
mens, acted as cathode. A calomel reference electrode 
was occasionally inserted into the bath during anodiz- 
ing to determine  what  port ion of the applied vol tage 
actual ly appeared across the oxide film on the Mo and 
what  portion corresponded to the ohmic drop in the 
electrolyte.  Except  at the beginning of a run, the vol t -  
age across the film was similar  ( typical ly 97-98%) to 
the total applied voltage and corrections have the re -  
fore not been applied. 

The anodizing was carr ied out at a constant cur ren t  
of 2.0 m A / c m  2 unti l  the  desired vol tage had been 
reached and the current  was then al lowed to drop for 
a total  anodizing t ime of 6 min. The current  had by 
this t ime decreased to an almost  l imit ing value of 0.1 
to 0.3 m A / c m  2, most of which is bel ieved to be elec-  
tronic in na tu re  (16). 

Above 10 to 15V, the presence of the oxide films 
on Mo could be detected visually, and their  un i formi ty  
verified, by means of the characteris t ic  in terference 
colors that  occur. As described above, freshly prepared 
films were  h ighly  unstable, al though they could be 
stabilized by exposing them for about 10 to 15 sec to 
a je t  of compressed air immedia te ly  after  w i thd rawa l  
f rom the anodizing bath. The films were  shown by re-  
flection electron diffraction at 60 kV to be amorphous 
(Fig. la ) ,  a l though they  were  subject  to crystal l izat ion 
at t empera tures  greater  than about 400~ (Fig. l b ) ;  
they are s imilar  in these respects to anodic WO3 (17). 

Apparen t ly  normal  anodizing behavior  was found up 
to a voltage of 235V, corresponding to an oxide film 
thickness of 380 ~g/cm 2 of oxide (,~ 8400A). At  that  
potential,  film breakdown occurred as evidenced by 

Fig. i. Electron diffraction patterns taken by reflection in a 
Philips EM300 electron microscope operated at 60 kV. (a) Mo as 
anodized at SOV. (b) Mo which has been first anodized at SOV 
and then heated in air at 450~ for 5 rain. 

discoloration and a tendency for the vol tage e i ther  to 
rise re luc tan t ly  or to fall. 

Stripping step.--The only oxide solvent t r ied was, by 
analogy with  WO3 (3), 1.0 g / l i t e r  KOH. It  was ob- 
served that  the oxide interference colors disappeared 
wi th in  30 sec. By using specimens first labeled with  
35-keV Kr  s5 to a dose of 5 • 1015 ions /cm 2 and then 
anodized at 15, 30, or 60V, it was confirmed that  film 
dissolution was complete  wi thin  30 sec and tha t  the 
attack on the under ly ing meta l  occurred at about 20 
A/hr .  1 Par t ia l  results are  given in Table L 

The existence of a dissolution "end-poin t"  at the 
ox ide-meta l  interface is perhaps the most crucial  con- 
sideration in sett ing up an anodizing-str ipping pro-  
cedure. It  was therefore  grat i fying that  the "end point" 
is so wel l -def ined wi th  Mo. 

Thickness Ca l ib ra t ion  
Calibration ~or ~ IOV.--As a first step in establish- 

ing a th ickness-vol tage  cal ibrat ion for the anodizing- 

1 T h e  ion  b o m b a r d m e n t s  u s e d  t h r o u g h o u t  t h i s  w o r k  w e r e  c a r r i e d  
ou t  w i t h  a h i g h - c u r r e n t ,  0 -40  k V  a c c e l e r a t o r  l o c a t e d  i n  t h e  I n s t i -  
t u t e  fo r  M a t e r i a l s  R e s e a r c h  a t  M c M a s t e r  U n i v e r s i t y .  

Table I. Stripping experiments* 

T o t a l  t i m e  N o r m a l i z e d  r e s i d u a l  t a r g e t  a c t i v i t y  
i n  K 0 H  15-V f i lm 30-V f i lm 60-V f i lm 

0 100 100 100 
2 sec 72.8 74.0 82.0 
5 sec 64.8 48.2 63.2 

10 sec  64.1 39.8 33.7 
30 sec 64.1 39.8 18.4 

2 r a i n  63.8 40.2 18.1 
10 r a i n  63.8 39.7 17.9 
60 r a i n  62.0 39,0 17.6 

* T h e  Mo s p e c i m e n s  w e r e  l a b e l e d  w i t h  3 5 - k e Y  K r ~ ,  a n o d i z e d  a t  
15, 30, o r  6 0 7 ,  a n d  t h e n  e x p o s e d  to 1.0 g / l i t e r  a q u e o u s  K O H  for  
v a r i o u s  t imes .  
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stripping procedure,  the extent  to which Mo went  into 
solution during the anodizing step was estimated. Eight  
specimens were  labeled with 10-keV Kr  s5 to a dose of 
5 • 1015 ions /cm 2 and were  then  counted three  times: 
before anodizing, af ter  anodizing at 3 to 50V, and after  
stripping. From 30 to 80% of the ac t iv i ty  was found 
to be lost during anodizing, indicating that  significant 
oxide-f i lm dissolution was occurring. This means that  
Mo, as distinct f rom W (3), requires  two types of 
thickness calibration, one for oxide-f i lm thickness due 
to anodizing alone and the other  for total meta l  re-  
moved in a full  anodiz ing-s t r ipping sequence. 

In fur ther  experiments ,  it was shown that  the oxide 
thickness and its uniformity,  as inferred both f rom the 
in terference colors and f rom the t ime to reach the 
l imit ing electronic current,  did not depend significantly 
on whe ther  the anode-cathode spacing was 0.5 or 1.0 
cm provided the init ial  current  density was at least 2.0 
mA/cm"  and the total  anodizing t ime at least 6 min. 
Had the t ime been increased to 9 rain, spacings of up 
to 2.0 cm could have been tolerated. 

The main results, as de termined by the convent ional  
weight- loss  procedure, are shown in Fig. 2 and can 
also be represented by the fol lowing expressions: 

Thickness of oxide film for 
e lectrolyte  with 1.0M water  

---- 1.4 + 1.58 • V ~g/cm 2 of oxide 
Thickness of oxide film for 

electrolyte  wi th  2.0M wate r  
1.4 + 1.78 • V ~g/cm 2 of oxide 

Total  Mo removed  for e lectro-  
lyte wi th  1.0M water ;  ~ 10V 

---- 1 . 5 +  1.60 • V ~g/cm 2of  metal  
Total Mo removed for e lectro-  

lyte  with 1.0M water ;  - -  10V 
----7.3+ 1.02 • V ~g/cm2 of meta l  

Note how the curves for oxide thickness are given 
in units of mic rograms/square  cent imeter  of Mo [de- 
duced by assuming the oxide to be MoO3 (16) ], whereas  
the corresponding analyt ical  expressions are in terms 
of mic rograms / square  cent imeter  of total  oxide (no 

assumptions necessary as to its na ture) .  Note also that  
the calibrations are not unique, but  apply for an initial 
current  density of 2.0 m A / c m  2, a total  anodizing t ime 
of 6 rain, and an anode-cathode separat ion of --~ 1.0 era. 

Calibration at low voltages.--Since the precision of 
depth-dis t r ibut ion measurements  depends main ly  on 
the knowledge of small  thicknesses ( <  10 ~g/cm2), 
supplementary  cal ibrat ion exper iments  (i.e., other  than 
weight- loss  measurements)  were  made in the low-  
voltage region. 

Oxide films on Mo as prepared here  were  found to 
be sufficiently stable for the  use of e l l ipsometry to 
measure  their  thickness. Six specimens, prepared with  
the electrolyte  having 1.0M water,  were  therefore  ex-  
amined assuming the fol lowing refract ive  indices (18): 
riM• = 3.14 -- i 3.60; noxid e : 1.55. I t  was found that  
the thickness of a na tura l  film was 31 _ 2A, of a 4-V 
film was 127 ___ 4A, and of a 6-V film was 219 _ 5A. 
For an oxide density of 4.52 g / c m  3 and an assumed 
composition MoO3 (16), these thicknesses correspond 
to, respectively, 0.93, 3.84, and 6.61 /Lg/cm 2 of Mo. 

Values for the total  meta l  r emoved  could be obtained 
using a technique based on comparing depth distr ibu- 
tions. Twen ty - fou r  specimens were  bombarded with  
30-keV Kr s5 under  identical  conditions of dose (5 • 
1015 ions/cm2). The specimens were  then subdivided 
into eight groups and the Kr  depth distr ibutions were  
determined such that  each group was  anodized and 
stripped using only one voltage. By let t ing the total 
amounts of meta l  removed at the lower  voltages (1, 
2, 3, 6, and 8V) be unknowns,  these amounts  could 
be expressed re la t ive  to those at the higher  vol tages 
(10, 15, and 20V). A typical  example,  which serves to 
establish the 2-V amount  as being 0.17 of the 10-V 
amount, is shown in Fig. 3. 

Over -a l l  low-vol tage  results  are summarized in Fig. 
4 and have been taken into account in the analyt ical  
expressions of the preceding section. The depth-dis-  
t r ibut ion procedure, in part icular ,  wil l  be recognized 
as being related to that  used by Whit ton (9) for cali- 
brat ing the v ibra tory  polishing behavior  of W and 
Ta205. 
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Fig. 4. Thickness calibration for Mo at low anodizing voltages. 
0 ,  Mo removed during stripping step alone (1.0M water) as 
determined by weight loss; e, like the preceding but deduced 
by ellipsometry; I-1, total Mo removed in a full anodlzing-stripping 
sequence (I.OM water) as determined by weight-loss; I I ,  like the 
preceding but deduced by comparing depth distributions as in 
Fig. 3. 

E~ect of radiation damage on thickness calibration.-- 
Andersen  and S~rensen (8) were  concerned in thei r  
work  on hal ide films on Cu with  the effect of ion- 
bombardment  damage on the thickness calibration. No 
effect was observed for doses of up to 10 TM ions /cm 2. 
In the present  work  we have  prepared a series of 12 
specimens, bombarded them with  10-keV Kr  to var i -  
ous doses, and then  anodized them at 40V. The total  
amount  of metal  plus implanted Kr  removed  in a full  
anodizing-s t r ipping sequence was then de termined  and 
from it the est imated weight  of the Kr  was subtracted. 
(The sticking probabi l i ty  of the incident ions was taken 
into account in making this correction.) The results 
are  given in Table  II and serve to confirm again the  
absence of a damage effect except  perhaps at the h igh-  
est dose (4 X 1017 ions/cm2).  

Depth Distributions in Mo at High Doses 
As a specific application of the anodizing-str ipping 

procedure  described here, we  have under taken  exper i -  
ments  on Kr  depth distr ibutions in Mo in the l i t t le  
studied high-dose region. The results are still p re-  
l iminary  but one series in par t icular  wil l  be included 
here, since its plausibil i ty serves as a good indication 
of the effectiveness of the anodizing-s t r ipping proce-  
dure. 

F igure  5 shows distr ibut ion curves of the residual  
target  act ivi ty  (i.e., in tegral  concentrat ion)  for Kr  s5 
injected into Mo at a constant energy of 10 keV but at 
various doses. Each curve  is based on at least 12 sep- 
arate specimens with  typical ly  8 to 15 points per  speci- 
men, and we note first of all that  the reproducibil i ty,  
as shown by the ver t ica l  bars, is ra ther  good for this 
type of work  [cL Ref. (10)]. 

The theoret ical  curve  was deduced f rom a knowl-  
edge of the Thomas -Fe rmi  values of the mean pro-  
jected range, < x > ,  and mean  projected straggling, 
(<~x2>) '/~, as calculated by Schi0tt (19) assuming a 

Table II. Effect of radiation damage 

T o t a l  m e t a l  r e m o v e d  
K r  dose  in  40-V s t e p  

( i o n s / e m  ~) ( /zg/em 2 ) 

Z e r o  47.9 
5 x 1015 47.0 
4 X 10 ao 48.4 
4 x 101"/ 42.4  
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Fig..5. Integral Kr depth distributions in Mo as a function of 
close for o constant energy of 10 keV. Solid: experimental curves, 
each involving approximately 100 to 180 experimental points 
which have a scatter as shown by the vertical bars. Numbers 
such as 4 • 1013 refer to doses in ions/cm 2. Dashed: theoretical 
curve corresponding to < x >  = 3.7 #g/cm 2 and ( < A x e > )  1/2 = 
! .9 ~g/cm 2. 

random (amorphous)  solid 

< x >  = 3.7 #g /cm 2 l for 10-keV Kr 85 in Mo 
( < ~ x 2 > )  1/2 = 1.9 ~g/cm2 J 

These values were  substi tuted into the leading te rm of 
an integral  Edgewor th  expansion (20) 

integral  concentra t ion ~ ( � 89  erfc r x --  < x >  ] 
L 2Y2 (<axe>) ,/2 3 

Table III enables a comparison to be made between the 
experimental median projected range, Rm, and the 
expected value <x> = 3.7 #g/cm 2. 

Rm is seen to be a factor of 5.4 larger than expected 
at the lowest dose used, 4 X 1013 ions/cm 2. We do not 
regard this as a sign of experimental error, but rather 
a normal result, due to there being mixed random and 
channeled stopping in nonamorphizable substances 

Table Ill. Median ranges for lO-keV Kr in Mo 

K r  dose  M e d i a n  r a n g e ,  Rm 
( ions /cm2)  ( ,ug/cm 2 of Mo)  R m / < X > *  

4 • lO s 20  5.4 
4 • 1014 15.5 4.2 
2 • 10 ~ 12.5 8.4 
5 • I0 ~ I0 2.7 
4 x 10 TM 4 1.1 

* T h e  e x p e c t e d  v a l u e  of < x >  is  3.7 # g / e m r  of M o  (19) .  
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such as Mo. Consider, for example, the behavior  of low 
doses of Kr  in W: for polycrystal l ine W, Davies et al. 
(21) found Rm/<X> to have an average value of 2.3, 
while for s ingle-crystal l ine  W with <111> or <100> 
orientat ions Kornelsen et al. (22) found values of 10 
to 12. The Mo specimens were subsequent ly  shown to 
have v i r tua l ly  only three orientat ions present, <100>,  
<211>, and < i i i > ,  and it is thus not surprising that 
Rm/<X> was large. 

Rm decreases with increasing dose, such that  for a 
dose of 4 X 101e ions/cm2 it is comparable to the 
theoretical value. This is again an expected result, for 
in the context  of mixed random and channeled stop- 
ping, one anticipates a progressive blocking of the 
channels  both by incident  ions and by lattice damage. 
The blocking is evident ly  complete in the near-surface  
region at a dose of 4 X 10 TM ions/cm 2, al though it is 
clearly incomplete at greater depths. The corresponding 
results for W include a bombardment  to 5 X 1014 ions/  
cm 2 (22), where Rm was only sl ightly reduced from 
the value for 2 • 1018 ions/cm 2, and bombardments  at 
5 >< 1015 ions/cm2 (16), where Rm/<X> was 2.2 to 2.8. 
In  addition, Eriksson (23) has showed that  a dose of 
3 X 10 TM ions/cm 2 still yields a dis t r ibut ion of which 
the deeper portions are dominated by channel ing ef- 
fects. Reference to Table III  or Fig. 5 reveals that  these 
results are very similar  to those obtained here for Mo. 

One concludes that depth distr ibutions can be ob- 
tained in Mo which are numer ica l ly  plausible. Depend-  
ing on the dose, Rm either deviates from theory in an 
expected way or else agrees with theory. 

Other series of high-dose depth dis tr ibut ions are in 
the course of being obtained by the present  authors 
for the metals Mo, A1, and W. One of the conclusions 
that  is emerging is, however, a l ready clear from the 
present  work: Mo behaves, as far as stopping phe- 
nomena  are concerned, more near ly  like W than  like 
A1. This means that  Mo will be par t icular ly  effective 
for s tudying max imum ranges (6) and "supertails" (7). 

Summary 
A procedure is outl ined whereby Mo can be anodized 

at voltages up to 235V. The resul t ing oxide films are 
highly unstable  unless dried with a jet  of compressed 
air immediate ly  after wi thdrawal  from the anodizing 
bath. The films are rapidly  soluble in 1.0 g / l i ter  aque-  
ous KOH, whereas the under ly ing  metal  dissolves at a 
rate of only 20 A/hr. 

Oxide thicknesses are determined both by the con- 
vent ional  techniques of weight-loss and ellipsometry, 
as well  as by a procedure based on comparing depth 
distributions.  For  example, depth dis t r ibut ions for 30- 
keV Kr  were obtained both from a sequence of 2-V 
anodizings and from a sequence of 10-V anodizings, 
and the value of the 2-V thickness increment  was de- 
duced as being 0.17 of the 10-V increment.  

Sequences of anodizings and str ippings enable  depth 
distr ibutions to be obtained only if the amount  of 
metal  removed in such a sequence is independent  of 
i on -bombardmenn t  damage. This condit ion is shown to 
be met  with Mo for Kr  doses up to 4 • 1016 ions /cm 2. 

Examples of depth distr ibutions are given for various 
doses of 10-keV Kr  in Mo. The median range exceeded 
the Thomas-Fermi  value by a factor of 5.4 at a dose of 
4 X 1013 ions /cm 2 but  agreed at a dose of 4 X 10 TM 

ions/cm 2. Since these results are numer ica l ly  plausible, 
they indicate that  an anodizing-s t r ipping sequence is 
an effective depth probe wi th  Mo. 
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Technica  Notes @ 
Fast Cathodoluminescent Calcium Sulfide Phosphors 

W. Lehmann* and F. M. Ryan 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

Calcium sulfide phosphors are a t t ract ive  for use as 
luminescent  mater ia ls  in cathode ray tubes (1). Their  
decay of luminescence fol lowing exci tat ion by a short  
e lectron beam pulse is p r imar i ly  de termined  ei ther  by 
the electron transi t ion wi th in  the used act ivator  ion, or 
by carr iers  t emporar i ly  captured in various traps de- 
pending on which is slower. Since traps are always 
present  in CaS phosphors, the phosphorescence decay 
(even of phosphors containing re la t ive ly  fast ac t iva-  
tors) is s lower than might  be desired for some appli- 
cations. As an example,  the recombinat ion t ime con- 
stant corresponding to the luminescent  5d -~ 4f t ransi-  
t ion of Ce 3+ in CaS is less than 10 - r  sec while  the 
observed decay t ime of the phosphorescence of normal  
CaS:Ce  ~+ phosphors is about 10 -6 sec, somewhat  de-  
pendent  on the par t icular  phosphor and the exci tat ion 
conditions (1). 

We have  tr ied to reduce this af terglow by incor-  
porat ing a suitable chemical  "ki l ler"  e lement  in the 
phosphor, wi thout  an excessive reduct ion in the emis-  
sion intensi ty resulting. Kil lers  of luminescence of ZnS- 
type phosphors are wel l  known to be main ly  Fe, Co, 
and Ni (2, 3), and of these, nickel comes closest to the 
ideal of affecting main ly  the af terglow wi th  a min imum 
reduct ion in efficiency (4), and is commercia l ly  used 
in the phosphors P-11, P-36, and P-37. Corresponding 
actions of various kil lers in CaS phosphors are less 
wel l  known. We have observed that, in str iking con- 
trast  to ZnS, nickel  is a lmost  ineffective in CaS 1 which 
tolerates appreciable amounts  of it wi thout  much ef- 
fect. This apparent ly  was noted a l ready by Avinor  who 
proposed instead to reduce the af terglow of CaS phos- 
phors by addit ion of cadmium (5). Our exper ience 
disagrees wi th  this claim as we cannot see a clear 
action of Cd in CaS in this respect. However ,  we ob- 
serve cobalt to pe r fo rm wel l  in CaS, about  equal  to 
the performance  of nickel  in ZnS. 

The technical ly  ideal k i l ler  would be one that  re-  
moves all a f terg low wi thout  reducing the efficiency of 
the phosphor. In practice this cannot be achieved as 
ki l ler  centers compete wi th  radia t ive  recombinat ion 
centers for recombining carr iers  and thereby  introduce 
energy losses. A more  realist ic goal is to seek for a 
ki l ler  which associates to some degree wi th  deep traps 
and, in this way, reduces the long- t ime  af terglow more  
than the shor t - t ime afterglow. One must  then va ry  the 
ki l ler  concentrat ion in order  to reach an acceptable 
compromise be tween  high efficiency and short decay. 
The fol lowing shows how this has been achieved in 
several  CaS phosphors by adding cobalt in vary ing  
amounts.  

Experimental 
The general  conditions of CaS phosphor preparat ions 

are described e lsewhere  (1, 7). Cobalt  containing phos- 
phors were  made in the same way  except  for the addi-  
t ion of cobalt. 

Emission spectra of CaS phosphors considered here 
are shown in Fig. 1. Nei ther  exci tat ion intensi ty nor  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  p h o s p h o r s ,  e a t h o d o l u m i n e s c e n c e ,  decay ,  k i l l e r .  
1 T h e r e  is e v e n  a CaS phosphor a c t i v a t e d  b y  N i  in combination 

w i t h  Cu  or  A g  (6) .  

the addition of cobalt  measurably  al tered these 
spectra. This contrasts wi th  the behavior  of nickel  in 
ZnS which, besides its action as a killer, produces an 
intense optical absorption band in the blue which does 
change the emission spectrum, probably by selective 
reabsorpt ion of the emission light. A corresponding 
strong absorption of cobalt in CaS is not observed. 

Decay characteris t ics  were  measured under  condi- 
tions approaching those encountered in flying-spot 
scanners. The phosphors were  exci ted in a demounta-  
ble system by an electron beam of 10 kV in pulses of 
50 nanoseconds durat ion with  a current  density of 
between 10-100 m A / c m  2. The l ight emission was de- 
tected wi th  a photomul t ip l ie r  and displayed on an 
oscilloscope screen. The decay curves were  photo- 
graphed and evaluated  afterwards.  The RC-response 
t ime of the system was 27 nanoseconds, wel l  below 
the decay rates of the phosphors. The efficiencies pre- 
sented in this paper  are  t ime-ave rage  energy effi- 
ciencies de termined  under  the same pulse excitat ion 
conditions as ment ioned above by comparison of the 
phosphors to several  s tandard phosphors whose effi- 
ciencies were  known from other sources (8). 

Decay times and efficiencies of various phosphors 
vary  somewhat  wi th  var ia t ion of the exci tat ion con- 
ditions which, in turn, may  depend upon the desired 
application. Hence, we include data on several  com- 
mercial  fast phosphors excited under  the same condi- 
tions as our CaS phosphors in order  to provide  a some- 
what  f irmer base of evaluation.  

Results 
The decay of green emit t ing CaS: Ce ~+ containing n o  

cobalt consists of several  subsequent  t -n  branches 
probably due to thermal  emptying  of several  groups of 
traps. Details  va ry  somewhat  f rom sample to sample, 
average t imes to decay to 1/e or to 1/10 of the original  
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Fig. 2. Decoy curves of CoS:Ce ~+, Co compared to P-24 and 
P-36, all normalized to 100 at zero time. 

in tensi ty  may be about 0.5 and 2 ~sec respectively. A 
very weak tail  of the afterglow may  be observed even 
in the millisecond range. 

Decay curves of several CaS:Ce 3§ phosphors con- 
ta ining different amounts  of cobalt are shown in Fig. 2 
and compared to those of commercial ly used P-24 
(ZnO) and P-36 (ZnS-type,  Ni).  All  of these phosphors 
are green emitters. The curves in Fig. 2. are normalized 
to 100 units  at zero time. The t ime-average efficiencies 
of these phosphors under  the used pulse excitation are 
listed in Table I. It  may  be noted that  CaS:Ce 3+ con- 
ta ining properly adjusted amounts  of cobalt easily 
matches P-24 and P-36 in speed of decay but  is many  
times more efficient. Values of the efficiencies of CaS: 
Ce a+, Co and of the t imes required  to decay to 1/e 
(T1/e) and to 1/10 ('~1/10) of the original as functions 

Table I. Efficiencies and decay times 

Eff ic iency v I/e TI/lo 
(%) (~sec) (/~sec) 

G r e e n  e m i t t e r s :  
CaS:Cea+(no Co) 20 0.5 ~ 2  
CaS :CeS+,Co (0.03%) 4 0.16 0.4 
CaS:Cea+,Co (0.1%) 1.2 0.12 0.3 
CaS:CeS+,Co (0.3%) 0,24 0.08 0.2 
C a S : S b  a+, (no Co) 18 0.8 1.8 
P-24 (ZnO) 0.8 0.2 0.5 
P-30 (ZnS- type ,  Ni)  0.16 0.12 0.28 

Red  e m i t t e r s :  
CaS:Eu2+, (no Co) 12 0.6 ~1.6 
CaS:Eu2+,Co (0.03%) 3.2 0.25 0,6 
CaS :Eu~+,Co (0.1%) 0,3 0.12 0.3 

B lue  e m i t t e r s :  
CaS:Bi3*, (no Co) 5 1.5 6-7 
CaS :Bia%Co (0.05 % ) 0.4 0.3 0.8 
CaS:Cd,Cu (no Co} 12 S 10-15 
CaS:Cd,Cu,Co(O.I%) 0.5 1 4 
P-11 (ZnS- type ,  Ni) 10 0.9 12 
P-37 (ZnS- type ,Ni )  0.4 0.15 0.36 

U l t r a v i o l e t  e m i t t e r s :  
CaS : P b  ~,  (no Co) 16 0.6 3-4 
CaS :P'b.r (0.01%) 0.5 0.09 0.25 
P-16 (si l icate,  Ce ~+) 4 0.15 0.43 

of the cobalt concentrat ion are given in Fig. 3. Increas-  
ing amounts  of cobalt reduce the decay unt i l  it finally 
approaches exponent ial  shape with a t ime constant, 
T~/e, of about 80 n-sec. This appears to be the 
final speed l imit  of this phosphor type. Excessively 
high cobalt concentrat ions only reduce the efficiencies 
without  fur ther  reduction of the decay times. 

This general  behavior  of CaS:Ce ~+, Co is observed 
also in other CaS phosphors containing fast activators, 
all excited by electron beam pulses at room tempera-  
ture  2 al though minor  details depend on the activator. 
Some performance data of CaS and, for comparison, 
of several commercial  fast phosphors arc given in 
Table I. In  every case, cobalt  reduces nonexponent ia l  
decay of CaS until ,  with increasing amounts  of cobalt, 

2 S t r i k i n g  d i f fe rences  are  o b s e r v e d  a t  low t e m p e r a t u r e s ,  h o w e v e r .  
Fo r  ins tance ,  C a S : C e  a+, (no Co) is  v e r y  ef f ic ien t ly  e x c i t e d  to ca th -  
o d o l u m i n e s e e n c e  also a t  low t e m p e r a t u r e s  a n d  i t s  decay  becomes  
f a s t e r  w i t h  d e c r e a s i n g  t e m p e r a t u r e  a n d  is p e r f e c t l y  e x p o n e n t i a l  
171/e = 77 n-sec) a t  a b o u t  10~ I n  cont ras t ,  C a S : E u  2+, (no Co) is 
e x t r e m e l y  poor ly  exc i t ed  a t  low t e m p e r a t u r e s  a n d  i t s  decay  be-  
comes  s lower ,  no t  fas ter ,  w i t h  d e c r e a s i n g  t e m p e r a t u r e  d o w n  to 
a b o u t  IO~ 

Fig. 3. Energy efficiencies 
and decay times of CaS:Ce 8+, 
Co. 
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it approaches exponential  shape. The time constants, 
Tx/e, of decay at this ul t imate  l imit  are about 120 
n-sec for Eu 2+ and 80 n-sec for Pb ~+. The limits of 
t h e  activators Bi a+ and Cu are still unknown.  If the 
decay of a CaS-phosphor containing a part icular  ac- 
t ivator is exponent ia l  a l ready without  cobalt, then 
addition of the lat ter  only reduces the efficiency but  
not the decay times. An  example of this case is CaS: 
Sb 3+ whose exponent ial  decay (~l/e ~- 0.8 ~sec) is not 
affected by the addition of cobalt. 

Discussion 
The observed action of cobalt on the luminescence 

decay of CaS-phosphors may be understood as follows. 
The process of excitation and luminescence consists 

of a chain of events, the length of the afterglow is 
determined by  the slowest l ink  in the chain, and re-  
duction of the afterglow by selective ki l l ing is possible 
only if the kil ler  affects this slowest link. Well  shielded 
4f-states of t r iva lent  rare  earth ions are not affected 
by a kil ler  in the sur rounding  lattice, for example, and 
since 4f ~ 4f t ransi t ions general ly  are relat ively slow, 
the afterglow of CaS-phosphors containing these ions 
is also slow and  cannot  be shortened by  addition of 
cobalt or any other killer. The same holds true for the 
emission of Mn 2+ and, more or less, for various other 
activators. Only activators with intr insical ly  fast elec- 
tronic t ransi t ions permit  a substant ia l  reduction of the 
afterglow, and the ul t imate  speed l imit  at tainable with 
increasing kil ler  action is that  of the intr insic  electron 
t ransi t ion wi th in  the activator ion. Transi t ions between 
well-shielded states inside of an act ivator  ion are first- 
order processes resul t ing in simple exponent ia l  decays 
but  transit ions involving states of the sur rounding  
lattice normal ly  are not. The chemical "kil ler" com- 
petes with the lat ter  so that  in the l imit  of high kil ler  
concentrat ions one approaches the simple exponential  
decay due to the first-order kinetics wi th in  the acti- 
vator ion. 

On the basis of this general  pic ture  one might  de- 
scribe the observed phenomena by a simplified model 
involving luminescence centers (activators),  non lu-  
minescent  recombinat ion centers (kil lers) ,  traps, and 
various interactions between them. However, we be- 
lieve any such model present ly  to be of l i t t le value 
since there are still too many  unknowns,  and we pre-  
fer not to go into details here. 

A practical result  of this investigation is the conclu- 
sion that  some par t ly  cobal t-ki l led CaS phosphors 
may advantageously replace convent ional  phosphors 
in applications where  high speed of response is re- 
quired. This includes main ly  green CaS:Ce ~+ and, 
perhaps, red CaS:Eu 2+. CaS phosphors containing the 
activators pb2+, BiS+, and Cu perform less well  in this 
respect and are not l ikely to be competit ive to con- 
vent ional  phosphors pure ly  in terms of efficiency and 
speed. 

Manuscript  submit ted Aug. 13, 1971; revised m a n u -  
script received Nov. 1, 1971. This was Paper  209RNP 
presented at the Washington, D.C., Meeting of the So- 
ciety, May 9-13, 1971. 

Any discussion of this paper will  appear in  a Discus- 
sion Section to be published in the December 1972 
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A New Technique for Terminating Liquid Phase Epitaxial Growth 
R. M. Potemski and J. M. Woodall* 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

A problem that  is encountered with the l iquid phase 
epitaxial  growth method is that  t e rmina t ing  growth by 
rapid cooling of the melt  while it is still in contact 
with the substrate produces a gradient  in composition 
along the growth direction (1) which is undesirable for 
certain device applications. Methods which have been 
employed to overcome this problem, such as wi th-  
drawal  (2), t ipping (3), and melt  wiping (4) or a 
combinat ion of these, suffer some disadvantages. For  
instance, gravi tat ional  methods such as t ipping do not 
always remove the melt  completely and droplets are 
left on the surface of the epitaxiat  layer. Wiping in-  
sures removal  of the melt, but  it is suitable only for 
carefully designed systems and can result  in damage 
to the surface. Also, these methods expose the new 
surface to the atmosphere of the system at a high 
tempera ture  with the possibility of contamination.  This 
note describes a new method for t e rmina t ing  growth 
which can be easily applied to current ly  used growth 
systems. In  this method the substrate is moved, along 
with a port ion of the growth melt, from the growth 
melt  into a quench melt  which has a very low solu- 
bi l i ty for the solute species of the growth melt. When 
a small  volume of this mixed melt, in  contact with 
the wafer, is cooled to room temperature,  an insigni-  

* Electrochemical Society Active Member .  
K e y  words :  crysta l  g rowth ,  l iquid-phase  epi taxy,  he teros t ruc tures ,  

compound semiconductors .  

ficant amount  of growth occurs. Thus, the composition 
of the solid at the growing interface, as well  as the 
surface morphology that  existed just  prior to te rmi-  
nat ion of the layer growths, are essentially preserved. 

Experimental Procedure 
The system that  was studied was the Gal-~Al~As 

LPE growth on (100) GaAs substrates. The apparatus 
shown assembled (top) and exploded (bottom) in  Fig. 
1 is a modification of that  which has been previously 
described (5). Briefly, a substrate holder B can ro- 
tate with respect to mel t  chamber  D, which can ac- 
commodate four separate melts. Spacer C fits between 
D and B to both hold the substrate in place and t rans-  
fer a fixed volume of melt, depending on the spacer 
thickness, from one chamber  into the other. Par t  A 
contains B, C, and D and fixes D in  place dur ing the 
rotat ion of B and C. The apparatus is such that  the 
substrate can be rotated into a position between two 
mett chambers  and be isolated from the melts. 

Exper iments  were performed where all growth 
conditions were fixed except for the procedure for 
growth terminat ion.  In  one case, the procedure of al-  
lowing the wafer to cool in the presence of a small  
volume of growth melt  was followed. In  the other, 
the wafer was brought  into a quench melt  prior to 
cooling. The growth mel t  consisted of 5g of Ga and 
0.006g of A1, saturated with As from a bar  of GaAs in 
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Fig. 1. Apparatus used for growth termination experiments. The 
diameter of part D is 2 in. 

contact with the melt. The quench melt  consisted of 
2g of Ga, 0.200g of A1, and no GaAs. The growth 
schedule consisted of a 300~ vacuum bakeout, back 
filling and continuous flushing with pal ladium dif- 
fused H2, and heat ing to 835~ During this t ime the 
substrate  was held between two chambers out of con- 
tact with any  melt. After  55 min  of soak time the sub-  
strate was moved into the growth melt  and allowed 
to equi l ibrate  for 10 rain. Growth was then produced 
by lowering the tempera ture  0.1~ for 100 rain. 
Next, the substrate was moved to a storage position 
between melts together with a small  volume of growth 
melt  carried along by the spacer. The run  was then 
te rminated  by either (a) removal  of the furnace, or 
(b) moving the substrate into the quench melt, hold- 
ing for 30 sec while the carryover and quench melt  
mixed and then moving to a storage position followed 
by removal  of the furnace. In both cases the substrate 
remained in the store position with a small  amot~nt of 
melt  covering it unt i l  it was cooled to room tempera-  
ture. Upon removal  from the system the substrates 
were washed with hot water  and detergent to remove 
any  melt  still present. 

Results and  Discussion 
The wafers from the quench melt  rapidly develop 

a blue film over the epitaxial  layer  surface when  ex- 
posed to the air. The surface characteristics of such a 
layer  are shown in Fig. 2a. This film (the dark  regions 
of Fig. 2a), p resumably  Gal-zAl~As, with x ~ I, readi ly 
oxidizes in moist air and is easily removed by wash- 
ing in aqueous HC1 (Fig. 2b). The surface s t ructure  of 
layer growth obtained by cooling in the presence of a 
small  volume of growth melt  is shown in Fig. 3. This 
surface does not exhibit  oxidation because of its much 
lower a luminum content. 

The wafers were cleaved paral lel  to the growth di-  
rection on (110) planes, etched in H202:HF:H20 (1: 1: 
10) to facilitate metal lography and composition pro- 
filing. The composition profiles were measured with 
an  electron beam microprobe. Figure 4 is a plot o f  the 
A1 concentrat ions along the growth direction as a 
funct ion of distance. Figure 4a shows the profile for 
growth terminated  with a small  volume of the growth 
melt. Figure 4b is the profile of the growth terminated  
with a quench melt  and also etched in HCI. It is 
readi ly seen that both layers are ini t ia l ly  uni form in 
composition. However, when growth is te rminated  by 
cooling in the presence of the growth melt, addit ional  
mater ia l  is deposited in which the A1 concentrat ion 
decreases toward the surface. A comparison of the 
photomicrographs in Fig. 5 with the A1 concentrat ion 

Fig. 2. Surface of a layer the growth of which was terminated 
by cooling in the presence of a mixed melt: (A) I hr exposure 
to air after growth, and (B) after washing in aqueous HCh 

Fig. 3. Surface of a layer the growth of which was terminated 
by cooling in the presence of a growth melt. 

profiles shown in Fig. 4 shows that  t e rmina t ing  in 
contact with even a small  volume of growth melt  over 
the surface of a layer leaves behind an addit ional 
layer with a steep A1 gradient  along the growth di- 
rection. However, this addit ional  layer  growth is 
near ly  el iminated using the growth-quenching tech- 
nique and the small amount  of growth that  is present  
and nondetectable with an optical microscope is readily 
removed in HCI. Since cooling was done by rapidly 
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Fig. 4. Composition profile along the growth axis of (A) growth 
terminated by cooling in the presence of a growth melt and (B) 
growth terminated by cooling in the presence of a mixed melt. 

removing the furnace from the melt  and flushing with 
a large volume of H2 gas, the amount  of mater ial  that  
is deposited dur ing cooling in the presence of a small  
volume of growth melt  (Fig. 5a) represents the min i -  
m u m  amount  of growth which will  occur. Cooling 
more slowly produces te rmina t ion  layers even thicker 
than that  shown in  Fig. 5a. It  is interest ing to note 
that  the surface morphology of the growth-mel t  cooled 
layer  (Fig. 3) does not show consti tut ional  supercool- 
ing effects such as deep val ley cellular  growth nor-  
mal ly  produced by large cooling rates. 

An obvious application of the melt  quench tech- 
nique is the preparat ion of electroluminescent  de- 
vice s tructures of Gal-xAlxAs having sandwich layers 
which are optically t ransparen t  to light generated in 
an active region. The composition profile of a s t ruc-  
ture  which should lead to devices with greatly im- 
proved externa l  quan tum efficiencies, provided the ab-  
sorbing substrate can be etched away, is shown in  
Fig. 6. Even with the substrate intact, devices with 
this profile have had room tempera ture  quan tum effi- 
ciencies into air  of 2% with the peak emission at 
7900A. This s t ructure  was grown from three different 
growth melts  and te rminated  with a quench melt. 
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Preparation and Semiconducting Properties of Cusln Te  
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Following the current rules for normal valences and 
for valence electron concentrations used in the pre- 
diction of new semiconducting compounds (1) of tetra- 
hedral structure, one can derive, for AIBnlC vx group 
elements (A I = Ag, Cu; B m -" A1, Ga, In;  C v1 -- S, 
Se, Te),  the general  composition formula AI2BU�89 
CV~3~+1. This formula is equivalent  to (AI2C vl) 
(Bm2CVI3)n in the AI2CVl-Btl�89 pseudobinary 
system and predicts the possibility of prepar ing a 
number  of isostructural  semicondueting alloys with 
controlled cation vacancies. 

The incorporation of cation vacancies makes it pos- 
sible to satisfy the valence rules by  nonintegra l  values 
of n, as well  as by integral  values of this coefficient. 
The formation of such an  alloy system as n decreases 
can be regarded as a systematic filling, by atoms of 
the group A I element,  of the vacant  lattice sites of the 
Bin2 [] CVI~ defect s t ructure  in the range  0 -~ 1 -- 
2 n + 2  

< 0.33, eventua l ly  reaching the normal  te t ra-  
3 n +  1 
hedral  phase AIBmCWs with n = 1. 

Recent works (2-4) on the Ar2Te-In2Te3 pseudo- 
b inary  phase diagram, where the group A I e lement  is 
Ag or Cu, have shown the existence of the defect 
te t rahedral  phases AgInaTe5, AgInaTes, and AgIn9Tei4, 
which are cases of the previous general  composition 
formula with n = 3, 5, and 9 respectively. 

AgInaTe5 (2), AgIn5Tes, and CuInsTes (3) were 
shown to have the sphaleri te (Ba) type structure, and 
AgIn9Tel4 (4) seems to be of chalcopyrite (El) type. 

The te t rahedral  shor t - range order in these com- 
pounds is a consequence of the overlapping of sp s 
hybridized orbitals which can be assumed to be the 
predominant  character of the bonding in these in ter -  
metallic alloys. All  these phases are expected to be 
semiconductors but  semiconducting properties have 
been investigated only for AgInzTe5 (2) and AgIngTel4 
(4). 

For  the Cu- In-Te  system the physical investigations 
are l imited to normal  te t rahedral  phase CuInTe2 
(5, 6, 7). The pseudobinary Cu2Te-In2Tes diagram re-  
cently reported (3) contains a 8-phase region with 
sphalerite structure, stable at sufficiently high tem- 
peratures, which includes the Cu2In4Tev composition. 
In this note some results of our  investigations concern- 
ing the synthesis and characterization of the defect 
phase Cu2In4Tev and its semiconducting properties are 
presented and briefly discussed. 

Preparation and Metallurgical Properties 
Polycrystal l ine ingots of nominal  Cu2In4Te7 compo- 

sition were prepared by direct mel t ing of the com- 
ponent  elements ( Johnson-Mat they  quoted pur i ty  
99.999+{-%) sealed in  evacuated silica tubes. To pre- 
vent  surface oxidation, the tubes were first washed 
with HF + HNO3 mixture,  rinsed with deionized water, 
outgassed under  dynamic vacuum (I0 - s  Torr)  at 900~ 
over a period of 8 hr., and then cooled to room tem- 
perature under  an argon atmosphere. Using a suitable 
tempera ture  gradient  along the furnace axis to pre-  

Key words: compound semiconductors, ternary compounds, 
I - H I - V I  c o m p o u n d s ,  t r a n s p o r t  p r o p e r t i e s .  
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Fig. 1. Differential thermal analysis cooling curve 

vent  disti l lation of the volatile component,  the samples 
were heated to 900~ with continuous 50 Hz vibrat ion 
to assist mixing  and left at this tempera ture  for sev- 
eral hours. The ingots were obtained by  slow cooling 
or by quenching in water  from a tempera ture  just  be-  
low the mel t ing point. Metallographic examinat ion of 
mechanical ly  and chemical ly polished surfaces showed 
the sample to be single-phase with a micro-hardness  
of (220 • 20) k g / m m  2. The results of chemical analysis 
are consistent with the composition Cu2In4Tev; the 
differences between the theoretical and the measured 
values for the components do not  exceed 1%. 

X - r a y  analysis on powders reveals the crystal struc- 
ture  to be of sphalerite type. At room temperature  the 
lattice constant  was found to be 6.16A, the calculated 
densi ty of 6.02 g /cm 3 and the observed pycnometric 
densi ty 5.93 g/cm 3. By using the experimental data 
for the mel t ing  point  and  density, a Debye tempera-  
ture  of about 138~ has been evaluated according to the 
Lindeman melt ing formula (8). 

The phase behavior  has been investigated by DTA 
performed with a Netzsch differential thermal  ana-  
lyzer. Use of a sample heat ing rate of 2~ and 
differential thermocouple sensit ivity of 0.3~ permits  
the phase change tempera ture  to be de termined within  
•176 

The therrnogram of Fig. 1 shows no solid-state phase 
change in the temperature range investigated and may 
be consistent with the small difference in liquidus 
and solidus temperatures indicated for this composition 
in Fig. 1 of Ref. (3). From a quantitative analysis of the 
DTA curves the heat of fusion was found to be ap- 
proximately AQF --- 168 kcal/mole.  

Some characteristic parameters  of Cu2In4Tez are 
summarized in  Table L 

Electrical and Thermoelectric Properties 
All measurements were carried out on polycrystal- 

line samples. Electrical conductivity measurements 
were made in the range  200~176 by  a conventional  

Table h Metallurgical properties of Cusln4Te7 

L a t t i c e  D e n s i t y  D e n s i t y  M i c r o -  M e l t i n g  D e b y e  Heat 
p a r a m e t e r ,  / e x p ) ,  ( x - r a y ) ,  h a r d n e s s ,  p o i n t ,  t e m p e r -  o f  f u s i o n .  

S~ructure A g/cm3 g/cm s Kg/mm 2 ~ ature, ~ kcaZ/mole 

Sphalerite 6.16 5.93 6.0s 220 ~ 20 795 ~ S 138 168 

280 
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Table II. Electrical and thermoelectric properties of Cu21n4Te7 at 300~ 

T h e r m o -  T e m p e r a t u r e  
E l e c t r i c a l  Ha l l  T h e r m a l  e l e c t r i c  ra* C a r r i e r  d e p e n d e n c e  T h e r m o e l e c -  

E n e r g y  c o n d u c t i v i t y  m o b i l i t y ,  c o n d u c t i v i t y ,  p o w e r ,  c o n c e n t r a -  of H a l l  t r i c  f i g u r e  
g a p ,  eV  ( o h m - c m ) - i  cmC/V. se  c W / o C . c m  ~ V / ~  m .  E~,, eV t ion,  cm-~ m o b i l i t y  0s m e r i t ,  ~  -1 

I.I0 3.10 -4 0.27 0.02 550-900 0.13 0.15 7.3 i0 TM T l's I0 -s 

d-c method with 4-probe contacts on samples with ap- 
proximate dimensions 10 • 4 • 1 ram. Both thermal  
conductivi ty and thermoelectric power were measured 
by the absolute method on cylindical  samples 2 cm 
long and 1 cm in diameter  by using a slightly modified 
version of the apparatus reported by Kle in  and Cald- 
well (9). To minimize heat t ransfer  by radiation, the 
sample was surrounded with a thermal  shield. Steady- 
state heat flow conditions were reached at each tem- 
perature  with a system isolated in vacuum. The tem- 

peratures were measured by cal ibrated copper-con- 
s tantan thermocouples soldered to the heater and sink. 
To insure low thermal  resistance contacts, the heater, 
sink, and sample were lapped and then a th in  layer of 
thermoset t ing silver (Johnson-Mat they)  was in t ro-  
duced between the lapped surfaces. 

The samples investigated, all of which were prepared 
by slow freezing, exhibit  nondegenerate  behavior  in 
the electrical conductivi ty vs. tempera ture  (200~176 
curves. The Hall effect (300~176 and thermal  emf 

T E M P E R A T U R E  ~ 
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"•  10 

t) 

10-1 

b 

I 

10-3' 

10-4 

10-: 

b 

b 

b 

b 

o C I T  4 7 5  

t a C I T  4 7 9  

Fig. 2. Logarithm of electrical 
conductivity vs. reciprocal ab- 
solute temperature for two 
samples. 
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Table III. Some properties of CuraTe2 and Cu21n4Te7 

La t t i c e  Micro-  Hole  
pa rame te r ,  M e l t i n g  ha rdness ,  E n e r g y  m o b i l i t y ,  

C o m p o u n d  S t r u c t u r e  A poin t ,  ~ k g  m m  -2 gap,  eV cm~/V-sec 

CuInTe2 C h a l c o p y r i t e  (a) 6.167-12.34(~) 780(b) 210 -~- 20 (b) 1.05 (c) 100 (b) 
CuzIn4Te7 S p h a l e r i t e  6.16 795 220 -~ 20 1.10 O.l-1 

(~) Ref. (10). 
(b) Ref. (6). 
(a) Ref. (5). 

(100~176 measurements  show that the predom- 
inant  carriers are holes. 

At room temperature  the conductivi ty is about 3" 10 -4 
mho /cm and the hole concentrat ion p ---- 7.1015/cm ~. 

~ l n  
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Fig. 3. Logarithm of Hall mobility plotted against logarithm 
of absolute temperature. 

The typical curves of log a vs. 103/T shown in  Fig. 2 
indicate that the intr insic conductivi ty region begins at 
390~ above this tempera ture  the slope of the l ine for 
the samples CIT 475 and 479 gives an energy gap of 1.10 
eV. 

The hole mobi l i ty  calculated from the measured 
values of ~ and R in the extrinsic range by using the 
single carrier  approximation is between 0.3 and 1 cm2/ 
V-sec. The mobil i ty  in this range is plotted against 
temperature  on a logarithmic scale in Fig. 3. The value 
of the scattering parameter,  of the order 3/2, calcu- 
lated from the slope of this graph, indicates that 
ionized impur i ty  scattering is dominant  at these tem- 
peratures. 

Figure 4 shows the tempera ture  dependence of the 
thermal  conductivity, for Cu2In4Te7 ingots CIT 475, 
479, 473. Its value varies between 0.017-0.023 W/~ 
at room temperature.  

The electronic contr ibut ion at this temperature,  cal- 
culated according to the Wiedemann-Franz  law, is 
negligible (3-10 -9 W/~  The thermoelectric 
power at room temperature,  for the same samples of 
Fig. 4, is of the order 550-900 ~V/~ Its tempera ture  
variat ion is shown in Fig. 5. 

From the measured values of thermoelectric power 
and Hall  constant  the effective mass of holes was found 
to be m * / m  ~ 0.13 by assuming ionized impur i ty  scat- 
tering. The values of the figure of meri t  (Z), calcu- 
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lated from the data for ~, a, and K is very  small, reach- 
ing the value of 10-8 ~  at room temperature.  Table 
II lists representat ive room temperature  values of the 
fundamenta l  electric and thermoelectric properties, 
based on the results of measurements  on several 
samples. 

Conclusion 
According to the general  composition formula 

AI2BZn2nCVZ~n+I derived for defect te t rahedral  phases 
in AZBHZCVZ system, a defect te t rahedral  phase of 
Cu2In4Te7 composition has been prepared and charac- 
terized by  metallographic, x - r ay  structure, and differ- 
ential  thermal  analysis, as a single phase of sphaleri te- 
type structure. 

Cu2In4Te7 is a p - type  semiconductor with an energy 
gap of 1.10 eV. Some of its properties are compared 
with those of CuInTe~ in Table III. 
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On the Deposition and Dissolution of Zinc in Alkaline Solutions 
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ABSTRACT 

The z inc /KOH-z inca te  electrode react ion was invest igated under  high puri ty 
conditions wi th  galvanostatic and potentiostatic t ransient  techniques in the 
0.1-3.0M KOH and 0.0001-0.5M zincate concentrat ion range. The exchange cur-  
rent  density was found to be be tween 8 and 370 m A / c m  2, wi th  40 mV/decade  
anodie and 120 mV/decade  cathodic nominal  Tafel  slopes; an overpotent ia l  
range of ~ I00 mV was covered. The cathodic reaction orders were  1 for 
zincate, and --1 for hydroxyl  ions. A four-s tep  mechanism, consistent wi th  
the kinetic data, is suggested. It consists of four consecutive dissociation reac-  
tions of the zincate complex, wi th  two of them incorporat ing a single electron 
charge transfer. The ra te -de te rmin ing  step is 

Z n ( O H ) 3 -  + e = Z n ( O H ) 2 -  + O H -  

The mechanism of the anodic and cathodic reactions is the same. The transients  
indicate only double layer  charging and charge t ransfer  processes. No surface 
diffusion effects or in termediate  bui ld-up was observed (no pseudocapaci-  
tance).  A rat ionalizat ion is given for the mechanism. The effect of zinc surface 
preparat ion is discussed. 

The electrochemistry  of meta l  deposition and disso- 
lution, in the  past, has been most ly  an applied 
science, and only in recent  years has some fundamenta l  
knowledge been accumulat ing in this field. These ad- 
vances are summarized in a recent  rev iew (1). These 
reactions form a special section of electrodics because 
the  electrode mater ia l  itself is being formed or dis- 
solved during the process. Therefore,  in addition to 
the basic charge t ransfer  step, and the preceding or 
fol lowing chemical  steps and solution t ransfer  proc- 
esses, the crystal  building or breaking of the solid 
and the surface t ransport  of in termedia te  species must  
be considered. In certain cases one of these lat ter  steps 
may be rate  determining;  e.g., the lattice building step 
was suggested as the rds in the electrodeposit ion of 
s i lver  on carbon electrodes (2), and slow surface 
diffusion was found to be the rds for si lver (3, 4) and 
copper (5) depositions at low overpotentials.  Because 
of the direct involvement  of the substrate  in the reac-  
tion, any changes in its surface s t ructure  can have 
profound influence; the decrease of dislocation density 
can cause a shift f rom charge t ransfer  control  to sur-  
face diffusion control  (6) and in the ex t reme  case, on 
a dislocation free surface, the process may  become 
controlled by two dimensional  nucleation as was shown 
for si lver (7, 8). These characterist ics also introduce 
some exper imenta l  limitations, mainly  the need for 
reproducible  surface preparations,  the necessity of 
short pulse measurements  to avoid any changes in 
surface s t ructure  due to the measur ing current,  and 
special precautions to avoid spontaneous surface 
changes when  in contact wi th  the solution. 

* Elect rochemical  Society Act ive  Member .  
1P re sen t  address :  D iamond  S h a m r o c k  Chemical  Co., Painesvi l le ,  

Ohio 44077. 
2 P r e s e n t  address :  Xerox  Research  Laborator ies ,  Webster ,  New 

York  14580. 
Key  words :  z inc /a lka l ine  zincate electrode, react ion k inet ics  and 

mechan i sm,  ga lvanosta t ie  and potentiostat ic  t ransients ,  consecut ive  
single electron t ransfers ,  predissociat ion,  charge  t r ans fe r  ra te -  
d e t e r m i n i n g  step. 

Some fundamenta l  work  has been repor ted  recent ly 
on the z inc/a lkal ine  zincate system (9-13) but  the 
exper imenta l  results and conclusions of the different 
invest igators are contradictory. The lack of more  ex-  
tensive work  and the poor agreement  among the data  
are indicat ive of the complexi ty  of the system; s o m e  
of the difficulties arise from the possible surface 
changes by corrosion react ion and oxide formation. 
A bet ter  unders tanding of this system is desirable not 
only because of the fundamenta l  interest  in the metal  
deposit ion-dissolution reactions but  also because of 
its technological  importance.  The s i lver-zinc bat tery  
is the only one among the present ly  commercia l ly  
available electrochemical  energy starers which ap- 
proaches the power and energy density requi red  for 
an electric car. However ,  a short  cycle life l imits  its 
present  use to air-  and spacecraft  applications (14-15). 
The zinc-air  system seems one of the most promising 
fu ture  energy starers. The fur ther  improvement  of 
this almost practical  system is par t ly  impaired by a 
lack o f  fundamenta l  unders tanding of the electrode 
processes occurring, both at the angstrom and micron 
level. In this paper, the  first of these levels  is the sub- 
ject. 

Experimental 
Galvanostat ic  and potentiostatic pulse techniques 

were  used to examine  both the t ransient  and the 
s teady-state  cur ren t -potent ia l  behavior  of the system. 

Electrode preparation.--Polycrystalline zinc rods 
(99.999%), machined to 3 m m  diameter,  were  used. 
The electrodes were  first mechanical ly  polished with  
silicon carbide papers (grits 180, 320, and 600), and 
then with  a lumina  powders  (1.0 and 0.3~). The surface 
was then anodicaily etched for 10 rain in 2M KOH so- 
lution at a current  density of 2.5 m A / c m  2 with  a 100 
Hz 3.25 m A / c m  2 (peak) a.c. superimposed. This t r ea t -  
ment  removed a layer  more than  twice as th ick  as the  
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Fig. 1. Solution purification system. A: still. B1,B2:potasslum 
amalgam preparation and decomposition cells. C1,C2: potassium 
hydroxide dilution vessels for test solution, and the 0.1M solution 
used in the reduction of the electrode. DI,D-2: zinc amalgam prepa- 
ration and decomposition cells. Ex,E2: Test solution storage ves- 
sels. F: distilled water for washing cell. G: Mercury trap. S: 
sampling paints. 

last polishing powder  and e l iminated imbedded par -  
ticles. Af te r  this t r ea tment  the rod was annealed in a 
purified ni t rogen atmosphere at 200~ for 2 hr, fol-  
lowed by slow cooling. The electrode was then stored 
in a desiccator. A final t r ea tment  of the electrode was 
carried out in the test cell; it was an electrochemical  
reduction in 0.1M KOH solution at a current  density 
of 50 m A / c m  2 for 8 min. 

Solution preparat ion. - -The solutions ranged from 
0.I to 3M KOH and from 0.0001 to 0.hM zincate. The 
equipment  used for the solution prepara t ion is shown 
schematical ly  in Fig. 1. The procedure was as follows. 
Potassium amalgam was first made e lect rolyt ical ly  
f rom a solution of AR grade KOH dissolved in double-  
distil led water .  The amalgam was then t ransferred 
u n d e r  N 2 pressure into the decomposit ion vessel and 
electrolyt ical ly  decomposed into t r ip le-dis t i l led  water.  
The third dist i l lat ion of  the wate r  was carr ied out 
under  a ni t rogen atmosphere direct ly into the decom- 
position vessel, just  before prepara t ion of the solution. 
This pure KOH solution was then t ransferred to an- 
other  vessel (cf. D2, Fig. 1) and left  there  for an ex-  
tended t ime (10-20 hr)  over  zinc amalgam, prepared 
e lect rolyt ical ly  f rom zinc sulfate solution, to remove  
any traces of dissolved mercury  which may  have been 
introduced during the prepara t ion of pure KOH. Fi-  
nally, the requi red  amount  of zinc was electrolyzed 
into the solution from the zinc amalgam. The counter-  
electrodes in these processes were  p la t inum wires 
separated by glass fri ts  f rom the main  solutions. This 
type of purification has been shown to r emove  all 
metal l ic  impuri t ies  below the 0.1 ppm level  (16). The 
nonmetal l ic  impuri t ies  were  also removed  since there  
always remained a mercury  seal be tween the amalgam 
prepara t ion and decomposit ion vessels and only the 
amalgam was t ransfer red  f rom one vessel to another.  

Channel 
leading to 

auxiliary 
electrode 

compartment 

Reference - I  
comportment 

II 
~Y 

ring 
.hal 

El 

Fig. 2. Concept of cell design 

During every  stage of these operations, purified ni t ro-  
gen was passed through the solutions. The gas was 
purified by passing it over  400~ copper turnings and 
then over 13X Molecular  Sieve. The solutions were  
analyzed before being used by acidimetr ic  and EDTA 
ti trations (17). The solutions containing 0.6M KOH or 
less were  supersaturated in zincate to avoid diffusional 
l imitat ions in the measurements .  The s tabi l i ty  of the 
supersaturated ~olutions has been shown before (27). 

Cell.raThe measuring cell  was designed to give low 
IR drop between the reference  and the working elec- 
t rode and at the same t ime provide a uni form current  
distr ibution and small  in tere lec t rode s t ray  capaci-  
tances. These features were  necessary to provide a 
short rise t ime for the potentiostatic t ransients  (18). 
This was achieved by a cell construction which com- 
pletely el iminates the "classical Luggin-capi l la ry ."  
The basic concept of the cell is i l lustrated in Fig. 2. 
The working electrode is pressfitted into a Teflon 
holder comprising the bot tom of the cell. The top por-  
t ion (made of K E L - F )  contains the reference elec- 
trode compar tment  and the auxi l iary  electrode cham-  
ber. The lat ter  is connected to the working  electrode 
by a channel  exact ly  matching  the size and position of 
the working electrode to assure uni form current  dis- 
tribution. This channel  is surrounded by a concentric 
groove which serves as the reference compartment .  
The cell bot tom and top are held apart  by a suitable 
spacer providing a gap between them. This circular  
gap serves as a connector be tween  the working  and 
reference electrodes and provides (i) a ve ry  low IR 
drop between the point of potential  measurement  and 
the surface of the working  electrode, (ii) a low in-  
ternal  resistance, and (iii) a min imal  in ter ference  
with  the current  distribution. The gap thicknesses 
used in the present exper iments  were  0.0025 and 0.0125 
cm. The countere lec t rode  was a p la t inum wi re  spiral; 
the reference was a zinc wire  immersed  in the test 
solution. The potential  of the zinc reference  was often 
checked against  an outside Hg /HgO electrode wi th  
KOH concentrat ion the same as that  of the test solu- 
tion. Purified ni t rogen was bubbled continuously 
through the cell, A detailed description of the cell is 
given elsewhere (18). 

Elec t ron ics . - -Galvanos ta t . JThe  galvanostat  was 
basically a t ransis tor  amplifier in the emi t t e r - fo l lower  
configuration (Fig. 3). A fixed reference  vol tage  is 
supplied by the Zener diode, which results  in a fixed 
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Fig. 3. Schematic of the galvanostatic equipment 

voltage drop over  the var iable  resistor, R. The current  
is set by the reference  voltage and the value of R, and 
wil l  r emain  constant independent ly  of the resistance of 
the cell and the supply voltage. A similar  type galva-  
nostat, using a common power  source for the Zener 
and the cell circuits, was previously  described (19). 
When a separate pulse genera tor  is used for the Zener  
it is possible to control  precisely the pulse length. This 
is necessary in order to reduce the total  charge passed 
during the exper iments  and hence to avoid excessive 
changes of the electrode surface. 2 In Fig. 3 the 
cathodic galvanostat  is shown: the anodic one was 
similar, mutatis mutandis, using an n - p - n  transistor. 
Two different circuits are needed to provide low noise 
sources. The potent ia l - t ime transients  were  recorded 
with  a Tekt ronix  564 storage scope connected to the 
cell through a vo l tage- fo l lower  buffer stage (20) to 
avoid loading the cell. 

Potentiostat.--The potentiostat  was a wide-band,  dif-  
ferent ia l  input  uni t  bui l t  of operat ional  amplifiers. It  
was equipped wi th  var iable  phase compensator  and 
IR compensat ion features to al low fast and close control  
of t h e  potential.  It is described in detail  e lsewhere  (20). 

Experimental procedures.--The pulses applied were  
usual ly of 5 msec durat ion or shorter. Longer  pulses 
were  made only occasionally. All  measurements  were  
made  at room temperature .  

Galvanostatic experiment.--A galvanostat ic  exper i -  
ment  proceeded as follows. The cell was flushed and 
filled with  0.1M KOH solution and the working elec- 
t rode was reduced. The cell  then was flushed and 
filled with  the test solution and the measurements  
were  made. During the course of a run  an arbi t rar i ly  
selected current  point was often repeated  to check 
reproducibil i ty.  Usual ly  a range of _100 mV overpo-  
tent ia l  was covered. Current  densities up to 4 A / c m  2 
were  used. Some examples  of the galvanostat ic  t ransi-  
ents are shown in Fig. 4. In spite of the special cell  
used there  still  remained  a measurable  IR drop; a 
correction for this was applied in the de terminat ion  of 
the overpotential .  Examples  of Tafel  and l inear  plots 
constructed f rom the s teady-s ta te  port ion of the t ransi-  
ents are shown in Fig. 5 and 6. 

Potentiostatic run.--A potentiostat ic run  was com- 
pleted in the fol lowing way. The electrode was re -  
duced galvanostat ical ly  as described above. Af ter  the 
cell was filled wi th  test solution, a galvanostat ic  pulse 
was applied to de termine  the IR drop between the 
reference  and the work ing  electrodes, and the IR 

= A s e t - u p  l i k e  t h i s  c o u l d  a l so  be  used  to s u p p l y  a galvanostat ic  
p u l s e  t r a i n  o r  r e p e t i t i v e  pu l s e s .  

Fig. 4. Examples of the galvanostatic transients. Solution: ].0M 
KOH, 0.018M Zn(OH)4=; io ---- 65 mA/cm 2. A: 50 mA/cm ~, 
cathodic; I mV/cm, 2 /~sec/cm; C~l ~ 50 /~F/cm 2. B: 16.5 
mA/cm 2, cathodic; 2 mV/cm; 20 /~sec/cm; calculated rise time: 
40 ~sec. C: 58 mA/cm 2, anodic; 5 mV/cm, 20 ~sec/cm. D: 193 
mA/cm 2, anodic; 10 mV/cm, 20 ~sec/cm. 
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Exchange current density determined from the anodic slope, 34 
mA/cm2; from cathodic slope, 30 mA/cm ~. 
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Fig. 7. Examples of potentiostatic oscillograms. Electrolyte: IM 
KOH, 0.02M Zn(OH)4 =. A and B cathodic, C and D anodic. A: 
Error signal; 10 mV/cm, 20 Fsec/cm. B: Top. Potential signal to 
potentiostat 20 mV/cm, 20 ~sec/cm. Bottom. Current, 5 mA/cm, 
20 F, sec/cm. C: Error signal, 5 mV/cm, 20 /~sec/cm. D: Bottom. 
Potential signal to potentiostat, 5 mV/cm, 20 /~sec/cm. Top. Cur- 
rent, 2 mA/cm, 20 ~sec/cm. 

compensation of the potentiostat  was adjusted ac- 
cordingly. The electrode was potentiostated at its rest  
potential  and then a few short  pulses of the desired 
potential  were  applied in order to allow op t imum ad- 
jus tment  of the potentiostat.  The er ror -s ignal  of the 
potentiostat  (the difference be tween  the desired and 
actual electrode potentials)  was displayed on the scope, 
and the phase compensation of the potentiostat  was 
adjusted to e l iminate  or minimize r inging and achieve 
the shortest  possible sett l ing time. The measuring 
pulse was then applied and the cur ren t - t ime  t ransient  
recorded. The er ror-s ignal  was checked before each 
pulse, but  the phase compensat ion needed only occa- 
sional readjustments.  Examples  of oscil lograms are  
shown in Fig. 7. 

Al though the cell was designed to provide minimal  
IR drop, and so to avoid the necessity of IR compensa-  
tion in the potentiostat,  the er ror  was still  significant 
at the high exchange current  densities, even  wi th  the 
smallest  (0.0025 cm) gap distance. (E.g., at 3M KOH 
concentrat ion the solution resis tance was 7 x 10 - s  
ohm cm e while  the react ion resistance could be as low 
as 35 x 10 -8 ohm cm 2, a 20% error) .  Therefore,  a wider  
gap (0.0125 cm) and IR compensation was used in 
many  of the exper iments  resul t ing in sett l ing t imes of 
10-30 ~sec. The selection of gap thickness and the 
choice of operat ion with  or wi thout  IR compensation 
are discussed in detai l  e lsewhere (18, 20). 

Determination of reaction orders (galvanostatic 
method).--Because the exchange current  density vs. 
concentrat ion plots (see Fig. 8 and 9) had a consider-  
able spread of points, addit ional exper iments  of other  
types were  carr ied out to confirm the react ion orders 
by the measurement  of [0 log i/O log C1]c2.E. Since the 
spread of the io was a t t r ibuted to the day- to-day  var i -  
ations of the surface of the working electrodes, in these 
addit ional  exper iments  the electrolyte  concentrat ion 
was changed during the test i tself wi th  a single elec- 
trode. In this type of experiment ,  the electrolyte  con- 
centrat ion was var ied  and at each concentrat ion a 
quick galvanostat ic  cathodic run  was made to establish 
Tafel  lines. The electrode was reduced before each 
run. 

Determination of reaction orders (potentiostatic 
method) . - -An even faster way (therefore,  affording 
less chance for surface change) was to measure  the 
change of current  at a constant potential  (NHE) as a 
function of solution concentrations. This requi red  tak-  
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Fig. 8. The ,oH dependence of exchange current density (zincate 
concentration : 0.019M). 
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Fig. 9. The dependence of exchange current density on zincate 
concentration. Symbols: e, 3.0; r-I, 1.8; � 9  1.0; El, 0.6; A,  0.3; 
A,, 0.1M KOH. 

ing only one point at each concentration. It was carr ied 
out for varying zincate at constant pH and for varying 
pH at constant zincate concentration. 

Corrosion rate measurements.--The corrosion ra te  
of zinc in various test solutions was measured  by im-  
mersing zinc wire  in ni t rogen st i rred solutions for 74 
hr; the increase of zincate concentrat ion of the solu- 
tion was determined by t i t ra t ion (17). The  measure -  
ments were  carr ied out at room temperature ,  in du-  
plicates. 

Results 
Rest potentials.--The rest potential  of zinc in differ- 

ent alkaline zincate solutions is compared to the cal-  
culated equi l ibr ium potentials in Table I. The equi l ib-  
r ium values were  obtained using the equat ion (21) 

E = 0.441-0.1182 pH + 0.0295 log azn(OH>4= 

and the potent ial  of the H g / H g O  reference  electrode 
was taken as (22) 
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Table I. Measured and calculated electrode potentials 

S o l u t i o n  c o m p o s i t i o n  P o t e n t i a l  ( N H E )  
K O H  K ~ Z n  ( O H )  ~ A c t i v i t y  c o e f f i c i e n t  C a l c u l a t e d  M e a s u r e d  

( r e a l / l )  ( r e a l / l )  K O H  K e Z n ( O H ) ~  ( V )  ( V )  

0 .3  0 . 0 1 1  0 . 7 4  0 . 4 4  - -  1 .205  - -  1 .187  
1.0  0 . 0 8 7  0 . 7 8  0 . 3 0  - -  1 .248  - -  1 .230  
1.0 0 . 0 2 2  0 . 7 6  0 .31  --  1 . 2 6 4  - -  1 . 2 4 9  
1.0  0 . 0 0 6 5  0 . 7 5  0 .32  --  1 . 2 7 8  - -  1 .257  
3 . 0  0 . 4 3 5  1 .39  0 . 2 1  --  1 .318  - -  1 .291  
3 .0  0 . 0 8 5  1 .12  0 , 2 2  --  1 .327  - -  1 . 3 0 0  

E ---- 0.926 -- 0.059 pH 

There are no activity data available for alkal ine 
zincate solutions, and the following approximations 
were made to obtain the activity coefficients. For po- 
tassium hydroxide the tables of Harned and Owen 
(23) were used, taking the values at the appropriate 
ionic strengths of the test solutions, with the assump- 
tion that  addition of zincate has no specific effect. Ac- 
t ivi ty coefficients of a number  of 1-2 electrolytes are 
tabulated by Robinson and Stokes (24) and the values 
of all the salts reported seem to be in fair  agreement  
with each other. Therefore, as a first approximation, 
the coefficients reported for K2CrO4 were used for the 
zincate, taken at the appropriate ionic strengths. 

Transition times.--Since the potent ia l  of zinc is 
negative to the reversible hydrogen potential  a pos- 
sibili ty of hydrogen evolution interference with the 
test measurements  exists. To investigate this effect 
t ransi t ion times of the zincate deposition reaction were 
measured galvanostically in the mil l iampere to the 
ampere per square cent imeter  current  density range, 
at different zincate concentrations. The calculated and 
measured t ransi t ion times agreed wi th in  the l imit  of 
exper imental  error [a D value of 0.7 x 10 -5 cm2/sec 
was used (25) in the Sand's  equation].  

Corrosion rates.--The corrosion rate of zinc in  1.8M 
KOH solution was found to be equivalent  to a current  
of 45 ~A/cm 2. Addit ion of 0.03 and 0.1M zincate to the 
above solution decreased the corrosion rate below 1 
~A/cm 2 (the sensit ivi ty of the measurement) .  

Galvanostatic steady-state data.--Tafel slopes.--The 
steady-state  act ivation overpotentials,  taken from the 
flat portion of the galvanostatic transients,  were plot-  
ted in the usual  manner  (Fig. 5) and the Tafel slopes 
were determined. The cathodic slopes were 113 • 30 
mV/decade, and the anodic ones 49 __ 13 mV/decade.  
The slopes were found to be independent  of solution 
composition. 

Exchange current densities.--These were determined 
by extrapolat ion of cathodic and anodic Tafel lines 
(Fig. 5), and also from the polarization resistance 
values measured at low overpotentials  (Fig. 6). The 
agreement  among these four io values was bet ter  than  
--+10% in most cases, in a few instances deviations up 
to -+30% were observed. For  each test, an  average 
value was calculated and these are plotted as a func-  
tion of solution composition in  Fig. 8 and 9. The value 
of the exchange current  densi ty was found to be prac-  
t ically independent  of pH, the statistical best line 
through the points of Fig. 8 gives 

[ 01ogia ] =0 .14  

0 pH CZn(OH)4 = 

The dependence of the exchange current  density on 
zincate concentrat ion is shown in Fig. 9. The best fit- 
t ing l ine has a slope of 

[ 0 log io ] - - -0 .67 

0 log Czn(oH)4= 

The io values measured at all pH's fell on the same line, 
confirming the v i r tua l  pH independence of the ex-  
change current  density. 

Potentiostatic steady-state data . - -Only  a l imited 
number  of potentiostatic experiments  were carried out. 
The resul t ing Tafel slopes and exchange current  den-  
sities were wi thin  • 10% of those measured galvano- 
statically on the same electrode. 

Determination o~ reaction orders.--In the de termina-  
t ion of reaction orders, the activity of water  was con- 
sidered constant. Calculations using the Gibbs-Duhem 
equation have shown that, wi thin  the limits of solution 
concentrat ions used in these experiments,  the maxi-  
mum change in the activity of water  is 12%. 

Concentration dependence.--From the concentrat ion 
dependence of exchange current  density, the reaction 
orders can be obtained by taking into account the con- 
centrat ion dependence of the equi l ibr ium potential  
(38). By this method reaction orders of 0.94 (cathodic) 
and 0.06 (anodic) were found for zincate, and --0.92 
(cathodic) and 2.59 (anodic) with respect to the 
hydroxyl  ions. 

Direct determination of reaction orders.wTwo methods 
were used. The results of the galvanostatic method [cf. 
section on Determinat ion of reaction orders (galvano- 
static method)]  for zincate are shown in Fig. 10. The 
current  density values taken at a constant  potential 
were then plotted in Fig. 11 against  zincate concentra-  
tion. The result ing cathodic reaction order was 

[ 0 l og i  ] ----0.85 

0 log CZn(OH/4= pH,~ 

With the potentiostatic technique [cf. section on Deter-  
minat ion  of reaction orders (potentiostatic method)]  
the cathodic reaction order was found to be 0.75 and 
1.05 with respect of zincate ions in two separate experi-  
ments  (Fig. 11). 

Three measurements  were made with the potentio- 
static technique [cf. section on Determinat ion of reac- 
tion orders (potentiostatic method)]  to determine the 
reaction order with respect of hydroxyl  ions, and the 
value of the cathodic 

Ologi  

] ~ , c z n o ~ 4 =  

was found to be --0.75, --1.04, and --1.06 (Fig. 12). 

~ 1 0 0 0  
E 

E 

8 loo 
\~ \ .  

1C I a 
-1.50 q . 4 0  -1.30 

Potential (V, N. H.E.) 

Fig 10. Tafel lines obtained at different zincate concentrations 
with the same electrode. 3M KOH solutions. Symbols: e, 0.50; G ,  
0.082; x, 0.051M zincate. 
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Fig. !1. Determination of cathodic reaction orders in zincate. 
3M KOH. I-I, Galvanostatic data, taken at --1.350V from Fig. 10. 
x,o Potentiostatic data taken at a fixed potential of --1.363V 
(NHE). 
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Fig. 12. Determination of cathodic reaction order in hydroxyl 
ions from petentiostatic (--1.358V, NHE) measurements. Zincate 
concentration: 0.08M. Results of three separate experiments. 

Table II. Effect of reduction time on io and Call 

T o t a l  t i m e  of io Cdl 
r e d u c t i o n  ( ra in )  (mA/cm=)  (/xF/em~) 

0 8 60 
0.05 14 SO 
5 30 85 
8 30 85 

data, taken with electrodes subject to a shorter or no 
reduction t reatment ,  gave i rreproducible  results which 
are summarized in the following. The apparent  ex- 
change current  density was not reproducible, it was 
strongly dependent  on the durat ion of the reduction, 
increasing with increasing length of reduction and 
leveling off after about 5 min, with fur ther  reduction 
having no effect on io. The observed changes were of 
an order of magnitude;  an example is given in Table 
II. The Tafel slopes were independent  of the reduction 
treatment.  The Cdl values were irreproducible,  some- 
times very high (several hundred  ~F/cm 2) capaci- 
tances were observed with unreduced electrodes, but  
usual ly the capacitance was normal  and increased 
slightly with reduction (Table II) .  The t ransi t ion be- 
havior to hydrogen evolution was also variable:  with 
ful ly reduced surfaces a long, flat plateau was observed 
for zincate reduct ion (cf. section on Transi t ion times) 
with subsequent  quick potential  rise to hydrogen evo- 
lut ion (Fig. 13A); with nonreduced surfaces no flat 
potential  plateau for zinc deposition was observed but  
a continuous slow rise of potential  to that  of hydrogen 
evolution (Fig. 13B,C); occasionally irreproducible 
shoulders appeared (Fig. 13D). After  a full  reduction 
(8 min) the electrode remains  in the "reproducible" 
state in the solution for about ½-1 hr, then it slowly 
reverts to its original behavior;  with repeated reduc- 
tion the "reproducible" state can again be obtained. 

Discussion 
Rest potentials and the effect of hydrogen evolu- 

tion.--The rest potential  of zinc in these solutions is 
a mixed potential  set up by the zinc dissolut i0n-hydro-  
gen evolution corrosion couple. Since the corrosion 
current  is small  (cf. section on Corrosion rates) and 
the exchange current  densi ty of the zinc dissolution is 
high (Fig. 8, 9), this rest potent ial  will  differ only 
slightly (less than  1 mV) from the equi l ibr ium zinc 
potential  (37). The rest potentials, therefore, can be 
directly compared to the calculated thermodynamic  
equi l ibr ium potentials (Table I).  The observed values 
are 21 ± 6 mV less negative than  the calculated poten-  

Galvanostatic transient data.--Double layer capaci- 
tance.--Double layer capacitance values were obtained 
from the slope of the tangent  d rawn to the beginning 
of the galvanostatic transients.  In  summary,  C was 
between 40 and 85 ~F/cm 2 in most cases and did not 
show any  dependence on solution composition. 

Rise time of galvanostatic transients.--Rise times were 
measured in the l inear  current -potent ia l  region. As- 
suming that  the only processes taking place are the 
charging of the double layer, and a charge transfer 
reaction, a T value can be calculated a s  

RT 
"~ ~ ~ " C d l  

nFio 

and the full  rise t ime is expected to be about 4T. The 
calculated and measured rise t imes agreed wi th in  20%. 

Potentiostatic transient data.--After the sett l ing time 
of the system (10-30 ~sec) only steady-state currents  
were observed, and no t ransient  results were obtained. 

Effect of cathodic reduction of the electrode. The 
final reduction of the electrode in the test cell (cf. sec- 
tion on Electrode preparat ion)  was found to be a cri t-  
ical step in the surface preparation.  Some pre l iminary  

Fig. 13. Examples of zinc-hydrogen transitions. Current density: 
50 mA/cm 2. Scale: 100 mV/cm and 100 msec/cm (A,B,C), and 
200 reset/ca (D). A: Fully reduced electrode. B,C,D: Not fully 
reduced electrodes. Solution: IM  KOH, 0.07M Zn(OH)4 =. Cal- 
culated transition time: 440 msec. 
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tials, a fair  agreement  considering the approximate  
na ture  of the activity coefficients (cf. section on Rest 
potentials).  From the measured corrosion rates, and 
the known 120 mV/decade Tafel slope of h.e.r, on zinc 
(26), it can be concluded that  the contr ibut ion of the 
h.e.r, to the cathodic current  will  be negligible (less 
than 3%) wi th in  the limits of the exper imenta l  con- 
ditions. The negligible hydrogen effect is also corrob- 
orated by the good agreement  of the measured and 
calculated t ransi t ion times for the zincate reduction 
reaction. The hydrogen contr ibut ion can also be cal- 
culated from h.e.r, kinetic data reported for zinc in 
KOH solutions (26). The exchange cur ren t  density 
is in the range of 10-1o-10-12 A / c m  2, with a 120 mV 
Tafel slope. According to these data the h.e.r, current  
would not exceed 10 ~A/cm 2 in the whole potential  
range investigated in the present  work; this is in  good 
order of magni tude  agreement  with the conclusions 
reached above. 

Surface state o] the test electrodes.--It was found 
that a strong cathodic reduct ion (cf. section on Elec- 
trode preparat ion) ,  carried out shortly before the 
measurements ,  was necessary to obtain reasonable re- 
producibil i ty for the data (less than one order of mag- 
ni tude spread in the io values) .  It  is suggested that  the 
unreproducible  behavior  of the electrodes not sub- 
jected to this t rea tment  (c]. section on Effect of 
cathodic reduction of the electrode) was due to residual  
oxide (or hydroxide) film on the zinc surface. The 
electrodes were in contact with air prior to assembly 
of the cell and therefore were covered by an oxide 
film; the chemical dissolution of this film by the solu- 
t ion is assumed to be incomplete. Such surface films 
have been proposed specifically for zinc by previous 
workers (27-28), and it has been shown in general  
(29-31), that  a monomolecular  layer  of film can exist 
below the appropriate thermodynamic  reversible po- 
tentials if the surface free energy of the electrode- 
electrolyte interface is reduced by the film formation. 
The t rans ient  behavior  of the electrodes with the oc- 
casional potential  arrests corroborates this suggestion. 
All the data used in the following mechanism deter-  
minat ion were taken on "fully reduced" electrodes. 

Selection o] the reaction mechanism.--The predom- 
inant  solution species has been identified as the te t ra-  
hedral  Zn(OH)4 = ion by potentiometric and solubili ty 
studies (32-34), IR and Raman  spectra (35), and NMR 
(36); and the over-al l  electrode reaction has been 
shown (27) to be 

Zn(OH)4 = + 2e : Zn -{- 4OH-  [1] 

Therefore, the simplest possible reaction mechanism 
must  consist of at least four steps, the consecutive dis- 
sociation of the complex ion, with two steps including 
a charge t ransfer  each. Different combinations of these 
four steps give rise to a number  of possible paths. 
Fur thermore,  the charge t ransfer  need not  occur di-  
rect ly to or from a zinc complex, it could involve a 
charge transfer  between the electrode and some other 
solution species (H30 +, O H - ,  H20),  and the in te r -  
mediate react ing fur ther  with a zinc complex. In  pr in-  
ciple, a very  large number  of possible reaction paths 
could be suggested. In  reality, the comparison of mea-  
sured kinetic parameters  with those predicted by the 
different mechanisms wil l  considerably reduce the pos- 
sibilities. The exper imental  facts which can be used 
in this selection process are summarized in Table III. 

The first conclusion suggested by the exper imental  
results is tha t  the mechanism of the anodic and the 
cathodic reactions is the same (cf. the agreement  be-  
tween anodic and cathodic exchange current  densities, 
and the fact that  aa -{- ac ~ 2). In  the following dis- 
cussion the mechanism in the cathodic direction will  
be examined in detail with the full  analysis applicable, 
mutatis mutandis, to the anodic reaction. 

Rate-determining step.--Consider ing the theory of 
multistep electrode reactions (37-38) the Butler-  

Table Ill. Summary of steady-state resu|ts 

M e a s u r e d  p a r a m e t e r  V a l u e  

Cathod ic  t r a n s f e r  c o e f f i c i e n t  (C~c) 
A n o d i e  t r a n s f e r  coeff ic ient  (aa) [ 01o.  ] 

O log CZn(OH)a: pH 

1 
~ - ~ - ~ - - ~  CZn(OH)4 = 

Ca thod ic  r eac t i on  o rder  for  z inca te  
Ca thod ic  r eac t i on  o r d e r  fo r  h y d r o x y l  
A n o d i c  r e a c t i o n  o r d e r  for  z inca te  
A n o d i e  r e a c t i o n  o r d e r  for  h y d r o x y l  

0.56 ~ 0.15 
1.3 + 0.35 

0.67 

0.14 

0.72-1,05 
( -- 0.75) - ( -- 1.06) 

0,06 
2.59 

Volmer equation can be wr i t ten  as 

i= io  [exp ( aaF~ ~ \ ~ /  -- exp ( 

where 
7 c  

ac : ~ q- r~ 
v 

RT 

Tt, - -  ")'c 

P 

giving 
n 

P 

where "tc is the number of electrons transferred before 
the rds in the cathodic direction; v is the stoichiornetric 
number; n is the total number of electrons transferred 
in the over-all reaction; ~ is the symmetry factor; 
and r is the number of electrons transferred in a 
single occurrence of the rds. 
Since 

n - - 2 ,  and ~e+~a~2 
u - ' l  

Therefore 
~c ---- ~c -t" 0.5r 

aa=2--Tc--0.5r 

The calculated possible values of t ransfer  coefficients 
are given in  Table IV. Comparison with exper imental  
values reveals tha t  only a type B mechanism could 
explain the data. 
Nature o~ the rate-determining charge transfer.--Se- 
lection among the different charge t ransfer  reaction 
possibilities can be made on the basis of their  pre-  
dicted reaction orders with respect to zincate and 
hydroxyl  ions. All  bu t  the zinc complex would predict 
a zeroeth order in zincate for the cathodic reaction, 
furthermore,  reactions with H20 would give a cathodic 
zeroeth order for hydroxyl,  and if O H -  were in the rds 
one would predict an anodic first order with respect to 
hydroxyl.  These predictions are in contradiction with 
the exper imenta l  facts (Table III)  e l iminat ing all but  

Table IV. Calculated values of transfer coefficients 

A B C D E F 

N u m b e r  of  e l ec t rons  t r a n s f e r r e d  in  
the  rds  (r) 2 1 1 0 0 0 

N u m b e r  of  e l ec t rons  t r a n s f e r r e d  h e -  
f o r e  t h e  r d s  in  t h e  c a t h o d i c  di -  
r e c t i o n  (7c) 0 0 1 0 1 2 

Cathodic transfer coefficient (ac) 1 0.5 1.5 0 1 2 
Anodic transfer coefficients (aa) 1 1.5 0.6 2 1 0 

A r e p r e s e n t s  a two  e l ec t ron  t r a n s f e r  r a t e - d e t e r m i n i n g  s tep  (rds) .  
B r e p r e s e n t s  two  c o n s e c u t i v e  e l ec t ron  t r a n s f e r  steps,  w i t h  t he  first  

one  i n  the  ca thod ic  d i r e c t i o n  b e i n g  t h e  rds.  
C r e p r e s e n t s  two  c o n s e c u t i v e  e l ec t ron  t r a n s f e r  steps,  w i t h  t h e  sec- 

ond  one  i n  t he  ca thod ic  d i r e c t i o n  b e i n g  t he  rds .  
D r e p r e s e n t s  a c h e m i c a l  s tep  ra te  cont ro l ,  rds  occurs  be fo re  c h a r g e  

t r a n s f e r  in  the  ca thod ic  d i rec t ion .  
E r e p r e s e n t s  a c h e m i c a l  rds  b e t w e e n  t w o  s i n g l e  e l e c t r o n  t r a n s f e r  

steps.  
F r e p r e s e n t s  c h e m i c a l  r a t e  c o n t r o l ,  t h e  rds  occurs  af t er  t w o  c a t h o d i c  

c h a r g e  t r a n s f e r  s teps .  
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a zinc-containing species as reactant  in the charge 
t ransfer  step, which can then be wr i t ten  as 

Zn ++ + e ~  Zn + [2a] 
o r  

Zn(OH) i  2-i  + e ~ Z n ( O H ) i - I  ~-i + O H -  [2b] 

This leaves five different possibilities, as reaction 
[2b] can be wr i t ten  with  'T '  ranging f rom 1 to 4. A 
selection is, however,  possible comparing the predicted 
react ion orders in hydroxyl  ion of the five reactions 
wi th  the exper imenta l  values (Table III) .  Agreement  
is obtained with [2b] if i = 3, therefore,  the first two 
steps of the reaction are  

Zn(OH)4 = ~ Z n ( O H ) 3 -  + O H -  [3] 

rds  
Z n ( O H ) 3 -  + e .> Z n ( O H ) g -  + O H -  [4] 

Estimation of the rate o] the chemical  predissociation 
s tep- -According  to the above mechanism the chemical  
dissociation step (Eq. [3]) should be faster than the 
charge t ransfer  step (Eq. [4]). An est imate of the rate  
of the dissociation can be obtained as follows. There 
are a number  of reasons to suggest that  the dissociation 
step is rea l ly  a proton t ransfer  react ion 

[ (OH)3Zn(OH) ] = + HOH 

= [ ( O H ) 3 Z n ( H 2 0 ) ] -  + O H -  [3a] 

that  is the complex species in solution are 

[Zn (OH) ~ (H20) 4--i] 2 - i  

ra ther  than [Zn(OH)i ]  2-i. (i) It is known (39) that  
(pKn -- PKn-1) values remain  constant wi th  changing 
n (cf. Table V) unless there is a change in the sym- 
met ry  of the complex. (ii) There is evidence for a 
t ight ly  held inner coordination sphere for Zn + + by 
NMR technique (40) of about 4. (iii) The existence 
of te t rahedral  Zn(H20)4  + + ion was shown in nearly 
neutra l  aqueous solutions by a t empe ra tu r e -pH t ran-  
sient technique (41). 

The proton t ransfer  be tween O H -  ion and water  
molecules has been shown (42-44) to proceed by pro-  
ton tunnel ing and the ra te -de te rmin ing  step was found 
to be the orientat ion of the water  molecule  in the field 
of the ion to a position requi red  for tunneling. It is 
suggested that  reaction [3a] also proceeds by this path. 
The pseudo first order rate constant of the reaction 

H20 + O H -  = O H -  + H20 [5] 

was repor ted  (45) to be 2.1 • 1011 see -1. For  react ion 
[3] this should be diminished by a Bol tzmann factor 
arising f rom the fact that  the free energy of the reac-  
tion [3] is 4.7 kcal (cf. Table V). The rate of the reac-  
t ion [3] can then be calculated to be be tween  5 • 10~ 
and 5 • l0 s tool / l i te r  sec, for the present  zincate con- 
centrat ion range. This est imate gives a min imum value  
for the rates, the real  rates are expected to be higher  
for the fol lowing reason. In react ion [5] the proton 
t ransfer  occurs f rom a water  molecule  which is par t  
of the wate r  s t ructure  and its rotation is therefore  
hindered. In the vic ini ty  of large ions, the first layer of 
water  has been shown (46) to consist of free monomers  
which wil l  rotate more  f ree ly  than  the wa te r  of re-  
action [5]. This m i n i m u m  rate  of react ion [3] can now 
be compared to ra tes  of react ion [4] which were  cal- 
culated f rom the max imum currents  applied in the 
given zincate range as 104 to 4 • 105 mole / l i t e r  sec.~ 

Table V. Fermatia. constants of zincates 

[ G u b e l i  a n d  S t e - M a r i e  (34) ]  

P K 4  = - -  17.7 
pK8 = -- 14.3 
PK2 = -- 11.2 
loK1 = - -6 .3  

CZn(OH) ~ -  r 
K~ 

Cz.++[CoH-] 

Double layer e~ects  on the rds . - -The  double layer 
s t ructure on solid electrodes is much less known than 
that  of mercury,  and the l i tera ture  data are often con- 
t radictory and nonreproducible.  Such is also the case 
for zinc. The value of the potent ial  of zero charge 
(pzc) is not known in alkal ine zincate solutions. For 
sulfate solutions a good agreement  exists among differ- 
ent authors and techniques  (47) giving a pzc value 
of --0.64 • 0.04V. There  is some evidence f rom ca- 
pacitance min imum determinat ions  that  in chloride 
solutions the pzc is about 0.25V more negative, but  
there  is no firm confirmation of this value  (48-51). The 
potential  range of the present  invest igat ion therefore,  
was taken to be 0.5 to 0.9V negat ive to the pzc of zinc 
in the fol lowing evaluat ion of double layer  effects. 

(i) At such negat ive  potentials,  and in the concen- 
trat ion range covered, the double layer  corrections for 
the Tafel slope, and for react ion order determination,  
can be considered negligible. These corrections depend 
on the parameters  (0r and ( 0 r  (52) which 
are not known for zinc but  in analogy wi th  Hg data 
(53) can be assumed to be less than 0.1. 

(ii) Complications f rom specific adsorption of 
anions can also be disregarded since at such highly 
negat ively  charged electrode the adsorption of anions 
was found to be negligible (54-56). 

(iii) The species react ing in the rds are negat ively  
charged and therefore  wil l  have a negat ive surface ex-  
cess under  the prevai l ing conditions. Numerical  values 
for the z inc /KOH system, again, are not known. By 
analogy to mercury  (57) the concentrat ion at the 
Helmholtz  plane is expected to be 10 to 100 t imes lower 
than the bulk concentration, a decrease not large 
enough to be an objection against the proposed mech-  
anism. 

( iv)  For the discharge of anions at a potential  nega-  
t ive  to the pzc a fur ther  effect should also be con- 
sidered. It  has been suggested (58-59) that  under these 
conditions a l imit ing current  may  arise due to the in-  
fluence of the diffuse double layer  (especially at low 
concentrations and far  f rom the pzc where  r is larger) .  
An approximate  equation for this l imit ing current  was 
given (58) 

F D C K  F r  
il -- - -  exp 

2 RT  

where  K is the Debye-Huecke l  reciprocal  length. 
Limit ing currents  calculated wi th  this equat ion for the 
present react ion [using r values f rom 30 to 100 mV 
(52)] gave at least two orders of magni tude  larger  
current  densities than the currents  used in this study, 
showing that  this effect is also negligible. 

Nature of the nonrate-de termining  charge t r a n s f e r . -  
The considerations of the  section on the Nature  of the 
ra te -de te rmin ing  charge t ransfer  refer  only to the rds 
and give no clues as far  as the other  charge transfer  
step is concerned. A selection can, however ,  be made 
based on thermodynamic  and kinetic considerations of 
the oxygen and hydrogen evolut ion reactions since the 
steps suggested for the charge t ransfer  are part  of 
these reactions. The potent ial  range invest igated ex-  
tended f rom about --1.3 to --1.6V of the standard 
oxygen potential  in the test solutions, the reby  exclud-  
ing the possibility of any charge t ransfer  step which 
would be part  of the oxygen evolut ion reaction. The 
hydrogen evolut ion react ion has been invest igated in 
KOH solution on zinc electrodes by Iofa and co-workers  
(26). The exchange current  density was measured to 
be in the order  of 10-10-10 -12 A / c m  2 and the charge 
transfer  step was found to be the r a t e -de te rmin ing  step. 
Since the exchange current  densities observed for the 
zincate electrode react ion are about ten orders of mag-  
ni tude larger,  the charge t ransfer  to form Hads cannot 
be part  of the mechanism. It  can be concluded there-  

3 In  t h e s e  c a l c u l a t i o n s  a 5A d o u b l e  l a y e r  t h i c k n e s s  w a s  a s s u m e d .  
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Fig. 14. Potential energy-distance curves for reactions [7b] 
and [8c]. 

fore, that  the nonra te -de te rmin ing  charge transfer  also 
occurs wi th  a zinc complex reactant.  

Steps occurring after the rds.--There remain  but three 
possibilities to wri te  up the steps fol lowing the rds 

Zn (OH)2-  -~ e ~ Z n ( O H ) -  -t- O H -  [6a] 

Zn(OH) - ~ Zn + O H -  [6b] 

Z n ( O H ) ~ - ~ - Z n ( O H )  + O H -  [7a] 

Zn(OH) + e~----Zn + O H -  [7b] 

Z n ( O H ) e -  ~----Zn(OH) + O H -  [Sa] 

Zn(OH)  ~<-~-- Zn + + O H -  [8b] 

Zn + + e ~ - - - Z n  [8c] 

None of the measured kinetic parameters  gives help 
in selecting be tween these three possibilities and there  
is l i t t le known about the chemistry or s tereochemistry 
of Zn + complexes. The single charged Zn + ion is ve ry  
unstable in aqueous solutions, its ha l f - l i fe  was mea-  
sured in the order of 100 ~sec (60). Some speculat ive 
considerations can be made to suggest the most prob-  
able path. Changes in the act ivat ion energy of the 
charge t ransfer  can be est imated using the Bockris-  
Matthews theory  of charge t ransfer  (61-62). Reaction 
[6a] produces a negat ive ly  charged species which wil l  
not be adsorbed on the electrode at the prevai l ing high 
negat ive potentials (cf. section on Double layer  effects 
on the rds) and therefore  is energet ical ly  unfavorable  
compared to [7] and [8] where  adsorption stabilizes 
the charge t ransfer  product. Fur thermore ,  [6a] sug- 
gests that  an uncharged zinc atom, coordinated by an 
O H -  ion, exists at the Helmhol tz  plane and in reaction 
[6b] this uncharged Zn atom transfers  f rom the He lm-  
holtz plane to the surface of the electrode, a ra ther  un-  
l ikely mechanism. 

For  the selection be tween paths [7] and [8] a re la-  
t ive potential  energy-dis tance diagram is used (61-62), 
(Fig. 14).4 The parameters  needed for the calculation 
of these curves are not all known, but  since it is the 
difference be tween the act ivat ion energies, ra ther  than 
their  absolute values that  is needed, only the relat ive 
positions of the curves have to be established. The 
curves for react ion [7b] were,  therefore,  drawn arbi-  
trari ly.  The final state of react ion [8c] wil l  differ from 
that  of [7b] only by the heat  of hydrat ion of hydroxyl  
ions which is --110 kca l /mol  (63). The init ial  curves 
wil l  differ by the difference of heat  of hydrat ions of 
Zn + and ZnOH. The former  is est imated to be be-  
tween --65 and --70 kca l /mole  based on its diameter  

The implicit  assumption is, of course, adiabaticity.  

(46), whi le  the la t ter  (being a neut ra l  molecule)  will 
be negligible in comparison. These effects are shown 
in Fig. 14. There is one fur ther  t e rm to be taken into 
account for the init ial  curve, and this is the Zn-OH 
bond energy. This value  is not known but it cer tainly 
will  be less than 175 kca l /mol  which would be needed 
to overcome the above two effects. The activation 
energy change is therefore  in favor  of react ion [7]. 

Suggested mechanism.- -From the above considerations, 
the fol lowing reaction path is the most probable 

Zn(OH)4 = ~ Z n ( O H ) s -  + O H -  

rds 
Z n ( O H ) 3 -  + e > Z n ( O H ) 2 -  + O H -  

Z n ( O H ) 2 -  ~=~ ZnOH + O H -  

ZnOH + e ~ Zn -}- O H -  

The mechanism is wr i t ten  in the cathodic direction, 
the anodic react ion proceeds through the exact  reverse 
of the above path. This mechanism is in agreement  
wi th  all the  exper imenta l  facts given in Table III. 

In this analysis, all data taken wi th  supersaturated 
solution were  included. Exclusion of these points does 
not al ter  the conclusions. This indicates that  super-  
saturat ion of the solution with respect to zincate, has 
no effect on the mechanism. 

Mechanism at low overpotentials.--Surface diffusion, 
ra ther  than charge transfer,  has been suggested for 
several  meta l  deposition react ion (3-5) as the ra te-  
de termining step in the low overpotent ia l  region. In 
the present  case this possibility was e l iminated by the 
fact that  the exchange current  densities obtained from 
the extrapolat ion of the Tafel  lines and from the slope 
of l inear  i -- ~] plots at low overpotent ia ls  are in com- 
plete agreement.  This was fur ther  substant iated by the 
fact that  the rise t imes of the galvanostatic transients  
can be explained by considering only the double layer 
charging and charge t ransfer  processes. 

Concentration of the intermediate species containing 
Z n + . - - T h e  fact that  no pseudocapacitance was ob- 
served indicates that  the change of concentrat ion of 
Zn+-conta in ing  species in the Helmholtz  plane is very  
small and so is its equi l ibr ium coneentrat ion [cf. Ref. 
(6) ]. This is also corroborated by the rise t ime of the 
potentiostatic t ransients  which was found to be less 
than the 10-30 ~sec sett l ing t ime of the potentiostat.  
With considerable in termedia te  concentrat ions a larger 
rise t ime would be expected even if the fastest step 
(which determines  the rise t ime of the potentiostatic 
transients) in the mechanism has a ra te  constant 100 
t imes that  of the rds (64-65). This low concentrat ion is 
in agreement  wi th  the known react iv i ty  of single 
charged zinc (60). 

Comparison of the results to data of other workers . - -  
A series of papers was published by Hampson and co- 
workers  (10-12) on the electrochemical  behavior  of 
solid zinc in alkal ine electrolytes. Both the anodic and 
the cathodic processes were  invest igated in a wide 
range of overpotent ials  and solution compositions. 
Armst rong  and Bulman (13) invest igated the anodic 
dissolution of solid zinc in 1 and 2M sodium hydroxide  
solutions using a rotat ing disk electrode. A ve ry  brief  
report  is given on zinc dissolution in KOH by Kabanov 
(9). The exper imenta l  data  of these workers  is sum- 
marized in Table VI and compared to the results of 
this work. A good agreement  is found with the results 
of Armst rong  and Bulman and with  those of Kabanov;  
also wi th  some of Hampson's  data. There are, however ,  
three  areas of disagreement  wi th  the data of Hamp-  
son and co-workers;  (i) the dependence of exchange 
current  density on zincate concentrat ion;  (ii) the value 
of Tafel  slopes; and (iii) the value  of the double layer 
capacitance. These are discussed in detail  in the  fol-  
lowing paragraphs.  

The dependence of the exchange  current  density 
on the concentrat ion of zincate, and the t ransfer  co- 
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Table Vh Comparison of experimental data 

P a r a m e t e r  

A r m -  
strong Kaba- 

Hampson and and Bul- nov Present 
co-workers (10-12) man (13) (9) work 

io { m A / c m ~ )  4 0 - 2 5 0  
0 1 o g i o  

- " ' ~ p H  ,. I eznfOH)l = 0.2 

[ C~ I o g ' a n  ] 

[ Olo ,o ] o 
a log Czr,~oml= vH 

Cdl ( .uF /em: : )  
A n o d i e  T a f e l  s l o p e  

( m Y / d e c a d e )  
Cathodic T a f e l  s l o p e  

( m Y / d e c a d e }  

3 0 - 6 0 0  
65  -~ 10 ( a t  l o w  7 )*  

3 2 0  ( a t  h i g h  7 )*  
55-----8 ( a t l o w T ) *  

2 8 0  ----- 40  ( a t  h i g h  7 ) *  

- -  - -  8 - 3 7 0  

- -  - -  0 . 1 4  

c a  3.5 3 2 .6  

- -  - -  0 .67  

- -  4 0 - 1 2 0  
4 2 - - -  + 5 3 0  49  ----- 13 

- -  - -  113  ----- 30  

* C a l c u l a t e d  f r o m  t h e  r e p o r t e d  t r a n s f e r  c o e f f i c i e n t s .  

efficients at low overvoltages were determined by gal- 
vanostatic double pulse technique in the l inear  i -- ~] 
range (11). The tacit assumption was made (66) that 
the solution resistance between the Luggin capillary 
and the surface of the electrode is small  compared to 
the reaction resistance. [This assumption was also 
extended to some of their high overvoltage measure-  
ments  (67), al though later the authors themselves (12) 
realized the ohmic errors thus introduced at the high 
overpotentials.] The validity of this assumption can be 
examined by calculat ing the reaction resistance and 
the solution resistance for a number  of their reported 
experiments.  For the calculation of the solution resist- 
ance it will  be assumed that the distance between the 
Luggin and the electrode surface was 0.3 mm (a rather  
close placing).  The values of reaction resistance were 
calculated from their reported exchange current  densi- 
ties. The resul t ing values are shown in Table VII. 
Clearly, al though the absolute value of the solution re- 
sistance is very  small  because of the high conductivity 
of the solution, it is not negligible compared to the re- 
action resistance due to the large exchange current  
densi ty of the reaction. It  therefore seems probable 
that the ohmic overpotential  was a considerable part  
of the total overpotent ial  for these workers. The fol- 
lowing observations are consistent with this suggestion: 

(i) The claimed independence of io from the zincate 
concentrat ion is unders tandable  since the addition of 
zincate causes little change in the conductivity.  

(ii) The reported slight pH effect on io could also 
be, at least part ial ly,  due to the decrease of solution 
conductivi ty as NaOH was replaced by NaC104 (KNaOR 

2 . 3 K S a C 1 0 4 )  ( 6 8 )  

(iii) Thereported ( Ol~176 ) = 0.65 in 7M KOH 
1/T 

0 log K 
solutions, compares with - -  -- 0.72 (69). 

0 1/T 
The above suggestion is thus consistent with their  

observations. 
The Tafel slopes reported in a recent paper (12) for 

the high polarization range are surpris ingly high, about 
300 mV/decade for both the anodic and  the cathodic 
processes. These measurements  were done in 7M KOH 
solutions and Tafel behavior  was reported over the 80- 
300 mV range. Both the solution concentrat ion and the 

Table VII. Comparison of Farr and Hampson's 
solution and reaction resistances 

to K(68) R r  Rs 
S o l u t i o n  ( m A / c m  2) (ohm-X c m - l )  ( o h m  c m  2) ( o h m  c m  '2) 

7 M  K O H  238 0 . 5 4  0 . 0 5 4  0,056 
5 M  L i O H  185 0 . 3 3  0 . 0 7 0  0 . 0 9 1  
7 M  N a O H  140 0 . 3 0  0 .092  0. I 0 0  

overpotentials  are outside the range of the present  
work, therefore direct comparison is not possible. In 
fact, however, a l inear  ~-log i relat ionship with a slope 
of about 40 mV (in agreement  with the present  work) 
exist below 80 mV polarization on the anodic curves of 
these workers. 

The capacitance values (10) were bridge measure-  
ments  taken on electrodes "equil ibrated" with the 
solution for many  hours; a strong time dependence of 
the values was reported. A t ime-dependent  electro- 
chemical behavior  and some high values of capaci- 
tances for nonreduced electrodes were also found in 
this study (section on Effect of cathodic reduction of 
the electrode). It  seems, therefore, that  the capaci- 
tances measured with our freshly reduced zinc elec- 
trodes cannot be compared directly with those taken 
under  quite different surface conditions. 
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Performance of Aluminum-Manganese Dioxide Dry Cells 
David Belitskus 

Aluminum Company of America, Alcoa Technical Center, Pittsburgh, Pennsylvania 15230 

ABSTRACT 

Aluminum-manganese  dioxide dry cells were constructed and discharged 
to determine voltages, capacities, corrosion rates, pH changes, and in te rna l  
resistances. A l u m i n u m  cells showed promise for moderate to heavy-duty  dis- 
charge but  had lower capacities than commercial general  purpose zinc cells 
on more in te rmi t ten t  discharge. Anode corrosion dur ing discharge and on open 
circuit following part ial  discharge raised cell pH and decreased capacity. The 
in terna l  resistances of the a luminum cells decreased dur ing  ini t ial  discharge, 
indicating dissolution or al terat ion of the original anode film. Subst i tut ion of 
electrolytic for na tura l  manganese dioxide increased cell capacity, as did cer- 
tain acid additions to the electrolyte. Use of a high potential  anode alloy or 
addition of l i th ium chloride to the electrolyte increased cell voltages during 
init ial  discharge but  did not increase capacity. Amine  additions to the electro- 
lyte reduced corrosion but  did not increase capacity. 

A l u m i n u m  is a theoretically attractive anode mate-  vs. --0.76 for Zn) .  However, rapid formation of an 
r ial  for p r imary  cells, from the standpoints of electro- oxide film on a luminum in air or water  prevents  the 
chemical equivalence (2.98 A-hr /g ,  vs. 0.82 for Zn) reversible electrode potential  from being reached (1). 
and reversible electrode potent ial  (Eo acid ~-- --1.66V, With electrolytes in which the oxide layer is soluble, 

Key words: discharge, capacity, voltage, resistance, pH. potentials are higher bu t  corrosion becomes a problem. 
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Table I. Dry cell electrolytes for use with aluminum anodes (14) 

A B C D 

A1C18-6H20 ( a l u m i n u m  c h l o r i d e  h e x -  
a h y d r a t e )  

CrCIs .6H~O ( c h r o m i c  c h l o r i d e  h e x a -  
h y d r a t e )  

NH4C1 ( a m m o n i u m  ehlor ide~ 
(NHD~CrO~ ( a m m o n i u m  c h r o m a t e )  
HCl  ( h y d r o c h l o r i c  ac id)  
KHCsH40~ ( p o t a s s i u m  a c i d  p h t h a l a t e )  
MnO.2 ( m a n g a n e s e  d i o x i d e )  
C ( S h a w i n i g a n  b l ack )  
H~O ( w a t e r  [ cc /100g  d r y  m i x ] )  

8.1% 13.6% - -  6.9% 

3.4% 5.7% 8.1% 3.5% 
6.1% 6.9% ~% 8 . 1 %  4 . 5 %  - 

2.9% . . . .  
4.8% - -  - 

63.6% 62"~% 69.4% 68.9% < 
12.7% 9.0% 13.9% 13.8% 
43 30 43 42 

Factors associated with use of a luminum,  magnesium 
(whose chemistry also is largely dominated by its ox- 
ide film), and zinc pr imary  cell anodes have been re-  
viewed by Glicksman (2). 

Although the subject of numerous  patents  (3-13), 
p r imary  cells containing a luminum anodes are not  in 
commercial  production. The present  work was under -  
taken to fur ther  characterize and improve the a lumi-  
num cells described by Stokes (14). 

Cel l  Construct ion 
Size D cells were constructed from the duplex alloy 

a luminum cans (0.010 in. thick 99% A1, 99.6% pure-  
1% Zn inner  layer, 0.004 in. thick 3003 alloy outer 
layer)  previously found to reduce pit t ing perforation 
(6, 14). Separators made from 0.16 mm thick, medium 
weight chromatography paper were employed along 
with paper washers and paraff in-impregnated carbon 
rods identical to those in zinc dry cells. Cells were 
constructed using the electrolyte formulat ions listed 
by Stokes (14) and repeated here as Table I. Water 
contents were adjusted to give consistencies compar-  
able to those of commercial zinc cells. The black mix, 
including na tura l  (African) MnO2 ore, 50% com- 
pressed Shawinigan black, and the electrolyte, was 
compacted at 200 psi in cans l ined with dry paper, 
with the electrolyte exuding from the mix to wet the 
paper. Cells were sealed with either pitch of the type 
used in zinc cells or with a 1:1 mix ture  (by weight) 
of beeswax and rosin. 

C a p a c i t y  

Testing was concentrated on "B" formulat ion a lumi-  
n u m  cells, found to have the greatest capacfty, and 
"C" formulat ion cells, reported to have a long shelf 
life (8). Six different brands of general  purpose zinc 
cells purchased through normal  sources and a luminum 
cells aged for one week or more after assembly were 
discharged in 4- and 2.25-ohm continuous and inter-  
mi t ten t  tests. The in te rmi t ten t  testing employed auto- 
mated apparaus. 

Each curve in Fig. 1 represents an average from 
2-6 zinc or "B" formulat ion a luminum cells in 4-ohm 
tests. Capacities of a luminum cells increased as test- 
ing became more intermit tent ,  from continuous dis- 
charge, to the heavy industr ia l  flashlight test (4 min  
discharge per 15 min  period, 8 hr per day) ,  to the 
light industr ia l  flashlight test (4 min  discharge per 
hour, 8 hr  per day),  but  dropped off on the general  
purpose test (5 min  discharge per day).  1 Increase in 
performance with in te rmi t ten t  testing was much 
greater for zinc cells. Some 2.25-ohm tests, cont inu-  
ous and general  purpose, 2 were also performed with 
the following results: continuous discharge, 255 min 
for A1 cell and 200 min  for Zn cell; general  purpose 
test, 225 min  for A1 cell and 490 min  for Zn cell. 
Some of the discharge times to cut-off in Table II of 
the original  report  on these cells (14) are believed 
to be high because of contact resistances that  devel-  

1 T h e  h e a v y  i n d u s t r i a l  f l a sh l i gh t  t e s t  ( 4 -ohm)  a n d  l i g h t  i n d u s t r i a l  
f l a sh l i gh t  t e s t  ( 4 - o h m )  a re  s t a n d a r d  t e s t s  ( N a t i o n a l  B u r e a u  of  S t a n d -  
a r d s  A n n u a l  Q u a l i f i c a t i o n s  Tes t s )  f o r  I~-s ize  cells.  T h e  g e n e r a l  p u r -  
pose  t e s t  ( 4 - ohm )  h a s  b e e n  d i s c o n t i n u e d  f o r  D - s i z e  cells.  

2 T h e  g e n e r a l  p u r p o s e  t e s t  (2 .25-ohm) is a s t a n d a r d  t e s t  f o r  D - s i z e  
cells.  
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1.0 
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"~''-~ H.I.F.T. 

�9 ~ < ~  L.I.F.T. 
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DISCHARGE TIME, MINUTES 

Fig. I. Discharge curves for "B" formulation aluminum dry 
cells and commercial general purpose zinc dry cells: 4-ohm dis- 
charges. [Cont. ---- Continuous Discharge; H.hF.T. = Heavy 
Industrial Flashlight Test; L.tF.T. = Light Industria| Flash- 
light Test; G.P.T. = General Purpose Test.] 

oped in the automatic in te rmi t ten t  discharging ap- 
paratus. 

The ratios of "B" formula t ion  a luminum cell capac- 
ity to zinc cell capacity (in terms of minutes  of 
service to cut-off voltage for each of the various tests 
performed, i.e., 0.90V for the 4-ohm tests, 0.65V for 
the 2.25-ohm tests) are plotted against minutes  of 
discharge per day in Fig. 2. For comparison of cells 
under  continuous discharge, minu tes -pe r -day  was 
arbi t rar i ly  taken as the average of a luminum and 
zinc cell service to the cut-off voltage. On this basis. 
formulat ion "B" a luminum cells outperform general  
purpose zinc cells in discharges where  the cell is 
under  load for more than  about 2 hr per day. From 
the discharge curves from both the  4- and 2.25-ohm 
tests, energy (wat t -hours)  extracted from the cells 
(to the cut-off voltage) was also determined and the 
ratios are included in  Fig. 2. Because of ini t ia l ly 
higher voltages under  load (about 0.07V higher under  
either 4- or 2.25-ohm load), the a luminum cells per-  
formed even bet ter  on this basis, yielding greater wat t -  
hour capacities than zinc cells when  discharged for 
more than about 1.25 hr  per day. Considering that  the 
commercial zinc cells undoubtedly  contained some 
electrolytic ore, which increased capacity, these a lum-  
inum cells show promise for moderate to heavy-du ty  
discharges. 

A l u m i n u m  cells with the "C" formula t ion  had 
lower capacities, yielding 270 min  of service to 0.90V 

B 3.0 
U O min. to 0.90 volt (4-ohm) 

_ ~ min. to 0.65 volt (2.25-ohm) �9 j o~ 2.5 
�9 watt-hr, to 0.90 volt (4-ohm) 
�9 watt-hr, to 0.65 volt ( 2 . ~  

2.0-- 

1.5 
E~ 

1.0 

<9 
0.5 

0 J i i I I 
o 5o loo 15o 2o0 25o 30o 

DISCHARGE PER DAY, MINUTES 

Fig. 2. Comparison of capacities of "B" formulation aluminum 
dry ceils and commercial general purpose zinc cells. [Time for 
continuous discharge is average for AI and Zn cell to cut-off 
voltage; intermediate times are for standard discharge tests.] 
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Fig. 3. Anode consumption and efficiency of a "B" formulation 
aluminum dry cell during a 4-ohm continuous discharge. 

when discharged cont inuously under  4-ohm load and 
350 min  on the heavy industr ia l  flashlight test (4- 
ohm),  for example. Cells having the "A" and "D" 
formulat ions had intermediate  capacities. 

Corrosion 
Corrosion of a luminum,  with the evolution of 

hydrogen, was significant under  all  discharge condi- 
t ions as in Fig. 3 for 4-phm continuous discharge of 
a "B" formulat ion cell. Over-al l  anode ampere-hour  
efficiency to a 0.90V cut-off was 71%, calculated from 
the discharge curve in  Fig. 1 and s imultaneous gas 
evolution data (not shown).  Total gas evolution was 
300 ml  (NTP).  During in te rmi t ten t  discharge gas- 
sing cont inued dur ing periods on open circuit, but  at 
a reduced rate. The ammonium chromate in the black 
mix inhibi ts  corrosion of unused cells but  apparent ly  
is of less value after a cell has been par t ia l ly  dis- 
charged. The corrosion on open circuit decreased an-  
ode efficiencies as discharge became more in te rmi t -  
tent.  Dur ing  the heavy industr ia l  flashlight test (4- 
ohm),  gas evolution to a 0.90V cut-off increased to 
550 ml, corresponding to an anode efficiency of 65%; 
during the light industr ia l  flashlight test (4-ohm),  gas 
evolution and anode efficiency were 800 ml  and 57%, 
respectively. Dur ing  the general  purpose test (4-ohm),  
gassing was not recorded dur ing an entire discharge, 
bu t  efficiency extrapolated from gas evolution dur ing 
one week was 33%. Cells which had undergone the 
general  purpose test for one week continued to evolve 
gas for at least two weeks after discharging. The 
low capacity of a luminum cells on the general  purpose 
test was probably due to this extensive corrosion. 

Gas evolution invar iab ly  caused seal rup ture  and 
leakage of cells dur ing  continuous discharge, and 
usual ly  dur ing  the heavy industr ia l  flashlight test. 
Paraff in- impregnated carbon rods sufficiently porous 
to permit  escape of gas can undoubted ly  be devel-  
oped. A few cells vented through dimethyl  silicone 
membranes  did not leak dur ing  continuous discharge. 

Acidity of Electrolyte 
Numerous studies on zinc dry cells have indicated 

that  dur ing in te rmi t ten t  discharge the MnO2 is re- 
duced according to the reaction 

Mn02-6 H + + e--> MnOOH [1] 

so that  cell voltage is a funct ion of pH [--0.059 V/pH 
at 25~ theoretically, al though this value is seldom 
observed (15)]. Hydrogen ions are replenished by 
hydrolysis of zinc ions added in the original  formula-  
t ion and generated dur ing the cell reaction. During 
continuous discharge hydrolysis and diffusion are ap- 
paren t ly  not rapid enough to ma in ta in  acidity, and 
cell capacity is low. 

The change in  acidity of the cathode-electrolyte 
mix of a l u m i n u m  cells with extent  and type of dis- 

charge was measured and compared with zinc cells. 
To prevent  any  effect from differences in cathode- 
electrolyte mix, comparisons were made between alu-  
m i num and zinc anode cells having the identical  mix. 
This consisted of: 15% NH4C1, 5% ZnC12, 1% (NH4)2- 
CrO4, 70% na tu ra l  MnO2, 9% Shawinigan  black, and 
,-25 ml  HzO/100g black mix. 

The mix is s imilar  to that  used in zinc cells, except 
for the (NH4)2CrO4 added to reduce a luminum cor- 
rosion. These zinc cells had lower capacities than  the 
commercial ly available cells but  showed the same 
large increase in capacity during the heavy industr ia l  
flashlight test (relative to continuous discharge) as 
commercial  cells. 

The change in  pH dur ing discharge was measured 
by a glass electrode pressed into finely ground black 
mix removed from cells subjected to continuous dis- 
charge (4-ohm),  the heavy industr ia l  flashlight test 
(4-ohm),  and the light industr ia l  flashlight test (4- 
ohm) for various predetermined times. 

The ini t ial  cell pH of 5.2 for zinc cells in Fig. 4 
increased during continuous discharge and cell capac- 
ity was correspondingly low. During the heavy in-  
dustrial  flashlight test, pH leveled off near  6 and cell 
capacity was correspondingly much greater. A small 
addit ional  increase in capacity (and a marg ina l ly  
flatter pH curve) was obtained during the l ight in-  
dustrial  flashlight test. 

As with the a luminum cells described previously, 
the capacities in Fig. 5 for cells with a l u m i n u m  anodes 
increased slightly as discharge became more in ter-  
mittent.  The pH increased most rapidly dur ing cont in-  
uous discharge and less rapidly as discharge became 
more intermit tent ,  bu t  did not level off even during 
the light industr ia l  flashlight test. The pH increased 
in the same way dur ing discharge of cells having the 
formulations in Table I, even though init ial  pH was 
lower. For example, pH of a "C" formulat ion a lumi-  
num cell was 3.5 before discharge and 7.8 after a 
4-ohm continuous discharge to O.90V. 

Thus, capacity of an a luminum anode cell, like ca- 
pacity of a zinc cell, is related to changes in pH of the 
cathode-electrolyte mix during discharge. The present  
formulations for a luminum cells probably do not 
ma in ta in  a low pH dur ing either continuous or in ter-  
mit tent  discharge because of the extensive corrosion 
that  consumes hydrogen ions both dur ing discharge 
and, to a lesser extent, on open circuit, as represented 
below 

2A1 + 6H + ~ 2A13+ + 3H2 [2] 

8.0 

7.0 

6.0 ~ . ~  

5.0' 

CONT. 
1.3 --A-- H.I.F.T. 

----Q--- L.I.F.T. 

~ 1.2 

> I.o ~ 

I I I I i I ; 
0.9 

0 50 I00 150 200 250 300 350 400 450 

DISCHARGE TIME, MINUTES 

Fig. 4. Discharge curves and pH changes of the electrolyte of 
specially constructed zinc dry cells: 4-ohm discharges. [Cont. = 
Continuous Discharge; H.I.F.T. = Heavy Industrial Flashlight 
Test; L.I.F.T. - -  Light Industrial Flashlight Test.] 
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Fig. 6. Change in pH of an electrolyte caused by aluminum cor- 
rosion and by reduction of manganese dioxide: 6g AICI3"6H20/20 
ml H20 -I- 2g AI powder, with or without 3g MnO2. 

Although hydrogen ions can be regenerated by hydrol-  
ysis of the a luminum ions formed, they are consumed 
more rapidly and pH increases. This was demonstrated 
by hydrogen evolution and pH changes in Fig. 6 for 
mixtures  prepared by adding 2g of atomized a l u m i n u m  
powder (0.85 m2/g surface area) to a solution of 6g 
A1C13.6H20 dissolved in 20 ml  of water  and the same 
mixture  with 3g of na tura l  manganese  dioxide added. 
The lat ter  test simulates hydrogen ion consumption by 
cell discharge (Reaction [1]) and the accompanying 
a luminum corrosion (Reaction [2]).  These tests were, 
of course, only qual i tat ive since the electrolyte com- 
position and a luminum surface area differed from those 
in an actual cell. 

Internal Resistance 
Another  possible cause of relat ively low capacity 

of the present  a luminum cells was high in te rna l  re-  
sistance from an anode film or reaction products such 
as AI(OH)3. Comparat ive in terna l  resistances of zinc 
and formulat ion "B" and "C" a luminum cells were 
measured with an oscilloscope, mil l iammeter ,  and a 
mercury  switch by in te r rup t ing  the current  momen-  
tar i ly  dur ing  discharge across a 3-ohm resistance. 

As for magnes ium dry cells (16) the instantaneous 
voltage changed more for a l u m i n u m  cells than for 
commercial  zinc cells. An oscillographic trace for the 
"B" formulat ion a l u m i n u m  celI one minu te  after  the 
start of discharge is shown in  Fig. 7(a) .  While the 

Fig. 7. Voltage of an AI dry ce|l (formulation "E") for a 3-ohm 
discharge, with (from left to right) the circuit closed, opened, and 
reclosed: (a) 1 min after start of discharge; (b) 2 hr after s~art 
of discharge. 

circuit was closed, the a luminum anode was either 
film free or the film was readi ly penetrated by elec- 
trolyte species, probably  chloride ions. When the cir-  
cuit was opened, the anode was in an active condition, 
but  passivated in about 0.1 sec to a t ta in  a steady volt-  
age. Reclosing the circuit decreased the voltage below 
the steady closed-circuit  voltage un t i l  the ox ide  film 
could be fully penetrated, which required over 0.5 
sec. The difference between the ins tantaneous and 
steady closed-circuit  voltage early in the discharge was 
about 0.34V for "B" formulat ion cells and 0.52V for 
"C" formulat ion cells. Zinc anode chemistry is not 
dominated by the presence of a surface oxide film, and 
the voltage changed only 0.05V ins tantaneously  in  
opening or closing the circuit. 

As discharge proceeded, two changes in a luminum 
cell ("B" formulat ion)  behavior  took place in Fig. 
7 (b). The voltage ins tantaneously  at tained a constant  
value on opening the circuit, and the difference be-  
tween the instantaneous and steady closed-circuit  
voltage decreased. Both of these changes indicate a 
t rend toward decreased film formation, possibly be-  
cause the chromate inhibi tor  was losing effectiveness. 
This correlates with the increase in corrosion rate 
during discharge (c~. Fig. 3). 

The in te rna l  cell resistances obtained by dividing 
the instantaneous change in voltage produced by  open- 
ing the circuit 3 by the current  at each of several stages 
of discharge are plotted against discharge t ime in Fig. 
8. The zinc cell resistance was essentially constant  dur -  
ing discharge, while resistances of both types of a lu-  
m i n u m  cells were about constant  for 30 min, decreased 
sharply, then gradual ly increased. The large increase 

s T h e  r a p i d i t y  of  t h i s  m e a s u r e m e n t  s h o u l d  m i n i m i z e  a n y  p o l a r i z a -  
t i on  effects .  D u r i n g  t h e  s u b s e q u e n t  p e r i o d  on  o p e n  c i r c u i t  ( ~ 0 . 5 - I  
sec) ,  t h e  v o l t a g e  of t h e  z inc  cel l  g r a d u a l l y  i n c r e a s e d ,  i n d i c a t i n g  p o -  
l a r i za t ion .  T h i s  e f fec t  i n c r e a s e d  w i t h  e x t e n t  of d i s c h a r g e .  There 
w a s  no  c h a n g e  in  t h e  o p e n - c i r c u i t  v o l t a g e  of  t h e  a l u m i n u m  cel ls  in  
t he  s a m e  t i m e  s p a n  e x c e p t  f o r  the passivation phenomenon  m e n -  
t i o n e d  above .  
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Fig. 8. Internal resistances of two aluminum dry cells and a 
cammercia| genera| purpose zinc dry cell: 3-ohm discharges. 
[Continuous discharge, except for momentary interruptions.] 

in in terna l  resistance of the "B" formulat ion a luminum 
cell correlates with the voltage drop in the discharge 
curve for this cell. During continuous discharge, the 
voltage for a "B" formulat ion cell decreases slowly 
ini t ia l ly  bu t  then drops rapidly [cf. Fig. 1 (a) ], where-  
as the voltages of a zinc cell [cf. Fig. l ( b ) ]  and "C" 
formulat ion a luminum cell drop rapidly at first, then 
more slowly. The large increase in resistance of the 
"B" formulat ion cell could be the result  of a bu i ld -up  
of amorphous AI(OH)8 4 produced from the large 
amount  of A1CI~" 6H~O in the cell formulat ion and the 
added a luminum ions formed by the discharge and 
corrosion reactions. The "C" formulat ion cell does 
not include A1C13"6H20 in the electrolyte formulat ion 
so might  be expected to show less of a resistance in-  
crease, as is the case. 

The high in terna l  resistance of the undischarged 
a luminum cells appears to be an anode phenomenon.  
A cell with "B" formulat ion electrolyte but  a zinc 
anode had an ini t ial  resistance s imilar  to that of a 
commercial  zinc cell and an increase in resistance with 
discharge time. Also, the min ima in resistance of the 
a luminum cells in Fig. 8 correspond closely to a notice- 
able decrease in the difference in instantaneous closed- 
circuit voltage and the steady closed-circuit  voltage, 
as shown in Fig. 7. The a luminum anode of an undis-  
charged cell is probably covered with a resistant  oxide 
or chromate film which decreases working cell voltage 
dur ing the early par t  of the discharge. During con- 
t inued discharge, this film is dissolved or modified and 
cell resistance decreases. The straight l ine portions of 
both a luminum cell curves in Fig. 8 extrapolate to 
about 0.4 ohm. The difference between actual init ial  
resistance and this value, about 0.5 ohm, could be 
at t r ibuted to the ini t ia l  resistance of the anode film. 
While reducing cell capacity by increasing in terna l  re- 
sistance, this film undoubted ly  improves the storage 
capabilities of new or slightly discharged cells. 

Aluminum Cell Modifications 
Use of electrolytic manganese dioxide.--Substitu- 

t ion of electrolytic (Mitsui) manganese dioxide for 
na tura l  ore improved a luminum cell capacity signifi- 
cantly: a "B" formulat ion a luminum cell containing 
electrolytic manganese dioxide had a capacity of 580 
min  (to 0.90V) on the heavy industr ia l  flashlight test 
(4-ohm),  35% greater than  a cell with na tu ra l  ore. 
Ini t ia l  voltage under  load was 1.50V, 0.03V higher than 
a cell with na tu ra l  ore. 

Anode alloy change.--While the potentials of b inary  
a luminum-z inc  alloys are higher than  a luminum, they 

X - r a y  diffract ion examina t ion  of the  black mix ,  ma te r i a l  in  the  
s e p a r a t o r ,  and  ma te r i a l  adhe r ing  to the  anode surface  revea led  n o  
c r y s t a l l i n e  alumina.  
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are lower than zinc. A te rnary  galvanic anode alloy, 
CB75~ (A1-7.2% Zn-0.12% Sn),  with a potent ial  of 
--0.85V (vs. H2 electrode) in  0.5M A1CI~ + 0.2M 
(NH4)2CrO4, compared wi th  --0.66V for A1-1% Zn, 
and --0.77V for zinc, was tr ied as a dry cell anode in 
"B" formulat ion cells. The ini t ia l  cell voltage was 
1.65V on the heavy industr ia l  flashlight test (4-ohm) 
but  capacity was not improved over a cell with A l - l %  
Zn. A black coating which may have increased cell 
resistance formed on the anode. 

Electrolyte changes.--"B" formulat ion cells contain-  
ing 1 ml  of various corrosion inhibi t ing amines and 
amino alcohols ( t r iethanolamine,  t r ie thylenetet ramine,  
n- isopropylethylenediamine,  or 2- ( isoamylamino) - 
ethanol) were tested under  the heavy industr ia l  flash- 
light test (4-ohm).  Although gassing in some cases was 
only 70% that  of cells without  the additions, capacity 
was not  correspondingly increased. A film which de- 
creased corrosion but  increased cell resistance may 
have formed. 

Two acids which are solids at room temperature,  
citric and oxalic, were mixed into the black mix of 
"C" formulat ion a luminum cells (1.5 g/cell)  in an 
at tempt to ma in ta in  a low pH dur ing discharge without  
overly lowering ini t ia l  pH (which would increase cor- 
rosion on shelf s tand).  It  was hoped that solid acid 
wouId slowly dissolve dur ing discharge. While the cells 
had higher capacities than cells without  the additions 
(50% greater for the cell with oxalic acid) on the 
heavy industr ia l  flashlight test (4-ohm),  an ini t ial  
gas-producing reaction of the acids with manganese  
dioxide made sealing of the cells difficult. A buffer 
system, included in "A" formulat ion cells, did not 
produce a high capacity. 

Subst i tut ion of l i th ium chloride for chromic chloride 
in "B" formulat ion a luminum cells, to reduce in ternal  
resistance, increased closed circuit (4-ohm resistance) 
voltage 0.10V, bu t  reduced capacity during the heavy 
industr ia l  flashlight test. The l i th ium chloride perfor~ 
ated the a luminum anode cans during discharge, re- 
ducing capacity. 

Discussion 
Capacities of some D-size a luminum dry cells con- 

ta ining na tura l  manganese dioxide exceeded those of 
commercial general  purpose zinc cells on heavy-du ty  
discharge, and capacity was increased substant ia l ly  
by use of electrolytic manganese dioxide. Because of 
higher init ial  potentials under  load, the a luminum 
cells performed even more favorably on a wat t -hour  
basis. 

On continuous 4-ohm discharge, an a luminum anode 
yielded 71% of its theoretical ampere-hour  capacity, 
or 2.1 A-hr /g ,  comparable to the theoretical capacity 
of a magnesium anode, and about 2.5 times the theo- 
retical capacity of a zinc anode. Even under  the most 
unfavorable  discharge condition (general  purpose 
test),  an a luminum anode yielded 1.0 A-hr /g .  

The ammonium chromate added to a l u m i n u m  cell 
electrolytes to reduce corrosion of undischarged cells 
loses effectiveness dur ing  discharge unt i l  the anode of 
a par t ia l ly  discharged cell corrodes even on open 
circuit. In  addition to decreasing anode efficiency and 
producing hydrogen, the corrosive reaction raises cell 
pH, decreasing manganese  dioxide capacity. Although 
a certain amount  of corrosion may be inevi table  while 
the cell is under  load and the anode surface is re la-  
t ively film free, an a l loy-electrolyte- inhibi tor  com- 
binat ion which would effectively inhibi t  corrosion of 
a par t ia l ly  discharged cell on open circuit, should in-  
crease capacity on in te rmi t ten t  discharge as with zinc 
cells. An alternate, although less satisfactory, method 
of increasing capacity on in te rmi t ten t  discharge may 
be adding materials  which can help main ta in  a low 
pH. Addit ions of this type present  a trade-off by re-  

Patented,  A l u m i n u m  Company  of America .  
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ducing the amount  of manganese  dioxide which can be 
included in the cell. 

After  remain ing  fair ly  constant  for a short time, 
the in te rna l  resistance of an a l u m i n u m  dry cell de- 
creases dur ing discharge because of dissolution or 
modification of the anode film, then increases. A cell 
formulat ion high in a luminum chloride produces the 
largest increase, possibly due to AI(OH)8 formation. 
However, since a cell with this formulat ion has a high 
capacity, other factors such as pH control must  be 
more important .  
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Hydrogen Ion (Proton) Conduction in 
Thoria-Base Solid Electrolytes 

David A. Shores* and Robert A. Rapp* 
Department of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

The total conductivities of a series of ThO2-base electrolytes have been 
determined over a wide range of oxygen activity in atmospheres of H2/H20/Ar  
mixtures.  At 1200 ~ and 1400~ and low oxygen activities, a significant con- 
ductivi ty contr ibut ion corresponding to hydrogen ion (proton) conduction 
was found for electrolytes with high dopant contents. The experiments  are 
interpreted in terms of a defect model involving two dopants. 

When high tempera ture  equil ibrat ion with a gas 
phase containing H2-H20, CO-CO2, etc. is used to es- 
tablish the oxygen activity of a compound, it is im- 
por tant  to know the extent  to which the second com- 
ponents of the gas mixtures  are soluble and mobile in 
the compound, par t icular ly  in exper iments  concerned 
with the nature,  concentrations, and mobili t ies of 
charged point  defects. Stotz and Wagner  (1) have 
analyzed several defect reactions whereby  hydrogen 
or water  vapor may  dissolve into oxides as protons 
or hydride ions at high temperatures.  If a substant ial  
solubil i ty for these dopant  ions exists, the defect-de- 
pendent  properties of the oxide wil l  be altered. 

Hydrogen dissolved in crystal l ine oxide can be 
tr.eated as a dopant whose concentrat ion is established 
by equi l ibrat ion with an atmosphere containing hy-  
drogen. In  the following discussion, the dissolved hy-  
drogen is considered to be ful ly ionized either as H + 
or H - ,  and thus the concentrat ion of dissolved neut ra l  
hydrogen atoms is assumed to be negligibly small. To 
main ta in  electrical neu t ra l i ty  in the presence of dis- 
solved hydrogen ions, compensating changes in the 
concentrat ion of the predominant  defects in the host 
crystal will  occur according to the arguments  of Koch 
and Wagner  (2) and KrSger and Vink (3). In  the 
present  work, with the dissolution of hydrogen into 
doped oxide electrolytes, the base oxide, ThO2, is ac- 
tua l ly  doped wi th  two components, i.e., hydrogen ions 
and al iovalent  metal  ions. In  the absence of hydrogen 
and over a range of re la t ively low oxygen activities, 
the predominant  ionic defect is the oxygen vacancy 

* Elec t rochemical  Society Ac t ive  Member ,  
Key  words :  ionic conduct iv i ty ,  proton conduction,  ThO2-base elec- 

trolytes. 

whose concentrat ion is essentially established by the 
metal  dopant  content, eg., Y~Oz, La2Os, or Sm203 in 
ThO2 (4-6). Within this Po2-range, and with the pres- 
ence of hydrogen, electrical compensation of dissolved 
hydrogen ions is assumed to occur by changes in the 
concentrat ion of oxygen vacancies. At oxygen activities 
above and below the Po2-range of predominant  ionic 
conduction, the effect of dissolved hydrogen on the 
positive hole and excess electron concentrat ions might  
become observable. 

Wagner (7, 8) and KrSger (9, 10) have shown that  
each dopant affects the solubil i ty of the other dopant. 
The interact ion is such that  the solubili ty of each is 
increased if the dissolved ions have relat ive charges 
of opposite sign and is decreased in  the case of rela-  
tive charges of the same sign. The interact ion between 
dopants arises from the electrical neu t ra l i ty  condition, 
which in the present  study is 

n + 2[Oi"] + [FTh'] = p -t- 2[Vo"] ~- [H'] [1] 

where according to the defect notat ion of Kr5ger and 
Vink (3), n and p are the concentrat ions of electrons 
and positive holes respectively, Vo'" is an oxygen va-  
cancy, Oi" is an  interst i t ial  oxygen ion, H" is a dissolved 
hydrogen ion (proton),  FIb '  denotes LaTh', Smwh' or 
Ywh', etc., and the brackets denote concentrations. 
There are numerous  examples of controlled doping 
with two or more components in both elemental  semi- 
conductors and in simple ionic compounds (9) in 
which the description by an algebraic summat ion  was 
adequate. On the other hand, in a discussion of the 
effects of mul t icomponent  doping in calcia-stabilized 
zirconia, KrSger (10) found it useful to postulate the 
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existence of uncharged associates, (CazrVo) x, which 
in effect, reduced the concentrat ion of dopant  calcium 
ions [Cazr"] that  entered the electrical neut ra l i ty  con- 
dition. In  the present study, it is assumed that in ter -  
actions between defects, such as the formation of asso- 
ciates, do not occur. 

Stotz and Wagner  (1) have proposed some defect 
reactions whereby hydrogen can dissolve into an oxide 
which contains oxygen vacancies as the predominant  
defect. Two possibilities involve either interst i t ial  pro-  
tons (Hi') or hydride ions ( H - )  located on oxygen 
lattice sites (Ho') .  Both defects have a net  electrical 
charge of + 1 relat ive to the host crystal. 

For the case of interst i t ial  protons, an oxide crystal 
containing anion vacancies as the predominant  ionic 
defect could equil ibrate  with an atmosphere contain-  
ing H2(g) and O2(g) by 

H2(g) + �89 O2(g) + V o " , ~ - 2 H i ' + O o  [3] 

where Oo denotes an oxygen ion on a normal  lattice 
site. F rom the law of mass action corresponding to the 
assumption of a dilute solution of defects 

[Hi'] 2 
K3 = [4] 

[VO"] PH2 P021/2 

Further ,  for equi l ibr ium in the gas phase 

H2(g) + 1,2 O2(g) ~ H 2 0 ( g )  [5] 
so that 

[Hi'] = Ks1/2K5 -1/2 [Vo"] 1/2 PIt201/2 [6] 

The part ial  electrical conduct ivi ty  of a charged species 
is given by 

~i = ciqiui [7] 

where ai is the part ial  conductivi ty ( o h m - l - c m - 1 ) ,  ci 
is the carrier concentrat ion (number/cm~),  qi is the 
charge on the species (coulombs),  and ui is the electro- 

cm/sec ) 
chemical mobil i ty V/cm . Thus it follows from 

Eq. [6] and [7] that  at constant  tempera ture  

O-Hi. ~[~r O, .] 1/2 PH201/2 [8] 

Alternat ively,  if negat ively charged hydride ions are 
situated on oxygen lattice sites, then 

2H2(g) + Vo" + O o ~ 2 H o '  + H20(g) [9] 

From the law of mass action 

[Ho'] 2 PH20 
K9 = [10] 

PH2 2 [VO"] 

From Eq. [5] and [10] 

[Ho'] = K91/2K5 -1 [Vo"]l/2Pn2ol/2Po2 -1/2 [11] 

From Eq. [7] and [11] 

0"Ho" a[Vo"] 1/2 PH201/2 P02 -I/2 [12] 

A comparison of Eq. [6] with [11] and [8] with [12] 
shows that the solubil i ty and part ial  conductivi ty of 
interst i t ial  protons are independent  of Po2, whereas the 
solubili ty and part ial  conductivi ty of hydride ions are 
proportional to Poe -1/2. Measurements  of the part ial  
hydrogen ion conductivi ty as a funct ion of Po2 at con- 
stant PH20 may be used to dist inguish between the 
two defect models. Equations [6] and [11] show ex- 
plicitly that  the solubil i ty of hydrogen depends on the 
concentrat ion of the other dopant, viz., with 2 [Vo"] 
[FTh'] (when [H'] is small) 

[H'] ~ [FTh']I/2 [13] 

If an oxide solid electrolyte dissolves a significant 
concentrat ion of hydrogen ions, then the use of H2-H20 
mixtures  as an oxygen electrode in a galvanic cell 
could lead to mixed electrode reactions and hence to 
an ambiguous cell voltage with an unrel iable  determi-  

nat ion of oxygen activities. Further ,  the doping effect 
of hydrogen ions could conceivably affect the part ial  
electronic conductivities (to be discussed) and thereby 
change the range of oxygen activities over which the 
electrolyte exhibits p redominant  ionic conduction 
(tion ~- 0.99). For other applications (11) a significant 
solubili ty and par t ia l  conduct ivi ty  of hydrogen ions 
in a solid electrolyte might  affect the exper iment  or 
process in other ways. 

Only one measurement  of the solubili ty of hydrogen 
or water vapor in solid oxide electrolytes has been re-  
ported. Wagner  (12) found that the solubil i ty of water  
vapor in ZrO2 containing 8 or 17 weight  per cent (w/o)  
Y20~ at relat ively low tempera ture  (near  900~176 
was rather  low, about 13-30 parts per million. How- 
ever, the activities of hydrogen and oxygen in the gas 
phase were not fixed and known, but  ra ther  were 
established through the dissociation of water  mole- 
cules. In another paper, Pr imas et al. (6) reported 
electrical conductivities in thoria-base solid solutions 
which appear to have a significant hydrogen ion com- 
ponent  under  certain conditions. The present  study 
was an extension of that  aspect of Pr imas '  work, and 
its purpose was to test the proposals of Stotz and Wag- 
ner (1) which concerned the dissolution of hydrogen 
or water  vapor in solid oxides containing oxygen va-  
cancies as the predominant  ionic defect. 

Experimental Procedure 
Electrical (a-c) conductivi ty measurements  were 

made on thoria-base solid solutions at 800 ~ 1000 ~ 
1200 ~ and 1400~ with equil ibrat ion in H2-H.20-Ar or 
H20-O2-Ar atmospheres. Specimens in the shape of 
"pills" (5/16 in. diameter  by 1/16 in. thick) were pre-  
pared from h igh-pur i ty  oxide powders (99.9% puri ty)  
obtained from the Rare Earth Division of American 
Potash and Chemical Corporation. The following com- 
positions in cation per cent (c/o) were prepared: 

ThO2--1 c/o, 8 c/o, and 15 c/o SMO1.5 

ThO2--1 c/o, 8 c/o, and 15 c/o LaO1.5 

ThO2--1 c/o, 8 c/o, and 15 c/o YO1.5 

The components were blended for one or more days, 
calcined overnight, ground, screened, blended again, 
and cold pressed into pills. The pi[ls were prefired over- 
night at l l00~ and then sintered at 1950~ or higher 
for 3-4 hr in air to obtain dense samples. 

Several  pills of differing compositions were plati-  
nized on their  faces and were assembled and held in an 
a lumina  cell holder with spring pressure. The pills 
were separated from each other by 5-mil thick plat i-  
num sheets which also served as electrodes. The 
a lumina  cell holder was placed in an impervious 
a lumina  combustion tube  in a noninduct ive ly  wound 
furnace which was controlled to +V2~ while conduct- 
ance measurements  were being made. The design of the 
cell holder, as well  as general  procedures and pre-  
cautions for conductivi ty measurements ,  have been de- 
scribed in detail elsewhere (13). Previous measure-  
ments  (6) had established that the conductances were 
independent  of f requency over a broad range; a 
Wayne -Ker r  conductivi ty bridge with 1592 Hz was 
used in the present  study. As is usual  with sintered 
specimens, duplicate runs  on different pills of the 
same composition yielded conductivities which differed 
slightly in absolute magni tude;  however, such speci- 
mens exhibited the same conductivi ty increments  with 
respect to changes in PtI2. Since, for the most part, 
only changes in conductivi ty were impor tant  in the 
present study, the agreement  between duplicate runs 
was quite satisfactory. 

Electrical conductivities were determined in sepa- 
rate runs  at both low and relat ively high oxygen ac- 
tivities. For  low oxygen activities, H2-H20-Ar atmo- 
spheres were prepared by passing accurately metered 
flows of argon and hydrogen through a water  saturator  
which was main ta ined  at carefully controlled tern- 
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peratures. A PH2/PH20 ratio of 0.40 was chosen and held 
constant throughout  this experiment,  and hence an un-  
varying oxygen activity was established over the sam- 
ples by the equi l ibr ium between H2 and H20 at each 
temperature,  i.e., at 800~ P02 = 10 -17.55 atm; at 
1000~ Po2 = 10-13"74 atm; at 1200~ P02 -- 10-1~ 
atm; at 1400~ Po2 : 10-8.84 atm. The oxygen part ial  
pressure can be expressed in terms of the exper imental  
variables as 

(. ?__H20 ~2 ( gAr-~- NH2 ) 2 
P 0 2 :  k P w _  PH20 / NH2 

e x p (  2AG~176 ) [14] 
R T  

where PHeo is the vapor pressure of water at the tem- 
perature  of the water  saturat ion unit,  PT is the total  zz 
pressure, NAt and NH2 are the flow rates of argon and 14 
hydrogen, AG~ is the s tandard free energy of forma- 16 
tion of H20 at the furnace temperature  T. The part ial  18 
pressure of hydrogen (and necessarily that  of water)  zo 
was varied by the simultaneous ad jus tment  of the 22 
flow rates of hydrogen and argon and the temperature  24 
of the water  saturat ion unit. ! 

In  another  experiment,  conductances were measured ~ 24 
as a funct ion of P02 in H2-H20-Ar atmospheres at con- oE 26 
stant  PH20. A few conductance measurements  were , 2.8 
made in C0-C02 atmospheres having the same low ~ 30 
oxygen pressure at a given tempera ture  as the H2-H20- "~ 52 
Ar mixtures,  but  these values appeared to be incon- ~ 34 
sistently low (perhaps because of electrode polariza- 36 
tion by adsorbed CO2) and were not used in subsequent  ~ 58 
calculations. ' 4.0 

Atmospheres with high oxygen activity were 4.2 
achieved by passing mixtures  of oxygen and argon 44 
through the water  saturat ion uni t  held at various tern- 46 
peratures. With this procedure, the oxygen part ial  48 
pressure was main ta ined  at approximately 0.263 arm 
at all furnace temperatures.  The result ing hydrogen 
partial  pressures are listed in Table I. 

Results and Discussion 
The conductivi ty measurements  at low Po2, where 

ionic conduction predominates,  and at high P02, where 
mixed ionic and positive hole conduction occurs, will  
be discussed separately. The results for the fixed rela-  
t ively low Po2, where  PH2/Pn2o was held constant, are 2.2 

presented in Fig. 1-3 as plots of log total conduct ivi ty  
as a funct ion of log PH2 (or equivalent ly  log PH20) at 1.4 
constant  Po2. Those lines with slopes significantly I6 
greater than zero indicate a contr ibut ion of mobile 18 
hydrogen ions to the total conductivi ty;  one possible 20 
exception is the data for 1 c/o dopant  samples at 800~ 
which will be discussed subsequently.  Thus, significant 22 
hydrogen ion conduction occurs at high temperatures  
(1200 ~ and 1400~ and in samples with high metal  ion T 2.0' 
dopant contents (8 and 15 c/o).  No appreciable differ- "~ 2.2 
ence in behavior was noted between equivalent  corn- ~ 24 
positions with differing metal  ion dopants. ~ 2.6 

In  Fig. 4 is shown a plot of log hydrogen ion con- o 28 
ductivi ty vs.  log PH2 (or log PH20) for samples with ~ 3o 
high dopant contents and at high temperatures.  This 6- 
hydrogen ion component  was computed as the total c~ &2 

o 5.4 conductivi ty minus  the oxygen vacancy par t ia l  con- 
ductivi ty which is essentially independent  of PH2 for 56 
a small  solubili ty of hydrogen. The oxygen vacancy 58 

40 
Table I. Calculated partial pressures of hydrogen in 4.2 

H~O-O2-Ar Atmospheres 4.4 

log P~2 (atm) 
Furnace temperature, ~ lag P}t2o (atm) 800 1000 1200 1400 

- -  1 .38  - -  1 0 . 2 6  - -  8 . 3 5  --  6 . 9 6  - -  5 . 9 0  
--  0 .91  --  9 . 8 0  - -  7 .89  - -  6 .50  - -  5 . 4 4  

- - 0 . 5 1  - - 9 . 4 0  - - 7 . 4 9  - - 6 . 1 0  - - 5 . 0 4  
- - 0 . 2 0  - - 9 . 1 3  - - 7 . 2 2  - - 5 . 8 3  - - 4 . 7 7  

part ial  conductivi ty was obtained as the intercept at 
PH2 = 0 of a plot of the total  conductivi ty vs.  PH21/2. 
A slope of 1/2 on a plot of log ~H' VS. log PH2o is pre-  
dicted for both the inters t i t ia l  hydrogen ion model 
(Eq. [8]) and the hydride ion model (Eq. [12]). With 
consideration of the inheren t  uncer ta in ty  for a small 
difference between two large quantities,  the agreement  
of the exper imental  curves with the predicted slope is 
satisfactory. 

The effect of the concentrat ion of metal  ion dopant 
on the part ial  conductivi ty of hydrogen ions is shown 
in Fig. 5. The ra ther  considerable scatter of the data in 
this plot is not  unusua l  when  comparing the behavior 
of different sintered pills. However, f rom Fig. 5, the 

- log  PH20(atm) 
IB 1.4 I.O 0.6 02 
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Fig. I. Total conductivity of thoria-yttria solid solutions at 
fixed oxygen activities as a function of partial pressure of 
hydrogen. 
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Fig. 2. Total conductivity of thoria-samaria solid solutions at 
fixed oxygen activities as a function of partial pressure of 
hydrogen. 
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hydrogen ion part ial  conductivi ty increases with in-  
creasing dopant  content  in qual i tat ive agreement  with 
Eq. [8] or [12]. Recent conductivi ty measurements  on 
pure ThO2 in H2-H20 mixtures  at 1000 ~ and 1200~ by 
Bransky and Tal lan (14) show no indication of a pro- 
ton conductivi ty contribution.  

In  Fig. 6 are shown the results of a separate set of 
conductivi ty measurements  in  which PH20 was held 
constant while Pc2 was varied. These conductivit ies 
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Fig. 6. Total conductivity of thoria-base solid solutions at e 
constant water vapor pressure of 10 -1'88 arm as a function of 
oxygen activity. A slope of - - � 8 9  is predicted by the hydride ion 
model; a slope of zero is predicted by the interstitial proton model. 

were found to be independent  of Pc2 which is consistent 
only with the interst i t ial  hydrogen ion model; a Pc2 -112 
dependence is predicted from the hydride ion model. 
Thus, it is concluded that the interst i t ial  hydrogen 
ion model is appropriate for the dissolution of hydro-  
gen into thoria-base electrolytes in the Po2-range of 
predominant  ionic conduction. According to the model, 
electrical compensation of the dopant  protons is accom- 
plished by an equivalent  (small) reduct ion in the con- 
centrat ion of oxygen vacancies. 

The increasing total conductivi ty with increasing 
PH2 for samples containing 1 c/o dopant  at 800~ 
(Fig. 1-3) probably  does not represent  hydrogen ion 

conduction. This conclusion is based on the observations 
that (i) the conductivities of samples containing 8 and 
15 c/o dopant  at 800~ indicated no part ial  hydrogen 
ion conductivi ty (see Eq. [6]), and (ii) the conduc- 
tivities of 1 c/o doped samples at higher temperatures,  
where a greater solubil i ty and hence a larger part ial  
hydrogen ion conduct ivi ty would be expected, indi-  
cated no hydrogen ion conduction. The results of 
Pr imas et al. (6) for some dilute ThO2-Sm20~ electro- 
lytes at 800~ showed similar behavior.  In  their  work, 
the conductivities in H~-H20-O2 atmospheres were sig- 
nificantly higher than the value extrapolated from 
data obtained in higher oxygen activity atmospheres 
containing no hydrogen. 
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The apparent ly  anomalous behavior  for the I c/o 
dopant specimens at 800~ at a fixed low oxygen ac- 
t ivi ty may represent  a significant contr ibut ion from 
excess electron conduction. Lasker and Rapp (4) have 
shown for doped oxide electrolytes that  in the absence 
of proton doping, ~0 ~[FTh']-I/2 is expected. Thus, it is 
unl ike ly  that  a a, conductivi ty contr ibut ion could be 
detected in the 8 and 15 c/o specimens, par t icular ly  in 
view of the higher ~ion. A tentat ive explanat ion of the 
anomalous behavior is proposed as follows. 

The reduced electrical neut ra l i ty  condition for the 
1 c/o dopant  specimens at 800~ and low Po2 would be 

n -Jr [FTh'] ---- 2[Vo"] + [Hi'] [15] 

With consideration of the expected relat ive mobilities 
of the species and the observed conductivi ty behavior, 
one could conclude that  the terms [Fwh'] and [Vo"] 
greatly exceed [Hi'] which, in turn,  greatly exceeds n. 

For equi l ibr ium of the specimen with the gas phase 

�89 O2(g) + Vo'" + 2 e ' ~ O o  [18] 

and at constant Po2, as in  Fig. 1-3 i o 
1.2 

[Vo"] n 2 ---- K16' [17] 14 
From Eq. [15] i.s 

[VO"] = �89 (• 4- [Fwh'] -- [Hi'])  [18] 18 
L z o 

Solving Eq. [17] for [Vo"] with subst i tut ion into Eq. ~ z2 
[ 1 8 ]  2 . 4  

Wfl -F [rTh'] •2 __ [Hi'] n 2 = constant [19] ~ z6 
2 8  

Upon differentiation, the fractional change in n with b- o 3 o 
increasing [Hi'] is given by c, 3 2 

__o 5 . 4  
1 dn 1 1 

n d[HF] 2 [FM'] -- [Hi'] [20'] 4.2 
4 4  

Integrat ion between a hydrogen-free  state with ex- 
cess electron concentrat ion n* to a hydrogen-conta in-  
ing state with excess electron concentrat ion n~ yields 

( ,[FM'] > + 1/2 
nH ---- n *  \ [FM] 3 [Hi'] [ 2 1 ]  

considering that  n*= [FM'] - 1/2 gives 

nH a (  [FM'] - -  [Hi'])  -1/2 [22] 

Thus, an excess electron conductivi ty contr ibut ion 
might  become observable in  a hydrogen-conta in ing  
atmosphere when [Hi'] approaches [FM'] (at low 
[FM']), and at a low temperature  where aion is suffi- 
ciently low to allow the detection of ~e by a measure-  L0 
ment  of ~total. L2 

The above development  has described the effect on ,4 
an electronic concentrat ion nH caused by compensation ~6 
of a dopant Hi' by the change in the concentrat ion of m 
an ionic defect Vo". This in terpre ta t ion  may describe 
the conductivi ty behavior of the 1 c/o dopant  speci- ~ zo 
mens at 800~ in Fig. 1-3, as well as the behavior  of ? : E 18 
the 0.5, 1, and 3 c/o SmO~.~ specimens at 800~ from ~ 20 

- 2 2  the work of Pr imas  et aL (6). Unexplained,  and ap- ~ z4 
paren t ly  inconsistent,  is the fact that  the "pure" ThO2, b- 

26 0.1 c/o SmO~.~, and the dilute LaO~.~-doped specimens o~ 28 
of Pr imas et al. (6) did not exhibit  analogous behavior. 

The results of conduct ivi ty  measurements  as a func-  ~ o 
tion of PH2 at a constant, re lat ively high Po~ (0.263 52 
atm) are shown in Fig. 7-9. The calculated hydrogen ~4 
activities for these conditions are presented in Table I. ~s 
The total conductivi ty of such compositions at this Po2 
in H20-free atmospheres is composed of ionic and posi- 
t ive hole contr ibut ions of comparable magni tudes  
(4, 6). From Eq. [8] and [12], conduction by both pro- 
tons and hydride ions should be proport ional  to 
PH2O 1/2. However, conduction by hydride ions is other-  
wise excluded because of its Po2 -~/2 dependence in Eq. 
[12]. On the other hand, because the same range of 
PH2o was used in the high Po2 measurements  as in the 

low Po2 measurements ,  proton conduction according 
to Eq. [8] would be expected at high PO2 in a magni-  
tude equal to that  found at low Po2 and plotted in Fig. 
4. 

Except for 1 c/o doped samples at low temperatures,  
the total conductivit ies at high Po2 were independent  
of PH20 or PH2 and therefore proton conduction was 
not detected. However, this result  is not unexpected 
because the magni tudes  of O'proton of Fig. 4 are suffi- 
ciently lower than the corresponding total  conduc- 
tivities of Fig. 7-9. 

Interestingly,  the dissolution of protons from H20 
at high Po2 caused no detectable change in ae, except 
possibly for the 1 c/o dopant  specimens at 800~ Con- 
siderations of intr insic  electronic equi l ibr ium in the 
crystal with 

n �9 p ---- Kl [23] 
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and use of Eq. [21] with p(~[FTh'] 1/2 gives 

PH a( [ F M ' ]  - -  [ H i ' ]  ) 1 /2  [24] 

where PH is the concentrat ion of positive holes in the 
H20 (or H2) containing environment .  The observed 
low slopes of the lines for 1 c/o dopant specimens are 
of the opposite sign compared to the expected effect of 
dissolved protons on positive hole conduction. Fur ther  
in terpreta t ion of these results is not obvious. 

Summary and Conclusions 
A-C conductivities of n ine  thoria-base solid elec- 

trolytes have been measured at high temperatures  as a 
function of the part ial  pressure of hydrogen at fixed 
oxygen par t ia l  pressures. The present  s tudy encom- 
passed oxygen activities in both the ionic (low Po2) 
and the mixed (high Po2) conduction ranges. The re- 
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sults have shown that  appreciable hydrogen ion con- 
duction by protons occurs at 1200 ~ and 1400~ at low 
Po2 in samples with high al iovalent  metal  dopant  con- 
tents. At high Po2 (low Pit2) significant hydrogen ion 
conduction was not detected and the dissolved protons 
did not affect the positive hole conductivi ty contr ibu-  
tion. The results were consistent with the interst i t ial  
proton model of Stotz and Wagner  (1). Seemingly 
anomalous behavior for 1 c/o dopant  specimens at low 
Po~ at 800~ was interpreted as excess electronic 
conduction. 
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Sputtered Fe20  Films for Use in "See Through" Masks 
F. G. Peters, W .  Robert Sinclair,* and M .  V. Sullivan 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

A sputter ing technique has been devised for preparing Fe20~ films with 
rates of solubil i ty in 6M HC1 and with t ransmission spectra appropriate for use 
as "see-through" photomasks (i.e., photomasks sufficiently t ransparent  at 
589 nm for viewing purposes and opaque in the spectral region 360-400 nm) .  
This method involves rf or d-c sput ter ing of Fe electrodes in CO-CO2 mixtures  
or rf  sput ter ing of Fe20~ electrodes in CO-CO2 mixtures.  To achieve films with 
acceptable t ransmission spectra the CO content must  not exceed 82% with the 
metal  electrode and must  not exceed 87% with the oxide electrode. The fastest 
deposition rate obtained was 120 A / m i n  for 350W input  r f  power using an Fe 
electrode and an 80% CO/20% CO2 ambient.  Measurements  of scratch re- 
sistance, defect density, and film morphology are presented. 

The requirements  for a "see through" mask for use 
in integrated circuit technology have been stated re-  
cently (1). These are pr imari ly :  (a) sufficient absorp- 
t ion (<ca. 1% transmission) of l ight in the spectral 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member. 
Key words: semitransparent photomasks,  t h i n  f ihns ,  s p u t t e r i n g .  

region near 360-400 nm, (b) sufficient t ransmission 
(ca. 30%) a{ the sodium D line for viewing purposes, 
(c) a rate of solubil i ty in selected solvents (in our 
case 6M HC1) appropriate to photoresist technology, 
and (d) a hard, abrasion resistant  film. MacChesney 
et al. (2) have shown that  Fe208 films prepared by 
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chemical  vapor  decomposit ion (CVD) of Fe(CO)5  on  
a glass surface in the presence of oxygen can have 
these propert ies  if p repared  in the proper  t empera tu re  
range (ca. 100~176 Reid and Cukor (3) have also 
described a process for prepar ing iron oxide films for 
"see through" masks by decomposition of iron organics 
(4) at about 500~ 

At tempts  to prepare  iron oxide films by react ive  d-c 
sput ter ing of Fe in O2 (1) have led at best to highly 
strained films which dissolve with removal  of curled 
chunks of film and are, therefore,  useless for prepar ing 
precision masks. In this paper we explore  the possibil- 
ities of prepar ing Fe203 films suitable for mask use by 
sputtering. Initially,  our interest  was solely in the rf  
sputter ing of Fe203. However ,  this interest  was broad-  
ened to react ive rf  sputter ing of Fe and react ive d-c 
sputter ing when  the essentials of the solution were  
perceived. 

There are three main reasons why  a sput ter ing proc- 
ess for prepar ing Fe203 films suitable for masks could 
be of interest.  First, toxici ty  problems for personnel  
are not usual ly encountered in sputter ing as they  can 
be in the CVD method. Second, the process of sput ter-  
ing onto large numbers  of substrates has a l ready been 
automated (5) so that  for large scale product ion of 
masks commercia l ly  avai lable  equipment  can be used. 
Third, if  at some la ter  date masks of dimensions greater  
than the present  2 • 2 in. size are desired, scaling up 
the procedure  to larger  areas may be more s t ra ightfor-  
ward  than for MacChesney's  CVD process (2) or Reid 
and Cukor 's  spun film process (3). 

Apparatus and Experimental Procedure 
The rf  sput ter ing apparatus used in these studies is 

shown schematical ly in Fig. 1. The sput ter ing elec- 
trodes consisted of 6 in. disks of hot pressed Fe203 
and cold-rol led steel. Some work  was done with  Fe304 
electrodes also but these results wi l l  not be included 
as no significantly different results were  obtained. 
These targets  were  placed on the bottom electrode 
assembly and sput ter ing was upwards  to minimize pin-  
holes caused by dust. The iron oxide films were  de- 
posited onto cleaned 2 • 2 in. soda-l ime glass sub- 
strates. Because the strain in the films was found to 

PYREX CHAMBER i ]m 
SUBSTRATE \ 
ELECTRODE ~ ii: 
ASSEMBLY 
MAGNETIC - - ~  
FOCUS COIL ~ ! 

KODAK GLASS~ 
SPUTTERING ~ 
TARGET i ELECTRODE 
MOVABLE SHIELD f 
FEED THRO 
COLLAR 

VACUUM 
Fig. i. RF sputtering apparatus 

be a function of the efficiency of the water  cooling 
of the electrodes a special electrode was fabricated of 
copper for holding substrates. Etching studies indicate 
that  films deposited onto substrates at tached to the 
more efficiently cooled copper holder were  usually less 
strained than those prepared  using the usual stainless 
steel assembly. Fi lms were  deposited onto substrates 
that  were  e i ther  e lectr ical ly  floating or at tached to a 
grounded electrode. However ,  when sput ter ing in CO- 
CO2 mixtures,  the prefer red  ambient,  the electr ical  
condition (i.e., floating or grounded) was not important  
and the water  cooling not as critical. 

The Py rex  chamber  was  evacuated 'by a turbomo-  
lecular  pump to 1 • 10 -5 Torr  prior to establishing 
the sputter ing gas pressure range of 20 to 40 mTorr  
through needle and throt t le  valve  adjustments.  Var i -  
ous compositions (0 to 100%) of Ar-CO2, CO-CO2, and 
Ar-O2 were  used direct ly  from commercia l  grade tanks 
(Matheson Company Inc.) wi thout  fur ther  purification. 
Some compositions were  obtained f rom cylinders con- 
taining known gas mixtures.  In other  cases the prep-  
arat ion of known mixtures  was achieved in the deposi-  
tion chamber  by admit t ing the gases successively and 
measuring the pressure after  the addit ion of each gas. 
When sput ter ing in an a tmosphere  containing CO, a 
heated nichrome screen was si tuated over  the ~exit port  
of the vacuum chamber  to decompose any iron carbonyl  
being pumped from the system. However ,  no evidence 
of any decomposition to Fe20~ was found on this 
screen. As another  safety precaution, the mechanical  
pump was exhausted through a line to a fume hood. 
A focus coil located around the electrodes and outside 
the chamber  was used to obtain a concentrated plasma 
between the sput ter ing target  and the substrate. A 
presput ter ing period of 30 min was employed with 
the substrates shielded from the depositing material .  
In some exper iments  the substrates were  also sputter  
etched just  before film deposition. This was done by 
interchanging the cathode and anode leads. Af te r  sput-  
ter  etching the leads were  switched back and film 
deposition star ted wi thout  breaking vacuum. 

Typical  sput ter ing conditions involved the use of 
a net  power of 270W at a gas pressure of 28 mTor r  
wi th  a ta rge t - to-subs t ra te  distance of 1.5 in. The oper-  
ating f requency was 13.56 MHz. The deposition rate  
var ied considerably as shown in Fig. 2 and was de-  
pendent  on the gas composition, sput ter ing target,  and 
power. Sput ter ing  of the cold-rol led steel in 50% CO- 
50% CO2 at 270W resulted in iron oxide being de- 
posited at a rate  of 52 A/min .  The deposition ra te  of 
iron oxide was increased to 110 A / m i n  by sput ter ing 
the same steel electrode in 80% CO-20% CO2 at 350W. 

After  the successful r f  sput ter ing in CO-CO2 mix -  
tures, the d-c react ive sput ter ing technique was em-  
ployed using the cold-rol led steel e lectrode in 80% 
CO-20% CO2. The apparatus was the same as that  
used in the rf studies except  that  a d-c  power  supply 
was substi tuted for the rf supply. The d-c sputter ing 
was conducted at a 3.5 kV cathode potential,  a current  
of 62 mA, and a gas pressure of 60 mTorr .  Under  these 
conditions the  deposition rate  of iron oxide was 55 A /  
rain onto electr ical ly floating substrates. 

Experiments and Discussion 
Ar-Oz and Ar-COz ambients.--Presumably the main  

reason that  sput tered Fe203 films prepared by react ive  
sputter ing in O2 dissolve more slowly in dilute HC1, 
our selected etchant, than the low- tempera tu re  CVD 
films is that  they are produced at a higher  surface 
tempera ture  and, therefore,  have larger  crystallites. 
Since the react ively  sput tered films studied previously  
were  in some cases prepared  on water -cooled  substrate 
holders whose tempera tures  did not exceed 25~ and 
since the CVD films were  deposited at 100~176 this 
may  seem inaccurate.  However ,  it has long been recog- 
nized that  the t empera tu re  on a the rmal ly  insulating 
substrate where  a film is being formed can differ con- 
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Fig. 2. Decomposition rates of Fe203 as a function of gas 
composition and electrode material. [-I, Fe203 electrode sputtered 
in At-CO2 at 270W net input. A ,  Fe20~ electrode sputtered in 
CO-CO2 ambients at 270W net input, x, Cold-rolled steel sputtered 
in CO-CO2 ambients at 350W net input. 

siderably f rom the t empera tu re  as measured by a 
nearby thermocouple.  For  instancel Pl iskin and Leh-  
man (6) using ref rac t ive  index and etch rates as ana-  
lytic tools found that  reac t ive ly  sput tered SiO2 pre-  
pared at 25~ resembled Si02 grown the rma l ly  at 
950~ more closely than SiO2 films prepared by CVD 
at 675~ 

The three  main  causes of this local heat ing during 
film format ion by sputter ing are chemical  heats of 
reaction (e.g., 2Fe + 3/2 02 -> Fe203), electron and 
ion bombardment  of the substrate surface dur ing 
deposition, and bombardment  by energet ic  neutrals.  
In our first study (1), the heat  of  react ion where  the 
film was grown was unknown because for react ive 
sput ter ing of iron we did not know what  molecular  
species were  hi t t ing the substrate. In r f  sputter ing of 
Fe~Oa we l ikewise do not know what  the sput tered 
species are and oxidation of Fe neutrals  at the substrate 
could still  be the dominant  reaction, but presumably  
there  is a grea ter  possibility of depositing an already 
oxidized iron atom. Reduction of heating effects f rom 
ion and electron bombardment  can be accomplished by 
e lect r ica l ly  isolating or biasing the substrate holder.  
The effects of bombardment  of the substrate by en-  
ergetic neutrals  can be lessened by working  at h igher  
pressures and keeping the input  rf  power reasonably 
low. Thus, our init ial  approach in this s tudy was aimed 
at lowering the deposition t empera tu re  by sputter ing 
f rom an oxide cathode using rf  excitation, by electr i -  
cal ly isolating the substrate, and by working  at some- 
wha t  higher  pressures than  usual. 

The first gas discharge system studied for sput ter ing 
was Ar-O2. The film which was  sput tered in pure argon 
dissolved in 6M HC1 in a few seconds at 25~ How-  
ever, the spect rum was unsat isfactory being too 
s t rongly absorbent  at 590 nm as indicated in Fig. 3a. 
Visual ly the film was black. If O2 was added to the 
sput ter ing gas in concentrat ions ranging from about 
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Fig. 3. Transmission spectra of films sputtered from Fe203 elec- 
trode; (a) Film sputtered in 100% Ar (black color) (2500~,). 
(b) Film sputtered in 100% 02 (orange or rust color) (2100~,). 

1 to 100% 02, absorption spectra s imilar  to that  shown 
in Fig. 3b were  obtained. These films were  orange or 
rust colored. Unfor tunately ,  a l though the spectra for 
films obtained using these Ar-O2 mixtures  were  ac- 
ceptable the solubil i ty of these films in 6M HC1 was 
much too slow to be useful ( >  1 hr  at 25~ It  is 
evident,  we believe, that  nei ther  react ive  sput ter ing 
in O2-Ar mixtures,  nor rf  sput ter ing of Fe203 elec- 
trodes in O2-Ar mixtures,  wi l l  lead to films having 
the desired rate  of solubil i ty in 6M HC1 along wi th  an 
acceptable  spectrum. 

In an effort to come up with  some solution to this 
problem we decided to substi tute COs for O2 in the 
discharge gas. The reasons for this approach were  more 
speculative than  solid. One hope was that  the effects 
of bombardment  by ions and neutrals  might  be less- 
ened by having a heavier  gas molecule, but  there  was 
no firm basis for this hope. Another  possibility was 
that  ferric carbonate might  be formed which presum- 
ably would  be quite  acid soluble. The existence of 
ferr ic carbonate has not been shown, however  (7), 
nor have  we found a spectrum at t r ibuted  to it in the 
chemical  l i terature.  Despite the flimsy basis of these 
speculations we found on sput ter ing in 100% CO2 that  
a film wi th  an acceptable spect rum very  similar  to 
that  of Fig. 3b was obtained. [In this paper we discuss 
the transmission spectra as being e i ther  of type a or 
type b of Fig. 3. This oversimplifies, of course, because 
there  are thickness effects on the transmission curves 
and there  are in termedia te  situations in going be tween  
the two types. The thickness effects (i.e., deviations 
f rom Beer 's  law behavior)  are compara t ive ly  small  
and the change f rom one type of spectrum to the other  
occurs over  a v e r y  small  change in gas composition 
and is not of interest  to us. Another  impor tant  optical 
proper ty  of the films that  wil l  not be discussed is the 
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reflectivity. Kerwin  (8) has found the reflectivity of 
Fe203 films to be low.] 

The film also dissolved in 6M HC1 at room tempera-  
ture  in about  2 min  analogous to the rate of solubili ty 
obtained using Fe20~ films formed at l l0~ by the CVD 
method. Fi lms sputtered in Ar-CO~ mixtures  in the 
range of 4-100% CO2 have absorption spectra similar 
to Fig. 3b. The solubil i ty of the rust-colored films be-  
comes progressively slower as the CO2 percentage de- 
creases. With CO2 contents lower t han  4%, black films 
are obtained. 

CO-COz mixturcs.--Having obtained films with both 
transmission spectra and solubil i ty in 6M HC1 ap- 
propriate for making  "see through" photomasks by 
sput ter ing in Ar-CO2 ambients, plasmas of CO-CO2 
compositions were tested. All  gas compositions in this 
system yielded films easily soluble in 6M HC1 and ac- 
ceptable spectra were obtained with a CO2 composition 
above 18% using an Fe electrode or with a COe com- 
position above 13% using an Fe203 electrode. D-C re- 
active sput ter ing of Fe in CO-CO2 mixtures  also can 
give acceptable films. 

At  this t ime it is perhaps appropriate to inquire 
as to the reason for our choice of a CO-CO2 ambient  
and to propose some explanat ion for the successful use 
of this mixture,  unusua l  in sputtering. We first dis- 
cuss the CVD method, the reaction of Fe (CO)5 and O5 
to form Fe203. Fol lowing MacChesney etaI. (2) we say 
that  the solubili ty is inversely related to the crystall i te 
size which is p resumably  directly related to the tem- 
perature where the reaction occurs. We have previously 
commented that  the heat of reaction is of importance 
here. The thermodynamics  is suggestive (9). 

2Fe(CO)5(nq) ---- 2Fe + 10C 4- 5 02 AH~ ---- 2(187.8) kcal 
2Fe 4- 3 / 2 0 z  = Fe2Oz AH~ = --196.5 kcal 
10C 4- 5 O2 = 10CO ~H%98 = --264 kcal 

2Fe(CO)5(liq) 4- 3/2 02 = Fe203 4- 1OCO AH~ = --84.9 kcal  

It  is seen that  the s tandard heat  of formation of a 
mole of Fe~O~ at 25~ is more than  a factor of 2 smaller  
s tar t ing with Fe(CO)5 ra ther  than  Fe which may be 
the reactant  in our sput ter ing experiments  thus far. 
However, this alone is not sufficient to explain the 
easy formation of acid-soluble Fe203 at a low tempera-  
ture. In  addition to the lower heat of react ion we must  
assume a very low activation energy as was pointed 
out by MacChesney et al. (2). The known ease with 
which Fe(CO)5 decomposes to give an active iron is 
probably the significant feature here (10). It is, there-  
fore, this combinat ion of having a reaction which cuts 
down the heat of reaction where the film is formed and 
use of a molecule with a low activation energy for de- 
composition which is probably  at the root of the ex- 
planat ion for the success of the pentacarbonyl  method. 
This almost unique  proper ty  of the iron carbonyls 
makes it doubtful  that  a bet ter  system can be found 
with commonly avai lable iron compounds to make 
F2203 films of high rate of acid solubil i ty at a low 
temperature.  

Re turn ing  now to sput ter ing in CO2, a possibility for 
explaining the easy solubil i ty in acids (and, there-  
fore, lower formation temperature)  of the Fe203 films 
obtained is suggested by a reaction which is known to 
occur in CO2 discharges (11). 

CO2=CO+ ~O2 

The reactive sputtering of metal carbides has been 
studied previously (12). The discharge gas in such a 
system rapidly becomes a mixture of CO and CO2. It 
was noted at the time that Cr203 was formed at a much 
faster rate (from 5 to 15 times faster) from the car- 
bide than A1203 from A14C3 and SiO2 from SiC (sput- 
tering of iron carbide was not studied). No explanation 
of this fact was offered at the time but later the pos- 
sibility that Cr (CO)6 was being formed and evaporat- 

ing from the cathode was pointed out (13). Because 
of the chemical similari t ies between Cr(CO)~ and 
Fe(CO)~ it is na tu ra l  to consider the possibility that  
we are forming Fe(CO)5 1 at the cathode dur ing  the 
discharge and this is evaporat ing from the cathode. If, 
indeed, this is occurring one should be able to increase 
the rate of film formation by using CO-CO2 mixtures  
rather  than  pure CO2 without  adversely affecting the 
acid solubil i ty of the films. 

Thus far we have not  considered deposition rates 
in any  detail. In  Fig. 2 deposition rates are presented 
graphically as a function of gas composition and target  
material.  It is seen that  the highest deposition rates 
are obtained with the Fe electrode and the highest 
CO/CO2 ratios. Rates above 100 A/ ra in  can be obtained 
using 350W input  power to give films with good spec- 
tra as in Fig. 3b and good solubil i ty (complete solution 
in less than 2 min  in 6M HC1 at 25~ wi th  no evidence 
of s t rain) .  It is noted that  the sput ter ing rate in CO2-Ar 
mixtures  is relat ively low unless one is sput ter ing 
in pure or almost pure Ar. The same type of results 
are obtained in Ar-O2 mixtures.  The deleterious effects 
of oxygen in plasmas on the deposition rate  of oxides 
is known (15). It  is seen that  the deposition rate in  the 
CO-CO2 ambients  is different in behavior  increasing 
strongly throughout  as one increases the CO/CO~ ratio. 
This is consistent with our suggestion that  an iron car-  
bonyl  is evaporating. However,  we hasten to add that 
the evidence is by no means conclusive. Also to be 
considered is the fact that  the concentrat ion of oxygen 
species (e.g., O, O +, etc.) is kept at a very  low level 
by the presence of scavenging CO molecules. 

Physical properties of f i lms.--Approximate measure-  
ments  have been made on the scratch resistance of 
these films and of the CVD films. The measurement  
technique involves weight ing a diamond stylus un t i l  
the film is scratched on dragging the stylus over the 
film surface. The test is similar to that  of Ben jamin  
and Weaver (16). The results are shown in  Table I. The 
films sputtered in CO-CO2 mixtures  are identical  to 
those of the CVD method. The films formed in pure  
CO2 are considerably more scratch resistant.  All  of the 
oxide films are more scratch resistant  than a chromium 
film. 

Some pictures of film texture  have been obtained 
using the scanning electron microscope (SEM). Figure 
4a shows a film obtained by rf  sput ter ing from an 
Fe~O3 target  in  pure CO2. The large particles are 
about 1500A in  diameter.  That  some control  of the 
concentrat ion of these large particles is possible is in-  
dicated by the significantly smaller  n u m b e r  of large 
particles obtained by sput ter ing from an Fe target  in 
80% CO-20% CO2 as shown in Fig. 4b. The desired re-  
sult, total e l iminat ion of these large particles, is ob- 
tained by sputter  etching about 600A of glass substrate  
in 80% CO-20% CO2 before depositing Fe~O3 using the 

1We recognize tha t  the  sys t em is m u c h  more  complex  than  
ske tched  here  [cf. Res (14)] bu t  the  p ic ture  p resen ted  here  suffices 
f o r  o u r  purpose.  

Table I. Results of approximate measurements of 
scratch resistance of some films 

F o r c e  in  g r a m s  
Sample  descr ip t ion needed  to scratch fi lm 

Fe~Oa, CVD deposi ted 350-400 
Fe203, sput te red  in  80% CO-20%CO~ 350-400 
Fe~Oa, sput te red  in  100% CO2 750-800 
Cr, evapora ted  <250 
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Fig. 4. Scanning electron microscope pictures of Fe203 film 
textures. (a, upper left), Sputtered Fe203 film from Fe20z 
e|ectrode and a 100% C02 atmosphere. (b, upper right), Sput- 
tered Fe203 film from on Fe electrode and a 80% C0-20% C02 
atmosphere. (c, lower left), Sputtered Fe203 film formed in same 
way as (b) film but with the substrate sputter etched before deposi- 
tion. (d, lower right), Fe203 film prepared by CVD. 

same ambient .  Ev iden t ly  surface s t ruc ture  a n d / o r  sur-  
face impur i t ies  cause these large  par t ic les  bu t  no de-  
t a i led  invest igat ions  have  been  made.  The par t ic le  size 
of the  sput te red  film (Fig.  4c) is about  5O0A which is 
comparab le  wi th  the l o w - t e m p e r a t u r e  CVD films (Fig. 
4d).  This par t ic le  size is much smal le r  than  can be 
t aken  advantage  of in p resen t  photores is t  technology.  
I t  is possible tha t  the  process by  which  the film is 
genera ted  is not  the  l imi t ing  de t e rminan t  of the  film 
par t ic le  size but  r a the r  the  chemis t ry  and topography  
of the  subs t ra te  is l imit ing.  

The defect  dens i ty  and defect  size for  Fe2Oz films 
p repa red  in var ious  ways  were  es t imated  af ter  s tudy-  
ing the  SEM photographs  and are shown in Table II. 
They  are  essent ia l ly  equa l  in the  var ious  films consid-  
er ing the poor stat ist ics one gets wi th  such smal l  num-  
bers. This suggests tha t  the  defects  m a y  be in the  glass 
subs t ra te  and tha t  the  n u m b e r  of ac tua l  film defects  
m a y  be cons iderab ly  fewer  in number .  Pa r t i a l  suppor t  

Table Ih Results of defect density measurements made on 
Fe203 films using scanning electron microscope 

Total  area  Total  No. Defect  
scanned  by defects  d iameter ,  

F i lm SEM, mm~ found  /~m 

Fe203 by  CVD 3.0 6 1 
RF spur. Fe~O~ (80% CO-20% 

COD 0.6 3 0.5 
RF spur. Fe208 wi th  pre  dep. 

sput ter  etch (600A glass re-  
moved ,  80% CO-20% CO2) 0.6 2 0.5 
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for this  hypothesis  was  found in an  opt ical  examina -  
tion of the  films at  500X b y  t r ansmi t t ed  light. P inhole  
densi t ies  were  ~ 1/cm~ whereas  the  SEM examina t ion  
had  indica ted  defects  --~ 1/mm~. I t  should also be 
pointed out  tha t  defects  smal ler  than  1 ~m wi l l  p r o b -  
ab ly  be insignificant for most  p resen t  day  device fab-  
r icat ion.  

Conclusions 
RF sput te r ing  of Fe2Os electrodes and r f  or  d -c  spu t -  

te r ing  of Fe  electrodes in CO-CO2 p lasmas  can give 
Fe~Os films wi th  a sufficiently high dissolut ion ra te  in 
6M HC1 and t ransmiss ion spect ra  appropr ia t e  for use 
in mak ing  "see- through"  pho tomasks  if the  COs con- 
tent  is above 13% wi th  the  Fe2Os elect rode and above 
18% wi th  the  Fe  electrode.  Somewha t  s imi lar  resul ts  
are  ob ta ined  wi th  Ar-CO~ p lasmas  bu t  deposi t ion ra tes  
are smaller .  R F  spu t t e r ing  of Fe2Os in Ar-O2 mix tu res  
yields  films which have  e i ther  a poor  ra te  of solution 
or an  unaccep tab le  t ransmiss ion spectrum.  The scratch 
resistance of the  films spu t te red  in CO-CO2 are  essen- 
t ia l ly  equiva len t  to Fe~Os films p repa red  b y  CVD and 
both are  super ior  to evapora ted  Cr  films. The  defect  
dens i ty  for both  the  spu t te red  films and for the  CVD 
films is low. F i lm  par t ic le  size in  the  spu t te red  films 
is affected by  p lasma  composi t ion and  surface condi-  
t ions on the substrate.  Best  resul ts  were  found using 
a gas composi t ion of 80% CO-20% CO2 and sput ter  
e tching the subs t ra te  before  deposit ion.  In  this  case 
par t ic le  size was about  500A. 

Acknowledgments  
We are  pleased to acknowledge  the assistance we 

have received f rom col leagues in var ious  por t ions  of 
this work.  G. W. K a m m l o t t  pe r fo rmed  the SEM mea -  
surements.  Spec t ra  were  ob ta ined  by  Mrs. G. A. 
Pasteur .  Miss B. E. Prescot t  also he lped  in i n t e rp re t a -  
t ion of some spectra.  E. E. Francois  made  the scratch 
tests. 

Manuscr ip t  submi t t ed  June  14, 1971; rev ised  manu-  
script  received Oct. 29, 1971. 

A n y  discussion of th i s  paper  wi l l  appear  in a Dis-  
cussion Section to be pub l i shed  in the  December  1972 
JOURNAL. 

REFERENCES 
1. W. R. Sincla i r ,  M. V. Sul l ivan,  and R. A. Fastnacht ,  

This Journal, 118, 341 (1971). 
2. J. B. MacChesney,  P. B. O'Connor, and M. V. 

Sull ivan,  ibid., 118, 776 (1971). 
3. F. J. Reid and  P. Cukor,  Ex tended  Abs t r ac t  No. 

127, Elec t rochemical  Society Meeting, Los An-  
geles, May 10-15, 1970. 

4. W. B. She lby  and P. Cukor,  Anal. Chirr~ Acta,  49, 
275 (1970). 

5. R. W. Berry,  P. M. Hall,  and M. T. Harr is ,  "Thin 
F i lm Technology," p. 638, D. Van Nos t rand  Co. 
Inc., New York  (1968). 

6. W. A. P l i sk in  and H. S. Lehman,  This Journa l ,  112, 
1013 (1965). 

7. J. W. Mellor, "A Comprehens ive  Treat ise  on In -  
organic  and Theore t ica l  Chemist ry ,"  XIV, p. 370, 
Longmans  and Co., London (1935). 

8. R. E. Kerwin ,  Bell System Tech. J., 49, 2179 
(1970). 

9. R. C. Weast ,  Editor ,  "Handbook of Chemis t ry  and 
Physics ,"  p. D-56 et seq., The Chemical  Rubber  
Co., Cleveland (1969). 

10. H. E. Car l ton and J. H. Oxley,  Am. Inst. Chem. 
Engrs. J., 11, 79 (1965). 

11. M. J. Bar ton  and A. Von Engel, Phys. Letters, 
32A/3, 173 (1970). 

12. W. R. Sinclair and D. W. Stillinger, Abstract No. 
15-E-66, Bull. Am. Ceram. Soc., 45, 405 (1966). 

13. F. Vratny, Personal communication. 
14. G. Distefano, J. Res. Nat. Bur. Std., 74A, 233 

(1970). 
15. R. E. Jones, H. F. Winters, and L. I. Maissel, J. 

Vacuum Sci. TechnoL, 5, 84 (1968). 
16. P. Benjamin and C. Weaver, Proc. Roy. Soc. Lon- 

don, A2~4, 163 (1950). 



Jet Polishing of Semiconductors 
I. Automatic Jet Thinning of GaP for Transmission Electron Microscopy 

B. D. Chase, D. B. Holt, and B. A. Unvala 
Metallurgy Department, Imperial College o~ Science and Technology, London S.W.7, England 

ABSTRACT 

A method has been developed for th inn ing  localized regions in GaP for 
examinat ion  by means of t ransmission electron microscopy. A je t  of chlorine 
in methanol  was used to chemically polish slices f rom the P ( l l l )  face. To th in  
specimens from the G a ( l l l )  face the same reagent and apparatus  were used, 
but  a voltage was applied so that  the specimen was anodic with respect to 
an electrode inserted in the jet. In this case the surface was free from etch 
pits, but  yellowish surface films were formed which could be removed by a 
short chemical polish. GaP is optically t ransparent ,  but  if it is i l luminated 
only with wavelengths for which it has a sufficiently large absorption coeffi- 
cient, it can be arranged that  significant t ransmission of l ight begins only when  
the mater ia l  is th in  enough for electron transmission. This l ight  can be de- 
tected by a photomult ipl ier  and the resul tant  signal used to automatical ly  
terminate  the thinning.  The principles of this method are discussed, and the 
equipment  required for its ut i l izat ion is described. Large t ransparent  areas 
were produced in mater ial  of various dopings and defect contents with a 100% 
success rate. 

Chemical  etching and polishing reagents have been 
developed to produc~ required types of at tack on a 
great var ie ty  of crystallographic faces of m a n y  semi- 
conducting compounds in numerous  conditions of dop- 
ing (1-3). It  was reported in an earlier paper that  
several of the reagents described in the l i terature 
could be used to thin samples of a number  of the more 
impor tant  I I I -V and I I -VI  compounds for t ransmission 
electron microscopy (4). The area to be examined in 
an electron microscope must  be un i formly  thin. In 
general  it must  be less than 1 ~m thick and in the case 
of the more electron-opaque materials,  only a few 
thousand angstroms thick. The thin area should pref- 
erably be produced by localized attack, so that  the 
remainder  of the specimen, shaped to fit the electron 
microscope holder, is left in the form of a relat ively 
thick and s turdy r im of a disk. This type of localized 
attack can be achieved by several techniques falling 
into two classes. Either  the specimen disk is immersed 
in a bath of the reagent but  has the edges masked in 
some way or a jet  of the reagent  is used to br ing about 
contact only with the chosen centra l  area of one face 
(4). The lat ter  techniques are referred to as jet  polish- 
ing or th inn ing  and have been long and widely used, 
general ly with an electropolishing action. Chemical 
polishing has impor tant  advantages however. Chemical 
polishes have been developed for many  impor tant  
compounds (1-3) for which electropolishing reagents  
are not  known. Moreover, the t u rbu l en t  conditions in-  
volved in jet  polishing in our experience tend to pro- 
duce a smoother surface than  is otherwise obtained 
with the same chemical reagent. Thus the published re-  
agents general ly  work well  in jets without  modifica- 
tion. Chemical polishing rates are often less dependent  
on the doping of the semiconductor than  are electro- 
polishing rates. That  is because the cur ren t  flowing 
for a given applied voltage varies directly with the 
conductivi ty which varies rapidly in  magni tude  and 
in charge carrier sign at the doping levels used in 
semiconductor technology. Uniform electropolishing of 
nonuni fo rmly  doped microcircuit  slices is therefore 
not possible. 

Later  development  (5) showed that  in the th inn ing  
of GaAS, which is an opaque material ,  a microscope 
and photomult ipl ier  could be used to detect the 
moment  at which a selected level of l ight t ransmission 
occurred. The photomult ipl ier  signal was then used to 
tr igger a solenoid which removed the specimen from 

Key words: polishing, thinning, semiconductors, electron micros- 
copY. 

the chemical polishing jet  to a nea rby  washing jet. 
With this equipment  large (80 ~m diam) areas could 
be produced in areas on GaAs laser diodes, preselected 
by optical microscopy (6), with a 100% success rate 
(5). The use of a microscope and photomult ipl ier  to 
produce a signal which turned  off a je t  electropolish- 
ing current  when  the specimen was th in  enough was 
first introduced for Ge, another  opaque material ,  by 
Riesz and Bjorl ing (7). 

In  the present paper a development  of this technique 
is described that  is applicable to an optically t rans-  
parent  mater ia l  such as GaP. The most suitable re- 
agent was found to be chlorine in methanol  (8), and 
this was used for both chemical and electrochemical 
polishing. The electrochemical polishing of the Ga 
(111) face of GaP was found to produce a yellowish 
surface film. Transmission electron microscope studies 
established that  this surface film was actual ly a region 
of tunne l  etching, and this work is described in part  
II of this paper (9). 

Recently equipment  was developed for scanning the 
point of impingement  of a je t  of a chemical polishing 
reagent  over the face of a rapidly spinning slice of 
germanium. It was found that  this technique produced 
smooth, flat surfaces (10). Fur ther  work has shown 
that  an improved version of this equipment  will  not 
only polish slices of Si, GaAS, and GaP as well  as Ge, 
bu t  it can be used to shape silicon slices that  have been 
masked. This work is reported in the thi rd  paper in 
this series (11). 

Experimental Methods 
The Thinning Apparatus 

The th inn ing  apparatus,  shown in Fig. 1, was similar 
to that  described previously (5), bu t  was modified as 
follows. To prevent  the escape of gases to the atmo- 
sphere the reagent  and washing jets were enclosed in 
a PVC box. This made it unnecessary  to operate the 
apparatus in a fume cupboard. The specimens, mounted  
as discussed below, were fitted into a PTFE disk, which 
acted as the lid of the box. Once a solenoid had been 
actuated the lid rotated, so moving the specimen from 
a position above the polishing jet to one above the 
washing jet. A weight connected to the lid by a ny lon  
cord provided the rotat ional  force. Optical filters were 
added to the light detection system so that  the th inn ing  
of a t ransparent  mater ia l  like GaP could be controlled. 
This wil l  be discussed below. Ar rangements  were also 
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Fig. 1. Jet thinning apparatus. The polishing jet (chlorine in 
methanol) and the washing jet of water were enclosed in a PVC 
box with a rotating lid of PTFE which carried the specimen. For 
electropolishing, a short tungsten wire cathode (not shown) was 
introduced into the polishing jet. 

made so that  ei ther chemical  or electrochemical  thin-  
ning could be employed. 

The je t  nozzles were  drawn from glass tubing. A 
perspex (or lucite, i.e. PMMA) light guide was buil t  
into the polishing jet to make  it possible to i l luminate  
the specimen through the jet. This guide was sealed 
into the PVC box with  an O-ring. A microscope was 
used to position the specimen over  the center  of the 
polishing je t  nozzle, and to observe l ight  t ransmit ted  
through the specimen during thinning. A photomul t i -  
plier (E.M.I. Type 9664B) with an S10 photocathode 
could be substi tuted for the eyepiece. The output f rom 
the photomult ipl ier  was fed into a stabilized d-c 
amplifier and on reaching a selected leve l  t r iggered 
an SCR, which act ivated the solenoid. As a result, 
when the intensi ty of the l ight reaching the photo- 
mul t ip l ier  through the specimen had increased by a 
predetermined amount, the specimen was automat i -  
cally reposit ioned over  the washing je t  and thinning 
ceased. 

The photomult ipl ier  was sensitive to wavelengths  of 
light which were  t ransmit ted  by GaP wi th  li t t le ab- 
sorption. To obtain adequate  var ia t ion of photomult i -  
pl ier  signal wi th  specimen thickness, it was necessary 
to select ively remove  these wavelengths  by the use of 
filters. It was found that  Kodak Wrat ten  filter No. 
47B used together  wi th  a Chance Pi lk ington OB 10 
meta l  oxide filter to remove  infrared gave satisfactory 
results. The principles of the control process wil l  be 
discussed below. The two filters were  positioned inside 
the photomult ipl ier  case ra ther  than at the source of 
i l luminat ion to reduce the influence of extraneous 
light. As a result  it was found possible to operate the 
system under  conditions of normal  room lighting. 

The Thinning Process 
This work  was under taken  with  a view to analyzing 

defects in e lectroluminescent  GaP diodes in relat ion to 
their  performance as l ight sources. Results obtained 
in this way  wil l  be reported e lsewhere  (12, 13). Ini -  
t ial ly interest  was centered on mater ia l  grown by vapor  
phase epi taxy on GaAs substrates. Thinning was done 
from the GaAs surface which presented the P ( l l l )  or 
B face. This ensured that  the final thin area contained 
mater ia l  distant  f rom the G a P / G a A s  interface. Since 
it is re la t ive ly  simple to obtain a good polish on the 
P (111) face of GaP, smooth wel l -shaped dimples with 
large thin areas were  formed. 

The chemical  polishes general ly  used for GaAs had 
much lower polishing rates when applied to GaP. Three 
of the more rapidly acting reagents  were  considered. 
Boiling aqua regia al though commonly used as a polish 
for GaP was not suitable for je t  thinning. Br  in 
methanol,  al though suitable as a polish, was unusable 
because of the effect of the Br in absorbing light pass- 
ing through the jet. With the filters in place no light 
could be detected by the photomult ip l ier  even without  
a specimen in position. The th i rd  al ternat ive,  C1 in 
methanol  (8), was found to be satisfactory. This was 
produced in the equipment  i l lustrated in Fig. 1, by 
feeding concentrated HC1 into a conical flask contain-  
ing bleaching powder.  The chlorine gas tha t  was 
evolved was bubbled through a flask containing 
methanol,  which could then be fed direct ly to the jet. 

Later  in the work  it became necessary to examine 
GaP grown by l iquid phase epi taxy on the P(111) 
faces of GaP substrates. In order to thin the mater ia l  
f rom the substrate side it was necessary to find means 
to polish the G a ( l l l )  or A faces of these specimens. 
C1 in methanol  would not form satisfactory dimples 
by chemical polishing. Preferent ia l  edge at tack left  a 
raised pi t ted port ion in the center  of the specimen. An 
electrochemical  technique for dimpling of G a ( l l l )  
faces was developed using the same apparatus and 
reagent.  The specimen was connected to the positive 
te rminal  of a battery.  The negat ive electrode consisted 
of a short length of tungsten wire  inserted into the 
jet nozzle from below. With an applied potent ial  dif- 
ference of 120V the current  flow was about 20 mA and 
a smooth-sided dimple could be produced on G a ( l l l )  
faces. 

The surfaces of e lectrochemical ly  je t -pol ished dim- 
ples in G a ( l l l )  faces were  covered by an orange film 
which could be removed by chemical action when the 
current  was switched off for a few seconds. Unfor tu-  
nately this surface film had a ve ry  high optical absorp- 
tion coefficient in the re levant  range of wavelengths,  
so that  the automatic  detection system was tr iggered 
only when  a hole appeared in the thin area. This was 
unsatisfactory and bet ter  results could be obtained in 
two a l ternat ive  ways. The first successful method 
developed was to use visual  control. By repeatedly 
turning off the current  to disperse the surface film the 
t rue appearance of the thin area could be observed. 
The specimen thickness was correct  when l ight which 
appeared near ly  whi te  to the eye was transmitted.  
The second successful method was to use e lect rochem- 
ical polishing to produce an init ial  dimple on the 
G a ( l l l )  face of the specimen. The specimen was then 
reversed in the mount  and finally thinned chemical ly 
from the P ( l l l )  face. In this way  the automatic mech-  
anism could be used in the final stage of the process. 
This also had the advantage of removing any possible 
surface damage and meant  tha t  no special surface 
polishing was required prior to thinning. Some speci- 
mens were  examined in the transmission electron 
microscope with  the orange surface film remaining in 
order to t ry  to establish its nature.  The results  are 
reported in a later  paper (9). In the major i ty  of speci- 
mens it was removed by a short chemical  polish. It 
was found that  the films could be removed from the 
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Fig. 2. Techniques for mounting specimens for thinning: (a) 
Small, fragile specimens were first mounted over holes in Ta 
disks, 2.3 mm diam. Larger samples were ultrasonically cut to 
form 2.3 mm diam disks of GaP. (b) The specimens were then 
affixed to a metal holder and mounted in the rotating lid of the 
apparatus shown in Fig. I. 

Ga (111) faces in this way wi thout  causing any detect-  
able etching of the surfaces. 

Mounting Specimens for Thinning 
The vapor -g rown  GaP was received in the form o5 

very  thin layers. To facilitate handling, small  pieces 
were  cleaved off and mounted, using silver paint  over  
small holes dri l led in 2.3 mm diam Ta disks as illus- 
t rated in Fig. 2(a) .  The l iquid phase epi taxy and 
pulled samples were  large and disks of 2.3 mm diam 
were cut ul t rasonical ly from this material .  

The specimen holder for the je t  th inner  is i l lustrated 
in Fig. 2(b) .  The specimens were  positioned beneath 
a 1.5 mm hole in a stainless steel plate. Si lver  paint 
was used to ensure electr ical  contact for the electro- 
chemical process. When this had dried, the meta l  plate 
and the edges of the specimen were  coated with  a 
layer of picene wax  so that  just  the area to be thinned 
was exposed. Af ter  thinning, the picene wax  was dis- 
solved in t r ich lore thylene  and the si lver paint  was 
peeled off wi th  tweezers.  The specimens were  then 
washed in hot t r ich]orethylene followed by rinsing in 
ethyl  alcohol and deionized water.  

Automatic Control of Thinning 
When opaque semiconductors such as Ge, St, or GaAs 

are thinned for electron microscopy they become 
t ransparent  to visible light, appearing orange to the 
eye when a suitable thickness is reached. When an 
automatic thinning system is used it is this l ight which 
is detected by the photomult ip l ier  (5, 7). GaP, how- 
ever, is t ransparent  to certain regions of the spectrum 
to which both the photomult ip l ier  and the human eye 
are sensitive. The absorption edges of intrinsic GaAs 
(14) and GaP (15) are shown in Fig. 3, together  with 
the spectral  response curve  of the S10 type photo- 
cathode used in the photomult ipl ier .  It is apparent  that  
the photomul t ip l ier  is completely  insensi t ive to wave-  
lengths of light t ransmit ted by a thick specimen of 
GaAs. However ,  a specimen of thickness near 5000A 
(0.5 ~m) wil l  t ransmit  sufficient l ight to be detected. 

For  an order of magni tude calculation of the condi- 
tions required to automat ical ly  detect  the desired 
thickness in the case of GaP, suppose that  the photo- 
mul t ip l ier  t r iggers the solenoid when 1% of the inten-  
sity of the light incident on the specimen in the re le-  
vant  wave leng th  range is t ransmitted.  Assuming reflec- 
tion to be negligible the t ransmit ted  intensi ty is given 
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by 
I ---- I.o exp ( - -a t )  

where  Io is the intensi ty of the incident light, ~ is the 
l inear absorption coefficient, and t is the specimen 
thickness. On the assumption therefore  that  I/Io = 
0.01 for the SCR to be t r iggered 

at ---- 4.6 
And for 

t ~ 0.5~m 

= 9.2 • 106 m -1 

Thus a wave leng th  of Iight wi th  a l inear  absorption 
coefficient near  107 per  me te r  wi l l  be t ransmit ted  
through a specimen, thin enough to be electron t rans-  
parent, with sufficient intensity to t r igger  the detec- 
tion system. In practice a range of wavelengths  and 
absorption coefficients are involved, but  the simple 
calculation serves to i l lustrate the principle. 

The same principles apply in the case of GaAs. 
Extrapolat ion of the absorption data for n- type  with  a 
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Fig. 3. Comparison of the linear absorption coefficients for 
light of GaAs and GaP with the spectral sensitivity range of the 
photomultiplier photocathode and the wavelength range passed by 
the two filters. 

Fig. 4. Transmission electron micrograph of a tetrahedral stack- 
ing fault in To-doped GaP grown from the vapor phase on a GaAs 
substrate. B and D indicate the bright and dark bounding fringes 
of the stacking faults. It can be deduced that the faults are in- 
trinsic (12). 
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Fig. 5. Dark field micro- 
graphs showing defects in Te- 
doped vapor phase grown GaP, 
Helices are marked H and 
loops are marked L. At A-B 
there is a set of overlapping 
stacking faults. 

free carr ier  concentrat ion of 2 X I0 TM cm -3 indicates 
(14) that  a wave length  of about 0.75 ;~m (with a photon 
energy of hv ~_ 1.8 eV in Fig. 3) corresponds to a value 
of a of 107 per  meter .  This corresponds to light of a 
reddish orange color which is just detectable by both 
the photomult ipl ier  and the human eye. 

The absorption edge of GaP lies at a much lower 
wavelength  than that  of GaAs. Even a thick specimen 
will  t ransmit  visible (yel low-orange)  l ight wi th  very  
l i t t le absorption. For  automatic  thinning it was neces- 
sary to use optical filters to cut out the portion of the 
t ransmit ted  spectrum to which the photomult ipl ier  was 
sensitive. Ideal ly  an in terference filter would provide 
a suitable nar row band width  for which a has a value 
near  107 m -1. A satisfactory and cheaper a l ternat ive  
was found using a Kodak Wrat ten  filter No. 47B in 
conjunction with  a Chance Pi lkington OB 10 filter to 
remove  the infrared component.  The combined region 
of transmission is i l lustrated by the shaded area in 
Fig. 3. 

Results 
In those cases in which it was possible to thin from 

the P ( l l l )  faces of the specimens the automatic sys- 
t em for te rminat ing  thinning could be used. It was 
found that  the technique worked  less wel l  than in the 
case of GaAs which could be reduced to a reproducible 
thickness wi th  a 100% success rate (5). Drif t  in the 
electronics made it impossible to obtain reproducible 
thicknesses by adjust ing the brightness of the l ight 
source and the voltage applied to the photomult ipl ier .  
It was found best to set the system to cut off at too 
great  a specimen thickness and to give a final manual ly  
controlled thinning. Thinning was then terminated  
when the t ransmit ted  l ight  appeared white. Specimens 
of different dopings have sl ightly different absorption 
edges. Therefore  it was necessary to obtain settings 
for each batch of mater ia l  by  tr ial  and error.  N e v e r -  
theless the technique was a great  convenience since 
visual  control  was not required except  during the brief 
and crucial  final stage of thinning. 

Large (40-50 ~m diam) electron t ransparent  areas 
were  produced in thinning f rom both the G a ( l l l )  side 
and f rom the P ( l l l )  side. It  was found that  GaP was 
t ransparent  to the beam in a convent ional  100 kV 
transmission electron microscope up to a thickness 
greater  than 0.8 ~m (8000 A).  This is the thickness of 

the specimen shown in Fig. 4 as de termined  f rom the 
projected widths of the te t rahedra l  stacking fault. 

The present  thinning technique was used success- 
fully on heavi ly  doped mater ia l  as shown in Fig. 4 and 
on mater ia l  containing a profusion of stacking faults 
as shown in Fig. 5. 
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Jet Polishing of Semiconductors 
II. Electrochemically Formed Tunnels in GaP 

B. D. Chase and D. B. Holt 
Metallurgy Department, Imperial College of Science and Technology, London S.W.7, England 

ABSTRACT 

Transmission electron microscopy showed that  high density networks of 
tunnels about 300A in d iameter  were  formed in (i11} foils of GaP thinned by 
jet  electropolishing using a chlorine in methanol  solution. These tunnels ran 
in < I l l >  directions, in the polar sense f rom the gal l ium to the phosphorus 
atom along a chemical  bond. They were  unrelated to any of the pre-exis t ing 
defects in the mater ia l  that  could be seen by transmission electron microscopy. 

Deep, narrow, optically resolvable tunnels produced 
in crystal l ine mater ia ls  by dissolution processes have 
long been known to mineralogists  as "anomalous solu- 
tion phenomena" (1). Later  such a process described as 
tunnel  etching producing "negat ive  whiskers"  was 
studied in LiF (2). A similar phenomenon of tunnel  
corrosion has recent ly  been observed on a t ransmis-  
sion electron microscope scale in CuaAu alloys (3). 

We observed that  nar row crystal lographic channels 
were produced in GaP in the course of e lectrochemical  
th inning of this mater ia l  for transmission electron 
microscopy (4). The results of a microscopic study of 
these etch tunnels  are presented in this paper. 

Exper imenta l  M e t h o d s  
The method of thinning the specimens was de- 

scribed in the previous paper (4). It involved directing 
a jet  of chlorine in methanol  on the GaP specimens. 
This worked well  when  the P ( l l l )  face was to be at- 
tacked. When the G a ( l l l )  side had to be attacked 
however,  it was found necessary to employ electro-  
polishing. The specimen was made. The anode and a 
potential  difference of 120V was applied between it and 
a tungsten electrode inside the je t  nozzle. A current  of 
about 20 mA then flowed, and rapid localized at tack on 
the GaP occurred. An orange surface film was formed 
during electrochemical  thinning f rom the Ga (111) face. 
This surface film could be r emoved  by a final 15 sec 
chemical  at tack in the chlorine in methanol  je t  wi th  no 
vol tage applied. The evidence to be discussed below 
showed a dense ne twork  of tunnels  to be present in the 
orange films. The scattering of l ight from these net-  
works of tunnels  caused the t ranslucence of the films 
and the diffuse na ture  of l ight  reflected from them 
when observed in the optical microscope. 

Results 
In GaP specimens which were  prepared by electro-  

chemical  polishing alone, dense networks  of l inear 
features were  visible in transmission electron micros-  
copy. Examinat ion  using the stereo pair technique, in 
which two micrographs like those in Fig. 1 were  taken 
with  a difference in specimen t i l t  of about 10 ~ showed 
that  the features formed a three-d imens ional  ar ray  
with each one penet ra t ing  the foil f rom top to bottom. 

Selected area diffraction pat terns from regions of 
high tunnel  concentrations showed no addit ional  dif-  
fraction spots or rings. This ru led  out the possibility of 
the presence of a second phase or of extensive pre-  
cipitation. 

All  the specimens examined were  close to a {111} 
orientat ion and the tunnels  projected onto the three 
<211> directions in this plane. Examinat ion  of the 
(111) s tereogram shows that  this condition is met  if 
the tunnels lie ei ther  in the <111> or in the <110> 
direction. To decide be tween these two possible direc-  

Key words:  localized attack, polarity,  tunnels,  GaP. 

tions a series of micrographs was taken at widely  
differing angles of tilt, using a high t i l t  goniometer  
stage in the electron microscope. The angles between 
the projected tunnel  directions were  measured on each 
micrograph,  and the beam directions were  determined 
by analysis of the diffraction pat tern  re la t ive  to a foil 
normal  of [111]. The results established that  the tun-  
nels lay along the  [111--], [11-1], and [-i-11] directions at 
70.5 ~ to the [111] f o i l n o r m a l  (7). 

At ext inct ion contours the absence of mater ia l  in the 
tunnels  gave rise to characterist ic contrast. In Fig. 2 
it can be seen that  the contours are displaced where  
they are crossed by a tunnel.  Also given in Fig. 2 is a 
cross-sectional d iagram showing the relat ion of the 
tunnel  at A to the top and bot tom surfaces of the foil. 
By counting extinction contours on the micrograph it 
was established that  the bot tom of the etch pit was 
the equivalent  of 1.5 ext inct ion distances }g from the 
unetched base of the foil. In each such case the pro-  
jected length of the tunnel  was in proport ion to the 
depth of mater ia l  be low the pit. 

The displacement  of the ext inct ion contours where  
they crossed the tunnels  was measured  as about two-  
thirds of the contour separat ion ~g for a tunnel  d iam- 
eter of 0.4 cm on the micrograph.  Thus the effective 
thickness of the tunnel  as seen by the electron beam 
can be wr i t ten  

0.4 2 
t -- - -  -- ~g [1] 

sin o 3 

where  0 is the angle be tween the tunnel  and the normal  
to the foil. Moreover,  a tunnel  of measured length 3 cm 
on the micrograph penet ra ted  a thickness of mater ia l  

Fig. 1. Stereo pair of transmission electron micrographs of an 
area of an electrochemically polished GaP specimen showing 
crystallographic etch tunnels. The micrographs were taken at 
specimen tilts differing by about 10 ~ 
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Fig. 2. Contrast effect ob- 
tained when an etch tunnel 
crosses an extinction contour: 
(left) micrograph showing dis- 
placements of the contours and 
(below) cross-sectional diagram 
of the tunnel orientation through 
the foil. 

e q u a l  to  1.5 ~g. T h e r e f o r e  

3 
t a n  0 --  - -  [2] 

1.5 ~g 

C o m b i n i n g  Eq. [1] a n d  [2] to  e l i m i n a t e  ~g g ives  a 
v a l u e  for  e of 72.5 ~ w h i c h  is c lose  to  t h e  v a l u e  of 70.5 ~ 
of t h e  a n g l e  b e t w e e n  ~ 1 1 1 ~  d i r ec t ions .  T h i s  t h e r e f o r e  
s u p p o r t s  t h e  f i nd ing  t h a t  t h e  t u n n e l s  l a y  in  t h e  ~ 1 1 1 ~  
d i rec t ions .  T h e  m e c h a n i s m  of  e x t i n c t i o n  is t h a t  of t h e  
s c a t t e r i n g  of t h e  e l e c t r o n s  b y  t h e  s p e c i m e n  m a t e r i a l .  
T h e  o b s e r v e d  d i s p l a c e m e n t s  of  t h e  e x t i n c t i o n  c o n t o u r s  
t h e r e f o r e  a lso s u p o r t  t h e  s u p p o s i t i o n  t h a t  t h e  l i n e a r  
f e a t u r e s  w e r e  e m p t y  t u n n e l s .  

T h e  oppos i t e  c o n t r a s t  ef fects  s h o w n  b y  t h e  l i n e a r  
f e a t u r e s  in  Fig.  3 ( a )  a n d  ( b )  c a n  a lso  b e  u n d e r s t o o d  
on  t h e  bas i s  t h a t  t h e y  a r e  t u n n e l s .  B o t h  t h e s e  m i c r o -  
g r a p h s  w e r e  t a k e n  in  a t w o - b e a m  c o n d i t i o n  w i t h  a 

dark 
fringes 

i. - : )  
X Y 

s ing le  e x t i n c t i o n  c o n t o u r  o p e r a t i n g  o v e r  t h e  w h o l e  a r e a  
of  t h e  m i c r o g r a p h .  E x t i n c t i o n  c o n t o u r s  a r i se  b e c a u s e  
as t h e  t h i c k n e s s  of t h e  m a t e r i a l  changes ,  t h e  e x t i n c t i o n  

Fig. 3. Opposite 
contrast conditions ex- 
hibited by tunnels: (a) 
dark contrast (left) and 
(b) bright contrast 
(right). 
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Fig. 4. Etch tunnels of crystallographic internal form, produced 
by low voltage polishing (less than 120V). At the points marked 
A tunnels terminate inside the material but are continued by 
much narrower channels. 

conditions change cyclically, so that  the effective t rans-  
mission of electrons changes. This gives rise to a var i -  
ation of intensity in the form of successive br ight  and 
dark fringes. The reduction in the thickness of the 
mater ia l  t raversed by the beam, due to the presence of 
etch tunnels, can change the ext inct ion conditions so as 
to increase, or reduce, the brightness depending on the 
point in the cyclic var ia t ion of the ext inct ion repre-  
senting the situation in the specimen in the absence of 
any tunnel. In the case shown in Fig. 3(a) the reduc-  
tion in thickness due to the tunnels shifts the ext inc-  
tion to a more absorbing condition and the tunnels  ap- 
pear in dark contrast. In case 3 (b) the tunnels al ter  the 
ext inct ion conditions so that  a greater  beam intensi ty is 
t ransmit ted and they appear bright. 

Thus the l inear features  were  tunnels about 300A in 
diameter.  

Tunnels  were  observed apparent ly  in various stages 
of formation. In some cases the main tunnel  was 
found to penetrate  only part  of the foil while  the con- 
t inuation of the l ine of the tunnel  was marked  by a 
narrow trace. Examples  of this type can be seen in Fig. 
4 at the points marked  A. 

Tunnels of cystallograph]c shape like those in Fig. 4 
were  only observed in specimens electrochemical ly  
polished at low voltages of less than 120V. Specimens 
that  were  thinned at high applied voltages (near 240V) 
contained tunnels  wi th  rounder  shapes like those in 

Fig. 3(b) .  It  appears, therefore,  that  only at lower 
voltages were  the conditions such that  some degree of 
crystal lographic etching within  the tunnels  themselves  
could occur. 

In some specimens it was found that  the tunnels  lay 
mainly  in one pre fe r red  <111> direct ion as in Fig. 
3 (b).  In some cases this was l imited to one port ion of 
a thin foil while other  regions contained tunnels  
equal ly  dis tr ibuted among the three avai lable  direc-  
tions. 

These electrochemical  etch tunnels  were  first dis- 
covered due to the fact that  it was found necessary to 
use electrochemical  polishing to thin {111} GaP speci- 
mens f rom the G a ( l l l )  face. Most observations were  
made on tunnels  produced by electrochemical  at tack 
on this side of the specimens. This resulted, as reported 
above, in the formation of tunnels  lying only along 
the three <111> directions at 70.5 ~ to the specimen 
surface. In cases of e lectrochemical  action on the 
P (111) surface tunnels  were  also formed. However ,  in 
this case most of them ran in the <111> direction 
normal  to the surface as shown in Fig. 5. This evidence 
indicates that  the tunnels were  etched in specific polar 
directions. 

Discussion 
Figure 6 indicates that  these observations are  con- 

sistent with the tunnels  preferent ia l ly  propagat ing in 
the Ga- to -P  directions along the bonds as indicated by 
the arrows. The other  tunnels occurr ing in films 
thinned f rom the P ( l l l  ~) side may  be spurious. The 
mounting of some of the specimens was not leakproof 
and the reagent  was observed to creep around and at-  
tack the Ga (111) faces of these specimens. The tunnels 
inclined at 70 ~ to the normal  in the specimens thinned 
from the P ( l l l )  side may  have resul ted f rom this un-  
intended Ga (111) attack. 

The presence of etch tunnels  on a transmission elec- 
tron microscope scale has not previously been reported 
in GaP or any other  semiconducting material .  This also 
appears to be the first report  of an example  of elec- 
t rochemical  tunnel  etching. Tunnels  have, however,  
been observed in certain other  mater ia ls  under  par t icu-  
lar conditions. 

Westwood and Rubin (2) invest igated the growth 
and dissolution of LiF  crystals in aqueous solutions 
containing long-chain fat ty  acids. Both "posit ive and 
negat ive whiskers," that  is, both growth  whiskers  and 
dissolution tunnels  of similar  form, could be formed 

Fig. 5. GaP specimen elec- 
trochemically attacked from 
the P( | I I )  surface. About half 
of the etch tunnels lie along 
the < ] 1 1 >  direction normal to 
the specimen surface. No tun- 
nels were formed in this direc- 
tion when the specimens were 
attacked from the Go(111) side 
as in all the previous figures. 
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Fig. 6. The three sets of tunnel, \ P ( / ' I / )  
running in < 1 1 1 ~  directions \ 
from the Ga(111) face, as in ~- -I, 
Fig. i ,  3(a) and 4, are consistent with preferential propagation in 
the polar Ga-to-P directions along the bonds as indicated by the 
three arrows. The tunnels running vertically through the foils from 
the P(111) faces as in Fig. 5 are also consistent with preferential 
propagation in the Ga-to-P polar direction as indicated by the 
single vertical arrow. 

using supersaturated and undersa tura ted  solutions, re-  
spectively, containing identical concentrat ions of 
stearic acid. It was thus possible to equate the forma-  
tion of tunnels  wi th  a reversal  of crystal  growth. I t  was 
suggested that  the fat ty  acids acted as step poisons and 
were  less concentrated at the base of the tunnels than 
at the surface. The m a x i m u m  depth of the tunnels in 
LiF was 200 ~m and their  diameter  was be tween 1 and 
2 ~m. Thus they were  orders of magni tude  larger  than 
those reported above. 

Swann (3) observed corrosion tunnel ing in the dis- 
solution of Cu~Au in ferric chloride solution. Electron 
microscope studies showed that  a passive layer  of gold 
was formed on the tunnel  walls. A theory  was devel-  
oped to explain the longi tudinal  ra ther  than la teral  
growth of the tunnels.  According to this, passivation of 
the tunnel  walls would occur at a critical radius found 
by equat ing the number  of gold atoms in the tunnel  
wi th  the number  of copper surface sites on the tun-  
nel walls. This radius was found to be two- th i rds  of 
the max imum radius of the hemispherical  pit at  the 
base of the tunnel. Thus the tunnel  walls become 
passivated before the base and the tunnels  grow longi-  
tudinally. 

The formation of tunnels  in GaP, however,  appears 
to be pure ly  an electrochemical  phenomenon and there  
is no evidence that  passivation is involved.  No elec- 
t ron diffraction effects a t t r ibutable  to surface layers of 
a different s t ructure  or composition than the bulk ma-  
terial  were  ever  seen. 

Elect rochemical ly  formed tunnels  s imilar  to those 
reported here have been observed by transmission 
electron microscopy in GaAs and Si.1 Theunissen et al. 
(5) in a study of the electropolishing of Si in hydro-  
fluoric acid repor ted  that  a thin dark brown layer  
formed on n + material .  Sir t l  etching of cross sections of 
these specimens "revealed  a high density of etch chan- 
nels (about l0 s cm -1) extending a few microns (0-5 
~m)" into the specimen. It  seems probable that  the dark 
brown layers observed by Theunissen et al., like those 
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reported above, contained a high density of tunnels on 
an electron microscopic scale and the Sir t l  etch en- 
larged some or all  of the deeper  ones to produce the 
optically visible etch channels. Subsequent ly  Theunis-  
sen (6) reported scanning electron microscope (SEM) 
observations of channels in these electropolished slices. 
The intermediate  resolution of the SEM means that  
those channels were  probably on a ra ther  larger  scale 
than those repor ted  here. 

No relat ion was found between the formation of 
tunnels and any defects or iginal ly  present  in the ma-  
terials examined in this paper. It is certain that  the 
tunnels in GaP do not follow lines of dislocations as 
they formed in mater ia l  in which the dislocation den-  
sity was too small  by several  orders of magni tude  to 
account for all the tunnels. The observed density of 
tunnels  var ied  f rom about 106 to 10 s cm -2, and this 
density was found to increase wi th  the electropolishing 
voltage used. The density of dislocations in this ma-  
ter ia l  was 104 to 10 ~ cm -2. Fur thermore ,  dislocations in 
GaP tend to lie along <110~ directions (7, 8), whereas  
the tunnels were  invar iably  formed along <111> di- 
rections. It  therefore  seems certain that  the tunnels are 
formed by localized electrochemical  reaction occurring 
at the semiconductor-e lect rolyte  interface. It  is possi- 
ble, however ,  that  the tunnels init iate at some form of 
minor  surface defect. 

An hypothesis that  appears to be consistent wi th  our 
observations is that  localized electrochemical  at tack is 
the result  of avalanche breakdown of the surface de- 
plet ion layer of the semiconductor  due to the large ap- 
plied field in this layer. Avalanche  breakdown pro- 
duces a localized microplasma. This contains a high 
density of the electron holes that  are requi red  for 
electrochemical  attack. A similar  idea was put forward 
by Theunissen (6). However,  he appeared to suggest 
that  the phenomenon was unique to n+n  epitaxial  
slices of Si and reported that  in some cases the channel 
networks could be related to dislocation networks.  The 
present work, however ,  as just discussed, shows that  in 
GaP tbe tunnels are not re la ted to dislocations. 
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ABSTRACT 
4 _ -  

Clean, fiat, s t ra in-f ree  surfaces of Si, Ge, GaAs, and of the P ( l l l )  faces 
of GaP were  prepared by scanning jets of chemical  polishing reagents  across 
one side of the rotat ing slices. The G a ( l l l )  faces of GaP were  e lect rochemi-  
cally polished in the same apparatus. It  was found possible to reduce the cen- 
t ral  areas of large diameter  Si slices to thicknesses of tens of microns while 
re ta ining thick, mechanical ly  strong rims with this technique by masking the 
edges of the slices. Whole slices of Si were  also reduced to uniform thicknesses 
of under  20 #m by this technique. 

Chemical  polishing reagents  are available for the 
more impor tant  semiconductors. [Tabulations of these 
reagents were  listed in the first paper  in this series 
(1).] By using jets of these reagents  improved polish- 
ing action in our experience is genera l ly  obtained. 
Techniques for thinning small areas for transmission 
electron microscopy in several  semiconducting mate-  
rials by chemical  je t  polishing were  successfully de- 
veloped (1-3). It  was also shown that  by rotat ing 
germanium slices under  a chemical ly  polishing je t  
which scanned over  one side it was possible to produce 
clean, flat, and s t ra in-f ree  surfaces for use as epitaxial  
substrates (4). This method has been improved and ap- 
plied to the polishing of silicon, germanium, GaAs, and 
GaP slices in this present  work. 

For  the production of certain semiconductor devices 
and for optical transmission studies, it is desirable to 
produce large areas that  are un i formly  thin but  have 
thick, mechanical ly  strong rims. A method for doing 
this has been developed for silicon and is reported 
here. 

Some evidence is also reported which indicates that  
the very  thin slices requi red  for certain types of in- 
tegrated circuits can be produced by the technique 
described here. 

Equipment 
The apparatus used to scan the jet  across an arc 

under  which the rapidly  rotat ing slices passed is shown 
in Fig. 1 (a).  The slices were  given a p lanetary  motion, 
that  is a rotat ing pla t form was used which carr ied the 
slice mounts, each rotat ing about an axis paral le l  to 
and moving round the axis of rotat ion of the p la t form 
as indicated in Fig. 1 (b).  This prevented  the formation 
of raised central  spikes that  were  occasionally pro-  
duced when slices were  rotated on a s tat ionary axis 
beneath a scanning je t  (4). Electr ical  contacts for 
electropolishing were  made to the stainless steel jet  
nozzle and to the rotat ing platform. 

The planetary gear ratio was approximate ly  four to 
one. The central  spindle was rotated at speeds of about 
300 rpm and the reciprocator  carrying the je t  nozzle 
was dr iven at about 950 cycles per  minute  in all the ex-  
periments.  

Before chemical  polishing the slices were  mounted  
on the spinner disks and mechanical ly  polished in a 
special j ig as described previously (4). 

Slices were  successfully polished using standard 
reagents. For  polishing silicon a mix ture  of HF: HNO3: 
HAc in the volume rat io 5:15:3 at room tempera ture  
was used. With a flow rate  of about 4 cm 3 sec-1 for all 
the polishing experiments,  the rate  of removal  of Si 
was about 0.5 ~m sec -1 for both n-  and p- type  mate-  
rials. Ge was polished using CP-4 at 47~ The rate  of 
removal  was again about 0.5 ~m sec -1. Heavi ly  Cr-  
doped GaAs was polished using 2% of Br  in methanol  

K e y  w o r d s :  p o l i s h i n g ,  s h a p i n g ,  s e m i c o n d u c t o r  s l ices.  

at room temperature .  The ra te  of at tack was about 8 
~m m i n -  1. 

A solution of H20:NaOCl :HC1 in the vo lume ratio 
16:2:2 was employed to polish the P ( l l l )  sides of 
G a P { l l l }  slices. The slices were  at tached to the stain-  
less steel p la t form with si lver paint. The Ga (111) sides 
of the slices were  polished wi th  the same reagent  but  
a current  of 35 mA was passed between the slice and 
the nozzle. (The G a ( l l l )  and P ( l l l )  sides of the slices 
were  identified by etching in hot aqua regia. The Ga 
faces were etched and the P faces were  polished.) 

Results and Discussion 
Polishing 

The polished Si slices were  flat as was shown by the 
straightness of optical in terference fringes. That they 
were  microscopically smooth was demonstra ted by the 
absence of any detail  due to asperities on dark field 
optical microscope observations of these surfaces. The 
use of planetary motion el iminated the central  spikes 
which sometimes resulted when slices were  rotated 
about a s ta t ionary central  axis dur ing je t  polishing (4). 

~ E T C H  

~1 ADJUSTABLE 
- - ve  ~-m r - d i l  SLIDING PLN 

S L I C E  I , . ~  ' , , ' , I 

I ' \  -=~ I N -  I 

~ 
t (a) 

Fig. 1. Modified apparatus for the jet polishing of rotating slices 
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German ium slices were polished to a similar  s tan-  
dard. 

The polish achieved on the GaAs slices, despite their 
being heavily Cr-doped, was of the same qual i ty as 
that on Si and Ge. That is, chemical polishing produced 
surfaces that  were optically smooth and flat on both 
G a ( l l l )  and A s ( l l l )  faces. Attempts were also made 
to electropolish GaAs. H20:HCI:NaOC1 (about 10% 
available chlorine) in the volume ratio 170:10:20 was 
used. At 200-240V applied, 30 to 40 mA flowed and the 
rate of at tack was about 150 ~m/min.  The surfaces so 
produced were, however, found to be tunnel -e tched  
similar ly to GaP as described previously (5). 

The P ( l l l )  faces of GaP slices were also chemically 
polished, flat, and smooth to optical standards. Smooth, 
flat Ga (111) surfaces could, however, only be produced 
electrochemically as described above. These faces had 
a thin yellow surface film. All semiconductor slices 
polished by this method were rounded at the edges. 

Shaping and Thinning Silicon 
For a certain device application large thin areas of 

silicon were required with a thick strong rim. The 
abil i ty of this method to produce silicon slices with 
this shape was tested. Regions about 2 mm wide around 
the edge of Si slices 2.54 cm in diameter  and 125 ~m 
thick were masked with a gold-chromium alloy. The 
slices were then hollowed by chemical polishing as 
described above. A central  area about 1.9 cm in diam- 
eter was found to be uni formly  thick. Figure 2 is a 
Tallysurf  trace showing the shape of the rim produced 
by polishing a masked slice. No undercut t ing  or forma- 
tion of s tress-concentrat ing sharp corners occurred. 
Thicknesses of the central  area less than 20 ~m could 
be achieved. The thicknesses were determined by an 
infrared interference method (6). 

There is also cur rent ly  a growing interest  in un i -  
formly thin slices of Si for the production of integrated 
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Fig. 2. Tallysurf trace of the rim of a hollowed Si slice 

circuits involving only p -n  junct ions  oriented normal  
to the slice. Recently it has been pointed out that 
electropolishing can be used to preferent ia l ly  attack 
a substrate leaving only the thin, differently doped 
epitaxial  layer in the cases both of Si (7) and of 
GaAs (8). Mash et al. (9) have reported a mechanical  
polishing technique for th inn ing  Si slices to 10 ~m. 
This process must  however introduce some degree of 
mechanical  damage. 

Using the method described above Si slices were 
successfully reduced to less than 20 ~m in thickness at 
which value they were beginning to be optically t rans-  
parent. Without special apparatus to prepare slices 
with faces that were ini t ia l ly accurately parallel  and 
to monitor  thickness cont inuously during final th inning  
it was not practical to reduce thicknesses much below 
about 20 ~m. However there is no reason in principle 
why the technique should not be used for this purpose. 
The present technique can be used for uni formly  doped 
slices and not  only for removing substrates from differ- 
ent ly doped layers. Moreover, due to the insensit ivi ty 
of chemical polishing rates to semiconductor levels of 
doping, this technique, using chemical polishing re- 
agents, should be capable of th inn ing  slices containing 
n-  and p- type areas. 
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ABSTRACT 

Equations previously formula ted  for a model  e lec t ro lyzer- reactor  system 
for production of sodium chlorate  are tested with exper imenta l  p i lo t -p lant  
data. The reactor  volume and circulation rate between the electrolyzer  and 
reactor  were  systematical ly varied in the p i lo t -p lant  tests. Mass- t ransfer  co- 
efficients for hypochlori te  discharge and the Foerster  rate constant for forma-  
tion of chlorate in solution determined f rom these data were  compared to 
laboratory data f rom the l i terature.  L i te ra ture  rate constants were  put  in 
the model  equations and calculated efficiencies were  found to vary  with  reactor  
volume and circulation rate  in a similar way  as pi lot -plant  efficiency data. 

An equat ion re la t ing current  efficiency to the  sig- 
nificant parameters  of a model  e lec t ro lyzer- reactor  
system for producing chlorate was presented in a prior 
paper (1). The model  was based on the l~oerster mech-  
anism (2) of homogeneous format ion of chlorate from 
hypochlori te  in solution and of mass- t ranspor t - l imi ted  
anodic discharge of hypochlorite.  Only beaker-scale  
laboratory  data f rom the l i tera ture  were  avai lable  to 
the author  at the t ime of development  of the model so 
it did not receive a cri t ical  test. 

P i lo t -p lan t  studies were  made with  a separate elec- 
t ro lyzer - reac tor  system providing data wi th  which to 
test the applicabil i ty of the model. The  pilot plant was 
installed at the Domsjo chlorine plant  in Sweden  where  
studies were  made on the effect of circulation rate and 
reactor vo lume on current  efficiency. Fortui tous cir- 
cumstances brought  the two authors together  for col- 
laboration on this paper. 

Pilot Plant  Description 
The a r rangement  of the pilot  plant  is i l lustrated in 

Fig. 1. The pilot plant  consisted of a rectifier, an elec- 
trolytic cell wi th  a plastic cover, two react ion tanks, 
a circulat ion pump of rubber  l ined iron, a tube cooler 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  words: current efficiency, r ec i r cu l a t i on ,  e lec t ro lyzer ,  pilot 

plan t ,  hypochlorite.  

of ti tanium, and a salt dissolver. The tubing, reactors, 
and dissolver were  made of polyvinyl  chloride plastic 
(PVC).  

Recti f ier .JAn air-cooled rectifier made by ASEA, 
Type RPI G, equipped with  germanium cells was used. 
The rated output  was 2400A at 2.5-8.0V d.c. 

Cel l . - -The electrolytic cell was made of mild steel 
and had the internal  dimensions; length 63 cm, height  
67 cm, and width 47 cm. The anodes consisted of im-  
pregnated graphite plates wi th  length 62.5 cm, width 
15.0 cm, and thickness 5.0 cm. Twenty  plates of this 
size were arranged in four rows with five in each row. 
An anode immersion depth of 48 cm gave a total  anode 
area of 4.0 X 104 cm 2 and an area direct ly  facing the 
cathodes of 3.05 • 104 cm 2. From the main busbar four 
copper bars conducted the current  to the electrodes as 
shown in Fig. 2. The cathodes consisted of 1.0 cm thick 
mild  steel plates welded be tween  the anodes, forming 
five compartments  in the cell. The distance be tween  
two plates was 7.0 cm, and the distance between anode 

P 

Fig. 1. Arrangement of pilot plant for electrolytic chlorate 
production. A--Deaerator, C--electrolytic cell, F---distribution 
tube, K~titanium cooler, P~circulation pump, Rwreactor tanks, 
S--salt dissolver. Fig. 2. Top view of electrolytic cell 
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and cathode thus 1.0 cm. The cathode busbar was 
bolted to the bottom of the cell. 

In order to keep the graphi te  anodes in place there 
was a set of plastic spacers in the bot tom and on the 
top of the cathode plates. The electrolyte  was intro-  
duced through five perforated pipes, one in each com- 
par tment  wi th  eight 0.4 cm holes evenly distributed 
along each. These tubes were  introduced through the 
end at the bottom of the cell. 

The electrolyte  left  the cell through an overflow 
placed in the upper  par t  of the cell at the same side 
as the inlet  tubes. In the end box the gas was separated 
f rom the solution and was removed through a plastic 
pipe with  a fan. 

In the middle of the cell cover, which was divided in 
five parts, a plastic tube was arranged and submerged 
into the electrolyte.  F rom this tube gas samples were  
taken for analysis. The cover was sealed with asphalt. 

Reactors.--From the cell the solution flowed by grav-  
ity to the bot tom of reactor  No. 1 through a 3.0 cm plas- 
tic hose, and then from the upper part  of this reactor to 
the upper par t  of reactor  No. 2. From the covers of the 
reactors any chlor ine-containing vapors were  removed 
with  plastic hoses which were  connected to the gas 
pipe from the cell. The two reactors  had the same 
volume, about 450 liters, but  reactor  No. 2 was only 
par t ly  filled during the main part  of the experiments .  
In the cover  of reactor  No. 1 two quartz  heaters  were  
arranged for heat ing the solution. They were  not in 
use during normal  operation, since the cell then devel -  
oped enough heat  for keeping the t empera tu re  at the 
desired level. 

Pump.--The solution flowed from the bottom of 
reactor No. 2 through the pump to the t i tanium cooler. 
The cast-iron, rubber - l ined  pump was of centr i fugal  
type with  a Teflon-stuffed packing gland. The circula-  
tion rate was controlled with a valve  placed on the 
pressure side of the pump. The pump was operated 
with a 3 HP motor  at 1450 rpm. 

Cooler.---From the pump the solution flowed through 
a 2.5 cm plastic tube to the t i tanium cooler which 
consisted of an outer  steel tube (4.5 cm diameter  and 
520 cm length) and an inner  2.5 cm t i tanium tube. 
Between the inner and outer  tube the water  was fed 
concurrent ly  to the e lect rolyte  in the inner tube. 

Salt disso~ver.--The electrolyte  flowed from the cooler 
through a 2.5 cm pipe to the salt dissolver. This con- 
sisted of a plastic vessel wi th  50 cm diameter  and 100 
cm length. At the inlet were  two 2.5 cm tubes placed 
6.0 cm above the bottom. Jus t  above the inlet  tubes 
there  was a bubble cap plate with seven caps. Salt  was 
dissolved as the electrolyte  passed through the caps. 
The solution left  the vessel through an overflow about 
60 cm above the bottom. The required amount  of salt 
was added hourly. In the outlet  the solution passed a 
perforated plastic disk, and thereby solid particles 
were  separated. 

Deaeration tube and distribution tube .~The elec- 
t rolyte  flowed by gravi ty  from the saturator through 
a 5.0 cm tube to a deaerator  in which the air was 
removed which had been taken up by the solution in 
the dissolver. With respect to the gas analyses air was 
not desired in the  cell. The deaerat ing tube had a 
d iameter  of 16 cm and a length of 160 cm. 

The solution then passed through a distr ibution tube, 
which distr ibuted the solution to five channels con- 
nected to the five compar tments  of the cell. Above  the 
outlet  channels pitot tubes were  placed, indicating the 
flow to each compartment .  Both the deaerat ion and the 
distr ibution tube were  made of PVC. 

Experimental 
The per t inent  exper imenta l  conditions used are sum- 

marized in Table I. A constant current  of 2250A was 
used in all tests repor ted  here. The total  immersed  

Table I. Experimental conditions 

C u r r e n t  2250A 
Cel l  v o l t a g e  3 .0-3 .4V 
A n o d e  a r e a  4.0 • 10~ cm'-' 
V o l u m e  of e l e c t r o l y t e  in  ce l l  9.0 • 104 cm 3 
V o l u m e  of e l e c t r o l y t e  in  r e -  80 • 10~ cm 3 in  c i r c u l a t i o n  r a t e  

a c to r s  a n d  c i r c u l a t i o n  loop  e x p e r i m e n t s  ( w h e r e  q = 170- 
e x c l u s i v e  of ce l l  101O cm3/sec  

C i r c u l a t i o n  r a t e  830 cm3/sec  in  r e a c t o r  v o l u m e  e x -  
p e r i m e n t s  ( w h e r e  Vr  = 30 • 10~ 
to 100 • 10~ cm ~) 

T e m p e r a t u r e  40 ~ 2~  

E l e c t r o l y t e  c o m p o s i t i o n :  Se t  I S e t  I I  
NaC1 200 g /  l i t e r  1O0 g / l i t e r  
NaCIO~ 0-400 g / l i t e r  600 g / l i t e r  
Na2Cr~O~ 2 g / l i t e r  2 g / l i t e r  
p H  in  r e a c t o r  6 .7-6 .9  6.75 

anode area is l isted and was used in the calculations. 
The total immersed area is accessible to diffusion and 
discharge of hypochlorite.  The total  current  density 
would not be uniform, however ,  and this could cause 
some depar ture  f rom the model  equations. 

The volume of electrolyte  in the cell was calculated 
by deducting the vo lume of the anodes, cathodes, and 
spacers from the internal  cell volume. The volume of 
electrolyte  in the reactors  was control led by measur -  
ing the height  of the liquid. The value of "dr is the 
vo lume of l iquid in the reactors  and recirculat ion loop 
exclusive of the cell. The circulat ion ra te  was don- 
trolled by measurement  of pressure drop in a cali- 
brated section of pipe in the rising par t  of the circula-  
tion loop. 

The electrolyte  composition was mainta ined by salt 
additions to the dissolver. The concentrat ion of NaC103 
was al lowed to build up during the exper iments  to 
the levels indicated in Table I. The pH was maintained 
in the reactor  at 6.75 by addit ion of dilute HC1 under  
the l iquid surface in the second reactor at hourly 
intervals.  Chemical  analyses were  made at intervals  
during the runs for total  hypochlorite,  chlorate, chlo- 
ride, and chromate.  Orsat  analyses of the cell gas for 
oxygen and CO2 were  made for the determinat ion  of 
current  efficiency. 

Exper imenta l  results for the reactor  volume exper i -  
ments are given in Table II and results  for the circula-  
t ion-ra te  exper iments  are given in Table III. 

Current  efficiency of hypochlori te  discharge was cal- 
culated from the gas analysis by 

2 (%02  + %CO2) 
e2 ---- [1] 

100 - -  ( % 0 2  + %CO~)  

Equation [1] is based on the assumptions that  all of 
the 02 and CO2 are produced f rom discharge of hypo-  
chlorite and that  hydrogen is produced at 100% cur-  
rent  efficiency at the cathode. 

The mass- t ransfer  coefficient for hypochlori te  dis- 
charge was calculated (1) f rom 

I e2 

KL - - ' A C F  [2] 

The gas evolut ion rate  was calculated from (1) 

IRTs2 
v -- - -  [3] 

4AP F 

The rate constant for auto-oxidat ion of hypochlori te  
in solution by the Foers ter  mechanism to form chlorate 
was calculated (1) for perfect  mix ing  in the reactor  by 
mater ia l  balance f rom 

q(Ce -- Or) 
k~r - [4] 

VrCr ~ 

and for plug flow in the reactor from 

q < 1 1 1 ~ 
~Ir = -~ c~2 ce~ [5] 

[ Obtained by integration of dC/dr = ~ k~rC ~ in reactor with res- 
idence time Ar = Vr/q. 
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Table II. Data for reactor volume experiments with circulation rate of 830 cm3/sec 

Derived values 

E x p e r i m e n t a l  da ta  k / r  X 10 -a 
[ (mole /cmS)-S  sec-1] 

Ce e r  
Vr  (m r e a l /  (m m o ] /  KL x 10~ v x 10~ P e r f e c t  

(l iters) l iter) l i ter) % O: % CO~ ~ ( c m / s e c )  f e m / s e c )  m i x i n g  P l u g  f l ow  

Se t  I 300 115.3 112.3 5,15 0.30 0.115 5.8 4.3 5.85 5.5 
400 113.3 110.2 4.75 O 0.1O0 5.2 3.7 4.8 4,5 
550 110.8 105,3 4.1 O 0.0855 4.5 3.2 7.1 6.4 
600 109.8 102.8 3.9 0 0.081 4.3 3.0 9.0 8.3 
700 106.5 96.2 3.65 O 0.076 4.1 2.8 13.7 11.9 
800 104.0 93.2 3.57 0 0.074 4.1 2.8 13.8 11.8 

1000 94.2 87.0 3.45 O 0.0715 4.4 2.7 9.05 8.0 

9.05 A v g .  8.05 Avg .  

S e t  II 275 126 88 3.4 0 0.0705 3.3 2.6 189 109 
400 116 89 3.1 0 0.064 3.2 2.4 80 54 
600 104 79 2.6 0 0.0535 3.0 2.0 70 47 
800 99 65 2.7 0 0.0555* 3.3 2.1 126 70 

116 A v g ,  70 A v g .  

�9 Value  o f  e2 b a s e d  on ch lorate  a n a l y s e s  w a s  0.13 to 0.17 for  this  c o n d i t i o n .  

Table III. Data far circulation rate experiments with reactor volume of 800 liters 

D e r i v e d  v a l u e s  

E x p e r i m e n t a l  data  k i t  X I 0  -s 
[ ( m o l e / c m  ~) -2 see - l ]  

Ce Cr 
q fm m o l /  (m m o ] /  KL X 10'  v X 10~ P e r f e c t  

(em3/sec)  l i ter) l i ter)  % O~ % CO~ ~ (era /see> ( e r a / s ee )  m i x i n g  P l u g  f l ow  

Se t  I 169 - -  - -  7.4 0 0 .160 - -  8.0 - -  - -  
250 - -  - -  5.5 0 0.117 - -  4.4 - -  - -  
338  - -  - -  4 . 6  0 0 . 0 9 6  - -  3 .6  - -  - -  
500  - -  - -  4 . 0  0 0 . 0 8 3  - -  3 .1  - -  - -  
675 3.55 0 0.073 2.7 - -  
8 4 0  1 ~  ~3  3 . 5 0  0 0 . 0 7 2  ~ 2 .7  14 .3  i 2 . 8  

1010  I 0 6  94 3 . 4 5  0 0 . 0 7 1  3 .9  2,7 18.2 15 .1  

16.2 A v g .  13.8 A v g .  

Se t  1I 332 104 63 3.6 0.2 0.079 4.4 3.0 68 33 
520 99 66 3.2 0.2 0.070 4.1 2.6 75 42 
830 99 65 2.8 0.2 0.062 3.6 2.3 128 70 

90 A v g .  48 Avg .  

Discussion 
Mass-transfer coel~cient.--A plot of the mass-  

transfer coefficient for hypochlorite discharge vs. 
anodic gas evolution rate from Tables II and III is 
shown in Fig. 3. On the basis of theory (1), a l ine for 
the one-hal f -power  law expressed by 

KL : 2.4 X 10 -2  v'l~ [6] 

was drawn through the data. The value  of the coeffi- 

"G 

E 
( J  

v 
.~J 

10 -3 

f 
10-4 ~ i , i 

i0 -4 i0 -3 

v (cm/sec) 
Fig, 3. Relation of mass transfer coefficient for hypochlorate 

discharge to anodic gas evolution rate. 

cient on the right hand side is smaller than that cal- 
culated from laboratory data on hypochlorite  discharge 
(1) as indicated in Fig. 4, in which  the ratio of coeffi- 
cients for hypochlorite discharge (B) to the coefficient 
in the one-hal f -power  law for the Ibl -Venczel  data 
(3) for Fe +3 reduction in 1M H2SO4 (Bo = 2.2 X 10 -2) 
is shown. The expected effect of temperature on diffu- 
s ivity (4) and thus B/Bo (3) is indicated by the func-  
tion a(T/~),  which was adjusted to pass through the 
Foerster data. Viscosity data for NaC1 and NaC10~ 

lO 

0 

All NaC1 M NaClO 3 
z~ 4.35 0 Foerster (2) 
�9 2.56 0 Hammar & Wranglen (6) 
o 2.56 2.34 Hammar & Wranglen (6) 
[] 1.7-3.4 0-5.6 present w0rk 

_ ~ / f f )  

L t I ~ l 
i0 20 30 40 50 

T~ 
Fig. 4. Extrapolation of B/Bo to higher temperature 
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solutions were  f rom Internat ional  Crit ical  Tables (5). 
The Foers ter  data (2) and the H a m m a r  and Wranglen 
data (6) for NaC1 solutions were  reasonably close to 
the line in Fig. 4. The H a m m a r  and Wranglen  data and 
the present pilot plant  data for solutions containing 
NaC103 were  below the line. 

There are at least two impor tant  factors affecting 
the predict ion of mass t ransfer  coefficients for hypo-  
chlorite discharge f rom the Ibl-Venczel  data (3) for 
cathodic reduct ion at a hydrogen evolving electrode. 
First, Janssen and Hoogland (7) observed that  mass 
t ransfer  coefficients for oxidat ion of Ce 3 + at an oxygen 
evolving electrode was about a factor of two larger  
than for reduction of Ce 4+ at a hydrogen evolving 
electrode at the same volumetr ic  gas rate  per unit  area 
at 25~ The value  of the correlat ion line at 25~ in 
Fig. 4 is consistent with this observation. Second, 
Landolt  and Ibl (8) found with 4M NaC1 solutions 
containing hypochlori te  in forced convection exper i -  
ments, for which the hydrodynamics  were  well char-  
acterized, that  the anodic chlorate format ion rate  was 
smaller  than predicted by a pure ly  diffusiona] process. 
This may account in part  for the negat ive deviations 
from the correlat ion line in Fig. 4 for the more con- 
centrated solutions. Janssen and Hoogland fur ther  
found that  their  mass t ransfer  rates were  a function of 
electrode height. This perhaps is related to effects of 
convection currents  established by the gas bubbles. 

The dashed l ine in Fig. 4 through the H a m m a r  and 
Wranglen data give 

KL ---- 3.7 X 10-2 v'/~ [7] 

at 40~ which is used in predict ing pi lot -plant  per-  
formance. 

Rate constant for chemical  chlorate format ion . - -  
Values of k f r  determined in the exper iments  (Tables 
II and III)  and from the l i tera ture  are compared in 
Table IV. Values from the pilot plant  var ied by more 
than an order of magni tude  between Set I and Set II 
and fell on ei ther  side of the value calculated from 
l i tera ture  data. Values of kfr were  calculated for the 
l imit ing conditions of perfect  mixing and plug flow in 
the reactors as it was expected that  the actual condition 
would be between these two limits. The value calcu- 
lated for perfect  mixing is la rger  because this is a less 
efficient condition and a higher  rate constant is re-  
qui red  to achieve the same amount  of reaction. The 
high values of the ra te  constant for Set II are dis- 
cussed in the next  section. 

In obtaining a calculated value of kfr f rom l i tera ture  
data the Knibbs and Pa l f r eeman  (9) value  of the 
Foers ter  ra te  constant, k, was used. Their  va lue  was 
determined at 40~ in a concentrated NaC1 solution. 

Table IV. Comparison of values of kfr calculated from pilot plant 
data and from literature data 

kI~ • 10-3 
(mole/cmU)-~ sec-1 

P e r f e c t  
m i x i n g  P l u g  f low 

P i l o t  p l a n t  v a l u e s  ( f r o m  T a b l e s  I I  a n d  I I I )  
Se t  I 

R e a c t o r  v o l u m e  e x p e r i m e n t s  
C i r c u l a t i o n  r a t e  e x p e r i m e n t s  

S e t  I I  
R e a c t o r  v o l u m e  e x p e r i m e n t s  
C i r c u l a t i o n  r a t e  e x p e r i m e n t s  

C a l c u l a t i o n  f r o m  l i t e r a t u r e  d a t a  
k K n i b b s  a n d  P a l f r e e m a n  (9) ( c o n c e n t r a t e d  

NaC1 s o l u t i o n  a t  40~ 9.6 ( m o l e / l i t e r )  -e 
min-~ = 1.60 • 105 ( m o l e / c m 3 ) - 3  see-1 

C~ + ( for  p H  = 6.75 i n  r e a c t o r )  = 1.S x 10-v 
m o l e / l i t e r  

K~ m~ [ c a l c u l a t e d  f r o m  K~ ~~ = 3.2 x 10 -s 
d l n  K AH o 

(10) a n d  -- w h e r e  AH ~ = 
dT RT2 

+ 3 . 9 5  k c a l  (10)]  = 4.5 • 10 -8 m o l e / l i t e r  ( )o( 1 ) 
Ir - - 1 - (1) 

1 + K{/CH + 1 + K~/CH + 
: 0.128 

kfr  = (1.60 X 10~) (0.128) = 

9.0 8.0 
16.2 13.8 

116 70 
90 48 

20.5 

0.15 

f O.lO 

0.05  

O 
O 

Fig. 5, Plot of f = 

i I 
I 2 3 

K i/C.+ 

, ) 
1 + K~/CH + I + K~/CH + 

The dimensionless concentrat ion factor, fr, was calcu- 
lated f rom an expression previously der ived (1). A 
plot of fr VS. K~/CH+ shown in Fig. 5 indicates that  
conditions in the electrolyzer  were  near ly  optimum 
for m a x i m u m  conversion rate. 

Correlation of e~c i ency  data. - -Pi lot -plant  current  
efficiency data are now compared to predictions of the 
model equations for efficiency of a separate electro-  
lyzer- reactor  system (1) using values of KL and k s 
based on laboratory  data f rom l i te ra ture  cited above. 
The parameters  used in the model  equations are given 
in Table V. No data were  avai lable  on the pH in the 
electrolyzer  but it was assumed to be less acidic than 
in the reactor.  Therefore  kfe -= kSr (curve A) and kSe 
---- 0 (curve B) were  considered as l imit ing conditions 
based on Fig. 5. 

The parameters  of Table V substi tuted in the model 
equation [Eq~ [ii-14], ref. (i)] give 
(Curve A) 

[3.40,28/2 -- 10.2e~/2 -- 9.0~2 ~] X 104 
Vr = [8a] 

[0.141~22 + 0.163e23/2 + '2 -- 0.0542e21/2] 3 

(Curve B) 
[ 3 . 4 0 e 2 3 / 2  -- 1 0 . 2 e 2 5 / 2 ]  X 1 0 4  

Vr -- [8b] 
[0.163~23/2 + ~2 -- 0.0542e21/2] 3 

for the reactor  vo lume experiments ,  and 
(Curve  A) 

[119e22 + 135e23/2 --  45e21/2] 
q _ _  [ g a ]  

[0.042%23/2 - -  0 . 1 2 8 e 2 5 / 2  - -  0 . 1 1 3 E 2 s ]  1 / 3  - -  e2 

(Curve B) 
[ 1 3 5 e 2 3 / 2  -- 4 5 e 2 1 / 2 ]  

q = [9b] 
[0.0427e23/2 _ 0.128ee5/2] 1/3 __ e2 

for the circulation rate experiments. Equations [8] 
and [9] are plot ted in Fig. 6 and 7 in terms of ,1 (where  
el ---- 1 -- e2) and compared to Set I and Set II data. 

Severa l  impor tant  observations can be made in Fig. 
6 and 7: 

(i) Current  efficiencies based on gas analyses and 
on the model  equations fol lowed the same trends in 
respect to reactor  vo lume and to circulat ion rate.  

(ii) Set I data are closer to the model  equations than 
Set II data. 

Table V. Values of parameters used in model equations 

I = 2250A 
A = 4.0 X i0~ cm 3 
Ve = 9.0 x i0 ~ em 3 
Vr = 80 • i0 ~ em a in circulation rate experiments 
q = 830 craB/see in reactor volume experiments 

EL = 3.7 x 10 -3 v x/2 era/see 
kf, = 20 x 103 (mole/am ~}-2 sec-i 
k], ---- 20 x I0 a (mole/cm'~) -2 see -~ (Curve A) 
kf, = 0 (Curve B) 
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Fig. 6. Comporiso. of model equotion to Set I and Set II dnto 
for reactor volume experiments. 
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Fig. 8. Relative effect of mass transport and kinetic parameters 
on predicted current efficiency. 
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Fig. 7. Comparison of model equation to Set I and Set II data 

for circulation rate experiments. 

(iii) The exper imental  current  efficiency had a 
stronger dependence on circulation rate than that  of 
the model equations. 

(iv) Set II current  efficiencies based on gas analyses 
were above, and current  efficiencies based on chlorate 
analyses were below, the values for the model equa-  
tions. 

It  would appear that  there were some systematic 
errors in the exper imental  data. Possible systematic 
errors of differences in the exper imental  data are: 

(i) Loss of chlorine from cell and reactors by 

3Ch(g)  
t 

3HC10 + 3H + + 3C1- ~ 3Cl~(aq) + H20 

(ii) Decomposition of hypochlorite by 

catalysis 
HC10 ) 1/2 02 + H + 4- C1- 

(iii) Cathodic reduction of hypochlorite. 
(iv) Effect of high salt and chlorate concentrations 

on kf and EL. 
(v) Flow conditions not exactly defined. 
(vi) Nonuniform anode current  density. 
(vii) Catalysis of Foerster reaction. 

The difference between current  efficiency determined 
by gas analyses and by chlorate analyses indicates a 
loss of hypochlorite as by items (i), (ii), or (iii), al- 
though cathodic reduction would not be expected to be 

significant with sufficient chromate present. The differ- 
ence between Set II and Set I current  efficiencies indi-  
cates an abrupt  change such as through solution con- 
taminat ion affecting catalysis in items (ii) and (vii).  
The steep dependence of current  efficiency on circula- 
tion rate and the apparent  increase in kfr with q noted 
in Table II suggest a loss of chlorine due to agitation. 
On balance it appears that  chlorine losses and catalytic 
decomposition may both have occurred in the pilot 
plant. It also appears that  the model equations pre-  
dicted current  efficiently more accurately than the 
calculation from gas analyses. 

The relat ive effect of values of the two rate param-  
eters, B and kf on current  efficiency (Curve B) is 
indicated in Fig. 8. It  is seen that  current  effi- 
ciency is more sensitive to B than to kf. This is be- 
cause an increase in the value of B increases hypo- 
chlorite discharge and increases gas evolution giving 
a greater effect on KL and current  inefficiency, ~._,, 
whereas an increase in kf causes a decrease in concen- 
trat ion of hypochlorite diminishing the increase in rate 
of formation of chlorate. Thus it appears to be more 
important  to get accurate mass- t ranspor t  data than 
reaction kinetics data for this system. 

Perhaps the greatest u t i l i ty  of the model  equations 
is that they permit  extrapolat ion of the system per-  
formance from exper imenta l  data. Thus Fig. 6 indicates 
that current  efficiency could be fur ther  increased by 
increasing reactor volume, whereas Fig. 7 indicates 
that efficiency is near  the plateau for circulation rate. 
Fur thermore  the model equations would allow inter-  
polations of the data for combinations of reactor vol- 
ume and circulation rate different than  used in the 
experiments.  The interpolat ions and extrapolations 
could be used in de termining the economic opt imum 
combinat ion of pump and reactor. 

Conclusions 
Calculations performed on pilot p lant  data for a 

separate electrolyzer-reactor system for production of 
sodium chlorate showed: 

1. Mass-transfer  coefficients for anodic hypochlorite 
discharge and the Foerster  rate constant  for formation 
of chlorate were consistent in respect to order of mag-  
ni tude with laboratory data in the l i terature.  

2. Previously derived equations expressing current  
efficiency as a funct ion of system parameters  using 
mass t ransfer  coefficients and Foerster  rate constant 
from laboratory data in the l i terature  gave trends of 
current  efficiency vs. reactor volume and circulation 
rate consistent with pilot p lant  data. 

Manuscript  received April  30, 1969; revised m a n u -  
script received Nov. 11, 1971. This was Paper  253 pre-  
sented at the Boston Meeting of the Society, May 5-9, 
1968. 
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Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1972 
J O U R N A L .  

NOMENCLATURE 
a constant 
A anode area, cm 2 
B constant in KL ~ Bv 1/2, (cm/sec) 1/2 
C concentrat ion of total hypochlorite, mole/cm~ 

( ) ] 1 ~- K~/CH + 1 , d imen-  
1 + K~/CH+ 

sionless 
F Faraday,  96,500 coulombs/equiv 
• ~ s tandard enthalpy of reaction, cal /mole 
I current,  A 
k Foerster rate constant, (mole/cm 3) -2 sec-1 
K~ ionization constant  for HC10, (mole /cm 3) 
KL mass transfer  coefficient for hypochlorite dis- 

charge, cm/sec 
P pressure, a tm 
q circulation rate, cm3/sec 
R gas constant, cm 3 a tm/deg mole 
T absolute temperature,  ~ 
v anodic gas evolution rate, cm3/cm 2 sec 
V volume, cm 3 

current  efficiency, dimensionless 
viscosity 
time, sec 

Subscripts 
1 refers to current  efficiency for C1- discharge or 

for chlorate formation 
2 refers to cur ren t  efficiency for hypochlorite dis- 

charge or oxygen formation 
e electrolyzer 
r reactor 
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The Differential Capacitance of Polycrystalline Gold 
in Aqueous Solutions 

J. P. Carr and N. A. Hampson 
Chemistry Department, Loughborough University of Technology, Loughborough, Leicestershire, England 

ABSTRACT 

The impedance of polycrystal l ine gold in aqueous NaOH and H2SO4 solu- 
tions has been studied as a function of bias potential.  The pzc is estimated 
to be 0.33 • 0.02V in H2SO4 solutions. Evidence is found for the adsorption of 
oxygen species. Addition of n -bu ty l amine  to the electrolyte solutions inhibits  
adsorption of oxygen species from NaOH solutions. In  H2SO4 solutions n - b u t y l -  
amine is apparent ly  absorbed as the qua te rnary  ammonium ion and is ad- 
sorbed only at negative rat ional  potentials. 

The gold/aqueous solution interphase has been 
studied by  a number  of workers  (1-14, 16, 17) how- 
ever there is considerable disagreement regarding the 
position of the potential  of zero charge, Ez. Reported 
values of Ez range from --0.47 to 0.5V. 1 Table I sum- 
marizes the previous work and the wide range of 
Ez values indicates that the double layer  s tructure on 
gold electrodes in aqueous solutions may be com- 
plicated by oxide films and adsorption of solution 
species. 

Studies concerning oxide formation and the anodic 
dissolution of gold in aqueous solutions have been 
reported (18-34) however most of the work has been 
performed under  acid conditions. In alkaline and 
neut ra l  solutions there is a l imited amount  of data 
(26, 27, 31). Thermodynamical ly  Au203 can exist on 
gold electrodes under  alkal ine conditions (35) and 
the possibility of adsorption of hydroxyl  species from 
the solution giving rise to adsorbed OH and O species 
at the electrode has been discussed by a number  of 
workers (30, 32-34), however the absence of hydrogen 
adsorption was shown by Bauman and Shain (28). 

In  this paper we present  the results of a study of 
the differential capacitance of polycrystal l ine gold in 
aqueous NaOH solutions from which inferences con- 

Key  w o r d s :  gold,  d i f f e r en t i a l  capac i tance ,  adso rp t ion ,  n - b u t y l a -  
mine .  

1 A l l  p o t e n t i a l s  are r epo r t ed  w i t h  respec t  to the  n o r m a l  h y d r o g e n  
e lect rode.  

cerning oxide formation or adsorption at the elec- 
trode wi th in  the polarizable region could be made. 
The results obtained under  alkal ine conditions are 
compared with complementary results in acid solu- 
tions. 

Experimental 
The exper imental  procedure has been described 

previously (36, 37). The test electrode (3.48 • 10 -2 
cm 2 superficial surface area) was prepared from 
99.999% pure gold wire  supplied by  Johnson Matthey 
and Company and sheathed in polythene (38). The ad- 
hesion of the polythene to gold was found to be ex- 
cellent ( l iquid- t ight  junct ions were invar iably  ob- 
tained) and was found to be the most satisfactory way 
of mount ing  the gold micro electrodes. The counter-  
electrode was of p la t inum gauze of high surface area 2 
and contained in a compar tment  separated from the test 
electrode compartment  by a glass frit. Electrolyte solu- 
tions were prepared from AR qual i ty  reagents and 
twice distilled water  from deionized stock and sub- 
jected to continuous purification over cleaned activated 
charcoal (the electrolyte from the counterelectrode 
compartment  being passed through the charcoal and the 
purified solution passing into the test electrode com- 

e The use of p l a t i n u m  c o u n t e r e l e c t r o d e s  was  s h o w n  to be sat i s -  
f a c t o r y  s ince the  m a g n i t u d e  and  the  t ime  s tab i l i ty  of  the  i m p e d a n c e  
m e a s u r e m e n t s  w a s  the  same i r r e s p e c t i v e  of  w h e t h e r  a p l a t i n u m  
or " 'glassy c a r b o n "  e o u n t e r e l e c t r o d e  was  used,  



Table I 

p.z.c .  R e f e r -  
Solution Method (volts) ence 
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IN HCI Calculation from work -- 0.45 (15) 
functions 

0.1N KC1 } 
0.1N H C I  O p e n  c i r c u i t  s c r a p e  --0.06 ( 8 )  

2N H2SO~ C a l c u l a t i o n  f r o m  w o r k  0.23 (5) 
functions 

0.001N H C 1 0 ~  Capacitance of single (110) plane 0.24 (4) 
crystals (100) plane 0.19 

0.001 mol  1 -I HC104 
and 0.001 tool 1-I 
HCIO4 + I m o l l  -I 
NaCIO4 Organic adsorption 0.3 (6) 

0.001 rnol 1-I HClO~ Capacitance 0.17 (11) 
0.1 tool 1-I HC]O,  Friction method 0.i (11) 
0.01 tool 1 -I HCIO~ Friction method 0.15 (11) 
IN KNOs Deformation of wires 0.43 (I) 
0.02-0.0025 tool 1 1 Capacitance of single (110) plane 0.2 (13) 

NaF crystals (100) plane 0,4 
(111) plane 0.5 

0.1N NaF Open circuit serape 0.15 (6) 
0.1 mol 1-~ KC1 (pH Open circuit scrape --0.09 (7) 

= 7) 
IN KC1 Friction and hardness 0.15 (2) 

measurements 
0.001N KCI, 0.0005N Crossed polarized metal 0.05 (3) 

La (NO3) a threads 
0.1N KBr } 
0.1N NaBr Open circuit scrape --0.24 (8) 
0.1N0"IN NaIKI } Open circuit scrape --0.47 (6) 
0.001 tool 1-1 NaC10, Capacitance (pH3) 0.15 (11) 

(pH4) 0.1B 
NaC104 Organic adsorption 0.37 (11) 

(various cone) 
0.02N Na2SO4 Capacitance 0.23 (5) 
0.1N Na2SO4 } 
O.1N NaeSO~ Open circuit scrape 0.13 (8) 
0.01, 0.005 and 0.0025 Capacitance of single (110) plane 0.1 (12) 

mol  1-1 N a ~ 0 4  crystals (100) plane 0.02 
(Ill) plane 0.45 

0.0167 mol I -I K',,S04 Capacitance 0.1 (9) 
0.1N NaOH Open circuit scrape --0.08 (8) 

p a r t m e n t ) .  W h e n  add ing  the  n - b u t y l a m i n e  t h e  pur i f ica -  
t ion  p r o c e d u r e  w a s  s t o p p e d  a n d  t h e  so lu t ion  le f t  to 
e q u i l i b r a t e  for  12 h r  be fo r e  t a k i n g  a n y  read ings .  A t  all  
t imes  t h e  t e s t  so lu t ions  w e r e  k e p t  u n d e r  an  a t m o s p h e r e  
of N2. 

The  e l e c t r o d e  i m p e d a n c e  w a s  m a t c h e d  as a ser ies  
c o m b i n a t i o n  of r e s i s t a n c e  and  c a p a c i t a n c e  us ing  a 
modi f i ed  S c h e r i n g  br idge .  B e f o r e  each  e x p e r i m e n t a l  
r u n  t h e  t e s t  e l ec t rode  w a s  m e c h a n i c a l l y  po l i shed  on 
r o u g h e n e d  glass  u s ing  b id i s t i l l ed  w a t e r  as a lubr ican t ,  
i m m e r s e d  in  n i t r i c  acid (50%) for  3 sec f o l l o w e d  by  

Fig. 1. Typical faradaic cur- 
rent vs. bias potential curves 
for polycrystalline gold at 23~ 
( 0 )  0.194 tool i - 1  NaOH; ( e )  
0.06 tool | - 1  H2S04. 

a b id i s t i l l ed  w a t e r  w a s h  a n d  p l aced  in  t h e  t e s t  so lu -  
t ion.  The  e l e c t r o d e  w a s  h e l d  on open  c i rcu i t  u n t i l  s t ab le  
i m p e d a n c e  r e a d i n g s  w e r e  ob ta ined .  

Results 
F i g u r e  1 s h o w s  t y p i ca l  f a rada ic  c u r r e n t  v s .  bias  

p o t e n t i a l  c u r v e s  fo r  t h e  e l e c t r o l y t e s  i nves t i ga t ed .  The  
gold  e l ec t rode  is n o w h e r e  idea l ly  po la r i zab le  h o w e v e r  
t h e r e  ex is t s  an  e x p e r i m e n t a l  r eg i o n  in w h i c h  f a r ada i c  
c u r r e n t  is negl ig ib le .  The  e x t e n t  of th i s  r e g i o n  is ,-,0.9- 
- -0 .7V for  H2SO4 a n d  ,~0.6-- -0 .8V for  N a O H  solut ions .  
The  n e g a t i v e  e x t r e m e  of  th i s  r eg i o n  is d e t e r m i n e d  by  
H2 evo lu t i on  a n d  the  r i se  a t  t h e  p o s i t i v e  l imi t  can  
poss ib ly  be  r e l a t e d  to t h e  c o m p r e s s i o n  of  t h e  s o l v e n t  
m o n o l a y e r  a t  t h e  e l e c t r o d e  b y  t h e  e lec t r ic  f ie ld  across  
t h e  e lec t r ica l  doub le  l aye r ;  h o w e v e r ,  t h e  s i t ua t ion  is 
c o m p l i c a t e d  b y  O H -  a d s o r p t i o n  f r o m  solut ion .  

The e l e c t r o d e / e l e c t r o l y t e  con tac t  t i m e s  r e q u i r e d  for  
e l e c t r o d e  s t ab i l i t y  w e r e  ~ 3 0  ra in  fo r  b o t h  e l ec t ro ly tes ,  
t h e r e a f t e r  t he  e l ec t rodes  r e m a i n e d  r e a s o n a b l y  s t ab l e  
fo r  ~ 2 4  hr.  E l e c t r o d e s  f o r c e d  to p o t e n t i a l s  ou t s ide  t h e  
e x t r e m e s  of t h e  po la r i zab le  r e g i o n  s h o w e d  on ly  s l igh t  
h y s t e r e s i s  in  bo th  e l e c t r o l y t e s  be ing  m o r e  p r e d o m i n a n t  
a t  t he  n e g a t i v e  e x t r e m i t y .  S t ab l e  i m p e d a n c e  m e a s u r e -  
m e n t s  w e r e  r a p i d l y  e s t a b l i s h e d  a f t e r  s m a l l  po t en t i a l  
ch an g es  of t h e  t e s t  e l e c t r o d e  w i t h i n  t h e  po l a r i zab l e  
region,  h o w e v e r  l o n g e r  t imes  w e r e  r e q u i r e d  w h e n  l a rge  
capac i t ance  c h a n g e s  o c c u r r e d  for  s m a l l  p o t e n t i a l  
changes .  

F i g u re  2 s h o w s  a se r ies  of d i f f e ren t i a l  c apac i t ance  
v s .  bias p o t e n t i a l  cu rv e s  fo r  p o l y c r y s t a l l i n e  gold  in 
aqueous  N a O H  e lec t ro ly tes .  The  d i r ec t ion  of t he  p o t e n -  
t ia l  s w e e p  h a d  no s igni f icant  effect  on  t h e  s h a p e  and  
m a g n i t u d e  of t h e  c a p a c i t a n c e  curves .  I m p e d a n c e  r e a d -  
ings  w e r e  r e p r o d u c i b l e  to _ 3% abou t  a mean .  The  
capac i t ance  c u r v e s  s h o w e d  a capac i t ance  p e a k  at 
~ 0 . 4 V  and  a capac i t ance  m i n i m u m  at  --0.26V. Also  in  
Fig.  2 is s h o w n  a t yp ica l  e l e c t r o d e  res i s t ance ,  RE,  3 v s .  

bias po t en t i a l  c u r v e  w h i c h  s h o w s  a r a p i d  r ise  at  t he  
pos i t ive  e x t r e m i t y  of t h e  po la r i zab le  reg ion ,  a p e a k  
at  --- - -0.25V c o m p l e m e n t a r y  to t he  capac i t ance  p e a k  
o b s e r v e d  a n d  a d e c r e a s e  in r e s i s t ance  a t  t h e  n e g a t i v e  
e x t r e m i t y .  F i g u re  3 s h o w s  a t yp ica l  f r e q u e n c y  d i s p e r -  
s ion  of t he  capac i t ance  c u r v e s  in  aqueous  N a O H  so lu-  
t ion.  W i t h  d e c r e a s i n g  f r e q u e n c y  the  p e a k  o b s e r v e d  in 

3 I t  w a s  no t  pos s ib l e  in  t he  p r e s e n t  e x p e r i m e n t s  to c o r r e c t  R~ f o r  
electrolyte resistance. Thus values of RE are only of qualitative sig- 
nificance. 
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Fig. 2. Differential capaci- 
tance curves for polycrystalEne 
gold in aqueous NaOH solutions 
at 23~ 1000 Hz; ( O )  0.81 
tool 1 -1;  ( e )  0.194 tool 1-1  
(/k) 0.0635 reel 1 -1;  (A )  0.0091 
tool 1-z .  Broken line shows elec- 
trode resistance, RE, vs. bias 
potential at 23~ 1000 Hz, elec- 
trode area 3.48 x 10 - ~  cm2; 0.81 
tool ! - 1  NaOH. 

the  capacitance curves at ~,0.4V increases in magni -  
tude, however  for all  f requencies  a capacitance min i -  
m u m  was observed at --0.26V at which potential  the 
f requency  dispersion tended to be minimal.  

F igure  4 shows the influence on the differential  
capacitance curves of small  additions of n-butylamine .  
The magni tude  of the resul t ing capacitance was re-  
duced by these additions at all potentials wi th in  the 
polarizable region, however  at the extremit ies  of the 
exper imenta l  polarizable region the values  obtained 
resembled those in organic free NaOH solutions. The 
capacitance curves obtained when the potential  was 
var ied  cathodically showed a capacitance peak at 
~0.4V and a capacitance min imum as in organic free 
NaOH solution, howeve r  the capacitance min imum 
observed was much broader  than that  observed in 
organic free NaOH solutions. Anodic potent ia l  sweeps 
gave capacitance curves showing a broad capacitance 
min imum and an absence of a peak  at ~0.4V. For  con- 
centrat ions of n -bu ty lamine  greater  than 0.03 mol 1-1 
l i t t le  fu r the r  effect on the capacitance curves was ob- 
served. The start ing potential  of both anodic and 
cathodic potential  sweeps were  varied and in the case 
of cathodic sweeps seemed to have l i t t le effect on the 
shape and magni tude  of the curves, howeve r  for the 
anodic sweeps wi th  start ing potentials  > 0.3V the 
capacitance peak could be observed whereas  for s tar t -  
ing potentials < 0.0V no peak appeared. 

Figure  5 shows a series of differential  capacitance vs. 
bias potent ial  curves for polycrysta l l ine  gold in aque-  
ous H2SO4 solution. The direct ion of potent ial  sweep- 
ing had l i t t le  effect on the shape and magni tude  of 
the capacitance curves except  that  the small  peak  ob- 
served at ~ + 0 . 1 5 V  in the more concentrated solutions 
was more pronounced for cathodic sweeps. The capaci-  
tance curves were  reproducible  to ___ 5% about a mean. 
All  the curves showed a characteris t ic  capacitance 
peak at ~0.8-0.85V and a m in im um  at 0.33V. Also on 
Fig. 5 is shown the electrode resistance, RE, as a func-  
tion of bias potent ial  characterized by a rapid rise at 
both extremit ies  of the polarizable region and a re-  
sistance peak  at ,--0.3V complementa ry  to the capaci- 
tance minimum.  

Figure  6 shows the influence of additions of low con- 
centrat ions of n -bu ty lamine  on the differential  capaci- 
tance curves in H2SO4 solutions. At the more  negat ive  
potentials the curves show a progressive lowering of 
the capaci tance values  in the concentrat ion range up 
to 0.03 mol I - I  n -bu ty lamine  thereaf te r  fu r the r  addi- 
tions having no significant effect on the capacitance 
curves. At  more posit ive potentials a capacitance peak 
was observed at a potent ia l  corresponding to that  of 
the capacitance peak observed in organic free t-I2SO4 
solutions. The direction of the potent ial  sweep and 
the init ial  potent ial  had no effect on the curves. 
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persion of the differential capac- 
itance curves for polycrystalline 
gold in aqueous NoOH solution 
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Discussion 
The time stabili ty of the electrode impedance, in all 

the electrolytes investigated indicates that  no i rre-  
versible chemical or s t ructural  changes occur at the 
electrode surface for potentials wi thin  the exper imen-  
tal polarizable region. The magni tude  of the differen- 
tial capacitance is similar to that observed for lead 
electrodes (39) which have a low roughness factor. 
This, taken with the small  degree of f requency dis- 
persion, indicates that  the gold electrode has a rela-  
t ively smooth surface. 

The capacitance min imum in dilute NaOH solutions 
at --0.26V is well  removed from the value of Ez, 0.23V, 
which has been estimated from work function data. It  
is suggested that  for the potentials studied (,~-b0.6- 
--0.6V) adsorption of O H -  from solution occurs. This 
is evidenced by  a slight shift in the capacitance min i -  
m u m  (Fig. 2) observed with increasing concentrat ion 
of NaOH and also by  the rise in R~ values at potentials 
of ~0.2---0.2V. At the negative extremity  the ad- 
sorbed species is expelled from the electrode, as would 
be expected at high negative rat ional  potent ia ls ,  and 
results in a decrease in R~ and rise in capacitance 
values. The fall in RE and the capacitance peak at 
~0.4V could indicate a possible valency change of the 
adsorbed species at this potential. 

In  H2SO4 solutions the capacitance m i n i m u m  at 
0.33V is in agreement  with previous work in which 
pzc values of Au were reported (Table I),  and it 
appears that  the gold electrode interphase is relat ively 
uncomplicated by adsorbed species. 

! I I 

0 .5  0 - 0"5 

E( N H E)/V 

The capacitance peaks, ~0.4V and ~0.8V in Fig. 2 
and 5 respectively are associated with adsorption of 
hydroxyl  species from the solutions giving rise to 
adsorbed OH and O species (30, 32-34) prior to 
formation of an insoluble gold compound. 4 The in-  
creased frequency dispersion of the capacitance at 
potentials in the region of the capacitance peak (Fig. 
3) indicates that  the adsorbed compounds are able 
to undergo redox reactions at the electrode which can 
follow changes in the electrode potential. 

The adsorption of n - b u t y l a m i n e  from NaOH solu- 
tions shows differing behavior  depending on the di- 
rection of the potential  sweeps. For cathodic sweeps 
the capacitance peak, associated with hydroxyl  ad- 
sorption, is unal tered  in potential  by adsorption of 
n -bu ty lamine ;  however for anodic sweeps such a peak 
is absent indicating inhibi t ion of hydroxyl  adsorp- 
t ion by an adsorbed organic layer. By star t ing po- 
tent ial  sweeps at more positive potentials  the gold 
electrode is ini t ial ly covered with a layer  of an in-  
soluble gold compound and on moving to more nega-  
tive potentials this layer is reduced. Star t ing the sweep 
from potentials negative with respect to the polariz- 
able region excludes O and OH adsorption leaving the 
gold electrode free for adsorption of n -bu ty l amine  
and on proceeding to more positive potentials the ad- 
sorbed organic layer prevents  any adsorption of oxy- 
gen species at potentials where the adsorption pseu- 
docapacitance peak is observed for organic free NaOI-I 
solutions. 

T h e  e x a c t  c o n s t i t u t i o n  o f  t h e  i n s o l u b l e  g o l d  f i lm could  n o t  be  
d e t e r m i n e d  b y  t h e s e  e x p e r i m e n t s .  
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It is expected that organic molecules which have 
a lower polarizabil i ty than water  would be adsorbed 
at low rat ional  and desorbed at high rat ional  poten-  
tials. This type of agreement  has been very  useful in 
est imating potential  regions where adsorption of an 
organic substrate is to be expected and the fall of the 
differential capacitance values in  the presence of 
amine, observed in the present  case (Fig. 4 and 6) is 
fair ly typical of the adsorption of aliphatic compounds 
on Hg from aqueous solution. In the case of NaOH 
solutions adsorption of n -bu ty l amine  causes the largest 
capacitance reduction (compared with organic free 
solutions) at potentials neighboring --0.26V indicating 
that at this potential  the gold interphase, al though 
complicated by adsorption, has zero net  charge. For 
acid solutions it is suggested that  n -bu ty l amine  forms 
the qua te rnary  ammonium ions which would be ex- 
pected to be adsorbed at negative rat ional  potentials 
and desorbed at positive rat ional  potentials. In  the 
present  capacitance curves (Fig. 6), it appears that  
little adsorption occurs at potentials positive of 0.33V 
but  at potentials negative of this value the capacitance 
magni tude  is significantly reduced indicat ing adsorp- 
t ion and suggests that  the pzc of Au is at 0.33 _+ 0.02V 
in H2SO4 solutions. 

Conclusions 
(i) The pzc of polycrystal l ine gold in H2SO~ solu- 

tions is estimated at 0.33 +_ 0.02V. 
(ii) There is evidence for adsorption of oxygen spe- 

cies at gold electrodes and in the case of NaOH solu- 
tions adsorption seems to occur throughout  the po- 
larizable region. 

(iii) In acid solutions n -bu ty l amine  is adsorbed as 
the qua te rnary  ammonium ion, adsorption only occur- 
r ing at potentials negat ive of the pzc. At positive 

Fig. 4. Effect of addition of 
n-butylamine on the differential 
capacitance of polycrystalline 
gold in aqueous NaOH solution 
(0.0635 tool 1-1) at 23~ 1000 
Hz. ( O )  no n-butylamine; ( e )  
0.003 tool 1-1 n-butylamine. 
cathodic potentlal sweep; (~ )  
0.003 tool 1-1 n-butylamine, 
anodic potential sweep; (11) 0.03 
tool 1-1 n-butylamine, cathodic 
potential sweep; (F}) 0.03 tool 
1-1 n-butylamine, anodic po- 
tential sweep. 

rat ional  potentials n -bu ty l amine  does not appear to be 
adsorbed to any great extent. 

Manuscript  submit ted Ju ly  26, 1971; revised manu-  
script received ca. Nov. 15, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 
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Fig. 5. Differential capaci- 
tance curves for polycrystalline 
gold in aqueous H2SO4 selutio,s 
at 23~ 1000 Hz. ( O )  0.45 
real 1-1 ,  cathodic potential 
sweep; ( 0 )  0.45 real 1-1 ,  
anodic potential sweep; (r-]) 
0.06 real 1-1,  anodic potential 
sweep; (A )  0.0087 real 1-1  , 
anodic potential sweep. Broken 
line shows electrode resistance, 
RE, vs. bias potential at 23~ 
1000 Hz, electrode area 3.48 x 
10 -2  cm '~, 0.45 mol 1 -1  H2S04. 
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A Study of the Adsorption and Desorption of Iodine and Iodide 
at Platinum Electrodes in 1.0M Sulfuric Acid 

Dennis C. Johnson* 
Depar tment  of Chemis try ,  Iowa State Universi ty ,  Ames ,  Iowa 50010 

ABSTRACT 

Various reactions involving adsorption and desorption of 12 and I -  at p la t i -  
num electrodes in 1.0M H2804 were  studied using a rotating, r ing-disk  elec- 
trode. Revers ibly  adsorbed I2 was found to be desorbed in the potential  region 
of the l imit ing current  for the oxidation of I -  to I2. Iodine was found to coexist 
with I -  in an i r revers ible  state of adsorption. The i r revers ibly  adsorbed 12 is 
e lectrochemical ly  reduced to I -  at E ~ 0.1V vs. SCE. The presence of i r re -  
vers ibly  adsorbed Ie was determined to result  in a posit ive shift of the poten-  
tial for desorption of I2 f rom the reversible  state of adsorption. Also found was 
evidence that  I2 will  slowly pass f rom the revers ible  to the i r revers ible  state 
of adsorption at an electrode surface covered with i r revers ib ly  adsorbed I - .  

The adsorption and desorption of I2 and I -  at plati-  
num electrodes in acidic media have been studied 
using radiochemical  (1-10) and electrochemical  (8, 
11-17) methods. Iodide ions are rapidly adsorbed on a 
p la t inum surface which previously has been electro-  
chemical ly  reduced. The adsorption process is i r re-  
versible  and the adsorbed I -  is not removed if the 
electrode is taken from the solution and the surface 
rinsed with  an I - - f r e e  solution of electrolyte (17). 
Nor is the adsorbed I -  oxidized if the potential  of the 
electrode is adjusted to a value at which I -  f rom the 
bulk solution is oxidized to I2 at the electrode surface 
(17). This absence of any apparent  e lectroact ivi ty  for 
adsorbed I -  led some invest igators  to conclude that  I -  
is not adsorbed at pla t inum surfaces (15). The max i -  
m u m  coverage of a p la t inum electrode by i r revers ibly  
adsorbed I -  was reported as 1.5 X 10 -9 g ion /cm 2 (5) 
on the basis of radiochemical  data and 1.6 X 10 -9 g 
ion /cm 2 (17) on the basis of electrochemical  data. I r -  
revers ib ly  adsorbed I -  is removed from the electrode 
surface when the potent ial  of the electrode is adjusted 
to a value at which I -  is oxidized to IOn- (5, 10, 17), 
e.g., E > 1.1V vs. SCE for 1.0M H2SO4. Oxidat ion of the 
p la t inum surface occurs simultaneously.  There is no 
adsorption of I -  at a p la t inum surface covered with 
p la t inum oxide (7, 9, 10, 17). 

Studies using electrochemical  techniques (8, 13-17) 
resulted in conclusions that  I2 is adsorbed at plat i-  
num surfaces. Hubbard,  Osteryoung, and Anson (17), 
using th in - layer  cells and radiochemical  tracers, differ- 
entiated between revers ible  and i r revers ible  adsorp- 
tion of I2. They determined that  I2 is adsorbed by an 
i r revers ible  process at a pla t inum surface bearing no 
adsorbed I - .  They reported a surface coverage by ir-  
revers ib ly  adsorbed I2 equal  to 1.6 X 10 -9 moI / cm 2 at 
an electrode in 1.00 • 10-3M I2. These authors showed 
that  I2 is adsorbed by a revers ible  process at a plat i -  
num surface covered with  I -  or I2 adsorbed in i r re-  
versible states. They reported that  the coverage by 
revers ib ly  adsorbed I2 is 0.9 X 10 -9 m o l / c m  ~ at such 
an electrode in 1.14 X 10-3M I2 (17). Iodine adsorbed 
in both revers ible  and i r revers ib le  states is reportedly 
removed electrochemical ly  from the electrode surface 
dur ing anodization, being oxidized to IO3- (17). 

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  r o t a t i n g  r ing -d i sk  electrode,  iodide adsorp t ion ,  iodine  

adsorp t ion ,  p l a t i n u m  elect rode.  

The purpose of this research was the correlat ion of 
the various adsorption and desorption processes for I -  
and I2 wi th  the observed current -potent ia l  behavior  of 
p la t inum electrodes in 1.0M H2SO4 containing NaI. 
This study was made using a rotat ing r ing-disk  elec- 
trode (RRDE) for which both the ring and the disk 
electrodes were  platinum. Use of a RRDE for invest i-  
gating mechanisms of electrode reactions has been de- 
scribed (18-23). Johnson and Bruckenstein  (24) re-  
ported use of a RRDE for study of the adsorption and 
desorption of B r -  at a p la t inum electrode in 1.0M 
H2SO4. Bromide is adsorbed by an i r revers ible  process 
and is oxidized to HOBr at E > 1.25V vs. SCE. Bromine  
is not adsorbed in observable quanti t ies in this media. 

Experimental 
Ins t rumenta t ion . - -The  RRDE used in this s tudy was 

constructed by Pine Ins t rument  Company of Grove 
City, Pennsylvania .  The electrode dimensions are given 
in Table I of Ref. (23) where  the electrode is desig- 
nated as B. For  this electrode a ---- 0.089, ~2/3 = 0.151, 
and N ---- 0.090. The geometric area of the disk elec- 
t rode equals 0.470 cm 2. The bipotentiostat  used is de- 
scribed in Ref. (22). Signal  voltages were  obtained 
from the circuit  described in Ref. (25). Cur ren t -po-  
tent ial  (I-E)  curves were  recorded on an Electronic 
Associates Inc., Model 1131, XYY' Recorder.  The elec- 
trolysis celI is described in Ref. (24). Exper imenta l  
work was performed at 25 ~ ___ 2~ Integrat ion of I-E 
data was performed on the original  I-E recordings 
using a Keuffel and Esser Compensating Polar  P lan im-  
eter. 

Chemicals.--1.OM H 2 8 0 4  and solutions of NaI  were  
prepared using Mall inckrodt  Analyt ical  Reagents. All  
water  was t r iply distil led wi th  a deionization fol low- 
ing the first disti l lation and the second disti l lation be- 
ing f rom alkaline permanganate .  Due to the heat  re -  
sult ing f rom addition of concentrated H 2 8 0 4  to water,  
the 1.0M H2SO4 was cooled to room tempera tu re  before 
stock solution of NaI was added. At  room temperature ,  
oxidation of I -  to I2 by 02 in 1.0M H2SO4 was found 
to be negligible. Solutions were  deaerated prior  to the 
electrochemical  exper iments  using Air  Products  Pre-  
purified N2 (99.9995%) saturated with  H20. During ex-  
perimentation,  an N2 atmosphere was mainta ined over 
the solution. 
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Notation.--Notation used is that  described in Ref. 
(24). All  potentials were  measured and are repor ted  in 

V vs. SCE. 

Current-potential curves.--The surface of the RRDE 
was polished with  0.3~ Buehler  a lumina on Buehler  
microcloth using wate r  as lubr icant  and then thor-  
oughly rinsed with  t r ip ly  distil led water .  Fol lowing in- 
sertion of the electrode into a solution, Ed was scanned 
approximate ly  100 t imes be tween the l imits Ed a :- 1.6V 
and Ea c -= --0.2V. Except  as stated otherwise,  elec- 
tr ical  t rea tment  prior  to recording I-E data consisted of 
scanning Ea between the l imits specified by that  ex-  
per iment  unti l  the I-E curves produced on subsequent  
scans were  reproducible.  The I-E curves for the second 
and third scans were  invar iably  identical. Al l  scans of 
Ed had a t r iangular  wave  form. 

To de termine  I-E behavior  of soluble and electro-  
act ive species produced by reactions at the surface of 
the disk electrode, Ir was recorded vs. Ea, during the 
t r iangular  potent ial  scan, for fixed values of Er. Values 
of Er were  var ied by 50 mV increments  be tween the 
potential  l imits set by  solvent decomposition. The 
shapes of Ir-Ed curves is determined by: (i) con- 
vect ive-diffusional  t ransport  of electroact ive species 
present  in the bulk  of the solution to the r ing elec- 
trode, (ii) collection of a fraction of any electroact ive 
species produced at the disk electrode, and (iii) de- 
crease of the flux of an electroact ive species at the sur-  
face of the ring electrode due to reactions at the disk 
surface (22). 

Variat ions of the Id-Ed and L-Ed curves obtained 
for par t icular  values of Er, whi le  scanning Ed, which 
resulted from changes in the bulk concentrat ion of I - ,  
scan rate  of Ed, or rotation veloci ty of the electrode 
were  diagnostical ly used to differentiate processes 
l imited by the surface area of the disk electrode f rom 
those l imited by the rate  of convect ive-diffusional  mass 
transport.  Electr ical  currents  f rom electrochemical  
processes l imited by the rate  of mass t ransport  show 
linear dependences on bulk concentrat ion and the 
square root of rotat ion veloci ty  and no dependence on 
the ra te  of potential  scan after correct ing for charging 
current.  Electr ical  currents  f rom electrochemical  proc- 
esses l imited by the surface area of the electrode are 
proport ional  to the scan rate of applied potential.  Be-  
cause the scan of Ed w a s  a l inear  function of time, the 
L-Ea curves were  also I r - t  c u r v e s .  The quant i ty  
of an electroact ive species involved in a react ion con- 
t rol led by the surface area of the disk electrode was 
est imated from the difference in the t ime integrals  of 
the L-Ed curves obtained at rates of Ed scan equal to 
6.0 V / m i n  and 0.0 V / m i n  over  the potential  region 
where  the reaction occurred. The I~-Ed curve  for an 
effective scan rate of 0.0 V / m i n  was de termined  as the 
best smooth curve  fitting s teady-s ta te  values of L 
measured at fixed values of Ed. At a scan rate of 6.0 
V / m i n  and the rotat ion speed used (2500 RPM),  the 
average t ime required for transit  of e lectroact ive spe- 
cies f rom the disk electrode to the ring electrode was 
negligible (80 msec) .  Evidence is presented that  this 
procedure may  be in error  for surface processes occur- 
r ing in the vic ini ty  of the Eli2 of the I-E curve  for the 
species involved in the surface process. 

Results and Discussion 

Id-Ed curves for NaI . - -A Id-Ed curve  obtained 
for 1.0M H2SO4 containing 3.0 • 10-4M NaI is shown 
in Fig. 1. The solid and dashed lines correspond to the 
anodic and cathodic portions, respectively,  of the t r i -  
angular  scan of Ed at 6.0 V/min.  The dotted line be- 
tween 0.4 and 0.7V corresponds to the curve  obtained 
under  s teady-sta te  conditions, i.e., an effective scan 
rate of 0.0 V/min.  This was included to assist in dis- 
t inguishing surface-control led processes f rom those 
l imited by the ra te  of convective-diffusional  mass 
transport.  

I I I I I 

I . . . .  

, I /  : 

/ 

/ 

/ 
I 

/ 
I 

I 
I 

I 
I 
I 

I 

B 

J 
I I 

1.4 

I I I I 
1.0  0 . 6  

E d (V vs.  S C E )  

I ,~  I I I , \c 

J 

m 

m 

0 . 2  - 0 , 2  

I 
- -  0.1 

- -  Id(mA) 

- -  -0 .1  

- -  - 0 . 3  

- -  - 0 . 5  

- 0 . 7  

- 0 . 9  

- I . I  

- I . 3  

Fig. i .  Id-Ed curve for 3.0 X 1 0 - 4 M  Nal  in 1.0M H2S04; 1600 
rev/min,  6.0 V /min .  Ed a ~ 1.6V, Ed c ~ - - 0 . 2 V ,  
is anodic scan, is cathodic scan, . . . . . . . .  is 
steady-state curve. 

Wave A in Fig. 1, wi th  a l imi t ing-cur ren t  plateau 
be tween 0.6 and 1.0V, results  f rom the oxidat ion of 
I -  to I2. The anodic peak, B, obtained for Eg > 1.0V 
results f rom oxidation of I -  to IO3- at the electrode 
surface (17). The production of I O s -  does not result  in 
a l imi t ing-cur ren t  plateau and is apparent ly  inhibited 
by the formation of p la t inum oxide on the electrode 
surface. The cathodic peak at 0.6V, C, observed during 
the cathodic Ed scan is the result  of reduct ion  of the 
p la t inum oxide formed during the anodic potential  
scan for Ed .~ 1.1V. 

The prewave  to wave  A, designated D in Fig. 1, re-  
sults f rom the oxidat ion of  I -  at the electrode surface 
and adsorption of the I2 produced. This process occurs 
at potentials less than those predicted by the Nernst  
equation when calculated for a soluble product  because 
of the stabilization of Ie by adsorption. The height  of 
the prewave  was found to be a l inear funct ion of the 
scan rate of Ea as is expected for a surface-control led 
process such as adsorption. 

Oxygen is evolved at the disk electrode for Ed ~ 1.4V 
and H2 is evolved for Ea < --0.2V. 

I,.-E~ curves for NaI.--Ir-E~ curves were  ob- 
tained at various values of Er under  the conditions of 
Fig. 1. Figure  2 contains curves for selected values of 
Er. The Ia-Ed curves recorded simultaneously were  
identical  to that  of Fig. 1. Wave P in Fig. 2 obtained 
at Er ---- 0.0 and 0.2V results f rom the reduct ion of solu- 
ble I2 produced at the disk electrode by oxidat ion of I - ,  
wave  A of Fig. 1, which is t ransported to the r ing elec- 
t rode by connect ive-diffusional  processes. The ratio of 
r ing- to-d isk  currents  at Ea ---- 0.7V is --0.094 which 
compares favorably  with  the value of - -N  for this elec- 
trode. From Ir-Er curves obtained in 1.0M H2SO4 
containing NaIO3 and Oa it was determined that  IO3- 
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and 02 are reduced at a p la t inum-r ing  electrode at 
Er < 0.1V. Iodate ions produced at the disk electrode 
during the anodic Ed Scan in the region of wave  B are 
reduced at the r ing electrode when Er ---- 0.0V with  the 
resul tant  appearance of wave  Q. 

No I2 reaches the r ing electrode when  Ed is in the 
region of wave  D during the anodic potent ial  scan. This 
is consistent wi th  the in terpre ta t ion of wave  D where in  
I -  is oxidized to I2 which is adsorbed at the surface of 
the disk electrode. 

Peak  R observed dur ing the anodic scan of Ed re-  
sults f rom a species which was found to have the elec- 
t rochemical  propert ies  of I2. Because of the absence of 
a significant peak on the I d - E  d c u r v e  of Fig. 1 in this 
region of the Id-Ed curve, it is my conclusion that  
this I2 is produced at the disk electrode by a desorption 
process. 

Iodate and O~ are not reduced at the r ing electrode 
in 1.0M H2SO~ for Er ~ 0.2V. The Ir-Ed curve shown 
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Fig. 2. Ir-Ed curves for 3.0 
1 0 - 4 M  Nal in 1.0M H2SO4; 1600 

I-- I  rev/min, 6.0 V/min, Ed a ~ 1.6V, 
f d  c ~ - - 0 . 2V  is 
anodic scan, is ca- 
thodic scan, . . . . . . . .  is steady- 
state curve. 

for Er ---- 0.2V is identical  to tbose obtained for 0.2V 
Er ~-~ 0.4V. Again, a peak is observed for the reduc-  

tion of the I2 desorbed at the disk surface during the 
anodic scan at Ed ~ 0.8V. Peak  S observed at Ed : 1.0V 
cannot be the result  of reduct ion of IO3-  or I2 at the 
r ing electrode. The height  of peak S was found to be 
near ly  independent  of the scan rate  of Ea contrary  to 
the behavior  expected for a surface-control led process. 
The peak height  is a l inear  function of CT- b and ~p/2. 
Apparent ly ,  the species whose reduct ion produces peak 
S is an in termedia te  in the product ion of IO3- at the 
disk electrode, possibly I ( + 1). 

For Er -~ 0.SV, I -  is oxidized quant i ta t ive ly  to 12 at 
the ring electrode. The Ir-Ed curve  shown for Er ----- 
0.8V is identical to those obtained for 0.6V ~ Er 
-~ 0.9V. The ratio of [r  measured  at Ed ---- 0.2V to Id 
measured at E d  -~ 0.6V is 0.164 in fair  agreement  with 
the value of ~2/3 for this electrode. A cathodic r ing cur-  
rent, peak S', was obtained at E d ~ 1.05V for the spe- 
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cies concluded to be an in termedia te  in the production 
of IO3- at the disk electrode. This is evidence sufficient 
to prove that  species is not I2. 

The difference be tween the Ir-Ed curve for E r  z 
0.8V obtained during the anodic scan of Ed at 6.0 V /min  
and the s teady-sta te  curve in the region designated T 
is the result  of consumption of I -  at the disk electrode. 
Wave D is obtained simultaneously on the Id-Ed 
curve. This result  is consistent wi th  the conclusion that  
I -  is oxidized to I2, in the region of wave  D, which is 
subsequent ly adsorbed at the disk surface. 

The interpreta t ion of the port ion of the Id-Ed 
curve of Fig. I obtained during the cathodic scan of 
E~ is complicated by the large cathodic current  re-  
sult ing from reduction of p la t inum oxide. On the basis 
of radiochemical  studies it has been concluded that  I -  
is not adsorbed at a p la t inum surface covered with  
oxide (7, 9, 10). The reduction of p la t inum oxide in 
this study during the cathodic scan of Ed for Ea < 0.5V 
results in electrochemical  preparat ion of the disk sur-  
face for I -  adsorption. The adsorption of I -  at the disk 
electrode results in the shielding of the flux of I -  at 
the r ing electrode and wave  U results on the Ir-Ed 
curve obtained at Er -~ 0.80V. Inspection of the Ir-Ea 
curve for E~ ---- 0.2V reveals  that  no I2 is collected at 
the r ing in this region of the I-E curve. 

Some IO3- is produced at the ring electrode by oxi-  
dation of I -  for Er : 1.4V. As a result  the anodic cur-  
rents observed when  Ea < 0.5V for Er ~--- 1.4V are 
greater  than for E r  I~ 0.8V. The in termedia te  f rom the 
production of IO3- at the disk electrode, detected at 
the ring electrode during the anodic scan of Ed, is 
oxidized at the ring electrode for E r  : 1.4V, peak V. 
The oxidation product presumably  is IO3-.  

Intermediate from the production of IO~- . - -F igu re  3 
is of the approximate  Ir-Er curve constructed for the 
electroact ive species which was detected at the ring 
electrode during the anodic scan of Ed at Ed ~ 1.05V 
and concluded to be an in termediate  in the electro-  
chemical  production of IO3-.  The curve  is of the differ- 
ence be tween Ir measured at Ed ---- 1.05V and that  mea-  
sured at Ed ---- 0.8V plotted vs. Er. The curve  reflects 
the fact that  the in termediate  species can be oxidized 
and reduced at the r ing electrode. The anodic process 
at the r ing electrode for Er ~ 1.1V is quite i r revers i -  
ble which may be the result  of p la t inum oxide present 
on the r ing surface. 

In an ear l ier  study of the adsorption of B r -  at a 
p la t inum electrode (24), it was determined that  the 
adsorbed B r -  is oxidized and desorbed as HOBr dur-  
ing the anodic potential  scan. It might  appear con- 
sistent in this s tudy that  adsorbed I -  is the precurser  
of the species concluded to be the intermediate.  This 
is not the case, however .  As stated earlier,  the height  
of peak S is a l inear function of ~1/2 and Cj-  b and in- 
dependent  of the scan rate of Ea. These evidences are 
not characterist ic of a desorption process. Fur ther  sup- 
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Er (V vs. S C E )  

Fig. 3. Ir-Ed curve for intermediate detected at onset of oxidation 
of I -  to IO~- ;  3.0 X 10-4M Nal, 1.0M H2SO4, 1600 rev/min, 
6.0 V/min. 

port for the conclusion that  the species which produces 
peak S does not originate as i r revers ib ly  adsorbed I -  
is given below. Essential ly it is that  no adsorbed I -  
was determined to be desorbed f rom an electrode dur-  
ing the anodic scan of Ed unti l  Ea a > 1.1V. The species 
in question is produced at the disk electrode during 
the anodic scan of Ed in the region of the Id-Ed 
curve corresponding to onset of the oxidation of I -  to 
IOn-. No exper imenta l  evidence was obtained which 
is inconsistent wi th  the conclusion that  the species is an 
in termediate  in the electrochemical  oxidation of I -  
to IO3- at the disk electrode. 

No intermediate  was detected during a cathodic 
scan of Ed originat ing at Ed a > 1.2V. Figure  1 reflects 
the inhibition of the production of IO3- at the disk 
electrode due to the format ion of p la t inum oxide. As 
reported in a la ter  section, formation of p la t inum 
oxide was found to occur with the concurrent  loss of 
i r revers ib ly  adsorbed I - .  This change in the surface 
composition of the disk electrode probably results in a 
change of the mechanism for IO3- production to one in 
which this in termediate  is not involved. 

At tempts  to prepare solutions of HIO and obtain its 
I-E characterist ics failed. HIO rapidly decomposes to 
IO3- and I2 in acidic media. 

Irreversible adsorption of I2.---Hubbard, Osteryoung, 
and Anson (17) determined that  both I -  and I2 are ad- 
sorbed at a reduced p la t inum surface in solutions of 
I -  or I2, respectively.  The adsorption processes are ir-  
revers ible  and both species are removed f rom the elec- 
trode by oxidation to IOa-  at E > 1.1V. These authors 
found that  1.6 • 10 -9 m o l / c m  2 of I2 is adsorbed in an 
i r reversible  state at a p la t inum electrode in 1.00 • 
10-SM I2. 

The reduction of p la t inum oxide at the disk surface 
in 1.0M H2804 occurs on the cathodic scan of Ed at a 
value  where  both I2 and I -  are present  at the electrode 
surface (see Fig. 1 and 2). These two species are prob-  
ably s imultaneously adsorbed at the disk surface and 
may  coexist in their  respect ive i r revers ible  states of 
adsorption. The Id-Ed c u r v e  of Fig. 1 obtained at 
6.0 V/min  has a cathodic peak, E, on the cathodic half  
of the potential  scan at Ea = 0.0V. The Ir-Ed curve  
of Fig. 2 obtained for Er ~-~ 0.SV has an anodic peak, W, 
which was obtained s imultaneously wi th  the appear-  
ance of peak E. The species produced at the disk elec- 
trode was found to have the electrochemical  prop-  
erties of I - .  It  is my conclusion that  peak E results 
f rom the electrochemical  reduct ion of I2 present  at the 
disk surface in an i r revers ible  state of adsorption. 
Fur the r  exper imenta l  evidence support ing this conclu-  
sion is that  if, during the cathodic scan of Ea, the va lue  
of Ed is stepped ra ther  than scanned over  the region 
f rom 0.6 to 0.3V, peaks E and W are not obtained. In 
this exper iment  the I2 produced at the disk surface of 
the rotat ing electrode when  E~ > 0.6V is t ransported 
away from the electrode surface before the p la t inum 
oxide is e lectrochemical ly  removed from the disk elec- 
t rode and only I -  is adsorbed. The ratio of the height  
of peak W to peak E, correct ing for charging current  at 
the disk electrode, equals --0.09 approximate ly  the 
value of I N  for this electrode. 

Isotherm for irreversible adsorption o] / - . - - T h e  ad-  
sorption isotherm for I -  at the p la t inum disk elec-  
t rode in 1.0M H2SO4 was determined using the RRDE 
according to a procedure  described by Bruckenstein  
and Napp (26). Advantage  was taken of the fact that  
I -  cannot remain  adsorbed at the disk electrode when 
Ea = 1.6V (17) and that  adsorption proceeds after  Ed 
is stepped to a value at which the surface oxide is re-  
duced. The surface coverage by i r revers ib ly  adsorbed 
I -  was calculated as a function of C I -  b from Ir-t 
curves obtained for Er : 0.8V when  Ea was stepped 
from 1.6 to 0.2V and to --0.1V. It  was concluded earl ier  
that  no I2 is adsorbed by an i r revers ible  process under  
these conditions. The adsorption isotherms calculated 
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are  g i v e n  in Fig. 4. The  m a x i m u m  sur face  c o v e r a g e  
o b s e r v e d  at  0.2V is 1.3 X 10 -9  g i o n / c m  2 and at - -0 .1V 
is 1.2 X 10 -9  g i o n / c m  2. These  va lues  a re  in fa i r  a g r e e -  
m e n t  w i t h  those  ob ta ined  by  e l e c t r o c h e m i c a l  (17) and 
r a d i o c h e m i c a l  (10) t e c h n i q u e s  in v i e w  of the  possible  
d i f ferences  in su r face  roughness  of the  e lec t rodes  used  
in the  va r ious  studies.  

T h e  v a l u e  of Ed for  w h i c h  deso rp t ion  of  I -  c o m -  
m e n c e s  on an anodic  p o t e n t i a l  scan was  d e t e r m i n e d  by  
m e a s u r i n g  the  q u a n t i t y  of I -  adsorbed  f o l l o w i n g  a s tep 
of Ed f r o m  va r ious  anodic  va lues  to 0.2V. F r o m  this  
s tudy  it was  found  tha t  no I -  is deso rbed  for  E --~ 1.1V 
and  tha t  the  deso rp t ion  is comple t e  for  E ~-- 1.4V. 

Reversible adsorption of I 2 . - - F i g u r e  5 is of Id-Ed 
and Ir-Ed cu rves  ob ta ined  for  1.0M HeSO4 con ta in ing  
NaI.  F o r  these  cu rves  Ed a : 1.0V and  Ed c ~ --0.2V. 
W i t h i n  these  scan l imi t s  t he  d i sk  sur face  is no t  ox id ized  
and I -  adsorbed  in an  i r r e v e r s i b l e  s ta te  is no t  ox id ized  
or  desorbed.  As  a r e su l t  t h e r e  is no i r r e v e r s i b l y  ad -  
sorbed  Iu at the  e lec t rode  su r face  as e v i d e n c e d  by  the  
absence  of peaks  E and W. P r o d u c t i o n  and  adso rp t ion  
of I2 at t he  disk e l ec t rode  by  ox ida t ion  of I -  r e su l t s  in 
w a v e  D on the  Id-Ed c u r v e  ob ta ined  d u r i n g  the  
anodic  scan of Ed. This  adso rp t ion  occurs  at an  e lec -  
t rode  sur face  cove red  by  i r r e v e r s i b l y  adsorbed  I -  and 
is a r e v e r s i b l e  process  (17). F o r  Eg < 0.4V on the  
ca thod ic  scan, t he  r e v e r s i b l e  adsorbed  I2 is r educed  to 
I -  r e su l t i ng  in p e a k  F on the  Id-Ed curve .  The  I -  
p r o d u c e d  is so luble  and  the  r e s u l t i n g  inc rease  in t he  
flux of I -  at  t he  r ing  e l e c t r o d e  in excess  of  t h e  s t e ady -  
s ta te  v a l u e  resu l t s  in p e a k  Y for  Er ~ 0.BV. T h e  su r -  
face  c o v e r a g e  of t he  d isk  e lec t rode  b y  r e v e r s i b l y  ad-  
so rbed  I2 was  ca l cu l a t ed  f r o m  the  d i f fe rence  b e t w e e n  
the  t i m e  in t eg ra l s  of t he  Ir-Ed curves ,  for  Er ---- 0.8V, 
ob ta ined  on the  ca thodic  scan of E~ at  scan ra tes  e q u a l  
to 6.0 V / m i n .  and  0.0 V / m i n .  The  i s o t h e r m s  a re  shown  
in Fig. 6. C u r v e s  a and b co r r e spond  to those  ob ta ined  
by  i n t e g r a t i o n  f r o m  0.60 to 0.35V and  to 0.15V, r e spec -  
t ive ly .  The  i so the rms  in Fig.  6 do no t  show a l imi t ing  
su r f ace  c o v e r a g e  as Cz-  b is increased.  H u b b a r d ,  O s t e r -  
young,  and  A n s o n  found  tha t  9 • 10 -10 m o l / c m  2 of I2 
is adsorbed  in the  r e v e r s i b l e  s ta te  at  a p l a t i n u m  e lec -  
t rode  in 1.14 X 10-3M I2. 

P e a k  R is o b s e r v e d  on t h e  Ir-Ed c u r v e  of Fig.  5 fo r  
Er : 0.2V. The  p r e sence  of th is  peak  is conc luded  to 
resu l t  f r o m  the  r e d u c t i o n  at  t he  r i n g  e l ec t rode  of  I2 
p r o d u c e d  at the  d isk  su r face  by  desorp t ion  of I2 f r o m  
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Fig. 4. Isotherm for I -  ad- 
sorbed in irreversible state at 
platinum disk electrode; 1.0M 
H2S04; a, results for Ed step to 
0.2V vs. SCE, b, results for Ed 
step to - - 0 . 1 V  vs. SCE. 

t he  r e v e r s i b l e  s ta te  of adsorp t ion .  F o l l o w i n g  r e v e r s a l  of 
t h e  Ed scan at  1.0V, I2 is r e a d s o r b e d  at  t he  d isk  surface,  
w h e n  Ed < 0.9V, r e su l t i ng  in p e a k  X on the  Ir-E,~ 
c u r v e  in Fig.  5. Cyc l ing  Ed b e t w e e n  the  l imi t s  Ed a ---- 

I I I I I I I 
F 

Disk / /  .... 

- I O 0  

-200 

p- 30 

2O 

- -  I O  

E r : 0 . 8  - -  - I 0  

v 

Y - -  - 4 0  
I I I I 

0 .6  0 . 2  - 0 . 2  

E d ( V  vs. S C E )  

Ring 

~ r = 0 . 2  
" - ' , ,  / ~, 

\ 

I 

I.O 

I d  

I r  

0 

CD 

~> 
v 

Fig. 5. Id-Ed and Ir-Ed curves for 3.0 X 1 0 - 4 M  Nal  in 1.0M 
H2SO4; 2500 rev/min, 6.0 V /min ,  is anodic scan, 

is cathodic scan,.  . . . . . . .  is steady-state curve. 



336 J. E lec t rochem.  Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY March  1972 

5.5 

4 .5  

e~ 

E 

\ 3.5 
Fig. 6. Isotherm for 12 ad- 

sorption in reversible state at E 
platinum disk electrode; 1.0M o 
H2S04; a, results for integration o 2.5 
from Ed ---- 0.60-0.15V; b, re- x 
suits for integration from E~ ~-- 
0.60-0.3SV. L ~ 

1.5 

0.5 

I I I I I I I I I I I I I I 

I 

I I I ' 

a ___.---------t 

b - ~ - - - ' " ~ -  

I 

0. I 

I I I I I I I I I I I I I I I 

0,3  0.5 0.7 0 .9  l . l  1.5 1.5 1.7 

[ N a I ]  x I0  4 (M) 

Fig. 7. Ir-Ecz curves for Nal in 
1.0M H2SO~; 2500 rev/min, 6.0 
V/mln, ~ is anodic scan, 
. . . .  is cathodic scan. 

Er  

I 

1.4  

I I I I I I [ I 

E r =  

= 0 . 8  

S 

I 

1.0 

R [NoZ]x,O4 

' ~  5 . 0 _ i  

R 
\ 3 . 0  

S R 

I 

S I.oM - -  

3.oN ~ _ _ - - - - - 3 .  - -  

5 . 0 M  

U 

T 

I I I I I 

0 . 6  0 . 2  - 0 . 2  

E d ( V  vs.  S C E )  

50 

30 

I0  

I r (pA) 

- I 0  

- 3 0  

- 5 0  



Vol. 119, No. 3 A D S O R P T I O N  A N D  D E S O R P T I O N  OF I O D I N E  A N D  I O D I D E  337 

1.0V and Ed c - ~  0.6V produced L-Ed curves reflecting 
repeated adsorption and desorption of I2 at the disk 
surface. 

Very small peak currents  G and H can be observed 
on the I~-Ed curve  of Fig. 5. The magni tude  of these 
peaks is much less than would  be obtained if the phe= 
nomena at the disk surface resul t ing in peaks R and X 
were  only Faradaic in nature. Apparent ly,  desorpt ion of 
I2 f rom the disk surface is accompanied by the loss of a 
ve ry  small quant i ty  of I -  which is subsequent ly  oxi= 
dized. During the cathodic E4 scan, I~ is readsorbed 
and a small  quant i ty  of I -  is re incorporated into the 
adsorption layer. 

I r -Ed  c u r v e s  for Er ---- 0.2 and 0.8V were  obtained 
for various values of CI-  b and are shown in Fig. 7. 
Peak  R observed for Er : 0.2V is shifted to more posi= 
t i r e  values of E~ as C] -  b increases. This is expected 
since the surface process at the disk electrode is re= 
versible and increasing Cz- b results in increasing sur-  
face concentrat ions of I2 at the disk electrode in the po= 
tent ia l  region 0.6V < Ed < 1.0V. The position of peak 
R does not shift when CI -  b is constant and ~ is varied. 
This is expected since increasing ~, whi le  increasing 
the flux of I -  to the disk electrode, does not result  in a 
change of surface concentrat ion of I2. 

Wave U, obtained during the cathodic Ed scan for 
E~ _-- 0.8V, becomes less evident  as CI -  ~ is increased. 
This results  since the t ime requi red  to obtain the equi-  
l ibr ium surface coverage by adsorbed species decreases 
as bulk concentrat ion of adsorbing species is increased. 

Effect of irreversibly adsorbed I2 on the desorption of 
reversibly adsorbed I2.--The presence of I2 adsorbed in 
an i r revers ib le  state at the disk surface prevents  the 
desorption of I2 during an anodic scan at Ed -~- 0.SV 
and, therefore,  the appearance of peak R on the Ir-Ed 
curve. This is demonst ra ted  by the L-Ed curves in 

Fig. 8. The program for the scan of Ed for obtaining the 
curves in Fig. 8 is given in Fig. 9. The recording of the 
Ir-Ed curves was begun at point a of the Ed program. 
Peaks R and X were  obtained only dur ing the scans 
fol lowing the cathodic scan for which Ed c --~ --0.20V. I t  
should be noted that  e lectrochemical  reduct ion of ir= 
revers ib ly  adsorbed I2 occurs at E~ < 0.1V. 

In a separate exper iment ,  I r -Ed  c u r v e s  were  ob= 
tained at Er ---~ --0.2V using Ed a : 1.60V and a value of 
Ea c var ied by 50 mV increments  f rom --0.20 to 0.20V. 
As Egc increased such that  successively greater  amounts  
of i r revers ib ly  adsorbed I2 remained at the disk surface, 
peak R was observed to be shifted to more  posit ive 
potentials and to finally converge wi th  peak S. As a 
result, the height  of peak S increased. Repeat ing the 
exper iment  using E~ = 0.8V yielded Ir - -  E~ curves on 
which the height  of peak S'  did not vary.  Apparent ly ,  
the revers ib ly  adsorbed I2, even though desorbed in a 
region of the Id=E4 curve corresponding to the onset 
of IO3- production, is not oxidized to IO3-.  Nor is it 
oxidized to the oxidation state of the in termedia te  
species detected on the anodic scan of Ed during the 
onset of IO3- production. 

The dotted line in Fig. 8 represents  the I,.-E~ 
curve obtained under  s teady-state  conditions. The 
quanti t ies  of mater ia l  produced or consumed by the 
various surface-controlled processes at tbe disk elec- 
trode were  est imated f rom the area be tween  the 
s teady-state  curve  and those curves obtained at an Ed 
scan of 6.0 V/rain. The results are tabulated in Table I 
for waves  T, U, W, and Y. 

The calculated quant i ty  of I2 adsorbed into a re-  
versible state (from curve  2 of Fig. 8) dur ing the 
anodie half  of a scan of Ed for which Ed c : 0.15V is 
4.0 X 10 - l ~  m o l / c m  ~. However ,  the calculated amount  
of I~ desorbed at the disk surface on the subsequent  
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Fig. 9. Program for scan of 
E~ used in Fig. 8; 6.0 V/rain, 
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c a t h o d i c  s c a n  ( f r o m  c u r v e  3 of  Fig.  8) is 6.0 • 10 -10 
m o l / c m  2. I~-Ed c u r v e s  o b t a i n e d  d u r i n g  r e p e a t e d  
c y c l i c  Ed scans  b e t w e e n  t h e  l i m i t s  E d  c : 0.15V a n d  Ed c 

0.90V w e r e  i d e n t i c a l  to t h o s e  in  Fig. 8. S ince  m o r e  
Iz c a n n o t  b e  d e s o r b e d  t h a n  is p r e v i o u s l y  a d s o r b e d ,  i t  
is a p p a r e n t  t he  use  of t h e  s t e a d y - s t a t e  c u r v e  as a r e f e r -  
ence  fo r  t he  c a l c u l a t i o n  of v a l u e s  in  T a b l e  I is n o t  
co r rec t .  Th i s  w o u l d  be  t h e  case  i f  t h e  E1/2 for  t h e  ox i -  
d a t i o n  of  I -  to I2 on  t h e  s t e a d y - s t a t e  c u r v e  d i f fe r s  f r o m  
t h e  El~2 on c u r v e s  o b t a i n e d  d u r i n g  c a t h o d i c  a n d / o r  
anod ic  s cans  of Ed a t  6.0 V / m i n .  

T h e  su r f ace  c o v e r a g e  b y  r e v e r s i b l y  a d s o r b e d  I2 a t  a 
d i sk  s u r f a c e  b e a r i n g  o n l y  I -  in  a n  i r r e v e r s i b l e  s t a t e  of 
a d s o r p t i o n  ( f r o m  c u r v e  5 of  Fig.  8) w a s  f o u n d  to b e  
a p p r o x i m a t e l y  t h e  s a m e  as t h a t  a d s o r b e d  a t  a s u r f a c e  
b e a r i n g  b o t h  I -  a n d  I2 in  i r r e v e r s i b l e  s t a t e s  of a d s o r p -  
t i o n  ( f r o m  c u r v e  3 of  Fig. 8) .  Th i s  is in  a g r e e m e n t  
w i t h  t h e  f ind ings  of H u b b a r d ,  O s t e r y o u n g ,  a n d  A n s o n  
(17) .  

A n  a c c u r a t e  c a l c u l a t i o n  of t h e  q u a n t i t y  of  I2 ad -  
s o r b e d  in  a r e v e r s i b l e  s t a t e  a t  a s u r f a c e  c o v e r e d  w i t h  
I -  is b a s e d  on  t h e  a r e a s  u n d e r  p e a k  R a n d  X. O n  t h a t  
bas i s  5.5 • 10 -10 m o l / c m  2 of I2 is a d s o r b e d  a t  a n  e lec -  
t r o d e  in  3.0 • 10 -4M NaI.  Th i s  r e s u l t  is c o n s i s t e n t  w i t h  
r e s u l t s  g i v e n  in  Fig.  6. 

T h e  q u a n t i t y  of spec ies  a d s o r b e d  a t  t h e  d i sk  e l ec -  
t r o d e  in  t h e  r e g i o n  of  w a v e  T ( c u r v e  1 in  Fig. 8) w a s  
c a l c u l a t e d  as 2.1 • 10 -9  g e q / c m  2. T h e  i s o t h e r m  for  
a d s o r p t i o n  of I -  in  a n  i r r e v e r s i b l e  s t a t e  (Fig.  4) s h o w s  
a m a x i m u m  s u r f a c e  c o v e r a g e  of  1.3 • 10 -9  g i o n / c m  2. 
I t  does  no t  s eem poss ib l e  t h a t  t h i s  l a r g e  d i f f e r e n c e  can  
b e  a c c o u n t e d  on  t h e  bas i s  of t h e  pos s ib l e  i n c o r r e c t  u se  
of t h e  s t e a d y - s t a t e  cu rve .  H u b b a r d ,  O s t e r y o u n g ,  a n d  
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A n s o n  (17) f o u n d  t h a t  3.2 • 10 -9  g e q / c m  2 of I2 m a y  
be  a d s o r b e d  in  a n  i r r e v e r s i b l e  s t a t e  a t  a p l a t i n u m  e lec -  
t rode .  T h e  v a l u e  c a l c u l a t e d  h e r e  is i n t e r m e d i a t e  t h e  
v a l u e s  fo r  s u r f a c e  c o v e r a g e  b y  I -  a n d  b y  I2. 

As  s t a t e d  ea r l i e r ,  t h e  h e i g h t  of p e a k  W is e q u a l  to 
- - N  t i m e s  t h e  h e i g h t  of p e a k  E a f t e r  c o r r e c t i n g  for  
c h a r g i n g  c u r r e n t .  O n  t h e  bas i s  of  t h i s  ev idence ,  i t  is 
m y  c o n c l u s i o n  t h a t  t he  q u a n t i t y  of I -  r e m o v e d  f r o m  
the  d i sk  s u r f a c e  d u r i n g  r e d u c t i o n  of t h e  i r r e v e r s i b l y  
a d s o r b e d  I2 is e q u a l  to t h e  q u a n t i t y  of I -  p r o d u c e d  at  
t h e  d i sk  s u r f a c e  b y  t h e  r e d u c t i o n .  I t  is c l e a r  t h a t  t h e  
i n c l u s i o n  of I2 as a n  i r r e v e r s i b l y  a d s o r b e d  spec ies  does  
no t  p r e v e n t  t h e  v a l u e  of s u r f a c e  c o v e r a g e  b y  i r -  
r e v e r s i b l y  a d s o r b e d  I -  f r o m  b e i n g  e q u a l  to  t h e  m a x i -  
m u m  va lue ,  1.3 • 10 -9  g i o n / c m  2. 

Rate of exchange between reversible and irreversible 
states of I2 adsorption.--The k n o w l e d g e  t h a t  I 2  a n d  I -  
c an  b e  a d s o r b e d  s i m u l t a n e o u s l y  a t  t h e  e l e c t r o d e  s u r -  
face  a n d  t h a t  t he  q u a n t i t y  of  I -  a d s o r b e d  is e q u a l  to  
t h a t  a d s o r b e d  i f  no  I2 w e r e  p r e s e n t  l e ads  i m m e d i a t e l y  
to  a ques t ion .  W i l l  I2 w h i c h  is a d s o r b e d  in  a r e v e r s i b l e  
s t a t e  at  a p l a t i n u m  s u r f a c e  c o v e r e d  w i t h  i r r e v e r s i b l y  
a d s o r b e d  I -  e n t e r  a s t a t e  of  i r r e v e r s i b l e  a d s o r p t i o n ?  
To o b t a i n  a n  e x p e r i m e n t a l  a n s w e r ,  I,.-Ed c u r v e s  
w e r e  o b t a i n e d  as fo l lows :  Ed w a s  a d j u s t e d  to 1.6V, t h e n  
s t e p p e d  to --0.20V, a n d  t h e n  to 0.70V. Ed w a s  m a i n -  
t a i n e d  a t  0.70V for  t ime ,  t, f r o m  0 to 360 sec. A f t e r  
t h e  de s i r ed  t i m e  per iod ,  t h e  Ir-Ed c u r v e  w a s  r e c o r d e d  
w h i l e  s c a n n i n g  Ed f r o m  0.7 to - -0 .20V a t  6.0 V / r a i n .  
T h e  Ir-Ed c u r v e s  a re  s h o w n  in  Fig. 10 fo r  t = 5, 60, 
a n d  360 sec. I t  is c l e a r  t h a t  I2 is s l o w l y  a d s o r b e d  i n to  
t h e  i r r e v e r s i b l e  s t a t e  a t  a s u r f a c e  c o v e r e d  w i t h  i r -  

Table I. Quantities of material involved in surface reactions at the disk electrode 
Data calculated from lr-Ed curves shown in Fig. 8 

E ~  s c a n  No .  E r  W a v e  S u r f a c e - c o n t r o l l e d  r e a c t i o n  a t  d i s k  Q u a n t i t y  

1 {).8 U Irreversible adsorption of I- and Is 2.1 • 10 -9 
2 0.8 T R e v e r s i b l e  a d s o r p t i o n  o f  Is 4 . 0  • 10 -1~ 

. . . . .  3 0.8 Y D e s o r p t i o n  a n d  r e d u c t i o n  of  r e v e r s i b l y  a d s o r b e d  Ie 6.0 • 10 -lo 
- -  ~ - -  ~ - -  3 0.8 W R e d u c t i o n  o f  i r r e v e r s i b l y  a d s o r b e d  Is 4 .0  x 10 - l~ 
. . . .  ~  4 0.8 T R e v e r s i b l e  a d s o r p t i o n  of  I2 6.5 • 10 -1~ 
- -  * ~ - -  ~  4 0.2 R D e s o r p t i o n  o f  Is f r o m  r e v e r s i b l e  s t a t e  5 .5  • 10 - l~  
- -  - -  ~ - -  - - ~  5 0.2 X A d s o r p t i o n  o f  I2 i n t o  r e v e r s i b l e  s t a t e  5 .5  • 10 - lo 
- -  - -  ~ - -  - - *  5 0,8 Y D e s o r p t i o n  a n d  r e d u c t i o n  of  r e v e r s i b l y  a d s o r b e d  Is 6.5 x 10 -1~ 

g e q / c m :  
m o l / c r n  -~ 
m o l / c m :  
m o l / c m ' - '  
m o l / c m :  
m o l / c m  2 
m o l / c m ' - '  
m o l / c m - "  
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Fig. 10. Ir-Ed curves illustrating 
exchange of Is between revers- 
ible and irreversible states of 
adsorption; 2.0 • iO-4M Nal, 
1.0M H2S04, 2500 rev/min, 6.0 
V/rain. 

E d (V vs. SCE) 

reversibly adsorbed I -  as evidenced by the increase in 
the size of wave W for longer t values. 

In  a similar experiment,  E~ was stepped from 1.6 to 
--0.20V and then to 0.90V at which it was main ta ined  
for values of t ranging from 0 to 360 sec. The Ir-Ed 
curves were then recorded while scanning Ed from 
0.90 to --0.20V at 6.0 V/min.  It is shown above that in 
this exper iment  no I2 was present  at the disk surface 
in a reversible state of adsorption even though a po- 
tent ial  of 0.90V is in the l imi t ing-cur ren t  region of the 
wave for oxidation of I -  to I2. The size of wave W was 
no larger after t ~ 360 sec than  when t = 0 sec. Thus, 
the mechanism whereby  I2 is slowly adsorbed into an 
irreversible state at a surface covered with i r reversibly 
adsorbed I -  requires p re l iminary  adsorption to the re-  
versible state. 

Summary 
New conclusions about the processes of adsorption 

and desorption of I -  and I2 at p la t inum electrodes in 
1.OM H2804 have resulted from this study. Iodine was 
determined to rapidly and s imul taneously  adsorb with 
I -  by an irreversible process following electrochemical 
reduction of an anodized p la t inum electrode. The irre-  
versible adsorption of I2 does not result  in a decrease of 
the surface coverage by I -  from that  determined in the 
absence of I2. Iodine was found to adsorb equal ly to a 
surface covered with i r revers ibly adsorbed I -  or a 
mix ture  of I -  and I~. This is in agreement  with the 
findings of Hubbard,  Osteryoung, and Anson (17) who 
determined that  I2 adsorbs by  a reversible process to 
the same extent  at a surface covered by i r revers ibly 
adsorbed I -  or i r revers ibly adsorbed I2. Iodine is de- 
sorbed from the reversible state of adsorption by a 
potent ia l -dependent  mechanism at a surface covered 
with i r reversibly adsorbed I -  at E ---- 0.8V. The pres-  
ence of I2 in an irreversible state causes the desorption 
to shift to more positive values. I r revers ibly  adsorbed 
I2 is electrochemically reduced and the I -  produced is 
desorbed at E (.  0.1V. It was also found that  I2 unde r -  
goes slow adsorption to the irreversible state at an 
electrode surface covered by  i r revers ibly adsorbed I -  
and this proceeds by  a mechanism involving prel imi-  
na ry  adsorption of I2 to the reversible state. 
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Current Distribution Along an Electrode of High Resistance 
During Unsteady-State Diffusion 
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ABSTRACT 

Curren t - t ime  behavior  is predicted following a s tep-change in applied po- 
tential  for electrolysis at a straight wire  electrode of high resistance in un-  
st irred solution. Transport  equations are integrated by finite difference tech- 
niques on a digital computer.  Six classes of electrode behavior  are described in 
accord with  the re la t ive  importance of diffusion, charge- t ransfer ,  and ohmic 
resistance effects. A high electrode resistance leads to nonuniform current  dis- 
t r ibut ion along the wire  whereas  diffusion resistance in the electrolyte  causes 
appreciable t ransient  current  decay. 

The surface on which an electrochemical  react ion 
takes place may not be equipotent ia l  if the' resistance 
of the electrode phase is large. Accordingly,  the elec- 
t rochemical  reaction may proceed at different rates 
along the electrode surface. The var ia t ion of the re-  
action ra te  along the electrode depends upon the ki-  
netic, geometric,  and t ransport  characterist ics of the 
specific electrochemical  system involved.  The over-a l l  
behavior  of such a distr ibuted react ion system can be 
quite complicated since it is the result  of several  com- 
pet ing factors suc]~ as ohmic resistance of the wire  and 
solution, mass t ransport  by diffusion and migra t ion  in 
the electrolytic solution, hydrodynamic  motion of the 
solution, charge- t ransfer  overpotential ,  and geometry  
of the electrolysis cell. 

In the past, several  studies have been conducted on 
straight wire  electrodes of small  d iameter  immersed  in 
electrolytic solution and surrounded by cyl indrical  
counterelectrodes.  These analyses have shown how the 
current  and potent ial  distributions along a wire  elec- 
trode depend upon ohmic e lect rolyte  resistance and 
upon the rate of sluggish electrode reaction (1-8). Cal- 
culations were  carr ied out by t reat ing the electrode as 
a one-dimensional  region along which electrochemical  
reaction takes place. 

To date, no theoret ical  analyses are known to be re-  
por ted which take into consideration mass t ransfer  
effects during electrolysis at electrodes of high resist-  
ance. Such mass t ransfer  effects may  be complicated 
when there is convect ive motion of solution as, for 
example,  encountered in axial  flow during the electro-  
plat ing of moving wires, t ransverse  forced flow through 
a wire  grid or porous electrode, and natura l  convection 
at s ta t ionary electrodes. 

In the present  study, an analysis of potentiostat ic 
electrolysis is conducted on a wire  electrode immersed 
simply in s tat ionary electrolyte  and surrounded by a 
cyl indrical  counterelectrode.  If  the applied potent ial  is 
sufficiently cathodic, the concentrat ion of react ing 
species at the electrode surface would be quickly  re-  
duced to near ly  zero along the ent ire  electrode surface. 
In such cases the current  density distr ibut ion would  be 
uniform, the total  current  would  decrease according to 
unsteady-s ta te  radial  diffusion (9), and electrode op- 
erat ion would be under  pure mass t ransfer  control. On 
the other  hand, if the mass t ransport  process proceeds 
wi th  ease, the concentrat ion of react ing species at the 
electrode surface may  not be appreciably reduced be- 
low the value in the bulk electrolyte  so that  diffusion- 
controlled t ransient  behavior  would not be anticipated. 
Instead, a s teady-s ta te  condition would be obtained 
immedia te ly  fol lowing the double- layer  charging proc- 
ess. If  the resistance of the wire  electrode is suffi- 
cient ly high, then ohmic losses in the meta l  phase may 

" E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P e r m a n e n t  addres s :  D e p a r t m e n t  of  C h e m i c a l  E n g i n e e r i n g ,  U n i -  

v e r s i t y  of  I l l ino i s ,  U r b a n a ,  I l l i n o i s  61801. 
K e y  w o r d s :  c u r r e n t  d i s t r i b u t i o n ,  e l e c t r o d e p o s i t i o n  on wi re ,  non -  

e q u i p o t e n t i a l  surface ,  p o t e n t i o s t a t i e  t r ans i en t s .  

consume much of the applied potent ial  so that  the cur-  
rent  distr ibution along the electrode would not be 
uniform. At in termedia te  conditions, ohmic resistance 
of the wire  electrode may  lead to a nonuniform cur-  
rent  distr ibution while, at the same time, the concen- 
trat ion of react ing species at the electrode surface is 
reduced to a value  be tween  the bu lk  va lue  and zero. 
The t ransient  current  response may  then be expected to 
deviate  significantly f rom that  predicted on the basis of 
simple radial  diffusion at the l imit ing current.  Estab-  
l ishment  of a constant applied potential  does not fix the 
surface concentrat ion on the wire  surface since there  is 
more than one series resistance in the dis tr ibuted re-  
action circuit. In the present  study, conditions are as- 
cer ta ined under  which mass- t ransfer  t ransient  be-  
havior  and /o r  a nonuniform current  distr ibution may  
be anticipated. The theoret ical  model  predicts the cur-  
rent  and potential  distributions along the electrode as 
a function of t ime during electrolysis. The investiga- 
tion of this simple case can i l luminate  how the re-  
action distr ibution depends upon mass transport,  ohmic, 
and charge- t ransfer  effects, and can serve as a basis for 
extension of model  studies to more complex conditions 
such as continuous electrodeposit ion on moving  wire. 

Model Formulation 
The model  for the resis t ive wire  electrode is based 

on consideration of a single straight meta l  wire which 
extends the ent ire  length of an electrolysis cell as 
shown in Fig. 1. The cyl indrical  counterelectrode sur-  
rounds the wire  and the p r imary  current  distr ibution 
is supposed to be uniform. Electr ical  contact is made at 
one end of the wire. The  other  end of the wire  is in- 
sulated and no current  passes through it; a l te rnat ive ly  
a plane of symmet ry  may  exist. There  is no motion of 
fluid re la t ive  to the solid surface. The potent ial  of the 
wire electrode is mainta ined at a desired value with 
respect to a reference electrode placed in the solution 
near the wire  at the end of the cell closest to the 
electrical contact point. 

The theoret ical  model  presented below may  be em-  
ployed for predict ing ei ther  anodic or cathodic be- 
havior. For  convenience of presentation, however ,  only 
cathodic electrodeposit ion of meta l  onto a wire  elec- 
trode is chosen for discussion. 

Pr ior  to the application of potential,  the  electrode 
is supposed to be at its rest potential  so that  no cur-  
rent  passes and the meta l - ion  concentrat ion is uni form 
throughout  the electrolyte.  Fol lowing the sudden 
application of cathodic potential,  cur rent  flows through 
the electrode at a rate  which is l imited " ini t ia l ly"  by 
charge- t ransfer  overpotent ia l  and /o r  ohmic resistance. 2 

In  a m e t a l l i c  conduc tor ,  e l ec t rons  a t t a i n  t h e i r  s t e ady - s t a t e  ve-  
loc i ty  w i t h i n  a p p r o x i m a t e l y  10 -14 see. The  e s t a b l i s h m e n t  of an  elec-  
t r ica l  d o u b l e  l aye r  a t  the  m e t a l - s o l u t i o n  i n t e r f a c e  is  t y p i c a l l y  com- 
p l e t e d  w i t h i n  a p p r o x i m a t e l y  10 -4 see, d e p e n d i n g  u p o n  the  r e s i s t ance  
of t he  meta l ,  t h e  capac i t y  of  the  d o u b l e  layer ,  a n d  t he  c h a r g i n g  cur -  
r en t .  The  t h e o r e t i c a l  m o d e l  p r e s e n t e d  h e r e  does  n o t  a p p l y  to  be-  
h a v i o r  d u r i n g  these  processes .  
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Fig. 1. Electrolysis cell and schematic diagram of the model for stationary wire electrode 

If the t ransference n u m b e r  of the reacting ion is less 
than one, a concentrat ion gradient  is caused to form 
in the solution. The concentrat ion of reacting species 
at the surface of the cathode thus decreases below the 
bu lk  value to an extent  which depends upon the ap- 
plied potential  and upon the competing series resist- 
ance: ohmic and charge-transfer.  

The current  in the metal  is carried by the electrons 
and in the solution by the ions. The local concentra-  
tions and potentials may be obtained by solving the 
t ranspor t  equations in each phase. If these concentra-  
t ion and potential  distr ibutions are known throughout  
both phases, the local reaction rate may  be calculated, 
in principle, by a relat ion which suitably describes the 
kinetics of the electrode process. Thus the local current  
distr ibution may be determined along the wire. 

Because rigorous calculations are cumbersome, sev- 
eral simplifying assumptions have been introduced. 
Although these assumptions restrict somewhat the 
range of validity of the model, they do not obviate the 
essential features of behavior which are of interest. 

(i) The wire is a straight circular cylinder, and the 
counterelectrode configuration is such that  the pr imary  
current  dis t r ibut ion along the wire is uniform. The 
wire diameter  is not appreciably altered by conduct 
of electrolysis. 

(ii) The rate of establ ishment  of the electrical double 
layer  is rapid with respect to any t ransient  electrode 
behavior under  consideration. 

(iii) The wire diameter is small  with respect to dis- 
tances over which significant potential  variat ion takes 
place in the metal  phase so that  the one-dimensional  

macroscopic method is applicable for calculation of the 
potential  field in the metal  electrode. 

(iv) There is negligible ohmic resistance in the con- 
tact wires external  to the electrolysis cell. 

(v) Only one electrochemical reaction takes place 
and the overpotential  of the reaction sequence is ade- 
quately characterized by a Volmer- type expression 
(Eq. [3]).  

(vi) The metal  ions are present in small  concentra-  
tion in an electrolytic solution containing a large excess 
of nonreact ive charged species. Thus motion of the 
metal  ions is not appreciably affected by the presence 
of the potential  field in the electrolyte. 

(vii) The resistance of the electrolytic solution is 
negligible with respect to other resistances in the cell 
and thus does not tend to alter the current  distr ibution 
along the wire. 

(viii) There is no hydrodynamic motion in the elec- 
trolyte. 

(ix) The ratio of wire length /d iameter  is sufficiently 
large that, in the electrolyte, axial diffusion along the 
wire is everywhere negligible in comparison with 
radial diffusion away from the wire. 

(x) The system is isothermal. 

(xi) Nonelectrochemical reactions do not occur. 
The spatial coordinate along the wire, z, extends 

from the insulated end (z : 0) to the current  feeder 
side (z ----- 1). The radial  coordinate, r, has the value r0 
at the wire surface. The electronic current  and poten- 
tial along the wire are related by Ohm's law. 
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d~m (z,t ) d2r 2io [ 
i(z,t) = o [1] [ . . . .  exp 

dz dz 2 r o ~  L 

The electronic current  in the wire, i (z,t), varies  with 
position owing to the electrochemical  react ion taking 
place at the wire  surface 

C 8 

e x o  

di (z,t) 2 
- -  - - - - j ( z , t )  [2] ( (1 -- a)nF 

dz ro \ ~T 

The local react ion rate  along the wire, j (z,t), is related 
to the local meta l  ion concentrat ion at the surface, 
cs(z,t) and to the potentials in both phases by the 
kinetic expression associated wi th  the meta l  deposition 
process. The Volmer  equat ion (10) has found par t icu-  
lar ly  widespread use and wil l  be used in this study. 
For  application to electrodeposit ion systems, this equa-  
tion is wr i t ten  

anF 

exp n ( z,t ) 
co ~T 

[ 3 ]  

j (z,t) = io 

The exchange current  density, io, has the value which 
corresponds to the reactant  concentrat ion in the bulk 
of the electrolyte,  cb. The quant i ty  n(z,t) is defined as 
the potent ial  difference between meta l  and solution, 
outside the diffusion layer, during passage of current  
minus the potential  difference exist ing under  equi l ib-  
r ium conditions. This quant i ty  thus includes both 
charge- t ransfer  overpotent ia l  and concentrat ion over-  
potential.  It  is convenient  to introduce two additional 
potentials, era" and ,~s', which are defined as the po- 
tentials during electrolysis at the current  feeder side 
of the electrolysis cell in the meta l  and in the bulk 
solution, respectively.  Thus 

n(z,t) = [@m(z,t) --r - -  [q~m e - - r  e] [4] 

By denoting the potential  in the electrolyte  "at  the 
surface of the wire"  as CsS(Z,t), the r igh t -hand  side of 
Eq. [4] may  be rear ranged  to 

[ 5 ]  

[ (~bm" -- r  --  (era ~ -- ~bs~) ] = [era" -- r  

+ [r -- r  + {[Vm(z,t) -- r 

- [r - r 

If a reference electrode is placed outside the diffusion 
layer  at the cu r ren t - feeder  side of the electrolysis cell, 
then the quant i ty  on the left  side of Eq. [5] is the ap- 
plied or control potential.  Equat ion [5] indicates that  
the applied potential  is consumed within  the cell by 
(i) ohmic losses in the metal  electrode, [~m e -- Cm(z,t)], 
(ii) concentrat ion overpotent ia l  in the electrolyte,  
[~s~(z , t )_  r  and (iii) charge- t ransfer  overpoten-  
tial at the electrode surface, { [ ~ m ( z , t ) -  ~sS(Z,t)] -- 
[r e -- Cse]}. The concentrat ion overpotent ia l  is re-  
lated to the concentrat ion difference across the diffusion 
layer  in accord wi th  the formula  

~T c s (z,t) 
r -- #s" = In - -  [6] 

nF  cb 

The re la t ive  magni tude  of the three overpotent ials  
va ry  in distance along the electrode and in t ime during 
electrotysis, but  their  sum remains  constant. The sum 
of potential  losses (ii) and (iii) const i tute  the quan-  
t i ty n (z,t), as a l ready indicated by Eq. [4]. 

Combination of Eq. [1] to [5] gives 

I anF 
~T [(era -- era*) 

+ (r  -- r -- (Vme -- r e ) ]  

[71 

where, for compactness, the funct ional  dependence 
upon the z-coordinate  and upon t ime has been deleted 
from the var iable  notation. Equat ion [7] is to be in- 
tegrated subject to two boundary  conditions: 

1. Current  does not pass through the insulated end 
of the wire 

= 0 at z = 0 [8] 
dz 

2. During electrolysis  the potent ial  at the cur ren t -  
feeder  end of the wire  is constant 

r 1 6 2  atz----1 [9] 

Equation [7] has two unknown variables:  the po- 
tential  in the metal, ~m(z,t), and the concentrat ion of 
reacting meta l  ion along the surface of the electrode, 
cs(z,t). In order  to de termine  the distr ibution of sur-  
face concentrat ion along the nonequipotent ia l  surface 
of the wire, diffusion in the solution must  be taken 
into consideration. Thus, in accord with  the conditions 
listed above, the radial  diffusion equat ion is applied 
locally along the wire wi th  neglect  of axial  terms 

[ Oc(r't) ] = D  [ 0 2 c ( r ' t ) o t  0"----7--- + 10c(r , t )  ] _ _  [10] 
z r O r  z 

At the onset of electrolysis, the concentrat ion of reac-  
tant  species in the electrolyte  is eve rywhere  uni form 

c(r , t )  : cb (t ---- 0, all r >  to) [11] 

During electrolysis, the concentrat ion far  f rom the 
electrode remains  constant 

c(r , t )  : cb (r = ~ ,  all t) [12] 

At  the surface of the wire,  the  local current  density is 
re la ted to the local concentrat ion gradient  in the solu- 
tion 

D Oc(r,t) ] _ j (z , t )  (r=ro,  allt) [13] 
Or z nF 

Equation [13] states Fick's  first law which is val id in 
the absence of migrat ion effects. The t ime dependence 
of the local current  density, j(z,t), indicates that  Eq. 
L13] does not correspond to a constant current  boundary 
condition. Since nei ther  the concentrat ion c s nor the 
current  j are constant in t ime or in distance, both 
need to be calculated during the t ransient  period; the 
calculation is per formed such that  Eq. [13] is obeyed. 

In accord with  the assumptions of the model, the 
potent ial  and current  distr ibutions during t ransient  
operation may  be de termined  f rom the solution of the 
coupled equations, [7] and [10], subject to the bound- 
ary conditions [8], [9], [11], [12], and [13]. Before 
proceeding wi th  the analysis of these equations, it is 
wor thwhi le  to re formula te  the var iables  into d imen-  
sionless form. For  this purpose the fol lowing relations 
seem convenient  

Z r 
Z ~ - -  R = - -  

L ro 

Dt c (r,t) 
T ---- C (R,T) -- - -  

ro  2 cb  
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n F  
#m(Z,T) = - -  [Vm(z,t) - -  r  

[qT 

n F  

~ T  

When the above variables  are introduced into Eq. [7]- 
[13], the fol lowing dimensionless groupings of the sys- 
tem parameters  arise 

2nFl2io ~ro2~T 

~ =  aro~T x -  2n212F2cbD 

nFl i  e ( t ) 2lj (z,t ) 
~(T) -- J(Z,T) _ - - . ~  

~ T  roi" ( t)  

O(Z,~) ---- flJx [14] 

The parameter  ~ is seen to be proport ional  to the ratio 
of exchange current  density to meta l  conduct ivi ty  and 
thereby is a measure of charge- t ransfer  vs. ohmic 
effects. In a similar manner,  the parameter  x is a mea-  
sure of the re la t ive  importance of ohmic vs. diffusion 
resistances. 

Equations [7]-[13] which describe the model  used 
in this study may  now be wr i t ten  in dimensionless 
form 

d2@m 

dZ2 
- -  -- ~{exp [a (r -}- @a) ] 

-- Csexp  [ ( ,  -- 1) (~m + va)]} [15] 

---- 0 ( Z  ----- 0, a l l  r )  [16]  
dZ 

r ---- 0 (Z = 1, all  ~) [17] 

OC 02C 1 OC 
. . . .  {- - - - - -  [ 1 8 ]  

O~ OR 2 R OR 

C---- 1 (v----0, R > l )  [19] 

C = 1 (R ---- oo, all T) [20] 

0C 
- -  - -  8 ( R = I , T > 0 )  [21 ]  
OR 

Once the potential  and concentrat ion distributions 
along the wire  surface are known, the current  distr ibu- 
tion may be calculated by 

J(Z ,T)  ---- - -  ~ {exp  [~(r - ~ Ca)] 

- - C s e x p [ ( ~ - - l ) ( ~ m + r  [22] 

It is interest ing to observe that  the current  dis- 
t r ibution in porous electrodes obeys Eq. [15] in the 
absence of concentrat ion gradients in the pores (11, 12). 
The above model  also characterizes certain t ransient  
processes which may occur during electrocrystal l iza-  
tion (13). 

Method of Solution 
The solution of the set of equations and boundary 

conditions which describe the wire electrode model, Eq. 
[ 15] - [21 ], was carried out by a computer  - implemented  
numer ica l  procedure.  In principle the t ransient  cal-  
culation was accomplished by uncoupling Eq. [15] and 
[18] and solving each equat ion a l ternate ly  in a stepwise 
manner  with use of finite difference representat ions to 
the differential  equations at each t ime step. First, Eq. 
[15] was solved with the surface concentrat ion set 
equal  to the bulk value (C s ---- 1), and the current  dis- 
t r ibut ion was de termined  wi th  Eq. [22]. These results 
correspond to the potential  and current  distributions 
prevai l ing before deplet ion of meta l  ions commences. 
Calculations were  then carr ied out at specified t ime 
intervals  during the ensuing mass- t ransfer  t ransient  

period. Equat ion [18] was applied at each spatial  in-  
cremental  e lement  along the wire, wi th  the surface 
flux (~) set equal  to the local current  density in accord 
with  its definition, Eq. [14]. The init ial  t ime increment  
was chosen so that  the surface concentrat ion at the 
cur ren t - feeder  end of the wi re  decreased by 3%; the 
numerical  results were  not appreciably improved with 
use of smaller  t ime increments.  Af te r  a specified in- 
cremental  period of radial  diffusion under  a given cur-  
rent  distribution, the concentrat ion distr ibution was 
re-evaluated.  With the values thus determined for 
the surface concentrat ion distr ibution along the wire, 
Eq. [15] was again solved for a new current  distr ibu- 
tion and the sequence repeated for as many  t ime in- 
tervals  as required.  

The central  problem of these calculations is the solu- 
tion of two second-order  differential  equations. Equa-  
tion [15] was first l inearized about an approximate  
solution and then put into finite difference form. The 
tr idiagonal  mat r ix  was solved in accord with the 
method of Newman  (14). The solution of the nonlinear  
problem was obtained by i teration with  successive cor- 
rection of the approximate  solution. The t ransient  dif- 
fusion equation, Eq. [18] was placed into finite differ- 
ence representat ion in accord with  the Crank-Nicolson 
symmetr ic  form, and the t r idiagonal  mat r ix  was in- 
verted at each t ime step with  use of an a lgor i thm at- 
t r ibuted to Thomas (15). Quar te r -poin t  representat ion 
of the finite difference equations was employed for the 
boundary conditions at the wire surface in accord with 
the discussion of Beck and Dhanak  (16). 

Results presented in this work  were  determined with 
use of 100 Z- increments  in the axial  direction and 40 
R- increments  in the radial  direction (hR ---- 0.05). For 
the range of parameters  under  study, this choice gave 
numerical  results which were  not  appreciably im- 
proved by use of smaller  mesh sizes. Between  succes- 
sive t ime steps, the t ime increment  was increased by a 
factor of 1.1 in order to conserve computer  time. A 
typical single t ime-s tep  calculation involving 100 Z- in -  
crements with 40 R- inc rements  at each Z- inc remen t  
was found to take approximate ly  0.8 sec on an IBM 360 
computer  when  the program is compiled in FORTRAN 
G. 

Results and Discussion 

The simple theoret ical  model  developed above was 
used to predict  several  essential features of wire  elec- 
trode behavior.  The dimensionless quantit ies used in 
presentat ion permit  evaluat ion of a wide var ie ty  of 
actual systems. All  calculations were  carried out for 
cathodic deposition (negat ive applied potentials)  wi th  
use of the values n = 2.0 and ~ ---- 0.5. 

First  consider the state which exists in the absence 
of significant concentrat ion overpotential .  As shown in 
Fig. 2, the current  density distr ibution depends upon 
the value  of the paramete r  ~. For  highly resist ive wires, 
or revers ible  reactions (large values of ~), electro-  
chemical  reaction takes place main ly  near the current  
feeder end of the wire. For  sluggish reactions on good 
conductors, charge- t ransfer  overpotent ia l  near  the 
current  feeder  end of the wire forces the electronic 
current  to pass fur ther  along the wire  so that  for a 
given current  density the reaction is more uni formly 
distr ibuted at the expense of higher  overpotential .  
F igure  3 i l lustrates how the total  current  passing to 
the wire  electrode increases wi th  applied potential. 
For small values of ~, the total current  ~ increases in 
direct proport ion to an increase in ~; that  is, since the 
current  distr ibution is un i form for small  ~, the total 
current  is proport ional  to the exchange current  density, 
as may be seen in Eq. [3] and [22]. For  large values of 
4, Fig. 3 indicates that  the total  current  increases wi th  
approximate ly  the square root of ~ for a given poten-  
tial. For  large ~, the potent ial  in the electrode varies  
with position, Eq. [1], so that  the exponent ia l  terms in 
Eq. [22] become dependent  upon the va lue  of ~. 



=,= 
I -  

Z 
0 

I -  
t o  

ILl n.. 

. - I  

tO 
q 

J. Electrochem. Sac.: E L E C T R O C H E M I C A L  SCIENCE AND TECHNOLOGY 

I I I ] I i I i I 

I0 

I - -  

0.1 

~a =-3.0 

344 

I00 

z 
o m 

rr  
I-- 
Z 
U.I 
o 
Z 

8 
w 
o 

Fig. 2. Current density distribution along a wire electrode of 
high resistance in the absence of mass transport effects. 
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Let us now consider the effect of diffusional re- 
sistance on electrode behavior. The applied cathodic 
potential  will be part i t ioned into ohmic, charge- t rans-  
fer, and concentrat ion overpotentials (Eq. [5]) ac- 
cording to the system parameters  ~ and x. The surface 
concentrat ion at any  point along the electrode may 
have a value between that in the bu lk  electrolyte and 
the m i n i m u m  value 

CSmin ---~ exp (@a) [23] 

given by the Nernst  equation. If the ohmic resistance 
of the electrode is important ,  the reaction distr ibution 
will be nonuniform;  if the mass t ransport  resistance is 
important ,  diffusion-controlled t ransient  behavior  will  
be observed. "Init ially," the concentrat ion overpoten- 
tiaI will  be zero since the concentrat ion distr ibution is 
uniform at the onset of electrolysis. The applied poten- 
t ial  is thus ini t ia l ly  part i t ioned between charge- t rans-  
fer overpotential  and ohmic losses in the wire accord- 
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ing to the parameter  4. With subsequent  passage of 
current,  concentrat ion overpotential  wil l  eventual ly  
become significant if the parameter  x has a large value. 
As shown in Fig. 4, the concentrat ion of metal  ions at 
the cathode surface decreases dur ing electrolysis at a 
rate which is in accord with the prevai l ing current  
density distribution. Eventual ly,  for large x, concentra-  
t ion overpotential  can become the predominant  resist- 
ance to current  flow in the cell. 3 The current  density 
distr ibutions which correspond to the results depicted 
in Fig. 4 are nonuni form (large 4) and, indeed, the 
concentrat ion decreases most rapidly near  the current -  
feeder, where the local reaction rate is highest. As 
electrolysis proceeds, the region depleted in reacting 
species propagates along the wire. The mi n i mum pos- 
sible surface concentration, at tained when ohmic 
and charge- t ransfer  resistances are essentially negligi- 
ble, has the value given by Eq. [23]. This lower l im- 
it ing value is shown as the dashed line for the applied 
potential  employed in Fig. 4. 

Natural ly,  the var iat ion of concentrat ion during 
electrolysis has a dramatic effect on the current  den-  
sity distr ibution along the wire. Figure 5 shows the 
current  distr ibutions on the wire dur ing electrolysis 
under  the same conditions as in Fig. 4. Init ial ly,  the 
local reaction rate varies along the length of wire in 
a near ly  exponent ial  fashion as was already indicated 

:~Because t h e  d i f fu s ion  f ie ld  is  u n b o u n d e d ,  t h e  t r a n s i e n t  p roce s s  
does  n o t  a t t a i n  a s t e a d y  s t a t e  a n d  t h e  d i f fus ion  l a y e r  g r o w s  i nde f i -  
n i t e ly .  
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in Fig. 2. As concentrat ion overpotent ia l  sets in near  
the current  feeder end of the wire, however,  reaction 
takes place fu r the r  along the wire. At  sufficiently long 
times, the mass t ransfer  restriction near  the current  
feeder  becomes so severe  that  the most favorable  reac-  
tion zone shifts away from the end of the wire. This 
most favorable  reaction zone is sufficiently far  from 
the current  feeder  end of the wire  that  concentration 
overpotent ia l  does not dominate, but  yet  not so far 
down the wire  that  ohmic losses in the electrode con- 
sume the applied potential. In this in termedia te  zone, 
the parameter  ~ wil l  influence the value of the maxi -  
mum in the local current  density. As electrolysis pro-  
ceeds further,  the most favorable  react ion zone propa-  
gates down the wire  owing to fur ther  depletion of 
metal  ions near  the current  feeder side of the zone. 
Eventual ly,  the most favorable  zone reaches the far 
end of the wire, in which case the current  distribution 
becomes near ly  uniform along the ent ire  electrode. 

During the t ransient  behavior  depicted in Fig. 4 and 
5, the individual  overpotent ials  (ohmic, charge- t rans-  
fer, and concentrat ion)  all vary  with  position and t ime 
in such a way that  the applied potential  remains  con- 
stant throughout  electrolysis. 

The preceding discussion of events occurring locally 
along the wire  surface during electrolysis has empha-  
sized the in terplay be tween diffusion, ohmic and 
charge- t ransfer  overpotentials.  Now, consider how 
such local behavior  influences the total current  flowing 
to the electrode, an easily accessible exper imenta l  
quantity.  For  a given applied potential,  two indepen-  
dent parameters,  ~ and x, are necessary to characterize 
the re la t ive  importance of the three  effects. As shown 
in Table I, six possible combinations for the order of 
re la t ive  importance of diffusional, ohmic, and charge-  
t ransfer  resistances can be ascertained according to 
the values of ~ and x. It  has already been mentioned 
that, general ly  speaking, a large value  of ~ corresponds 
to a nonuniform current  distr ibution owing to large 
ohmic resistance losses. In addition, a large value of x 
corresponds to the predominance  of diffusional resist-  
ance in comparison to ohmic resistance. Therefore,  a 
large value  of the product  .~x indicates that  concentra-  
tion overpotent ia l  will  eventua l ly  surpass the charge-  
t ransfer  overpotential .  

At  the onset of electrolysis the total current,  ~, is 
de termined by the applied potential, ~a, and by the 
parameter  ~. The subsequent  t imewise variat ions of 
t~ depend upon whether  or not concentrat ion gradi-  
ents form near  the electrode, i.e., upon the vaIue of x. 
In Fig. 6, ~ has a low value which corresponds to nearly 
uni form current  distr ibution at the onset of electrolysis 
as a l ready indicated in Fig. 2. For  small  values of x, 
concentrat ion overpotent ia l  does not set in since the 
over-a l l  process is pr imar i ly  l imited by change- t rans-  
fer overpotential .  For  increased values of • however ,  
t ransient  behavior  becomes more pronounced since the 
diffusional process becomes ra te  limiting. In Fig. 7, 
has a large value  which corresponds to a nonuniform 
current  distr ibution at the onset of electrolysis. Once 
again it may be seen that  t ransient  behavior  sets in to 
an extent  which depends upon the value  of the param-  
eter x. 

T a b l e  I. I n te rpre ta t ion  of the parameters  ~ and 

Case 

Order  of 
impor tance  of 

X ~X compeUng effects 

small  large large C > S > 0 
la rge  large large  C > O > S 
small  small  small  S > O ~ C 
small  large small  S ~ C ~ O 
large  small  small  0 > ,S' > C 
large  small  la rge  O > C > ,~ 

C---concentration overpotenUal.  
S - - s u r f a c e  overt~otential. 
O - - o h m i c  loss in wi re  electrode. 
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stat ic deposit ion a t  a wire e lec t rode  of high resistance. 

It  is i l lus t ra t i ve  to compare  the above predic t ions  
with the "ideal" si tuation of pure radial  diffusion under  
which both the current  distr ibution is uni form and the 
concentrat ion overpotent ia l  predominates  at all  times. 
Such a situation corresponds to one-dimensional  un- 
s teady-state  radial  diffusion f rom a circular  cylinder 
with (constant) surface concentrat ion equal  to the 
value csmi~. The analytical  solution (9) is 

nFD (CSmin -- Cb) --  ~ [24] 

The quant i ty  on the left  is a dimensionless ratio of the 
mass flux to the mass t ransfer  dr iving force, that  is, a 
Nusselt number  for pure  mass t ransport  in an e l ec t ro -  
chemical  system. In dimensionless form, Eq. [24] is 

~X 

e ~ - -  1 
where  

1 
f ( T )  = ( ~ T ) - 1 / 2  + _ _  

2 

for short t imes and 

1 
f(~) : ,  

In (4T) -- 27 

- -  _ I ( T )  [ 2 5 ]  

1 ( ~ ' )  1 / 2  i 

4 Jh. + E"" [26] 

[in(4~) --2712 
[27] 

for long times. The quant i ty  "v is Euler 's  constant 
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Fig. 8. Comparison of transient current response of resistive wire 
electrodes with idealized situation of pure diffusion control. 

(0.57722). Notice from Eq. [26] that  at t ime zero the 
current  density would be infinitely large since compet- 
ing resistances were not accounted for. The t ransient  
current  response which corresponds to this l imit ing 
situation is shown by the dashed line in Fig. 8. 

The l imit ing case of Eq. [25]-[27] may be compared 
with predictions based on the foregoing theoretical 
model. Deviations from the dashed line in Fig. 8 will 
always be observed for sufficiently small  times, when 
ohmic or change- t ransfer  resistance prevail. The pre-  
dicted results, of course, are inval id  for extremely 
small  times since the model does not include effects 
associated with the double layer charging process. 
Sample calculations for each of the six cases of be- 
havior (Table I) are reported in Fig. 8 for an applied 
potential  of Ca ---- --3.0. Curve 1 corresponds very 
near ly  to the l imit ing situation of Eq. [25] except that 
an infinitely large current  is not passed at short times; 
the current  density distr ibution is uniform at all t imes 
owing to the small value of ~. For curve 2, the init ial  
current  distr ibution is nonuni form and, as previously 
i l lustrated in Fig. 4 and 5, concentrat ion overpotential  
propagates down the wire; eventual ly  diffusion re- 
sistances predominate along the entire length, and the 
current  distr ibution is forced to become uniform. In  
curve 3, charge- t ransfer  overpotential  predominates at 
all t imes so that the current  distr ibution is uniform 
and no t ransient  diffusion behavior is observed. In curve 
4, although charge-transfer  predominates,  a weak t r an-  
sient response is predicted since diffusional restrictions 
are not completely negligible owing to the large value 
of x. In curves 5 and 6, ohmic effects predominate at 
all t imes so that the current  dis t r ibut ion is highly non-  
uniform; in the former case, appreciable concentrat ion 
gradients are not formed in the solution (x ---- 0.01) 
whereas, in the lat ter  case, concentrat ion overpotential  
develops to a moderate extent  (x ~- 0.3). The various 
example curves shown in Fig. 8 will  depend upon the 
value chosen for the applied potential. In  general, more 
cathodic applied potentials will  shift all  curves upward 
and to the left, will  tend to enhance the formation of 
concentrat ion gradients, and wil l  result  in more non-  
uniform current  disrt ibutions along the wire. 

Conclusions 
The behavior of resistive wire electrodes as i l lus- 

trated by the preceding calculated results is consistent 
in pat tern  with what  should be expected on the basis of 
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qualitative reasoning. The predicted behavior is sub- 
ject to the l imitat ions imposed by the assumptions 
which define the model. 

By assumption (ix),  axial  diffusion along the wire 
is considered negligible in comparison with radial  dif- 
fusion away from the wire. The appropriatenes of this 
assumption may be tested by examinat ion of the com- 
puted results. For the most nonuni form concentration 
distr ibution reported above, the axial diffusion flux 
attains only 1% of the value of the radial  diffusion flux 
if the wire length /d iameter  ratio has the value 80. A 
smaller l ength /d iameter  ratio would also satisfy the 
assumption at smaller values of ~ and x. 

The conductivi ty of electrolytic solutions is less than 
the conductivi ty of common metallic electrode mate-  
rials. Thus assumption (vii) ,  that the ohmic resist- 
ance of the solution is negligible with respect to other 
resistances, may be expected to be good when the tota] 
current  densi ty in the wire is large with respect to the 
reaction rate at the wire surface. The ohmic overpo- 
tent ial  in the solution phase will  be less than 5% of the 
applied potential  when the inequal i ty  

�9 ro ~ J~ 
11  - -  - - E l  

k[2 r 

is satisfied, where k is the conductivi ty of the electro- 
lytic solution. 

In  the absence of concentrat ion polarization, the un i -  
formity of the current  densi ty dis t r ibut ion at a given 
applied potential  depends solely upon the parameter  ~. 
Consequently, exper imental  methods which require 
uniform current  density distr ibution for proper meth-  
odology or analysis of results should be designed such 
that ~ has a small  value. Alternat ively,  the foregoing 
model may be employed to analyze the exper imental  
data. 

The effect of t ransport  restrictions on electrode be- 
havior is determined in accord with the value of x. A 
value greater than  uni ty  indicates that  t ransient  re-  
sponse will be observed whether  the current  dis- 
t r ibut ion is uniform or not. In  the case of a nonuni form 
distribution, the most favorable region for reaction 
propagates along the wire as t ransport  restrictions de- 
velop at the current  feeder end of the electrode. For 
large values of x, the current  distr ibution will  even- 
tual ly  be forced to become uniform regardless of the 
value of ~. 

Manuscript  submit ted Ju ly  30, 1971; revised manu-  
script received ca. Oct. 28, 1971. This was Paper  110 
presented at the Cleveland, Ohio, Meeting of the So- 
ciety, Oct. 3-7, 1971. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 

LIST OF SYMBOLS 
English Characters 

c Concentrat ion of reacting species, g mol /cm ~ 
Cb Concentrat ion of reacting species in bulk  elec- 

trolyte, g mol /cm 8 
C c/cb, concentrat ion of reacting species, d imen-  

sionless 
D Diffusion coefficient, cm2/sec 
F Faraday 's  constant, 96,500 coulombs/g-equiv 
i Current  density in the wire, A /cm 2 
i .  Curren t  density in the wire at the current- feeder  

side, A / c m  2 
io Apparent  exchange current  density of the elec- 

trode reaction, evaluated at the bu lk  concentra-  
tion, A/cm 2 

j Local reaction rate (current  density) along wire 
surface, A /cm 2 

J 2lj / i 'ro,  local reaction rate along wire, d imen-  
sionless 

l Length of wire, cm 
n Number  of electrons taking par t  in electrode re- 

action, g -equiv /g  mol 
r Spatial variable in radial  direction, cm 
ro Radius of wire electrode, cm 
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R r/ro, spatial variable in radial direction, d imen-  
sionless 
Gas constant, 8.31 joules/g mol ~ 

t Time, sec 
T Temperature,  ~ 
z Spatial variable along wire, cm 
Z z/l, spatial variable along wire, dimensionless 

Greek Characters 
a Transfer  coefficient in reaction rate expression, 

Eq. [3] 
nFliO/ff~T, current  density in the wire at the 
current- feeder  side, dimensionless 

K Electrolytic conductivi ty of solution, o h m -  I cm-1 
*1 Electrode overpotential  as defined by Eq. [4], V 
o jro/nFcbD, local reaction rate along wire, d imen-  

sionless 
2nFiol2/~ro~T, kinetic parameter,  dimensionless 
Electrical conductivi ty of wire electrode, ohm -x 
Era-1 
Dt/ro 2, time, dimensionless 
Potential,  V 

r Potential,  dimensionless 
Ca Potent ial  applied by potentiostatic power sup- 

ply, dimensionless 
aro2~T 

x , mass t ransfer  resistance parameter,  
2n212F2cbD 

dimensionless 

Subscripts 
b Denotes value in bulk of electrolytic solution 
s Pertains  to electrolytic solution phase 
m Pertains  to metallic electrode phase 

Superscripts 
e Pertains  to equi l ibr ium conditions 
s Pertains  to values prevail ing at the electrode sur- 

face outside the double layer region but  at the 
inner  edge of the diffusion layer 
Pertains  to reference position at Z ~ 1 
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Technical Note 
. 

Transient Pressure Considerations in 
Charge Control of Sealed Batteries 

Sidney Gross* 
The Boeing Company, Seattle, Washington 98124 

When sealed batteries with imperfect charge effi- 
ciency approach full charge, gas often evolves and in-  
creases pressure. In addition to the problems caused 
by increased heat and pressure, gassing causes me-  
chanical forces wi thin  pores that  contr ibute to struc- 
tural  breakdown; mechanical  breakage causes loss in 
capacity and promotes shorting, and thus should be 
minimized (1). In  this Technical Note it is shown that  
celI s t ructural  damage, when  it occurs, can be greatest 
at the start  of gassing due to t ransient  pressure effects. 
An analysis is developed to compare the relat ive 
severity of this effect by the use of cell t ransient  pres-  
sure data. 

Analysis 
The physical model postulated consists of a small  

pore of gas volume V1 within  a plate connected by a 
flow restriction to the larger gas volume V outside the 
plate. The pressures inside and outside the pore are P1 

* Elect rochemical  Society Act ive  Member .  
Key  words:  charge  control,  batter ies ,  electrode gassing,  gassing,  

pressure transients,  sealed batteries.  

and P, respectively. Gas of mass W leaving the pore 
either recombines on another  electrode or causes a 
pressure increase in the sealed cell. The gas recom- 
binat ion rate may be approximated by 

dW' 
= KP [1] 

dt 

where W' is the un i t  mass of recombining gas, t is the 
uni t  time, and K is the gas recombinat ion coefficient, 
determined experimental ly.  

The gas flow associated with cell pressurization is 
derived by differentiating the gas equation 

PV 
W" : C1 [2] 

T 

where W" is the uni t  mass of pressurizing gas, T is 
tempera ture  absolute, and Ca is a gas constant. 
Hence 
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Thus, the total gas flow from the pore is 

dW dW' dW" 
= + ~ [4] 

dt dt dt 

dW C, V dP 
= K P  + - -  [5] 

dt T dt 

The gas flow results from a pressure difference be- 
tween P1 and P. If this pressure difference is small 
relative to P, then the gas flow rate may be defined by 
the conventional  orifice flow equation [Ref. (2), Eq. 
VIII.71, or Ref. (3), Eq. D] as follows 

dW [ P (P, -- P) ]'/', 
= C2 [6] 

dt T 

where C2 is a constant  related to geometry and gas 
composition. 

Equat ion [6] and the subsequent  Eq. [7], [8], and 
[9] describe incompressible flow conditions in which 
density change is negligibly small. Nevertheless, ' these 
incompressible relationships may be used for many  
compressible flow conditions with acceptable error. For 
example, when P1 -- P is less than  10% of P, the error 
does not exceed 2%; when  it is less than 25% of P, the 
error does not exceed 15% (4). A more precise form 
of Eq. [6], not used in this analysis, is 

dW C2y [ P(P,--P)]'/" 
dt ~" [6a] 

which includes the expansion factor Y, derived and 
tabulated in Ref. (4). Combining Eq. [5] and [6] 

T [ CI V dP ] 2 
PI-- P-- KP + -- [7] 

C2 ~ P T dt 

The pressure difference P1 -- P is directly related to 
stresses on the plate s tructure due to gassing. 

When the pressure is stabilized, Eq. [7] reduces to 

K z PT 
PI -- P -- ~ [8] 

C2~ 

When the gas recombination is small relative to the 
rate of gas generation, Eq. [7] reduces to 

1 I- 
L ~ J [9] PI -- P =-~ p 

where the first bracketed term shows the influence of 
the configuration and the second bracketed term shows 
the influence of the cell charge control method. 

A useful application of these results is in the evalua- 
tion of charge control designs for sealed cells, espe- 
cially those types for which overcharge is known to 
cause structural damage to positive plates. The forces 
in plates resulting from gassing are proportional to 
the pressure change parameter (dP/dt)2/P of Eq. [9], 
which can be calculated from the transient pressure 
curve dur ing charging. 

The significance of this can be i l lustrated using two 
typical pressure rise curves (Fig. 1) for charging with 
relat ively slow gas recombinat ion rate. Both cases 
start and end with equal pressures and rise with equal 
slopes; they differ only in the init ial  t ransient  at the 
start of gassing. Calculation of the pressure change 
parameter  (Fig. 2) shows that it is highest toward 
the start of gassing. Since this is directly related to 
stresses on the plate s tructure due to gassing, the 
highest stresses in plates can occur long before maxi-  
mum pressure is reached, and occurs at the start of 
gassing if the init ial  pressure rise is linear. Charging 
that results in a t ransi t ion pressure rise phase (curve 
A) develops smaller stresses than  when the initia] 
pressure change is abrupt  (curve B). 

i0- 
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0.i 0.2 0.3 0.4 0.5 

TIME FROM START 0Y GASSING ~ ROUES 

Fig. I. Typical pressure rise in sealed cells 
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B -- Abrupt Initial Pressure Change 
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Fig. 2. Pressure change parameter for typical pressure rise 

Discussion 
The greatest stresses in  plates due to gassing in 

sealed cells can often occur before m a x i m u m  pressure 
is obtained. Thus, cur rent  tapering should start  early 
enough to influence the ini t ia l  gassing behavior, when 
stresses can be highest. Reliance ent i re ly  on methods 
that provide a charge te rminat ion  signal is not suffi- 
cient, for this gives no consideration to t rans ient  pres-  
sure effects. 

An order-of-magni tude  estimate can be made of 
s t ructural  stress caused by gas evolution. Assume a 
cell pressure of one atmosphere, with an instantaneous 
pressure difference across a pore of 0.1 atm, and assume 
the pressure difference is developed across a particle 
0.1 mil  X 0.1 mil  • 0.6 mil  which is canti levered from 
one end. With uni form loading across one face, the 
moment  is 2.64 X 10 -11 inch-lb,  and the stress on the 
attached end is 160 psi. If the particle dimensions are 
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reduced by a factor of 100, the stress increases to 
16,000 psi. Thus, gas evolution can develop substantial  
stresses on some particles, especially those that are 
small  and poorly attached. As a point  of comparison, 
lead and carbon have yield strengths of approximately 
1200 and 900 psi, respectively, which could be much 
less at particle a t tachment  points. 

Exper imental  evidence for s t ructural  change caused 
by gas evolution has been obtained for the PbO2 elec- 
trode (5, 6). These studies showed that  gas generation 
wi thin  the structure formed channels through which 
gas escaped to the surface of the plate. Apparent ly  the 
gas evolution dislodged m a n y  of the more loosely at-  
tached PbO2 particles and carried them to the surface. 
Gas evolution is a common problem also with dry cells, 
result ing in movement  of the electrolyte paste and bob- 
bin (7). Even the sintered nickel positive electrode, 
though relat ively strong, can also be damaged by gas 
evolution, especially plates weakened by cycling and 
corrosion; a common commercial  manufac tur ing  test 
to screen for weak plate structures is to overcharge 
for several days and observe structural  damage caused 
by gassing. 

Designing cells for max imum gas recombinat ion rate 
can sometimes be questioned, based on this analysis; 
gas recombinat ion electrodes can main ta in  low cell 
pressure during overcharge and give the il lusion of 
safely controlling charge. Also, this causes pressure to 
be very low at the commencement  of gassing, which 
is seen to be detr imental  (Eq. [7]). Even for applica- 

tions where continuous overcharge must  be endured, 
low cell pressures could be harmful  for a given gassing 
rate. Iner t  gas in sealed cells could be beneficial by 
providing at least a known mi n i mum pressure, though 
there are disadvantages in other respects, such as de- 
creased gas diffusion rates. 

Manuscript  submit ted May 27, 1971; revised m a n u -  
script received ca. Nov. 12, 1971. 

Any  discussion of this paper Will appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 
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A Method for the Stripping of Anodic Titanium Oxide Films 
from Metal by Using A-C Current 

Masaki Yamazaki and Hiroshi Nozaki 
Institute oS Industrial Science, University of Tokyo, Roppongi, Minato-ku, Tokyo, Japan 

Stripping of anodic oxide films from metals is of 
importance in connection with investigation on a struc- 
ture of the oxide films, which would be provided for 
x - ray  analysis or for electron diffraction analysis. Iso~ 
lat ion of the films has been usual ly  carried out by 
dipping the oxide films in a suitable solution which 
selectively attacks the f i lm/metal  interface without  
dissolution of the oxide films (1). However, it often 
happens that  the films are not stripped completely 
from a metal  substrate by employing this method. 

Recently, it has been found that the pre t rea tment  
of t i t an ium by using a-c current  in a H2804 solution 
is effective in  producing good insulat ing oxide films 
(2), and in fact the a-c pre t rea tment  has been used 
in the formation of electrolytic t i tan ium oxide films 
(3, 4). I t  is also found that  this a-c procedure has an  
effect on str ipping of the t i tan ium oxide films from 
the t i t an ium substrate. Thus, in this work we report the 
str ipping of the anodic oxide films, using the a-c pro- 
cedure. 

T i tan ium electrodes, 50 mm • 20 m m  X 1 mm, were 
prepared from ST-40 t i t an ium (H2, < 0.02%; 02, < 
0.20%; N2, < 0.05%; Fe, < 0.20%). The electrodes have 
very  thin films of unknown  composition, and it is 
necessary to remove these films from the electrodes to 
do analyses. In  order to make the surface clean, the 

Key words: stripping, titaniulvi oxide, oxide films, a-c current ,  

Fig. 1. Photograph of the stripping of an anodic film from ti- 
tanium by using a-c current in H2S04 solution. 
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electrodes were  first t reated in a 16 weight  per  cent 
(w/o )  H2SO4 aqueous solution at 25~ using a-c cur-  
ren t  (50 Hz) at  50 ~ 70 m A / c m  2 for 2 hr. Af te r  the 
pret reatment ,  the electrodes were  anodized in a 8 w / o  
HsPO4 aqueous solution at 25~ with a current  density 
of 3 m A / c m  2. The oxide films of controlled thickness 
f rom 500 to 3500A were  formed in this anodization. 

The electrodes wi th  the oxide films obtained were 
then electrolyzed by using a-c current  in the same 
H~SO4 solution with  the same current  density men-  
tioned above. Af ter  10 ~ 20 rain, the oxide films were 
beaut i ful ly  stripped f rom the t i tanium substrate. A 
photograph of the str ipping of a film (ca. 3500A) is 
shown in Fig. 1. 

Of course, the above method is applicable to the 
stripping of other  t i tanium oxide films which are pro-  
duced by other  anodizations. It is considered that  the 
str ipping effect is based on a process in which the 
meta l  surface is dissolved wi thout  dissolution of the 
oxide films by applying a-c current  in the H2SO4 

solution. However ,  a detailed mechanism of the process 
is not clear at present. 
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Etch Channel Formation during Anodic Dissolution of 
N-Type Silicon in Aqueous Hydrofluoric Acid 

M. J. J. Theunissen *'~ 
Philips Research Laboratories, N.V. Philips' Gloeilampen~abrieken, Eindhoven, The Netherlands 

ABSTRACT 

Anodic dissolution of n +-, n-, and n - - t y p e  silicon in 5% aqueous hydro-  
fluoric acid at moderate  current  densities results in the formation of etch 
channels which propagate in crys ta l -or iented directions in the monocrystal .  
Density and depth of the channels are a function of the applied voltage, the 
donor concentration, and the exposure t ime of the electrolyte under  anodic 
bias conditions. It is assumed that  the channel  formation originates at spots 
with a lower breakdown voltage of the depletion layer  which exists on the 
surface of the crystal  under  reverse  bias conditions. Channel  formation in 
epi taxial  n layers can occur during preferent ia l  e lectrochemical  etching of the 
n + substrate of n + n -  structures. This is the case when the n + to n -  interface 
profile is not abrupt  and when defects in the epi taxial  layer  are present. Some 
methods of restr ict ing the influence of channels occurring during device 
processing are mentioned. 

Several  phenomena have been repor ted  occurr ing 
during the anodic dissolution of n - type  silicon in 
f luoride-containing solutions. In general  terms the 
exper imenta l  conditions determine whether  dissolu- 
tion is complete, partial, or absent. One set of condi- 
tions of practical  importance is that  which leads to the 
complete dissolution of n + mater ia l  but not n - .  In 
this case it is possible, for example,  to r emove  by 
electrochemical  etching the n + substrate f rom an 
n+n  - s t ructure while the very  thin epilayer remains 
unattacked. This etching process was original ly pre-  
sented by van Dijk  and de Jonge  (1) and was more  
recent ly  described (2-4). 

Par t ia l  dissolution of n- type  silicon was observed, 
and it was repor ted  that  preferent ia l  electrochemical  
etching of n+n  - s tructures can lead to the formation 
of etch channels in the remaining thin n- type  layer  
(2). Etch channel  format ion was also observed in 
homogeneously  doped n - type  silicon (2). Dur ing 
etching channels  form and extend in crystal lographical  
directions, leading to a complex ne twork  of caverns 
beneath  the silicon surface. 

In anodization exper iments  wi th  n- type  germanium 
and silicon, Uhlir  (5) observed etch pits growing in 
crystal lographical ly  well-defined directions into the 
monocrystal.  

Turner  et al. (6) observed thick film format ion on 
n- type  silicon anodized in HF solutions. To explain 
the presence of the e lementa l  silicon found in this 
film they suggested that  af ter  a p r imary  dissolution 
react ion 

Si -t- 2HF + 2e + (holes) ~ siF2 + 2H + 

the SiF2 rapidly disproportionates into Si and SiF4 ac- 
cording to 

* Elect rochemical  Society Act ive  Member .  
1 P resen t  address :  Labora to i re  d 'Elect ronique et de Phys ique  Ap~ 

pliqu~e, 94-Limei l -Brevannes ,  France.  
K e y  words :  anodic dissolution, etch channels,  silicon, b rown lay- 

ers, c rys ta l -or ien ted  at tack,  monocrysta l .  

2SiF2 ~ Si $ + SiF4 

SiF4 + 2HF-~ H2SiF~ 

A brown layer was also observed on the etched side 
of the n -  layer  after  the selective remova l  of the n + 
substrate (1, 2). 

In a recent  paper  by Meek (7) connection was 
made between the current  density and the appearance 
of the silicon surface. For highly doped silicon three 
types of etching behavior  were  distinguished. Below 
a critical current  density, Jcrit (which depends on re-  
sistivity and orientat ion) ,  a brown layer  was found to 
be formed on the etched surface. In an in termediate  
range of current  densities ( f rom Jerit to Jmax), dissolu- 
tion occurred wi thout  film formation, but  the surface 
was rough and pitted. Beyond Jmax br ight  electropol-  
ishing occurred. For  low doped n- type  silicon Meek 
observed etch pit formation at all current  densities, 
even at current  densities below the saturat ion current.  

In this paper a systematic exper imenta l  study of the 
occurrence of channels in silicon as a function of 
donor concentrat ion and silicon voltage or current  
density is reported. The formation of channels during 
etching and the dependence of their  density, length, 
and propagat ion direct ion upon conditions used are 
demonstrated.  It is fur ther  shown that  the published 
reports of brown layers, etch pits, and channels in 
n- type  silicon re fe r  essentially to the same phenome-  
non of part ial  dissolution and that  these apparent ly  
different features are all a t t r ibutable  to various de- 
grees of at tack of the monocrystal.  

Experimental 
N-type,  Czochralski-grown, an t imony-doped silicon 

was used. Af ter  the sawing and lapping procedures, 
the slices were  etched for 3 min in 1 vol  HF (48%), 
2 vol HAc (98%), and 3 vol HNOs (fuming) .  The 
etch rate  of this mix tu re  is about 15 ~m/min.  The 
surface orientat ions used were  (111), (110), and (100). 

351 
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The donor concentration, deduced f rom resistivities, 
ranged f rom 4-10 TM to 5.10 t4 cm -3. The three  concen- 
t rat ion ranges n + (ND > 2"101s), n (2"10 TM > ND 
2"1016), and n -  (ND < 2"10 TM) differ f rom each other 
in electrochemical  etch behavior  at 10V as mentioned 
in (2). 

The epi taxial  slices used were  n+n  - s tructures with 
a highly doped substrate (ND ~ 2"10 is cm -a) and 
epitaxial  layers phosphorus-doped to about 5.101'5 
cm -3. The epi taxial  growth was by ei ther a SIC14 
process at 1220~ as described in (2) or a Sill4 proc- 
ess. The la t ter  was carr ied out at 1050~ in a wa te r -  
cooled horizontal  reactor  (B), using a Sill4 and H2 
gas mixture.  The growth rate was about 0.25 ~m/min.  

The procedure for the electrochemical  etching of 
the slices has been described (2). Most of the exper i -  
ments were  carr ied out at a potent ial  difference of 
10V between anode and cathode in a 5% aqueous HF 
solution. If necessary, ohmic contact be tween the 
p la t inum contact strip and silicon was made by an 
additional n+ diffusion. 

Measurements  of the current  density J against the 
silicon potential  V were  carried out using an ar range-  
ment  as sketched in Fig. 1 (a) and l ( b ) .  The potential  
difference be tween anode and cathode was increased 
manually.  The potential  of the silicon working  elec- 
t rode was measured against a calomel re ference  elec- 
t rode (saturated KC1). As can be seen in Fig. 1 (b) the 
silicon slice is contacted at the rear  by an outer  and 
an inner contact. The outer contact was used for the 
application of the potential  difference be tween the 
silicon and a p la t inum mesh electrode. The inner con- 
tact was used to measure  the silicon electrode poten-  
tial against the calomel electrode for ve ry  low current  
densities at the s i l icon-metal  contact. 

Etch channels, formed during the electrochemical  
dissolution process were  studied with  a microscope at 
surfaces or cross sections of the slices. The cross sec- 
tions were  most ly {111} planes obtained by cleavage. 
A 3-5 sec t rea tment  in Sirt l  etchant (9) was used to 
reveal  the channels. 

Laue diffraction pat terns were  used to determine  
the degree of crysta l l in i ty  of brown, channel - r ich  layers 
and infrared absorption measurements  for determining 
the composition. 

(a) 

Variable voltage supply 

)I~i 

, ;electrical 
vQcu ~m . .  contacts 

quartz windows ~ 

. . . .  l i ]  

b n/n +' eSi '% ( ) pressure contacts 

Fig. l .  (a) Current vs. voltage measurement apparatus and (b) 
detail of the silicon anode and its electrical contacts. 

Experimental Results and Discussion 
Anodic Dissolution of N-Type Silicon 

The charge distr ibution at an n- type  silicon anode 
in an aqueous HF solution is shown in Fig. 2(a) .  Be-  
cause of the positive bias of the silicon, a posit ively 
charged depletion layer  forms at its surface. A thin 
layer containing a high concentrat ion of negat ively  
charged ions is formed in the electrolyte. As shown by 
Myamlin  and Pleskov (10), the potential  drop in the 
electrolyte and the Helmhol tz  layer  in sufficiently 
concentrated solutions ( re la t ive  to the free charge 
concentrat ion in the semiconductor)  can be neglected. 
The voltage drop in the system is almost completely  
supported by the depletion layer in the semiconductor.  
The depletion thickness and the corresponding electric 
field are functions of the donor concentrat ion of the 
n- type  silicon. Anodic dissolution is governed by the 
supply of holes at the surface of the semiconductor 
(6). Taking the dissolution as divalent  (6), then the 
following reaction may be assumed to occur 

Si 4- 2HF 4- 2e + --> SiF~ 4- 2H + 

Without an additional generat ion or injection mech-  
anism there  wil l  be essential ly ve ry  few holes at the 
surface of the n- type  material .  Hole concentrat ion at 
the silicon surface can be increased in several  ways 
(6), one of which is the application of a sufficiently 
high reverse  bias voltage. Excess holes are generated 
by impact  ionization or Zener breakdown at the de- 
plet ion layer and silicon can dissolve. The evidence of 
a breakdown mechanism has been demonstrated by 
Uhl i r  (5). The  selective electrochemical  etching of 
n+n  - slices can be explained on the basis of the dif- 
ference in breakdown voltage be tween n + and n -  
silicon. 

In order to predict  whe ther  or not breakdown 
occurs, the m ax im um  electric field of the depletion 
l ayer ,  Emax, will  be calculated and compared with  the 
critical field, Ecrl t. The situation as sketched in Fig. 
2 (a) can be t reated as a me ta l -n  silicon or an abrupt  
p+n  junction under  reverse  bias. The fol lowing sim- 
plifying assumptions must be made: (i) The semi- 
conductor-e lect rolyte  interface is p lanar  and infinitely 
extended (width > >  depl. depth).  (ii) The semicon- 
ductor is homogeneously  doped and no defects are 
present which lower  the breakdown voltage. (ii~) The 
electrolyte n - type  Si system has a charge distr ibution 

(a) 

HF solution n - Si | 

I 
I | i 

' I i 

Gouy- Helmholtz Space charge 
layer region 

P 

://///// �9 //////II 

Fig. 2. (a) The HF electrolyte-n-type Si interface under anodic 
bias conditions and (b) schematic representation of the charge dis- 
tribution. 
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Fig. 3. The calculated maximum 
electric field, Emax, and the value 
of the breakdown field, Ecrit, as 
a function of the donor concentra- 
tion ND. The upper part of the 
graph schematically indicates the 
three ranges of different etch 
character found in practice after 
30 mia etching. 

as sketched in Fig. 2 (b ) ;  the m a x i m u m  field, Emax, 
exists at the s i l icon-electrolyte  interface. 

The value of Ecrit  a s  a function of the donor con- 
centrat ion is given in (11). F igure  3 gives the values 
of Ecrit  and Ema x for a 10V drop across the depletion 
layer. In the upper  part  of the same graph, an indica- 
tion is given of what  has happened in pract ice during 
30 rain etching of dis locat ion-free material .  It can be 
seen that  the Emax value  exceeds the value  of Ecrit at 
donor concentrat ions above 2 X 10 iv donors /cm 3 and 
dissolution due to breakdown of the depletion layer  
may be expected. Above 101s donor/cmS tunnel ing is 
the most probable breakdown mechanism. The field 
at which tunnel ing  may  occur is indicated by the 
broken line. In the donor concentrat ion range below 
2 X 1017 cm -8, Emax is lower  than Ecrit. It is expected 
that  no holes are genera ted  by impact ionization and 
no dissolution should occur. 

The influence on the etching behavior of the donor 
concentration and defec ts . - - In  practice the situation 
is much more complicated as some of the approxima-  
tions made  are not valid. In fact three ranges of dif- 
ferent  etch character  were  found after  a 30 rain etch 
of dislocation-free,  homogeneously  doped n- type  ma-  

terial  (2). Anodic dissolution occurred (at 10V) when 
the donor concentrat ion was higher  than about 2 X 
10 is cm -3. For  impur i ty  concentrat ions between 2 X 
10 is and 2 X 10 TM cm -3 a brownish-black,  pi t ted sur-  
face was formed. Sections of the slices showed higher  
density of channels at the higher  donor concentrations. 
In the range below about 2 X 1016 cm -3 no measur -  
able dissolution occurred and no channels were  de- 
tected. 

Figure  4 shows the current  density vs. t ime plot  for 
dislocation-free,  float zone silicon of various donor 
concentrations at a potent ial  difference of 10V be- 
tween anode and cathode. Pre -e tched  samples were  
used. The increase of the current  density for the sam- 
ples of (1.3-3.7) X 10 TM and (2.5-13) • 101~ cm -3 coin- 
cides wi th  the format ion of etch channels which were  
found in these samples. The observed higher  current  
density may be explained as an increase in real  e tch-  
ing surface, which means that  the real  current  den-  
sity does not necessari ly change. The other  samples 
exhibi ted no channels;  uni form etching was observed 
with the highly doped sample (ND ~ 4 X 10 is c m - ~ ) ;  
the low-doped samples did not show a visible attack. 
However  when  silicon mater ia l  wi th  dislocations, 
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Fig. 5. Longitudinal section of a silicon bar (float zone, dislo- 
cation free) with varying resistivity. The surface of the section 
has been subiected to the electrachemical etching process far 
60 rain. 

scratches or other  kinds of mechanical  damage was 
used, etch pits surrounded by a pa t te rn  of fine lines 
were  found in low-doped samples. Cross sections of 
these slices revea led  networks  of etch channels  around 
these pits. Bellin and Zwicker (12) did anodization 
exper iments  on n -  silicon in hydrofluoric acid and 
copper sulfate. They found a remarkable  agreement  
between the channel  and dislocation networks  which 
are often observed around defects. 

Figure  5 shows the etched side of a longitudinal  sec- 
tion of a float zone, dislocat ion-free silicon bar of 
vary ing  resistivity. This bar had been subjected to 
the electrochemical  etching process wi th  an anode- 
cathode voltage of 10V. The dark area of the n-zone 
and the  br ight  unat tacked n -  zone are c lear ly  visible; 
the t ransi t ion be tween  the two zones shifts to higher  
resist ivi ty mater ia l  when  the  etching t ime increases. 

F igure  6, shows J - V  curves for some silicon samples 
of various donor concentrations. The dislocation den-  
sity of these samples was low. The potent ial  differ- 
ence be tween  anode and cathode was increased step- 
wise. Current  and vol tage were  measured  within  30 
sec after  the application of the potential.  The total  
measur ing t ime was less than 30 rain. Because the 
high resist ivi ty samples exhibi ted J - V  curves that  
were  very  sensit ive to surface damage such as 

scratches, lapping, polishing processes, or surface 
contamination, p re -e tched  samples were  used. As can 
be seen the tow-doped samples exhib i ted  b reakdown-  
Dke characteristics.  The breakdown vol tage seems 
to be inverse ly  proport ional  to the donor concentra-  
tion, but  it is still much lower  than that  expected the-  
oretically. The explanat ion may be that  during the 
measurement  of the J - V  curves channels are etched 
which influence the shape of these curves. Meek (7), 
for example,  observed etch pits even at current  den-  
sities below the saturat ion current.  The influence of 
the channel format ion on the J - V  measurement  can 
easily be demonstrated by repeat ing a J - V  curve  of 
the same slice. This is shown in Fig. 7. J - V  curves for 
the n + (and p ) - t y p e  silicon appeared to be much 
more  reproducible (7). 

Channel Etching in n-Type and n + -Type Silicon 

A t  si l icon electrode voltages of 10V etch channels 
were always formed in moderately doped n-type sili- 
con (2 X 10 TM > ND :> 2 X 1016 cm-S) ,  but  the  at tack 
did not seem to be re la ted  to crystal  defects. The 
density of the channels increased with the donor con- 
centration. With  ND about 10 TM cm-S cross sections 
showed a brownish layer  in which the channel  density 
was so high that  the individual  channels were  hardly  
visible. Figure  8(a) and 8(b) show cross sections of two 
n- type  samples wi th  donor concentrat ions ND = 2 X 
10 TM cm -8 and ND = 2 X 10 TM cm -S. As can be seen 
the channel  density in the highly doped sample is 
much higher  than in the lower doped sample. More-  
over  the h ighly  doped sample shows a straight  line 
be tween the brown, channel - r ich  s t ructure  and unat-  
tacked silicon substrate whereas  the low-doped sam- 
ple shows fluctuations of the channel  depth along the 
section. The fluctuations could be a t t r ibuted  to fluctua- 
tions of the  donor concentrat ion (resis t ivi ty  striations) 
along the section. For  the low-doped samples the local 
etch ra te  seems to be a funct ion of the local donor 
concentration. This is not the case wi th  the highly 
doped samples a l though striations were  found to be 
present. 

For n + silicon (ND > 2"1018 c m  - S )  it was found that  
etching at 10V resulted in a br ight  electropolished 
surface. The corresponding current  density was about 
130 m A ' c m  -2, but this value could be considerably 
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increased by stirring, which implies that  the etch rate  
is controlled by diffusion. This is in agreement  wi th  
Turner ' s  observat ion (6). At lower  voltages (or cur-  
rent  densities),  depending on the donor concentration, 
the formation of a brownish layer was observed. In 
order to determine the crystal l ini ty of the brown 
layers, n +- and n- type  silicon samples were  total ly 
converted to channel- r ich  structures. X- r ay  diffraction 
pat terns  [Fig. 9(a) and 9(b) ]  showed that  except  for 
minor  differences, the monocrystal l ine character  was 
unchanged. Inf rared  transmission spectra confirmed 
that  the brown layer  samples were  almost pure silicon. 
These observations are consistent wi th  the idea that  
the brown layers consist of a f r amework  of the mono-  
crystal, which is left  af ter  the channel  etching. 

Fig. 7. Current density vs. elec- 
trode potential for a smooth and 
a rough surface. 

i i 

25 30 
Esi- Eco t [V] 

As repor ted  by Meek (7) the brownish layer  forma-  
tion on n + samples is typical for current  densities be-  
low JcriL- Jcrit iS the current  density at which the brown 
layer  starts to be detached. Above Jcrit it is not l ikely 
that  the etch rate is determined by the avai labi l i ty of 
holes, but  ra ther  by the supply of F -  ions to the 
etching surface. At current  densities lower  than Jcrit 
it is difficult to say which step determines  the etch 
rate. Meek's measurements  (13) suggest that  a t rap to 
band transi t ion mechanism supplies holes to the etch- 
ing interface. The dissolution process itself seems to 
be divalent  (7). 

As indicated by the short t ime needed to reveal  the 
channels in Sirt l  etchant, inside these channels there  
is probably some fast etching material .  Amorphous  

Fig. 8(a). Section of a (100} sample of n+-type Si (ND = Fig. 8(b) Section of a (|00) sample of n-type Si (ND = 
2x10 TM cm -~)  after 30 rain etching at J = 20 mA cm -2.  2xi016 cm -8 )  after 30 rain etching at J = 15 mA cm -~.  
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Fig. 9(a). X-ray diffraction pattern of a (111) surface-oriented 
slice. 

silicon or silicon hydride compounds have been re- 
ported elsewhere (14) The presence of the amorphous 
silicon had been explained by Turner  (6) by the dis- 
proport ionation of SiF2. The presence of SiH4-1ike 
compounds may  be due to hydrogen passivation of 
the surface. At current  densities lower than  Jcr~t hy-  
drogen evolution was observed. As described by Mem- 
ming and Schwandt  (15), hydrogen may be evolved 
with the reactions 

SiF2 + 2HF-~ SiF4 + H2 ~ or 

2SiF2 ~ Si + SiF4 

Si + 2H20 ~ SiO2 + 2H2 z 

However, more information will  be needed to support 

Fig. 9(b). X-ray pattern of the same slice electrochemically 
converted into "brown layer" structures. 

this hypothesis, because most of the re levant  interface 
processes are still unknown.  

The Direction of the Channels in the Monocrystal 
Figure 10 shows the surface and (111) cleaved sec- 

tions of ( I l l ) ,  (100), and (110) oriented silicon slices. 
The channels  or the points of intersection of the chan- 
nels with the surface or cleavage planes were made 
visible after 3 sec Sirtl  etching. Slices with a (111) 
surface orientat ion were found to give channels lying 
in {111} planes and in the [110] directions. The fact 
that the channels grow out in well-defined directions 
can point to either a bu lk  property of the silicon la t -  
tice (open directions where impurit ies prefer to col- 
lect) or to a surface mechanism (influence of the 

Fig. 10. Surface and (111) cleavage sections of slices of the (111), (100), and (I 10) orientations 
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Fig. I I .  SEM photograph of the etched side of a (100) epitaxial layer after removing the n + substrate and after 5 sec Sirtl etching: 
(left) the surface and (right) a section of the layer. 

adsorbed or ehemisorbed ions at the surface).  As 
mentioned before, it is reported e lsewhere  (14) that  
brown layers contain, in addition to silicon, SiH4-1ike 
compounds. Hydrogen passivation of the interior  sur-  
faces other than in the channel propagation directions 
might  explain the anisotropic etching behavior.  

Etching of Epitaxially Grown Structures 
Preferent ia l  etching of n + n -  s tructures was car-  

ried out at 10V (2). The thin n -  layer  was always 
covered by a brown layer. In pract ice the n + n -  in te r -  
face profile is not abrupt;  its slope depends on the 
t ime and tempera ture  of growth, autodoping, and 
subsequent heat  t reatment .  In fact it is a n + n  n -  

structure, in which the thickness of the in termediate  
n layer depends on the processing. During the electro-  
chemical  t rea tment  the n - type  layer  is conver ted into 
a brown, channel - r ich  layer. Moreover  it was observed 
that the high resist ivi ty epitaxial  n -  layer, which is 
not expected to etch, sometimes contains channels 
(Fig. 11). F rom the n layer  a minor  part  of the chan-  
nels grows out into the n -  layer. Because the channel 
formation is a t ime-dependent  process, the channel  
depth across the n -  layer  (2) wil l  follow a distr ibution 
schematical ly  indicated in the figure (Fig. 12). In this 
figure diffused areas in the epi taxial  layer  are indi-  
cated. The areas which are farthest  f rom the contact 
are at tacked because the electrolyte can communicate  

X 

~tact 

of equeal depth 
,f the channels 

cked diffused 
areas 

sect ion xx'  
n -  layer 

ed 

Fig. 12. Schematic representa- 
tion of the attack of diffused 
areas through channels. 

x I 

5 =depth  of channel region 
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Fig. 13. Photograph of the at- 
tack of n + diffused areas: (a) 
the etched side of the n -  layer, 
(b) detail of a cross section, 
which shows that the n + areas 
are attacked through the thin in- 
termediate n -  layer, and (c) cross 
section of a thin p-type layer, in 
which n + areas have been made 
by diffusion. The n + areas and 
the p-type layer are not attacked. 

here  wi th  the h ighly  doped regions. This distr ibution 
of the attacked diffused areas was often observed. 
Moreover  n + diffused areas were  found to be readily 
at tacked with  respect to p+ diffused areas, as demon-  
strated in Fig. (13(a) and 13(b). This is probably due 
to the increased hole generat ion at defects (disloca- 
tions, precipitates)  at the n + diffused regions. Meek 
(4) points to the field-aided diffusion of minor i ty  
carriers (holes) toward the etching interface. This may 
also be the case with n + diffusions in p layers, but no 
influence on the etching behavior  would be expected 

because holes are a l ready the major i ty  carriers.  That  
n + diffusions in p - type  layers are not  a t tacked is 
demonstra ted in Fig. 13(c). 

One means of prevent ing  at tack of the diffused areas 
is to take a re la t ive ly  thick in termedia te  n -  layer  be- 
tween the n + diffusion area and the n + substrate. A 
second method employs an additional p - type  layer 
which can be made be tween  the n + substrate and an 
n- type  epitaxial  layer. P - type  silicon exhibits  no etch 
channels. Some other methods  are suggested in Ref. 
(4). 
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In order to reduce the thickness of the outdiffused 
layer  between the n + substrate and the n -  epilayer, 
epitaxial  s tructures were  made at re la t ive ly  low tem-  
pera tures  (1050~ using Sill4 epitaxy. The donor 
concentrat ion of the n -  layer  did not exceed 5 • 1015 
cm -z. It  was found that  when such structures were  
etched preferent ia l ly  at 10V, no channels were  de- 
tected in the n -  layer. This contrasts wi th  a si lane- 
grown n+n  - slice that  has been subjected to an addi-  
t ional h igh- t empera tu re  t rea tment  and wi th  an n+n  - 
slice made by SiCI4 epi taxy at 1220~ Typical  etch 
times were  about half  an hour  in both cases. The dif- 
ference in etching behavior  might  be explained by the 
difference in outdiffusion profile of the donor concen- 
tration. Assuming that  the interface profile of n + to n 
is de termined only by outdiffusion and not by auto-  
doping (16) during epitaxy, we can calculate Emax 
from the Poisson equation, using Vder, L ~ 10V, and 
N ( x )  should be given by 

N(x)  = N~ erfc( -~D~DT) 

N(x)  is the donor concentrat ion at a distance x from 
the interface, No the concentrat ion of the n + silicon, 
D the diffusion coefficient, and T the diffusion time. 
Figure  14 shows the variat ion of the Emax value across 
the interface for epi taxial  slices made  by the Sill4 
and SIC14 process. The value of Ecrit has been indi-  
cated for the n + and n -  silicon. The in termediate  
layer, which is conver ted into a brown, channel - r ich  
zone, is much thinner  in the Sill4 slices. Moreover,  
Emax, drops sharply for Sill4, whereas  the correspond- 
ing change in Ecrit is more  gradual. 

N-type  layers made by SiH~ and SIC14 epi taxy 
having equal  resistivit ies and thicknesses were  com- 
pared by four -po in t -probe  resist ivi ty measurements  
af ter  etching of the n + substrate. It was found that  
SiH4-made layers systematical ly  showed higher re-  
sistivities. Apparen t ly  for the SiC14-made layers  the 
tail of the outdiffusion profile and the monocrysta]]ine 
f r amework  of the brown layer  contr ibute  to the con- 
ductance. This means that  in the case of Sill4 the 
potent ial  drop alongside the slice is greater.  Areas 
farthest  f rom the contact place have such a low elec- 
trode voltage that  the channel  etching process prob-  
ably does not occur. 

Conclusion 
During the anodic dissolution process of n - - ,  n-, or 

n+ - type  silicon, etched channels can be formed, which 
grow out in crystallographically well-def ined direc-  
tions in the monocrystal .  The origin of these etch 
channels  is ascribed to the local b reakdown of a bar-  
r ier  at the surface of the silicon. This provides holes 

Fig. 14. The calculated electric 
field, Emax, near the epitaxial 
interface during etching, assum- 
ing Vdepletionlayer : 10V; the 
distribution of donor atoms is 
given by N(x) ~ No~2 erfc 

( 2 ~ )  Heat-treatment dur- 

ing epitaxy gives "x/DT ~ 4"10 -6 
cm for Sill4 and 25.10 -6 cm for 
SiCI4. The breakdown field, Ecrit, 
has been indicated by the broken 
line. 
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which are necessary for the etching process. For  high 
resis t ivi ty silicon a depletion layer  model  can be used. 
The m ax im um  electric field Emax at an e lect rolyte-  
silicon interface is a function of the voltage across the 
layer  and the donor concentration. Breakdown will  
occur when  Ema• ~ Ecrit- In practice local breakdown 
will  occur, dependent  on crystal  defects, impurities,  
fluctuations of the donor concentration, etc. Highly 
doped silicon exhibits  a high channel  density only at 
low values of the silicon electrode potential.  

J-V curves for low-doped silicon are dependent  on 
the growing process of the channels. This means the 
shape of the curves is t ime dependent.  

The occurrence of etch channels in the n -  layer  
during preferent ia l  e lectrochemical  etching of n+n  - 
can be easily explained with the results of the homo- 
geneously doped samples. The anode voltage, the donor 
concentrat ion of the n +- and n - - t y p e  silicon, the 
steepness of the n+n  - interface profile, the presence 
of defects in the n -  layer  (often introduced by diffu- 
sions), and the total  exposure t ime of the n -  layer  to 
the electrolyte  must  be taken into account. Using 
standard etching conditions (10V) it was found that  
e tch- through effects be tween the diffused areas and 
the n + substrate can be e l iminated in the fol lowing 
ways: (i) Take a re la t ive ly  thick in termedia te  n - -  
type layer  between the n+ substrate and the diffused 
areas. (ii) Use an additional p layer  be tween the n + 
substrate and the n -  layer. (iii) Reduce the total 
amount  of hea t - t r ea tmen t  which precedes the electro-  
chemical  process. Good results were  obtained with 
Sill4 epi taxy carried out at 1050~ and ND : 5 X 1015 
cm -a for the n -  layer. Typical  etch times were  half  
an hour. 

Acknowledgments 
The author wishes to thank Mrs. E. Olijdam, who 

carried out much of the exper imenta l  work, W. J. 
Schouten for the scanning electron microscopy, C. 
Langereis  for the x - r ay  diffraction techniques, and C. 
Albrecht  for mathemat ica l  assistance. 

Comments  by T. L. Tansley, E. Kooi, J. de Jonge,  
and G. Schwandt  were  very  helpful.  

Manuscript  submit ted May 19, 1971; revised manu-  
script received Oct. 13, 1971. 

Any  discussion of this paper will  appear  in a Discus- 
sion Section to be published in the December  1972 
JOURNAL. 

REFERENCES 

1. H. J. A. van  Dijk  and J. de Jonge, This Journal, 
117, 553 (1970). 

2. M. J. J. Theunissen, J. A. Appels, and W. H. C. G. 
Verkuij len,  ibid., 117,959 (1970). 



360 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  March 1972 

3. M. J. J. Theunissen, Paper  presented at the Fourth  
Annua l  Conference on Solid State Devices, 
Exeter, N. H., Sept. 14-18, 1970. 

4. R. L. Meek, This Journal, 118, 1240 (1971). 
5. A. Uhlir, Jr., Bell System Tech. J., 35, 333 (1956). 
6. D. R. Turner,  in "The Electrochemistry of Semi- 

conductors," p. 179, P. J. Holmes, Editor, Aca- 
demic Press, London (1962). 

7. R. L. Meek, This Journal, 118, 437 (1971). 
8. F. C. Eversteijn,  P. J. W. Severin, C. H. J. v.d. 

Brekel, and H. L. Peek, ibid., 117, 925 (1970). 
9. E. Sirtl  and A. Adler, Z. Metallk., 52, 529 (1961). 

10. V. A. Myamlin  and Y. V. Pleskov, "Electrochemis- 

t ry of Semiconductors," p. 30, P l enum Press, New 
York (1967). 

11. A. S. Grove, "Physics and Technology of Semicon- 
ductor Devices," p. 193, John Wiley and Sons, 
Inc. (1967). 

12. P. H. Bellin and W. K. Zwicker, J. Appl. Phys., 42, 
1216 (1971). 

13. R. L. Meek, Surface Sci., 25, 526 (1971). 
14. K. H. Beckmann,  Surface Sci., 3, 314 (1965). 
15. R. Memming and G. Schwandt, ibid., 4, 109 (1966). 
16. K. Suzuki and M. Endo, Paper  96 presented at 

Electrochem. Soc. Meeting, Los Angeles, May 
10-15, 1970. 

The Chromium-Glass Interface 
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ABSTRACT 

Using a combinat ion of etch and contact angle techniques, three regions 
were identified in the thin chromium films deposited on glass substrates. It  
appears that the thin native oxide surfaces do not usual ly  etch homogeneously. 
The glass/chromium interface, approximately 50-100A thick, is formed by 
modifying the original  glass due to the penetrat ion of the chromium dur ing 
the oxidation process. The interface seems to become a chrome-glass with the 
ehr6mium concentrat ion decreasing as a function of the depth of penetration.  

The prevalence of the use of thin chromium films 
on oxides and glass substrates in the present  tech- 
nology makes the s tudy of the chromium-glass  in ter -  
face par t icular ly  relevant.  

Chromium was chosen for many  applications be- 
cause of its good adhesion to glass, its hardness, and 
the relat ive inertness which is protected by a sup- 
posedly un i form layer  of oxide. Attempts  to peel 
chromium films ~1000A or less from glass substrates 
invar iab ly  resulted in a layer  of glass coming off with 
the chromium. This indicates that  rupture  occurs be- 
low the "interface," since apparent ly  the cohesive 
forces in the glass adjacent to the interface are smaller  
than the adhesive forces of the chromium to the glass. 
Fur thermore ,  the original  glass surface may have be-  
come modified dur ing the chromium deposition process, 
in which case one would expect an interfacial  region 
ra ther  than a sharp interface. The properties in this 
interracial  region would change gradual ly  from the 
properties of pure chromium to that  of the glass. 

By etching off successive layers of the chromium 
films below the "interface" and measuring the contact 
angles that  drops of water form with the respective 
surfaces, it appears that  an interfacial  region was 
located. 

Experimental Procedure 
Contact angles were measured using a Ram~-Hart  

Contact Angle Goniometer.  Uniform water drops were 
dispensed from a precision l iquid dispenser with 0.1% 
accuracy of the dispensed volume through a 0.1 ml 
range. The actual volume of the drops used was 
2 • 10 -4 ml. Only water  distilled in  a quartz still 
from a potassium permanganate  solution was used. 
Photographs of three drops on each respective sur-  
faces were taken and the contact angles were deter-  
mined using a geometric technique. Thus, the contact 
angles could be measured to • 1 ~ An acidic ceric sul-  
fate solution (20g Ce(SO4)2, 164 ml  HNO3 conc, 6 ml  
H2SO4 conc, and 330 ml D.I. water)  was used to etch 
the chromium films. 

Surface Cleaning 
Meaningful  contact angle measurements  can only 

be made on homogeneous surfaces. However, highly 

Key words :  ch romium-g la s s ,  e tching ,  con tac t  angle ,  pene t r a t ion ,  
oxida t ion ,  in terface .  

nonuni form etch rates on large area chromium films 
were noted in spite of the fact that the optical density 
of these films was uniform prior to etching. Similar  
results were obtained with convent ional  s tandard 
alkaline etchants. Ordinar i ly  this effect may escape 
attention, because the chromium is completely re- 
moved between pat terns etched into the chromium 
films. It was fur ther  noted that this phenomenon is 
highly surface sensitive. Various schemes of cleaning 
the chromium surface followed by an anneal ing pro- 
cedure at different temperatures  in a n i t rogen furnace 
resulted in even more i r regular  etch rates across the 
treated films. The etch rates were par t icular ly  i rregu- 
lar when organic solvents such as acetone, trichloro- 
ethylene, methanol,  or freon were part  of the cleaning 
cycle. This was t rue  even when either was preceded 
or followed by an oxidant. 

However, it was possible to obtain sufficiently 
homogeneous surfaces by the following technique: 
One-half  hour boiling of the chromium-coated sub- 
strate in an ammonia-hydrogen  peroxide solution (80 
ml  30% hydrogen peroxide, 35 ml  58% ammonium 
hydroxide, and 885 ml  water)  at 80~ r insing in de- 
ionized water  at R.T., boil ing for 15 min  in deionized 
water, r ins ing again in deionized water  (R.T.), and 
inser t ing into the etching solution while still covered 
with a uni form film of water. 

Presumably,  this procedure not only cleaned the 
surface but  hydrated the th in  nat ive oxide on top of 
the chromium film. 

Fur ther  verification for the inhomogenei ty  of the 
surface was obtained from ellipsometric studies of the 
surfaces of th in  chromium films on glass substrates 
prior to cleaning. 

Because nei ther  the type of oxide, much  less the 
optical constants, were known, the delta and psi values 
which are complex functions of the refractive index, 
the wavelength,  and the angle of incident  light could 
only be compared (1). Employing an immersion tech- 
nique, data on the chromium-glass  interface were ob- 
tained in the same study. The following conclusions 
support  the observations noted dur ing  the etching ex- 
periments:  (i) The free chromium surface is very 
nonuniform;  data were highly ambiguous. (ii) The 
chromium/glass  interface data were extremely uniform. 
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Table I. Freshly cleaned vs .  aged chromium surface 

Position of contact 
angle on surface Top Center Bottom 

Table III. Contact angles of water 

Freshly cleaned 16 ~ 24 ~ 21" 
24 hr aging in air 45 ~ 46 ~ 43 ~ 
Optical densities 2.89 2.81 2.80 
Recleaned 18 ~ 18 ~ 21 ~ 
24 hr aging in air 52 ~ 42 ~ 40 ~ 
Optical densities 2.86 2.81 2,78 

Etched in Ce (SO4) 2H + 
Position o~ 

contact angle Original 
on surface chromium 3'20 ~ 3'45 ~ 3'55 ~ 4'00 ~ 

Top 45 ~ 17 ~ 20 ~ 57 ~ 85 ~ 
Center 58 ~ 23 ~ 24 ~ 49 ~ 89" 
Bottom 50 ~ 25 ~ 20 ~ 62 ~ 89 ~ 
Optical density 1.45 0.40 0.22 0.13 0.07 

Table II. Chromium-glass interface 

Chromium glass Bare glass 
Position of contact Original Etched Original Etched 

angle on the surface chromium 14'30" glass 14'30" 

Fresh 
Top 17 90 6 13 
Center 19 91 7 17 
Bottom 20 83 5 9 
Aged for 24 hr 
Top 38 86 12 14 
Center 37 81 6 14 
Bottom 41 88 9 19 

(iii) N o  o b v i o u s  c o r r e l a t i o n  w a s  o b s e r v e d  b e t w e e n  
t h e  o p t i c a l  d e n s i t y  o f  t h e  f i lms  a n d  d e l t a  v a l u e s .  

Contact Angle Study 
A f t e r  o b t a i n i n g  h o m o g e n e o u s  s u r f a c e s  b y  t h e  a b o v e  

t e c h n i q u e ,  c o n t a c t  a n g l e s  w e r e  m e a s u r e d  b e f o r e  e t c h -  
i n g  t h e  c h r o m i u m  fi lms,  o n  f r e s h l y  e t ched ,  as  w e l l  as  
a g e d  c h r o m i u m  a n d  g l a s s  s u r f a c e s .  

T a b l e  I is a s u m m a r y  of  r e p r e s e n t a t i v e  d a t a  of  c o n -  
t a c t  a n g l e s  of  w a t e r  o n  c l e a n e d  a n d  a i r - a g e d  c h r o m i u m  
s u r f a c e s .  T h r e e  d r o p s  o n  e a c h  s a m p l e  w e r e  m e a s u r e d .  
Top ,  c e n t e r  a n d  b o t t o m  r e f e r s  to  t h e  l o c a t i o n  of  t h e  
d r o p  o n  t h e  s u r f a c e  to  b e  m e a s u r e d .  

T h e s e  d a t a  i n d i c a t e  t h a t  t h e  i n c r e a s e  in  t h e  c o n t a c t  
a n g l e  o n  a g i n g  w e r e  r e p e a t a b l e  a n d  p r o b a b l y  a f u n c -  
t i o n  o f  t h e  d e g r e e  of  h y d r a t i o n  of  t h e  s u r f a c e .  T h e  

c o n s t a n c y  of  t h e  o p t i c a l  d e n s i t i e s  s h o w s  t h a t  t h e  o b -  
s e r v e d  s u r f a c e  c h a n g e s  s h o u l d  b e  a t t r i b u t e d  to  a r e -  
v e r s i b l e  t r a n s f o r m a t i o n  of  t h e  s u r f a c e  a n d  t h a t  n o  loss  
of  c h r o m i u m  m e t a l  s e e m s  to b e  i n v o l v e d .  T h e  ef fec t  of  
o v e r e t c h i n g  o n  t h e  c h r o m i u m  a n d  b a r e  g l a s s  s ide  is 
s h o w n  in  T a b l e  II .  T h e  s a m p l e s  w e r e  e x p o s e d  to  t h e  
e t c h a n t  a p p r o x i m a t e l y  t w i c e  as  l o n g  as  r e q u i r e d  to 
c o m p l e t e l y  r e m o v e  t h e  c h r o m i u m  film. 

O n l y  t h e  o r i g i n a l  c h r o m i u m  s u r f a c e  e x h i b i t s  a n  i n -  
c r e a s e  in  t h e  c o n t a c t  ang le .  H o w e v e r ,  a d r a m a t i c  i n -  
c r e a s e  in  t h e  c o n t a c t  a n g l e  a f t e r  e t c h i n g  o n  t h e  
c h r o m i u m  s ide  is  o b s e r v e d - - i n d i c a t i n g  t h a t  t h e  g l a s s  
a d j a c e n t  to t h e  c h r o m i u m  h a s  d i f f e r e n t  e t c h  c h a r a c t e r -  
is t ics.  R e p l i c a  e l e c t r o n  m i c r o g r a p h s  s h o w e d  t h a t  t h e  
h i g h  c o n t a c t  a n g l e  w a s  n o t  d u e  to s u r f a c e  r o u g h n e s s .  
F i g u r e  1 s h o w s  tha t ,  o n  t h e  sca le  24,800X, t h e  s u r f a c e  
w i t h  t h e  l o w e r  c o n t a c t  a n g l e  (16 ~ ) a p p e a r s  r o u g h e r  
t h a n  t h e  h i g h  a n g l e  s u r f a c e  (85~  I t  a p p e a r s  t h a t  
t h e  n o t e d  r o u g h n e s s  is m u c h  too  s m a l l  to  h a v e  a n  
ef fec t  o n  t h e  c o n t a c t  ang l e .  

T h e  s a m e  o b s e r v a t i o n  c a n  b e  m a d e  in  Fig .  2 ( 1 7 6 X ) .  
A g a i n ,  l i t t le ,  if  any ,  s u r f a c e  r o u g h n e s s  c a n  b e  n o t e d  
w h i c h  c o u l d  a c c o u n t  f o r  t h e  d i f f e r e n c e  in  c o n t a c t  
ang le s .  T a b l e  I I I  s h o w s  t h e  v a r i a t i o n  o f  t h e  c o n t a c t  
a n g l e s  o n  o n e  a n d  t h e  s a m e  p l a t e  as  a f u n c t i o n  of  
d e p t h  f r o m  t h e  s u r f a c e  a f t e r  r e p e a t e d  e t c h i n g s .  
T h e  o p t i c a l  d e n s i t y  s h o w s  t h e  t h i n n i n g  o f  t h e  c h r o -  
m i u m  fi lm. A t  a n  o p t i c a l  d e n s i t y  o f  0.40, a v e r y  t h i n  

Fig. 1. Replica electron micrograph, 24,800X. (Both etched in ceric sulfate solution for 3'15") 
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Fig. 2. Chrome and back-side etched 

film of chromium was p resen t - - indeed  a faint  gray  haze 
was still visible wi th  the unaided eye. The contact 
angle is low (as might  be expected) on a freshly 
hydrated chromium surface. At optical densities be- 
tween 0.22 and 0.13, no chromium was visible to the 
unaided eye and the contact angles increased to what  
was previously observed on an overetched plate. 

F igure  2 is a summary  of the above exper iment :  A 
chromium-coa ted  substrate was cut into six pieces. 
Each piece was etched in ceric sulfate etchant  at room 
tempera ture  as indicated below the respect ive pictures. 
Af te r  all the samples had been prepared,  wa te r  con- 
tact angles were  measured. Results were  essentially 
similar  to those observed in the previous experiment .  
The first etched sample (3'15") still  had some chro-  
mium on the surface, but showed a higher  contact angle 
than the respect ive sample in the previous exper iment  
because of aging. 

An electron microprobe analysis showed that  the 
chrome side etched for 4'30" and 14'30" showed the 
presence of Cr on both sides. The significance of this 
test is quali tat ive,  a l though the electron microprobe 
showed the presence of 0.07 and 0.02 weight  per  cent 
(w/o)  Cr of the vo lume as compared to the standard. 
The Cr was in the glass below the original  surface and 
none could be detected on the back-side, etched nor 
unetched. The electron beam was 10 Kv  wi th  a 25 
diameter  spot and an approximate  penetra t ion of 
9000A. In a subsequent  exper iment ,  0.02% Cr was 
noted on a substrate which was etched for 7 min 
(optical density was 0.02) unti l  all chromium has 
disappeared, but  not in a second substrate. The in- 
ference from these exper iments  is that  chromium, on 
sputtered as wel l  as evaporated glass substrates, can 
be found in layers below the original  sur face- - though  

in some instances, it is readi ly  leached-out  by the 
etchant. 

Discussion 
The deposition of a chromium film on top of a glass 

substrate appears to modify  the glass immedia te ly  
beneath the chromium films. This interracial  region 
seems to be ra ther  shallow, probably  in the order  of 
50-I00A. These figures are based on e tch- ra te  studies 
of the chromium-glass  system. It  appears that  chro- 
mium penetrates  the glass surface and is oxidized in 
the process since on etching much of it is readily 
leached-out.  In some exper iments  per formed under  
the same conditions, some chromium was detected 
after etching below the original glass surface indi-  
cating the presence of chromium ions loosely held by 
the glass. Fur the r  evidence for the penet ra t ion  of 
chromium comes from carbon replicas on angle lapped 
surfaces. In Fig. 3, a region of cracks appears at the 
interface. Such cracks are a t t r ibuted to the penetrat ion 
of metal  atoms and /o r  have  been reported previously 
in the l i tera ture  (2). 

This s tudy indicates then that  three  distinct regions 
can be identified in th in  chromium films on glass on 
the basis of contact  angle studies. This is fur ther  sup- 
ported in etch studies by this laboratory and elsewhere 
(3). Figure  4 shows that  the optical density is a l inear  
function of the thickness of the films in A. Thus opti-  
cal density was used to determine  film thickness in 
the etch studies. F igure  5 is an ant icipated general ized 
etching curve. Regardless of the etchant  employed or 
the type of chromium film, the character  and the slopes 
of the "bulk"  port ion of the films of the curves ob- 
tained are similar, thus indicating three  distinct re -  
gions or phases but not the slope which must  be found 
experimental ly .  



Vol. 119, No. 3 C H R O M I U M - G L A S S  I N T E R F A C E  363 

Fig. 3. Polished section of 
Cr/glass interface (unetched 
showing fissures}, 13 ,400X.  

E 

These three regions are as follows: 
(i) The surface of the chromium film which may be, 

but  more l ikely is not homogeneous, due to organic or 
other contamination.  This effect is aggravated on heat-  
ing in  air or ni t rogen because it can modify the oxide, 
and in  tu rn  the etch rate. This could account for the 
observation that  the slope of the section A of the 
curve in Fig. 5 varies more widely than the slopes 
of the "bulk" portions of this curve. 
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Fifl. 4. Optical density vs. thickness of thin chromium films on 
gloss substrotes. 
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Fig. 5. Anticipated generalized etch curve 

A = Surface oxide 
B = Chromium bulk 
C = interface 
D = Glass substrate 

(ii) The bulk  of the chromium film (section B in  
Fig. 5) has a relat ively constant  etch rate of ~100 A /  
min  for acidic ceric sulfate etchant regardless of the 
m a n n e r  in which the chromium film was deposited. 
Figure 6 represents experimental  etch curves of chro- 
mium film deposited by  three different techniques. 

(iii)  The interface proper which constitutes the 
modified original glass surface has again a much lower 
etch rate than the chrome but  presumably  faster than  
the glass itself. This is assumed because the etch rate 
of glass is ~1 A/min ,  but  the pe rmanen t  steps can be 
etched into the glass when  etching off the chromium 
on a part ial ly coated glass substrate. It  is impossible 
to avoid such steps even if etching is stopped as soon 
as the chromium film has disappeared by visual  in-  
spection. 

Thus, this interracial  layer  is formed by chromium 
ions penetra t ing into the original glass surface form- 
ing presumably  a chromium-glass,  with the chromium 
concentrat ion decreasing as a funct ion of depth into 
the glass. 
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Fig. 6, Optical density vs. etch time of chromium films de- 
posited on gloss by three different techniques. 
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Selective Deposition of Silver on Silicon by Reaction 
with Silver Fluoride Vapor 

R. J. H. Voorhoeve and J. W. Merewether 

Beff Tetephone Laboratories, Incorporated, Murray Hil~, New Jersey 07974 

ABSTRACT 

Reaction of silver fluoride vapor with a silicon surface has been shown 
to produce a smooth silver film at temperatures  from 80 ~ to near ly  600~ 
The silicon surface is etched in the beginning of the deposition process, and 
silicon is continuously removed from the sil icon-silver interface, leading to 
improved adherence of the film. Films of up to l ~m have been obtained. On 
surfaces which are par t ly  covered by an oxide pattern,  selective deposition 
on bare silicon occurs in the range of 80~176 This method is, in principle, 
applicable to the deposition of a wide var ie ty  of metals on elemental  and com- 
pound semiconductors. 

For  the manufac ture  of electronic devices, e.g., of 
silicon integrated circuits, depositions of metals and 
semiconductors onto selected areas of the substrate 
have been of interest  to reduce the number  of dif- 
fusion, photolithography, and masking steps. In  par-  
t icular  for microminiaturizat ion,  where definition of 
fine lines is essential, selective depositions appear to 
be attractive, especially in combinat ion with electron 
beam delineation techniques. 

The deposition of semiconductors on selected areas 
has been successfully accomplished by those deposi- 
t ion processes which are surface-reaction limited. 
Disproport ionation of GeI2 at 350~ has been used for 
selective germanium deposition onto Ge and GaAs (1). 
Selective epitaxy using silane and germane has been 
done under  h igh- tempera ture  conditions ( >  1175~ 
for Si, > 800~ for Ge), where the mobil i ty of the Si 
and Ge atoms over the oxide parts of the substrate, 
in conjunct ion with a low sticking coefficient on the 
oxide, produce preferential  growth on the bare semi- 
conductor (2-4). 

Selective depositions of metals are possible also and 
seem widely applicable in the deposition of metal  
films on silicon, germanium, and compound semicon- 
ductors such as GaAs or ZnS. For convenience, the 
discussion will  be l imited to silicon. A necessary con- 
dition is that the reaction 

4 4 
Si + - - M X m ~  - - M  + SiX4 [1] 

m m 

will  go to completion. M is here a metal  of valency m, 
X is a halogen. A fur ther  condition is that diffusion of 
the metal  or of silicon in the deposited layer must  be 
sufficiently fast to allow a film of practical thickness 
to form. The metal  halide must  have enough stabil-  
ity and volat i l i ty to yield a reasonable evaporat ion 

Key words:  metallization, chemical  vapor  deposition, in tegrated 
circuits, PICTUREPHONE|  surface chemistry .  

rate. The halide produced in the plat ing reaction 
should be volatile at the temperatures  and pressures 
employed. The process may be carried out in a flow 
system for metal  halides with high volatility, such as 
WF~ and PtF6, or in a vacuum evaporator for many  
metal  halides with low vapor pressure. 

Selective depositions are possible if reaction [1] is 
sufficiently faster than the reaction of metal  halide 
with the silicon dioxide or silicon nitr ide mask. Re- 
action with the mask seems l ikely only for metal  
fluorides. 

The expected advantages of this metal l izat ion proc- 
ess over physical vapor plat ing (5) are the selectivity 
of the deposition and the inherent  etching of the 
semiconductor surface, leading to wel l -adheren t  films. 
Possible disadvantages include the l imited film thick- 
ness and the possibility of halogen incorporat ion in 
the films. 

Examples of metals which have been deposited 
through their  halides are tungsten  and copper (6-10). 

Some metals which judged on the basis of thermo-  
dynamic data could be deposited this way  are, in 
addition to copper and tungsten,  silver, tin, lead, 
vanadium, tanta lum,  chromium, molybdenum,  iron, 
cobalt, nickel, and plat inum. These metals have one 
or more halides of sufficient volatility, and for which 
reaction [1] is favorable (AF ~ < <  0). Available dif- 
fusion data for these systems are not sufficient to pre-  
dict the thickness limits for such films, since diffusion 
in these thin films, with halogen present, is general ly 
appreciably faster than volume diffusion. 

In  the present  paper, the deposition of silver on 
silicon through the reaction 

Si W 4AgF-* 4Ag + SiF4 [2] 

is described. 
With an oxide layer the following reaction is pos- 

sible 
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Fig. I. Silver (2000A thick) deposited at 100~ (a) on a rectangular oxide island pattern; oxide is black, silicon gray, and silver 
white (b) on "plain" silicon. 

SiO2 -t- 4AgF -~, SiF4 ~ 4Ag -t- 02 [3] 

but  this is much less favorable  the rmodynamica l ly  
than reaction [2]. 

Experimental 
The depositions were  carr ied out in an ion-pumped 

12 in. Vi ton-sealed bell  ja r  evaporator  wi th  a base 
pressure of 6 • 10 - s  Torr. Dur ing depositions the 
pressure was about 10 -6 Torro 

A (111) silicon wafer,  0.010 in. thick, is mounted 
against a molybdenum heater  plate, which is heated 
by electron bombardment  or by passage of a current.  
The silicon t empera tu re  is measured  with  a the rmo-  
couple spot -welded to the molybdenum plate or, at 
high temperature,  by pyrometry.  Tempera tures  indi-  
cated in the fol lowing are therefore  only approximate.  

Three  types of silicon slices were  used: (i) un-  
oxidized ("pla in") ,  (ii) with a pat tern  of rec tangular  
oxide islands of 1600A thickness, and (iii) with a 
PICTUREPHONE|  pa t te rn  of bare silicon windows 
in an oxide mask. Before use, each slice was degreased, 
washed wi th  HF, and r insed wi th  deionized water.  
Slices with oxide pat terns were  washed with a 1:3 
HF solution to thin the oxide to 1000A. Before deposi-  
tions were  made, the silicon wafers  were  cleaned by 
heat ing in ~10 -6 Torr  for a few minutes, to l l00~ 
for "plain"  wafers, or to 750~ for wafers  wi th  an 
oxide pattern.  

S i lver  fluoride was evaporated f rom a graphite 
crucible mounted  in a s t r ip-heater .  The powder  (Ven-  
tron, Alfa  Inorganics)  was thoroughly  outgassed by 
mel t ing  in the graphi te  crucible at 10 -6 Torr. 

A shutter  wi th  a 0.125 in. hole was placed between 
the source and the silicon wafer.  This a l lowed several  
consecutive depositions to be made on a single wafer.  

Af te r  deposition of the meta l  layer, the wafers  were  
immedia te ly  r insed in deionized water  to remove  any 
unreacted silver fluoride f rom the surface. This is 
necessary because unreacted fluoride causes rapid de- 

Fig 2. Silver deposited at 60~ The irregularly shaped smooth 
and bright areas are siJver, the grainy deposit is AgF, the rectan- 
gles are oxide islands. 
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Fig. 3. Si:lver deposited at 600~ (a) approximately 200,~, (b) 
1200A, (c) I~. 

ter iorat ion of the silver and silicon oxide surfaces in 
air. 

Results 
General characteristics of the deposition process . -  

Deposits of silver on silicon could be readi ly dist in-  
guished because of the higher reflectivity of silver, 
compared to silicon and silicon dioxide (Fig. la ) .  The 
optimal deposition temperature  and the structure of 
the silver deposit were studied on "plain" silicon sub- 
strates (p-type, 4-15 ohm-cm),  at AgF impingement  
rates of about 2 X 10 ~s cm-2  sec-1, equivalent  to 50A 
of silver per second if the reaction is complete. The 
substrate tempera ture  was varied from 900~ to room 
temperature.  

A smooth silver deposit was obtained with the sub- 
strate between 80 ~ and 600~ A typical example of 
a deposit in that range is shown in Fig. lb. The struc-  
ture of the deposit was determined by x - r ay  to be 
polycrystalline, but  with the Ag (111) preferent ia l ly  
parallel  to the substrate, Si (111). 

The thickness of these films is l imited by the tem- 
pera ture-dependent  rate of diffusion of silver and/or  
silicon. At 400~ a film of 1 ~m could be obtained in 
2-5 min, at lower temperatures  (100~176 the 
limit was about 1000-2000A. Even at 80~ films of 
about 1000A were obtained in a few minutes.  This 
indicates rather  fast diffusion, which may be enhanced 
by the presence of the halide (11). 

The silver films showed better  adherence to the 
substrate than evaporated films and were not removed 
with the "scotch tape method." This is probably due 
to etching of the interface dur ing the deposition 
process. 

Two phenomena interfere with the formation of 
smooth films. At room temperature,  reaction of AgF 
with silicon is very slow. At 400-60~ only a patchy 
silver deposit is formed, with codeposition of AgF 

(Fig. 2). Grain  growth becomes evident  at 600~ 
especially in thicker films (Fig. 3). At 700~ the 
mobil i ty  of the silver under  deposition conditions be- 
comes excessive, leading to agglomeration and forma- 
tion of large crystals, up to 5 gm in size (Fig. 4). 
Some of these form on top of the oxide, where nuclea-  
tion is presumably  facilitated by etching, which be-  
comes especially prominent  beyond 700~ 

The structure of the interface be tween silver and 
silicon was observed by etching off silver with HNOa/ 
HC1 and removing any oxide pat tern  with HF. Diffi- 
culty was experienced in  dissolving silver deposits in 
HNO3 alone. This may be due to the presence of silicon 
in solid solution or at the grain boundaries  (12). The 
silicon surface remaining  presented a hazy appearance 
at spots where silver had been deposited. The haze is 
due to the presence of a roughness with a "grain" of 
0.3 gm or less resul t ing from the reaction with AgF 
(Fig. 5). A few larger pits were observed. Etching of 
the interface is most noticeable at the border l ine of 
the oxide pattern.  The resul t ing depression l ining the 
islands is less pronounced at higher temperatures  
(compare Fig. 5a and 5b.). It  may  be due to stress- 
enhanced etching. 

Selectivity on Si02/Si patterns.--Between 80~176 
silver deposition occurs exclusively on the bare  sili- 
con. The selectivity indicated in Fig. la  is fur ther  il- 
lustrated by scanning electron micrographs of the 
small  rectangular  features in the rec tangular  pa t te rn  
(Fig. 6). The secondary electron pat tern  shows the 
definition of the features to be quite good (Fig. 6a). 
The scanning electron microscope was also used to 
scan the surface specifically for silver, using an x - r ay  
detector and a mul t i - channe l  analyzer  tuned to the 
Ag La + L~ x - ray  fluorescence. It was shown that  
very little, if any, silver is deposited on the oxide 
(Fig. 6b). The difference in appearance of silicon 
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however. No effort has been made to find the optimal 
conditions for this deposition. 

A feature of some of the deposits is the collection 
of a somewhat heavier  silver deposit on the silicon 
near  the edges of the oxide. This may  give rise to 
the formation of rings, ra ther  than  solid dots, in  the 
PICTUREPHONE| pattern.  This may be due to AgF 
molecules landing on the oxide surface and migrat ing 
to the edge of the oxide film. Similar  effects have been 
shown for the Ge deposition from GeI2 (Ref. 1). 

Fig. 4. Silver deposited at 700~ Except for the light rectan- 
gular oxide islands, the whole surface is covered by silver. Bright 
Ag crystals cover part of the oxide. 

under ly ing  oxide islands and silicon on which silver 
had been deposited (Fig. 5) also shows the good 
selectivity of the method. 

The rectangular  pat tern  consists of oxide islands 
on a silicon substrate. Selective deposition was also 
tested for an ar ray  of circular windows in an oxide 
mask on silicon (PICTUREPHONE| array) .  The ob- 
jective was to deposit silver in the windows only. 
Figure 7 shows that  selective deposition is possible 
for such configurations, even at 100~ Some spurious 
growth of silver adjacent to the windows does occur, 

Discussion and Conclusions 
In this largely exploratory study, it has been shown 

that the deposition of silver on silicon through the 
reaction of AgF with the silicon surface is a feasible 
process. The reaction is sufficiently fast to allow 
depositions of films at substrate temperatures  of 80~ 
and higher. In the range from 80~ to near ly  600~ 
the films are smooth, with small  grains (<0.3 ~m). 
Thicknesses from 1000A to 1 #m are obtained in a few 
minutes.  Thicker films could be buil t  up, e.g., by 
electroplating, electroless plating, or both. 

The films adhere well to the silicon surface. The 
sil icon-silver interface is etched by the deposition 
process, and this may contr ibute  to the good adherence 
and the preferred or ientat ion of silver crystallites. 

Selective deposition of silver has been obtained 
through windows on an oxide-masked silicon sub-  
strate, and also on a silicon surface par t ly  covered 
with oxide islands. The oxide surface remains  free 
of silver between 80 ~ and 600~ and pa t te rn  details 
are well preserved. Deposited films can probably be 
heated to 700~ long enough to allow deposition of 
SigN4 protective coatings or to anneal  out ion im-  
planta t ion damage in silicon [see e.g., Ref. (13)]. 

Two subjects not covered in the present  s tudy are 
the possible incorporation of fluorine in the metal  film, 
and the specific resist ivity of the films in comparison 
with bu lk  silver. 

The method may be applicable for the deposition 
of several other metals ment ioned in the introductory 
remarks of this paper allowing selective depositions at 
convenient ly  low temperatures.  
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Fig. 6. Scanning electron micregraphs of silver on the rectangular pattern, about 360,~ thick, deposited at 100~ (a) secondary elec- 
tron emission; (b) Ag Lc~ and L/~ x-ray fluorescence; the rectangles are oxide islands. 
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Fig. 7. Silver (2000.~, thick) deposited at 100~ through windows 
in an oxide mask (PICTUREPHONE| pattern). 
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cussion Section to be published in the December 1972 
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The Use of Laser-Induced Photoluminescence to Evaluate 
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ABSTRACT 

A method based on photoluminescence measurements  is described to deter-  
mine the suitabil i ty of GaAsP wafers for red- l ight  emit t ing devices. Using a 
focused laser beam as an excitation source, testing was carried out in the 
open at room temperature,  assuring simplicity and speed of wafer evaluation. 
It  is shown that  one can readily determine whether  a wafer is uni form in 
composition and /or  uni form in external  quan tum efficiency and determine 
what  the spectral characteristics of diodes fabricated from a given wafer will 
be. It is also shown that  one can study the effects of wafer processing on the 
radiat ive recombinat ion of electron-hole pairs, which will allow one to rapidly 
develop opt imum device fabrication procedures. 

This paper describes one phase of a cont inuing study 
of optical methods for nondestruct ive evaluat ion and 
characterization of semiconductors (1). Nondestruc- 
tive testing of semiconductor wafers for l ight -emit t ing  
diodes (LEDs) allows one to reject unsatisfactory 
mater ia l  before a valuable  effort is wasted in fabricat-  
ing it into diodes. It also provides a check on device 
fabrication procedures, i.e., if a mater ia l  checks out 
as high qual i ty  before processing and then yields 
LEDs of low performance, it is evidence of faul ty  
fabrication procedures. Such a test, besides being non-  
destructive in nature,  should be sensitive, accurate, 
simply and rapidly executed, capable of high spatial 
resolution and, of par t icular  importance for LEDs, 
possess high spectral resolution. In addition, the test 
should be a direct reflection of the performance of an 
LED made from the mater ia l  under  examination,  and 
it should be capable of examining,  as near ly  as possible, 
the same region (both in area and in depth) that is to 
be effective in producing light in the finished device. 

The end result  of electro-excitation, i.e., as in a 
forward biased p -n  junction,  and photo-excitat ion is 
the same, namely,  radiative recombinat ion of electron- 
hole pairs to produce electroluminescence (EL) and 
photoluminescence (PL),  respectively. Thus a PL test 
should provide a direct means for evaluat ion of many  
of the materials  parameters  of importance for LEDs. 

The use of a laser as an excitation source offers sig- 
nificant advantages in screening out scattered exciting 
radiat ion dur ing PL measurements  and in achieving 
sufficiently intense levels of excitation via focusing 
optics to produce strong PL spectra (2). Recent work 
has shown that measurements  of photoluminescence, 
especially when generated by lasers can be extremely 
useful for fundamenta l  studies of semiconductor prop- 
erties (3). Less at tent ion has been paid to laser - in-  
duced photoluminescence for materials  evaluat ion 
purposes. This paper describes a method, based on 
photoluminescence (PL) measurements  and using a 
laser as an excitation source, which meets all of the 
requirements  noted above. The method is applied to 
determine the suitabil i ty of GaAsP wafers for red-  
l ight -emit t ing  devices. The measurement  is carried 
out with the wafer in the open and at room temper-  
ature, assuring simplicity and speed of evaluation. 

Apparatus and Experimental Techniques 
The PL apparatus consists of the following ar range-  

ment :  a 6328A He-Ne laser, designed and buil t  at the 
* Elect rochemical  Society Act ive  Member .  
K e y  words :  photolumineseence,  e lectroluminescencc,  semiconduc-  

tors, light-emitting diodes, gallium arsenide-phosphide. 

Bayside Research Center, operating in  a single 
(TEMoo) mode with a nominal  power output  of 15 
milliwatts;  a 50A bandwidth  filter peaked at 6328A 
with peak t ransmission of 47%, and with long wave-  
length and short wavelength rejection of > 104 at 
_ 150A of peak t ransmission (to remove extraneous 
He-Ne emissions). This a r rangement  is followed by a 
selection of neut ra l  density filters capable of reducing 
the beam power incident  on the sample by  a factor of 
103; a beam power meter  for moni tor ing the laser 
power incident on the sample; an objective lens sys- 
tem for focusing the laser beam down to a fine spot; an 
x-y-z  micrometer  stage which carries the sample 
mount ing  assembly for holding and positioning the 
GaAsP water;  a highly absorbing beam trap for the 
reflected laser beam, and a high-pass filter to absorb 
scattered laser radiation. A schematic of the apparatus 
is shown in Fig. 1. 

The PL signal was collected and focused onto the 
entrance slit of a Pe rk in -E lmer  112C Recording Spec- 
trometer by the s tandard f ront -end  optical system sup- 
plied with this ins t rument .  The half angle of the cone 
of acceptance, dictated by the size and tilt of the plane 
mirror  and its distance from the GaAsP wafer, was 6 ~ 

/ I  rk ~ \  

, _ ;~ ,~  . . . . .  -~ 

ZL-_Lt.-~ 

•-t 
7265 
DETECTOR 

\~  ll2C 

••rhh•HART 
RECORDER 

MONOCHROMATOR 

Fig. 1. Schematic of the apparatus used for photoluminescence 
measurements of GaPxAsl-x (x ~ 0.4 epitaxial wafers: 1, 
6328.~ He-Ne laser; 2, filter rack for 50,~, bandwidth filter and 
for neutral-density filters; 3, beam power meter; 4, objective 
lens system for focusing the laser beam; 5, x-y-z sample mount; 
6, trap for reflected laser beam; 7, filter for absorbing scattered 
laser radiation. 

369 
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Laser radiat ion scattered from the sample was ab- 
sorbed by a CS2-58 or, in a few instances, by a CS2-64 
Corning glass filter placed over  the entrance slit of the 
monochromator .  Photoluminescence spectra were  mea-  
sured using a DF-2 prism in the monochromator  gen- 
era l ly  working at a slit opening yielding a bandwidth 
of 40A, and using an RCA 7265 photomult ipl ier  (PM) 
tube as a detector. Provis ion was made for cooling the 
PM tube to improve s ignal- to-noise  ratio. All  photo- 
luminescence measurements  were  conducted with  the 
GaAsP wafer  at room temperature ,  in the open. The 
diffract ion-l imited spot size calculated f rom the op- 
tical parameters  of the system was 5.6 X 10 -3 cm. Ex-  
per iments  using thin meta l  masks wi th  various hole 
sizes showed that  the actual d iameter  of the focused 
laser spot was not more than 10-2 cm. Laser - s t imu-  
lated PL was restr ic ted to GaAsP wafers  wi th  com- 
positions --~40 mole per cent (m/o)  GaP (emission en- 
ergy --~1.91 eV),  l a rge ly  because of l imitat ions imposed 
by the photon energy (1.96 eV) of the He -Ne  laser 
radiation, but also because of l imitat ions imposed 
by the absorption edge of the CS2-58 and CS2-64 
filters. 

Because the two parameters  of most importance in 
LEDs, the radia t ive  quantum efficiency and the ratio 
of nea r -band-edge  to impur i ty  emission, are sensitive 
to the concentrat ion of e lect ron-hole  pairs produced 
per unit  t ime (4), it was impor tant  that  our PL test 
apparatus be capable of excit ing e lect ron-hole  pairs in 
GaAsP wafers  comparable  in densi ty to those gener-  
ated in the average LED. Typically,  LEDs operate at a 
current  density f rom 1 A / c m  2 to 50 A / c m  2 (d.c.). All  of 
the e lect ron-hole  pairs in an LED are injected into a 
layer  about one micrometer  thick near  the p -n  junc-  
tion. Corresponding e lec t ron-hole  pair  production is 
6.3 X 1022/cm3 sec and 3.1 X 1024/cm3 sec. A wel l -  
focused laser beam of modera te  power  can excite an 
e lect ron-hole  pair populat ion equal  to or greater  than 
that  typical  of LEDs operated at room temperature ,  as 
shown in the fol lowing calculation. 

The laser output of 15 mW was focused to a circular  
spot of min imum area 2.47 X 10 -5 cm 2, m a x i m u m  area 
7.85 X 10 -5 cm 2. Taking into account losses due to the 
narrow-pass  laser filter (T = 47%) and reflection from 
the sample (R = 35%), the laser power  avai lable for 
creat ing e lect ron-hole  pairs in the sample provided a 
min imum of 50 W / c m  2 and a m a x i m u m  of 235 W / c m  2. 
One wat t  of 6328A radiat ion is equivalent  to 3.3 X 1018 
photons/sec. If it is assumed that  every  photon ab- 
sorbed creates one e lect ron-hole  pair, then the elec- 
t ron-hole  pair flux produced by the He -Ne  laser was 
not less than 1.65 • 1020/cm2/sec nor more  than 7.75 • 
102~ The absorption coefficient (a) for 6328A 
radiat ion in the GaAsP epi taxial  layers  used for this 
invest igat ion ranged from about 2000 cm -1 to 10,000 
cm -1, depending on exact  composition (5). Thus we 
calculate that  9/10 or [1 -- ( l / e2) ]  of the optical 
power absorbed in generat ing PL was absorbed in a 
layer  f rom 2.0 to 10.0 micrometers  thick at the surface 
of the wafer.  The corresponding lower  and upper  l imit  
for e lect ron-hole  pairs excited is accordingly 1.65 X 
1023/cm ~ sec and 3.9 >< 1024/cm 3 sec, respectively.  Thus 
ample laser power density is avai lable to effect good 
correlat ion between PL and EL. Photoluminescence 
signals were  produced which were  strong enough to 
allow detection of shifts of peak wavelength  of 5A, 
corresponding to differences in GaAsP composi t ion-- in  
the composition range of in te res t - -o f  about 0.1 m / o  
(6). 

The angle of incidence of the focused laser beam on 
the GaAsP wafer  was made as near  normal  as possible 
(never  greater  than 10 ~ from the normal) ,  commen-  
surate wi th  keeping scattered laser l ight to a minimum, 
to insure an essentially symmetr ica l  (nearly circular)  
focused laser spot. At  the same t ime the take-off  angle 
between the optical axis of the cone of acceptance and 
the surface of the sample was kept as near  normal  as 

possible to take advantage  of the fact that  for a given 
solid angle there  is more  PL power at near normal  in-  
cidence in this type of PL source. A take-off  angle of 
30 ~ was found to be op t imum for all samples measured.  
GaAsP wafers  or wafer  sections wi th  area ranging 
from 1 to 2 cm 2 were  mounted  on thin meta l  plates 
wi th  a low-mel t ing-po in t  wax. Photographs of each 
sample were  taken and ei ther imperfect ions on the sur- 
face of the wafer  or the corners of the meta l  plate or 
wafer  were  used as fiducial marks. The mounted sam- 
ple was placed on the x - y - z  stage and the fiducial 
marks were  referenced to an x - y  position coordinate. 
The sample was then divided into a reference grid ar-  
ray of 2 X 2 mm squares and PL measurements  were  
made in the center  of each square. Anywhere  from 20 
to 100 measurements  were  made on a sample. 

The GaAsP LEDs, which were  fabricated from epi-  
taxial  wafers by zinc diffusion, general ly  contained an 
emit t ing region 0.38 m m  in diameter,  but  diodes with 
an emit t ing region as small  as 0.1 mm in d iameter  were  
also made. The p-n  junctions in all of these diodes 
ranged from 3 to 5 micrometers  below the surface. 
Thus the region in which most of the PL test signals 
were  generated included the region in which the EL 
was subsequent ly generated.  

A random sample of several  dozen diodes was taken 
from the four or five hundred  diodes that  were  usu-  
ally produced f rom each wafer  section. This was con- 
sidered adequate to expect  reasonably good correlat ion 
between photoluminescence and electroluminescence.  

Experimental Results and Discussion 
Since the total  PL power  emit ted f rom the GaAsP 

samples under  the action of the focused laser beam is 
of some importance, several  exper iments  were  devoted 
to obtaining this information.  In a wel l -pol ished or 
highly reflecting semiconductor  wafer,  in ternal ly  gen-  
erated emission (for ei ther  PL or EL) exits f rom the 
surface with a Lamber t i an- l ike  distribution (7). There-  
fore it is impor tant  to define the take-off  angle of the 
PL as well  as the angle of the cone of acceptance of 
the front end of the spectrometer  to a r r ive  at an ac- 
curate determinat ion of the "total" PL power  output. 
With a take-off  angle 30 ~ f rom the normal  and a cone 
of acceptance of 12 ~ , the  fraction of the PL power  
enter ing the spectrometer  is calculated to be slightly 
less than 1%. 

A convenient  optical power  reference for calculating 
PL output in our system is the laser beam itself. The 
slit opening of the monochromator  was set to produce 
a spectral bandwidth  of about 40A over  the spectral  
range of interest. This was more  than adequate  to 
allow all  of the 6328A laser  output  to pass through the 
monochromator  to the detector, but  it only al lowed 
20% of the PL output  to pass through. An appropriate  
multip]ication factor was applied to ar r ive  at a cor-  
rect total PL output. The focused laser beam was re -  
flected onto the entrance slit of the monochromator  
from a front  surface aluminized mir ror  substi tuted in 
place of the GaAsP sample. By comparison of PL out-  
put with laser output, it was determined that  the 
"total"  PL power  emit ted f rom a good GaAsP wafer  
was 1.5 X 10 -6 watts. 

Figure 2a shows a 5 X 6 PL scan of a GaAsP epi- 
taxial  layer  wi th  variat ions in peak emission wave -  
length that indicate compositional homogenei ty  wi th in  
0.3 m/o.  It was noted that  there  is a slight but  definite 
t rend to longer  PL  wave leng th  ( lower  phosphorus 
content)  toward the uppe r - r igh t -hand  corner  of the 
scanned area. In Fig. 2b is shown a near ly  complete  
6 x 8 scan of another  epi taxial  layer. The var ia t ion  of 
the PL emission peaks in this sample suggest random 
compositional inhomogenei ty  of 1.0 m/o.  

There was no significant heat ing of the GaAsP area 
i l luminated.  This was established by measurments  of 
PL spectra at successively lower  laser power using 
neutra l  density filters to a t tenuate  the laser beam. The 
PL wavelength  showed no shift (within 5A) to shorter  
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Fig. 2. (a) Map of photoluminescence measurements which show 
the variation of peak wavelength in reasonably homogeneous epi- 
taxial wafer of GaAsP. The numbers outside of the 5 • 6 array 
represent position coordinates in units of millimeters. The num- 
ber within each box is the peak wavelength of photoluminescence 
(expressed in ~,) measured for an illuminated area between 0.01 
cm and 0.005 cm in diameter, located in the center of the box. 
(b) Map of photoluminescence measurements which suggest com- 
positional inhomogeneity of 1 m/o in a GaAsP epitaxy. The regions 
in the lower left hand corner were not measured because they 
were close to the edge of the wafer. 

wavelength  such as would have  occurred had there  
been even modera te  heat ing at the m a x i m u m  laser 
power. (A rise of I~ would cause an increase of 2.4A 
in peak emission wavelength . )  

The average peak emission wave leng th  observed for 
PL of a given wafer  usual ly agreed wi th in  10A with 
the average peak emission wavelength  for diodes made 
f rom that  wafer.  Table I compares PL and EL for 
four  different samples of GaAsP. Care was taken in 
our diode measurements  to keep the current  low 
enough (general ly  less than 10 A/cm~) to preclude 
wavelength  shifts due to se l f -heat ing of the diode. 
Photoluminescence and electroluminescence measure-  
ments  involving near -bandgap emissions f rom a I I I -V  
semiconductor  wafer  do not usually show peak wave -  
lengths that  agree as closely as those shown in Table 
I. There  are several  reasons for this; first, the  energy 
of a convent ional  excitat ion source for PL is usually 
high compared to the energy gap of the semiconductor  

Table I. Comparison of PL measurements with LED measurements 

P h o t o l u m i n e s c e n c e  Diode  l u m i n e s c e n c e  
S a m p l e  p e a k  w a v e l e n g t h  (A) peak  w a v e l e n g t h  (A) 
n u m b e r  A v e r a g e  R a n g e  A v e r a g e  R a n g e  

and, typically, generates  e lect ron-hole  pairs wi thin  a 
region only a few tenths of a micrometer  below the 
surface. The region where  most of the recombinat ion 
occurs may  be much deeper  than this, but it is not 
l ikely to be more than a few micrometers  from the sur-  
face in the GaAsP which was the subject of this in- 
vestigation. Diode emissions, on the other  hand, are 
generated many  micrometers  below the surface and 
self-absorpt ion causes strong at tenuation of the high 
energy port ion of the electroluminescence resul t ing in 
a shift of the peak wave leng th  to lower energy. The 
good agreement  be tween EL and PL peaks shown in 
Table I may  be explained in part  by  the close corre-  
spondence of p -n  junct ion depth and the thickness of 
the layer sampled by the He-Ne  laser. 

Second, and more  important ,  EL in I I I -V diodes is 
usually dominated by recombinat ion on the  p-side of 
the junct ion through acceptor centers that  lie several  
hundredths  of an electron vol t  above the edge of the 
valence band (8). One must  account for the  apparent  
absence of a strong shift in peak emission to longer 
wave length  be tween original  (n- type)  and p-diffused 
wafers that  would  be consistent wi th  the general ly  
observed situation. The results in Table I are most 
simply explained if the emission in these diodes is 
dominated by recombinat ion on the n-side of the junc-  
tion, through donor impurities, which in direct band 
gap I I I -V 's  lie only a few thousandths of an electron 
volt  f rom the edge of the conduction band. 

In two instances the emission wavelength  (both PL 
and EL) was at var iance  with  that  expected f rom the 
composition of the GaAsP epi taxial  layer  stated by the 
supplier. An emission wavelength  of energy lower than 
that  expected f rom the stated composition can be ex- 
plained in terms of impur i ty  recombinat ions or  near-  
band-edge recombinations.  However ,  in the two cases 
cited here the emission wave leng th  was at h igher  en- 
ergy than could be ascribed to the wafer  composition, 
a practical  impossibility. In each case, precision lattice 
paramete r  measurements  confirmed the composition, 
within 0.2 m/o,  deduced from PL and EL (LED) mea-  
surements.  Table  II compares the stated composition 
of five epi taxial  wafers  wi th  composition deduced by 
means of PL or EL measurements  and by x - r a y  tech- 
niques. 

Photoluminescence measurements  were  also used to 
invest igate changes in the quan tum efficiency of the 
epitaxial  mater ia l  after chemical  processing of the 
surface. Table III  shows the results of measure-  
ments of PL in a GaAsP layer  as received, and after 
t rea tment  with Br2-CI-IaOH solution to remove  about 

Table II. Comparison of GaAsP wafer composition 
determined by different measurement techniques 

S a m p l e  m / o  G a P  
number S t a t e d  PL or EL X - r a y  

108 38.2 38.5 
104 39.0 40.7 40.5 
120 36.0 38.5 38,7 
126 40.4 40,3 - -  
130 38 ,8  38.6 - -  

Table III. Comparison of PL measurements on a GaAsP wafer 
as-recelved and after chemical treatment of the surface 

(Sample 101) 

A s - R e c e i v e d  A f t e r  su r face  t r e a t m e n t  
P o s i t i o n  P e a k  w a v e -  P e a k  P e a k  w a v e -  P e a k  

coo rd ina t e s  l e n g t h  (A) i n t e n s i t y  l e n g t h  (A) i n t e n s i t y  

1Ol 6576 6535-6600 6578 6571-6586 
105 6609 6600-6622 6597 6565-6607 
112 8580 6557-6585 6581 6578-6593 
114 6572 6557-6593 6573 6564-6578 

10-71 6578 148 6571 294 
10-67 6557 98 6550 214 
14-73 6585 200 6578 339 
14-69 6578 130 6571 280 
14-65 6557 97 6557 225 
18-75 6593 170 6585 385 
18-71 6578 155 6578 308 
18-67 6578 122 6571 245 
18-63 6543 120 6543 185 
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5 ~m from the surface. Note that  the peak wavelength 
at each point is practically identical, but  the peak in-  
tensity, which is a measure of the quan tum efficiency, 
has inceeased markedly  at each point sampled. The 
precision with which a par t icular  point on a sample 
could be located on successive measurements  was 0.1 
mm, or about 0.004 in., equal to the max imum diameter 
of the focused laser beam. 

Since the area that is sampled in each PL measure-  
ment  is no more than 10 -2 cm in diameter, a highly 
detailed map of the photoluminescence response of a 
wafer can be constructed. If we could generate PL 
maps or images with high spatial resolution in a rea-  
sonably short space of time, similar to the way in 
which infrared maps or images are produced by 
scanned laser techniques (1), we would have a va lu-  
able new technique for evaluat ing LED wafers. 

Conclusions 
This investigation has provided strong evidence that 

PL testing can be employed as a process control and 
process development  tool as well  as a tool for rapid, 
accurate evaluat ion of the results of semiconductor 
materials synthesis and purification procedures. The 
effects of wafer processing on quan tum efficiency ( in-  
cluding steps such as SiO2 masking) that  are involved 
in fabricat ing a wafer into LEDs can be studied. Peak 
emission wavelength and variat ions thereof can be de- 
termined with an accuracy of 10A, relat ive quan tum 
efficiency and variat ion wi thin  a given wafer can be 
determined wi th in  10%. 

PL measurements  have been used to establish the 
beneficial effects of chemical t reatments  on GaAsP 
wafers prior to the formation of diffused l ight-emit t ing 
junctions.  Photoluminescence testing of wafers has also 
been used to check the phosphorus content  stated by 
the supplier and to check for the presence of unde-  
sired impur i ty  radiations. In  addition, this nonde-  
structive test technique has been employed to deter-  
mine whether  point - to-point  variat ions in wafer com- 
position exist that  would cause serious variat ions in 
LED emission wavelength.  Finally, it is clear that  the 
extension of these PL techniques to the evaluat ion of 
other higher energy-gap semiconductors is largely a 
matter  of subst i tut ing another laser, for example an 
argon- ion laser (• ----- 2.41-3.35 eV), for the He-Ne 
laser. 
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Control of the Deposition of Silicon Nitride 
Layers by 2537.  Radiation 

C. H. J. v. d. Brekel and P. J. Severin 
Philips Research Laboratories, N. V. Philips" Gloeilampenfabrieken, Eindhoven, Netherlands 

ABSTRACT 

Thin Si3N~ films were deposited on polished Si crystals at low tempera-  
tures using the Hg-photosensit ized reaction of N2H4 and Sill4. The deposition 
rate increases l inearly with the light intensity.  The experiments  showed that  
destructive interference between mul t ip ly  reflected beams has a pronounced 
effect in l imit ing film thickness to a well-defined value with a high degree of 
uni formi ty  over the slice. 

The formation of silicon nitr ide films by a number  
of methods has been reported including the reaction 
of ammonia  and silane under  an rf  discharge (1), the 
pyrolitic reaction of the s i lane-ammonia  system (2, 3), 
the s i lane-hydrazine  system (3) or the silicon te t ra-  

K e y  words:  Si~N~-deposition, des truct ive  i n t e r fe rence ,  s tepwise  
g rowth ,  Hg-pho tosens iuzed ,  u n i f o r m  th ickness  layers.  

chlor ide-ammonia  system (4), and reactive sputter ing 
of silicon in ni t rogen (5, 6). These are chemically acti- 
vated processes which are effected at a relat ively high 
temperature.  The Hg-photosensit ized decomposition of 
hydrazine and of silane has been described by Mitchell 
and Zemansky (7). Collet (8) has used the Hg-photo- 
sensitized decomposition of hydrazine and silane for 
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the  deposition of silicon ni tr ide films at low tempera -  
tures. This technique works wi th  a closed system, 
which results in a varying deposition rate, due to a 
gradual  consumption of the reactants  from the gaseous 
phase and an increase in total  gas pressure. In order 
to maintain  a reasonable growth rate the system has 
to be refilled after a certain exposure  t ime with  a fresh 
N2H4/SiH4 mixture .  To el iminate this effect we used a 
fast-f low system with  a constant input  of the react ive 
species. At a constant intensi ty of uv  radiation, the 
growth rate  of silicon ni tr ide was expected to have a 
constant value. A second advantage is the additional 
possibility of using ammonia  instead of hydrazine as 
the ni t rogen del iver ing compound, because in a fast-  
flow system ammonia  is photochemical ly  converted 
into hydrazine (9). In practice it is much easier to 
remove  traces of wa te r  from gaseous ammonia than 
f rom liquid hydrazine. 

Apparatus 

The apparatus is shown schematical ly in Fig. 1. It 
consists of a gas supply, the reactor  and a vacuum 
system. The pump (V) maintains  a constant pressure 
P in the system. The silane, ammonia,  and hydrazine 
vapor  are forced into the system through capillaries 
by the difference in pressure (P1 -- P) ,  (P3 -- P) ,  
and ( P 2 -  P) ,  respect ively.  

The vapor  pressure P2 of hydrazine is fixed by the 
tempera ture  of the thermosta ted  water  bath which 
surrounds the bot t le  conta in ing the l iquid hydrazine. 
By adjust ing the needle va lve  (R) a constant total  
pressure range wi th in  the reactor  can be reached. Vari-  
ation of P1 with  respect to P2 or P3 permits  var iable  
ratios of silane to hydrazine  or ammonia  flow. 

The quartz  reactor  is 10 cm long, 3.5 cm wide, and 
4 m m  high. A heat ing coil under  the bot tom of the 
reactor  keeps the sample at a constant deposition t em-  
pera ture  (maximum,  500~ A low-pressure  mercury  
discharge tube (40W) acts as the radiat ion source si tu- 
ated just  above the reactor. To avoid Doppler -broad-  
ening of the resonance line, the tube is cooled in a 
quartz  tank wi th  running water.  

A drop of mercu ry  at the inlet  of the reactor  dopes 
the gas mix ture  wi th  mercury  vapor. 

The exhaust  gases are decomposed into hydrogen, 
nitrogen, and solid products in the furnace (F) at 
900~ and the  gases are pumped off. 

By repeated pumping and filling of the system with 
argon, the apparatus can be emptied of the highly 
react ive silane before the reactor  is opened. 

Experimental 
Water - f ree  hydrazine, distil led f rom sodium hy-  

droxide (10), and silane (Matheson) were  used to 
deposit silicon ni tr ide layers on 10 ohm-cm n- type  
polished silicon substrates of about 3 cm diameter.  

In the exper iments  the hydrazine or ammonia  flow 
was set to at least 2/3 times that  of the silane being 
the stoichiometric ratio to prevent  the deposition of 
a whi te -ye l low film of polymerized silicon hydrides 
by the decomposition of silane (11, 12). In general  this 
ratio was set to unity. 

At constant total  pressure P, flow rates, and tem-  
perature,  the influence of the intensi ty of the uv 
radiat ion on the growth rate was investigated. The 
light intensi ty was var ied by changing the distance 
between the substrate and uv source. The thickness 
of the deposited layers were  est imated f rom their  
in terference colors (6). Figure  2 shows that  the growth 
rate G increases with decreasing distance x as x -s. 

e" m o ~  

7 2 5 "I0 20 50 100 
--J,.- Distance X (cm) 

Fig. 2 Growth rate G of Si3N4 vs.  distance x between the sample 
and light source. 
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Considering the mercu ry  tube as a point source, Fig. 
2 indicates a direct proport ional i ty  of the growth  rate  
to the uv  intensity. 

The growth rate  of the Si3N4 film was roughly  con- 
stant. A closer examination,  however ,  revealed that  
the precise growth rate  depends on the layer  thickness. 
In fact, at some thickness the growth rate  turns out to 
be great ly  reduced. This phenomenon wil l  be explained 
in detai l  in the next  section by taking into account 
the in terference be tween mul t ip ly  reflected beams close 
to the ni t r ide-gas  interface. The same effect in photo- 
resist films has been described recent ly  by Middel-  
hoek (14) and Fr ied  et  al. (15). 

Theory 
Figure  3 shows schematical ly  the exper imenta l  situ- 

ation. A silicon wafer  is covered by a silicon ni tr ide 
layer. Only the mercury  l ine k = 2537A is used for the 
exper iments  as has been substant iated by filtering the 
different wavelengths.  It has been exper imenta l ly  ver i -  
fied that  the layers discussed in this paper  actual ly 
have within  2% the value for the index of refract ion 
for 5860A as published by Reizmann and van Gelder  
(6). Therefore  we assume the index of refract ion for 
Si3N4 at 2537A to be also as measured by those work-  
ers, viz. ,  2.18. The index of refract ion for Si at 2537A 
has been found (17) to be 1.65. As Fig. 2 suggests the 
radiat ion may be considered as normal ly  incident. Ab-  
sorption in the Si3N4 layer  is neglected and light re-  
flects at the Si surface with a phase change ~. The 
light intensi ty at the silicon n i t r ide -vacuum inter-  
face if the re levant  values of the ref rac t ive  indices 
are substi tuted in (A1) can, as shown in Appendix  A, 
be represented by 

IR 0.05 + 0.20 sin 2 r  
R = ~ = [1] 

Io 0.90 + 0.20 sin 2 r  

where  IR and Io are the intensities of incident and re-  
flected beams, and 

r : 2hn~ /~  [ la]  

where  h : layer  thickness and n = refract ive  index 
of Si3N4, which is asumed to be independent  of both 
growth rate  and layer  thickness. 
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Fig. 3. Schematic representation of the optical system. For 
clarity the incoming beam is shown at an angle of incidence e. 
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Fig. 4. Relative surface light intensity vs.  layer thickness 

The deposition rate  G is found to be directly,  pro-  
port ional  to the intensi ty Io of the radiat ion (Fig. 2) 

G = C �9 Io [2] 

The intensi ty at the surface IR depends on the thick-  
ness, and shows max ima  and minima, and it has ex-  
per imenta l ly  been observed that  G also depends on the 
thickness. Therefore  we  assume that  in fact G ~ Im 
Figure 4 shows the intensi ty IR at the interface as a 
function of the reduced layer  thickness, in fact a plot 
of Eq. [1]. F rom the definition of the growth  rate  

d 
G ( h )  = h ( t )  [3] 

d t  

The t ime t requi red  to grow in thickness from 0 to 
h ( t )  is found to be equal  to 

t = f h ( t )  dh  

�9 ,o G ( h )  

or wi th  Eq. [1], [ la] ,  and [2] 

f ,~(t) 0.90 + 0.20 sin e r  

A l o t  = , ,0 0.05 + 0.20 sin 2 r  de [4] 

This integral  is evaluated in Appendix  B. 
The constant A = 2 ~ C / ~ ,  which is a function of the 

quan tum efficiency of the process, the pressure in the 
reactor  and part ial  pressures of the react ive species, 
can be calculated by substi tut ing the exper imenta l  
values of t at which the growth re tardat ion occurs. 
When A is known, the thickness vs.  t ime curve  can be 
plotted f rom Eq. [4]. 

Figure  5 shows the result  of a calculat ion for one 
experiment.  As shown, a good agreement  be tween  
theory and exper iment  is obtained. The crit ical  th ick-  
ness is defined as the value at which a min imum in 
growth rate occurs. 

Discussion 
The deposition of Si3N4 was carried out in a tem-  

perature  range of 100~176 therefore  thermal  degra-  
dation of the compounds was negligible. 

As nei ther  gaseous hydrazine  nor silane shows ab- 
sorption of 2537A radiation, the process must  be ini-  
t iated by excited mercury.  Thus the r eac t i on  is Hg- 
photosensitized. It  was noticed that  across the wafer  
the growth rate  decreased strongly in the downst ream 
direction, owing to deplet ion of the reactants  in the  
gaseous phase. Thus a .nonuniform Si3N4 film resulted, 
even up to a decline of 500A over  2 cm. The film, how-  
ever, was always uni form across the slice at about the 
critical values of the Si3N4 thickness. This phenomenon 
can be explained by the model. When the film at the gas 
inlet  edge of the wafer  (x = 0) approaches a crit ical  
thickness, the growth ra te  is re ta rded  drast ical ly since 
G ~ Io and IR decreases as r --> 2~. At other  points 
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Fig. 5. Thickness increase vs. exposure time curve according to 
the model. Vertical lines represent the experimental precision. The 
film was deposited at 200~ at a reactor pressure of !.5 Tort and 
PN2H4/PSJH4 = 1. The light source was at 20 mm distance. 

(x > 0) the g rowth  ra te  has a higher  value, because 
hx ~ hcr i t  o r  r < 2~. The thickness increase in t seconds 
at x > 0 wil l  be larger  than at x = 0. The film con- 
sequent ly  changes f rom wedge-shaped  into a layer  of 
uni form thickness. By stopping the process at the ap- 
propriate  moment ,  we were  able to deposit  Si3N4 films 
in integer  t imes  1268A thick wi th  a thickness var ia t ion 
of less than 20A over  3 cm (see Appendix  A) .  

The exper iment  confirms that  the intensi ty at the 
interface is the major  factor which controls the de-  
composition of the compounds, and that  accordingly the 
contr ibution of both in the gas phase exci ted mercury  
atoms, and obl iquely incident l ight can be neglected. 
Both these factors would make the growth  rate  th ick-  
ness independent.  As a consequence it may  be con- 
cluded that  the mercury  atoms adsorbed on to the sur-  
face catalyze the decomposit ion only if these are ac- 
t ivated in s i tu  by the radiation. In other  words the sen- 
sitized decomposition shows itself as a heterogeneous 
process. A re la t ive ly  high surface concentrat ion of hy-  
drazine and mercury  due to specific adsorption may be 
present on the sample surface, increasing the chance 
for a collision be tween an exci ted mercury  atom and a 
hydrazine  molecule.  

The above theory  and exper iments  apply more gen-  
eral ly to any chemical  surface react ion which is rate  
controlled by any photosensi t ive process step and 
which produces or  destroys a layer  t ransparent  to the 
radiation. 
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A P P E N D I X  A 

Application of Multiple Reflection (18-20) 
It  can be shown that  the rays direct ly  reflected at 

the (0,1) interface (Fig. 3) in ter fere  wi th  the rays 
t ransmit ted  through layer  (1) and reflected at the (1, 2) 
interface producing effective reflection coefficient R. 
In the case of normal  incidence and ref rac t ive  indices 
wi th  no imaginary  part,  the per t inent  equat ion be- 
comes (20) 

(1  - -  r012) (1  - -  r12 ~) 
R : 1 -- [A-1] 

(1 -- r01r12) ~ + 4r01r12 sin (--V/2)  

where  R : IR/Io: ratio of the reflected and incident  
light. 

The ampli tude reflection coefficients rol and r~2 are 
given by Fresnel 's  equations 

TLO - -  n l  17,1 ~ n2  
r01 : ; r12 = [A-2] 

no + nl  nl  -}- n2 

At  the (0,1) in terface  a phase shift equal  to n occurs. 
Maxima and min ima  occur at certain optical path  
differences yielding 

for r = ! �9 2~ minima wi th  R -- 

and 

for r : (l -t- 1/z)2n 

max ima  wi th  R -- 

(rol -- r12) 2 

(1 -- r01r12) 2[A-3a] 

(r01 + r12) 2 

(1 + r01r12) 2[A-3b] 

wi th  I being an integer.  
Insert ion of the numer ica l  values ment ioned in the 

tex t  leads to Eq. [I] .  Eq. [A-3a] and [A-3b] give 

Imin ---- 0 .05  I o  for h = 1268A, . . . [A-4a] 

Imax : 0.23 Io for h ---- 634A . . . .  [A-4b] 

A P P E N D I X  B 

The integral  in Eq. [4] 

f ~(t) 0.90 + 0.20 sin 2r  

A I o t  = ,,o 0.05 + 0.20 sin 2 r  d~ [B- l ]  

can be evaluated to be equal  to 

A I o t  ~ 1] �9 r  + D arctan (E tan r  [1]-2] 

B and C being constants 
The shape of the t vs. r cu rve  is controlled by the 

value of the parameter  E. It  can be seen that  for E = 1 
a s traight  l ine and for E ~ 1 a set of S-shaped curves  
is found (Fig. 6). The role of the parameter  E can be 
demonstra ted when the integrand in Eq. [1]-1] is re -  
wr i t ten  also in terms of E by differentiat ing [B-2] 

1 1 ED 
: [ B - 3 ]  

G 2 E 2sin 2~/2 cos 2 r  

The curves start  at r = 0 wi th  a slope equal  to V2E. 
All  curves cross at r = I �9 ~. For  values of E exceeding 

A Io 
Fig. 6. Plot of the reduced time t' - -  t vs. r curves ac- 

D 
cording to Eq. [B-2] for a number of E values. For clarity the 
term B.r (t) is omitted. 
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un i ty  this  point  of inflection corresponds to a m a x i -  
m u m  in growth  rate.  The m a x i m u m  value  increases  
wi th  E. For  values  of E smal le r  than uni ty  this  poin t  
corresponds to a m in imum growth  rate.  Fo r  any pantic- 
u la r  combinat ion of opt ical  pa rame te r s  of a l ayered  
sys tem E should be calculated.  
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Electron Trapping in Single Crystal Cuprous Oxide 
Jerome D. Schick *'1 and Dan Trivich* 

Department of Chemistry, Wayne S~ate University, Detroi t ,  Michigan 48202 

ABSTRACT 

Samples  of Cu20 af ter  i l luminat ion  at low t empera tu re s  possess a h igher  
e lectr ical  conductance than  the same samples  wi thout  pre i l luminat ion .  The 
excess conductance is r emoved  by heat ing above 100~ The poss ibi l i ty  tha t  
this "photomemory"  effect is due to electron t rapp ing  was inves t iga ted  by  
methods analogous to t he rma l ly  s t imula ted  conductivi ty.  When  the  p re i l lumi -  
ha ted  samples  are  heated at  a constant  ra te  wi th  time, ]~ -~ dT/dt  ~ constant,  
the plots  of excess conductance vs. t empera tu re  are  charac te r ized  by  two 
m a x i m a  lying at about  25 ~ and 100~ Under  different  heat ing rates ,  the  t em-  
pera tures  of the  maxima,  Tin, are  shif ted according to the funct ion In (Tm2/fl) 
= Et/kTm + constant.  The values  of Et obta ined are in te rp re ted  as indicat ing 
t raps  lying 1.03 and 1.34 eV below the conduct ion band,  wi th  a precis ion of 
215%.  

The semiconduct ing proper t ies  of cuprous  oxide  have  
been of in teres t  for m a n y  years  and recen t ly  developed 
methods  (1,2) for re l iab le  p repa ra t ion  of s ingle-  
c rys ta l  Cu20 have al lowed new measurements  of p rop-  
er t ies  which had  previous ly  been pe r fo rmed  only on 
polycrys ta l l ine  mater ia l .  The considerable  var ia t ion  
found in the  previous  da ta  could be due to impure  
mater ials ,  var ia t ions  in sample  prepara t ion ,  and the 
effects of gra in  size and grain  boundar ies  in the po ly-  
c rys ta l l ine  cuprous oxide samples. New data  have  been 
obta ined in our l abo ra to ry  using these single crystals .  

Elec t r ica l  conduct iv i ty  measurements  have  been 
pe r fo rmed  (3) on s ing le -c rys ta l  samples  of cuprous 
oxide which  had  been quenched f rom high  t e m p e r a -  
tures and control led  oxygen pressures.  Optical  t r ans -  
mission measurements  (4) have  been car r ied  out  on 
s imi la r ly  p repared  samples. In  pa r t i cu la r  we  have  
observed that  the e lect r ica l  conduct iv i ty  of quenched 
samples decreases i r r eve r s ib ly  when  the sample  is 
heated to somewhat  above room tempera ture .  This 
phenomenon,  which  is cal led "aging," m a y  be s imi lar  
to the aging in cuprous oxide rectif iers (5) and in po ly -  
c rys ta l l ine  cuprous oxide  (6). The aging effect m a y  be 
s imula ted  by first p re i l lumina t ing  the aged sample  and 

* Elect rochemical  Society Act ive  Member .  
z P re sen t  address :  IBM Corporation,  East  F ishki l l  Faci l i ty,  Hope-  

well  Junc t ion ,  N e w  York  12533. 
K e y  words :  cuprous  oxide,  electron t rapping ,  pho tomemory ,  

thermally stimulated conductivity. 

then measur ing  the  conduct iv i ty  in the  dark.  The in-  
crease in conduct iv i ty  due to p re i l lumina t ion  has been 
cal led a "pho tomemory  effect" and  has been s tudied 
by  several  inves t igators  (7), especia l ly  by  Ku~el (8). 
In order  to gain informat ion  which might  expla in  these 
results,  in pa r t i cu la r  the  pho tomemory  effect, we have 
been led to a considera t ion of e lec t ron  t r app ing  as a 
possible explana t ion  for  the var ia t ions  in the  conduc-  
t iv i ty  resul ts  and a possible  corre la t ion  be tween  the 
conduct iv i ty  and opt ical  data. 

Methods for s tudying  electron t r app ing  in solids in-  
c lude the  method of t h e r m a l l y  s t imula ted  conduct ivi ty.  
In  this method,  the sample  is i l lumina ted  at  low t em-  
pe ra tu res  and then, in the  dark,  t he  t e m p e r a t u r e  is 
increased, e.g., at a constant  ra te  wi th  t ime, whi le  the  
conduct iv i ty  is measured.  The difference be tween  the 
conduct iv i ty  of a p re i l l umina ted  sample  as a function 
of t empe ra tu r e  and the no rma l  d a r k  conduct iv i ty  as a 
function of t empe ra tu r e  is called the  t he rma l ly  s t imu-  
la ted conduct iv i ty  (TSC) .  In  an a t t empt  to be t te r  
unders tand  the  e lec t ron t r app ing  phenomenon as i t  
per ta ins  to cuprous oxide, a s tudy of s ing le -c rys ta l  
cuprous oxide was unde r t a ke n  using methods  re la ted  to 
the rma l ly  s t imula ted  conduct ivi ty .  

Much of the  work  done on inves t iga t ing  t r app ing  
levels by  the rma l ly  s t imula ted  cur ren t  measurements  
has been done on CdS (9) and other  s imi lar  ma te r i a l s  
(10). There  are  a number  of s tudies in the  l i t e ra tu re  
that  compare  var ious  methods  of ana lyz ing  TSC da ta  
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(9). In  general,  the tempera ture  of the TSC max i mum 
gives informat ion regarding the magni tude  of the trap 
depth (Et), the area under  the TSC curve gives in-  
formation about the density of traps, and in some cases, 
the detailed shape of the TSC curve may give informa-  
tion about the capture cross section of the trap (11). 
The methods used for analyzing TSC data are general ly 
applicable to all  the materials  studied, since they are 
pr imar i ly  n - type  materials  with similar properties. In  
these cases, the thermal ly  s t imulated conductivity, a*, 
is due to a t ransient  increase in the n u m b e r  of free 
electrons dur ing  trap emptying.  For cuprous oxide, 
the in terpre ta t ion of the data may be complicated by 
in terdependent  electronic processes. In  fact, we have 
shown that  a* for Cu20 increases significantly before 
t rapped electrons are released, making  the application 
of TSC-l ike  measurements  to cuprous oxide consider- 
ably different from that  for n - type  materials  in gen- 
eral. Thus we have chosen to call the difference be-  
tween the pre i l luminated  conductivi ty and the dark 
conductivity, that  is ~* for cuprous oxide, the excess 
conduct ivi ty  (EC). 

A center may be considered a t rapping center or a 
recombinat ion center  (12) depending on the relative 
magni tudes  of (a) the probabi l i ty  of thermal  freeing 
of the carrier f rom the center and (b) the probabi l i ty  
of recombinat ion of the carrier  at the center occurring 
with a free carrier  of opposite sign. Imperfection levels 
lying Et below the conduction band  will  behave as 
t rapping centers if 

ntpvSp < <  ntSnvNc exp ( - -E t /kT)  [1] 

where nt is the densi ty  of centers occupied by electrons, 
p is the density of free holes, and Sn and Sp are the 
capture cross sections for a free electron (and hole) by 
a center occupied by a hole (electron),  Nc is the effec- 
tive density of states in the conduction band, and v is 
the thermal  velocity of an electron. 

Figure 1 shows a model for a mater ia l  with NA ac- 
ceptors, N'A-  of which are ionized, Nt t rapping states, 
and Nat deep t rapping states. The t rapping level lies 
Et below the conduction band and is occupied by nt 
t rapped electrons. The electronic transi t ions for ther-  
mal  freeing and re t rapping are labeled with their re-  
spective probabilities, ~ and a. 

Let us consider the si tuat ion where •t ~-~ 0, and let us 
also neglect the deep t rapping level. With these restric- 
tions we may plot In a against  1/T and the slope of 
this plot may be used to calculate the energy for ioniza- 
tion of an acceptor. This informat ion is obtained from 
what may be called dark conductivi ty curves, that  is, 
no i l luminat ion  reaches the sample insur ing that  the 
conductivi ty is due to the thermal  interact ion of the 
valence electrons with the acceptor level. 

Now suppose that, due to prei l luminat ion,  nt =~- 0, 
that  is, there are nt t rapped electrons at Et below the 
conduction band. Suppose also that  the pre i l luminated  
conductivity, a ' (T) ,  is greater  than  a(T) ,  at some 
temperature  far below trap emptying temperatures.  

c N~, ,,,= 

P 

N A , N A - 

Ndt 

f 
E t 

N t .  n t 

V N v, P 

Fig. I .  Energy level diagram for a p-type material with trap- 
ping levels. 

This greater  conductivi ty could be a t t r ibuted to an 
increase in the hole concentrat ion as a result  of re-  
moving electrons from the valence band/acceptor  level 
equil ibrium. These effects are complicated and in ter -  
dependent;  however, under  no circumstances should 
~'(T) < ~(T).  

Let us consider the var ia t ion of a* with increasing 
temperature.  In  the low- tempera ture  region, the p- type  
conductivity, r  is larger than the dark conduc- 
tivity, a (T) ,  due to the previous removal  of nt elec- 
trons from the valence band/acceptor  equi l ibr ium sys- 
tem. This leads to an increase in  a* wi th  increasing 
temperature.  As the tempera ture  approaches the region 
where nt is affected, electrons are l iberated from the 
traps by being excited to the conduction band from 
which, by recombination,  they re -en te r  the valence 
band/acceptor  equi l ibr ium system leading to a reduc-  
tion in a* (T).  Since the free carrier l ifetime should be 
relat ively constant  over the small  tempera ture  range 
of t rap emptying,  a ma x i mum in the n u m b e r  of ex-  
cess free electrons, avai lable for recombination,  should 
occur where the rate of t rap emptying is a maximum.  
These effects will  eventual ly  die out as nt  --) 0 and 
a*(T)  ~ 0. This wil l  produce a m a x i m u m  in the 
~* vs. T curve and the ma x i mum will  occur in the 
temperature  region where  the rate of change of nt be- 
comes significant. 

In  thermal ly  s t imulated conductivi ty of n - type  ma-  
terials, the TSC curves are explained in  terms of an 
increased conductivi ty as a result  of an increase in the 
number  of electrons in the conduction band. In  this 
case, the rate  of change in the concentrat ion of free 
carriers is 

dnc/dt -~ -- (nr -- (dnt/dt)  [2] 

where �9 is the recombinat ion lifetime for the excess 
free electrons. Beginning with this expression and us-  
ing definitions for ~ and a, one may  arrive at expres- 
sions which relate the trap depth Et to the tempera ture  
Tm at which the ma x i mum excess conductivi ty occurs. 
For the case of a constant  heating rate, ~ ---- dT/d t  : 
constant, with no retrapping, Bube (13) obtained the 
relat ion 

In (Tm2/~) : (Et/kTm) - - I n  (NcSnvk/Et)  [3] 

We found that  a similar  analysis could be applied 
to cuprous oxide to interpret  the maxima  in the EC 
curves, and that an expression similar  to Eq. [3] could 
be applied. In  the application of the hea t ing-ra te  
method to cuprous oxide, Tra was determined for sev- 
eral values of the heat ing rate, ~, and the first te rm of 
Eq. [3], in (Tm2/t0, was plotted against 1/Tm resul t ing 
in a straight line whose slope taken as Et /k  gave a 
value for the trap depth Et. The justification for this 
t rea tment  is given in  the discussion. 

Experimental 
The single-crystal  cuprous oxide samples were pre-  

pared using the method developed in  this laboratory 
by Toth, Kilkson, and Trivich (1) and modified by 
Kellogg (14). In  this method, h igh-pur i ty  copper 
sheets were oxidized at 1000~ to polycrystal l ine cu- 
prous oxide and subsequent ly  annealed at higher tem- 
peratures to form large area single crystals in the 
plate. The single-crystal  samples cut from this plate 
were polished to a thickness of 0.02 cm and then  equil i-  
brated. Equi l ibra t ion was accomplished at 1020 ~ or 
750~ in an atmosphere of known  and controlled oxy-  
gen par t ia l  pressure. The purpose of the equi l ibrat ion 
procedure was to fix the departure  from stoichiometry. 
The concentrat ion of defect species, e.g., copper atom 
vacancies, presumably  varies according to the oxygen 
pressure used in the equil ibration.  Oxygen par t ia l  
pressures used were in the range of 112 to 8.g )< 10 -2 
Torr  for 1020~ and 1.48 to 7.5 )< 10 -4 Torr for 750~ 
thus covering a wide region of conditions in which 
Cu20 is stable. 
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The s ingle-crysta l  samples were  quenched to l iquid 
ni t rogen tempera tures  f rom equi l ibrat ion t empera -  
tures. This technique was presumed to "f reeze- in"  the  
depar ture  from stoichiometry determined during 
equilibration. Af te r  gold ohmic contacts were  evap-  
orated on the sample, it was placed in the measur ing 
system. This system al lowed measurements  of con- 
ductivity,  photoconductivlty,  minor i ty  carr ier  l ifetime, 
and excess conductivity.  Measurements  could be per-  
formed under  i l luminated conditions or total  darkness 
and at a pressure less than 5 X 10-~ TorT. 

The samples were  mounted on a holder in the system 
which al lowed cooling to l iquid ni t rogen tempera tures  
and heat ing to 300~ A control  thermocouple  was 
connected from the sample holder  to a modified Fisher  
DTA programmer /cont ro l le r .  Two addit ional  Chrome l /  
Alumel  thermocouples  were  at tached to the sample 
holder and connected to a recorder  for t i m e / t e m p e r a -  
ture  curves  and a plot ter  for cu r r en t / t empera tu re  plots. 
The sample current  was plotted on the ver t ical  axis 
of the plotter. 

I l luminat ion  of the sample was per formed by using 
ei ther a tungsten fi lament source, a pulsed l ight source, 
or a monochromat ic  source. Each of these could be 
posit ioned adjacent  to the quar tz  window of the vac-  
uum system. 

Af ter  the sample was placed in the system it was 
ini t ia l ly  heated to above 100~ after which it was 
cooled to --160~ in the dark. The t empera tu re  was 
then l inear ly  increased and sample current  plot ted as 
a function of t empera tu re  on the X - Y  plotter. This 
gave the dark conduct ivi ty  curve. The sample was 
again cooled to --160~ and i l luminated,  e.g., for pre-  
cisely 4 min with  whi te  light. Then in total  darkness, 
it was again heated at a l inear rate producing the pre-  
i l luminated curve. The difference in conduct ivi ty  be- 
tween  the two curves  is called the excess conduct ivi ty  
curve. 

Results 
Figure  2 gives a typical  recorder  plot of conduct-  

ance curves for cuprous oxide, showing the dark con- 
ductance, ~, the conductance after  prei l lumination,  v', 
and the difference or excess conductance, a*. In this 
plot, the difference is doubled in conductance to accen- 
tuate  the shape of the EC curve. Since only re la t ive  
values of the conduct ivi ty  are required,  the direct ly 
recorded values of the conductance in ohm -z  are given 
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Fig. 2. Typical excess conductance curve, showing the dark con- 
ductance, g, the conductance after preiUuminatlon, or', and the 
difference, ~*, the last on a doubled scale. 

in the plots, but  i n  the discussion the term, conduc- 
tivity, is used. 

The dark conduct ivi ty  curves were  ve ry  near ly  
identical  for all  the samples run  which had been equi l i -  
brated at oxygen pressures of 14.2 to 7.4 • 10 -4 Torr  
and quenched from 1020 ~ and 750~ These curves 
were  used to obtain plots of log ~ vs. 1 /T  which were  
straight  lines whose slopes of --E/2.303 k T  gave E 
0.4 eV in all  cases. The dark curve  was repeated 
through as many  as th i r ty  cool ing-heat ing cycles for a 
given sample. 

The curves for conductance after preiUuminat ion all  
showed two max ima  producing two peaks in the EC 
curves near  298 ~ and 373~ As indicated by Eq. [3], a 
change in the heat ing rate, ~, causes a shift in the t em-  
pera ture  at which the EC peak occurs. This then pro-  
vided a method  of de termining the t rap depth, Et. In 
this work, heat ing rates of 0.09 to 0.4~ were  used 
to produce the shifts in the EC m a x i m u m  tempera -  
tures as shown in Fig. 3. F rom these curves, the 
maxima were  determined,  Tin1, for 298~ peak and Tin2 
for the 373~ peak, and plots were  made of log (Tm2/~) 
vs. 1/Tm. Figure  4 shows these two plots which can 
be used to determine  the  electron t rap depths associ- 
ated wi th  the two peaks in the EC curves. Thus an 
average value of 1.03 eV for the t rap depth was ob- 
tained f rom the 298~ peak and 1.34 eV for the trap 
depth associated with the 373~ peak. Values for the 
trap depths f rom the EC curves of all  the samples 
var ied by as much as 15%, but this was judged to be 
the l imit  of the precision of reading and t reat ing the 
data, ra ther  than being due to significant variat ions 
among the samples. 

In order to de termine  the min imum photon energy 
for trap filling, an exper iment  using monochromat ic  
light was performed. Monochromatic  l ight  of con- 
trolled intensi ty was directed on the sample at low 
tempera tures  for 1 hr, and then the curves  for the con- 
ductance of the sample after  pre i l luminat ion  and for 
the dark conductance were  run in the normal  manner.  
The heights of the EC curves  at the max ima  were  then 
plotted against  the photon energies of monochromat ic  
light. Figure  5 shows the results of these measure-  
ments. For  measurement  of the higher  t empera ture  
peak, the pre i l luminat ion  was done at room tempera-  
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Fig. 3. Excess conductance carves at various heating rates. Far 
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for the curves below the topmost; all curves tend to merge at the 
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ture since this resulted in  e l iminat ion of the lower 
tempera ture  peak. In  fact, separation of the two peaks 
was f requent ly  used, e.g., by warming  a pre i l lumi-  
hated sample to room temperature,  cooling the sample 
again, a n d  then making  a normal  programmed r un  
with only the higher temperature  peak present. 

No significance is attached to the detailed shape of 
the curves in Fig. 5 except to the tendency to approach 
a threshold. The threshold energy for filling of the 
1.03 eV t rapping level was found to be about 1.3 eV 
and the threshold energy for filling of the 1.34 eV 
trapping level was about 1.1 eV. A discussion of the 
consequences of these results appears later. 

The proposed energy level diagram for cuprous 
oxide as determined from this work is shown in Fig. 
6. Level 1 is the 0.4 eV acceptor level, and levels 2 and 
3 are the two electron t rapping levels whose depths 
and threshold energies were determined independent ly  
in this work. 

Discussion 
To explain these results one must  make some as- 

sumptions concerning a model  for cuprous oxide. A 
widely accepted model is that  by Wagner  (15), which 
describes cuprous oxide as a defect compound in which 
an excess of oxygen gives rise to copper atom vacancies. 
These vacancies act as acceptors thus explaining the 
observed p- type  character. Since this model, while 
moderately  successful in explaining h igh- tempera ture  

~ I . 0 3  e V  

t 
Fig. 6. Proposed energy level diagram for Cu20. The lowest level 

is on acceptor level; the higher levels are trap levels. The values 
associated with the trap levels are approximate, with an estimated 
precision of •  

properties, is inadequate  for low temperatures,  more 
elaborate models have been proposed, largely based on 
Bloem's (16) work  and more recent ly  treated by  the 
Strasbourg group (7, 17). The principal  species postu- 
lated are copper atom vacancies, oxygen vacancies, 
which can be singly and doubly ionized, and also com- 
plexes among these various species. While these postu- 
lates are plausible, very little concrete evidence is 
yet avai lable to assign the various species to the en- 
ergy levels that are invoked to explain the experi-  
menta l  results. 

The dark  conductivity and the conductivi ty after pre-  
i l luminat ion at temperatures  below the ma x i mum can 
be described by the functions ~ = K exp ( - -E/kT)  
and ~' : K' exp ( - -E ' /kT) ,  respectively, in which 
E ~ E' ~-- 0.4 eV wi th in  the precision of measurements ,  
and K'  > K. In  this region, which has been called the 
"photomemory" region, the problem is to explain the 
increase in the p re-exponent ia l  factor, K, due to pre-  
i l lumination.  Ku~el (8) has proposed that  K is de- 
pendent  on the concentrat ion of isolated copper atom 
vacancies which act as acceptors. Heating in the dark 
removes some of these by forming associates, e.g., cop- 
per atom divacancies, and pre i l luminat ion  causes a dis- 
sociation of these complexes, enlarging the concen- 
trat ion of single atom vacancies. While  Ku~el's model 
is a possible one, our results are bet ter  explained by 
a model which is based on a changed concentrat ion of 
un- ionized acceptors due to prei l luminat ion.  A similar 
model is apparent ly  preferred by the Strasbourg 
group. 

Let K be proport ional  to the concentrat ion of un -  
ionized acceptors, K ~ BNAo. It is possible tha t  even at 
absolute zero some of the acceptors are ionized, thus 
implying a par t ia l ly  compensated model, so that  
NAo = NA - -  (NA-) at T = 0~ Here NA is the total 
concentrat ion of acceptors and NA- is the concentra-  
tion of ionized acceptors at 0~ 

As the tempera ture  is increased, electrons are ex- 
cited from the valence band to the acceptor levels, 
giving rise to more ionized acceptors and p- type  con- 
ductivity, so that  NAo = NA -- [ (NA-)  + p], where p 
is the hole concentration. We assume p < <  [ N A -  
(NA-) ]. 

The effect of preillumination is to remove some elec- 
trons from the ionized acceptors and place them in 
higher, trapping states. The details of this process need 
not be specified since the equilibrium between the 
valence band and the acceptor states allows the re- 
moval to occur from both of these. The net effect is 
to increase the concentration of un-ionized acceptors 
so that  after i l luminat ion NAo -~  N A  - -  [ ( N A - - )  - -  7 t t ]  

where nt is the concentrat ion of trapped electrons. 
Thus K is increased to K" giving rise to a greater con- 
duct ivi ty due to prei l luminat ion.  

The above discussion applies to the tempera ture  re-  
gion below the ma x i mum in the EC curve. The effect of 
fur ther  increase in tempera ture  is to excite electrons 
out of the traps to the conduction band  from which 
they re -en te r  the valence band/acceptor  equi l ibr ium 
system by way of recombinat ion centers. The net  effect 



380 J. E lec t rochem.  So t . :  SOLID-STATE SCIENCE AND T E C H N O L O G Y  March  1972 

is to regenerate  the ionized acceptors which had been 
bared by prei l luminat ion.  This tendency toward a de- 
crease superimposed on a r is ing EC curve then gives 
rise to a m a x i m u m  in the curve. The tempera ture  at 
which this occurs, Tin, can be used to locate the depth 
of the t rap level by methods analogous to those used 
for the TSC case. 

Neglecting the cont r ibut ion  to the conduct ivi ty  by 
the electrons in the conduction band, the excess con- 
duct ivi ty ~* : (K'  -- K)  exp ( - -EA/kT)  oc (p' -- p) 
and (K" -- K)  = B n t .  We modify Bube's  t rea tment  of 
the heat ing rate method for locating trap depth by 
postulat ing that the rate of t rap emptying determines 
the rate of regenerat ing ionized acceptors, i.e., the life- 
t ime of the excess electrons in  the conduction band is 
very small. 

Thus at the maximum,  d~*/dT = 0 and also d;~p/dT 
= 0 if one neglects the tempera ture  var iat ion of the 
hole mobility, ~,. At a constant  heating rate, ;~ = dT /  
dt = constant, we have dap /dT  = ~-*d~p/dt .  Now set- 
t ing d ( l n  ~ p ) / d t  = 0, and noting that  r ---- q,p~p, we 
obtain 

d 
[ln (B/q~p) + In n t -- EA/kT] : 0 at T :Tm [4] 

dt 

so that 
flEA 1 dnt 

- -  : [5 ]  
kTm 9" nt  dt  

The factor on the r ight  of Eq. [5] represents the 
probabi l i ty  of escape from traps and this is given 
by Bube (18) as 

- - n t - l ( d n t / d t )  = P = NcvSt  exp  ( - - E t / k T )  [6] 

where St is the capture cross-section of the traps. 
Then for T ---- Tm, we obtain 

flEA/kTm 2 : - -n t  -1 (dnt /d t )  : P 

-= N c v S t e x p  ( - -E t / kTm)  [7] 
so that 

In (Tm2/~9) -- (Et /kTm)  -- In (NcStvk /EA)  [8] 

Equat ion [8] is analogous to Eq. [3] previously derived 
for the t rea tment  of the TSC curves. Thus by the 
present  model, plots of In (Tm2/~) vs. 1~Tin can be 
used to evaluate the t rap depth by sett ing the slope 
equal to Et/k ,  as was done in the Results section. 

The model proposed is also in accord with the results 
of Zouaghi et al. (17) who showed by Hall measure-  
ments  that  the effect of the pre i l luminat ion  is pr i -  
mar i ly  to increase the density of holes. Fur ther  sup- 
port may be found in the work of For t in  et al. (20) who 
related the photomemory effect to h igh- tempera ture  
photoconductivity for which the t ime constants vary  
from minutes  to fractions of a second over tempera-  
ture ranges from room temperature  to 250~ 

While the above is apparent ly  the most economical 
model that  could be used to explain the present  data, 
it is possible to make a more detailed model by making  
fur ther  postulates which are quite plausible. In the 
model thus far we have not identified the source of the 
ionization of the original ly ionized acceptors of concen- 
tration, N•-. It  is conceivable that  both donors and 
acceptors exist in cuprous oxide with a predominance 
of acceptors. The neu t ra l  donors would lose electrons 
to the acceptors (not necessarily rapidly) ,  thus leading 
to par t ia l  compensation. As shown by Bra t ta in  (19) 

for par t ia l ly  compensated cuprous oxide, the hole con- 
centrat ion would be given by 

N A  - -  ( N D +  -}- p )  
p -- Nv exp (--EA/kT) [9] 

N D +  - ~ p  

w h e r e  ND+ is the concentrat ion of ionized donors. 2 For 
the condition p < <  ND+ < NA 

(NA - -  ND+) 
p = Nv exp (--EA/kT) [i0] 

ND + 

which is identical to our previous treatment with 
ND+ = NA- and B/q~p = Nv/ND+. Further the effect 
of preillumination may be to move the electrons from 
the ionized acceptors to the ionized (empty) donor 
states so that 

NAo = NA - -  ND+ and ND+ ----- ND -- nt 

A further elaboration of the model could proceed by 
attempting an identification of the species responsible 
for the various levels. Following Bloem, one could as- 
sign the two trap levels to oxygen vacancies which can 
be singly and doubly ionized. The acceptor levels 
could be assigned to copper atom vacancies or some 
complex arising from them. Still  fur ther  levels are 
presumably  necessary to explain other results. How- 
ever the identification of the species responsible for 
these levels must  await  more definitive experiments.  

Manuscript  submit ted May 20, 1971; revised m a n u -  
script received Nov. 3, 1971. 

A ny  discussion of this paper will  appear in  a Discus- 
sion Section to be published in  the December 1972 
JOURNAL.  

REFERENCES 
I. R. S. Toth, R. Kilkson, and D. Trivieh, J. Appl. 

Phys.,  31, 1117 (1960). 
2. Y. Ebisuzaki, ibid., 32, 2027 (1961). 
3. M. R. Wright, J. D. Schick, and D. Trivich, "Pro-  

ceedings from Colloque sur les Propri~t~s Phy-  
sique de la Cuprite, a Symposium held at Stras-  
bourg, France, March 1968," p. 76. 

4. L. M. Kellogg and D. Trivich, ibid., p. 36. 
5. A. L. Will iams and L. E. Thompson, J. Inst. Elec. 

Engrs. (London) ,  88, 353 (1941). 
6. S. J. Angello, Phys.  Rev. ,  62, 371 (1942). 
7. J. P. Zielinger, M. Tapiero, Mine. C. Roubaud, and 

M. Zouaghi, Solid State  Commun. ,  8, 1299 (1970~). 
8. R. Kuzel, Czech, J. Phys. ,  B l l ,  133 (1961); R, Kuzel, 

Paper  B in "Proceedings of Second Cuprite Col- 
loquium, Univers i ty  of Alberta,  Edmonton,  
Canada, August  1968." 

9. H. J. Dittfield and J. Voigt, Phys.  S ta tus  Solidi, 3, 
1941 (1963); K. H. Nicholas and J. Woods, Br/t. 
J. AppI. Phys. ,  15, 783 (1964). 

10. G. F. J. Garl ick and A. F. Gibson, Proc. Phys.  Soc. 
(London) ,  A 6 0 ,  574 (1948). 

11. G. A. Dussel and R. H. Bube, Phys.  Rev. ,  155, 764 
(1967). 

12. R. H. Bube, "Photoconductivi ty of Solids," John  
Wiley & Sons, Inc., New York (1960). 

13. Ref. 12, p. 295. 
14. L. M. Kellogg, Ph.D. Thesis, Wayne  State Univer -  

sity, Detroit, 1967. 
15. C. Wagner  and H. Hammen,  Z. Phys ik .  Chem. 

(Le/pzig), B 4 0 ,  197 (1938). 
16. J. Bloem, Phitips Res. Rept. ,  13, 167 (1958). 
17. M. Zouaghi, M. Tapiero, J. P. Zielinger, and R. Bur -  

graf, Solid State  Commun. ,  8, 1823 (1970). 
18. Ref. 12, p. 278. 
19. W. H. Brattain,  Rev.  Mod. Phys. ,  23, 203 (1951). 
20. E. Fortin,  M. Zouaghi, and J. P. Zielinger, Phys.  

Let ters ,  24A, 180 (1967). 
2 I f  the  accep tors  a re  no t  compensa ted ,  the  d a r k  conduc t iv i t y  ac-  

t iva t ion  e n e r g y  is  E , / 2 .  g iv ing  EA = 0.8 eV. 



Vapor-Phase Epitaxial Growth and Some 
Properties of ZnSe, ZnS, and CdS 

W. M. Yim and E. J. Stofko 
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ABSTRACT 

Single-crystal  layers of ZnSe, ZnS, and CdS have been grown epJtaxially 
on GaAs, GaP, and sapphire substrates in an open- tube  system by reaction of 
the meta l  vapors with the nonmeta l  hydride gases. Various factors are dis- 
cussed which were found to affect the epitaxial  growth. These include the 
role of vapor composi t ions and growth temperatures  in controll ing stoichi- 
ometry and polymorphism, and the choice of substrate materials  with par t icu-  
lar  emphasis on the effects of lattice and thermal  expansion match between 
the substrate and the epitaxial  layer. High crystal l ine qual i ty  of the epitaxial ly 
grown layers was evidenced by the Kikuchi  lines present in their  electron dif- 
fraction patterns. As-grown layers of ZnSe and ZnS, both undoped and doped, 
were high resistivity, while CdS was readily grown n-type.  These epitaxial  
layers showed at room temperature  a bright, visible cathodoluminescence, 
and for each compound different emission colors were observed with speci- 
mens grown at different temperatures.  

Al though published l i terature  abounds with reports 
describing crystal growth of II-VI compounds, rela-  
t ively little informat ion is avai lable on vapor-phase 
epitaxial  growth of these compounds. The lack of in-  
formation is par t icular ly  true for epitaxial  growth 
using gaseous star t ing sources of the component ele- 
ments, since in near ly  all 0s previous work (1-3) the 
start ing materials  used were presynthesized bulk  com- 
pounds. 

In this paper, we report the heteroepitaxial  growth 
of s ingle-crystal  ZnSe, ZnS, and CdS layers on GaAs, 
GaP, and sapphire substrates in an open- tube syste.m 
by reaction of the metal  vapors with the nonmeta l  
hydride gases. The results presented include growth 
morphology, crystal l ine perfection, and some of the 
electrical and luminescent  properties of these epi- 
taxial ly  grown layers. 

Experimental 
The epitaxial  growth of ZnSe, ZnS, and CdS on vari-  

ous substrates was investigated with the apparatus 
(4) shown schematically in Fig. 1.1 In  this apparatus 
the Group II e lement  (Zn or Cd) was t ransported as 
the vapor by passing H2 over the mol ten metal  located 
in the source zone at a tempera ture  T1. The Group VI 
element  (Se or S) was introduced as gaseous hydride 
(H2Se or H2S) diluted in H~. The Groups II and VI 
gases were brought  together in the reaction zone at a 
tempera ture  T3, and growth of the I I -VI compound 
occurred on a substrate in the deposition zone ma in -  
ta ined at a tempera ture  Ts. 

The substrate  mater ia l  most extensively used was 
GaAs of (100) and (111) 2 orientations, but  we also 
used (100)- and ( l l l ) 2 -0 r i en t ed  GaP and (0001)- 
oriented sapphire, while the use of other substrate 
materials  such as Si and Ge was l imited to only a few 
experiments.  The GaAs and GaP substrates were first 
mechanical ly  polished to a mir ror -smooth  finish, fol- 
lowed by chemical polish in a dilute b romine-methanol  
solution with or without  HaPO4. The sapphire sub-  
strates (which were furnished with a smooth surface 
finish by the supplier  3) were annealed in situ, prior 

Key  w o r d s :  I I - IV  c o m p o u n d s ,  h e t e r o e p i t a x y ,  v a p o r - p h a s e  g r o w t h ,  
e l e c t r i c a l  p r o p e r t i e s ,  c a t h o d o l u m i n e s e e n e e .  

S h o w n  also i n  Fig.  1 are the  p r o v i s i o n s  for  g r o w t h  of  I I I - V  com- 
p o u n d s  a n d  for  i n t r o d u c t i o n  of  d o p i n g  i m p u r i t i e s ,  b u t  these  were  
n o t  u s e d  in t h e  p r e s e n t  s t u d y ,  e x c e p t  in  s e v e r a l  e x p e r i m e n t s  to  d o p e  
Z n S e  a n d  ZnS w i t h  A1, w h i c h  w a s  a d d e d  as  v o l a t i l e  c h l o r i d e s  
t h r o u g h  t h e  s i d e  a r m  i n t o  t h e  r e a c t i o n  zone by  p a s s i n g  an H2-HC1 
m i x t u r e  o v e r  m o l t e n  a l u m i n u m  at  T~ = 1000~ 

2 A l l  we re  spec i f ica l ly  of  t he  t ype  (11IA) w i t h  t he  g a l l i u m  face up.  
3 Insaco,  Inc.,  Q u a k e r t o w n ,  P e n n s y l v a n i a .  

to epitaxial  growth, in flowing I-I2 for about 15 rain at 
1300~ This simple t rea tment  was found satisfactory 
for s ingle-crystal  epitaxy. Although we have ex- 
plored other methods of sapphire surface preparation, 
which included chemical etch in  hot H3PO4 followed 
by Caro's acid etch, as well  as gas-phase etch in 
flowing HC1-H2 at temperatures  from between 1000 ~ 
and 1250~ the substrates thus treated did not provide 
single-crystal  epitaxy within the exper imental  condi- 
tions investigated. 

Vir tual ly  all of the present I I -VI compound epitaxial  
layers were deposited directly onto the substrates pre- 
pared as above. However, as is discussed later, for 
ZnS we also used GaAs substrates coated with thin 
layers of single-crystal GaP. 

A comprehensive series of exper iments  with var i -  
ous reactant  gas compositions, flow rates, and zone 
temperatures  led to the selection of the opt imum 
growth conditions, the discussion of which follows. 

Results and Discussion 

Etfect of Growth Conditions 
Of various growth parameters  investigated, the re-  

actant  gas compositions and par t icular ly  the substrate 
temperatures  had the most significant effects upon 
stoichiometry, growth rate, and crystall inity.  In addi-  
tion, the choice of substrate  materials  had an impor tan t  
bear ing on the crystal l ini ty  of the deposited layer, a s  

is discussed in a later  section. 

Reactant gas compositions.--The effect of reactant  
gas compositions on epitaxial  synthesis was invest i -  
gated pr imar i ly  with the growth of ZnSe on GaAs 
substrates near  700~ the most significant data are 
given in Table I. 

The gaseous flow rates (200 cm3/min H2 over mol ten  
Zn and 15 cm3/min H2Se) listed first in Table I were 

DOPANT 
Hz,HCI H~,HC' 

1 GROUPE GROUP m" 
ELEMENT ELEMENT 

HYDRIDES,~ ~ , . 
HZ "<. . /T - -  I TO 

URCE SOURCE REACTION DEPOSITION EXHAUST 
ZONE ZONE ZONE 

i I ZOT~E T;, T 5 T 5 
H2HCI 

Fig. 1. Vapor-phase epitaxial growth apparatus, [Ref. (4)] 
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Table I. Effect of reactant gas compositions on epitaxial growth of ZnSe 

March 1972 

P a r a m e t e r s  

F l o w  F l o w  (em3/min)  to 
(ema/min)  r eac t i on  zone Subst .  G r o w t h  

S u b s t r a t e  ove r  Zn (925~176 t e m p  ra te  Depos i t  
Mater .  (hkl)  (530~ H2 H~Se H2 (~ (/~/hr) c o m p o s i t i o n  C r y s t a l l i n i t y  

1. Ef fec t  of H2Se 
c o n c e n t r a t i o n  

2, Effect  of Zn  va -  
por  concen t r a -  
t i o n  

G a A s  (100) 200 15 700 700 2 

G a A s  (100) 200 10 700 675 1 

Sapph .  (0001) 200 10 700 675 1 
GaAs (I00) 200 5 700 700 S 
G a A s  (100) 200 3 700 700 5 
G a A s  (100) 40 3 700 700 1 
G a A s  (100) 200 3 700 700 5 

M a j o r  Ga~Se3-ZnSe a l loy  Po ly  
M i n o r  Z n S e  (Zb,W)* 
M a j o r  Z n S e  (Zb) Po ly  
M i n o r  GaeSea a l loy  

ZnSe  (Zb) Po ly  
Z n S e ( Z b , W )  S ing le -po ly**  
Z n S e ( Z b )  S i n g l e  
Z n S e  (Zb) S i n g l e - p o l y  
ZnSe  (Zb) S i n g l e  

* (Zb,W): Nearly all zineblende form with small amount of wurtzite form. 
** Single-poly: Nearly all single with very small portions polycrystalline. 

Table II. Effect of substrate temperatures on epitaxial growth of ZnSe, ZnS, and Cd$ 

Subs t .  G r o w t h  
E p i t a x i a l  S u b s t r a t e  t e m p  r a t e  E p i - l a y e r  c r y s t a l l i n i t y  

l a y e r  Mater .  (hkl)  (~ (# /hr )  Cryst .  S t ruc t .  (hkl)  
Ca thodo-  

luminescence 

Z n S e  a G a A s  (100) 650 2 S i n g l e  Zb  t (100) 
G a A s  (100) 700 5 S i n g l e  Zb  (100) 
G a A s  (100) 750 6 S ing le -po lye  Zb-W~ (100) 
G a A s  (100) 800 9 S i n g l e - p o l y  Z b - W  (100) 
G a A s  (100) 830 13 S i n g l e  Zb  (100) 
G a A s  (100) 850 18 S i n g l e  Z b  (100) 
G a A s  (100) 890 36 S i n g l e  Zb  (100) 
G a A s  (111) 890 29 S i n g l e  Zb" ( 111 ) 
Sapph .  (0001) 850 15 S i n g l e  Zb  (111) 

Z n S  b Sapph .  (0001) 650 9 Po ly  W (0001) ~ 
Sapph .  ( 0001 ) 750 15 Po ly  W (0001) h 
Sapph .  (0001) 810 12 Po ly  W (0001) 4 
S a p p h .  (0001) 890 7 Poly W (0001) 
GaAs ~ (111) 825 15 Single Zb (111) 
GaAs (100) 775 13 Single Zb (100) 
GaP (100) 825 18 Single Zb (100) 

CdS s Sapph. (0001) 690 33 Single W (0001) 
G a A s  (I  1 I) 690 50 S i n g l e  W (0001) 
G a A s  ( I i i )  750 I0 S i n g l e  W (0001) 
Sapph .  (0001) 810 ~ 0  - -  - -  
Sapph .  (0001) g90 0 - -  - -  

Red  
Red  
Orange  
Orange  
Ye l low 
Ye l low 
Yel Iow 
Ye l low 
Ye l low 
D a r k  b lue  
B l u e  
B l u e  
B l u e  
B l u e  
B lue  
B l u e  
G r e e n  
G r e e n  
Red  

aH.~ flow o v e r  Z n  (530~ = 200 cm3/min .  HeSe a n d  H~ f low to  r e a c t i v e  zone (925~ = 3 a n d  700 cm3/min ,  r e spec t ive ly .  
b H2 flow ove r  Z n  (530~ = 200 cm3/min .  H.~S and  H2 flow to  r e a c t i v e  zone (925~ = 3 a n d  700 em3/min ,  r e spec t ive ly .  
c H2 f low o v e r  Cd (5S0~ = 200 em~/min.  H~S and  H2 f low to  r e a c t i v e  zone (1000~ = 5 a n d  700 cm~/min ,  r e spec t ive ly .  

S u b s t r a t e  coa ted  w i t h  (111) G a P  a f te r  g r a d i n g  the  c o m p o s i t i o n  f r o m  G a A s  to GaP.  
N e a r l y  a l l  s ing le  w i t h  v e r y  s m a l l  p o r t i o n s  poly.  

t Z i n e b l e n d e  fo rm.  
# M a j o r  = z incb lende ,  m i n o r  = wur t z i t e .  

(0001) p r e f e r r e d  o r i en t a t i on .  

calculated to give an approximately equal number  of 
moles (10-5 moles /min)  of Zn and Se for deposition 
of stoichiometric ZnSe. This, however, resul ted in 
polycrystalline, mult iphased material .  The major  phase 
consisted of a Ga2Se3-ZnSe alloy 4 and the minor  phase 
was ZnSe of zincblende form mixed with a small 
amount  of wurtzi te  form. The Ga2Se3-ZnSe alloy ap- 
parent ly  resulted from the reaction between excess 
H2Se and the GaAs substrate, since no Ga2Se3 alloy 
formed when sapphire substrates were used. By re-  
ducing the H2Se flow to 10 cm3/min, the Ga2Se3 alloy 
formation was substant ia l ly  suppressed, and by fur ther  
reducing the H2Se flow to 3 cmU/min the single-crystal  
epitaxy of ZnSe was achieved. On the other hand, the 
Zn vapor concentrat ion had relat ively li t t le effect on 
formation of ZnSe within  the Zn concentrat ion range 
investigated of 10-0-10 -5 moles /min,  as shown in 
Table I. 

For  ZnS and CdS deposition, we used approximately 
the same gas flow rates as that  found to be opt imum 
for the growth of ZnSe. 

Substrate temperatures.--The growth rate of ZnSe 
epitaxial  layers was found to increase with increasing 
substrate temperature,  as shown in Table II. At depo- 
sition temperatures  below 700~ the growth rates 
were small  (I-5 ~,/hr). Faster  growth occurred in the 
temperature  range of 700~176 but  with mixtures  
of zincblende (cubic) and wurtzi te  (hexagonal)  poly- 
morphs. The wurtzi te  polymorph general ly  disap- 

Our  u n p u b l i s h e d  r e su l t s  i n d i c a t e d  t h a t  Ga~Sea, w i t h  a defec t  zinc-  
b l e n d e  s t r u c t u r e  h a v i n g  a l a t t i ce  c o n s t a n t  of 5.42A, f o r m s  c o n t i n u -  
ous  s o l i d - s o l u t i o n  a l loys  w i t h  ZnSe.  

peared at temperatures  higher than 830~ leading to 
re tu rn  of the single-phase cubic form with a growth 
rate as high as 36 ~/hr  at 890~ 

For ZnS the growth rate increased also with increas- 
ing temperature  to more than  15 ~ /hr  at 830~ but  it 
decreased with fur ther  increase in temperature.  The 
z incblende-wurtz i te  polymorphism was also observed 
for ZnS, but  we defer general  discussion of the ob- 
served phenomenon to a later  section. 

In  contrast  to relat ively high temperatures  found 
for opt imum growth of ZnSe and ZnS, 890~ and 
830~ respectively, the opt imum growth temperature  
for CdS was found to be near  700~ with a growth rate  
of 50 ~/hr. Above 700~ the growth rate decreased, 
and no CdS deposit formed beyond 800~ 

The observed dependence on substrate temperature  
of the growth rate could not be predicted on the basis 
of equi l ibr ium thermodynamics.  The free energy 
changes (•176 in chemical reactions postulated for 
the vapor deposition of ZnSe, ZnS, and CdS (see 
Appendix)  are all negative in the range of substrate 
temperatures  investigated, as shown in Fig. 2. Further ,  
the AF~ values become more negative with decreasing 
temperature.  Therefore, the deposition rate would 
probably increase monotonical ly  with substrate  tem-  
perature, contrary  to the present  exper imental  data, 
if equi l ibr ium thermodynamics  is the only factor that  
affects the vapor deposition process. The assumption, 
however, is not valid as amply  demonstrated in recent  
studies, which showed that  considerable deviations 
from thermochemical  equi l ibr ium exist (5) in an 
open- tube  growth system such as the present  one, and 
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Fig. 2. Free energy of reaction (AF~ for vapor deposition of 
ZnSe, ZnS, and CdS. 

that  kinetic factors significantly influence the deposi- 
tion process (6). 

While simple arguments  based on equi l ibr ium are 
inadequate to describe the present vapor growth 
process, it is, nonetheless, noteworthy that  the experi-  
menta l  opt imum growth temperatures  are lower for 
materials  of smaller  calculated AF~ values than  for 
materials  of larger AF~ Namely, the opt imum growth 
tempera ture  listed in Table III  for CdS of 700~ is 
lower than that  for ZnS of 830~ which is yet lower 
than  that for ZnSe of 890~ and this is to be corre- 
lated with the t rend shown in  Fig. 2 of I~t r~  
IAF~ ~ IAF~ below about ll00~ The above 
observation is not l imited to the case of I I -VI com- 
pound vapor deposition. Previously, in an open- tube 
vapor growth of I I I -V compounds, we also observed 
(7) the similar  relationship between exper imental  
opt imum growth temperature  (Topt) and AF~ for ex- 
ample, (Top t  ~-~ 7 0 0 ~  ~ (Top t  ----- 7 5 0 ~  

(Top t  ---- 8 0 0 ~  a n d  [ A F ~  < IAF~ < 
]AF~ It is certain that  any  at tempt  to explain 
the above relationship must  include considerations 
not only of equi l ibr ium thermochemist ry  but  also of 
kinetics, for which exper imental  data are lacking at 
the present  time. 

Structure and Crystallinity 
ZnSe epitaxial layers.--Typical microstructure  of a 

s ingle-crystal l ine cubic ZnSe layer grown epitaxially 
on a (100)-GaAs substrate is shown in  Fig. 3a. The 
layer  was grown at 890~ and, as shown, it is well 
oriented. The reflection electron diffraction pat tern  in 
Fig. 3b confirms the (100) epitaxy. In  addition to the 
well-defined diffraction spots, Kikuchi  lines are pres-  
ent, which indicate high crystall ine perfection. Simi-  

Fig. 3. (a, top) Photomicrograph, and (b, bottom) reflection elec- 
tron diffraction pattern, of (100) ZnSe grown epitaxially on (100) 
GaAs. 

larly, epitaxial  layers on (111)-GaAs substrates (not 
shown) revealed wel l -or iented t r iangular  growth pat-  
terns, characteristic of the (111) epitaxy. The cubic 
(111) ZnSe was also found to grow on (0001)-sap- 
phire  substrates;  a microstructure  of the ( I l l ) -  
oriented ZnSe single-crystal  layer is shown in Fig 4a. 

The excellent  epi taxy of ZnSe on GaAs can be 
understood in the l ight of complete solid-solution 
al loying (4), and good match both in the lattice con- 
stant  and in the thermal  expansion coefficient, be-  
tweeh ZnSe and GaAs; and this makes possible a 
smooth t ransi t ion between the substrate  and the 
grown layer  with min ima l  strains involved. As shown 
in Table IV, the difference is their  lattice constants at 
room tempera ture  is only 0.3%, and it  increases 
slightly to about 0.6% at 800~ Even with this good 
lattice match, rapid cooling sometimes caused the 
epitaxial  layers to crack. However, cracking was corn- 

Table III. Optimum growth conditions for ZnSe, ZnS, and CdS 

Flow {cm.~/min) over  Flow (cma/min) to 
Epitaxial  Cryst. Substrate  Zn (530~ Cd (580~ react ion zone (925~176 Substrate  Max. g rowth  
mater ia l  struct.* (hkl) Material  (hkl) H~ H,_, H~Se H2S H2 t e m p  (~ rate  (;e/hr) 

ZnSe Zb (100) GaAs (i00) 200 -- 3 ~ 700 890 36 
(IIi) GaAs (III} 
{111) Sapphire (0001) 

Z n S  Z b  (111) GaAs? (111) 200 - -  - -  3 700 825 15 
(100) GaAs ( 100 ) 
(I00) GaP (i00) 

C d S  W (0001) GaAs (111) - -  200 - -  15 700 690 50 
(0001) Sapphire  (0001) 

* Zb: zineblende; W: wurtzite. 
t Substrate was graded in composition from GaAs to GaP prior to ZnS deposition, 
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Table IV. Lattice constants and thermal expansion coefficients 

A v g  l i n e a r  t h e r m a l  
La t t i c e  c o n s t a n t  exp,  coeff. (RT u p  

( room temp)  to  a b o u t  800~ 
M a t e r i a l  S t ruc t .  (A) Ref.* (10-e/~ Ref.* 

Z n S e  Z b  5.6667 i, i i  9.44 v i i  
W a = 4.003 

c = 6.540 i - -  - -  
ZnS  Z b  5.4093 i, ii 6.5-8.5 v m  

W a = 3.820 _Lc 5.9-6.5 
i v i i i  

c = 6.260 [ Ic 4.4-4.6 
C d S  Zb 5.820 i ~ 6  i i i  

Z b  5.8378 i i i  
W a = 4.1368 / c  5.0 

i, i i  ix  
c = 6.7163 [ lc 2.5 

G a A s  Z b  5.6533 ii  6.72 x 
G a P  Z b  5.4506 ii 5.78 x 
Ge Z b  5.6576 i v  6.2 i v  
Si  Z b  5.4309 v ~ 4  v 
~x-Al~O~ Tr ig .  a = 4.758 J c 9.2 

v i  v i  
c = 12.991 [[c 9.8 

Cubic  3.839 i i i  - -  - -  

" Ref. i. W. L. Roth ,  in  " P h y s i c s  and  C h e m i s t r y  of I I - V I  Com-  
p o u n d s , "  pp.  127-128, M. A v e n  a n d  J .  S. P rene r ,  Ed i -  
tors,  N o r t h - H o l l a n d  P u b l i s h i n g  Co., A m s t e r d a m  
(1967), 

ii .  This  work .  
i i i .  Ca lcu la t ed .  
iv.  J. A. A m i c k ,  R C A  Rev. ,  24, 556 (1963). 
v . H . P .  Wolf ,  " S i l i c o n  S e m i c o n d u c t o r  Da ta , "  p. 1O0, 

P e r g a m o n  Press, L o n d o n  (1966). 
v i .  W. J.  C a m p b e l l  a n d  C. G r a i n ,  U.S.  Bur .  of  Mines  Rept .  

Invest .  575'/ (1961). 
v i i .  H. P.  S i n g h  a n d  B. Dayal ,  Phys.  S~atus Solidi, 23, K93 

(1967). 
v i i i .  R- R. Reebe r  a n d  D. M c L a c h l i n ,  Jr . ,  Tech.  R e p o r t  

ARL-68-0183,  Ae rospace  Resea rch  Labora to r i e s ,  
W r i g h t - P a t t e r s o n  A i r  Force  Base,  Oc tober  (1968). 

ix. R. R. Reebe r  and  B, A. K u l p ,  Trans. AIME,  233, 698 
(1965). 

x. E. D. P i e r ron ,  D. J.  Pa rke r ,  and  J .  B. McNeely ,  J. 
Appl .  Phys . ,  38, 4669 (1967) ; and  M. S. A b r a h a m s ,  J .  J .  
T i e t j en ,  a n d  R. J.  Paff ,  U n p u b l i s h e d  resul t s .  

Fig. 4. (o, top) Photomicrograph of (111) ZnSe, and (b, bottom) 
photomicrograph of (0001) CdS, grown on (0001) sapphire. These 
layers were determined to be single crystalline by x-ray laue back: 
reflection. 

pletely el iminated by  slowly cooling the specimens 
from the growth temperature.  

ZnS epitaxial layers.--The room-tempera ture  lattice 
constant  of GaP matches that of cubic ZnS to wi th in  
0.7%, and their thermal  expansion coefficients are not 
appreciably different from each other (see, Table IV). 
Fur thermore,  GaP and ZnS form complete solid solu- 
tions (4), and therefore GaP appears to be a good sub-  
strate mater ia l  for epitaxial  growth of ZnS. The ther-  
mal expansion match is one of the most impor tant  
factors to be considered in selecting suitable substrate 
materials. Silicon, in spite of its good lattice match to 
wi thin  0.4% of ZnS at room temperature,  is not a good 
substrate material ,  since ZnS layers grown on Si sub-  
strates were f requent ly  found to crack. This is prob-  
ably due to a re la t ively large difference in the thermal  
expansion between ZnS and Si. Since h igh-qual i ty  
GaP single crystals of large dimensions were not 
readi ly available when  the present  study was under -  
taken, we ini t ia l ly  used GaAs substrates after slowly 
vary ing  the composition through graded regions of 
Ga(As, P) alloys from GaAs to GaP, using a vapor-  
phase growth technique previously developed by 
Tie t jen  and Amick (8). Subsequently,  however, we 
used (100)-GAP as well  as (100)-GaAs substrates for 
direct deposition of (100)-oriented cubic ZnS. 

Typical microstructure  of a cubic ( l l l ) - Z n S  layer 
epitaxially grown on (111) GaP on a ( l l l ) - o r i e n t e d  
GaAs substrate is shown in Fig. 5a, and the reflection 
electron diffraction pa t te rn  of Fig. 5b confirms the 
epitaxy. The pyramid-shaped growth pat terns  were 
formed dur ing the epitaxial  growth of GaP, with the 

result  that they also appeared in the ZnS epitaxial  
layer. By contrast, the s ingle-crystal  ZnS layers de- 
posited directly on (100)-GAP or on (100)-GaAs 
substrates showed less well-defined microstructure,  
e.g., Fig. 6a; but, as shown in Fig. 6b, the Laue picture 
proved the deposited layers to be s ingle-crystal  cubic 
ZnS of the (100) orientation. 

CdS epitaxial layers.--Epitaxial layers of (0001) 
CdS grown on ( l l l ) - G a A s  substrates show a distinct 
growth feature consisting of many  flat-topped and 
some pointed hexagonal  pyramids.  The surface micro-  
s tructure of one such layer is shown in Fig. 7a and the 
epitaxial  relat ion was determined to be (0001) CdS / /  
(111) GaAs from the reflection electron diffraction 
pa t te rn  shown in Fig. 7b. The hexagonal  pat terns are 
apparent ly  a common growth morphology for the 
(0001)-oriented CdS epitaxial  layer, found not only 
in the layers grown on (111) GaAs and (0001) sap- 
phire (Fig. 4b), but  also in the films deposited on 
many  other substrate materials  such as ZnS, Ge, SrF_~, 
mica, CaF~, and CdS itself (9). These morphological 
pat terns are believed to indicate the characteristic 
growth mechanism (surface nucleat ion)  of the epi- 
taxial  CdS layers (9). 

There is a re la t ively large difference (3.2%) in  the 
room tempera ture  lattice constant  be tween CdS and 
GaAs, al though the difference in their thermal  expan-  
sion coefficients is small. Since the present  CdS layers 
were directly deposited on GaAs substrates, a con- 
siderable strain would be present in  the CdS layers, 
par t icular ly  if the grown layers were thin. The strain 
arising from the lattice mismatch would, however, 
diminish with increasing distance away from the CdS- 
GaAs interface. In  fact, for specimens with CdS lay-  
ers thicker than  about 50~, Kikuchi  lines were some- 
times observed in the electron diffraction patterns.  

Polymorphism.--It is well  known (2) that  m a n y  
II -VI compounds exhibi t  z incblende-wurtz i te  poly- 
morphism, as well  as polytypism in the wurtzi te  form. 
The zincblende form is closely related to the wurtzi te  
form by a simple lattice stacking difference, and the 
free energy difference be tween the two phases is prob-  
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Fig. 5. (a, tap) Photomicrograph, and (b, bottom) reflection 
electron diffraction pattern, of (111) ZnS grown epitaxially on 
(111) GaP on (111) GaAs. 

ably  small  since they f requent ly  coexist in one sam- 
ple, as ment ioned in a previous section. Al though the 
zincblende phase is general ly thought  to occur at low 
temperatures  and the wurtzi te  phase at high tem- 
peratures, previous results on this are widely con- 
flicting. For instance, in  the case of ZnSe, the wur t -  
zite polymorph was reported (10) to appear in vac- 
uum-spu t te red  films at substrate temperatures  above 
210~ On the other hand, we did not observe (11) 
the hexagonal  phase either in  flash-evaporated ZnSe 
films deposited at temperatures  up to 600~ or in 
closed-tube chemical]y t ransported ZnSe grown at 
temperatures  up to 950~ A much higher temper-  
ature, > 1000~ was reported (12) for the occurrence 

of the ~ u r t z i t e  phase in vapor- t ranspor ted  ZnSe using 
Ar as a carrier  gas. 

In  the present  s tudy with an open- tube  chemical 
vapor deposition process, the tempera ture  range where 
the wurtzi te form of ZnSe appeared most f requent ly  
was between 700 ~ and 830~ as shown in Table II. 
The ZnSe layers grown outside of this tempera ture  
range were ent i re ly  in the cubic form, except when the 
vapor deposition was carried out in large excess H2Se 
(see, Table I ) ;  and under  this condition the hexagonal 
polymorph appeared, mixed with the cubic form in 
vary ing  proportions, at all deposition temperatures  in-  
vestigated. 

For bulk  ZnS, it is also generally accepted that wur tz-  
ite is the stable form at high temperature,  and that  the 
hexagonal  to cubic t ransi t ion takes place at a tempera-  
ture  between 1020 ~ and 1150~ (2, 13). In  the present 
vapor-deposited ZnS, the wurtz i te  modification was 
obtained at growth temperatures  as low as 650~ 
and this was the only form that  grew on (0001)- 
sapphire substrates throughout  the entire range  of 

Fig. 6. (a, top) Photomicrograph, and (h, bottom) Laue back 
reflection pattern, of (100) ZnS grown directly on (100) GaAs. 

deposition temperatures  investigated up to 900~ The 
crystal s t ructure of substrate materials  had a very  
significant effect on the type of polymorph to be ob- 
tained, since the ZnS epitaxial  layers deposited near  
800~ on GaAs and GaP consisted ent i rely of the cubic 
form, as opposed to the hexagonal  form that  grew on 
sapphire under  otherwise identical  growth condit ions 
(see, Table II) .  

In  contrast  to the epi taxial ly grown ZnSe and ZnS, 
no polymorphism was observed in the present  CdS 
epitaxial layers, which were all in the wurtzi te  form. 
This is in agreement  with general  observations that  
the zincblende form of CdS occurs only rarely in 
na ture  or in synthesized bulk  material .  

It is clear from the above discussion that  the oc- 
currence of polymorphism is a sensitive funct ion of 
such variables as preparat ive techniques, growth tem- 
peratures, substrate materials,  and reactant  gas com- 
positions. In addition to the aforementioned variables, 
previous investigations (2, 13) on the polymorphism 
in I I -VI  compounds, par t icular ly  in  ZnS, list such 
factors as impur i ty  effects, cooling rates, pressure, 
and mechanical  s t ra in that  significantly affect the 
structure, and thus emphasize even more the complex- 
ity of the problem involved. The f requent ly  quoted 
hexagonal to cubic t ransi t ion tempera ture  for ZnS, 
1020~176 is for the bulk  crystal probably under  
equi l ibr ium conditions. Accordingly, it is not too sur-  
prising that the data are at variance in the present  
case, where the epi taxial  layers were grown under  
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Fig. 7. (a, top) Photomicrograph, and (b, bottom) reflection 
electron diffraction pattern, of (0001) CdS grown on (111) GaAs. 

conditions deviat ing appreciably from equi l ibr ium 
and where the s tructure of the grown layers was 
dictated largely by that of the substrate. 

Electrical Properties 
Epitaxial  layers of ZnSe grown without  in tent ional  

doping were high resistivity, ~ l0 s ohm.cm. N-type 

specimens were obtained by "doping during growth 
with 300-3000 ppm A1, but  the resistivity still remained  
high, ,~ 105 ohm.cm. The difficulty of obtaining low- 
resist ivity wide-bandgap  II -VI compounds is well  
known, and it is a t t r ibuted to the process whereby  
added doping impuri t ies  are compensated by native 
lattice defects (14). The most effective method to 
induce a high n - type  conductivi ty in ZnSe involves 
anneal ing  the specimen submerged in mol ten  Zn con- 
ta ining the desired donor impuri t ies  such as A1 (15). 
The zinc l iquid suppresses the formation of Zn va- 
cancies and, at the same time, helps the electrically 
active donor e lement  to be incorporated into the 
lattice. The l iquid annea l  also helps to extract  any 
acceptor impurit ies that may be present  in the speci- 
men. 

Our pre l iminary  experiments  showed that  h igh-re-  
sistivity mel t -g rown ZnSe can indeed be converted to 
n - type  (e. g., to a resist ivity of 5 • 10 -2 ohm.cm, 
with corresponding carrier concentrat ion of 4 • 1017/ 
cm a and Hall  mobi l i ty  of 313 cm2/V.sec) after about 
70-hr anneal ing  in Zn0.97A10.0a l iquid at 1000~ Al-  
though successful for bu lk  crystals, this anneal ing con- 
dition was found unsui table  for epitaxially grown 
ZnSe layers on GaAs substrates, since both the ZnSe 
and the GaAs dissolved completely in the zinc liquid 
after annea l ing  t reatment .  In  fact, even for the bu lk  
crystals, it was subsequent ly  determined that the zinc 

melt  dissolved more than 20% of ZnSe upon anneal ing  
as above. Shorter  periods of anneal,  however, were  in-  
effective in render ing ZnSe high conductivity.  

Since the l iquid anneal ing  procedure thus involved 
drastic conditions, anneal ing  of Al-doped ZnSe epitax- 
ial layers was carried out in approximately  1-atm Zn 
vapor in the tempera ture  range 800~176 for periods 
of 1-100 hr; however, all  specimens remained  high 
resistivity. The vapor anneal  was motivated by  pre-  
vious reports (15) that  a highly conducting ZnSe:AI  
(obtained by  zinc- l iquid annea l  similar  to that  des- 
cribed above) can be rendered insula t ing by a brief  
anneal ing in vacuum at 650~ but  that  it can be 
completely restored to the original conductivi ty by 
reanneal ing  in about 0.5-atm Zn vapor at the same 
temperature.  However, our experience with mel t -  
grown bulk  ZnSe showed that  the zinc-vapor anneal  
can effect only a part ial  restoration of the original  
conductivi ty (e. g., to a resist ivity of 7 • 10 -1 ohm.cm 
from the original  vaIue of 5 • 10-2 ohm.cm) ,  and 
this indicated that the vapor anneal  is not as effective 
as the l iquid anneal.  With  ZnSe:A1 epitaxial  layers 
on GaAs substrates, a fur ther  complication is that  
GaAs dissociates during h igh- tempera ture  anneal  to 
dope ZnSe:A1 with As (acceptor),  thus resul t ing in 
compensation and high resistivity, as observed in the 
above vapor anneal  of the ZnSe: A1 epitaxial  layers. 

The ZnS layers grown without  in tent ional  doping, 
much like ZnSe, were high resistivity, and nei ther  
Al-doping nor postgrowth anneal  in Zn-A1 l iquid or 
in Zn vapor rendered them low-~esistivity n- type.  
It is worth ment ion ing  in this connection that  mel t -  
grown bulk  crystals of ZnS, when  annealed for a 
long time ( ~  10 days) in Zn0.97A10.0a l iquid at 1O00~ 
became mult iphased showing a dark metall ic color, 
and x - ray  powder pat terns revealed the presence of 
a cubic mater ia l  of the form ZnA12S4 in the annealed 
specimens. The present  data indicate that  it is dif- 
ficult to obtain high-conduct ivi ty  ZnSe and ZnS epi tax-  
ial layers by vapor-phase synthesis, and this is true 
even by using postgrowth anneal ing  techniques. 

In  comparison, the major i ty  of the epitaxial ly 
grown CdS was conducting n - type  with resistivities 
in the 10 -e  ohm.cm range. A rela t ively high resistiv- 
ity of 102 ohm.cm (n- type)  was obtained for the 
layers grown at higher substrate temperatures  than 
the opt imum shown in Table III, or by in tent ional ly  
doping them with acceptor impuri t ies  such as As 
and Li. 

Observations on Cathodoluminescence 
We have described earl ier  the occurrence of poly- 

morphism in ZnSe. Associated with the dependence 
of polymorph type on deposition temperature,  a var i -  
ation was observed in the color of cathodoluminescence 
in ZnSe specimens grown at different temperatures.  
The colors observed at room tempera ture  were bright  
yellow, orange, and red for the specimens grown in 
the temperature  ranges 890~176 800~176 and 
700~176 respectively. Although quant i ta t ive  in-  
formation is lacking at present, this could be due to 
small variat ions with tempera ture  in the stoichiom- 
etry, or impur i ty  concentration, of the epitaxial ly 
deposited ZnSe. The ZnSe samples prepared at 890~ 
were of sufficient pur i ty  to permit  an observation of 
near -bandgap  cathodoluminescence, 2.76 eV, at 77~ 
(16). 

The epitaxially grown ZnS showed a br ight  blue 
cathodoluminescence at room temperature,  and this 
might  have emanated from the self-activated emission 
process (2) involving Zn vacancies and some u n k n o w n  
ionized donors. 

As for the epitaxial  layers of CdS, a green cathodo- 
luminescence was observed at room tempera ture  for 
the major i ty  of conducting n - type  specimens. A red 
cathodoluminescence was also observed, but  with 
specimens showing rela t ively high resistivities (~10 e 
ohm.cm) due probably to the compensation by ac- 
ceptor impurities. Similar  observations of luminescence 
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Table V. Thermodynamic data 

I-I ~ 298 
( k c a l /  S ~  

S p e c i e s  m o l e )  (eu)  Cp ( e a l / ~  H~ ( c a d  S~ (eu)  Ref .*  

Z n ( g )  31.18 38.45 4.97 4 . 9 7 T  + 29,700 4.971nT + 10.2 i, i i  
C d ( g )  26.75 40.07 4.97 4 , 9 7 T  + 25 ,300 4 .971nT + 11.8 i,  i i  
H.~Se(g) 9 ,174 54.9 7.59 + 3.5 • 10-~T -- 0.31 x 10~T --~ 7 .59T + 6,700 7.591nT + 11.7 i i i ,  i i  
Se~(g) 34.12 60.23 8.73 + 0.32 • 10 ~T -- 0.34 • 10~T -~ 8 .73T + 31,400 8.731nT + 10.4 i, i i  
H2S(g)  - -4 .9  49.15 7.81 + 2.9 • 10-~T -- 0.46 • 10ST -'~ 7 . 8 1 T  -- 7,500 7.811nT + 4,9 i v~ii 
S~(g) 30 .84 54.51 8.72 + 0.16 • 10 ~T -- 0 .9  x 10~T -2 8 .72T + 27,900 8.721nT + 4.9 1, n 
H,;(g) 0 31.22 6.52 + 0,78 • 10-~T + 0.12 • 10sT -~ 6 .52T  -- 1,600 6.521nT -- 5,3 v 
Z n S e ( s )  - -44 ,2  15.4 11.99 + 1.38 • 10-~T 11.99T + 0 .69 x 10-~T2 -- 47,800 l l . 9 9 1 n T  + 1,38 • 10-~T -- 53.2 v i  
Z n S ( s )  --48.5 13.8 12.16 + 1.24 • 10-~T -- 1.36 x 10~T -'~ 12.16T + 0.62 x 10-~T ~ -- 52,600 12.161r/T + 1,24 • 10-aT - 55.8 vi i ,  i i  
CdS(s )  --34.5 17 12.9 + 0.9 x IO-~T 12.9T + 0.44 • 1 0 ~ T  ~ -- 30,600 12.91nT + 0.9 x 10-aT -- 56.6 vi i ,  i i  

* Ref .  i.  D.  R. S t u l l  a n d  G. C. S i n k e ,  " T h e r m o d y n a m i c  P r o p e r t i e s  of  t h e  E l e m e n t s , "  A m e r i c a n  C h e m i c a l  S o c i e t y  (1956) .  
i i .  K.  K .  K e l l e y ,  " C o n t r i b u t i o n  to t h e  D a t a  on  T h e o r e t i c a l  M e t a l l u r g y  X l I I , "  B u l l .  584, U.S .  B u r .  M i n e s  (1960).  

i i i .  J .  R.  R a w l i n g  a n d  J .  M, T o g u r i ,  Can. J. Chem., 44, 451 (1966) .  
iv .  O. K u b a s c h e w s k i ,  E ,  L.  L,  E v a n s ,  a n d  C. B.  A l c o c k ,  " M e t a l l u r g i c a l  T h e r m o c h e m i s t r y , "  4 t h  ed.  P e r g a m o n  P r e s s  L td . ,  N e w  Y o r k  

(1967) .  
v. C, E. W i c k s  a n d  F .  E.  B l o c k ,  " T h e r m o d y n a m i c  P r o p e r t i e s  of  65 E l e m e n t s - - T h e i r  Ox ides ,  H a l i d e s ,  C a r b i d e s ,  a n d  N i t r i d e s , "  B u l l .  

605, U.S .  B u r .  M i n e s  (1963) .  
vi .  T, O. S e d g w i e k  a n d  B.  J .  A g u l e ,  This Journal, 113, 54  (1966) .  

v i i .  F,  D. Ross in i ,  D, D. W a g m a n ,  W. H. E v a n s ,  S. L e v i n e ,  a n d  I. Ja f fe ,  " S e l e c t e d  V a l u e s  of  C h e m i c a l  T h e r m o d y n a m i c  P r o p e r t i e s , "  
C i r c u l a r  500. N a t .  B u r .  S t a n d a r d s  (1952) .  

Table VI. Free energy of reactions 

R e a c t i o n  AF~ ( c a d  AF~ (keal) AF~ ( k c a l )  

[I] Zn(g) + H2Se(g) = ZnSe(s) + I-I~(g) 
[I]' Zn(g) + ~/2Se2(g) = ZnSe(s) 

[2] Zn(g) + H2S(g) = ZnS(s) + H.~(g) 
[2]' Zn(g) + */2S2(g) = ZnS(s) 

[3] C d ( g )  + H2S(g)  = CdS(s )  + H2(g) 
[3 ] '  C d ( g )  + 1/2S2(g) = CdS( s )  

86.4T -- 5.95TINT -- 0.69 x IO-~T ~ -- 84,800 --41.1 
71.3T -- 2.65TINT -- 0.69 • 10-~T ~ -- 93,200 --40.9 

82 .1T -- 5 . 9 T l n T  -- 0.62 X 10-~'T~ -- 76,400 - -35 .8  
71 .3T  -- 2 . 8 3 T l n T  -- 0.62 • 10-3T ~ -- 96,300 - -45 .1  

85 .2T  -- 6 . 6 4 T l n T  -- 0.45 • 10-sT ~ -- 50,000 --11.1 
74 .5T -- 3 . 5 7 T l n T  -- 0.45 X 1O-~T ~ -- 69,900 - -20 .5  

-- 30.3 
-- 20.3  

- -  2 4 . 6  
--31 

- -1 .6  
--7.2 

in CdS of different electrical resistivities have been 
reported previously by Aven and Garwacki  (3), but  
detailed studies of the exact na tu re  of the luminescent  
centers have not  been made. 

Conclusions 
Single-crystal  layers of ZnSe, ZnS, and CdS have 

been epitaxially grown on GaAs, GaP, and sapphire 
substrates in a flow system by  reaction of the metal  
vapors with the nonmeta l  hydride gases. The growth 
morphology, crystal l ine perfection, and some of the 
electrical and luminescent  properties of these epi- 
taxial ly  grown materials  have been studied. Although 
the present  paper is concerned with the above three 
compounds, the results obtained suggest that  other 
I I -VI  compounds may also be grown with equal suc- 
cess using the present  vapor-phase epitaxial  growth 
technique. HgTe is one such compound recent ly re- 
ported (17) to have been grown by a growth technique 
similar to that  used in the present  study. 
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APPENDIX 

In the absence of direct determinat ion such as by 
mass spectrometry (5) of the chemical species present  
in the vapor phase we cannot unambiguous ly  identify 
the chemical reactions responsible for the present  
I I -VI  compound vapor deposition. However, the most 

reasonable chemical reactions, consistent with the ini-  
tial reactant  gases used and the final solid products 
formed, are of the type either 

II (g) + H2-VI (g) ---- I I -VI  (s) + H2 (g) [1] 
o r  

II (g) + V2VI2 (g) ---- I I -VI  (s) [2] 

where II ---- Zn or Cd and VI = Se or S. The free en-  
ergies of the appropriate reactions are calculated from 
the known sources (Table V) and are tabulated in 
Table VI. It should be noted that  the calculated values 
of the free energy change (Table "gI) are all negative 
in the tempera ture  range of interest, and that the 
values are roughly similar whether  they are calcu- 
lated for reaction [1] or [2]. 
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The Effect of HCI and on the Thermal Oxidation of Silicon 

R. J. Kriegler, Y. C. Cheng, and D. R. Colton* 
BelL-Northern Research, Ottawa, Ontario, Canada 

ABSTRACT 

The addit ion of a few mole per cent of HC1 or C12 to the oxidizing atmo- 
sphere has been found to significantly improve the electrical s tabil i ty of dry-  
grown SiO2 films. The results reported here were obtained with 30 min  oxi- 
dation at 1150~ The process not only decreases the mobile ion contaminat ion 
originating from the furnace tube, but  to a large extent  also passivates the 
films against ionic instabili t ies caused by contaminated metallization. The use 
of HC1 or C12 apparent ly  also reduces the number  of surface states at the 
Si-SiO2 interface. No significant change between standard and HC1 or C12 
oxides was observed in oxide charge, dielectric strength, dielectric constant  
and index of refraction, bu t  the oxidation rate of Si is considerably increased 
in the presence of HC1 or C12. The mixture  of HC1 and dry O2 was also found 
to be very effective for the "cleaning" of quartz furnace tubes. 

A major  cause of electrical instabili t ies in MOS de- 
vices is the migrat ion of positive ions [see, e.g., Ref. 
(1) ], par t icular ly  of sodium in the oxide, although not 
all  of the sodium incorporated into the oxide is elec- 
tr ically active. Most of the effort to produce highly 
stable MOS structures using SiO2 has been concen- 
trated on avoiding sodium contaminat ion as much as 
possible dur ing  the various stages of processing, ra ther  
than on the immobil izat ion of easily ionizable or ionic 
species already incorporated into the structures. The 
only exception was perhaps the use of a phosphosili- 
cate glass layer  on top of the oxide, but  the instabil i ty 
introduced by the polarizabil i ty of the phosphorus 
glass itself (2) has prevented this technique from 
being universa l ly  accepted. The purpose of this paper 
is to report  p re l iminary  exper imentaI  results on the 
apparent  immobil izat ion of ionic contaminants  in 8iO2 
films by the use of HC1 or C12 dur ing  dry oxidation. 

The development  of this process was instigated by 
our accidental observation that  SiO2 films grown in a 
furnace tube containing NaC1 were found to contain a 
much smaller concentrat ion of mobile ions than those 
grown in the presence of Na2CO3. These results lead to 
the speculation that, in the presence of chlorine, at 
least some of the sodium being incorporated into the 
oxide may have entered in an electrically inactive form, 
such that  it remained immobile even under  the in -  
fluence of high electric fields at elevated temperatures.  
Based upon this premise, we investigated the electrical 
stabil i ty of SlOe samples grown in the presence of HC1 
or C12 and found (3) that  these "HCI oxides" and "Cle 
oxides" were indeed more stable than their  counter-  
parts grown in pure  oxygen ("s tandard oxides").  We 
have since extended our work par t icular ly  for the HC1 
oxides to assess their  immobil izing effects on contami-  
nations introduced from various sources dur ing  proc- 
essing, and have also observed various other prop- 
erties of these oxides. 

Experimental Details 
To evaluate the "resistance" of HC1 oxides to differ- 

ent  sources of contamination,  first a systematic study 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  SiO-2, M O S  s t r u c t u r e ,  e l e c t r i c a l  s t ab i l i t y .  

was under taken  in  which the amount  of contaminat ion 
originating from our various laboratory processing 
steps was determined. In  agreement  with previous in-  
vestigators (4) we found that by far the most signifi- 
cant contr ibut ion to the mobile ion content  in the final 
MOS structures came from contaminated metallization. 
The only other detectable amount  of contaminat ion 
was introduced from the high temperature  furnace  
tube dur ing oxidation and in situ annealing.  The elimi- 
nat ion of the cleaning of the silicon slices before oxida- 
tion did not result  in a measurable  increase in the 
mobile ion contaminat ion  of our oxides. To separate 
the above two contr ibut ions of contamination,  various 
methods were developed in which the amount  of con- 
taminat ion could at least par t ia l ly  be controlled. As 
the exper imental  results to be given below will  demon-  
strate, the contaminat ion originat ing from the furnace 
tube  could be completely el iminated by  the prolonged 
exposure of the tube to a mixture  of HCI and dry O2. 
The mobile ion contaminat ion originat ing from the 
metall izat ion could be reduced at most to the 109 
ions/cm 2 level, and even then, only by  a special proc- 
ess, not applicable for rout ine evaporation. Our rout ine 
processes produced ion concentrat ions in the range of 
101~ to 1012 ions/cm 2 for both a luminum and gold met-  
allization. A l u m i n u m  was evaporated both by an elec- 
t ron beam and from a resis tance-heated tungsten 
basket, the lat ter  method resul t ing in considerably 
higher values of contamination.  To avoid any con- 
siderable degree of radiat ion damage, gold was always 
evaporated from a resis tance-heated molybdenum boat 
and in this case the level of contaminat ion was con- 
trolled by the length of the vacuum prefiring of the 
molybdenum. Our study confirmed that oxidized slices 
could be stored in room air under  cover for at least 
several days without  picking up any  measurable  
amount  of contaminat ion from the surroundings.  I t  was 
also found that, at least for lower levels of contamina-  
tion, samples processed in an identical way and meta l -  
lized simultaneously,  exhibited approximately the same 
level of mobile ion concentrations;  this observation 
allowed the comparison of slices processed in various 
ways, i.e., grown with various HC1 or Cl~ concentra-  
tions. Based upon the previous results and somewhat 
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arbi t rar i ly  chosen parameters  the fol lowing procedure 
was adopted for sample preparat ion:  

(i) N- type  10 ohm-cm (100) Si slices were  used, as 
received from Monsanto wi thout  any cleaning process 
before oxidation. 

(ii) Slices were  oxidized for 30 rain at 1150~ in 
various mix tures  of HC1 or C12 and dry O2. The flow 
rate  of O2 was always main ta ined  at 800 cc/min.  

(iii) In situ anneal ing in a He ambient  was carr ied 
out at 1050~ for a period of 15-30 rain. The oxidation 
and anneal ing steps were  carried out in a double 
walled quartz  tube in which the space be tween the 
tubes was also flushed wi th  the oxidizing or anneal-  
ing gas. No l iner  of any kind was used. 

(iv) Oxidized slices were  kept  in the laboratory 
under  cover unti l  metall izati~n. 

(v) Front  oxide surfaces were  metal l ized first; all 
oxides grown for a given exper iment  were  metal l ized 
simultaneously.  

(vi) Back oxides were  removed  with  HF, the bare Si 
surface was metal l ized with  A1, and finished samples 
were  sintered at 470~ for 10 rain in N2. 

Electr ical  test ing of the samptes main ly  consisted of 
the determinat ion  of their  C-V characterist ics mea-  
sured at 1 mHz. The oxide charge, Qox, was direct ly 
calculated f rom the initial room tempera tu re  f lat-band 
vol tage taking account of the meta l -semiconductor  
work  function difference (5). The number  of fast in-  
terface states, Nss, obtained according to the Gray 
and Brown technique (6), was calculated f rom the 
shift  of the f lat-band voltage be tween  room and l iquid 
ni t rogen temperatures ,  taking into account the change 
of silicon deplet ion layer  capacitance and the change 
of the meta l -semiconductor  work  function difference 
be tween  the two temperatures .  The mobile  ion concen- 
t ra t ion was direct ly calculated from the shift of the 
flat-band voltage after  a 5 rain posit ive b ias - tempera-  
ture stress at 250~ with  a field of 106 V/cm,  provided 
that  the f lat-band shift af ter  negat ive  b ias - tempera-  
ture  stressing was negligible,  which was found to be 
the case for most samples tested. Only in special in- 
stances, when the ul t raclean metal l izat ion technique 
was used, was the ion concentrat ion determined from 
cur ren t -vo l t age  measurements  using a constant ra te  
voltage ramp (7, 8). Such a vol tage ramp was also used 
to de te rmine  the approximate  breakdown field in the 
oxide. The thickness of the samples and their  index 
of refract ion at a wave leng th  of 5461A was determined 
by e l l ipsometry  with an average  accuracy of •  and 
0.005, respectively.  The dielectric constant was deter -  
mined at room tempera tu re  at 10 kHz on samples hav-  
ing a luminum electrodes of 0.02 cm 2 area. The amount  
of HC1 added to the oxygen flow was measured by dis- 
solving the HC1 in water  and t i t ra t ing it with NaOH, 
whi le  C12 was al lowed to react  with a solution of KI  
and the precipi ta ted iodine was t i t ra ted wi th  Na2S.~O~. 
The m a x i m u m  concentrat ion of C12 used in these ex-  
per iments  corresponded to a C1~/O2 mole  ratio of 0.035, 

and was l imited by the tendency of chlorine to cause 
peeling of the oxide, presumably  due to the etching of 
the silicon substrate by chlor ine penetra t ing through 
the pinholes in the oxide. No similar  effect was ob- 
served wi th  HC1 at least up to a 0.2 HC1/O2 mole ratio, 
which was the highest  employed. For  the sake of 
brevity,  HC1/O2 and C12/O2 mole ratios wi l l  subse- 
quent ly  be refer red  to as percentage HC1 and CI~ 
content, respectively.  

Results and Discussion 
Basic observations.--The resul ts  presented here  are 

representa t ive  of a large  number  of exper iments  and 
were  chosen to demonstra te  some impor tant  charac-  
teristics of the HC1 and C12 oxides. Table I shows the 
effect of HC1 on the electr ical  stabil i ty of SiO2 samples 
grown in a furnace tube which became contaminated 
f rom a methanol  rinse, and for comparison, includes 
data on samples grown in a s team-cleaned furnace 
tube. Two sets of samples were  prepared and meta l -  
lized in separate evaporations.  The cleanliness of the 
metal l izat ion was different in the two instances; sig- 
nificantly however ,  the difference between the mobile  
ion concentrations of the s tandard oxides grown in the 
s team-cleaned tube and in the e thanol- r insed tube is 
about the same for the two evaporations,  and the re -  
fore this difference, approximate ly  1.5 • 101O/cm 2, 
can be at t r ibuted to contaminat ion introduced f rom the 
furnace tube. Oxides grown with  increasing HC1 con- 
centrat ions show decreasing mobi le  ion content, which 
at 6% HC1 content  reduces to the 109/cm 2 region, wel l  
below the figure that  would be expected to result  f rom 
contaminat ion introduced by e i ther  of the metal l iza-  
tions. In addition, s tandard oxides grown in the con- 
taminated  tube af ter  the prepara t ion of the HC1 oxides, 
i.e., af ter  the tube had been exposed to an HC1-O2 flow 
for some time, are considerably cleaner than the first 
ones grown in the same tube, and have mobile  ion 
concentrat ions just sl ightly below those samples grown 
in the s team-cleaned tube. These results  suggest that:  
(i) the presence of HC1 during the oxidation can ren-  
der e lectr ical ly  inact ive ionic impuri t ies  result ing f rom 
both a contaminated furnace tube and contaminated  
metall ization,  and (~i) the oxidation furnace tube itself 
can be cleaned with a prolonged exposure  to an HC1-O2 
atmosphere at a high temperature .  The following ex-  
per iments  were  designed to confirm these two ob- 
servations separately.  

Furnace tube cleaning.--Table II shows two ex-  
amples of the cleaning effect of HC1 on the furnace 
tube. In one case a methanol -con tamina ted  furnace 
tube is cleaned by steam and a subsequent  HC1 process. 
The cleanliness of the tube was measured by the mo- 
bile ion contaminat ion detected in standard oxides, 
which were  grown before and af ter  each cleaning step 
and metal l ized together  with our  ul t raclean evapora-  
tion process. Dry  oxides grown af ter  contaminat ion 
contained an average of 1.9 • 10t0/cm 2 mobile ions 
(which figure here  is a t t r ibutable  to the oxidation 
furnace tube only).  Af ter  6 hr  of steam cleaning (1800 
cc /min  H2 burned in approx imate ly  stoichiometric  O~) 

Table I. The effect of HCI on the electrical stability of Si02 grown in a contaminated furnace tube 

S a m p l e  descript ion 

M e t a l l i z a t i o n  I M e t a l l i z a t i o n  I I  

HC1/O2 T h i c k n e s s  AV+FB 1V joe AV+FB NIon 
mo le  ra t io  (%) (A) (V) (10*0/cm e) (V) (101O/cm '~) 

S t a n d a r d  ox ide  g r o w n  i n  s t e a m - c l e a n e d  
f u r n a c e  t ube  

S t a n d a r d  ox ide  g r o w n  in tube  contami-  
na ted  w i t h  e t h a n o l  rinse 

HC1 oxides grown in c o n t a m i n a t e d  tube 

Standard ox ide  g r o w n  af te r  HC1 ox ides  in  
contaminated  t u b e  

0 1100 0.35 6.6 0.16 3.6 

0 1 i00  0.43 8.1 0.23 5.2 

2 1210 0.42 7.2 0.15 2.8 
4 1340 0.40 6.2 0.12 2.0 
6 1380 0.05 0.8 0.0 <0.8  

0 1100 0.34 6.4 0.14 3.1 

A l l  o x i d a t i o n s  we re  ca r r i ed  out for a p e r i o d  of 30 rain a t  ~1150~  AV-FB was  n e g l i g i b l e  on a l l  s amples  a n d  Nlon was  ca l cu l a t ed  f r o m  AV*rm 
Qox fo r  a l l  s a m p l e s  Was in  t he  r e g i o n  of 10 ~ charges /cm~,  a p p a r e n t l y  une f f ec t ed  b y  t h e  HC1 concen t r a t i on .  
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Table II. The cleaning effect of HCI on the oxidation furnace tube 

N~on 
( f rom I-V 
m e a s u r e -  

T ime  of  o x i d e  g r o w t h  merits)  
(al l  s t a n d a r d  o x i d e s )  (10lO/crn c) 

A} S t e a m  and  HC1 c l e a n i n g  
of m e t h a n o l  c o n t a m i n a t e d  
f u r n a c e  t u b e  

I m m e d i a t e l y  a f t e r  c o n t a m i -  Dry  ox ides  (avg.) 1.0 
n a t i o n  

A f t e r  6 h r  of s t eam Dry  ox ides  {avg.* 1.75 
Wet  ox ides  (avg.)  1.31 

A f t e r  6 h r  w i t h  10% HCl /O2 Dry  ox ides  (avg.) 0.1 
Wet  ox ides  (avg.) 0.1 

A f t e r  a d d i t i o n a l  2 h r  of  Dry  ox ides  (avg.) 0.3 
s t e a m  Wet  ox ides  (avg.)  0.1 

B) P u r e  O2 and  HCI c l e a n i n g  
of t ube  c o n t a m i n a t e d  w i t h  
0.01N N a O H  solu t ion .  (Al l  
tes ts  done  on d ry  oxides)  

One h r  a f t e r  c o n t a m i n a t i o n  w i t h o u t  any  p r e v i o u s  gas- f low 170 
A f t e r  6 h r  of gas- f low I 5,0 
A f t e r  24 h r  of  gas- f low l O2 c l e a n i n g  4.8 
Af t e r  2 h r  of HCI-O~ f low V 1.0 
A f t e r  6 h r  of HC1-Oz f low ~ 5% HC] c l ean ing  0.47 
A f t e r  12 h r  of HCI-O~ flow 0.15 
Af t e r  6 a d d i t i o n a l  h r  of 25% HC1 c l e a n i n g  0.25 

at 1150~ the mobi le  ion contaminat ion measured in 
1700A thick dry and wet  oxides only reduced to 1.75 
and 1.3 • 1010 ions /cm 2, respectively.  On the other 
hand, a subsequent 6 hr  period of cleaning with  an 
HC1-Ou mix tu re  of 10% HC1 content  at 1150~ reduced 
the mobile ion contaminat ion in both dry and wet  ox-  
ides to the low 109 ions/cm2 region, which is just on the 
l imit  of detectabi l i ty even with  the I-V measure-  
ments. A fur ther  2 hr  period of s team cleaning did not 
introduce any statist ically significant change in the 
cleanliness of the oxide. The second example  compares 
the effect of pure 02 cleaning wi th  HC1 cleaning of a 
tube that  was contaminated with  0.01N NaOH solution. 
l l00A thick oxides grown 1 hr  af ter  the NaOH rinse 
exhibi ted levels  of contaminat ion in the 1.3 • 1012 
ions /cm 2 range. As a result  of 02 flushing (800 cc /min)  
at the normal  oxidation temperature,  in a mat te r  of 
6 hr  the contaminat ion was reduced to 5 • 1010 ions/  
cm~, wi thout  any appreciable fur ther  reduct ion in the 
subsequent 18 hr. By contrast, HC1 cleaning of an ini- 
t ia l ly  identical ly contaminated tube, employing as low 
as 5% HC1 content, e l iminated even the last t race of 
contaminat ion in a mat te r  of half  a day. Beyond this 
no fur ther  improvement  could be obtained, and the 

small  var ia t ion observed may  be a t t r ibuted to fluctua- 
tions in the cleanliness of the metall ization. 

Passivating effect.--Samples prepared  to establish 
the behavior  of HC1 oxides after  metal l izat ion f rom 
contaminated sources were  always grown in an HC1 
cleaned furnace tube, so that  the metal l izat ion gave 
the only detectable contr ibution to the contamination. 
Table III compares the f lat-band shift on standard and 
HC1 oxides measured after  a negat ive and posit ive bias- 
tempera ture  stress, respectively,  for two a luminum 
and one gold metal l izat ion process. Taking the appro-  
priate thickness into account, Nion was calculated from 
AV+FB, except  where  AV+FB became so low as to be 
comparable with the genera l ly  small  ~V-FB shift, in 
which case the ~ V §  - -  AV--FB difference was used for 
the calculation. The possible percentage er ror  in the 
ion concentration, of course, increased with  diminish-  
ing Nion value. The results indicate that  oxides grown 
with  higher  concentrat ion of HC1 have  decreasing 
concentrat ions of mobi le  ions for all th ree  levels  of 
metal l izat ion contaminat ion result ing f rom the three 
different metallizations. Comparison of samples meta l -  
lized with a luminum shows that  a higher  amount  of 
init ial  contaminat ion requi res  higher  HC1 concentra-  
tions to reach comparable  electrical  stability, while  
the comparison between the res is tance-heated a lumi-  
num and the res is tance-heated gold evaporations sug- 
gests that the immobil izat ion of contaminat ing ions 
may be easier for gold-metal l ized than for a luminum-  
metal l ized MOS samples. This la t ter  observation was 
also borne out by exper iments  in which the mobile  ion 
contamination was measured in oxides grown with  
identical HC1 concentrat ions and metal l ized with  gold 
and a luminum electrodes that  introduced approxi-  
mate ly  the same level  of contaminat ion in standard 
oxides. It  is interest ing to observe that  even though 
the use of a small  amount  of HCI results  in an in- 
creased electr ical  instability, a certain t tCI  concentra-  
tion, somewhere  between 6-8% HC1 content  for these 
experiments,  brings about a sudden large reduct ion in 
the mobile ion concentrat ion for the two more  heavi ly  
contaminated metall izations.  This threshold- l ike  effect 
has been f requent ly  observed but the HC1 concentrat ion 
at which it occurs has var ied somewhat  and its origin 
is not yet  understood. 

Other properties.--Various other HC1 oxide prop- 
erties of interest  are summarized in Table IV, where  

Table Ill. The effect of contaminated metallization on the electrical stability of HCI oxides 

M e t a l l i z a t i o n  

E - G u n  a l u m i n u m  R e s i s t a n c e - h e a t e d  a l u m i n u m  R e s i s t a n c e - h e a t e d  go ld  
HCI/O~ 

m o l e  r a t i o  AV-FB AV+FB /~/ion ;.~V-FB AV§ ~ton AV-FB AV+FB NIo. Thickness*  
% (V) (V) (10l~ ~) (V) (V) (101O/cm ~) (V) (V) (101O/cm -~ (A) 

0 0.02 -- 0.40 7.6 O.O1 -- 4.26 81 -- 0.29 -- 10.5 198 1100 
4 0.04 -- 0.34 5~3 0.00 -- 4.14 64 -- O. 17 -- 8.9 138 1340 
6 0.00 -- 0.10 1,5 0.02 -- 3.34 50 -- 0.01 -- 7.6 I18 1380 
8 0.04 -- 0.01 0,7 0.00 -- 0.26 3.8 0.05 -- 0.66 10.4 1420 

I0  O.Ol 0.01 <0 .1  O.O0 --0.21 3.0 0.11 -- 0.25 5.1 1470 

* A l l  ox ides  we re  g r o w n  fo r  a p e r i o d  of 30 m i n  a t  a p p r o x i m a t e l y  1150~ 

TaMe IV. Comparison of various properties of standard and HCI oxides 

A u  m e t a l l i z a t i o n  
HC1/O2 mo le  r a t i o  (%) 

A1 m e t a l l l z a t i o n  
HC1/02 mo le  r a t i o  (%) 

0 4 6 8 i0 0 4 6 S 10 

VFB* at  r o o m  t e m p e r a t u r e  (V) --0.55 --0.57 --0.51 --0.58 --0.61 0,12 0o13 O.IZ 0.02 
Qox/e (10lO/cm2) 10,4 8.8 7.7 8.5 8.6 
Nss** (101O/cm 2) 2.7 2.2 2.1 2.0 2.1 1.5 1,5 0.8 0.6 
Ebreakclown (10 ~ V/cm) 7.0 7.2 7.1 7.2 
s (I0 kHz at 25~ 3.76 -~ 0.04 
n (k = 5461A) 1.460 1.462 1.470 1.480 

0.01 

0.9 
7.2 

1.495 

* Cor rec ted  fo r  m e t a l - s e m i c o n d u c t o r  w o r k - f u n c t i o n  dif ference.  
** E s t i m a t e d  on  t he  bas i s  of t he  G r a y  a nd  B r o w n  t e c h n i q u e .  
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again samples having both gold and a luminum elec-  
trodes are listed. As is well  known, because of the sin- 
ter ing of slices as a last step in their  preparation,  sam- 
ples metal l ized wi th  a luminum show propert ies at- 
t r ibutable  to hydrogen anneal ing (9). It  is seen that  
for nei ther  meta l  is there  any systematic  change in 
the room tempera ture  f lat-band vol tage be tween  the 
standard and HC1 oxides, and consequent ly  no fixed 
charge appears to be introduced into the oxide by the 
HC1 process. VFB was not conver ted to oxide charge 
figures for the case of a luminum metall ization,  because 
even for the s tandard oxide, a small  negat ive  ra ther  
than posit ive charge would have  resulted;  this ap-  
parent ly  unusual  behavior  however ,  is most l ikely due 
to an er ror  in the meta l  semiconductor  work  func-  
tion difference assumed for the samples. The number  
of fast interface states are seen to be general ly  lower  
for HCI oxides than for s tandard oxides, and of course, 
samples metal l ized with  a luminum all  exhibi t  lower  
values than the corresponding gold-metal l ized samples. 
The breakdown field, which  was de termined  f rom the 
point where  the first rapid increase in current  across 
the samples occurred, and therefore  would  probably be 
best described as a sel f -heal ing breakdown (10), shows 
l i t t le  systematic change between standard and HC1 
oxides, a l though a small  improvement  wi th  increasing 
HC1 concentrat ions is suggested from the data. While  
the dielectric constant shows no var ia t ion with  HCI 
concentrat ion within  exper imenta l  error, the index 
of refract ion displays a slight increase wi th  increasing 
HC1 concentration. It  is not certain whe ther  the ap- 
parent  increase in the index of refract ion for HCI 
oxides is a real  one, or whe the r  it is caused by a small  
absorption in the oxides, the net  effect of which on the 
el l ipsometric  data is the same as if  the index of re-  
fract ion had changed in the  absence of absorption. 

Effect on Si oxidc~tion rate.--As the data  f rom Tables 
I and III  imply, the oxidation ra te  of silicon is in-  
creased in the presence of HC1. This is shown in some- 
wha t  more detail  on a log-log scale in Fig. 1, where  
the ratio of the cycle lengths of the ordinate and ab- 
scissa scales are 2: 1. In the thickness range indicated, 
oxidation in pure  oxygen resul ts  in an approximate ly  
parabolic t ime dependence;  the solid lines for other 
oxides were  obtained by fitting the exper imenta l  points 
wi th  lines paral le l  to that  for the standard oxide. Apar t  
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Fig. I. Oxidation rate of (100) Si at 1150~ in the presence of 
HC! and CI2. 

from one exper imenta l  point, the ra ther  good fit sug- 
gests that  at least for the l imited range of thickness 
covered here, the effect of  HC1 can be described as an 
increase in the parabolic coefficient (11), which de-  
pends l inear ly  on the effective diffusion rate  of the 
oxidizing species in the bulk of the silicon dioxide. 
Based upon the extrapolat ion of data obtained for the 
oxidation rate  of silicon in the mix tu re  of 0 2 and H20 
(12), it is easy to conclude that  the format ion of water  
vapor in the HCI-O2 mix tu re  is insufficient to account 
for the observed degree of enhancement  of the para-  
bolic ra te  constant. At  equil ibrium, the reaction, 
2HC1 + 1/202 ~-  H~O + Cl2, for  a 1: t0 mix tu re  of HCI 
and O2 results  in a H20/O2 ratio of 0.0142 at 1150~ 
which amount  of wa te r  would  cause less than half  of 
the observed effect. On the other  hand, the fact that  
a 1.5% dry C12 content  results in a growth rate some- 
what  higher  than a 10% HC1 content  could indicate 
that  chlorine may be main ly  responsible for the higher  
oxidation rate. 

C12 oxides.--As previously  mentioned,  we  have  found 
that  the use of C12 during oxidat ion also has beneficial 
effects on the electr ical  propert ies  of the oxides. A 
comparison be tween  the propert ies  of the HCt and C1._, 
oxides is given in Table V. Since it was obvious even 
from the pre l iminary  exper iments  that  the passivation 
effect of HC1 is not due to C12 "molecules" alone, the 
samples listed in the table  were  prepared with HCI 
and C12 concentrat ions such that  the effect of the same 
total number  of chlorine "atoms" could be compared. 
All  the samples were  oxidized for 30 rain at 1150~ and 
metal l ized with  aluminum. The data indeed show that  
the two forms of chlorine, HC1 and C12, are about 
equal ly  effective in the reduct ion of the mobi le  ion 
concentrat ion in the oxides. The surface state densi ty  
at the si l icon-oxide interface is approximate ly  the same 
for C12 as for HC1 oxides. This effect however ,  may  be 
due to minute  amounts  of water  vapor  present  in our 
C12 source. 

Related experiments . - - I t  is no tewor thy  that  other  
effects of HC1, of somewhat  similar  na ture  to those 
described here, were  reported recently.  MacKenna 
et al. (13), observed that  the introduct ion of mobile  
ion impuri t ies  into the rmal ly  grown silicon dioxide 
during a subsequent  pyrolyt ic  deposition of silicon ni- 
tride was much reduced when  SIC14 was used instead 
of Sill4. Robinson and Heiman  (14), found an in- 
creased minor i ty  car r ie r  l i fe t ime in silicon under  an 
oxide layer  when  the oxide was grown wi th  an HC1 
concentrat ion as low as 0.5 to 1%, presumably  due to a 
get ter ing effect of heavy  meta l  ions. This la t te r  paper, 
published during the course of our work, and referr ing 
to a pr iva te  communicat ion by A. Mayer,  has also 
al luded to the get ter ing effect of HC1 for sodium when 
an HC1 solution was used as a source for s team oxi-  
dation, but  no exper imenta l  facts in this regard  were  
given. 

Conclus ions  
The results  presented here  have  all  been der ived 

from exper iments  carr ied out wi th  dry oxygen at 
1150~ using (100) Si, and all samples were  oxidized 
for a period of 30 min. Within  these l imitat ions it has 
been demonstra ted that  the addit ion of HC1 or C12 to 

Table V. Comparison of some properties of HCI and CI2 oxides 

~Vioa /~ss 
Sample Thickness VF~ AV-FB AV+FB (I010/ (101~ 

description (A) (V) (V) (V} cm~) cra 2) 

S t a n d a r d  1050 - -0 .18  O .O0  - -2 .12  42.0  1.6 
1.5% C12 1560 - -0 .24  - -0 .07  - -0 .90  12.7 1 . I  
3 .0% HC1 1340 - -0 .22  0.00 - -0 .65  9.6 0.95 
2 .5% C12 1670 --0.16 0.00 - -0 .03  1,0 0.40 
5 .0% H C I  1480 -- 0.23 O.O0 -- 0.07 1.0 0.73 

S l i c e s  w e r e  o x i d i z e d  f o r  a p p r o x i m a t e l y  30 r a i n  a t  1150~ a n d  m e t -  
a l l i z e d  w i t h  A1. 
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O2 during the thermal  growth of SiO2 has beneficial 
effects on the oxide properties: the main  effect is the 
increased electrical stability, observable in oxides 
grown in a contaminated furnace tube as well  as in 
oxides metallized by a contaminated metall ization; 
in addition, at least the use of HC1, also reduces the 
surface state density at the silicon-oxide interface. It 
has been established fur thermore  that  a mixture  of 
HC1 and O2 can "clean" a quartz furnace tube so 
effectively that, even in the absence of chlorine in any 
form, no contaminat ion can be detected to enter  into 
the silicon dioxide dur ing its thermal  growth or high 
tempera ture  anneal. 

All the results, and in particular,  the fact that  con- 
taminat ion introduced into MOS structures after oxi- 
dation is rendered, at least part ial ly electrically inac- 
tive, strongly suggest that  chlorine becomes incorpo- 
rated into the oxide dur ing growth. However, nei ther  
the na ture  of this chlorine species, nor  the mechanism 
leading to the increased electrical stabil i ty has been 
established so far. Fur ther  work now in progress is 
directed towards the unders tanding  of the mechanisms 
involved, along with the extension of the present  ex- 
per imenta l  data to include a wider range of t ime and 
temperature.  
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Films 

ABSTRACT 

An etch rate measurement  technique is proposed for the study of composi- 
t ional var iants  through the thickness of sputtered chromium thin films. Verifi- 
cation of the technique is given by a correlation of chemical etch rate mea-  
surements  with variat ions in deposition conditions. These included deposition 
rate, substrate potential, reactive sputter ing in oxygen, and postdeposition 
air bake. 

While the practice of sput ter ing chromium has been 
general ly  adopted by the major  razor blade manufac-  
turers  throughout  the world as a means of prolonging 
razor blade life, very  little effort has been given to 
unders tanding  the mechanism by which this improve-  
ment  is operative or to the optimization of deposition 
parameters  with regard to a max imum improvement.  
Both areas have suffered for lack of a convenient  ana-  
lytical technique per t inent  to compositional variants  
through the thickness of a th in  film; that  is, the oxide 
layer formation necessary for corrosion passivation. 
Unt i l  recently, resist ivity measurements  have offered 
the only means of de termining the effect on thin films 
of variat ions in deposition and postdeposition condi- 
tions (1). These, however, relate to gross effects. 

Within  the past year, ion probe measurements  (2) 
have yielded infinitely more detailed informat ion on 
compositional var iants  in thin films. Since this method 
requires the use of expensive equipment  and detailed 
in terpret ive  effort, it is not yet in wide use. 

* Electrochemical  Society Active Member .  
1Presen t  address: Electronic Materials Division, Bell & Howel~ 

Company,  360 Sierra Madre Villa, Pasadena,  California 91109. 
Key  words:  sputtering,  chromium thin films, etch rate measure -  

ment,  mult iple beam in ter ferometry .  

The subject of this effort was, therefore, to develop 
a simple technique to detect compositional variants  
in th in  films and to moni tor  these variat ions relat ive 
to deposition and postdeposition procedures related 
to the sputter ing technique. 

Ini t ial  verification of a chemical etch rate technique 
involved the use of a chromium film deposited in an 
rf tubular  cathode sput ter ing system. Subsequent  ex- 
periments  were directed to a variat ion in chromium 
deposition conditions in a d-c triode system. In  par-  
ticular, the lat ter  effort was directed to the effect of 
deposition rate in inert  atmospheres on oxidative com- 
positional variants  through the thickness of the th in  
film. The etch rate relationship was observed at dif- 
ferent  substrate bias potentials.  Etch characteristics 
were also measured on films in ten t ional ly  subjected 
to oxidizing conditions. These included a postdeposi- 
tion air bake as well  as reactive sput ter ing in a range 
of part ial  pressures of oxygen. 

Experimental 
The etch rate measurement  technique has previously 

been utilized in the study of thermal ly  grown silicon 
dioxide films (3) as well as reactively sputtered silicon 
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Fig. 1. Chemical etch technique used 

nit r ide films (4)�9 The method  is described in Fig. 1. 
Apiezon Q wax  is dissolved in t r ichloroethylene to 
form a viscous solution�9 This solution is used to define 
the mask pat te rn  on the film as illustrated�9 

The masked slide is immersed  in an appropr ia te  
etchant  for a t imed period�9 On wi thdrawal  from the 
etch solution, the slide is dipped into deionized water  
to stop the etching action. It  is then blown dry and 
one of the exposed areas masked over  wi th  the masking 
solution. This operat ion is repeated unti l  all  exposed 
portions of the film have been utilized in a progressive 
fashion�9 The slide is then immersed in the t r ichloro-  
e thylene solvent to remove  the masking material�9 The 
operat ion results  in a series of progress ively  deep- 
ening channels in the film, extending to the film sub- 
strate interface�9 The etched film is next  coated with  
evapora ted  a luminum for thickness measurement  by 
mult iple  beam in ter ferometry .  The depth of the indi-  
v idual  channels is measured  and plotted vs�9 corre-  
sponding etch time. The slope of the curve  is the etch 
rate. 

In this par t icular  study a Varian A Scope was 
utilized as a means of thickness measurement .  The 
etchant, at a t empera tu re  of 28 ~ _ 2~ was a var iant  
of a commercia l ly  avai lable chromium etch: Ce (SO4) 2 
�9 2(NH4)2SO4 �9 2H20, 2g; HNO3 (conc), 10 ml; and 
H20, 50 ml. The triode invest igation uti l ized a more 
dilute solution containing twice the amount  of water�9 

Sput ter ing  systems were  the MRC 30-in. Tubular  
Cathode Unit and the Bendix AST-100 Triode appara-  
tus. In both cases MARZ grade chromium targets  were  
used. Similarly,  both systems were  evacuated by 6-in. 
oil diffusion pumps to less than 5 • 10 -6 Torr  prior to 
deposition�9 In the former  case a Freon ref r igera ted  
chevron  baffle was employed;  in the la t te r  system, a 
combination of ambient  and an uncooled l iquid ni t ro-  
gen chevron baffle were  utilized. 

With regard  to the metal l ic  depositions, AIRCO 
welding grade argon was employed. In the react ive 
sput ter ing experiments ,  par t ia l  pressures of oxygen 
and argon were  read by an ion gauge located in base 
plate throat  cal ibrated to chamber  pressure. Gauge 
pressures ra ther  than ni t rogen equivalent  calibrations 
were  employed. Uti l ization of the ion gauge in this 
manner  was accomplished by interposi t ion of a va r i -  
able restr icted orifice at the base plate. This method 
was found to be an effective means of control l ing re la-  
t ive  react ive gas compositions in the micron range. 
Pirani  gauge and f iowmeter  techniques were  found to 
be inadequate  for this purpose. 

Bias var ia t ion in the t r iode system was accom- 
plished by grounding and floating the substrate holder. 
It has been observed that  a min imum of a 50V dif= 
ferent ia l  exists in the t r iode configuration for an 
applied anode voltage of 75V. In the presence of a 
5.0A magnet  current,  a 3.0A plasma current  is obtained 
between fi lament and anode. The self-bias condition 

satisfies levels  of vol tage both above (~60V) and below 
(~10V) the sput ter ing threshold of chromium. 

Substrate  holder geometry  was such in the tubular  
rf unit  that  nei ther  target  presput ter ing nor substrate 
glow discharge c leaning could be accomplished pr ior  
to deposition�9 The ta rge t - to -subs t ra te  distance was 7= 
in. The pressure of argon in the sput ter ing chamber  
was 2.6 X 10 -3 Torr. 

In the tr iode system, at a total  gas pressure of 1.5 • 
10 -3 Torr, a rotat ing substrate holder  al lowed for a 
10=min glow discharge cleaning of the substrates as 
well  as a 10-min target  precondit ioning period prior  
to the actual deposition. The target=substrate distance 
was 2 in. 

Substrates in all cases were  1 • 3 in. Bioloid brand 
microscope slides (Will Corporation) used as supplied 
wi thout  fur ther  cleaning other  than a compressed air 
blowoff. 

Postdeposition baking conditions for the tubular  
films were  179~ for 3 hr. The tr iode films were  baked 
at 350 ~ _25~ for 30 min. 

Results 
Ideally it is expected that  an invar iant  slope in the 

etch rate plot would be obtained for a unicomposi-  
t ional film on the basis of Fig. 1. Further ,  one would  
expect  that  on the cessation of etching activity, a 
plateau would be established in the curve. In Fig. 2, 
re lat ing to the rf  deposition, this p la teau is seen to 
occur at 1340A and yields a deposition rate of 89 A /  
min. However ,  the data through the thickness of the 
film do not hold for a single composition, but  indicate 
three distinct regions. These regions are designated as 
surface layer  (A),  inner  layer  (B),  and interracial  
layer  (C). 

The surface layer,  100-200A in thickness represents  
8-15% of the film thickness�9 This value is s l ight ly  
greater  than the 80-100A value repor ted  in the l i tera-  
ture for the ambient  oxide�9 The increase could be a 
consequence of exposure  of the film to atmosphere 
while  still hot. The etch rate  of this layer  is a min imum 
3.3 A/min .  

The inner  layer, probably chromium, etches at a 
slower rate  of 1.4 A/sec,  and at 520-620A, represents  
39-46% of the total film thickness�9 

The layer  at the film substrate interface is o f  the 
same thickness as the inner layer,  but  according to 
an etch rate  of 3.4 A/sec,  could represent  a composi-  
t ion similar  to that  of the ambient  oxide. 

Postdeposit ion baking under  the conditions l isted 
does not alter this composit ional variation.  

Deposition ra te  var ia t ion with  target  vol tage is plot-  
ted in Fig. 3 for the tr iode system. Under  otherwise 
constant conditions, the target  current  was found to 
vary  be tween 0.68 and 0.46 m A / c m  2. It  can be seen 
that  l i t t le difference exists be tween  the floating and 
grounded substrate condition at a given voltage. 

Figures 4 and 5 detail  etch rate  measurements  on 
films prepared at vary ing  deposition rates on both 
floating and grounded substrate holders. The expected 
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6'0 ' , b  ' 3bo ' 12o ' s~o  ' ' 66O 
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Fig. 2�9 Etch rate characteristic of rf sputtered chromium 
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Fig. 3. Deposition rate as function of target voltage 
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Fig. 4. Etch rate of chromium deposited on floating substrate re- 
lated to variation in target voltage. 
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Fig. 5. Etch rate of chromium deposited on grounded substrates 
related to variation in target voltage. 

increase in film pur i ty  wi th  increase in deposit ion rate  
is observed in both cases (5-7). However ,  a compari-  
son of Fig. 4 and 5 shows that  the grounded substrate 
favors a genera l ly  lower  etch rate and a more  homo-  
geneous film than does the floating substrate under  
the same deposition conditions. Here, homogenei ty  is 
defined as a re la t ive ly  lower degree of etch ra te  var ia -  
tion through the thickness of the film. Independent  of 
deposit ion rate, films prepared on grounded substrate 
undergo a lower  degree of oxidat ion dur ing deposition. 
The data are in general  agreement  wi th  previous re-  
sistivity data and detail  more precisely the dis tr ibu-  
tion of oxide layers  in the film for various deposition 
conditions. In addition, it is seen that  less var ia t ion  in 
etch rate  wi th  regard  to deposition ra te  is observed 
in the grounded condit ion over  the range of deposition 
rates. That  is, ion bombardment  during deposition can 
be a s tronger influence in de te rmin ing  film pur i ty  than 
deposition rate under  cer ta in  conditions. This factor 
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Fig. 6. Effect of postdeposition bake on etch rate of films 
prepared at 200V, ground potential. 
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Fig. 7. Effect of postdeposition bake on etch rate of films 
prepared at 600V, floating potential. 

is s t ronger  at lower  deposit ion rates. At higher  deposi-  
t ion rates, the effect is minimized. 

The assumption that  oxidat ion wil l  cause an increase 
in etch ra te  is verified by the results of a postdeposi-  
tion air bake. Figures  6 and 7 are typical  of films 
prepared below 900V and compare the etch rate char-  
acteristic of baked and nonbaked films prepared  under  
identical conditions. For  the 900V films, however ,  an 
apparent  reversa l  of this t rend  is observed in Fig. 8 
and 9 in that  the baked films etch at a lower  ra te  for 
both the floating and grounded cases. An  explanat ion 
of this anomaly  cannot be given. It  is apparent  that  
other  factors become operat ive  at the higher  deposi-  
tion rates. However ,  Fig. 10 reveals  that  the homo-  
genizing effect of the higher  substrate  bias observed 
previously is still evident.  

Figures 11 and 12 compare  etch rate  data on films 
sputtered in the presence of vary ing  part ial  pressures 
of oxygen. The increase in etch rate  wi th  increase 
in the amount  of oxygen in the sput ter ing gas pro-  
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Fig. 8. Effect of postdeposition bake on etch rate of films 
prepared at 900V, ground potentiah 
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Fig. 9. Effect of postdeposition bake on etch rate of films 
prepared at 900V, floating potential. 
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Fig. 10. Comparison of substrate potential variation at constant 
sputtering voltage. 
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Fig. i l .  Effect of reactive sputtering in oxygen (gauge per cent) 
at 900V on etch rote at floating substrate potential. 

vides independent  confirmation of the hypothesis that  
the etching mechanism proceeds by an attack of the 
oxide. Again, the grounded substrate provides a more 
homogeneous film. The fact that  these films etch at a 
higher rate under  otherwise identical conditions can 
be explained if one postulates the existence of 02 + 
species in the plasma. Enhanced bombardment  of the 
growing film with this specie as favored by a grounded 
substrate condit ion would be expected to increase the 
oxygen content of the film. Direct evidence of this re-  
action lies in the fact that  while both the grounded 5 
and 10 gauge per cent oxygen films were t ransparent ,  
only the 10% floating film was not opaque. Measure-  
ments  have confirmed that  differences observed be-  
tween the floating and grounded situations were not 

175C | J i J I ~ I ~ 0 ~  
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Fig. 12. Effect of reactive sputtering in oxygen (gauge per cent) 
at 900V on etch rate at ground substrate potential. 
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g lo(: 

t I ! I 6 8 10 12 
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Fig. 13. Effect of oxygen on deposition rote at 900V 

due to differences in deposition rate as indicated in 
Fig. 13. 

Summary  
It  is shown that  the proposed etch rate measure-  

ment  technique is sensitive to compositional var iants  
in thin films produced by variat ions in deposition con- 
ditions. 

The method indicates that  deposition rate has a 
strong influence on film composition and  homogeneity. 
Further ,  the method reveals that  a d-c substrate bias 
]n excess of sput ter ing threshold is a profoundly in -  
fluential variable even on nonconduct ing substrates. 
It  enhances film reproducibil i ty and homogeneity un -  
der a variety of deposition conditions. In  iner t  a tmo- 
spheres, film pur i ty  is increased, while compound 
formation is furthered in the presence of reactive 
gases. 

The effect of postdeposition baking of sputtered 
films depends in large measure on deposition condi-  
tions. 
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Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the December 1972 
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Cyclic Oxidation of Hastelloy X 
S. K. Rhee and A. R. Spencer 

Research Laboratories, Bendix Corporation, Southfield, Michigan 48076 

This investigation has been conducted as a par t  of a 
program to evaluate and select h igh- tempera ture  al-  
loys which are par t icular ly  suitable for fabricat ing 
transpirat ion-cooled (porous) materials  used in tu r -  
bine blades and similar engine components. 

The kinetics of cyclic oxidation of Hastelloy X in 
the form of sheet and wire were studied over the tem- 
perature range 760~176 The chemical composi- 
tion of the alloy is listed in Table I, as provided by 
the manufacturer .  Sheet specimens were cut to nomi-  
nal  dimensions of 6 • 0.5 • 0.060 in. Wire specimens 
were 0.005 _ 0.0005 in. in diameter. Surface contamina-  
tion of specimens was removed by sonic-cleaning in 
hot t r ichloroethylene followed by acetone rinsing. Af- 
ter cleaning the specimens were annealed for 8 hr  at 
1150~ in dry hydrogen (dew point  below --62~ 
Wires were loosely wound around prefired mull i te  
tubes for support  dur ing the anneal ing  cycle. The 
specimens appeared clean and bright  after the anneal.  
The sheet specimens were then polished with suc- 
cessively finer grades of abrasives, and were finished 
with 320 grit  silicon carbide. A bright, smooth surface 
of approximately 10 ~in. RMS roughness was pro- 
duced. F ina l  sonic cleaning was accomplished in  hot 
t r ichloroethylene with an acetone rinse. 

Sheet specimens were contained in zircon ceramic 
thimbles with four-point  m in imum contact at the cor- 
ners of the specimen. Wire specimens consisted of 
loose bundles  about  6 in. long and 1�89 in. in diameter  
containing approximately  100 ft of 0.005 in. diameter  
wire which weighed about 3g. Each wire bundle  was 
placed in a separate zircon thimble. All thimbles were 
fired at 1600~ and baked out at 760~ to constant 
weight before using. Separate specimens (a total of 9 
for each temperature)  were subjected to cyclic oxida- 
t ion in air for t imes of 4, 16, 64, 100, 200, 300, 400, 500, 
and 600 hr at each given temperature.  After  each ex- 
posure cycle, a t ray  containing all specimens was re-  
moved from the furnace and air-cooled. One speci- 
men was removed for evaluat ion and the rest re turned  
to the furnace. Temperatures  are general ly __5 ~ . 

K e y  w o r d s :  o x i d a t i o n ,  o x i d a t i o n  of s u p e r a l l o y ,  cyc l i c  o x i d a t i o n ,  
c y c l i c  o x i d a t i o n  of s u p e r a l l o y ,  o x i d a t i o n  of  H a s t e l l o y  X.  

Calibrated Chromel-Alumel  thermocouples of heavy 
wire were placed at several locations on each t ray and 
temperatures  recorded continuously.  At higher tem-  
peratures, thermocouples were replaced frequently.  
Specimen weight and oxidation weight gain were de- 
termined to _0.1 mg with an analyt ical  balance after 
each oxidation cycle. At high temperatures  where the 
amount  of oxide spall was large, the ceramic th imble  
and the specimen were weighed together before and 
after oxidation, and this method was found to be more 
reproducible than direct weighing. Fur the r  details of 
the exper imental  procedure together with the resul t -  
ing data, which is analyzed herein, have been re- 
ported elsewhere (1, 2). 

The weight-gain  vs. oxidations t ime curves for the 
sheet specimens and for the wire specimens are shown 
in Fig. 1 and 2, respectively; in the case of wire speci- 
mens, the mean surface area was used for calculating 
the specific weight gain, based on the ini t ia l  and final 
diameters of the metal. In  all cases, in i t ia l ly  the weight  
increases parabolical ly in  a m a n n e r  similar  to that  
often found for continuous oxidation (3, 4). At higher 
temperatures  and longer t imes sheet specimen be-  
havior was observed to be erratic. In  these cases, the 
differing spall behavior  of the individual  specimens 
explains the observed results because fresh surfaces 
oxidize rapidly. Also, a few points seem to show a 
large exper imental  error at lower temperatures,  par t ly  
because weight gain was small. 

The oxidation rate constants calculated for the sheet 
specimens are given in Table II, and for the wire 
specimens in Table III. The rate constants are plotted 
as an inverse function of temperature  in Fig. 3. The 
rate constants obtained from continuous oxidation of 
Hastelloy X wire (5) and sheet (6) are also included 
in Fig. 3 for comparison. A least-squares fit to the Ar-  
rhenius  plots yields an activation energy of 49.9 _ 2.6 
kcal/mole for the sheet specimens and 51.6 _ 1.5 kcal /  
mole for the wire specimens, respectively. Taking into 
account the estimated exper imental  errors ( •  
the activation energies become 49.9 __. 5.1 kcal/mole,  
and 51.6 _--4- 4.1 kcal/mole,  respectively. The activation 
energies are practically equal for both types of speci- 

Table I. Chemical composition of Hastelloy X, weight per cent 

I N i  Cr F e  M o  Co S i  M n  W C P S 

S h e e t  Bal .  22.47 18.35 9.12 0.93 0.84 0.57 0.57 0.015 0.018 0.007 
W i r e  Bal .  21.57 18.07 9.08 1.45 0.57 0.58 0.52 0.09 0.016 0.004 
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Fig. 2. Cyclic oxidation of Hastelloy X wire 

mens, indicat ing that the same activation process is 
ra te-control l ing for the cyclic oxidation. The parabolic 
rate constants for the sheet specimens used in  the 
present  work are substant ia l ly  smaller  than the con- 
stants found for the wire and sheet specimens in con- 
tinuous, or cyclic oxidation (Fig. 3). This difference 
in rate constants is probably  due to various factors 
such as surface preparation, composition, and history 

Table Ih Parabolic rate constants for sheet specimens 

T (~ k [g2 / cm4) / s ec ]  T i m e  (hr )  

760 2.22 x 1O-]n > 6 0 0  
870 1.80 • 10 -~4 500 
982 1.38 • 10 -~  > 6 0 0  

1093 6.68 • 10-18 400 
1150 1.11 • 1 0 - ~  > 6 0 0  
1204 3,67 X 10 -1~ 300 
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T (~ k [g2 /c rn4) / sec ]  T i m e  (hr)  

760 3.61 • 10 -14 > 6 0 0  
870 3.56 • 10 - ~  > 6 0 0  
982 2.02 X 10 -12 > 6 0 0  

1093 1.55 X 10 -11 I 0 0  
1150 3 .57  X 10 -11 64  

of heat - t rea tment .  For example, according to Caplan 
et al. (7) the oxidation rate of the Fe-26% Cr-0.5% 
Si alloy was found to increase in the following order 
of surface treatment ,  electropolished plus etched, 
ab raded  plus etched, machined, abraded, and electro- 
polished. They found that  the weight gain after 210 
min at l l00~ was 0.4 mg/cm 2 on the electropolished 
and etched surface, compared wi th  1.05 m g / c m  2 on 
the electropolished surface. It  was suggested that  the 
effects were due to the differences in defect concentra-  
tions in the oxide films produced by the various pre-  
treatments.  Similarly, in the case of Ni-Cr alloys, the 
oxidation rate was increased when the surface was 
grit-blasted, compared with the gr i t -blasted and an -  
nealed surface, and the effects of surface preparat ion 
also depended on the composition of the alloys (8). 
Wlodek (6) found that  the rate constants varied with 
a small  variat ion in the composition of Hastel loy X. 
According to Wood and Wright  (9), the oxidation rate 
of Ni-Co alloys was very sensitive to the previous 
history of the specimen; coherent or noncoherent  ox- 
ides were observed depending on the previous history. 

Metallographic and x - r ay  analyses were performed 
o n  the oxide scales formed on the sheet specimens 

(10). Metallographic examinat ions  revealed that  dark 
spots started to form along surface scratches after 4 
hr at 982~ and almost the entire surface was cov- 
ered with the dark phase and wi th  some l ighter  phase 
after 100 hr at 982~ The 600 hr 1093~ specimen 
had an adherent  scale, which was light green near  
the substrate, while it gradual ly  darkened near  the 
surfahe, indicat ing either a change in the oxide Cr203 
or the presence of a finely dispersed, dark second 
phase. The x - r a y  diffraction and fluorescence studies 
showed that the major  phases of the scale were Cr~O~ 
and (Fe, Ni) (Cr, NIn)204 up to 1093~ and mostly 
Cr203 at 1204~ 

In  the case of continuous oxidation of Hastelloy X 
wires, the activation energy is reported to be 63.1 _ 2.3 
kcal/mole,  and this value was a t t r ibuted to chromium 
ion diffusion in Cr~Os (5). In  the case of continuous 
oxidation of Hastelloy sheets, the activation energy 
is reported to be 60 kcal /mole  for the ear ly  stage and 
57 kcal /mole for the late stage (6). The low values 
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Fig. 3. Temperature dependence of parabolic rate constants for 
cyclic oxidation of Hastelloy X: Q = 51.6 ~ 4.1 kcal/mole fol" 
wire specimens (A)  and Q = 49.9 "+" 5.1 kcal/mole for sheet speci- 
mens (o). A represents K values obtained from continuous oxida- 
tion of Hastelloy X wire (Ref. 5) and 0 from continuous oxidation 
of Hastelloy X sheet (Ref. 6). 
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determined in the present  work indicate that a dif- 
ferent  mechanism is ra te-control l ing for the cyclic 
oxidation. According to Gulbransen  and Andrew (11) 
a Ni-Cr  alloy containing approximately 20% Cr ex- 
hibits two rate constants during continuous oxidation. 
They proposed that  the early stage was due to the 
init ial  oxide NiO and the late stage due to Cr203. The 
activation energy for the early stage was 49,739 cal /  
mole, which is very near  the values found in the pres-  
ent work. Also, an activation energy of 53.6 • 3.8 
kcal /mole was found for cyclic oxidation of TD-Ni 
(12). According to I i taka et al. (13) the Fe-18% Cr-9% 
Ni alloy was found to form a very thin layer of NiO 
between the outer oxide layer [ (Fe, Cr) 203 plus spinel]  
and the alloy substrate dur ing h igh- tempera ture  oxi- 
dation. Thus, it appears that  the NiO formation might  
be ra te-control l ing for the cyclic oxidation of Has t en  
loy X. However, this conclusion is ra ther  tentative. 

In  summary,  the cyclic oxidation of Hastelloy X 
can be described by the parabolic rate law, and the 
activation energy is 49.9 ___ 5.1 kcal /mole for the sheet 
specimens and 51.6 ___ 4.1 kcal /mole  for the wire speci- 
mens. These values are approximately  10 kcal /mole  
lower than the activation energy found for continuous 
oxidation. 
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ABSTRACT 

Using formation cells with a sulfur vapor electrode, re la t ive  part ial  molar  
thermochemical  properties are reported for the sulfide-rich region of the 
molten lead sulfide-lead chloride and silver sulfide-si lver chloride systems. 
Negat ive deviat ions from Raoultian ideali ty observed in the former  system 
and positive deviations in the lat ter  are tenta t ively  related to available molar  
conductance data. 

Most base metal  reduction practices involve some 
stage in which solid or liquid sulfides are reacted with 
oxygen. As a result  meta l  production is at tended by 
the evolution of large volumes of sulfur dioxide. Sulfur  
dioxide emission could be el iminated "if it were  possible 
to reduce the metal  direct ly from the sulfide by a 
method which yields only the more easily handled 
elemental  sulfur as a b y - p r o d u c t  

It is known that  base metal  sulfides are soluble in 
chloride melts par t icular ly  those containing a cation 
common to the sulfide (1-4). Further ,  it has been found 
that such melts when di lute  in sulfide (containing less 
than 0.1 mole fraction sulfide) are electrolytes (5, 6). 
As a result  of such findings, one method of reducing 
base metal  sulfide that  has been proposed is fused salt 
electrolysis (7-9). In this process, the products of elec- 
trolysis are meta l  and sulfur gas. 

In previous publications, the revers ibi l i ty  of a sulfur 
vapor electrode was demonstrated (10), and free en- 
ergies of formation of si lver and lead sulfide were de- 
termined (11). This paper  reports  measurements ,  using 
this electrode, of partial molar  propert ies in the lead 
sulfide-lead chloride and si lver sulfide-si lver chloride 
systems. This study was intended to supplement  other 
investigations of the physical chemist ry  of sulfide- 
chloride melts carr ied out in this laboratory (1-6) and 
in part icular  establish any relationships which may 
exist between mel t  structure,  as inferred from the 
thermodynamics,  and the electrical  conductance be- 
havior.  

Experimental 
Details of the cell 

i PbS i 
-- C, Pb S, C + 

PbC12 I 
are shown in Fig. 1. The electrode compartments ,  as in 
previous work, were  separated with an asbestos dia- 
phragm. This feature,  which restricts sulfur diffusion 
to the lead electrode, is most important  if a repro-  
dueible stable emf is to be observed. The upper  portion 

~ Electrochemical  Society Act ive  Member .  
* Presen t  address :  Depa r tmen t  of Metallurgical Engineer ing ,  lYlcGill 

Univers i ty ,  Montreal  110, Quebec , ,Canada.  
I~ey words :  molten solutions, fused salts, chloride, sulfide, su l fur  

electrode, format ion ceil, t he rmodynamics ,  e lect rochemist ry .  

of the apparatus, showing the a r rangement  of the 
molten sulfur bath used to establish a sulfur pressure 
in an argon flow over  the positive electrode, is iden- 
tical to that  shown in a previous publication (10). The 
molten lead used for one of the electrodes was cominco 
five nine grade etched with dilute nitric acid prior to 
melting. The lead sulfide was prepared by react ing 
stoichiometric quanti t ies of the high pur i ty  lead with 
doubly distilled sulfur in vacuum sealed quartz  cells 
as described previously (5, 11). The lead chloride was 
vacuum oven dried Fisher  reagent  grade. The graphite 
electrodes were  spectroscopic grade. Since considerable 
glass blowing was involved in setting up each cell, the 
entire apparatus was evacuated for an hour or more  
while those portions of the apparatus enclosed by the 
furnace assembly were  warmed  to about 150"C. The 
salts were  then fused and dried argon was slowly 
passed through the lead electrode compartment ;  at the 
same time, the sulfur argon mix tu re  was admit ted to 
the other  compar tment  and circulated over  the graph-  
ite rod thereby creating a sulfur electrode. When mea-  
surements  on an electrolyte  of one composition were  
complete, the cell was discarded and a new one con- 
structed. Tempera ture  measurements  of the sulfur bath 

argon 
,,m ~, ',mL I ' I sulfur-argon gas 

I , i mixture 

I'II'|' I ' I I I g r a p h i t e  e l e c t r o d e s  
;L Iml l j - -  ;mtf.. , 

electrolyte 

j ~  ~ -- asbestos diaphragm 

liquid lead 

Fig. I. Lead sulfide formation cell 
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Table I. EMF measurements of the lead sulfide formation cell 

Xpb$ Tsu l tu r  ~ Telec t ro ly te  ~C - -E (mV)  E(mV) 

0.013 217 508 521 592.6 
0.013 217 511 519 590.6 
0.013 226 525 525 592.3 
0.013 244 534 528 587.6 
0.013 216 567 511 585.1 
0.013 221 602 508 581.5 
0.013 221 602 508 561.5 
0.019 185 513 493 582.6 
0.019 191 561 487 577.4 
0.019 194 525 497 591.3 
0.019 180 547 485 581.9 0.019 181 610 468 570.9 
0.019 182 576 476 574.3 
0.034 190 516 474 560.6 
0.034 195 500 484 566.6 
0.034 198 563 470 555.7 
0.034 198 535 484 567.3 
0.034 194 504 484 567.3 
0.034 197 599 462 551.5 
0.034 197 649 449 543.4 
0.055 199 494 472 552.5 
0.055 201 541 465 545.1 
0.055 203 561 462 543.9 
0.055 207 579 456 536.3 
0.055 207 602 447 529.7 
0.055 204 620 442 528.5 
0 . I 0 0  180 478 433 523.1 
0 .100 195 567 419 506.8 
0.100 192 533 424 510.7 
0.100 190 517 427 513.7 
0.i00 187 481 435 521.3 
0.100 200 629 400 490.2 
0.100 198 576 418 504.6 
0.100 196 593 414 503.6 

and mol ten electrolyte were made with Chromel-  
Alumel  thermocouples. The output  of the thermocouples 
and the cell voltage were determined with a Leeds and 
Northrup K-3 potentiometer.  

R e s u l t s  

The emf measurements ,  E,  are reported in Table I 
to the nearest  mV. The potentials were measured on 
both increasing and decreasing tempera ture  cycles and 
found to be reproducible over periods of up to three 
days. Dur ing  this period, the sulfur electrode was 
operated at relat ively low $2 par t ia l  pressure, in the 
range 10-2 to 10 -~ atm. The electrolyte compositions 
were calculated from the init ial  weighings. 

To facilitate thermodynamic  calculations on the 
electrolyte, the measured potentials were adjusted to 
the condition corresponding to $2 gas at one a tmo- 
sphere pressure. 

Since the cell reaction may be wr i t ten  

Pb(nquid) -~- 1 / 2 S 2 ( g a s ) - >  P b S ( s o l u t i o n )  [1] 

for which the Nernst  expression is 

. . . .  R T  In (Ps2) : E ~ R T  In apbs [2] 
4F 2F 

The adjusted potentials, E, are therefore given by 

RT 
E : E- ~in (Ps2) [3] 

4F 

In these equations, R is the gas constant, T is the 
electrolyte temperature ,  and F is the Faraday.  Ps2 is 
the actual  part ial  pressure of S~ in the su l fur-argon 
mixture  when the cell emf was determined. Since 
sulfur  vapor in the tempera ture  range of this invest iga-  
tion exists in a complex molecular  state, this par t ia l  
pressure is not directly available from the experi-  
menta l  measurements .  The par t ia l  $2 pressure may 
however be calculated from a knowledge of the liquid 
sulfur  temperature  and the electrolyte tempera ture  
since the equi l ibr ium constants for sulfur vapor associ- 
at ion 

z~-~2 ~=~ 2Sv [4] 

are known (12); these data covering the range 3 --~ 
~-- 8 include all the impor tant  sulfur  gas molecules. The 
details of this ra ther  involved calculation have been 
described elsewhere (10, 11). The $2 pressures have 
been estimated to be accurate to about  +--5% (11). 
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Fig. 2. EMF vs. temperature for lead sulfide formation cell 
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Fig. 3. Nernst plot for lead sulfide formation cell 

The adjusted emf measurements  are plotted against 
temperature  for various sulfide concentrations in Fig. 2. 
The lead chloride l iquidus that  limits the lower tem- 
perature  is taken from the work of Bell and Flengas 
(2). The upper exper imental  temperature  l imit was 
determined by the volat i l i ty of lead chloride. Electro- 
lytes more concentrated than 0.1 mole fraction lead 
sulfide were not studied since the more concentrated 
melts are not t ru ly  electrolytes but  conduct current  to 
some extent  electronically (6). This mode of conduc- 
tion makes it difficult to in terpret  the cell voltages in a 
thermochemical  manner .  The equations of the least 
squares lines through the data points are given in 
Table II together with s tandard deviations. A Nernst  
plot is shown in Fig. 3. This was constructed by in ter-  
polation from Fig. 2 using the equations for the straight 
lines. A sulfur  pressure ad jus tment  to 10 -8 atm 
$2 was made in order to separate the isotherms. The 
l imit ing slopes of the plots correspond to 2 electrons 
per sulfur atom. 

Measurements  made with the sulfur vapor electrode 
on mul t icomponent  sulfide saturated melts (11) gave 
the equation ( m Y -  ~ 

E ~ = 867.4 -- 0.4884T [5] 

for a cell reaction corresponding to the formation of 
pure solid lead sulfide from pure l iquid lead and $2 gas 
at one atmosphere pressure over the temperature  range 
876~176 The s tandard deviation for this equation 

Table Ih Temperature-emf relationships in lead sulfide formation 
cells 

XPbs E q u a t i o n  ( m V  -- ~ Std .  dev. (mY) 

0.013 E = 685.4 -- 0.1193 T 1.3 
0.019 E = 686.0 -- 0.1302 T 1.4 
0.034 E = 689.0 -- 0.1576 T 3.0 
0.055 E = 678.1 -- 0.1670 T 4.8 
0.100 E = 667.2 -- 0.1927 T 2.0 
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Table III. Partial molar properties* of PbS in PbS-PbCI2 melts 

XPbS cal /g  mole gibbs/g mole 

0.013 8394 17.02 0.024 
0.019 8366 16.52 0.030 
0.034 8228 15.26 0.053 
0,055 8770 14.32 0.088 
0.100 9233 13.64 0.214 

* At  600~ relat ive to pure solid lead sulfide. 

was 4.5 mV. Equat ion [5] together with those in Table 
II, allow calculation of the part ial  molar enthalpy and 
entropy of mixing as well  as the activity of the sulfides. 

The partial  molar  enthalpy and entropy of mixing, 
taking pure solid sulfide as the standard state, (AHm)s 
and (ASs) s respectively, were calculated for each 
melt  composition by applying the equations 

d ( ( E  --  E ~  
(~Hm) s = - 2 F  [6]  

d ( 1 / T )  

d ( E  - -  E o) 
(ASm) s _-- 2F [7] 

d T  

The activity of lead sulfide relative to pure  solid at 
600~ was calculated using the equation 

a s ----exp [ (AHm)S (ASnl) S ] [8] 
t RT R .l 

All the calculated properties are listed in Table Ill. 
For the purpose of making inferences about melt 

structure, it is usual to refer partial molar properties 
to the liquid state. Unfortunately, there is insufficient 
accurate thermal data on the heat of fusion and liquid 
heat capacity to make this change of state calculation 
rel iable for lead sulfide par t icular ly  since its melt ing 
point  is about 600~ higher than the tempera ture  range 
examined exper imenta l ly  for this system. 

A least squares fit of the data in Table III  resulted in 
the equations 

(AHm)PbS s = 13.761 --5.654X2pbC)2 [9] 

(ASm)PbS s ---- 12 .354-  3.952X2pbC12- R In Xpbs [10] 

The standard deviations for these fits were 174 cal/g 
mole and 0.184 gibbs/g mole respectively. The con- 
stants 13.761 and 12.354 appear in these expressions 
because the standard state for lead sulfide is pure solid. 
The constants are in fact related to the enthalpy and 
entropy of fusion at 600~ but  are about 35% higher 
than one might  expect based upon a reported value for 
the enthalpy of fusion of 8700 • 800 cal/g mole at the 
mel t ing point  of 1113~ (3, 13). Physical  significance 
however, can only be attached to these constants if the 
other terms in Eq. [9] and [10] are absolutely correct. 
It is probably better  to view the equations as empirical 
expressions, valid for the range 0 ~ XpbS ~ 0,1, that  
have a form consistent with thermodynamic  require-  
ments. In this connection, the first power term in 
X p b c l  2 does not appear in the equations in order that 
Raoult 's law will apply as a l imiting condition to the 
lead chloride solvent. 

The part ial  molar properties of lead chloride were 
calculated at 600~ by an analyt ical  integrat ion of the 
Gibbs-Duhem equation. The expressions taking pure 
liquid as the standard state are 

( ~ H m )  LpbCI2 --~ - - 5 . 6 5 4 X 2 p D S  [ 1 1 ]  

( ~ S ' m )  LpbCI2 = --3.952X2PbS - -  R I n  Xpbc l2  [12] 

The part ial  molar  properties are depicted in Fig. 4 
along with the data points listed in Table III. 

Calculations for the Silver Chloride-Silver Sulfide 
System 

In a previous paper  (10), emf measurements  of the 
cell 

Ag2S 
- - A g  S , C +  

AgC1 

were reported for sulfide concentrations less than 0.12 
mole fraction. Subsequent  work by a modified tech- 
nique (1"1) yielded the s tandard cell potential  for the 
formation of silver sulfide. As for the lead sulfide-lead 
chloride system, these data make it possible to deter-  
mine part ial  molar  property data for the sulfide-rich 
melts. For comparison purposes, the results of these 
calculations are presented in this section. A plot of 
measured emf data appears in Fig. 5. This plot differs 
slightly from the one reported originally (10) in that  the 
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Fig. 5. EMF vs. temperature for silver sulfide formation cell 

+Ag/C- the rmoe lec t r i c  voltage (11) was added to the 
measured cell potentials. In  computing the magni tude 
of the thermoelectric voltage, the cold junct ion  tem- 
perature was taken to be equal to that for the liquid 
sulfur since the silver connections from the potent iom- 
eter were located directly below the sulfur bulb. This 
voltage correction amounts  to about 5 mV and con- 
sequently has a significant effect on the calculation 
of thermodynamic  properties of the electrolyte. The 
equations of the least square lines through the data 
points in Fig. 5 are given in Table IV together with 
s tandard deviations. 

For the cell which realized the formation of solid 
silver sulfide from pure solid silver and Se gas at one 
atmosphere pressure (11), the equation (mV -- ~ 
was 

E ~ : 455.3 -- 0.1919T [13] 

over the tempera ture  range 773~176 The stan- 
dard deviation was 3.2 inV. Par t ia l  molar  property 
data for silver sulfide relative to solid sulfide were 
calculated using Eq. [6] and [7]. In  the case of silver 
sulfide however, it is possible to refer the properties 
to the pure liquid sulfide since enthalpy of fusion and 
heat capacity data for solid and liquid sulfide are avail-  
able from calorimetric work by the present  authors 
(14). Defining the difference in heat capacity between 
solid and liquid silver sulfide as 

( C p )  L - -  ( C p ) S  ~ A ~  [14] 

the part ial  molar  enthalpy and entropy of mixing re- 
ferred to pure liquid silver sulfide, (• and ( ~ m ) s  
respectively, were calculated at 600~ for each melt  
composition studied by applying the equations 

( A H m ) L  : ( A H m )  S _ _  A a (T - -  T f )  - -  ~Hf [15] 

(~Sm)L : (• s -  (~Hf/Tf)  --• In (T /T f )  [16] 

In these equations ~Hf is the enthalpy of fusion of 
silver sulfide, 1880 cal/g mole (14) at the fusion tem- 
perature,  Tf, of 830~ (1). The calculated properties 
are listed in Table V. 

In  order to determine part ial  molar  properties for 
silver chloride at 600~ (5Hm)L and (SS-m)L were first 
fit by the method of least squares to equations in mole 
fraction. The following expressions were obtained 

( A H m ) L A g 2 S  : - -  14.123X2Agct + 16.201X3AgCl [17] 

('~Sm) LAg2S ---- --14.798X2AgCl -}- 13.785X3AgCl 
--RlnXAg2S [18] 

The standard deviations for these equations are 164 
cal/g mole and 0.255 ca]/g mole respectively. By inte- 
grating the Gibbs-Dul~em equation, expressions for 
the partial molar enthalpy and entropy of mixing for 
silver chloride with the pure liquid as standard state 
were obtained. 

Apr i l  I972 

Table IV. Temperature-emf relationships in silver sulfide 
formation cells 

XAg2s E q u a t i o n  ( m V  - ~  S t d .  d e v .  ( m V )  

0 .011  E = 3 8 2 . 0  + 0 . 0 0 8 9 6  T 3 .7  
0 . 0 1 5  E = 3 8 8 . 3  --  0 . 0 1 6 9 4 T  1.6  
0 . 0 2 4  E = 3 9 5 . 4  --  0 . 0 3 9 2 1 T  1,1  
0 . 0 4 5  E = 4 0 1 . 9  - -  0 . 0 6 2 4 3  T 0 .8  
0 . 0 8 1  E = 4 1 5 . 5  --  0 . 1 0 1 9 T  I . t  
0 . 1 1 9  E = 4 2 1 . 5  --  0 . 1 1 8 5  T 1 .3  

Table V. Partial molar properties* of Ag2S in Ag2S-AgCI melts 

X ~ g , s  c a l / g  m o l e  g i b b s / g  m o l e  

O . O l l  2 0 7 2  8 . 1 4  0 . 0 5 5  
0 . 0 1 5  1782  6 . 9 5  0 . 0 8 5  
0 . 0 2 4  1 4 5 4  5 . 9 2  0 . 1 1 8  
0 . 0 4 5  1155 4 . 8 5  0 . 1 6 9  
0 . 0 8 1  527  3 .03  0 . 2 9 5  
0 . 1 1 9  251  2 . 2 6  0 . 3 7 0  

* A t  6 0 0 " C  r e l a t i v e  t o  p u r e  l i q u i d  s i l v e r  s u l f i d e .  

(:~Hm) LAgci ---- -- 6.023 + 28.247XAgcl 
--38.425X2AgCl -{- 16.201X3AgCl [19] 

(-~Sm) LAgCl ---- --7.905 -I- 29.596XAgCl 
--35.476X2AgCl -}- 13.785X3AgCl -- R in XAgCi [20] 

Equations [17]-[20] apply when 0 --~ XAg2S ~ 0.12. 
The partial  molar properties given by these equa- 

tions together with the calculated activities are de- 
picted in Fig. 6. Included in this presentat ion are the 
data points listed in Table V. 

Discussion 
A rough approximation of the lead sulfide activity 

isotherm relative to pure l iquid is shown in Fig. 4. A 
temperature  independent  enthalpy of fusion of 8700 
cal/g mole (13) was assumed for this calculation in  the 
absence of more complete data referred to previously. 
Moderately negative depar ture  from Raoult ian ideality 
is indicated therefore for both lead sulfide and lead 
chloride, a si tuation general ly taken to be indicative of 
a tendency toward weak compound formation in the 
melt. This inference is supported by the negative par-  
tial molar enthalpy of mixing of lead chloride and is 
consistent with an identified solid compound occurring 
at lower temperatures  in this system (15). Fur the r -  
more, the part ial  molar  entropy of mixing  of lead 
chloride exhibits a negat ive departure  from ideal be- 
havior. 

The thermodynamic  properties in Fig. 6 indicate 
a general  tendency toward immiscibil i ty for silver sul- 
fide-silver chloride melts, at least for those dilute in 
sulfide. This is evidenced by the positively deviating 
activity isotherms and positive enthalpy of mixing. It  
appears in Fig. 6 that  the part ial  molar  enthalpy of 
mixing of silver sulfide may change sign. This was 
found to be the case in calorimetric data reported pre-  
viously (14). These results, represented in Fig. 6, in-  
dicate that cross-over takes place at 0.23 mole frac- 
tion silver sulfide compared to an estimated 0.13 re-  
sult ing from the emf measurements.  This change in 
sign of the enthalpy of mixing  may  be indicative of 
unusual  s t ructural  changes occurring in melts of this 
system and may be consistent with the part ial  molar  
entropy of mixing of silver chloride being unexpect-  
edly greater than the ideal value. 

Figure 7 shows some of the l iquidus data reported 
by Bell and Flengas (1). Since solid solubil i ty is negli-  
gible, l imi t ing l iquidus slopes were obtained by appli- 
cation of the equation 

rXRTf2 
aT -- - -  [21] 

aHf 
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melts of silver sulfide and silver chloride. 

In  this equation aT is the freezing point depression, X 
is the mole fraction of solute, and v is the number  of 
moles of foreign particles contr ibuted to the solution 
per mole of solute; other symbols are as previously 
defined. The sparse amount  of data suggests that  silver 
chloride contributes two moles of foreign particles per 
mole to silver sulfide-rich melts  but  that  silver sulfide 
contributes only one to silver chloride-rich melts. A 
possible explanat ion requires that  silver sulfide exist as 
a molecule-l ike ent i ty  in the melt  in which silver 
atoms are l inked to a sulfur. Similar  references to ap- 
parent ly  molecule-l ike entities have appeared for other 
high temperature  solutions, notably  mol ten meta l -  
oxygen systems (16). At the present time, there is in-  
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sufficient cryoscopic and heat of fusion data to show 
that lead chloride dissolves to yield three foreign 
particles in lead sulfide. On the lead chloride-rich side 
of the system there appears to be significant solid 
solubility. 

Molecule-like sulfide entities offer a convenient  
qual i ta t ive way of accounting for the observed con- 
ductance behavior. Measurements of Bell and Flengas 
(5, 6) have shown that  for both melt  systems molar 
conductance is ionic on the chloride side, decreases in 
magni tude  as the sulfide is dissolved and then rapidly 
increases while changing in character to electronic, i n  
the silver sulfide-silver chloride system, the increase 
occurs at about 0.15 mole fraction sulfide while  in the 
lead sulfide-lead chloride systems it occurs near  0.25. 
Electronic conduction requires the existence of a con- 
t inuous sulfide ne twork  in the melt  s imilar  to what  
must  exist in the pure molten sulfide. Random mix-  
ing considerations indicate that when  about one fifth 
or greater mole fraction sulfide exists in the melt, the 
probabi l i ty  of adjacent  sulfide entities forming con- 
t inuous chains is unity.  At signficantly lower sulfide 
concentrations, it is improbable that  such continuous 
chains exist when random mixing is assumed. The im- 
plication is that  in chloride-rich melts molar  conduct-  
ance is total ly ionic but  decreases as the populat ion of 
noncharge-car ry ing  sulfide particles increase. In  sul- 
fide-rich melts  molar conductance is large and vi r -  
tual ly  total ly electronic as the sulfide ne twork  de- 
velops with increasing sulfide concentrat ion to more 
closely resemble that  for the pure mol ten sulfide. 

The difference in the extent  of the ionic range of 
conductance is consistent with the thermodynamic 
properties. In  the silver sulfide-silver chloride system, 
the tendency exhibited toward immiscibi l i ty  suggests 
that  the proposed sulfide particles prefer being ad- 
jacent to others, in this way making  it possible to es- 
tablish cont inui ty  at concentrat ions lower than ex- 
pected on a random mixing  basis. The opposite s i tua-  
tion is indicated for the negat ively deviat ing lead sul- 
fide-lead chloride system. Accordingly, electronic con- 
duction is exhibited at lower sulfide concentrat ions in 
the silver system compared to the lead system. 

The proposal of metal  sulfide existing in these melts 
p redominant ly  as molecule-l ike entit ies is not incon-  
sistent with it being possible to set up a reversible 
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electrochemical cell with a sulfur  electrode. Even in 
the complete absence of sulfide ions, the sulfur  elec- 
trode could reach the expected sulfide-sulfur potential 
via the chloride ion. For example, although the s tan-  
dard free energy change, AG ~ , for the reaction 

l/2S2(gas,1 atm) -~ PbC12(liquid) --~ PbS(solld) -~ C12(gas,1 arm) 
[22] 

is about +35 kcal /g  mole PbS, a very small chlorine 
part ial  pressure, Pcl2, exists which is closely approxi-  
mated by 

al - -  ~G ~ 
Pal2 = PS21/2 " - -  " e x p -  [23] 

a2 RT 

In this equation, Ps2 is the part ial  $2 pressure fixed 
experimentally,  and al and a2 are the activities of lead 
chloride and lead sulfide respectively in a melt  of 
given composition. Since the chlorine pressure is quite 
small, the melt  composition changes insignificantly 
with time. It  follows, however, since there is some 
chlorine at the positive electrode, the formation cell 
may  be schematically represented by 

--C, Pb ] PbCl2 I C12 , Cq- 
(at al) ( a t  Pc12)in equilibrium with $2 

instead of 

--C, Pb t PbS ] S~ , C~- 
(at a2) (at Ps2) 

since the free energy changes for the pr imary  reac- 
tions, respectively, 

Pb(Hquid) -~- Cl2(gas,PCl2) -'-> PbC12(solution,al) [24] 
and 

Pb(liquid) -'~ 1/2S2(gas,Ps2)'-> PbS(solution,a2) [25] 

are equal. The potential  at the positive electrode may 
therefore be due to S=/$2 or C1-/C12 or both with no 
mixed potential  resulting. These arguments  may  be 
readily extended to include the trace concentrations of 
82C12, known to exist at the temperatures  and gas 
pressures under  consideration. In this connection, it is 
noteworthy that chlorine, sulfur, and sulfane reactions 
have been reported at l iquid sulfur  electrodes by 
Delarue (17) and Bodewig and Plambeck (18) as a 
result  of polarographic studies. 

The foregoing concept of sulfide-chloride melts 
would affect the igneous electrolysis of base metal 
sulfide. During the passage of current,  electrochem- 
ically oxidized chloride ion would have to react chem- 
ically to reestablish as equi l ibr ium for reaction [22] 
as it applies to sulfide dissolved in the anolyte. This 
might result  in a ra te- l imi t ing  condition related to 
sulfide-chlorine diffusion and reaction if it were de- 
sired to generate predominant ly  sulfur at the anode 
dur ing  electrolysis. 

Conclusions 
Electromotive force measurements  on sulfide forma- 

tion cells in the vicini ty of 600~ employing a sulfur 
vapor electrode were reported. These showed that 
melts containing up to 0.1 mole fraction lead sulfide 
in molten lead chloride exhibit  negative deviation from 
Raoultian ideality. Similar  measurements  indicated 
positive deviations for the sulfide-rich region of silver 
sulfide-silver chloride melts. These data in conjunct ion 
with published molar  conductance data suggest that 
the sulfide may dissolve to yield little or no free sulfide 
ion. Instead, molecule-l ike sulfide entities were postu- 
lated to exist. The consequences of this proposal were 
briefly explored. 
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A Theory for the Propagation of 
Stress Corrosion Cracks in Metals 

David A. Vermilyea* 
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ABSTRACT 

A quant i ta t ive  theory for the rate of propagation of stress corrosion cracks 
in meta]s is presented and discussed. The theory is based on the film rup ture  
mechanism and is valid when phenomena at the crack tip control the propaga- 
t ion rate. The impor tant  parameters  in the theory are the strain required to 
rup ture  the passive film, the amount  of corrosion before repassivation, and 
the creep rate of mater ial  at the crack tip. Plausibi l i ty  of the theory is demon-  
strated for stainless steel and for a magnes ium alloy. 

The objective of this paper is to present  and discuss 
a model which makes it possible to predict the rates 
of propagation of stress corrosion cracks in metals in 
terms of exper imenta l ly  accessible characteristics of 
the system. The theory is based upon the film rupture  
mechanism (1, 2) and is applicable to situations in 
which phenomena at the crack tip control the propa- 
gation rate. The theory accepts the general ly held view 
that during stress corrosion cracking metal  strain and 
corrosion are mutua l ly  stimulative. St ra in  accelerates 
corrosion by periodically causing film rupture,  while, 
as suggested by Hart  (3), corrosion accelerates strain 
by removing the most severely strain hardened mate-  
rial in the immediate  vicini ty of the crack tip. From 
the point of view of the theory, adequate information 
is not present ly available about all of the system char-  
acteristics, especially about the details of stress and 
strain at the crack tip, in order to permit  accurate rate 
predictions. Nevertheless the theory provides a con- 
ceptual f ramework which is amenable  to fur ther  de- 
velopment  and identifies the re levant  mater ia l  char-  
acteristics so that  their  influence on the process can 
be discussed from at least a semiquant i ta t ive  point of 
view. 

Theory  
Model.--The model is outl ined in Table I. 

The metal  is assumed to be homogeneous, isotropic, 
and uniform, and the detailed atom motions involved 
in creep strain, including dislocation motion, are ig- 
nored. The rate of crack propagation,,f", according to 
this model is 

,~ L 
= [1] 

tc  

Corrosion is assumed to proceed at a negligible rate 
when the metal  is passive. 

Figure 1 portrays schematically the strain rate and 
strain dur ing crack propagation. Following film rup-  
ture an abrupt  increase in strain rate occurs because 
the res t ra ining influence of the surface film is removed. 
During corrosion prior to repassivation a fur ther  strain 
rate increase occurs as the most highly strained mate-  
rial near  the crack tip is removed. After  repassivation 
the strain rate decreases because of the presence of 
the surface film and because of s train hardening.  

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  f i lm r u p t u r e ,  c r eep .  

Table h Model of stress corrosion cracking mechanism 

E v e n t  T i m e  

1. P a s s i v e  f i lm r u p t u r e s  t = to 
2. M e t a l  c o r r o d e s  to  a d e p t h  L t = tr~ 
3. R e p a s s i v a t i o n  o c c u r s  t = tL 
4. C r e e p  s t r a i n  c o n t i n u e s  
5. P a s s i v e  f i lm r u p t u r e s  a t  a c r i t i c a l  s t r a i n  ec t = tc 

In order to predict crack propagation rates it is 
necessary to determine the values of L, E~, tL, and to. 
Values for L, so, and tn can be obtained from t rans ient  
experiments  in which specimens covered with films 
formed in a solution chosen to simulate the crack-t ip 
solution are strained while main ta ined  at the crack- 
tip potential. If the specimen is strained slowly re can 
be determined from the specimen strain at which a 
marked current  change occurs. Values for L and tL can 
be obtained from the current  t rans ient  following a 
sudden extension of the specimen. 

The film rupture  time, given by tc -- tL, is found 
from the creep strain vs. t ime behavior  of the metal  
and the value of the critical strain. The creep behavior  
must  be known for the mater ia l  present  a distance L 
ahead of the crack tip, that  is, for the mater ial  at the 

o ~  
D 
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\ 
I ! 

I I | 
to t L t c 

T ~  

Fig. I. Variations of crack tip strain and strain rate during stress 
corrosion cracking. Film rupture occurs at t = O; corrosion occurs 
to tL; repassivation occurs at tL; creep continues to te at which 
film rupture occurs again and the cycle repeats. 
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position of the crack tip after  film rupture  and re-  
passivation. 

The most difficult quant i ty  to determine  is un-  
doubtedly the film rupture  time, because creep be- 
havior,  especially in response to sudden large stress 
transients  at low temperatures ,  is poorly understood. 
In addition, the distr ibution of stress and strain near  
the crack tip in an elastic-plastic medium is not amen-  
able to exact t reatment ,  so that  approximat ions  must 
be made in determining crack tip conditions. The char-  
acteristics of stress corrosion cracks suggest that the 
plastic strain near  crack tips is less than 0.2, for no 
gross deformation is visible f rom the microstructure,  
but more than 0.05, for the cracks are general ly  sharp 
and represent  large stress concentrators.  A reasonable 
assumption might  be that  the plastic strain near  the 
crack tip is 15%. Transient  creep measurements  using 
mater ia l  co ld-worked 15% should then provide data 
from which the film rupture  t ime can be estimated. 

Applications of the Theory 
The l i tera ture  does not  present ly  supply enough data 

for any system to make an adequate  test of the theory. 
The only useful data are for the creep strain vs. t ime 
behavior  of stainless steel in boiling magnesium 
chloride, and for a magnes ium al loy at ambient  tem-  
perature.  Al though the available data were  not origi-  
nal ly obtained with the objective of duplicating crack-  
tip conditions, they do at least give an o rde r -o f -magn i -  
tude idea about the rates involved. Values of L, ~c, and 
tr are also not available. The best that  can be done is 
to demonstra te  plausibil i ty by assuming reasonable 
values for ~c; assuming that  tL is small  compared to to; 
and using the avai lable creep data and stress corrosion 
crack propagation rates to calculate values for L. 

The fracture  strain, ~c, for a luminum oxide has been 
reported by Cochrane and Block (4) to be 3 �9 10-4; by 
Bradhurs t  and Leach (5) to be 3 �9 10-3; by B r u m m e r  
and Cocks (6) to be 10 -3 to 5 �9 10-3; and by Gross- 
kreutz  (7) to be 1.5 �9 10 -3 to 3 �9 10-8. These average to 
about 2 �9 10 -8, and accordingly a value of 2 �9 I0 -3 for ~c 
will  be used, the assumption being made that  the frac-  
ture  strain would be about the same for most oxides, 
at least as to order  of magnitude.  

Brauns and Ternes (8) repor ted  that  the creep 
strain rate, ~, for an AISI  304 stainless steel at the 
tempera ture  of boiling MgC12 obeyed the relat ionship 

= kt  -m [2] 

in which m ~ 1.1 to 1.3 and k is a constant. F rom their  
data for 20 k g / m m  2 (28,300 psi) k = 1.45 �9 10 -3. From 
Eq. [2] by integration, taking m = 1.2 

= const -- 5kt -0.2 [3] 

Assuming repassivation to be complete  at 1 sec, Eq. 
[3] gives 5 sec for the strain to reach 2 �9 10 -8. Accord-  
ing to Brauns and Ternes the time to crack a 0.35 cm 
test specimen at 20 k g / m m  2 and at a potential  of --80 
mV is 2 hr, so that  the crack propagation rate is about 
5 .  10 -5 cm/sec.  F rom Eq. [1] L ~_ 3" 10 -4 cm. At 
E = --110 mV the fai lure t ime increased to about 200 
hr, and the corresponding value of L would be 3 �9 10 -6 
cm. Brauns and Ternes also give values for the creep 
strain rate at 10 k g / m m  2 and 30 k g / m m  2, and also 
for the cracking t ime at those stresses. At 30 k g / m m  e 
the creep strain ra te  is about a factor of 2 greater  than 
at 20 k g / m m  2, and the fai lure  t ime at --80 mV is about 
half  that  at 20 k g / m m  2. At  10 k g / m m  2 the creep ra te  
is lower  by a factor of 3 and the fai lure t ime longer 
by a factor of 5. All  these data are consistent wi th  a 
constant value of L at a given corrosion potential,  and 
the values deduced for L seem reasonable. 

Logan (9) gave data for the creep strain rate of mag-  
nesium alloy AZ31. An analysis similar  to that  above 
gives a value of L of 10-2 cm, which at first glance 
seems ra ther  large. On the other  hand the specimens 
cracked in only a few minutes, and the cracks appeared 

from the 10 • photographs to be ra ther  wide. The value 
of L of 10 -2 cm is at least conceivable. It  is also pos- 
sible that  the value assumed for ~c is too high, or that  
the repassivation t imes are very  short  so that  creep 
strain below one second is important .  

Discussion 
The parameters o~ the model . - -The  crit ical  strain, ~c, 

will  depend on the nature  of the film which forms and 
on its homogeneity,  and hence in turn pr imar i ly  on the 
al loy but also possibly on the solution composition. 
Fi lm rupture  probably nucleates at flaws, and hence 
the nature  and distr ibution of precipi ta te  particles in 
the metal  will  be important .  If  the reaction product ex-  
hibits considerable plasticity, stress corrosion crack-  
ing may be impossible. 

The value of L will be influenced by the metal, the 
solution (a possible role for inhibitors) ,  and especially 
the potential. If  the potent ial  is low enough (cathodic 
protection) the value of L will  be too small  for crack 
propagation. A min imum value for L can be computed 
as follows. It is necessary for corrosion to result  in a 
change n, in the crack tip strain of at least ~c. ~e is 
given by 

~, ---- Co -- ,(p+L) [4] 

where  co is the crack tip strain and ,(p+L) is the strain 
at the crack tip after  corrosion to the depth L. Tetel-  
man and McEvi ly  (10) state that the plastic strain 
varies approximate ly  as x-1 ,  so that  

p r o  
,~ = [5] 

X 

in which ex is the strain at distance x and p is the radius 
of curva ture  at the crack tip. Using Eq. [5] to find 
e(p+L) gives 

p + L  

Sett ing ne --~ ~c and solving for L gives 

cr  
L ~--, (p + L) 

c o 

and a min imum value for L is given by 

[7] 

pro 
Lmin = - -  [8] 

e o ~ e c 

Taking Ec = 10 -3, co = 10 -I ,  p = 10 - 4  gives L m i n  = 

10 -6 cm, while if  ~r = 10-8, ~o = 10-2, p = l0 -3 the 
value of Lmin is about 10 -4 cm. Note that  L may  be 
associated with  the striations often observed on stress 
corrosion fracture  surfaces, and that  the value obtained 
for L can be confirmed from a measurement  of the 
spacing of such striations. A casual perusal  of the 
l i tera ture  shows str iat ion spacings of about 0.03 to 
1 ~m. 

The repassivation time, tr, wil l  be influenced by the 
metal, the potential, and especially by the solution 
composition. Aggressive species like chlorides may 
cause a large increase of tL. 

Fol lowing film rupture  the creep rate which deter-  
mines the t ime to cause cracking, tc, is influenced by 
the stress, the meta l  composition, and by L. The effect 
of stress is par t icular ly  impor tant  and is discussed be-  
low. Metal  composition determines  the detai led t ran-  
sient creep response to a stress change. An example  
of an important  meta l  composition effect is represented 
by the possibility of strain aging. Stra in  aging should 
play a ve ry  impor tant  role in stress corrosion cracking 
for two reasons. In a strain aging alloy a large value 
of • may  be required to start  plastic deformation,  and 
the ensuing t ransient  creep may  be sharply curtai led 
so that  stress corrosion cracking might  not occur. The 
role of L in de termining  the creep rate  arises from the 
fact that  a large L results  in la rger  increments  of 
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stress and strain following crack advance, so that  a 
large L should result  in faster creep. 

Roles of temperature and stress.--The temperature  
will  influence the creep rate and the corrosion process. 
An increase in tempera ture  would always be expected 
to increase the creep rate, and usual ly  would increase 
the value of L. In special cases an increase in tempera-  
ture may decrease L and decrease the rate of stress 
corrosion cracking. For instance, a higher temperature  
may increase the rate of repassivation more than it 
increases the rate of corrosion prior to repassivation. 

The stress dependence of the creep rate can be ex- 
pressed by the equation 

= const �9 ~a [9] 

where a is a constant  (the strain rate exponent)  which, 
for low homologous temperatures,  has values of about 
5-10. A smaller dependence of the creep rate on applied 
stress may be expected in stress corrosion cracking, 
however, since an increase in applied stress will  pro-  
duce a proport ionately smaller increase in the stress 
at the crack tip where plastic s train has occurred. A 
high-power dependence of crack propagation rate on 
stress can be expected when  stress corrosion cracking 
occurs with crack tip stresses which are just  above the 
yield stress, i.e., at low applied stresses, and when 
the strain rate exponent  is high. On the other hand 
there may be a value of s train rate exponent  above 
which stress corrosion cracking does not occur at all. 
If the strain rate exponent  is very large then the film 
rupture  induced application of a stress increment  to 
material  just  ahead of the crack tip will  result  in a 
very large creep rate. In  consequence near ly  all the 
deformation following film rup ture  may ensue before 
repassivation occurs, with the result  that  the total re-  
maining  creep strain is insufficient to rup ture  the film 
again. In  short, not only the magni tude of the strain 
t ransient  but  also its detailed t ime-dependence deter-  
mine whether  the crack can progress. It should espe- 
cially be noted that  if the total s train t rans ient  follow- 
ing repassivation is less than ec stress corrosion crack- 
ing by this mechanism is impossible. 

The influence of cold work, strain hardening, and 
grain boundaries.--Cold work should have an influence 
on the rate of stress corrosion cracking through its 
influence on the creep rate and because some grains 
will  be left in residual  tension. Small  amounts  of cold 
work may increase the dislocation density and creep 
rate, while large amounts  of cold work may  produce 
dislocation structures in which few free dislocations 
are available and in which t rans ient  creep may be very  
small. 

The strain hardening exponent  will  be impor tant  in 
determining the distr ibution of stress and strain near  
the crack tip. If the mater ial  s train hardens relat ively 
little, there will  be a gradient  of s train but  little 
gradient  of stress near  the crack tip. When corrosion 
allows the tip to advance the same stress will  therefore 
act on a mater ia l  which is plastically strained a smaller  

amount  and creep will  occur. For materials  which strain 
harden markedly  there will  be gradients of both stress 
and strain near  the crack tip, so that  after crack ad- 
vance not only wil l  the mater ial  at the new crack tip 
be plastically strained less than it was before crack 
advance but  also the stress acting on that mater ia l  will 
be greater than before the advance of the crack. Ac- 
curate predictions require  more detailed knowledge of 
these gradients, but  it may be that  materials  which 
strain harden markedly  are more susceptible to stress 
corrosion cracking because crack advance results in 
faster creep than in those materials  which do not strain 
harden much. 

Grain boundaries could influence stress corrosion in 
several ways. First, s train is l ikely to be greater near  
the grain boundary,  which may also be the site of nu -  
merous dislocation pile-ups. Second, the composition 
at the grain boundary  may differ from the bulk  com- 
position. Third, the grain boundary  may contain pre-  
cipitate particles which change ec. There are therefore 
several reasons to expect that  stress corrosion cracking 
should be predominant ly  intergranular .  On the other 
hand, for several reasons slip at low stresses may 
often be easier wi thin  the bulk  of the grains than near  
the grain boundaries. Then providing L is large enough 
to give an adequate crack advance per film rupture  
event so that  the new creep rate can be large the ma-  
terial may be susceptible to t ransgranular  cracking. 
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ABSTRACT 

Silicon ni t r ide was deposited on copper substrates at room tempera ture  by 
a reactive sput ter ing technique. The coatings, in the thickness range 500-1500A, 
were amorphous, t ransparent ,  and had glass-like smoothness. They were 
t ightly adherent  to the substrate. Infrared analysis indicated the coatings were 
pure silicon ni t r ide when precautions were taken to el iminate oxygen and 
water  from the system. The coatings exhibited dielectric constants of 8-11 
with a dissipation factor less than 10 -2 at 1000 cycles/sec. The ducti l i ty ap- 
proached 1% as measured on a copper substrate. The coatings reduced the 
charge passing across the metal /e lectrolyte  interface when  the coated samples 
were anodically treated in sodium hydroxide, sulfuric acid, and phosphoric 
acid. The coatings provided good resistance to attack of the copper surface in 
ammonium hydroxide and sodium hypochlorite; provided moderate protection 
in concentrated acids, mediocre protection in sodium thiosulfate and sodium 
sulfide solutions, and very little protection in concentrated nitric acid. 

Silicon ni tr ide has been known for a long time for 
its chemical inertness, high tempera ture  strength,  
high electrical resistivity, good thermal  shock resist- 
ance, and extreme hardness. It has very attractive 
chemical and physical properties which have encour-  
aged its use as a coating mater ial  for microelectronic 
devices. Several  methods (1-14) of preparing silicon 
nitride have been reported in the l i terature.  The three 
major  methods for depositing silicon nitr ide on high 
mel t ing substrates are: (i) chemical vapor deposition, 
(ii) reactive sputtering, and (iii) rf glow discharge. 
The chemical vapor deposition (1-7) of silicon nitr ide 
is carried out by reacting a silicon compound such as 
Sill4, SiBr4 or SIC14 wi th  ni t rogen or ammonia  at 
temperatures  above 800~ Reactive sputter ing (8-11) 
is a technique which involves the sput ter ing of silicon 
in a ni trogen plasma. In  the rf glow discharge method, 
the silicon nitr ide is deposited by reacting ammonia  
and Sill4 in a radio frequency glow discharge (12-13). 
Several  other techniques have also been used to form 
silicon nitr ide coatings, but  these methods have short- 
comings which do not make them suitable candidates 
for use with copper substrates (14). 

The first method (CVD) is not at tractive for use 
with copper alloys because the high temperature  re- 
quired leads to changes in the metal lurgical  s tructure 
and consequent changes in physical properties. Both 
reactive sputter ing and rf glow discharge could be 
used to deposit silicon ni tr ide films on copper, but  re- 
active sput ter ing was chosen over radiofrequency 
glow discharge because of its simplicity, the ease in 
changing exper imental  variables, and because pre- 
l iminary  experiments  indicated high qual i ty  coatings 
were obtained. The three important  steps which govern 
the formation of silicon nitr ide coatings by  reactive 
sput ter ing are: (i) sput ter ing of silicon atoms from 
the cathode, (ii) activation of the sputtered silicon 
atoms and interact ion with ni t rogen species, and (iii) 
condensation of the s i l icon-ni t rogen compound on the 
anode and on the substrate (copper). 

In  order to a t ta in  a high rate of deposition of silicon 
nitride, it is important  to maximize the number  of sili- 
con atoms permanent ly  sputtered from the cathode. 
The number  of atoms pe rmanen t ly  sputtered from 
the surface is the difference between those sputtered 
and those which recondense on the silicon as a con- 
sequence of collision with gaseous species. Thus the 
gas pressure must  be sufficiently high to main ta in  the 
discharge and yet low enough to reduce sufficiently 
the number  of collisions in the gas phase. The voltage 
between the cathode and anode must  be high enough 
to ma in ta in  the glow discharge yet low enough to avoid 
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sparking. The cathode-anode distance mus t  be opti- 
mized to maximize the rate of deposition of silicon 
nitr ide and yet  avoid sparking. 

Experimental Procedure 
The apparatus used in this study is shown sche- 

matical ly in Fig. 1. After  achieving a vacuum of 10 -6 
Torr, u l t rapure  ni t rogen is flowed through the system 
at a pressure of 0.2-0.3 Torr. The ni t rogen gas was 
supplied through a t rap cooled by l iquid nitrogen. A 
d-c glow discharge is main ta ined  be tween a water-  
cooled silicon cathode and a copper anode arranged at 
90 ~ to the cathode by application of a potential  of 
1500-2000V. The current  passed between the anode 
and the cathode is of the order of 3 m A / c m  2 under  the 
conditions used. The copper substrate, on which the 
silicon nitr ide coatings is desired, is placed in the gas 
stream, in a parallel  position with the silicon cathode. 

Both electrodes were protected on their  periphery 
by quartz sleeves. If this precaution was not observed, 
sparking occurred at the edges with rapid deterioration 
of the electrodes and consequent  inabi l i ty  to ma in ta in  
a good discharge without  sparking. In  order to obtain 
high qual i ty coatings it was essential to avoid sparking 

COPPER I SILICON 
S U BST RAT E (CAT HOD E ) i-~ 

. f  /__+ 
J J 

WAT E R 

MANOMETER e-- L - - ~ L - - #  ~--) VACUUM 

Fig. I. Schematic diagram of the apparatus used for the deposi- 
tion of silicon nitride coatings by reactive sputtering. 
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when the voltage was first applied by gradual ly  in-  
creasing the potential  unt i l  the glow discharge w a s  

observed. The cathode-substrate spacing finally 
adopted was 2.5 cm. 

The copper substrate  in the form of a square sheet, 
1.5 X 1.5 X 0.1 cm, was surfaced before each deposi- 
tion either by electrolytic polishing in phosphoric acid 
or by metallographic polishing and washing in deion- 
ized water. No difference was observed between these 
two types of  surfacing procedures. 

All  samples on which property measurements  were 
made were prepared under  the following exper imental  
conditions: n i t rogen gas pressure 0.2-0.3 Torr; cathode- 
substrate spacing, 2.5 cm; potential  between cathode 
and anode 1500-2000V; current  density, 3 mA/cm 2, 

Experimental Results 
Rate of coating growth.--The thickness of the coat- 

ing was determined with an ellipsometer. A computer 
program was developed to calculate film thickness 
from readings obtained from the ellipsometer. 

Typical growth rates were of the order of 15A per 
rain. Figure 2 shows the rate of film growth. The film 
growth rate increases with increase in anode-cathode 
potential, with increase in current  density, and with 
decrease in anode-subst ra te  spacing. 

Composition of the coating.--Analysis of the coating 
w a s  performed by infrared absorption. Highly polished 
silicon or germanium substrates, which are t ransparen t  
to infrared radiat ion in the area of interest, were sub-  
sti tuted for copper. During the early stages of the pro- 
gram, oxygen contaminat ion was recognized by the 
fact that absorption bands characteristic of silicon 
dioxide were observed along with those of silicon 
nitride. The preparat ion method was then modified as 
follows to minimize oxygen and water  contaminat ion 
in the system: use of u l t rapure  nitrogen; pumping the 
system down to 10-6 Tor t  before admission of n i t ro-  
gen; flushing the system with ni trogen before start ing 
the experiment;  and main ta in ing  the system under  
vacuum when not in use. 
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Fig. 2. Rate of growth of silicon nitride coatings under the slow- 
growth conditions used. 

A typical  infrared absorption spectrum of the silicon 
ni t r ide coating is given in Fig. 3. The broad absorp- 
t ion hand centered at 900 cm -~ is characteristic of sili- 
con ni t r ide (3, 4). The absorption band  centered at 
2200 cm - I  has been at t r ibuted to a silicon ni tr ide tr iple 
bond and may indicate a lack of stoichiometry in the 
coating. 

Adherence and color of the coating.--The coatings 
were smooth and very  t ightly adherent  to the substrate 
as judged by the fact that  hard rubbing  with non-  
abrasive papers or cloths had no effect on the coating. 
The sample could be severely ben t  wi thout  macro- 
scopic separation of the coating from the substrate. The 
films were smooth and mirrored the smoothness of the 
substrate. They imparted slight color presumably  as a 
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Fig. 3. Infrared absorption spectrum of silicon nitride coating formed on a germanium substrate 
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consequence of interference between light reflected 
from the silicon ni t r ide-a i r  interface and the copper- 
silicon nitr ide interface. Films, 200-400A in thickness, 
were reddish to brown in color, and films, 1000-1500A 
in thickness, were yellow to gold in color. The coating 
appeared t ransparent  and structureless under  the mi-  
croscope and the grain boundaries  of the substrate 
were readi ly visible. 

Dielectric constant.--The dielectric constant  of films 
ranging in thickness from 500-1500A was determined 
at 1000 cycles/sec. There was no unique value of the 
dielectric constant for the amorphous silicon nitr ide 
films. It  varied with the conditions under  which the 
films were formed, and ranged from 8 to 11. It  is l ikely 
that  the dielectric constant is in t imate ly  associated 
with the s tructure and stoichiometry of the coating. 
The possible cause for the high dielectric constant  of 
the coating is the increase in molecular  and dipole 
polarizabili t ies of the amorphous s tructure or the pres-  
ence of shallow impur i ty  levels in the films causing 
higher electronic polarization. The dissipation factor 
at 1000 cycles/sec was less than 10-~. 

Behavior of coatings upon polarization.--In order to 
obtain information about charge motion across the 
copper-envi ronment  interface, potentiostatic polariza- 
t ion curves were determined in several electrolytes. 
Typical polarization curves are given in Fig. 4-6. All 
potentials are given wi th  respect to a mercurous sul-  
fate reference electrode. 

Anodic polarization of the silicon ni tr ide-coated 
copper in sulfuric acid (1M), phosphoric acid (1M), and 
sodium hydroxide electrolytes (1M) yielded polariza- 
tion curves in  which the current  passed at equivalent  
anodic potentials was appreciably less than  that  of 
uncoated copper. 

Prepolarizat ion of samples in phosphoric acid caused 
a significant reduction in  current  at equivalent  anodic 
potentials upon anodic t rea tment  in sulfuric acid solu- 
tion. Sealing of pores in the coating is the l ikely ex- 
planation. The localized na ture  of the attack of the 
copper upon anodic t rea tment  as observed by the 
naked eye and under  the microscope suggests that  
defects in the coating are largely responsible for charge 
movement  through the coating. 

Corrosion resistance.--The coated samples were ex- 
posed at roora temperatures  to a number  of aqueous 
corrosive environments .  In each case a 0.5 cm 2 section 
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Fig. 4. Polarization curves of copper (curve 1) and silicon nitride- 
coated copper (curve 2) in 1N sodium hydroxide. 
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Fig. 5. Polarization curves of pure copper (curve i) and silicon 
nitride-coated copper (curve 2) in 2N phosphoric acid. Curve 3 is 
a second polarization curve on the same silicon nitride-coated 
sample. Note that current plateau is at the same position as the 
highest current used in determining curve 2. 
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Fig. 6. Polarization curves of pure copper (curve 1) and silicon 
nitride coated copper in 2N sulfuric acid (curve 2). Curve 3 is a 
polarization curve after the silicon nitride-coated sample was 
polarized anodically in 2N phosphoric acid. The lower current ob- 
served with the "phosphated" copper suggests that pores in the 
coating were sealed. 

in the center of the coated sample was isolated by 
masking off the remainder  of the surface with a pro- 
pr ie tary resistant  lacquer. Control samples of elec- 
trolytically polished copper were attacked immediately 
or wi th in  a short t ime in  the same environments .  The 
results of these experiments  are summarized in  Table 
I. 

The coated samples afforded a good resistance to 
corrosion in sodium hypochlorite and ammonium hy-  
droxide solutions; moderate resistance in phosphoric 
and sulfuric acids; shor t - te rm protection in sodium 
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Fig. 7. Photomicrograph of silicon nitride- 
coated copper strained 1% in tension. 
Cracks are readily identified by interfer- 
ence fringes adjoining crack. 

thiosulfate and sodium sulfide solutions; and little or 
no protection in nitr ic acid. 

Complete protection was afforded to coated surfaces 
adjoining uncoated surfaces during electrolytic polish- 
ing in phosphoric acid solutions. 

Mechanical properties of the cdating.--Qualitative 
tests involving severe bending of the silicon ni t r ide-  
coated samples indicated that the coating had ductil i ty 
and that sharp bends did not cause the deposit to flake 
from the surface. Quant i ta t ive experiments  were then 
performed by s t raining coated copper samples on an 
Ins t ron Universal  Testing Machine at a cross head 
speed of 0.02 in. /min.  Conventional  tensile test speci- 
mens were coated with silicon nitride. 

In  order to determine the mechanical  behavior of 
the coating, axial tensile loads were applied in suc- 
cessive elongation steps of 0.3%, 0.5%, 0.7%, and 1%. 
After  each degree of elongation, the sample was ex- 
amined microscopically for indication of fracture in  
the coating. No cracks were detected on samples 
s trained 0.3%, 0.5%, and 0.7%. At 1% elongation, how- 
ever, short cracks largely at right angles to the load- 
ing axis were detected as shown in Fig. 7. The cracks 
were readily identifiable by the interference fringes 
which occurred in areas adjoining the cracks. Pre-  
sumably the coating broke from the substrate  in these 
highly localized sites and the silicon nitr ide film 
formed an angle with the surface. 

S u m m a r y  and Conclusions 
Amorphous films of silicon ni tr ide have been de- 

posited on copper substrates at room tempera ture  by 
reactive sputtering. Because of the greater react ivi ty 
of silicon towards oxygen, the part ial  pressure of oxy- 
gen in ni t rogen must  be carefully controlled. No prob-  
lems have been encountered with adherence of the 

Table I. Behavior of 1000 A-thick silicon nitride coatings on 
electrolytically polished copper substrates upon exposure to 

corrosive environments 

P h o s p h o r i c  acid,  conc 

S u l f u r i c  acid,  conc 

Ni t r i c  acid,  conc 

Ni t r i c  acid, 10% 
A m m o n i u m  h y d r o x i d e ,  conc 

S o d i u m  hypoch lo r i t e ,  conc 

S o d i u m  th iosu l f a t e ,  1M 
Sodium sulf ide,  OAM 

F i r s t  a t t ack  on the  c o a t i n g  n o t e d  
a f t e r  24 h r  

F i r s t  a t t a c k  on the  coa t i ng  n o t e d  
a f t e r  24 h r  

First d e t e r i o r a t i o n  of  the  coa t i ng  
n o t e d  in  5 ra in  

S a m p l e s  res i s t ed  a t t ack  for  3 h r  
No o b s e r v a b l e  d e t e r i o r a t i o n  of  the  

coa t i ng  w i t h i n  24 h r  
No o b s e r v a b l e  d e t e r i o r a t i o n  of  the 

coa t i ng  w i t h i n  24 h r  
F i r s t  a t t a c k  v i s i b l e  a f t e r  2 h r  
F i r s t  a t t a c k  v i s i b l e  a f t e r  2 h r  w i t h  

b u c k l i n g  of c o a t i n g  and  d a r k e n -  
i ng  of the  copper  

coating to the copper or with macroscopic defects in 
the coating. The coatings were crack free and gross- 
defect free. 

It  does appear, however, that  1000-1500A thick coat- 
ings were porous to electrolytes as judged from the 
fact that  coatings passed appreciable current  when 
subjected to an applied potential  in media such as 
sulfuric acid, phosphoric acid, and sodium hydroxide. 
Nevertheless, the silicon ni tr ide coating did reduce 
greatly the rate of anodic copper dissolution and did 
afford shor t - te rm protection in aggressive envi ron-  
ments. 

Improvements  remain  to be made in the direction of 
a decrease in  the porosity through modification in  the 
rate or method of formation, or through a post- t reat-  
ment  such as heat t reatment .  

The coatings tolerated strains less than 1% without  
apparent  fracture. 
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Characterization of Platinum Electrodes in H -Saturated 
Sulfuric Acid Solution 

I. Transient Conditions 
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ABSTRACT 

A single cycle of anodic-cathodic constant  current  pulses (1-3 A /cm 2) 
were applied to a normal  hydrogen Pt electrode. Following anodic charging 
to between 0.4 and 1.75V, the total faradaic and nonfaradaic cathodic charge 
to the H2 evolution plateau was equal to the net anodic charge. The distr ibu- 
tion of total faradaic charge into hydrogen and oxygen processes in each half-  
cycle, as based on a geometric separation of charging regions, showed that 
anodic charging gave a much better  resolution of each of these processes. The 
irreversible reduction of P t -O occurred in two separate regions of unequal  
charge content. The two regions represent  a complex reduction of Pt -O where 
the O is held with different bonding energies rather  than a sequence of two 
one electron steps. The amount  of H deposited up to the negative l imit ing po- 
tential  plateau where H2 evolution occurred is numerical ly  equal to the amount  
of H that  is associated with Pt  at the normal  H +/H2 equil ibrium. 

There is a great deal of confusion and conflict in the 
l i terature  concerning the t rans ient  amounts  of anodi-  
cally oxidized H and generated Pt -O and the subse- 
quent  reduction of the Pt-O and regenerat ion of H. 
Table I in the Discussion Section will review some of 
this l i terature.  Differences appear to be the result  of 
solution purity, voltage ramp and galvanostatic pulse 
rates, potential  or current  control in between t ran-  
sients, and pretreatment .  Pursui t  of the last point has 
resul ted in data in which the state of the Pt  system 
between cyclic pre t rea tment  (n cycles) and the elec- 
trochemical measurement  per turbat ion  (n ~- 1 cycles) 
hardly differed, but  the question as to the effect of n 
cycles on the electrode character was unanswered.  

In the present work, a high-puri ty,  normal  hydrogen 
electrode (NHE) with no immediate  pre t rea tment  was 
subjected to a single cycle of constant high current  
density pulses in the order anodic, cathodic. When the 
potential  at which the anodic pulse was switched to a 
cathodic pulse, Esw, ranged from 0.4 to 1.75V, the total 
faradaic and nonfaradaic anodic charge was equal to 
the cathodic charge. However, the distr ibution of the 
total faradaic charge into hydrogen and oxygen proc- 
esses in each half-cycle, as based on the geometric 
regions of the charging curves, had to be resolved. 

Experimental 
The high-puri ty,  gas-t ight electrochemical system 

and experimental  conditions were the same as pre- 
viously used (1-3). Two working Pt  bead electrodes 
were used. Their t rue areas (2) were 0.37 and 0.42 cm 2. 
The temperature  was 25 ~ _ I~ and all measurements  
were made in 1M H2SO4 stirred with H2 and measured 
vs. the NHE. 

The circuit used is shown in Fig. 1. The Pt  working 
electrode was polarized by an anodic, constant current  
pulse (1-3 A/cm 2) to various potentials between equi- 
l ibr ium and 1.8V. This anodic current  pulse was tr ig-  
gered (START) by depressing the RESET but ton on 
the Hewlet t -Packard  5214L Electronic Preset Counter. 
At the end of the preset count, which corresponded to 
selected potentials along the anodic charging curve, 
the Preset Counter  (STOP) triggered the cathode 
pulse generator  on. The lat ter  in tu rn  produced a 
TURN-OFF pulse which shut-off the anodic pulse 
generator. The pulse generators were EH Models 132A 
that  were adapted here to accept turn-off  pulses. Tek- 
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t ronix 454 and 547 oscilloscopes, the lat ter  using a Type 
W plug-in,  were used to display the anodic and cath- 
odic charging curves, respectively. In order to locate 
the start of cathodic polarization in a photograph of 
the oscilloscope display, a second sequence of current  
pulses was applied but  this time only the cathodic 
polarization was recorded at a 1 ~sec/cm sweep rate. 
By extrapolating to zero time, the init ial  point  of the 
cathodic charging curve and any  potential  at any 
time on the full charging curve could be determined. 

In  some cases, a third pulse was applied, that is, an 
anodic pulse was applied at some point  during the 
cathodic polarization. For this phase of the work, the 
first anodic polarization was recorded on the Tektronix 
454 oscilloscope. The cathodic and second anodic 
polarizations were recorded on a Tektronix  565 Dual-  
Beam (Type 3A6 plug- ins) .  The second anodic cur-  
rent  pulse was provided by a third EH Pulse Generator  
tr iggered by the 565 oscilloscope's DEL'D TRIG. OUT, 
which was positioned along the horizontal time axis 
of the cathodic charging curve to correspond to the 
desired switching point. As before, when the second 
anodic pulse generator was triggered, it s imultane-  
ously provided a turn-off  tr igger pulse to the cathodic 
pulse generator. In summary,  by using this ar range-  
ment, an anodic followed by cathodic followed by 
anodic sequence of high, constant  current  pulses, with 
switching times of about 500 nsec, were applied. By 
merely depressing the RESET but ton of the Preset 
Counter a sequence of events occurred that  resulted in 
photographed oscilloscope traces of the resul tant  po- 
larizations. 

Except where otherwise indicated, anodic and cath- 
odic measurements  of q in ~C/cm 2 were corrected for 

Fig. I. Circuit for applying a constant, anodic current pulse that 
is terminated by a constant, cathodic current pulse at switching 
times less than 1 ~sec. See text far explanation. 

412 
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the double layer contr ibut ion following previously es- 
tablished procedures (1). The vertical and horizontal 
deflections of the scopes were periodically checked. 
Numerous checks of the current  density and of the 
true areas of the bead were also made. The current  
from the pulse generators was determined either by 
measurement  with a Tektronix  P6042 Current  Probe, 
positioned in the current  path where the Pt  working 
electrode was grounded or by differential measurement  
of the voltage drop across the individual  series resistors 
using Type W or Type 1AS plug-ins.  Throughout the 
course of this work it was found that the cyclic pulsing 
had little effect on the t rue area. Variations in area 
measurements  were random and dependent  on elec- 
tronic effects, that  is, calibrations, etc., and how the 
oscilloscope traces were read. When care was taken, the 
true area as determined from the three pulse generators 
would agree with an average deviation of about +--0.007 
cm 2 (--+2%). An average deviation of _+0.010 cm 2 
(___2.5%) was observed for the deviation of six aver-  
age areas of which each one was determined as the 
average one measured from three pulse generators. 

Results 
Anodic-cathodic polarization.--The anodic polariza- 

tion response below 1.76V for P t  bead electrodes to 
a high current  density galvanostatic pulse results in 
potent ia l - t ime regions represent ing two faradaic proc- 
esses. From 0.0 to about 0.88V, hydrogen atoms which 
were associated with the electrode at equi l ibr ium 
(NHE) are oxidized (276 ~C/cm2). Following the oxi- 
dation, a monolayer  of Pt -O (420 ;,C/cm 2) is formed 
from the oxidation of water. Consequently, the reac- 
tions that occur and the resul tant  potent ia l - t ime re- 
sponses of the cathodic pulse depend on the selection 
of Esw. 

Potential  vs. t ime curves for cathodic polarization 
following current  reversal at various E~w are shown in 
Fig. 2. From the several breaks that can be observed 
in the charging curves only two major  potent ia l - t ime 
regions were used for quant i ta t ive  study. The first one, 
given the symbol "~,"  begins at the anodic to cathodic 
switching potential, Esw, and includes all the charge 
found in the rising port ion of the curve. The second 
region, given the symbol "O," begins at the end of re- 
gion [] where there is a large slope change and extends 
all the way to the beginning of the long plateau. Since 
the faradaic reactions of the first anodic pulse are H 
oxidation followed by P t -O formation, it is logical to 
expect only two faradaic reactions dur ing the cathodic 
pulse, namely,  Pt -O reduction followed by H forma- 
tion. Consequently, the data for regions [] and �9 
should pr imari ly  represent  these two processes. The 
ratio of the total charge (faradaic and nonfaradaic) ,  

c~ o ~ o 0 ~ 1 7 6  oo o ~ 

o ~ 
oo ~ 

0,2 

ESW ( V vs NHE ) 

Fig. 3. The ratio as a function of Esw for the total coulombs of 
faradaic end nonfaradaic processes of the cathodic branch divided 
by the total coulombs of faradaic and nonfaradaic processes of 
the anodic branch, 

qt,c/qt,a, is plotted vs. Esw in Fig. 3, where qt,c is the 
total cathodic charge and qt, a is the total anodic charge. 

Hydrogen oxidation/formation.--The amount  of hy-  
drogen atoms, qH, oxidized up to Es~ is shown in Fig. 
4 as open circles. Beyond 0.gv the amount  of qH deter-  
mined should be constant since all the H is oxidized 
below this potential. The mean for this qH is 276 ____ 14 
~C/cm 2 where the second term is the s tandard devi- 
ation. The charge consumed in the �9 region pr imar i ly  
represents the formation and accumulat ing of atomic 
H. The amount  of q found in region O vs. Esw is plotted 
in Fig. 4 as @. The mean for q�9 > 0.88Vis 258 _+ 21 

~C/cm 2. The potential  for the start  of region �9 vs. Esw 
is shown in the upper  portion of Fig. 4. The potential  
for the end of the region, or the beginning of the long 
plateau, is about 50 to 100 mV negative. 

Oxygen formation/reduction.--The amount  of Pt -O 
formed, as determined from an anodic pulse, up to Esw 
is shown in Fig. 5 as open circles. Symbol �9 is for the 
data when 0.4 ~ Esw --~ 0.88V where no Pt-O was 
formed and [] is for Esw > 0.88V where Pt-O was 
formed. Although there is some scatter, the data points, 
[] and O, could be separated over the potential range 
0.9 to 1.7V by individual computer-fitted straight lines. 
The dashed line (q o = 416 Esw -- 345) is for the rapid 

transient formation of O, and the solid line (qD = 

316 Esw -- 262) is for the total faradaic charge in region 
[] (both corrected for double-layer charging). 

Discussion 
Cathodic/anodic ratio of total charge.~Table I com- 

piles data comparing the qc/qa ratios for oxygen spe- 

Fig. 2. Potential vs. time response far cathodic pulses terminating 
anodic pulses at Esw (top to bottom) 0.38, 0.78, 1.1, 1.4, and 1.75V. 
( i~),  First redaction region; ( 0 ) ,  second reduction region. Arrow 
(1 #sac) refers to the cathodic charging curve polarization at the 
rate of I #see/div. 
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Fig. 4. Upper curve, relation between potential for the start of 
region 0 vs. Esw. Lower curve, relation between amount of H 
oxidized by an anodic pulse up to Esw (o) and the amount of charge 
consumed in region ~ ( ~ )  vs. Esw. 
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Table I. Comparison with literature results 

Sulfuric acid+ elec- In tensi ty  of applied Voltage limits Condition pr ior  qe/qi for 
Ref. t rolyte concentrat ion per turba t ion  (V) to per turbat ion  oxygen species 

(4) 1M, N~-Sat. 10-~ A/cm2 --0.16, 1.54 a, b, c* <0.15 
(5) O.5M, N2-Sat. 3.6 x 10 -s A/cm~ 0.2, 1.2 open-circuit ,  e 0.2 

degassed electrode 
(6) 0.5M, N2-Sat. 0.2 V/see 0.2, 1.4 open-circuit ,  c >0.5 

degassed electrode 1 V/sec d*  ~ 1  
G.2-40 V/see d* < I  

(7) 0.5M, iN-2-Sat. 3.2 X 10 -5 A/cm= 50 mV, 1.5 a, b, c* 0.8 
(8) "Dilute" ,  N2-Sat. I A/cm2 >0,  1.2 a, b, c* > 1  
(9) 4M, N~-Sat. 1 V/sec 0, 1.6 a, b, d ~-~1 (within ~1%)  

(10) 0.8M HCIO4 6.8 x 10-5 A/cm'-' 0.6, 1.4 3 hr  steady-state,  c 0.5 
CO2-Sat. 0.5, 1.4 10-20 cycles ~ 1  

(11) 0.5M, He-Sat .  30 mY/see  0.2, 1.5 30 rain open-circuit ,  c 0.5 
120th cycle 0.75 

This work  1M, H~-Sat. > I  A/cm2 0.O, 1.75 NHE, c 1 

+ Except  where  otherwise noted. 
a. Some form of pre-anodizat ion and/or  eathodization is mentioned.  
b. Whether  equi l ibr ium or s teady-state  is prior condition before measu remen t  cycle is applied is not specifically stated. 
c. First  cycle. 
c.* First  cycle is assumed.  
d. Some n th cycle is assumed.  

cies. Our  ratio qt.e/qt,a being one over the Esw range 
0.4 to 1.75V shows that  when  a single cycle of high in-  
tensi ty galvantostatic pulses is applied to a NHE, all 
the oxygen formed is reduced and that  all the hydro-  
gen oxidized is reformed at the negative plateau (Fig. 
2), no mat ter  how the faradaic charge is divided be- 
tween hydrogen and oxygen. 

Pearson and Butler  in 1938 (8) applied high current  
density pulses to electrodes that  had been previously 
cathodized in N2-saturated solutions. From the shape 
of their  anodic charging curves and the --0.6V l imit ing 
potential  of the cathodic charging curves, it is apparent  
that their  electrodes were not free of impurities.  They 
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Fig. 5. Relation between faradaic charge in region [ ]  vs. Esw 
0.88V ( i )  and for Esw ~ 0.88V (1~). The straight lines be- 

tween 0.9 and 1.7V are computed least square fits; (solid) qD ---- 

316 Esw - -  262, (dashed) qo ---- 416 Esw - -  345 .  Amount of 0 

formed by anodic charging to Esw (o). 

did not determine the amount  of H oxidized in the 
0.4-0.8V region. 

Will  and Knor r  (9) found equal amounts  of charge 
for the anodic and cathodic hydrogen regions. How- 
ever, their determinat ion gave 640 gC/cm 2 for each qH 
and qo. They did not state if the determinat ion was 
for the first or n th cycle. 

The charge ratios shown in Table I for just  the oxy- 
gen reactions demonstrate  the confusion encountered in 
the l i terature concerning this measurement .  The major  
problems are solution pur i ty  and the fact that the 
measurement  cycle was not the first cycle applied at an 
initial, well-defined condition. Indiscr iminate  "activa- 
tion" leads to undefined conditions. A clean system 
does not require immediate  pre-anodization.  Paper  
II (12) of this series shows in  detail how stable O 
and anion species, which may  be generated dur ing 
pretreatment ,  do affect the character of Pt. 

The cathodic potential  pla teau at the end of region 
�9 (Fig. 2) being negat ive to zero V indicates that  the 
H atoms formed dur ing the rapid t ransients  are not 
associated wi th  Pt  as would an equivalent  amount  of 
H at the NHE (1). Count ing the charge back to this 
plateau rather  than  to 0.0V is logical because the 
plateau in effect represents a l imit ing condit ion for the 
t ransient  perturbation.  Making the comparison of total 
charge by including nonfaradaic  coulombs precludes 
any  posssible error  due to area de terminat ion  or 
double- layer  correction. Even though the cathodic 
plateau may go to --0.1V, the addit ional double layer  
charge from 0 to --0.1V would be less than  2 gC/cm ~, 
which is well below our exper imental  error. 

Faradaic charge distrib~tion.--Although the fara-  
daic charge can be adequately separated into hydrogen 
and oxygen regions, there is a significant amount  of 
overlap. The qH anodic average (Fig. 4) of 276 ~C/cm 2 
is greater than the q �9 cathodic average of 258 #C/cm ~. 

Figure 5 shows that  there is excess faradaic charge 
( q i )  for Esw--~ 0.88V and that more charge is consumed 

in region [] than  is necessary to reduce Pt -O formed in 
the preceding anodic pulse. Because the anodic-cathodic 
charging curves are unsymmetr ical ,  a geometric 
method for separating reaction regions may show sig- 
nificant differences in the amount  of charge. To deter-  
mine  in a charging curve where one process ends and 
the next  one begins, an electrochemical end point is 
assumed by drawing straight lines through the charg- 
ing curves near  the t ransi t ion region. If the geometric 
and electrochemical end points do not coincide, then 
overlapping occurs. 

Previous measurements  (2) of anodic charging 
curves have shown that below Esw of 0.88V (the geo- 
metric  separation point between the hydrogen and 
oxygen regions) no oxygen intermediates  are formed. 
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Table II. Ratio of hydrogen formed by cathodic pulse to hydrogen 
oxidized by second anadic pulse 

C a t h o d i c  ]eC/em ~-, r e g i o n  0 C a t h o d i c  ~C/cm~,  t o t a l  

P o t e n t i a l  A n o d i c  ;~C/cm= A n o d i c  g C / c r n  e 

~'~ qO/qH (aO+ qm~ )IqH 

0,44 0.90 0.97 
0.84 0,87 1.04 
1.20 0.83 0.92 
1.25 0.91 0.99 

0.91 0.96 
1.45 0,91 0.93 

0,95 1.05 
1.48 0,96 0.98 
1.50 0.93 0.98 
1.55 0.96 0.96 

0.89 0.94 
1,60 0.95 0.95 
1.70 0.99 0.99 
1.95 1.03 1.03 

A v e r a g e  0.93 _--. 0.04 0.98 ~'-- 0.03 
S td .  Dev. 0.05 0,04 

This means that an accurate separation of the hydro-  
gen and oxygen regions is possible in the anodic charg- 
ing curve. Hence, the excess charge shown in the 
cathodic charging curve results of Fig. 5 may  be due to 
significant H + reduction in the [] region. Since the 
possibility of H + reduct ion at potentials around 0.4V 
is open to question other reasons for the excess charge 
may be possible. However, a reasonable al ternate  ex- 
planat ion has not been found and we assume that this 
excess charge is due to H+ reduct ion 

The experiments  in which 11/2 cycles were applied, 
i.e., anodic, cathodic, and anodic, showed that  in order 
to account for all the faradaic charge (see Table II, 
column 2) used for H oxidation in the second anodic 
pulse, q i  or qz (qz~ = q[3 -- qo) had to be added to 

q �9 i.e., q�9 + q i .  A" This sum is plotted in Fig. 6 as 

fil led-in circles. The continuous line is the same as in 
Fig. 4. 

Table II compares both the ratio of the H formed in 
in the O region, q o '  and total H formed ( q o  + 

) to the qH measured by the second anodic pulse. qm.A 
Included are cases in which the cathodic pulse was 
terminated before the end of region O to avoid the 
plateau. Since for the Esw ------ 0.44V value, not all of the 
H is oxidized by the first anodic pulse, the H not oxi- 
dized was subtracted from the qH of the second anodic 
pulse. This correction was the difference between 276 
~C/cm 2 and the amount  oxidized by the first pulse, e.g., 
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Fig. 6. Relation between amount of H oxidized by an anodic 
pulse up to Esw (o) and the sum (e) vs. Esw for the amount of 
faradaic charge in region 0 plus the faradaic charge in region [ ]  
less any charge for oxygen reduction (q o). 

at Esw ---- 0.44V 

(q�9 +qID.A (195+15) 
_ 0.97 

[qH - -  (276 -- qH,)] -- [300 -- (276 -- 191)] 

where, qH' and qn is the number of ~C/cm2 of H 
oxidized in the first and second anodic pulses, respec- 
tively. 

Further evidence that part of the charge in region 
[] was the result of a faradaic process when Pt-O was 
not formed was shown by the capacitance, as measured 
by the slope of the charging curve prior to the begin- 
ning of region O. Slope determinations for the por- 
tion of the cathodic charging curves just before the 
beginning of region 0 for Esw equal to 0.44 and 0.77V 
gave capacitances of 57 and 70 ~F/cm 2, respectively. 
The double layer capacitance at the beginning of region 
O in these solutions is about 30 ~F/cm 2 (13, 14). 

This overlapping of the two reduction processes 
complicates a determination of Pt-O reduction in the 
second part of region []. Nevertheless, qualitative in- 
spection of the charging curves (Fig. 2) shows that in 
the higher potential portion of region [] more charge 
is consumed than in the lower potential portion. For 
example, at Esw of 1.75V, this ratio is near ly  2: 1. Con- 
sequently, it is concluded that the two breaks do not 
simply mean  consecutive one electron steps, bu t  ac- 
tual ly  involve a complex reduction of Pt -O where the 
O is held with different bonding energies so that the 
potential  vs. t ime relat ion does not follow the simple 
l inear  relat ion found dur ing  formation. 

Previous work (2) has shown that  the anodic oxy- 
gen region was not dependent  on the ini t ial  presence of 
H on the electrode. It  is therefore evident  from the 
present work that anodic charging curves give a 
bet ter  separation of the H and O regions than are pos- 
sible by the cathodic charging curves. 

Manuscript  submit ted Dec. 11, 1970; revised manu-  
script received ca. Nov. 9, 1971. This was Paper  180 
presented at the Washington, D. C., Meeting of the 
Society, May 9-13, 1971. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1972 
J O U R N A L .  
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On the Potentiostatic Oxidation of Iron in 
Neutral Sulfate Solution 

I. "Oxide-Free" Specimens 
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ABSTRACT 

The anodic oxidation of electropolished iron in deaerated sodium sulfate 
solution (pH 8.4) has been studied by a potent ia l -s tep method over  the range 
--500 to +1550 mV vs. SHE. The iron surfaces were  prepared by cathodic re-  
duction in a borate buffer solution immedia te ly  prior to oxidation. The anodic 
behavior  of an "oxide- f ree"  surface so obtained was found to be marked ly  
different from that  of a surface which had not been completely reduced. 

Neutra l  sulfate solutions are re la t ive ly  corrosive 
media for iron (1-3). However,  studies of anodic passi- 
ra t ion  of iron in this system have been reported, not-  
ably by Fre iman  and Kolotyrkin  (4-7), much of whose 
work has been concerned with two act ive-passive 
transitions,  and the dependence of the t ransi t ion po- 
tentials on pH and sulfate ion concentration. 

Most work  to date has been carried out using iron 
specimens ini t ial ly carrying at least an a i r - formed 
film. In contrast, the data presented below describe 
the anodic behavior  of iron which has been cathodic- 
ally reduced in a deaerated borate  buffer solution 
immediate ly  before oxidation in the sulfate solution, 
with no intervening exposure to air. The results, which 
are ra ther  different from those of Fre iman  and Kolo-  
tyrkin,  for example,  indicate that  even a thin air-  
formed film exerts a major  influence on the passiva- 
tion characterist ics of iron. 

The present paper is intended mainly to describe the 
electrochemical  behavior  of the init ial ly "ox ide- f ree"  
iron in deaerated Na2SO4 solution. The effects of the 
a i r - formed film will  be explored more ful ly in a sub- 
sequent report. 

Experimental 
Apparatus . - -The  cell was similar  to that  described 

previously  (8) except  that  the countere lec t rode con- 
sisted of two pieces of fine mesh pla t inum gauze sur- 
rounding the working electrode. The cell was fitted 
with Teflon stopcocks for solution transfer. A saturated 
calomel reference electrode was used; however  all 
potentials are quoted with respect to the standard hy-  
drogen electrode. All  runs were  carr ied out at a t em-  
perature  of 25 ~ ~- 0.2~ 

A Wenking Model 61 RS fast-r ise potentiostat  was 
used for anodic oxidation, the var ia t ion of current  
with t ime being followed by a Texas Ins t ruments  
Se rvo /R i t e r  II chart  recorder  (1 or 10 mV full  
scale). For galvanostat ic  reduction, a cons tant -current  
source constructed f rom operat ional  amplifiers was 
employed, with an E-H Research Laborator ies  elec- 
t rometer  coupled to a Leeds and Nor thrup  Speedomax 
G recorder  being used to monitor  the potential  of the 
working electrode. 

Solut ions.--Solut ions were  prepared  from AR grade 
reagents and doubly distil led water.  The borate buffer 
solution (pH 8.4) used for cathodic reduct ion was an 
equivolume mixture  of a solution of 28.6 g / l i t e r  sodium 
te t raborate  decahydrate  and a solution of 18.5 g / l i t e r  
boric acid. The pH of the 0.15N sodium sulfate solution 
was adjusted to 8.4 by addition of 1N sodium hydrox-  
ide. This pH was chosen for oxidation since no change 
of bulk pH from this value was observed during a 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
1 F o r m e r  NRC P os t -doc to r a t e  .Fel low. P r e s e n t  a d d r e s s :  N o r a n d a  

Resea rch  Cent re ,  P o i n t e  Claire ,  Quebec,  Canada .  
Key  w o r d s :  i ron  pas s iv i ty ,  anod ie  o x i d a t i o n ,  ox ide  films. 

run (solutions of lower init ial  pH rapidly approached 
a pH of approximate ly  8.4 upon application of current) .  

Argon was used for deaerat ing solutions and for pro-  
viding an iner t  a tmosphere  for experiments .  Commer-  
cial h igh-pur i ty  argon was fur ther  purified by passage 
through a column packed wi th  finely dispersed copper 
on Kieselguhr  heated to 200~ (9). The solutions were  
deaerated in storage vessels by bubbling argon through 
them for 48 hr. They could then be t ransferred to the 
cell under  an argon atmosphere.  

Iron electrodes.--Ferrovac E sheets 0.015 in. 
(0.038 cm) in thickness and 1, 2, 5, or 10 cm 2 in area 
(depending on the magni tude  of the current)  were  
suspended in solution by means of nar row handles. 
Surface prepara t ion steps were  carried out in the fol-  
lowing sequence: (i) degreasing in benzene in Soxhlet  
extractor  for several  hours; (if) chemical  polishing 
for 4 min in oxalic ac id-hydrogen peroxide bath; (iii) 
electropolishing for 1 min in acetic acid-perchloric  
acid bath (10); (iv) anneal ing in hydrogen in a system 
capable of u l t ra -h igh  vacuum (2.5 hr  at 700~ hy-  
drogen pressure 1-2 Torr ) ;  (v) re-electropol ishing for 
1 min  just before instal lat ion in the cell. If a specimen 
was to be reused for a la ter  experiment ,  it was again 
electropolished as in step (v) .  

For  oxidation experiments ,  three types of surface 
were  used, classified according to the init ial  degree 
of oxidation. These are designated C (complete pre-  
l iminary  cathodic reduct ion) ,  B ( incomplete  pre l imi-  
nary reduct ion) ,  and A (specimen carrying a i r - formed 
film). These will  now be described more ful ly:  

C specimens were subjected to thorough cathodic 
reduct ion in the borate solution immedia te ly  before 
oxidation. All  reductions were  carried out at a current  
density of 10 ~A/cm 2 whi le  passing argon over  the 
solution (the solution was not s t i r red) .  These elec- 
trodes were  dist inguished by the magni tude  and ra te  
of a t ta inment  of the init ial  rest potent ia l  upon immer -  
sion in the sulfate solution. This potential  was approxi-  
mate ly  --565 • 5 mV vs. SHE and was reached very  
rapidly, i.e., within  1-2 sec. If left  on open circuit  it 
would remain  constant at this value for extended per i -  
ods of time. 

B specimens could be prepared e i ther  by in te r rup t -  
ing the current  before cathodic reduct ion was com- 
plete, or by carrying out the reduct ion in a borate  
solution which had not been.sufficiently deoxygenated.  
In contrast  to those of type C, these assumed an un-  
steady init ial  potential  in sulfate of --400 to --500 mV, 
which decreased very  slowly toward the C value. The 
surfaces of the B electrodes always contained a small  
amount of e lectrochemical ly  reducible oxide which 
was, however ,  much less than the a i r - formed film. 

An A specimen was prepared  by first cathodically 
reducing as for type C. It was next  removed  from the 
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cell, washed with freshly redistil led water, and quickly 
dried by blott ing lightly with Fisher lens paper. It was 
reinstalled in the cell just  before introduct ion of the 
sulfate solution for anodic oxidation, the total t ime of 
exposure to air being exactly 15 min. 

Procedure . - -A f ter  obtaining the desired start ing 
surface (see preceding section) the cell was rinsed 
carefully with the sulfate solution to remove all traces 
of borate. An argon atmosphere was main ta ined  (ex- 
cept in the case of A electrodes) to prevent  air oxida- 
t ion of the specimens. 

Upon immersion in sulfate, the init ial  open circuit 
potential  was noted; the potentiostat  was then imme-  
diately switched on. Each run  was carried out at a 
single potential, this being applied in one step from 
the rest  potential. During oxidation, argon was bubbled 
through the solution at a constant  rate. 

Following oxidation for the desired period, the 
working electrode was again cathodically reduced in 
the borate solution. 

R e s u l t s  
The behavior  of C electrodes will  be described first. 

It is convenient  to divide the potential  range covered 
(--500 to § mV) into three regions, based on the 
nature  of the cur ren t - t ime  curves. These are (a) the 
low potential  region, --500 to --385 mV; (b) the ma-  
jor active region, --385 to +1450 mV; and (c) the re-  
gion of vigorous oxygen evolution, <~ + 1550 inV. Rep- 
resentative cur ren t - t ime  curves are given in Fig. 1. 

Because the cell currents  did not, in general, readily 
at ta in  steady values (especially at the low potentials) ,  
a "steady-state" polarization curve was not plotted. 
However, polarization curves could be made for fixed 
periods of oxidation. An over-al l  picture of C electrode 
behavior can be had from such a curve for an oxida- 
t ion time of 15 minutes,  shown in Fig. 2. 

Region ( a ) . - -Upon  application of low potentials, the 
current  density rapidly decreased from the ini t ial  
h igh-current  peak to relat ively small values, of the 
order of 100 ~A/cm 2. The data in Fig. 2 suggest that  
there is an active region centered at ca. --450 mV, the 
currents,  however, being fairly small. An active- 
passive transi t ion is found at ca. --400 mV. 
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Fig. 3. Current-time curves for long-time potentiostatic oxidation 
of C electrodes at certain low potentials. The numbers on the curves 
give the potentials in millivolts vs. SHE. 

Examinat ion  of the cur ren t - t ime  curves in Fig. 3 
shows that  these conclusions are not valid for long 
periods of polarization. In  this figure, the behavior at 
three different potentials for oxidation times of four 
hours are plotted. It  is seen that  much lower currents  
may eventual ly  be reached, so that  a polarization 
curve plotted for a prolonged period of oxidation 
would display no active peak around --450 mV, and 
no active-passive transit ion.  

For short oxidation times (up to 30 min)  at these 
potentials, apparent  surface attack was comparat ively 
slight; only a small  number  of t iny  pits (diameter  
<0.001 mm) could be seen at low magnifications. In  
contrast, after several hours of oxidation the na ture  
of the attack changed and the specimen became coated 
with a spongy, poorly adherent  green film which 
could not be completely removed by cathodic reduc-  
tion. The under ly ing  surface exhibited fair ly severe 
general  etching, the degree of attack increasing with 
potential. Identification of the film was not at tempted 
because of its susceptibili ty to air oxidation. This film 
was probably a ferrous hydroxy sulfate. Exposure 
of the specimen to air produced a very rapid color 
change from green to orange. 

The cathodic reduct ion curves (potential  vs. t ime) 
obtained after oxidation resembled in shape those of 
Nagayama and Cohen (11) for i ron oxidized in a bo- 
rate solution. However, they tended to be diffuse and 
poorly defined. F i lm thicknesses estimated from the 
curves were small, amount ing  to only a few tens of 
angstroms. 

Transition from Region (a) to Region (b ) . - -These  two 
regions have been defined arbi t rar i ly  in terms of the 
cur ren t - t ime  behavior. At potentials less than about 
--385 mV, the current  always decreases monotonical ly 
following the ini t ial  t ransient  peak. (A very  broad, 



418 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  Apri l  1972 

superficial second peak was sometimes observed;  see 
Fig. 3). At potentials greater  than this value, on the 
other hand, the current  reaches a min imum after  a 
period of 1 to 5 rain, and then begins to increase. By 
carrying out a number  of runs at potentials in the 
range --400 to --350 mV, the potential  at which the 
current  just  failed to decrease at long t imes could be 
determined fair ly accurately as --385 +_ 5 inV. 

It  is to be noted that  the current  min imum around 
--360 mV (Fig. 2) falls wi thin  the act ive range (b) 
according to this criterion. This serves to emphasize 
how much the shape of the polarization curve  is de- 
pendent  on time. At a potential  of --360 mV, for ex- 
ample, the current  density reaches a min imum of 
about 20 ~A/cm 2 after  a few minutes. Four  hours 
later, however,  it has increased to a value of a few 
mil l iamperes  per square centimeter.  

The change in the nature  of the transi t ion region 
with  t ime is depicted in Fig. 4. 

Region (b).---In this potential  range, the current  
passes through a min imum after  a few minutes  and 
then increases, eventua l ly  level l ing  off at a much 
greater  value which is dependent on potential. With 
increasing potential, the min imum current  becomes 
greater,  and the long- t ime s teady-sta te  current  is 
reached sooner (Fig. 1). 

At potentials greater  than about 0 mV, the min imum 
is barely  discernible, and the very  high currents  cause 
rapid dissolution of the specimen and formation of a 
thick green precipitate. The current  densities given 
are only estimates based on uni t  roughness factor; 
they are doubtless too high because of the severe at-  
tack and roughening of the metal  surface. 

Such behavior is observed up to about +1250 mV. 
From +1250 to +1450 mV, very  high currents  are 
still observed, but the shapes of the cur ren t - t ime  
curves are different (see Fig. 1). 

During oxidation at the lower potentials in this re-  
gion (up to ca. 0 mV),  the specimen became covered 
with  a loose green film. After  cathodic reduction, nu-  
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Fig. 4 Polarization curves for C electrodes at low potentials, 
plotted for oxidation times of D - 5  rain, G -15  min, and �9 30 rain. 
The points indicated by ~ are for an oxidation time of 240 min. 

merous very  t iny pits (0.001 to 0.005 mm in diameter)  
could be seen distr ibuted more or less uni formly  over  
the meta l  surface. With increasing potential,  the num-  
ber of pits became greater,  attack evident ly  proceed-  
ing by an increase in the density of pits ra ther  than 
by the growth of a few pits. 

At higher  potentials, the pits became numerous 
enough to coalesce into patches, giving the appearance 
of uneven general  attack. The patches appeared to be 
free of a colored over lying film, in contrast  to the re-  
mainder  of the surface, which became covered with  a 
gold-colored film. Examinat ion  by reflection h igh-en-  
ergy electron diffraction of a specimen oxidized at 
+650 mV showed this film to consist of 7-FeOOH 
and Fe304. A sat isfactory diffraction pat tern  could not 
be obtained f rom the "bare  meta l"  patches. 

In all cases, cathodic reduct ion curves obtained after 
oxidation consisted of two wel l -def ined waves  as for 
Fe oxidized in borate solution (11), the lengths of the 
waves depending on potential  and t ime of oxidation. 
Fi lm thicknesses est imated from these curves were  
re la t ively  large; for example,  for 15 rain oxidation at 
+650 mV, the amount  of charge associated with  the 
first wave  corresponded to a Fe ( I I I )  oxide film thick-  
ness of a few hundred angstroms. Some of this 
Fe ( I I I )  oxide was probably deposited f rom F e ( I I )  in 
solution by anodic deposition (8). 

Region (c).---At a potential  of +1550 mV, bubbles of 
oxygen were  rapidly evolved from the electrode sur-  
face. After  about one minute  of polarization, the con- 
centrat ion of oxygen in solution reached a value 
sufficiently large to cause a rapid drop in current  
density (Fig. 1) to a few hundred microamperes  per 
square centimeter .  The presence of oxygen was em- 
phasized by formation of a yel low precipi tate in the 
solution, in contrast  to the green precipi tate  observed 
at lower potentials. 

B and A electrodes.--At potentials f rom --350 to 
--150 mV, B specimens showed qual i ta t ively  the same 
behavior  as those of type C. In general, the init ial  cur-  
rent  peak was smaller  for the former  type (presumably 
because of the film already present) ,  and the current  
density increased less rapidly fol lowing the minimum. 
Specimens of type A could not be examined  at poten-  
tials less than about --200 mV, the init ial  open circuit  
potential  of an A electrode in the sulfate solution. 

Around --100 mV, very  marked differences became 
evident, not only in the magnitudes of the currents  
(Fig. 2), but also in the type of surface attack. The B 
and A specimens showed intensely localized attack, 
with formation of only a few large pits (up to 0.5 mm 
in d iameter) ,  in contrast  to the much more  general  
at tack observed for C electrodes. 

Both B and A electrodes exhibi ted a most important  
change for potentials in the range +550 to +1100 mV, 
where  such at tack ceases due to passivation. The ac- 
t ive-passive transi t ion occurs over the range +350 to 
+550 mV. Upon application of a potential  in this 
passive region, the current  density rapidly falls to a 
fraction of a microampere  per square centimeter,  and 
metal  dissolution v i r tua l ly  stops. Even at ve ry  high po- 
tentials, the presence of an init ial  film great ly  reduces 
the rate  of metal  attack. 

Discussion 
The anodic behavior  of iron in a deaerated neutral  

sulfate solution has been shown to be strongly de- 
pendent  on the initial degree of oxidation of the sur-  
face. In part icular ,  the passive region at high poten-  
tials, extens ively  studied by Fre iman  and Kolotyrkin  
(4-7), is seen to be ent i re ly  absent for electrodes which 
have  been completely cathodically reduced before oxi-  
dation. This passive region evident ly  exists only if an 
a i r - formed film is ini t ia l ly  present  on the surface. 
The present results for B electrodes indicate that  even 
a very  thin initial film, such as might  result  when pre-  
l iminary  cathodic reduct ion is carr ied out with in-  
sufficient care, is able to give rise to such a region of 
passivity. 
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On C electrodes, the anodic film formed at all  po- 
tentials more positive than --385 mV is nonprotect ive 
and gradual ly suffers general  breakdown, the rate of 
breakdown increasing as the potential  becomes more 
"noble." Attack probably begins at a few discrete 
points but  soon becomes widespread. The film is not 
able to repair  itself and the electrode remains  active. 
Thus the cell current,  which is the resul tant  of com- 
ponents due to film formation ( including any deposi- 
tion of oxide from iron in solution) and metal  dissolu- 
tion, reaches a m in imum a few minutes  after the po- 
tential  is applied, and then begins to increase. The sul-  
fate ion may prevent  the formation and /or  repair of a 
protective layer by adsorption (12) at the metal sur-  
face with displacement of water  molecules, by altering 
the interfacial  potential  dis t r ibut ion so as to favor 
metal  dissolution, by its incorporat ion into the film 
lattice (13), or by some other mechanism. 

In  Region (a), it is possible that  the sulfate ion plays 
a smaller role, so that the anodic film resembles more 
closely that  formed at corresponding potentials in 
borate solution; the potentials associated with the 
critical passivating current  and active-passive t rans i -  
tion are similar (11). 

It is concluded that  C electrodes do not become 
satisfactorily passive at any potential. While low cur-  
rents  do result  after long polarization times at low 
potentials, this is only after considerable attack of the 
metal  surface has taken place, with formation of a 
thick, spongy precipitated film. The data in Fig. 4 il- 
lustrate  the danger of drawing conclusions from 
shor t - te rm polarization measurements:  thus, the ac- 
tive region around --450 mV "disappears" at very long 
times, while the apparent  region of passivity around 
--360 mV soon gives way to rapid corrosion. 

An  obvious question is that of how much oxide 
must  be present ini t ia l ly in order to cause a depar ture  
from C behavior at high potentials. Experiments  with 
B electrodes, which may be thought of as intermediate  
between C and A, ought to allow examinat ion of this 
question. Unfortunately,  B electrodes do not lend 
themselves readi ly to experiment  because of the non-  

reproducible na ture  of the rest potential  on immersion 
in the sulfate solution. This potential  is believed to 
be a sensitive measure of the amount  of oxide init ial ly 
present;  it is, however, difficult to prepare a specimen 
whose immersion potent ial  has a specified value. 

The init ial  film on A specimens can be prepared 
more reproducibly,  and the behavior  of these elec- 
trodes, par t icular ly  in the passive region at high po- 
tentials, will  be the subject of a future  communica-  
tion. 

Manuscript  submit ted Aug. 16, 1971; revised manu-  
script received Dec. 2, 1971. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL.  

REFERENCES 
1. P. Hancock and J. E. O. Mayne, J. Appl. Chem., 9, 

345 (1959); K. F. Lorking and J. E. O. Mayne, 
ibid., 10, 262 (1960). 

2. W. T. Denholm, J. Australian Inst. Metals, 7, 141 
(1962). 

3. D. Gilroy and J. E. O. Mayne, Brit. Corr. J., 1, 102, 
107, 161 (1965-1966). 

4. L. I. F re iman  and Ya. M. Kolotyrkin,  Zashchita 
Metallov, l ,  77, 161 (1965). 

5. L. I. F re iman  and Ya. M. Kolotyrkin, ibid., 1, 725 
(1965). 

6. L. I. Fre iman and Ya. M. Kolotyrkin,  Dokl. Akad. 
Nauk SSSR, 171, 1138 (1966). 

7. L. I. F re iman  and Ya. M. Kolotyrkin,  Zashchita 
Metallov, 5, 139 (1969). 

8. V. Markovac and M. Cohen, This JournaL, 114, 674 
(1967). 

9. F. R. Meyer and G. Ronge, Angew. Chem., 52, 
637 (1939). 

10. P. B. Sewell, C. D. Stockbridge, and M. Cohen, 
Can. J. Chem., 37, 1813 (1959). 

11. M. Nagayama and M. Cohen, This Journal, 109, 
781 (1962). 

12. N. Hackerman and S. J. Stephens, J. Phys. Chem., 
58, 904 (1954). 

13. J. L. Leibenguth and M. Cohen. Submit ted to This 
Journal. 

Anodic Film Studies on Steel in Nitrate-Based 
Electrolytes for Electrochemical Machining 

Kao-Wen Mao,* Mitchell A. LaBoda,* and James P. Hoare* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

Steady-state  polarization measurements  along with cons tan t -cur ren t  film 
stripping determinat ions were carried out on steel wires in solutions of 
NaNOj, NaClO4, and mixtures  of NaNO3 and NaC104 from which it was found 
that  CIO4- ion can efficiently remove the film formed by ni t ra te  by a poten-  
t ia l -dependent  mechanism. In a closed system employing an ECM test rig, mass 
balance studies showed that the film formed by N O j -  ion is electronically 
conducting since most of the current  is consumed in 02 evolution instead of 
metal removal. With additions of C104- ion to the nitrate, the current  effi- 
ciency for metal  removal  is increased to 100%. The character of the surface 
finish in the mixed electrolytes is highly dependent  on the flow rate of the 
solution which was confirmed by the machining of fully hardened type 5160H 
steel bushings in a through-hole  ECM machine. To account for these results, 
an ion exchange model for metal  removal  in the transpassive region is sug- 
gested. 

Since Keeleric (1) announced the commercial  de- 
velopment  of an electrolytic gr inding machine and 
Anocut Engineering Company (2) published the details 

* Electrochemical  Society Act ive  Member .  
K e y  words :  e lec t rochemical  mach in ing ,  anodic films, s t e e l  a n o d e s ,  

meta l  removal ,  sur face  finish. 

of a pure electrochemical machining (ECM) device, 
considerable effort has been expended in developing and 
refining the ECM process (3, 4) to the growing commer-  
cially impor tant  machining method of today. One of the 
important  steps in achieving such progress was the 
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realization that  an understanding of the e lect rochemi-  
cal processes under lying the ECM operation is essential 
to fur ther  progress. F rom research on ECM electro-  
lytes carr ied out by LaBoda and co-workers,  the use of 
solutions of NaC103 as a superior ECM electrolyte  was 
published (5). 

It was soon realized (6-9) that  the nature  of the 
anodic films formed on the workpiece meta l  by contact 
with the given electrolyte  profoundly affected the 
qual i ty of the finished product. Because there is a l imit  
to the number  of s ingle-sal t  electrolytes available for 
use in an ECM operation, interest  was generated in the 
possible modification of the electrolyte propert ies by 
invest igat ing the ECM behavior  of mixed electrolytes. 

If the film formed is too highly protect ive such as that 
formed in chromate-based electrolytes, l i t t le or no 
ECM takes place (9). If, however,  a poorly protect ive 
film is formed such as that  produced in chloride-based 
electrolytes, stray cutt ing impairs the integri ty  of the 
workpiece. By mixing electrolytes, it may be possible 
to form protect ive films on the metal  surface with  the 
most desirable propert ies  of high metal  removal  rate 
with good control of geometry  and dimensions. Ni t ra te-  
based electrolytes form protect ive films on iron and 
steel, and the C104- ion is known (9a) to be a good 
dissolver of films formed on iron. It  is thought  that  
electrolytes composed of mixtures  of NO3- and C104- 
ions may  possess the propert ies of a good ECM elec- 
trolyte. 

It is the purpose of this report  to describe the results 
of an invest igation of the anodic corrosion of mild 
steel in mixtures  of solutions of NaNO3 and NaC104 
as a function of the composition of the electrolyte  and 
the potential. These results were  compared with the 
actual machining of steel bushings in a through-hole ,  
sizing-and-finishing, ECM test rig as a function of solu- 
tion flow rate and applied vol tage as well  as electrolyte  
composition. 

Experimental 

Polarization Studies 

Steady-state ,  anodic potentiostatic polarization 
curves were  obtained on mild steel wire  electrodes 
which had been abraded with  fine emery  cloth, de- 
greased in benzene, washed in acetone, rinsed in dis- 
tilled water,  and embedded in polyethylene so that  a 
measurable  length of wire was exposed. Three  such 
electrodes to be used as checks were  sealed in one 
compar tment  of a dual Teflon cell (10), and a probe-  
type, saturated calomel electrode (SCE) was placed in 
the other  compar tment  connected by a glass frit. To 
minimize the effects of mass transfer,  the solutions 
were st irred with purified 02 at a rate  of about 200 to 
300 cm3/min. Stock solutions, 3M in NaNO3 and 3M 
in NaC104, were  made from reagent  grade chemicals 
in t r ip ly  distil led wate r  so that  all mixtures  contained 
a total anion concentrat ion of 3M. 

When the output  of the Wenking 61R potentiostat  
had come to a steady value, as noted on a strip recorder  
dr iven by a Kei th ley  Model 600A electrometer ,  the po- 
tentiostat  was removed from the circuit  by a mechan-  
ical switch and a constant current  cathodic str ipping 
pulse was applied to the steel wire  anode by means of 
a mercu ry -we t t ed  relay (11). The result ing t ransient  
was displayed on a Tektronix  541 oscilloscope and re-  
corded photographically.  From a determinat ion  of the 
transit ion t imes (12) associated with  the arrests on the 
transients and f rom the known value of the constant 
current  applied, it was possible to de termine  the 
amount  of charge, Q, associated with the film adsorbed 
on the steel wire  surface at the potential  held by the 
potentiostat  (7). In this way, the amount  of charge 
associated with  the film could be determined for each 
point on the anodic polarizat ion curve. The tempera-  
ture at which these exper iments  were  carried out was 
24 ~ _ I~ 

Current Efficiency Studies 
The ends of mild steel tubes were  machined at con- 

stant current  in the fixed-cathode, ECM test rig in the 
closed system described in detai l  e lsewhere (8, 13) to 
carry out mass-balance and current  efficiency deter-  
minations. The gases evolved in the process were  
passed through a series of traps designed to give quan-  
t i ta t ive analyses for H2 and O2 l iberated (13). The 
chemical analyses of the electrolytes and the sludges 
were  carr ied out in the Chemistry Depar tment  of Re-  
search Laboratories,  General  Motors Corporation. Cal- 
culations of current  efficiencies for iron removal  were  
based on the two-e lec t ron  dissolution of iron to fer-  
rous ion, and the Type 1020 steel was assumed to be 
100% iron. When NO3- ion is present in the electro- 
lyte, the NO3- ion is reduced at the cathode to form 
NH3, NO2- ion, and NH2OH (13) instead of the evolu-  
tion of H2. In this case, the NH3 was absorbed in a t rap 
containing 20 % H2SO4. solution. 

Through-Hole ECM Studies 
To assess the meta l  r emova l  rate  and the qual i ty  of 

the surface finish as a function of e lect rolyte  composi- 
tion and flow rate, mild steel (Type 1020) and fully 
hardened steel (Type 5160H) bushings were  machined 
in a through-hole  ECM test rig described before (5). 
In this device, the anodic bushing is clamped in place 
so that  the Elkonite  (Cu-W) rod cathode extended 
about ha l fway into the bushing. Af te r  the electrolyte  
flow rate had been set at the desired value, e i ther  1.5 
or 4.5 gpm (electrolyte was pumped from the bot tom 
of the fixture through the gap between the anode and 
cathode and out of the top of the cell),  and the de- 
sired applied cell vol tage had been set, the inside wall  
of the bushing was machined for 30 sec. The amount  of 
metal  removed was determined from the increase in 
the ID of the bushing with  a bore gauge. In this way, 
only the desired meta l  r emova l  in the high current  
density region is determined,  and unwanted  stray 
metal  removal  in the low current  density region is 
e l iminated f rom the measurements .  The qual i ty  of the 
surface finish as well  as the profile of the bore was 
obtained by means of a Proficorder. 

Results 
Polarization Studies 

Steady-s ta te  polarization curves obtained on mild 
steel anodes in mixtures  of NaNO3 and NaC104 for the 
following compositions expressed in terms of per cent 
NO3- ion 100, 90, 84, 67, 50, 33, 10, and 0 are presented 
in Fig. 1, and the amount  of charge, Q, in mi l l icur ies /  
apparent  square  inch associated with film stripped from 
the electrode for each point on the polarization curves 
is plotted in Fig. 2. A roughness factor of 10 was used 
in the calculation of apparent  area, using the geometr ic  
dimensions of the wire  anode. 

As ClO4- ion is added to pure  NO3- ion solutions, 
the current  in the passive region becomes smaller, and 
the film thickens with  C104- ion concentrat ions up to 
about 16%. Also, the transi t ion from the passive to the 
transpassive regions becomes sharper. When the NO3- 
ion concentrat ion falls below 84% NO3- ion, the t rans-  
passive region appears at less noble values with in-  
creasing C104- ion concentrat ions unt i l  a min imum po- 
tent ial  is reached at 67% C104- ion. Afterwards,  the 
transpassive region appears at more noble potentials 
again with fur ther  increases of C104- ion. It  was found 
(Fig. 2) that  for all solutions below 90% NO3- ion, a 
potential  is reached where  all trace of the surface 
film disappears. This potent ial  is a funct ion of the 
composition of the electrolyte  and is in direct correla-  
tion with  the potential  at which the transpassive region 
begins as shown in Fig. 3. Here, the potent ial  at which 
the transpassive region begins (circles) and the poten-  
tial at which a surface film can no longer be detected 
(triangles) are plotted as a function of per cent C104- 
ion. 
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The up tu rn ing  of the curves in Fig. 1 toward a l imit-  
ing current  at the highest current  densities invest i-  
gated is due to mass t ransfer  effects since these points 
are s t i r r ing-dependent .  For those curves where the 
transpassive region lies below 1000 mV such high cur-  
rents are drawn that  the current  becomes l imited by 
the resistance of the cell, and the potentiostat  loses 
control. This si tuation is indicated on Fig. 1 by the 
notation "Sat 'd" (saturated) .  This saturat ion current  
had a value of about  30 A/in .  ~. 

Consider, for example, the 67% NO3- ion curve in 
Fig. 1. When the potential  was raised from 600 to 700 
mV, the current  shifted four orders of magni tude  to 
the saturat ion value in about 100 to 200 sec, which in-  
dicated that  once a threshold potential  was reached 
Jt required a certain amount  of t ime to remove the 
film. If, now, the potential  was lowered below 400 mV, 
the potentiostat  would regain control and the polariza- 
tion curve could be retraced down to 0V. 

Current Efficiency Studies 
The results of the machining of mild steel tube ends 

in electrolytes composed of mixtures  of NO~- and 
C104- ions expressed in terms of the current  efficiency 
for metal  removal  as a funct ion of electrolyte com- 
position and applied current  density are given in Table 
I. The appearance of the machined tube  ends is shown 
in Fig. 4. 
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Fig. 2. The amount of charge, Q, per apparent square inch as- 
sociated with the surface film present at each point of the polar- 
ization curve in Fig. 1. 

Fig. I. Steady-state poten- 
tiostatic polarization curves ob- 
tained on mild steel wire anodes 
in 3M solutions of mixtures of 
NAN03 and NaCIO4. The per 
cent NAN08 is indicated on 
the respective curve. The point 
at which the potentiostat loses 
control (potential cannot be 
raised further, current deter- 
mined by resistance of the 
cell) is noted by "Sat'd/' 

The fact that  the current  efficiency for 02 evolution 
is so large in pure NaNO~ solutions gives evidence 
that the protective film formed on steel is electronically 
conducting. The actual metal  removal  is very low, thus 
accounting for the observation that  in the ECM proc- 
ess using NaNO3 electrolytes, metal  removal  is slower 
than that  in NaC1 or NaC103 solutions. In  pure NaC104 
solutions some current  is used in the evolution of O2, 
but  in the mixtures  of NaNO3 and NaC104 all the 
anodic current  is used in the metal  removal process. 

The formation of NH3 at the cathode in the NaNO:~ 
electrolyte changes the pH of the electrolyte from the 
init ial  value of 6 to a final steady value of 11. In  pure 
NaC104 solutions the final steady pH value of the 
ECM electrolyte is about 9, which agrees well  with the 
pH value of a saturated solution of Fe(OH)2. It  may 
be noted that the color of the sludge in NaC104 elec- 
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Fig. 3. A plot of the potential above which a surface film can- 
not be detected (triangles) as well as the potential where the 
transpossive region of Fig. ! begins (circles) as a function of the 
composition of the electrolyte. 
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Table L Current efficiency for metal removal in ECM of Type 1020 steel 

Apparent Current eft. Current eft. Iron 
current density for 02 evol. for Fe removal r e m o v a l  F ina l  

Composition of electrolyte (A/in. -~ (%) (%) (Mole) pI-I 

3M NaCIO~ 300 6 90 0.0327 9 
2.5M NaCI04 + 0,5M NaNO:~ 240 97 ~ 11 
2M NaClO, + 1M NaNO~ 240 -O 10O ~ l l  
1.5M NaC10~ + 1.5M NaNO3 300 0 112" ~ 11 
1M NaClO4 + 2M NaNOa 300 0 112" 0.0406 11 
0.5M NaC104 + 2.5M NaNO~ 300 0 106" ~ 11 
O.3M NaC104 + 2.7M NaNO:~ 300 82 11 
4.5M NaNO3 300 5"6 33 0.0"~0 11 
2M NAN08 300 85 12 0.00418 11 
4 .5M NaC1Oa 300 25 79 0.0285 8 
2 .0M NaC10~ 300 58 63 0 .0230 0 

* During metal corros ion ,  s e v e r e  gra in  b o u n d a r y  attack may account  for  a p p a r e n t  ef f ic iencies  greater than 100%. 

t ro ly te ,  as w e l l  as in  t he  N O 3 - - C 1 0 4 -  m i x t u r e s ,  is 
g r e e n i s h  b lack .  

A n  i n t e r e s t i n g  p o i n t  in  Fig. 4 is t h e  b r i g h t e n i n g  of 
t h e  l ip  of t h e  t u b e  m a c h i n e d  in  t h e  m i x e d  e l ec t ro ly t e .  

Through-Hole ECM Studies 
A f t e r  m a c h i n i n g  in  t h e  t h r o u g h - h o l e  E C M  device ,  

t h e  s t ee l  b u s h i n g s  w e r e  cu t  open.  T h e  h a r d e n e d  s tee l  
( T y p e  5160H) b u s h i n g s  a r e  p i c t u r e d  in  Fig. 5 a n d  P r o -  
f i co rde r  t r a c i n g s  a r e  d i s p l a y e d  in  Fig.  6. S i n c e  t h e  
c a t h o d e  e x t e n d e d  o n l y  a b o u t  h a l f w a y  in to  t h e  b u s h i n g ,  
o n l y  a b o u t  o n e - h a l f  of  t h e  b u s h i n g  is m a c h i n e d .  T h e  
a r e a  m a c h i n e d  is r e f e r r e d  to as t he  h i g h  c u r r e n t  d e n -  
s i ty  ( h c d )  r eg ion ;  b e y o n d  th i s  a r e a  is t h e  low c u r r e n t  
d e n s i t y  ( l cd)  reg ion .  

In  p u r e  NaNO3, t h e  s t ee l  s u r f a c e  is r e l a t i v e l y  p o o r  
a n d  c o v e r e d  w i t h  a b l a c k  film. In  p u r e  NaC104, t h e  
s u r f a c e  in  t h e  hcd  r e g i o n  is s m o o t h  a n d  s o m e w h a t  
b r i gh t ,  a n d  i ts  q u a l i t y  is i m p r o v e d  a t  h i g h e r  p o t e n t i a l s  
a n d  l o w e r  f low ra tes .  Th i s  o b s e r v a t i o n  is d i f f e r e n t  f r o m  
t h a t  o b t a i n e d  in  NaC10~ w h e r e  t h e  s u r f a c e  b r i g h t n e s s  
is v i r t u a l l y  i n d e p e n d e n t  of t h e  f low ra te .  A n o t h e r  
d i f f e r ence  b e t w e e n  t h e  NaC104 a n d  NaC103 s o l u t i o n s  is 
f o u n d  in  t h e  lcd reg ion .  W h e r e a s  p i t t i n g  is f o u n d  in  t h e  
lcd r e g i o n  in  NaC104, no  a t t a c k  in  t h e  lcd r e g i o n  is o b -  
s e r v e d  in  NaC1Os. 

T h e  r e s u l t s  o b t a i n e d  in  t h e  m i x e d  e l e c t r o l y t e s  is v e r y  
d e p e n d e n t  on  t h e  f low ra te .  A t  h i g h  f low ra te s ,  no  
b r i g h t e n i n g  is o b t a i n e d  [Fig.  5 ( G ) ] ;  b u t  as t he  flow 
r a t e  is l owered ,  t h e  a m o u n t  of b r i g h t e n i n g  is i n c r e a s e d  
[Fig. 5 ( H ) ] .  In  g e n e r a l ,  t h e  be s t  r e s u l t s  a r e  o b t a i n e d  
a t  h i g h  a p p l i e d  v o l t a g e  a n d  low flow ra te .  T h e r e  is a 
d i f f e r ence  in  t h e  k i n d  of b r i g h t e n i n g  one  o b t a i n s  in  
m i x e d  e l e c t r o l y t e s  [Fig.  5 ( F ) ]  as c o m p a r e d  w i t h  t h a t  
o b t a i n e d  in  NaC103 [Fig.  5 ( C ) ] .  T h e  s u r f a c e  m a c h i n e d  
in  NaC103 seems  to be  m o r e  m i r r o r  b r i g h t .  The  m e t a l  
r e m o v a l  r a t e  in  t h e  m i x e d  e l e c t r o l y t e s  is h i g h e r  t h a n  
t h a t  in  o t h e r  e l e c t r o l y t e s  for  t h e  s a m e  o p e r a t i n g  con -  
d i t i ons  ( T a b l e s  I, I I ) ,  a n d  t h e  b l a c k  f i lm c h a r a c t e r -  
is t ic  of i r o n  in  n i t r a t e  e l e c t r o l y t e s  is f o u n d  in  t h e  lcd 
r e g i o n  e v e n  t h o u g h  t h e  s u r f a c e  in  t h e  h c d  r e g i o n  is 
b r i g h t .  

A s u m m a r y  of  t h e  t h r o u g h - h o l e  cu t s  of  t h e  s tee l  
b u s h i n g s  is g i v e n  in  T a b l e  II. T h e  r e s u l t s  of b o t h  t h e  
p o l a r i z a t i o n  s tud ie s  a n d  t h e  E C M  s t u d i e s  i n d i c a t e  t h a t  
s i m i l a r  b e h a v i o r  is o b t a i n e d  on  b o t h  m i l d  a n d  f u l l y  
h a r d e n e d  steel .  

Discussion 

The NAN03 Electrolyte 
T h e  s t e a d y - s t a t e  p o l a r i z a t i o n  c u r v e  fo r  m i l d  s t ee l  in  

p u r e  NaNO3 e l e c t r o l y t e  ( o p e n  c i rc les  in  Fig.  1) e x -  
h i b i t s  m o r e  of  a l i m i t i n g  c u r r e n t  r e g i o n  t h a n  a pa s s ive  
region,  a l t h o u g h  r e l a t i v e l y  t h i c k  f i lms a r e  p r e s e n t  on  
t h e  s u r f a c e  as n o t e d  b y  t h e  d a t a  ( o p e n  c i rc les  in  Fig. 
2) .  S u c h  b e h a v i o r  cou ld  b e  e x p l a i n e d  i f  t h e  f i lm w e r e  
e l e c t r o n i c a l l y  c o n d u c t i n g .  I n  t h i s  case,  t h e  d o u b l e  l a y e r  
w o u l d  e x t e n d  f r o m  t h e  s o l u t i o n  s ide of t h e  f i lm in to  
t h e  so lu t i on  so t h a t  o n e  w o u l d  e x p e c t  t h a t  anod ic  c u r -  
r e n t  w o u l d  b e  c o n s u m e d  b y  t h e  d i s c h a r g e  of a c h e m i c a l  

Fig. 4. Photomicrographs of mild steel tube ends which had been 
machined in 50% NaNO3 (a), 66.7% NaNO3 (b), and 100% 
NaCIO3 (4.5M) (c) at 300 A/in% Note reflectance and evenness 
of cut on lip of tube ends. 

Fig. 5. Photographs of fully hardened steel bushings cut open 
to show quality of the metal removal operation for samples machined 
for 30 sec in NaNO3 (A), NoCIO4 (B), NaCIO~ (C), 1M NaCIO4 
+ 2M NaNO3 (D)-(G); applied cell voltage is 20V (A)-(C), 10V 
(D), 15V (E), 25V (F), 30V (G), (H); solution flow rate is 1.5 gpm 
(A)-(F) and (H), 4.5 gpm (G). 
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Fig. 6. Proficorder traces of 
the machined surface for each 
sample shown in Fig. 5. As 
one progresses up the bore as 
shown in Fig. 5, the trace is 
read from right to left, each 
unit being 0.01 in. On the y- 
axis, the sca(e is given in ~in. 
The RMS value of surface 
roughness reported in Table II 
is estimated from the trace by 
taking I/3 of the peak-to-peak 
value. 
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Table II. Machining data for the ECM of steel bushings 

Meta l  re-  Su r face  
S a m p l e  C o m p o s i t i o n  of A p p l i e d  F low ra te  m o v a l  r a te  r o u g h n e s s  F i g u r e  
n u m b e r  e l ec t ro ly t e  v o l t a g e  (V) (gpm) ( in . / s ide)  g in .  RMS n u m b e r  

Type  5160H f u l l y  h a r d e n e d  s tee l  

63 3M NaNOs* 20 1.5 0.0122 25-40 5 (A) ,  6(A)  
64 3M NaNOs* 25 1.5 0.0140 ~ - -  
86 3M NaCIO~ 20 1.5 0.0108 10-13 5(B) ,  6(B) 
87 3M NaCIO~ 30 1.5 0.0190 - -  - -  

112 3M NaCIO3 20 1.5 0.0104 5-8 5(C),  6(C) 
114 3M NaCIOs 30 1.5 0.0155 - -  
41 I M  NaCIO4 + 2M NaNO~ I0 1.5 0.0053 53---62 5(D),  6(D) 
42 1M NaC104 + 2M NaNO~ 15 1.5 0.0088 7-13 5(E) ,  6(E) 
43 1MNaCIO~ + 2M NaNO~ 20 1.5 0.0130 - -  
44 1M NaClO4 + 2M NaNO~ 25 1.5 0.1065 5-~2 5 (F ) ,  8(F)  
45 1M NaC10~ + 2M NaNO~ 30 1,5 0.0208 6-47 5(H) ,  6(H) 
25 1M NaC104 + 2M NaNOa 30 4.5 0.0060 43-67 5 (G) ,  6(G)  

T y p e  1020 m i l d  s t ee l  

58 3M NaNOs* 20 1,5 0.0135 
82 3M NaC104 20 1.5 0.0095 

108 3M NaC108 20 1.5 0.0075 
37 1M NaC104 + 2M NaNO~ 15 1.5 0.0104 
38 1M NaC10~ + 2M NaNO~ 20 1.5 0.0145 
39 1M NaC10~ + 2M NaNO~ 25 1.5 0.0190 
40 1M NaC104 + 2M NaNO~ 30 1.5 0.0240 
15 1M NaC10~ + 2M NaNO3 30 4.5 0.0080 

D 

m 

* I t  is  to be n o t e d  t h a t  the  m e t a l  r e m o v a l  r a t e  in  p u r e  NaNOa e lec t ro ly te  is  m u c h  h i g h e r  in  Tab le  I I  t h a n  t h a t  o b s e r v e d  p r e v i o u s l y  (13) or  
in the  c u r r e n t  eff iciency s t ud i e s  (Table  I) of  t h i s  work .  I t  is  poss ib le  t h a t  i n t e r f e r i n g  a m o u n t s  of NaC104 or NaC1Oa were  occ luded  in  t h e  
p u m p i n g  s y s t e m  of  t h e  t h r o u g h - h o l e  m a c h i n e  f r o m  p r e v i o u s  runs  and  were  la te r  l eached  o u t  i n to  NaNO~ e lec t ro ly te  p r o d u c i n g  the  a n o m a -  
lous ly  h i g h  m e t a l  r e m o v a l  rate.  

enti ty present  in solution ra ther  than by the dissolu- 
tion of the meta l  lattice of the anode. 

This conclusion is supported by the current  efficiency 
studies (Table I),  where  it is seen that  near ly  all the 
current  (85%) is consumed in the evolution of oxygen 
with only about 12% used in meta l  dissolution. Addi-  
t ional evidence in favor  of the conducting film con- 
cept is the fact that  a black smut or film is always ob- 
tained on steel surfaces machined in NaNO3 solutions. 
Such a black film is evidence for the formation of 
Fe304. It has been found (14) that  ferrous hydroxide  
can be oxidized chemical ly by the ni t ra te  ion, but in all 
cases Fe304 was the resul tant  product. The presence of 
the electronical ly conducting protect ive film on steel 
in NaNO3 solutions accounts for the slower metal  
removal  obtained for the machining of steel in this 
electrolyte  as compared with NaC1 or NaC103 solutions 
under  similar  conditions. 

Even at the high potentials in the transpassive region 
(see Fig. 1 and 2), the film on steel in NaNO3 solution 
is not great ly  reduced in thickness. As noted by Hoar 
(15, 16), a thin compact film is requi red  to give an 
electropolishing of the surface so that  one does not 
expect  a br ightening of the steel surface machined in 
NaNO3 solutions due to the presence of the thick con- 
ducting film of Fe.~O4. The surface of the bushings ma-  
chined in NaNO8 [Fig. 5(A) and 6 (A) ;  Table I I ) ]  is 
re la t ive ly  poor. 

The NaCl04 Electrolyte 
In pure NaC104 solutions, the polarization curve  for 

steel (filled squares in Fig. 1) has a sharp transi t ion 
from the passive to the transpassive state. This prop-  
erty of the system, it has been suggested (6-10), is re-  
sponsible for the good control of geometry  and dimen-  
sions obtained in the machining of steel in such an 
electrolyte because the hcd region of the machined 
piece is associated with  the t ranspass ive . region of the 
polarization curve and the lcd region with  the passive 
region. It has been observed from rotat ing disk studies 
(17) that  the critical current  at the point where  the 
transition from the act ive to the passive region takes 
place is a function of the st i rr ing rate of the solution. 
As the st irr ing rate increases, the critical point is 
shifted to more noble  potentials. Such behavior  is 
characterist ic of a salt film, the thickness of which 
may be reduced by increased agitation. With increasing 

potential, a point is reached where  a more  compact 
film is formed by precipi tat ion of a salt f rom the salt 
film onto the metal  surface fol lowed by conversion of 
the salt to the more protect ing ox ide- type  film. The 
re la t ive ly  slow buildup of the protect ive film (Fig. 2) 
accompanied by the gradual  onset of passivi ty (Fig. 1) 
is in agreement  wi th  this interpretat ion.  Final ly  a po- 
tential  is reached above which the film becomes un- 
stable and can no longer  be detected on the anode 
surface. 

This behavior  is different f rom that  reported (7, 9) 
for steel in NaC103 solutions where  a compact oxide 
film is formed quickly and independent ly  of the rate  of 
solution st i rr ing (18). In the transpassive region some 
oxide film may  still be detected which is bel ieved (8) 
to be responsible for the br ightening and good surface 
finishes obtained on steel wi th  NaC103 electrolytes. 
Since the film formed in NaC104 is not so compact, it 
is expected that  the qual i ty  of the surface finish ob- 
tained on steel in NaC104 wil l  not be as good as that  in 
NaC103. In Fig. 5 and 6 it is seen that  the surfaces of 
the bushings machined in NaC104 [Fig. 5 (B) ]  are not 
as bright  as those machined in NaC103 [Fig. 5(C)]  in 
the hcd region for a given set of conditions and there  
is an area of pit t ing in the lcd region. For  high poten-  
tials and low flow rates the surface finish of the bush- 
ings machined in NaC10~ approaches that  in NaC103 
[Fig. 6 (B) and 6 (C) ]. 

Mixed NaNOJNaCI04 Electrolytes 
Consider now the data for mixed electrolytes. As 

NaC104 concentrat ion is increased in the series of 
mixed electrolytes, the film formed on the steel surface 
becomes less and less electronical ly  conducting as 
noted by the decreasing value of the current  in the 
passive region for 90% and 84% NOa-  ion solution in 
Fig. 1 and by the increase in the current  efficiency for 
metal  removal  in Table I. For  concentrations of NO3- 
less than 85%, a potential  may  be reached where  the 
presence of the adsorbed film can no longer be de- 
tected (Fig. 2), and the potential  is shifted to less noble 
values as the C104- ion concentrat ion is increased unti l  
a min imum value is reached at about 33% NO~- ion. 
As a consequence, the transpassive region appears at 
less noble values in correspondence with  the disap- 
pearance of the surface film as noted in Fig. 3. With 
fur ther  increases in the C104- ion concentration, the 
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potential  above which surface films are not observed 
is shifted once more to more noble values. Current  effi- 
ciencies for meta l  r emova l  equal  100% (see Table I) 
for these solutions which is to be expected if adsorbed 
films are absent. 

These data suggest that  the metal  removal  rate for 
steel in NaNOJNaC104  mixtures  with NO~- ion con- 
centrat ions be tween 70 and 10% should be higher  than 
in any other e lectrolyte  studied so far for a given set 
of conditions. Since the t ranspassive region for these 
mixtures  lies at such low potentials, good dimensional  
control of the machining of steel in such mixtures  is 
not expected. These predictions were  confirmed by the 
machining of the bushings. As observed in Fig. 5, more 
meta l  was removed (Table II) ,  but the region of wild 
cut t ing (metal  removal  in the lcd region) was greater  
in the mixtures  [Fig. 5(E) and (F)]  than in NaC103 
[Fig. 5(C) ]. 

When the bushings were  machined in the mixed  
electrolytes at high flow rates (4.5 gpm),  the machined 
surfaces were  dark [Fig. 5 (G) ]  and re la t ive ly  rough 
[Fig. 6 (G) ] ,  but  when the flow rate was lowered to 1.5 
gpm, the surface became smoother [Fig. 6 (H)] .  At this 
low flow rate, the surface became br ighter  as the ap- 
plied voltage was raised from 5 to 30V until, at this 
highest voltage, the surface was highly reflecting. 

Brightening of the surface, then, can take place by 
at least two different mechanisms. In one case where  
a thin uniform porous oxide film is formed on the steel 
surface in an electrolyte  such as NaC103 (8), electro-  
polishing occurs v i r tua l ly  independent ly  of the flow 
rate (19) and takes place by the mechanism suggested 
by Hoar (15, 16, 20). 

In the absence of adsorbed oxide films, metal  may be 
dissolved rapidly, forming a thick salt layer  next  to 
the meta l  surface. When the concentrat ion of salt be- 
comes high enough, a salt film may be precipitated 
onto the surface; and if the potential  is high enough, 
the salt film may be conver ted to a thin oxide film. 
Under  these conditions electropolishing can take place. 
If, however ,  the flow rate is high, the salt concentrat ion 
in the salt layer  cannot reach a value  high enough to 
precipitate a salt film on the meta l  surface; and if the 
applied potential  is too low, the thin oxide film neces- 
sary for electropolishing cannot be formed. Thus, pol-  
ishing of the machined surface in the presence of salt 
films is h ighly dependent  on the applied potential  and 
the solution flow rate  as observed in the machining of 
steel bushings in the NaNO3/NaC104 mixed electrolytes 
[Fig. 5 (D)-5  (H) ]. Because the films formed from salt 
layers  are not as compact or protecting as those formed 
by a passivating e lect rolyte  such as NaC103, pi t t ing of 
the surface in the lcd region usual ly occurs and the 
dimensional  control is not as good in the mixed elec- 
t rolytes as in NaC103 solutions. An advantage,  how- 
ever, of the mixed NO3--based  electrolytes is the 
abili ty to ECM steel at high meta l  removal  rates with 
li t t le or no evolution of H2. 

Anion Effects and the Ion-Exchange Model of Anodic Films on Iron 
From these studies it becomes a mat te r  of concern 

how these adsorbed anodic films become unstable and 
dissolve in the transpassive region. It  appears that  this 
phenomenon may  be associated with the type of anion 
present in solution (20). For a small anion such as C1- 
ion, it may  be possible for this ion to penetra te  the 
pores of the film (21), causing a breakdown of the film 
par t icular ly  since the C1- ion easily forms soluble 
complexes wi th  iron (22). 

It has been pointed out (9a, 23, 24) that  t~he C104- 
ion is as good as C1- ion, or bet ter  in some cases, as 
an aggressive agent for the breakdown of iron oxide 
films. Because the  C104- ion is much larger  than the 
C1- ion, it is difficult to see how such an anion can 
penetra te  the oxide film lat t ice or be such an efficient 
agent  for film dissolution. 

A possible mechanism called the mechanical  mecha-  
nism has been suggested by Hoar (21) to account for 

the C104- activity. According to this scheme, the 
anions are adsorbed on the surface of the oxide film; 
and with increasing potential, more and more  anions 
become adsorbed. The repuls ive forces be tween the ad- 
sorbed anions can reach a point where  the film may 
be ruptured  at weak  spots caused by dislocations, in-  
clusions, etc. On the new surface caused by this rup-  
ture, more  anions can be adsorbed causing a fur ther  
rup ture  of the film and exposure of the under ly ing 
meta l  to attack. It  may  be possible that  the exceptional  
abili ty of the C104- ion to dissolve iron oxide films in 
the transpassive region may  be at t r ibuted to the sym- 
metrical,  nonpolarizable nature  of the ion (25,26). 
Such behavior  may lead to weak chemical  bonding. 

The only real ly protect ive film is one that  is elec~ 
tronical ly conducting (24); but for anodic brightening, 
the adsorbed film must be a good ionic conductor. Hoar 
(24) reasoned that  the passive films on metal  anodes 
cannot mere ly  be composed of the metal  oxides. He 
speaks of a "contaminated"  film in which anions and 
water  molecules are occluded in the oxide layer. In 
this way the ionic conduct ivi ty  of the film is increased 
to the extent  that  meta l  ions may  pass easily through 
the film producing a br ightening of the surface. It  has 
been suggested (27) that  the protect ive film formed on 
steel in these neut ra l -sa l t  electrolytes may have prop-  
erties similar to an ion exchange membrane.  

With these ideas in mind and f rom analyses of the 
data obtained on steel anodes in NaNOJNaC104  mixed 
electrolytes, we conclude that  the s tructure of these 
anodic films most l ikely takes the form of a ma t r ix -  
type honeycomb in w h i c h  water  molecules and anions 
reside in the interstices. It is proposed that  the mater ia l  
of the mat r ix  ne twork  is composed of iron and oxygen 
atoms wi th  the stoichiometry, but not necessarily the 
properties, of bulk iron oxide. 

When C1- ions are present, soluble complexes are 
made with  the iron ions so that  the mat r ix  of iron 
oxide units cannot be formed. This accounts for the fact 
that protect ive films are not formed on steel in NaC1 
electrolytes (7, 9). 

In NaNO3 solutions, black films of Fe304 are formed 
on the steel surface. Such a film is l ikely to be a fer-  
rous ferrite,  Fe(FeO2)2 which is a good electronic 
conductor (28). The ma t r ix  of the protect ive film is 
composed then of ferrous ferr i te  units, and the elec- 
t ronical ly  conducting ne twork  is t ru ly  protect ive so 
that  the current  is consumed by the discharge of a 
chemical  species in solution on the surface of the ad- 
sorbed film as observed exper imenta l ly  (discharge of 
H20 to 02 evolution, Table I).  

A compact film of ~-Fe203 is formed on the steel 
surface in solutions of chromates (29, 30), carbonates 
(31), phosphates (32), and chlorates (18). On the 
steel surface in these electrolytes, the mat r ix  ne twork  
is made up of the poorly conducting Fe203 units by 
the strong oxidizing power  of these anions. Any  cur-  
rent  that  flows in the passive region is accounted for by 
wha teve r  ferrous ions can migrate  through the in ter-  
stices of the Fe203 network.  

Once the oxide mat r ix  is formed on the passivated 
steel surface by we l l -known  methods (33, 34) of film 
nucleation and growth, anions may  be adsorbed not 
only on the external  but  also the internal  surfaces of 
the ne twork  by exchanging with  adsorbed water .  The 
presence of these adsorbed anions can increase the 
ionic conduct ivi ty  of the adsorbed film (24). Al though 
the concentrat ion of adsorbed anions increases wi th  
potent ial  (36), it is suggested that  at high enough po- 
tentials these adsorbed anions can exchange with  the 
oxygen ions of the iron oxide matr ix.  Eventual ly,  a 
point is reached where  so many  oxide sites are replaced 
with anions from solution that  the ma t r ix  breaks down 
and dissolves. It may be expected that  the concentra-  
tion of replaced oxide sites would be greatest  at the 
solution side of the adsorbed film (38). This viewpoint  
would account for the thinning of the passivating film 
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observed (7) in the transpassive region for steel in 
chromate, nitrate, and chlorate electrolytes. 

This ion-replacement  model can also explain the 
effect of concentrat ion of the electrolyte on the metal  
removal  rate. Not only was it observed in this work 
but  also in previous studies (9, 13, 37) that the metal 
removal rate, as well  as the current  efficiency, in-  
creased with increasing concentrat ion of NaNO:3 or 
NaC1Oa electrolytes. With increasing concentration, 
more anions can be adsorbed on the surface of the film 
for a given potential  causing the film to be thinned 
quicker, besides increasing its ionic conductivity. This 
effect, in turn, produces a lowering of the t ransi t ion 
region of the polarization curve (37) and an increase 
in the rate of metal  removal  as well as current  effi- 
ciency at the given potential. 

The more difficult it is for a given anion to replace 
an oxide ion in the matr ix  of the passive film, the 
higher will  be the potential  at which the transpassive 
region will  appear. Since the transpassive region lies 
at higher potentials on steel in Na2Cr207 than in 
NaC108 solutions (7), it is concluded that chromate 
ions exchange with more difficulty than chlorate ions. 
It may be possible that the presence of dislocations or 
inclusions may make one part  of the matr ix  more sus- 
ceptible to anion exchange and an uneven removal of 
the film could take place. 

In  the case of solutions of NaC10~, a compact film 
of Fe~O~ units  is not bui l t  up on the steel surface at low 
anodic potentials since the C104- is a weak oxidizing 
agent (26). As a result, a salt film is formed, [see e.g. 
(35)], and at a high enough potential, the layer of 
ferrous perchlorate precipitated out on the steel sur-  
face is oxidized to a passivating oxide film similar 
to that  formed on steel in NaC103 solutions. With 
fur ther  increases in potential, the adsorbed C104- ions 
can exchange with the oxide ions of the Fe203 matr ix  
causing the oxide film to disintegrate. It appears that 
the film is completely removed when the C104- ion is 
the chemical species which is exchanged. Possibly be- 
cause of the highly symmetr ical  s tructure of the C104- 
ion, the oxide mat r ix  with subst i tuted CI04- units  is 
more soluble than that with C103- units. 

In  electrolytes where both NO3- and C104- ions are 
present at a steel anode at low potentials, the NO3- 
ions can form a passivating ferrous ferrite film on the 
steel surface. The symmetr ical  C104- ions can adsorb 
more easily on the conducting FeaO4 surface than on 
the poorly conducting Fe2Oa surface; but  since C104- is 
in competition with NO3- for adsorption sites, a thresh-  
old concentrat ion must  be reached before the effect of 
C104- ion addition can be observed. With increasing 
addition of C104- ion to a NaNOa solution above about 
15% C104- ion, the adsorbed C104- ions can exchange 
with the ferrous ferri te units  of the oxide matr ix  at in-  
creasingly less noble potentials with the consequent 
dissolution of the protective film and lowering of the 
potential  of the transpassive region to less noble 
values. 

Fur ther  increases in  C104- ion beyond the maxi-  
mum lowering of the transpassive region at about 70% 
C104- ion impairs the electronic conductivi ty by con- 
taminat ing  the ferrous ferrite film with C104- salt 
films or Fe203 units  and hence impairs the abil i ty of 
C104- ion to adsorb on the surface of the passive film. 
Consequently,  the transpassive region appears at more 
noble potentials again at very high concentrat ions of 
C104- ion. With complete destruction of the protecting 
films on steel in mixtures  of NO3- and C104- ions, the 
very high metal  removal  rates observed in this work 
may be accounted for. 

The breakup of the protective film on the steel sur- 
face in the mixed electrolyte with increasing potential  
can be observed in the series of photographs, Fig. 
5 ( D ) - 5 ( F ) .  At low applied voltage, the surface is 
covered with the black ferrous ferri te film in Fig. 
5(D),  the surface is very rough [Fig. 6(D)] ,  and a 

small amount  of metal  is removed (see Table II) .  The 
breakup of the film is seen in Fig. 5 (E) by noting the 
patterns of light and dark bands. Corresponding undu-  
lations of the Proficorder trace can be detected in Fig. 
6(E).  At high enough potentials, in Fig. 5(F) ,  the film 
is removed; and at the low flow rate and high metal  
removal rate, a salt film produces a br ightening of the 
surface. 

Because br ightening of the steel surface is caused by 
the salt film as described in the previous section, the 
process is very dependent  on the electrolyte flow pat-  
te rn  as observed in Fig. 6(H) as well  as on the flow 
rate [see Fig. 6(G) and 6(H)] .  At the entrance to the 
bushing [extreme r igh t -hand  side of Fig 6(H)] ,  the 
turbulence of the solution is great and the structure 
of the salt film is highly disorganized. This si tuation 
produces a high degree of surface roughness (47 ~in., 
Table II) .  As the electrolyte progresses upward along 
the channel  [from right to left in Fig. 6 (H)] ,  the flow 
pat tern becomes more regular  and the structure of 
the salt film becomes more uni form with a resul t ing de- 
crease in surface roughness (6 ~in., Table H) and an 
increase in the reflectance of the surface. 
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ABSTRACT 

Vanadium oxide films (V203, VO2, V205) were obtained by the pyrolysis 
of vanad ium acetylacetonate (CsH~O2)4V in controlled atmosphere. The in-  
fluence of deposition parameters  on the film composition is studied. It was 
revealed that the composition of the gas carrier is the main  factor determining 
the film composition. Electron diffraction and electron microscopy analysis of 
films are carried out. Tempera ture  dependence of resistance was studied. VO2 
films deposited on glazed ceramic and sapphire change resistance by factor 103 
at about 340~ V205 films had an activated conductivity. 

Currently,  thin films and single crystals of vanad ium 
oxides attracted at tent ion of investigators due to the 
phase transit ions in VO2 and V20~. Thin  films and 
crystals were grown by the decomposition of VOC13 
in controlled atmosphere (1, 2) and by the reactive 
sputtering using post deposition t rea tment  (3). 

This report concerns the preparat ion of thin films of 
V203, VO2, V205 (thickness 600-10,0O0A) by the pyro-  
lysis method and investigation of their properties. 

Pyrolysis makes it possible to prepare any of these 
oxides by the thermal  decomposition of vanad ium 
acetylacetonate in  the corresponding atmosphere. This 
method was chosen because of: (i) the simplicity of 
the equipment,  (ii) the few parameters  to be controlled 
in the process, and (iii) the high reproducibil i ty of 
film properties. 

Experimental 
Acetylacetonates of 4-valent  vanad ium (CsHTO2)4V 

were used as the ini t ial  substance. Films were deposited 
on the substrates of various materials  by the thermal  
decomposition of vanad ium acetylacetonate in vacuum 
and in the flow of the gas carrier by the reaction 

heat 
(CsH~O2)4V > VOx 4- gases 

The composition of vanad ium oxide films changed 
in dependence on the composition of the reaction 
medium. 

The technique of the film preparat ion is the same 
as described in Ref. (4). In the process of film prepara-  
tion in vacuum, in the absence of foreign gases, films 
consisting of a mixture  of stoichiometric and inter-  
mediate oxides are formed. The tempera ture  depend- 
ence of the resistivity did not have the sharp t ransi-  
tion as did single crystals of stoichiometric VO2 and 
V20~. VO2 films with the resist ivity change by a 
factor of 102 at 60 ~ were obtained by introducing 
oxygen (oxygen pressure 10-2-10-1 Torr) during the 

Key words:  pyrolysis, vanad ium oxide, films, resistivity,  deposi- 
tion. 

pyrolysis process in vacuum. Probably  there was a 
small  amount  (,~1%) of intermediate  oxide. The 
composition and properties of these films were poorly 
reproduced. Increasing the oxygen amount  (oxygen 
pressure, 10 Torr) leads to the formation of dense, 
uniform in  thickness films of V205. 

Successful deposition of V208, VO2, and V205 films 
was finally effected by using a carrier gas flow of 
ni t rogen or appropriate mixtures  of ni t rogen and 
oxygen. 

Exper imental  equipment  for film preparat ion in  the 
gas flow is analogous to that described in Ref. (5). 
It  consists of a 2-zone resistance oven where the 
reaction quartz tube is placed (diameter  50 ram, 
length 1000 ram).  A quartz boat with vanad ium 
acetylacetonate is placed at a distance of 200 mm from 
the substrates, which are placed on the quartz holder. 

Glass, glazed ceramic, KC1, sapphire, muscovite 
mica, and single crystal quartz were used as sub- 
strates. The structure and phase control were carried 
out by means of electron diffraction and electron 
microscopy. Data on the phase analysis are given 
in Table I. 

Experiments  showed that  the film composition and 
their properties mostly depend on the composition of 
the gas carrier. 

V203 films are formed when  the reaction is carried 
out in the flow of pure nitrogen. Films are smooth, 
dense; the grain size is about 1000A. Polycrystal l ine 
films are formed on glazed ceramic (Fig. la ) .  In  
the reflection diffraction pat tern  of this film there 
are three extra lines: d ~ 3.07A, d ~- 2.82A, d -~ 
1.37A (Table la) .  Probably  these lines are of in ter-  
mediate oxide. Single crystal films are formed on 
mica; the "c" axis is perpendicular  to substrate plane 
(Fig. ib) .  This figure shows that separate crystaUites 
have a characteristic for hexagonal  phase of V2Os 
angle relations between planes. On the tempera ture  
dependence of the resistance of these films deposited 
on glazed ceramic and mica, there is no sharp t rans i -  
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Table I. Data on electronographic analysis IO0 

Table  Ia  Tab le  Ib 
For  V.20s f i lms F o r  V~Os f i lms 

Th in  f i lms Po lyc rys t .  (6} T h i n  f i lms Po lyc rys t .  (6) 
R e l a t i v e  R e l a t i v e  R e l a t i v e  R e l a t i v e  

d, A ]ntens .*  d, A Intens .*  d, A In tens .*  d, A In tens .*  

3.60 40 3.65 60 
3.07 1O 
2.82 l 0  
2.47 100 2.47 60 
2.19 70 2.18 20 
2,08 10 2.03 2 
1.80 10 1.83 25 
1.70 70 1.69 100 
1.47 80 1.47 25 
1.37 70 
1.34 50 1.33 10 
1.20 50 1.218 2 
1.1O 30 1.093 6 

3.41 100 3.39 83 
2.87 10 2.87 53 
2.58 70 2.61 13 
1.96 40 1.99 7 
1.83 60 1.86 7 
1.7S 10 1,77 l 0  
1.54 80 1.56 7 

iO s 

* Es t ima ted .  

tion at 150~ characteristic for V203 single crystals. 
Probably  it is an evidence of the existence of the 
impurit ies of intermediate  oxides (composition be- 
tween V203 and VO2). 

I t  may be possible to prepare a pure V2Os phase, 
either by choosing corresponding composition of gas 
carrier or by using as the ini t ial  substance acetylace- 
tonate of 3-valent  vanadium. 

The temperature  dependence of the resistance of 
films prepared in the flow N 2 / O 2 : 1 0 / 1  is shown in 
Fig. 2. This figure shows that films on glazed ceramic 
and sapphire have a characteristic for VO2 phase t ran-  
sition, the resistance changes with a factor 103. Resist- 
ance of the films obtained on mica slightly depends on 
the temperature  (Fig. 2). 

April  1972 

e~ 
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Fig. 2. Resistance vs. IO00/T(~ -1  for V02 films deposited on 
glazed ceramics ( �9 ), sapphire ( � 9  and mica (A) .  

Fig. I (a). Reflection electron diffraction from V203 film de- 
posited onto ceramics. 

In the process of film formation in the mix ture  of 
ni trogen and oxygen ( N 2 / O 2  --:- 1/1) polycrystal l ine 
textured films of V205 are formed (Table Ib) .  Resist- 
ance of these films in the temperature  range from the 
room tempera ture  to 200~ has an activated character 
with activation energy 0.1-0.2 eV. These films are 
needle-l ike with the "c" axis parallel  to the substrate 
plane (Fig. 3a, b).  Polycrystal l ine films of V205 are 
formed on the glazed ceramic. The grain size is about 
2000A (Fig. 3c). Highly oriented films with platelet  
crystallites of V20.~ are formed on mica (Fig. 3d, e). 
Data on electron diffraction analysis of polycrystal-  
l ine V205 films are given in Table Ib. Opt imum condi- 
tions of preparat ion of vanad ium oxide films (dense, 
t ransparent ,  uniform in thickness) in the flow of gas 
are given in Table II. 

Conclus ions  
Thin films of vanad ium oxides (V~O3, VO2, V205) are 

obtained by the pyrolysis method. The technique of 
film preparat ion is very simple. The composition of the 
gas carrier is the ma in  factor de termining the film 
composition. 

Fig. I (b). Platinum-carbon replica of the surface of V203 de- 
posited onto mica. Particles of V20s are partially extracted. Shade 
angle is I0 ~ 

Fig. 3 (a). Reflection electron diffraction of V~05 film deposited 
onto quartz. 
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Table II. Optimum conditions of the preparation of vanadium 
oxide films 

Composition of gas carr ier  Substrate  
Film N2 flow rate  O2 flow rate t emper -  

composition m l / m i n  m l / m i n  ature, ~ 

V~Os 500 420 
V02 500 ~ 400 
V~05 500 500 340 

Polycrys ta l l ine  t ex tu red  films are formed on unor i -  
ented substrates.  Highly  or ien ted  and single crystal  
films are  formed on or iented substrates .  

The t empe ra tu r e  dependence  of the  resis tance of VOe 
films on glazed ceramic and sapphi re  have a t ransi t ion 
by a factor  l0 s. Phase  t rans i t ion  is V2Os films was not  
observed, p robab ly  because of nonstoichiometr ic  com- 
posi t ion of oxide. 
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Fig. 3 (d). Reflection electron diffraction of V20~ film on mica 

Fig. 3 (b). Transmission electron micrograph of V205 film surface 
on quartz. Magnification X20,O00. 

Fig. 3 (c). Carbon-platinum replica of V20~ film surface on 
glazed ceramics, shade angle 10 ~ . 

Fig. 3 (e). Carbon-platinum replica of V205 film surface on mica, 
shade angle 10 ~ . 
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script  received ca. Dec. 13, 1971. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1972 
,~OURNAL. 
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Sputtered Manganese Dioxide as Counterelectrodes 

in Thin Film Capacitors 

R. W .  Landorf 1 and S. J. Licht 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Manganese dioxide films were sputtered with resistivities as low as 0.3 
ohm-cm. Ta-Ta2Os-MnO2-Metal (TMM) capacitors were fabricated and found 
to have dissipation factors of 0.008 at 1 kHz and 0.011 at 100 kHz. Leakage 
currents  for the TMM capacitors were 10-gA when measured at 75V (33% of 
the anodizing voltage).  By chemically removing the sputtered MnO2 from 
the capacitors and then replacing the counterelectrodes the effect of sput ter-  
ing on the dielectric could be observed. It was found that rf -~ 2 kV d-c sput-  
ter ing conditions increased the dielectric dissipation factor by ~20% while 
the 3 kV d-c ~ rf conditions caused a 50% increase in the dielectric dis- 
sipation factor. The sputtered MnO~ films were found to be 7-MnO2 and 
showed a conduction activation energy of 0.10 eV (• for 3 kV d-c -~ rf 
and 2 kV d-e ~- rf  indicat ing that similar mater ia l  has been deposited under  
both sputter ing conditions. 

The use of manganese dioxide in th in  film capacitors 
has been studied by McLean and Rosztoczy (1) and 
various techniques have been used to deposit the Independent variables 
manganese dioxide films. These methods include pyro-  D-C 
lytic spraying (1), electroless deposition (2), reactive Pres- current 

sure drawn Grid 
evaporation (3), and reactive sputter ing (4,5). The D-C + rf (/D (mA) used 
results of these studies, in general, were: (i) MnO2 
is beneficial to th in  film capacitor rel iabi l i ty  and 20 40~ NO 
initial  yield, (ii) the dissipation factor of the capaci- 20 0 No 

20 0 NO tors were an order of magni tude  higher at 1 kHz than 20 45 +50v 
the equivalent  Ta-Ta2Oh-Metal (TM) capacitor, (iii) 20 33 +hV 

20 35 -- 25V the dissipation factor became much higher at higher 20 45 -lOOT 
frequencies, and (iv) the resistivity of the MnO2 was 
always >5  ohm-cm, if, in fact, MnO2 was deposited. 

The bulk  of the work on Ta-Ta2Oh-MnOx-Metal 
(TMM) capacitors has involved only pyrolyt ical ly 
deposited MnOz films of high resist ivity (,.~103 ohm- 
cm) and the purpose of this s tudy was to investigate 
the properties of TMM capacitors with sputtered MnO2 
films. The effects of various sput ter ing conditions on 
dissipation losses in the dielectric, the effect of MnO2 
on the dissipation factor, and the effect of counterelec- 
trode area were studied. In  addit ion to capacitance 
measurements,  capacitor yields, and leakage current  
measurements  were made for comparison with TM 
capacitors. 

Experimental 
The manganese  dioxide films were sputtered in a 

conventional,  diffusion pumped vacuum system as 
shown in Fig. 1. The sput ter ing cathode was in two / \ equal area sections so the rf  supply could be operated 
in the push-pull mode. The rf supply was operated at SUSSTRATE~ 
7.5 mHz for the present  exper iments  with a constant  TAeLE ~ ~ ~--- , - -  
100W power input. The cathode-substrate  separation ~ J 
was 6.3 cm. The cathode was 8 in. in  diameter  and SHUTTER---~ H ~__ ~ - - - - - - i  
made of electrodeposited Mn metal  (99.5% Mn).  J Three 7050 glass slides were mounted  on the substrate 
table for each run. ~ ~ l 

The substrates were 1 in. • 3 in. glass slides with SPUTTERING' TO 

the tantalum and the Ta205 dielectric predeposited ~ VACUUM 
on the slides. Details on the fabricat ion of the tan-  PUMPS 
ta lum thin  film capacitors are given elsewhere (6) COOLING 
and are only briefly ment ioned here. Before sput ter ing WATER 
the MnOr~ films, the t an ta lum was anodized to 170V, 
heat stabilized at 350~ for 1 hr, back-etched for 
5 sec at 90V, and reanodized to 230V. Anodizat ion was 

1 P r e s e n t  address ,  Be l l  Telephone Laboratories, Holmdel,  New 
J e r s e y  07733. 

Key  w o r d s :  t h i n  f i lms,  s p u t t e r i n g ,  capac i to r  t echno logy ,  m a n g a -  
nese d ioxide .  
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Table I. Conditions investigated 

Dependent v a r i a b l e s  

P 
S u b -  Depos i -  r a n g e  
s t ra te  t i on  ra te  (ohm-  
t emp .  ( A / m i n )  cm) 

3 k V  + rf  207~ 17 0.2-5.0 
2 kV + r f  170~ 15 0.5-1.6 
1.5 kV + r f  150~ 23 0.4-0.6 
3 kV + r f  140~ 4.3 > 5  
3 kV + r f  170~ 8.8 4,3-0.1 
3 kV + r f  230~ 8,2 1.5-4.0 
S kV + r f  200~ 16 0.4-2,4 

carried out in 0.01% citric acid at 25~ with a 
constant current  density of 0.5 m A / c m  2. 

The deposition tempera ture  was measured by a P t -  
Pt 10% Rh thermocouple clamped to a glass substrate. 
Temperatures  read in this m a n n e r  were compared with 
temperature  measurements  made with a th in  film 
P t - P t  10% Rh thermocouple. The thin film thermo-  
couple measurements  were found to read ~306C 
higher than the temperature  measurements  with the 
conventional  thermocouple. The deposition tempera-  
tures reported in Table I were made with the conven-  
t ional thermocouple. 

Before each sput ter ing r u n  the vacuum chamber 
was pumped to 1 • 10 -5 Torr  and given a mild (hot 

COOLING WATER 

CATHODE 

k__Z_=Z:__J 

PO.ERI 
SUPPLY [ 

O-IO MHz 

Fig. 1. Diagram of the sputtering system used in this experiment 
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A T / / / / / / / / / / / / / / / / V / / / / / / / / / / / A /  f / /,o 
~g~, . \~ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /~  

CROSS SECTION TMM CAPACITOR 

(a) 

~ -BOTTOM ELECTRODE ANODIZED T O /  

s ,--OP\T IS 
ELECTRODE 

15 SPOT CAPACITOR P A T T E R N  

{ b} 
Fig. 2. (a). Shows the cross section of capacitor. (b). Shows the 

15 spot capacitor pattern. 

water)  bake. A 15 min  presput te r  in oxygen was 
completed before opening the shutter  for deposition 
on the substrate. Manganese dioxide was then sput-  
tered over  the ent ire  slide and n ichrome-gold  counter-  
electrodes were  applied. The capacitor pattern,  shown 
in Fig. 2b, was generated in two ways. First, evap-  
oration of the counterelectrode through a mask was 
fol lowed by photoetching and removal  of the unwanted  
MnO2. This technique left  a 0.025 cm border  of MnO2 
around the n ichrome-gold  counterelectrode.  Second, 
the counterelectrode was evaporated over  the entire 
slide and then the capacitor was defined by photo- 
etching techniques that  requi red  the removal  of ni- 
chrome-gold  and MnO2 from the unwanted  areas. This 
method left  no border  around the n ichrome-gold  
counterelectrode. Some undercut t ing  of the counter-  
electrode took place with  this method, but  this effect 
was minimized by reducing the t ime in the etching 
solution. 

The cross-sectional thicknesses of the capacitor, 
(TMM) as shown in Fig. 2a, were:  Ta ~ 3500A, 
Ta205 ---- 3600A, MnO2 can be chosen, n ichrome-  
gold counterelectrode ._~ 5000A. The TM capacitors 
were  made wi th  the same thicknesses but  wi thout  
MnO2; the TM capacitors were  used as monitors 
throughout  the experiments.  

The exper imenta l  conditions for the deposition of 
MnO2 films are  given in Table I. The exper iments  
which used a biasing grid had that  grid placed 2.5 cm 
f rom the substrate table. Special  emphasis was placed 
on the work at 2 kV -b r f  because there  was some 
indication that  these conditions were  the best condi- 
tions of those studied here. 

The TMM capacitors were  measured for leakage 
current  at 75V; capacitance and dissipation factor 
were  measured  f rom 400 Hz to 100 kHz on many  
capacitors. Dissipation factor~ and capacitance were  
rout inely measured at 1 kHz on an automatic capaci- 
tance bridge assembly (General  Radio Model 1680). 
The MnO2 films were  checked for carr ier  type, re -  
sistivity, and x - r a y  diffraction techniques were  used 
to check the phase or phases of MnO2 present  (7). 

To invest igate  the effect of sput ter ing on the Ta2Oh, 
a number  of TMM capacitors were  etched in a KI-I2 
solution to remove  the n ichrome-gold  counterelec-  
trode. The MnO2 could then be removed  with a solu-  
tior~ of 10 cc HNO3, 5 cc superoxol, 85 cc water .  
These solutions did not at tack the Ta2Oh. The hi-  
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chrome-gold  countereleetrode was then evaporated 
on the Ta2Oh. These capacitors are designated as 
TMM-M capacitors. 

As a check on the effect of the etching solutions 
on the dissipation factor and leakage current,  control 
TM capacitors were  made after  exposure to the etch- 
ing solutions. No change in ei ther  leakage current  or 
dissipation factor was found. 

Results 
Mn02 films.--The MnO~ films were  sput tered on 

clean glass substrates for x - ray  diffraction analysis. 
The deposits were  main ly  amorphous wi th  diffuse rings 
indicating the presence of pyrolusi te  and /o r  7-MnO~. 
Films were  sput tered in pure  oxygen with  rf  and 
2 or 3 kV d-c power  (Table I) .  

The density of the sput tered MnO2 was found to be 
3.0 g/cc, as de termined  by weight  difference, area, 
and thickness measurements .  The theoret ical  density 
is 5.0 g / c m  3 (8) and 4.7 g / c m  3 has been obtained exper i -  
menta l ly  by Klose (9) on pyrolyzed samples of MnO2. 
The resist ivi ty of MnO~ is as low as 0.0028 ohm-cm 
for bulk pyrolyzed samples (9). The MnO2 films sput-  
tered in the present  exper iments  had apparent  (mea-  
sured) resistivit ies as low as 0.3 ohm-cm.  Using the 
equat ion of Wiley and Knight  (10) to correct  for the 
porosity of the MnO2 films, the sput tered MnO2 films 
have resistivit ies as low as 0.2 ohm-cm. Vallet ta  
and Pluskin (5) obtained MnO2 films of 5 ohm-cm 
using d-c sputtering. 

The act ivat ion energy for conduction was mea-  
sured for various samples wi th  resist ivit ies f rom 1 to 
5 obm-cm. Typical  data are shown in Fig. 3. The 
change in act ivat ion energy at approximate ly  60~ 
was not found when  the samples were  remeasured.  
This nonrevers ible  behavior  of the act ivat ion energy 
indicates that  there  may be a small  change in stoi- 
chiometry.  The init ial  measured act ivat ion energy 
between --55~ and 60~ was found to be 0.10 eV 
(___0.01) for all samples and the initial activation 
energy measured f rom 65 ~ to 125~ was 0.21 eV 
(+--0.03). This higher  act ivat ion energy was not ob- 
served when the samples were  remeasured and an 
activation energy of 0.10 eV was found over  the tem-  
pera ture  range of f r o m - - 5 5  ~ to 125~ The measured 
act ivat ion energy and t h e  init ial  anomaly t empera -  
ture  were  similar  to those values found by Bhide and 
Damle  (11) on both natura l  ores and chemical ly  
pure ~-MnO2 pellets. Wiley and Knight  (10) observed 
a change in act ivat ion energy  at 115~176 while  

iO,i 

2 m 

i01 

225~ |25~ 50"C O~C -55 "C  
l I I I i 

ev 

} I I I I i 
Z,O 2.5 3.0 3.5 4.0  4.5 

l i T  X 10-3( 'K "1) 

Fig. 3. Typical plot of resistivity vs. 1 /T for activation energy 
determination. 
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other workers  (12, 13) found no change in act ivation 
energy. 

The MnO2 films used in the TMM capacitors were  
always n - type  and had apparent  resistivit ies of less 
than 1 ohm-cm. The MnO2 sputtered in these exper i -  
ments is thought  to be nonstoichiometric but  not dif- 
fer ing by more than 5% from an O / M n  ratio of 2, 
on the basis of the resist ivi ty vs. O / M n  data of Wiley 
and Knight  (10). 

Capacitors.--Using the model  of McLean (14), the 
measured dissipation factor was taken as 

t a n 8  = tan 5' + ~ R s C  

where tan 5' represents  the dissipation in the di- 
electric and Rs represents  dissipation losses due to 
the resistance of the electrodes, MnO2, and geometry.  
From the data in Fig. 4, it can be seen that  the series 
resistance, Rs, is most important  at high frequencies 
and can be neglected at 1 kHz. The TMM-M curve 
of Fig. 4 represents the same capacitors as in the 
TMM curve, however,  the counterelectrode and the 
MnO2 have been removed from the dielectric. Af te r  
replacing the counterelectrode,  the TMM-M curve 
was taken. At 1 kHz it can be seen that  the tan 5' for 
the TMM-M has been reduced, but remains higher  
than the tan 5' value for the monitor  capacitors. This 
indicates some change in the dielectric due to the 
sput ter ing process. Whether  this increase in tan 5' is 
due to substrate heat ing or bombardment  by ener-  
getic particles cannot be determined at this time. 
The series resistance for the TMM capacitors is ~17 
ohms; Rs for the TMM-M is ~4  ohms and Rs for the 
moni tor  (TM) is ~3  ohms. The TMM capacitors have 
higher capacitance values because they have an area 
of 0.192 cm 2 as compared with  an area of 0.132 cm 2 
for the TMM-M and TM capacitors. This difference 
is due to the 0.025 cm border  on the TMM capacitors. 
The capacitance density for all the capacitors is 0.052 
~F/cm 2 at 1 kHz. 

The data in Fig. 5 show the effect of d-c sputter ing 
voltage on the dissipation in the dielectric; at 1 kHz 
the tan 5' value is lowered by a factor of 3 when 
sput ter ing is done at 2 kV d.c. Removal  of the border  
of the 3 kV sput tered TMM capacitors shows a drop 
in the series resistance from ~16 to ~3  ohms. The 
tan 5 curve of the TMM capacitors without  the border 
is ve ry  close to the curve for the TMM capacitors 
wi th  the MnO2 removed.  This drop in Rs is due to 
the remova l  of the high series resistance capacitor 
e lements  located at the edges of the MnO2 border. 
Calculations show that  these outer  elements have a 
series resistance of approximate ly  105 ohms and could 
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Fig. 4. Separation of the series resistance, Rs, from tan ~) for 
T M M ,  T M M - M ,  and T M  capacitors. 
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Fig. 5. Log dissipation factor vs.  log frequency for capacitors 
sputtered at 3 kV ~ rf and 2 kV -I- rf. Also the effect of the 
Mn~2  border on dissipation factor is shown. 

add several  ohms to the measured series resistance 
of the TMM capacitors. The TM moni tor  capacitors 
and the TMM capacitors (without  the MnO2) border  
have similar series resistances because the MnO2 layer 
be tween the dielectric and the metal  counterelectrode 
only contributes about 10 -4 ohms to Rs. The curves 
for the 2 kV sputtered depositions show similar  re-  
sults. In the case of the 2 kV depositions there  is 
still some change in the tan 5' at 1 kHz, however,  
it is much less than the results at 3 kV when compared 
with the TM capacitors. 

The effect of thickness of the MnO2 on the dissipa- 
tion factor was found to be negligible for MnO2 films 
from 750 to 1800A thick. Dissipation factors (1 kHz) 
and leakage currents were  measured on 150 TMM 
capacitors wi th  1120 • 80A of sput tered MnO~. These 
capacitors were  fabricated wi thout  the 0.025 cm bor-  
der. The dissipation factor was uniform from slide to 
slide to 12% and the MnO~ thickness as measured by 
a Ta ly-Step  was uniform to 7%. Variations in tan 8 
must be due to localized tempera ture  gradients and /o r  
plasma variations. 

Leakage current  measurements  were  made on these 
capacitors at 75V. It  was found that  h igher  leakage 
currents were  observed in the capacitors that  had 
high dissipation factors. The init ial  yield of the TMM 
capacitors was 96%, whi le  the monitors  had an ini-  
tial yield of 100%. The init ial  yield is de termined by 
the number  of shorts at 60V. Leakage current  mea-  
surements  at 75V on the TMM capacitors showed 
that  91% had acceptable leakage currents;  there  were  
no additional shorts at 75V. An acceptable leakage 
current  was taken as 1 A / F  or 7 • 10-gA for these 
TMM capacitors. The test  condition for the monitors  
(TM capacitors) was 50V with  a leakage current  of 
2 A / F  to be acceptable. Under  this condition, no 
monitors had acceptable leakage currents. 

The dissipation factors for the TMM capacitors 
with 11204 of MnO2 sput tered at 2 kV d.c. were  
measured as a function of f requency and can be com- 
pared with the TM capacitors f rom the same batch. 
The dissipation is s l ight ly  higher  than the values for 
the TM capacitors, but  a significant decrease in tan 8 
is obtained over  3 kV d-c sput tered TMM capacitors. 

C o n c l u s i o n s  
It has been demonstra ted that  low resis t ivi ty  MnO2 

can be sput tered with  deposition rates of 15 A / m i n  
and with resistivit ies as low as 0.3 ohm-cm;  1 ohm-cm 
mater ia l  can be sput tered rout inely  and reproducibly.  

It has also been shown that  TMM capacitors can be 
fabricated with  sput tered MnO2 films that  have repro-  
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ducible dissipation factors of 0.008 at 1 kHz and 0.Oll 
at 100 kHz. This is a large improvement  over the 
dissipation factors for TMM capacitors produced with 
chemically deposited MnO2 (0.015 at 1 kHz and 0.06 
at 100 kHz). Leakage currents  for the TMM capacitors 
with sputtered MnO2 were on the average 1 X 10 -9 
A with 7 • 10-gA being acceptable. Deposition of 
MnO~ by 3 kV d-c + rf  sput ter ing was found to 
increase the dissipation factor of the dielectric (at 
1 kHz) by 50% when compared with TM monitors. 
This increase in the dielectric dissipation factor was 
reduced to ~20% when 2 kV d.c. + rf was used. 
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Solution Chemistry and Colloid Formation in 
the Tin Chloride Sensitizing Process 

R. L. Cohen and K. W. West 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

For many  years, s tannous chloride solutions have been used to prepare 
surfaces so that they would catalyze deposition from electroless plating 
solutions. This paper discusses the colloid and solution chemistry of such baths, 
including the colloid formation, size mediation, and aging processes. The 
colloid is shown to be nucleated by stannic ions, and mediated by stannous 
ions. The investigation was carried out pr imar i ly  using MSssbauer spectros- 
copy to characterize the materials  involved. 

For many  years, dilute solutions of s tannous chloride 
in HC1 have been used to prepare surfaces for elec- 
troless plating. Typically, the technique used has been 
to dip the object to be plated in the t in  solution, wash 
it, and then dip it into another  solution containing. 
e.g., Pd ions. This t rea tment  can be used to prepare a 
wide range of materials for electroless plat ing by cop- 
per, nickel, gold, or other metals. A recent  useful re-  
view (1) of this topic lists patents going back to 1933, 
and a wide range of variat ions on the basic approach. 

General ly  in the l i terature,  the tin bath t rea tment  is 
called "sensitization" and the Pd (or similar) second 
t rea tment  is called "activation." The technique is be-  
lieved to work (1) via the deposition of Sn 2 + ions from 
the t in  bath, and subsequent  reduction of Pd ions by 
the t in 

Sn 2+ ~ Pd 2+ ~ Sn 4+ -}- Pd 

The Pd deposited in this way serves to nucleate the 
deposition from the electroless plat ing bath. 

Despite the extensive practical application of the 
process and its variants,  relat ively l i t t le fundamenta l  
research into the chemical processes and surface phys-  
ics at work has been reported. The importance of such 
research has increased recent ly with the demonstrat ion 
that the sensitizer is photosensitive (2) and that the 
sensitizer could be applied to specific areas of the sub- 
strate (3); either of these approaches allows genera-  
tion of controlled patterns. The application of these 

Key words:  M~Sssbauer effect, tin complexes,  metalization. 

processes for manufac ture  of pr inted cables and wir ing 
boards has considerably increased the possible use of 
the t radi t ional  technique. 

Recently, a number  of studies have been reported 
dealing with the nucleat ion and growth of the plated 
metal  layer (4-6), and the morphology of the sensitiz- 
ing layer. However, we have been able to find no pub-  
lished work s tudying in detail the chemical composi- 
tion of the film deposited by the t in  chloride bath, or on 
the chemistry of the bath itself. Sard (4) showed that  
the electron diffraction pa t te rn  of the t in  coating on 
the sensitized substrate was identifiable as belonging to 
SnO2, but  was careful  to point out that  the mater ia l  
might have undergone some change in handling.  Re- 
cent unpubl ished work (7) found an electron dif-  
fraction pat tern  which could be a t t r ibuted to a mix-  
ture of SnO and SnO2, bu t  also pointed out that  the 
high vacuum environment ,  heating from the electron 
beam, and oxidation dur ing handl ing  might  have af- 
fected the results. Thus, fur ther  research on the chemi- 
cal composition of the sensitizing layer seemed indi-  
cated. At the t ime we began this work (8), we could 
find no published research discussing the formation of 
the sensitized layer from the t in  chloride solution, 
though the chemistry of such solutions has been ex- 
tensively studied. 

On the other hand, the morphology of the sensitized 
surface has been studied (4, 5) by electron microscopy, 
and the studies have shown that  the layer produced 
by the t in chloride bath consists of ( typically) 100A 
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clumps of 25A particles, covering ,~25% of the surface 
area. The amount  of tin deposited typical ly  ranges 
f rom about 1-10 ~g/cm 2, measured by x - r a y  fluores- 
cence analysis (7, 8). 

There are basically two pieces of evidence showing 
that  the sensitizing mater ia l  deposited on the substrate 
is present  as a colloid in the bath. The first is Sard 's  
observation (4) that  the sensitized surface contains 
small discrete particles. The second is the fact, dis- 
cussed elsewhere (9) that  the MSssbauer spectrum of 
the layer  deposited by the tin bath is dist inctive 
and unusual, but  identical wi th  the spectrum of col- 
loidal particles centr i fuged from the solution. These 
facts suggest that  a s tudy of the sensitization process 
should begin with  a study of chemical  processes in the 
bath itself. There wil l  be no fur ther  discussion here of 
the chemical  makeup of the deposited layer itself. 

We present here the results of recent  studies of the 
"front  end" of the sensitization process- - the  tin solu- 
tion chemistry and the formation of the colloid. Data 
are presented to establish 

(i) that  the colloid is based on Sn 4+, but contains 
roughly half  as much Sn 2 +, 

(ii) the mechanism of colloid formation and size 
mediation, 

(iii) the details of the solution aging. 

The discussion proceeds in four parts: We first show 
briefly the applications of MSssbauer spectroscopy to 
the study of tin chemistry. Second, the exper imenta l  
techniques are described. Third, we discuss the colloid 
formation in terms of the we l l -known tin solution 
chemistry. The model  developed in this way  is then 
confirmed with some fur ther  experiments .  

MSssbauer Spectroscopy 
MSssbauer spectroscopy (MS), known more  formal ly  

as recoi l - f ree  nuclear  gamma ray  resonance spectros- 
copy (10), has in recent  years been increasingly used 
for s tudying the chemist ry  and bonding of various ele- 
ments, and has more recent ly been used for analytical  
determinat ions as well. The elements  that  have been 
the most used in chemical  research have been iron and 
tin. A rev iew of the use of MS in chemist ry  general ly  
has been given by Herber  (11); a br ief  discussion of 
the MS of tin compounds has been given by Donaldson 
(12), and an exhaust ive  survey of Sn organic com- 
pounds has been done by Zuckerman (13). The MS 
technique is one in which the changes in energy levels 
of nuclei (in this case, Sn 119 nuclei are the resonant 
species) due to electronic per turbat ions  are studied. 
The effects important  in the work  here are the pres-  
ence of the 5s electrons (in stannous ions) which tend 
to increase the nuclear  transi t ion energy over  that  
observed in the Sn 4+ ions, and quadrupole  interaction, 
which splits the absorption line into a doublet. Gen-  
erally, the stannous ions have larger  quadrupole split-  
tings than the stannic, and in most of the spectra 
shown here the splitt ing of the divalent  t in absorption 
lines is large enough to be resolved. 

Exper iments  are performed by varying the source 
gamma- ray  energy by small amounts  (using the Dop- 
pler effect), and measur ing the transmission of the 
sample as a function of g a m m a - r a y  energy. A "dip" in 
the spectrum then corresponds to resonance absorption 
by Sn z19 nuclei in the absorber. The energy of the 
resonance absorption, and the quadrupole splitt ing of 
the Sn 2+ peaks, are characteristics of par t icular  ionic 
surroundings and can be used to identify compounds in 
favorable cases. Examples  of spectra of some wel l -  
characterized tin compounds are shown in Fig. 1. 
Since the exper iments  were  done with  a source con- 
taining Sn 4+, nuclei  of stannic ions in the absorbing 
materials  resonant ly  absorb near  the source emission 
energy, i.e., near  zero (Doppler shift) velocity. The 
isomer shift  between Sn 2+ and Sn 4+ corresponds to 
about 3-4 mm/sec,  so that  the (quadrupole  split) di- 
valent  lines are centered about this region. 

Srl 4 + -  

( a ) ~  
, ' ~ S  n z 

(b) snO. XH20 �9 �9 , ~'~. 
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I 1 5SnO �9 2HzO 
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I I Sn4 (OH)s Ct 2 
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Fig 1. Observed spectre of 3 stonnous compounds. The SnCI2. 

2H20 was Baker, reogent grade; the other two were mode in our 
laboratory by standard preparative techniques. Note the existence 
of o line due to Sn 4+ in all samples. Line positions reported in 
Ref. (14) for various well-characterized tin compounds ore shown 
below the spectra. 

Experimental 
The MSssbauer spectroscopy exper iments  were  done 

with  standard techniques:  Transmission geometry  was 
used, wi th  a source of ~2mCi  Sn T M  in the form of 
BaSnO~. Both the source and absorber were  mainta ined 
at ~80~ during the measurements  to increase the 
resonance strength. The gamma rays were  detected 
with  a sodium iodide scintil lation crystal  and photo-  
mult iplier .  A "crit ical absorber"  of 45~ Pd was used to 
separate the Sn x- rays  f rom the desired 23.8 keV 
gamma rays. Standard nuclear  electronics were  used 
for counting. The data were  taken with  a constant-ac-  
celeration dr ive  (15) and mult icharmel  analyzer used 
in the mult iscal ing mode. Up-down mult iscal ing was 
used to fold the two halves of the spectrum in the ana-  
lyzer, and the spectra shown were  t raced direct ly 
from X - Y  plots produced by the analyzer. The ab- 
sorber was in the Dewar  vacuum, and was inserted 
with the Dewar  precooled. Thus, the absorber was 
frozen (in a ni t rogen gas atmosphere)  to ve ry  low 
temperatures  before being subjected to vacuum; this 
should have great ly  reduced al terat ion due to dehy-  
dration. "Frozen solution" (16) samples were  pre-  
pared by mixing  the tin solution wi th  50% of its own 
volume of methanol,  placing in a 5 mm deep poly-  
e thylene dish, covering, and quick-f reezing in l iquid 
nitrogen. Addit ional  exper iments  wi th  different 
amounts of methanol  and with  glycerol  showed that  a 
glass was being formed by this process. 

Unless otherwise stated, the solutions studied here 
were  made by dissolving reagent  grade SnC12 �9 2H20 
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in water,  and p rompt ly  adding reagent  grade (37%) 
HC1. The concentrat ions used were  20g SnC12 �9 2H20/1 
(0.089M) and 10 ml HC1/1 (0.1M). Solutions were  
mixed at room tempera ture  and kept under  ni trogen 
gas to inhibit  oxidation. 

Tin Chloride Solution Chemistry 
The colloid and solution chemis t ry  of the tin chlo- 

rides has been extensively  studied, and we can use the 
existing information,  in combination with  our MSss- 
bauer spectroscopy measurements ,  to analyze the solu- 
tions and precipitates made in this process. 

We will  begin with some of the basic reactions and 
equil ibria  which are impor tant  for the system: 

1. The solution of divalent  tin in water  results in 
hydrolysis 

Sn 2+ + H20 ~ Sn(OH)  + + H + 

Divalent  t in ions can hydrolyze more  than one mole-  
cule of water ;  in fact the dominant  complexed species 
is the polynuclear  Sn3(OH)42+ ion (17). Figure  2 
shows the re la t ive  concentrat ion of the various com- 
plexes as a function of pH. The results shown in Fig. 2 
are for a perchloric acid medium, which was used to 
el iminate the effects of chloride complex formation. It  
can be seen that  in the concentrat ion range used in 
our solutions, the hydroxy  complexes form a re la t ively  
small fract ion of the total d ivalent  tin. 

2. Sn 2+ ions also complex with  C1- ions in solu- 
tion; an indication of the re la t ive  populat ion of these 
complexes (18) (under  s l ightly different conditions 
from those exist ing in our solutions) is shown in Fig. 
3. Other  results published in Ref. (19) show that  
the complex format ion is not ve ry  different for the tin 
and chloride ion concentrat ions used by us, except  that  
the SnC142- complex is probably not present. 

The data in Fig. 2 and 3 show that  as HC1 is added, 
the fraction of chlor ide-complexed Sn 2+ is increased, 
whi le  the hydroxy  complex is decreased. Reducing the 
H + concentration, though, (e.g., by neutral iz ing with 
NH4OH) increases the fraction of the Sna(OH)42+ 
complex, culminat ing in the precipi tat ion of some form 
of stannous hydroxide  (or hydrous stannous oxide) 
typical ly  around pH 1-3, depending on conditions. 

E 
40 f Sn2+ 2+ Sn3(OH)42+I 

Sn2~OH} z ----~ ] 
20 ~ /  SnOH + 

0 ' I - ' ~ / I  1.5 2.0 2.5 
LOG h 

Fig. 2. Distribution of hydrolyzed complexes in solution [from 
Kef. (17)]. 

100 

6 0 ~  

40 

2O 
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Fig. 3. Chloride complex formation by stannous ions [from Ref. 
(20), ion strength 4.0]. 

3. Though the solution preparat ion procedures used 
do not in tent ional ly  generate  Sn 4+ ions, our results 
show that  stannic ions are present  in large quantity,  
and seem to be impor tant  for the working of the proc- 
ess. There  are two obvious ways for stannic ions to get 
into the solution initially: as an impur i ty  in the s tar t-  
ing SnC12 �9 2H20, and by oxidation of the stannous ions 
by oxygen dissolved in the bath water.  The SnC12 �9 
2H20 spectrum shown in Fig. 1 shows that  even in the 
fresh reagent  grade mater ia l  used there, ,~5% (21) of 
the tin ions are te t ravalent ,  and wil l  appear in the bath 
in that  form. The solubil i ty of oxygen in wate r  is 
enough so that  dissolved oxygen can convert  an addi- 
tional ,~1% of the stannous ions to stannic form. This 
react ion proceeds rapidly, especially in the presence of 
light. Once the bath is made up, of course, the con- 
tinued oxidation f rom atmospheric oxygen will  con- 
tr ibute to the aging process. 

4. No spectra a t t r ibutable  to dissolved mixed valence 
(Sn 2+-Sn 4+) complexes were  observed in this work. 

The solution chemis t ry  of the stannic ion is domi- 
nated by the complete hydrolysis  in aqueous solutions, 
with almost 4H + ions being produced per  Sn 4+ ion 
(22). It seems to be unclear, however ,  despite exten-  
sive research, whe the r  essentially all the  t in ions have 
been complexed as Sn (OH)4, or whe the r  a distr ibution 
of species wi th  different degrees of hydrolysis  (as in 
the Sn 2+ case) exists. The hydrolysis  can be inhibited 
(23) by the presence of more than 0.5M C1- ions; pre-  
sumably the SnC162- complex becomes the dominant  
species in that  case. 

Thus, combining this information, we would expect 
our freshly made tin sensitizing solutions to consist of 
about 95% Sn ~+ ions, most ly complexed wi th  C1- ions, 
and 5% Sn 4+ ions, which we  will  for simplici ty as- 
sume to be complexed as Sn(OH)4.  However ,  this 
situation is not stable, because of the tendency of 
the hydrolyzed stannic ions to polymerize and pre-  
cipitate as Sn(OH)4  �9 nH20. This reaction has been 
studied in solutions of pure SnC14 (23) and as a 
function of added bases and acids (24). Depending 
on the concentrat ion of various ionic species, the  colloid 
formation and subsequent precipi tat ion can take from 
a few minutes  to months (23, 24). 

Our results, which show (Fig. 4a) that  divalent  tin 
is present  in the colloidal precipi ta te  in a pH and chlo- 
ride ion concentrat ion range where  it should be dis- 
solved, suggest that  the colloid formed by the stannic 
ions also bonds stannous ions. The great  re la t ive  
abundance of the stannous ions (~20X Sn 4+ concen- 
trat ion at the beginning of colloid formation, and in- 
creasing as the stannic ions get  removed from solu- 
tion by the polymerizat ion)  should encourage this 
process. 

The sensitizing bath, then, appears to work  in this 
way: the tin chloride solution forms a colloidal sus- 
pension which is based on the polymerizat ion of hy-  
drolized Sn 4+ ions. Because of the large re la t ive  
abundance of Sn 2+ ions, they are bound in the colloid 
as it forms, roughly  in the ratio of one Sn 2+ per 
2Sn 4+ ions. (Est imated from the areas in the respective 
spectral  regions.) When the substrate is dipped into 
the bath, the colloidal part icles adhere  to (or are ad- 
sorbed on) it, and these contain the divalent  t in which 
later deposits the Pd f rom the Pd bath. 

The description contains two new features, as pointed 
out by D'Amico et al. (8): First,  the v iew that  the 
mater ia l  deposited on the substrate is present  as a 
colloid in the bath, and second, the idea that  the colloid 
itself is based on Sn 4+. Though colloidal systems in- 
volving more  than  one cation species have  been ex-  
tensively studied (25), we  bel ieve this to be the first 
case in which different valence states of the same ele- 
ment  play distinct roles. 

It  is interest ing to see how this approach can ex-  
plain some of the aspects of the bath formation process. 
For example,  sensitizing baths are often made (as we 
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Fig. 4. Spectra of precipitates from various tin chloride baths: 
(a) colloid centrifuged from solution "A" as discussed in text; 
(b) heavy precipitate following solution of 2g SnCI2"2H20 in 100 
ml water (no acid); (c) colloid centrifuged from solution "C." Note 
that the solids formed in the acidified solutions have for less 
divalent tin than the material shown in (b). 

describe above) by first put t ing the t in  chloride in the 
water, and then adding the acid. When this procedure 
is followed, a heavy precipitate forms immediately,  
while the t in  chloride is dissolving. (If left for a few 
minutes,  the precipitate coagulates and settles.) 
Prompt  addition of the acid "dissolves" the precipitate, 
leaving a slightly opalescent solution (which we call 
"A"). If the t in chloride is dissolved in the acid first, 
and then the water  added, a relat ively clear solution 
is obtained (which we call "B"). If the acid is added 
to the water  first and then the t in  chloride is added, 
the solution formed (C) is sl ightly less mi lky than A. 

With the interpreta t ion we have given above, plus 
the discussion in the references, it would appear that 
"A," the technique of redissolving the precipitate, is 
a controlled way of generat ing the colloid. As a step 
in unders tanding  the formation process, we have stud- 
ied the MSssbauer spectrum of the heavy precipitate 
formed in the first stage of "A," before the acid is 
added to redissolve it. The results are shown in Fig. 
4b. Comparison with Fig. 4a shows that  the divalent  
line positions are the same as those in the colloid, but  
that relat ively more of the t in  is divalent. 

Our MS experiments  have indicated that essentially 
all the te t ravalent  t in in the fresh "A" solutions is 
tied up in the colloid (26). Figure  5 shows (for an aged 
solution) that the te t ravalent  t in  is in the colloid and 
the dissolved ions are essentially all  divalent. Thus, 
the solution is mostly depleted of its Sn 4+, and the 
ratio of dissolved Sn4+/Sn  2+ must  have decreased as 
the colloid grew. This would make the colloidal par-  
ticles r icher and richer in Sn ~+ as they increased in 
size. Adding the acid, then, dissolves the Sn2+-rich 
outer layers. 

This picture is supported by an exper iment  in which 
we added perchloric acid (instead of HC1) to increase 
the H + concentrat ion without  increasing the C1- con- 
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Fig. 5. /v~ssbeuer spectrum of a frozen tin chloride bath is 
shown in (a). Centrifugation (100,000G for 16 hr) removes most 
of the colloid, the spectrum of which is shown in (b). The spectrum 
of the (frozen) supernatont solution is shown in (c). Note that 
essentially all the ions in solution are divalent. The bath was aged 
three days exposed to air before the separation and measurements. 

centration. Increase in H + concentrat ion is effective in 
dissolving precipitates of divalent  tin, which are 
strongly pH controlled, but  ineffective (23) in dissolv- 
ing the hydrolyzed Sn 4+ precipitate, which is C1- sen- 
sitive. Since the perchloric acid was effective in dis- 
solving the heavy precipitate ( leaving again a slightly 
opalescent solution),  it would appear that  the di- 
valent  t in is the dominant  species in coagulating the 
mixed 2 +-4 + colloid ini t ia l ly  formed on dissolving the 
tin chloride in water. When the SnC12 �9 2H20 is dis- 
solved in water, the colloid forms, coagulates, and 
settles, and the visible reactions cease. This can be ex- 
plained by the fact that  as the hydrolyzed stannous 
ions precipitate out, the solution is fur ther  hydrolyzed 
to mainta in  an appropriate fraction of OH-complexed 
ions in solution. Thus the H + ion concentrat ion in-  
creases from ~0.02M (due to hydrolysis of the stannic 
ions) ini t ial ly unt i l  the bath is acid enough to keep the 
remaining Sn 2 + ions in solution. At this point the pre-  
cipitation stops. Addit ion of alkali  causes the precipi-  
tation of Sn 2+ to resume, while addition of acid tends 
to redissolve the d ivalent - r ich  precipitate. We have 
determined that  the precipitate formed by the addition 
of alkali  in fact has a still higher ratio (Fig. 6) of 
Sn 2+/Sn 4+ than that shown in Fig. 4, as would be ex- 
pected. 

The clear solution B, made by  dissolving the t in 
chloride in acid first, appears to contain much smaller 
colloidal particles. The solution used by Sard (4) was 
made up in this way, and showed a deposit of particles 
mostly smaller than 30A diameter, too small  to have 
been separated by our centr ifuging conditions (27). 
Thus the t ransparency of those solutions means that  
the colloid is only par t ly  formed (i.e., Sn 4+ still in 
solution) and /or  is much finer than the colloid in A. 
Solution C (tin chloride into acidified water)  has also 
had the colloid forming slowly (relat ively to the heavy 
and rapid precipitation of the first step of A).  The col- 
loid formed in C appears (see Fig. 4c) identical  to that  
formed from the A solution. The greater  t ransparency 
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of C, however,  suggests that the part icle size range is 
somewhat  smaller.  

This analysis of the situation, in which the coagula- 
tion and precipitat ion are l imited by the cumulat ive  
hydrolysis of the Sn 2+ ions, helps to explain why  such 
a wide range of tin concentrat ions [solutions contain- 
ing from 0.16g to 200g SnCI~ �9 2H20/ l i te r  H20 have 
been ment ioned by Ref. (1)] has proved useful  in 
making sensitizing baths. The HC1 concentrat ion is also 
not ve ry  critical, because of the re la t ive ly  wide range 
of C1- concentrations over which the colloid forms, the 
slow solution of the colloid even in solutions contain-  
ing large concentrat ion of CI - ,  and possibly, shielding 
of the Sn 4 + cores by the d iva lent - r ich  outer  layer. 

We now turn  to the evidence that  the colloid is not 
s imply a mix ture  of two compounds, one stannous and 
the other  stannic. 

One of the strong indications is that  the line posi- 
tions of the divalent  ions do not correspond to those 
reported for known divalent  compounds in the oxy-  
chloride or hydroxide  family. The picture we have 
presented, of te t ravalent  t in hydroxide particles pick- 
ing up divalent  t in ions f rom solution, makes possible 
an additional test. If SnC12 �9 2H20 is dissolved in water,  
a heavy precipi tate  is formed, as stated previously,  
and then visible reactions stop, leaving a slightly 
mi lky solution above the precipitate�9 According to our 
model and measurements ,  that  precipi tate should con- 
tain most of the stannic ions. If  alkali  ( N o a h  or 
NH4OH solution) is added to the liquid, additional 
precipitate is formed, leaving again a sl ightly mi lky 
solution�9 This new precipi tate can be removed,  and the 
process repeated. MSssbauer spectra of the resul tant  
solid products at various stages of this reaction are 
shown in Fig. 6. The spectrum of 6c can be readi ly  
identified as belonging to the hydrous oxide 5SnO �9 
2H20, and appears after  the Sn 4+ ions have been pre-  
cipitated. The line positions of the Sn 2+ ions pre-  
cipitated with  the Sn 4+ ions are significantly different, 
and we have only found spectra wi th  these l ine posi- 
tions in mixed valence materials�9 It  is impor tant  to 
note that  except  for the number  of Sn 4+ ions present, 
the concentrations of the various ionic species do not 
change great ly  during the successive stages depicted 
in 6A, 6B, 6C. Even the pH remains roughly constant 
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Fig. 6. (a). ppt from solution of 29 SnCI2"2H20 in 100 ml H20. 
(b). additional ppt obtained by adding 8 ml 1M NoaH to milky 
solution remaining after A ppt; (c). ppt obtained between addition 
of 10 ml and 16 ml NaOH. Line positions [from Ref. (14)] for 
5SnO-2H20 are shown. 

(~1.5) as the additional precipi tate  is formed. Thus, 
the dist inctive line positions shown by the Sn 2 + ions in 
the colloid appear only when  Sn 4 + ions are present  in 
the precipi tate as well. 

The fai lure of the divalent  ions alone to form a col- 
loid in the tin chloride solution would also be ex-  
pected f rom the complex- format ion  studies discussed 
earl ier  which indicate solubili ty of the divalent  spe- 
cies in this range of ionic concentration. We have 
direct ly confirmed this by making up a solution of the 
same ion concentrat ions specified above, but essentially 
free of Sn 4+ ions (28). Such a solution remains  ab- 
solutely clear for days when stored under  ni t rogen gas 
to prevent  oxidation of the Sn 2+. However,  if this solu- 
tion is then oxygenated,  (by bubbling O2 through it 
for 5 min) a visible opalescence appears in a day or 
so. This suggests again that  stannic ions are necessary 
for colloid formation. A similar  result  is reported by 
D'Amico et al. (8), who also show that, in the absence 
of colloid formation, sensitization may  occur via the 
precipitat ion of hydrous SnO during the water  rinse 
step. 

This analysis envisages the tin chloride sensitizing 
bath as a suspension of colloidal particles, based on 
Sn 4+, wi th  Sn2+-rich outer  layers, in a bath of bare and 
complexed Sn 2+ ions. With this picture in mind, it is 
easy to see what  the "aging" process during normal  
use of the bath does. Exposure  to atmospheric oxygen 
produces Sn 4+ ions in the solution; but these are pre-  
cipitated on the exist ing colloid particles, and also 
nucleate new colloidal particles. Spectra in Fig. 7 show 
the oxidation of an A solution with  time. 

The discussion above suggests that  the best way to 
maintain the desired colloid dur ing operation is to pre-  
vent  the production of Sn 4+ ions; a gas shield over  the 
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Fig. 7. Spectra of frozen solutions offer exposure to alr for (a) 
1 day, (b) 2 days, (c) 4 days, (d) 6 days in loosely covered beaker. 
Note that initially, the spectrum of the divalent tin is that shown 
by Sn 2+ ions in solution (compare Fig. 5c). As the stannic fraction 
(line near zero velocity) increases with air oxidation, it forms 
more colloid, and the divalent tin spectrum gradually changes to 
that of stannous ions in the colloid (compare Fig. 4a). This shows 
explicity that the stannous ions, which are initially dissolved, are 
incorporated into the tetravalent-based colloid as it forms. 
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bath to exclude atmospheric oxygen (ni t rogen would 
be satisfactory, but  CO2 or argon would be easier to 
main ta in)  should be effective for this. It  would prob- 
ably be much more difficult to remove or reduce Sn 4 + 
ions which have gotten into the bath by oxidation. 

Although it might  appear that  this would lead to 
eventual  depletion of the sensitizing colloid in the 
bath~ a simple estimate shows that  with the known 
coating density of 5-10 ~g Sn /cm 2, bulk  depletion (due 
to mechanical  carry-out  on the substrate) will  severely 
reduce the bath volume before the colloid is exhausted. 

One addit ional aspect of the process should be dis- 
cussed here. Some of the substrate pre t reatments  in-  
volve an etch using NaOH just  before immersion into 
the t in  bath. Any  carry over of O H -  from this bath will  
tend to precipitate addit ional Sn 2+ on the colloid (see 
Fig. 6 and discussion); this could lead to changes in 
colloid size and copper deposition. 

Conclusions 
This research on the t in  chloride sensitization proc- 

ess by MSssbauer spectroscopy has been successful in 
investigating the chemistry and chemical intermediates 
appearing at various stages. We have developed a de- 
tailed picture of the colloid formation mechanisms and 
size mediat ion reaction. This information has been 
used to discuss some of the possible difficulties which 
might arise in production applications. 
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ABSTRACT 

In situ ell ipsometric measurements  on the galvanostatic oxidation of 
tantalum, niobium, and tungsten show that  both the ref rac t ive  index and 
the thickness of the oxide change suddenly on changing the current  applied 
to the film. For all three metals  the thickness was found to increase l inearly 
with the electric field, whereas  both the refract ive  index and low frequency 
(10O0 Hz) dielectric constant were  found to decrease l inearly wi th  increas- 
ing field. The magnitudes of the changes in dielectric constant and ref rac-  
t ive index that  were  detected exper imental ly ,  when compared with  theoret ical  
predictions using standard dielectric theory and the observed change in 
thickness, indicate that  these changes are due to the var ia t ion in the density 
of the film with the applied field. The inclusion of the l inear dependence of 
the dielectric constant on field into an effective field model  of the ionic con- 
duction process is shown to be a possible explanat ion of the curvature  in 
the plot of In (i) vs. E for the anodic oxidation process. 

It  has been known for qui te  some t ime that  the 
dielectric constants of valve  meta l  oxides vary  with  
the electric field in the film. Guentherschul tze  and 
Betz (1) repor ted  results on a wide var ie ty  of va lve  
metals  in 1931, and results repor ted  recent ly  (2, 3) 
show a continuing interest  in this phenomenon. 

The measurements  of refract ive  index variat ions 
wi th  field were  carried out in our laboratory in the 
spring of 1966 to determine whether  our recent ly  
completed el l ipsometer  (4) had sufficient sensit ivi ty 
to detect small  variat ions in the refract ive  index of 
a growing film. Also in the spring of 1966, Young and 
Zobel (5) reported results of exper iments  which 
found a curva ture  in the plot  of ln( i )  vs. E for the 
anodic oxidation of niobium, and they  confirmed 
the ear l ier  measurements  (6) of this curva ture  on 
tantalum. In that  paper and in the oral discussion of 
it at The Electrochemical  Society meeting, several  
possible reasons for this effect were  suggested. 

The exper iments  we repor t  in this paper were  
designed to de termine  whe the r  the curva ture  could 
be explained using a model  in which the local electric 
field controls the ionic conduction process. The log- 
ar i thm of the current  density can be l inear ly  depen-  
dent on the local electric field and yet  show a qua-  
dratic dependence on the externa l  field if the di- 
electric constant varies wi th  the field. We present  
results of measurements  on the f ield-dependence of 
the dielectric constants of the anodic oxides of tan ta -  
lum, niobium, and tungsten and test the local field 
model  by comparing its predictions wi th  the data 
of Young and Zobel for tan ta lum and niobium. 

Experimental 
The el l ipsometer  used to obtain the data reported 

in this paper  was the second of two fol lowing el l ip-  
someters buil t  in this laboratory  and has been de- 
cribed in detail  e lsewhere (7). This ins t rument  differs 
l i t t le f rom the first ins t rument  on which the ini t ial  
measurements  were  made. Both instruments  have  
0.01 ~ resolution, and the in situ hull ing t ime on thin 
anodic oxides is typically less than 1 sec. The hull ing 
t imes for the measurements  reported here are some- 
what  longer than this because they were  carr ied out 
at film thicknesses for which it is possible to distin- 
guish be tween small  variat ions in film thickness and 
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** E Iec t rochemica l  Soc ie ty  S t u d e n t  Associate .  
Key  w o r d s :  anod ie  ox ida t ion ,  v a l v e  meta l s ,  e l l i p some t ry ,  d ie lec-  

t r ic  cons tan t .  

index. Under  these exper imenta l  conditions the ana- 
lyzer null  readings are general ly  in excess of 70 ~ 
and the intensi ty of light detected by the photo-  
mul t ip l ier  is not ve ry  sensitive to angular  displace- 
ment  from the null  position, par t icular ly  in the case 
of the polarizer. The increased sensit ivity to thickness 
and index variat ions at large A values more than 
compensates for any increases in null ing times and 
standard deviat ion of the data. The l ight source used 
with the el l ipsometer is a low-power  he l ium-neon 
gas laser, and all ref rac t ive  indexes calculated in this 
paper are per t inent  to its wavelength  6328A. 

The initial measurements  were  all made  using a 
cell wi th  windows mounted  for an angle of inci-  
dence of 75 ~ but  the more recent  results reported 
in this paper  were  all  obtained at an angle of in-  
cidence of 60 ~ using a cell made from a hollow equi-  
la teral  prism. The cell has s tandard- taper  joints for 
mount ing the electrode holder, p la t inum counterelec-  
trode, mercury -mercurous  sulfate reference electrode 
(fitted with  a 0.1N K2SO4 salt br idge) ,  and gas dis- 
persion tube. The electrolyte,  0.2N H2SO4, is saturated 
with argon, and argon is bubbled through the solution 
during the experiments.  All  exper iments  were  per-  
formed at room tempera ture  (23~ 

Cylindrical  samples were prepared from single 
crystals of tantalum, niobium, and tungsten. When 
a sample is mounted  be tween Teflon washers  in 
the electrode holder, a ver t ical  surface of approxi-  
mately  1.2 cm 2 area is exposed to the solution. Optical 
measurements  are made on a flat on one side of the 
cylinder.  The surfaces are prepared ini t ial ly by chem-  
ically polishing niobium and tan ta lum and by elec- 
tropolishing tungsten. In all the exper iments  reported 
here, the surface t rea tment  just pr ior  to an exper iment  
consisted of dissolution of the oxide film left  by a 
previous exper iment  in a solution consisting of hydro-  
fluoric acid saturated with ammonium fluoride for 
tanta lum and niobium and in dilute sodium hydroxide  
for tungsten. In the case of tantalum, the process 
progressively etches the sample wi th  each successive 
run and care must be taken to orient  the optical flat 
paral le l  to a crystal lographic plane that  does not 
tend to roughen when the sample is etched. This was 
necessary to ensure reproducibi l i ty  in the optical 
data which tend to be affected by surface roughness. 

The electronic c i rcui t ry  used wi th  the cell consists 
of a set of five operat ional  amplifiers, three  of which 
are used to apply constant currents, constant poten-  
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tials, or l inear  potent ia l  sweeps to the cell. Of the 
remaining two, one is used to fol low the potent ial  
and the other is used as a t ransresis tor  to monitor  
the current .  In these exper iments  the galvanostat  is 
the most cri t ical  circuit  component.  Measurements  
are made as the galvanostat  is switched through a 
sequence of preset  d-c currents, all wi th  a superposed 
a-c current  whose ampli tude and phase are requi red  
to be independent  of the d-c current.  The output  of 
the potential  fol lower  is connected to a lock-in am- 
plifier whose internal  reference potential  is used to 
drive the a-c section of the galvanostat.  Tests of the 
galvanostat  wi th  passive circuit  components show 
that  the a-c current  is independent  of the d-c current  
to bet ter  than the 0.1% required for these measure-  
ments. The 0.1% accuracy is imposed by the fact that  
when the lock- in  amplifier is set 90 ~ out of phase 
with the current,  the a-c potential  measured is in-  
versely  proport ional  to the equivalent  series capaci- 
tance of the cell  ra ther  than the capacitance of the 
oxide layer. The extent  to which changes in the 
equivalent  series capacitance are due to changes in 
the capacitance of the oxide layer  ra ther  than its 
resistance depend on the f requency of the a-c current  
and the magni tude of the d-c currents.  At a f requency 
of 1000 Hz, changes in the layer  resistance for the 
range of currents  used in our exper iments  produce 
changes in the equivalent  series capacitance of less 
than 0.1%. The changes we measure in the equivalent  
series capacitance are typical ly a few per cent, and 
hence are mainly  due to variat ions in the capacitance 
of the oxide film. 

The exper imenta l  data were  recorded on a digital 
printer,  except  for the output of the lock-in ampli -  
fier which was recorded on an X - Y  plot ter  with 
cal ibrated offset. The laboratory HP2114B computer  
was used for the analysis of the optical data using a 
program wri t ten  in BASIC, but it was not used for 
data acquisit ion in these experiments .  

Results 
The first series of exper iments  were  carried out 

using samples of tantalum, the metal  whose oxide 
turns out to be the least sensitive to field variat ions 
of the three  metals  studied. The ell ipsometric data 
obtained during the anodic oxidation of tan ta lum at 
100 ~A/cm 2 are plotted in Fig. 1. In the upper  portion 
of the figure, the polarizer  null  readings, P, are plotted 
vs. the analyzer null  readings, A. The data points 
start  at A and trace out the clockwise loop A - B - C -  
H - I - J - K ,  point K over lapping the initial point, A. 
The complete set of data points would,  appear as a 
continuous curve if plotted on the scale of Fig. 1. 
The points in the figure are a set of points selected 
from the data at approximate ly  5 ~ increments.  The 
curve  passing through the points is a theoret ical  
curve for the growth of a film of index 2.2 on a 
substrate of index 3.02-2.57i. In the lower part  of the 
figure the thickness of the film determined f rom the 
theoret ical  curve  in the upper  portion of the figure 
is plotted vs.  potential. The slope of this plot, 5.85 • 
106 V/cm, gives the field in the film at a current  
density of 100 ~A/cm 2. Its intercept  gives an initial 
thickness of 30A of oxide at the beginning of the 
experiment .  When the optical data re turn  to their  
start ing point, the thickness of the oxide on the elec- 
t rode is 1720A. 

The design of an exper iment  to test for a field- 
dependent  ref rac t ive  index makes use of the fact 
that  as the layer  is grown at a constant rate, the 
optical data points trace out the loop at a ve ry  non- 
uniform rate. The rate  at which the segment be tween 
C and H is t raced out is more than 14 t imes the rate  
at which the segment J - K  is t raced out. The nonuni-  
formity  can be seen in Fig. 1 by comparing the th ick-  
ness intervals  be tween  the le t te red  points wi th  the 

A p r i l  1972 

P deg 
9 ~lOu I0 30 50 70 90 

I I I I 

A 70 H ~  

50 B l I 
deg 

30 15 

D 

I0 

~oZ~ 

5 

0 20 40 60 80 1(;8 
V vol ts  

Fig. 1. Anodic oxidation of tantalum at 100 /LA/cm 2 in 0.2N 
H2SO4. The optical data in the upper part of the figure start 
from point A and trace out the loop A-B-C-H-I-J-K as the oxide 
film grows. The curve fitted to the optical data is for the growth 
of a film of index 2.20 on a substrata of index 3.02-2.57i. The film 
thickness determined from this fitted curve plotted vs. potential 
in the lower part of the figure. 

lengths of the corresponding arcs on the P - A  plot 
in the upper part  of the figure. In the region between 
C and H the optical data are most sensitive to slight 
changes in film thickness. In addition, changes in 
thickness give rise to changes in P with  v i r tua l ly  no 
changes in A, whereas  changes in index at constant 
thickness give changes in both P and A. Hence, if 
the current  density is switched to another  value as 
the layer  is grown through this region, it is possible 
both to detect and to distinguish be tween small 
changes in film thickness and in film index. 

The results of an exper iment  in which the current  
density is switched f rom 20 gA/cm 2 to 1 gA/cm 2, 
then back to 20 g A / c m  2 are plotted in Fig. 2. The 
optical data are depicted on a P - A  plot in the upper 
section of the figure, and the plot of the potential  
vs. t ime is given in the lower  section. For  segments 
CD and GH the current  density is 20 ~A/cm 2 and all 
the optical data points are plotted; for the segment 
EF the cur ren t  densi ty is 1 gA/cm 2 and points are 
plotted at 0.1 ~ intervals  in P. In this figure the ana-  
lyzer scale is expanded tenfold over  the polarizer  
scale to show the fine s t ructure  in the data. With this 
expansion, the most significant feature  of the optical 
data is the shift to higher  A values as the current  
is lowered, and the shift back when  the current  is 
raised again. A theoret ical  curve  for the growth of 
a layer  of index 2.2045 is fitted to the data at 20 
~A/cm 2, and a curve for a layer of index 2.2059 is 
fitted to the 1 gA/cm 2 data. The number  of figures 
to which these indexes are quoted is sufficient to 
allow us to est imate that  the difference in the indexes, 
1.4 • 10 -3, is accurate to wi th in  about 10% although 
the absolute values of the indexes themselves  are 
not significant to 4 decimal places. An important  feature  
to note is the sign of the index change: as the field 
and current  density increase, the re f rac t ive  index 
decreases. 

An explicit  equation can be wr i t ten  to express the 
dependence of the re f rac t ive  index on the s teady- 
state field. If a range of current  densities is used in 
the experiment ,  a l inear  dependence of the ref rac t ive  
index on the s teady-sta te  field is found in contrast  



Vol. 119, No. 4 

35 36 

81"51 I 

81-4 

A 

81-:3 

deg 

81-2 

P deg 
37 38 

I I 

F I E L D - D E P E N D E N C E  

N = 2 . 2 ~  

' ~ "  - .  0 4 5  

C D 

I00 200 300 
T sec 

39 40 
I 

G 40 

35 

volts 
F 

30 

I 2 5  

400 500 

Fig. 2. Transients observed on switching the current density from 
20 to 1 to 20 /~A/cm 2 in the region between C and H in Fig. 1. 
Theoretical curves for layer growth at indexes of 2.2045 and 2.2059 
and index change at thicknesses of 655 and 656A are fitted to 
the optical data in the upper part of the figure. Potential is 
plotted vs. time in the lower part of the figure. 

to the quadratic field dependence common in nonl inear  
optics. If an equation of the form 

n ---- no (1 - -  ~E) [1] 

is used to fit the data of Fig. 2, ~ must  have a value 
of 0.117 A/V.  Another  significant feature of the 
dependence of the index on the field is a lack of 
overshoot in the optical data during the overshoot 
in potential. The lack of overshoot in the optical 
data is an important  result  which turns  out to hold 
true for all the metal  oxides we have studied. 

It may be possible to interpret  the data plotted 
in Fig. 2 as resul t ing from some process other than 
a change in the layer index, perhaps from a proc- 
ess taking place at the oxide-electrolyte interface. 
That  this is not the case can be demonstrated by 
measurements  at other layer  thicknesses. The simplest 
exper iment  which demonstrates that  the entire layer 
is involved in the optical changes consists of compar-  
ing the results produced by  changes in current  density 
at points A and K in Fig. 1. The optical conditions 
are the same at these two points, but  the layer thick- 
nesses differ by a factor of over 50. No optical changes 
can be detected when the cur ren t  is switched at 
point A, whereas significant changes are produced 
at point K. We do not present the results of this 
experiment  here because in the region of points A 
and K the optical results do not enable changes in 
index to be differentiated clearly from changes in 
layer thickness. We choose instead to present the 
results of an experiment  in which film growth is 
continued beyond the potential  range plotted in Fig. 
1 to re tu rn  the optical conditions to what  they were 
at points C through H in Fig. 1 and 2. Although 
this exper iment  is designed main ly  to determine 
whether  or not the thickness remains  constant  as 
the index changes, its results exhibit  the larger 
optical shift on the second cycle of film growth ex- 
pected for a process involving the whole film. 

Although we plotted curves of constant  thickness 
and variable index in Fig. 2 for thicknesses of 655 
and 656A, we have as yet said nothing about var ia-  
tions in film thickness as the applied current  density 
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is changed. Because of problems arising from the l im- 
ited following speed of the ellipsometer, it is difficult 
to determine whether  or not a film thickness change 
accompanies the index changes by direct inspection 
of Fig. 2. The data points plotted in Fig. 2 are not 
simultaneous values of the polarizer and analyzer  
nul l  positions, because the polarizer and analyzer  
are nul led sequentially, polarizer before analyzer. At 
high A values the time required to nul l  the polarizer 
is considerably longer than that  required to nul l  
the analyzer, thus complicating corrections to the 
data to allow for the l imited following speed of the 
ins t rument .  If we do at tempt  to make following 
speed corrections to the data of Fig. 2, the strongest 
conclusion we can reach concerning thickness changes 
is that  the thickness changes by about the same per-  
centage as the change in index, the direction of the 
change being such as to keep the optical thickness 
constant. Thickness changes can be detected far more 
readily if the exper iment  is performed on the second 
optical cycle of layer  growth ra ther  than  the first. 

The optical results obtained on performing cur ren t -  
switching experiments  on a t an ta lum sample dur ing 
the first (points AI  through El )  and second (points 
A2 through E2) optical cycles are plotted in Fig. 3. 
The current  density is 20 ~A/cm 2 for the segments 
A1-BI and A2-B2; changing the current  to 1 ~A/cm 2 
shifts the optical nul l  readings to points Cl and C2 
on the first and second cycles, respectively. The ap- 
plied current  density is then re turned  to 20 ~A/cm 2 
before significant film growth occurs, and the optical 
data trace out the segments D1-EI and D2-E2. The 
continuous lines plotted in Fig. 3 are theoretical curves 
for both the growth films of constant refractive index, 
and the variat ion in index of films of constant thickness 
on a t an ta lum substrate of index 3.02-2.57i. Ideally, the 
second cycle data should retrace the first cycle data 
rather  than fall on a curve of slightly different index. 
The offset between the two cycles gives an indication 
of the absolute accuracy of our index measurements.  
The index variat ion curves in the figure indicate that 
the P-A behavior in this region changes on the second 
cycle of film growth. 

For the first cycle data of Fig. 3 the difference in re- 
fractive index between the data obtained at 20 and 1 
~A/cm 2, 1.5 • 10 -3, is in good agreement  with the data 
reported in Fig. 2. For the second cycle experiment  the 
change in index, 2.2 • 10 -3, and in field are larger 
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Fig. 3. Transients observed on switching the current density from 
20 to 1 to 20 #A/cm 2 on the first cycle (A1-BI-C1-D1-EI) and 
second cycle (A2-B2-C2-D2-E2) of layer growth through the re- 
gion plotted in Fig. 2. Theoretical layer growth curves for indexes 
of 2.2025, 2.2050, and 2.2075, and index variation curves at 
layer thicknesses of 655.5 and 2337~, are superimposed on the 
experimental data. 
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than in the first cycle, indicating that  electronic leak-  
age accounts for a significant fract ion of the 1 ~A/cm 2 
current  at this thickness, 2350A, and potential ,  130V. 
For the first cycle exper iment  we est imate that  the 
fract ional  decrease in thickness is almost exact ly  equal  
to the fract ional  increase in re f rac t ive  index on switch-  
ing the current  f rom 20 to 1 #A/cm ~. For  the data ob- 
tained in the second cycle exper iment  the thickness of 
the film, of index 2.2050, prior  to switching the cur-  
rent  was calculated, by extrapola t ing along A2-B2, 
and checked, by extrapolat ing back along D2-E2, to be 
2339.32A. The point  C2, obtained at 1 ~A/cm 2, falls on 
a theoret ical  curve of index 2.2072, and the film thick-  
ness at this point is 2337.18A. This exper iment  confirms 
that the fract ional  change in film thickness, 9.14 • 
10 -4 , and refract ive  index, 10 -3 , are approximate ly  
equal  in magni tude and opposite in sign. The frac-  
tional changes in thickness and ref rac t ive  index may 
be related by the expression 

Ad/d -~ --C An/n [2] 

We have determined the coefficient C in Eq. [2] using 
data f rom several  exper iments  on tantalum, and esti- 
mate  that  the average  value  we obtain, 0.872, is ac- 
curate to wi thin  15%. All  these optical exper iments  dis- 
play two important  features. First, the optical changes 
are due to changes in the whole  film ra ther  than in a 
surface layer  or in the double layer  in the electrolyte, 
and second, the thickness of the film increased l inear ly  
on application of the electric field in contrast  wi th  the 
predict ion that  the layer  wil l  undergo a compression 
proport ional  to the square of the field (8, 9). 

Measurements  of changes in the low-f requency  di- 
electric constant can be made by following changes in 
the capacitance when  the applied current  density is 
switched to different values. It is not possible to dis- 
t inguish be tween thickness variat ions and dielectric 
constant changes as was possible wi th  the optical mea-  
surements,  but the thickness var ia t ion  can be taken as 
known from the optical measurements .  In any event, 
the thickness variat ions detected optically for films on 
tanta lum are small  and comparable  to the error  esti- 
mated for the determinat ion of the capacitance f rom 
a measurement  of the a-c  potent ia l  90 ~ out of phase 
with the applied a-c current.  Unless simultaneous 
optical data are required,  capacitance measurements  
can be made at any convenient  thickness. In Fig. 4 we 
plot the results  of an exper iment  in which the d-c 
current  is switched f rom 200 #A/cm 2 to 1 ~A/cm 2 and 
then back to 200 ~A/cm 2 whi le  the a-c current  is held 
constant at 2.5 ~A/cm 2 and 1000 Hz. Both the d-c  
potent ial  and the a-c potent ial  90 ~ out of phase with 
the current  are plot ted in the figure. The a-c potential  
follows the d-c potent ial  to some extent,  both showing 
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Fig. 4. Transients observed on switching the d-c current density 
from 200 to 1 to 200 ~A/cm 2 while superimposed 1000 Hz a-c 
current is held constant at 2.5 ~A/cm 2. The d-c potential is 
plotted in the upper part of the figure, and the a-c potential 90 ~ 
out of phase with the current is plotted in the lower part. 

overshoot, but the a-c  potent ia l  shows less overshoot 
than the d-c  potential  even  after taking into considera-  
tion the effect of the 0.3 sec t ime constant of the lock-in 
amplifier used in the exper iment .  An equat ion similar 
to Eq. [1] can be wr i t ten  to describe the dependence 
of the low-f requency  dielectric constant, K, on the 
field. 

K _- K o  (1 - -  ~ E )  [3] 

We have verified that  the dielectric constant varies  
l inearly wi th  E, the electric field, and the constant, % 
in Eq. [3] has a value  of 2.42 A / V  for the data of Fig. 4. 
Assuming a roughness factor of unity, we calculate the 
dielectric constant of the tan ta lum oxide layer  as 24 at 
an applied current  density of 200 ~A/cm 2 in fair agree-  
ment  wi th  the previously published value  of 27.6 (10). 
It should be noticed that  the percentage change in the 
a-c potent ial  on switching the current,  2.5%, exceeds 
by more than an order of magni tude  both the antici-  
pated 1/C error  and the percentage change in film 
thickness. These quanti t ies are thus small  compared 
with changes in the dielectric constant. Considerable 
difficulty was encountered in at taining reproducibi l i ty  
in the current  dependence measurements  of the di- 
electric constant of tan ta lum oxide. We at t r ibute  this 
difficulty to factors in sample preparat ion over  which 
we had inadequate  control. As a resul t  we est imate a 
possible er ror  of about a factor of two in the value 
of ~ quoted above. No difficulties were  encountered in 
at taining reproducibi l i ty  in these measurements  wi th  
the other  two metals. 

Similar  sets of measurements  to those described 
above were carr ied out on niobium and tungsten, and 
we describe these results more briefly. Figure  5 
shows the data obtained dur ing the anodic oxidation 
of niobium at a current  density of 100 ~A/cm 2. The 
optical P-A data are shown in the upper  part  of the 
figure fitted to the growth of a film of index 2.30. The 
film thickness as de termined  f rom the fitted theoret ical  
curve is plotted against potent ial  in the lower  section 
of the figure. Corresponding points on the two curves 
are designated A through N. Points K through N lie 
on the second cycle of the P-A curve, and the region 
between C and H is chosen for the current  switching 
exper iments  plotted in Fig. 6 and 7. The same scales 
are used in Fig. 5 as in Fig. 1 to faci l i tate direct c o r n -  
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Fig. 5. Anodic oxidation of niobium at 100 /~A/cm 2 in 0.2N 
H2SO4. The curve fitted to the optical data in the upper port of 
the figure is for the growth of a layer of index 2.30 on a substrute of 
index 3.03-3.611. The film thickness detemined from this fitted 
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second cycle (A2-B2-C2-D2-E2-F2) of layer growth through the re- 
gion plotted in Fig. 6. Offset analyzer scales ore used to avoid 
overlap of the two sets of data. Theoretical layer growth curves 
for indexes of 2.3124 and 2.3156 and index variation curves 
at thicknesses of 607.5 and 608.2/~ are fitted to the first cycle 
data, end layer growth curves fur indexes of 2.3152 and 2.3182 
and index variation curves at thicknesses of 2188.6 and 2190.5~, 
are fitted to the second cycle data. 

parison. The electric field in the oxide, 4.16 X l06 
V/cm, is considerably lower than that  for tantalum, 
and the refractive index is a little higher. General ly  
larger refractive indexes result  in the optical data 
fall ing on larger loops in the P-A plane, bu t  the re-  
fractive index of the n iobium substrate, 3.03-3.6i, dif- 
fers sufficiently from that of t an ta lum to cause the data 
to fall on a smaller loop. This behavior  is impor tant  in 
the current -swi tching experiments  performed in the 
region between C and H, because the nul l ing  t ime of 

OF DIELECTRIC CONSTANT 4 4 3  

the ins t rument  increases markedly  at large A values. 
The init ial  film thickness is calculated to be 30A, the 
same value as for tantalum. The optical loop closes at 
a thickness of 1620A at a potential  of 67V. 

The results of a current -swi tching exper iment  dur -  
ing the first optical cycle, in which the d-c current  is 
switched from 30 ~A/cm 2 (segment CD) to 3 ~A/cm~ 
(segment EF) and then re turned  to 30 ~A/cm 2 (seg- 
ment  GH) while the a-c current  is held constant at 5 
~A/cm 2 and 1000 Hz, are plotted in Fig. 6. As was 
found for the t an ta lum system, the d-c and a-c poten-  
tials show overshoot, but  no overshoot could be de- 
tected in the optical results. In  addition, both the di- 
electric constant  and the refractive index are l inear ly  
dependent  on the electric field, decreasing with in -  
creasing field. The values of the coefficients a and 
of Eq. [1] and [3] were determined to be 0.457 and 8.61 
A/V, respectively, for the n iobium system. The value 
of the dielectric constant  at 30 ~A/cm 2, assuming a 
roughness factor of unity,  was found to be 38.5 in 
fairly good agreement  with previous measurements  
(10). The change in thickness on switching the current  
can also be estimated from these results. On switching 
to the lower current  the decrease in thickness observed 
has approximately the magni tude  required to main ta in  
constancy of the optical thickness. 

Figure  7 presents the results of an exper iment  similar 
to that performed on tantalum, and summarized by 
Fig. 3, to determine the change in thickness that  occurs 
upon changing the current  density. In  Fig. 7 the optical 
data for both the first and second optical cycles are 
presented. The exper iment  involves growing the oxide 
at 30 ~A/cm 2 (segments A1-B1 and A2-B2), switching 
the current  to 3 ;~A/cm 2 (segments C1-D1 and C2-D2), 
and re tu rn ing  to 30 ;LA/cm ~2 (segments E l -F1  and E 2 -  
F 2 )  before much layer growth can occur. This experi-  
ment  confirms that  the thickness of the layer decreases 
as the refractive index increases and that the frac- 
t ional change in index is related to the fractional 
change in thickness by a relat ion of the form of Eq. [2]. 
the coefficient C having a value of 0.78 with an esti- 
mated error of 20%. 

F igure  8 shows the data obtained during the anodic 
oxidation of tungsten  at an applied current  of 200 #A/  
cm 2. The optical data obtained in the experiment  are 
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Fig. 8. Anodic oxidation of tungsten at 200 #A/cm 2 in 0.2N 
H2SO4. The curve fitted to the optical data in the upper part of 
the figure is for the growth of a layer of index 2,145 on a substrate 
of index 4.30-3.10L The film thickness determined from this fitted 
curve is plotted vs. potential in the lower pert of the figure. 
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shown in the upper  port ion of the figure fitted to the 
growth of a layer  of refract ive  index 2.145 on a sub- 
strate of ref rac t ive  index 4.3-3.1i. The film thickness, 
determined f rom the  theoret ical  fit to the data, is 
plotted against  potent ial  in the lower section of the 
figure. F rom this plot the field in the film is de ter -  
mined to be 5.2 • 106 V/era  at an applied current  of 
200 ~A/cm 2. Corresponding points on the two curves 
are designated A through P. At  point P, corresponding 
to approximate ly  9OV, film growth ceases presumably  
due to breakdown. In addition to this effect, the  tung-  
sten system exhibits  other  effects which complicate the 
in terpreta t ion of optical and electr ical  data. 

In the initial stages of galvanostat ic  oxidation, be- 
fore the potent ial  increases l inear ly  wi th  time, the 
metal  exhibits  an act ive state. Typical  va lve  meta l  be- 
havior  commences at 0.25V with  50A of oxide cover-  
ing the surface of the electrode. Optical results  show 
that  tungsten oxide also tends to dissolve in the elec- 
t rolyte under  anodic currents  less than 20 ~A/cm 2, 
al though the electric field in the layer  does not  drop 
appreciably under  these conditions. 

We have per formed cur ren t -swi tch ing  exper iments  
on this system to de termine  whe ther  or not it shows 
the same behavior  found for both tan ta lum and nio- 
bium. Figure  9 presents the results obtained for a cur-  
rent -swi tching exper iment  per formed in the region be- 
tween points C and L in Fig. 8. The optical data ob- 
tained are recorded in a P-A plot in the upper  part  
of Fig. 9. During this exper iment  the current  is 
switched f rom 100 ~A/cm 2 (segment  CD) to 10 ~A/  
cm 2 (segment EF) to 30 uA/cm 2 (segment GH) to 3 
~A/cm2 (segment I J )  and re turned  to 1O0 ~A/cm 2 
(segment KL) .  In the center  and lower  sections of the 
figure, the d-c potential  and the a-c potential  which is 
90 ~ out of phase with  an a-c current  density of 4.9 
gA/cm 2 at 10O0 Hz are recorded. From this exper iment  
we conclude that  both the refract ive  index and the 
dielectric constant have a field dependence similar to 
that  found for the oxides of tan ta lum and niobium. The 
values of a and ~, in Eq. [1] and [3] are de termined to 
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8 when the d-c current density is switched from 100 (CD) to 10 
(EF) to 30 (GH) to 3 (I J) to 100 ~A/em 2 (KL) with a superimposed 
1000 Hz a-c current density of 4.9 ~A/cm 2. The optical data, along 
with theoretical layer growth curves for indexes of 2.149, 2.154, 
and 2.159, and index variation curves at thicknesses of 746 and 
750,~, are plotted in the upper third of the figure, and the d-c 
potential and a-c potential 90 ~ out of phase with the a-c current 
are plotted vs. time in the lower part. 

be 0.61 and 8.4 A/V,  respectively,  for the tungsten 
system. The dielectric constant at 100 ~A/cm 2 was de-  
termined, using a roughness factor of unity, to be 31.5. 
Measurements  of thickness change accompanying 
changes in index are difficult to de termine  exact ly 
as data on the second optical cycle cannot  be obtained, 
but the thickness does increase as the index decreases. 
We est imate the coefficient C in Eq. [3] to have a value 
of 1.2 to wi th in  an error  of 30% for this system. 

Discussion 

Theoret ical  descriptions of the ionic conduction proc- 
ess occurring during the anodic oxidat ion of va lve  
metals have genera l ly  invoked a classical field-assisted 
t ransport  model. This t rea tment  leads to the wel l -  
known form 

i = io exp - - ( U / k T )  exp (qaE/kT)  [4] 

for the relat ion be tween  the ionic current  density, i, 
and the electric field strength, E. 

In 1960, Young (6) repor ted  exper imenta l  results 
on the oxidation of tantalum, which showed that  the 
relation be tween In (i) and E was not l inear and that  
a be t ter  fit to the data  could be obtained by replacing 
the term qaE in Eq. [4] by q(~ -- ~E)E. This result  was 
confirmed by the results of Young and Zobel (5) who 
in addition showed the necessity for including the non-  
l inear te rm in the fit of data obtained on niobium oxi-  
dation. 

Our measurements  were  under taken  to determine  
whether  a local field model  could account for the cur-  
vature  in the plot of ln( i )  against E. The possibility 
that  the local electric field ra ther  than the externa l  
field controls the ionic conduction process in some 
solids has been suggested by Maurer  (11), Young (6, 
12), and Dignam (13, 14). In this model  qaE, of Eq. [4], 
is replaced by qa'Ee, where  Ee, the effective field is re -  
lated to the applied field by the expression 

Exper imenta l ly  we find that  the dielectric constant 
varies wi th  the field in the manner  described by Eq. 
[3], and substi tut ing this dependence into Eq. [5] gives 

Ee = E (Ko + 2) /3  -- E~ KoT/3 [6] 

This relat ion has the same form as the expression used 
by Young and Zobel and their  data could be accounted 
for by a local field model  if 

Ko~/(Ko Jr 2) = ~/a [7] 

For  tanta lum our results give 2.23 A / V  for the left  side 
of Eq. [7], whereas  Young's  results  give 4.8 A / V  for 
the r igh t -hand  side. For  n iobium our results give 8.2 
A / V  compared with  Young and Zobel's value of 7.78 
A/V .  The effective field model  thus gives both the cor- 
rect  sign and order of magni tude  of ~/a for tan ta lum 
and niobium. Lit t le  work  has been published on tung-  
sten, and it is not  known if the In( i )  vs. E plot is non-  
linear. Our results  indicate that  there  should be curva-  
ture  in the tungsten system, the le f t -hand  side of Eq. 
[7] having a value  of 7.9 A/V.  The close agreement  be- 
tween the values for niobium indicates that  an effective 
field model  meri ts  serious considerat ion in this case. In 
the case of tantalum, it is more difficult to reach a firm 
conclusion; a l though our resul t  is too low by a factor 
of sl ightly more  than two to account for all the In( i )  
vs. E curvature,  the problems we encountered wi th  
reproducibi l i ty  in the data for the dependence of K on 
the field in this system forced us to est imate a possible 
er ror  of a factor of two in our quoted ~ value. Dell 'Oca 
and Young (15) have recent ly  shown that  incorpora-  
tion of electrolyte  into the oxide film causes an in- 
crease in the curva ture  in the plot of in ( i )  vs. E for 
tantalum. They suggest that  some of the curva ture  for 
tantalum, even when  grown in 0.2N tI2SO4, might  be 
due to electrolyte incorporation. We have, however ,  
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found no optical evidence for any nonuni formi ty  in the 
oxide film grown in t an ta lum in 0.2N H2SO4. Variations 
in the dielectric constant  cer ta inly appear to contr ib-  
ute to the ln ( i )  vs. E curvature  for tantalum, but  
whether  or not they are a major  contr ibut ing factor, 
as seems to be the case for niobium, will have to be de- 
cided by fur ther  measurements .  

Our ellipsometric measurements  on the variat ion of 
refractive index with change in applied current,  and 
thus in field, resulted in the detection of the important  
result  that a change of thickness accompanies a refrac- 
tive index change. We find, for all three systems 
studied, that the thickness change depends l inearly 
on the field change, the thickness increasing with in-  
creasing field. All  other investigations on anodic oxides 
have assumed that an electrostrictive effect was ex- 
hibited by these systems. Why the thickness changes 
should be l inear ly  dependent  on field is difficult to ex- 
plain, but a knowledge of the magni tude  and direction 
of the effect allows us to account for changes in the 
dielectric properties that occur on changing the field. 

The change in thickness accompanying the change of 
field, in a current  switching experiment,  occurs wi th-  
out any charge being passed through the system; the 
total mass of the layer thus remains constant. Assum- 
ing that the only dimension which changes is the thick- 
ness, the fractional change in density, p, of the layer  is 
related to the fractional change in thickness by the 
relat ion 

Ap/p : --~d/d [8] 

For solids of the type under  consideration, the Lorentz-  
Lorenz relat ion between the refractive index and 
density 

(n 2 -- 1 ) / ( n  2 -5 2) ~= Ap [9] 

where A is a constant, depending on the nature  of the 
mater ial  and the wavelength of the light, should ap- 
ply. Appropriate  manipula t ion  of Eq. [9] and substi-  
tut ion into Eq. [8] gives 

Ad/d : --6 (n 2-5 1 -- 2/n 2)-1 An/n [10] 

Comparing this equation with our empirical  relation 
in Eq. [2], we see that the two would be identical if 

C : 6 / ( n  2-5 1 -- 2 /n  2) [11] 

From our optical results we can calculate the values 
for the r igh t -hand  side of Eq [11], and  the values are 
1.1, 1.0, and 1.16 for tanta lum,  niobium, and tungsten,  
respectively. Our measurements  of C for the three 
systems are 0.872, 0.78, and 1.2, respectively, in quite 
reasonable agreement  with the theoretically predicted 
values. This agreement  indicates that  the only con- 
t r ibut ion to the change in refractive index with field 
is a change in the bulk  density. Our results for the 
change of refractive index with field are larger, by 
almost two orders of magnitude,  than those reported 
by Frova and Migliorato (3) who used a f ield-modu- 
lated reflectance technique. They assumed that  the film 
thickness did not change on applying a field to the 
electrode and that  all the shift in the reflectance 
spectrum was due to the change in the refractive index 
of the film. The reflectance technique is actually sensi- 
tive to changes in optical thickness, the product  rid, 
and as we have found that  an increase in the refractive 
index is accompanied by a decrease in field, their 
results are expected to be far smaller than those we 
have observed. 

The low-frequency dielectric constant changes may 
be predicted by a method similar to that  described 
above for refractive index changes. The dielectric 
constant  of the oxide should depend on the density 
through the Clausius-Mossotti  relat ion 

(K -- 1 ) / ( K  -{- 2) : B p [12] 

where B is a constant. From Eq. [12] the change in K 
due to a change in density would be 

hK ---- (K -5 2) (K -- 1) Ap/3p [13] 

Equation [13] when combined with Eq. [8], [2], [3], 
and [1] yields the equal i ty  

~/~ = C(K 2 -5 K -- 2)/3K [14] 

which will be true provided all the change in the 
dielectric constant is due to a change in the bulk 
density of the oxide. Our experimental values of the 
ratio 7/a are 20.5, 14.1, and 13.8 for tantalum, niobium, 
and tungsten, respectively. The values of the right- 
hand side of Eq. [14] for the three metals are 9.13, 
13.6, and 12.5. The agreement is excellent for niobium 
and tungsten, but not for tantalum, perhaps due to the 
poor accuracy to which we determined 7 for the 
tantalum system. 

One other result obtained in this investigation, one 
which should be of use in the development of a more 
detailed and satisfactory model for the high-field ionic 
conduction process in anodic oxides, is the observation 
of overshoot in measurements of the dielectric con- 
stant at low frequencies but not at optical frequencies. 
The existing theories of the ionic conduction process 
do not give an adequate prediction of the behavior of 
the anodic oxide under the transient conditions that 
occur when the applied current, or field, is suddenly 
changed. The existence of overshoot in the low-fre- 
quency measurements would seem to suggest that the 
processes which dominate at this frequency and not at 
optical frequencies are intimately connected with the 
ionic conduction process. 

Conclusion 
The l inear  increase of thickness with increase in 

field we observe in ellipsometric measurements  on the 
anodic oxides of tantalum, niobium, and tungsten 
results in the var iat ion of the dielectric constant, at 
both high and low frequencies, with steady-state field. 
The variat ion in the dielectric constant  with field, in 
combinat ion with an effective field model for the ionic 
conduction process, can explain the existence of non-  
l inear i ty  in the ln ( i )  vs. E plot observed by many  
other investigators for t an ta lum and n iobium oxidation. 
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Electrolytic Determination of Porosity in Gold Electroplates 
II. Controlled-Potential Techniques 

Ronald J. Morrissey* 
Research Division, AMP Incorporated, Harrisburg, Pennsylvania 17105 

ABSTRACT 

Anodic polarization curves of gold and gold-plated copper specimens have 
been obtained at a sweep rate of 10 m V / m i n  in 0.1M NH4C1 electrolyte. The 
curves obtained are found to be l inear over ranges of potential  approaching 
50 mV displacement from the free corrosion potential. From the data ob- 
tained, values of the free corrosion potential, the polarization admittance, and 
the leakage current  are extracted and compared for each specimen. Agreement  
between the corrosion potential  and polarization admit tance values is ex- 
cellent. It is shown that the polarization admittances of gold-plated copper 
specimens in 0.1M NH4C1 vary  with the apparent  exposed area fraction of 
copper according to expressions derived by Stern. Agreement  between 
the corrosion potential  and leakage current  values is fair, becoming poorer 
as the polarizing potential  is displaced farther from the free corrosion po- 
tential. It is shown that at a given value of the polarizing potential, leakage cur- 
rents passed by gold-plated copper specimens in 0.1M NH4C1 vary directly with 
the apparent  exposed copper area. Anodic current  densities and min imum 
limits of detectabili ty for the various techniques are discussed. 

In a previous paper (1) it was shown that the corro- 
sion potentials of gold-plated copper specimens in 
0.1M NH4CI electrolyte are related to the exposed 
basis metal  area fractions of the specimens by means 
of an expression originally derived by Stern (2), and 
that this relationship affords a convenient  and sensitive 
means of electroplate porosity determination.  The 
object of the present  paper is to examine two addi- 
t ional electrolytic techniques: l inear  polarization mea-  
surements  and leakage current  measurements,  which 
have proven useful in electroplate porosity de termina-  
tions, and to present  comparisons of data obtained 
from corrosion potential, l inear  polarization, and leak- 
age current  measurements  performed sequential ly on 
the same specimens. 

Linear Polarization Methods 
Linear polarization methods were first applied to 

the determinat ion of electroplate porosity by Clarke 
and Bri t ton (3). Beginning with studies of t in-n ickel  
platings on steel, these authors and subsequent  co- 
workers have investigated the effects of various pre- 
plating t reatments  of the substrate on the porosity of 
electrodeposits subsequent ly  applied (4), and have 
extended the use of the porosity test to a number  of 
p la t ing-substra te  systems, including gold on copper 
(5, 6). 

Clarke and Bri t ton found that, in electrolytes chosen 
so as to corrode only those areas of substrate  exposed 
at pores in a noncorroding metal  electroplate and to 
do so without  formation of insoluble corrosion prod- 
ucts, the anodic polarization curves of potential  vs. 
current  density for electroplated specimens were l inear  
over ranges of potential  approaching 100 mV dis- 
placement from the free corrosion potential;  and that 
the slopes of the l inear  plots thus obtained appeared 
to be directly related to the resist ivity of the electro- 
lyte and inversely related to the average porosities 
of the test specimens. Analyzing these data, they sug- 
gested that under  these conditions, current  was passed 
by the exposed basis metal  only and was effectively 
controlled by the resistance of the electrolyte in the 
pore channels. Assuming that  the change in polariza- 
t ion of the basis metal  was negligibly small, the slope 
of the polarization curve for a given specimen would 
then be a measure of the sum of the parallel  resistances 

* E l e c t r o c h e m i c a l  Society  Act ive  Me mber .  
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of the electrolyte-filled pore channels, and the greater 
the value of hV/aI, the smaller  would be the apparent  
porosity. 

In this work, we consider an al ternat ive hypothesis, 
namely, that  the ini t ial  l inear  slopes of the anodic 
polarization curves of basis metal  specimens coated 
with porous noble metal  electrodeposits may be gov- 
erned, in certain electrolytes, by the area relationships 
of the exposed anodic and cathodic constituents ac- 
cording to expressions derived by Stern (2). We do 
this for two reasons: first, because our own previous 
work has shown (1) that  the Stern expressions ade- 
quately describe the corrosion potentials of gold- 
plated copper specimens in 0.1M NH4C1 solution. It is 
also felt that  an approach based on the use of the Stern 
expressions, if applicable, represents a more general 
case than that treated by Clarke and Brit ton; and 
par t icular ly  avoids the perhaps questionable require-  
ment  that the polarization of the exposed basis metal  
remain substant ia l ly  invar ian t  as the over-al l  mixed 
potential of the plated specimen is varied over several 
tens of millivolts. 

For the corrosion current  of a b inary  galvanic couple 
controlled by activation polarization, Stern writes 

E a  tSc 
log Icor r  - -  - -  § - -  log Ac ioc 

~a 
§ ~ l o g A a i o a  [1] 

where Ea is the free corrosion potential of pure anodic 
material, measured with respect to the equilibrium 
potential of pure cathodic material in the same electro- 
lyte, which is taken as zero. ~a and ~c are the anodic 
and cathodic Tafel constants, and ioa and ioc are the 
respective exchange current densities for the anodic 
and cathodic processes. Aa and Ae are the area fractions 
of anodic and cathodic materials in the actual couple 
(such that Aa § Ac -- I). 

Following the analysis presented previously (i), we 
note that for a given base metal-noble metal couple in 
a given corrodant bath the electrochemical parameters 
Ea, ~a, Be, ioa, and ioc, as well as the equilibrium poten- 
tial of the pure cathodic material, are constants. Fur- 
ther, for the case of base metal specimens coated with 
noble metal electroplates of moderate to low porosity, 
Ac > >  Aa. In this case, Ac approaches unity, and the 
term in (log Ac ioc) may be considered a constant. It 
is thus possible to rearrange expression [I], combining 
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and substi tuting terms to yield an expression of the 
form 

fa 
Icorr = C1 Aa - -  [2] 

Thus, for a base meta l  specimen of specified total area, 
coated with  a noble meta l  e lectroplate  of modera te  to 
low porosity, the corrosion current  is found to vary  as 
a power  of the area fraet ion of basis meta l  exposed to 
the electrolyte.  

It is now of interest  to compare expression [2] with 
the l inear  polarizat ion expression of Stern  and Geary 
(7) 

AI ( 2 . 3 )  Icorr  (fla "~ t ic)  
: [3] 

AV ~a~ 

that  relates the corrosion current  of a freely corroding 
specimen to the slope of that  l inear port ion of the 
cathodic or anodic polarization curve  which is found 
to occur at potentials close to the free corrosion poten-  
tial. The range of potential  over  which  such l inear  
kinetics are observed is usual ly  small. S te rn  (8) esti- 
mated the expected range to be only of the order of 
_10 mV from the free corrosion potential.  Cases of 
l inear polarization behavior  extending over  potential  
ranges of several  t imes this figure are, however ,  well  
documented in practice. These and the occurrence of 
asymmetr ic  behavior  (in which the potent ial  range of 
l inear  kinetic behavior  is greater  in one direction from 
the free corrosion potential  than in the other) have 
been discussed by Barnar t t  (g). 

Combining expressions [2] and [3] and simplifying, 
we obtain 

AI ~a 
-'- C1 C2 A a -  [4] 

A V  f a  "~ ~c 

where  the constant C1 results f rom grouping the var i -  
ous constant terms in expression [1], and the constant 
C2 is equal to (2.3) (~a + fc)/~aflc. According to this ex-  
pression, and subject  to exper imenta l  conditions as 
specified above, a plot of the logar i thm of the l inear  
polarization slope for a plated specimen vs. the loga- 
r i thm of the area fraction of basis meta l  exposed to 
the electrolyte should yield a l inear  trace, the slope of 
which is in tu rn  given by f la / ( fa  "~- f ie) .  

Leakage Current Methods 
Leakage current  measurements  were  first applied to 

the determinat ion of porosity in electrodeposits of 
nickel and cobalt on steel by Shome and Evans (10). 
Their  procedure was to measure  the cell current  passed 
when the specimens were  connected, in an electrolyte 
of 3% NaC1 ~ 0.1% Rochelle  salt, to a large copper 
gauze which served as an auxi l ia ry  cathode. No re fe r -  
ence electrode was used. They reasoned that  if  the 
copper gauze were  made sufficiently large, the cell 
current  would be l imited only by the rate of anodic 
dissolution and would thus be direct ly proport ional  
to the exposed area of bare steel. This technique was 
subsequent ly extended by Ehrhard t  (11) wi th  the 
addition of an externa l  power  supply with  which the 
potential  between the specimen and the auxi l ia ry  
cathode could be controlled. Again, no reference elec- 
trode was employed. Using an applied potent ia l  of 
0.75V, Ehrhardt  measured porosity values for gold- 
plated copper specimens in 5% H2SO4 electrolyte.  
Kamm,  Willey, and co-workers  (12) have  employed 
a var ia t ion of the leakage current  technique to deter -  
mine the cont inui ty of the i ron- t in  alloy layer  in 
electrolytic t inplates on steel. 

In their  cr i t ique of leakage current  methods, Clarke 
and Leeds (5) pointed out that  the potent ia l  of the 
auxi l iary  cathode as employed in such measurements  
is i tself a corrosion potential,  subject to change from 
polarization by current  flow or f rom other exper i -  
menta l  variables.  They suggested that  such measure -  
ments might  be improved by polarizing the specimen 

with respect to a reference electrode ra ther  than with 
respect to the auxi l iary  cathode. Barnar t t  (13) has 
shown that, if the par t ia l  cathodic current  can be 
neglected, the cell current  under  such conditions is 
approximated by 

I ---- Aanodlc ioa exp [2.3 (E - -  E r , a ) / ~ a ]  [5 ]  

where  E is the polarizing potent ial  and Er ,a  is the 
revers ible  potential  for the anodic process, both mea-  
sured with  respect to a suitable reference electrode; 
and Aanodic is the exposed basis meta l  area. Thus, under  
conditions of simple anodic dissolution of the exposed 
basis meta l  to form soluble corrosion products, and 
provided that  the effects of concentrat ion and resist-  
ance polarization can be kept  small  (i.e., by restr ict ing 
the invest igat ion to fa i r ly  thin electroplates and by re-  
stricting anodic current  densities to the smallest  prac-  
ticable values) ,  anodic polarization of a series of plated 
specimens to the same potential  vs. a suitable reference 
electrode should yield cell currents  that  in each case 
are proport ional  to the area of basis meta l  exposed to 
the test electrolyte.  

Experimental 
The general  approach taken in this work  has been to 

examine the anodic polarizat ion curves of gold and 
gold-pla ted copper  specimens, obtained potent iody-  
namical ly  at low sweep rates (10 m V /m in )  in 0.1M 
NH4C1 test electrolyte.  The curves obtained were  found 
to be l inear over  ranges of potent ial  approaching 50 
mV displacement f rom the free corrosion potential.  
The slopes of these l inear  plots were  taken to be equal 
to the polarization admit tance M / A V  (14) of the var i -  
ous specimens. Comparisons were  then drawn between 
the observed values of the free corrosion potential, the 
polarization admittance, and the leakage current  (de- 
te rmined at several  potentials wi th  respect to a satu-  
rated calomel reference electrode) for each specimen. 

A Py rex  resin ket t le  of 500 ml  capacity served as 
the react ion vessel. This was equipped with  a Plexiglas 
cap through which the electrodes could be immersed 
into the bath. Exper iments  were  per formed at room 
temperature ,  approximate ly  23~ Solutions were  made 
up using Analyt ical  Reagent  grade chemicals in boiled, 
demineral ized water,  the  specific resistance of which 
was typical ly  in the range of 200,000 ohms. The specific 
resistance of the 0.1M NH4C1 solution as made  up was 
83 ohms. 

The reference electrode employed was a Beckman 
No. 39170 saturated calomel electrode having a fiber 
junction. For  convenience, this was located in the elec- 
t rolyte  at a distance of 3.5 cm from the test specimen, 
which was itself suspended in the bath by means of a 
99.99% gold wire. I It had been shown in previous work  
(1, 3) that  the position of the reference electrode is of 
negligible influence in determining the corrosion po- 
tentials of specimens coated with  porous electrode-  
posits. Pr ior  to each experiment ,  the potential  of the 
saturated calomel electrode was checked vs. that  of a 
Beckman No. 41236 s i lver -s i lver  chloride electrode that  
was reserved as a standard. A pair  of 99.99% plat inum 
spirals, each of 9.1 cm ~ immersed area, served as 
counterelectrodes.  These were  located at a distance of 
7 cm from each other  in the bath, wi th  the test speci- 
men suspended midway  between them. 

The test specimens were  small  OFHC copper elec- 
trical terminals,  each of 2.5 cm 2 gross geometr ic  surface 
area. These were  barre l  plated in smal l  lots with 
Temperex  HD gold 2 to thicknesses of 50, 100, and 400 
~in. (1.27, 2.54, and 10.16~). Addit ionally,  data were  
obtained using two circular  gold coupons, each of 10.8 
cm 2 geometr ic  surface area, which had been stamped 
from sheet stock of 99.9% purity. 8 Cleaning and prepa-  
ration of the  various specimens prior  to each exper i -  
ment  was accomplished as previously outlined (1). 

1 Obtained from the Sigmulad Cohn Corporation, Mount  Vernon, 
New York. 

Sel-Rex Corporation, Nutley,  New Jersey.  
3 Handy and Harman.  Incorporated,  New York, New York. 
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The electrical apparatus consisted of a Wenking 
Model 68TS1 potentiostat, equipped with a Wenking 
Model MP165 motor potentiometer.  Recording of the 
polarization curves was accomplished using a Hewlet t -  
Packard Model 7005B X-Y recorder. Potent ia l  of the 
specimen with respect to the reference electrode was 
read using a Keithley Model 610B electrometer volt-  
meter, the output of which was relayed to the X-axis  
of the recorder. Current  was read by moni tor ing the 
potential  drop across a one megohm precision resistor 
which was inserted between the potentiostat  and the 
twin counterelectrodes. The use of this ra ther  large 
resistance served to restr ict  the magni tude  of the ceil 
currents  obtained, as well as providing a convenient  
means of current  measurement .  The potential  drop 
across this resistance was read using a Kei thley Model 
610A electrometer voltmeter, the amplified output  of 
which was relayed to the Y-axis  of the recorder. 

The exper imental  procedure was as follows: after 
cleaning and preparation,  the test specimen was sus- 
pended in the bath by means of a 99.99% gold wire 
and was allowed to at ta in  a steady corrosion potential  
with respect to the reference electrode. In  all cases, 
an equi l ibrat ion t ime of at least 1 hr was allowed for 
this purpose. In  this work, corrosion potential  mea-  
surements  have been employed as the "referee" tech- 
nique, and the apparent  basis metal  (copper) area 
fractions of the test specimens have been determined 
from the corrosion potentials by reference to the cali- 
brat ion curve previously obtained (1). This is shown 
in Fig. 1. 

When a steady corrosion potential  had been attained, 
the potentiostat  was switched into the circuit and the 
anodic polarization curve of the specimen was obtained 
at a potential  sweep rate of 10 mV/min .  Some repre-  
sentative curves obtained in this manne r  are shown 
in Fig. 2. In  general, the curves obtained for the gold- 
plated copper specimens were found to be l inear  over 
a potential  range approaching 50 mV displacement 
from the free corrosion potential. For  the gold speci- 
mens, the l inear  range approached 150 inV. 

A comparison of free corrosion potential  and polar-  
ization admit tance values for a series of gold and gold- 
plated copper specimens is shown in Fig. 3. The agree- 
ment  in the results obtained using these two methods 
is felt to be excellent. Polarization admittances shown 
in Fig. 3 have been calculated on a gross area current  
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Fig. 1. Variat ion of corrosion potential with immersed copper 
area fraction. 
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Fig. 3. Comparison of corrosion potential  and polarization ad- 
mittance values. 

density basis to compensate for the difference in geo- 
metric surface area between the gold (A ~ 10.8 cm ~) 
and gold-plated copper (A = 2.5 cm ~) specimens. The 
slight differences noted in corrosion potential  and 
polarization admit tance values for the two gold speci- 
mens (shown at the lower r ight  of Fig. 3) are felt to 
be a t t r ibutable  to slight differences in their  respective 
impur i ty  concentrations. In  both gold specimens, the 
major  impur i ty  was copper. 

Convert ing the corrosion potential  values for the 
gold-plated copper specimens to corresponding values 
of the apparent  area fraction of exposed copper by 
reference to Fig. 1, it is possible to replot the polariza- 
tion admit tance data for these specimens in the form 
[log(~I/hV) vs. log Aa]. Such a plot is shown in Fig. 4. 
Data for specimens plated with 400 ~in. deposits are 
omitted from this figure because their  apparent  ex- 
posed basis metal  area fractions are considerably 
smaller than the lower l imit  of cal ibrat ion shown in 
Fig. 1. The slope of Fig. 4 is 0.384, which is in excellent 
agreement  with the value of 0.352 calculated for (fla/~a 
+ fie) from the observed values for tic of gold (0.0935V) 
and fla of copper (0.0507V) in this electrolyte (1). This 
evidence is taken to indicate that, under  exper imental  
conditions as described herein, the polarization admit-  
tances of gold-plated copper specimens in 0.1M NH4C1 
electrolyte are adequately described by an expression 
of the form of Eq. [4]. 

Leakage current  values were obtained in this work 
by reading directly from the polarization curves. A 
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plot of leakage currents  obtained at potentials of 
+0.050 and +0.100V (vs.  SCE) vs.  the apparent  areas 
of exposed copper for the plated specimens is shown 
in Fig. 5. Values of the apparent  exposed area of cop- 
per for these specimens were obtained, as previously, 
from their  corrosion potentials by reference to Fig. 1; 
mul t ip ly ing  the indicated values of the apparent  area 
fraction by the gross geometric surface area (2.5 cm 2) 
of the plated specimens. 

The plots shown in Fig. 5 are of uni t  slope, indicating 
that  in the range considered the leakage currents  ob- 
tained are directly proport ional  to the area of copper 
exposed to the electrolyte. The scatter of the experi-  
mental  data, however, is observed to increase as the 
polarizing potential  is displaced farther from the free 
corrosion potential;  indicating that, as might  be ex- 
pected, the effects of various exper imental  artifacts 
become increasingly significant as the anodic current  
density is increased. In  general, the agreement  between 
corrosion potential  and leakage current  results in this 
work was fair. 

D i s c u s s i o n  

The employment  in this work of a potential-scan 
technique for the determinat ion of polarization admit-  
tance and leakage current  values departs somewhat 
from the potential-step procedures ordinar i ly  used. It 
was felt that  for purposes of obtaining comparative 
data the scanning technique offered potent ial ly greater 
reproducibil i ty in handl ing numbers  of specimens. The 
sweep rate of 10 m V / m i n  was chosen to be sufficiently 
slow as to avoid double layer charging effects near  the 
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Fig. 5. Var ia t ion  of  l eakage  current  with exposed copper  area  

free corrosion potential, and sufficiently rapid as to 
avoid excessive erosion of the pore channels in obtain- 
ing the remainder  of the polarization curve. 

We have not at tempted to evaluate the effects of 
electrolyte pH, oxygenation, or cupric ion accumula-  
tion on the results of the various determinations.  Pre-  
vious work had shown (1) that these factors influence 
the corrosion potentials of gold-plated copper speci- 
mens in 0.1M NH4C1, and presumably  they would 
affect polarization admit tance determinat ions as well, 
both by affecting the corrosion rates of the specimens 
and because the ini t ial  potential  in such determinat ions 
is the corrosion potential. The exper imental  scatter 
observed in leakage current  determinat ions  in this 
work would appear to indicate that  various experi-  
menta l  artifacts can and do exert  a significant influ- 
ence on such measurements,  par t icular ly  at large cur-  
rent  densities. 

As was ment ioned earlier, the agreement obtained 
between corrosion potential  and polarization admit-  
tance determinat ions in this work was considered ex- 
cellent. The evidence of Fig. 3 would indicate that 
either of these techniques, given a suitable means of 
calibration, could be extended to the lower l imit ing 
case of pure gold.. This, of course, is subject in both 
techniques to the l imitat ions imposed by the inabi l i ty  
of the electrolyte to penetrate  very fine or very deep 
pores (1, 4, 15). In  the upper  limit, it was shown (1) 
that the corrosion potentials of gold-plated copper 
specimens in 0.1M NH4C1 approach a plateau at values 
of Aa larger than about 1%, and that  the method would 
thus fail as a porosity test in this range. It  might  be 
expected that the upper  l imit  of applicabil i ty for 
polarization admit tance measurements  as a porosity 
test would be somewhat higher than this, but  we have 
not at tempted to establish such an upper  limit. 

The agreement  obtained between corrosion potential 
and leakage current  results was fair, becoming poorer 
as the polarizing potential  was progressively displaced 
from the free corrosion potential. The major  advantage 
of the leakage current  technique is in speed of mea-  
surement,  as it is not necessary when  using this tech- 
nique to determine the corrosion potentials of the 
various specimens before energizing them. This ability, 
however, is achieved at the cost of high anodic current  
densities when the specimens are energized. It  can be 
shown from Fig. 5 that  under  the conditions of these 
experiments,  polarization of gold-plated copper speci- 
mens to a potential  of +0.100V vs.  SCE produces an 
anodic current  density of approximately 2 A /cm 2 of 
exposed copper. By contrast, the free corrosion current  
densities of the plated specimens employed in this work 
can be calculated from polarization admit tance values 
to be of the order of 100-500 m A / c m  2 of exposed cop- 
per, increasing with decreasing values of Aa. A plot 
of free corrosion current  densities for gold-plated cop- 
per specimens in 0.1M NH4C1 solution, calculated on 
the basis of Fig. 4 using expression [3], is shown in 
Fig. 6. This i l lustrates a major  point of difference 
between the corrosion potent ial  and polarization ad- 
mit tance techniques, in both of which the free corro- 
sion current  density varies with Aa as shown in 
Fig. 6; and leakage current  measurements,  in which, 
at a given polarizing potential,  anodic current  den-  
sity is invar ian t  with An. A fur ther  difference, as 
was ment ioned previously, is that the lower l imit 
of detectabil i ty in porosity determinat ions by cor- 
rosion potential  or polarization admit tance measure-  
ments  appears to be determined pr imar i ly  by the 
abil i ty of the electrolyte to penetrate  very  fine or very 
deep pores, whereas in leakage current  measurements,  
the lower l imit  is also determined by the magni tude 
of the polarizing potential. Polarizat ion of gold-plated 
copper specimens to +0.050V vs.  SCE under  the condi- 
tions of these experiments  yields an anodic current  
densi ty of 500 m A / c m  2 of exposed copper. At  this 
polarizing potential, anodic currents  would be passed 
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Fig. 6. Variation of free corrosion current density with exposed 
copper area fraction. 

only by specimens having free corrosion potentials 
more negative than this value, thus introducing a 
m in imum limit of detectabili ty in Aa of approximately 
10-7. 

In  view of this work and of that previously reported 
(1) it now appears that, wi th in  limits at least, the 
results of electrolytic porosity determinat ions  on base 
metal  specimens coated with noble metal  electroplates 
are expressible in terms of the electrochemical theory 
of galvanic couples; and that, in the case of corrosion 
potential  measurements,  it is possible to prepare cali- 
brat ion curves such that  values of the exposed basis 
metal  area fraction in electroplated specimens can be 
estimated to a reasonable approximation. Cross-cali- 
brations of polarization admit tance and of leakage 
current  measurements  with respect to corrosion poten- 
tial measurements  are also obtainable and are il lus- 
trated in this work. This is in contrast, part icularly,  
to chemical porosity test methods, correlations between 
which are usual ly  possible only on an empirical basis. 
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LIST OF SYMBOLS 
I c o r r  Corrosion current  of a galvanic couple at the 

free corrosion potent ial  (A) 
E~ Corrosion potential  of pure anodic mater ia l  

as measured with respect to the equi l ibr ium 
potential  of pure cathode mater ia l  in the 
same electrolyte (V) 

E r , a  Reversible potential  of the anodic dissolution 
process measured with respect to a suitable 
reference electrode (V) 

f~c Cathodic Tafel slope (V) 
/~a Anodic Tafel slope (V) 
ioc Cathodic exchange current  densi ty (A/cm 2) 
ioa Anodic exchange current  density (A/cm 2) 
Ac Cathodic area fraction (dimensionless) 
Aa Anode area fraction (dimensionless) 
(~I/~V) Polarization admittance, measured as the 

slope of that l inear  portion of a polarization 
curve which is observed at potentials near 
the free corrosion potential  (mho) 

(:~J/• Polarization admit tance per un i t  gross sur-  
face area of the specimens (mho/cm 2) 
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Organosilicon Films Formed by an RF Plasma 
Polymerization Process 

M. J. Vasile and G. Smolinsky 
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ABSTRACT 

The purpose of this research was to develop a plasma polymerization proc- 
ess for producing polymeric films and to achieve an unders tanding  of the 
chemistry involved. A technique for the production of polymer  coatings from 
a capacitively coupled RF plasma is presented. The result ing films contain 
trapped free radical sites which can react with oxygen and nitr ic oxide. The 
rate of polymer formation is a complicated function of power input, total 
system pressure, and part ial  pressure of monomer.  The rates of reaction differ 
for different monomers under  identical reaction conditions. The stoichiometry 
and infrared spectra of the polymers indicate that considerable f ragmentat ion 
and bond reorganization of the monomeric start ing mater ia l  occurs during 
the polymerizat ion process. A mechanism is proposed to account for con- 
versmn of monomer to polymer by formation and fragmentat ion of ionic 
species in the discharge. Neutral izat ion of the ionic f ragments  at the walls 
yields radicals which can react with adsorbed species and be cross-l inked to 
form polymer. 

There is a growing interest  in coating solid surfaces 
with thin polymeric films by reactions result ing from 
electron bombardment ,  ul traviolet  radiation, or elec- 
trical discharges in an atmosphere containing a low 
molecular weight organic compound. Since 1967 three 
reviews (1-3) have been wr i t ten  on this subject. It is 
well known that  polymer can be produced on the walls 
and electrodes of a discharge apparatus containing a 
reactive gas or a mix ture  of inert  and reactive gases. 
The electrical discharge may  be supported by static, 
radio frequency, or microwave fields, or some com- 
binat ion of these. A polymeric film that is clear, 
smooth, and pin-hole  free can be produced by the 
proper choice of discharge conditions. These films 
adhere well to most substrates and can be made from 
approximately 200A to several microns thick. Polymers 
that are synthesized in electrical discharges are usu-  
ally highly cross-linked, i.e., they possess two or three 
dimensional  bonding, ra ther  than l inear  structures. As 
a result  of cross-linking, the polymer films have good 
thermal  stabil i ty and are iner t  to mild acids, alkalis, 
and most organic solvents. In  this paper we describe 
our apparatus and exper imental  procedure for dis- 
charge polymerization and some of the properties 
of polymers formed from vinyl tr imethylsi lane,  
CH2---- CHSi (CH3) ~ and  h e x a m e t h y l d i s i l o x a n e ,  
(CH3) 3SiOSi (CHa) 3 (abbreviated VTMS and HMDS, 
respectively).  

Experimental 
A schematic representat ion of the discharge chamber 

is shown in Fig. 1. The lower electrode, E, is connected 
to the output  of a 13.56 mHz generator through an 
impedance matching network. This electrode is sup- 
ported 10 cm above the base plate by insulat ing legs, 
and it has provisions for water  to be circulated to it 
from a constant tempera ture  bath. The upper  electrode, 
G, is supported from the top plate and is held at 
ground potential. The top plate contains the monomer  
and gas inlet  tube and is supported by a glass cylinder 
20 cm in diameter  and 21 cm in  height. The electrodes 
are 15 cm in diameter, and the interelectrode separa- 
tion is 4 crn. All  feed throughs and vacuum seals utilize 
Viton gaskets or Swagelok fittings. 

Substrates upon which polymer is to be deposited 
are placed on the electrode E. The chamber is then 
evacuated by a 6-in. diffusion pump to a pressure of 
2 x 10 -6 Torr or less. The gate valve is then closed, 
and a throttle valve leading to a mechanical  pump is 

Key words: organosilicon films, IRF plasma, polymerization. 

opened. Argon is admitted to the chamber  to the de- 
sired pressure through a variable leak valve which 
leads into the gas inlet  tube. Gas pressure in the dis- 
charge chamber is measured to the nearest  0.01 Torr 
on a calibrated capacitance manometer .  Monomer 
vapors are then introduced into the argon stream from 
heated reservoirs through variable  leak valves. In this 
way, the part ial  pressure of each component  in the 
discharge tube is known. The entire gas inlet  is kept 
about 20~ warmer  than the monomer  reservoirs to 
prevent  condensation. Gas flow is mainta ined through-  
out the durat ion of the discharge by pumping  through 
the throttle valve. 

The discharges were operated at a var ie ty  of pres-  
sures and power levels in order to investigate the 
effects of different reaction conditions on the produc- 
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Fig. 1. Schematic representation of glow discharge reaction chamber 
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t ion of polymer  films. Rate measurements  were  made 
by weighing the amount  of po lymer  deposited on 
5 X 5 cm a luminum foil substrates for a given dis- 
charge duration, power  level, gas composition, and 
total pressure. Unless otherwise stated, polymer  sam- 
ples for chemical  analysis, IR and ESR spectra, and 
differential  scanning calor imetry  were  prepared using 
the same set of conditions, viz., 0.4 Torr  total  pressure, 
0.3 Torr  monomer  pressure, 200W input  power, and 
250C electrode temperature .  Inf rared  spectra were  
obtained using the at tenuated total  reflectance tech- 
nique f rom polymer  deposited on highly reflecting 
a luminum strips. Samples used for ESR measurements  
and e lemental  analysis were  scraped from glass slides 
which had been coated with  polymer.  

Upon terminat ion of the discharge the chamber  was 
again evacuated using the diffusion pump. The dis- 
charge chamber  could be back-fi l led with  any desired 
gas at this point. Po lymer  samples that  were  to be 
hea t - t rea ted  in air, vacuum, or oxygen were  t rans-  
ferred to another  apparatus that  was buil t  especially 
for that  purpose. 

52  

Results and Discussion 
Under  all conditions used in this study to form poly- 

mer, a glow was visible around both electrodes, and 
a str iated glow was observed in the interelectrode 
region. Polymer  formation occurred in all  regions of 
the discharge tube and under  some conditions, macro-  
scopic polymer  particles were  observed to form in the 
gas phase. The thickest  deposits were  on the electrodes 
and the walls of the chamber;  deposition occurred to 
a lesser extent  on the base plate and the top plate. In 
our discussion of film growth rate, we do not mean to 
imply a t rue react ion rate measurement ,  since all our 
data were  obtained just  on the surface of the active 
electrode, E, and the rate of film growth differs in 
different regions of the react ion chamber.  However ,  
polymer  deposition on the substrate should be a func- 
tion of the kinetic ra te  of polymerizat ion as well  as 
such factors as gas diffusion, mixing, and substrate 
temperature .  

The rate  of deposition of VTMS and HMDS polymers 
was l inear wi th  t ime for any par t icular  choice of dis- 
charge conditions for reaction t imes up to 60 rain. No 
tests were  carried out for durat ions longer than 60 
rain. This l inear growth rate is an expected result  since 
the gas flow through the discharge tube was sufficient 
to maintain  a constant monomer  part ial  pressure. Fur -  
thermore,  the degree of ionization in the discharge is 
undoubtedly low, which fur ther  insures against de- 
pletion of the monomer.  

Addit ional  informat ion on the kinetics of the de- 
positing polymer  is obtained from the data in Fig. 2 
which shows the rate  of polymerizat ion of a three-  
component  system of VTMS, HMDS, and argon as a 
function of the monomer  composition. The argon par -  
tial pressure was maintained at 0.1 Torr, and the total  
part ial  pressure of monomers  was 0.3 Torr. The data 
points shown in Fig. 2 are the averages of several  de- 
terminations at each composition. The scatter obtained 
for each of the points is pr incipal ly  due to the exper i -  
menta l  difficulties encountered in mainta ining the feed 
and power  input constant. Figure  3 is a plot of the ratio 
of the carbon:si l icon content  of the  films shown in 
Fig. 2. It  is evident  f rom Fig. 2 that  HMDS films grow 
at approximate ly  one-hal f  the ra te  of VTMS films, 
whi le  the rate  of polymerizat ion of mixtures  of the 
two monomers  is mere ly  the sum of the individual  
rates. In addition the e lemental  composition of polymer  
prepared from mixtures  of HMDS and VTMS (Fig. 3) 
is also the sum of the composition of the polymers pre-  
pared from each component. The data presented in 
Fig. 2 and 3 suggest that  both HMDS and VTMS react 
independent ly  of each other. 

The rate of deposition of VTMS polymer  was studied 
as a function of power  input, total pressure, and par-  
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Fig. 2. Rote of polymer deposition as a function of monomer 
composition (VTMS and HMDS). Total partial pressure of monomers 
was 0.3 Torr, argon 0.1 Torr. Power 200W. 
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Fig. 4. Rate of VTMS polymer deposition as a function of power 
at constant pressure. (Equal partial pressure of argon and VTMS.) 

tial pressure of the monomer.  F igure  4 shows the ra te  
as a function of power  for constant total  pressures of 
0.3 and 0.5 Tor t  with equal  par t ia l  pressures of argon 
and VTMS. In both cases, the ra te  increased to a 
plateau as the input power  increased. This behavior  is 
probably due to an increase in the electron t empera -  
ture and number  density wi th  a h igher  power  level, 
which in turn would enhance the rate  of production of 
ions and radicals and hence increase the rate  of po lym-  
erization. Figure  5 shows the rates obtained for VTMS 
polymer  deposition as a function of part ial  pressure in 
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Table I. Elemental composition of polymers 
prepared from VTMS and HMDS 

S t a r t i n g  m a t e r i a l s  

E l e m e n t  a n d  w e i g h t  A t o m  
P o w e r  pe r  een t  i n  p o l y m e r  r a t i o  i n  
i n p u t ,  po lymer ,  

W C H Si  O* C / S i  

VTMS 200 41.1 8.9 35.'/ 14,3 2.7 
VTMS + Ar,  3:1 200 49.6 9.6 29.2 11,6 4 
V T M S t  + Ar,  4:3 150 51.1 9.8 36,0 2.0 3.3 
V T M S t  + Ar,  3:1 200 51.3 10.1 34.1 4.5 3.5 
HMDS 200 33.5 8.7 44.5 13.3 1.8 
HMDS + Ar ,  3:1 200 36.5 8.8 44.1 10.6 1.g 

* W e i g h t  pe r  cen t  of  C, H, a n d  S i  w e r e  d e t e r m i n e d  d i rec t ly .  
W e i g h t  pe r  cen t  O is t he  d i f fe rence  b e t w e e n  the  to ta l  f o u n d  fo r  C, 
H, and  Si and  100%. 

t P o l y m e r  t r e a t e d  w i t h  NO be fo re  e x p o s u r e  to  air.  

argon for constant total  pressures of 0.3 and 0.5 Torr, 
wi th  a constant power input  of 80W. There was no 
significant difference in deposition ra te  be tween 100% 
and 20% VTMS at e i ther  total  pressure. (Note that  Fig. 
4 shows that  the rate  curves obtained at 0.3 and 0.5 
Torr  intersect  at 80W.) In addition, the data presented 
in Fig. 5 show that  the rate  of polymer  deposition is 
control led not simply by the concentrat ion of monomer  
but perhaps by the rate at which monomer  can be con- 
ver ted  to a react ive species, since film growth remains 
essentially constant even though the concentrat ion of 
monomer  is reduced by a factor of five. F igure  6 shows 
the ra te  of polymer  deposition obtained in pure  VTMS 
at 80W as a function of pressure. At 0.I Torr  VTMS 
with no argon present, the rate  of film growth is about 
4 • 10 -3 mg cm -2 min -1, whereas  at 0.1 Torr  part ial  
pressure VTMS in the argon mixtures,  the rate  is about 
five t imes as fast (Fig. 5). It is probable that  the pres-  
ence of argon helps to sustain the discharge and thus 
prevents  the decrease in rate  as the monomer  pressure 
is decreased. The sharp drop in deposition ra te  between 
0.5 and 0.6 Torr  (Fig. 6) may  be a result  of having in- 
creased the f requency of inelastic collisions to the 
point where  the electrons do not reach a t empera ture  
high enough to mainta in  the plasma at previous levels. 
It must  be emphasized at this point that  a precise and 
definitive explanat ion of these rate data requires  diag- 
nostics of the electron t empera tu re  and concentrat ion 
while  the polymerizat ion is taking place, and such 
diagnostics are not convenient ly  performed.  

Severa l  different exper iments  lead to the conclusion 
that  glow discharge polymers  possess potent ial ly re-  
act ive radical sites. Some of these sites are obviously 
very  react ive toward oxygen since samples of VTMS 
polymer  for which the discharge vessel was back-fil led 
with  air were  found to contain 11.6 and 14.3% oxygen, 
while  back-fi l l ing with nitric oxide reduced the oxy-  
gen content in the polymer  to less than half  this 
amount  (see Tables I and II) .  In addition, the infrared 

50 I I 1 I l I 

~, 4 0  
9 
r 
�9 | 30 
? 

~' zo 
i 

w 
b- 

Q: 'tO 

0 0.7 
I I I i I i 

0.1 0 .2  0 .3  0 . 4  0 .5  0 .6  

PRESSURE VTMS, TORR 
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pressure at constant power (80W). 

Table II. Elemental composition of monomers 

E l e m e n t  and  w e i g h t  pe r  cen t  A t o m  ra t i o  

C H Si  O C / S i  C / H  C /O  

VTMS 
HMDS 

60.0 12.0 28,0 - -  5 0.416 
44,4 11.1 34,6 9.8 3 0.333 6 

spectrum of a VTMS film ini t ial ly exposed to air ex-  
hibited weak broad absorption at 3380 cm -1 (O-H) 
and 1720 cm -1 (C----O), and strong absorption at 1050 
cm -1 (Si-O) along wi th  the expected absorption at 
2960 and 2910 cm -1 (CH2 and CHs, respect ively) ,  2120 
cm -1 (Si -H) ,  and 1245 cm -1 (Si-CH3). Heat ing the 
above films at 150~ for 3 hr  in oxygen increased the 
intensities of the O-H, C : O ,  and Si-O bands, while  
the C-H and S i -H absorption essentially vanished. On 
the other  hand, VTMS films that  were  init ial ly ex-  
posed to a 3 Torr  a tmosphere  of nitric oxide for 16 hr  
before exposure to air showed absorption bands at 
2950 and 2900 cm -1 (CH2 and CH3), 2110 cm -1 (S i -H) ,  
and 1243 cm -1 (Si-CH~), wi th  v i r tua l ly  no absorption 
for O-H, C : O ,  and Si-O bonds. The incorporat ion of 
oxygen by glow discharge polymers  on exposure  to air 
has also been observed by Westwood (4); the  amount  
depended on the nature  of the po lymer  and the condi- 
tions under  which it was formed. 

Radical sites which were  less react ive toward  oxygen 
were detected by electron spin resonance measure-  
ments. VTMS polymer  showed a broad line absorption 
from 6 to 13 gauss wide at g : 2. Heat  t rea tment  
(150~ of the polymer  in air or in vacuum resulted 
in almost total loss of this signal. It is interest ing to 
note that  complete quenching of the free radicals and 
rel ief  of conformational  strain in the polymer  requi red  
heat ing to about 150~ Trapped free radicals in dis- 
charge produced polymers  have also been observed 
by Schurov et al. (5). 

Differential  scanning ca lor imet ry  of VTMS and 
HMDS polymer  indicates that  the former  mater ia l  has 
a much greater  concentrat ion of potent ia l ly  react ive 
sites than the latter, even after  both polymers  have 
been exposed to air. For  example,  samples of VTMS 
polymer  produced strongly exothermic  the rmograms  
over the entire t empera tu re  range 35~176 while 
HMDS polymer  samples gave thermograms which 
were  only slightly exothermic  f rom 35 ~ to 180~ and 
then endothermic to 460~ Af ter  heat ing freshly pre-  
pared VTMS polymer  at 150~ for 20 hr  in vacuum, a 
the rmogram ve ry  similar  to that  of HMDS was ob- 
tained. We in terpre t  the strong exothermic  behavior  
as due to chemical  reaction, perhaps with atmospheric  
oxygen and /o r  as radical  recombination.  

The results of combustion analyses of VTMS and 
HMDS polymers  are given in Tables I and If. The 
weight  per cent of carbon, hydrogen, and silicon were  
determined directly; the difference be tween  the total  
for these e lements  and 100% was assumed to be the 
oxygen content. The carbon to silicon atom ratio of 
each sample is also reported in the tables. These re -  
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sults demonstra te  qui te  clearly that  the e lementa l  
compositions of the polymers  of HMDS and VTMS 
differ significantly f rom the compositions of the 
monomers.  In the case of the VTMS polymer,  the C/St  
ratio varies f rom 2.7 to 4 and apparent ly  depends on 
the power  input and the par t ia l  pressure of argon. The 
VTMS monomer  has a C/S t  rat io of 5, so that  at least 
one carbon atom per monomer  unit  must  be lost when 
forming polymer.  Similarly,  HMDS polymer  has a 
C/S t  ratio of about 2, while  the monomer  has a C/St  
ratio of 3. Tkachuk et al. (6) have  found C/S t  ratios of 
1.85 and 1.59 for polymer  prepared from HMDS by the 
action of gas discharges, as wel l  as a dependence of 
this rat io on the presence of argon. Fur the r  evidence 
of major  s t ructural  reorganizat ion occurring in the  
transi t ion from monomer  to po lymer  is found in the 
infrared spectra. VTMS polymer  contains S i -H  bonds 
and lacks double bonds. HMDS polymer  also contains 
S i -H bonds. In both cases, the monomers  have  no Si -H 
bonds. 

Many workers  have  proposed a var ie ty  of mecha-  
nisms for the format ion of glow discharge polymers.  
Three of these are discussed briefly to give some idea 
of the divers i ty  of th inking in this area. Yasuda and 
Lamaze  (7) studied the polymerizat ion of s tyrene in 
an electrodeless, induct ively  coupled glow discharge 
system. They concluded that  in thei r  system polym- 
erization is ini t iated (whether  by a radical  or ion is 
not mentioned)  and propagates in the vapor  phase 
unti l  the growing polymer  is too large to remain  as 
a vapor  and deposits on the wall. Westwood (8) studied 
the polymerizat ion of ten convent ional  vinyl  polymers,  
including styrene, in a capaci t ively coupled discharge. 
He concluded that  posit ive ions and ionic f ragments  
at t racted to the electrode surface and walls init iate po- 
lymerizat ion of adsorbed neutra l  monomer  molecules. 
The proport ion of ionic f ragments  to intact monomer  
incorporated in the polymer  depended on the condi- 
tions of the reaction. Denaro et al. studied the po lym-  
erization of s tyrene (9a), s tyrene der ivat ives  (gb), 
al lyl  alcohol (9c), and crotyl  alcohol (9c) in a ca- 
paci t ively coupled discharge. These workers  concluded 
that the reaction of radicals produced in the vapor 
phase was of li t t le importance,  and that  the mecha-  
nism of polymerizat ion involved competi t ive reactions 
of radicals formed on the electrodes by electron bom- 
bardment.  

All  the above workers  have used compounds which 
readi ly  polymerize  by cationic and /or  radical  mecha-  
nisms. We have  studied compounds, VTMS and HMDS, 
which are not suitable for polymerizat ion by ordinary 
means. Exper imenta l  observations in this s tudy which 
may be re levant  to postulat ing a mechanism follow: 
the s toichiometry of the polymer  indicates a lower  car-  
bon content  and the infrared spectra show bond re-  
organization, both of which must  occur in the t ransi-  
tion f rom monomer  to polymer.  Potent ia l ly  react ive 
radical sites are t rapped in the polymer.  Po lymer iza-  
tion was observed in the gas phase when  the input  
power and total pressure were  high. Fragmenta t ion  of 
VTMS under  electron impact  was studied in a mass 
spectrometer  as a function of electron energy. The 
parent  molecular  ion was found to be very  unstable 
even at electron energies as low as 10 eV. The major  
ionic f ragments  at high or low energies had values 
of M/e  of 85 and 59. Figure  7 shows the re la t ive  in- 
tensities of the  various f ragment  ions for electron 
energies f rom 10 to 40 eV. The mass 85 f ragment  ion 
corresponds to a loss of the methyl  radical  f rom the 
parent  ion, and the mass 59 f ragment  ion results f rom 
a loss of acetylene f rom the mass 85 f ragment  ion. 

A l ikely  mechanism of polymer  format ion at the 
walls of an RF discharge for a compound such as 
VTMS can now be postulated The process is init iated 
in the gas phase by electron impact  and format ion of 
a radical  ion. Since electrons wi th  energies in excess 
of 20 eV are rare  in the  plasma, the major  f ragments  
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Fig. 7. Ionic fragments from VTMS on electron impact 

expected due to a single electron impact  on the VTMS 
molecule are ions of mass 85, (C4HgSi) +, and mass 59, 
(C2HTSi) +, acetylene, and methyl  radicals. Ionic f rag-  
ments formed near the sheath boundary are ac- 
celerated to the walls of the vessel by the p lasma- to-  
wall  potent ial  difference. On reaching the walls, the 
ions recombine  with  electrons forming radicals. These 
radicals can then react wi th  adsorbed monomer  or 
other  radical sites and become incorporated into the 
polymeric structure.  Ionic f ragments  formed in the 
plasma at re la t ive ly  long distances f rom the sheath 
boundary may  react  wi th  a neut ra l  or radical  species 
to form higher  molecular  weight  posi t ive ions. If  the 
rate of growth of this ionic chain is slow enough to 
allow migrat ion to a wall,  e lec t ron- ion recombination 
wil l  produce a short chain radical which can then be- 
come incorporated into the polymer.  If, on the other 
hand, the growth of the ionic chain is fast, it can con- 
t inue to grow in size unti l  it becomes large enough 
(i.e., macroscopic) to act as a v i r tua l  wall.  Radical 
site production in exist ing polymer  on the walls  should 
be a continuous process resul t ing from photon and ion 
impact. (Electrons f rom the  plasma are re tarded as 
they approach the walls  and thus lose energy.) 

Polymer  production on the electrode surfaces should 
proceed by essentially the same mechanism, with the 
exception that  a strong a l ternat ing electric field is 
present  in the dark space be tween  the plasma and the 
electrode surface. Electron energies are l ikely to be 
much higher  in this region, resul t ing in increased 
monomer  fragmentat ion.  Charged part icles of ei ther  
polari ty wi l l  be accelerated to the electrode on each 
half  cycle, so the effects of h igh-energy  electron impact  
must  also be considered as a source of cross-linking. 

This postulated mechanism is consistent wi th  many  
of the observed exper imenta l  results; however ,  it must  
be emphasized that  it is only one of a number  of pos- 
sibilities. Exper iments  involving the  diagnostics of 
chemical ly react ive plasmas are now in progress in this 
laboratory and should provide  more  definitive data  on 
the mechanism of po lymer  formation. 

Manuscript  submitted June  22, 1971; revised manu-  
script received Nov. 16, 1971. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December  1972 
JOURNAL. 
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Calibration of Electrochemical Oxygen Meters in 
Sodium Using Uranium 

Hugh S. Isaacs* 
Brookhaven National Laboratory, Upton, New York 11973 

ABSTRACT 

Methods using uranium to remove  or get ter  oxygen quant i ta t ive ly  f rom 
sodium have been used to calibrate the potential  of the meter  as a function 
of the oxygen concentrat ion in sodium. The oxygen meters  were  constructed 
with sodium-sodium oxide reference electrodes and ThO2-Y203 electrolytes. 
The calibration methods depended on the deviation of these meters  from ideal 
behavior.  The methods involved the summation of the weight  gains of ura-  
nium, ~.e., the weights of oxygen removed from the sodium, the der ivat ive  of 
the weight  gains for a given potential  change as a function of the number  of 
repet i t ive  oxygen removal  steps, and the t ime dependence of the potential  dur-  
ing the removal  of oxygen from sodium by uranium. The behavior  of a meter  
depended on the puri ty of the ThO2-Y203 electrolyte  used. High-pur i ty  electro-  
lytes gave the theoret ical  dependence of potential  on concentrat ion but im- 
pure tubes showed marked  deviations from theoret ical  behavior  at low con- 
centrat ions at tempera tures  of 500~ 

The necessity for measur ing oxygen concentrat ion in 
sodium used as a coolant in fast breeder  nuclear  re-  
actors is re la ted to the corrosion and mass t ransfer  of 
metals  in these systems. The corrosion of many  metals  
(1) and i ron-base alloys, including stainless steels 
(1, 2), have been found to increase wi th  higher  oxy-  
gen concentrat ions in sodium. Increased corrosion rates 
would lead to increased t ransfer  of radioact ive  mate -  
rials f rom the reactor  core to the rest of the p r imary  
system, and, to minimize these effects, the concentra-  
tion of oxygen should be kept  as low as possible and 
moni tored to detect any concentrat ion changes. 

Electrochemical  cells using solid oxide electrolytes 
(3) offer a possible method for continuously moni tor-  

ing oxygen concentrat ions in the sodium. However ,  the 
potentials developed by these cells or meters  have not 
been reproducible  (3, 4) and in some cases their  re-  
sponse to changes in oxygen concentrat ion have not 
been the same for one or more meters  in the same 
system. 

In order  to study the variables  which could influence 
the reproducibi l i ty  of these meters,  a rapid method 
for cal ibrat ing meters  was required.  For  this study the 
use of small  sodium containers was more desirable 
than the large sodium loops most f requen t ly  used for 
investigations of the behavior  of sodium. The advan-  
tages of small  containers are that  impuri t ies  in the 
sodium, including oxygen, could be control led more 
readi ly  and rapidly  than in a large nonisothermal  sys- 
tem. 

During a study of methods for removing  oxygen 
from sodium it was found tha t  u ran ium reacted rapidly  
wi th  oxygen dissolved in sodium and formed uranium 
oxide. This oxide adhered to the uran ium when the 
t empera tu re  was 500~ and above giving weight  gains 
of the uran ium equal  to the amount  of oxygen removed.  
The ra te  of reaction was also found to be proport ional  
to the oxygen concentrat ion and the rate was con- 

* Electrochemical Society Active Member. 
Key words: sodium, electrochemical oxygen meter, thoria-elec- 

trolyte, uranium. 

trolled by diffusion in the sodium or the mass t ransfer  
coefficient for oxygen in sodium (5). Uranium, there-  
fore, appeared to be ideal for removing oxygen from 
sodium and also offered several  a l ternat ive  techniques 
for determining the relat ionship between the potential  
of the meter  and the oxygen concentrat ion in sodium. 
It is the purpose of this paper  to describe these tech- 
niques and discuss some of the results obtained. 

Theory 
Electrochemistry 

An electrochemical  oxygen mete r  for monitor ing 
oxygen in sodium is basically an electrochemical  cell 
which may  be represented by 

oxygen 
reference solid oxygen sodium with  
electrode electrolyte  dissolved oxygen 

where  the sodium with  dissolved oxygen forms the 
second electrode and the potent ial  of the cell (E) is 
given by the Nernst  equat ion 

Cs 
E ---- Eo+ aln- [i] 

C 

where ~ ~- RT/nF, Eo is the potential of the meter 
when the concentration of oxygen in the sodium, C, is 
at saturation, Cs, and R, T, and F are, respectively, the 
gas constant, the absolute temperature, and the Fara- 
day. The solubility of sodium oxide in sodium is low 
(~1200 ppm) and the solution may therefore be con- 
sidered as dilute. Hence Henry's law is applicable and 
the concentration of oxygen in solution is proportional 
to its activity (6). The value of Eo depends on the 
reference electrode used and is determined by the free 
energy of formation of sodium oxide f rom the react ion 
of sodium with the reference electrode; when a so- 
d ium-sodium oxide reference  is used its value is theo- 
ret ical ly zero. 
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Calibration Methods Using Uranium 
In  this section the equations that  may be used for 

the calibration of oxygen meters using u r an i um are 
derived and their application is discussed in the follow- 
ing section. 

Summation method.--Consider an init ial  potential  of 
the oxygen meter  as El, then this potential  corresponds 
to an oxygen concentrat ion C1 and the potent ial  in-  
creases as oxygen is removed from the sodium by 
reaction with uranium.  When the u r an ium is removed 
from the sodium the potential  will  have increased to a 
value E2 corresponding to a lower oxygen concentra-  
tion C2. From the weight gain of the uranium,  AWl, the 
relationship between the concentrat ions is 

AWl 
C1 : C~ + - -  [2] 

W N a  

where WNa is the weight of sodium. As the measure-  
ments  are related to weight changes ra ther  than con- 
centrat ion changes, the weights of oxygen are consid- 
ered. It  is a simple mat ter  to convert  weights to con- 
centrat ions when the cal ibrat ion curve is obtained. If 
the weight of oxygen in the sodium, W, corresponds to 
an oxygen concentration, C, then mul t ip ly ing  both sides 
of Eq. [2] by  WNa gives 

W1 = W~ + ~W [3] 

If oxygen was removed from the sodium in Z steps 
then 

Z 

W I : W z + I +  ~ aW,  [4] 
n = l  

where Wz+I is the weight of oxygen remaining in the 
sodium after Z gettering steps and • is the weight 
of oxygen removed by u ran ium for the Zth  step. The 
corresponding weight of oxygen in the sodium before 
the nth gettering step is 

Z 

W , : W z + , +  ~ ~Wn [5] 
n ~ n  

In the above equation the value of Wz+l is unknown,  
but  if Wz+1 << Wn this quant i ty  may be neglected 
and Eq. [5] becomes 

Z 

W, : E AW. [6] 

The potential  of the meter  prior to each gettering is 
given by E ,  and a plot of E, vs. W ,  would give the 
calibration curve for the meter where W, > >  Wz+l. 

This method has the advantage that the period of 
gettering or the resul t ing potent ial  changes need not 
be controlled as is required in some of the methods 
described below. However, to overcome the restriction 
that the weight of oxygen remain ing  in the sodium 
must  be negligible compared with the total weight of 
oxygen at a given potential  necessitates the use of a 
method requir ing a specific exper imental  procedure 
for each gettering. 

Method using constant potential steps.--In this 
method a series of gettering steps are performed and n 
refers to a part icular  step as in  the summat ion  method. 
The weight gain for a given step is again AWn. How- 
ever, in this method the potential  step (AE) for aI1 
steps must  be the same (i.e., AE, : AEn). 

The potential  change for the first step is given by 

W1 
AE : ~ in [7] 

W2 

and is derived from Eq. [i]. After n -- 1 steps the 
potential change is 

W1 
(n-- I) hE: In~ [8] 

W. 

A W I - - - - W I ( 1 - - e x p  f -  AE } l a  

and, in general  

Equation [7] with Eq. [3] can be rearranged to give 

[9] 

[10] 

Equations [9] and [I0] indicate that  the weight gain 
(or change in concentrat ion) is proport ional  to the 
init ial  weight (or concentrat ion) of oxygen for that 
gettering step on the assumption that  the value of a 
remains constant. 

Subst i tu t ing Eq. [9] and [10] in [8] for the (n -- 1) 
step gives 

AWl 
(n -- i) AE ---- a in-- [ii] 

AW~ 

which on differentiating gives 

d In AW. AE 
-- [ 1 2 ]  

dn a 

Equation [11] shows that a plot of the logari thm of the 
weight gain as a function of the n u m b e r  of getterings 
(n) has a slope as given by Eq. [12] equal to the 
(constant) potential  change AE for each gettering 
divided by the value of a. The slope of this curve can 
be measured and as • is known, the va lue  of a can be 
calculated. 

If the value of ~ is constant  this plot is linear, but  
if a changes as the oxygen concentrat ion is reduced 
this is reflected in a change in slope of this plot. 

Variation o~ potential with time during uranium 
gettering.-- The rate of change in oxygen concentra-  
tion is related to the rate at which u ran ium removes 
oxygen from sodium. When u ran ium is inserted into 
sodium the rate of change in concentrat ion (dc/dt) is 
proportional to the oxygen concentrat ion in the sodium 
(5), i.e. 

dc d l n C  
- -  C k  o r  - -  - -  k [ 1 3 ]  

dt dt 

where k is the rate constant  which is equal to the 
mass t ransfer  coefficient (5). The rate of potential  
change is also related to the rate of change in oxygen 
concentrat ion as can be seen on differentiating Eq. (1) 

dE din  C 
- -  : a [14] 
dt dt 

Subst i tu t ing Eq. [13] in Eq. [14] gives 

dE 
: a k [15] 

dt 

If the value of a remains  constant  and the mass t rans-  
fer coefficient is kept constant  (by controll ing the 
geometry of the system and the sodium velocity dur ing 
u ran ium gettering) then the product of a and k is a 
constant and from Eq. [15] the potent ial  increases 
l inearly with time. If a decreases, the rate of change 
in potential  also decreases. 

Experimental 
The oxygen meters used in this work  were of similar  

construction to those with a copper-copper oxide ref-  
erence electrode (3) except the reference electrode 
was replaced by  sodium and sodium oxide. The thoria-  
y t t r ia  electrolyte tubes all containing 15% yt t r ia  by 
weight were about 6-8 in. long and ~/4-~/2 in. in diam- 
eter. The tubes were leak tested and showed a leak 
rate of less than 10 -10 cm3/sec. The slip-cast tubes were 
obtained from Zirconium Corporation of American and 
the isostatically pressed tubes were obtained from Gen-  
eral Electric Corporation. The insidious impur i ty  in the 
slip-cast tubes was SiO2 at concentrat ions of 100-300 
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Table I. Impurities in Th02-15 w/o Y203 tubes 

E L E C T R O C H E M I C A L  O X Y G E N  M E T E R S  

I s o s t a t i c a l l y  
E l e m e n t  S l i p - c a s t  p r e s s e d  

Si  300 < 1 0  
Fe  300 < 1 0  
Mo  10 < 1 0  
M g  300 < 1  
N i  50 < 1 
M n  10 < 1  
Pb 5 <I 
Co 5 <I 
Cu 50 <I 

ppm that  formed a second grain boundary phase by re-  
acting with Y203 (7). The isostatically pressed tubes 
had an impur i ty  level  of less than  35 ppm. Representa-  
t ive compositions of the two types of tubes determined 
spectrographical ly are shown in Table I. The high-  
pur i ty  tubes were  white  in color and remained whi te  
af ter  firing in air  at 700~ The impure  tubes were  
brown af ter  air firing. This difference suggests that  
impuri t ies  in the oxide play a part  in developing the 
brown coloration when exposed to h igh-oxygen  act iv-  
ities ra ther  than being caused by some proper ty  of the 
oxide solution itself (8). 

Impuri t ies  present  in "as- received"  sodium gave 
reactions which tended to buffer the oxygen concentra-  
tion in sodium and could act as a source or sink for 
oxygen (9). Disti l led sodium was consequent ly  used 
in these experiments.  Containers of zirconium oxidized 
in oxygen for 3 hr  at 70O~ or of stainless steel showed 
no difference in results. The sodium weighed 310 • 20g 
and was st irred with  a hermet ica l ly  sealed stirrer. 
St r ingent  precautions were  taken to prevent  contam- 
ination of the sodium or the added sodium oxide (5) 
wi th  air or wa te r  vapor. A hel ium cover gas at pres-  
sure above atmospheric,  containing less than 10 ppm 
oxygen and water  vapor  protected the sodium from 
contaminat ion by gaseous impurities.  

Uranium strips were  usual ly 5 x 1 x 0.1 cm in size. 
The strips were  electropolished in equal volumes of 
ethanol and phosphoric acid at 6-12V, washed in water,  
and weighed to ___0.03 mg before use. Af te r  exposure 
to sodium the sodium adhering to the uranium was 
dissolved in methanol  and the uranium was then 
washed in water  and air dried prior to reweighing (5). 

Results and Discussion 
When oxygen is removed from the sodium the oxy-  

gen concentrat ion decreases and the potent ial  of the 
meter  according to Eq. [1] increases. Figure  1 shows 
an example  of the var ia t ion of potent ial  wi th  t ime 
when uranium was used to r emove  oxygen in a series 
of get ter ing steps. The mete r  was constructed with the 
h igh-pur i ty  isostatically pressed oxide tube. When 
uranium was inserted in the sodium the potent ial  
increased l inear ly  wi th  t ime in agreement  wi th  Eq. 
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Fig. 1. Variations of potential with time during oxygen gettering 
with uranium for a meter with a high-purity electrolyte. 
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Fig. 2. Variation of uranium weight gain as a function of the 
number of repetitive gettering steps for a high-purity electrolyte. 

[15]. Upon removing  the uran ium the potent ial  no 
longer increased and gave the series of steps shown in 
Fig. 1. The weight  gains of uran ium tubes after  each 
get ter ing shown in Fig. 1 and those obtained at h igher  
potentials are plotted in Fig. 2 as a function of the 
get ter ing step. These results can be used to de termine  
the cal ibrat ion curve for the meter ,  i.e., the relation 
be tween  the potential  and the logar i thm of the oxygen 
concentration. The slope of this curve ~ can be deter -  
mined f rom Fig. 2 as indicated by Eq. [12]. This equa-  
tion can be expressed to base 10 as 

2.3 RT d log ~W ~E [16] 
dn 2F 

The theoret ical  slope is equal to 1/7.7 mV -1 at 500~ 
for 10 mV potent ial  changes. The  observed slope in 
Fig. 2 is in good agreement  wi th  the theoret ical  slope 
indicating that  the value of ~ was in accord with the 
Nernst  equation. An extrapolat ion of these results can 
also be used to determine  the cal ibrat ion curve  shown 
in Fig. 3. The value  of ~ determined from this curve 
was 79 mV/decade  change in oxygen concentrat ion 
which deviates by less than 3% from the theoret ical  
value. 

Three meters  constructed with  isostatically pressed 
tubes were  cal ibrated after  holding at 500~ for one 
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Fig. 3. Calibration curves for cells constucted with high purity 
and impure ThO2-Y203 electrolytes. 
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day. The potential  difference be tween  the calibration 
curves at a given oxygen concentrat ion var ied by close 
to 20 mV. The curves were  paral le l  being wi th in  5% 
of the theoret ical  slope down to oxygen concentrations 
of 1 ppm. The potent ial  of the meters,  however ,  de- 
creased with  t ime but their  response to changes in 
oxygen concentrat ion remained  the same for a period 
of 40 days. The decrease in potential  was found to 
be approximate ly  2 m V / d a y  when  only a small  excess 
of solid Na20 was present  in the reference electrode. 
Additions of Na20 to the reference electrode after the 
drift  had occurred increased the potential  of a cell 
and suggested that  the drift  and the potent ial  differ- 
ences after  one day were  probably a result  of the reac- 
tion between the oxide and the electrolyte  at the 
higher  oxygen act ivi ty  in the reference electrode. 
Reactions have  been observed to take place at h igher  
tempera tures  and at a rate  which increased oxygen 
concentrations in the sodium (10). 

The calibration curves of 15 oxygen meters  con- 
structed with  sl ip-cast  ThO2-Y203 tubes that  were  
less pure  than the isostatically pressed tubes, were  
highly variable.  The results for two of the meters  
which represented the range of behavior  of the slip- 
cast tubes tested at 5O0~ are shown in Fig. 4. This 
figure shows the var ia t ion of the logar i thm of the 
weight  gains for a series of get ter ing steps. The mea-  
surements  have been normalized to effectively 10 mV 
steps for direct comparison be tween  the results. Curves 
A and B were  obtained with  17 _ 2 (for meter  A) and 
10 • 2 mV steps (for meter  B),  respectively.  Results 
with a h igh-pur i ty  isostatically pressed tube get tered 
to give 20 mV steps are also shown for comparison. 
The results using the sl ip-cast  tubes show pronounced 
curvature,  whi le  those for the isostatically pressed 
tube are linear, and theoretical.  Curve A shows that  
the value of a is close to but  sl ightly greater  than 
theoret ical  at weight  gains above 3.5 mg. However ,  at 
lower weight  gains a marked  decrease was observed. 
This deviat ion is indicat ive of a decreased value of 
wi th  decreasing oxygen concentration. The results for 
meter  B with the high slope indicates that  the value of 

was low throughout  the range of oxygen concentra-  
tion investigated. The value of a de termined from the 
slope for the higher  weight  gains is 33 mV which is 
43% of the theoret ical  value. This value also shows a 
decrease wi th  decreased weight  gains or lower  oxygen 
concentrations. 

Extrapola t ion of both curves A and B to weight  
gains below 0.1 mg indicates that  ve ry  small  quanti t ies 
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Fig. 4. Variation of uranium weight gain as a function of repeti- 
tive gettering steps for high-purity and impure ThO2-Y203 elec- 
trolytes. 

of oxygen would be r emoved  from the sodium if the 
number  of get ter ing steps were  increased, or the 
weight  of oxygen remaining  in the sodium was ex-  
t r emely  small. The amounts  of oxygen in the sodium 
after the last get terings were  therefore  negligible and 
the calibration curves for these meters  were  con- 
structed using the summat ion method (Eq. [6]). The 
calibration curves obtained by summat ion of the 
weight  gains and plot t ing the related concentrations 
against the potential  are also shown in Fig. 3. Above 
30 ppm curve  A shows a theoret ical  slope. At  oxygen 
concentrations below 30 ppm for mete r  A and for 
the entire range of oxygen concentrat ion invest igated 
with meter  B, the cal ibrat ion curves show less than 
the theoret ical  value of ~. This behavior  was indicated 
by the results shown in Fig. 4. 

Indications of this decrease in ~ could also be 
deduced f rom the behavior  of the ra te  of potential  
change during removal  of oxygen by uranium. During 
gettering the rate  was observed to fall  continuously 
at the higher  potentials  for all slip-east tubes tested. 
For  example  in the ease of cell A the rate  decreased 
when the potential was above 140 mV and continued 
to decrease at still h igher  potentials. It may be seen 
from Eq. [15] that  the rate  of potential  change is pro-  
portional to the value of ~ and the observed decreased 
rate  therefore  suggested a decrease in the value  of ~. 

Measurements  of the oxygen ionic t ransference num-  
ber have been made on thor ia -y t t r ia  e lectrolyte  of 
similar composition to those of the slip-east tubes (11). 
These results showed that  the observed decrease in 
f rom the theoret ical  va lue  could not be at t r ibuted to 
deviations of the t ransference number  f rom uni ty  at 
the oxygen activities in sodium. The observed decrease 
in ~ is probably a result  of interactions of sodium with  
impuri t ies  present  in the slip-cast tubes which also act 
to influence the characterist ics of the electrochemical  
system. 

Conclus ion  
Uranium offers a rapid and sensitive method for 

calibrating oxygen meters  in sodium at tempera tures  
of 500~ The h igh-pur i ty  isostatically pressed ThO2- 
Y203 electrolyte tubes are far superior to less pure 
slip-cast tubes. The fo rmer  show theoret ical  slopes 
down to oxygen concentrat ions of 1 ppm while  the 
slip-cast tubes are highly var iable  in behavior  and 
deviate f rom the theoret ical ly  expected var ia t ion of 
potential  wi th  oxygen concentration. 
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Techn ca]l Notes . 

D-Size Lithium Cupric Sulfide Cells 
J. P. Gabano, V. D~chenaux, G. Gerbier, and J. Jammet 

Societe des Accumulateurs Fixes et de Traction, D~partment la Pile Leclanch~, Poitiers, France 

Research at SAFT on h igh-energy  p r imary  batteries 
with a l i th ium anode and a nonaqueous electrolyte  has 
resulted in the design of a l i thium cupric sulfide cell 
using an electrolyte  made of a LiC104 solution in a 
combined solvent comprising 10% te t rahydrofuran  
(THF) (1) and 30% 1.2 d imethoxye than  (1.2-DME) 
(2). Pr ismatic  cells of 30 A - h r  capable of reaching 
and even exceeding 300 W - h r / k g  and 400 W - h r / d m  "~ 
have been developed in the past (3, 4) for the deter -  
minat ion of the rel iabi l i ty  of the system. The results 
indicated that  this couple can be stored more than one 
year  under  normal  conditions and six months at 45~ 
without  appreciable loss of energy. On the basis of 
these studies D-size l i th ium cupric sulfide cells have  
been designed. 

The purpose of this paper  is to present  the data ob- 
tained on D-size cells af ter  optimization and to dis- 
cuss their  characterist ics and performance  in com- 
parison with  carbon-zinc and alkal ine manganese 
dioxide cells of the same size. 

Cell Design 
Complete ly  sealed D-size cells were  made  using 

cans of n ickel -p la ted  steel. The cyl indrical  cell  has 
the distinguished feature  of a coiled e lement  for im-  
proving cell per formance  under  heavy  discharge rates. 

The cupric sulfide used for the cathode was prepared 
by the the rmal  combinat ion of sulfur and copper. 
Very pure  sulfur free cupric sulfide was synthesized 
by this method. For  the making  of the cathode, 
cupric sulfide powder  was mixed  with  a Teflon binder  
and cold-pressed onto a ve ry  thin n ickel -p la ted  steel 
strip of a suitable length. Then the cathode was cured 
at 280~ for 2 hr. This process gave a flexible electrode 
which could be rol led ve ry  easily. The cathode was 
ent i re ly  sealed in a nonwoven polypropylene  bag 
which acted as a separator.  

The l i th ium anode was made of a pure  l i th ium strip 
wi th  a te rmina l  made  of a tab of stainless steel sol- 
dered to one end of the strip. 

The solvents used were  the pures t  commercia l ly  
avai lable  and were  dried by standing one week over  
molecular  sieves. The LiC104 solute was of the highest 

Key  words :  nonaqueous  cell, organic  solvents,  t e t r ahydro fu ran ,  1.2 
d ime thoxye than ,  l i th ium,  copper  sulfide. 

puri ty  available (GF Smith  Chemical  Co.);  it was 
dried at 150~ for 48 hr  before use. 

Cells were  filled wi th  a molar  solution of LiC10~ 
in the combined solvent  (THF ~- 1.2-DME) before 
~ealing. Their  capacity var ied according to the length 
and the thickness of the cathode, that  is to say be tween 
l l  and 14 A - h r  for the cells we studied. Anode capacity 
was about 30% higher  than cathode capacity. Moreover  
the amount  of e lectrolyte  was approximate ly  17 cm a 
per cell. The open-circui t  vol tage (O.C.V.) of these 
cells was about 2.15V and their  ohmic resistance 0.3 
ohm, the total weight  of a single cell was about  95g, 
its vo lume 55 cm~. 

Cell Optimization 
In order  to achieve cell  optimization, D-size cells 

wi th  cathodes of different length and thickness were  
tested under  continuous discharge through a 5 ohm 
load at ordinary  tempera ture .  

Table I gives the theoret ical  capacity of these cells 
according to the thickness and length of the cathode. 
The height  was kept  to a constant va lue  of 47 ram. 

F igure  I shows the variat ions of the cell energy as 
a function of the length of the cathode, for these condi- 
tions of discharge. It  can be seen that  the cell  energy 
is marked ly  affected by decreasing the length of the 
cathode below 250 ram, but  remains  approximate ly  
constant beyond this value. 

In our fur ther  determinations,  all the cells were  
designed wi th  a 250 m m  cathode length. This electrode 
gives a theoret ical  capacity of 13 A-hr .  

Cell Discharge Characteristics 
Different test loads were  used in this evaluat ion 

under  various conditions of continuous and in te rmi t -  

Table I. Effect of length and thickness of the cathode 
on theoretical cell capacity 

Leng th  of the Thickness  of the  Theoret ica l  cell 
cathode (ram) cathode (ram) capaci ty  (A-hr) 

120 2.80 14.2 
250 1.50 13.0 
360 1.15 11.5 
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Fig. I .  Effect of cathode length on cell energy under 5 ohm 
continuous discharge load. 

tent  discharges. Regular  carbon-zinc and alkaline 
manganese dioxide cells of the same size were  dis- 
charged in the same t ime; however,  in order to account 
for the difference of voltage of each system, suitable 
loads were  selected to give the same average current  
drain in order to have a be t ter  comparison. All  the 
discharges were  per formed to a cutoff vol tage equal 
to 50% of the start ing voltage. 

Continuous Discharges 

Figure  2 shows discharge characterist ics of a 13 
A - h r  L i /CuS  D-cell .  It can be seen that  the discharge 
curve  has two steps corresponding to the two levels of 
reduction of cupric sulfide (3). However ,  the voltage 
steps become more and more diffuse when the dis- 
charge rate  is increased. 

Figure  3 shows the relat ionship be tween cell energy 
and current  drain for the three systems. These results 
were  deduced f rom the discharge curves of each sys- 
tem obtained under  suitable loads. In both cases the 
L / /CuS  cell gave bet ter  performance than the two 
other  couples studied. Nevertheless  at current  drain 
more than 500 mA, the energy of L i /CuS  cell was only 
sl ightly grea ter  than that  of the alkal ine manganese  
dioxide system. 

Intermittent Discharges 

The accepted method of assessing the performance  of 
pr imary  D-size cells in in te rmi t ten t  discharge accord- 
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Fig. 2. Discharge characteristics of a 13 A-hr D-size Li/CuS cell 
as a function of various loads. 

2 0  

w 
Z 10 Id 

J 
J i,i 
~) 

April 1972 

] ] I I 

m 

\~ 
I I I I 

0 250 500 750 1000 

CURRENT DRAINI  m A 

Fig. 3. Relative energy of D-size cells under continuous loads: 
A ,  L i /CuS cel l ;  ~ ,  regular alkaline manganese dioxide; G ,  
regular carbon-zinc cell. 

ing to the various consumer applications were  applied 
here, as is shown in the fol lowing tables. 

Table II shows the results obtained for a radio in-  
termit tent  duty. It  can be seen f rom this table that  the 
L i /CuS  cell del ivered a significant amount  of energy 
in comparison wi th  the carbon-zinc and alkaline man-  
ganese dioxide cells and had a longer discharge dura-  
tion. 

Table III gives the results  obtained on the cassette 
p layers / recorders  in termi t tent  duty. The discharge 
duration for the L i /CuS  cell was approximate ly  three  
times more than for the carbon-zinc cell; moreover  the 
total cell energy was four t imes higher. The difference 
in performance with  the alkaline manganese dioxide 
cell was, however,  less pronounced. 

Table IV pertains to a l ighting in te rmi t ten t  duty. This 
table shows the superior i ty  of the L i / C u S  cell to the 
two other  systems. Nevertheless,  the energy  difference 
be tween the carbon-zinc,  alkaline manganese  dioxide, 
and L i /CuS  cell  is less pronounced than in the case of 
radio and cassette players  in termi t tent  duty. The rea-  
son is that  the carbon-zinc cell does not lose much en- 
ergy on in termi t tent  heavy  drains due to its capabili ty 
of recovery.  The difference of performance with  the 
alkaline manganese dioxide cell is still small, especially 
for discharge durations which are quite  similar. 

Finally, the technical performances of a ba t te ry  sys- 
tem in a given application should be est imated from 

Table II. Transistor radio intermittent duty, 
30 mA, 4 hr per 24 hr day 

Cell Cell aver -  Cell T ime  of 
capacity age vol tage ene rgy  service  

Couple (A-hr)  (V) (W-br)  (hr) 

Carbon-zinc 6.8 1.25 8.5 225 
Alkal ine  

MnO2/Zn 11.8 1.24 14.6 395 
LI/CuS 13.0 1.8 23.4 435 

Table III. Cassette players/recorders intermittent duty, 
150 mA, 4 hr per 24 hr day 

Ceil Cell ave r -  Cell T i m e  of 
capaci ty  age vol tage ene rgy  service  

Couple (A-hr)  (V) (W-hr) (hr) 

Carbon-zinc 4.8 1.20 5.8 32 
Alka l ine  

M n O j Z n  11.2 1.15 12.9 75 
L i /CuS 12.6 1.58 20.0 84 
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Table IV. Flashlight intermittent duty, 
210 mA, 3 times for 30 rain per 24 hr day 

Cel l  Cel l  a v e r -  Cel l  T ime  of 
capac i ty  age v o l t a g e  e n e r g y  se rv ice  

Couple  fA-hr )  (V) (W-hr)  (hr) 

C a rbon -z inc  6.1 1.20 7.3 29 
A l k a l i n e  

M n O : / Z n  12.0 1.07 12.8 57 
L i / C u S  12.2 1.52 18.5 58 

the volume, since avai lable volume is usual ly the most 
critical pa ramete r  to the designer of equipment.  In 
both applications that  we have mentioned, ranging in 
power load f rom radios at the low end to flashights at 
the high end, we  can use a stack of three  L i /CuS  cells 
instead of four conventional  pr imar iy  cells for reach-  
ing approximate ly  the same voltage. This important  
fact can be deduced from the values of the single-cell  
average voltage in Tables II, III, and IV. 

Conclusions 
This small test p rogram has shown that  the D-size 

L i /CuS  cell is capable of giving useful energy within 
the range of rates and types of discharge applied. 

A comparison with  carbon zinc and alkal ine man-  
ganese dioxide D-size cells has shown the superiori ty 
of the L i /CuS  cell over  the common pr imary  systems 
in the case of consumer applications. 

The best per formance  obtained at low drain was 25 
W-hr.  This corresponds to a specific volumetr ic  energy 
of 470 W - h r / d m  3. This value is considerably greater  
than can be obtained with  the HgO/Zn  system, which 
has the best volumetr ic  energy density (350 W-hr /dm~)  
in aqueous electrolytes for the D-size cell. 

Manuscript  submit ted June  9, 1971; revised manu-  
script received Nov. 11, 1971. This was Paper  40 pre-  
sented at the Cleveland Meeting of the Society, Oct. 
3-8, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December  1972 
JOURNAL. 
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Photoelectrochemical Image Conversion 
M.  M.  Nicholson* 

Atomics International, A Division of North American Rockwell Corporation, Canoga Park, California 91304 

Imaging devices that  convert  infrared to visible light 
general ly  involve  all solid-state systems and may re-  
quire  high voltages to achieve the desired image in- 
tensity. This note describes an electrochemical  scheme 
for inf ra red- to-v is ib le  conversion in a single cell 
operated by a low-vol tage  power  supply. Efficiencies 
and other performance characterist ics have not yet  
been determined,  but  avai lable  informat ion on the es- 
sential processes involved supports the feasibil i ty of 
the concept. 

The schematic design of the electrochemical  image 
conversion device is shown in Fig. 1, where  the cell 
is envisioned as a th in - layer  structure.  The essential 
elements are (a) a semiconductor control electrode, 
which is responsive to infrared light, (b) a solution 
containing a support ing electrolyte and a regenera t ive  
faradaic system capable of producing e lect rochemi-  
luminescence, and (c) a perfora ted or t ransparent  
counterelectrode through which the resul tant  image 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  images ,  s emiconduc to r s ,  e l ec t roche rn i luminescenee ,  

h y d r o c a r b o n s .  

may be viewed. For  discussion, it may  be assumed that  
the semiconductor  is ge rmanium or silicon and that  
the solution consists of an electroact ive aromatic hy-  
drocarbon such as rubrene,  dissolved in benzonitrile, 
wi th  t e t r abu ty lammonium perchlorate  as the  support-  
ing electrolyte (1). The counterelectrode may be a 
pla t inum screen. The device is not l imited to this type 
of system, al though present  informat ion suggests that  
these materials  would  be appropriate for an exper i -  
menta l  study. 

It is known that  many  aromatic hydrocarbon sys- 
tems emit  l ight when  electrolyzed at ~3V between two 
inert  meta l  electrodes (2, 3). The luminescence is due 
pr imar i ly  to the annihilat ion react ion be tween the 
electrolyt ical ly formed hydrocarbon cations and anions, 
which occurs in the solution phase when  these species 
are brought  together  by diffusion. The over -a l l  proc- 
ess may  be represented as follows: 

Anode: Ar  -> Ar  + -F e 
Cathode: Ar  H- e--> A r -  
Solution: Ar  + - F A r -  -~ Ar* - F A r  

Ar* --> Ar  H- hv 

Fig. 1. Photoelectrochemical 
image converter. 
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The last two equations are consistent wi th  an excited 
singlet state for the l igh t -emi t t ing  species; detailed 
mechanisms are discussed elsewhere (3). For the pres-  
ent application it is essential to note that  the net  resul t  
of these reactions is the conversion of electr ical  energy 
to light, with regenerat ion of the hydrocarbon.  

It is expected that  s imilar  reactions wil l  occur at 
semiconductor electrodes. Further ,  if a semiconductor  
is chosen so that  one of the faradaic processes is 
l imited by the minor i ty  carr ier  concentration, the elec- 
trode wil l  be photosensit ive (4). For  example,  if the 
control  electrode in Fig. 1 is p - type  and the reduct ion 
of Ar  requires  conduction electrons, ve ry  l i t t le current  
will  flow through the cell  in the absence of light. When 
an infrared (or visible) image is focused on the outer  
surface of this electrode, a large increase in conduction 
electrons will  occur in the areas of high light in ten-  
sity. The faradaic current  wil l  then follow a corre-  
sponding pat te rn  at the semiconductor /solut ion inter-  
face, and short ly thereafter ,  a luminescent  image wil l  
appear in the solution layer, due to the anion-cat ion 
reaction. Thus, by coupling a semiconductor  electrode 
with an e lect rochemiluminescent  system, one may  con- 
ver t  an infrared image to a visible image and mea-  
sure a total  current  for the process. The sharpness of 
the visible image wil l  depend on the distances t rave led  
by carr ier  species in the semiconductor  and solution 

layers. The absolute image intensi ty  cannot be pre-  
dicted at present, but luminescence from diffusion-con- 
trolled currents  in 10-SM hydrocarbon solutions is 
readily visible (2). Other  pract ical  details include the 
stabil i ty of the hydrocarbon ions and the influences of 
impurities. 

Of interest  for sensor applications is the possibility 
of light amplification in the cell, due to absorption of 
luminescence light by the semiconductor.  This would, 
in turn, produce addit ional  current  and generate  more 
light. Al though such feedback may  diminish the sharp-  
ness of a visual display, it would be advantageous in a 
light detection system. 

Manuscript  rece ived  Oct. 18, 1971. 

Any  discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in the December  1972 
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The Influence of Chloride Ion on the Pitting of Aluminum 

F. D. Bogar *,I and R. T. Foley** 
Chemistry Department, The American University, Washington, D. C. 20016 

Engell  and Stolica (1), and la ter  Hoar  and Jacob  (2), 
devised a technique to measure  the kinetics of break-  
down of passivi ty of iron and stainless steel by halide 
ions. In this technique the meta l  electrode is held po- 
tentiostatica]ly in the passive range in sulfuric acid 
solution, a specific concentrat ion of chloride is injected, 
and the induction time, v, for a sharp rise in current  is 
recorded. The rise in current  is correlated with  the 
breakdown of passivity and the ini t iat ion of pitting. 
This technique is of par t icular  interest  because the de- 
pendence of the induction time, ~, on the chloride con- 
centrat ion has been related to the s toichiometry of the 
initial meta l  dissolution reaction. The invest igators  
cited above used different arguments  but  reached the 
same conclusion with  respect to the significance of 
the chloride dependence. Further ,  the t empera tu re  de- 
pendence of v can be related to the apparent  energy 
of act ivation for the process, wha teve r  the mechanism 
of the process might  involve. In the present  invest iga-  
tion the kinetics of pit t ing of a luminum and an a lumi-  
num alloy have been measured by this technique f rom 
the standpoint  of achieving a bet ter  unders tanding of 
the mechanism by which chloride ion part icipates in 
the pit t ing process. 

* Electrochemical Society Student Associate Member. 
** Electrochemical Society Active Member. 
i Present address: Fhysical Metallurgy Division (Code 6324), U.S. 

Naval Research Laboratory, Washington, D. C. 20390. 
Key words: corrosion, aluminum alloy 1199, aluminum alloy 2024, 

kinetics, activation energy. 

Experimental 
The exper iment  was conducted in a modified H-cel l  

in which the working  compar tment  was separated from 
the countere lec t rode compar tment  by a fine-porosity 
glass frit. The working  compar tment  had a volume of 
250 ml al lowing the p lacement  of a Luggin capil lary 
and a gas dispersion tube in addition to the working 
electrode. An electrode holder  similar  to that  de- 
scribed by Myers et al. (3) which exposed an elec- 
t rode area of 0.637 cm 2 was used. The counterelectrode 
was a pla t inum electrode of 57 cm 2. Oxygen was re-  
moved from the solution by dispersing high pur i ty  
N2 through the electrolyte  for 30 min prior  to e lectrol-  
ysis and for an addit ional  30 rain whi le  the cur-  
rent  of the polarized electrode came to a s teady-sta te  
value, and for the durat ion of the exper iment .  The 
bubbling ni t rogen excluded air and provided st irr ing 
to the system. St i r r ing was also provided in the 
cell wi th  a magnet ic  stirrer.  When ni t rogen was bub-  
bled through the system, the corrosion potent ial  be- 
came more active, the major  change occurr ing in the 
first 30 min. Polarizat ion of the electrodes af ter  1 hr  of 
deaerat ion with  ni t rogen produces cur ren t -po ten t ia l  
curves wi th  li t t le or no difference f rom curves ob- 
tained f rom electrodes which were  deaerated for 24 
hr. The cell was thermosta ted  at a preset t empera tu re  
•176 in the range of 15~176 

The potential  of the working  electrode was regulated 
ei ther wi th  an Anotrol  Model 4100 Research Potent ia l  
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Control ler  or a Wenking Model 61 RS Potentiostat .  In 
ei ther case, the potent ial  of the working electrode was 
measured with  a Kei th ley  Model 621 Elec t rometer  in 
preference to that  provided by the potentiostat  circuit. 
The current  from the output  terminal  of the potentio- 
stat was recorded by a Sargent  Model SRL Recorder  
which has a 1 see fulI-scale response time. 

Two a luminum alloys, Type  1199-H14 and 2024-T6, 
were  used as electrodes. A luminum alloy 2024 was of 
the nominal  commercia l  composition. A l u m i n u m  alloy 
1199-H14 was 99.99% A1 and contained Si, 0.001%, Fe, 
0.001%, Mg, 0.001%, and Cu, Mn, Cr, Ni, Zn, and Ti 
less than 0.001%. These alloys were  cleaned by conven-  
t ional procedures and fol lowing cleaning, were  kept 
for 24 hr in a dessicator. 

In a typical  exper iment ,  af ter  the assembled cell  had 
reached a preset  temperature ,  the potent ial  of the a lu-  
minum electrode was set at the mid-poin t  of the pas-  
sive region, usual ly  at ~-0.18V with  respect  to the 
HglHgeSO4 electrode. The current  was al lowed to reach 
a s teady-s ta te  value  and then a known volume of 
sodium chloride solution was injected rapidly  into the 
cell wi th  an all glass syringe. The mixing  t ime for the 
electrolyte  was est imated to be 4-5 sec as judged by 
the t ime requi red  for uniform color to be achieved 
when KMnO4 solutions of concentrations equal to those 
of the chloride solutions were  injected. The t ime re-  
quired for the current  to rise was measured as T, the 
induction time. Figure  1, the current  plot for a 2024 
alloy electrode potentiostated in H._,SO~ at pH 3.5 rep-  
resents a typical measurement .  

Results and Discussion 
The dependence of the induction t ime on chloride 

concentrat ion was measured at 25~ for alloy 1199 at 
pH 0.0 and for alloy 2024 at pH's (~.0 and 3.5. The data 
for the series of exper iments  with alloy 2024 are 
plot ted in Fig. 2. The plots for the other  series of 
exper iments  are quite similar. The t empera tu re  depen-  
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2 0 0  
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~ 120 

8o 

I 0  meq  C I -  
I n j e c t e d  

1 - - ~ =  5 . 2  rain 
/ 
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4 0  0 I 2 3 4 5 6 

E L A P S E D  T I M E  IN M I N U T E S  

Fig. I. Current-time plot for a 2024 aluminum alloy electrode 
potentiostated at 0.18V (Hg1Hg2SO4) in H2SO4 at pH 3.5 and 
at 25~ 
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Fig. 2. Dependence of induction time on chloride ion concentra- 
tion. Alloy 2024 in H~SO4 at pH 0.0 and at 25~ 
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Fig. 3. Arrhenius-type plot for temperature dependence of in- 
duction time. Alloy 1199, H2SO4 at pH 0.0. 

dence of the induction t ime was invest igated over  the 
tempera ture  range of 15~176 for al loy 1199 at pH's 
0.0, 3,5, and 6.08 and for alloy 2024 at pH 0.0. In these 
exper iments  chloride concentrat ions of 2.58 • 10 -3, 
5.00 • 10 -3, and 7.75 • 10 -3 molar  were  used. The 
plot for alloy 1199 in pH 0.0 H2SO4 in Fig. 3 is typical  
al though at pH 6.08 (phosphate buffer) the scatter  of 
the exper imenta l  points was greater.  

Fol lowing the arguments  of Engel l  and Stolica (1) 
and Hoar  and Jacob (2) the reciprocal  of v is taken as 
a measure  of the rate  of the "breakdown"  process. Then 
the slope of the line, which is plot ted in Fig. 2, equals 
"n," where in  "n" is in terpre ted  as the order  of the 
reaction. F rom the data, the s toichiometry of the re -  
action of a luminum with  chloride ion is not indepen-  
dent of the concentrat ion of the chloride ion. Two 
values of n can be calculated f rom these data. The first 
corresponds to low chloride ion concentrat ions and is 
designated in Table I as n'. This stoichiometric factor 
was evaluated by the use of a computer  which was 
programed to evaluate  the least squares slope of the 
data plot. Star t ing f rom the highest chloride ion con- 
centration, a data point  at a t ime was dropped and the 
least squares slope of the data was recalculated.  The 
program continued in this manner  comparing the least 
squares slope unti l  agreement  was achieved to one 
significant figure after  the decimal point. The computer  
was programed to  print  out the equat ion of the least 
squares line and to plot the data and the resul tant  line. 
The dotted line in Fig. 2 was obtained f rom the com- 
puter. The solid line which corresponds to high chlo- 
ride ion concentrat ions was calculated manual ly  as the 
least squares fit to the data excluded by the computer.  
This second value is designated in Table I as n. Also, 
fol lowing the Arrhenius  t rea tment  for the tempera ture  
dependence of the kinetic data, an apparent  energy  of 
act ivation for the process was calculated f rom the 
least squares slope of all the data; Fig. 3 is also a plot 
obtained f rom the computer.  The stoichiometric factors 
and the energy of act ivat ion are summarized in Table L 

With the exception of the react ion at pH 6.08 the 
energy of act ivat ion is high, approximate ly  20.0 kca l /  
mole. Hoar and Jacobs (2) reported a value of 60 kca l /  
mole for the react ion associated wi th  the b reakdown of 
passivity of stainless steel by chloride ions. In both 
cases, the energy of act ivat ion is considerably higher  
than one associated with  an adsorption process. A dif- 
fusion process such as diffusion through A120~ via la t -  

Table I. Summary of kinetic data 

A l u m i n u m  p l I  
a l l o y  0 . 0 0  3 .50  6 .08  

1199  n = 4 . 0  
n "  = i i . I  
E = 2 2 . 9  k c a l  E = 20-.7 k c a l  E = 12 .0  k c a l  

2 0 2 4  n = 3 .0  
n ' =  9 .8  n = 4 . 8  - -  
E = 20 .1  k c a l  - -  - -  



464 J. E lec t rochem.  Soc.: ELECTROC H EMI C A L SCIENCE AND TECHNOLOGY A p r i l  1972 

tice defects would have an activation energy in the 
same range but  the diffusion rate itself would be much 
too low to account for the induct ion times observed 
(4). 

The value of "n" from the log c-log ccl-  plot is in-  
terpreted as the n u m b e r  of chloride ions part icipat ing 
in the pit t ing process per metal  atom. Engell  and 
Stolica (1) found that  their  kinetics followed the third 
power of chloride ion concentrat ion and postulate a 
sequence of the form 

Fe § (in passive layer) 4- 3C1- ~ FeC13 
Fe +3 (in the electrolyte) + 3C1- 

Hoar and Jacob (2) found "n" values in the range 2.5- 
4.5 for 18-8 stainless steel and concluded that pi t t ing 
was ini t iated by 3-4 halide ions adsorbed around a 
lattice cation. 

The present  results indicate that n appears to be 
3.0-4.8 for higher chloride ion concentrations. This is 
interpreted to mean that  the pr imary  reaction involves 
a reaction such as 

A1 4- 4C1- "-+ A1C14- 

Such a complex would be transitory, would separate 
from the metal-oxide interface, and would essentially 
perform a catalytic function as previously suggested 
(2). For lower chloride ion concentrations, n' appears 
to be close to mult iples of 4 (8 and 12). 

These three investigations have established that the 
pr imary  role of the anion in the ini t iat ion of pit t ing in 
chloride solutions in moderately  concentrated solu- 
tions is chemical ra ther  than  physical in  nature.  
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ABSTRACT 

Oxidation, cooling, dissolution, and anneal ing flexure measurements  were 
performed on thin coupons of n iobium presaturated with oxygen. Oxidation 
was done near  425~ in dry oxygen, dissolution in hydrofluoric acid, cooling 
and anneal ing in vacuum. From curvature  measurements  dur ing each process, 
bending stresses were determined and correlated with oxidation rate and 
surface morphology. A thin-f i lm model was applied to the bending due to 
niobium pentoxide formation. The result ing calculated compressive stress of 
about 123,000 psi agreed well  with the known compressive strength of Nb205. 
Application of the thin-f i lm model to an "effective" film of n iobium suboxide 
gave compressive stresses of 125, 150, and 177 thousand psi for Nb60, Nb50, 
and Nb40, respectively, the reported formulas for NbOx. Suboxide formation 
was found to cause bending during early stages of the oxidation process. An 
oxygen solution model did not adequately explain bending dur ing early oxida- 
tion times for oxygen-presatura ted niobium specimens. The resul t ing tensile 
stress on the substrate surface caused by oxidation was found to be significant, 
possibly approaching the yield stress. 

The kinetics of the oxidation of n iobium in the 
vicini ty of 425~ are sufficiently well  known (t, 2) that  
it is possible to calculate with fair precision the life- 
t ime of a part  made from niobium sheet. In  the case 
of tubing, however, p remature  failure has been ob- 
served in as little as one- ten th  the expected t ime as 
a result  of the formation of "wedges" of Nb205 grow- 
ing normal  to the oxidizing surface (3, 4). 

P re l iminary  work at this laboratory (5) established 
that bent  specimens of sheet n iobium oxidized at 425~ 
exhibited wedges on the concave surface. These wedges 
increased in number  with decreasing ini t ial  radius of 
curvature  and increasing prior cold work and were 
apparent ly  unaffected by surface preparation. During 
oxidation, bent  specimens were observed to approach 
straightness. 

During oxidation, when  one solid phase is forming 
upon another under  isothermal conditions, elastic 
strains may arise as a result  of any  of several possible 
mechanisms. These sources of strain may be classified 
general ly as those associated with (i) the establish- 
ment  of defect or oxygen gradients, (ii) epitaxial  
effects, and (iii) volume changes dur ing the reaction. 

The relationship between defect gradients and stress 
gradients has been treated theoretically by Richmond 
et al. (6) and exper imental ly  by Pawel  et al. (7). 
Pawel  et al. applied a flexure technique to the oxida- 
tion of n iobium near  425~ and obtained data which in-  
dicated a compressive stress of about 35,000 psi existed 
in the surface layer of n iobium metal  due to oxygen 
solution. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  add re s s :  M e t a l l u r g y  Div i s ion ,  S a n d i a  Labora to r i e s ,  L i v e r -  

more,  C a l i f o r n i a  94550. 
K e y  words: suboxide,  cracks, Nb20;.  

Epitaxial  strains have not been observed upon oxi- 
dation of n iobium (7). It was or iginal ly postulated by 
Pil l ing and Bedworth (8) that the major i ty  of oxide 
films should form in a state of compression since the 
volume of the oxide is usual ly greater than the metal  
oxidized. For the case where anion diffusion predomi-  
nates and the oxide grows isotropically and adherent ly  
to the metal, or anisotropically and adherent ly  but  is 
not allowed to expand easily, stresses sufficient to de- 
form and/or  fracture the oxide may  eventual ly  exist. 
For the case where cation diffusion predominates, the 
oxide is formed at the oxide/oxygen phase boundary.  
Therefore, no restraints  should act upon the newly 
formed oxide and it remains  adherent  and stress-free 
even for very large oxide/metal  volume ratios. 

Dankov and Chureav (9) derived an exper imental  
equation for the compressive stress in a th in  film of 
oxide as a function of bending stress as measured by 
flexure techniques. Pawel  and Campbell  (10) applied 
this technique to the oxidation of niobium near  425~ 
and obtained pre l iminary  data which indicates that  the 
thin-f i lm stress would be quite high, perhaps approach- 
ing 100,000 psi. 

Based upon these observations, the authors of this 
paper hypothesized that  lateral  stresses induced in the 
metal  surface by the growth of Nb205 into a con- 
stricted volume produce a tensile s t ra in in the under -  
lying metal  which, when exceeding the ul t imate  strain 
of the (oxygen-saturated)  metal  surface, produce a 
mechanical  crack in the embri t t led metal. Subsequent  
oxidation of the inter ior  of the crack produces addi-  
t ional tensile stress and oxygen-solut ion embr i t t lement  
at the crack tip, resul t ing in a self-propagating crack. 
A program of research was ini t iated in order to test 
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YOKE 
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THIS SIDE 

"---------~--NICHROME'EYE' 
Fig. 1. Schematic drawing of flexure measurement specimen 

this hypothesis and to gain fur ther  unders tanding of 
this gas-phase stress-corrosion cracking in niobium. 

The present work  was designed to measure  that  
stress created in a niobium metal  substrate by the 
format ion of a thin film of oxide. By using only metal  
which had been previously sa turated wi th  oxygen, it 
was expected that  the effects of concentrat ion gradi-  
ents could be e l iminated and that  the resul tant  stress 
would be ent i re ly  due to "P i l l ing -Bedwor th  effects." 
Moreover,  it was felt  that  the resul ts  would  more 
near ly  approximate  those conditions of service where in  
oxygen concentrations are sufficiently low that  near-  
saturat ion could occur before the formation of signifi- 
cant amounts of surface scale, Such conditions might  
be found in nuclear  reactors. 

Experimental Procedure 
Niobium specimen@ were  cut f rom a 0.010 in. sheet 

as rectangular  coupons 1 X 4.5 cm and polished on both 
sides wi th  600 gri t  silicon carbide paper. The polished 
coupons were  suspended in a thermograv imet r ic  sys- 
tem and oxidized to a p rede te rmined  weight  gain to 
form a thin, adherent  Nb205 layer. They were  then 
vacuum annealed at tempera tures  f rom 500 ~ to 1200~ 
for t imes up to 14 or 3 days respectively.  This pro-  
cedure gave specimens saturated wi th  oxygen at var i -  
ous temperatures.  The oxygen was retained upon 
cooling and thus the specimens had oxygen contents 
above the saturation value  at 425~ (11, 12). These 
oxygen-supersa tura ted  coupons were  again polished on 
both sides with 600 gri t  silicon carbide paper  and sub- 
sequent ly  one side only was fu r the r  polished with  15, 1, 
and 0.3~ levigated alumina. A 0.5 X 1 cm piece was cut 
f rom the end of each specimen to be vacuum-fus ion  
analyzed for oxygen, nitrogen, and hydrogen. The cou- 
pons were  first cleaned in a solution containing 50 
parts lactic acid, 30 parts nitric acid, 2 parts hydro-  
fluoric acid, and 18 parts water  and then were  dried 
wi th  alcohol. 

A support yoke of Nichrome wire  was welded on the 
polished side of the coupon (Fig. 1). On this side at 
the other  end, a piece of Nichrome wire  was welded 
across the tip and a hole dri l led at the middle to form 
a small  "eye." The specimen was again cleaned in acid 
and alcohol and placed in a vacuum evaporator  with 
the Nichrome wire  side up. A luminum was plated 
onto this side to a thickness of about 6u. A subsequent 
vacuum annealing at 600~ for 24 hr  formed a diffusion 
bond making the a luminum an excel lent  protect ive 
film. Specimens prepared in this manner  were  subse- 
quent ly  subjected to flexure measurements  during four 

2 S u p p l i e d  by  F a n s t e e l  M e t a l l u r g i c a l  C o r p o r a t i o n  w i t h  g i v e n  n o m -  
i n a l  ana ly s i s  of  a b o u t  99.7-8% Nb w i t h  Ta, Pc, Mo, Ti, and  Zr  
b e i n g  m a j o r  m e t a l l i c  i m p u r i t i e s ;  i n t e r s t i t i a l  con ten t  d e t e r m i n e d  
f rom v a c u u m  fus ion  ana ly s i s  was  a b o u t  650 p p m  Oe, 300 p p m  N2, 
and  5 p p m  H2. 

consecutive processes: oxidation, cooling, dissolution, 
and annealing. 

Oxidation.--For oxidation flexure measurements ,  the 
specimen was suspended by the Nichrome yoke in a 
furnace (Fig. 2). A quar tz  fiber, 235 m m  long, was 
hung onto the specimen wi th  its f ree  end threaded 
through the "eye." Deflection measurements  could be 
made by sighting through a quartz  window in that  
part  of the furnace tube extending below the furnace 
using a t rave l ing  microscope which was conver ted to 
an x - y  cathetometer.  A total  deflection of about 4 cm 
could be measured wi th  the accuracy of individual  
readings being --+0.05 ram. 

The system was evacuated to a pressure less than 
3 X 10-8 Torr  and the t empera tu re  slowly raised to 
wi thin  five degrees of the desired reaction temperature .  
A "zero" reading was taken and dry, preheated  oxygen 
allowed to leak into the system, raising the specimen 
tempera ture  five degrees. The specimen bent  as it was 
oxidized on the unprotected side, the a luminum being 
on the concave side. The quartz  fiber mainta ined a 
position corresponding to the chord of the arc of the 
deflecting specimen and thus the end of the fiber de- 
flected proport ionately  wi th  the curvature  of the speci- 
men. A correction for elastic bending of the cant i lever  
fiber was determined exper imental ly .  

Fol lowing the method of Pawel  et al. (7), these fiber 
deflections were  conver ted to radii  of curvature,  p, and 
thus m ax im um  bending stress, Sin, th rough the use of 
the simpte f lexure formula  (for bending in two di- 
mensions occurr ing wi thout  distortion) 

, ) 
- 2--7- Eli 

Thus the oxidation bending stress, Sm(Ox), could be 
plotted vs. oxidation time. 

The bending of the specimen during oxidation flex- 
ure measurements was found to be the result of a 
combination of growth of a very thin layer of nio- 
bium suboxide, NbOx, just under the surface of the 
niobium and of a niobium pentoxide film upon the 
meta l  surface. If the f lexure were  due to the growth 
of Nb205 alone, the thin-f i lm compressive stress within 
the Nb205 could be calculated using the fol lowing 
equation (10) 

\ J  

J 

\ J  
I 

Fig. 2. Schematic drawing of flexure measurement apparatus 
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1 h 
Sl(ox) -= ~- Sm(oxn tl [2] 

Similarly, if the flexure were due to the growth of 
NbOx alone 

1 h 
S2(ox) = ~ Sm(ox)2 ~ [3] 

Since weight gain measurements could not be made 
concurrently with flexure measurements, values of t 
were obtained from geometrically similar samples 
whose oxidation curves were previously established as 
being very reproducible. 

Thickness was computed from weight gain measure- 
ments assuming the following: 

i. Since the initial oxygen content of the specimens 
was higher than the oxygen solubility limit in niobium 
at 425~ there should be no oxygen going into solution. 

2. Since the oxide thickness on the top surface is the 
desired quantity, the weight of oxide on the sample 
edges (6.25% of the total area) must be deducted from 
the total. 

3. The density is about 5.17 g/cc (19). Thus for 
Nb205 

tl (mil) ---- Wo >< 0.0593 [4] 

where Wo is the weight gain, in milligrams, for the 
1 X 4 cm sample. 

4. For NbOx, the reported formulas are Nb60, Nb50, 
and Nb40 which give oxygen contents of 2.79, 3.33, and 
4.13 w/o (weight per cent), respectively. 

5. For NbOx, by analogy to the data of Magneli 
et al. (20) on Ti, V, Zr, and Hf and by using data from 
Brauer et al. (21) on a tetragonal niobium suboxide 
(about Nb60), densities derived from a plot of density 
vs. oxygen/niobium ratio for Nb60, NbsO, and Nb40 
are 8.33, 8.28, and 8.20 g/cc, respectively. Thus, for NbsO 

t2 (mil) ---- Wo X 0.3346 [5] 

Using the densities for Nb60 and Nb40 gives variat ions 
of calculated film thickness of plus 18% and minus  
18%, respectively, from the value for Nb50. 

C o o l i n g . - - F o l l o w i n g  the oxidation, the system was 
evacuated and the furnace power shut off. Deflection 
readings were taken in te rmi t ten t ly  during cooling. 
Thus cooling bending stress, Sm(cD, could be plotted 
vs.  temperature.  

The bending of the specimen during cooling resulted 
from the relat ive difference in the thermal  expansion 
coefficients of Nb and Nb205. Using Timoshenko's (22) 
equation for the cooling of a bimetallic strip and ap- 
plying boundary  conditions for the present  Nb-Nb205 
composite, the following equation was derived and 
subsequent ly  verified by Bradhurs t  and Heuer (23) 

2h 
1/p ---- 3n (am - -  ao )aT  ~ [6] 

h 2 

Using the radius of curva ture  calculated from this 
equation, the max imum bending stress in the metal  
surface caused by cooling, Sm(Exp), was  calculated using 
Eq. [1] and compared with the cooling bending stress 
determined directly from deflection measurements  dur-  
ing cooling, SmccD. 

The stress in the thin film of Nb205 caused by differ- 
ential  thermal  contraction dur ing cooling, St(c1), is 
given by the application of the thin-f i lm stress equation 
(10) 

1 h 
S1~c1~ = y S.,~c,) t--~- [7] 

Oxidation and cooling flexure measurements gave 
bending in the same (positive) direction. After cooling 
a photograph was taken of the specimen profile. Mea- 
surements made on an enlargement established that the 
radius of the curved specimen varied less than 1% 
from that of an are of a circle, thus validating the as- 
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sumption used in convert ing deflection measurements  
to radii  of curvature.  The curva ture  measured photo- 
graphically also agreed wi th in  3% of that  calculated 
from oxidation and cooling fiber deflection measure-  
ments. 

To separate the contr ibut ions to specimen bending 
from Nb205 and NbOx growth, dissolution and anneal -  
ing flexure measurements  were performed. 

D i s s o l u t i o n . - - D e f l e c t i o n s  were measured dur ing the 
removal  of the Nb205 film by a method analogous to 
that described for oxidation except for the subst i tut ion 
of a molybdenum wire for the quartz fiber. Oxides 
were stripped wi th  a 25% HF-wate r  solution. The pro- 
tective layer of a luminum is dissolved quickly with no 
resul tant  effect on sample curvature.  Nb205 is dis- 
solved easily but  there is little effect of HF on Nb or 
NbO2 (24). 

As oxide was removed; the specimen approached 
straightness. The resul t ing loss of curva ture  was con- 
verted to a bending stress, StanDs), which was negative 
in sign, using Eq. [1]. 

The stress in the thin film of Nb205 removed by dis- 
solution, is given by an application of the thin-f i lm 
stress equation, Eq. [2], which relates metal  surface 
stress to corresponding oxide film stress 

1 h 
= - -  [ 8 ]  SI(Ds) ~- Sm(Ds) tl 

A n n e a l i n g . - - I f  the curva ture  resul t ing from the oxi- 
dation process was due to the n iob ium pentoxide film 
growth alone, the removal  of this film should cause the 
specimen to re tu rn  to straightness. Since after the 
dissolution process the specimens still re tained some 
curvature,  a second process was apparent ly  contr ibut-  
ing stress dur ing the oxidation process. This additional 
process is thought to be the formation of the niobium 
suboxide, NbOz, near  the surface of the n iobium sub- 
strate. Vacuum anneal ing  was performed in an at- 
tempt to remove this stress by  removing the concen- 
t rat ion gradient  associated with the suboxide, thereby 
re turn ing  the specimens to straightness. 

The specimen was replaced in the controlled atmo- 
sphere furnace system which was evacuated to a pres- 
sure of 2 X 10 -6 Torr. The tempera ture  was slowly 
raised to 300~ to outgas. When  the pressure was again 
acceptably low, the tempera ture  was quickly raised to 
550~ and a "zero" cathetometer reading taken. An-  
neal ing for 3 days at 550~ was usual ly  sufficient to 
re turn  the specimen to straightness. In te rmi t t en t  read-  
ings were taken with the cathetometer for the durat ion 
of the anneal ing process. The resul t ing loss of curva-  
ture was converted to a bending stress, S,,(An), which 
was also negative in sign, by using Eq. [1]. 

The magni tude of the stress in the thin layer  of nio-  
b ium near  the substrate surface due to the "removal" 
or redis t r ibut ion of the n iobium suboxide, NbO=, is 

1 h 
: ~ [9] S2(An) --~ Sin(An) t2 

Since the cooling stress can be accounted for entirely 
by the differential thermal  expansion of the metal  and 
Nb205 alone, and since dissolution appears not to affect 
the suboxide, it is assumed that  NbO= affects bending 
only dur ing the oxidation and anneal ing processes. 
Thus, we equate the magni tudes  of the NbOx film 
stresses created dur ing  oxidation and removed dur ing 
annea l ing  

S~(An~ = S2(ox) [10] 

or, equating the corresponding bending stresses in-  
duced in the metal  

1 h 1 h 
- -  Sin(An) - -  Sm(ox)2 - -  [11] 
3 t2 3 t~ 

giving 
Sm(An) : Sm(ox)2 [12] 
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Table I. Summary of data for flexure measurement specimens (69-86) (6-8p+ annealed aluminum coating) 

Spec i -  To ta l  pos i -  To ta l  nega -  
m e n  S,~(ox) S,, (c~ t i vc  s t ress  S,,~(D~) S~(~,.) l i v e  s t ress  % Diff., Sl(oz) 
No. x I0~ psi x i0 3 psi x I0 a psi X I0 ~ psi x i0 a psi x lOa psi Spos-~neg X I0 a psi 

69 22.50 6.03 28.53 20.97 8.15 29.12 2.0 107.69 
70 15.60 3.55 19.15 13.07 6.48 19.55 2.0 113.09 
71 15.27 3.68 18.95 12.58 6.29 18.87 0.4 117.19 
72 19.07 4.90 23.97 16.87 7.50 24.37 1.6 108.41 
73 18.50 5.10 23.60 19.69 4.11 23.80 0,8 125.86 
77 17.82 3.79 21.61 14.60 7.18 21.78 0.8 122.92 
79 18.23 3.63 21.86 14.84 6.61 21.45 1.9 147.06 
81 17.65 4.05 21.70 14.74 6.95 21.69 - -  126.36 
83 18.55 4.39 22.94 15.55 7.19 22.74 0.9 115.97 
85 16.57 4.06 20.63 16.24 4.52 20.76 0.6 133.34 
86 20.53 4.79 25.32 20.16 5.16 26.32 - -  137.99 

Avg .  123.26 

where Sm(ox)2 is the oxidation bending stress due to 
NbOx. 

Combination of results.--The dissolution and an-  
neal ing flexure measurements  gave the total unbend-  
ing which should then equal the total bending in the 
positive direction dur ing  the oxidation and cooling 
processes. This equali ty can be expressed through the 
summation of induced bending stresses in the metal  
since, by Eq. [1], these stresses are a direct function of 
measured curvatures  

Srn(ox) -~- Srn(C1) ~-- S m ( D s )  -~- SIn(An) [13] 
o r  

Sm(ox )  - -  Sm(An)  ---- S . . n s )  - -  S.~(Cl) [ 1 4 ]  

The deflection of the sample, and thus the stress in-  
duced in the metal, dur ing oxidation is a result  of 
stresses in both a suboxide layer and an NblO5 film. 
The stress in the N1>205 film can be separately deter-  
mined as follows. 

First  it is noted that the stress in the Nb~O~ film, 
$1r is given by  Eq. [2] as a function of the stress 
in the metal  surface, Sin, which in tu rn  is calculated 
from specimen curvature  using Eq. [1]. The metal  sur-  
face stress arising from Nb205 alone is the total in-  
duced surface stress caused by oxidation, Sm(o~), 
minus the stress induced by suboxide-- the  stress which 
is later removed by annealing.  Thus, we can write 

S.~(Ox)l : Sm(ox) -- Sm(A.) [15] 

Subst i tu t ing this value of S,n(Ox)l into Eq. [2] yields 

1 h 
S l ( o x )  ~-~ -~- [ S m ( o x )  - -  S m ( A n ) ]  ~ [ 1 6 ]  

t l  

This equation is valid if an oxide film at a given stress 
level will  yield the same deflection when acting in 
conjunct ion with a suboxide as it will  acting alone. 
This is the case in these experiments.  

The stress in the Nb205 layer can also be computed 
another way. The deflection induced in  the metal  by 
differential contraction dur ing cooling has been cal- 
culated using Eq. [6] assuming that Nb205 is the only 

Table II. Conditions for flexure measurement specimens (69-86) 
(6-8/+ annealed aluminum coating) 

Calc. 
Oxy-  cool. bend.  

Spec i -  T h i c k -  A n n e a l  O x y g e n  Oxdn.  Oxdn.  gen  s t ress ,  
m e n  ness,  temp. ,  con ten t ,  t emp,  t ime ,  added ,  Sm(~=p:, 
No. m i l  ~ p p m  ~ min .  mg.  x 10 a psi 

69 10.00 500 1292 425 (a) 240 7.3 5.97 
70 9,75 500 1415 430 120 4.3 3.63 
71 9.75 500 1432 420 240 4.1 3.47 
72 9.75 500 1483 430 150 5.7 4.84 
73 9.75 500 1521 425 180 6.1 5.16 
77 9.50 800 2825 420 240 4.5 3.95 
79 9.00 800 2931 430 150 3.9 3.63 
81 9.50 1000 3566 425 180 4.4 3.87 
83 9.50 I000 3436 430(b) 150 5.1 4.52 
85 9,50 1200 4008 425 180 4,7 4.11 
86 9.50 1200 3985 430 150 5.8 4.76 

(a) S t a r t  t e m p e r a t u r e  wa s  high. 
(b) S t a r t  t e m p e r a t u r e  was  low, 

oxide layer present. The calculated result  is v i r tual ly  
identical to the deflection observed at the end of cool- 
ing (Fig. 7). Further ,  in the process of dissolution only 
Nb205 is attacked. Therefore, the deflections involved 
in cooling and dissolution can be a t t r ibuted entirely 
to Nb.2Os. Consequently, at the end of the oxidation 
process the portion of the deflection caused by stress in 
the Nb205 layer  is equal to the difference between the 
total deflection removed by dissolution of the Nb205 
layer and that deflection added dur ing cooling by 
differential contraction of the Nb205 layer. Relating 
these deflections to stresses at the metal  surface using 
Eq. [1] we have 

Sm(ox)l = Sm(Ds) -- Sm(CD [17] 

Subst i tu t ing as before into Eq. [2], we have 

1 h 
S l ( o x )  ---- -~- [ S m ( D s )  - -  S m ( C l ) ]  ~ [18] 

tl 

Since bending deflections very near ly  equal unbend -  
ing deflections, the positive and negative metal  stresses, 
S,~, also agree closely, as shown in Table I. In  effect, 
this verifies Eq. [13] and [14]. Equations [16] and [18] 
thus yield equivalent  values of the Nb205 stress, Sl(ox), 
since these equations differ only in that  the terms in  
brackets are the two sides of Eq. [14]. This agreement  
with exper iment  fur ther  validates the assumptions 
under ly ing  Eq. [16] that the stress in the NblO5 layer, 
computed from a deflection measurement ,  is essentially 
independent  of the presence of a suboxide layer. 

Resul ts  a n d  I n t e r p r e t a t i o n  
Oxidation.--Table II lists the ini t ial  specimen con- 

ditions along with the accompanying oxidation param-  
eters for a sampling of specimens upon which the four 
described flexure measurement  techniques were per-  
formed. Figure 3 i l lustrates typical deflection-time 
curves for n iobium specimens presaturated with oxy- 
gen and oxidized near  425~ in preheated, dry  oxygen 
at 1 atm. The scale on the r ight  side of this figure in-  
dicates the magni tude  of oxidation bending stresses, 
Sm(ox), calculated from the deflections using Eq. [1]. 

xlO 5 xlO 5 
40 -' --~ 24 ~. 1 l } ! I 69 74 . -  
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o I I I I I o e 
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72 

Fig. 3. Oxidation deflection and bending stress curves for speci- 
mens 69, 70, 71, and 72. 
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Fig. 5. Thin-film stress curves, Sl(ox), for niobium pentoxide on 
specimens 69, 70, and 71. 

Figure 4 i l lustrates typical weight gain curves for 
oxygen-presatura ted specimens geometrically similar 
to the corresponding flexure specimens. The end point 
of each curve is the actual measured weight gain for 
the complementary  flexure specimen. As previously 
described, these curves are used to calculate the corre- 
sponding Nb205 or NbOz film thickness for the oxida- 
t ion process. 

Taking data from curves such as shown in Fig. 3 and 
4 and applying Eq. 2, gave plots of Sl~ox) (for Nb205 
film only),  an example of which is shown in Fig. 5. 
At early oxidation times when no Nb205 is observed to 
form, the calculated film thicknesses for the small  
weight gains were very small  although the bending 
stresses were appreciable so that very  high Szr 
values are obtained, around 1,000,00O psi. The Sl(ox) 
stresses drop and level off at times corresponding with 
the times for observed Nb205 formation and film 
growth. 

Since published solubil i ty limits (11, 12) may be 
in error, the possibility that high stresses observed at 
short oxidation times were due to increased oxygen 
solution was considered. However, calculations led to 
surface stresses of 90,000 psi, using Pawel 's  (7) equa-  
tions, and surface oxygen concentrat ions of 8000 ppm, 
using Richmond's  (6) equations. Both results are con- 
sidered unreasonable.  

Another  characteristic of the early oxidation of 
n iobium near  425~ is the formation of a n iobium sub- 
oxide, designated NbOx (1). Specimens oxidized from 
10 to 20 min  near  425~ were examined by x - r ay  
diffraction. A similar  occurrence to that  found by pre-  
vious authors (1, 25) was observed in that  small  peaks 
appear adjacent to the n iobium x - ray  diffraction 
peaks. Upon fur ther  oxidation, these extra peaks dis- 
appeared, apparent ly  due to an overgrowth of Nb205. 

Plots of S2(ox) (for Nb50 film only) are shown in 
Fig. 6. These stresses varied as expected for a thin 
film, the influence of which was impor tant  early in the 
oxidation and became masked when Nb205 formation 
was predominant .  These S2~ox) stresses would be 18% 
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Fig. 6. TMn-film stress curves, ~ ( o x ) ,  for niobium suboxlde 
(NbsO) on specimens 69, 70, and 71. 
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Fig. 7. Cooling deflection end bending stress curves for speci- 
mens 69, 70, 71, and 72 compared to final colculoted cooling bend- 
ing stress (Jr-). 
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Fig. 8. Dissolution deflection and bending stress curves for 

specimens 69, 70, 71, and 72. 

higher if the film analysis were made with values for 
Nb40 and 18% lower for Nb60. Therefore, using an 
"effective" thin-f i lm model 3 for NbOz, the induced ten-  
sile stress in the substrate surface, Sm, would be at 
least 125, 150, or 177 thousand psi for Nb60, Nb50, or 
Nb40, respectively. 

Cooling.--Typical curves of deflection and cooling 
bending stress, Sm~cD, are shown in Fig. 7 along with 
the theoretically calculated end point  ( + )  for the 
cooling process using Eq. [6]. Thus, taking Nb and 
Nb205 as the controll ing components and setting 
n = 1/2 gave results in good theoretical agreement  with 
exper imental  observations of bending magnitude.  

Dissolution.--Examples of deflection and dissolution 
bending stress, Sm(D~), curves are shown in Fig. 8. The 
dissolution process proceeded slowly for a t ime as the 
acid attacked the oxide/metal  interface as well  as the 

T h i s  a s s u m e s  t h e  o x i d e  i s  a d i s c r e t e  l a y e r  of  u n i f o r m  t h i c k n e s s  
a n d  c o m p o s i t i o n ,  
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Fig. 9. Annealing deflection and bending stress curves for 
specimens 69, 70, 71, and 72. 

oxide/solut ion surface. When enough oxide was dis- 
solved at the oxide/metal  interface to prevent  adequate 
mechanical  bonding of the oxide, the scale flaked off 
the metal  substrate causing the specimen to straighten 
rapidly. 

Annealing.--Typical deflection and anneal ing bend-  
ing stress, S,n(An~, curves are shown in Fig. 9. The an-  
neal ing procedure did remove the "additional" contri-  
but ion to the cause of specimen bending, that  a t t r ib-  
uted to NbOx formation, so the specimens did re tu rn  to 
straightness. 

Although it is believed that  this stress removal  is 
associated with a diffusional process whereby oxygen 
concentrat ion gradients are diminished, no precise 
s tatement  of the mechanism is possible since the exact 
na ture  of the state of aggregation of oxygen at low 
concentrations is present ly  unknown.  Gibala and Wert 
(26), using in terna l  friction measurements,  have iden-  
tified oxygen clusters in n iobium containing up to 2500 
ppm oxygen. Van Landuyt  (27) has found ordering re-  
actions in oxygen-supersaturated n iobium using elec- 
t ron microscopy and diffraction. Hur len  et al. (1) using 
x - ray  diffraction have identified the suboxide "NbOx" 
(probable formula Nb60) dur ing  oxidation at 425~ 
Thus the actual  stress reduct ion may involve a change 
in clusters or ordering or possibly the redistr ibution 
of a phase. The role of stress in promoting phase sta- 
bil i ty or in providing the dr iving force for change is 
not known. However, it was found that  the "NbOx" 
x- ray  diffraction peak diminishes in intensi ty  as an-  
nealing t ime increases. The peak does not vanish, pre-  
sumably because of the presence of excess or super- 
saturated oxygen which results from the quenching of 
samples from temperatures  where oxygen solubili ty is 
higher than at the test temperature.  

Combination of results.--Table I summarizes the 
max imum bending stresses for these four processes and 
includes the total bending (positive) and unbend ing  
(negative) stresses with their  per cent differences. This 
per cent difference shows that  the exper imental  data 
differ by a ma x i mum of only 2% from the theoretical 
Eq. [13]. Therefore, Eq. [14] holds t rue also to wi thin  
2%. 

The last column in Table I lists the compressive 
stress in the thin film of Nb205, Sl(ox), calculated using 
Eq. [18]. The value for Sl(ox) is approximately 123,000 
psi. This value compared well  with the value of 117,000 
psi measured by Douglass (28) as the compressive 
strength of Nb20~ at room temperature.  This agree- 
ment  suggested that in this "break away" oxidation 
range, the individual  Nb205 nuclei  grow unt i l  they 
impinge upon one another laterally. The compressive 
stress increases to the u l t imate  compressive strength 
whereupon the oxide fractures or "breaks away." Since 
this is happening randomly over the specimen surface, 
the over-al l  compressive stress in the oxide layer ap- 
proximates that of the u l t imate  compressive strength. 

A few samples were prepared similarly to the flexure 
specimens but  without  the Nichrome wires attached. 
They were suspended in the thermogravimetr ic  system 
and oxidized near  425~ in air for extended lengths of 
time. Two of these samples are shown in ~'ig. 10. The 
fact that a sample oxidized for 30 hr forms a cyl inder 
adds support to the a rgument  that  the bending fol- 
lows an arc of a circle. This result ing shape was some- 
what different, but  exper imenta l ly  more desirable, 
than the spirals obtained by Pawel  (10). Also, upon 
mounting,  sectioning, and polishing these specimens, 
oxide wedges growing into the convex side of the nio-  
bium substrate were observed. Therefore, originally 
flat flexure specimens can eventual ly  deform and form 
oxide wedges. 

Conclusions 
1. When oxygen-sa tura ted  n iobium is oxidized in 

dry oxygen near  425~ the oxides consist of a surface 
layer of Nb205 and, below it, a suboxide layer. Agree- 
ment  with experiment  is found when this layer is as- 
sumed to be Nb50. 

2. The stress in the layer of Nb205 approaches a 
l imit ing value of approximately 123,000 psi, in fair 
agreement  with the reported ul t imate compressive 
strength. 

3. Niobium pentoxide is probably nonprotect ive after 
approximately 30 min  of oxidation near  425~ because 
its lateral  growth results in compressive fracture. 

4. The compressive stress in the oxide induces a ten-  
sile stress in the under ly ing  metal  which varies with 
time. Stresses of approximately 20,000 psi were ob- 
served after 240 min of oxidation at 425~ 

Fig. 10. lO-mil niobium specimen oxidized on one side at 425~ in air for 24 hr (left) and 30 hr (right), respectively 
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LIST OF SYMBOLS 
Sm Bending stress exist ing at the  surface of the  nio-  

bium metal ,  ca lcula ted  from deflection measure -  
ments. 

$1 Compressive stress exist ing in the  thin film of 
Nb2Os, ca lcula ted  f rom deflection and weight  
gain measurements .  

$2 Compressive stress exis t ing in the thin film of 
suboxide, NbOx, ca lcula ted  from deflection and 
weight  gain measurements .  

Ox Subscr ip t  re fer r ing  to oxidat ion process. 
C1 Subscr ip t  refer r ing  to cooling process. 
Ds Subscr ipt  re fer r ing  to dissolution process. 
A n  Subscr ip t  re fe r r ing  to anneal ing process. 
Exp  Subscr ip t  re fe r r ing  to bending  stresses calcu-  

lated f rom thermal  expansion data. 
h Niobium meta l  thickness, 0.010 in. 
Em Young's modulus  for n iobium at 425~ 14.5 X 106 

psi (13). 
Eo Young's  modulus  for n iobium pentoxide  at 425~ 

7 X 106 psi (14, 15). 
p Radius of cu rva tu re  calculated from deflection 

measurements ,  in. 
v Poisson's  ra t io  for niobium, 0.38 (16). 
tl  Thickness of Nb2Os, mils  ---- 0.0593 Wo. 
t2 Thickness of NbOx, mils  ---- 0.3346 Wo. 
Wo Weight  gain due to oxidation,  mg. 
n Ratio of elast ic  modul i  of oxide  and metal ,  Eo/E~,, 

(_~--1/2 for Nb2Os/Nb).  
an Thermal  expansion coefficient of Nb, 7.5 • 10-6/  

~ (17). 
ao Thermal  expansion coefficient of Nb2Os, --1.0 • 

10-6/~ (18). 
• Difference between oxidat ion  and room t empera -  

ture, ~ 
REFERENCES 

1. H. Hurlen,  H. Kjr  J. Marka]i ,  and N. Nor-  
man, Cent ra l  Ins t i tu te  for Indus t r ia l  Research, 
Bl indern-Oslo,  Norway  Technical  Note No. 1 
(1959). 

2. J. Cathcart ,  J. Campbell ,  and G. Smith,  This 
Journal, 105, 442 (1958). 

3. T. Kolski,  Am. Soc. Metals Trans. Quart., 55, 119 
(1962). 

4. J. H. Doyle, Unpubl ished  M.S. thesis. Ames, Iowa, 
L ibrary ,  Iowa Sta te  Univers i ty  of Science and 
Technology (1964). 

5. D. B. Fox, P r iva te  communicat ion.  
6. O. Richmond, W. Leslie, and H. Wriedt ,  Am. Soc. 

Metals Trans., 57, 294 (1964). 
7. R. Pawel ,  J. Cathcart ,  and J. Campbell ,  This 

Journal, 110, 551 (1963). 
8. N. Pi l l ing  and R. Bedworth,  J. Inst. Metals, 29, 529 

(1923). 
9. P. Dankov  and P. Churaev,  Technical  Trans la t ion  

TT-245, Nat ional  Research Council  of Canada,  
Ottawa,  Canada (1951). 

10. R. Pawel  and J. Campbell ,  Acta Met. 14, 1827 
(1966). 

11. E. Gebhard t  and R. Rothenbacher ,  Z. Metallk. 54, 
623 (1963). 

12. A. Taylor  and N. J. Doyle, J. Less-Common Metals, 
13, 313 (1967). 

13. C. A. Hampel ,  Editor,  "Rare  Metals  Handbook,"  
2nd ed., Reinhold  Publ ishing Co., New York  
(1961). 

14. E. Durbin,  H. Wagner,  and C. Harmon,  U.S. Atomic  
Energy  Commission Report  BMI-792, Bat te l le  
Memoria l  Inst i tute,  Columbus,  Ohio (1952). 

15. W. Manning,  P r iva t e  communicat ion.  Ames  Lab -  
oratory,  Iowa Sta te  Universi ty ,  Ames, Iowa 
(1964). 

16. W. Koster,  Appl. Sci. Res. Sect. A, 4, 324 (1954). 
17. T. Lyman,  "Metals  Handbook,"  Vol. I, Amer ican  

Society  for Metals,  Metals Park,  Ohio (1961). 
18. E. A. Durbin  and C. G. Harman,  U.S. Atomic  En-  

e rgy  Commission Report  BMI-791, Bat te l le  Me- 
mor ia l  Insti tute,  Columbus, Ohio (1952). 

19. F. Holtzberg,  A. Reisman, M. Berry,  and M. Ber -  
kenbli t ,  J. Am. Chem. Soc., 79, 2039 (1957). 

20. A. Magneli ,  S. Andersson,  L. Kohlborg,  S. Asbr ink,  
S. Westman,  B. Holmberg,  and C. Nordmark ,  
Ins t i tu te  of Inorganic  and Phys ica l  Chemistry,  
Stockholm, Sweden,  Technical  Repor t  No. 1 
(1959). 

21. G. Brauer ,  H. Muller ,  and G. Kuhner ,  J. Less-Com- 
mon Metals, 4, 533 (1962). 

22. S. Timoshenko,  Opt. Soc. Am. 11, 233 (1925). 
23. D. H. Bradhurs t  and P. M. Heuer, J. Nuclear 

Mater., 37, 35 (1970). 
24. C. D. Hodgman,  Editor,  "Handbook of Chemis t ry  

and Physics,"  34th ed., Chemical  Rubber  Pub-  
l ishing Co., Cleveland, Ohio (1952). 

25. M. A. Goldschmidt ,  Air  Force  Mater ia ls  Labora to ry  
Report  AFML-TR-65-332,  Univers i ty  of Dayton, 
Dayton,  Ohio (1965). 

26. R. Gibala  and C. A. Wert,  Acta Met., 14, 1095 
(1966). 

27. J. Van Landuyt ,  European Atomic  Energy Com- 
mun i ty  Repor t  EURAEC-1184, Centre  d 'Etude  
de L 'Energie  Nucleaire,  Mol, Belgium (1965). 

28. D. Douglass, J. Less-Common Metals, 5, 151 (1963). 
29. R. E. Pawel,  This Journal, 116, 1144 (1969). 



The Effect of Stress on the Low-Temperature 
Oxidation of Niobium 

II. Oxide Wedge Formation 
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ABSTRACT 

It was found that  the format ion of suboxide needles or plates, NbOz, during 
the oxidation of niobium in the t empera tu re  range of 425~176 was a func- 
tion of init ial  specimen oxygen concentration, oxidation temperature ,  and ap- 
plied tensile stress. It was fur ther  found that  when the oxygen concentra-  
tion at the substrate surface had reached an equi l ibr ium level  and the sub- 
oxide plates had formed, only a small  tensile stress (less than i0,000 psi on 
low oxygen content niobium) was needed to form microeracks in a surface 
of the meta l  associated with  these suboxide needles. Upon fur ther  oxidation 
these microcracks formed niobium pentoxide wedges penet ra t ing  the  metal  
causing p remature  fai lure  of niobium metal  sheet. 

P remature  fai lure  has been observed in oxidizing 
niobium tubing in as li t t le as one- tenth  the  expected 
l i fe t ime (1, 2) as a result  of the format ion of "oxide 
wedges" growing normal  to the oxidizing surface 
(3,4). 

P re l iminary  work  at this labora tory  (5) established 
that bent specimens of sheet niobium oxidized at 425 ~ 
in air exhibi ted wedges on the concave surface whose 
number  increased wi th  decreasing init ial  radius of 
curva ture  and increasing prior  cold work. These bent  
specimens were  observed to approach straightness dur-  
ing the oxidation. 

Based upon these observations, it was hypothesized 
(6) that  la teral  stresses induced in the meta l  surface 
by the growth  of Nb205 into a constricted volume pro-  
duce a tensile strain in the under ly ing meta l  which, 
when exceeding the ul t imate strain of the (oxygen-  
saturated) meta l  surface, produce a mechanical  crack 
in the embri t t led  metal.  It  was fur ther  hypothesized 
that  subsequent  oxidat ion of the inter ior  of the crack 
produces addit ional  tensile stress and oxygen-solut ion 
embr i t t l ement  at the crack tip resul t ing in a self- 
propagat ing crack. A program of research was init iated 
in order to test this hypothesis and to gain fu r the r  
understanding of this gas-phase stress-corrosion crack- 
ing in niobium. 

Par t  I of this s tudy (6) established that  stresses in 
the Nb205 film formed at 425~ increase ini t ia l ly  with 
t ime but af ter  approximate ly  30 min, level  off at ap- 
proximate ly  123,000 psi, the apparent  u l t imate  com- 
pressive stress of Nb205. In addition, suboxides, prob-  
ably Nb50, were  found to form near  the surface of 
oxygen-sa tura ted  niobium, adding to the strain of the 
under ly ing metal. With the growth of the oxide film, 
the stress on the under lying meta l  increased. 

Par t  I of this s tudy was l imited to elastic deforma-  
tions (6). Quant i ta t ive  stress measurements  could not 
be made readi ly  at stress levels high enough to cause 
substrate cracking or plastic deformation. It  was the 
purpose of Par t  II of the research to measure  the addi- 
t ional tensile stress needed to be applied to the sur-  
face of a metal  substrate to produce cracking and re -  
sultant  oxide wedges. Using a sample loaded in ten-  
sion, it was possible to measure  the mechanical  stress 
equivalent  to the stress which exists at the surface of a 
f ree ly  flexing oxidizing sheet or f reely  opening tube 
oxidizing unti l  wedges form. Thus, useful  informat ion 
could be obtained for this gas-phase stress-corrosion 
cracking problem in niobium. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  add re s s :  M e t a l l u r g y  Div i s ion ,  S a n d i a  Labo ra to r i e s ,  L i v e r -  

more ,  C a l i f o r n i a  94550. 
Key  w o r d s :  oxide ,  Nb20~, suboxide ,  f lexure ,  films. 

Experimental Procedure 
Niobium sheet 2 of 0.020 in. thickness was cut into 

strips and machined to form sheet tensile specimens 
with  a 4 cm gauge length and a 1 cm width. The sur-  
faces were  mechanical ly  polished through 600 grit  
silicon carbide paper  and cleaned in alcohol. The speci- 
mens were  suspended in a the rmograv imet r ic  system 
and oxidized in air to form thin adherent  layers of 
Nb~)~ of p rede te rmined  thickness. Upon subsequent ly  
vacuum homogenizat ion anneal ing at various tempera-  
tures, a range of oxygen contents was obtained. Vac- 
uum fusion analysis, checked by microhardness  mea-  
surements  (7, 8), gave the nominal  oxygen contents 
obtained. Microhardness measurements  across the sam- 
ples indicated that  the oxygen concentrat ions were  
uniform. The specimens were  given a final polish wi th  
600 grit  silicon carbide paper. 

In order to obtain background data on the tensile 
properties of niobium as a function of init ial  oxygen 
content, s t ress-strain measurements  were  made at room 
tempera ture  and at 425~ in helium. 

The effect of stress upon oxidation might  be ap- 
proached by at least four methods of testing. Stress 
could be constant (s t ress-rupture)  or var iable  ( ten- 
sile test) ;  the oxidat ion state could be constant (pre-  
viously oxidized) or var iab le  (oxidizing while stress- 
ing).  Since oxidation itself induces stresses in the 
metal,  actual service conditions consist of a var iable  
stress imposed upon cont inuously oxidizing metal.  The 
combination of steady stress imposed on oxidizing 
meta l  was selected as the combination most near ly  
approximat ing service conditions and at the same t ime 
being a simple enough stress state to readi ly  permi t  
some form of analysis of results. 

Because of the l inear i ty  of the oxidation rate in the 
tempera ture  range of interest,  the thickness of an oxi-  
dizing specimen diminishes l inear ly  wi th  time. There-  
fore, in order  to mainta in  a constant applied tensile 
stress upon an oxidizing specimen, it was necessary 
to decrease the applied load propor t ionate ly  wi th  time. 

The specimen was mounted  in a convent ional  creep 
machine using water  as the load since the quant i ty  
could be convenient ly  and continuously var ied with  
time. Stress was measured  by a load cell and auto-  
mat ical ly  recorded. The specimen was at tached by 
wedge grips be tween support  rods inside a glass sleeve 
containing alumina chips. Air  which had been pre-  
viously dried using sulfuric acid was preheated  by the 
alumina chips and then passed across the specimen. 

'-' S u p p l i e d  by  F a n s t e e l  M e t a l l u r g i c a l  C o r p o r a t i o n  w i t h  g i v e n  n o m -  
i na l  ana lys i s  of a b o u t  99.7-8% N b  w i t h  Ta, Fe, Mo, Ti,  a n d  Z r  
b e i n g  the  m e t a l l i c  i m p u r i t i e s ;  i n t e r s t i t i a l  con t en t s  d e t e r m i n e d  f r o m  
v a c u u m  f u s i o n  ana lys i s  we re  a b o u t  300 p p m  02, 40 p p m  N.,, and 
5 p p m  H~. 
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Fig. 3. Oxide wedges formed in niobium tensile specimens oxi- 
dized at 435~ in air while a constant tensile stress of approxi- 
mately 15,000 psi was applied; IOOX. 

Results 
Load-elongat ion curves as a function of oxygen con- 

tent  were  obtained at 25 ~ and 425~ Figures  1 and 2 
show plots of upper  yield point, u l t imate  tensile stress, 
t rue  f rac ture  stress, and elongation as a function of 
oxygen content  at 25 ~ and 425~ The data shown in 
Fig. 1 show ve ry  good agreement  wi th  the data of 
Tott le  (7). At  425~ the t rue  f rac ture  stress increases 
l inear ly  with oxygen content  to about 0.25 weight  per 
cent (w/o)  oxygen, level ing off thereaf ter  at approxi-  
mate ly  80,000 psi. How oxygen is distr ibuted in nio- 
bium at this t empera tu re  and whe ther  saturat ion ac- 
tual ly  exists at oxygen contents below 0.25 w / o  are 
questions which have never  been ful ly  answered, but 
it appears that  if an oxygen-embr i t t l ed  zone occurs at 
425~ the total  stress requi red  for f racture  cannot 
great ly  exceed 80,000 psi. 

In order to test the mechanics of the constant -ap-  
pl ied-tensi le-s t ress  apparatus, a niobium specimen 
with  an init ial  oxygen content  of about 1000 ppm 
(which happened to be made f rom a piece of cold 
worked niobium sheet) was oxidized at 435~ in air 
while  mainta in ing an approximate  constant tensile 
stress of 15,000 psi. The intention was to oxidize the 
specimen for one week but it failed on the fifth day. 
Upon sectioning and mount ing  the specimen, numerous 
oxide wedges were  observed. To check the val id i ty  of 
this result, two specimens (which were  prepared  as 
discussed f rom annealed sheet) were  oxidized in air 
for 48 hr  at 440 ~ and 435~ respect ively,  under  a con- 
stant tensile stress of approximate ly  15,000 psi. F igure  
3 shows an example  of oxide wedges formed in the 
specimen oxidized at 435~ The specimens were  care-  
ful ly  polished and the n iobium-oxide  interface was ob- 

Fig. 4. Suboxide needles formed in niobium tensile specimens 
oxidized at 435~ in air while a constant tensile stress of approxi- 
mately 15,000 psi was applied; 1400X. 

served on a meta l lograph at 1400X. Suboxide needles 
as shown in Fig. 4 were  observed penet ra t ing  into the 
metal.  

Figures 5 and 6 show the microstructures  of the 
meta l -ox ide  interface of niobium specimens oxidized in 
air at 425~ for 48 hr  and at 500~ , for  24 hr, respec-  
tively, with no applied stress. Note the layer ing of the 
grayish niobium pentoxide upon the clear, l ight  nio- 
bium. Also in Fig. 6 needles are observed which were  
not observed to occur at 430~ These needles have 
been previously  observed (1, 4) at oxidation t empera -  
tures f rom about 475 ~ to 650~ They were  designated 
as a suboxide of niobium, NbOz (1). 

As shown in Fig. 4, the suboxide needles formed in 
the oxidized tensile specimen look very  much l ike the 
needles of NbOz as shown in Fig. 6 for the specimen 
oxidized at 500~ A trai l  of pores and slight dis- 
coloration of the over lying niobium pentoxide were  
observed in both specimens. The presence of pores in-  
dicates that  the needles were  present  during the ent ire  
oxidation process (9). The micrographic  evidence 
strongly suggested the s imilar i ty  of the suboxide 
needles in the two specimens. 

Fur the r  observat ion of the suboxide needles in the 
specimens oxidized whi le  being subjected to a tensile 
stress showed that  a number  of these needles had mi -  
crocracks associated wi th  them, as shown in the ex" 
ample in Fig. 7. Some cracks were  wi thin  the  needles, 
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Fig. 5. Microstructure of niobium-oxide interface of niobium 
specimen oxidized at 430~ for 48 hr; 1400X. 

Fig. 8a. Oxide wedge in niobium tensile specimen; 1400X 

Fig. 6. Microstructure Qf niobium-oxide interface of niobium 
specimen oxidized at 500~ for 24 hr. Note the addition of NbO~ 
needles; 1400X. 

some extended from the base of the needles, some were  
at the needle tip, and some occurred be tween a few 
needles. It  was thus suspected that  the oxide wedge  
formation was ini t iated by the microcracks associated 
with the niobium suboxide needles. Fur the r  evidence 

Fig. 8b. Holes in niobium pentoxide associated with oxide wedge 
shown above; 1400X. 

of this was shown by Fig. 8a and 8b. Figure  8a is a 
photomicrograph of a niobium pentoxide wedge  in nio- 
bium at a magnification of 1400X. A point to observe 
is the init ial  direction of the oxide wedge formation 
before propagat ing more  perpendicular ly  into the nio- 
bium. This direction was similar  to that  for most nio- 
bium suboxide needles indicating that  the oxide wedge 

Fig. 7. Two examples showing cracks associated with niobium suboxide needles; 1400X 
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Table I. Results for constant stress tensile specimens (30B-71B) 

O x y g e n  Oxdn.  Oxdn.  Stress ,  S t ress ,  
S p e c i m e n  con ten t ,  temp. ,  t ime,  s tar t ,  f in ish,  S u b o x i d e  Ox ide  

No. pprn ~ h r  • l 0  s ps i  • los  psi  n e e d l e s  w e d g e s  

30s 1000 440 36 15 17 Yes  Yes  
31B 1000 435 48 15 16 Yes Yes 
39B 1950 420 48 20 20 No No 
51B 2550 420 72 30 28 No No 
54B 3150 420 20 S0 50 No No 
55B 3150 435 36 40 45 F e w  F e w  
64s 1300 420 72 20 18 No No 
66B 1300 435 48 25 25 Yes Yes 
67B 1300 435 48 20 21 Yes Yes 
68B 1300 435 48 15 15 Yes Yes 
70B 1300 435 48 10 10 F e w  F e w  
71B 1300 435 46 20 22 Yes Yes 

Table I1. Results for constant stress tensile specimens (72B-82B) 

O x y g e n  Oxdn.  Oxdn .  Stress ,  Stress ,  
S p e c i m e n  conten t ,  temp. ,  t ime ,  s tar t ,  f in ish,  S u b o x i d e  Oxide  

No. p p m  ~ h r  • 103 ps i  X los  ps i  need l e s  w e d g e s  

72s 1950 435 46 30 30 Yes Yes 
73B 1950 435 46 20 20 Yes Yes 
74B 1950 435 48 15 15 F e w  F e w  
75B 1950 430 40 30 30 F e w  F e w  
T6s 3150 435 48 15 14 No No 
77B 3150 435 48 20 18 No :No 
78B 3150 435 48 20 19 No No 
79s 3150 435 48 30 28 No No 
80B 2550 435 48 30 30 No No 
81B 2550 435 20 40 41 Yes Yes 
82B 2550 435 36 35 35 F e w  F e w  

may have started from a microcrack inside of a sub-  
oxide needle. Figure  8b shows an area in the niobium 
pentoxide layers directly adjacent  to the oxide wedge 
shown in Fig. 8a. The t ra i l  of pores and slight oxide 
discoloration observed is s imilar  to that  associated with 
niobium suboxide needles as shown in  Fig. 4. Thus 
there was evidence of a direct relationship between 
n iobium suboxide needles, microcracks associated with 
them and n iobium pentoxide wedges. 

To obtain a more complete unders tanding  of the 
suboxide needle and subsequent  oxide wedge forma- 
tion phenomena,  n iobium tensile specimens with differ- 
ent init ial  oxygen contents were oxidized at tempera-  
tures near  425~ while main ta in ing  various applied 
constant  tensile stresses. Tables I and II summarize the 
results for these tensile specimens. The oxidizing tem- 
perature  at which most data were taken was 435~ and 
these data are best shown in Fig. 9. The results showed 
a correspondence of suboxide needle formation and 
oxide wedge formation with the f requency of oxide 
wedges increasing with the f requency of suboxide 
needles. Also, the frequency of suboxide needles in -  
creased and length decreased with increasing applied 
tensile stress for specimens with the same ini t ial  oxy-  
gen content  oxidized at the same tempera ture  for the 
same t ime (as shown in Fig. 10a and 10b). 

Fig. 10a. Suboxide needles formed in a niobium tensile specimen 
oxidized at 435~ in air while a constant tensile stress of 25,000 
psi was applied; 1400X. 
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Fig. lOb. Suboxide needles formed in a niobium tensile specimen 
oxidized at 435~ in air while a constant tensile stress of 10,000 
psi was applied; 1400X. 
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An important  result  was that there existed a critical 
m in imum applied tensile stress required for the for- 
mation of suboxide needles and subsequent  oxide 
wedges. This critical stress was a function of both tem- 
perature and oxygen content. At 435~ in air the criti- 
cal stress was approximately 16,000 psi less than the 
upper yield point over the range of oxygen contents 
studied whereas at 430~ the critical stress was only 
about 5000 psi less than the upper  yield point. 

An addit ional  observation was that  the first tensile 
specimen oxidized, which was made from a cold- 
worked n iobium sheet, showed many  more oxide 
wedges than specimens made from the annealed sheet 
which were oxidized at the same temperature  and had 
about the same ini t ial  oxygen content. This result 
agreed with the observation of Doyle (4) that cold 
working a specimen reduces the temperature  required 
for suboxide needle formation. 

Interpretation and Discussion 
A detailed study of the formation of these niobium 

suboxide needles in n iobium has not been made. Van 
Landuyt  and Wayman  (10) did perform a detailed 
study of the suboxide needle formation in tantalum. 
As outlined in their paper, the formation of t an ta lum 
suboxide, TaOy, needles was shown to proceed in a 
martensit ic manner .  A subsequent  overgrowth of an-  
other suboxide, TaOz, then made the needles more 
readily visible by optical microscopy. They noted that 
the two-dimensional  needles were actual ly sections of 
three-dimensional  plates. These authors fur ther  in-  
dicated that the actual details of formation of the TaO, 
plates are still largely conjectural,  but  certain pieces 
of evidence obtained shed addit ional  light on the situ- 
ation. First, the TaO, plates did not form unt i l  a cer- 
tain incubat ion period had passed. Second, their  work 
established that the TaOy plates form only near  the 
surface. They postulated that  since it appeared that 
during the incubat ion period the oxygen concentra-  
tion in a surface layer  is increasing, the oxygen-sa tu-  
rated Ta t ransforms to the orthorhombic suboxide 
plates, TaOy, upon reaching some critical oxygen con- 
tent. 

Since the oxidation characteristics of n iobium and 
tanta lum are very  similar, the assumption that  the 
niobium suboxide needles are also forming in a mar ten -  
sitic manne r  would not seem unreasonable.  Support ing 
this assumption was the observation that an incuba-  
tion time was also needed in n iobium to allow the sur-  
face oxygen concentrat ion to increase. Tetragonal  sub-  
oxides of niobium, NbOx and NbOz, corresponding to 
the tetragonal  suboxides of tantalum, TaOx and TaOz, 
were observed, adding support to this view. Also, the 
information reported (11) on the indices of the plane 
on which these NbOz plates lie agreed with the {I00} 
indices observed (10) for the habit  plane of TaOz, the 
overgrowth phase. 

However, the actual martensi te  phase undernea th  this 
overgrowth of TaOz was the orthorhombic, TaOy, with 
{320} habit  planes. One correspondence which has not 
been observed is the existence of an orthorhombic 
n iobium suboxide, NbO~, similar to the orthorhombic 
t an ta lum suboxide, TaOy. Since the existence of these 
orthorhombic suboxides is very  critical to the argu-  
ment  favoring the mechanism of martensi t ic  formation, 
a doubt exists as to the applicabil i ty of the mechanism 
of martensit ic formation in the n iobium system. 

As indicated by Van Landuyt  and Wayman  (10), 
the problem is not easily analyzed because of the 
closeness of the {100} and {320} planes in a body-cen-  
tered cubic system to one another and to the theo- 
retical  plane of max imum shear stress. Also, the over-  
growth of one oxide upon another  adds confusion. 
Therefore, because of the ambiguities of the proposed 
mechanism with observations, exactIy which mecha-  
nism is involved in the n iobium suboxide needle for- 
mat ion cannot be determined without  fur ther  study. 

The change in frequency and length of suboxide 
needles as a function of applied tensile stress cannot 
be explained unambiguously.  However, a simple nu-  
cleation and growth model may be applicable. A higher 
applied tensile stress may increase the number  of nu -  
cleation sites (possibly dislocation lines) (12) and 
hence the number  of needles. The nucleat ion of a 
larger n u m b e r  of suboxide needles may  cause a re- 
duction in the stress gradient  in their immediate  vicin-  
ity, thus causing a reduction in the dr iving force for 
growth and a consequent  reduction in length. 

Regardless of the nucleat ion and growth or the for- 
mation mechanism of these suboxide plates, the im-  
portant  finding of this s tudy was that  under  the proper 
conditions of oxygen concentrat ion gradient, tempera-  
ture, and stress these plates do form. Once they are 
formed, in areas where the local frequency is high, 
only a very small  applied tensile stress (less than 
10,000 psi) is needed to produce a microcrack. Once 
this microcrack is formed, it fur ther  oxidizes to form 
an oxide wedge. If the conditions of oxygen concen- 
trat ion gradient, temperature,  and stress are not r ight  
to form suboxide plates, no microcracks or oxide 
wedges are observed. It appears that suboxide plates 
and subsequent ly  microcracks, must  occur before the 
oxide wedges, which are the ul t imate  destructive agent, 
can occur. 

Summary 
It has been shown (6) that  the resul t ing tensile 

stress on a n iobium metal  substrate due to the forma- 
tion of Nb20~ may approach the yield point of the oxy- 
gen-hardened niobium surface. 

No mat ter  what  the actual  tensile stress is, this stress 
would be approximately the same for the cases of oxi- 
dizing niobium tubes, coupon specimens, flexure speci- 
mens, or sheet tensile specimens. It  is the addition of 
an applied tensile stress either by bending (as in the 
case of tubes or flexure specimens) or by  pul l ing (as 
in the case of tensile specimens) on the oxygen-sa tu-  
rated metal  surface which causes the formation of 
suboxide needles, subsequent  cracking of the metal  
in some localized areas where there is a high fre- 
quency of needles and a final formation of an oxide 
wedge. 

Manuscript  submit ted Apri l  23, 1971; revised m a n u -  
script received Dec. 13, 1971. This was Paper 109 
presented at the Atlantic City Meeting of the Society, 
Oct. 4-8, 1970. 

Any  discussion of this paper  will appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL. 
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Solid-State Ionics Solids with High Ionic Conductivity 
in the Systems Silver Iodide-Silver Oxyacid Salts 
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Department ol Applied Chemistry, Faculty ol Engineering, Nagoya University, Nagoya, Japan 

ABSTRACT 

Two kinds of high ionic conductivi ty solids, AgTI4PO4 and AgIgIIsP2OT, have 
been found in the systems AgI-Ag3PO4, and AgI-Ag4P207 at ambient  tem- 
perature. AgTI4PO4 has a silver ion conductivi ty of 0.019 (ohm-cm) -1  at 25~ 
and an activation energy for conduction of 3.8 kcal /mole  between 20 ~ and 
79~ AgIgIIsP207 has a silver ion conductivi ty of 0.09 ( o h m . c m ) - 1  at 25~ 
and an activation energy for conduction of 3.3 kcal /mole  between 20 ~ and 
147~ The Ag/electrolyte/12 solid-state cells using these electrolytes showed 
open circuit voltages of 684 mV for AgTI4PO4, and 689 mV for AgI9IIsP2OT, 
which agree well with the value of 687 mV calculated from hG ~ of the cell 
reaction. Transpor t  number  measurements  using Tubandt ' s  method showed 
that the t ransport  numbers  of silver ions in both new compounds are 1.00 
within the exper imental  error. The phase diagrams of the systems AgI-Ag3FO4, 
and AgI-Ag4P207 have been determined. 

Recently, a new solid electrolyte group of the type 
MAg4Is, where  M is K, Rb, or NH4, was reported by 
Bradley and Greene (1), and independent ly  by Owens 
and Argue (2), to have a high ionic conductivi ty of 
0.27 (ohm �9 c m ) - I  at 25~ Many solid electrolyte 
batteries and electrochemical devices with MAg4Is, 
par t icular ly with RbAg4Is, have been investigated by 
m a n y  authors (3-6), because of its being relat ively 
stable to light, moisture, and handl ing wi thin  this 
group. 

It was found, however, by Topol and Owens (7), 
and Takahashi  et al. (8) that  RbAg415 reacted rapidly 
with iodine to decompose to RbIs and AgI when it was 
mainta ined in an iodine atmosphere. In a A g / R b A g 4 I J  
Is cell, therefore, the in te rna l  resistance increases so 
fast that  the cell fails its performance~ Further ,  the 
decomposition of MAg415 to AgI and M2AgI~ was found 
to be promoted by moisture, when it was in contact 
with silver plate. 

In this study, therefore, a number  of investigations 
on some double salts with silver iodide, such as the 
systems silver iodide-silver oxyacid salts, have been 
carried out in order to find new high ionic conduc- 
t ivi ty solids which are not decomposed by iodine and 
moisture. Ag3PO4, Ag4P2OT, (AgPO3)n, Ag3AsO3, 
Ag~AsO4, and AgIO~ have been examined as silver 
oxyacid salts. 

Two new high ionic conductivi ty solid electrolytes 
have been found in the systems silver iodide-silver 
phosphate, and silver iodide-silver pyrophosphate. The 
properties of both new compounds have been invest i-  
gated, and the phase diagrams of these systems have 
been determined. 

Experimental 
Preparation of samples.--The following grades of 

start ing materials  were used: special grade: AgNO~, 
KI, Na2HPO4 �9 12H20, Na4P207 �9 10H20, and KIO3; 
extra pure reagent:  (NaPO3)n, and sodium arsenite; 
guaranteed reagent:  Na2HAsO4-7H20. All  of the 
silver compounds were prepared by precipitat ion 
from aqueous solutions of silver ni t ra te  with the other 
start ing materials under  safe-lights. The precipitates 
were washed seven or eight times with distilled water, 
and dried under  ni trogen flow at 100~176 The x - ray  
diffraction pat terns  of them were confirmed to agree 
wi th  those listed in the A.S.T.M. cards. 

Weighing of silver iodide and the other mater ial  was 
followed by mixing  and grinding, and the mix ture  was 

�9 Electrochemical  Society Act ive  Member .  
K e y  words :  s i lver  iodide, ionic conduct ivi ty ,  solid-state bat tery .  

sealed in a Pyrex tube under  vacuum and heated for 
about 18 hr in the temperature  range between 200 ~ 
400~ according to its composition. The result ing 
mater ial  was grourrd and pressed by a hand press 
under  4 tons/cm 2 to form a pellet which was 13 mm in 
diameter and about 2 m m  thick. 

X-ray dif]raction.--Geigerfiex D-3F (Rigaku Denki 
Company, Ltd.) was used for x - ray  diffraction analysis. 
A copper anode tube  was operated at 15 mA and 35 kV. 
The shape of each specimen was a pellet as described 
above. A sample holder made in our laboratory was 
used to determine the change in s tructure at high 
temperatures.  

DiJ]erential thermal analysis (D.T.A.).--A sample of 
0.Sg was sealed in a Vycor tube under  vacuum, and a- 
a lumina  powder sealed in the same size of Vycor tube 
was used for the s tandard material.  The heat ing rate 
was 3.5~ controlled by a PID controller (YEW, 
Model EGC 5-10) and a programmer  (YEW, Model 
PGE-12).  

Conductivity measurement.--In order to reduce the 
contact resistance in the measurements  of the conduc- 
t ivity change with temperature,  a mix ture  of pow- 
dered silver and the sample was used for electrode. 
Namely, a mix ture  of 0.9g of the sample and 0.3g of 
200 mesh silver powder was  applied to the electrode 
material.  The sample of 1.2g was stacked between the 
electrodes and pressed into a pellet of 13 mm in d iam- 
eter. The electrical conductivi ty was measured with 
a 1 kHz impedance bridge (YEW, Model BV-Z-13A).  

Transport number measurement.--The t ranspor t  
number  of silver ion in both of the new high conduc- 
t ivi ty compounds was measured by Tubandt ' s  method 
(9). In order to reduce an anodic polarization, an 
amalgamated silver plate was used for an anode mate-  
rial, and the change of the mass of the anode and 
sample- l ,  which directly contacted the anode, was 
not measured (see Fig. 1). Four  specimens, 13 mm in 
diameter  and about 1.2 mm thick, were weighed sep- 
arately and stacked into a measur ing cell as shown 
in Fig. 1. A solution of 20 w/o (weight per cent) silver 
ni t ra te  was used for an electrolyte for the silver 
coulometer. A stabilized direct cur rent  was passed 
through the cells for about 4 hr  at the current  densi-  
ties of 1.2 and 1.5 m A / c m  2 for AgTI4PO4 and 
Ag~gI15P2OT, respectively. 

Results and Discussion 
AgI-AgsP04 system.--A plot of the electrical con- 

ductivi ty of the system AgI-Ag3PO4 at room tempera-  
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Fig. 2. Electrical conductivities in the system AgI-Ag.~PO4 vs. 

the composition of Ag~PO4 at room temperature. 

ture against the Ag3PO4 content  is shown in Fig. 2, 
where silver plates were used for electrodes. All  the 
samples were prepared by heating at 400~ and cool- 
ing na tura l ly  to room temperature,  where the cooling 
rate was about 1.5~ The conductivi ty curve 
suggests that  two in termedia te  compounds may be 
present in this system, because the conductivi ty of the 
system showed a m a x i m u m  at the composition of 20 
m/o  (mole per cent) and suddenly  falls above 50 m/o  
of Ag3PO4. 

Results of the x - r ay  diffraction carried out at room 
temperature  on the samples using nickel filtered Cu-Ka 
radiat ion are listed in Table I. In  the range of 0-20 m/o  
of Ag~PO4, diffraction peaks of 7 phase silver iodide 
and Phase I appeared. Lines due to AgsPO4 were 
observed in samples containing 60 m/o  or more 
Ag3PO4, the in tens i ty  of those lines increased gradual ly  
with increasing content  of AgaPO4. The pa t te rn  of 20 
m/o  of Ag3PO4, Phase I, is simple to predict a new 
compound, which may be wr i t t en  as Ag~I4PO4, and 
that  of 50 m/o, Phase II, is also due to a single phase 
and is sufficiently different from those of ~-, 19-, and 7- 
AgI, Ag3PO4, and Ag~I4PO4 to predict  another  new 
compound, which may be wr i t ten  as Ag4IPO4. 

The electrical conductivi ty of Ag~I4PO4 plotted as 
a funct ion of the reciprocal of the absolute tempera ture  
is shown in Fig. 3. In  the range  of room tempera ture  

Table I. Results of x-ray investigations on the system 
AgI-Ag3PO4 at room temperature 

S t r u c -  L a t t i c e  
m / o  P h a s e  Syrn -  t u r e  p a r a m -  R e f e r -  

Ag3PO~ o b s e r v e d  m e r r y  t y p e  e t e r  (A) ence  

O ' , / -AgI C u b i c  Z i n c  6.495 (10) 
b l e n d e  

5, 1O, 15 "y-AgI + 
P h a s e  I 

20 P h a s e  I C u b i c  10.6 
25, 33, 40 P h a s e  I + 

P h a s e  I I  
50 P h a s e  I I  C o m p l e x  

p a t t e r n  
60, 67, 80, 90 P h a s e  I I  + 

Ag.4PO~ 
100 AgaPO4 C u b i c  6.013 (11) 

to 79~ the conduct ivi ty  increases l inearly,  and the 
activation energy for conduction is obtained from this 
slope to be 3.8 kcal/mole.  At 25~ the conductivi ty is 
(1.9 ~ 0.1) X 10 -2 (ohm �9 cm) -1. Above 79~ how- 
ever, the electrical conduct ivi ty  decreases with in-  
creasing temperature,  but  it abrupt ly  increases about 
6-7 times at about 147~ corresponding to the t rans i -  
tion of silver iodide from ~ to a phase. This discon- 
t inui ty  was thought  to be caused by the t ransi t ion of 
the result ing silver iodide. The conductivi ty decreases 
again with tempera ture  above this t ransi t ion.  

Figure 4 shows the x - r ay  diffraction pat terns of 
AgTI4PO4 measured at various temperatures  to com- 
pare with the conductivi ty measurements .  The start-  
ing mater ial  was prepared by  heat ing at 400~ and 
cooling na tura l ly  to room temperature.  Each measure-  
ment  was taken after the sample was kept at the 
desired tempera ture  for about 20 min.  At 80~ a few 
small peaks different from those obtained at room 
temperature  are seen, and at 120~ the pat tern  is quite 
different from that  of Ag~I4PO4. Above 150~ the 
peaks of ~-AgI were changed to those of a-AgI, sug- 
gesting that  Ag~I4PO4 was decomposed to AgI and a 
compound of another  composition at 80~ Both the 
samples which were quenched from 400~ and cooled 
gradual ly from 400~ to room temperature,  the cool- 
ing rate of which was about 3-5~ showed the 
same x- ray  diffraction pat terns  as those of Fig. 4. 

As the x - r ay  diffraction pat tern  measured at room 
temperature  of the sample annealed at 150~ was 
found to be near ly  equal to that  measured at 120~ 
the x - r ay  diffraction pat terns  of the specimens of the 
other compositions annealed  at 160~ for 1 or 2 hr  in 
air were also measured at room temperature.  The 
results of these measurements  are summarized in Table 
II. Though in the composition range of 50 to 100 m/o  
of Ag~PO4 the pat terns were quite equal to those of 
unannea led  samples of the corresponding compositions, 
it was found that  the x - r a y  diffraction pat terns of the 
samples containing between 0-50 m/o  of AgsPO4 were 
fairly different from those measured on the unannea led  
samples. Namely, between 0-33 m/o  of Ag3PO4, the 
peaks of AgTI4PO4 (Phase I) vanished, and the peaks 
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Fig. 3. Electrical conductivity of AgTI4P04 vs. the reciprocal of 
the absolute temperature. 
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Fig. 4. X-ray diffraction patterns of AgTI4PO4 measured at vari- 
ous temperatures. 

of ~-AgI and 33 m/o  of Ag~PO4 (Phase III, which may 
be wri t ten  as Ag512PO4) appeared. And between 33-50 
m/o  of Ag3PO4, the mixed pat terns of Phase II  and 
Phase III  were observed. 

From these results described above, it has been 
thought that  AgTI4PO4 would be completely decom- 
posed according to the reaction 

AgTI4PO4--> 2AgI + AgsI2PO4 [1] 

by anneal ing above 79~ and the rate of the recom- 
binat ion reaction of the resul t ing materials  would be 
fairly slow at room temperature.  A mass change of 
the sample before and after the anneal ing procedure 
was not observed, so it was found that AgTI4PO4 was 
merely  decomposed to AgI and Ag512PO4, and no 
change of the n u m b e r  of oxygen atoms bonded to 

Table II. Results of x-ray investigations on the system 
AgI-Ag3PO4 annealed at 160~ 

L a t t i c e  
m / o  P h a s e  S y m -  S t r u c t u r e  p a r a m -  R e f e r -  

Ag~PO~ o b s e r v e d  m e t r y  t y p e  e t e r  (A) e n e e  

0 /~-AgI H e x a g o n a l  W u r t z i t e  a = 4.592 (12) 
c = 7.510 

15, 20, 27.5 ~ - A g I  + 
P h a s e  I I I  

33.3 P h a s e  H I  C o m p l e x  
p a t t e r n  

40 P h a s e  I I I  + 
P h a s e  I I  

50 P h a s e  I I  C o m p l e x  
p a t t e r n  

60, 67, 80 P h a s e  I I  + 
Ag3PO~ 

100 Ag~PO4 C u b i c  6.018 

phosphorous atoms occurred by annealing.  The sample 
prepared at 400~ however, was extremely stable at 
room temperature,  as the electrical conductivi ty and 
the x - r ay  diffraction pat tern  of it have been confirmed 
to be main ta ined  constant ly for at least 3 yr. 

The crystal s t ructure of AgTI4PO4 is estimated to be 
a cubic structure having a lattice constant  of 10.6A 
from the x - ray  ana lys is .  

AgI-Ag4P20~ system.--Figure 5 shows the result  of 
the electrical conductivi ty of the system AgI-Ag4P20~ 
at room temperature,  plotted against the composition 
of Ag4P2OT, where silver plates were used for elec- 
trodes. The samples containing between 0-25 m/o  of 
Ag4P207 were prepared at 200~ and the samples con- 
ta ining between 30-50 m/o and between 60-90 m/o  
were prepared at 300 ~ and at 400~ respectively, 
where the cooling rate was about 1.5~ for all 
samples. Considering the phase diagram and the ex- 
per imental  results, Ag1911~P207 was main ly  prepared 
by heating at 250~ for about 20 hr  and cooling 
na tura l ly  to room tempera ture  (the cooling rate was 
about 1.5~ The conductivi ty curve suggests 
that a new compound having a high conductivi ty may 
be present in this system. 

Results of the x - r a y  diffraction carried out at room 
temperature  are listed in Table III. Peaks of ,y-phase 
silver iodide were observed in samples containing less 
than 5 m/o  of Ag4P20~, and new lines were observed 
in the samples containing about 7 and 33 m/o  of 
Ag4P2OT. In  the sample containing more than  67 m/o, 
peaks of Ag4P207 appeared. It  could be concluded, 
therefore, that three new intermediate  compounds a r e  

present at room tempera ture  in this system. 
From the results described above, it has been found 

that  the new high conduct ivi ty solid containing about 
7 m/o  of Ag4P20~ is not a solid solution of AgI and 
Ag4P2OT, but  a new compound, so several experiments 
have been done in order to decide the composition of 
this compound. Figure  6 shows the logari thm of the 
conductivities of the samples of the composition rang-  



480 J. Electrochem. Sac.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  April 1972 

Table III. Results of x-ray investigations on the system 
AgI-Ag4P207 at room temperature 

Table W. Activation energies for conduction in high ionic 
conductors having average structures 

S t r u c -  La t t i c e  C o n d u c t i v i t y  A c t i v a t i o n  
m / o  Phase  t u r e  p a r a m -  Refe r -  a t  25~ e n e r g y  Refe r -  

Ag4P207 o b s e r v e d  S y m m e t r y  t ype  e te r  (A) ence  Subs t ance  (ohm �9 cm)-~ (kca l /mo le )  enee 

0 7 - A g I  Cubic  Z inc  6.495 AgaSI 1 x i0 "a 4.0 (15) 
blende Ag,2Hgo.zsSo.511.5 1.5 X 10 -1 3.2 (16) 

3, 5 7 - A g I  + Ag4HgSeaI~ 1.2 X 10-2 3.5 (17) 
Phase  IV RbAg~I~ 2.7 • 10 -1 1.7 (18) 

6, 7 Phase  IV Cubic  11.2 QAg6I~ 
10t 20, 30 Phase  IV + (19) 

Phase V Q = T e t r a m e t h y I  4 X I0 J-" 4.0 
33, 35 Phase  V C o m p l e x  a m m o n i u m  

p a t t e r n  D i e t h y l d i m e t h y l  6 • 10-~ 3.6 
40, 50, 60 Phase  V + a m m o n i u m  

Phase  VI  AgTI~PO~ 1.9 x I0 --~ 3.8 
66.7 Phase  VI C o m p l e x  AgIgIIz~P~O~ 9.0 • 10 -~ 3.3 

pa t t e rn  
70, 80, 90 Phase  VI + 

Ag4P207 
lO0 Ag~P~O7 (13) Table V. Transport numbers in AgvI4P04 and Ag19115P207 

ing from 6 to 8 m/o  of Ag4P207 plotted against  the 
reciprocal of the absolute temperature.  The conduc- 
t ivity curves of 6.00 and 6.25 m/o  have an abrupt  
change near  147~ corresponding to the t ransi t ion of 
silver iodide from # to a phase. In  the sample contain-  
ing 8.00 m/o  it was found that  the conductivi ty was 
decreased above 147~ On the other hand, the con- 
ductivi ty curves of the sample containing 7.00 m/o  
showed the Arrhenius  type curve in the range of the 
tempera ture  investigated. 

The results of D.T.A. of this system show endo- 
thermic peaks at 147~ on heating in the composition 
range of 0-17 m/o  of Ag4P207. 

The x - ray  diffraction pat terns of the samples con- 
ta ining 6 and 7 m/o  of Ag4P207 showed a cubic struc- 
ture  with a lattice constant of 11.2A, and it was as- 
sumed from the analysis of the lattice constant, spe- 
cific gravity, and the ionic radii  that  the new com- 
pound may be wri t ten  as Ag,gIIsP2OT. 

Other systems.--The same procedure described in 
the previous section has been carried out on the sys- 
tems, AgI- (AgPO3) , ,  AgI-Ag3AsO3, AgI-Ag3AsO4, and 
AgI-AgIO3, and also on the systems, AgBr-Ag3PO4, and 
AgC1-Ag3PO4. 

It was indicated by the results of the electrical con- 
ductivi ty measurements  that  no high conductivity 
compounds were present  in these systems at room 
temperature.  The electrical conductivities of these 
systems measured at room tempera ture  were lower 
than that  of pure si lver iodide (7 phase) (14). In the 
AgI-Ag3PO4 system, exchange of silver iodide with 
silver bromide or silver chloride did not improve the 
electrical conductivity. 

Properties of AgTI4P04 and AgmI15P207.~The com- 
pound AgTI4PO4 is an orange colored solid, and the 
compound Ag19I~sP207 is a yellow solid at room tem- 
perature. The former was darkened by exposure to 
visible light in a powder state, but  the lat ter  has little 
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Fig. 6. Temperature dependence of electrical conductivities in 
the system AgI-Ag4P2OT. 

C h a n g e  in  mass  (mg) 

Ag714PO4 AglgImP:O7 

Ag-Hg anode -- -- 
Sample 1 -- -- 
Sample 2 -- 0.03 -- 0.05 
Sample 3 --0.1O -- 0.02 
S a m p l e  4 ~ ~ + 31.91 
A g  ca thode  . + 19.89 ] 
A g  depos i ted  in  19.84 31.91 

e o u l o m e t e r  
T r a n s p o r t  num- 0.998 • 0.005 0.999 - -  0.005 

he r  o f  A g  + 

sensit ivity to light. The electrical conductivities of both 
compounds are 0.019 • 0.001 and 0.090 • 0.002 (ohm �9 
cm) -1 at 25~ respectively. The activation energies 
for conduction of both compounds are 3.8 and 3.3 kcal /  
mole, respectively. These values are so low for ionic 
compounds that  they are thought  to have the average 
structures. The compounds which are known to have 
the average structures are listed in Table IV. 

In the exper iments  to find the t ransport  numbers  of 
these compounds, it was found that  the total  cur rent  
passed through both cells (see Fig. 1) corresponded to 
the quanti t ies of silver deposited at the cathodes, as 
shown in Table V, and the t ranspor t  numbers  of silver 
ion are un i ty  wi thin  the exper imental  error. Figure  7 
shows the results of the changes of the in te rna l  re-  
sistances of the following cells in  process of time: 
Graphite/AgTI4PO4 + I2/Graphite, Graphi te /  
AglgIlsP207 + I2/Graphite, and Graphite/RbAg415 + 
I.ffGraphite. A mixture  of 1.3g of each sample and 0.3g 

G r a p h i t e  / Ag714PO 4 + 12 / G r a p h i t e  O 

A Graphite / Ag!9IIsP207 + 12 / Graphite 

200 I �9 Graphite / RbAg4I 5 + 12 / Graphite 

0 0 u 
150 o o 

o o  

I00 A zsoo I- 
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TIMs ( DAYS ) 

Fig. 7. The changes of the internal resistances of the cells: 
Graphite/ AgTI4P04 + I~/Graphite,, Graphite/Ag19115P207 + 
12/Graphite, and Graphite/RbAg415 -I- 12/Graphite. 
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of iodine was used, and p la t inum plates were used for 
the current  collectors. In  the former two cells, the 
resistances increased gradual ly  with t ime for about a 
month, and then were main ta ined  at constant  values. 
The resistance of the last cell, however, increased 
about 100 times greater than  those of the former two 
cells. This result  indicates that  two new compounds 
found in this study provide a good performance in 
si lver-iodine solid-state batteries. The cells, Ag /  
AgTI4PO4/I2 + C, and Ag/Ag19115P207/I2 -5 C, showed 
open circuit voltages of 684 and 689 mV at 25~ 
respectively. These values agree fair ly well with the 
value, 687 mV, calculated from the change of free 
energy of formation of silver iodide at 25~ according 
to Eq. [2] 

Ag(s)  -5 1/212(g) ---- AgI(s)  [2] 

that is, the ionic t ranspor t  numbers  of these compounds 
are unity. And these results are in good agreement  
with the t ransport  numbers  measured by Tubandt ' s  
method. 

As no other cations are present  except silver ions in 
both compounds, the conduction in  AgTI4PO4 and 
AglgI~sP207 is main ly  due to the migrat ions of Ag + 
ions, because anions such as I - ,  PO4 ~-, and PeO74- 
ions have large ionic radi i  and usual ly do not migrate 
in solids at ambient  temperature.  

Phase diagrams of the systems AgI-AgsPO~, and 
AgI-Ag4PzOT.--Figures 8 and 9 show the phase dia- 
grams of the systems AgI-Ag3PO4, and AgI-Ag4P2OT, 
respectively, determined from the results of the mea-  
surements  of electrical conductivities, x - r ay  diffrac- 
tions, and differential thermal  analysis. 

In  the former system, there are two intermediate  
compounds at room tempera ture  at the compositions 
of 20 and 50 m/o  of Ag3PO4. The high conductivi ty 
compound, AgTI4PO4, decomposes to AgI and a com- 
pound with 33.3 m/o  of Ag3PO4 above 79~ The com- 
pounds, Ag~I2PO4 and Ag4IPO4 melt  incongruent ly  at 
236 ~ and 320~ respectively. The eutectic composition 
is estimated to be 16 m/o  of Ag3PO4, at 225~ The 
liquidus l ine of the samples containing more than 67 
m/o  of Ag3PO4 was obtained by extrapolation. A 
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Fig. 8. Phase diagram of the system Agl-Ag3P04 
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Fig. 9. Phase diagram of the system Agl-Ag4P20~ 
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thermal  arrest (a peak in the D.T.A. trace) at 512~ 
was observed for all compositions containing between 
60-100 m/o  of Ag3PO4. 

In the lat ter  system, there are three intermediate  
compounds at room tempera ture  at the compositions 
of 6.25, 33.3, and 66.7 m/o  of Ag4P2OT. The high con- 
ductivi ty compound, AgIgI15P2OT, decomposes to AgI 
and Ag16112P2OT, which is the compound at the compo- 
sition of 7.69 m/o  of Ag4P2On above 147~ Ag16It2P207 
has an incongruent  mel t ing point  at 274~ Ag612P207 
and Ag9IP4014 melt  incongruent ly  at 178 ~ and 295~ 
respectively. 

When the mixture  containing 6.25 m/o  of Ag4P20; 
was heated above 274~ and cooled to room tempera-  
ture natural ly ,  the x - r ay  diffraction peaks were mainly  
those of v-phase silver iodide and those of Ag19115P207 
were absent. This result  indicates that  the peritectic 
reaction at 274~ produces the glassy product contain-  
ing near  the composition of 20 m/o  Ag4P207 and AgI, 
and these products may  be hard to recombine to form 
AglsI12P2OT. The electrical conductivi ty of the product 
was near ly  equal to that  of ~-AgI, but  when the sam- 
ple was annealed between 147 ~ and 274~ the new 
high conductivi ty compound was formed again. In the 
former system, however, when  the mixture  containing 
20 m/o  of Ag3PO4 was melted above 225~ and cooled 
to room temperature,  the electrical conductivi ty was so 
high as to indicate the formation of AgTI4PO4, and the 
anneal ing procedure between 79 ~ and 225~ gave the 
opposite result. 

Conclusion 
Though compounds in the MAg4I~ group have spe- 

cific conductivities as high as 0.27 ( ohm.  c m ) - I  at 
25~ they seem to be somewhat unstable  to moisture, 
handling, and especially to an iodine atmosphere. So 
the search for high ionic conductivi ty solid electro- 
lytes has been carried out on the new systems, silver 
iodide-silver oxyacid salts. 

AgTI4PO4 and AgIgIlsP207 have pure silver ion con- 
ductivities as high as 0.019 and 0.090 (ohm �9 c m ) - I  at 
25~ and activation energies for conduction of 3.8 and 
3.3 kcal/mole,  respectively. Both compounds are more 
stable than  RbAg415 in an iodine atmosphere. The 
transport  numbers  of silver ions in both compounds 
are 1.00 wi thin  the exper imental  error. The silver- 
iodine solid state batteries using these new compounds 
for the electrolyte materials  showed open circuit volt-  
ages as high as 684 and 689 mV at 25~ respec- 
tively, which are in good agreement  with the value, 687 
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mV, calculated from ~G ~ the free energy of formation 
of silver iodide(s) from si lver(s)  and iodine(g)  at 
25~ 

AgTI4PO4 is stable up to 79~ and though AgI9115P~O7 
decomposes to AgI and Ag16112P207 above 147~ 
Ag16112P207 has a high ionic conductivi ty up to 274~ 
in the solid state, and it is a promising mater ia l  for use 
as a solid electrolyte for electrochemical devices. 

Manuscript  submit ted July  13, 1971; revised m a n u -  
script received Nov. 26, 1971. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL.  
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A Very Precise Sectioning Method for Measuring 
Concentration Profiles in Anodic Tantalum Oxide 

J. P. S. Pringle* 
Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada 

ABSTRACT 

Concentrat ion profiles can be measured by removing thin un i fo rm layers 
from the surface of a solid and determining the amount  of the species left 
after the removal  of each layer. The precision of such measurements  depends 
on four factors: the thinness of the layers removed, the accuracy with which 
their thickness can be measured, the uni formi ty  of the layers, and the accuracy 
with which the amount  of the species present  may be determined. The present  
paper describes a sectioning technique for anodic t an ta lum oxide, based on 
slow dissolution of the oxide in HF almost saturated with NH4F. Layers as 
thin as 5A have been repeatedly and reproducibly removed, and the standard 
error in the total thickness removed is effectively about 3A for the purpose of 
profile measurements .  Fur thermore,  the layers are removed with extreme uni -  
formity. In  effect, therefore, anodic oxide films on t an ta lum can be sectioned 
almost atom layer  by atom layer. 

The migrat ion of atoms across oxide films is of great 
importance for the theory of metal  oxidation, and of 
great practical significance in device technology. Study 
of these migrations requires that the concentrat ion pro- 
file of the atomic species be measured before and after 
the migrat ion event, and methods are therefore needed 
for measur ing its concentration as a funct ion of dis- 
tance beneath the oxide surface. The obvious way of 
doing this is to section the oxide; that  is, to remove 
thin un i form layers in succession and determine the 
amount  of the species present in the oxide after  the 
removal  of each layer. Such a method is reported here 
for films of t an ta lum oxide formed by anodization. 
Since many  of the species were incorporated by ion 
implantat ion,  it was necessary to s tudy the effect of 
ion implanta t ion  on the sectioning technique, and this 
is done in a separate paper (1). Other papers describe 
the application of the technique to the measurement  
of implantation profiles (2), t ransport  numbers  of 
metal  and oxygen (3), and oxygen migrat ion (4). 

Comparison of the concentrat ion profiles before and 
after the migrat ion event  yields two kinds of mea-  
surement.  The re la t ive 'mobi l i ty  of the migra t ing spe- 

* Elec t rochemical  Society Ac t ive  Member .  
Key  words :  t an ta lum,  anodic  oxidation,  oxide dissolution, sec- 

t ioning method,  concent ra t ion  profiles. 

cies can be determined by measur ing the change in its 
mean  position wi th in  the oxide; that is, relat ive to one 
of the oxide surfaces. In  another  paper of this series 
(3), it is shown that it is possible to define a position 
in the oxide that corresponds to zero migration, and 
hence to calculate the absolute mobility. Second, by 
measur ing the change, or more specifically the broad- 
ening of the concentrat ion profile, it is possible to ob- 
tain informat ion on the na ture  of the migrat ion proc- 
ess itself. Experimental ly,  the difference between the 
two kinds of measurement  is that the second requires 
a technique roughly ten times as precise as the first, 
and no such technique has hitherto been available. 
The present  paper repairs this omission. 

In developing a sectior~ing technique to this degree 
of precision, several factors assume an importance they 
do not otherwise have, and it was therefore neces- 
sary to consider them in some detail. The precision of 
a sectioning technique is l imited by the following con- 
siderations. 

(A) The number  of exper imental  measurements  
must  be sufficient to characterize the concentrat ion 
profile. This means that  the thickness of each layer 
must  be considerably less than  the width of the profile 
investigated. A method for removing layers as th in  as 



Vol. 119, No. 4 S E C T I O N I N G  F O R  C O N C E N T R A T I O N  P R O F I L E S  

5A is described under  Sectioning Anodic Tanta lum 
Oxide. 

(B) The accuracy with  which the mean thickness 
of each layer  can be measured. The section on Mea- 
suring the Average  Thickness of Each Layer  Removed 
describes a spectrophotometr ic  method for measur ing 
anodic oxide thickness, f rom which the thickness of the 
removed layers can be obtained by difference; the stan- 
dard error  in these measurements  is general ly  less 
than 3A. 

(C) The uni formity  of the layers removed. Concen- 
t rat ion profiles obtained by removing  layers of i r regu-  
lar thickness are broader than the t rue profiles. The 
reanodization method described in the section on Uni-  
formity of the Oxide Layers  Removed shows that  the 
effect of the i r regular i t ies  is negligible for all but  the 
very  narrowest  profiles. 

(D) The accuracy with  which the amount  of the 
atomic species present in each layer can be measured. 
Most of the species used here were  radioactive, and so 
their  concentrations could be estimated by standard 
nuclear  techniques;  the special technique used to esti- 
mate  180 is described in (4). 

Once the data has been obtained, it must be ana- 
lyzed to obtain the parameters  of the concentrat ion 
profile. Mathematical  procedures  for doing this, in- 
volving a computer,  are described elsewhere (2-4). 

Sectioning Anodic Tantalum Oxide 
Preparation of Tantalum Specimens 

Tanta lum sheets, 99.9% pure, were  obtained from 
Fansteel  Metal lurgical  Corporation, and cut to shape 
as required.  The usual specimen size was rectangular ,  
3.5 X 1.0 cm 2, cut from 0.037 cm (0.015 in.) sheet, wi th  
a 0.05 cm (0.020 in.) d iameter  tan ta lum wire  spot 
welded on one corner  to provide electr ical  contact. The 
coupons were  then t reated much as described by 
Randall,  Bernard,  and Wilkinson (5): 10 rain each in 
hot Alconox and t r ichlore thylene  to remove  grease, 
followed by 30 min in concentrated HNO~ to remove 
any copper left  by the welding process. A chemical  or 
electrochemical  polish was next;  e i ther  10 sec in the 
usual 5: 2:2 mix tu re  of concentrated sulfuric, nitric, and 
hydrofluoric acids, or 10-20 min at 100 m A / c m  2 in a 
9:1 mix ture  of concentrated sulfuric and hydrofluoric 
acids (6). Finally, the specimens were  dipped for 2 rain 
in the HF-NH4F reagent  described below to remove  
any film left  by  the polishing process. It has recent ly  
been demonstrated that  this procedure is excellent  for 
removing fluoride contaminants  (7). 

Anodic Oxidation 
The tan ta lum coupons were  anodized at constant cur-  

rent  using an apparatus designed and built  by Walker  
(8). This consisted of a Northeast  Scientific Model 
RI-234 constant current  supply, governed by an elec- 
tronic control unit  similar to that  described by Young 
(6), which shut off the current  automat ical ly  when the 
requi red  voltage was reached. The anodizing cell  was 
normal ly  a stainless steel beaker, which also served as 
cathode, and the electrolyte  was 0.1M H2SO4, as used 
by Young (9) in making the thickness calibration de-  
scribed later. Anodizing voltages were  measured with  
respect to a Beckman General  Purpose glass re fe r -  
ence electrode, since absolute accuracy was not re-  
quired, and the tempera ture  of the electrolyte  was 
mainta ined wi th in  0.2 ~ of 25~ by immers ing the 
beaker  in a wa te r  bath. 

Procedure for Removing Oxide Layers 
The anodic tan ta lum oxide was stripped in concen- 

t ra ted HF almost saturated with  NH4F. By  vary ing  the 
proport ion of NH4F, str ipping rates ranging f rom 25 
to 150 A/ ra in  were  obtained. One such solution, pre-  
pared from 200 mli ters  48% HF and 80g NH4F, stripped 
the oxide at the ra te  of 60 A /min ;  by adding another 
20 mli ters  48% HF, the rate was increased to 140 
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A/rain.. The uni formity  of the stripping, as de termined 
from the in ter ference  color of the remaining oxide, 
was excel lent  throughout  the range quoted, but  for 
rates faster than 150 A/ ra in  it deteriorated. There was 
no evidence for any var ia t ion in the stripping ra te  as 
a function of remaining oxide thickness; the oxide dis- 
solved as though it was completely homogeneous. 

Since the t ime in the stripping solution was being 
used only as a control  on the thickness removed  and 
not as a measure  of it, the str ipping ra te  did not have 
to be known very  accurately. No detailed study of the 
dependence on temperature ,  acidity, fluoride concen- 
tration, and oxide preparat ion was therefore  under-  
taken. Quali tat ively,  however ,  it was observed that  the 
rate increased wi th  increasing HF concentrat ion and 
with increasing temperature,  and tha t  the uniformity  
improved with increasing fluoride concentration. 
Freshly  prepared solutions dissolved the oxide some- 
what  more rapidly;  af ter  about a week, the rate  fell  
to an almost  constant value. Similarly,  f reshly pre-  
pared oxides dissolved faster than aged samples, in 
agreement  wi th  previous observations by Vermilyea 
(10). 

The stripping procedure  was as follows. After  mea-  
suring the thickness of the oxide film by the method 
described in the next  section, the coupon was dipped 
into the HF-NH4F reagent,  wi th  agitation, for the t ime 
necessary to remove the desired thickness of oxide. 
The coupon was then t ransfer red  rapidly  to distilled 
water,  which quenched the dissolution. Af te r  10 sec in 
the first water  wash and 20 sec in a second, the speci- 
men was t ransferred to acetone for 15 sec, after which 
it was dried in a blast of cold air. Remeasurement  of 
the oxide film thickness gave, by difference, the amount  
dissolved by the str ipping agent. 

Masking of Selected Areas 
For certain experiments,  it was necessary to mask 

portions of the specimen and then ei ther  thicken (ano- 
dize) or thin (strip) the oxide film on the remainder.  
The masking mater ia l  had, therefore,  to meet  s e v e r a l  
requirements .  It had to have a high resist ivi ty to pre-  
vent  current  flow on anodizing, and it had to be inert  
to the hydrofluoric acid in the str ipping reagent.  It had 
to be readily removable,  but  preferably  insoluble in 
the acetone used for washing. Fur thermore ,  it had to 
make  a good seal wi th  itself so that  different areas 
could be masked in succession. Above all, it had to 
cover the surface wi thout  leaving pinholes. 

Af ter  various trials, it was found that  the vacuum 
grease Apiezon N was ideal for the purpose. Tests 
showed that  this grease could be used up to at least 
200V on anodizing, and for any amount  of stripping. 
Boundaries  be tween masked and unmasked a r e a s  w e r e  
ex t remely  sharp, as demonstrated by the interference 
colors, and the colors of the masked areas remained in 
their  original state, thus demonstrat ing the absence of 
pinholes. Fur thermore ,  Apiezon N made an excellent  
seal to itself, was apparent ly  insoluble in acetone, yet 
readily soluble in t r ichlorethylene.  

By masking different areas in succession, therefore,  
it was possible to form the anodic film to different 
thicknesses on different parts of the same specimen, 
and ei ther anodizing or stripping could be used to 
achieve this. The former  was used in the uni formi ty  
of str ipping tests described in the section on Uniformity  
of Oxide Layers  Removed, whi le  the la t ter  was used 
for the consistency tests in the section on Measuring 
the Average  Thickness of Each Layer  Removed and for 
the study on oxygen migrat ion described e l s e w h e r e  
(4). 

Measuring the Average Thickness of 
Each Layer Removed 

Spectrophotometric Method of Measuring Oxide Thickness 
The mean thickness of the layers removed was ob- 

tained as the difference between the mean thickness 
of the oxide film before and after stripping. The prob-  
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Fig. 1. Interference spectra from three tantalum specimens 
anodized simultaneously to show the effect of surface roughness. 
Anodizing conditions: 1 mA/cm 2 at 25~ to 172V in 0.1M H2SO4. 
Oxide thickness 263r0 ~ 2,~.. U, unpolished; C, chemically polished; 
E, electrochemically polished. 

lem, therefore, was one of measur ing the mean oxide 
thickness with sufficient accuracy, and to do this, a 
spectrophotometric technique developed by Young (9) 
was employed. The specular reflectance of an anodized 
t an ta lum specimen exhibits min ima  at certain wave-  
lengths (Fig. 1) due to interference between the light 
reflected at  the oxide surface and that  reflected at the 
oxide/metal  interface. By measur ing the wavelength,  ~., 
of these min ima at known orders, n, of interference, 
the mean  thickness, h, of the oxide films could be cal- 
culated. 

The conditions for interference is 

( n -  �89 .~ 
h : -- X [1] 

2~l �9 cos r 

where 11 is the refractive index of the oxide, ~ the 
angle of refraction, and X accounts for the phase 
change on reflection at the oxide/meta l  interface. Both 

and X vary  significantly with the wavelength of the 
measur ing light, and the variat ions are not indepen-  
dent ly  known. Young (9) was, however, able to form 
oxides of known thickness by  means of a ra ther  com- 
plex procedure involving Faraday 's  law, capacity, and 
refractive index, and he  then used these oxides to es- 
tablish the var iat ion of ~ and X. His interference 
spectra were measured at an 11 ~ angle of incidence, so 
that  cos ~b was effectively uni ty;  a polished but  un -  
anodized t an ta lum specimen was placed at the equiv- 
alent  position in the reference beam of the Cary Model 
14 spectrophotometer. Exactly the same procedure was 
followed here using a Beckman DK2 spectrophotom- 
eter, wi th  a light beam of area 0.8 • 0.2 cm 2 incident 
on the sample. 

As can be seen from Fig. 1, the interference min ima 
are quite broad, and so there is a difficulty in deter-  
min ing  the exact m i n i m u m  wavelength.  Excel lent  re-  
sults, however, were obtained by means of the follow- 
ing procedure. With the DK2 set at the 0-10% t rans-  
mit tance scale to magnify  changes in reflectance, the 
wavelengths about the m i n i m u m  were manua l ly  
scanned. Provided the scanning was done slowly 
enough, the recorder pen would give a distinct upward 
kick after passing through the minimum,  and the 
wavelength at which this occurred was recorded. By 
scanning through the m i n i m u m  in both directions, two 
such wavelengths were obtained, add their  average 
was taken as the wavelength of the interference min i -  
mum. Justification for this procedure is provided by 
the symmetry  of the interference spectra and by  the 
extreme reproducibili ty,  usual ly  bet ter  than  0.2 rim, 
of the "kick" wavelengths.  

Interference min ima  can be satisfactorily measured 
from about 280 to about 600 nm. Below 280 nm, the 
interference is masked by  the intrinsic absorption of 
the oxide, while  above 600 n m  the in tens i ty  of the 
maxima are reduced so much that  the min ima  become 
too broad to measure. As Young has pointed out, best 
results are obtained in the region from 300 to 400 rim, 
where the min ima  are most intense. The requi rement  
for at least one m i n i m u m  between 280 and 600 nm 
limits the method at small  oxide thicknesses; the first- 
order min imum covers the range from 160A at 280 nm 
to 520A at 600 nm, wihle the second-order begins at 
660A with a m i n i mum at 280 nm. Thicknesses between 
520-660A cannot therefore be measured, but  above 660A 
coverage is continuous. Wherever  possible, therefore, 
experiments  were performed using thicknesses greater 
than 660A. 

Surface Roughness and the Nature of the Thickness Measured 
The thickness of a uni form film formed on a per-  

fectly smooth fiat surface is unambiguous ly  defined, as 
i l lustrated in Fig. 2a. Real surfaces, however, are more 
or less rough, as i l lustrated schematically in Fig. 2b 
and 2c, and this complicates the definition. Evans (11) 
has suggested two measures for the film thickness on 
rough surfaces. The mean  general  intercept, MGI, is 
the average thickness of the film measured perpendicu-  
lar to the general  p lane of the surface, and is equal 
to the film weight divided by the film density and 
apparent  area of the metal  surface. The second mea-  
sure, the mean  local intercept, MLI, is the average film 
thickness measured normal  to the local metal  surface; 
it can be calculated in the same way as the MGI, but 
using the real area in place of the apparent  area. The 
real area equals the apparent  area times the roughness 
factor, which is always greater than uni ty;  the MGI is 
therefore always larger than the MLL However, when 
the roughness pitch is smaller than the MGI, the defi- 
nit ion of the MLI is no longer valid, as can be seen 
from Fig. 2c. 

The surface roughness in  a metal /anodic  oxide sys- 
tem is very  considerably influenced by the na ture  of 
the anodic oxidation. In  a later section of this paper it 
is shown that  the oxide thickness measured perpen-  

r F 
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i//'~176 J\i/ ; 

M ETAL 

Fig. 2. Effect of surface roughness on the definition of film 
thickness. (a, Tap) perfectly smooth flat oxide; (h, center) sur- 
face roughness of large pitch; (c, bottom) surface roughness of 
small pitch; g thickness averaged for mean general intercept 
(MGI); ,~ thickness averaged for mean local intercept (MLI); 
h thickness controlling the kinetics of anodization. 
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dicular to the local metal  surface must  be exceedingly 
uniform at all points on the specimen, and that this 
must  be t rue throughout  the anodization process. It 
follows immediately that the amount  of metal  con- 
sumed in forming oxide is greater at a convexity in 
the metal  surface than at a concavity, and that the 
rate of consumption is proport ional  to the local con- 
vexity of the curvature.  The formation of an anodic 
oxide therefore leads to a smoothing of the metal  sur-  
face, the sharpest asperities being smoothed first. 
Lewis and P lumb have demonstrated this smoothing 
exper imental ly  dur ing the anodic oxidation of a lumi-  
num (12). 

Because of the smoothing, Fig. 2c is not a reasonable 
picture for an anodic oxide, and so the definition of 
the MLI is valid. Young (9) has measured the rough- 
ness factor for chemically polished t an ta lum specimens 
that  had been subsequent ly  anodized and found that  it 
was within 3% of uni ty;  the MGI and the MLI are 
therefore almost identical. 

The over-al l  surface roughness is therefore small, 
but  it might still be sufficient to affect the interference 
minimum, and hence the measured film thickness. To 
test this, the following exper iment  was performed. 
Three t an ta lum foils, one electrochemically polished, 
one chemically polished, and one not polished at all 
were connected together by their  lead wires and 
anodized s imultaneously to 172V at approximately 1 
mA/cm 2. The result ing interference spectra are shown 
in Fig. 1; the residual roughness obviously does have 
an effect on the over-al l  shape of the spectra. Never-  
theless, the average of the kick wavelengths was the 
same for all three specimens, as is demonstrated later. 

A simple a rgument  suffices to explain the results of 
Fig. 1. Paral lel  light incident  at a certain angle on a 
rough surface is reflected in various directions, depend- 
ing on the local orientat ion of the surface at reflection. 
In the apparatus used here, the phototube subtended 
an angle of about 2 ~ at the sample, which meant  that 
only those portions of the surface oriented wi thin  a 
certain 1 ~ range would reflect light into it. To a first 
approximation, the rougher  the surface, the smaller  
the area covered by the favorable orientations, and 
hence the smaller the in tensi ty  of the reflected light 
recorded by the phototube. On a film-covered surface, 
therefore, the roughness wil l  have the effect of reduc- 
ing the intensi ty  of the interference spectrum by ap- 
proximately the same factor at all wavelengths.  When 
plotted on a scale l inear  in transmittance,  as in Fig. 1, 
the maxima are depressed much more than the minima, 
since they are reduced by a greater absolute amount.  
Increasing roughness therefore tends to compress the 
interference spectra, as is observed, and this in tu rn  
leads to an increased difference between the two kick 
wavelengths, which was also observed. 

The surface roughness of the specimens, then, affects 
the precision with which the oxide thickness can be 
measured, since this depends on the difference between 
the two kick wavelengths,  but  it does not affect the 
measurement  itself. It  but  remains  to show what  kind 
of thickness is being measured. Obviously, the light 
beam is sampling those portions of the surface that are 
favorably oriented, and on which it measures the 
thickness normal  to the local metal  surface. The result, 
an average of all the sampling points, is therefore an 
excellent approximation to the mean  local intercept. 
Fortunately,  this is just  the thickness measure that  is 
required, for the kinetics of the anodization are deter-  
mined by the thickness normal  to the local metal  
surface. 

Sources of Error in the Thickness Measurements 

Calibration errors . - -As recreated here from the data 
in Young's paper (9), the thickness calibration was 
found to have certain inconsistencies; thus for oxide 
thicknesses near  1300A, the th i rd-order  min imum at 
about 295 nm would regular ly  give thicknesses some 
10A greater than the second-order at about 430 nm. 

These inconsistencies may well  be artifacts due to the 
different apparatus used, but  they were unacceptable 
for the experiments  to be performed here. The cal ibra-  
t ion was therefore revised as follows. 

By means of the successive masking and str ipping 
procedure previously described, an electropolished 
t an ta lum coupon was prepared with twelve different 
oxide thicknesses across its surface. The thicknesses 
ranged from about 2320 to about  1450A, and all in ter -  
ference min ima  between 280 and 600 nm were mea-  
sured at each thickness. The foil was then dipped in 
the HF-NH4F reagent  to remove approximately 650A 
of oxide, so that the oxide thicknesses remaining  now 
ranged from about 1670 to about 800A. Again all in ter-  
ference min ima  were measured at each thickness. The 
cycle was repeated twice more, removing about 300 
and 340A in succession, so that  the final thicknesses 
ranged from about 1030 to about 160A. 

This exper iment  tested Eq. [1] by providing: (A) 
Measurements of ~ for different known n at the same 
h. (B) Measurements of ~ at known n for constant  dif- 
ferences in h. 

Sta tement  B rests on the assumption that  the strip- 
ping proceeds uni formly  all over the specimen surface; 
this is confirmed exper imenta l ly  in the next  section. 

The object of the revision was to adjust  the pa ram-  
eters ~] and X in [1], both of which va ry  with k, in 
such a way as to obtain a consistent relationship 
between k, n, and h. To do this, the individual  oxide 
thicknesses were first calculated from Young's original 
calibration using the interference m i n i m u m  closest to 
350 nm. The next  step was to calculate the difference 
in thickness between adjacent  oxide areas after each 
str ipping operation, and on the same area after suc- 
cessive strippings, in a manne r  similar  to that  shown 
in Table I. By a series of successive adjus tments  to 
the calibration, these differences were equalized as 
much as possible, thus meet ing cri terion B above. This 
largely set the cal ibrat ion for the favored 300-400 nm 
region. Adjus tments  under  cri terion A were used to 
refine the cal ibrat ion and to extend it to other wave-  
lengths. Oppor tuni ty  was taken  to adjust  the base of 
the cal ibrat ion so that  the oxide thicknesses for first-, 
second-, third-,  and four th-order  interference at 350 
nm were 270, 1007, 1744, and 2481A, respectively; these 
figures are Young's recommended thicknesses (13) 
corrected for the 1 m A / c m  2 anodizing current  used 
here (14). A final, minor, ad jus tment  to the cal ibra-  
tion ensured that  ~ and X would vary  smoothly with k. 

Informat ion needed to recreate the revised calibra- 
tion is given in  Table II, and a test of the new cal ibra-  
tion is presented in Table I. The test specimen was 
prepared and measured in the same way as that  used 
to revise the calibration, but  the oxide thicknesses 
were so chosen that, except for the extreme values 
in second order, the interference min ima  could always 
be measured in the favored 300-400 n m  region, and 
in a single order after each str ipping operation. 

Table I.Thickness measurements on an oxide film with seven 
different thicknesses. The film was stripped three times. Thickness 
differences are in parentheses. Figures are in angstroms using the 

calibration given in Table II 

Original ,  Af te r  one Af te r  two Af te r  three  
measu red  s t r ipping,  strippings, strippings, 

Area  in 5th measu red  in m e a s u r e d i n  m e a s u r e d i n  
No. order  4th order  3rd order  2nd order  

1 3227 (618) 2609 (631) 1978 (748) 1230 
(169) (168) (172) (174) 

2 3058 (617) 2441 (635) 1806 (750) 1056 
(76) (74) (72) (75) 

3 2982 (615) 2367 (633) 1734 (753) 981 
(44) (46) (49) (47) 

4 2938 (617) 2321 (636) 1685 (761) 934 
(46) (49) (42) (43) 

5 2892 (620) 2272 (629) 1643 (752) 891 
(97) (94) (96) (96) 

6 2795 (617) 2178 (631) 1547 (752) 795 
(127) (123) (120) (125) 

7 2668 (613) 2055 (628) 1427 (757) 670 
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Table II. Revised third-order film thickness, 
h ~ (3-�89 "cos 4) - -X ,  and thickness increment between 

orders, ?~hl "cos 4, as a function of interference wavelength. 
Anodizing conditions. 25~ 1 mA/cm 2, 0.1M H2S04. 

W a v e l e n g t h  f o r  T h i r d - o r d e r  T h i c k n e s s  i n c r e m e n t s  
i n t e r f e r e n c e  (nm)  t h i c k n e s s  (A) b e t w e e n  o r d e r s  (A) 

280 1160 500 
290 1268 544 
300 1360 581 
320 1526 648 
340 1674 708 
350 (base)  1744 737 
360 1612 765 
BSO 1945 819 
400 2074 871 
420 2199 921 
440 2321 971 
460 2441 1020 
480 2559 1069 
500 2675 1116 
520 2769 1166 
540 2901 1214 
560 3012 1262 
580 3122 1310 
600 3231 1358 

Random errors in the measurement of L - - A s  the 
oxide thickness increases, the in ter ference  minima 
become narrower,  and so the error  in the measurement  
of ~. decreases. At the same time, dh/dK increases so 
that, as Young (13) has noted, the sensit ivi ty of h to 
errors in }~ remains pract ical ly constant. This has been 
confirmed here, using the difference be tween  the kick 
wavelengths  as a measure of the sharpness of the 
in terference minima. On chemical ly  polished specimens 
for wavelengths  near  350 nm, these differences were  
about 20, 6.0, 3.5, 2.6, and 2.2 nm for the 1st to 5th 
orders, respectively,  wi th  a range of about 10% on 
ei ther side of the values quoted; when mul t ip l ied  by 
dh/d~, the equivalent  oxide thicknesses were  24, 24, 24, 
25, and 26A respectively.  The standard error  in h due 
to random errors in ~ can therefore  be represented 
satisfactori ly by a single value, obviously much less 
than 25A. 

A reasonable est imate of the standard er ror  for 
chemical ly polished samples can be obtained from the 
differences listed in Table I. Analysis  shows that  the 
root mean square deviat ion for all the differences is 
2.6A, f rom which it may be inferred that  the standard 
error  in each thickness measurement  is 2.6/X/~-A or 
1.8A. Reproducibi l i ty  checks on the amount  of oxide 
removed by the str ipping agent  in a given t ime im- 
prove this figure; thus in one series of fo r ty -seven  
measurements ,  using the same str ipping solution on 
several  samples over  a period of a few weeks, the 
mean thickness removed in 71/~ sec was 5.3 _+ 2.1A, so 
that  the s tandard e r ror  in each thickness measurement  
was 2.1/~/2 or 1.5A. In ear ly  exper iments  (2), there-  
fore, the standard error  was taken as 1.SA, but  this 
was subsequent ly  replaced by the formula  

- - x  x - - A  

where  ~.' and ~" are  the two kick wavelengths  mea-  
sured in nanometers,  and dh/dK is the rate, in angstroms 
per nanometer ,  at which the oxide thickness h changes 
wi th  change in the interference wavelength.  Using the 
e r ror  formula  given above, the thicknesses on the 
electrochemically,  chemically,  and nonpolished speci- 
mens of Fig. 1 were  found to be 2829.3 __ 1.7, 2828.0 
----+- 2.4, and 2836.6 • 4.sA for the  four th  order  at about 
390 nm, and 2833.7 +_ 1.6, 2830.0, ___ 2.0, and 2828.5 __+ 4.1A 
for the fifth order at about 320 nm; obviously, the re -  
fore, the precision decreases wi th  increasing surface 
roughness. The errors quoted are s tandard errors, 
which must  be doubled to obtain the 95% confidence 
limits; it is then apparent  that  the individual  measure-  
ments do not differ significantly among themselves.  

Absolute accuracy.--The absolute accuracy of the 
revised cal ibrat ion depends on the accuracy wi th  which 

Young's s tandard thicknesses are known, and these in 
turn depend on the re f rac t ive  index of the oxide. The 
absolute va lue  of the la t ter  is not known to bet ter  
than 1% (13), and so this l imits the accuracy to an 
absolute s tandard error  of about 0.5%. Errors  of 
this kind and of this magni tude  were  not important  
for the exper iments  described in subsequent papers; 
the t ransport  numbers,  for example,  were  calculated 
as a ratio of thicknesses (3). 

Refractive index variations.--Fluctuations in ref rac-  
t ive index, both from sample to sample, and within  
the different parts of the same sample, could have an 
impor tant  bearing on the accuracy of the  measure-  
ments. A fract ional  change of 0.001 f rom the value  
used in the calibration, f rom Eq. [1], gives rise to a 
fract ional  er ror  of like amount  in the measured  oxide 
thickness. 

Masing, Orme, and Young (14) have  shown that  the 
refract ive index of the oxide varies somewhat  wi th  the 
tempera ture  and current  densi ty during its formation, 
and that  it is de termined largely  by conditions in the 
final stages of anodization. In the course of their  work, 
they measured the refract ive  index several  t imes under  
nominal ly  identical  conditions; analysis of these results 
indicates that  the scatter of the individual  measure-  
ments  about the mean  corresponds to a fract ional  
s tandard deviat ion of 0.00144. How much of this scatter 
was due to real  fluctuations in the refract ive  index is 
uncertain, since Masing et al. do not quote the pre-  
cision of their  measurements ;  the figure quoted here, 
therefore,  is a m a x i m u m  value. Errors  of this kind are 
important  for measurements  involving successive 
anodizations of the same foil, as in the t ransport  num-  
ber measurements  (3). 

The te rm refract ive  index has thus far  referred to 
the average refract ive  index for the whole oxide. Using 
3~S labeled 0.1M H2804 as the electrolyte,  Randall,  
Bernard, and Wilkinson (5) were  able to show that  
3~S was incorporated into the outer  half  of the oxide 
film at uniform concentrat ion;  assuming that  the sul- 
fur was incorporated as sulfate, their  figures show that  
the ratio of sulfate to oxide was about 1:100 by weight  
or 1:600 by frequency.  On stripping, therefore,  the pro-  
portion of the two layers changes, and so, if the 
refract ive  indices are different, the average also 
changes. In the specimen of Table I, the sulfur would 
be uni formly dis tr ibuted down to about 1600A; no 
discontinuities about 1600A are apparent  in the table. 
Nor were  any differences apparent  in the stripping 
rates for the two layers. F i lms formed in dilute sul- 
furic acid thus appear to be effectively homogeneous, 
despite the var ia t ion in their  composition: the optical 
homogenei ty  of such films has been confirmed ellipso- 
metr ica l ly  by Dell 'Oca and Young (15). 

Accuracy of the Oxide Thickness Measurements When Used for 
the Determination of Concentration Profiles 

Random errors in the thickness measurements  are 
important  for the best squares fit computer  programs 
described in subsequent  papers (2-4). They arise from 
two sources; the er ror  in measur ing the wave leng th  
of min imum interference,  and the possibility of fluc- 
tuations in the average ref rac t ive  index of the oxide. 
The total  random standard er ror  in each individual  
thickness measurement  is given by combining these 
two errors in quadrature ;  the error  is thus 

o X 10 d~ / 

]'/" 
-I- (0.00144 • h) 2 angstroms 

where  the second term represents  the m a x i m u m  possi- 
ble error  due to refract ive  index fluctuations. 

Systematic  errors in the thickness measurements  
can arise f rom four sources. 



VoI. 119, No. 4 S E C T I O N I N G  F O R  C O N C E N T R A T I O N  P R O F I L E S  487 

Error in refract ive index.  As already stated, the 
absolute value  of the ref rac t ive  index is not known to 
bet ter  than 1%. 

Surface roughness. As previously discussed, the 
thicknesses of importance in the anodic Ta2Os/Ta sys- 
tem all correspond to the MLI. F rom the results 
presented in the next  section, it would appear that  the 
oxide is sectioned paral le l  to the under ly ing metal  
surface and so the thickness of films which have been 
stripped after  anodizing can also be described by the 
MLI. 

A fur ther  problem arises f rom the way  in which the 
foreign atoms have been incorporated in the oxide 
film. If the atoms have been implanted  at normal  
incidence using the mass separator as in (2) and (3), 
their  concentrat ion profiles should proper ly  be mea-  
sured perpendicular  to the general  plane of the metal  
surface; that  is, using MGI measurements .  The use 
of MLI measurements  leads to the range parameters  
being underes t imated by the roughness factor; the 
underes t imate  could, therefore,  be as large as 3% (9). 
The problem does not arise wi th  atoms incorporated 
f rom the electrolyte  (4), for  then the MLI measure-  
ments are appropriate.  

Calibration errors. In v iew of the excel lent  results 
obtained in Table I, the systematic cal ibrat ion errors 
in Table II must  be small  compared to the random 
errors, at least over  the favored 300-400 nm region. 

Spectrophotometr ic  errors. Since the cal ibrat ion of 
Table II is re la t ive  ra ther  than absolute, the only 
errors that  could be impor tant  were  changes in the 
characterist ics of Beckmann DK2. Smal l  changes were  
occasionally observed af ter  the ins t rument  had been 
serviced, but these were  readi ly  compensated with the 
aid of s tandard oxide specimens. 

To sum up, the absolute standard error  in the oxide 
thickness measured by the spectrophotometr ic  method 
is about 0.5% due to the uncer ta in ty  in the refract ive  
index, while  the re la t ive  error  is the greater  of 2A, due 
to the random errors  in the measurement ,  or 0.15%, 
due to fluctuations in the average ref rac t ive  index. 

Uniformity of the Oxide Layers Removed 
Anodic oxide films on tan ta lum must, for  the kinetic 

reasons given below, be ex t remely  uni form in th ick-  
ness. Any  nonuni formi ty  in the stripping, therefore,  
gives rise to i r regular i t ies  in the thickness of the oxide 
film remain ing  on the meta l  surface. Such i r regular i t ies  
can be qual i ta t ive ly  character ized by a wavelength,  
describing thei r  ex ten t  on the surface, and by an 
amplitude,  which takes account of the magni tude  of 
their  deviat ion f rom the mean thickness. The spectro- 
photometr ic  method of measur ing thickness is ra ther  
insensitive to such i rregular i t ies  because, as discussed 
previously, it takes an average over  an area of 0.8 • 
0.2 cm 2. 

Uniformi ty  of in ter ference colors on s t r i p p i n g . -  
Thickness i r regular i t ies  wi th  a wave leng th  greater  
than a mi l l imete r  or so are apparent  to the eye as a 
different in ter ference  color. Except  as noted below, 
the in ter ference  colors observed on thinning the films 
by dissolution were  just  as uniform as those obtained 
on thickening by anodizing. This was confirmed by 
measurement  of the oxide thickness at four teen differ- 
ent points across a tan ta lum foil. As anodized, the 
thickness ranged f rom 3592.4 to 3587.6A (380.8-380.4 nm 
in fifth order) wi th  a mean of 3590A. The foil was 
then placed in the str ipping solution, wi th  agitation, 
for ten successive 4-min periods, and was washed and 
dried in the usual fashion between each strip. Remea-  
surement  showed that  the remaining  oxide thickness 
ranged f rom 1913.~ to 1907.4A (375.2-374.3 nm in third 
order)  with a mean of 1911A, so that  the amount  
removed  was 1679 _ 2A (s tandard e r ror ) .  

The in ter ference  colors would  not remain  uniform 
on str ipping if: 

(a) The specimens were  held s tat ionary in the 
stripping bath. Under  these circumstances, the speci- 
mens would sometimes develop spots of different color. 

(b) The same specimen was used repeatedly,  as in 
the range measurements  reported in (2). Af te r  anodiz- 
ing and str ipping the same foil half  a dozen times, 
small i r regular i t ies  became noticeable on stripping; 
these were  probably  due to the cumulat ive  effects of 
field crystal l izat ion (16). 

(c) The specimens were  anodized past the break-  
down voltage, at which point the character  of the 
oxide film changes (6). 

(d) The specimens were  subjected to ion implanta-  
tion at large fluence, as discussed in (1). 

(e) The specimens were  contaminated with carbo- 
naceous polymers during ion implantat ion (1). 

Flaws in the oxide f i lm.- -Flaws of short wave leng th  
and large ampli tude arise in the vicini ty  of impuri t ies  
in the t an ta lum surface; for example,  carbide particles. 
Vermilyea (17) has shown that  these flaws are thin 
spots in the oxide film, and that  they dissolve unusu-  
ally rapidly  in HF;  the effect is, therefore,  to punch 
holes through the film at these points. The area cov- 
ered by these holes is, however ,  a ve ry  small  fraction 
of the area sampled by the spectrophotometer ,  and so 
they are of l i t t le  importance for the sectioning pro-  
cedure. Another  type of flaw studied by Vermilyea  
(16) arises from field crystallization, in which the 
amorphous oxide at certain places on the oxide surface 
is replaced by a more  crystal l ine oxide. The  la t ter  
is insoluble in HF (10) and so any radioactive species 
incorporated in it is re tained on stripping; this has 
the effect of raising the background count when mea-  
suring the distr ibution of radioact ive species in the 
oxide (2). Again, however ,  the area covered by these 
flaws is usual ly negligible, except  when the same 
coupon is used repea ted ly  (2). 

Effect of nonun~formity in the stripping on the mea-  
surement  of profile w id ths . - -The  i r regular i t ies  de- 
scribed so far  are ex t reme examples  arising from 
unusual  local conditions at the tan ta lum surface. Of 
greater  interest,  especial ly for the exper iments  on 
t ransport  number  (3) and oxygen migrat ion (4), are 
the small ampli tude i r regular i t ies  that  could exist on 
the rest of the oxide surface, for these would  affect 
the observed widths of the concentrat ion profiles. Thus, 
if the concentrat ion profile was normal ly  distr ibuted 
with  a correct  s tandard deviation, ~c, the observed 
standard deviation, r would  be given by 

~o : (~c 2 + ~h 2) ~ [2] 

where  ~h is the root mean square deviat ion associated 
with the fluctuations in oxide thickness. If ah was a 
sizable fract ion of r ~o would differ significantly from 
~c; the magni tude of ~a was therefore  important .  
To measure  ~h, the fol lowing procedure was used. 

Theory  of  the reanodization method for  measuring 
the un i formi ty  of the  anodic film after s tr ipping.--For 
the purpose of discussion, the equation governing 
anodic oxidat ion can be wr i t ten  in the simple form 

i = D �9 exp ( B V / h )  [3] 

where  i is the cur ren t  density and V is the potential  
across the oxide film of thickness h, defined as in Fig. 
2b; D and B are constants. Suppose that  at a certain 
point in the oxide the thickness is less than h; then, 
f rom Eq. [3], the current  densi ty at that  point is 
grea ter  than i. If  the current  densi ty is greater  than 
normal, the oxide thickens more rapidly, and so the 
thickness i r regular i ty  tends to disappear  as anodizing is 
continued. Anodic films must, therefore,  be ex t remely  
uniform in thickness, a conclusion used ear l ier  in this 
paper. It  has also been used to advantage by Davies 
and co-workers  in the sectioning of A1 (18) and W 
(19). 
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In reanodizing a stripped oxide film at constant 
current,  therefore, the current  ini t ia l ly  flows through 
the thinnest  parts of the film; that  is, Vermilyea's  flaws. 
Since these cover a very  small port ion of the surface 
area, the effective current  density is very  high, and the 
applied voltage has to increase very  rapidly  in order to 
main ta in  the total current  at its constant  value. As the 
deeper irregulari t ies fill up, cur rent  starts to flow 
through the less deep as well, so that  the average cur- 
rent  density decreases; the rate at which the applied 
voltage must  be increased therefore decreases as well. 
Eventually,  when  all the irregulari t ies have been 
filled in, the anodization proceeds in the normal  fash- 
ion, with the current  uni formly  distr ibuted over the 
whole surface and a relat ively small  rate of voltage 
increase. By moni tor ing the voltage as a function of 
time therefore, informat ion can be obtained on the i r-  
regularit ies left by the stripping, and hence on the un i -  
formity of the str ipping process itself. 

In  practice, for reasons that become apparent  later, 
reanodization exper iments  were performed on oxide 
films of the type i l lustrated in Fig. 3a. A small  area 
A1 of a t an ta lum coupon was covered with an oxide 
of mean (MLI) thickness hi, and the remainder  of the 
surface, area A2, was covered with a larger thickness 
h_~. Reanodization of such a system at constant  current  
I is governed by the following set of equations. 

Anodization kinetics 

il ---- D �9 exp ( B V / h l )  ; i2 ------ D �9 exp ( B V / h 2 )  [4a] 

Curren t  densi ty  
I : A1 �9 il -t- A2 �9 i2 [4b] 

Faraday 's  law 

I t  : (A~ �9 ~h l  -~ A s  �9 ~hs)  �9 p �9 F / Q  [4c] 

Here il and i2 are current  densities in the areas At and 
As, hhl and hhs the result ing increases in oxide thick- 
ness after an anodizing time t, p the density of the 
oxide, F the Faraday, and Q the equivalent  weight of 
TasOs. 

Initially,  since hi < h2, il > > >  i2 and so the current  
effectively flows through the area A1 only. Under  
these conditions ii is constant and equal to I /A1;  by 
[4a] and [4c] V and hi increase l inear ly  with t ime at 
a rate proport ional  to I /A1 .  As h~ approaches the 
thickness h2, however, is becomes significant and hence 
by [4b], il must  decrease; hi and V continue to in -  
crease but  at a slower rate than before, while h2 
starts to increase. At the limit, hi catches up to hs so 
that  i l  -= i2 --  I / ( A I  ~- As); V, hi, and hs again in-  
crease linearly, but  at a rate proport ional  to 
I / ( A I  Jr As). The variat ions of V, hi, and h2 with time 

OX,D  

CURRENT I 

Fig. 3. Types of oxide film used in the reanodization experi- 
ments to measure the uniformity of stripping. (Type a, top) oxide 
of uniform thickness, (type b, bottom) simulation as per Fig. 5, to 
an oxide with random thickness fluctuations. 
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Fig. 4. Computed voltage-time and thickness-time plots far 
oxide films of the types depicted in Fig. 3. The heavy solid lines 
refer to the oxide of uniform thickness, type a of Fig. 3, and the 
lighter broken lines to the oxide with the random thickness fluc- 
tuations, type b of Fig. 3. Input data: hi = 100~, h2(h6) = 
250A, initial current density 11 = 0.1 mA/am 2, final current den- 
sity i2 = 0.01 mA/cm s, area As --~ 9 )< area A1. 

are i l lustrated by the solid lines in Fig. 4, from which 
it may be seen that  the voltage t ime plot consists of 
two straight lines connected by a curved knee. 

To compute the exact shape of the knee it is neces- 
sary to solve Eq. [4a-c] with hi near ly  equal to h2. 
This was done by means of a Runge-Kut ta  procedure 
(20), in which the variables il, i2, hi, h2, and V were 
replaced by their  t ime differentials. By integrat ing 
over successive short periods of time, values for the 
several variables could be computed at a series of dif- 
ferent  times. The integrat ions were performed on a 
CDC G-20 computer, with the simple form of the anod- 
izing Eq. [3] replaced by the more precise quadratic 
form given by Young (12). 

To find out how random fluctuations in  the oxide 
thickness would affect the shape of the voltage-t ime 
curve, the following computations were performed. 
The oxide thickness on A2 was assumed to be normal ly  
distr ibuted about its mean  hs with a s tandard devia- 
tion, �9 h, as i l lustrated in the top par t  of Fig. 5. Ran-  
dom fluctuations like this are equivalent  to the smooth 
error function complement  shown in the center of the 
figure, but  the effect of this on the vol tage-t ime plot 
cannot be computed by  the Runge-Kut t a  procedure. 
Instead, it must  be replaced by the equivalent  histo- 
gram shown in the bot tom of Fig. 5, and this gives an 
oxide film of the type shown in Fig. 3b. Time differ- 
entials for the current  density and thickness of each 
element were derived as before, and the Runge-Kut t a  
procedure applied. The resul t ing vol tage- t ime and 
thickness-t ime plots are given in Fig. 4 for various 
values of ca. 

E l i m i n a t i o n  o f  v o l t a g e  t r a n s i e n t s  f r o m  the e x p e r i -  
m e n t a l  r e a n o d i z a t i o n . - - W h e n  an oxide film of area A 
and uni form thickness h is reanodized at constant  cur-  
rent  I, the current  density changes almost ins tant ly  
from zero to I / A .  Changes in current  density are as- 
sociated with voltage t ransients  (21), whose magni -  
tude and sign are roughly proport ional  to the rate of 
change in the current  density, d i / d t .  As the current  
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Fig. 5. Simulation of an oxide with random thickness fluctuations 
for the purpose of computing voltage-time plots by the Runge- 
Kutta procedure. 

density changes from zero to I /A,  di/dt  is very  large; 
wi thin  the same period, therefore the voltage V over- 
shoots the s teady-state  value predicted from Eq. [3] 
and the values of i (---- I /A)  and h. Adequate mathe-  
matical description of these t ransients  is lacking, and 
so a satisfactory analysis of the vol tage-t ime plots de- 
pends on their  elimination. 

Obviously, di/dt must be reduced as much as pos- 
sible, and it was for this reason that  oxide films of the 
type shown in Fig. 3 were used. When such an oxide 
is reanodized, the current  density changes only as hi 
catches up to h2, and this takes a relat ively long time. 
The voltage t ransients  therefore are relat ively small, 
and only occur about the knee position. Furthermore,  
the current  density, il, over the smaller area AI is de- 
creasing and would normal ly  give rise to a negative 
transient,  or reduction in the recorded voltage; the cur-  
rent, i2, over the larger area, A2, is increasing, and so 
would normal ly  give rise to a positive transient.  Since 
the applied voltage must  be the same all over the 
coupon surface, the outcome of the competit ion be- 
tween the two effects is difficult to predict; experiments  
~r as those i l lustrated in  Fig. 6 show that  there is 
in fact a net  positive transient.  
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Fig. 6. Elimination of voltage transients, using oxide films of 
the type shown in Fig. 3a. Initial anodizations to 5.5V at 1 mA/  
cm 2, and 16V at 10 mA/cm2; reanodizations at current densities 
indicated. Conditions: 25~ 0.1M H2SO4. 

The general  features of these t ransients  are quite 
well known (21, 22) and so it was a relat ively simple 
matter  to minimize their  effect still further.  By using 
the lowest possible current  density, 0.01 m A / c m  2, the 
t ime scale for the reanodizat ion was much extended, 
and di/dt  correspondingly reduced; this by itself effec- 
t ively e l iminated the transients,  as shown in Fig. 6. To 
minimize anneal ing (22), ini t ial  anodizations were per-  
formed at 10 m A / c m  2, and the reanodizations were 
performed as soon as possible thereafter.  The low cur-  
rent  density on reanodization made it desirable to use 
thin oxides, so that the exper iment  would not be un-  
duly prolonged; this was fortunate,  because the sensi- 
t ivi ty of the vol tage- t ime relat ion to thickness ir-  
regularit ies is greatest when the irregulari t ies  are a 
large fraction of the mean  thickness. The application 
of rather  extreme currents,  10 and 0.01 m A / c m  2, to 
relat ively thin films, 250A, presents no problems in the 
analysis, for, as Young himself has shown (13), the 
quadratic equation gives a perfectly adequate de- 
scription of the kinetics under  these conditions. 

Experimental reanodizations.--All anodizations and 
reanodizations were performed in  0.1M H2SO4 at 25~ 
using the constant  current  circuit (8). 

Electropolished t an ta lum coupons were anodized in 
such a way that one tenth  of their total area was cov- 
ered with thin oxide. The thickness hi was usual ly  
about 90A, equivalent  to 5.3V at 0.1 mA / c m ~, while h2 
was normal ly  fixed at 200-250A, equivalent  to l l -14V 
at 0.01 mA / c m 2. The voltage was recorded using a 
Non-Linear  Systems V91P digital voltmeter,  equipped 
with a Hewle t t -Packard  Model 155 data printer .  The 
rate of pr intout  was a l i t t le less than 5/sec, the exact 
rate for each anodization being calculated by dividing 
the anodizing time into the total number  of prints  
recorded. Four  significant figures were obtained for 
each voltage printed;  least squares fit analyses on the 
straight l ine portion of the voltage plots showed that 
the deviations were consistent with the rounding 
errors expected. That  is, the error in 10-20V region 
was of the order of 0.005V. 

The results i l lustrated in Fig. 6 were obtained to 
make sure that  voltage t ransients  had been el iminated 
by the procedure used. Sui table  oxide films were pre-  
pared by anodizing the whole of an electrochemically 
polished tan ta lum coupon to 5.5V at 1 mA / c m ~, mask-  
ing one tenth of the area with Apiezon N, and then 
anodizing the rest to 16V at 10 mA / c m 2. A voltage 
t ransient  is clearly visible in the sample reanodized at 
1 m A / c m  2, but  not in those reanodized at 0.1 m A / c m  2 
or 0.01 m A / c m  ~. By reanodizing at 0.01 m A / c m  2, there-  
fore, voltage t ransients  were effectively absent  from 
the system. 

Analysis  of the vol tage- t ime data requi red  a knowl-  
edge of A1, A2, hi, and h2, all of which could be calcu- 
lated from the straight l ine sections of the V-t  plot. 
From the slopes, dV/dt, of these sections, the current  
densities I/A1 and I /(A1 + A2) could be computed, us-  
ing Eq. [4a-c]: since the total current,  I, was known, 
A1 and A2 could be calculated. With the current  den-  
sities known, the relat ion between oxide thickness and 
applied voltage (the angs t rom/vol t  values) could be 
calculated from Eq. [4a-c], as could the rates, dh/dt, 
at which the oxide thickened. The thickness, hi, was 
then calculated by mul t ip ly ing  the voltage at zero time, 
extrapolated from the ini t ial  s traight l ine portion of 
the plot, by the appropriate angs t rom/vol t  value. To 
obtain h2, the two equations for dh/dt  were solved 
simultaneously.  

Given these values of A1, A2, hi, and h~ a voltage- 
t ime plot could be computed, as in Fig. 4, to reproduce 
the straight line portions of the exper imental  curve 
exactly. To reproduce the shape around the knee, 
au had to be adjusted to the best value, and this was 
done by means of a least squares procedure. A suitable 
value of au was used to compute voltages, Vcalc (J),  
for a series J ---- 1, 2 . . .  N of t ime t (J) about the knee. 
The quant i ty  
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N 

[ (Vobs ( J )  -- Vcalc ( J )  ) / 0 .005]  2 
J = l  

was then computed, wbere  Vobs (J) were the observed 
voltages at the corresponding times, and 0.005V the 
s tandard error in each voltage measured. The best 
value for trh was then obtained by varying  ah in units  of 
1A unt i l  this sum was minimized. As a test, the 0.1 
and 0.01 mA/cm 2 reanodizations in Fig. 6 were ana-  
lyzed, and ~h found to be 0 and 6A, respectively. The 
expected value of ~ was of course 0A, since these 
specimens had been anodized but  not stripped. In view 
of the insensi t ivi ty  of the knee shape to very  small 
values of ~h, as demonstrated in Fig. 4, the agreement  
can be considered acceptable. 

The uni formi ty  of the str ipping was tested as follows. 
Two tan ta lum coupons were anodized at 10 m A / c m  2, 
one to 61.45V (934A) and the other to 121.4V (1857A). 
Nine- tenths  of each coupon was then masked with 
Apiezon N, and approximately 200A stripped off the 
remainder,  leaving thicknesses of 721 and 1633A, re- 
spectively. The Apiezon was then removed, and both 
foils stripped in the NH4F-HF reagent  unt i l  the mean 
oxide thickness, h2, on the larger area was 337 and 
296A, respectively. Accordingly, 597 and 1561A of 
oxide had been stripped away, leaving a thickness, 
hi, of 124 and 72A, respectively, on the smaller  area. 
Reanodization of these two specimens at 0.01 m A / c m 2 
gave the vol tage- t ime plots shown in Fig. 7, which are 
almost identical to the plots in Fig. 6. The great bulk 
of the oxide is therefore almost as un i form after str ip- 
ping as it was after anodizing. 

The vol tage- t ime plots in Fig. 7 do differ from those 
in Fig. 6, however, in that  the sections on either side 
of the knee are not quite straight. Above the knee, the 
slope decreases very  slightly with time, bu t  the re- 
sult ing curva ture  is so small  that  it is not apparent  in 
Fig. 7. Below the knee, however, the curvature  is much 
more pronounced and is continuous. This indicates 
that a small  fraction of the oxide film has been stripped 
to thicknesses between hi and h2, which is precisely 
what  would be expected from the behavior of Vermil-  
yea's flaws (17) discussed previously. The curvature  
does, however, affect the calculations for hi, h2, A1, 
and A~, since these assume that  the vol tage- t ime plot 
is l inear  on either side of the knee. Tangents  to either 
end of the curved portion have been drawn in Fig. 7 
and give some idea of the uncer ta inty;  obviously, ah 
depends on which is chosen. Using the tangents  nearer  
the knee, represented by the solid lines in Fig. 7, ~h 
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Fig. 7. Reanodization of stripped oxide films. Initial anodiza- 
tion at 10 mA/cm 2 to voltages indicated,  followed by stripping in 
HF-NH4F reagent; reanodizations at 0.01 mA/cm 2. Conditions: 
25~ 0.1M H2S04. 

was found to be 9A for the sample anodized originally 
to 61.45V, and 8A for that  anodized to 121.4V. 

The thickness irregulari t ies left after str ipping are 
therefore not normal ly  distributed, as the difference 
between Fig. 4 and Fig. 7 makes clear, but  they must  
be small. The question then arises as to whether  they 
would be significant for the measurement  of concen- 
trat ion profiles. Assuming that  =h ~ 10A, and that the 
correct s tandard deviation of a normal ly  distr ibuted 
profile, =c, is 30A, it follows from Eq. [2] that  the 
observed deviation would be (302 q- 102)1/2 or 32A. 
Since the error in the measurement  is itself of the 
order of 2A (2, 3), the difference between correct and 
observed is definitely not significant. Observed devia- 
tions less than  30A were obtained for low energy im-  
plantat ions (2), but  the amount  of str ipping required 
to obtain these was so small  that  ah would probably be 
less than 10A. The conclusion is, therefore, that i r regu- 
larities in the str ipping have no effect on the measure-  
ments  of concentrat ion profile. 

Possible explanation for the uniyormity o] the strip- 
ping.--As is well  known, most etchants act on surfaces 
in an i r regular  manner ,  dissolving more mater ial  from 
one area than  another. This is par t icular ly  t rue of 
crystal l ine solids, where the rate of attack may vary 
with the crystal plane exposed (23); it can also vary 
substant ial ly near  imperfections such as dislocations 
or grain boundaries. At first sight, therefore, the ex- 
t reme uni formi ty  of the present  sectioning technique 
seems surprising, but  anodic t an ta lum oxide is unusual  
in that it is apparent ly  both amorphous (10) and highly 
homogeneous. The anisotropy arising from crystal ori-  
entat ion is thereby eliminated, as are effects due to 
lattice imperfections; the small  nonuni formi ty  that 
remains has been a t t r ibuted to impurit ies in the tan ta-  
lum surface. The influence of the radiat ion damage 
accompanying ion implanta t ion  is discussed in another 
paper (1). 

Nevertheless, it might  seem reasonable to consider 
the dissolution of an amorphous solid statistically. If 
an average of n atomic layers be removed, the fluctua- 
t ion from place to place on the surface should be pro- 
portional to a s tandard deviation of ~ / n  layers. The 
deviations actual ly observed are, however, much less 
than this, and so some leveling process must  be at 
work. Presumably  this is related to the local curvature  
of the oxide surface in the same way as the smoothing 
action of anodic oxidation is related to the local curva-  
ture of the metal  surface; that  is, areas with convex 
curvature  dissolve faster than those with concave 
curvature.  

Conclusions 
The precision of the sectioning technique is l imited 

by the following factors. 
(a) Oxide layers as th in  as 5A have been repro- 

ducibly removed. Since the m i n i m u m  FWHM of the 
concentrat ion profiles reported in subsequent  papers 
(2-4) is about 10A, the layers removed can always be 
made th inner  than the width of the profile being 
investigated. 

(b) The mean  thickness of the oxide remaining  after 
the removal  of each layer  can be measured with a rela-  
tive s tandard error of about 2A or 0.15% of the thick- 
ness, whichever is greater; the absolute error is about 
0.5%, due to the uncer ta in ty  in the absolute value of 
the refractive index. The relative s tandard error in 
the mean thickness removed, which is the difference 
between two oxide thickness measurements ,  is there-  
fore 2X/2"A or about  3A. 

(c) The uni formi ty  of the layers removed is effec- 
t ively perfect as far as the measurement  of concentra-  
t ion profiles is concerned. 

At  a density of 8.03 g/cm a (24), a molecule of Ta205 
occupies a cube of side 4.5A, so that "one atom layer" 
would correspond to a thickness about half  this. In  the 
present experiments,  therefore, anodic t an ta lum oxide 
has been sectioned two atom layers at a time; by 



Vol. 119, No. 4 SECTIONING FOR CONCENTRATION P R O F I L E S  491 

reducing the str ipping time still further,  it would be 
possible to section atom layer  by atom layer. 
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Internal Stresses in Multilayered Structures 
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ABSTRACT 

Interna l  stresses in vacuum-deposi ted a luminum films are measured by 
x- ray  diffraction techniques and by the Newton's  rings method. The effects 
of anneal ing on the in ternal  stresses are also determined.  A l u m i n u m  films de- 
posited at room temperature  (25~ are found to have an average stress of 
(0 -4- 0.5) X 109 dynes /cm 2 prior to heat - t rea tment .  A l u m i n u m  films deposited 
at 200~ are in tension with a stress of 2.6 • 109 dynes /cm 2. Fi lms annealed 
at 450~ exhibit  tensile stress at the same value as the films deposited at 
200~ This stress value is equivalent  to a AT of 125~ if the stress is due to 
thermal  considerations only. The Newton's  r ings method is extended to mea-  
sure the changes in stresses after the processing steps required in  a mul t i -  
layered structure of A1/silane SiOa/A1. The composite films are found to be 
in tension and the silane SiO2 is found to have a high tensile intr insic  stress. 

The desire for increased packing density in in te-  
grated circuits has resulted in the advent  of medium 
scale and large scale integration.  This technology re-  
quires a highly reliable interconnect ion system. De- 
pending on the complexity of the circuits, a two or 
three level interconnection system is required. Some 
of the slice processing difficulties encountered in the 
development of mult i level  interconnections are a con- 
sequence of the in terna l  stresses in the mul t i layered 
composite. The use of a l ternate  layers of a l u m i n u m /  
silicon d ioxide /a luminum films is one of the methods 
used for achieving mult i level  interconnections. The 
present investigation was under taken  to unders tand 
the na ture  of in terna l  stresses in a luminum, silane sili- 
con dioxide films, and a mul t i layered composite of 
A1/SiO2/A1 two-level  structures. 

The existence of in ternal  stresses in evaporated films 
deposited on a substrate is well known (1, 2). Stresses 
in films may be calculated f rom-a  determinat ion of 
either the curvature  of the substrate or of the lattice 
distortion in  the substrate or in the film. Several au-  
thors have studied stresses in thin films of a luminum 

* Electrochemical  Society Act ive  Member .  
K e y  words :  mul t i l eve l  technology, in ternal  stress, in terconnec-  

tions, th in  films, 

(3, 4). Others (5-7) have also reported on stresses in 
films. In  particular,  Sunami  et al. (8) and Lathlaen 
and Diehl (9) have reported studies on the stress in 
CVD silane silicon dioxide films. 

The present  investigation uses x - r ay  diffraction tech- 
niques and the Newton's  rings method to determine 
stress in  individual  films and in mul t i layered composite 
films. The Newton's  rings method is par t icular ly  ap- 
plicable to following the changes in stress in  slice form 
that is a consequence of sequential  integrated circuit 
processing. 

Experimental Procedures 
In te rna l  stresses in  vacuum-deposi ted a l u m i n u m  

films on oxidized silicon substrates have been deter-  
mined by x - ray  diffraction techniques and by the 
Newton's rings method. Two types of a luminum films, 
one deposited on cold substrates AI-I, and another  film 
deposited on hot substrates (200~ AI-II, have been 
used in these experiments.  The x - r a y  diffraction tech- 
nique is employed to determine the deviations in the 
in terp lanar  spacings from the known values of the 
s t ra in-free  material.  Subsequently,  stress is calculated 
from the lattice strain and the appropriate modulus  
of elasticity. In  the Newton's  rings method, the curva-  
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ture of the substrate on the film side is measured and 
the stress in the metal  film is calculated f rom the curv-  
ature, thickness, and the appropriate  modulus of elas- 
t icity of the substrate. The values of the stresses de te r -  
mined f rom the two methods have been compared. 
Stress changes in a luminum films due to a 450~ an-  
neal in N2 for 30 min have also been determined.  The 
Newton's  r ings method has been extended to determine  
the stresses in the various layers of the mul t i layered  
composite A1/silane SiO2/A1. The Newton 's  r ings pat-  
terns were  obtained at the fol lowing stages of fabrica-  
tion: (a) A1, (b) A1/silane SIO2, (c) A1/silane SiO2/A1, 
and (d) after 450~ anneal  in N2 for 30 rain. The ef-  
fects of processing parameters  on the internal  stresses 
are also examined.  

X - r a y  diffraction technique ]or stress measurement .  
- -S t resses  in films can be determined by measur ing the 
changes in latt ice parameters .  According to Bragg's  law 

2dhkl sin ehkl = ~ [1] 

where  dhkl = in terp lanar  spacing for the set of (hkl) 
planes, 8hk I = Bragg angle for the hkl  reflection, and 
~ ---- wave leng th  of X- rad ia t ion  (CuKa).  

If the A1 film is free of stress, then the in te rp lanar  
spacing for the set of (hkl) planes corresponds to the 
known in terplanar  spacing in s t ra in- f ree  crystall i tes 
(reference:  ASTM Data) .  Let  d~ denote the in ter -  
p lanar  spacing in s t ra in- f ree  crystalli tes.  If  the AI film 
were under  tension, then the in terplanar  spacing drhkl 
(superscript  ~ denotes tension) paral le l  to the substrate 
would be smaller  than d%kl. Thus 

drhkl < d~ and hence 8rhkl > e~ [2] 

Similar  arguments  can be extended to A1 films under  
compression 

dChkl ~ d~  and hence OChkl < 8~ [3] 

If the deviat ion in the in terplanar  spacing d is assumed 
to be due to the mean isotropic strain of crystal  in the 
film plane, then the average stress in the film is given 
by 

Ee 
ef : ~ �9 e [4] 

2vf 

where  �9 = strain = (do -- d)/do, do = 2.3380A (ASTM 
value of dora for a luminum) ,  Ef = Young's modulus of 
a luminum = 7 • 1011 dynes /cm 2, and vf = Poisson's 
ratio for a luminum = 0.33. 

Newton ' s  rings method for  stress m e a s u r e m e n t s . -  
The average film stress can be calculated from the re-  
lationship be tween the stress and strain of circular  
substrate. It is assumed that  the film strains the sub- 
strate which bends unti l  equi l ibr ium is reached. The 
adhesion of the film to the substrate is assumed to be 
adequate ly  strong to suppress slippage. Since the aver-  
age stress in the film is calculated from the strains in 
the substrate, the elastic constants and thickness of 
the substrate are taken into account. The following 
equat ion allows calculat ion of the average film stress 
(2) 

Es ds 2 1 
~ f  = ~ �9 ~ [ 5 ]  

6 (1 -- vs) tf Rs 

where  ~f = average stress in the film, tf = film thick-  
ness, Es = Young's modulus of the substrate, vs = Pois- 
son's ratio of the substrate, ds = thickness, of the sub- 
strate, and Rs = radius of curva ture  of the substrate. 

The radius of curva ture  of the substrate can be de- 
te rmined by using the Newton 's  rings interference 
technique. The film side of the substrate is placed 
against an optical ly flat surface. The radius of curva-  
ture Rs of the substrate is de termined from the radii  
of the Newton 's  rings and wave leng th  of l ight (10) 

rm  + lag - -  r m  2 
R~ = [6] 

P~ 
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S 
Fig. 1. Schematic of experimental setup (not to scale). L1 lens, 

H1 and H2 are partially silvered optical flats, light source is a 
neon laser O~ = 6328.~). 

where  rm = radius of the m ' th  dark ring, r,,+~ = 
radius of the (m + p ) ' t h  dark ring, k .-- wave length  
of the light, and Rs = radius of curva ture  of the sub- 
strate. 

A schematic of the exper imenta l  setup used in our 
exper iments  is shown in Fig. 1. A He-Ne  laser is used 
to provide the monochromat ic  l ight of wavelength  ~ = 
6328A. The Newton 's  r ings are photographed wi th  a 
polaroid camera. 

It was essential to screen the start ing oxidized sili- 
con slices for this experiment .  A number  of slices, 
whose thicknesses were  close to 300 _ 10 ~m, were  
examined to check if the slices produced acceptable 
Newton's  rings pattern. Only those slices which pro-  
duced almost circular fr inge pat terns were  considered 
acceptable and were  used in fur ther  experiments.  In 
order to examine the behavior  of a luminum films on 
plane silicon slices, i.e., on slices not oxidized, a n u m -  
ber of bare silicon slices were  also chosen for fur ther  
study. 

The following arbi t rary  guidelines were  used in 
processing the data: 

1. If the center  of the ring was lying closer to the 
edge ra ther  than the center  of the slice, then the data 
were discarded. 

2. If the rings were  circular  or close to being elliptic, 
then the Newton 's  rings data were  considered accept-  
able. 

3. The average  radius of curva ture  of the substrate 
(Rs) was determined f rom the radii  of the 4th and 8th 
rings along the major  and minor  axes of the elliptic 
fr inge pattern.  The fol lowing expression was used 

= 2~ + [7] 
Rs (r82 -- r42)x (r82 -- r42)y 

where  )~ = wave leng th  of the l ight = 6328A, and x and 
y denote the directions along the major  and minor  
axes. 

Results and Discussion 
The a luminum films, AI- I  and AI-II ,  thicknesses 

were  close to 8000A. The metal ized slice was mounted  
on the goniometer  of a Norelco Diffractometer  unit, 
and the x - r ay  diffraction pat tern corresponding to the 
(111) reflection was scanned using the CuK~ radiat ion 
(~ = 1.5405A). The (111) reflection f rom the silicon 
substrate served as an in ternal  standard. The Bragg 
angle 8nl for A1 was obtained f rom the  position of the 
(111) diffraction peak. The diffraction traces of AI-I  
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ra in.  T h e  i n t e n s i t i e s  of  t h e s e  p e a k s  w e r e  so c h o s e n  t h a t  
t he  pos i t i ons  of t h e  p e a k s  c o u l d  be  eas i ly  c o m p a r e d .  
T h e  m e t a l i z e d  s l ices  w e r e  a n n e a l e d  in N2 a m b i e n t  for  
30 m i n  a t  450~ T h e  p o s i t i o n s  of t h e  (111) d i f f r ac t i on  
p e a k s  of t h e  a n n e a l e d  A I - I  a n d  t h e  A I - I I  f i lms w e r e  
d e t e r m i n e d .  T h e  d i f f r ac t i on  t r a c e s  c o r r e s p o n d i n g  to t h e  
a n n e a l e d  f i lms a r e  a lso s h o w n  in  Fig. 2. S i m i l a r  d i f f r ac -  
t i on  t r a c e s  w e r e  e x a m i n e d  fo r  o t h e r  s amp le s .  T h e  p e a k  
pos i t i on  fo r  AI - I  f i lms b e f o r e  a n n e a l  w as  a l w a y s  r e p r o -  
d u c i b l e  w i t h  _ 0.02 ~ T h e  p e a k  p o s i t i o n  of A I - I I  f i lms 
v a r i e d  b y  _ 0.06 ~ F o r  a g i v e n  sample ,  t h e  p e a k  pos i -  
t i on  w a s  r e p r o d u c i b l e  w i t h i n  • 0.01% A f t e r  a 450~ 
annea l ,  t h e  p e a k  pos i t i on  of  t h e  (111) re f l ec t ion  fo r  
A I - I  a l w a y s  s h i f t e d  t o w a r d  h i g h e r  ang les .  T h e  B r a g g  
a n g l e s  for  A I - I  a n d  A I - I I  w e r e  a l m o s t  equa l .  F o r  some  
films, t h e  B r a g g  a n g l e  e m  f o r  A l - I  w a s  g r e a t e r  t h a n  
t h a t  for  AI - I I .  I n  t h e  l a s t  c o l u m n  of T a b l e  I, t h e  a v e r -  
age  v a l u e s  of t h e  s t r e s se s  a r e  s u m m a r i z e d .  T h e s e  r e -  
su l t s  s u g g e s t  t h a t  t h e  i n t e r n a l  s t r e s s e s  in  A I - I  a n d  
A I - I I  f i lms a r e  a l m o s t  e q u a l  a f t e r  a 450~ a n n e a l .  

T h e  a v e r a g e  s t r e s se s  in  A I - I  f i lms a r e  f o u n d  to be  
(0 • 0.5) • 109 d y n e s / c m 2  p r i o r  to a n y  h e a t - t r e a t -  
m e n t .  S i n c e  t h e s e  f i lms a r e  d e p o s i t e d  a t  r o o m  t e m p e r a -  
t u r e  a n d  t h e  s t r e s s  m e a s u r e m e n t s  a re  m a d e  a t  r o o m  
t e m p e r a t u r e ,  t h e  i n t e r n a l  s t r e s se s  in  A I - I  f i lms can  be  
c o n s i d e r e d  as i n t r in s i c .  I t  a p p e a r s  t h a t  t h e  i n t r i n s i c  
s t r e s se s  in  r o o m  t e m p e r a t u r e  d e p o s i t e d  A1 f i lms a r e  
s m a l l  a n d  a re  close to ze ro  w i t h i n  t h e  a c c u r a c y  of 
o u r  m e a s u r e m e n t s .  T h e  s t r e s se s  in  A I - I I  f i lms d e p o s i t e d  
a t  200~ a re  t e n s i l e  a n d  t h e  a v e r a g e  s t r e s s  = 2.6 • 109 
d y n e s / c m  2. 

T h e  t h e r m a l  s t r e s s  c o m p o n e n t  c a n  b e  c a l c u l a t e d  f r o m  
t h e  k n o w n  v a l u e s  of t h e  coeff ic ients  of t h e r m a l  e x p a n -  
s ion  a n d  m o d u l i  of e l a s t i c i t y  for  t h e  s u b s t r a t e  a n d  t h e  
f i lm (1, 2) .  T h e  f i lm is c o n s i d e r e d  to be  b o n d e d  p e r -  
f ec t ly  to  t h e  s u b s t r a t e  a n d  a s s u m e d  to be  in  zero  s t r e s s  
a t  t h e  d e p o s i t i o n  t e m p e r a t u r e .  T h e  c o n s t r a i n t s  i m p o s e d  
b y  t h e  b o n d i n g  of t h e  f i lm to  t h e  s u b s t r a t e  g ive  t h e  
f o l l o w i n g  s t r a i n  v a l u e  a t  t h e  m e a s u r e m e n t  t e m p e r a t u r e  
i f  t h e  s u b s t r a t e  t e m p e r a t u r e  is c o n s t a n t  d u r i n g  f i lm 
d e p o s i t i o n  

Table I. Stresses in AI-I and AI-II films before and after a 
450~ anneal as determined by x-ray diffraction 

using CuKc~ radiation 

Average stress. 
Sample Status of film (dynes/cm ~) 

AI-I Before anneal ~0.5 • 100 
AI-II Before anneal 2.6 • 10 L, 
AI-I After anneal 2.6 • 10 ~* 
AI-II After anneal 2.6 x I0" 

Fig. 2. X-ray diffraction 
traces of AI-I and AI-II films 
using CuKc~ radiation. Intens- 
ity scales have been appropri- 
ately chosen to permit an easy 
comparison of the peak posi- 
tions, a (Left), unannealed 
films; b (right) annealed at 
450~ for 30 min in N 2. 

e-- (ctf-- as) (T2-- TI) [8] 
__- Aa �9 AT 

w h e r e  �9 ---- s t r a i n  i n  film, af = coeff ic ient  of t h e r m a l  e x -  
p a n s i o n  of f i lm ( =  23 • 1 0 - 6 / ~  fo r  a l u m i n u m ) ,  as = 
coeff ic ient  of t h e r m a l  e x p a n s i o n  of s u b s t r a t e  ( =  3 • 
I 0 - 6 / ~  for  s i l i con ) ,  T2 = f i lm d e p o s i t i o n  t e m p e r a t u r e ,  
a n d  TI = t e m p e r a t u r e  a t  w h i c h  s t r e s s  is m e a s u r e d .  

T h e  s t r e s se s  a r e  o b t a i n e d  b y  m u l t i p l y i n g  t h e  s t r a i n  
v a l u e  w i t h  t h e  a p p r o p r i a t e  e las t i c  m o d u l u s .  T h e  s ign  
a g r e e s  w i t h  t he  u s u a l  convention: i t  is p o s i t i v e  for  
t ens ion ,  a n d  n e g a t i v e  fo r  c o m p r e s s i o n .  

I f  i t  is a s s u m e d  t h a t  t h e  s t r e s s  in  A t - I f  f i lms c a n  be  
a c c o u n t e d  for  b y  t h e r m a l  s t r e s s  a lone ,  t h e n  AT c a n  be  
e s t i m a t e d  f r o m  Eq.  [4] a n d  [8].  A f t e r  s u b s t i t u t i o n  of 
t h e  a p p r o p r i a t e  va lues ,  in  Eq.  [8] o n e  f inds  t h a t  

2vf ~'f 
a T  = �9 ~ [9] 

Ef Ac~ 

AT ~ 125~ 

S i n c e  T1 = 25~ ( r o o m  t e m p e r a t u r e  a t  w h i c h  s t r e s s  i s  
m e a s u r e d ) ,  t h e  a p p a r e n t  T2 ~ 150~ E v e n  t h o u g h  t h i s  
a l u m i n u m  f i lm w a s  d e p o s i t e d  a t  200~ t h e  a n a l y s i s  of 
d a t a  s u g g e s t s  t h a t  t h e  f i lm h a s  r e t a i n e d  a t h e r m a l  s t r e s s  
c o r r e s p o n d i n g  to a d e p o s i t i o n  t e m p e r a t u r e  of 150~ I t  
a p p e a r s  t ha t ,  as t h e  s u b s t r a t e s  a r e  coo led  f r o m  t h e  
d e p o s i t i o n  t e m p e r a t u r e  of 200~ d o w n  to r o o m  t e m -  
p e r a t u r e ,  t h e  f i lm r e m a i n s  s t r e s s - f r e e  d o w n  to  150~ 
a n d  a f t e r  t h a t  t h e  t h e r m a l  s t r e s s  is l o c k e d  in. T h i s  i s  
a s c r i b e d  to t h e  f ac t  t h a t  t h e  r e c r y s t a l l i z a t i o n  t e m p e r a -  
t u r e  is in  t h e  r a n g e  of 150~ a n d  in  a d d i t i o n  t h e  f r ee  
s u r f a c e  of t h e  f i lm p e r m i t s  s t r e s s  r e l i e f  b y  m a s s  m i g r a -  
t i on  a b o v e  150~ (4 ) .  

F i g u r e  3 s h o w s  a N e w t o n ' s  r i n g s  p a t t e r n  c o r r e s p o n d -  
ing  to t h e  s a m e  sl ice (e.g., A I - I  f i lm on  ox id i zed  s i l i con  
s u b s t r a t e )  b e f o r e  a n d  a f t e r  a 30 - r a in  a n n e a l  a t  450~ 
in  N2 a m b i e n t .  T h e  m a g n i f i c a t i o n  of t h e  p h o t o g r a p h  i s  
d e t e r m i n e d  f r o m  t h e  k n o w n  v a l u e  of t he  d i a m e t e r  of 
t h e  s l ice ( d i a m e t e r  of  s l ice  = 1.5 in . ) .  T h e  r a d i i  of t h e  
N e w t o n ' s  r i n g s  as  d e t e r m i n e d  f r o m  t h e  p h o t o g r a p h  a re  
u sed  to c a l c u l a t e  t h e  r a d i u s  of c u r v a t u r e  of t h e  s u b -  
s t r a t e .  

T h e  d a t a  in  T a b l e  I I  i n d i c a t e  t h a t  t h e  r a d i u s  of  c u r v -  
a t u r e  of A l - I  s l ice  d e c r e a s e s  a f t e r  a 450~ a n n e a l .  Th i s  
i s  i n t e r p r e t e d  as c l e a r  e v i d e n c e  of a n  i n c r e a s e  in  t h e  
t e n s i l e  s t r e s s  in  A l - I  f i lms due  to 450~ a n n e a l i n g .  The  
n u m e r i c a l  v a l u e s  of Aa ( c h a n g e  in  s t r e s s )  as d e t e r -  
m i n e d  f r o m  t h e  N e w t o n ' s  r i n g s  e x p e r i m e n t s  a r e  
s m a l l e r  t h a n  t h e  ones  d e t e r m i n e d  f r o m  t h e  x - r a y  
d i f f r ac t i on  t e c h n i q u e s .  T h i s  is p o s s i b l y  due  to t h e  e r r o r s  
in  t h e  c u r v a t u r e  d e t e r m i n a t i o n .  I n  t h e  case of s l ices  
m e t a l i z e d  at  200~ ( A l - I I  s l i ces ) ,  a 450~ a n n e a l  d id  
no t  a p p r e c i a b l y  c h a n g e  t h e  c u r v a t u r e  a n d  h e n c e  i t  i s  
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SURFACE USED FOR CURVATURE DETERMINATION 

2NO LEVEL - A I  II 

SILANE SiO E 

1ST LEVEL -- ~} # 

125 ~rn 

0.85 ~m 

O~ ~m 

THERMAL OXIDE 0.8 pm 

Fig. 3 Newton's rings for aluminum film AI-I on oxidized silicon 
substrates, a (Upper) before 450~ anneal for 30 rain in N2; 
b (lower), after 450~ anneal for 30 rain in N2. 

considered that  the stress levels  in AI- I I  films are al-  
most equal  before and after  annealing. 

The absolute values of the stresses in a luminum films 
may  be calculated f rom the radii  of curva ture  listed in 
Table II. However ,  such a determinat ion is possible 
only if the curvatures  of the slices prior  to meta l  
depositions are known. Because the final curva ture  is 
dependent  on parameters  such as initial slice curva-  
ture, and bulk modulus of the substrate,  the errors 
are propagated and stress values are good up to • 10%. 
The radius of curva ture  of the slices used in this ex-  
per iment  ranged f rom 900 to 1200 cm. When these de- 

Table II. Internal stress changes in aluminum films 
due to 450~ anneal 

M e t a l  S l i ce  R a d i u s  o f  c u r v a t u r e  ( c m )  ~ a  ( 1 0  ~ 
f i lm No.  B e f o r e  A f t e r  d y n e s / e m : )  

A I - I  G - I - I  823 622 1.6 
R T  G - 1 - 3  6 2 2  526 1,2  
20 A / s e e  0 - 3  698 578 1.2 

0 - 4  998 559 3.1 
N-2  912 5 8 9  2.4 
N-4  1382 823 2.0 

A I - I I  G - 2 - 1  561 555 - - 0 . I  
200~ G - 2 - 3  547 541 + 0.1 
20 A/see O-ii 801 698 + 0.7 

O-14  493 497 - -0 .1  
N - 1 0  8 9 6  8 8 5  + 0 . 9  
N - 1 5  875 678 + 1,4 

Aa = . . . .  
6 (1 -- v,) tf  After  B e f o r e  

Es 
= 2.305 • 10 TM d y n e s / c m ~  f o r  o x i d i z e d  s u b s t r a t e s  

1 -- v s  
w h e r e  ds = t h i c k n e s s  of t h e  s u b s t r a t e  = 300  /~rn, t f  = t h i c k n e s s  of 
a l u m i n u m  f i lm = 0 , 6 0  #m,  G a n d  O = o x i d i z e d  s i l i con  s u b s t r a t e ,  a n d  
N = u n o x i d i z e d  s i l i con  s u b s t r a t e .  

SILICON SLICE 300 ~um 

1 
THERMAL OXIDE 0.8 ~m 

Fig. 4. Schematic of two-layered structure: AI/SiO2/AI 

tails are considered, the internal  stresses in AI- I  and 
AI-I I  films are found to be (0 to 2.5) and (1 to 3.4) • 
109 dynes/cm2, respectively.  The stress levels  de ter -  
mined from Newton's  rings method are in fair agree-  
ment  wi th  those de termined  f rom the x - r a y  diffraction 
methods. 

Stresses in multilayered structure.--Example A I /  
SiO2/Al: the Newton 's  rings method is used to monitor  
the changes in slice curva ture  after  the successive 
processing steps needed in the fabricat ion of two- leve l  
test structures. A schematic of the different layers in 
the test s t ruc ture  is shown in Fig. 4. The data on the 
curvature  of the various slices are presented in Table 
III. In the same table, the values of the product  of 
stress and thickness of the layer are also presented. 

The stresses in mul t i layered  films are discussed 
on a model based on the fol lowing assumptions: 

1. Each layer  adheres perfect ly  to the one next  to it. 
2. Each layer  has a uni form thickness. 
3. The mater ia l  is elastic. 
4. The mater ia l  is isotropic. 
5. Only the rmal  stresses need to be considered (for 

meta l  films intrinsic stresses are small) .  
6. Each layer  is in a state of plane stress and the 

stress in each layer  is assumed to be uni form through-  
out. 

Consider the fabricat ion of A l - I I / S i O 2 / A l - I I  on oxi-  
dized silicon substrates. The a luminum film deposited 
at 200~ remains s tress-free above 150~ and the ther -  
mal stress is locked in after  the film cools below 150~ 
Thus, the internal  stress in AI- I I  is (intrinsic stresses 

Table III. Radii of curvature and product (~t) after successive 
stages in fabricating two-level test structures 

R a d i u s  A1 /  A f t e r  
of  c u r v -  AI,  AI/SiO~,  S iO2/AI ,  b a k e ,  

M e t a l  S l i ce  a t u r e ,  t = t = t = t = 
f i lm  No.  a t  0,80/L 1 . 6 5 / ~ n  2 .70  ~ n  2 . 7 0 / a n  

AI - I  0 - 6  R 601 388 339 327 
R T  a t  56.6 87.5 100.0 103.8 
20 A/see 0-7 R 916 481 530 379 

a t  39,0 74.1 67.3 94.0 
N - 6  R 1176 514 545 467 

a t  30.9 70.6 66.5 777 
A I - I I  O - 8  R 528 362 303 321 
2O0~ a t  65.4  98.0 113.9 107,3 
2 0  A / s e c  O - I 0  R 492 354 297 307 

a t  6 6 . ' /  9 2 . 6  1 1 0 . 5  1 0 6 , 9  
N - 1 4  R 531 356 321 318 

a t  67.3 100.2 111.0 112.0 

Rs = r a d i u s  of c u r v a t u r e  in  c m  
a f t f  = s t ress  • t h i c k n e s s  in  104 d y n e s / e r a  

Es ds 2 
~f t f  

6 (1 -- v=) Rs 
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are approximated  to zero and only the thermal  stresses 
are considered) 

aAl  ~ E'A1 (~A1 - -  ~Si) " A T  

E' --__ E/1 -- v 
We find 

and 
aA1 ---- 2.6 X 10 9 dynes /cm 2 

aAltA1 ---- 20.8 X 104 dynes /cm 

This tensile stress in the film bends the slice, and as 
a result  the radius of curva ture  decreases. For slice 
0-8 (see Table III) ,  the radius of curva ture  has de- 
creased to 528 cm from its initial value (approximate ly  
1000 cm).  

The substrates are heated to 350~ prior  to silane 
SiO2 deposition. When the substrates h a v e  equil ibrated 
to 350~ the metal  film relaxes to a state of zero stress. 
As the substrate is cooled f rom 350~ to room tempera -  
ture, the top layer  of SiO2 may  cool to 150~ without  
any bui l t - in  the rmal  stress (due to the yielding of the 
a luminum film above 150~ Below 150~ the com- 
posite layers assume a size equi l ibr ium with  the sub- 
strate and the deformation in SiO2 is determined by the 
silicon substrate. The thermal  stress in SiO2 can be cal- 
culated as follows 

(athe,~nal) SiO2 ---- E ' s i 0 2  ( a s i 0 2  - -  ~ s i )  ~ T  
---- -- 0.26 X 109 dynes /cm 2 

and 
( a the rma l )  SiO2 " t s i o 2  ---- - -  2.2 X 104 dynes /cm 

In the f r amework  of the model, which assumes no 
interact ion of the two films to rel ieve stress, aftf is ad- 
ditive. 

( a t )  Al/Si02 : aA l th l  -~- aSiO2tSiO2 

The product at of the composite A1/SiO2 should de-  
crease after  the SiO2 deposition by --2.2 >< 10 a dynes /  
cm if the internal  stresses are composed of thermal  
stresses alone. However ,  Table III shows 

aSiO2 t s i o 2  ~-- 3 0  X 104 d y n e s / c m  

and suggests large tensile stresses are present 

o" ---- a thermal  -~ aintr insic 
aintrinsic X ~:SiO 2 ~ 3 2 . 2  X 104 dynes /cm 
aintrinsic ~ 4 X 109 dynes/cm2 (tensile) 

Thus, the intrinsic stresses in silane SiO2 films are ten-  
sile. In another  series of exper iments  (11), the internal  
stresses in silane SiO2 films on silicon substrates were  
studied by use of Newton's  rings method and a 5000A 
SiO2 film was found to be in tension wi th  a -~ 1.5 X 
109 dynes /cm 2. It was also found that  on phosphorous 
doping of SiO2 the films were  still in tension while  on 
boron doping the films were  in compression. Aboaf  
(12) has observed the intrinsic stresses to be tensile 
for chemical ly vapor-deposi ted SiO2 films; these SiO2 
films were  prepared by the reaction of te t rae thylor tho-  
silicate whereas  the films used in our exper iments  have  
been  deposited by the oxidation of silane. Sunami et al. 
(8) and Lathlaen et al. (9) report  results on stress in 
silane SiO2 in agreement  wi th  ours. 

The stresses af ter  the second layer  of AI- I I  and 450~ 
anneal are given in Table III. This level  of metal  is also 
in tension. The changes in at after 450~ bake are the 
results of anneal ing of intrinsic stresses in th ree - l ay -  
ered structures and are difficult to interpret .  Silane 
oxide films can undergo stress rel ief  on anneal ing while  
a luminum films can undergo a stress increase. The 
interact ion of the two make analysis of the stress dif- 
ficult. 

F rom the v iew point of slice processing in mul t i level  
technology we have  noted the following: 

1. A luminum films deposited on silicon substrates at 
tempera tures  of 150~ or above have  the same 
thermal  stress value ( ~  2.6 X 109 dynes/cm2).  

2. Cracks can develop in thick undoped silane oxides 
( ~  1 ~m) because of the high intrinsic tensile stress. 
Doping the oxide reduces the stress in the oxide film. 

3. Increasing the oxide thickness to cover  the first- 
level meta l  increases the slice curvature ;  moreover ,  an 
increase in second-metal  thickness is needed to avoid 
open meta l  at second level  and this fur ther  increases 
the tensile stress. 

4. Slice bending results in poor photoresist  definition 
with the increased probabil i ty  of stress enhanced etch- 
ing. 

5. Internal  stresses in mul t i layered  s t ructures  can 
manifest  themselves  in terms of oxide cracking, stress 
enhanced etching at steps, and open metalization. 

6. Thicknesses of individual  layers and the deposi- 
tion parameters  used in mul t i l eve l  interconnections 
need to be optimized in order  to minimize the over-a l l  
stresses. 

Conclusions 
X - r a y  diffraction techniques and the Newton 's  rings 

method have been used to examine  the internal  stresses 
in a luminum films vacuum deposited on oxidized sili- 
con substrates at room tempera ture  (25~ and at 
200~ The results indicate that  the room tempera ture  
a luminum film is in a state of approximate ly  zero 
stress, and the 200~ a luminum film is in tension with 
a stress of 2.6 X 109 dynes /cm 2. Both of the films have 
a tensile stress of 2.6 X 109 dynes /cm 2 af ter  450~ an- 
neal. The films have a the rmal  stress equivalent  to a 
t empera ture  difference of 125~ 

The Newton 's  rings method has been extended to 
unders tand the internal  stresses in various layers of 
the mul t i layered  s tructure A1/SiO2/A1. The silane SiO2 
film is in high intrinsic tensile stress and the over-a l l  
composite is also in high tensile stress. 

The results presented here are in agreement  with 
previously reported data (3, 4, 8). The severe slice 
bending which results f rom the internal  stresses of the 
composite mul t i layered  s t ructure  and the hillocks 
formed during anneal ing of the a luminum (4) or dur-  
ing the silane oxide deposition make slice processing 
more difficult. 
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Si Contamination in Open Flow Quartz Systems 
for the Growth of GaAs and GaP 

M. E. Weiner* 
Bell  Telephone Laboratories, Incorporated, Murray Hill, N e w  Jersey  07974 

ABSTRACT 

Silicon contaminat ion of I I I -V compounds is a potent ial ly serious problem 
because of silicon's amphoteric behavior and its high affinity for oxygen. A 
potential  source of silicon is fused quartz, which is widely used in systems for 
the growth of GaAs and GaP. Most open growth systems use flowing hydrogen 
because it is easily purified and it can remove solid gall ium sesquioxide from 
the system. In  this paper, calculations are presented for the rates of con- 
taminat ion  of l iquid gall ium with silicon and of flowing H2-HC1 mixtures  with 
volatile silicon compounds. Ideal gas behavior and local thermodynamic  equi-  
l ibr ium are assumed. It is shown that the contact of Ga or HC1 with quartz at 
normal  growth temperatures  can lead to significant silicon contaminat ion in 
very dry systems. In addition, it is found that at 800~ the pressure of water 
cannot be controlled below 10 - s  atm for H2 in contact with SiO2 and 5 X 10 -7 
atm for HC1 in contact with SiO2, regardless of the ini t ia l  pur i ty  of the Ha. 
These pressures rise appreciably with increasing temperature.  In addition, 
models are presented for the formation of high concentrat ions of Si at the sub- 
s t ra te-epi taxial  interface and for the formation of SiO2 precipitates in vapor 
growth systems. The former has previously been associated with the forma- 
tion of 'T '  or insulat ing layers. The calculations show that  HC1 synthesis-  
type systems should give rise to much less silicon contaminat ion than t rans-  
por t - type systems, and vapor growth systems using H20 as a t ransport ing 
agent give rise to near ly  negligible Si contaminat ion below 1000~ Other pos- 
sible ways to minimize silicon contaminat ion are also discussed. 

Fused quartz is a widely used mater ial  for the con- 
struction of h igh- tempera ture  apparatus used for melt, 
solution, and vapor growth of GaAs and GaP. Al-  
though SiO2 has a high free energy of formation ( i ) ,  
it cannot be considered completely inert  when in con- 
tact with such reactive materials as Ga, H2, HC1, C, 
and BN. Contaminat ion of GaAs with Si dur ing melt  
growth in quartz crucibles or boats has been treated 
fairly extensively both thermodynamical ly  (2) and 
exper imental ly  (3-6). Some evidence of Si contamina-  
tion in open flow solution and vapor growth of GaAs 
and GaP has also been reported (6-11). Very little 
work on the rates of Si contaminat ion in the latter 
system has been carried out. It  is the purpose of this 
paper to examine the rates of Si contaminat ion in open 
flow quartz systems in some detail under  a variety of 
conditions and to determine how such contaminat ion 
can be avoided or minimized. 

General Assumptions 
The following calculations of Si contaminat ion in 

open flow quartz systems are for systems in which 
hydrogen, at atmospheric pressure, is flowing through 
the system at a flow rate F. The objective is to cal- 
culate the rate of contaminat ion of Ga (of mass MG~) 
by Si, i.e., to calculate dxsi /dt  where xsi is the atom 
fraction of Si in the l iquid gallium.1 In  order that  the 
results be related to the more or less typical conditions 
prevalent  in open tube experiments,  values were 
chosen for F and MGa. Specifically, MGa = 20g and F 
---- 100 cm3/min at the growth tempera ture  (note that 
F = F29s" T ( ~  It  will  become evident  that 
dxsi /d t  is proport ional  to F/MGa; hence, to consider 
flow rates or masses of Ga other than 100 cm3/min 
and 20g, respectively, one need only expand or contract 
the t ime scale proport ionately in the results of the 
Si contaminat ion rate calculations. In  these calcula- 
tions, the following assumptions were made: 

1. The flowing gas stream is in thermodynamic  
equi l ibr ium with its immediate  surroundings  (i.e., no 
forward or back diffusion of gaseous species). 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s i l i con  c o n t a r a i n a t i o n ,  G a A s ,  G a P ,  c o m p o u n d  s e m i -  

c o n d u c t o r s .  
1 T h e  a c t i v i t y  of l i q u i d  G a  is  un i t y .  (At  t h e  t e m p e r a t u r e s  of i n -  

t e r e s t ,  t he  a c t i v i t y  of l i q u i d  g a l l i u m  is  n o t  f a r  f r o m  u n i t y  e v e n  if  
s a t u r a t e d  w i t h  a I I I - V  c o m p o u n d . )  

2. Si is always distr ibuted homogeneously in liquid 
Ga. 

3. The solubil i ty of SiO2 in liquid Ga is neglected. 
4. The pressures of e lemental  silicon, SiO2, SIC1, 

SIC12, and SIC13 are neglected. The only volatile silicon 
compounds considered are SiO, SiH3C1, SiH2C12, SiHC13, 
and SIC14. 

5. Any oxygen in the gas stream reacts with H2 to 
form H~O. 

6. All gases obey the ideal gas law. 

Specific Cases 
A. Contamination of liquid Ga in an inert  crucible or 

boat in flowing H~.--A schematic diagram of the sys- 
tem under  consideration is shown in Fig. 1. This situa- 
tion could exist in the solution growth of GaAs and 
GaP. 

The only volatile silicon compound to be considered 
in this case is SiO. 

Let 

P S i O i n p u t  : pressure of SiO upstream from the 
liquid Ga 

P s i o  eq : pressure of SiO in equi l ibr ium with the 
l iquid Ga 

PH2O ~ ---- init ial  pressure of water  in the system 
(including any water  from reaction 
between H2 and 02) 

In general, " input" implies values upstream from 
the liquid Ga and "eq" implies values at the liquid Ga. 
Thus, since SiO resul t ing from the reaction of H2 with 
SiO2 is the only source for Si contaminat ion 

d x s i  F 
- -  - -  - -  ( P s i o  inlmt - -  P s i o  eq)  [ L ]  2 

dt NGaRT 

The following reactions are of interest  in case A: 

T h i s  e q u a t i o n  is  a d i f f e r e n t i a l  f o r m  of t h e  i d e a l  gas  l a w  u n d e r  
the a s s u m p t i o n  t h a t  V = O. (V is  t h e  e f f e c t i v e  r e a c t i o n  v o l u m e ) .  I f  
_XN m o l e s  a r e  t r a n s f e r r e d  f r o m  t h e  gas  p h a s e  to t h e  l i q u i d  phase  

VAp  = R T A N  
d V  dAN 

B y  d i f f e r e n t i a t i n g ,  s e t t i n g  V ~ 0, s e t t i n g  = F a n d  -- 
d t  d t  

d N  d x  
- -  = Naa  - - ,  Eq.  [1] is  o b t a i n e d .  

dt dt  
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I~-REGION I ,=-j REGION 2 r 

H2, H20 ~ H2~ /H2,H20,  
SiO INERT~-._ Si,Go20 

MATE RIA L X . ~ ~  Ga(~)+Si(R) 
i i 

Z/QUARTZ FURNACE V / J / y / / f / J f / . - ~  
TUBE "--FURNACE 

CASE A 

I ~ R E G I O N  I = j  REGION 2 ~ l ~  

]~ ~2,H20 H2,H2 O~ H2, HzO, 
SiO QUARTZ.. _SiO'Ga20 

Ga(#)+Si (~) 

CASE B FURNACE 

Fig,  1. D i a g r a m  o f  the  g r o w t h  sys tems  c o m l i d e r e d  in c a s e s  A 
a n d  B, s i l i con  c o n t a m i n a t i o n  o f  l i qu id  G a .  R e g i o n  1, " ' i n p u t "  
v a l u e s ;  Reg ion  2 ,  " e q u i l i b r i u m "  va lues ,  

Upstream 
T 7  

H2(g) -t- SiO2(s) ~----1SiO(g) -t- H20(g)  [R-1] 

At liquid gal l ium 
K2 

2Ga(1) -5 H20(g)  = Ga20(g)  -5 H2(g) [R-2] 

2Ga(1) -5 SiO(g) Kssi(1) -5 Ga20(g)  [R-3] 

Values for Psio input and Ps=o eq may be calculated from 
the equi l ibr ium products of reactions [R- l ] ,  [R-2], 
and [R-3] and subst i tuted into Eq. [1]. These calcula- 
tions are given in Appendix  I. The result  is 

dxsi  _ F P H 2 o ~  [ ~ /  1 - 5  4 K 1  

dt 2RTNc;a ( P H 2 0  O) 2 

( K s  -5 K3K2 -- K 2 x s i )  1 ] 
[2] ] 

K3 + K~K2 -- K2xsi 

The activity coefficient for silicon dissolved in l iquid 
gal l ium is included in K3. An exact solution of Eq. [2] 
is given in Appendix  I. In order to calculate K1, K2, 
and K3, free energies of formation of SiO2(s), SiO (g), 
and Si(1) were obtained from the JANAF tables (1); 
the free energy of formation of GaeO (g) was obtained 
from data compiled by Bass and Oliver (12), and the 
activity coefficient for Si(1) was obtained from the 
Ga-Si  phase diagram (13). From these data, it is easily 
seen that the term K 2 x s i  in  Eq. [2] is negligible if xsi 
< 10 -4. This is equivalent  to the assumption that 
P s i o  input > >  PSiO eq and all SiO input  is incorporated 
into the l iquid gal l ium as dissolved silicon. Then Eq. 
[1] takes the form 

dxsi  
= C(T)  or x s i - - x s i  ~ = C ( T ) t  [3] 

dt 

where C ( T )  is a constant  which is only a function of 
temperature  and xsi o is the init ial  concentrat ion of Si 
in the Ga. Some values of C ( T )  are given in Table I. 
It  is easily seen that  the approximation xsi < I0 -~ is 
valid up to 103 or more hours. 

Equation [2] also allows the calculation of a steady- 
state value of xsi. This value occurs when  dxsl/dt  = O. 
Some values of xsi (steady state) are also given in 
Table I. 

B. Contamination of liquid Ga in a quartz crucible in 
flowing H2.--There are now two sources of Si contam- 
inat ion of the liquid Ga. Thhse are H2 reduction of 
quartz (as in case A) and Ga reduction of quartz (see 
Fig. 1, case B). The generat ion of Si from the Ga 
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Table I. Calculated rates (C) and steady-state [xsi (steady state)] 
values of Si contamination of Ga in an open flow quartz system 

with the Ga in an inert crucible or boat (case A) 
Assumed: local thermodynamic equilibrium, PH2 = 1 atm, 

F = 100 cm3/min, MGa = 20g 

C (atom xsl (steady 
T (=C) PH200 (atm) f rae t ion/hr)  state) 

800 10 -8 8.9 x 10 -lo 7.6 x 10 -~ 
800 10 -7 1.2 x 10 -lo 1.4 x 10 -4 
800 I0 -e 1.2 x 10 -11 1.4 X 10 -6 
900 10 -s 2.0 x 10 -s 1.4 x 10-- 
900 I0 -~" 1.3 x I0 -s 5.9 x I0-~ 
900 10 -6 2.1 X 10 -~ 1.5 X 10 -4 

1000 1O -s 1.8 x 10-;" 1.2 x 10 -:~ 
i000 I0 -7 1.7 • 10 -~" I , I  • I0 -~ 
I000 i0 --e 1.0 x i0 -~ 4.2 x I0 -~ 

reduction of quartz results from the reaction 

4Ga(1) + SiO2(s) ---- 2Ga20(g) + Si(1) [R-4] 

Thus, for each mole of Si generated from this reaction, 
two moles of Ga20 are generated. Therefore 

dxsi F 
- -  - -  ~ [PSiO input ~ PSiO eq 

dt RTNoa 
+ 1/2PGa20 gen(Ca+SiO2)] [4] 

AS a result  of the addition of the term P o a 2 o  gen(Ga+SiO2), 
it is helpful  to use the equi l ibr ium product of the 
reaction 

Si (1) -t- SiO2 (s) ~42SiO (g) [R-5] 

Note that  K4 ---- K1K2/K3. Following case A and from 
Appendix I 

dxsi _ F F KaK~'/= + KsK2K4V = 

dt 2RTNca L g2xsi I/2 
"1 

- -  K 4 ' / = x s i ' / =  - -  PH2oO [ [ 5 ]  

The equi l ibr ium constant  K4 includes a value for the 
activity coefficient for silicon. The data required to 
calculate K4 were obtained from Ref. (1) and (13). 
Equat ion [5] can be solved in closed form. However, 
a numerical  integrat ion by Simpson's rule is s traight-  
forward, comparable in  accuracy, and much simpler. 
This procedure was carried out on a computer  using 
100 equal ly spaced intervals  for each integration. Some 
results are shown in Fig. 3-5. 

The steady-state values of Si activity are calculated 
(as in case A) by setting dxsi/dt  -- 0. Some results of 

10-3 - r r i t ]  i r of I I I t r  I f i i r  I I i r i  I r ] rl-  

T=800~ 

10 -4 ~- 
z 
o 
1- 

I0 -5 _-- 
=E 0 

._ i0  o6 _ 
(n 

x 

10-7 -- 
-- 

10-8 I 
10-3 

P~ = 1 0 - T A T M ~  

,EQUILIBRIUM CONCENTRATIONS J ! 

: 10_6AT M -- 

/ ~  PH20:IO-,SATM ~ 

1.4~TI ~,.."r"1"T~[ I = = l l  I I = i t  i i , , i  I I I 1  

I0 -2 I0 -I I I0 I02 I0 3 

TIME (HOURS) 

Fig. 2. Calculated rate of Si contamination of liquid Ga in 
an open flow quartz system with the Ga in a quartz crucible or 
boat (T = 800~ Assumed: local thermodynamic equilibrium, 
PH2 = 1 atm, F = 100 cm3/min, Mca = 20g. 
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I0-3 

T =900 ~ C 

'0-4 7 P~20= 1 0 - 6 ~  

10-7 

,o-~ P~~ -- 
10-3 10 -2 I0 -I I I0 IO S I0 3 

TIME (HOURS) 

Fig. 3. Calculated rate of Si contamination of liquid Go in an 
open flow quartz system with the Ga in a quartz crucible or boat 
(T = 900~ Assumed: local thermodynamic equilibrium, PH2 
= | atm, F = 100 cm:Vmin, Mca = 20g. 

IO-2 
- ' ~"I ' ' "I ' , ii I I I ii I I , II I I IlL 

I0 -3_- T=IOOO~ ~20=IO_6ATM i 

-EQUILIBRIUM CONCENTRATIONS 
_(2 ~ ,o-4 ~ ~  

P~2o o Io- 
o 

I0 -5 

33 ~ P~ 10-4ATM 
x 

10-6 Z - - ' - ~  

10-7 II ~ I ,,I I I ILl t , ,j 

I0 -~' 10 -2 I0 -I I I0 10 2 ~0 3 

TIME (HOURS) 

Fig. 4. Calculated rate of Si contamination of liquid Go in an 
open flow quartz system with the Ga in a quartz crucible or 
boat (T = 1000~ Assumed: focal thermodynamic equilibrium, 
P:~2 = 1 atm, F = 100 cm~/min, Mca = 20g. 

this calculation are also shown in Fig. 2-4. Note that 
steady-state values of Si contaminat ion can be ap- 
proached in the range of times of interest  in l iquid 
phase growth. Note also that these steady-state values 
are close to those given in Table I for case A. This is 
because the influence of the term PGa2Ogen(Ga+SiO2) 
on Eq. [4] becomes min imal  near  steady state, and 
Eq. [4] becomes similar to Eq. [1]. 

C. Si contamination in an open flow quartz system in 
the presence of flowing Hz and HCl.--This case is ap- 
plicable to vapor growth systems. A diagram of the 
systems to be discussed below is given in Fig. 5. There-  
fore, it is of interest  to calculate the  quant i ty  of 
volatile Si compounds in the gas stream before con- 
sidering effects due to l iquid gallium. 

There are five volatile Si compounds to be considered. 
These are SiO, SiHzC1, SiH2C12, SiHCI~, and SIC14. 
Unfortunately,  none of the chloride species can be 
completely neglected over a wide range of tempera-  
tures and values of PHC1 O. As above, "input" refers to 
values upstream of any liquid Ga and superscript "O" 
refers to ini t ial  values. Then 

H2(g) 4- SiO~(s) K1SiO(g) 4- H20(g)  [R-1] 

H2, H20~ HCI ~ 

UARTZ FURNACE 
TUBE 

~--REGION I -m- i REGION2 ~- 

HZ'H20" . . . .  +^i "s Hz' H20'SiO' 
SizO,SiH:sCI ' bat,el ~ t r -~  G%O,(SiH3CI,...) 
SiH2Cl2,SiHCl~ , ~ l , G a C I 3  
SiCI 4 / ~ "  I " ~ " J  I , 

~INERT MATERIAL '-FURNACE 

CASE C.I. 

I~--REGION I ~ REGION2 

H H n GQ(J)+Si(t)-~-., Hg, H20,S{O, 
H2,H20,~H ~'~ '" 2"'2v QUARTZ ~ G%0 (Si H3CI,...) 

SiH2SiH3CI' -~  ~ GaCI,Ga Cl. 
s!c,4 ~ ~ 

Z~QUART Z FURNACE 
T U B E  ~ ~ ~ ~  

FURNACE 
CASE C.2. 

Fig. 5. Diagram of the growth systems considered in case C, 
silicon contamination of liquid Ga and of a gas stream containing 
H2 and HCI. Region 1, " input" values; Region 2, "equilibrium" 
values. 

K5 
3H2(g) 4- HCl(g)  4- SiO2(s) = SiH3CI(g) 4- 2H20(g) 

JR-6] 
2H2(g) 4- 2HCI(g) 4- SiO2(s) 

K----eSiH2C12(g) 4- 2H20(g) JR-7] 

KT 
H2(g) 4- 3HCI(g) 4- SiO2(s) = SiHC13(g) 4- 2H~O(g) 

[R-8] 
Ks 

4HCI(g) 4- SiO2(s) ---- SiC14(g) 4- 2H20(g) JR-9] 

In principle, the equi l ibr ium products of these re- 
actions allow the calculation of the total pressure of 
volatile silicon compounds. In  practice, the calcula- 
tion is greatly simplified by assuming PHC1 ~ = PHC1 input. 
Actually, under  normal  conditions of interest, the 
max imum fraction of HC1 lost to other compounds 
is about 3 X 10 -3 so that  this assumption is reason- 
able. The detailed calculation of the total pres- 
sure of volatile Si compounds is carried out in Ap- 
pendix II. The equi l ibr ium constants Ks, Ke, KT, and Ks 
were calculated from free energies of formation in the 
JANAF tables (1). Some results of this calculation 
are shown in Fig. 6. 

C-1. Ga in inert crucible or boat.--In order to see how 
liquid Ga affects the system described in case C, it is 
necessary to calculate the rate of Si contaminat ion of 
the liquid Ga. This will  enable us to determine what  
happens to the gas stream after it passes over the Ga 
into the region of vapor growth. A diagram for case C-1 
is shown in Fig. 5. Calculations for case C-I  require  free 
energy data on the formation of GaC1 and GaC13. These 
were calculated from thermodynamic  data tabulated 
by Fergusson and Gabor (14), and Stul l  and Sinke 
(15). These calculations are similar to those for case 
A with the result  

dxsi 
= C' (T)  or xsi-= xsi ~ = C ' ( T ) t  [6] 

dt 

Details of this calculation are given in Appendix  III. 
Some values for C'(T) are given in Table II. It is seen 
that the approximate form given by Eq. [6] is valid 
for times up to 102 hr. Since HC1 would not normal ly  
be run  cont inuously through a hot system, as might H2, 
steady-state values of Si contaminat ion would be far 
removed from the region of interest. A calculation of 
steady-state values could be carried out as in cases A 
and B. However, some of the approximations made 
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Fig. 6. Calculated total pressure of gaseous Si compounds 
(Psio -~- PsiH3C] -~- PsiH2C]2 -~- PSiHC13 -[- Psicl4) in equilibrium 
with quartz as functions of initial pressures of H20 and HCI.  

PH2 : 1 atm. 

will  break down and the calculation would  become 
very  tedious. The significance of Eq. [6] is that  in its 
range of validity,  all of the Si in the gas s tream is 
removed by the l iquid Ga. 

C-2. Ga in quartz  crucible  or boa t . - -Fo l lowing  case B 
(see Fig. 5) 

dxsi  F 
- -  - -  - -  [ ( P s i o  input -~ Psi lanes  input 

dt RTNGa 

+ P s i c l 4  input)  - -  ( P s i o  eq + Ps i lanes  eq 

+ Ps ic14  e c l ) +  1/ZPGa20 gen(Ga+SiO2)]  [ 7 ]  

From Appendix  III, it is shown that  Eq. [7] becomes 

dxsi  _ F K3K41/2 1 + 

dt 2RTNGa xsi I/2 

Pc-ac l  eq 
- -  K 4 V 2 X s i  1/~ - -  P H 2 0  O - -  2xsi K 9  

P G a C l e q  3 P G a C l e q 4  ) 1  PGaC1 eq 2 ~ ~- [ 8 ]  

t K10 K n  Kz2 

It is interest ing to note that  Eq. [8] is identical  to 
Eq. [5] wi th  the exception of the te rm l inear in xsi. 
Fur thermore ,  this t e rm is ra ther  small  except  at fair ly 
high values of xsi. In general, the terms in xsi  '/2 and xsi 

Table II. Calculated rates (C') of Si contamination of Ga in an 
open flow quartz system with the Ga in an inert crucible 

or boat (case C-1) 
Assumed: local thermodynamic equilibrium, PH2 = I atm, 

PHCi ~ = 10 -3  atm, F =  100 cm3/min, MGa = 20g 

C' (a tom 
T (*C) PH~O 0 f r a c t i o n / h r  ) 

800 I0 -s 5.9 • 10 -8 
800 10 -7 5.3 • 10 -s 
800 10 4 1.2 • 10 -s 
800 10 -5 1.5 • 10 -1~ 
900 10 -s 1.4 X 10 -7 
900 10-~ 1.3 • 10 -7 
900 10 -s 7.8 • 10 -s 
900 10-~ 2.5 • 10-~ 
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are less significant than the other  terms. Thus, the 
curves of Fig. 2-4 are, for the most part, applicable to 
case C-2. For  this reason, no fur ther  numerica l  cal- 
culations were  made. From a comparison of Fig. 2-4 
with Table II, it is clear that  the Ga reduct ion of 
quartz  still provides most of the Si contaminat ion of 
the l iquid Ga. However ,  the fact that  equi l ibr ium 
values of xsi are still approached slowly indicates that  
a significant fraction of the Si compounds in the gas 
s tream is absorbed by the l iquid Ga. It is easily seen 
that  the equi l ibr ium pressures of gaseous Si compounds 
above the l iquid Ga are several  orders of magni tude  
below the " input"  pressures when  xsi is on the order 
of 10 -5. For  smaller  values of xsi, an even greater  
fraction of the gaseous Si compounds is absorbed. 

Discussion 
Case A.--This  case is main ly  of interest  in open tube 

solution growth. F rom Table I, it is clear that  Si con- 
taminat ion under  the conditions of case A is of sig- 
nificance only at h igher  t empera tures  in v e r y  dry 
systems and for t imes on the order  of days, weeks, or 
months, depending on the contaminat ion level  which 
is of concern. F rom Table I it is seen that  the addition 
of wa te r  to the hydrogen s t ream can great ly  decrease 
Si contamination. In ve ry  dry systems, the rate of 
contamination depends only sl ightly on PH2o ~ How-  
ever, a s  PH2O O is increased, the rate of contamination 
drops rapidly. The reason for this is that  in ve ry  dry 
systems, a significant fraction of the total  water  con- 
tent  is generated by the H2 reduction of SIO2. Thus, 
the effect of input H20 is less significant than in 
"wet te r"  systems. In general,  the use of an inert  
crucible in solution growth of GaAs and GaP should 
prevent  serious Si contaminat ion if small amounts  of 
H20 (or O2) are added to the system, if turbulence 
in the flow stream is avoided (to avoid equil ibrat ion 
of the l iquid Ga with  a quartz  furnace tube) ,  and if 
the l iquid Ga is changed after  being at t empera ture  
for t imes on the order  of 1-1000 hr, depending on 
specific exper imenta l  conditions and al lowable con- 
taminat ion levels. 

Case B.--This  case, again, is mainly  of interest  in 
open tube solution growth. I t  is readi ly  seen from 
Fig. 2-4 that  Si contamination can arise ve ry  rapidly 
under  the conditions of case B (i.e., the l iquid Ga is 
in a quartz  crucible or boat) .  For  example,  af ter  one 
hour  at temperature ,  1-10 ppm (atomic) of Si can 
contaminate  the Ga, depending on specific exper i -  
mental  conditions. The main reason for such rapid 
contaminat ion is removal  of Ga20 from the surface 
of the l iquid Ga both by physical flow and by reaction 
with H2. The addit ion of H20 significantly affects 
s teady-s ta te  values of xsi (see Fig. 2-4), but  has no 
effect on init ial  rates of contaminat ion (see Fig. 2-4, 
and Eq. [5]). Replacing H2 with  an inert  gas should 
lead to a significant decrease in the amount  of Si 
contamination at any level  of xsi. This calculat ion can 
be performed by let t ing K2 --> oo in Eq. [5]. Clearly, 
contact of l iquid Ga wi th  quartz  is to be avoided in a 
system where  the surface of the Ga is exposed to a 
flowing gas. If it is desired to use quartz as a crucible 
or boat, one might  minimize  Si contaminat ion by 
growing under  conditions such that  a GaAs or GaP 
compound skin forms on the surface or by covering 
the surface with  an iner t  l iquid in a fashion similar  
to the l iquid encapsulation process (12), as is done in 
mel t  growth of GaAs and GaP compounds. If the sur-  
face of the Ga is protected, the remova l  of Ga20 from 
the surface of the Ga is minimized and the ra te  of Si 
contaminat ion can be decreased. 

There is some exper imenta l  evidence avai lable on 
silicon contaminat ion under  case B conditions. Wolf-  
stirn and Dawson (16) have measured  the contamina-  
tion of l iquid Ga wi th  Si f rom irradiated SIO2. Af ter  
15g of l iquid Ga were  in a furnace at 800~ for 2~/z hr  
under  50 cm3/min of flowing H2 they  found 3.8 X 10 -~ 
atm fraction of Si. They  measured the input  pressure 
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of H20 at less than 10 -6 atm. F rom Fig. 3 (note that  
the effective t ime is 6 hr  due to the different mass of 
Ga and flow rate  of hydrogen) ,  a calculated v iew of 
about 8 • 10 -7 atm fraction is obtained. In v iew of 
the assumptions in these calculations and the accuracy 
of thermochemical  data, the agreement  be tween these 
two numbers  is quite  good. 

Hicks and Greene (17) have also studied silicon 
contamination under  case B conditions and found 
that the amount  of contaminat ion was somewhat  less 
than their  calculation of the s teady-sta te  value. Their  
information on growth conditions is not complete. 
However ,  f rom the case B calculations, it seems clear 
that  they were  far from steady-sta te  conditions. Their  
amounts of contaminat ion (est imated from electrical 
propert ies of solut ion-grown GaAs) is still less than 
that  calculated for case B. However ,  the agreement  
be tween their  measurements  and case B calculations 
is much bet ter  than with  their  equi l ibr ium theory. 

Case C.--This  case is of par t icular  interest  in vapor  
phase growth of GaAs and GaP. First, it is of interest  
to consider the pressure of volat i le  Si compounds re-  
sulting f rom the combined reactions of HC1 and H._,. 
These are shown in Fig. 6. It can be seen that  in ve ry  
dry systems, it is possible to obtain ratios of Si com- 
pounds to PHCl o of above 10-3. This is undoubtedly  a 
much higher  ratio than used with  dopant gases. Under  
almost all conditions, chloride compounds of Si pro-  
vide near ly  all of the pressure of gaseous Si com- 
pounds. F rom reactions [R-6] through [R-9], it is seen 
that  two moles of wa te r  are generated for each mole 
of a silicon chloride. Thus, f rom Fig. 6, it can be 
readily seen that  ex t reme  efforts to reduce oxygen and 
water  pressures below roughly 10-8 atm have very  
lit t le effect on the total  H20 pressure in the system. 
Clearly the contact of HC1 with  quartz at e levated 
tempera tures  should be avoided if e i ther  Si contam-  
ination or oxygen contaminat ion is bel ieved to be a 
problem. One possible problem could be the formation 
of ve ry  fine precipitates of SiO2 which must come out 
of the gas stream in a decreasing temperature .  Such 
precipitates might  not affect electrical  propert ies  at 
low fields and could be too fine to see by optical 
microscopy. Thus, their  presence might  be difficult to 
determine.  DiLorenzo et al. have found Si in GaAs 
grown by the AsCI3 t ransport  method by use of a 
Direct Image Mass Analyzer  (18). Unfor tunately ,  this 
technique does not allow quant i ta t ive  measurements  
of impur i ty  concentrations. However ,  since the AsC13 
growth technique leads to ve ry  high mobili t ies and 
low values of ND-NA, it is possible that  part  of this Si 
is in the form of SiO2 precipitates. Luther  has analyzed 
wall  deposits of GaP grown in a PC13 t ransport  system 
at 900~ for Si by a chemical  t ransport  method (6). 
He found about 30 ppm atomic of Si (19) presumably  
f rom the fused quartz  furnace tube. Since typical 
ND-NA values were  well  below this value, it seems 
likely that  part  of this Si was in the form of SIO2. 

From the analysis of cases C-1 and C-2, it is seen 
that l iquid Ga is capable of removing considerable 
amounts of Si from the gas stream. Fur thermore ,  GaC1 
is significantly more stable than HCI so that  ve ry  lit t le 
HC1 remains in the gas s t ream past the l iquid Ga. 
Thus, fur ther  attack on the quartz prior to deposition 
of the GaAs or GaP should be considerably reduced. 
Hence, synthesis systems should have  a considerable 
effect on reduction of Si contamination. 3 In addition, 
the use of an iner t  crucible or boat to hold the liquid 
Ga results in one to two orders of magni tude  less 
Si in the gas s tream than the use of a quartz  crucible 
or boat (compare Fig. 2-4 with Table II) .  

T h e  Use of  t h e  w o r d  " s y n t h e s i s "  in  t h i s  c o n t e x t  m e a n s  t h a t  G a  
a n d  a r s e n i c  a re  f e d  in to  t h e  s y s t e m  s e p a r a t e l y ,  a n d  a r e  n o t  m i x e d  
un t i l  t h e y  r e a c h  t h e  g r o w t h  r eg ion .  I n  t h e  case  c o n s i d e r e d ,  G a  
w o u l d  be  t r a n s p o r t e d  as  GaC1 f r o m  t h e  r e a c t i o n  of HC1 a n d  Ga,  a n d  
A s  w o u l d  be  t r a n s p o r t e d  in  t h e  v a p o r  as  a n  e l e m e n t a l  m o l e c u l e  
( e i t h e r  As~ or  As4). In  c o n t r a s t  in  a t r a n s p o r t  s y s t e m ,  G a A s  is  

e i t h e r  p l a c e d  o r  f o r m e d  u p s t r e a m  of  t h e  g r o w t h  r e g i o n ,  t h e n  d e c o m -  
posed  b y  r e a c t i o n  w i t h  t tCl ,  a n d  r e f o r m e d  in  t h e  g r o w t h  r e g ion .  

In t ransport  systems, the situation is considerably 
different. [The standard (As,P) Cla-Ga-H~ system is 
rea l ly  a t ransport  system since the Ga is covered by 
a skin of GaAs or GAP.] First, the Ga is no longer  
avai lable to remove  Si f rom the gas stream. Second, 
the free energy of format ion of GaAs or GaP is suffi- 
cient to prevent  near ly  complete conversion of HC1 
to GaC1, and a significant fract ion of the input  HC1 
remains in the gas s t ream (20-21). Thus, reactions 
wi th  SiO2 can continue to occur af ter  the formation 
of GaC1. The boat or crucible mater ia l  in these sys- 
tems should have l i t t le effect on Si contamination. 

One problem which is bel ieved to be associated with  
Si contaminat ion is the format ion of ' T '  or insulating 
layers at the beginning of growth of GaAs (18). Con- 
centrations of Si est imated at above 1 a /o  (atom per  
cent) have been observed at the interface be tween the 
substrate and the epi taxial  layer (18). Casey has sug- 
gested (22) that  this layer  results f rom the format ion 
of a ve ry  thin layer  of l iquid Ga when the substrate 
is placed in the reactor and arsenic evaporates  f rom it. 
This layer  of Ga then "soaks up" silicon. It  is easily 
seen that  SiH3C1 is the dominant  equi l ibr ium species 
of all of the gaseous Si compounds in case C. Thus, if 
we consider the equi l ibr ium product  of reaction [R-10] 

P G a C l X S i  
-----K9 

PSiHSC1 

at 800~ and let P G a c 1  ~--- 10 -3 atm and PSiH3C1 --~ 10 -7 
atm, we find 

1.2 • 10 -7 
Xsi = = 1.2 • 10-4 (a tom fraction) 

10-a 

Thus, this source of the Si observed in Ref. (18) seems 
reasonable. It  should be noted that  the rate  of Si con- 
taminat ion is inversely  proport ional  to the mass of 
l iquid Ga. In this case when the amount  of Ga is ve ry  
small, equi l ibr ium values of xsi could be reached 
rapidly. Once no l iquid Ga is avai lable (when arsenic 
is fed into the system, the Ga is conver ted to GaAs),  
the act ivi ty of Ga drops sharply and the amount  of Si 
contaminat ion drops, even though the gas s t ream com- 
position should stay constant. The format ion of l iquid 
Ga could be avoided e i ther  by keeping the substrate 
below the congruent  evaporat ion t empera tu re  unti l  the 
Group V element  is fed into the system (22) or by 
maintaining a Group V e lement  pressure at all t imes in 
excess of that  pressure at the Ga-GaAs or Ga-GaP 
liquidus line. Iwasaki  and Sugibuchi  have  recent ly  re-  
ported the el iminat ion of high resistance layers in 
GaAs by ini t iat ing growth  under  high arsenic pres- 
sures (23). If the ' T '  layer  problem is t ru ly  caused by 
Si, then the addition of H20 or the use of a synthesis 
system should also help to a l leviate  the problem. 

It is of interest  to compare water  vapor  t ransport  
growth of GaAs and GaP with  HC1 transport  or syn-  
thesis from the point of v iew of Si contamination.  For  
this purpose, a t empera ture  of 1000~ and P H 2 O  O 

10 -3 atm are assumed. These conditions are typical of 
water  vapor  t ransport  system (24). At  this water  pres-  
sure, we can assume that  P H 2 O  input  ~ P H 2 0  O. Fur the r -  
more, f rom thermodynamic  data, it is seen that  the 
pressure of water  changes only slightly after  t ransport  
and before deposition. Then, f rom reaction [R- l ]  

K1 
P s i o  input  - -  - -  - -  7 . 8  X 10  - 1 0  a t m  

P H 2 O  O 

Thus, the total pressure of volat i le  Si compounds in 
the gas s tream is about 103 t imes less than that  in a 
dry HCI system (see Fig. 5). In addition, the  equi l ib-  
r ium concentrat ion of Si in l iquid Ga under  the above 
conditions is, f rom Eq. [4] 

K3 -]- K~K2 K1 
X s i  --~ ~ 1 0 - 8  

K 2  ( P H 2 0  O)  2 
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This value is about 104 times less than in a dry HC1 
system. Thus, if 'T '  layer formation is t ru ly  caused by 
Si contaminat ion of a very  thin Ga layer on the 
GaAs or GaP substrate, the problem of ' T '  layer for- 
mation in water  vapor systems should be near ly  non-  
existent. 

Some ment ion  has been made above of the differ- 
ences between t ransport  systems and synthesis sys- 
tems. One fur ther  difference is of interest. In  a t rans-  
port system, it is always necessary to have the GaAs 
or GaP to be transported at a higher temperature  than 
the substrate. This is because the equi l ibr ium Ga/C1 or 
Ga/O ratios increase with tempera ture  and deposition 
takes place only when these ratios exceed the values 
in equi l ibr ium with the substrate. The free energy of 
formation of the GaAs or GaP is a significant factor 
in de termining these ratios. Thus, in a synthesis sys- 
tem, these ratios will always be higher than in a t rans-  
port system at the same temperature.  Therefore, the 
liquid and the walls of the reactor in a synthesis system 
can be cooler than the substrate. Then, Si contami-  
nat ion will  decrease and SiOz is less l ikely to pre-  
cipitate out of the gas stream if the temperature  of 
the gas stream is rising at the substrate. 

Other sources of Si contaminat ion which could be 
analyzed in a fashion similar to the above cases are 
Ga in a carbon boat or crucible in contact with quartz 
and Ga in a BN boat or crucible in contact with quartz. 
In these cases, the reactions 

C A- SiO2 = SiO + CO 
and 

2BN + 2SIO2 = 2SiO + B202 ~- N2 

could be significant. The second of these might  be com- 
plicated the possible formation of SiaN4 and B203. 

The problem of what  materials  can be considered 
inert  when in contact with liquid Ga and quartz was 
not discussed above. It is believed that A1203 (possi- 
bly in the form of single-crystal  sapphire) comes 
closest to being satisfactory. It has the advantages that  
it is highly stable, it is available in fair ly high pur i ty  
form, it can be shaped to some extent, and Al is iso- 
electronic with Ga and should not be electrically active 
in GaAs or GaP. Another  possible iner t  system is a 
complete graphite system with no contact between 
graphite and quartz at elevated temperatures.  Other 
possibilities might  include coating of boats, crucibles, 
and /o r  reactors with materials  such as AIN or alka- 
l ine earth fluorides. 

Conclusions 
It has been shown that  serious Si contaminat ion of 

l iquid Ga in a quartz crucible or boat can occur in an 
open flow system under  conditions used in the growth 
of GaAs or GaP from a Ga solution. In  addition, serious 
Si contaminat ion of the gas stream in  HC1 vapor sys- 
tems can occur under  typical  vapor growth conditions. 
Fur thermore,  in either case, Si contaminat ion is re- 
lated to the formation of gaseous oxides, and efforts to 
obtain very dry  systems may have li t t le effect on oxy- 
gen contamination.  It has been shown that H20 vapor 
systems should not suffer from Si contaminat ion 
near ly  as much as HC1 systems. Of course, the prob- 
lem of oxygen contaminat ion may be very  severe in 
H20 vapor systems. It has also been shown how large 
amounts  of Si can pile up at the substrate-epi taxial  
interface in HC1 systems. Such a Si rich layer is not 
expected in H20 systems. 

Some exper imental  evidence for the contaminat ion 
of Ga, GaAs, and GaP with Si has been presented. 
Clearly more work needs to be done. Perhaps the best 
techniques for quant i ta t ive  chemical analysis for Si in 
Ga, GaAs, and GaP are radio tracer  methods (25) and 
Luther 's  chemical t ransport  method (6). The former 
allow the best chance of an unambiguous  determina-  
tion of the source of Si contamination.  Dean et al. (26) 
have observed evidence of optical phonons bound to 
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neutra l  donors in Raman scattering experiments  on 
GaP. This technique is expected to allow a measure-  
ment  of the total number  of Si donors in GaP in the 
range 8 • 1016 cm -3 to 2 • 1018 cm -3 (27) and could 
help to distinguish between total chemical Si and elec- 
tr ically active Si. 

In summary,  significant silicon contaminat ion of GaP 
and GaAs from fused quartz is expected to occur 
rapidly under  some conditions, leading to potential ly 
serious problems. Exper imental  work is clearly re- 
quired to determine the accuracy of the calculations 
described in this paper. However, the trends implied 
by the calculations should be valid and of use in de- 
signing open flow quartz systems and in choosing gas 
stream compositions. 
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APPENDIX I 

Case A.--Calcula t ion of Psio input 

H2(g) -t- SiO2(s) K1s iO(g)  + H20(g)  [R-l]  
Thus 

PH20 input - -  PH20 ~ "~- Ps io  input 
Therefore 

Psio input(PI-12o O ~ Psio input) = K1 
and 

PH20~ 1 -F 1 [A- l ]  
Psio input = 2 (PH20 O) 2 

Derivation of Eq. [2]: The following reactions occur 
at the crucible or boat containing the liquid Ga 

2Ga(1) + H20(g)  K2Ga20(g) -{- H2(g) [R-2] 

2Ga(1) -4- SiO(g) K--3Si(1) + Ga20(g)  [R-3] 

From conservation of oxygen (see Fig. 1) 

PH20 eq "~- PGa20 eq -~ Psio eq = PH20 input -~ Ps io  input 
[A-2] 

Then, the equi l ibr ium products of reactions [R-2] and 
[R-3] and Eq. [1], [A- l ] ,  and [A-2] may be solved 
simultaneously,  yielding 

dxsi __ FPH20 ~ 1 -4- 

dt 2RTNGa (Pi420 o) 2 

(K3 + K3K2 - -  K2xsi)  I ] 
[2] J K3 + K3K2 + K2xsi 

Solution of Eq. [2]: Since there are no explicit func- 
tions of t ime on the right side of Eq. [2], the solution 
consists simply of an integration. 

Let 
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FPH2o ~ 
A I - - - -  

2RTNGa 

~ /  4K1 
B I :  1~  

(PH20 O) 2 

CI = K3(1 + K2) 

DI : K2 

32 = 3:Si 
Thus, Eq. [2] becomes 

dx r (CI -- Dix)  
= AI [ BI 1 

dt ~ + DIX 
Then 

Let  B ICI - -  CI = E 

B I D I  + D I  : F 

The solution to [A-3] is 

yz  ~ dx : AI~ 
CI + Dix 

o E - -  Fx 

From in tegra l  tables  

( C ~  D ~ E )  7DI (x--xo) + - -7+TT-  

E 

F 
In 

E 
" ~ - - -  Xo 

[A-3] 

[A-4] 

= --A~t [A-5] 

Note that  Xo refers  to xsi at t = 0. Thus, this solution 
is val id  not only  for  calculat ing the ra te  of silicon 
contaminat ion  when s ta r t ing  wi th  pure  Ga, but  m a y  
also be used to calculate  the ra te  of change of Si when 
the Ga is purpose ly  doped wi th  Si. 

Case B. - -Fo l lowing  case A, the t e rm PGa20 gen(Ga + SiO2) 
is added to the r ight  side of Eq. [A-2] so tha t  

PH20 eq + PGa20 eq "~ PSiO eq ~--- PH20 input 

+ P s i o  input "~- PGa20 gen(Ga+SiO2) [A-6] 

A fur ther  equi l ibr ium product  is helpful  because of 
the addi t ion of the t e rm PGa2Ogen(Ga+SiO2). A con- 
venient  react ion to use is 

K4 
Si W SiO2 --  2SiO [R-5] 

Note that  K4 : KtK2/K3. Fol lowing case A again 

dxsi _ F r K3K41& + K3K2K41/2 

dt 2RTNGa L K2xsi'& 

-- K4V2xsi 1/2 - -  PH200 ] [5] 

A P P E N D I X  II 
Case C.--Calculation of total pressure of volatile Si 

compounds.--It  m a y  be seen from react ions [R- l ]  and 
[R-6J-  JR-9] tha t  

PHC1 input = PHC10 - -  PSiH3C1 input - -  2PsiH2C12 input 

- -  3PsiHCl8 input -- 4Psic14inpu~ [A-7] 
and 

PH20 input ~--- PH2O O + Ps io  input 2[- 2 (PsiH3Cl input 

+ PSiH2C12 input "~ PSiHCL3 input "~ Psic14 input) [A-8] 

By subst i tu t ing the  equi l ib r ium products  of react ions 
[R-1] and [R-6] through [R-9] into Eq. [A-7] and 
[A-8] 

KsPHcl input 2K6PHci input 2 
PHCI input = PHCI O 

PH20 input 2 PH20 input 2 

3KvPHcl input 3 4KsPHcl input 4 
- -  [A-91 

PH20 input 2 PH20 input 2 

and 

PH20 input = PH20 O "t- 
K1 

PH20 input 

2KhPHc1 input 2KePHc1 input 2 
+ 

PH20 input 2 PH20 input 2 

2KTPHcl input s 2KsPHcI input 4 
+ + [A-10] 

PH20 input 2 PH20 input 2 

In principle,  Eq. [A-9] and [A-10] al low the calcula-  
tion of PH2O input and PHC1 input. These in tu rn  can easily 
be used to find the pressures  of all  of the gaseous Si 
compounds. However ,  an exact  calculat ion along these 
lines would be very  tedious and of dubious value. 
Grea t  simplification wil l  arise by assuming that  
PHC[ innut ~-- PHC1 O. This is equivalent  to assuming that  
only a negl ig ibly  small  f ract ion of the  HC1 fed into the  
system is conver ted  to Si compounds. Actual ly ,  it  wil l  
be shown that  the m a x i m u m  fract ion of HC1 lost to Si 
compounds under  the condit ions assumed is only about  
3 • 10 -3 under  the condit ions of interest .  Thus, the  
assumption that  PHCI input = PHC10 seems valid. Once 
this assumption is made, Eq. [A-10] may  be conver ted 
to a cubic equat ion in PH20 input, which is easi ly solved 
numerical ly .  Then, the equi l ib r ium constants  K1, Ks, 
K6, KT, and Ks al low the calculat ion of the  total  pres-  
sure of all  volat i le  Si compounds. (Note that  each 
compound has only one Si a tom per  molecule.)  Some 
resul ts  of this calculat ion are shown in Fig. 6. 

A P P E N D I X  III  

Calculations ]or case C - l . - - L e t  PSiH3CI + PSiH2Ct2 
+ SiHC18 = Psilanes. Then, fol lowing case A 

dxsi F 
- -  - -  [ ( P s i o  input 27 Psilanes input 

dt RTNGa 

"~- Psic14 input) - -  (Ps io  eq 

+ Psilanes eq + Psicl4 eq) ] [A-11] 

The input  terms were  calculated in Append ix  IL In 
order  to calculate  the  "eq" te rms (see Fig. 2), we must  
consider the  react ions  

2Ga(1) + S iO(g)  ~3Ga20(g )  + Si(1) [R-3] 

Ga(1) + SiH3Cl(g) KA-1 GaCl (g )  

+ Si(1) + 3/2H2(g) [ A - R - I ]  

2Ga(1) + SiH2C12(g) K=A-22GaCl(g) + Si ( ] )  + H2(g) 
[A-R-2]  

3Ga (1) + SiHC18 (g) KA=-3 3GaCl(g)  

+ Si(1) + 1/2H2(g) [A-R-3]  

4Ga(1) + SiC14(g) K A - 4 4 G a C l ( g )  + Si(1) [A-R-4]  

and 

2Ga(1) + HeO(g)  ~=SGa20(g) + H2(g) [R-2] 

Ga(1) + HCI(g)  K A - h G a C I ( g )  + 1/2H2(g) [A-R-5]  

K A - 6  
2Ga(1) + GaC13(g) = 3GaCl(g)  [A-R-6]  

F r o m  react ions [R-3] and [A-R-1]  th rough  [A-R-4]  

( P s i o  eq -{- Psilaaes eq 27 Psic14 eq) 

PGaCl eq PGaC1 eq 2 Pca~o eq + , - -  t- 
----- XSi K-""--~ K A - 1  K A - 2  

PGac1 eq 3 PGaC1 eq 4 "~ 

+ K A - 3  + " K A - 4  
/ [A-12] 

Thus, it  is necessary to calcula te  PGa20 eq and PGaCI eq- 
Equat ion [A-2] is val id for this case. Thus 



Vol .  119, No .  4 Si C O N T A M I N A T I O N  IN G R O W T H  OF GaAs & GaP  503 

PGa20 eq § PH20 eq § Psio eq ~ PH20 input § Psio input 
[A-2] 

Then, using the equi l ibr ium products of reactions 
[R-2] and [R-3] 

( 1 x s i )  
PGafO eq i § ~ 2  § "~3 : PI-12O input § Psio input 

The values of PHfo input and Psio input may be calculated 
from information in Appendix I. Therefore 

PH2O input § Psio input 
PGa20 eq ~ [A-13] 

1 xsi 
1 K--: 

Since chlorine must  be conserved 

1 
PGaCI eq -}- PHCI eq § "~- PGaCI3 eq ~- PI'ICl input 

§ PSiH3CI input- PSiHaCI eq § ... [A-14] 

Then, by subst i tut ing the equi l ibr ium products of reac- 
tions [A-R- l ]  through [A-R-6] into Eq. [A-14] 

1 \ 1 V~cl~qa 
PGaCl eq 1 § ~ ) § -'3 KA-6 PHCl input 

§ PSiH3Cl input ~- 2PsiH2Cl2 input § 3PsiHCI3 input 

PGaCl e_____._~q 2 P G a C l  eq 2 
§ 4Psicl4 input - -  XSi K A - 1  " § K A - 2  

4PGaC1 eq 4 ) 3PGaCI eq 3 § [A-15] 

+ KA-~ KA-4 

The calculation of the input  terms was described in 
Appendix II. Thus, Eq. [A-15] becomes a fourth order 
equation allowing, in principle, the calculation of 
PGaCleq as a function of Xsi. Then, Eq. [A-11], [A-12], 
[A-13], and [A-15] may, in principle, be used to obtain 
a differential equation of the form 

dxs i  
"- f (XSi) [A-16] 

d t  

Equation [A-16] can then be integrated numerica l ly  to 
obtain an equation of the form 

xsi = f (Xsi~ [A-17] 

Thus, the formalism has been presented for an exact 
solution of case C-1. However, the conversion of Eq. 
[A-11] to [A-16] is very tedious. In practice, examina-  
tion of thermodynamic data allows some reasonable 
approximations. The input  data may be approximated 
in the manne r  previously described and shown in Fig. 
6. Then, from calculations of various equi l ibr ium con- 
stants, the following approximations were considered 
reasonable 

PGaCl eq ~ PHC1 inout ~ "  Pncl O [A-18] 

PGaCI eq 2 PGaC1 eq 3 PGaC1 eq 4 
§ {- ,~ 0 [A-19] 

KlO Kit  K12 

( xsi < <  K3 I + K---~- [A-20] 

Equation [A-18] means that very little HCI is lost 
by reaction with quartz, that virtually all HCI is con- 
verted to GaCl, and that GaCl~ may be neglected. 
Equation [A-19] states that the equilibrium pressures 
of SiH2C12, SiHCI3, and SIC14 in contact with liquid Ga 
are negligible. This is due to the fact that P~cl is 
greatly reduced, favoring decomposition of these chlo- 
rides. Equation [A-20] means that Psio < <  PH2Oeq 
§ PGa2O eq- This is because low values of xsi favor the 
decomposition of SiO. Then, by using these approxima- 
tions, Eq. [A-Ill becomes 

dxs i  

d t  F E RTNGa 

I PH20 input § Psio input 
--  Xsi Ks 

K s +  K---~" 

(Psio input § Psilanes input "~- PSiCI4 input) 

[A-21] 

It may be shown that the term x s i ( . . . )  in Eq. [A-21] is 
negligible if xsi < 10 -3. Equation [A-21] then takes 
the form 

dxs i  
= C ' ( T )  or x s i - -  xsi ~ -- C ' ( T ) t  [6] 

dt 

C a l c u l a t i o n s  f o r  case C-2.--Equat ions [A-6], [A-12], 
and [A-15] are still valid for this case. Therefore, fol- 
lowing cases A, B, and C-1 

dxsi F [ (  P s i o i n p u t _  PH2o input 

dt  RTIVGa 2 2 

§ Psilanes input § Psicl4 input / 

PGaCl eq 3 K4 PGaC1 eq § PGaC1 e q  2 § 

--  xsi 2 [xsi 1/2] -}- K9 K10 K u  

PGaCI eq 4 § 1 § [A-22] 
+ Ks2 2 xs i  '/~ 

Then, using Eq. [A-8], the input  terms add up to 
-- PHfoO/2. Thus, Eq. [A-22] becomes 

( 
dxs i  F K3K4V, \ 1 § K2 

_ _  --  _ _  _ K4*/fxsil/2 
d t  2RTNGa xs i  '/2 

PGaCl eq 
- -  PH2O ~ -- 2XSi K9 § 

P O a C l  eq 2 

gl0 

PGacieq4 )1 
-~- El2 

PGaCI eq 3 
+ 

K u  
[8] 
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Thermodynamic Analysis of the IlI-V Alloy Semiconductor 
Phase Diagrams 

II. The GaSb-GaAs System 

L. M. Foster* and J. F. Woods 
IBM Thomas J. Watson Research Center,  Y o r k t o w n  Heights,  New Y o r k  10598 

ABSTRACT 

A thermodynamic  analysis was made of the GaSb-GaAs pseudobinary 
phase diagram. The solid solutions in this system exhibit  strong positive 
deviations from ideality, as evidenced by the large excess free energy of mix-  
ing, Bsxl~:2. An excellent fit of the exper imental  l iquidus and solidus points 
was obtained with Bs /RT  : 2.00 and B ' / R T  : --0.100. These values designate 
the l iquid as near ly  ideal and the solid as bordering on phase separation. 
The lat ter  is consistent with the observation that composition homogeneity 
is extremely difficult to achieve in this system. The large deviat ion from 
ideali ty in the solid is a t t r ibuted to lattice strain resul t ing from the large 
lattice mismatch between the two components. 

Alloys between the Group I I I -Group V semiconductor 
compounds offer some attractive features for the de- 
sign of electronic and optical devices because of the 
possibility of obta ining a desired forbidden energy gap 
by selection of the alloy system and adjus tment  of the 
composition wi thin  the system (1-3). This presupposes 
that there is complete miscibil i ty throughout  the solid 
and that  no metal lurgical  or chemical inhomogeneities 
are introduced by alloying that  would adversely effect 
device performance. 

In  an earlier paper (4) we presented thermodynamic  
arguments  which suggested that  under  some circum- 
stances complete homogeneity and a smooth blending 
of crystal properties might  in fact be lacking in some 
of the alloys as a consequence of the large excess free 
energy of mixing involved in their formation. The 
three systems that  were investigated in that study 
were the pseudobinary alloys, InSb-GaSb,  InAs-GaAs, 
and InP-GaP.  They consti tute a homologous series 
where only the Group V atom changes. In  each system 
the departure from Raoult 's  law of mixing is positive; 
that is, the excess free energy of mixing  is positive, in-  
creasing from the antimonides to the arsenides to the 
phosphides. This is also the order of increasing lattice 
parameter  mismatch between the two components of 
the alloys. 

A group of alloys such as I I I - (As,  Sb),  I I I - (As,  P) ,  
and I I I - (Sb ,  P) would consti tute another  homologous 
series, in this case with a fixed Group III atom and dif- 
ferent  pairs of Group V atoms. Unfortunately,  data for 
both the l iquidus and solidus boundaries are not yet 
available for all  of these alloys and, in fact, there is 
evidence that  the I I I - (Sb ,  P) systems do not form 

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  Member ,  
Key  words:  phase d i a g r a m s ,  c o m p o u n d  s e mic onduc to r s ,  s o l u t i o n  

theory. 

miscible solid solutions across the entire phase dia- 
grams (5). 

Recently our a t tent ion was called to unpubl ished 
data (6) for the Iiquidus of one of these systems 
(GaSb-GaAs)  which, together with solidus data from 
the l i terature,  permits calculat ion of the excess ther -  
modynamic quanti t ies  and a comparison with the find- 
ings and conclusions of the earlier series. 

Calculation procedure.--Detai ls  of the thermody-  
namic analysis were given in the earl ier  paper  (4) and 
will not be repeated here. Briefly, the excess free en-  
ergy of mixing for the l iquid and solid solutions is 
given by B~xlx2 and Bsxlx2, respectively, where  xl and 
x2 are mole fractions of components 1 and 2. The total  
free energy of mixing for the liquid then becomes 

AFM(1) ---~ R T  (xl  in xl + x2 In x f )  -k Blxlx~ [1] 

and for the solid 

AF M(s) : R T ( x l  l n x l  + x2 In xf) + x l L l ( T / T 1  -- 1) 

+ x f L f ( T / T 2  -- 1) + Bsxlx2 [2] 

where T1 and T2 are the mel t ing points and L~ and L2 
are the la tent  heats of fusion for the two pure compo- 
nents. The parameters  B are related to the activity 
coefficients through the relations (4) 

ln-y1 = (B/RT)x22 
[3] 

In 73 ---- ( B / R T ) x l  2 

Reference (4) derives expressions for B l and B ~ at tern- 
perature T in terms of the l iquidus and solidus com- 
positions, x I and x s, taken from an exper imenta l ly  de- 
termined b inary  phase diagram, as follows 
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R T  {(1 --  xs) 2 In  [ (1  --  x 0 / ( 1  - -  x s ) ]  - -  ( x s ) 2 1 n  ( x l / x s ) }  
B l = 

(xs)  2 (1 --  xl)  2 --  ( x 0  2 (1 --  xs) 2 

(1 --  xs)2L1 (T  --  T 1 ) / T 1  --  (xs)2L2 ( T  --  T 2 ) / T 2  

(xs)  2 (1 --  xl)  2 - -  (xl)  2 (1 --  xs)  2 
[ 4 ]  

RT { ( 1  - -  x 0 2 1 n  [ ( 1  - -  x s ) / ( 1  - -  x l ) ]  - -  ( x 0 2 1 n  (xs/xl)} 
B s ___~ 

( x 0  2 (1 --  xs) 2 --  (xs)  ~ ( I  --  x 0  2 

(1 --  xO2 LI  ( T  --  T1 ) /T1  -- (x02L2 ( T  -- T 2 ) / T 2  
+ be  t a k e n  as a c r i t e r i o n  of a c c e p t a b l e  e x p e r i m e n t a l  da ta .  

(xl)  2 (1 --  xs)  2 --  (xs)  2 (1 --  xl)  2 I ts  B / R T  p lo t  for  t h e  a v a i l a b l e  d a t a  is e x a c t l y  l i n e a r  
[5] for  b o t h  t h e  l i q u i d  a n d  solid.  M o r e o v e r ,  t h e  p lo t s  a r e  

Results f lat  w i t h  B~/RT  = - -0 .100  a n d  B s / R T  = 2.00, t h u s  
K u l w i c k i  (6) o b t a i n e d  p o i n t s  on  t h e  l i q u i d u s  b o u n d -  s t r e n g t h e n i n g  o u r  e a r l i e r  c o n t e n t i o n  (4) t h a t  t h i s  

a r y  b y  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  of s a m p l e s  t h a t  f a m i l y  of b i n a r y  a l loys  a p p e a r s  to b e  c h a r a c t e r i z e d  b y  
h a d  b e e n  e q u i l i b r a t e d  for  72 days  at  695~ ( T a b l e  I ) .  B / R T  ~- c o n s t a n t .  
T h e s e  d a t a  a re  s h o w n  as o p e n  c i rc les  in  Fig. 1. P o i n t s  T h e  s ign i f i cance  of  B / R T  is i l l u s t r a t e d  in  Fig. 4 ( t h e  
on  t he  so l idus  b o u n d a r y  (f i l led c i rc les )  w e r e  o b t a i n e d  f igures  a re  e x a g g e r a t e d  to i l l u s t r a t e  t h e  e f fec t s ) .  W i t h  
b y  W o o l l e y  a n d  S m i t h  (7) b y  a n  x - r a y  m e t h o d ,  a s s u m -  
ing  t h a t  V e g a r d ' s  r u l e  appl ies .  E q u i l i b r i u m  cou ld  no t  
b e  a c h i e v e d  fo r  c o m p o s i t i o n s  of l o w e r  G a A s  c o n t e n t  
t h a n  t hose  s h o w n J  T h e  d a s h e d  c u r v e s  in  Fig. 1 a re  t h e  
idea l  l i q u i d u s  a n d  so l idus  b o u n d a r i e s  c a l c u l a t e d  f r o m  
Eq. 13 a n d  14 of Ref.  (4) ,  w i t h  T1 = 712~ (10) ,  T2 = 
1240~ (11) ,  L1 = 15.56 k c a l / m o l e  (10) ,  a n d  L2 = 25.18 
k c a l / m o l e  (11) .  T h e  so l id  c u r v e s  of Fig. 1 a r e  c a l c u -  
l a t e d  b o u n d a r i e s  t h a t  m e e t  c e r t a i n  c r i t e r i a  fo r  a c c e p t -  
ab l e  da ta ,  as se t  f o r t h  in  Ref.  (4) a n d  d i s cus sed  in  t h e  
n e x t  sect ion.  

Discussion 
T h e  G a S b - G a A s  p h a s e  d i a g r a m  a p p e a r s  to i n d i c a t e  

s t r o n g  p o s i t i v e  d e v i a t i o n s  f r o m  i d e a l i t y  in  t h e  so l id  
so lu t ion .  As  p o i n t e d  ou t  i n  Ref.  (4) ,  h o w e v e r ,  t h e  d e -  
g r e e  to w h i c h  t h e  sol id  a n d  l i q u i d  c o n t r i b u t e  s e p a r a t e l y  
to  t h e  g ross  f e a t u r e s  of t h e  d i a g r a m  c a n n o t  be  g u e s s e d  
b y  c u r s o r y  e x a m i n a t i o n .  T h i s  i n f o r m a t i o n  c a n  o n l y  
c o m e  f r o m  a c t u a l  c a l c u l a t i o n  of p a i r s  of B s a n d  B 1 a t  
s e l e c t e d  t e m p e r a t u r e s ,  a n d  t h e  a s s i g n m e n t  of excess  
f r ee  e n e r g i e s  t h e r e f r o m .  F i g u r e  2 s h o w s  t h e  exces s  
f r e e  e n e r g y ,  Bx lx~ ,  f o r  e a c h  phase ,  w i t h  t h e  B p a r a m -  
e t e r s  c a l c u l a t e d  f r o m  Eq.  [5] a n d  [6].  I t  is s e e n  t h a t  
t h e  p r o n o u n c e d  l o w e r i n g  of t h e  so l idus  b o u n d a r y  is 
i n d e e d  a t t r i b u t a b l e  to t h e  l a r g e  p o s i t i v e  BSXlX2. T h e  
l i qu id  is a l m o s t  ideal ,  a n d  t h e  v e r y  s m a l l  n e g a t i v e  e x -  
cess  f r e e  e n e r g y  cou ld  b e  d i s r e g a r d e d  in  a n  a p p r o x i -  
m a t e  ca l cu l a t i on .  I t  is i n t e r e s t i n g ,  h o w e v e r ,  t h a t  t h e  

c J  

1200 

1100 J 

/ / 
//, / / 

900 / 

~oo / / / / / / ~  
/ /  

i I i I I I I I I 

.1 .2 .3 .4 .5 .6 .7 .8 .9 

XGaAs 
Fig. I. GaSb-GaAs system. C), Ref. (6); O, Ref. (7); i-1, Ref. (10); 

a r s e n i d e  s y s t e m  t h a t  w a s  s t u d i e d  p r e v i o u s l y  [ I n A s -  
G a A s  (4 ) ]  a lso s h o w e d  s m a l l  n e g a t i v e  d e v i a t i o n s  in  
t h e  l iqu id .  Th i s  cou ld  r e s u l t  f r o m  a s m a l l  p o s i t i v e  e x -  
cess  e n t r o p y  of  m i x i n g ,  w h i c h  i m p l i e s  a d e g r e e  of o r -  
d e r i n g  in  one  of  t h e  p u r e  c o m p o n e n t s  w h i c h  is los t  in  
m i x i n g .  T h i s  p r o p e r t y  h a s  b e e n  s u g g e s t e d  f o r  a r s e n i c  
m e l t s  w h e r e  t h e r e  is some  e v i d e n c e  of p o l y m e r i c  As  
m o l e c u l e s  (12) .  

F i g u r e  3 g ives  t h e  p lo t  of B / R T  vs. x fo r  G a S b - G a A s ,  
a n d  s i m i l a r  p lo t s  for  t h e  t h r e e  s y s t e m s  f r o m  Ref.  (4) 
fo r  c o m p a r i s o n .  ( T h e  r e l a t i o n s h i p  b e t w e e n  B / R T  a n d  
t h e  a c t i v i t y  coeff ic ients  is s h o w n  b y  Eq.  [3] . )  I t  w a s  
s u g g e s t e d  in  Ref .  (4) t h a t  l i n e a r i t y  of  t h i s  p lo t  m i g h t  

1 S t r a u m a n i s  and  K i m  (8) s h o w e d  t h a t  V e g a r d ' s  l a w  was  obeyed  
u p  to 34 m / o  (mole  pe r  cent)  GaAs ,  b u t  cou ld  no t  o b t a i n  e q u i l i -  
b r a t e d  samples  a f t e r  a n n e a l i n g  u p  to  20 days  b e y o n d  60% GaAs .  
M u l l e r  and  R i c h a r d s  (9) f o u n d  t h a t  Yega rd ' s  l aw was  obeyed  in  one  
d e t e r m i n a t i o n  a t  50 m / o  GaAs.  

Table I. Differential thermal analysis of samples 

Mole  f r a c t i o n  L i q u i d u s  t e m p ,  
G a A s  ~ 

0.20 990 
0.30 1043 
0.40 1085 
0.50 1123 
0.60 1154 
0.72 1180 
0.80 1200 

A ,  Ref. (1 i). 
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Fig. 2. Excess free energy of mixing in the GaSb-GaAs system 
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Fig. 4. Free energy of mixing of the solid and corresponding 
phase diagrams for cases where BS/RT ~ 2. 

Bs/RT ~ 2, the plot of AF M(s) vs. x is concave upward  
throughout  its ent i re  course and at any value of x 
there  is a unique  tangent  whose slope is the change in 
chemical  potential  of component  2. A miscibi l i ty gap 
should appear at a cri t ical  temperature ,  Tc ---- Bs/RT, 
which wil l  be ent i re ly  within the solid phase. This is 
i l lustrated in Fig. 4A. BS/RT - 2 is the upper l imit  of 
this quant i ty  for which there  is still a unique tangent  
to the free energy  curve at any value of x and the 
max imum of the miscibil i ty gap is coincident wi th  the 
solidus at x = 0.5, as in Fig. 4B. For  BS/RT > 2, two 
inflection points appear  in the Ar  M(s) curve  as the 
contr ibution of Bsxlx2 in Eq. [2] becomes large in the 
vic ini ty  of x = 0.5. There are two points of tangency 
where  the slope is the same, corresponding to the same 
chemical potential  at two compositions, and the solid, 
at equil ibrium, separates into two phases, as in Fig. 4C. 

The GaSb-GaAs system, wi th  Bs/RT ~ 2, is of the 
type shown in Fig. 4B. The situation is ve ry  sensitive 
when Bs/RT is near  2, however,  and values of this 
quant i ty  just  sl ightly greater  or lesser would give cal-  
culated solidus and l iquidus curves  that  would be ac- 
ceptable fits to the data points, but  which would pre-  
dict phase separat ion in the solid at all t empera tures  
on one hand, and complete miscibil i ty just  beneath 
the solidus on the other. (This assumes that  B s deter-  
mined at a par t icular  composition on the solidus 

boundary remains constant down into the solid.) For  
example,  wi th  Bs/RT -~ 2.01, ~F M(s) a l ready shows two 
tangents corresponding to a miscibil i ty gap of 0.12 in 
mole fraction (from x = 0.44 to x = 0.56) in place of 
the continuous solidus line; whereas, with Bs/RT -= 
1.99 the peak of the miscibil i ty gap is at 728~ about 
6 ~ below the solidus at x : 0.5. It  would be ex t remely  
difficult to establish exper imenta l ly  whe ther  the sol- 
idus of the GaSb-GaAs system does indeed follow the 
calculated curve, shown in Fig. 1, f rom the mel t ing  
point of GaSb to the lef t -most  data point because of 
the very  narrow tempera ture  range where  homogeni-  
zation of samples could be accomplished in this cri t i -  
cal region. Both Kulwicki  (6) and Woolley and Smith  
(7) noted their  inabi l i ty  to equi l ibrate  solid samples 
in this part of the diagram. 

It is par t icular ly  significant that  a constant B / R T  fits 
the available data for both phases of the GaSb-GaAs 
system, for this is the fourth I I I -V alloy system that  
exhibits such behavior  (Fig. 3). The implications of a 
constant B / R T  were discussed in detail  in Ref. (4). 
Briefly, if B is not dependent  on composition, B cc T 
and the entire excess free energy of mixing, Bsxlx2, ap- 
pears as the entropy term, ThS, in AFMex = AHMex - -  
TASMex, leaving no excess enthalpy of mixing. This 
outcome is not permi t ted  by ei ther  the regular  (13) or 
the quasichemical  (14) t rea tments  of solutions. The 
implication of this finding in terms of the propert ies 
of the I I I -V alloys is not clear at this t ime [see Ref. 
(4)].  

The severe depar ture  from ideali ty in the solid of 
the GaSb-GaAs system is consistent wi th  the ~arge 
lattice mismatch be tween the pure components, ac- 
cording to the pat tern established in Ref. (4). The mis-  
match in the GaSb-GaAs  system of 7.52% (0.442A) is 
greatest  of the four systems studied thus far and, as a 
rule of thumb, might  be considered as the max imum 
mismatch that  can be tolera ted in this class of alloys 
for complete miscibil i ty near  the freezing point. Ac-  
cording to this rule, of the eighteen possible pseudo- 
binary alloys be tween the nine I I I -V compounds of A1, 
Ga, and In with P, As, and Sb, th ree  ( InSb-InP,  GaSb- 
GaP, and A1Sb-A1P) should not form miscible solid 
solutions, and one (A1Sb-A1As) would  be doubtful. 
Many others would be expected to undergo spinodal 
decomposition when held for extended periods some- 
what  below their  freezing points. 

The fact that  nonideal i ty  of the solids and the latt ice 
mismatch vary  in a paral lel  manner  in the I I I -V alloys 
studied thus far, and the fact that  the liquids depart  
only sl ightly from ideality, suggest that  latt ice strain 
is the principal  contr ibutor  to the excess free energy 
in these systems. 
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Contact Resistance and Contact Resistivity 
H. H. Berger 

IBM Laboratory, 703 Boeblingen/Wi~rtt, West Germany 

ABSTRACT 

This paper mainly  offers guidance to the technologist  who has to char-  
acterize meta l -semiconductor  contacts for process development  and produc-  
tion control. To abolish confusion clear definitions are proposed for the terms 
contact resistance and contact resistivity. Based on these definitions, methods 
of de termining contact resist ivi ty are discussed, reveal ing  the common source 
of error  of the methods and making comparisons. New methods like the TLM 
method are described and included in the comparison. Results of contact re-  
sistivity measurements  on ANSi contacts over  a wide range of silicon surface 
doping are presented. 

One of the obvious measures  that  have been taken 
to obtain higher  densities in monoli thic  circuits has 
been to decrease the area provided for the metal~semi- 
conductor interconnect ion contacts on the circuit  chips. 
This has put  a severe  burden on the technologist, who 
has to develop proper  production processes for small  
area contacts of low resistance and high reliabili ty.  

For  this development  work  and for the process con- 
trol, he needs clearly defined terms to describe the 
pract ical ly  impor tant  contact  qualities, as wel l  as 
proper  methods to measure  them. 

Such terms widely  used are contact resistance and 
contact resistivity. However ,  there  has been a lack of 
common unders tanding of their  meaning. Moreover,  
al though a number  of methods  to de termine  contact 
resist ivi ty have  been offered, a clear conception of their  
val idi ty  and accuracy has not always been worked out. 

Accordingly the purpose of this paper is to offer suit- 
able definitions for both contact resistance and contact 
resis t ivi ty and then to discuss several  measurement  
methods for contact resis t ivi ty mainly  to reveal  the i r  
common source of measurement  error. The comparison 
points out that  there  are three  new methods which 
offer considerable less error  than convent ional  pro-  
cedures and s imultaneously are  wel l  adapted to present 
fabricat ion processes. Finally,  results of such contact 
resist ivi ty measurements  on a luminum-si l icon contacts 
are reported, which en la rge  the re la t ive ly  rare  data 
present ly  available.  

Definition of Contact  Resistance 
Exper ience shows that  the access to a semiconductor  

region via a meta l  contact  usual ly  exhibits  h igher  re-  
sistance than expected f rom an ideal contact. The ad-  
dit ional resistance may  be imagined as being a series 
resistor in the  lead to the ideal contact. I t  shall  be re-  
ferred to as "contact  resistance." 

The  theoret ical  t rea tment  of semiconductor  devices 
has been facil i tated by this mental  image. Namely,  it 
allows the considerat ion of the device behavior  first 
under  the s implifying condit ion of ideal contacts and 
la ter  adding the exper imenta l ly  or theoret ical ly  de-  
r ived contact resistances that  provide  the corrections 

K e y  w o r d s :  o h m i c  c o n t a c t s ,  c o n t a c t  res is tance,  con tac t  r e s i s t i v i t y ,  
c o n t a c t  res is t iv i ty  m e a s u r e m e n t ,  c o n t a c t  c h a r a c t e r i z a t i o n .  

for the actual contacts. Fur thermore ,  it has provided a 
simple basis for comparing different contac t -making 
processes. 

The still ra ther  vague notion of contact resistance as 
a series resistance describing the deviat ion of an actual  
contact f rom its ideal condition would be s t rengthened 
by a precise definition. But this requires  first a clear 
conception of the ideal contact. 

Pract ical  contacts are nonideal  for two basic reasons: 
1. In a thin surface layer  of the semiconductor  

beneath the contact  meta l  the charge carr ier  density 
differs f rom that of the semiconductor  bulk (accumu- 
lation or deplet ion layer)  due to differences in work  
function of metal  and semiconductor  or due to surface 
states of the semiconductor.  

2. Layers  of foreign mat te r  sometimes impede a 
rigorous contact of meta l  and semiconductor.  

In contrast, an ideal contact does not exhibi t  any 
interface layers. Hence, its potent ial  may be identified 
with the potential  ~" in the  contact plane of the semi-  
conductor  af ter  extending the la t ter  by its mir ror  
image on that  contact plane (Fig. 1). 

To compare now the access via the actual contact 
wi th  that  via its ideal counterpart ,  a common re fe r -  
ence plane Pr wi thin  the semiconductor  must be identi-  
fied. This plane must  coincide with  a plane of constant 
potent ial  and must  carry the total  contact current.  The 

i Ao, 

x j j 

RESISTIVITY fB I i i PLANE B' OF THE IDEAL CONTACT 
L/(POTENUA L ~ ' )  

k i/" 
" /  r ' I I' \ ~,R.OR ,M~OE O~ 

CONTACT A ~. I - -  ~-L: I ~11 CONTAC T A 

Fig. 1. Derivation of the potential r of the ideal contact (B') 
pertaining to the real contact (B) by mirror-imaging. 
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/ R s l/ / / /  Fig. 3. Planar resistor having three contacts for contact re- 
sistance determination. 

A' Pr B' 

Fig. 2. Planar resistor with real contacts A and B and the most 
practicable locations A' and B' for the corresponding ideal contacts. 

resistance be tween Pr and the actual contact is Ra, that  
be tween Pr and the ideal contact Ri. The contact re -  
sistance is then defined by the difference of these two 
resistances 

Re : Ra -- Ri [1] 

Of course, for this comparison of Ra wi th  Ri, the  re fe r -  
ence plane Pr must  (practically) remain  a plane of 
constant potent ial  when  the actual contact is replaced 
by its ideal counterpart .  Hence, the menta l  image un-  
der lying the contact resistance concept fails where  
such a reference plane cannot be found. In such cases 
the contacts must  be considered an integral  par t  of the 
whole semiconductor device. 

With the sample shown in Fig. 1, however ,  any plane 
paral lel  to the contacts may be taken for Pr provided 
that  the contacts are uniform. Al though no assumptions 
have  been made in the definition of contact resistance 
regarding the position of the ideal contact, for the sam- 
ple in Fig. 1, it is most convenient  to let ideal and 
actual contact coincide. Taking, e.g., the grounded 
contact A as the reference plane Pr, the contact resist-  
ance of contact B may be wr i t t en  according to Eq. [1] 
as the difference of the potential  ~ of the actual  con- 
tact and the potent ial  ~' of its ideal counterpart ,  di- 
vided by the current  I 

Re = ~ [2] 
I 

With other s tructures it might  prove advantageous to 
choose a plane for the ideal contact that  does not coin- 
cide wi th  that  of the actual contact. This is the case 
wi th  the contact on a diffused resistor 1 shown in Fig. 
2. By using the planes A'  and B' for the ideal contacts, 
one facilitates the calculation of Rl in Eq. [1]. Thus, 
with the reference plane Pr in the center  of the re-  
sistor 2 one obtains for equal  contacts 

Rc = - g  RAB - Rs.  [31 

where  Rs is the sheet resistance of the resistor layer.  
Solved for RAB 

i 
R A B  = RS  " ~ + 2 R c  [ 4 ]  

it corresponds to the widely  used formulat ion in terms 
of an "end correction" (equivalent  number  of squares 
k of the resistor layer)  

R A B  : R s  "~- 2 k  [5] 

Equat ion [4] leads to a pract icable way  of measur ing 
the so defined contact resistance of a planar  resistor. 
Such a resistor having three equal  contacts A, B, C 
arranged in different distances ll and 12 (Fig. 3) ex-  
hibits different resistances between A and B (R1) and 
B and C (R2). The contact resistance Rc can be el im- 
inated by applying Eq. [4] to R1 and R2, which results 
in 

* V e r y  l i k e l y  t h e  c o n t a c t  on  a d i f f u s e d  r e s i s t o r  is  t y p i c a l  a lso  f o r  
m a n y  c o n t a c t s  on  o t h e r  p l a n a r  d e v i c e s  (1).  

O b v i o u s l y ,  t h e  r e s i s t o r  h a s  to  be  su f f i c i en t ly  l o n g  to fulf i l l  t h e  
c o n d i t i o n  t h a t  t h e  c o i n c i d e n c e  of  P r  a n d  a c o n s t a n t  p o t e n t i a l  
p l a n e  be  m a i n t a i n e d  w h e n  e i t h e r  one  of  t h e  c o n t a c t s  is  r e p l a c e d  b y  
i ts  i d e a l  c o u n t e r p a r t .  

R 2 -  h - -  R1 �9 ba 
Rc = [6]  

2 ( h  - -  /2) 

It  might  appear peculiar  that  in this paper  contact 
resistance has been defined in such a way  as to allow 
a free choice of the posit ion of the ideal contact, thus 
permit t ing the a rb i t ra ry  introduction of semiconductor  
bulk portions into the contact  resistance. Clearly, this 
would be a disadvantage if there were  reasons to as- 
sume that  coinciding ideal  and actual  contact  planes 
would  genera l ly  lead to a contact resistance being free 
of any semiconductor bulk influence and thus describ- 
ing solely the meta l -semiconductor  interface. However ,  
the replacement  of the actual by the ideal contact alters 
the boundary conditions for the electr ic  field in the 
semiconductor and hence changes the current  distr ibu- 
tion in the vicini ty  of the contact, unless it is fixed by 
the geometry  of the sample as in Fig. 1. Obviously, a 
change of current  distr ibution wil l  introduce different 
bulk influence into Ra and Ri (Eq. [1]) and thus in t ro-  
duce bulk resistance into the contact resistance. 3 Gen-  
era l ly  at tempts  to split the total  contact  resistance into 
interface and bulk contr ibution in the form of concen- 
t rated series resistors must  be ra ther  fruitless accord- 
ing to the foregoing discussion. Actually,  it suffices to 
make  this separation only for infinitesimal sections of 
the contact. This leads to the te rm "contact  resis t ivi ty" 
solely describing the meta l -semiconductor  interface 
independent  of contact  geometry.  4 

Contact  Resistivity 
Contact resis t ivi ty pc can be der ived formal ly  f rom 

the contact resistance definition. Consider a tube of 
current  s t reamlines in the semiconductor device ca r ry -  
ing a portion • of the total  current.  In the plane of the 
contact the tube has a cross section of • The tube 
with  its port ion ~Ac of the contact may now be con- 
sidered as a device wi th  a contact, for which a contact 
resistance Rc can be defined according to Eq. [1]. For  
this purpose, the plane of the ideal contact coincides 
wi th  that of the actual one. Fur thermore ,  it is assumed 
that  the current  flow wi th in  the interface port ion of the 
tube is directed ver t ica l ly  to the contact  plane. Then 
contact resist ivi ty is defined as 

pc [ohm cm 2] : l im (Rc �9 ~Ac) [7] 
2~Ac-+0 

thus taking an infinitesimal tube of streamlines.  

Hence ,  s ince  t h e  a u t h o r  b e l i e v e s  t h a t  t h e  e x p r e s s i o n  c o n t a c t  r e -  
s i s t a n c e  is w o r t h  b e i n g  p r e s e r v e d ,  h e  h a d  e i t h e r  to  d e t a c h  it  f r o m  
t h e  d e s c r i b e d  m e n t a l  i m a g e  u n d e r l y i n g  i t s  u s a g e  o r  to r e f r a i n  f r o m  
t h e  w i d e s p r e a d  a s s o c i a t i o n  of  c o n t a c t  r e s i s t a n c e  e x c l u s i v e l y  w i t h  
t h e  m e t a l - s e m i c o n d u c t o r  i n t e r f a c e .  T h e  l a t t e r  a l t e r n a t i v e  w a s  
c h o s e n  in  t h i s  p a p e r  f r o m  t h e  ou t se t .  T h i s  cho ice  i s  m a i n l y  b a s e d  
on  t h e  c o n s i d e r a t i o n  t h a t  t h e r e  i s  a su f f i c i en t  r e s e r v o i r  o f  o t h e r  
e x p r e s s i o n s  c l e a r l y  r e f e r r i n g  sole ly  to t h e  r e s i s t a n c e  of  t h e  m e t a l -  
s e m i c o n d u c t o r  i n t e r f a c e ,  l i k e  " t r a n s i t i o n a l  r e s i s t a n c e " ,  " i n t e r f a c e  
r e s i s t a n c e , "  o r  t h e  g e o m e t r y  i n d e p e n d e n t  t e r m  " c o n t a c t  r e s i s t i v i t y . "  
T h e  o t h e r  c h o i c e  h a s  been t r i e d  b y  T i n g  a n d  Chert  (2). T h e y  h a v e  
a s s o c i a t e d  " c o n t a c t  r e s i s t a n c e "  so le ly  w i t h  t h e  m e t a l - s e m i c o n d u c t o r  
i n t e r f a c e  a n d  h a v e  u s e d  t h e  e x p r e s s i o n  " c o r r e c t i o n  t e r m "  f o r  t h e  
r e s i s t a n c e  de f i ned  b y  Eq.  [3] ( " c o n t a c t  r e s i s t a n c e "  in  t h e  p r e s e n t  
p a p e r ) .  T h e  c o n t a c t  r e s i s t a n c e  c o n t r i b u t i o n  RCef f to  t h e  c o r r e c t i o n  
t e r m  (in T i n g  a n d  C h e n ' s  t e r m i n o l o g y )  h a s  b e e n  r a t e d  a c c o r d i n g  to 
t h e  p o w e r  d i s s i p a t i o n  N i n  t h e  i n t e r f a c e  l a y e r :  Reef  f = N �9 1-2 (I = 
to ta l  c u r r e n t ) .  U n f o r t u n a t e l y ,  ' r i n g  a n d  C h e n  h a v e  n o t  s u b s e q u e n t l y  
a p p l i e d  th i s  i n t e r e s t i n g  c o n c e p t  to t h e  s e m i c o n d u c t o r  b u l k  r e s i s t a n c e  
c o n t r i b u t i o n s ,  as  t h e s e  h a v e  n o t  b e e n  r a t e d  v i a  p o w e r  d i s s i p a t i o n  
I n s t e a d ,  r e s i s t a n c e  c a l c u l a t i o n s  a s s u m i n g  i d e a l  b o u n d a r y  c o n d i t i o n s  
h a v e  b e e n  used .  T h e  e r r o r  o f  s u c h  a n  a p p r o x i m a t i o n  i s  p r o b a b l y  n o t  
e a s y  to  assess .  A l so  s ince  R % f f  i s  d i f f icul t  to d e t e r m i n e ,  t h e  p r a c -  
t ica l  v a l u e  of  T i n g  a n d  C h e n ' s  c o n c e p t  a p p e a r s  questionable. 

F o r  m e t a l - m e t a l  c o n t a c t s  t r e a t e d  b y  H o l m  (3) c o n t a c t  r e s i s t i v i t y  
to a l a r g e  e x t e n t  is  c o m p r i s e d  of  an  a v e r a g e  c o n s t r i c t i o n  r e s i s t a n c e ,  
w h i c h  m e a n s  t h a t  a s t r i c t  s e p a r a t i o n  b e t w e e n  b u l k  a n d  i n t e r f a c e  is  
n o t  m a d e  t h e r e  b e c a u s e  of  t h e  s o m e w h a t  d i f f e r e n t  n a t u r e  of  m e t a l -  
m e t a l  con tac t s .  
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With Eq. [2] it can be wr i t t en  as 

[ Pc : lim (~ -- ~') [8] 
AAr ~ d 

1 
: - -  l im (r -- r [9] 

Jc AAe-->0 

where  Jc stands for current  density at the contact. 
For a homogeneous contact having uniform current  

density as in Fig. 1, Eq. [7] simplifies to 

pc = Rc �9 Ac (Jc : const.) [10] 

This equation has been used to determine  pc via contact 
resistance and contact area Ac. However ,  it must  be 
kept in mind, that  it is val id  only for contacts having 
uniform current  distr ibution dictated by the sample 
geometry. 

The assumption of ver t ical  current  flow in the in ter -  
face layer  is, of course, fulfilled with  the sample in Fig. 
1. It is also pract ical ly fulfilled even with  adverse 
sample geometries,  if the resis t ivi ty of the interface 
layer is much larger  than that  of the undis turbed semi-  
conductor bulk. Most practical  contacts indeed exhibi t  
ve ry  thin depletion layers of very  high resistivities.~ 
Fo r  these, wi thout  noticeable error, the thin deplet ion 
layer  may even be considered as lying outside of the 
semiconductor  like a possible layer of foreign matter .  
The potent ial  difference ~ -- ~' in Eq. [9] then becomes 
the total vol tage drop Vc across these outside layers 

Pc ~ ~ [II] 
Jc 

This is the form 6 most readily used in practical appli- 
cations of pc. Of course, a definite value pc can only be 
given for contacts which are sufficiently ohmic within 
the range of current density under study. 

D e t e r m i n a t i o n  of C o n t a c t  Resistivity 
In determining contact resist ivi ty the essential prob-  

lem is to separate the meta l -semiconductor  interface 
resistance from the semiconductor bulk resistance. 
There  are methods devised for d-c measurement  and 
others for a-c measurement .  The lat ter  rely on the 
re la t ively  large capacitance of the interface, which 
pract ical ly shorts its resistance at sufficiently high 
frequencies.  Thus the interface resistance appears as 
the difference of a low and a high f requency resistance 
measured on suitable samples. Besides de t r imenta l  
parasitic influences, the difficulty lies in taking small  
differences of large quantities.  

D-C methods suffer f rom the lat ter  difficulty as wel l ;  
however ,  they are much more accurate than a-c mea-  
surements  at ve ry  high frequency.  In the fol lowing 
only d-c methods are considered. 

The first three methods to be discussed ( twin contact, 
differential,  and interface probing methods) rely on 
samples that  provide uniform current  distr ibution so 
that  Eq. [10] may  be used. The remaining two (TLM 
and interface probing methods) ,  however,  utilize sam- 
ples of nonuniform current  distr ibut ion and thus are 
based on different relations for contact resistivityY It  is 
shown that  in spite of these differences, the main e r ror  
of all d-c methods can be commonly  described by the 
basic equat ion 

Apc < ~.BB jailer f [12] 
Pc ~ Pc 

T h e  m e a s u r e m e n t s  on  t y p i c a l  A1-S i  t h a t  are presented in the 
sec t ion  on M e a s u r e m e n t s  on  A1-Si Contacts  ind ica te  a v e r a g e  r e s i s -  
t iv i t ies  o f  the  d e p l e t i o n  l a y e r s  that  are  100 to 1000 t i m e s  l a r g e r  t h a n  
t h a t  o f  t h e  s e m i c o n d u c t o r  b u l k .  

A l so  c o m p a r e  t h e  de f in i t i on  of  "specif ic  contac t  r e s i s t a n c e "  b y  
C h a n g e r  aL (4). 

; T h e r e  is  a n o t h e r  m e t h o d  p r o p o s e d  b y  C o x  a n d  S t r a c k  (5) t h a t  
u t i l i zes  s a m p l e s  of n o n u n i f o r m  c u r r e n t  d i s t r i b u t i o n .  This ,  h o w e v e r ,  
t a c i t l y  a s s u m e s  Eq. [10] to be  v a l i d  in  sp i t e  of  a n o n u n i f o r m  c u r -  
r e n t  d i s t r i b u t i o n ,  I t  a p p e a r s  v e r y  d i f f icu l t  to o b t a i n  an  e s t i m a t e  of  
t h e  e r r o r  t h a t  is  i n t r o d u c e d  b y  t h e  c o n t r a d i c t i n g  a s s u m p t i o n .  T h e r e -  
fore ,  i t  h a s  b e e n  e x c l u d e d  f r o m  t h e  f o l l o w i n g  discuss ion .  

which considerably facili tates their  comparison. In this 
equation, lA/le~f is the effective er ror  of one or more  
crucial  length measurements  which are requi red  to 
separate the meta l -semiconductor  interface f rom the 
semiconductor bulk resistance. The accompanying elec- 
tr ical  measurements  are usual ly much more accurate  
with readi ly  available equipment,  so that  they  have a 
minor  influence. The ratio of semiconductor bulk re-  
sistivity PB to contact resis t ivi ty Pc is fixed by the 
nature of the contact under  investigation. Thus, the 
re la t ive  error  of the pc determinat ion  for a g iven con- 
tact depends only on the absolute er ror  of the crucial 
length measurements .  According to the measurement  
results to be described in the section on Measurements  
on ANSi Contacts, for a luminum-s i l icon contacts a 
pB/pc ---- 0.1/~m might  be used for a rough orientation. 
With this figure, an effective length measurement  error  
t~l]efr ---- 5 ~m would cause a re la t ive  pc er ror  as large 
as 50%! Or, to obtain less than 10% error, [Alleff ~ 1 
;~m would be required.  

Twin contact method.S--This measurement  follows 
Eq. [1] and [10]. A homogeneous semiconductor  body 
as in Fig. 1 carrying two equal  contacts on opposite 
faces (area Ac) provides uni form current  distr ibution 
so that  Eq. [10] is valid. With the coinciding actual and 
ideal contact planes one obtains f rom Eq. [1] 

Rc : "~- RAB -- PB " [13] 

(compare with  Fig. 1) or wi th  Eq. [10] 

1 
pc - -  ~ -  ( R A B  " Ac -- PB " l) [14] 

The contact resis t ivi ty determined according to this 
equation is very  sensit ive to measurement  errors, since 
usually a small difference of large terms appears. As 
shown in the Appendix,  length measurement  errors 
]~l!eff have  the largest  influence, in agreement  wi th  Eq. 
[12]. 

When the Van der Pauw method (7) is used for PB 
measurement ,  l~lleff in Eq. [12] becomes identical  wi th  
the error  jail of the probe thickness measurement .  
Pract icable samples have  a thickness of about 300 ~m. 
]~l I wi thin  5 to 10 ~m can then be expected. 9 Accord-  
ing to the foregoing discussion this is too large for an 
accurate pc determinat ion  on typical  A1-Si contacts. 

Differential method.--Compared with the twin  con- 
tact method this new approach improves the accuracy 
by more than an order  of magnitude.  F igure  4 shows 
the sample s t ructure  and the  measurement  principle. 
A direct  comparison is made of contact  B under  in-  
vest igat ion with  the contacts A and C, having  negligi-  
ble interface resistance due to a h ighly  doped layer 
beneath the contact metal.  The areas of all three con- 
tacts are equal. 

This s t ructure  reflects the definition of Rc, where  a 
real  contact (B) is compared with  an ideal contact  (A 
or C) under  otherwise equal  conditions. Hence, the 
potential  difference ~ -- r (compare wi th  Eq. [2]) can 

s C o m p a r e ,  e .g . ,  S u l l i v a n  a n d  E i g l e r  (6). 
9 F o u r - p o i n t  p r o b e  m e a s u r e m e n t s  (8) y ie ld  a b o u t  the  s a m e  [ Al I*r~. 

aI 
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Fig. 4. Differential method for determining contact resistivity pe 
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Fig. 5. Extrapolation method for determining contact resistivity 
PC. 

be directly measured as V~A or VBc. Usual ly a gradient  
of the sample thickness will  d is turb the result  but  can 
be e l iminated by taking the average of VBA and VBc. 
Moreover, an error is introduced by the finite thick-  
ness xj of the highly doped layers beneath A and C, 
which reduces the vertical resistance of the bulk  by 
Rd. Hence one obtains 

VBA § VBc 
Rc --  Rd [15] 

2I 

For diffused layers beneath A and C, Rd can be ap- 
proximated by 

xj 
Rd~ PB "-- [16] 

Ar 

where xj is the junct ion  depth obtained by the same 
diffusion in test wafers of equal bulk  doping but  op- 
posite conduction type. Considering that  Eq. [10] is 
valid for the sample structure, one arrives at 

p c = A c  ( VBA-[- VBC ) 
2I -- p~ " xj [17] 

Considerations similar to those explained in the Ap- 
pendix for the twin  contact method lead again to Eq. 
[12]. Of I• the major  portion here is the error  in 
determining the thickness xj of the highly doped layers 
beneath contacts A and C. Thus one obtains 

APe ~ PB ] A x j J  [ 1 8 ]  

Pc Pc 

I~Xjl can be kept very  small, usual ly about 0.2 ~m, 
showing the main  advantage of this differential method. 

Extrapolation method.lO~Figure 5 explains this 
method. The voltage distr ibution V(x )  is measured 
along the homogeneous semiconductor bulk  of constant  
cross section using a fine probe needle. The results then 
allow an extrapolat ion to the metal-semiconductor  in-  
terface (x = 0) thus obtaining a voltage drop Vo. This 
can be at t r ibuted to the contact resistance, since an 
ideal contact would show the voltage V" ---- 0 at this 
point. Hence, according to Eq. [2] the contact resist- 
ance becomes 

-- ~' Vo 
Rc = '  : -- [19] 

I I 

and with Eq. [10] one obtains 

Vo 
pc = Ac'  [20] 

I 

The source of measurement  error becomes obvious, 
when  Vo is replaced by  the extrapolated length I" and 
by the bulk  resist ivi ty PB (compare with Fig. 5) 

~o In  i ts  e s s e n t i a l  p a r t  t h e  e x t r a p o l a t i o n  m e t h o d  h a s  b e e n  d e s c r i b e d  
a l r e a d y  b y  Jo f f e  (9). I t  h a s  b e e n  r e f i n e d  b y  M e n g a l i  a n d  Se l l e r  (10). 
H o o p e r  et at. (11) h a v e  m a d e  t h e  f i r s t  l a r g e r  s e r i e s  of  m e a s u r e m e n t s  
on  c o n t a c t s  to  s i l i con  u s i n g  t h i s  m e t h o d .  

~t 

Vo = I �9 PB " - -  [21] 
Ac 

which leads to (compare with Eq. [20] ) 

pc -- PB ' l' [22] 
o r  

Ape  PB Al' 
= -- [23] 

Pc Pc 

This equation complies again with Eq. [12] as do the 
other methods. The error ~I' is actually the uncer ta in ty  
in determining the distance between contact interface 
and the probe needle tip. Most l ikely it lies in the order 
of 5 ~m, which makes this extrapolat ion method only 
somewhat superior to the twin  contact method in ac- 
curacy. 

TLM method (1, 12-15).--Berger (1, 12) as well as 
Mur rmann  and Widman (13-15) have shown" that 
contacts to planar  devices like the diffused resistor in  
Fig. 3 can be described by their  geometry, the semi-  
conductor sheet resistance Rs beneath  the contact, and 
the contact resistivity pc, when  a t ransmission line 
model (TLM) is used. 

In  the TLM the following impor tant  parameters  have 
been used 

characteristic contact resistance 

1 
Z -- -- ~/Rs " pc [24] 

W 

attenuation constant 

Pc 

where w : -  contact width (compare with Fig. 2). 
For sufficiently wide contacts (w ~ W) the contact 

resistance according to Eq. [3] becomes (2) 

Re = Z coth ad [26] 

where d is the contact length (compare with Fig. 2). 
Thus an "electrically long" contact (ad > 2) exhibits 

a contact resistance 

Rc ~ Z (~d > 2) [27] 

Hence, from a Rc measurement  n on an electrically 
long contact one can determine the contact resistivity 
using Eq. [24] 12 

ws �9 Rc~ 
pc = - -  (ad > 2) [28] 

R s  

As is derived in the Appendix for the sample structure 
of Fig. 3, the relative error becomes 

Ape 
a Ad [29] 

pc 

Once more, the main  error  is due to a length deter-  
mination.  To allow for easy comparison wi th  an equa-  
t ion of type [12], a homogeneously doped layer  having 
a resistivity PB may be assumed instead of the diffused 
resistor layer. If the thickness of the resistor layer  is 
properly chosen, a measurement  error as small  as 

ape Ps 
. . . . . .  1.4 �9 Ad [30] 

Pc Pc 

can be achieved (see Appendix) .  
Using a l ight microscope for measur ing d, Iadl of 

less than 0.3 ~m may be assumed yielding a compara-  
t ive IA/leff (Eq. [12]) of about 0.4 ~m. 

11 C o m p a r e  w i t h  Eq. [6]. 
T h e  m e t h o d  i s  n o t  e n t i r e l y  r e s t r i c t e d  to  e l e c t r i c a l l y  l o n g  c o n -  

t ac t s ;  u s i n g  t h e  d i a g r a m  of  F ig .  l0  i n  A p p e n d i x  3, shorter contacts  
c a n  be  u t i l i z e d  as  wel l ,  
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Fig. 6. Sample for the interface probing method of determining 

contact resistivity Pc after Ting and then (2), end typical voltage 
profile V(x). Effect of length measurement error IAII on fV(x) dx 
is indicated. 

Interface probing method.--Ting a n d  Cher t  (2) h a v e  
d e t e r m i n e d  c o n t a c t  r e s i s t i v i t i e s  of c o n t a c t s  on  d i f fused  
l a y e r s  b y  p r o b i n g  t he  v o l t a g e  d r o p  ac ross  t h e  m e t a l -  
s e m i c o n d u c t o r  i n t e r f ace .  T h e  s a m p l e  s t r u c t u r e  is s h o w n  
in  Fig. 6. 

As  t h e  T L M  i n d i c a t e s  (1, 12-15) ,  t h e  c u r r e n t  d e n s i t y  
in  s u c h  a c o n t a c t  s u b s i d e s  a l o n g  t h e  x - d i r e c t i o n  a n d  
a c c o r d i n g l y  so does  t h e  v o l t a g e  across  t h e  m e t a l - s e m i -  
c o n d u c t o r  i n t e r f a c e  ( c o m p a r e  w i t h  Eq.  [11 ] ) .  A s s u m i n g  
t h a t  t h e  v e r t i c a l  v o l t a g e  d r o p  in  t h e  s e m i c o n d u c t o r  
l a y e r  is n e g l i g i b l e  c o m p a r e d  w i t h  t h e  i n t e r f a c e  v o l t -  
a g e J  3 t h e  i n t e r f a c e  v o l t a g e  p rof i l e  c a n  b e  p r o b e d  b y  
m e a s u r i n g  t h e  v o l t a g e  d i f f e r ence  b e t w e e n  t h e  r e s i s t o r  
c o n t a c t  0 a n d  t h e  c o n t a c t s  1 t h r o u g h  6 (Fig.  6) .  T h e  
T L M  p r e d i c t s  a n e a r l y  e x p o n e n t i a l  v o l t a g e  d r o p  a l o n g  
x as  t h e  m e a s u r e m e n t s  b y  T i n g  a n d  C h e n  h a v e  c o n -  
f i rmed.  

F r o m  t h i s  p lo t  V (x )  as in  Fig. 6, pc c a n  b e  c a l c u l a t e d  
a c c o r d i n g  to t h e  f o l l o w i n g  c o n s i d e r a t i o n s  

V ( x )  
j ( x )  ----- - -  ( c o m p a r e  w i t h  Eq.  [11] ) [31] 

Pc 

I = W j ( x )  dx = g ( x )  dx [32] 
pc 

Pc = V (x) dx [33] 

T h e  pos s ib l e  e r r o r  in  d e t e r m i n i n g  pc w i l l  n o t  b e  due  
to v a r i a t i o n s  of t h e  m u t u a l  d i s t a n c e s  of  t h e  p r o b e  
f inge r s  as  t h e s e  a r e  f ixed  o n  a s ing le  m a s k .  H o w e v e r ,  
t h e  d i s t a n c e  of a t  l e a s t  one  p r o b i n g  p o i n t  f r o m  t h e  
l e a d i n g  c o n t a c t  edge  h a s  to b e  m e a s u r e d ,  s ince  h e r e  t h e  
a l i g n m e n t  of two  s e p a r a t e  m a s k s  a n d  e t c h i n g  t o l e r a n c e s  
a r e  i nvo lved .  T h e  e r r o r  of t h i s  l e n g t h  m e a s u r e m e n t  Al 
c a n  b e  iden t i f i ed  w i t h  t h e  u n c e r t a i n t y  of t h e  p o s i t i o n  
of t h e  y - a x i s  r e l a t i v e  to  t h e  p r o b i n g  p o i n t s  (Fig.  6 ) .  
T h e  effect  o n  pc is t h e n  a c c o r d i n g  to Eq.  [33] 

W 
Ape ~-- �9 V ( o )  . ~l  [34] 

I 

F o r  V (o) ,  t h e  T L M  y ie lds  a p p r o x i m a t e l y  

I 
V ( o )  ~ pc �9 = �9 ~ [35] 

W 

T h e  i n s e r t i o n  of V (o)  i n t o  Eq.  [34] y i e l d s  t h e  r e l a t i v e  
e r r o r  

~3 This is also one of the basic assumptions for the TLM and is 
correct in most of the practical cases of at least a luminum-s i l i con 
contacts (1). 
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Fig. 7. Comparison of methods for determining contact resistivity 
Pc. 

hpc 
. ~  ~ �9 ~ l  [36] 

pc 

This compares w i th  Eq. [29] derived for the T L M  
method. Hence, Eq. [301 is val id  also for the interface 
probing method, i f  ~d is replaced by Al. 

The determination of the distance between a probing 
p o i n t  a n d  t h e  l e a d i n g  c o n t a c t  edge  c a u s i n g  t h e  e r r o r  
~l, r e q u i r e s  t w o  s e p a r a t e  m e a s u r e m e n t s ,  n a m e l y  t h e  
p r o b i n g  f inge r  to  c o n t a c t  edge  d i s t a n c e  a n d  t h e  f inge r  
w i d t h .  T h e  f inge r  w i d t h  h a s  to  b e  d i v i d e d  b y  2, a s s u m -  
ing  t h a t  t h e  a c t u a l  p r o b i n g  p o i n t  l ies  on  t h e  c e n t e r  l i ne  
of t h e  f inger .  14 T h u s  in  t h e  w o r s t  case  t h e  t o t a l  l e n g t h  
m e a s u r e m e n t  e r r o r  is 1.5 t i m e s  t h a t  of t h e  T L M  
m e t h o d .  T h i s  r e s u l t s  in  a c o m p a r a t i v e  v a l u e  I• 
0.6 ~m. A l t h o u g h  less  a c c u r a t e  u n d e r  r e g u l a r  c o n d i -  
t ions ,  t h e  e x t r a p o l a t i o n  m e t h o d  a p p e a r s  s u p e r i o r  to t h e  
T L M  m e t h o d  in  cases  w h e r e  t h e  s h e e t  r e s i s t a n c e  Rs of 
t h e  s e m i c o n d u c t o r  l a y e r  is a l t e r e d  b e n e a t h  t h e  c o n t a c t  
b y  t h e  c o n t a c t  m a k i n g  process .  I n  t h i s  case  i t  b e c o m e s  
i n t r i c a t e  to  d e t e r m i n e  t h e  r i g h t  v a l u e  of  Rs n e e d e d  in  
t h e  T L M  m e t h o d  a c c o r d i n g  to Eq.  [28] [ c o m p a r e  w i t h  
C h a n g  ( 1 6 ) ] ,  w h e r e a s  t h e  i n t e r f a c e  p r o b i n g  m e t h o d  
does  no t  r e q u i r e  a Rs m e a s u r e m e n t  a t  all. 

Concluding comparison.--In t h e  f o r e g o i n g  a n a l y s i s  of 
v a r i o u s  d - c  m e t h o d s  fo r  c o n t a c t  r e s i s t i v i t y  d e t e r m i n a -  
t i on  t h e  e m p h a s i s  h a s  b e e n  o n  m e a s u r e m e n t  accu racy .  
I t  h a s  b e e n  s h o w n  t h a t  Eq.  [12] is i n d e e d  v a l i d  fo r  a l l  
t h e s e  m e t h o d s ,  so t h a t  t h e i r  e r r o r  m a y  b e  c o m p a r e d  on  
t h e  bas i s  of  t h e  e r r o r  !Alleff of t h e  e r u c i a l  l e n g t h  m e a -  
s u r e m e n t s .  

H o w e v e r ,  be s ide s  a c c u r a c y  a f e w  o t h e r  c r i t e r i a  
s h o u l d  b e  c o n s i d e r e d  as l i s t ed  in  Fig.  7. One  w a n t s  to 
k n o w  w h e t h e r  t h e  c o n t a c t  is i n d e e d  ohmic ,  w h i c h  r e -  
q u i r e s  a l i n e a r i t y  check .  C h e c k s  for  h o m o g e n e i t y  a r e  
also i m p o r t a n t  to  c o n f i r m  t h a t  t h e  c o n t a c t  r e s i s t i v i t y  
d e t e r m i n e d  is m e a n i n g f u l  and ,  of course ,  a good 
m e t h o d  uses  s a m p l e  d i m e n s i o n s  t h a t  a r e  r e p r e s e n t a t i v e  
for  t h e  a c t u a l  d e v i c e  con tac t s .  F i g u r e  7 g ives  a c l e a r  cu t  
b e t w e e n  p o s i t i v e  a n d  n e g a t i v e  a n s w e r s  to  t h e s e  
c r i t e r i a .  15 T h e r e  o n l y  r e m a i n  t h e  T L M  a n d  t h e  i n t e r f a c e  
p r o b i n g  m e t h o d s  w i t h  a l l  p o s i t i v e  a n s w e r s .  F r o m  t h e  
o t h e r  m e t h o d s ,  t h e  d i f f e r e n t i a l  m e t h o d  is s t i l l  a t t r a c t i v e  
as i t  of fers  h i g h  a c c u r a c y  a n d  as i t  c a n  be  ea s i ly  a p -  
p l i ed  to  l i g h t l y  d o p e d  s e m i c o n d u c t o r  s amples .  

M e a s u r e m e n t s  on AI-Si  Contac ts  
T h e  d i f f e r e n t i a l  a n d  t h e  T L M  m e t h o d s  h a v e  b e e n  

used  to d e t e r m i n e  t h e  d e p e n d e n c e  of pc on  s e m i c o n d u c -  
to r  d o p i n g  l e v e l  fo r  A1-Si  con tac t s .  A l l  c o n t a c t s  w e r e  
on  < 1 0 0 >  o r i e n t e d  s i l i con  a n d  h a d  b e e n  s i n t e r e d  a t  

14 For completeness it ought to be mentioned that this would he 
exactly true only in case of a uniform potential distribution along 
the finger width. The deviation of the actual probing point, from 
the center line. however, should be equal for all fingers (except 
near the contact end) due to the nearly exponential voltage drop. A 
corresponding correction of the position of the y-axis is principally 
possible from model measurements, if necessary at all. 

15 For the measurement error criterion a t Al elf of 1 /~m was 
chosen as a border between "positive" and "negative answer, cor- 
responding to a pc error of 10% if a ratio pB/pc = 0.1 /~m is assumed. 
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Fig. 8. Contact resistivity vs. surface doping of <I00> oriented 
silicon for AI contacts, measured with differential or TLM method. 
Results by Ting and Chen (2) included for comparison (interface 
probing method). 
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Fig. 9. Contact resistivity pc vs. bulk resistivity pB according to 
Fig. 8 for determination of measurement accuracy. 

400~ for 20 min. The differential method has been 
most convenient  for the high-ohmic p- type samples. In  
all other cases the TLM method has been applied using 
the sample s tructure of Fig. 3. 

Figure  8 shows a plot of the results vs. surface doping 
of the silicon. Good ohmic contacts on n - type  mater ia l  
could be achieved only above ~ 5 - 1019/cm3. Below 
this doping level the contacts become at least par t ly  
Schottky diodes,16 and a meaningfu l  contact resist ivity 
cannot be specified. 

On p- type silicon the very wide doping range of 1015 
�9 . . 1021/cm3 could be covered. Some of the samples, 
however, were inhomogeneous, with different contact 
resistivities at the contact edges and the center. By 
using different contact lengths and a supplement  to the 
TLM method as described in Appendix'  3, an upper  and 
a lower l imit  for PD have been determined in  these 
cases. 

The results by Ting and Chen (2) who used the in-  
terface probing method show some disagreement with 
the author 's  measurements  on the highly doped n- type  
samples (compare with Fig. 9). However, the difference 
might be due to the difficulties of de te rmin ing  surface 

1 6 T h e  m e a s u r e m e n t s  on different  contact  l engths  indicated  that  
S c h o t t k y  diodes w i t h  a v e r y  strong e d g e  l eakage  have  b e e n  obtained.  

concentrat ion especially in the high doping range. The 
author has used differential sheet resistance measure-  
ment  on these n- type  samples. For the p- type sample 
a gaussian profile has been assumed, al lowing the use 
of Irvin 's  curves (17). 

The measurements  have demonstrated the applicabil-  
ity of the differential and the TLM methods. But they 
have pointed also to the general  difficulty that inhomo- 
geneities in the contact can appear and thus proper 
checks are necessary. The condi t ions  which give rise 
to such inhomogeneities and their  control deserves in-  
vestigation, as fluctuating contact resistivities lead to 
uncontrol led current  densities and thus are a potential  
rel iabil i ty risk. 

To get an impression on the possible effect of the 
length measurement  on the contact resist ivity errors 
according to Eq. [12], a diagram pc vs. PB (Fig. 9) has 
been derived from Fig. 8, using I rvin ' s  curves (17) of 
resistivity vs. doping. In  such a log/log-plot  curves of 
constant  PB/Pc become straight lines, e.g., for p- type  
silicon the error becomes almost independent  of doping 
level; according to the range of uncer ta in ty  shown, it 
lies between 4 and 40%, assuming a I~/leff of 0.4 #m. 
For n- type  silicon the error is a very strong funct ion of 
bulk resistivity. 

Summary 
The definitions of the terms contact resistance and 

contact resistivity offered in this paper prevent  confu- 
sion especially when dealing with contacts of nonun i -  
form current  distribution. Concurrently,  the definitions 
are well adapted to measurement  requirements�9 

In  the discussion of different d-c methods for con- 
tact resistance determination,  crucial length measure-  
ments  have been revealed as a common main  source of 
error. Considering all per t inent  requirements,  the TLM 
method, the interface probing method, and the differ- 
ential method are the most promising. 

Measurement  results on A1-Si contacts using the dif- 
ferential  and the TLM methods have enlarged the rare 
data on contact resistivities. From these results a dia- 
gram for predicting the error of contact resistance de- 
te rminat ion  has been derived. 

This paper can render  some guidance to the technol-  
ogist, how to characterize contacts dur ing process de- 
velopment  work and in production control. Moreover, 
the newer methods offered and the better  appreciation 
of measurement  accuracy might help the theorist as 
well in relat ing theoretical results with experimental  
data. 
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APPENDIX 

I. Measurement Error of the Twin Contact Method 

According to Eq. [14] 

1 
Pc : -- (RAB �9 Ac -- PB " l )  [A-l] 

2 

PB is determined in a preceding measurement on the 
semiconductor body. No matter whether a four-point 
probe (8) or the Van der Pauw method (7) is used 
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here, PB can be traced back to 

PB = Rx " l* [A-2] 

which says that  both a resistance and a length mea-  
surement  ~7 are necessary, each with its inherent  error. 

Using [A- l ]  and [A-2] and applying the total differ- 
ential, one obtains for the error of pc as a function of 
the contr ibut ing errors 

]APc[~:: : - -Rx ' I ' /*[  R A B ' A c 2  Z -  / :~'~ ( i ARA'---'~BRAB 

] AAc AL* [ At [ AR~ 

[A-3] 

Dividing by pc, resubst i tu t ing Rx ' l* by PB and replac- 
ing RAB " Ac/pB �9 I by 1 -b (2pc/PB " l) according to 
Eq. [A- l ] ,  one obtains the relative error 

Ap__~ _~ PB / z + , -  

pc 2pc PB " / IRAB 

+ + ! -5-  + I-V 
[A-43 

The pc de terminat ion  is critical, since both terms on the 
r igh t -hand  side of Eq. [A- l ]  are usual ly large as com- 
pared to pc. Hence in these critical cases the term 
2pc/PB �9 l, in Eq. [A-4] may be neglected, which yields 

&Pc PB " / ( ARAB AAc 

A/* iAl AR=) + l* + -7-  + ~ [A-5] 

Using accurate equipment,  the errors of resistor mea-  
surement  can be kept  much smaller than usual length 
measurement  errors. Thus by neglecting the resistor 
errors, Eq. [A-5] can be wr i t ten  as 

~cPC % ]A/left [A-6] 
P._~_B. 

Pc 
where 

[ A / l e f  t Y ( AAc ---- �9 - k  / [ A - 7 ]  

Assuming a sufficiently large contact area Ar the 
AAc 

e r r o r  ~ can also be neglected, so that  for the 

Van der Pauw method w i t h / *  = l, one simply obtains 

[Alleff = IA/I [A-8] 

2. Measurement Error of the TLM Method 
S t a r t i n g  w i t h  Eq. [28]  

w 2 �9 Rc 2 
pc = - -  

R s  
one obtains 

o r  
l n p c = 2 1 n w - - l n R s + 2 1 n R c  [A-9] 

d pc d w d Rs d Rc 
---- 2 - -  - -  -t- 2 -  [A-1O] 

Pc W Rs Re 

Doubtlessly, the main  error will  be due to the error 
in determining Rc, because of the small differences of 
large numbers  to be taken in Eq. [6], so that 

~pc ARc 
= 2 [A-11] 

Pc Rc 

It is convenient  to introduce a term y = ll/12 in Eq. [6] 

l % . y  - -R1 
Rc = [A-12] 

2 ( y -  1) 

1~ Van der  Pauw method:  I* = I = thickness of the sample. Four-  
point  probe: l* = s = distance between probe tips if I > >  S. 

The total differential then  becomes 

ORc OY ORo 8Y 
dRc = "dl l  -}- " " dl2 

Oy 011 OY 012 

ORc ORe 
-t- " dR2 "k - -  " dR1 [A-13] 

OR/ OR1 

From these error consti tuents the par t  due to length 
measurement  errors will  be considered first 

ARc(AI) ORe ( Oy OY ) Oy ~ All -k ~ Ah [A-14] 

Looking at Fig. 3 one conceives that  All or A/2 are re- 
lated to the variat ions Ad of contact hole lengths, as the 
center distances of the contact holes are fixed by the 
photomask. Within the small area of a diffused resistor 
the over-  or underetching of contact holes is tracking, 
so that one can assume 

All = Al~ = -- Ad [A-15] 

thus getting from Eq. [A-14] 

ARc(AS) ~ a r c .  ~d - ~  -~ [A-161 
Oy 

Carrying out the differentiations, one obtains 

ARc(A/) 1 R1 -- R2 Ad 
[A-17J 

Rc Ro (y -- 1) /2 

Assuming a sufficiently long contact, so that  Rc ~ Z 
(Eq. [26J and [27] and considering Eq. [5] one can 
write 

ARc (Al) Rs 
- -  �9 A d  [ A - 1 8 ]  

Rc 2W �9 Z 

With w ~ W from Eq. [24] and [25] one recognizes 
this as 

ARc (AS) a 
. . . .  Ad [A-19J 

Re 2 

The second error cont r ibut ion  by resistor measurement  
errors (Eq. [13]) can be wr i t ten  as 

ORe AR2 ORe ARx 
�9 . R ~ - } - - -  - - . R ,  

aRc(AR) ~ OR2 R2 OR1 R1 
[A-2O] 

A constant  relat ive error of resistor measurement  shall 
be assumed for simplicity 

AR2[ __ AR1 I - ~ - j  = M [A-21] 

so that  Eq. [A-2O] leads to 

[A-221 

Carrying out the differentiations on Eq. [A-12] one 
arrives at 

ARo(AR) I Rz �9 y -t- R1 [A-23] 
Rc < M -  R 2 " y - - R 1  

After some conversions using Eq. [3] for R1 and R2 and 
taking Rc ~ Z, w ~ W with Eq. [24] and [25], [A-23] 
becomes 

ARc(AR) a bY + Y -b 1 
Rc < M " [A-24] 

~ y - - 1  

This error  is minimized by choosing y > >  1 

I ARc(AR) M (a~2 1) (y 1) [A-25] < + > >  
Rc 

Now this result  can be compared with the error contr i-  

but ion ARCRc(AI) I after Eq. [A-19]. One may assume 

that usual ly  al2 > 1. Thus it is sufficient to compare 
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M �9 a �9 12 with ~lz~d]. In  the sample s tructure accord- 
ing to Fig. 3, /2 = 15 /~m has been used, but  it is pos- 
sible to reduce it to ~ 7 ~m. With precision equipment  
M --  3 �9 10-3 can be achieved. Using a light microscope 
for measur ing d, ladl - -  3 �9 10 -1 ~m would be possible, 

so t h a t M / 2 < <  [ ~ 1  i s t r ue .  T h i s m i g h t e h a n g e ,  if, 

e.g., an electron scanning microscope is used for the 
measurement  of d. So far, however, the prevai l ing 
error of pc is according to Eq. [A-19] and [A-11] 

Ape 
a Ad [A-26] 

Pc 

a can be related to a quotient pc/pc as it appears in Eq. 
[12] by taking a homogeneously doped resistor. Ac- 
cording to an extended TLM (--ETLM) (1) the cor- 
responding a becomes 

1 1 
~* -- " - -  [A-27] 

h 

where ~ -- P ~  and h -- semiconductor layer  thick-  
PB " h 

ness. 
For reasons of accuracy one requires a m i n i m u m  ~] 

of 2, which also allows the term 0.2 in Eq. [A-27] to 
be neglected.IS Mult iplying with ~/~ one then obtains 

Pc 

Adjust ing the s tructure for the m i n i m u m  ~ of 2, one 
then obtains wi th  Eq. [A-26] 

Ape PB 
~ �9 1.4 �9 Ad [ A - 2 9 ]  

P~ Pc 

3. Supplement to the TLM Method 
Contacts having  ~d < 2 can be treated as follows: 

combining Eq. [24], [25], and [26] one obtains 

Rs " d 
R'c �9 w = ad �9 t anh  ad [A-30] 

from which via the diagram, Fig. 10, a can be deter-  
mined when Rs, d, Rc, and w are known. Equat ion 
[25] then yields 

Rs 
p~ " -  -- [A-31] 

a2 

There are two more possibilities of determining ~ re- 
quired in Eq. [A-31]. A measurement according to Fig. 
11 ]eads to a "contact end resistance" value Re ---- vJi~, 
which according to the TLM becomes 

Z 
Re ---- - -  [A-32] 

sinh ad 

Thus from the quotient  (compare Eq. [26]) 

Rc 
-- cosh ad [A-33] 

Re 

can be determined. 
If the contact again is electrically long (ad ~ 2), Eq. 

[A-32] can be approximated by  

Z 
Re ~ -- " e -ad [A-34] 

2 

Taking two contacts with a length difference Ad = 

i s  H o w e v e r ,  t h i s  t e r m  m a y  n o t  b e  n e g l e c t e d  i n  t h e  r e s u l t  pc w h i c h  
0 .2  

h a s  t o  be corrected b y  ~ - -  - -  (1 ) .  

Y 
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Fig. |0. Diagram for determination of attenuation constant ~ via 
contact resistance Rc. 

~ V2 

Rr ~ V ~ _ ~  T LM Rc 

~ . o  

Fig. 11. Measurement of contact end resistance Re 

(dl -- d~) one obtains 

Re2 
e a2~d [A-35] 

R e 1  

yielding a. This procedure offers an  advantageous 
means of process control as the difference Ad is fixed 
by the photomask and is influenced only very li t t le 
by the contact opening process. Thus the critical length 
measurement  can be saved. The pc results, however, 
are influenced much more by  small contact homoge- 
neities than when using the more averaging Rc ac- 
cording to Eq, [28]. 
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ABSTRACT 

The differences in nonstoichiometric and controlled valence n - type  semi- 
conductors based on t in oxide are considered. The thermodynamic  stabil i ty of 
t in  and an t imony oxides are calculated, and an assessment is made of the 
l ikely stabilities of the various forms of semiconductor. 

Conducting t in oxides have been known for many  
years; thus Foex (1) reviewing work done up to 1943 
cites investigations reported as early as 1910. However, 
al though a number  of authors have recently described 
methods for producing n- type  semiconducting t in  ox- 
ides, they have not always made clear what  chemical 
species were responsible for producing the conductiv-  
ity. Thus, for instance, Miloslavskii (2) employed 
pyrolytic decomposition of mixtures  of SnII  and SnIV 
chlorides at 500~176 to produce a semiconducting 
film on glass, whereas Bartholomew and Garfinkel (3) 
used SnC12 and  Arai and co-workers (4) used SnC14. 
More commonly a mixture  of SnIV and SbIII  or FI  
compounds are used. It was therefore thought useful 
prior to a t tempt ing to prepare t in  oxide semiconductors 
from solution to investigate the types of semiconductor 
which might  be produced by different dopants as well  
as their probable stability. 

Nonstoichiometric and Controlled Valence 
Semiconductors 

Verwey (5) has described the basic difference be- 
tween nonstoichiometric and controlled valence semi- 
conductors. In  the former, for every ion of deviating 
valency inserted into the lattice a defect such as a la t -  
tice vacancy must  also be introduced; in the latter,  
extra  ions are added so that  there is no incorporat ion 
of lattice defects. 

Consider a fraction 8 of the SnIV sites in a SnO2 
crystal to be substi tuted by SbIII, by formally taking 
5/2 moles of Sb203 and (1 -- 8) moles of SnO2 to give 

Sn 4+ (1-5) Sb3+5 02--(2--5/2) 

Such a system, which has correctly balanced charges 
of (4-- 6)+ and (4 - -5 ) - - ,  if based on a eassiterite 
lattice has 8/2 moles of vacancies on oxide sites. These 
may be filled if the material is heated in an oxygen- 
containing atmosphere, provided that there are elec- 
trons available within it to reduce the oxygen. Here 
we have Sn4+(1_5) Sb3+ 8 02-(2_6/2) reacting with 8/4 
02 to give 

Sn4+(,-5) Sb4+ 6 02-2 
i.e. 

Sn4+(i-5) e6 Sb5+8 02--2 

where there are 8 moles of electrons donated to the 
conduction band of the lattice. This material has no 
defects and is a controlled valence semiconductor. For 
the successful formation of such a substance it is es- 
sential that complete air oxidation of antimony to 
8b205 does not occur 

Sn4+(i_5) Sb3+ 5 02-(2_6/2) 

5/2 O2 
) 81%4+(1--6) Sb  5+ 02-(2_5/2) 

This system is an insulator. 

Key words: tin oxide,  semiconduct iv i ty ,  thermodynamic stability. 

In  contrast with the SnIV/SbI I I  system it is impossi- 
ble to produce a controlled valence SnIV/SnI I  semi- 
conductor. On combining 8 moles of SnO with (1 -- 8) 
moles of SnO2 the nonstoichiometric oxide 

Sn4+(i_8) Sn2+5 O2-(2_5) 

is formed. This is likely to be a semiconductor since 
the 2 moles of electrons formally assigned to the Sn 2 + 
ions will be free to move to other Sn 4 + sites. However, 
to form a controlled valence semiconductor an addi- 
tional 8/2 moles of oxygen would be required to be in- 
corporated with an associated transfer of 28 moles of 
electrons from the SnII. Thus pure insulating SnO2 
would be formed. The stability of the nonstoichiometric 
tin oxide under different conditions of temperature 
and oxygen partial pressure will depend basically on 
the relative stabilities of SnO and SnO2. A similar 
argument may be advanced for a system containing Sn, 
such as 8n4+(i-5) Sn5 02-(2-25). 

A controlled valence semiconductor may however be 
formed by substituting 8 moles of oxide ions by chlo- 
ride ions in the lattice to give 

Sn 4+ e5 O2-(2-5) CI-5 

Since chlorine has one less 2p orbital to fill than oxy- 
gen, for every chloride substitution a tin atom must 
retain an extra 5s electron which enters the conduction 
band of the lattice. 

Thermodynamic Stability of the Oxides 
The stabilities of the oxides of t in  and an t imony  over 

the range of temperatures  300~176 were calcu- 
lated using the equat ion 

A G  ~ : ~H ~ + aT In T + bT 2 + cT -1 + IT 

and values for the parameters from the U. S. Bureau of 
Mines Bulletin 542 (1954). El l ingham diagrams for the 
formation of SnO and SnO2 and for Sb203 and Sb205 
are shown in Fig. 1 and 2, respectively. From the func-  
tions i l lustrated the free energy changes for the reac- 
tions 

2 SnO + 02 -> 2 SnO2 
and 

Sb20~ + 02-~ Sb205 

were determined and are given in Fig. 3 together with 
the corresponding equilibrium constant functions in 
Fig. 4. It is apparent that in the presence of oxygen 
SnO2 is considerably more Stable than SnO over the 
whole temperature range investigated. On the other 
hand the difference in stabilities between Sb203 and 
Sb205 is not so great and above 1240~ the former is 
the more stable. In interpreting this result it is im- 
portant to note that it holds for pure Sb203 with re- 
spect to Sb205 and that it is not possible to conclude 
that SbIII is never stable in oxygen below this tem- 
perature. 
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Fig. 1. AB: free energy of formation of 2SnO, CD: free energy of 
formation of 2Sn02. 
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Fig. 2. AC: free energy of formation of $b203 (cubic in solid 
state), BC: free energy of formation of Sb203 (orthorhombic in 
solid state), DE: free energy of formation of Sb205. 
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Fig. 3. AB: free energy of oxidation of Sb203" to Sb205, CO: 
free energy of oxidation of Sb203' to Sb205, EF: free energy of 
oxidation of Sb203 to Sb205, GH: free energy of 2SnO to 2SNO2. 
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Fig. 4. AB: 2SnO + 02 "~ 2SnO~, CO: Sb203 -~- 02 -~ 2Sb205, 
EF: Sb2~'  n L 02 ~ Sb205, GH: S1~03" -I- 02 ~ Sb205. 

A number  of other  ant imony oxides are known, such 
as ~- and ~-Sb204 and Sb~O13, which contain ant imony 
in III  and V oxidation states. X - r a y  crystal lographic 
studies (6) of the two Sb204 oxides have shown them 
to consist of units of SbV octahedral ly  surrounded by 
oxygen and SbIII  having a "one-sided" fourfold co- 
ordination. The la t ter  envi ronment  is ve ry  different 
from that  of Sb in e i ther  or thorhombic  (low tempera-  
ture) or cubic Sb203. 

Sb204 consists of an equal  number  of SbIII  and SbV 
units and we take 

2Sb204 -~- Sb203' �9 Sb205 

where Sb203' represents  the t r iva lent  an t imony oxide 
in Sb204. Assuming that  the pentavalent  oxide in this 
compound is ve ry  similar  to Sb205, the free energy of 

format ion of a mole of Sb203 in the Sb204 system was 
estimated as 

(AG~ Sb203' = 2 ($G~ S b 2 0 4  - -  (aG~ Sb205 

This function is shown as curve CD in Fig. 5. I t  is 
seen that  the stabil i ty of Sb203' is so much enhanced 
that  SbeO4 is stable to oxidation at much lower  t em-  
peratures  than Sb203. Another  wel l -charac ter ized  
oxide, Sb6013 may  be t reated in a similar way  as 
Sb203" �9 2SbsOs. AG~ for 1 mole of SbsO8 in Sb~O13 
was est imated as 

(z~G~ $ b 2 0 3 "  = ( A G ~ f )  S b 6 0 1 8  - -  2 (aG~ S b 2 0 5  

and is shown in Fig. 5 as curve  EF. The SbIII  is seen 
to be fur ther  stabilized to oxidation. 
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Fig. 5. AB: free energy of formation of Sb20:3, CD: free energy of 
formation of Sb203', EF: free energy of formation of Sb203", GH: 
free energy of formation of Sb205. 

Tin does not possess a similar stable group of mixed 
oxides. Some evidence for the existence of Sn304 has 
been suggested as a result  of thermochemical  investiga- 
tions of SnO (7) and a quan t i ty  of a compound with 
formula ShoO6 has been reported, produced by heat-  
ing SnO in vacuo or under  argon above 750~ (8). 
However the experiments  of Niwa, Yamai, and Wada 
(9) suggest that  such materials  are composed of a mix-  
ture of SnO2 and Sn. 

So far we have considered the stabili ty of the lower 
oxidization states of t in  and ant imony to oxidation. 
One must  also take into account disproportionation 
reactions of the type  

2SnO-~ Sn + SnO2 
and 

5Sb~Oa -> 4Sb + 3 Sb20~ 

There have been a n u m b e r  of reports on the stabili ty 
of s tannous oxide with respect to disproportionation. 
Pla t teeuw and Meyer (10) heated SnO in vacuo above 
300~ and completely decomposed it into Sn and SnO2. 
Niwa et al. (9) in their  x - r ay  s tudy found that  at 
550~ the decomposition was rapid and complete, but  
that  below 500~ the kinetics were slow. On the other 
hand  they noted that  heat ing a mixture  of Sn and SnO2 
at 400~ did not result  in  the production of any SnO. 
In  Fig. 6 the s tandard free energy changes of the SnO 
and 85203 disproport ionation reactions are plotted as 
a funct ion of temperature,  and it is seen that  solid SnO 
is thermodynamica l ly  unstable  over the entire tem- 
perature range considered. In  contrast, Sb203 is com- 
pletely stable to disproportionation. 

Conclusions 
A number  of conclusions may be d rawn  from the 

above calculations. First, since SnO is very susceptible 
to air oxidation nonstoichiometric semiconductors of 
the type Sn4+(,_a) Sn2+ 5 O2-(2_a) are not l ikely to be 
stable in air. Further ,  at high temperatures  in the ab-  
sence of oxygen SnO disproportionates to Sn and SnO2. 
Therefore al though it may be difficult but  possible to 
make reproducible Sn I I /Sn IV  semiconductors, it is 

2 0 0  

A 

150 

.7, 1oo 

50  

- 5 0  

T ( ~  

5 0 0  1000 1500 
J I 1 

C ~ 
" D  

Fig. 6. AB: free energy change for 5/4 Sb20~ ~ Sb + 3/4 
Sb205, CD: free energy change for 2SnO -~ Sn -[- SnO2. 

very unl ike ly  that they will  be stable in air. Several  
types of dopant may  exist in a lattice. Nevertheless it 
is concluded that  conducting t in oxide films formed by 
pyrolysis of t in  (II or IV) chlorides probably owe 
their conductivi ty almost ent i rely to the inclusion of 
chloride ions in the lattice. Although the free energy 
change for the react ion 

SnCl2 + 02--> SnO2 + C12 

has been calculated (3) to be --1368 kJ at 700~ it is 

8 
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- 1 4 0 0  

I ] I 
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Fig. 7. AB: free energy of 2$n0 -1- $b205, CD: free energy of 
2SNO2 + Sb203. 
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not necessary that the replacement  of chloride ions by 
oxygen be fast. Indeed Miloslavskii noted an i rreversi-  
ble decrease in conductance after long baking at tem- 
peratures above 350~ which may be due to such a 
slow replacement  (2). 

A result  of the relative instabil i ty of SnO with re- 
spect to SnO2 is that  the reaction 

2SNO2 + St>203 ~ 2SnO ~- Sb2Os 

is not feasible, as is seen in Fig. 7, there being a free 
energy increase of 335 kJ associated with the process. 
The equivalent  redox reactions with 8b204 or Sb601:~ 
are even less likely. This reaction must  not however 
be confused with 

Sn4+(1-~)  Sb3+~ O2-(2_~i/2) 

+ 5/4 0 2 ~  Sn4+r e~ SbS+~ O2-.., 

the process which gives rise to the controlled valence 
semiconductor. 

The relative stabil i ty of t r iva lent  an t imony oxide 
species would suggest the possibility of forming the 
controlled valence semiconductor ra ther  than the com- 
plete oxidation of the ant imony to Sb2Os. 

Manuscript  submit ted June  20, 1971; revised m a n u -  
script received Sept. 16, 1971. 

Any discussion of this paper will appear in a Dis- 
cusslon Section to be published in the December 1972 
JOURNAL. 
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ABSTRACT 

A method is described for preparing semiconducting t in oxide by precipita-  
tion from solution. Materials subjected to heat t rea tment  at a number  of tem- 
peratures have been characterized by x-ray,  spectroscopic, and conductance 
measurements.  

There has recently been considerable interest  in 
the electrochemical behavior of semiconducting t in 
oxides (1-3, etc.). Up unt i l  now the work has been 
main ly  concerned with the use of th in  films of this 
mater ial  deposited on a glass or quartz substrate. In 
this form electrodes have been prepared which can 
be used to observe electroactive species near  the 
electrode-solution interface by in te rna l  reflectance 
spectroscopy in the visible region of the spectrum 
(2-5). Such electrodes are usual ly prepared by hydro-  
lyzing a volatile t in  compound, together with a suit-  
able dopant, on a glass substrate at high temperature.  
A detailed method for prepar ing thick crystall ine 
films in anhydrous  conditions has been reported by 
Bartholomew and Garfinkel (6). The use of semi- 
conductors in the form of th in  films, however, has 
disadvantages for many  applications. Further ,  the 
method of preparat ion makes it necessary to t reat  the 
samples at a m in imum of 400~ thus excluding in-  
vestigations of the very interest ing low-tempera ture  
types of semiconductor. F ina l ly  to produce exactly 
reproducible samples by the pyrolytic method re- 
quires considerable exper imental  technique. This pa- 
per describes a method of producing the semiconduc- 
tors by precipitat ion from solution. 

Verwey (7) has defined controlled valence oxidic 
semiconductors as oxides to whose lattices have been 
added a number  of ions of deviat ing valency without  
the s imultaneous incorporat ion of lattice defects, i.e. 
appropriate counteriolls must  be included. The ions 

Key w o r d s :  t in oxide, semiconductivity, thermogravimetric analy- 
sis, spectroscopy. 

of deviating valency are subst i tuted for the main  lat-  
tice ions and thus must  be of similar size and charge. 
Controlled valence n - type  semiconductors may be 
prepared by subst i tut ing ions such as SbIII  for the 
SnlV of the cassiterite lattice, or FI, or even ClI 
for the OIL [The conductance of SnO~ th in  films pre-  
pared by the pyrolysi~ of pure  SnC14 is probably due 
ent i rely to residual  chloride in  the lattice (9, 13).] 
In this work we have investigated the preparat ion and 
properties of "bulk" SbIII -doped (controlled valence) 
and SnII-doped (nonstoichiometric) SnO2 semicon- 
ductors. 

Preparation 
Ant imony-doped  semiconductors were prepared by 

the coprecipitation with ammonium hydroxide of an-  
t imony and t in hydroxides from appropriate mixtures  
of an t imony and t in chloride solutions in  HCI, fol- 
lowed by  a washing procedure and heat t reatment .  
Sn I I /Sn IV  semiconductors were made in  a similar 
manner,  taking par t icular  care to exclude air from 
the system at all times. 

Stock solutions of SbCla, SnC12, and SnCl4 were 
prepared in  HCI using "Analar"  grade reagents. Vol- 
umes of these were taken  to give 0.1 mole of tin 
oxide with a composition range of dopant  of 0.1-5.0 
m/o  (mole per cent) for SbIII-doped samples and 
1.0-5.0 m/o  for SnII -doped samples. On mixing the 
SnCI4 and dopant  solutions a yel low-orange color of 
a solution interact ion species (9, 10) was always 
observed. Oxygen-free ni trogen was passed through 
the solution to provide st i rr ing and to prevent  air 
oxidation of the SnII  in  the case of the SnIV-SnI I  
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system. The solution was main ta ined  at 100~ on a 
steam bath and 3.5% ammonia  solution was added 
dropwise un t i l  a pH of 3.2 had been  achieved. The 
result ing mixed hydroxide precipitate was washed 
al ternate ly  with NH4NO3 solution (to prevent  pepti-  
zation) and with water  unt i l  the washings showed 
no trace of chloride ion. The precipitate was then 
peptized to release any  fur ther  occluded chloride and 
recoagulated with NH4NO~ solution. F ina l ly  the pre-  
cipitate was washed with water  and filtered. 

Since the presence of chloride ion was likely to 
seriously affect the semiconducting properties of the 
material,  it was necessary to minimize contaminat ion 
of the final product  by this species. Kirkov (11, 12) 
favors the fast precipitat ion of Sn(OH)4 in the cold 
in order to lessen the danger of occluding chloride in 
the precipitate. A precipitate formed in this way is, 
however, almost colloidal in nature, and the large 
surface area causes a high chloride adsorption. Since 
the precipitate does not settle well, it is difficult to 
remove the chloride-rich mother  l iquor right after 
the precipitation. With our technique, a precipitate 
was formed which se t t l ed  well  and allowed this li- 
quor and subsequent  washings to be readily decanted. 
The bu lk  of the chloride was thus removed before the 
precipitate was peptized and subjected to final washing. 
A test for chloride ion was made by refluxing approxi-  
mately  lg of powdered sample of precipitate which had 
been dried at 45~ in 50 ml of concentrated NaOH unt i l  
it dissolved. The t in was precipitated from this solu- 
t ion as metastannic  acid, using HNO3, and filtered 
off. The resul t ing filtrate was tested for chloride by 
adding acidified 0.1M AgNO3; no turbidi ty  was found. 
Since it was considered very  unl ike ly  that  a large 
proportion of any  chloride ion present  in the original 
sample would coprecipitate with the metastannic  acid, 
it was concluded that any contaminat ion by chloride 
was too low to be significant. 

The yellow gel-like precipitates were dried for 48 hr 
at 45~ in air for the SbIII-doped samples and under  
a ni t rogen flow for the SnII-doped samples, to give 
large (0.5 cm) pieces of a t ransparen t  amber  material.  
Samples of this mater ial  were broken up and sub- 
jected to heat t rea tment  at temperatures  from 100 ~ 
to 1200~ 

Results and Discussion 
Stability 

It was found that all the SbIII -doped materials 
were completely stable and had reproducible prop- 
erties throughout  the composition and hea t - t rea tment  
ranges investigated. On the other hand it was very  
difficult to prepare reproducible SnII-doped materials  
because (a) under  the low oxygen part ial  pressures 
necessary to prevent  oxidation there was oxygen loss 
from the sample and the production of variable non-  
stoichiometric semiconductors and (b) the semicon- 
ductors once prepared, especially those dried at low 
temperatures,  varied in  weight and resist ivity on 
standing exposed to the air. 

These results agree with the predictions made in 
the preceding study where the stabil i ty of possible 
semiconducting materials  was considered (13). 

Thermogravimetric analysis.--Samples of the clear 
amber  mater ia l  which had been held at 45~ for 
48 hr  were subjected to thermogravimetr ic  analysis 
in a Stanton Massflow Thermobalance.  In  Fig. 1 the 
lower curve corresponds to a TGA performed at a 
heating rate of approximately 2~ up to 200~ 
and 4~  above 200~ The points on the upper  
curve represent  "equil ibrated" weight losses occur- 
r ing when samples were heated to the appropriate 
temperature  and main ta ined  there for periods rang-  
ing from 1 to 10 hr. 

The total weight  loss observed in the equil ibrat ion 
experiments  was approximately 19%; this took place 
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Fig. I. Upper curve: equilibrated weight loss; lower curve: TGA 
s c a n .  

in two stages, an ini t ial  loss of 8% by 100~ and a 
second 11% step, most of which was over by 300~ 
The height of the first step varied slightly from sample 
to sample. 

The first step corresponds to the loss of --~ 1 mole 
of water  per mole of SnO2, together with small  quan-  
tities of impur i ty  such as NH~NO3 retained from the 
washing stages. Differences in the height of this step 
may be explained as due to a var iable  quant i ty  of 
water  being retained in  the samples dried at 45~ 
The 11% loss observed in both TGA and equi l ibrat ion 
exper iments  agrees well with the loss of 1 mole of 
water per  mole of SnO~, i.e. with t he  conversion 

SnO3H2 ~ SnO2 + H20 

reported by Giesekke, Gutowsky, Kirkov, and Lai t inen 
(11). ( In  an NMR investigation these authors showed 
that this compound could not be wr i t ten  simply as 
SnO2 �9 H20.) 

In detail however, the present TGA behavior is 
completely different from that reported by the above 
authors, who found a series of four distinct dehydra-  
t ion steps over the tempera ture  range 100~176 
corresponding to the scheme 

SnO3H2 -> Sn205H2 -~ Sn409H3 --~ SnsO16H2 --> SnO2 

The absence of these addit ional compounds in our 
work is fur ther  confirmed by  the x - r a y  results re-  
ported below. 

X-ray dif]raction.--X-ray diffraction measurements  
were carried out on powdered samples of semicon- 
ductors which had been prepared at different tem- 
peratures, using an x - r ay  spectrometer and Philips 
PW 1049 diffraction goniometer. The quant i ty  of Sb 
present was too small  to affect the diffraction pattern. 

In  all cases a cassiterite pat tern  was produced: 
this was well  developed for the samples t reated at 
the higher temperatures,  but  even for the 45~ sam- 
ples strong broad lines were present  corresponding to 
d-spacings of 0.335, 0.264, 0.176, and 0.149 nm. This 
would imply that  even the glassy, highly hydrated 
low-tempera ture  form contained considerable regions 
of SnO2 structure. The diffraction pa t te rn  of a 500~ 
sample is shown in Fig. 2 as a plot of diffracted in ten-  
sity against 28 for copper K= radiation. Peaks cor- 
responding to d-spacings of 0.335, 0.264, 0.237, 0.176, 
0.167, 0.159, 0.149, and 0.141 nm may  be clearly seen, 

l e  6 u  s o  ~ e  a a  z o  

Fig. 2. Diffracted intensity of 500~ sample vs. 28 for CuK~ 
radiation. 
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and the results are similar  to those obtained for 500~ 
mater ia l  by Niwa, Yamai, and Wada (14). Such behav-  
ior, however ,  contrasts marked ly  with  the electron 
diffraction results of Giesekke et al. (11), which seem 
to indicate the existence of different crystal l ine sub- 
stances formed by heat ing to different temperatures .  
For  instance the d-spacings reported for their  520~ 
sample were  0.239, 0.199, 0.189, 0.172, 0.168, 0.156 and 
0.141, 0.129 nm etc., the major i ty  of which are  not to 
be found in cassiterite. There is even less correspon- 
dence for lower t empera tu re  samples. 

The ve ry  presence of x - r a y  diffraction lines indi-  
cated that  the semiconductors were  microcrysta l l ine  in 
nature ra ther  than glasses. The mean  size of the micro-  
crystals was invest igated by considering the diffraction 
broadening of the peaks corresponding to the 110 and 
101 planes. The peaks were  approximate ly  Gaussian, 
with ha l f -wid ths  in the range 0.25~176 Measure-  
ments were  first made on the peaks at 19 ~ 9' and 22 ~ 20' 
of an a luminum dust standard. It was assumed that  the 
lat ter  had such large crystals that  diffraction broad- 
ening would be absent, and thus a measure of ins t ru-  
mental  broadening was obtained. Jones '  conversion 
curves (15, 16) were  then used to determine  the pure 
diffraction broadening of the SnO2 peaks. The mean 
dimension of the microcrystals,  D, was calculated 
using Scherrer ' s  formula  

0.9 
D----- 

ill/2 cos 8 

where  ~1/2 is the corrected width  of the diffraction peak 
at half  height, 7, is the wavelength  of the x-ray ,  and 

is the diffraction angle. Since the uncer ta in ty  in de- 
te rmining the diffraction broadening increases wi th  
increasing crystal  size, D values for the high t empera -  
ture samples are not very  accurate. Results of the mea-  
surements  (made on 1 m / o  Sb semiconductors)  are 
given in Table I. 

Spectroscopy 
A spectroscopic examinat ion was carr ied out on 

equi l ibra ted samples of 1 m / o  an t imony-doped  tin 
oxides. 

Visible region.--The color of the mater ia l  heated to 
various tempera tures  is given in Table II. 

Reflectance spectra using a f reshly prepared MgO 
standard were  obtained using a Unicam SP 300 spec- 
t rometer  and a r e  shown in Fig. 3. F rom these it is seen 
that  the h igh- t empera tu re  specimens have a consider-  
able absorption of energy  at the red end of the spec- 
trum, extending into the infrared. The  origin of such 
absorption is considered below. Low- tempera tu re  sam- 
ples have  lit t le absorption at long wavelengths,  but  

Table I. Results of measurements made on Sb semiconductors 

Preparation M e a s u r e d  C o r r e c t e d  
t e m p e r a t u r e  P l a n e  w i d t h  w i d t h  D I n t o )  

45~  I I 0  3 .2  ~ -4- 0 . I  ~ 3 .2  ~ 
i 0 1  3 . 0  ~ ~ 0 . I  o 3 .0  ~ 2 .5  "4- 0 . 3  

3 0 0 ~  110  1 . 7 5 "  ~ 0 . 0 5  ~ 1 .71  ~ 
1 0 1  1 .45  ~ _____ 0 . 0 5  ~ 1.41 ~ 5 .4  • 0 . 4  

5 0 0 o c  110  0 . 9 8  ~ ___ 0 .0 2  ~ 0 . 9 4  ~ 
1 0 1  0 . 9 2  ~ _____ 0 . 0 2  ~ 0 , 8 - / ~  9 . 1  ~ 0 , 5  

7 0 0 o c  1 1 0  0 . 6 5 "  --4--- 0 . 0 2  ~ 0 , 5 9  ~ 
101  0 . 5 8  ~ ----- 0 . 0 2  ~ 0 . 5 1  ~ 15 .0  ~ 2 . 0  

l O 0 0 o c  I i 0  0 . 3 7  ~ -4- 0 . 0 1  ~ 0 . 2 4  ~ 
101 0 . 3 5 "  ----- 0 . 0 1  ~ 0 . 2 2  ~ 5 9 . 0  ----- 10 .0  

Table II. Color of material heated to various temperatures 

E q u i l i b r a t i o n  
t e m p e r a t u r e  C o l o r  o f  s a m p l e  

4 5 ~  A m b e r ,  t r a n s p a r e n t  
100~ A m b e r ,  t r a n s p a r e n t  
3 0 0 ~  Y e l l o w - g r e e n ,  t r a n s p a r e n t  
5 0 0 ~  V e r y  d a r k  g r e e n / b l a c k ,  v e r y  

t h i n  s e c t i o n s ,  t r a n s p a r e n t  
600~  V e r y  d a r k  b l u e ,  o p a q u e  
800~  L i g h t  b l u e ,  o p a q u e  

1 0 0 0 ~  V e r y  l i g h t  b l u e ,  o p a q u e  

3O- 
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Fig. 3. Reflectance spectra. Heat treatment: A = 45~ B m 
300~ C ~ 500~ D ~ 700~ E = 1000~ F = 1200~ 

strong absorption in the violet. In pure SnO2, optical 
exci tat ion of electrons to the conductance band occurs 
at wave  numbers  greater  than 30,000 cm -1 (17, 18), i.e. 
there  is a large forbidden gap. Arai  (17) has shown 
that  the absorption edge may  move to shorter  wave -  
lengths in conducting oxides if  the bot tom of the con- 
duction band is occupied, so that  transit ions must  take 
place from the valence band to higher  levels  than the 
ground level  of the latter.  In the presence of antimony, 
one must also consider transit ions from ant imony to 
tin levels. 

In solution a Sn IV/SbI I I  species was formed which 
gave rise to " interact ion absorption" in the blue similar  
to that  invest igated by Whi tney and Davidson in Sn IV/  
SnII  and in SbV/SbI I I  systems. Recent ly  the origins 
of such interact ion absorption have been examined by 
Robin and Day (19). As might  be expected the highly 
hydrated sample (45~ had an absorption similar  to 
that  of the Sn IV/SbI I I  solution. 

In]rared.--Spectra of 1% KBr  disk samples of mate-  
r ial  dried below 300~ contained a large absorption 
band corresponding to wate r  and to NH4 + and NO3- 
f rom the washing electrolyte  which had not been com- 
pletely removed.  These bands were  absent  from sam- 
ples dried at over  500~ but these samples showed in- 
stead a broad transmission loss f rom 1000 cm -1 to 4000 
cm -1 with a m a x i m u m  loss near 2000 cm -1. The in- 
tensi ty of this band increased with the tempera ture  at 
which the sample had been treated. 

This large drop in transmission is s imilar  to that  
observed by Miloslavskii  (8) in pyrolyt ica l ly  decom- 
posed SnC1JSnC14 mixtures  where  a wide band in the 
700-5000 cm -1 region centered at 1200 em -1 was noted. 
This band was a t t r ibuted to electronic transit ions f rom 
the ground state of impur i ty  centers to an exci ted state, 
such as transit ions to the conduction band. Arai, Imai, 
and co-workers  (20) also invest igated pyrolytic an-  
t imony-f ree  semiconductors.  F ree  electrons are abIe to 
absorb energy f rom elect romagnet ic  radiat ion only 
when they can interact  wi th  a crystal  lattice, so that  
the t ransfer  satisfies conservat ion both of energy and 
momentum. Since the absorption is a function of elec- 
t ron- la t t ice  in te rac t ion  frequency,  it is closely con- 
nected with the conductance of the crystal. Free  elec- 
t ron absorption or plasma oscillation increases mono- 
tonical ly wi th  f requency (for a constant number  of 
carriers and specific conductance) .  Al though Arai  et al. 
claim to have  found such behavior,  close examinat ion 
of their  results would seem to show a min imum in the 
transmission at about 1300 cm -1. Miloslavskii  (18) also 
went  on to invest igate an t imony-doped films and re-  
por ted a fur ther  marked  decrease in the transmission 
above 10,000 cm-1.  Here  the transmission did fall  
monotonically,  i.e., it was apparent ly  due to free e lec-  
t ron absorption. 

The present results are not consistent wi th  plasma 
oscillation. Rather  it is suggested that  the band arises 
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from promotion of electrons from an t imony  ground-  
state levels high in the SnO., forbidden band to the 
conduction band. The presence of the band in samples 
heated to 500~ and above parallels the greatly in -  
creased conductance of these samples. 

Far infrared.--An absorption band in the 30-45~ 
region was observed for all samples, including those 
dried at low temperatures.  This absorption corresponds 
to the t in-oxygen lattice vibrat ions reported at 33 
and 39~ for SnO._, by Ishiguro et al. (21). These au-  
thors point out that  there is no fur ther  optical absorp- 
t ion at shorter wavelengths than 33~ due to lattice 
vibration. 

We however have noticed an addit ional broad band 
in the 14-25~ region. This band is also present in 
na tura l  cassiterite and in commercial SnO2 (Fisons 
Ltd., reagent  grade).  Since this absorption was not af- 
fected by the hea t - t rea tment  of the sample nor by the 
presence or absence of antimony,  it is not connected 
with the band observed by Miloslavskii (8) centered 
at 16.4~ and shown to be due to excitation of impur i ty  
centers. Sn-O vibrat ions are known in this region, for 
instance in t in  alkoxides (22) and have been reported 
(23) in the region from 15.4 to 23.5~ for Sn - O - S n  
vibrat ions in polymeric species formed from alkyl t in  
halides. Fur ther ,  Dupuis (24) has reported t in  oxide 
absorption bands al 16.1, 21.0, and 29.4~. 

Conductance.--D-C conductances were found of sam- 
ples which had been powdered in an agate ball  mil l  
and enclosed under  pressure between steel electrodes 
in an insulat ing former for the purpose of the measure-  
ment.  The apparatus for this measurement  will  be 
described elsewhere (25). Resistivities of specimens of 
1 m/o  ant imony-doped SnO2 prepared at different 
temperatures  and measured at room temperatures  are 
shown in Fig. 4. 

Verwey (7) has pointed out that there is a special 
problem in the study of the conductance of polycrystal-  
line semiconductors, namely  the existence of grain 
boundaries  wi th in  each particle of the material,  which 
greatly affects the impedance behavior. In  the simplest 
cases there are layers of increased resistance due to 
air gaps between the grains; while in more complex 
situations, the chemical consti tution of the surface 
layers may differ from the bulk  of the microcrystal. 
Thus the d-c conductance (although completely repro- 
ducible) has only relat ive significance and is l ikely to 
be much lower than the "true" conductance of the 
material ,  which may only be determined at very high 
frequencies. 

The na tu re  of the conductance in completely dehy- 
drated t in oxide has been investigated by a n u m b e r  of 
workers, and it is general ly accepted that  the position 
of the ant imony level with respect to the conduction 
band is such that  there is no restriction to t ransfer  of 
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Fig. 4. Graph of Iogto p measured at room temperature, against 
temperature of heat treatment. 
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electrons to the latter. The electrical resistance wi th in  
the microcrystal  is thus due ent i rely to electron scat- 
tering. This theory is confirmed by the findings that  the 
temperature  coefficient of conductance is relat ively low 
and, as with metals, the conductance falls as the tem- 
perature  rises. Arai  (17) noted that  for an t imony-  
doped SnO2 the conductance fell when  the doping rose 
above 1% due to increased scattering by the impur i ty  
centers. 

From Fig. 4 it is seen that  the conductance of sam- 
ples having different heat t rea tments  falls into two 
distinct regions. Samples equi l ibrated below 250~ had 
high specific resistances, of the order of 1-10 ohm-m, 
while those treated above 500~ were below 0.02 
ohm-m. The sudden drop in resistance corresponds to 
the el imination of the major i ty  of the water from the 
material,  i.e., to the conversion of SnO3H2 to SnO2. This 
finding is unders tandable  since water  is not a bridging 
ligand and when present  in large quanti t ies tends to 
form an insulat ing system. 

The slow rise in conductance in samples treated from 
500 ~ to 1200~ may  be at t r ibuted to the increase in the 
size of the microcrystals (discussed above in the section 
on X- ray  diffraction) and to the consequent  reduction 
of grain boundary  impedance. 
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A B S T R A C T  

The  ang le  of  inc idence  at wh ich  the  pa ra l l e I  c o m p o n e n t  of  po la r i zed  i n f r a -  
red  re f lec ted  l igh t  a t ta ins  a m i n i m u m  ( the  p s e u d o - B r e w s t e r  angle,  or  P B A )  is 
used  to d e t e r m i n e  s e m i c o n d u c t o r  c a r r i e r  concent ra t ions .  A P B A  appa ra tu s  
us ing a 3.391 H e - N e  lase r  as a po la r ized  l igh t  source  is descr ibed.  E x p e r i m e n t a l  
resu l t s  for  n -  and p - t y p e  s i l icon are  c o m p a r e d  w i t h  p l a sma  r e sonance  and  shee t  
r e s i s t ance  m e a s u r e m e n t s  to d e t e r m i n e  best  fit of t heo re t i c a l  ca l ib ra t ion  curves.  
Resu l t s  of r e p r o d u c i b i l i t y  and cor re la t ion  s tud ies  a re  also p resen ted .  

Opt ica l  t echn iques ,  such as i n f r a r e d  i n t e r f e r e n c e  and  
p lasma  re sonance  fo r  example ,  a re  v e r y  a t t r a c t i v e  fo r  
cha rac t e r i z ing  p rocessed  s emiconduc to r  m a t e r i a l  be -  
cause  t h e y  are  in gene ra l  n o n d e s t r u c t i v e  and  con tac t -  
less (1).  The  B r e w s t e r  angle,  the  ang le  of inc idence  
at w h i c h  the  p a r a l l e l  c o m p o n e n t  of r e f l ec t iv i ty  goes 
to zero, has  long been  used  to d e t e r m i n e  t h e  i n d e x  of 
r e f r ac t i on  of  nonabso rb ing  ma te r i a l .  S e m i c o n d u c t o r s  
and o the r  absorb ing  m a t e r i a l s  exh ib i t  a nonze ro  m i n i -  
m u m  at a " p s e u d o - B r e w s t e r "  ang le  w h i c h  depends  on 
the  w a v e l e n g t h  of  t he  inc iden t  l igh t  and the  opt ica l  
cons tan t s  of the  mate r i a l .  S ince  the  s e m i c o n d u c t o r  
op t ica l  cons tan t s  a re  s t r ong ly  d e p e n d e n t  on the  f r ee  
ca r r i e r  dens i ty  (2),  the  p s e u d o - B r e w s t e r  ang le  is an 
ind ica t ion  of this  densi ty .  

Theory 
The  v a r i a t i o n  of po la r i zed  m o n o c h r o m a t i c  i n f r a r e d  

re f lec t iv i ty  w i t h  ang le  of inc idence  can be  used to 
d e t e r m i n e  the  ca r r i e r  c o n c e n t r a t i o n  of  a s e m i c o n d u c -  
tor. The  re f lec t ion  coefficients  for  the  pa ra l l e l  and 
p e r p e n d i c u l a r  componen t s  of po la r i zed  r e f l ec t iv i ty  for  
an in f in i t e ly  th i ck  h o m o g e n e o u s  m a t e r i a l  a re  a p p r o x i -  
m a t e l y  (3) 

(n  2 + k 2) cos2# -- 2n cos 0 + 1 
R~(8) = [1] 

(n  2 + k  2) c o s 2 0 + 2 n c o s 0 +  1 
and 

( n 2 + k 2 )  _ 2 n c o s ~ + c o s  28 
Rs(o) = [2] 

(n  2 +  k2) + 2 n c o s 0 + c o s  20 

respec t ive ly ,  w h e r e  o = ang le  of  incidence,  n = i n d e x  
of r e f rac t ion ,  and  k _-- ex t i nc t i on  coefficient.  These  ap -  
p r o x i m a t i o n s  a re  accu ra t e  for  n2 + k 2 > 1, w h i c h  is 
a l w a y s  the  case fo r  s emiconduc to r s  in t he  i n f r a r e d  r e -  
g ion of t he  spec t rum.  Rs (0), the  c o m p o n e n t  of po la r i zed  
re f l ec t iv i ty  w i t h  e lec t r i c  vec to r  p e r p e n d i c u l a r  to t he  
p l ane  of  incidence,  increases  m o n o t o n i c a l l y  as t he  ang le  
of inc idence  increases  f r o m  0 ~ to 90 ~ Rp(0) ,  t h e  c o m -  
p o n e n t  of po la r i zed  r e f l ec t iv i ty  w i t h  e lec t r i c  vec to r  
pa r a l l e l  to the  p l a n e  of  incidence,  exh ib i t s  a m i n i m u m  
at an  ang le  oR 

1 
oB --  cos -1  [3]  

( n  2 -i- k 2) V= 

For  a nonabso rb ing  m a t e r i a l  w h e r e  k _ 0, subs t i t u -  
t ion of Eq.  [3] in to  /1] wi l l  y ie ld  Rp(eB) ---- 0. The  
B r e w s t e r  ang le  for  a n o n a b s o r b i n g  m a t e r i a l  is def ined 
as the  ang le  at w h i c h  t h e  pa ra l l e l  c o m p o n e n t  of  p o l a r -  
ized r e f l ec t iv i ty  goes to zero. 

F o r  a non in su l a t i ng  or  s e m i c o n d u c t i n g  m a t e r i a l  
w h i c h  has  a nonzero  ex t i nc t i on  coefficient  k, t he  m i n i -  
m u m  in t h e  pa ra l l e l  c o m p o n e n t  of  r e f l ec t iv i ty  is n o t  
zero,  bu t  

* Electrochemical  Society Act ive  Member.  
Key  words:  semiconductor carrier concentration,  polarized infra-  

red light, silicon, Brewster  angle, plasma resonance.  

(n 9. _}_ k2 ) 1/= _ n 

Rp(#B) --  (n 2 + k a) 1/2 Jr n [3a] 

1 -- n cos OB 

1 + n cos e• 

The  angle  at  wh ich  this  pa r a l l e l  c o m p o n e n t  of ref lec-  
~ivity a t ta ins  its nonzero m i n i m u m  is defined as the  
p s e u d o - B r e w s t e r  ang le  ( P B A ) .  F i g u r e  1 shows cu rves  
of ca lcu la ted  Rp(8) and Rs(6) for  n - t y p e  s i l icon w i t h  
an i m p u r i t y  c o n c e n t r a t i o n  of N = 1 X 1019 cm -3, a d -c  
r e s i s t iv i ty  of p0 = 6.9 • 10 - a  o h m - c m  for  a w a v e l e n g t h  
of  )~ = 3.391 us ing  the  f r ee  c a r r i e r  i n f r a r ed  opt ica l  c o n -  
s tan t  m o d e l  of S c h u m a n n  and  Ph i l l ips  (4), an  a s sumed  
ef fec t ive  mass  ra t io  a ----- m*/m = 0.26, and an a s sumed  
r e l a t i v e  la t t i ce  d ie lec t r i c  cons t an t  (no f r ee  c a r r i e r  con -  
t r ibu t ion )  KL = eL/C0 ---- 11.7. R~(0) appea r s  to go to 
zero on the  l i nea r  r e f i ec t iv i ty  scale used, bu t  the  inse r t  
showing  the  l o g a r i t h m  of  R~(#) a round  @s shows t h a t  
this  m i n i m u m  is indeed  not  equa l  to zero. 
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Fig. 1. Theoretically calculated Rp(0) and Rs(~) for n-type 

silicon with N = 1 x 1019 cm -~ at )~ = 3.391 ~.m. Insert shows 
log Rp(8) around #B. 
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The PBA depends on n and k, the optical constants 
of the material .  In the infrared region of the spectrum 
the optical constants of a semiconductor are strongly 
dependent  on the free carr ier  densi ty of the material .  
The above inf rared  optical constant theory  relates n 
and k to the impur i ty  concentrat ion N and to the d-c 
resist ivi ty p0 of the mater ia l  (4). These formulas  can 
be schematical ly represented 

)1 n =  FI  ~ pO, KL, ~. 

a' 1 and [4] 

where  N ----- impur i ty  concentration, #o = d-c res is t ivi ty ,  
KL ~--- eL/e0 = re la t ive  latt ice dielectric constant, a = 
m * / m  = effective mass ratio of major i ty  carrier,  and 

= wave leng th  of radiation. The optical constants are 
thus dependent  on the ratio of the impur i ty  densi ty 
divided by the effective mass ratio. 

Cal ibrat ion curves  re la t ing eB, the PBA, to N, the 
impur i ty  concentration, have been calculated using the 
above formulas. Clear ly  N and p0 are not independent,  
and for this work  their  relat ionship was assumed to be 
given by I rvin 's  (5) curves. Figure  2 shows a family  
of calibration curves for n - type  silicon for several  
wavelengths  wi th  assumed values of KL ~ 11.7 and 
a ~ 0.26. The strong dependence of these calibration 
curves on wave leng th  reflects the  s trong dependence 
of the optical constants n and k on wavelength.  As con- 
centrat ion decreases, all the calibration curves ap- 
proach 73.00 ~ the PBA for intrinsic silicon for the 
assumed value of KL ~ 11.7. For  values of PBA less 
than the intrinsic PBA, N is not a s ingle-valued func- 
tion of eB. For  short  wavelengths,  the concentrat ion 
range over  which N is a s ingle-valued function of eB 
is small, but  6B is very  sensitive to N for this range of 
concentration. As wave leng th  increases, the sensit ivi ty 
of 0B to N decreases but the s ingle-valued range of N 
increases. This problem of N being a double-va lued  
function of eB for eB less than the intrinsic PBA can be 
ove rcome  by using two wavelengths,  by observing the 
sharpness of the min imum around 6B, or by monitor ing 
Rp(SB) or Rs(6B) (6). Note that  the lower l imit  con- 
centrat ion that  can be detected by PBA depends only 
on the wave leng th  employed; the longer  the wave -  
length, the lower  the detectable l imit  of concentration. 
The wave leng th  employed in this invest igat ion of the  
PBA concentrat ion determinat ion  technique was 3.391 
~m, the output  of a He-Ne laser wi th  special resonator 
windows. This proved to be a most convenient  source 
of monochromatic  polarized infrared light. 

The PBA cal ibrat ion curves  for k • 3.391 ~m are 
shown in Fig. 3A and 3B for  silicon. Figure  3A is for 
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Fig. 3B. PBA calibration curves for ~ = 3.391 #m for p-type 
silicon. 

P-  TYPE SILICON 
k = 3.391/.z 
KL=11.7 

a =0 .38  

n- type  silicon and an assumed value  of Kr. = 11.7 
and a = 0.26. Figure  3B is for p - type  silicon wi th  an 
assumed value of KL = 11.7 and a = 0.37. Figures  4A 
and B emphasize the dependence of these cal ibrat ion 
curves on the assumed values of a and KL. Figure  4A 
shows eB VS. N for n - type  silicon for KL = 11.7 and 
several  assumed values of a. Since it is the ratio N / a  
that  appears in the optical constant  formulas,  an in-  
crease in a is equivalent  to a decrease in N and has the 
effect of shifting the cal ibrat ion curves  to higher  con- 
centration. Thus a shift in N or a horizontal  shift  in 
the calibration curve  is obtained by increasing a. A 
shift in 6B or a ver t ical  shift in the calibration curve  
is obtained by changing KL, the re la t ive  lat t ice dielec- 
tric constant. This is demonstrated in Fig. 4B, which 
shows a family  of 68 vs. N cal ibrat ion curves  for p - type  
silicon for a = 0.38 and several  assumed values of KL. 
Clear ly  a change in KL wil l  change eB, since as N ap- 
proaches zero, k approaches zero, and 

n = ( K L )  '/2 [5]  

Thus, Eq. [3] above reduces to 

1 
6s = cos -1 - -  [6] 

1 
= COS--1 

(KL) '/~ 

where  the value of the pseudo-Brewster  angle for in-  
trinsic mater ia l  depends only on the re la t ive  lattice 
dielectric constant, Apparatus 

The apparatus for  de te rmin ing  carr ier  concentrat ion 
by the  pseudo-Brewster  angle technique consists es- 
sential ly of a source of polarized infrared light, a de- 
tector, and a means of varying the angles of incidence 
and reflectance so that  they are kept equal. The ex-  
per imental  setup is shown schemat ical ly  in Fig. 5. The 
light must  be polarized with  the electric vector  para l -  
lel to the plane of incidence, that  is the plane perpen-  
dicular  to the  sample surface which contains the inci-  
dent (and hence also reflected) beam. The beam is 
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incident  on the sample surface at e~ and reflected at 
0r to the detector which monitors the reflected light 
intensi ty  as the angle of incidence and reflectance are 
s imultaneously  scanned. Figure 6 is a close-up of the 
laser, dittractometer, and detector system. Figure 7 
shows the complete apparatus used in this work, with 
the X-Y recorder on top of the detector amplifier in 
the foreground, and the laser, diffractometer, and de- 
tector on a v ibra t ion-f ree  table in the background. 

A Spectra-Physics Model 122 He-Ne laser, adjusted 
to resonate at }. z 3.391 #m, was used as the polarized 
infrared light source. As it normal ly  stands, this laser 
has its output  l inear ly  polarized with electric vector 
vertical  to a tolerance of --+5 ~ At the laser exit port the 
beam diameter (to points where the in tensi ty  falls off 
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Fig. 5. Schematic of pseudo-Brewster angle apparatus 

to e -2) is 0.4 ram. The full  angle beam divergence is 
1.6 mill iradians.  The laser was mounted on a specially 
designed stand wi th  adjus tments  to align the optical 
axis of the laser with the rotat ional  axis of the stand. 
This stand allowed rotat ion of the laser, and hence the 
polarization of the beam 90 ~ which is essential if Rs (e), 
the perpendicular  component  of reflectivity, is to be 
measured as well  as Rp(~). Adjustable  stops on the 
rotation frame allow accurate t r imming  of the limits 
of rotation, and thus the polarization. 

The silicon wafer mounted  on the l ight chopper is 
used as a polarizat ion filter, t ransmi t t ing  the l ight with 
electric vector polarized predominant ly  paral lel  to the 
test wafer plane of incidence. This half wafer is ori-  
ented in a plane perpendicular  to the plane of inci-  
dence of the sample, and at an angle with respect to 
the light beam equal to its PBA. Since the PBA is the 
angle of incidence at which the m i n i m u m  amount  of 
parallel  polarized light is reflected, it is the angle at 
which the ma x i mum is t ransmit ted  for this polariza- 
tion. The perpendicular  polarized reflectivity is much 
greater at PBA, and hence its t ransmission is much 
smaller. 

The Siemens diffractometer (Fig. 6) scans the angle 
of incidence by rotat ing the sample through an angle 
/9 while rotat ing the detector through an angle 2/9, thus 
main ta in ing  the angle of incidence equal to the angle 
of reflectance. A change in the angle of incidence as 
small as 0.005 ~ can be detected with this ins t rument .  
The diffractometer is attached to the base plate of the 
laser-rotator  stand to prevent  dis turbing the al ign-  
ment. Much faster angular  scan speeds were possible 
by using, instead of the diffractometer's in terna l  drive, 
a variable speed motor coupled to the drive shaft of 
the diffractometer via a rubber  hose; the hose min i -  
mized the coupling of motor vibrat ions into the dif- 

Fig. 6. PBA apparatus 
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Fig. 9. Experimental results for p-type silicon samples and best 
fit theoretical calibration curve. 

Fig. 7. Close-up of laser, diffractometer, and detector system 

fractometer.  Angular  scan speeds of 5 to 20 degrees per 
minu te  were achieved. 

An Eppley Lab Golay infrared detector was used to 
measure the reflected light in tens i ty  as the angle of 
incidence was scanned. The chopper of this detector 
was placed as close as possible to the output  port  of 
the laser to minimize the amount  of stray chopped 
light reaching the detector. A silicon wafer taped to 
the aperture of the detector head (Fig. 6) was used to 
prevent  visible l ight from reaching the detector. The 
Y-axis of a Hewlet t -Packard  Moseley Model 7000 AM 
X-Y recorder was used to display the output  of the 
Golay detector, with the X-axis  represent ing time. A 
capacitive discharge system in the diffractometer was 
used to superimpose a marker  pip on the trace for 
every 0.5 ~ change in the angle of incidence. 

Experimental Results 
Pseudo-Brewster  angle measurements  were made on 

silicon wafers doped with arsenic, boron, and phos- 
phorus. The impur i ty  concentrat ions of these bulk  and 
diffused wafers were also measured by four-point  
probe and plasma resonance. 

A typical detector response of reflectivity vs. angle 
of incidence is shown in Fig. 8 for a p- type  silicon bulk  
wafer with impur i ty  concentrat ion N = 2.75 • 1020 
cm -a  and d-c resist ivity po -- 4.52 X 10 -4 ohm-cm 
(plasma resonance results) .  The lower curve of Fig. 8 
is the original scan, whereas the upper  curve is tha t  
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Fig. 8. Typical detector response foe PBA measurement on p- 
type silicon bulk wafer with N = 2.75 x 1020 cm - 3  at k ----- 
3.391 #m. 
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Fig. 10. Experimental results for n-type silicon wafers and bust 
fit theoretical calibration curve. 

which was recorded at increased detector gain and 
slower angular  scan speed. Every  half degree of angle 
of incidence is indicated by the marker  pip super im- 
posed on the trace. 

The exper imental  results for n -  and p- type  silicon 
are shown in  Fig. 9 and 10, where the exper imental ly  
determined PBA is plotted against the impur i ty  con- 
cent ra t ion  determined by either plasma resonance or 
four-point  probe. The data points on these figures in-  
dicate the reference method of concentrat ion de te rmin-  
ation, whether  the sample is a bu lk  or diffused wafer 
(Fig. 9); and for n - type  mater ial  they  also indicate 
the dopant  used, arsenic or phosphorus (Fig. 10). The 
data represented in these figures were used to deter-  
mine  the best values of the relat ive lattice dielectric 
constant EL and the effective mass rat io a for use in cal- 
culat ing the theoretical calibration curves. The lower 
concentrat ion data were first used to determine KL, 
and then a was determined to obtain the best fit of the 
higher concentrat ion data. The best fit theoretical PBA 
calibration curve for n - type  silicon uses KL "~ 12.7 
and a = 0.52 (Fig. 9). The best fit theoretical PBA 
calibrat ion curve for p - type  silicon uses KL : 12.7 
and a ~ 0.24 (Fig. 10). I t  must  be emphasized that  a 
constant  value of a was used to fit the data for each 
conduct ivi ty type. But since effective mass is known 
to vary  with concentrat ion at high impur i ty  levels, a 
varying a should perhaps have been employed. 

A correlation analysis was made of the measured 
PBA and that  predicted by the theoretical cal ibrat ion 
curves shown in Fig. 9 and 10. The correlat ion coeffi- 
cient for all 87 n - type  data points was 0.832. The cor- 
relat ion coefficient for all 66 p- type  data points was 
0.779. The confidence level, or T-value,  for both are 
very good, as shown in  Table I. 
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Table I. Correlation analysis 

C o r r e l a t i o n  
S a m p l e s  N u m b e r  c o e f f i c i e n t  T - v a l u e  

A l l  n - t y p e  87  0 . 8 3 2  13 .82  
N - t y p e  A~B < 3  ~ 73 0.980 2 8 . 7 6  
A l l  p - t y p e  66  0 .779  9 .94  
P - t y p e  A0B < 4 . 5  ~ 60  0 .971  3 0 . 9 7  

However, there are good reasons for disregarding 
some of the data points shown in Fig. 9 and 10: 

Plasma resonance is known to be inaccurate on very 
thin diffusions (7) due to penetrat ion of the light 
into the diffused layer  and reflection from regions 
with concentrat ion lower than  the surface. 
The resistivity determined by the four-point  probe 
technique depends on accurate de terminat ion  of the 
junct ion depth (7), which is extremely difficult for 
thin diffusions. 
On wafers where  both measurements  were made, the 
plasma resonance and four-point  probe concentrat ion 
results differed by an average of about 30%, and in 
some cases by more than 100%. 
I rvin ' s  curves (5), which were used to determine 
the impur i ty  concentrat ion from the four-point  probe 
sheet resistivity, are inaccurate at the high concen- 
trations. 

If the high concentrat ion samples, where the mea-  
sured PBA differs with the theoretical PBA by more 
than several degrees, are excluded from the l inear  re-  
gression analysis, much higher correlation coefficients 
are obtained. For the 73 n - type  samples with A0B < 3 ~ 
the correlation coefficient is 0.96 with a confidence 
level, or T-value,  of 28.76. For the 60 p- type samples 
with A~s < 4.5 ~ the correlation coefficient is 0.97 and 
the T-value  is 30.97. These results indicate that  the 
theoretical model of the PBA determinat ion of con- 
centrat ion is accurate. The results are surpris ingly 
good when it is considered that  the model assumes an 
infini tely thick (no reflection from the back surface) 
and homogeneous sample (no var iat ion of the optical 
constants with depth).  

Table II. Reproducibility study 

S a m p l e  N - t y p e  P - t y p e  P - t y p e  

N =  3 .16  • 10  z ~ c m  -~ 1.01 • 1 0  m c m - ~  2 .75  • 10  ~ c m  -:r 
M e a n  8~ 73 .97  ~ 71 .78  ~ 8 8 . 4 7  ~ 
R a n g e  1 .0  ~ 1 .4  ~ 1.0 ~ 
Standard 0 . 2 5 3  ~ 0 . 3 4 4  ~ 0 .348  ~ 

deviation 

A reproducibil i ty study, the results of which are 
shown in Table II, was made using three different 
wafers. For ty  different PBA determinat ions were made 
for each wafer  on different days. The s tandard  devia-  
tion for all three wafers was less than 0.35 ~ (or 0.6%) 
with a range of less than  1.5 ~ (or 2%), indicat ing tha t  
the PBA technique is highly reproducible. 

Conclusions 
While the theoretical cal ibrat ion curves with ad- 

justed values of relative lattice dielectric constant  and 
effective mass ratio agree very  well  with the experi-  
menta l  results, this agreement  could perhaps be im-  
proved by introducing a variable effective mass ratio 
at high values of concentration. 

The accuracy with which the PBA technique can de- 
termine carrier concentrat ion for a par t icular  semicon- 
ductor depends both on the sharpness of the reflectivity 
m i n i mum (that  is, the ease of de termining the PBA) 
and also on the sensit ivity of PBA to N on the cal ibra-  
tion curve. For a given wavelength,  the sharpness of 
the reflectivity m i n i m u m  increases as concentrat ion 
decreases, but  the m i n i m u m  is easily read at high con- 
centration, as shown in Fig. 9. 

Since the cal ibrat ion curve of PBA vs. concentrat ion 
is nonl inear  and double-valued,  the sensit ivity of PBA 
to changes in N depends both on the range of concen- 
t ra t ion being investigated and the wavelength em- 
ployed, as shown in Fig. 2. Once a concentrat ion range 
is specified (by a part icular  diffusion process, for ex- 
ample) ,  a wavelength can be chosen to yield the re-  
quired sensit ivi ty and accuracy. This feature of the 
pseudo-Brewster  angle technique makes it an ideal 
process monitor.  

Manuscript  submit ted Ju ly  1, 1971; revised m a n u -  
script received Dec. 10, 1971. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 
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Phase Transformations in Eutectic Gold-Silicon 
Alloys on Single-Crystal Silicon 

E. Philofsky,* K. V. Ravi, J. Brooks, and E. Hall 
Motorola Semiconductor, Phoenix, Arizona 85008 

ABSTRACT 

Phase t ransformations in eutectic gold-silicon alloy thin films on single- 
crystal silicon substrates have been studied as a function of the rate of cool- 
ing from the melt  by uti l izing metallography, resist ivi ty measurements ,  and 
x - ray  and electron diffraction. Cooling at rates ~103 ~ results in the 
eutectic structure, which becomes finer with increased rate of cooling. The 
silicon is found to nucleate and grow epitaxially from the substrate  silicon 
with different shapes and orientations depending on the orientat ion of the 
substrate. At cooling rates ~103 ~ the eutectic t ransformat ion is sup- 
pressed, and metastable structures are obtained. Isothermal anneal ing studies 
show that the reversion of the metastable structures on heating occurs via a 
series of both diffusionless and diffusion-controlled transformations.  

Gold-sil icon alloys are commonly used in semicon- 
ductor devices for bonding silicon dice to packages. 
The alloy is ei ther  a eutectic preform which is sand-  
wiched between the bare silicon and the package, or 
is developed by depositing gold on the silicon and al-  
loying above the eutectic tempera ture  (370~ During 
the bonding process the alloy can be slowly furnace 
cooled or rapidly quenched on a cold plate or in water. 
Despite the extensive use of this eutectic solder, little 
work has been published on phase t ransformations in 
this alloy. Heath (1) has determined the eutectic com- 
position to be 18.6 a/o (atomic per cent) silicon by 
metallography. The eutectic s t ructure is composed of 
pure gold and silicon as there is negligible mutua l  solu- 
bi l i ty of the components (2). Several investigators (3- 
7) have reported obtaining metastable cubic phases and 
amorphous structures in gold-silicon alloys cooled at 
rates greater than  106 ~ However, no work has 
been reported on the phase t ransformations encoun-  
tered in eutectic gold-silicon alloys cooled from the 
melt  at commercial ly  obtainable cooling rates. The 
present study is in tended to fill this void. 

Exper imental  Procedure 
To prepare the gold-silicon alloys, 1-5 #m layers of 

99.99% gold were evaporated onto 150 ~m thick single- 
crystal silicon wafers of (100) or (111) orientation. 
The wafers were etched in HF solution prior to evap- 
oration to remove any oxide which may have formed 
on the surface. The gold-deposited wafers were al-  
loyed on a graphite strip heater at 40O~ as monitored 
by a Chromel-Alumel  thermocouple. The l iquid alloys 
on both (100) and (111) silicon substrates were cooled 
at various rates up to 5~ by reducing the power 
to the strip heater. Faster cooling rates were obtained 
by quenching with compressed N2 gas or in water. 
These cooling rates were estimated by assuming New- 
ton's law of cooling (8). 

The alloy structures obtained on the two substrate 
orientations at various cooling rates were examined 
direct ly using optical metallography, resist ivity mea-  
surements,  and x - r a y  diffraction. The resist ivity was 
measured using a four-point  probe. Phase identifica- 
tions were confirmed using a Norelco x - r ay  diffrac- 
tometer with CuK,  radiation. The orientat ion of the 
silicon in the alloy specimens was determined by Laue 
x - r ay  diffraction techniques. 

For  cooling rates higher than 103 ~ metastable  
structures were obtained. To study the reversion of 
these structures to equi l ibr ium gold and silicon phases, 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: metastable phase, epitaxial growth, quenching, cool- 

ing c u r v e .  

beams 3 • 0.3 cm were cut from the silicon wafers 
and mounted on a hot plate for aging studies con- 
ducted at fixed temperatures  between 25 ~ and 200~ 
A Chromel-Alumel  thermocouple pressure-mounted  to 
the specimen monitored the temperature,  which was 
stable to ___ 2~ Resistivity changes dur ing aging were 
continuously monitored with a four-point  probe accu- 
rate to ___ 1.5%. X~ diffractometer studies were also 
conducted on several samples at different intervals  of 
aging. 

Experimental Results and Discussion 
Eutectic structures (cooling rate ~103 ~ 

Typical microstructures obtained at various cooling 
rates up to 150~ on (111) and (100) silicon sub-  
strates are i l lustrated in Fig. 1 and 2, respectively. The 

Fig. i. Optical micrographs of gold-silicon eutectic alloy formed 
on (111) silicon at various cooling rates. The dark areas are sili- 
con and the light areas are gold. Magnification X390. 
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Fig. 2. Optical micrographs of gold-silicon eutectic alloy formed 
on (100) silicon at various cooling rates. The dark areas are sili- 
con and the light areas are gold. Magnification X390. 

structures consist of geometrically shaped pil lars of 
silicon growing from the substrate in a matr ix  of gold. 
The pi l lar  size and the in terpi l lar  spacing decrease as 
the cooling rate increases. This effect has been ob- 
served previously for a variety of eutectic morphologies 
(9). The shape of the silicon pillars is determined by 
the substrate orientation. Pil lars  on (111) substrates 
have t r iangular  and plate- l ike cross sections with 
perimeters  s trongly oriented in  ~110~,  while the 
morphology of pil lars on (100) substrates consists of 
squares and rectangles with perimeters also oriented 
in  <110~.  Laue pat terns  show that  these eutectic sili- 
con pil lars grow epitaxially from the substrate,  while 
the gold is randomly  oriented. 

It  can be observed by comparing microstructures for 
identical cooling rates in Fig. 1 and 2 that  nucleat ion 
of the eutectic occurred much more rapidly on (100) 
silicon. Comparable interpi l lar  spacings are obtained 
by cooling at IS0°C/sec on (10O) and 5°C/sec on (111). 
Because of the slow nucleat ion of the epitaxial  eutectic, 
at cooling rates faster than 5°C/sec on (111) sub- 
strates sufficient undercooling can be achieved for pure 
gold dendrites to nucleate independent ly  of the sub- 
strate and grow wi th in  the melt. The remaining  silicon- 
rich l iquid in these specimens still grows epitaxial ly 
with the very fine pi l lar  size and interpi l lar  spacing 
characteristic of the greater undercooling. Cooling rates 
faster than 150°C/sec were necessary for nucleat ion 
of gold dendri tes  on (100) substrates. 

F rom these exper imental  observations, a model can 
be postulated for the solidification of the eutectic. The 
eutectic nucleates at the silicon substrate and grows 
toward the surface (in the direction of heat flow) with 
silicon as the pr imary  phase. The silicon grows epi- 
taxia l ly  with (111) sidewalls and the symmet ry  being 
governed by the substrate or ientat ion (Fig. 3). Since 
the (111) sidewalls are not orthogonal to (10O) or 
(111) substrates, the sidewalls grow at obtuse or acute 
angles depending on the local avai labi l i ty  of silicon. 

Fig. 3. Scanning e|ectron micrograph of eutectic silicon pil|ars on 
(100) silicon. Cooling rate was 5°C/sec. The gold was removed by 
etching in an organic cyanide solution. Tilt-75 °, magnification 
X7800. 

The pure gold liquid between these silicon pillars solid- 
ifies with m a n y  nucle i  in a polycrystal l ine array. Since 
the nucleat ion and growth of epitaxial  silicon is more 
rapid on (100) substrates, for a given cooling rate 
coarser s tructures result  on (100) than  on (111) sub-  
strates. 

The epitaxial  growth of the gold-siIicon eutectic oc- 
curs only for th in  films on a silicon substrate.  Bulk 
gold-silicon eutectic nucleated from the melt  in  a 
graphite crucible is i l lustrated in Fig. 4. The silicon 
grows as a discontinuous precipitate yielding a struc- 
ture  similar  to that  observed for A1-Si eutectic (9). 

Metastable structures (cooling rate ~103 °C/sec).-- 
For cooling rates faster than .~1000°C/sec, the macro- 
scopic appearance of the eutectic was silver instead of 
the gold color obtained at slower rates. Microscopi- 
cally, the s tructure appears under  polarized light to 
be composed of m a n y  small grains of a single phase  
with no evidence of gold or silicon. The resistivity of 
the silver phase is ~100 ~ohm-cm, two orders of magni -  
tude higher than that for normal  gold-silicon. 

The x - ray  peaks obtained from a diffractometer trace 
of this phase are listed in Table I. Luo, Klement,  and 
A n a n t h a r a m a n  (5) had previously studied Au-S i  al- 
loys quenched at ex t remely  fast rates. They repor ted  a 
distr ibution of two phases, both fcc, depending on the 
ini t ial  atomic per cent  silicon in the alloy. Predecki, 
Giessen, and Gran t  (6) found a rapidly quenched 
eutectic alloy to have a bcc -y-brass structure.  Columns 
3-6 of Table I indicate which of the observed peaks 
can be assigned to silicon, gold, or the reported meta-  
stable phases. It  is seen that  the peaks of the ~-fcc 
metastable phase most closely match those found in 
our work. However, several other lines cannot  be in -  
dexed. 

To study the quenched films further,  electron micros- 
copy and diffraction were utilized. The electron dif- 
fraction pat terns showed that  the s tructure was much 
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denced by  x - r a y  l ine broadening  effects, in r ap id ly  
cooled eutect ic  a l loys  of Ag-Si ,  Ag-Ge,  Au-Si ,  and 
Au-Ge .  

Aging of metastab~e structures.--The revers ion  of the  
metas tab le  phase to equ i l ib r ium gold-s i l icon aged in 
both a i r  and N2 a tmospheres  was moni to red  by  fo l low-  
ing res is tance changes dur ing  i so thermal  anneal ing.  
X - r a y  di f f rac tometer  t races  were  also taken  on several  
samples  at  var ious  in terva ls  of aging. There  appeared  
to be good corre la t ion  be tween  the  f rac t ion of m e t a -  
s table phase  t r ans formed  as g iven b y  the fract ional  
change in resis t ivi ty,  ( p i -  p)/(pi ~ pD, and tha t  ob-  
ta ined f rom measurements  of x - r a y  peak  intensi ty  
changes be tween  the metas tab le  and equ i l ib r ium gold 
peaks. F igure  5 shows the S - shaped  t ransformat ion  
curves obta ined  by  res i s t iv i ty  measurements  at  three  
tempera tures .  

The kinet ics  of the revers ion  to equi l ib r ium s t ruc-  
ture  over  the  t empe ra tu r e  range  of 25~176 are  given 
in Fig. 6. The abscissa, v, is the t ime for  one-ha l f  the 
ent i re  res i s t iv i ty  change  to occur. I t  is seen tha t  the 
t r ans format ion  ra te  is affected by  the anneal ing  a tmo-  
sphere, wi th  less t ime  requ i red  for  t rans format ion  in 
air  than  in N2 at  t empera tu re s  be low 150~ The ac-  
t ivat ion energy  of the  l ine d rawn  th rough  the da ta  for 
anneal ing  in N2 is 34 kca l /mole .  Macroscopical ly,  the 
surface of the specimens annea led  in a i r  tu rned  a gold 
color immed ia t e ly  on annealing,  before  x - r a y  or  re -  

Fig. 4. Optical micrograph of bulk gold-silicon eutectic alloy. 
Magnification X800. 

more compl ica ted  than  prev ious ly  believed.  I t  was im-  
possible to index these pa t t e rns  on the basis of any  of 
the repor ted  cubic s t ruc tures  (5, 6). Al l  indicat ions are  
tha t  the  s t ruc ture  has a lower  symmetry�9  Aging  the  
quenched films indica ted  tha t  the reverse  t r ans fo rma-  
tion to equ i l ib r ium gold-s i l icon proceeds th rough  the 
format ion  of a fau l ted  s tructure.  The faul ted  phase is 
also found if the  wa te r  quench is inefficient, indica t ing  
the poss ibi l i ty  tha t  a finite amount  of the  faul ted phase 
is present  in the  quenched films. This fact m a y  account 
for the  s t rong intensi t ies  seen at d spacings s l ight ly  
shif ted f rom tha t  of pure  gold (10). A n a n t h a r a m a n  
(3) also repor ts  the presence of s tacking faults,  as evi-  

Table I. d-Spacings obtained from quenched gold-silicon 

, y - B r a s s -  
d-Spac -  ~ -FCC (5) ? - F C C  (5) bcc (6) 
i n g  (A) I n t e n s i t y  S i a n d  A u  (a = 7.844A) (a = 19.5A) (a = 9.6A) 

ffi . ffi o T= IlS*C 
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Fig. 5. Fraction of metastable gold-silicon transformed to eu- 
tectic gold-silicon vs. time for annealing in air at three tempera- 
tures. 
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Fig. 6. Time for half completion of transformation from meta- 
stable to eutectic gold-silicon vs.  reciprocal of absolute tempera- 
ture over the range 25~176 for specimens aged in air and N2. 
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Fig. 7. Isothermal transformation diagram for gold-silicon eu- 
tectic alloy. 

sistivity data showed any t ransformat ion had occurred. 
Analysis of the film in a Cameca ion microanalyzer  
showed the gold color to be caused by  a surface layer 
<1000A thick and composed of gold, silicon, oxygen, 
and nitrogen. Fi lms annealed in N2 remained si lver-  
colored unt i l  the t ransformat ion was near  completion. 
The rate data indicate this surface phenomenon in air 
significantly influences the t ransformat ion below 150~ 

From pre l iminary  results obtained by transmission 
electron microscopy it appears that  the t ransformat ion 
is complex, involving intermediate  diffusionless steps 
as well  as nucleat ion and growth. Thus, it is not sur-  
prising that the kinetics do not follow a simple Ar rhen-  
ius relationship wi th  a single activation energy. A 
more detailed invest igat ion of the steps in this t rans-  
formation is underway  and will  be discussed in a later 
paper. 

Summary 
From the observations presented in this paper it is 

seen that  gold-silicon eutectic alloys can have a wide 

var ie ty  of s tructures depending on thermal  treatment.  
This range of structures can perhaps best be sum- 
marized by borrowing a tool from the ferrous meta l -  
lurgist  viz., the isothermal t ransformat ion diagram 
(11). Figure 7 is an a t tempt  at such a diagram for 
gold-silicon eutectic alloys. The various types of 
broken lines represent  completed t ransformat ion (see 
legend in Fig. 7). The position of the various t rans-  
formation curves depends on exper imental  conditions. 
For  instance, the curves for freezing are shifted up-  
ward if (100) silicon is used as a substrate instead of 
(111). Likewise, the metastable heating t ransformat ion 
curve is shifted to the r ight  below 150~ if anneal ing is 
done in N2 instead of air. Nevertheless, the form of the 
diagram, regardless of substrate or atmosphere, should 
appear similar to tha t  in  Fig. 7. 

Manuscript  submit ted Jan. 8, 1971; revised m a n u -  
script received Oct. 22, 1971. This was Paper  190 pre-  
sented at the Atlant ic  City Meeting of the Society, 
Oct. 4-8, 1970. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL.  

REFERENCES 
1. E. G. Heath, J. Electron Control, 11, 13 (1961). 
2. E. R. Jet te and E. B. Gebert, J. Chem. Phys., 1, 753 

(1933). 
3. T. R. Anantharaman ,  Current Sci. (India), 27, 238, 

287 (1959). 
4. W. Klement,  Jr., R. H. Willens, and P. Duwez, 

Nature, 187,869 (1960). 
5. H. L. Luo, W. Klement,  Jr., and T. R. Anan tha ra -  

man, Trans. Indian Inst. Metals, 2'0, 214 (1965). 
6. P. Predecki, B. Giessen, and N. Grant,  Trans. 

AIME, 233, 1438 (1965). 
7. J. Dixmier and A. Guinier,  Rev. Met., 64, 53 (1967). 
8. P. Predecki, A. Mullendore, and N. Grant,  Trans. 

AIME, 233, 1581 (1965). 
9. G. A. Chadwick, Prog. Mater. Sci., 12, 97 (1963). 

10. M. S. Patterson, J. Appl. Phys., 23, 805 (1952). 
11. E. S. Davenport,  "Metals Handbook," p. 607 

American Society for Metals (1948). 

Kinetics of Thermal Growth of Ultra-Thin 
Layers of Si02 on Silicon 

I. Experiment 

Y. J. van der Meulen*  

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

The rate of formation of very thin SiO2 films thermal ly  grown on [111] 
and [100] oriented silicon wafers was studied using ell ipsometry to measure 
oxide thickness. Fi lm thicknesses from 10-300A were obtained by varying  oxi- 
dation time, oxidation tempera ture  (700~176 and oxygen concentrat ion 
in O2-N2 mixtures  at 1 atm total pressure. The applicabil i ty of ell ipsometry 
for such a s tudy is discussed. Reproducibil i ty of oxide films grown to thick- 
nesses of 20-30A was approx. _I .0A.  Under  otherwise equal conditions the 
oxide thickness grown differs for [100] and [111] oriented wafers. The pres-  
sure and tempera ture  dependence of the l inear  rate constant, kIin, show that  
the SiO2 growth reaction is more complicated than was suggested earlier. In  
particular,  a different pressure dependence for the two substrate orientations 
used indicates that  several oxygen species participate in the rate determining 
steps. 

Over the last decade, the increasing importance of 
silicon dioxide films in semiconductor technology has 
been evidenced by the large number  of studies dealing 

* Elect rochemical  Society Act ive  Member .  
Key  words :  el l ipsometry,  oxygen,  (linear) ra te  constant,  pressure  

dependence.  

with its thermal  formation on silicon, m a n y  of which 
are listed in Ref. (1-3). In  classifying the results, a 
distinction can be made between the so-called "wet" 
oxidation in which water  vapor is the principal  oxi- 
dant, and "dry" oxidation where  the pr incipal  oxidizing 
species general ly is oxygen. As the oxide film grows 
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thicker, both the wet and the dry process eventual ly  
fol low a parabolic  rate  law (thickness ~ time'/=) of 
the type or iginal ly  observed by Tammann  (4) and 
theoret ical ly  t reated by Wagner  (5). This t ime de- 
pendence is a consequence of the fact that  the t rans-  
port  of mater ia l  through the thickening scale has be-  
come the slowest or ra te - l imi t ing  step in the over -  
all process. For  smaller  thicknesses, the oxide forma-  
tion is not yet  diffusion-controlled and slower surface 
( interface) reactions are ra te -de termining ,  result ing 
for SiO2 in a l inear re la t ion be tween thickness and 
time. At in termedia te  thicknesses where  nei ther  the 
parabolic nor the l inear step alone is ra te- l imit ing,  
a mixed l inear-parabol ic  equation combining them 
does describe the growth of SiO2 as a function of 
t ime quite  adequate ly  over  a range of conditions (1, 2). 

Unfortunately,  few published results are avai lable  
describing the growth of SiO2 in the thickness range 
between 0 and 300A. In this interval,  past work  has 
been concerned main ly  wi th  the very  slow oxidation of 
silicon near  room tempera tu re  for thicknesses up to 
25A (6, 17); one of the few exceptions is a s tudy by 
Goodman and Breece (7) of the oxide growth at 600~ 
for thicknesses up to ~30A for the "dry"  and ~60A for 
the  "wet"  process. However ,  as the t rend towards the 
use of thinner  oxide layers continues, it is essential to 
fur ther  study their  formation. The present  art icle de- 
scribes the the rmal  growth of SiO2 films (10-300A) on 
[100] and [111] or iented silicon wafers  in O2-N2 mix -  
tures of various oxygen concentrat ion (1-100%) over  a 
range of tempera tures  (700~176 

Experimental  Procedures 
In this investigation, chem-mechanica l ly  polished 

silicon wafers  ([100] and [111] oriented, 11/4 in. diam, 
p-type,  2 ohm-cm)  were  used. They were  cleaned by a 
standard process; 1 subjected to a c lean-up oxidation 
in 02 at 1050~ to form ~2000A of SiO2; recleaned; 1 
b lown dry in filtered, purified N2 while  being t rans-  
ferred to a quartz  rack; and within  150 sec af ter  leaving 
the water  placed in the oxidation furnace tube which 
was filled with high pur i ty  N2. 

It has been reported that  cleaned silicon surfaces can 
be temporar i ly  protected by quenching freshly etched 
wafers  in a saturated solution of iodine in methanol  
(8). The iodine can be removed by heat ing in N2 (500 ~ 
550~ atmospheric pressure)  to leave a bare Si surface. 
We found that  the index of refract ion of the surface 
nsi was not changed by such a t rea tment  and that, on 
the average, oxide thicknesses were  equal  to those 
obtained wi thout  quenching in I2. However ,  the scatter 
in the data was somewhat  higher, and the method was 
therefore  abandoned. 

Oxidations were  carr ied out in a double-walled,  high 
purity, fused silica tube. Purified N2 was passed 
through the outer  jacket  (2 l i t e r s /min) .  The water  
content  of the effluent f rom the inner tube was less 
than 0.1 ppm. In each run, four wafers, ver t ica l ly  
ar ranged on a quartz carrier,  were  warmed  up in N2 
(15 min) ;  oxidized at the desired oxygen part ial  pres-  
sure (~o~) in an O2-N2 mix ture  (1 atm) for the desired 
length of t ime (tox); flushed with  N2 (15 min)  and 
finally cooled down in N2. This procedure  gave a rea-  
sonable degree of accuracy in defining smaller  values 
of tox (the min imum value of which was 15 min) ,  in 
spite of mixing be tween  the N2 and the O2-N2 mixture .  
Control  runs were  made in pure N2. 

The oxide thickness was measured by ell ipsometry.  
Al ignment  of the el l ipsometer  was done according to 
standard procedure  (10). The el l ipt ici ty of the polar-  
izer was shown to be negl igible  (9). The adjus tments  
necessary for the optimal  a l ignment  of the mounted  
sample were  done as follows: The polar izer  (P) and 
analyzer (A) were  roughly  adjusted to yield the mini -  

1 C l e a n i n g  s equence :  de ion i zed  H20;  NI~OH:H20~:H~O = 1:1:5,  
65~ u l t r a s o n i c a l l y  ag i t a t ed ;  d.i. H20;  HCl:H20=:H~O = 1:1:5,  65~ 
u.a.;  d.i. H=O; H F : H 2 0  = 1:1; d.i. H=O. 

mum photo-detector  response (i.e., ext inct ion) ;  the 
analyzer was then rotated by 90 ~ and the sample was 
adjusted unti l  the response of the detector  was at a 
max imum;  with  the sample in this position the mea-  
surements  were  made. This procedure  gave the same 
results as a l ignment  of the sample wi th  P and the 
qua r t e r -wavep la te  (Q) put  at zero but it is much 
faster. All  data points were  measured in 2 zones with 
Q = 45.00 ~ , at a wave leng th  ~ ---- 5461A and with  an 
angle of incidence r ---- 70.00 ~ Two measurements  were  
usually made  on each oxidized wafer.  The data  were  
numer ica l ly  evaluated  using an IBM 360/91 computer  
and McCrackin 's  program which allows one to make  a 
number  of different calculations (10). 

Ellipsometric Evaluation 
Proper  in terpre ta t ion of the ell ipsometric results in 

terms of the complex ref rac t ive  indices of the substrate 
(ns* ---- ns [1 -- i �9 ~s]) and the film ( n F *  = n F  [1  - -  

i �9 KF]), and of the film thickness (dR), requires  that  a 
few l imitat ions of this technique be kept in mind. A 
single el l ipsometric measurement  yields a set of two 
parameters  (A,~), that  characterize the change in 
polarization of the  l ight  upon reflection by the surface 

R ~  
- -  ---- tan ~ e ~ [1] 
Rs 

where  Rp and Rs are the complex reflection coefficients 
for l ight polarized paral le l  and normal  to the plane of 
incidence of the l ight beam. For  t ransparent  films, 
and ~ are cyclic functions of the oxide thickness. From 
these parameters  no more than two of the five un-  
known mater ia l  parameters ,  defined above, can be 
deduced. 

In order to simplify the analysis, the SiO2 films are 
assumed to be complete ly  transparent ,  i.e., ~sio2 ----- 0. 
In addition, e l l ipsometry cannot be used to determine  
the imaginary  part  of the substrate  index (Ksi) unless 
the silicon has an atomical ly c lean surface. This is 
because both a change in ~si and the presence of a very  
thin oxide film cause a shift in A only, which can be 
made to coincide to wi th in  a fract ion of the exper i -  
menta l  error  (Fig. 1). Thus a value  of Ksi ---- 0.00685, 
obtained f rom optical t ransmission exper iments  (11), 
was used in this study. A small  change in the real  part  
of the substrate index (nsD on the  other  hand results 
almost exclus ively  in a shift in ~ (Fig. 2). Al l  of this 
serves to reduce the number  of unknown mater ia l  
parameters  to three  (nsi, nsio2, dsio2). 

Consider now the relat ion be tween  these parameters  
and the ell ipsometric data  (4, ~). It can be understood 

hi 
LU 
n" 
~.1 179.0 
r~ 

<3 

dsi02(~), (Ksi02 = .001) 
2.2 180"00 I 

. 

179.5 ~ 0  

178.5 

4.4 

178.0 I I I I 
.001 . 0 0 3  . 0 0 5  . 0 0 7  . 0 0 9  .011 

Ks1, (dsl02 = O) 

12.5 

uJ 
uJ 
Q~ 

,20 

11.5 

Fig. 1. The effect on (A,~) of a change in the imaginary part 
of the refractive index (Ksi) at a constant value of the real part 
(nsi ---- 4.085) for an unoxidized substrate. Also shown is the 
equivalency of such a variation of Ksi and the presence of a 
thin Si02 film for a fixed value of Ksi. 
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Fig. 2. The effect on (4,~) of a change in the real part of the 
refractive index (nsi) at a constant value of the imaginary part 
(~si = 0.00685). Unoxidized surface. 

Table II. Effect of variations in n s i  on the ellipsometric parameters 
(4, ~); nsio2 = 1.46 - -  1.48 

(a) A = 169.855,  ~/ = 12.121 
( c o r r e s p o n d i n g  to dsio  2 = 30)* a t  n s l  = 4.085 [1 --  i • 0 .006851) 

nsl ~sJ% ds1% $4  ~ 

4.055 1.46 30.3 -- O. 118 - -  0,201 
4.065 1.46 30.3  - -0 .078  -- 0 .134 
4.075 1.46 30.3  --  0 .038 -- 0 .066 
4 ,085 1.47 30.0 0.000 0 .000  
4 ,095 1.48 29.7  0 .038 0 .067 
4.105 1.48 29.7  0.075 0.133 
4 ,115 1.48 29.7  0.112 0 .200 

(b) A = 91.857,  ~ = 26.336 ( c o r r e s p o n d i n g  to  dsio= = 500A 
at nsl  = 4.085 [I -- i • 0 .00685]  a n d  n s l o  2 = 1.47) 

- s l  ns1% dsio~ ~A ~ 

4.055 1.46 508.5 0.000 O.O00 
4.065 1.46 505.6 0.000 0.000 
4.075 1.47 502.9 0 .000 O.O00 
4.085 1.47 500.0  0 .000 0 .000 
4.095 1.47 497.3  0 .000 0 .000 
4 .105 1.48 494.5 O.O00 0 .000  
4.115 1.48 491,8 0~000 0 .000 

that  as dsio2 becomes smaller, the influence of 7tsi* 
becomes dominant.  Thus, for a fixed value of nsi* and 
small  dsio2 it is not possible to determine nslo2 accu- 
rately. At the same time, some uncer ta in ty  is in t ro-  
duced into the determinat ion of dsio2. As shown in 
Table I (a )  for dsio2 ~'~ 30A, very small  changes in A 
and ~ suffice to change nsio2 considerably. Taking into 
account the exper imental  errors in 4 and ~ (~0.015), 
the estimated accuracy in nsi02 in this thickness range 
is approx. •  At greater  oxide thickness (dsi02 ---~ 
500A) the influence of a change of 1% in nsio2 already 
exceeds the exper imental  uncer ta in ty  [Table I ( b ) ] .  
Determinat ion  of nsi, however, is best done on surfaces 
covered with as th in  a film as possible: Even  with a 
small  variat ion possible in nsio2, the effect of a shift in 
nsi at dsio2 --~ 30A quickly exceeds the exper imental  
error  in r whereas at ds~o2 --~ 500A the same uncer-  
t a in ty  in ns~o2 effectively prevents  determinat ion of nsi 
(Table II) .  

The best procedure is thus to first compute ns~ from 
(4, ~) measured on very  thin films (dsio2 ~ 20A) using 
a reasonable value of nsio2 (e:g., 1.50), followed by a 
more precise determinat ion of nsio2 from sets of data 
(~, ~) taken on thicker films (dsio2 ~ 200A). This caI- 
culation can be rei terated unt i l  consistent values of 
both nsi and nsio2 are obtained. Once these values are 
known, one can make  an accurate calculation of dsio2 
for all films regardless of thickness. The tacit assump- 
tion here is that  the optical constants do not depend on 
dsio2. This is the case if all  data in the range of obser- 
vat ion can be evaluated using the same values of nsi 
and nsio2, and it was indeed found that  throughout  our 
experiments  consistent results could be obtained using 
nsi = 4.085 ~ 0.003 and ns~o2 : 1.47 _+ 0.01. Finally,  it  

Table I. Effect of variations in n s i o  2 on the ellipsornetric 
parameters (~, ~); nsi* = 4.085 [ l  - -  i X 0.00685] 

(a) h = 169.855,  ~ = 12.121 
( c o r r e s p o n d i n g  to dsJo= = 3OA a t  nsJ% = 1.47) 

~s J% ds~% ~ ~ /  

1.40 32.5 0,002 0.004 
1.42 3 L 7  0,002 0,003 
1.44 30.9 0,001 0.002 
1.46 30.3 O.O00 0.001 
1.48 29.7  -- O,O00 --O.O01 
1.50 29,2 -- 0.001 -- 0.002 

(b) h = 91.857. ~ = 26.336 
( c o r r e s p o n d i n g  to  d s i o  2 = 500A a t  n s i o  2 = 1.47) 

ns1% ds~o z ~h ~ 

1.40 647.8 1.756 0,467 
1.42 532.6 1.203 0.336 
1.44 518.7 0,695 9.203 
1.46 506.0  0 .224 9.068 
1.48 494.3 -- 0 .215 -- 0 .068 
1.50 483.6  -- 0 .628 -- 0 .206 

has been shown that, for a silicon wafer  covered with 
SiO~, the reflectance (R), as calculated from 4 and r 
is constant  wi thin  exper imental  error up to dsio2 "~ 
150A (12). This was convenient ly  used to check on 
the constancy of nsi after various cleaning and oxidiz- 
ing treatments.  

Results and Discussion 
For a given set of condit ions (silicon orientation, 

temperature,  oxygen par t ia l  pressure) an oxide thick-  
ness vs. oxidation t ime plot was always characterized 
by a fast ini t ial  rise followed by a (almost) l inear  
region. The rapid ini t ia l  growth process is known  to 
have a dsio2 cc log tox dependence at room tempera ture  
(6) and ceases to be impor tant  with increasing th ick-  
ness (7). At lower temperatures  (T ~ 800~ and 
oxygen part ial  pressures (P'o2 ~- 0.1 atm) the data fit 
quite closely to the l inear  relationship 

dsio2 = kl~, to~ + do [2] 

where kiln is a l inear  ra te  constant  and do is a correc- 
t ion due to the fact that  the l inear  region does not 
extrapolate back to the origin, bu t  is preceded by  the 
logarithmic growth. Thus we can also wri te  

~dslo2 
= klin ---- ] (~o2, T, orientat ion) [3] 

Otox 

At higher temperatures  and pressures, the oxide thick-  
hess did not  increase exactly l inear ly  with time, and 
allowance had to be made for the onset of a diffusion- 
controlled oxidation mechanism by using a mixed 
l inear-parabol ic  equat ion 

dsio22 -- do s dsio2 -- do 
+ = to= [4] 

k p a r  ~ l i n  

where k p a r  is the parabolic rate constant,  connected 
with the t ranspor t  of oxidant  through the oxide film. 

Typical results, i l lus t ra t ing the large effects of sili- 
con orientat ion and oxygen concentrat ion are presented 
in  Fig. 3 for Tox = 850~ Most of the data points rep-  
resent the average value of two measurements  on each 
of four wafers. S tandard  deviations are indicated for 
the top three curves and are smaller  than  1.0A for the 
lowest curve. The small  s tandard deviations in  the 
lat ter  case for oxide thickness of approx. 20-35A makes 
these films very  suitable for use in MNOS type s t ruc-  
tures based on direct tunne l ing  phenomena  (18). The 
solid lines were obtained by  curve fitting using Eq. [4]. 
Values for the parabolic rate constant  were obtained 
from the data of Deal and  Grove (1) who, wi th  o t h e r s  
(13), also established the  proport ional i ty of k p a r  with 
part ial  oxygen pressures albeit  at higher temperatures  
( >  950~ than  some of the tempera tures  used in  the 
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Fig. 3. Plot of oxide thickness vs. oxidation time at 850~ 

Orientation and ~o2 have been indicated. Error bars are shown 
in the upper curves. Standard deviations for the lowest curve 
were approx. 1.0.~. 

present study. At Po2 m 1 atm, the difference in k]i. 
between the [111] and [1O0] surfaces amounts  to a 
factor two; at ~o2 = 0.01 atm no difference could be 
measured between the two orientations. 

Curves similar  to those in Fig. 3 were measured at 
five different temperatures  (700 ~ , 800 ~ , 850 ~ , 900 ~ , 
100O~ for [111] oriented wafers and at two tempera-  
tures (850% 1000~ for [100] oriented wafers. Values 
of the l inear  rate constant  (k,n) were obtained and are 
shown in Fig. 4, along wi th  two lines having slopes of 

SLOPE: {III} {IO0} 

i /  .83 / J /  IO00~ 
,ooo~ 

, ,ooc  

/ ,-" . 700~ 

i A__  J 
0.01 0.10 t.00 
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Fig. 4. Plot of log kli  n VS. log P'oe- Drawn lines: [i11] wafers; 
dashed lines: [100] wafers. Oxygen partial pressures where mea- 
surements were taken are indicated. Shown in the upper left-hand 
corner are two lines with slopes 0.5 and 1.0, respectively. 

I0 

1.0 

30 

I00 900 
I00 .~ i I 

\ 
k\\ 

IO \~ 

I C 

,:" 1.0 
.~T 

T, (~ 
8O0 7O0 600 

1 1 i '"  i 

+(,oo} 
x ( , , , }  
[] GOODMAN & BREECE 

[3 

I I I I 
.01._~ .8 .9 1.0 I.I 1.2 

I 0 0 0 / T ,  (o K-I ) 
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1/2 and 1. With the possible exceptions of the [100] 
data at 850~ (slope : 0.54) and the [111] data at 70O~ 
(slope : 0.59) none of the curves measured exhibit  a 
simple pressure dependence, i.e., kiln oc po2y, where y 
equals either 1/2 or 1. Small  values (klin < 0.1A min  -1) 
are harder  to determine accurately and accordingly 
the scatter in the data was somewhat larger in that  
range. However, it is evident from the curves in Fig. 4 
obtained for the [111] oriented wafers that  the slopes 
increase as the tempera ture  rises from 700 ~ to 1000~ 
Although our data collected on [100] oriented wafers 
are more limited, they indicate a similar trend. All 
values obtained for klin at Toe ---- 1.0 atm have been 
plotted in  Fig. 5 as a funct ion of temperature.  Also 
shown is a point taken from recent ly published work 
(7) on the oxidation of [100] oriented wafers at 600~ 
From this graph, it is clearly apparent  that  the data 
for one orientat ion cannot be fitted using a single 
activation energy (hE) in an Arrhenius  expression 

~lin ~-~ ~r ~ exp T [5] 

Instead a considerably more complicated mechanism 
must  be operative. These findings will  be treated in 
detail in Par t  II of this investigation. 

Consideration of both earlier published data and the 
present exper imental  results makes it possible to lay 
down a few ground rules that  any  description of the 
silicon oxidation mechanism should conform to. The 
oxide growth takes place at the silicon-silicon dioxide 
interface (14). Earl ier  work showed the oxidation in 
the parabolic region to be independent  of wafer ori- 
entation, as indeed it  must  be when  the process is dif- 
fusion-controlled. It  was also found (1, 13) that  the 
parabolic rate constant  increases l inear ly  with the oxi- 
dant  part ial  pressure from 950 ~ to 120O~ This ad- 
herence to Henry 's  law thermodynamical ly  means that 
molecular oxygen, perhaps as a molecule ion (14-16), 
must  be the principal  diffusing species. In  this work, 
we measured different values of the l inear  ra te  constant  
at Po2 = 1.O atm for wafers having a different or ienta-  
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tion. Previously, this had only been reported for "wet" 
oxidation (2). This orientat ion dependence could sim- 
ply be the result  of the different atomic s t ructure  of 
the surface and need not imply a basically different 
reaction mechanism. It was also found, however, that  
at a given temperature  the pressure dependence of 
ktin depends on the orientat ion of the substrate. Thus 
the apparent  order of the reaction is different for dif- 
ferent  orientations which means that  more than one 
oxygen species must  be involved in the ra te- l imi t ing  
step. In  other words, the two orientations studied have 
different ra te - l imi t ing  steps. Taken together with the 
fact that  even for a single orientat ion the slope of kiln 
vs. Po2 changes with temperature,  it means that  the 
ra te- l imi t ing step is more complicated than was 
thought before and may well  be comprised of various 
competing reactions involving different oxygen species 
at the Si-SiO2 interface. The mathemat ical  description 
to be presented in Par t  II will a t tempt to take these 
complexities into account. 

The values calculated for kiln from the exper imental  
data at Po2 ---- 1 arm presented here---although roughly 
comparab le - -a re  not in complete numerica l  agreement  
with earlier values (3). This can be ascribed to the 
fact that the mixed l inear-parabol ic  mechanism in 
prior work normal ly  was diffusion dominated, the 
surface reaction giving rise to a l inear  correction only, 
whereas in  the present  s tudy surface reactions are 
dominant.  There seems to be one fundamenta l  aspect 
where at first sight the discrepancy is of a more funda-  
menta l  character: Deal and Grove (1) reported that 
knn too varies l inear ly  with the oxygen pressure. Fu r -  
ther  examinat ion of their data shows, however, that 
the observat ions- -probably  made on [111] oriented 
wafers - - in  dry  oxygen were made at a single tempera-  
ture  (1200~ and over a ra ther  l imited range of 
partial  pressures (Po2 ---- 190-760 mm Hg). Thus no real 
discrepancy with the data presented here need exist, 
because the relat ion between kiln and Po2 becomes 
more l inear  with rising temperature  (Fig. 4). 

Summary 
The thermal  dry oxidation of silicon under  ul t raclean 

conditions has been studied in the region where the 
kinetics are predominant ly  l inear  with t ime and con- 
trolled by a reaction at the SiO2 outer surface, where 
the incorporation of oxygen into the SiO2 takes place, 
or at the SiO2-Si interface, where the oxide growth 
occurs. The following findings seem to be most signifi- 
cant: 

(i) For  a given temperature  and oxygen partiaI 
pressure the l inear  oxidation rate is different for [111] 
and [100] oriented wafers. 

(ii) For a given tempera ture  and or ientat ion the 
pressure dependence of the l inear  rate constant  is 
complicated and seems to preclude a simple reaction 
mechanism. 

(iii) For a given tempera ture  the oxygen pressure 
dependence of the l inear  rate constant  is different for 
[ I l l ]  and [100] oriented wafers. 

(iv) For a given wafer orientat ion the oxygen pres- 
sure dependence of the l inear  rate constant varies with 
temperature.  

The data do not seem to contradict earlier work but  
they definitely require  a more complex reaction scheme 
than has been proposed for this process in the past. 
Possible solutions to this problem wil l  be dicussed in 
Par t  II of this investigation. 
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A Survey of the Cr-Rich Area of the Cr-Si-C Phase Diagram 
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ABSTRACT 

An  investigation of the t e rnary  phase diagram Cr-Si-C has been completed 
in the region Cr-Cr3C2-Cr~Si3. Phase boundaries  have been established to an 
accuracy of •  a/o (atomic per cent) .  The extent  of a t e rnary  single-phase 
region of approximate stoichiometry CrsSi3Cx is established. Lattice parameter  
measurements  of this phase show that  all or near ly  all C enters the D8s-MnsSi3 
structure at interst i t ial  sites, ra ther  than subst i tut ional ly  as previously re-  
ported. Finally,  the possibility of SiC crystal growth from solutions of t rans i -  
t ion metal  silicides is discussed. 

Chromium has been considered as a solvent for the 
solution growth of single crystal silicon carbide, based 
essentially on ini t ia l  phase diagram work by Griffiths 
and Mlavski (1) and Griffiths (2) that  indicated a 
two-phase equi l ibr ium Cr-SiC. Griffiths (3) subse- 
quent ly  corrected the earlier diagram and reported that 
b inary  Cr3C2 is in equi l ibr ium with a t e rnary  Cr-Si-C 
phase; this rules out a Cr-SiC pseudobinary system at 
least at low temperatures.  A tentat ive Cr-Si-C te rnary  
diagram was later  given by Wolff and Das (4) which 
is based on the consti tution of several alloys with com- 
positions in the partial  system CrsC2-SiC-CrsSis-Si, 
supplemented by  tentat ive t ie- l ines in the Cr-r ich 
portion. They report the existence of the equil ibria  
Cr23C6-CrsSi, CrTC3-Cr~Si, Cr3C2-Cr3Si, CrsC2-T (T --- 
t e rna ry  phase),  CrsSis-T, CrsSi2-T, CrsC2-SiC, T-SiC, 
CrSi-SiC, and CrSi2-SiC. 

We report  here a reasonably detailed survey of the 
Cr-r ich region of the Cr-Si-C isotherm at 1400~ which 
is shown in Fig. 1. The consti tution of alloys in  the 
Cr-CrsC2-T-Cr5Si3 par t ia l  diagram was studied; thus, 
the present work is complementary to that  reported in  
Ref. (4). 

Techniques 
Samples of ~ 5g weight  were prepared by a rc -mel t -  

ing in a Ti-get tered argon atmosphere from 99.999% 
Cr, 99.99% Si and C with < 5 ppm ash. Cr-Si  and Cr-C 
master  alloys were used to make the t e rnary  alloys. In  
the preparat ion of the alloys in  the part ial  system 
CrsSis-T-SiC-Si,  SiC (99+ %) was also used as a s tar t -  
ing material.  Weight losses on mel t ing depended on 
the Cr content, and amounted to ~ 1 w/o (weight per 
cent) at 70 a/o Cr and 2 w/o  at 90 a/o Cr. Considering 
the high vapor pressure of Cr, these losses could be 
taken as Cr losses; after correcting for them, the nomi-  
nal  compositions of the alloys were used, with a re-  
maining  uncer ta in ty  of < 4- 1 a/o. No oxidation was 
noted. The dash-dotted line in  Fig. 1 indicates the ap- 
proximate l imit  of the compositions of alloys that  could 
be prepared by arc-mel t ing  as described; in  alloys with 
compositions beyond this l imit  large evaporat ion losses 
occurred. 

The alloys were examined in the as-cast state and 
after anneal ing for 6 to 7 hr at 1400~ in He at 1 atm 
( <  5 ppm impuri t ies) .  This period of t ime was found 
to be sufficient to produce equil ibrium, as shown by 
the removal  of nonequi l ib r ium structures such as those 
due to incomplete peritectic reactions. Metallographic 
samples were electrolytically etched in  dilute HCI; 
x - r ay  pat terns of ground samples were taken on a GE- 
XRD6 diffractometer with filtered Cr Ks-radia t ion.  All  
phases were identified by matching of the diffraction 
pat terns with the data in  the JCPDS Powder Diffrac- 
t ion File; phase proportions were estimated from mi-  
croscopic examinat ion  of the polished, annealed sam- 

K e y  words :  t e r n a r y  phase  d i a g r a m ,  C-Cr-Si  sys tem,  SiC, solut ion 
g rowth ,  x - r a y  diffract ion.  
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ples and by comparing x - ray  intensities using our own 
diffraction pa t te rn  matching program. Lattice parame-  
ters for T are shown in Fig. 2; they were calculated 
from high-angle  reflections with 2e ~ 140 ~ and have 
error l imits of < 1 to 2 • 10-3A, as indicated in  Fig. 2. 

Results and Discussion 
The Cr-Si-C system.--On the basis of these alloys, 

the na tu re  of the phase equil ibria  in the investigated 
portion of the 1400~ isotherm (Fig. 1) has been estab- 
lished unambiguously.  A more accurate location of the 
boundaries  between the two- and three-phase fields 
beyond the present  accuracy of ~- ___2 a/o (for bound-  
aries given in solid lines) would have required a much 
larger number  of alloys and was not attempted. The 
extent  of t e rnary  homogeneity ranges of the b inary  
Cr-C phases was not studied but  they are probably 
small, judging from the absence of lattice parameter  
changes. CrsSi has a l imited solubil i ty for carbon of 
4 --+1.5 a/o; Cr5Si3 has no noticeable solubil i ty for car- 
bon (this may be due to the formation of the te rnary  
phase T with the formula Cr5SiaCx which lowers the 
solubili ty of carbon in Cr5Sis). 

c 

/ ', 

06 7,; 
Cr 20 C~Sir'~ 140 I 60 80 Si 

CrsSi 3 CrSi CrSi 

ATOMIC PERCENT SILICON 

Fig. i. Isothermal section of the ternary system Cr-SI-C at 
1400~ Binary Cr-C, Si-C, and Cr-Si phases and their compositions 
are taken from Ref. (5-7) respectively. O :  single phase; ( ~ :  two- 
phase; 0 :  three phase. Dash-dotted curve indicates limit ot com- 
positions of alloys accessible by arc-melting as described in text. 
Alloy marked I I  was prepared by sintering a mechanical mixture 
of the elements, and consisted of Cr3C2, SiC, and T. 
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Fig. 2. Lal'fice parameters, axial ratios, and unit cell volumes of 
the ternary Cr-Si-C phase T (CrsSi3Cx) in allays A-G on ar near 
the section CrsSi3-C (see Fig. 1). Small departures af alloy com- 
positbns from section Cr~Sis-C have negligible effect on unit cell 
parameters due ta the similar sizes of Cr and $i in CrsSi3C~. 

The phase diagram shows clearly that combinations 
of silicides and carbides of Cr, such as CrTCs + CrsSi 
or CrsCe + T have lower free energies than  the com- 
binat ion Cr + SiC. The zigzagging of the t ie- l ines be-  
tween the silicides and carbides up to Cr~C2 and T, and 
the absence of a Cr-SiC equi l ibr ium is possibly related 
qual i ta t ively to the average valence electron concen- 
t rat ion per atom (8) (VEC) of the silicides and car-  
bides which changes monotonical ly with the C and Si 
contents, as shown by the following argument .  It  is 
often observed in t e rnary  systems that  two VEC-deter-  
mined  b inary  phases (such as ~-phase-related t rans i -  
tion metal  phases and noble metal  Hume-Rothery  
phases) with a common const i tuent  are connected by 
a pseudobinary solid solution range of constant  VEC 
(8). In  addition, Pfeifer et al. (9) noted that  in the 
absence of a complete solid solution, t ie- l ines will  tend 
to connect two phases with similar  VEC's ra ther  than  
two phases with a large VEC difference. As the phase 
diagram shows, the Cr-r ich phases in the Cr-Si-C sys- 
tem may follow this rule. 

The main  changes in the present  phase diagram over 
the tentat ive diagram of Ref. (4) are: (i) no t ie- l ine  
exists between Cr3C2 and CrsSi; instead there is a t ie-  
l ine between CrTCs and T (see Fig. 1) ; (ii) the region 
CrsSi-T-CrSi  has been worked out; a nonexis t ing phase 
CrsSi2 has been removed and replaced by CrsSis; (iii) 
missing t ie- l ines such as those between CrsSi and T or 
CrSi and T were established and a number  of phase 
boundaries  were refined. 

The ternary phase.--Some interest ing results concern 
the t e rna ry  phase, T. Its stoichiometry range was found 
to conform to the ideal formula CrsSi~Cx, (approximate 
homogeneity range Crs•177 with 0.25 ~ x 
1.05. Its lattice parameters  and atomic volumes (Fig. 
2) show a pronounced increase with increasing x. This 
indicates that  addit ional  carbon does not subst i tute  for 
Cr or Si, as implied by the formula  Crs-xSis-~Cx+y 
[Ref. (10)] but  that  it occupies unfilled sites of the D8s- 
MnsSi8 type s tructure of CrsSi~Cx. The MnsSi~ struc- 

ture  type provides vacant  hole sites formed by the 
metal  octahedra which are un ique ly  favorable for the 
accommodation of inters t i t ia l  atoms (11). A neu t ron  
diffraction study (12) of the related Nowotny phase 
Mo4.sSisCa.~, confirmed that  carbon occupies the octa- 
hedral  hole positions. ( In Mo4.sSizC0.6, the ratio Mo: Si 
= 1.60 causes 10% vacancies in the fourfold Mo posi- 
tions, with the sixfold Mo positions being completely 
occupied; however, in CrsSisCx there are probably  no 
such metal  vacancies).  

The present invest igat ion provides strong support  for 
the model (11, 12) for the C positions. Since there is 
one hole site per formula unit ,  the m a x i m u m  solubil i ty 
of carbon due to this position would be 11.1 a /o  C (x = 
1). This agrees well  with the exper imental  value of 11.5 
• 1 a/o C (x = 1.05 • 0.1) from metal lographic ob- 
servation and the discontinuit ies of the lattice parame-  
ters and atomic volume (Fig. 2). As in other alloy 
phases stabilized by interst i t ial  atoms, addit ional  bond-  
ing is probably  provided in  CrsSi~Cx by interact ion of 
the s,p-states of carbon with the d-states of the t rans i -  
tion metal  (13), stabilizing the t e rna ry  phase. 

Growth o] SiC.- -Concerning the possibility of grow- 
ing SiC from Cr solutions, it can be seen in Fig. 1 that  
SiC is not in equi l ibr ium with Cr at 1400~ nor  is 
there l ikely to be an equi l ibr ium between SiC and melt  
at elevated temperatures  in  the par t ia l  system Cr-  
CrTCs-CrsSi. To grow SiC from Cr-SiC melts, composi- 
tions in the part ial  system CrsC2-T-SiC would be 
necessary. These would require  high temperatures  
(1900~176 with at tendant ,  re la t ively high part ial  
pressures of Cr (,~ 1-10 Torr) .  This makes Cr an un -  
at tract ive base for equi l ibr ium solution growth of SiC 
even if one were wil l ing to operate in the requisi te  t em-  
perature and composition range. 

Concerning other potential  t ransi t ion metal  solvents 
for SiC, the following s tatements  are possible. In  ac- 
cordance with the general  VEC principle stated above 
(9), t e rnary  Si -C- t rans i t ion  metal  phase diagrams with 
t ransi t ion metals  between Group IVB (Ti) and Group 
VIII  (Ni),  will  either have similar stable t ie- l ines  be- 
tween metal  carbides and silicides as in Cr-Si-C (if the 
third element  is an early t ransi t ion metal  such as Ti, 
V, Cr), or there will be t ie- l ines between the metal  
silicides and C (if the thi rd  e lement  is a later  t rans i -  
t ion metal  such as Co and Ni). Unal loyed t ransi t ion 
metals are, therefore, not  prospective solvents for SiC; 
SiC growth is possible, perhaps, if one used as a sol- 
vent  a relat ively low mel t ing  b ina ry  or t e rnary  in te r -  
metallic phase which is i n  equi l ibr ium wi th  SiC at all 
temperatures.  
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Spectrophotometric Determination of Photoresist Photosensitivity 
I. A Theoretical Discussion of Those Photoresist Reactions 

Which Entail the Depletion of a Photoactive Species I 
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I B M  C o m p o n e n t s  Divis ion,  East  F ishk i l l  Faci l i ty ,  H o p e w e l l  Junc t ion ,  N e w  Y o r k  12533 

Many of the commonly used photoresist systems con- 
sist of two components:  a polymer  and a photoactive 
species dissolved in an organic solvent system (1, 2). 
During exposure, light is absorbed by the photoactive 
species which undergoes a chemical change promoting 
either a solubilization or a desolubilization reaction 
in the polymer. To be capable of react ing the photo- 
active species must, of course, according to the Gro-  
thus-Draper  law (3), have an absorption band  in the 
region of emission of the radiat ion source used for the 
exposure. As the photoactive species is depleted, its 
absorbance decreases also. Assuming no product  arises 
which absorbs at the same wavelength as the photo- 
active species, the change in absorbanee of the lat ter  as 
a function of exposure can be directly determined 
spectrophotometrically. These facts suggest a method 
of monitor ing the photoresist photoreaction by measur-  
ing the rate of change of the photoactive species' con- 
centrat ion as a funct ion of exposure time. The theory 
of this method wil l  be developed in the following sec- 
tions. 2 

Discussion of Photoresist Reaction Kinetics 
Assuming monochromatic radiat ion in all  cases, the 

analysis is based on the following mechanism (4-8): 
the photoactive species, A, upon absorbing a quan tum 
of radiat ion gives the excited species, A*. This may 
either relax to the ground state with the emission of 
radiat ion or form one or more product species, B 

hv 
A ~=~ A*- - ,  B [1] 

It is assumed that  the rate of disappearance of A is 
directly proport ional  to the rate of the absorption of 
light, where the proport ional i ty constant  is the pr imary  
q u a n t u m  yield, ~ = ~(k).  Then the rate equation for 
the net reaction 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 T h i s  a r t i c l e  i s  P a r t  I o f  a s e r i e s ,  the  second part of  w h i c h  i s  

f o u n d  on !o. 539, 
K e y  words:  photoresist ,  kinet ics ,  photochemis try ,  microelectronics ,  

Si i s  r e a c t i o n .  
s The m e t h o d  w o u l d  not  be  a p p l i c a b l e  to  p h o t o r e s i s t  sys t ems  

w h i c h  e m p l o y  a n  e n e r g y  t r a n s f e r  d y e  w h i c h  i s  n o t  d e p l e t e d  d u r i n g  
e x p o s u r e  o r  i n  cases  w h e r e  o n l y  a v e r y  s m a l l  c h a n g e  in  t h e  c o n c e n -  
t r a t i o n  of the  p h o t o a c t i v e  spec ie s  is  o b s e r v e d ,  e.g.,  K o d a k  Photo -  
resist  ( K P R ) .  

A - ~  B 
may be wr i t ten  as 

d(n l )  
- -  - -  ~ I a  [ 2 ]  

dt 

where n ---- the number  of moles of A/cm~; Ia ---- the 
number  of moles of quanta  (Einstein) of monochro- 
matic l ight absorbed per cm2/sec; I ---- the optical path 
length, i.e., the photoresist film thickness in cm, ~b : t h e  

No. of molecules which react 
pr imary  quan tum y i e l d -  

No. of photons absorbed 
It is fur ther  assumed that the Lamber t -Beer  law 

holds for the photoactive species in the model chosen 

I = Io e -E'ct [3] 

where I0 = the incident  light intensi ty;  I ---- the t rans-  
mit ted light intensity;  e' ---- 2.303s; ~ ---- the molar  ab- 
sorptivity in l i te rs /mole /cm;  c = the molar concen- 
t rat ion of unreacted molecules in moles/l i ter .  Further ,  
x = the absorbance at the measured wavelength : 
log I o / I :  ,cl, again assuming Beer's law to hold, also 
x' = 2.303x. 

The absorbed light in tensi ty  is given by 

Ia = Io (1 -- e -x ' )  [4] 

Upon subst i tut ion of Eq. [4] into Eq. [2], and  using the 
definition of x one obtains 

d x  
: --1O z e~Io(1 -- e -x ' )  : - -a~(1 -- e -x ' )  [5] 

dt 

where a : 108 eIo and a' : 2.303a 
This yields 

"o 1 -- e -z" -- a'~ dt [6] 

Upon integration, the expression 

In e ~ ' ~  : a ' r  [7] 
e x ' -  1 

is obtained. 
Finally,  after cancell ing the factors 2.303, the pri-  

mary  qua n t um yield can be expressed as 
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1 I e z'o -- 1 I 
[8] 

Letting x'  = X'o/2 and expanding the exponentials  as a 
t runcated power series, one obtains 

I ex" - I 1 1 log [9] 
~ =  "a ' t l /s  e z ' o / 2 -  1 1 

1 0 .301  
log 2 : ~ [10] 

--  atl/~ at1/2 

Equat ion [10] is a reasonable approximation of Eq. 
[9] for values of x < 1. The half- t ime,  tl/2, is the ex- 
posure t ime necessary to reduce x to one half  its in i -  
tial value. More generally, ~b may also be expressed 
in terms of t l / ~  where n is any a rb i t ra ry  value, as 

1 
,~ log Inl [10a] 

atl/n 

De t e rmina t i on  o~ x as a ~unction oJ t i m e . - - T h e  val-  
ues of the absorbance, x, may  also be obtained as a 
function of t ime from Eq. [7]. 

Sett ing b ---- e xo -- 1, Eq. [7] becomes 

b 1 
- -  - -  e a ' ~ t  = e t l ' r  where �9 = ~ [11] 
e x' - -  1 a '~ 

e =" : 1 -k be -a'r : 1 + be - t / r  [12] 

x ' ( t )  : l n  ( l + b e  -a'~t) : I n ( l + b e  - t /~)  [13] 

x ' ( t )  is plotted in  Fig. 1 as a function of t ime for 
various values of a'~. For  small  values of the variable,  
a'~t, Eq. [13] becomes 

x'  ,~ be -a'*t [14] 
o r  

b 
x ~ e -a'#~t [14b] 

2.303 

Taking logari thms of Eq. [14b] gives 

b 
log x : logl - ~ - - ~  l-- a~t [15] 

For reasonably low concentrations, the disappear- 
ance of x should approximate  an exponent ia l  decay 
and a plot of log x vs. t ime should give a straight line. 
Values of tl/2 taken from such plots of exper imental  
data can be used to calculate the pr imary  quan tum 
yield, ~. Expression [15] also predicts a series of paral -  
lel l ines for differing values of ini t ial  absorbance, x, re-  
sult ing from either variat ions of film thickness or of 
the concentrat ions of the photoactive species. 

E x p o s u r e . - - E x p o s u r e  is defined as the integral  of the 
absorbed radiat ion over t ime 

0.20 

0.18 a~ 
o 0.04 

0.16 o 0.08 
C, 0.12 

0.14 o 0 .18  

"x 0.12 ; 

0.10 

0.08 

0.06 

0.04 

i 3o - go ~ ~o ~ go ~ 7o so 
t(sec) 

Fig. 1. Depletion of the photoactive species with constant 
exposure intensity. 

E "-" Ia dt  

Utilizing Eq. [4], expression [16] becomes 

I: E : I0(1 -- e - x ' ) d t  

E = Io [1 -- exp {- - In  (1 + be -"'*t) }] dt 

[ 16 ]  

: Io 1 1 + be-a 'r  t 

Upon integrat ion this yields ]t 
E = --I0 In (1 + be -a'r 

0 

lo 
- ' -  [ln ( l + b ) - - l n  ( 1 +  be-a 'r  [18] a'~b 

1 
---- a '~ Ix'~ -- x'l [19] 

Expression [19] reduces to 

t 
E ( t )  = ( c o -  c ( t ) )  [20] 

10a~ 

Values for the ext reme cases of zero and infinite ex- 
posure t ime are 

lco 
E(0) = 0 and E(oo) _ - -  

103~ 

Calculated values for E ( t )  as a funct ion of t ime for 
various values of the product, a~ ~ Io~, are presented 
in Fig. 2. 

Rec iproc i t y . - -Cons ider ing  Eq. [18] and  expanding 
the logarithmic terms, assuming the variables to be 
< < 1 ,  one obtains 

I0b 
E ( t )  : (1 -- e -a ' r  - -  Iob~ (1 -- e -t/~) [21] 

ar 

Expanding  the exponent ia l  this becomes 

E (t) ,~ I0bt or E oc Iot 

for low photoactivator concentrat ions and light in ten-  
sities and for short exposure times. Thus, under  these 
conditions reciprocity between exposure in tens i ty  and 
time appears to hold. 

Conclusions 
Start ing from a simple kinetic model, the rate equa-  

tions for the depletion of the photoactive species dur ing 
the course of photochemical reactions under  condi-  
tions of cont inuous monochromatic  i r radiat ion have 
been derived. An  expression has been obtained for ~, 

0 
i 

10 20 30 40 50 60 70 80 

t(sec) 

Fig. 2. Normalized exposure curves. 
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the pr imary  quan tum yield of the disappearance of 
the photoactivator, as a funct ion of exper imental ly  
determined halftimes. For reasonably low absorbances 
(concentrat ions),  i.e., x < 1, this becomes 

0.301 
C ~ ~ ,  where a ---- 103do [23] 

at1~2 

This expression also shows the inverse proport ionali ty 
between tl/2 and exposure intensi ty  

0.301 
tl/2, [24] 

lO~e@I0 

Expressions are given for x(t), the absorbance 
(which is proportional to the photoactivator concen- 
tration), and for E(t), the exposure, as functions of 
exposure time. Again, for values of x < 1 and ace < 1, 
the exposure relat ion reduces to 

E ~Iot 

indicating that  reciprocity can be expected for this 
ra ther  l imited condition. 

Manuscript  received June 28, 1971; revised m a n u -  
script received ca. Nov. 10, 1971. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the December 1972 
J O U R N A L .  
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Spectrophotometric Determination of Photoresist Photosensitivity 
II. Comparison of the Theoretical Model with Experimental Studies on AZ-1350' 

D. F. Ilten* and R. J. Sutton 

1BM Components Division, East Fishkill Facility, Hopewell Junction, New York 12533 

Having completed a general  theoretical analysis of 
the exposure kinetics of an idealized photoresist (1), 
the next  step is a comparison of the results predicted 
with those obtained exper imental ly  for an actual  pho- 
toresist system. For this purpose the positive photo- 
resist AZ-13502 was chosen. The principal  reaction in -  
volved is thought to be the photochemical Siis reaction 
(2-5) as i l lustrated in Fig. 1. The diazooxide group 
of the photoactive species evolves ni t rogen when ir-  
radiated and forms a carbene intermediate.  This leads 
to r ing contraction accompanied by the formation of 
a ketene. Upon hydrolysis the corresponding carboxylic 
acid results. It is basically the kinetics of the init ial  
step of this reaction which will  concern us here. In  none 
of the studies was the photoresist developed, nor  was 
the actual product of the photoreaction isolated. 

Exper imenta l  
A spectrophotometric method as described in Par t  I 

was used for fol lowing the first step of the AZ-1350 

" E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
1 Th i s  a r t i c l e  is  P a r t  I I  of a series ,  t he  f i rs t  p a r t  of w h i c h  is  f o u n d  

on  p. 537. 
Key  w o r d s :  pho to re s i s t ,  k ine t i c s ,  p h o t o c h e m i s t r y ,  mieroelect ror$-  

ies, Si is  reac t ion .  
2 S h i p l e y  Company ,  Newton ,  Massachuse t t s .  

0 0 / / 0  

~ C O O H  

Fig. 1. The SiJs reaction 

exposure reaction. Both absolute and difference spectra 
of spin-cast  films of the photoresist were taken. Typical 
sets of these types of spectra can be seen in Fig. 2 and 
3. The difference method was found to be more satis- 
factory because the spectrum of the photoactive species 
itself and changes there in  can be measured directly. 
The absorption of the polymer and of any reaction 
products is compensated for by using them as the ref- 
erence in a dual  beam spectrophotometer. 3 Samples 
were prepared as follows: two quartz wafers, 32 m m  in 
diameter and 3.2 mm thick, were cleaned using acetone, 
water, and ultrasonic t reatment .  They were spin-  

3 Cary  m o d e l  14. 

0.8 

0.6 

0.4 m~ 

0.2 

0.0 
3000 4000 5000 

Fig. 2. Absolute spectrum. Decrease in obsorbonce as a function 
of exposure time in seconds. 
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0.8 

0.7 

0.6 

o.s 

o.4 

0,3 o 

0.2 

0.1 

5O0O 

Fig. 3. Difference spectrum, AZ-1350 vs. exposed photoresist 
film, both on quartz substrates. Decrease in ab.~d~nce  as a 
function of exposure time in seconds. 

0.9 

0.8 

0.7 

0.6 

~ 0.41 

~:~ 0 . 2 ~  

0.1 

0 .1 .2 .3 .4 .5 .6 .7 .8 .9 

Film Thickness (~m) of AZ-1350 

Fig. 4. Photoactivotor absorbance at 4047,~ of AZ-13$0 films 
as a function of film thickness. 

coated with AZ-1350 to give film thicknesses of ~5000A 
and an init ial  absorbance of 0.30 after a prebake of 
80~ for 30 min. One film was exposed for one-half  
hour  using an HBO-200 hp Hg lamp. 4 Complete reac- 
tion of the photoactivator was assumed and the film 
was used in the reference beam of the spectrometer. 
The second, unexposed, film was placed in the sample 
beam and the spectrum was taken over the 2000-6000A 
wavelength region. The wafer  was exposed very  briefly 
using a black absorbent  background to prevent  ex- 
posure from reflected light and the spectrum was taken 
once again. The process was repeated unt i l  no fur ther  
change in the spectrum was observed and a fami ly  of 
spectra as shown in Fig. 3 had been obtained. The 
in tensi ty  of the exposing radiation was measured using 
a thermopile~ (6). The applicabil i ty of the Lamber t -  
Beer law was tested by casting films at a variety of 
spinning speeds to give a range of film thicknesses. 
These were measured by the Talystep (7), a stylus 
ins t rument  for thickness determination.  The absorb- 
ance of these samples at 4047A was determined and 
the results were plotted as a funct ion of the film thick- 
ness (Fig. 4). The l inear  relat ionship obtained indi-  
cates that the Lamber t -Beer  law holds, at least over 
the range of values investigated, and that  concentra-  
tions can be determined spectrophotometrically by 
l inear  interpolation. 

Results 
Semilogari thmic plots of the absorbance, x, at 4047A 

as a function of the exposure time, t, were made as 
shown in Fig. 5. A straight line resulted, in  agreement  
with Eq. [15] of Par t  I (1). The exposure half t imes 

4 0 s r a m .  
E p p i e y  L a b o r a t o r y ,  Inc . ,  N e w p o r t ,  R h o d e  I s l and .  

,6 
.5 
.4 

.3 

,2 

o3 
v 0.1 

,o8 
.07 
.06 

~ .05 
.04 

.03 

.02 

1 2 3 4 5 6 7 

t(sec) 

Fig. 5. Absorbance at 4047,~ of an AZ-1350 film vs. exposure 
time (tl/2 = 2.1 see). 

for the depletion of the photoactivator were determined 
from these l inear  plots both for full spectrum exposure 
and for exposure using the 3650, 4047, and 4358A Hg 
lines, isolated using band pass filters 6 having a band-  
width of 100A and a max imum transmission of ,~30%. 
By employing Eq. [9] of the kinetics section Par t  I (1), 
values of r the p r imary  quan tum yield, were obtained. 
The data are given in Table I. The tl/2 values were 
also determined as a funct ion of the in tens i ty  of the 
exposing light by  using neut ra l  densi ty filters 7 in com- 
binat ion with the band  pass filters. The results are pre-  
sented in Table II. 

Studies were conducted on films varying  in  thickness 
from 4400-10,000A, as determined by Talystep thick- 
ness measurements.  A family of straight lines was ob- 
tained, demonstrat ing the applicabil i ty of Eq. [15], Par t  
I (1), over this thickness range. Also, the effects of the 
reflectivity of the substrate on the exposure halft imes 
were studied. Quartz wafers were exposed using an 
a luminum reflective backing and a black paper, essen- 
t ially nonreflective backing. This exper iment  was car- 
ried out, both for full spectrum exposure and for mono-  
chromatic exposure, employing each of the three 
principal  Hg lines in the near  uv-b lue  region. These 
results are given in Table III. In  all cases a reduction 
of exposure t ime of approximately one- th i rd  was found 
for the reflective as opposed to the nonreflective back- 
ing. 

Plots of the reciprocal of the intensi ty  as a funct ion 
of tl/2 were made also for full  spectrum exposure and 
for monochromatic exposure using each of the 3650, 
4047, and 4358A Hg lines. Figures 6 and 7 i l lustrate  
that reasonable approximations to straight lines pass- 

F i l t e r  T y p e s  G-572,  Or i e l  O p t i c s  C o r p o r a t i o n ,  S t a m f o r d ,  C o n n e c -  
t icut ,  

7 Or ie l ,  T y p e  G-63.  

Table I. Primary quantum yield of AZ-1350 

�9 • 10 -~  

Io E i n s t e i n /  1 (c~ 
s e c  cm~ 

k(A)(a)  m W / c m ~  x l0  B(b) • cm'-' tl/2 (sec) ~ (k) 

3650 1,875 1.07 1.16 34 0.15 
4047 1.585 0.53 0.97 32 0.20  
4358 2.919 0.57 0.68 32 0.14 

(o) Orie l  GS-572 f i l ters ,  O r i e l  O p t i c s  C o r p o r a t i o n ,  S t a m f o r d ,  Con-  
nec t i cu t .  

(b) M e a s u r e d  u s i n g  E p p l e y  t h e r m o p i l e ,  E p p l e y  L a b o r a t o r i e s ,  N e w -  
por t ,  R h o d e  I s l and .  

(c) B a s e d  on  an  e s t i m a t e d  c o n c e n t r a t i o n  of  t h e  p h o t o a c t i v e  s p e c i e s  
in  t h e  p o l y m e r  of  o n e  m o l a r .  

T h e  v a l u e s  o b t a i n e d  a re  i n  al l  c a se s  a v e r a g e s  of  t h r e e  m e a s u r e -  
m e n t s .  
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Table II. Primary quantum yield of AZ-1350 as a 
function of intensity 

% T of N e u -  
t r a l  d e n s i t y  

fi lter (a) txl2 (sec) a x 10 r (h) A v e r a g e  r 

B a n d p a s s  f i l t e r  3650  • 100A(b) 
100 34 0 .666 0.15 

41.7 73 0.278 0.16 
33.5 98 0.223 0.15 
12.1 310 0.081 0.13 

B a n d p a s s  f i l t e r  4047 • 100A 
100 32 0.518 0.20 
42.6 53 0.221 0.28 
32.4 84 0.168 0.23 
11.8 277 0.061 0.19 

B a n d p a s s  f i l t e r  4358 ~--- 100A 
100 32 0.727 

42.2 63 0.307 
31.2 84 0.227 
11.5 272 0.083 

No  b a n d p a s s  f i l t e r  
I0 ( e r g /  

cme/sec )  
X 10 -s 

100 2.1 9 
50 4.2 4.5 
32 6.9 3 
10 19.8 1 

0.14 
0.17 
0.17 
0.15 

0.15 • 0.02 

0.23 • 0.04 

0.16 ~- 0.02 

0.2(c) 
0.2 
0.2 
0.2 

(a) O r i e l  G-63 .  
(b) O r i e l  G - 5 7 2  f i l t e r s .  T h e  t r a n s m i s s i o n  w a s  m e a s u r e d  u s i n g  a 

C a r y  M o d e l  14 S p e e t r o p h o t o m e t e r .  
(c) A n  e s t i m a t e d  v a l u e  b a s e d  on  an  a v e r a g e  �9 of 1 • 10+ a n d  an  

Io = 5 • 10 ~ e r g s / c m 2 / s e c .  

T h e  v a l u e s  o b t a i n e d  a r e  in  a l l  eases  a v e r a g e s  of  t h r e e  m e a s u r e -  
m e n t s .  

Table III. Effects of reflective backing on exposure halftimes 

(A) - -  100 B a c k i n g  t1/2 (sec) 

3650 A1 21.2 
B 33.0 

4047 A1 22.0 
B 29.5 

4358 AI  15.5 
B 25.0 

N o n e  A1 2,0 
B 2.8 

AI = A l u m i n u m  b a c k i n g  fo r  q u a r t z  d i s k s  d u r i n g  e x p o s u r e .  
B = B l a c k  p a p e r  b a c k i n g .  

f 200 

150 

1O0 

50 

o 
3650A 4047~  / /  4~8~ 

.Y 

111 ./ '/ 
/ 

i i /  / 

,o ~o ~o ~o ;o ;, 70 
1/a 

Fig. 6. Exposure halftime values for AZ-1350 as a function of 
1 1 

reciprocal absorbance - -  = 
a 103 �9 (~.) Io 

20 

16 

8 

4 

i 
2 4 6 8 lo 

I / I  0 (arbitrary units) 

112 14 

Fig. 7. Exposure halftlme for AZ-1350 as a function of reciprocal 
intensity (full spectrum exposure Io ~ 5 X 105 ergs/cm2/sec 
= i ) .  

ing through the origin are obtained. This behavior is 
predicted by Eq. [24] of Par t  I (1) for moderate ly  low 
concentrat ions of the photoactive species, i.e., corre- 
sponding to absorbance values less than  one. It  might  
be noted that  the exposure values measured were in 
reasonable agreement  with data obtained by Htoo (8). 
Also, the quan tum yield values of 0.2 for the diazooxide 
reaction agreea approximately with those obtained by 
Fedorov and others by measur ing N2 evolution (9, 10). 
These results were also confirmed by infrared spectro- 
scopic studies carried out in this laboratory. 

C o n c l u s i o n s  
The pr imary  quan tum yield for the depletion of the 

AZ-1350 photoactivator has been determined to be 0.15, 
0.20, and 0.14, respectively, for the 3650, 4047, and 4358A 
Hg lines. The use of an a luminum reflective backing 
for the quartz wafers during irradiat ion resulted in a 
reduction of tl/2 values by ,~30%. This demonstrates 
the important  role played by reflected light in photo- 
resist exposure. A straight l ine was obtained when tl/2 
values were plotted against the reciprocal of intensity.  
Thus, tt/2Io = const, when the entire spectrum of the 
lamp is used for exposure. That  is, knowing the ex- 
posure in tensi ty  and the constant  for the sample it is 
possible to calculate the expected tl/2 value. Likewise, 
similar l inear  relationships exist for the exposure car-  
ried out using the three main  Hg lines in the near  uv-  
blue region. In  conclusion, a measurement  of tx/2 values 
for a known light in tensi ty  appears to be a useful  
means of characterizing photoresists. By this procedure, 
various photoresist samples can be compared and their  

proper exposure times determined independent ly  of 
development conditions. 
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On the Incorporation of Oxygen in GaP 
Liquid Phase Epitaxy Layers 
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Previous optical absorption studies suggest the pres-  
ence of significant background concentrat ions of oxy- 
gen in GaP (1). According to Miyauchi et al. (2), 
residual oxygen could be comparable to the total oxy- 
gen concentra t ion  1 in O-doped crystals. In  other ex- 
periments  (4), the oxygen concentrat ion could not be 
correlated with the Ga203 addition to the growth solu- 
tion, and changes in oxygen concentrat ion were re-  
ported to occur during low-tempera ture  annealing.  
More recently, electrically inactive oxygen, in the form 
of ~-Ga203 precipitates, have been observed in O-doped 
SG (solution grown) and LPE (liquid phase epitaxy) 
crystals (5). The possibility of such large variat ions in 
the oxygen concentrat ion and concomitant  var iat ion in 
the number  of Zn-O (red) radiative centers (6) have 
impor tant  consequences on the reproducibi l i ty  of lu-  
minescent  properties. In  this work, we have studied 
the importance of the above factors in de termining the 
oxygen concentrat ion in GaP LPE layers. We have also 
examined several aspects of dynamic oxygen incorpo- 
ration which clarify earlier results on O-doping (7- 
9) and have determined the max imum oxygen concen- 
t rat ion which can be incorporated via LPE growth at 
~1025~ 

Experimental 
Both Zn- and Zn,O-doped layers were grown on Te- 

doped ( N D - - N A ~ 8  • 1017 ) SG or LEC (liquid en-  
capsulation Czochralski) substrates using a fused 
quartz sealed-tube LPE system which has been de- 
scribed elsewhere (9). Except where indicated, layers 
were grown in evacuated ampoules which were cooled 
from 1025 ~ to 600~ at a rate of 10~ For several 
cases, encapsulated mesa diodes were fabricated (8) 
and the electroluminescent  quan tum efficiency n of 
representat ive diodes was measured at 300~ in a cali- 
brated in tegrat ing sphere. The electroluminescent  
t ime-decay T D was also measured at 300~ using pulsed 
current  excitat ion and an appropriate detection system 
(10). Near- junct ion  oxygen concentrat ions were com- 
puted (9) from high resolution doping profiles (11) of 
the Zn-  and Zn, O-doped LPE layers. Table I sum-  
marizes some of the exper imental  results. 

Results and Discussion 

Residual Oxygen 
We have previously shown (8) that  at a relat ively 

high Zn concentrat ion of ~1.3 • 10 ls a toms/cm -3 [0.15 
mole per cent (m/o)  in the LPE solution], ~ increases 
monotonical ly  with Ga203 addition, demonst ra t ing  that  
substant ia l  and controlled additions of oxygen can be 
incorporated by LPE, contrast ing with the results re-  
cent ly  reported for SG crystals (1, 2, 4). 

The most efficient GaP red-emi t t ing  diodes have 
been fabricated, using additions of 0.03 m/o  Zn and 
0.35 m/o  Ga203 to the LPE solution (8) (en t ry  A in 
Table I) .  The addition of Ga203 results in  compensa-  
t ion of Zn acceptors equivalent  to an increase in donor 
concentrat ion of 2.7 • 1017 a toms/cm 3, which has been 
interpreted to be ent i re ly  due to the deep O donor (9). 
To substantiate  this interpretat ion,  an O-doped LPE 
layer was grown using the same Ga~O3 addition. The 

K e y  w o r d s :  g a l l i u m  p h o s p h i d e ,  o x y g e n  i n c o r p o r a t i o n ,  l u m i n e s -  
cence, l i q u i d  phase  ep i t axy .  

1 Herea f t e r ,  o x y g e n  c o n c e n t r a t i o n  is used to  d e n o t e  o n l y  e lec t r ic -  
a l ly  (or op t ica l ly )  a c t i v e  fo rms ,  e x c l u d i n g  t he  e l ec t r i ca l l y  i n a c t i v e  
o x y g e n  w h i c h  h a s  b e e n  s u g g e s t e d  to  e x i s t  (3). 

shallow donor concentrat ion in this layer  is ND -- NA ~-~ 
4 • 1016 which is comparable to our undoped layers. 
Consequently, negligible additions of shallow donor 
impurit ies accompany the Ga203 additions and the 
tacit assumption (9) of equivalent  background levels 
for the Zn-  and Zn,O-doped layers is reasonable. [At 
lower epitaxy temperatures,  it has been observed that  
significant S incorporation can accompany additions of 
Ga2Oa (12).] The oxygen concentrat ion for our red-  
emit t ing LPE diodes (8) is thus about a factor of -~10 
higher than the background concentrat ion of uncom-  
pensated shallow donor impuri t ies  in these LPE Iayers. 
As discussed below, this oxygen concentrat ion is also 
a factor of ~10 higher than  the residual  oxygen con- 
centration. 

The ratio of oxygen donor concentrat ions in  Zn and 
Zn,O-doped LPE layers in the present  work is esti- 
mated from the measured t ime decay T D and efficiency 
, of the red emission and from the net acceptor con- 
centration, using a recent analysis (13) relat ing xD to 
the ratio Tn/T~t (shunt  path capture l i fe t ime/Zn-O com- 
plex capture l ifetime).  For both layers we used the 
same 0.03 m/o  Zn addition, and for the Zn,O-doped 
layer,  a 0.35 m/o  Ga203 addition. If we refer to Fig. 1 
of Ref. (13), assume 80% Zn ionization (7), and use 
the measured values of N A -  N D  = 5 .3  X 1017 c m  - 3  

and ~D = 175 nsec for the Zn-doped junct ion  and NA -- 
N D  = 4.0 X 1017 cm -3 and ~D = 310 nsec for the Zn,O- 
doped junct ion we conclude z~/T,t increases from ~0.3 
to 3.0 with the O-doping. Correspondingly, the mea-  
sured (peak) electroluminescent  efficiency increased 
from 1.5% (no Ga203 added) to 5.5% with  the  O- 
doping. Using Fig. 3 of Ref. (13) and the above values 
of T,/T,t, theoretical quan tum efficiencies of .~2% and 
10% are obtained for the Zn-doped and Zn, O-doped 
layers, respectively, in reasonable agreement  wi th  the 
measured values if we allow for ~60-80% light ex- 
t ract ion and ,~60-70% electron inject ion efficiencies. 
Thus assuming Tn is constant, O-doping increases the 
concentrat ion of Zn-O radia t ive  centers by a factor of 
~10. (If z, decreases due to impuri t ies  introduced by 
the Ga203, this factor wil l  be larger.)  To calculate rela-  
tive O concentrations, we expect from pair ing theory 
(14) for Zn -~ 5 X 1017 a toms/cm s and  O < 5 X 1017 

a toms/cm 3 that  the (equi l ibr ium) Zn-O complex con- 
centrat ion is approximately  proport ional  to the oxygen 

Table i. Near-junction oxygen concentration for LPE layers grown 
from an initial temperature of 1025~ 

Near-j unction 
0 donor 

Z n  Ga~O3 c o n c e n t r a t i o n  
E n t r y  (m/o )  (m/o)  Comments  (a toms/cm 3) 

A 0.03 0,35 - -  2.7 ~- 0.4 x 1017 
B 0.03 0.35 Capsu le  backf l l l ed  2.6 X 1017 
C 0.03 0.6 - -  2.6 • 1017 
D 0.03 0.02 Capsu l e  backf i l l ed  2.7 • 10 iT 
E 0.03 0.005 Capsu le  baekf i l l ed  0.3 x 10 iv 
F 0.03 0.35 C o o l i n g  ra te  of  l ~  1.4 • 1017 
G 0.03 0.6 C o o l i n g  ra te  of  l ~  3.1 x 10 IT 

A l l  l ayers  we re  g r o w n  in  e v a c u a t e d  a m p o u l e s  u s i n g  a coo l i ng  ra te  
of 10~ excep t  as ind ica ted .  GabOn l e v e l s  r e fe r  to a d d i t i o n s  to  
t h e  a m p o u l e  r a t h e r  t h a n  t h e  a c t u a l  g r o w t h  s o l u t i o n  concen t r a t ions .  
The  c o m p u t e d  O donor  c o n c e n t r a t i o n  re fe r s  to l eve l s  a b o v e  t h e  
b a c k g r o u n d  O c o n c e n t r a t i o n  (see t ex t ) .  The  u n c e r t a i n t y  in  O c o n -  
c e n t r a t i o n  fo r  e n t r y  A ref lects  t he  r ange  of  v a l u e s  o b t a i n e d  fo r  26 
L P E  layers .  E n t r y  A c o r r e s p o n d s  to t h e  d o p i n g  l e v e l s  u s e d  to  
a ch i eve  7% d iode  eff iciencies (10). 

542 
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Fig. 1. (a) Granular precipitates penetrating the P{111} surface of a Zn,O-doped LPE layer, as viewed with combined incident and 
transmitted illumination. (b) Granular precipitate remaining after GaP matrix was removed by etching the P{111} surface, as viewed 
normal to the P{111} face with transmitted illumination. 

concentration. Hence the oxygen concentrat ion in the 
Zn,O-doped layers is expected to be at least an order 
of magni tude greater than for the Zn-doped layers, 
and the background oxygen concentrat ion is thus 
< 3 • 10 TM atoms/cm 3. This background level should 

not be sufficient to hamper  controlled incorporat ion of 
oxygen in LPE layers, but  it may be det r imenta l  in 
green-emi t t ing  GaP where oxygen must  be excluded 
from the crystal. 

This background oxygen level may  arise from the 
GaP start ing material,2 air entrapped in the Ga, or by 
the reaction of Ga with SiO2 (15). We note that  the 
subst i tut ional  oxygen concentrat ion in SG crystals, as 
previously determined (7) by the degree of compensa- 
tion in Zn, O-doped crystals, is only ~7  • 1016 cm -~ (a 
factor of 4 lower than for our LPE layers) .  Also, at 
the higher temperatures  and slower cooling rates that  
are general ly  employed in solution growth we may 
expect increased oxygen incorporation from the SiO2 
growth vessel. Thus for SG crystals, un in ten t iona l ly  
incorporated oxygen may be a substant ial  fraction of 
the total oxygen concentrat ion as was claimed by 
Miyauchi (2). Variations in this background oxygen 
level may account for the lack of correlation between 
photoluminescence efficiency and O-doping reported by 
Dishman et al. (4). 

Thermal Conversion of Oxygen by Annealing 
Using He-3 activation, Kim (3) has determined the 

total oxygen concentrat ion in ~G O-doped GaP to be 
~2  • 10 TM cm-3  which is a factor of ~100 greater than 
the oxygen donor concentrat ion determined in this 
work. These observations suggest that  a considerable 
amount  of oxygen can be present  in electrically inac-  
t ive forms, e.g., interstitials,  Ga203 or neut ra l  O-com- 
plexes. In view of Kim's work, it is worthwhile  to con- 
sider if thermal  conversion of electrically inactive to 
electrically active (subst i tut ional)  O can be accom- 
plished by low tempera ture  annealing.  On the basis 
of photoluminescent  and absorption measurements  of 
Zn, O-doped SG crystals, Dishman et al. (4) have sug- 

T h e  t o t a l  o x y g e n  concer~ t ra t ion  in  o u r  G a P  s o u r c e  m a t e r i a l  is  
e s t i m a t e d  to be  1.5 • 1017 a t o m s / c m %  b a s e d  on m a s s  s p e c t r o s c o p y  
a n d  H e - 3  a c t i v a t i o n  a n a l y s i s  of  s i m i l a r  m a t e r i a l .  (S. F. N y g r e n ,  
P r i v a t e  c o m m u n i c a t i o n . }  

gested that  low-tempera ture  anneal ing increases the 
subst i tut ional  oxygen concentration. The Zn,O-doped 
LPE layers described in the present  work were an-  
nealed for ,~22 hr at temperatures  in the range of 
500~176 a procedure which has been shown to in-  
crease n by a factor of ~3-4  (8). However, for Zn,O- 
doped layers the oxygen donor concentrat ion before 
anneal ing  was found to be the same as after annealing,  
demonstrat ing that  thermal  conversion of oxygen by 
low- tempera ture  anneal ing  is not significant for these 
LPE layers. This result  is substant ia ted by reverse-bias  
junct ion capacitance measurements  which indicate no 
change in doping levels following annealing.  

Dynamic Oxygen Incorporation and Ga203 Precipitation 
For several O-doped layers, optical t ransmission mi-  

croscopy has revealed precipitates which were thought  
to be similar  to the ~-GaeOa needles previously ob- 
served by Kowalchik et aL (5) in O-doped GaP, 
SG and LPE crystals. However, careful sectioning of 
an O-doped layer  by selective etching of the GaP 
matr ix  with hot aqua regia indicates that  for these 
layers the precipitates are granular  ra ther  than acicu- 
lar in shape and are mostly confined to the top surface 
of the layer. (See Fig. 1.) X - r a y  analysis confirmed 
that these precipitates are fl-Ga203. The oxygen donor 
concentrat ion was determined for a number  of Zn,O- 
doped layers and found to be independent  of the pre-  
cipitate density. Since the precipitates are not in  the 
vicini ty of the p - n  junct ion  and contr ibute negligible 
absorption losses, they are not expected to deleteriously 
affect ,i. Indeed, r e -examin ing  our earlier (8) LPE 
diodes, we have found that  ~ is independent  of the 
presence of precipitates. 

It  has been previously suggested (5) that  oxygen 
depletion of an LPE solution can occur due to the high 
partial  pressure (~10 Torr) of Ga20 over Ga saturated 
with oxygen at typical  LPE temperatures  (16). This 
depletion will  always tend to occur in open- tube  sys- 
tems and can also occur in sealed-tube systems if ther -  
mal gradients exist. Measurements  of the dynamic tem- 
perature profile wi th in  our growth ampoules indicate 
that, although the tempera ture  along the length of the 
boat (containing the substrate and LPE solution) re-  
mains constant  to wi th in  __+3 ~ the sealing plug can be 
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Fig. 2. Acicular precipitates on the surface of a Zn,O-doped 
LPE layer grown from an 0 saturated solution, as viewed by 
Nomarski interference microscopy. (See text.) 

as much as 15 ~ cooler. This tempera ture  differential is 
apparent ly  sufficient to efficiently t ransport  oxygen 
(via Ga20 pumping)  since we find that  reducing the 
mean free path, by backfilling with an inert  ambient,  
results in a large excess of undissolved Ga203 remain -  
ing in contact with the Ga dur ing  growth. (Excess 
Ga203 was not observed with evacuated capsules.) In  
this case the LPE layers are laden with needlelike pre-  
cipitates which penetrate  the entire LPE layer, as ob- 
served by Kowalchik et al. (5). (See Fig. 2.) 2 The 
near  junct ion oxygen concentrat ion for such a layer 
(ent ry  B in Table I) was found to be the same as for 
the LPE layers described above. 

The fact that  the O concentrat ion is essentially a 
constant implies that  either (a) the GaP layer  is satu- 
rated with oxygen if the Ga20~ precipitates wi th in  the 
GaP matr ix  dur ing cooling of the LPE layer or (b) the 
LPE solution is near ly  saturated with oxygen if the 
Ga203 coprecipitates with the GaP. The large size of 
the precipitates and lack of a common growth habit  
suggest that  solid-solution precipitat ion is not occur- 
ring. Moreover, the disappearance of the precipitates 
when the Ga2Oa addit ion is lowered below the solubil-  
ity l imit of O in Ga (5), supports the contention that 
coprecipitation is occurring. Substant ia l ly  larger GazO3 
additions are thus not expected to appreciably increase 
the incorporated oxygen concentration, in  agreement  
with our observation of no detectable increase in oxy- 
gen level for a 70% increase in Ga203 addition (ent ry  C 
in Table I).  Thus the max imum oxygen concentrat ion 
which can be incorporated at 1025~ is ~3  • 1017 
atoms/cm 3. This l imit ing value corresponds to growth 
from an O-satura ted growth solution. 4 The effect of 
growth temperature  on oxygen incorporat ion is re-  
ported elsewhere (12). 

s For  l aye r s  g r o w n  in  e v a c u a t e d  capsules ,  the  p r e c i p i t a t e s  are  con-  
f ined to  t he  sur face  of  t he  L P E  l aye r  and  a p p e a r  to  be g r a n u l a r ;  
hence,  the  s u p e r s a t u r a t i o n  suff ic ient  to r e s u l t  in  gross  p r e c i p i t a t i o n  
a p p a r e n t l y  occurs  on ly  a t  the  lowes t  t e m p e r a t u r e s  e n c o u n t e r e d  d u r -  
i ng  g r o w t h  (~800~ E x t r a p o l a t i n g  the  da t a  of  Ref.  (7), we  es t i -  
ma te  t he  s o l u b i l i t y  of o x y g e n  in  G a  to decrease  by  a fac to r  of ~ 3 0  
d u r i n g  coo l ing  f r o m  1000 ~ to 800~ 

4 We no te  t h a t  i f  the  (growing} G a P  so l id  is  in  e q u i l i b r i u m  w i t h  
the  O - s a t u r a t e d  l i qu id ,  i.e., t h e  c h e m i c a l  p o t e n t i a l  of o x y g e n  i s  t he  
same  in  these  phases ,  t he  i n c o r p o r a t e d  o x y g e n  c o n c e n t r a t i o n  c o r -  
r e s p o n d s  to the  m a x i m u m  so l id  so lub i l i t y .  

The solubili ty l imit  of Ga203 in Ga at 1025~ has 
been determined to be --0.01 m/o  (7). When the Ga 
solution is saturated with GaP, the l iquid concentrat ion 
where Ga-GaP-Ga203 are in equi l ibr ium shiftsto --0.008 
m/o  Ga203 (5). Since the max imum incorporated O 
level is thought to correspond to an O-saturated LPE 
solution, it follows that  when  Ga20 t ranspor t  is sup-  
pressed, this max imum value should be achieved with 
GaeO3 additions of --021 m/o, while for lower Ga203 
additions, the oxygen concentrat ion will  be reduced. 
These expectations are borne out by entries D and E 
in  Table I. O-deplet ion of the growth solution thus ac- 
counts for the large dispari ty between the low Ga2Os 
solubility and the large Ga203 additions previously 
used to achieve comparable O concentrat ions in 7% 
diodes (8, 9). In  this vein, it is worth not ing our pre-  
vious work (9) which suggested that  decreasing the 
LPE cooling rate from 10~ to l ~  decreases 
the incorporated O level by a factor of ,~2 (cf., entries 
A and F) .  The reduced O level with slower cooling 
was probably the result  of O-depletion of the Ga and 
serves to emphasize the dynamic na ture  of O incor- 
poration. We now find that  by increasing the Ga203 
concentration, the l imit ing O concentrat ion of --3 • 
1017 atoms/cm 3 can be at ta ined at the slower cooling 
rate (see ent ry  G).  Identical  results are obtained by 
backfilling the growth ampoules with an iner t  ambient.  

Summary and Conclusions 
The residual O concentrat ion in GaP LPE layers 

grown at ,~1000~ in a quartz system has been esti- 
mated to be ~3  • 10 TM atoms/cm s. This value is about 
a factor of 10 lower than  the in tent ional ly  added O in 
Zn,O-doped layers and thus it should not affect the 
reproducibil i ty of the red luminescence. The high ra-  
diative efficiency [,l(red) = 1% for SG substrates] 
which can result  from the residual O, may prove detri-  
mental  in green-emit t ing  GaP. 

We have found no evidence of changes in near -  
junct ion doping levels resul t ing from anneal ing in  the 
range of 500~176 The increased efficiency brought 
about  by anneal ing is thus not the result  of changes in 
electrically active O concentration. 

The max imum oxygen concentrat ion which can be 
incorporated by LPE at 1025~ is --3 • 1017 atoms/cm3; 
this value corresponds to an O-saturated LPE solution. 
For this case, fl-Ga203 coprecipitates with GaP dur ing  
cooling but  has no effect on the electrically active O 
concentration. An oxygen concentrat ion of --3 • 1017 
atoms/cm 3 can be incorporated for Ga2Oa additions as 
low as --0.02 m/o  by  minimizing Ga20 transport.  When 
Ga20 transport  occurs, very large Ga~O3 additions may 
be required to main ta in  saturat ion of the LPE solution, 
and the incorporated oxygen concentrat ion will  tend to 
decrease with slower cooling rates. 
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Using Sputtered Borosilicate Glass 
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The Mallory electrostatic sealing process (1, 2) is a 
method of anodically bonding two dissimilar materials  
together to form a strong, hermetic seal which involves 
li t t le al teration in the shape, size, and dimensions of 
the members  making up the joint. Previous applica- 
tions have involved the sealing of a metal  or semicon- 
ductor to an insulator, such as glass or ceramic. In  this 
brief note we describe a method for sealing two silicon 
surfaces together by depositing a thin, borosilicate glass 
layer on one of the polished silicon members  to be 
sealed. Our method for depositing the borosilicate glass 
layer is sputtering. Most l ikely the method is equally 
applicable with other deposition methods capable of 
similar control of film composition and thickness. 

Experimental Technique 
The surfaces of the silicon members  to be sealed are 

polished by either mechanical, electrochemical, or high- 
qual i ty  chemical methods. These surfaces are cleaned 
and stripped of any residual  oxide by immersion in  
concentrated hydrofluoric acid. The surfaces are then 
coated with sputtered borosilicate glass. We used an 
MRC-340 sput ter ing uni t  fitted with a 5 in. Corning 
7740 ("Pyrex")  borosilicate glass target. R -F  sput ter-  
ing was carried out in a 1% oxygen in argon atmo- 
sphere. Power levels varied between 150 and 800W. 
The critical property for satisfactory sealing is a min i -  
mum glass thickness of approximately 4 ~m. Below this 
thickness the areas of satisfactory seal between the two 
silicon members  are patchy and  discontinuous. Sub-  
strate tempera ture  during deposition was not controlled 
directly; the copper block upon which the silicon sam- 
ples rested was either held at a temperature  of about 
50~ by water  cooling or allowed to reach a tempera-  
ture  as high as 380~ when no water cooling was used. 
The sealing behavior of the sputtered film appeared 
insensitive to the deposition temperature  over this 
span. No means of insur ing good thermal  contact be- 
tween the silicon and the copper block was employed 
so that the temperature  of the silicon samples them-  
selves was most l ikely higher than that  of the mea-  
sured tempera ture  of the copper block. 

After sputter ing the borosilicate glass layer, each 
coated silicon substrate was annealed, most often in  
steam, at a temperature  between 500~176 This 
steam anneal ing greatly improved yield dur ing  the 

* Elect rochemical  Society  Act ive  Member .  
K e y  words :  sealing,  electrostat ic seal ing,  hermet ic ,  hous ing,  pack- 

aging, sil icon-to-sil icon seals, 

subsequent  sealing operation. The anneal ing tempera-  
ture  and ambient  are not critical, but  inclusion of some 
high- tempera ture  heat cycle is required for satisfactory 
seals. Oxygen and ni t rogen ambients  during anneal ing 
were also used. Slightly higher yield dur ing  sealing 
seemed to be associated with the steam anneal. 

To carry out the sil icon-to-sil icon electrostatic seal, 
a second polished silicon chip is placed on top of the 
first silicon member  which is already coated with boro- 
silicate glass. This second silicon member  is polished 
by the same technique used to prepare the first surface. 
The two members  are aligned in the desired orientat ion 
and held in position by  a weight  which is electrically 
conductive so as to serve as a top electrode as wel l  as 
a pressure load. The combinat ion is then heated on a 
graphite strip to a temperature  of 450~176 After 
the sandwich is stabilized at temperature,  a slowly in-  
creasing d-c voltage is applied across the silicon- 
borosilicate glass-silicon sandwich, the uncoated silicon 
member  being positively biased with respect to the 
glass-coated member.  The pr imary  control dur ing seal- 
ing is total cur rent  flow which was l imited to about 0.5 
mA for these samples (corresponding to a current  
densi ty of approximately 1 mA/cm2).  The voltage is 
advanced in steps as the current  decreases with time. 
A ma x i mum voltage of 50V is adequate for a satisfac- 
tory seal. After reaching the ma x i mum voltage, the 
sandwich is left at temperature  and voltage for 5 rain. 
The substrate heater is then shut off so that  the tem-  
perature of the sandwich can decrease to near  room 
tempera ture  before the voltage is tu rned  off. This com- 
pletes the sealing operation. 

To evaluate the hermetici ty of such a seal a number  
of si l icon-to-sil icon seals were prepared in which one 
silicon member  of the silicon-borosilicate glass-silicon 
sandwich had a deep cavity etched par t  way through 
it. The second silicon member  was then th inned  to a 
total thickness of 0.025-0.1 mm (1-4 mils) and the seal- 
ing operation was carried out inside a vacuum chamber  
at a pressure of approximately 10 -5 Torr. Upon com- 
pleting the seal and removing the uni t  from wi th in  the 
chamber, atmospheric loading on the top, th in  member  
of the sandwich produces a visible depression in the 
top member  above the cavity in the bottom member ,  
as i l lustrated in Fig. 1. 

The top member  of this part icular  uni t  is a piezore- 
sistive silicon diaphragm with  twelve junct ion  isolated 
resistors ion implanted into its top surface. These re -  
sistors are positioned so that some are in tension and 



546 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  April 1972 

Piezoresistive 
elements 

, .,, ,~SiliCOnsilicon 
Borosilicate ~ ........ L~ 

Fig. 1. Electrostatically sealed piezoresisti*e pressure transducer. (a, left) Sketch, (b, right) Photograph 

others in compression because of the atmospheric pres- 
sure. When these resistors a re ,ex te rna l ly  connected in 
a Wheatstone bridge configuration, the output  voltage 
of the bridge is a measure of the atmospheric pressure. 
The cavity diameter  across which the th in  silicon 
diaphragm is suspended is 2 mm in this i l lustrat ion;  
the sealing area is a 1 mm ring surrounding the cavity. 
Reducing the ambient  pressure sur rounding  the struc- 
ture of Fig. l b  causes the dimple to disappear because 
the diaphragm is thereby unloaded. 

Bottom views of s imilarly sealed units  are shown 
in Fig. 2. The uni t  on the left is a silicon diaphragm 
electrostatically sealed to a borosilicate glass cavity. 
The cavity dimensions and position are clearly visible 
in this unit ;  the silicon uni t  on the right is ident ical ly 
shaped and has been sealed using the borosilicate glass 
methods described in this paper. These units  are only 
one example of the application of this technique; both 
larger and smaller  areas have been sealed. No effect as- 
sociated with area has been identified. Current  density 
dur ing sealing has been held to < 1 m A / c m  2, but  this 

current  density is not opt imum or anything more than 
an arbi t rar i ly  selected, convenient  value. 

An evacuated cavity such as that  i l lustrated in Fig. 1 
has been measured as essentially leak-free by hel ium 
leak-testing. Even after 63 thermal  cycles between 
+100 ~ and --40~ the uni t  showed no loss of dimple 
or measurable leak rate by hel ium leak-test ing.  To 
carry out the hel ium leak test, the uni t  was stored in  
a hel ium atmosphere for approximately 3 weeks at a 
pressure of 2 X 105 N / m  2 (2 atmospheres) of helium. 

Fig, 2. Bottom view of electrostatically sealed piezoresistive 
pressure transducers. (a) Borosilicate glass cavity, (b) Silicon 
cavity. 

The unit  was then placed in the hel ium detection 
chamber in order to measure trace quanti t ies of escap- 
ing helium. No traces of hel ium could be detected. 

No other evaluat ion of the qual i ty of this seal (such 
as tensile or shear tests) has been made; the thermal  
shock limits have not been determined. The value of 
the process is its compatibi l i ty with sealing to silicon 
device structures which have already been metallized 
with a luminum.  Previous methods for housing silicon 
elements in silicon packages have involved higher tem- 
perature processes and have therefore required that  
metal l izat ion follow the sealing (3). El iminat ion of 
this restriction allows greater freedom in both device 
and package design. 

Conclusion 
A technique has been described for hermetical ly 

sealing silicon members  to each other at a temperature  
< 500~ The method involves no measurable  deforma- 

tion of the surfaces being sealed and hence is compati-  
ble with package designs of tight tolerance. The ad- 
vantages of the all-si l icon package are especially im-  
portant  for compensat ing the effect of tempera ture  
upon piezoresistive and piezojunction sensors. Since a 
low-pressure reference can be sealed between two 
members,  the technique is compatible with the con- 
struction of absolute pressure transducers.  
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Preferential Electrochemical Etching of P§ 
in an Aqueous HF-H SO  Electrolyte 

Silicon 

C. P. Wen and K. P. Weller 

RCA Laboratories, Princeton, New Jersey 08540 

Electrochemical polishing and preferential  etching 
techniques and their application to th in-f i lm silicon 
device technology have been described by many  work-  
ers (1-3). A major  difficulty encountered has been the 
continued formation of thick brown films on the semi- 
conductor surface during etching under  low-cur ren t -  
density conditions (1). At the high bias voltages com- 
monly employed to achieve sufficiently high current  
densities and insure the el iminat ion of brown-f i lm for- 
'mation, preferent ial  removal  of a p+ layer from a 
higher resist ivity n layer leaves a rough surface (3) 
which is undesirable  for device fabrication. The ad- 
dition of sulfuric acid to the s tandard HF-H20 solution 
employed by most previous workers permits  a reduc-  
tion of the bias to less than 0.5V yet main ta ins  a high 
current  density. As a result  the effectiveness of the self- 
l imit ing preferential  etching is increased because the 
higher current  density eliminates the bu i ld-up  of thick 
brown films on the p+ silicon surface and leaves a 
smooth surface on the unetched higher resistivity sili- 
con layer. 

Preferent ia l  removal  of p+ silicon by the electro- 
chemical etching process has been carried out on 
heavily doped substrates with epitaxial ly grown 5-~m- 
thick n - type  layers (n ~ 2 X 1016/cm8). The sample, 
with a 0.5V bias applied, is etched in a freshly mixed 300 
electrolytic solution (500 ml  H20, 100 ml  50% HF, 100 
ml  98% H2SOD using a p la t inum cathode. Constant  
agitation dur ing the etching process is required. Over 
200 m A / c m  2 current  density has been obtained at the 
0.5V bias. Abrup t  te rminat ion  of the etching takes place ~: 2oc 
as soon as the p- type substrate  layer is completely re-  ~- 
moved and the total current  then drops to less than 5% ..=. 
of its original value. Accompanied with the drastic drop ': 
in current  is the formation of a very th in  dark brown =~ 
film on the exposed n-layer .  This film is removed by 
etching the sample in a 97% HNO3-3% HF mixture  for ~ ~oo 
a few seconds thereby yielding a smooth n- type  silicon 
surface. The low bias voltage employed in this etching 
process reduces the possibility of hole inject ion from 
the p+ layer into the n - l aye r  and results in a more 
abrupt  te rminat ion  of the etching process; the increase 
in current  density obtained by the addit ion of the 
H2SO4 probably  provides a smoother post-etched sur-  
face condition for the n - type  layer. This process has 
been carried out successfully under  normal  room illu- 
minat ion conditions, e l iminat ing the complete darkness 
requi rement  ment ioned by previous workers (3). 3DO 

A comparison has been made of the characteristics 
of this three component  electrolyte with the t radi t ional  
aqueous HF solutions. The effect of electrolyte com- 
position on the current  densi ty (the current  densi ty is "= 
directly proport ional  to etch rate) is shown in Fig. 1 

'~ 20C 
for HF-H2SO4-H20, and HF-HC104-H~O solutions. E 
With an ini t ial  electrolyte composition of 100 ml 50% 
HF in 500 ml distilled water, the current  densi ty is =~ 
slightly over 20 mA/cm 2 at 0.5V bias. Commercial ly 
available concentrated acids are added to the ini t ial  
solution. To allow thorough mixing the current  density ~ ~oo 
measurements  are taken 30 sec after the addition of 
acid. As shown in Fig. 1 the addition of sulfuric acid 
to the ini t ial  HF-H20 solution is found to increase the 
current  density and, therefore, enhance the etch rate 
considerably. A current  density of 218 mA/cm 2 at 0.5V 
bias has been obtained with 100 ml  of H2SO4 added to % 

K e y  words :  p re fe ren t ia l  etching, electrolytic etching, etching sil- 
icon. 

the init ial  aqueous HF electrolyte. Most impor tant  o f  

all, the current  density rises well  above the critical 
value of ~ 70 mA / c m 2. Above this critical value brown 
film bui ld-up  on the p+ silicon surface does not occur 
(1). The change in current  density caused by the ad- 
dition of HF or HC104 is found to be less s tr iking and 
the formation of brown film on the sample surface is 
observed at 0.5V bias. The brown film is removed with 
a quick etch in 97:3 HNO3 (70%), HF (50%) after 
each data point is taken. The rise in current  densi ty in 
the freshly mixed HF-H2SO4 electrolyte is found to be 
caused at least par t ia l ly  by the 40 ~ temperature  rise 
in the solution when  concentrated H2SO4 is diluted. No 
such change in tempera ture  is observed when HF or 
HC10, is mixed with water. 

The effect of temperature  on the current  density at 
0.5V is shown in Fig. 2 for both the HF-H2SO4- I-I20 
and HF-H20 electrolyte of composition designated. The 
current  density at 0.5V bias is monitored as the solu- 
tions cool by na tura l  convection. No brown film forma- 
tion has been observed on the p+ substrate surface in 
the HF-H2SO4- H20 electrolyte, wi th in  the experi-  
menta l  tempera ture  range (25~176 while increas-  
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ingly rapid formation of brown film on the surface of 
the same sample is observed with increasing t empera -  
ture when  the HF-H20  solution is employed. The in- 
corporat ion of H2SO4 into the electrolyte  appears  to 
increase the etch rate wi thout  undesirable side effects. 

In summary,  an HF-H2SO4 - H20 electrolyte is found 
to be suitable for e lectrochemical  preferent ia l  r emova l  
of p + silicon f rom epi taxial ly grown n - type  layers. The 
introduction of H2SO4 to the electrolyte  tends to in-  
crease the etch ra te  and reduce the bias requ i rement  to 
less than 0.5V. This self- l imit ing preferent ia l -e tching 
process leaves a smooth surface on the unetched higher  
resist ivi ty n - type  layer. 
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A Note on Manganese-Activated Magnesium Arsenate 
E. Kostiner* and P. W .  Bless 

B a k e r  Laboratory of Chemis try ,  Cornell Universi ty ,  Ithaca, N e w  York  14850 

Magnesium arsenate has been reported (1) as a red-  
emit t ing phosphor act ivated by quadr iva lent  man-  
ganese having the composit ion 6MgO �9 As205. Its emis- 
sion spectrum has been invest igated (1, 2) and com- 
pared with  manganese-ac t iva ted  magnesium fluoroger- 
manate  (3, 4). As part  of a program invest igat ing the 
s t ructural  parameters  of manganese (IV) -act ivated 
phosphor systems (5-7), we have prepared single crys-  
tals of magnesium arsenate by standard flux growth 
techniques. This note reports  the crystal  growth and 
powder  x - r ay  crystal lographic data for this compound. 

Experimental 
The phosphor was prepared  by standard ceramic 

technique. Magnesium oxide (Mall inckrodt  Analyt ical  
Reagent)  and arsenic pentoxide (Fisher  Certified Re-  

Results 
The grown crystals were  i r regular ly  shaped with  

m ax im um  dimension of about 2 mm. Occasionally, hex -  
agonal plates up to 0.5 mm thick and 2 mm cross sec- 
tion were  found. The exper imenta l  density (buoyant  
force) was 3.96 (1) g / cm ~. 

Single-crysta l  precession and Weissenberg photo-  
graphs indicated rhombohedra l  symmetry ;  the space 
group was identified as R3m. The composition of mag-  
nesium arsenate was de termined  to be approximate ly  

Table I. Magnesium arsenate; ao  - :  6.034 (2).~, Co = 27.67 (2).~. 

S i n ~  ( •  10 ~) 
d I h k l  Obs.  Calc .  

agent) in a 6:1 mole ratio with 1 mole per cent (m/o)  
5.151 80 101 223.6 

manganese carbonate (Fisher Certified Reagent)  added 4.624 11 006 277.5 
as an act ivator  were  mixed  and ground under  acetone. 4.211 5 104 334.6 

3.803 100 015 410.2 
After  removal  of the acetone at l l0~ the mix ture  was 3.072 24 009 628.6 
fired in a p la t inum crucible at 1000~ in air for 1 hr, 3.023 32 110 649.1 
reground and fired for 16 hr at 1200~ 2.882 24 018 714.1 

A suitable h igh- tempera tu re  flux for the crystal  2.605 23 021 874.4 
2.573 18 202 896.3 

growth of the arsenate  was found to be a eutectic in 2.526 70 116 929.9 
the FbO-As205 system occurr ing at approximate ly  83 2.443 62 024 993.8 
m / o  PbO-17 m / o  As205 (8). Then 33.67g of this 2.365 19 205 1060.5 
eutectic mix ture  (0.150 "mole")  and 7.08g of the 2.309 3 00,12 1112.7 

2,267 6 01, 11 1154.7 
composition 6MgO �9 As2Os (0.015 mole) were  mixed  2.084 49 208 1365.9 
and packed into a 25 cm3 pla t inum crucible. The 1.9717 10 211 1526.1 
t ight ly  covered crucible was placed in a silicon carbide 1.8997 5 214 1644.o 

1.8610 10 125 1713.1 res is tance-heated furnace, held at 1225~ for 4 hr, 1.611o 6 2O, ll  18o8.9 
cooled at a rate of 8~ to 600~ and then removed  1.7388 4 300 1962.4 
from the furnace. To protect the p la t inum crucible, dry 1.7131 6 128 2021.7 
oxygen was passed through the furnace. The arsenate 1.6284 10 306 2237.4 

1.6065 18 21, 10 2298.9 
crystals were  removed from the flux by leaching with 1.5700 76 ii, 15 2407.0 
hot, ve ry  dilute hydrochloric acid and by ultrasonic 1.5523 6 12, 11 2462.1 
cleaning in water.  1.5069 46 220 2612.7 

1.4401 20 312 2860.8 
�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  1.4024 5 315 3016.7 
Key words:  crystal g r o w t h ,  m a g n e s i u m  a r s e n a t e ,  M n + t - a c t i v a t e d  1.3798 4 20, 17 3116.1 

p h o s p h o r s .  1.3553 3 229 3229.8 

224.9 
279.0 
341.1 
410.8 
627,7 

651.3 
713.1 
876.3 
899.5 
930.4 

992.5 
1062.2 
1115.9 
1154.8 
1364.3 

1527.4 
1643.9 
1713.5 
1806.2 
I976,7 

2015.8 
2233.0 
2294.8 
2395.0 
2457.4 

2605.5 
2853.6 
3016.1 
3108.0 
3233.2 
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Mgs.sAsaO16 (5.67 MgO.  As205) by analytical  results 
(Mg: calc 30.06, obs 29.6; As: calc 32.70, obs 32.7) and 
by a complete three-dimensional  s t ructural  analysis 
(9). It  has the same structure as the compound 
"CosAs3016" reported recently by Calvo (1O), which 
is based on a twelve- layer  cubic close-packed array of 
oxygen atoms. A detailed discussion of the s tructure 
will  be presented with the completed s t ructural  anal -  
ysis. 

The indexed powder pat tern  of ground single crys- 
tals (x- ray  diffractometer, Cu Ks radiat ion) is given 
in Table I. The refined uni t  cell dimensions are ao ---- 
6.034 (2)A, co = 27.67 (2)A (hexagonal  set t ing);  aR 
= 9.859 (6)A, a = 35.64 (3) ~ (rhombohedral  setting).  

In  summary,  single crystals of the phosphor m a n -  
ganese-act ivated magnesium arsenate have been pre-  
pared and the indexed powder pa t te rn  has been re-  
ported. The complete three-dimensional  s t ructural  
analysis will  be published shortly. 
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Molecular Understanding of Electrochemical 
Processes by Ice Research' 

A.  yon H ippe l  

Laboratory ~for Insulation Research, Massachusetts ~nstitute o~ Technology, Cambridge, Massachusetts 02139 

at the field of e lec t rochemis t ry  wi th  ,such doubts  and 
ideas, however  cont rovers ia l  t hey  m a y  be, I be l ieve  is 
the t ask  you have set me. 

From turbulence to deep-#eeze.--Electrochemistry 
was born  dur ing  the F rench  Revolution,  the  unex -  
pected offspring of the  f rog leg expe r imen t  on this 
balcony in Bologna dur ing  a t hunde r s to rm by  the 
physic ian Dr. Galvani  (Fig. 4). How could its you th  be 
anyth ing  else but  s tormy.  Not only  the  pol i t ical  bu t  the  
scientific wor ld  was in v iolent  upheaval .  Cavendish 
had jus t  demol ished the  n e a r l y  re l igious Ar i s to te l i an  
convict ion he ld  for more  than  2000 years  tha t  w a t e r  is 
one of the  "four  elements,"  b y  genera t ing  i t  f rom a 
mix tu re  of a i r  and " inf lammable"  a i r  (al ias  hydrogen)  
wi th  an electr ic  spark.  Actua l ly ,  since n i t rogen was 

Your kind invitation to give the opening lecture at 
this annual meeting of the Electrochemical Society 
greatly honored and slightly worried me. When one is 
exposed like a political candidate (Fig. 1), the audi- 
ence expects last words of wisdom, and then the let- 
down comes in one way (Fig. 2) or another (Fig. 3). 
Fortunately, as scientists and engineers we are sup- 
posed to be experts in something, have doubts about 
certain developments, and ideas about others. To look 

z This  is the  Elect rochemical  Society Lecture  de l ivered  at  the  
Cleveland, Ohio Mee t ing  of the  Soc ie ty ,  October 4, 1971. 

. _ ~ - ~ . ~  

Fig. 2. "1 said it's stuffy in here" 

Fig. 1. "Pyramids rise and fall. But what our next speaker has 
to say will always be remembered as . . . .  " Fig. 3. "It's still in the experimental stage" 

45C 
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Fig. 4. Galvani and the balcony scene 

present, the end product  proved to be ni t rous acid 
generated by an electric spark, the first certified case 
of automotive air pollution. This still confused Win-  
ston Churchil l  about  one hundred  years  later, when  he 
wrote from prep-school in amazement:  "is it not won-  
derful  to th ink  that  water  is made of two gases, namely, 
hydrogen and nitrodgen." But  in  the meant ime,  Dr. 
Volta with his cell (Fig. 5) had opened the way to 
quant i ta t ive  electric exper imenta t ion  with low d-c 
voltages, and Dr. Galvani 's  "Animal  Electricity" had 
fallen into disgrace. The president  of the Royal Society, 
in present ing the Copley medal  to Volta (1794), rubbed 
it in: "The exper iments  of Professor Galvani,  un t i l  
commented upon by Professor Volta, had too much 
astonished, and perhaps, in some degree perplexed 
many  of the learned in various parts of Europe. To 
Professor Volta was reserved the meri t  of br inging his 
count ryman ' s  exper iments  to the test of sound reason- 
ing and accurate investigation;  he has explained them 
to Dr. Galvani  himself  and to the whole of Europe . . . .  " 

Electrochemistry, thanks  to the electric cell, became 
proprietor of the whole field of electrolytic conduction 
with its science and technology of ionic systems. Its 
findings were of decisive help for the formulat ion of 
the periodic system. The currents  of its batteries led to 
the discovery of electromagnetism by Oersted (1820) 
and, in turn,  to Faraday ' s  reverse exper iment  of elec- 
tromagnetic induct ion (1831). Thus electromagnetism 
and electrical engineering,  concerned main ly  with 
fields, insulators, and metal l ic  conductors, became its 
progenies. Electrochemistry, centered on liquid systems 
and ionic conductors, cast them off and chose physical 
chemistry, the t rea tment  of thermodynamic  and sta- 
tistical equilibria, as its guide for theoretical insight. 

I still had the privilege to see several of its pioneers 
in action. F rom childhood I r emember  Professor Nernst  
setting out on his impossible 120-mile trip from 
GSttingen to Berl in  by  automobile in 1905, horn-  
blowing and the faculty cheering and waving handker -  
chiefs (Fig. 6). In  the dark of night, there was the 
auto again, broken down and pulled by  two oxen, but  
with an undaun ted  Professor Nernst.  He took a t ra in  to 

during the frog leg experiment (Sept. 1786) 

a city near  Berlin,  bought  a new car and held his 
en t ry  t r iumphan t ly  at the appointed hour. Professor 
Tammann,  his successor in GSttingen, cheered me up 

Fig. S. Alessandro Volta 
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Fig. 6. Professor Nernst and 
family setting out for Berlin. 

no end when I was sit t ing as a young s tudent  in his 
lecture and thermodynamics  seemed beyond my grasp: 
"Hi]," he exclaimed, "there is ' that  man '  in Berl in  who 
says he invented a Third Law of Thermodynamics;  we 
need not to learn it." But  "that man"  took those laws 
seriously. Retir ing in old age to his farms, he pro- 
claimed: "Cattle raising is thermodynamical ly  wrong 
because it heats the universe;  I am growing carps"- -  
and so he did. 

As the memory  d rum whirls  on, the sky of electro- 
chemistry, studded with stars of the first magnitude,  
clouds over and a snowstorm of mathemat ical  equa-  
tions approaches, covering the landscape with semi- 
empirical  assumptions and frozen activity coefficients. 
Volta's field of electrolytes seems paralyzed and Gal-  
vani  is now in the ascendency with "animal  electricity" 
an exciting center-piece of molecuar  biology. What 
has gone wrong? 

Water  and ice . - -Water  is the basic fluid of electro- 
chemistry and "the staff of life" for biology, but  what  
do we real ly know about it? "Nearly everything that  
thermodynamics  can measure and statistics interpret ,"  
the physical chemist is bound to answer  (1). "Nearly 
nothing," the molecular  scientist will  retort  "l~ecause 
those tools lead only to surmises." Both are right from 
their  points of view. Physical  chemistry finds itself 
today in the same di lemma that  afflicted electrical en-  
gineering two to three decades ago. Circuit  and field 
theory, akin to thermodynamics  and statistics, could 
describe materials  and their  properties in  reference to 
vacuum, bu t  only the advent  of "molecular  science and 
molecular  engineering" allowed us to unders tand  them 
and to tailor them to order (2). 

This unders tanding  is still essentially restricted to 
gasses and solids. We cannot real ly visualize the molec- 
u lar  s t ructure  of water  nor, in  molecular  detail, the 
happenings in aqueous solutions and on their  surfaces 
and interfaces, because these liquids are in chameleon- 
like s tructure transitions.  HgO in the gaseous state be-  
haves like a harmless dipole molecule with typical  in-  
f rared modes of v ibrat ion and rotat ion and with Ryd- 
berg series of electronic excitat ion in the far ul traviolet  

(Fig. 7). In  the condensed states, however, it tends to 
be te t rahedral ly  interconnected by hydrogen bonds 
(Fig. 8). These weak bonds of ca. 5 kcal /mole break 
about every 10 -12 sec in thermal  fluctuations at room 
temperature,  hence the need for statistical surmises 
about the actual  happenings behind this f luctuating 
structure screen. To perceive events in  clear detail, we 
must  nai l  the H20 molecules into place. We have done 
so by shifting the emphasis from water  to ice and 
operat ing with single crystals. 

Several times before, our laboratory has used that  
roundabout  approach with success in various fields to 
clear up tantal izing questions about the behavior  of 
materials.  Many years ago, for example, the electrical 
engineer  tr ied to unders tand  and control electric 
breakdown by statistical studies on materials  like air, 
oil, paper, and glass. By choosing instead, single crys- 
tals of the alkali  halides as test objects with their  well-  
known lattice s t ructure  and wide range of ionic sub- 
stitution, we could discern in detail  the development  of 
electric breakdown as a sequence of electrochemical 
events (Fig. 9) : inject ion of electrons from the cathode, 
of copper ions from the anode, and their  recombinat ion 
as copper colloid; discharge of alkali  ions at the cath- 
ode and dendri te  growth of an alkali  metal  Christmas 
tree; electron avalanche formation leading to the dri l l -  
ing of a plasma path from anode toward cathode in 
preferent ial  lattice direction; finally mel t ing of the 
crystal when  this thunderbol t  hits the dendri te  tree 
(3). From these exper iments  a way  of unders tand ing  
could be found to solids, liquids, and gases of technical 
importance (4). Thus, hopefully, we may learn to 
unders tand  aqueous systems bet ter  by research on ice 
single crystals. In  the t ime remaining,  allow me to 
present  some of the results obtained thus far. 

The phase diagram of ice and its molecular in terpre-  
ta t ion . - -The  complexity and beauty  of ice research be- 
comes apparent  when  one looks at the phase diagram 
(Fig. 10) known, thanks  to the pioneering effort of 
T a m m a n n  (5) and Br idgman (6) and recent ly com- 
pleted research, especially the excellent  work of Kamb 
(7), Whal ley (8), and co-workers. Thermodynamical ly  
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Fig. 7. The H20 molecule 
and its spectrum. 
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speaking, it is one of the most complex diagrams yet 
found for a simple compound. Diffraction analysis 
certifies that  one deals with te t rahedra l ly  bonded H20 
molecules throughout.  An inquiry,  how the individual  
water  molecules must  shift to produce these structures, 
leads to some intr insic insight about the interact ion 
between such molecules as funct ion of temperature  
and approach distance. Let me i l lustrate the type of 
informat ion obtainable  from such a study (9). 

Ice in na ture  crystallizes in the hexagonal  wurtzi te  
structure, puckered hexagonal  chai r - r ings  forming 
planes stacked in ABABAB etc., sequence normal  to 
the c axis (Fig. 11). Open hexagonal  channels  traverse 
the crystal in the axis direction and lower the density 
of ice by  ca. 10% compared to that  of water. Since 
the channels  offer freely available space, they are 
bound to play a vital  role under  pressure and in ac- 
commodating addition agents. 

In the Ice I ~ Ice II  transition, the H20 molecules 
remain  in their puckered planes but, squeezed into the 
channels, tend to form diagonal bonds across them; one 
half of all the hexagon columns are destroyed in the 
bargain. The surviving ones are a l ternate ly  pushed up 
and down; the old c axis survives as a threefold axis 
(Fig. 12). The Ice I -~ Ice III  transit ion,  in contrast, 

proceeds by hydrogen bond formation to second-near-  
est neighbors across the hexagon chair - r ings  in the 
puckered planes as well  as across the hexagon boat-  
r ing normal  to these planes. All  hexagon rings are de- 
stroyed and pentagon r ings  are formed instead. While 
in Ice II, all the H20 molecules of the Ice I s tructure 
can be accommodated, in Ice III every fourth water  
molecule is squeezed out. These rejects may  form the 
elusive Ice IV phase. 

Focusing on oxygen positions and bond directions, 
one can develop systematical ly the structures from Ice 
I to Ice IX, but  this is only one half  of the story. The 
other half  comes into view when one inquires about 
proton locations. A te t rahedral  a r ray  of N water  mole-  
cules has 2N O-O links, hence one proton per link, 
while two equivalent  proton positions are offered in 
an ideal te t rahedral  s t ructure  of six equal bond angles 
H-O-H ~-~ 109.5 ~ Ice I approaches this ideal situation; 
in consequence, the protons dis tr ibute  themselves more 
or less at random over the competing sites as Paul ing  
first concluded from zero-point  entropy measurements  
(10). In the higher ice structures, however, large devi-  
ations from the te t rahedral  bond angle may  occur and 
proton ordering, preferent ia l ly  seeking the smaller  
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Fig. 9. Events before and during break- 
down (NaCI  crystal, Cu electrodes). 

angles, can lower the lattice energy. Figures 13a, b 
show two typical situations of antiferroelectric order- 
ing, first recognized by Whal ley and co-workers (8): 
in the Ice I --> Ice II transition, immediate  proton 
ordering occurs and the permi t t iv i ty  drops to its near  
infrared value; the Ice I ~ Ice III  t ransi t ion offers less 
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incentive for ordering, hence the protons stay ran- 
domized unt i l  t empera ture  decrease allows successive 
ordering accompanied by lattice distortion to the Ice 
IX phase. 

Much more can be learned from the phase diagram 
about molecular  phenomena (9), but  let us hur ry  on 
to our central  theme, the elucidation of electrochemical 
processes by  ice research. 

Polarization and conduction in ice--Seen from the 
standpoint  of ideal crystal  structure, the application of 
an electric field to ice should result  in a slight charge 
displacement akin to its infrared dielectric constant  
ki' ~ 3. Instead, a big re laxat ion spectrum appears as 
in water, but  is displaced by about a factor 107 toward 
lower frequencies (Fig. 14). The original explanat ion 
that ice behaves water - l ike  but  that the viscosity re- 
sisting the orientat ion of the H20 molecules has in-  
creased by a factor l0 T, is obviously nonsense;  the crys- 
tal lattice stays intact. B je r rum (11) came nearer  to 
the t ru th  by postulat ing two thermal  excitat ion proc- 
esses: molecule rotat ion requir ing the breaking of 
three hydrogen bonds and placing two protons on one 
O-O l ink ("D" defect), none on another "(L" defect);  
and proton transfer  to a neighboring H20 molecule, 
creating an H80 + and O H -  ion. He also saw that  the 
movement  of these two types of defects by  proton ex- 
change caused proton ordering, producing polarization 
and antipolarization, respectively, in the affected ice 
lattice. 

Operat ing with these two defect pairs, their  disso- 
ciation products, proton tunnel ing,  and extensive sets 
of balancing equations, subsequent  investigators ar-  
rived at an impressive theory of "ice as a protonic semi- 
conductor," the next  of kin to electronic semiconductors 
(12). 

Not convinced of the val idi ty  of these ideas, we 
decided to remeasure  the relaxat ion spectrum of "pure" 
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Fig. I1. Structure of Ice lh 
single crystal. 
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Fig. 12. Bond changes in Ice I -~ Ice II and 
Ice I - )  Ice II I  transition. 
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found seven well  resolved relaxat ion spectra (Fig. 15). 
Spectrum 3 is the s tandard  volume polarization spec- 
t rum of ice previously seen; the activation energy of 
its t ime constant  (~c = 13.8 kcal /mole)  corresponds to 
the breaking of three hydrogen bonds as required  for 
Bjerrum's  L-, D-defec t  pair  formation by molecule 
rotation. Expanding  Bjer rum's  concepts, we believe at 
present  that  the following molecular  pic ture  may  ade-  
quately  describe this polarization mechanism. 

Creation of an L-, D-defect pair  requires the thermal  
act ivation energy and proper infrared vibra t ion to 
t ransfer  a proton to an empty corner  (unshared elec- 
t ron pair) of its H20 te t rahedron (Fig. 16). The pair  
drifts apart  a field-directed diffusion distance by sub-  
sequent proton exchanges unt i l  the defects are ann i -  
hilated by  counterdefects. These proton exchanges 
cause proton ordering in  the ice lattice, i.e., the ice 
matr ix  acts like an electric memory  system in which 
each vanishing L-, D-defect pair  inscribes a polariza- 
tion dipole (Fig.  17). Each molecule of the volume will  
have a chance to re-enact  this pair  creation after a 
statistical wai t ing t ime T, the relaxat ion t ime of the 
process. Thus T is connected to the n u m b e r  N of dipole 
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molecules per un i t  volume, not, as in  previous models, 
to the orientat ion of dipole moments  ~. 

...> 

If one applies the same reasoning to the formation 
of an ionic defect pair  and the migrat ion of HaO + and 
O H -  by in termolecular  proton t ransfer  toward cathode 
and anode, the memory  system of the ice mat r ix  puts 
a stop to this process: an  ant ipolarizat ion arises which 
pumps just  as much charge uphi l l  as the ions take 
downhill,  thus uncoupl ing  the ions from the dr iving 

field (cf. Fig. 17). This s trange si tuation became ex-  
per imenta l ly  confirmed when  we measured the t rans-  
conduction of ice. Here the l i terature  conveyed com- 
plete confusion by ascribing to the conductivi ty of 
pure ice thermal  activation energies ~ ranging from 
0 to ca. 33 kcal/mole.  All  our measurements  of polari-  
zation and conduction were made on single crystals, 
carefully shielded from surface effects by guarded 
three- te rmina l  electrodes. Suddenly  a sample cracked 
in its holder exposing a fresh unguarded  surface (Fig. 
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Fig. 16. L-, D-defect pair formation by intramolecular proton 
transfer. 

18) ; the  conduct iv i ty  j umped  up by  an order  of magn i -  
tude and ~ rose f rom about  10 to ca. 34 kca l /mole .  
Obviously,  these were  not  s imple  "act ivat ion energies."  

Closer inspection showed that  be tween  ca. 0~ and 
--30~ the main  cur ren t  in ice ac tua l ly  flows over  i ts 
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surface, where  the  la t t ice  is des t royed  and its ant i -  
polar izat ion m e m o r y  inact ivated.  Mul t i c rys ta l l in i ty  has 
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Fig. 19. Extrinsic charge-carrier removal from Ice Ih crystal 
by high fields. 

corresponding effects by  creat ing inner  surfaces and 
addi t ional  polar iza t ion  spectra.  A smal l  amount  of 
extr ins ic  car r ie rs  is n o r m a l l y  he ld  loosely in an ice 
c rys ta l  (e.g., ca. 3 • 1011 ca r r i e r s / cm ~ in the case 
shown) ;  it  appears  as a hump in the  cu r ren t - t ime  
character is t ic  and can be pu l l ed  out w i th  near  zero 
act ivat ion energy  (Fig. 19). The effects of p reh i s to ry  
are  pronounced.  In  short, surface conduct ion and 
space-charge  effects have  falsified the measurements  of 
most previous  observers,  and a new pic ture  begins  to 
emerge  about  protons and the i r  actions (13). Extens ive  
new measurements  on the  in te rp re ta t ion  of spectra  
1 --> 6, the corre la t ion  of e lec t r ica l  and mechanica l  data, 
and the effects of H F  doping have  jus t  been completed 
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(14), and we begin to t a l k  wi th  increas ing confidence 
about  "Molecular  Phenomena  in H~O Systems."  

Ice is not, as people  p rev ious ly  bel ieved,  a chemi-  
cal ly  iner t  environment .  Pol ishing i t  wi th  alcohol, as 
recommended  in bars  a round  the  world,  creates  d ie lec-  
tr ic absorpt ion bands.  In t roduc ing  fluorine softens ice 
crys ta ls  excessively,  t empt ing  one to offer toothpas te  
manufac tu re r s  a new adver t i s ing  slogan: "When you 
sit on a glacier  and  brush  wi th  Crest,  an ice- fa l l  wi l l  
propel  you to your  e te rna l  rest ." 

Eve rywhe re  we find ourselves  today  confronted with 
the  ecological  d i l emma of fi t t ing man 's  activities,  based 
on incomplete  unders tanding ,  into na ture ' s  ways  wi th -  
out ruinous results.  One answer  is to forego new 
knowledge  and to plod along old pa thways ;  the  other,  
to seek more  comple te  unders tand ing  and to app ly  i t  
wi th  more  compass ionate  insight.  I be l ieve  w e  have  
no choice but  to go fo rward  t rus t ing  Michelangelo 's  
vision: "God gave a d ivine  spa rk  to Man" (Fig. 20). 
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Crystals. III. Extr insic versus Intr insic  Polariza-  
tion Surface versus Volume Conduction," ibid., 
54, 150-160 (1971). 

14. A. von Hippel, R. Mykolajewycz, A. H. Runck, and 
W. B. Westphal, "Molecular Phenomena  in H20 
Systems," II. The Dielectric and Mechanical Re- 
sponse of Ice Ih Single Crystals and  Its In te r -  
pretation, Tech. Rept. 10 (New Series), Lab. Ins. 
Res., M.I.T., October 1971. 

Reports on Electrochemical Society Summer Fellowship Awards 

During the summer  of 1971, the following graduate s tudents  received $1000 
each, represent ing the three Summer  Fellowship Awards of The Electrochemi- 
cal Society: 

Miss Jean  Horkans, Case Western Reserve Universi ty,  Cleveland, Ohio, was 
awarded the Edward  Weston Fellowship. 

Mr. Robert  R. Fike, Univers i ty  of Massachusetts, Amherst,  Mass., was desig- 
nated as the recipient of the Colin Garfield F ink  Fellowship. 

Mr. James Webb, Univers i ty  of Michigan, A nn  Arbor, Mich., received the 
James W. Richards Fellowship. 

The Summer  Fellowship Awards are made "without  regard to sex, citizen- 
ship, race, or financial need, to a fellow or teaching assistant pursuing  work 
between the degree of B.S. and Ph.D. on a subject in a field of interest  to The 
Electrochemical Society." It  is in tended to cover a period dur ing which the 
recipient has no financial support  for the cont inuance of his work. 

The Edward Weston Summer 
Fellowship Report 

A s u m m a r y  o f  Miss Horkans '  r e p o r t  is g i ven  be low.  

The Electroreflectance Study of Gold 
The use of optical reflection techniques in conjunc-  

t ion with electrochemical methods has made available 
a powerful  addit ional  tool for in situ studies of the 
electrode-electrolyte interface. For  example, optical 
techniques have been used to measure the extent  of 
adsorption of a species (1-4), to study passivation of 
surfaces (5), to indicate the extent  of surface rough-  
ening caused by an electrochemical process (5), to 
follow short- l ived in termediate  species in solution 
(6, 7) to investigate the band  structure and surface 
states of semiconductors (8-10), and to s tudy the na-  
ture of the forces involved in adsorption (11). 

In  addition, the optical data obtained for gold have 
s t imulated a discussion (12) on the mechanism of elec- 
t romodulat ion and the importance of considering the 
unique  electronic properties of the surface in develop- 
ing a detailed unders tanding  of the electrode-electro- 
lyte interface. Our laboratory is cur ren t ly  involved in 
an effort to elucidate fur ther  the na ture  of the gold- 
electrolyte interface and to determine the roles played 
by the free electrons (those in the 6s conduction band)  
and by the 5d electrons at the surface. It is felt that  the 
5d-surface electrons and their interactions with species 
in  the double layer  are impor tant  in  de termining  the 
electromodulat ion of gold, and that this phenomenon  
cannot be explained as due to modulat ion of the free 
electrons alone. 

Figure 1 shows the change in relat ive reflectivity at 
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. - - I  

h i  
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I F I I I I I I I 
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Fig. 1. The voltage dependence of the reflectivity of an 
evaporated gold electrode in I N  H C I 0 4  at 500 nm. The sweep 
rate is 0.1 V/see.  

500 nm of a gold electrode in 1N HC104 as a t r iangular  
potential  sweep is applied. The formation of a layer 
of oxygen on gold at ~ 1.3V and its reduct ion at ~ 1.2V 
on the reverse sweep are clearly visible; but  the na ture  
of the smaller, but  real changes in reflectivity occur- 
r ing outside of this region is less clear. Such changes 
are much more obvious when  a derivat ive reflectance 
technique is used, and various applications of mod-  
ulated electroreflectance have been successful in s tudy-  
ing surface films (13, 14). A variable angle specular 
reflection ins t rument  with the capabil i ty of doing der iv-  
ative measurements  has been buil t  in this laboratory. 

The variable  angle reflectance spectrometer consists 
of an optical cell mounted  on the axis of a 0-2e goni- 
ometer. The tungsten  fi lament light source is mounted 
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Galvanic Cells in Molten Sodium Bisulfate 

M. C. B. Hotz* 
Hydrologic Sciences Division, Inland Waters Branch, Department of the Environment, Ottawa, Ontario, Canada 

and R. C. Kerby, and T. R. Ingraham 
Extraction Metallurgy Research Section, Mines Branch, 

Department of Energy, Mines, and Resources, Ottawa, Ontario, Canada 

ABSTRACT 

Study of the cells Pt, H21NaHSO41H2, Pt  and Pt, H21NaHSO411Ag2SO4, 
NaHSO41Ag shows that  the hydrogen electrode behaves reversibly in mol ten 
sodium bisulfate. Emf's of the cell Pt, H21CoSO4(m2), NaHSO4]ICoSO4(ml), 
NaHSO41Co in the range 200~176 have been used to calculate thermody-  
namic data for the reaction 

~Co  + NaHSO4 ~--- I/2COSO4 ~- Y2Na2SO4 + i/2H2 

A plot of emf against log ml/m2 is linear, but  the slope is steeper than pre-  
dicted. 

In  previous papers (1,2),  we have shown that  
molten sodium bisulfate and sodium pyrosulfate are 
the sulfat ing agents in the sulfate-catalyzed roasting 
of sulfide ores containing cobalt and nickel. More re-  
cently, we have published data on the stabil i ty and the 
thermodynamics  of decomposition of these compounds, 
and a part ial  phase diagram for the sodium pyrosul-  
fa te-water  system, in which sodium bisulfate appears 
as a const i tuent  (3, 4). 

The sodium bisulfate roasting cycle includes two 
reactions that  occur s imultaneously at temperatures  
between the mel t ing point  of NaHSO4 (187~ and 
250~ 
2Co304 ~- 12NaHSO4 ~ 6COSO4 �9 H20 + 6Na2SO4 + 02 

[I] 
and 

NaHSO4 + Na2SO4 ~--- Na3H (SO4)2 [2] 

so that it is difficult to obtain thermodynamic  and 
kinetic data for the commercially significant reaction 
[1]. A possible approach seemed to be through the de- 
velopment  of satisfactory nickel and cobalt electrodes 
in molten sodium bisulfate, and this paper  describes 
at tempts to examine  the behavior  of a cobalt electrode 
in  this env i ronment  with respect to a hydrogen elec- 
trode. 

The l i terature  contains very  few papers on the elec- 
trochemistry of solutions in molten bisulfates. Tajima, 
Soda, Mori, and Baba (5) showed that  hydrogen and 
oxygen were obtained in a molar ratio of 2:1 when 
KHSO4 was electrolyzed with p la t inum electrodes, and 
Shams El Din (6) studied overpotentials in the same 
system. Le Ber (7) briefly considered the H21H + sys- 
tem, but  had some difficulty in achieving reversibility. 
Arvia  and his co-workers appear to be the first to have 
considered the hydrogen electrode as the basis of an 
electrochemical series in a bisulfate melt  (8-10). They 
found the electrode reaction to be reversible and deter-  
mined its potential  against  a si lverlsi lver sulfate refer-  

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  ga lvanic ,  ga lvan ic  cells, mol ten,  sod ium bisulfate .  

ence electrode. Their at tempt to establish an electro- 
chemical series was based on corrosion potentials of 
a number  of metals. 

The only other studies of equi l ibr ium systems in-  
volving bisulfates are those of Seward and Miller (11) 
on the HglHg 2+ and AgjAg + electrodes in NaHSO4 and 
Le Ber (7) on the  Ag]Ag + electrode in KHSO41 
NaHSO4 eutectic. 

The decomposition of molten bisulfate to pyrosulfate 
poses a major  problem in main ta in ing  the pur i ty  levels 
of the bisulfate melts, and those used in m a n y  of the 
investigations quoted were likely contaminated by 
pyrosulfates, as well as water  and sulfuric acid. 

Our s tudy of the stabili ty of sodium bisulfate at tem- 
peratures between I00 ~ and 400~ showed that  sodium 
bisulfate starts to lose water  at temperatures  just  be- 
low the mel t ing point (187~ to form sodium pyro- 
sulfate. In  order to effectively prevent  pyrosulfate for- 
mat ion in our sodium bisulfate melts, we used a closed 
system in the present  investigation. 

Experimental 
Preparation of materiaIs.--Sodium bisulfate was pre-  

pared by adding stoichiometric amounts  of water  to 
sodium pyrosulfate that had been made by direct re- 
action between sodium sulfate and sulfur trioxide (4). 

Cobalt sulfate was made by heat ing Fisher Certified 
COSO4 �9 7H20 at 400~ for 8 hr, crushing the product, 
and reheat ing for a fur ther  8 hr  (1). 

Johnson, Matthey and Mallory cobalt wire and plati-  
num foil were washed with acetone and distilled water, 
and oven-dr ied before use. 

Linde hydrogen was purified by  passage through a 
Deoxo tube, and then over copper mesh at 500~ 

Fisher Certified sodium sulfate was oven-dr ied at 
200~ before use. 

The double salt Na2Co(SO4)2 was prepared by pre-  
cipitation of its te t rahydrate  from a mixed solution of 
the two sulfates, followed by  dehydrat ion at 400~ for 
8 hr. 

551 
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Fig. 1. Cell vessel 

Co Table I. 
Pt, H= I NaHSO, II Nar iS0 ,  ] H=, Pt  

J Flow rate, Temper- 
Cells E m f ,  V c c / m i n  a t u r e ,  "C 

P t : P t ,  H~(gas ) 0.0003 5.0 233 
P t : P t  0.0006 - -  233 

Apparatus and procedure: Emf's were measured with 
a L&N Type K2 potentiometer,  using a Pye nanoam-  
meter  as a nul l  detector. Readings were steady within 
1 mV over periods of several hours. 

The cell vessels were made of Pyrex glass; junct ions 
between the half-cell  containers were made with as- 
bestos fibers (12). In  such dilute solutions the activities 
would not differ significantly on either side of the 
junction, and transport  should be almost exclusively 
by the predominat ing sodium and bisulfate ions. A 
diagram of the cell is shown in Fig. 1. The outer com- 
par tments  contained cobalt electrodes and solutions of 
cobalt sulfate in molten sodium bisulfate. The elec- 
trodes were 1.3 m m  diameter lengths of cobalt wire 
welded to 0.4 mm diameter  support wires. A piece of 
bright p la t inum foil 1 cm 2 in cross-section was welded 
to 0.4 mm pla t inum wire to form the reference elec- 
trode in the center compartment.  This a r rangement  
permit ted two series of measurements  to be made si- 
multaneously.  The cells were sealed to prevent  de- 
composition of sodium bisulfate, and their construc- 
tion ensured that all three compartments  were at the 
same pressure dur ing the measurement .  

The vessels used for the study of hydrogen elec- 
trodes were similar in that  junct ions were made 
through asbestos fibers, but  some cells were designed 
to permit  bubbl ing  of hydrogen, while others had half 
cells in which the pIa t inum electrodes were isolated 
completely from gaseous hydrogen. Various combina-  
tions of these half cells were used to check for zero emf 
between isolated and bubbl ing  electrodes. Reversible 
behavior of the hydrogen electrodes was also estab- 
lished with respect to a silver lsilver sulfate electrode. 

The cells were packed in a lumina  powder in a Pyrex 
tube that fitted closely into a cylindrical  brass block 
furnace heated by four GE 150W Type 186 H cartridge 
heaters. The block was insulated by layers of glass 
wool, firebrick, and transite. Temperatures  were con- 
trolled by a Honeywell  Pu lse-Pyrovane  unit,  and cell 
temperatures  were measured on the K2 potentiometer 
with a plat inum-10% rhodium pla t inum thermocouple 
in conjunct ion with a Kaye Ice-point  Reference Stan-  
dard. Temperature  control was wi thin  •176 

Apparatus  used for the associated differential ther -  
mal analysis and x - r ay  powder diffraction analysis 
were described in an earlier paper (2). 

Results and Discussion 
Differential thermal  analyses on mixtures  of cobalt 

powder and sodium bisulfate were done at a pro- 
grammed temperature  increase of 2~ between 

Ag=SO~(r~) NaHSO~ Pt, Hz 
AE NaHSO~ I 

C o n c e n t r a t i o n  (m) E m f ,  V T e m p e r a t u r e ,  ~ 

0.184 --0.183 214.0 
0.184 --0.182 215.0 
0.184 -- 0.194 240.0 
0.184 --0.200 240.3 
0.184 --0.211 270.0 

room temperature  and 500~ The sodium bisulfate 
fusion endotherm at 187~ was followed immediate ly  
by a large exothermic peak. X - r a y  powder diffraction 
analysis identified the products of this reaction as co- 
bal t  sulfate and sodium sulfate when  the reaction was 
allowed to proceed at temperatures  below 250~ and 
the double salt Na2Co(SO4)2 when the reaction pro- 
ceeded above this temperature.  Other endothermic 
peaks appearing at 455 ~ and 470~ were identified as 
phase transi t ions of the system CoSO4-Na2SO4 (13). 
Hydrogen was also produced by the above reaction. The 
suggested stoichiometry is 

Co ~ 2NaHSO4 ~-COSO4 ~ Na2SO4 -t- H2 [3] 

This is apparent ly  the reaction for the galvanic cell Pt, 
H21NaHSO4, CoSO4 (m2) I INaHSO4, CoSO4 (ml)iCo. 
Measurement  of the emf's of such a cell in which ml = 
m2 should provide thermodynamic  data for reaction 
[3], if the cobalt and hydrogen electrodes operate re- 
versibly in a bisulfate melt. 

In order to demonstrate  that  a reversible hydrogen 
electrode is formed in molten sodium bisulfate, the 
cells Pt, H21NaHSO4]INaHSO41H2, Pt  and Pt, H2i 
NaHSO@ iNaHSO4, Ag2SO41Ag were examined, and the 
results are shown in Table I. 

The potential  of the p la t inumlhydrogen  electrode is 
shown to be independent  of the gaseous hydrogen 
partial  pressure, implying that  the melt  is saturated 
with respect to hydrogen and that  the activity of the 
hydrogen in the melt  is constant. Arvia  (9) has dem- 
onstrated that a reversible hydrogen electrode is 
formed in potassium bisulfate melts, and that  once the 
p la t inum electrode was saturated with hydrogen from 
the cathodic reaction, bubbl ing  hydrogen over its sur-  
face did not change the emf. In  the present  case, it 
would appear that the p la t inum surface has become 
saturated with hydrogen wi thout  the necessity of a 
prior electrolysis to saturate the surface; al ternatively,  
mere adjus tment  of the potent iometer  balance may 
have sufficed to saturate the surface. 

The emf of the cell, H2, PtlNaHSO411NaHSO4, 
Ag2SO@Ag varies l inear ly  with tempera ture  and is 
reversible (Table I).  The hydrogen electrode has also 
been found to be reversible with respect to a silver1 
silver sulfate electrode in the systems KHSO4 (9), 
KHSO@NaHSO4 eutectic (7), and NH4HSO4 (11). Be- 
cause the potential  of the hydrogen electrode does not 
vary with the part ial  pressure of hydrogen gas, melt  
decomposition to pyrosulfate can be prevented by us-  
ing p la t inum immersed in the melt  in a sealed system 
as a reversible hydrogen electrode. This also prevents  
contaminat ion with atmospheric moisture; sealed ves- 
sels were therefore used in the experiments  involving 
the cobalt electrode. 

The range of mola]ities in which a cobalt electrode 
will function reversibly is restricted by the corrosion 
of the metal  by sodium bisulfate, and by the solubili ty 
of cobalt sulfate in the melt. In  experiments  using the 
cell Pt, H21CoSO4(m2), NaHSO411CoSO4(mD, NaHSO4I 
Co, for the determinat ion of the thermodynamic  data 
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Table II. 

E m f  of  the  cell  Hs I COSO4 , NaHSO4 il CoSO~ , NaHSO~ ] Co 
(0.0350m) (O.OSSOm) 

and thermodynamic data for the reaction 
VsCo + NaHSO4 = VsNasSO4 + V~CoSO4 + VsH.- 

T e m p e r -  -- AC;, E q u i l i b r i u m  -- AH, 
ature ,  ~  E m f ,  V cal  c o n s t a n t  kca l  

475.2 --0.3314 7644 3270.0 34.0 
496.4 --0.2761 6369 636.0 34.4 
501.2 --0.2707 6245 528.0 34.5 
518.9 --0.2305 5316 173.0 34.6 
542.0 -- 0.1671 3853 35.8 34.4 
543.0 -- 0.1645 3794 33.7 34.4 

Table I I I .  

E m f  of the  cell  ~ I C o S O h ~ ) ,  NaHSO~ ]1 C o S O ' ( ~ I ) ,  NaHSO4 } Co 
at 511.2~ m~ = 0.0350m 

ms, m o l e  k g  -1 E m f ,  V 

0,0177 --0.2668 
0,0350 --0.2425 
0.0530 --0.2301 
0.0750 -- 0.2152 

for reaction [3], the molalities ml and  m2 were set at 
0.0350m. Effective inhibi t ion of corrosion by the solute 
at this concentrat ion was indicated by the absence of 
observable attack on the cobalt electrode dur ing the 
course of an experiment.  Emf's were measured at tem- 
peratures between 200 ~ and 270~ and were found to 
vary  l inear ly  with temperature.  The measured emf's 
were constant  wi th in  1 mV for several hours. This 
excludes the possibility of mixed potentials due to con- 
t inuing  corrosion of the cobalt electrode, which would 
change the cobalt ion activity in the melt  and alter 
the emf. 

The measured emf's and the calculated free energies, 
enthalpies, and equi l ibr ium constants for reaction [3] 
are shown in Table II. The entropy change for the cor- 
rosion of cobalt by molten sodium bisulfate is AS = 
56.4 _ 1.4 eu. Using s tandard  entropy values for aque-  
ous solutions for a comparison 

A S  = 1 /~S~ ) -~- l / sS~  -~- l / s S ~  

-- VsS~ -- S~ [4] 

provides an entropy change of AS ~ = 51.9 eu at 500~ 
Application of the van't Hoff isochore to the equilib- 
rium constant data leads to an enthalpy at 500~ of 
AH = --34.5 kcal �9 mole -I, in good agreement with 
values calculated from the Gibbs-Helmholtz equation, 
providing further justification for the validity of the 
data. 

Addition of an equivalent molar amount of sodium 
sulfate to the cobalt electrode vessel did not change 
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the slope of the emf- tempera ture  relationship below 
240~ but  the measured emf's were about 10 mV 
lower. Above 250~ however, there is a marked 
change in slope, the new slope approximating that 
found when cobalt sulfate and sodium sulfate are re- 
placed by an equal amount  of the double salt 
NasCo (SOD 2. These effects are shown in Fig. 2. Seward 
and Miller (11) observed that  the addit ion of sulfate 
ion to their cell lowered the emf, implying an increase 
in the activity of the silver ion. In  spite of viscosity 
studies that  indicated s t ructural  changes in  the melt, 
they were unable  to explain the increase in silver ion 
activity. The same effect occurs in the present  work 
with the cobalt electrode, an increase in cobalt ion 
activity occurring on addit ion of sodium sulfate. 
Sodium bisulfate forms highly s t ructured melts  (14), 
with extensive hydrogen bonding (15), and it seems 
l ikely that  the added sulfate ions would be incorpo- 
rated into this structure. This would reduce associa- 
tion of the divalent  sulfate ion with the cobalt ion, 
thereby increasing its activity. At higher tempera-  
tures, where the hydrogen bonding breaks down, this 
t rend should be reversed, as is evidenced by the be- 
havior of the cells on sulfate addit ion at temperatures  
above 250~ 

A series of exper iments  were done with the cell 
Pt, H2!CoSO4(ms), NaHSO4][CoSO4(ml), NaHSO41Co 
in which the molal i ty ml was main ta ined  at 0.0350m, 
and m2 varied between 0.0177 and 0.0750m. Emf's mea-  
sured at 238~ are shown in Table III; the cells usual ly 
reached equi l ibr ium within  6-7 hr. A plot of emf 
against the logari thm of the ratio of the molalit ies is 
l inear  but  the slope is about 55% steeper than  that  
predicted by the Nernst  equat ion (Fig. 3). 

Although the Nernst  slope indicates that  the be-  
havior of the cobalt ion in a bisulfate melt  is complex, 
this effect may  be qual i ta t ively  explained by reason- 
ing similar to that  used for the addit ion of sodium 
sulfate, that  is, the incorporation of sulfate ion into 
the melt  s t ructure effectively increases the cobalt 
activity. 
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Electrode Processes 
in Sodium Polysulfide Melts 

K. D. South, J. L. Sudworth, and J. G. Gibson 
British Railways Research Department, Derby, England 

ABSTRACT 

Results are reported of three-electrode measurements  in sodium polysulfide 
melts. The composition range covered was Na2S3-Na2S5 and the tempera ture  
range 300~176 The electrode mater ial  used was vitreous carbon. Voltam- 
metric, chronopotentiometric,  and current  in ter rupt ion  techniques were used 
to investigate cathodic and anodic processes. Evidence is produced that  sulfide 
films are formed at the cathode and that  these resul t  in l imit ing currents.  The 
lowest value of l imit ing current  density was 28 mA �9 cm -2 obtained for Na2S3 
at 350~ At the anode the current  appears to be l imited by accumulat ion of 
l iquid sulfur. The value of the l imit ing cur ren t  density in Na2S5 was I00 
mA �9 cm -2 at 350~ A reaction scheme which best fits our results is suggested. 

Interest  in the electrochemistry of sodium polysul-  
tides has recent ly been st imulated by the development  
of the sodium/sul fur  bat tery  (1-3), in which the over-  
all process at the cathode is the reduction of sulfur to 
sulfide ions. In order to gain a fur ther  unders tanding 
of the electrode processes we decided to study the be- 
havior of a nonporous carbon electrode in three differ- 
ent polysulfide melts. Vitreous carbon was deemed a 
suitable mater ia l  for this purpose. 

Following a suggestion (4) that  l i th ium polysulfides 
might  exhibit  electronic conductivity, we decided to 
investigate the electronic conductivi ty of sodium poly- 
sulfides. Although this work is not yet  complete, pre-  
l iminary  results indicate that  the electronic contr ibu-  
tion to the conduction in these melts is very small, and 
in the in terpre ta t ion  of our  results we have assumed 
electronic conductivi ty in these melts  to be negligible. 

The phase diagram for the system Na2S/S has been 
constructed by Pearson and Robinson (5) and revised 
by others (6, 7). At 350~ if precipitat ion of solids is 
t5 be avoided, the sodium content  of the melt  must  not 
exceed 40 atomic per cent (a/o) (Na2S3). Experience 
in our laboratory indicates that  polarization of the sul-  
fur electrode is most severe in the one-phase region 
(Na2Ss-Na2S3). We therefore decided to study three 
different compositions corresponding to melts in this 
region, viz., Na285.5 (two-phase, Na2S5 -t- sulfur),  Na2S4 ,  
and Na2S3. Results in Na2S5.5 refer to the sulfide-rich 
phase (Na2Ss). 

Very little work has been reported on the electro- 
chemistry of the alkali meta l  polysulfides, but  recently,  
mass t ransfer  effects in mol ten Na2S/S mixtures  were 
investigated by Sells (8). He used vol tammetr ic  sweeps 
to dist inguish between the electrode behavior  in the 
two liquids present in the two-phase region. Results in 
the sulfide-rich phase indicated that  the current  maxi -  

Key words:  sodium polysulfide, sulfur, vitreous carbon, 

m u m  was associated with an irreversible oxidation 
process. At cathodic potentials a current  max imum 
followed by a current  surge was observed. In  a recent 
paper by Bodewig and Plambeck (9) concerning the 
$ 2 - / S  o electrode in molten LiC1-KC1, a vol tammetr ic  
curve was shown for the reduction of S ~ to S 2- at a 
graphite electrode. Only  one current  surge was evident. 

In  this work we have used vol tammetr ic  sweeps, cur-  
rent  in te r rupt ion  experiments,  and chronopotent iom- 
etry in an at tempt  to determine the electrode reactions. 

Experimental 
Apparatus.--Voltammetry experiments  were per-  

formed with a Wenking 61 RH Potentiostat  coupled to a 
Wenking SMP 61 sweep uni t  (max rate 50 mV �9 sec-1).  
A few faster cyclic vol tammetr ic  sweeps were per-  
formed with the potentiostat  coupled to a Hewlet t -  
Packard 3310A funct ion generator. Voltammetric 
curves were recorded on a Bryans  26000 Series XY 
plotter. Chronopotentiometric experiments  were car-  
ried out with the aid of a 5A max constant  current  
uni t  in conjunct ion wi th  a mercury-wet ted  relay 
switch. Both pieces of equipment  were bui l t  in the lab-  
oratory. Chronopotentiograms were recorded on the 
Bryans  XY plotter set in the Y/ t  mode. Electrode po- 
tentials were measured with a Vibron electrometer 
backed-off with a Pye portable potentiometer.  A 
Techne fluidized sand bath  was used to main ta in  the 
tempera ture  at 300~176 A molten salt ba th  would 
have allowed better  tempera ture  control, but  was not 
used for safety reasons. Tempera ture  control was by 
"Cal" proport ional  controller unit, which main ta ined  
the tempera ture  to +_3~ 

The exper imental  cell is shown diagrammatical ly  in 
Fig. 1. The side arm containing a porous sinter was in -  
corporated to enable  melt  to be filtered in situ into the 
electrochemical compartment .  Ground-glass  joints 
were greased with Apiezon T compound. 
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Fig. 1. Electrochemical cell assembly 

E l e c t r o d e s . - - A  conventional  three-electrode as- 
sembly was used. The working electrode material,  
vitreous carbon, was supplied in the form of 0.32 cm 
diameter  rod. A short length was sealed into a Pyrex  
tube and faced off to expose a disk of area 0.08 cm 2. 
The electrode was polished to 0.25~ surface finish. The 
sealing of vitreous carbon rod into Pyrex was carried 
out by the Allen Clarke Research Centre, Towcester, 
following several unsuccessful at tempts in our lab-  
oratory to obtain a leakproof seal. The counterelec- 
trode consisted of a large carbon disk attached to a 
threaded carbon rod; both pieces were spectrographic 
grade porous carbon. Electrode potentials  were meas-  
ured using a carbon/sodium polysulfide reference 
electrode�9 This electrode, which consisted of a strip of 
flexible graphite sheet ("GrafoiI," Union Carbide 
Corporation) immersed in a melt  of the same composi- 
tion as the bu lk  melt, was contained in a Luggin capil- 
lary. The potential  of this carbon/polysulfide reference 
electrode which has been shown to be reversible (10), 
was consequently dependent  upon the composition of 
the melt  under  investigation. All  electrode potentials 
have therefore been corrected to the ca rbon /Na2SJS  
electrode, using the potent ial /composi t ion relationship 
for the cell Na/~ alumina/Na2Sx/carbon (where x : 
3-5), determined independent ly  by Gupta and Tischer 
(7) and Davies (10). 

Me~t.--Sodium polysulfide (Na2S3) was prepared 
electrochemically in a specially designed sodium/sul -  
fur cell. Special care was taken in handl ing the sodium 
trisulfide which was removed from the preparat ion cell 
in the mol ten  state us ing a large argon-purged  pipette. 
This was allowed to cool, t ransferred to a glove box 
and removed from the pipette by  breaking the glass. 
A dry argon atmosphere was main ta ined  at all t imes 
in the glove box, where the trisulfide was stored unt i l  
required. Higher polysulfides were obtained from the 
trisulfide by mutua l ly  melt ing with the appropriate 
amount  of sulfur. 

P r o c e d u r e . - - T h e  introduction of electrolyte into the 
filtration side arm of the cell was done in  the glove 
box. The electrolyte was filtered into the cell through 
a porosity 4 sinter under  an argon atmosphere. 

On completion of the filtration, rest potentials of 
both counter  and working electrodes were measured. 
The cell impedance was also determined using an a-c 
bridge (automatic Wayne Kerr  B641). These measure-  
ments  were repeated at intervals  of 1-2 days as a check 
on the condition of the cell and electrodes. Experiments  
were continued on any one melt  for a m a x i m u m  of 10 
days. 

Voltammetric curves were obtained at different 
sweep rates at both positive and negative potentials. 
In  each case the start  of the sweep corresponded to 
the ini t ial  rest potential  of the electrode which was 
2-3 mV, wrt  the graphite reference electrode described 
previously. After  each run  the electrode was allowed 
to a t ta in  its rest potential  before proceeding with 
fur ther  measurements.  

The in ter rupt ion  experiments  were performed by 
holding the electrode at a given potential  with the 
potentiostat for 1 min, opening the circuit with a high 
speed switch and s imultaneously recording the sub-  
sequent behavior of the electrode potential  with time 
on an oscilloscope (Hewlett  Packard 141) or an XY 
recorder. The rise times of the switch and the oscillo- 
scope were less than  1 ~sec. 

The procedure for chronopotentiometric measure-  
ments  was straightforward using the equipment  al-  
ready described. The same cell and electrode geometry 
were employed. 

Results 
V o l t a m m e t r y . - - C a t h o d i c  voltammetr ic  curves at 

350~ are shown in Fig. 2. Salient features are a 
current  ma x i mum followed by a sharp drop in the 
current,  a region of l imit ing current  and a final cur-  
ren t  surge at about  --1.7 to --1.8V. The height of the 
current  peak was proport ional  to the square root of 
the sweep rate, in accordance with the equation for 
peak vol tammetry  (11). 

ip -: K n  8/2 D 1/2 Cv 1/2 [1] 

where i ,  : .  peak current  density; K ---- Randles-Sevcik 
constant, n : n u m b e r  of electrons transferred,  D --- 
diffusion coefficient, C ---- bulk  concentrat ion of reduci-  
ble species, and v - :  potential  sweep rate. 

Values of the slope of the plot ip vs. v 1/~ which was 
a good straight line, were 1.9 -- 2.1 A �9 V -'/2 �9 cm -2 
�9 sec'/2 and showed no significant variat ion with melt  
composition. Peak potentials were displaced in the 
cathodic direction with increasing sweep rates sug- 
gesting uncompensated IR  effects due to the large 
currents  obtained. In  successive runs  at lower sweep 
rates, a second, more complex peak appeared on the 
curves (Fig. 3). The height of this peak was vi r tual ly  
constant below sweep rates of 16 mV �9 sec -1. 

Values of the l imit ing current  were determined in 
each melt  at sweep rates at which they became con- 
stant (less than 10 mV �9 s - l ) .  Actual  values at 350~ 
were 28 mA �9 cm -2 in Na2S3; 45 mA �9 cm -2 in Na2S4; 
and 100 mA �9 cm -2 in Na2S5. The tempera ture  depen- 
dence of l imit ing current  density in Na2S3 is shown in 
Fig. 4. 

-I'OC 
CURVE I Na2S  s 

~uE -0"72 / ;  
a :  -0"2. c 
8 

-0-5 -I-O -I,5 -2.O -2-5 
POTENTIAL (V) w.r,t. C/No2S S 

Fig�9 2. Cathodic voJtammetric curves for different melt composi- 
tions at 350~ Sweep rate v, 50 mV �9 sec -1 .  
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Fig. 3. Cathodic voltummetric curves for different melt compo- 
sitions at 350~ showing the second current maxima. Sweep rate 
v, 8.33 mV �9 see-1. 
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Fig. 4. Temperature dependence of the limiting current density 
for the composition Na2S3. 
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Fig. 5. Anodic voltammetric curves for different melt compositions 
at 350~ Sweep rate v, 50 mV �9 sec -1 .  

Results of anodic vol tammetr ic  sweeps are shown 
in Fig. 5. These curves were  less reproducible than 
the corresponding cathodic ones. This was par t icular ly  
so in the  case of the Na2S3 mel t  composition. In  this 
melt  the curve  rare ly  showed a current  maximum.  
The current  continued to increase up to a value cor- 
responding to the max imum capabil i ty of the potent io-  
star. When a current  peak was obtained in this melt  
as in Fig. 5, it was fol lowed by a region of oscillating 
current.  In the other  two mel t  compositions the cur-  
rent  m a x i m u m  was followed by a l imit ing current  
region. The va lue  of the l imit ing cur ren t  in Na2S5 was 
about 100 mA �9 cm -2. Again the height  of the current  
density peak was proport ional  to the square root of 
the sweep rate. In Na2S4 the value  of the slope, 

2.0 

- i .o  

i 
-2'O -I 'O O I'O 2'0 

POTENTIAL (V) w.~t C/Na2S s 

Fig. 6. Cyclic voltommetric pattern for the composition N o 2 S 4  

at 350~ Sweep rote v, 0.4 V �9 sec - 1 .  

5.5 A �9 V -1/2 �9 cm -2 �9 sec '/2, was more  than twice the 
value obtained from the cathodic results. However ,  in 
Na2S5 the value of slope of 0.8 A �9 V -'/2 �9 cm -2 �9 sec 1/2 
was less than half  the corresponding cathodic value. 

An example  of a cyclic vo l t ammogram is shown in 
Fig. 6. Notewor thy  features  are the peak separation 
of a 1.04V, and the greater  height  of the cathodic cur-  
rent  maximum.  The peak separat ion is ve ry  much 
greater  than the value expected at 350~ for a revers i -  
ble couple (11). 

In the single sweeps the anodic current  m ax imum 
was higher  than the cathodic one in this composition, 
yet this situation is reversed in the cyclic sweep. 

Interruption experiments.--These exper iments  were  
conducted in two different melts  and the results  for 
Na2S~ are given in Table I. Results for Na2S5 showed a 
similar  t rend al though values of R were  general ly  
lower. Anodic exper iments  were  not conducted above 
120 mV in Na2S3 as the current  exceeded the max i -  
m u m  control capabil i ty of the potentiostat.  An initial 
sharp drop, hE, in the potential  was noted. This was 
ascribed to IR drop and found to occur in less than 
1 ~sec. F rom the knowledge of I, the  current  flowing 
prior to switch off, a value for the electrode resistance, 
R, was obtained. Both sets of results showed an in ,  
crease in the electrode resistance up to approximate ly  
--1.1V, thereaf ter  the resistance showed a decreasing 
trend. Another  significant feature  was the sharp in- 
crease in the resistance at cathodic potentials which 
approximate ly  correspond to the init ial  current  den-  
sity max ima  on the vol tammetr ic  curves. Two stable 
potentials  were  evident  on the cathodic decay curves, 
one at --340 mV and the other  at about --1.9V. 

Chronopotentiometry.--All measurements  were  made 
with a vi treous carbon disk electrode of geometric 
area 0.08 cm 2. Figure  7 shows a chronopotent iogram 
for Na2S3 together  wi th  the potential  decay curve 

Table I. Results of interruption experiments in Na2S3 at 350~ 
Geometric electrode area ~ 0.08 cm ~ 

P o t e n t i a l  
P o t e n t i o s t a t e d  f o l l o w i n g  
p o t e n t i a l  (mY)  C u r r e n t ,  R e s i s t a n c e  i n t e r r u p t i o n  (mV)  

w r t  C/Na~S5 I ( m A )  E (mV)  R (ohm)  w r t  C/Na~S5 

120 60 130 2,2 -- 10 
20 30 70 2.3 - - 5 0  

-- 80 5.8 12 2.1 - - 9 5  
-- 180 3.0 16 2.0 -- 190 
--330 1.9 4 2.1 -- 326 
--380 3.8 8 2,1 -- 372 
--430 2,5 86 34 -- 340 
--480 2,4 140 58 --340 
-- 680 2.4 230 96 -- 340 

Arres t  a t  --450 
-- 880 2.4 430 180 --340 

Ar re s t  a t  --450 
-- 1080 2,4 640 266 --340 

A r r e s t  at  -- 450 
-- 1280 5.6 940 168 --340 
-- 1480 8.8 1140 130 -- 346 
-- 1680 6.2 200 32 A r r e s t  a t  

-- 1480 & - -450  
-- 1880 3.3 40 12 -- 1840 
-- 2280 8.8 350 40 -- 1930 
-- 2680 220 770 3.5 -- 1910 
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Fig. 7. Chronopotentiogram for the composition Na2S3 at 350~ 
showing the potential decay pattern after switching off the current. 
Current density, 80 mA �9 cm -2.  
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Fig. 8. Chronopotentiometric results. Dependence of �9 1/2 on i -1 
for different melt compositions at 350~ 

following the opening of the circuit. The chronopo- 
tent iograms obtained in Na2S4 and Na2S2 were similar. 

For cathodically impressed currents  the observed 
t ransi t ion time, ~, is proport ional  to the reciprocal of 
the current  density. Results are shown in Fig. 8 and 
suggest that  the process is controlled by  diffusion in 
accordance with the Sand equation 

i ~  " -  � 8 9  ~/~ [2] 

where symbols have their  usual  significance and i is 
the current  density. 

Anodic chronopotentiograms were only recorded for 
Na2S~. The traces were again characterized by very 
sharp end points. The observed t ransi t ion times, how- 
ever, were not in accordance with the Sand equation 
since the plot of ~'/~ vs .  i - 1  was nonlinear .  

Discussion 
The l inear dependence of both ip and ~'12 on v 'i~ and 

i -1 respectively suggests that  the electroactive species 
are t ransported predominant ly  by a diffusion process. 
Simultaneous solution of the vol tammetr ic  and chron-  
opotentiometric equations gave a value of K, the 
Randles-Sevcik constant, which was dependent  on 
melt  composition, v i z . ,  1.95 • 10 -5 in Na2S3, 1.3 • 10 -2 
in Na2S4, and 1.0 • 10 -2 in Na2Ss. The theoretical 
value of the constant  at 350~ for a reversible process 

is 1.88 X 10 -5 (13). Exper imenta l  values are therefore 
in fair agreement  with the theoretical value part icu-  
lar ly in the Na2Sa melt  where the agreement  is within 
5%. This suggests that under  these exper imental  con- 
ditions effects other than those due to diffusion can 
be neglected. This is somewhat surprising in view of 
the fact that no support ing electrolyte was used. 

From the shape of the cathodic vol tammetr ic  curves 
it is evident  that several processes are occurring at the 
electrode. Unfortunately,  lack of experimental  data on 
the species present in sodium polysulfide melts makes 
interpretat ion of our results  ra ther  difficult. Recently, 
however, some data (10) on the activity of sulfur in 
the melts have become available. Values obtained 
were 0.9 in Na2S2, 0.2 in !%1a2S4, and 0.04 in  Na2S3. In  
the light of these results we are inclined to ascribe 
the first current  ma x i mum in all melts to the reduc- 
t ion of a polysulfide ion ra ther  than elemental  sulfur. 
This step appears to be diffusion-controlled as indi-  
cated by the l inear  dependence of ip on v 1I,. The chron- 
opotentiometric results also confirm diffusion-control, 
and fur ther  imply that  the diffusing species is not the 
same in all melts. Analysis  of the current  maxima 
over a range of sweep rates yields horizontal straight 
l ine plots of i E / V  1/2 VS. V 1/2, (where iE is the current  
density at a potential, E, less cathodic than Ep) sug- 
gesting a fast, reversible e lect ron- t ransfer  process. 
Fur ther  analysis of the current  maxima indicates the 
occurrence of a following chemical reaction, thus the 
plot of i p / v  1/2 vs .  vV2 which should be a horizontal 
straight l ine for an uncomplicated electron-transfer  
step shows a positive deviation from l inear i ty  at low 
sweep rates in accordance with the diagnostic criteria 
for a chemical reaction following the ini t ial  electro- 
chemical step (12). This is found in Na2S5 and Na2S~ 
melts but  not  in  Na2S3 as seen in Fig. 9. We therefore 
conclude that this chemical  step involves elemental  
sulfur. 

The sharp drop in the current  following the init ial  
max imum could be associated with the formation of 
a film of Na2S2. The fact that  this sharp drop is ob- 
served even at very low sweep rates (0.6 mV �9 rain -1) 
tends to support the formation of a film. The sharp- 
ness of the transit ions in the chronopotentiograms are 
also indicative of film formation. The reduction of a 
higher polysulfide ion could give rise to $22- ions 
which would precipitate in accordance with the phase 
diagram. Other $22- ions could diffuse away into the 
bu lk  melt  and recombine with sulfur to form the 
original po]ysulfide ion. This step would constitute 
the chemical step observed in Na2S5 and Na2S4 melts. 
The fact that the following chemical reaction is faster 
in Na2S5 (see Fig. 9) which is the melt  having the 
highest sulfur  activity lends support to the above 
explanation. 

In  Na2S2 and Na2S4 there is evidence of a small 
current  peak immediately following the init ial  peak 
(Fig. 2 and 3). This could be associated with the re- 
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Fig. 9. Dependence of the voltammetric function i p / v  1/2 on 
v ~/2 for cathodic sweeps in different melt compositions at 3 5 0 ~  
showing the effect of a following chemical reaction at lower sweep 
rates [Ref. (12)]. 
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duction of either e lemental  sulfur  or a different poly-  
sulfide ion. 

In  the region of l imit ing current ,  the resistance 
ascribed to the film of Na2S2 continues to increase to a 
max imum at about --1.1V. In  Na2S3, where the activ- 
ity of sulfur  is very  low, we might  expect a more 
stable film since the rate of reaction of the film with 
sulfur to form higher polysulfides will  be much slower. 
This is in fact the case, as indicated by the high 
values of electrode resistance obtained in this melt. 

The second current  maximum,  which is observed at 
about --1.3V, we believe to be associated with the 
reduction of the Na2S2 film to Na2S. At this potential, 
however, the value of the electrode resistance began 
to decrease (Table I) .  This may be interpreted as the 
faster rate of dissolution of NaeS than  Na~S2 in the 
bulk  melt. Alternat ively,  the film of Na2S may assume 
some degree of electronic conduct ivi ty although there 
does not appear to be any  independent  evidence for 
this. 

We believe the final current  surge to be associated 
with the product ion of metall ic sodium. This is con- 
t rary  to the suggestion put  forward by Selis that this 
surge is due to the formation of sulfide ions. Our 
opinion is substant iated by the agreement  between the 
corresponding potential, about --1.8V, and the free 
energy of formation of sodium polysulfides (7). Main-  
ta in ing the electrode at potentials more cathodic than 
--1.9V resulted in a potential  of about --1.9V persist- 
ing for several minutes  after the current  had been 
switched off. The existence of metall ic sodium at the 
electrode in such a reactive medium could be ex- 
plained by a thin sodium ion conducting film of Na2S 
protecting the metal  from the melt. 

The shape of the anodic current  max imum suggests 
the occurrence of two different electrochemical steps. 
The first process could be the oxidation of a lower 
polysulfide ion to form a higher species. As the poten-  
tial is increased the higher polysulfide is then itself 
oxidized, and the current  increases unt i l  the point is 
reached when the electrode becomes covered by a 
film of l iquid sulfur. The current  therefore drops 
sharply and is subsequent ly  l imited by this film. This 
s i tuat ion would be accentuated in melts contain-  
ing sulfur  at a higher activity, which was found to be 
the case. Conversely, the electrochemically produced 
sulfur  could react quite rapidly with Na2S3 and this 
would explain the ra r i ty  of a l imit ing current  in this 
melt. 

The final cur rent  surge at around 1.8V on the volt-  
ammetric curves is difficult to explain. One explana-  
tion could be interference by the products of a cath- 

odic process at the counterelectrode, al though the high 
current  reached renders  this view somewhat doubtful. 

Conclusions 
At the carbon cathode the first step in the reduction 

of sodium polysulfide appears to be the reversible 
formation of a lower polysulfide species. In Na2S4 and 
Na2S5 melts this is followed by a chemical reaction 
involving sulfur. Available evidence suggests that the 
current  becomes l imited by the formation of sodium 
sulfide films at the electrode. At higher potentials, 
--1.7 to --1.SV, metallic sodium is formed. 

At the anode the current  is l imited by the forma- 
tion of a film of l iquid sulfur  and this l imitat ion is 
greatest in the Na2S5 melt. 
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ABSTRACT 

A highly  dispersed p la t inum catalyst (p la t inum crystal l i te  size less than 
15A) on a conductive carbon support was prepared. These doped carbons were 
made into Teflon-bonded tuel  cell electrodes and the p la t inum surface area 
and the dispersed p la t inum specific activity (i.e., the activity per uni t  area of 
p la t inum)  for oxygen electroreduction in acid electrolyte was determined. The 
specific activity of the dispersed p la t inum was found to be approximately 
twenty  t imes less than that  of crystal l ine p la t inum black. The lower activity 
of this catalyst compared with that  of p la t inum black may be due either to the 
difference in the p la t inum crystall i te sizes, or to the influence of the support  
on the p la t inum activity, or to a combinat ion of both these factors. 

To bui ld  low cost acid electrolyte fuel cells with 
p la t inum as the  cathode catalyst, it is desirable to 
utilize Pt  with the max imum activity and one method 
of achieving this is to use Pt  with the max imum sur-  
face area. High degrees of dispersion of Pt  (defined 
as the ratio of surface metal  atoms to total  number  of 
atoms) have been prepared by support ing the plat-  
inum on a porous, conducting substrate. However a 
basic question which must  be answered before using 
these supported Pt  catalysts is whether  the support  
and /or  Pt  crystall i te size affects the p la t inum specific 
activity (i.e., the act ivi ty per uni t  area of Pt ) .  

Many dispersed metal  catalysts supported on non-  
metall ic substrates have been prepared (1, 2) and in 
some cases the ul t imate  goal of an atomic dispersion 
of the metal  has been claimed (3, 4). These dispersed 
metal  catalysts have been used in m a n y  studies with 
gas reactants.  The reactions have been divided into 
two classes: s t ructure insensit ive or facile reactions 
and structure sensitive or demanding  reactions. Ex- 
amples of the former are the dehydrogenat ion of 
cyclohexane (5), the hydrogenat ion of ethylene (6), 
and the hydrogenat ion of cyclopropane (7). Examples 
of demanding  (1) reactions are propane cracking (8), 
the hydrogenat ion of benzene (9), ethane hydrogenol-  
ysis (10), and the isomerization of neopentane  (11). 

To relate the specific activity of metals and sup- 
ported metals to the metal  crystall i te size, the catalyst 
activity free of mass t ransfer  limitatiQns and the 
catalyst area must  be measured. Zeliger (12) showed 
that the specific activity of Pt  supported on asbestos 
for the electroreduction of oxygen was constant  for 
Pt  crystall i tes in the range of 50-100A. B e t t e t  al. (13) 
extended this observat ion and showed that  the specific 
activity of unsupported Pt  for the same reaction was 
independent  of the P t  crystall i te size in the range of 
10O-400A. Thus it would appear that  this reaction was 
facile. However these observations may not be ap- 
plicable to smaller Pt  crystalli tes since the influence 
of the crystall i te size on the specific activity of a 
metal  is expected (1) to be much more significant for 
crystalli tes smaller  than  40A. 

In the present  paper we describe the preparat ion of 
a highly dispersed p la t inum catalyst (p la t inum crys- 
talli te size less than  15A) on a conductive carbon sup- 
port and the specific activity of this dispersed Pt  for 
oxygen electroreduction. Polarization curves for oxy- 
gen reduction on Teflon-bonded diffusion electrodes 
prepared from these catalysts were determined in 
oxygen-satura ted 20% H2SO4 solution at 70~ and 
the Pt  area of the catalyst  was measured by the elec- 
trochemical oxidation of adsorbed hydrogen and of 
adsorbed carbon monoxide. We have shown that  the 
specific activity of this highly dispersed Pt for the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key w o r d s :  c a t a ly t i c  ac t i v i t y ,  d i s p e r s e d  p l a t i n u m ,  o x y g e n  ca th -  

odes,  f ue l  cells. 

electroreduction of oxygen is approximately twenty  
times less than that  of crystal l ine Pt  black. 

High dispersions of Pt  on nonconduct ing supports 
have been prepared either by localizing metal  ions at 
specific sites by ion exchange prior to reduction with 
hydrogen (4, 14) or by using a low P t  concentrat ion 
[less than 1 weight per cent (w/o) ]  (3, 6). The l imi ta-  
tion of the lat ter  method is that, at these low Pt  con- 
centrations, the m i n i m u m  Pt  crystal l i te  size which 
can be detected by x - r ay  diffraction is approximately 
50A (15). Thus we prepared the highly dispersed 
p la t inum catalysts on a conducting substrate  by local- 
izing the p la t inum ions through exchange with ions 
in  a commercial  ion exchange resin and subsequently 
reducing the metal  ions by resin pyrolysis in an inert  
atmosphere. Thus the ini t ial  stage fixes the p la t inum 
ions at specific sites while in the second stage a con- 
ducting substrate  is produced and the metal  ions are 
reduced. We have termed this mater ia l  a Pt-doped 
carbon in order to differentiate it from the mater ial  
prepared by the reduction of chloroplatinic acid 
adsorbed on a preformed carbon. 

Experimental 
Preparation of the highly dispersed platinum.--The 

procedure used to prepare the highly dispersed plat-  
inum was similar to that  used by Pohl (16) and by 
Pohl and Rosen (17) in the preparat ion of metal -  
doped, semiconductor, polymer carbons. 

Cation exchange resins were received in the free 
acid form and they were converted into the calcium 
form with calcium hydroxide solution. The p la t inum 
solution consisted of 3 g / l i ter  of d iamminopla t inum 
(II) dini t r i te  dissolved in a calcium hydroxide solu- 
t ion of pH 9. Fifty mil l i l i ters  of the calcium form of the 
resin [measured in Ca(OH)2 solution] was stirred in 
500 ml  of the hot p la t inum solution for 3 hr. The resin 
was doped with p la t inum ions in this way to ensure 
un i form dis t r ibut ion of the ions throughout  the resin. 
The resin was decanted from the p la t inum solution, 
washed with water, dried at l l0~  for 24 hr and then 
at 200~ for 24 hr. It  was then pyrolyzed in an inert  
atmosphere at a tempera ture  in the range 700~176 
for 24 hr. The pyrolyzed mater ia l  was washed 
thoroughly with dilute ni t r ic  acid and then water  to 
remove the calcium salt and finally dried at l l0~ in 
a vacuum oven. 

Highly dispersed p la t inum was formed in the plat-  
inum-doped carbon only with weak acid cationic resins 
which were neutral ized with calcium hydroxide solu- 
tion (18). The two commercial  weak acid cation ex- 
change resins used in this work were: Amber l i te  IRC 
50 (Rohm & Haas Company) which is based on meth-  
acrylic acid and has a particle size of 16-50 mesh and 
Amberl i te  CG50 (Rohm & Haas Company) which has 
a similar s t ructure  but  a particle size of 200-400 mesh. 

The noncombust ible  gases are listed in  Table I and 
the pyrolysis t ime was 24 hr  for all samp]es. 
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Table h The preparation conditions of Pt-doped carbons 
containing highly dispersed Pt a 

P y r o l y s i s  F u r n a c e  WeighU'  
S a m p l e  No. t e m p e r a t u r e  a t m o s p h e r e  5~ P t  

1 700 Nc 6.1 
2 ~ 700 N~ 6.1 
3 700 N~ 6.2 
4 700 N2 7.3 
5 700 N2 7.8 
6 700 N :  12.2 
7 700 10% CO, 90% N~ 8.1 
8 700 50% CO, 50% N~ 9.7 
9 700 10% C-.I-I4, 90% N~ 8.0 

10 800 N~ 8.4 

a These  s amp le s  c o n t a i n e d  no de t ec t ab l e  P t  c rys ta l l i t es .  
b The  ra t io  of the  w e i g h t  of P t  to the  t o t a l  w e i g h t  of P t  and  

carbon.  
e S a m p l e  2 was  p r e p a r e d  f r o m  A m b e r l i t e  CG50 res in ,  the  re-  

m a i n d e r  we re  p r e p a r e d  f r o m  A m b e r l i t e  IRC50 resin.  

Characterization o] the highly dispersed platinum.- 
The particle sizes of the Pt-doped carbons were in the 
range 0.4-12~ and it was possible to prepare Teflon- 
bonded diffusion electrodes from all these catalysts. 
Clearly it was essential to prepare reproducible elec- 
trodes and this was achieved by using the same pro- 
cedure as that of Vogel and Lundquis t  (19). As a 
check on the electrode preparat ion technique, elec- 
trodes were also prepared from commercial  Pt  black 
(Engelhard Industr ies)  and 5% Pt  supported on 
graphite. The lat ter  catalyst was prepared by the 
reduction of chloroplatinic acid adsorbed on graphite. 

The polarization curves for oxygen reduction were 
determined galvanostat ical ly in oxygen saturated 20% 
H2SO4 solution at 70~ using the floating electrode tech- 
nique (20). The cell was a 500 ml round-bot tom flask, 
and its temperature  was main ta ined  by placing in a 
heating mantle.  The electrodes were inserted through 
ground glass joints in the flask. The working electrode 
was supported in a gold foil spring, and it was floated 
on the surface of the electrolyte. Current  collection 
from the gold foil to the external  circuit was made via 
a p la t inum wire. The counterelectrode was a p la t inum 
gauze on which p la t inum was electrodeposited. The 
reference electrode was a reversible hydrogen elec- 
trode which was placed in a Luggin capil lary and im- 
mersed in the test electrolyte. The IR drop between the 
floating electrode and the tip of the Luggin capil lary 
was determined using an in ter rupter  technique. All 
potentials given in this paper refer to the reversible 
hydrogen electrode in  the same electrolyte and are 
corrected for IR drop. 

The available Pt  area of the electrodes was mea-  
sured by determining the charge due to the oxidation 
of adsorbed H2 and of adsorbed CO in N2 purged 1M 
H2SO~ solution at 30~ using the periodic t r iangular  
voltage sweep technique. These sweeps were made 
using an Electroscan 30 (Beckman Ins t rument  Com- 
pany).  

The p la t inum concentrat ions in the doped carbons 
were determined by measur ing the weight loss after 
heat ing in a muffle furnace at 900~ These concentra-  
tions were checked in selected doped carbons by dis- 
solving the p la t inum in aqua regia and measur ing the 
absorbance of the s tannous  chloride complex (21). 
The size of the p la t inum crystalli tes in  the Pt-doped 
carbons was determined from the broadening of the 
x - ray  diffraction l ine from the (III) plane using a 
Norelco diffractometer. 

Results 
Preparation of highly dispersed platinum catalysts.- 

The m i n i m u m  Pt  crystal l i te  size which can be detected 
depends on the Pt  concentrat ion (15). P re l iminary  
experiments  showed that  15A or bigger Pt  crystalli tes 
were detected by x - r ay  diffraction providing the Pt  
concentrat ion was greater  than  5 w/o. Thus the sam- 
ples with greater than  5 w/o Pt  in which Pt  could 
not be detected by x - r ay  diffraction contained highly 
dispersed plat inum. It is not known whether  the Pt  
w a s  monatomical ly  dispersed or whether  it existed as 

small  crystall i tes but  the average crystall i te size was 
less than 15A. 

Table I lists the preparat ion conditions of p la t inum-  
doped carbons containing highly dispersed Pt  (sam- 
ples 1-10). All  these samples had greater than  5 w/o  
Pt  and Pt crystall i tes could not be detected by x - ray  
diffraction. The concentrat ion of the highly dispersed 
Pt in the doped carbon could not be increased above 
12.2 w/o (18) (Table I.) 

In  the preparat ion of the highly dispersed p la t inum 
it was impor tant  to ensure that  all the p la t inum ions 
were ion exchanged and that  no p la t inum salt was 
precipitated in the resin pores. This was achieved 
by doping the resin in a hot p la t inum solution. When 
the resin doping solution was at room temperature,  
o la t inum crystall i tes were detected in the doped car- 
bons after pyrolysis and it was presumed that these 
crystallites were formed by p la t inum salt precipitated 
in the resin pores. Highly dispersed Pt  was formed 
when either of the resins was used as the start ing 
mater ial  and when any  of the gases was used as the 
furnace atmosphere. 

To compare the electrochemical activity of crys- 
tal l ine and subcrystal l ine plat inum, three p la t inum-  
doped carbons were prepared containing p la t inum 
crystallites. These p la t inum crystalli tes were formed 
in the doped carbons either by precipitat ing p la t inum 
salt in the resin pores and pyrolyzing at 700~ (sam- 
ples 12 and 13), or by doping the resin in a hot 
p la t inum solution and pyrolyzing at 900~ (Table II) .  

The specific resistance of several Pt-doped carbons 
was measured (18). The values of the materials  pre-  
pared by resin pyrolysis at 700~ were approximately 
0.01 ohm-cm and this is in agreement  with the values 
determined by Pohl (16). This resistance was suffi- 
ciently low for there to be no ohmic drop in the elec- 
trode at the low exper imenta l  current  densities. 

Platinum surface areas.--The pla t inum surface areas 
of the doped carbons were measured by determining 
the cbarge associated with the electrochemical oxida- 
tion of adsorbed hydrogen and of adsorbed carbon 
monoxide. This was carried out by measuring the 
cur ren t /po ten t ia l  curve dur ing  the application of a 
periodic t r iangular  potential  sweep to the electrode 
in n i t rogen-purged 1M H2SO4 solution at 30~ at a 
sweep rate of 10 mV/sec. This sweep rate was chosen 
since faster rates gave ill-defined oxidation peaks in 
the cur ren t /po ten t ia l  curves. 

In agreement  with the work of Giner  et al. (22) we 
found that  it was not possible to obtain reproducible 
values for the charge associated with the oxidation of 
adsorbed hydrogen (QH) with a floating electrode due 
to hydrogen evolution at potentials cathodic to ap- 
proximately  0.3V. Also it was not possible to deter-  
mine the charge due to the reduct ion of chemisorbed 
oxygen (QPto) by galvanostatic s tr ipping since there 
was no arrest in the potent ia l / t ime curve due to 
chemisorbed oxygen reduction. Thus QH was deter-  
mined on a submerged electrode. 

Figures 1, 2, and 3 show the cur ren t /po ten t ia l  curves 
determined on the application of a potential  sweep in 
the range 0.05-1.45V to electrodes prepared from sam- 
ple 5, Pt  black and Pt supported on graphite, respec: 
tively. Similar  cur ren t /po ten t ia l  curves to Fig. 1 were 
observed wi th  all the electrodes prepared from the P t -  

Table II. Preparation of platinum-doped carbons containing 
Pt crystallites 

Ion  e x c h a n g e  r e s in :  2 ~ n b e r l i t e  IRC50;  pyrolysis atmosphere: N2 

P t  c rys ta l I i t e  
P y r o l y s i s  d i a m e t e r  (A~ 

t e m p e r a t u r e  W e i g h t  ( f rom x - r a y  
S a m p l e  No. (~ % P t  d i f f r a c t i on  da ta)  

11 900 9.4 55 
12 700 a 11.0 40 
13 700 a 6.7 25 

a The  P t  c ry s t a l l i t e s  we re  f o r m e d  by  p r e c i p i t a t i n g  the  P t  sa l t  in  
the  r e s i n  pores  p r io r  to  pyro lys i s .  
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Fig. 1. Potential sweeps on electrodes prepared from sample 5. 
Pt loading 0.6 mg/cm ~, 1M H2S04 solution at 30~ 

doped carbons containing dispersed Pt  (samples 1-10) 
and with those containing crystal l ine Pt  (samples 
11-13). 

The cur ren t /po ten t ia l  curves obtained with Pt  black 
(Fig. 2) and P t /graphi te  (Fig. 3) electrodes are the 
same as those obtained with Pt foil electrodes (23). 
The unusual  characteristics of the current /potent ia l  
curves with Pt-doped carbon (Fig. 1) were: (i) it had 
a large capacity current  in  the potential  range of 
0.05-0.40V which interfered with the measurement  of 
QH on Pt, (ii) it had no peak due to the reduction of 
chemisorbed oxygen, and (iii) it had an anodic peak at 
0.71V and a cathodic peak at 0.68V. 

0 

10, 

- -  No CO AdsoTbed on Elec t rode  

- - - CO Adsorbed on Elect rode 

knodir Current  Density 
(mA/cmZ) 

~ - -  0 .50 1, 00 

Cathodic Current  Density 

i 

-- 1.10 

Fig. 2. Potential sweeps on Pt black electrodes. Pt loading 9.2 
mg/cm 2, IM  H2S04 solution at 30~ 
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i0 ', 

- - - CO Adsorbed oa Electrode 

Anodic Current Density ' t 

o I I 0~0~f - , .~ 1 0.50 1.00 J 1.50 

Cathodir 

10 

Fig. 3. Potential sweeps on 5% Pt/graphite electrode. Pt loading 
0.7 m g / c m  2, ] M  H2S04  solution at 30~  

Since QH could not be determined on the Pt-doped 
carbon electrodes from the potential  sweeps in ni t ro-  
gen-purged electrolyte, it was determined by compar-  
ing the potential  sweeps with and without  carbon 
monoxide adsorbed on the electrode surface. The 
same measurements  were also made with the Pt  black 
and the P t /graphi te  electrodes. 

Figures 1, 2, and 3 show the cur ren t /po ten t ia l  curves 
determined by the application of a potential  sweep 
with (dashed line) and without  (solid l ine) carbon 
monoxide adsorbed on electrodes prepared from sam- 
ple 5 (Fig. 1), Pt  black (Fig. 2), and Pt  supported on 
graphite (Fig. 3), respectively, in  N2-purged 1M 
H2SO4 at 30~ These measurements  were made by 
first performing the potential  sweep on the electrode 
in n i t rogen-purged electrolyte (solid lines, Fig. 1-3). 
The electrolyte was then purged with CO for 1 rain 
while the electrode was on open circuit (approximately 
0.20V) and then with N2 for 5 min  to remove dissolved 
CO. The cyclic vol tammetr ic  sweep on the electrode 
was then repeated in the N2-purged electrolyte 
(dashed) lines (Fig. 1-3). The difference in the shape 
of the two curves in the potent ial  region 0.05-0.45V is 
due  to the adsorption of CO on the electrode and in 
the potential  region 0.60-0.80V it is due to the oxida- 
tion of CO. Pre l iminary  exper iments  indicated that  a 
5 min  N2 purge was sufficient to remove all the dis- 
solved CO from the electrolyte with min imal  desorp- 
tion of carbon monoxide from the electrode surface. 

Figure 4 shows the potential  sweeps in ni t rogen-  
purged electrolyte on an electrode prepared from a 
carbon. This carbon was prepared by the pyrolysis at 
700~ of the calcium form of Amberl i te  IRC50 ion 
exchange resin but  similar  cur ren t /poten t ia l  curves 
were also observed with graphite electrodes. There is 
no peak due to the oxidation of adsorbed hydrogen or 
of adsorbed carbon monoxide on carbon (Fig. 4) and 
hence the values of QH and Qco calculated from Fig. 
1 and 3 are due  solely to reactions occurring on Pt. 
Also Fig. 4 indicates that  the anodic and cathodic 
peaks at 0.71 and 0.68V, respectively, Fig. I, are due 
to the oxidation and reduct ion of surface groups on 
the carbon. 

Pt -doped carbons prepared by resin pyrolysis at 
500 o and 600~ also contained highly dispersed Pt  (18). 
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Fig. 4. Potential sweep on carbon electrode 1M H2S04 solution 
at 30~ 

However no well-defined peaks in the cur ren t /po ten-  
tial curves were obtained with these materials  and 
no fur ther  studies were made with them since it was 
not possible to measure their  Pt  areas. 

For the Pt-doped carbons (samples 1-13), the ratio 
of Qco to QH was in the range 1.5-2.0 to 1. The slightly 
low value of Qco is probably caused by CO desorption 
dur ing the N2 purge. The values of QH and Qco of 
selected Pt-doped carbons were measured in 20% 
H2SO4 solution at 70~ as well as in 1M H2SO4 solu- 
tion at 30~ and the same values were obtained in 
each of two electrolytes. With Pt  black and Pt sup- 
ported on graphite, the ratio of QH: QPto: Qco was 1: 2:2 
wi th in  -+10%. Thus the oxidation of CO was a 2 
electron process on dispersed and on crystal l ine Pt. 

The values of the Pt  areas (expressed as m2/g) of 
the Pt -doped carbons (samples 1-13), Pt  black, and Pt 
supported on graphite are given in Table III. They 
were calculated from the exper imental  values of QH 
and the Pt  loading on the electrode by assuming that 
the average density of Pt  atoms is 1.12 • 1015 a toms/  
cm 2 (3). The values of the Pt  area reported in Table III 
are average values obtained with 3 electrodes and 
the Pt  area of these electrodes agreed wi th in  -+10%. 
The area of the Pt  black (Table III) agreed with other 
data with Engelhard Pt  black (19). 

The Pt  areas calculated from the CO oxidation data 
are not included in Table III. However these values 
were the same as those calculated from QH since the 
ratio of QH: Qco was 1: 2. 

The calculated areas of a monatomic Pt  dispersion 
and of a 14A Pt crystall i te are (3) 276 m~/g and 167 
m2/g, respectively. The exper imental  values of the 
areas of highly dispersed p la t inum (samples 1-10) 
are less than  the calculated v a l u e s  for a 14A crystal 
indicating that  a significant fraction of the p la t inum is 
buried inside the carbon during the resin pyrolysis and 
is therefore not wetted by the electrolyte. 

Thus the x - r ay  diffraction measurements  (Table I) 
show that  there are no p la t inum crystall i tes in sam- 
ples 1 through 10 greater  than 14A and the surface 
area data (Table III)  indicates the Pt  available for 

Table Ill. Values of the available Pt surface areas of the activity 
of Pt of Pt-doped carbons, Pt black, and Pt supported 

on graphite 

Activity of Pt 
Pt surface area 

(m-~/g of Pt) mA at 0.9V/ 
(from H2 oxi- mA at 0.9V/ mC He oxi- 

Sample No. dation data) mg of Pt a dationb,c 

1 132 1.5 0.007 
2 54 0.7 0.007 
3 108 0.9 0.007 
4 58 0.6 0.005 
5 102 1.6 0.008 
6 143 1.0 0.004 
7 84 0.3 0.002 
8 22 0.1 0.002 
9 69 0.3 0.002 

10 84 0.4 0.003 
11 39 1.3 0.030 
12 40 3.0 0.041 
13 84 g . l  0.063 

P t  b l a c k  24 2.5 0,071 
5% P t / g r a p h i t e  50 6.3 0.101 

a T h e  c u r r e n t  w a s  c a l c u l a t e d  b y  e x t r a p o l a t i n g  t h e  T a f e l  p lo t  to  
0.9V. 

b T h i s  is t h e  spec i f ic  a c t i v i t y  (i.e., t h e  a c t i v i t y  p e r  u n i t  a r ea )  of 
the  Pt .  

T h e  a v e r a g e  v a l u e  of  t h e  speci f ic  a c t i v i t y  of  h i g h l y  d i s p e r s e d  
P t  c a t a l y s t s  ( s a m p l e s  1-10) w a s  0.004. 

the electrochemical reaction. The "burying" of Pt  
makes it impossible to calculate the actual degree of 
dispersion of Pt. 

The relat ively low p la t inum area of sample 8 (Table 
III) indicates that a par t icular ly  large fraction of 
p la t inum was buried dur ing resin pyrolysis in the 
N2/CO (50% CO) furnace atmosphere. This is sub- 
s tant iated by the fact that  calcium was detected in 
this sample by x - r ay  diffraction and it was not possi- 
ble to wash it out. Hence it appears that  the furnace 
atmosphere does influence the pyrolysis reaction but  
it does not measurably  affect the size of the p la t inum 
crystalli tes (18). 

Activity of highly dispersed platinum.--Figure 5 
shows the steady-state  polarization curves for oxygen 

t00 
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urreu ensi cm 

lO 

1, O" 

]Potential vs R . H . E .  (Volts) 

o.o~ i o!so o.~7o o.1o 0 . 9 0  

Fig. 5. Cathode performance on oxygen. Sample 4, Pt leading 
0.2 mg/cm 2, 20% H2SO4 at 70~ 
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reduction in oxygen-saturated 20% H2SO4 solution at 
70~ on an electrode prepared from sample 4. The 
data obtained with the other electrodes followed the 
same general  pa t te rn  and the slopes of the semi- 
logarithmic plots were equal to 70 ~- 5 mV. These plots 
were l inear  over 11/~ decades of current  for electrodes 
prepared from the p la t inum-doped carbons (samples 
1-13) and from Pt  supported on graphite and over 3 
decades of current  for those prepared from Pt  black. 
Since these plots are l inear  over a large current  den-  
sity range, it is possible to obtain the activation 
polarization for oxygen reduct ion on the electrodes. 

In the potential  range of the oxygen reduction mea-  
surements  (i.e., 0.9-0.6V), there was no significant 
current  (approximately 1 ~A/cm 2) due to oxygen 
reduction on carbon and on the Au electrode holder 
and there was no current  due to carbon corrosion in 
N2-saturated 20% H2SO4 solution at 70~ Thus the 
exper imental  polarization curves represent  oxygen re- 
duction on Pt. 

The activity of Pt  in  Table III  is expressed in two 
ways: (i) the ratio of the current  at 0.gv to the weight 
of Pt  on the electrode (mA at 0.9 V/mg of Pt)  and (ii) 
the ratio of the current  at 0.9V to mC for H2 oxidation. 
The value of the current  at 0.9V was obtained by ex- 
t rapolat ing the semilogarithmic plot to 0.9V and hence 
these values of the Pt  activity are free of mass t ransfer  
effects. 

The first method of expressing the Pt  activity (mA 
at 0.9 V/mg of Pt)  is of practical importance since it 
allows the calculation of the activation polarization 
per uni t  weight of Pt. The second method (mA at 
0.9 V/mC for H2 oxidation) is used in the theoretical 
discussion since it is a measure of the specific activity 
(i.e., the activity per uni t  Pt  area) of Pt  for oxygen 

reduction. 
The average value of the specific activity of the 

highly dispersed Pt  was 0.004 and it was apparent ly  
independent  of its preparat ion conditions (furnace 
atmosphere and ion exchange resin particle size). The 
values of the specific activity of Pt  black and of Pt  
supported on graphite were in  excellent  agreement  
with the value calculated from other Pt  black data 
(19). 

It  can be seen from Table III  that  the specific activ- 
ity of highly dispersed P t  is significantly lower than 
that  of Pt-doped carbons containing crystallites, Pt 
black, and Pt supported on graphite. This low value 
was not due to an exper imental  artifact. Thus the 
high activity of Pt-doped carbons containing crys- 
tallites demonstrated that  the low act ivi ty of dis- 
persed Pt  was not due to catalyst inhibi t ion during 
resin pyrolysis, large carbon corrosion currents  in 
oxygen-saturated electrolyte, and high ohmic losses 
be tween the catalyst and current  collector; and the 
high activity of samples 11-13, Pt  black and Pt sup- 
ported on graphite demonstrated that it was not 
caused by  inadequate electrode structures. 

Discussion 
The x - r ay  diffraction data indicate that  a highly 

dispersed Pt  catalyst was prepared. It  was not possible 
from the Pt surface area data to determine whether  
a monatomic dispersion of Pt  was prepared but  the 
average Pt  crystalli te size in the samples was less 
than 15A. 

It was shown (24), from measurements  of the rate 
of hydrogen chemisorption on platinized carbon from 
the gas phase, that  hydrogen was ini t ia l ly adsorbed 
on the metal  and it then migrated over the carbon 
surface. This process was termed hydrogen spillover 
(1), and it has resulted (1, 4, 24, 25) in anomalously 
high Pt  areas for p la t inum suported on carbon, zeolites, 
and tungsten oxide. 

Carbon monoxide spillover onto a support has not 
been reported in the l i terature.  Thus hydrogen spill- 
over onto the support did not occur in the present  work 
since the ratio of QR:Qco was 1:2. Hence the Pt  areas 
(Table III)  are not anomalously high and the specific 
activities of P t  (Table III)  are correct values. 

Table IV. Elemental analysis of Pt-doped carbons 

A t o m i c  pe r  cen t  

S a m p l e  No. C H O P t  

4 77.4 13.9 8.4 0.4 
6 65.0 22.1 12.0 0.9 
7 73.0 20.5 5.8 0.5 
9 77.3 15.5 6.7 0.5 

The specific activity of the highly dispersed Pt  for 
O2 eIectroreduction in acid electrolyte was consider- 
ably lower than  that  of crystal l ine Pt  (Table III) .  The 
specific activity of P t  foil has not been measured. 
However the cur ren t /po ten t ia l  curve in the Tafel re- 
gion is the same in concentrated phosphoric and sul- 
furic acid solutions (19) and thus using data in H3PO4 
(26) solution and assuming 0.21 mC/cm 2 for H2 oxida- 
tion, the specific activity of Pt  foil at 76~ is 0.02. This 
value is significantly lower than those of Pt  black 
and Pt  supported on graphite but  greater than that  of 
dispersed Pt. 

The lower activity of the dispersed Pt  catalysts may 
be due either to the difference in the Pt  crystallite 
sizes, or to the influence of the support on the Pt  activ- 
ity, or to a combinat ion of both these factors. It  is 
not possible from the present data to determine which 
has the major  influence. 

The influence of P t  crystall i te size on the activity of 
Pt  arises since the coordination number  of the surface 
atoms depends on the crystall i te size. For example, 
Poltorak and Boronin (27) have shown that  in  a 14A 
crystal only 33% of the surface atoms have the co- 
ordinat ion number  of atoms in an infinite, ideal face, 
whereas in a 50A crystal  85% of the surface atoms 
have the coordination n u m b e r  of atoms in an infinite 
face. It is clear that the Pt  crystall i te size distr ibution 
may also affect the Pt  activity. 

Evidence for an interact ion between P t  and the sup- 
port was obtained by Nicolau, Thorn, and Pobitschka 
(28) and by Hi l lenbrand and Lacksonen (29, 30). 
Nicolau Thorn, and Pobitschka (28) found that  the 
sample prepared by the reduction of chloroplatinic 
acid adsorbed on charcoal exhibited strong para-  
magnetic resonance absorption but  that  the para-  
magnetic resonance absorption was weaker  when 
Pt was mixed with the charcoal. Hi l lenbrand and 
Lacksonen (29, 30) found that  adsorption of Pt  on 
carbon altered the number  of unpai red  electrons in 
the carbon and this modification depended on the pre- 
t rea tment  of the carbon. There are no measurements  
of the interact ion between the metal  and the support 
as a function of metal  crystalli te size but  it is expected 
that  this in teract ion wil l  be greater for the smaller 
metal  crystallites. 

The catalysts prepared by the pyrolysis of an ion 
exchange resin at 700~ do not  consist solely of P t  
and carbon, and selected doped-carbons were ana-  
lyzed I to determine the fraction of hydrogen and oxy- 
gen atoms in each support. These results  are reported 
in Table IV. 

It can be seen from Table IV that  the supports con- 
ta ined significant fractions of hydrogen and oxygen. 
Comparison of the analysis results (Table IV) with the 
Pt  specific activity data (Table III)  indicates that  
small  changes in the composition of the support  does 
not change the activity of Pt  for oxygen reduction, but  
this does not prove that  the support  is not influencing 
the activity of plat inum. Fur ther  work aimed at larger 
variations in support composition is required to extend 
the present study. 

This work demonstrates that the activity for oxygen 
reduction of highly dispersed Pt  on a support  prepared 
by the pyrolysis of an ion exchange resin is less than 
that of crystall ine Pt. This may not hold t rue  for all 
dispersed Pt  catalysts bu t  it may  only be applicable to 
the Pt  dispersion prepared by this part icular  method. 

�9 A n a l y s e s  we re  m a d e  by  S c h w a r z k o p f  M~,eroanalytical  L a b o r a -  
tories ,  New York,  New York.  
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In  addit ion the low activity of dispersed Pt  catalyst 
may be applicable only to the electroreduction of oxy- 
gen and the relative act ivi ty of highly dispersed and 
crystall ine p la t inum will probably depend on the na-  
ture  of the reactant  and even of the electrolyte. For 
example, Poltorak and Boronin (31) using highly dis- 
persed Pt  on silica gel found that many  hydrogenation,  
dehydrogenation, and hydrogenolysis reactions were 
independent  of the p la t inum crystall i te sizes. However 
when the same catalysts were used for reactions in-  
volving oxygen species (e.g., hydrogen peroxide de- 
composition, methanol  and ethanol oxidation, and 
acetaldehyde oxidation) their  activity was at least one 
order of magni tude  lower than that  of Pt  black.  It was 
claimed (31) that  in the lat ter  reactions the p la t inum 
was completely covered with oxygen and consequently 
it lost its metall ic character. 

The highly dispersed Pt  catalyst prepared by the 
pyrolysis of an ion exchange resin in which Pt  ions 
were adsorbed is not sui table as cathode catalysts in 
acid fuel cells since the increase in Pt  area is more 
than outweighed by the decrease in Pt  specific activity. 

Manuscript  submit ted Aug. 13, 1971; revised ma nu-  
script received ca. Jan. 7, 1972. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL. 
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Hermetic Compression Seals for Alkaline Batteries 
E. J. McHenry* and P. Hubbauer 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

An accelerated thermal  cycle test is described which has been used to 
evaluate  the long- te rm rel iabil i ty of seals for n icke l -cadmium batteries in Bell 
System use. Results of this test correlate well with life test results on long- 
term overcharge. Two new types of seal have been developed for use in nickel-  
cadmium or other alkal ine batteries. The first is a simple modification of the 
seal developed by A. W. Ziegler for submar ine  cable use. It entails  subst i tut ion 
of an inject ion molded nylon bushing for the machined K e l - F  bushing used 
by Ziegler, thus e l iminat ing a costly machining operation and greatly sim- 
plifying fabricat ion of the seal. The second is a design employing the same 
principles as the Ziegler seal but  is simpler and can be made in smaller sizes 
than the Ziegler seal. Both designs have been subjected to accelerated thermal  
cycle tests and found to be superior to the seals used on commercial  alkal ine 
cells. 

The main tenance- f ree  rechargeable n ickel -cadmium 
ceil depends on a proper balance among oxygen pres-  
sure, s tate-of-charge of the electrodes, electrolyte con- 
tent, and posi t ive- to-negat ive capacity in order to 
funct ion dependably. This balance can be main ta ined  
only as long as there is no mater ia l  t ransport  across the 
walls of the container.  A leakage rate of as l i t t le as 

* Electrochemical Society Active Member. 
Key words: injection molding, terminal seals. 

10 std cm8 of oxygen per month  (4 • 10 - s  std cm3/sec) 
would result  in an increase of 480 m A - h r  in  negative 
state-of-charge in one year. This represents approxi-  
mately  one third of the excess negative capacity in a 
typical D (4 A-hr)  cell and would result  in cell fail-  
ure wi th in  three years. 

Leakage is a problem which seriously limits the life 
of n icke l -cadmium batteries in Bell System service. 
These batteries contain convent ional  commercial  cells 
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in which economic and size l imitat ions usual ly  dictate 
the use of a seal based on a compressed plastic gasket. 
Aerospace cells, having no such economic limitations, 
have t radi t ional ly  used ceramic- to-meta l  and glass-to- 
metal seals in an a t tempt  to achieve long life. However, 
NASA data (1) indicate that despite their high cost, 
leakage occurred in 33% of the cells tested containing 
ceramic- to-metal  seals and 53% of the cells tested con- 
ta in ing glass- to-metal  seals. In addition to the fact that 
glass and ceramic seals are expensive, inheren t ly  
fragile, and subject to chemical degradation, previous 
work in  the laboratory (see section on Ziegler seal) 
has shown better  results with properly designed com- 
pression seals. Therefore, this work was directed to- 
ward improvement  of the compression seal. 

Exper imenta l  
Theory and accelerated testing.--The basic principle 

of the compression seal is shown in Fig. 1. In  its s im- 
plest form the seal is composed of a plastic gasket, 1, 
compressed between the negative terminal,  2, and the 
positive terminal,  3, sealing leakage paths, A. Provided 
there is continuous contact between the metal  and 
gasket surfaces and sufficient pressure is main ta ined  on 
the gasket, this seal will effectively prevent  leakage. 
When metal- to-plast ic  contact is not cont inuous or 
contact pressure is not main ta ined  above a critical 
point, failure occurs. Fai lure  of compression seals may 
be the result  of any one or combinat ion of the follow- 
ing: 

1. Improper  construct ion (misaligned gasket, 
feathered edges, burrs, etc.). 

2. Poor design. 
3. Chemical or thermal  degradation of the gasket. 
4. Thermal  or mechanical  fatigue of the gasket. 

Chemical or thermal  degradation of the gasket is 
normal ly  not encountered at room tempera ture  or be-  
low but  may be serious at higher temperatures.  Diffu- 
sion of gas or l iquid through the gasket occurs at an 
appreciable rate only at high tempera ture  or pressure. 
Seal failures are normal ly  due to poor design, improper 
construction, or gasket fatigue, all of which result  in 
insufficient contact pressure between the gasket and 
metal  surfaces. 

Fatigue results from pressure fluctuations inside the 
cell or from stress variat ions caused by  thermal  cycle 
of components with large differences in  thermal  expan-  
sion coefficients. The in te rna l  gas pressure of a sealed 
Ni-Cd cell varies with the state of charge and rate of 
overcharging. This differential may  be as great as 5 
atm between the end of charge and the end of dis- 
charge. In  convent ional  cells the area of the cover 
acted on by the in terna l  pressure is considerably 

BEFORE COMPRESSION 

greater than the bearing (contact) surface between the 
cover and the gasket. Thus the resul t ing stress in the 
gasket is of the order of 10 times the in terna l  gas 
pressure. Normal operation also entails thermal  cycle 
(daily tempera ture  var iat ion superimposed on a sea- 
sonal temperature  cycle) which causes expansion and 
contraction of the seal components. Gasket materials  
general ly have thermal  expansion coefficients ten times 
that of metal  container  materials  so that expansion of 
the gasket is restricted by the container.  Heating and 
cooling cause a fluctuating stress on the gasket which 
eventua l ly  results in fatigue failure. Thus rapid, broad 
range thermal  cycling would be expected to greatly 
accelerate seal failures which would result  from any 
of the causes listed above. This test would rapidly pro- 
vide comparat ive data on seal qual i ty which might 
otherwise take months or years to accumulate. 

The tempera ture  profile that  was used in our experi-  
ments  is shown in Fig. 2. It  consisted of cycling be- 
tween --40~ and +160~ one full cycle every 2 hr. 
The lag t ime required for the chamber  to come to the 
set tempera ture  was approximately 20 min  on both 
rise and fall. Thermal  cycling was cont inuous seven 
days a week with no rest period unt i l  fai lure of the 
seal. Fai lure  was determined by applying wet mul t i -  
range pH paper to the seal and observing color change 
after 5 min. If the paper indicated a pH of 9 or greater, 
the seal was considered failed. Leak checks were made 
every day dur ing the first week of testing and every 
week thereafter.  

Exper imenta l  evidence of the correlation between 
thermal  cycle and overcharge tests is shown in Fig. 3. 
The upper graph is a conglomerate of leakage data on 
60 commercial  D cells of four manufac turers  which 
were tested at 20~ 32~ and room tempera ture  at 
200 mA constant  overcharge (2). The lower graph 
shows results of thermal  cycle tests on 20 addit ional 
D cells taken from the same lots. As can be seen, there 
is one- to-one  correspondence in  relat ive seal qual i ty  
exhibited in the two types of tests. Thus, the thermal  
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Fig. 1. Compression seal principles 
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Table I. Leakage tests, TELSTAR@ battery seals 

T y p e  of  sea l  

% F a i l e d  % F a i l e d  
a f t e r  4 y r  a f t e r  5 y r  

No.  of  O v e r c h a r g e  A d d i t i o n a ]  
sea l s  a t  C/1O0 O.C. s t a n d  

1OO 100 50 IO0 
0 O 

Glass-to-metal 50 
Ceramic -to-metal 400 
Ziegler 60 

cycle test is established as a val id accelerated test of 
re la t ive  qual i ty  of compression seals. 

Ziegler seaL--Among the seals developed for use 
wi th  n icke l -cadmium batteries for TELSTAR@ (3) was 
a plastic compression seal designed by Ziegler (4) orig-  
inally for use in submarine cable repeaters.  Al though 
the rel iabi l i ty  of the seal design was not established 
in t ime for the TELSTAR@ flights, long- te rm exper i -  
ments  carr ied out subsequent ly  showed them to be 
superior to glass and ceramic seals as seen in Table I. 
More important ,  they show it to be capable of e l iminat-  
ing the leakage problem in long- te rm service. 

A diagram of the Ziegler seal used in these exper i -  
ments is shown in Fig. 4. The threaded meta l  barre l  is 
first brazed into the lid of a cell. The K e l - F  bushing 
is then screwed into the barre l  and the central  lead 
wire  inserted through the bushing. Radial  compression 
is then applied to reduce the barre l  diameter  from 0.250 
to 0.234 in. 

In order  to insure continuous uniform compression 
of the threaded Ke l -F  bushing, a 0.156-32 Whi twor th  
thread is used. The impor tant  feature  of this thread is 
the rounded roots and crests. Normal  threads wi th  
sharp roots and crests are very  difficult to match by 
a machining operat ion so that  a helical  leakage path 
along the sharp root is a p r imary  fai lure mode. High 
precision is requi red  in machining the threads to pre-  
vent  burrs  which would  mar  the Ke l -F  during as- 
sembly. This construction is re fer red  to as the standard 
Ziegler  seal. 

Injection molded Ziegler seaL--Although the Ziegler 
seal is ve ry  effective, the precision machining required 
is t ime-consuming and expensive. Of the possible 
fabricat ion techniques available, injection molding 
appeared most suitable for our design objectives of 
simplici ty and economy. This technique is rapid, eco- 
nomical, and fai thful ly  reproduces the surface charac-  
teristics of the threaded barrel.  It has the added ad-  
vantage of e l iminat ing  the assembly operat ion since 
the bushing is formed in situ. 

POSITIVE 
LEAD WIRE 

b 

THREADED Ni BARREL 
t _ _  

' =  

? 

THREADED 
F KEL-F BUSHING 

  /--SRAZEO,OI.T 

/L~cELL COIER 
Fig. 4. Construction of Ziegler seal 

,,: / L E A D  WIRE 

Fig. 5. |niection maid for Ziegier seal 

Start ing with  the basic Ziegler design, a modified sea] 
was fabricated by injection molding a nylon 6-6 bush- 
ing into a nickel barrel.  The barre l  was identical  to 
the standard Ziegler barre l  (shown in Fig. 4) wi th  the 
except ion of the thread which was cut wi th  a standard 
8-32 tap. Threaded barrels  were  brazed into covers 
made  to fit a s tandard D cell can. The cover  and lead 
wire were  placed in a mold (Fig. 5) and plastic mate -  
r ial  was injected into the cavi ty  to form a bushing. 
Molding conditions are shown in Table II. A cylindrical  
electrode core taken from a standard commercial  D 
cell was then placed in a can and the cover  wi th  the 
inject ion molded seal was welded onto the can. The 
barrel  was then cr imped in the same manner  as the 
standard Ziegler seal. At this point the cells were  
pressurized with 60 psig of hel ium and placed on a 
mass spectrometer  leak detection device. This instru-  
ment  is capable of detecting a leak rate  of 2 • 10 -10 
std cm3/sec or 0.0063 std cm3/yr.  No leakage was de-  
tected on any of the cells. Approx imate ly  18 ml  of 
electrolyte was then added to the cell  through a fill 
tube on the bottom of the can. The cells were  placed 
on thermal  cycle at 50 m A  overcharge.  Results of these 
tests are presented in Table III. 

As can be seen, these seals are equal ly  as effective 
as the standard Ziegler seal. A major  difference be- 
tween the two types of seal is the qual i ty  of workman-  
ship required in their  fabrication. To i l lustrate  this 

Table II. Operating conditions for injection molding Ziegler seals 
using a one-half ounce-12 ton Unex jet molding machine 

Nylon 6-6 Nylon 6-10 Nylon 12 

Die  t e m p e r a t u r e ,  ~  170 170 170 
C y l i n d e r  t e m p e r a t u r e ,  ~  600 500 510 
I n j e c t i o n  t i m e ,  sec  12 12 12 
C l a m p  c lo s ing  t ime ,  sec  30 30 30 
O v e r - a l l  t ime ,  sec  60 60 60 
I n j e c t i o n  p r e s s u r e ,  ps i  6000 5000 6000 
F e e d ,  in .  1V4 IV4 IV4 

N y l o n  w a s  d r i e d  fo r  16 h r  a t  72~ pr ior  to m o l d i n g .  

Table III. Thermal cycle performance of Ziegler seals 

No.  o f  No.  o f  
No. of  P l a s t i c  A s s e m b l y  t h e r m a l  sea l s  
sea l s  m a t e r i a l  m e t h o d  cyc l e s  f a i l ed  

5 N y l o n  12 I n j e c t i o n  m o l d  1236 0 
5 N y l o n  6-6 I n j e c t i o n  m o l d  1236 0 
5" N y l o n  6-6 I n j e c t i o n  m o l d  1236 0 
4 N y l o n  6-10 I n j e c t i o n  m o l d  1101 0 
5** N y l o n  6-6 I n j e c t i o n  m o l d  3410 0 
5 K e l - F  S t a n d a r d  1101 0 

* H e a t  a n d  o x i d a t i o n  s t a b i l i z e d .  
** 304L s t a i n l e s s  s t e e l  b a r r e l  w a s  u s e d  in  p l ace  of  n i c k e l .  
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Fig. 6. Thread design for Ziegler seals 

point, seals were constructed using a worn  8-32 tap 
to produce deliberately poor thread quality. Figure  6 
shows a comparison between the threads of the s tand-  
ard and these inject ion molded seals. Both of the seals 
shown have withstood over 1000 thermal  cycles wi th-  
out any  indication of leakage. 

Multiple crimp seaL--The proport ionally large in-  
crease in over-al l  cell height accompanying the use of 
the Ziegler seal on small  cyl indrical  cells is a major  
disadvantage. For this reason another  design (5) oper- 
ating on principles similar to that  of the Ziegler seal 
was developed in which the seal is inverted and ex- 
tends into the central  void of the cylindrical ly wound 
core of the cell as shown in Fig. 7. 

It consists of a metal  tube containing a coaxial plas- 
tic tube and a central  metal  lead wire. The lead wire 
is normal ly  nickel and serves as the positive ~erminal 
of the cell. The outer metal  tubing  is brazed into the 
cell cover, and the plastic tub ing  and wire are inserted 
into it. Multiple crimps compress the plastic tubing  
between the outer metal  tubing and the central  lead 
wire, thus effecting a seal. A 0.125 in. OD by 0.062 in. 
ID nickel tubing was employed in all of these seals 
with a 0.060 in. OD by  0.031 in. ID plastic tubing. The 
central  wire was drawn to approximately 0.001 in. less 
than the plastic tubing ID. In  all cases the cr imping 
operation reduced the outside metal  tubing  diameter 
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by approximately 0.017 in. Each crimp was ~/s in. long, 
and the space between crimps was Ys in. Two groups 
of seals were made 2 in. long with seven crimps, and 
two groups were made with two crimps and a length 
of 3/s in. 

Inject ion molding was also applied to the crimp seal 
in order to simplify construction and avoid assembly 
errors. A larger tubing measur ing  0.187 in. OD by 
0.125 in. ID by 1 in. long was used with a 0.060 in. 
diameter nickel lead wire. Plastic mater ia l  was injected 
into the annulus  between the wire and the metal  tub-  
ing. The tubing was crimped in  four equal ly spaced 
sections of 1/s in. length. Crimping reduced the tubing 
OD from 0.187 to 0.176 in. on the crimped portion. 

Since this type of seal extends into the cell it is not 
possible to crimp after the welding operation. There-  
fore, adequate heat s inking is required to prevent  the 
seal from being heated above 200~ dur ing welding. 
Hel ium leak check and electrolyte addition were per-  
formed in the same manne r  described for the Ziegler 
seals. Thermal  cycle performance of the new seals is 
presented in Table IV. 

Discussion 
Values of gas diffusion rates through plastic bodies 

comparable in size to the Ziegler seal have been cal-  
culated. These values are presented in Table V for 1/4 
in. diameter by 1/2 in. long bodies of nylon 6 and Ke l -F  
and are based on diffusion rates reported in  the l i tera-  
ture  (6) and a 1 atm pressure differential at room 
temperature.  Leakage of hel ium through the standard 
and injection molded Ziegler seals as well as the crimp 
seal has been measured as less than  6.3 • 10 -3 std 
cmZ/year (2 • 10 -10 std cm3/sec). This value is of the 
same order as the calculated gas diffusion rates shown 
in Table V. Thus gas diffusion is not considered to be 
a l i fe- l imit ing factor. Accelerated thermal  cycle tests 
indicate that fatigue failure may also be el iminated as 
a failure mode in a five to ten year life. All  available 
evidence suggests that leakage is no longer a problem 
in any application where the Ziegler or cr imp seals can 
be employed. 

A major  advantage of the new seals over the s tand-  
ard ZiegIer or ceramic seals is the simplicity and ex- 
pected economy in their fabrication techniques. Costly 
precision machining has been el iminated and replaced 
by punching, drawing, stamping, and welding opera- 
tions. I t  is expected that  relat ively unski l led workers  
can assemble these seals quickly with very  low in-  

Table IV. Thermal cycle performance of multiple crimp seals 
with nylon 6-6 bushings 

No. o~ 
seals 

No. of No. of  
S e a l  No.  of  t h e r m a l  sea l s  

OD, in .  c r i m p s  cyc le s  fa i l ed  

3 0.125 7 2070  0 
5 0.125 7 1596 0 
2 0.125 2 996 0 
7 0.125 2 588 0 
5" 0 .187 4 744 0 

* I n j e c t i o n  m o l d e d .  

Table V. Diffusion rates of gases through V4 in. diameter 
Vz in. long plastic bodies 

N y l o n  K E L - F  
s td  s td  

C o m p o n e n t  g / y r  cmS/y r  g / y r  cmS/y r  

iNT~ 4 • 10 ~' 3 x 10 ~ 2 • 10 -7 2 • 10-4 
02 2 • 10 6 1 x 10 -~ 2 • 10 -e 1 • 10 -a 
CO~ 2 • 10 -7 1 • 10-4 5 • 10 -7 3 x 10 -4 
H~ 2 x 10 -7 2 x 10 -a 5 x 10 -9 5 x 10-~ 
H20 2 x I0-~ 0.2 4 x 10 -7 4 x 10-4 

C a l c u l a t i o n s  b a s e d  on  1 a r m  p r e s s u r e  d i f ferent ia l  at  r o o m  tern- 
Fig. 7. Diagram of crimp seal perature. 
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cidence of rejects. The new seals have the added ad-  
vantage of flexibility in design change. That  is, the 
seal dimensions need not be changed at all unless a 
gross change is made in  the cell design. Thus exactly 
the same seal design can be used in the size range from 
"sub C" to D cell wi thout  any  change in any d imen-  
sion of the seal. It  is conceivable that  in small  quant i -  
ties of special cells it may be cheaper to use the Ziegler 
or crimp seal ra ther  than the ord inary  commercial  seal. 

All of the seals studied in this work employed a 
nylon insula t ing bushing. Ease of fabrication, prior ex- 
perience with ny lon  in Ni-Cd cells, and physical and 
chemical properties were the main  reasons for this 
choice. Other materials  such as polypropylene, FEP 
Teflon, Kel-F,  and Kyna r  appear to be suitable for use 
in these types of seals. Some of these materials  were 
used in pre l iminary  experiments,  and results indicate 
that  with proper control, they will be equally suitable 
in these designs. Fur ther  work is p lanned to investigate 
other plastic materials  and to develop a seal which 
will  withstand steril ization at 135~ for 72 hr. 

Conclusions 
The inject ion molded Ziegler seal and the mult iple  

crimp seal perform far bet ter  on accelerated thermal  

cycle testing than do ordinary  commercial  seals and are 
expected to perform satisfactorily for five to ten  years 
of normal  operation. These seals are simple in con- 
struction and can be produced at a cost considerably 
below that  for ceramic seals, which they will  ou tper -  
form under  most conditions. 

Manuscript  submit ted Oct. 14, 1971; revised m a n u -  
script received Jan. 10, 1972. This was Paper  72 pre-  
sented at the Atlant ic  City Meeting of the Society, Oct. 
4-8, 1970. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL. 
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A New Water-Activated 
Lead-Acid Battery Concept 

R. F. Amlie,* E. Y. Weissman,* C. K. Morehouse,* and N. M. Qureshi 
Globe-Union, Inc., Milwaukee, Wisconsin 53201 

ABSTRACT 

A discussion is presented of a reserve lead-acid bat tery  concept based on 
water-soluble  sulfuric acid gels. The gels consist pr imar i ly  of 100% sulfuric 
acid plus small amounts  of boric and phosphoric acids. These gels exhibit  ex- 
cellent mechanical  and thermal  stabili ty characteristics when  prepared with 
a re la t ively large molar  excess of boric acid with respect to phosphoric acid. 
The rate of water  activation of a bat tery  containing this gel is controllable, and 
no solid residues are left after the activation has been completed. Performance,  
life, and electrolyte composition aspects are covered in this discussion, with 
a view to defining the advantages and l imitat ions of the system and its fu ture  
possibilities. 

The development  of a satisfactory water-act ivated 
dry-charged lead-acid bat tery  is of part icular  interest  
since it would fill a definite need that  exists in mi l i tary  
and possibly also commercial  applications for a reserve 
system. A water -ac t iva ted  bat tery  would have several 
advantages over the widely accepted acid-activated 
bat tery in that  no separate acid volume is required and 
shipment,  storage, and  activation are inherent ly  less 
costly, safer, and simpler. A satisfactory water -ac t i -  
vated concept requires the in terna l  storage of concen- 
trated sulfuric acid (or its precursor) in a mechanical ly 
and thermal ly  stable form which will  produce sufficient 
sulfuric acid electrolyte in a safe yet sufficiently rapid 
manne r  upon addit ion of water. Other characteristics 
for a practical concept require that the acid concentrate 
occupy essentially a min imal  volume, since in te rna l  
free space is greatly l imited in convent ional  batteries, 
and that  it produce no degradation of cell components. 
Further ,  performance should be comparable to that of 
a convent ional  bat tery of the same external  dimensions. 

Various concepts for water-act ivated lead-acid bat-  
teries are described pr imar i ly  in the patent  l i terature  

* Elec t rochemical  Society Act ive  Member .  
K e y  words :  gelled sul fur ic  acid, boron phosphate  gels, wa te r -  

ac t iva ted  battery, lead-acid bat tery ,  d ry -cha rged  bat tery.  

and have appeared at an increasing rate in recent years 
following a feasibility s tudy reported in 1965 (1). 
Briefly, these concepts could be described as involving 
the immobil izat ion of concentrated sulfuric acid by 
mechanical  encasement of the liquid (2-4), physical 
sorption (5-9), chemical reaction (10), and gelation 
(11-17), although this classification may not always be 
completely rigorous. 

Stable Boron Phosphate Gels 
This paper presents a water-act ivated lead-acid bat-  

tery concept based on the use of stable "boron phos- 
phate" gels of concentrated sulfuric acid. Gelation of 
concentrated sulfuric acid and oleum by the addition 
of essentially equimolecular  amounts  of boric and phos- 
phoric acids was described by Leicester in 1948 (18). 
Leicester suggested that  gelation is due to the forma- 
t ion of a boron phosphate, (BPO4), s t ructure  which 
may be isomorphous with a silicic acid gel of sulfuric 
acid in which the silicon atoms are a l ternate ly  re- 
placed by boron and phosphorous atoms. He describes 
general  properties of these gels including the observa- 
t ion that, "Equimolecular  proportions of the two acids 
(HaBO3 and H~PO4) gave the best gels, but  the quant i -  
ties could be varied wi th in  wide limits (--+30%) wi th-  



"Vol. I19, No. 5 W A T E R - A C T I V A T E D  P b - A C I D  BATTERY CONCEPT 569 

out seriously affecting gel formation for the 1/100 
(mole ratio BPO~/H2SO~) and more concentrated gels." 
Other properties listed included: (a) increased firm- 
ness with concentration, (b) faint  to strong opales- 
cence, (c) slight syneresis (separation of l iquid phase 
due to gel contraction) with little indication of thixo- 
tropic properties, (d) readily broken down and dis- 
solved by the addition of water, (e) good thermal  sta- 
bil i ty at 100~ and (]) good room temperature  sta- 
bil i ty for several months. Leicester also shows that  
gelation t ime decreased rapidly with increasing water  
content  and moderately with increased BPO4 content. 

We found these gels to be easily prepared s tar t ing 
with boric acid crystals, 85% orthophosphoric acid, 
concentrated sulfuric and oleum solutions. Since the 
composition of the sulfuric acid component  (or H20/  
SO3 ratio) of the mixture  greatly influences gel sta- 
bility, we assumed the gelation reactions shown below 
in order to define a calculated H20-803 composition 

H3PO4 -5 ( 1 -5 x) H3BO3 --> BPO4 -t- xH~BO3 ~- 3H20 
[1] 

xH~BO~ ~ xHBO2 -~ xH20 [2] 

H3PO~ -? (1 + x)H3BO~-> BPO4 + xHBO2 
-~- (3 -~ x)H20 [3] 

In addition to the water  introduced in the gelation 
process, the 85% phosphoric acid and the concentrated 
sulfuric acid ingredients  also introduce water  into the 
system. This water  is effectively removed by the addi- 
t ion of oleum (free SO3) and the resul t ing H2SO4 and 
H20, or SO3 contents were calculated according to the 
above assumptions. Laborious mater ial  balance equa-  
tions involving different ingredient  concentrat ions and 
gel compositions were avoided by use of a FORTRAN 
program in our computer  facility. 

In  actual practice, it was found that  gel preparat ion 
can be readi ly monitored by measur ing the electrolyte 
solution conductivi ty which is very sensitive to concen- 
t rat ion in  the range of interest. Specific conductance 
values of l iquid gelling mixtures  with an acid mole 
ratio of 2H3PO4/5H3BO3/100H2SO4 are plotted in Fig. 
1 as  a function of the weight per cent (w/o) H2SO4. 
The weight per cent H2SO~ calculated for each solution 
is based on the total SOs content, and H20 which was 
both added and assumed to be derived from gelation 
and dehydration. Gel compositions with this 2/5/100 
mole ratio exhibit  excellent stabilities in the calculated 
H~SO4 concentrat ion range from about 99 to 101%, 
above which SO~ fuming becomes progressively evi- 
dent. The specific conductance curve of a pure sulfuric 
acid solution with a m i n i m u m  at 99.7 w/o H2SO4 (19) 
is also included in Fig. 1. It  is evident  that  the min i -  
mum, as calculated for the gelling solution, exceeds 
that  of pure H2SO~ by approximately 1 w/o. This would 
indicate that  the assumed gelation reaction [3] does 
not provide a complete description of this complex sys- 
tem which may involve interact ion of acid species. 
A systematic study of the boron phosphate-sulfuric 
acid system is required to clarify these results. 

Gels prepared in our laboratory using Leicester's 
formulat ions did not exhibit  satisfactory thermal  and 
storage stabilities toward syneresis as deemed neces- 
sary for a water-act ivated bat tery application. The 
hygroscopic gels were stored in t ight ly capped glass 
bottles at temperatures  up to 100~ In  agreement  with 
Leicester, it was found that gel stabil i ty was improved 
by decreasing the water  content  and increasing the 
BPO~ content, but  nei ther  the equimolar  gels nor gels 
containing up to 30% excess of boric or phosphoric acid 
were sufficiently stable. 

Gel stabilities were found to be greatly improved 
when a relat ively large molar excess of boric acid rela-  
t ive to phosphoric acid is used (16). Table I sum-  
marizes the opt imum ranges of acid mole ratios neces- 
sary to produce bat tery-s table  gels. An approximate 
stabil i ty-composit ion domain for gels containing a 99- 
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100% calculated (aqueous) H2SO4 component,  wherein 
syneresis was less than  1% by volume after 30 days' 
storage at 80~ is shown in Fig. 2. Acid composition 
of the gels is given in moles of phosphoric and boric 
acid per 100 moles of calculated (100%) sulfuric acid. 
Stabilities of these gels were general ly best in  the 
lower portion of the composition domain where the 
H3PO4 content  exceeded 1 mole per 100 moles H2SO4 
and the max imum H3BOJHsPO4 mole ratios were at-  
tained. The more stable gels exhibited no evidence of 
syneresis or breakdown after 100 days' storage at 100~ 

Table I. Optimum acid ingredient mole ratios for stable 
BPO4-H2SO4 gels 

I ' t ~ B O 3 / I ~ P O 4  > 1 . 3  a n d ,  p r e f e r a b l y  > 1 . 5  

3 . 5  ----- I - I z B O s / 1 0 0  m o l e s  H ~ S O 4  ----- 1 2  

1 ---~ I ~ P O 4 / 1 0 0  m o l e s  H 2 S O ~  ~ 5 



570 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY May 1972 

Fig. 3. Photograph of a water-clear gel 

at which time the tests were discontinued. Attempts 
to l iquify the most stable gels at even higher tempera-  
tures produced instead a surface decomposition with 
gradual  reduction of the gel body size. 

Gel appearance varied from strongly opalescent to 
water-c lear  and was found to be dependent  on the 
H~PO4/H3BO3 ratio, the water  content, and the sett ing 
temperature.  Water-c lear  gels general ly  exhibited the 
greatest stabil i ty and were obtained only with an 
excess of boric acid and min imal  (or no) calculated 
water  content. A photograph of a water-c lear  gel sam- 
ple is shown in Fig. 3. 

A par t icular  advantage with this gel is that it can 
be combined rapidly with water  without  the hazard 
encountered with concentrated sulfuric acid liquid. 

Having established that gels could be prepared with 
excellent  mechanical,  thermal,  and storage stabilities, 
effort in this development  was devoted to determining 
the effect of gel-prepared electrolytes on bat tery  per-  
formance. 

Water-Activated Battery Performance 
Electrochemical phenomena arising from the use of 

solutions prepared from gelled acids rather  than pure 
sulfuric acid are pr imar i ly  due to the presence of 
orthophosphoric acid. Furthermore,  our measurements  
and observations support  Leicester's view that  the ad- 
dition of water  (at least 10-15% by volume of gel) 
readily hydrolyzes the gels to the const i tuent  acids 
yielding a clear solution (18). 

The addit ion of phosphoric acid to the lead-acid bat -  
tery has been rather  extensively tried (20) and  will  
not be reviewed here. Definitive conclusions have often 
been dependent  on the materials,  design, and test mode 
or service employed. While the earliest patents claimed 
such general  improvements  as "the el iminat ion of 
harmful  sulfation" (21), it is now general ly accepted 
that  phosphoric acid additions are of part icular  benefit 
in improving the cycle life of nonant imonia l  grid bat-  
teries (22, 23). More fundamenta l  investigations of the 
reactions of phosphoric acid with the lead dioxide elec- 
trode have also been reported (23-27) and we have 
carried out measurements  on the electroanalytical  de- 
terminat ion of Pb( IV)  phosphate species in solution 
(28). Nevertheless, a more comprehensive unders tand-  
ing of the incorporation of phosphoric acid in the posi- 
tive plate and the changes it produces is definitely 
needed. 

Activation of Prototype Batteries 
Ini t ia l  20-min activation performances of prototype 

water-act ivated batteries are superior to comparable 
commercial acid-activated batteries owing to the heat 
of dilut ion of the concentrated sulfuric acid gel. This 
advantage is i l lustrated in Fig. 4 where in  discharges 
are plotted for 12V-60 A-hr  batteries activated and 
discharged according to the s tandard SAE ,-- 0~ 
(30~ discharge test specification. These bat-  
teries were assembled with production dry-charged 60 
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Fig. 4. Performance of 12V-60 A-hr water-activated batteries 
on the SAE 20-min activation test at --1~ (30~ 1.~A, 

A-hr  elements in polypropylene containers (and cov- 
ers).  The water-act ivated batteries contained 210 cc 
(388g) of gel mounted above each cell e lement  (16). 
Prior to activation, the batteries and the (1.270 sp. gr.) 
sulfuric acid solution had been cooled to N 0~ (30~ 
and the water  to ~ I~ These water-act ivated batteries 
were designed to dissolve the gel body in about 20 rain 
after the addition of water  and the dissolution occurred 
with no emission of l iquid from the filling ports. The 
150A discharge was started 20 min  after filling, at 
which t ime the average temperatures  of the commercial  
acid-activated and water-act ivated batteries were 3.5 ~ 
and 69.5~ respectively. 

Short and Long Term Results 
Only a brief summary  of available storage, cycle-life, 

overcharge, and field service results for one gelled elec- 
trolyte composition will be given at this time. A more 
detailed presentat ion of design and performance char-  
acteristics will  be given elsewhere (29). 

Standard production dry-charged 12V-60 A-h r  bat-  
teries with 6% ant imonial - lead grid alloy have fre- 
quent ly  been used to compare the performance of 
solutions prepared from gelled acids with the s tandard 
sulfuric acid solutions. No effort was made to optimize 
or alter the batteries for this application. To make this 
extensive comparison, gel with an acid mole ratio of 
2H~PO4/SH3BOJ100H2SO4 was selected based on ini t ia l  
laboratory test results. The acid concentrat ions of a 
solution prepared from this gel are typically 9, 14, and 
455g per l i ter of phosphoric, boric, and sulfuric acid, 
respectively. The solution prepared by the addition of 
480g of a 2/5/100 gel containing 0.5 w/o "excess" water 
to 802g of water  has a specific gravity of 1.2.82 at 21~ 
The control batteries were filled with 1.270 sp. gr. sul-  
furic acid (460 g/ l i ter ) .  

The most significant available results can be sum- 
marized as follows: 

1. The 60 A-hr  sealed, dry-charged, SLI- type  bat-  
teries with gel mounted  above the plate elements con- 
t inue to show satisfactory storage after more than six 
months in 'a 60 ~ C- 100 % relative humidi ty  environment .  

2. Gel prepared electrolyte capacities on the 20-hr 
(3A) discharge at 27~ (80~ have shown an average 
reduction of 6 % relat ive to their  respective controls. 

3. At low temperatures  (0 to --29~ and high dis- 
charge rates (150 and 300A), the 2/5/100 gel prepared 
electrolyte solution has exhibited increased 5 sec vol t-  
ages 1 of 3 to 6% and  reduced discharge times ranging 
from 5 to 33% relat ive to the control. 

4. When cycled according to the SAE cycle-life 
specification (30), the 60 A-h r  SLI batteries with the 
2/5/100 composition electrolyte have averaged only 2/3 
of the control cycles. On the other hand, Edison Cycle 
Life Test (see Appendix) results average about 10% 
higher for the exper imental  batteries. Field test results 
are still inconclusive but  seem to suggest a det r imenta l  
effect on life in hot climate use. 

1 Vol t age  m e a s u r e d  a f t e r  5 s e c  o f  d i scha rge  a t  the  g i v e n  r a t e ,  
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5. Overcharge  life test  comparisons for 60 A - h r  ba t -  
ter ies  on the s tandard  SAE overcharge  test  (30) rout ine  
have shown the same per formance  for the  2/5/100 acid 
solution and the sulfuric acid control.  

6. There  appears  to be a s t ruc tu re -dependen t  scale 
effect when evalua t ing  exper imen ta l  and control  ba t -  
ter ies  so much so tha t  cer ta in  types  of low-capac i ty  
ba t te r ies  (not  of the  SLI  va r i e ty )  have  not  exhib i ted  
the  above-men t ioned  per formance  differences. This 
aspect  wi l l  be discussed at  a la te r  date.  

7. Gel  p repa red  e lec t ro ly te  solut ions used in ba t te r ies  
fabr ica ted  wi th  nonan t imonia l  lead a l loy  gr ids  are  ex -  
pected to improve  posit ive pas te  adherence.  F o r t u -  
nately,  a prac t ica l  phosphoric  acid concentra t ion  for 
typica l  nonant imonia l  systems (e.g., l ead -ac id  ba t te r ies  
having l ead-ca lc ium gr ids) ,  namely  10 g / l i t e r  of solu- 
tion, corresponds  to wha t  resul ts  from the ut i l izat ion of 
the gel led  acids descr ibed in this paper .  

Conclusions 
The technica l  feas ibi l i ty  of a wa te r -ac t iva ted ,  d r y -  

charged  l ead-ac id  ba t t e ry  based on s table  boron phos-  
pha te -concen t ra ted  sulfuric acid gels has been demon-  
strated.  P r o p e r l y  fo rmula ted  gels have been developed 
which exhibi t  super ior  mechanical ,  thermal ,  and shelf  
s tabi l i t ies  when  s tored out of contact  wi th  moisture.  
The l o w - t e m p e r a t u r e  act ivat ion per formance  of p ro to-  
type  SLI ba t te r ies  is excel lent  due to the  H2SO4 heat  
of d i lu t ion released.  Labora to ry  cycle life, and field 
test ing of SLI p ro to type  ba t te r ies  indicate  tha t  the  
gel led acid may  reduce the  per formance  of s t andard  
bat ter ies  in cer ta in  SLI  applicat ions,  a l though op t imi -  
zat ion of the system to compensate  for the modified 
e lec t ro ly te  effects is possible. 

Final ly ,  whi le  this discussion addresses  i tself  to the  
SLI type  of ba t te ry ,  it  should be obvious tha t  the  
wa te r - ac t iva t ion  pr incip le  descr ibed here  is adap tab le  
to any ba t t e ry  system ut i l iz ing a sulfuric  acid e lec t ro-  
lyte.  

Manuscr ip t  submi t t ed  Nov. 1, 1972; revised m a n u -  
scr ipt  rece ived  Dec. 20, 1971. This was presented  at  
the  Cleveland Meet ing of the  Society, Oct. 3-8, 1971. 

Any  discussion of this  paper  wil l  appear  in a Discus- 
sion Section to be pub l i shed  in the December  1972 
JOURNAL. 

A P P E N D I X  

Edison Cycle Life Test for Lead-Acid SLI Batteries 

Tempera tu re :  38~176 in air  envi ronment  
Cycle  t ime:  10 min;  1000 cyc les /week  

Charge  - -  6 min, 27 sec at  5-6A 
Discharge - -  10 sec at  150A )10  rain 
Rest  - -  3 min, 23 sec 

Capaci ty  test:  150A to 7.2V (1.2 V/ce l l )  

Specified minimums:  
C a p a c i t y - -  > 0,5 min to 7.2V 
Life - -  10 weeks  (10,000 cycles) 

for 60 A - h r  ba t t e ry  
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Effect of Chloride Ion on Iron Corrosion in NaOH Solution 

C l a r e n c e  M .  S h e p h e r d *  and  S igmund S c h u l d i n e r *  

Naval Research Laboratory, ELectrochemistry Branch, Washington, D. C. 20390 

ABSTRACT 

Potentiostatic polarization curves for the system FeoNaOH, in  which the 
level of reactable impurit ies had been reduced to 10-6 ppm, showed that  Fe 
did not corrode and that the Fe behavior was similar to Pt. In t roduct ion of 
chloride ion changed the potentiostatic polarization behavior and at C1- con- 
centrat ions ~2  ~g/cc Fe corrosion occurred. Chloride ion also caused the 
development of a pronounced active dissolution region in the anodic polariza- 
tion curves. At 0.2 ~g/cc of chloride ion, the changes in the polarization curve 
were small. At 2 ~g/cc of chloride ion a typical pa t te rn  had developed which 
showed a definite corrosion region, followed by "passivity" as the potential  was 
increased. At 2000 ~g/cc of chloride ion corrosion was marked, even in the 
"passive" region. 

The present work extends our previous (1) study of 
the effects of chloride ion on the potentiostatic behavior 
of iron in oxygen-free (<10 -6 ppm) NaOH solution. 
Mayne, Mentor, and Pryor  (2) showed that in oxygen-  
free solution chloride ion concentrat ions from 3.5 to 
35 ug/cc will  cause iron to corrode, however no cor- 
rosion occurred when oxygen was present. The chloride 
ion concentrat ion in  our h igh-pur i ty  0.2M NaOH was 
approximately 0.01 ~g/cc so that  we were able, under  
O2ofree conditions, to determine the effects of chloride 
ion at considerably lower levels than  previously had 
been investigated. 

Exper imenta l  
The electrode was a high pur i ty  Fe wire immersed 

in 0.2M NaOH under  an atmosphere of hel ium at 25~ 
The closed system and measur ing  equipment  have been 
previously described (1, 3, 4). The 20 mm diameter Fe 
wire was fabricated from 3 pass electron beam zone 
refined iron which was reported by the supplier to 
contain less than 4 ppm metallic impurities.  The NaOH 
electrolyte was prepared by dissolving high puri ty  
sodium from a glass capsule inside the closed cell (1). 
F inal  purification was by electrolysis to remove traces 
of heavy metals and organic material.  A point on the 
curves shown was determined by potentiostat ing the 
Fe electrode unt i l  a constant  current  was reached. The 
potential  was then increased and another  steady-state 
current  was obtained. The process was repeated unt i l  
the potential  was well up into the 02 generat ing region 
after which the potential  was decreased stepwise unt i l  
well into the I-I 2 generat ing region. The potential  was 
then increased stepwise back to its original value, thus 
completing a cycle. Repeated cycling gave essentially 
the same results. 

Results and  Discussion 
The results for the highly purified system, Fe/0.2M 

NaOH containing about 0.01 ~g/cc C1- (from NaC1) 
as an impurity,  are shown in Fig. 1 where the constant  
value of the apparent  current  density is plotted against 
the potential  measured against the normal  hydrogen 
electrode (NHE). This curve is used as a s tandard for 
comparison with the results that were obtained when 
small  known amounts  of C1- were added to the pure 
system. No visual corrosion or changes in  the Fe were 
observed under  low power microscopy nor was Fe 
found in the analyzed solution. 

When C1- is added to the system the potentiostatic 
polarization curve of Fig. 1 is affected. The results are 
shown in Fig. 2-5 for concentrat ions of C1- from 0.2 
~g/cc to 2000 ~g/cc. The concentrat ion of O5 in these 
systems was less than 10 -6 ppm (4). 

When the chloride ion concentrat ion reached 2 ~g/cc 
(Fig. 3-5), one observes a large increase in the anodic 

* Electrochemical Society Active Member. 
Key words: corrosion, iron, chloride ion, passivity, polarization, 

potentiostatic, high purity. 

current  density, par t icular ly  in the region of the loop 
where the potential  is being increased from point  C 
through K to L. This increase in current  is accompanied 
by corrosion. This confirms the Mayne, Mentor, and 
Pryor  (2) finding of iron corrosion in O2-free solution 
containing 3.5 to 35 ~g/cc of C1-. Under  conditions in  
which no chloride has been added to the electrolyte 
the iron remains  bright  and shiny over repeated cy o 
clings. After  2 cycles in the solution containing 2000 
~g/cc of chloride ion, the iron electrode was pitted 
appreciably. Considerable amounts  of dark brown 
corrosion products were observed, par t icular ly  in the 
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pits. These pits were not randomly  distr ibuted but  
tended to occur in clusters. 

In Fig. 3-5 the Fe electrode is exhibi t ing normal  
passive behavior.  At a potent ial  in the neighborhood 
of C, a reaction is ini t iated involving the oxidation of 
iron. The current  reaches a max imum at the point K, 
declines, and enters the passive region along line L-E. 
As the amount  of chloride ion increases, the na ture  of 
the passive region changes as is evident  by the higher 
current  densities. The cur ren t  densi ty at 2000 ~g/cc 
of chloride ion is several times that  at low concentra-  
tions of chloride. If the reactions that take place in the 
system shown in Fig. 1 take place at the same rate 
in the systems shown in Fig. 3-5, their  current  density 
in the passive region is being masked by a reaction o r  

reactions, whose current  density is several hundred  per 
cent higher. If this lat ter  reaction or reactions involve 
the oxidation of iron, then an appreciable amount  of 
corrosion is being experienced in the so-called "pas- 
sive" region. Around point  K in Fig. 5 the current  
densities are 100 times higher than found in Fig. 1. As 
the potential  moves upward  from E toward F (the 
transpassive region),  the current  density involved in 
the production of 02 becomes so high that  it completely 
masks out the effect of the impurities.  Consequently,  
this portion of the potentiostatic polarization curve was 
not affected by change in chloride content. 

As the potent ial  was decreased the current  went  
from anodic to cathodic at about --0.22V in the pres-  
ence of 2000 ~g/cc of C1-. When the potential  was 
increased the current  went  from cathodic to anodic at 
about --0.61V. The difference between these two poten- 
tials, hE, is 0.39V. This difference in changeover poten- 
tials is characteristic of impure  systems and decreases 
monotonical ly as the amount  of impur i ty  decreases, as 
can be seen in Fig. 6 where hE is plotted as a function 
of the chloride content  of the electrolyte. As the chlo- 
ride content  is increased, the value of hE appears to be 
leveling off in the neighborhood of a value of 0.4V. As 
the chloride value is decreased hE approaches zero in 
value (1). Similar  results have been observed qual i ta-  
t ively with other impurities.  

In Fig. 3-5 it can be seen ]n each case that  the poten-  
tial at point K remains  fair ly  constant  at --0.2V, 
whereas the potential  at point C decreases appreciably 
with increase in chloride content. 

The max imum current,  iM, is a good measure of the 
extent  of corrosion in the system. In  Fig. 7, the current  
density at the potential  of --0.2V has been plotted as 
a function of the chloride content. This is the potential  
that gives the m a x i m u m  current  density at point K in 
those cases where the chloride content  is sufficiently 
high to show a corrosion loop. The relationship is 
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logarithmic and can be expressed as the equation 

iM : 1.2 • 10 -7 C 0.4 

where C is the concentrat ion of chloride ion in ~g/cc 
and iM is the current  density at --0.2V vs. the normal  
hydrogen electrode (NHE) and is measured on the 
increasing potential  curve. In the s tandard system, 
where impur i ty  effects have been minimized, there is 
no visible corrosion and the potent ia l -current  rela-  
tionships, as shown in Fig. 1, are essentially straight 
lines, it seems quite l ikely that  the low chloride con- 
tent of approximately 0.01 ~g/cc nei ther  causes Fe 
corrosion nor typical  passive behavior.  At a level of 
0.2 ~g/cc of chloride ion in the electrolyte (Fig. 2), 
definite changes have occurred in the potentiostatic 
polarization curve, and at 2 ~g/cc of C1- (Fig. 3), 
there is the first evidence of an active dissolution 
region. This indicates that  a concentrat ion of 10 -1 
to 1 ~g/cc of chloride ion must  be present  to init iate 
corrosion or the steps that lead to corrosion. 

The var iat ion in results obtained using two succes- 
sive cycles in a given purified electrolyte is not  large, 
in most cases, and is much less than the variat ion in 
results obtained between separately prepared and 
purified electrolytes unless the chloride content  is 
high. At 2000 ~g/cc of chloride ion the iron is corrod- 
ing and pit t ing rapidly, thus causing a rapid increase 
in the surface area which resul ted in an increase of 
50% in the current  densi ty in going from one cycle to 
the next. The data in Fig. 1-5, as well as each of the 
points plotted in Fig. 6 and 7 were obtained from sepa- 
rate solutions. The var iat ion between results would 
probably have been much less for low chloride con- 
tents if the data had been taken on a single solution for 
each of the successively added increments  of chloride 
ion. 

It has been observed that  a silver or a s i lver-si lver  
oxide anode would under  certain conditions remove 
C1- from a 15% KOH solution as AgC1 on the elec- 
trode. The opt imum conditions were not determined 
nor is it known to how low a level the C1- can be 
reduced. It does suggest the possibility that the C1- 
content of existing purified electrolytes could be low- 
ered even more in this manner .  The silver introduced 
into the system could be removed by electrodeposition. 

This technique might  also be useful  commercial ly  in 
keeping the C1- content  low enough to inhibi t  ap- 
preciably metallic corrosion in a system. 

Techniques of this sort might  lead the way to the 
possibility of efficiently removing unreactable  impur i -  
ties. For a given electrolyte containing a given unreac t -  
able ionic impuri ty,  a suitable electrode material,  tem- 
perature, potential, etc., might  be found which would 
make it possible for this ion to react wi th  the electrode 
and form an insoluble film which then could be re-  
moved from the system by removing the electrode. 

Highly porous metallic electrodes can be prepared 
(5) which have surface areas so large that  the forma- 
tion of even a fraction of a monomolecular  layer  
would remove relat ively large amounts  of a given 
ionic impuri ty.  This would thus open up the possibility 
of removing near ly  all of the impuri t ies  in an electro- 
lyte down to levels that in m a n y  cases might approach 
the approximately 10 -6 ppm that  is now being ob- 
tained with reactable impurities. Under  these condi- 
tions it would be possible to prepare a wide range of 
reagents whose impur i ty  levels would be several  orders 
of magni tude less than  can be achieved with current  
techniques. 
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Anodic Oxidation of Ethylenediaminetetraacetic 
Acid on Pt in Acid Sulfate Solutions 

J. W. Johnson,* H. W. Jiang, S. B. Hanna, and W. J. James* 
Departments of Chemical Engineering and Chemistry and the Graduate Center for Materials Research, 

University of Missouri-Rolla, Rolla, Missouri 65401 

ABSTRACT 

The anodic oxidation of EDTA was studied in acid sulfate solutions on 
plat inized-Pt  at 25~ Polarization relationships were obtained for the EDTA 
concentrat ion range 3.42 • 10 -5 to 3.42 • 10-3M and pH range 0.35 to 3.80. 
Numerous reaction products were identified that  indicated a sequential  removal  
of acetate groups from the EDTA, each by an init ial  decarboxylat ion followed 
by a reverse Schiff-type reaction, that  produced formaldehyde and the cor- 
responding amine. A reaction sequence which correlated the exper imenta l  
data involved F r u m k i n - t y p e  adsorption of the EDTA species through an un -  
ionized acetate group followed by a ra te -de te rmin ing  electrochemical decar-  
boxylation. 

Ethylenediaminetetraacet ic  acid, commonly abbre-  
viated "EDTA," forms very stable, water-soluble  com- 
plexes with many  metal  ions. Because of this, studies 

* Electrochemical  Society Act ive  Member.  
Key  words: e thylenediaminete t raace t ic  acid, anodic oxidation, de-  

carboxylation.  

involving EDTA have dealt ma in ly  with complex for- 
mat ion and associated analyt ical  and indust r ia l  ap- 
plications. A few reports have been concerned with 
electrochemical aspects. One, a polarographic invest i-  
gation of the products of the anodic oxidation of EDTA 
on P t  in alkal ine solutions, was made by Kopek 'a  (1). 
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The over-al l  anodic reaction proposed was 

HOOCCH2 CH2COOH 
\ / 

NCH2CH2N q- 
/ \ 

HOOCCH2 CH2COOH 
HOOCCH2 

\ 
2H20 --> NCH2CH2NH2 + 

/ 
HOOCCH2 

2CO2 ~- 2CH20 + 4H + ~- 4e [I] 

In  another, R~ishakhrit  et al. (2) studied the oxidation 
of EDTA on a Pt  rotat ing-disk anode and found in-  
creases in the l imit ing currents  with pH. Shifts in  the 
polarization curves with pH were a t t r ibuted to shifts 
in the dissociation equil ibrium. With carbon paste indi-  
cator electrodes, Kitagawa and Tsushima (3) reported 
a single anodic wave for EDTA in acidic media with 
Ep/2 -= 0.93V (vs. SCE). 

The presence of EDTA during electrochemical proc- 
esses (e.g., corrosion, metal  dissolution, metal  deposi- 
tion, etc.) is not uncommon. Thus, it is of interest  to 
know if EDTA itself is reactive. The purpose of this 
investigation was to determine if it could be oxidized 
on plat inized plat inum, and if so, to obtain information 
about the electrochemical reaction kinetics. The inves- 
t igation included polarization measurements  in acid 
sulfate solutions of various pH, the determinat ion of 
reaction products and coulombic efficiency for CO.~ 
production, and the effect of tempera ture  on the re-  
action rate. 

Experimental 
The electrolyses were carried out in the usual H-cell  

(400 ml capacity).  All  solutions employed analytical  
grade chemicals and conductivi ty water. Prepurified 
ni t rogen was bubbled through the electrolyte to pro- 
vide an inert  atmosphere and for stirring. A constant  
flow rate (50 cma/min STP) was mainta ined through 
the anode compartment.  The electrodes consisted of 52- 
mesh Pt  gauze folded on Pt  wire frames for support. 
They were platinized using a plat inum chloride solu- 
tion to which a trace of lead acetate had been added. 
The anode had a geometric surface area of 11.5 cmL 
It was activated in 1.0N H2SO4 before each experiment  
as described previously (4). 

The electrolytes for the studies were H2SO4 + 
Na2SO4 solutions (pH 0.35-4.0) in which the sulfate 
concentrat ion was kept constant at un i t  normali ty.  The 
EDTA concentrat ion was varied from 3.42 • I0 -5 to 
3.42 • 10-aM. The polarization measurements  were 
made potentiostatically. A Hg/Hg2SO4 (1N H2SO4) 
reference electrode was used in conjunct ion with a salt 
bridge of the same electrolyte as in the cell. The po- 
tentials are reported vs. the s tandard hydrogen elec- 
trode (SHE) at 25~ Reaction products were deter-  
mined by s tandard quali tat ive analyses and paper elec- 
trophoresis. All  studies were carried out at 25~ except 
as noted. 

Results 
Polarization measurements . - -The  rest potentials, 

Tafel slopes, and l imit ing currents  from the polariza- 
tion studies are summarized in Table I. The rest poten- 
tials and l imit ing currents  were affected by the N2 
bubbl ing  rate  (the rest potentials decreased and l imit-  
ing currents  increased with increasing bubbl ing  rate) .  
There was no effect on currents  in the l inear  Tafel re- 
gion. All  reported data were taken with the constant 
N2 bubbl ing  rate ment ioned above. Steady currents  at 
a given potential  were obtained within about 25 rain 
and remained quite stable for hours. Individual  points 
were reproducible wi thin  _+ 10 %. 

Semilogari thmic plots of the polarization curves are 
shown in.Fig. 1. There are l inear  sections in the poten-  
tial regions slightly above the rest potentials, with 

Table I. Rest potentials, Tafel slopes, and limiting currents for the 
anodic oxidation of EDTA in acid sulfate solutions on Pt at 25~ 

Elec t ro ly t e  c o n c e n t r a t i o n  L i m i t i n g  
EDTA,  Res t  cu r r en t ,  

M x l0  t H'2SO4, N Na~SO4, N I~H p o t e n t i a l  Ta fe l  A / c m  ~ 
V (SHE) slope,  V • 10 ~ 

3.42 1.00 - -  0.35 0.603 0.125 1.9 
1.027 1.00 - -  0.35 0.842 0,130 1.1 
0.342 1.00 - -  0,35 0.889 0.120 0.65 
3.42 0.100 0.900 1.78 0.660 0.130 8.7 
1.027 0.100 0.900 1.78 0.698 0.130 2.0 

13,7 0,010 0.990 2.74 0.650 0.115 13 
3.42 0.OlO 0,990 2.78 0.679 O.llO 3.7 
1.027 0.010 0.990 2.80 0.700 0.110 1.9 
0,342 O.OlO 0.990 2.72 0.730 0.120 0.96 

34.2 0.0Ol 0.999 2.93 0.623 0.120 30 
13.7 O.OOl 0.999 3.10 0.652 0.105 20 

3.42 0.001 0.999 3.59 0.648 0.11O 3.4 
1.027 0.001 0.999 3.72 0.645 o . n 0  1,7 
0,342 0.001 0.999 3.80 0,66s 0.120 0,65 

slopes varying from 105 to 130 mV. The l imit ing cur-  
rent  region was reached at potentials of about 0.95V 
(SHE). No pronounced passivation regions were found. 

Two basic solutions, 3.42 X 10 -2 and 1.028 X 10-1M 
EDTA in 1N NaOH, were also investigated. The polar-  
ization curves are shown in Fig. 2. Very small  l imit ing 
currents  were reached at potentials immediate ly  above 
the rest potentials. Visible oxygen evolution occurred 
at potentials above 0.78V. 

Reaction products.--Qualitative analyses showed the 
anodic oxidation products of EDTA to be quite nu -  
merous. A positive test for CO2 was obtained by pass- 
ing the N2 purge through a saturated Ba(OH)2 solu- 
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Fig. I. Polarization curves for EDTA oxidation on Pt in acidic 
sulfate solutions at 25~ O, 3.42 x 10-4M EDTA in 1N H2SO4; 
~ ,  1.027 x 10-4M EDTA in IN H2SO4; V,  3.42 x 10-5M EDTA 
in 1N H2SO4; A,  3.42 x 10-4M EDTA in 0.1N H2S04 @ 0.9N 
Na2SO4; ~ ,  1.027 x 10-4M EDTA in 0.1N H2SO4 + 0.9N 
Na2SO4; ~ ,  1.37 x 10-3M EDTA in 0.01N H2SO4 + 0.99N 
Na2SO4; I-1, 3.42 x 10-4M EDTA in 0.01N H2SO4 + 0.99N 
Na2SO4; A. 1.027 x 10-4M EDTA in 0.01N H2SO4 + 0.99N 
Na2SO4; A,  3.42 x 10-5M EDTA in 0.01N H2SO4 ~ 0.99N 
Na2SO4; 0 ,  3.42 x 10-SM EDTA in 0.001N H2SO4 ~ 0.999N 
Na2SO4; ~ ,  1.37 x 10-3M EDTA in 0.001N H2SO4 ~ 0.999N 
Na2SO4; �9 3.42 x 10-4M EDTA in 0.001N H2SO4 + 0.999N 
Na2SO4 O, 1.027 x 10-4M EDTA in 0.001N H2SO4 + 0.999N 
NazSO4; O ,  3.42 x 10-5M EDTA in 0.001N H2SO4 if- 0.999N 
Na2SO4. 
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Fig. 2. Polarization curves for EDTA oxidation on Pt in basic 
solutions at 25~ O ,  3.42 x 10-2M EDTA in 1N NaOH; A ,  
1.027 x 10-1M EDTA in 1N NaOH. 

tion where a white precipitate (BaCO3) was formed 
(5). Formaldehyde was detected by determining the 
mel t ing point of a yellow precipitate formed on addi- 
t ion of a saturated solution of 2 ,4-dini t rophenylhydra-  
zine (6). Other products in the electrolyte were ident i -  
fied by paper electrophoresis (7), the results of which 
are shown schematically in  Fig. 3. Quant i ta t ive mea-  
surements  of CO2 production were made galvanostat i-  
cally for 3.42 X 10-3M EDTA in 10-~N H2SO4 -f- 
0.999N Na2SO4 at potentials in the l inear  Tafel region. 
The average efficiency based on Eq. [1] was 124 __+6%. 

Temperature dependence.--Arrhenius plots of cur-  
rent  vs. tempera ture  for 3.42 X 10-3M EDTA in 10-~N 
H2SO4 -~- 0.999N Na2SO4 are shown in  Fig. 4 for poten-  
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Fig. 3. Products of EDTA oxidation on Pt in acidic sulfate solu- 
tions at 25~ (A) Standard tape. (B) 3.42 x 10-4M EDTA in 1N 
H2SO4, polarized at 1.2 x 10-4A for 83 hr. (C) 3.42 x 10-4M 
EDTA in 0.01N H2SO4, polarized at 1.1 x 10-3A for 75 hr. Elec- 
trophoretic separation in 1M acetic acid at 5 mA for 45 rain, 
color developed with ninhydrin: horizontal hatch, purple bands; 
diagonal hatch, yellow bands. Bands: 1. IMDA and ED3A (imino- 
diacetic acid and ethylenedinitrilotriacetic acid), 2. S-EDDA and 
U-EDDA (N,N'-ethylenediglycine and N,N-ethylenediglycine), 3. GL 
(glycine), 4. S-KP (2-oxo-l-piperazineacetic acid), 5. EDMA (N-(2- 
aminoethyl)glycine), 6. 2-KP (2-oxopiperazine), 7. EDA (ethylene- 
diamine). 
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Fig. 4. Effect of temperature on current for oxidation of 3.42 x 
10-3M EDTA in 0.00IN H2S04 -f- 0.999N No2SO4 on Pt. O ,  
0.76V; A ,  0.86V. 

tials of 0.76 and  0.86V (SHE).  The slopes of the two 
straight lines yielded activation energies of 18.4 and 
17.0 kcal, respectively. These fur ther  give an effect of 
potential  on the activation energy, OEa/OV, of ca. --14 
kcal /V which is consistent with the Tafel slopes. 

Discussion 
Limiting currents.--An init ial  considerat ion of the 

l imit ing (potent ia l - independent)  currents,  iL, from the 
polarization curves indicated them to be of the same 
order of magni tude  as diffusion currents.  However, the 
expected first-order dependence between current  and 
concentrat ion (8) was not found when the total  EDTA 
concentrat ion was used. This, together with the absence 
of reaction prior to oxygen evolution in basic solutions, 
suggested that  some EDTA species may be preferen-  
t ial ly participating. It  is well  known that  EDTA en- 
gages in various equil ibria with hydrogen ions with 
reported species covering the complete spectrum from 
H6L +2 to L -4. 1 Constants  for these equil ibria  have 
been reported and are given in  Eq. [2]-[7].  

H~L + 2 = H  + + H s L  + 
HsL + = H + -t- I-I4L 
I-I4L = H + -t- HsL-  
HsL-  = H + -t- H2L -2 
H~L -2 = H + "t- HL - s  
HL -~ = H + -t- L -4 

pK1 = --0.12 [2] 
pK2 = 1.4 [3] 
pKs = 2.2 [4] 
pIQ = 2.3 [5] 
pK~ -- 6.28 [6] 
pK6 -- 8.85 [7] 

There is a considerable variat ion in  the values of these 
constants reported by various investigators. All  the 
values in Eq. [2]-[7] were from a single source, those 
reported by Anderegg (9). The concentrat ions of the 
EDTA species in all the electrolytes were calculated 
and are shown in Table II. The hydrogen ion activities 
used in the calculations were evaluated directly from 
the measured pH. For all other species, the  activities 
and concentrations were assumed equal. 

A comparison of the l imit ing currents  with concen- 
trat ions of the individual  species (Tables I and II) 
shows that  no single species can account for the reac- 
t ion over the ent i re  region studied. Various combina-  
tions of species were tried and the one most successful 
in correlat ing the data was the summat ion of the con- 
centrat ions of the species HsL +, H4L, HAL-, H2L -2, 
and HL -3. A log-log plot of iL VS. Cz 2 is shown in  Fig. 
5 with a straight l ine of uni t  slope d rawn  through the 

1 W i t h  t h i s  s y m b o l i c  r e p r e s e n t a t i o n ,  H ~ L  = u n - i o n i z e d  E D T A .  
S u m  o f  t h e  c o n c e n t r a t i o n s  o f  s p e c i e s  I - / ~ L +  t h r o u g h  H L  - 8 .  
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Table II. Concentrations of EDTA species in acid sulfate solutions at 25~ 

p H  a ~ +  [ H ~ L ] o ,  M [H~L+S] ,  IV[ [ lq~L+] ,  M [ H ~ L ] ,  M [ I - I~L-] ,  M [ H ~ L - ~ ] ,  M [ H L - 4 ] ,  iM[ [ L - 4 ] ,  1M[ 

0 . 3 5  0 . 4 4 7  3 . 4 2 2  x 10 -4 8 . 1 1 2  X 10-~ 2 . 3 9 4  X 1O-~ 2 . 1 3 4  x 10  -~ 3 . 0 1 4  X 10  -7 3 . 3 8 2  x 10  -~  3 . 9 7 3  • 10 -15 1 . 2 5 6  X 10 - ~  
0,35 0.447 1.027 x 10-~ 2,434 x 10 -~ 7.182 x I0 -~ 6.401 x I0 -5 9.042 • I0 -s 1.018 • 10 -0 1.192 • IO-~ 3,769 • I0 -~ 
0.35 0.447 3.422 • I0 -~ 8.112 • 10 -6 2.394 • 10 -5 2.134 • I0 -6 3.014 • 10 -8 3.382 • I0 -m 3.973 • 10 -1~ 1.256 • I0 -~4 
1.78 1.660 • I0 -s 3.422 • I0 ~ 9.367 • 10 -7 7.440 • 10-5 1.785 • IO-~ 6,786 • 10-~ 2.049 X 10 -~ 6.480 • 10 -2o 5.516 • 10-~; 
1.78 1.660 x I0 ~ 1,027 x 10 4 2.810 X I0 -7 2,232 x IO ~ 5.354 x IO -s 2.036 x IO -s 6.148 x 10 -~ 1.944 x IO -10 1.655 X I0 -17 
2 . 7 4  1 . 8 2 0  X 10  -a  1 . 3 6 9  X 10 4 6 . 1 4 0  X 1O -~  4 . 4 4 8  X 1O-~ 9 . 7 3 2  • 1O-~ 3 . 3 7 4  X 10-~ 9 . 2 9 3  X 10  -4 2 . 6 8 0  X 1O -~ 2 . 0 8 0  X l 0  -~a 
2.78 1.660 • 10 -= 3.422 X I0 -~ l.lO0 X i0-~ 8.736 x 10 -7 2.096 x I0 -~ 7.967 x I0 -a 2,406 X i0  -~ 7.608 • I0 -s 6.476 x i0-~ 
2.80 1.585 x i0-~ 1.027 X I0-~ 2.789 X IO -~~ 2.320 x 10 -~ 5.828 x i0-~ 2,320 x 1 0 - ~  7.337 x I0 -~ 2.429 X iO-~  2.165 x 10 -~' 
2.72 1.906 X lO -a 5.422 X lO -~ 1.811 X 10 -~~ 1.253 X 10-' :  2.618 X 10 -'~ 8.666 X 10 -'~ 2.280 X 10 ''~ 6.280 • 10 -~ 4.655 ",< 10 -~:' 
2.93 1.175 X IO -s 3.422 X I0-~ 3.070 X 10 -0 3.444 x 1 0 - ~  1.167 X I0 -~ 6.268 • 10 -4 2.674 x I0 -a 1.194 • 10 ~ 1.436 X I0 -~z 
3.10 7.943 X I0-r 1.369 X I0 ~ 2.784 X I0-2o 4.620 X I0 -~ 2.315 X IO -~ 1.839 • IO -t 1.160 X I0 -a 7.667 • IO-; 1.363 X I0-~: 
3.59 2.570 X IO-~ 3.422 X lO-t 8.528 X I0 -~s 4.373 X 1 0 - ~  6.774 X IO -~ 1.663 X I0 -s 3.242 X lO-t 6.619 X 10 -7 3.638 X IO -~a 
3 .7 2  1 . 9 0 6  X 10  -4 1 . 0 2 7  X 10-~ 7 . 8 2 6  X lO-Z~ 5 . 4 1 4  X lO -m  1 .131  X 10  -7 3 . 7 4 6  X lO-~ 9 . 8 5 2  x lO-~ 2 . 7 1 4  X 10 -7 2 . 0 1 2  x 10  - ~  
3 . 8 0  1 . 5 8 5  X 10-r  3 . 4 2 2  X 10  -~ 1 . 2 5 6  X lO-Z~ 1 . 0 4 5  X 10  -z~ 2 . 8 2 4  X 10 - s  1.045,  x 10  -~ 3 . 3 0 4  x 10  "~ 1 . 0 9 4  X 10  -~ 9 . 7 5 0  x 1 0 - ~  

points. Although there is a great deal of scatter, the 
t rend is correct and covers the entire concentrat ion 
range. A least squares analysis of the data gives a slope 
of 0.8 __ 0.1. 

Product  analyses.--The product analyses suggest 
that  the oxidation of EDTA proceeds along at least two 
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Fig. 5. Limiting currents for EDTA oxidation on Pt in acidic 
sulfate solutions at 25~ 

paths. Such a reaction scheme is shown in Fig. 6 for 
which all the species were identified with the exception 
of ED3A, 3-KP, U-KP,  and S-KP.  The paper-electro-  
phoresis method used was not sensitive to the lat ter  
three, and according to Doran (7), the cyclization of 
ED3A to 3-KP is so extensive in acid solutions that  
ED3A cannot  be detected. Separate studies have indi-  
cated that  equil ibria  are reached in the other cycliza- 
t ion reactions ( U - K P  ~ U-EDDA, S - K P  ~ S-EDDA, 
and 2-KP ~ EDMA) in which appreciable quanti t ies  
of both species exist (10). From the product  d is t r ibu-  
tion, it appears that  each decarboxylat ion step is a 
separate electrochemical reaction that  gives a desorbed 
product capable of fur ther  similar reactions as long as 
acetate groups are available. This indicates adsorption 
through the carboxylate  group with a Hofer-Moest-  
type reaction (11) occurring which involves the loss of 
two electrons, decarboxylation, and a reaction with 
water  (not necessarily in that  order)  to form an  al-  
cohol. The two most common sequences offered to ex-  
pla in  such reactions involve free-radical  and /or  car-  
bonium ion intermediates.  In  both sequences, the first 
electron t ransfer  is thought to form a free radical  
which leads to decarboxylation, i.e. 

R--CHz--COOH-> R---CH2--COO" + H + + e [8] 

R--CH2--COO'--> R--CH2" + C02 [9] 

HOOC-CH~ sCH~-COOH 
~ N -  CH~- CH~-N~ = 

HOOC-CH 2 = ~ CH2_COOH 
/ 

*%o I-co2, %0, H*, ~- 

HOOC -CH 2 CH...-COOH 

N-CH--CH--N / ;E w % 

HOOC-CH 2 , H ~ - H20  

,,CH."CH~ 
HOOC-CH.--N ': ~'N-CH,,-COOH 

~CO-CH;  L 
I 

U-KP § HzO [ - C02, CH?O, H + e- 
! 

,,CH,,-CH, 
H-N,, ': >_CH2_COOH +H20.,, H:N_CH2_CH2_N,,U-EDDA~ ,CH,,-COOH,: 

CO-CH 2 -H20 H I CH2-COOH 
I / 

+ H20 ],- C02, CH20 , H +, e" 

,,CH2-CH 
2-KP* H-N, ~Z~N "H + HzO.~-. - ~ :  

CO-CH z -H20 

Fig. 6. Suggested reaction scheme for EDTA oxidation on Pt in 
reactive species; *, species identified by paper electrophoresis, bands 

EDTA 1" 

ED3A 

5-KP 

S-KP 

H S-EDDA~ CH.-COOH .4.H20 ~ '  tCH2-CH?. 
,~ N- CH2-CH2-N: = HOOC-CH,rN "N-H 

HOOC-CH Z j H ~ " "CO-CH; 
', 1 

+ H 2 .0 ~- C 02 , C H20, H" t e- 

ll CH2-COOH 
H:N-CH~CHz-N:H EDMA ~ 

+H20 1-co2, CH20, H§ e- 
! 

H H .;.-%-c.z-. ~ EoA" 

,t 
pH 

HOOC-CH2-N H GL ~" 

acidic sulfate solutions at 25~ f,  Representative of any of the 
shown in Fig. 3. 
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At this point the sequences diverge with R---CH2" either 
forming a carbonium ion by the second electron t rans-  
fer or reacting to form another  intermediate  that  may 
or may not involve an electron transfer. These can be 
represented by 

R--CH2" ~ R--CH2 + ~ e [10] 

R--CH2 + -]- H20"-> R--CH2OH ~ H + [11] 
and 

R--CH2" 4- H20 --> R--CH2OH ~ H" [12] 

1 
In  either case with EDTA, the group - - N  CH2OH is 
formed which is unstable  and produces formaldehyde 

I 
through a reverse Schiff-type reaction, leaving - - N H  
(12). A feature that  might  allow one to distinguish be-  
tween these two possibilities is the opportuni ty  for 
different coulombic efficiencies for CO2 production. In  
the first case (Eq. [10] and [11]), the carbonium ion 
is believed to be formed by electron t ransfer  to the 
anode (13) which gives 1 mole of CO2 per 2F of charge 
as shown in Eq. [1]. (Also implied here is the con- 
t inued adsorption of the reacting species unt i l  after 
formation of the carbonium ion.) In  the second case, 
it is possible that the radical R--CH2" may have been 
desorbed dur ing  decarboxylat ion and that  Eq. [12] 
represents a homogeneous reaction. (This is consistent 
with adsorption through the carboxylate group as 
ment ioned above.) The H" produced in this manner  
could be oxidized at the anode which would again give 
1COJ2F, but  there is also opportuni ty  for it to par-  
ticipate in some homogeneous reaction which would 
lead to 1CO2/F. If this lat ter  reaction should occur, 
CO2 efficiencies (based on Eq. [1]) greater than  100% 
would be observed. As seen above, efficiencies greater 
than 100% were found experimentally,  thus favorin.g 
the sequence of Eq. [8], [9], and [12]. 

If adsorption had occurred through bonding with the 
ni t rogen (as opposed to adsorption through the car-  
boxylate) ,  one would expect both the acetate groups 
to be removed before desorption with only U-EDDA 
and EDA as products as well as a 1COJ2F coulombic 
efficiency. 

Rest potentials.--According to the reaction scheme 
shown in Fig. 6 and discussed in the above section, the 
ini t ial  electrochemical reaction is between EDTA and 
the precursor to ED3A and involves only one electron. 
(The proceeding reactions will  become significant only 
when sufficient current  has passed so that  appreciable 
quanti t ies of the subsequent  reactants are produced.) 
Thus, the measured rest potentials may reflect the re- 
action 

Ac Ac Ac CH2" 
\ / \ / 

N-- (CH2)~- -N ~ N- - (CH~)2- -N 
/ \ / \ 

Ac Ac Ac Ac 

J c C O 2 + H  + + e  [I3] 

Although the CO~ and ED3A precursor (R')  concen- 
trat ions are not known and their s tandard free energies 
of formation are not available to allow a comparison of 
the rest and calculated potentials, the Nernst  equation 
will allow a test of the effect of EDTA concentrat ion 
and pH on the potential. At 25~ the relation for Eq. 
[13] is  

E = E~ - -  0.0591 log (aEDTA) / ( aR' )  (aco2)  (a l l  + ) 
[14] 

Assuming aR. and aco2 constant  and aEDTA = CZ gives 

E = Els -- 0.0591 log(C:JaH+) [15] 

(Cz is the concentrat ion of the species as ment ioned 
previously.) A plot of Erest vs. log(C~/aH+) is shown 
in  Fig. 7. The relationship is l inear  and has a slope 
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Fig. 7. Rest potentials for EDTA on Pt in acidic sulfate solutions 
at 25~ 

of 55 mV, in good agreement  wi th  that  predicted by 
Eq. [15]. 

Polarization curves . - -The oxidation of EDTA is seen 
to occur at potentials somewhat more positive than 
those for other organic compounds where CO2 is pro- 
duced (exclusive of Kolbe- type  syntheses).  For exam- 
ple in 1N H2SO4, ethylene (4) oxidizes in the poten- 
tial region from ca. 0.35 to 0.75V; formic acid (14), 
0.15 to 0.45V; oxalic acid (15), 0.5 to 0.8V; and maleic 
acid (16), 0.35 to 0.60V. Acetic acid has been reported 
not to be reactive (17). In  the major i ty  of these cases, 
adsorption of the organic species was thought to in -  
volve the formation of bonds between C and Pt  atoms, 
and passivation was observed between the upper  po- 
tent ial  l imit for the organic oxidation and that  for the 
commencement  of oxygen evolution. The passivation 
ordinar i ly  occurred in the region where EDTA has 
been found to be oxidized. This absence of passivation 
with EDTA indicates a different type of adsorption 
bonding that  can presumedly take place on an oxide- 
covered surface. Considering the apparent  step-wise 
decarboxylation, the adsorption reaction thus appears 
to involve the carboxylate group and the electrode 
surface. 

The Tafel slopes of ca. 120 mV or 2(2 .3RT/F) ,  are 
ones f requent ly  encountered in electrochemical kinetic 
studies and normal ly  associated with first-electron- 
t ransfer  rate determining steps. The concentrat ion and 
pH effects were unusua l  in that  they were both frac- 
t ional and approximately equal. The EDTA concentra-  
t ion effect (reaction order) was fair ly well  defined as 
0.36 from the exper iments  in  tN H2SO4 where  the pH 
was constant. It  should be noted from Table I for 1N 
H2SO4 that  the fraction of EDTA forming any  of the 
individual  species is independent  of the init ial  EDTA 
concentration. Thus, the same reaction order (~0.36) 
would be found for any individual  or combinat ion of 
EDTA species. By a tr ial  and error procedure, it was 
found that  a pH effect also of 0.36 in conjunct ion with 
the concentrat ion of EDTA species, Cz, best correlated 
the data. A log-log plot of i vs. (C~/aH+) 0.36 is shown 
in Fig. 8 for the entire EDTA concentrat ion and pH re-  
gion of the study. The line of uni t  slope drawn through 
the points show the data to be reasonably well  cor- 
related. This gives an empirical expression for the cur-  
rent  as 

i : nFk  (C~/aH+)  0.36 exp (aFV/RT)  [16] 

Reaction mechan i sm.mFrom the preceding, several 
quali tat ive conclusions can be drawn about the reac- 
t ion mechanism: 
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Fig. 8 .  Effect of concentration and pH on current for EDTA 
oxidation on Pt in acidic sulfate solutions at 25~ 

1. The rds (rate de termining step) involves EDTA 
species or species derived therefrom since the concen- 
t ra t ion effect is positive. 

2. The fractional concentrat ion effect indicates that  
the EDTA species are adsorbed and that  significant, 
although not complete, coverages are involved. 

3. The positive pH effect indicates O H -  as a reac- 
tan t  or H + as a product dur ing  or prior to the rds. 
Since the O H -  concentrat ion is very small, the lat ter  
case would be the most probable and would necessarily 
occur in an equi l ibr ium step prior to the rds. 

4. From the product analyses, there appears to be 
separate step-wise over-a l l  reactions involving the ace- 
tate groups on EDTA, each of which yields CO2 and 
CH20. From the rest potential  and CO2 efficiency stud-  
ies, it fur ther  appears that  only one electron is t rans-  
ferred to the faradaic circuit  dur ing the reaction that  
directly involves CO2 production from the acetate 
group of the EDTA species. 

5. From the concentrat ion correlations for both the 
cur ren t  and rest potentials, the pH effect, and the ab-  
sence of reaction in basic solutions where L -4 is the 
predominant  species, it appears that  an un- ionized car- 
boxyl group may be ini t ia l ly involved in the reaction 
sequence. 

6. The occurrence of the reaction in a potential  re- 
gion where the anodic oxidation of ethylene, acetylene, 
etc. is passivated indicates that  water  discharge is not 
involved. 

With these considerations, the ini t ial  electrochemical 
sequence (EDTA --> ED3A, Fig. 6) can be represented 
as follows 3 

Ac Ac 
I I 

R--N- -CH2- -COOH --> R - - N - - C H 2 - - C O O -  (ads) -t- H + 
[17] 

Ac Ac 
I I 

R - - N - - C H 2 - - C O O -  (ads) -~ R--N--CH2" -4- CO2 -k e 
[18] 

Ac Ac 
l 1 

R ~ N ~ C H s  W H20--> R - - N ~ C H 2 O H  -t- H ~ [19] 

Ac Ac 
] 1 

R--N--CH2OH ~ R - - N - - H  W CH20 [20] 

The atomic hydrogen produced by reaction [19] can be 
oxidized at the anode and contr ibute  to the faradaic 

�9 Species shown in these reactions are nonadsorbed unless o t h e r -  
w i s e  indicated. 

process or be removed by some nonelectrochemical  re-  
action causing the CO2 efficiency (based on Eq. [1]) to 
be increased. The ED3A thus produced can part icipate 
fur ther  in the sequence as shown in Fig. 6. 

The type of adsorption (e.g., Langmuir ,  Temkin,  
etc.) as well as the na ture  and position of the rds in 
a reaction sequence can affect the associated kinetic 
parameters.  For  Langmui r - type  adsorption, a first 
electron t ransfer  rds is normal ly  associated with the 
Tafel slope of 120 inV. For this case (reaction [18]), an 
EDTA concentrat ion effect either close to zero or un i ty  
should be observed for conditions where this type ad- 
sorption is applicable, i.e., either high or low coverages. 
This does not appear to be the case. 

The Temkin  isotherm is often assumed for in ter-  
mediate coverages when  lateral  interactions between 
adsorbed species are appreciable. For EDTA with the 
same rds (reaction [18]), Temkin- type  adsorption gives 
a Tafel slope of 120 mV and  concentrat ion dependences 
(aEDTA/aH+) 0"5. These concentrat ion effects are rea-  
sonably close to the observed values al though 0.5 gives 
a poorer correlation than  the value of 0.36 i l lustrated 
in Fig. 8. The use of the F r u m k i n  isotherm allows a 
bet ter  correlation, p r imar i ly  due to the added adjust-  
able parameter  associated with the var iat ion of free 
energy of adsorption with coverage (18). This isotherm 
takes into account long-range interact ions between 
adsorbed species which may be especially applicable 
due to the geometry of the EDTA molecule. Its appli-  
cation to the present  case is as follows: 
From reaction [17] 

r17 = k17 aEDTA 0v exp( - -~e /RT)  

- -  k-1704"aH+ e x p [ ( f - - ~ ) 0 / R T ]  [21] 4 

Assuming quas i -equi l ibr ium and the effect of coverage 
to be predominately  controlled by  the exponential  
terms gives 

Io /RT = ln (Kl?  aEDTA/aH+ ) [22] 

From the rate de termining step, reaction [18] 

i = nFkls  OR �9 exp (aFV/RT)  exp (~O/RT) [23] 4 

Again assuming the exponent ial  term to dominate the 
effect of coverage and subst i tut ing Eq. [22] into Eq. 
[23] 

i : nFk'  (aEDTA/aH + ) l]/1 exp ( a F V / R T )  [24] 

The term 3/f  can be made equal to 0.36 by assigning 
the appropriate value to the adjustable parameter  J, 
thus making Eq. [24] correspond to the empirical  rate 
expression, Eq. [16]. For  the present  case, ] would 
equal 1.4 (assuming fl = 0.5). 
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The Anodic Oxidation of Hydrogen on 

Platinized Tungsten Oxides 
I. Composition of Tungsten Blue in Platinized WO 

3 

Hydrogen Electrocatalyst 

B. S. Hobbs I and A. C. C. Tseung 
Department of Chemistry, The City University, St. John Street, Londo~ ECIV 4PB, England 

ABSTRACT 

A synergis t ic  effect is apparen t  when Pt /WO~ catalysts  a re  used in hyd ro -  
gen electrodes.  The exact  mechanism of this effect depends  on the composit ion 
and mode of format ion  of a reduced in te rmedia te  tungsten oxide. Chemical  
analysis  and x - r a y  studies confirmed that  this  in te rmedia te  oxide  consists of 
b lue  tungsten bronzes. The influence of P t  loading, p la t in iz ing technique,  t em-  
pera ture ,  and pH on the  bronze composit ion was invest igated.  The m a x i m u m  
r e d u c t i o n  (H0.44WO3) was obta ined using WO3 impregna ted  wi th  0.8 weight  
per  cent (w/o)  P t  in acidic solution be tween 25 ~ and 100~ 

When  p l a t i num is admixed  wi th  WO8, i t  undergoes  
an apparen t  enhancement  in its ab i l i ty  to ca ta lyze  the  
anodic oxida t ion  of hydrogen  in acid solut ion (1-3).  
WOz alone has  no ac t iv i ty  towards  H2-oxidation.  Pas t  
worke r s  have been unable  to make  definite conclusions 
on the origin of this  effect owing to difficulties encoun-  
t e red  in e l imina t ing  e lect rode s t ruc tura l  effects f rom 
thei r  results.  Thus, the h igher  ac t iv i ty  observed wi th  
WO3 electrodes compared  to o ther  p la t in ized subst ra tes  
[e.g., graphi te  or TaC (2, 3)]  could have  ar isen f rom 
differences in P t  morphology  or  physical  e lectrode 
pa rame te r s  such as wett ing,  permeabi l i ty ,  etc. How- 
ever, an a l t e rna t ive  explana t ion  has been proposed 
in which WO3, in physical  contact  wi th  Pt, par t ic ipa tes  
in the  e lec t rode  reac t ion  via  format ion  of hydrogen  
tungs ten  bronzes (2). 

Hydrogen  tungsten bronzes belong to a genera l  class 
of nonstoichiometr ic  mixed  oxides (4) of genera l  for-  
mula  AxMyOz; where  M is a t rans i t ion  metal ,  MyOz its 
highest  b ina ry  oxide, A is some other  meta l  or hyd ro -  
gen, and x is a var iable ,  usua l ly  0 ~ x ~ 1. Fo rma t ion  
of blue  hydrogen  tungsten bronzes genera l ly  occurs 
whenever  WO3 is exposed to reducing conditions,  e.g., 
gaseous atomic hydrogen  (5-10), t r ea tmen t  of aqueous 
suspensions of WO~ wi th  reduc ing  agents  (11-14) (viz. 
Zn/HC1, SnC12, etc.) ,  bu t  of special  in teres t  to this  
s tudy  is the i r  appea rance  in mix tures  of p la t in ized  
WO3 when  exposed to H2, pa r t i cu la r ly  in the  presence 
of  wate r  vapor  (15, 16). According  to Benson et al., 
gaseous H2 dissocia t ively  chemisorbs  on the P t  then 

1 Present  address:  Electr ical  Research Association,  Cleeve Road, 
Leatherhead,  Surrey,  England. 

Key words: hydrogen, oxidation, platinized tungsten oxides, 
tungsten bronzes, tungsten blue, chemical analysis, x -ray  studies, 
Hj uptake,  crystal structure. 

migra tes  across the me ta l / ox ide  interface to form 
bronzes. The migra t ion  is cons iderab ly  a ided by  the 
presence of an adsorbed  wa te r  l ayer  when  an exchange 
mechanism operates  and the WO3 par t ic les  are  r ap id ly  
reduced in depth.  Bronze oxides are  charac ter i s t ica l ly  
chemical ly  inert,  metal l ic  conductors  of e lect r ic i ty  and 
the H-compounds  are  typ ica l  group members ,  except  
tha t  they  are  sensi t ive towards  oxidizing conditions 
which reconver t  them to the  pa ren t  oxide (13), e.g., 
air, hydrogen  peroxide,  oxidizing ions such as Fe ~+ 
and Ce 4+, and p re sumab ly  anodic potentials .  Thus a 
react ion scheme can be fo rmula ted  for the  H2-electrode 
to include the WO3 support ,  name ly  

H2(g)  -I- Pt  = P t ( H 2 ) a d s  

= Pt2 (H) ads ~ normal  P t  mechanism [1] 
( 

Pt2 (H)ads = P t  | 
-~ 2H + + 2 e  J [2] 

P tx(H)ads  ~ WO3 = HxWOz ~- P t  ~ [3] 
Bronze route  

HxWO3 = xH + -t- WO~ -t- xe [4] 

By means  of the  bronze route  the react ion zone can 
be ex tended  and the P t  appears  to increase its activity.  
No such possibi l i ty  exists  for  g raph i te  or TaC which 
can be t e rmed  "passive" ca ta lys t  supports ,  WO~ being 
an "act ive"  support .  

Both moist  Pt /WO3 powders,  and  suspensions in 
acidic solutions, r ap id ly  tu rn  blue when exposed to 
H2, indicat ing pa r t i a l  reduct ion  of the  oxide. However ,  
this  " tungsten blue"  m a y  consist of either,  or both, of 
two classes of compound,  namely  the lower  tungsten 
oxides (17, 18) (WOx, where  2 ~ x ~ 3) or hydrogen  
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bronzes. Although direct reduction of WO3 to lower 
oxides by H2 at room tempera ture  does not occur (19), 
they could form by local cell action between the hy-  
drogenated Pt  surface and WO8 

2Pt (H)ads -~ 2Pt -F 2H + -t- 2e [5] 

2WO3 + 2H + -t- 2e = W205 + H20 [6] 

Although the reduct ion of WO8 to W205 (or WO2.5) 
is not thermodynamica l ly  favored at normal  H2 anode 
potentials [E ~ WO3/W205 = --0.03V (20)], reduction 
might  occur through the formation of nonstoichiomet-  
ric WO3 [WO3.o0-2.9~ (18)], the stable intermediate  
phase W~0Ohs (17, 18) or solid solutions of lower oxide 
phases, for which no thermodynamic  data could be 
found. Bronze formation is also possible by local cell 
action and again no thermodynamic  data is available 
for such reactions 

WO3 -1- xH + + xe = H=WO~ [TJ 

In  any system Whereby local cells are the sole means 
of WO~ reduction, e.g., via the lower oxides of tungsten,  
no net contr ibut ion to the steady state anodic current  
is possible since all the anodic current  will be can-  
celled by the cathodic reducing current  (reactions [6] 
and [7] above).  The oxide will  equil ibrate  at any given 
working potent ial  and  the local cells will  merely pro- 
vide a mechanism for electron conduction between the 
Pt  particles and current  collector. 

Benson et al. (15, 16) have studied tungs ten  blue 
formation in a vacuum system and shown it to consist 
exclusively of bronzes formed by chemical reduction 
(reaction [3]). However, in view of the importance of 
the na ture  and mode of formation of the reduction 
product to the electrochemical oxidation of H2, it is 
necessary to confirm this finding under  conditions 
closer to those in a fuel electrode, viz. Pt/WO3 slurries 
in 5N H2804 between ambient  temperature  and 80~ 
and 1 atm of bubbl ing H2. 

Experimental 
Using x - r ay  diffraction and analyt ical  techniques, 

the tungsten  blue composition was determined as a 
function of: (i) plat inizing method, viz. mechanical  
mixing and impregna t ion- - th i s  has been s.hown to ex- 
ert considerable influence on both the rate of tungsten 
blue formation (15) and the electrochemical perform- 
ance (2); (ii) Pt content;  (iii) pH of slurry;  and (iv) 
temperature.  

Due to the extreme sensit ivi ty of tungs ten  blue to 
air, all preparat ions and analyses were carried out in 
completely O2-free conditions. 

Materials.--(i)  Impregnat ion of WO~--to ensure a 
high, uniform and in t imate  dispersion of Pt  on the ox- 
ide, a freeze drying technique was employed for the 
impregnat ion (21, 22): A s lurry of WO3 powder, sus- 
pended in chloroplatinic acid solution, was quickly 
frozen by pouring into l iquid nitrogen. The water  was 
then removed by vacuum subl imation and the Pt-sa l t  
reduced to metal  in a warm H2 stream (50~ below 
its melt ing point (60~ Complete decomposition was 
checked by weighing before and after reduction. 

The Pt  content  was analyzed by  extracting the WOa 
with warm NaOH solution and weighing the washed 
and dried Pt  residue. This residue was also used for 
surface area determinat ion by "BET ni trogen adsorp- 
tion." B lank  Pt  black samples were measured for sur-  
face area before and after NaOH t rea tment  to ensure 
that the area remained unal tered dur ing the extrac-  
tion procedure. Specific surface areas of extracted Pt  
residues were all around 35 me/g. 

(ii) WO3 and chloroplatinic ac id--Hopkin  and Wil-  
liams laboratory reagent grade chemicals were used 
without  fur ther  purification. The measured specific 
surface area of WO3 was 8 m2/g. 

(iii) Pt-b lack  used in mechanical  mix tu res - - Johnson  
Matthey Company fuel cell grade, specific surface area 
30 m2/g. 

A 

8 

8 24  JOINT 

7A $AMP LE 
m r 

Fig. 1. Apparatus for tungsten blue analysis 

(iv) 5N sulfuric acid was prepared from ANALAR 
grade concentrated acid and dist i l led/deionized water.  

(v) White spot H2, purified with a pal ladium diffuser, 
was used throughout.  

Hz-uptake experiments . - -Before  carrying out the 
tungsten blue preparations, the t ime required to reach 
equi l ibr ium was determined using a conventional  volu-  
metric apparatus at 1 atm pressure and ambient  tem- 
perature.  With impregnated powders the H2-uptake 
volume reached a l imit ing value after about 1 hr cor- 
responding to a tungs ten  blue composition of Ho.44WO~ 
or WO2.~s. The time taken to reach this value is almost 
certainly controlled by H2 mass t ransfer  through the 
slurry. In  practical fuel electrodes the conditions are 
designed to achieve high t ransfer  rates and the oxide 
composition will change much more rapidly. 

In  all experiments  involving tungsten  blue prepara-  
t ion a s tandard H2-contact t ime of 2 hr  was used. 

Analysis of tungsten blue. - -Tungsten blue was pre-  
pared and analyzed in the apparatus shown in Fig. 1 as 
follows: Tap A was connected to N2(O2-free) and H2 
supplies. After N2 purging,  H2 was bubbled  from A 
through a weighed platinized WO3 sample suspended 
in 5N H2SO4. The H2 was tu rned  off after 2 hr  and a 
measured volume of s tandard potassium dichromate 
solution admit ted through tap C. The vessel contents 
were heated to ca. 60~ when  the blue color changed 
to yellow indicating complete oxidation. The cooled 
vessel contents were t ransferred to a beaker and the 
excess dichromate back- t i t ra ted  with standardized 
ferrous ammonium sulfate solution. The end point  
was determined potent iometr ical ly  using a platinized 
wire indicator electrode with a glass s tandard  elec- 
trode. In  all cases a small  correction was made to the 
t i tre to allow for reaction with H2 adsorbed on the Pt  
surface. 

Preparation oS tungsten blue for x-ray  d i f f rac t ion . -  
The apparatus, shown schematically in Fig. 2, is a 
modified version of that  described by Glemser and 
N a u m a n n  (13). Taps A1, A2, and As were connected to 
N2 (O2-free) and H2 supplies. The flask contained dis- 
tilled water, freed of 02 by boiling dur ing the passage 
of N2 from A2 and out the pressure release valve. 
After purging with N~ and sealing the capillary, H2 
was bubbled through the sample suspended in H~SO4, 
from A2 and out B2, for 2 hr. The tungsten  blue formed 
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Fig. 2. Preparation of tungsten blue for x-ray examination 

was washed by decantat ion--pressur ized H2 from A3 
forced the superna tent  l iquor from the settled suspen- 
sion through C2 and out B1. Water  from the flask was 
forced onto the sample by pressurizing at AI. This 
procedure was repeated unt i l  the washings were neu-  
t ra l  (pH 7.0). After  the final wash all taps were closed 
and the apparatus below the B10 joint  (between C1 and 
C2) detached and fused into a high vacuum line 
( ~  10 -5 Torr) at the B2 outlet. The product was 
dried by evacuation through B2, then after closing B2 
and detaching from the vacuum line, a sample of pow- 
der was sealed into the capil lary by lying the vessel 
on its side, gently v ibra t ing  the powder, then when 
sufficiently full, applying a spot flame to remove and 
seal the capil lary without  releasing the vacuum. 

X- r ay  powder photographs were taken of the sam- 
ples using an 11.4 cm Phil l ips camera, copper K~ 
radiat ion and exposure t imes of 8 hr. Lattice d-spac-  
ings were calculated from the pat terns  to wi thin  
-+0.005A from the Bragg equation. 

In  order to simplify the glassblowing of the ap- 
paratus, Py rex  capillaries were used instead of the 
usual  L indemann  glass. Diffraction photographs of 
WO3 using both materials  showed no differences. 

Results and Discussion 
Analytical results.~The analyt ical  results are sum- 

marized in Table I. The reproducibili t ies of the quoted 
values agreed closely with the est imated limits of ex-  
per imenta l  error which were as follows: tungs ten  oxi- 

Table I. Analytical data for platinized W03 

P o w d e r  

T e m -  E q u i v -  
P l a t -  per- W oxi -  E q u i v -  a l e n t  
i nu re  a t u r e  d a t i o n  a l en t  l o w e r  

(wt  %) (~ PH s ta te  b ronze  oxide  

P t / W O s  mech.  m i x t .  2 25 --0.3 5.86 Ho.14WOs WO~.~ 
P t / W O s  mech .  m i x t .  2 25 --0.3 5.86 Ho.l.WOs WC~.~a 
P t / W O s  mech .  mix t .  2 25 7.0 5.99 Ho.olWOs W O 2 . ~  
P t /WO3 mech .  m i x t .  2 25 2.0 5.86 Ho.14WC~ WO~.~ 
P t / W O s  mech .  mix t .  2 25 0.5 5.66 Ho.I~WOs WO2.~ 
P t / W O s  mech.  m i x t .  10 25 --0.3 5.73 Ho.~WOs WOe.s7 
P t / W O s  mech.  m i x t .  10 25 --0.3 5.77 Ho.~WO3 WO~.~ 
P t / W O s  impreg .  0.8 25 --0.3 5.56 I-Io.44WC~ WO2.78 
P t / W O s  impreg .  0.8 25 --0.3 5.56 I-Io,44WOs WO~.Ts 
P t /WO3 impreg .  0.8 25 --0.3 6.58 Ho.4~WOs WO~.79 
P t /WO~ impreg .  0.8 72 -- 0.3 5.62 Ho.ssWOs WO2.sl 
P t / W O s  i m p r e g .  0.8 100 -- 0.3 5.62 I-Io.~WOs WO..~.sl 
P t /WO~ impreg .  10 25 -- 0.3 5.68 Ho.s6WOa WC~.s~ 
P t / W O s  impreg .  0.1 25 --0.3 5.88 HO.lsWOs WO2.~ 
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dation state _0.2%, tungsten oxide composition _0.2%, 
and bronze composition --+7%. 

The most notable result in Table I is the considerably 
higher extent of reduction achieved by impregnation 
methods over straight mechanical mixtures. This result 
parallels previous findings (2, 15), and is certainly due 
to the higher dispersion of the Pt and intimacy of 
contact with the oxide. 

The analytical result for a 0.8 w/o Pt impregnated 
powder in 5N H2SO4 agreed with the H2-uptake value 
of Ho.44WO3 or WO2.78. 

The Pt  content  of impregnated powders had little 
effect on the oxide composition above 0.8 w/o,  bu t  
when reduced to 0.1 w/o  a drastic fall  in the degree 
of reduct ion occurred. This effect is explained in Par t  
II dealing with the electrochemistry of the Pt/Vr 
system. The small  decrease in the reduct ion of the 10 
w/o powder could have arisen from greater  uncer ta in -  
ties in the correction applied for H adsorbed on the Pt. 

With mechanical  mixtures,  reduct ion was signifi- 
cant ly  increased by changing the Pt  content  from 2 
to 10 w/o. Even at 10 w/o Pt  however, the reduction 
was still only about half  that  achieved with 0.8 w/o 
impregnated powders. 

As long as the solution remained acidic the extent  
of reduction remained independent  of pH. In  neut ra l  
solutions however, blue formation was severely re-  
stricted. 

Increasing the tempera ture  to 100~ resulted in a 
slight decrease in reduct ion of an impregnated  powder. 

X-ray di~raction results.--Measured d-spacings 
(wi thin  • and relat ive l ine intensit ies are re- 
corded in Table II for diffraction pat terns obtained 
from a 2 w/o Pt/WO3 mechanical  mixture  and 0.8 w/o  
Pt  impregnation.  Both pat terns exhibited l ine broaden-  
ing at high diffraction angles due to small  particle size 
(23), bu t  the lines were sharp enough for accurate 
measurements  of angles corresponding to d-spacings 
above 1.2A. 

Comparison of the d-spacings with the A.S.T.M. in-  
dex values for the possible species showed no evidence 
for the presence of lower tungs ten  oxides and in te r -  
pretat ion could be made ent i re ly  in terms of the 
bronze phases, H0.1WO3, Ho.33WO3, and Ho.sWO3 (13). 
The Pt  concentrat ion was below the detection limits 
for any diffraction lines to be discernible. 

The mechanical ly  mixed powder had a complex pat -  
te rn  which proved difficult to index. Most lines were 
a t t r ibutable  to Ho.1WO3 and Ho.33WO3, or solid solu- 
tions of these phases--as  evidenced by lines having 
intermediate  values be tween those quoted for the 
separate phases. This conclusion was supported by the 
empirical  formula  Ho.14WO3 obtained by analysis. Some 

Table II. Experimental x-ray data for tungsten blues 

2% P t  
m e c h a n i c a l  m i x t u r e  0.8% P t  i m p r e g n a t i o n  

d (A) I n t e n s i t y  d (A) I n t e n s i t y  h k L 

3.840 f 3.745 
3.713 vs  2.651 
3.645 v s  2.168 
3.087 f 1.883 
2.650 vs  1.866 
2.591 m 1.681 
2.157 1.678 
1.993 ~ 1.633 
1.933 f 1.329 
1.884 f 1.252 
1.836 f 
1.809 f 1.19 
1.709 v f  1.18 
1.682 m 1.134 
1.664 m 1.129 
1.644 m 1.09 
1.533 m 1.045 
1.515 1.039 
1.486 ~n 1.005 
1.330 v v f  
1.253 v s  

t f a i n t  

vs  OOl 
s 110 
m 111 
p 0o2 

200 
s 210 
v f  102 
n 112,211 

022,220 
m 122, 221 

and  d i f fuse  

I n t e n s i t y  key :  v s  = v e r y  s t rong ,  s = s t rong ,  m = m e d i u m ,  f = 
fa in t ,  v f  = v e r y  fa in t .  
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l ines r emained  which  were  best  in t e rp re ted  as being 
due to unreac ted  WOE, poss ibly  in solid solut ion wi th  
the bronzes. 

The impregna ted  powder  had a far  s impler  pa t t e rn  
and ev iden t ly  consisted of a solid solut ion of H0.3~WO3 
and H0.sWO3 (cf. da ta  in Tables II  and I I I ) .  Using a 
Bunn Char t  (24), the  "blue"  was shown to possess a 
t e t r agona l  uni t  cell and assigned the hkl values  given 
in Table II. The unit  cell  pa ramete r s  ao and Co were  
ca lcula ted  f rom the re la t ionship  (24) 

d t e t r a g o n a l  - "  • /  h 2 -{- k 2 12 

a-----~ "{- %2 

using d-spacings  of the  110 and 002 planes  respect ively.  
The choice of these planes  gave m a x i m u m  accuracy 
and ease of calculat ion.  Closer spacings and secondary  
reflections at  h igher  diffract ion angles (e.g., 220, 003, 
etc.) had  diffuse l ines due to par t ic le  size effects, and 
the sharp  001 l ines had a high inherent  e r ror  due to 
the  finite specimen thickness  (25). 

The ao and co values  are  compared  wi th  those quoted 
for Ho.5WO3 and Ho.33WO3 (13) in Table IV. Differ-  
ences in ao were  too smal l  to d raw any conclusions as 
to the composit ion of the solid solution, but  the  co-axis 
for the tungs ten  blue had  an in te rmedia te  value  be-  
tween Ho.sWO3 and Ho.33WO3. Assuming that  as H2 
progress ive ly  enters  the  te t ragona l  Ho.~WO3 lattice, 
the ice-axis l i nea r ly  decreases unt i l  the  system becomes 
cubic at  Ho.sWO3, then  an  empi r ica l  fo rmula  can be 
ca lcula ted  for  the "blue"  of Ho.42• This 
is in good agreement  wi th  the  ana ly t ica l  resu l t  of 
H0.44  ___ 0 , 0 3 W O 3 .  

Fina l  confirmation of the composit ion of the  im-  
p regna ted  powder  was obta ined by  reducing some 
pla in  WO3 wi th  zinc and hydrochlor ic  acid to the  
same reduct ion  s ta te---previously de te rmined  b y  anal -  
ysis of var ious  Zn/WO3 mixtures .  This method  which  
is defini tely known to form bronzes (13, 26), p roduced  
an ident ical  diffraction pat tern .  

Table III. A.S.T.M. d-spacings for hydrogen bronzes (13) 

He. zW03 Ho.~WO3 Ho.3WO~ 

d (A) I n t e n s i t y  d (A) I n t e n s i t y  d (A) I n t e n s i t y  

4.00 1O 3,79 80 3.68 50 
3,84 60 2,69 80 2.63 50 
3.64 1O0 2,19 10 2.16 l 0  
3.11 10 1.91 20 J .87 30 
2.67 60 1.87 1O 1.68 10O 
2.61 20 1.69 1OO 1.53 80 
2.16 10 1,68 20 1.33 30 
2.00 10 1.55 190 1.25 80 
1.92 10 1,34 10 1.19 30 
1,84 40 1.26 lOO 1.13 30 
1.82 40 1.20 10 1.09 1O 
1.71 10 1.185 IO 1.05 50 
1.66 20 1.14 10 1.Ol 80 
1.64 20 1.13 10 
1,58 5 1.09 lO 
1.54 5 1.05 10 
1.51 20 1.04 10 
1.485 20 1.01 50 

1.01 50 

Table IV. Unit cell dimensions for impregnated WO~ powders and 
hydrogen bronzes prepared by other authors (13) 

E x p e r i m e n t a l  v a l u e s  Ho.aaWO3 (13) Ho.~WOa (13) 

ao (A) 3.750 • 0.006 (X/_..2dzzo) 3.751 • 0.006 3.755 "4- 0.006 
co (A) 3.77 __. O.O1 (~/2doo~) 3.796 _ 0.006 3.755 ~_. 0.006 

Conclusions 
Hydrogen  tungsten bronzes  (HxWO3) are  fo rmed  in 

pla t in ized WO3 under  the  p reva i l ing  condit ions in a 
fuel cell  hydrogen  electrode.  The highest  degree of 
reduct ion HoA4WO3, was obta ined at  25~ using an 
impregna t ion  technique  for p la t in iz ing wi th  0.8 w / o  Pt.  
Mechanical  mix tu res  do not  p roduce  ve ry  in t imate  
mixing,  resul t ing  in slower,  incomplete  reduct ion  
which can be improved  by  increasing the P t  loading. 
So long as the e lec t ro ly te  is acidic, pH has no effect on 
the  reduction.  

Al though  bronzes are the  ma jo r  product  when  p l a t -  
inized WO3 is reduced  in acid s lurr ies  by  H2, it  is not  
apparen t  whe the r  they  form by chemical  reduct ion or 
by local  cell  action. Whether  or  not  the  bronzes con-  
t r ibute  to the net  anodic cur ren t  of a H2-anode wil l  
depend on which of these mechanisms predominates ,  as 
wel l  as the re la t ive  rates  of bronze fo rmat ion  and 
anodic oxidation.  Pa r t  II  describes work  a imed  at  
answer ing  these questions. 
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The Effect of Viscous Shear on a 

Meniscus in an Electrochemical System 

P. C. Wayner, Jr. 
Fluid, Chemical, and Thermal Processes Division, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

Fluid  flow in the evaporat ing meniscus of an electrode-gas-electrolyte re-  
acting system has been studied to examine  the effect of viscous shear on 
the meniscus profile. The evaporat ing meniscus profile, the pressure derivative 
profile, and the curva ture  profile for various assumed evaporation profiles 
were calculated for 1N H2804. Due to the thinness of the meniscus profile in 
the in ter l ine  region, large pressure gradients  were needed to balance the 
viscous shear stress. The result ing evaporat ing meniscus profile was signifi- 
cant ly  different from the static profile. Depending on the evaporat ion rate the 
in ter l ine  radius of curvature  could be micron size for a large meniscus. Heat 
and mass t ransfer  rates would also be significantly effected by these changes 
dur ing  an electrochemical reaction. Therefore, the effect of viscous shear 
should not be neglected in analyzing electrochemical processes in a "finite 
contact angle" meniscus. 

The tr iple in ter l ine  region of a meniscus formed on 
an immersed solid surface has been the subject of con- 
siderable research. In part, this derives from interest  
in the potent ia l ly  high heat and mass t ransfer  rates 
associated with a large surface area covered by a thin 
liquid film in the form of a myriad of menisci (porous 
fuel cell electrodes are of par t icular  interest  herein) .  
The study of electrochemical processes on wetted 
metallic surfaces par t ia l ly  immersed in an electrolyte 
could be classified according to whether  or not a thin 
film extends above the intr insic meniscus. The obvious 
and significant characteristic of a meniscus without  a 
thin film ["finite contact angle meniscus" (1)] is that  
the diffusion path length across the liquid film ap-  
proaches zero at the interl ine.  This study is par t icular ly  
concerned with the outs tanding work of Bockris and 
Cahan (1) which discusses the effect of a finite con- 
tact angle meniscus on kinetics in porous electrode 
systems. Conversely, various other authors  (2-4) con- 
sidered models and systems that  included a thin film 
above the intr insic meniscus. Due to the large number  
of exper imental  variables, the complete set of condi- 
tions that insure the presence of a par t icular  type of 
meniscus is still questionable. 

The following three of m a n y  conclusions concerning 
electrochemical kinetics in a meniscus presented by 
Bockris and Cahan (1) are of par t icular  interest  here-  
in: (i) "most of the current  is produced in the first 1% 
of the meniscus;" (ii) "the extreme concentrat ion of 
current  density into this small  area can produce local 
heat ing and create a dynamic si tuation in the physical 
location of the meniscus;" and (iii) "the local geom- 
etry of the meniscus, par t icular ly  in the three-phase 
region, dominates the behavior of porous electrodes." 
They also state that  some of the heat is readily re-  
moved by evaporation. In their  analysis of this ex- 
t remely  complex system, the geometry of the meniscus 
is represented by the equation for a cylindrical  sur-  
face, thereby neglecting the effect of viscous flow of 
the  evaporat ing l iquid on the meniscus profile. The 
major  effect of this shear stress would be in the th in -  
nest  and most impor tant  region of the meniscus. Re- 
cently, a procedure to evaluate the effect of viscous 
flow on the profile has been developed (5). Although it 
is not the present  objective to completely reanalyze 
t h e  very complex t ranspor t  processes occurring in an 
active electrochemical meniscus, the results presented 
below demonstrate  that  it is very  instruct ive to ex- 
amine the effect of viscous flow in a few selected and 
related cases .  

'* K e y  words:  m e n i s c u s  prof i le ,  c a p i l l a r i t y ,  p o r o u s  g a s  e l e c t r ode ,  
p l a n a r  e l ec t rode .  

Synopsis of Reference (1) 
In  Ref. (1) a 1N, H2SO4 meniscus was formed be-  

tween two paral lel  optical glass flats. One glass surface 
of the resul t ing slot was coated with Pt  to serve as an 
electrode. Optical measurements  of the resul t ing 
meniscus were made through the other glass surface. 
Using reflectrometric techniques, the slope was deter-  
mined as a function of distance from the in ter l ine  at 
intervals  of approximately 12.7g. Interferometrical ly,  
fringes of the same kind reoccurred at film thickness 
differences of 2945A. Simultaneously,  the steady-state 
total cur ren t -po ten t ia l  behavior of the system was also 
measured for both H2 and O2 dissolution is the electro- 
lyte. Within  the accuracy of the experiments,  the re-  
sults indicated that  the most stable meniscus configura- 
t ion was one with a finite contact angle between 1 ~ and 
3 ~ , and that  it could be represented by the surface of 
a cyl inder  with a diameter  equal to the slot width. On 
the basis of the exper imental  measurements ,  a detailed 
second-order  nonl inear  nonhomogeneous differential 
equation describing the reaction zone was derived and 
solved numerical ly.  The microscopic description of the 
reaction zone was a strong funct ion of the meniscus 
profile. The calculated relationship between the total 
current  and potential  which depended on many  var i -  
ables agreed well with the exper imental  results. 

Qualitative Description of an Evaporating Meniscus 
Consideration is given herein to an evaporat ing 

meniscus formed on a vert ical  flat plate immersed in a 
pool of liquid. The pressure gradient  for fluid flow from 
the pool to the zone of evaporat ion results from a 
change in the meniscus profile (curvature) .  Relative to 
the isothermal case, the in ter l ine  of the evaporat ing 
meniscus has migrated down the plate so that the pro- 
file can accommodate the increased pressure gradient  
needed to balance the viscous stresses of fluid flow. 
Assuming that  the contact angle remains  constant, the 
average curvature  of the evaporat ing meniscus is 
larger than that of the isothermal meniscus and varies 
with heat flux. The present  analysis only evaluates 
the effect of capi l lary pressure given by ~/R and does 
not include the addit ional effects of a disjoining pres-  
sure, surface tension variation, and surface viscosity. 
Insufficient data are present ly  available to include 
these addit ional  factors. Therefore, bu lk  fluid prop- 
erties and Newtonian flow are assumed applicable in 
the inter l ine region. The effect of surface tension 
variat ion on th in  supermeniscus electrolyte films of a 
uniform thickness has been analyzed by Lightfoot and 
Ludviksson (6). Comparable effects would be present 
in that  portion of a finite contact angle meniscus where 
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the pressure gradient  becomes rela t ively small. The 
principal  conclusions of the present  s tudy are pr imar i ly  
concerned with that  port ion of the meniscus where  the 
pressure gradient  is re la t ively large and the effect of 
surface tension var iat ion relat ively small. A significant 
amount  of research has been done using a fluid flow 
model in  which the average velocity was assumed to 
be zero (7, 8). 

Quantitative Description of the Evaporating Meniscus 
Basic relat ions.--The following t rea tment  parallels  

that  developed in  Ref. (5) except for the use of a dif- 
ferent boundary  condit ion at the meniscus base. The 
four fluid mechanical  conditions at the boundaries  of 
the l iquid are (i) the base pressure of the meniscus is 
given by 

ely 
Pf = Pa -- ~ [11 

R 

with R = Rb, the radius of curvature  at the base of the 
meniscus; (ii) the fluid velocity goes to zero at the 
wall;  (iii) the force balance per uni t  length at the 
in ter l ine  is given by the we l l -known  Young-Dupr6 
equat ion 

~-~ = cr~f + cf~ cos o~ [2] 

and (iv) the following normal  stress for a constant  
R = R~ surface represents the local stress on the l iquid 
at the interface 

cry 
SRR :" -- Pf : - -  Pa q- ' [3] 

R 

Some of the nomencla ture  for the present  analysis is 
presented in Fig. 1 with a cross-sectional drawing of 
the meniscus. The local curvature,  1/Ri, of the menis -  
cus at location 'T '  is 

d2t 

dY;t ~z ]3/2 [4] 

At equi l ibr ium py = - -pg(Y  -- y),  Ki : pg(Y -- Y) i /  
afv, and (OpJOr)i : pg cos 8i. With evaporation, pg 
- -pg (Y  -- y)  as a result  of the addit ional  pressure 
gradient  required to balance l iquid acceleration and 
viscous shear stresses. Since the pressure in the liquid 
at the l iquid-vapor  interface is a funct ion of the curva-  
ture, Pali : --Kiefv < - -pg (Y  - -  Y)i when  there is 
evaporation. Using Eq. [4] with the modified pressure 
P : Pg + pg(Y  -- y)  

OP _ .  O 

d2t 
r " 

dy 2 
- -  pg(Y-- y) [5] 

( [1+ J 
The results of Sparrow and Starr  (9) for fluid flow 

in a wedge are now used to approximate the depen-  
dence of the local average velocity, ui, on the local 
pressure gradient  and film geometry. Using a l inearized 
momentum equation, they obtained Eq. [6] for the 
velocity in  a converging p lane-wal led  passage with the 
half - taper  angle, ~i. Since this result  is symmetr ical  
with respect to the mid-p lane  where the shear stress 
vanishes, Eq. [6] applies locally in the present  system 
for small  angles and th in  films. 

"~i[COS ~'i - -  COS ~'i~] 
u(ri,  ~) ---- [6] 

[ cos ~.i -- 1 sin ~,]  
ki 

in which ~ ---- ~b/0i, and 
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Fig. 1. Nomenclature for the analysis of an evaporating meniscus 

( �9 Rei ~1/2 
ki 

= \ 4 -4- 20i 0i [~1 ] 

where 
u'28r 

Rei = ( ~ l  t 

In  this approach the normal  acceleration to the in ter -  
face is assumed to have negligible effect. Their  results 
can also be used to obtain Eq. [8] which relates the 
velocity to the pressure gradient. 

u~ 2 cos ~ r 2 aP 
u(r ,D -- [8] 

( ) 4pv Or 
1 sin ~. 482 cos ~. -- -~- 

These last two equations can be combined to give 

[ OP 1 
Zl 2 L --  - -  sin ki 

ki 
~i  = [9]  

ERe ~ 

Taking the normal  force due to curva ture  to be the 
predominant  interfacial  effect the radial  pressure 

OP is given by Eq. [5]. gradient, Or i 

NumericaL--Using a finite difference technique, the 
above equations are sufficient to calculate the meniscus 
profile for a given heat flux at the vapor- l iquid  in ter-  
face which can be assumed equal to a given per cent 
of the total thermal  energy generated. The rest  of the 
heat is conducted away through the solid. Assuming 
that  all the fluid enter ing the ini t ia l  interval ,  (ay)1, is 
evaporated, the average velocity of the fluid enter ing 
the ini t ial  wedge is 

u l - - - - - (  q~Y ~ [10] 
pAS / t  

The ini t ial  arc length, Sl, is 

01 (ay) i ( tan 0c + tan  01) 
sl ---- [11] 

2 sin 01 

The wedge angle, ei, which is the inverse tangent  of 
the slope at i is obtained from the slope and curvature  
at i-1 using the Euler  finite difference approximation 
of curvature,  Ki. This requires that  the ini t ial  values 
of curvature,  Ko, and contact angle, 0c, be assumed. The 
change in meniscus thickness, (St)i, is the product  of 
the step size and the average slope between i and i-1. 
Knowing  the average velocity and the geometry of the 
wedge at i, the derivat ive of the pressure and curva-  
ture  are obtained from Eq. [9] and [5]. The volumetr ic  
flow enter ing each wedge is equal  to the total  fluid 
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evaporated in the meniscus above that  level. Using 
Euler 's  method the above process can now be continued 
unt i l  either the heat flux becomes negligible or the 
wedge angle equals n ine ty  degrees. In  the present  case, 
the effect of evaporation on the meniscus profile is sig- 
nificant only at small  angles. However, cont inuing the 
analysis unt i l  ~ _-- 90 ~ allows the use of the boundary  
condition at the base of the meniscus (K : 1/RD, 

---- 90 ~ to select the ini t ial  curvature.  

Evaporation in H2S04 Meniscus 
The above analysis is now applied to three arbi-  

t rar i ly  selected evaporat ion rates, water  vapor equiva-  
lent of 8, 24, and 72 W/cm 2, which are assumed to oc- 
cur over the top 250A of a 1N, H2SO4 meniscus. Al-  
though these flux profiles are not in tended as a defini- 
tive description of the evaporation zone described in 
Ref. (1), which is beyond the scope of this work, the 
results based on their  use significantly improve the 
unders tanding of the t ranspor t  process occurring in a 
reacting system. Alternat ively,  considering the large IR 
drop and polarizations calculated for the finite contact 
angle mensicus in Ref. (1), these evaporat ion rates are 
possible in the inter l ine region. Since we are only in-  
vestigating the general  effect of viscous flow, the size 
of the evaporat ion region is purposely limited. As a 
result  of the thinness of the inter l ine region, the effect 
of the same evaporation occurring fur ther  down the 
meniscus would be substant ia l ly  less. In  this model, 
the generated vapor could easily diffuse away under  a 
vapor pressure gradient  and condense on a surface at 
a lower temperature.  Even with an enlarged zone of 
evaporation, the total power dissipation would re- 
main  small  in the finite contact angle model because 
the upper  l imit  on the zone is very  small. In  this anal -  
ysis, hy was equal to 250A for the ini t ial  five intervals, 
625A for the next  ten intervals,  1.25 • 10 -~ cm for the 
next  380 steps, and 6 • 10 - s  cm for the remain ing  dis- 
tance. The radius of curva ture  at the  base of the 
meniscus is assumed to be 0.5 mm (one half the slot 
width) ,  and the fluid properties are assumed constant 
and evaluated at 25~ 

Results 
The calculated meniscus thickness at 250A below 

the in ter l ine  and the meniscus heights for the assumed 
heat fluxes and contact angles are presented in Table 
I. Compar ing the isothermal and evaporating cases, 
these results demonstrate  that the meniscus inter l ine 
migrates a small, though measurable  distance as a 
result  of viscous shear. There is a possible +6% error 
in the calculated meniscus height due to the use of 
only the boundary  condit ion for curvature  at the base 
of the meniscus instead of both the meniscus thickness 
and curvature.  Since the approximate size and sign 
of the error is the same in all cases, the error  in the 
migrat ion distance is less than 6%. Auxi l ia ry  work 
(not presented herein) ,  in which a fixed height at e _-- 
90 ~ was used as a boundary  condition, demonstrated 
that  the meniscus profile in the inter l ine region is not 
significantly different from the results presented 
herein. However, the profile at the base of the meniscus 

Table I. Meniscus thickness at 250~ below the interline and 
over-all meniscus height 

M e n i s c u s  t h i c k n e s s ,  M e n i s c u s  
C o n d i t i o n s  A,  a t  y = 2 5 0 A  h e i g h t ,  c m  

0e = 0 ~ L e s s  t h a n  m o n a  l a y e r  0 . 0 5 5 8  
i s o t h e r m a l  

9c = 2 ~ 8.75 0 .0546 
i s o t h e r m a l  

8e = 0 ~ 11.4 0.0532 
q = 8 W / e r a  2 

6e = O ~ 15,1 0.0521 
q = 2 4  W / c m  2 

Oe = O ~ 19.8 0.0507 
q = 72 W / c m  2 

Oe = 2 "  20.2 0 .0508 
q = 72 W / e r a 2  

Oe = 2"  8 .73  0 . 0 4 8 3  
c y l i n d r i c a l  s u r f a c e  

is significantly different. The average radius of curva-  
ture  for the fixed height boundary  value analysis is 
approximately 5% less. Previous work (5) demon-  
strated that  the error due to step size is small. It  is 
interest ing to note that  for the cases studied the 
evaporat ing meniscus height is not strongly affected 
by the ini t ial  contact angle and that  the height for the 
larger contact angle is sl ightly larger. This results 
from the slightly larger pressure gradient  (curvature  
change) in the ini t ial  portion of the meniscus with a 
zero contact angle where the film is th inner .  

Comparing the film thicknesses for the various cases 
at a point 250A below the in ter l ine  demonstrates the 
following: (i) the film thickness of an evaporat ing 
meniscus is substant ia l ly  larger than the film thickness 
of an isothermal meniscus with the same contact angle; 
(ii) the film thickness of an evaporat ing meniscus with 
a 0 ~ contact angle is larger than the film thickness of 
an isothermal meniscus with a contact angle of 2 ~ 
(however, the 0 ~ contact angle meniscus must  start 
smaller  in the in ter l ine  region) ;  (iii) the film thick- 
ness for the present  isothermal model and the cyl in-  
drical surface model are approximately the same; and 
( iv)  an increase in the heat flux and /or  the contact 
angle results in a larger film thickness. These sub-  
stantial  changes in  the film thickness due to viscous 
shear would have a correspondingly large effect on 
the t ransport  processes occurring in this region of po- 
tent ia l ly  high current  densities. 

The l iquid-vapor  interracial  height and the loga- 
r i thm of the reciprocal of the distance from the in ter-  
l ine are plotted vs. the logari thm of the meniscus 
thickness in Fig. 2. The curves for the reciprocal dis- 
tance from the in ter l ine  start at y = 125A. These 
curves show the substant ial  effect of evaporat ion on 
the meniscus profile. At a given distance from the 
in ter l ine  (for y > 175A) the evaporat ing meniscus 
with a zero contact angle for the heat fluxes analyzed 
is always thicker than  the isothermal meniscus with a 
contact angle equal to 2 ~ Previous analysis (1) in-  
dicated that 90 % of the current  is produced in the re- 
gion y <: 10-4-10 -5 cm, with the largest cur rent  den-  
sity in the immediate  vicini ty of the interl ine.  These 
results were par t ly  based on diffused interferences 
fringes that reoccurred every 2.9 • 10 -5 cm. The i n -  
teract ion of these results indicates that it is theoret i -  
cally possible to define an evaporat ing meniscus with 
a contact angle equal to 0 ~ that  is indist inguishable 
from an isothermal meniscus with a 3 ~ contact angle 
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vs.  the calculated meniscus thickness. 

within  the accuracy of the described exper imenta l  data 
and theoretical analysis. Considering this conclusion 
and the cur ren t  unders tand ing  of t ranspor t  processes 
in the critical inter l ine region, considerable addit ional  
study of this area is needed to properly model the 
electrochemical reaction zone. 

The logari thm of the meniscus curva ture  and the 
vertical  pressure derivat ive are plotted vs .  the loga- 
r i thm of the film thickness for the upper  portion of 
the meniscus in  Fig. 3. These results demonstrate  that  
there are orders -of -magni tude  increases in the pres- 
sure gradient  to balance the effect of viscous flow. The 
horizontal solid line near  the bottom of the figure is 
the weight  densi ty of the fluid. The effect of viscous 
shear becomes negligible before the wedge angle is 
equal  to 10 ~ The absolute value of the approximate 
wall  shear stress can be calculated using 

( OPg 
--pg> t [12] h,L 

In  this analysis the integrated product of the local wall  
shear stress and the area would be equal  to the de-  
crease in weight of the meniscus. These results also 
indicate that  there are orders -of -magni tude  increases 
in the radius  of curva ture  near  the interl ine.  The 
average radius  of curva ture  in the first in terval  for 
run  No. 4 in Fig. 3 is 2.5~, vs .  479~ for the isothermal 
meniscus. Therefore, the meniscus profile in  the in ter -  
line region more closely resembles the meniscus found 
in a pore than  that  found on an immersed flat plate. 

Discussion 
Curve IV presented in  Fig. 2 and 3 represents  a 

system with an evaporative heat flux of 8 W/cm 2 
which is assumed to occur over only the top 250A of 
the meniscus. This is 30% of the average thermal  
energy generated in the top 250A of the meniscus pre-  
sented in Fig. 24e of Ref. (1), and a small  per cent of 
the total heat generated. A substant ia l  flow profile 
change occurs when the evaporat ing fluid flow results 
from a curvature  change, which gives a plausible 
mechanism for the flow. This par t icular  evaporat ing 
meniscus profile starts with a zero contact angle but  
resembles an  isothermal meniscus with a 4 ~ contact 

angle for a large port ion of the ma in  reaction region. 
Curve III  (72 W / c m  2 over 250A, 0 ~ contact angle) 
corresponds closely to an isothermal curve with a 6 ~ 
contact angle in a large port ion of the ma in  reaction 
region. If a rel iable method of predict ing the relat ive 
percentage of the thermal  energy removed by evapora-  
tion were available, the method described herein 
could be used to improve the results of Bockris and 
Cahan. At  present, these results give a good estimate 
of the effect of contact angle on the cur ren t  vs .  over- 
potential  curve  if the apparent  contact angle is used. 
For example, in Fig. 17 of Ref. (1), the per cent 
decrease in  the current  at an overpotent ial  of one volt 
for a change in  the apparent  contact angle from 1 ~ 
to 4 ~ is 26%. Addit ional  results are presented in Ref. 
(10). The same change would occur if the profile 
change was due to fluid flow instead of the contact 
angle. This supports the model  of an evaporative heat 
sink by giving a plausible mechanism for fluid flow. 
The large predicted increase in  evaporat ive heat flux 
required to go from an apparent  contact angle of 4 ~ 
to 6 ~ indicates that  sufficient fluid flow is avai lable for 
even the highest thermal  fluxes. A similar effect could 
be expected to occur in porous electrodes. 

In the complete system, conduct ion in  the electrode 
would also remove some of the thermal  energy. There-  
fore, it is instruct ive to make an order -of -magni tude  
calculation of the uni t  thermal  conductance in a porous 
solid ( k e f f / L )  and compare it to a "mass conductance" 
in the pores. The uni t  thermal  solid conductance (L 
= 1~) is 1400 cal /sec-cm~-K ~ in  nickel, 100 in carbon, 
31 in quartz, and 5.6 in Teflon. The conduct ion path in 
Ref. (1) was quartz with a th in  surface film of sput-  
tered Pt. The un i t  the rmal  conductance in a porous 
media is much lower than  this and  is a strong funct ion 
of the manufac tur ing  process. For  example, the con- 
ductance in s trongly consolidated sintered metals is an 
order -of -magni tude  less than  the solid conductance 
and could be a factor of 100 less in  poorly sintered 
specimens. For unconsolidated packed material,  the 
ratio of the two conductances could be 1000. Therefore, 
thermal  conductance in a porous electrode is a strong 
funct ion of the material ,  the manufac tu r ing  process, 
and the meniscus location (relative to the junct ion 
between two particles).  

Assuming that  molecular  diffusion through a stag- 
nan t  gas occurs in a uni form pore, the conductance of 
the vapor space for water  can be estimated to be (in 
equivalent  thermal  uni ts)  7 cal /cm2-sec-K ~ at 25~ 
This is obtained using Eq. [13] with T = 298~ L = 
1~, p = 1 atm, DH20-H2 -- 0.825 cm~/sec, and a water  
vapor pressure difference corresponding to a tempera-  
ture  difference of I~ 

pDABln  (1-1-  ApB ) [13] 
NA = -RTL PB 

This is larger at higher temperatures since the rate of 
change of vapor pressure with temperature and the 
diffusivity increase with temperature. Like the ther- 
mal conductance, the effective mass conductance in a 
porous mater ia l  is a funct ion of its manufac tur ing  
process. These calculations indicate that  the evapora-  
tive heat flux in porous electrodes made from carbon 
and Teflon is re la t ively large. Alternately,  the solid 
heat conduction process is much more effective than  
evaporat ion in wel l -s in tered  metal  electrodes. How- 
ever, in  both cases, the evaporat ion-condensat ion 
mechanism could cause meniscus migrat ion but  at dif- 
ferent  velocities. In  addition, if vaporizat ion occurred 
at a surface with a large radius of curvature  and con- 
densation occurred in  a crevice with a small  radius 
of curvature,  vapor t ranspor t  would be enhanced. 
Theoretically, once the ideal electrochemical meniscus 
is completely described, the porous electrode design 
can be optimized. 

The above analysis  is based on the premise that  a 
ful ly developed wedge flow model can be used in the 
meniscus. A par t ia l  feeling for the correct velocity 
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distr ibut ion can be obtained from a boundary  layer 
calculat ion of the distance required for the boundary  
layer thickness for flow over a flat plate to be equal to 
1 • 10 -8 cm. This is the approximate thickness of the 
meniscus in the region where viscous effects become 
negligible. A simple form of the boundary  layer  equa-  
tion is 

t2u~ 
x = [14] 

30v 

Using the interfacial  velocity at t = 1 • 10 - s  cm for 
u~, the calculated distance is negligible compared to 
the distance from the bottom of the plate to this point. 
In  fact the velocity is so low and thickness so small, 
that the use of the simple form of the boundary  layer  
equation is not justified. However, the large difference 
between these two distances definitely indicates that  
the accelerating velocity profile is well developed in 
and above this region. In  addition, since the angle 8i 
is still small  in this region, o-direction flow has a small  
effect on the meniscus profile. These two results dem- 
onstrate tha t  the wedge flow model is a good approxi-  
mat ion to the flow field in the upper  portion of the 
meniscus. Since viscous effects become negligible below 
this region, the cont inued use of the model does not 
effect the val idi ty  of the rest of the profile. 

The thermocapi l lary  shear stress at the l iquid-vapor  
interface is assumed to be negligible in the present  
analysis. This assumption is based on the results of 
Ref. (5) which demonstrated that  the thermocapil lary 
effect in the upper  portion of the meniscus was small  
compared to the curvature  effect. Thermocapi l lary flow 
would have an effect on the profile in  the lower and 
less impor tant  port ion of the meniscus. Further ,  in -  
clusion of this effect requires a p~iori knowledge of the 
temperature  gradient. Since this gradient  is unknown,  
its inclusion would require an addit ional  set of i tera-  
tions which is beyond the scope of the present  study. 

Conclusions 
Fluid flow in the evaporat ing meniscus of an elec- 

t rode-gas-electrolyte  reacting system was modeled and 
analyzed. The meniscus profile, the curvature  profile, 
and pressure derivat ive profile were calculated for 1N 
H2SO4 using various assumed evaporat ion profiles. The 
results demonstrate  that: (I) A sufficiently large 
capil lary force was available to supply the required 
fluid flow for a large evaporative heat sink. (II) Due to 
the thinness of the meniscus profile in the in ter l ine  
region large pressure gradients  were needed to balance 
the viscous shear stress. (III) The change in curvature  
due to viscous flow had a significant effect on the 
meniscus profile in the critical in ter l ine  region. (IV) 
Depending on the evaporat ion rate, the in ter l ine  radius 
of curva ture  could be micron size for a large meniscus. 
(V) This change in meniscus profile would have an 
equal ly  significant effect on the t ranspor t  and kinetic 
processes occurring. (VI) The effect of viscous shear 
on the meniscus profile should not  be neglected in ana-  
lyzing electrochemical processes in a finite contact 
angle meniscus. (VII) Curren t ly  used optical tech- 
niques are not sufficiently accurate to measure the 
meniscus profile in the critical region. 

SYMBOLS 
D molecular  diffusivity, cm2/sec 
g gravi ta t ional  acceleration, cm/sec 2 
k thermal  conductivity, ca l / cm-~  
g curvature,  c m -  1 

L conductance path length, cm 
N mass flux, moles/cm~-sec 
P modified pressure, p~ -- pg (Y -- y) ,  dynes/cm~ 
p pressure, dynes/cm2; par t ia l  pressure 
q heat flux, W / c m  2 
Re Reynolds number ,  (2u0r/g) 
R radius of curvature,  cm; gas constant, cma-a tm/  

moles-K ~ 
r radial direction (see Fig. 1), cm 
s arc length (see Fig. 1), cm 
S arc length (see Fig. 1), cm 
t meniscus thickness, cm 
u velocity, cm/sec 
V specific volume of vapor, cm3/g 
x x coordinate 
Y interl ine distance from meniscus base, cm 
y y coordinate distance from interl ine,  cm 
z distance (see Fig. 1), cm 
a difference 

velocity weighting factor [Ref. (6) ] 
e angle (see Fig. 1), radians 
), function of Re and e, see Eq. [7] 
v kinematic viscosity, cm2/sec 

: (r 
p density, g/cm 3 

surface tension, dynes /cm 
coordinate angle (see Fig. 2), radians 

Subscripts 
A component  A 
B component B 
a atmospheric 
c contact 
eff effective 
f liquid surface 
.g gauge 
1 location 'T '  (see Fig. 1) 
R R coordinate surface or direction 
r r coordinate surface or direction 
s solid surface 
t liquid vapor interface 
v vapor 
1 initial  in terva l  
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Brief Communication 

Low Current Density Microcell Diffusion 
Layer Thickness at Shallow Vertical Electrodes 

R. N .  O 'Br ien  

Chemistry Department, University of Victoria, Victoria, British Columbia, Canada 

Use of mieroeell in ter ferometry  techniques which 
have been well  reported (1-4) permit  detailed analysis 
of the l imit ing effect of na tura l  convection at vertical  
electrodes. A number  of authors (5-9) have evolved 
equations to describe na tu ra l  or free convection at 
vert ical  electrodes. Only that  evolved by Wilke, Eisen- 
berg, and Tobias (10) has been tested for microcells 
and found satisfactory (11, 12). Since the testing of 
this expression by conventional  means, interferometric 
data has become avai lable and is presented here. 
Microcells are for the purposes of this work defined 
as those with electrolyte volumes of 0.5 ml  or less. 
Those used also had electrode area to electrolyte vol- 
ume ratios of about 104 in  contrast  with convent ional  
cells which have ratios usual ly  in the range of 10 -2 
cm-1. 

The cell used was very similar  to that reported in 
Ref. (1). The electrodes were 0.31 cm apart  and were 
0.191 cm thick, of high pur i ty  microcrystal l ine copper 
carefully prepared and polished to give a vertical  edge 
to avoid shadowing. The exper iments  were done at 
room tempera ture  (22~ 

The l imitat ion of the extent  of the diffusion layer 
by na tura l  convection is shown in  Fig. 1. Fig. l ( a )  
shows the concentrat ion gradients for horizontal elec- 
trodes with the cathode over the anode (C/A) pre-  
viously published in Ref. (3), and Fig. 1 (b) shows them 
for shallow vert ical  (S/V) electrodes in the cell 
C u / C u S O 4 / C u  at the na tu ra l  pH of 4.3 of 0.05M C u S O 4  

at a nominal  1 m A / c m  ~ C. D. (0.902 mA/cm2).  For 
short periods of electrolysis, i rregulari t ies  of the sur-  
face of horizontal  electrodes, small  departures from 
the t ru ly  horizontal  position, and inequali t ies of elec- 
trode areas in activity have usual ly  not produced de- 
tectable convection. 

The differences between the convecting system and 
the nonconvect ing system are that  the diffusion layer  
constantly expands for the horizontal  C/A system and 
is l imited after about 15 sec by convection in the S/V 
ar rangement  of electrodes to about 0.025 cm. The dif- 
ferences under  these conditions are more easily seen 
in Fig. 2(a) and (b) where the concentrat ion at a 
given distance out from the electrode is plotted at 
various times. An  idea of the uncer ta in ty  of the mea-  
surements  is given by the scatter of points shown in 
Fig. 2 (b) at t imes less than  10 sec. 

Contrast ing Fig. 2 (b) with 2 (a) convection appears 
to have begun at the anode first and is detectable as 
an undula t ion  in the curve at 10-15 sec after electrol- 
ysis was begun. The first i r regular i ty  in the cathode 
side occurred far ther  out from the electrode at just  
over 20 sec and was more severe, the slope of the 
concentrat ion contour actual ly reversing. Close to the 
electrode, the anode exhibited 3 anomalous changes in 
concentrat ion contour un t i l  settl ing down at about 45 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  d i f f u s i o n  l a y e r  t h i c k n e s s ,  n a t u r a l  c o n v e c t i o n ,  i n t e r -  

f e r o m e t r y .  
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Fig. 1. Reproductions of interferograms: (a) no convection, 

cathode over anode and (b) shallow vertical electrodes, natural 
convection occurring, limiting the diffusion layer to about 0.03 cm. 
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Fig. 2. Concentration changes at various times of electrolysis at 
various distances from the electrodes: (a) no convection and (b) 
natural convection limiting the diffusion layer. 

sec to a constant  concentrat ion value and a pseudo- 
steady state. At  0.01 cm out from the anode small  
changes in concentrat ion were still occurring at 60 sec. 
At the cathode, s tabil i ty at the electrode and at 0.01 
cm from it occurred at the same time, about 50 sec, 
and only two major  per turbat ions  to the smooth curve 
occurred. Two convective vortices were set up by  50 
sec wi th  overflow and underflow between them as 
described previously (4). 

The characteristics shown in this exper iment  are 
general ly  true, that  is, al though the n u m b e r  of changes 
of slope to the pseudo-steady state is not constant, the 
anode region has the most, and they begin and end 
there first. The init ial  10 sec has a smooth concentra-  
t ion change form similar  to that of a convectionless 
system and like it, gives a l inear  plot of hC vs. x/t, but  
the plot does not go through the origin. Higher current  
densities produce noticeable convection a li t t le sooner 
and have less extensive diffusion layers as shown in a 
recent paper by Tvarusko and Watkins  (13). Ibl  and 
Bohm (12) have found a s imilar  instabi l i ty  in a redox 
system when  similar  heights and separations of elec- 
trodes were used. Optical errors calculated according 
to Ibl (14) are negl igibly small, of the order of 1% 
for these concentrat ions and current  densities. 

Manuscript  submit ted Sept. 27, 1971; revised m a n u -  
script received ca. Jan. 18, 1972. 

A ny  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL. 
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Dielectric Breakdown in Silicon Dioxide Films on Silicon 

I. Measurement and Interpretation 

C. M. Osburn* and D. W. Ormond 
IBM Thomas J. Watson Research Center, Y o r k t o w n  Heights, New York  10598 

ABSTRACT 

Depending on how one measures  the  dielectr ic  b reakdown  s t reng th  of 
t he rma l ly  grown SiO2 films in the  thickness  range  useful  for MOSFET appl ica-  
tions, different  resul ts  m a y  be obtained.  These resul ts  are shown not to be an in-  
t r insic p roper ty  of the  SiO2 but  r a the r  are ar t i facts  dependent  on meta l lu rg ica l  
contact  thickness,  oxide thickness,  capaci tor  area, appl ied  bias voltage,  in-  
s t rument  impedance,  and t ime constant.  These pa rame te r s  lead to phenomena  
commonly  re fe r red  to as se l f -hea l ing  (or nonshor t ing)  b reakdowns  which 
represent  a vol tage collapse fol lowed by  the rma l  processes tha t  vaporize the  
shor t ing e lec t rode  meta l  a l lowing the capaci tor  to b reak  down repea ted ly  at  
h igher  fields. S ta t i s t ica l  d is t r ibut ions  of b reakdown  fields for  the  ini t ia l  b r e a k -  
down event  point  to a cont inuum of oxide defects  having different  b reakdown  
fields in contras t  to pr ior  work  showing specific defect  types.  Measurements  of 
the  final short ing vol tage  (af te r  se l f -heal ing  b reakdown events  no longer  
occurred)  a re  useful  in de te rmin ing  the m a x i m u m  dielectr ic  s t rength  of a de-  
fec t - f ree  film. A r a m p - r a t e  dependence  of the  b r e a k d o w n  field is observed 
for slow ramps,  and a t ime ins tabi l i ty  is seen in the  high-f ie ld  conduction 
which leads  to breakdown.  

The dielectr ic  s t rength  of SiO2 films on silicon is 
impor tan t  to the  per formance  of MOSFET devices. 
Both the  in i t ia l  y ie ld  and the r e l i ab i l i ty  of these  de -  
vices dur ing  opera t ion  can be related,  at  least  in part ,  
to the b r eakdown  character is t ics  of the SiO~ gate di-  
electric. 

Dielectr ic  b r eakdown  in mate r ia l s  has been of in te r -  
est for m a n y  years,  pa r t i cu l a r ly  as re la ted  to h igh-  
vol tage insula tors  and  capacitors.  More recently,  g row-  
ing in teres t  in the  la rge-sca le  in tegra t ion  of t ransis tors  
and o ther  th in- f i lm components  has shif ted a t tent ion 
to b reakdown  in ve ry  thin  films, and, consequently,  
b r eakdown  s t rengths  have  been measured  for films 
of m a n y  different  mater ia ls .  Unfor tunate ly ,  only  a 
l imi ted  amount  of w o r k  has been done to re la te  m a t e -  
r ia ls  and processing pa rame te r s  to the  b r eakdown  
character is t ics  in SIO2, in order  to both improve  the 
oxide in tegr i ty  as we l l  as to de te rmine  the ma jo r  
b reakdown mechanisms.  

Severa l  ways  of descr ibing the dielectr ic  s t rength  of 
th in  insula t ing films have been developed and refined 
in recent  yea r s  (1). The fol lowing three  methods  have 
received special  a t tent ion:  (i)  measur ing  one capaci tor  
sample  having  thin  meta l  e lectrodes in order  to al low 
se l f -hea l ing  b reakdowns  (2) to t ake  place  by  vapor -  
izing the meta l iza t ion  over  the fai led or  w e a k  spot in 
the  dielectric,  t he r eby  e l iminat ing  the weak  spots; (ii) 
const ruct ing a s ta t is t ical  d is t r ibut ion  of b reakdown  
values  by  using a large  number  of test  specimens 
(3-4) ; and (iii) de te rmin ing  the  cu r ren t -vo l t age  char -  
acterist ics  of a capacitor,  jus t  pr ior  to the b reakdown  
event  (5). Each method  has cer ta in  advantages  and 
disadvantages ,  and the choice is impor tant .  For  in-  

* Elec t rochemica l  Socie ty  Act ive  Member .  
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stance, the  first method  permi t s  the tak ing  of a large 
amount  of da ta  f rom a single capaci tor  s t ructure ,  but  
its usefulness is usua l ly  res t r ic ted  to s tudying  the so- 
cal led p r imary ,  or high-field,  b r eakdown  strength;  as 
such, it  te l ls  l i t t le  about  the low-f ie ld  b reakdown  
s t rength  which is impor tan t  for device applicat ions,  
and it does not  r evea l  the  effect of ma te r i a l s  and proc-  
essing pa rame te r s  on the  number  of oxide defects. The 
s tat is t ical  approach  (ii) gives perhaps  the  best  indica-  
tion of when an actual  MOSFET device might  fai l  du r -  
ing loading, but  it  does not  shed as much l ight  as the 
former  technique on the na tu re  of the  b reakdown  
mechanism. Whi le  cu r ren t -vo l t age  measurements  (iii) 
provide  addi t ional  informat ion  on the b reakdown  
mechanism,  the i r  usefulness is res t r ic ted  main ly  to 
observing p r i m a r y - t y p e  breakdowns ;  fur thermore ,  the  
measurements  can be ve ry  tedious and difficult to 
in te rp re t  when other  t ime -dependen t  components  
(e.g., f rom ionic d isplacements)  appear  in the  total  

current .  
When  measur ing  b r eakdown  in MOS capacitors,  the  

s ta t is t ical  approach  is often employed  because it is 
p robab ly  most d i rec t ly  re la ted  to device re l iabi l i ty .  I t  
has the addi t ional  advan tage  of being the most sensi-  
t ive measure  of the effect of mate r ia l s  and processing 
p a r a m e t e r  changes. However ,  i t  wi l l  be  shown tha t  the  
procedure  used in measur ing  s tat is t ical  d is t r ibut ions  
does affect the resul ts  obta ined and tha t  care  must  be 
taken  in in te rpre t ing  data. In  this  paper,  the  resul ts  of 
an a t t empt  by  the authors  to in te r re la t e  var ious  ma te -  
r ia ls  and measur ing  pa ramete r s  to the  dielectr ic  b r eak -  
down character is t ics  of t he rma l ly  grown SiOa films are 
reported.  The in teract ions  of such var iab les  as oxide 
thickness,  meta l  e lect rode area  and thickness  (here, 
a luminum) ,  t ime response, and impedance  of the  elec-  
t r ica l  measur ing  circuit ,  as wel l  as test ing r amp  ra te  
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and polarity, are discussed. In  addition, certain im- 
plications of the current-vol tage  characteristics are 
considered since they suggest a l ikely breakdown 
mechanism. 

Experimental Procedure 
Metal-oxide-semiconductor  capacitors were fabri-  

cated on 2 ohm-cm, p- and n - type  <100>-or ien ted  
silicon wafers. The wafers were ul trasonical ly cleaned 
using NH4OH-H202, HC1-H20~, and HF solutions, while 
the quartz glassware was etched with HNO3-HF; oxides 
from 200 to 2000A thick were then grown in dry oxy- 
gen at 1000~ By using all reasonable precautions to 
insure pure SiO2 films, mobile Na + ion concentrations 
on the order of 5 • 1010/cm2 were obtained as deter-  
mined by the flatband voltage shift technique (6). One 
hundred  a luminum electrode dots were e lectron-gun 
evaporated through metal  masks onto each wafer in 
a clean evaporation system, and the wafers were then 
given a 5-min anneal  at 500~ in dry nitrogen. 

Measurements were made with the circuit  shown in 
Fig. 1, wherein  a ramp voltage (i.e., increasing l inearly 
with time) was applied to the MOS sample. Break-  
down was accompanied by a rapid voltage drop across 
the MOS capacitor which was sensed by a special t r ig-  
gering circuit  that  would record the breakdown volt-  
age on a voltmeter. Often, par t icular ly  if the a luminum 
electrode was thin, the MOS capacitor would not short 
out but  would recover and cont inue increasing in volt-  
age as the ramp voltage increased unt i l  another  break-  
down event  occurred. This process of recovering is the 
wel l -known phenomenon of self-healing whereby the 
capacitor discharges through the breakdown path and 
vaporizes the metal izat ion over the path leaving a 
nonshorted capacitor containing a small, bu rned-ou t  
area. Up to several hundred  of these self-healing 
events could take place before the sample would short 
permanent ly .  The voltage at which this shorting, or 
final, destructive breakdown, took place was recorded 
on a second, peak-reading voltmeter.  Thus only the 
initial, self-healing breakdown voltage and the final, 
destructive breakdown voltage were recorded and the 
intermediate  breakdown events were ignored. When 
the a luminum was thick and self-healing did not occur, 
both breakdown values were the same. After  all the 
capacitor specimens on a wafer were tested, histo- 
grams giving the percentage of capacitors that  broke 
down vs. the voltage of breakdown for the init ial  and 
the final breakdown were constructed. From a prac- 
tical point  of view, only the ini t ial  breakdown dis- 
t r ibut ion was important ;  from the point of view of 
unders tanding breakdown processes in defect-free 
SiOe, the final one was important.  This measuring pro- 
cedure combined methods (i) and (ii) described ear-  
lier in that  (a) statistical distr ibutions were con- 
structed in order to study low-field breakdown events, 
and (b) self-healing events were allowed in order to 
measure the intrinsic b reakdown strength of SlOe. 
Intermediate-f ield breakdown events gave no addi-  
t ional informat ion since the use of statistical dis t r ibu-  
tions made it possible to determine the probabi l i ty  of 
breakdown at any given field. 

The voltage ramp was obtained by  charging a fixed 
capacitor by means of a constant  current  generator,  

TRIGGER 
CIRCUIT 

Fig. 1. Diagram of the breakdown measuring circuit 

and its speed was varied by adjust ing the current .  The 
value of the series resistor (Rs) ranged from 10 ohms 
to 100 kilohms. The tr iggering circuit was basically the 
nanoampere  sensing a r rangement  described elsewhere 
(7) with the input  impedance reduced in order to 
speed the response time to under  1 ~sec. The circuit 
would trip a relay when a 1-volt, 1-~sec pulse appeared 
across Rs. With a large series resistor, the t ime constant 
for recharging the MOS after a self-healing event  was 
larger than  1 ~sec so that the circuit would detect all 
of the self-healing events  in which the capacitor volt-  
age dropped by one volt or more; later  considerations 
show that  the chances of self-healing occurring with 
less than a one-volt  drop are quite remote. 

Results and Discussion 
Measurement  of statisticat distr ibutions.--When the 

series resistor was 100 ohms or less, the ini t ial  and 
final breakdown distr ibutions were identical, and 
visual  inspection at 100 magnifications showed that  no 
self-healing breakdowns had occurred. For larger Rs 
values (>10 kilohms) self-healing breakdowns occurred 
which were later observed as small  black specks on 
the a l u m i n u m  electrodes under  this magnification. Ac- 
cordingly a 100-kilohms series resistor was used subse- 
quent ly  to permit  self-heal ing so that  the max imum 
breakdown strength of each sample could be evalu-  
ated. Figure 2 compares the ini t ial  and final break-  
down distr ibutions for a typical  wafer with the metal  
biased negatively. It  was found that  the ini t ial  break-  
down values were cont inuously distr ibuted over the 
entire field range from 0 to 10 MV/cm and did not show 
distinct peaks in general. More careful preparat ion of 
the SiO2 films did, however, reduce the frequency of 
breakdowns occurring below 2 MV/cm. The final (i.e., 
destructive) distribution, on the other hand, consisted 
of distinct peaks similar  to those observed earlier by 
Fritzsche (3) as well  as by Chou and Eldridge (4). 
The measur ing circuit of Chou and Eldridge was iden-  
tical to the one used here for measur ing the final 
breakdown voltage except that  their  series resistor was 
even larger (250 kilohms) ; furthermore,  visual  inspec- 
tion did show that  their samples experienced self- 
healing which was undetected by their  slower respond- 
ing (~0.1 sec) testing circuitry; hence, their  data are 
probably more representat ive of the final breakdown 
phenomena. The presence of a low-field peak in the 
final breakdown dis t r ibut ion can be explained simply 
by the lack of sufficient energy stored in the MOS 
capacitor to promote self-healing at low fields. At low 
fields, breakdowns are shorting giving rise to a low- 
field peak while at intermediate  fields breakdowns are 
self-healing. This behavior  is explained more fully 
later. The occurrence of this peak in the final break-  
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down dis t r ibut ion does not reflect any proper ty  of the 
SiO2 film but  is ra ther  a consequence of measur ing con- 
ditions. The wide dis t r ibut ion of breakdown fields 
across a wafer, as determined from the init ial  self- 
healing breakdown events, indicates either a dis t r ibu-  
t ion of weak spot sizes or several breakdown mecha-  
nisms. Both ini t ial  and final distr ibutions were de- 
pendent  on the electrode area since the frequency, of 
low-field breakdown events increased with increasing 
electrode area. 

A more expanded plot of a typical  final breakdown 
distribution, as used to determine the m a x i m u m  di- 
electric s trength (see Fig. 3), shows that  the high-field 
curve is not Gaussian bu t  ra ther  is skewed at low 
fields and has a sharp cutoff at the upper  end (Emax). 
Furthermore,  the peak of the exper imental  d is t r ibu-  
t ion occurs at a field that  is greater than  the average 
field. The variance of the dis t r ibut ion in  most cases is 
two to five times larger than  would be expected from 
thickness fluctuations over the wafer  and must  be ex- 
plained in terms of other mechanisms, possibly large 
numbers  of very small  defects. The shape of the final 
dis t r ibut ion is largely independent  of measur ing tem- 
perature.  The variance of the dis tr ibut ion remains  
about 4% of the average field down to 400A thick films. 
Distr ibutions for th inner  oxides have larger s tandard 
deviations which can be at t r ibuted to the lack of self- 
healing. 

A correlation has been observed between the ini t ial  
and the final b reakdown strength of a par t icular  
capacitor. Those which had a low initial, self-healing 
breakdown also had low final breakdown voltages; 
conversely high final breakdown usual ly  followed high 
init ial  b reakdown voltages. It has not been possible to 
determine whether  the process of self-heal ing weakens  
the remainder  of the film or whether  both breakdowns 
are associated with a general ly defective film. Destruc-  
t ive breakdown usual ly  involves a series of propagat-  
ing breakdowns in a cluster unt i l  the breakdown area 
is so large that  insufficient energy is stored to sustain 
fur ther  clearing of shorted regions. 

Polarity.--When the a luminum is biased negatively in 
p- type  MOS capacitors, the silicon surface is in ac- 
cumulat ion and the ent i re  applied voltage appears 
across the oxide. When the a luminum is positive, how- 
ever, the surface can be either depleted or inverted,  
depending on the field applied and the minor i ty  carrier  
generat ion rate. In  the equi l ibr ium case, the max i mum 
voltage across the silicon is equal to the max i mum 
amount  of band  bending allowed or about 1 volt; this 
is a small  correction factor for samples tha t  break 
down at roughty 50V or more. On the other hand, 
when  the carrier generat ion rate is slow compared to 
the measur ing ramp, deep depletion can occur, and 

most of the applied field can be in the silicon. Ava-  
lanching in  the silicon could possibly tr igger the 
breakdown in this case. Because of this potential  diffi- 
culty, most of the measurements  in  this s tudy were 
made with the a l u m i n u m  negative; a comparison was 
made with the a luminum positive, however. Under  
room l ighting and with a ramp rate of 1 MV/cm-sec, 
the dis t r ibut ion for the a luminum positive was spread 
out over a very  large range. The m a x i m u m  breakdown 
voltage ranged up to 150V for 1000A films and went  
over 80V for 200A films (15 and 40 MV/cm, respec- 
tively, if the entire voltage were  across the oxide). 
This compares with m a x i m u m  breakdown strengths 
of 92 and 25.8V for 1000 and 200A films (9.2 and 12.9 
MV/cm, respectively) with the a l u m i n u m  negative. As 
expected, the A I ( + )  dis t r ibut lon results were very 
light sensitive since light increases the carrier genera-  
t ion rate and gives faster equi l ibrat ion;  strong i l lumina-  
t ion reduced the m a x i m u m  breakdown voltage in a 
200A film from over 80 to 19.4V and from 150 to 89V 
in a 1000A film. Comparisons of b reakdown dis t r ibu-  
tions measured under  strong i l luminat ion  with both 
polarities gave identical  results for the most part. The 
ma x i mum dielectric s t rength for S i ( + )  is about  0.4 
MV/cm less than  for S i ( - - )  however.  Occasionally a 
capacitor withstood an abnormal ly  high voltage with 
depletion bias even under  i l luminat ion.  Subsequent  
examinat ion  showed that  these capacitors exhibited a 
high leakage current  through the oxide. The authors 
a t t r ibuted the high breakdown voltage in this case to 
the high oxide leakage prohibi t ing the formation of 
an inversion layer  in  the silicon and not to superior 
breakdown strength. Thus care must  be taken to insure 
that  equi l ibr ium occurs if meaningfu l  breakdown mea-  
r are to be made with the silicon depleted. 
Many measurements  were made on n - type  Si wafers 
with the a luminum biased positively. The behavior  
observed was the same as that  with A I ( - - )  on p- type 
wafers. Apparen t ly  the measur ing polari ty is not  an 
impor tant  factor in itself but  ra ther  the condition of 
the silicon surface (i.e., accumulated or depleted).  

The tendency for self-heal ing was found to be very  
polari ty dependent;  viz., self-heal ing breakdowns 
would occur for both polarities but  were much less 
f requent  when the a luminum was biased positively. 
For a sample to self-heal  with positive a luminum,  
th inner  a luminum,  larger capacitor area, or thicker 
oxide was required than  for A I ( - - ) .  Kle in  (2) found 
that  for p- type samples of 0.3 and 9 ohm-cm the 
resistance of the discharge path was an order of mag-  
n i tude  greater for A1 ( + )  than  for A1 ( - - )  so that  the 
init ial  cur rent  surge through the discharge path was 
an order of magni tude  greater for negative a luminum.  
It could be argued that  the high-current ,  A I ( - - )  
breakdown could vaporize the discharge path more ef- 
fectively (and, hence, self-heal) while the low-cur-  
rent, A1 ( + )  breakdown could not. In  an actual  device, 
only the first b reakdown event is important ,  of course, 
and is not affected by self-heal ing and hence is not 
affected by polarity. 

Ramp rate.--If the breakdown mechanism in  SiO~ is 
thermal  in nature,  one would expect to find a ramp-  
rate dependence of the m a x i m u m  breakdown strength. 
In  this study, the ramp rate was var ied from 0.05 to 
105 MV/cm-sec with only subtle changes in break-  
down strength. For  A I ( - - )  the high-field, or primary,  
breakdown peak was observed to shift to higher field 
values by about 7% when the ramp rate was increased 
from 0.05 to 2 MV/cm-sec, as shown in Fig. 4. No 
statistically significant changes in the lower field 
breakdowns could be discerned. Breakdown measure- 
ments on a single sample using the self-healing tech- 
nique (2) showed that the breakdown strength was 
constant for ramp rate over 2 MV/cm-sec (see Fig. 5). 
These results extend the work of Fritzsche (3) who 
found no pulse duration effect from 8 to 400 ~sec. With 
the silicon depleted in room light, the faster ramp in- 
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creased the low-field breakdowns but  had no real 
discernable effect at high fields. It should be noted that 
even in room light, m a n y  samples withstood voltages 
that would create fields in the oxide greater than 10 
MV/cm for over 5 m in  (this anomalously high voltage 
is divided between the oxide and the silicon and results 
from a low minor i ty  carrier  generation rate as com- 
pared to the rate of loss of carriers through oxide 
conduction).  Previous studies of low-frequency C-V 
characteristics (8, 9) also found very  slow carrier 
generat ion rates. 

Effect of material parameters on breakdown dis- 
tributions.--Oxide thickness.--One significant finding 
here where  the breakdown distr ibutions were deter-  
mined  for various oxide thicknesses is that  fewer self- 
heal ing breakdowns occur in t h inne r  SiO2 samples. 
Thus, for th in  films (e.g., 200A), the ini t ial  and the 
final breakdown distr ibutions are almost identical 
while they are quite different for much thicker SiO~ 
layers. One qual i ta t ive explanat ion for this behavior 
is apparent ;  namely,  the energy (W) stored in a 
capacitor of area F and oxide thickness d is 

W a F  �9 d �9 E 2 [1] 

where E is the electric field s trength applied across 
the oxide. For a g i v e n  field and area, th inner  oxide 
samples store proportionately less energy that  can be 
subsequent ly  released for volatilizing a portion of the 
metal, thereby resul t ing in a self-healing event. The 
implications of this observation are impor tant  when  
it is realized that  several b reakdown studies in the 
past have measured the final breakdown only. The 
final breakdown voltage in a thick film is usual ly  much 
higher than  the ini t ial  breakdown because the MOS 
capacitor can self-heal;  in contrast, the final break-  

down in a th inner  film is identical  to the ini t ial  break-  
down. Hence, a determinat ion of only the final break-  
down distr ibutions can make the apparent  intr insic 
breakdown strength and the apparent  high-field break-  
down frequency decrease with decreasing SiO2 thick- 
ness; these observations are artifacts of the measure-  
men t  and do not represent  the properties of the film 
itself. 

Aluminum thickness.--The electrode area dependence 
of the fraction of capacitors having final breakdown 
strengths wi th in  the range of the high-field, or pr i -  
mary, breakdown peak (i.e., the high-field peak of the 
final breakdown dis t r ibut ion in  Fig. 2) has been used to 
characterize a defect density of the oxide film. For 
example, Chou and Eldridge reported defect densities 
for several oxide thicknesses wherein  the mobile Na + 
concentrat ion was --.2 • 1011/era2-and the immobile 
sodium was not determined. Since self-heal ing break-  
downs were present  but  undetected in their  samples, 
it was necessary to determine the extent  of any  inter-  
action between their  measurements  and results. Ac- 
cordingly, the a luminum thickness was varied, and, as 
expected, those samples having thicker a luminum 
contacts showed fewer self-healing breakdowns and 
therefore more low-field, final short ing breakdowns;  
however, some self-healing events  were observed with 
over 10,000A of a luminum thicknesses. The electrode 
area dependence of the fraction of high-field break-  
downs is shown in Fig. 6 for several thicknesses of 
a luminum;  the oxide defect density, p, can be deter-  
mined from this figure using the relat ion 

- - l n P  = pF [2] 

where F is the electrode area and P is the probabi l i ty  
of a p r imary  breakdown. Since p, as computed from 
final breakdown distributions, is a function of a lumi-  
num thickness (see Fig. 7), it is not a t rue measure of 
a density of defects in the oxide but  is apparent ly  a 
more complicated indicator of the defect densi ty cou- 
pled with the a luminum thickness. The occurrence of 
undetected self-heal ing events can great ly distort re- 
sults obtained for defect densities. The init ial  break-  
down distr ibution,  on the other hand, was indepen-  
dent of a luminum thickness to first order at least; al-  
though the wafer dependence precluded an exact com- 
parison of wafers having different thicknesses of metal, 
no statistically significant difference was ever observed. 

Capacitor area and defect density.--In examining the 
init ial  and final breakdown distributions, one observes 
a more or less definite threshold field (Vt) below 
which no self-heal ing breakdowns occur. In  practice, 
it was found that  most samples with init ial  break-  
down above this threshold do self-heal but  no samples 
self-heal below the threshold. This threshold voltage 
varied with the capacitor area, F, as 

kF 
g = - -  ( V t  2 - -  V r  2) [ 3 ]  
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where Vr is associated with the min imum voltage re- 
main ing  across the capacitor dur ing a self-healing 
breakdown event; d is the thickness of the oxide hav-  
ing dielectric constant  k; and K represents the min i -  
mum energy required to vaporize the discharge path 
for se]f-healing and is dependent  on a luminum thick- 
ness. A value of Vr about 23V gave the best fit to the 
experimental  data for the present films. By compari-  
son, Kle in  (2) found that  the theoretical  lower l imit  
of Vr should be 12.2V for SiO2 films; this value is con- 
sidered to be the m i n i m u m  voltage needed to support 
a gas discharge and is composed of the a luminum work 
function plus the silicon ionization potential. High- 
speed oscilloscope traces showing the voltage across 
the capacitor dur ing  a self-healing breakdown event 
with the wafers used in this study fur ther  verified 
the m i n i m u m  value of Vr as 22-24V; Klein  found an 
exper imental  value of 16V for Vr by using oscilloscope 
traces. 

Since the fraction of the final, secondary breakdown 
events varies with a luminum thickness and since the 
self-healing threshold voltage of the secondary break-  
down varies with capacitor area, it becomes necessary 
to re -examine  the defect density, p, as used first by 
Fritzsche and then by Chou and Eldridge. The past 
work has made the assumption of a single type of 
defect responsible for the secondary breakdown peak; 
this study finds the absence of a well-defined sec- 
ondary peak for the ini t ial  breakdown distribution. 
Instead the breakdowns are distr ibuted over a wide 
range of fields. The probabili ty,  p r ( E ) ,  that  a capacitor 
of area F will  break down between E and E + dE can 
be determined from the init ial  breakdown histograms. 
Typical distr ibutions of the breakdown probabi l i ty  
for three different capacitor diameters are given in 
Fig. 8. In  the most general  case, three regions can be 
discerned: (i) high fields (0.8 Emax to Emax) where 
pF(E) does not depend on the area F and can be asso- 
ciated with the intr insic breakdown of the film, (ii) 
low fields (0 to 0.8 Emax) where pF(E) can be ex- 
pressed as F • p(E),  and p(E) can be considered as 
the density of defects having breakdown E, and (iii) 
moderately high fields (0.6 Emax to Emax) where pF(E) 
increases with increasing area but  not l inear ly  and 
appears to be a t ransi t ion between the intrinsic break-  
down region and the defect-related breakdown region. 
It should be noted that  the range of each region varied 
from one sample to another. The use of the defect 
densities as a function of field was a very sensitive 
indicator of the var iabi l i ty  in breakdown properties 
of different wafers. Some wafers did show a distinct 
peak in the defect density at lower fields indicating a 
high incidence of a single type of defect in those par-  
t icular wafers. Most wafers, however, showed a con- 
t i nuum of defect sizes or properties. As expected the 
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probabil i ty  of a defect being present increases as the 
defect size decreases. No significant variations in the 
defect densities have been observed as a funct ion of 
oxide thickness beyond normal  wafer to wafer differ- 
ences. 

The mathematical  t rea tment  of a distr ibuted defect 
density is only slightly more complicated than  for the 
discrete defect case. In  the defect-related breakdown 
region, if we let P (E) be the probabi l i ty  that  a capac- 
itor of area F has a defect with breakdown less than 
or equal to E, then 

for, P(E) = Fp(~) [ 1 - - P ( ~ ) ]  d~ [4] 

Solving gives 

{z } P(E) -- 1 -- exp -- Fp(~) d~ [5] 

If P'  (E) is the probabil i ty  that the capacitor has break-  
down greater than E, then 

{ z  } P'(E) = exp -- Fp(D d~ [6] 

o r  

- - l n P ' ( E )  = F 0(~) d~ [7] 

which is the same as Eq. [2] with an integral  replaced 
for a discrete density. It  should be noted that  the data 
of Fig. 8 fit Eq. [7] at all oxide thicknesses for E = 0.8 
Emax with 

fo "8 Emax 
p(~) d~ _~120/cm 2 [8] 

Measurement o] current-voltage characteristics.- 
Figure 9 gives the steady-state I -V curves for a 1300A 
oxide film at room temperature.  The data were taken 
after the field had been applied for a few hours to 
drive the mobile ions to one electrode or the other. 
The data are quite similar to those of Lenzlinger and 
Snow (10) showing Fowler-Nordheim tunnel ing.  In 
the present  case A1 ( + )  gives higher current  at a given 
field than A1 ( - )  which is opposite of their  result  indi-  
cating different barr ier  heights. There is one major  
difference in the results: at the high fields, par t icular ly  
with A1 ( - - ) ,  the current  increases with t ime (~/z to 
10 min)  from its ins tantaneous value to a stable, 
equi l ibr ium value. This change is repeatable: if the 
voltage is reduced, the current  decreases with t ime to 
its original value at the voltage. When the voltage is 
increased again, both the instantaneous current  and 
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the equi l ibr ium current  are the same as they were  
initially. The range over  which this instabil i ty could 
be observed was only about 4% of the ent ire  vol tage 
range; at any higher  field the current  would run  away 
at too fast a rate to stop. Conduction measurements  
made  on capacitor s tructures wi th  a guard ring ensured 
that  surface conduction does not affect these results. 
Al though this instabi l i ty  is suggestive of joule  heat ing 
in the sample, the power  levels  are too low to cause 
heat ing (see Appendix) .  Fur thermore ,  the onset of 
the instabil i ty occurs at the same field for both polar i -  
ties al though the power  levels  are two to three orders 
of magni tude  different. This f ie ld-dependent  mecha-  
nism is thus more l ikely associated with  an electronic 
process having a long t ime constant. 

These s teady-sta te  I -V characterist ics also shed l ight 
on the effect of b reakdown measurement  on the results 
obtained. If the b reakdown voltage is defined to be 
the vol tage at which  a prescr ibed current  flows (for 
example  1 ~A), then the breakdown for A I ( - - )  will  
a lways be 1 to 1.5 M V / c m  higher  than for A I ( + ) .  If 
the runaway  point is defined as being the breakdown 
point, this polar i ty  difference wil l  be smaller  since the 
instabil i ty occurs at the same field for both polarities. 

Summary 
The dielectric b reakdown propert ies  of the rmal ly  

grown SlOe films show a wide variabil i ty.  Depending 
on the measur ing conditions, this var iabi l i ty  may  or 
may  not be observed. Stat ist ical  b reakdown distr ibu-  
tions as de termined  f rom the  init ial  b reakdown event  
can be considerably different f rom distr ibutions of 
final destruct ive breakdown when  se l f -heal ing or non-  
short ing breakdowns occur. Init ial  breakdown dis- 
t r ibut ions revea l  a cont inuum of defects having  dif-  
ferent  b reakdown fields ra ther  than distinct defect  
types while  final distributions show a low-field peak 
which is an art i fact  of the measurement .  

The init ial  breakdown distr ibutions were  largely  
independent  of mater ia ls  and measur ing parameters .  
Metalization thickness, oxide thickness, capacitor area, 
and measur ing circuit  impedance  did not affect the 
initial, se l f -heal ing results. Final  distributions, on the 
other  hand, were  very  s t rongly influenced by these 
parameters .  

The differences in the two distr ibutions are best ex-  
plained in terms of the se l f -heal ing breakdown proc-  

ess. Only when  se l f -heal ing takes place is the final 
dis tr ibut ion different f rom the initial. The final dis- 
t r ibut ion depends on the number  of sel f -heal ing break-  
down events  whi le  the ini t ial  distr ibution is not influ- 
enced by these events.  For  a nonshort ing breakdown 
to occur, sufficient energy must  be stored on a capac- 
itor to vaporize the metal izat ion over  a breakdown 
path. The meta l  thicknesS, oxide thickness, capacitor 
area, and circuit  impedance are  mere ly  the parameters  
that  affect the stored energy or the energy required 
for se l f -heal ing and would be expected to influence 
the final breakdown.  It  should be emphasized that  the 
phenomena of se l f -heal ing breakdowns is not  re la ted 
to any fundamenta l  p roper ty  of the SiO2 film but  
ra ther  is re la ted to the measur ing  parameters .  

Due to the interact ion of the  mater ia ls  and measur -  
ing parameters  wi th  the final breakdown,  it is con- 
cluded that  the ini t ial  dis tr ibut ion gives the bet ter  
measure of the breakdown characterist ics of the SiO2 
film itself. Fur thermore ,  since actual devices use 
thicker  metal izat ion which is covered wi th  glass, self- 
heal ing does not occur readily,  and the init ial  b reak-  
down is destruct ive and is therefore  the impor tant  
one. Final  b reakdown distr ibutions are  useful, how-  
ever, for de termining the m a x i m u m  dielectr ic  s t rength 
of the film and the mechanism of breakdown.  

Measurements  of the r amp- ra t e  dependence of the 
breakdown distribution, coupled wi th  s teady-sta te  
I -V characteristics,  indicate that  for the a luminum-  
biased negat ive ly  the breakdown occurs via an elec- 
tronic instability. 

A P P E N D I X  

The equation governing heat ing in a film per  unit  
area on silicon with  no radial  heat  loss is 

dT dT 
J .  V - - k  = d C  

dx dt 

where  T ---- t empera tu re  of the film, J -- current  den-  
sity flowing through film, V ---- vol tage across film, 
k : coefficient of the rmal  conduct ivi ty  (11) ~ 3 • 
10 -3 cal cm -1 s e c - '  ~ - I ,  C = heat  capacity (11) 

0.4 ca l / cm 2, d ---- thickness of film, x : ver t ica l  
dimension, and t ---- time. 

The highest observed current  density f rom Fig. 9 
was 10 -5 A / c m  2 at about 100V, thus the  first t e rm 
giving the heat  imput  is about 2.5 • 10 -4 cal/cm2-sec. 
Assuming even a minimal  1~ tempera tu re  difference 
across the 1000A film gives a the rmal  conductance loss 
(second term) of 3 • 102 cal /cme-sec or six orders 
larger  than the  heat  generated.  Thermal  runaway  
seems highly unl ikely  under  these conditions. In 5000A 
films of evaporated silicon oxide Klein  and Burstein 
(12) observe the rmal  runaway  when the J "  V te rm is 
about 1 cal/cm2-sec or four  orders higher  than ever  
at tained with  SiO2; in addition their  the rmal  conduct-  
ance loss should be at least one order of magni tude  
less than for the 1000A films here. 
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Dielectric Breakdown in Silicon Dioxide Films on Silicon 
II. Influence of Processing and Materials 

C. M. Osburn * and D.W. Ormond 
IBM Thomas J. Watson Research Center, Yorktown Heights, New Yo~k 10598 

ABSTRACT 

The breakdown characteristics of thermal ly  grown SiO2 films on Si are shown 
to depend on oxide thickness, substrate doping concentration,  sample  prepara-  
tion, presence of passivating layers, and testing temperatures.  The maxlmurn  
breakdown strength varies as [thickness]-0-21 below 800A, is essentially con- 
stant  from 1000 to 2000A, and increases slightly (8%) with increasing testing 
temperature  in the range --196 ~ to -~300~ The breakdown s t rength is only 
moderately affected by the dopant- type level in the star t ing silicon wafer: 102~ 
phosphorus a toms/cm 3 in the silicon reduced the breakdown strength in 200A 
thick oxides by only 20%. The ini t ial  condition of the silicon wafer, cleaning 
procedure, oxidation temperature,  passivation layer, and postmetalization 
anneal  are importar~t parameters  in the control of defect-related, low-field 
breakdowns,  while the oxidation ambient,  substrate  doping, oxide thickness, 
metalization, and measur ing tempera ture  have little or no influence on this 
process. 

The fabrication of MOSFET devices requires the 
growth of SiO2 films that  will wi ths tand moderate 
electric fields. Defects in  the oxide that  lead to dielec- 
tric breakdown reduce both the yield and the rel iabi l-  
i ty of devices. For this reason, it is impor tant  to s tudy 
processing and other mater ia l  parameters  that  could 
lead to breakdown. 

Low-field breakdown in SiO2 films has previously 
been at t r ibuted to flaws or defects in the oxide or sili- 
con by several investigators (1-5). Considerable work 
has been done to establish the conditions which reduce 
defect concentrat ions and thereby maximize the di- 
electric strength. The effects of oxide thickness (2, 3, 
5-11), substrate doping (3, 4, 6), react ivi ty  of the metal  
electrode (2), postmetalization anneal ing (2), pas- 
sivating layers (2), and tempera ture  (3, 9) have been 
examined, but, unfor tunate ly ,  the results have not al- 
ways been in agreement.  For instance, it has been 
reported that  SiO2 breakdown strengths increase (2), 
decrease (3, 5-9), or are constant  (10) as the oxide 
thickness is increased. One common problem of many  
past studies is that  breakdown measur ing conditions 
have not been well  defined; as a consequence, defect- 
related breakdowns have obfuscated the results of in-  
vestigations made to determine the thickness and 
temperature  dependence of the m a x i m u m  breakdown 
strength, and the occurrence of undetected self-healing 
events has distorted statistical breakdown character-  
istics. Consequently,  earlier papers report  breakdown 
strengths in the range 5-7 MV/cm, while later ones 
give values of 8-10 MV/cm. This study represents an 
at tempt to systematically determine the effect of dif- 
ferent processing and mater ia l  variables on breakdown 
strengths through more carefully controlled, wel l -  
defined measurements .  

* Electrochemical Society Active Member. 
Key words:  dielectric breakdown,  sil icon dioxide films, si l icon 

processing; MOS, silicon dioxide defects. 

Experimental Procedure 
Metal-oxide-semiconductor  capacitors were fabri-  

cated on silicon wafers using procedures previously de- 
scribed (1). Both p- type  and n- type  substrates, having 
from 1014 to 1020 dopant  a toms/cm 3 of phosphorus or 
boron, were used in growing SiO.~ films from 50 to 
2000A thick. Oxide thicknesses were measured ellip- 
sometrically. Dry oxygen as well as oxygen saturated 
with water  at 95~ were used as ambients,  and oxida- 
tions were carried out from 900 ~ to 1200~ The s tand-  
ard processing involved dry oxidation at 1000~ of 2 
ohm-cm material.  Phosphosilicate glass layers were 
grown on some samples by depositing P205 onto SiO2 
at 800~ in an ambient  of 91% N2, 9% 02, and a small  
amount  (0.02-0.3%) of POCI~ followed by a dr ive- in  
at 975~ One hundred  metal  electrode dots were elec- 
t ron -gun  evaporated onto each wafer through masks in  
a clean evaporat ion system, and the wafers were given 
a 5-min postmetalization anneal  at 500~ in dry  ni t ro-  
gen. Aluminum,  magnesium, chromium, molybdenum,  
gold, and p la t inum electrodes were added, but  a lumi-  
num ones were used for most of this work. A s tandard 
metal  thickness of 3000A was used to permit  self-heal-  
ing breakdown events to occur (1). Statistical break-  
down distr ibutions were measured, and care was taken 
to measure the voltage of the first, self-heal ing break-  
down as well as the voltage of the final destruct ion (1). 
For device applications, only  the voltage of the first 
b reakdown event  is of interest  since it would render  a 
device useless; furthermore,  ini t ial  breakdown distr i-  
but ions are used to determine the defect densi ty as a 
funct ion of b reakdown field as discussed in Par t  I (1). 
The final breakdown field is impor tant  only in s tudying 
the ma x i mum dielectric s t rength of a defect-free film. 
The measur ing polari ty was selected to accumulate the 
silicon surface thereby minimizing the voltage drop in 
the wafer. 
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Results and Discussion 
O x i d e  t h i c k n e s s . - - W h e n  the  d i s t r i b u t i o n  o f  f i na l  

b r e a k d o w n  v o l t a g e s  is m e a s u r e d  ( s e l f - h e a l i n g  even ts  
i g n o r e d ) ,  t he  f r a c t i o n  o f  h i g h - f i e l d  b r e a k d o w n  even ts  
increases with increasing oxide thickness as shown in 
Fig. 1 [the field value of 0.8 Emax is used as the dividing 
line between low-field, defect-related breakdowns and 
high-field, intr insic breakdown as discussed in the pre-  
vious paper  (1)].  This thickness behavior, first re-  
ported by Chou and Eldridge (2), occurs because low- 
field breakdown events are more likely to recover 
through self-healing if the oxide is thick (1). Thus for 
thick oxides, the breakdown events are self-healing 
unt i l  the intr insic dielectric s trength is attained; for 
th in  oxides, all breakdown events are destructive. It 
therefore must  be emphasized that  the behavior in Fig. 
1 is the result  of a peculiari ty in the measurement  and 
cannot be related to any fundamenta l  property of the 
oxide. 

On the other hand, distr ibutions of the ini t ial  break-  
down voltages show a markedly  different oxide thick- 
ness dependence. From the results in Fig. 2 for three 
different capacitor areas, it is evident  that  the fraction 
of high-field breakdowns is independent  of oxide thick- 
ness, wi thin  exper imental  error. Even though each 
point represents an average of several wafers (or 400 
to 1000 capacitors tested),  the data show a large 
amount  of scatter because the breakdown character-  
istics have a strong wafer dependency. The capacitor 
area dependence of the breakdown probabil i ty  is con- 
sistent with films having 120 defects/cm 2. I t  is clear 
that  the occurrence of high-field breakdowns does not 
fall off markedly,  even for oxides as th in  as 200A. 
Films th inner  than 100A do show increased low-field 
failures, suggesting that  nonuniformit ies  in the Si/SiO2 
or SiOJA1 interface regions have dimensions that are 
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at least a sensible fraction of ~100A. On occasion, ex- 
ceptionally defect-free (~20  defects/cm 2) oxides were 
grown which did seem to show a few more defects in 
200-500A films as compared to 1000A thick ones. The 
authors observed that  the init ial  breakdown voltage 
distr ibution provides a more sensitive measure of 
wafer- to-wafer  defect variat ions than does the final 
breakdown one. When self-healing can occur, the 
final breakdown distr ibution reflects the max imum 
breakdown strength of a uniform film rather  than  the 
breakdown strength of a defective area. Ini t ia l  break-  
down voltages give results that  can be interpreted in 
terms of a property of the film (such as a defect density 
from the data in Fig. 2) while the final breakdown 
voltage cannot  be easily related to the qual i ty  of the 
film. 

The oxide thickness dependence of the max imum 
breakdown strength shows still another  type of be- 
havior (Fig. 3). The ma x i mum dielectric s trength ac- 
tua l ly  increases with decreasing thickness as observed 
by some previous investigations (3, 5-9, I I )  and as 
predicted by both thermal  (12-13) and electronic (13- 
15) breakdown models. Due to the l imited range of 
data available, it is not possible to precisely determine 
the relationship between Emax and d. With 2 ohm-cm 
Si and  d ~ 1000A, the breakdown strength is constant;  > 
however, with film less than 800A the ma x i mum break-  
down strength varies as d -0.21. The oxide thickness de- 
pendence is smaller for more heavily doped silicon 
wafers and is discussed later. This is smaller than the 
usual  d -o-~o dependence associated with the simplest 
models for electronic or avalanche breakdown but  it 
does approximate the d -0.2s behavior  predicted by 
Forlani  and Minnaja  (15). Fur thermore,  O'Dwyer 's  
(13, 16) consideration of space charge bui ldup due to 
avalanching as well  as collision ionization gives break-  
down strengths which do not va ry  with thickness as 
s trongly as d -0.So. 

Data of Fritzsche (3) and Pra t t  (11) are also in-  
cluded in Fig. 3 for reference. Both show increasing 
breakdown strength with decreasing oxide thickness 
with the exception of Fritzsche's curve at  22~ where  
defects have possibly masked the intr insic breakdown 
strength. Samples used in this study did not  exhibit  
as pronounced a tempera ture  dependence as reported 
by Fritzsche. In  Pra t t ' s  sput tered SiO2, Emax oc d-0.ss 
for films up to 10,000A thick in  contrast  to the constant  
breakdown strength observed here above 1000A. This 
thickness independence of the dielectric s trength for 
thicker films is even more surpris ing in view of theo- 
retical (13) and exper imental  (14, 15) evidence show- 
ing a varying  dielectric s t rength for bu lk  dielectric 
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layers  of o ther  mater ia ls .  This finding suggests tha t  
the b reakdown  process in th in-f i lm s t ruc tures  is in i -  
t ia ted  in a smal l  region of fixed thickness,  poss ibly  
near  the  in ject ing electrode.  

The da ta  in Fig. 3 also fit r easonably  wel l  to a 
EmaxV2 cc log ( l / d )  plot,  which  wou ld  indicate  tha t  the  
b reakdown  is the rmal  in nature .  However ,  this  a l t e r -  
nate  fa i lure  mechanism seems remote  because of the  
low power  input  levels suppor ted  b y  the capaci tor  just  
pr ior  to b reakdown  and because  of the  observed t em-  
pe ra tu re  dependence  of breakdown.  The high-f ie ld  in-  
s tab i l i ty  in the  cu r r en t -vo l t age  character is t ics  pr ior  
to b r eakdown  (1) is more  l ike ly  associated wi th  col l i -  
sion ionizat ion and F o w l e r - N o r d h e i m  emission (16). 

Substrate doping.--In the  MOSFET configuration, 
the gate e lect rode extends  over  the  diffused source and 
dra in  regions. Limi ted  da ta  in the  l i t e ra tu re  (3, 6) (see 
Fig. 4) indicate  tha t  the  SiO~ b reakdown  s t rength  de-  
creases m a r k e d l y  as the subs t ra te  doping increases 
from 1024 to 10Z9/cm. Ext rapo la t ion  of this data,  to 
~102o dopant  a toms /cm z typ ica l ly  used in the  source 
and dra in  regions of an FET device, reveals  a m a x i m u m  
b reakdown  s t rength  in the range  3-5 MV/cm, about  
twice tha t  encountered  in proper  device operation.  

The m a x i m u m  breakdown fields, obta ined using 100 
capaci tors  for each condition, are  shown in Fig. 4 and 
5 as a funct ion of dopant  concentra t ion for  severa l  
SiO2 thicknesses.  C lea r ly  subs t ra te  doping has a r a the r  
smal l  influence on dielectr ic  s t rength  since only a 10- 
20% decrease  in the usual  s t rength  was observed for 
the ex t reme  case of 200A films wi th  1020 impur i t y  
a toms /cm 3. The effect was even less pronounced for 
th icker  SiOz films, as summar ized  in Fig. 3 and 6, 
where  the  thickness dependence  of the  max imum 
b reakdown  field for 2 and 0.001 ohm-cm wafers  wi th  
boron and phosphorus  doping, respect ively,  are  p lo t -  
ted. I t  should be noted tha t  the behavior  is roughly  
the  same for al l  cases: i.e., increas ing b reakdown 
s t rength  wi th  increasing thickness.  The effect of th ick-  
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ness is somewhat  more pronounced  for the  more  
l igh t ly  doped substrate.  For  th icker  films (over  800A), 
high subs t ra te  doping reduces  the  b r eakdown  s t rength  
by  a few per  cent at  most. The effect of doping becomes 
as la rge  as 20% when the SiO2 thickness  is reduced  to 
200A. This change must  be considered minor,  how-  
ever,  in l ight  of the  more pronounced  SiO2 thickness  
dependence  which improves  oxide  b reakdown  over 
both heavi ly  and l igh t ly  doped wafers.  Curiously,  high 
phosphorus concentra t ions  have more  influence than  
boron does. The reverse  s i tuat ion might  have  been 
expected since phosphorus  segregates  to the  silicon 
dur ing  the SiO2 growth  while  boron moves into the  
oxide (17-19). 

Subs t ra te  doping had  no significant effect on the  
s ta t is t ical  d is t r ibut ion  of ini t ia l  b r eakdown  events  
when  eva lua ted  in te rms of two stat is t ical  pa ramete rs :  
namely,  the  fract ions of ve ry  low-f ie ld  (<0.2Emax) and 
of ve ry  high-f ield (>0.8Ema~) in i t ia l  b r eakdown  
strengths.  (Nei ther  of these pa rame te r s  cor re la ted  
wi th  the  doping level  in the  silicon.) S ta t i s t ica l  com- 
par i son  d id  show, however ,  tha t  cer ta in  wafers  ex-  
hibi ted subs tan t ia l ly  poorer  b reakdown  character is t ics  
than  usual.  Quite possibly,  surface defects  associated 
wi th  a given lot of wafers  can be more impor t an t  than  
dopant  concentrat ion.  Al though  the heav i ly  doped 
wafers  (0.001 ohm-cm)  conta ined sp i ra l  r ings  of dif-  
fe r ing  color (p resumab ly  nonuni formi t ies  in t roduced 
dur ing  g rowth) ,  t hey  exh ib i ted  typica l  b r eakdown  
propert ies .  Fo r  some unknown reason, the  n - t y p e  sam-  
ples used here were  consis tent ly  poorer  than the p - t y p e  
ones for all  doping levels.  Typica l ly  there  were  ,~300 
defec ts /cm ~ in n - t y p e  samples  but  only  --~lS0/cm ~ in 
p - t y p e  specimens, as es t imated  f rom the re la t ionship  

- - In  P - -  pA [1] 

where  p is the  defect  density,  A is the a rea  of a capaci -  
tor  dot, and P is the  f ract ion of ve ry  high-f ield 
(>0.8Emax) b r eakdown  events  (1). The difference 
might  be a t t r ibu ted  to in t r ins ica l ly  h igher  defect  den-  
sities for SiO~ film grown on n - t y p e  silicon wafers  or, 
more  l ikely,  to the  use of different  oxidat ion  furnaces  
for n -  and p - t y p e  mater ia ls .  

S t eady- s t a t e  cu r r en t -vo l t age  measurements  were  
taken  on MOS s t ructures  fabr ica ted  f rom 2 ohm-cm 
p - t y p e  as wel l  as on 2 and 0.001 ohm-cm n - t y p e  Si 
wafers.  When  the  capaci tors  were  biased sufficiently 
long for the low-f ie ld  t rans ien t  to decay, the  resul t ing 
I -V character is t ics  were  essent ia l ly  identical .  The 
sl ight  differences were  wel l  wi th in  the  normal  wafe r -  
t o -wafe r  var ia t ion  and a re  most  l ike ly  expla ined  by  
minor  var ia t ions  in SiO~ thicknesses  across the  wafers.  
Since conduct ion is l imi ted  by  the ba r r i e r  height  of 
the  in jec t ing  electrode (20), these measurements  
fur ther  suppor t  the  observat ion  (21) tha t  the  ba r r i e r  
height  does not  va ry  wi th  sil icon doping. 

I t  is evident  tha t  any  b r e a k d o w n  mechanism must  
explain:  (i) the  effect of subs t ra te  doping increases 
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with decreasing oxide thickness and (ii) phosphorus 
doping has more influence with A1 (-t-) than boron does 
with A I ( - - ) .  The reported segregation coefficient (17- 
19) for phosphorus is 10 compared to 0.1-0.3 for boron. 
Thus the difference between dopant  concentrat ions in 
the oxide and the silicon is greater  for phosphorus, but  
the absolute dopant  concentrat ion in  the oxide is 
greater  over the boron-doped substrates. If a certain 
fraction of the dopant  ions in the oxide were charged 
(i.e., P+ and B - ) ,  the excess positive charge in the 
phosphorus-doped sample would enhance  the electric 
field for the injected electrons while the negat ively 
charged boron atoms would reduce the field. This 
mechanism would explain the first observation; un -  
for tunate ly  capacitance-voltage curves do not  show 
any fixed charge in the oxide. In addition a charged- 
impur i ty  model leading to a field enhancement  would 
predict lower dielectric strengths for thicker films since 
the magni tude  of the enhancement  is related to the 
total charge in the film. 

Wafer processing.--In order to determine some pos- 
sible origins of defects in  thermal ly  grown SiO2 films, 
specimens were prepared under  various conditions in-  
cluding different SiO2 growth temperatures  in  both O.., 
and steam; the possible effects of different metal  elec- 
trodes and the postmetalization anneal  were also 
studied. 

Clearly, one obvious source of oxide defects stems 
from surface faults (e.g., scratches, pits, bumps)  in the 
star t ing silicon wafer. Chou and Eldridge (2) found 
that an HC1 vapor polish of the silicon followed by in-  
situ oxidation using rf heat ing resulted in far fewer 
defect-related breakdowns, but  apparent ly  this re- 
duction of defects was related more to the oxidation 
step than to the surface etching. A strong wafer  de- 
pendency of breakdown was already noted for Fig. 2 
where the data are quite scattered even though the 
points actual ly represent  averages over m a n y  wafers 
each having 100 capacitor dots. Caines and Duffy (22) 
have correlated the position of b reakdown in pyro-  
lyt ical ly grown A1203 with defects or contaminat ion 
of the s tar t ing silicon wafer. 

In order to bet ter  unders tand  the role of the sub- 
strate in breakdown, wafers from three suppliers were 
cleaned, oxidized, and metalized in the same run. 
Large area electrodes (50 mil  diameter)  were used to 
raise the frequency of defect-related breakdowns. The 
resul tant  defect densities (computed using Eq. [1]) 
were 29, 16, and 27 defects/cm 2 _ 5/cm 2 for the three 
wafer  sources; it thus appears that  defects related to 
the silicon polishing can vary  slightly from one lot of 
wafers to another. However, the defect densities that  
can be a t t r ibuted to silicon defects here (~25 /cm 2) 
are only a fraction of the defects computed from the 
data of Fig. 2 (i.e., 120/cm e) and from the experiments  
with high dopant  concentrat ions (150-300/cm2). Thus, 
much  of the wafer  dependency of the defect density 
apparent ly  arises from processing variat ions such as: 
solvent residues left on wafers dur ing  cleaning, in -  
complete drying, or di r ty  or par t ia l ly  devitrified fur-  
nace tubes. For  instance, wafers given a cleaning se- 
quence of trichloroethylene, isopropyt alcohol, and HF 
solution had 160 defects/cm 2 while control wafers had 
only 50/cm 2 after cleaning with NH4OH-H202, HCI- 
H202, and HF. It has been also observed on many  
wafers that  low breakdown capacitors are spacially 
clustered indicat ing the presence of either a larger de- 
fective area or a l ine defect. A large defect area ( > 200 
mil  diameter)  would more l ikely be due to processing 
than to wafer  defects, a l though line defects could be 
due to scratches or crystallographic steps. Scratches 
introduced dur ing  handl ing  have been observed to 
cause clustering of low-breakdown capacitors; other-  
wise, microscopic examinat ion  at 500 magnifications 
has general ly  failed to detect this defective area. 

Laver ty  and Ryan (5) have previously reported an 
effect of the oxidation tempera ture  on breakdown dis- 
tributions.  Unfortunately,  their  dis tr ibut ions were not 
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very similar  in shape to those encountered in other 
studies (1-3); they represent  very  substandard oxide 
films. This effect, as found on oxide films typical  of this 
study, is shown in Fig. 7 where the oxidation tempera-  
ture has very li t t le effect on films over 1000A thick; 
for th inner  films higher oxidation temperatures  pro- 
mote defects. The effect of oxide thickness becomes 
more impor tant  as oxidation temperature  is increased. 
When grown at 900 ~ or 1000~ the 200A films in this 
part icular  lot had about 15% more low-field break-  
downs than 1000A films; when  grown at 1200~ they 
had 45% more low-field breakdowns.  

Since oxidation tempera ture  influences breakdown, 
one might  expect to find a correlation of breakdown 
characteristics with oxidation ambient.  Strangely 
enough it does not mat ter  whether  oxidation is done 
in dry 02 or in oxygen saturated with water  at 95~ 
No difference in defect densities could be seen in oxides 
from 200 to 1000A thick grown under  ei ther condition 
at 1000 ~ or 1200~ These findings are in agreement  
with the more recent  results of Fritzsche (3), but  dis- 
agree with those of Ainger  (6) and Deal (23), who re-  
ported much lower dielectric s trengths for their  sam- 
ples. High- tempera ture  annea l ing  in ni t rogen (15 min 
at 1000~ following oxidation, increased defect den-  
sities by 50% in 1000A films and by 400% in 200A ones. 
Cleaning of the oxidation tube at 1150~ with a 6% 
HC1/O2 mixture  (24-25) followed by oxidation at 
1150~ resulted in a 60% decrease in defect density. 
Other work (26) has shown that  oxidation in  1% 
HC1/O2 at 1000~ is l ikewise effective in reducing the 
number  of defects causing dielectric breakdown. These 
results suggest that the improved breakdown charac- 
teristics seen with HC1 vapor-polished wafers (2) may 
be due to the presence of HC1 in the system rather  
than  due to a bet ter  surface polish. 

Several  oxide films were del iberately contaminated 
with NaC1, dur ing  or after growth, to gain an  unde r -  
s tanding of the role contaminant  ions play in defect 
formation and growth. Fi lms having 1014 N a + / c m  2, 
evaporated onto the SiO2 prior to electroding, showed 
normal  breakdown behavior when  the a luminum elec- 
trodes were biased negatively;  for A1 ( + )  however the 
peak of the breakdown dis t r ibut ion was shifted to a 
lower field as seen earlier by Raider (27). Other films 
were grown to half  their  final thickness, were con- 
taminated with 1014/cm 2 sodium ions, and were then 
grown to the desired final thickness. These films 
showed 5 • 10 TM mobile charges/cm 2. It was not  deter-  
mined if the remaining  sodium evaporated dur ing the 
final growth period or if it was left immobile  in the 
film. Breakdown measurements  with A1 ( - - )  showed no 
degradation while A I ( + )  sl ightly lowered the field at 
which the peak in the dis tr ibut ion occurred; never the-  
less, the fraction of lower field or defect-related break-  
downs did not increase due to the presence of the so- 
dium. 
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The oxidation temperature  and the ni t rogen annea l -  
ing dependence of the defect densi ty support  a model 
where a metal  excess in the oxide favors increased 
numbers  of defects. As the oxidation tempera ture  in-  
creases or after a h igh- tempera ture  N2 anneal ,  the oxy- 
gen content  of the oxide would be expected to be re-  
duced; both conditions give high defect densities par-  
t icular ly for th in  films. The rate  of oxide growth is 
i r re levant  as seen with the steam oxidation. Although 
crystall ization was suspected, the data do not support  
this mechanism since both steam and NaC1 should en-  
hance recrystallization. 

The choice of metal l izat ion mater ia l  did not influ- 
ence breakdown to any  significant extent  either. When 
biased negatively,  magnesium, chromium, a luminum,  
molybdenum,  gold, and p la t inum all gave similar 
breakdown distr ibut ions with a max imum breakdown 
strength of over 8 MV/cm. However, conduction mea-  
surements  (28) show many  orders of magni tude  dif- 
ference in  current  levels at a fixed field for injection 
from magnesium and for gold ver i fying the Fowler-  
Nordheim, bar r ie r -he ight - l imi ted  conduction mecha-  
nism. 

The postmetalization anneal ing  t rea tment  (5 min  at 
500~ in  N2) resulted in a slight improvement  of oxide 
integri ty  by reducing the defect density from 32 de- 
fects/cm 2 to l l / c m  2 on 1000A test films. This reduction 
of defects is believed to be due to the e l iminat ion of 
interface states, which if present, could create in terna l  
fields which would then enhance the applied field. 
Thus it appears feasible that  at least some of the oxide 
defects are electrically charged clusters ra ther  than 
s t ructural  or geometrical defects. Chou and Eldridge 
(2) report  that  a short anneal  improves the shape of 
the final breakdown dis tr ibut ion and that  a more pro- 
tracted anneal  at 500~ would induce s t ructural  defects 
which are responsible for shorts. Figure 8 extends the 
tempera ture  range of that  work down to 200~ No 
measurable effect is observed after 800 hr at 200~ 
while at 300~ anneal ing  doubles the defect density in 
only a few hundred  hours. Even at 250~ only a minor  
change is observed after 900 hr. The degradation after 
prolonged anneal ing  at 500"C in, the work of Chou and 
Eldridge was related to the reactivi ty of the metal  used 
for electrodes. Likewise with this lower temperature  
testing the onset of defect formation at 300~ correlates 
well with the onset of inject ion of a luminum into SiO2 
(29). Samples made with Pt  electrodes do not show the 
pronounced deteriorat ion at 300~ The degradat ion in 
breakdown characteristics is dependent  on oxide thick-  
ness as well  as temperature;  200A thick oxides show a 
high defect density after a few hundred  hours at 250~ 

Oxide passivation.--Earlier work (2) has shown that 
a thin phosphosilicate glass layer  was effective in re-  
ducing the low-field or so-called secondary breakdown 
events and hence in reducing the measured defect den-  
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Table I. Effect of phosphosilicote glass layers on defects causing 
dielectric breakdown in Si02 films 

P205 coneen-  Defec t  den- 
P S G  t h i c k n e s s  (A) t r a t i o n  (%) s i ty* (era -e) 

0 ( s t a r t i n g  oxide)  0 15 
0 (30 m i n  975~ N.~) 0 37 
60 2.1 19 
60 3.7 17 
60 4.0 12 
6O 5.4 6 
15 3 22 
35 3 18 
60 3 17 

* --+30% as m e a s u r e d  on  500A S i02  fi lms.  

sity. Fur thermore  the PSG increased the resistance of 
undoped and Na+-doped  wafers to extended anneal -  
ing in Ne at 500~ The improved properties are ex- 
plained by a cont inuous film of PSG over the under -  
lying SiO2 thereby filling pinholes or cracks in the film. 
The thickness and concentrat ion of the passivating PSG 
required to el iminate  defects has not  been ful ly ex- 
plored however. In  this invest igat ion PSG layers were 
deposited on both good (<30 defects/cm 2) and poorer 
(>100 defects/cm 2) films of SIO2. The substandard 
films were fabricated with an organic cleaning step, 
and oxidation was followed by a 1 hr annea l  in N2 at 
1000~ both conditions were previously shown to in-  
crease the number  of defects in the film. 

The results obtained with the good oxide are sum- 
marized in Table I. One immediate ly  sees that  the 30 
rain ni t rogen dr ive- in  at 975~ more than  doubles the 
defect density; hence, it is not surpris ing that  in many 
cases (when PSG thickness and concentrat ion are low) 
the defect density is higher in glassed films than it is 
in the star t ing films. Nevertheless, the defect density 
does decrease with both increasing PSG thickness 
and P205 concentrat ion in the glass. At least 60A of 
4% P205 glass is needed to obtain films that  are sub-  
s tant ial ly  bet ter  than  the star t ing films. Defect den- 
sities less than  5/cm 2 were never  observed even with 
200A of 9% P205 glass layers. Apparent ly  these defects 
(5-10/cm e) were due to defects in  the wafer and  could 
not be el iminated with PSG. We have already shown 
that  wafers obtained from different sources result  in 
defect densities that  vary  by over 10 defects/cm 2. It  
should also be emphasized that  the improvement  in 
breakdown characteristics seen with thicker PSG is 
very substant ia l  par t icular ly  in  e l iminat ing  low-field 
(<0.2Emax) breakdown events. A PSG layer, 10% of 
the total oxide thickness, can give an 80% improve-  
men t  in the breakdown s t rength of a capacitor. Ap- 
parent ly  very deep pinholes or cracks in the SiO2 layer 
are filled with the PSG. Since 60A of PSG is needed to 
realize bet ter  films, it appears that  the pinholes are of 
the order of 100A in  diameter.  

With the poorer films (___100 defects/cm2), the PSG 
addit ion markedly  reduced the defect density. The de- 
fect density dropped to 60/cm 2 with 60A of 2% P205 
and to 40/cm 2 with 60A of 5% P205 glass. Although 
this improvement  is substantial ,  it is not as large frac- 
t ional ly as the improvement  seen with good start ing 
films. It  is apparent  that  the effectiveness of PSG in 
improving breakdown characteristics is closely l inked 
to the condition of the s tar t ing oxide films. 

Temperature.--The t empera ture  dependence of the 
breakdown strength is expected to be very  helpful in 
analyzing the na ture  of the intr insic breakdown 
mechanism. Fritzsche (3) reported that  the intr insic 
max imum dielectric s t rength decreases with increasing 
tempera ture  from 0 ~ to 80~ in  much the same way 
as amorphous quartz. Chou and Eldridge (2) found 
very little change in  breakdown characteristics in  the 
25~176 range. Korzo (9) on the other hand reports 
an increasing breakdown strength up to about 25~ 
followed by a slight drop at 50~ his measurements  
were on oxides grown by pyrolytic decomposition of 
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ethyla tes  and had  unusua l ly  low over -a l l  b r eakdown  
s t rengths  leading  one to suspect de fec t - re la ted  b r e a k -  
down. 

To eva lua te  the effect Of measur ing  tempera ture ,  a 
ma t r i x  of samples  wi th  200, 400, 600, 800, 1000, and 
1500A SiO2 layers  were  tes ted at  --30 ~ +25 ~ 70 ~ 130 ~ 
and 20O~ in addition, severa l  wafers  were  also mea -  
sured at --196 ~ and +300~ F igure  9 gives some typ i -  
cal resul ts  showing a ve ry  s l ight  increase  ( ~ 8 % )  in 
m a x i m u m  dielectr ic  s t rength  on going from l iquid 
n i t rogen to 30O~ Breakdown dis t r ibut ions  were  also 
only s l ight ly  affected by  tempera ture .  The defect  den-  
s i ty could not be corre la ted  with  measur ing t e m p e r a -  
ture other  than  by  noting that  the fract ion of very  
low-f ie ld  (--~0.2Emax) events  increased by a few per  
cent on going from --30 ~ to 185~ These resul ts  fur -  
ther  suppor t  the conclusion tha t  most defects are  
present  in the MOS s t ructures  af ter  fabricat ion,  and, 
except  for the  lowest  field breakdown,  are  la rge ly  
unaffected by  measur ing  tempera ture .  

The t empe ra tu r e  dependence  of b reakdown  supports  
an electronic r a the r  than  the rmal  mechanism for 
breakdown.  With  t he rma l  breakdown,  models  indicate  
tha t  Emax �89 should decrease  l inear ly  wi th  increasing 
t empera tu re  (13), a t r end  tha t  is con t ra ry  to the  
present  data. Al though it wi l l  not  be deal t  wi th  in 
detai l  here, i t  should be r e m a r k e d  that  the  analysis  
of the t e m p e r a t u r e  dependence  of electronic b r e a k -  
down is by  no means  complete.  This dependence  enters  
into electronic models  via  the t empe ra tu r e  dependence  
of var ious  ionizing processes that  can take  place  in 
the  oxide  layer  and is p resumed to have a smal l  effect 
on Emax. Thus the  behavior  observed in Fig. 9 is con- 
sistent wi th  most electronic b r eakdown  models  and 
inconsistent  wi th  the t empera tu re  dependence  expected 
for the rmal  breakdown.  A r a m p - r a t e  dependence  of 
the b reakdown  dis t r ibut ion  s imi lar  to tha t  repor ted  
ear l ie r  (1) was observed over  the ent i re  t empera tu re  
range  giving fur ther  suppor t  to the  electronic b r eak -  
down model. The observat ion of the  r a m p - r a t e  de-  
pendence at  l iquid ni t rogen t empera tu re s  suggests that  
a space charge red is t r ibu t ion  in the  oxide occurs and 
is due to electronic ra the r  than  ionic charges. 

Summary 
Many processing and ma te r i a l  var iab les  a re  im-  

por t an t  to the b r eakdown  character is t ics  of t h e r m a l l y  
grown SiO2 films. The condit ion of the  s ta r t ing  silicon 
wafer,  the  wafer  c leaning sequence, the  oxidat ion  
tempera ture ,  the  pass ivat ion  layer ,  and  the  pos tmeta l -  
ization anneal  are  impor tan t  pa ramete r s  in the  control  
of defects tha t  have low b reakdown  strengths.  No 
single factor  was ever  responsible  for  al l  of the defect -  
re la ted  b reakdowns  a l though poor  wafer  c leaning 
would  subs tan t ia l ly  decrease  yield.  A number  of the 
defects can be associated wi th  the wafe r  as de te r -  
mined  b y  comparison of wafers  f rom different  sources; 
others  can p robab ly  be associated wi th  e lect r ica l ly  
charged clusters  tha t  are  neut ra l ized  dur ing  the post-  
meta l iza t ion  anneal,  and  the rest  can be a t t r ibu ted  
to defects in t roduced dur ing  growth.  A 1200~ oxida-  
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t ion subs tan t ia l ly  increases the  defect  dens i ty  in 20OA 
films. 

Surpr i s ing ly  enough, oxida t ion  ambien t  (wet  or d ry  
02),  subs t ra te  doping, oxide thickness,  metal izat ion,  
and t empe ra tu r e  had  l i t t le  or no influence on defect-  
re la ted  breakdowns.  High t empera tu res  seemed to 
favor  more  low-f ie ld  b reakdowns  a l though the increase 
was only a few per  cent  for a 200~ increase. Even 
though the m a x i m u m  b reakdown  s t rength  increased 
with  decreasing oxide thickness,  the  number  of defect-  
re la ted  b reakdowns  remained  constant  down to 200A. 
Below that  thickness  the  percentage  of low-f ie ld  fai l -  
ures increased.  A ve ry  s t rong wafer  dependence  was 
observed,  however ,  and severa l  lots of wafers  showed 
poorer  than  average  character is t ics  for  th in  samples.  
High oxidat ion t empera tu re s  did  aggrava te  the  influ- 
ence of the thickness  dependence  on b r e a k d o w n  dis-  
t r ibutions.  

Oxide thickness,  t empera ture ,  and  subs t ra te  doping 
influenced the m a x i m u m  b reakdown  strength.  F i lms  
grown on 2 ohm-cm p - t y p e  wafers  from 60-8OOA 
fol lowed the re la t ionship  Emax ~ d - ~  above  1000A 
the dielectr ic  s t rength  was 9.2 MV/cm. More heavi ly  
doped wafers  resul ted in a less pronounced thickness 
dependence.  The b r eakdown  s t rength  increased ve ry  
s l ight ly  (8% over  a 500~ range)  wi th  increasing 
tempera ture .  This behavior  points  to an electronic 
b reakdown  mechanism;  the  observat ion  of a high-f ield 
ins tab i l i ty  in the  cur ren t  vol tage  character is t ics  (1) 
provides  exper imen ta l  evidence of a space charge re -  
d is t r ibut ion  possibly  due to in te rna l  collision ioniza-  
t ion (13, 16). Subs t ra te  doping had only a minor  (20%) 
effect on dielectr ic  s t rength  and was most  not iceable  
for th inner  films a l though phosphorus  doping of the  
silicon wafers  had  a grea te r  influence than  boron dop-  
ing. 
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Electrical Conduction and Dielectric Breakdown 
in Silicon Dioxide Films on Silicon 

C. M. Osburn* and E. J. Weitzman 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Conduction through SiO2 films, t he rma l ly  grown on Si substrates,  was found 
to take  place via  a F o w l e r - N o r d h e i m  (F -N)  tunnel ing mechanism, af ter  an 
ini t ia l  t rans ient  cur ren t  associated with  t r app ing  of charge, mobile  ions, and 
space charge  red is t r ibu t ion  has died away.  The t empe ra tu r e  dependence  of 
the  s t eady-s ta te  F - N  cur ren t  decreases wi th  increasing appl ied  field and was 
found to be smal ler  in magni tude  than  prev ious ly  reported.  Typical  post-  
meta l iza t ion  anneal ing  t r ea tments  (e.g., 5 rain at  500~ in d r y  N2) lowers  the  
conduct iv i ty  of the  MOS capaci tor  s t ructures  by  two to th ree  orders  of magn i -  
tude,  an effect that  can be a t t r ibu ted  to the e l iminat ion  of e i ther  t raps  or fixed 
charge d is t r ibuted  throughout  the oxide. For  appl ied  fields la rger  than  8 
MV/cm, a cur rent  ins tabi l i ty  arises which  can lead to dielectr ic  breakdown.  
For  a wide range  of different  e lectrode mater ia ls ,  the onset of this  ins tabi l i ty  
appears  to cor re la te  wel l  wi th  the t empera tu re  and oxide thickness  depen-  
dences of breakdown,  as observed ear l ie r  (10). These findings are  discussed 
in te rms of a model  which suggests tha t  car r ie rs  can be genera ted  and re -  
d is t r ibuted  by  collision ionization processes wi th in  the oxide. 

Elect r ica l  conduct ion in SiO2 films grown on Si sub-  
s t ra tes  has been s tudied by  severa l  invest igators  (1-9) 
l a rge ly  because  of the  impor tance  of this  insula tor  in 
sil icon t rans is tor  technology. In  par t icular ,  it  is wel l  
known tha t  me ta l -ox ide - semiconduc to r  FET's  are  op- 
e ra ted  wi th  e x t r e m e l y  la rge  electr ic  fields (e.g., 1 to 
2 mV/cm)  so tha t  dur ing  test ing dielectr ic  b reakdown 
can subs tan t ia l ly  lower  the  per formance  of these de-  
vices. As pa r t  of a cont inuing effort to invest igate  the  
e lectr ical  in tegr i ty  of t he rma l ly  grown SiO2 films (10), 
p r eb reakdown  cu r ren t -vo l t age  character is t ics  become 
impor tan t  for gaining insight  into the  ma jo r  b r eak -  
down mechanisms and for re la t ing  var ious  mate r ia l s  
and processing pa rame te r s  to the  resu l tan t  intr insic  
dielectr ic  s trength.  

Since severa l  au thors  (11-13) have recen t ly  re -  
v i ewed  the var ious  conduct ion mechanisms  tak ing  
place  in thin insula t ing  films, this topic wi l l  not be 
deta i led  here  other  than  to remind  the reader  that  it  
is essential  to d is t inguish be tween  bu lk - l im i t e d  and 
e lec t rode- l imi ted  conduction processes. In  general ,  
electronic conduction, space -charge - l imi ted  conduc-  
tion, nonblocked ionic conduction, and impur i ty  con- 
duct ion a re  bulk  l imi ted  whi le  Fowle r -Nordhe im  
(F -N)  tunnel ing and Schot tky  emission are  e lectrode 
l imited.  Since SiO2 is such an effective insulator,  mea -  
surements  of conduct ion in Meta l /S iO2/Si  capaci tors  
are h igh ly  sensi t ive to p repa ra t ion  and pur i ty ;  conse- 
quent ly ,  resu l t s  v a r y  wide ly  f rom one inves t iga tor  to 
another.  Ear l i e r  s tudies  (3-5) indicated tha t  the  proc-  
ess was ionic in na tu re  due  to the  presence of mobile  
impuri t ies .  Refinements  in processing of MOS capac-  
i tors reduced  the impur i t y  content  (no tab ly  Na + ions) 
to the point  where  electronic conduct ion could be ob- 
served, where in  the  currents  were  bel ieved to be space-  
charge- l imi ted  modified by  t raps  (6) or space-charge-  
l imi ted  wi th  tunnel ing  at  the electrodes (7). Later ,  
mul t ip le  conduct ion states  were  observed in both 
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t he rma l ly  grown (8) and pyro ly t i ca l ly  deposi ted SiO2 
films (9), and the switching f rom one s tate  to another  
was l inked to the  presence of cer tain impur i t i es  in the  
oxide. Final ly ,  conduct ion th rough  h i g h - p u r i t y  SiO., 
has been demons t ra ted  to occur via a F o w l e r - N o r d -  
he lm tunnel ing  mechanism (1-2).  

This paper  deals  wi th  conduction th rough  h igh-  
pur i ty  SiO2 in MOS capaci tors  and its re la t ionship  to 
dielectr ic  breakdown.  The pa ramete r s  describing F - N  
conduction are  eva lua ted  from exper imen ta l  data, pa r -  
t i cu la r ly  the  t empera tu re  and vol tage  dependence of 
the current .  F ina l ly  an ins tab i l i ty  in the  conduct ion is 
compared  to the  oxide thickness  and t empera tu re  
dependence  of breakdown.  

Experimental Procedure 
Silicon wafers ,  2 ohm-cm p - t y p e  as ~ e l l  as  2 and 0.001 

ohm-cm n- type,  were  c leaned in solutions of NH4OH- 
H202, HC1-H202, and HF and then oxidized in dry  
O2 at  1000~ to form oxides f rom 200 to 15OOA thick. 
An  a r r a y  of 100 meta l  electrodes,  32 mils  in diameter ,  
were  e lec t ron-gun evapora ted  th rough  meta l  masks. 
Aluminum,  chromium, magnesium,  molybdenum,  gold, 
and p la t inum were  deposi ted for this  purpose  since 
they  cover a wide range  of e lec t rode  w o r k  functions. 
The MOS samples  were  subsequent ly  annealed for 5 
rain at 500~ in d r y  N2 in order  to remove radia t ion  
damage f rom the evapora t ion  step (14). Capaci tance-  
vol tage tests made  on e l ec t ro the rma l ly  stressed capac-  
i tors  indica ted  typ ica l  mobi le  ion concentra t ions  of 
less than  5 • 10 l0 cm-% 

Cur ren t -vo l t age  character is t ics  were  measured  wi th  
a Kei th ley  416 picoammeter .  Fo r  measurements  from 
room t empera tu r e  to 325~ the samples  were  p laced 
on a small  hot s tage inside a shielded box wi th  a d ry  
N2 ambient .  Measurements  were  also made in l iquid 
nitrogen.  Care was t aken  to ensure tha t  ex te rna l  l eak-  
age was negligible.  Special  measur ing  procedures  were  
requ i red  to obta in  r epea tab le  resul ts  because the I -V 
character is t ics  were  not  at  first reproducib le  (see Fig. 
1). Note tha t  the appl ied  field must  be cycled between 
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Fig. 1. Current-voltage characteristics of typical MOS capacitor 
showing cycling needed to achieve reproducibility. 

low and high values several t imes before the I-V 
curves for increasing and decreasing fields coincide. 
This same degree of reproducibi l i ty  could be at tained 
by stressing the capacitor at moderately  high fields 
(E --- 7 MV/cm) for several hours while the current  
decreased with t ime to a s teady-state  value. Although 
this behavior  was similar  to ionic polarization effects 
f requent ly  seen in other glasses, its appearance at tem- 
peratures as low as that  of l iquid ni t rogen pointed to 
an electronic ra ther  than ionic polarization in this 
case. No appreciable flatband voltage shift ( <  5 • 10 TM 

charges/cm 2) was seen as a result  of cycling or pre-  
stressing. 

Using thin metalizat ion ( <  3000A) so that weak 
spots or flaws in the oxide would be el iminated by 
self-healing breakdown processes (15), it was possible 
to obtain on a wafer, I -V characteristics for several 
capacitors that  were wi thin  a few per cent of one 
another. This high degree of reproducibili ty,  coupled 
with earlier observations that  the current  scaled with 
the capacitor area (1), indicated that  the measured 
current  was distr ibuted over the ent i re  electrode area 
and not localized. 

Results and  Discussion 
Trans ien t  conduc t ion . - -The  tempera ture  and the field 

dependencies of the ini t ial  cur rent  t rans ient  were 
studied in order to determine the origin of the decay 
seen here. Previous workers  have reported similar  
t ransients  and have a t t r ibuted them to ion motion 
(2, 5, 17) notably sodium or protons, charge trapped 
or released by i r radiat ion (18) or charge storage (4). 
Not surprisingly,  the t rans ient  decay rate increased at 
higher applied voltages. The decay was not accompa- 
nied by a current  t rans ient  in the opposite direction 
when the voltage was reduced to zero as is often seen 
(19) when polarization occurs. The charge levels in-  
volved in the decay, as determined by integrat ion of 
cur ren t - t ime  plots (16), were typically 1011-1014/cm2 
and were found to increase with increasing voltage as 
might be expected with trapped charge and in con- 
trast  to mobile charge. It  thus appears that  the t ransi-  
ent is due to t rapped charges being released at high 
fields. The trap depth determines the field required 
for release. It should be noted that a current  decay 
is observed at a high field after s teady-state  conduc- 
t ion was at ta ined at a lower field, giving fur ther  evi-  
dence that  the t rans ient  species is released by the high 
field. The almost l inear  increase in the t rans ient  charge 
concentration, with applied field in one sample from 
3 to 7 mV/cm, indicates that  the trap densi ty must  be 
uni formly  distr ibuted over this energy range in that  

sample. The t rans ient  behavior  is observed for both 
polarities of applied field wi th  roughly the same 
amount  of charge involved. Nevertheless, capacitance- 
voltage measurements  have not  been able to detect 
an appreciable flatband voltage shift ( >  0.1V) after 
the decay has occurred. Thus if t raps are involved in 
the process, they must  be located near  the metal  SiO2 
interface as concluded earlier (4). Calculations show 
that for these traps to account for 1014 t ransient  
charges/cm 2, they must  be located wi thin  0.2A of the 
metal-oxide interface for less than  0.1V flatband volt-  
age shift in a 1000A thick film. In  addition, 1014 
charges/cm 2 in  the oxide would create fields up to 50 
MV/cm. It appears more reasonable to postulate a 
lower number  of traps (i.e., 1011-1012/cm2); the field 
created by these trapped charges could then enhance 
the injected current.  The t rans ient  would thus be due 
to two components:  (i) mobile charge released from 
traps and (ii) injected electron current  due to an 
in ternal  space charge region. 

The shape of the current  decay curve  shows a large 
var iabi l i ty  al though it is s imilar  to an exponential  
curve. A single t ime constant  z in  I c c  Io e -- t/T does 
not satisfactorily describe the data at room tempera-  
ture. Instead two .different t ime constants must  be 
considered. Likewise the data could be represented by 
I cc 31t-1/2 + 32t-1/~ as might  be expected with ionic 
motion of different species (3, 17). The time constant  
for the fast decay in  one sample was about  15 sec at 
room temperature,  about twice that  at --200~ and half 
that at 75~ making  an exponent ia l ly  activated proc- 
ess un l ike ly  since it would have such a low activation 
energy (~0.01 eV). These t ime constants are not 
wi thin  the range observed for sodium or proton release 
from traps as reported by Hofstein (17) and probably 
represent  electronic traps. The slow decay (T ~ 150 
sec at 23~ is wi th in  the range described for ionic 
motion al though its smaller  contr ibut ion to the total 
current  prohibited accurate tempera ture  measure-  
ments. Likewise the complexity of this current  decay 
made it impractical  to get estimates of the distr ibution 
of t rap energies. Occasionally with the metal  biased 
positively, the cur ren t  would increase with t ime for 
the first 50 sec and then decay. At this t ime the origin 
of this behavior  is not known although the character-  
istics are similar  to those involving space-charge- l im- 
ited (SCL) t ransients  (5, 17, 20) with a very  long 
transi t  time. The lack of a s teady-state  current  after 
the peak (rounded cusp for SCL transient)  indicates 
t rapping is important .  

Conduct ion m e c h a n i s m . - - T h e  conduction process is 
not affected by the oxide thickness in the 2O0-150OA 
range since the applied fields required to produce 
given current  densities are independent  of thickness, 
in accord with the earl ier  results reported by Lenz-  
l inger and Snow (1) (see Fig. 2). Fur thermore,  to 
wi th in  exper imental  error, the currents  are indepen-  
dent  of substrate type and dopant  concentrat ion for 
inject ion from either electrode. Figure 3 shows typical 
I -V characteristics for various electrode metals;  the 
curve for inject ion from the bu lk  silicon is indepen-  
dent  of the counterelectrode material .  The spread in 
behavior is indeed very  large. For the most part, the 
logari thm of the current  density (J) is roughly pro- 
portional to the applied field (E), al though at higher 
fields a deviation from this behavior  is observed with 
Mg electrodes. In  addition, for high-field inject ion 
from A1, Mo, Pt, and Si (at least) ,  another  type of 
instabi l i ty  occurs in which the cur ren t  increases with 
t ime unt i l  a stable value is reached within  a few 
minutes.  Figure 4 i l lustrates this effect in more detail 
for a 1400A-thick oxide grown on a 2 ohm-cm n- type  
wafer; since the same type of behavior  was seen with 
p- and n - type  substrates, it can be concluded that  this 
part icular  instabi l i ty  is not due to minor i ty  carrier 
generat ion effects taking place in the Si depletion 
region. This high-field instabi l i ty  occurs at roughly 
the same field (8 MV/cm) independent  of electrode 
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Fig. 2. Oxide thickness dependence of conduction in Si02 show- 
ing applied field required to produce fixed current. (a, top) Elec- 
tron injection from aluminum electrode; (b, bottom) electron injec- 
tion from silicon. 
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Fig. 3. Current-voltage characteristics resulting from electron 
injection into the Si02 from various metals. 

material  al though the cur ren t  levels may  be con- 
siderably different when  it is observed. 

Both the Fowler -Nordheim and the Schottky con- 
duction mechanisms are highly sensitive to the barr ier  
height at the in ject ing electrode, and hence to the 
metal  as observed in Fig. 3. The distinction between 
Fowler-Nordheim and Schottky emission are best seen 
wi th  the energy level  d iagram of Fig. 5a. The energy 
difference between the metal  Fermi  level and the oxide 
conduction band  presents a barr ier  (4) for the elec- 
trons in the electrode to enter  the oxide which is t r i -  
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Fig. 4. Instability in I-V characteristics 

angular -shaped when an electric field is applied. Elec- 
trons can t unne l  through the bar r ie r  from the metal 
Fermi  level (Fowler-Nordheim)  or can be emitted 
over the bar r ie r  by thermal  emission (Schottky).  The 
intermediate  conduction mechanism is thermal ly  as- 
sisted electrode tunne l ing  whereby  thermal ly  excited 
electrons tunne l  through the upper  port ion of the 
energy barrier.  The actual  barr ier  is not  a sharp t r i -  
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Fig. 5. Energy and field distribution near metal-silicon dioxide 
interface. (a) Under applied field showing image force lowering; 
(b) after co||isio, ionization leaves re|ati~ely immobile positive 
charge (image force lowering neglected); (c) field distribution 
showing high-field region near interface and low-field region in 
bulk. 
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angle but  is curved and has a he ight  less than  ~ be-  
cause of image- force  lowering.  The image- force  lower-  
ing t e rm arises  from the potent ia l  red is t r ibu t ion  in the  
oxide as a resul t  of image charge induced in the  meta l  
from charge  in the  oxide. 

The F o w l e r - N o r d h e i m  tunnel ing  current  JFN into a 
solid wi th  a ba r r i e r  he ight  of r wi th  image- force  low-  
er ing is given by  (1) 

JFN : (q3E~m/8~hcm*) [1/t2(y) ] [~CkT/sin (:~CkT) ] 

X exp { - - [4 (2m*)  1/2 r hqE] v ( y ) }  [1] 

where  m* is the  electron effective mass  in the  SiDe, E 
is the appl ied  field, q, m, h, k a re  the electronic charge, 
e lect ron mass, P lanck ' s  constant,  and Bol tzmann 's  
constant ,  respect ively,  and 

C = 2 (2m*r v= t ( y ) / hqE  [2] 

y : I/~ (q3E/4~ er Eo) ~= [3]  

with er being the r e l a t ive  dielectr ic  constant  of SiO~ 
and ~o the pe rmi t t i v i t y  of free space. The correct ion 
for image- force  lower ing  appears  in the  el l ipt ic 
in tegra ls  t (y)  and v(y)  and are  t abu la ted  e lsewhere  
(21). 

The Schot tky  cur ren t  Js  is given by  (13, 20) 

Js : (4~mqk2/h 3) T 2 X exp {-- [ r  

- -  ~/E (q3/4~r~o)'A]/kT} [4] 

This Schot tky  conduction mechanism can be rejected 
for severa l  reasons: (i)  I t  predic ts  an exponent ia l ly  
ac t iva ted  t empe ra tu r e  dependence  which is not  ob-  
served in Fig. 6 and 7. (ii) The slope d log Js/d~/E, at 
room t empera tu re  gives a dielectr ic  constant  of only  
0.35, wel l  below even the optical  value  of 2.2. (iii) 
Tempera ture - f ie ld  plots (13) giving regions for 
Fowle r -Nordhe im  tunnel ing,  t he rma l ly  assisted tun-  
neling, and Schot tky  emission show tha t  F o w l e r - N o r d -  
heim conduction is expected for the condit ions in this 
work  wi th  the  possible except ion of the  highest  t em-  
pe ra tu re  (--300~ at lower  fields where  conduction 
does appear  to va ry  exponent ia l ly  wi th  reciprocal  t em-  
perature .  The in te rmedia te  mechanism of the rma l ly  
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Fig. 6. Temperature dependence of conduction for electron 
injection from aluminum. 
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Fig. 7. Temperature dependence of conduction for electron in- 
jection from silicon. 

assisted tunnel ing  can also be ru led  out  since tha t  
cur ren t  should v a r y  roughly  exponen t ia l ly  wi th  1/T. 

For  a given field, the  currents  observed  in this s tudy 
were  one - to - th ree  orders  of magni tude  g rea te r  than 
those repor ted  by  Lenzl inger  and Snow, wi th  the  ex -  
ception of a luminum inject ion where  it was two orders  
less (see Fig. 3). I t  should be noted tha t  a l ayer  of 
phosphosi l icate  glass (100A, 5% P~Os) under  the  a lu-  
m i n u m  contact  did not change the no rma l ly  observed 
current .  With in  the  l imits  of expe r imen ta l  error,  the  
present  da ta  would  fit Eq. [1]; fur thermore ,  Lenzl inger  
and Snow's  observat ion  of the  absolute  magni tude  of 
the  cur ren t  being one order  of magni tude  low can be 
exp la ined  by  only a few per  cent  e r ror  in ba r r i e r  
height,  effective mass, or even oxide  thickness  which 
seems ve ry  reasonable  in v iew of the i r  discrepancies  
in effective mass. 

Due to the  dominan t  exponent ia l  t e rm in Eq. [1], it  
was not possible to independen t ly  de te rmine  the  ba r -  
r ie r  height  and the effective mass  from the da ta  but  
only  the i r  product .  Lenzl inger  and  Snow used add i -  
t ional  ba r r i e r  height  measurements  to de te rmine  the  
effective mass; they  found a best  fit for a mass  rat io  
of about  0.43, but  this  ra t io  var ied  by  over  10% de-  
pending  on the  meta l  electrode,  and  it was not  suffi- 
cient to expla in  thei r  observed t empera tu re  dependence.  

Table  I gives the  slope of the  J/E2 vs. 1/E plot  for 
inject ion f rom var ious  meta ls  in column 2; co lumn 3 
gives the  ba r r i e r  height  if  one assumes m * /m  ---- 0.5 
wi th  the  s t andard  devia t ion  for  the  least  squares  fit 

Table I. Conduction and breakdown strengths for injection 
from various metals 

Metal 

Ba r r i e r  
height, eV Breakdown 

* s t reng th  
r �9 v (g) T h i s  E m a x  

s t u d y t  L i t e ra tu re  (mV/crn) 

M g  1 . 7  1 . 9  [ 0 . 3 ]  

S i  (bulk) 3.6 3.1 [0.1] 

Cr ~6  3.1 [0.3] 
P t  3.7 3.2 [1.1] 
Mo 4.0 3.4 [0.2] 
A1 (23"C) 4.2 3.5 [0.3] 

(IO0~ 3.6 3.1 [0.5] 
(200"C] 3.4 3.0 [0.3[ 

Au 7.8 5.2 [0.6] 

2.4 (1) 8.3 
2.25-2.5 (2) 
3.25 (1) 8.9 
3.15 (18, 22), 

3.29 (23) 
3.2 (22) 8.0 
- -  8 . 8  
- -  0 . 2  
3.2 (1, 21) 9.2 

4.2 (I) 8.0 
4.0-4.1 (21) 

t A s s u m i n g  m * / m  = 0.5. 
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given in brackets [the correction for image-force low- 
ering, from v (y), is about  7% using the optical dielec- 
tric constant  of 2.2]. The barr ier  heights are wi thin  
10% of those reported (I, 18, 22-24) elsewhere for Si, 
Cr, Mg, and AI; the agreement for the Au barr ier  
heights is not as good where the exper imental  error is 
large. Despite the high work funct ion of Pt, the Pt -  
SiO~ barr ier  was only 3.2 eV high, as determined by 
I -V measurements.  Quite  possibly this unexpectedly 
low value as well  as differences in  conduction levels 
between this work and that  of Lenzlinger and Snow 
can be explained in terms of impuri t ies  at the M/SiO2 
interface al ter ing work functions. As shown by the 
measured bar r ie r  heights in  Table I, there is a reason- 
able spread in the values from one study to another. 

The most obvious tempera ture -dependent  term in 
the Fowler-Nordheim conduction equat ion is (~CkT)/  
sin (nCkT).  By adjust ing the effective electron mass, 
Lenzlinger and Snow could fit their  data to that  func-  
t ional form for one given field s trength but  then show 
that such a mass adjus tment  is unwarranted .  They 
subsequent ly  calculated the tempera ture  dependence 
of the barr ier  height that  would give such results. An 
examinat ion of the tempera ture  dependence of the con- 
duction in Fig. 6 and 7 for several  different field 
strengths show: (i) the temperature  dependence is 
smaller for higher fields; (ii) the S i ( - - )  polari ty con- 
dit ion gives a more pronounced var ia t ion with tem- 
pera ture  than the A I ( - - )  one; and (iii) at lower fields, 
the current  at higher temperatures  begins to increase 
very rapidly. On the basis of these observations, it 
seems that more than one term in Eq. [1] is tempera-  
ture dependent.  Although the ~rCkT/sin (~CkT) term 
does give a more pronounced temperature  dependence 
at low fields since C oc l iE,  it does not quant i ta t ively  
describe the var iat ion of temperature  dependence with 
field. In  the exponent ial  term, m*, 4, and the dielectric 
constant  in v (y) could vary  with temperature;  a var ia-  
t ion in barr ier  height seems most l ikely to explain the 
second observation. Table I also gives the least squares 
slope of the conduction for a few temperatures  and 
shows that  the exponential  term in Eq. [1] decreases 
with increasing temperature.  The rapid increase in 
current  at high temperature  and low field can be ac- 
counted for by either the ~CkT/s in  (~CkT) te rm which 
becomes infinite at CkT ~ 1 or by a change of conduc- 
t ion mechanism to one that  is activated such as 
Schottky emission or even bulk  conduction; Faradaic 
currents  are probably  too small  to make any con- 
t r ibut ion at these temperatures  (25). Higher tempera-  
ture  measurements  wil l  be necessary to resolve this 
conduction mechanism. Although the temperature  and 
field dependence of the current  are more complex than 
originally reported (1), the magni tude  of the variat ion 
is smaller  par t icular ly  with A I ( - - ) .  This may be at-  
t r ibuted in part  to a t rans ient  species that required 
special precautions to insure steady-state results as 
discussed earlier. Often a very large temperature  de- 
pendence of conduction was observed on init ial  thermal  
cycling. These data were not repeatable  however, and 
the final reproducible data showed much less var iat ion 
with temperature.  

Anneal ing  of the SiO2 films after metalization had a 
very impor tant  effect as shown in Fig. 8 by markedly  
reducing the current  result ing from a given applied 
field for electron inject ion from both the A1 and the Si 
contacts. Addit ional  heat t rea tment  (5 rain or more 
at 500~ did not  fur ther  shift the 10 min, 500~ curves 
by more than a few per cent. Analysis  of the data re-  
veals that  the Fowler-Nordheim slopes of the una n -  
nealed specimens give barr ier  heights for both elec- 
trodes that are 1.5 eV lower than those of annealed 
specimens. It  seems unl ike ly  that this is a t rue barr ier  
height lowering due to impuri t ies  or surface states at 
the inject ing interface since the apparent  barr ier  low- 
ering is the same for the Si/SiO2 interface as for the 
A1/SiO2 one. Instead two al ternate  models are pro- 
posed. First  there is a t rap level 1.5 eV below the con- 
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Fig. 8. Effect of postmetalization annealing on the I-V char- 
acteristics of an AI-Si02-Si capacitor. (a) Electron injection from 
aluminum electrode; (b) electron injection from silicon. 

duction band in Si02 that  can be annealed out; elec- 
trons are injected into this level with the unannea led  
samples and have sufficient mobi l i ty  to t ravel  along 
this trap level through the sample. It should be noted 
that t rap levels (18) 2.0 eV below the conduction band 
have been reported and that  i r radiat ion has changed 
barr ier  heights at Si-SiO2 and Cr-SiO2 interfaces (23). 
In  the second model, unannea led  charge trapped in the 
bulk varies the potential  distr ibution wi thin  the oxide 
result ing in a nonl inear  potential  vs. distance profile 
thereby altering the shape of the tunne l ing  barrier.  If 
the trapped charge is somewhat uni formly distributed 
throughout  the oxide, the tunne l ing  barr iers  at both 
interfaces will be equal ly  reduced. F la tband  voltage 
shifts during the anneal  show relat ively small  changes 
in charge (,~1012/cm 2) compared to the amount  of 
charge necessary to Schottky lower the bar r ie r  by 1.5 
eV (~2  X 1013/cm2); nevertheless, localized charges 
are not detected by the fiatband voltage measurement.  
Without addit ional measurements  it is not possible to 
determine which model is more correct. Since samples 
metalized from a tungsten  filament instead of with an 
electron gun did not show as large an effect of anneal -  
ing, the traps or oxide charge are presumed to be in-  
duced dur ing metalizat ion rather  than present  in as- 
grown oxide films. 

Dielectric breakdown.--The high-field current  insta- 
bil i ty is of par t icular  interest  in the s tudy of dielectric 
breakdown. Figure 9 shows a typical current  vs. time 
plot in this region of instabili ty.  The time constant 
associated with this cur ren t  bui ldup appears to de- 
crease slightly as the applied voltage increases. This 
instabi l i ty  is observed over only a small  upper  field 
region with a width of about 5% of the applied field 
making it somewhat difficult to observe experimentally.  
As Fig. 4 shows, there is a voltage at which the steady- 
state I -V curve becomes vertical  and results in break-  
down. The instabi l i ty  in Fig. 9 also occurs at a com- 
parable rate when the sample is immersed in liquid 
ni t rogen making  a thermal  breakdown mechanism un -  
likely. Likewise, any redis t r ibut ion of space charge 
by motion of ionic carriers seems unreasonable  part icu-  
lar ly  since the low-field I -V characteristics are repro- 
ducible after the conduction has been unstable.  When 
the field is reduced after a period of t ime in the un-  
stable region, the current  relaxes to its original low 
value at that  field; the t ime constants for this relaxa-  
t ion are about the same at --196 ~ and 23~ Capaci- 
tance-voltage flatband measurements  made immedi-  
ately after the instabi l i ty  had occurred showed at least 
0.2V shift for the M ( - - )  instabi l i ty  and ,-~IV for the 
M(-{-) one. This C-V shift apparent ly  indicates posi- 
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Fig. 9. Time dependence of current instability for various applied 
vo|tages, 

tive charge in the oxide near  the inject ing electrode 
as a result  of the high-field instabili ty.  

This onset of this instabi l i ty  correlates very  well 
with the m a x i m u m  breakdown s t rength [measured 
with a voltage ramp (10)] in both thickness and tem-  
perature  dependence. Figure  10 shows the onset cur-  
rent  increasing markedly  with decreasing oxide thick- 
ness for films less than 800A thick and remain ing  con- 
stant  for thicker films. Data showing the increasing di-  
electric s t rength with decreasing thickness below fl00A 
are included for reference (10). The current  region 
over which stable Fowler-Nordheim tunne l ing  occurs 
is merely  extended for th in  oxides. The tempera ture  
dependence of the m a x i m u m  breakdown strength (10) 
is plotted in Fig. 11 along with that  of the onset of the 
instability. The scale is great ly expanded, and both the 
breakdown field and the instabi l i ty  field increase by a 
few per cent with increasing temperature.  The obser- 
vat ion that  the instabi l i ty  occurs at a fixed field re-  
gardless of the barr ier  height of the inject ing electrode 
is fur ther  substant iated by breakdown measurements  
included in Table I showing the max imum break-  
down strength is constant  to wi thin  10% for the differ- 
ent metals tested. 

The relat ive tempera ture  and barr ier  height inde-  
pendence of the current  ins tabi l i ty  are evidence that  
the instabi l i ty  is field-controlled. In  this regard, it is 
possible to associate the instabi l i ty  with the onset of 
nondestruct ive avalanching in the oxide in a region, 
probably  close to the inject ing electrode. After  injected 
electrons drift  under  the influence of the applied field, 
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addit ional  carriers are created by collision ionization 
forming a space charge region which can modify the 
shape of the previously t r iangular  tunne l ing  barrier.  
The process is d iagrammed in Fig. 5b and c, wherein,  
under  the application of a field E, injected electrons 
with mean free path X gain energy E~; above a critical 
field this energy becomes enough to excite carriers 
from an energy level wi thin  the bandgap upon colli- 
sion. The excited electrons are rapidly swept to the 
collecting electrode leaving positive charge a distance 
of ~ from the inject ing electrode. This charge modifies 
the potential  and field dis tr ibut ion as seen in Fig. 5b 
and c with the effect of increasing the field in a narrow 
region a round the inject ing constant  and reducing the 
field in the rest of the bulk. The reduced field prevents  
fur ther  collision ionization in the bulk  that  could lead 
to complete breakdown. Ionization at the interface 
continues unt i l  all the available traps are excited or 
unt i l  recombinat ion and ionization rates equalize re- 
sui t ing in a s teady-state  condit ion after  a few minutes  
(see Fig. 9). The current  enhancement  is due to the re- 
duction in the size of the tunne l ing  barr ier  (Fig. 5b);  
calculations with a 4 eV high barr ier  demonstrate  over 
a 30% reduction in bar r ie r  area wi th  10 TM charges/cm 2 
(0.01 of a monolayer)  located 100A from the interface. 
With a 34A mean  free path (26) and an 8 MV/cm 
nominal  field, the injected carr iers  should be able to 
excite traps 2.7 eV below the conduction band.  Cer- 
ta inly  a sophisticated t rea tment  of the process would 
consider the energy dis t r ibut ion of traps and the 
var iance of the mean  free path. I t  is surprising, how- 
ever, that  an electronic process should have such a long 
time constant  (viz., 100-500 sec). 

Recently, O'Dwyer  (2?-28) has made theoretical cal- 
culations of high-field conduct ion for a dielectric ma-  
terial  in which collision ionization processes are taken 
into account. His I -V curves for both Fowler-Nordheim 
and Schottky cathode emission show a negative re- 
sistance instabi l i ty  which he associates with break-  
down in very  much the same way that  the instabil i ty 
observed here can be associated wi th  breakdown. The 
dielectric thickness coefficient ('v) of b reakdown as 
computed in Emax cc d - v  using his model is general ly 
less than one half which is usual ly  associated with elec- 
tronic breakdown and one quar ter  which has been 
predicted under  certain conditions (29). Samples simi- 
lar  to those used there (10) showed En~ax ~ d -~ This 
work then provides qual i ta t ive exper imenta l  support  
for O'Dwyer 's  model. More precise quant i ta t ive  com- 
parisons wil l  need to be based on physically deter-  
mined properties such as ionization coefficients and 
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car r i e r  mobil i t ies;  these data, unfor tuna te ly ,  a re  not 
ye t  avai lable .  

Summary 
The ini t ia l  conduct ion in t he rma l  SiO2 films is seen to 

decrease wi th  time. The decay can be charac ter ized  by  
at  least  two different  exponent ia l  t ime constants.  The 
fast  decay  is nea r ly  t empera tu re  dependent  whi le  the 
magni tude  and t e m p e r a t u r e  dependence  of the  slow 
component  agrees  wi th  da ta  (17) on release of mobi le  
ions f rom traps.  Due to the  lack  of an apprec iab le  
f la tband vol tage  change dur ing  decay, only  a small  
component  of the  t rans ien t  cur ren t  can be a t t r ibu ted  
to mobile  ion mot ion  or  polar izat ion.  A s teady-s ta te  
conduct ion is observed af te r  severa l  hours  under  h igh-  
field (7 MV/cm)  stressing. The da ta  equa l ly  wel l  fit log 
J vs. E 1/2 and log J /E  2 vs. 1/E plots  indicat ive  of 
Schot tky  and F o w l e r - N o r d h e i m  emission processes, re -  
spectively.  The fo rmer  mechan i sm seems un l ike ly  be -  
cause it predic ts  a dielectr ic  constant  va lue  for SiO., 
which is much less than  the expe r imen ta l ly  observed 
one and the t e m p e r a t u r e  dependence  of J is not  ex -  
ponen t ia l ly  act ivated,  as expected.  The da ta  fit the  
F o w l e r - N o r d h e i m  conduct ion equation,  a l though both 
the effective mass and the ba r r i e r  height  could not be 
independent ]y  computed  because  the  resul ts  were  not 
sufficiently accurate.  However ,  assuming a reasonable  
effective mass, the ca lcula ted  ba r r i e r  heights  give good 
agreement  (to wi th in  10-20%) to prev ious ly  measured  
values. 

The t empera tu re  dependence  of the conduct ion is 
more  complex  than  prev ious ly  repor ted  (1) since it 
was found to decrease  wi th  increas ing appl ied  field, 
va ry  wi th  e lec t rode  mater ia l ,  and  become exponen-  
t ia l ly  ac t iva ted  at  low fields. The resul ts  cannot  be 
exp la ined  in t e rms  of the  usual  t empe ra tu r e  depen-  
dence of F o w l e r - N o r d h e i m  conduction;  ra ther ,  one is 
forced to consider  a t e m p e r a t u r e - d e p e n d e n t  ba r r i e r  
height  or  effective mass. I t  is not known whe the r  the 
ac t iva ted  region represents  Schot tky  or bu lk  conduc-  
tion. 

The pos tmeta l iza t ion  anneal  reduced  the cur ren t  
level  by  up to three  orders  of magni tude  for both 
polari t ies .  The mechanism proposed  involves charged 
defects or t raps  in the  unannea led  oxide film. I t  was 
not possible to de te rmine  if tunnel ing  and conduction 
were  v ia  these  t r ap  levels  r a the r  than  the oxide  con- 
duct ion band or if the  charged  defects  modified the 
in te rna l  po ten t i a l  d i s t r ibu t ion  so as to reduce  the  size 
of the  tunnel ing  bar r ie r .  

A high-f ie ld  cur ren t  ins tab i l i ty  was observed tha t  
could lead to dielectr ic  b reakdown;  the  onset  field of 
this  ins tab i l i ty  was about 8 MV/cm and was indepen-  
dent  of the  e lectrode mater ia l .  L ikewise  m a x i m u m  
b reakdown  s t rengths  were  not  s ignif icant ly influenced 
by  the choice of the e lec t rode  metal .  The  onset of the 
ins tab i l i ty  increases  wi th  decreas ing oxide thickness  
and increas ing t e m p e r a t u r e  in much the same w a y  as 
dielectr ic  s trength.  The observat ion  of this  ins tab i l i ty  
at  low t empera tu re s  points  to an electronic mecha-  
nism. The resul ts  qua l i t a t ive ly  fit O 'Dwyer ' s  (27-28) 

model  where  the  ins tab i l i ty  is due to collision ioniza-  
tion. F u r t h e r  calculat ions wi th  this  model  must  awai t  
addi t ional  da ta  on ionizat ion and dr i f t  kinet ics  in SiO~. 
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Preparation of (Y, Yb, Er)F  Phosphors for 
Green-Light Emission 

Sidney G. Parker* and Rowland E. Johnson 

Texas Instruments Incorporated, Dallas, Texas 75222 

ABSTRACT 

A coprecipitation method has been used to prepare (Y,Yb,Er)F3 phosphor 
powders for conversion of infrared to visible light. The coprecipitated mater ia l  
was treated in a stream of HF at 800~176 to dehydrate the powder and 
convert  oxyfluorides to the fluorides. An interest ing example of crystal  growth 
occurred which gave a stable phosphor of the desired particle size. The phos- 
phor converted up to 3% of the infrared radiation of GaAs:Si  diodes to green 
light at 5400A. 

(Y, Yb,Er)F8 has been used for conversion of infra-  
red light of 9300-9600A to green light having a wave-  
length of 5400A (1). The phosphor has previously been 
prepared by mel t ing the fluorides of Y, Yb, and Er to- 
gether or by heating the fluorides together in a flux 
such as BeF2, then leaching out the flux (1,2). The 
mater ia l  obtained by melt ing the fluorides was un i -  
form in composition, but  the particles were too large 
for an application which required a particle size ~20 
~m. When ground to the desired particle size, the crys- 
tals were apparent ly  damaged, seriously reducing the 
phosphor conversion efficiency by 50% or more. F lux-  
grown mater ial  also required gr inding and, in addition, 
was nonun i fo rm and contained a high concentrat ion 
of flux even after extensive leaching. A fur ther  dis- 
advantage is the highly toxic na tu re  of BeF2. In  both 
methods, the s tar t ing mater ial  must  be the anhydrous, 
h igh-pur i ty  ra re-ear th  fluorides. 

We describe a method of coprecipitation of the rare 
earth fluorides, washing and filtering the precipitate, 
and t rea tment  with HF at 900~ to prepare the phos- 
phors. The phosphors are uniform, of the proper par-  
ticle size and show a high conversion efficiency. The 
star t ing materials are rare earth oxides which are 
readi ly available in high pur i ty  at relat ively modest 
price levels. 

Experimental 
Oxides of Y, Yb, and Er of 99.999%, 99.999% and 

99.9999% puri ty  (with respect to other rare earths) 
were used. Approximate ly  10g of the oxides in the 
desired mole ratio were dissolved in 25 ml  of hot con- 
centrated HC1. The clear solution was diluted with 50 
ml HeO and cooled to room temperature.  To this solu- 
tion in a polyethylene beaker we slowly added, while 
st irr ing vigorously, a mixture  of 10 ml concentrated 
HF and 10 ml concentrated HNO3. The gelatinous pre- 
cipitate which formed was digested at ~70~ with 
constant  s t i rr ing for 20-24 hr d u r i n g  which the pre-  
cipitate became more crystalline. The supernatant  
l iquid was decanted and the precipitate washed with 
10% HF-10% HNO3 unt i l  the wash was free of chlo- 
rides. The digestion and washing with 10% HF-HNOa 
was repeated several times. The precipitate was then 
rinsed with methanol,  filtered, and air-dried at l l0~ 
it was a free-flowing powder which was probably a 
mixed rare earth fluoride and oxyfluoride with an un-  
known amount  of water  of hydration.  

The material  was heated slowly to 800~ over a 
period of 2 hr in a s tream of He or N2. Anhydrous  
HF was then mixed into the gas stream and the mate-  
rial  was heated at 900~ for 4-8 hr. The reaction 
chamber  was a vitreous carbon tube or an i r idium 
tube with carbon l iner;  the phosphor was held in a 
p la t inum or vitreous carbon boat. The final product 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  p h o s p h o r s ,  i n f r a r e d  conversion, rare-earth compounds,  

coprecipitation, crystal  growth.  

from this dehydrat ion-crys ta l  growth t rea tment  was 
very stable in air and could be used as a phosphor 
without fur ther  processing. It is rout inely  stored in a 
desiccator or drying oven and has shown no degrada- 
tion of phosphor efficiency in more than a year. 

Opt imum processing conditions were selected by 
comparing conversion efficiencies of the phosphors. We 
define efficiency as the ratio of green- l ight  output  to 
infrared power emitted by a GaAs diode; an efficiency 
of 3.0% was achieved with our best phosphors. 

Results and Discussion 
Composition and Purity 

A n  o p t i m u m  p h o s p h o r  c o m p o s i t i o n  w a s  
Y0.s0Yb0.tgEr0.01F3 as determined by varying  the Y/Yb 
and Yb /Er  ratios independently.  The source of the 
star t ing materials  great ly influenced the efficiency of 
the result ing phosphor. For example, Y and Yb, re- 
ported to be 99.999% purity, from two different sources 
gave phosphors of 1.5 and 2.5% efficiency. Analysis  of 
the ra re-ear th  elements and their compounds is very 
difficult; al though emission spectroscopy is f requent ly  
used, the complex spectra make detection of many  im-  
purit ies impossible. Table I shows emission spectro- 
graphic analysis of typical phosphors; in  this series, 
only Batch 36 had a high efficiency, and it  also had the 
highest purity.  

Table II shows the results obtained by mass spectro- 
graphic analysis on phosphor mater ia l  as coprecipi- 
rated and after the dehydrat ion-crys ta l  growth steps 
and indicates the large n u m b e r  of impuri t ies  present. 
The concentrat ion of all impuri t ies  except carbon and 
gold was decreased by the dehydrat ion-crys ta l  growth 
in HF. The amount  of oxygen in the mater ia l  was 
ra ther  high even after dehydrat ion and suggests that  
the final product may still contain oxyfluoride. Carbon 
could come from the organic compounds used for ex- 
traction and purification of the ra re -ear th  oxides or 
from the carbon tube and boat used dur ing dehydra-  
tion. The effects of various impuri t ies  on phosphor per-  
formance were not studied. Electron microprobe analy-  
sis showed the particles to be homogeneous wi th in  the 
accuracy of the ins t rument  which was •  

Coprecipitation Conditions 
It  was necessary to exercise control  over the copre- 

cipitation conditions to give a mater ia l  easy to handle, 

Table I. Emission spectrographic analyses of 
Yo.soYbo.19Ero.olF3 phosphors 

I m p u r i t i e s  in  pprn  b y  w e i g h t  

Batch No. M g  M n  Cu  Si B 

36 0.1-1 N D  0.1-1 1-10 N D  
62 0.1-1 N D  0.1-1 1-10 1-10 
64 0.5-5 0.1-1 0.1-1 1-10 N D  

610 
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Table II. Mass spectrographic analyses of 
Yo.soYbo.19Ero.olF3 phosphors 

(ppm atomic) 

D e h y d r a t e d -  
C o p r e c i p i t a t e d  s in t e r ed  

I m p u r i t y  m a t e r i a l  m a t e r i a l  

C 1200 2200 
O 20.000 6000 
Na 560 115 
Mg 28 10 
AI 430 11.3 
P 1O 2.8 
Cr  I0 1.6 
Ni  6.5 - -  
Cu 560 13 
Zn  177 4.4 
Te 50 19 
Ba 1.1 0.28 
A u  4.3 6.1 
H g  0.89 
P b  4.1 -~.3 
Si 1800 - -  

as established in past work (3), as well as a mater ial  
which has a high conversion efficiency. Standard pro- 
cedures described ~or gelat inous precipitates include 
low tempera ture  (25~ precipitation, dilute solutions, 
and slow addition of the precipi tant  with stirring. Phos-  
phors prepared from concentrated solutions or at 
elevated temperatures  gave approximately 1/20 the 
conversion efficiency of the best phosphors. The poor 
phosphors were presumably  due to occlusion of im-  
purit ies or water  dur ing  precipitat ion which could not 
be removed in subsequent  handling.  

Homogeneous precipitat ion (4) to produce the mixed 
fluoride would presumably  be of va],ue here. A method 
has been reported by Vecht (5) which produces fluo- 
ride ion by acid hydrolysis of fiuoroborate ion, (BFD - ,  
but  we have not tested his method on this system. 

Digestion and Washing 
The digestion and washing conditions had a great 

effect on the phosphors. The best phosphors were 
formed by digestion for 24 hr at about 70~ with a 
10% HF-10% HNO3 solution followed by washing and 
addit ional  digestion with di lute HF-HNO3 solution. 
Digestion is a we l l -known method of obtaining particle 
growth and exclusion of impuri t ies  (3). Digestion of 
our gelatinous precipitate made it denser un t i l  it was 
t ransformed into a fine powder. 

Analysis of phosphor efficiency indicated that  it was 
necessary to use an acidic wash solution and to repeat 
the wash and digestion step a n u m b e r  of times. Diges- 
tion and washing in water  alone gave phosphors with 
0.1% efficiency compared with 3.0% for the best. This 
"water only" mater ia l  could be improved to 2.5% by 
acid digestion and wash. Material  which was digested 
once for only 24 hr or which was washed in water  after 
acid digestion gave low-efficiency phosphors. Repeated 
digestions and washings seemed necessary to obtain 
breakdown of the gelatinous precipitate and to give a 
crystal l ine mater ia l  containing much less water  of 
hydration.  Debye-Scherrer  x - r ay  diffraction pat terns  
of the mater ia l  after the digestion washing in dilute 
acid solutions showed that  the mater ia l  was crystal l ine 
al though the lines were ra ther  diffuse and weak in 
intensity.  

Dehydration--Crystal Growth 
The dehydrat ion period and tempera ture  were also 

impor tant  factors in producing a good phosphor. The 
highest efficiency phosphors were obtained by star t ing 
a flow of N2 or He, increasing the tempera ture  over a 
period of 2 hr  to 800~ and then main ta in ing  at that  
t empera ture  for 1 hr. TGA and gas chromatography 
showed H20 was evolved, s tar t ing at about 500~ 
After complete dehydration,  anhydrous  HF was added 
to the gas stream, the tempera ture  raised to 900~ and 
the system mainta ined  for 4 hr. Heat ing at tempera-  
tures greater  than  900~ gave inferior phosphors as 
did heat ing at 800~ for up to 12 hr in anhydrous  HF. 
Br inging the tempera ture  directly to 900~ also gave 

a degraded phosphor. Heat ing at 900~ for periods 
longer than 4 hr did not improve the phosphor. 

Phosphors with almost identical conversion effi- 
ciencies were formed when the dehydrat ion-crys ta l  
growth steps were carried out in either a vitreous car-  
bon boat or a Pt  boat in a vitreous carbon tube. Mass 
spectrographic analysis of phosphors t reated in Pt  
boats showed 0.2-2 ppm( w t )  Pt  in  the final product. 
Using an i r idium tube resulted in doping the phosphor 
to 500 ppm with IR which reduced the conversion 
efficiency to 1/10 of its normal  value. However, reac- 
t ion of HF with I r  could be prevented by  placing a 
carbon foil inside the Ir  tube. There  was l i t t le or no 
reaction of carbon foil or vitreous carbon if exposed 
to anhydrous  I-IF. The phosphor was packed roughly 
into the boat; presumably  these processes would occur 
more efficiently if the powder were spread in a thin 
layer or if gas flow could be directed through a bed 
of the powder. 

As indicated in Table III, x - ray  diffraction pat terns 
on the freshly coprecipitated mater ia l  which had been 
air dried at l l0~ were diffuse, but  after heating in 
HF the lines were sharp. This suggested that  crystal  
growth occurred as well  as dehydration.  The diffrac- 
tion pat tern  for the final product  corresponded to that  
for the mater ia l  produced by mel t ing the anhydrous  
fluorides together in a dry  HF ambient.  Scanning elec- 
t ron micrographs of the phosphor at various stages 
confirmed that crystal  growth occurred dur ing  heating 
in HF at 800~ and higher. Lit t le if any crystal  growth 
occurred by heating in the absence of HF. Figure  1 (a) 
shows a scanning electron micrograph of the mater ia l  
after heating for 1 hr at 800~ in  He; the appearance 
is identical to the unheated powder. Figure 1 (b) shows 
the same powder after He t rea tment  followed by  
t rea tment  in HF at 800~ for 1 hr. It  can be seen by 
comparison that  the particles have increased in size 
by sinter ing together dur ing the HF treatment .  Con- 
t inued heating in HF at 800~176 for 4 hr or more 
gave wel t-shaped crystals -----20 ~m in diameter, as 
shown by microscopic examination.  Previous t rea tment  
also affected crystal growth. Thus, a fluoride precipi-  
tate which had been washed with H20, ra ther  than 
the HF-HNO3 mixture,  showed very little crystal 
growth under  the s tandard t rea tment  and showed poor 
conversion efficiency as a phosphor. 

Figure 2 shows photomicrographs of samples in 
index matching oil in t ransmit ted  light and crossed 
polarized light of mater ial  t reated in HF at 900~ for 
4 hr. It  can be seen from the shape of the well-faceted 

Table III. Comparison of d-spacings for Y0.s0Yb0.19Er0.01Fs 
phosphors for different stages of hydration 

D e h y d r a t e d  Mel t ed  
Co-pp t  p h o s p h o r  p h o s p h o r  p h o s p h o r  

L i n e  
No. " d " ,  A I/lo "d",  A I/lo "'d", A I/Io 

1 3.70 Very  d i f fuse  3.65 15 3.67 15 
2 3.44 S h a r p  3.56 50 3.57 50 
3 3.24 Very  d i f fuse  3.38 25 3.39 26 
4 2.84 Dif fuse  3.16 100 3.17 100 
5 2.52 Very diffuse 2.85 30 2.86 30 
6 2.31 Very  d i f fuse  2.47 15 2.49 15 
7 2.06 Very  l i f fuse  2.39 2 2.40 2 
6 1.95 Very  d i f fuse  2.18 I0  2.31 2 
9 1.89 Very  d i f fuse  2.04 20 2.19 l 0  

10 1.65 Dif fuse  1.98 30 2.05 20 
11 1.72 Very  d i f fuse  1.92 90 1.93 30 
12 1.66 Very  d i f fuse  1.00 25 1.92 90 
13 1.56 Very  d i f fuse  1.84 90 1.90 25 
14 1.83 15 1.85 90 
15 1.77 30 1.83 15 
16 1,74 30 1.77 30 
17 1,76 20 1.74 30 
16 1.66 20 1.71 20 
19 1.58 10 1.66 20 
20 1.54 10 1.56 10 
21 1.53 10 1.54 10 
22 1,48 10 1.48 lO 
23 1,46 i0 1.46 1O 
24 1.43 1O 1.43 10 
25 1,41 lO 1.41 lO 
26 1.35 5 
27 1.33 5 
28 1.28 2 
29 1,27 5 
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Fig. I. Scanning electron micrographs (3000X) of (a) phosphor heated in He at 800~ for I hr (unheated phosphor showed identical ap- 
pearance) and (b) phosphor from (a) heated in HF at 800~ for I hr. 

particles that  crystal growth has occurred. There is 
some strain in  the crystals as evidenced by the shad- 
ing. It  is also apparent  that  dur ing sinter ing or crystal 
growth, occlusions were formed in the crystals, most 
l ikely due to the pores or holes between the small 
particles dur ing  agglomeration (6). Heating in HF at 
80O~ did not give the pores; however, the particles 

treated at 800~ were less efficient light converters 
than those t reated at 900~ It was possible that  the 
pores acted as scattering centers and increased the con- 
version efficiency. Prolonged sinter ing in anhydrous  HF 
at 900~ did not reduce the number  or size of the pores. 

We conclude that  dehydration,  in the absence of HF, 
is necessary before the fluoridation step. This lat ter  

Fig. 2. Phosphor particles in index matching oil: (a) cross-polarized light and (b) transmitted light. Magnification 360X 
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process converts any  oxyfluoride to fluoride and in-  
duces the desired crystal growth at about 900~ Mois- 
ture  in  the HF stream could degrade the phosphor by 
forming an excessive amount  of oxyfluoride or by at-  
tacking the carbon tube  or boat and dispersing carbon 
particles throughout  the system. 

Testing and Application of the Phosphor 
The method for evaluat ing the phosphors gave a 

rapid relat ive comparison but  was not optimized for 
max imum output. For testing, the phosphor powder 
was mixed with silicone oil to form a viscous s lurry 
with about 75% phosphor by weight. The s lurry  was 
applied to a 0.072-in. diameter  domed GaAs:Si  diode 
which gave infrared of 9300-9600A. Slur ry  was applied 
unt i l  max imum green light output  was obtained. The 
GaAs diode was operated at 2A at a power level of 
3.36W. The diode was well heat -s inked and operated 
for only short periods. The green-l ight  intensi ty  was 
determined with a silicon solar cell, filtered to remove 
the infrared. The solar cell voltage was measured 
across a fixed resistor and had been calibrated to give 
output  power. The max imum conversion of diode infra-  
red output  to green light output  was 3.0% which repre-  
sented a brightness of ~8000 ft-L. No effort was made 
to obtain the m a x i m u m  in light output  by use of reflec- 
tive surfaces, index-matching  media, or a part icular  
particle size, although some pre l iminary  experiments  
indicated that  the green- l ight  output  could be doubled 
by use of reflective coatings. The test method was 
reproducible to 1% and accurate to probably  ___10%; 
it enabled phosphors to be checked for conversion 
efficiency in only a few minutes.  The phosphor-oil  
s lurry was readi ly removed so the same diode was 
used for all  tests. 

Evaluat ion devices were made from diode chips, 
0.024 in. square. An epoxy was applied; then the phos- 
phor powder was allowed to settle through the epoxy. 
After curing, the epoxy-phosphor layer  was ~200 ~m 
thick and roughly 50% phosphor. Characteristics of 
some devices are given in Table IV. Since the phosphor 
emission depends on a 2- (or  more) photon absorption, 
there is a nonl inear  relat ion of infrared emission to 
green-l ight  emission. Again, no effort was made to 
optimize the brightness of these devices. These green- 
l ight emitters showed lit t le or no degradation in l ight 
output  after 6 months under  constant  load at 50 mA 
but  did show 10% degradation at 100 mA load. This 

Table IV. Green light output at various current levels for 
Yo.soYbo.19Ero.olF3 on GaAs:Si diodes 

IR  p o w e r  (mW) B r i g h t n e s s ,  f t - L  
Diode 

No. 5 0 m A  100 m A  25 m A  5 0 m A *  100 mA** 125 m A  

49 2.42 4.93 17 77 250 325 
23 2.76 5.77 27 130 430 560 
25 2.90 6.19 49 210 640 850 

* B r i g h t n e s s  99% af te r  6 m o n t h s  a t  50 mA.  
** B r i g h t n e s s  90% a f t e r  6 m o n t h s  a t  100 mA.  

was caused by degradation of the diode rather  than 
the phosphor. There appeared to be no reaction of the 
phosphor with the epoxy. Phosphors tested periodically 
over the span of one year showed no decrease in con- 
version activity. This suggests that  the l ifetime of a 
green- l ight  emit ter  would be determined by  the life- 
t ime of the GaAs diode. 
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Thermodynamic Calculations for GaAsl- Px 
Vapor Growth 
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ABSTRACT 

The combined t ransport  of GaAs and GaP to form GaAsl-~Px mixed crys- 
tals in an open-flow system by AsC13 and PC13 with two separate Ga sources 
has been calculated, based on simple thermochemical  considerations. A new ap- 
proach has been taken to determine theoretical ly the solid composition of the 
GaAsl-~Px mixed crystal. The influence of the seed tempera ture  on the solid 
composition has been studied as well as the influence of the total concentra-  
tion of the incoming gases. 

Production of GaAsl-xPx mixed crystals has become 
very impor tant  in recent years. Two ranges of composi- 
t ion are especially favored: first the composition of x 

Key  w o r d s :  v a p o r  phase deposition, thermodynamics,  GaAsI-#Pz,  
computer calculations. 

about 0.4 for applications in the visible, and  second 
very low-phosphorus contents to produce GaAs hetero- 
junct ion  lasers (1). One of the reasons for the great 
interest  in  the GaAsl-xPx mixed crystals is their  rela-  
t ively easy and cheap production by means of epitaxial  
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growth from the vapor phase. A we l l -known  system 
is the Ga-As-P-C1-H open tube flow system, which 
uses Ga, AsC13, and PC13 as s tar t ing mater ia ls  and 
hydrogen as a carrier gas. 

Since the early investigations (2, 3) much work has 
been done on the arsenic half  of this system, for exam- 
ple by Boucher and Hollan (4), Shaw (5), and Ki rwan  
(6). On the phosphorus half  Luther  and Roccasecca 
(7), Seki et al. (8, 9), and Ki rwan  (6) have made a 

new approach exper imenta l ly  as well  as theoretically 
since the early work of Oldham (10). For the whole 
complex system however only exper imental  studies of 
the preparat ion and investigation of the crystals are 
known. 

This paper  carries out thermodynamic  calculations 
for the complex system and highlights the influence of 
the substrate tempera ture  on the composition of the 
epitaxial  deposit. 

Computer Calculations 
Chemical and thermodynamical  background.--Calcu-  

lations are made for a system containing two separate 
gal l ium sources, which are fed by PC13 and AsC13, 
respectively. The incoming pressures PPCI3 and PAsCI3 
are varied from 10 -4 up to 0.1 atm. 

Within the reacting tube nine different vapor species 
are taken into account, which are assumed to govern 
seven dominant  chemical reactions, taking place at 
t h e  usual operation tempera ture  range between 700 ~ 
and 1000~ These reactions are listed below together 
with their  equi l ibr ium constants. 1 

Ga(1) + HCI(g) : GaCl(g)  ~ �89 

PGaC1 PH21/2 
K1 -- [1] 

Pnci 

GaCl(g)  + 2HCI(g) = GaC13(g) + H2(g) 

PGaC13 P H 2  
K2 - -  [2] 

PGaC1 PHC12 

GaAs(s)  + HCI(g) = GaCI(g)  + u + VzH2(g) 

PGaCI PAs41/4 PIt21/2 
Ks : [3] 

P H C I  

GaP(s)  + HCI(g) = GaCl(g)  -~ ~/4P4(g) -~- :/2H2(g) 

PGaCI  P P 4  V4 PI~2 V2 
K4 : [4] 

PHC1 

P4(g) = 2P2(g) 

p p 2  2 
K5 : .  [5] 

PI'4 

As4(g) = 2As2(g) 

PAs2  2 
K6 : ~ [ 6 ]  

PAs4 

1/2P2(g) + 3/2H2(g) = PI-I~(g) 

P P H 3  
K7 : [7] 

pp21/2 PH2 3/2 

Recently it has been shown by Ban (17) tha t  the 
assumption for the reactions is justified especially for 
the deposition process (Eq. [3] and [4]). All  of the 
itemized vapor species, except PH3, are commonly  ex- 
pected to occur in systems like the one described. But, 
concerning PH3, Ban (17) stated its existence in a re la-  
tive high concentrat ion experimental ly.  

Combinations between phosphorus and arsenic like 
AsP, As2P2, As3P, or AsP3 are not  t aken  into considera-  

1 S o m e  f u r t h e r  poss ib l e  v a p o r  spec i e s  w e r e  e s t i m a t e d  a n d  f o u n d  to  
l ie  s e v e r a l  m a g n i t u d e s  b e l o w  t h a t  of  t h e  i n t e r e s t i n g  ones.  O v e r  t h e  
w h o l e  r a n g e  of  c o n s i d e r e d  t e m p e r a t u r e s  a n d  i n p u t  c o n c e n t r a t i o n s  
PAsCI 3 < 10 -7 a t m ,  PPCl 3 < 10 -8, pAsH 3 < 10-10 a t m ,  a n d  Pc l s  < 1 0 - ~  

a t m ;  h e n c e  t h e s e  spec i e s  a r e  i g n o r e d  in  t h e  a n a l y s i s .  

Table I. Equilibrium constants, atm units 

logm K~ = 3.67 -- 0.87 • IO~/T  -- 0.16 In T 
l o g l o K 2 =  - -13 .95  + 9.58 • I O ~ / T  + 0 . 9 2 1 n T  
log loKs  = 8.04 -- 0.99 • IO~/T  -- 0.35 • 1 0 - S T - -  0 .221n  T 
log loK4 = 6 . 0 8 - -  7.255 • IO~ /T  -- 0 . 0 3 1 n T  
logloK~ = 11.5 -- 1.21 • 1 0 4 / T - -  0.5 i n T  
l o g t o K ,  = 11.5 -- 1.59 • 104 /T  -- 0.43 i n T  
log loK7  = - -4 .04  + 3.58 • IO~/T  -- 0.207 In T 

tion because of the lack of thermodynamica l  data. As 
soon as this informat ion becomes available, there will 
be no difficulty in introducing them in the given set of 
reactions. The values for the reaction equil ibria  con- 
stants, which are related to the s tandard free energy 
change of the concerned reaction in the form --~Gi = 
RT In Ki, are taken from a list given by Ki rwan  (6) for 
the first five equations, while the sixth is taken from 
Hurle and Mull in  (13) and the seventh is calculated 
from data of the JANAF Tables (14). These values 
which are listed in Table I originate from a careful 
l i terature  survey and have been found to be the least 
contradictory ones. 

Arsenic-saturated source reaction equil ibria.--For 
source temperatures  of the Ga boat of about 925~ it 
is assumed that  after some t ime of saturat ion with 
arsenic a thin layer  of GaAs will  cover the liquid gal-  
lium. Therefore the reaction equations [2], [3], and [6] 
must  be applied. Because the pressures of six different 
vapor species are involved at this place, three more 
equations are required. The la t ter  are denoted as equa- 
tions of conservation. In general, for such problems one 
gets for n different vapor species always n-3 equations 
from the chemical reactions and three equations of 
conservation, from which one describes the conserva- 
tion of the total pressure of the system. For an open- 
flow system this is expressed as 

Zpi = 1 a tm [8] 

The remain ing  two equations are given in the case re-  
garded here by conservat ion of chlorine 

PGaCI -~- 3pGacI3 -}- PHCl : 3pAsc13 [9] 

and conservation of arsenic 

4pAs4 -~ 2pAs2 --- PAsCI3 [10] 

where PAsCla denotes the part ial  pressure of the in-  
coming AsCl3. 

It  must  be stated at this point  that  due to the cri- 
terion of constant  pressure a volume change is in-  
duced in the system while the reactions are taking 
place, because mole numbers  are changing. For this 
reason the equations of conservat ion Eq. [9] and [10] 
should be expressed in  terms of moles instead of part ial  
pressures. Since the relat ive volume change for the 
whole system has been estimated to be smaller  than 
3%, this error will  be ignored in the calculations. 
Equat ion [I0] is only t rue  for the source region, where 
no deposition can occur. The etch rate  ER of the gal-  
l ium source in grams per minu te  is expressed by 

(PGaCl -~- PGaC13)gGa 
ER = �9 11o [11] 

RTo 

where gGa is the atomic weight of Ga, To the tempera- 
ture at which the reaction products are entering the 
tube, and Vo is the total flow rate (cubic centimeters 
per minute). 

Phosphorus-saturated source reaction e q u i l i b r i a . -  
The same procedure described above is now applied to 
this source, also containing gallium. In this case, how- 
ever, Luther  (7) and Seki (8) have pointed out that  
no skin of GaP forms. For this reason Eq. [1], [2], [5], 
[7], [8] and in addit ion 

PGaC1 ~- 3pGac13 -~" PILe1 : 3pPC13 [12] 
and 

4PP4 -~- 2PP2 2c PPH3 = PPC13 [13] 
have to be taken  into account. 
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Deposi t ion react ion equ i l ibr ia . - - In  the deposition 
zone of the reaction tube  the incoming vapor mixture  
is allowed to form an equi l ib r ium phase between all 
its species and solid GaAs and GaP, respectively, for 
all temperatures  considered. This assumption is only 
t rue for low flow rates as well  as for a long deposition 
region. Here Eq. [2] to [7] must  be applied and, in 
addition, the heat of mixing  which occurs at the re-  
action 

( 1  - -  x)GaAs( s )  + xGaP(s )  = GaAsl-xP=(s)  - -  AHm 
[14] 

The heat of mixing  is given by 

~Hm = ~x(1  - -  x) [15] 

Huber  (15) has calculated ~ to be 1 kcal/mole,  i.e., 
the m a x i m u m  heat of mixing  at x = 0.5 is 0.25 kcal /  
mole. The resul t ing modification in the equi l ibr ium 
constants is negligible and therefore ignored in the 
following. Equat ion [8] and the conservation of chlo- 
rine is still valid 

PGaC1 + 3pGacI3 + PHcl = 3pAsc]3 + 3pPCl3 [16] 

The third equat ion of conservation states that  the 
sum of arsenic and phosphorus atoms precipi tat ing out 
of the vapor phase must  be equal to that  of the gal l ium 
atoms 

4poAs4 + 2poAs2 + PoPH3 + 4poP4 Jr 2poP2 - -  4PAs4 
- -  2pAs2 ~ PPH3 -- 4PP4 -- 2PP2 

-~- PoGaCl Jr p'oGaC13 -- PGaC1 -- P'GaC13 [17] 

where the Poi'S indicate the part ial  pressures coming 
from the source into the deposition zone of the re-  
actor. 

This new equi l ibr ium yields the amount  of GaAs 
and GaP depositing at the seed dependent  only on the 
input  part ial  pressures of AsC13 and PC13, the source 
and the substrate temperature.  The concentrat ion x of 
GaP in the solid is given by  the rates of precipitat ion 
similar to Eq. [17] 

poPH3 -~ 4poP4 Jr 2poP2 -- PPH3 - -  4pP4 -- 2PP2 
X = [18] 

POGaC1 ~- poGaCI3 -- PGaC1 -- PGaC13 

On the other hand it is possible to express x in terms 
of vapor pressures and equi l ibr ium constants  by com- 
bining Eq. [3] and [4] in the form 

GaAsl-=P=(s)  + HCI(g) = GaCl(g)  

+ (1 - -  X)/4As4(g) + x/4P4(g) + ~/zH~(g) 

PGaC1 P P 4  x /4  P A s 4  ( l - x ) / 4  PH21/2 
KS 1-x K4 = = [19] 

PHCl 
where  x becomes 

In 

X ~  
PGaCl PH21/2 / ~ J 

[20] 
K3 ~4 PP4 ] 

Equat ion [20] serves to prediet in what  direction x will  
ehange as soon as equi l ibr ium is no longer maintained.  

Results 
The model proposed here is based only  on simple 

chemothermodynamical  relations. No account is taken 
of the kinetic mechanisms which might  control the 
growth of an epitaxial  layer  in reali ty.  Also no regard 
has been paid to the fact that  in practice total homo- 
geneity is not achievable. 

Figure 1 shows the equi l ibr ium part ial  pressures of 
the different vapor species over the arsenic- and phos- 
phorus-sa tura ted  gal l ium source at 1200~ over var i -  
ous input  pressures of AsC13 and PC13, respectively. It 
must  be noted that in contrast  to the negligible arsine 
pressure (8, 9), phosphine by Eq. [7] has a r emarkab ly  
high vapor pressure. This plot is for a single source 

10 0 , - -  H 2 

Tsource= 1200~ 

P saturated Ga Source 
/ /  

161 - - - A s  saturated Ga Source . . ~ . "  

/ /  /' 

GaCI 

y / / 

,%2/ 
lO -2 / ; -  / . / / /  

/ < / /  , 

/ i'// 
i (~  z#. / / /  j HC[ / / / ,  ~/ / /~. 

/ ~ / / /  P4 / / ~ f /  f l  / P~/ " / /  /I-4 / / "  
/ 2 ,g" / / AS 2 / ~ ]  

/ /  / / -  y'i 
/ / /  / - / / ~  w ~  

/ -  ,.4, ! / /  , 
~ ~ %  

. i . . ' , ," / I / /  / r  , 
10- , /  , , , ,1,,I.~ I , , i l l l i I  t I , , l l l l l  

164 10 -3 1(~ 2 161 
i n p u t  PAsCI3 0 ppc[ 3 (atm) 

Fig. i. Partial pressures and etch rates over a arsenic and phos- 
phorus saturated Ga source, respectively, vs. the AsCI3 and PCI~ 
input partial pressures, respectively, for a constant 1200~ source 
temperature. 
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Fig. 2. Partial pressures and growth rates over a GaAsl-xPx 
deposit vs. the deposit temperature. 

t empera ture  but  above 920~ there is little influence on 
growth. For the Group V elements only the ratio of 
dimers to te t ramers  is varying,  while  their  total  con- 
centrat ion remains  constant. The dominant  Group III  
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Fig. 3. GaAs~-xPx deposit composition vs. the deposit tempera- 
ture for several phosphorus percentages of the PCh and AsCI:r 
input gases. 

element  pressure, PoaCl, is about constant too, because 
the HC1 pressure lies more than one magni tude  lower. 

In  Fig. 2 the equi l ibr ium pressures in the deposition 
zone are plotted vs. the seed tempera ture  for equal 
incoming pressures of AsC13 and PC13. Two things are 
most interesting. Firs t  again the high phosphine pres- 
sure, which dominates unt i l  about 1060~ second the 
behavior  of the growth rates (denoted as GR GaAs and 
GR GaP and weighted with their  molecular  weight) 
while the growth rate of GaP stays near ly  constant, 
the GaAs growth rate reveals a steep slope at higher 
temperatures.  This behavior  may  be explained by the 
temperature  dependence of Eq. [3]. In  any case this 
phenomenon causes mostly the strong var iat ion of the 
GaP solid concentrat ion vs.  deposition tempera ture  
shown in  Fig. 3. According to this figure it should be 
possible to grow pure GaP crystals wi th in  a vapor con- 
ta ining arsenic at elevated temperatures.  Fu r the r -  
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Fig. 4. GaAsl-xPx deposit composition vs .  the phosphorus per- 
centage of the PCI3 and AsCI3 input gases. 

more in  this region a GaAs seed will  be etched away. 
Figure 4 i l lustrates the solid composition x vs.  the per-  
centage of PC13 to AsC13 in the input  gas. Once more 
the strong influence of the seed tempera ture  can be 
seen. This is not in agreement  with Finch and Mehal 
(11) who observed a straight relationship for t em-  
peratures between 775 ~ and 820~ but  they used only 
one source, which is not comparable with the calcu- 
lations done here. Stewart  (16) with the ASH3, PH3, 
HC1/Ga system at ,~780~ obtains a GaP solid con- 
centrat ion of 0.4 employing a P to As input  vapor per-  
centage of 28.6%, a point  that  fits exactly the calcu- 
lations here. He also observed a composition variat ion 
by varying  the HC1 flow. This may be explained by 
Eq. [20], if the equi l ibr ium over the source is not 
reached completely, i.e., the ratio PHCl to PGaCl changes. 
F ina l ly  it can be seen from Fig. 3 and 4 that  for very 
low-phosphorus input  concentrat ions no GaP is form- 
ing, in fact in this range all the avai lable phosphorus 
is used in forming phosphine. 

The great influence of the substrate  t empera ture  on 
the composition of the deposit diminishes with the 
higher concentrat ions of the input  gases, indicated in 
Fig. 5. Here the solid composition approaches exactly 
the same value given by the ratio of the input  gas con- 
centration. 

Conclusions 
Applying the AsCIs, PCI3, Ga, H2 system for growth 

of GaAsI-~P~ mixed crystals the seed tempera ture  in-  
fluences s trongly the solid composition of the crystal. 
This dependence becomes smaller with increasing input  
concentrat ions of the trichlorides. With in  the reactor 
a relat ively high, at any case, a nonnegligible  vapor 
pressure of phosphine exists. Above about 920~ var i -  
ation of the source tempera ture  has little influence on 
the growth conditions. 
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A Cross-Hatch Pattern in GaAs _x Px Epitaxially 
Grown on GaAs Substrate 

Seigo KishinS, Masahiko Ogirima, and Kazuhiro Kurata* 
Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo, Japan 

ABSTRACT 

A cross-hatch  pa t t e rn  which appears  on the surface of G a A s l - x P z  ep i t ax i -  
a l ly  grown on the  GaAs  subs t ra te  was s tudied by  x - r a y  diffract ion techniques.  
The origin of this s t ructure  was de te rmined  by  x - r a y  diffraction topography  
to be a misfit dislocation a r r ay  al igned along lines pe rpend icu la r  to each other  
in the  l aye r  of graded composition. The composit ion profile normal  to the  wafer  
was also de te rmined  by electron microprobe  analyses.  Fur the rmore ,  the  growth  
mechanism of the a l igned dislocations was proposed f rom the fact  tha t  
a l igned dislocations enable  a considerable  reduct ion in the  curva tu re  of the  
wafer  which is due  to the  la t t ice  mismatch  be tween the G a A s l - x P z  epi tax ia l  
l aye r  and the GaAs substrate.  The GaAs l -xP~  wafer  having  the cross-hatch 
pa t t e rn  was de te rmined  to be high in qua l i ty  from the half  wid th  of the  
rocking curve. 

GaAs l -xPx  (x < 0.4) is one of the  most promis ing  
mate r ia l s  cu r ren t ly  being ut i l ized for vis ible  inject ion 
electroluminescence.  The efficiency of emission which 
is in the  red  at  room t empera tu r e  is high because  the  
bandgap  is direct,  and the  ma te r i a l  can be made  high 
conduct iv i ty  n-  or p - type .  At  present ,  GaAs l -xPx  has 
a technological  advan tage  over  Ga l -xAlxAs  and GaP 
for d isp lay  appl icat ion because re la t ive ly  la rge  areas  
of GaAs l -xPx  wafer  sui table  for use in e lec t ro lumines-  
cent devices can be r ead i ly  obtained by  the vapor  phase 
growth  technique. An  unders tand ing  of the role of 
the  crys ta l  defects in the  growth  mechanism is im-  
por tan t  in o rder  to control  and improve  the efficiency. 

The crys ta l  defects such as dislocations and s tacking 
faul ts  which  m a y  be impor t an t  in de te rmin ing  the 
proper t ies  of vapor  phase  ep i t ax ia l ly  grown GaAs l -xPx  
wafers  have been descr ibed by a number  of inves t iga-  
tors (1-5).  

This paper  deals  wi th  the  re la t ionship  be tween  the 
cross-ha tch  pa t t e rn  (6) and the  dislocat ions and spe-  
cifically wi th  the  origin of the  dislocat ions and the i r  
effects on the  perfec t ion  of ep i t ax ia l ly  grown 
GaAs l -xP~  wafer.  

Experimental 
The GaAs l -~Px  crysta ls  doped wi th  Te were  ep i t ax i -  

a l ly  grown on GaAs subs t ra te  in an open- tube  system 
using Ga, PC13, As, and H2 (7). Hydrogen,  purif ied by  
Pd  diffusion, was  me te red  into the  sys tem th rough  two 

* Electrochemical  Society Active Member.  
Key  words:  GaAsl-xPz, x - r a y  diffraction, x - ray  topography,  dislo- 

cation, epitaxial  layer.  

flowmeters.  One of them was connected to PC13 bub-  
blers  whi le  the other  control led  fur ther  di lut ion of the  
displaced PC13 vapors.  The  di lu ted  vapors  then passed 
over  Ga feed mater ia l .  The a l loy composi t ion was con-  
t ro l led  by  the t empe ra tu r e  of arsenic source. NIechani- 
cal ly  and chemical ly  pol ished surfaces of (100) or i -  
ented seeds were  used. 

Typical  opera t ing  condit ions were:  ga l l ium t empera -  
ture,  900~ seed tempera ture ,  810~ PC13 bubble r  
(0~ flow rate,  40 cc /min;  d i lu t ion hydrogen  flow 
rate, 160 cc/min;  t empe ra tu r e  grad ien t  at  the  sub-  
strate,  10~ arsenic source t empera tu re ,  430~ 

To minimize s t ra ins  and crys ta l  imperfect ions  due to 
la t t ice  mismatch  be tween GaAs l -xPx  and GaAs, a 
l ayer  of cont inuously  graded composi t ion was grown 
before  growing a th ick  l aye r  of un i fo rm composition. 
The layer  of g raded  composi t ion was grown by con- 
t ro l l ing  the t empe ra tu r e  of arsenic source in the  range 
of 430~176 The thickness  of the  ep i t ax ia l ly  grown 
l aye r  was usua l ly  100 ~m and the g rowth  ra te  was 
usua l ly  25 ~m/hr .  As ment ioned  later ,  the  op t imum 
thickness of the  graded  composit ion was  20-40 ~m. So 
the t e m p e r a t u r e  of arsenic source was va r ied  from 
530 ~ to 430~ cont inuously  for 1 hr  in the  ini t ia l  per iod  
of ep i tax ia l  process. When  the  th ickness  of the  graded  
composit ion layer  was out of the range of the  opt imum 
thickness descr ibed above, the  cross-ha tch  pa t t e rn  was 
ha rd ly  observed.  

Dislocat ions were  observed by  the  Lang  method,  in 
which AgKal  rad ia t ion  f rom microfocus x - r a y  equip-  
ment  was used, wi th  the  use of two kinds  of specimens. 
(i) One specimen was the  ep i t ax ia l ly  grown GaAs~-~Px 



618 J. Electrochem.  Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  M a y  1972 

[~fo] 
~1 Cross Hatch Pattern 

Illo) 

GaAsl_xP x 

Fig. 1. The shape of specimen I from which x-ray topographs 
were taken. 

wafer 50-100 #m thick including the GaAs substrate, 
which was reduced to 100 ~m thickness by  mechanical  
polishing with 2000 mesh ca rborundum and chemical 
etching with an etch solution of 3H2SO4: 1H20: 1H202. 
The schematic diagram of the specimen is shown in 
Fig. 1. (ii) The wafer  composed of the epitaxial ly 
grown GaAsl-xPx layer  and the GaAs substrate was 
angle lapped at 5 ~ in order to reveal  dislocations in the 
substrate, the graded composition layer, and the con- 
stant  composition layer. This specimen was also etched 
with a similar  etch solution described above after 
mechanical  lapping. The schematic diagram of the 
specimen is shown in  Fig. 2 (a) and (b).  

The composition profiles of the phosphorus content  in 
the GaAsl-~Px layer  normal  to the GaAs substrate 
were examined by electron microprobe analyses. A 
par t icular  precaut ion was taken to detect the var iat ion 
of the phosphorus content  in the graded composition 
layer. At the same t ime variat ion of the arsenic content  
was observed throughout  the depth of the wafer  for 
support ing the results. 

The difference in  lattice parameter  be tween the 
GaAsl-xPx epitaxial  layer  and the GaAs substrate 
causes a pronounced curvature  in the structure. This 
curva ture  was measured by  an x - r ay  diffraction tech- 
nique (8). Pr ior  to measurement ,  the thickness of the 
GaAs substrate  was kept constant  because the curva-  
ture of the wafer  depends on the thickness of the sub-  
strate. In  this case (400)CuKal diffraction in the Bragg 
case was used. The x - r ay  beam was incident  not  at the 
GaAsx-xP~ epitaxial  layer  but  at the GaAs substrate  
because the measured results were governed by the 
compositional var iat ion when  the epi taxial ly grown 
GaAsl-zPx surface was used for measurement .  

The perfection of the epi taxial ly grown GaAsl-xPx 
wafer was also examined by an x - r a y  diffraction tech- 
nique (9) in which two different wavelengths of x - ray  
beams (10) were used for diffraction. X - r a y  radiat ion 
of two wavelengths,  CuKal and CuK~I, were used. With 
the use of this method the phosphorus content, assum- 
ing that  Vegard's law of solid solutions holds for this 
GaAs-GaP system (11), was also examined. The per-  
fection of the GaAsl -zPx wafer was examined from the 
half width of the rocking curve which was the dif- 
fracted in tensi ty  vs. a small  fraction of the incident  
angle A# around the Bragg angle. 

The efficiency of junct ion  luminescence was mea-  
sured by silicon photocells at 10 A /cm 2 of diode current.  

Results and Discussion 
X - r a y  topographs were taken  from the specimen 

whose surface revealed the cross-hatch pat tern  as 
shown in Fig. 3, and they are shown in Fig. 4(a) ,  (b),  
(c), (d), and (e). The shape of the specimen in this 

Fig. 3. The optical photograph of the surface which reveals the 
cross-hatch pattern. 

GaAs,.vP x ( - I IO F )  

GaAS~.xP x Constant 
Composition Layer (A) 

GaAs~-x Px Tapered 
Layer 

and 
GoAs Subst rate 

(B) 

GoAs Substrate(C) 

GoAs Sub. 

(o) (b) 

Fig. 2. The angle lapped specimen which is composed of the 
GaAsl-zPx constant composition layer, the graded composition 
layer, and the GaAs substrate, respectively. (a) and (b) show the 
section and the plane figures, respectively. 

Fig. 4. X-ray topographs of the specimen I. (a), (b), (c), (d), 
and (e) show topographs from (220), (220), (040), (111), and 
(111) diffractions, respectively. 
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case is shown in Fig. 1. The type  of the  dislocat ion ob-  
served here  is s imi lar  to one observed  by  Ewing (2), 
tha t  is, dis locat ion ne tworks  are  a l igned along [011] 
and [01]] direct ions wi th  �89 and �89 Burg-  
er 's  vectors,  respect ively.  X - r a y  topographs  using the 
diffract ion vectors  [111] and [111] are  also reproduced  
in Fig. 4(d)  and (e) for de te rmin ing  the Burger ' s  
vector  more  accurately.  The diffract ion planes  used 
here  are shown in the  pole figure, Fig. 5. F rom 
these x - r a y  topographs  and the pole figure, Burger ' s  
vector  of two kinds  of the  dislocat ions a l igned along 
lines pe rpend icu la r  to each other  were  de te rmined  
exac t ly  to be 1/2a [011] and 1/2a [011]. The image con- 
t ras t  c r i te r ion  (12), for [011] and [011] dislocations 
only, is v iola ted in some local areas.  Therefore,  where  
contras t  violat ions exist,  dislocat ions m a y  have  screw 
component  or in teract  each other.  Deta i led  e x a m i n a -  
tions were  not es tabl ished at this stage. 

X - r a y  topographs  of a s imi lar  specimen are also 
reproduced  in Fig. 6(a)  and (b) ,  in which the shape 
of the  specimen is shown in Fig. 2 (a )  and (b) .  F rom 
these x - r a y  topographs  i t  is obvious tha t  dis locat ion 
densi t ies  in both the  GaAs subs t ra te  and the  constant  
composit ion layer ,  are  r a the r  low, whi le  the a l igned 
dis locat ions ga the r  in the  graded  composi t ion l aye r  of 
the  specimen. This m a y  be the  resul t  of the  large  
la t t ice  mismatch  be tween  the GaAs subs t ra te  and the 
GaAsl  - xPx layer .  

An  x - r a y  topograph  was also t aken  f rom the speci-  
men whose surface does not  revea l  the  cross-ha tch  
pa t t e rn  as shown in Fig. 7. The shape of the specimen 
is s imi lar  to tha t  shown in Fig. 1. In  this case there  is 
the i r r egu la r  form in the  image of dislocations because 

(lio) 

(iio) ~ ( ~ ( o )  

(ho) 

Fig. 5. The pole figure of specimen ! from which x-ray topo- 
graphs were taken. 

Fig. 6. X-ray topographs of specimen 2 in which signs A, B, and 
C correspond to those in Fig. 2(b). (a) and (b) are topographs 
from (220) and (220) diffractions, respectively. 

Fig. 7. X-ray topograph obtained by (220) diffraction from the 
GaAsl-xPx wafer whose surface does not reveal the cross-hatch 
pattern. 

dislocations could not  a l ign along the line. The  la t t ice  
s t ra in  might  be too large  to be compensated  by  making  
the misf i t -dis locat ions a r r a y  in the  graded  composit ion 
layer  because of the  sudden change of the phosphorus  
content  as discussed later .  

Var ia t ion  of the  phosphorus  contents  in the  growth 
l aye r  were  measu red  b y  e lec t ron mic roprobe  analyses  
as shown in Fig. 8(a)  and (b) .  F igures  8(a)  and (b) 
are  obtained f rom the  specimens which  reveal ,  respec-  
t ively,  the  cross-ha tch  pa t t e rn  c lear ly  and obscurely  
on the  surface of the  ep i tax ia l  G a A s l - x P x  wafer .  I t  is 
fa i r ly  obvious tha t  the a l igned dislocat ions were  in t ro-  
duced in the graded  composi t ion l aye r  when  the epi-  
t ax ia l  GaAs1-xPx wafe r  has the  graded  composi t ion 
l aye r  of 40 ~m wid th  as shown in Fig. 8 (a) .  

I f  the  la t t ice  mismatch  be tween  the  G a A s l - x P x  epi-  
t ax ia l  l aye r  and the GaAs subs t ra te  causes the curva-  
ture  and no dislocat ions are  in t roduced to compensate  
the  elastic strain,  the  cu rva tu re  p can be obta ined from 
the fol lowing equat ion (13-15) 

p 

do --  dj ~ d / - -  dj 
6 to ~ t, do + ~ • t~t, Z 

j = l  i = 1  i ~ i  

1 tj 
j=0 [1] 

where  to, ti(j), di(j), and do are  the th ickness  of the sub-  
strate,  the  thickness  of the  i ( j ) t h  ep i tax ia l  layer,  the  
la t t ice  p a r a m e t e r  of the i ( j ) t h  ep i tax ia l  layer ,  and the 
la t t ice  p a r a m e t e r  of the  substrate ,  respect ively .  F igure  
9 shows schemat ica l ly  the  r ep resen ta t ive  ep i tax ia l  
l ayer  which is composed of e ight  different  layers .  The 
resul t  ca lcu la ted  by  Eq. [1] is shown in Fig. 10 wi th  a 
solid line. In this  case the  thickness  of the  subs t ra te  is 
400 ;~m and the ep i tax ia l  l aye r  is composed of e ight  l ay -  
ers  each of 5 ~m thickness  bu t  each  layer  has  different  
phosphorus  contents.  The curva tu re  of the wafers  mea-  
sured by  an x - r a y  diffract ion technique (8) are  also 
shown in Fig. 10 in o rde r  to m a k e  corre la t ion  to the 
v is ib i l i ty  of the cross-ha tch  pat tern .  Signs C), A, and X 
show the wafers  which  revea l  the  cross-ha tch  pa t t e rn  
clear ly,  r a the r  clearly,  and  obscurely,  respect ively .  I t  
is ev ident  tha t  the  curva tu re  of the  wafe r  in which 
the cross-ha tch  pa t t e rn  is vis ible  c lea r ly  is a lways  
smal le r  t han  tha t  of the wafe r  in which  the cross- 
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Fig. 9. The model from which the curvature of the GaAsl-zPz 
wafer was calculated. It is postulated that the misfit dislocations 
are not introduced. 
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Fig. 8. Variation of the phosphorus content by electron micro- 
probe analyses in the graded composition layer. (a, above) and (b, 
below) show the result from the GaAsz-xPx wafer which reveals and 
does not reveal the cross-hatch pattern on the surface, respectively. 

hatch pa t te rn  is obscure. In  this exper iment  a convex 
configuration as viewed from the GaAs side was ob- 
served. It  is also to be noted that  the sign of the curva-  
ture is always reverse of those observed by Saul  (16). 
From the result  that  a concave configuration was ob- 
served as viewed from the GaAs side, Saul  determined 
that  the thermal  mismatch was larger than  the lattice 
mismatch between the GaP epitaxial  layer and the 

Table I. Male fraction of GaP (x) 

F r o m  t h e  l a t -  F r o m  t h e  
S p e c i m e n  No. t i ce  p a r a m e t e r  e n e r g y  g a p  

1 0.417 0.42 
2 0.404 - -  
3 0.421 0.42 
4 0.382 0.38 
5 0.372 0.37 
6 0.389 - -  
7 0.380 0.38 
8 0.476 - -  
9 0.427 0.40 

2 

(D 

II ,6' ~ 

,6' 'i 

~From Eq.(I ) 

16 
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0 50 I00 200 300 
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Fig. 10. Relation between the visibility of the cross-hatch pattern 
and the curvature. Signs O ,  LS, and X show the GaAsl-xPx 
wafer which reveal the cross-hatch pattern clearly, rather clearly, 
and obscurely, respectively. Solid line shows the result obtained 
from Eq. [1]. 

GaAs substrate. However, the present  observed sign 
of the curvature  supports that  the stress due to lattice 
mismatch considerably exceeds the stress due to differ- 
ential  thermal  contraction in the GaAsl-~Px-GaAs 
system, as Abrahams et aL have already reported (5). 

Contrary to the result  by Saul, it is reasonable to 
assume from our results that  the wafer bends progres- 
sively dur ing growth, if the lattice mismatch is not 
perfectly compensated by misfit dislocations. From the 
exper imental  results described above, a model of the 
formation mechanism of the misfit dislocation array 
in this case is proposed as shown in Fig. 11 and 12, 
where (a) and (b) show the plane and the section 
views of the wafer, respectively. Figures 11 and 12 
show the model of the wafer  in which the cross-hatch 
pa t te rn  is visible and obscure, respectively. 
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Fig. 11. The model of crystal growth in which dislocations are 
lined up in the graded composition layer. (a) and (b) show the 
plane and the section figures, respectively. 

(al 

t ax ia l  l ayer  a re  in i t ia ted  by:  (i) the  impur i ty  concen- 
t ra t ion  difference at the  dislocat ion l ines in the graded 
composit ion layer ,  and (ii) the  screw components  of 
some par ts  of the  a l igned dislocations which  are  vis i -  
b le  in the  x - r a y  topographs  shown in Fig. 4. 

If  this  model  is used, i t  is easy to expla in  tha t  the 
curva tu re  of the wafe r  is smal l  when  the cross-hatch  
pa t t e rn  is c l ea r ly  visible.  When  the  g rad ien t  of the  
phosphorus content  is ve ry  sharp  as shown in Fig. 
8 (b) ,  the  fo rmat ion  of the  la t t ice  s t ra in  dur ing  growth  
m a y  be too large to be re leased  by  in t roducing  the 
a l igned dislocat ion array.  In  such a case dislocations 
m a y  have  a r andom dis t r ibu t ion  and consequent ly  the 
cross-ha tch  pa t t e rn  cannot  be visible.  

The  phosphorus  contents at  the surfaces of the  epi-  
t ax i a l ly  grown GaAs l -xP~  wafers  are shown in Table 
I wi th  the  resul ts  obta ined  f rom the energy  gap data. 
The  phosphorus  contents  were  obta ined  f rom the  l a t -  
t ice pa rame te r s  which  were  measured  f rom the differ-  
ences of the two peak  profiles ob ta ined  from 
(511)CuK~I and (400)CuKB1 diffractions (10, 17). The 
represen ta t ive  peak  profiles are  shown in Fig. 13 and 
14 in which the upper  and the lower  profiles show 
(400) CuK~I, and (511) CuK~I diffractions, respect ively .  
F igures  13 and 14 show the peak  profiles obta ined  
from the specimens where  the  cross-ha tch  pa t t e rn  is 
c lear ly  vis ible  and obscure,  respect ively .  This peak  
profile is a k ind  of the  rocking curve, a l though the 
incident  beam is not  pe r fec t ly  monochromat ic .  The 

2 min. 

Constant 
Composition d~ ~ Layer 

\ Layer 

(b) b. 

dz 

d~ ~d2 

Fig. 12. The model of the crystal exhibiting curvature due to 
lattice mismatch between the GaAsl-xPx layer and the GaAs 
substrate. (a) and (b) show the plane and the section figures, re- 
spectively. 

When  the cross-ha tch  pa t t e rn  is visible,  the  
a l igned dislocations observed by  x - r a y  topography  
may  be composed of m a n y  dis locat ions which  l ine 
up as if the  smal l  g ra in  bounda ry  is constructed.  
If  the  dislocations are a r ranged  as shown in Fig. 
11, the  la t t ice  mismatch  at  the  graded  composit ion 
l aye r  can be compensated  eas i ly  by  the dis loca-  
t ions induced.  The cross-ha tch  pa t t e rn  vis ible  on the  
surface, however ,  does not  show the a l igned disloca-  
tions themselves,  because  the a l igned dislocat ions are  
exis t ing in the  graded  composi t ion l aye r  and they  are  
ma te r i a l l y  reduced  in number  on the surface as shown 
in Fig. 6. The  c ross -ha tch  pa t t e rn  m a y  be formed on 
the  surface because g rowth  r a t e  var ia t ion  of the  epi -  

Rotating Angle of Specimen 

Fig. 13. Rocking curves of the GaAsl-xPx wafer whose surface 
reveals the cross-hatch pattern clearly. In this figure 5~ shows the 
lattice parameter, and the half width shows the perfection of the 
crystal. 

2 rain. 

Rotating Angle of Specimen 

Fig. 14. Rocking curves of the GaAsl-xPz wafer whose surface 
does not reveal the cross-hatch pattern. 



622 J. Electrochem. Soc.: S O L I D - S T A T E  

perfection of the crystal, however, can be s imilar ly 
estimated from the half  width of the peak profile 
shown in Fig. 13 and 14. The half  width of the peak 
profile of the epitaxial ly grown GaAsl-zP~ wafer, with 
a clearly revealed cross-hatch pattern,  is comparable to 
that of the GaAs substrate in which dislocation density 
is lower than 104 cm -2. The half width of the peak 
profile is broader, as shown in Fig. 14, when the wafer 
does not reveal the cross-hatch pattern.  This high 
qual i ty  of the epi taxial ly grown GaAsx-xPx wafer  
could be also expected from the model shown in Fig. 
11 because the aligned dislocations need not be in t ro-  
duced at the surface. 

When light emit t ing diodes are fabricated from the 
wafer  which reveals the cross-hatch pa t te rn  clearly, 
the electroluminescent  efficiency is higher by about 
50% than that  of the wafer with no cross-hatch 
pattern.  

Conclusions 
1. A cross-hatch pa t te rn  on the surface of GaAsl-xPx 

layer appears when the graded composition layer of 
20 ~ 40 ~m width is formed in the ini t ia l  period of 
epitaxial  process. 

2. The origin of the cross-hatch pa t te rn  was deter-  
mined by x - r ay  topography to be a misfit dislocation 
array aligned along lines perpendicular  to each other 
in the graded composition layer. 

3. The curvature  of the GaASl-~P~ wafer is small  or 
large depending on whether  the cross-hatch pat tern 
is clear or obscure on the surface. 

4. When the cross-hatch pat tern  is visible on the 
surface, the GaAsl -zPx wafer is high in qual i ty  on the 
surface because the half  width of the rocking curve 
is as nar row as that  of the GaAs substrate. 

5. These results support  the proposed model with 
regard to the growth mechanism of the aligned disloca- 
tion array. 
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The Equilibrium Pressure of over GaN 

C. D. Thurmond* and R. A. Logan 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

The equi l ibr ium pressures of N2 over GaN and Ga are not known. Values 
of the heat and ent ropy of formation of GaN are proposed that  give equi l ib-  
r ium N2 pressures as a function of temperature .  Exper iments  reported in the 
l i terature  lead to consistent upper  and lower bounds to the calculated curve 
but  do not define its position very well. We report  the results of three different 
types of experiments,  using NH3 in H.~, which t ighten the bounds to the  equi-  
l ibr ium curve: the NH8 pressures at which GaN could be seen to form from 
Ga were upper  limits; the pressure of NH3 in the exit ing gas stream after 
reaction wi th  Ga gives a qualified upper  l imit;  and of greatest importance, we 
believe, are the measurements  of the NH3 pressures generated when H2 is passed 
over GaN. These lat ter  pressures are lower limits to the equi l ibr ium curve 
and are believed to lie close to it. The exper imenta l  results are in agreement  
with the calculated equi l ibr ium pressures of N2 over GaN and Ga obtained using 
the heat of formation of GaN based on the measurements  of Hahn  and Juza, 
and Mah and the assumption that  the entropy and heat capacity of GaN are 
the same as those of ZnO. 

The tempera ture  and ni t rogen pressure ranges over 
which GaN is stable are not  known. It  is believed that  
very  high pressures of ni t rogen are required to form 
GaN from Ga(1) at temperatures  above 1000~ (1). 
At lower temperatures  a skin forms on the Ga(1), 
p resumably  GaN, impeding fur ther  reaction (1). NH3 
at a pressure 1 atm reacts with Ga(1) above 1050~ 

* Electrochemical  Society Act ive  Member.  
Key words:  gal l ium nitride, equil ibrium, decomposit ion pressure,  

heat o/ format ion,  entropy.  

(2), any  reaction below this tempera ture  also is im-  
peded by  a thin GaN film. 

It has been suggested (3) that  the decomposition of 
GaN(s)  may  lead to polymeric ni t r ide molecules, 
(GaN)x. Transpor t  exper iments  offered some support  
for the existence of such species (4) but  no evidence 
of polymeric n i t r ide  molecules was obtained from 
mass-spectrometer  studies (5, 6). 

It is the purpose of this paper to calculate the equi-  
l ib r ium pressure of N~ over GaN and Ga as a function 
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of tempera ture  from a heat of formation in the l i tera-  
ture  and an estimated entropy and heat capacity of 
GaN. It will  then  be shown that  this curve is consistent 
with previously reported exper imental  results which, 
however, do not define the position of the curve very 
well, and is in good agreement  with our erper imental  
results which do define the position much more 
sharply. 

Equil ibrium Pressure Curve 
The equi l ibr ium be tween  GaN, l iquid Ga, and N2 is 

described by the following reaction 

GaN(s)  = Ga(1) -Jr 1/~ N2(g) [1] 

The equi l ibr ium N2 pressure is related to the s tandard  
free energy change of reaction [1] by the expression 

1/2 RTlnPN2 ---- --AG~ [2] 

It  has been assumed that  GaN has a nar row non-  
stoichiometry range and that  the solubil i ty of GaN in 
Ga is negligible. The s tandard free energy change, in  
turn, is related to the free energy of formation of GaN, 
and the heat and entropy of formation by 

- - A G ~  = AGfGaN = (AHfGaN - -  T A S f G a N )  [3 ]  

The heat of formation of GaN at 298~ given in the 
NBS tables (7), is --26.4 kcal. It  is based on the heat of 
combustion of GaN measured by Hahn and Juza (2) and 
the heat of combustion of Ga measured by Mah (8). The 
entropy of formation of GaN has not been measured, 
but  following a suggestion by Sime and Margrave (4), 
we have estimated the entropy of GaN by assuming 
it is the same as that  of ZnO which is the same crystal 
s tructure (wurtzi te) ,  is isoelectronic, and is of near ly  
the same molecular  weight. The entropy of ZnO at 
298~ is 10.43 eu (9). In  addition, we have assumed 
that  the heat capacity of GaN is the same as that  of 
ZnO (10). With the available thermodynamic  informa-  
tion on l iquid Ga (11) and on N2 (12), the heat and 
entropy of formation of GaN can be obtained, from 
which the equi l ibr ium N2 pressure can be calculated. 

The equi l ibr ium N2 pressure, estimated as described 
above, has been plotted in Fig. 1. At temperatures  
higher than  800~ the calculated N2 pressure is greater 
than 1 atm; at 1200~ the pressure is 1000 atm, reach- 
ing 100,000 a tm at about 1700~ 

Comparison with Avai lab le  Experimental  Data  
The calculated N2 pressures can be compared to re- 

lated observations reported by a number  of workers. 
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Fig. ] .  Pressure of N2 over GaN(s)-Ga(I), (log PN 2 vs. 104/'/'). 
The solid line is calculated. Lower limits to the equilibrium curve: 

}~ MacChesney and co-workers (13), A Juza and Hahn (2), 
Lorenz and Binkowski (14). Upper limits to the equilibrium 

curve: ~f Maruska and Tietjen (16), x x Logan and co-workers 
(17) , t - - - ' - I  Lorimor and co-workers (18). 

The most direct informat ion comes from a measure-  
ment  by MacChesney and co-workers (13) who found 
that  at 1600~ under  a pressure of about 700 atm of 
N2, GaN decomposed. This observation gives a lower 
l imit  to the equi l ibr ium curve and, as plotted in Fig. 
1, is consistent with the calculated curve. Lorenz and 
Binkowski (14) studied the rate of decomposition of 
GaN over the temperature  range from 600 ~ to 1000~ 
They noted the highest N2 pressures reached at the 
t ime the rate measurements  were discontinued. These 
pressures also represent  lower limits to the equil ib-  
r ium curve and are plotted in Fig. 1. The five points 
are consistent with the estimated curve. Juza and 
Hahn (15) provide one point obtained by the same 
method. 

The three sets of measurements  just  cited represent  
all of the informat ion found in the l i terature  that  could 
be used to give lower limits to the equi l ibr ium curve. 
There are three reports, however, on the reaction of 
NH3 with Ga that  can also be used to give upper  
limits to the equi l ibr ium curve. 

The first of these is by Maruska and Tiet jen (16) 
who prepared GaN by passing GaC1 and NHs in H2 
over a sapphire substrate at 825~ and at atmospheric 
pressure. The fact that  GaN was formed in the pres- 
ence of 0.14 atm of NHs and 0.86 atm of H2 permits an 
upper  l imit to the equi l ibr ium N2 pressure over GaN 
and l iquid Ga to be calculated. I t  is equal to the N2 
pressure corresponding to equi l ibr ium with the NH3 
and H2 pressures used in  growing the GaN layers. 
This equi l ibr ium is described by the equation 

1 3 
NH3(g) = -~- N2(g) -}- -~H2(g)  [4] 

which leads to the following expression relat ing the 
partial  pressures to the equi l ibr ium constant, K4 

PNH3 
PN21/2 = K 4  - -  [5 ]  

PH2 3/2 

The value of K4 obtained from the JA N A F  Tables (12) 
is about 3 • 103 at 825~ leading to a value for the 
N2 pressure of 3 • 105 atm. This point  is plotted in 
Fig. 1 and lies far above the calculated equi l ibr ium 
curve. It  is, of course, consistent with this curve bu t  
does not help appreciably to define it. 

Recently, two addit ional observations related to 
the reaction of NH~ with Ga provide upper  limits to 
the equi l ibr ium N2 pressure curve. Logan and co- 
workers (17) have added N to GaP by  passing NH3 
in H2 over l iquid Ga containing dissolved phosphorus 
from which GaP was grown by cooling. It  was found 
that  the N concentrat ion in GaP was proport ional  to 
the NH3 pressure and there was an NH~ pressure above 
which good crystal growth of GaP was not possible. 
Lorimor and co-workers (18), in applying Logan's 
technique to the addition of N to GaP, observed that  
the concentrat ion of N saturated. That  is, crystal  
growth could be obtained with some difficulty at 
higher NH3 pressures but  no fur ther  increase in N 
concentrat ion was found. They observed altered crys- 
tal growth and reported that  GaN was formed. 

The NH3 pressures in H~, at which GaN was formed 
from Ga in the studies of N doping of GaP, were in 
the range  of 10 - s  atm at tempera tures  of approxi-  
mate ly  1000~ Equiva lent  N2 pressure can be calcu- 
lated from the conditions used and have been plotted 
in Fig. 1. It  is seen that  Logan's point  straddles the 
calculated curve, while Lorimor 's  point  lies slightly 
below the curve. The tempera ture  range of each of 
these points corresponds to the range over which GaP  
epitaxial  layers were grown. 

It is concluded that the equi l ibr ium N~ pressure 
curve lies on or below the curve plotted in Fig. 1 bu t  
not lower than 1 to 2 decades below it. 

We have at tempted to obtain improved upper  limits 
to the equi l ibr ium N2 pressures by finding the min i -  
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mum NH3 pressures at which GaN can be formed 
from Ga. Addit ional  informat ion  has been obtained 
from the NI% pressure leaving the tube after reaction 
with Ga. The discovery that  high pressures of NH3, 
relat ively speaking, are generated by the reaction of H2 
with GaN, has led to great ly improved lower limits to 
the equi l ibr ium curve. 

Experimental 
Most of the GaN used in these studies was grown 

by reacting a part ial  pressure of NH3 in H2 wi th  Ga 
at 1150~ in a furnace system that  was previously 
used (17) to grow epitaxial  layers of N-doped GaP. 
The furnace was modified so that  an easily replaceable 
quartz l iner was used inside the ma in  quartz furnace 
tube. The NI-I 3 pressure ranged from 10 - 3  to  5 X 10 - 2  
atm in H2, with gas flow rates of 70 to 280 cc /min  
and a tube ID of 2.1 cm. The GaN formed was in the 
form of small, black, i r regular ly  shaped crystals with 
dimensions ranging from 75 to 500 gm. The other GaN 
studied was composed of smaller  crystals, gray in 
color, grown by Zetterstrom (19) by react ing Ga with 
1 atm of NH3 at I100~ in a similar  furnace. To sepa- 
rate out the very small  crystals formed in this growth, 
the batch was repeatedly r insed with agitation and 
the larger crystals retained. They ranged in size from 
20 to 100 ~m. In all cases, the GaN was separated from 
the Ga growth melt  by digestion in aqua regia. 

PNH3 w a s  determined by causing the NH3-H2 fur-  
nace exhaust  gas to bubble  through a 4 cm high col- 
umn  of HC1 solution of known  column and normali ty,  
and containing methyl  red indicator. The normal i ty  of 
the HC1 solution was adjusted to give a convenient  
t i t ra t ion t ime of 5 to 10 min  so that the uncer ta in ty  
(a few seconds) in the determinat ion of the t ime of 
the indicator color change was negligible. The contri-  
but ion of the indicator to the normal i ty  of the solu- 
t ion became significant (~10%) only at the lowest 
normal i ty  used (2 • 10-5N). Since the furnace gas 
flowed at constant  rate ra ther  than at constant  pres- 
sure, the gas flow rate  was unaffected by the small  
change in gas pressure due to the t i tration. The NH3 
dissolution into the HC1 solution was complete as evi- 
denced by doubl ing the column height of the HC1 
solution by the addit ion of H20, without  changing the 
t i t ra t ion t ime for a given gas mixture.  PN-3 is deter-  
mined from the gas flow rate and the t i t ra t ion t ime of 
the solution of known  volume and normali ty.  

The system was rout inely  monitored for evidence 
of dissociation of NH3 in the furnace. A clear indica- 
tion of dissociation was the var ia t ion of PNH3 with fur-  
nace temperature.  Dissociation could be made negli-  
gible by use of new quartz furnace l iner  which was 
cleaned in deionized H20 and alcohol prior to use. No 
bake-out  was necessary. The ma in  quartz furnace tube 
caused NH3 dissociation after cont inual  use for one to 
three months. The dissociation correlated with de- 
vitrification of the tube and was rectified by replace- 
ment  with a new quartz tube. It  was observed that  the 
low oxygen (and water  vapor) level in the furnace 
ambient  was essential to achieve negligible NH3 dis- 
sociation. The pyrolytic graphite crucibles used both 
in the formation and dissociation studies of GaN did 
not cause NH3 decomposition and the crucible weight 
loss dur ing an exper iment  was less than  1 mg. 

The NH3 pressure from the reaction of H2 with GaN 
w a s  determined by inser t ing 1-13g of GaN crystals, 
contained in a pyrolyt ic  graphite crucible, into the 
furnace, at uni form tempera ture  and with a pure H2 
ambient.  The NH3 pressure in the exit gas was moni -  
tored cont inuously  and increased to a constant  value in 
about 60 min. This is about the t ime required to achieve 
a constant  value of the NH3 pressure when  H2 and NH~ 
are mixed and passed through the empty tube. Typi-  
cally, about 25 w/o (weight per cent) of the GaN dis- 
sociated, leaving Ga, in heat ing times which ranged 
from 16 hr at 925~ to 4 hr at 1175~ 

Results and Discussion 
In  the work reported here, the reaction of NH3 with 

Ga has been used to give upper  limits to the N2 equil ib-  
r ium pressure over GaN and Ga. The reaction H2 with 
GaN has been used to give lower limits to the N2 
equi l ibr ium pressure. Both of these reactions can be 
described by the following equat ion 

3 
GaN(s)  + y H 2 ( g )  = Ga(1) + NH3(g) [6] 

The equi l ibr ium constant  relates the equi l ibr ium pres- 
sures of NH3 and H2 in the equation 

PNH3 
- -  - -  K 6  [ 7 ]  

PH2 3/2 

It has again been assumed that  the nonstoichiometry 
range of GaN is small  and that  the solubil i ty of GaN 
in Ga is negligible. The pressure ratio PNH3/PH23/2 is 
also given in Eq. [5] from which the following equa-  
tions can be wr i t t en  

PNH3 PN21/2 
- -  - -  K 6  - -  - -  [ 8 ]  

PH23/2 K4 

Since K~ can be obtained from the JANAF Tables (12), 
the values of PNtt3/PH23/2 can be calculated for the 
equi l ibr ium N2 pressures given in Fig. 1. They are 
plotted in Fig. 2 as log PNH3 VS. 104/T and give the solid 
line. This is the reverse of the calculations made in the 
section on Comparison with Available Exper imenta l  
Data to obtain upper  limits to the equi l ibr ium N2 line 
from NH3 and H2 pressures at which GaN formed. 

The m i n i m u m  NHa pressures in H2 at which GaN 
was seen to form when passed over l iquid Ga, have 
been plotted in F~g. 2 and are upper  limits to the 
equi l ibr ium NH3 pressure. Measurements  made inde-  
pendent ly  by Ilegems (20) are included. 

An independent  upper  l imit  to the equi l ib r ium curve 
is obtained from the pressure of NH3 leaving the re-  
action tube. This pressure is always less than  that  
entering. Measurements of the NH~ pressure after NH:~ 
in H2 was passed through clean empty  tubes showed 
that  negligible decomposition occurred. However, it 
cannot  be ruled out that  some decomposition of NH3 
to H2 and N2 occurred dur ing the reaction wi th  l iquid 
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Fig. 2. Pressure of NH3 in H2 over GaN(s)-Ga(1), (log PNH3 vs. 
104/T). The solid line is equivalent to the calculated line of Fig. 
1. The dashed lines represent a "+-1 kcal uncertainty in the free 
energy of formation of GaN. ~ Minimum NH3 pressures at which 
GaN was seen to form from Ga. + NH3 pressures in exiting gas 
stream. ~ Independent measurements by M. Ilegems of minimum 
input NH3 pressures at which GaN was seen to form from Ga. ,~  
NH3 pressures from the reaction of H2 with GaN. I I Lorimor 
and co-workers (18). 
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Ga. At lower NH3 pressures where GaN is not formed, 
the NH3 pressure decreased about 10% in passing 
through the reaction zone. We have taken this to be 
an estimate of the extent  of dissociation of NH3 in these 
experiments.  The lowest observed exit pressures at 
several temperatures  where  GaN was formed are 
plotted in Fig. 2. These points may be too low by as 
much as 10%. 

All  of the upper  l imit  points plotted in  Fig. 2 are 
consistent with the calculated equi l ibr ium line ex- 
cept for one point  at the highest temperature  which, 
however, agrees wi th in  the 10% estimated uncertainty.  

We have found that  impressively high pressures of 
NH3 are generated when  H2 is passed over GaN. The 
measured pressures set lower limits to the equi l ibr ium 
curve. The points plotted in Fig. 2 are the highest 
pressures measured at each tempera ture  and are 
steady-state values achieved after about 1 hr of heat-  
ing. They all are consistent with the estimated line 
and fall well  wi thin  the band resul t ing from the 1 kcal 
uncer ta in ty  in the heat of formation of GaN. 

The dependence of the NH3 pressure on flow rate 
and sample area suggested that equi l ibr ium was near. 
The observed NH3 pressure increased --20% as the flow 
rate decreased from 280 to 70 cc /min  and a similar 
small increase was observed when the GaN area in-  
creased by a factor of 5. The GaN area was varied by 
changing the weight of crystals of a given mesh size. 
The points plotted in Fig. 2 are the highest NH3 pres- 
sures measured at each temperature,  obtained with 
the largest GaN area and smallest flow rate used at 
each temperature.  It is possible, however, that equi-  
l ibr ium pressures were not at tained because appre-  
ciable catalytic decomposition of NH3 may have taken 
place in the hot tube down stream from the GaN. This 
possibility restrains us from accepting these as equi-  
l ibr ium measurements.  They are, however, completely 
acceptable lower limits to the equi l ibr ium curve. 

On the basis of the lower and upper  l imit ing points 
that we have obtained, we conclude that  the equil ib-  
r ium pressure of NH3, given by the calculated line of 
Fig. 2, is consistent with all of the exper imental  in-  
formation available as is t rue also for the pressure of 
N2 given by the l ine of Fig. 1. The data of Lorimor 
et al. (18), plotted in Fig. 1 in terms of N2 pressure, is 
plotted iff Fig. 2 in terms of NH3 pressure and provides 
an upper  limit, with the indicated uncer ta in ty  in the 
NH~ pressure. The data of Fig. 2 are summarized in 
Table I. 

These results, then, are consistent with a heat  of 
formation of GaN of --26.4 • 1.O kcal (2, 7, 8) and an 
entropy and heat capacity the same as those of ZnO 

Table I. Pressure of NH3 in H2 over GaN(s)-Ga(I) vs. T~ 
(data of Fig. 2) 

E x p e r i m e n t a l  c o n d i t i o n s  T~  P~T 3 (10 -3 a tm)  

( ' ~ )  M i n i m u m  i n p u t  NI-I3 p r e s su re  at  1150 2.5 
w h i c h  G a N  was  seen to  f o r m  f r o m  Ga  1050 7.0 

1000 3.2 
950 3.5 

( + ) NH3 p ressu res  i n  e x i t i n g  gas  s t r e a m  1150 1.58 
1050 2.30 
i000 2.60 
950 3.00 

( ~ )  I n d e p e n d e n t  m e a s u r e m e n t s  of  M. 1130 3.85 
I l egems  of m i n i m u m  i n p u t  N I ~  pres-  1105 3.04 
su res  a t  w h i c h  G a N  w a s  s e e n  t o  f o r m  1100 2.51 
f r o m  G a  1095 3.81 

1055 3.49 

( i - - i )  L o r i m o r  and  c o - w o r k e r s  (18) 1000-985 1.48 

(~2~) NI-/a p r e s su re s  f r o m  the  r e a c t i o n  of 1149 1.48 
H2 w i t h  G a N  1125 1.34 

l l0O 1.39 
1002 0.905 

929 0.645 
899 0,501 

Table II. Heat and free energy of formation of GaN(s) 

Ga(s,1) + V2N~(g)=  GaN(s )  

T, ~ --AHf,  kca l  AGf, k c a l  

298 26.40 q- 1.0 --33.04 "+" 1.0 
900 26.94 --4.06 

1000 26.74 -- 1.54 
1100 26.52 + 0.97 
1200 26.29 + 3.46 
1300 26.04 + 5.93 
1400 25.78 + 8.39 
1500 25.52 + 10.81 
1600 25.24 + 13.21 

(9, 10). The heats of formation and free energies of 
formation used to calculate the curve of Fig. 1 are 
given in Table II. 

Two criteria have been used to determine limits to 
equi l ibr ium conditions: GaN must  decompose or it 
must  form. The fact that GaN may  appear not to de- 
compose under  certain conditions does not give useful 
informat ion since the rate of decomposition may  be too 
slow to be observed. Similarly,  Ga may appear not to 
react with N2 or NH3 and H2 when, in  fact, the reac-  
tion may be impeded by a th in  surface ni t r ide  film. 
Conclusions can be d rawn when changes occur; they 
cannot be drawn when changes do not occur. 

We have taken advantage of two slow kinetic proc- 
esses in order to closely approximate the equi l ibr ium 
properties of GaN: the slow rate of decomposition of 
GaN to form Ga and N2, and the slow rate of decom- 
position of NH3 to N2 and H2. The i ron-ni t rogen  system 
has been studied under  somewhat related circum- 
stances and equi l ibr ium ni trogen pressures up to h u n -  
dreds of thousands of atmospheres have been deduced 
from the much lower NH~ pressures in H2 used to con- 
trol the ni trogen chemical potent ial  (21). 

Summary 
The equi l ibr ium pressure of N2 over GaN and l iquid 

Ga has been calculated from available thermodynamic  
functions with the assumption that  the entropy and 
heat capacity of GaN are the same as those of ZnO. The 
calculated equi l ibr ium pressure curve was found to be 
consistent with a number  of reported exper iments  al-  
though the spread between upper  and lower bounds 
was ra ther  broad. NH3 pressures in H2, which were 
found to be the ma x i mum pressures at which GaP, 
doped with N, could be grown (17, 18), gave equiva-  
lent n i t rogen pressures in agreement  wi th  those calcu- 
lated. 

Three different exper imental  methods are reported 
here which were used to nar row the gap between upper  
and lower limits to the equi l ibr ium pressure curve. 
In  one method the mi n i mum NH3 pressure at which 
GaN could be seen to form on the surface of Ga was 
measured. Another  consisted of measur ing the NH3 
part ial  pressure in H2 after passing over l iquid Ga. Of 
importance is the last method, which appears to give 
results near equil ibrium, where  measurement  was 
made of the NH3 pressure generated by  the reaction of 
H2 with GaN. All  measurements  were consistent with 
the calculated equi l ibr ium curve. 
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Kinetics of Manganeseo-Wustite Scale Formation 
on Iron-Manganese Alloys 
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Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

The oxidat ion kinet ics  of Fe -Mn al loys conta ining up to 59 w/o  (weight  per  
cent)  Mn exposed to carbon d iox ide -ca rbon  monoxide  a tmospheres  at  1000~ 
have  been de te rmined  by a the rmograv imet r i c  technique.  The expe r imen ta l  
condit ions were  chosen in order  that  the react ion would  lead to format ion  of a 
s ingle-phase  manganeseo-wus t i t e  [ ( F e  Mn)O]  scale. The r a t e  of parabol ic  
oxidat ion  decreased and the  manganese  content  in wust i te  increased wi th  in-  
creasing manganese  content  in the  alloy. A diffusion model, which is based on 
equat ions d e r i v e d  by  Wagner  for meta l  diffusion th rough  the scale under  
chemical  ac t iv i ty  gradients ,  ]eads to a descr ipt ion of the  scal ing kinetics,  and 
to evaluat ions  for the  self-diffusion coefficients of i ron and manganese  and 
the nons to ichiometry  as a function of the manganese  content  in wusti te.  

A ma jo r  objec t ive  of this invest igat ion was to con- 
t r ibu te  to the  unders tand ing  of the  oxidat ion mecha-  
nism of b ina ry  al loys when  a s ing le-phase  superficial  
oxide scale is formed as the ma jo r  react ion product  
wi th  only a r e l a t ive ly  small  degree of oxide  p rec ip i t a -  
t ion in an in te rna l  oxidat ion  zone. In  recent  papers ,  
Wagner  (1), and Coates and Dalvi  (2) have  advanced  
methods  for calculat ing the d is t r ibut ion  of cat ions in a 
meta l -conduc t ing  scale growing by  parabol ic  kinetics.  
The Fe=Mn-O system could meet  these requ i rements  
since Fos te r  and Welch  (3) have  demons t ra ted  tha t  
wust i te  and manganous  oxide form a cont inuous solid 
solution. 

In  the presen t  work,  the  oxidat ion kinetics,  morpho-  
logical  development ,  and composi t ion of the wust i te  
scale on F e - M n  al loys exposed to CO2-CO atmospheres  
at  1000~ were  inves t iga ted  under  condit ions to insure  
format ion  of (FeMn)O scale by  parabol ic  kinetics.  
These resul ts  are  used in combinat ion  wi th  diffusional 
and the rmodynamic  proper t ies  of this  t e rna ry  system 
and the  above-ment ioned  theore t ica l  considerat ions  to 
gain an insight  into the  mechanism of scale growth  
and the  meta l  t r anspor t  p roper t ies  of the  oxide  solid 
solution. 

Experimental 
The al loys were  p repa red  f rom elect rolyt ic  iron, 99.96 

w/o  (weight  pe r  cent)  pure,  and manganese,  99.99 w/o  

* Elect rochemical  Society S tudent  Associate.  
** Electrochemical  Society Act ive  Member ,  
K e y  words :  Fe -Mn alloys, parabol ic  oxidation,  manganeseo -wus t i t e  

scale. 

pure.  A p p r o x i m a t e l y  300g of ma te r i a l  were  p laced in 
the mel t ing chamber  of a nonconsumable  arc furnace 
wi th  a tungsten e lec t rode  opera t ing  unde r  argon. In 
order  to p reven t  any  long r ange  segregation,  each 
charge  was melted,  inverted,  and  then remel ted  unt i l  
a to ta l  of four  mel t ing  operat ions  had been completed.  
I t  was then sealed in a quar tz  tube  filled wi th  argon 
and annealed  for five days  at  1000~ The composi t ions 
of the  al loys are given in Table I. 

Al loy  but tons  were  hot=rolled at  800~ to a thickness 
of 4 mm. The surface of each sheet  was c leaned by 
pickl ing in di lute  hydrochlor ic  acid and by  abras ion 
using 600 gr i t  si l icon ca rb ide  paper .  The sheets were  
then co ld- ro l led  to a thickness of app rox ima te ly  2.5 
mm. Test specimens, 10 • 10 X 2 mm, were  p repa red  
f rom these sheets by  mount ing  pla tes  in Bake l i te  and 
meta l lograph ica l ly  pol ishing al l  surfaces to 1~ d iamond 
abras ive  using kerosene as lubricant .  Af t e r  r emova l  
from the Bakel i te  mountings,  specimens were  washed 
wi th  pe t ro leum e ther  and s tored in d r ied  acetone. 

Table I. Chemical analyses of Fe-Mn alloys based on 
manganese determinations 

Alloy n u m b e r  Nomina l  composi t ion w / o  Mn 
in tex t  of alloys, w / o  Mn in alloys 

1 0 0.0 
2 1 0.93 
3 12 12.33 
4 27 27.35 
5 32 31.83 
6 59 58.94 



Vol.  119, No. 5 M A N G A N E S E O - W U S T I T E  SCALE F O R M A T I O N  627 

An Ainsworth,  Type RV, continuous recording 
microbalance was used to determine the weight change 
of a specimen exposed to a reaction atmosphere. The 
thermogravimetr ic  assembly has been described pre-  
viously (4); the tempera ture  of the reaction zone in 
the furnace was controlled to ~2~ A specimen was 
lowered into the reaction atmosphere which was ma in -  
tained at a flow rate of 0.6 cm/sec to prevent  thermal  
segregation of the gases. Carbon dioxide, 99.95 v/o  
(volume per cent) pure, was dried by passage through 
columns containing magnes ium perchlorate, reduced 
copper oxide, and activated alumina.  Carbon monox-  
ide, m i n i m u m  pur i ty  of 99.6 v/o, was purified by pass- 
age through columns containing magnes ium perchlo- 
rate and ascarite. 

Oxidized specimens were mounted  in epoxy, cold, 
self-sett ing resin, the final polishing being done with 
1# diamond abrasive and kerosene as lubricant .  Chem- 
ical analyses were carried out by means of a Cameca 
electron-probe microanalyzer  operat ing at 15 keV and 
a specimen current  50-80 nanoA. This in s t rumen t  was 
calibrated as described previously (5). Standards for 
checking the cal ibrat ion curves for the alloys were 
alloys of several known compositions. The cal ibrat ion 
procedure for the wusti te  phase could be verified only 
for pure  wustite. The Debye-Scherrer  method of x - r ay  
analysis using Co Ka radiat ion was used to determine 
oxide crystallographic structures. 

Results 
The dependences of the oxidation kinetics on the 

compositions of the exposed alloys and on the CO2/CO 
ratios in the reaction atmospheres are i l lustrated by 
the parabolic plots [ (oxygen weight  ga in /un i t  area) 2 
vs. ( t ime)]  in  Fig. 1 and 2. These curves, which were 
reproducible wi thin  _+_15%, are of the same shape as 
those obtained for pure iron due to a re la t ively  smaller  
reaction rate before onset of parabolic kinetics (6, 7). 
The plots in Fig. 3 i l lus t ra te  that  the values of the 

4500 , i i i i v i ~ i / i  i i i 

/ 2 /  ( c02 /co )  = 7 o 1 3 0  

3 0 0 0  ~ 4 

r ~ l  1500 

,K 
~ 0 

.~ 0 2 4 6 8 I0  12 14 
h i  

4 5 0 0  , , , , , , , , , 

_~ Ic02/CO) = 5 0 / 5 0  

a. 
z 3 0 0 0  

4 

~ 150o 

o 
o 4 8 12 16 20 

TIME [hours] 

Fig. 2. Parabolic plots for the oxidation kinetics of Fe-Mn alloys 
in 70 /30  and 50 /50  C 0 2 - C 0  atmospheres at 1000~ The num- 
bers on curves correspond to the alloy composition designations in 
Table I. 
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Fig. 1. Parabolic plots for the oxidation kinetics of Fe-Mn alloys 
in 100/I and 100/10 C02-C0 atmospheres at 1000~ The numbers 
on curves correspond to the alloy composition designations in 
Table I. 
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Fig. 3. Parabolic oxidation constants for Fe-Mn alloys as a 
function of manganese content. 

parabolic oxidation constants decrease with increasing 
alloy manganese  contents  and carbon monoxide part ial  
pressures. 

Powder x - r ay  analyses of the scales demonstrated 
that they were composed of (FeMn)O with exception 
of those formed on pure iron and the alloy containing 
10 w/o  Mn exposed to pure carbon dioxide and a 100/10 
CO2-CO atmosphere. In  these cases, the presence of 
magnet i te  was identified. The mean  lattice parameter  
of the single-phase scales, Fig. 4, exhibited a var iat ion 
l inear ly  related to the MnO content  of the oxide solid 
solution. 
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Fig. 4. Mean lattice parameter of the (FeMn)O solid solution 
scales. 

A scale was essentially compact and uni formly  thick 
during its growth. There was a small  degree of in terna l  
oxidation but  the penetra t ion depth of its zone was 
negligible compared to the thickness of the scale. These 
features are i l lustrated by the micrographs in Fig. 5 
and 6. In te rna l  oxidation for the F e - l %  Mn alloy was 
so small  that  its penetra t ion distance could not be 
determined at the comparat ively high magnification 
of 1000X. In the alloy of highest manganese  content, 
59 w/o  Mn, the penetra t ion depth of oxide never  ex- 
ceeded 10% of the scale thickness. The only oxide 
identified in both the scales and in te rna l  zones was 
(FeMn) O. 

Manganese concentrat ion profiles in the scales and 
alloy substrates of specimens exposed to the various 
atmospheres for different intervals  i n  the regions of 
parabolic oxidation were determined by the electron 
microprobe technique. The profiles shown in Fig. 7 
and 8 for the alloy specimens containing 1 and 59 w/o  
Mn i l lustrate typical  dis tr ibut ions for the alloying ele- 
ment  between the metal  and scale. The manganese  
concentrat ions were determined to wi th in  • of 
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Fig. 7. Manganese concentration profiles in the metal and 
(FeMn)O scale of an Fe-1 w/o Mn alloy oxidized at 1000~ The 
scale thickness has been standardized to y ~- x/xs. 

the determined values. Manganese depletion from an 
alloy was small, the deplet ion distance never  extend-  
ing inward  more than 50~ from the alloy interface. The 
change of manganese  concentrat ion across a scale 
was small  but  the decrease in its concentrat ion toward 
the outer surface gave rise to a l inear  manganese 
gradient.  These gradients  in the scales formed on the 
different alloys under  various atmospheric conditions 
are recorded in Table II. Values are also tabulated for 
the MnO concentrat ion at the outer scale surfaces as 
determined by extrapolat ion of the l inear  profiles. 

Discussion 
Oxidation of the alloys gave rise predominate ly  to 

a scale consisting of a solid solution of the divalent  
oxides. An oxidation curve exhibited a region of slow 
reaction before onset of parabolic kinetics due to inter-  
facial control at the scale/gas boundary.  Oxidation in 
all atmospheres, nevertheless,  proceeded at significant 

Fig. 5. The metallographic 
cross-sections and the inter- 
faces between the scales 
formed on Fe-1 w/o Mn and 
Fe-12 w/o Mn alloys exposed 
to a 70/30 C02-C0 atmos- 
phere at 1000~ (X130). 

Fig. 6. The metallographic 
cross sections and the inter- 
faces between the scales 
formed on Fe-32 w/o Mn and 
Fe-59 w/o Mn a|loys exposed 
to a 70/30 C02-C0 atmos- 
phere at 1000~ (X130). 
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Fig. 8. Manganese concentration profiles in the metal and 
(FeMn)O scale of an Fe-59 w/o Mn alloy oxidized at 1000~ The 
scale thickness has been standardized to y ~--- x/xs. 

ra tes  because of r ap id  meta l  diffusion wi th in  the oxide 
l aye r  of large  nonstoichiometry.  The meta l  ra t io  in 
the  scale was only s l ight ly  different  from tha t  in the 
al loy inasmuch as manganese,  the  less noble metal ,  
en tered  the  scale preferent ia l ly .  Fu r the r ,  the  ra t io  of 
manganese  to i ron in the scale decreased wi th  dis tance 
f rom the  a l loy interface  due  to manganese  exhib i t ing  
a smal le r  mobi l i ty  than  i ron in the oxide  solid solu-  
tion. The me ta l  gradients ,  never theless ,  a t t a ined  a 
s t eady-s ta te  value  dur ing  the  s tages of parabol ic  oxi-  
d.ation kinet ics  (Fig. 7 and 8). 

The occurrence of parabol ic  kinet ics  governing 
g rowth  of a r e la t ive ly  un i form scale wi th  s t eady- s t a t e  
gradients  in the  oxide solid solut ion and the absence 
of an apprec iable  degree of in te rna l  oxida t ion  meet  
the  requ i rements  of the  theore t ica l  analysis  car r ied  out 
by  Wagner  (1) for the  d i s t r ibu t ion  of cat ions in a 
me ta l  conduct ing scale. Accordingly,  the  equations 
tha t  he has deduced m a y  be ut i l ized wi th  the presen t  
expe r imen ta l  resul ts  to ca lcula te  the  meta l  diffusion 
coefficients in (FeMn)O and the  dependence  of its 
nons to ich iometry  on the MnO content .  His formal i sm 
is used and the  reader  is r e fe r red  to the or iginal  paper  
for ma themat i ca l  details .  

The equat ions for the  flux of me ta l  cations th rough  
the scale are 

1 --  ~ a In aFe 
jFe(eq) - - - - - - D F e - -  [1] 

V d x  

O in aMn 
J M n ( e q )  : - - D M n  [ 2 ]  

V dx  

when corre la t ion  effects a re  d isregarded.  In  these equa-  
tions, D is a meta l  self-diffusion coefficient, } /V is 
the  local  concentra t ion of manganese  in equivalents  
per  uni t  volume, and a is a local act ivi ty.  Since the  
parabol ic  scaling ra te  is supposed to be  control led  by  
diffusion, the  above re la t ionships  y ie ld  Equat ion 11 
f rom Ref. (1) for the parabol ic  ox ida t ion  ra te  constant  

O In aFeo d~ ZFe d In ao ) 
DFe (1 -- 4) 04 dy ~ Zo dy 

( zM. d l n a o  ) 0 In aMnO df ~ -" k 
+ DMn ~ 04 dy Zo dy 

[3] 

where  } is the  mole  f ract ion of MnO in the  oxide  and 
y = X/Xs is the  normal ized  scale thickness.  

The Gibbs -Duhem equat ion for the  oxide solid solu- 
t ion m a y  be expressed  as 

( 1 --  }) d In aFeo ~- ~ d in aMno = 0 [4] 

Since the  (Fe M n)O  solid solution m a y  be considered 
as nea r ly  ideal  (3) 

d in aMno 
= 1 fS] 

d l n  

Uti l izing the equal i t ies  of the  absolute valences, ZFe 
---- ZM, ----- Zo ---- 2, we  can express  Eq. [3] upon subs t i tu-  
t ion of [4] and [5] as 

d} d In ao 
- - [ ( 1 - - D  + P ~ ] : k *  [6] ( 1 - - p ) - ~ - y  + dy 

where  

k* ~-. k/DFe and p = D M n / D F e  [7] 

The me ta l  profiles in the  oxide  scales which  were  
s ta t ionary  and ve ry  flat under  condit ions for  parabol ic  
oxidat ion could be app rox ima ted  to a l inear  g rad ien t  

- -  a + by [8] 

where,  a ---- ~' is the  mole fract ion of MnO in the  scale 
at  i ts  inner  in ter face  and b is the  grad ien t  across the 
oxide. On subst i tut ion of Eq. [7] and  [8] into [6] 

d l n a o  k* + ( p - - 1 ) b  
= [9] 

dy 1 + (p -- 1)4 

The second equat ion tha t  m a y  be ut i l ized in this  
ca lcula t ion f rom Wagner ' s  analysis  is the a lgebra ic  
expression 39 in Ref. (1) for ma te r i a l  ba lance  at the 
outer  in terface  for manganese  

[ ( d l n a M n o  d~ d l n a o  ) ]  ,"k  
--  DMn ~ d~ dy dy ~ = 1 -- 

[10] 

On applying the same simplifications as in the previous 
case, the resulting expression is 

Table II. The values for the linear gradient, b, and the concentration at the outer oxide interface, 
4", of MnO in scales on alloys exposed to C02-C0 atmospheres. The values of 

b and 4" from Eq. [8] are expressed as MnO mole fractions 

Oxida t ion  
a t m o s p h e r e s ,  

v / o  [CO~/CO] 
0.93 12.33 

b x I04 }" b • 104 ~" 

Alloy  composi t ion ,  w / o  Mn 

27.35 
b x 104 ~" 

31.83 59.04 
b x 10~, }" b x 104 ~" 

50/50 - -0 .9  0.0092 -- 12.3 0.121 
70/30 -- 0.9 0.0091 -- 12.2 0.122 

I 0 0 / i 0  - -  - -  -- 12.2 0.120 
100/1 ~ - -  -- 12.3 0.121 

- 27.0 0.271 -- 31.4 0.314 -- 59,2 0.584 
- 27.8 0.270 -- 31.8 0.313 -- 53.3 0.584 
-- 27.8 0.269 -- 31.2 0.315 -- 59.1 0.586 
-- 27.7 0.271 -- 31.6 0.315 -- 59.0 0.584 
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d In ao pb 
k* = p -  [11] 

dy ~" 

Subst i tu t ion  of Eq [9] into [11] yields  

pb 
k* : [12] 

(p - 1) (1 - ~")~" 

These equat ions al low one to express  the  cation 
self-diffusivi t ies  in the  fol lowing forms 

k C  ( p - - I ) ( 1 - - [ )  
DFe : [13] 

pb 

k ~ " ( p - -  1 ) ( l - - C )  
DMn = [14] 

b 

where  the  parabol ic  r a t e  constant  k is re la ted  to the  
expe r imen ta l  ra te  constant /c  o by  the re la t ion 

k - ~ e c /  = ~ - ( - i ~ - 6  ) s [151 

In order  to c a r r y  out  calculat ions for meta l  self-  
diffusion coefficients and oxide  nonstoichiometry,  cer-  
ta in  assumptions  and approx imat ions  must  be made  to 
evalua te  the constant  p. The manganese  concentra t ion 
in the  scale at  its outer  surface for an a l loy of given 
composit ion was not  measu rab ly  dependent  on the 
oxygen potent ia l  of the  a tmosphere  over  the  CO2/CO 
ratios examined  (Table  I I ) .  This resul t  and in view 
of previous  findings that  the (FeMn)O solid solution 
is nea r ly  ideal  a l lows one to invoke the assumption 
by  Wagner  tha t  the  enr ichment  of a me ta l  t oward  
the outer  surface in a scale (in this  case iron) resul ts  
f rom its l a rger  mobil i ty .  Since there  is genera l  ag ree -  
ment  tha t  the  t r anspor t  of i ron and manganese  in FeO 
and MnO takes  place by  a vacancy  mechanism (8, 10), 
we m y  approx ima te  the  self-diffusion coefficients to 

x 0 xrl 
DMn = D~ ; DFe = D~ 

( X~ ) MnO (X~ Fe O 

[16] 

H e r e  D ~ a n d  x ~ re fe r  to the  self-diffusivi t ies  and [] 
vacancy  concentra t ions  for the pu re  oxides, and  x 

[] 
re fers  to the  vacancy  concentra t ion in (FeMn)O.  The 
ra t io  for the  diffusivit ies in  the  oxide  solid solution 

DMn D~ , / D ~  

(%).0 
the re fore  essent ia l ly  corresponds to the  ra t io  of the  
j u m p  frequencies  for manganese  and iron into an ad ja -  
cent  cation vacancy.  Hence, the  factor  for manganese  
deple t ion  across the  scale m a y  be  rega rded  as cor re -  
sponding to the  mobi l i ty  ra t io  of manganese  to iron. 
That  is 

DMn ~" 
P --  "-" -- [18] 

D f e  ~' 

where  f rom Eq. [8], ~"/~' -- 1 + (b /a) .  A value  of p 
= 0.99 _ 0.004 is obta ined  using the  resul ts  given in 
Table II. 

The meta l  self-diffusivi t ies  are  therefore  re la ted  as 
follows 

DFe = 1.01 DMn [ 1 9 ]  

The self-diffusion coefficient of i ron m a y  now be de te r -  
mined by  subst i tu t ing the  va lue  for p and the exper i -  
menta l  values  for the  oxida t ion  pa r ame te r s  in Eq. [12]. 
These resul ts  a re  presented  in Fig. 9. Addi t ion  of MnO 
to FeO decreased the diffusion ra te  of both  cations. The 
values  for  the  self-diffusion coefficient of i ron in 
wust i te  for  oxygen potent ia l s  corresponding to 50/50 

and 70/30 CO2-CO a tmospheres  m a y  be eva lua ted  
f rom publ i shed  resul ts  (8, 9). I t  is seen tha t  the  plots  
de te rmined  for  this diffusivi ty in (Fe M n)O  under  
these condit ions ex t rapo la te  to these l imi t ing  values.  

Wust i te  and manganous  oxide  exhib i t  me ta l  defi- 
ciencies associated wi th  occurrence of cat ion vacancies 
(8, 10). The former  oxide  shows by  far  the larges t  
range  of nons to ich iometry  at  1000~ and the magni tude  
of the  self-diffusion coefficient for i ron is d i rec t ly  
propor t iona l  to nons to ich iometry  (8, 9). We therefore  
express  the  dependence  of the  diffusivi ty on nonstoi-  
ch iomet ry  for the  t e r n a r y  oxide  solid solution as 

x D ( X -  1)X ~ 

DFe - -  D ~  --  D~ [20] 
( x~ )FeO (X ~  1)X 

and where  X ~ and X are the  rat ios of the  atomic f rac-  
tions of oxygen to me ta l  in pure  wust i te  and the 
t e rna ry  oxide. Consequently,  we m a y  ut i l ize  diffusion 
evaluat ions  f rom this inves t igat ion to de te rmine  the 
var ia t ion  of (FeMn)  O nons to ich iometry  wi th  increas-  
ing manganese  content.  

The resul ts  of these calculat ions  using Eq. [20] a re  
shown in Fig. 10. A compar ison is also given be tween  
the ca lcula ted  values  and those de te rmined  by  Voetzel 
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Fig. 9. Self-diffusion coefficient of iron in the (FeMn)O solid 
solution at 1000~ 
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Fig. 10. Nonstoichiometry of the (FeMn)O solid solution at 
]000~ The dashed curve represents values obtained at 1100~ by 
Voeltzel and Monenc (11) on equilibration of (FeMn)O in atmos- 
pheres undergoing the water-gas reaction. The values for pure 
FeO are those determined at 1000~ by Swaroop and Wagner (12). 
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and Manenc (11) and Swaroop and Wagner  (12). The 
determinat ions  from the first investigation are those 
obtained at ll0O~ but  the investigators report  that  
the nonstoichiometry was practically identical wi thin  
the exper imental  precision at 1100 ~ and 1000~ in 
atmospheres of constant  CO2/CO ratio (11). A very 
small  var iat ion in nonstoichiometry of pure wusti te  
only occurs over the tempera ture  range  1000~176 
the nonstoichiometry at 1000~ being 2-3% smaller 
than  that  at l l00~ for atmospheres of constant  CO2/ 
CO ratio. Wi th in  these limitations, it can be seen from 
Fig. 10 that  there is good agreement  between values 
obtained in this investigation and those in the l i tera-  
ture. This consideration offers addit ional  substant ia t ion 
to the diffusion model and analysis adopted to describe 
the parabolic oxidation kinetics of the Fe-Mn alloys 
in  C02-C0 atmospheres. 

Summary 
The parabolic kinetics were determined for the 

formation of the manganeseo-wust i te  scale on Fe-Mn 
alloys exposed to CO2-CO atmospheres at 1000~ The 
morphological development  and manganese  gradients 
in the scale and metal  demonstrated that the reaction 
proceeded under  s teady-state  conditions. A model 
based on a diffusion analysis was shown to account for 
this kinetic behavior. It  was possible by  this analysis 
to evaluate the self-diffusion coefficients for i ron and 
manganese  and the nonstoichiometry of wusti te  as a 
funct ion of manganese  content. All  of these parameters  
were found to decrease with increasing amounts  of 
manganese  dissolved in the (FeMn)O solid solution. 
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Electrical and Structural Properties 
of Metal Sulfides in Chloride Melts 

The Systems Cu S-CuCI and FeS-FeCI 

A. K. Garbee I and S. N. Flengas* 
Department of Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

The phase diagrams of the systems Cu2S-CuC1 and FeS-FeC12 and  the den-  
sities of the l iquid solutions have been measured over the permissible concen- 
t rat ion and tempera ture  ranges. Specific conductivit ies of the l iquid mixtures  
have also been determined.  The results indicate that  the Cu2S-CuC1 solutions, 
for concentrat ions up to about 30 m/o  (mole per cent) Cu2S and temperatures  
below 1000~ are essentially ionic conductors. Electronic conductance be-  
comes evident  for the more concentrated solutions. In  the  FeS-FeC12 solutions, 
ionic conductivi ty appears to be restricted to concentrat ions below 10 m/ o  FeS. 

The thermodynamic  calculations from the Cu2S-CuC1 phase diagram and 
the s t ructural  in terpre ta t ion of the density measurements  indicate tha t  (Cu2S)2 
dimers are present  in dilute solutions. Fur ther  association occurs at higher 
concentrat ions and the formation of a continuous sulfide ne twork  appears to be 
related to the onset of electronic conduction. The solubil i ty of copper metal  
in cuprous chloride is very low, and the conductivi ty of cuprous chloride, and 
of cuprous chloride-rich melts  with cuprous sulfide, appears unaffected by 
the presence of copper metal. The addit ion of excess copper metal  to mol ten 
cuprous sulfide, however, greatly increases its electrical conductivity. 

Because the electrical conductivit ies of cuprous and ferrous sulfides are 
predominant ly  electronic in na tu re  electrodeposition from the mol ten  sulfides 
is not  feasible. Electrolysis of solutions of Cu2S in CuC1 in the composition 
and tempera ture  ranges of ionic behavior  yielded copper meta l  at the cathode 
with high cur ren t  efficiencies. Copper metal  was also recovered selectively 
from solutions of a synthetic  Cu-Fe -S  mat te  dissolved in mol ten CuC1. It  is 
also shown that  FeS may be extracted from a synthetic FeS-Cu2S mat te  by  
solvent extraction using molten CuC1 at the appropriate  temperatures.  The 
extract ion is a t t r ibuted  to an exchange reaction which converts  the FeS com- 
ponent  into the soluble ionic form of FeC12. 

Previous work in this laboratory (1-4) and else- 
where (5-9) has indicated that  the mol ten solutions 

* Elec t rochemical  Society Ac t ive  Member .  
1 P r e s e n t  address :  Armco  Steel  Corporat ion,  Middletown,  Ohio 

45042. 
K e y  words:  e lectrical  conduct iv i t ies ,  meta l  sulfides, me ta l  chlo- 

rides,  e lectr ical  proper t ies  of mat tes ,  densi t ies  of meta l  sulfides. 

of metal  sulfides in their  corresponding metal  chlo- 
rides exhibit  interest ing thermodynamic  and  electrical 
properties. Wi th in  specific tempera ture  and composi- 
t ion ranges such solutions, ra ther  dilute in  meta l  sul-  
fide, behave like ionic conductors. As the sulfide con- 
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tent and the tempera ture  are increased electronic con- 
ductivi ty sets in, and the concentrated solutions behave 
more like the electronically conducting "pure" molten 
metal  sulfide. It is evident  that  in the range of ionic be- 
havior the recovery of metals from their sulfide ores by 
fused salt electrolysis should be feasible. In  addition 
to this practical aspect, the factors determining the 
ionic to electronic t ransi t ions as well  as the thermo-  
dynamic and s tructural  properties of such h igh- tem-  
perature  l iquid semiconductors are of theoretical 
interest. 

The sulfide solutions investigated previously in this 
laboratory include Ag2S-AgC1 (1-2) and the PbS-  
PbC12 (3-4) b inary  systems. The present  paper de- 
scribes work on the thermodynamic  and s t ructural  
properties of the molten salt solutions of Cu2S and of 
FeS in CuC1 and FeC12, respectively. The investigation 
includes the determinat ion of the l iquidus curves of 
the b inary  systems Cu2S-CuC1 and FeS-FeC12, and 
measurements  of densities and electrical conductivit ies 
in these systems. Final ly,  copper metal  has been recov- 
ered by electrolysis of the Cu2S-CuC1 solutions and 
from a synthetic matte  containing Cu-Fe -S  dissolved 
in mol ten CuC1. 

Experimental 
Preparation of materials.--Anhydrous CuC1 was 

prepared from an aqueous solution of cupric chloride 
by reduction with sulfurous acid. The precipitated 
CuC1 was washed with anhydrous alcohol and was de- 
hydrated by t rea tment  under  vacuum for several 
hours, followed by mel t ing and subl imation in a 
stream of dry hydrogen chloride gas. Chemical analysis 
of the product  indicated a pur i ty  of bet ter  than 99.7% 
by weight. 

Anhydrous  FeC12 was prepared from reagent-grade 
hydrated FeC12 dried in a vacuum oven at l l0~  for 
several days. This par t ly  dehydrated solid was finely 
ground in a dry  box filled with purified argon and then 
was treated with dry  hydrogen chloride gas at about 
500~ The chemical analysis of this product corre- 
sponded to a 99.7% FeC12 content. 

Pure  Cu2S was prepared by direct reaction between 
stoichiometric amounts  of hydrogen-reduced copper 
metal  powder and sulfur  which had been previously 
purified by sublimation. The reactants  were charged 
to quartz ampoules which were then flame-sealed 
under  vacuum. The reaction was completed by  heat ing 
at about 600~ for at least three days. 

The chemical analysis of the reaction product indi-  
cated a Cu2S compound in the composition range 
Cu~.97S to Cu2.00S. The x - r ay  analysis was in excellent 
agreement  with the established diffraction pat terns  for 
Cu2S. 

Stoichiometric FeS was also prepared by reacting 
equivalent quantities of hydrogen-reduced iron metal 
powder (99.999% by weight) with sublimed sulfur in 
double-wall glass ampoules which were sealed under 
vacuum. This type of reaction cell was found necessary 
as, during heating, volume changes within the reacting 
mixtures tended to crack the inner compartment. The 
reaction between iron and sulfur was highly exo- 
thermic and could be initiated simply by touching the 
walls of the reaction site with a gas flame. When this 
initial violent reaction had subsided, the reaction cell 
was transferred to a furnace and heated to 6O0~ for 
a period of six days. The chemical analysis of the 
reaction product indicated an FeS composition be- 
tween FeSi.0o and FeSI.01. X-ray analysis was in ex- 
cellent agreement with the established diffraction 
patterns for FeS. 

All other chemicals used in the course of this in- 
vestigation (NaCl, KCI, and BaCl2) were of reagent 
grade and were dried in a vacuum oven at II0~ prior 
to use. 

Materials handl ing  and t ransfer  were always con- 
ducted in  a dry  box filled wi th  purified argon gas, 
fitted with an air-lock. 

Thermal stability of systems investigated.--Because 
of the pronounced dependence of the electrical prop- 
erties of CueS and FeS on stoichiometry the thermal  
stabil i ty of Cu2S, FeS, and of their  solutions with CuC1 
and FeC12, respectively, was investigated. This in-  
formation was a prerequisi te for designing appropriate 
freezing-point  depression apparatus, the density mea-  
suring apparatus, and the cells for measur ing the 
electrical conductivities. The arb i t ra ry  tempera ture  of 
750~ was selected for comparison, simply on the basis 
of its being about ha l f -way  between the melt ing points 
of Cu2S and CuC1. For this measurement ,  about 4g of 
mater ial  was added to a th in-wal led  quartz basket 
which was suspended from a quartz spring thermo- 
balance in a closed all-si l ica-glass system. After  the 
entire system had been evacuated argon gas was intro-  
duced and a movable  furnace kept at 750~ was raised 
unt i l  the part  of the quartz tubing  containing the 
basket was in the hot zone of the furnace. The observed 
loss of weight was then recorded as a funct ion of t ime 
over a period of 18 hr. 

Weight losses in pure Cues and FeS were not de- 
tected. However, a solution containing 11 m/o  (mole 
per cent) Cu2S lost about 8% by weight due to vapor-  
ization of CuC1. With pure CuC1 and FeC12 the weight 
losses due to vaporization were a larmingly  high. Both 
samples lost about 20% by  weight after 18 hr of expo- 
sure. A sample of Cu2S of 4.642g was also studied 
thermogravimetr ical ly  at a tempera ture  of 1150~ The 
complete heat ing and holding at 1150~ for 1 hr re- 
sulted in a loss of weight of 17 mg due to sulfur  evolu- 
tion which is equivalent  to 0.36% of the original 
weight. When cooled to room tempera ture  the solidi- 
fied mel t  had acquired s tar-shaped copper metal  crys- 
tallites which were visible a round the circumference. 

Hence, at the higher temperatures  in an open ex- 
per imental  apparatus some unavoidable  desulfurization 
should be expected to occur. For this reason it was de- 
cided to conduct the experiments  in closed systems, 
where possible, or otherwise to measure a given prop- 
erty over the shortest possible period of t ime which 
would be compatible with the establ ishment  of equi- 
l ib r ium and the reproducibil i ty of the measurement.  

Experimental.--Liquidus temperatures  in the Cu2S- 
CuC1 system were determined using a previously de- 
scribed technique (1, 3) and existing apparatus. Cool- 
ing rates were varied between 0.57 ~ and 1.5~ For 
these measurements  the hear t -shaped quartz cells 
fitted with a thermocouple well  and containing about 
15g of salt mix ture  were sealed under  vacuum. Tem- 
peratures below 800~ were recorded using a 1 mV 
full-scale recorder and 24-gauge Chromel-Alumel  
thermocouples. For  higher temperatures  the  thermo-  
couples were plat inum-13% pla t inum-rhodium.  The 
sensit ivity of the recorder was about 0.25~ but  the 
accuracy of the mel t ing points should be taken as to 
the nearest  degree. For chloride-rich compositions 
supercooling was not noticeable. However, supercool- 
ing did occur in the sulfide-rich melts and was min i -  
mized by vibrat ing the cells. 

For the FeS-FeC12 mixtures,  the steepness of the 
liquidus curve and the limited solubilities did not per- 
mit accurate cryoscopic measurements by this method. 
Only the melting point of pure FeC12 and the eutectic 
temperature could be detected. Hence, a decantation 
technique was employed. The measurements involved 
the equilibration at a given temperature of the sul- 
fide-chloride mixtures placed in decantation quartz 
cells fitted with two side arms as described elsewhere 
(I0). 

At the beginning of a run, the cell with the salt 
mixture was sealed under vacuum and placed inside a 
graphite cylinder also containing the thermocouple 
wells and radiation baffles. The assembled system could 
be lowered into the hot zone of a cylindrical tilting 
furnace. The temperature along the 4-in. long graphite 
block was main ta ined  constant to within +3~ When 
heated to the desired tempera ture  the l iquid phase 
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saturated with FeS was decanted into the second side 
arm of the cell by t i l t ing the entire furnace. Pr ior  to 
decantat ion the solutions were allowed to remain  for 
several hours at tempera ture  to ensure equilibration. 
After  cooling, the cell was opened and the decanted 
phase was analyzed by extract ing the water-soluble  
FeC12 with distilled water. The accuracy of the method 
was established from separate b lank  experiments  dur -  
ing which both fused samples and mechanical ly mixed 
FeS and FeC12 were used. The former method yielded 
consistently slightly lower FeS contents by less than 
0.5%. Thus, even for the smallest sulfide composition 
studied, 2.34% by weight FeS, the absolute error was 
only 0.012%. The only significant uncer ta in ty  in this 
type of measurement  originated from the difficulty 
in main ta in ing  a tempera ture  control over the 4-in. 
long decantat ion cell of bet ter  than ___3~ 

The densities of the mol ten solutions in the Cu2S- 
CuC1 and FeS-FeCI~ systems were determined by mea-  
suring the apparent  loss of weight of a density sinker 
dipping into a melt  at given compositions and tempera-  
tures. The densi ty sinker was made by encapsulat ing a 
tungs ten  rod in quartz glass. For the oxygen-free 
melts quartz was found to be an excellent  container  
material.  All  measurements  were conducted in an at-  
mosphere of purified argon using the quartz spring 
thermobalance apparatus and the cathetometer de- 
scribed previously (1, 3). 

For the present  measurements  the quartz spring 
under  a load of 5g had a total  extension of 65 cm, 
al lowing the detection of weight changes of the order 
of ~-0.2 mg. The results were corrected for the slight 
increase in weight due to condensation of the salt on 
the quartz fiber supporting the density sinker. 

The densities for pure CueS could not be measured 
by this method because of the high viscosity and high 
surface tension of the melts. 

Electrical conductivities in the systems Cu2S-CuC1 
and FeS-FeC12 were measured as functions of melt  
composition and temperature;  using the U- tube  quartz 
capil lary cells of 2 m m  diameter  described previously 
(2, 4). All  measurements  were taken under  an atmo- 
sphere of oxygen-free argon gas. Cell constants varied 
between 500 and 900 cm -I .  Calibrations were made 
using a 1.0 demal KC1 solution (11). The electrical con- 
ductivities were measured using an a-c conductivi ty 
bridge equipped with a Wagner  ground and an oscillo- 
scope detector. The bridge was operated at a fre-  
quency of 3000 Hz and resistances could be measured to 
wi thin  ___0.02 ohms. All  values were corrected for lead 
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Fig. 2. Comparison between the phase diagrams of the systems: 
Cu2S-CuCI, FeS-FeCl2, PbS-PbCI2, Ag2S-AgCI, and ZnS-ZnCI2. 

and electrode resistances. For the lower temperatures  
the temperature  control throughout  the length of the 
cell was better  than _1.5~ but  between 1100 ~ and 
1200~ it was only •176 

Final ly,  the electrolysis exper iments  were  conducted 
in the quartz cells shown in Fig. 1. Electrode materials  
were copper for the cathode and graphite for the anode. 
These cells were also operated under  an atmosphere of 
purified argon. 

E x p e r i m e n t a l  Resul ts  
Phase diagram determination.--The l iquidus curves 

for the system Cu2S-CuC1 and part  of that  for the sys- 
tem FeS-FeC12 are given in Fig. 2, where they are com- 
pared with those for similar systems. 

The Cu2S-CuC1 system is of the simple eutectic type. 
The characteristic points are the mel t ing points of CuCl 
and Cu2S given as 422.9 ~ ___ 1.0~ and 1127.7 ~ • 2.0~ 
respectively, and the eutectic t empera ture  at 389.5 ~ 
+_ 1.5~ The eutectic occurs at 12.1 m/o  Cu2S. The de- 
tailed data of the measured l iquidus and eutectic t em-  
peratures are given in Table I. 

Table I. Phase diagram measurements 

L i q u i d u s  E u t e c t i c  
Comxl~ s i t i on  t e m p e r a t u r e  t e m p e r a t u r e  

Cu2S (~ (~ 

' l 
( 

TO B U B B L E R ~ L ~  

TO ARGON OR VACUUM j 

QUARTZ CELL SOURCE I 

60 CM LONG (OVERALL~ ~" ___ 

co-IDt_ 

T O  A R G O N  O R  V A C U U M  
::::::::D ~ SOURCE 

BUBBLER 

 .EAT,NG TA E 

t 
THERMOCOUPLE 

WELL 

Fig. I .  Electrolysis cell 

Cu~S-CuCI system 

1.0 ( P u r e  Cu2S) 1128 (m.p.)  
0.950 1083 - -  
0.900 1047 
0.850 1027 - -  
0.800 994.2 
0.734 963.3 388.0 
0.635 942.2 386.3 
0.499 880.8 389.5 
0.417 846.9 391.0 
0.346 793.2 389.6 
0.254 - -  390.6 
0.231 -- 391.8 
0.183 -- 390.0 
0.145 ~ 389.0 
0.109 392.8 389.2 
0.075 401.0 389.5 
0.041 410.2 389.5 
0 ( P u r e  CuCl)  422.9 (m.p . )  -- 

T e m p e r a t u r e  S o l u b i l i t y  
(~ XFe8 

FeS-FeCl~  s y s t e m  

697 0.032 
730 0.057 
735 0.058 
800 0.072 
857 0.108 
868 0.100 
890 0.120 
898 0.138 



634 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  May 1972 

The present  da ta  should be compared  with  previous  
measurements  by  Urazov and Schleide  (12) and by 
Truthe  (13). The  agreement  is genera l ly  poor on the 
Cu2S side of the  eutectic w h e r e  there  is a 36~ spread 
in the r epor ted  values  for  the  mel t ing  point  of "pure"  
Cu2S. In the  composi t ion range  be tween  70-90 m / o  
Cu2S, Truthe ' s  (13) measurements  differ by  about  
60~ from the presen t  results.  Urazov and Schleide 
(12) did  not r epor t  any  measurements  beyond 48 m / o  
Cu2S. 

X - r a y  studies on ma te r i a l  cooled from the  eutectic, 
on both the  sulfide and the ch lor ide- r ich  sides, d id  not 
show any peak  shift  or  l ine  broadening.  Therefore,  
solid so lubi l i ty  in this  sys tem is slight,  if i t  occurs at  
all. 

The cooling curves for pu re  CuCl and for composi-  
t ions r ich in CuCl indicate  an exothermic  react ion at 
406~ which  should be associated wi th  the  phase  t r ans -  
format ion  of CuCl (14) from ~-wiis t i te  to the E-zinc 
blende type  s tructure.  

Cooling curves  for  the  system FeS-FeCI2 for  com- 
posi t ions up to 40 m / o  FeS showed only  one inflection 
at  a eutectic t e m p e r a t u r e  of 674~ In  nine de t e rmina -  
tions FeCl2 was found to mel t  at  679.4 ~ _ 0.7~ The 
solubi l i ty  of FeS  in FeC12 is l imi ted  and was measured  
by  the decanta t ion  technique.  The resul ts  a re  given in 
Fig. 2 and in Table I. 

In  Fig. 2, the  ]Jquidus curves of the systems FeS-  
FeCl2 and Cu2S-CuCI a re  compared  wi th  those for 
Pb-PbCI2 (3), Ag2S-AgCI (1), and ZnS-ZnCI2 (15). 

I t  m a y  be seen tha t  at corresponding t empera tu re s  
the  so lubi l i ty  of the  sulfides in the  ch]oride mel t  de -  
creases in the order:  Ag2S-PbS-Cu2S-FeS-ZnS,  which 
is in the  same order  as the  cat ion-ionic radius,  or in the 
app rox ima te  order  of the  mel t ing  points  of the pure  
meta l  sulfides. Work  in this  l abo ra to ry  (10) on the re -  
ciprocal  systems, PbS-NaC1, PbS-KC1, PbS-RbC1, and 
PbS-CsC1 has indica ted  solubil i t ies  of the  o rder  of 
only 2 to 5 m / o  sulfide which  increased from the NaC1- 
P b S  to the CsC1-PbS systems. Thus, the solubi l i ty  
t rends  in common cat ion and in rec iprocal  systems are  
en t i re ly  different. 

Cryoscopic calculations.--In order  to c la r i fy  the 
t r ans format ion  for CuC1, and also for  the purpose  of 
obta ining informat ion  regard ing  the na tu re  and the 
act ivi t ies  of the  ionic species present  in these  solutions 
and of the i r  degree of dissociation, f reezing point  de-  
pression measurements  were  also made  on the  systems 
CuC1-NaC1, CuC1-KCI, and  CuC1-BaC12. 

F r o m  the  resul ts  for the  Cu2S-rich l iquidus curve, 
the act ivi t ies  of Cu2S have  been ca lcula ted  using the 
simplif ied form of the  van ' t  Hoff equat ion 

--AHF [ 1 1 ] 
I n  asolvent ---~ ~ T L  T F  [1 ]  

where,  TL and TF are, respect ively ,  the l iquidus  and the  
fusion t empe ra tu r e  of pu re  Cu2S, and AHF is the heat  
of fusion of Cu2S given (16) as 2600 • 500 cal. The re -  
sults of the  calculat ions a re  presented  in Table II  and 
indicate  posi t ive devia t ions  f rom ideal i ty .  

Ac t iv i ty  calcula t ions  were  also made  for CuC1 for 
composit ions along the CuC1 liquidus.  For  this  cal-  
cula t ion the  new heat  of fusion for  CuC1, de te rmined  
ca lo r imet r i ca l ly  in this  l abo ra to ry  (16), was used. The 
ca lor imetr ic  measurements  have shown tha t  the  solid 
t ransformat ion  for CuC1 at  406~ is accompanied by  a 
heat  effect of 1550 • 50 ca l /mole .  Fusion occurs at 
422.9~ and has a hea t  effect of only  1800 • 50 ca l /  
mole. I t  should be noted that  the  solid t ransformat ion  
is not  ment ioned in compila t ions  of t he rmodynamic  
da ta  and the heat  of fusion is r epor ted  as having  such 
wide ly  different  values  as 2430 ca l /mo le  (17) and 3879 
ca l /mole  (18). 

For  the  calcula t ion of the  act ivi t ies  of CuC1 at t em-  
pera tu res  be low the t rans format ion  tempera ture ,  the  

Table II. Activity calculations 

TL (Liquidus 
System Xcucz temp,  ~ acucl "ycucl 

CuC1 + BaC12 1.000 422.9 
0.990 417.0 0.9-89 0.9-99 
0.987 414.9 0.985 0.998 
0.981 411.6 0.979 0.998 
0.976 408.0 0.972 0.996 

CuC[ + KC1 0,992 418.1 0.990 0.999 
0.988 415.9 0.987 0.999 
0.978 410,2 0.976 0.997 
0.969 405.2 0.965 0.995 
0.969 403.4 0.959 0.992 
0.956 398.7 0.941 0.984 
0.952 396.6 0.935 0.982 
0.931 386.2 0.808 0.965 

CuC1 + NaC1 0.992 418.9 0.992 1,000 
0.983 414.5 0.984 1,001 
0.974 410.3 0.976 1.001 
0.965 405.5 0.966 1.O01 
0.958 403.5 0.959 1,000 
0.953 401.5 0.952 0.999 
0,934 394.5 0.928 0.988 
0.890 379.6 0.875 0.984 

CuC1 + Cu=S 0.995 421.1 0.996 1.001 
0.988 419. 0 0.992 1.005 
0.978 416.6 0.988 1.010 
0.974 414.6 0.984 1.010 
0.965 412.2 0.980 1.015 
0.958 409.5 0.975 1.017 
0.951 407.5 0.971 1.020 
0.936 403.5 0.959 1.024 
0.923 400.2 0.947 1.027 
0.917 399.0 0.943 1.028 
0.907 396.5 0.934 1.030 
0.898 394.4 0.927 1.032 
0.891 392.8 0.921 1.034 

XCu2S acu2s 'YCu2s 

Cu~S-CuCI 1.000 1128 
0.9765 1101 0.9"'865 1.~02 
0.9612 1092 0.9757 1.0151 
0.9500 1083 0.9695 1.0205 
0.9000 1047 0.9443 1.0492 

Cu~S-BaCl~ 0.9748 1108 0.9867 1,0511 
0.9432 1118 - -  

van ' t  Hoff equat ion was used in the  form 

l n a r L  ( A H F + A H T )  [ 1 1 ] [2] 

aTT R TL TT 

where,  aTL and aTT, are  the act ivi t ies  at  the  l iquidus  
and the t ransformat ion  tempera tures ,  respect ively.  AHF 
is the  hea t  of fusion of (~)-CuC1, and A H T  is the heat  
for the a -> ~ t ransformat ion.  

Al l  ac t iv i ty  calculat ions are  re fe r red  to pure  super-  
cooled CuC1 as the state of reference.  Table  II  also in-  
cludes the act ivi t ies  of CuC1 in the  b ina ry  systems 
CuC1-BaC12, CuC1-KC1, and CuC1-NaCI, ca lcula ted  
f rom the  cryoscopic results.  I t  is r ead i ly  seen tha t  in 
these systems the devia t ions  f rom idea l i ty  are  s l ight ly  
negat ive,  whi le  in  the Cu2S-CuC1 sys tem the devia t ions  
are  positive. The posi t ive devia t ions  f rom idea l i ty  in 
the  CuC1-Cu2S system m a y  be considered as evidence 
tha t  Cu2S is present  in the l iquid solut ions as associated 
species. 

Solute association may  be eva lua ted  quan t i t a t ive ly  
by app ly ing  the l imi t ing  law to the  van ' t  Hoff re la t ion-  
ship. For  the  ve ry  di lute  solutions, Eq. [1] m a y  be 
wr i t t en  as 

RTF 2 MCuCl 
A T : - - n ~  ~ . m  [3] 

A H F  1000  

where,  AT, is the  measured  freezing point  depression, 
m is the  mola l i ty  of Cu2S, and n has the significance of 
the number  of foreign par t ic les  p roduced  f rom one 
molecule  of solute. 

Using Eq. [3], n has been calcula ted f rom the exper i -  
menta l  AT values,  and  the  calculat ions are  summar ized  
in Table  III. 

Fo r  a mol ten  salt  system wi th  a common ion, n : 1 
if the  solute salt  is to ta l ly  dissociated. Inspect ion of the 
da ta  in Table  I I I  shows tha t  n is essent ia l ly  un i ty  for 
the systems NaCI-CuC1, KC1-CuC1, and CuC1-BaC12. 
For  the  sys tem CuC1-CusS, n is about  0.6, indica t ing  
that  Cu2S exists  as an associated species. 

If  it  is assumed tha t  Cu2S in solut ion is present  as 
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Table III. Cryoscopic calculations of the number of 
foreign particles in CuCI solutions 

Table IV. Density measurements (d -~ a ~ bt) (~ 
g " c m  - 3  

m *  s o l u t e ,  
S o l u t e  m o l a l i t y  n 

C u e s  0 . 0 4 9 6 4  0 . 6 8 5 0  
0.]-2569 0.5851 
0 , 2 2 5 6 4  0 . 5 2 7 4  
0 . 2 6 8 5 7  0.5838 
0.36853 0,5484 
0 . 4 4 4 0 5  0 . 5 7 0 0  
0 , 5 1 4 8 7  0 . 5 6 5 0  

I~CI 0,08444 1 . 0 7 4 2  
0 . 1 2 4 5 5  1 . 0 6 1 6  
0.22395 1.0712 

N a C I  0 . 0 8 1 5 6  0 . 9 2 6 5  
0 . 1 7 6 2 5  0 . 9 0 0 3  
0 . 2 6 5 2 7  0 . 8 9 7 2  

B a C l ~  0 . 1 0 3 2 6  1 . 0 9 7 5  
0 . 1 3 9 0 6  1.}003 
0 . 1 9 5 6 9  1 . 1 0 0 4  
0 . 2 5 0 9 2  1 . 1 2 9 2  

S t a n d .  T e m p  
X c u c l  a b • 10~ d e v .  r a n g e  (~  

* F o r  d i l u t e  s o l u t i o n s  
MCuCI 

X B o l u t e  ~ - -  " m 
10O0 

w h e r e ,  M c a c l  i s  t h e  m o l e c u l a r  w e i g h t  a n d  X i s  t h e  m o l e  f r a c t i o n .  

the dimer (Cu2S)2, the following association reac- 
t ion should be expected to have occurred 

Cu2S ~ �89 (Cu2S)2 

The equi l ib r ium constant  for this reaction may be 
wr i t ten  as 

- ~ X  
2 

K -- [4] 
( 1  - -  n ) X  

where, a represents the fraction of Cu2S which forms 
the associated species and X is the solute mole fraction. 

From a mass balance calculation it is readily shown 
that  

n = 1 - - -  [ 5 ]  
2 

From Eq. [4] and [5] 
(1 - -  n ) X  

K = [ 6 ]  
(2n -- 1) 

Using the n values de termined by cryoscopy for the 
dilute solutions containing up to 5 m/o  Cu2S, K is found 
to be practically constant  for all compositions and to 
have the average value of K = 1.3. 

From the a values obtained from Eq. [5] it is seen 
that  about  80% of Cu~S is present  in  the dilute solu- 
tions in the form of (Cu2S)2 dimers. 

The behavior of Cu2S in the Cu2S-CuC1 system bears 
close resemblance with that  of PbS in the PbS-PbC12 
system previously investigated (3), which also showed 
positive deviations from ideality. However,  in  the 
AgeS-AgCI (1) system the dilute solutions of Ag2S 
were shown to obey Temkin 's  rule, thus indicat ing 
that  Ag2S could be present  e i ther  as a dissociated 
compound or as a monomer  (Ag2S). 

Similar  calculations have not been performed on the 
FeS-FeC12 system owing to the l imited solubilities 
observed and also because of the lack of rel iable data 
for the heat  of fusion. I t  is evident,  however,  from the 
low solubilities that  this system should also be char-  
acterized by large positive deviations from ideality. 

Density measurements.wDensities were measured as 
functions of composition from pure CuC1 to solutions 
containing 69.4 m/o  Cu2S. Because of the volati l ization 
of CuC1 at high temperatures,  most of the measure-  
ments  wi th  melts rich in CuC1 were conducted at tem- 
peratures below 750~ 

Similar  measurements  for the FeS-FeC12 system 
could only be obtained over the nar row composition 
range permit ted by the phase diagram. Reproducibil i ty 
for all these measurements  was bet ter  than  • 0.3%. 
The densi ty data for each composition were fitted by 

S y s t e m  C u 2 S - C u C 1  

1 . 0 0 0  4 . 0 8 2 9  - 7 . 9 2 9 8  6 . 0 0 7  4 6 5 - 8 3 8  
0 . 9 6 4  4 . 2 1 7 3  - 8 . 4 6 2 2  0 . 0 0 5  4 1 1 - 6 6 2  
0 . 9 5 2  4 . 2 5 3 5  - 8 . 6 7 7 4  0 . 0 0 3  4 9 2 - 6 3 9  
0 . 9 4 3  4 . 2 4 7 8  - - 8 . 3 0 9 0  0 . 0 0 2  4 5 2 - 7 4 9  
0 , 9 3 4  4 . 2 8 8 8  --  8 . 2 0 1 9  0 . 0 0 2  4 6 4 - 7 9 4  
0 , 9 0 3  4 . 3 6 3 5  --  8 . 4 9 4 7  0 . 0 0 3  4 2 6 - 6 9 7  
0 . 8 6 4  4 . 4 7 0 8  -- 7 . 3 2 6 9  0 . 0 0 5  5 3 9 - 6 9 9  
0.825 4.4236 --  8 .1457 0.004 509-787  
0 , 7 9 0  4 . 6 1 8 9  - - 8 . 2 9 5 1  0 . 0 0 3  6 1 3 - 7 9 5  
0 . 7 4 6  4 . 5 4 6 2  --  6 . 0 1 4 3  0 . 0 0 3  6 7 2 - 8 9 9  
0 . 6 6 8  4 . 5 8 4 0  --  4 . 7 9 3 8  0 . 0 0 3  8 4 2 - 1 0 1 8  
0.633 4.7182 - -5 .5801  0.001 902-1000  
0 . 5 5 1  4 . 7 5 1 4  --  5 . 0 3 1 9  0 . 0 0 2  9 0 2 - 1 0 5 4  
0 . 4 5 0  4 . 7 1 5 9  - - 3 . 4 0 1 0  0 . 0 0 2  9 0 8 - 1 0 7 4  
0 . 3 0 6  4 . 9 2 3 6  --  3 . 5 3 0 8  0 . 0 0 1  1 0 4 3 - 1 1 5 0  

X F e C I  2 

S y s t e m  F e S - F e C 1 2  

1 .000  2 . 7 2 3 7  - - 5 . 5 4 8 8  0 . 0 0 3  6 8 5 - 8 8 4  
0.946 2 .7378  - -5 .5913  0.002 727 -884  
0 , 9 1 6  2 . 7 4 3 0  --  5 . 5 7 5 8  0 . 0 0 1  8 3 0 - 8 5 1  

the least squares method to l inear  equations of the 
type 

d - - a +  br 

where a and b are constants, and t is the tempera ture  
in ~ The equations for the two systems, CuS2-CuC1 
and FeS-FeC12 are given in Table IV, together with 
the corresponding s tandard deviations. 

Densities for pure  CuC1 have also been measured by 
K l e mm (19) and are in agreement  wi th  the present 
results to wi th in  • 0.5%. 

From the results shown in Table IV molar  volume 
isotherms for the Cu2S-CuC1 system were calculated 
at the selected tempera tures  of 500 ~ 750 ~ and 1000~ 
and are shown in  Fig. 3. 

The dominant  feature of the molar  volume isotherms 
is a pronounced m i n i m u m  occurring at about 30 m/o  
Cu2S at 1000~ The m i n i m u m  is shifted to lower Cu2S 
contents as the t empera ture  is decreased. 

The isotherm at 1000~ indicates negative deviations 
from apparent  additivity. The approximate  par t ia l  
molar  volumes that  may be obtained from the iso- 
therm at 1000~ by the method of tangents  indicate 
two distinct trends. Below about 30 m/o  sulfide, CuC1 
in solution should have about the same packing as in 
pure  CuC1. Molten CuC1 in this sense appears to be an 
associated l iquid and to have a loosely packed struc-  
ture. Cu2S enters  these solutions at a substant ia l ly  
decreased part ial  molar  volume of about 25.9 cm3/mole. 
For compositions containing more than  30 m/o  Cu2S 
the t rend is reversed and CuC1 appears to enter an 
essential ly unal te red  Cu2S s t ructure  at the smaller 

uJ 3* o 

d 

o-- .._.e_.-- 
750~ 

Z7 

I I ~ ; , I , , _ I _ ,  
as io so 60 70 so 90 

Mole % Cu2S 

Fig. 3. Molar volume isotherms in the Cu2S-CuCI system 
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58 I I I I Table V. Specific conductivity in the Cu2S-CuCI system 

57 

5 6  

55 

54 

53 ~ 

725~C 

Monte % feS  

Fig. 4. Molar volume isotherms in the FeS-FeCI2 system 

C o m p o -  S p e c i f i c  c o n d u c t i v i t y  ( m h o s / c m )  
s i t i o n  
Xcu~s 5 0 0 ~  6 0 0 ~  7 0 0 ~  8 0 0 ~  9 0 0 " C  I O 0 0 ~  

C u C 1  3.55 3.78 3.89 3.96 3.99 3.96 
0.035 3.39 3.59 3.73 3.81 3.80 - -  
0 . 0 7 7  3 . 0 0  3 . 5 0  3 . 6 7  ( 3 . 8 2 )  - -  - -  
0 . 0 9 3  3 . 3 0  3 . 4 5  3 . 4 8  - -  - -  - -  
0 . 1 2 5  3 . 2 8  3 . 4 6  3 . 6 5  - -  - -  - -  
0 , 1 6 2  3 . 2 5  3 . 4 5  3 . 6 7  3 . 8 7  - -  
0 . 1 9 2  - -  3 . 4 3  3 . 7 2  4 . 0 0  4 , 1 8  
0 . 2 6 0  - -  - -  3 . 7 5  4 . 0 4  4 . 3 3  4 . 4 6  
0 . 2 6 7  - -  - -  - -  4 . 0 4  4 . 4 1  4 . 5 2  
0 . 3 0 4  - -  - -  - -  4 . 1 5  4 . 4 0  4 . 7 2  
0 . 3 6 0  -- -- -- 4.21 4.88 5.48 
0 . 5 0 6  . . . .  5 . 1 7  6 . 0 6  
0 . 6 5 2  . . . .  ( 7 . 4 7 )  1 0 . 4 5  
0 . 7 5 2  . . . . .  1 2 . 2 0  
0 . 8 5 3  . . . . .  (12,9) 

P a r e n t h e s e s  i n d i c a t e  e x t r a p o l a t e d  v a l u e s .  

partial molar vo lume of about 27.2 cm3/mole.  The par- 
tial molar vo lume of CueS in this range appears to be 
approximately the same as for pure CueS. 

These effects may  be understood if it is considered 
that in concentrated solutions Cues exists as a heavi ly  
associated structure of rather poor packing where  CuC1 
can be easi ly accommodated. The decrease of the par- 
tial molar vo lume of Cues for compositions below 30 
m /o  CueS is indicative of the more efficient accommo- 
dation of the sulfide within  the open CuC1 structure 
because of dissociation of the polymeric CueS to s im- 
pler species. This interpretation is in agreement wi th  
the  cryoscopic calculations which  indicated the pres- 
ence of Cu2S dimers in dilute solutions. 

The shift wi th  decreasing temperature of the  mini -  
m um in the vo lume isotherms toward lower sulfide 
concentrations indicates the possible increase in the 
covalency of the melts  at the lower temperatures. 

The transition toward increased association at about 
30 m/o  Cu2S at 1000~ roughly  corresponds to the 
composition at which,  as it w i l l  be shown shortly, 
significant electronic conduction appears to be setting 
in. 

For the few compositions studied, molar vo lume 
isotherms have been calculated for the FeS-FeC12 sys-  
tem and are given in Fig. 4. It is seen that the molar 
vo lume decreases l inearly wi th  increasing FeS con- 
tent. The initial  decrease of the molar vo lume on addi- 

tion of FeS appears to fo l low the same trend as with 
the copper system. 

Electrica~ conductivity measurements.--CueS-CuCl 
system.--Specific conductivit ies  for pure molten CuC1 
were determined at temperatures between 450 ~ and 
970~ and are given in Fig. 5 and in Table V. 

The system has also been investigated by Grantham 
and Yosim (20) in the temperature range 475~176 
and by Sakai (21) in temperature of 475~ to about 
600~ The present results are in excel lent  agreement 
with the former. It is of interest to note the nonlinear 
increase of the electrical conductivity  of CuC1 with 
temperature. At  about 900~ the conductivi ty  curve 
reaches a max imu m and then the conductivi ty  acquires 
a negative temperature coefficient. This abnormal be-  
havior has also been detected by Grantham and Yosim 
(20) and has been explained as indicating increased 
covalency in CuC1 at the high temperatures. Neverthe-  
less, the magnitude of the conductance is typical  of 
that encountered with ionic melts.  Addit ional  evidence 
for the ionic behavior of mol ten  CuC1 is provided from 
electrolysis experiments  which have been reported 
to proceed with 100% current efficiency (8).  

The specific conductivi ty  of pure molten Cues has 
also been measured in the temperature range 1130 ~ 
1195~ and is represented by the equation 

K m h o  �9 cm -1 ---- 19.5010 + 0.1235 (t -- 1000 ~ in ~ [7] 

Fig. 5. Specific conductivities of pure 
molten CuCI and Cu2S-CuCI melts con- 
taining 3.5, 9.3, and 26.0 m/o Cu2S, 
respectlvely. 
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The standard deviat ion is 0.365 mho/cm. Molten Cues 
may  be described as a l iquid semiconductor having 
conductivit ies which increase from 35 mho/cm at 
1130~ to 44 mho/cm at 1195~ At temperatures  higher 
than 1200~ significant desulfurizat ion of the mol ten 
sulfide was evident  and measurements  were not taken. 

The specific conductivities of nonstoichiometric 
molten CueS containing excess copper were also mea-  
sured at 1150~ and the results are given in Fig. 6. For 
these measurements  the nonstoichiometric CueS was 
prepared by mel t ing together in  the conductivi ty cell 
known amounts  of copper metal  powder with stoi- 
chiometric sulfide. Clearly, the presence of excess cop- 
per causes a significant increase in the conductivi ty of 
molten CueS. 

The present  results on "stoichiometric" CueS are 
about 35% lower and less temperature  dependent  
than  the values reported by Yang, Pound, and Derge 
(8), al though the Cu2S used by  the lat ter  contained 
between 0.44 and 1.64% excess copper and should be 
expected to yield higher conductivities. Knacke and 
Strese (22) have also reported values for the conduc- 
tivities of Cues which change from 25 mho/cm at 
ll3O~ to 97 mho/cm at 1480~ and are much lower 
than the present  results. 

The specific conductivities of the CueS-CuC1 solu- 
tions were also measured as functions of melt  composi- 
tion and tempera ture  and the results are summarized 
in Table V. The specific conductance curves for melts 
containing 3.5, 9.3, and 26 m/o  CueS are also given 
in Fig. 5. 

The conductivities for the lat ter  were not l inear  
functions of tempera ture  and could not be repre-  
sented by l inear  equations. The t ransi t ion from a posi- 
tive to a negative tempera ture  coefficient which was 
observed with pure CuC1 also characterized the CueS- 
CuC1 melts containing up to about 27 m/o  CueS. 

The specific conductivi ty isotherms in the low-tem-  
perature range up to 700~ for solutions containing 
up to 25 m/o  CueS are given in Fig. 7. It is evident  
that  the specific conduct ivi ty  of the solutions de- 
creases ini t ia l ly on addition of sulfide. For the isotherm 
at 700~ the conductivities reach a m in imum at about 
1O m/o  Cu2S and then increase up to the l iquidus 
composition. These solutions should be considered as 
ionic as their  conductivities are still lower than  the 
conductivities of pure CuC1 at the same temperatures.  

The ini t ial  decrease of the conductivi ty on addition 
of sulfide should be a t t r ibuted to the lower mobil i ty  of 
the divalent  sulfide anion and to its anchoring effect 
on the sur rounding  cations. The thermodynamic  cal- 
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Fig. 6. Conductivities of nonstoichiometric Cu-rich cuprous sulfide 
at 1150~ 
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Fig. 7. Specific conductivity isotherms of dilute solutions of CugS 
in CuCI. 

culations have indicated the presence of associated 
(CueS)2 dimers and such nonionic groups are not 
expected to contr ibute  to the ionic conductivity.  The 
conductance min ima  shift toward higher sulfide con- 
centrat ions at lower temperatures.  

The specific conduct ivi ty  data at 1000~ given in 
Table V have been converted to molar  conductivities 
and are presented in Fig. 8. A significant increase in 
the specific conductance is observed at higher tem- 
peratures when  the sulfide content  exceeds about 30 
m/o. Thus, the molar  conductivi ty of a solution con- 
ta ining 30 m/o  Cu2S is about 30% higher than  that  
of pure CuC1. As the associated CueS in solution is not 
expected to contr ibute to the conductance, as shown 
by the init ial  decrease in conductance on the addition 
of CueS, it follows that  the increase in conductance 
must  be a t t r ibuted to electronic contributions.  

When the present  results are compared with the 
measurements  by Yang, Pound,  and Derge (8), there 
is disagreement with regard to the sulfide content  
at which electronic conductivi ty sets in. At 1200~ 
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Fig. 8. Molar conductivity isotherm at 1000~ of the CueS-CuCI 
system. 
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the specific conductivit ies measured by these authors 
remained almost constant  at 5 mho/cm, from pure 
CuC1 to about 50 m/o  CueS, and then increased to 
about 77 mho /cm for "pure" mol ten  Cu2S. Hence, 
melts conta ining up to 50 m/o  Cu2S were considered 
to be ionic conductors. In  the present  study even at 
1000~ electronic conduct ivi ty  sets in  at about  30 m/o  
Cu2S, and at 1200~ it should be expected that the 
onset of electronic conductance would occur at even 
lower Cu2S contents. 

Considering the effect of dissolved copper on the 
specific conductivit ies of the Cu2S-CuC1 melts, mea-  
surements  were also obtained with conductivi ty cells 
fitted with copper electrodes immersed in melts  con- 
ta in ing pure CuC1 and a Cu2S,CuC1 solution (15 m/o  
Cu2S), respectively, at a tempera ture  of 700~ Both 
these solutions had previously been equi l ibrated with 
Cu metal.  The resistance of these cells was moni tored 
as a funct ion of time. After  72 hr  of operation the 
resistance change was only 0.5%, indicat ing that  for 
all practical purposes the presence of dissolved copper 
in these melts, if any, does not  introduce electronic 
contributions.  
FeS-FeClz system.--The specific conduct ivi ty  for pure 
FeC12 was also measured as a funct ion of t empera ture  
and may  be expressed by the equation 

KFeCI2 (mho �9 cm -1) = 0.00149 + 1.889 X 10 -3 t ( in ~ 
[8] 

with a s tandard  deviat ion of 0.004. Other data for this 
system are not available in the l i terature.  

As was the case with the density measurements  with 
the FeS-FeC12 melts  the specific conduct ivi ty  measure-  
ments  presented in Fig. 9 are restricted to a nar row 
range of compositions. The dotted lines represent  
extrapolated values obtained from measurements  at 
higher tempera ture  where  the system is miscible. It 
is evident  that  in this system a conduct ivi ty m i n i m u m  
does not  occur. 

From the conduct ivi ty isotherm at 925~ it is seen 
that the FeS-FeC12 solutions probably  remain  essen- 
t ia l ly  ionic up to a composition of 10 m/o  FeS, and 
that  the more rapid increase in conductance at higher 
concentrat ions could indicate possible electronic con- 
tributions.  

Accuracy of results.--With regard to the accuracy and 
reproducibi l i ty  of the results, the reproducibi l i ty  of the 
specific conductivit ies for CuC1 between runs  was of 
the order of +-0.03 mho/cm,  or wi th in  • For  
FeC12 the reproducibi l i ty  was of the order of __0.01 
mho/cm, or bet ter  than  ___0.8%. The electrical con- 
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Fig. 9. Specific conductivity isotherms in the FeS-FeCI2 system 

ductivi ty of cuprous sulfide could be reproduced within  
• mho/cm, or be t te r  than  +--0.4%. Reproducibil i t ies 
of the conductivit ies of the solutions were of com- 
parable magnitude.  However, taking into account the 
addit ional factors of cal ibrat ing procedure and tem- 
perature  uncer ta inty,  the accuracy of the conductivi ty 
measurements  reported herein  is given wi th  1% con- 
fidence. 

Electrolysis experiments.--For the b inary  mixtures  
Cu2S-CuC1 the electrolyte contained 10 to 20 m/o  Cu2S 
and the tempera ture  was varied between 450 ~ and 
600~ Electrolysis of Cu2S dissolved in mol ten  CuC1, 
and of a synthetic Cu2S + FeS mat te  dissolved in 
molten CuC1, produced copper metal  at the cathode 
and sulfur  gas at the anode. The choice of electrolyte 
composition was made so as to obtain the highest sul-  
fide content  in the ionic composition range indicated 
by the conductivi ty results. Also, it was desirable that  
the solutions should remain  liquid at low enough tem- 
peratures. The boiling point of sulfur  (444.6~ was 
used as the lower tempera ture  l imit  for the experi-  
ments, and therefore, the anodic reaction product  was 
always a vapor which could be swept out of the anode 
compar tment  by the argon carr ier  gas. 

The current  efficiencies were obtained by weighing 
the cathodic deposits and were found to vary. Low 
values for the current  efficiencies for small  amounts  of 
deposits could be a t t r ibuted  to the fragile s tructure of 
the dendrit ic deposits and to the resul t ing breakage of 
the dendrites while  the cathodes were being removed 
from the melts. Continuous electrolysis produced large 
well-shaped copper crystals. The s t ructure  of the de- 
posits was not uni form throughout  deposition. At the 
init ial  stage of electrolysis the deposits were general ly  
coarse and mul t ipyramida l  bu t  fur ther  deposition led 
to the formation of ra ther  large dendrit ic crystals hav-  
ing fine needle- l ike projections. In  all 25 electrodep- 
osition runs  the measured deposition potentials  were of 
the order of 0.3-0.5V, which values are lower than 
0.63V represent ing the theoretical (17) decomposition 
potential  of Cu2S in an ideal solution. 

Current  efficiencies of about  80% were obtained in 
the low- tempera ture  range 450~176 with low ap- 
parent  current  densities up to 15 mA / c m 2, and with 
CusS concentrat ions not exceeding 30 m/o. An  elec- 
trolyte containing 6.6 m/o  Cu2S, at a cathodic current  
densi ty of 0.3 m A / c m  2, yielded a cur ren t  efficiency of 
97.3%. Apparent  current  densities of the order 20-40 
m A / c m  2 usual ly yielded poorly defined deposits and 
low current  efficiencies of about 50%. At 650~ a solu- 
tion containing 46.4 m/o  Cu2S yielded a small  amount  
of spongy deposit mixed with electrolyte with prac- 
t ically zero current  efficiency, because of the electronic 
conductance at such high Cu2S concentrations.  

With the t e rna ry  solutions, FeS-Cu2S-CuC1, which 
are the equivalent  of dissolving the synthetic mat te  in 
a CuC1 solvent, electrolysis produced copper metal  at 
the cathode and chlor ine-contaminated  sulfur  gas at 
the anode. Deposition of i ron metal  appeared to be 
totally absent. This behavior  should be understood in 
terms of the exchange reaction 

FeS(s) + 2CuCI(L) ~ Cu2S(L) + FeC12(L) [9] 

which is thermodynamica l ly  favored and has a s tan-  
dard free energy of --9800 kcal /mole  at 1100~ The 
implications are that  in the mol ten salt mix ture  of the 
synthetic  mat te  Cu2S-FeS dissolved in excess CuC1, the 
stable components are FeC12 and Cu2S. Considering 1 
g.mole of solution having the ini t ial  composition: Xx 
g-moles CuC1, X2 g-moles Cu2S, and Xs g.moles FeS, 
where X3 --~ X~ and X2, the final composition after the 
exchange reaction has taken place is readi ly calculated 
as 

2X~ -- X3 2X2 + 2X~ 
/ C u 2 S  = 

Xcucl : 2Xx + 2X2 + 3Xz' 2XI + 2X2 + 3Xs 

2X3 
XFec12 -- -, and XFeS = 0 [10] 

2Xx + 2X2 
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Table Yl. Effect of exchange reaction on composition: FeS-CuCI-Cu2S solutions 

C o m p o s i t i o n  (mole  f r ac t i on}  

C a l c u l a t e d  a f t e r  
I n i t i a l  m i x t u r e  e x c h a n g e  r e a c t i o n  

CuCI Cu2S FeS FeCI~ CuCl Cu~S FeS FeCls CuCl 

C a l c u l a t e d  d e c o m p o s i t i o n  p o t e n t i a l s  (V) 

5OO~ lO00~ 
Cu~S FeC12 F e S  CuC1 Cu~S FeCI~ FeS-- 

0 .500 0.375 0.125 - -  0.375 0.500 - -  0.125 
0.750 0.125 0.125 - -  0.625 0.250 - -  0 .125 
0 .500 0.250 0.250 - -  0.250 0,500 - -  0.250 

These solut ions must  contain  an excess of CuC1 for the  
purpose  of insur ing complete  so lubi l i ty  of the sulfides, 
and ionic type  conductivi t ies .  

The app rox ima te  decomposi t ion potent ia ls  may  be  
ca lcu la ted  using Raoul t ian  act ivi t ies  as 

RT 
Eden. = E~ -- ~ in XAX [Ii] 

ZF 

where, E~ is the standard potential for pure liquid 
AX at a temperature T, and XAX represents the final 
concentrations of a given species AX, which is calcu- 
lated taking into account the exchange reaction. The 
standard potentials may be calculated from available 
free energy data for pure CuCI (23), Cu2S (17), and 
FeCI2 (17), respectively. 

The effect of the exchange reaction on the decom- 
position potentials of the species in solution is dem- 
onstrated by the sample calculation in Table VI. It is 
evident from Table VI that the Cu-S pair has the 
lowest decomposition potential of about 0.5-0.6V, 
which is in agreement with the observed decomposition 
voltages in all experiments. The decomposition voltage 
of FeCle, which is formed as the result of the exchange 
reaction, is greater than 1.0V and hence it should not 
interfere with the deposition of copper. Thus, the selec- 
tive separation of copper from iron by electrolysis of 
a Cu-Fe-S matte dissolved in a cuprous chloride sol- 
vent is feasible. 

The above conclusion appears to be more valuable 
than the conclusion that copper metal can be electro- 
deposited from the solution of CueS-CuCI. In tradi- 
tional copper  ex t rac t ion  f rom sulfide ores a subs tan-  
t ia l ly  pure  Cu2S produc t  is only  obta ined  af ter  t r e a t -  
ment  of the r e v e r b e r a t o r y  matte .  I f  the  mat te  consists 
essent ia l ly  of Cues  and FeS, d i rec t  recovery  of copper  
b y  mol ten  sal t  e lect rolys is  might  be suggested. How-  
ever, the  exchange reac t ion  (9), whi le  it  does make  
possible  the select ive e lect rodeposi t ion of copper,  is 
also consuming copper -con ta in ing  solvent  (CuC1). 

Molten salt solvent extract ion.--From previous  work  
in this  l abo ra to ry  (10) on a lka l i  ha l i de -me ta l  sulfide 
systems and f rom the presen t  resul ts  it has been es-  
t ab l i shed  tha t  l imi ted  so lubi l i ty  is common in rec ip-  
rocal chlor ide-sul f ide  mixtures .  However ,  ut i l iz ing the 
exchange  react ion [9], FeS  m a y  be separa ted  f rom the 
CueS present  in a synthet ic  FeS-Cu2S mat te  by  a sol- 
vent  ex t rac t ion  process involving the use of mol ten  
CuCl. 

Exchange  reac t ion  [9] predic ts  tha t  the  nominal  
t e rna ry  sys tem CueS-FeS-CuC1 in the  presence of 
excess CuC1, is bes t  r ep resen ted  b y  t h e  sys tem Cu~S- 
CuC1-FeC12. In the  l a t t e r  the  so lubi l i ty  of i ron which  
is now present  as the ionic component  FeC12 is expected 
to be qui te  high even at  r e l a t ive ly  low tempera tures .  

To subs tan t ia te  the  above  possibi l i ty ,  quar tz  cells  of 
the  same type  as the  FeS-FeC12 decanta t ion  studies 
were  used to sample  the  l iquid  phase  represen t ing  
the sa tu ra t ed  solut ions of Cu2S and FeS  in mol ten  
CuC1. Chemical  analys is  for i ron and copper  of the  
samples  obta ined  by  decanta t ion  at var ious  t e m p e r a -  
tures  indica ted  tha t  the  ra t io  of i ron to copper  in the  
mol ten  CuC1 phase was grea te r  than  in the  remain ing  
solid mix ture ,  except  a t  the  h ighest  t empera tu re s  
studied. The iron to copper  ra t ios  are  summar ized  in 
Table  VII. The decreas ing rat io  wi th  increas ing t em-  
pe ra tu re  is l ike ly  due to increased solubi l i ty  of Cu2S at  

1.004 0.583 1.349 - -  0.831 0.518 1.178 
0.969 0.606 1.349 - -  0 .774 0.556 1.178 
1.030 0.583 1.326 - -  0 .875 0.518 1.140 w 

the  h igher  t empera tures .  Therefore,  i t  is concluded 
that  mol ten  salt  solvent  ex t rac t ion  can separa te  i ron 
f rom copper  at appropr i a t e  tempera tures .  As shown, 
the i ron- r i ch  mel t  thus  produced  m a y  be e lect rolyzed 
d i rec t ly  to y ie ld  e lec t ro ly t ic  copper.  Also, if desired,  
FeC12 m a y  be separa ted  f rom the  spar ing ly  soluble 
CueS by  aqueous leaching, as indica ted  in the  exper i -  
menta l  section. 

I t  m a y  be  concluded tha t  the  combinat ion  of mol ten  
sal t  solvent  ex t rac t ion  wi th  e lectrolysis  could provide  
the basis  for a new process leading  to the recovery  of 
copper and poss ibly  of i ron from copper - i ron  mattes.  

Discussion 
When the e lec t r ica l  p roper t ies  of the  Cu2S-CuC1 and 

the FeS-FeC12 mel ts  a re  compared  wi th  the prev ious ly  
inves t iga ted  sys tems Ag2S-AgC1 (1, 2) and PbS-PbC12 
(3, 4), t he re  are  severa l  common charac ter i s t ics  which 
become evident.  In  d i lu te  solut ions of sulfide and at 
low t empera tu re s  the  e lec t r ica l  conduct iv i t ies  in these 
four systems appear  to be  ionic. As the  sulfide content  
and the t empe ra tu r e  are  increased electronic conduc-  
t iv i ty  sets in and the solutions behave  l ike  l iquid semi-  
conductors.  

In  the AgeS-AgC1 (2) system, 1% electronic con- 
duct ion appears  at  about  15 m / o  Ag2S at  750~ and at  
about  25 m / o  Ages  at 530~ In  the  PbS-PbC12 system 
(4) electronic conduct ion s tar ts  at about  35 m/o  PbS. 
In  this  respect  the  Cu2S-CuC1 sys tem behaves  more  
l ike  the lead  than  the  s i lver  systems. In  addit ion,  both  
pure  mol ten  PbS and pure  mol ten  Cues exhib i t  posi t ive 
t empe ra tu r e  coefficients for conduction. The conduc-  
tance  of Ag2S is r e l a t ive ly  insensi t ive to t empe ra tu r e  
changes. Also, the  specific conductance appears  to in-  
crease for both  P b S  and CueS on melt ing.  There  is a 
corresponding decrease for AgeS. 

The more  "ionic" charac te r  of the Cu2S-CuC1 solu- 
t ions m a y  be re la ted  to the  weake r  electronic charac te r  
of the  "pure"  mol ten  Cu2S. A compar ison  of the  spe-  
cific conduct ivi t ies  of a number  of "pure"  me ta l  sul -  
fide is given in Table  VIII.  I t  is r ead i ly  seen tha t  on the  
basis of the electronic conductivi t ies ,  CueS is a more  
"ionic" sulfide than  e i ther  PbS, AgeS, or  FeS. 

The e lect r ica l  p roper t ies  of the  me ta l  su l f ide-meta l  
chlor ide  solutions, namely,  the  magn i tude  of electronic 
conduct iv i ty  at some common concentra t ion  of sulfide, 
and the sulfide composi t ion at  which  electronic con- 
t r ibut ions  set in, indicate  s imi lar  t rends.  Thus, the 
order  of increasing electronic conductance in the  sul-  
f ide-chlor ide  mel ts  fol lows the  sequence Cu2S, PbS, 
A~eS, and FeS, and  the order  of sulfide content  in the  
MS-MCI b ina ry  systems at  which  electronic conduc-  
t iv i ty  sets in appears  to increase  in the  opposite d i -  
rection. 

Table VII. Solvent extraction of iron by molten CuCI from 
a synthetic FeS-Cu2S matte 

O r i g i n a l  
so l id  m i x t u r e  D e c a n t e d  l i q u i d  

T e m p e r a t u r e  % Fe  % Fe  
o f  d e c a n t a -  

t i on  (*C) % Fe  % Cu % C u  % F e  % C u  % C u  

660 8.83 56.95 0.155 10.2 43.2 0.236 
765 7.99 58.06 0 .138  8.82 48.9 0.180 
870 3.79 61.55 0 .0616 2.72 59.4 0.046 
929 5.78 59.87 0.0965 4.15 56.4 0.074 
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Table VIII. Electrical conductance of molten sulfides near their 
melting points 

Specif ic  T e m p e r a t u r e  
T e m p e r -  conduc t -  coeff ic ient  of 

Corn- a t u r e  ance  c o n d u c t a n c e  
p o u n d  (~ ( m h o / c m )  ( m h o / c m  �9 ~ Refe rence  

Cu2S 1130 36 + 0.12 P re s e n t  s t u d y  
P b S  1120 116 +0.30  Be l l  a nd  F l e n g a s  (4) 
AgeS 840 202.5 N i l  Be l l  a n d  F l e n g a s  (2) 
FeS  1200 400 - 0 . 5  A r g y r i a d e s  e t  at. (24) 
CoS 1182 1410 -- 10.0 V e l i k a n o v  (25) 
N i S  797 4055 -- 11.0 V e l i k a n o v  (25) 
SbsS~ 550 0.17 + 0.00275 V e l i k a n o v  (25) 
T1S 375 0.10 + 0.0133 S t o n e b u r n e r  (26) 
T12Sa 216 0.017 + 0.0026 S t o n e b u r n e r  (26) 
G eS  664 1.33 + 0.0209 H a n d f i e l d  et  aL (27) 
Sn S  895 24 + 0.0065 B o u t i n  and  Bourgon (28) 

For the di lute solutions of the metal  sulfides in their  
chlorides the thermodynamic  calculations and the in-  
terpretat ion of the molar  volumes for these systems are 
in substant ia l  agreement  in  indicat ing the dissociation 
of the sulfides into monomeric-  or d imeric- type species. 
These solutions appear to be ionic conductors. 

The electronic conductivi ty in  the sulfide-rich melts 
appears to be related to the association of the sulfide 
species and to the creation of a continuous sulfide net -  
work acting as a suitable path for electron transfer.  
This was par t icular ly  evident  in the Ag2S-AgC1 and 
Cu2S-CuC1 melts where the abnormal ly  high par t ia l  
molar volumes of the metal  sulfides for the sulfide-rich 
compositions indicated the presence of the associated 
sulfide ne twork  of ra ther  poor packing capacity. The 
breakdown of the electronic conductivi ty on the addi-  
t ion of the metal  chloride is at least par t ia l ly  due to the 
dissociation of the s tructure into monomeric or dimeric 
species and to their  subsequent  isolation by the chlo- 
ride solvent. The electronic conduct ivi ty in molten 
metal  sulfides may be understood in terms of a modified 
"band model." 

In  a perfect covalent ly bonded mater ia l  the elec- 
trons are general ly  restricted in their directional  bonds 
and cannot  contr ibute  to the conductance. The appear-  
ance of electronic conductivi ty requires the promotion 
of electrons from their  valence band to a conducting 
energy level. At high temperatures  such transi t ions 
are probable  and in addit ion impur i ty - type  mecha- 
nisms may arise as the result  of the thermal  decom- 
position of the sulfides which is expected to create 
some nonstoichiometry.  Also, in polar crystals the elec- 
trons of the negative ions may  be excited to a conduc- 
tion band of positive ions creating positive holes which 
offer a convenient  path for p - type  semiconductivity.  
Electrons excited to a conduction band may  contr ibute  
to the electronic conductivi ty by moving from one posi- 
tive ion to the next. 

Thus, the conduct ivi ty mechanism for monovalent  
molten sulfides may be described by exchange reactions 
of the type 

S 2-+M +~ (S---p) + (M + + e - )  
(p-hole) (conducting 

electron) [12] 
followed by 

(M, + -{- e-) -4- M + -~ M. + -I- (M + -{- e-) [13] 

for n-type conductivity and by 

S, s -  + ( S -  -- p) -> ( S . -  -- p) + S 2-  [14] 

for p- type conductivity.  In  addition, electron t rapping 
should not be excluded and the melts  could become 
predominant ly  p- or n - type  semiconductors. 

The excitation of electrons from the valence band of 
S 2- species to the conductance band of the M + species 
requires a certain energy Eg, and  in an electronically 
conducting l iquid the  concept of the band model must  
be modified to account for the lack of long-range 
order. However, the degree of directional long-range 
order which appears to exist in these polymeric sul-  
fides should be helpful  for the purpose of unders tand-  

ing the conductivi ty path for electron transfer. In  addi- 
tion, collisions between polymeric chains and chain 
rearrangements  should present  ins tantaneous ener-  
getically favorable conditions for electron transfer  
from chain to chain. Apparent ly,  the presence of the 
ionic component  MCI in a b inary  system MC1-MS has 
the effect of decreasing the size of the polymeric M-S 
chains through the normal  route of dissociation and 
the over-al l  energy gap for the t ransfer  process in-  
creases with increasing MC1 content  un t i l  the solutions 
become ionic. 

The measured activation energies (4) in the PbS-  
PbC12 system support this interpretat ion.  The activa- 
t ion energy for electronic conduction which is about 
8 kcal in "pure" mol ten PbS increases to 18, 22, 25, 
and 38 kcal /mole  as the concentrat ion of PbS in the 
b inary  PbS-PbC12 systems decreases to 80, --6, 45, and 
40 m/o, respectively. The number  of thermal ly  acti- 
vated carriers for electronic conductivity,  if nonstoi-  
chiometry effects are ignored, should also be a func-  
t ion of tempera ture  and increase as the temperature  
increases. 

The addition of excess dissolved metal  increases the 
total electronic conductivi ty because the added M 
atoms act as electron donors according to reaction [4] 

M--> M + -}- e -  [16] 

However, it should also be expected that  such elec- 
trons are donated at a conduction band level and ac- 
cordingly the activation energy for conduction should 
not be affected to any  large extent. The behavior of 
the previously investigated Pb-PbS-PbC12 (4) te rnary  
system supports this interpretat ion.  For solubilities of 
Pb in PbS (X ---- 0.45) -- PbC12 melts  vary ing  between 
0.01 and 1.13 m/o  Pb the activation energy for con- 
duction remains constant  at about 25 kcal/mole.  This 
activation energy is about the same for the b inary  
PbS-PbC12 melt  containing 45 m/ o  PbS which do not 
contain any dissolved "excess" lead. 

It appears, however, that  the ionization reaction [16] 
does not proceed to completion and that  only a frac- 
t ion of the "excess" metal  atoms present  are capable 
of providing conducting electrons. For  example, a 
Cu2S-Cu melt  containing 0.012 w/o (weight per cent) 
dissolved copper has a conductivi ty which is only 4 
mhos/cm higher than  that  of pure mol ten Cu2S. Sim- 
ilarly, in the case of the PbS-PbC12-Pb system (4) it 
has been calculated that if all the added metal  atoms 
were ionized giving free electrons in the conduction 
band, then a concentrat ion of 0.014 m/o  excess Pb 
should have increased the mel t  conductivi ty by about 
1000 times. 

Thus, it is evident  that excess metal  solubil i ty should 
be accounted for by both "ionized" and "nonionized" 
species, the lat ter  being the most numerous.  The excess 
metal  solubil i ty in the corresponding pure metal  sul-  
fides at comparable temperatures  appears to decrease 
in the order Cu2S-PbS-Ag2S. However, the magni tude 
of the electronic conductivi ty in these liquids does 
not appear to be directly related to the metal  solubility. 
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On the Transition from Internal to External Oxidation 
in Ternary Alloys 
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ABSTRACT 

Addit ion of certain n~etals to b inary  A-B alloys can marked ly  improve 
oxidation resistance through formation of a dense layer  of BOy on the surface, 
e.g., the addition of Cr to Fe-A1 alloys with the formation of a dense layer  of 
A1203. The reason for the improved oxidation resistance is the subject of this 
paper. Exper iments  are described for the model alloy system, Ag-Zn-Al .  A 
Ag-3 atomic per cent (a/o) Al alloy exhibits in terna l  oxidation without  
formation of an A1203 layer  on the surface. Upon addition of 21 or 25 a/o Zn, 
in terna l  oxidation is completely suppressed and a dense, highly protective 
A1203 layer is formed. These data support the mechanism original ly advanced 
by Wagner  whereby Zn functions as a secondary getter for oxygen atoms. 
Other aspects of the results per ta in ing to the occurrence of exclusive in terna l  
oxidation in the alloys of low solute content  and to the complex t rans ien t  
behavior exhibited by alloys of intermediate  solute content  are also discussed. 

Oxidation resistant  alloys for industr ia l  use at ele- 
vated temperatures  are usual ly  t e rnary  or mul t icom- 
ponent  alloys rather  than  b inary  alloys. The low oxida- 
tion rate of Fe-Cr-A1 alloys, for example, is well  
known (1-6). The good performance of these alloys 
results from the formation of a dense A1203 layer  over 
the surface. The presence of Cr in the alloy in rela-  
t ively large amounts  is essential for the formation 
of this layer at feasible A1 contents. Yet, Cr does not 
appear to enter  the A 1 2 0 3  layer  to an appreciable 
extent. Addit ion of other elements to Fe-A1 alloys 
(in place of Cr) are in certain instances even more 
beneficial for the formation of an A1203 layer  (7). 

Wagner  (8) has tenta t ively  out l ined the basic pr in-  
ciples under ly ing  the oxidation resistance of such 
alloys. In  essence he suggested that  one or more of the 
components functions as a getter for oxygen along 
with the component  of highest affinity for oxygen. The 
action of the secondary getters supposedly decreases 
the diffusion of oxygen inward when the dissolved 
pr imary  getter is depleted in the surface layers. In  
discussing the Cu-Zn-A1 system Wagner  points out 
that  the oxygen concentra t ion in the alloy next  to the 
ZnO layer, determined by equi l ibr ium between ZnO 

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  al loys,  e leva ted  t e m p e r a t u r e  proper t ies ,  mechan i sm ,  

oxidation, silver. 

and Zn in the alloy, may be as small  as 10 -6 of that  
determined by the coexistence of Cu and Cu20, as in 
the case of a copper alloy containing 1 or 2 a/o A1 
but  no Zn. Hence v i r tua l ly  no oxygen diffusion into the 
alloy is to be expected when  Zn is present  in ra ther  
large amounts.  As a result  A1 atoms may  diffuse to 
the depleted surface region without  being intercepted 
by oxygen atoms. They may  then  react with oxygen 
and also with the Cu20 and ZnO which are formed 
at the beginning  of oxidation (along wi th  nuclei  of 
A120~) to form more A1203 by  a displacement reaction. 

Wagner  (8) specifically explained in this m a n n e r  the 
excellent oxidation resistance of the Fe-Cr-A1 alloys 
as well  as that  of the Cu-Zn-A1 alloys as reported by 
Dunn  (9) already four decades ago. The possibility of 
forming a dense Al2Oa layer by addition to the alloy 
of other metals has considerable technological im- 
portance since the ternary alloys with low A1 content 
not only give excellent oxidation resistance but at the 
same time exhibit good mechanical behavior--quite the 
contrary of their counterpart binary alloys which have 
poor mechanical properties as a result of the high A1 
contents required for the formation of a protective 
A1203 layer. 

Pfeiffer's (5) x-ray and electron diffraction data of 
the oxide scales which form on Fe-20% Cr-5% A1 at 
I073~176 in air may be an indication that the 
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Table I. Composition of alloys--mean and standard deviation 
Number of samples analyzed far each determination are given in parenthesis 

A l l o y  a /o  Z n  a /o  A1 A l l o y  a / o  Z n  a / o  AI 

Ag3A1 0 3.0--- ~ 0.1 (7) Ag5Zn3A1 5.2 -+- 0.4 (2) 3.1 ~ O.l (4) 
Ag6AI  0 6.1-4-0.2 (9) A g l O Z n 3 A l  I0.0-4-0.1 (4) 3.2-+-0.2 (4) 
A g l 0 A l  0 9.5 • 0.4 (31 A g I 2 Z n 3 A I  12.2 "-*- 0.fl (7) 3.1 "+" 0.I (3) 
A g I 4 A I  O 14.0 -~- 0.3 (3) A g 2 1 Z n 3 A I  20,6 ----- 0.5 (2) 3.0 --.~ O.l (3p 
AgSZn 4.7 -4- 0.2 (2) O Ag24Zn3Al 24.1 -*- 0.2 (3) 2.6 -4- 0.3 (3~ 
A g 9 Z n  9.3 -4- O.l (3) O A g S Z n 6 A I  5.1 ----- 0.2 (3) 5.9 ~ 0.2 (2~ 
A g 1 5 Z n  14.8 ~ 0.1 (2) 0 A g l O Z n 6 A I  9.5 ~ 0.4 (4} 6.0 
A g 2 1 Z n  20.9 "*- 0.8 (5) 0 A g 1 5 Z n 6 A I  14.8 -*- 1.1 (4) 6.0 -*- 0.2 (21 

A g 2 0 Z n 6 A l  20.2 ~ 0.6 (4) 6.1 ~ 0,3 (2) 

Wagner  mechanism operates in  this system. At early 
stages of oxidation, corresponding to the format ion of 
,~ 3 • 10 -6 cm-thick  scales, A1203, FeA1204, and Cr20.~ 
were identified, whereas at longer t imes (--  ~m-thick 
scales) only  AI203 could be found. 

I t  is the purpose of the  present  work  to obtain a 
more definite val idat ion of Wagner ' s  tenta t ive  proposal 
by systematical ly invest igat ing the oxidation behavior  
of a series of b inary  and  te rnary  alloys. For ease of 
in terpre ta t ion  and exper imenta t ion  Ag was chosen as 
the pr incipal  component  since it does not  form a stable 
oxide above 460~ at one atmosphere of oxygen, and 
Zn and A1 were  chosen as the secondary getter  and 
the protective scale former, respectively, in accord 
with their  relat ive tendencies  to form stable oxides. 
The system Ag-Zn-A1 is thus a model system in which 
the complexities of mul t iphase  and mul t i l ayer  surface 
oxides are not encountered.  

As a result  of prior invest igat ions on Ag- In  (10,11) 
and other alloys (12-17), in the present  s tudy one may 
expect that  Ag-AI and Ag-Zn  alloys with low A1 and 
Zn contents would show in te rna l  oxidation, whereas 

those of higher ( ~  15 a/o)  A1 and Zn contents would 
show external  oxidation. The t e rna ry  Ag alloys of low 
A1 and Zn contents  also may  show in te rna l  oxidation 
whereas if the Wagner  hypothesis holds, t e rnary  alloys 
of low A1 but  high Zn content  should exhibit  external  
oxidation and a low rate of oxidation through forma-  
t ion of an A1208 surface layer. 

Experimental Procedure 
Alloy samples were exposed to 1 atm of oxygen at 

823~ (550~ and in a few cases at 923~ (650~ 
Except where  specifically stated, data are for 823~ 
The alloys, Table I, were prepared from 99.9999% Ag, 
99.9999% A1, and 99.999% Zn by zone level ing in a 
h igh-pur i ty  graphite boat  under  an atmosphere of Pd-  
purified hydrogen;  the Ag and Zn metals were deoxi-  
dized prior  to al loying by mel t ing  under  the same 
atmosphere. This mel t ing procedure was found to be 
the best of several  tried; appreciable Zn loss was 
encountered in  the mel t ing  of the high Zn alloys bu t  
since the loss per  zone level ing pass was fair ly repro-  
ducible, sufficiently close estimates of the required Zn 
content  in the ini t ia l  charge could be made. The zone- 
level ing homogenizat ion was determined to be satis- 
factory by  chemical analysis. Subsequent  electron 
microprobe examinat ion  of the specimens detected no 
microsegregation in the alloys. The alloys are all well  
wi th in  the composition range  of the te rmina l  fcc phase 
of the b inary  Ag alloys so that  metal l ic-metal l ic  
phase t ransformat ions  are not  l ikely dur ing  oxidation. 
A section of each ingot was cleaned of oxide by  gr ind-  
ing and was cold-rol led to 0.05 cm. Specimens 1.3 cm 
on edge were cut from the strip and  a small  hole 
dril led at one corner  for suspension. The specimens 
were then cleaned in  chloroform, r insed in alcohol, 
and dried prior to a recrystal l izat ion annea l  at 873~ 
in an evacuated silica capsule for 7.2 ksec (20 hr) .  
Gra in  size of several of the alloys was measured and 
found to be in the range of 0.05 to 0.2 mm. Immedia te ly  
prior to a r u n  the specimen was electrolytically etched 
in 1N HNO3 at 0.06 A cm -2 for 30 sec, as suggested by 
Rapp (11). This procedure gave sufficiently reproduci-  

ble  results in the oxidation runs. A 3-winding,  vert ical-  
(silica) tube furnace (18, 19) with a 4-cm un i fo rm-  
tempera ture  zone of +_0.2~ was used for the oxidation 
experiments.  

Before a run  a specimen was weighed by a balance 
precise to 0.05 mg and then  suspended in the cold 
zone above the furnace by  a silica hook and stainless 
steel chain. With the reaction zone at 823~ (or 923~ 
and a steady upward  oxygen flow of approximately 
2 cm 3 sec -1 the specimen was lowered into the reac- 
tion zone, held there for a prescribed time, and then 
raised to the cold zone. After  cooling the specimen 
was removed and weighed. Weight gain data as a func-  
tion of oxidation t ime were obtained by oxidizing 
several specimens of a given alloy for different times 
in this manner .  Each specimen was then examined by 
cross-section meta l lography and other methods. In  a 
few experiments  continuous weighings were made 
using another  furnace  of similar  design and a thermo-  
balance; this produced complete weight ga in- t ime data 
with one specimen. Results were essentially the same 
wi th  both weighing methods; unless otherwise stated, 
data in this paper were obtained by the discontinuous 
weighing method. Cross-section metal lographic exam- 
inat ion and electron microprobe analysis after com- 
pletion of a r un  helped ascertain the s tructure and 
composition of the oxidation zone. 

Results 
The data are presented and analyzed in separate 

sections, first those per ta in ing  directly to the Wagner  
hypothesis and subsequent ly  two other sections, one 
on the Ag alloys of low solute content  which undergo 
exclusive in te rna l  oxidation and the other on the 
alloys of in termediate  solute content  which eventual ly  
exhibit  a low oxidation rate after an ini t ial  period of 
high oxygen uptake. 

Transition in ternary alloys (Wagner hypothesis).-- 
Weight-gain,  m, and thickness, }, of the zone of in te rna l  
oxidation, for reaction of Ag-A1 and Ag-Zn  specimens 
with oxygen at 1 a tm and 823~ (550~ are shown 
in Fig. 1-3. Ag3A1 (Ag-3 a/o A1) was found to oxidize 
at a very  high rate, and according to the parabolic 
law for the dura t ion of the test of 61.2 ksec (17 hr) 
except for a re la t ively short ini t ia l  period. This, along 
with other informat ion to  be presented, established 
that the Ag3A1 alloy undergoes essential ly exclusive 
in terna l  oxidation, and, hence, is sui table for invest i -  
gat ing the role of Zn additions. In  contrast  the rate of 
oxidation of Agl0A1 and Agl4A1 is very  low (Fig. 1) 
as a resul t  of the formation of a dense, protective A1203 
layer. The addit ion of Zn by  itself to Ag is not as 
effective as A1 addit ions in reducing the oxidat ion rate 
(Fig. 3), e.g., the Ag21Zn alloy oxidizes at a ra te  

near ly  matching  that  of Ag3A1. 
The weight -gain  at 823~ for t e rna ry  Ag-Zn-A1 

alloys conta in ing 3 a/o A1 and various amounts  of Zn 
are shown in Fig. 4. Addit ions of 21 or 25 a/o Zn to 
the Ag3A1 alloy are sufficient to reduce the rate of 
oxidation to a very low value, s imilar  to that  of the 
Agl4A1 alloy. Actual ly  the rate a t ta ined after an 
ini t ial  period is even lower than  that  indicated by the 
total weight gain of 150 ~g since extrapolat ion of the 
data to zero t ime gives a nonzero intercept  (100 to 150 
~g), i.e., there is an initial, though brief, higher rate 
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Fig. I. Weight gain-time data for Ag3AI(o), Ag6AI(O), 
Agl0AI( I~) ,  and Ag l4A I ( I I )  specimens at 823~ Calculated 
weight gain for exclusive internal oxidation (Eq. [7]) are given 
for comparison. 
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Fig. 3. Weight gain-time data for AgSZn(l l ) ,  AggZn(i-I), 
Ag15Zn(A), and Ag21Zn(A) specimens. 
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Fig. 2. Measured thickness-time data of the zone of internal 
oxidation on Ag3AI (o)  specimens. Each point represents the mean 
value of 16 or more measurements on each specimen; the largest 
standard deviation was only 2.2 x 10 - 5  m for the mean value at 
61.2 ksec. Calculated thicknesses (Eq. [5])  of the internal oxida- 
tion zones are given for comparison. 

of oxidat ion.  S imi l a r l y  t he re  was  found an ini t ia l  
h igher  ra te  of ox ida t ion  for  the  b i n a r y  Agl0A1 and 
Agl4A1 alloys. The exceed ing ly  low ra te  of oxidat ion  
a t ta ined  in the  second per iod  is essent ia l ly  the  same 
for the  alloys, Agl0A1, Agl4A1, Ag21Zn3A1, and 
Ag25Zn3AI, in agreement  wi th  the  fo rmat ion  of a 
dense, p ro tec t ive  A12Os l aye r  on each of the  alloys. 

S imi la r  oxida t ion  resul t s  were  obta ined  for the 
t e r n a r y  al loys containing 6 a /o  A1 and va ry ing  amounts  
of Zn. These data,  though, a re  less ins t ruc t ive  since 
according to Fig. 1, the  Ag6A1 a l loy  a l r eady  exhibi ts  
pa r t i a l  format ion  of a pro tec t ive  A1203 layer .  

Cross-sect ion meta l lograph ic  observat ions  of the 
specimens are in agreement  wi th  the  above  i n t e rp re t a -  
t ion of the  kinet ic  data. Oxidized Ag3A1 specimens 
show a zone of in te rna l  oxida t ion  (Fig. 5). 

In  contras t  the  Agl0A1, Agl4A1, Ag21Zn3A1, and 
Ag25Zn3A1 specimens form only a th in  oxidized region 
along the  surface  (Fig. 6 and 7). The de ta i led  morpho l -  
ogy of this  region is the  same  for al l  four  alloys, and  
is more  compl ica ted  than  the format ion  mere ly  of a 
dense A1203 l aye r  at  the  surface. Proceed ing  ou tward  

I 
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t 
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21Zn3A1 I~ 25Zn3Al 
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o ,o 2' 3~ ,o 5o 
TIME, ks 

Fig. 4. Weight gain-time data for Ag5Zn3AI (O) ,  Agl0Zn3AI (V) ,  
Ag13Zn3AI(~) ,  Ag21Zn3AI(e) ,  and Ag25Zn3AI(e)  specimens. 
and for Ag3AI from Fig. 1. 

Fig. 5. Cross-section micrograph showing a zone of internal 
oxidation (Z.I.O.) in a Ag3AI sample which was oxidized for 29 ksec 
at 823~ Etched. 

f rom the a l loy  there  is of ten a discont inuous porous 
layer ,  then  a dense layer ,  and  finally patches of a 
white ,  me ta l l i c - appea r ing  mater ia l .  A porous region 
appears  as a cav i ty  or  gap unless  precaut ions  are  t aken  
to avoid pu l lou t  dur ing  meta l lograph ic  p repa ra t ion  
as in the  midd le  mic rograph  of Fig. 6. 
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Fig. 6. Cross-section micrographs of oxidized Agl0AI and 
Ag14AI samples. The top and bottom micrographs are etched. 1" 
indicates gap. 1'1" indicates twin boundary. 

The patches of white  mater ia l  were identified as Ag 
by electron microprobe examination.  Silver was seen 
on the surfaces of m a n y  specimens, and par t icular ly  
those containing higher amounts  of solute as in Fig. 7. 
Wriedt  and Darken (20) also observed Ag patches on 
the surface of in te rna l ly  oxidized Ag-AI alloys, and 
found that  the amount  increased with t ime of oxida- 
tion. They identified them by x - r ay  diffraction. Two 
sets of Ag lines were observed: one from the Ag 
patches on the surface and the other from an expanded 
and distorted Ag mat r ix  wi th in  the in terna l  oxidation 
zone. 

The dense layer  contains the alloy microstructure 
(Fig. 6 and 7), i.e., grain and twin  boundaries,  char-  
acteristic of a zone of in te rna l  oxidation. Yet, for the 
te rnary  alloys in particular,  these layers reflect light 
ra ther  poorly, much as oxide layers do. Fur thermore,  
in the case of the t e rnary  alloys the dense layer is 
decidedly enriched in Zn and approximately  unchanged 
in  A1 relat ive to the bu lk  alloy according to electron 
microprobe examinat ion;  this indicates a high volume 
per cent of oxide, ma in ly  ZnO, in the layer. The Ag 
content  in the layer  on the other hand is lower than in 
the alloy, in agreement  with the presence of Ag on the 
surface. 

Electron microprobe examinat ion  was not made for 
Agl0A1 and Agl4A1 alloys. P resumably  the dense layer 
has a higher ratio of Ag/A1203 than  in the t e rnary  
alloys, since the (alloy) microstructure  was more 
readi ly  revealed by  etching and the amount  of Ag on 
the surface was less. 

The occurrence of some, albeit very little, " internal"  
oxidation dur ing  exposure of the oxidat ion-resis tant  

Fig. 7. Cross-section micrographs of oxidized Ag2lZn3AI and 
Ag25Zn3AI specimens. The bottom micragraph is etched. 1" points 
to twin boundaries in the oxidized region. 

binary  and te rnary  alloys to oxygen agrees with the 
brief, higher oxidation rate prior to the establ ishment  
of the exceedingly low oxidation rate shown for these 
alloys in Fig. 1 and 4. The dense A1203 layer  which 
ul t imately  forms and reduces the oxidation rate to 
v i r tual Iy  nil  is probabIy very  th in  and is not resolved 
by optical microscopy. 

Discussion.--These data show that  the addition of Zn 
to a Ag alloy containing a relat ively small  amount  of A1 
results in the formation of a dense, protective A1203 
layer. The beneficial effect of Zn in the formation of 
this layer is i l lustrated in  Fig. 8. These data support 
the Wagner  hypothesis (8, 21, 22) for the t ransi t ion 
from in terna l  to external  oxidation in t e rnary  alloys 
and, along with other data to be described, give some 
clue as to fur ther  details. On the basis of the data the 
t ransi t ion is visualized as follows: When the surface 
of a Ag21Zn3A1 alloy is ini t ia l ly  bare, ZnO and A1203 
are nucleated at the beginning  of oxidation. The rela-  
t ively large amount  of Zn provides for the formation 
of sufficient oxide in the surface region to effectively 
block the diffusion of oxygen. Much of the ini t ial  silver 
in this region is "extruded" (20) or migrates to the 
surface; the la t ter  may occur if the activity of Ag in 
the zone of in te rna l  oxidation is greater than  un i ty  as 
a result  of strain. The presence of a ZnO layer ensures 
that  the activity of oxygen in the alloy is very low, 
since it is determined by the coexistence of ZnO and 
Zn. As a result, the diffusion of oxygen into the alloy 
is negligible. In  view of the depletion of A1 in the alloy 
next  to the surface, A1 atoms migrate  towards the 
surface without  being converted to AlzO3 on their  way. 
Hence, the supply of A1 atoms diffusing toward the 
surface is sufficient for preferent ial  reaction of the 
oxygen with A1. In  addition, the ini t ia l ly  formed nuclei 
of ZnO may be converted at least in part  to A1203 by 
the displacement reaction 

2A1 + 3ZnO --> A1203 + 3Zn [1] 

Once a dense A1203 layer is formed between the outer 
Zn-r ich  oxide layer and the bu lk  alloy the oxidation 
rate falls to the very low value determined by  t rans-  
port through A1203. 

Hagel (23) offers an a l ternat ive  explanat ion of the 
role that a third component  plays in the formation of 
a protective layer; it is based on the degree of protec- 
t ion afforded by an a-A1203 vs. a 7-A120~ layer. He 
suggests that  t ransformat ion from 7-A1203 to a more 
protective a-A1203 layer  is enhanced by  the presence 
of certain alloying elements. This mechanism, however, 

0 . 2 5 { ~  

0.20~ 
,-~ A1203 

oJs ,, 

" 0.10 TRANSIT 
INTERNAL OXIDATION ~ 

o 0.05 o.To MOL FRACTION A1 
Fig. 8. Chart illustrating the beneficial effect of Zn in Ag-Zn-AI 

alloys for promoting the formation of a protective AI203 layer. 
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cannot be responsible for the t ransi t ion to low oxygen 
uptake upon the addition of Zn to Ag-A1 alloys since 
Ag3A1 without  Zn additions does not form any A1203 
layer. 

Hence it seems reasonable to proceed on the basis 
that some, and perhaps many,  of the mul t icomponent  
industr ia l  alloys rely for their  superior oxidation 
resistance on the "gettering action" of certain com- 
ponents which themselves may not be a consti tuent of 
the final protective oxide layer. I t  follows that the 
basic principles advanced by Wagner  (8) may be used 
in the development of new alloys. Certain complica- 
tions, however, must  be avoided. Wood (24) points 
out that, depending on the kinetics of growth of the 
solvent metal  oxide and on the alloy interdiffusion 
coefficient, the solvent metal  oxide may  engulf  (over- 
grow) the nuclei  of the solute metal  oxide in accord 
with the earl ier  theoretical consideration of Wagner  
(21) and thereby preclude the formation of a protec- 
t ive solute metal  oxide layer. He shows for Fe-Cr-A1 
alloys of relat ively low chromium and a luminum con- 
tents that it is possible for the iron oxides to overgrow 
and undercut  the Cr20~ and spinel nuclei. This seem- 
ingly is not a problem with the higher alloyed Fe-  
Cr-A1 alloys where a protective layer is well  known to 
form at low total oxygen uptake (1-6), nor with cer- 
ta in  other oxidation-resistant ,  Fe-base  alloys, accord- 
ing to recent  data of Boggs (7). 

Exclusive internal oxidation.--For diffusion control 
and fixed boundary  conditions the depth, 4, of the zone 
of in ternal  oxidation is given as a parabolic function 
of the time, t, 

: 2 "v (Dot) ,/2 [2] 

where Do is the diffusivity of oxygen in the two phase 
(solvent metal  -{- solute oxide) zone of in ternal  oxida- 
tion, and ~/ is a dimensionless parameter.  Darken (25), 

Wagner  (26), Rhines et al. (27), and Meijering and 
Druyves teyn (28) have solved the re levant  diffusion 
equation. For the special case that movement  of the 
front is completely determined by diffusion of oxygen 
in the metal  one has the conditions (26) 

~ / < <  1 [3] 

and 

At Do/DM > >  1 [4] 

in which case Eq. [2] becomes 

, ~_ [ 2No(S) D o t ]  '/" 

where No (s~ is the solubil i ty of oxygen in  the external  
interface of the solvent  metal, ~ is the atomic ratio of 
oxygen to metal  in the in terna l  oxide and NM (~ is the 
tool fraction o f  the metal  M in the bu lk  alloy. The 
solubili ty product  of the in terna l  oxide is here assumed 
to be negligibly small. The conditions of Eq. [3] and 
[4] were found to be satisfied for the alloys in the 
present investigation which contain low amounts  of 
A1 and Zn. For example, after in ternal  oxidation of 
Ag3A1 for 14.4 ksec (4 hr) the measured } is 8.7 • 10 -3 
cm (Fig. 2), and -/ : 0.03 which satisfies conditions in 
Eq. [3] and also Eq. [4] since Do/D~ is very  large. 

Modification of Eq. [5] gives a relat ion for the weight 
gain, ~m, of the specimen 

~rn NM (o) 
~- ~ -  �9 vWo [6] 

A Vm 

where Vm is the molar  volume of the alloy and Wo 
is the atomic weight of oxygen. Subst i tu t ing Eq. [5] 
into Eq. [6] one has 

Am Wo 
- - A  ----- Vm [2vNM(~ [7] 

Values for No (s) and Do in Eq. [5-7] were assumed 
to be the solubility and diffusivity, respectively, of 
pure Ag as reported by Eichenauer and Miiller (29), 
v was assumed to be 1.5 and 1.0 corresponding to the 

Fig. 9. Cross-section micrograph showing morphologically different zones of internal oxidation in Ag-Zn specimens, and an electron mi- 
croprobe analysis which shows that the black "lines" within the zone of internal oxidation (Z.I.O.) of the Ag21Zn specimen are Zn-rich. Ag 
trace lags the Zn trace by 1.2 ~m; probe traverse was from right to left. Specimens in (o) and (b) were etched. 
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Fig. 10. Cross-section micrograph of a Ag5Zn3AI sample after 
7.2 ksec at 823~ showing a zone of internal oxidation. Etched. 

formation of stoichiometric A1203 and ZnO, respec- 
tively, VM ---- 10 cm 8 tool -1 and A ---- 3.5 cm 2. Data in 
Fig. 1-4 indicate that  the alloys Ag3A1, Ag5Zn, Ag9Zn, 
and Ag5Zn3A1 undergo exclusive in te rna l  oxidation. 
On the other hand  definite depar tures  occur for all 
other alloys, e.g., the weight gain for Ag l5Zn  (Fig. 3) 
is lower than that for Ag9Zn and significantly lower 
than the calculated value from Eq. [7]. Still, Agl5Zn 
and some of the other alloys of intermediate  solute 
content  undergo appreciable in terna l  oxidation and 
are discussed later  in the section on t ransi t ion alloys. 

Cross-section metallographic examinat ion shows a 
zone of in ternal  oxidation for the Ag3A1 (Fig. 5), 
Ag5Zn, Ag9Zn (Fig. 9a and 9b), and Ag5Zn3A1 alloys 
(Fig. 10). In te rna l  oxidation of the Ag-Zn alloys is 
complex. Examinat ion  of oxidized Ag5Zn specimens 
after polishing and etching reveals what  appears as 
a "normal"  zone of in te rna l  oxidation next  to the 
surface and a second morphology (of in terna l  oxida- 
tion) next  to it which is comprised of acicular segments 
aligned most ly  perpendicular  to the surface (Fig. 9a). 
The acicular segments begin to develop after about 
2 ksec oxidation as seen in the top micrograph, and to 
l ine up along twin  boundaries  or other planes which 
presumably  are unresolved (micro) twin  boundaries.  
At higher magnification the acicular segments are seen 
to be comprised of fine, para l le l -ar ranged rows of 
material ;  this mater ia l  may  be porous as indicated by 
the fact that  pul l -out  occurs dur ing  metallographic 
polishing. After  etching, this s t ructure  is readi ly re-  
vealed as gaps or cavities in the scanning electron 
microscope (Fig. 11). The change from the normal  to 
the acicular morphology occurs in the absence of a 
noticeable change in  the kinetics of oxidation (Fig. 3). 

Two morphologies of in te rna l  oxidat ion are also 
observed for Ag9Zn (Fig. 9b). The second morphology 
for Ag9Zn forms at an earl ier  stage and appears less 
acicular and less al igned perpendicular  to the surface. 
In the higher Zn, b inary  alloys, on the other hand, 
only the second morphology, in fur ther  modified form, 
is observed. In  the most Zn-r ich  alloy (Ag21Zn) the 
rows of mater ia l  lie main ly  paral lel  to the surface. It 
is shown in the next  section that  the formation of 
layers parallel  to the surface is characteristic of alloys 
of intermediate  solute content, i.e., those which often 
exhibit  a two-stage kinetic behavior, and a total oxy- 
gen uptake between that for exclusive in te rna l  oxida- 
tion and that for formation of a dense, protective 
oxide layer at the surface. 

Electron microprobe examinat ion  of the cross-sec- 
tioned Ag3A[ and Ag5Zn specimens showed that  the 
contents of the component  metals  wi th in  the zones of 
in ternal  oxidation were essentially the same as in the 
original (unoxidized) alloys. Individual  in terna l  oxide 
precipitates are not resolved since the area analyzed 
by the beam is large relat ive to the precipitate size. 
The absence of solute enr ichment  wi th in  the zone of 
in terna l  oxidation is addit ional  justification for the 
assumption that for these alloys the kinetics of the 
in ternal  oxidation process are controlled by the diffu- 
sion of oxygen within  the zone of in te rna l  oxidation 
and, hence, of the applicabil i ty of Eq. [5]. 

Discuss{on.--The in terna l  oxidation of Ag3Al appears 
to be uncomplicated in comparison to that  of Ag5Zn 
and other alloys of higher solute content. The some- 
what  lower- than-ca lcula ted  values of ~ and am for 
Ag3AI may be the result  of a slightly reduced oxygen 
flux as a result of incipient "blocking" by the AI20:~ 
precipitates, or the solubility of oxygen may be lower 
as a result  of s train (30). 

For  the other alloys, in which the thickness of the 
zone of in te rna l  oxidation was i r regular  the "average" 
observed ~ for each alloy is in accord with Eq. [5] and 
valu s of No<S>Do in the l i terature.  However, the 
maxLaum ~ observed at only a few locations yields a 
significantly larger No(S~Do product, e.g., No(S)Do (max) 
for Ag5Zn equals 9 X 10 -1~ cm 2 sec - I  vs. 1.85 X 10 - l~  
cm 2 sec - I  for pure Ag (29). This may be explained by 
significant interface diffusion or gas phase t ransport  
through pores of the acicular structure. 

Fig. I1. Cross-section, scanning electron micrographs of an oxidized Ag5Zn specimen showing the acicular structure as gaps or cavities 
after pullout during mechanical polishing and subsequent etching. Micrograph in (b) is enlargement of circled region in (a). ~' indicates 
twin boundary. 
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Fig. 12. Cross-section micrograph of an etched Ag6AI sample 
after 62 ksec of oxidation at 823~ and an electron microprobe 
analysis which shows that the black "lines" in the region of the 
boundary between the alloy and the zone of internal oxidation 
(Z.I.O.) are AI-rich. Ag trace lags AI trace by 1.2 ~m; probe 
traverse was from right to left. 

Transition region in binary and ternary alloys.--Data 
in Fig. 1-4 show tha t  an induct ion per iod of large  
oxygen uptake  preceeds  a falloff in the oxidat ion  ra te  
for the al loys of in te rmedia te  solute content,  i.e., 
Ag6A1, Ag21Zn, Agl0Zn3A11, and Agl3Zn3A1. In a 
sense, the  oxida t ion  res is tant  alloys, Agl0A1, Agl4A1, 
Ag21Zn3A1, and Ag25Zn3A1 also belong in th is  group 
since they, too, exhib i ted  an, a lbei t  ve ry  short, induc-  
t ion period. 

Cross-sect ion opt ical  meta l lograph ic  examina t ion  of 
oxidized specimens of the  Ag6A1, Ag21Zn, Agl0Zn3A1, 
and Agl3Zn3A1 al loys a lways  shows a zone of in te rna l  
oxidat ion  conta ining wha t  appears  as black, r agged  
lines usua l ly  a l igned roughly  pa ra l l e l  to the  surface 
(Fig. 9d and 12). These "lines," sometimes re fe r red  to 
in the  l i t e ra tu re  as films, have been observed in Cu-Si  
(12), Ag alloys (31, 32, 11), Fe-AI (33), Ni-AI (34), 
and other alloys. Meijering (32) found that their fre- 
quency and thickness increased with solute content 
and that alloys which contain them oxidize at a lower 
rate. Elongated shapes and alignment of internal oxide 
precipi ta tes  including needles,  plates,  and dendr i tes  
have also been observed by e lec t ron microscopy for 

1 C o n t i n u o u s  w e i g h i n g  m e a s u r e m e n t s  g i v e  a w e i g h t - t i m e  c u r v e  
s i m i l a r  to  t h a t  s h o w n  and  i nd i ca t e  t h a t  the  u n u s u a l l y  l a rge  sca t t e r  
of p o i n t s  f r o m  the  d i s c o n t i n u o u s  w e i g h i n g  m e a s u r e m e n t s  fo r  
AglOZn3AI i s  no t  s ign i f ican t .  

various  systems b y  Kah lwe i t  and co -worke r s  (35, 36) 
and others  (33). 

The ma te r i a l  appear ing  as b lack  l ines in Fig. 9d and 
12 is shown to be porous  b y  the  fact  tha t  pu l lou t  
read i ly  occurs dur ing  meta l lograph ic  p repara t ion .  
Af te r  apprec iable  pullout ,  gaps or  cavit ies  r ema in  
which  are revea led  by  scanning e lec t ron microscopy 
(Fig. 13). Microhardness  measurements  show that  
these regions are  softer  than  the  ne ighbor ing  two-  
phase ma te r i a l  (Ag + oxide) ,  in ag reemen t  wi th  thei r  
porous s tructure.  

Elect ron microprobe  analysis  shows tha t  the  layers  
even af te r  apprec iab le  pul lout  are  r ich in the  solute 
metal ,  undoub ted ly  in the  form of oxide  (Fig. 9d and 
12). The t races  give average  values,  i.e., the magn i -  
tudes of the  local depar tu res  f rom the  a l loy composi-  
t ion are  p robab ly  grea te r  than  indica ted  in the  micro-  
probe traces. The layers  wi th in  the  zone of in terna l  
oxidat ion  for Agl0Zn3A1 consist of oxides of both AI 
and Zn, according to e lec t ron microprobe  analyses.  

The top mic rograph  of Fig. 14 is of the  Agl0Zn3A1 
al loy af ter  1.8 ksec (30 min)  of oxidat ion  and corre-  
sponds to the  ini t ia l  per iod  of the  high ra te  of ox ida-  
t ion (point  A in Fig. 4). A t  these ea r ly  stages of ox ida-  
t ion porous oxide~layers  are, for  the  most  par t ,  absent  
wi th in  the zone of in te rna l  oxidat ion.  They  are  first 
observed along grain  boundar ies  be tween  the surface 
and the in te rna l  oxida t ion  f ront  and then  along the 
front  itself. The middle  and bo t tom micrographs  of 
Fig. 14 are  of o ther  specimens of the  same alloy, but  
correspond to the  later ,  ve ry  low ra te  of oxidat ion  
(point  B in Fig. 4). In  the  bo t tom mic rograph  the  
specimen was etched to revea l  the  twin  and grain  
boundaries .  At  these longer  ox ida t ion  t imes  the  layers  
a re  common fea tures  wi th in  and at  the  front  of the 
zone of in te rna l  oxidat ion,  as they  are af ter  comparable  
oxidat ion  t imes for Ag21Zn and Ag6A1 (Fig. 9 and 12). 

The thickness  of the zone of in te rna l  oxida t ion  var ies  
apprec iab ly  for  these  alloys, in contras t  to the  al loys 
of lower  solute content  which do not form protec t ive  
oxide layers.  Some regions, usua l ly  amount ing  to less 
than  5% of the surface, a re  observed in cross-sect ion 
to be free f rom in te rna l  oxidat ion.  P r e s u m a b l y  in 
these regions a pro tec t ive  oxide l aye r  forms immedi -  
a te ly  upon contact  of the specimen wi th  the oxidizing 
environment .  Such behavior  has p rev ious ly  been ob-  
served by  Rapp (11) and others. 

A sl ight  drop of the  Zn content  in the  unoxid ized  
por t ion of the  Ag21Zn specimen at the  in te rna l  ox ida-  
t ion front  in Fig. 9d indicates  enr ichment  of Zn in the 
zone of in te rna l  oxidat ion.  Diffusion of solute meta l  
and, in addition, of oxygen along gra in  boundar ies  in 
the  al loy ahead of the  in te rna l  ox ida t ion  f ront  were  

Fig. 13. Cross-section, scanning electron micrographs showing a gap(s) along the boundary between the alloy and the zone of internal 
oxidation (a) for an oxidized (923~ Ag6AI specimen, mechanically polished and etched, and (b) for an oxidized Ag21Zn specimen, me- 
chanically polished. Different phases are not distinguishable. 
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behavior is that  patches of dense oxide which form 
ini t ia l ly  spread sideways and eventual ly  impinge to 
give a dense oxide layer at the external  surface (38). 
Then one has the end of inward  t ranspor t  of oxygen, 
i.e., the extremely low oxidation rate which is ob- 
served after an ini t ia l  period of a high rate  of oxygen 
uptake. For this mechanism to operate it is necessary 
that A1 can diffuse to the surface after in te rna l  oxida- 
t ion begins. This would appear to be possible along seg- 
ments  of unoxidized alloy which extend to the surface. 
A surface scale is sometimes observed on the Ag6A1 
specimens; portions of one are barely visible in Fig. 12. 

Another  factor which may  account for a change in 
the diffusion kinetics at some stage of the oxidation 
process is void formation dur ing the in te rna l  oxidation 
process; voids may block the diffusion of an important  
species and thereby be a precursor to the formation of 
a dense A1203 layer along the boundary  between the 
zone of in terna l  oxidation and the alloy. 

There is some reason to suspect that  voids do form 
at temperature  as part  of the in terna l  oxidation process. 
The easy pullout  of mater ial  wi thin  the zone of in terna l  
oxidation indicates porosity which is developed either 
as a result  of in te rna l  oxidation or of cooling after the 
oxidation run. Features  usual ly  associated with nonuni -  
form contract ion dur ing cooling, however, such as 
matching surfaces, are not very evident. 

Fig. 14. Cross-section microgrophs of oxidized Agl0Zn3AI speci- 
mens illustrating black "lines," identified as AI- and Zn-rich, 
regions, within the zone of internal oxidation. The bottom micro- 
graph is etched. 

indicated also for Ag6A1 and the te rnary  alloys which 
oxidize according to the kinetics of the t ransi t ion 
region. Subsequent  deformation of these specimens 
revealed that  grain  boundaries  wi thin  the nominal ly  
unoxidized portion of the specimens had become em- 
britt led. 

Discussion.--Transition from in terna l  to external  
oxidation does not take place at a definite concentra-  
t ion in these alloys but  ra ther  over a fairly wide com- 
position range (Fig. 8). This occurs for specimens of 
identical thermal  and mechanical  history and surface 
preparation.  Rapp has already showed that the 
boundary  of the t ransi t ion region depends to some ex- 
tent on the prior surface preparation.  

The data in the present  paper show fur ther  that for 
alloys in the t ransi t ion region the a t ta inment  of a low 
rate of oxidation is preceded by an induct ion period 
dur ing which the oxidation rate is much higher and a 
zone of in te rna l  oxidation forms. The occurrence of an 
induct ion period is not surprising in view of early 
considerations by Wagner  (21, 22). Chattopadhyay 
and Wood (37) have recent ly  emphasized the occur- 
rence of t ransient  behavior dur ing  ini t ial  external  
scale formation accompanied by in ternal  oxidation. 

The main  question for b inary  and te rnary  alloys in 
the t ransi t ion region (and seemingly general  to all of 
the alloys which at ta in a low oxidation rate) is where 
and how a dense oxide layer of the solute metal  is 
formed once in ternal  oxidation has transpired. Time 
invar ian t  diffusion behavior is usual ly  assumed in 
analyses of oxidation processes, except ini t ia l ly  when 
diffusion control would require an infinite rate. Apply-  
ing the concept general ly  means that for a given set of 
exper imental  conditions (Po2, solute content, etc.) a 
single oxidation process, e.g., in terna l  oxidation, occurs 
for the durat ion of the exper iment  and a single rate 
constant is obtained. When exceptions to such behavior  
are observed dur ing in terna l  oxidation they can some- 
times be traced to the ini t ial  period (prior to the 
establ ishment  of diffusion control) when star t ing con- 
ditions allow oxidation to occur heterogeneously over 
the surface. One specific explanat ion of the t ransient  

Conclusions 
Weight gain data and cross-sectional metallographic 

examinat ion show that whereas a Ag3A1 alloy exhibits 
in ternal  oxidation without formation of a dense A120:~ 
layer, upon addition of 21 or 25 a/o Zn in terna l  oxida- 
tion is completely suppressed and a dense highly pro- 
tective A1203 layer  is formed. These data support the 
hypothesis advanced by Wagner  (8) that  Zn may be 
considered as a secondary getter for oxygen atoms so 
that  v i r tua l ly  no oxygen atoms diffuse into the alloy 
and, therefore, a l uminum atoms can diffuse to the sur-  
face without  being intercepted by oxygen atoms. Newly 
arr iving A1 atoms may then form addit ional  A1203 by a 
displacement reaction with ini t ia l ly  formed nuclei of 
ZnO. Other metals such as chromium and silicon in 
base metal  alloys containing a luminum as the least 
noble constituent,  e.g., Fe-Cr-A1, may  be expected to 
behave similarly in the formation of a highly protective 
layer of A120~. 

For Ag5Zn and Ag9Zn the in ternal  oxidation process 
changes at a certain depth to one which is strongly in-  
fluenced by the microstructure.  The front  of in terna l  
oxidation is irregular.  At points of greater penetrat ion 
the No(S~Do product is significantly larger than  that  for 
pure Ag. 

For the "transit ion" alloys the formation of a pro- 
tective A120.~ layer is preceded by an induct ion period 
during which in terna l  oxidation occurs. Rows of alu-  
m i n u m  oxide and /o r  zinc oxide form in a l ignment  
roughly parallel  to the surface wi thin  the zone of 
in ternal  oxidation. It is not clear though if these 
layer- l ike regions are ins t rumenta l  in the eventual  
a t ta inment  of a lower rate of oxidation or are simply 
a consequence of a reduced inward  flux of oxygen 
caused by the eventual  formation of a continuous, 
dense A1203 layer  at the surface. 
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Technical Notes @ 
Electrical Switching in Anodic Oxide Films on Zircaloy-2 

N. Ramasubramanian 
Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada 

The advantage  of using the  Widmanst~it ten mor -  
phology for locat ing weak  spots in anodic oxide films 
on Zircaloy-2 was repor ted  by  us (1). I t  was shown 
that  the ini t ia l  e lect r ica l  b reakdowns  were  centered  
on the a -p l a t e l e t  boundar ies  where  the  in te rmeta l l ic  
prec ip i ta tes  and second phase impur i t ies  have seg- 
rega ted  dur ing  cooling the al loy in vacuum from the  
F phase. These b reakdowns  were  a lways  p receded  by  
switchings to a high conduct iv i ty  state;  the  occurrence 
of one or  the  other  was governed by  the load  resis tance 
in the  circuit.  The resul ts  obta ined on such switching 
phenomena  are  presented  here.  

Experimental 
The detai ls  r ega rd ing  mater ia l ,  hea t  t rea tment ,  sur -  

face prepara t ion ,  anodization,  and cu r ren t -vo l t age  
measurements  have  been descr ibed e lsewhere  (1). 
Z i rca loy-2 /anod ic  o x i d e / m e t a l  sandwiches  were  p re -  
pared  b y  evapora t ion  of gold or  s i lver  contacts  th rough  
masks  to a th ickness  of 1000-1500A (moni tored  by  a 
quar tz  c rys ta l ) .  S i lver  countere lec t rodes  were  also 
formed ut i l iz ing  the  Eccobond Solder  56C suppl ied  by  
Emerson and Cuming Inc. and G. C. Electronics '  s i lver  
paint.  The Eccobond contact  was cured  at 70~ for 2 

Electrochemical  Society Act ive  Member .  
Key  words: Zircaloy-2, anodic oxide, electrical switching, transi-  

t ion metal alloying additions. 

hr, and the pa in t  was a i r -dr ied .  The  vol tage  sources 
were  an Electro Pulse  Inc. Model  2140A pulse  gener-  
ator, d.c. f rom d r y  cells and a.c. f rom a Variac.  The 
series resis tance was 10 kohm dur ing  switch ON opera-  
t ion (high to low impedance  state)  and  var ied  from 
3 to 1 ohm dur ing  the  low to high impedance,  switch 
O F F  operat ion.  Impedance  measurements  were  made  
using a GR-168OA automat ic  capaci tance bridge.  

Results 
The e lect r ica l  switching character is t ics  of the anodic 

oxide films on Zircaloy-2 could be classified into three  
types:  (a) the  most  commonly  observed one, asso- 
ciated wi th  the  de layed  type  of breakdown,  (b) a 
nondes t ruc t ive  b is tab le  switching,  and (c) t r ans i to ry  
switching observed in th in  films, 250 to 750A thick. 
Out of a to ta l  of t h i r t y  tes ted  (as - rece ived  ma te r i a l ) ,  
each ca r ry ing  four  or  more  diodes, all  the  specimens 
exhib i ted  the  type  (a) and about  15% of the  diodes 
the  type  (b)  swi tching behavior .  Al l  the  th in  films 
tes ted showed the t r ans i to ry  switchings. 

Bistable switching, type (a).--The cur ren t -vo l t age  
character is t ics  of the  diode were  t raced  first a t  80 ~ and 
190~ only the  leakage  currents  were  measured  for 
potent ia ls  of both  polar i t ies  up to ,-~60% of the  anodiz-  
ing voltage. Time of holding at  var ious  appl ied  vol t -  
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ages was varied from a few seconds to ~5  min, with 
no detectable change in conductivity.  Similar ly  at 
room tempera ture  a positive bias on the alloy in the 
same range of voltages did not produce any change in 
conductivity. However, when  a negative potential  was 
applied at room temperature,  cur rent  bursts  were ob- 
served at ~15V and holding the alloy at the voltage 
for a few minutes  brought  about a switch to the ON 
state. In  this ini t ial  ON condit ion the i • V relat ion 
was ohmic, and the temperature  coefficient of resist-  
ance was positive. 

Considering the case of a 50V film as a typical  ex- 
ample, --18.5V on the alloy for ~/z rain durat ion at 
room temperature  turned the diode ON; in the ON 
state the resistances were 63 and 54 ohm at 300 ~ and 
80~ respectively. A current  of 100 mA (60 Hz from 
a Variac) tu rned  the diode OFF. In the case of diodes 
carrying evaporated electrodes this init ial  switch OFF 
operation resulted in the "single-hole" type of break-  
downs (1). When Eccobond solder or silver paint  
formed the counterelectrode, it was noticed that  after 
the ini t ial  switching OFF operation the diode could 
be tu rned  ON by a positive or a negative bias on the 
alloy. 

A number  of ON ~ OFF operations were carried 
out and the behavior was quite varied: switch ON 
voltages were in the range of 5 to 27V; OFF currents  
varied from 75 to 150 mA and the i • V relat ion was 
either ohmic or nonohmic with a positive or negative 
temperature  coefficient of resistance, respectively. 

Bistable switching, type (b) . - -A few of the diodes 
exhibited the type (b) switching which occurred in 
the tempera ture  range of 80 ~ to 300~ when the applied 
bias exceeded _+6V. As the d-c voltage across the oxide 
film was gradual ly  increased, a sharp increase fol- 
lowed by a rapid decrease in current  was observed at 
~6V. More such current  t ransients  were observed 
when the applied voltage was increased to --10V. 
Then at some stage, when  lowering the applied bias, 
the current  suddenly increased by more than two 
orders of magni tude  at around 4V i.e., a switch to the 
low impedance ON state. The current -vol tage  curves 
showed the following characteristics in the ON state: 
an init ial  ohmic portion, a zero tempera ture  coefficient 
of resistance, a zero differential resistance region, and 
mult iple  conduction levels. Any  systematic var iat ion of 
the m i n i m u m  voltage required for the onset of current  
bursts with the oxide thickness was not found. 

A typical example of the conduct ivi ty changes is 
i l lustrated in Fig. 1 and 2 for a 2100A film carrying an 
evaporated gold contact and tested at l iquid ni t rogen 
temperature.  In  the low impedance ON state a slight 
instabi l i ty  in current  was observed and the i • V 
curves were near ly  symmetr ical  for positive and nega-  
tive bias on the alloy, curves c and d. On warming  the 
sample to room temperature  no changes in the i • 11 
relat ion were noticed, and the same curves c, d were 
traced. From the ohmic port ion of the curves a re- 
sistance of 18.5 kohm can be calculated. 

Then the impedance of the diode was measured at 
1 kHz, and it was found that this act had effected an 
ON to OFF switching. The curves shown in Fig. 2 
were traced subsequently.  At -~3V current  t ransients  
were noticed and the diode switched ON at 3.2V, 
(curve a.~ in the figure). Curves a3 and a4 were traced 
in the ON state; a4 was found to be symmetrical  with 
a~ unt i l  the current  through the diode exceeded 90 ~A, 
the max imum passed immediate ly  after OFF --> ON 
switching (curve as). When the current  through the 
diode was increased beyond this max imum value, a 
zero differential resistance portion a5 was traced, with 
the increases in applied voltage going almost ent i rely 
across the series resistor. F ina l ly  the curves a6 and a7 
were traced. A similar type of behavior  was observed 
when the alloy was biased negative following another  
impedance measurement ,  curves b~ to b7 in  the figure. 
Switching t imes for OFF -~ ON transi t ions (curves a2 
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and b2 in the figure) were less than  10 - s  sec, and  at-  
tempts to trace these cu r ren t - t ime  curves were unsuc-  
cessful. 

A number  of ON ve OFF operations similar  to that  
in Fig. 2 were carried out and the i • V tracings 
recorded for various m a x i m u m  currents  through the 
diode in the low impedance state. Switch ON voltages 
were all around __2.5V. The zero differential resist- 
ance region on both the positive and negative sides 
was seen to cover a cur ren t  range from ,~30 to ~240 
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#A. The curves were similar  in shape and symmetr ical  
about the origin; the resistances of the ohmic portions 
varied from 30 to 10 kohm and the switch off currents  
varied from 500 to 750 ;~A. No surface changes were 
noticed on the evaporated counterelectrodes. 

Transitory switchings in thin films.--A, set of i x V 
curves, selected from those obtained at room tempera-  
ture  on a 25V (.~700A) film, is shown in Fig. 3. At 8.7V 
negative bias on the alloy the current  through the 
diode increased abruptly,  al in the figure followed by 
a zero differential  resistance port ion a2. Ins tabi l i ty  in 
the current  flow was noticed when the diode tended 
to switch OFF and then ON as shown by the loop as, 
a4 and a5 in the i X V characteristics. When the cur-  
rent  through the diode was decreased, slight instabi l i ty  
was still noticed and the portion a7 was traced which 
passed through the origin. In  t racing aT the current  
was gradual ly  reduced to zero, over a period of 15 sec. 

Immedia te ly  after t racing aT the diode was found in 
the high- impedance state. Then a number  of i X V 
tracings were made; in each instance the diode was 
highly resistive to start, was tu rned  to the ON state 
at about ___l.4V and the i X V curve in the ON state 
passed through the origin. In  the ON state, dur ing  the 
t ransi tory switching, the i X V curves were almost 
l inear  and the resistance varied in the range  of 5 to 8 
kohm. Then the diode settled to bistable switching, 
and the ON state was characterized by an ohmic i X V 
, 'elation and zero tempera ture  coefficient of resistance. 

Some of the diodes were  tested at 80 ~ and 190~ 
before the room tempera ture  experiments.  For  vol t-  
ages up to ~50% of the anodizing voltage, at lower 
temperatures  only the leakage current  flow was 
noticed. A.t room tempera ture  t rans i tory  switching 
occurred, the easy direction for the first one to be 
ini t iated being Zircaloy-2 negative. The number  of 
t ransi tory  operations prior to the onset of bistable 
mode varied among the various specimens and also 
on a single specimen carrying a n u m b e r  of diodes. 

Vacuum-cooled material.--The oxide thickness var-  
ied from 1200 to 2500A. and a total  of 50 diodes 
carrying evaporated gold electrodes were tested. All  
these were characterized by  the type (a) bistable 
switching. The switch ON voltage did not vary  with 
the oxide thickness and was 18 +_ 2V. The ini t ial  
switch OFF operation led to a few isolated single- 
hole breakdowns centered on the boundaries  between 
the ~ platelets (1). Subsequent  to this ini t ia l  switch 
OFF operation, a second set of breakdowns were pro- 
duced in  some of the diodes by having a low series 
resistance in the circuit and by applying a negat ive 
potential  of 20 • 2V on the alloy. These breakdowns 
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were more in n u m b e r  than  the init ial  ones and their  
density averaged to ~102/cm 2. The diodes were highly 
conducting following this step; Pa rk  and Basavaiah 
have reported a similar  type of behavior  in oxide 
films on evaporated zirconium (2). The scanning 
electron micrographs of a second set of breakdowns 
are shown in Fig. 4. Almost all such breakdown spots 
were also found to be located on the ~-platelet  
boundaries.  

Discussion 
When Zircaloy-2 is cooled in vacuum from the 

phase, second phase intermetal l ic  (Zr -Fe-Cr  and Zr- 
Fe-Ni)  particles are precipitated along the a-platelet  
boundaries.  Second phase impur i ty  particles (Zr and 
C, P, or Si present  in ppm quanti t ies)  are probably 
the nucleat ion sites for the growth of the a-platelets  
(3). The ini t ial  and the subsequent  breakdowns,  in 
oxide films on the vacuum-cooled material ,  were all 
located on the a-platelet  boundaries;  the delayed type 
of bistable switching in these films is in the major i ty  
observed in oxide films grown on the alloy in the as- 
received condition. Therefore, it is reasonable to con- 
clude that  the second phase particles in the as-received 
alloy are the sites of such switching and the associated 
breakdowns. 

Pa rk  and Basavaiah identified the conducting fila- 
ment  with the r im around the breakdown spots (2). 
In  our experiments,  however,  the switch ON operation 
did not result  in a breakdown when the series resist- 

Fig. 3. Zircaloy-2/25 V anodic oxide film/silver (Eccobond, 0.12 
cm s) tested at atmospheric conditions; x-y recorder plots of the 
transitory switchings. 

Fig. 4. Scanning electron micrographs of the second set of break- 
downs in anodic oxide (2100,~ thick) grown on the vacuum-cooled 
Zircaloy-2. 
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ance in the circuit  was sufficiently high; also, the 
ini t ial  switch OFF operation resulted most often in 
single breakdown spots and the diode subsequent ly  
was highly resistive. Therefore, Park  and Basavaiah's  
observation might represent  an in termediate  state and 
the current  carrying fi lament present  prior to break-  
down is l ikely to be very  different from that  produced 
after the breakdown.  The breakdown spots general ly 
were 3 to 4 ~m in diameter  (cf. Fig. 4); however, the 
original  current  carrying fi lament is l ikely to have 
been much smaller  in dimensions. Moreover, the oxide 
grown on the second phase particles has been shown 
to be highly heterogeneous and porous (1). Therefore, 
calculation of the resist ivity of the filament based on 
the diameter  of the breakdown spot and the anodic 
oxide (zirconia matr ix)  thickness would be meaning-  
less. Though a positive tempera ture  coefficient of re- 
sistance was found in the ON state, the na ture  of the 
filament mater ial  thus remains  unknown.  

At this stage, any  at tempt  to interpret  the mecha-  
n ism of the ini t ial  switching would be highly specula- 
tive because the composition of the second phase par-  
ticles, their  behavior  dur ing  wet anodization, the type 
of oxide grown on them, etc., remain  unknown.  In this 
connection, a s tudy of the oxide growth on the in ter-  
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metallics of zirconium and iron, chromium or nickel 
and their electrical properties might  be helpful. 

Conclusions 
In  anodic oxide films on Zircaloy-2, the second phase 

particles are the sites where  a major i ty  of the bistable 
switchings and the associated breakdowns occur. 
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The Composition of Ga,_ AI As Grown from 
Ga-Rich Solutions as a Function of 

Growth Temperature and Solution Composition 
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It  has been shown that  efficient visible light emit t ing 
diodes can be fabricated from liquid phase epitaxial ly 
(LPE) grown layers of Gal-~AlxAs (1). The max i mum 
direct energy gap obta inable  is 1.9 eV corresponding to 
a composition of x ~ 0.37 (2). The work of Panish and 
Sumski (3) and Ilegems and Pearson (4) on the Ga- 
A1-As te rnary  system indicates that Ga1-xAlxAs in the 
range of 0 < x < 0.37 can be grown by LPE at or 
below 1000~ from solutions containing less than about 
0.007 atom fraction A1. This communicat ion presents 
exper imenta l  data for Gal-xAl~As grown in the tem- 
perature  range of 800~176 from Ga-A1-As solutions 
containing 0.002-0.014 atom fraction AI. 

The Gal-xAlxAs was grown by  LPE on ( l l l ) - G a  and 
As faces of single crystal  GaAs substrates that  were 
doped with Te or Se in the range of 0.5 to 2.5 • 10 TM 
elec t ron/cm 3. The growth apparatus  was s imilar  to 
that  of Hayashi  et al. (5) in  that the solution was 
pushed over the substrate. Our apparatus also em- 
ployed a special provision to shear the solution dur ing 
its push in order to expose a fresh, unoxidized surface. 
The solution typical ly contained 4g of six nines  pure 
Ga and the appropriate amounts  of six nines pure A1 
and polycrystal l ine undoped GaAs. For each run, the 
saturat ion temperature,  Ts, the tempera ture  at which 
the Ga-A1 solution is just  saturated with the specific 
amount  of GaAs used, was determined by using the 
t e rnary  phase diagram of Ilegems and Pearson (4). 

The substrates were lapped with 1 ~m alumina,  
etched in 10 HNO3:1 HF: 5 H20 for 10 sec, r insed and 
dried before being loaded into the boat. The GaAs 
source mater ia l  was heavily etched, rinsed, dried, and 
then wetted with Ga before placement  in the solution. 

K e y  words :  LPE,  LED, phase  d i a g r a m ,  d i rec t  e n e r g y  gap semi-  
conductors,  e lectron microprobe.  

During loading, the solution was heated to 50~ to 
insure that the A1 was dissolved properly. After  posi- 
t ioning in the furnace, the system was flushed over-  
night  with H2 purified by  Pd. The system was then 
heated to an equi l ibrat ion temperature,  Te, ei ther equal 
to Ts or exceeding Ts by about 40~ After  at least one 
hour  at Te, cooling at 40~ per hour  was initiated. The 
solution was pushed over the substrate at 3~176 below 
Ts and allowed to cool to room temperature.  Typical 
grown layers were 30 to 200 ~m thick. 

The x - ray  emission produced from the layers by 
the electron beam of an ARL model EMX electron 
microprobe was analyzed to yield the alloy composi- 
tion. Measurements  were made as a funct ion of posi- 
t ion along the growth direction in 2-20 ~m steps. The 
composition at the onset of growth was then obtained 
by interpolat ion to zero thickness. The error  was esti- 
mated at •  The var iat ion of the ini t ial  solid com- 
position with atom fraction A1 in the solution, XAl (1), 
and saturat ion temperature,  Ts, is shown in Fig. 1. 

With in  the exper imental  uncertainties,  the measured 
concentrat ion of AlAs in the solid did not depend on 
substrate  orientation, the physical properties of the 
substrate (doping level, dopant, etchpit density, etc.) 
or on the equi l ibrat ion temperature,  Te. Examinat ion  of 
the metal lurgical  interface between the substrates and 
the grown layers indicated that  no etchback of more 
than  a few micrometers took place. Post -growth in-  
spection of the solution revealed no undissolved GaAs 
source material .  From these observations we concluded 
that a condition close to equil_ibrium existed in the 
solution before the ini t ia t ion of growth. 

In  Fig. 2, our exper imenta l  values are compared to 
the calculations of Ilegems and Pearson (4). Our data 
are in moderately  good a~reement  with the calculated 
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ance in the circuit  was sufficiently high; also, the 
ini t ial  switch OFF operation resulted most often in 
single breakdown spots and the diode subsequent ly  
was highly resistive. Therefore, Park  and Basavaiah's  
observation might represent  an in termediate  state and 
the current  carrying fi lament present  prior to break-  
down is l ikely to be very  different from that  produced 
after the breakdown.  The breakdown spots general ly 
were 3 to 4 ~m in diameter  (cf. Fig. 4); however, the 
original  current  carrying fi lament is l ikely to have 
been much smaller  in dimensions. Moreover, the oxide 
grown on the second phase particles has been shown 
to be highly heterogeneous and porous (1). Therefore, 
calculation of the resist ivity of the filament based on 
the diameter  of the breakdown spot and the anodic 
oxide (zirconia matr ix)  thickness would be meaning-  
less. Though a positive tempera ture  coefficient of re- 
sistance was found in the ON state, the na ture  of the 
filament mater ial  thus remains  unknown.  

At this stage, any  at tempt  to interpret  the mecha-  
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tive because the composition of the second phase par-  
ticles, their  behavior  dur ing  wet anodization, the type 
of oxide grown on them, etc., remain  unknown.  In this 
connection, a s tudy of the oxide growth on the in ter-  
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metallics of zirconium and iron, chromium or nickel 
and their electrical properties might  be helpful. 

Conclusions 
In  anodic oxide films on Zircaloy-2, the second phase 

particles are the sites where  a major i ty  of the bistable 
switchings and the associated breakdowns occur. 
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It  has been shown that  efficient visible light emit t ing 
diodes can be fabricated from liquid phase epitaxial ly 
(LPE) grown layers of Gal-~AlxAs (1). The max i mum 
direct energy gap obta inable  is 1.9 eV corresponding to 
a composition of x ~ 0.37 (2). The work of Panish and 
Sumski (3) and Ilegems and Pearson (4) on the Ga- 
A1-As te rnary  system indicates that Ga1-xAlxAs in the 
range of 0 < x < 0.37 can be grown by LPE at or 
below 1000~ from solutions containing less than about 
0.007 atom fraction A1. This communicat ion presents 
exper imenta l  data for Gal-xAl~As grown in the tem- 
perature  range of 800~176 from Ga-A1-As solutions 
containing 0.002-0.014 atom fraction AI. 

The Gal-xAlxAs was grown by  LPE on ( l l l ) - G a  and 
As faces of single crystal  GaAs substrates that  were 
doped with Te or Se in the range of 0.5 to 2.5 • 10 TM 
elec t ron/cm 3. The growth apparatus  was s imilar  to 
that  of Hayashi  et al. (5) in  that the solution was 
pushed over the substrate. Our apparatus also em- 
ployed a special provision to shear the solution dur ing 
its push in order to expose a fresh, unoxidized surface. 
The solution typical ly contained 4g of six nines  pure 
Ga and the appropriate amounts  of six nines pure A1 
and polycrystal l ine undoped GaAs. For each run, the 
saturat ion temperature,  Ts, the tempera ture  at which 
the Ga-A1 solution is just  saturated with the specific 
amount  of GaAs used, was determined by using the 
t e rnary  phase diagram of Ilegems and Pearson (4). 

The substrates were lapped with 1 ~m alumina,  
etched in 10 HNO3:1 HF: 5 H20 for 10 sec, r insed and 
dried before being loaded into the boat. The GaAs 
source mater ia l  was heavily etched, rinsed, dried, and 
then wetted with Ga before placement  in the solution. 

K e y  words :  LPE,  LED, phase  d i a g r a m ,  d i rec t  e n e r g y  gap semi-  
conductors,  e lectron microprobe.  

During loading, the solution was heated to 50~ to 
insure that the A1 was dissolved properly. After  posi- 
t ioning in the furnace, the system was flushed over-  
night  with H2 purified by  Pd. The system was then 
heated to an equi l ibrat ion temperature,  Te, ei ther equal 
to Ts or exceeding Ts by about 40~ After  at least one 
hour  at Te, cooling at 40~ per hour  was initiated. The 
solution was pushed over the substrate at 3~176 below 
Ts and allowed to cool to room temperature.  Typical 
grown layers were 30 to 200 ~m thick. 

The x - ray  emission produced from the layers by 
the electron beam of an ARL model EMX electron 
microprobe was analyzed to yield the alloy composi- 
tion. Measurements  were made as a funct ion of posi- 
t ion along the growth direction in 2-20 ~m steps. The 
composition at the onset of growth was then obtained 
by interpolat ion to zero thickness. The error  was esti- 
mated at •  The var iat ion of the ini t ial  solid com- 
position with atom fraction A1 in the solution, XAl (1), 
and saturat ion temperature,  Ts, is shown in Fig. 1. 

With in  the exper imental  uncertainties,  the measured 
concentrat ion of AlAs in the solid did not depend on 
substrate  orientation, the physical properties of the 
substrate (doping level, dopant, etchpit density, etc.) 
or on the equi l ibrat ion temperature,  Te. Examinat ion  of 
the metal lurgical  interface between the substrates and 
the grown layers indicated that  no etchback of more 
than  a few micrometers took place. Post -growth in-  
spection of the solution revealed no undissolved GaAs 
source material .  From these observations we concluded 
that a condition close to equil_ibrium existed in the 
solution before the ini t ia t ion of growth. 

In  Fig. 2, our exper imenta l  values are compared to 
the calculations of Ilegems and Pearson (4). Our data 
are in moderately  good a~reement  with the calculated 
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isotherms, but  deviations as high as 30% are found for 
A1 solution compositions in the 0.003-0.006 atom frac- 
t ion range. A much better  agreement  is found between 
our data and the exper imenta l  values of Alferov 
et al. (6). 

In  conclusion, exper imenta l  data are presented 
establishing the relat ionship between the AlAs con- 
centrat ion in solid Gal-~A/zAs and the A1 concentra-  
t ion in the solution for crystal growth by  LPE in the 
800~176 range. These data should prove useful in 
the growth of direct energy gap Gal-xAlxAs for use 
in efficient l ight emit t ing diodes. 

Manuscript  submit ted Nov. 11, 1971; revised ma nu-  
script received ca. Jan. 28, 1972. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1972 
JOURNAL. 
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Erratum 

Regarding the paper  "Electroplat ing of Osmium" by 
A. J. Appleby which appeared on p. 1610 in the 
December 1970 JOURNAL, Vol. 117, No. 12, it has 
recent ly been brought  to the author 's  a t tent ion that  a 
practical aqueous bath for obta ining br ight  osmium 
electrodeposits was described by L. Greenspan [Engel- 
hard Ind. Tech. Bull. 1O, 48 (1969] as the above paper 
was in final preparation.  As stated by Mr. Greenspan:  
"This bath  contains osmium in a lkal ine  solution as an 
anionic complex formed by reacting osmium tetroxide 

with sulfamic acid. Using this bath at a temperature  of 
65~176 and with current  densities of 2-10 A/f t  ~, 
deposits at a ra te  of about 100 ~in. /hr  are obtained 
with current  efficiencies of the order of 40-80%. De- 
posits of about 50 ~in. are from lustrous to bright;  
those of 100 ~in. and above are dull  but  smooth. This 
bath appears more suited for practical electrodeposi- 
tion of osmium than the cyanide bath and is commer-  
cially available." The author  is indebted to Mr. Green-  
span for br inging this omission to his at tention.  
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ABSTRACT 

It has been shown that t rea tment  of cast an t imonia l  lead alloys with mix-  
tures of hydrogen peroxide and sulfuric acid at 20~ dissolves surface ant i -  
mony at an appreciably greater rate than occurs with sulfuric acid alone, even 
at elevated temperatures.  Opt imum hydrogen peroxide-sulfuric  acid reagent  
compositions have been established for the max imum solution of an t imony 
from the alloy. A correlation exists between the quant i ty  of an t imony removed 
by this t rea tment  and the quant i ty  of an t imony that  is subsequent ly  released 
from the alloy into sulfuric acid electrolyte when  it is set up as an anode 
against pure lead cathodes. Batteries made using positive grids which have 
been pickled in hydrogen peroxide-sulfuric  acid mixtures,  then br ightened by 
dipping in a 10% aqueous solution of diethylene t r iamine have been shown to 
have a greater life on charge/discharge cycles than batteries made using 
s tandard unpickled grids. 

Ant imony  is added as an alloying consti tuent  to im- 
part increased hardness to lead used in the manufac-  
ture of grids for lead-acid batteries. Alloy grids are 
much less l iable to distortion dur ing bat tery  ma nu-  
facturing operations. However, positive bat tery  plates 
used in lead-acid bat tery  manufacture ,  made from 
such castings, will, dur ing  plate formation, release a 
large proportion of their  surface ant imony,  which will  
migrate towards the negative plate, thereby contami-  
nat ing the formation electrolyte, the negative active 
material,  and the positive active material.  Similarly,  
in bat tery operation, an t imony contaminat ion of plates 
will occur. Both forms of an t imony  contaminat ion have 
adverse effects on bat tery  performance such as in-  
creases in positive plate corrosion (i.e., shorter life) 
and in self-discharge rates; also it prevents  the positive 
plate from reaching its t rue potential. For these reasons 
research has been under taken  to s tudy removal of 
an t imony from such grids. 

Burbank  and Simon (1) have shown the m a n n e r  in 
which the anodic corrosion of lead and its hypoeutectic 
ant imony alloys takes place in sulfuric acid and how 
such corrosion is related to the microstructure of these 
alloys. Pure  lead and alloys containing up to 0.5% 
an t imony  corrode in te rg ranu la r ly  (i.e., grain  boundary  
attack).  At higher concentrat ions a combinat ion of 
in te rgranular  and interdendri t ic  penetra t ion occurs, 
but up to 6% an t imony  the attack remains  preferen-  
t ially in tergranular .  At higher an t imony concentra-  
t ion (6-12%) the corrosion is more evenly distr ibuted 
between in te rgranula r  at tack and attack along the in-  
terdendri t ic  network of segregated antimony.  Burbank  
and Simon also revealed by x - ray  diffraction that the 
surface of castings containing 6% or more an t imony is 
richer in an t imony  than within  the bulk of the cast- 
ings, i.e., an ant imony-r ich  surface layer is present. 

A search brought to light one patent, by Bosch (2), 
which involves a pickling t rea tment  for removing con- 
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Key  words:  bat tery,  lead-acid, alloys, ant imony,  ba t t e ry  grids, 

pickling. 

centrat ions of an t imony  on the surface of cast lead- 
an t imony  alloys used in lead acid bat tery  manufacture .  
This process involves dipping the as-cast metal  in 
sulfuric acid of 1.75 sp gr. This t rea tment  it is claimed 
will remove an t imony from a surface layer  of at least 
10 -c mm thickness of alloy. 

The work described below for removing surface 
an t imony  from ant imonia l  lead differs from that de- 
scribed by Bosch in that  it incorporates a sulfuric 
acid-hydrogen peroxide reagent  which has been shown 
to be much more effective than  sulfuric acid alone in 
removing surface an t imony  from ant imonia l  lead. 

Experimental 
Pickling in sulfuric ac/d. - -Exper iments  were first 

carried out to establish the extent  to which pickling 
in aqueous sulfuric acid dissolved an t imony  from 7% 
ant imonial  lead. One kilogram of metal  was immersed 
in 2 liters of sulfuric acid of known specific gravi ty and 
main ta ined  at a constant  temperature.  In  the work de- 
scribed in this paper the lead was in the form of cast 
grids of the type used in the manufac ture  of lead acid 
batteries. After various time intervals  portions of the 
acid were removed and dissolved an t imony  determined 
by a procedure which is sensit ive enough to detect 
down to 0.2 mg an t imony  in a l i ter  of test solution. 

Pickling in sulfuric acid-hydrogen peroxide mixture. 
- - A  range of solutions were prepared such that the 
final mixtures  had a known specific gravi ty  with re-  
spect to sulfuric acid (between 1.03 and 1.60 sp gr at 
20~ and contained a known concentrat ion of hydro-  
gen peroxide (between 2 volume and 5 volume concen- 
t rat ion) .1 In all cases the solutions were prepared im-  
mediately prior to use. The pickling exper iments  were 
then carried out as discussed above. 

Determination of antimony in sulfuric acid-hydrogen 
peroxide mixtures.--Reagents.--Standard ant imony so- 

l One volume concentrat ion H~O~ is tha t  concentrat ion (0.Sg H~O~ 
liter} which  upon decomposit ion produces 1 ml  oxygen at  STP per  
millil i ter of the perox ide  solution.  
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lution, prepared from potassium ant imonyl  tar t ra te  
"ANALAR" to contain 0.1 mg an t imony per millil i ter.  

Ascorbic acid/potassium iodide reagent  was prepared 
by dissolving 70g potassium iodide "ANALAR" and 5g 
ascorbic acid in deionized water  and making up to 500 
ml. This solution must  be prepared freshly as required. 

Sulfuric acid was 1.2 sp gr, aqueous. 
Potassium permanganate  (1N) aqueous, was pre-  

pared from "ANALAR" solid. 
Calibration curve.--Into seven 100 ml volumetric flasks, 
pipette 0.0, 0.1, 0.2, 0.3, 0.5, 0.7, and 1.0 ml  of s tandard 
an t imony  solution (e.g., 0.0 to 0.1 mg Sb) then add 10 
ml of 1.2 gravi ty sulfuric acid. Add 25 ml potassium 
iodide/ascorbic acid reagent  to each flask then make 
up to 100 ml with 1.2 sp gr sulfuric acid. 

Fil l  two 10 mm glass spectrophotometer cells, re- 
spectively with the solution which is free from ant i -  
mony (control) and the solution containing 0.1 ml  
s tandard an t imony  solution. 

Place the two cells in spectrophotometer and mea-  
sure the optical density at 425 m~ of the sample solu- 
t ion relat ive to the control (an t imony free) solution in 
the reference beam. Repeat with each of the s tandard 
an t imony solutions. 

Plot a curve of mil l igrams ant imony in the original  
100 ml test solution vs. the corresponding optical den-  
sities obtained. 

Analysis of pickling solutions.--Transfer a suitable 
volume (maximum 10 ml) of pickling solution into a 
100 ml volumetric  flask. If the specific gravi ty  of the 
sulfuric acid in the pickling solution is less than  1.2 
then add a calculated volume of 1.6 sp gr sulfuric acid 
to adjust  the gravi ty in the final mixture  to 1.2. If 
the specific gravi ty of the pickling solution exceeds 1.2 
then add a calculated volume of deionized water suffi- 
cient to adjust  the gravi ty of the final mix ture  to 1.2. 
Add sufficient 1.2 sp gr sulfuric acid to make the vol- 
ume up to 10 ml. To a second control 100 ml volumetric  
flask add 10 ml  1.2 sp gr sulfuric acid. To both solu- 
t ions add dropwise from a burette, potassium per-  
manganate  solution unt i l  a faint pink color is produced 
which persists for 5 min, indicat ing complete neu-  
tralization of hydrogen peroxide. Add 25 ml potassium 
iodide/ascorbic acid reagent  and make up to 100 ml  
with 1.2 sp gr sulfuric acid. Refer the optical density 
to the cal ibrat ion curve to obtain the weight of ant i -  
mony present  in the original 100 ml of diluted pickling 
solution. 

If it is found that  the concentrat ion of ant imony in 
the original pickling solutions is too high, then this 
solution should be diluted by a known amount  with 
sulfuric acid of the same specific gravi ty  and the above 
analysis repeated. 

Measurement of the release of antimony from alloys 
under electrochemical conditions.iPickled and un -  
pickled castings (150g) in 4.5, 7, and 10% ant imonial  
lead were set up as anodes, against pure lead cathodes 
in cells containing a l i ter of 1.25 sp gr sulfuric acid. A 
2A cur ren t  was passed through the castings and the 
an t imony  content  of the electrolyte determined at 
intervals.  

Construction of test batteries.--The test batteries 
used in the study were Miners Caplamps batteries con- 
structed with two cells, each containing a tubu la r  posi- 
tive plate and two negative plates and a s tandard 
separator system. 

A low ant imonia l  alloy (4.5% ant imony)  was used 
throughout;  only the positive grids were pickled. 

Pickl ing was conducted for 8 hr  at 15~176 in a 
solution consisting of 4 volume strength hydrogen per-  
oxide in 1.200 sp gr sulfuric acid. The solution was con- 
tained in a glass or polyethylene tank  and the lead 
grids were suspended, without  touching in this solution 
at a ratio of 1 kg of lead to 2 liters of solution. 

In  some experiments  the grids were then r insed in 
cold r u n n i n g  water  to remove acid and were then 
allowed to dry. Such grids had on the surface a very 

th in  whitish layer, p resumably  of lead sulfate. In  
other experiments,  pickled grids were immediately 
dipped in a 10% aqueous solution of diethylene t r i -  
amine for a few minutes  un t i l  lead sulfate had been 
completely removed and the meta l  was bright.  The 
plates were then quickly rinsed in  water  and left to 
air dry. 

Batches of batteries containing unpickled, pickled 
and water washed, and pickled and amine washed posi- 
tive grids were then assembled by standard manufac-  
tur ing methods. 

The  batteries were then cont inuously cycled accord- 
ing to the following schedule: charge: constant  volt-  
age charge at 4.90 to 2.45V per cell (about 15 hr ) ;  
discharge: for 9 hr through a 1A calibrated bulb re- 
cording the t ime taken to reach 1.85V per cell. Cycling 
tests were discontinued when the discharge time 
dropped below 7 hr, i.e., end of bat tery life. 

Results 
Sulfuric acid pickling.--Antimony extraction was ex- 

t remely  low at acid gravities of 1.2 and 1.4 even at op- 
erat ing temperatures  up to 80~ At 1.6 gravity and 
80~ 72 mg of an t imony  was dissolved from the alloy in 
300 hr from 1 kilo of alloy, i.e., only 0.1% of the ant i-  
mony content of the original alloy (7%) was dissolved 
into the pickling solution. At 80~ in 1.4 gravi ty  acid, a 
small amount  of white precipitate was noted in the 
acid, presumably  lead sulfate. At 80~ in  1.6 gravity 
acid, a small amount  of a b rown orange precipitate 
was noted in suspension in the solution and as a coat- 
ing on the metal. This solid contained about 4% ant i -  
mony and, presumably  by its color, contained ant imony 
sulfide. The solution itself had a deep brown discolora- 
tion. In  the same experiment,  a bubbler  containing 
10% aqueous silver ni t rate  solution was connected to 
the sealed vessel in which the pickling was carried out 
and it was observed that  dur ing the experiment,  a 
black precipitate formed in the silver ni t rate  solution. 
This was presumably,  silver stibnide and /or  silver 
sulfide produced by reaction of silver ions with stibine 
and /or  hydrogen sulfide produced dur ing pickling. 
These observations fit in with the reactions known to 
occur between an t imony and hot sulfuric acid solutions 
of specific gravity greater than 1.55. Decomposition 
products of this type were not observed in pickling 
experiments  conducted in acid gravities below 1.4 

Sulfuric acid-hydrogen peroxide pickling.--Figure 1 
compares the rate of extraction of ant imony from 7% 
ant imonial  lead by strong sulfuric acid at 80~ and by 
various acid-hydrogen peroxide mixtures  at normal  
ambient  temperatures.  The dramatic increase in ant i-  
mony extraction resul t ing upon incorporation of hydro-  
gen peroxide is immediately evident. 

i 
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Fig, 2. Influence of s,,Ifuric acid concentration on pickling rate 
el 7% antimonial lead. 

Increase in the concentrat ions of acid and peroxide 
leads to higher an t imony extractions (compare curves 
II and III, Fig. 1). 

Elect  ol sulJuric and concentration.--The curves in 
Fig. 2 plot the course of an t imony extraction occurring 
from 7% ant imonial  lead during pickling times of up 
to 180 hr at 25~ in a reagent consisting of hydrogen 
peroxide (2 volume) and sulfuric acid (between 1.03 
and 1.60 sp gr).  Exper imenta l  replication is satisfactory 
(compare curves 7 and 11). At acid gravities of under  
1.1, an t imony extract ion ceased after 40-50 hr, reach- 
ing 70-80% of this value in 10 hr. At acid gravities 
higher than 1.1 ant imony extraction from the grid still 
continued after 180 hr with no evidence of leveling 
out. The highest an t imony extraction recorded was 
obtained with 1.1 to 1.2 gravi ty acid. Also, at acid 
gravities in this range, ant imony extraction following 
a 5 hr pickling was about half that  obtained dur ing a 
140 hr  pickle. After pickling, the metal  became eventu-  
al ly gray or white colored and, at certain acid concen- 
trat ions a turbidi ty  or precipitate, p resumably  of lead 
sulfate, formed in the solution. At acid concentrations 
of 1.2-1.3 sp gr and pickling times up to 30 hr no 
insoluble mat ter  was evident  in the solution. 

Effect of hydrogen peroxide concentration.--The re- 
sults in  Fig. 2 show that  extension of the pickling time 
above 10-20 hr is not a very efficient method of in-  
creasing the an t imony extraction rate in the case of a 
reagent consisting of 2 volume hydrogen peroxide and 
sulfuric acid in the 1.1-1.2 sp gr range. Next, a com- 
parison was made between an t imony extraction ob- 
tained for 7% ant imonial  lead using 2 volume and 5 
volume hydrogen peroxide, both with 1.2 gravi ty acid 
at 25~ After  10 hr the ant imony extraction increased 
almost pro rata with increase of hydrogen peroxide 
concentration, and, in fact, the solution containing 5 
volume hydrogen peroxide removed as much an t imony 
in 5-10 hr as did the weaker reagent in 140 hr. The 

Fig. 3. Influence of acid gravity and hydrogen peroxide concen- 
tration on antimony extraction in 8 hr pickle of 4.5, 7, and 10% 
antimonial lead. 

quanti t ies of an t imony  dissolved from approximately 
1 kilo of lead in a 140 hr  pickle using the two and five 
volume hydrogen peroxide were respectively 1.3g and 
2.4g. Thus, increasing the concentrat ion of peroxide 
in the reagent is a more effective method of increasing 
an t imony  extraction than extension of pickling time. 

Figure 3 shows the effect of sulfuric acid and hydro-  
gen peroxide concentrat ion on an t imony extraction 
dur ing  an 8 hr pickle at 25~ for freshly cast lead 
alloys containing 4.5, 7.0, and 10% ant imony.  For each 
alloy, an t imony  extract ion was highest at an acid 
gravi ty of 1.2 and at the higher peroxide concentration.  
A repeat exper iment  on these alloys three weeks after 
casting gave an identical set of curves. A plot of 
weight of an t imony extracted dur ing an B hr  pickle 
against the an t imony  content  of the alloy showed 
l inear  relationship for each of the eight reagent  sys- 
tems quoted in Fig. 3. 

Tables I and II show the effect of reagent  composi- 
t ion and pickling t ime on the percentage of the original 

Table I. Percentage dissolution of antimony from 7% 
antimonlal lead (thin section 1/16 in.) 

S u l f u r i c  ac id  g r a v i t y  

Per  cen t  of o r i g i n a l  a n t i m o n y  
con t en t  of a l loy  e x t r a c t e d  

i n t o  p i c k l i n g  s o l u t i o n  

P i c k l i n g  t i m e  
10 h r  20 h r  E x t e n d e d *  

1.6 (n i l  h y d r o g e n  pe rox ide )  
a t  80~ ~ 0 . 0 0 l  0.001 0.1 (300.I) 

1.03 (2 vol .  H,~O~) a t  25~ 0.45 0.5 0.6 (40.M) 
1.1 (2 vol .  H202) at  25~ 1.2 1.5 1.9 (70.M) 
1.2 (2 vol .  H202) a t  25~ 1.0 1.1 1.7 (140.I) 
1.2 (5 vol .  H20~) a t  25~ 2.6 3,0 3.3 (70.M) 
1.4 (2 vol .  H202) at  25~ 0.8 0.9 1.4 (145.I) 
1.6 (2 vol .  H202) a t  25~ 0.6 0.65 1.0 (160-180.I) 

* N u m e r a l s  in  b r a c k e t s  i n d i c a t e  p r o l o n g e d  p i c k l i n g  t i m e  in  hours .  
I i n d i c a t e s  t h a t  a n t i m o n y  c o n c e n t r a t i o n  of so lu t i on  is s t i l l  i n c r e a s i n g  
a t  e n d  of t e s t  per iod .  M ind i ca t e s  t h a t  i t  h a d  r eached  a m a x i m u m  at  
end  of  t e s t  per iod .  
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Table II. Percentage dissolution of antimony from various antimonial lead (thicker section !~-1//4 in.) 

S u l f u r i c  a c i d  g r a v i t y  % h r  

Per cent o f  original content o f  alloy extracted into pickling s o l u t i o n  

4 . 5 %  a n t i m o n i a l  l e a d  7 %  a n t i m o n i a l  l e a d  
p i c k l i n g  t i m e  p i c k l i n g  t i m e  

10 h r  2 0  hi" E x t e n d e d *  ~/e h r  

1 0 %  a n t i m o n i a l  l e a d  
p i c k l i n g  t i m e  

~/e h r  

1 .03  (2 v o l .  HzO..,) a t  2 5 ~  0 .2  0 .3  0 . 4  0 .5  (50)  0 .1  
1 .03  (4 v o l .  HeO~) a t  2 5 ~  0 .2  - -  - -  ~ 0 . 1 5  
1.1 (2 v o l .  H.oO~) a t  2 5 ~  0 . 2 5  0 .5  0 .6  0 .7  (50)  0 .3  
1.1 (4 VOI. H.-O~) a t  2 5 ~  0 .3  -- -- -- 0 .3  
1.2 (2 v o l .  I4~O-~) a t  2 5 ~  0 .3  0 . 9  0 .9  -- 0.3  
1.2 (4 v o l .  H ~ )  a t  2 5 ~  0 .4  0 . 7 5  -- -- 0.4  
1.3 (2 v o l .  H20.~) at 2 5 ~  0.3 - -  - -  - -  0.3 
1.3 (4 vol. H:~O2) at 25~ 0.4  - -  -- -- 0 .4  

0.1 
0.1  
0.25 
0.3  
0.3 
0 .4  
0.25 
0.4  

* N u m e r a l s  i n  b r a c k e t s  i n d i c a t e  p i c k l i n g  t i m e  i n  h o u r s ,  a n t i m o n y  e x t r a c t i o n  h a d  r e a c h e d  a m a x i m u m  w i t h i n  t h e s e  t i m e s .  

ant imony content  of the a l loy which is removed by  
pickling. Compar ison of these resul ts  show tha t  wi th  
s imilar  reagents  the  percentage  of the or iginal  anti= 
mony  content  of the  a l loy which is ex t r ac t ed  f rom 
th inner  section moldings  is h igher  than  with  th icker  
section moldings,  due, p r e sumab ly  to the h igher  a rea  
to volume ra t io  of the  fo rmer  wi th  its consequent  in-  
creased surface area  per  uni t  weight  of lead avai lab le  
for an t imony  dissolution. The inefficiency of pickl ing 
wi th  s trong sulfuric  acid wi thout  peroxide  at 80~ is 
c lear ly  evident  in Table I, which shows tha t  only 
0.001% of the  or iginal  an t imony  content  of the  a l loy 
has been extracted.  Contras ted  wi th  this  and confirm= 
ing the ear l ie r  exper iments ,  3% an t imony  ex t rac t ion  
occurs when pickl ing is carr ied  out  at 25~ in 1.2 
g rav i ty  acid containing 5 volume peroxide.  Clearly,  
this  an t imony  remova l  must  occur p r inc ipa l ly  at  the  
meta l  surface (or in the  region near  to the  surface) .  
If, wi th  an as-cast  a l loy there  is no enr ichment  of 
an t imony  at the  surface above the normal  level  this  
resul t  impl ies  that ,  on the  average,  the p ickl ing reagent  
pene t ra tes  only to a depth  of be tween  0.001 and 3% 
of the  average  thickness  of the metal .  If, on the other  
hand, as had been postulated,  an t imonia l  lead cast ings 
have a ve ry  thin  surface layer  of apprec iab ly  higher  
an t imony  content  than  the bu lk  of the  alloy, then  the 
average  depth  of reagen t  pene t ra t ion  into the  gr id  to 
produce  the observed an t imony  ex t rac t ions  would  be 
less than  those quoted above. 

Hydrogen peroxide decomposition.--It was observed 
tha t  gas bubbles  were  cont inuously  formed on the 
surface of grids dur ing  pickl ing at  25~ The gas is 
produced by  a g radua l  decomposi t ion of hydrogen  
perox ide  to oxygen and wa te r  and is p r e sumab ly  ca ta-  
ly t i ca l ly  induced by  lead  or  b y  impur i t i e s  therein.  
Peroxide  decomposi t ion was moni to red  dur ing  pickl ing 
by  analyzing t imed  samples  by  t i t r a t ion  wi th  s tandard  
potass ium permanganate .  

F igure  4, shows, for 7% ant imonia l  gr ids  dur ing  a 
40 h r  pickle,  the  influence of acid g rav i ty  on an t imony  
ex t rac t ion  and the  pa ra l l e l  decomposi t ion of hydrogen  
peroxide.  I t  is seen tha t  hydrogen  pe rox ide  decomposi -  

, i  . . . . . .  :!i! 

Fig. 4. Relation between pickling time, antimony extraction, and 
hydrogen peroxide decomposition. 

t ion is highest  under  those condit ions under  which 
an t imony  ext rac t ions  are highest.  

E~Yect o] pickling on subsequent release o] antimo)ly 
] rom alloys under electrochemical conditions.--Ob= 
viously, the more  efficient the  remova l  of an t imony  by 
p ickl ing  then the lower  wil l  be the equ i l ib r ium anti= 
mony content  of the e lec t ro ly te  in an e lect rolys is  ex-  
per iment ,  compared  to the  equ i l ib r ium an t imony  con= 
tent  obta ined by  electrolysis  of unpickled  control  
alloys. This procedure  the re fore  offers a method  of 
ascer ta ining the  influence of chemical  p ickl ing in acid 
hydrogen  peroxide  on the subsequent  rate  of removal  
of an t imony  from the al loy under  condit ions where  a 
cur ren t  flows. 

F igure  5 plots the re la t ionship  be tween  the an t imony 
content  of the or ig inal  a l loy and the weight  of anti= 
mony  removed from 150g of th ree  lead al loys dur ing  
a 25 hr  electrolysis.  I t  is seen that  less an t imony  is 
removed  by  electrolysis  of al loys which have been 
prev ious ly  p ickled compared  to the unpick led  controls. 
The effect of chemical  p ick l ing  upon subsequent  anti= 
mony remova l  occurr ing upon electrolysis,  is greates t  
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Fig. 5. Electrochemical removal of antimony from pickled and 
unpickled lead as o function of original antimony content of alloy. 
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in the case of the 4.5% ant imonial  alloy in which 
an t imony  removal  upon electrolysis is about half  the 
value obtained for the  unpickled control. Smaller  ef- 
fects of pickling on an t imony removal  dur ing electrol- 
ysis were noted in the case of the two higher ant i -  
monial  alloys. 

It was at tempted to ascertain whether  a relationship 
existed between an t imony  removal  from the grid dur -  
ing chemical pickl ing and the amount  of an t imony 
which is subsequent ly  removed from the grid upon 
electrolysis. 

If, dur ing  electrolysis of an unpickled metal  casting, 
the concentrat ion of an t imony that  builds up in the 
electrolyte in t ime T is denoted by X mg Sb/g  alloy 
and if, dur ing the same t ime interval,  the concentrat ion 
of an t imony  that builds up in the electrolyte in con- 
tact with pickled alloy at the same init ial  an t imony 
content is denoted by Y mg Sb/g  alloy, then  (X -- Y) 
is a measure of the efficiency of the chemical pickling 
process in removing surface an t imony from the alloys. 
If the weight of an t imony  removed from the alloy 
dur ing pickling is denoted by Z mg/g  alloy, then it 
follows that for an alloy of a par t icular  composition, 
an increase in the value of Z should be accompanied 
by a decrease in the value of Y, i.e., an increase in the 
value of (X -- Y) for each of the three alloys ex-  
amined. That this is so is confirmed by examinat ion of 
Table III. 

It follows from the previous discussion that  
(X -- Y) 100/X represents the percentage reduction 
in extractable an t imony  that  occurs as a result  of 
chemical pickling of alloys compared to unpickled 
controls in the same ant imonial  alloy. This quant i ty  is 
a direct measure of the reduced amount  of electro- 
extraction of an t imony from alloys that  occurs under  
s tandard electrochemical conditions as a result  of 
various chemical pickling t rea tments  of the alloys. 
It is interest ing to examine,  therefore, the influence 
of increasing the an t imony  removal from alloys, i.e., 
increasing Z dur ing pickling (by using different pick- 
ling reagents) on (X -- Y) 100/X. This is shown in 
Fig. 6 which plots Z against (X -- Y) 100/X. It is seen 
that three groups of results are obtained corresponding 
to the 4.5, 7, and 10% ant imonia l  alloys. At each alloy 
composition, as expected, an increase in an t imony  re-  
moval (Z) dur ing  pickling is accompanied by an in-  
crease in the percentage reduction of electroextractable 
an t imony  (X -- Y) 100/X. The lat ter  is greater  in the 
case of the 4.5% ant imonial  alloy (viz. 40-50%) and 
least in the case of the 10% alloy (viz. about 20%). 

Mining caplamp battery cycling tests.--The results in 
Table IV give distinct evidence that batteries made up 
with 4.5~ ant imonial  lead positive grids which have 
been pickled and amine  washed have a longer cycle 
life than batteries made using either unpickled grids 
of the same an t imony  content  or grids which have 
been pickled but  not amine washed. 
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Fig. 6. Effect of efficiency of antimony removal during pickling 
on per cent reduction in electroextractable antimony from lead. 

Discussion 
Pickling of antimonial lead at ambient temperature 

in mixtures of hydrogen peroxide and sulfuric acid is 
a considerably more efficient method of stripping off 
the surface rich antimony layer that has been postu- 
lated to exist on these alloys than is achieved by 
pickling in sulfuric acid alone, even at elevated tem- 
peratures. For alloys in the composition range studied 
up to 10% antimony, antimony extraction is highest 
at a sulfuric acid concentration in the pickling solution 
corresponding to 1.20 ___ 0.10 sp gr. 

This applies at all hydrogen peroxide concentrations 
between the extremes of the range studied (2-5 vol- 
ume strength). At any particular hydrogen peroxide 
concentration in the reagent, the extraction of anti- 
mony during a standard pickling time decreases as the 
sulfuric acid concentration is decreased below or is 
increased above the acid gravity of 1.20 ___ 0.10. At a 
particular acid concentration and pickling time, anti- 
mony extraction increases with increase in hydrogen 
peroxide concentration. Increase of the concentration 
of hydrogen peroxide in the pickling solution is usually 
a more efficient method of antimony removal than 
extension of the pickling time. 

Depending on various factors viz. reagent composi- 
tion, pickling time, surface area/volume ratio of lead, 
antimony content of alloy, between 0.1 and 3.3% of 
the original total antimony content of the alloy is 
extracted during pickling processes (Tables I and If). 
Also, as indicated in Table III, the greater the amount 
of antimony that is removed from the surface of the 
lead by pickling prior to electrolysis then the smaller 
the amount of surface antimony that is left on the 
grid. This indicates that both pickling and electrolysis 

Table III. Influence of pickling the alloy on subsequent solution 
of antimony by electrolysis 

P i c k l i n g  r e a g e n t  
c o m p o s i t i o n  

Al loy  cam-  Y" (X - Y)* 
pos i t i on  H._~O~ H . . ~  (25 h r  elec-  (25 h r  elec~ 
w/w % Sb sp gr vol. Z trolysis) trolysis 

4.5 1.03 2 13 32 4 
I . I  4 22 28 8 
1.2 2 21.5 21 15 
1.3 4 31 22 14 

7,0 1,03 2 14 66 6 
1.1 4 34 66 17 
1.2 2 35 52 20 
1.3 4 40 52 20 

10.0 1.03 2 13 138 10 
1.1 4 44 120 28 
1.2 2 50 120 28 
1.3 4 55.5 120 28 

* F o r  e x p l a n a t i o n  of  t e r m s  see text .  

Table IV. Effect of grid pickling on cyclic life tests of 
mining caplamp cells 

P o s i t i v e  G r i d  p i c k l e d  G r i d  p i c k l e d  
sp ine  No. t h e n  w a t e r  t h e n  a m i n e  

p i c k l i n g  p i ck le  w a s h e d  w a s h e d  

Cycles  to  end  of  l i fe  (when  d is -  
cha rge  t i m e  to  3.70V decreases  

B a t t e r y  No. to  less  t h a n  7 h r  
1 360 80 500 
2 480 360 540 
3 340 340 440 
4 360 360 420 
5 300 400 440 
6 340 500 540 
7 400 400 440 
8 360 420 
9 380 540 

10 4.00 500 
11 340 560 
12 420 440 
13 240 480 
14 400 520 
AWrage 30-T 37--f ~--~ 
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remove an t imony from the surface, only, of the lead. 
Obviously, the higher the extraction of surface ant i -  
mony dur ing pickling the less are adverse effects to 
be expected by ant imony in subsequent  bat tery oper- 
ation. Data in Fig. 5 and 6 indicate that  positive 4.5% 
ant imonia l  lead grids that  have been pickled for 8 hr 
in a 1.2-1.3 gravi ty  sulfuric acid/2-4 volume hydrogen 
peroxide pickling solution would be expected under  
electrochemical conditions to release only approxi-  
mately  50% of the amount  of ant imony obtained from 
an unpickled 4.5% ant imonial  alloy. The correspond- 
ing figure for pickled 10% ant imonial  alloy is 80% of 
the amount  of extracted an t imony that would be ob- 
ta ined for the unpickled alloy. Thus the beneficial 
effects of pickling on subsequent  bat tery  performance 
would be expected to be greater in the case of lower 
ant imonial  alloys. 

The data in Table IV indicate that  an 8 hr pickling 
of 4.5% ant imonial  positive grids in a reagent com- 
prising sulfuric acid (1.20 sp gr) and hydrogen per-  
oxide (4 volume) followed by amine t rea tment  to 
remove surface deposits leads to an approximately 
30% increase in cyclic life of the part icular  type of 
bat tery studied. Examinat ion  of the data in Table II 
shows that  extension of the pickling t ime with this 
reagent to times greater than 8 hr would have removed 
considerably more an t imony (perhaps 2-3 times as 
much) than was in fact removed during 8 hr. Possibly, 
positive grids which had been given an extended 
pickling t ime would lead to further  improvements  in 

cyclic life to that  obtained in the experiments  de- 
scribed above. Additionally, it is possible that negative 
grid pickling would have fur ther  beneficial effects. 

It is clear that, to obtain ma x i mum benefits from 
grid pickling, a careful study should first be conducted 
of the effect of pickling reagent  composition, pickling 
t ime and other factors on an t imony  removal  occurring 
during pickling for the types of plates it is in tended to 
use in each part icular  type of battery.  
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Lead-Fluoroboric Acid Battery 
G. D. McDonald,* E. Y. Weissman,* and T. S. Roemer 

Globe-Union,  Inc., Mi lwaukee ,  Wisconsin 53201 

ABSTRACT 

A reserve bat tery is described that can operate over a wide temperature  
range, including temperatures  as low as --60~ at coulombic efficiencies of 
16% or better. The bat tery  is based on the system: lead/fluoroboric acid/ lead 
dioxide and utilizes a bonded lead dioxide cathode. The system is discussed 
based on data such as: capacities, current-vol tage  relationships, and coulombic 
efficiencies, as a function of temperature;  self-discharge characteristics; spe- 
cific energy; and cost considerations. 

The lead/fluoroboric acid/ lead dioxide bat tery has 
typically been used for applications requir ing an inex-  
pensive reserve-type power supply capable of high 
discharge rates over a wide tempera ture  range. An 
example of such an application is the proximity  fuze 
ba t te ry  (1, 2). The characteristics of a typical P b /  
HBF4/PbO2 bat tery are summarized in Table I, where 
the listed specifications have been all exceeded to a 
significant degree (e.g., 50 sec of 0.040A discharge, 
above 18V at q- 60~ 90 sec of 30 mA discharge, 
above 15V, at --40~ 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
K e y  w o r d s :  f l u o r o b o r i c  a c i d  b a t t e r y ,  l e a d  d i o x i d e  e l e c t r o d e ,  

b o n d e d  l e a d  d i o x i d e  e l e c t r o d e ,  l c a d - f l u o r o b o r i c  a c i d  b a t t e r y .  

Table I. Characteristics of a fluoroboric acid proximity fuze battery 

Fluoroboric acid is par t icular ly  well  suited for such 
types of reserve batteries because of its wide l iquidus 
range, good conductivity, and ready availabi l i ty (used 
in the electroplating indust ry) .  Table II summarizes 
its properties as well  as the over-al l  electrochemical 
reaction in which it participates. The boric acid is 
present  in order to suppress hydrolysis in which the 
fluorine atoms attached to the boron are stepwise re- 
placed by hydroxyl  groups, with the other hydrolysis 
product being hydrofluoric acid. 

An important  feature of this electrochemical system 
is the solubility of lead fluoroborate, the reaction 
product formed at each electrode (approximately 380g 
per l i ter).  Because of this property, dense, nonporous, 

Table II. The fluoroboric acid electrolyte 

N u m b e r  of ce l l s :  14 
M i n i m u m  v o l t a g e  : 15V 
C u r r e n t :  0.O30A 
D i s c h a r g e  d u r a t i o n :  20 sec 
T e m p e r a t u r e  r a n g e :  - -40  ~ to + 60~ 
A c t i v a t i o n  t i m e :  ~ 0 . 4  sec 
B a t t e r y  v o l u m e :  2.5 cc 
B a t t e r y  w e i g h t :  a p p r o x .  4g  
S p e c i a l  f e a t u r e s :  a) s h e l f  l i fe  of  u p  to  20  y r  

b) l ow cost  of  r a w  m a t e r i a l s  
( l ead  a t  4 5 r  f luo ro -  
b o r i c  a c i d  a t  5 5 r  

O v e r - a l l  r e a c t i o n  
P b  + PbO2 + 4HBF4  ~ 2 P b ( B F D 2  + 2 H 2 0  

/ E = 1.86 a t  25~ / 

E l e c t r o l y t e  c h a r a c t e r i s t i c s  
A v a i l a b l e  as 48% aq.  s o l u t i o n  ( w i t h  ~ 2 , 5 %  H~BOa) 
F r e e z i n g  p o i n t :  -- 78~ 
Decomposition point: + 130~ 
C o n d u c t i v i t y  

a t  r o o m  t e m p . :  0,61 o h m  -I cm -I 
a t  - - 6 0 ~  0.06 o h m  -I  c m  -I 
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and s t ructural ly  stable electrodes can effectively be 
used with a resul tant  savings in required ba t te ry  vol-  
ume. At the same time, fluoroboric acid attacks most 
other metals and metal  oxides to give soluble reaction 
products. While we have found that  nei ther  lead nor 
lead dioxide are attacked in the absence of oxygen, 
the general ly  corrosive nature  of this electrolyte re-  
quires a careful selection of t h e  ba t te ry  materials  of 
construction. 

At the present  time, lead-fluoroboric acid type bat-  
teries use bipolar electroplated electrodes consisting 
of nickel-plated steel shim stock with lead plated on 
one side and layers of a- and /3-lead dioxide on the 
other. Capacity densities of the order of 7 A-sec per 
cm 2 of geometric electrode area are attainable.  At-  
tempts to increase this capacity by  heavier  pla t ing have 
proved fruitless owing to adhesion or active mater ia i  
bri t t leness problems. The only successful at tempts to 
increase cell capacity have resulted from increases in 
electrode plate area (3). 

Lately, some work (4) has been carried out in the 
area of development  of bonded lead dioxide electrodes 
possessing higher capacities and improved mechanical  
properties. The present  paper summarizes results ob- 
tained along similar  lines, based pr imar i ly  on the use 
of electrode hot-pressing techniques. 

Exper imenta l  
The raw materials  were: commercial ly available 

lead dioxide powder (Fisher Scientific; particle size 
range: 90-100~); lead sheet (99% pure, 0.52 mm thick- 
ness);  and 48% fiuoroboric acid (Harshaw Chemical) .  
All materials  were used without  p re l iminary  purifica- 
t ion or processing steps. The lead dioxide particles 
were solvent-coated with suitable thermoplastic b ind-  
ers and the resul t ing mix was comminuted and then 
hot-pressed onto expanded metal  (e,g., nickel) cur-  
rent  collector grids.~ The test cells were constructed 
using lead sheet countere]ectrodes, a "back-to-back" 
configuration (lead dioxide cathode sandwiched be- 
tween two lead anodes),  and microporous polyviny] 
chloride separators. 

When using 2.5 by 3.8 cm electrodes with 1.5 ml of 
electrolyte the cells weighed about ]0g each, had a 
volume of 2 cm 3, and a theoretical capacity of approxi-  
mate ly  0.5 A-hr.  They were evaluated by force-dis- 
charging at constant  current  and recording voltage vs. 
time. Linear  voltage sweeps were carried out with a 
Wenking Model 121 potentiostat  and a Wenking SMP 
66 funct ion generator. In te rna l  resistance measure-  
ments  were based on a modification of a previously 
reported technique (5), using 20 ~sec interruptions.  

Self-discharge tests were also carried out, by main-  
ta ining a test cell at open-circui t  at various tempera-  
tures for predetermined time intervals  and then dis- 
charging it at the given tempera ture  and /or  at room 
temperature.  A Conrad env i ronmenta l  chamber  was 
used for all tests taking place at other than  room 
temperature.  

Results and Discussion 
Figure  1 shows typical  discharge curves of a fluoro- 

boric acid test cell at various temperatures;  they all 
exhibit  well defined voltage end points and no apparent  
activation transients.  Figure 2 exhibits the effect of 
discharge rate on the coulombic efficiency (i.e., avail-  
able capacity) of the lead dioxide electrode. For the 
types of electrodes evaluated there appears to be es- 
sential ly no change in at ta inable capacity up to about 
50 m A / c m  2. Higher discharge currents  result  in lower 
capacities. 

It is interest ing to note that 200 m A / c m  2 corre- 
sponds to approximately the 1 min  rate, at which 

T h e  o x i d i z i n g  c h a r a c t e r i s t i c s  o~ l e a d  d i o x i d e  w o u l d  s e e m  t o  p r e -  
s e n t  a p o t e n t i a l  h a z a r d .  H o w e v e r ,  n o  d i f f i c u l t i e s  w e r e  e n c o u n t e r e d  
in  this  w o r k  and  D T A  tes t s  o f  t h e  p l a s t i c - c o a t e d  l e a d  d i o x i d e  h a v e  
exhibited initiation temperatures for a redox reaction which are 
about 30~ higher than the hot-pressing temperatures required for 
electrode preparation. Nevertheless, this aspect will warrant fur- 
ther attent ion prior to any development of large scale manufactur- 
ing processes. 
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Fig. 1. Typical discharge curves for a Pb/HBF4/Pb02 test cell 
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Fig. 2. Coulombic efficiency characteristics of the lead dioxide 
electrode in fluoroboric acid. 

point the efficiency is still 16%. Fur thermore ,  we have 
evidence to indicate that  pulse current  densities of 
300 mA / c m 2 are also possible. 

Figure 3 shows the effect of temperature  on the 
coulombic efficiency of the system. At low tempera-  
tures the in te rna l  resistance accounts for the lower 
capacity, whereas at the higher temperatures,  capacity 
is l imited by  self-discharge. Indeed, as far as this 
lat ter  aspect is concerned, we note that commercially 
available electroplated bipolar electrodes have an acti- 
vated stand capabil i ty of less than  6 min  at room 
temperature.  As opposed to that, s ta te-of- the-ar t ,  high 
rate, bonded lead dioxide electrodes do not  self-dis- 
charge appreciably for the first 48 hr  at room tempera-  
ture (Fig. 4). At a tempera ture  of --50~ correspond- 
ing to a var ie ty  of applications (e.g., weather  bal -  
loons), no significant self-discharge has been observed 
after 4 months of activated stand. 

F igure  5 summarizes our findings regarding the 
activated stand capabil i ty of a bonded, high rate, lead 
dioxide electrode at the upper  tempera ture  extreme of 
80~ The capacity loss is rapid, about 1.33% per min, 
corresponding to complete self-discharge after 75 rain. 
Similar  studies were conducted at 40 ~ and 60~ The 
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Fig. 3. Coulombic efficiency characteristics of the lead dioxide 
electrode in fluoroboric acid. 
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Fie. 4. Self-discharge characteristics of high rate, bonded, lead 
dioxide electrode in fluoroboric acid. 
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Fig. 5. Self-discharge characteristics of high rate, bonded, lead 
dioxide electrode in fluoroboric acid. 

absolute tempera ture  was found to be logari thmically 
related to the self-discharge rate with an intercept of 
375 (correlation coefficient of 0.9994). 

As expected, most of the loss in capacity is due to 
grid-act ive mater ia l  interactions. Recent test results, 
based on the use of modified, low rate electrodes, not 
containing metallic current  collector grids, have shown 
some promise for long activated stand lives under  
difficult conditions. An  example in point  is a 79 hr 
steady cur ren t  discharge of 155 #A per cm 2 (which 
happens to be a discharge rate required by some 

J 
/ 
/ 

i 
/ I  LEAD DIOXIDE ELECTRODE 

i , J * i p i i i = ~ , 
2000 1500 ~ooo sod 

POLARIZATION vs. a Pb/Pb(BF4/ 2 REFERENCE ELECTRODE. my 
J 

SWEEP RATE _ _  10my / Sac. LEAD E L E ( ~ T R O ~ /  

TEMPERA~' UR E 200 C / ELECTRODE SIZE 19.4 r 2 
EXPERfMENTAL CURVE l 

~R FREE DATA 

u 

too x 

u 

5 

z 

5O 

u~ 
- o 

Ioo~ 

I I I I I I 

300" 

> s . s  "S 
~ 250"  

O 
Q- 2 0 0 "  ~4: 
~- i r r / _  ~ c 

_= 
U 

~ 150" 

~ IO0"  

_N 

~ 50 

t 

0 I _410  _ 3 1  I - 4 . 5  - 2 1 5  - 2 . 0  - 3 0  

I n  ( C U R R E N T  D E N S I T Y )  

Fig. 7. Tafel plots for the lead dioxide electrode in fluoroboric 
acid. 

applications) at 50~ recently demonstrated in our 
laboratory. 

A general  operation aspect, noteworthy from a de- 
sign standpoint,  is the complete lack of gassing in this 
type of battery, ei ther due to self-discharge or any 
other reason. 

Figure 6 presents some typical l inear  voltage sweep 
data. Single electrode potentials are expressed vs. a 

-4.5' 

-4.( 

I- -3.! 
~9 
Z 
UJ  
E3 
F- 
Z 
UJ  
nr -3.0- nr 

e-- 

-2.5- 

-2.0- 

I I i 

I i I 
3.0 3.5 4.0 

(ABSOLUTE TEMPERATURE)- I  X ,0  3 
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Fig. 6. Linear voltage scans for the system Pb/HBF4/PbO2 acid. 
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lead-lead fluoroborate reference electrode. The scans 
were te rminated  at 3A owing to equipment  limitations. 
Figure  7 is a Tafel plot of these data. At high tempera-  
tures essentially ideal behavior is exhibited, while at 
the lower temperatures,  the curve is suggestive of a 
dissolution process (6). The Tafel slope, based on these 
lines, exhibits the theoretical l inear  temperature  de- 
pendence with a slope corresponding to R/F.  The cal- 
culated exchange current  at 20~ is approximately 
10-5 A/cm 2. 

Figure  8 is an Arrhenius  plot of the data yielding an 
activation energy of 1.1 kcal /gmole at 100 mV po- 
larization for the l inear  portions of the curves (i.e., the 
lower current  regions).  This very low value, together 
with the Tafel information, would indicate diffusion 
control of the reaction. However, an examinat ion of 
Fig. 8 shows that the activation energy is dependent  on 
electrode polarization. This suggests that chemical po- 
larization also plays a role (7). The low activation 
energy, however, would seem to indicate that  the 
electrode reaction proceeds with li t t le impedance and 
that constructional  parameters  affecting the in ternal  
resistance of a cell will be the l imit ing factor for this 
system. 

Conclusions 
The improvements  already demonstrated for the 

fluoroboric acid bat tery  by the use of high capacity 
bonded lead dioxide electrodes of both the high rate 
(metall ic current  collector) and low rate variety are 
likely to increase the ut i l i ty  of this system for low 
specific energy (--~45 whr /kg)  applications, requir ing 
wide temperature  range capabilit ies at low cost. One 
feature represent ing a completely new aspect of this 

technology is the significantly longer activated stand 
life demonstrated for the present  s ta te -of - the-ar t  lead- 
fluoroboric acid system. 

It is therefore possible that  this type of reserve 
bat tery  may provide sufficiently at tract ive design- 
related characteristics to be considered as an a l terna-  
tive to some of the costlier systems present ly in use. 
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ABSTRACT 

An ell ipsometric-electrochemical  cell is described for s imultaneous ellip- 
sometric and electrochemical measurements  of metal  samples. The un ique  
feature of this cell is the abil i ty to prepare in one cavity with an appropriate 
etch-polishing solution surfaces which wi thin  the exper imental  error of ellip- 
sometric measurements  approach an atomically clean state. The reaction prod- 
uct and etchant are washed away in a second cavity and in situ measurements  
of changes on the surface are made in a third cavity without  exposing the 
sample to the atmosphere. It  is demonstrated that  Ti surfaces, which have the 
same optical constants as observed after ion bombardment  cleaning and an-  
neal ing in an ultra high vacuum system (~10 -1~ Torr) ,  can be prepared in the 
cell. Results are reported for the ini t ia l  film growth on clean Ti in aqueous HF, 
aqueous NaC1, aqueous methanol-HC1, and anhydrous  methanol-HC1 solu- 
tions as a function of applied electrochemical potential. 

I t  is well known that obtaining and studying 
atomically clean metal  surfaces requires a means for 
removing surface films in an ul t ra  high vacuum (UHV) 
system (e.g., ion bombardment ,  cleaving, scraping). 
The UHV system must  operate in the 10-9-10 - l ~  Torr  
range in order to main ta in  a clean surface for periods 
of minutes  to hours. It would be desirable to study 
metal  surfaces which approach cleanliness obtainable 
in a UHV system, but  immersed in an electrolyte in an 
electrochemical cell. This can in some instances be ac- 
complished in an ord inary  electrochemical cell if the 
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metal  surface contaminat ion can be removed electro- 
chemically and the electrolyte does not contain surface 
active contamination.  However, for m a n y  metals  (e.g., 
Ti) a i r - formed oxide films cannot be removed electro- 
chemically. 

The purpose of this paper is to report  our at tempts to 
introduce atomically clean Ti surfaces to the electrolyte 
of interest  and observe surface reactions in situ via 
el l ipsometry as welt  as potent ial  and cur ren t  measure-  
ments. The technique involves cleaning of the surface 
by a suitable process (etching, electropolishing, etc.), 
followed by exposing this freshly cleaned surface to the 
electrolyte without  exposing it to another  env i ronment  
(such as air) .  
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lead-lead fluoroborate reference electrode. The scans 
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resistance of a cell will be the l imit ing factor for this 
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Experimental  Techniques 
Materials.--The cell was constructed of glass re in-  

forced Teflon, the electrolyte reservoirs were of glass, 
the etchant reservoir tanks were of Teflon, as were the 
tubes connecting the reservoirs with the cell. Conse- 
quently,  the etchant (20% H2SO4, 20% HF, 30% HNO3 
by volume) was exposed only to Teflon, while the elec- 
trolyte was exposed only to Teflon, glass, paraffin 
(used for sealing),  the p la t inum counterelectrode, and 
the sample. 

The Ti samples were cut from Ti-75A as cylinders 
having a slight taper. The surface to be studied was 
polished to a mir ror  finish with 600 silicon carbide 
paper and etched to remove surface damage. The final 
polishing solution consisted of lg a lumina  in a solution 
of 1 part  ammonium hydroxide, 1 part  distilled water, 
and 1 part  3% hydrogen peroxide. The hydrogen per-  
oxide was added last and was fresh. 

Electrolytes.--The electrolytes were prepared from 
reagent grade materials  and bidistilled water. 

The cel l . - -A photograph of the assembled cell is 
shown in  Fig. 1. Figure 2 shows a side view of the 
Teflon cell, which contains three cavities (A, B, and C) 
and a Teflon slider S that  holds the metal  sample. 
When the sample is positioned at cavity A, etchant 
(20% H2SO4, 20% HF, 30% HNO~ by volume) can be 
made to flow through the cavity from its reservoir, past 
the sample and into the collector reservoir.  After  ex- 
posing the sample to the etchant for a predetermined 
length of time, the sample is positioned at cavity B. At  
cavity B the electrolyte is forced past the sample to 
remove etchant carried from cavity A, and is then col- 
lected in another reservoir. After  thus washing the 
sample in cavity B for a predetermined period, it is 
positioned at cavity C through which the test solution 
is flowing for observation by ell ipsometry with or 
without  a potential  applied to the specimen. The win-  
dow W in Fig. 2 is used for visual  inspection of the 
sample in cavity C. The slider S in Fig. 2 consists of a 
rec tangular  plate of Teflon S~ bolted to a steel plate 
S2. The sample is forced into a cylindrical  well  
(sl ightly smaller than  the large diameter of the tapered 
sample) with attached bolt and nut, such that the metal  
surface is about 0.004 in. below the surface of the 
Teflon slider. This is to ensure that  the metal  sample 
will  not scratch the cell surface as the sample is sliding 
up and down and thus cause leaks between cavities. In 
order to prevent  leakage between cavities, the slider 
surface must  be pressed against  the cell surface with 
considerable pressure. To accomplish this, a plate P is 

Fig. !. Photograph of cell 

! BP I 

R 

Fig. 2. Sketch of ellipsometric-electrochemical cell 

spring loaded against the back plate BP, with the 
spring load bolts B and a wrench R. To reduce the 
friction between plates P and $2, bearings are placed 
in plate P or $2 to roll on. The slider is pulled up and 
down with a lever and can be positioned by a notched 
side arm such that the sample is at the center of 
cavity A, B, or C. 

Electrodes.--The counterelectrode consists of a plat i -  
num cylinder in the channel  leading to window W. 
This Pt counterelectrode is spot welded to a Pt  wire 
which had been sealed into a glass tube and inserted 
into the cell, as shown in Fig. 2 as L. A saturated 
calomel reference electrode (SCE) is inserted as shown 
in Fig. 2. The O-rings in the windows and around the 
SCE were coated with paraffin before use. For  elec- 
trical connections to the sample, an insulated copper 
wire is spot welded to a copper washer that  is placed 
on the sample bolt under  the nu t  as shown ~t D (Fig. 
2). Ent rance  and exit channels  for the etchant, washing 
solution, and electrolyte are placed such that  the en-  
trance to each cavity is at the bottom of the cavity and 
the exit  at the top. This el iminates collection of gas 
bubbles in the cavities. The channels  for the light beam 
are placed such that  the beam has an angle of incidence 
of 70 ~ . 

Ellipsometry.--A good description of ellipsometry 
can be found in Ref. (1). The cell was constructed to be 
mounted on a Rudolph ellipsometer (sensitivity 0.01~ 
Filters were used to isolate the 5461A light from a 
mercury lamp or the 6328A light from a He-Ne laser. 
The polarizer and compensator were placed before 
the reflecting surface and the analyzer and detector 
after the reflecting surface. The ellipsometer param- 
eters A and ~ refer to the phase shift of the normal and 
parallel component of the polarized light and the 
arctan of the amplitude ratio of these components, re- 
spectively. The polarizer angle p and analyzer angle a 
are related to h and ~ (in zone I) by a ---- 2p -l- ~/2 and 

---- a. p and a values were averaged for the four zones 
to minimize a l ignment  errors (1). 

To correct for the birefr ingence of the windows, it 
would be desirable to measure p and a values wi th  and 
without  the windows. However, since measurement  
with electrolyte in  the cell bu t  without  windows can- 
not be made, it was necessary to first measure  the cor- 
rection due to the windows in an unstressed state, i.e., 
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Table I. Measurements to obtain window corrections 

Tes t  c o n d i t i o n  Z o n e  p a 

Windows  off 1 11.52 29.63 
I 11.65 29.70 
1 11.52 29.67 
1 11.63 29.57 

A v e r a g e  v a l u e  11.58 --~- 0.06 29.64 _--. 0 .04 
3 10.77 30.34 
2 10.65 29 .39  
4 11.50 3.0.70 

A v e r a g e  of  4 z o n e s  11.25 ~ 0.41 30.02 +--- 0.50 
W i n d o w s ,  n o  p r e s s u r e  
( A v e r a g e  4 zones )  9.15 30.48 
C o r r e c t i o n  f o r  loose  w i n d o w s  2.10 - -0 .46  
C H a O H  f lowing ,  w i n d o w s  l e a k i n g  
( A v e r a g e  4 zones )  5.08 28.93 
CH3OH f l owing ,  l e a k  t ight  
( A v e r a g e  4 zones )  4.37 28.02 
C o r r e c t i o n  f o r  w i n d o w  p r e s s u r e  0.71 0,91 
C o r r e c t i o n  for loose w i n d o w s  2.10  - -0 .46  
Total  w i n d o w  c o r r e c t i o n  2.81 0.45 

m e a s u r e m e n t  of  p a n d  a w i t h  a n d  w i t h o u t  t h e  w i n d o w s  
b u t  w i t h  a i r  in  t he  cell. T h e  r e s u l t s  in  T a b l e  I i n d i -  
ca te  t h a t  f o r  u n s t r e s s e d  w i n d o w s  a c o r r e c t i o n  of  11.25 ~ 
--  9.15 ~ ---- 2.10 ~ m u s t  be  made .  A s e c o n d  c o r r e c t i o n  is 
n e c e s s a r y  fo r  t h e  s t r e s s  i n d u c e d  in  t h e  w i n d o w s  w h e n  
suff ic ient  p r e s s u r e  is a p p l i e d  to p r e v e n t  l e a k a g e  of  e lec -  
t r o l y t e  f r o m  t h e  cell. To o b t a i n  t h i s  co r r ec t i on ,  m e a -  
s u r e m e n t s  of p a n d  a w e r e  m a d e  w i t h  e l e c t r o l y t e  in  t h e  
ce l l  a n d  t h e  w i n d o w s  h e l d  loose ly  in  p o s i t i o n  ( e l ec -  
t r o l y t e  l e a k i n g )  a n d  w i t h  e n o u g h  p r e s s u r e  to  p r e v e n t  
l eakage .  T h e  r e s u l t s  in  T a b l e  I i n d i c a t e  t h i s  c o r r e c t i o n  
to b e  5.08 ~ --  4.37 ~ ---- 0.71 ~ T h e  t o t a l  w i n d o w  c o r r e c t i o n  
is t h e n  2.10 ~ + 0.71 ~ ---- 2.81 ~ fo r  p. A s i m i l a r  c a l c u l a -  
t i o n  y i e l d s  a t o t a l  c o r r e c t i o n  of  0.45 ~ fo r  a. M e a s u r e -  
m e n t  of  p a n d  a w i t h o u t  w i n d o w s  ( a i r  i n  ce l l )  s h o w  
t h a t  m e a s u r e m e n t s  c a n  be  r e p e a t e d  w i t h  a n  a v e r a g e  
d e v i a t i o n  of  a b o u t  __0.05 ~ (see  T a b l e  I ) .  

HF contamination.--Care m u s t  b e  t a k e n  to be  s u r e  
t h a t  n o n e  of  t h e  H F  in  t h e  e t c h i n g - p o l i s h i n g  s o l u t i o n  is 
c a r r i e d  i n to  t h e  w o r k i n g  c a v i t y  (C of  Fig.  2) .  T h i s  c a n  
occu r  i f  s c r a t c h e s  ex i s t  in  t h e  Tef lon s l i d e r  or  m a t i n g  
ce i l  su r face ,  or  if insuf f i c ien t  p r e s s u r e  is u s e d  b e t w e e n  
t h e s e  pa r t s .  A c h e c k  fo r  s u c h  l e a k a g e  w a s  m a d e  b y  
u s i n g  d i s t i l l ed  w a t e r  i n  t h e  w a s h i n g  a n d  w o r k i n g  c a v i -  
t i es  a n d  m o n i t o r i n g  t h e  p H  of t h e  w a t e r  l e a v i n g  t h e  
w o r k i n g  cell.  To s h o w  t h e  d r a s t i c  effect  of  s m a l l  H F  
c o n t a m i n a t i o n  in  t h e  e l e c t r o l y t e  in  t h e  w o r k i n g  cell, a 
se r ies  of e x p e r i m e n t s  w a s  p e r f o r m e d  w i t h  v a r y i n g  c o n -  
c e n t r a t i o n s  of  H F  a d d e d  to d i s t i l l ed  H 2 0  as t e s t  e l ec -  
t ro ly t e .  T h e  r e s u l t a n t  c h a n g e s  in  p a n d  a a r e  s h o w n  as 
a f u n c t i o n  of  t i m e  in  Fig.  3a. Tes t s  w i t h  s m a l l  a d d i -  
t i ons  of H2SO4, HC1, or  HNO3 of s i m i l a r  c o n c e n t r a t i o n  
g a v e  v i r t u a l l y  no  c h a n g e s  in  p a n d  a r e a d i n g s .  T h e  
effect  of H F  m u s t  r e s u l t  f r o m  t h e  s t r o n g  c o m p l e x i n g  
a c t i o n  of t h e  F -  ion  r e s u l t i n g  in  t h i c k  f i lms of c o r r o -  
s ion  p r o d u c t s .  A c c e l e r a t e d  c o r r o s i o n  of  Ti  in  s u l f u r i c  
ac id  c o n t a i n i n g  f luo r ide  ions  h a s  b e e n  r e p o r t e d  r e c e n t l y  
(7) .  

S i n c e  t h e r e  a r e  o n l y  t w o  e x p e r i m e n t a l  e l l i p s o m e t r i c  
p a r a m e t e r s  p a n d  a a n d  t h e r e  a r e  t h r e e  u n k n o w n s ,  f i lm 
t h i c k n e s s  d, i n d e x  of  r e f r a c t i o n  nf, a n d  a b s o r p t i o n  co-  
eff icient  ~f, a u n i q u e  s o l u t i o n  fo r  d, nf, a n d  Kf is n o t  p o s -  
sible.  I t  b e c o m e s  neces sa ry ,  t h e r e f o r e ,  to i n t e r p r e t  p 
a n d  a in  t e r m s  of d a n d  n~ for  r e a s o n a b l e  r a n g e s  of Kr. 
A d i scuss ion  of  t h e  p r o b l e m s  i n h e r e n t  i n  t h e  i n t e r p r e -  
t a t i o n  of t h e  e l l i p s o m e t r i c  r e s u l t s  in  t e r m s  of  t h i c k -  
ness  d a n d  f i lm i n d e x  of  r e f r a c t i o n  is g i v e n  in  A p p e n d i x  
A. A c o m p u t e r  p r o g r a m  (2)  is u s e d  to c a l c u l a t e  so lu -  
t i o n s  fo r  d a n d  i n d e x  of r e f r a c t i o n  of t h e  f i lm nf  w h i l e  
a s s u m i n g  v a r i o u s  v a l u e s  of  t h e  a b s o r p t i o n  coeff ic ient  ~f 
(i.e., ~ - -  0, 1, 2, a n d  3) .  I n  t h e  case  of f i lms f o r m e d  in  
p u r e  w a t e r ,  s o l u t i o n s  fo r  nf a n d  d w e r e  no t  f o u n d  e x -  
cep t  fo r  ~f -> 0. I n  t h e  case  of  f i lms  f o r m e d  in  t h e  p r e s -  
ence  of HF,  s o l u t i o n s  w e r e  f o u n d  fo r  ,of ~ 0 a n d  1, b u t  
for  ~t ---- 0 t h e  v a l u e s  of nf w e r e  too s m a l l  a n d  d too  
l a r g e  to be  rea l i s t ic .  I t  is c o n c l u d e d  t h a t  f i lms f o r m e d  
in  s o l u t i o n s  c o n t a i n i n g  H F  as c o n t a m i n a t i o n  a r e  a b -  
s o r b i n g  w i t h  ,r ~ 1, w h e r e a s  f i lms f o r m e d  in  p u r e  
w a t e r  a r e  t r a n s p a r e n t  w i t h  ~f ~ 0. 
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Fig. 3(a). Effect of HF contamination in distilled H20 on ellipso- 
metric readings (p,a). 
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Fig. 3(b). Film thickness and index of refraction, nf 

140 

F i g u r e  3b  s h o w s  t h e  c a l c u l a t e d  v a l u e s  of  f i lm t h i c k -  
ness  d, a n d  i n d e x  of  r e f r a c t i o n  nf  w h i c h  c o r r e s p o n d s  to 
Fig. 3a, w i t h  Kf = 0 fo r  p u r e  w a t e r  a n d  Kf = 1 fo r  H F  
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solutions. In distil led water,  wi thout  HF addition, a 
film of about 14A is formed in 100 min. The addition of 
HF causes very  thick films to grow. The initial growth 
rate  of these films is second order wi th  respect to HF 
concentration. In every  case nf decreases and levels off 
as the films grow. 

Exper imenta l  Results 
Optical constants o~ cleaned suriaces.--A test of the 

surface cleanliness was made by compar ing the optical 
constants obtained in the e l l ipsometr ic-e lec t rochemical  
cell immedia te ly  after  etching and washing, wi th  the 
optical constants obtained after cleaning by ion bom- 
bardment  and anneal ing in an ul t ra  high vacuum 
(UHV) system (3). Auger  spectroscopy in the UHV 
was used to de termine  the presence of contaminat ion in 
the first atom layers of the Ti substrate. It was possible 
to prepare  surfaces with less than 0.1 monolayers  of 
C1 and S which were the only contaminants  after ion 
bombardment  and anneal ing at about 550~ Zone re-  
fined polycrysta l l ine  Ti was used in the UHV system, 
while  polycrystal l ine Ti-75A was used in the ell ipso- 
met r ic -e lec t rochemica l  cell. It would be expected that  
the optical constants of these mater ia ls  are the same. In 
exper iments  in the cell the Ti surface was cleaned by 
passing the e tching-pol ishing solution ~ through cavi ty 
A for 10 sec. The specimen was then washed in cavi ty 
B for 10 sec with the test e lectrolyte  and moved to 
cavi ty C, through which the test e lectrolyte  was slowly 
flowing. The el l ipsometer  readings _~ and r were  re-  
corded as a function of time. Using the computer  pro-  
gram (2) ment ioned above the optical constants were  
then calculated. The initial values for various electro-  
lytes are compared wi th  those obtained in the UHV 
system in Table II. The average values of the optical 
constants for a freshly cleaned surface n~ = 3.05 __ 0.05 
and K~ -- 1.20 • 0.06 are close to the values obtained in 
the UHV system, n~ ---- 3.09 • 0.01 and Ks ---- 1.11 • 0.01 
for k = 5461A. Similar  agreement  is found for k ---- 
6328A. This indicates that  etching the Ti-75A sample 
in cavity A for 10 sec and washing in cavi ty B for 10 
sec provides a surface which is approaching an atomi-  
cally clean state (within the uncer ta in ty  of n~ and K~). 
The uncer ta in ty  of n~ and Ks for exper iments  in the cell 
is about 0.05 units which corresponds to an uncer ta in ty  
with respect to surface cleanliness of about 3A effec- 
t ive thickness for TiO2 as the contamination. 

Electrochemical studies.--The pr imary  purpose of 
the cell was to make  possible simultaneous ellipso- 
metric and electrochemical  studies. Solutions used were  
3.5% NaC1, CH3OH-1N HC1 "aqueous" and CHzOH-1N 
HC1 "anhydrous."  The "aqueous" solutions were  pre-  
pared by adding concentrated (37%) HC1 to methanol,  
while the "anhydrous"  solutions were  prepared by 

T h e  m i x t u r e  o f  HF-HNO~-H~SO~-H,.,O r e m o v e s  o x i d e  f i l m s  o n  T L  
b u t  a l s o  c h e m i c a l l y  p o l i s h e s  t h e  s u r f a c e .  E f f e c t s  o f  s u r f a c e  r o u g h -  
h e s s  o n  e l l i p s o m e t r i c  d a t a  a r e  t h e r e f o r e  n o t  t o  b e  e x p e c t e d .  

Table II. Optical constants of polycrystalline Ti 75A in various 
electrolytes compared to zone refined Ti in the ultra high vacuum 

(UHV) 
N = number of experiments 

Electrolyte ,k t A )  Optical constants N 
n ,  KI 

I ,  Eil ipsometr ic-e lectrocbcmieal  c e l l  
CH,~OH 5 4 6 1  3 ,0 3  - -  0 . 0 1  1 .2 0  "~- 0 . 01  5 
C I - ~ O H - 0 , 0 1 N  N a C I  5461  3 .0 6  -4- 0 . 1 8  1 .3 0  ~ 0 , 0 6  4 
--0.3% H = O  
H:~O 5461 2.96 ~ 0.01 1.23 -}- 0.03 8 
6N HCl 5461 3.15 "+" 0.01 1.08 "+ 0.01 4 

3 .0 5  -+" 0 . 0 5  1 .2 0  + 0 . 0 6  
CH.~OH 6 3 2 8  3 . 2 8  1 .11  2 
C I ' I ~ , O H - I N  I ' ICl  a q ,  6 3 2 8  3 .31  ~ 0 .0 5  1 .01  -4- 0 . 0 2  2 0  
C H a O H - I N  H C I  a n h ,  6 3 2 8  3 , 3 0  -*- 0 . 0 5  1 .05  -4- 0 . 02  18 
H=O 6 3 2 8  3 .27  ~ 0 . 0 6  1 .14  ----. 0 . 05  12 
3 . 5 %  N a C I  6 3 2 8  3 .2 5  ~ 0 . 0 3  1 .12  -~- 0 . 0 0 5  13 

3 .2 6  -~ 0 . 0 3  1 . H  ~ 0.0-2-- 
I I .  U H V  
5 X i 0  - t"  T o r r  5 4 6 1  3 .0 9  -~- 0 . 0 1  i . i i  -4- 0 . 01  5 
5 X i 0  -I" To~.'l" 6 3 2 8  3 .1 6  +__ 0 , 0 1  1 .12  ___ 0 . 0 1  5 

saturat ing CH3OH wi th  HCl gas and then di lut ing with 
CH3OH until  the solution was IN in HC1. For  fur ther  
details, see Ref. (4). These solutions were  used since 
it had been shown ear l ier  by potentiostatic polarizat ion 
curves (4), that  Ti is covered with  a passive film in the 
aqueous solutions, but no such film can form in an-  
hydrous solutions. Figure  4 shows a typical  plot of the 
change in polarizer  and analyzer  readings as a function 
of t ime for potentiostatic anodic polarization of Ti-75A 
in aqueous 3.5% NaC1. The bars  at the end of the 
curves  at I500 mY indicate the range of the scatter of 
the data. The data at each potent ial  were  obtained for 
a f reshly cleaned and polished surface. Most of the 
curves increase rapidly with time, level  off af ter  about 
100 sec, then slowly increase wi th  time. P i t t ing  oc- 
curred in aqueous CH3OH-HC1 solutions (4) when a 
potential  of +200 mV was exceeded as indicated by a 
continuous rise of the anodic current.  Within  the scat- 
ter of the data p and a values were  close to those mea-  
sured in aqueous NaC1 solutions where  no pit t ing was 
observed. Figure 5 shows average  values of the change 
in p (Fig. 5A) and a (Fig. 5b) after  100 sec as a func- 
tion of the applied potential. Curve 1 in Fig. 5a 
is for Ti in 3.5% NaC1, curve 2 is for Ti in aqueous 
CH3OH-1N HC1, and curve 3 is for Ti in anhydrous 
CH:~OH- 1N HC1. 
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Fig. 4. Changes of ellipsometric values as a function of time and 
patentia! (vs. SCE). Ti75A, aqueous 3.5% NaCL 
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T h e  r e s u l t s  in  Fig. 5 s h o w  t h a t  t h e  c h a n g e s  of t h e  
e l l i p s o m e t r i c  p a r a m e t e r s  w i t h  p o t e n t i a l  in  3.5% NaC1 
a r e  e s s e n t i a l l y  t h e  s a m e  as  in  a q u e o u s  C H 3 O H - 1 N  HC1 
for  p o t e n t i a l s  n o b l e  to t h e  r e s t  p o t e n t i a l  w h i c h  for  a 
f r e s h l y  c l e a n e d  s p e c i m e n  w as  ~ --0.8V. H o w e v e r ,  for  
Ti in  a n h y d r o u s  C H 3 O H - 1 N  HC1 v e r y  t h i c k  f i lms f o r m  
a t  p o t e n t i a l s  m o r e  p o s i t i v e  t h a n  --0.4V. F o r  p o t e n t i a l s  
c a t h o d i c  to t he  r e s t  p o t e n t i a l  ( <  - -0 .8V)  no  f i lm is 
f o r m e d  in  3.5% NaC1. T h e  f i lms t h a t  f o r m  m o r e  n e g a -  
t i v e  t h a n  - -0 .8V in  t h e  m e t h a n o l  s o l u t i o n s  a r e  e s s e n -  
t i a l l y  t h e  s a m e  in a q u e o u s  a n d  a n h y d r o u s  so lu t ions .  

Discussion 
I t  h a s  b e e n  s h o w n  ( T a b l e  I I )  t h a t  i t  is poss ib le  to  

p r e p a r e  b y  p r o p e r  e t c h i n g  a n d  w a s h i n g  in  o u r  e l l ipso -  
m e t r i c - e l e c t r o c h e m i c a l  ce l l  Ti  s u r f a c e s  t h e  c l e a n l i n e s s  
of w h i c h  a p p r o a c h e s  c l e a n l i n e s s  o b t a i n e d  in  U H V  
a f t e r  ion  b o m b a r d m e n t .  T h e  f ind ing  t h a t  i t  is poss i -  
b le  to p r o d u c e  a c l e a n  s u r f a c e  in  a n  e n v i r o n m e n t  
l ike  w a t e r  is no t  c o n t r a d i c t e d  b y  t h e  r e s u l t s  of B e c k  
a n d  c o - w o r k e r s  (8) ,  w h o  s h o w e d  t h a t  t h e  a n o d i c  c u r -  
r e n t  on  a f r e s h l y  b r o k e n  Ti s u r f a c e  in  a n  e l e c t r o l y t e  
d e c r e a s e s  to a v e r y  s m a l l  v a l u e  in  a f ew  mi l l i s econds .  
W h i l e  t h i s  c an  b e  ca l l ed  r e p a s s i v a t i o n ,  i t  does  no t  h a v e  
to m e a n  t h a t  t he  w h o l e  s u r f a c e  is b e i n g  c o v e r e d  by  
a n  o x i d e  film, b u t  m i g h t  r e s u l t  f r o m  b l o c k a g e  of t he  
m o s t  a c t i v e  s i tes  on  t h e  f r e s h l y  b r o k e n  s u r f a c e  b y  a d -  
s o r b e d  o x y g e n  as  d e m o n s t r a t e d  b y  F r a n k e n t h a l  for  
p a s s i v a t i o n  of  F e - C r  (9) .  D e p e n d i n g  on  t h e  a p p l i e d  
p o t e n t i a l  a n d  t he  e l ec t ro ly t e ,  d i f f e r e n t  f i lms a r e  f o r m e d ;  
i t  was  o b s e r v e d ,  h o w e v e r ,  t h a t  a t  l e a s t  for  t h e  f irst  
100 sec a f t e r  t h e  e l e c t r o d e  w a s  i m m e r s e d  in  t h e  e lec -  
t r o l y t e  ( c a v i t y  C) f i lm g r o w t h  w a s  v e r y  s low a t  po -  
t e n t i a l s  close to  t h e  r e s t - p o t e n t i a l .  O u r  r e s u l t s  in  3 . 5 ~  
NaC1 a t  p o t e n t i a l s  n o b l e  to t he  r e s t - p o t e n t i a l  a r e  s i m i -  
l a r  to t h o s e  o b t a i n e d  b y  G r e e n  a n d  S e d r i c k s  (5) fo r  
T i -7 .76% A1 w h o  f o u n d  a l i n e a r  i n c r e a s e  of t he  e l l ip -  
s o m e t r i c  p a r a m e t e r  A w i t h  po t en t i a l .  T h e  f i lm t h i c k e n -  
ing  a t  p o t e n t i a l s  a c t i v e  to --1.0V, r e p o r t e d  b y  t h e s e  
a u t h o r s  b a s e d  on  s o m e  i n d i r e c t  e v i d e n c e  b u t  no t  s h o w n  
b y  e l l i p s o m e t r i c  r e su l t s ,  w as  no t  d e t e c t e d  in  o u r  
s tud ies .  

T h e  d i f f e r e n t  b e h a v i o r  of T i - 7 5 A  a t  p o t e n t i a l s  n o b l e  
to t h e  r e s t - p o t e n t i a l  in  a n h y d r o u s  a n d  a q u e o u s  so lu -  
t i ons  of CH3OH-HC1 can  b e  e x p l a i n e d  b a s e d  on  t h e  r e -  
su l t  o b t a i n e d  in a s t u d y  of t h e  effect  of w a t e r  on  
p a s s i v i t y  a n d  p i t t i n g  of Ti  (4) .  In  a q u e o u s  C H a O H - 1 N  
HC1 e n o u g h  w a t e r  is p r e s e n t  to p r o d u c e  a p a s s i v e  film, 
w h i c h  is d e s t r o y e d  b y  p i t t i n g  w h e n  t h e  a p p l i e d  p o t e n -  
t i a l  e x c e e d s  t h e  c r i t i c a l  p i t t i n g  p o t e n t i a l .  C o n s e q u e n t l y ,  
i t  w a s  f o u n d  in  t h e  p r e s e n t  s t u d y  t h a t  t h i n  f i lms g r o w  
in a q u e o u s  s o l u t i o n s  a t  a b o u t  40 A / V  for  t h e  f irst  100 
sec, w h e n  a n  a n o d i c  p o t e n t i a l  w as  app l ied .  I n  a n -  
h y d r o u s  C H 3 O H - 1 N  HC1 no  p a s s i v e  f i lm can  be  f o r m e d ;  
thus ,  a n o d i c  p o l a r i z a t i o n  r e s u l t s  in  a c c e l e r a t e d  d i s so lu -  
t i on  u n d e r  c h a r g e  t r a n s f e r  c o n t r o l  (4 ) .  T h e  r a p i d  
c h a n g e  of  e l l i p s o m e t r i c  p a r a m e t e r s  in  t h i s  s o l u t i o n  is 
t h e n  d u e  to a c c u m u l a t i o n  of c o r r o s i o n  p r o d u c t s  on  t h e  
s u r f a c e  of t h e  t e s t  s p e c i m e n .  

F i l m s  f o r m e d  on  T i - 7 5 A  a t  p o t e n t i a l s  n e g a t i v e  to 
t h e  r e s t  p o t e n t i a l  s eem to b e  i d e n t i c a l  for  a q u e o u s  a n d  
a n h y d r o u s  s o l u t i o n s  of CH3OH-HC1.  T h e y  t h e r e f o r e  do 
no t  r e q u i r e  w a t e r  m o l e c u l e s  fo r  t h e i r  f o r m a t i o n .  W h i l e  
h y d r i d e  f o r m a t i o n  m i g h t  t a k e  place,  m o r e  e x p e r i m e n t s  
h a v e  to b e  c a r r i e d  ou t  to  d e t e r m i n e  t he  n a t u r e  of t h e s e  
films. P o t e n t i o s t a t i c  p o l a r i z a t i o n  e x p e r i m e n t s  in  
C H 3 O H - H C I  s o l u t i o n s  h a v e  s h o w n  (6) ,  t h a t  a t  p o t e n -  
t i a l s  m o r e  n e g a t i v e  t h a n  - -1 .2V t h e  c u r r e n t  c o n t i n u -  
ous ly  i n c r e a s e s  at  c o n s t a n t  p o t e n t i a l  w i t h  a n  e v e r  i n -  
c r e a s i n g  r a t e  of gas  e v o l u t i o n .  P o t e n t i o k i n e t i c  m e a -  
s u r e m e n t s  s h o w  a c h a n g e  in  s lope  a t  t h i s  p o t e n t i a l  a n d  
a m a r k e d  h y s t e r e s i s  w h e n  t h e  p o t e n t i a l  is d e c r e a s e d  to 
m o r e  n o b l e  p o t e n t i a l s  l e a d i n g  to a m o r e  n o b l e  r e s t -  
p o t e n t i a l .  

D u e  to t h e  di f f icul t ies  m e n t i o n e d  a b o v e  a n d  de -  
s c r i bed  in  A p p e n d i x  A, u n i q u e  v a l u e s  of  t h e  c o m p l e x  
i n d e x  of  r e f r a c t i o n  of t h e  f i lms f o r m e d  a n d  t h e i r  t h i c k -  
ness  c a n n o t  b e  o b t a i n e d .  H o w e v e r ,  c e r t a i n  c o n c l u s i o n s  

can  be  d r a w n  c o n c e r n i n g  t h e s e  p h y s i c a l  p a r a m e t e r s  
f r o m  the  e l l i p s o m e t r i c  d a t a  in  Fig.  5. In  t h e  a n o d i c  
r e g i o n  (r > - -0 .8V)  for  f i lms f o r m e d  in  NaC1 or  a q u e -  
ous  m e t h a n o l i c  s o l u t i o n s  ( c u r v e s  1 a n d  2) e x p e r i m e n t a l  
v a l u e s  for  p a n d  a a r e  c o n s i s t e n t  w i t h  t h o s e  c a l c u -  
l a t e d  w i t h  a c o m p l e x  r e f r a c t i v e  i n d e x  of ~tf ~ 2.5 a n d  
Kt. ~ 0. T h e s e  v a l u e s  a r e  c o n s i s t e n t  w i t h  TiO., f i lms as 
r e p o r t e d  in t h e  l i t e r a t u r e  (10-13) .  T h e  a n o d i c  o x i d e  
f i lm f o r m s  a t  a b o u t  40 A / V  in t he  f irst  100 sec b e t w e e n  
--0.5 a n d  1.5V. T h i s  is e s t i m a t e d  f r o m  t h e  s lopes  of t h e  
c u r v e s  in Fig.  5 b e t w e e n  --0.5 a n d  + l . 5 V  a n d  t h e  
s lopes  of t h e  c u r v e s  for  nf  = 2.5, Kf = 0 in  Fig. A - l a .  
T h i s  is a b o u t  t w i c e  t h e  v a l u e  r e p o r t e d  (13, 14) for  
m u c h  l a r g e r  p o t e n t i a l s  ( 0 - 2 0 0 V ) .  

I n  t h e  c a t h o d i c  r e g i o n  (r  < - -0 .8V)  t he  l ack  of a 
c h a n g e  in p a n d  a i n d i c a t e s  t h a t  f i lms a r e  no t  f o r m e d  
on Ti  in  t h e  NaC1 so lu t ions .  V e r y  p e c u l i a r  f i lms a re  
f o r m e d  in a q u e o u s  a n d  a n h y d r o u s  m e t h a n o l  s o l u t i o n s  
in  t h e  ca thod i c  reg ion .  T h e  p e c u l i a r i t y  l ies  in  t he  fac t  
t h a t  for  t h e s e  f i lms t he  p o l a r i z e r  a z i m u t h  p c h a n g e s  
d r a m a t i c a l l y  b u t  w i t h i n  e x p e r i m e n t a l  e r r o r  no  c h a n g e  
in t h e  a n a l y z e r  a z i m u t h  a occurs .  F i g u r e  A - l a  of t h e  
a p p e n d i x  i n d i c a t e s  t h a t  for  t r a n s p a r e n t  f i lms (i.e., 
Kr = 0) 8a r e m a i n s  u n c h a n g e d  or  b e c o m e s  n e g a t i v e  
o n l y  for  ~f s l i g h t l y  g r e a t e r  t h a n  1 or  less. H o w e v e r ,  
for  t he se  v a l u e s  of nf, bp is pos i t ive .  T h e r e f o r e ,  t h e  
ca thod i c  f i lms f o r m e d  in CHaOH-HC1  c a n n o t  b e  t r a n s -  
p a r e n t  ( n o n a b s o r b i n g ) .  F i g u r e  A - l c  a n d  d i n d i c a t e  t h a t  
for  Kf ~ 2, ba is a l w a y s  pos i t ive ,  t h e r e f o r e  c a t h o d i c  
f i lms f o r m e d  in CH3OH-HC1 a re  l i m i t e d  to t he  r a n g e  of 
nf a n d  ,'r f o u n d  in Fig. A - l b  a n d  in p a r t i c u l a r  to v a l u e s  
of a b o u t  nf ~ 1-3, ,-f ~ 1. T h e  l a r g e  a b s o r p t i o n  coeffi- 
c i en t  ~f ~ 1 c o r r e s p o n d s  to f i lms of m e t a l l i c  c h a r a c t e r  
(e.g., for  Ti ~l ~ 3, K ~ 1). T h e  c a t h o d i c  f i lms f o r m e d  
in CH:~OH-HC1 m a y  be  t i t a n i u m  h y d r i d e  or  co l lo ida l  
p a r t i c l e s  of m e t a l l i c  Ti w i t h  some  e l e c t r o l y t e  b e t w e e n  
t he  pa r t i c l e s .  F u r t h e r  e x p e r i m e n t a l  d a t a  a r e  n e e d e d  to 
e l u c i d a t e  th i s  poin t .  

O u r  r e s u l t s  a lso h a v e  s h o w n  t h a t  ca re  ha s  to be  t a k e n  
to a v o i d  t he  p r e s e n c e  of F -  ions  w h i c h  e v e n  in v e r y  
s m a l l  a m o u n t s  l e ads  to s e v e r e  c o r r o s i o n  a n d  film fo r -  
m a t i o n  on  Ti. 
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A P P E N D I X  A 

S ince  t h e r e  a r e  o n l y  two  e x p e r i m e n t a l  e l l i p s o m e t r i c  
p a r a m e t e r s  p a n d  a a n d  t h e r e  a re  t h r e e  u n k n o w n s ,  f i lm 
t h i c k n e s s  d, i n d e x  of r e f r a c t i o n  ~f, a n d  a b s o r p t i o n  co-  
eff ic ient  ^-r, a u n i q u e  so lu t i on  for  d. nf, a n d  K~ is no t  
poss ib le .  I t  b e c o m e s  n e c e s s a r y ,  t h e r e f o r e ,  to i n t e r p r e t  p 
a n d  a in  t e r m s  of d a n d  nf for  r e a s o n a b l e  r a n g e s  of 
~-f. To a id  t h i s  i n t e r p r e t a t i o n ,  v a l u e s  of p a n d  a w e r e  
c o m n u t p d  for  v a r i o u s  v a l u e s  of d. nf, a n d  Kf for  Ti in 
d i s t i l l ed  w a t e r  fo r  v e r y  t h i n  f i lms w i t h  ~. = 6328A a n d  
a n  a n g l e  of i n c i d e n c e  of 70 ~ F i g u r e  A-1  s h o w s  p lo t s  of 
p a n d  a vs. d for  t he  v a l u e s  of ~tf ( f i rs t  n u m b e r )  a n d  ,r 
( s econd  n u m b e r )  r e p o r t e d  in b r a c k e t s  on each  cu rve .  
F r o m  Fig. A-1  a n d  a k n o w l e d g e  of t he  r a n g e  of v a l u e s  
e x p e c t e d  for  ,if a n d  ~-f, i t  is poss ib le  to a n t i c i p a t e  t h e  
r e l a t i v e  i n c r e a s e  or  d e c r e a s e  of p a n d  a as t he  fi lm 

Table A-I. Comparison of optical constants of Ti and W to show 
the effect of surface contamination 

M e t a l  P r e p a r a t i o n  n ~ R e f .  

W I o n  b o m b a r d ,  i 0  -I ' '  T o r r ,  a n n e a l e d  3 ,75  0 . 8 0 0  I13~ 
W H e a t  t r e a t m e n t ,  10 - "  t o  5 x 10-~' 

T o r r  3 . 4 0  0 . 8 8  115~ 
T i  I o n  b o m b a r d ,  10 m T o r r ,  a n n e a l e d  3 .09  1.11 (131 
T i  P o l i s h e d  i n  a i r  2 .0  1 .5  116~ 
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Fig. A-1. Computed values of p and a vs .  film thickness d for 

TiOJTi in water at 6328~., for vorious values of the absorption 
coefficient of the film ,'t and refractive index of the film nf. 

grows. For  example,  more  metal l ic  films are expected 
to have lower values  of nr and higher  values of ~. The 
opposite is expected for insulating films. Consequently,  
insulating films will  always cause p to decrease and a 
to increase as d increases, a only decreases for very 
small values of nf and Kf, and p only increases for very 
small or very  large values of n~ and ~. 

It should be noted that  accurate  values for optical 
constants are difficult to obtain due to surface contami-  
nation. For example,  Table A- I  gives reported values 
for Ti and W for different prepara t ion  of the samples. 
Computer  calculations using the exact  Drude relations 
indicate that  contaminat ion tends to decrease n and in- 
crease ~ if the ambient  is gas or vacuum. Therefore,  
it is bel ieved that  the lower values reported for W and 
Ti in Table A- I  resulted f rom surface contamination. 
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Contact Angle Measurements of 
Tin Sensitizing Solutions 

N. Feldstein* and J. A. Weiner 

RCA Corporatio~, David Sarno~ Research Center, Princeton, New Jersey 08540 

ABSTRACT 

A study of tin sensitizing solutions was made by contact angle measure-  
ments. Through the control  of solution composition, i.e., stannous and stannic 
concentrations, major  improvements  in the effectiveness of such sensitizers on 
hydrophobic surfaces have resulted. The incorporat ion of excess sodium chlo-  
r ide was found to fur ther  improve  the performance  of such sensitizing solu- 
tions. The presence of the stannic ions facil i tates the adsorption of the  stannous 
ions necessary for the reduct ion of palladium. 

In the plat ing of dielectric substrates, a p re t rea t -  
ment  of the substrate is essential in order  to effectively 
deposit  metals  by the electroless plat ing technique. 
One of the more preva len t  procedures  in commercia l  
use is the two-s tep  immers ion sequence of acidic stan- 
nous chloride solution followed by an acidic pal ladium 
chloride solution. In general,  the first bath is referred 
to as the sensitizer solution while  the second solution 
is the activator.  The net resul t  of this sequence is the  
formation of finely divided pal ladium nuclei  which 
init iate the autocatalyt ic  plat ing process (1,2).  The 

�9 Electrochemical Society Active Member. Key words: sensitizer solutions, electroless plating, contact angle measurements. 

format ion of the pal ladium metal  nuclei  is bel ieved to 
be due to a redox reaction taking place be tween  the 
adsorbed stannous ions on the surface and the pal la-  
dium ions in the act ivat ing solution. 

In spite of the wide commercia l  application of plated 
plastic parts, ve ry  l i t t le  work  has been repor ted  re-  
garding the chemis t ry  of sensitizing and act ivat ing 
solutions. A rev iew of this technology has been sum- 
marized by Goldie (3). Pear l s te in  (4) has observed 
variat ions in plat ing due to composit ional changes of 
ei ther  the sensitizer or act ivator  solutions. More re-  
cently, Cohen et al. (5,6), invest igated the solution 
chemis t ry  of the  tin chloride sensitizing process. This 
study was based upon the Mossbauer spectroscopy of 
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tin. Their  proposed model  invokes a colloidal formation 
based on the stannic ion wi th  stannous ions bound onto 
this colloid. 

Al though the sensitizer compositions described in the 
l i tera ture  are most effective for a wide var ie ty  of sub- 
strates, such solutions possess a ma jo r  shortcoming 
whenever  hydrophobic substrates are employed. Based 
upon work  in this laboratory,  it has been demonstra ted 
that the per formance  of convent iona l - type  sensitizers 
(SnCI2. nHCI plus colloidal Sn ( IV) )  (5,6) may  be 
great ly  improved for use wi th  hydrophobic substrates. 
This is achieved pr imar i ly  through the proper  control  
of the stannous-stannic concentrations.  

In this investigation, a s tudy of tin sensitizing solu- 
tions was under taken  employing contact angle mea-  
surements.  Such an approach was bel ieved to be useful 
since adsorption of thin films can potent ia l ly  a l ter  the 
resul t ing contact angle. Such an approach may  lead to 
a more quant i ta t ive  way  by which the  effectiveness of 
sensitizers may be evaluated.  A la ter  publication (7) 
will  propose a mechanism for the sensitization of hy-  
drophobic and hydrophil ic  substrates by t in - type  solu- 
tions. 

Experimental  Procedures 
Chemicals and solut ions . - -Al l  chemicals used 

throughout  were  Baker  Reagent  grade; the hydro-  
chloric acid used was Mall inckrodt  electronic grade. 
The wate r  used was deionized and then distilled. The 
following solution was used throughout  this invest iga-  
tion 

Concentrate  2.6M SnC12 �9 2H20 in concentrated 
HC1 (37%) (Final  HC1 is 9.4M) 

Working sensitizer solutions of different composi- 
tions were  made f rom this concentrate.  

Substrate preparat ion.- -Cover  glass plates, 2 • 2 in. 
(E. Leitz, Inc., New York, Cat. No. 19821), which 
were cleaned in a mild soap solution, r insed and 
spin dried, served as substrates. These substrates were  
coated with commercia l ly  available photoresists to form 
hydrophobic surfaces for testing. A positive resist, 
AZ-1350 (distr ibuted by Shipley Company, Newton, 
Massachusetts) was spin coated onto the glass at 5000 
rpm for 60 sec. To remove  solvent (s )  and polymerize  
the resist film, a baking procedure of 200~ for 3 rain 
was employed. For  a typical  negat ive resist, KTFR 
(Eastman Kodak Company)  was used. The resist com- 
position was mixed  in accordance with  the manufac-  
turer ' s  specification. This resist was spin coated at 8000 
rpm for 30 sec. A baking procedure of 7 min at 200~ 
was employed. Teflon z (FEP) Type A film was also 
used in conjunct ion with  this study. The film thickness 
chosen was 20 mils. Pr ior  to the contact angle mea-  
surements  on the Teflon, a mild soap cleanup was 
employed. 

Substrate  t r ea tmen t . - -Two  basic procedures were  
employed prior  to the contact angle measurements .  In 
the first procedure (procedure "a") ,  drops of var ied 
sensitizer composit ion were  placed on the photoresist  
surface, and the contact angle was measured.  An al ter-  
nate procedure  was developed (procedure "b")  which 
resul ted in a greater  sensit ivi ty in the measurements .  
This adopted procedure  consisted of 

1. Immers ion of s u b s t r a t e  into various sensitizer 
compositions for 1.0 rain. 

2. Substrates were  dipped (about 2 sec) in D.I. water  
of 1 l i ter  volume. 

3. Substrates  were  rinsed in D.I. water  in an over-  
flow rinse tank (volume ~ 1.2 l i ter)  wi th  a flow rate  
about 4 l i te rs /min.  

4. Substrates  were  spin dried in air. 
5. Drops of D.I. wa te r  (or pa l ladium chloride solu- 

tion consisting of 1 g / l i t e r  PdC]2 and 1 cc / l i t e r  con- 
centrated HC1) were  placed on the photoresist  surface 

l Te f l on  ( f l u o r o c a r b o n  f i l r n ) - - T r a d e m a r k  of E. I. du  P o n t  de  Ne- 
r f lours  & Co. 

EPOXY SEAL 

• ;  DROPPING BULB 

.... PASTEUR CAPILLARY 
- PIPETTE 

J 

! - SUPPORT TUBE 

0.184" 
_ i_ 

F 
o.o4b"l,D. 

Fig. I. Dispensing device for contact angle measurements 

using a Pasteur  pipette f rom a control led height  of 
0.184 in. (See Fig. 1). 

6. Contact angle was measured.  

Contact angZe measuremen t s . - -A l l  measurements  
were  made using a contact angle goniometer  Mode] 
A-100 (Ram~-Hart ,  Inc., 43 Bloomfield Avenue,  Moun- 
tain Lakes, New Je r sey  07046). Due to the spreading 
effect, contact angles were  measured as a function of 
t ime and ext rapola ted  to t ime zero. A t ime in terval  of 
10 min was chosen for convenience, however,  no 
changes in the extrapolated values were  noted in mea-  
surements  grea ter  than 10 min. Figure  2 shows the 
contact angle of sessile drops as employed in pro-  
cedures "a" and "b," respectively.  A least square cal- 
culation was used to derive the extrapola ted values 
at zero time. All  reported angles are the extrapolated 
values, and these values were  found to be reproducible 
wi thin  •  ~ except  for the case of Teflon, which re-  
sulted in variat ions of _ 5  ~ 

Surface tension measurements . - -Sur face  tension 
measurements  were  made using a Fisher  Surface Ten-  
siometer Model 20. A 6 cm P t - I r  r ing was used for 
making measurements .  

Results and Discussion 
In the first stage of this investigation, a procedure 

was a t tempted in which the contact angle was mea-  
sured by placing sensitizer drops onto the organic sur-  
face. Typical  results employing this procedure showed 
lit t le change upon the addition of stannic ions. Surface 
tension measurements  of sensitizing solutions, wi th  
and without  added stannic ions, resu]ted in variat ions of 
a few per cent. Specifically, the addition of 2.5 • 10-~M 
stannic chloride to a solution composed of 0.13M SnC12 
and 0.47M HC1, resulted in surface tensions ranging 
f rom 68 dynes /cm to 70 dynes/cm.  These minor  a l tera-  
tions in the surface tension of the sensitizer solutions 
are consistent wi th  the minor  variat ions of contact 
angle. It is concluded that  a different mechanism takes 
place, other  than surface tension modification, which 
accounts for the variat ions in the effectiveness of the 
present sensitizers on hydrophobic- type  substrates. 
Therefore,  this approach was not fur ther  pursued. 

Examinat ion  of the contact angle fol lowing the sensi- 
t ization step showed a greater  degree of sensit ivity in 
comparison to the results of procedure "a". Hence, al] 
repor ted  angles are based upon the modified procedure 
(Fig. 2, procedure "b") .  In the modified procedure, it 
was found that  results wi thin  exper imenta l  error  were  
obtained by using drops of ei ther  water  or pal ladium 
chloride solutions. For  convenience, the use of water  
drops was adopted for most of the exper imenta l  work. 
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Fig. 2. Contact angle of sessile drops 
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In a recent  study, the role of the stannic ions in con- 
vent iona l - type  sensitizers was described. As pointed 
out (6), typical  reagent  grade stannous chloride con- 
tains approximate ly  5 mole per  cent (m/o)  stannic 
ions, and upon dissolution in aerated water,  fu r the r  
oxidation yields a total  of about 6 m / o  of stannic ions. 
A model  based upon the format ion of colloidal stannic 
compound(s)  has been invoked to account for the 
mechanism of sensitization. The stannous ions are 
bound onto these colloids and are presumably  re ta ined 
on the surface by both an adsorption- and absorpt ion-  
type mechanism. Table I shows the resul t ing contact 
angle measurements  of different sensitizer composi- 
tions. It is quite  evident  that  for sensitizers 1 through 
4, the contact angle is near ly  the same and thus seems 
to be independent  of composition (SnC12/nHC1 ratio) 
as wel l  as the manner  by which the sensitizer was pre-  
pared. It  should be recal led (6) that  sensitizers A, B, 
and C were  proposed as a means for control l ing the 
colloid present in the stannous solutions. By contrast, 
the incorporat ion of the stannic chloride solution as 
made in this laboratory  (Table I, No. 5) shows c lear ly  
the modifications associated with  such combinations, 
fur ther  suggesting that  other  mechanism(s)  may  take 
place dur ing the sensitization process which are 
especially important  in the case of the hydrophobic-  
type substrates. 

Figures 3 and 4 show the variat ions of the contact 
angle due to the composit ional  modification of the sen- 

Table I. Contact angle ca) for typical stannous 
sensitizers/activators 

S e n s i t i z e r / a c t i v a t o r  s y s t e m  
Con tac t  ang l e  

(degrees} 

1 Bel l  T e l e p h o n e  L a b o r a t o r i e s  "A"(b)  66 
2 Bell  T e l e p h o n e  L a b o r a t o r i e s  "B" (c )  65 
3 Bel l  T e l e p h o n e  L a b o r a t o r i e s  "C"(d) 67 
4 HCA(e) 66 
5 RCA(f)  53 
6 Ca t a ly s t  9F a n d  A c c l e r a t o r  19r 71 

(a) AZ-1350 res i s t  w a s  used .  
(b) So lu t ion  p r e p a r e d  b y  d i s so lv ing  20.0g SnCle .  2H.~O in w a t e r ,  

a d d i n g  10.0 m l  c o n c e n t r a t e d  HC1 a n d  t h e n  d i l u t i ng  u p  to 1 l i t e r  
w i t h  w a t e r .  

(c) So lu t ion  p r e p a r e d  b y  d i s so lv ing  20.0g SnC12, 2I-I~O in 10.0 m l  
HC1 a n d  t h e n  d i lu t ing  to ] l i t e r  w i t h  w a t e r .  

(~> Solu t ion  p r e p a r e d  by  d i s so lv ing  10.0 m l  HCl  in n e a r l y  1 l i t e r  
w a t e r ,  a d d i n g  a n d  d i s so lv ing  20.0g SnCI~ .  21-L20 a n d  t h e n  d i l u t i n g  
to 1 l i ter  w i t h  w a t e r .  

(e> Solu t ion  c o m p o s e d  of 0.13M SnCI~ in 0.47M I-ICI. 
(f>Same as  Foo tno te  (e) p lus  7.5 • 10-aM SnCh .  
(o) Sh ip l ey  C o m p a n y ,  Inc . ,  N e w t o n ,  Mass. ,  Ca t a ly s t  9F w a s  m i x e d  

w i t h  2 pa r t s  w a t e r  a n d  1 p a r t  HCI  as  s u g g e s t e d  b y  suppl ie r .  A c c e l -  
e r a t o r  w a s  m i x e d  w i t h  4 pa r t s  of  w a t e r .  I m m e r s i o n  in t he  a b o v e  
t w o  w a s  fo r  3 ra in  e ach ;  a suff icient  D I  r inse  w a s  c a r r i e d  o u t  be -  
t w e e n  t he  ca t a lys t  a n d  acce l e ra to r .  
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Fig. 3. Contact angle variations vs.  compositional changes on 
AZ-1350 resist. Concentrate tin(ll)--2.6M SnCb, 9.4M HCI. 
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Fig. 4. Contact angle variations v s .  compositional changes. Con- 
centrate t in(ll)--2.6M SnCI2, 9.4M HCI. 

sitizer solution. The choice of substrate mater ia ls  in 
these figures was made because of the good reproduci -  
bil i ty obtained in their  preparat ion.  For  a constant 
added Sn(IV) ,  a sharp drop in the measured contact 
angle takes place upon increasing the Sn+2/Sn +4 ratio. 
A m in im um  in the contact angle  is found, after which 
fur ther  increase in the Sn+2/Sn  +4 ratio results  in an 
increase in the contact angle. Increasing the tin (IV) 
concentrat ion results in displacing the min imum to- 
wards lower  values. However ,  a convergence is found 
at the higher  tin (IV) concentrations. The increasing 
portion of the curves wi th  excess addit ion of SnC1J  
nHC1 is due to a combinat ion of factors: (i) increasing 
the hydrogen ion concentrat ion tends to increase the 
measured contact angle and (ii) the large excess of 
stannous ions re la t ive  to the stannic ions prevents  the 
surface adsorption of the  la t te r  ions. These factors were  
qual i ta t ive ly  tested and verified. A full  account con- 
cerning the shape of these curves wi l l  be covered in a 
later  publication. 

Figure  4 shows the var ia t ions  in the measured  con- 
tact angle on K T F R  resist and Teflon. The general  
t rend for these cases is s imilar  to that  demonstrated in 
Fig. 3. Of the various mater ia ls  examined,  the Teflon 
shows the most dramatic  change in contact angle with 
variat ions in the s tannous/s tannic  ratio. 

F igure  5 shows the effect(s) of added sodium chlo- 
ride on the resul t ing contact  angle. As seen from Fig. 5, 
the addition of this salt to a convent iona l - type  sensi- 
t izer (0.13M SnC12 and 0.47M HC1) results in no appre-  
ciable effect on the measured contact angle. At  the 
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Fig. 5. Contoct angle variotions vs. sodium chloride concentra- 
tion on AZ-1350 resist. 

same time, the addit ion of sodium chloride to solutions 
containing the stannic ions alone shows a substantial  
decrease in the measured  contact angle. Excess addi-  
t ion of sodium chloride to this media  (6.5 • 10 -3 or 
1 • 10-2M SnCI~) results  in a level ing effect. In curve 
c, the effect of added sodium chloride to a solution 
containing both the stannous and stannic ions is dem-  
onstrated. The concentrat ions of the stannous, stannic, 
and hydrochloric  acid are the combined concentrat ions 
of those concentrat ions used for curves a and b. Al-  
though there  is a general  resemblance be tween curves 
b and c, the effect of sodium chloride is more  pro-  
nounced in a system which combines the stannous and 
the stannic ions. These resul ts  are thus suggestive that  
an interact ion exists whereby  the degree of surface 
modification due to sensitization is a l tered to a greater  
extent.  Subst i tut ion of bromide ion for the chloride 
resulted in the same general  characteristics. 

Table II provides a summary  of the  contact angle 
measurements  resul t ing at each of the steps along the 
sensitization and act ivat ion sequence. As seen, the 
major  surface modifications take place after the sen- 
sitization step. Once the surface is sui tably "sensi- 
tized," ve ry  l i t t le change is noted at the conclusion 
of the act ivat ion step. In an a l ternat ive  sequence, the 
process of sensitization and act ivat ion was divided into 

Table II. Contact angle measurements during the different stages 
of pretreatment 

T w o - s t e p  sequence T h r e e - s t e p  sequence 
Contact angle Contact angle 

(degrees} (degrees) 

AZ-1350  res i s t ,  as AZ-1350 res i s t  as 
p r e p a r e d  70 p r e p a r e d  

A f t e r  sensi t izaton(a)  53 A f t e r  s t ann ic  (b) 
A f t e r  a c t i v a t i o n  51 A f t e r  s t a n n o u s  <c) 

A f t e r  a c t i v a t i o n  
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three distinct steps: (i) immersion in stannic, (ii) 
immersion in stannous, and (iii) immersion in pal la-  
dium chloride act ivator  solution. As seen from Table  II, 
the major  change in the contact  angle is observed fol-  
lowing the stannic immersion step with  a slight change 
in the subsequent  steps ( immersion in stannous and 
palladium, respect ive ly) .  It is interest ing to note that  a 
contact angle of 53 ~ has resul ted prior  to the act ivat ion 
step independent  of the path taken. Fur thermore ,  upon 
deletion of the stannic ions, fol lowing immersion in 
stannous type solution, the observed contact  angle is 
about 67 ~ . It is thus concluded that  the presence of the 
stannic ions provides a new mechanism (7) by which 
the active stannous ions are  adsorbed onto the sub- 
strate. The stannic ion may be incorporated along with 
a convent ional - type  stannous sensitizer solution or 
used as a separate immersion step prior  to conven-  
t ional - type  sensitization. In a subsequent  publication 
(7), a mechanism accounting for the different modes 
of sensitization wil l  be given. 

Conclusion 
In the plat ing of dielectric substrates, a pre t rea tment  

step of sensitization and act ivat ion is genera l ly  em-  
ployed. Fol lowing this sequence, a catalytic layer is 
present which is capable of ini t iat ing electroless plat-  
ing baths. In general, it is desired to have  a continuous 
conduct ive metal l ic  layer  pr ior  to an electrolyt ic  
bui ld-up of the metal l ic  films. There are, however ,  ma-  
terials which do not yield a uniform metal l ic  film. 
These mater ia ls  are genera l ly  hydrophobic.  Of the 
various steps prior  to the electroless plating, the sen- 
sitization process controls whe the r  the final metal l ic  
film is uniform. 

In the current  investigation, it has been demon-  
strated that  contact  angle measurements  can quant i ta-  
t ive ly  demonstra te  the effectiveness of sensitizing solu- 
tions. Fur thermore ,  controlled additions of stannic ions 
with or without  sodium chloride provide a simple and 
effective way of modifying convent ional  sensitizers for 
the uni form plat ing of hydrophobic  substrates. The role 
of the added stannic ions is to provide  a path for the 
adsorption of the stannous ions. The stannous ions ad- 
sorbed on the substrate were  not necessari ly bound to 
any stannic ions in bulk solution, and, in fact, separate 
solutions may be used effectively, thus separat ing the 
stannous from the stannic ions. 
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A Study of Gold Reduction and Oxidation 
in Aqueous Solutions 

D. M. Mac Arthur* 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

The electrochemical behavior of gold in alkal ine cyanide, citrate, and 
phosphate buffered solutions has been studied using cyclic vo l tammetry  and 
galvanostatic transients.  Two reaction paths were observed. At low overvoltage 
the reaction goes through an adsorbed intermediate.  

Au + CN- ~ IAu CN[ads -[- e-  

[Au CNIads q- CN- +~--Au(CN)2- (rate determining) 

At larger overvoltages a direct transfer between the gold complex in solution 
and the metal atom was found on reduction. The reduction reaction was the 
same in all the solutions but in the phosphate and citrate baths the gold did 
not oxidize to a soluble species. 

The electrodeposition of gold on various electronic 
devices is in widespread practice because the metal  
has good corrosion resistance, electrical conductivity,  
and bonding properties. A complete unders tanding  of 
the reaction mechanism for electrodeposition would 
be of considerable value to the technology of gold plat-  
ing but  has not been achieved. The work described 
here was under taken  to add to our knowledge of the 
reaction mechanism for gold reduction and oxidation in 
practical gold-plat ing baths. 

Maja (1) has reported on the alkaline gold cyanide 
bath which contains an excess of free cyanide and on 
lhe basis of thermodynamics  and kinetic measurements  
concluded that reduction from alkal ine  solution occurs 
as follows I 

A u ( C N ) 2 -  --* [Au(CN)2-]ads 

]Au (CN)2-1,~ds + e-  --> Au + 2CN- 

He also found that the oxidation reaction is 

Au + CN- -~ lAu CNla,,s + e -  

JAu CN[ads + CN- -~ Au(CN)2- 

Cathro and Koch (2) used potentiostatic and galvano- 
static measurements on gold oxidation in alkaline 
cyanide electrolytes. They concluded that gold was 
oxidized to IAuCN[ads at potentials less than --0.6V 
(SCE reference) and became passive in the potential 
range --0.6 to --0.3V through the formation of a gold 
oxide or basic cyanide. A second active region was 
found at approximately +0.1V which, it was proposed, 
was the conversion of an adsorbed Au (I) basic cyanide 
to an adsorbed Au(III) basic cyanide. A third active 
region at +0.4V was found and was passivated by the 
formation of Au203. Thermodynamically the formation 
of gold oxides is expected to occur at potentials con- 
siderably more positive than --0.3V. Basic gold cya- 
nides are not known to exist in alkaline cyanide solu- 
tions. It is difficult to accept therefore that a gold oxide 
or basic cyanide can form at a potential of --0.3V. It 
is also difficult to accept that an Au(III) salt can exist 
in contact with an aqueous cyanide solution since 
Au(CN)4- is known to be unstable with respect to 
Au(CN)2- and cyanogen in these solutions, or that 
steady-state currents in the range of I-2 m A / c m  2 can 
be observed for the oxidation of one adsorbed species 
to another. We believe, therefore, that the proposed 
passivation mechanisms at --0.3 and +0.1V may be in 
error. 

�9 E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  e l ec t rodepos i t i on ,  go ld  p l a t ing ,  cycl ic  v o l t a m m e t r y .  
t The s o l u t i o n s  of c o m m e r c i a l  s ign i f icance  in go ld  p l a t i n g  a l l  con-  

t a in  gold  p r e d o m i n a t c l y  as the  A u ( C N ~ -  complex .  

Taran and co-workers (3) have proposed that  solu- 
tions with a low pH have a more easily discharged 
gold complex in solution and that  the citrate solution, 
in particular,  has adsorbed citrate on the gold metal  
surface. 

These authors have proposed various reaction mech- 
anisms. Although the solutions vary, it is difficult to 
accept that the reactions can be so different since the 
init ial  and final gold species are the same. In  this work 
cyclic vo]tammetry and galvanostatic t rans ient  tech- 
niques are used to provide addit ional information on 
the reaction mechanisms. 

Experimental 
Three gold plat ing solutions were used in this work 

as follows: 
Alkal ine  cyanide; 15.0g KAu(CN)2,  55.0g KCN, 5.0g 

KOH per liter of solution pH 12.2 
Citrate; 50.0g dibasic ammon ium citrate, 20.09 

KAu (CN)2 per liter of solution pH 5.0. 
Phosphate; 18.2g KAu(CN)2;  36.4g dibasic potassium 

phosphate; 9.1g monobasic potassium phosphate pH 7.0. 
Reagent grade chemicals were used throughout.  De- 

ionized water that  had been passed through both cation 
and anion exchangers was used to prepare solutions. 

Wire electrodes 0.025 in. in diameter  and held in a 
gold-plated pin vise were used as working electrodes. 
These wires were about 1 in. in length and were im-  
mersed 0.5 in. into the solutions. It would be prefer-  
able to use an immersed electrode with defined area, 
but the problem of leakage around edges, par t icular ly  
in cyclic potent iometry exper iments  led to the adop- 
tion of this technique. The counterelectrode was either 
a p la t inum-  or gold-plated p la t inum wire. A saturated 
calomel reference electrode was used and all potentials 
are referred to this electrode. In  the galvanostatic 
t ransient  experiments,  a gold wire reference electrode 
in the same solution was used, and its potential  fre-  
quent ly  checked against the calomel reference. 

A standard potentiostatic circuit  incorporat ing an 
X-Y recorder, potentiostat, and t r iangular  wave func-  
tion generator was used in  the potential  scan experi-  
ments. The galvanostatic t rans ient  experiments  used a 
24V bat te ry  supply for the cathodic t rans ient  with a 
potentiometer for current  control and a Western Elec- 
tric 276B mercury-wet ted  relay to switch the current.  
Another  3V bat tery  was used to apply a small  anodic 
current  preceding the cathodic transient.  Potentials  
were fed through a high impedance voltage follower 
and displayed on an oscilloscope which was triggered 
by the switching circuit. 

Solutions (100 ml) were contained in a double-  
walled Pyrex flask with circulating water  for tempera-  
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ture  control. The t empera tu re  was 61 ~ ___ I~ The 
flask had a machined Teflon lid. Al l  solutions were  de- 
oxygenated by bubbling N2 through them. 

Resul ts  

Cyclic Voltammetry Experiments 
The alkaline cyanide bath.--Figure 1 shows a scan 

of the bath using a gold wire  electrode. (In this pre-  
l iminary  scan a 0.020 in. d iameter  w i re  was used.) 
Two reduct ion regions A and B may  be observed and 
two oxidation regions C and F are also evident .  The 
oxidation peaks C and F were  observed as distinct 
peaks in all scans moving  in the anodic direction, but  
only in the first two scans were  they  separate when 
moving  in the cathodic direction. As scanning was 
continued, peak F disappeared and the peak in the C 
region became complex as shown in the figure. Peaks 
A and B were  only observed when  moving f rom the 
anodic to cathodic potentials in all scans. 

The areas under  peaks C and F on the anodic scan 
were  approximate ly  105 and 150 mil l icoulombs as 
de termined by geometr ic  integrat ion of the curves. The 
double layer  charging current  was about 1 ~A and 
negligible. Oxidat ion of a monolayer  of Au  would 
requi re  only about 0.05 mil l icoulombs (using the area 
of the electrode as 0.20 cm 2, assuming A u ( I )  was 
formed and taking the radius of the Au atom as 1.5A). 
The peaks correspond to oxidation of 2000-3000 mono-  
layers. This is too large to represent  a thin adsorbed 
layer nor can it be the format ion of an insoluble film 
since there is no corresponding large reduct ion peak 
and the peaks do not change upon continued scanning. 
It wil l  be shown that  peak C is an oxidation reaction 
that proceeds through a surface film to a soluble 
product and that  peak F is an oxidation reaction passi- 
vated by the formation of an oxide on the electrode. 
The area under  peak B on the other  hand is approxi-  
mate ly  1 mill icoulomb, a quant i ty  that  could corre-  
spond to an adsorbed species. Peak A will  be shown to 
correspond to reduct ion of Au (CN)2-  from solution. 

Some of the details of the gold react ion are obscured 
in the standard solution because of the high free cya-  
nide level  (approximate ly  0.85M). Figure  2 shows a 
potent ial  scan of a gold wire  (0.025 in. d iameter)  in a 
solution of 0.2M KCN and 0.2M KOH. This solution is 
about one quar te r  the concentrat ion in C N -  and twice 
the concentrat ion O H -  of the standard bath. In Fig. 2 
the solution does not contain A u ( C N ) 2 -  to an appre-  
ciable extent.  Peak A is not present, but  there  is some 
evidence of peak B at --1.0V. It  is not as large as in 
solutions containing re la t ive ly  large amounts  of 
A u ( C N ) 2 - ,  and therefore  it appears to be re la ted to 
the presence of A u ( C N ) 2 -  in solution. Peaks C and F 
are evident  scanning in both directions and peak F 
shows fur ther  evidence of being complex. In addition 
a broad peak E on the  side of the oxygen wave  and a 
reduction peak D located just  anodic to the oxidation 
peak F when  scanning in the cathodic direction, are 

20 

7.5 

5.0 
E 

2.5 

2. 

O X I D A T I O N ~  

D 

REDUCTION 
I I I [ 

-1.5 -1.0 -0.5 0 

f 
I I I 

0.5 1.0 1.5 
POTENTIAL (VOLTS VS SAT'D CALOMEL) 

Fig. 2. Potential scan of a Au wire in 0.2M KCN and 0.2M KOH. 
Velocity 0.042 V/see. 

5.0 

2.5 

E 

z~ O 

(D 
2.5 

OXIDATION / 
f 

REDUCTION 
5 . 0  I I I I I I 

-1 .5  - 1 . 0  -0.5 0 0 . 5  1 .0  

POTENTIAL (VOLTS VS SAT'D CALOMEL) 

Fig. 3. Potential scan of a Au wire in 0.2M KOH 

7,5 oxoAToN / 2 
5 I 0 

2 F 

2"51 VA 

REDUCTION 
5 . 0  L I I I 1 I I 

-1.5 -I.0 -0.5 0 0.5 1.0 1.5 

POTENTIAL (VOLTS vs SAT'D CALOMEL) 

Fig. 4. Potential scans of a Au wire in 0.2M KCN 0.2M KOH and 
0.035M KAu(CN)2. Curve I ,  0.041 V/sec; curve 2, 0.099 V/sec. 

le 

12 
a 
E 
~ 8  

L) 

OXIDATION 

I I 
-0.4 0 

R E D U ~  

I ~ ' ~ I  A I I 
4-2.0 -L6 -I.2 -0.8 01.4 01-8 1.2 

POTENTIAL(VOLTS VS, SATO CALOMEL) 
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bath. Velocity 0.040 V/see. 

observed. Peak  D may be seen more clear ly  in Fig. 4. 
In order to ident i fy peak D comparison may  be made 
to Fig. 3 which is a scan of a gold wire  in 0.2M KOH 
only. The rest potent ial  of the Au/Au20~ electrode 
in KOH solutions has been reported (4) as about 1.1V 
on the hydrogen electrode scale. For  the 0.2M KOH 
solution this would be about 0.1V on the SCE scale. 
The oxidation peak and the reduct ion peak which are 
close to this value in the  figure may  reasonably be 
assigned to the formation and reduct ion of gold oxide. 
By analogy it then appears reasonable to corre la te  peak 
D in the a lkal ine cyanide solutions wi th  reduction of 
gold oxide on the electrode. Peak  E is assumed to be 
a thickening of the gold oxide layer  which  is first 
formed at potentials  closer to 0.1V. 

Figure  4 shows two scans at different velocities of 
the same 0.2M KCN, 0.2M KOH solution to which 
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KAu(CN)2  has been added to make  the A u ( C N ) 2 -  
concentration 0.035M. The behavior  of peaks A, B, C, 
and F as the scan rate  is var ied wil l  now be discussed. 
At high scan rates the cyl indrical  geometry  of the wire 
electrode may  be approximated by planar  geometry.  
This approximat ion is val id for rates de termined by 
the inequal i ty  (5) 

- -  < 0.2 
r 

which, for the wires used in this work  requires  that  
the scan rate  be grea ter  than 0.45 V/sec. 2 Al though the 
effect of cylindrical  geomet ry  may be found in the 
shape of the recorded curves it turns out (5) that  the 
peak height  is only sl ightly altered, and the peak cur-  
rent  is a l inear function of the square root of the scan 
rate for velocit ies as low as 0.1 V/sec. At 61~ this 
function is 

ip = 2.57 X 105 n 3/~ A D I/2 C ~ V 1/2 

A plot of i p / A  �9 C ~ as a function of V'/2 is shown in 
Fig. 5 for peak A. A l inear  relat ionship was observed 
indicating a diffusion l imited react ion which must  be 
the reduct ion of the A u ( C N ) 2 -  f rom solution. The 
t rue area of the gold wire was est imated f rom the 
peak height  vs .  V'/2 plot for the oxidation of Fe (CN)6 -4 
and its known diffusion coefficient in dilute chloride 
solution at room temperature .  A roughness factor of 1.3 
was determined.  Using this t rue  area of the gold wire  
the diffusion coefficient of Au (CN)2-  in the  0.2M KOH, 
0.2M KCN solution was found to be 1.8 • 10 -5 cm 2 
sec -1 at 61~ Li tera ture  sources (6) give the value of 
1.60 • 10 -5 cm2 sec-1 which is sat isfactory agreement.  

Peak B was found to have  a constant capacity of 
about 1 mil l icoulomb in the two different alkaline 
cyanide solutions and for the various scan rates used. 
This would  correspond to about 15-30 molecular  lay-  
ers depending on how t ight ly  packed the atoms were. 
The reduct ion react ion would appear to have two pos- 
sible paths; one through an adsorbed state (peak B) 
and one by direct charge t ransfer  (peak A) .  

The number  of coulombs passed in area C increased 
as the scan rate  decreased. This was evident  not only 
in the cathodic to anodic scan but in the reverse  direc-  
tion also. In addition the current  did not increase 
without  l imit  when  moving  in the anodic direction as 
would be expected for a charge t ransfer  reaction form-  
ing direct ly  a soluble species f rom a meta l  electrode. 

= A l i s t  o f  s y m b o l s  u s e d  i s  i n c l u d e d  a t  t h e  e n d  o f  t h e  p a p e r .  

These observations then are consistent wi th  a reaction 
mechanism in which charge t ransfer  forms an in ter -  
mediate  on the electrode and the in termedia te  species 
is solubilized in a fol lowing chemical  reaction. 

Cathro and Koch (2) concluded that  the peak in 
area C was passivated by the  format ion of an adsorbed 
basic gold cyanide. The shape of the peak is not con- 
sistent wi th  a passivation type react ion which causes 
an abrupt  decrease in current  (compare the shape of 
peak F and C). It  is consistent wi th  the charge t ransfer  
fol lowed by chemical  react ion mechanism in which 
the chemical  react ion is rate l imit ing and the surface 
in termedia te  interferes  wi th  the charge t ransfer  reac-  
tion. 

Peak  F has the characterist ic shape of a passivated 
reaction which is depassivated upon reduct ion of a 
surface film at D. As ment ioned earlier, this reduction 
potential  corresponds to that  for gold oxide which, 
therefore,  is the passivat ing film. Cathro and Koch (2) 
observed two peaks in this area and indeed peak F 
does give evidence of being composed of two over -  
lapping peaks. The number  of coulombs passed in this 
region is much too large for the reaction to be the 
formation of an adsorbed layer.  In addition, the ob- 
servation that  the number  of coulombs passed does not 
increase with decreasing scan rate  (except  to a small 
and sometimes var iable  extent)  suggests that  the reac-  
tion is direct oxidation to a soluble species complicated 
by the presence of gold oxide which eventua l ly  passi- 
vates the electrode. This phenomenon has also been 
observed (7) for gold oxidat ion in acid chloride solu- 
tions and the same explanat ion for passivation was 
proposed. 

T h e  c i t r a t e  b a t h . - - G o l d - p l a t e d  Kovar  (Fe, Ni, Co 
alloy) wires were  used for some of the exper iments  in 
the ci trate and phosphate baths. The gold was electro- 
deposited at about 1 mA (approximate ly  4 m A / c m  ~ 
from the solution before commencing the scans. In the 
ci trate and phosphate solutions the gold is not  oxidized 
to a soluble species because of the absence of excess 
CN-  or other  complexing agents and the electrocoated 
wires were  not observed to differ f rom the solid gold 
wires. 

Figure  6 shows scans at three different speeds of a 
gold-pla ted Kovar  wire  in the  ci trate bath. The peak 
number ing  scheme used in describing the results of the 
alkaline bath is re ta ined here and also for the phos- 
phate bath to be described next.  A plot of i J A  �9 C ~ 
(peak A) as a function of V I/2 is included in Fig. 5. A 
l inear relat ionship was observed but the calculated dif- 
fusion coefficient was 0.88 • 10 -5 cm 2 sec -1 not in 
agreement  wi th  the l i t e ra ture  value  (6) of 1.67 X 10 -5 
cm 2 sec -1. This lack of agreement  indicates that  peak 
A is not a simple charge t ransfer  react ion involving 
reduct ion of a soluble species. The absence of a clearly 

tO 

~ O 

(J 

10 

15 

OX I DATI ON 

C 

D 

REDUCTION 
-- I I [ I J [ 

1.5 -1.O - 0 . 5  O O.5 1.O 
POTENTIAL (VOLTS VS SAT'D CALOMEL) 

J 
I 
1 

I 
1.5 

Fig. 6. Potential scans of Au plated wire in the citrate both. 
Curve 1, 0.17 V/sac; curve 2, 0.52 V/sac; curve 3, 0.85 V/sac. 



Vol. 119, No. 6 G O L D  R E D U C T I O N  A N D  O X I D A T I O N  675 

defined peak B which is assumed to be reduct ion of an 
adsorbed in termedia te  suggests that  this reduct ion 
path is also occurring in the potential  range of peak A 
result ing in the low calculated value  for the diffusion 
coefficient. More evidence to establish that  this is the 
case was obtained f rom the galvanostat ic  transients  
which will  be described later. 

Peak C was observed to have a capacity in the range 
of 0.1-0.3 mi l l i cou lombs- - tha t  expected for the forma-  
tion of an insoluble surface layer. F rom a comparison 
of this figure with the preceding figures, it is con- 
cluded that  this is oxidat ion of gold to the adsorbed 
in termediate  observed in the alkaline bath but  in this 
case the fol lowing chemical  step to a solubilized 
product does not occur because of the absence of excess 
C N - .  Peaks D and E are reduction of gold oxide and 
oxidation of gold, respectively.  

The phosphate bath.--Figure 7 shows scans of a gold 
wire in the phosphate bath. The current  in peak A is 
plotted in Fig. 5. The calculated D is 0.88 • 10-~ cm 2 
sec -1 the same as that  for the ci trate bath and not in 
agreement  with the l i tera ture  value (4) of 1.63 • 10 -n 
cm 2 sec -1. In this bath it is also concluded that  reduc-  
tion through the adsorbed in termedia te  is occurring in 
the same potential  range as the direct charge t ransfer  
to Au(CN)._,- a l though evidence for peak B may  be 
seen on the edge of the reduct ion wave. Peak  C was 
observed to have capacities ranging from 0.2 to 1.1 
mil]icoulombs indicat ing that  in this bath oxidation 
proceeds to the in termedia te  surface state which is 
not solubilized. 

Gatvanostatic Transient Experiments 
Oxidation.--Galvanostatie t ransients  for a gold wire  

during oxidation in a 0.2M KOH, 0.2M KCN, and 3.58 
X 10-2M KAu(CN)2  solution were  obtained in the 
range of 18 to 48 m A / c m  2. A potential  of 0.3 to 0.45V 
(peak F) was observed for the oxidation fol lowed by a 
sharp potential  rise to oxygen evolut ion at potentials  
greater  than 1V [Fig. 8(a) ] .  The transit ion t ime was 
taken as the commencement  of the  sharp potential  
rise. For  the lower current  densities another  plateau 
at about 0.1V was observed with a capacity of about 
1.7 mil l icoulombs/cm2 before the potential  plateau at 
0.3-0.45V. The transi t ion t imes include this plateau 
because the surface in termedia te  is later  chemical ly  
dissolved. Figure  9 is a plot of iv and iC/~ determined 
f rom these oxidation exper iments  as a function of 
current  density. The l inear iC/~ relat ionship is an indi- 
cation that  the predominate  oxidat ion reaction is the 
formation of a soluble species. (If the reaction were  
predominate ly  the format ion of a surface film a l inear 
iT relat ionship would be observed.) For a meta l  oxida-  
tion reaction into solution the concentrat ion of the 
meta l  ion at the surface is 

1C 
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5 

ol t 
F- 
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lO 

REDUCTION 

-1.5 -1 .0  - 0 . 5  0 0.5 1.0 1.5 

POTENTIAL (VOLTS VS SATED CALOMEL) 

Fig. 7. Potential scans of a Au wire in the phosphate bath. Scan 
rates were 0.060, 0.24, 0.55, and 1.0 V/sec. 

c 

D 

Fig. 8. (a) Upper curve, a typical potential-time transient for 
gold oxidation in 0.2M KOH, 0.2M KCN solution at 61~ Current 
density 38 mA/cm z. (b) Lower curve, a typical potential-time trans- 
ient for gold reduction. Wire electrode, alkaline cyanide solution 
0.035M in Au(CN)2 , current density 21 mA/cm". 
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Fig. 9. Transition time curves for gold oxidation in 0.2M KOH, 
0.2M KCN, and 0.2M KAu(CN)e. 

2i 

C o =  nF DI/2 "k/tl~ 

If the electrode follows Nernst  behavior  then the 
potential  of the electrode increases as the logar i thm 
of the square root of t ime wi thout  abrupt  transition. 
When a passivating reaction can occur, however ,  as it 
does in this case then the potent ial  rises to the value 
where  passivation occurs and then increases abruptly. 
The concentrat ion of the metal  ion when this occurs 
may be designated Co* and is given by 

2~ 
Co* = ' X/~/.~ 

nF D'/~ 
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Subs t i t u t i on  of t he  v a l u e  11.5 • 10 -3  (Fig.  9) for  iT'/2 
into this equa t i on  g ives  a v a l u e  of  3.5 X 10-2 mole /1  
for  Co*. Th is  v a l u e  is less than  the  sa tu ra t ion  v a l u e  
for  A u ( C N ) 2 -  sugges t ing  tha t  pass iva t ion  occurs  not  
f r o m  p rec ip i t a t ion  of gold cyan ide  bu t  as a resu l t  of 
ano the r  r eac t ion  b e g i n n i n g  at a po ten t i a l  of about  0.45V 
and this  is the  f o r m a t i o n  of gold oxide.  

R e d u c t i o n . - - T h e  t r ans i t ion  t i m e  d u r i n g  r educ t ion  
occurs  w h e n  the  react ion,  u n d e r  mass  t r a n s p o r t  l imi t ed  
kinet ics ,  r eaches  the  condi t ion  tha t  t he  sur face  con-  
cen t r a t i on  of the  r eac t ing  species is zero. The  t rans i t ion  
t i m e  is g iven  by 

iT'/, = 1&,~ '/~nF C ~ D v~ 

If  the  reac t ion  is p receded  by a Mow chemica l  reac t ion  
t h e n  the  iT", p roduc t  is no t  cons tan t  b u t  decreases  wi th  
inc reas ing  c u r r e n t  densi ty .  If  the  r eac t ion  is p recedcd  
by an adsorp t ion  s tep then  the  p roduc t  iT becomes  con-  
s tan t  at suff ic ient ly  h igh  c u r r e n t  dens i t i es  and the  iT'2 
p roduc t  increases .  A c o n v e n i e n t  m e a n s  of d i s t ingu i sh -  
ing  these  reac t ion  m e c h a n i s m s  is thus  ava i lab le .  Pe t e r s  
and L i n g a n e  (8) have  modif ied  t r ans i t ion  t i m e  t h e o r y  
for  p l a n a r  e l ec t rodes  to i nc lude  cy l ind r i ca l  geomet ry .  
In t he  wor s t  case cons idered  h e r e  t he  cor rec t ion  is less 
t han  10% for t he  cy l i nd r i ca l  g e o m e t r y  so the u n m o d i -  
fied t h e o r y  is used th roughou t .  A typ ica l  po t en t i a l -  
t i m e  c u r v e  for gold r educ t ion  is g iven  in Fig. 8 (b ) .  

The  da ta  f rom t r ans i t ion  t ime  e x p e r i m e n t s  a re  dis-  
p layed  in Fig. 10. In  these  e x p e r i m e n t s  four  d i f fe ren t  
so lu t ions  and t h r ee  d i f fe ren t  g e o m e t r i e s  w e r e  used. 
Cons ide r ing  this, the  sca t t e r  in the  iT'~/C ~ va lues  is not  
excessive.  One  set of  da ta  ( the  open c i rc les)  ind ica tes  
a p r eced ing  adsorp t ion  step�9 These  m e a s u r e m e n t s  w e r e  
t aken  wi th  the  e l ec t rode  " f loa t ing"  w i t h o u t  an appl ied  
po ten t i a l  be fo re  t he  impos i t ion  of the  ca thod ic  cur ren t .  
Al l  the  o the r  da ta  in the  f igure  w e r e  ob ta ined  w i t h  an 
anodic  c u r r e n t  of f rom 50 to 200 ~A app l ied  to the  e lec-  
t rode  be fo re  s w i t c h i n g  to the  ca thod ic  cur ren t .  In these  
l a t t e r  e x p e r i m e n t s  the  f o r m a t i o n  of an ox ide  on the  
su r face  p r e v e n t e d  adso rp t ion  of the  i n t e r m e d i a t e  r e -  
duced  in peak  B (Fig.  2). On r educ t ion  the  th in  ox ide  
l aye r  was  r ap id ly  r educed  and then  Au(CN)._, was  
r educed  f rom solut ion.  The  ox ide  l aye r  was  th in  (about  
1 mi l l i cou lomb/cm"- ) ,  r eac t ed  r ap id ly  and  at  a po ten t ia l  
about  0.5V anodic  to the  gold r educ t ion  w a v e  so that  
it did not  i n t e r f e r e  in the  m e a s u r e m e n t s .  

E x p e r i m e n t s  us ing the  V2 in. d i a m e t e r  rod con-  
s i s t en t ly  g a v e  t rans i t ion  t imes  less t han  those  us ing 
t h e  1/4 in, rod, and the  wire ,  and w i t h  less scat ter .  This  
could  be the  resu l t  of a be t t e r  geome t ry .  In any  e v e n t  
e x a m i n i n g  al l  t he  data  t he r e  does not  appea r  to be any  
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Fig. 10. Transition time plot for various Au electrodes in the 
citrate, phosphate, and alkaline Au plating solutions. 

di f fe rence  in the  r educ t ion  m e c h a n i s m  f r o m  the  th ree  
solu t ions  and the  diffusion coefficient  of t he  r eac t ing  
species  is the  same  w i t h i n  t h e  e x p e r i m e n t a l  e r ror .  This  
is expec t ed  to be the  case s ince the  r eac t i ng  species is 
the  same  in all  the  so lu t ions  and the  diffusion coeffi- 
c ien t  wi l l  v a r y  on ly  s l igh t ly  w i t h  t he  ac t i v i t y  of  t he  
ion in t h e  so lu t ions  of d i f fe ren t  ionic s t rength .  The  
a v e r a g e  v a l u e  f r o m  all  the  e x p e r i m e n t s  w i t h  t h e  e x -  
cep t ion  of  t he  " f r ee  f loa t ing"  one  p rov ides  a diffusion 
coefficient  of 1.8 • 10 .~ cm 2 sec -1. The  sca t t e r  in the  
data,  however ,  p lace  a possible  e r r o r  of --+0.35 X 10 - s  
cm 2 s e c -  t on this  va lue .  

The re  is sufficient a g r e e m e n t  b e t w e e n  this  v a l u e  for 
D and t h e  l i t e r a t u r e  va lues  (6) for  the  diffusion co-  
efficient of  A u ( C N ) 2 -  in a lka l ine  cyanide ,  c i t ra te ,  and  
p h o s p h a t e  solut ions  to conc lude  tha t  A u ( C N ) 2 -  is the  
r eac t ing  species and tha t  the  reason  for  the  low D 
va lues  found f r o m  the  cycl ic  v o l t a m m e t r y  e x p e r i m e n t  
was  the  i n t e r f e r e n c e  of t h e  adsorbed  i n t e r m e d i a t e  in 
the  c i t ra te  and phospha t e  solut ions.  

Summary 

Oxidat ion  of go ld . - -The  ox ida t ion  of gold  in a lka l ine  
cyan ide  solu t ions  is seen to be complex .  I t  is conc luded  
tha t  at low o v e r v o l t a g e s  o x i d a t i o n  p roceeds  t h r o u g h  a 
sur face  i n t e r m e d i a t e  p r o b a b l y  ' A u  CNI~I~ and tha t  t he  
ox ida t ion  of gold in t h e  r eg ion  --0.6 to - -0 .3V is l imi t ed  
by the  d issolu t ion  of the  su r face  i n t e rmed ia t e .  W h e n  
the  sur face  is c o m p l e t e l y  c o v e r e d  the  r a t e  of r eac t ion  
is con t ro l l ed  by  t h e  r a t e  of chemica l  d issolu t ion  of the  
in te rmedia te �9  In  th is  w o r k  no t rue  pass ive  reg ion  was  
obse rved  w h e n  the  gold e l ec t rode  was  po ten t io s t a t ed  at 
po ten t ia l s  less t h a n  +0 .45V in t he  a lka l ine  cyan ide  
ba th  at t e m p e r a t u r e s  h i g h e r  t h a n  40~ The  chemica l  
d issolut ion reac t ion  log ica l ly  m u s t  be 

tAu CNlads + C N -  -* A u ( C N ) 2 -  

A t  h ighe r  o v e r v o l t a g e s  a c o m p l e x  ox ida t ion  p e a k  (F)  
was observed .  In  a g r e e m e n t  w i t h  Ca th ro  and  K o c h  (2) 
it is conc luded  tha t  this  ac t ive  r eg ion  is pass iva ted  by 
the  f o r m a t i o n  of ox ide  on the  gold surface.  The  ca-  
pac i ty  of the  p e a k  does no t  a l l ow  a s s ignmen t  to the  
ox ida t ion  of a su r face  film. The  resu l t s  ind ica te  tha t  in 
this  r eg ion  gold  is ox id ized  to a so lub le  species. The  
reac t ion  is too c o m p l e x  to ana lyze  fu l ly  at th i s  t ime.  
but  two possibi l i t ies  a re  t he  d i rec t  ox ida t ion  of gold 
to A u ( C N ) 2  ~ w i t h o u t  the  f o r m a t i o n  of an  i n t e r m e d i -  
ate and the  ox ida t ion  of gold  to an A u ( I I I )  c o m p l e x  
which  p r e s u m a b l y  w o u l d  r eac t  w i t h  C N -  ox id iz ing  this  
and be ing  in i t se l f  r educed  to Au ( C N ) 2 - .  

Reduc t ion  of g o l d . - - T w o  r e d u c t i o n  pa ths  w e r e  ob-  
served.  In  t he  a lka l i ne  cyan ide  ba th  these  w e r e  ev i -  
den t  in the  cycl ic  v o l t a m m e t r y  cu rves  bu t  in t h e  c i t r a t e  
and phospha te  ba ths  t h e y  w e r e  not.  One  r e d u c t i o n  pa th  
was  t h rough  an adsorbed  i n t e r m e d i a t e  and  on the  
basis of  t he  ox ida t ion  re su l t s  this  is p r e s u m e d  to be  
IAu CN]ads. The  o the r  r e d u c t i o n  pa th  was  a d i rec t  
cha rge  t r ans f e r  to the  so luble  A u ( C N ) 2 - .  The  two  r e -  
duc t ion  pa ths  m a y  be  e x p e c t e d  to l ead  to e l e c t rode -  
posits d i f fer ing  in phys ica l  charac te r .  

Manusc r ip t  s u b m i t t e d  A p r i l  30, 1971; r ev i s ed  m a n u -  
scr ip t  r e c e i v e d  ca. J u l y  29, 1971. 

A n y  discuss ion of this  p a p e r  w i l l  a p p e a r  in a Discus-  
sion Sec t ion  to be pub l i shed  in the  D e c e m b e r  1972 
JOURNAL. 

L I S T  O F  S Y M B O L S  

r r ad ius  (cm)  
D diffusion coefficient  (cm 2 s e c - D  
n n u m b e r  of e lec t rons  
V scan ra te  of ve loc i ty  (vo l t s  see -1) 
i ,  m a x i m u m  c u r r e n t  in a p e a k  (A)  
A a rea  of e l ec t rode  (cm~) 
C ~ in i t ia l  concen t r a t i on  (moles  cm -3) 
Co sur face  c o n c e n t r a t i o n  (moles  cm -3)  
t t ime  (sec) 
T t r ans i t ion  t i m e  (sec) 
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Current Distribution at the Rotating 
Ring-Disk Electrode 

G. Neubert, E. Gorman, R. Van Reet, and K. B. Prater* 
Department of Chemistry, University o~ Texas at E1 Paso, El Paso, Texas 79968 

ABSTRACT 

The digital s imulation method is used to calculate the current  densities at 
both the ring and disk surfaces of a r ing-disk  electrode when the two surfaces 
are at the same potential. Simulated and exper imental  results show that the 
current  density at the r ing is nonuni form and measurably  different from that  
at the disk electrode, even if the current  density at the disk is assumed to be 
uniform. In addition, a technique is presented which allows the determinat ion 
of the s imulat ion representat ions of the electrode radii  from experimental  
data. 

Most t reatments  (1-3) of rotat ing disk and r ing-  
disk electrodes have assumed that  the disk is a un i -  
formly accessible sur face- - tha t  is, that  the current  
density is uniform across the entire surface of the disk 
electrode. Newman (4) concluded that the current  
density should in fact be nonuni form at applied po- 
tentials  below the l imit ing current .  Albery and Ulstrup 
(5) presented results of experiments  at the r ing-d isk  
electrode in which observed collection efficiencies for 
the Br-Br~ system deviated from those predicted by 
a theory based upon the assumption of uniform ac- 
cessibility. This deviat ion was at t r ibuted to nonun i -  
form accessibility by the authors. Marathe and New- 
man (6) then pointed out that  the deviation observed 
by Albery  and Ulstrup was in the wrong direction to 
be a t t r ibutable  to nonuni form current  density at the 
disk. It seemed to us that  a more reasonable explana-  
t ion for the observed deviat ion would be that  the cur-  
rent  efficiency at the disk was less than 100%. This 
has recent ly been confirmed by Albery  and Hi tchman 
(7). In  the same chapter (7) Albery  and Hi tchman also 
present new r ing-disk  electrode data which are in 
agreement  with Newman 's  t reatment .  These data and 
the data obtained by Marathe and Newman (6) and 
Bruckenstein  and Miller (8) leave no doubt that  under  
certain conditions nonuni fo rm current  density prevails 
at the disk electrode. 

In  response to the Albery  and Ulstrup paper (5), 
Marathe and Newman (6) suggested that the r ing-d isk  
electrode could be used for a quant i ta t ive  s tudy of 
nonuni form current  distr ibutions by applying the same 
potential  to the disk and r ing electrodes. They sug- 
gested that  observed differences in the current  densities 
at the r ing and disk electrodes would be a direct mea-  
sure of the nonuni formi ty  of the current  density at the 
disk electrode. The purpose of this paper is to present  
the results of digital s imulat ion and exper imental  work 
which show that, due to the presence of the insulat ing 
gap between the r ing and disk and the different 
boundary  condit ion which holds there, even if the 
current  density were uni form at the disk, a nonun i -  
form and measurable  different current  density would 
be observed at the ring. Only in the l imit  as the width 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  r i n g - d i s k  e lec t rode ,  c u r r e n t  d i s t r i b u t i o n ,  u n i f o r m  cu r -  

r e n t  dens i ty .  

of the gap approaches zero will  the two current  den-  
sities approach one another. 

Digital Simulation 
The technique for the digital s imulat ion of the ro- 

ta t ing r ing-d isk  electrode has been presented previ-  
ously (3). For the purposes of this study two quant i -  
ties in addition to the collection efficiency (3), N, were 
simulated for the reversible reaction 

A q- ne<->B [1] 

In  order to accurately model the electrodes, it was 
necessary to simulate the l imit ing current  at the r ing 
when the disk was held at open circuit potential.  This 
was done simply by applying the boundary  condition 
which is used for the gap to the disk as well, and 
applying the usual  disk boundary  condition to the ring. 
The second simulat ion was that  of the  l imit ing cur-  
rents and current  densities at the disk and the r ing 
when the two electrodes are shorted together and the 
potential  is such that the l imit ing current  is passed at 
the disk. In the nomencla ture  of Ref. (3), the boundary  
conditions were 

FA(1,1) : FA(1,KR) ---- 0.0 

FB(1,1) ----FB(1,Ka) : 1.0 [2] 

The dimensionless disk current  parameter,  ZD, which 
is calculated by this technique is 

ZD : id/ (0.51) 1/3nFAdC~ -1/6 [3] 

where id is the l imit ing cur ren t  at the disk, n is the 
number  of electrons t ransferred per molecule, F is the 
Faraday,  Ad is the area of the disk, C~ is the bulk  
concentrat ion of species A, DA is the diffusion co- 
efficient of A, ~, is the rotat ion rate, and v is the kine-  
matic viscosity. Notes that  ZD is proport ional  to the 
current  density at the disk. 

The dimensionless r ing current  parameter,  ZR, which 
is calculated by this technique (3) is 

ZR -~ it~ (0.51) 1/3nFAdC~ -1/~ [4] 

where ir is the l imit ing r ing current .  When ZR is mul t i -  
plied by the ratio of the area of the disk to the area of 
the ring, At, a new parameter,  ZRN, is generated 
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Table I. Dependence of current density ratio on width of gap 

W i d t h  of gap<") C D R  r 

40 1.54 
20 1.34 
10 1.20 

1 1.03 

~ Arbitrary units. 
<b~ C u r r e n t  d e n s i t y  ratio---(~r/Ar)/(td/Ad~. 

w h i c h  is p r o p o r t i o n a l  to the  a v e r a g e  r ing  c u r r e n t  d e n -  
sity. 

Z R N  = ir/(O.51)l/3nFArC~ -1/6 [5] 

No te  tha t  t he  ra t io  of Z R N  to ZD is t h e  ra t io  of a v e r a g e  
c u r r e n t  dens i ty  at  the  r ing  to t h e  c u r r e n t  dens i ty  at t he  
d isk  w h e n  the  two  a re  sho r t ed  toge ther .  T h a t  is 

C D R  -~ Z R N / Z D  ~- ( ir /Ar)  / ( id/Ad) [6] 

Thus  for  a g iven  e lec t rode ,  t h r e e  e x p e r i m e n t a l l y  m e a -  
su rab le  p a r a m e t e r s  w e r e  ca lcu la ted  (i) t he  ra t io  of t h e  
l imi t ing  r ing  c u r r e n t  w i t h  the  d i sk  inac t ive  to the  
l imi t ing  disk cur ren t ,  (ii) t h e  co l lec t ion  eff iciency (3),  
and (iii) the  ra t io  of t he  a v e r a g e  c u r r e n t  dens i ty  at the  
r ing  to t he  c u r r e n t  dens i ty  at the  d i sk  w h e n  the  two  
e lec t rodes  a re  shorted.  

Simula t ion  Results 
The  s i m u l a t e d  ra t io  of t he  a v e r a g e  c u r r e n t  dens i ty  at 

the  r ing  to t he  c u r r e n t  dens i ty  at  the  d isk  w h e n  the  
two  e lec t rodes  a r e  shor t ed  t o g e t h e r  is p r e s e n t e d  in 
Tab le  I for  a ser ies  of e lec t rodes  d i f fer ing  on ly  in the  
w i d t h  of  the  gap. F o r  these  ca lcula t ions ,  t h e  rad ius  of 
t he  disk was,  in each  case, 99.5 units ,  t he  w i d t h  of the  
r ing  was  25 units,  and the  w i d t h  of  t he  gap was  v a r i e d  
as shown  in Tab le  I. The  c u r r e n t  dens i t i es  w e r e  ca l -  
cu l a t ed  us ing  t h e  same  b o u n d a r y  condi t ions  at  the  r ing  
and disk and  a s suming  u n i f o r m  c u r r e n t  dens i ty  at t he  
disk. 

As  m i g h t  be expec ted ,  t he  a v e r a g e  r ing  c u r r e n t  d e n -  
s i ty  approaches  the  d isk  c u r r e n t  dens i ty  as the  th i ck -  

3 

C.D, 

2 

A 

I 

I 5 I0 1"5 20  25 

R 
Fig. 1. Ring current density profile for electrodes in Table I. 

Ring and disk are shorted together. R is the distance from the 
inner edge of the ring. C.D. is the ring current density at each 
point normalized by the disk current density. The width of the 
gaps ore: A ----40, B ~ 20, C ---- 10, D ~ 1. 

ness of t he  gap app roaches  zero.  As  the  gap is m a d e  
wider ,  t h e  a v e r a g e  c u r r e n t  dens i ty  gets  l a r g e r  and 
w o u l d  be e x p e c t e d  to a p p r o a c h  tha t  for  a r i ng  e lec -  
t rode  alone. 

The  cu r r en t  dens i ty  prof i le  for  each  of t h e  e lec t rodes  
is p r e s e n t e d  in Fig. 1. Aga in  t h e  r e su l t s  a re  as m i g h t  be 
e x p e c t e d  w i t h  a u n i f o r m  c u r r e n t  dens i ty  be ing  ap-  
p r o a c h e d  on ly  as t h e  w i d t h  of the  gap app roaches  zero. 

Experimental 
Al l  chemica l s  w e r e  r e a g e n t  g r a d e  and used w i t h o u t  

f u r t h e r  purif icat ion.  The  po ten t io s t a t  w h i c h  was  used 
for  l imi t ing  c u r r e n t  m e a s u r e m e n t s  was  a W e r k i n g  
Model  66TS10 and t h e  r e c o r d e r  was  a H e w l e t  P a c k a r d  
7004A X - Y  w i t h  17171A d-c  p r e a m p  p lug- ins .  F o r  co l -  
lec t ion  efficiency m e a s u r e m e n t s ,  a cons tan t  c u r r e n t  
source  w i t h  a f loat ing p o w e r  supp ly  and u t i l i z ing  A n a -  
log Dev ices  ope ra t i ona l  ampl i f ie rs  was  used  to supp ly  
the  d isk  cur ren t .  The  p l a t i n u m  r i n g - d i s k  e lec t rodes  
w e r e  ob ta ined  f r o m  P ine  In s t rumen t s ,  G r o v e  City, 
P e n n s y l v a n i a ,  and w e r e  ro t a t ed  wi th  a M o t o r m a t i c  
E-550 mo to r  w i t h  f eedback  con t ro l l e r  modif ied  to 
ope ra t e  up to 10,000 rpm w h i c h  was  ob t a ined  f rom 
Elec t ro  Craft ,  Hopkins ,  Minnesota .  Al l  e x p e r i m e n t s  
w e r e  ca r r i ed  out  at r o o m  t e m p e r a t u r e .  

B e f o r e  each run,  t he  e l ec t rodes  w e r e  p r e t r e a t e d  by 
ro t a t ing  t h e m  in an acid d i c h r o m a t e  so lu t ion  for  60 sec, 
r ins ing  w i t h  d is t i l led  w a t e r  and  drying.  Wi th  this  p r o -  
cedure ,  l imi t ing  c u r r e n t s  could  be  r e p r o d u c e d  wi th in  
_+0.5%. M e a s u r e m e n t s  of t he  co l lec t ion  eff iciency w e r e  
m a d e  by app ly ing  a cons tan t  c u r r e n t  to the  disk e lec-  
t r ode  and d e t e r m i n i n g  the  l imi t ing  cu r r en t  at the  ring. 

Results and Discussion 
M e a s u r e m e n t s  w e r e  m a d e  on two  e lec t rodes .  One, 

e l ec t rode  A, had  a r e l a t i v e l y  th in  gap w h i l e  the  o ther ,  
e l ec t rode  B, had  a m u c h  w i d e r  gap. The  co l lec t ion  
efficiencies of these  e l ec t rodes  w e r e  d e t e r m i n e d  for  so- 
lu t ions  wh ich  w e r e  1 X 10-3M in K ~ F e ( C N ) ~  and  2M 
in KC1. The  resu l t s  a r e  p r e s e n t e d  in Tab l e  II. In  all  
runs, the  c u r r e n t  app l i ed  to t he  disk was  less t han  the  
l imi t ing  cur ren t .  

Next ,  the  l imi t ing  disk cur ren t ,  id, l imi t ing  r ing  cu r -  
ren t  w i t h  t he  disk at open c i rcui t ,  iro, and the  l imi t ing  
cu r r en t  w i t h  the  d isk  and r ing  shor t ed  toge ther ,  i,.~l, 
w e r e  m e a s u r e d  in succession in t h e  same solut ion.  This  
p r o c e d u r e  was  r e p e a t e d  at ro t a t ion  ra tes  v a r y i n g  f rom 
100 to 5000 rpm.  

The  ra t io  of iro to id and the  co l lec t ion  eff iciency w e r e  
used to d e t e r m i n e  the  r a d i u s  of t he  ou t e r  edge  of the  
gap, r2, and t h e  rad ius  of t h e  ou t e r  edge  of the  ring,  r:~, 
r e l a t i v e  to the  r ad ius  of the  disk, r,.  This  was  done  by 
s i m u l a t i n g  these  two  p a r a m e t e r s  for  va r ious  v a l u e s  of 
the  s imu la t i on  r e p r e s e n t a t i o n  of these  radii ,  IR1, IR2, 
and  IR3. A v a l u e  of IR1 was  se lec ted  and the  p a r a m -  
e te r s  IR2 and IR3 w e r e  a d j u s t e d  unt i l  the  s imu la t ed  
va lues  of iro/id and the  co l lec t ion  eff iciency w e r e  in 
sa t i s fac to ry  a g r e e m e n t  w i t h  t he  e x p e r i m e n t a l  values .  
S ince  (3) 

IR1 --  0.5 ---- rlAr [7J 
and  

IR2 --  0.5 ---- r2Ar [8] 

(IR2 -- 0 . 5 ) / ( I R 1  --  0.5) ---- r2/rl [9] 

Table II. Experimental collection efficiencies 

E l e c t r o d e  A E l e c t r o d e  B 
~.) N Runs N Buns 

500 0 . 5 6 9 - + 0 . 0 0 5  15 0.452___0.003 17 
1000 0 . 5 6 9 •  31 0 . 4 4 9 ~ 0 . 0 0 2  9 
2000 0 . 5 7 0 ~ 0 . 0 0 4  14 0 .450"~-0.003 11 
3000 0 . 5 6 3 + 0 . 0 0 5  14 0 . 4 5 0 ~ 0 . 0 0 2  10 
4000 0 . 5 6 3 ~ 0 . 0 0 4  14 0 . 4 5 0 - + 0 . 0 0 3  8 
5000 0 . 5 6 1 - + 0 . 0 0 4  23 0.448-++-0.002 20 
Avg .  0 . 5 6 6 - + 0 . 0 0 5  0.450 ~ 0.003 

~"~ R o t a t i o n  r a t e ,  r p m .  
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Table Ill. Experimental and simulated collection efflciencies and 
limiting current ratios 

E l e c t r o d e  A E l e c t r o d e  B 
N iro/iel N ~ro/id 

E x p e r i m e n t a l  0.566 ___ 0.005 3.21 ~- 0.04 0.450 • 0 .003 2.56 ~ 0.03 
S i m u l a t e d  0.566 3.20 0.448 2.56 

]R1 = 83, I R 2  = 92, IR3  = 159 IR1 = S3, IP,2 = 104, IR3  = 151 

and similarly 

(IR3 -- 0.5)/(IR1 -- 0.5) = ra/rl [10] 

In a similar manner ,  it is found that  the ratio of the 
area of the r ing to the area of the disk, Ar/Aa is given 
by 

Ar/Ad : [(IR3 -- 0.5) 2 -- (IR2 -- 0.5)2]/(IR1 -- 0.5) 2 
[11] 

Note that in order to determine r2 and r3 explicitly, rl 
would have to be determined independently.  This is not 
necessary for this work. The exper imental  results and 
best fit s imulat ion results are presented in Table III. 

With satisfactory values of IR1, IR2, and IR3 deter-  
mined, it was then possible to calculate the expected 
values of the ratio of the average current  density at the 
ring, irs/Ar, to the current  density at the disk, id/Ad, 
when the r ing and disk are shorted together for each 
of the two electrodes for which data were available. 
The exper imental  values of its were obtained by sub- 
tracting the measured id from ird, the total r ing and 
disk current .  The ratio irs/id when mult ipl ied by A J A r ,  
the reciprocal of Eq. [ 11], yields the exper imental  ratio 
of the current  densities, CDR. The agreement  between 
the exper imental  and simulated current  density ratios 
is shown in Table IV. 

Conclusion 
It  has been shown that  the current  density at the 

ring electrode when shorted to the disk electrode is 
nonuni form even if the current  density at the disk is 
uniform as it is at the l imit ing current.  The digital 
s imulat ion technique has been shown to accurately 

Table IV. Experimental and simulated current density ratios 

E l e c t r o d e  A E l e c t r o d e  B 

E x p e r i m e n t a l  1.07 • 0.01 1.21 • 0.02 
S i m u l a t e d  1.07 1.20 

calculate the average cur ren t  density at the r ing  when 
the current  density at the disk is uniform. I t  is expected 
that a nonuni fo rm current  density at the disk would 
give rise to measurably  different average current  
densities at the r ing under  these conditions and that  
such a technique should be valuable in measur ing such 
nonuniformity.  The digital s imulat ion of this case is 
now being under taken.  
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N O T E  ADDED I N  PROOF: Newman has recently obtained 
similar results with an essentially analyt ical  solution. 
See This Journal, 119, 212 (1972). 
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Electrode Kinetic Studies on 
Electro-Organic Syntheses Involving 

Carbonium Ions 
I. Anodic Oxidation of Acetate Ions to Methyl Acetate 

An interest ing aspect of modern work in synthetic 
organic chemistry is the elucidation of the role of 
radicals and radical ions in various syntheses. This 
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k i n e t i c s ,  a n o d i e  o x i d a t i o n ,  a c e t a t e  ions. 
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ABSTRACT 

Anodic electrosynthesis of methyl  acetate on graphite electrodes in aqueous 
acetate solutions is known to proceed via intermediate  formation of carbonium 
ions. Kinet ic-mechanis t ic  aspects of this reaction have not been examined pre-  
viously and an at tempt  has been made in the present  investigation to elucidate 
these aspects by carrying out electrode kinetic studies. Potentiostatic Tafel 
plots, potent iodynamic profiles, anodic charging curves, open-circui t  potential  
decay measurements ,  capaci ty-potent ial  relationships, apparent  heats of acti- 
vation, and reaction order derivatives are reported for this system. On the 
basis of an analysis  of these data, it has been suggested that  ini t ial  discharge 
step is the ra te -de te rmin ing  step (r.d.s.) in  the over-al l  reaction. Possible ex-  
planat ion for the occurrence of a carbonium ion pathway, in preference to a 
radical  one as observed for the Kolbe reaction, in the present  case is also put  
forward. 

problem also arises in some electro-organic syntheses 
in which it has been observed tha t  radicals (1) or car-  
bonium ions (2) can play an impor tant  role as reactive 
intermediates.  If one considers the anodic oxidation 
of acetate ions in  aqueous solutions on a p la t inum 
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electrode, one observes tha t  e thane and carbon di- 
oxide are formed in the over -a l l  react ion 

2CH3COO-> C2H6 + 2CO2 + 2e [1] 

This reaction, called the Kolbe reaction, is known to 
proceed in several  steps and is bel ieved (1, 2) to occur 
by in termediate  formation of radicals. When one con- 
ducts the anodic electrolysis of the aqueous acetate 
solutions on a graphite electrode, however ,  one does 
not obtain the usual Kolbe products but  instead, methyl  
acetate is formed as the major  product wi th  a yield (2) 
of ca. 82%. The over -a l l  react ion in this case is 

2CH3CO(~-> CHaCOOCH3 + CO2 + 2e [2] 

Several  investigators,  notably Corey and co-workers  
(3, 4) and Koehl  (5) have presented a great  deal of 
evidence to show that  the  over -a l l  reaction in Eq. [2] 
involves in termedia te  formation of carbonium ions. In 
several  other  related anodic electrosyntheses, Ross and 
co-workers  (2) have postulated the in termedia te  for-  
mation and part icipat ion of carbonium ions. 

Despite a great  deal of synthetic work  (2-5) on elec- 
t ro-organic  syntheses involving carbonium ions, no 
electrode kinetic studies seem to have been carried out. 
The purpose of the present  series of studies is to ex-  
amine the electrode kinetic features of e lectro-organic  
syntheses involving carbonium ions, on the basis of 
general  approaches applied earl ier  to the Kolbe reac-  
tion (1). The aim would be to present  new electro-  
chemical evidence and an associated kinetic analysis 
that  will  seek to examine  the nature  of various ele-  
mentary  steps involved in the over -a l l  reaction as 
well  as the identi ty of the rate  determining step (r.d.s.) 
in a l ikely reaction pathway.  An a t tempt  will  also be 
made to establish the nature  and role  of any adsorbed 
reaction intermediates  that  might  be involved in the 
over-a l l  reaction. It is bel ieved that  such electrode 
kinetic studies will  provide vi tal  information, supple- 
men ta ry  to the previous synthetic work  (2-5), needed 
to formulate  a kinet ic-mechanis t ic  picture  of electro-  
syntheses involving carbonium ions. It is hoped that  
a somewhat  bet ter  unders tanding of the various aspects 
of these electrode processes thus developed will  per-  
haps aid in the fur ther  explorat ions of e lectro-organic  
syntheses involving carbonium ions. 

E x p e r i m e n t a l  S e c t i o n  
The instruments  and the cell employed as wel l  as 

the details on electrodes, gas purification, prepara t ion 
of conductivi ty water,  cell cleaning, etc. have  been de- 
scribed recent ly  (6). The general  electrode kinetic 
approaches used in the present work  were  reviewed 
previously (1). 

Al l  electrode potentials expressed here are  against 
a hydrogen reference electrode in the same solution. 
No pre-electrolysis  was conducted in the present work  
since it was noted previously  (1) that  in electro-  
organic work  pre-electrolysis  tends to produce ra ther  
than remove  traces of impurities.  

All  solutions were  made from potassium acetate 
(Fisher, A.C.S. certified, mol. wt. 98.15), acetic acid 
(Fisher reagent, 99.7%), and conduct ivi ty  water.  

Results 
Steady-state current-potential relationships.--In 

Fig. 1, s teady-sta te  (point -by-point )  potentiostatic cur-  
rent -potent ia l  relat ionships for the anodic oxidation 
of acetate ions on graphite electrodes in aqueous acidic 
solutions have been presented. An hysteresis be tween 
the ascending and descending curves is observed which 
is not entirely unexpected  for anodic reactions (7). A 
Tafel  slope of ca. 2.3 • 2RT/F is observed at h igher  
anodic potentials, whereas  Tafel  lines showing higher  
slopes are indicated below 1.8V. Some rud imenta ry  
inhibit ion inflections, of the type discussed by Gilroy 
and Conway (8) may also be noted, around 0.5V on the 
ascending curve and around 1.3V on the descending 

t.2 

0.8 

0.4 

0 - -  I I I t 
10 -7 t0 -6 10 -5 10-4 10-3 1(~ 2 

Current Density, a cm 2 

Fig. 1. Potentiostatic, steady-state (point-by-point) Tafel  rela- 
tionships on a graphite electrode in aqueous acetate solutions, 
both in the ascending and descending direction of potentials. The 

2RT 
Tafel slope at the high anodic potentials is ca. 2.3 X . . . .  . Solu- 

F 
tion is 5 N  C t . ' 3 C O O K  -}- I N  C H 3 C O O H  in water. Room tempera- 
ture. Time of polarization at every point is 2 rain. 

curve. The change in Tafel  slopes around 1.8 would 
indicate two paral lel  mechanisms (7). 

Temperature ef]ects on the rate.--In Fig. 2 (a) and 
2 (b), effect of t empera ture  on the ascending and 
descending, respectively,  Tafel  plots has been repre-  
sented. Only the l inear  Tafel  regions have been shown. 
It is seen that  the potential  at which the two Tafel 
lines wi th  different slopes intersect  depends on the 
temperature ,  i.e., at higher  t empera tu re  the change in 
the slope of the Tafel  line, and the associated shift 
over  to an a l te rna t ive  paral le l  mechanism, tends to 
occur at lower electrode potentials. This is not at all 
unexpected since tempera ture  and potential  both drive 

2.0 295~ o 

1.8 

~  / J J i  ~ . - 'o  ~ S 4 S O K  ~" / / / ~  ~ 

1.5 
1.2 
1.1 

1.0 I I I 
1(~ 5 10 -4 10 -3 10 -~ t0 -t 

Current Density, o �9 cm 2 

Fig.  2 (a ) .  Tafel plots at the shown temperatures taken in the 
ascending direction of potentials. Graphite anode in 2 N  C H 3 C O O K  

+ 1 N  C H 3 C O O H .  T i m e  o f  polarization at every potential is 2 
rain. 
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Fig. 2 (b). Same as Fig. 2 (a) but now taken in the descending 
direction of electrode potentials. 



Vol. 119, No. 6 E L E C T R O D E  K I N E T I C  S T U D I E S  681 

~d 2 

"~ 15 ~ 
(3 

I b n t 1.85 VOLTS 
~ ( ~ 5 ~ e ~  Ot 1.95VOLTS 

.8 2.9 3.0 3.1 3.2 3.3 3.4. 3,5 (t/T~ K) x 10 3 
Fig. 3. The current density vs. 1/T (where T is the absolute 

temperature) plats adopted from Fig. 2 (a) and 2 (b) in order to 
determine the apparent heat of activation. The -~H* values lie 
between ca. 10 and 16.5 kcal depending on the electrode potential. 

the  react ion in the  same direct ion,  i.e., higher  ra tes  at 
h igher  values  of potent ia l  or  t empera ture .  

The e lec t rochemical  Ar rhen ius  plots at  some typica l  
e lectrode potent ials ,  as de r ived  f rom Fig. 2 (a) and 
2 (b) have  been p resen ted  in Fig. 3. I t  is seen tha t  the 
apparen t  heat  of ac t iva t ion  as given by  the different ial ,  

, lies be tween  ca. 10.6 and 16.6 kca l  de -  
b ( l / T )  n,, .... 

pending  on the  e lec t rode  potent ia l .  

Reaction orders .~An important  parameter  in the 
modern  e lec t rode  kinet ic  analys is  is recognized to be 
the electrochemical reaction order (7, 9) .  In the present 
work, the  potent ios ta t ie  c u r r e n t - p o t e n t i a l  curves  were  
s tudied at  var ious  ace ta te  concentrat ions ,  both in the  
ascending [Fig. 4 ( a ) ]  and the descending [Fig. 4 (b ) ]  
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Fig. 4 (e). Tafel plots taken in the ascending direction of 
potentials in the following soJutlons: �9 0JN CH3COOK + 1N 
CH3COOH; �9 0.5N CH3COOK + IN  CHaCOOH; Q 2.0N 
CH3COOK + 1N CH3COOH; �9 5.0N CH3COOK + 1N 
CHaCOOH. 
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Fig. 4. (b).Same as Fig. 4 (a) but now taken in the descending 
direction of electrode potentials. 

direct ions  of the  e lec t rode  potent ial .  A n  a t t emp t  
was made to deduce the reaction order  derivative, 

( 51ogi  _ ) , f r o m  these  plots  [Fig. 4 (a) 
log CcH3coo ~.*.T .... 

and  (b) ]  and the resul ts  a re  p resen ted  in Fig.  5. At  
lower  potent ials ,  the  reac t ion  order  tends  to be zero 
whereas  at  2.0V, i t  is observed  tha t  

810g  i ) ,-~ 0.4 

( - 5  log C C H 3 C O O  ~.t~,T... 

Potentiodynamic profi~es.--No peaks  were  observed 
in the po ten t iodynamic  profiles t aken  over  a wide 
range  of sweep rates. A typ ica l  po ten t iodynamic  p ro-  
file (1, 7) is shown in Fig. 6. Absence of peaks  would 
p r e l im ina r i l y  suggest  absence of significant change  in 
the e lec t rode  coverage  in the  poten t ia l  range  scanned 
as wel l  as absence  of d i f fus ion-cont ro l led  ox ida t ion-  
reduct ion  of redox  t ype  species in the  solution. 

Open-circuit decays.--Open-circuit decay profiles 
t r iggered  f rom var ious  ini t ia l  s t eady-s ta te  potent ia ls  
show absence of any  arrests .  Typica l  resul ts  are  given 
in Fig. T. This would  t end  to confirm the conclusions 
deduced f rom the po ten t iodynamic  profiles, namely ,  

10-2 ..... 

2.0V ~ . ~ . . ~ ~ ' ~ o  

g 1.9v 

t -  
G)  a 

164 t.7 V _e e 
s 

O 

t5V -~ �9 e, , 
I ,, i I I I 

105 0.1 0.5 1.0 2.0 5.0 10.0 
Acetate Conc, (N)  

Fig. 5. Log [current density] vs. log. [acetate ion concentration] 

plot adopted from Fig. 4 (a). The \ ~ l - ~ g C  / value at 2.0V is 

ca. 0.4 whereas at lower potentials these values approach zero. 
Essentially similar results are obtained when one constructs this 
plot from Fig. 4 (b). 
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C~tl~odic -- - -  

Fig. 6. A typical potentiodynamic profile on graphite in 2N 
CH3COOK -[- 1N CH3COOH. Sweep speed, 5 mV sec -z .  Absence 
of peaks may be noted. No peaks are observed even when one 
changes the sweep rate by several orders of magnitude. 

201 
0 

I I I I I I I I 
1.0 2.0 
TIME (Min.) 

2 4 0 0  

Fig. 7. A typical open-circuit potential decay profile for a 
graphite anode in 2N CHzCOOK -1- 1N CH3COOH. Absence of 
arrests may be noted. 

absence of significant e lectrode coverage by  e lect ro-  
act ive species in the s t eady  state. 

Charging curves.--In order  to examine  the possibi l -  
i ty  of coverage by  adsorbed  in te rmedia tes  further ,  
anodic charging curves  were  recorded at  var ious  cur -  
ren t  densities.  C lea r -cu t  ar res ts  were  again not  ob-  
served a l though at low charging  cur ren t  densities, some 
incipient  changes of slope in the charging curve were  
observed (Fig. 8). An  e lec t rode  capac i ty -po ten t ia l  p ro -  
file ca lcula ted  f rom a typ ica l  charging curve (Fig. 8) 
is presented  in Fig. 9 in which no c lea r -cu t  capaci ty  
m a x i m a  or minima,  poss ibly  diagnostic of changes of 
the  e lect rode coverage dur ing  the  t ransient ,  a re  ob-  
served. The m a x i m u m  values  of the  different ial  capac-  
i ty  in this  Fig. 9 would  suggest  the  presence of some 
adsorpt ion pseudocapaci tance  even when one takes  into 
account the  fact  tha t  the  graphi te  electrodes have  a 
ve ry  la rge  rat io of rea l  to geometr ic  a rea  (this ra t io  
being unknown)  and tha t  such electrodes can up take  
significant amounts  of absorpt ion  (6). The values  of 
different ia l  capaci ty  in Fig. 9, however,  cannot  perhaps  
be taken as a sufficient evidence for  the presence of 
significant amounts  of adsorbed  in te rmedia tes  in the  
s teady state. A considera t ion of the pecul iar i t ies  of the  
g raph i te  e lect rode (6) as wel l  as the evidence in Fig. 
6-8 would  tend to indicate  r a the r  s t rongly  tha t  the  
anodic format ion  of me thy l  acetate  in the  present  s tudy  
p robab ly  proceeds wi thout  involv ing  significant cov- 
erage by  the  adsorbed in te rmedia tes  dur ing  the s t eady-  
state electrolysis.  

Fig. 8. An anadic charging curve (charging current density = 
27.6 /zA cm -2)  triggered from the rest potential (0.SV). Graphite 
in 2N CH3COOK -~- 1N CH3COOH. Although an incipient arrest 
is indicated, significant coverage of the electrode during steady- 
state electrolysis is not concluded on the basis of discussion in the 
text. This incipient arrest does not become more pronounced, but 
rather tends to disappear, when one changes the charging current 
density. 
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Fig. 9. A capacity-potential profile constructed from Fig. 8 

Discussion 
The anodic format ion  of me thy l  acetate  by  an over -  

al l  two-e lec t ion  reac t ion  (i.e., Eq. [2]), which is known 
to proceed via  in te rmedia te  fo rmat ion  of carbonium 
ions (2-5) m a y  be assumed to involve the  fol lowing 
e l emen ta ry  steps 

CH3COO + S -~ CH3COO--S + e [3] 

CH3COO - -  S-~ CH3--S + CO2 [4] 

CH3--S-~ CH~ + + e + S [5] 

CH3 + + CH3COO-> CI-IsCOOCH3 [6] 

Here, S, denotes the graphite electrode surface on 
which the reaction occurs. 

A value of Tafel slope equal to 2.3 X 2RT/F and 
absence of a significant amount of electrode coverage in 
the steady state, as observed in this investigation, 
would  indica te  r a the r  unambiguous ly  that  the  ini t ia l  
discharge step (i.e., Eq. [3]) is the  l ike ly  r a t e - d e t e r -  
mining step (r.d.s.) in the  ove r -a l l  reac t ion  (1, 7), at 
least  above 1.8V. The ra te  equat ion for this  case in 
concentra ted  solutions (r ~ 0) m a y  be  wr i t t en  as 

i --- k ( 1  - -  0) C C H 3 C O O -  e BnF/RT [ 7 ]  

Where  i is the  current ;  8, t he  e lect rode coverage;  k, a 
combinat ion of constants;  Ccs3coo- ,  the  concentra t ion 
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of acetate ions; ~, the charge t ransfer  symmet ry  factor; 
*~, the anodic over potential ;  F, the Faraday;  R, the gas 
constant;  and, T, the absolute temperature.  Since the 
coverage, 0, is observed to approach zero, one may 
write Eq. [7] as 

i = k CCHzCOO e [~'F/RT [8] 

---- Tafel slope or _-- 2.3 • F 

The reaction order expected would be 

( 81ogi )----i 
8 log CcH3coo- 

This predicted reaction order, however, is not in 
agreement  with the observed value (--~ 0.4 at high 
anodic potentials) and the source of this discrepancy is 
not clear, al though some tentat ive explanations can be 
put  forward (see below).  

The heats of act ivat ion observed (Fig. 2, 3) are 
quite high ( >  10 kcal m o l e - l ) ,  which would qual i ta-  
t ively tend to support  the mechanism suggested here, 
by analogy with the case of hydrogen evolution reac- 
tion. 

On the basis of reaction order evidence (Fig. 4, 5) 
alone, it would appear at tractive to suggest that a 
step subsequent  to the ini t ial  discharge is perhaps the 
r.d.s. However, other evidence such as the Tafel slopes, 
lack of appreciable coverage as deduced from the 
t ransient  studies, and ra ther  high heat of activation 
would tend to support  quite s trongly the mechanist ic 
proposal put  forward here, namely,  ini t ial  discharge 
as the r.d.s. 

It appears interest ing to speculate here on the pos- 
sible reasons for the formation of carbonium ions, and 
thence methyl  acetate, on graphite electrodes in con- 
trast  to the occurrence of the Kolbe reaction on 
p la t inum electrodes in the electrolysis system invest i-  
gated here. Since the s t rength of Pt--CH3 and C--CH:~ 
bonds, as est imated by  the Paul ing  equation, is near ly  
identical (10), the explanat ion would seem to lie else- 
where. It has been pointed out by Ross (10) that  the 
graphite electrodes possess paramagnet ic  centers on 
which the methyl  radicals are probably  bound u l t ra -  
strongly. If this suggestion is assumed to be correct, 
it is easy to see that  the second electron t ransfer  from 

the adsorbed methyl  radical, to give the carbonium 
ion, is more facile than  the a l ternat ive  path demand-  
ing desorptive coupling of the methyl  radicals. 

Although a c lear-cut  in terpre ta t ion  of the observed 
reaction orders seems difficult, a possible explana-  
tion may be mentioned.  Fract ional  reaction orders of 
this magni tude  would be expected if one invokes the 
presence of competing reactions, a s i tuat ion consistent 
with the present  case in which the efficiency of forma- 
tion of methyl  acetate is substant ia l ly  less than  100%. 
This suggestion is par t icular ly  emphasized by the di-  
rection of the abrupt  changes in slopes of the Tafel 
lines [Fig. 1, 2 (a) and 2 (b)] ,  so characteristic of a 
change over to a paral le l  react ion or a paral le l  ra te-  
de termining step wi th in  the same reaction (7). 
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Surface Concentration of Molybdenum in 
Types 316 and 304 Stainless Steel 

by Auger Electron Spectroscopy 
G. J. Barnes, A. W .  Aldag,  and R. C. Jerner 
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ABSTRACT 

Auger electron spectroscopy has been used to determine surface concen- 
trations of Mo in Types 304 and 316 stainless steel. The technique involved 
was Ar + bombardment removal of the stainless surface with alternate monitor- 
ing of the height of the 190 eV Mo peak. Surface concentrations of 14% were 
observed in mill-finished Type 316 containing 1.95% bulk Mo. Surface segre- 
gation of Mo was also observed in Type 304 containing 0.45% Mo impurity. 

The effect of minor  Mo additions on the corrosion 
resistance of 18-8 Type stainless steels is well  estab- 
lished (1) and has led to increased ut i l izat ion of 
mo lybdenum-bea r ing  (2-4% Mo) stainless steels, 
especially in saline environments .  The role of Mo in 
enhancing corrosion resistance has not been established 
because of a lack of informat ion about the surface 
composition. Indeed, due to diffusion from the bulk, 
concentrat ions in the surface phase may be quite dis- 
t inct  from that  in the bulk. Using Auger electron spec- 
troscopy (AES),  Harris  (2), Haas (3), and Sickafus 
(4) have shown that  certain thermal  t rea tments  can 
be used to concentrate  bu lk  impuri t ies  at a free sur-  
face. In  the case of 3340 steel, sulfur was observed (2) 
to concentrate  at the surface after a short t ime at 
330~ 

In  the present  studies, AES has been used to deter-  
mine  the concentrat ion of Mo from the surface into 
the bu lk  of Types 316 and 304 stainless steel. Surface 
Concentration of 14% was observed in mil l-f inished 
Type 316 containing 1.95% Mo. Surface segregation 
was also observed in Type 304 containing 0.45% Mo 
impuri ty.  

Review of Auger Spectroscopy 
The technique of auger electron spectroscopy is not 

new (5) al though its application to surface studies is 
relat ively recent  (6). The Auger electron emission 
process is analogous to x - r a y  emission from an excited 
atom and, in fact, the processes often occur s imul-  
taneously in  a given experiment .  When  an inner  core 
vacancy of an  atom is neutral ized by absorption of an 
electron from one of the outer shells either an x - r ay  
or an Auger  electron with a precise energy will  be 
emitted from the sample (Fig. 1). 

In  applying AES to surface studies, the ini t ia l  inner  
core vacancy is created by electron bombardmen t  of 
the surface wi th  1-3 keV electrons. The secondary 
Auger electrons have energies typical ly between 0 and 
1000 eV, and only those electrons coming from wi th in  
a few monolayers  of the surface escape with a wel l -  
defined energy (7). The Auger energy levels of m a n y  
of the metals and typical  surface contaminants  are 
known and the values agree quite well  wi th  the x - r ay  
values tabula ted  by Hil l  et al. (8). 

The interest  in Auger  spectroscopy as applied to 
surface studies evolved from the early low energy 
electron diffraction (LEED) exper iments  of Lander  
(9). In  analyzing the energy dis t r ibut ion for secondary 
electrons emitted by a solid surface, he a t t r ibuted  the 
small  peaks to Auger t ransi t ions in the solid and sug- 
gested that  the characteristic energies of these peaks 
could be used for qual i ta t ive surface chemical analysis. 
The peaks were, however, small  and difficult to detect 

Key words: segregation, corrosion, concentration gradient. 

within  the broad, ra ther  un i form background distr ibu-  
tion. Harris  (6) subsequent ly  suggested that  since the 
background was indeed rela t ively uniform, detection 
of Auger  peaks could be greatly enhanced by elec- 
t ronical ly differentiating the energy distribution. This 
technique brought  AES into its cur rent  prominence  as 
a valuable  tool for surface studies. Subsequent  refine- 
ments  were made by Pa lmberg  (10) who demonstrated 
that  the sensit ivi ty for atoms at the surface could be 
enhanced by using a grazing incidence p r imary  beam 
and that the energy resolution could be improved by 
replacing the old 3-grid LEED optics by a 4-grid sys- 
tem. Pa lmberg  also confirmed exper imenta l ly  that  the 
low energy (<200 eV) Auger  electron escape depth 
was of the order of 4-8A. The m i n i m u m  sensit ivi ty for 
surface impuri t ies  has been  est imated to be a few 
per cent of a monolayer  (11). 

More recent ly AES exper iments  are being performed 
independent  of LEED studies. In  principle, since the 
Auger  process involves inelastic collisions with the sur-  
face, a well-defined crystal geometry as required by 
LEED is not a prerequisi te  for AES. A new cylindrical  
mir ror  analyzer (12) wi th  a coaxial electron gun pro- 
vides a simple electron optics system with precise 
energy discrimination. This system can be adapted to 
most convent ional  u l t rahigh vacuum chambers and 
AES exper iments  performed in  conjunct ion wi th  other 
types of surface studies. An  example of the Auger 
spectra obtained from a stainless steel surface using 
PEI Cylindrical  Analyzer  is shown in Fig. 2. The 
various surface components are noted on the trace. 
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Fig. I. Auger electron emission from an excited atom, ~, work 
function, V, width of the valence band, Ec, energy of the core elec- 
tron level, E, original energy of the emitted electron. 
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Fig. 2. (Upper) Auger electron spectrum of stainless steel before 
sputtering, VB --~ 2000 eV. (Lower) Auger electron spectrum of 
stainless steel after sputtering, VB -- 2000 eV. 

Experimental  Procedure 
Types 304 and 316 mil l-f inished stainless steel sheet 

0.050 in. thick, was used in this investigation. Speci- 
mens were washed with detergent, r insed in distilled 
water, acetone, tr ichloroethylene,  and acetone, and 
then dried with a l intfree cloth. The samples were then 
placed in an ion and t i t an ium sub l imat ion-pumped  
vacuum chamber, which was evacuated and then baked 
at 250~ for 6 hr. The system was rough-pumped,  
off-free, using zeolite-filled cryosorption pumps. Pres-  
sure, as indicated by a nude ionization gauge, was in 
the low 10 -9 Torr range. An ini t ial  Auger spectrum 
was recorded and is shown in Fig. 2 (upper).  This 
spectrum is representat ive of a surface cleaned in the 
manne r  described above but  prior to electron or Ar  + 
bombardment .  The ion pump was then deactivated and 
Ar was admit ted to a sput ter ing pressure of 1 • 10 -4 
Torr. T i tan ium subl imat ion pumps were activated dur -  
ing the ent i re  sput ter ing sequence in order to ma in ta in  
Ar purity.  After sput ter ing for a predetermined time, 
usual ly  15 see, the ion pump was again activated, re- 
sult ing in a rapid pressure reduct ion into the 10 -9 
Torr  range. The sample was then repositioned, by sim- 
ple rotation, in front of the cylindrical  mirror  analyzer  
for Auger analysis. A spectrum was recorded next,  and 
the sample was reposit ioned for addit ional  sputtering. 
This sequence was repeated unt i l  the Auger  spectra re-  
mained unchanged with addit ional sputtering. A spec- 
t r um taken after long- term sput ter ing is also shown in 
Fig. 2 ( lower).  It should be noted that  the 190 eV Mo 
peak has been significantly reduced by sput ter ing 
from that  in Fig. 2 (upper) .  The repeti t ive na tu re  of 
several auger spectra after long sput ter ing times dem- 
onstrates that  the procedures used to reposition the 
sample were reproducible,  and the spectra obtained 
are representat ive of the bu lk  composition (13). 

R e s u l t s  
The Auger  spectrum for pure Mo is shown in Fig. 3. 

The major  190 eV Mo peak (14), corresponding to a 
MsN3N5 (15) transition, was used to monitor  the mo- 
lybdenum concentrat ion on the stainless steel surface 
as a function of sputter  time. Assuming a un i ty  re- 
moval  coefficient (16), sput ter ing times were con- 
verted to atom layers removed. The resul t ing concen- 
t rat ion gradients  are shown in Fig. 4. As ment ioned 
before, the values of the Mo concentrat ion were ob- 
tained from stainless steel spectra after various sput ter-  
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Fig. 3. Auger electron spectrum of pure molybdenum, VB ---- 

2000 eV. 
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Fig. 4. Relative molybdenum concentration vs. amount of material 
removed in Types 3114 and 316 stainless steel. 

ing times. It  is also assumed that the Auger  spectrum 
obtained after long sput ter ing t ime is representat ive of 
the bu lk  concentration.  If the Auger peak height is 
taken to be directly proport ional  to the concentrat ion 
of atoms present  (17), the m i n i m u m  surface concen- 
t rat ion can be estimated. These assumptions result  in 
a surface concentrat ion of 14-15% and 3-4% for Types 
316 and 304, respectively. The init ial  190 eV peak 
height is undoubtedly  obtained from a surface which 
contains a carbonaceous deposit resul t ing from the pre-  
t rea tment  and cleaning steps (18). Thus, the observed 
ini t ial  Mo concentrat ion may be somewhat  less than the 
actual values due to this overlayer.  

The results shown in Fig. 4 indicate that Mo con- 
centrates at the surface of mill-processed stainless. 
Surface segregation is observed even in Type 304 
where  Mo is present  as an impuri ty .  As the surface is 
removed by Ar § bombardment ,  the major  Mo Auger 
peak decreases in height to a value representat ive of 
the bu lk  concentration.  

Conclusions 
It has been found that  mill  processing tends to con- 

centrate Mo at the surface of Types 304 and 316 s tain-  
less steel. This surface segregation has been brought  
about in some m a n n e r  by mil l  processing. Subsequent  
thermal  or mechanical  processing would dis turb this 
surface concentrat ion and in all probabil i ty  result  in 
the surface concentrat ion of Mo being dependent  on 
t reatment .  Thus any property, such as corrosion re-  
sistance, that is dependent  on the presence of Mo might 
be altered significantly. Much of the scatter observed 
in corrosion tests on Types 304 and 316 stainless might 
be a t t r ibutable  to differences in molybdenum surface 
concentrat ions brought  about by variat ions in thermal-  
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mechanical  processing as well  as other metal lurgical  
factors. 
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Vibration Characteristics of Crystal Slicing 
ID Saw Blades 

S. E. Forman and W. J. Rhines 
Bell Telephone Laboratories, Incorporated, Whippany, New Jersey 07981 

ABSTRACT 

The na tura l  frequencies and associated mode shapes have been determined 
for the t ransverse vibrat ion of three ID saw blades commonly used for crystal  
wafering. The purpose of the invest igat ion was to determine what  frequencies 
of excitation could excite blade na tura l  frequencies, since excessive blade 
t ransverse  motion can be a cause of severe crystal and blade damage. The 
fundamenta l  frequencies for the 4 in. ID-101/s in. OD, the 4 in. ID-12 in. OD, 
and the 6 in. ID-16% in. OD blades, based on a m a x i m u m  cutt ing edge hoop 
stress of 130,000 psi were found to be 780, 640, and 465 Hz, respectively. Ex-  
per imental  measurements  have confirmed that  cutt ing edge transverse motion 
exists with ampli tudes up to 0.001 in. but  at a frequency equal to the spinning 
speed, which is always an order of magni tude  less than the computed na tu ra l  
frequency. 

At the present  t ime the most widely used method 
of slicing cylindrical  crystal  ingots into th in  wafers 
is ID sawing. Unlike the more convent ional  OD saw, 
the ID saw is ext remely  thin, is clamped at its outer 
edge, and has diamond abrasive grit on its inner  edge 
where the cut t ing is performed. In  order to achieve the 
stiffness necessary to slice crystal ingots, the clamped 
blade must  be placed in a highly tensioned state by 
one of several available tensioning devices. The basic 
ingot -b lade-wafer  system characteristic of the ID 
sawing process is shown in Fig. 1. 

The most impor tan t  functions of crystal  wafer ing are 
to provide wafers with flat, parallel  sides and to induce 
a m i n i m u m  of damage to each side. In  order to bet ter  
unders tand  the interact ion of the blade with the ingot 
it is useful to determine the v ibra t ion characteristics 
of the blade. This allows the determinat ion of excitation 
frequencies needed to cause resonance of the blade 
and hence large t ransverse displacements which could 
severely damage one or more of the elements in the 
ingot -b lade-wafer  system. 

There  is a great deal of published l i terature  con- 
cerning the v ibra t ion characteristics of rotat ing disks. 
However, in almost every case t reated the disk is 
clamped at its center  and free around its outside edge 
(s tandard OD saw geometry) .  Mote presents an ex-  
cellent l isting of many  of the theoretical  and ex- 
per imenta l  investigations of v ibra t ion  characteristics of 
these disks under  various env i ronmenta l  conditions 

Key words:  crystal  wafering, ID sawing blade vibration. 

(1). Rhines (2) has made a simplified calculat ion of  
the lowest na tura l  f requency of an ID blade as a func-  
tion of blade tension and blade dimensions. His re-  
sults were obtained by Rayleigh's method using a one- 
term approximation for the fundamenta l  mode shape. 

In  this paper, highly accurate approximations of the 
fundamenta l  f requency and several higher frequencies 
are obtained using Lagrange 's  equations coupled with 
mul t i t e rm series approximations of the associated 
mode shapes. The calculations are made for the three 
blade sizes most widely used in  the semiconductor in-  
dustry. In  addition, exper imenta l  measurements  of 
actual  blade t ransverse  motion and its f requency of oc- 
currence are presented. 

~f~INGOT 

Fig. 1. Blade-lngot-wafer system 
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mechanical  processing as well  as other metal lurgical  
factors. 
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Vibration Characteristics of Crystal Slicing 
ID Saw Blades 

S. E. Forman and W. J. Rhines 
Bell Telephone Laboratories, Incorporated, Whippany, New Jersey 07981 

ABSTRACT 

The na tura l  frequencies and associated mode shapes have been determined 
for the t ransverse vibrat ion of three ID saw blades commonly used for crystal  
wafering. The purpose of the invest igat ion was to determine what  frequencies 
of excitation could excite blade na tura l  frequencies, since excessive blade 
t ransverse  motion can be a cause of severe crystal and blade damage. The 
fundamenta l  frequencies for the 4 in. ID-101/s in. OD, the 4 in. ID-12 in. OD, 
and the 6 in. ID-16% in. OD blades, based on a m a x i m u m  cutt ing edge hoop 
stress of 130,000 psi were found to be 780, 640, and 465 Hz, respectively. Ex-  
per imental  measurements  have confirmed that  cutt ing edge transverse motion 
exists with ampli tudes up to 0.001 in. but  at a frequency equal to the spinning 
speed, which is always an order of magni tude  less than the computed na tu ra l  
frequency. 

At the present  t ime the most widely used method 
of slicing cylindrical  crystal  ingots into th in  wafers 
is ID sawing. Unlike the more convent ional  OD saw, 
the ID saw is ext remely  thin, is clamped at its outer 
edge, and has diamond abrasive grit on its inner  edge 
where the cut t ing is performed. In  order to achieve the 
stiffness necessary to slice crystal ingots, the clamped 
blade must  be placed in a highly tensioned state by 
one of several available tensioning devices. The basic 
ingot -b lade-wafer  system characteristic of the ID 
sawing process is shown in Fig. 1. 

The most impor tan t  functions of crystal  wafer ing are 
to provide wafers with flat, parallel  sides and to induce 
a m i n i m u m  of damage to each side. In  order to bet ter  
unders tand  the interact ion of the blade with the ingot 
it is useful to determine the v ibra t ion characteristics 
of the blade. This allows the determinat ion of excitation 
frequencies needed to cause resonance of the blade 
and hence large t ransverse displacements which could 
severely damage one or more of the elements in the 
ingot -b lade-wafer  system. 

There  is a great deal of published l i terature  con- 
cerning the v ibra t ion characteristics of rotat ing disks. 
However, in almost every case t reated the disk is 
clamped at its center  and free around its outside edge 
(s tandard OD saw geometry) .  Mote presents an ex-  
cellent l isting of many  of the theoretical  and ex- 
per imenta l  investigations of v ibra t ion  characteristics of 
these disks under  various env i ronmenta l  conditions 

Key words:  crystal  wafering, ID sawing blade vibration. 

(1). Rhines (2) has made a simplified calculat ion of  
the lowest na tura l  f requency of an ID blade as a func-  
tion of blade tension and blade dimensions. His re-  
sults were obtained by Rayleigh's method using a one- 
term approximation for the fundamenta l  mode shape. 

In  this paper, highly accurate approximations of the 
fundamenta l  f requency and several higher frequencies 
are obtained using Lagrange 's  equations coupled with 
mul t i t e rm series approximations of the associated 
mode shapes. The calculations are made for the three 
blade sizes most widely used in  the semiconductor in-  
dustry. In  addition, exper imenta l  measurements  of 
actual  blade t ransverse  motion and its f requency of oc- 
currence are presented. 
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Fig. 1. Blade-lngot-wafer system 
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Table I. Dimensions and properties of blades 

Blade  dimensions  
Blade type 2a 2b 
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t r ibut ion of spinning to the stress state is negligible for 
the current  range of speeds used and will  be ignored. 

Mode shapes and associated natural frequencies.-- 
h The differential  equat ion which governs the transverse 

vibrat ion of the tensioned annu la r  membrane  described 
10,/8 0.004 previously is (5) 
12 0.004 (1 1 ) 
10s/s 0.004 p W , t t  - -  6"rW,r r  - -  er0 - -  W , r  + W , 0 0  ~-  0 [ 3 ]  

r 7 
where W is the t ransverse displacement of the mem-  
brane and part ial  derivatives are defined using comma 
notation, i.e., W.r = OW/Or. The geometric boundary  
conditions are taken to be 

W = 0  at r = b  
and [4] 

W---- finite at r = a  

Because of the form of the in -p lane  stresses ar and a0 
given by Eq. [1] an exact solution to the previously 
described boundary  value problem cannot be achieved 
and an approximate technique will be used. 

The authors have found it  convenient  to use La-  
grange's equations of motion coupled with a mul t i t e rm 
series representat ion of the t ransverse displacement. 
The displacement is assumed to be of the form 

W (r,o,t) = Aj ( t )  sin cosn0 [5] 
j=l 2(b  -- a) 

where n is the number  of nodal diameters, j is the 
n u m b e r  of nodal circles, and Aj( t )  is the set of gen- 
eralized coefficients which are to be de termined from 
Lagrange's  equations of motion. 

Lagrange's  equations of motion for the case of free 
v ibra t ion are (6) 

d ( OL ) 0L __0 ( i = l . . . J )  [6] 

[1] dt - ~  -- OA~ 

where ,4i : OAi/Ot and L is the Lagrangian  T -- V 
where T is the kinetic energy and V is the potential  
energy of the blade. The kinetic energy is given by the 
formula 

1 f 2 ~ f b  T = - ~ p h  j 0 ,'a (W't)2rdrd~ [7] 

and the potential  energy is given by 

V = - -  h O'r(W,r) 2 ~- - ~  (W.o) 2 rdrdo [8] 
2 o a 

where ar and ao are given by Eq. [1] (1). 
Subst i tu t ing Eq. [5], [7], and [8] into Eq. [6] and 

performing the indicated differentiations and integra-  
tions gives rise to the following equations of motion 

~ [  ~ b  j ~ ( b - - r )  i ~ ( b - - r )  
ph;~j r s i n  2(b a) sin dr 

j=l  -- 2(b -- a) 

in (b  -- T) dr -k n 2 sin 
cos 2(b -- a) r -  -{- 2(b -- a) 

sin 2 ( b - - a )  dr = 0  i = 1 , 2  . . . . .  J [9] 

To determine the blade na tu ra l  frequencies A~(t) is 
wr i t t en  in  the form 

Ai( t )  = Aj sin ~t [10] 

where ~ is the na tu ra l  f requency of the part icular  
mode being considered. Subst i tut ing Eq. [10] into Eq. 

1 4 
2 4 
3 6 

B lade  p r o p e r t i e s  

Ma te r i a l :  A I S I  301 s ta in less  s teel  
Dens i ty ,  p = 0.725 • 10 -3 lb-sec'-'/in. 4 
Y o u n g ' s  m o d u l u s ,  E = 27.6 • 10 a ps i  
0.2% Offset yie ld stess: 153,000 psi 

Analysis 
In-plane stress state.--Physically the blade is a th in  

annu la r  stainless steel plate of inner  radius a, outer 
radius b, thickness h, density p, and Young's modulus  
E. Material properties and typical dimensions of ID 
blades are given in Table I. It is assumed that the stiff- 
ness given to the blade by the tensioning device is 
analogous to applying a uni form radial  load ao to the 
blade's outer per iphery as shown in Fig. 2. At the ten-  
sioning stress levels normal ly  used, the contr ibut ion to 
the blade stiffness by the bending rigidity of the blade 
is negligible and the blade can be t reated as an annu la r  
membrane.  

The in -p lane  state of stress in  the blade is a biaxial  
one consisting of the radial  stress ar and the hoop stress 
~o. Each of these stresses is made up of contr ibut ions 
from tensioning and spinning.  The tensioning stresses 
are given by the we l l -known formulas (3) 

�9 o ( 1 -- a2/r 2) 
e r r =  

1 ~ a2/b 2 

~o(1 T a2/r 2) 
r  1 -- a2/b 2 

The max imum value of stress due to tensioning is the 
hoop stress on the cut t ing edge (at r = a), and its mag-  
ni tude is 

2ao 
�9 max= [2] a 2 

b 2 

The allowable value of amax should be sufficiently be-  
low the 0.2% offset yield stress of the blade mater ia l  
in order to avoid large amounts  of plastic deformation. 
Strain gauge experiments  have shown (4) that  for the 
4 in. ID-101/s in. OD blade the cur ren t  fully tensioned 
value of O'max ranges from 100,000 to 130,000 psi and in 
what  follows the value of 130,000 psi wil l  be used for 
all geometries. At this tensioning stress level the con- 

o- o 

Fig. 2. Model of ID blade used for vibration analysis 
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[9] results in an e igenva lue  p rob lem which can be 
wr i t t en  in the  fol lowing ma t r ix  notat ion 

where  

[Kij -- ).Mi)] [Aj] : 0 

p(b "~ _ 

fro 

~ r j~(b - -  r) 
Mij = m sin 

b 2 2(b -- a) 

~2iJ  ~ (  a 2 )  

Ki~--  4 (b  -- a) 2 r -r 

COS 

i : 1 . . . .  , J 
j : 1 . . . . .  J [11] 

a 2 ) 
~2 [12] 

0 NODAL DIAMETERS I NODAL DIAMETER 
I NODAL CIRCLE I NODAL CIRCLE 
f = T 8 0  HZ f = t O 4 0  HZ 

i,~(b - -  r) 

2(b -- a) 

sin 

dr - F  n 2 

jx (b  - -  r) 

2(b -- a) 

Equat ion [11] can now be solved using a s t ra ightfor-  
ward  e igenva lue-e igenvec tor  computer  package. The 
individual  integrals  of Mi) and K~j are also obtained 
numer ica l ly  by a Romberg  integrat ion computer  rou-  
t ine (7). 

For  each va lue  of n the va lue  of J is increased (star t-  
ing at J = 2) unti l  less than a 1% error  exists be tween 
consecutive values of ~. for the cases of one to six 
nodal circles. When this occurs the t ransverse  deflec- 
tion of a radial  cross section associated with  the final 
value of ?. is graphical ly  compared  with that  associated 
with the previous value  of ).. If there appear  to be no 
serious deviat ions be tween  the two shapes then the 
last value of ). is taken as the correct  eigenvalue.  How-  
ever, if there  are deviat ions on the order  of 5% or 
more at any point of the cross section, J is increased 
until  the deviat ions are less than 5%. It was in general  
found that  the values of ). converged more rapidly  as 
J increased than did the deviat ions be tween mode 
shapes. 

Results and  Discussion 
The values  of the e igenvalue  ~. associated with sex,- 

eral  different mode shapes are given in Table II. 
Calculations have been made for the three  blade 
geometries  of Table Io The natural  f requency in cycles 
per  second is easily at ta ined f rom the va lue  of ~, by 
the relat ion 

1 ~// Omax), 
f = ~ 2b2p [15] 

where  a,,,,~.~ is given by Eq. [2]. 
The values of the natural  f requencies  and sketches 

showing the nodal circles and nodal diameters  of the 
associated mode shapes are given in Fig. 3, 4, and 5 for 
the three blade geometries.  All  calculations have been 

Table II. Values of eigenvalue ;', for various blade sizes 

N o d a l  N o d a l  c i r c l e s  
d i a m  1 2 3 4 5 6 

1. 4 in .  I D - 1 0 ~  in.  OD 

0 6.88 36.3 89.2 166 265 387 
1 12.2 41.9 94.6 171 271 393 
2 25.7 59.7 111 187 287 409 
3 42.9 88.3 I42  215 314 437 
4 62,6 122 185 258 354 476 

2. 4 in.  ID-12  in. OD 

0 6.51 34.3 84.2 156 251 368 
1 12.6 41.3 91.0 163 257 374 
2 26.3 62.7 112 183 277 394 
3 42.8 92.6 150 220 312 427 
4 61.7 125 197 275 365 478 

3. 6 in .  I D - 1 6 %  in.  OD 

0 6.65 35.0 86.1 160 256 375 
1 12.4 41.4 92.2 166 262 361 
2 26.1 61.3 112 164 280 400 
3 42.9  91.0 146 217 312 430 
4 62 124 193 267 358 471 

i,~(b - -  r) 
sin 2 ( b - - a )  dr [13] ~ 

j,~(b -- r) 
cos 2(b -- a) 

f : ' ( 1  ~ )  2 NODAL DIAMETERS O NODAL D I A M E T E R S  

-.~ ! NODAL CIRCLE 2NODAL CIRCLES 

r f=  1550 Hz f=  1800 HZ 

i,~(b - -  r) 
sin dr [ 14] 

2(b -- a) 

I NODAL DIAMETER 
Z NODAL CIRCLES 
f=  1930 HZ 

Fig. 3. Computed natural frequencies and associated mode shapes 
of 4 in. ID-101/8 in. OD blade (~rnax = 130,000 psi). 

0 NODAL DIAMETERS I NODAL DIAMETER 
I NODAL CIRCLE I NODAL CIRCLE 
f=  6 4 0  HZ f = 885  HZ 

2 NODAL DIAMETERS 0 NODAL DIAMETERS 
I NODAL CIRCLE 2 NODAL CIRCLES 

f=  1285 HZ f=  1470 HZ 

! NODAL DIAMETER 
2 NODAL CIRCLES 

f=  1610 HZ 

Fig. 4. Computed natural frequencies and associated mode shapes 
of 4 in. ID-12 in. OD blade (~max = 130,000 psi). 

based on a m a x i m u m  hoop stress of 130,000 psi. As in- 
dicated in (4), the f requencies  associated wi th  the 
fundamenta l  and 2 nodal diameter-1 nodal  circle 
modes of the 4 in. ID-101/8 in. OD blade have been 
verified exper imenta l ly  to wi th in  10 %. 

For the par t icular  case of the  fundamenta l  mode, 
the natural  f requency decreases f rom 780 Hz for the 
smallest  blade size (4 in. ID-101/8 in. OD) to 465 Hz for 
the largest  blade size (6 in. ID-16% in. OD).  The usual  
spinning speeds uti l ized wi th  the  three b lade  geom- 
etries range f rom 30-40 Hz for the large blade and 
50-70 Hz for the other  two. Thus, it appears that, for 
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0 NODAL DIAMETERS 
I NODAL CIRCLE 
f= 465 HZ 

I.O 

0.8 

0.6 

I NODAL DIAMETER 
I NODAL CIRCLE 0.41 
f = 640 HZ 

2 NODAL DIAMETERS 0 NODAL DIAMETERS 
I NODAL CIRCLE 2 NODAL CIRCLES 
f= 920 Hz f= 1070 HZ 

I NODAL DIAMETER 
E NODAL CIRCLES 
f= 1160 HZ 

Fig. 5. Computed natural frequencies and associated mode shapes 
of 6 in. ID-16u in. OD blade (Ormax ~-~ 130,000 psi). 

the  range of amax ment ioned earlier,  spindle speed is 
unl ikely to be a source of exci tat ion near  the funda-  
menta l  mode unless its magni tude  is increased at least 
ten times. 

Typical  profiles of the t ransverse  displacement  of the 
radial  cross section of a blade are presented for sev-  
eral  mode shapes in Fig. 6-10. The number  of nodal 
diameters  is listed on each figure and the number  of 
nodal circles is listed on each profile. In each case the 
displacement has been normalized wi th  respect  to the 
m ax imum value that  occurs be tween the inner  and 
outer  radius. The curves shown are all obtained using 
J = 6 in the series representat ion of the  displacement 
for the 4 in. ID-10% in. OD blade. 

For  small  numbers  of nodal diameters  the max im um  
value of t ransverse  displacement  always seems to 
occur at the cut t ing edge regardless of the number  of 
nodal circles. This is due to the zero radial  stress con- 
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Fig. 6. Radial profiles of 4 in. ID-IOVs in. OD blade 
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Fig. 7. Radial profiles of 4 in. ID-IOVa in. OD blade 
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Fig. 8. Radial profiles of 4 in. ID-IOVa in. OD blade 

dition at the inner  edge. However  a s  the number  of 
nodal diameters  increases, the m a x i m u m  displacements 
s tar t  occurring away from the cutt ing edge. 

Experimental measuremen~s.--In order  to de termine  
the ampli tude and f requency of cut t ing edge t ransverse  
motion, a d isp lacement-measur ing  technique described 
by Yakunin and Khasdan (8) was used on a current  ID 
slicing machine. They used an " induct ive  differential  
detector  wi th  a var iable  air gap." As the air gap be- 
tween the detector  and blade changed, the ampli tude 
and f requency of any t ransverse  displacements  from 
the init ial  position could be recorded. A device such as 
this, wi th  a sensit ivi ty that  enables it to measure  de- 
flections as small  as 0.1 ___ 0.02 mils (1 mil  ---: 0.001 in.) 
was used to make  the measurements  described here  
(4). 

Hand rotat ion of the blade gave r ise  to t ransverse 
deflections of 0.6-0.7 mils. Spinning the  blade without  
cut t ing (idling) gave rise to deflections ranging f rom 
0.45 to 0.80 mils depending on the spinning speed. For  
both hand rotat ion and idling, the peak to peak dis- 
p lacement  occurs once per  blade revolution.  During 
the cut t ing cycle, the t ransverse  displacement  spectrum 
still occurs once per  revolut ion but the ampli tude is 
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Fig. 9. Radial profiles of 4 in. ID-IOV8 in. OD blade 
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altered. For a given sp inning speed, the ampli tude of 
the idling deflection decreases by 50-60% dur ing  feed 
and by  30-40% dur ing  retraction. It  is believed that  

this t ransverse  motion is the cause of the periodic score 
marks often observed on wafers. 

Conclusions 
The na tura l  frequencies and associated mode shapes 

have been determined for the t ransverse  vibrat ion of 
three ID saw blades widely used in the semiconductor 
industry.  The purpose of the invest igat ion was to de- 
termine what  excitat ion frequencies need to exist in 
order to excite na tu ra l  frequencies of the blade. 

It was found that for all three blades the spinning 
speeds used are an order of magni tude  less than  the 
lowest na tura l  frequency. Since the frequency is di- 
rectly proport ional  to the square root of the ma x imum 
hoop stress, the range of cur ren t  max imum hoop 
stresses (100,000-130,000 psi) would have to be reduced 
by two orders of magni tude  in order for the na tu ra l  
f requency to be on the same order as the spinning 
speed. The frequency also decreased as a funct ion of 
the blade surface area, but  for the current  blade sizes 
being used the na tura l  f requency is always an order of 
magni tude  greater than the sp inning speed. In  con- 
clusion, exper imental  measurements  indicate that 
under  present  operat ing conditions, cutt ing edge t rans-  
verse motion occurs at a f requency equal to the spin-  
ning speed. There is no indication of any blade excita- 
t ion which occurs at frequencies near  the na tura l  
frequency. 

Manuscript  submit ted Nov. 3, 1971; revised m a n u -  
script received ca. Feb. 1, 1972. 

Any  discussion of this paper  will  appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL.  
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ABSTRACT 

The t ransient  current  of hydrogen removal  from iron following steady- 
state permeat ion is analyzed theoretical ly for two l imit ing conditions at the 
input  side. For the fastest possible removal  (C -- 0 at X -- 0 and at X = L),  
the amount  extracted at the potentiostated side (X = L) is one third of the 
total present at s teady-state permeation described by C(x) = Co(1 -- X / L ) .  
Comparison of the integrated total flux and the amount  given by the integral  
of Ccx} indicates possible concentrat ion dependence of hydrogen diffusivity 
in iron. 

The s tudy of diffusion of hydrogen through metals 
has attracted much interest  because of its relat ion to 
the problem of hydrogen embri t t lement .  The electro- 
chemical permeation technique (1) for measurement  
of diffusion of hydrogen in metals has been extensively 
employed recently (2, 3). The mathemat ical  basis of 
this method was developed by McBreen et al. (4). This 
paper presents some results and conclusions concern-  
ing permeation in Armco iron based on an extension of 
t h e  theory and application of permeat ion technique to 
provide addit ional  information regarding hydrogen 
entry  and extraction from metals. 

The permeat ion me thod . - - In  the electrochemical 
permeation method, a thin membrane  of the mater ia l  
is cathodically charged with hydrogen on one side, 
while the hydrogen diffusing out at the opposite side 
is oxidized by main ta in ing  anodic conditions. Mathe- 
matically, this procedure provides the boundary  con- 
dition 

C = 0 ,  X = L ,  t ~ 0  [1] 

The current  needed to main ta in  the constant  anodic 
potential  is a direct measure of the rate at which hy-  
drogen is diffusing out. 

McBreen et al. (4) solved the diffusion equation 
(Fick's second law) 

O"-C 1 OC 
- -  - o [2]  

o x  2 D ~t 

applying the per t inent  init ial  condition 

C ---- Co(1 -- X / L )  [3] 

and boundary  conditions to get expressions for the 
decay of permeat ion current  from the steady state 
when the charging is stopped. 

Two l imit ing decay t ransients  were considered. For 
the fastest possible extraction, the concentrat ion at the 
input  side is considered to drop ins tantaneously  to zero 
upon input  current  interrupt ion,  i.e. 

C = 0 ,  X = 0 ,  t > O  [4] 

where t ime is reckoned from the ins tant  of in te r rup-  
tion. Slowest possible extraction through the potentio- 
stated side Eq. [1] is based on the assumption of zero 
flux at the input  side, i.e., after current  interrupt ion,  the 
input  side (X = 0) becomes impermeable  to hydrogen, 
described as 

OC 
= 0 ,  X = 0 ,  t > 0  [5] 

OX 

Using Laplace t ransform methods, McBreen et al. (4) 
obtained for the slowest possible decay (Eq. [5], [1], 

~ E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  h y d r o g e n  d i s s o l u t i o n  in i ron ,  h y d r o g e n  ex t r ac t ion ,  hy -  

d r o g e n  d i f fus ion ,  c o n c e n t r a t i o n - d e p e n d e n t  d i f fu s iv i t y ,  p e r m e a t i o n .  

[3], and [2]), the flux in terms of the previous s t e a d y -  
s t a t e  value (J~) as 

:r 

Jr ~ 2n -~ 1 
- - - ~  1 - - 2  ~.~ ( - - 1 ) , e r f c  [6] 

J ~ n=O 2~ 1/2 

where T = D t / L  "2, a dimensionless t ime parameter.  
Solving Eq. [2] with Eq. [1], [3], and [4], the fastest 

possible extraction gives 

[2n + 1]~ 
~c 

Jr  ~-~ 1 1 4r 
= 1 -- 2 X.r - -  e [7] 

J~ n=o 7fl/2 "1:1/2 

It should be noted that  Eq. [7] is a corrected version 
of a previous result  (4). 

The decay part  of the permeation technique has been 
mostly neglected by previous workers. However, the 
decay t ransient  is a source of addit ional information 
regarding the diffusivity and solubil i ty of hydrogen in 
the membrane  and of the na ture  of the reaction at the 
input  metal-electrolyte  interface. In  particular,  the 
t ime integral  of flux from X __-- L reflects the total 
amount  of hydrogen extracted at this side and is equal 
to the total hydrogen in the membrane  if the input  
side is impermeable  according to Eq. [5]. The total 
amount  at steady state (t = 0) is readi ly obtained 
from the product of average concentrat ion ( integral  of 
Eq. [3]) and the volume of the permeated region of the 
membrane.  Thus, integrat ion of exper imental  decay 
curves of current  vs. t ime should permit  evaluat ion of 
the number  of mols of hydrogen extracted for com- 
parison with the prediction according to Eq. [3] using 
the value of Co, which, in turn,  is obtained from the 
steady-state  permeation current  density and the 
diffusivity derived from the bu i ld -up  transient .  

When the boundary  conditions are such that  the de- 
cay follows Eq. [7], i.e., fast decay, the amount  of 
hydrogen extracted at the potentiostated side (X ---- L) 
is only a fraction of the total amount  in the membrane  
at s teady-state  permeation.  The remain ing  part  of the 
hydrogen diffuses out through the input  side (X ---- 0) 
in order to satisfy the boundary  condit ion given by 
Eq. [4]. Hence, in order to calculate the hydrogen con- 
centrat ion of the membrane  at s teady-state  permeation,  
it is essential to have an est imate of the relat ive 
amounts  of hydrogen diffusing out at both sides of the 
membrane  (X ---- 0 and X = L).  The following mathe-  
matical  analysis was performed to get these values. 

Mathematics  of fast  decay.--Consider a membrane  of 
thickness L which is charged from the side X ---- 0 and 
potentiostated at X = L in order to ma in ta in  a zero 
concentrat ion of hydrogen. Dur ing  charging, a hydro-  
gen concentrat ion Co is main ta ined  at X ---- 0. The 
steady-state  concentrat ion profile obtained by charging 
is described by Eq. [3]. This profile becomes the init ial  

691 
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condition used together with the boundary  conditions 
Eq. [1] and [4] to solve Eq. [2], wi th  t ime measured 
from the ins tant  of input  current  interrupt ion.  The 
solution sequence is to (i) obtain concentrat ion of hy-  
drogen as a funct ion of time and position in  the region 
0 < X < L; (it) obtain the gradient  of concentrat ion 
at X = 0, X ---- L to determine flux; and (i/i) integrate 
each flux with respect to t ime over the entire range 
0 < t < ~ .  Both separation of variables and Laplace 
t ransform methods were used. 

Solution by the method of separation of variables . - -  
The concentrat ion of hydrogen within  the membrane  
during the fast decay was obtained as 

n~"~Dt 
2Co ~ 1 nnX L'-' 

C sin ~ e [8] 
n=l n L 

Differentiating Eq. [8] with respect to X gives 

n~eDt 
OC 2Co ~-~ n~X L~ 

- -  ~ C O S  e [9] 
OX L n=l L 

Subst i tut ing X _- 0 in Eq. [9], the gradient  at the input  
surface is ~ n"Tr2Dt 

OC 2Co L~ 
OX x~-o ---- L n=1 e [10] 

and for X = L, Eq. [9] gives the gradient  as 

n2T2Dt 

OX X=L Z 

L~ 
0C _-- ..2C~ ( -- 1)- e [11] 

L n = l  

The flux F (mol cm -2 sec -1) of mater ia l  diffusing 
across each surface is obtained from Eq. [10] and [11] 
with Fick's first law as 

dC 
F ---- - -D �9 [12] 

OX 

The total amount  per uni t  area, QE, of hydrogen dif- 
fusing out at each surface is obtained by integrat ing 
the flux, F, over the entire range of time. Hence, the 
amount  of hydrogen evolved at X = 0 is 

I z QE = F(X=0) dt 
X=0 

[n~ 1~ n~r~Dt --2COD ~o ~ L~ 
- - - -  e dt [13] 

L 

Integrating in Eq. [13] term by term gives a well- 
known convergent series as 

2CoL ~-~ I --COL 
QE x=o ~2 n=l n 2 -- 3 [14] 

In  a similar fashion, Eq. [11] and [12] give 

--2COL "~  (- -1)  '~ CoL 
Q~ 

X=L ~2 n=l n 2 6 [15] 

The sign of QE in Eq. [14] and [15] reflects the 
vectorial character of the flux with respect to the co- 
ordinate system. It is thus appropriate to consider 
absolute values to obtain the total amount  extracted, 
QTot, as 

CoL 
qTot  -~- [QEIx=0 + [QEIx=L - -  [16]  

2 

The amount  stored in the membrane  (per uni t  area) 
at steady state before current  in te r rup t ion  (t < 0) 
is readily de termined by integrat ion of Eq. [3] as 

COL/2 (mol cm-2) ,  in agreement  with Eq. [16]. Hence, 
the fraction of hydrogen diffusing out at X -~ 0 is 

IQE[x=0 2 
[17] 

QTot 3 

and the fraction diffusing out at X = L is 

{QE{x=L 1 
- -  [ i a j  

QTot 3 

Solution by Laplace trans]orms.--To check the re- 
sults obtained as Eq. [17] and [18], Eq. [2], [3], [1], 
and [4] were solved using the method of Laplace 
transforms. The concentrat ion of hydrogen within  
the membrane  dur ing fast decay is given by 

Co(1 -- X / L )  -- Co ~ erfc C (x,t) 

+ Co , ~  eric __ ~ [19] 
n = o  2k/Dt  J 

Differentiating Eq. [19] with respect to X,  and  mul t i -  
plying the slopes by --D, the flux (Eq. [12]) at X = 0 
is 

DCo 1 [ r 
F -" 1 - e 

L X/~ 

~- e [203 
n---~0 

and the flux at X ---- L is 

DCo 2 4~ 
F _ 1 __ e [21] 

X=L L ~ ' ~  .=o 

Equations [20] and [21] have to be integrated with 
respect to x over the range 0 < �9 < ~ to get the total 
amounts  of hydrogen diffusing out at the surfaces 
X ---- 0 and X ---- L, respectively. Equations [20] and 
[21] both become infinite for z ---- 0. Also, for x ---- ~ ,  
the integral  of Eq. [20] and [21] becomes infinite be- 
cause of the term of unity.  Hence, with an analytic 
solution of the integrals not possible, a graphical inte-  
gration was performed since the summations  in Eq. 
[20] and [21] converge rapidly for numerica l  evalua-  
tion. The results are in good agreement  (within 2%) of 
the values in Eq. [17] and [18]. Equations [19], [20], 
and [21] are useful  in prepar ing tables and curves for 
short time, since Eq. [8], [10], and [11] are very  slowly 
convergent  for x < 0.05. The n -- 0 term of Eq. [21] is 
sufficient even up to x ----- 0.3 and  provides a simple form. 

Thus, during fast decay, only one thi rd  of the total 
amount  of hydrogen diffuses out through the poten-  
tiostated side ( X ---- L),  and provides a lower bound-  
ing limit, while the upper  l imit  [ (QEx=L) / (QEwot) --" 1] 
is obtained dur ing the slow decay because of the con- 
dit ion imposed by Eq. [5]. Comparison of the extracted 
amount  of hydrogen with the va lue  predicted from the 
init ial  concentrat ion profile (Eq. [3]) thus provides 
fur ther  insight as to the na ture  of the boundary  con- 
dit ion existing at X = 0 dur ing  decay, wi th  Eq. [4] and 
[5] as limits. 

Experimental Results 
Hydrogen permeat ion exper iments  were performed 

with the potentiostat  circuit as essentially described 
by McBreen et al. (4). A constant  current  circuit was 
used for the cathode input  side of the membrane.  Bui ld-  
up and decay t ransients  were  recorded for va r ious  
charging current  densities in 0.2N NaOH and 0.1N 
H2SO4 catholytes for annealed Armco iron at 22~ The 
anolyte was always 0.2N NaOH. 
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Table I. Analysis of decay transients 

Annealed  Armco iron; 22~ 
catholyte:  0.1N H-~SOa; anolyte:  0.2N NaOH 

Average  diffusivity,  
D X 105 cmS sec-1 

Charging From decay 
current  Fi t  to Fi t  to 

densi ty,  From Eq. [7] Eq. [6] 
m A / c m  0 build-up* (fast) (slow) 

I en I~=z, 

QTot 

0.021 4.84 3.86 10.48 0.334 
0.064 4.16 4.23 11.21 0.326 
0.194 5.52 4.63 12.68 0.280 
0.409 6.60 5.34 14.50 0.266 
0.841 7.66 5.78 15.70 0.258 
2.13 8.45 6.40 17.20 0.243 
4.27 8.31 6.22 16.90 0.235 

* Numerica l  values  for the bu i ld-up  permeat ion- t ime  curve  may 
be computed by  subt rac t ing  the r igh t -hand  side of Eq. [7] from 
unity.  

By fitting the exper imental  bu i ld-up  curves to theory 
(4), hydrogen diffusivity, D, and surface concentra-  
tion, Co, were evaluated. It should be noted that  there 
is no total agreement  between theory and data over the 
entire bu i ld -up  t ime span. By minimizing the misfit at 
different t ime intervals,  a corresponding best fitted dif- 
fusivi ty may be computed. The t rend suggests that  
diffusivity increases with hydrogen concentration. This 
aspect will  be ful ly explored in forthcoming pub-  
lications. 

In  the present  computat ions of Co from the steady- 
state permeat ion current ,  the diffusivity value is that  
obtained by a best fit to the bu i ld -up  theory for early 
time. This value of D may  be seen to be the most 
appropriate choice since the hydrogen arr iving at 
X ---- L at the t ime of breakthrough has t raversed a 
region free of hydrogen. At steady state, the flux at 
X ---- L is given by Eq. [12] with, however, the implicit  
feature given in Eq. [1], namely  that  the local dif- 
fusivity (allowing for possible concentrat ion depen-  
dence) corresponds to the zero concentrat ion value. 
Based on this value of Co and the steady-state  con- 
centrat ion profile given by Eq. [3], the total amount  
of hydrogen, Qwot, held wi th in  the membrane  was cal- 
culated to be 

1 
QTot  : "~- Co "V [22] 

where V ---- volume of the charged section of the mem-  
brane. 

An estimate of the amount  of hydrogen extracted at 
the potentiostated side (X ---- L) was obtained by mea-  
sur ing the area beneath  the decay cu r ren t - t ime  traces 
and conver t ing to equivalents  of hydrogen. This value 
was then compared with Qwot to obtain the ratio 
IQE[x=L/QTot. Table I shows the results obtained for 
permeat ion from 0.1N H2SO4. Figure  1 shows the decay 
t ransients  which were compared wi th  the two theo- 
retical decay curves (fast, Eq. [7], and slow, Eq. [6]) 
to yield average D values given in columns 3 and 4 of 
Table I. Also indicated in  this table are the D values 
obtained from bu i ld -up  transients,  based on the best 
fit over all  time. As ment ioned previously, the diffusiv- 
i ty at small  t ime was used for calculat ing Qwot in col- 
umn  5. This value is 4.0 • 10 -5 cm 2 sec -1. Comparison 
of the two possible decay-fitted values with the bui ld-  
up D indicates clearly that  the boundary  condition 
given by Eq. [4] is most likely. The ratio IQElx=L/QTot 
in Table I varies from the theoretical  l imit  of 0.33 for 
fast decay to even smaller  values. Thus, the charging 
at 0.021 m A / c m  ~ follows the expected behavior and 
also gives the best fit over-a l l  in Fig. 1. However, 
charging at higher currents  produces a shift of the de- 
cay curves to shorter times, indicat ing an increase in 
D, listed in Table I. The decrease in IQEIx=L/QTot from 
0.334 to 0.235 as charging cur ren t  increases brings these 
values into a region below the lower numerica l  l imit  
calculated in Eq. [18]. This negative deviat ion from the 
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Fig. I. Decay transients for Armco iron, 0.1N H2S04. Catholyte, 
22~ Charging current densities (mA/cm 2) are: curve 1, 0.021; 
curve 2, 0.194; and curve 3, 2.13. 

l imit  based on constant  diffusivity theory is in accord 
with a diffusivity which increases with increasing con- 
centration. For such concentrat ion dependence of D, the 
basic Eq. [2] and subsequent  results are no longer 
applicable. Qualitatively,  however, the concentrated 
region near  X ---- 0 should provide a more rapid flux 
and an amount  IQEIx=o greater than predicted by Eq. 
[14]. Thus, the flux and amount  at X ---- L wil l  be less 
than that predicted in Eq. [15], causing the values for 
IQEIx=L/QTot to be less than  the theoretical constant  D 
l imit  of 0.333. 

During permeat ion experiments  using 0.1N H2SO4 as 
catholyte, a cathodic protection current  of 0.0215 m A /  
cm 2 was always applied to prevent  corrosion of the 
Armco iron membrane.  Permeat ion  bu i ld -up  and de- 
cays were then recorded by applying a cathodic cur-  
rent  from a separate circuit. The response of the cath- 
ode (X ---- 0) to step cur ren t  switching was sufficiently 
rapid so as to produce a v i r tua l ly  potentiostated sur-  
face when compared with the orders of magni tude  
greater diffusion-controlled hydrogen decay time. Thus, 
the boundary  condit ion in  Eq. [4] is assured. 

When  0.2N NaOH catholyte was used, corrosion was 
not a severe problem, so that  no cathodic protection 
was needed. Figure  2 shows decay t ransients  observed 
for this case. Table II gives the D values and ]QE]x=L/ 
Qwot ratios obtained from these data. Best over-al l  
fitting in Fig. 2 was found for the short t ime region for 
the 0.86 m A / c m  2 study. For lesser and greater cath- 
odic input  current  densities, no clear pa t te rn  of shift-  
ing was observed as found for 0.1N I-I2SO4 (Fig. 1). In  
Table II, the bu i ld -up  and decay determined D values 

Joo ~ - . ~ . . . \ .  

Jm ~ \\ 

40 ~ 2  " ~  

20 \ \ \  
�9 - \  \ 

I I I IIIII I l , , ,,,,I 
:o . . . .  ,,o . 

I I I I I I I I I i [ a I I I I I I , t I I I .I 
IO IO0 IO00 

TIME (SECONDS) 

Fig. 2. Decay transients for Armco iron, 0.2N NaOH. Catholyte, 
22~ Charging current densities (mA/cm 2) are: curve 1, 0.43; 
curve 2, 0.86; and curve 3, 4.30. 
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Table II. Analysis of decay transients 

A n n e a l e d  A r m e o  i ron ;  22~ 0.2N N a O H  e l e c t r o l y t e  

A v e r a g e  d i f f u s i v i t y ,  
D x 10 5 e m  'J s e e  - 1  

C h a r g i n g  F r o m  d e c a y  
c u r r e n t  F i t  to F i t  to 

d e n s i t y ,  F r o m  Eq. [7] Eq.  [6] 
m A / c m ~  b u i l d - u p  t f a s t )  ( s low)  

] OE Ix=r~ 

QTo t 

0.43 5.27 4.53 12.20 0.356 
0.86 5.46 4.53 12.20 0.372 
2.15 5.16 0.338 
4.30 5.25 4~96 12.~5 0.326 

do not change appreciably with charging current,  in 
contrast  with results for 0.1N H2SO4 (Table I).  The 
ratio IQEIx=L/QTot ranges from 0.326 to 0.372, in good 
agreement with the lower l imit of 0.333 associated with 
fast decay. 

Discussion and Conclusions 
Testing of the present decay mathematics shows un -  

expected lower than theoretical values for I QEIx=L/QTot 
for 0.1N H2804. In  combinat ion with the shift of the 
bu i ld-up  t ransients  to shorter t ime with increased 
current,  the data provide strong evidence for a hitherto 
unsuspected concentrat ion dependence of hydrogen 
diffusivity in iron. The evidence suggests that  D in-  
creases with increasing concentration. For 0.2N NaOH 
and 0.1h r H2804, the fit of the decay cur ren t - t ime  
curve in comparison with the bu i ld-up  curve and also 
the IQEIx=L/QTot ratio values are best associated with 
a surface condition at X ---- 0 which corresponds to zero 
hydrogen concentration. From the t rend of IQEIx=L/ 
QTot values below the constant  D l imit  of 0.333, it is 
probable that, for similar charging current ,  the concen- 

t rat ion of hydrogen in iron is greater in  the 0.1N 
H2SO4 catholyte than in the 0.2N NaOH solution. 

In  testing the possibility that  traps may be cont r ibut -  
ing to the nonconstant  diffusivity, the phenomenologi-  
cal diffusivity discussed by Oriani (5) should always be 
less than the t rue lattice diffusivity. As predicted (5), 
the true lattice diffusivity is 3.06 • 10 -5 cm 2 sec -1 at 
22~ in good agreement  with the lowest values in 
Tables I and II, i.e., 5 • 10 -5 cm 2 sec -1. As shown, the 
D values increase to about 8 • 10 -5 cm 2 sec -1 with in= 
creasing current,  so that  t rapping is an un l ike ly  al ter-  
nat ive to the present ly  suggested concentrat ion de- 
pendence. 
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Standard Potentials of Ag-AgCI Electrode and 
Related Thermodynamic Quantities in 

Dimethyl Sulfoxide-Water Mixtures from 5 ~ to 45~ 

Rabindra N. Roy, William Vernon, Alfred Bothwell, and James Gibbons 
Department of Chemistry, Drury College, Springfield, Missouri 65802 

ABSTRACT 

EMF measurements  were performed at 5 ~ 15 ~ 25 ~ 35 ~ and 45~ on the 
cell of the type PtlH2 (g, l atm) IHCl (m),  DMSO (X), H20 (Y) IAgC1,Ag, 
where X ~ 5, 10, and 20 w/o (weight per cent) d imethyl  sulfoxide (DMSO). 
The s tandard potentials were evaluated by means of a curve-fi t t ing program. 
The mean molal activity coefficients of HC1 have been determined for molalit ies 
from 0.001 to 0.1 mol kg -1. The cell has also been used to derive (i) the 
pr imary  medium effect on HC1, (ii) the relative part ial  molal enthalpy (L2) 
of HC1, and (iii) the thermodynamic  constants AG ~ ~H ~ and ~S ~ for the t rans-  
fer of HC1 from water  to the respective solvent compositions (X ----- 5, 10, and 
20). The s tandard emf has been expressed as a function of temperature.  The 
electrostatic contr ibut ion of the Gibbs free energy of t ransfer  has been calcu- 
lated, based on Born's model, and the results have been interpreted in terms 
of acid-base interactions, as well  as the s t ruc ture-breaking  processes of the 
solvents. 

The behavior  of electrolytes in dipolar, aprotic sol- 
ven t -wa te r  media such as te t rahydrofuran  ( T H F ) -  
water  (1), 1, 2 dimethoxyethane (DME)-water  (2, 3) 
are of interest  in  unders tand ing  acid-base interactions, 
ionic solvation, and association phenomena of solution 
chemistry. Mixtures of dipolar aprotic solvent (DMSO) 
with water  (4, 5), have been found to strongly acceler- 

K e y  w o r d s :  d i m e t h y l  s u l f o x i d e ,  m e d i u m  effec t ,  a c t i v i t y  coe f -  
f ic ient ,  m i x e d  s o l v e n t s  s t a n d a r d  e m f ,  t h e r m o d y n a m i c .  

ate the rates of m a n y  reactions involving nucleophiles 
or bases (6, 7). Although the chemistry of pure DMSO 
has been the subject of numerous  investigations (8-10), 
no thermodynamic  informat ion for this electrolyte in 
DMSO-water  mixtures  (X ~ 5, 10, and 20), where X 

weight per cent (w/o)  of DMSO, has been reported 
to date. The present  work is based on emf measure-  
ments  on the cell, wi thout  l iquid junct ion,  PtlH2 (g, 1 
atm)IHC1 (m), DMSO (X), H20 (Y)IAgC1,Ag at 5 ~ 



Vol. 119, No. 6 S T A N D A R D  P O T E N T I A L S  OF A g - A g C I E L E C T R O D E  

15 ~ 25 ~ 35 ~ and 45~ As a prerequis i te  to studies of 
acid-base equilibria,  solvent effects on rates, instabil i ty 
constants, solubilities, and s t ructures  of solvents, we  
have reported the results on (i) the s tandard emf  of 
the cell for  X = 5, 10, and 20, (ii) the act ivi ty coeffi- 
cient of HC1, (i/i) the p r imary  medium effect, (iv) the  
re la t ive  part ial  molal  enthalpy of HC1, and (v) the 
the rmodynamic  functions for the t ransfer  of one mole 
of the acid f rom the aqueous s tandard state to the 
s tandard state in the mixed  solvents. 

Experimental 
DMSO (Fisher  spectroanalyzed) was used wi thout  

fur ther  purification, and the label  indicated the wate r  
content  to be 0.02%. The solvent  had a dielectr ic  con- 
stant of 46.7 at 25~ 

An aqueous stock solution of hydrochloric  acid was 
prepared f rom twice-dist i l led,  constant-boi l ing acid. 
Analyt ical  reagent  grade acid was used to make  up the 
constant-boi l ing acid. The acid was standardized by a 
gravimetr ic  de terminat ion  of chloride as AgC1. The 
average  difference among replicate determinat ions  was 
less than --+0.03%. The bromide content  was found to 
be less than 0.002 m / o  (mole per cent) .  The distil led 
water  used in the preparat ion of the solutions had a 
conductance of 0.7-0.8 • 10 -6 o h m - I  cm -I .  The mixed 
solvents were  prepared by weighing  DMSO, water,  and 
hydrochloric  acid. All  solutions were  freshly prepared 
before each run. The acid concentrat ion was known 
to wi thin  -+0.02%. 

The s i lver -s i lver  chloride electrodes were  of the 
thermal  electrolyt ic  type (11) and were  aged in 0.1m 
HC1, which was deoxygenated  by bubbling hydrogen. 
Two days after  preparation,  the finished electrodes 
were  in tercompared and had bias potentials usual ly 
less than -+0.02 mV. The hydrogen electrodes were  
l ight ly coated with  p la t inum black, according to the 
recommendat ions  of Hills and Ives (12). 

The purification of the hydrogen gas and other  ex-  
per imenta l  details have  been described previously  
(13). 

All measurements  were  made wi th  two Ag-AgC1 
electrodes and two hydrogen electrodes. The  equi l ib-  
r ium was reached in about 3-4 hr  af ter  the ini t iat ion of 
hydrogen bubbling. The potentials  of the cell were  
measured at 5 ~ , 15 ~ , 25 ~ 35 ~ , and 45~ by means of a 
K-3 Universal  Type Po ten t iomete r  which was cali- 
brated against an Eppley s tandard cell. A mi r ro r - t ype  
ga lvanometer  with a sensi t ivi ty of -+0.02 mV per divi-  
sion was used. The thermosta t  mainta ined a t empera -  
ture wi thin  ~0.01~ 

The emf  usual ly  was measured at 25 ~ at the begin-  
ning, in the middle, and at the end of each run. These 
three readings agreed within • inV. The average  
value is given in Table I. The cr i ter ion for the a t ta in-  
ment  of equi l ibr ium was a steady reading to the nearest  
0.1 mV for a period of about 1 hr. Each emf  value 
recorded in Table I is the average of two pairs of elec-  
trodes in the same cell. Observed values of emf  have 
been conver ted  to a hydrogen part ial  pressure of 1 atm. 
The dielectric constant (D) of the mixed solvent  at 
each Celsius temperature ,  t, was calculated from the 
equations 

log D (X ---- 5) = 1.8938 -- 0.00204(t -- 25 ~ [1] 

log D (X -- 10) -- 1.8925 -- 0.00204(t -- 25 ~ [2] 
and 

log D (X ---- 20) -- 1.8888 -- 0.00204(t -- 25 ~ [3] 

der ived f rom the data of Tommila  and Pa junen  (15). 
The density, po, of each of these mixtures,  at different 
temperatures ,  was obtained by an interpolat ion and 
extrapola t ion procedure  f rom the l i tera ture  (15). 

DMSO has a ve ry  low vapor  pressure. In order  to 
correct  the emf  to a hydrogen part ial  pressure of 1 atm, 
vapor  pressures of the solvent  components  were  as- 
sumed  to obey Raoult 's  law, and were  so calculated. 
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Table I. Electromotive force (volts) of the cell 
Pt I H2 (g, 1 atm) J HCI (m), DMSO (X), and H20 (Y) I AgCI, Ag 

at different temperatures 
X and Y are w e i g h t  percentages  

rnncl ,  a 
moles /kg  5 ~ 15" 25" 35" 45" 

X = 5  

0.00501 0.4900 0.4929 0.4945 0.4966 0.4994 
0.01001 0.4577 0.4586 0.4605 0.4617 0.4635 
0.0300 0.4071 0.4064 0.4073 0.4063 0.4058 
0.0400 0.3932 0.3933 0.3946 0.3929 0.3905 
0.0476 0.3861 0.3853 0.3866 0.3841 0.3819 
0.0601 0.3755 0.3742 0.3743 0.3732 0.3710 
0.0811 0.3609 0.3600 0.3604 0.3586 0.3558 
0.0922 0.3560 0.3544 0.3535 0.3521 0,3488 

X ~ I O  

0.00500 0.4893 0.4901 0.4922 0.4933 0.4951 
0.01001 0.4566 0.4566 0.4580 0.4589 0.4582 
0,0400 0.3937 0,3925 0.3899 0,3875 0.3852 
0.0501 0,3849 0.3818 0.3789 0.3759 0.3745 
0.0601 0.3769 0.3737 0.3701 0.3666 0.3632 
0.0801 0.3632 0,3599 0.3557 0.3509 0.3480 
0.1001 0.3523 0.3498 0.3448 0.3403 0.3372 
0,1502 0.3345 0.3320 0.3255 0.3200 0.3140 

X =20 

0.00386 0.4995 0.5010 0,5037 0.5072 0,5092 
0.01001 0.4546 0,4558 0.4575 0.4586 0.4590 
0.03002 0.4059 0.4056 0.4054 0.4036 0.4015 
0.0400 0.3940 0,3928 0.3924 0.3894 0.3867 
0.0500 0.3843 0.3827 0.3826 0.3615 0.3742 
0,0601 0.3736 0.3725 0.3731 0.3694 0.3646 
0.0801 0.3618 0.3603 0.3579 0.3546 0.3489 
0.1001 0.3510 0.3496 0.3483 0.3431 0.3373 
0.1501 0.3331 0,3305 0.3275 0,3219 0.3152 

" A c c u r a c y  of m o l a l i t y  w i t h i n  0.05%. 

Results 
Standard emS.--The most common method used to 

eva lua te  the s tandard potent ial  involves  the graphical  
ext rapola t ion of some l inear  plot of emf  of the cell 
against the concentrat ion of hydrochlor ic  acid, as in 
the fol lowing equat ions (16) 

E ~ : E 4- 2k log m -- 2ksfc'/2/( 1 -p aoBc 1/') 

- -  2k log (1 4- 0.002mMxy) 
: E~ + ~(m) [4] 

where  E~ is the standard potent ial  of the cell  on the 
molal  (m) scale, E is the observed e lec t romot ive  force 
of the cell, c is the molar i ty  of HCI, ao is the ion-size 
parameter ,  Mxy is the mean molecular  weight,  k = 
2.3026RT/F, and B and sf are the Debye-Hi ickel  con- 
stants. In this paper, we repor t  the  resul ts  of E~ 
de te rmined  by a theore t ica l ly  justified polynomial  
curve-f i t t ing program, which does not requi re  the 
above informat ion such as the ion-size parameter ,  the 
Debye-Hfickel  constants, the densities, and the dielec- 
tric constants of the mixed  solvents. I t  is indeed at t rac-  
t ive to contemplate  the der ivat ion  of E~ wi thout  the 
informat ion requi red  in the Gronwall ,  LaMer,  and 
Sandved (17) extension of the Debye-Hfickel  theory. 

Sen, Johnson, and Roy (18) and our recent  papers 
(19-21) have  convincingly demonst ra ted  that  an equa-  

t ion of the form 

E 4- (2RT/F)  in m -- E ~ ~ A i m  1/2 
4- A2m § Asm 3/2 4- . . .  [5] 

is theore t ica l ly  sound and accurate ly  expresses the 
s tandard potential.  

The act ivi ty  coefficient (on molal  scale) can be ex-  
pressed by the equat ion (18) 

In 7+- = A1 'ml/2 4- A2'm + As 'm 3z2 -t- . . .  [6] 

where  coefficients in Eq. [5] and [6] are not a rb i t ra ry  
adjustable  parameters .  The form of Eq. [6] has been 
shown to be consistent wi th  the theory (22). 

Table  II summarizes  the values of the s tandard po- 
tentials  on three  scales, namely  the molal  (m) ,  molar  
(c), and mole fraction (N) scales in DMSO-wate r  
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Table II. Standard emf of the cell; Pt [ H2 (g, I arm) I HCI (m), 
DMSO (X), H20 (Y) I AgCI, Ag at different temperatures 

X = w / o  D M S 0  

Table IV. Primary medium effect (molal scale) of dimethyl 
sulfoxide-water mixtures on hydrochloric acid at 5o, 25o, and 45~ 

X = w / o  d i m e t h y l  s u l f o x i d e  

t /~  E~ E~ E~ X 5"C 2 5 ~  450C 

X = 5 (___O.O003V) 

5 0.2314 0.2310 0.0408 
15 0.2255 0.2252 0.0280 
25 0.2179 0 .2178 0 .0136 
35 0.2102 0.2103 -- 0 .0010 
45 0 .2036 0.2039 - -0 .0144  

X = 10 ( •  

5 0.2312 0.2306 0.0426 
15 0.2210 0.2205 0.0274 
25 0.2148 0.2145 0.0129 
35 0.2093 0.2091 0.0003 
45 0.2029 0.2028 -- 0 .0130 

X = 20 (_O.001V~ 

5 0.2271 0.2257 0.0426 
15 0.2186 0 ,2174 0 .0274 
25 0.2117 0.2096 0 .0129 
35 0 .2076 0.2067 0 .0032 
45 0 .1990 0.1983 -- 0 .0120 

mixtures .  The values of E~ are expressed as a function 
of t (~  by the equations 

5% DMSO 

E~ = 0.2179 -- 7.085 • 10-4 (t --  25 ~ ) 
- -  9.782 • 10 -7 ( t - -  25~ 2 [7] 

10% DMSO 

E~ = 0.2147 -- 6.840 • 10-4 (t -- 25 ~ ) 
+ 5 .807 X 10 -6  ( t - -  250)  2 [8] 

20% DMSO 

E~ = 0.2119 -- 6.704 >< 10 -4 (t -- 25 ~ ) 
+ 3.300 X 10 -6 ( t - -  25~ 2 [9] 

The standard potentials on the molar and mole frac- 
tion scale, E~ and E~ respectively, have been cal- 
culated by means of the relationships 

E~ : E~ + 2k log po [I0] 
and 

E~ = E~ -- 2k log (1000/Mxy) [11] 

where  po is the density of the mixed  solvent  at the 
part icular  tempera ture ,  and Mxy is the mean  molecular  
weight  of the solvent. 

The mean molal  act ivi ty  coefficients of hydrochloric  
acid, ,-y• in DMSO-wa te r  mix tures  at 25~ were  com- 
puted f rom the equat ion 

logsT+_ -- [E~ -- {E + (2RT/F)  l n m } ] / ( 4 . 6 0 5 2 R T / F )  

[12] 

using the respective values of E~ listed in Table If. 
The smoothed values of {E + (2RT/F) In m} at rounded 
molalities were obtained from the constants of Eq. [5] 
and the values of sT-+ are presented in Table III. 

The primary medium effect (ion-solvent interaction) 
is concentration-independent and measures the change 
in escaping tendency of HCI in the transfer from a 
standard state in one solvent to a standard state in 
another solvent. Thermodynamically, it can be repre- 
sented as 

wE~ - -  sE~ -- lira (4.6052RT/F) log SwT• [13] 
m-->O 

Table III. Mean activity coefficients (s7• of hydrochloric acid 
in 5, 10, and 20 w/o dimethyl sulfoxide at 25~ 

mHCt, 
r n o l e s / k g  X = 5 X = 10 X = 20 

0.001 0.957 0,950 0.927 
0.002 0.942 0.933 0.902 
0.005 0.917 0.905 0.657 
0.01 0.692 0.879 0.617 
0.02 0.859 0.852 0.772 
0.05 0.824 0.820 0 .718 
0.1 0.801 0.797 0.692 

5 0 .0244 0 .0372 0.0373 
10 0.0263 0.0631 0 .0435 
20 0 .0637 0.0983 0.0737 

where  the value of sE~ is the  same as E~ The super-  
scripts w and 8 on E~ represent  wa te r  and the mixed  
solvent, respectively.  The subscripts w and s on */• 
mean that -/• is re fe r red  to uni ty  at infinite di lut ion 
in wate r  and in a mixed  solvent,  respecl ively.  These 
values are presented in Table IV. 

Relat ive  partial molar enthaZpy.--The re la t ive  part ial  
molal  enthalpies of HC1 for 5 w / o  DMSO at five differ- 
ent tempera tures  were  computed  with  the fol lowing 
equat ions (23) 

L2 : H --  ~oo : H --  H ~ : --2RT25(In sT• [14] 

The (51n sT• value required by Eq. [14] was ob- 
tained from the first derivative of the least square 
polynomial 

- - log sT• : A + B T  + CT 2 [15] 

where  T is the the rmodynamic  temperature .  The con- 
stants of Eq. [15] are  given in Table V, together  with 
the s tandard er ror  of the calculated values  of log s'/• 

Combinat ion of Eq. [14] and [15] yields 

L2 --  (2RT21n i0) (B + 2CT) [16] 

The values of L2 are given in Table VI. 

Standard Gibbs energy,  entropy,  and enthalpy oJ 
transSer of HCl 1tom water  to the m i x e d  so lven t . - -The  
s tandard thermodynamic  funct ions for the t ransfer  
process (t) 

HC1 (in H20) -* HC1 (DMSO-wa te r  media)  

in three DMSO-wa te r  mix tures  were  calculated from 
the s tandard emf of the  cell in wa te r  (16) and in the 
mixed  solvent together  wi th  the t empera tu re  coeffi- 
cients of E~ in wate r  and the respect ive mixed  sol- 
vents. The Gibbs energy of t ransfer  is defined by the 
equat ion 

A G ~  = s G ~  w G ~  

= sAG~ -- wAG~ [17] 

where G~ represents the molar Gibbs energy in the 

Table V. Constants of the equation --log s7• (molal scale) = 
A -}- BT + CT 2 

X = 5  

mnc~,  S td .  
m o l e s / k g  A B • l 0  t C • 107 e r r o r  

0.0Ol - 0 .02612 1.8949 -- 1.1646 0.0001 
0.002 -- 0 .01209 0.9731 -- 1.1686 0.0001 
0.01 -- 0 .01793 2 .4595 -- 3.2742 0.00@2 
0.01 -- 0.01239 5.2685 --4.6751 0~001  
0.1 - 0.15180 12.2221 --8.7866 0.0001 

Table VI. Relative partial molal enthalpy (L2) a of hydrochloric 
acid in 5 w/o DMSO between 5 ~ and 45~ 

mlICh 
m o l e s / k g  5 ~ 15 ~ 25" 35" 45" 

0.001 370 389 409 428 447 
0.002 481 524 568 616 656 
0.01 671 718 766 816 868 
0.05 791 819 845 868 889 
0.1 2173 2276 2377 2475 2570 

, L2 is  e x p r e s s e d  in  j / m o l e .  1 t h e r m o c h e m i c a l  c a l o r i e  = 4 .1840 
jou le s .  
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Table VII. Thermodynamic quantities a (mole fraction scale) for 
the transfer of HCI from water to dimethyl sulfoxide-water 

mixtures at 25~ 

X : w / o  D M S O  

X A G ~  A G ~  A G ' e h e m  A H ~  A S ~  D 

5 231  6 2 2 5  - -  1 6 3 0  --  6 .2  7 8 . 3 0  
10  3 2 4  17 3 0 7  --  8 2 9  -- 3 .9  7 8 . 0 7  
20 2 9 4  87  2 0 7  --  4 7 1  --  2 . 6  7 7 . 4 1  

.~G ~ a n d  A H  ~ a r e  e x p r e s s e d  i n  j o u l e s  m o l e  -1 a n d  A S "  i n  j o u l e s  
K -1 m o l e - ' .  

mixed solvent (s) and water  (w),  respectively. The ef- 
fect of the solvent on t ransfer  Gibbs energy has been 
calculated on the mole fraction scale which does not 
contain the change of the number  of solvent molecules 
by different solvents; therefore, it wil l  e l iminate  Gibbs 
energy changes due to concentrat ion changes. The 
per t inent  relationship for the t ransfer  Gibbs energy 
is given by 

hG~ : F(WE~ -- sE~ N) [18] 

The values of this quant i ty  are given in Table VII 
The t ransfer  of charged particles, the hydrogen 

ion and chloride ion, f rom water  to DMSO-water  
mixtures  can be thought of in three stages: (i) 
desolvation of the ions in water, (ii) t ransfer  of 
H + and C1- to the mixed solvent (s), and (i i i)  
resolvation of the ions in the mixed solvent (s). The 
parameters  that adequately describe the effect of this 
changing solvent composition on the t ransfer  Gibbs 
energy are not yet well  understood. It is convenient,  
however, to divide the t ransfer  energy into two parts  
(24-26) 

AG~ : AG~ ~ AG~ [19] 

The electrostatic term, hG~ represents the coulombic 
forces between the ionic charge and the charge dis- 
t r ibut ions on the solvent molecules. All  other effects, 
including the basicity and the difference in work re- 
quired to create a cavity for the ions in the two media, 
contr ibute to the second term (24, 27). The electro- 
static contr ibut ions to the t ransfer  energy has been 
computed from the Born equation 

AG~ = (Ne2/2) (Ds -1 -- Dw-D ( r + - I  -b r - - 1 )  [20] 

where Ds and Dw represent  the dielectric constants of 
the mixed solvent and water, respectively. The radius 
of the "hydrogen ion" ( r+)  is taken as 2.76A (28) and 
that of the chloride ion ( r - )  is taken as 1.81A (29). 
The values of AG~ have been obtained by subtract-  
ing the electrostatic free energy from the total t ransfer  
quanti ty.  Table VII summarizes the values of these 
quantities.  

By the application of the usual  thermodynamic  rela-  
t ionship 

hS~  = - - d  ( A G ~  [21] 

to the tempera ture  var ia t ion of E~ one obtains 

hS~ t : F [  (a ~ 2bT  - -  50b - - k )  
- -  ( a w + 2 b w T - - 5 0 b w - - k w ) ]  [22] 

where a and b are the second and th i rd  coefficients of 
Eq. [7] to [9]. The values of aw and bw are given in  
the l i tera ture  (16); the constant  k : ( 2 R / F ) l n  (1000/ 
Mxy), and kw (a constant)  is taken as 6.92 • 10 -4. The 
values of AS~ are given in Table VII. 

The values of the t ransfer  enthalpy,  shown in Table 
VII, were obtained from the relat ion 

hH~ : AG~ -t- T A S ~  [23] 

The values of the electrostatic energy, AG~ may  be 
accurate, but  the exper imenta l  uncer ta int ies  in  the 
values of AH~ and AS~ will  be greater; hence, no 
at tempts were made to calculate these quantities. The 
correct evaluat ion of the values of AG~ is hampered  
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by the uncer ta int ies  of effective ionic radii  and the 
var iat ion of the dielectric constant  with distance from 
the ionic surface (dielectric saturat ion).  Nevertheless, 
the values of hG~ (and hence AG~ can be con- 
sidered sufficiently significant to draw some general  
conclusions which are qual i ta t ively  correct. 

Discussion 
The values of the activity coefficient, Table IlI, for 

X -- 5, 10, and 20 at 25~ decrease (at a given molal-  
ity) wi th  the increasing proportions of DMSO. The 
general  pat tern  of this t rend is similar to that  found 
in our other investigations, such as glycerol-water  
(30), isopropyl alcohol-water  mixtures  (31). Hydro-  
chloric acid shows the characteristic of a strong elec- 
t rolyte  in the exper imental  DMSO-water  mixtures  and 
its behavior is very similar  to that  in water.  An error 
of ___0.09 mV in emf value corresponds to an error of 
• in  the values of s'~• 

An examinat ion  of Table IV shows that  the escaping 
tendency of HC1 is greater in DMSO-water  mixtures  
than in pure water, because the pr imary  medium effect 
of DMSO-water  mixtures  on HC1 becomes greater with 
gradual  addition of DMSO. 

The total t ransfer  Gibbs energy appears to be posi- 
tive for all exper imental  solvent compositions in the 
DMSO-water  system. Hydrochloric acid thus appears 
to be in a higher Gibbs energy state in the mixed sol- 
vent  than in water. The positive values of AG~ also 
suggest that, as far as the acid-base reaction or solva- 
t ion is concerned, the t ransfer  of HC1 from water  to 
DMSO-water  mixtures  is not favored. In other words, 
water  is more basic than the mixed solvent. The values 
of ~G~ are accurate to within -+-24 joule mole -1. 

The values of hH~ and AS~ reflect contr ibutions 
from the effects of the ions on the s t ructure  of the sol- 
vents while  the values of AG~ provide information in 
regard to acid-base theory of ion solvation. The func-  
tion, AG~ is a simpler one, and may not  be affected by 
s t ructural  factors (32-34). It  may also be regarded as 
the resul tant  of the other two, and more complex. 
Table VII shows that  the values of AH~ and hS~ are 
negative, which suggests that, on the t ransfer  process, 
the net amount  of order created by HC1 is more in the 
mixed solvent than  in water. Hydrochloric acid thus 
breaks more s t ructure  in water  than in DMSO-water  
mixtures.  This is fur ther  supported with the view (35) 
that  all s t ruc ture- forming processes, including solva- 
t ion of ions are exothermic and are accompanied by a 
decrease in entropy. 

WE~ sE~ N 

WE~ sE~ m 

ao 
X 
s~/• 

D s ~  D w  

Mxy 

r+, r -  

L 2  
E ~ A1, �9 �9 �9 
A , B , C  

SYMBOLS 
standard electrode potential  in water  and 
in a mixed solvent (mole fraction scale), 
volts 
s tandard electrode potential  in water  and 
in a mixed solvent (molal scale), volts 
ion-size parameter,  angstroms 
w/o  DMSO in a mix tu re  with water  
mean ionic activity coefficient of HC1 
(molal scale) in a mixed solvent relat ive 
to uni t  value at infinite di lut ion in a mixed 
solvent (subscript, s) 
dielectric constant  of the mixed solvent 
and water, respectively 
mean  molecular  weight of the solvent kg �9 
m o l e -  1 
radius of the cation (H +) and anion 
(C1-) ,  respectively, angstroms 
relative part ial  molal  enthalpy, cal /mole 
the constants of Eq. [5] 
empirical constants of Eq. [15] 
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Diffusion Kinetics at Microelectrodes 
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ABSTRACT 

The effect of the electrode size on the diffusion current  of the cathodic 
reaction I3- ~- 2e : 3 I -  was investigated under  t rans ient  conditions. P lane  
circular surfaces of p la t inum electrodes with diameters, d, ranging from 1.27 
to 0.0127 cm were used. The diffusion current  under  potentiostatic conditions 
could be expressed as 

where M is an empirical  parameter  which is a function of d. For d < 0.1 era, 
M = 1 and the diffusion mode was equivalent  to semi-infini te  spherical dif- 
fusion. On the other hand, for d > 0.3 cm, M = 0, and semi-infini te  l inear  
diffusion was the controll ing mode. The change in the diffusion mode occurred 
ra ther  abrupt ly  at about d = 0.2 cm. 

Diffusion kinetics at a microelectrode often plays an 
impor tant  role in electrochemical processes (e.g., elec- 
t roanalyt ical  chemistry methods, electrodeposition, and 
electropolishing).  It is known that  the mass t ransfer  
processes at microconfigurations differ to a great ex- 
tent  from those at macroconfigurations. However, com- 
parat ively few fundamenta l  studies have been reported 
on the subject. By dimensional  analysis, Agar (1) de- 
te rmined that the mass t ransfer  mode under  s teady- 
state conditions changed from convection control to 
diffusion control as the electrode size decreased. Ibl  (2) 
applied boundary  layer  theory in his investigation of 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  ch ronoamperomet ry ,  t r i - iodide,  p la t inum.  

the mass t ransfer  process at thin wire  electrodes. He 
determined that the deviat ion of the diffusion current  
at plate electrodes increased as the diameter  decreased. 
Jacquet  (3) observed the thickness of the anodic dif- 
fusion layer dur ing electropolishing and found that  it 
was greater over valleys than over peaks. Beacom (4) 
studied the thickness of the diffusion layer  over small 
notches by the Schlieren method. Wagner  (5) ex- 
amined theoretically the mass t ransfer  process at a 
rough surface where  the surface roughness was ap- 
proximated by a sine wave. 

A number  of papers (6) have been published on elec- 
t roanalyt ical  studies using s ta t ionary microelectrodes. 
However, only a few of these studies have considered 
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ABSTRACT 

The effect of the electrode size on the diffusion current  of the cathodic 
reaction I3- ~- 2e : 3 I -  was investigated under  t rans ient  conditions. P lane  
circular surfaces of p la t inum electrodes with diameters, d, ranging from 1.27 
to 0.0127 cm were used. The diffusion current  under  potentiostatic conditions 
could be expressed as 

where M is an empirical  parameter  which is a function of d. For d < 0.1 era, 
M = 1 and the diffusion mode was equivalent  to semi-infini te  spherical dif- 
fusion. On the other hand, for d > 0.3 cm, M = 0, and semi-infini te  l inear  
diffusion was the controll ing mode. The change in the diffusion mode occurred 
ra ther  abrupt ly  at about d = 0.2 cm. 

Diffusion kinetics at a microelectrode often plays an 
impor tant  role in electrochemical processes (e.g., elec- 
t roanalyt ical  chemistry methods, electrodeposition, and 
electropolishing).  It is known that  the mass t ransfer  
processes at microconfigurations differ to a great ex- 
tent  from those at macroconfigurations. However, com- 
parat ively few fundamenta l  studies have been reported 
on the subject. By dimensional  analysis, Agar (1) de- 
te rmined that the mass t ransfer  mode under  s teady- 
state conditions changed from convection control to 
diffusion control as the electrode size decreased. Ibl  (2) 
applied boundary  layer  theory in his investigation of 
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the mass t ransfer  process at thin wire  electrodes. He 
determined that the deviat ion of the diffusion current  
at plate electrodes increased as the diameter  decreased. 
Jacquet  (3) observed the thickness of the anodic dif- 
fusion layer dur ing electropolishing and found that  it 
was greater over valleys than over peaks. Beacom (4) 
studied the thickness of the diffusion layer  over small 
notches by the Schlieren method. Wagner  (5) ex- 
amined theoretically the mass t ransfer  process at a 
rough surface where  the surface roughness was ap- 
proximated by a sine wave. 

A number  of papers (6) have been published on elec- 
t roanalyt ical  studies using s ta t ionary microelectrodes. 
However, only a few of these studies have considered 
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the difference be tween diffusion kinetics at microelec-  
trodes and macroelectrodes.  

Under  t ransient  conditions, diffusion at planar  elec- 
trodes has usually been approximated  by semi-infinite 
l inear  diffusion, regardless  of the electrode size. Cot- 
trell  (7), Lai t inen and Kolthoff (8), and Lai t inen (9) 
showed the constancy of the product  of the current  and 
the square root of the t ime under  potentiostatic con- 
ditions. However ,  Vielstich and Delahay (10) pointed 
out the l imitat ions of applying semi-infini te  lineal" 
diffusion to small  elecrodes. Lorenz (11) reported that  
surface roughness on the order  of the diffusion layer  
thickness increased the t ransi t ion t ime during galvano-  
static polarization. Al though Lai t inen and Kolthoff 
(8) a t tempted  to ver i fy  the applicabi l i ty  of semi- in-  
finite spherical  diffusion to spherical ly shaped micro-  
electrodes, convection effects precluded these exper i -  
mental  measurements .  Bard (12) surmised that  the 
increase in the chronopotent iometr ic  t ransi t ion t ime 
constant at long transi t ion t imes is due to spherical 
diffusion and natural  convection. In order  to predict  
more accurate ly  the cu r r en t - t ime  behavior  of finite 
planar  electrodes dur ing chronoamperometr ic  exper i -  
ments, Lingane (13) expanded the chronoamperomet r ic  
constant as a power series in terms of the reciprocal of 
the radius and neglected the second and higher  order 
terms. This expression was almost identical to that  ob- 
tained for semi-infini te  spherical  diffusion, the former  
differing only sl ightly from the lat ter  in the numerica l  
value of the coefficient of the f i rs t -order  term. The 
separate  contr ibut ions of spherical diffusion and con- 
vection could not be de termined  f rom Bard 's  (12) and 
Lingane 's  (13) results and, therefore,  the i r  dependence 
on the electrode size could not be ascertained. 

As shown in this brief  review, only a few studies 
have been reported on diffusion kinetics at microelec-  
trodes under  t ransient  conditions in spite of the im- 
portance for t ransient  studies of electrode processes. In 
this work, the effect of the electrode size on the diffu- 
sion kinetics has been studied under  t ransient  condi- 
tions where  the t ime did not exceed 1 sec. In order to 
exclude the complicat ion resul t ing f rom a slow charge 
t ransfer  process, a h ighly  revers ible  redox reaction, 
I3- + 2e ---- 3 I - ,  was examined.  

Experimental 
The test cell  was a 3 l i ter  Pyrex  ket t le  j a r  and a 

specially constructed cover  wi th  nine ground glass 
joints for the positioning of a thermometer ,  a gas bub-  
bler for deaeration, an auxi l ia ry  electrode, a reference 
electrode, and five test electrodes. 

The reference  electrode was p la t inum wire. This wire  
was placed inside the Luggin capillary. The end of the 
capi l lary was placed as close as possible to the test elec- 
trode in order  to minimize  the ohmic potent ial  drop 
within the electrolyte  between the test and reference  
electrodes. The counterelectrode was a large pla t inum 
foil. 

The test electrodes were  of reference grade p la t inum 
and had a plane, c i rcular  surface with diameters  rang-  
ing f rom 1.27 to 0.0127 cm. The electrodes of small  
diameter ,  0.058, 0.0254, 0.0127 cm, were  prepared by 
sealing the p la t inum wire  in a glass tube of 0.6 cm 
diameter.  The glass tubing was then sanded and pol- 
ished so that  only the cross section of the wire  was ex-  
posed. For larger  d iameter  wires of 0.206 and 0.129 cm, 
the p la t inum wire  was sealed in glass tubing with 
Apiezon wax. The wire  was held in the glass tubing 
and the mel ted wax was sucked up into the tubing. The 
electrode was sanded and polished as before. Mercury 
was used to make contact  be tween the p la t inum and 
the copper lead wire. For  the electrodes of 1.27 and 
0.635 cm diameter,  a c ircular  piece of p la t inum foil was 
glued onto the polished cross section of an iron rod 
with  conductive epoxy cement. Then, shr inkable Teflon 
was fitted around the electrode and only the p la t inum 
surface was exposed. A holder  for these electrodes was 

constructed of Teflon rod. Electr ical  contact was made 
by a pressure-f i t ted copper wire. 

The electrolyte  was 1N potassium iodide containing 
various amounts  of iodine, ranging f rom 0.1 to 0.001M 
(molar) .  The added iodine reac ted  with  I -  to produce 
I:~- forming the I .~ - / I -  redox couple (14, 15). Before 
each run, the e lect rolyte  was deaerated with  pre-  
purified ni trogen for approximate ly  3 hr. 

The potential  was controlled and generated with a 
high speed potentiostat  and a mercury  relay. The rise 
t ime of the potent ial  step imposed on the system was 
less than 10 ~sec. The current  was recorded with  a high 
speed oscil lograph (f requency response of 500 Hz). 

Results 
In this paper, the cathodic cur ren t  is taken as a posi- 

t ive value. A decrease in current  due to the diffusion of 
I t -  after the imposition of a potent ial  step was ob- 
served. Typical  cur ren t  var ia t ions  wi th  t ime  are shown 
in Fig. 1. The cur ren t  was the function of t ime (t),  ap- 
plied potential  (E),  and the concentrat ion of I3- (C). 
As can be seen in Fig. 1, the cu r r en t - t im e  curve  does 
not shift when E is negat ive enough. In order  to ex-  
amine only the diffusion process, a t tent ion was focused 
on this l imit ing current,  i. The l imit ing current  thus 
obtained is plot ted vs. 1 / k / t ' i n  Fig. 2 and 3, for all 
electrode diameters  at C ---- 0.02M. All  plots show a 
l inear relat ion in the range of 0.01-1 sec. While the 
plots intersect the origin, lk/t- ---- 0, i ---- 0 for large 
d iameter  electrodes, they do not for the small  d iameter  
electrodes. The following relat ionship was obtained 
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m 

i : S ( 1 / ~ / t  + f ( d ) )  [1] 

where S is the slope of the plot and f (d)  is some func-  
t ion of the diameter. For  electrodes of large diameters, 
f (d)  is zero. The slope, S, is plotted vs.  the electrode 
diameter  (d) on a log-log scale in Fig. 4. A l inear  re- 
lation with a slope 2 was obtained, i.e. 

S : k i d  ~" [2a] 

which can be rear ranged to the form 

S : k l ' (~ /4 )d  2 : k l ' A  [2b] 

where  A is the electrode area. The dependence of kl '  on 
C is shown in Fig. 5. The log of S / A  is l inear ly  related 
to the log of C with a slope of unity.  Then, S can be 
expressed as 

S 
: k2C [3] 

A 

o 

o 

t> 
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163 16 z 16 I 
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Fig. 5. Dependence of S/A on concentrotion 

E 

ml< 

where k2 is a constant  determined exper imenta l ly  
(534 A-cm-secl /2/mole)  and is independent  of C and d. 

The current  (i) can be extrapolated to I / ~ / t  = 0 to 
determine f(d)  as seen in Fig. 3. The extrapolated 
current  (ix) gives the re la t ion 

f (d)  = ixlS [4] 

A l inear  relat ion was obtained between ix and d, as 
shown in Fig. 6, when  the diameter  is less than  0.129 
cm, i.e. 

ix = k3d, for d ~ 0.129 cm [5] 

where k3 is a funct ion of C and independent  of d. To 
determine the dependence of ka on C, log ( i x / d )  is 
plotted vs.  log C in Fig. 7. This plot gives a l inear  
relationship with a slepe of unity.  Thus, a propor-  
t ionali ty between ka and C was obtained and 

ix = k4dC  [6] 

Equations [4] and [6] give 

f ( d )  : k 4 d C / S ,  for d ~-- 0.129 cm [7] 

where  k4 is a constant  determined exper imenta l ly  
(7.15 A-cm2/mole )and  is independent  of d and C. Since 
f(d) is zero for large electrode diameters, the cur-  
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Fig. 4. Dependence of slope $ on the electrode diameter 
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rent  (i) in  Eq. [1] can  be expressed empirical ly as 

i -- k2CA [1/A/t + M(k4/k2) (d/A)] [8] 

where  M is a funct ion of the diameter  and can have 
values between zero and one. The dependence of M 
on diameter  is shown in Fig. 8. It  was found that M 
decreased ra ther  abrup t ly  from un i ty  to zero as the 
electrode diameter  increased. This abrupt  decrease oc- 
curred at about the electrode diameter  of 0.2 cm. 

Discussion 
It  is known  that  when  a circular plane electrode is 

large and the polarization durat ion is short, mass 
t ransport  at the electrode is controlled by semi-infini te  
l inear  diffusion. However, when  the electrode d imen-  
sion is small, mass t ransfer  is approximated by semi- 
infinite spherical diffusion. The l imit ing current  for a 
potential  step is given by Eq. [9] for semi-infini te 
l inear  diffusion and by Eq. [10] for semi-infini te  
spherical diffusion (16) 
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where  n and F have their usual  significance and A and 
D are the electrode area and the diffusion coefficient 
of I3- ,  respectively. 

The current  can be expressed general ly  for all elec- 
trode diameters examined in this s tudy by  introducing 
an empirical  parameter  M 

nFAA/D--CA/; ( ~/t-+l 2MA/n--D [11] 
i 

In the case of d --~ 0.1 cm, the diffusion mode is semi- 
infinite spherical diffusion and M ---- 1. For  d > 0.3 cm, 
M = 0 and semi-infini te l inear  diffusion is the con- 
t rol l ing mode. The change from semi-infini te spherical 
to semi-infinite l inear  diffusion occurs around d ---- 0.2 
cm. It is evident  that  when  plane circular electrodes 
similar in  size to those examined in this investigation 
are used, the change of the diffusion mode with the 
electrode dimensions is an impor tant  consideration. 
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A B S T R A C T  

Appara tus  and exper imenta l  technique for measurements  of local na tura l  
convection mass t ransfer  on ver t ica l  and upward- fac ing  inclined surfaces are 
described, and corresponding results  are presented and discussed. The exper i -  
ments were  per fo rmed  using the e lectrochemical  technique, with Cu + + as the 
t ransfer red  ions and sulfuric acid as the support ing electrolyte.  The object ive 
of the research was to obtain highly local information.  Two types of mass 
t ransfer  probes were  employed, the smaller  of which were  about I/4 mm in 
spanwise width, wi th  a p robe- to -p robe  spacing of 1/20 mm. These min ia ture  
probes were  used in the measurement  of spanwise mass t ransfer  var ia t ions  
encountered in the l amina r - tu rbu len t  t ransi t ion regime on inclined surfaces. 
Local laminar  mass t ransfer  results  and instabil i ty Rayleigh numbers  for 
ver t ical  and inclined plates were  measured by means of a set of small  cir-  
cular probes. All  data were  collected for l imit ing current  operation, and the 
requisi te  concentrat ion levels  of Cu + + ions were  examined  and documented.  
In addition, the influence of ca thode- to-anode  orientat ion was investigated,  
as were  the edge effects associated with the la teral  edges of the test surface. 

Elect rochemical  techniques have been used by nu-  
merous invest igators  in recent  years to study mass 
t ransfer  be tween a surface and a l iquid environment ,  
as witnessed, for instance, by a recent ly  published 
summary  paper by Mizushina (1). One of the a t t rac-  
t ive features of these techniques  is the capabil i ty of 
obtaining local mass t ransfer  results, that  is, mass 
t ransfer  results for a small  region of the over -a l l  sur-  
face being studied. The present  concern with  local mea-  
surements  is mot iva ted  by the  nature  of the phenome-  
non being investigated. It  has been shown by flow 
visual izat ion studies (2) that  for natura l  convect ion 
adjacent  to an inclined upward- fac ing  surface, the 
b reakdown of the l aminar  regime is marked  by the 
presence of a secondary flow. That  is, superposed on 
the main s t reamwise flow, there  are a l ternate  regions 
of inflow and outflow distr ibuted more or less per iodi-  
cally across the horizontal  span of the surface. It would 
be expected that  such an inflow-outflow pat tern  would  
give rise to a spanwise var ia t ion  of surface mass t rans-  
fer. The typical  spanwise dimension of the inf low-out-  
flow cells observed in this invest igat ion is 1 mm. There -  
fore, to resolve the spanwise mass t ransfer  distr ibut ion 
wi th in  a cell, several  local measurements  must  be made 
wi th in  a span of 1 mm. Thus, it is necessary that  the 
mass t ransfer  probes be ve ry  small  and, also, that  they 
be very  close together.  

The ins t rumenta t ion  and exper imenta l  technique for 
per forming highly  localized measurements  of the type 
discussed above is described here in detail. Also, rep-  
resenta t ive  spanwise mass t ransfer  distr ibut ions are 
presented for the l amina r - t o - t u rbu l en t  t ransi t ion 
regime in na tura l  convection flow on inclined surfaces. 

Quite apar t  f rom the jus t -ment ioned  spanwise dis- 
tr ibutions,  another  type of local measurements  was 
made which is appropr ia te  to ei ther  the l aminar  or 
turbulent  regimes. The ins t rumenta t ion  and technique  
for this measurement  is also described. Local mass 
t ransfer  results  a re  presented for l aminar  na tura l  con- 
vect ion flow on ver t ica l  and inclined surfaces. F rom 
these results, the  Rayle igh number  mark ing  the b reak-  
down of the laminar  regime is identified. 

A survey  of the avai lable  l i te ra ture  failed to disclose 
local e lectrochemical  mass t ransfer  measurements  
character ized by probe sizes and by p robe- to -probe  
proximit ies  as small  as those of the present  invest iga-  

K e y  words :  na tu ra l  convection,  incl ined surface,  mass  t ransfer ,  
l i m i t i n g  current .  

tion. Only in connection with  wal l  shear stress mea-  
surements,  where  electrodes are  embedded in an iner t  
wall, have comparably  small  electrodes been employed 
(3). Representa t ive  prior  studies, where  e i ther  local 
or quasi- local  e lectrochemical  mass t ransfer  measure-  
ments  are reported, may  be found in Ref. (4-6) for 
natura l  convection flow and in Ref. (7, 8) for forced 
convection flow. 

Experimental Apparatus 
An over -a l l  schematic  d iagram of the exper imenta l  

apparatus is pictured in Fig. I. The electrochemical  
fluid, an aqueous solution of cupric sulfate and sulfuric 
acid, both reagent  grade, was contained in a polyethyl -  
ene tank (61 X 45.6 X 45.6 cm, length • wid th  X 
height).  The cupric ions play the role of the t ransferred 
ion and plate out on the cathode, thereby  giving rise to 
concentrat ion and densi ty gradients  in the fluid ad- 
jacent  to the cathode. In turn,  the density gradient  
creates a buoyancy force which causes the natural  
convection flow. 

As seen in the figure, the main components  of the 
apparatus  included the cathode (which is the test sur-  
face),  anode, reference  electrode, circuitry,  ins t rumen-  
tation, power source, and vol tage  control. These sev- 
eral  components  will  now be described, s tar t ing with 
the test surface. 

A f ront - face  schematic of the test surface is shown 
in Fig. 2. As pictured therein,  the test surface con- 
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Fig. 2. Front-face view of the test surface 

sisted of e leven individual  segments set into an elec-  
t r ical ly passive f ramework.  All  segments were  fab-  
r icated f rom nickel  200 and were  0.635 cm thick and 
15.2 cm in spanwise width. The seven probe-bear ing  
segments were  2.54 cm high, whereas  the four  unin-  
s t rumented segments, which served to va ry  the s t ream- 
wise locations of the mass t ransfer  probes, were  0.635 
cm in height. The positions of the segments could be 
interchanged at will, so that  the i r  a r rangement  in Fig. 
2 is only for il lustration. The active surface had a 
s t reamwise  height  of 20.3 cm and a spanwise width  of 
15.2 cm. The width  of the surrounding Teflon f rame 
was 2.54 cm. 

Six of the segments were  ins t rumented  wi th  small  
c i rcular  electrodes (0.343 cm diameter)  which served 
as local mass t ransfer  probes for flow conditions char-  
acterized by spanwise uni formi ty  (i.e., ei ther  laminar  
or turbulent  flow). The circular  probes were  si tuated 
at the centers of the respect ive host segments and, 
in one case, two supplementary  probes were  installed 
2.54 cm to e i ther  side of the center. The instal lat ion 
of the circular  probes is i l lustrated in Fig. 3, which 
is a schematic v iew of the back face of one of the 
host bars. The probe was electr ical ly  insulated f rom 
the host bar by a 0.0127 cm annular  gap filled with  
epoxy. The back side of the  probe  and the attached 
end of the cur ren t -ca r ry ing  lead wire  were  embedded 
in epoxy. Glypta] insulat ing paint  was applied to the 
epoxy and to the ent ire  back face of the host bar. 

The seventh ins t rumented  segment  contained an en-  
semble of 55 ve ry  small  probes whose function was to 
measure the  spanwise mass t ransfer  distr ibution in 
the l amina r - tu rbu len t  t ransi t ion reg ime on inclined 
upward- fac ing  surfaces. The probe ensemble consisted 
of successive sheets of nickel  200 and of polyethylene  
insulation. Each probe had a spanwise dimension of 
0.0254 cm, wi th  a spacing be tween  probes (i.e., th ick-  
ness of the polyethylene  foil) of 0.0051 cm. In the 
s t reamwise  direction, the probes were  0.318 cm in 
length. The end pieces of the ensemble were  also of 
nickel  200, 0.635 cm thick, and cut in the same shape 
as the probes. The ensemble  was held together  by 
two nickel screws which were  insulated f rom the 
probes by Teflon tubing. A photograph of the probe 
section is given in Fig. 4, where in  the act ive sensing 
surface is along the bot tom-most  edge. 

LEAD TO CURRENT SHUNT 

HOST BAR 

Fig. 3. Diagram showing installation of circular probes 

Fig. 4. Photograph of the ensemble of miniature probes 
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Fig. 5. Diagram showing installation of miniature probes 

The assembly of the probe section and its instal lat ion 
in the host bar  are i l lustrated in Fig. 5. A rec tangular  
hole sl ightly larger  than the face of the probe section 
was machined into the bar, wi th  a c learance of about 
0.02 cm being maintained.  Glypta l  insulat ing paint  was 
poured into the gap and a coating of epoxy applied 
to the face of the probe section and on the hardened 
Glypta l  filler. The  hardened  epoxy was careful ly  fin- 
ished wi th  grade 600 wet  or  dry  Tr i -M- i t e  paper  and a 
fine hone, exposing the faces of all 55 probes. The 
probe section was held in place by a bracket  mounted  
on the back of the host bar. 

Lead wires  were  soldered to the probes and seg- 
regated from each other by positioners as shown in 
Fig. 5, the lead wires  being affixed to the positioners 
wi th  epoxy. The figure shows the different positions 
of lead wire  a t tachment  for three  successive probes. 
The entire back side of the probe section, the posi- 
tioners, and the ends of the lead wires  were  painted 
wi th  Glyptal ,  embedded in epoxy, and painted again 
with  Glyptal  to ensure that  no unaccounted areas were  
exposed to the electrolyte  solution. 

Each one of the e leven segments  comprising the test 
surface was equipped with  a binding post on its back 
face to faci l i tate connection to the externa l  circuit. The 
posts and wire  were  of nickel  200. Glypta l  insulating 
paint  was applied to the binding posts, and plastic 
tape was wrapped  around them to re ta rd  corrosion 
of the area of electr ical  contact. 

The segmented test surface was housed in a Teflon 
f rame which has a l ready been ment ioned in connection 
wi th  Fig. 1. A groove was machined along the inner 
c i rcumference  of the f rame to receive  the  segments, 
so that  the exposed face of the test surface and of 
the f rame were  in the same plane. The segments 
themselves  were  careful ly  al igned to ensure that  they 
presented a smooth, continuous surface to the  flow, and 
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the al ignment ,  once attained, was fixed by electr ical ly  
isolated, t humb- t igh tened  set screws. The Teflon f rame 
was supported by a n ickel -p la ted  stand, which was 
painted with  Glypta l  to make  it e lectr ical ly  and chem-  
ically neutral .  The stand faci l i tated the posit ioning of 
the test surface at var ious angles of inclination. Typi-  
cally, the test surface was si tuated about  4 cm above 
the floor of the tank, and its topmost edge was 15 to 
20 cm beneath  the surface of the electrochemical  bath. 

The anode was a 40-cm square  copper sheet, 0.08 
cm thick. For  the data runs, the anode was positioned 
as indicated in Fig. 1. However ,  a number  of pre-  
l iminary  runs were  made to explore  the influence of 
anode position on the mass t ransfer  results, and the 
findings of these runs are reported in a la ter  part  of 
the paper. 

A reference electrode was placed in the e lect rolyte  
solution to facil i tate the measurement  of the vol tage 
be tween the fluid bulk and the test surface. The ref-  
erence electrode was a 0.1 cm diameter  copper wi re  
housed in a Teflon tube. A small hole at the bottom 
of the tube permit ted  the e lec t ro lyte  to contact  the 
electrode. The reference electrode was typical ly posi- 
t ioned to the side of the test surface (about 5 cm 
away)  and at its half -height .  

External Circuitry and Instrumentation 
A schematic d iagram of the electric c i rcui t ry  is pre-  

sented in Fig. 6. A 12V automot ive  storage battery,  
supplemented by a rheostat  and a t r imming  pot, served 
as the power  supply. The cathode vol tage was mea-  
sured with a 0-1.5V, 1%, d-c Simpson panel  meter.  A 
cal ibrated Weston Model 901 d-c ammete r  served to 
measure  the over -a l l  cur ren t  flow through the electro-  
lyte. 

The segments which make up the cathode were  tied 
together  electrically,  so that  they were  all of the same 
potential.  Adjacent  segments  were  actual ly  in contact, 
but gaps are indicated in the figure in order  to del ine-  
ate the separate  segments. A current  shunt was in-  
corporated into the circuit  for each of the probes. The 
current  shunts for the eight circular probes were  15- 
ohm cal ibrated precision resistors. For the ensemble 
of 55 min ia ture  probes, 55-1%, 174-ohm cal ibrated pre-  
cision resistors served as the current  shunts. 

For  the steady mass t ransfer  rates encountered 
under  laminar  flow conditions, the voltage drops across 
the current  shunts were  measured with a Leeds and 
Nor thrup  K-3 potentiometer ,  supplemented  by a Iow 
contact resistance, 24-position thermocouple  selector 
switch. For  the unsteady mass t ransfer  rates that  are 
characterist ic of nonlaminar  flows, the shunt voltage 
drops were  read with a Dymec Digital Voltmeter .  This 
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Fig. 6. Electric circuitry diagram 

ins t rument  could be p rogrammed  to read repe t i t ive ly  
the output  of a single probe at preselected intervals  of 
time. Al ternat ively ,  it could be p rogrammed to read 
successively the outputs of as many  as 24 probes, with 
the sweeping of the 24 probes being repeated as many 
times as desired. To accommodate  the 55 probes of the 
ensemble to the Dymec, they were  subdivided into two 
sets of 24 and one set of seven. About 45 sec were  
requi red  to disconnect one set and to connect another.  

Experimental Technique 
During the course of each data run, copper was 

plated out on the test surface. Removal  of deposited 
copper and refinishing of the surface was a necessary 
aspect of the exper imenta l  procedure.  The importance 
of removing the deposited copper is heightened when 
local mass t ransfer  probes are used, as in the present 
experiments .  If not removed,  a bui ld-up  of deposited 
copper could eventua l ly  bridge over  the insulat ion be- 
tween a probe and its host bar  or be tween  adjacent  
probes. Such a br idging over  would  cause the local 
probe to become inoperative.  

At  the conclusion of each data run, the cathode and 
anode were  wate r  washed and carefu l ly  dried with  
soft paper  towels, and the mass t ransfer  probes were  
checked for shorts. Pr ior  to the start  of a new data 
run, the electrodes were  pains takingly  resurfaced. The 
resurfacing operations were  per formed in such a way 
as to ensure that  the  surfaces of the probes and the 
host bars were  coplanar. First,  the test surface was 
wiped clean of any ai rborne particles. Then, grade 
600 wet  or dry Tr i -M- i t e  paper  was used to refinish 
all parts of the test surface except  for the ensemble 
of 55 minia ture  probes, for which  a wet, ve ry  fine hone 
was used (to avoid shorts be tween  adjacent  probes).  
Immedia te ly  after  the refinishing, methanol  technical  
was freely applied to wash away small  part icles of 
copper sanding dust. Next,  the epoxy insulat ion be-  
tween the probes and thei r  host bars was cleaned with  
a stiff bristle brush and methanol  technical,  af ter  
which all parts of the test surface were  washed again 
with l iberal  amounts of methanol  technical  and wiped 
with  paper  gauze pads. Finally,  all probes were  
checked to ver i fy  the absence of shorts. 

The anode was also subjected to a sequence of resur-  
facing operations similar  to those for the test surface, 
wi th  grade 180 wet  or dry paper  being employed in 
the refinishing of both sides of the anode. 

Pr ior  to the init iat ion of the mass t ransfer  process, 
the electrochemical  solution was st irred to ensure uni-  
formity  of concentrat ion and tempera ture ,  and a wai t -  
ing period was al lowed for the decay of motions due 
to stirring. No data were  collected unti l  the start ing 
t ransient  of the system had died away. 

The data acquisit ion procedure for laminar  and for 
nonlaminar  conditions differed because the mass t rans-  
fer rates were, respect ively,  s teady and unsteady. Only 
the unsteady si tuation mer i t s  discussion here. The 
signal f rom any one of the circular  probes was read 
by the Dymec Digital  Vol tmeter  at intervals  of 0.2 to 
0.3 sec for a period of 3 min  to de te rmine  t imewise 
variat ions in the local ra te  of mass transfer.  A l t e rna -  
tively, the outputs of the eight c i rcular  probes were  
read in succession, wi th  the e ight -probe  sweep being 
repeated again and again. Local  t ime averages were  
evaluated  f rom instantaneous data collected f rom both 
of these measuremen t  procedures.  For  the ensemble of 
min ia ture  probes, the signals f rom the first 24 probes 
were  read successively by the Dymec in a period of 
about 7 sec, and the scanning of this set of probes was 
repeated unti l  about 1V2 min had elapsed. Then, the 
second set of 24 probes was connected to the I)ymec 
and readings were  taken for 11/2 min, and so forth. 

The composit ion of the bulk solution was obtained 
by sampling. The concentrat ions of the copper  ions 
and sulfuric acid were  determined,  respectively,  by 
spectrometric  and t i t ra t ion methods, described in Ref. 
(9) and (10), respectively.  Vert ical  concentrat ion 
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gradients  were monitored, and data acquisit ion was 
restricted to cases where  the gradient  was less than  
0.00007M (molar) concentrat ion of copper ions per 
centimeter.  No change in the mixed mean bulk  con- 
centrat ion was detected dur ing  the course of a data run. 

L i m i t i n g  C u r r e n t  Cond i t ions  
To facili tate the evaluat ion of mass t ransfer  coeffi- 

cients, all  final data were taken for the l imit ing cur-  
rent  operat ing condition. This condition corresponds to 
a zero concentrat ion of t ransferred ion (i.e., copper) 
at the cathode, thereby e l iminat ing the need for con- 
centrat ion measurements  at the test surface. Limit ing 
current  operation can be identified by a plateau in a 
graph of cathode current  vs. cathode voltage (mea-  
sured with respect to the reference electrode). 

The a t ta inment  of a l imit ing current  plateau is 
favored by higher concentrat ions of copper ions in the 
fluid bulk. On the other hand, the rate  at which copper 
plates out on the test surface is also increased with 
higher bulk  concentrations.  Such higher plat ing rates 
can lead to short circuit ing of the mass t ransfer  probes. 
Furthermore,  high pla t ing rates enhance the rapidity 
at which the surface of the plated copper may become 
roughened, thereby causing a change in the effective 
surface area (11). It  is relevant,  therefore, to perform 
the experiments  at the lowest bu lk  copper ion concen- 
t rat ions which are compatible with the existence of 
a l imit ing current  plateau. 

Figures 7 and 8 show typ ica l  current -vol tage  curves. 
The bulk  copper ion concentrat ion ranged from 0.0066 
to 0.0825M for these test conditions, while the sulfuric 
acid concentrat ion was about 1.5M for all cases. It is 
evident  that l imit ing current  plateaus do not exist for 
the 0.0066 and 0.0113M concentrations. On the other 
hand, the curves for the 0.0375 and 0.0825M concentra-  
tions indicate l imit ing current  operation. The absence 
of l imit ing current  plateaus at low copper ion con- 
centrat ions has already been noted by Fenech and 
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Tobias (5). The cause of this behavior  is not completely 
understood at the present. 

On the basis of Fig. 7 and 8 and of other such cur-  
rent -vol tage  curves, it was established that  l imit ing 
current  operation could be at tained for bulk  copper 
ion concentrat ions above 0.03M. To ensure that  all 
final data actually corresponded to l imit ing current  
operation, a current  voltage curve such as those of 
Fig. 7 and 8 was mapped out for each data run. A 
sequence of six or seven steps was taken to define 
l imit ing cur ren t  conditions. At each step, the current  
was monitored with a strip chart  recorder, and a 
steady reading was approached before advancing to 
the next  step. The length of the data acquisit ion period 
under  steady l imi t ing-cur ren t  conditions varied with 
the type of flow observed; for l aminar  flow approxi- 
mate ly  1!~ rain, for t u rbu len t  flow approximately 3 
min, and to monitor  two sets of local spanwise read-  
ings about 4 rain. 

Results  and  Discussion 
Owing to the fact that  all  data were taken  for l im-  

i t ing current  operation and in  the presence of excess 
support ing electrolyte, the local mass t ransfer  coeffi- 
cient kx can be evaluated as 

kx = i/nFc= [1] 

where i and c=, respectively, denote the measured val-  
ues of the current  density and the concentrat ion of 
copper ions in the fluid bulk. The quanti t ies  n and F 
are the valence of the copper ions and the Faraday 
number .  A dimensionless representat ion for kx is pro- 
vided by the Sherwood number  Shx, which is defined 
as 

Shx -- k x x / D  [2] 

in which x is the streamwise distance along the test 
surface, with x ---- 0 corresponding to the leading edge 
of the active surface. 

The other dimensionless grouping re levant  to the 
na tura l  convection process is the Rayleigh number .  In 
constructing the Rayleigh n u m b e r  appropriate to an 
inclined test surface, we use the component  of the body 
force parallel  to the surface (i.e., g cos 0) and indicate 
the presence of the incl inat ion angle 8 by  the notat ion 
Rae. Then, the local Rayleigh number  is given by  

Ra0,x -- [pg cos ~ (p~ -- pw)xS/~2]Sc [3] 

where Sc denotes the Schmidt number  ~/pD, and p= 
and pw are the densities in the fluid bu lk  and at the 
surface. The quanti t ies  D, p, and ~ appearing in Eq. [2] 
and [3] were evaluated at the average of the concen- 
trat ions at the wall  and in the bulk. Typically, the 
wa l l - to -bu lk  fluid property variat ions were on the 
order of 1%. Detailed informat ion about the evaluat ion 
of the fluid properties is given in Ref. (12). The prop- 
erty evaluations were based on data given in  Ref. (5) 
and in Ref. (19-24). 

An ini t ial  set of experiments  was performed to 
explore the effect of cathode- to-anode orientation. An-  
other objective of this set of experiments  was to 
examine the influence of edge effects associated with 
the lateral  edges of the test surface. The experiments  
in question were performed for laminar  flow conditions 
and with the test surface vertical. However, instead 
of the configuration pictured in Fig. 2, the test surface 
assembly was tu rned  through 90 degrees, so that  the 
main  line of circular probes was situated along a 
horizontal, each probe being at the same distance from 
the leading edge. Five electrically active, ins t rumented  
segments were employed, each with a central  circular 
probe, plus Plexiglas spacer bars which were used to 
segregate the active segments. The active segments and 
spacers were arranged so that, proceeding along the 
horizontal span of the test surface, one encounters  the 
2.54 cm Teflon frame, 10.16 cm of active surface, a 2.54 
cm spacer, 2.54 cm of active surface, a 5.08 cm spacer, 
and the Teflon frame. 
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Fig. 9. $panwise uniformity tests for laminar flow adjacent to o 
vertical  plate. 

Local Sherwood number  results  from four experi -  
menta l  runs,  performed over a period of several days, 
are shown in Fig. 9. The dashed l ine appearing in 
each graph represents the prediction of l aminar  ver t i -  
cal plate theory corresponding to Sc ---- 2000 (13) 

Shx/0.499 Rax'/, : 1 [4] 

Adjacent  to the graph for each run  is a p lan-v iew sche- 
matic indicating the positioning of the cathode and 
the anode. The line represent ing the cathode denotes 
the active portions of the surface, and the break in the 
l ine denotes a spacer. In  runs A and B, the cathode 
and anode were parallel,  whereas in runs  C and D they 
were at r ight  angles. Owing to the short ing out of a 
mass t ransfer  probe, only four data points appear in 
the graphs for runs  A and B. 

Inspection of the figure indicates that the mass 
t ransfer  results show no systematic var ia t ion with 
spanwise location, regardless of the position of the 
anode or of the proximi ty  of a probe to the lateral  
edges of the test surface. Fur thermore,  the agreement  
of the data with laminar  theory is excellent, the aver-  
age deviation being about 1.6%. These findings indi -  
cate that  for the conditions of the present  experiments,  
cathode- to-anode orientat ion and edge effects have a 
negligible influence on the mass t ransfer  results. F u r -  
thermore, the excellent agreement  with theory lends 
confidence in the exper imenta l  technique, in s t rumenta -  
tion, and thermophysical  properties used in the data 
reduction. 

For all subsequent  exper imental  runs,  the test sur-  
face was situated in its original  configuration, and the 
anode was positioned paral lel  to the cathode and as 
far away as possible. 

A second series of exper iments  was performed to 
determine local l aminar  mass t ransfer  results for ver-  
tical and incl ined surfaces and, in addition, to examine 
the conditions mark ing  the breakdown of the l amina r  
regime. The circular  mass t ransfer  probes were used 
in these experiments.  The results are plotted in Fig. 
l0 with Shx/0.499 Rae,x'/4 on the ordinate and Rae,x on 
the abscissa. The mot ivat ion for the form of the ordi- 
nate var iable  stems from the analyt ical  prediction for 
laminar  na tu ra l  convection mass t ransfer  on a vertical 
plate, Eq. [4], which, when  generalized by replacing 
g with g cos e, becomes 

Shx/0.499 Rae,x'/4 -- 1 [5] 

Equat ion [5] corresponds to Sc -- 2000, which is the 
typical  Schmidt n u m b e r  of the experiments.  In  view 
of Eq. [5] and if l amina r  theory is obeyed, the data, 
when  plotted using the coordinates of Fig. 10, should 
fall on a horizontal  line having an ordinate  value of 
unity.  A par t icular  advantage of such a presentat ion 
is that deviations from the laminar  l ine are readily 
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Fig. 10. Local laminar mass transfer results on vertical and 
inclined surfaces. 

observable, thereby facilitating the identification of 
the onset of laminar-turbulent transition. 

Results for surface inclination angles, relative to 
the vertical, of 0, 10, 15, and 20 degrees are plotted in 
Fig. 10. The data for each inclination angle are refer- 
red to a separate ordinate scale, as designated by the 
arrows. Results for inclination angles greater than 
20 degrees are not shown in the figure since, for such 
angles, the flow at the lowermost probe was nol 
laminar. 

Inspection of Fig. 10 shows excellent agreement be- 
tween the laminar data and the analytical prediction 
expressed by Eq. [5], adding further confidence in 
the experimental technique, instrumentation, and 
thermophysical properties. For the inclination angles 
of 0 and 10 degrees, the experimental results are gen- 
erally within 3% of the prediction in the laminar 
range. At the 15 and 20 degree inclination angles, 
where there are fewer laminar data, the agreement 
is within 4%. 

The present local mass transfer results for the verti- 
cal plate, when integrated over a streamwise length L. 
yield ShL = 0.665 Rat. '/,, which is in excellent  agree- 
ment  with the over-al l  measurements  of Wilke, Tobias. 
and Eisenberg (14). On the other hand, the over-al l  
measurements  of Fouad and Ahmed (15) on vertical  
and inclined plates appear to lie outside the laminar  
regime, so that no comparisons are possible. 

Next, a t tent ion may be tu rned  to the onset of lam- 
i na r - t u rbu l en t  transit ion.  One way of ident i fying the 
onset of t ransi t ion is from the  systematic upward  de- 
par ture  of the data, as plotted in Fig. 10, from the 
horizontal lines which correspond to laminar  flow. A 
second indication is given by the measurements  of 
current  flow. For strictly l aminar  conditions, the cur-  
rent  readings were very steady. However,  for Rayleigh 
numbers  just  below those at which data lift-off oc- 
curred, small fluctuations in the readings were  ob- 
served. The Rayleigh numbers  at which these fluctua- 
tions were first noted are indicated by short vertical 
lines for each angle of inclination.  These Rayleigh 
numbers  are regarded here as mark ing  the onset of 
t ransi t ion and are listed in Table I. 

The table indicates that  the t ransi t ion Rayleigh n u m -  
ber decreases with increasing angle of inclination. 
The drop-off is especially sharp between 10 and 20 
degrees, and this might  well  be due to the change in 
the na ture  of the laminar  ins tabi l i ty  as observed via 
flow visualization (16). 

The t ransi t ion Rayleigh numbers  of Table I, which 
correspond to mass t ransfer  at Sc -- 2000, do not corre- 

Table I. Rayleigh numbers at the onset of transition 

8 ( d e g r e e s )  Rao ,x  

0 1.5 x 10  u 
IO 5 .0  x I 0  TM 

15 9.1 • 10 ~ 
2 0  3 .5  • I 0  ~ 
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late too well with those encountered in heat t ransfer  
experiments  at P rand t l  numbers  in the range 0.7-5 
(16). (The Schmidt and P rand t l  numbers  play anal -  
ogous roles in the mass and heat t ransfer  processes.) 
In  particular,  at incl inat ion angles of 0 and 10 degrees, 
the Rae,x of Table I are substant ia l ly  higher than the 
available t ransi t ion values from heat t ransfer  studies. 
Thus, the Rayleigh number  might  not, in itself, be a 
sufficient cri terion for transit ion,  and there might  be 
a separate dependence on the Schmidt (or Prandt l )  
number .  This possibility has already been suggested 
by Fouad and Ibl  (17). Also, it is quite possible that  
the na tura l  disturbances in the fluid env i ronment  may 
be smaller in the mass t ransfer  case than  in the heat 
t ransfer  case, thereby favoring a later  t ransi t ion in the 
former. 

The t ransi t ion Rayleigh number  of Table I for the 
vertical  plate falls in  the range encountered in other 
electrochemical mass t ransfer  experiments;  however, 
as noted in  Ref. (18), there is a substant ia l  spread in 
the results from different investigations. 

The last set of experiments  to be reported here are 
those in which the ar ray  of min ia tu re  probes was 
used to measure spanwise mass t ransfer  distr ibutions 
on inclined surfaces in the l amina r - t u rbu l en t  t rans i -  
t ion regime. Some pre l iminary  experiments  for lam- 
inar  flow adjacent  to a vertical  surface gave data which 
agreed very  well with the analyt ical  predictions. The 
deviations were only a few per cent, and this might  
well have been due to uncertaint ies  in the visual  de- 
te rminat ion  of the electrically active surface area of 
the minia ture  probes. 

Representat ive t ransi t ion regime results for incl ined 
surfaces are pictured in Fig. 11, which is for an 
incl inat ion angle of 30 degrees relat ive to the vertical. 
The figure shows instantaneous spanwise mass t ransfer  
distributions. The ordinate is the current  density, 
which is directly proport ional  to the mass t ransfer  
rate. The abscissa is the spanwise location, measured 
relat ive to the first probe in the ensemble. Data from 
probes 1 through 24 are plotted in the l e f t -hand  part  
of the figure, while data from probes 25 through 48 
are shown in the r igh t -hand  part. To provide a clearer  
picture, dashed lines have been faired through the 
points for a given ins tant  of time. 

The instantaneous distr ibutions presented in  Fig. 11 
were constructed from cross plots of the data collected 
from the successive sweeps of the probe ensemble. The 
time lapses between the successive instantaneous dis- 
t r ibut ions are indicated in  the figure, as is the Rayleigh 
number .  

From the figure, it is seen that  the ins tantaneous 
mass t ransfer  rate varies in an oscillatory manne r  
across the span of the plate. The ampli tude of the 
var iat ion is a substant ial  fraction of the spanwise 
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Fig. 11. Instantaneous spanwise mass transfer distributions in the 
laminar-turbulent transition regime. 

average. The distance between adjacent peaks and 
valleys is on the order of 1 ram. Results similar to Fig. 
11, but for other inclination angles, are available in 
Ref. (12). 

Concluding Remarks 
The min ia tu re  probes employed in  the present  ex- 

per iments  appear to have been equal to the task of 
resolving the spanwise variat ions encountered in the 
t ransi t ion regime on incl ined surfaces. The spanwise 
dimensions of the probes and of the insulat ion between 
the probes were the smallest that  could be fabricated 
consistent with the avoidance of short circuits in the 
probe assembly prior to its use in the electrochemical 
solution. Dur ing  the course of the experiments,  the 
sulfuric acid in the electrochemical solution attacked 
the epoxy insulation,  u l t imate ly  causing short circui t-  
ing of adjacent  probes. 

It is clear from Fig. 11 that  had larger probes and /or  
greater probe- to-probe separation distances been em- 
ployed, an accurate picture of the spanwise variat ions 
would not have been obtained. 

Manuscript  submit ted Aug. 13, 1971; revised manu-  
script received Jan. 11, 1972. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in  the December 1972 
JOURNAL. 
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Throwing Power Measurements during High Rate Nickel 
Dissolution under Active and Transpassive Conditions 

Dieter Landolt* 
Energy and Kinetics Department, 

School 05 Engineerb~g and Applied Science, University o] California, Los Angeles, California 90024 

ABSTRACT 

Throwing power measurements  for anodic dissolution of nickel under  elec- 
t rochemical  machining conditions were  performed in a flow channel  apparatus.  
Acidified 1M NaCl and neutral  IM NaCIO:~ solutions were  chosen as examples  
of a nonpassivat ing and a passivating electrolyte.  Anode and cathode potent ia l  
measurements  and current  efficiency determinat ions  were  used for the in ter-  
pretat ion of measured throwing power data. Current  distr ibution at high 
current  densities was l i t t le affected by passivation. The lower  th rowing  power  
found for the passivating NaCIO:~ electrolyte  compared to the nonpassivat ing 
NaCl electrolyte  was therefore  solely due to a different dependency of dis- 
solution efficiency on current  density. 

Throwing power is a concept used by electroplaters  
to describe the abili ty of a bath to yield macroscopi-  
cally uniform deposits. Throwing power  is usual ly 
de termined  exper imenta l ly  in a Haring Blum cell (1) 
by measur ing the weight  change of two equipotent ia l  
cathodes located at different distances from a central  
anode. Severa l  empir ical  formulas  are in use for cal- 
culat ing a numerica l  value  of throwing power from 
such measurements .  The concept of throwing power  
can also be applied to e lectrochemical  machining 
(ECM) for character izing the degree of "overcut"  or 
"s t ray cut t ing" occurr ing during a machining operation 
with a given electrolyte.  A low value of throwing 
power is desirable in ECM because "overcut"  can be 
reduced by restr ict ing anodic dissolution to the imme-  
diate vic ini ty  of the cathodic tool. In analogy to the 
electroplat ing situation, the exper imenta l  de te rmina-  
tion of ECM throwing power may include the measure-  
ment  of the weight  loss of two equipotent ial  anodes 
located at different distance from a central  cathode. 
Such measurements  have  recent ly  been reported by 
Brook and Iqbal (2), but  their  data have been cr i t i -  
cized by Chin and Wallace (3). The lat ter  authors 
propose a different exper imenta l  method based on the 
assumption that  a logar i thmic relat ionship between 
weight  loss ratio and length ratio exists. 

It has been ment ioned in the l i t e ra ture  that  bet ter  
dimensional  accuracy can be obtained in ECM if 
passivating electrolytes such as sodium chlorate are 
employed (4, 5), but few per t inent  data have been 
given so far to explain this behavior.  The present  
s tudy was under taken  with  the aim to invest igate the 
difference in ECM throwing power be tween  a non- 
passivating and a passivating electrolyte  and to relate 
the measured throwing  power  to the more fundamenta l  
parameters,  current  distr ibution and dissolution effi- 
ciency. For this purpose weight  loss determinat ions  
and electrode potential  measurements  for anodic dis- 
solution of nickel were  carr ied out with wel l -def ined 
cell geometry  under  careful ly  controlled exper imenta l  
conditions. Acidified sodium chloride and neutra l  
sodium chlorate  solutions were  chosen as examples  of 
a nonpassivat ing and a passivating electrolyte,  respec- 
tively. The meta l -e lec t ro ly te  combinations were  chosen 
because of their  technological  interest  and because 
their  e lectrochemical  behavior  had been studied pre-  
viously in this laboratory.  Separa te  exper iments  per -  
formed on a technical  ECM machine suggested that  
general  conclusions based on the behavior  of nickel 
in these two electrolytes  ought to be applicable to the 
machining of steel also (6). 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  e l e c t roc he mic a l  m a c h i n i n g ,  t h r o w i n g  power ,  t r ans -  

pass ive  d i s so lu t ion ,  n ickel ,  s o d i u m  chlora te .  

Experimental 
Apparatus and experimental method.--In the present 

s tudy it was necessary to measure  dissolution rates, 
electrode potentials, and throwing  power under  iden- 
tical, wel l-defined conditions. Because this is difficult 
to accomplish i n  a Har ing Blum type cell  involving 
the simultaneous dissolution of two anodes, it was 
considered more suitable to per form subsequent  ex-  
per iments  with a single anode at vary ing  gap width 
while  keeping cell vol tage and t empera tu re  constant. 
For  that  purpose a flow channel  cell with fixed elec- 
trodes was used in which the distance be tween  anode 
and cathode was given by the thickness of a Teflon 
spacer inserted be tween two PVC cell  blocks. A de- 
tailed description of the cell and the apparatus  which 
included a discontinuously dr iven  piston pump and a 
2 l i ter  e lectrolyte  storage flask has been given else- 
where  (7). The flow channel  employed was 0.317 cm 
wide and 0.0534, 0.140, or 0.267 cm high. The distance 
be tween  fluid inlet  and upper  edge of the  electrodes 
was 7 cm. At the smallest  gap width  of 0.0534 cm this 
corresponded to 77 hydraul ic  diameters,  sufficient to 
establish ful ly developed veloci ty  profiles at the elec- 
trodes. At larger  gap width  the veloci ty profiles at 
the electrodes were  not ful ly developed, but  the con- 
clusions of the present  s tudy are not affected by this 
fact. 

The 0.317 cm wide and 1.02 cm long electrodes were  
made of nickel 200 cast into a PVC holder. Before 
each measurement  the anodes were  ground to a 400 
carborundum surface finish and washed wi th  deter-  
gent. To mainta in  geometry,  the durat ion of the 
exper iments  was kept  short. The m a x i m u m  amount  
of dissolved mater ia l  in any exper iment  corresponded 
to an average depth of dissolution of 69 X 10 -4 cm or 
13% of the smallest  gap width.  Length  ratios needed 
in throwing power  calculat ions were  not corrected for 
this small change. All  exper iments  were  conducted at 
a constant volume flow rate  of 16.9 ml/sec.  At  the 
smallest gap width this corresponded to a l inear  veloc-  
ity of 1000 cm/sec.  Tempera tu re  in all exper iments  
was 25.5 ~ • 0.50C. Analyt ica l  grade chemicals  and 
distilled water  were  used. Special  care was taken to 
avoid the presence of chloride ion in the NaC103 
solution. Tests wi th  AgNO3 indicated that  the  chloride 
ion concentrat ion in these solutions was below the 
detection l imit  of 10 -4 moles / l i ter .  The apparatus  did 
not contain any metal l ic  parts  in contact wi th  the solu- 
tion, thus e l iminat ing possible contaminat ion of the 
solution during exper iments .  Effects of gas evolut ion 
and electrolyte  heat ing on measured  throwing power  
data were  e l iminated by restr ic t ing the current  den-  
sity to values below 15 A / c m  2 (8). This current  den-  
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Fig. 1. Anodic potential decay transients measured in 0.gM NaCI 
0.1M HCI. Flow velocity 1000 cm/sec; potential scale 0.2 V /  

division; time scale 50 ~sec/division; current densities 3.6 A/cm 2 
(left), 6.5 A/cm 2 (right). Horizontal line ~ open circuit potential, 
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Fig. 2. Anodic current potential curve illustrating algebraic IR 
correction. Electrolyte 1M NaCIO3; flow velocity 1000 cm/sec; 
electrode area 0.322 cm 2, 

sity is somewhat  low for practical  ECM, but is sig- 
nificantly higher  than current  densities used in con- 
vent ional  electrolysis. The exper iments  were  therefore  
expected to provide a val id insight into the  factors 
de te rmin ing  throwing power  in high ra te  meta l  dis- 
solution. 

Throwing power  measuremen t s . - -A t  first current  vs. 
cell vol tage curves were  de termined  by applying a 
constant vol tage to the cell  f rom a constant vo l t age /  
constant current  power  supply 1 and recording the 
resul t ing current  as a function of t ime on a strip chart  
recorder.  2 The same procedure was then used for 
th rowing  power  measurements ,  except  that  in addi- 
tion the t ime of the exper iment  was measured wi th  a 
s topwatch and the total  charge passed was calculated 
by integrat ion of the cur ren t  trace. In  al l  exper iments  
the anode was ground on 400 carborundum, rinsed, and 
dried. It  was then weighed on an analytical  balance to 
0.1 mg accuracy and inserted into the cell. Af te r  the 
exper iment  it was quickly removed,  rinsed, dried, and 
reweighed.  

In order to compute throwing power  data f rom 
separate weight  loss measurements  per formed at dif-  
ferent  gap width voltage, t empera tu re  and t ime have  to 
be identical. In the present  experiments ,  the amount  of 
mater ia l  dissolved at the smallest  gap width had to be 
small  to preserve  geometry  (see above) .  Keeping the 
exper imenta l  t ime the same in all exper iments  would  
therefore  have  resulted in even smaller  amounts  being 
dissolved at the lower currents  corresponding to larger  
gap width. To c i rcumvent  this problem, the exper i -  
ments  at larger  gap were  run for a longer t ime period 
than at the smaller  gaps. A "reduced" weight  loss corre-  
sponding to the t ime of the shortest  exper iment  was 
then computed f rom the measured weight  loss and cur-  
rent  data. 

Current-voltage curves . - -When  measuring potent ia l -  
current  curves at high current  density, vol tage drops 
be tween capi l lary tip and measur ing electrode have to 
be eliminated.  This was accomplished here in two dif-  
ferent  ways. On one hand, a constant current  was ap- 
plied to the cell  using the power  supply ment ioned 
above. Af ter  2 to 3 sec, the current  was in te r rupted  by 
means of a mercury  re lay  and the nonohmic potent ial  
decay was moni tored on an oscilloscope with  a t ime 
scale of 50 ~sec/division (Fig. 1). A dynamic hydrogen 
reference  electrode was used in these experiments .  It 
consisted of two plat inized p la t inum wires  across which 
a constant cur ren t  densi ty of approximate ly  1 m A / c m  2 
was applied. The potent ial  of this electrode was per iod-  
ically checked against  a saturated calomel electrode. 

In the second type of experiment ,  a constant poten-  
tial was applied to the working  electrode and the cur-  
rent  was recorded as function of time. A mul t ipurpose  

z Harrison Laboratories Model 6267A, 0-36V, 0-10A. 
Honeywell Elektronik Model 194, 

5 

4 

(A)  

TIME (SEC) 

Fig. 3. Current time response to application of constant cell volt- 
age: (A) 0.gM NaCI ~ 0.]M HCI, applied voltage ~ 9.55V; (B) 
1M NoCIO3, applied voltage ---~ 14.2V, electrode area 0.322 cm, 
gap 0.0534 cm, flow velocity 1000 cm/sec. 

electrochemist ry  unit ~ including potentiostat,  function 
generator,  and recorder  was employed. In this case 
anode potentials were  measured vs. a saturated calo- 
mel  reference  electrode. F rom the measured current  
t ime traces, the over -a l l  current  potent ia l  curve  was 
plotted as i l lustrated in Fig 2. At  high current  den-  
sities these curves exhibi ted a l inear  behavior  and the 
effective ohmic resistance could be est imated from the 
slope. Using this resistance value, the IR contribution 
to each measured point was evaluated and subtracted 
from the over -a l l  potential.  Al though this procedure 
is not accurate enough for mechanist ic studies, it was 
sufficient for the purposes of the present  investigation. 
All  current  potential  measurements  were  performed 
at the smallest  gap width and a tempera ture  of 25.5 ~ 
• 0.5~ 

Results 
Typical  current  t ransients  measured on application 

of a constant  cell  vol tage are given in Fig. 3. They ex-  
hibit  a steady decrease wi th  t ime which is due to the 
dissolution of the anode. Init ial  current  values mea-  
sured with  f reshly  ground anodes are plot ted vs. cell 
vol tage in Fig. 4. Weight  loss exper iments  were  per-  
formed at the voltages indicated by the dotted line 
(Fig. 4). The results are summarized in Table I. 
Throwing power  data der ived f rom these measure-  
ments  are given in the first five columns of Table II. 
The length ratio is obtained by dividing the larger  by 
the smaller  gap width,  the weight  loss rat io by divid-  
ing the "reduced" weight  loss corresponding to the 
smaller  gap by that  corresponding to the larger  gap. 

Princeton Applied Research, Model 170, 
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Table I. Experimental weight loss determination 

Elec t ro ly t e  

C u r r e n t  
A p p l i e d  I n i t i a l  c u r r e n t  Disso lu -  M e a s u r e d  eff ic iency 
v o l t a g e  G a p  dens i ty ,  A/cm~ t ion  t i m e  w e i g h t  fo r  d i s so lu -  

(V) (cm) M e a s u r e d  A v e r a g e  Isec) loss (mg) t ion* ( ' ~  

R e d u c e d  w e i g h t  
lOSS (rag)** 

Indiv idual  A v e r a g e  

0.9M NaCl  + 9.55 
0.1M HCI 

1M NaC103 14.2 

0.0534 4.7 4.72 13.5 18.7 100.2 18.7 
4.75 13.5 19.1 101.7 19.1 18.9 

0.140 1.83 29.1 16,6 102.4 7.'/0 "/.71 
1.85 1.84 34-.5 19.7 103.6 7.71 

0.267 1.07 50.5 16.3 97,4 4.36 
1.03 1.05 53,5 16,5 100.6 4.17 4.27 

0.0534 4.55 18.0 7,3 30.2 7.3 
4.54 4.55 18.7 7.9 31.4 7.56 7.43 

0.140 1.78 45.0 5.'/ 24.0 2.28 
1.80 1.79 45.0 5,7 24,0 2.28 2.28 

0,267 1.00 61.0 2,8 15.0 0.83 
1.00 1.00 61.2 3.2 17.1 0.94 0.88 

" Based  on Ni 2+ f o r m a t i o n .  
** W e i g h t  loss c o m p u t e d  for  the  t ime  of the  sho r t e s t  e x p e r i m e n t ,  i.e. 13.5 sec in  sodium chloride and  18.0 sec in  sodium chlorate.  

Numerical  values of throwing power shown in the fifth 
column were computed by using an empirical  formula 
which is commonly employed in the electroplating 
l i terature 

(L -- M) i00 
TP ---- [1] 

L + M + 2  

Here L is the length ratio and M is the weight  loss 
ratio. 

For  the chloride solution the calculated value of 
throwing power is near ly  zero. This indicates that  in 
this case the weight loss is almost inversely propor-  
t ional to electrode distance (pr imary  current  d is t r ibu-  
t ion).  In  NaC103, on the other hand, negative values of 
throwing power are obtained. This means that  here the 
weight loss at larger gap width is even less than pre-  
dicted for p r imary  current  distribution. The throwing 
power data of Table II are also represented in Fig. 5 
in the form of a " l inear  throwing index" plot. The 
"l inear throwing index" is defined as the slope of the 
best straight l ine resul t ing from plott ing the weight 
loss ratio vs. the length ratio. The "l inear throwing 
index" is 1 for p r imary  current  d is t r ibut ion and zero 
for secondary current  distribution. In NaC103, a throw-  
ing index larger than one is obtained, indicating again 
an even less uniform cut t ing rate  than corresponding to 
p r imary  current  distribution. 

Results of anode and cathode potential  measurements  
in 0.9M NaC1 + 0.1M HC1 are given in Fig. 6 The black 
dots were derived from potential  decay t ransients  as 
i l lustrated by Fig. 1. All  the other points were deter-  
mined  from measurements  of the type i l lustrated in 
Fig. 2. The IR free potential  values exhibi t  anodic 
Tafel behavior  up to the highest cur ren t  densities em- 
ployed. Due to uncer ta int ies  in IR compensation, the 
points scatter considerably making  an accurate deter-  
minat ion  of the Tafel slope difficult. The solid line in-  
dicated in Fig. 6 which reasonably well represents  the 
data has a slope of 80 mV consistent with results of 
other nickel dissolution studies (9, 10). The cathodic 
data can be approximated by two logarithmic relat ion-  
ships with a slope of approximately  190 mV. The 
plateau separat ing the two cathodic Tafel regions is 
apparent ly  due to a change in the mechanism of the 
hydrogen evolution reaction coinciding with the de- 
pletion of tI + ions near  the cathode. Conditions dur ing  
weight loss exper iments  shown in Tables I and II cor- 
responded to the upper  cathodic Tafel region. It may be 

noted that potential  data given here include possible 
concentrat ion polarization effects since they refer to 
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Fig. 4. Cur rent  vs. cell voltage curves for different gap width: 
A ---- 0.0534 cm, ~j ---- 0.140 cm, [ ]  ---- 0 . 2 6 7  cm, flow rote 16.9 
ml/sec. 
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Table II. Throwing power data 

S o l u t i o n  

Ca lcu -  
A p p l i e d  W e i g h t  T h r o w -  l a t ed  
v o l t a g e  L e n g t h  loss i n g  C u r r e n t  c u r r e n t  

(V) r a t i o  r a t i o  p o w e r  r a t i o  r a t i o  

0.9M NaCI  + 9.55 5.0 4.42 0.077 4.49 4.87 
0.1M HC1 2.62 2.45 0.054 2.57 2.58 

1.91 1.81 0.058 1.75 1.89 
1M NaCIOs 14.2 5.0 8.45 -- 0.30 4.55 4.89 

2.62 3.26 --0.16 2.54 2.58 
1.91 2.59 --0.27 1.79 1.89 

Jk r ~ I i i 
l 2 3 4 5 

LENGTH RATIO 

Fig. 5. Weight loss ratio as a function of length ratio for I M  
NoCIO3 ( A )  and 0.9M NaCI ~ 0.1/vl HCI ( e ) .  Slopes indicated 
represent the "linear throwing index;" broken llne with slope ] 
corresponds to primary current distribution. 
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Fig. 6. Anodic and cathodic current potential curve (excluding 
IR drops) for nickel in 0.9M NaCI and 0.1M HCI at different flow 
velocity, gap ~ 0.0534 cm. 
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Fig. 7. Anodic and cathodic current potential curve (excluding 
IR drops) for nickel in IM NaCIO.~ at different flow velocity; 
gap = 0.0534 cm. 

measurements  taken at sufficiently long times to es- 
tablish steady state wi th  respect to mass transfer.  This 
was done purposely because the aim of the measure-  
ments  was not so much to establish detailed charge 
transfer  kinetics, but  to measure electrode potentials 
prevail ing under  conditions of throwing power deter-  
minations.  From the data taken at different flow rate 
(Fig. 6) it appears, however, that  anodically mass 
transfer did not substant ia l ly  affect the polarization 
curve. 4 Potent ia l  data for 1M NaC103 are given in Fig. 
7. Again Tafel behavior  is observed, the anodic and 
cathodic slopes being approximately 150 and 240 mV, 
respectively. No significant effect of flow rate on mea-  

4 T h i s  s t a t e m e n t  h o l d s  t r u e  o n l y  w i t h i n  t h e  r a n g e  of m e a s u r e -  
m e n t s  shown .  I n d e e d  i t  w a s  o b s e r v e d  t h a t  a t  a f low r a t e  of  100 c m /  
sec i n c r e a s i n g  t h e  c u r r e n t  d e n s i t y  a b o v e  t h e  m a x i m u m  v a l u e s  g i v e n  
in  F ig .  6 l ed  to  a c h a n g e  in  t h e  s h a p e  of  t h e  c u r r e n t  t r a n s i e n t  a n d  
to brightening of the surface, both facts being indications of a 
change in dissolution mechanism. 

sured anode potentials is observed. Compared to the 
data obtained in chloride solution, the anodic Tafel l ine 
is shifted to much higher potentials here. This is due to 
anodic passivation: nickel in  acidified NaC1 dissolves in 
the active mode, bu t  it spontaneously passivates in 
neutra l  NaC103. The anodic current  voltage curve 
shown, therefore, refers to transpassive behavior. Pre-  
vious studies in this laboratory (9) showed that  vigor- 
ous oxygen evolution occurs in the transpassive po- 
tent ia l  region. 

Discussion 
Numerical  values of throwing power or throwing in-  

dex such as given in  Table II or Fig. 5 are useful for 
comparing different electrolytes, bu t  they do not  have 
much physical significance because for a given metal  
electrolyte combinat ion they depend on cell d imen-  
sions and applied voltage (11, 12). In  order to gain an  
insight into the physical parameters  governing ECM 
throwing power, one has to consider separately current  
dis t r ibut ion and dissolution efficiency. Current  distri-  
but ion can be computed from a knowledge of the cur-  
rent -potent ia l  curve and the specific electrolyte re- 
sistance. For example, in  the case of the present  throw- 
ing power experiments  it is possible to estimate the 
current  ratios of Table II from measurements  at a 
single gap width. Neglecting edge effects, the current  
densi ty is given by  

i ~-- (U - -  Ct)/peZ [2] 

with pe ---- specific electrolyte resistance and ~bt : sum 
of anode and cathode potentials, U ---- applied cell vol t-  
age, l ---- gap width. From Fig. 6 and 7, Ct can be ap- 
proximated for NaC1 and NaC1Os, respectively by 

~bt(NaCl ) = 1 . 5 8  -~- 0.27 log i [3] 
and 

~bt(NaC10)3 = 3.22 -t- 0.37 log i [4] 

The magni tude  of pe can be estimated from cell voltage 
and potential  data as i l lustrated by Fig. 8. From 
Eq. [2], [3], and [4], the current  densi ty for a given 
cell voltage and gap width is obtained and current  
ratios for different gap widths can be computed. Re- 
sults given in  the last column of Table II show good 
agreement  between calculated and  measured current  
ratios. It is to be noted that  in the present  experiments  
current  distr ibution is not affected by anodic passiva- 
tion. This conclusion ought to apply in ECM whenever  
significant concentrat ion polarization effects are absent 
and a logarithmic cur ren t -poten t ia l  relat ionship exists. 
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Fig. 8. Ohmic voltage drop in cell obtained by subtracting inde- 
pendently measured electrode potentials from cell voltage. Gap 
0.0534 cm, flow velocity 1000 cm/sec; �9 cell voltage, A IR in 
0.9M NaCI + 0.1M HCI, �9 cell voltage, �9 IR in 1M NaCIO.~, 
�9 . . sum of anode -I- cathode potentials (from Fig. 6 and 7). 
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Fig. 9. Current efficiency for nickel dissolution in 1M NaCIO:~ 
(based on Ni 2+ formation) as a function of current density; gap 
0.0534 cm, flow velocity 100, 1000, 2000 cm/sec. 

Current  d is t r ibut ion on the work piece is then deter-  
mined by the magni tude of a dimensionless parameter  
(13) 

b 
P - [5] 

2.3 peli 
where b is the anodic Tafel slope, pe the specific electro- 
lyte resistance, I a characteristic length, and i the cur- 
rent density. Primary current distribution is approxi- 
mated for P << i. Because of the high current den- 
sities employed this condition usually ought to be satis- 
fied in ECM. For example, using the measured b and 
pe values for NaCl and NaCIO3, respectively, with the 
gap width I as characteristic length the value of P in 
the present experiments varied between 0.0046 to 0.0041 
for NaCl and between 0.0057 and 0.0051 in NaCIO~. Upon 
application of higher current densities, the value of P 
would be even smaller. It is worth noting that P does 
not depend on the actual anodic potential values, but 
only on the slope of the current voltage curve. There- 
fore the width of the passive potential region in a con- 
ventional potentiostatic current-voltage curve should 
not significantly affect current distribution under ECM 
conditions, contrary to some statements found in the 
literature (15). 

The data in Table II indicate that the reason for the 
observed difference in throwing power between the 
passivating NaCIO,~ and the nonpassivating NaCI lies in 
a different dependency of dissolution efficiency on 
current density. In the case of NaCI, the metal dis- 
solution efficiency is constant, while in the case of 
NaCiO3 it is a strong function of current density. This 
is further illustrated by the data of Fig. 9, which were 
obtained from weight loss determinations performed 
at constant current density at the smallest gap width 
of 0.0534 cm. For comparison the weight loss data of 
Table I, obtained at constant voltage, are also indi- 
cated. Because of oxygen evolution, very low metal dis- 
solution efficiencies are obtained at low current den- 
sities, but with increasing current the dissolution effi- 
ciency sharply increases. The detailed shape of the 
curve depends on flow rate; the higher the flow rate, 
the lower the dissolution efficiency at a given current 

density. A similar  S shaped curve for dissolution effi- 
ciency of nickel in NaC103 plotted vs. current  density 
has been obtained previously in  this laboratory in a 
different exper imental  cell (9). The numerica l  values 
obtained in that  study were somewhat  different, how- 
ever, and no effect of st irr ing was observed. This was 
probably  because hydrodynamic  conditions were not 
as well defined as here. A more detailed invest igat ion of 
the exper imental  factors affecting current  efficiency for 
nickel dissolution in the t ranspassive potential  region 
will have to be made before a mechanistic in terpre ta-  
tion of the shape of the curves shown in Fig. 9 can 
be given. 

The present  results show clearly, however, that  a 
discussion of how passivating electrolytes affect the di- 
mensional  control in  ECM cannot  be based on current  
potential  measurements  alone, but  it has to include the 
s tudy of reaction stoichiometry. Lower values of throw- 
ing power than theoretical ly possible wi th  a nonpassi-  
vat ing electrolyte can indeed be obtained with a passi- 
vat ing electrolyte provided the cur ren t  efficiency for 
metal  dissolution is an increasing function of current  
density. The present  study, therefore, supports and 
puts on a firm basis ideas advanced by other workers  
(6, 16, 17) who recognized the importance of the metal  
dissolution efficiency in obtaining good dimensional  
control with passivating ECM electrolytes. 
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Technical Notes 

Gallium Oxidation in Alkaline Solution 
R. S. Perkins ~ 

Department of Chemistry, University of Southwestern Louisiana, Lafayette, Louisiana 70501 
and 

Rate Processes Institute, University of Utah, Salt Lake City, Utah 84112 

The electrochemistry of gal l ium is impor tant  not 
only in practical  applications, bu t  also for theoretical  
considerations due to its existence as ei ther a l iquid or 
a solid in aqueous electrode systems. 

Past  studies of the anodic oxidation of Ga in a lka-  
l ine solutions have been limited. It is the  purpose of 
this s tudy to investigate in  somewhat more detail, using 
cyclic vol tammetry,  the  first stages of anodic oxidation 
of Ga in aqueous NaOH solutions. 

Experimental 
A three compar tment  Pyrex  cell was used. 
Carbonate free NaOH solutions were made of re-  

agent grade materials.  Solutions were made from water  
doubly distilled from a basic permanganate  solution. 

The reference, counter, and test electrodes were each 
in a separate cell compar tment  and each were in  the 
same solution. A closed stopcock effectively separated 
the reference and working compartments.  An  open 
stopcock connected the counter  and working compar t -  
ments. A hydrogen reference electrode and a p la t inum 
counterelectrode were used. Test electrodes of several 
designs were used. All  test electrodes were made from 
gal l ium of 99.999% purity.  In  some experiments  the test 
electrode consisted of a gall ium hemisphere of 0.06 
cm 2 geometrical area formed in one end of a U-shaped 
glass tube. Another  design consisted of gall ium forced 
through a 0.051 cm diameter  channel  in a short length 
of Teflon tube. The emerging gal l ium formed a bead of 
area approximately  0.008 cm 2. In  one exper iment  this 
bead was removed and the electrode was p lanar  with 
an area equal to the cross sectional area of the 0.051 
cm diameter  channel  in  the Teflon. 

The gal l ium electrode used was prepared and in-  
stalled in the cell in an atmosphere of nitrogen. After  
fabrication, the gall ium electrode was solidified. Ex-  
per iments  were carried out at room temperature,  ap-  
proximate ly  25~ 

Except for the reference electrode compartment ,  the 
cell was deaerated wi th  nitrogen. 

A convent ional  cyclic vo l tammet ry  apparatus was 
used with an  Exact  Electronics funct ion generator  and 
a Wenking potentiostat. The resul t ing curves were 
displayed on an X-Y recorder. 

In  some experiments,  cur ren t -po ten t ia l  curves were 
obtained as the gal l ium electrode was mechanical ly  re-  
newed by  scraping. For  this work an exper imental  ar-  
rangement  similar to that  described previously (1) was 
used. The Teflon mounted  gal l ium electrode was used. 

Data 
The data taken was in the form of po ten t ia l -cur ren t  

plots over the potential  region of hydrogen evolution 
to various points of anodic oxidation. Exper iments  in 
each solution were done at a n u m b e r  of sweep rates as 
will  be noted in the discussion to follow. A typical 
curve obtained in 1M NaOH is given in Fig. 1. It  is 
seen to consist of a region of hydrogen evolution, a 
region of anodic oxidation which is composed of sev- 

z Present  address: Depar tmen t  of Chemistry ,  Univers i ty  of South- 
wes te rn  Louisiana,  Lafayet te ,  Louis iana 70501. 

Key  words:  gallium, oxidation, anodic, oxide, dissolution, films. 

eral smaller  regions defined by shoulders and changes 
of slope, and a small  region of cathodic reduct ion which 
obviously represents much less charge than the cor- 
responding region of anodic oxidation. The qual i tat ive 
features of this curve do not change greatly when  the 
sweep rate is altered. 

Discussion 
In  these exper iments  the most s tr iking feature of the 

data is the fact that  with increasing anodic potential,  
the current  increases wi thout  l imit  in  the potent ial  
range studied, and this current  is  not due to oxygen 
evolution. Exper iments  were also performed in which 
the potent ial  was adjusted to greater anodic values, 
and it was observed that al though the cur ren t  finally 
levelled out with increase of potential, no subsequent  
decrease was noted and  oxygen evolution was never  
observed. It is reported that  oxygen evolution in 1M 
KOH solutions does not occur unt i l  a potential  of 10- 
30V vs. NHE is imposed on the electrode (2, 3). The 
absence of passivation may be explained by assuming 
that  the product of oxidation does not form a thick 
film on the electrode. In  view of the large amount  of 
product  formed, it must  be concluded that  the product 
of oxidation is soluble in the solution used. In this re- 
gion of pH, the reaction product predicted thermody-  
namical ly  is Ga203. This substance is highly soluble 
and forms G a O 3 - - -  in basic solution (4). Dissolution 
of the electrode was observed visual ly at high current  
densities. Format ion  of a soluble product  also explains 
the small  amount  of cathodic charge observed. 

It  is seen from Table I that  over a re la t ively  wide 
range of sweep rate, the size of the cathodic charge is 
fair ly constant. This would indicate that the sub-  

~ ' ~ 6 0  

A31 1.4 
<4o I I / /  ~ 20 AI A 2  

- t 5  -I .5 -I,I 
POT, (V  v$, N H E )  

Fig. !. Current-potential curve for spherical Go electrode in 
1M NaOH. Sweep rate = 0.47 V/sec. 
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Table h Effect of sweep rate in 1M NaOH 

S w e e p  r a t e ,  A n o d i c  c h a r g e ,  C a t h o d i c  c h a r g e ,  
V / s e c  m c o u l o m b / c m  -~ m c o u l o m b / c m  2 

0.0255 123 " 
0 .0408 72,7 * 
0.051 93,7 2,60 
0.153 32.2 2.39 
0.255 23.2 2 .15 
0.47 22.7 2 ,19 (Fig .  1) 
0.51 20.9 2.22 

" P e a k  too s m a l l  to d e t e r m i n e  a r e a .  

stance being reduced is a thin film of oxide on the 
electrode. 

Fur ther  evidence of a thin film of oxide on the 
electrode is given by the scraping exper iments  in 
which it is indicated that  the react ion is re ta rded  and 
by exposing fresh electrode surface, additional product 
may be formed. In the scraping experiments ,  the Ga 
electrode was mechanical ly  scraped wi th  a sharpened 
sapphire rod rotat ing at 30,000 rpm. The scraping was 
done at various parts of both the anodic and cathodic 
sweeps but not in the region of hydrogen evolution. 
In all regions of oxidat ion (A1 through A4) the anodic 
current  is increased by scraping. The scraping does not 
produce a smooth curve  of higher  current  but ra ther  a 
number  of transients  reflecting the violent  scraping 
conditions at the electrode. The size of the t ransients  
was not reproducible al though the general  effect was. 
Most t ransients  were  larger  than the prescrape current  
at a given vol tage by a factor of be tween 2 and 10. In 
some instances, at lower  current  densities, scraping in- 
creased the current  by as much as a factor of fifty. As 
well  as can be determined,  the current  t ransient  is 
not produced unti l  the scraping drill  touches the elec-  
trode. Contact with a nonrotat ing dril l  has no effect. 
The t ransient  is definitely not due to st i rr ing of bulk 
solution. 

An idea of the thickness of the thin film can be ob- 
tained by assuming a roughness factor of one for the 
test electrode and fur ther  assuming that  the cathodic 
peak is due only to reduct ion of the oxide film and not 
due at all to reduct ion of soluble product  in solution 
near  the electrode. With these assumptions, a value  of 
approximate ly  3.4 monolayers  of Ga203, as measured in 
terms of layers  of Ga consumed, is calculated for film 
thickness at the t ime of reduction. This agrees wel l  
wi th  film thickness obtained by constant current  dis- 
charge of passivated Ga (5). 

The amount  of charge equal to this film thickness 
on the anodic sweep corresponds to the area under  the 
curve making  up the two first parts of the oxidation 
peak (A1 and A2). For  calculat ing area, the anodic 
boundaries of A1 and A2 were  taken as ver t ical  lines 
drawn down to the potential  axis f rom the cu r ren t -  
potential  curve  at the points of slope changes defining 
A1 and A2. Exper iments  were  done in which the sweep 
was reversed after A2. This reversal  hardly  affected the 
area of the cathodic peak. It appears then, that  the 
cathodic peak is due to the reduct ion of an oxide film, 
the format ion of which is represented by A1 and A2. 
The first part  of the oxidation peak, A1, corresponds 
to approximate ly  a monolayer  of coverage on the elec- 
trode. It  is l ikely  that  such a monolayer  would al ter  the 
electrode enough to significantly change the kinetics of 
a reaction. Format ion  of such monolayers  has been 
studied on mercury  (6). The exper iments  done here 
do not al low us to state wi th  cer ta inty the composit ion 
of any films formed. The initial monolayer  may  be 
Ga203, or chemisorbed oxygen, or some oxide which 
has not been well  character ized thermodynamical ly .  

Oxidat ion of gal l ium in 1M NaOH would appear to 
proceed, therefore,  by an initial format ion of a mono-  
layer of oxide or oxygen with subsequent  thickening 
of this film to about three  or four  layers. At this point 
the propert ies of the film become such that  the rate  of 
dissolution increases and prevents  fur ther  thickening. 

•EE 2o 

i -  
,,z,_20 
== 
~ - 4 0  

J 
I I I 

-I.5 -I.3 -hi 
POT. (V vs. NHE) 

Fig. 2. Current-potential curve for planar Ga electrode in 1M 
NaOH. Sweep rate ~-~ 0,47 V/sec. 

Fur ther  increase of potential  should increase the rate  
of oxidation of gal l ium and such an increase of current  
is observed. As h igher  current  densities are obtained, 
diffusion ei ther through the oxide film or through the 
electrolyte  should play a more important  part  in the 
reaction. Evidence that  this is t rue is seen in Fig. 1 and 
2. The two curves in these figures were  obtained under  
exper imenta l  conditions which were  identical  except  
that  the electrode area and shape differed. Curve 1 was 
obtained using a spherical  e lectrode and curve  2 was 
obtained with a planar  electrode. The two curves differ 
in that  at high anodic potentials the current  density 
obtained is h igher  for the spherical  electrode. This is 
to be expected if diffusion is involved (7, 8). Evidence 
that  the diffusion is taking place in solution is that  
st irring increases the anodic current  as was also found 
by Popova and Simonova (9). The s imilar i ty  of regions 
A1 for the two types of electrode is at variance, how- 
ever, wi th  the diffusion studies of Faizul l in  et al. (10). 

Solutions of 0.1M NaOH give smaller  anodic currents.  
Thus the l imit ing diffusion is that  of O H -  and not of 
product  ions. 

The cur ren t -potent ia l  curve  has another  change of 
slope very  near  the anodic end of the potential  sweep. 
The current  increases more slowly wi th  change of po- 
tential. This is probably not due to a change in product 
as the A3 and A4 segments are so similar. It  is possi- 
bly due to a change in the nature  of the oxide film on 
the electrode. Perhaps  diffusion in the oxide begins to 
play a part  in the ra te  of oxidation at this point but 
the data here are not extensive enough to study this 
further.  
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A Rapid and Complete Method to Remove Plutonium 
Contamination from Aluminum 

P. L. Wallace, J. C. Walden, and J. W. Magana 
Lawrence Radiation Laboratory, University of California, Livermore, California 94550 

The Process 
This process was first described in a German  patent  

(1), and is used here to decontaminate  a luminum parts 
of complex shapes. Its principal  usage has been in 
decontaminat ing x - r ay  spectrographic cell holders. 
This contaminat ion occurs when acid solutions of 
p lu tonium leak from standard l iquid cells and attack 
the a luminum.  

The process involves (i) degreasing the part  in ace- 
tone, (ii) dipping it in a heated (90~ bath for about 
30 sec, (iii) r insing the part  in water, (iv) drying it, 
and, finally, (v) checking it for any residual contami-  
nation. All  of these operations are carried out in an 
open front hood to prevent  contaminat ion spread. 

The composition of the cleaning bath is given in 
Table I. It has been found impor tant  to not reuse the 
solution for large numbers  of parts, because depletion 
of some components causes the reaction rate to lessen. 
Rinsing quickly after cleaning is mandatory,  because 
the part  will  blacken rapidly otherwise. No electric 
current  is necessary to augment  the process. 

Results 
Parts  having fixed p lu tonium contaminat ion of 

greater than  10,000 alpha counts /min  have been de- 
contaminated to no detectable counts with the 30 sec 
cleaning. 

Table I. Cleaning bath composition 

C o m p o n e n t  V o l u m e  (%) 

Phosphoric ac id  50 
N i t r i c  a c i d  6.5 
A c e t i c  ac id  6 
S u l f u r i c  a c i d  25 
W a t e r  12.5 

P l u s  3 g / c c  of  c r y s t a l l i n e  n i c k e l  n i t r a t e ,  N i ( N O a ) s  �9 6 H20.  

K e y  w o r d s :  p l u t o n i u m ,  a l u m i n u m ,  d e c o n t a m i n a t i o n .  

The surface condit ion after c leaning is bright  and 
somewhat shiny. However, the patent  wri teup indicates 
that  a 3 min  immersion would produce a mi r ror - l ike  
finish. While such a finish is desirable, it does entail  
more metal  removal  than  is wanted  to main ta in  the 
sample holder's close tolerances. 

To get a feeling for the actual amount  of metal  re-  
moved dur ing  processing, a luminum tubes were tested 
as mockups for the cell holders. The weight loss for 
five 20g tubing  sections (4 cm long by 2.0 cm ID; 2.6 cm 
OD) in 30 see (bath tempera ture  90~ varied from 50 
to 100 mg, depending on the amount  the bath was de- 
pleted by usage. The outside diameter  change on these 
tubes was less than 0.03 mm in each case. 

Conclusions 
A rapid method of decontaminat ing a luminum parts 

has been found. To date, it has made every sample 
holder that had been grossly contaminated available 
for reuse. 
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An Electrochemical Technique for Microsectioning Silver 
Nghi Q. Lam, Steven J. Rothman, and L. J. Nowicki 

Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439 

The electrochemical technique for removing thin 
uni form sections from a metall ic sample consists of 
forming an anodic oxide layer that  can be either me-  
chanically stripped or chemically dissolved without  
at tack of the metal  substrate. This method has not  
been applied to silver to date; the sectioning tech- 
niques that  have been used have been based on the 
formation of dissolvable films of silver iodide or silver 
bromide and their  dissolution in either a 1M sodium- 

K e y  words: anodization, s i lve r ,  s e c t i o n i n g ,  s t r i p p i n g ,  s u r f a c e  p r e p -  
a r a t i on ,  

thiosulfate solution (1) or a solution of 1.0 g/ l i ter  KCN 
in water  (2). In  our pre l iminary  experiments,  the 
former solvent stained the silver surface, probably due 
to the formation of colloidal silver on the surface (1), 
and the lat ter  solvent attacked the silver substrate at an 
unacceptable rate. We have therefore developed an 
electrochemical method of removing th in  sections of 
silver for the determinat ion of very small  diffusion 
coefficients. This method has also proved useful for 
prepar ing a good surface on silver diffusion samples. 
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Exper imental  Me thods  and Results 2o 

Sur]ace preparation.--Monocrystalline si lver  rods of ~s 
1.24 cm diam were  grown from 99.999% pur i ty  si lver z 
by the Br idgman method and spark-cut  into disks a _ 16 
few mi l l imeters  thick. Af te r  mechanical  polishing ~- 
through 0.3~ A1203, the samples were  chemical ly pol-  

14 
ished with  a solution made up of 25 ml  of saturated ~ b 
chromic acid and 3 ml of 10% HC1 (3). The chemical  ~ x ~2 
polishing was per formed by swabbing the s i lver  sur-  
face wi th  a cot ton-t ipped applicator saturated with  the ~ ~ io 
solution and rinsing the sample  in te rmi t ten t ly  in run-  ~ 
ning water.  Chemical  polishing in this manner  for 10 -- = 
rain removes  a layer  ~15~ thick, which was the ap- _z w s 
proximate  depth of the region deformed in polishing. ~ 6 
At  the end of this polishing step, the sample was > 
washed wi th  distil led wa te r  and then with  alcohol in r- 
an ultrasonic vibrator,  and dried in w a r m  air. Af te r  ~ 4 
chemical  polishing, a few layers approximate ly  200A 
thick were  removed from the si lver surface by anodiz- 2 
ing in an e lect rolyte  of 0.5% KOH in wate r  (with cur-  
rent  densi ty ---- 1.0 m A / c m  2, t ime ---- 22 sec) and then o 
dissolving the si lver oxide in an aqueous solution of 
NH4OH. This procedure  helped remove  submicroscopic 
i r regular i t ies  f rom the surface. The  ent i re  surface ob- 
ta ined was optical ly flat and free of pits. 

Sectioning.--Most of the anodizing exper iments  were  
made  on a (100) face of a si lver single crystal  that  had 
been i r radiated for 3 days in a flux of 3 • 10 TM the rmal  
neutrons/cm2-sec.  The specific act ivi ty  of the crystal  
(n0Ag) was measured as 5.43 X 108 cpm/~g, thus al-  1 2 o o ! -  
lowing a conversion f rom counts / ra in  to micrograms  of 
silver. A simple anodizing cell was used. The p la t inum 
foil cathode was cleaned with  HNOs before use. S i lver  ~ Iooo 
paint was used to fasten a copper wire  to the back of 
the specimen for the electr ical  connection. The sample ~ - 

U J  
was masked with  Tygon protect ive  paint, so that  only > o 
the  preanodized surface was exposed to the electro-  ~ 8oo 

W lyte. The wire  was also coated with  Tygon. The electro-  Q: 
lyte consisted of 5g KOH per  l i ter  of water .  Af te r  -- - 

W anodizing, the siver  oxide films, which, if  thick enough, ~ soo 
showed un i fo rm in ter ference  colors, were  dissolved in 
a solution of 1% (in volume)  NH40H in water.  ,. 

To de termine  whe the r  this solvent at tacks the silver, o 
oxide layers  of different thicknesses were  formed on 
the i r radia ted s i lver  crystal  by anodizing wi th  current  z"' 4o0 
densities of 0.17, 0.48, and 0.85 m A / c m  2 for 30 sec. The " 
sample was then immersed  in the NH4OH solution, 1- 
and the ac t iv i ty  of the solution was counted as a func-  ~" zoo 
tion of time. Figure  1 shows that  the NH4OH solution 
dissolved the oxide and attacked the s i lver  to an in- 
significant extent .  About  5 sec were  sufficient to remove  
an oxide layer  1000A thick. In ter ference  microscopy 
showed that  the si lver surface remained  clean and flat 
af ter  oxide removal .  

The thickness of s i lver  removed  is plot ted as a func-  
tion of anodizing t ime in Fig. 2 for various current  
densities. The thickness removed  in each anodizing- 
dissolution step was de termined  by counting the sol- 
vent  for n0Ag content  and using the measured  va lue  of 
specific act ivi ty  to conver t  to micrograms of silver. 
The sample was also weighed on a microbalance before 
and after  remova l  of 40 sections; the difference be tween 
amounts  of mater ia l  removed,  as measured  by the two 
techniques,  was about 9%, which is wi th in  the exper i -  
menta l  error.  The step height  on a nonradioact ive sil-  
ve r  crystal, par t  of which was masked by a spot of 
Tygon paint, was measured on an in ter ference  micro-  
scope after  anodizing and removing  40 sections under  
the same cur ren t  and t ime conditions. The step height  
agreed, wi th in  the exper imenta l  error, wi th  the th ick-  
ness removed  f rom the radioact ive  sample. The amount  
of mater ia l  r emoved  per anodization under  ident ical  
conditions was reproducible  to _ 8%. Less than 3% of 
the removed  act ivi ty  was found in the anodizing solu- 
tion and on the cathode. 

The same anodizing t rea tments  on si lver crystals 
of random orientat ion yielded the same anodic film 

' l  ' 1 ' 1 ' 1 ' 1 '  I ' 1 '  J 
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T I M E  OF IMMERSION IN 1% NH40H (see) 

Fig. I .  Plot of UOAg activity of I%  NH4OH solution after im- 
mersing the anodized silver sample in the solvent for various times. 
The different thicknesses of silver oxide were farmed by anodizing 
for 30 sec with current densities of (I-1) 0.17, ( A )  0.48, and ( O )  
0.85 mA/cm 2. 
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Fig. 2. Calibration of the anodizing of monocrystalline silver in 
an aqueous electrolyte containing 0.5% KOH. The numbers on the 
curves indicate the anodic current densities in units of mA/cm 2. 

thickness, indicating that  the ra te  of anodization is 
or ientat ion independent,  as was observed for gold (4). 
The thickness of the anodized layer  was found to be 
independent  of the KOH concentrat ion in the e lectro-  
lyte. The same observat ion was also made by Vermilyea 
(5) in a s tudy of anodic oxidat ion of tantalum. 

The thickness of si lver that  was anodically oxidized 
in 1 sec, deduced f rom the slopes of the curves in Fig. 2, 
is shown in Fig. 3 as a function of cur ren t  density. An 
increase in current  densi ty f rom 0.17 m A / c m  2 to 1.7 
m A / c m  2 led to a tenfold augmenta t ion  in the anodizing 
rate, s imilar  to the case of anodizing gold (4). For  high 
cur ren t  densities ( > 4  mA/cm2) ,  it was bet ter  to use 
current  pulses of 1/z-sec durat ion ra ther  than constant 
current  densities, because the oxygen evolution, which 
occurred short ly af ter  establishing the current,  could 
affect the uni formi ty  and thickness of the oxide. 
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Fig. 3. Relationship between the rate of anodizing (in .~/sec) 

and the anodic current density (in mA/cm'-'). Anodizing rate 
9.1 X (current density). 

Conclusions 
The anodic oxidation technique can be used for re-  

moving reproducible  thin sections f rom silver. An 

aqueous solution containing 1% NI-I4OH appears  to be 
the best solvent for removing  the si lver oxide, inas- 
much as it does not at tack the s i lver  substrate  and en-  
ables one to obtain a clean surface after the dissolution. 
A combinat ion of chemical  polishing and anodizing- 
dissolution techniques can be used instead of e lectro-  
polishing to prepare  a flat, s t ra in- f ree  si lver surface 
p r i o r  to diffusion experiments .  
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Comm n ca, on O 
Transport in Non-Newtonian Flow 

R. Greif,  R. Kappesser, and I. Cornet*  

Departme~t  ol Mecha~ica[ Engineering,  Univers i ty  of  Calilornia, Berke ley ,  Caliiornia 94720 

Rendering a fluid non-Newtonian  by the addition of 
a high molecular  weight  polymer  alters the heat, mass, 
and momentum transport  characteris t ics  of the fluid 
(1-10). Electrochemists  have long dealt  wi th  such 
non-Newtonian  systems, for example,  for achieving 
smoother and finer grained deposits in electrolytic 
metal  deposition or in electrodeposit ion of rubber  or 
related synthetic polymers from latices. 

There have  been several  investigations that  have 
dealt wi th  the determinat ion of the molecular  diffu- 
sivity in non-Newtonian  systems (3, 6, 7, 9, 10). These 
studies utilize mass flux measurements  in conjunct ion 
with theoret ical  results for non-Newtonian  systems to 
obtain the diffusivity. In these studies the  relat ionship 
between the shear stress and the rate of strain is 
wri t ten  in the form of a power- law,  viz. 

�9 ~y = --K ~ [11 

al though more complex relations are possible. In con- 
trast, the corresponding expression for the molecular  
flux of mass or heat  is assumed to be a l inear function 
of the concentration,  or tempera ture ,  gradient  so that  

OC Ot 
J =  - - D - -  or q = - - 7 . - -  [2] 

Oz Oz 

" E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  t r anspo r t ,  n o n - N e w t o n i a n  theory ,  m o l e c u l a r  f lux,  con-  

c e n t r a t i o n  g rad ien t .  

In this study we exper imenta l ly  demonstrate  the val id-  
ity of the assumption that  J is a l inear  function of the 
concentrat ion gradient.  

In a previous invest igat ion (10) we  de termined  the 
molecular  diffusivity of oxygen in aqueous 4% sodium 
chloride solutions which were  rendered  non-Newtonian  
by addition of various concentrat ions of Polyox WSR 
301 (Union Carbide) ,  a completely  wate r  soluble 
po lymer  of e thylene  oxide. The system consisted of a 
rotat ing Monel disk, which was made cathodic whi le  
the anode was a p la t in ized- t i tan ium wire  mesh cyl in-  
der. The mass flux of oxygen diffusing to the rotat ing 
disk was determined by measur ing the mass t ransfer  
l imit ing cur ren t  for the net  react ion 

02 + 2H20 + 4 e -  --> 4 O H -  [3] 

The mass flux is dependent  on the over -a l l  oxygen 
concentrat ion difference, • = Co.~ -- Co,w. The con- 
centrat ion of oxygen far  f rom the disk, Co,~, was mea-  
sured by Winkler  analysis while  the concentrat ion at 
the disk surface, Co.w, was taken to be zero. Equat ing 
the exper imenta l  and theoret ical  results for the mass 
flux yielded the results  for the diffusivity. 

A cri t ical  confirmation of the exper iment  and anal-  
ysis was readi ly  made by compar ing the value ob- 
tained for the  diffusion coefficient in the absence of 
Polyox with the value repor ted  in the Internat ional  
Crit ical  Tables (11). The results were  in excel lent  
agreement  under  this Newtonian  flow condit ion (10). 
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Fig. 1. Comparison of mass flux dependence on concentration 
gradient in Newtonian and non-Newtonian fluids. 

In the analysis for the mass t ransport  the molecular  
flux had been assumed to be l inearly dependent  on the  
concentrat ion gradient  (c) ~. Eq. [2]). We had thought  
that  this assumption had been previously  confirmed 
but apparent ly  this is not so. Therefore,  a series of 
tests was performed at different concentrat ion differ- 
ences, that  is, for different values of -~Co = Co.,. This 
was achieved by first bubbling ni t rogen through the 
solution unti l  the desired concentrat ion of oxygen was 
achieved. We note that  all our previous exper iments  
had been per formed at essential ly a single value  of 
CO,z. 

The exper imenta l  results are presented in Fig. 1 in 
terms of the mass flux vs. the oxygen concentrat ion 
difference. Results are shown for the Newtonian  fluid 
(0 ppm of Polyox)  and for the non-Newtonian  fluid 
(3000 ppm of Polyox)  for three  periods of rotat ion 
(Reynolds number) .  For  a l inear system, the mass flux 
would vary  l inear ly  wi th  the concentrat ion differ- 
ence, and this is c lear ly  the result  shown. Note that  the 
l inear  slope of 1.0 is observed for all the conditions 
tested, thereby demonst ra t ing  the val idi ty  of Eq. [2]. 

Al though Eq. [1] is not required,  as far  as the above 
conclusion is concerned, the values of the coefficients, 
K and n are of interest.  For  shear stress in units of 
dynes /era  2 and rate  of strain in units of sec -1, n = 1.00, 
K = 0.0094 for 0 wppm of Polyox and n = 0.68, K = 
0.88 for 3000 wppm of Polyox ( t empera tu re  of 27~ 
These values were  obtained from measurements  we  
performed with  a Fann U-G, Model 35, rotat ing cyl in-  
der viscometer.  Now, the theoret ical  result  for the mass 

flux to a rotat ing disk in laminar  flow divided by the 
concentrat ion difference, that  is, J/~Co, varies  wi th  rpm 
according to ( rpm) 1/"+1 (9, 10). Thus, an independent  
check is afforded by comparing the value of n obtained 
direct ly  from the viscometer  measurement  and the 
value of n obtained direct ly f rom the mass flux mea-  
surement.  The results are in excel lent  agreement  (10). 

Last ly it should be noted that  the shear rates de ter -  
mined f rom the viscometer  measurements  var ied  from 
150 to 1000 (sec -1) (10). In  the present  exper iments  
wi th  a 3.65 cm diam disk, the m a x i m u m  shear rates 
may be calculated (12, 13) and the results va ry  from 
40 to 1200 ( s e c - D .  

A c k n o w l e d g m e n t  
The authors acknowledge with  appreciat ion the 

assistance of J. A. Paterson. We also acknowledge with 
appreciat ion the support  of this research by the Office 
of Saline Water, the Office of Naval  Research, and the 
Sea Water  Conversion Laboratory.  

Manuscript  submit ted Nov. 5, 1971; revised manu-  
script received Feb. 4, 1972. 

Any discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in the December  1972 
JOURNAL. 

NOMENCLATURE 
C Concentrat ion of diffusing species, 

mo le s / cm 3 
Co, Co,t, Co,w Concentrat ion of 02 in fluid, bulk, or at 

the wall, respectively,  moles O2/cm 3 or 
ppm 02 

D Diffusion coefficient, cm2/sec 
J Mass flux, mo les / cm 2 sec 
K, n Fluid constants as in Eq. [1] 
q Heat flux, ca lor ies /cm 2 sec 
t Temperature ,  ~ K 
Vz Fluid veloci ty in x direction, cm/sec  
x, y, z Coordinates, cm 
~. Thermal  conductivity,  ca lor ies /cm sec 

o K 
Tx,, Shear stress, dynes / cm 2 
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Investigation of the Direct Reduction of Zinc Oxide in 
Alkal ine Electrolytes 

D. Drazic and Z. Nagy (pp. 255-257, Vol. 118, No. 2) 
K. Schwabe, O. Hladik, and H. Oudel: Drazic and 

Nagy have invest igated the direct reduct ion of zinc 
oxide in alkal ine electrolytes in the paper under  dis- 
cussion. F rom their  exper iments  they  conclude that  
our suggestion about the direct reduct ion of solid zinc 
oxide confirmed by our radiochemical  investigations 2 
and by the investigations of other  authors is not t rue;  
the current  efficiency of the direct reduct ion should 
be very  small wi th  respect to the reduct ion of the 
soluted zincate. We cannot agree wi th  this opinion. 

The conditions of the exper iments  are quite  different. 
We have worked  with  a "paste electrode," that  means 
under  conditions which can be compared with  a work-  
ing alkal ine zinc battery.  The surface of the zinc oxide 
was ve ry  large with  respect to the vo lume of the 
zincate solution. The conduct ivi ty  of the zinc oxide was 
small  compared with that  of the ZnO single crystal  ap- 
plied by Drazic and Nagy. From the high electron con- 
duct ivi ty  of the single crystal, it is clear that  it works 
as cathode under  the conditions described by the au-  
thors, because the amount  of zincate in the solution is 
much larger  than that  of ZnO in the single crystal. Up 
to 100 m A / c m  2, we have  not observed any hydrogen 
evolut ion with  our paste electrode; reducing zincate 
solution wi thout  solid zinc oxide a l ready at 10 m A /  
cm 2 the hydrogen evolut ion is visible. With our paste 
electrode we observe H2 evolut ion only if the reduct ion 
of the paste of ZnO was reduced and the formed Zn 
came in direct contact wi th  the solution. The difference 

F o r s c h u n g s i n s t i t u t e s  Meinsbe rg ,  M e i n s b c r g  Pos t  7305 W a l d h e i m ,  
Dresden ,  G e r m a n y .  

O. H l a d i k  a n d  K. Schwabe ,  Electrochim. Acta, 15, 635 (1970). 

Fig. 1. Electroplated dendrites from saturated solution of potas- 
sium zincate (100 mA/cm~). 

Fig. 2. Crystals electroplated from ZnO/KOH-paste (100 mA/cm 2) 

in the cathodic overvoltage,  which the authors have  
found, is quite  reasonable under  their  conditions, but 
not under  our conditions. The s t ructure  of the zinc re-  
duced from zincate solution is that  of dendri tes (Fig. 1) 
found also by Gerischer. 3 From ZnO-paste  we receive 
a zinc powder wi thout  macros t ruc ture  (Fig. 2) be-  
cause it is formed by destruct ion of the ZnO lattice. We 
are therefore  convinced, that  under  our conditions, 
s imilar  to that  of an alkaline Zn-bat tery ,  mainly  the 
solid ZnO is reduced because our results  can only be 
explained by this mechanism. 

D. Drazic and Z. Nagy: When refer r ing  to the paper 
of K. Schwabe and O. Hladik 4 we wanted to point out 
that  the polarization curves obtained with the ZnO 
paste electrode in 1M and l l M  hydroxide  solutions can 
also be explained by a process other  than the solid- 
state oxide reduction. 

It is known that  the polarizat ion curves  obtained 
with  porous electrodes (ZnO paste is also a porous sys- 
tem) include a considerable IR  voltage drop formed 
inside the pores, especially at higher  current  densities. 
The resul t ing l inear  current-vol tage relat ion is par-  
t icular ly  well  pronounced in Fig. 5 of their  paper. 5 
Since no IR  drop corrections were  made, and the au- 
thors have  not discussed this mat te r  at all, we  had rea-  
sons to bel ieve (e.g., if the resistance of the pores in 
ZnO paste was only 0.5 ohm, the IR  drop could be as 
high as 500 mV at 1000 m A / c m  2) that  the polarization 
curves obtained without  IR  drop corrections should 
be similar  in solutions of similar  conductivities, no 
mat te r  what  react ion was going on inside the electrode. 

Further ,  the results of the radiotracer  measurements  
to which the authors refer,  seem very  logical, but give 
information only about t ransfer  processes taking place 
in the bulk of the solution and have  nothing to do with 
the electrode reaction. The results would  be the same 
whether  zincate ion or a sol id-state reaction path was 

It .  Ge r i s che r ,  Surface Sci., 13, 265 (1969). 
4 0 .  H l a d i k  and  K. Schwabe ,  Electroehim. Aeta, 15, 635 (1970). 

O. H l a d i k  and  K. Sehwabe ,  Electrochim. Acta,  15, 635 (1970). 
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operative. Namely, if the zincate ion path was opera-  
tive, it would be the zincate ions formed by dissolution 
of ZnO very close to the metallic zinc surface inside the 
pores which would be reacting, and not the zincate ions 
from the bulk  of the solution. 

The absence of hydrogen evolution from the paste 
electrode can also be explained by the dissolut ion-dep-  
osition mechanism: the zincate concentrat ion wi thin  
the pores is kept high by the cont inuous dissolution 
of the oxide. 

Finally,  referr ing to the question of morphology of 
zinc deposited wi th in  the porous electrode, we th ink  
that  the nondendri t ic  deposit cannot  be considered as 
proof that zincate ions are not the reacting particles in 
the electrochemical step of the over-al l  deposition re-  
action. It has been shown ~ that one of the necessary 
preconditions for dendrit ic growth is diffusion control 
of the electrode process. This condition is not fulfilled 
wi thin  the pores because of ready avai labih ty  of 
zincate through the dissolution of ZnO and, therefore, 
no dendrites can be expected unt i l  the zincate ions 
from the solution layer start  taking par t  in  deposition, 
i.e., very close to the end of the charging process. 

Hence, we still do not have any  reason to believe 
that  our conclusion about the importance of zincate 
ion reaction path in the charging process cannot be 
applied to the real si tuation in batteries. 

The Thermodynamics and Electrode Kinetic Behavior of 
Nickel in Acid Solution in the Temperature Range 

25 ~ to 300~ 
R. L. Cowan and R. W. Staehle (pp. 557-568, Vol. 118, No. 4) 

V. A s h w o r t h  7 a n d  P. J. BodenS: The authors have 
shown that the data required to construct electro- 
chemical equi l ibr ium diagrams for any  system at a 
tempera ture  other than 298~ may  be readily com- 
puted by means of the empirical  "correspondence 
principle" technique due to Criss and Cobble. However, 
the subsequent  in terpre ta t ion of these diagrams is 
rare ly  so s t raightforward as it might  appear at first 
even when their  intr insic  l imitat ions are fully appre-  
ciated. 

In  particular,  it is impor tant  to recognize that  the 
abscissa of the diagram properly refers to the negative 
logari thm of the hydrogen ion activity ( - - log  all+) 
which for a single solution will  vary  to a greater or 
lesser extent  throughout  the tempera ture  range (i.e., 
d log aH+/dT ~ 0). With the exception of solutions 
within a very l imited range of hydrogen ion activity it 
is, therefore, inval id to use the solution pH measured 
at room temperature  (298~ as the reference point  on 
the abscissa in connection with a diagram constructed 
for a higher or lower temperature.  For tuna te ly  it is 
possible to calculate the change in all+ of a solution 
with change in temperature  and further,  for a more 
l imited n u m b e r  of cases, a second scale may  be added 
to the diagram such that  the use of the room tempera-  
ture pH becomes permissible. 

In the simplest case, as the temperature  of an un -  
buffered aqueous solution is raised, chemically equiva-  
lent  amounts  of addit ional  hydrogen and hydroxyl  
ions will be generated as a result  of the increased 
dissociation of water. The ionic product of water, 
(KwcT)), at tempera ture  T is given by  

K w ( T )  = ( a H + ( 2 9 8 o K )  Jr" X) (aOH--(298oK) Jr- X) 

where x is the addit ional ion activity as a result  of 
the temperature  change from 298~ to TK. At 298~ 
and pH n 

all+ - -  10-" 
and 

flOH-- = 10  - ( 1 4 - n )  

e A. R. Despic,  J. W. Diggle,  a n d  J.  O'M. Bockr is ,  This Journal, 
115, 507 (1968). 

7 D e p a r t m e n t  of Chemica l  Eng ineer ing ,  U. M. L S. T., Manches t e r ,  
Eng land .  

s D e p a r t m e n t  of Meta l lu rgy ,  N o t t i n g h a m  Univers i ty ,  N o t t i n g h a m ,  
N97, 2RD, England .  

thus at temperature,  T 

Kw(T) "-- ( i 0 - "  + x) (10-(14-'~) + x) [1] 

and the negative logarithm of the hydrogen ion activ- 
i ty becomes --log10 (10 -~ 4- x) .  Clearly, with a knowl-  
edge of the value of Kw(T), the solution of Eq. [1] will  
yield the corresponding value of x for any  given 
value of n and it becomes possible to refer the negative 
logari thm of the hydrogen ion activity at T to the 
room temperature  pH. It is this former value which 
should be used as a reference point  when  employing 
the diagrams derived by  the authors when  considering 
unbuffered solutions. Alternat ively,  as shown in  Fig. 1, 
a second seale ma y  be added to the abscissa which 
convenient ly  relates pH (at 298~ to the all+ at 
temperature.  Since the room temperature  pH is more 
commonly measured this second scale is the more con- 
venient  to use, but  its asymmetry  makes it imprecise 
for neut ra l  and alkal ine solutions. Under  these cir- 
cumstances its l inearization, as shown in Fig. 2, be-  
comes desirable. The asymmetry  of the new abscissa 
derives from its logari thmic nature;  briefly, al though 
x varies symmetr ical ly  with n, reaching a m a x i m u m  in 
the neut ra l  pH region, the introduct ion of small  
amounts  of hydrogen ion by dissociation makes a 
greater contr ibut ion to -- log all+ at high ra ther  than 
low pH values. 

When a solution has some buffer capacity, the hydro-  
gen ion activity no longer varies as the dissoeiation 
constant  of water;  and, al though in these circum- 
stances the use of the second scale is incorrect, calcula- 
t ion of the new activity is possible. Thus an aqueous 
solution of a weak acid (HA) will  contain H20, HA, 
H +, A -  and O H - ,  to preserve electroneutral i ty  

[H +] = [ O H - ]  + [ A - ]  [2J 

where the square brackets represent  concentrat ions 
and, further,  neglecting activity coefficients 

Kw = [H +] [OH-]  

Thus from Eq. [2] 

[H+] 2 = [H+] [OH - ]  4 -  [H+] [A  - ]  
and 
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Fig. !. Potential pH diagram calculated for nickel at 573~ 
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Fig. 2. Potential pH diagram calculated for nickel at 573~ with 
abscissa in pH units measured at 298~ 

2[H+]d[H +] : dK,, + [H+]d [A - ]  + [ A - ] d [ H  +] 

o r  
dK,,: + [H + ] d [ A - ]  

d[H+]  = [3] 
2[H +] -- [ A - ]  

That is, if some undissociated HA is present in the 
solution at 298~ by raising the tempera ture  the 
hydrogen ion activity will  alter as a result  of changes 
in both K,,. and KHA (the acid dissociation constant) .  
In the special case where [ A - ]  cannot change (un-  
buffered solutions of strong acids and in pure water) ,  
d [ A - ]  becomes zero for a tempera ture  rise and the 
value of d[H +] from Eq. [3] will  coincide with the 
value of x given by Eq. [1]. The analogous equation to 
Eq. [3] for a solution containing a weak base (BOH) 
is given by 

dKw- [H+]d[B +] 
d[H + ] = 

2[H + ] + [B +] 

To use the derived equi l ibr ium diagrams correctly it 
becomes necessary to calculate the value of d [H + ] and, 
hence, aH+ for the buffered solution at the tempera ture  
in question. A buffered condition which may be over-  
looked occurs when  the meta l -wate r  system generates 
a self-buffering si tuat ion which controls the all+ by 
means of displacement of a hydrolytic equi l ibr ium. 
For example, in the Ni /H20 system the equi l ibr ium 

Ni 2+ + 2H20 ,~ HNiO2- + 3H + 

may become important  at very high temperatures  and 
itself represent  such a self-buffered system. Although 
the nickel ion activity (Ni ++ + HNiO2-)  is defined, 
when the diagram is calculated (say at 10 -6 kg 
ions/m3),  the hydrogen ion activity will  depend on 
the dissociation constant  of the weak acid Ni + +. Any  
combinat ion of ax-i+ + and atlxi02- which satisfies the 
requi rement  

a x i +  + -~  a H N i O 2 - -  = 10 -6 k g  i o n s / m  3 

is permissible. Nevertheless, the use of Eq. [3] is 
equal ly  applicable to such a system and requires only 

a recognition that  all solution species must  be consid- 
ered in calculating the var ia t ion  in hydrogen ion activ- 
ity. 

Return ing  to the original paper the authors point out 
that, on the basis of their electrochemical equi l ibr ium 
diagrams, "the range of stabil i ty of the nickel oxy- 
anion HNiO2-, increases greatly with increasing tem-  
perature." Superficially this suggests that, in mildly  
oxidizing alkal ine solution, nickel metal  wil l  be in 
equi l ibr ium with NiO at 298~ whereas, in the same 
solution heated, say to 573~ the metal  will  be in 
equi l ibr ium with the oxy-anion.  That  is, in the former 
case the mater ia l  may become passive and in the 
lat ter  it may  corrode. In  fact such a highly alkaline 
solution (see the authors '  Fig. 2 in the paper under  dis- 
cussion) will  be, at best, only poorly buffered; the 
temperature  rise will  increase the all+, and as our Fig. 
2 shows, the probabi l i ty  is that  the solution will be 
no more aggressive at 573~ than  it was at 298~ 
al though both predictions may be overruled by kinetic 
factors. The implication of this calculation is that  the 
temperature  differential of the dissociation constant  
of the "acid" NiO is comparable with that  for the ionic 
product of water. As a broad general izat ion it can be 
said that  the equi l ibr ium diagrams for the Ni/H20 
system predict that  an increase in tempera ture  will 
lead to an over-al l  increase in the stabil i ty range  of 
NiO (from pH 9-12 at 298~ to pH(298OK) 5-12 at 
573~ the metal  being resistant, to a wider  range of 
aqueous envi ronments  at the higher temperatures.  It  
is interest ing to speculate that  had the region of stabil-  
ity of the oxy-anion  advanced to values of -- log all+ 
approaching 7 at the higher temperature,  then a test 
solution based on a tempera ture  stable buffer system 
of pH ca. 7 at room tempera ture  might prove to be 
more aggressive to Ni than  an unbuffered solution of 
similar pH (at 298~ the addit ional hydrogen ions 
generated in the lat ter  case shifting the metal  into a 
passive region. 

The foregoing analysis of the change of an+ with 
tempera ture  broadly confirms the observations of 
Greeley, reported by the authors, that for a closed 
hydrogen saturated acid solution only small  changes 
in all+ occur with increase in temperature.  Neverthe-  
less, that  small change has a significant effect on -- log 
all+ in weakly acid solutions (pH > 4 at 298~ For 
example, we have calculated the activity of the hydro-  
gen ion at various temperatures  for the solutions used 
by the authors, assuming them to be effectively unbuff-  
ered (solutions of strong acids and the salts of strong 
acids and bases), with the results given in Table I. 

Table I. 

T e m p e r a t u r e  (~ 
298 323 363 423 473 523 573 

- l o g  a i F  1.30 1.30 1.30 1.30 1.30 1,30 1.30 
3.40 3.40 3.40 3.40 3.40 3.40 3.40 
6.30 6.24 6.04 5.75 5.60 5.55 5.55 

The table shows that  only in the case of the two most 
acid solutions does --log all+ remain  constant.  This 
effect interacts not only with the interpreta t ion of the 
equi l ibr ium diagrams but  also with the authors cor- 
rection to Ecorr. This correction was used by the authors 
to allow for the thermal  l iquid junc t ion  potential  in 
their system and, further,  to transpose their  potential  
measurements  to the s tandard hydrogen scale at the 
test temperature.  The correction is valid for the two 
most acid solutions but, as a result  of the assumption 
that all+ remains  constant  throughout  the temperature  
range, the authors  values for Ecorr and the arrest  po- 
tentials in the least acid solution are in error by up to 
86 mV [(6.30 -- 5.55) X 2.3 RT/F],  that  is, the 
potentials are not all on the "same thermodynamical ly  
meaningfu l  scale." This does not inval idate  the conclu- 
sions drawn from the potent ial  decay experiments  
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Table II. 

T e m p ,  
" K  

E ~ r r e s t  iV )  

vs .  S H E ( r K )  V$. SH~(298CK) VS. SH~(298CK) VS. SHE(,298OK) 

p H  1.3 

295 + 0.240 + 0.237 + 0.041 + 0.231 10 I 
327 + 0.213 + 0 .239 + 0 .036 + 0.225 

p H  3.4 
306 + 0 .078  + 0.085 -- 0 .089 + 0.101 
328 + 0.048 + 0.074 -- 0 .102 + 0 .087 
370 -- 0 .075 -- 0 .011 -- 0 .126 + 0.062 ~ 0 
571 -- 0 .205 + 0 .033 -- 0.241 -- 0 .061 

p H  6.3 

295 -- 0.204 -- 0 .207 -- 0.251 - -0 .061  
327 -- 0.261 -- 0.235 -- 0 .289 -- 0 .100 
354 -- 0 .335 -- 0 .286 -- 0 .320 -- 0.131 
381 - -  0 .350 - -  0 .278 - -  0 .350 - -  0 .163 
574 - -  0.500 - -  0 .259 - -  0 .574  - -  0 .394  10 -I- 

since the failure to allow for changes in all+ in  cor- 
recting the arrest potentials is counteracted by the 
same omission in the calculation of the equi l ibr ium 
potentials for the oxides. 

Thermal  temperature  coefficients of s tandard elec- 
trode potential  may be calculated from first principles 
by the method due to de Bethune et al. 9 which uses 
entropy data determined at 298~ For the Ni/NiO 
and Ni/Ni304 equil ibria we have obtained coefficients 
of -50.097 and -50.062 mV/~ respectively, using the 
entropy data given by Cowan and Staehle. In  Table II 
we record the calculated thermal  equi l ibr ium poten- 
tials (i.e. with respect to a s tandard hydrogen electrode 
at 298~ for these reactions at the pH levels invest i -  
gated by the authors. In  deriving these values no al low- 
ance has been made for changes in all+ with tempera-  
ture in order that our calculations should be on the 
same basis as the reported results. The table also in-  
cludes the values of the potential  arrests obtained by 
the authors both as reported and also corrected to the 
standard hydrogen scale at 298~ (assuming dE~ 
for the hydrogen electrode to be 0.871 mV/~  The 
calculations appear to confirm the views of the authors 
that  in the two most acid solutions and at the highest 
temperature  in the least acid solution the bulk  oxide, 
if not the passive film, is Ni304; whereas, at lower 
temperatures  in this lat ter  solution the bulk  oxide is 
NiO although the near  correspondence between the 
arrest and equi l ibr ium potentials may well be for- 
tuitous. While it is grat ifying that  the equi l ibr ium 
potential  calculated for elevated temperatures  by two 
ent i rely independent  methods give rise to the same 
conclusions, when compared with the present experi-  
mental  data it is disappointing that these potentials do 
not coincide when transposed to the same reference 
scale. The accuracy of the method used by the authors 
for est imating Cp at temperature  has been questioned 
recently 16 and it may be that the disagreement arises 
from this source al though we have no reason to sup- 
pose that the entropy data used in our calculations is 
more accurate. 

A serious l imitat ion of the electrochemical equil ib-  
r ium diagram has always been that  it can only be as 
good as the data from which it is constructed. This 
restriction is magnified in the high temperature  dia- 
grams and a cautious approach to the in terpre ta t ion 
of exper imental  data in terms of such diagrams seems 
appropriate. 

M. Kesten11: In the paper under  discussion, Cowan 
and Staehle found that the active-passive t ransi t ion 
of the metal  disappeared when the tempera ture  of the 
electrolyte was raised above 90~ For the in terpre ta-  
t ion and possible explanat ion of this phenomenon it 
is worthwhi le  to refer to the considerable number  of 

A.  J .  de  B e t h u n e ,  T.  S.  L i c h t ,  a n d  N.  S w e n d e m a n ,  This Journal, 
106, 616 (1959 ) .  

l o j .  V .  D o b s o n  a n d  H .  R.  T h i r s k ,  E~ectrochim. Acta, 16, 315 
(1971) .  

11 I n s t i t u t  f f i r  M e t a l t p h y s i k ,  T e c h n i s c h e  U n i v e r s i t a t  B e r l i n ,  1 B e r -  
l i n  15, G e r m a n y .  
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Fig. I. Anodic polarization behavior of nickel (99.998%) in the 
active to noble scan mode. Before the experiment the samples have 
been kept in the electrolyte for different times. 

recent investigations dealing with the specific influence 
of anions on the polarization characteristics of 
metals. 12"22 It has been proved in these studies that  
anions, which are adsorbed on the surface of the metal, 
are apt to participate in the dissolution mechanism. 
Their  effectiveness on the reactions taking place at 
the interface depends on the bonding strength be- 
tween them and the surface atoms of the metal. While 
weakly adsorbed ions inhibi t  the active metal  dissolu- 
tion by reducing the avai lable free surface, strongly 
adsorbed ions are able to accelerate the dissolution of 
the metal  whenever  they undergo chemical reactions 
with the surface atoms. 

This kind of behavior is not only restricted to the 
halide ions CI- ,  B r -  and J - .  It  has been found for sul-  
fate ions as well, although, under  similar  conditions 
these ions are adsorbed to a much smaller degree. 2~ 
Because of the necessary activation energy, the spe- 
cific adsorption of anions from the electrolyte is a 
mat ter  of t ime and temperature.  According to Dreyer 
and Dreyer, 24 the t ime to reach a max imum cover- 
age with sulfate ions on a Zr surface is about 103 rain 
at 20~ while at 80~ this process is completed in 20 
rain. Besides all this, the competitive adsorption of 
other particles of the electrolyte (e.g., O H -  ions or 
chemisorbed oxygen) can also play an impor tant  

Y. M.  K o l o t y r k i n ,  This Journal, 108, 207 (1961) .  
~ K .  E.  H e u s l e r  a n d  G.  H .  C a r t l e d g e ,  This Journal, 108, 732 

(1961) .  
I~B.  Y.  K o n y a e v  a n d  V.  A.  K h i t r o v ,  Zashchita Metal., 2, 745 

(1966) .  
1~ y .  M.  K o l o t y r k i n ,  Zashch~ta Metal., 3, 131 (1967) .  
1~ N.  Y. B u n ~ ,  Zozhchita Metal., 1, 168 (1965) .  
iv N. Y.  B u n ~ ,  Zashchita MetaL, 3, 50 (1967).  
is G.  G.  L o p o v o k ,  Y.  M.  K o l o t y r k i n ,  a n d  L.  A.  M e d v e d e v a ,  Zash- 

chita Metal., 2, 527 (1966) .  
19W. J .  L o r e n z ,  Corrosion Sc/ . ,  5, 121 (1965) .  

Z.  A.  I o t a ,  V.  V. B a t r a k o v ,  a n d  K h o  N g o k  Ba ,  Protection o] 
Metals, l ,  44 (1965).  

Z.  A.  I o t a ,  Zashchita Metal., 6, 49 (1970) .  
~ M .  K e s t e n  a n d  H.  G.  F e l l e r ,  Electrochim. Acta, 16, 763 (1971}. 
m T.  M u r a k o w a ,  T.  K a t o ,  S.  N a g a u r a ,  a n d  N .  H a c k e r m a n ,  Corro- 

sion Sci., 7, 657 (1967) .  
I. D r e y e r  a n d  R.  D r e y e r ,  Z. Physik .  Chem., 236, 107 (1967) .  
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Fig. 2. Anodic polarization behavior of nickel (99.998%) in the 
active to noble scan mode. Consecutive runs measured with the 
same sample. Between the runs the sample has been kept un- 
polarized in the electrolyte for one day. 
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Fig. 3. Anodic polarization behavior of nickel (99.998%) in 
both scan modes at 60~ 

role. 25,26 Under  these circumstances the question of a 
pre t rea tment  of the sample before the exper iment  
becomes a critical factor for the in terpre ta t ion of any 
result. 

K. Schwabe ,  Eleetroehim. Acta,  6, 223 (1962). 
2~K. Schwabe  and C. Weissmantel ,  Z.  P h y s i k .  Chem., 215, 48 

(1960), 

Our recent studies, about the influence of specifically 
adsorbed sulfate ions on the anodic behavior  of 
n i c k e l y  proved that one can get very similar results 
to those reported by Cowan and Staehle. But  instead 
of increasing the temperature,  the adsorption condi- 
tions for the sulfate ions were changed prior to the 
polarization experiment.  F igure  1 shows the polariza- 
tion curves obtained in 1N H2SO4 with nickel samples 
pretreated differently. Before the polarization was 
started the samples were kept in  the electrolyte at the 
open circuit potential  for different times. With in-  
creasing time of pre t rea tment  the amount  of spe- 
cifically adsorbed sulfate ions increases too. At the 
same time, the pr imary  nickel dissolution is lowered 
considerably. On the other hand, a remarkable  in-  
crease in metal  dissolution is observed in a potential  
region where  unt rea ted  samples already undergo the 
active-passive transition. It  could be demonstrated 
that, in this range  of second activation, the nickel dis- 
solves because of the direct part icipation of the sulfate 
ions in the dissolution process. 

The described effect increases, when  hydrogen is 
bubbled through the solution (Fig. 2). With increasing 
metal  dissolution the so-called passivation potential  
is shifted to higher values. Finally,  Fig. 3 shows the 
polarization curve of an unt rea ted  sample measured 
in 1N H2SO4 at 60~ It  indicates that  the t ime for 
getting a sufficient coverage with sulfate ions can be 
minimized by increasing the test temperature.  

The potential  of the sudden passivation of the elec- 
trode is not reproducible. Polarization curves of that  
kind, reported also by Cowan and Staehle, are typical 
for dissolution processes proceeding with high current  
densities. In these cases the shape of the curve no 
longer reflects the true relat ionship between the cur-  
rent  density and the electrode potential, because of 
the IR drop in  the potential  measuring system. 2s From 
those data alone it is not possible, therefore, to decide 
whether  an electrode is in the active or passive condi- 
tion corresponding to a certain measured potential. 

On the basis of the cited l i terature  and our own 
exper imental  results the vanishing of the act ive-pas-  
sive t ransi t ion in nickel, under  the condit ion reported 
by Cowan and Staehle, is not  unexpected. It  is a 
consequence of the specific adsorption of sulfate ions 
favored by the tempera ture  of the electrolyte. 

Polarization Behavior of Graphite in Sodium Chloride 
Solutions in the Presence and Absence of Ethylene 

A. B~longer, G. B~langer, and A. K. Vijh 
(pp. 1543-1545, Vol. 118, No. 9) 

N. Ibl  and P. M. Robertson29: We are investigating, 
and have been for some time, the oxidation of olefins 
(mainly  isobutylene) at various electrodes in H2SO4 
and HC104 solutions, with and  without  the addit ion of 
mercury  salts. Our results are in agreement  with those 
of the authors. No reaction was observed at graphite 
anodes. Substant ia l  oxidation takes place only at gold 
electrodes. 30 The oxidation on gold of lower molecular 
weight olefins, such as ethylene, has been the subject 
of a few recent  papers. 31, 32 On the other hand, with the 
system of the authors, chlorhydrin  (which is an inter-  
mediate in the production of the oxide) is easily 
formed. We obtained, with very high current  efficiency 
(up to 97%), ethylene and propylene chlorhydrin  at 
graphite anodes, 33 the pH being, however, somewhat 
more acid than that  in the experiments  of B~langer 
et al. 

M. Kes ten  a n d  H. G. Fe l le r ,  Electrochim. Aeta,  16, 763 (1971). 
z8 j .  Os te rwa ld ,  Bet.  Bnnsenges.  Physik .  Chem.,  66, 401 (1962). 

T e c h n i s c h - c h e m i s c h e s  L a b o r a t o r i u m ,  Swiss  F e d e r a l  I n s t i t u t e  of  
Techno logy ,  Zu r i ch ,  S w i t z e r l a n d .  

zo p .  M. Rober t son ,  H. Isler ,  and  N. Ibl ,  Chem. Ing. Tech., In  p r e p -  
a ra t ion .  

81 j .  W. J o h n s o n ,  S. C. Lai ,  and  W. J.  J ames ,  E~ectrochim. Acta, 
15, 1511 (1970). 

zz T, N. H a r t l e y  a n d  D. Pr ice ,  This JournaL, 117, 448 (1970), 
ZZN. I b l  and  A. Se lv ig ,  Chem. Ing. Tech., 4~, 180 (1970). 
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A. B~langer, G. B61anger, and A. K. Vijh: We appre- 
ciate Ibl  and Robertson's comments and are gratified 
that their  results are in  agreement  with ours for the 
comparable system. The related work on gold cited by 
these authors also appears of interest  although clear- 
cut explanat ion of different behavior  at gold and 
other electrodes is still an open question, notwi ths tand-  
ing the interpretat ions put  forward previously. 34 

In this context, it is perhaps re levant  to point out 
that  our recent  attempts a5 to carry out part ial  anodic 
oxidation of methane and ethylene in l iquid ammonia, 
with a view to prepare alkyl amines, have not  been 
successful even when a var ie ty  of electrode mater ia l  
was examined. 

Energetics of Single Ion Solvation in Nonaqueous 
Solvents and the Effects on Electrode Kinetics 

M. Salomon (pp. 1609-1614, Vol. 118, No. 10) 

O. POMvych36: In  this paper Salomon raises the 
known 37 valid objection to Izmailov's extrapolat ion 
methods of de termining the solvation energies of single 
ions, but  then proceeds to use what  appears to be a 
slight modification of one of these methods. According 
to Salomon, Izmailov extrapolated as a function of 
reciprocal radius, r - l ,  only the combinations (A•~ -- 
•176 and --(AGOH ~- AGOx), obtaining nonl inear  plots 
with potential ly two different intercepts. What  he 
fails to mention,  however, is that  Izmailov was aware 
of these difficulties and, therefore, recommended plot- 
t ing the average of the above functions, [(AG~ -- 
A G ~  --  AG~ which in mathematical  form is 
identical with Salomon's own Eq. [1] in  the paper 
under  discussion. This average function also gives l inear  
plots and unique  values for the intercept. The only 
discrepancy between Izmailov's and Salomon's ap-  
proaches is that  the former used average reciprocal 
radii  of isoelectronic ions, whereas the lat ter  interpo-  
lated his data points for hypothetical  anions and cations 
of equal radii. Unfortunately,  nei ther  the essence of 
this modification, nor  the rat ionale for its supposed 
superiori ty over Izmailov's approach are brought  out 
for the benefit of the reader. 

In  my opinion, the same objections per ta in  to Salo- 
mon's  as to Izmailov's methods. In  both approaches, 
long extrapolat ions to infinite radius are made from 
data points represent ing a nar row range of small ions, 
mostly those of alkali metals and the halides. None of 
the ions in Salomon's plots are as large as 4-5A (the 
point corresponding to r -1 = 0.2, in Fi~. 1 of the p~per 
being discussed, must  be an extrapolat ion already) .  
On the other hand, we found 3s, 39 that  the AGO's for the 
te t raalkyl  and te t raaryl  ions with radii in the 4-5A 
range are determined overwhelmingly  by their  non-  
electrostatic, or neut ra l  components, AG ~ (neut ) ,  which 
are not functions of r -~. Salomon dismisses the whole 
question of AG ~ (neut)  too lightly, at the same time 
attr ibuting,  incorrectly, to Noyes 40 an endorsement  of 
the isoelectronic iner t -gas  assumption for its est ima- 
tion. 

Salomon's reject ion of the reference-electrolyte 
method for the estimation of solvat ion-energy changes 
for single ions is poorly founded. It is motivated main ly  
by  the possibility of exper imental  errors in the de- 
te rminat ion  of solubili ty products, ra ther  than  by  any  
flaws in the method itself. Cer ta in ly  no chemist would 
seriously accept the generalization that  solubili ty prod-  
ucts are unre l iable  because of possible complications 
due to ion pairs, crystal solvates, complexes, and 

a~ j .  W. J o h n s o n ,  S. C. Lai ,  a nd  W. J.  J ames ,  Electrochim. Acta,  
15, 1511 (1970). 

as A. K. V i jh ,  Th i s  Journal, In  p r e p a r a t i o n .  
D e p a r t m e n t  of C h e m i s t r y ,  B r o o k l y n  Col lege  of  the  Ci ty  U n i -  

v e r s i t y  of  New York,  B r o o k l y n ,  Ne w York  11210. 
ae O. P o p o v y c h ,  Critical Rev iews  in Analyt ical  Chemistry,  1, 73 

(1970). 
as O. P o p o v y c h ,  A. G i b o f s k y ,  and  D. H. Berne ,  A n a l  Chem., In  

p r e p a r a t i o n .  
ao D. H. B e r n e  and  O. P o p o v y e h ,  Anal. Chem., In  p r e p a r a t i o n .  
~I~ .  M. Noyes,  J .  Am.  Chem.  Soc., 64, 513 (1962). 

micelles. Of these obstacles, only a slight degree of ion 
pair ing was encountered in our  work with the refer-  
ence electrolytes, and it was easily corrected with the 
aid of conductance data. Thus, the above exper imental  
difficulties are nei ther  general ly encountered nor are 
they fundamenta l  to the evaluat ion of the reference-  
electrolyte method. 

The only genuine  criticism directed at the basic as- 
sumption of the reference-electrolyte method, is that  
cited from the work of Coetzee and Sharpe 41 who de- 
duced from NMR shifts the existence of specific solva- 
t ion effects even with the large reference ions. We have 
shown, as however, that  the differentiating effects of the 
several solvent pairs in  question are, at the most, oi 
the order of exper imental  error in the measured solva- 
t ion-energy  changes for the te t raphenylarsonium and 
the te t raphenylphosphonium reference ions. The ex- 
per imenta l  error of the ApK~p determinat ions is about 
0.1 kcal/mole.  To my  knowledge, no extrapolat ion 
method is capable of that  kind of precision. 

M. Salomon: The relat ive meri ts  between extrapola- 
t ion and reference ion methods for obtaining individual  
ionic contr ibutions to free energies and /or  enthalpies 
is indeed a complex problem as indicated by Popovych 
above and elsewhere. 42 From a theoretical viewpoint  
there is much to be desired in either method, bu t  there 
are instances in which one is to be preferred. This is 
t rue for the methanol -wate r  systems as several incon-  
sistencies appear in the use of solubil i ty data (see be- 
low). In  the case of careful solubil i ty measurements,  
such as those reported by Cogley e t  al. 43 where  oxygen 
and water  were rigorously excluded from various 
propylene carbonate (PC) solutions, there is excellent 
agreement  with those results obtained by the emf 
method (e.g., see footnote 44). For the salts NaC1 and 
KC1, the solubili ty data of Cogley et al. give AG~ 
values of 10.7 and 9.5 kcal /mole  -1, respectively: the 
emf data give 10.5 and 9.4 kcal /mole  -1, respectively, 
for these salts. The split into AG~ (ion) values by the 
solubil i ty method 43 and the extrapolat ion method 44 are 
grat ifyingly close so that  it is difficult to choose be-  
tween the two. 

The methanol -wate r  systems studied by  various 
methods4~. 45-47 are, however, not consistent as is shown 
in Table V of my original paper. In this table, it should 
be noted that  for those cases 45,47 where the sum 
AGot(M +) + A G o t ( X  - )  are not equal  to the observed 46 
•  the results based on an extrapolat ion 
method 47 and a reference ion method 45 are similar. Both 
indicate that methanol  is a weaker  base than  water. 
There is, however, cont rary  evidence 46, 48, 49 which in -  
dicates that  methanol  is the stronger base and this is 
suggested by negat ive values of AGot(M +) for the 
t ransfer  of small  cations from water  to pure  methanol  
or methanol -wate r  mixtures.  

Let us consider first, Izmailov's  method of extrapo-  
lation. 47 We have shown elsewhere, 49 and in my paper, 
that  the values of AGOsolv(MX) used by Izmailov are in 
error and that  this accounts for the nonl inear i ty  of 
his cation plot. While it is t rue that  Izmailov does plot 
the average funct ion 

{ ( A G ~  + - -  A G ~  - ) / 2  - -  AG~ } VS. 
Y2 (rM+--I _~ r x - - 1 )  [1] 

Popovych's s ta tement  above indicates that  this pro-  
cedure is in fact identical  wi th  mine. This is not  the 

21 j .  F. Coetzee and  W. R. Sharp ,  J. Phys.  Chem., 75, 3141 {1971). 
~ O. P o p o v y c h ,  Critical Rev iews  in Analyt ical  Chem.,  1, 73 (1970~. 
43 D. R. Cogley,  J. N. Bu t l e r ,  and  E. G r u n w a l d ,  J. Phys.  Chem., 75, 

1477 {1971). 
44M. Sa lomon ,  J. Phys.  Chem., 74, 2519 (1970); J. Eleciroanal. 

Chem., 26j 319 (1970). 
*50. P o p o v y c h ,  J. Phys.  Chem.,  70, 1671 (1966); Anal. Chem.,  38, 

558 (1966). 
~ D .  Feak ins ,  " P h y s i c o - C h e m i c a l  Processes  in  M i x e d  A q u e o u s  

S o l v e n t s , "  F. F r anks ,  Ed i to r ,  E l sev ie r ,  New York  (1967). 
47 N. A. I zma i lov ,  Russ. J. Phys.  Chem.,  34, 1142 (1960). 
48 F. F r a n k s  and  D. J. G. Ices ,  Quart. Rev.,  20, 1 (1966). 
4~ C. M. Criss  and  M. Sa lomon ,  " P h y s i c a l  C h e m i s t r y  of  Organic 

S o l v e n t s , "  A. K. C o v i n g t o n  and  T. D ick inson ,  Ed i to r s ,  Chap .  2.4, 
P l e n u m  Press ,  L o n d o n  (1972). 
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case as is exemplif ied in my paper  and in the fol lowing 
quote f rom Izmailov:  "aGOH+ + ~GOx - can be plot ted 
as a function of 1/r for the corresponding hal ide  ions 
and the quant i ty  aGOH+ -- ~GOM+ as a funct ion of 1/r  
for the corresponding meta l  ions. Both these quant i t ies  
wil l  tend, as r increases, to one value ~GOH + . . . .  De-  
terminat ion of the l imit  is not ve ry  rel iable  since it 
is necessary to ext rapola te  from distances remote  f rom 
1/r = 0. Since, however ,  the two plots tend the same 
limit, and A G ~  n u A G ~  - is a l inear  funct ion of l / r ,  
it is never theless  possible to find that  limit.  This is 
facil i tated by plot t ing an auxi l ia ry  line, represent ing 
the means of the sums and differences, which tends to 
the same l imit  hGOH+ . . . .  " Thus Izmai lov does not 
report  (as Popovych suggests) average  values  of the 
intercepts for the cat ion and anion plots but, rather,  
a single one. The values of hG~ +, which  I and which 
Franks  and co-workers  (e.g., see footnotes 46 and 48) 
report,  are averages of the cation and anion intercepts.  
The belief  that  not all components  of the solvation 
energy  vanish at 1/r  --> O, which incident ly  was dis-  
cussed and considered to be negligible by Izmailov,  is 
the essence of the difference be tween  our two works. 
The s ta tement  by Popovych,  that  the essence or ra-  
t ionale for my method is not brought  out  for the reader,  
is not well  founded as considerable discussion was p re -  
sented. Since my  method assumes that  these nonvan-  
ishing components  to ~,G o (ion) become equal  for ve ry  
large ions, there  is then the quest ion (which Popovych 
did not comment  upon) of whe the r  or not this is valid. 
The reference  to Noyes'  paper  serves only to i l lustrate  
an a l ternate  model  which  might  inval ida te  my  method 
and does not refer  to any stand on the  subject  by this 
author. 

The use of re ference  ions to calculate  aGot (ion) 
values is not re jected in my  paper  as discussed above. 
There are, however,  t imes when  the use of some re fe r -  
ence salts should be excluded as there  are instances in 
which some extrapolat ions should also be excluded. 
In the me thano l -wa te r  systems there  is no data in the 
l i te ra ture  that  I could find which might  indicate that  
such salts as t e t r abu ty lammonium te t raphenylbor ide  
(Bu4NBPh4) or t r i i soamylbu ty lammonium te t raphenyl -  
boride (TAB.BPh4)  do not exhibi t  specific solvent-  
ion or ion-ion interactions;  however ,  there  is the NMR 
data on similar  salts studied by Coetzee and Sharp 5~ 
which cautions one in the use of this method for the 
solvents under  considerat ion here. I do not doubt  that  
f ree  energies based on solubil i ty can be measured  to 
wi thin  0.1 kcal /mole .  What  I do doubt, in some cases, 
is the accuracy of some measurements .  For  example,  
based on the solubil i ty of KC1 in wate r  and methanol ,  
a value of aGot(KC1) was obtained 45 which is --1 kca l /  
mole lower  than that  obtained by the emf  method (e.g., 
see footnote 46). This exceeds Popovych 's  stated ac- 
curacy by a factor of ten. There  is also the quest ion 
regarding the solubilities of the salts of the large  re fe r -  
ence ion in wate r  and methanol  45 because of their  in-  

~0 j .  F. Coe tzee  a n d  W. R. S h a r p ,  J. Phys.  Chem., 75, 3141 (1971).  

stabil i ty in aqueous solutions, and because of the 
different s tandard states employed.  Since the salts 
Bu4NBPh4 and TAB.BPh4 are unstable in water,  an 
addi t ivi ty  method was used 45 to obtain AG~ e.g. 

:~Got(TAB.BPh4) : ~Got (TAB.Pi )  
+ AGot(KBPh4) -- AG~ [2] 

where  Pi = picrate  ion. Equat ion [2] is the rmody-  
namical ly  correct  and the accuracy of the  quant i ty  on 
the LHS is dependent  upon that  of the RHS. Assuming 
that  oxygen and water  have been r igorously excluded 
f rom the methanol  solutions, a problem of different 
s tandard states can arise using solubil i ty data. For  ex-  
ample, in methanolic  TAB-Pi  solutions, the concentra-  
tion of undissociated salt (or ion-pair?)  is 0.125M 
compared to the free ion concentrat ion of 0.267M. Simi-  
larly, for Bu4NPi solutions in methanol  the solvated 
salt (or ion-pair?)  concentrat ions is 0.359M compared 
to 0.514M for the free ions. 45 Two points are of interest  
here: first, for  solutions of such high concentrations,  
7-+ cannot  be calculated f rom a s imple  Debye-H/ ickel  
equat ion 51,52 but ra ther  f rom one of the extended re-  
lations; second, is the point that  the calculat ion of 
'~GOslo, (salt) for the above saturated solutions (from 
- -2RT  In [Msat 7 •  refers  to s tandard states of 0.125M 
and 0.359M of undissociated salt for  T A B . P i  and 
Bu4N-Pi, respectively.  While a constant ionic s t rength 
media is as val id a s tandard state, as is the zero ionic 
s t rength media, one must  be consistent in employing 
the same standard state throughout.  Since a mixing of 
s tandard states does occur in this work, 45 another  
source of e r ror  is introduced into the solubil i ty data. 
The fact that  ion-pai r ing has been corrected for in 
this work  is, therefore,  i r re levant  to accuracy of the 
apKso results. 

Finally,  in answer ing  Popovych 's  comments  on ion- 
size relations, I th ink adequate  discussion has been 
presented in my paper  and e lsewhere  46,4s,49,53 where  
the basis of a l inear  1/r relat ion is a t t r ibuted  to en-  
thalpy and ent ropy effects. Cer ta in ly  l inear  relations 
exist;  or is this being questioned? If on this mat te r  
Popovych is jus t i fy ing his use of reference ions of 
equal  Stokes radii,  then I can only say again that  the 
significance of these radii  is unclear. The fact that  
Walden 's  rule holds (only) for the larger  ions in many 
solvents is misleading since it suggests a causat ive re-  
lat ionship be tween ~o and n: the re levant  value for 

in Stokes'  f r ict ional  factor 6xnrs is uncer ta in  due to 
electrostriction, local s t ruc tu re -making  or breaking 
effects, and dielectric re laxat ion effects which real ly 
requires  the use of local ra ther  than bulk values of 
(cf. 52, 54). 

~1 W. J .  H a m e r .  N a t i o n a l  B u r e a u  of  S t a n d a r d s  P u b l i c a t i o n  No. 
N S R D S - N B S  24, Dec .  (1968).  

5~ B. E. C o n w a y .  " P h y s i c a l  C h e m i s t r y .  A n  A d v a n c e d  T r e a t i s e , "  
E. E y r i n g ,  Ed i to r ,  VoL I X A ,  C h a p .  1, A c a d e m i c  P r e s s ,  N e w  York 
(1970).  

~l M. S a l o m o n ,  J. Phys.  Chem., 74, 2519 (1970). 
G.  J .  Hi l ls ,  " C h e m i c a l  P h y s i c s  of  I on i c  S o l u t i o n s , "  B. E. Con-  

w a y  a n d  R.  G.  B a r r a d a s ,  Ed i to r s ,  Chap .  23 ( a n d  fol lowing discus- 
sions),  J o h n  W i l e y  & Sons ,  N e w  Y o r k  (1966). 

Erratum 

In the paper  "Electrolyt ic  Determinat ion  of Porosi ty  
in Gold Electroplates,  II. Cont ro l led-Potent ia l  Tech-  
niques"  by Ronald J. Morrissey which appeared on pp. 
446-450 in the Apr i l  1972 JOURNAL, Vol. 119, NO. 4, on p. 
447 the  t e r m  (~a/~a ~- ~c) in Eq. [2] and [4] should ap- 
pear  as an exponent  ra ther  than as a mult ipl ier ,  so that  
the correct  expressions should be 

and 
lcorr -- CIAa 

AI 
: CIC2Aa 

~V 

~a 

[2] 

[4] 
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Oxidation of Beta-Phase Plutonium 
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ABSTRACT 

Oxidation of B-phase p lu tonium was studied by hot-stage x - ray  diffraction, 
microtopography, and thermogravimetry.  The oxidation process was found 
ini t ia l ly to proceed by the formation of a protective sesquioxide film. Sub-  
sequently,  the protective film was destroyed by blistering and the reaction 
rate accelerated. 

P lu ton ium is very  susceptible to oxidation. The 
mechanisms involved in this oxidation are complicated 
by the existence of six t empera ture -dependent  allo- 
tropic modifications of the metal  and a rather  complex 
meta l -oxygen relationship (1). Of the six metallic 
phases, the low- tempera ture  a-phase which is stable 
to 112~ has received the most a t tent ion (2-8). Under  
conditions of low humidity,  oxidation of the a-phase 
appears to follow a parabolic rate law. Sackman (4) 
observed a series of successive parabolic weight gain 
curves when the reaction was allowed to proceed for 
extended periods of time. This behavior  was thought 
to arise from the cont inued failure and regrowth of a 
protective sesquioxide film. 

Few in-depth  investigations of the reactions of 
higher tempera ture  metallic phases with oxygen have 
been made. Schnizlein and Fischer (9), in invest igat-  
ing the oxidation process above 140~ reported para-  
l inear  kinetics through the B (112~176 ~/ (185 ~ 
310~ and 5 (310~176 phases. The paral inear  
model involves the simultaneous production of a pro- 
tective inner  film and an outer porous layer. Thompson 
(10) observed two l inear  stages of oxidation in  the 
#-phase with paral inear  kinetics being followed only 
in t he - / -  and 6-phases. 

Both Thompson and Schnizlein observed a reduc- 
t ion in the rate of oxidation of 5-phase metal  at about 
400~ Thompson (10) and Vesterberg and Ekbom (11) 
reported an addit ional rate reduction occurring in the 
B-phase at about 160~ 

The present  study was designed to investigate re- 
action mechanisms and kinetics associated with the 
oxidation of B-phase plutonium. Special a t tent ion was 
given to the relationship between the reaction rate, 
types of oxides formed, and microtopography of the 
resul t ing oxide products. Kinetic data were obtained 
by thermogravimetry.  The types of oxides produced 
and the exterior oxide surface characteristics were 
followed by hot-stage x - r ay  diffraction and micro-  
scopy using conditions duplicat ing those in  the rate 
studies. 

Experimental Material and Procedures 
MateriaL--Very pure electrorefined p lu tonium metal  

was used in the kinetic and mechanistic investigations. 
The electrorefined but ton  was cast into an ingot and 
hot-rol led in the B-phase to a thickness of 0.018 in. 
Impuri t ies  in the resul t ing sheet are listed in Table I. 

K e y  w o r d s :  cor ros ion ,  alpha-Pu2Oa, PuGs.  

Procedures.--Isothermal oxidation experiments  were 
conducted with fresh polished samples. The samples 
were given a final finish wi th  dry  jeweler 's  rouge. The 
oxidation was followed thermogravimetr ica l ly  on a 
Mettler I Thermoanalyzer  enclosed in a glove box. The 
atmosphere used in  the invest igat ion was a 20% O2- 
80% Ar mixture.  Moisture was removed to less than 
10 ppm by volume by passing the gas over a molecu- 
lar sieve desiccant. Moisture levels were determined 
with a Consolidated Engineer ing Corporation Model 
26-303 hygrometer.  All  runs  were made at 640 Torr. 

Hot-stage x - r ay  diffraction pat terns  of the initial  
stages of oxidation were made at various isotherms 
with a Picker Nuclear diffractometer fitted with a hot-  
stage cell. Metal samples and atmospheres were kept 
as closely as possible to those employed in the kinetics 
investigations. Hot-stage optical microscopy investiga- 
tions were made using a Uni t ron  Model HHS metal -  
lograph. Conditions were again kept as closely as 
possible to those employed in  the thermogravimetr ic  
runs. 

Results 
Thermogravimetry.--Isothermal weight gain curves 

showing the rate of oxygen reaction with respect to 
t ime are shown in Fig. 1. The figure also shows that  
the over-al l  reaction rate increases with temperature  
between 120 ~ and 175~ before decreasing to a min i -  
mum at about 190~ Above 190~ the rate resumes 
its increase with temperature.  Each curve consists of 
two distinct stages of oxidation. This phenomenon  oc- 

Table I. Bulk metal impurities 

I m p u r i t y ,  I m p u r i t y ,  
E l e m e n t  p p m  by w e i g h t  E l e m e n t  p p m  by w e i g h t  

A1 28.0 L i  0.05 
As 0.7 Mg 2.0 
B 0.09 Mn 9.0 
Ba  0.8 N 3.0 
Be 0.06 Na  2.0 
C I0.0 Nd  S.0 
Ca 0.9 Ni  0.6 
Cd 0.8 N p  1.0 
CI 6.0 0 38.0 
Co 0.04 P 0.I 
Cr 2.0 Pb 0.2 
Cu 0.7 Pr  4.0 
F 0.2 S 0.7 
Fe  7.0 Si  7,0 
G d  4.0 Ta 31.0 
I 0.2 Ti  1.0 
K 0,9 U 2.0 
L a  5.0 W 65.0 

Z n  2.0 

726 
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Fig. 1. Weight gain curves showing oxidation behavior from 
120 ~ to 206~ C. 

curs throughout  the ~-phase. The 206~ curve was 
included in Fig. 1 to show that  two stages of oxidation 
also occur in the lower tempera ture  region of the ~- 
phase. The two stages are shown more clearly in  the 
plot of the na tura l  logari thms of the weight change 
with respect to the logari thms of t ime for the isotherm 
at 142~ (Fig. 2). 

The ini t ial  stage of oxidation (Fig. 3), whose dura-  
tion shortens wi th  increasing temperature,  conforms 
reasonably well  to a l inear  rate law. Effect of t em-  
perature  on the rate of oxidation dur ing  the init ial  
stage is shown in the Arrhenius  plot in  Fig. 4. 

The parabolic rate preceding the l inear  rate, re-  
ported by Schnizlein and Fischer (9) and Larson and 
Cash (7) was not observed in  the weight  gain curves. 
However, weight change data at the beginning  of the 
isothermal oxidation were lost because it required sev- 
eral minutes  for the balance to reach equi l ibr ium 
after the metal  was exposed to the oxidizing gas. Fig-  
ure 3 shows that  when  the l inear  rate is extrapolated 
to the weight gain axis, the intercepts steadily in-  
crease as the tempera ture  rises above 150~ This 
suggests that  the observed l inear rate is not in  effect 
dur ing the very early stages of reaction. 

Following a brief t ransi t ion period, which is best 
seen in Fig. 2, the reaction proceeds by an accelerating 
rate. 

Microscopy.--Microtopographic examinat ions  were 
made of the oxide surface dur ing  both the init ial  

9.0 

I0 .0  

8.0 

•oE 7.0 

0 
~' 6.0 

=, 5.0 

4.0 
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06'C 

D ACCELERATING STAG 
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Fig. 2. Ln-Ln plot of weight gain with respect to time 
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Fig. 3. Initial stage of oxidation 
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Fig. 4. Arrhenius plot of rate constants obtained from first stage 
of oxidation, 

l inear  stages and the t ransi t ion stages using the same 
conditions as those employed in the kinetic investiga- 
tions. Several  series of photomicrographs were taken 
of the surface at 750X magnification with direct and 
indirect i l luminat ion  and at temperatures  from 120 ~ 
to 206~ 

Dur ing  the l inear  stage of oxidation, an interest-  
ing pat tern  of oxide growth was observed. A compact, 
black oxide film was formed over most of the metal 
surface. The remain ing  areas consisted of dark, circu- 
lar areas which formed ear ly  in the oxidation and 
grew larger in size and number  with time. As these 
circular areas grew, it became apparent  that  they were 
bl is ter- l ike features on the surfaces. These features 
eventua l ly  resulted in mounds of loose, brownish-  
green oxide which u l t imate ly  covered the entire 
surface. 

Hot-stage photomicrographs taken of the oxidation 
process at 145~ and various t ime intervals  are shown 
in Fig. 5. The photomicrographs are of representat ive 
areas of the surface and show the growth of the 
bl is ter- l ike oxides. The light areas correspond to the 
compact, black oxide film, except for Fig. 5a where 

I0.0 
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Fig. 6. Hot-stage x-roy diffraction and weight gain data for 
oxidation at 1750C. 

Fig. 5. Hot-stage photomicrographs (750X) of plutonium oxida- 
tion at 145~ (a) Initial surface, (b) after 20 min, (c) after 40 
rain, (d) after 80 min. 

the light area is the metal  surface. There  is no definite 
corre la t ion be tween  the spots on the initial metal  sur-  
face and the dark, c i rcular  areas which develop dur-  
ing oxidation. Similar  observations were  made in 
other  hot-s tage microscopy exper iments  be tween  120 ~ 
and 206~ The rate of format ion and growth of blis- 
ters increased with temperature .  

X-ray di~ractio~.--Following several  explora tory  
scans at each of several  isotherms, it was determined 
that  only a-Pu203 and PuO2 were  produced in the 
oxidation of ~-phase plutonium. Progress  of the forma-  
tion of the two oxides was fol lowed by scanning the 
a-Pu20~ 20 peaks at 28.0 ~ and 55.0 ~ and the PuO2 
2~ peaks at 28.1 ~ and 56.5 ~ (12). In addition, the strong 

peak of the meta l  at 34.3 ~ was periodical ly scanned 
since its presence was a good indication that  loss of 
inner oxide layers f rom the diffraction scan was not 
due to a th icker  outer  film exceeding the penetrat ion 
l imit  of the x - r ay  beam. Figure  6 shows the results  
of hot-s tage x - r ay  diffraction and the rmograv imet r ic  
exper iments  at 175~ The re la t ive  areas under  the 
20 peaks of 55.0 ~ and 56.5 ~ for a-Pu2Oa and PuO~, 
respectively,  are plot ted against  t ime to show the 
change in re la t ive  amounts  of the oxides during a re-  
action. Also plotted on the same t ime coordinate is the 
the rmograv imet r ic  data of an exper iment  at the same 
temperature .  The PuO2 shown in the graph is sl ightly 
exaggerated due to a weak a-Pu2Oa diffraction peak 
at 56.4 ~ , but it does not mask the trend. 

Alpha-Pu2Oa was the pr incipal  oxide formed dur-  
ing the ear ly  stages of reaction. The decrease in the 
amount  of the sesquioxide occurred when  the rates of 
PuO2 format ion and weight  gain began to accelerate. 

Observat ion of only a small  change in the E-metal 
peak height  indicated that  the loss of diffraction in-  
tensity of the a-Pu203 was not due to its cover ing by 
a thick layer of PuO2. An initial decrease in PuO2 was 
observed. This phenomenon is thought  to be the re -  
sult of the net  reduction of the dioxide by the sub- 

strate metal  to the sesquioxide (13). This reduction 
star ted at t empera tures  above 150~ The same type 
of behavior  described above was observed at other 
temperatures .  The difference was only in the rates. 
X - r a y  diffraction analyses of samples removed from 
the the rmograv imet r ic  analyzer  during the accelerated 
stage of oxidation were  also made. Oxides readily 
removed from the sample surface with  a camel 's  hair  
brush were  analyzed separate ly  f rom those that  were  
more  adherent  to the metal.  The loose oxide was all 
PuO2. The sl ightly more adherent  oxide was pract i -  
cally all PuO2. These oxides were  not as compact nor 
as adherent  as the ini t ial ly formed a-Pu203 film. 

Discussion 
Isothermal  weight  gain curves obtained f rom the 

oxidation of E-phase p lu tonium have  the genera l  form 
shown in Fig. 7. The  different stages of the oxidation 
discussed in this section are indicated in the figure. 

Al though exper imenta l  difficulties in this work  
prevented  the detection of the parabolic stage (A), 
x - r ay  diffraction and TGA data point to its occurrence. 

The first par t  of the react ion definable by TGA 
(stage B) conformed to a l inear  rate. X - r a y  diffrac- 
tion analyses demonst ra ted  that  the compact  oxide 
formed during the ear ly  par t  of this stage was princi-  
pal ly a-Pu203. The decrease of the amount  of the 
sesquioxide as the g reen i sh-brown PuO2 covered the 
surface was the resul t  of the react ion 

2~-Pu203 + 02 -> 4PuO2 

. D . 

2 

C 

TRANSITI~"~N/ 

~.PARABOLIC 

TIME 

Fig. 7. Typical weight gain curve for isothermal oxidation of 
fl-phase plutonium. 
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The accelerat ion of the oxidat ion rate as the sesqui- 
oxide was depleted indicated that  the init ial  parabolic 
rate resul ted f rom the format ion of a protect ive  film 
of ~-Pu203. Microscopic examinat ion  of the a-Pu203 
film surface during its format ion  showed localized 
bl is ter ing of an otherwise compact oxide film. Ap-  
pearance of the blisters was observed very ear ly  in 
the isothermal  oxidat ion process. The apparent  l inear  
rate was the resul t  of a combinat ion of the decreasing 
rate  of oxidat ion due to growth of a thicker,  protect ive  
sesquioxide film and an increasing rate of oxidat ion 
due to loss of areas covered by the protect ive film. 
The protect ive sesquioxide film was progressively re-  
placed by less coherent  and consequent ly  less pro-  
tect ive PuO2. 

The transi t ion stage (C) began when  the oxidat ion 
rate  started to accelerate. The rate  accelerated as the 
protect ive  a-Pu203 was progressively depleted and 
replaced by nonprotect ive  PuO2. 

During the accelerated stage (D), the oxidat ion 
reached its max imum rate. The amount  of sesquioxide 
on the meta l  became undetectable  by x - r ay  diffraction 
and the ent i re  surface was covered by the greenish-  
brown oxide. It is interest ing that  the a-Pu203 did 
not reform under  the blisters as a protect ive film. One 
possible explanat ion is that  the conditions under  which 
the initial oxide layer  and succeeding layers were  
formed were  quite different. The initial oxide film was 
formed immedia te ly  fol lowing polishing of the meta l  
in air. During this re la t ive ly  slow oxidation, the oxide 
formed could become the nucleus for succeeding oxide 
growth which could withstand higher  stresses before 
failure. This type of oxide is contrasted to that formed 
where  bare metal  is suddenly exposed to oxygen at 
e levated temperatures .  Support  for this mechanism was 
obtained in a series of exper iments  in which metal  
samples were  exposed to air at room tempera ture  for 
24 hr prior  to oxidation. In each case, a definite delay 
in the accelerated oxidat ion rate  was exhibi ted with 
high concentrat ions of a-Pu2Oa remaining for as great  
as four times longer. 

Figure  1 shows that  above 175~ there  is a mini-  
mum rate in the later  stages of reaction. Thompson 
(10) first reported this and more recently,  Vesterberg 
and Ekbom (11) working  with moist argon, made a 
similar observation. However ,  in these earl ier  reports, 
the rate  min imum was found at about 160~ while  
it was observed at 190~ in this work. According to 
Schnizlein and Fischer  (9) the accelerated rate  can 
be e l iminated by oxidation with ex t remely  dry oxygen. 
One may conclude from it that  the rate  min imum is 
the result  of act ivi ty  of mois ture  on the oxide film. 

Summary and Conclusions 
Oxidat ion of E-phase p lu tonium meta l  involves sev-  

eral  processes. Initially, there  is a concurrent  fo rma-  

tion of protect ive a-Pu203 film and blisters in the 
oxide. At the beginning, the a-Pu203 grows re la t ive ly  
rapidly, and the blister format ion and growth  rate  is 
low. With time, this is gradual ly  reversed  and even-  
tual ly  the ent i re  surface is disrupted. The a-Pu203 is 
oxidized to PuO2. For  the period of l inear  react ion 
rate, an act ivat ion energy of 15.4 ___1.9 kca l /mole  
was calculated. 

As the protect ive  sesquioxide is oxidized to a non- 
protect ive PuO2, the oxidat ion rate  accelerates to a 
maximum.  This m a x i m u m  accelerated rate  increased 
with  t empera tu re  but  began to decrease at about 
175~ to min imum at 190~ 
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Plutonium Oxidation in Moist Oxygen-Nitrogen Mixtures 
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ABSTRACT 

Plu ton ium oxidation studies were  conducted at 90~ in dry air and moist  
oxygen-n i t rogen  mixtures  using both cast and rolled plutonium. Oxidat ion in 
dry  air obeyed a l inear  ra te  law with average  rate constants of 0.042 and 
0.050 mg/cm-~hr for the cast and rolled plutonium, respectively.  Both meta l  
samples were  found to oxidize faster in the moist oxygen mixtures  than in 
moist nitrogen. Linear  oxidation rates were  observed in moist oxygen-  
ni trogen mixtures  with average rate  constants of 0.68 and 0.34 mg/cm2hr  for 
the cast and rolled plutonium. In moist ni t rogen oxidation followed a para-  
bolic rate law with  average ra te  constants of 3.60 and 1.11 mg/cm2hr  I/2 for 
the cast and rolled samples, respectively.  The reaction with  wate r  vapor  
observed during this invest igat ion was great ly  influenced by the pur i ty  of the 
meta l  as well  as its metal lurgical  history. Samples of cast, electrorefined 
plutonium containing some microeracks reacted very rapidly, whi le  for the 
re la t ive ly  impure rolled mater ia l  the reaction was somewhat  slower. In all 
cases at this temperature ,  the reaction with water  vapor  was diffusion con- 
t rol led and not reaction controlled as has been reported previously.  The 
diffusing species is bel ieved to be O H -  ions formed by the dissociative ad- 
sorption of water  on p lu tonium dioxide. 

P lu ton ium metal  is ve ry  react ive and highly suscep- 
t ible to oxidat ion which destroys the integri ty  of the 
metal. Two methods  are known to minimize the amount  
of oxidation. One is by reducing the react iv i ty  of the 
meta l  by alloying with  another  meta l  such as gallium, 
aluminum, or zirconium. Another  is to minimize the 
contact of p lutonium with  oxidizing gases. However ,  
taking advantage of the second method of reducing 
oxidation requires  some unders tanding of the oxidation 
characterist ics of p lu tonium metal. For example,  
p lu tonium oxidat ion is great ly  enhanced by the pres-  
ence of water  vapor. Thompson (1) observed that  an 
increase in wate r  content  of an oxygen a tmosphere  
from 1.5 to 35 ppm resul ted in an oxidat ion rate in-  
crease of about 19-38.6 ~g/cm2hr at 85~ Raynor  and 
Sackman (2) found that  the rate of oxidation at 90~ 
increased with increased humidi ty  up to about 2% 
re la t ive  humidity.  Above  2% re la t ive  humidity,  in-  
creasing the water  vapor  content had lit t le effect on 
the reaction. This effect was not observed above 215~ 
but at 190~ as li t t le as 180 ppm H20 caused the l inear 
oxidation ra te  to accelerate an order  of magni tude  (3). 

According to most of the earl ier  studies, the acceler-  
ating effect of wa te r  vapor  on p lu tonium oxidation is 
more  pronounced in inert  gases than in air or oxygen. 
For  example,  Waber  (4) stored two plutonium samples 
at 75~ and 50% re la t ive  humidi ty  in hel ium and also 
air. Af ter  26 hr, the extent  of oxidation of the sample 
stored in hel ium was about 60 times greater  than for the 
sample stored in air. Raynor  and Sackman (5) have 
also studied the oxidat ion of plutonium in argon and 
air  at 30 ~ 60 ~ and 90~ and 95% re la t ive  humidity.  In 
all cases, the oxidat ion was faster in argon than in air. 
However ,  this difference was very  small  for unal loyed 
plu tonium at 90~ These ear ly  observations have led to 
the conclusion that  it is bet ter  to store p lu tonium in 
"dry"  air than in a "dry"  inert  gas in order  to minimize 
corrosion. Under  these conditions, the oxygen tends to 
inhibit  the oxidat ion by water.  

Unfor tunately ,  storing p lu tonium in air presents a 
fire hazard since p lu tonium will  burn in a tmospheres  
containing more than 6% oxygen (6). Therefore,  it is 
often preferable  to store and handle p lu tonium in an 
inert  a tmosphere despite the increased susceptibil i ty to 
oxidation. Since oxygen has been reported to inhibit  
water  oxidation of plutonium, it is conceivable that  low 
oxygen concentrat ions in an inert  a tmosphere  would 
provide  a significant amount  of corrosion protection. 
However ,  almost no work  has been done to evaluate  

K e y  words :  p l u t o n i u m  oxida t ion ,  moist  o x y g e n - n i t r o g e n .  

the  effect of small  oxygen concentrat ions on the oxi-  
dation rate of plutonium by wate r  vapor  in inert  gases. 
Tanon et al. (7) per formed some glove box oxidation 
exper iments  using various a rgon-oxygen  mixtures.  
Their  results showed that  the rate of oxidat ion of 
plutonium in a rgon-oxygen  mixtures  was less than in 
argon but greater  than in pure oxygen. This was t rue  
at 50 ~ and 70~ but no results were  reported at 90~ 
The scatter of the results did not permit  any definite 
relat ionship to be established between the rate of oxi-  
dation and the oxygen concentration. To be able to 
minimize the oxidat ion of p lu tonium in semi- iner t  
atmospheres, this relat ion must  be established. 

Exper iments  discussed in this paper provide informa-  
tion on the oxidat ion behavior  of plutonium in reduced 
oxygen atmospheres at 90~ These exper iments  also 
provide additional informat ion on the effects of im- 
purit ies on plutonium oxidation and the nature  of the 
p lu ton ium-wate r  reaction. 

Experimental 
Appara tus . - -The  exper imenta l  system used for the 

measurement  of oxidation rates is shown in Fig. 1. The 
principal  component  is a Cahn~ recording electro-  
microbalance. This balance has an accuracy of •  ~g. 
With the vacuum system incorporated into the balance 
system, the working  pressure can be var ied  from 19 -7 
to 600 Torr. A resistance furnace controlled with a 
power proport ioning p rogrammer  was used to heat  
the samples. The actual t empera tu re  of the sample was 
measured with  a thermocouple  located adjacent  to the 
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Fig. 1. Experimental apparatul 
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Table I. Mass spectrometer analysis of two plutonium samples 

Rol l ed  i~ C a s t  P u ,  
E l e m e n t  p p m  b y  w e i g h t  P P m  b y  w e i g h t  

A g  3 3.0 
A1 47 5.0 
A m  1563 
C 100 32"~ 
C1 4 3.0 
Co 2 
Cr  86 0 ~  
Cu 23 0.5 
F 2 0.7 
Fe  430 9.0 
G a  31 5.0 
In  2 
M g  2 0"~ 
Mn  17 0.6 
MO 2 

5 ~ 
Ni 6 9  2.0 
Np  19 11.0 
O 160 40.0 
P 37 0.4 
P b  4 0.6 
S 2 0.7 
Si 94 5.0 
Sn 2 2.0 
T a  27 7.0 
T i  2 
U 230 25.-0 
W 15 270.0 
Z n  26 5.0 
Z r  2 

O t h e r  2 6"~ 
To ta l  "3010 435.0 

sample inside the hangdown tube. Gas mixtures  were 
introduced into the system via a series of traps which 
conditioned the gas to the desired water  content. 
Moisture levels were measured with a Panametrics |  
hygrometer  dur ing each run. 

Samples.--Two different batches of p lu tonium were 
used for this study. One batch had been stored for about 
six years and was originally rolled from an electrore- 
fined ingot. Thompson (8) used this same metal  in his 
work and reported an average total impur i ty  content  
of 870 ppm. During storage, the impur i ty  content  in -  
creased to about 3010 ppm with americ ium and i ron 
being the major  impurit ies (Table I).  

Nearly all previous microbalance studies have been 
conducted with samples cut from rolled sheets. Recent 
developments, however, permit ted the use of th in  cast 
samples. The second batch of p lu ton ium was vacuum 
cast from an electrorefined ingot into plates about 0.75 
mm thick. Total impuri t ies  in this batch were 435 ppm 
(Table I).  

Sample coupons were cut from bulk  sheets about 
0.75 mm thick so as to have a final surface area of 
about 0.50 cm 2. Each coupon was mechanical ly polished 
using 600 grit  silicon carbide paper. Other techniques, 
such as electropolishing and a metallographic polish 
with 1~ diamond paste, were also tried. The mechanical  
polish, however, seemed to yield the most reproducible 
results. 

Procedure.--Immediately after polishing the samples 
were loaded on the balance and the system evacuated. 
Samples which were to be oxidized in a dry atmosphere 
were outgassed for 2 hr at about 1 • 10 -8 Torr. Those 
to be run  in a moist atmosphere were evacuated to 
1 • 10-s Torr. After evacuation, the temperature  of 
the sample was increased to 90~ and the system back- 
filled to a pressure to 500 Torr with the reacting gas. 
For this study, the reacting gases were mixtures  of 
ni t rogen and 0, 3, and 21 v/o  (volume per cent) oxygen 
and also 100% oxygen. Two moisture contents, 5 and 
12,000 ppm, were used dur ing this experiment.  The 
12,000 ppm moisture level was generated by passing the 
gas through two traps containing a saturated solution 
of LiC1. Prepurified gases were passed through a silica 
gel t rap to obtain the 5 ppm moisture level. 

Data from the p lu tonium oxidation runs were pro- 
cessed using a digital computer curve fitting program 
(9) to determine the best equation for the data. In  
many  cases, it is difficult to fit the rate data exactly to 
any one simple rate equation, because changes dur ing 

the oxidation r un  are frequent.  For the data from this 
study, the single equat ion which best fits the data w a s  
chosen. 

Results and Discussion 
Oxidation 05 unalloyed plutonium.--Results from this 

study of the oxidation of rolled and cast unal loyed 
p lu tonium are shown in Fig. 2 and 3. The pronounced 
effect water  has on p lu tonium oxidation is quite evi- 
dent  from these runs. At 90~ oxidation was found to 
be faster in the moist oxygen containing atmospheres 
than  in moist nitrogen. This observation is opposite that  
observed at lower temperatures  where oxidation h a s  
been reported to be faster in the inert  gas and any 
oxygen present  apparent ly  exerts an inhibi t ing effect 
on the oxidation process (5, 7). 

Oxidation in dry air.--Compared to the rate observed 
with moisture present, p lu ton ium oxidation in  dry air 
was relat ively slow and very reproducible. Curve A in 
Fig. 2 and 3 shows the results of oxidation in  dry  air 
for the rolled and  the cast samples, respectively, after 
subtract ing any  inhibi t ion time. The runs  in  dry air  
were all ini t ia l ly inhibi ted for periods up to about 200 
hr. This inhibi t ion was probably caused by the forma- 
t ion of a nonporous, adherent  oxide film on the surface 
prior to the start  of the exper imental  run. Although 
inhibi t ion times for different samples varied from 32 
to about 200 hr, the final oxidation rate was the same in 
all cases. The oxidation process in dry air followed the 
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Fig. 2. Oxidation of rolled unalloyed plutonium at 90~ in dry 
air A, moist oxygen-nitrogen mixtures O, and moist nitrogen N. 
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Fig. 3. Oxidation of cast electrorefined plutonium at 90~ in 
dry air A, moist oxygen-nltrogen mixtures O, and moist nitrogen, N. 
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l inear  ra te  law, x _-- kt  4- c. The rate  constant, k, was 
determined to be 0.050 mg/cm2hr  for the rol led 
plutonium and 0.042 mg/cm2hr  for the cast plutonium. 

Data f rom this study were  compared to the results  
obtained ear l ier  by Thompson (8) under  the same con- 
ditions and wi th  the same rol led metal.  At 90~ in dry  
air, Thompson repor ted  a l inear oxidation rate  of 
about 0.048 mg/cm2hr.  The average rate f rom all runs 
in this s tudy was 0.046 mg/cm2hr.  On the basis of these 
comparisons, it appears that  storage and the accom- 
panying increase in impuri t ies  (up to at least 3000 
ppm) as well  as radiat ion damage, has no effect on the 
meta l  oxidat ion rate  in dry air. Fur thermore ,  the 
method of meta l  preparat ion,  e i ther  roll ing or casting, 
did not influence the oxidat ion ra te  appreciably. 

Linear  oxidation kinetics can result  f rom several  
possible ra te -de te rmin ing  processes (10). These in-  
clude: phase boundary processes involving m e t a l /  
oxide or ox ide /ox ide  interfaces;  diffusion through an 
oxide film of constant thickness; and the adsorption 
of oxygen. Format ion  of a porous oxide, result ing in 
a reaction at the me ta l /ox ide  interface, is probably  the 
most commonly  used explanat ion for l inear kinetics. 
However ,  in the present  exper iments  the initial oxide 
formed was not porous as evidenced by the long in- 
hibit ion times. 

The observed results can be explained, however ,  by 
assuming the initial react ion with the nonporous oxide 
film was one which formed a porous oxide. This was 
a rea r rangement  process wi thin  the oxide s t ructure  
and not fur ther  oxidation. Variat ions in the length of 
the inhibit ion t ime were  due to differences in the 
thickness of the init ial  nonporous layer.  Af te r  forma-  
tion of the porous oxide, oxidation took place at the 
me ta l /ox ide  interface. Adsorpt ion as the ra te -cont ro l -  
ling step was ruled out because the reaction rate was 
independent  of oxygen pressure. The possible react ion 
at an ox ide /ox ide  interface l ikewise was not consid- 
ered to be the p r imary  ra te -de te rmin ing  step since 
only PuO2 was detected by x - r a y  diffraction at this 
temperature .  However ,  this interact ion cannot be com- 
pletely ruled out at this time. 

Oxidation in moist  oxygen-ni trogen atmospheres.--  
The pr imary  object ive of this study was to determine  
the effect of oxygen  on the oxidation of p lu tonium by 
wate r  vapor. Runs were  made in moist ni t rogen a tmo-  
spheres containing 3 and 21% oxygen and also in 100% 
oxygen. In all cases, the oxidation rate  was faster  in 
the oxygen-conta in ing atmospheres than in moist ni-  
trogen. This is opposite all previously repor ted  results 
(4, 5, 7). One possible explanat ion is the t empera tu re  
at which these runs were  carr ied out. The major i ty  of 
the evidence for a protect ive oxide film has been found 
at room tempera tu re  and that  work  done at 90~ 
showed li t t le difference between oxidation in moist 
oxygen and in moist argon (5). Fur thermore ,  it should 
be noted that  the exper imenta l  procedures  used in 
earl ier  studies provided most ly  qual i ta t ive  and semi-  
quan t i t a t ive  information.  Because of this, a definite 
explanat ion of the effect of oxygen on p lu tonium oxi-  
dation by wa te r  has not been reported. 

Typical  results f rom this study are shown as curve  
O in Fig. 2 and 3. It is obvious f rom these runs that  
water  vapor  great ly  accelerates the oxidat ion of plu-  
tonium. The protect ive oxide layer normal ly  formed 
by oxygen during oxidat ion in moist a tmospheres was 
not observed with  the possible exception of the first 
few hours on some runs. Run O in Fig. 3 is such an ex-  
ample. In this case, the oxidat ion proceeded along the 
curve  obtained for dry  air for about  7 hr  indicat ing 
water  vapor  was not yet taking part  in the reaction. 
Af te r  7 hr, the rate began increasing unti l  the final 
l inear rate  was reached. The final l inear rates obtained 
for the oxygen runs shown in Fig. 2 and 3 (curve  O) 
were  0.42 and 0.72 mg/cm2hr  for the rol led and cast 
p lutonium samples, respectively.  All  of the runs in 
oxygen-conta in ing  atmospheres  fol lowed a l inear  rate  

law with  an average rate  of 0.34 mg/cm2hr  for the 
rolled plutonium and 0.68 mg/cm2hr  for the cast metal. 
The difference in rates be tween the two metal  samples 
is a t t r ibuted to the difference in pur i ty  as wel l  as the 
metal lurgical  history. This is consistent wi th  the re-  
sults reported by Raynor  and Sackman (5). 

Rate constants obtained for the rolled meta l  were  
compared with the 0.18 mg/cm2hr  rate  obtained earl ier  
by Thompson (8) using the same metal.  The rate ob- 
served in this study was about twice as fast. This in- 
creased rate was probably due to differences in the 
moisture content for the two studies. 

Effect of oxygen partial pressure on p lu tonium oxi- 
dation.--The relat ion be tween oxygen pressure and the 
plutonium oxidation rate has not been clear ly  estab- 
lished. There has been a fa i r ly  significant pressure 
effect reported at h igher  tempera tures  (8, 11). This 
ranges from a ve ry  positive effect at about 200~ (11) 
to an inverse effect at 400~ (8). However,  the effect 
appears to be minimal  at room temperature .  Tanon 
et al. (7) reported an inverse oxygen pressure depen-  
dence for oxidation in moist ,atmospheres at 50 ~ and 
70~ The exact  relat ionship could not be defined 
f rom their  data and no results were  reported at tem-  
peratures  greater  than 70~ 

The results f rom this s tudy show a very  strong posi- 
t ive effect at low oxygen concentrations. This is evi-  
denced by the difference between curves O and N in 
Fig. 2 and 3. The exact  oxygen concentrat ion re-  
quired for this effect was not determined;  however ,  it 
was less than 3 v / o  or a par t ia l  pressure of 15 Torr. 
Oxygen  concentrat ions greater  than 3 v / o  produced no 
effect on the oxidation rate at 90~ 

Oxidation in moist  nitrogen atmospheres.--TypicaI 
results f rom the oxidation of unal loyed plutonium in 
moist ni trogen are shown in Fig. 2 and 3 (curve N). 
At 90~ plutonium oxidat ion by water  vapor  was 
found to be very  fast and to obey a parabolic rate  
law, i.e., x ~ kt'/2 4- c, as shown in Fig. 4. The rate  
constants for the typical  runs shown in Fig. 4 were  1.14 
mg/cm2hr  '/2 for the rol led meta l  and 3.52 mg/cm2hr  '/2 
for the cast sample. The average rate  constants for all 
of the runs made with these two samples were  1.11 
mg/cm2hr  '/2 for the rolled p lu tonium and 3.60 rag/  
cm2hrl/2 for the cast plutonium. 

The products f rom the react ion between w,ater and 
plutonium were examined by x - r ay  diffraction and 
found to be PuO2. No Pull2 was detected al though this 
was not total ly  unexpected  due to the s imilar i ty in 
crystal  s t ructure  be tween PuO2 and Pull2. The nitride, 
PuN, is not expected to form under  300~ and was not 
detected in the products. The color of the PuO~ formed 
during oxidation of the rol led p lu tonium was ye l low-  
green, while the oxide formed from oxidation of the 
cast metal  was black. This difference in color may  be 
indicative of two different mechanisms and is discussed 
in more detail  later. 

Because of the threefold difference in react ion rate 
for the two types of p lu tonium samples, the character  

2 ,  

~E - C A S T  ," 
,.~ ~8- ...~,~ 

- 

~,~- o~ 

2 4 6 8 10 
~ / T I M E ,  Hours 

Fig. 4. Parabolic oxidation of cast and rolled plutonium at 90~ 
in moist nitrogen. 
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Fig. 5a. Surface of a rolled plutonium coupon following oxida- 
tion at 90~ in moist nitrogen. 

Fig. 6a. Surface of a cast plutonium coupon following oxidation 
at 90~ in moist nitrogen. 

Fig. 5b. Cross section of a rolled plutonium coupon following 
oxidation at 90~ in moist nitrogen. 

of the p lu tonium metal  was examined in detail. Pho-  
tomicrographs were  taken of coupons from both the 
rolled and cast samples after  about 25% of total  oxi-  
dation in moist nitrogen. Figure  5a shows the surface 
of the rol led coupon after  all loose oxide had been re-  
moved. The water  vapor  appeared to be near ly  uni-  
form with the major  react ion occurring on the edges. 
Figure  5b is a cross-sectional v iew of the same cou- 
pon. Again, there was no serious pitting, indicating 
the react ion was fair ly uniform. These surfaces are  
indicative of an atypical  wa te r  react ion with  plutonium 
which was probably caused by the high impur i ty  con- 
tent. Photomicrographs  of the cast p lu tonium coupon 
are included as Fig. 6a and 6b. The wate r  vapor  at tack 
on this sample was catastrophic. In Fig. 6a, severe 
pit t ing is shown on the surface and in Fig. 6b the cross- 
sectional v iew shows that  some of these pits near ly  
penetrate  the coupon. This type of at tack is similar  to 
the hydrogen react ion wi th  plutonium and is identical  
to that  normal ly  expected with  wate r  vapor. 

Initially, the difference in impuri t ies  appeared to be 
the pr imary  reason for the different types of attack 
on the two samples. Fur the r  comparison of these two 
samples, however,  provided additional reasons for 
the difference in rates. Metal lographic examinat ions  
of the two metal  samples showed the cast mater ia l  
to contain numerous microcracks (Fig. 7). These 
cracks were  absent in the rolled mater ia l  (Fig. 8). 
The microcracks in the cast specimens could account 
for the catastrophic type attack. In this case, moisture 

Fig. 6b. Cross section of a cast plutonium coupon following 
oxidation at 90~ in moist nitrogen. 

could condense in the microcracks causing accelerated 
oxidat ion and subsequent breakaway.  

The microcracks probably originate f rom internal  
stresses caused by cooling through the ~-~ phase t rans-  
formation dur ing casting. Since the rol led p lu tonium 
sample also was cooled f rom the -y-phase to the a- 
phase it might  also be expected to contain microcracks. 
However ,  it was essential ly free from any cracks. One 
reason for the 1.ack of cracks may be the re la t ively  high 
impur i ty  content. It  has been shown that  impuri t ies  
reduce the incidence of microcracking (12). Iron, par -  
t icularly,  serves as a s t ress-re l ieving agent  by precipi-  
tat ion as Pu6Fe in the grain boundaries. Thus, some- 
what  indirectly,  impuri t ies  may  be the major  con- 
t r ibut ing factor in the two different oxidat ion rates. 

Mechanism oy water vapor at tack.--Several  mecha-  
nisms (13) have been proposed to explain the oxida-  
tion of plutonium by water  vapor. Dra ley  (14) pro-  
posed a hydride mech.anism for the interact ion of 
hydrogen with  metals. In the case of plutonium, wate r  
reacts to form plu tonium hydride which fur ther  reacts 
to form the oxide. That is 

Pu ~ 2H20--> PuO2 ~- 2H2 [1] 

Pu ~ H2---> Pull2 [2] 

Pull2 -t- 2H20 --> PuO2 + 3H2 [3] 

Waber  (15) suggested that  the react ion be tween plu-  
tonium and water  vapor is under  anodic control. The 
cathodic reaction involves the dissociation of adsorbed 
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Fig. 7. Metallographic section of a cast plutonium sample 

Fig. 8. Metallographic section of a robed plutonium sample 

water  vapor  on the ox ide-covered  p lu tonium metal.  
Therefore  

2H20-~ O H -  + H30 + [4] 

2H30 + ~ H2 + 2H20 -- 2e [5] 

The anodic react ion takes place on the diffusion of 
O H -  anions to the me ta l / ox ide  interface and involves  
the reactions 

Pu  -~ 3 O H -  -~ P u ( O H ) 3  ~- 3e [6] 

P u ( O H ) z  ~ O H -  -~ Pu (OH)4  -}- l e -~  PuOu ~- H20 

[7] 

which are said to be rate controlling. Hydrogen pro-  
duced by dissociation of adsorbed water  was thought  
to have only a minor  effect on the over -a l l  react ion 
rate. In this mechanism, it is assumed that  the water  
produced at the me ta l /ox ide  interface in react ion [7] 
dissociates so that  the react ion sequence [6] and [7] 
is again repeated.  However ,  it is possible that  wa te r  
could react  differently wi th  the meta l  according to 
reactions [1]-[3] or that  the hydrogen produced by 
the dissociation of the wate r  could react  direct ly wi th  
the meta l  thus producing some hydride.  

Thompson (8) has proposed a compromise  be tween  
the "hydr ide"  and the "hydroxide"  mechanisms. This 
hypothesis a t tempts  to expla in  the impor tance  of small  
amounts  of mois ture  as wel l  as the presence of hydr ide  
in the react ion products. 

The react ion sequence is 

Pu ~ 2H20 -> PuO2 ~ 2H2 [8] 

Pu  + H2 ~ Pull2 [9] 

2Pull2 + 6 H 2 0 ~  2Pu(OH)z  § 5H2 [10] 

4[Pu(OH)z]  + 02"-> 4PuO2 ~ 6H20 [11] 

wi th  the ra te -cont ro l l ing  step being the hydr ide -wa te r  
react ion [10]. In the case of oxidat ion by wate r  vapor  
in nitrogen, Eq. [11] would have to be modified to 
Eq. [7]. 

Results obtained in this s tudy do not c lear ly  support  
any of the previously proposed mechanisms.  For  ex-  
ample, the p lu ton ium-wate r  vapor  react ion fol lowed a 
parabolic rate law indicating a diffusion-controlled 
reaction. Previous reports, including those of Waber  
(15) and Thompson (8), indicated the react ion was 
l inear and react ion controlled.  The difference be tween 
these proposed mechanisms and the diffusion-con- 
t rol led mechanism proposed f rom this work  may  be 
the t empera tu re  employed,  but  this has not been ver i -  
fied. The diffusion involved in this study was probably 
the diffusion of O H -  ions to the meta l /ox ide  interface 
as suggested by Waber  (15). This is supported by 
paral le l  studies of water  adsorption on PuO2 (16). 
However ,  in this case the diffusion was rate control l ing 
and not the Pu -{- O H -  reaction. 

Two different p lutonium dioxides appeared to be 
formed by reaction of the rol led and cast metal  wi th  
water.  Oxide resul t ing from oxidation of the rolled 
plutonium was a ye l low-green  while  that  f rom the 
cast metal  was black. Black is the color which is nor-  
mal ly  observed when  p lu tonium dioxide is formed 
from a hydroxide in termedia te  (17) or if plutonium 
hydride is present. Therefore,  on the basis of the 
product  formed, the reaction be tween the cast e lectro-  
refined plu tonium and water  vapor  appears to follow 
a "hydroxide"  type mechanism. Str ic t ly  on the basis 
of color, the reaction be tween the rolled plutonium 
and water  vapor  does not follow the proposed mech-  
anism. However ,  color can be a funct ion of pur i ty  and 
part icle size so one of the mechanisms may  still  be 
applicable. 

Hydrogen is a product  of the p lu ton ium-wate r  re-  
action, regardless of the mechanism proposed. In these 
studies hydrogen has been detected in the gas phase 
fol lowing a reaction. Whether  or not this hydrogen 
reacts with the plutonium is the difference between 
the "hydroxide"  and various "hydr ide"  mechanisms. 
Since hydrogen reacts so readily with plutonium, it is 
difficult to believe there  is no hydride present. How-  
ever, hydride is difficult to detect  and was not found 
in this study. Addi t ional  work  of an analyt ical  nature  
is requi red  to establish conclusively the mechanism 
for this reaction. 

Summary and Conclusions 

The oxidation of both rolled and cast unal loyed 
plutonium at 90~ was invest igated in n i t rogen-oxygen  
mixtures  containing 12,000 ppm water  vapor  and also 
in dry  air. P lu ton ium was found to oxidize faster  in 
the oxygen-conta in ing  mixtures  than in pure moist 
nitrogen. Earl ier  studies by other  workers  have shown 
the oxidation rates in moist air and moist argon or 
hel ium to be near ly  the same or sl ightly faster  in 
moist ni t rogen at 90~ It appears from this work  that  
at about 90~ water  vapor begins to exer t  less of an 
accelerat ing effect on the oxidation rate and oxygen 
assumes more of a control l ing role. Because of the 
rapid oxidation in oxygen atmospheres  at 90~ it is 
apparent  that  there  is no inhibi t ing effect by oxygen 
on the water  vapor  reaction. Metal  puri ty and meta l -  
lurgical  history had no effect on the oxidation rate in 
dry air but  became more impor tant  wi th  the addition 
of wa te r  vapor. 

The oxygen pressure dependence of this reaction 
became very  strong at some part ial  pressure less than 
15 Torr. The exact  pressure at which this occurred 
was not determined.  For this study there was no oxy-  
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gen pressure dependence observed for part ial  pressures 
between 15 and 500 Torr. 

The at tack by water  vapor observed dur ing this 
s tudy was greatly influenced by the pur i ty  of the 
metal  as well  as its metal lurgical  history. Samples 
of cast electrorefined p lu tonium containing some mi-  
crocracks reacted very rapidly while for the impure 
rolled mater ial  the reaction was somewhat  slower. In  
all cases at this temperature,  the reaction with water  
vapor was diffusion controlled and not reaction con- 
trolled as previously reported. The diffusing species is 
believed to be O H -  ions formed by the dissociation 
of water  vapor adsorbed on the p lu tonium dioxide. 
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TiO . Film Properties as a Function of Processing Temperature 

E. T. Fitzgibbons, *,~ K. J. Sladek,* and W. H. Hartwig 
DepartmeT~ts o] Electrical and Chemical Engineering, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Thin film TiO2 was produced at 150~ by chemical vapor deposition using 
hydrolysis of tetraisopropyl titanate. Fi lms were amorphous as grown, but  
anneal ing  in air caused crystallization, with anatase formed beginning at 350~ 
and ruti le at 700~ Density and index of refraction increased substant ia l ly  
with increasing anneal  temperature,  while etch susceptibil i ty in HF and H2SO4 
decreased. Comparison with l i terature data showed two groups of processes. 
One group yields films having properties that  gradual ly  approach those of 
rut i le  with increasing process temperature.  The other group gives fut i le  di-  
rectly at moderate temperatures.  Deposition of amorphous film followed by 
etching and anneal ing is suggested as a means for pat tern definition. 

Thin  film TiO., has been produced by anodization 
and thermal  oxidation of Ti, evaporat ion of TiO2, reac- 
tive sput ter ing of Ti, a var ie ty  of chemical vapor 
deposition (CVD) processes, and even by liquid depo- 
sition. The electrical, chemical, and physical properties 
of TiO2 films exhibit  considerable diversity, which 
arises from differences in stoichiometry and s t ructure  
among films formed by different means. The present  
research began with the discovery of a unique low- 
tempera ture  process for producing films of readily 
etchable amorphous TiO2. Annea l ing  procedures were 
found to convert  these films to the anatase and ruti le 
forms of the material.  F i lm properties could then be 
determined for a range of well-control led structures. 
One purpose of this investigation was to provide a 
comprehensive set of s t ruc ture-proper ty  data which 
might serve to explain discrepancies in reported values 
of density, refractive index, and etch susceptibility. 
Another  purpose was to develop a means for produc- 

�9 E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  N o r t h  A m e r i c a n  R o c k w e l l  Mic roe l ec t ron i c s  

C o m p a n y ,  A n a h e i m ,  C a l i f o r n i a  92803. 
K e y  w o r d s :  t h i n  fi lms, c h e m i c a l  v a p o r  depos i t ion ,  t i t a n i u m  di -  

oxide.  

ing thin film TiO2 for applications requir ing pat tern 
definition. 

T i tan ium dioxide exists in two tetragonal  structures, 
anatase and rutile, plus orthorhombic brookite. Ruti le 
is the thermodynamica l ly  stable form at all tempera-  
tures invest igated so far, but  anatase and brookite re-  
tain their  s tructures unt i l  heated to fair ly high tem-  
peratures, at which they t ransform irrevers ibly to 
rutile. Reported temperatures  for significant rates of 
conversion to rut i le  are 800~176 for anatase and 
700~176 for brookite (1, 2). Theoretical densities 
of anatase and rut i le  are calculated to be 3.94 and 4.27 
g/cm ~, respectively, using recent  values of the uni t  cell 
dimensions (1). These agree reasonably well  with 
measured values of 3.90 and 4.23 g/cm 3 (2). Average 
index of refraction (n) values at 0.55 ~m are 2.57 for 
na tura l  crystals of anatase and 2.74 for synthetic  crys- 
tals of ruti le (1). 

While properties of bu lk  anatase and rut i le  are well  
established, l i t t le agreement  has been reached regard-  
ing the properties of thin film TiO2. One of the most 
thorough studies is due to Hass (3), who produced 
films both by thermal  oxidation of Ti and by a CVD 
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process. Evapora ted  Ti films were  oxidized above 
200~ and the resul t ing oxide was shown to be rut i le  
by electron diffraction. The index of refract ion of 
these films was 98-99% of that  of bulk, s ingle-crysta l  
rut i le  for the whole range f rom 0.4 to 2.0 ~m. In con- 
trast, hydrolysis  of TIC14 produced amorphous films 
below 280 ~ and anatase films above 300~ wi th  n 
values near  2.3. 

Fi lms of TiO2 have also been produced by anodiza- 
tion (4, 5), react ive sputter ing (6), vacuum evapora-  
tion (7), and by drying substrates which had been 
dipped into a t i tanate  solution. Drying at 180~176 
gave films with  n values of 1.95-2.45 (8). 

CVD processes include the TiC14-H20 reaction near  
300~ (3), at 150~ (9), and at 800~ (10). Pyrolysis  
of te t ra isopropyl  t i tanate  (TPT) at 300~176 gave 
amorphous and anatase films exhibi t ing a range in 
density, refract ive index, and etch susceptibil i ty (11). 
Reaction of TIC14 with  O2 gave epi taxial  rut i le  on some 
substrates above 700~ and polycrysta l l ine  rut i le  at 
lower tempera tures  (12). In the present  work  the 
TPT-H~O reaction was used, as described next. 

Deposition Phenomena 
The CVD apparatus is i l lustrated in Fig. 1. The two 

liquid feeds are  evaporated f rom heated flasks into 
metered  carr ier  gas streams. The feed streams then is- 
sue f rom paral le l  nozzles at the ends of the de l ivery  
lines, in termingle  wi th  each other  and with the room 
air, and are directed onto the substrate, which is 
heated f rom beneath. Fi lm growth is controlled manu-  
al ly by moving the substrate around under  the nozzles 
or by moving the nozzles. By observing the sharp in- 
terference colors, the operator  can manual ly  control 
the thickness uni formi ty  of the film to wi thin  10O-200A 
over  a 1.25-in. d iameter  substrate wafer.  

The best t empera tu re  range for the TPT evaporator  
is 75~176 The water  evaporator  t empera tu re  is not 
critical and films can even be grown without  using the 
CO2 carr ier  and water  source; in that  case, the water  
vapor in the ambient  air is evident ly  sufficient to main-  
ta in the reaction. The growth dynamics appear to be 
the same with  and wi thout  the water  vapor s tream 
and the structural ,  optical, and chemical  propert ies 
are also the same in both cases. The only differences 
were  observed in the reproducibi l i ty  of electr ical  prop-  
erties, and the water  vapor  source was used to stabil-  
ize these. 

Under  typical  conditions, the hel ium flow rate was 
1 1/min, the CO2 flow rate  was 1/4 l /rain,  the TPT and 
water  evaporators  were  at 75 ~ and 90~ respectively,  
and the substrate heater  was at 150~ With these 
parameters ,  a 1.25-in. substrate could be covered wi th  
a 2000A film in 1O min. 

These conditions were  chosen after  making a num-  
ber of observations about the film qual i ty  obtained 
under  various deposition conditions. When the TPT 
evaporator  was too hot (90~176 a mi lky  film hav-  
ing diffuse in terference colors resulted. Microscopic 
examinat ion  revea led  that  the film lacked coherence, 

l T J  H'~176 1 Del Jvery Lines 
~._ j IL j ,  TPr so~,r /H J L _ _ .  
i f  lt~l W~176 ~l/~os lll;-3J 
I ~-C/.J~I i l l  Delivery I I  II I I 

~lJ.oz=,e / I I 'N  II 

Gas Thermocouple FlOWer l Dryer 

He Input CO z Input 

Fig. 1. Chemical vapor deposition system 

but ra ther  was made up of t iny stacked spheres. The 
film had an odor of alcohol or TPT and was soft 
enough to be smeared with  a cloth. Evidently,  the TPT 
condensed after  leaving the nozzle and the result ing 
film was made up of small  droplets of TPT which had 
reacted at their  outer  surfaces only. Similar  results 
were  obtained with  the TPT evaporator  at 75~ when  
the He carr ier  flow exceeded 2 1/min, when  the nozzle 
was closer than 1 in. f rom the substrate, or when  the 
substrate t empera tu re  was below 10O~ Excessive CO2 
carr ier  flows (>  Vz ~l/min) caused a white  powdery  
deposit, evident ly  due to p remature  hydrolysis  of TPT, 
giving a powder  product  which rained down onto the 
substrate. The same effect occurred when  the nozzle 
was held more than 3 in. f rom the substrate. In sum- 
mary, the conditions chosen above were  selected to 
avoid both incomplete  and premature  reaction which 
led to formation of films lacking coherence. Under  the 
chosen conditions, the films were  smooth and re la t ively  
hole free. No detail  could be observed in the scanning 
electron microscopy at 20,000X, except  for an occa- 
sional pinhole. 

When film thicknesses of 4OO0-500OA were  reached 
during a normal  deposition, cracks would appear  and 
propagate over the film, reducing it to a field of small 
t r iangular  pieces, each separated from the substrate 
with its points bending upward.  This was observed 
with  all the substrates described below at approxi-  
mate ly  the same film thickness. Severa l  exper iments  
wi th  duplex films were  performed.  When a film was 
grown to several  thousand angstroms and then later  
a new film was grown atop the previous one, f racture 
occurred when the sum of the two thicknesses fell into 
the 4000-5000A range. However ,  when a film was 
grown and annealed above 350~ (to be described 
later)  and then a new film w a s  grown on the an- 
nealed one, f racture  occurred when the second film 
reached 40OO-50OOA. This behavior  indicates that  the 
film is deposited with  an intrinsic tensile stress. Frac-  
ture may  be associated with  a fai lure of the film- 
substrate adhesive bond due to increased shear stress 
as the film thickens. 

Fi lms could be grown on any smooth object that  
could be heated. In the present  work, different sub- 
strates were  used for different experiments.  Fused 
quartz was used for optical transmission measure-  
ments. Fused quartz covered with evaporated Pt  and 
also polished Si were  used as substrates in de te rmin-  
ing refract ive index and thickness relationships by 
el l ipsometry and interferometry.  Soft glass micro-  
scope slides, as wel l  as some of the other  materials,  
were  used in x - r ay  analysis. Before deposition, the 
fused quartz and the soft glass substrates were  cleaned 
thoroughly in low residue detergent,  were  rinsed in 
deionized water,  and were heated in air at 1000 ~ and 
350~ respectively, to drive off surface contaminants.  
The P t /qua r t z  substrates were  annealed in air at 
1000~ to stabilize them, and no fur ther  cleaning was 
performed. The Si wafers  had been commercia l ly  pre-  
pared using mechanical  and electrochemical  polishing 
and were  used as supplied. 

Annealing and Crystallization 
Films produced by the CVD method described above 

underwent  dramatic  changes in physical and chemical 
propert ies during annealing. The changes in crystal  
s t ructure are described here. 

Crystal l ine phases were  identified using an x - r ay  
diffractometer with copper K~I radiation. Four  types 
of samples were  used. Powder  samples were  obtained 
by al lowing the standard deposition process to con- 
t inue for several  hours unti l  a thick whi te  powdery  
deposit had buil t  up; this was then scraped off and 
divided into samples for testing. The other  three  types 
of samples consisted of 3000-4000A films grown on 
fused quartz, soft glass, and polished Si. 

The powder  in the as-grown condition showed no 
sign of crystal l ini ty and was evident ly  amorphous. No 
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Table I. Crystalline phase and anneal temperature Table II. Change in thickness and index of refraction due to 
for TiO2 on several substrates annealing at 1000~ 

A n n e a l  S u b s t r a t e b  S a m p l e  T h i c k n e s s .  I n d e x  o f  r e f r a c -  
t e m p e r -  P o w d e r  F u s e d  c o n d i t i o n  A ( m e t h o d } "  t i on  ( m e t h o d ) ,  

a t u r e .  ~ ~ s a m p l e  Sof t  g lass  P o l i s h e d  Si  q u a r t z  

As  g r o w n ,  150 ~ 3 8 2 0 ( D ,  3870(E)  1 .98 (D,  2.1fiiE~ 
150 (as A n n e a l e d ,  1000 ~ 2510(D 2.49(1) 

g r o w n )  A m o r p h o u s  A m o r p h o u s  A m o r p h o u s  A m o r p h o u s  As g r o w n .  150 ~ 2400 (EI  2 . 0 0 ( E L  1.95(C~ 
350 A m o r p h o u s  A m o r p h o u s  A m o r p h o u s  A m o r p h o u s  A n n e a l e d ,  1000 ~ 1580(E~ 2.44)(E~, 2.47(C~ 

+ a n a t a s e  + a n a t a s e  + a n a t a s e  + a n a t a s e  As  g r o w n ,  150 ~ 1900fE} 2 . 1 0 ( E ) ,  2.06(C~ 
700 R u t i l e  + R u t i l e  + R u t i l e  + A n a t a s e  A n n e a l e d ,  1000 ~ 1220(E} 2 . 6 0 ( E ) .  2.50(C% 

a n a t a s e  a n a t a s e  a n a t a s e  
1000 R u t i l e  - -  R u t i l e  A n a t a s e  

" A l l  a n n e a l s  c a r r i e d  o u t  i n  a i r .  
b C r y s t a l l i n e  p h a s e s  i d e n t i f i e d  in a l l  f i l m s  s h o w e d  no o r i e n t a t i o n .  

crystal l izat ion occurred during aging at room tempera -  
ture in air  for one week. Anneal ing  the powder  for 10 
min at 350~ resulted in the appearance of the two 
strongest diffraction peaks of the anatase form of 
TiO2. A sample  annealed at 700~ for 2 hr showed the 
five strongest  anatase peaks and the three  strongest 
rut i le  peaks. A 20-hr anneal  at 1000~ complete ly  
conver ted  the powder  to ruti le;  many  ruti le  peaks 
were  observed, and no anatase peaks were  detectable. 

Table I summarizes  the data for all four types of 
samples. In every  case the as-grown mater ia l  is amor-  
phous, and mater ia l  annealed at 350~ shows some 
anatase. However ,  the weakness of the anatase pat-  
terns suggested that  only part ial  crystal l izat ion oc- 
curred at 350~ This t empera tu re  can be regarded 
roughly, as an amorphous-anatase  transi t ion t empera -  
ture. Addit ional  anneals at 300~176 indicate that  
the t ransi t ion is not sharp, but ra ther  occurs over  a 
range of about 50~ in which the extent  of crysta l l iza-  
tion gradual ly  progresses. The temperature ,  700~ 
appears s imilar ly  to be characteris t ic  of the anatase-  
rut i le  transition. This t ransi t ion appears to be less 
sharp and progresses over  a range of about 300~ 
An impor tan t  exception is the films on fused quartz  
which persist  in the anatase form, even after  anneal -  
ing at 1000~ Somehow, the quartz-TiO2 interface 
stabilizes the anatase structure,  perhaps by prevent ing 
nucleat ion of rutile. 

The present  data are in accord with  some of the 
l i tera ture  data described earlier. The anatase- ru t i le  
transit ion occurs in bulk samples at 800~176 (1, 
2). In films produced by CVD or l iquid dipping, a 
change f rom amorphous to anatase s tructures was 
found at 280~176 (3), and at 250~ ~ (8). An 
anatase-rut i le  transi t ion was observed at 800~ (3), 
and several  invest igators  produced rut i le  di rect ly  at 
800~ or above (10, 13). In contrast, ru t i le  films were  
produced as low as 400~ from Ti oxidation (3) and 
from the TiC14-O2 react ion (12). 

Thickness and Index of Refraction 
Changes in in ter ference  colors occurred as a result  

of annealing, and these indicated a change in th ick-  
ness, d, and /o r  index of refraction,  n. If a s tandard 
color char t  for SiO2 was used, the changes indicated 
that  anneal ing a 150~ film at 1000~ caused an in- 
crease in d. However ,  measurements  using an el l ip-  
someter  indicated a substantial  decrease in d, accom- 
panied by an increase in n, and indicating that  a single 
color chart, based on fixed n, would  be misleading. 
To obtain addit ional  independent  values of d and n, 
a mul t ip le  beam in ter ferometr ic  technique was used. 
Both the el l ipsometer  and the in te r fe rometer  used the 
5460A green line of Hg. 

Coated and uncoated portions of a step were  used 
to find both d and nd with  the in ter ference  method 
(14). The el l ipsometer  yields separate values of d and 
n (15). A cross check was provided by a color chart, 
which gives nd (14). 

Results obtained before and af ter  anneal ing at 
I000~ are  shown in Table II. The  several  methods 
give good agreement,  and it is clear that  anneal ing 

" I = i n t e r f e r o m e t e r ;  E = e l l i p s o m e t e r ,  C = c o l o r  c h a r t  p lus  e l l i p -  
s o m e t e r - d e t e r m i n e d  t h i c k n e s s .  

causes a substantial  decrease in d and increase in 7~. 
To complete these measurements ,  a final series of 

data was obtained as a function of anneal  temperature .  
A film was deposited on P t / q u a r t z  and data were  ob- 
tained by ell ipsometry,  using averages  of two to four 
measurements .  F igure  2 is a plot of resul t ing values 
of thickness and index of refraction. 

The thickness shrinkage of 35% is qui te  remarkab le  
in magnitude.  Since the film is constrained to a fixed 
area, any density changes are evident ly  exhibi ted only 
in one dimension. One might  suspect that  such a vio- 
lent dimensional  change would  set up stresses which 
might  rupture  the film. However ,  examinat ion  of a 
1000~ annealed film in the scanning electron micro-  
scope at 20,000X showed no cracks, tears, or eruptions. 

It was suspected that  the shr inkage might  be ac- 
companied by a mass loss, as would be expected if the 
as -grown mater ia l  were  a hydroxide or hydrate.  A 
hydroxide,  Ti(OH)4, would lose 31% of its initial 
weight  if complete  dehydrat ion occurred. Severa l  ex-  
per iments  were  carried out in an effort to detect a 
weight  change on annealing. In the most sensitive 
experiment ,  a sample was weighed on a vacuum mi-  
crobalance and annealed in situ. No weight  change 
could be detected within  the exper imenta l  uncer ta in ty  
of _+ 7% of the init ial  film weight.  Al though the sensi-  
t iv i ty  of this exper iment  was ra ther  low, the result  
does rule out mass reduct ion as a p r imary  cause of 
the vo lume shrinkage. 

It  is possible that  the films are microporous and 
that  shr inkage occurs by sintering. Swaroop (16) and 
Pliskin and Lehman (17) a t t r ibuted densification of 
SiO2 films to sintering. Sladek and Herron (I8) in- 
vest igated TiO2 film growth by the TPT-H20  reaction 
at 25~ and suggested that  voids are incorporated 
when isopropyl groups are removed from the growing 
film during surface reaction. 

The difference between a microporous mater ia l  and 
a "homogeneous"  one of abnormal ly  low density is 
only in the size of the void spaces. Our observations 
using the scanning electron microscope detected no 
pores. Quali tat ively,  the optical t ransparency and 
sharp in ter ference  colors of our films indicate negl i-  
gible scattering by void spaces. However ,  both of these 
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Table III. Chemical susceptibility to several etches 

A n n e a l  tern- E tch  ra te  a n d  b e h a v i o r  
pe ra tu re ,  ~ 0.5% H F  48% H F  100% H~SO4 85% I~PO~ 

150 50-75 A / s e c  Very  r a p i d  S low a t  25~ L e a v e s  r e s idue  
25-40 A / s e c  a t  50~ 

350 On P t :  v e r y  s low S low and  u n e v e n  A b o u t  15 A / s e c  a t  
On Si :  u n d e r c u t t i n g  50~176 

700 No e t c h i n g  On P t :  s low Very  s low 
On Si :  u n d e r c u t t i n g  

1000 No e t c h i n g  On P t :  s low A b o u t  1000 A / h r  a t  Very  s low at  120~ 
On Si :  u n d e r c u t t i n g  120~ 

observations would be insensit ive to voids of size be-  
low about 200A. We at t r ibute  the abnormal ly  low 
density of the present amorphous films to voids of 
size somewhere in the range between atomic d imen-  
sions and about 200A. 

Susceptibility to Chemical Etch 
Etch susceptibility is a prerequisite for electronic ap- 

plications of TiO2. Some past work indicates that amor-  
phous TiO2 is readily etched while h igh- tempera ture  
and hence crystal l ine forms are quite impervious to 
chemical attack. Barksdale (19) observed in 1949 that, 
while bu lk  TiO2 is known to be slightly soluble in 
H2SO4, HF, and a few strong alkalies, mater ial  an-  
nealed near  1000~ is almost completely inert  chemi- 
cally. 

Etchabil i ty of TiO2 as a function of anneal  tempera-  
ture  was determined for films grown on Si and on Pt  
substrates. Results are summarized in Table III. Again 
there is a wide, controllable gradation in properties, 
with the low-tempera ture  form showing high chemi- 
cal susceptibil i ty while the 1000~ mater ial  is near ly  
inert. Films on Si behaved the same as those on Pt  
except for the 48% HF case. This etch lifted the TiO2 
off the surface of Si, evidently by dissolving a th in  
interracial  layer of SiO2 and undercut t ing  the TiO2. 

These results are in accord with data of Yokozawa 
et al. (11), who reported that  their  amorphous TiO2 
films etched in dilute HF at 4-60 A/sec, while anatase 
films etched only slowly in concentrated HF. Feuer-  
sanger (9) reported that his films were easily etched 
in 10% FIF; this suggests that  they were amorphous, 
as would be expected for a 150~ process. His high in-  
dex of refraction (discussed later) is then the only 
property that does not agree with the present  results. 
Harbison and Taylor (10) reported an etch rate of 
700 A / m i n  in 48% HF for mater ial  grown at 800~ 
This is much higher than would be expected from our 
results. 

Optical Absorption 
An optical t ransmission spectrum of a 350~ an-  

nealed film is shown in Fig. 3. This was obtained by 
measur ing the difference between the transmission of 
the film on fused quartz and the transmission of the 
fused quartz alone. We a t t r ibute  the maxima and rain-  
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Fig. 3. Optical transmission spectrum. 2600~. film of T i 0 2  
annealed at 350~ 

ima above 0.35 gm to interference due to mul t ip le  in-  
ternal  reflection, and the strong absorption peak at 
0.32 gm (3.9 eV) to an electronic transition. Transmis-  
sion in an amorphous TiO2 film was also measured 
and similar results were obtained, except that  the 
strong absorption peak was much broader, al though 
still centered at 0.32 gm. In  agreement  with these re-  
sults, Maserj ian (20) found an absorption peak at 
0.32 ~m with a rut i le  film. In  contrast, however, single- 
crystal rut i le  exhibits an absorption edge (21) at 0.41 
~m (3.0 eV). The cause of the discrepancy between 
bulk  single-crystal  and thin film TiO~ is not known. 
However, in both this work and that of Maserj ian 
(20) the 0.32 gm peak has been established. 

Discussion 
Present  data on density and index of refraction are 

compared with l i terature values in Fig. 4. Since ab-  
solute values of densi ty were not obtained in this 
work, it was necessary to choose a value for one con- 
dition, and 2.5 g /cm 3 for the amorphous films was 
used, based on the results of Yokozawa et al. (11). 

Results of two of the CVD studies (11, 13) and the 
liquid deposition (8) show good agreement  with pres- 
ent data in both properties plotted. Results of Hass (3) 
on films formed by TiCI~ hydrolysis and by oxidation 
of "TiO" (formed by exaporat ing Ti with O2 present) 
show an increase in n with tempera ture  similar to 
that  observed here, al though with somewhat higher 
values of n. 

In  contrast, Hass (3) obtained near ly  the bu lk  rutile 
value of n with oxidized Ti, and Ghoshtagore and 
Noreika (12) found .an even higher value with films 
formed from TIC14 4- 02 in the whole tempera ture  
range studied. (We have applied a small  correction 
to their reported value of nD to obtain a value applic- 
able at 0.55 ~m.) The fact that  their  n exceeds the 
random-or ienta t ion  average for bulk  rut i le  could have 
been due to preferred orientat ion of their films. 

In  summary,  one group of processes produces films 
which show a characteristic var iat ion in physical and 
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Fig. 4. Density and refractive index vs.  processing temperature: 
a comparison with other work. 
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chemical properties with max imum processing tem- 
perature,  whether  this tempera ture  is reached during 
deposition or dur ing postdeposition anneal.  These var i -  
ations arise from densification and crystall ization and 
u l t imate ly  yield mater ial  with properties approaching 
those of the equi l ibr ium (ruti le)  bulk  state. However, 
it is also possible to bypass these intermediate  stages 
and obtain ruti le directly at moderate temperatures.  

We have found that, of the several forms produced, 
rutile or anatase-rut i le  mixtures  have superior dielec- 
tric properties. The relat ive dielectric constant /diss i-  
pation factor at 1 kHz was about 100/0.04 for mater ial  
annealed at 700~176 The sign of the surface charge 
of TiO2 on Si was negative, and positive, negat ive and 
zero, values could be obtained by growing duplex 
TiO2/SiO2 films. (Details of these electrical studies 
will  be reported later.) These properties suggest a 
number  of applications for rut i le  in integrated circuit 
technology. 

Although it is possible to produce ruti le films di- 
rectly, they are almost impossible to etch (Table III) .  
In contrast, the deposi t ion-anneal ing process used here 
could lend itself readily to the various etch steps 
needed for integrated circuit production. Standard 
photomasking techniques could be used to define a de- 
sired pat tern in the as-grown film, and a later anneal  
would convert  the mater ial  to its stable form. 

The fact that the TiO2 itself changes chemical sus- 
ceptibil i ty suggests that pat terns might be defined 
without  photoresists, if a means were found for selec- 
tive conversion in desired areas. This idea has led to 
some fur ther  work (to be reported later) in which an 
electron or photon beam is used to define positive 
pat terns in amorphous TiO2. 

In  conclusion, it is possible to produce rutile films 
either directly or via a series of stages progressing in 
density, refractive index, and etch susceptibility. The 
present method of low-tempera ture  deposition fol- 
lowed by anneal ing is promising for applications re- 
quir ing pat tern  definition. 
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Cathodoluminescence Characteristics of Mn *-Activated 
Willemite (Zn2SiO ) Single Crystals 

R. J. R. S. B. Bhalla*,' and E. W. White 
Materials Research Laboratory, Pennsylvania State University, University Park, Pennsylvania 16802 

ABSTRACT 

Cathodoluminescence studies were  made of Mn2+-act ivated wi l lemi te  single 
crystals using an electron microprobe and a simple in te r fe rence- type  spectrom- 
eter at tachment.  Use of the microprobe allows s ingle-crysta l  cathodolumines-  
cence measurements  to be made on compara t ive ly  small (,~0.01 ram) crystals. 
Green cathodoluminescence emission from Mn 2~-act ivat ion was found to be 
par t ia l ly  polarized. The electric vector of emission was along a direction per-  
pendicular  to the c-axis  of the crystals. Examinat ion  of the  emission spectra 
in the two perpendicular  polarization directions, corresponding to the analyzer  
direct ion paral lel  to the c-axis, and perpendicular  to the c-axis, showed a 
difference of about 100A in the emission peak positions. Measurements  of 
spectra and integrated intensity of emission were  also made as a function of 
manganese concentration. The intensity of luminescence was m a x i m u m  for 
Mn concentrat ion of 2.9 w / o  (weight  per cent) .  The peak position of the Mn ~+ 
band was found to shift from 5160 to 5300A as the manganese concentrat ion 
increased from just a trace to about 12 w/o.  The polarized cathodoluminescence 
emission can be explained on the basis of crystal-f ield theory and symmet ry  
arguments.  These arguments  lead to the conclusion that  the two Zn 2+ sites in 
the wi l lemi te  structure, which are occupied by the  Mn 2+ ions, have effective 
local symmetr ies  of C:~,. and C1, respectively.  The emission peak shift to longer 
wavelengths,  as the manganese  concentrat ion is increased, cannot be explained 
by simple crystal-f ield theory. A model  showing emission from Mn2+-Mn 2+ 
pairs dominat ing at higher  concentrations, in comparison to emission from 
isolated Mn 2+ ions, is proposed to explain this shift of emission peak to longer 
wavelengths.  

Emission spectra from oriented single crystals of im-  
pur i ty  act ivated (or se l f -act ivated)  phosphors can 
give very  impor tant  clues to the site symmet ry  of the 
activator.  In the past polarized emission from phosphor 
single crystals has been studied to de termine  nature  
and symmet ry  of the luminescence centers (1, 2). 
Thus, al though the advantages of s ingle-crystal  studies 
were  recognized for some time, such studies have  been 
l imited to very  few we l l -known phosphors. The main 
reason for this is the general  lack of large enough 
single crystals. Fur thermore ,  almost no studies of these 
luminescence characterist ics exist for ca thode-ray  ex-  
citation in single crystals. A recent  communicat ion (3) 
has described pre l iminary  results for a ca thodolumi-  
nescence study of oriented single crystals of Mn 2+- 
act ivated wil lemite.  The main purpose of this paper  is 
to give a detailed account of the polarized cathodolumi-  
nescence studies of Mn2+-act ivated single crystals of 
wi l lemi te  [Zn2SiO4(Mn)]. In addition, spectra and 
luminescence intensity, as a function of manganese 
concentration, are also measured on artificially doped 
single crystals of wil lemite.  

Experimental 
An applied Research Labora tory  Model EMX elec- 

tron microprobe was used for ca thode-ray  excitat ion of 
the wi l lemi te  luminescence from sample areas as small 
as 5 ~,m diameter.  The electron microprobe offers the 
additional advantage  that  the luminescence emission 
is observed from the surface of the sample excited by 
the electron beam ra ther  than observing in t ransmis-  
sion as is genera l ly  done in convent ional  ca thodolumi-  
~escence apparatus. The electron beam is incident nor-  
mal to the specimen surface and is coaxial  wi th  the 
l ight microscope objective. The broad band lumines-  
cence spectra were  recorded using a simple light 
spectrometer  and photomult ip l ier  readout  described by 
Greer  and White (4). A Polaroid analyzing cap was 

�9 E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
I P r e s e n t  address :  Cen t r a l  Research  La bo ra to ry ,  A m e r i c a n  C y a n a -  
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willcmite, e l ec t ron  mic rop robe ,  po la r i zed  emiss ion .  

attached to the eye piece of the probe microscope mak-  
ing it possible to record the luminescence emission 
spectra in any polarizat ion direction. Use of this a r -  
rangement  made  it possible to study, individual ly,  very  
small (<0.01 mm)  single crystals, and micron scale 
inhomogeneit ies  in larger  grains wi th  a sensi t ivi ty 
which is not possible with convent ional  ca thodolumi-  
nescence apparatus. 

Samples  used in this s tudy were  natura l  wi l lemi te  
crystals from Franklin,  New Jersey,  and Tsumeb, 
South-West  Africa. Franklin,  New Jersey,  specimens 
showed the strong green luminescence characterist ic of 
Mn 2 +-act ivated or thorhomic wil lemites  and were  found 
to contain 0.1-4.0% manganese  in solid solution. Mn 
was ra ther  un i fo rmly  dis t r ibuted in the individual  
crystals. Other  cationic impuri t ies  which have been 
reported in bulk chemical  analyses of wil lemites  are 
Fe, Mg, and Ca (5). However ,  probe analysis showed 
these impuri t ies  to be located in micron scale, highly 
oriented inclusions. No Fe, and only traces of Ca and 
Mg were  detected in the wi l lemi te  matr ix.  Absence of 
Fe in the wi l lemi te  ma t r ix  is significant since it is 
known to act as a ki l ler  of luminescence in most ma-  
terials. Willemite,  which has only fourfold coordinated 
cationic sites, has a very  low tolerance for Fe. In con- 
trast  to the Franklin,  New Jersey,  specimens, the 
South-West  Afr ica  wi l lemi te  crystals do not luminesce 
green and have no detectable  Mn or Fe  impurities.  
Mn 2+ was introduced in these crystals by solid-state 
diffusion at 1250~ Selected samples were  then  set in 
Lakeside 70 and prepared as polished thin sections by 
gr inding and polishing. Final  sample surfaces were  
polished successively wi th  6, 3, 1, and 1/4 ~m diamond 
pastes and coated with  a thin layer  of carbon (200- 
400A) by vacuum evaporat ion to provide a conductive 
path for the electrons. This method of preparat ion 
yielded grains wi th  many  different crystal lographic ori-  
entations. Grains having the desired orientat ions for 
study were  selected using a polarizing l ight micro-  
scope and marked  for convenient  location in the micro-  
probe. 

740 
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Exper imenta l  Results 
P o l a r i z e d  c a t h o d o l u m i n e s c e n c e . - - W i l l e m i t e  belongs 

to the rhombohedra l  crystal  class and as such has two 
pr inciple  axes (a and c).  Crystals wi th  orientat ions 
such that  the c-axis  was perpendicular  to the  surface 
(a in the plane) did not show any polarization of the 
green Mn 2+ emission. However ,  the crystals wi th  ori- 
entations such that  the surface contained the c-axis, 
showed part ial  polarization of Mn 2 + emission. The de- 
gree of polarization, p, given by p = (I '  - -  I " ) /  
(I '  4- I " ) ,  where  r and I"  are m a x i m u m  and min imum 
intensities as the analyzer  is rotated around its axis, 
was found to be 0.25. The electric vector  of the emit ted 
radiat ion was along a direction perpendicular  to the 
c-axis. 

Emission spectra of Mn2+-act ivated wil lemites  were  
comparable  to the commercia l ly  avai lable  wi l lemi te  
powders and consisted of a single broad band with  peak 
position around 5250A (for 1% Mn). This peak shifted 
toward sl ightly longer  wavelengths  as the concentra-  
tion of Mn increased. The peak position as wel l  as 
the degree of polarization were  not found to be cur ren t  
density dependent.  Examinat ion  of the emission spectra 
in the two perpendicular  polarizat ion directions corre-  
sponding to the analyzer directions paral le l  and per-  
pendicular  to the c-axis  showed a difference of about 
100A in the peak positions. This is i l lustrated in Fig. 1. 
The peak intensities were  matched by lower ing the 
electron beam current  whi le  recording the spectrum in 
the m a x i m u m  transmission direction. The more  in- 
tense spectrum, obtained with  the electric vector  per -  
pendicular  to the c-axis, yielded the longer wave-  
length peak. 

E f f e c t  o f  M n  2+ c o n c e n t r a t i o n  on  c a t h o d o l u m i n e s -  
c e n c e . - - M e a s u r e m e n t  of the var ia t ion in the green 
emission spectral  characterist ics as a function of Mn 
concentrat ion were  made on South-West  Africa wi l le-  
mite  crystals into which Mn 2 + was introduced by solid- 
state diffusion at 1250~ The diffusion was carr ied out 
on small t ransparent  pr ismatic  crystals. Selected crys-  
tals were  coated with very  finely powdered  MnCO3 and 
heated to 1250~ for 12 hr  in a p la t inum crucible. Crys-  
tals t rea ted in this way  were  then mounted  for probe 
analysis as usual. Cross sections through such crystals 
gave a concentrat ion gradient  of Mn. The luminescence 
intensity and the emission spectra along with  Mn, Zn, 
and Si concentrat ions were  recorded at many  points 
along the Mn gradient. These measurements  estab- 
lished that  the Mn 2+ is introduced in the lat t ice at the 
expense of Zn ~+. Figure  2 shows a plot of in tegrated 
luminescence intensi ty as a function of Mn concen- 
tration. This measurement  was made at 20 keV and 
sample current  of 2 • 10-8A. The spot was about 2/~m 
in diameter.  The intensity of luminescence is m a x i m u m  
for a Mn concentrat ion of 2.9 w / o  (weight  per cent).  
This value is higher  than the op t imum of 1% repor ted  
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Fig. 1. Polarized cathodoluminescence spectra of Mn 2+ in 
willemite. Curve 1 corresponds to the analyzer direction (electric 
vector) along the c-axis and curve 2 corresponds to the analyzer 
direction perpendicular to the c-axis. The peak intensities of the 
two curves are normalized to facilitate comparison of the spectra. 
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Fig. 2. Plot of integrated intensity vs .  Mn concentration for a 
South-West Africa willemite crystal into which Mn was diffused 
by solid-state reaction with MnCO3 at 1250~ Measurements were 
made at 20 keV and a sample current of 2 x 10-8A. The spot size 
was about 2 ~m diameter. No correction was made for the possible 
change in the photomultiplier response as the emission peak shifts 
to slightly longer wavelengths for higher Mn concentrations. 

for powder  phosphors (6). It  may  be pointed out that  
the opt imum concentrat ion is dependent  on the elec- 
tron beam energy which is not specified in Ref. (6). It  
was found that, as the Mn concentrat ion increases, the 
luminescence peak position shifts toward longer  wave-  
lengths. As the concentrat ion of Mn increases from 
just a t race to about 12% the peak position shifts f rom 
5160 and 5300A. This observation compares wel l  with 
similar results repor ted  by Leverenz  (6) on powder  
phosphors. 

Discussion of  Results 
For  an explanat ion of the polarizat ion of 

Zn2SiO4(Mn 2+) luminescence, and the spectra in the 
two polarization directions, it is necessary to consider 
only the local symmet ry  of the act ivator  site. The posi- 
t ion of the Mn ~+ energy levels  involved in this lumi-  
nescence emission, wi th  respect to the position of 
valence and conduction bands of wil lemite,  is not 
known. However ,  as is usual wi th  Mn2+-act ivated 
phosphors, it is fa i r ly  certain that  the t ransi t ion re-  
sponsible for green emission of Mn2+-act ivated wil le-  
mites is localized within  the 3d shell (7, 8). Al though 
exci tat ion by ca thode-rays  may  be substantial ly 
through the conduction band, the final t ransi t ion giv-  
ing rise to the luminescence emisison takes place within  
the Mn 2 + act ivator  wi thout  any involvement  of valence 
or conduction bands. 

Mn 2+ replaces Zn 2+ in the crystal  s t ructure  of wi l le-  
mite  and Zn 2+ is fourfold coordinated forming ap- 
p rox imate ly  a te t rahedra l  a r rangement  (9). Detai led 
ref inement of the wi l lemi te  s t ructure  has not  been re -  
ported, thus the exact  coordinates and distortions of 
the te t rahedra l  sites are not known. If  the re  were  no 
distortions in the te t rahedra l  Zn ~+ sites then  the sym-  
me t ry  of the site occupied by the act ivator  Mn ~+ 
would be Td. The ground state of Mn 2+, which has 3d ~ 
configuration, is ~S wi th  symmet ry  6A1. This state is 
changed ve ry  l i t t le  in energy under  the influence of a 
crystal  field. The first exci ted t e rm 4G in the free ion 
gets split up into branches 4A1, 4E, 4T2, and 4T1 in a 
te t rahedra l  field, wi th  4T1 level  having the lowest  en- 
ergy. The transi t ion responsible for Mn 2+ emission is 
bel ieved to be the  one f rom aT1 --> eA1 (7). Group theo- 
ret ical  calculations show that  if the symmet ry  of the 
emit t ing Mn 2+ ion were  perfect ly  te t rahedra l  there  
would  be no polarizat ion of the emit ted  radiat ion as 
the transit ions in x, y, and z directions are equal ly  
allowed. In the crys ta l  s t ructure  of wi l lemi te  the Zn 
atoms, thus also the replacing Mn atoms, are reported 
at general  positions and have a space group symmet ry  
of C1 (9). Under  such symmet ry  conditions the emi t -  
t ing 4T1 level  would  split up into three  levels  and again, 
according to group theory, t ransi t ions f rom these levels  
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Table I. Estimated Zn-O bond lengths of the 
distorted tetrahedra around Zn(1) and Zn(2) positions 
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T d C I CSv 

4 A _ . ,  
4~ 4E 

4TL 4A , 
13ond tyDe Bond length (A) 

Zn (I)-01 1.93 
Zn ( I ) - 0.~ 1.75 
Zn(1)-Os 1.88 
Zn(1)-O~ 2.05 
Zn(2)-Ol  1.82 
Zn (2) -O~ 1.92 
Zn(2)-O~ 1.94 
Zn(2)-O4 1.96 

to the ground level are equal ly  allowed in the x, y, and 
z directions giving no polarization. The fact that the 
emit ted radiat ion is polarized leads to the conclusion 
(on the basis of crystal  field theory arguments)  that  
the emit t ing center has a local symmetry  which is 
lower than  Td but  higher than  the space group sym- 
met ry  C~. 

Any  lowering of perfect Td symmetery  of the center 
would result  in spli t t ing of the t r ip ly  degenerate 4T1 
into two or three separate levels depending on the low- 
ered symmet ry  of the center. Polarizat ion properties 
under  the reduced symmet ry  conditions can be unde r -  
stood easily on the basis of group theoretical a rgu-  
ments  (10), if the local symmet ry  of the center is 
known. An at tempt  to find out the local symmetr ies  of 
Zn 2+ ions in the wil lemite s t ructure  was made by cal- 
culat ing bond lengths and the following explanat ion 
is at tempted on that  basis. 

The wil lemite s tructure has two different distorted 
te t rahedral  Zn 2 + sites [herein called Zn (1) and Zn (2) 
sites] where Mn ~+ can go (9, 10). Approximate  distor- 
tions in these sites were determined by using the 
atomic coordinates given by Bragg and Zachariasen 
(9). Calculations of bond lengths for the two sites are 
tabula ted in Table I. It  can be seen that  the Zn(1)  
sites are highly distorted and do not seem to have any 
symmetry.  Thus, taking C1 as symmetry  of this site, 
Mn 2+ replacing Zn 2+ on such sites would show no po- 
larization. However,  the Zn(2)  sites have three bonds 
which are approximately equal, with an average bond 
length of 1.94A. The fourth bond has a bond length 
1.82A which is appreciably shorter than the rest. It  is 
very  l ikely that this site has an effective pseudosym- 
met ry  of C3v, with the threefold axis along the shorter 
bond. Mn 2 + replacing Zn 2 + on this site would have the 
emit t ing t r iply degenerate 4TI level split into a doubly 
degenerate level, 4E, and a nondegenerate  4A2 level. 
Strict ly group theoretical arguments  show that  the 
t ransi t ion 4A2 -* 6A 1 is forbidden and the t ransi t ion 
4E ~ 8A1 is allowed in  (x, y) direction, i.e., a direction 
perpendicular  to the shorter bond length. Since this 
direction makes smaller  angles (~35 ~ with the basal 
plane, the electric vector in the basal plane would be 
of greater magni tude  than  the component along the 
c-axis. This explains the observed par t ia l  polarization 
of emission along a direction perpendicular  to the 
c-axis. The energy level diagrams for the emission of 
Mn 2+ at the two Zn 2+ sites are shown in Fig. 3. At 
Zn(1)  sites (C1 symmetry,  Fig. 3b) the 4T1 level splits 
into three 4A levels and these are equal ly  allowed in 
x, y, and z directions, thus, contr ibut ions along the 
perpendicular  to the c-axis  are equal. The spli t t ing is 
probably too small  to show up in the broad band spec- 
tra. Figure  3c shows the split t ing of 4T1 level at Zn(2)  
sites (Csv symmetry) .  Level 4E is placed higher than 
4A2 in the energy level diagram since the 4A2 level is 
connected wi th  the shorter bond, thus, a greater crystal  
field. The small  shift of peak to shorter wavelengths,  
for the spectra along the c-axis, can be explained if 
the peak of Mn 2 + band for Zn (1) is at a comparat ively 
shorter wavelength  than  the peak due to Mn 2+ at 
Zn (2) position. 

The above model explains  the observed polarization 
satisfactorily (observed polarization, r = 0.25, in com- 
parison to the calculated value of 0.21). However, the 
symmetries  of the two Zn sites can be predicted with 

F 
II to (x,y) 

t 6A, 6A, 
( a )  ( b )  ( c )  

Fig. 3. Splitting of triply degenerate 4T1 (G) level of Mn 2+ ion 
under the influence of lowered symmetries. All the transitions are 
forbidden by spin symmetries, and for Td symmetry the transition 
4T1 ~ ~Ax is also forbidden by orbital symmetry. Under C1 sym- 
metry all transitions are allowed but under C3v symmetry only the 
transition 4E "-* 6A1 is allowed in (x,y) directions by the orbital 
symmetries. 

more confidence only when precise atomic coordinates 
for wil lemite s t ructure  become available. All other 
theoretically possible lower symmetries,  which can be 
formulated for Zn (2) sites, do not explain the observed 
polarization satisfactorily. 

Recently Pa lumbo and Brown (12) have made ab- 
sorption measurements  on Zn2SiO4:Mn powders and 
have seen complete spli t t ing of the 4T1 level. They did 
not study polarized absorption from single crystals and 
assignment of symmetr ies  is not possible on the basis 
of their data. However, these measurements  clearly 
show the symmetries  (of one or both sites) lower than 
Ta. Another  s tudy of interest  is that of Perkins  and 
Sienko (11). They studied ESR spectra from Mn 2~- 
doped Zn_~SiO4 single crystals. Their  data showed the 
location of Mn 2 § at two crystal lographical ly nonequiv-  
alent  zinc positions in the wil lemite structure.  They 
did not elaborate on the distortions of these sites but  
discounted any possibility of Mn 2+ at six coordinated 
sites, which would produce an associated defect also. 

I t  may be pointed out here that  the selection rules 
given in Fig. 3 are for electric dipole type of interac-  
tions and are allowed (or forbidden) by the symmetry  
of purely  electronic wave functions. These rules would 
be somewhat relaxed by vibronic coupling, however, 
the in tensi ty  contr ibut ions due to vibronic coupling 
are usual ly  an order of magni tude  smaller  than  those 
due to purely  electronic transitions.  

Simple crystal-field explanat ion of the observed peak 
shift toward longer wavelengths,  as the concentrat ion 
of Mn 2 + in the lattice is increased, is not possible. In-  
creased concentrat ion of Mn 2+ of ionic radius 0.80A, 
which replaces Zn 2+ of ionic radius 0.74A, causes the 
lattice to expand slightly (13). Thus on the basis of 
simple crystal  field theory it would be expected that  
this would result  in emission peak shifts toward shorter 
wavelengths since the field s t rength at the activator 
has been reduced (14). However, at higher concen- 
t rat ions it is no longer justified to consider emission 
from isolated Mn -~ ions only. With an increase in con- 
centration, the probabi l i ty  that  two Mn ~+ ions would 
occupy immediate neighboring positions increases 
rapidly and the emission from these ion pairs would 
be expected to show up increasingly with the increase 
in Mn2§ concentration.  This type of pair  absorption has 
been found to occur in Mn 2+ activated cubic ZnS crys- 
tals (15). An explanat ion of the observed shift of the 
green band to longer wavelengths  with increasing Mn 
concentrat ion can be made on the basis of pair emis- 
sion concept if the model shown in Fig. 4 is considered. 
For simplicity, spli t t ing of the 4T1 level is ignored. The 
pair of two neighboring Mn 2+ ions is shown to give 
rise to two levels, one of which is higher than  the 
original 4TI level and the second level lower. A shift 
toward the red is expected if all the emission peak is 
a mixture  of contr ibut ions from single ions and ion 
pairs. As the concentrat ion of Mn 2+ increases the con- 
t r ibut ion to emission intensi ty  from ion pairs increases 
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SINGLE PAIR SINGLE 
Mn 2+ Mn2+ 

/ j 

4]-, .~ 

6A, 

f /  f 

Fig. 4. Formation of ion pairs by two neighboring Mn 2+ ions, 
shown for perfect Td symmetry. The green emission peak would 
shift toward longer wavelengths if the emitting level for the pair 
is the lower level. 

and the  contr ibut ion  f rom single ions decreases.  This 
would  give rise to the observed shift  of emission peak  
wavelength .  
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Effect of Impurity Gas Additions on the Superconducting 
Critical Current of Vapor-Deposited Nb Sn 

R. E. Enstrom,* J. J. Hanak,  J. R. Appert , *  and K. Strater 1 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

The addition of various gaseous impurities into the process gases used in 
the chemical vapor deposition of superconducting Nb3Sn has been found to 
alter the grain size of Nb3Sn and thereby the critical current (Ic). Increasing 
concentrations of CO2, CO, and N2 cause a progressive decrease in the particle 
size and a concomitant increase of Ic up to three times the value found for un- 
doped specimens. In contrast, 02 and CH4 increase the particle size and re- 
duce Ic. Ic is linearly dependent on the reciprocal of the grain size, 1/D, to 
values of D as small as 400A. The present work suggests that impurities serve 
to control the grain size, presumably by the formation of small second-phase 
precipitates which interfere with the growth of Nb~Sn grains. 

One of the requ i rements  of superconduct ing ma te -  
r ials  used in the construct ion of high-f ie ld  solenoids is 
a high cr i t ical  current ,  Ic. Over  the years  it has been 
found tha t  Ic is p ropor t iona l  to the dens i ty  of flux p in-  
ning centers,  which can consist of a va r i e ty  of defects 
such as second-phase  impuri t ies ,  dislocations, strain,  
rad ia t ion  damage,  etc. 

In  order  to achieve a high, c u r r e n t - c a r r y i n g  capaci ty  
wi th  duct i le  metal l ic  a l loy superconductors ,  such as 
Nb-Zr  and Nb-Ti,  the  mate r ia l s  are  ex tens ive ly  cold-  

* Electrochemical  Society Active Member .  
1 Present  address: RCA Electronic Components,  Somervil le,  New 

Jersey  08876. 
Key words:  NbJSn, doping impurit ies,  particle size, critical cur-  

rent,  superconduct ivi ty .  

worked  dur ing  fabr ica t ion  and are  also hea t - t r ea t ed  
according to prescr ibed  schedules. However ,  these con- 
vent ional  methods  cannot  be ut i l ized wi th  NbjSn, since 
i t  is a nonducti le ,  mechan ica l ly  w e a k  compound. In  
Nb~Sn p repa red  by  diffusion of t in  into niobium, a sig- 
nificant increase in Ic has been achieved by  the add i -  
t ion of smal l  amounts  (0.7%) of z i rconium to the  nio-  
b ium (1). Zirconium p re suma b ly  forms precip i ta tes  
wi th  impur i t ies  scavenged f rom the niobium, the reby  
increasing Ic. Fo r  chemical ly ,  vapor -depos i t ed  Nb3Sn 
r ibbon  (2, 3),  we r epor t ed  ea r l i e r  a s t rong dependence  
of Ic on the gra in  size (4). We have  found, in turn,  tha t  
the gra in  size can be influenced by  impur i t i es  in the 
process gases (5). A s tudy of the  addi t ion  of var ious  
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gases dur ing  vapor deposition has made it possible to 
control and obtain reproducibly high values of Ic as is 
described in detail in this paper. 

E x p e r i m e n t a l  Procedure  
The Nb3Sn-coated r ibbons were prepared by the hy-  

drogen reduction of t in  and niobium chlorides using 
equipment  and procedures previously described (3). 
Briefly, Nb and Sn metal  sources are reacted with C12 
at 900 ~ and 800~ respectively, and the chlorides are 
fed along with a H2 carrier gas into the growth zone 
where the Nb3Sn is synthesized. A continuous length 
of metal  r ibbon  is passed through the growth zone and 
heated electrically to about 1000~ while the growth 
furnace is main ta ined  at about 700~ This tempera ture  
profile keeps the incoming metal  chlorides volatile and 
minimizes deposition of Nb3Sn on the walls of the 
quartz growth tube. To achieve a stoichiometric ratio 
in the vapor-grown Nb3Sn layer (75.0% Nb),  the gas 
phase must  have a N b : S n  chloride ratio between 1:3 
and 1:4. 

Since this study focused on impur i ty  gas additions, 
the process gases were purified where possible. Ul t ra -  
pure  hydrogen 2 with a total  impur i ty  content  of less 
than  10 ppm was passed through a p la t inum catalyst 
and any water  of reaction absorbed with CaSO4. He- 
l ium was purified by passing the gas stream through 
Linde 5A and 13X molecular  sieve held at 77~ The 
hydrogen chloride gas used in the present study was 
not fur ther  purified. However, infrared analysis indi-  
cated no impur i ty  bands to be present in the range 3-15 
#m, the region where CO2 and phosgene would appear 
if present. Infrared analysis of the CI._, showed it also to 
be quite pure. 

The impur i ty  gas additions studied included CO.,, CO, 
CH~, O._,, and N2 and these were injected either into the 
hydrogen or into the chlorine stream prior to ent ry  into 
the growth apparatus. CO.,, CO, and CH4 additions 
ranged from 0.01 to 1 v /o  (volume per cent) of the 
total CI_~ flow of 140 ml /min ,  while the O., and N2 addi-  
tions ranged up to 36 v/o. The equipment  was equil i -  
brated for �89 hr prior to the preparat ion of the 30m 
length of r ibbon used in the superconductivi ty tests. 

The critical current  was measured on 30m lengths of 
ribbon, silver plated to increase electrical stabil i ty (6), 
and wound onto a coil form to produce a small  magnet.  
This small magnet  was, in turn,  placed into another  
superconduct ing magnet, at 4.2~ and energized so 
that the two magnetic  fields were addit ive and paral lel  
to the coil axis. The current  through the small  sample 
magnet  was increased to a value which quenched 
superconductivity,  thereby causing a large increase in 
voltage across a pair of potential  leads; this was taken 
as the critical current.  This procedure was repeated 
at background fields from 0 to 40 kG to generate a 
curve of I~ as a function of H. Tests at higher fields 
were conducted at the facilities of NASA, in Cleveland, 
Ohio, and at the Francis  Bitter Magnet Laboratory at 
M.I.T. Measurements  of the t ransi t ion temperature,  Tc, 
for selected samples were performed as previously de- 
scribed (7). 

The vapor -grown layers were also examined by op- 
tical and electron microscopy. In  addition, the sub-  
grain size was determined as a funct ion of processing 
using an x - r ay  l ine broadening method and procedures 
described earlier (4). X- ray  fluorescence analyses for 
Nb and Sn composition on the r ibbon were performed 
using procedures already described (3) to monitor  the 
stoichiometry of the deposit. 

Results and Discussion 
Effect of doping gases on I~.--The critical cur ren t  in-  

creases by about a factor of three with the addit ion of 
CO.~ as shown in Fig. 1. Here, the undoped Nb3Sn r ib-  
bon carries 65A at 40 kG (curve 1) and the r ibbon  
doped with 0.25% COe carries 183A (curve 6). Since 
the thickness of the Nb3Sn is similar for most samples, 

M a t h e s o n  C o m p a n y ,  E a s t  R u t h e r f o r d ,  N e w  J e r s e y .  
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Fig. 1. Critical current as a function of total magnetic field for 
Nb3Sn ribbon samples doped with C(~2. 
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re 

this corresponds to current  densities, Jc, of about 
2.5 X l0 s and 8.0 • 105 A/cm 2, respectively. It  may also 
be seen that Ic is a function of the CO2 concentrat ion 
and that the opt imum value is around 0.25% for injec- 
tion into the C1._, gas stream (curves 2 and 3). 

Al ternat ive  doping gas inject ion sites were invest i-  
gated and these results also are summarized in Fig. 1. 
The addition of 0.25% CO,, to the C12 stream leading to 
the Sn metal  source (curve 5) results in an Ic (H) 
curve near ly  equivalent  to that  observed for inject ion 
into the H2 port (curve 6). However, the same concen- 
t rat ion of CO2 injected into the C12 stream leading to the 
Nb metal  source (curve 4) results in an Ic (H) curve 
somewhat below that  observed for undoped Nb3Sn 
ribbon. This lat ter  result  probably can be explained 
by gettering of the CO2 in the C12 stream by the Nb 
metal  to form NbC and Nb~Oy so that  the CO2 is not 
available to the growing Nb3Sn layer. In  contrast, CO,, 
does not completely react with the Sn source at the 
800cC chlorination tempera ture  and therefore is avail-  
able to the Nb3Sn being synthesized in the deposition 
chamber. 

This hypothesis was confirmed by a thermodynamic  
analysis of the possible reactions of Sn with CO or CO,,, 
which showed that  the free energy change is zero at 
800~ Thus, any reaction be tween CO2 and Sn would 
be near  equil ibrium, thereby allowing a substant ia l  
portion of the CO2 to pass through unreacted.  If kinetics 
l imited the rate of reaction, an  even greater fraction 
of CO,, would pass through the Sn metal  zone and into 
the Nb3Sn deposition chamber. If CO2 is injected into 
the C12 stream before it is split into portions going to 
the Nb source and to the Sn source, then the CO2 is 
gettered from the C12 exit ing from the Nb chamber. 
Accordingly there is an apparent  difference in the op- 
t imum values for the amount  of CO2 injected into the 
gas stream at the various locations. 

This effect probably  explains the dependence of the 
Ic (H) curve on CO concentrat ion given in Fig. 2. In -  
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Fig. 2. Critical current as a function of total magnetic field for 
Nb3Sn ribbon samples doped with CO. 
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Fig. 3. Cri t ical  current as a function of total  magnetic f ield for 
Nb3Sn ribbon samples doped with 02. 

jection of the CO into the total Ct2 stream results  in a 
port ion of the CO being gettered by the Nb metal  
source and the remainder,  perhaps 0.18%, enters the 
deposition chamber. This concentrat ion is closer to an 
opt imum value and accordingly produces the Nb3Sn 
r ibbon with the highest cur ren t -ca r ry ing  capability. 

Thus, we have seen that  both CO2 and CO are effec- 
tive in increasing Ie. In  the next  two series of runs, a 
hydrocarbon, CH4, and 02 were used. The results for 
the introduct ion of O2 into the C12 stream are shown in 
Fig. 3. Here, the undoped Nb3Sn r ibbon has the highest 
Ic. Increasing concentrat ions of O2 result  in successively 
lower Ic values and the value for 10% 02, 29A at 30 
kG, represents the lowest Ic observed at that  magnetic 
field of all the various samples tested. It should be 
pointed out that  all  of the doped layers, except the 
10% O2-doped NbaSn, had compositions wi th in  1% of 
the correct stoichiometric ratio. The high O2-doped 
sample was seriously deficient in Nb, presumably  be-  
cause of the format ion of Nb oxides. Although these 
results indicate that  large concentrat ions of O2 should 
be excluded from the reactant  gas stream, it is also 
apparent  that  Ic is ra ther  insensit ive to small  oxygen 
impur i ty  concentrations. 

The results for the CH4 doping demonstrate that  CH4 
in concentrat ions of 0.15-0.25% is not effective in in-  
creasing the critical current .  But, other results (5) 
show that  hydrocarbon gases with a molecular  weight 
greater than 16 (CH4) are as effective as CO and CO2 
in increasing the I~, presumably  because they are less 
stable than  CI r .  Therefore, since both CO and CO2 and 
hydrocarbons such as e thane can successfully dope 
Nb3Sn to high values of Ic, it is concluded that  carbon 
is the principle atom responsible for the enhancement  
of Ic in these cases. 

The next  series of experiments  performed with N2 
gas additions is summarized in Fig. 4. In  this case, Ne 
concentrat ions up to 36% were used to achieve values 
about twice as high as could be achieved with undoped 
NbsSn. However, N2 concentrat ions from 0.1 to 5% 
produced NbsSn with I~ values not very  much higher 
than for undoped Nb3Sn. It  should be pointed out that  
99.999% pure N2 containing less than  10 ppm hydro-  
carbon impuri t ies  had been used in these exper iments  
which, when  fur ther  di luted in the gas stream, should 
not influence Ic even at the highest flows of N2 used. 
Thus, it appears that  N2 also can be used to enhance 
I~. However, the use of CO2 in  conjunct ion with N2 
does not lead to a higher I~ than  achieved with CO2 
alone, implying that  the modes of enhancement  are not 
additive. 

Next, the influence of the Sn /Nb  chloride ratio in the 
gaseous ambient  was examined to determine its effect 
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Fig. 4. Cr i t ical  current as a function of total  magnetic f ield for 
N b 3 S n  r i b b o n  s a m p l e s  d o p e d  w i t h  N2. 

on Ic. As ment ioned earlier, a S n / N b  ratio greater  than 
3/1 must  be used to achieve the correct stoichiometry 
in the vapor-grown Nb3Sn layer; lower ratios result in 
Nb3Sn with excess Nb and a lower Tc. Accordingly, 
ratios greater  than 3/1 were examined both with and 
without  CO2 additions, and it was found that  higher 
ratios produce Nb3Sn that  is up to 2.5% richer in Sn. 

In  Fig. 5 it is seen, in turn,  that  the 3 Sn/1 Nb ratio 
has the highest Ic (H) curve for both doped and un -  
doped ribbons. But, CO2 is effective in increasing the 
Ir at a given value of H for the three chloride ratios ex- 
amined. It  can be observed that  the in terval  between 
the 3/1 and the 5/1 ratios is about the same for the 
doped and undoped series but  that  the 4/1 curve lies 
closer to the 5/1 curve for the undoped samples and 
closer to the 3/1 curve for the CO2-doped Nb3Sn. This 
lat ter  result  is for tunate  since this allows some margin  
for error  in the adjus tment  of the S n / N b  chloride ratio 
while permit t ing a high Ic (H) relationship to be 
achieved. 

In  the s tandard growth process for the preparat ion 
of Nb3Sn ribbon,  the r ibbon travels  15 m / h r  counter-  
current  to the gas stream and the total flow rate of 
chlorine to the Nb and Sn metal  sources is 140 ml /min .  
The effect of several variat ions in the process on the 
Ic (H) curve are given in Fig. 6 and these may be com- 
pared with both CO2- and CO-doped as well  as un -  
doped r ibbon samples. It  may  be seen that  concurrent  
t ravel  of the gas and the stainless steel substrate leads 
to an  Ic (H) curve that  is about  50% lower than when 
a countercurrent  a r rangement  is used. The reason for 
this result  is not clear. 
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Fig. 5. Cri t ical  current as a function of total  magnetic f ield for 
Nb3Sn ribbon samples prepared with various S n / N b  ratios in the 
vapor ambient.  
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Fig. 6. Critical current as o function of total magnetic field for 
Nb3Sn ribbon samples prepared under various vapor-growth condi- 
tions. 

Higher part ial  pressures of the metal  chlorides were 
investigated to study the effect on Ic and to increase 
the growth rate so that  a thicker layer and thus a 
higher Ic could be a t ta ined for a given r ibbon speed. It 
was found that  doubling the part ial  pressures of the 
Nb and Sn chlorides by doubling the C12 flow rates to 
the metal  sources degrades the Ie (H) curve somewhat, 
as shown in Fig. 6. Moreover, no significant increase 
in deposit thickness was observed. The deposit thick- 
ness was increased to twice the normal  thickness, how- 
ever, by decreasing the r ibbon speed from 15 to 7 m/hr .  
L. was thereby doubled as shown in Fig. 6, indicating 
that  the deposit is homogeneously doped throughout  
its thickness. The factor-of- two higher Ic is very im- 
portant, especially for the construction of magnets  
above about 120 kG where the Ic is dropping rapidly. 
In  addition, the thicker Nb3Sn has a significantly 
higher critical field, He2, presumably  because the extra 
Nb3Sn grown onto the r ibbon is fur ther  removed from 
the metall ic substrate and therefore less contaminated 
by diffusion of Fe, Mo, and Ni from the substrate. The 
na tu re  of the interface between the Nb3Sn and the 
stainless steel will  be examined in another  publicat ion 
(8). 

Impur i ty  doping of Nb3Sn deposits on r ibbon sub- 
strates lowers the Tc onset from 17.0~ for undoped 
mater ial  to 15.0~ for opt imally doped material.  Par t  
of this decrease is due to elastic s train bui l t  into the 
ribbon, as shown by an increase of Tc to 15.9~ when 
the substrate is etched away with nitric acid, and 
part  is due to a large strain in the lattice introduced 
by the presence of the impurities. When the substrate-  
free deposit is annealed at 850~ for 2 hr, the Tc 
increases to 17.9~ which is probably due to relief of 
the in terna l  strain. 

Effect  o~ doping on grain size of  Nb~Sn . - -A  str iking 
change in the appearance of the Nb~Sn from a dull, 
nonreflective surface to a very bright, reflective sur-  
face occurs with the introduct ion of CO, CO2, or N2 
into the gas stream. This change appeared to be asso- 
ciated with a reduction of the Nb3Sn crystall i te size. 
Accordingly, grain size measurements  were made by 
x - r ay  l ine broadening of all specimens using tech- 
niques described in our earlier paper (4). It was found 
that  increasing concentrat ions of CO2, CO, and N2 
decrease the Nb3Sn grain size from ~1000A (100 nm) 
for an undoped sample to a m in imum of ~370A (37 
nm)  for the most heavily doped samples. For 02 and 
CH4 doping, a tendency toward an increase of grain 
size is observed. The Ic data were converted to critical 
current  density, Jc, and to a ---- Jell  and were plotted 
in Fig. 7 as a funct ion of the inverse of the grain size, 
1/D. A similar  l inear  dependence of Jr vs. 1/D was ob- 
tained up to 1/D ~ 2.5 x 105 cm-~ [grain size ~ 400A 
(40 n m ) ]  as before (4), regardless of the doping gas 
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Fig. 7. Critical current density at 40 kG as o function of the 
reciprocal of the grain size. 

used. The variable 1/D represents the number  of pin-  
ning sites per uni t  distance and Jr is l inear ly  de- 
pendent  on it. The doping gas thus appears merely 
to provide a control over the grain size of Nb3Sn, 
probably via the formation of submicroscopic precipi- 
tates such as carbides or nitrides of n iobium which 
interfere with grain growth of Nb3Sn. 

Attempts  to identify the form which the impurit ies 
take in the deposit were only part ial ly successful. Mass 
spectroscopic analyses of carbon in an undoped and a 
CO2-doped deposit (0.25% CO2 in gas phase) show 
50-100 ppm and 700-2400 ppm, respectively, indicating 
the incorporation of carbon. This amount  of carbon 
would be sufficient to form a second phase. But, 
nei ther  x - r ay  nor electron diffraction techniques were 
able to identify the presence of phases other than 
Nb3Sn. However, a t ransmission electron micrograph 
of a specimen th inned by etching showed a mul t i tude  
of dark spots which could be interpreted as a fine 
precipitate of a second phase (9). 

Conclusions 

The addition of various gaseous impurit ies into the 
process gases used in the chemical vapor deposition of 
superconducting Nb3Sn has been found to al ter  the 
grain size of Nb3Sn and thereby the critical current.  
Increasing concentrat ions of impur i ty  gases including 
CO2, CO, and N2 have been found to cause a progres- 
sive decrease in the Nb3Sn particle size and an increase 
in Ic. Additions of 02 and CH4, on the other hand,  tend 
to increase the particle size of Nb3Sn and lower Ic. 
Regarding the effectiveness of doping, CO2 and CO 
have been found to be the most effective since about 
0.25% impur i ty  causes up to a threefold increase of I,. 
compared to undoped specimens. In  contrast, 36% of 
N2 impur i ty  is required to increase Ic twofold. The 
process is ra ther  insensit ive to oxygen impur i ty  as 
1.7% 02 decreases Ic only 6% and large amounts  of O_, 
(10%) are required to decrease Ic to less than �89 the 
value of undoped specimens. Since Ic scales up with de- 
posit thickness at a given doping level, doping is a bulk 
effect. The increase of Ic and Jc has a similar lineal" 
dependence on the inverse of the grain size 1/D as 
reported previously (4), regardless of the type of 
dopant used. It appears, therefore, that  the impurit ies 
serve only as a means of control l ing the grain size, 
presumably by the formation of small, second-phase 
precipitates which interfere with the growth of Nb.~Sn 
grains. 
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Hydrogen Chloride and Chlorine Gettering: 
An Effective Technique for Improving 

Performance of Silicon Devices 
R. S. Ronen and P. H. Robinson* 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Moderate levels of lifetime kil l ing impurit ies in silicon can be removed or 
neutral ized by a h igh- tempera ture  t rea tment  in the presence of approximately 
1% gaseous hydrogen chloride or chlorine in dry oxygen. Results using bulk  
silicon as well as thin-f i lm silicon on sapphire (SOS) indicate a significant 
improvement  in the effective minor i ty  carrier lifetime. Crystal quality,  doping 
level, oxygen content  of the silicon, and surface t rea tment  are found to be 
important  variables. The paper describes the effect of chlorine gettering on 
various bu lk  silicon and SOS devices. 

It has been well documented that  many  h igh- tem-  
perature  fabrication steps used in silicon device proc- 
essing often result  in the reduction of minor i ty  carrier  
lifetime (1-6), because of the redis tr ibut ion of heavy 
metallic impurities, e.g., Au and Cu, or the precipitat ion 
of such impuri t ies  on dislocations. Thus these impur i -  
ties become effective recombinat ion centers (7, 8). 
Heavy metal  impuri t ies  were found to have states near  
the center of the gap (2, 5, 6, 9). Oxidation, in part icu-  
lar, was very det r imenta l  to l ifetime (10). Contami-  
nants  can come from a number  of sources, such as the 
bulk  and surface of the wafer or the furnace tube. 

Various gettering techniques to el iminate them or 
prevent  them from generat ing effective traps have 
been reported (3, 4, 11, 12). One has been a phosphorus 
glass layer in contact with the Si at elevated tempera-  
tures (4, 11). A second technique uses KCN or sintered 
Ni in contact with the Si to prevent  impurit ies from 
in-diffusing dur ing processing (13). Oxides such as 
P205, B205, and V205 have also been used, as have 
been chlorides (BC13 and PC15), dur ing h igh- tempera-  
ture diffusion for the preservat ion of l ifetime (3, 4). 

Transmission electron microscopy and infrared 
microscopy verified the el iminat ion of Cu precipitates 
from dislocations after get tering t rea tment  (14). 

Recently, bulk Si as well as thin-f i lm Si on insulators 
has shown a significant increase in minor i ty  carrier  
l ifetime after heating in a dry OJHC1 ambient  (15, 
16). At 950~ the lowest temperature  used for the HC1 
gettering process, the diffusion constants of the lifetime 
kil l ing impuri t ies  (Cu, Fe, Au) in Si range from 10 -5 
to 10 -~ cm"/sec. Since C12 is more reactive than HC1 we 
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believe that  it can more effectively improve lifetime; 
that is, gettering can be done at a lower temperature,  
and the magni tude  of the improvement  would be 
greater for the same t ime and tempera ture  using C12 
rather  than I-IC1. This paper describes various results 
obtained with C12 gettering; a comparison of HC1 and 
C12 is made. 

Experimental Procedure 
Gettering was carried out in a dry 02 ambient  either 

before device processing when films were being studied 
or after fabrication, just  before metalization. A typical 
procedure consisted of the following steps: 

1. Thorough cleaning of the wafer, to remove sur-  
face impurities.  

2. Get ter ing in  a mixture  of 1% CI2 in  dry 02 at a 
tempera ture  Tg of 800 ~ to 1150~ 

3. Annea l ing  in dry He for 15 min at Tg to remove 
C12 from the furnace and sample and to reduce positive 
oxide charge (16). 

4. Hydrogen anneal ing for 15 min  at 500~ to r e -  
d u c e  density of interface states. 

The effective minor i ty  carrier  l ifetime was then de- 
termined by C-V and C-t  measurements  (17). Get ter -  
ing t imes range from 1 to 100 hr, and the gettering 
temperatures  were either 950 ~ or 1050~ The lifetime 
improvement  was found to be dependent  on the t ime • 
tempera ture  product. When junct ion  devices were being 
studied, a period of 2 hr at 950~ was used so as not to 
alter the diffusion profile in these devices significantly. 

On several occasions, oxidation prior to the admission 
of HC1 or C12 was necessary to prevent  etching and 
pi t t ing of the Si. The concentrat ion of HC1 or C12 was 
kept  low ( ~  0.5-1%) because severe attack of the Si 
was observed at higher concentrat ions ( ~  5-10%). 
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Water  vapor was removed from the oxygen gas by  a 
dry  ice trap. For  SOS devices C-V measurements  were 
not always effective because of series resistance. C-V 
measurements  at d.c. and high f requency were em- 
ployed with SOS devices to determine lifetime. 

We tried different anneal ing  techniques which in-  
cluded only inert  gases such as N2, He, Ar, H2, as well  
as oxygen but  no HC1 or C12, at various temperatures  
and periods. The wafers and devices showed lit t le or 
no improvement ,  and the 02 t rea tment  was in fact 
de t r imenta l  to lifetime in most cases. These heat-  
t reatments  were carried out under  conditions identical  
to those used for C12. 

M e a s u r i n g  T e c h n i q u e  
The effective minor i ty  carrier l ifetime was deter-  

mined from the t rans ient  response of a depletion 
capacitance s tructure (17). To facilitate the measure-  
men t  a mercury  probe made contact with the SiO2 in  a 
circular pa t te rn  ( ~  35 rail diam).  A back contact was 
employed in the bulk  Si measurements ,  and a circular 
contact a round the dot for the SOS measurements .  To 
minimize series resistance, par t icular ly  when  measur-  
ing SOS, an interdigi tated pat tern  was used, thus mak-  
ing the resistance smaller than the capacitive reactance. 

Heiman (17) has shown that Terf = (T/2) (Ni/Na) is 
an approximate solution to the recovery from deep 
depletion of an MOS capacitor; Teff : effective lifetime 
of minor i ty  carrier  in  depletion region, T ---- recovery 
t ime constant, N~ = intr insic  carrier  concentration,  
Na ~--- carrier  concentrat ion of wafer  under  invest iga-  
tion. The three wave shapes shown in Fig. 1 represent  
recovery of an MOS capacitor with shallow surface 
states, with deep surface states, and with no surface 
states. If the t rans ient  response on the wafers is ob- 
served before and after gettering, and the response 
has the same shape, only one calculation of T is neces- 
sary. The second and third wave shapes were typical ly 
observed on SOS and good-quali ty Si, respectively. 

The MOS capacitor s t ructure  used for C-t  measure-  
ments  is shown in Fig. 2. From the typical  C-V curve 
shown in Fig. 3 one can calculate the doping density 
to wi thin  a few diffusion lengths of the surface, and 
effective oxide charge, and get an indication of the 
surface state densi ty (19). A typical C-t  curve is shown 
in  Fig. 4. The effective minor i ty  carrier  l ifetime is ob- 
tained, following Heiman's  method (17), wi thout  much 
processing; however, the results must  be interpreted 
with care. 

Comparative l ifetime measurements,  before and  after 
gettering, are meaningful  even though the technique 
assumes recombinat ion centers at mid-gap. It was as- 
sumed that  the major i ty  carrier concentrat ion does 
not change dur ing gettering at 950~ for 2 hr. This was 
shown to be valid by Hall  measurements ,  C-V curves, 
and 4-point  probe measurements .  

For  very thin SOS devices (those wi th  p lanar  j unc -  
tions such as epitaxial  bipolar  t ransistors) ,  the C-V 

~'co, 
1 . 0 ~  

I IL 0.0 0 t 

Fig. I. Transient response of an MOS capacitor, a, Response in 
the presence of shallow surface states; b, response with deep 
surface states; c, response with no surface states. 
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Fig. 2. Structure of MOS capacitor, a, Bulk; b, SOS 
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Fig. 4. Typical capacitance-time curve, bulk silicon 

and pulse-capacitance measurements  are difficult to 
make  or useless; hence, other methods were used. SOS 
devices were evaluated by extending the logarithmic 
plot of the forward I -V characteristics asymptotically,  
de termining the slope, and evaluat ing the zero voltage 
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intercept. The effective minor i ty  lifetime is then  ob- 
tained, and comparison of measurements  taken  before 
and after gettering becomes meaningful .  An  I -V log- 
arithmic plot exhibits a good straight l ine to the point  
where series resistance effects obscure the real junc-  
t ion behavior. We assume a simple junct ion  theory of 
the form I ---- Io exp q V / n k t  (1 - -  n - -  2), with n = 1 
for pure diffusion and n = 2 when recombinat ion in the 
t ransi t ion region is dominant  (9). The slope of the 
l inear  par t  of logarithmic plot yields n directly, giving 
informat ion about the relat ive magni tude  of diffusion 
vs.  recombinat ion in  the mater ia l  (surface and bulk  
effects). The zero voltage intercept of the I-V asymp- 
tote yields a measure of the minor i ty  carrier l ifetime in 
the depletion region of a diode. The forward diffusion 
current  ( l inear  part)  at V = 0 is equated to the reverse 
leakage current  ( recombinat ion) ,  and the lifetime �9 is 
calculated. This is only an approximate method, bu t  
comparison of curves before and after get tering and 
the absolute value of the leakage current  yield very  
useful results. In  the case of mult i level  p lanar  junct ions  
such as SOS epitaxiaI bipolar transistors, h igh-f re-  
quency measurements  of fT VS. current,  give the base 
t ransi t  time. The l inear  part  of the curve depicting 
[fr] -1 VS. M is extrapolated to M =_ ( k T / q ) / I E  = 0 
(corresponding to IE --> ~ ,  i.e., zero emit ter  delay time) 
where fT ---- D / n w  2 and base t ransi t  t ime Tr = w g / 2 D  : 
1 / (2~ fT ) .  Knowing  Tr and D yields the base width. The 
low-frequency common base current  gain, when  very  
close to unity, yields the minor i ty  carrier l ifetime 

1 W 2 W 2 T r  
ao--~l  ----i ----I 

2 L 2 2Dr T 

when ~o = ao / (1 - -~o )  > >  1, we get �9 = ~oTr. The 
base width was also obtained by other techniques and 
found to be in close agreement  with that  obtained from 
UHF measurements.  

Experimental Results 
G e n e r a l  o b s e r v a t i o n s . - - 1 .  Getter ing is more effective 

on good-quali ty bulk crystals and thin-f i lm SOS layers 
with scratch-free surfaces. Impuri t ies  introduced dur -  
ing processing can be el iminated or their  effect signifi- 
cant ly  reduced by gettering. 

2. In  wafers exhibi t ing low lifetime due to oxygen 
contaminat ion even below the sensit ivi ty of mass spec- 
t rography (1Ole/cc) improvement  via gettering is mar -  
ginal. The lifetime kil l ing species is apparent ly  bonded 

to the Si differently in  this case, or the SiO2 complexes 
introduce deep recombinat ion centers. This was main ly  
observed in th in  epitaxial  layers grown on sapphire. 

3. Using C12, improvement  was greater  on n - type  Si 
than on p- type  mater ia l  of comparable doping density. 
This indicates that  the l ifet ime kil l ing impur i ty  may  
not reside near  mid-gap in both types, an  observation 
in  agreement  with Waldner  and Sivo (4). 

4. Up to a limit, the effectiveness of get tering in -  
creases with t ime and temperature.  At get tering tem- 
peratures above 1000~ no fur ther  improvement  was 
obtained after 30 hr. 

5. If the Si is heavily contaminated with metal  im-  
puri t ies or O2, some impuri t ies  tend to concentrate in  
the SiO~ layer  formed dur ing oxidation, thus yielding 
large C-V shifts. Str ipping the SiO2 and regettering 
still results in large C-V shifts as well as charge stor- 
age effects in the oxide; this prevents  meaningfu l  C-t  
measurements.  

6. Get ter ing diode structures resulted in the reduction 
of reverse leakage currents  by several  orders of mag-  
nitude. The reverse and forward I -V characteristics 
were also found to improve significantly. 

7. Get ter ing MOSFET's showed only bet ter  drain  
diode breakdown characteristics, with no other effect 
on device performance observed. Metalized MOSFET's, 
with A1 or Cr-Au, could not be gettered at the proper 
temperatures.  

8. Mass spectrographic analyses on bulk and th in-  
film SOS were below the sensit ivi ty range needed to 
detect changes in  the Au and Cu content  before and 
after gettering. Analysis  showed a concentrat ion of 
C12 in the oxide after get tering 108-104 higher than in 
the bu lk  material.  This may be responsible for ty ing 
up the impuri t ies  in the oxide at the interface. 

B u l k  s i l i c o n . - - A  series of p- and n - type  [100] and 
[111] bu lk  silicon wafers were obtained from Ven- 
t ron and Monsanto and were gettered with C12 for 
different periods and  temperatures,  as shown in  Table 
1. The effective lifetime after h igh- tempera ture  oxida- 
t ion was reduced to 100-300 nsec in most wafers and to 
1-2 ~sec in mater ia l  that  ha d  both surfaces polished 
and relat ively free of w o r k  damage. The [111] Ventron 
material ,  least affected by gettering, had unpolished 
back surfaces. The [1O0] n - type  wafers, with both sur-  
faces chemically polished, showed the greatest im-  
provement;  less consistent results were obtained with 
the [111] oriented wafers. After  16 hr of gettering no 

Table I. Silicon wafers gettered with CI2 

Original r 
Resistivity, (if known) ,  

Manufac turer  Orientation Type o h m - c m  Process* itsec %/~sec R e m a r k s  

Ventron [111] P 8-11 A1 <:2 0.05 "l 
BI 0.07 ~ Rough back 
D1 0.07 
E1 0 
A1 ~2  0.1 ~ Polished back (chemical ly)-  
B1 0.3-0.5 f re la t ively  w o r k - d a m a g e  free 
D1 1.5-2.0 

N 8.5-11.5 A1 1.0 0.02 "~ 
B1 0.02 Rough back 
D1 0.05 ] Large  C-V shift 
A1 1.0 0.05 
D1 0.6 } Monsanto A2 5-10 0.04 Chemical ly polished back 
E2 9.0 

Ventron [100] N 10 A1 0.02 
B1 1.2 

P 10 A1 0.02 
B1 0.02 

Monsanto N 10 A2 1.0 ") 
R2 5.25 ~ Rough back 

p A2 0.3 
B2 0.75 

P 10 C2 <:10 0.1 } Relat ively smooth back 
N 10 C2 45.0 

Monsanto N 10 A2 0.5 
B2 4.5 ~ Chemical ly  polished back 
A2 2.2 
B2 5.5 

* Symbols:  A, 5 rain s team SiO2 a t  1050~ B, process " A "  followed by 2 h r  CI~ get ter ing;  C, process " A "  followed by  4 h r  CI~ get ter ing;  D, 
process " A "  followed by 16 h r  C12 get ter ing;  E, process " A "  followed by I00 h r  CI~ get ter ing;  I, ge t ter ing t empera tu re  = 950~ 2, get ter ing 
t empera tu re  = 1050~ 
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fu r the r  improvemen t  was  observed  in any  of the  
wafers .  

HC1 ge t te r ing  was  s tudied  and at  950~ was found to 
be s l ight ly  less effective than  chlor ine  at the  same t em-  
pera ture ,  whi le  at  h igh  tempera tures ,  ~ l l00~ HC1 
was more  effective b y  a factor  of 2-5. Typica l  l i fe t imes 
were  1 ~sec for  an  n - t y p e  Cl~-get tered sil icon wafer ,  
as compared  wi th  4 ~sec for the  HC1 ge t te red  one, w i th  
T~ = 1150~ 

Cooling the bu lk  silicon wafers  and  the SOS films at  
100~ in He or quenching them in He produced  no 
significant difference in the  results .  

Results on thin-film s//icon on sapphire.raThe minor -  
i ty  ca r r i e r  l i fe t ime of th in-f i lm SOS layers  as g rown 
is typ ica l ly  1-2 nsec. Af te r  h i g h - t e m p e r a t u r e  processing 
i t  is usua l ly  reduced  to 0.1 nsec or less. The l i fe t ime 
was found to increase to 4 nsec in 2-~m-th ick  p - t y p e  
layers  a f te r  ge t te r ing  in CI,, at  950~ for 2 hr. Inc reas -  
ing the ge t te r ing  t empe ra tu r e  to 1050~ increased the 
l i fe t ime to the  10-40 nsec range.  The n - t y p e  films 
showed a s l ight  improvemen t  over  these p - t y p e  results ,  
i.e., 20-50 nsec. The C-V measurements  on these layers  
had high ser ies - res is tance  contacts;  to overcome this 
p rob lem in te rd ig i t a t ed  geometr ies  were  used. F i lms  ~-- 
2 ~m wi th  doping densi t ies  ~ 10 TM were  needed, since, 
w i th  h igher  res i s t iv i ty  Si, the m a x i m u m  deple t ion  
wid th  can be equal  to or g rea te r  than  the film thickness,  
r ender ing  deep-dep le t ion  measurement s  invalid.  Typ i -  
cal C-V and C- t  wave  forms are  shown in Fig. 5. 

Silicon-on-sapphire epitaxial bipolar trans/stors.-- 
Mesa- type  e p i t a x i a l  SOS b ipola r  t rans i s tors  were  get-  
t e r ed  using e i ther  HC1 or  C12 at  950"C for 2 h r  jus t  
p r io r  to the  meta l iza t ion  step. Interdiffusion effects a re  
insignificant,  and measurements  of the  base width  
before  and af te r  ge t te r ing  showed no change in th ick-  
ness. The effect of this  t r ea tmen t  on device pe r fo rm-  
ance, however ,  was qui te  dramat ic .  F igure  6 shows the  
t rans i s tor  character is t ics  of a typ ica l  device before  
get ter ing,  Fig. 7 a f te r  get ter ing.  Low- f r equency  gain, p, 
increased by  a factor  of 2-10 af ter  this  t rea tment ,  and 
many  devices wi th  # ~ 20 were  ob ta ined  (Fig. 8). A 
few devices wi th  # = 60 were  obtained.  These most  
p robab ly  had  ve ry  thin  base regions and, hence, should 
make  ve ry  good h igh- f r equency  transis tors .  A la rge  
reduct ion  in the  leakage  cur ren t  of emi t t e r -base  and 
base-co l lec tor  diodes, a long wi th  an increase  in the  
b r eakdown  voltage, was observed.  This is shown in the  
I -V  character is t ics  of Fig. 9, before  and af te r  get ter ing.  
l~ote the  different  cu r ren t  scales on the  two parts .  The  
l inear  pa r t  of the  fo rward  I - V  character is t ics ,  I = exp  

C 

0.05 $ec/div 
(o) TRANSIENT RESPONSE 

BEFORE IG- HOUR 
GETTERING. T - 3 n s e c  

O.I sec Idly t 
(b) TRANSIENT RESPONSE 

AFTER IG-HOUR 
GETTERING. 1" - 13 n s e r  

C/Cox / 
I.O 

0.8 

~ O . 3  ~_cm 
I To, . ,2oo 

- I_ 0.41 I [ I / -5 " 0 5 I0 
VGATE "~ 

Fig. 5. Capacitance-time curves for an SOS capacitor before 
and after gettering; capacitance-voltage curve after gettering. 
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Fig. 6. Bipolar transistor before gettering. ~ = 2, Vertical, I 
mA/cm; horizontal, 2 V/cm, base current, 1 mA/step. 

Fig. 7. Bipolar transistor after gettering. F = 8. Vertical, 2 
mA/cm; horizontal, 2 V/cm; base current, 0.5 mA/step. 

Fig. 8. Typical SOS bipolar characteristics. ~ = 20 

(qv lnk t ) ,  exhib i ted  ~ < 1.4 as compared  wi th  ~ => 1.6 
before  get ter ing.  This resul t  is indicat ive  of a change 
in the  recombina t ion  mechanism in the  space charge 
region of the diodes (see Fig. 10). 

Ano the r  measurement ,  tha t  of [•t] - 1  VS. l IE]  -1 ,  
showed that  the  base t rans i t  t ime and the minor i ty  
ca r r i e r  l i fe t ime in the  base region had increased  to 
325 and 16 nsec, f rom values  less than  2 and 0.1 nsec, 
respect ively.  This is shown in Fig. 11. Effective minor -  
i ty  ca r r i e r  l i fe t imes in SOS devices and films measured  
by  the th ree  different  methods  agree  r a the r  well .  

The get ter ing  process has s ignif icant ly improved  the 
SOS b ipola r  t ransis tor .  
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Fig. 9. Effect of gettering on the I-V characteristics of the two 
junctions in an SOS bipolar transistor. 
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Fig. lO. Forward current voltage characteristic of base-collector 
junction. 

Conc lus ions  
A small amount  of gaseous HC1 or CI2 introduced 

dur ing  oxidation in dry oxygen significantly reduced 
recombinat ion rate in both bulk  Si and SOS films and 
devices. The mechanism whereby the l ifetime is in -  
creased is still open to speculation. One possibility is 
the formation of volatile metall ic impur i ty  chlorides. 
Other mechanisms, such as C12 diffusing into the Si 
and somehow ty ing up heavy or l ight ions, thereby 
neutra l iz ing them or reducing their  effectiveness as re-  
combinat ion centers, are also possible, as is some clean- 
ing of the furnace. The gettering mechanism appears 

ns j 

7 .5oc / 
7 ~ 

7 7 
. 4 5 (  

j 7  

.40( 7 "d~ 

.350 7 / 
o 

,300 

2 4 6 8 I I 14 I 18 20 2 24 26 OHM'S 
KT/q 

I 
(b) 

Fig. I I. High frequency behavior of SOS bipolar. (a) ~ vs. fre- 
quency; (b) [ fr ] -1  vs. [IE]-L 

to be related to the 02 content  of the s tar t ing material .  
Low- tempera tu re  C12 is somewhat more effective 

than  HC1, and improvements  in  the electrical charac- 
teristics of both diodes and bipolar  t ransistors  fabr i -  
cated in SOS resulted from the gettering t reatment .  
Because of the increase in the minor i ty  carr ier  l ifetime 
due to C12 and HC1 gettering, bipolar  transistors with 
average current  gains of 20 have been produced. 
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Sputtered Cadmium Oxide and Indium Oxide/Tin Oxide Films 
as Transparent Electrodes to Cadmium Sulfide 

R. R. Mehta and S. F. Vogel 
International Bu~ness Machines Corporation, SDD, San Jose, Calilornia 95114 

ABSTRACT 

Thin  films of cadmium oxide (CdO) and ind ium oxide/ t in  oxide (In203/ 
SnO2) were reactively sputtered from their respective metal  or alloy targets. 
CdO films combine sheet resistances of less than 100 ohms/square  with optical 
t ransmission greater than 45% for wavelengths greater than  5000A, and  make 
ohmic contacts with high-resis t ivi ty  CdS films. Ind ium oxide/ t in  oxide films 
show optical t ransmission greater  than 45% for wavelengths greater than 
4000A and sheet resistances of 100 to 200 ohms/square.  Ind ium oxide / t in  oxide 
also makes useful contacts to CdS films, bu t  reduces the resistivity of the 
CdS films. A band diagram is proposed which qual i ta t ively explains the ohmic 
na ture  of the contacts between two wide bandgap materials.  

Recent interest  in optoelectronic devices has led to 
the development  of electrode materials  which are 
t ransparen t  to light. One application of such materials  
is the use of t ransparen t  electrodes in a ferroelectr ic/  
photoconductor storage device (1, 2). Another  applica- 
t ion is in  high-sensi t iv i ty  photodetectors. There, maxi -  
mum photocurrents  (3, 4) are obtained when the pho- 
toconductor is sandwiched between the electrodes and 
the radiat ion is incident  in  the direction of the applied 
field, and when  the thickness of the photoconductor 
equals the absorption length. 

To be useful  in  high-sensi t iv i ty  photodevices, the 
t ransparen t  electrode should have sheet resistances no 
larger than  a few hundred  ohms/square  and  m a x i m u m  
possible optical transmission, Also, the t ransparent  
electrode must  make ohmic contact with the photo- 
conductors. 

In  the past, th in  metal  films (e.g., gold, ind ium) ,  
have been used as the t ransparen t  electrodes. How- 
ever, they have the disadvantage of lower t ranspar -  
ency for reasonable values of sheet resistance. Some 
at tempts have been made to use metal  oxides (e.g., 
cadmium oxide and  ind ium oxide) as t ransparen t  elec- 
trodes to photoconductors. 

Only l imited informat ion about the basic properties 
of cadmium oxide is available. This is due to the un-  
avai labi l i ty  of large single crystals (5). However, sev- 
eral  papers have appeared dur ing the past  few years 
on studies of powdered material,  sintered blocks, com- 
pressed tablets, or sputtered films (6). Some basic 
properties are given in the In te rna t iona l  Tables of 
Constants and Numerical  Data (7). The effects of 
doping CdO by  In and Cu and the effect of reduced 
oxygen in the react ively sputtered films have been 
studied by Lakshmanan  (8). Electrical t ranspor t  prop- 
erties in s ingle-crystal  In20~ have been discussed by 
Weiher (9). From high- tempera ture  conductivi ty mea-  
surements,  Weiher deduced the bandgap of ind ium 
oxide to be 3.1 eV, close to the value of 3.5 eV reported 
by  Rupprecht  (10). Recently, Fraser  and Cook (11) 

Key words:  transparent electrodes, c a d m i u m  oxide films, i nd ium 
ox ide / t in  oxide films, c a dmium sulfide films, react ive  sputtering. 

reported some measurements  on films of ind ium oxide/  
t in  oxide sputtered from oxide targets. 

The first use of In2Os/SnO2 as a t ransparent  electri- 
cal contact with a photoconductor (CdS) was reported 
by Shivonen and Boyd (12). They used 82% ind ium/  
18% t in alloy sputtered in oxygen to give a t ransparen t  
contact on a CdS crystal. Their  films were about 200A 
thick, had a resistance of 100 to 150 ohms/square,  and 
showed very good t ransmit tance  characteristics, i.e., 
> 80% for k > 5000A. Will iams (13) used th in  films 
of In2Os as t ransparent  contacts to ZnS crystals. He 
also prepared In2Os/SnO2 films by sputter ing i n d i u m /  
t in alloy (4:1) in oxygen. However, he found that  
films so deposited had a high concentrat ion of free 
metal  and were opaque. These films had to be fur ther  
heated in air at 300~176 to obtain t ransparency.  The 
V-I  curve measurements  by Will iams (13) indicated 
that  the In2Os/SnO2 films made ohmic contacts to ZnS 
crystals. 

Our paper deals with the properties of CdO and 
In2Os/SnO2 films deposited by reactive sputtering. 
Deposition conditions, such as the gas, the pressure, 
and the substrate temperature,  are varied. Optical and 
electrical properties of these films are studied as a 
function of the deposition conditions. The qual i ty of 
the contact to high resistivity ( >  107 ohm-cm) thin 
polycrystal l ine films of CdS is investigated. Substrate 
and pos t -hea t - t rea tment  temperatures  are kept below 
approximately 350~ to avoid diffusion of Cd or In  
from the oxide films into CdS. 

Deposition of the CdO and In203/Sn02 
Two kinds of t ransparent  electrodes were deposited 

by reactive sput ter ing of two metal  targets: cadmium 
(14) and 82 In/18 Sn (12, 13). 

The sputter ing system was a diode-type MRC 1 Model 
SM8500 sputter ing module mounted  on a Norton-  
NRC 2 diffusion-pumped vacuum system Model 3116. 

MRC-Materials Research Corporation,  Orangeburg,  New York 
10962. 

= Norton-NRC: Now a division of Varian Associates, PaIo Alto, 
California 94304. 
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With a circular  target  (cathode) 5 in. in diameter ,  a 
cathode-substrate  distance be tween 1 and 1�89 in. was 
chosen. A magnet ic  field of 100 gauss produced by coils 
around the cathode and anode concentrated the dis- 
charge and caused re la t ive ly  high deposition rates 
wi th  an r f  power of 200W. Substrates of Py rex  glass 
and tin oxide coated glass (NESA, Corning 9753) wi th  
a thin photoconduct ive film of CdS were  placed on 
the heated anode. The substrate t empera tu re  was an 
impor tant  parameter  in determining the resis t ivi ty  of 
the films; therefore,  t empera tu re  was measured di- 
rect ly  wi th  a f ine-wire thermocouple  on the surf.ace of 
the substrate. 

Natural ly,  the meta l  targets  can be sput tered with  
d-c  power;  most indium ox ide / t in  oxide films were  
deposited with a d-c vol tage of around 1.5 kV and a 
discharge current  around 70 mA. However ,  sput ter ing 
with  rad io- f requency  power  (13.56 MHz) was pre-  
ferred, because it a l lowed the use of lower gas pres-  
sures in the development  stages of the work. When rf  
power  of 200W was applied, the target  assumed a self- 
bias of typical ly  1O00V. 

A pure oxygen atmosphere  ranging in pressure from 
6 to 200~ was ini t ia l ly  used for the sput ter ing of CdO. 
Later,  an improvement  in the optical t ransparency was 
obtained when  an oxygen /n i t rogen  mix ture  was used. 
As l i t t le  as 2% oxygen in ni t rogen at a total gas pres-  
sure of 1O0~ caused completely react ive  sput ter ing and 
led to the best results wi th  CdO. However ,  the I n 2 O J  
SnO2 films were  finally sputterd only in pure oxygen;  
50/59 oxygen /n i t rogen  and oxygen /a rgon  mixtures  
caused higher  electr ical  resistances in the films. 

CdO and In203/SnO2 films differed appreciably in 
their  deposition rates at otherwise equal  conditions. 
CdO showed a ra te  of about 200 A/ ra in  when sputtered 
in pure  oxygen and 130 A / m i n  when sputtered in the 
oxygen /n i t rogen  mixture.  Deposit ion t imes of 10 min 
(pure oxygen sputtering) were  requi red  to form films 
of sat isfactory sheet resistances. The deposition rate  
of the In203/SnO2 films was six t imes lower. Corre-  
spondingly, the deposition t imes were  1 hr. 

Af ter  the deposition, some films were  hea t - t rea ted  
at approximate ly  340~ on a hot plate for 1 hr  in air. 
Such t rea tment  not  only  reduced the electr ical  resis- 
t iv i ty  but  also increased the  optical transmission of 
the oxide films. 

Exper imenta l  Results 
Optical and electrical properties of CdO f i lms . -  

Table I gives thickness, optical transmission, electr ical  
sheet resistance, resistivity, and est imated electron 
density of CdO films prepared under  various deposi- 
tion conditions. Curves 1 and 2 in Fig. 1 show trans-  
mission as a function of wave length  for two repre-  
sentat ive films, one sput tered in 100% O2 atmosphere  
and the second prepared with  2.5% O2 in N2 a tmo-  
sphere. 

These data were  measured on a Cary  14 spectropho- 
tometer.  As previously reported (15), the films sput-  

100 

8O 
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{ I I 

/ 
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Wavelength X in ~,---~ 
Fig. 1. Spectral transmittance of CdO and In203/SnO2 films. 

Curve 1 is for CdO film No. 91 sputtered in 100% 02 ambient; 
curve 2 is fur CdO film No. 144 sputtered in 2.5% 02 in N2 ambi- 
ent; curve 3 is for In203/SnO2 film No. 214 C-1. Details of prep- 
aration are in Tables I and II. 

tered in 2% 02 in N2 have higher  transmission for 
shorter  wavelengths.  The thickness measurements  on 
these films were  made with  a Sloan 3 angst rometer  
which works on the principle of mult iple  beam inter-  
ferometry.  Sheet  resistance measurements  were  made 
with a four-point  probe. The mobi l i ty  of electrons is 
assumed to be 120 cm2/V-sec (7), and the calculated 
value of e lectron concentrat ion is listed in Table I. 
These values are ve ry  close to the values given by 
Lakshmanan.  

Contact properties of CdO to CdS films.--A cadmium 
sulfide (CdS) film is deposited by a chemical  spray 
process (16). In this process, a solution of cadmium 
acetate is mixed  wi th  a solution of thiourea to form 
a soluble complex. This soluble complex is directed 
in the form of a finely atomized spray to the surface 
of a heated substrate where  it is decomposed to form 
a film of cadmium sulfide. 

The substrate  was a tin oxide (NESA) coated glass 
slide. The conduct ing coating of t in-oxide acted as a 
base (or bottom) electrode. CdO spots having an area 
,-~ 10 -2 em 2 were  deposited on the CdS film. Deposition 
conditions were  the same as for sample 144 listed in 
Table I, except  deposition t ime  was half  that  for sam- 
ple 144. Ind ium metal  spots of the same size area were  
deposited near  the CdO spots, so that  their  contact 
qual i ty  could be compared.  The V-I  characterist ics are 
always measured be tween the top electrode (CdO or 
In) and bot tom t in-oxide  (NESA) electrode. The mea-  
sured V-I  curves when  the sample is i l luminated 

3 S loan  I n s t r u m e n t  C o r p o r a t o n ,  S a n t a  B a r b a r a ,  C a l i f o r n i a ,  

Table I. Details of preparation, optical and electrical properties of cadmium oxide films 

C o n d i t i o n s  of  f i lm  
S a m p l e  d e p o s i t i o n  a n d  s u b s e -  Thickness  

N u m b e r  q u e n t  h e a t - t r e a t m e n t  of  f i lms ,  A 

S h e e t  E l e c t r o n  con-  
O p t i c a l  t r a n s m i s s i o n  r e s i s t a n c e  c e n t r a t i o n  in  
in  % a t  w a v e l e n g t h  of  f i lms,  R e s i s t i v i t y  f i lms  a s s u m i n g  

o h m s  p e r  of  f i lms,  (7) /~ = 120 
4000A 5000A 6000A s q u a r e  o h m - e r a  cm-~/V-sec 

91 

98 

102 

140 

144 

60/~ 02 p r e s s u r e ;  s p u t t e r i n g  t i m e  of  
10 m i n ;  h e a t - t r e a t e d  a t  340 ~ a n d  
400~ f o r  1 h r  e a c h  

100/L 02  p r e s s u r e ;  s p u t t e r i n g  t i m e  
o f  10 ra in ;  h e a t - t r e a t e d  a t  100~ 
f o r  1 h r  i n  a i r  

100/L O2 p r e s s u r e ;  s p u t t e r i n g  t i m e  
of  I0  r a in ;  s u b s t r a t e  t e m p  205~ 
b e a t - t r e a t e d  in  a i r  f o r  1 h r  a t  
340 ~ a n d  400~ 

100~ O2 in  N2 p r e s s u r e ;  s p u t t e r i n g  
t i m e  of  10 m i n ;  m a x  s u b s t r a t e  
t e m p  270~ 

1001~ 02 i n  N2 p r e s s u r e ;  s p u t t e r i n g  
t i m e  o f  10 m i n ;  m a x  t e m p  240~ 

2260 6.8 25.2 71.9 62.0 1.40 • I0 -s 3.72 x I0 TM 

1740 2.5 10.8 59.0 26.0 4.52 • I0-~ 1.15 x IO =~' 

1770 13.6 44.4 74.0 82.0 1.45 x 10 -9 3.60 • 10 TM 

1220 1.2 40.0 66.0 43.0 5,75 X 10-~ 9.90 • 10 I~ 

1275 1.2 44.4 70,8 29.0 3.7 • 10-4 1.41 ~< I0 ~' 
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Fig. 2. Current-voltage characteristics under illumination for 
CdO and In spots on CdS film which is on tin oxide-coated glass 
substrate (NESA). Sample is illuminated through the glass sub- 
strate. Measurement configuration is also indicated. 

through the glass substrate for the CdO and In spots 
for both polari t ies are shown in Fig. 2. The slope of 
these curves is pract ical ly  constant for both polarit ies 
and both CdO and In spots. This suggests that contact  
qual i ty is equal ly  good for CdO and In, and the l inear-  
i ty of the curves suggests that  the contacts are ohmic 
under  the examinat ion  conditions. 

A fur ther  test on this sample was carr ied out with 
the measurement  of the spectral  response of the photo- 
conductor, wi th  light incident through the NESA-  
coated glass substrate and through the CdO electrode. 
The results are depicted in Fig. 3. As expected for 
X < 5000A, the photocurrent  is about  a factor of 2 
smaller  for l ight incident through the CdO spot. For  
~ > 5000A, the photocurrent  is smaller  by only a factor 
of 1.7. In this wave length  region, CdO serves as a rea-  
sonable contact to the CdS film. In the dark, there  
does not seem to be any change in the film resis t ivi ty 
as a resul t  of CdO deposition and postdeposition heat -  
t reatment .  

Optical and electrical properties o] In2OJSnOz films. 
- -Tab l e  II gives the conditions of film deposition and 
subsequent  hea t - t rea tment ,  thickness, optical t rans-  
mission, sheet resistance, and resist ivi ty of In203/SnO.z 
films. From the table it is clear that  films deposited at 
300~176 and subsequent ly  hea t - t rea ted  at 340~ in 
air combine low resis t ivi ty wi th  high optical t ransmi t -  
tance. There does not seem to be a dramatic  difference 
in films produced by ei ther  d-c or rf  sputtering. In 
general,  h igher  substrate t empera tures  favor  the lower  
sheet resistance and higher  transmission. Curve 3 in 
Fig. 1 shows a transmission of film 214 C-1 as a func- 
tion of wavelength.  
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Fig. 3. Photoconductivities (constant intensity) of CdO spots on 
chemically sprayed CdS film, one with light incident through the 
contact and the other with light through the glass substrate with 
NESA coating. The applied voltage is 5V in both cases. Incident 
photon flux is about 1015 photons/cm 2 sec. 

Contact properties of In203/Sn02 on CdS films.-- 
Again, the contact propert ies  of In203/SnO2 films were  
evaluated in conjunct ion with the CdS film. Electrodes 
of 10 -2 cm 2 area were  sput tered through a mask on 
the same kind of chemical ly  sprayed CdS film men-  
t ioned before, which was an a NESA-coa ted  glass 
substrate;  NESA formed the bot tom electrode for pho- 
toconduct ivi ty  measurements .  On the same films, In 
metal  electrodes of the same area were  evaporated 
be tween the In2OJSnO2 electrodes. This electrode ar-  
rangement  permit ted  a direct comparison of contact 
qual i ty  of In.,O:3/SnO2 and In to CdS film. The  V-I  
characterist ics are always measured be tween the top 
electrode (In203/SnO2 or In) and the bottom tin oxide 
(NESA) electrode. 

Figure  4 shows the V-I  plot for this film under  a 
photon flux densi ty of 101S/cm 2 sec. Curves 1 and 2 
show the current  through the sample as a function of 
voltage with light incident through the In2OJSnO._, 
electrode for positive and negat ive applied voltages, 
respectively.  Curves 3 and 4 show the current  through 
the sample vs. voltage when  the l ight is shining 
through the N E S A  for both polari t ies of voltage. The 
difference in currents  for curves  1-2 and 3-4 is due 
to a difference in l ight absorption (and reflection) in 
the indium oxide / t in  oxide films on one side and in 
the t in-oxide coated glass substrate in the other  side 
of the photoconductor.  These curves  have a constant 
slope reasonably close to unity, suggesting that  cur-  
rent  is proport ional  to voltage. The difference between 
the current  in positive and negat ive polari t ies for 
curves 1-4 is small;  the reason for this difference is not 
understood at the present  time. Curve  5 shows current  
through the CdS film as a funct ion of vol tage for an 
In metal  electrode when l ight  is shining through the 
t in-oxide  coated glass substrate. The higher  current  
for curves 3 and 4 compared to 5 can be interpreted 

Table II. Details of preparation, optical and electrical properties of indium oxide/tin oxide films 

~,4 T r a n s m i s s i o n  S h e e t  r e s i s t -  R e s i s t i v i t y  
S a m p l e  T h i c k -  a t  X ance ,  o h m s  of  f i lms,  
N u m b e r  C o n d i t i o n s  of  f i lm d e p o s i t i o n  a n d  s u b s e q u e n t  h e a t - t r e a t m e n t  hess ,  A 500OA 7OOOA p e r  s q u a r e  o h m - c m  

181 A - I  

181 B 
191 A 

191 B-1  
213 E 
213 C-1 
214 E 
g14 C-1 

60~. 02; d - e  1.6 k V ;  95 m A ;  1:09 h r ;  370~ s u b s t r a t e  t e m p ;  340~ fo r  - -  95 89 72 - -  
1 h r  i n  a i r  

S a m e  c o n d i t i o n s  as  181 A - I  e x c e p t  n o  h e a t - t r e a t m e n t  1880 98 91 150 2,82 • 10 -'~ 
100~ Os r f ;  150W ( i n d i c a t e d ) ;  290~C s u b s t r a t e  t e m p ;  no  h e a t - t r e a t -  4600 81 91 210 9,66 • 10-a 

m e n t  
S a m e  c o n d i t i o n s  as  191 A;  h e a t - t r e a t e d  in  a i r  a t  340~ fo r  I h r  3720 83 98 93 3.46 • 10-a 
60~ O~; 400W; 1:30 h r  dep.  t i m e ;  m a x  s u b s t r a t e  t e m p  371~ - -  86 90 195 - -  
S a m e  as  213 E; h e a t - t r e a t e d  in  a i r  f o r  1 h r  a 343~ - -  91 94 110 - -  
60~ 0~; 40OW; 1:30 h r  dep .  t i m e ;  m a x  t e m p  377~ - -  85 90 90 - -  
S a m e  as  214 E;  h e a t - t r e a t e d  in  a i r  fo r  1 h r  a t  343~ - -  93 54 88 - -  
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Fig. 4. Current-voltage characteristics under illumination for a 
CdS film which is on NESA-coated glass substrate and having both 
In203/SnO2 (sample No. 214 C-1) and In as top electrodes. Inci- 
dent flux for all three sets of curves is |015 photons/crag/see. 
Curves 1 and 2 are for an In.~O3/SnO~ spot with light incident 
through the top electrode. Curves 3 and 4 are for the In203/SnO2 
spot with light incident through bottom electrode of NESA. Curve 
$ is for In spot with light incident through NESA. For curves 1-4 
refer to the current scale on the left. For curve 5 refer to the 
current scale on the right. 

possibly in terms of a sensitization effect resul t ing 
from doping of the CdS by In dur ing the sput ter ing 
and hea t - t rea tment  of indium oxide / t in  oxide. This 
effect is similar to that  reported by Shivonen and Boyd 
(12). 

This hypothesis of sensitization is fur ther  confirmed 
by measur ing the dark current  for both In203/SnO2 
and In electrodes (Fig. 5). For In203/SnO2 the dark 
currents  are almost an order of magni tude  larger than 
those obtained for In  electrodes, suggesting doping by 
In  and consequently a reduction in resistivity of the 
film. The In doping for In.,O3 electrodes results from 
hea t - t rea tment  performed dur ing and after deposition 
to obtain desired optical t ransmi t tance  and sheet re- 
sistance. However, in the case of In  electrodes, no 
hea t - t rea tment  is performed dur ing or after evapora-  
tion of In. As a result, the film resistivity is unchanged. 
The difference between V-I  curves for positive and 
negative polarities in the case of In_~O.~/SnO2 suggests 

' ' "'',"I , , ,,,,'u ' ' ',,"-I0-5 10 -7 

1 10-8 

._~ 

~ 10-~ 

10-6 

10 -7 Left-hand scale . ~ _ _ ~  m/j,,,, =a,e 

negative / ~  / ~  
vo l tage-~gCt ' (~ )~  L~) . . 

~ "  f-~..___ positive 
f _ /  voltage 

, , l l , , ~ ' , i  I p ~ l  I l l l l l l  ' , , , , , ,  

0.1 1.0 
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Fig. 5. Current-voltage characteristics in the dark for CdS films 
having electrodes of both In203/SnO2 and In. Curve 1 is for both 
positive and negative voltages with In electrode. Curve 2 is for 
In203/SnO2 electrode for positive applied voltages and also for 
In203/SnO2 electrode for negative applied voltages. For curve 1 
refer to current scale on the left, and for curves 2 end 3 refer to 
the scale on the right. 

a barr ier  a t  the interface when  no i l luminat ion  is 
incident. 

To summarize, In2Oz/SnO2 gives ohmic contact to 
CdS under  i l luminat ion.  However, for these 1~ thick 
CdS films, deposition of the t ransparen t  electrodes re-  
sults in some In doping of the CdS films. This causes 
the CdS films to have lower dark resistivity. 

Discussion--Band Model 
From the above- i l lus t ra ted measurements  it is clear 

that  CdO and In203/SnO2 produce ohmic contact with 
CdS under  present  conditions of measurement .  Litt le 
is known about  the interface between wide bandgap 
materials  like In203/SnO2 and CdS. The junct ion  be- 
tween these two materials  is a heterojunction.  As a 
simple extension of the Kroger et aL (17) model for 
ohmic contact of a metal  to a semiconductor, we pro- 
pose a model for ohmic contact of heavily doped, wide 
bandgap mater ial  to an undoped, nar rower  bandgap 
material.  This model is i l lustrated in Fig. 6. An ohmic 
contact is brought  about by a ra ther  thin layer  (region 
III)  of highly conducting (strongly n- type)  mater ial  
in the photoconductor adjacent  to the electrode (re- 
gion IV). This heavily doped n- type  layer in the case 
of the CdO contact is produced by diffusion of Cd into 
CdS. For the In203/SnO2, the heavi ly  doped n- type  
layer is produced by the diffusion of In  into CdS. Be- 
tween the highly conducting part  of CdS and the elec- 
trode, there may  exist an exhaust ion barr ier  ( layer II) 
which, due to the presence of such a s trongly conduct- 
ing layer, is so thin that  electrons may easily tunne l  
through it. The region of strongly conducting CdS acts 
as a supply of electrons for the highly resistive bulk  
(region IV), and the whole system acts ohmic when 
an electric field is applied. 

Conclusions 
The t ransparen t  electrode mater ia l  for an electro- 

optic device can have a sheet resistance as high as a 
few hundred  ohms per square. From the measure-  
ments  reported here, it appears that  resistances in this 
range can be readily achieved in sputtered cadmium 
or indium oxide / t in  oxide films. CdO is a bet ter  mate-  
rial for making ohmic contact than In203/SnO2 be-  
cause it does not reduce the resistivity of the th in  CdS 
film. 

However, the optical t ransmission properties of CdO 
on CdS are less desirable compared to those of I n2OJ  
SnO2. Since CdO has an optical t ransmit tance  greater 
than  70% for wavelengths  of 6000A, it may form a 
bet ter  t ransparent  contact to Cd(S, Se) or CdSe, 
with absorption edges at wavelengths longer than 
6000A. In general, the t ransparen t  electrode require-  
ments  for an electrooptic device may be met by films 
of either cadmium oxide or ind ium oxide/ t in  oxide. 
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Coprecipitation of Ga20  in the Liquid-Phase 
Epitaxial Growth of GaP 

M. Kowalchik, A. S. Jordan, and Mildred H. Read 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Coprecipitation of fl-Ga203 has been observed in O-doped GaP epitaxial  
films grown by l iquid-phase epi taxy under  isothermal conditions at an average 
growth tempera ture  of ~1040~ The coprecipitation seems to be independent  
of cooling rate and of the source of O [Ga203 powder, bulk  Ga203, or glassy 
Zn(PO3)2]. The coprecipitation of ~-Ga203 could be prevented either by im- 
posing a temperature  gradient  over the ampoule (to enhance vapor t ransport  
via Ga20) or by reducing the amount  of O added to the Ga-r ich solution in an 
isothermal system to ~2.5 • 10 -2 a/o (atom per cent) .  The lat ter  result  is 
in terpre ted as giving the solubil i ty at ~1040~ of Ga203 in Ga saturated with 
GaP and is used to obtain an estimate of the eutectic valley in the t e rnary  
Ga-P-Ga20~ system. 

GaP red l ight -emit t ing  diodes (LED's) have become 
devices of technological importance in the last decade. 
The early work of Starkiewicz and Al len  (1) demon-  
strated that  the presence of both Zn and O as dopants 
in the GaP crystals is needed for the generation of red 
light at room temperature.  In  the case of solution 
growth (SG) (2, 3) and sealed-tube liquid-ph.ase epi- 
taxy (LPE) (4, 5), the concentrat ion of Zn added to 
the Ga-GaP solutions by different investigators to 
maximize the electroluminescent  or photoluminescent  
efficiency varies from 0.03 (5) to 0.14 a/o (atom per 
cent (4). Because of vaporization losses the Zn addi- 
t ions in open- tube  LPE (6, 7) are higher [0.15 (7) to 
0.20 a/o (6)]. At these Zn concentrat ions in the Ga-  
GaP solutions the resul t ing crystals are expected to 
contain (8) Zn at concentrat ions less than 10 TM cm -3 
(at a typical growth temperature  of ~1040~ hence, 
the deleterious effect of Auger recombinat ion (9) on 
efficiency is avoided. 

However, the doping requirements  for maximizing 
the efficiency by means of O additions (in the form of 
Ga203) are less well  understood. In  particular, in 
open- tube  LPE "best" devices have been reported for 
0.15 (7) and 0.4 a/o O (6). In  sealed-tube growth (SG 
or LPE) m a x i m u m  efficiencies have been found over 
a surpr is ingly  wide range of O additions, specifically 
between 0.03 (2) and 1.05 a/o O (5). The solubil i ty 
of Ga20~ in liquid Ga (10) is only ~0.03 a/o O at 

K e y  words :  l i gh t - emi t t i ng  diodes,  o x y g e n  solubi l i ty ,  c rys ta l  
growth, compound semiconduc tors ,  phase  d iag rams .  

,~1040~ hence, the reasons for much exceeding this 
solubil i ty l imit  in closed-tube LPE systems were not 
immediately obvious. 

The init ial  objective of this s tudy is to explain the 
disparate results on the O-doping of GaP. In  the next  
section it is shown that  in  a nonisothermal,  closed- 
tube LPE system the loss of O from the t ipping solu- 
t ion via the vaporization of Ga20 is responsible for 
the high opt imum O concentrat ion (5), exceeding the 
solubili ty l imit  (10). Our experiments  demonstrate 
that  when  more than ~0.025 a/o O is added to the 
Ga-GaP solution in an isothermal, sealed-tube LPE 
growth system at ~1040~ coprecipitation of Ga20..~ 
takes place along with the GaP epitaxial growth. The 
major  objective of this study is to identify, character-  
ize, and explain these precipitates. In particular,  the 
coprecipitation of Ga203 with GaP (or its absence in 
a nonisothermal  system) is shown to be consistent with 
thermodynamic informat ion for the Ga-Ga203 b inary  
system. Moreover, by in terpret ing the coprecipitation 
results by means of a t e rnary  phase diagram, the oxy- 
gen concentrat ion along the eutectic val ley in the Ga-  
P-Ga203 system is estimated. 

Experimental Procedure and Results 
The usual  LPE growth of GaP by Nelson's method 

(1I) involves a cooling rate of approximately 10~ 
min. To achieve such a relat ively large cooling rate 
many  LPE systems utilize furnaces with a small  ther-  
mal  mass which do not possess an isothermal zone 
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Fig. 1. Transmission photomicrograph of needle-shaped fl-Ga203 
precipitates in the GaP matrix grown from a solution containing 
1.05 a/o O (added as Ga203) and 0.05 a/o Zn. The solution was 
coaled from ~1050 ~ to ~600~ at a rate of ~10~ 

over the entire length of the ampoule used for crystal 
growth. It has been found (12) for a small  thermal  
mass furnace with a viewing port (typical of those 
used to make efficient LED's) that  there may be a de- 
crease in temperature  of about 25~ between the Ga- 
rich melt  and the seal-off area (4) at a nominal  LPE 
growth temperature  of ~1040~ Because of the re-  
versible reaction of Ga and Ga203 to produce Ga20 (g) 
according to 

4Ga(1) -t-Ga203(s) = 3Ga20(g) [1] 

a temperature  difference causes a drop in the equi-  
l ibr ium part ial  pressure of Ga20(g)  (20 Torr for a 
tempera ture  difference of 25~ at ~1040~ (13, 14). 
The reversible na ture  of this reaction is demonstrated 
by the observed condensat ion of Ga203 and Ga at the 
cool (seal) end of the capsule dur ing  an LPE run. 

In  order to minimize the loss of Ga203 via this vapor 
transport,  all the experiments  reported herein have 
been conducted in near ly  isothermal furnaces. In  the 
init ial  phase of this study a furnace (without a view- 
ing port) with a ,~4~ difference along the sealed 
capsule was used. The 10 cm long quar tz  capsule, 
similar in construction to capsules described by pre-  
vious workers (4, 5), enclosed a . q u a r t z  boat which 
contained the GaP substrate at one end, near  the seal- 
off plug, and the solution of Ga-GaP-dopan ts  1 at the 
other end. The plug serving as the seal was placed 
t ightly against  the boat, after evacuation to 10 -6 Tort,  
to minimize the capsule volume. 

In  a typical  run  the sealed ampoule, containing the 
substrate and solution doped with 1.05 a/o O added as 
Ga203 and 0.05 a/o Zn [serving as a reference dopant  
concentrat ion in comparison with published values 
(5)],  was heated to 1065~ and held for 30 min  to 
achieve saturation. An LPE layer was then grown by 
t ipping the furnace and capsule assembly at 1050~ 
and cooling at a rate of ,~10~ to 600~ By moni -  
toring thermocouples attached to either end of the 
capsule, it was determined that the tempera ture  differ- 
ence was min imal  (less than 4~ in  this series of 
experiments)  throughout  the L P E  cycle. After  com- 
pleting a run,  excess Ga203 was found only  on the 
top of the solution, indicat ing negligible vapor t rans-  
port. Examinat ion  of the typically ~-50 #m thick epi- 
taxial layer  by optical reflection and t ransmission mi-  
croscopy disclosed the presence of a needle- l ike second 
phase embedded in the GaP matrix.  In  Fig. 1 we show 
a transmission photomicrograph of this second phase 
in the LPE layer. Note that  the thin needles are found 
at all levels between surface and growth interface and 

1 The  source mater ia l s  used for these expe r imen t s  were  phosphine-  
g rown  polycrys ta l l ine  G a P  {Monsanto), GaeO8 powder  (Alusuisse) ,  
and Zn {United Minerals) ,  all wi th  99.9999% nomina l  puri ty.  The 
n- type  G a P  substrates ,  cut  f r o m  l iquid encapsula t ion  Czochralski  
(LEC) g rown  ingots,  were  mechan ica l ly  polished on the phosphorus  
(B) face. 
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are occasionally as long as 100 ~m. That  the needles 
are not an etching artifact due to reaction of the GaP 
with HNO~, f requent ly  used to digest the Ga, is shown 
by the fact that  they are also seen without  etching. 
Addit ional  experiments  have shown that  an undoped 
or a Zn-doped solution did not result  in needles in 
the LPE layer  but  a solution doped with Ga203 alone 
(1.05 a/o O) did. Moreover, when a sharp tempera ture  
gradient  was imposed along the capsule, by extending 
the length of the ampoule with a quartz spacer placed 
between the end of the boat and the seal and cooling 
with a stream of Ne, no needles were observed in the 
LPE layer, even at 1.05 a/o O additions. Not unex-  
pectedly, after this run  a mixture  of Ga droplets and 
Ga203 was found on the seal and no excess Ga203 
appeared on the surface of the Ga solution. 

Microscopic examinat ion of the as-received Ga20.~ 
powder at 800X showed a few needles, 5-10 ~m long. 
These needles were similar in shape al though not in  
size to the ones found in the LPE layers. This s imilar-  
i ty strongly suggested that  precipitat ion of the mono-  
clinic, h igh- tempera ture  ~ form of Ga203 had occurred 
in the epitaxial  films. The precipitates were conclu- 
sively identified by a wide-film, modified, Debye- 
Scherrer x - r ay  diffraction method (15). With the flat 
LPE layer  and  substrate s tat ionary at 16 ~ to the beam, 
an x - r ay  photograph of the epitaxial  film was gen- 
erated. A typical photograph (Fig. 2) for a run  with 
1.05 a/o O addit ion shows the curved lines of poly- 
crystalline/~-Ga203 superimposed on the single-crystal  
GaP pattern.  In  addition, an examinat ion  of the /~- 
Ga203 precipi tate-r ich layer by the Direct Image Mass 
Analyzer  (DIMA) (16) exhibits a strong O-signal  
when sputtered in an oxygen beam. As viewed by 
the DIMA, a ~-Ga2Oa needle is represented by a bright  
elongated image which is much more intense than the 
background O signal detected from the GaP matrix.  

After this positive identification of fl-Ga203 pre-  
cipitates, a number  of changes were made in the ex- 
per imental  apparatus  and procedure. In  place of the 
conventional  quartz t ipping boat, we util ized a slider 
(17) assembly, fabricated from A1203 (G.E.-Lucalox).  
It was anticipated that  the use of A1203 would el im- 
inate the observed reaction between Ga and quartz to 
form Ga20(g)  (13). In addition, a new furnace with 
a variat ion of only I~ over the capsule was intro-  
duced. Figure  3 is a schematic of the quartz sealed 
assembly, located in the isothermal zone of the fur-  
nace. As in the earlier experiments,  the Ga-r ich  solu- 
tion, here contained in an opening cut through the 
moving slider, was tipped onto the GaP substrate. 
With the slider, however, growth could be te rminated  
at will  at any temperature  by  t ipping the slider to its 

Fig. 2. X-ray photograph of precipitates and matrix. Note the 
spotty curved lines of polycrystalline /~-Ga203 superimposed on the 
monocrystMline GaP pattern. 
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...... I 
CAPSULE ~ 

SUBSTRATE/" BOAT ~ 

Fig. I .  Slider assembly and its relation to the temperature profile 
of the furnace (schematic). The slider and boat are made of AI20:~ 
(G.E.-Lucalox). 

Fig. 4. Effect of decreasing Ga203 additions to the solution on 
the density of fl-Ga203 precipitates. The transmission photomicro- 
graphs (a), (b), and (c) correspond to 0.45, 0.075, and 0.03 a/o 
O additions, respectively. All three crystals were grown by cooling 
the solution from ~1050 ~ to 1035~ at a rate of 1~ 

init ial  position, resul t ing in the removal  of the excess 
solution from the substrate. 

In  this m a n n e r  GaP LPE layers were grown, with 
0.45, 0.075, and 0.03 a/o O additions as Ga2Oa to the 
solution, between 1050 ~ and 1035~ at a cooling rate 
of l~  Transmission micrographs of these crys- 
tals (Fig. 4) show a strong reduct ion in the concen- 
t rat ion of fi-Ga203 precipitates with decreasing Ga203 
additions to the solution. The precipitates completely 
disappear, as viewed at 800X, between 0.027 and 0.021 
a/o O additions to the solution. 

Exper iments  performed by cooling from 1050 ~ to 
1020~ at a rate of 2~  also resulted in Ga20:l 
precipitation, demonst ra t ing  that  the precipitat ion is 
apparent ly  unaffected by  cooling rate between 1 ~ and 
10~ It should be noted that  when the solution 
was cooled to 1020~ even an O addit ion of only 0.025 
a/o gave rise to a few precipitates. Finally,  we changed 
the source of 0 from Ga203 powder to bulk  Ga203 2 or 
glassy Zn(PO3)2 (18). Both of these additions to the 
Ga-GaP  solution yielded precipitates. 

Discussion 
The presence of precipitates in GaP is not un ique  

among I I I -V compounds. For example, Eckhardt  (19) 

2 B u l k  p o l y e r y s t a l l i n e  GaeO3 was  p u l l e d  by  W. G r o d k i e w i c z  of  
Be l l  L a b o r a t o r i e s  by  the  Czoeb ra l sk i  m e t h o d  u n d e r  ~ 3  a rm  of 
a r g o n  pressure .  

J u n e  1972 

has observed precipitates of a-Ga2Os [the low- tem-  
perature  form (20) ] less than  3 ~m in size in Czochral- 
ski- and Br idgman-grown GaAs. Recently, Kressel 
et al. (21) have identified by electron diffraction 
Ga2Te3 precipitates in GaAs which they a t t r ibuted to 
precipitat ion from solid solution. However, several 
observations indicate that  the fi-Ga203 second phase 
in the GaP LPE layers is not the result  of solid-state 
precipitation. First, as seen in Fig. 1, there is no dis- 
t inct orientat ion relat ionship between the precipitates 
and the matrix.  Second, the precipitates are obviously 
too large to originate from a supersaturated solid so- 
lution. Third, precipitates were observed in epitaxial  
layers grown by relat ively slow cooling rates in the 
nar row tempera ture  range t ipping experiments  ( I~  
min, 1050~176 2~ 1050~176 wherein  
the excess Ga solution was removed from the film 
prior to wi thdrawal  from the furnace. It  is unl ikely  
that the rate of solid-solution precipitat ion is rapid 
enough to account for the formation of precipitates in 
these experiments,  since precipitation would have to 
take place dur ing the short t ime required to cool the 
crystal to room temperature.  

Therefore, it is concluded that  the fl-Ga203 pre- 
cipitates are the consequence of the coprecipitation of 
Ga203 with GaP from a Ga-r ich  solution supersatu-  
rated with respect to both Ga203 and GaP. Thus, the 
t ipping experiments  conducted between 1050 ~ and 
1035~ showing that  the precipitates completely dis- 
appear between 0.027 and 0.021 a/o O additions, can 
be interpreted as giving the solubil i ty of O in liquid 
Ga also saturated with GaP to be ~0.025 a/o O at 
~1040~ Hence, when O is added to the t ipping solu- 
tion in excess of ~0.025 a/o in a sealed isothermal sys- 
tem at a mean growth tempera ture  of ~1040~ the 
presence of precipitates in the epitaxial  film results 
from supersaturat ion with respect to two solid phases. 
Conversely, the absence of precipitates in GaP grown 
in a nonisothermal  system indicates that the solution 
became unsatura ted  due to the loss of excess oxide via 
Ga20(g)  t ransport  according to Eq. [1]. 

The coprecipitation can be more readily discussed 
in terms of a schematic te rnary  l iquidus isotherm at 
~1040~ for the Ga-P-Ga2Os system, shown in Fig. 5, 
which was d rawn in analogy with the Ga-As-Si  sys- 
tem (22, 23). The work of Foster and Scardefield (10) 
gives the solubil i ty of Ga2Os (or O) in Ga between 
1000 ~ and 1200~ The present  t ipping exper iments  
show a small (~20%)  reduct ion in the O solubil i ty at 

GQ203 

L+Go 2 

/ /L+GaP+Ga203 

Ga N \ GaP P 

L-I-GaP 

Fig. 5. Schematic 1040~ liquidus isotherm for the Ga-P-Ga20:r 
system. Points M, N, and Z are the I040~ solubilities of Ga20:r 
in Ga (~0.01 m/o) (10), P in Ga (2.5 a/o) (24), and the ternary 
eutectic point of Go203 (~0.008 m/o), respectively. The composi- 
tions within the triangle are not drawn to scale; the mole fraction 
of Ga203 dissolved in Ga is more than two orders of magnitude 
smaller than the atom fraction of P saturating Ga. 
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~1040~ when the solution is also saturated in GaP. 
In Fig. 5 points M and N, respectively, represent  the 
b inary  solubilities of Ga2Os (~0.01 m/o)  (10) and P 
(~2.5 a/o)  (24) in Ga at ~1040~ and point  Z is the 
te rnary  eutectic point  at which the solution, saturated 
with Ga203 (~0.008 m/o  Ga203 or ~0.025 a/o O) and 
P, is in equi l ibr ium with GaP and ~-Ga20.I. According 
to the schematic l iquidus isotherm, as long as the 
Ga203 additions to the solution vary  along the curve 
N -- Z, O-doped GaP but  not ~-Ga203 will  precipitate. 
However, over-al l  solution compositions which are lo- 
cated wi th in  the Z-GaP-Ga2Os tie t r iangle yield a 
l iquid of composition Z in equi l ibr ium with both solid 
phases, permit t ing their  coprecipitation. 

There are two phenomena, consistent with Fig. 5, 
which may lead to precipitation. The first one is me-  
chanical in nature,  due to the closeness in density be- 
tween Ga and Ga203 3 at the t ipping temperature.  Ac- 
cordingly, at --1040~ the Ga20.~ powder is either sus- 
pended in the liquid solution or it sinks to the vicin-  
ity of the substrate. However, the possibility that most 
of the observed precipitates originate directly from 
suspended particles which have never  dissolved is dis- 
counted because only 5% of the as-received powder 
consists of needles, and even these are about a factor 
of 10 shorter than the precipitates. Therefore, we sug- 
gest that  the small excess oxide particles, 4 suspended 
in the O- and GaP-sa tura ted  solution, may serve as 
nucleat ion sites for the growth of the observed ~- 
Ga._,O.~ needles dur ing the second phenomenon (copre- 
cipitation) which is of chemical origin. Dur ing  LPE 
growth, as the tempera ture  decreases, the te rnary  
eutectic point  (point Z in Fig. 5) moves toward the Ga 
corner of the phase diagram, corresponding to an in-  
creasing supersaturat ion of the liquid with respect to 
GaP and Ga20.~ which results in the coprecipitation 
of both solid phases. 

Since we would expect the number  of nucleat ion 
sites to be proportional to the amount  of excess oxide 
added to the solution (above point Z), the preceding 
interpreta t ion is consistent with Fig. 4, showing an 
increasing amount  of precipitates with increasing 
Ga20.3 additions in LPE layers grown under  otherwise 
identical conditions. It should be noted that the pres- 
ence of oxide nuclei is not a prerequisi te  for copre- 
cipitation, especially when an LPE layer is grown 
over a wider  tempera ture  range. For example, when 
a solution of composition Z (0.025 a/o O) was cooled 
to 1020~ instead of 1035~ the resul t ing epitaxial  film 
contained a few precipitates. 

Although at ~1040~ the solubil i ty of Ga.,O.~ in Ga 
saturated with GaP is only a little less than the re-  
ported solubil i ty of Ga203 in liquid Ga alone, it is 
by no means assured that  at higher temperatures,  
corresponding to larger phosphorus concentrat ions 
in the solution, the difference between b inary  and 
te rnary  solubilities will remain small. An approxi-  
mate thermodynamic  calculation can be performed to 
yield the variat ion of the O solubil i ty in the t e rnary  
system as a function of temperature.  Here we con- 
sider t e rnary  solubil i ty at the t e rna ry  eutectic point 
Z, i l lustrated in Fig. 5, which is an invar ian t  point 
at a set temperature,  T. The var iat ion of Z with T 
gives the t e rnary  eutectic valley. 

The dissolution of Gao_O.~ in Ga or in Ga saturated 
with P can be represented by the reaction 

Ga_oOa(s) = 2Ga(1) + 30(1) [2] 

where O represents the oxygen dissolved in the liquid. 
Under  the conditions of Foster and Scardefield's b inary  

a A t  ~ 3 0 ~  t h e  d e n s i t y  of  l i qu id  Ga  ~25~ (6.09 g/cc~ is  g r e a t e r  
t h a n  t h a t  of  ~-Ga..,O.~ ~20) ~5.88 g / e e L  H o w e v e r ,  a t  1040~ t h e  m e a -  
s u r e d  d e n s i t y  of G a  125} {5.48 g /co)  is  s m a l l e r  t h a n  t h e  e s t i m a t e d  
d e n s i t y  of  B-Ga..,O~ ~ 5 . 6 6  g / c c t  w h i c h  is b a s e d  on an  e x t r a p o l a t i o n  
of t he  l i n e a r  e x p a n s i o n  coeWicients  o f  AI..,O:~-Ga~O3 sol id  s o l u t i o n s  
q26} to p u r e  Ga..,O:~. 

B e c a u s e  of  t he  b r i t t l e n e s s  of  b u l k  Ga..,O:, a n d  t h e  r e a c t i o n  of  
Zn(PO.~}~ w i t h  G a  to f o r m  Ga~(~.~, t h e  p r e s e n c e  of  o x i d e  p a r t i c l e s  
s u s p e n d e d  in the  m e l t  c a n n o t  be e x c l u d e d  e v e n  w h e n  O w a s  a d d e d  
in one of  t h e s e  f o r m s .  
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solubil i ty measurements  (10), the b inary  activities, 
ai.b, of the designated species in the liquid are given by 
aGa ,b  = XGa,b~'Ga,b ~--- 1 and ao,b = Xo,bTO,b ,  w h e r e  Xi,b and 
"?i.b are the atom fraction and activity coefficient of 
species i, and b refers to the b inary  system. However, 
a comparison of the Ga-Ga203 (10) and Ga-P  (24) 
b inary  data shows that  the mole fraction of Ga203 dis- 
solved in Ga is more than two orders of magni tude  
smaller than the atom fraction of P saturat ing Ga, in-  
dicating that the activity of Ga in the t e rnary  system 
cannot be taken as unity. As the activity of Ga203 is 
unity, the equi l ibr ium constant, K, for Eq. [2] becomes 

K -~  a G a , t 2 ( X o , t ) 3 ( ~ f o , t )  3 ~ ( X O , b ) 3 ( 7 0 , b )  3 [ 3 ]  

where the subscript t refers to the te rnary  system. Re- 
a r ranging  Eq. [3] gives 

XO,b 
In = In'yo,t -- lnTo,b + 2/3 ln(xGa,tTGa.t) [4] 

X o , t  

As there are no thermodynamic  data for the liquid 
phase, we assume regular  b inary  and te rnary  solution 
behavior  (27). Assuming in addition to XCa,b ~ 1 that 
X o , t  ~ X P , t  and XGa,t + X P , t  ~ l ,  w e  find approximate 
expressions for the activity coefficients 5 which when 
subst i tuted into Eq. [4] yield 

XO,t  " ~ ' ~  - -WGa-O "F wP-O 

WGa-P ] 
-~- T ( 2  - -  5 X G a , t )  -~- 2 / 3  lnxGa,t [5] 

where the ~,ij's are the te rnary  interchange energies. 
To evaluate Eq. [5] we take WGa.P from the work of 

Thurmond  (24) and since xp,t + XGa,t ~--~ l ,  XGa,t can be 
approximated by its value along the Ga-P  l iquidus 
curve (24). However, ~Ga-O and ~P-O are both unknown.  
The simplest assumption is to set ~P-O = 0 (ideal solu- 
tion), since at the high temperatures  of interest  P-O 
liquids do not exist. By subst i tut ing the ratio XO,b /Xo . t  
(3 • 10-2/2.5 • 10 -2) in uni ts  of atom per cent at 
~1040~ into Eq. [5], we obtain ~Sa-O ~ --25 kcal/mole.  
The negative deviation from Raoult 's  law implied by 
this value is considered reasonable in comparison, for 
instance, with the Cu(1)-O system. Recent  thermo- 
dynamic measurements  (28) yield ~cu-o ~ --6.3 kcal /  
mole at ll00~ By using the estimated value of ~'Ga-O 
and keeping ~P-O =0,  ln(Xo,b/Xo,t) can be readily cal- 
culated from Eq. [5] up to the mel t ing point of GaP. 
A combinat ion of this ratio with the Ga-Ga203 solu- 
bi l i ty curve of Foster and Scardefield (10) gives the 
var iat ion of xo.t along the Ga-P-Ga203 eutectic valley, 
shown in Fig. 6. 

Although in Fig. 6 the departure of xo,t from Xo,b 
becomes pronounced at higher temperatures,  below 
about l l00~ only a small error is made by using the 
b inary  solubil i ty curve (10) instead of the te rnary  
eutectic valley. Because of the calculated max imum 
there is only about a factor of 2 increase in the te rnary  
oxygen solubil i ty between ~1100~ and the mel t ing 
point of GaP. The sections of the eutectic val ley at high 
and low temperatures  are shown as dashed lines be- 
cause they are based on portions of the b inary  solu- 
bi l i ty curve which were found by extrapolat ing the 
published curve. Moreover, if ~P-O =~ 0, according to 
Eq. [5] this would influence xo,t only at high xP.t corre- 
sponding to high temperatures.  

The estimate shown in Fig. 6 does not el iminate the 
need for fur ther  exper imenta l  work to establish the 
eutectic val ley of the system Ga-P-Ga2Oa. Such in-  
formation in conjunct ion with thermodynamic  analysis 
of the type presented here would greatly aid the under -  
s tanding of this technologically impor tant  t e rnary  sys- 
tem. Unfor tunate ly ,  even if the Ga-P-Ga203 eutectic 

5 T h e  e x p r e s s i o n s  a r e :  R T  ln~o.b ~ was-o, RT ln~o , t  ~ 3CGa,t&Ga-O 
+ (1 -- XGa,t)~P-O -- XGa.t(1 -- XGa,t)(~Ga-P, a n d  RT ln'yGa,t 
(1 -- XGa,t)Z(OGa-p. 
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Fig. 6. Estimated eutectic valley for the Go-P-Ga203 ternary 
system and its relation to the solubility of Ga203 in Ga (10). The 
plot is given in terms of a/o O vs. reciprocal temperature. Note 
that Ga203 can only coprecipitate with GaP at O concentrations 
above the loop. 

valley were known, independent  exper imental  work 
would be required to give the equi l ibr ium concentra-  
t ion of O dissolved in GaP crystals. However, one can 
predict on thermodynamic  grounds that  GaP in equi-  
l ibr ium with l iquid compositions along the eutectic 
val ley (Fig. 5, point  Z; Fig. 6) contains the m a x i m u m  
amount  of oxygen which can be dissolved at each tem-  
perature.  Liquid compositions above Z result  in pre-  
cipitation of a second phase, fl-Ga203, without  an in-  
crease in the equi l ibr ium oxygen concentrat ion in  the 
GaP crystal. 

Of course, GaP epitaxial  films which are free of 
precipitates may be grown in a nonisothermal  LPE 
system even when a large excess of Ga203 is added to 
the solution, ini t ia l ly moving the over-al l  l iquid far 
above Z. The loss of O from the growth solution via the 
vaporization and t ransport  of Ga20 according to Eq. [1] 
explains not only the absence of ~-Ga203 needles in 
LPE layers grown in a nonisothermal  system but  also 
the disparity in reported opt imum O additions [0.03 (2) 
and 1.05 a/o O (5) for SG and LPE, respectively].  Our 
p re l iminary  exper iments  demonstrate  that  efficient 
diodes can be fabricated in an isothermal LPE system 
without  excessive O additions to the solution. Using the 
slider (Fig. 3), a near ly  precipitate-free p- type  layer  
was grown at ~1040~ onto an n - type  LPE and LEC 
structure  from a solution containing 0.03 a/o O in the 
form of Zn(PO3)2 and 0.045 a /o  Zn. The annealed and 
encapsulated diodes exhibited red electroluminescent  
(EL) efficiencies as high as 2.7%, which we consider 
promising since the dopant  concentrat ions have not yet  
been optimized. This figure is wi thin  about a factor of 
two of the best reported values of 4.5% (29) and 6% 
(30) for s imilar  s tructures which were grown from 
solutions containing a large excess of Ga203 but  pre-  
sumably  under  nonisothermal  conditions [tipping in a 
small  the rmal  mass furnace (29) and dipping, (30) 
respectively].  

The effect of the concentrat ion of fl-Ga203 precipi-  
tates on EL efficiency of devices has not  been examined 
in detail. However, point contact EL efficiency mea-  
surements  were made on mesa diodes taken from a 
re la t ively precipi tate-free and from a heavily precipi-  
tated area (such as shown in Fig. 2) of a p- type  LPE 
film grown on a 2.5 cm long n- type  LEC substrate from 
a solution containing 1.05 a/o O added as Ga203 and 
0.05 a/o Zn. The EL efficiencies were as much as 15 
times higher for the diodes prepared from the clean 
segment than  for the ones made from the heavily pre-  
cipitated area. We th ink  that  the reduction in  effi- 

ciency is very l ikely due to the difficulty of achieving 
suitable contact wi th  a heavi ly  precipitated p- type  
layer. But  a small  concentrat ion of precipitates may 
not have any significant effect on the EL efficiency. In -  
deed, we speculate that  such small  concentrat ions of 
precipitates may  be present  in the LED's reported in 
the l i terature  but  have been overlooked because of 
their  negligible effect on diode performance. Final ly,  
recent  measurements  of Gloriozova et aL (31) show 
that  the 100~ hole mobil i ty  of Zn, O-doped SG GaP 
drops precipitously when  more than 0.03 a/o O is added 
to the melt  as Ga~O3. Since we have also seen Ga203 
precipitates in SG platelets, the results of Gloriozova 
et at. (31) may be related to scattering by a second 
phase. 

Acknowledgments  
We w o u l d  l i ke  to express our  apprec ia t ion  to F. A. 

Trumbore  for many  helpful discussions and suggestions 
in the course of this work. We are also grateful to C. D. 
Thurmond  for several  discussions and advice. Useful 
discussions with R. H. Saul, M. E. Weiner, and S. 
Wagner  are also acknowledged. We thank  L. R. Dawson 
for the DIMA work. 

Manuscript  submit ted Aug. 9, 1971; revised manu-  
script received Dec. 13, 1971. This was RNP 250 pre-  
sented at the Atlant ic  City Meeting of the Society, Oct. 
4-8, 1970. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL.  

REFERENCES 
1. J. Starkiewicz and J. W. Allen, J. Phys. Chem. 

Solids, 23, 881 (1962). 
2. M. Gershenzon, F. A. Trumbore,  R. M. Mikulyak, 

and M. Kowalchik, J. Appl. Phys., 36, 1528 
(1965). 

3. R. A. Logan, H. G. White, and F. A. Trumbore,  
Appl. Phys. Letters, 10, 206 (1967). 

4. K. K. Shih, M. R. Lorenz, and L. M. Foster, J. Appl. 
Phys., 39, 2747 (1968). 

5. R. H. Saul, J. Armstrong,  and W. H. Hackett, Jr., 
Appl. Phys. Letters, 15, 229 (1969). 

6. I. Ladany, This Journal, 116, 993 (1969). 
7. F. A. Trumbore,  M. Kowalchik, and H. G. White, 

J. Appl. Phys., 38, 1987 (1967). 
8. A. S. Jordan, This Journal, 118, 781 (1971). 
9. See, for example, K. P. Sinha and M. DiDomenico, 

Jr., Phys. Rev., B1, 2623 (1970). 
10. L. M. Foster and J. Scardefield, This Journal, 116, 

494 (1969). 
11. H. Nelson, RCA Rev., 24, 603 (1963). 
12. L. Derick, Personal  communication. 
13. C. N. Cochran and L. M. Foster, This Journal, 109, 

144 (1962). 
14. C. D. Thurmond  and C. J. Frosch, This Journal, 111, 

184 (1964). 
15. Mildred H. Read, 27th Annua l  Diffraction Confer- 

ence, Pit tsburgh,  November 1964. 
16. J. V. DiLorenzo, R. B. Marcus, and R. Lewis, J. 

Appl. Phys., 42, 729 (1971) ; J. V. DiLorenzo, Th~s 
Journal, 118, 1645 (1971). 

17. M. B. Panish and S. Sumski, J. Appl. Phys., 41, 3195 
(1970). 

18. A. S. Jordan, L. Derick, R. Caruso, and M. Kowal-  
chik, Paper  49 presented at Electrochem. Soc. 
Meeting, Houston, Texas, May 7-11, 1972. 

19. G. Eckhardt, J. Appl. Phys., 33, 1016 (1962). 
20. I. A. Sheka, I. S. Chaus, and T. T. Mityureva,  "The 

Chemistry of Gall ium," p. 32, Elsevier Publ ish ing 
Co., Inc., New York (1966). 

21. H. Kressel, F. Z. Hawrylo, M. S. Abrahams,  and 
C. J. Buiocchi, J. Appl. Phys., 39, 5139 (1968). 

22. M. B. Panish, This Journal, 113, t226 (1966). 
23. F. E. Rosztoczy, "Proceedings of the In terna t ional  

Conference on the Physics and Chemistry of 
Semiconductor Heterojunct ions and Layer Struc-  
tures," Vol. 1, p. 333, Akademiai  Kiado, Budapest 
(1971). 

24. C. D. Thurmond,  J. Phys. Chem. Solids, 26, 785 
(1965). 

25. K. E. Spells, Proc. Phys. Soc., 48, 299 (1936). 
26. H. P. Kirschner,  J. Am. Ceram. Soc., 52, 379 (1969). 
27. I. Prigogine and R. Defay, "Chemical Thermody-  

namics," p. 257, Longmans Green and Co., Lon-  
don (1954). 



Vol. 119, No. 6 C O P R E C I P I T A T I O N  OF Ga20~ IN G R O W T H  OF GaP  761 

28. C. R. Nanda and G. H. Geiger, Met. Trans., 1, 1235 
(1970). 

29. W. H. Hackett, Jr. and R. H. Saul, Abstract  81, Ex-  
tended Abstracts of the Los Angeles Meeting of 
the  Electrochemical Society, May 10-15, 1970. 

30. B. P. Johnson and R. M. Potter, Bull. Am. Phys. 
Soc., Set. II, 16, 433 (1971). 

31. R. I. Gloriozova, V. M. Grachev, L. I. Kolesnik, and 
L. I. Marina, Sov. Phys., Semicond., 4, 1363 
(1971). 

Mass Spectrometric Studies of Vapor-Phase Crystal Growth 
II. GaN 

V l a d i m i r  S. Ban 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

A mass spectrometer has been coupled to an open-tube,  vapor-phase,  crys- 
tal growth apparatus in order to study vapor-phase  processes leading to the 
deposition of GaN crystals. Studies of the HCI and C12 reactions with gall ium 
showed that  OaCl(~) is the only gal l ium chloride formed. Studies of NI-~ de- 
composition showed that  very l i t t le NH3 decomposes under  given exper imental  
conditions, but  this can be changed by the presence of W and Pt. Thermo-  
chemical data were collected or calculated for all species detected in the 
system. The reaction mechanisms leading to the deposition of GaN are. dis- 
cussed. It  is concluded that  the reaction control l ing the  deposition of GaN can 
be wr i t ten  as 

GaCl(~) + NH3(g) --> GaN(s) + HCl(g) -I- H2('g) 

Comparison of the exper imenta l ly  determined vapor composition with one 
predicted from the available thermochemical  data showed that  impor tant  de- 
viat ions from the thermochemical  equi l ibr ium occur in our system. 

Gal l ium nitr ide has a direct energy bandgap of 3.39 
eV (1) and is therefore an interest ing mater ial  for elec- 
tronic applications. Recently, s ingle-crystal l ine epi- 
taxial  films of GaN were successfully prepared by 
means of the open-tube,  vapor- t ranspor t  method (1). 
The apparatus  and technique used were very similar 
to those used previously in the preparat ion of other 
I I I -V compounds (2). 

The chemistry of vapor-phase processes leading to 
the deposition of GaN was not completely understood. 
For this reason, we under took studies of some funda-  
menta l  aspects of the GaN deposition. In  particular,  
the following processes were studied: (a) the t ransport  
of Ga wi th  HC1 and C12 in the tempera ture  range of 
700~176 (b) the thermal  decomposition of NH~ in 
the same tempera ture  range as affected by various 
catalysts; and (c) the reactions leading to the deposi- 
tion of GaN and the influence of tempera ture  on the 
rate of this reaction. The influence of the replacement  
of H2 by He as a carrier  gas was also studied. Fu r the r -  
more, the thermochemist ry  of the deposition system 
is discussed and the exper imenta l ly  determined com- 
position of the vapor phase is compared with the com- 
position predicted from the chemical equi l ibr ium cal- 
culations. 

In  order to determine the composition of the vapor 
phase under  a var ie ty  of exper imenta l  conditions, we 
coupled a t ime-of-f l ight  mass spectrometer to the 
vapor-growth tube. With the mass spectrometer, we 
could directly identify species present  in the vapor 
phase and determine their  relat ive abundances.  

Exper imenta l  Procedure and  Results 
The mass spectrometer-vapor  growth tube system is 

shown schematically at the top of Fig. 1. Details of this 
system and the sampling technique have been de- 
scribed in Par t  I of this series (3), which reports a 
s tudy of the OaAsxPl-~ system. The present  experi-  
ments  were done in a similar  fashion to those described 
in Par t  I. However, the tempera ture  gradients, con- 
centrat ions of reacting gases, and flow rates were 

Key  words :  mass  spec t romet ry ,  vapor -phase  deposit ion, G a N  
c~ystals, ep i tax ia t  g rowth ,  chemica l  kinet ics ,  t he rmodynamics .  

chosen to be similar to those employed (1) in growth 
of GaN epitaxial  layers. GaN was also deposited on the 
walls of the reactor in the course of our experiments.  

41-~OOcc/min H2 or He I+ ;lOOc/miB NH~ 
900 ~ -~ F] 

i i  

~ 4 ~  ~G-a BOATj ~T() "M" ;~E X 
Oct/rain H 2 or He 

+ IOcc/min HCt HAUST 

T -a 

-3 

-4 

.... H2~' ....... ~-- ----\He 

I0 

~ L  

~ GaCt 
/,~N~ 

20 (inches) 

DBSTANCE ALONG THE VAPOR GROWTH TUBE 

Fig. I. Mass spectrometric determination of the variation of 
partial pressures of species along the growth tube during epitaxial 
growth of GaN. The apparatus and experimental conditions are 
schematically represented in the upper part of the drawing. (Dotted 
lines give pressures when H2 is the carrier, solid lines when He is 
the carrier. Kinks in the pressure curves at 12 in. are caused by 
the additional volume of gas introduced at that point by the NH3 
inlet tube. These curves are drawn from the determination of initial 
and final partial pressures of vapor species.) 



762 J. Electrochem. Sac.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  June  19 72 

Occasionally, even the sampling capi l lary  became 
clogged wi th  GaN deposit. 

Halogen transport of Ga. - -The  HC1 transport  of Ga 
in the t empera tu re  range  of 400~176 was discussed 
in Par t  I (3). This t ime we also examined the C12 
transport  of Ga as wel l  as the influence of the carr ier  
gas (H2 vs. He) on the HC1 transport  efficiency. The 
boat containing gal l ium was 12.5 cm long; 25 cm 2 of the 
l iquid gal l ium surface was exposed to the gas phase. 
With the chosen flow rates (500 cm3/min H2 or He + 
10 cm3/min HC1 or C12), the gas s tream velocity was 
about 3.5 cm/sec.  It  was found that  HC1 and C12 react 
wi th  Ga according to the fol lowing reactions 

xGa.~ + HCI~v ~ xGaCl~g~ 
~C 

+ (1--  x)HCICs) + ~-H2cg) [1] 

xGa.~ + ~- Cl2cg) -~ xGaCl(g) + - - - - 7 -  Cl2(g) [2] 

where  x = mole fraction of HC1 or Cl., reacting. Values 
of x for various exper imenta l  conditions are given in 
Table I. These values were  obtained by changing the 
position of the HC1 or C12 inlet, which could be placed 
e i ther  upstream or downstream from the boat contain-  
ing Ga. The mass spectrometer  signal due to HC1 (or 
C12) was first measured with  the inlet placed down-  
stream, so that  the halogen species could not react 
with Ga. A second measurement  was made with  the 
inlet  placed upstream, so that  a portion of the halogen 
did react. Since the second signal was due to the un-  
reacted HC1 (or CI.,), its ratio to the first signal was 
equal  to (1 -- x) .  The mass spectra also showed that  
the monochloride (GaC1) was the only gal l ium chlo-  
r ide species resul t ing f rom the ha logen-gal l ium inter-  
action. 

Decomposition of NH:~.--It is important  to know to 
what  extent  ammonia  is decomposed into ni trogen and 
hydrogen, because GaN cannot be deposited by direct 
reaction between GaC1 and N.,. Ammonia  is a the rmo-  
dynamical ly  unstable gas (4) at tempera tures  usually 
employed in the growth of GaN crystals, and over 
99.5% of incoming NH3 would decompose if equi l ib-  
r ium were  achieved under  our exper imenta l  condi-  
tions. However ,  it is known that thermal  decomposi-  
tion of NH3 is a sluggish reaction. It  can be accelerated 
with various catalysts, e.g., Pt  and W (5). Normally,  
the walls of the growth tube are made  of quartz, but  
sometimes, in order  to prevent  the deposition of a 
permanent  layer  of the insoluble GaN on the reactor  
wall, a removable  tungsten or graphi te  l iner  is placed 
in the tube. This could change the composition of the 
gaseous phase. We therefore  studied the influence of 
various mater ia ls  on the decomposit ion of NH3, which 
can be described by the fol lowing equation 

x 3 
NHa(g) ~ (1 -- x)NHa(g) + ~-N2(g) + =--xH2(g) [3] 

2 

where  x = mole  fract ion of NH3 decomposing. A foil 
of Pt, W, or graphi te  (25 cm 2 in each case) could be 
placed in and removed from the growth tube. Mass 
spectrometer  signals due to NH3 and N2 were  measured 
with  and without  the foil in the system. The values of 

Table I. Mole fractions of HCl(g) or Cl.~g~ reacting with Goo~ 
according to Eq. [ I ]  and [2],  respectively 

Puc'L o r  P c t  2 = 2 .0  x 10-~ a t m ,  t o t a l  f l o w  r a t e  = 510  c m a / m i n ,  
G a  s u r f a c e  a r e a  = 25 c m a  

Table II. Mole fraction of NH3(g) decomposing according to 
Reaction [3] 

P x u  a = 2 .0  x I 0 - I  a t m ,  t o t a l  f l o w  r a t e  = 5 0 0  c m ~ / m i n ,  c a t a l y s t  
s u r f a c e  a r e a  = 25  e m  a 

M o l e  f r a c t i o n  (x )  o f  N H a  
C a t a l y s t  a n d  

c a r r i e r  g a s  7 0 0 ~  8 0 0 ~  8 5 0 ~  9 0 0 ~  9 5 0  ~  

Q u a r t z ,  H~ 0 - -  0 . 0 2  - -  0 . 0 3  
Q u a r t z .  H e  0 - -  0 . 0 2  0 , 0 4  
G r a p h i t e .  Hc  0 0 . 0 2  ~ 0"~-2 - -  
G r a p h i t e ,  H e  0 0 . 0 3  - -  0 . 0 4  
P t ,  H.~ 0 0 .02  ~ 0 . 0 2  0 .-'O2 
P t ,  H e  0 0 . 1 0  - -  0 . 2 3  0 . 3 5  
W ,  H2 0 0 . 0 4  0 . 1 0  0 .22  0 . 4 7  
W ,  H e  0 0 .11  0 , 2 5  0 . 4 0  0 . 5 4  

x computed from these measurements  in the t empera -  
ture range of 700~176 are  given in Table II. In 
these experiments ,  a mix tu re  of 100 cm3/min of NH3 
with 400 cruZ/rain of He or H2 was passed through the 
tube. The influence of the carr ier  gas on the extent  of 
decomposition is also depicted in Table II. When no 
catalyst  was present, no more than about 4% of the 
NH3 was decomposed at tempera tures  as high as 950~ 
This was est imated from the increase in the  N2 signal 
at the elevated tempera tures  in comparison with N2 
background signal at room temperature .  

Deposition reactions.--In analogy with the deposition 
of other  I I I -V compounds, one can postulate two ther-  
modynamica l ly  feasible reactions which might  lead to 
the deposition of GaN 

GaCLg) + NHacg> -* GaNts) + HCI~g) + H2~g) [4] 

and 

3GaCltg) + 2NH3(g)-~ 2GaN(s) + GaC13(g) + 3H2(g) [5] 

In order  to test for the occurrence of these reactions, 
we monitored mass spectrometr ical ly  the pressures of 
GaCI, HC1, and GaCI3 in the system before and after  
the introduction of NH3. In these exper iments  Ga was 
t ransported with  HC1. A decrease in the GaC1 signal 
and an increase in the HC1 signal after the  introduction 
of NH3 indicated that  Reaction [4] does indeed occur. 
No GaC13 was detected, but we discovered a [GaC12 
�9 NH:3] + ion in the mass spectra. The most probable 
parent  molecule  is GaC13 �9 NH3, whose existence at 
reasonably high tempera tures  has been reported (6). 
It is known that  meta l  t r ihal ides lose a halogen atom 
when ionized by the electron beam, giving a MX2 + ion 
as the most prominent  peak in the mass spectrum (7). 
From the intensity of the peak we est imate that  the 
part ial  pressure of GaC13 �9 NH3 was be tween  1 and 
5 • 10 -4 atm. From these results  we concluded that  
Reaction [5] also occurs in our system, producing 
GaC13~g) which then reacts wi th  NH3 to form the ob- 
served ammonia  complex. 

The increase in PHCl and the decrease in PGaCl due to 
the reaction of GaC1 with  NH3 at 900~ are  listed in 
Table III. Values of PGaCl and PHCl after the react ion 
be tween HC1 and gal l ium were  known from the gal-  
l ium transport  experiments ,  initial P N H 3  w a s  1.0 X 
10 -1 atm and the total  flow in the system was 1.0 
1/min. The carr ier  gas was e i ther  H2 or He. Values of 
P G a C I  and PHCI after  the react ion with NH3 were  cal-  
culated from the respect ive changes in mass spectro- 
metr ic  intensities of these species. 

We used the same procedure to measure the con- 
sumption of GaC1 as a funct ion of t empera tu re  be- 

Table III. Changes in PGaC1 and PHCI due to reactions with NH3 
PNrI~ = 1.O • 10-1 a t m ,  t o t a l  f l o w  r a t e  = 1.0 1 / I n i n ,  T = 9 0 0 ~  

M o l e  f r a c t i o n  ( x )  o f  C I :  o r  H C 1  

T,  ~  Cl.- i n  H e  H C 1  i n  H e  H C 1  i n  H.2 

7 00  0 . 7 8  0 . 7 9  0 . 7 0  
8 0 0  0 . 7 8  0 . 8 3  0 . 7 2  
9 00  ~ 0 .8 6  - -  

H e  c a r r i e r  H2  c a r r i e r  

I n i t i a l  P c , e l  ( a t m )  8 .5  • 10  -3 7 .5  • 10  -~ 
F i n a l  PGaCZ ( a t m )  1 .7  • 10  -3 3 .8  • 10-a  
I n i t i a l  PHCI ( a t m )  1 .5  • 10  -~ 2 .5  X 10-:~ 
F i n a l  PHCl  ( a t m )  5 .8  X 10-a  5 .7  • 10 
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Fig. 2. Percentage of incoming GaCI(~) consumed in reaction with 
NH3(g) at various temperatures. Initial partial pressures (in arm): 
PH 2 orPHe ~ 9 x 10 - 1  ,PNH3 ~ 1 x 10 - 1  ,PGacl  ---- 8 x 10 - 3  . 
Total flow ---- I I/min, reaction time ~ 4 sec. 

tween 750 ~ and 950~ The results are presented in 
Fig. 2. The extent  of GaC1 consumption was not 
marked ly  tempera ture  dependent,  but  it was signifi- 
cant ly  greater  for He as the carrier gas than for H2. In 
these experiments  the reactor walls were graphite 
lined. 

Tbermochemical Data 
By means of our mass spectrometric measurements,  

we determined qual i ta t ively  and quant i ta t ive ly  the 
species present  in the vapor phase and also specified 
the reactions occurring in the system. These results 
combined with rel iable thermochemical  data for all 
species in the system make possible a meaningfu l  dis- 
cussion of the chemistry of the vapor-phase deposition. 

For this purpose the most useful data are the s tan-  
dard free energies of formation .~F~ of all species in the 
tempera ture  in terval  of interest. Knowledge of 5F~ 
permits one to calculate the s tandard free energies of 
reaction AF~ for reactions occurring in the system, and 
from these to find values of equi l ibr ium constants Kp 
and values of equi l ibr ium part ial  pressures for the 
vapor species. 

In  Table IV we list values of 5F~ for species in the 
system at T ---- 1173~ the tempera ture  at which epi- 
taxial  layers of GaN are usual ly grown. Data for 
GaCl(g) and GaCls(gl were  taken from a recent paper 
by  Ki rwan  (8). GaCla(g) is not present  in the system 
as such, but  data for it are necessary to compute the 
AF~ for GaC13 �9 NH3(g). Data for HCI(g) and NH3(g) 
were taken from JANAF Tables (4). 

Table IV. Values of ~F~ (free energy of formation) at T ~ 1173~ 
for species present in the GaN deposition system 

AF~ 
Species ( k c a l / m o l e )  R e f e r e n c e  

763 

HCI(~) - -24 .3  (4) 
GaClr  - 28.9 (8) 
GaCla(g) - 71.5 (8) 
NI~(~) + 19.9 (4) 
GaCla  - NHa(~) - -55 ,6  C a l c u l a t e d  f r o m  d a t a  

in  (7) a n d  (9) 
GaN(g) * 6.2 C a l c u l a t e d  f r o m  d a t a  

in  (10) a n d  (11} 

The value for -~F~ of GaCla �9 NHs(g) was determined 
from 5H data given by  Fr iedman  and Taube (6) 

GaClscgl -{- NHs(g) -~ GaCls �9 NHs(~) [6] 

SHoo0 ---- --33 kca l /mole  

The aS for reactions of this type (i.e., M(g) § X(g) -* 
MXcg) is usual ly around --22 eu (9). Using the expres-  
sion •176 ---- AH~ --TSS~ one finds for the above re-  
action aF~ ~- --4 kcal /mole at T ---- 1173~ Since 

A F ~  -~-- a F ~  GaCls �9 NH3(g) 
- -  (•176 -{- 5F~ GaCla(g)) 

one finds •176 GaCla .  NHs(g) ---- --55.6 kcal /mole  at 
T ---- 1173~ 

Marina  and Nashel 'skii  (10) est imate -~Sf and Cp of 
GaN(s). Their values are based on the corresponding 
thermochemical  data for the elemental  Group IV semi- 
conductors which are well known. The .~Hf of GaN at 
298~ is --26.4 kcal (11). This value is based on ex- 
per imenta l  work done by Hahn and Juza (12), and 
applied to the reaction 

�89 + Ga(D-~ GaN(s) [7] 

The above data permit  one to calculate -~F~ for 
GaN(s); at 1173~ 5F~ ---- 6.2 kcal/mole.  

Discussion 
Our studies of Ga transport,  which are summarized 

in Table I, showed that  between 70 and 80% of the in-  
troduced HC1 participates in the t ransport  reaction, in 
good agreement  with the values determined in Part  I 
(3). Replacement  of H2 with He as a carr ier  gas im- 
proved the efficiency of the HC1 transport,  and the 
HC1/He mixture  was more efficient than the CI JHe  
mixture,  but  the differences in values were not ve,T 
significant. More important ,  in all cases chemical equi-  
l ib r ium was not established, since according to the 
thermochemical  data in Ref. (8), practically all the 
HC1 and C12 introduced should have reacted with Ga. 
It was shown in Par t  I (3) that  the relat ively high 
flow rates employed in our growth systems are re- 
sponsible for the observed deviations from equi l ibr ium 
in the t ransport  reaction. 

Table II shows the influence of various catalysts on 
the thermal  decomposition of NH3. The metals  tungsten 
and p la t inum are significantly more efficient cata- 
lysts than  the nonmetals  graphite and quartz (reactor 
walls) .  However, below 700~ very li t t le decomposi- 
tion occurred, regardless of the catalyst. Furthermore,  
the influence of the carrier gas was quite pronounced. 
The decomposition proceeded more readily in the pres- 
ence of He than in the presence of H2, par t icular ly  in 
the case of p la t inum;  in the presence of He significant 
amounts  of NHa decomposed on pla t inum,  while vir-  
tual ly  no decomposition occurred in the presence of 
H2. This is possibly due to some interact ion of H2 with 
p la t inum which changes the catalytic activity of Pt  and 
therefore inhibits  the decomposition of NH3. 

Studies of NH3 decomposition, as summarized in 
Table II, indicated that  the reactor wall  materials  and 
the carrier  gas are factors with a significant influence 
on the composition of the gas phase in the growth sys- 
tem. Frequent ly ,  only the vapor species directly par-  
t icipating in the reactions in a system are considered 
in predict ing the vapor-phase composition. Secondary 
factors, such as those mentioned, are often neglected. 
Such neglect can lead to serious errors in estimates of 
the vapor-phase composition. 

Combining thermochemical  data and the mass spec- 
t rometric results one can now discuss the chemistry of 
the deposition system. Besides the direct reaction of 
GaC1 with NH3 (Reaction [4]), there are other routes 
leading to the deposition of GaN. One possible se- 
quence of reactions is 

3GaCl(g) ~ 2NHa(~)~ 2GaN(s) -~ GaC13(g) ~ 3H._,(~) [5] 

5FOr Ilia ---- -- 12.7 kcal 
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The resul tant  GaC13(g) then reacts with NH3(g) to form 
the observed GaCl~ �9 NH3(g) complex 

GaCl3(g) ~ NH3(g)-~ GaC13 �9 NH3(g) [6] 

AF~ = --4.0 kcal 

This complex is thermodynamica l ly  unstable  with re- 
spect to the following reaction 

GaCI3 �9 NH3(g) --> GaN(s) ~- 3HC1cg) [8] 

A F ~  = --11.2 kcal 

Indeed, A1N(s) has been deposited by decomposing the 
analogous complex AIC13 �9 NH3r (13). Recently, the 
thermal  decomposition of a GaBr3 �9 4NI-~ complex has 
been used for the deposition of GaN films (14). 

Our results also permi t  us to say something about 
the kinetics of the above reactions. Reactions [4] and 
[5] are fairly fast; e.g., 80% of introduced GaCl(g) re-  
acts with NHa(g) in 4 sec I when He is used as the carrier  
gas, 50% when H2 is the carrier. Reaction [6] must  be 
fast also, because no unreacted GaC13(g) was detected. 
On the other hand, Reaction [8] is slower than [6], 
because an appreciable amount  of GaC13 �9 NH3(g) exists 
in the vapor phase. 

Summat ion  of Eq. [5], [6], and [8] yields the over- 
all controll ing equi l ibr ium for the deposition of GaNr 

GaCl(g) + NH3(g)'~ GaNcs) -}- HCI(g) -}- H2(g) 
[4] 

aF~ n73 = --9.3 kcal 

An al ternat ive  reaction path is also the rmodynam-  
ically feasible. The resul tant  GaC13(g) (Reaction [5] ) 
can undergo reduct ion by H2(g) 

GaCl3(g) -}- H2(g) "-> GaCl(g) + 2HCI(g) 
[9] 

hF~ n73 = --6.0 kcal 

The GaCl(g) then reacts with NH3(g) according to Reac- 
t ion [5] and contributes to the deposition of GaN(s). 

Summat ion  of Reactions [5] and [9] leads again to 
Eq. [4] which therefore establishes the controll ing 
equi l ibr ium for both complex reaction paths as well  as 
for the direct GaC1-NH3 reaction. Most likely, the 
direct Reaction [4] is the biggest contr ibutor  to the 
deposition of GaN, because part ial  pressures of reac- 
tants GaC1 and NH3 are much higher than  part ial  pres-  
sures of either GaCl3 or GaC13 �9 NH3. 

From the value of hF~ = --9.3 kcal for Reaction [4] 
the corresponding value of the equi l ibr ium constant  
K(4I = 55. This value of K(4) suggests that  in the case 
of the H2 carr ier  the part ial  pressure P ~  = 9 • 10 -1 
atm is sufficiently high to prevent  all GaCl(g) from 
reacting with NHs(g) (PNH3 = 1 • 10 -1 a tm).  When 
He is used as the carrier gas (i.e., PH2 ~ 10-3 atm) 
more GaCl(g) reacts (Fig. 2). However, in nei ther  case 
was the equi l ibr ium reached. 

Figure 1 shows the part ial  pressures of various 
gaseous species along the tube for the cases of H2 and 
He as the carrier  gas. The pressure curves were drawn 
from the determinat ion of the ini t ia l  and final par t ia l  
pressures of vapor species; no exper imental  data were 
obtained for the in te rvening  points. It  is usual ly  as- 
sumed that  in vapor-phase deposition apparatus  ther-  
mochemical equi l ibr ium is established throughout  the 
system. Our results show that  this is not the case in 
the GaN deposition system. From the thermochemical  
data in Table IV it is obvious that  the following reac- 
tions would occur readi ly  if equi l ibr ium were achieved 
under  our  exper imental  conditions 

NI-Is(g) --> I/2N2(g) -{- 3/2H2(g) 
[10] 

AF~ 1173 = -- 19.9 kcal /mole 
and 

z V a l u e  of  t h e  r e a c t i o n  t i m e  (4 sec) w a s  d e t e r m i n e d  f r o m  t h e  
k n o w n  g a s  s t r e a m  v e l o c i t y  a n d  t h e  k n o w n  d i s t a n c e  b e t w e e n  t h e  

i n l e t  t u b e  a n d  t h e  m a s s  s p e c t r o m e t e r  s a m p l i n g  c a p i l l a r y .  

GaN(s)--> Ga(1) -{- I/2N2(g) 
[11] 

AF~ 117a = --6.2 kcal /mole 

The decomposition of NH3(g) has already been dis- 
cussed. Lorenz and Binkowski have shown (16) that 
while the decomposition of GaN(s) does occur at tem-  
peratures over 600~ the rate of this reaction is very 
slow. Therefore, due to the kinetic limitations, the 
above reactions do not proceed in  this system and the 
thermochemical  equi l ibr ium is not established. On the 
other hand, the deposition of GaN(s) is a fast process. 

Indeed, the very  fact that  GaN(s) can be deposited 
under  our exper imental  condit ions is the result  of the 
fortuitous kinetics. The deposition and the deposition- 
opposing processes can be represented by the following 
scheme 

kl 
GaCI + NH3 ) GaN 

$ k2 ~ k3 
N2 + H2 Ga(1) + N2 

where kl, k2, and k3 are rate constants of correspond- 
ing processes. One succeeds in depositing GaN(s) only 
because the fact that  kz > ~  k2, ka leads to the favor-  
able deviations from the thermochemical  equil ibrium. 
Due to these deviations the reacting NH3 is present  in 
sufficiently high concentrat ions and the decomposition 
of the deposited GaNcs) is practically negligible. 

Significant deviations from the equi l ibr ium situation 
were also detected in our earlier work on the 
GaAsxPl-~ system (3). 

Conclusions 
The main  results of mass spectroscopic studies of the 

GaN deposition system are: 
1. Both C12 and HCI react readily with Ga(l) in 

the tempera ture  in terval  700~176 GaCl(g) was the 
only gall ium chloride produced in these reactions. 

2. NH3 does not undergo significant decomposition 
under  the exper imental  conditions present  in our depo- 
sition system. The influence of various catalysts and 
the carrier gas (He vs. H2) on the decomposition of 
NH3 was studied and reported. 

3. On the basis of mass spectrometric results and 
collected thermochemical  data we discussed the feasi- 
bi l i ty  of various reaction mechanisms which lead to 
the deposition of GaN. The over-al l  react ion-control-  
l ing equi l ibr ium can be wr i t ten  as 

GaCl(g) ~- NI-Is(g) "--> GaN(s) + HCI(g) ~ H2(g) 

4. The abi l i ty  to deposit GaN under  our experi-  
menta l  conditions rests on the fact that  reactions of 
decomposition of NH3 and GaN are much slower than 
the GaN deposition reaction. The resul t ing favorable 
deviation from the thermochemical  equi l ibr ium leads 
to the net accumulat ion of GaN, al though it is actually 
a metastable phase at the temperatures  employed. 
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Thermodynamic Analysis of the III-V Alloy Semiconductor 
Phase Diagrams 

III. The Solidus Boundary in the Gal_ AIxAs Pseudobinary System 

L.. M. Foster,* J. E. Scardefield, and J. F. Woods 
IBM T. J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

The solidus boundary  in the Gat-xAlxAs pseudobinary system was deter-  
mined by a technique which employs the electron microprobe to analyze the 
pr imary  phase of compositions equil ibrated in the two-phase field. The solid 
solutions in this system appear to be essentially ideal over the entire composi- 
tion range, since the exper imental  solidus boundary  is in good agreement  with 
that calculated with the assumption of ideal solid and liquid solutions. This is 
consistent with the hypothesis that  an alloy whose two components have the 
same lattice parameter  will obey Raoult 's  law of mixing. 

Of all the I I I -V compound semiconductors, alloys 
between GaAs and AlAs offer some of the most at-  
tractive features. Direct radiat ive t ransi t ions with high 
quan tum efficiencies are permit ted up to about 40 m/o  
(mole per cent) AlAs, corresponding to red (ca. 
6800A) light emission. The alloys are par t icular ly  
amenable  to preparat ion by l iquid-phase epitaxy from 
gaUium-rich solutions (1), and high quality, single- 
crystal GaAs substrates are readily available. A pri-  
mary  consideration in the early choice of Gal-xAlxAs 
for exploitat ion was the almost perfect lattice parame-  
ter match between GaAs and AlAs (aGaAs ~-~ 5.653A; 
aA1As : 5.662A) (2). Because of this lattice match, 
s t ra in-free  layers of Gal-~AlzAs of high metal lurgical  
qual i ty could be deposited by epitaxial techniques onto 
GaAs substrates. Moreover, the lattice parameter  
match avoids the introduct ion of carrier  t rapping 
states at the interface between the epitaxial layer and 
the GaAs. 

The authors recent ly suggested (3) that  the degree 
of match between the lattice parameters  of the two 
I I I -V compounds forming an alloy might  also deter-  
mine  in part  the homogeneity and general  "quali ty" 
of bulk  crystals of the alloy. This is a consequence of 
the absence of lattice strain that would otherwise be 
introduced when alloys are formed from compQnents 
of different sizes. This s train makes a contr ibut ion to 
the excess free energy of mixing, which causes a de- 
par ture  of the phase boundaries  in the T -  x phase 
diagram from their  positions for ideal solutions. 

In  the earlier investigation, Foster and Woods (3) 
determined the degree of nonideal i ty  of the three 
homologous alloy systems, GaxInl-xSb,  GazInl-zAs,  
and Ga~Inl-xP,  in which the lattice parameters  of the 
two components differ by 6.10, 6.92, and 7.38%, respec- 
tively. The excess free energy of mixing found for the 
three solid alloys correlated with the lattice parameter  

* Electrochemical  Society Act ive  Member .  
Key  words :  phase d iagrams ,  compound semiconductors ,  solution 

theory. 

mismatch, increasing from the ant imonide  to the 
arsenide to the phosphide. 

In a separate study (4) it was shown that  in the 
GaSb~-xAs,  system, where the lattice mismatch is still 
greater (7.52%), the excess free energy of mixing is 
also greater than for the other systems. 

Although the relationship between the lattice pa- 
rameter  mismatch and the nonideal i ty  of a system is 
not known in detail, and probably cannot be simply 
described in terms of elastic strain, it was predicted 
that  a vanishing mismatch would be accompanied by 
a vanishing excess free energy of mixing. The assump- 
tion that  the Gal-zA1,As system was ideal, because of 
the very  good parameter  match, had been made by 
others (5, 6), and this was largely supported by  cal- 
culat ion of the Ga-A1 interact ion parameter  from 
solubil i ty data in the gal l ium-rich corner of the Ga-  
A1-As ternary.  The liquidus data at low temperatures  
could be fit quite well using an interact ion parameter  
of zero. The fit was poorer at the highest tempera ture  
( l l00~ however. 

The present  investigation to determine the solidus 
boundary  in the Gat -~AI ,As  system was under taken  
in order to test the hypothesis that  this pseudobinary 
system is ideal, with data obtained in the same man-  
ner  as for the earlier systems (3). 

Experimental 
The procedure employed to obtain the solidus bound-  

ary has been described by Foster and Scardefield (7). 
In  brief, referr ing to Fig. 1, a finely ground (to pass 
200 mesh) mix ture  of the two components is pressed 
into a pellet and held at a constant  temperature  T 
wi th in  the two-phase region of the pseudobinary dia- 
gram for a sufficient t ime to become equilibrated. It  
will  then consist of solid solution particles whose com- 
position is given by  the solidus at T, suspended in a 
l iquid whose composition is given by the l iquidus at 
this temperature.  After  the equil ibrated sample is 
quenched, the solid solution particles can be readi ly 
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Table I. Solidus data in the Gal-xAIxks system 

XAIAn, 
Temp,  ~ mole f rac t ion  

1273 0.200 
1313 0.368 
1350 0.480 
1435 0.680 
1490 0.748 
1563 0.835 
1602 0.879 
1653 0.926 

identified visual ly and are analyzed with an electron 
microprobe. The entire solidus curve is generated by 
equi l ibra t ing  a sufficient number  of samples in the 
two-phase region over the temperature  range between 
the mel t ing points of the pure components.  

The method of encapsulat ing the pressed sample 
pellets for equi l ibrat ion at high temperatures  is shown 
in Fig. 1 of Ref. (7). For the present  experiments,  a 
pyrolytic boron ni tr ide crucible was preferred over 
the a lumina one shown there because of the greater 
ease of removal  of the s intered pellet after quenching.  
I t  was determined that  48 hr at temperature  was suffi- 
cient for equilibration,  as indicated by flat plateaus 
in the composition vs. distance plots of the microprobe 
data [see Ref. (7)].  

For samples of high AlAs content  it was necessary 
to main ta in  a film of kerosene over the polished sur-  
face unt i l  just  before insert ion into the microprobe 
vacuum in order to prevent  reaction with air or mois- 
ture. 

Results and Discussion 
Eight exper imental  points were determined. The 

data are given in Table I and plotted in Fig. 1. The 
samples for the four highest tempera ture  points were 
equil ibrated in a different furnace from that used for 
the lower four. The displacement of one set relat ive 
to the other probably  reflects a small error in tempera-  
ture measurement  in one of the furnaces and is not 
considered significant. The mel t ing point  of GaAs 
(1240~ was taken from Lichter and Sommelet  (8). 
The mel t ing point of AlAs (1770~ was determined 
in this laboratory by R. J. Chicotka. 

The cont inuous curves of Fig. 1 a r e  the ideal l iq-  
uidus and solidus boundaries  calculated from [1] and 
[2] below (Eq. 13 and 14, Ref. 3). 

1700 

o 1600 

1500 

1400 

1300 

XAIAs 

Fig. 1. GaAs-AIAs pseudobinary system. 0 This work; [ ]  lef. 
($); A R. J. Chlcotko,  personal communication.  ~ Ideol 
boundaries calculated from [ I ]  and [2] (see text). 

xid  I -- {1 -- exp [ - -  L I (T  -- T1) /RTT1]} /  

{exp [-- I ~ ( T  -- T2) /RTT2] 

-- exp [--  L I (T  -- T1)/RTT1]} [1] 

xlC = {1 -- exp [LI (T  -- T1) /RTT1]} /  

{exp [L2(T -- T2)/RTT2] -- exp [ L I ( T -  T1)/RTT1]} 
[2] 

where the heat of fusion of GaAs, L1, is t aken  to be 
25.18 kcal/mole,  as measured by Lichter and Somme- 
let (8). There are no exper imenta l  heat of fusion data 
for AlAs. The ideal curves were calculated with the 
entropy of fusion of AlAs assumed equal to that  of 
GaAs; i.e., St = L1/TI = 16.64 eu, and ~ : 16.64 • 
2043 = 34.0 kcal/mole.  This, of course, is very approxi-  
mate;  however, plots with the entropy of fusion of 
AlAs taken 0.5 eu higher or lower were essentially 
indist inguishable from those of Fig. 1. xid I and ~:id s in 
[1] and [2] are the mole fractions of AlAs in the l iquid 
and solid, respectively. TI and T2 are the mel t ing tem- 
peratures of pure GaAs and AlAs. 

I t  appears from Fig. 1 that  the solidus in this system 
is very nearly ideal. This cannot  be established un -  
equivocally in the absence of data for the liquidus, 
since deviations from Raoult 's  law in the l iquid would 
affect the solidus curve as well  as the l iquidus curve. 
[The liquidus data that  are available (5, 6) are not at 
sufficiently high tempera ture  for extrapolat ion onto 
the GaAs-AIAs tie l ine to give the l iquidus in  the 
pseudobinary.]  According to our calculations, how- 
ever, in order for such deviat ions to shift the solidus 
for a nonideal  solid to the position calculated for an 
ideal solid, the liquid would have to be even less ideal 
than the solid. In  the four systems studied previously 
(3, 4) the liquids were all more ideal than  the solids. 
If this character is assumed for the Gal-zAlxAs sys- 
tem, it can be concluded that  both l iquid and solid 
phases in this system are ideal. This s t rengthens the 
hypothesis (3) that, in a I I I -V semiconductor alloy, 
depar ture  from Raoult 's  law of mixing  is closely as- 
sociated with the degree of lattice mismatch between 
the two components of the alloy. 
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The Effect of Mask Edges on 
Dopant Diffusion into Semiconductors 

C. F. Gibbon, E. I. Povilonis, and D. R. Ketchow 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

A series of masked diffusions of Sn into GaAs and B into Si has been made 
through masks having stripe openings ranging in width from 20 mils (508 ~m) 
down to 0.1 mils (2.5 #m). For Sn diffusion into GaAs from a pyrolyt ical ly  de- 
posited, doped SiO~ source the junct ion  depth depends strongly on mask open- 
ing width. It increases with decreasing mask opening size, passes through a 
max imum as large as 3 times the unmasked value and then  decreases slightly 
at the smallest opening widths. These results are shown to be consistent with 
the  presence of an accelerated diffusion at the mask edge. This "pul l -down" 
of the junct ion  at the mask edge overlaps at nar row mask openings and pro-  
duces the increase in junct ion  depth. Diffusion of boron through an SiOa mask 
opening also results sporadically in the production of a junct ion  profile which 
suggests that diffusion is accelerated at the mask edge with an accompanying 
change in junct ion  depth with mask opening size. It  is shown that  the effect 
appears in a var ie ty  of diffusion source systems. Three possible mechanisms 
by which mask edges could affect diffusion of dopants into semiconductor sub-  
strafes are  described. Some tentat ive explanations of the observed effects have 
been made on the basis of these mechanisms. 

Although diffusion into semiconductors is often 
studied on unmasked slices, in practice most diffusions 
for device applications are masked to produce a p lanar  
pattern. In  carrying out diffusions of Sn into GaAs the 
authors have observed that  the junct ion depth ob- 
tained with a diffusion done through a mask opening 
is f requent ly  much deeper than that  obtained under  
identical circumstances in an unmasked  slice. It  is 
clear, therefore, that  diffusions through mask openings 
are not  necessarily identical to diffusions into un -  
masked slices done under  the same conditions. At least 
t h r e e  factors could cause enhanced penetra t ion in th e  
case of the masked diffusions; they are strain effects, 
source film edge effects, and indiffusion of impuri t ies  
from the mask. These three factors are discussed below. 

Strain efJects.--In m a n y  cases, as for instance when  
using SiO~ masks on Si, the mask has a significantly 
different coefficient of expansion than the substrate. 
Stresses are then present  at the mask/subs t ra te  in ter -  
face at any  temperature  different from the tempera ture  
of formation or deposition of the mask. When a strip 
of the mask is removed for diffusion, it is conceivable 
that  the elastic s train in the vicini ty of the mask edge 
could be relieved by the generat ion of a dislocation 
network along the mask edge. This generat ion might  
not occur unt i l  later when the slice is heated for diffu- 
sion and the yield stress diminished by the increase in 
temperature.  It  has been shown (1) that  mechanical  
deformation can accelerate or re tard diffusion in silicon 
depending on the dopant type. Thus one might  expect 
to find some enhancement  or re tardat ion of diffusion 
along the mask edge in  a semiconductor substrate due 
to thermal  s t ra in effects. 

Source ]21m edge e~ects.--If the diffusion is done by 
driving the dopant  into the substrate from a finite, 
predeposited, thin film source, then the effective source 
film thickness can change considerably near  the mask 
edge. (See Fig. 1; the walls of the mask opening are 
shown as vert ical  in this i l lustrat ion al though they 
are  general ly  at some angle to the surface due to 
undercut t ing.)  At the mask edge the thickness of th e  
film wil l  increase due to the deposition of the film 
source on the side walls of the mask opening and also 
due to filleting of the corner if the source viscosity is 
low enough that  it will  flow under  the influence of t h e  
s o u r c e  f i lm s u r f a c e  tension. This effect will  be ira- 

* Key words: diffusion, silicon, gallium arsenide, masking. 

por tant  only in t h o s e  cases  w h e r e  th e  source film is 
sufficiently thin or the diffusivity of dopant  in the film 
sufficiently high that the finite thickness of the source 
becomes impor tant  in the diffusion kinetics. 

In-di~usion Jrom mask.--The mask itself can operate 
as a source of impuri t ies  dur ing  diffusion. This is par-  
t icular ly t rue  for diffusions of certain dopants into 
compound semiconductors such as GaAs where pyro- 
lyt ical ly deposited SiO2 films in tent ional ly  doped with 
phosphorus are used as masks (2). The phosphorus is 
needed to decrease the diffusivity of dopants in the 
mask medium but, of course, it could diffuse into the 
substrate itself. Therefore, along the mask edge the  
diffusion of the dopant  could be altered by  the presence 
of the in-diffusing impur i ty  which has the mask as its 
source. If the impur i ty  is electrically active it can pro- 
duce a field which may either re tard or accelerate the  
dopant  depending on the relative charge and the dif- 
ference in size of the diffusion coefficients of the two 
species (3). If the ions are subst i tut ional  and of con- 
s iderably different size then strain effects might  also 
produce an interact ion between them, and an al tera-  
tion of their diffusion coefficients. Thus again some 
variat ion in diffusion properties near  the mask edge 
might  be e x p e c t e d .  

In  this work it is shown that the differences in dif- 
fused junct ion  depths between masked and unmasked 
substrates is related to an apparent  dopant  diffusion 
acceleration effect associated with mask edges. Several  
features of this mask enhanced diffusion effect make 
it of interest. First  as noted below, in the case of boron 
diffusion into silicon from certain sources it is sporadic, 

Fig. !. Hypothetical diagram of diffusion source distribntion 
around a mask opening and resulting junction profile; Te and T~. 
are the center and edge thicknesses of the source film; and xjr and 
Xje are the center and edge junction depths. 
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occurring unpredic tably  for silicon substrates proc- 
essed with nominal ly  identical  procedures in  the same 
or different facilities. It  thus represents  a possible 
source of diminished control over diffused elements. 
Second, the effect gives a var iat ion in  the junct ion  
depth with mask opening size which makes moni tor -  
ing diffused layer properties with separate test chips 
difficult. And third, the mask edge effect, when  pres- 
ent, creates a junct ion profile with a point under  the 
mask edge (see Fig. 1) which could be a source of 
al tered reverse bias breakdown in diodes. [The over-  
lapping effects of the mask edges for small  ( ~  10 #m) 
mask openings produces what  appears to be s imply 
a deeper junct ion  than would be produced on an un -  
masked slice without  the edge-associated pul l -down.]  

Experimental 

In  order to investigate the existence and magni tude  
of mask opening effects on diffusion, a mask having 
openings from 20 mils (508 #m) to 0.1 mil  (2.5 #m) 
wide was made and a series of diffusions was done into 
slices having this configuration etched into their  masks. 
Diffusions were done with Sn through phosphorus-  
doped SiO2 masks into GaA~ and with B through ther-  
mal ly  grown SiO2 into Si. 

The gal l ium arsenide substrates into which Sn dif- 
fusions were done were p- type  boat -grown ingots 
having a base doping p ~ 5 • 1016/cm 3. The polished 
and etched slices were cleaned and phosphorus-doped 
SiO2 masks deposited on them. After  application of 
photoresist, exposure through the mask and etching, 
approximately 3000A of t in-doped SiO2 was deposited 
as a diffusion source from a forming gas stream passed 
through a solution of ethylorthosil icate plus 2 volume 
per cent (v/o)  te t ramethyl  tin. The dopant  was then 
d r iven- in  for 1 hr in forming gas at 1050~ This t in  
diffusion system has been discussed in detail by Gib-  
bon and Ketchow (4). The specimens were angle 
lapped, stained, and photographed after diffusion. 

The boron diffusions were done into silicon wafers, 
8 mils thick, cut from a 10-12 ohm-cm, n-type,  phos- 
phorus-doped, <111> oriented silicon ingots, 0.850 in. 
in diameter. Three of these were float zone ingots and 
one Czochralski. These wafers had one side silica-sol 
polished, and it is into this side that  the diffusions 
were performed. 

Both sides of the substrate were either wet or dry 
oxidized to 10,000A (the oxide on the back side is re-  
tained throughout  processing). The dry oxidations 
were done at 1200~ and the wet oxygen oxidations 
at 1050~ A boron diffusion is then performed into 
the substrate wafer through the mask openings. Dif- 
fusion sources utilized included boron nitride, boron 
tribromide, boron-doped oxide films, and low energy 
boron ion implantat ions.  

Several different BN source systems were used, but  
in each case a 10-20 rain predeposition in an inert  gas 
ambient  at 870~176 was followed by a 60-70 min  
dr ive- in  in 10% 02 in N2 at 1135~176 (These 
parameters  were constant  for each system, the ranges 
refer to all systems utilized.) The BBr3 source diffu- 
sion included a predeposition in 0.2% O2 in N2 at 875 ~ or 
1140~ and a dr ive- in  in  10% 02 in N2 at 1135~176 
A control wafer, without  any  oxide mask, was usual ly  
diffused s imultaneously with the oxide-masked sub- 
strate wafer. The sheet resistance of the diffused layer 
on the control wafer  was measured with a 4-point-  
probe. Both the control wafer and the substrate wafer 
were angle-lapped, stained, and the junct ion  depths 
of the diffusion measured and photographed with an 
interferometer.  In  s tudying the photomicrographs of 
the angle laps one should keep in mind that  the dif- 
fused region is distorted by the magnification of dis- 
tances perpendicular  to the surface by a factor of 20 
over those parallel  to the surface. Surface concentra-  
tions were determined from sheet resistance and junc-  
tion depth data using I rvin ' s  curves (5). 

Tin Diffusion into GaAs 

Results 
Figures 2 and 3 show the junct ion  depths obtained 

after diffusion of Sn in GaAs as a function of mask 
opening size. The data are given for two different 
mask thicknesses: 1600 and 4800A. The junct ion  depth 
in an unmasked slice given the same t rea tment  was 
0.9 ~m, The diffusion depth starts near  this value for 
the center of the widest mask opening and increases 
with decreasing mask opening. It  reaches a m a x i m u m  
of near ly  three times the unmasked  depth in the 
neighborhood of 20-50 ~m mask opening width. It  
then decreases slightly. The thickness of the mask 
seems to have li t t le effect. Near the edge of the phos- 
phorus-doped SiO~ mask the junct ion  depths are 
deeper than  at the center  when  the mask opening is 
larger than  50 ~m. This mask edge "pul l -down" effect 
is clearly visible in Fig. 4, which shows photomicro- 
graphs of four diffused stripes of various widths in a 
specimen with a 1600A phosphorus-doped SiO2 mask. 
The junct ion  outl ine is given a peculiar dished out 
appearance by this mask edge effect. I t  can be seen 
that  the apparent  increase in center junct ion  depth 
with decreasing opening width is due to the overlap-  
ping of the two-edge effects. 

Discussion 
The first of the mechanisms postulated in the begin- 

ning of this paper by which diffusion might be altered 
by the presence of the mask edge is the presence of a 
deformed region due to the difference in the thermal  
expansion coefficient of the oxide and GaAs substrate. 

- - ,  i I J i I ' 

3 , 0  

X- 

I 0  

I000 I00 I0  I 0 

MASK OPENING (m~L) 

Fig. 2. The junction depth us o function of mask opening size 
for tin diffusion into GaAs with a 1600A P-doped SiO2 mask. 
Measurements from both the center and near the mask edge are 
shown. 
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Fig. 3. The junction depth as o function of mask opening 
for o 4800~ mask. 
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Fig. 4. Photomicrographs of angle-lapped slices of C-aAs showing 
pull-down of diffusion near the phosphorus-doped SiO2 mask edge; 
mask opening width Co) 10 mils, (b) 5 mils, (c) 1 mil, and (d) 0.5 
mils. 

The thermal  expansion coefficient of the phosphorus- 
doped SiO2 mask is not known;  however, the expan-  
sivity of pure SiO2 is low, about 6 X 10-7/~ while 
that of GaAs is near ly  60 • 10-7/~ The general  
tendency is for a marked increase, up to an order 
of magnitude,  in the thermal  coefficient of ex- 
pansion of silicate glasses as other compounds are 
added to SIO2. For instance, borosilicate glasses have 
an expansivi ty  around 40 X 10-7/~ Thus the expan-  
sion coefficient of the mask is probably, but not  cer- 
tainly, less than GaAs, and interface stresses may 
develop when the masked substrate is heated above 
the deposition temperature.  This stress could conceiv- 
ably alter the diffusivity of the t in  in the substrate 
and produce the observed pu l l -down at the mask edge. 

The second effect postulated was variat ions in the 
source film thickness due to the presence of the mask 
walls  (see Fig. 1). The possible extent  of this effect 
c a n  be estimated from Eq. [A4], which is developed 
in  the Appendix,  that  is 

\ (XJe) 2 7 j c  4Dr Te 
= = _  xjo)  In T--7 + 1 EA-4  

In  this case xjc for a wide mask opening is about 1.0 
X 10 -4 cm, D is approximately 5 • 10 - lz  cm2/sec (4), 
t is 3.6 • 103 sec and it seems reasonable to assume 
that the largest difference one could postulate between 
Te and Tc is about the thickness of the mask, so Tr is 
3 X 10 -5 cm and Te is about  8 X 10 -5 cm. If these 
values are used to find R from Eq. [A4], one finds 

R----1.2 

This is less than the value of 2.0-2.5 which can be seen 
from Fig. 2 and 3 to hold for R at large mask openings. 
The difference of about 0.2 #m between center and 
edge junct ion  depth predicted is one-fifth the observed 
difference of 1.0-1.5 ~m. Thus source thickness var ia-  
tions appear un l ike ly  to be the major  source of the 
mask edge junct ion  pul l -down.  

The third possibility for the origin of this effect is 
the coupling of the Sn diffusion flux to a flux of some 
impur i ty  which diffuses in  from the mask. In  these ex- 
periments,  the mask is doped with phosphorus, and thus 
it is possible that there is some in-diffusion of P. Very 
little is published on the subject of phosphorus diffu- 
sion in GaAs, but  it is known from the work of Stone 
(6) that  a surface concentrat ion of P around 102~ 8 
can be produced from 1 atm of~ pressure at 
1000~ Stone estimates the diffusion coefficient of 
phosphorus in GaAs to be 10 -12 to 10 -13 cm2/sec at 
700~176 Thus phosphorus may be present  in the 
GaAs under  the mask at 1050~ the dr ive- in  tempera-  
ture utilized in the present work. The mechanism by 
which the phosphorus might couple with the t in  dif- 
fusion to accelerate it is not clear. The phosphorus 
probably substitutes isoelectronically for arsenic on 
the arsenic sublattice, and thus it appears that  the 
electronic effects would be small. Phosphorus with a 
te t rahedral  covalent radius of 1.10A (7) is smaller  than  
the arsenic it replaces which has a corresponding value 
of 1.18A. Since the covalent radius of Sn is larger 
than Ga, 1.40A as compared to 1.26A, if t in  diffuses 
subst i tu t ional ly  it could be accelerated by a gradient  
in strain energy since the s t ra in field associated with 
it would be opposite in sign to that  associated with 
the phosphorus impuri ty.  

In summary  the junct ion  depth variat ion with mask 
opening size is a result  of junct ion pul l -down along 
the mask edge. It  appears that  this acceleration of dif- 
fusion at the mask edge is due either to strain effects 
related to differences in the thermal  coefficient of ex- 
pansion of the substrate (GaAs) and the mask (P-  
doped SIO2), or to in-diffusion of phosphorus. A more 
definitive unders tanding  of this effect will  require 
further  investigation. 

Boron Diffusion into Silicon 

Results 

Figure 5 shows the variat ion in junct ion depth with 
mask opening size for a silicon slice diffused with the 
BN system (note the suppressed zero in this figure). 
Assuming the diffusion to be approximately Gaussian, 
calculation of the surface concentrat ion from the sheet 
resistance and junct ion depth of an unmasked test slice 
gives Cs = 3 • 1019/cm ~. 

Here, as in the case of Sn diffusion into GaAs, the 
junct ion depth varies with mask opening size and this 
effect is seen in the inset angle lap photographs in 
Fig. 5 to be associated with a junct ion pul l -down at 
the mask edge. The enhancement  in junct ion depth 

Fig. 5. Typical enhancement in junction depth vs. mask opening 
size for boron diffused into silicon using a source layer predeposited 
from oxidized BN disks. 
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for the smallest  mask opening size is considerably 
grea ter  than the individual  enhancement  along ei ther  
edge which suggests t ha t  the effect combines super-  
l inear ly  when  the mask edges come in close proximity.  
It might  be suggested that  the general  increase in junc-  
tion depth is due to a nonuniform diffusion across the 
slice, however  no such effect was seen on accompany-  
ing unmasked test slices, and it recurred  in the same 
way on a number  of identical  masked slices. 

It  should be noted though that  silicon slices were  
diffused which had none of the mask edge effect or 
junction depth dependence on mask opening size seen 
here. The occurrence, or nonoccurrence,  was a lways 
uni form across a slice: the slice ei ther  showed the 
mask-edge  pul l -down or it did not. Ident ical  slices were  
diffused in similar  BN source systems by different 
operators  wi th  s imilar  results:  ve ry  roughly  half  the 
t ime the mask edge acceleration was seen in four  dif-  
ferent  systems. 

A number  of variables  were  examined in detail  to 
t ry  to locate the origin of the sporadic appearance of 
the mask-edge  effect. These included the orientat ion 
of the mask opening channels  on the (111) slice sur-  
face, and the growth ambient  and tempera tu re  of oxi-  
dation of the mask oxide. These variables  were  se- 
lected because it was felt  they might  influence the 
strain distr ibution around the mask edge. None of 
these variables  detectably influenced occurrence of the 
mask-edge  effect. 

Another  var iable  examined was the ingot source of 
the substrate. The slices utilized in this work  were  
cut from four nominal ly  identical  ingots. Most of the 
exper iments  (86 slices) were  carr ied out on slices 
from two ingots, one float zone and one Czochralski, 
in which the mask-edge  effect occurred; in the other  
two (float-zone ingots from which 17 wafers  were  
processed) no mask-edge  pu l l -down was observed. 
Thus the occurrence of the effect may be contingent  
on the value of some proper ty  in the substrate;  how- 
ever, it was not possible to determine  what  this feature  
was. There was no clear relationship, for instance, 
between ingot growth type and the presence of the 
enhanced mask-edge  diffusion. 

For  a single system, slices were  diffused with a series 
of predeposit ion t imes in order to va ry  the final sur-  
face concentration. Table I lists the results of this ex-  
periment.  The mask-edge  accelerat ion appears to occur 
more f requent ly  at h igher  concentrations. The sporadic 
nature  of the mask-edge  effect thus appears to be re-  
lated to variat ions in the surface concentrat ion be- 
tween individual  diffusions and to some differences 
in substrate properties.  Al though the list of var iables  
examined seems reasonably exhaustive,  other  unde-  
fined variat ions from slice to slice may influence the 
appearance of this effect. 

The effect appeared much less f requent ly  and with  
a much smaller  influence on junct ion depth in the case 
of diffusions from a source glass deposited f rom BBr3. 
Figure 6 shows a typical  case where  some mask-edge  

Table I. Diffusions from a BN source 

P r e d e p .  D r i v e - i n  M a s k -  S u r f a c e  
T i m e  T e m p .  T i m e  T e m p .  e d g e  conc .  
Cmin) (~ (min~ (~ e f fec t  (No . / cmg)  

Fig. 6. Junction depth vs. mask opening size for diffusion source 
predeposited from BBr3. 

effect was apparent.  In this system, the mask-edge  
effect did not appear  uni formly  across the slice, also 
other  i r regular i t ies  away  from the mask edge occa- 
sionally appeared. Table II lists results of a series of 
diffusions done wi th  different conditions to produce 
different surface concentrations. There  is in this case 
l i t t le  evidence of dependence on surface concentration.  

Severa l  other  sources of boron were  used for boron 
diffusion in this study. Diffusions from these sources 
also show the mask-edge accelerat ion effect. It  was 
called to the authors '  a t tent ion that  an apparent  mask-  
edge acceleration of diffusion is occasionally observed 
in integrated circuits  in which a p - layer  is diffused 
from a boron ion- implanta t ion  (8). In an effort to 
independent ly  reproduce this effect, 5 X 10'2/cm 2 and 
5 X 1013/cm2 implantat ions of boron were  made at 
room tempera ture  at 30 keV. The boron was then dif-  
fused in a 10% O2 in N2 ambient  for 1 hr  and 5 hr at 
l lh0~ Evidence of mask-edge  accelerat ion could be 
detected in the 5 hr  but not the 1 hr  diffusions (see 
Fig. 7). The fact that  such an effect is observed in 
these diffusions s t rongly suggests that  fil leting of a 
chemical  source film is not the origin of the mask-edge  
effect. 

Another  exper iment  pe r fo rmed  which indicated that  
the influence of mask-edge  filleting is not the source 
of mask-edge  accelerat ion was the diffusion of boron 
from channels of boron-doped SiO2 pyrolyt ica l ly  de- 
posited from silane, diborane, and oxygen at 350~ No 
oxide mask, as such, is present  in this case. Boron-  
doped SiO2 was deposited uni formly  over  the slice 
and then all of it was removed except  for stripes which 
were  paral lel  bars forming a pat tern  just  the negat ive 
of the mask pat te rn  previously  used. The slice was 
dr iven- in  in N2 at ll00~ As seen in Fig. 8 a channel  
edge acceleration appeared among these slices. (Some 
la tera l  diffusion along the unprotected surface also 
occurred.) Again, this result  points away from source 

1 870 60 I135 NO 1 x 10 TM 

1 870 60 1135 No 1 x 10 TM 

1 870 60 1135 No 1 x 10 TM 

5 870 60 1135 NO 6 X 10 TM 

5 870 60 1135 No 6 X 10 TM 

5 870 60 1135 No  6 x 10 TM 

5 870 60 1135 No 6 x 10 TM 

10 870 60 1135 NO 1 x 10 TM 

10 870 60 1135 Yes  1 X 1019 
I0 870 60 1135 Yes 1 X 10 TM 

20 870 60 1135 Yes 3 x 10 TM 

20 870 60 1135 Yes 3 X 1019 
20 8,70 60 1135 Yes 3 x 10 TM 

20 870 60 1135 Yes  3 x 10 TM 

100 870 60 1135 No  9 x 10 TM 

100 870 60 1135 No 9 X 1019 
100 870 60 1135 Yes  9 x 10 TM 

Table II. Diffusions from a BBr3 source 

P r e d e p .  D r i v e - i n  E v i d e n c e  of S u r f a c e  
T i m e  T e m p .  T i m e  T e m p .  m a s k - e d g e  conc.  
( ra in )  (~ ( m i n )  (~  e f f ec t  ( N o . / c m  ~) 

20 875 30 1135 Yes 6 x 10 TM 

20 875 30 1135 No 6 x 10 TM 

20 875 60 1135 No 7 • 10 TM 

20 875 60 1135 NO 7 x 10 TM 

20 875 60 1135 No  7 • 10 TM 

1 875 60 1135 No 9 X 10 TM 

1 875 60 11:35 Yes 9 • 1019 
I0 875 60 1135 No 3 • 10 TM 

I0 875 60 1135 No 3 X I0 TM 

100 875 60 1140 No  1 x 10 ~ 
I00 875 60 1140 No 1 x I0 ~ 
I0 1140 I0 1135 Yes 4 • i02~ 
i0 1140 I0 1135 No 4 x 1020 
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Fig. 7. Junction depth vs. mask opening size for a diffusion from 
an ion implanted source (Total dose = 5XlO12/cm2; implanta- 
tion energy = 30 keV; diffusion 5 hr at 1140~ 

Fig. 8. Junction depth vs. channel width for boron diffusion from 
an unmasked stripe of deposited B-doped Si02. 

accumulat ion at the mask edge as the origin of the 
apparent  acceleration. 

In summary,  this s tudy reveals  the presence of a 
sporadic mask-edge  diffusion phenomenon for boron 
diffusion into silicon. It does not depend on the type 
or thickness of the masking silica film used nor does 
it appear  to be related to the faci l i ty in which the oxide 
film is formed. No consistent pat tern  has occurred re-  
garding the mask-edge  effect wi th  any of the var ia -  
tions of the many  parameters  of predeposit ion and 
dr ive- in  of the boron impur i ty  which were  studied, 
a l though there  is some suggestion that  the pu l l -down 
occurs more  f requen t ly  for h igher  surface concent ra-  
tions in the BN system. The possibili ty of a dependence 
on silicon ingot source from which the various sub- 
s t rate  wafers  were  cut was found. No influence of the 
orientat ion of the channel  pat terns  on the slice surfaces 
was discerned. 

Discussion 

The mask-edge  effect as has just  been seen has a 
very  elusive origin. Its presence in slices diffused from 
ion implanted sources and B-doped SiO2 channels 
el iminates source filleting as a p r imary  cause of it. As 
noted before some diffusion masks used on compound 
semiconductors are heavi ly  doped to decrease the 
permeabi l i ty  of the mask mater ia l  to the dopant and 
this may  influence in-diffusion near  the mask edge. 
However ,  the diffusion masks used on silicon are the r -  
mal ly  grown SiO2 which is genera l ly  ve ry  l ight ly  
doped (by accumulat ion of base doping f rom the sub- 
s t rate) ,  and, therefore,  the influence of impuri t ies  in-  
diffusing f rom the mask seems unl ikely to have  a 

strong influence on subsequent  diffusion through open-  
ings made  in the mask. (The fact that  oxidat ion condi-  
tions do not have  a crit ical  influence on the  appear -  
ance of the mask-edge  effect supports this conclusion.) 

Thus the presence of strain at the mask edge, due to 
the thermal  expansivi ty  mismatch seems the most 
prominent  potent ial  cause of the mask-edge  effect. 
It should be pointed out, however ,  that  x - r a y  topogra-  
phy has failed to reveal  dislocations associated with  
mask edges in any of the boron diffused slices studied 
(9). (Dislocations have been observed to be generated 
at a mask edge (10); however ,  this appears  to be as- 
sociated with  diffusions in which the surface is near ly  
sa turated with  the dopant, a condition not general ly  
fulfilled in the present  work.)  This indicates that  any 
strain effects which are act ive must  be re la ted to elas- 
tic strain fields wi th  no influence of plastic deforma-  
tion. This is a ra ther  surprising observat ion since me-  
chanical  strain effects on diffusion in silicon are  gen-  
e ra l ly  associated with  the generat ion of dislocations 
(1). The random appearance of the pu l l -down strongly 
suggests that  the conjunct ion of several  factors may  
be requi red  to precipi tate  its occurrence. The magni -  
tude of the strain field surrounding the mask edge 
could be a ve ry  sensit ive function of a number  of 
factors (oxidat ion tempera ture ,  orientation, oxidation 
ambient,  diffusion ambient,  and substrate  prepara-  
t ion) ;  thus a strain field of appropr ia te  sign and 
magni tude  may  be present  only in a l imi ted number  
of cases even where  the procedure is nominal ly  the 
same. 

Elastic strain effects if present  at the mask edge can 
influence diffusion in two ways. First  there  can be the 
direct influence of the strain field on the diffusion flux 
itself (11). Second the strain field can al ter  the equi-  
l ibr ium concentrat ion of point defects and thus poten- 
t ial ly influence the diffusion coefficient. Other  some- 
what  more subtle effects of the presence of the mask 
may be the source of the diffusion acceleration, how- 
ever.  Perhaps,  for instance, the t ransient  flow of va-  
cancies of the slice dur ing cooling of the slice from 
the diffusion furnace may be influential. 

Summary and Conclusions 
1. An effect of mask opening size on diffusion into 

semiconductor  substrates could arise f rom a number  
of sources: (i) s train effects at the mask edge; (ii) 
source film filleting at the mask edge; and (iii) in-  
diffusion of impuri t ies  f rom the mask. 

2. It  has been found that, in the diffusion of GaAs 
with  Sn from Sn-doped SiO2 through openings in 
P-doped  SiO2 masks, the junct ion depth depends 
s t rongly on the mask opening size. Examinat ion  of 
the photomicrographs of angle laps of the junct ions 
suggests that the observed var ia t ion was due to a 
diffusion accelerat ion associated with  the mask edge. 
An  approximate  calculat ion shows that  this pu l l -down 
is probably  not due to the presence of a th icker  source 
film along the mask edge. Thus enhancement  in the 
diffusion flux at the mask edge due e i ther  to mask-  
edge strain effects or to the s imultaneous in-diffusion 
of phosphorus f rom the mask appears to be the origin 
of the effect. 

3. In diffusions of boron into silicon the apparent  
mask edge associated diffusion accelerat ion is not 
associated exclus ively  wi th  any par t icular  diffusion 
source system; it appears sporadically in all systems 
examined including BN, BBr3, B-doped predeposi ted 
SiO2 channels, and ion- implanted  sources. 

4. The effect appears in diffusion systems where  
mask-edge  source filleting could not be its origin. Thus 
mask-edge  strain is indicated as a l ikely source of the 
apparent  diffusion acceleration. 

5. Since no dislocations can be associated with the 
mask edges in x - r a y  topographic studies of these slices 
it appears  that  the effect might  be re la ted to elastic 
strain. However  exact  del ineat ion of the mechanism of 
enhanced diffusion wil l  require  fur ther  study. 
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APPENDIX 

The only case considered is that where the diffusion 
is sufficiently long that  the source film has begun to 
deplete. In  that  case we will  approximate the source 
film as an instantaneous source having a surface con- 
centrat ion of CoT(atoms/cm 2) where Co is the dopant  
concentrat ion in the source film and T its thickness. For 
an  instantaneous source 

X2 

Q 4Dt 
C = ~ e  [A- l ]  

x/nDt 

where C is the concentrat ion at position x and t ime t. Q 
is the source surface concentrat ion and D is the dopant 
diffusion coefficient. Then, if Q is associated with CoT, 
the junct ion depth, xj, is related to T by 

l n (  Csx/~Dt ) = l n  T ( x j ) '  
Co 4Dr [A-2] 

where Cs is the concentrat ion of dopant in the sub- 
strate. If the film thickness at the mask edge is Te, and 
at the mask center is Tc, then the junct ion  depth at the 
edge (Xje) and center (Xjc) should be related by 

(Xje)  2 - -  (Xjc)  2 "-- 4D t l n  ~ [ A - 3 ]  
Tc 

or, dividing by (Xjc)  2 
4Dr Te 

( R )  2 - -  1 - -  - -  l n - -  [ A - 4 ]  
(Xjc) ~ Tc 

where R is the ratio between the junc t ion  depth at the 
edge and the center. Since 

CoTc 
(Xjc) 2 : 4Dr in  [A-5] 

Cs.~/nDt 
we have 

1 Te 
(R) 2 -- 1 = In [A-6]  

In (CoTc/Cs~/~Dt) Te 

Thus the center to edge ratio should increase with in-  
creasing background doping in the substrate, diffusion 
coefficient, and time. It should decrease with increasing 
doping concentrat ion in the source film and increasing 
source film thickness. 
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Silicon Cleaning with Hydrogen Peroxide Solutions: 
A High Energy Electron Diffraction and 

Auger Electron Spectroscopy Study 
R. C. Henderson* 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

HEED and Auger electron spectroscopy have been used to evaluate silicon 
cleaning by sequential  immersions in basic and acidic peroxide solutions. It  
was determined that  an oxide film 13-15A thick was left after the cleaning. 
This film contained boron at a surface concentrat ion estimated at 1013-1014 
B/cm 2. The carbide contaminat ion that  results upon heating to 800~ in u l t ra -  
high vacuum was dramatical ly  reduced when compared to wafers cleaned with 
other techniques. Wafers cleaned with the same process except for a final HF 
etch had no detectable boron in the surface oxide, formed relat ively large 
amounts  of surface silicon carbide at 800~ and suffered extensive surface 
roughening with l l00~ heating in vacuum. The protective mechanism of the 
peroxide cleaning is thought to be due to formation of a thin near ly  carbon 
free oxide layer that  volatilizes when the wafers are heated in u l t rah igh  
vacuum. It is recommended that  experiments  requir ing a solvent type cleaning 
and the heating of Si in ul t rahigh vacuum should use this cleaning method. 

When a silicon wafer is heated to 800~ in ul t rahigh 
vacuum, the silicon decomposes carbon-conta in ing 
adsorbates to form E-SiC particle protuberances (1-2). 
These particles can play a significant role as evident  

* Electrochemical  Society Active Member.  
Key words:  silicon cleaning, Auger  electron spectroscopy, HEED. 

by their effect on silicon epitaxy exper iments  (3, 4). 
A thorough chemical precleaning is desirable since it 
is thought  that this step is the dominat ing source of 
the carbon contaminat ion (2). 

A recent study has appeared evaluat ing the use of 
basic and acidic peroxide solutions in sequential  steps 



Vo[. 119, No. 6 SILICON C L E A N I N G  773 

for silicon cleaning (5). The work to be reported here 
presents the results of h igh-energy  electron diffraction 
(HEED) and Auger electron spectroscopy experiments  
on wafers cleaned by this method and heated in u l t ra -  
high vacuum. Par t icular  emphasis in this s tudy has 
been placed on the desirabil i ty of HF as a final proc- 
essing step. This emphasis was motivated by results 
indicating HF (i) enhances the carbon contaminat ion 
(6), (ii) is a source of metal  contaminat ion  (5), and 
(iii) is associated with the creation of stacking faults 
on (100) surfaces following oxidation (7). 

The wafers used in these experiments  were "Syton" 
polished (111) samples. The HEED optics and vacuum 
apparatus have been described previously (2). The 
Auger electron spectra were obtained using a coaxial 
cylindrical  analyzer  manufac tured  by the PHI Elec- 
tronics Company. The detailed wafer processing, re-  
ferred to here as peroxide cleaning, is presented in 
the Appendix.  After  loading, pump-down,  and bakeout 
wafers were subjected to various hea t - t rea tments  in 
pressures not greater than 1 • 10 -9 Torr. HEED dif-  
fraction pat terns and Auger electron spectra were re- 
corded after the samples had cooled to room tempera-  
ture. 

Some samples were examined by ell ipsometry be- 
fore being loaded in the vacuum station. In  all cases 
the surface film found after cleaning was 13-15A 
thick. A 1 min  etch in concentrated HF reduced this 
thickness to 8-9A. 

Auger electron spectra obtained from a boron-doped 
wafer (1015/cm3) cleaned with the peroxide method 
and before any hea t - t rea tment  are presented in Fig. 1. 
In  addition to the carbon, SiO, and O peaks, there is 
a peak at 180 eV. According to tabula ted values this 
peak could be due to the chlorine L3M23M23 or the 
boron KL2L2 Auger transit ions (8). No peaks were 
observed in the region 2200-2400 eV where  the KLL 
chlorine peaks would be expected. Accordingly, the 
!80 eV peak is ascribed to boron. (From the peak size 
one would estimate the surface concentrat ion to be 
1013_ 101,/cm 2. ) 

Figure 2 shows the data obtained from the same 
wafer described above after heating at 500~ for 103 
sec, heat ing at 900~ for 103 sec, and then rapid cooling 
to room temperature.  No significant data changes were 
observed after the 500~ heat - t rea tment .  However, it 
is evident  that  after the 900~ t rea tment  the peaks 
due to Si have changed dramat ical ly  in a manne r  de- 
scribed before (8) and that  the O and B have been 
reduced to values below their detection limits (which 
is expected to be 1012-1013/cm2). A small  quant i ty  of 
carbon remains. Confirming these observations, it is 
easy to calculate from SiO vapor pressure data (9) 
and the densi ty of SiO2 that  at 900~ in vacuum the 

BORON CARBON 
SILICON 
(OXIDE) 

Si ( i l l )  
R DOPED (lOIS/era 3) 
PEROXIDE CLEANED 
BEFORE HEATING 

OXYGEN 

,'0 2'0 s'o 20 s~o G~o 7"o B~o ,'o ,o'oo 
ENERGY (eV) 

Fig. 1. Auger electron spectra from a wafer cleaned as detailed 
in Appendix and before any heat-treatment of the sample. 

SILICON 
ITLT1 $i (Ill) B OOPED ( iOI5/cm 5) 

~ ~ . ~ j  PEROXIDE CLEANED 
HEATED 105sec AT 900"C 

X�89 IN UHV 

uJ 

z 

CARBON 

,o 2~o 30'0 A~o 5"~ B'oo 7;0 G'0 , "  ,0'00 
ENERGY (eV) 

Fig. 2. Auger electron spectra from the wafer in Fig. l, but after 
heating at 500~ for 103 sec, heating at 900~ for 103 sec and 
then cooling to room temperature. 

observed 15A of oxide would have evaporated in less 
than  103 sec. 

The HEED diffraction pat tern  obtained from the 
same wafer after heating to 900~ is shown in Fig. 3A. 
The notable feature here is the extremely weak dif- 
fraction spots due to /~-SiC. (The small  streaks dis- 
t r ibuted  on semicircular arcs are the S i ( ] l l ) - 7  sur-  
face s t ructure  described previously) (2). By way of 
contrast, note the plent iful  amount  of carbide evident  
in the pat tern in Fig. 3B. The sample had been treated 

Fig. 3. A. HEED diffraction pattern from the wafer described in Fig. 2. B. HEED diffraction pattern from a wafer cleaned and heated as 
in Fig. 2 except for a final HF etch, 
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in the same manner  as that  of Fig. 3A, except  that  
af ter  the peroxide cleaning the wafer  was dipped for 
1 rain in concentrated HF. 

The exper iments  described above were  repeated 
with phosphorus-doped (~10~6/cm 3) and ant imony-  
doped (~101S/cm 3) wafers.  The results were  identical. 

In all these exper iments  there  was no observable  
difference in the HEED or Auger  data if the final 
wafer  heat ing was in the range 900~176 Lower  
temperatures ,  however ,  did not rid the surface of ox-  
ide within the 103 sec. Higher  tempera tures  ( ~  1150~ 
leave no observable carbide (2). 

To confirm that  the 180 eV peak was indeed boron. 
a peroxide cleaned wafer  was heated to l l00~ for 
1 X 103 sec. Subsequently,  the surface concentrat ion 
was obtained by a capacitance inverse doping tech- 
nique (10). The data showed 3 X 10 IT B a toms/cm 3 
within 0.1~ of the surface. This number  is to be ex-  
pected based on the diffusion solution from a thin film 
source using the diffusion constant of boron at 1000~ 
(4 X 10 -1'~ cm2/sec) and a surface concentrat ion of 
1 x 1013 B a toms /cm 2. The excel lent  agreement  sup- 
ports the conclusion of boron contamination.  

The boron concentrat ion was the one par t icular  un-  
controlled var iab le  noted with this cleaning technique. 
With some wafers  no boron was detected at all. On 
the other  hand, consistency was observed for a given 
batch of samples, all cleaned at the same t ime al though 
of va ry ing  dopant types or crystal  faces. This fact im- 
plies that  the contaminat ion arises from the Py rex  
glassware utilized or possibly the cleaning solutions 
themselves.  

Wafers given a final HF etch after  being peroxide 
cleaned differed in several  respects from the data pre-  
sented above. In the first place, no boron Auger  peak 
was detected with these samples. Secondly, as evident  
from Fig. 3B, significantly greater  amounts  of carbide 
were  formed when the wafer  was heated. Finally,  HF-  
etched wafers  unaccountably  often exhibi t  a mat te -  
type finish due to surface roughening after  being 
heated to ~ l l 00~  For  the most part, this effect does 
not occur wi th  the peroxide  cleaned wafers. 

These la t ter  results confirm ear l ier  HEED exper i -  
ments that  demonstra te  HF enhanced carbon contam-  
ination (6). In the ear ly  work  wafers  were  cleaned 
by heat ing to 1200~ in vacuum until  the  surface was 
carbide free (presumably  by solid-state diffusion of 
the carbon) .  A comparison was made between those 
wafers  that  were  subsequent ly exposed to atmosphere 
and etched in HF and those that  were  just  exposed to 
atmosphere.  Af ter  heat ing to 800~ in vacuum the 
result ing diffraction pat terns  were  quite  similar  to 
Fig. 3B and 3A, respectively.  

Another  comparison may be made to wafers  cleaned 
by vapor  etching in HC1 gas at a substrate t empera -  
ture of l l00~ until  10 ~m of Si has been removed.  
After  loading the wafer  into the vacuum station no 
carbon is detectable with the Auger  electron spec- 
t rometer  and only a faint  trace of carbide is detect-  
able with HEED after heat ing to 900~ (11). This la t -  
ter technique is the most successful approach observed 
to date wi th  respect to carbon. However ,  as a method  
the e levated t empera tu re  and the re la t ive ly  large 
amount  of Si removal  required for successful cleaning, 
l imit  its applicabili ty.  

It is thought  that  the peroxide cleaning process pro-  
duces a re la t ive ly  small amount  of carbide contamina-  
tion by the fol lowing mechanism: Af ter  processing the 
15A of film remaining  is silicon oxide that  is re la t ive ly  
free of carbon-conta in ing compounds. The oxide acts 
as a passivating and protect ive layer  wi th  respect  to 
carbon adsorbates. At 900~ the oxide becomes re la-  
t ive ly  volatile. Since the major i ty  of the adsorbates 
are physisorbed to the oxide, they are carr ied away 
during the subl imation process when the wafer  is 
heated. 

In contrast  the surface that  emerges f rom HF  etch 
is par t icular ly  reactive. In addit ion to oxygen, the sur-  
face wil l  also take up carbon compounds e i ther  from 
the HF direct ly  or f rom the atmosphere.  The result ing 
oxide film has re la t ive ly  large amounts  of carbon in 
contact wi th  nat ive  silicon. When heated, the silicon 
attacks these compounds and yields copious amounts  
of SiC. Moreover,  it is seen that  carbon codeposited 
within  this oxide phase is the major  source of con- 
taminat ion ra ther  than from the background gases of 
the vacuum station as had been previously supposed 
(1). 

Previous  HEED exper iments  have examined wafers  
cleaned by iodine passivation (12) or other  etchants. 
Judg ing  the amount  of carbide from the intensi ty of 
the SiC diffraction spots, these exper iments  all show 
that  the peroxide method is the most successful solvent 
type precleaning approach observed to date with re-  
spect to carbon. On the other  hand, based on the dis- 
cussion above, any method that  would leave ~15A of 
carbon-f ree  oxide should serve equal ly  as well.  

Preferent ia l  local thermal  etching is thought  to be 
the mechanism that  causes the surface roughening 
with h igh- tempera tu re  vacuum heating. The results 
obtained above suggest that  this roughening is asso- 
ciated with the amount  of silicon carbide contamina-  
tion. 

The boron incorporat ion is not  surpris ing due to 
the known strong affinity of boron for the oxide phase 
(13). As noted above, this surface boron acts as a 
thin film diffusion source when these wafers  are 
heated, and the Py rex  cleaning glassware is suspected 
to be the boron source. Al though the boron can be 
e l iminated by HF etching, this has undesirable effects 
with regard to carbon or metal l ic  contamination.  Con- 
sequently,  it is recommended that  the peroxide method 
described here be used, but modified by using quartz  
ware  for the cleaning solutions. 

It is also evident  that  the peroxide method does not 
complete ly  el iminate  the carbide resul t ing f rom heat-  
ing the wafers. Moreover,  vacuum ambient  exposures 
of 10 -4 Torr  sec are sufficient that  hea t - t rea ted  
"clean" silicon surfaces became carbon contaminated 
(2). Hence, some sort of in si tu cleaning (e.g., argon 
sputter ing)  is desirable to obtain a r igorously clean 
surface or to re juvena te  one that  has been t reated 
in vacuum. In any case, since it is difficult to get rid 
of the carbide, the re la t ive ly  small  amount  formed 
with  the peroxide  cleaning is advantageous.  

A summary  of the HEED and Auger  electron spec- 
troscopy results regarding the peroxide process are: 

1. An oxide film 15A thick is left  af ter  the cleaning. 
This film can contain appreciable  amounts  of boron 
presumably  due to the use of Py rex  glassware. 

2. Wafers heated in vacuum after this processing are 
considerably reduced in the carbide contaminat ion 
when compared to other  c leaning methods. 

3. Etching with  HF as a final processing step en- 
hances the carbon contamination.  

4. Surface roughening that  occurs with l l00~ vac-  
uum heat ing is la rge ly  reduced. 

5. The protect ive mechanism of the cleaning process 
is thought  to be due to the format ion  of a thin carbon-  
free oxide layer  that  volat i l izes when  the wafers  are 
heated in ul t rahigh vacuum. 

In l ight of the desirabil i ty of reducing the carbide 
contamination,  the peroxide cleaning method is recom- 
mended  for exper iments  that  require  heat ing of Si 
in vacuum and where  the high t empera tu re  and large 
amount  of surface remova l  by the HC1 vapor  etching 
method cannot be tolerated. Etching wi th  HF as a 
final step should be avoided. Quartz  ware  for contain-  
ing the cleaning solutions should be used to avoid 
the boron contamination.  Al though these recommenda-  
tions are par t icular ly  directed to Si vacuum exper i -  
ments  the informat ion contained in this repor t  should 
be useful for IC processing as well.  
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APPENDIX 

Peroxide Cleaning Specifications 
1. Scrub polished wafer  with acetone and then with 

0.2% Tri ton X-100 solution. Rinse with filtered 
deionized water. Flush wet surface with absolute 
ethyl alcohol. Keeping slice surfaces wet t rans-  
fer to a quartz holder in methyl  alcohol. 

2. Place holder and slices in a solution of NH4OH- 
H202-H20 mainta ined  at 80~ for 10 min, insur -  
ing that  the holder is beneath the liquid surface 
at all times. Agitate dur ing this period. (The 
solution is to be made up fresh prior to use and 
is to have the following composition: 

1 part  NH4OH--reagent  g r a d e  
1 part  H202mSuperoxol, unstabil ized 
4 parts H20--18 megohm, 0.2 ~m filtered 

Mix NH4OH and H20 and bring to temperature.  
Three minutes  prior to use add H 2 0 2 . )  

3. Overflow rinse with grade O or bet ter  deionized 
water  for 2 min. 

4. Rinse in cascade, 30 sec in each compartment .  
Agitate. 

5. Place holder in a suitable container  of fresh 49% 
HF for 2 min  with agitation. 

6. Rinse as in steps 3 and 4. 
7. Place holder in a beaker  of freshly prepared 4 to 

1 to 1 HC1-H202-H20 at 80~ for 10 rain. Agitate 
by hand. (Mix HC1 and H20 and br ing to tem-  
perature.  Three minutes  before use add H202.) 

8. Rinse as in steps 3 and 4. 
9. Blow dry with filtered N2. 
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Thermodynamic Calculations of the Ge-H-CI System 
V. J. Silvestri* 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10598 

ABSTRACT 

The part ial  pressures of the gas species GeC14, GeC12, GeHCls, HC1. and H2 
in equi l ibr ium with Ge solid have been calculated in the tempera ture  range 
400~176 at chlorine to hydrogen ratios ranging from 10 -4 to 10. The theo- 
retical efficiency for the deposition of germanium as applied to an open tube 
epitaxial  system is discussed. Comparisons are made to the Si-H-C1 system. 

In  conjunct ion with growth rate and surface mor-  
phology studies in the GeC14-H2 system, thermo-  
dynamic calculations giving theoretical max imum Ge 
deposition rates were made and compared with specific 
exper imental  Ge growth rate data (1). The purpose of 
this report is to separately, but  more extensively de- 
scribe the calculations and to display the per t inent  
features of the Ge-H-C1 equi l ibr ium in a more general  
way. Comparable calculations have been reported by 
Lever (2) for the analogous Si-H-C1 system. 

Equi l ibr ium considerations in an open tube vapor 
growth system are useful  (i) to determine a max i mum 
yield for the system, (ii) for cer ta in  mass t ranspor t  
l imited systems (3, 1) to predict deposition rates, and 
(iii) as a general  guide for optimizing a process. 

Assumptions.--The present  analysis considered the 
gas species GeC14, GeC12, GeHC13, HC1, and H2 in equi-  
l ib r ium with Ge solid. 1 The impor tant  assumptions 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  t h e r m o d y n a m i c s ,  g e r m a n i u m - h y d r o g e n - c h l o r i n e  s y s -  

t e m .  
1 G a s  spec i e s  s u c h  as  GeH2Cle, GeI-I3C1, GeH4 a n d  GeC1 w e r e  no t  

c o n s i d e r e d  in  t h e  ca l cu la t ions ,  s i nce  i t  h a s  b e e n  s h o w n  by  L e v e r  (2) 
tha t  in the  a n a l o g o u s  S i -H-C1 s y s t e m  that  the  c o r r e s p o n d i n g  Si  
s p ec i e s  w e r e  m i n o r  c o n s t i t u e n t s .  

which were made for the calculations w e r e :  
1. The above gas species are the per t inent  species. 
2. All  chlorine containing species are confined to the 

gas phase in equi l ibr ium with solid Ge. 
3. It was assumed that all gas species obey ideally 

Dalton's  and the Ideal gas law. 
4. Certain assumptions were also made with regard 

to the constancy of h H~ and .~ S~ for specific 
equil ibria  and these shall be cited appropriately 
below. 

Var~ables.--The phase rule requires that a system 
having three components  (Ge, H, and C1), and consist- 
ing of two phases will  have three degrees of freedom. 
Since these calculations were made specifically with 
reference to an open tube epitaxial  deposition system, 
practical considerations lead to the following choice of 
independent  variables: (i) total pressure, where for 
these calculations PT = 1 atm, since in most open tube 
systems this approximat ion is valid, (ii) tempera ture  T, 
and (iii) the chlorine to hydrogen ratio, C1/H, which 
is a conserved quant i ty  in the gas phase. 

Equi~ibrium.--For a given tempera ture  the reaction 
chamber  would contain the five gas species in equi l ib-  
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r ium with Ge solid. Among the five species considered 
to be present in the system, three independent  equi-  
l ibria may be wri t ten  with their associated equi l ibr ium 
constants, K, where P~ is the par t ia l  pressure of the 
species x. 

Ge(s)  + 4HCI(g) -- GeCl4(g) + 2H2(g) [A- l ]  

(PGeCI4) (PH2) 2 
K, = [1] 

(PHc1) 4 

Ge(s)  + 2HCI(g) = GeCh(g)  + H2(g) [A-2] 

(PGecI2) (PH2) 
K2 = [2] 

(PHcl) 2 

Ge(s)  + 3HCI(g) -- GeHC13(g) + H2(g) [A-3] 

(PGeHCIa) (PH2) 
Ks = [3] 

(PHcl) s 

Thermodynaraic data . - -The calculations made use 
of the above equations along with the appropriate 
van ' t  Hoff expressions of the form 

~H aS 
log  K -- + - -  (R is the gas constant)  

2.303 RT 2.303 R 

relat ing the equi l ibr ium constant  with tempera ture  T 
wr i t ten  below 

6730 
log  K ,  : ~ - -  8.02 [ l a ]  

T 

- -465  
log  K2 - -  ~ -]- 1.12 [2a] 

T 

7580 
log  K3 = ~ -  7.45 [3a] 

T 

The l inear relationship for log K1 (Eq. [ la ] )  is the 
best fit of K1 values for a number  of temperatures  in 
the temperature  in terval  400~176 The K1 values 
were calculated from room tempera ture  enthalpy and 
entropy of formation data for Ge(s) ,  H2(g), HCI(g) 
(4), and GeC14(g) (5) corrected for higher tempera-  
tures using the tables of Kel ley (6). 

Sedgwick's (7) equi l ibr ium data, Eq. [4a], for the 
reaction 

GeC14(g) + Ge(s)  = 2GeC12(g) [ A - 4 ]  

- -7660 
log  K4 -- - -  ~- 10.25 [4a] 

T 

was used along with Eq. [ la]  to obtain Eq. [2a]. The 
reported K4 data for reaction, Eq. [A-4], was extrapo-  
lated to include the ent i re  range of the calculations. 

Thermodynamic  data for GeHCls is not known, and 
the room temperature  enthalpy and entropy of forma- 
tion were estimated by l inear interpolat ion for the 
series GeH4, GeH3C1, GeH2C12, GeHC13, and GeC14. This 
procedure is based on the assumption that  bond ener-  
gies are addit ive in generat ing the above series. Ap-  
proximations of this type have been found to be valid 
in the analogous carbon series, and were used in esti- 
mat ing heats for the Si series (2). Using this method, 
AH~ for GeHC13 was estimated at --90 kcal • 10 
kcal from the room temperature  enthalpy of GeC14 and 
the reported enthalpy of 21.6 kcal for GeH4 (8). An 
interpolated room tempera ture  entropy of 75.6 eu was 
used for GeHC13, since the l inear  assumption was 
found to hold well  for the above series for calculated 
values of GeH4, GeHC13, and GeC14 as reported by 
Kelley (9). Equat ion [3a] was obtained assuming that 
A H~ and ~, S~ for reaction, [A-3], is constant over 
the tempera ture  range of the calculations. 

Because of the large uncer ta in ty  in the thermo-  
dynamic constants for GeHC13 the enthalpy of forma- 
tion was varied in the calculations using values of 
--100 and --85 kcal. The effect of these enthalpy value 

changes on the calculations shall be discussed later. 
Equat ion [3a] has been wr i t ten  using a --100 kcal 
enthalpy value for GeHClz(g).  Dalton's law and Ideal  
gas l a w - - f r om Dalton's  law we have that  the total 
pressure 

PT = PoeCl4 -~ PGeCl2 "~ PGeHCl3 "~- PH "~- PHCI = 1 atm 
[5] 

Conservation of Cl, H, Ge in the system.--The fol- 
lowing conservation equations have been wr i t ten  in 
terms of part ial  pressures which are convenient  to the 
calculations, since it has been assumed that  the part ial  
pressures of each species is related to its molar  density 
in  the system by the Ideal gas law PV = n~T. The 
following summations  may be wr i t ten  

Pcl = 4PGec14 -~- 2Poecl2 -~- 3PGeHCl3 -~- PHC1 [6] 

PH = 2PH2 + PGeHClS + PHC1 [7] 

POe "-- Poecl4 ~- PGeCI2 -~- PGeHCI3 [8] 

From Eq. [6-8] we can readily evaluate  the various 
component ratios, such as 

PcL Ge Poe Ge PGe 
CI/H=--, -- , and _ 

PH Cl Pcl H PH 

A convenient ratio to consider in this case is the CI/H 
ratio. This ratio is an independent variable controlled 
experimentally, and is conserved in the gas phase. 
Thus the chlorine to hydrogen ratio at equilibrium, 
Cl(e)/H(e), is equal to the chlorine to hydrogen ratio 
at input, C1 (i)/H (i), and 

4PGecI4 Cl (i) Cl (e) 
. . . .  [9J 

2(1 a tm -- PGecl4) H(i )  H(e)  

where PGeC14 is the part ial  pressure of the GeC14 in 
the gas stream, and (1 atm -- PGeCl4) = PH2. 

Since we are interested in evaluat ing an efficiency 
for the system which describes the amount  of dissolu- 
tion of Ge in  the gas phase or deposition of Ge from 
the gas at equil ibrium, the G e ( e ) / C l ( e ) ,  the Ge to 
chlorine ratio at equi l ibr ium corresponding to a par-  
t icular  C l ( i ) / H  (i) must  also be evaluated. The change 
in the Ge/CI ratio from the input  value can then be 
wr i t ten  in terms of an efficiency factor, a, as defined 
by Sedgwick (9) where 

Ge(i )  Ge(e)  

Cl( i)  Cl(e)  
= [10] 

Ge( i )  

C1 (i) 
Ge( i )  

The ~ at input  refers to the input  gas consisting 
Cl( i)  

of GeC14 and hydrogen, and is therefore 0.25. 
The factor, a, which is a funct ion of T, and C1/H, 

where total pressure is assumed constant  may change 
from 1 through 0 to negative values. Thus a positive 
value of a predicts ge rman ium deposition (a = 1 indi-  
cating 100% Ge deposition from the gas phase) ; ~ = 0 

Ge(i )  Ge(e)  
to no net  deposition, since -- - -  ; and neg-  

Cl( i )  Cl(e)  
ative values of a to various degrees of etching. 

Method of calculation.--The calculations described 
below for the Ge-H-C1 employed a parametr ic  ap-  
proach which has been described in detail  by Darken 
(10) and Lever (2). In  such an approach one specifies 
a partial  pressure ratio at equi l ibr ium which allows 
one to calculate m a n y  sets of numerica l  values of the 
equi l ibr ium part ial  pressures which are consistent 
with the values of the equi l ibr ium constants and the 

Cl(e)  
total pressure. By evaluat ing ~ and using Eq. [9] 

H(e)  
C1 (i) 

one can relate these solutions to a par t icular  
H( i )  
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For  these calculat ions the  quan t i ty  PHCI/PH2 = X was 
chosen. 

By substituting for the partial pressures in Eq. [5] 
in terms of the appropriate K, X, and PHCI from Eq. 
[1-3] one obtains 

(PHCl) 2 [K1X 2 -l- KsX] 

[ § "Jr PHCl K2X -{" 1 + - -  1 = 0 

This quadra t ic  equat ion can be r ead i ly  solved for PHCI 
by  specifying a value  for X for a given tempera ture ,  
and employing  Eq. [ l a -3a ] .  The o ther  pa r t i a l  pressures  
and component  ra t ios  of in teres t  m a y  then be read i ly  
evaluated.  

Results and Discussion 
Calculations of partial pressures of all species, the 

Ge(e)/Cl(e) and C]/H ratios, and a were made in the 
temperature range 4000-1223~ for a total pressure of 
I atm. The computer calculations were made using 
an APt program on IBM System 360. 

The results are graphically displayed in Fig. 1-9. 
In Fig. 1-4, the partial pressures of the different 
species together with the Ge(e)/Cl(e) ratio have 
been plotted as a function of temperature for specific 
CI/H ratios. For increasing CI/H it is noted that in 
general the formation of GeHCI3, GeCl2, and GeCl4 is 
favored, hence we note an increase in the equilibrium 
Ge(e)/Cl(e) ratio. Exclusive of H2 which is nearly 
always at an atmosphere, HCI is consistently the major 
vapor species. Normal operating conditions for epi- 
taxial deposition systems are generally at inputs using 
CI/H ratios in the 0.001 range and at temperatures of 
759~ or higher (Fig. 2). It will be noted that the 
major chlorine containing species under these condi- 
tions are HCI and GeClt For any given CI/H condition 
(Fig. 1-4) we note that increasing temperature causes 
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a reduct ion of GeHCI3 pressure and an increase in 
GeC12 and HCt pressure. 

In  Fig. 5 and 6 the composition of the gas phase, in 
terms of part ial  pressure, is plotted for two tempera-  
tures, 300 ~ and 800~ respectively as a function of 
C1/H ratio. For the lower tempera ture  (Fig. 5) it can 
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Fig. 6. Partial pressures of the various gas species vs, C I /H  
ratio at a temperature of 800~ Total pressure - -  1 atm. 
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Fig. 7. Efficiency factor, a vs. CI /H  ratio for different tempera- 
tures at a total pressure of I arm. 

be clearly seen that  GeHCI3 dominates the system as 
the major  Ge bear ing gas species, while  at the higher 
tempera ture  (Fig. 8) GeCI2 is dominant.  Since the 
formation of any  Ge bear ing species leads to etching, 
one can consider the etching to be pr imar i ly  due to the 
formation of GeHC13 at lower temperatures  and at 
higher temperatures  to the formation of GeC12. 

In  Fig. 7 the efficiency factor, a, has been plotted vs. 
the C1/H ratio for specific temperatures.  As might  be 
expected from the previous figures, etching is favored 
(a < 0) for all temperatures  at high C1/H input  ratios. 
The t rend of all  curves toward 100% efficiency, a ---- 1.0, 
at low C1/H ratios correspond to a complete reduction 
of all Ge bearing species ( G e ( e ) / C l ( e )  ---- 0), to form 
HCI and H2. For C1/H values < 0.1 one observes that  
for the tempera ture  in terval  500~176 there is l i t t le 
change in a resul t ing from temperature  variation. This 
is more clearly seen in Fig. 8 where ~ is plotted as a 
funct ion of tempera ture  for specific C1/H inputs. The 
convergence of curves to a value of --0.33 is the result  
of the dominant  t rend for GeHCI~ to form at low tem- 
peratures and high C1/H ratios. 

The effect of vary ing  the enthalpy value of GeHCI~ 
from --100 kcal to --85 kcal in the calculation as dis- 
cussed earlier, are summarized in Fig. 9. In  Fig. 9 the 



Vol. 119, No. 6 T H E R M O D Y N A M I C  C A L C U L A T I O N S  779 

1.0 

0.8 

0.6 

0.4 

0.2 

0 

-0.2 

-0.4 

-0 .6  

_0.80__ i I 
200 

CI/H 
5.0 x 10 -4 
I oxlo_3 
5.0x  I0 -s 

I .Ox lO -2 

2 . 0 x l O  -z 
3 0 x l O  -z 

5 . 0 x l O  -z 

l .Ox I0 -~ 

'2.0xlO -~ 

5.0x lO -I 

1,0 

' 4 ; 0  ' 6 0 0  ' 8(~0 ' I I000 
TEMPERATURE (~ 

Fig. 8. Efficiency factor, ~ vs. temperature at different C I /H  
ratios at a total pressure of ! atm. 

10 

8 

.6 

.2 

0 

- 2  f 
- 4  

0 

_ // / 
/ / / /  / 

I I I I I l I I 
2 0 0  4 0 0  6 0 0  8 0 0  

TEMPERATURE (~ 

I 

I000 

Fig. 9. Efficiency factor, ~ vs. temperature calculated using two 
room temperature enthalpy values for GeHCI3. C I /H  ~ 2.2 x 
10-3;  - -  -, ( - - 8 5  kcal); ~ ,  ( - - ! 0 0  kcal). 

efficiency factor, a, is p lo t ted  vs. t empe ra tu r e  for a 
C1/H ra t io  of 2.2 • 1O -~ using the  indica ted  en tha lpy  
values  for GeHC13. I t  wi l l  be noted tha t  at t empera -  
tures < 50O~ a becomes h ighly  sensi t ive to the en-  

tha lpy  va lue  chosen. Fo r  the  genera l  calculat ions the  
more  negat ive  en tha lpy  value  was used. 

The Ge-H-C1 sys tem is analogous to the  S i -H-CI  
system (2) wi th  respect  to the  role tha t  the  corre-  
sponding gas species SiHC13 and GeHC13, and SiCI~ and 
Gee12 have on the dissolut ion or  deposi t ion rate.  The 
genera l  t rends  in both systems are: 

1. That  increased concentra t ion of Ge or Si bear ing  
vapor  species reduces  efficiency. 

2. That  in cer ta in  t empe ra tu r e  in te rva ls  there  is 
l i t t le  var ia t ion  of the  Ge/C1 or Si/C1 rat ios  and 
hence efficiency. This  resul ts  f rom increased 
fo rmat ion  of (M)C12 vapor  species be ing  ba lanced 
by  the reduct ion of (M)HC13 species where  M can 
be e i ther  Ge or Si. 

3. In  the  t e m p e r a t u r e  in te rva ls  where  significant 
var ia t ions  of Ge/C1 or S i /CI  ra t ios  occur, t hey  are 
associated wi th  the  increased concent ra t ion  of 
e i ther  (M)HC13 or  (M)C12. 
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Some Properties of Vapor Deposited Ge3N4 Films 
and the Ge3N4-Ge Interface 
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ABSTRACT 

Germanium nitride films were deposited on germanium substrates heated 
to 400~176 by vapor phase reactions of germanium tetrachloride and am- 
monia. The properties of these films, such as the dissolution rate and the di- 
electric constant, were determined as a function of deposition temperature. 
The masking against Sb and As was also investigated. The films exhibited 
an instability related to trapping at room temperature but Na + ion migration 
was not observed under bias-temperature stress. A hysteresis of the C-V 
curves for metal-nitride-semiconductor structures was noted. The amount of 
the hysteresis depended on deposition temperatures; a deposition temperature 
of 550~ resulted in the smallest hysteresis. By heat-treatment in NH3, the 
magnitude of the hysteresis of the samples deposited at low temperature could 
be diminished while the interface state densities increased. 

A method for depositing Ge3N4 films by vapor phase 
reaction of ge rmanium tetrachloride and ammonia  has 
been reported by Nagai and Niimi (1). They invest i -  
gated the physical and chemical properties of the films 
formed at temperatures  between 400 ~ and 600~ and 
reported that  the films deposited at these temperatures  
were amorphous. When the films were kept at or above 
600~ in H2, Ar, or N2, they were reduced or decom- 
posed. They were crystallized by hea t - t rea tment  above 
700~ in NH3 (2). 

In  this study, the physical properties of the ni t r ide 
films and the electrical properties of the Ge3N4-Ge 
interface were investigated as a funct ion of deposition 
tempera ture  of the ni t r ide films. It  has been found that  
the electrical characteristics of the Ge3N4-Ge interface 
vary  with deposition temperature.  It  became clear that  
ge rmanium n i t r i d e  can  be utilized as a diffusion mask 
for Sb and As into germanium. 

Experimental 
German ium wafers used for these studies were (111) 

surface oriented, p-type, in the range of 0.2-3 ohm.cm. 
The wafers were etched in an acid containing 25 parts 
by  volume of HF, 25 of HNO3, and 0.75 of acetic acid 
with 0.2 Br2 dissolved, and washed in  distilled water. 
German ium nitr ide was formed by react ing ger-  
man ium tetrachloride and ammonia  in a horizontal 
quartz tube with an inside diameter  of 4.5 cm. The 
germanium tetrachloride vapor was t ransported to 
the rf-heated substrates by bubbl ing  hydrogen through 
the saturator  at 0~ This gas was mixed with pure  
hydrogen and then with ammonia  near  the r f -heated 
substrates, as reported by Nagai and Niimi (1). A m-  
monia was dried by passing it through a cold trap kept 
at --30~ The relative flow rates were as follows: H2 
600 ml i t e r /min ;  NH3 200 ml i t e r /min ;  H2 through ger- 
man ium tetrachloride 200 ml i te r /min .  Depositions 
were carried out at 400~176 

Meta l -n i t r ide -germanium (MNS) capacitor struc- 
tures for electrical measurements  were formed by 
vacuum evaporation of ei ther a luminum or gold on 
the surface of the ni t r ide film through the mask. The 
area of the electrodes ranged from 3.0 • 10 -4 to 4.5 X 
10-4 cm 2. 

Results and Discussion 
Physical Properties 

Dielectric constant and etch ra te . - -The  thickness of 
the ni t r ide films used for this exper iment  was 1540- 
1620A and was measured by mult iple  beam inter fer -  

K e y  words :  g e r m a n i u m ,  g e r m a n i u m  ni t r ide,  passivation. 

ometry on mechanical ly polished test slices. The field 
plates of circular dots 200~ in diameter  were formed 
by photolithography. The capacitance of germanium 
nitr ide films was measured at 1 MHz by applying a 
large negative d-c bias to the field plates so that  the 
p- type  ge rmanium surface was accumulated. From 
these values, the dielectric constant  of germanium 
nitr ide films was calculated. The results, shown in 
Table I, indicate that  the dielectric constant  is almost 
independent  of deposition temperature.  

Since the etch rate is sensitive to the s t ructural  
properties of the films, the value in H3PO4 at l l0~ 
was measured as a funct ion of deposition temperatures.  
The results are also shown in  Table I. It  is noted that 
at lower substrate temperatures  the etch rate in-  
creases. The increase in the etch rate for the lower 
deposition temperatures  is thought  to be due to the 
increase of unsa tura ted  bonds of ge rmanium in the 
ge rmanium nitr ide (3-5). 

Di~usion masking.--When the germanium nitr ide 
film was kept at or above 600~ in H2, Ar, or N2, the 
film was reduced or decomposed (1). However, since 
the film was stable to 650~ in NH3, the masking 
properties of the ge rmanium ni t r ide film on ger- 
m a n i u m  were investigated in NH3. The diffusion was 
carried out in an open tube system. The source mate-  
rial  was metallic Sb kept at 525~ or As at 350~ 
Because of the low diffusion constant  of acceptor ele- 
ments  (Ga, In, B) in germanium, they were excluded 
from this experiment .  

Nitride films 1200A thick were deposited at 500 ~ 
550~ on the surface of chemical ly etched 0.2-3 ohm. 
cm p- type wafers in which circular  dots 100# in diam- 
eter or rings 160~ in outside diameter  and 80~ in inside 
diameter  were opened for diodes. During the diffusion 
process, the ge rmanium wafers were kept  at 600~ for 
1-5 hr. 

The results were determined by  two methods: (i) 
the diode characteristic measurement  and (ii) the hot 
probe method after removing the ni t r ide film. A typi-  
cal diode curve obtained by As diffusion is shown in 
Fig. 1. From these results, it is concluded that  ger-  

Table I. Dielectric constant and etch rate of Ge3N4 

Deposition Dielectr ic  Etch ra te  in I-hPO, 
temperature (~ constant at  l l 0 ~  (A/see) 

600 7.8 23 
550 8.0 38 
500 8.0 44 
450 7.9 75 

780 
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Fig. 1. Current-voltage characteristics of the germanium diode 
of the ring type. The substrate is 0.3 ohm'cm and the masking 
film was deposited at 500~ The diffusion depth and surface 
concentration are 2.1~. and 2 x 1019 c m - 3  respectively. 

manium nitr ide films 1200A thick can be used as 
masks against the diffusion of Sb and As into ger-  
manium. 

Electrical Properties 
Interface properties.--The C-V curves of as-de-  

posited Ge,~N4-Ge structures  were  obtained at room 
tempera ture  and 1 MHz. Typical  examples  are shown 
in Fig. 2. The scanning speed of the bias was 4 V/sec.  
The theoret ical  curve  in the absence of surface charge 
and interface state (6) is also shown in the figure. 
Hysteresis was observed for all samples invest igated 
and its ex ten t  depended on the deposition t empera -  
ture. The deposition below 500~ resulted in large 
hysteresis. The smallest  hysteresis was obtained on 
the sample deposited at 550~ The shape of the C-V 
curves deposited below 500~ depended on the scan- 
ning speed of the bias. The low scanning speed showed 
that  the curve  becomes flatter. On the other  hand, the 
deposition at 600~ showed a distortion as compared 
to the theoret ical  curve,  i.e., the very  gradual  decrease 
of capacitance with the bias voltages. This phenome-  
non would indicate a continuous distr ibution of states 
in the forbidden gap of germanium (7). The "knee"  
(8) or "pla teau" (9) observed in the SiO2-Ge sys- 
tems were  not observed on as-deposited samples. 

The direction of the hysteresis in this exper iment  is 
opposite to that  which is caused by the polarization of 
insulators in meta l - insu la tor -semiconductor  s tructures 
(10, 11). Such a phenomenon can be explained if 
charges move across the Ge:~N4-Ge interface and are 
t rapped (12). Since the hysteresis is thought  to be re-  
lated to the bulk propert ies  of the ni t r ide film near  the 
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Fig. 2. C-V curves for MNS structures measured at I MHz 
showing the effect of deposition temperatures of the nitride. (p- 
type, 0.45 ohm.cm, film thickness 1300A; electrode AI.) 
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Ge3N4-Ge interface, the n i t r ide  film deposited at  lower  
tempera tures  may  be incomplete ly  nitrified (13-15), 
i.e., there  wil l  be unsatura ted  bonds or vacancies in 
germanium nitr ide as suggested by the fast etching 
rates in H3PO4. On the other  hand, as the origin of 
the interface states could be due to unsa tura ted  bonds 
very near the semiconductor- insula tor  in terface  (16, 
17), the h igh- t empera tu re  deposition is thought  to 
make  unsa tura ted  bonds at the interface. 

Heat-treatment.--It was observed that  hea t - t r ea t -  
ment  in NHa affects the shape of C-V curves, i.e., the 
magni tude  of the hysteresis and slope variation.  In 
this investigation, three  wafers  on which germanium 
nitr ide was deposited at 400 ~ or 450~ showing the 
large hysteresis and two wafers  on which germanium 
nitr ide was deposited at 550~ showing the smallest  
hysteresis, were  divided into many  pieces and each 
piece was t reated at a given t empera tu re  in NH3. Then, 
gold electrodes were  evapora ted  through the meta l  
mask. 

Typical  C-V curves measured  at room tempera tu re  
are shown in Fig. 3. The samples were  cut  f rom the 
same wafer  deposited at 450~ and then hea t - t rea ted  
at various tempera tures  for 30 rain. The measur ing 
f requency of 1 MHz was affected slightly by the f re-  
quency response of the interface states, so that  the 
curves were  obtained at 50 MHz to p reven t  the in ter-  
face states f rom fol lowing the a-c signal. The voltages 
were  applied from left to right. A feature  of the 
Ge~N4-Ge interface after  anneal ing  is that  increasing 
the t rea tment  t empera tu re  causes the curves to be- 
come flatter because the interface states continuously 
distr ibute energy  throughout  the bandgap (7). Sedg-  
wick (8) and Sedgwick et al. (18, 19) reported the 
appearance of a "pla teau"  or "knee"  in the C-V curves 
in the SiO2-Ge systems af ter  anneal ing in H2 or N2 
containing H2 above 600~ due to monoenerget ic  ac- 
ceptor states at the interface. They repor ted  that  the 
acceptor states are located at the center  of the Ge 
energy gap. However ,  since the samples of Fig. 3 were  
hea t - t rea ted  in NH3 be tween  500 ~ and 650~ the 
plateau related to hydrogen was not observed. The 
other  feature  of the shape of C-V curves  af ter  anneal-  
ing is the decrease in the ex ten t  of hysteresis. The 
polar izat ion- type hysteresis observed by Iwauchi  et al. 
(20) in the A120~-Ge s t ructure  after  anneal ing in N._, 
was not observed in the  Ge~N4-Ge structure.  

In Fig. 4, the interface state density Nss at zero sur-  
face potential  and the ex ten t  of hysteresis hNFB' are 
shown. The samples in the figure were  obtained from 
the same wafer  deposited at 450 ~ or 550~ and hea t -  
t rea ted  at var ious temperatures .  Nss was calculated 

z I ASDEPOS- '~\ / \ 
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Fig. 3. C-V curves measured point by point and at 50 MHz for 
the samples after heat-treatment at various temperatures in NH3 
for 30 rain. (p-type, 0.45 ohm.cm; film thickness 1150A; elec- 
trode Au.) 
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Fig. 4. Change of Nss and -~NFl~' after annealing at various 
temperatures for 30 min. The sample deposited at 450~ was the 
same as that in Fig. 3. The sample deposited at $50~ was 0.7 
ohm.cm, 1200,&. Nss and ~NFiI '  after annealing at 550~ for 
the sample deposited at 550~ were about the same. 

from the C-V curves measured at 50 MHz by the fol- 
lowing equat ion (21, 22) 

C~ d~V (r 
Nss -- -- 

q d ~s 

where  CN is the capacitance of the ni tr ide film, ~V(~s)  
is the difference between the measured and ideal C-V 
curves, and ~s is the germanium surface potential .  
~NFB' was calculated by -%NFB' ---- CN'-%VFB'/q and 
~VFB' was obtained as the difference of V at the theo-  
ret ical  f lat-band capacitance when V was swept from 
posit ive to negat ive and f rom negat ive  to posit ive va l -  
ues by a constant applied field swing of about --8 • 
10 5 to + 8  X 10 5 V/cm.  The C-V curves used to obtain 
ANFB' were  measured at 1 MHz and automat ical ly  
plotted on an X-Y recorder  by the vol tage sweep of 
4 V/sec. The reason for the pr imed ~NFB is that  the 
capacitance does not correspond to a t rue fiat band 
condit ion because of the capaci t ive contr ibution of the 
interface state charges as stated above. The exper i -  
menta l  results shown by bars are the upper  and the 
lower  l imits of more than three measurements  on the 
same piece. 

As seen in the figure, Nss and ANFB' are reduced 
by hea t - t r ea tmen t  at 500~ for the samples deposited 
at 450~ Above 550~ ANFB' was found to decrease 
wi th  increasing t rea tment  t empera ture  to 600~ while  
Nss increased uniformly.  On the other  hand, the re-  
duction of ANFB' was not c lear ly  observed on the sam- 
ples deposited at 550~ in the t empera tu re  range in- 
vestigated. Nss does not change at 550~ but increases 
at  600~ The increasing t rend of Nss at 600~ is the 
same as that  of 450~ deposited samples. These t rends 
of Nss and hNFB' af ter  anneal ing were  reproducible.  
Only one of an anomalous curve  shape observed 
is shown in Fig. 5. The C-V curve in this figure is 
similar  to that  of the other  hea t - t rea ted  samples wi th  
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Fig. 5. C-V curve measured at 1 MHz showing a "break" after 
annealing at 600~ far I hr in NH3. Germanium nitride.was de- 
posited at 400~ 

regard to the increase of the interface states and the 
decrease of the extent  of hysteresis, but  a "break"  
appears in the curve. This result  was not reproducible.  
The reason for the appearance of the break is not clear 
at the present  time. 

To invest igate  the reason for the change of Nss or 
-~NFB', the sample deposited at 450~ was annealed at 
350~ in H2 or at 530~ in Ar  for 30 min. Anneal ing  in 
H2 at high t empera tu re  was excluded because of the 
reduct ion of ge rmanium nitride. It was found that  an-  
nealing in H2 or Ar  did not reduce Nss or ~NFB' com- 
pared to as-deposited structures. Therefore,  the effect 
of anneal ing in NH3 appears to be that  ni t rogen atoms 
fill unsaturated bonds in ge rmanium ni t r ide  and re-  
duce the hysteresis. At the same time, the react ion of 
germanium and ni t rogen proceeds at the interface and 
the increase of Nss results. This react ion at the in ter -  
face be tween ge rmanium ni t r ide  and ge rmanium was 
also observed by Nagai (2). 

Ion migration.--An instabil i ty related to meta l -s i l i -  
con dioxide-si l icon structures is alkali  ion migrat ion 
within silicon dioxide as reported by Snow et al. (23). 
It is observed as a displacement of C-V curves  along 
the voltage axis when the voltages are applied to the 
metal  electrode above 150~ The direction of the 
displacement is opposite to the applied voltages and 
the extent  is a function of applied voltage, t empera -  
ture, and time. 

In this investigation, ge rmanium wafers  covered 
with  1300A of ge rmanium ni t r ide  were  first r insed in 
a solution of NaC1 (0.1%) and then a luminum elec- 
trodes 200~, in d iameter  were  deposited. The contam- 
ination of NaC1 was confirmed by the microscopic 
observat ion prior to the deposition of the electrodes. 

Initially,  C-V curves were  obtained at room tem-  
perature.  The samples were  then t reated at 200~ 
+ 2 V  on the field plate for 10 rain and were  cooled 
rapidly to room tempera tu re  wi th  the vol tage ap- 
plied. Thereafter ,  C-V curves  were  traced again. The 
applied field during this t r ea tment  was smaller  than 
the threshold field required for t rapping of electrons 
(8.5 • 105 V/cm) .  The result  of these b ias - tempera-  
ture t rea tments  is shown in Fig. 6. A displacement  of 
about 0.5V in the positive direct ion was observed. 
However ,  since this displacement is opposite to that  
of ion migration, we concluded that  Na § ions do not 
migra te  appreciably within  the germanium nitr ide 
films. 

Trapping.--When positive or negat ive voltages ex-  
ceeding some crit ical  values are applied to the field 
plate at room temperature ,  the shift of C-V curves 
in the positive or negat ive direction, respectively,  has 
been observed by many  invest igators  (12, 14, 24-27). 
The direction of this displacement  is opposite to that  
caused by ion migration.  The reason for this displace- 

1.0 

0.5 ---before treatment " 
- -a f te r  treatment 

I I t I t 

-8  - 4  0 t, 8 

V (VOLTS) 
Fig. 6. Bias-temperature treatment far intentionally NaCI- 

contaminated AI-Ge3N4-Ge structures. 
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Fig. 7. Shift of VFB' (see text) as a function of applied bias for 
30 sec. 

ment  is thought to be due to t rapping or releasing of 
carriers in the insulator. 

It  was found that the t rapping occurs in the metal-  
germanium n i t r ide -germanium system. A measure-  
ment  of VFR' VS. applied voltage is shown in Fig. 7. The 
meaning of the primed VFB is the same as that  given 
in the section on Heat - t rea tment .  From these results, 
it was determined that  the threshold field of the dis- 
placement  is 8.5 • 105 V/cm for the positive bias. 

By a combinat ion of photon radiat ion and C-V mea-  
surement,  t rap levels in germanium nitr ide were in-  
vestigated. It was found that  there are deep and shal- 
low electron traps in germanium ni t r ide (28). There-  
fore, the positive shifts in this investigation would be 
caused by t rapping of electrons. 

Conclusion 
Physical and electrical properties of germanium ni-  

tride and the germanium n i t r ide -germanium interface 
were investigated. It  became clear that  germanium 
nitr ide can be used as a mask against the diffusion of 
Sb and As at 600~ in NHj. Na + ion migrat ion was not 
observed by bias- temperature  t reatments  at 200~ 
The dielectric constant  of germanium nitr ide was 
about 8.0 and was not significantly affected by the 
deposition temperatures.  The etch rate depended on 
deposition tempera ture  and is in the range of 23-75 A/  
sec in HjPO4 at l l0~ The hysteresis of C-V curves 
was observed for all the samples and was a function 
of the deposition temperature.  A small hysteresis in the 
C-V curves was obtained on samples deposited at 
550~ At lower deposition tempera ture  the hysteresis 
was larger. The magni tude  of the hysteresis could be 
reduced by hea t - t rea tment  in NH3 while interface 
state density increased. The extent  of the hysteresis 
and the interface state density for as-deposited sam- 
ples at 550~ and for samples deposited below 500~ 
and then heat- t reated at 550~ were about the same. 
An instabil i ty in ge rmanium nitr ide due to t rapping 

of electrons was observed. German ium ni t r ide is u n -  
stable as compared with silicon ni tr ide and is reduced 
or decomposed above 600~ in H2, Ar, or N2. How- 
ever, the reverse characteristics of the germanium 
diodes that utilized germanium nitr ide as a diffusion 
mask and as passivation film were good. 

Acknowledgments  
The author wishes to thank  Professor T. Niimi of 

Keio Univers i ty  and Mr. Igarashi for helpful  sugges- 
tions throughout  the work. He is also grateful  to Mr. 
Nagai and Mr. Shibata for their  discussions and Mr. 
Yano for his preparat ion of germanium ni t r ide  films. 

Manuscript  submit ted Ju ly  20, 1971; revised manu-  
script received ca. Dec. 7, 1971. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL. 

REFERENCES 
1. H. Nagai and T. Niimi, This Journal, 115, 671 

(1968). 
2. H. Nagai, Electrical Communication Laboratory 

Tech. J., 20, 929 (1971) (in Japanese) .  
3. T. L. Chu, C. H. Lee, and G. A. Gruber,  This Jour- 

nal, 114, 717 (1967). 
4. K. E. Bean, P. S. Gleim, and R. L. Yeakley, ibid., 

114, 733 (1967). 
5. V. Y. Doo, D. R. Kerr, and D. R. Nichols, ibid., 115, 

61 (1968). 
6. R. Lindner,  Bell System Tech. J., 41, 803 (1962). 
7. B. E. Deal, E. L. MacKenna, and P. L. Castro, This 

Journal, 116, 997 (1969). 
8. T. O. Sedgwick, J. Appl. Phys., 39, 5066 (1968). 
9. T. Yashiro, Japan. J. Appl. Phys., 8, 740 (1970). 

10. E. H. Snow and B. E. Deal, This Journal, 113, 263 
(1966). 

11. Y. Haneta  and Y. Matsukura,  Japan. J. Appl. Phys., 
6, 1176 (1967). 

12. S. M. Hu, D. R. Kerr, and L. V. Gregor, Appl. Phys. 
Letters, 1O, 97 (1967). 

13. T. Sugano, K. Hirai, K. Kuroiwa, and K. Hoh, 
Japan. J. Appl. Phys., 7, 122 (1968). 

14. D. M. Brown er al., ]'his Journal, 115, 311 (1968). 
15. M. T. Duffy and A. G. Revesz, ibid., 117, 372 (1970). 
16. B. E. Deal, M. Sklar, A. S. Grove, and E. H. Snow, 

ibid., 114, 266 (1967). 
17. P. V. Gray and D. M. Brown, Appl. Phys. Letters, 

8, 31 (1966). 
18. T. O. Sedgwick and J. A. Aboaf, IEEE Trans. Elec- 

tron. Devices, ED-15, 1015 (1968). 
19. T. O. Sedgwick, J. A. Aboaf, and S. Krongelb,  IBM 

J. Res. and Develop., 14, 2 (1970). 
20. S. Iwauchi and T. Tanaka, Japan. J. Appl. Phys., l@, 

260 (1971). 
21. A. G. Revesz and K. H. Zaininger, RCA Rev., 29, 22 

(1968). 
22. Y. Haneta, Japan. J. Appl. Phys., 8, 929 (1969). 
23. E. H. Snow, A. S. Grove, B. E. Deal, and C. T. Sah, 

J. Appl. Phys., 36, 1664 (1965) 
24. S. M. Hu, This Journal, 113, 693 "(1966). 
25. T. L. Chu, T. R. Szedon, and C. H. Lee, Solid-State 

Electron., 10, 897 (1967). 
26. B. E. Deal, P. J. Fleming, and P. L. Castro, This 

Journal, 115, 300 (1968). 
27. C. A. T. Salama, ibid., 117, 913 (1970). 
28. T. Yashiro, Japan. J. Appl. Phys., 10, 1691 (1971). 



Crystal Growth and Isothermal Annealing of 
Pb,_ SnxTe Alloys 

G. Dionne 

Hydro-Qu4bec Institute o] Research, Varennes, Quebec, Canada 

and J. C. Woolley 
University of Ottawa, Ottawa, Ontario, Canada 

ABSTRACT 

Single crystal ingots of Pbl -xSnxTe alloys have been grown using the 
Br idgman technique. A study of the crystal perfection revealed that in most 
cases the bulk  of each ingot consists of a highly perfect single crystal with no 
detectable grain boundaries.  In addition, the "as-grown" mater ial  is highly 
homogeneous in both alloy composition and carrier  concentration, and is free 
from metal  precipitates. A simplified isothermal anneal ing technique has 
been used to obtain various carrier  concentrations in Pbl -xSnxTe alloy samples 
with x z 0.06, 0.13, and 0.21. The carrier concentrat ion in these alloys, equil i-  
brated at the l iquid + solid/solid solution boundary,  has been determined for 
several anneal ing  temperatures.  

The alloys Pbl -xSnxTe and several other IV-VI com- 
pounds and alloys have much in common in that  they 
have the same cubic rocksalt  structure, have similar  
phase diagrams, can be prepared by similar methods, 
and their  carrier  concentrat ions can be controlled in a 
similar manner .  These systems are often represented by 
the symbol MN to generalize the discussion (1), M 
represent ing the group IV elements and N the group 
VI elements. The use of the stoichiometric formulas 
MN (i.e., with the number  of M atoms exactly equal 
to the n u m b e r  of N atoms) to represent  these com- 
pounds and alloys is only approximate. At finite 
temperatures,  the free energy of the crystal may  be 
lowered by the introduct ion of atomic point defects, 
such as vacancies, and in general  the compound is 
stable over a range of composition, called the homo- 
geneity range, which sometimes does not include the 
stoichiometric composition. In  undoped PbTe, SnTe, 
and their alloys the carrier concentrat ion is a direct 
measure of the deviation from stoichiometry because 
the point defects, responsible for this deviation, supply 
practically all extrinsic carriers. While intrinsic effects 
and ionized impuri t ies  may  also contr ibute  to the total 
carrier concentration, for materials  prepared from 
pure elements and not deliberately doped, these con- 
t r ibut ions are usual ly very small  at low temperatures  
(1). In  the present  work, the lowest carrier concen- 
t ra t ion investigated was about 1017 cm -3. At the tem-  
perature  of the Hall measurements  (77~ the in-  
trinsic carrier  concentrat ion will not exceed 2.2 • 1013 
cm -3 for any  of the three alloy compositions invest i-  
gated here (2). The alloys were prepared from ele- 
ments  of high semiconductor purity.  While the impur i ty  
content  was not directly determined, as wil l  be shown 
in  Fig. 3 the present  alloys had higher mobilit ies than 
similar  alloys prepared elsewhere (3), and the lat ter  
had total p - type  impurit ies of approximately 1 • 1017 
cm -3 as found by mass spectrometry. Thus in the pres- 
ent  work, it is reasonable to assume that  the carrier 
concentrat ion is a direct measure of the nonstoichiom- 
etry of the alloy except perhaps at the lowest carrier 
concentrat ion values. It  has been found for SnTe that  
each t in vacancy produces 2 holes (4-6). Brebrick (6) 
indicates tha t  the hole to vacancy ratio c varies 
smoothly with x in these alloys and is closer to uni ty  
in  the Pb- r ich  alloys. Thus in the present  work, the 
value of c has been assumed to lie between 1 and 2. 

K e y  w o r d s :  n o n s t o i c h i o m e t r y ,  c a r r i e r  c o n c e n t r a t i o n ,  I V - V I  a l loys ,  
s i n g l e  c ry s t a l s ,  s e m i c o n d u c t o r s .  

784 

Growth and Characterization 
The furnace used to grow all the crystals is shown 

schematically in Fig. 1, together with a typical  tem- 
pera ture  profile. The furnace consisted of a high and 
a low temperature  section which were independent ly  
controlled. The two sections were separated by a water-  
cooled jacket which permit ted the establishment of a 
steep temperature  gradient. The quartz ampoule, con- 
ta ining the melt, was held in a mull i te  tube which was 
dr iven slowly in the direction of the low tempera ture  
zone. The driving mechanism was buil t  to provide 
three speeds: 1.1, 3.4, and 10.4 cm/day.  In  addition, the 
furnace could be tilted as shown in Fig. 1. The tem- 
perature  gradient, at the tempera ture  of freezing, was 
always greater than 50~ 

The melts were prepared by mixing the elements in 
stoichiometric proportion. Lead, tin, and tel lurium, all 
six 9's grade, were obtained from Cominco Ltd., Mon- 
treal. Lead and t in were available in the form of rods, 

W a t e  r c o o l e d  
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hi 
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Fig. |. Schematic of the furnace used for crystal growth and its 
temperature profile. 
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Table I. Starting composition, weight, 1st to freeze composition, 
and carrier concentration of Pbl-xSnxTe alloys grown by 

the step-freeze technique 

I ' I ' I ' I 

Pbl-  x Snx Te 1019 

Hole  c a r r i e r  
W e i g h t ,  1st to c o n c e n t r a t i o n  

I n g o t  No. S t a r t i n g  x g F r e e z e  x at 77~  c m  -= 

2 0.2 50 0.12 2-4 • I0 TM 
3 0.4 SO 0.27 7-15 X 10 TM 
4 0.6 50 0.45 2-4 X i0 ~ 
5 0.8 75 5 • 1(3 ~~ 
6 0.1 100 0.05 1.2 x 10 TM 
7 0 67 0 7 x 10 TM 

8 0.3 100 0.18 4 X 101~ 

approximately 12 mm in diameter, from which sections 
were cut and the oxide skin removed, with a steel 
blade, jus t  before use. The elements were sealed under  
vacuum in a 13 mm inside diameter quartz ampoule, 
one end of which was made conical. The ampoule was 
then introduced in the hot zone of the step-freeze 
furnace and left there, at a tempera ture  higher than  
1000~ for at least 1 day for complete mixing. The 
melt  was dr iven through the steep temperature  gradi-  
ent  at a speed of 3.4 cm/day,  the conical tip being the 
first to freeze. 

Table I lists the Pbl -xSnxTe ingots grown using the 
above procedure. Ingots 2 to 4 were grown with the 
furnace in the horizontal  position, while ingots 5 to 8 
were grown with a t i l t  angle of 45 ~ (Fig. 1). The main  
advantages of the ti l ted position are the following: 
(i) since the melt  completely fills the ampoule, as 
shown in  Fig. 1, large cross sections of crystal  are ob- 
tained; (ii) there is no t ransport  of material,  through 
the vapor phase, over already grown mater ial  as there 
is in the horizontal set-up;  (iii) there is no need to 
seal the quartz ampoules close to the material,  thus 
oxidation during the sealing operation can be avoided. 

The alloy compositions were determined using the 
results of Bis and Dixon (7) which showed that  the 
lattice parameter  ao depends upon both composition x 
and carrier  concentrat ion p (i.e., nonstoichiometry) ,  
but  that  for a fixed value  of p, ao varies l inear ly  with 
x. Thus the composition of each sample was found by 
measur ing the carrier concentrat ion and the lattice 
parameter  for the sample and then using the data in 
Fig. 2 of Bis and Dixon (7). Composition values deter-  
mined in this way were accurate to better  than  1%. 
The lattice parameters  were determined from Debye- 
Scherrer powder photographs taken  wi th  CuKa radia-  
tion and using a s tandard 114.6 mm diameter  camera. 

( c O s 2 0  COS20 ) 
The x s--~ne 4- - - 0  extrapolat ion method was used 

to determine ao. To remove any  in ternal  stress, pro- 
duced during the gr inding operation, the alloy powder 
samples to be used for the x - r ay  work were annealed 
for about 10 hr at a temperature  no higher than 250"C. 
The accuracy of the lattice parameter  so determined 
was _0.0O05A. 

The start ing compositions and the first-to-freeze 
compositions, listed in Table I, are consistent with the 
phase diagrams for Pbl -xSnxTe determined by Wagner  
and Woolley (8). As expected from this phase diagram, 
the growing mater ial  is always richer in PbTe than 
the melt. As growth slowly proceeds, the melt  becomes 
more and more depleted of PbTe and hence a com- 
position gradient  exists along the length of the ingot. 
However, the composition gradient  is very small  in the 
first quar ter  to freeze due to the relat ively small sepa- 
rat ion between the l iquidus and solidus curves at a 
given temperature.  In ingot No. 2, for example, the 
composition varied by less than 2% in the first quar ter  
of the ingot to freeze. 

Table I also lists the range of carrier  concentrat ions 
measured in these ingots. The higher the SnTe content 
of the alloys, the higher are the carrier  concentrations. 
This is due to an increasing deviation from stoichiom- 
etry as we go from PbTe to SnTe. When grown from 
stoichiometric melts, Pbl-xSn=Te alloys are always 
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Fig. 2. Hall coefficient as a function of alloy composition in the 
"as-grown" Pbl-zSnxTe alloys. 

t e l lur ium rich, and  this excess te l lur ium is accommo- 
dated in the lattice by lead and /or  t in vacancies, which 
ionize to produce p- type carriers. That the alloys grown 
from stoichiometric melt  are te l lur ium rich is clearly 
seen in SnTe rich ingots, for which the last to freeze 
is always a small  amount  of pure tin. Brebrick (4) 
showed that  the point  defects in SnTe were t in  
vacancies and that  the car r ie r - to-vacancy ratio was 
approximately 3. But Brebrick calculated the carrier 
concentrat ion using p ---- 1~Roe, in which Ro is the low 
field Hall  constant and e is the electronic charge. When 
using the correct expression for the carrier concentra-  
tion, p -= r/Roe, with the values for r given by Tsu 
et aL (9), the car r ie r - to-vacancy ratio becomes 2. This 
agrees with the intui t ive notion that  an ionized divalent  
(Sn + +) vacancy produces exactly 2 carriers. The in-  
crease of carrier concentrat ions from PbTe to SnTe is 
almost a hundredfold for ingots grown from stoichio- 
metric melts (see Table I),  suggesting that  t in  vacan-  
cies are more easily generated than lead vacancies. 

Several  circular disks cut from ingots No. 6 and No. 8 
were lapped with coarse powder to produce micro- 
cleavages over the surface of the disks. By using a 
distant  source of light, any small  angle grain bound-  
aries could be detected with a high degree of accuracy 
by observing the reflection from the numerous  {100} 
microcleavage planes. A detailed examinat ion revealed 
that  the ingots were single crystal over their  whole 
length with small  grain boundaries  predominant ly  in 
a small  first-to-freeze region and near the surface of 
the ingots. With each circular disk so treated, the ex- 
aminat ion showed that  more than  50% of its volume 
was single crystal with no detectable grain boundary,  
while the remaining  volume had small  angle grain 
boundaries  present, the angles varying  from about 2 ~ 
to 5 ~ With ingots No. 6 a nd  No. 8, x - ray  back reflection 
photographs were taken at 3 mm intervals  across a 
diameter of a face cut paral lel  to the long axis of the 
ingot with normal  incidence of the x - ray  beam. These 
x - r ay  photographs confirmed some of the above ob- 
servations concerning the single crystal character and 
the crystal perfection of the material.  

The "as-grown" mater ia l  was homogeneous. First, 
metallographic examinat ion showed no voids, no cracks, 
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and no sign of metal  precipitation. We believe that  the 
small  growth rate (3.4 cm/day)  and the steep tem-  
perature  gradient  at the freezing interface ( >  50~ io2O 
cm) were responsible for the absence of metal  precipi-  
tat ion and cellular  subst ructure  f requent ly  observed 
in Pb l -zSnxTe  ingots (10). Second, x - ray  diffraction 
(Debye-Scherrer  powder photographs) indicated that 
the alloys were single phase and of good alloy homo- 
geneity, in all cases the al, a2 doublet being resolved 
in the high angle lines. Third, resistivity measure-  
ments taken at two different positions along the sam- io ~9 
ples, indicated that the "as-grown" mater ial  was 3" 
homogeneous in carrier concentration.  Several  samples a 
were measured in this way at temperatures  between v 

Z 4.2~ and room, and, in all cases, the two resistivity o 
measurements  agreed to better  than 1% at every tem- 
perature, ac 

Values of Hall coefficient and Hall mobi l i ty  are w 
plotted in Fig. 3 and 4. For comparison, the results of ~ Io m 
Czockralski-grown (3) single crystals are also shown, o r 

It is seen that the alloys grown by the Bridgman ~: 
method in this laboratory have fewer carriers and 
higher mobilities. The higher mobil i ty for a given alloy ac 
composition is probably due to the corresponding lower o'~ 
carrier  concentration. 

Isothermal  A n n e a l i n g  
For the heat t reatments,  a constant  temperature  

furnace was needed. In order to satisfy this require-  
ment  for several temperatures,  an anneal ing  furnace 
was constructed with two concentric furnace tubes, 
each with a part icular  type of winding.  The outer 
heater consisted of a wire element  very closely wound 
near  each end of the furnace, and gradual ly  more 
spaced towards the center of the furnace. The tem-  
perature profile of this outer heater alone thus peaked 
at each end and showed a m in imum at the center. The 
inner  heater  was wound with a constant  spacing be-  
tween the turns and hence its tempera ture  profile 
showed a broad max imum at the center of the furnace. 
For all temperatures  at which the furnace was used, it 
was possible to find current  settings on the two heaters 
which gave a resul tant  tempera ture  var iat ion with 
position of less than • 1 7 6  over at least 15 cm. The 
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Fig. 4. Carrier concentration (I/Roe) at 77~ as a function of 
isothermal annealing temperature for Pbl-xSnzTe alloys. 

furnace temperature  was main ta ined  constant  with 
t ime by a proportional control acting on the outer 
heater. For each anneal ing temperature,  the appropriate 
value of the current  in the inner  heater was found by 
trial  and error. The stabil i ty of the tempera ture  over 
long periods of t ime was •176 

The explanat ion of the method used to control the 
deviation from stoichiometry in Pbz-=SnxTe requires 
a knowledge of the various phase diagrams used to 
describe nonstoichiometry in MN systems. A general  
review of this informat ion has been given by Strauss 
and Brebrick (1). These diagrams suggest several 
methods by which nonstoichiometry (or carr ier  con- 
centrat ion) can be controlled. For example, the 
carrier concentrat ion can be controlled by fixing the 
temperature  and the part ial  vapor pressure PN2 over 
solid MN. However, this is a technique that requires 
special furnaces to control the two variables PN2 and T. 
Another  more practical method was first used by Bre- 
brick and Allgaier  in PbTe (11). The technique in-  
volved the equi l ibrat ion under  isothermal conditions of 
a relat ively large Pb- r ich  PbTe charge with a sample 
of PbTe. The charge and the sample were enclosed in 
a sealed quartz ampoule, the volume of which was 
made small  enough to prevent  any  change of composi- 
t ion of the sample by volatilization. When equi l ibr ium 
is reached, the PbTe sample lies on the Pb- r ich  solidus 
l ine and is made to retain that  phase by fast quenching 
to room temperature.  For alloys of the system P b l - x -  
Sn=Te, this technique would require the preparat ion 
of metal  rich charges having the same P b - S n  ratios as 
those of the samples to be annealed.  Here a simplified 
annea l ing  technique has been used. 

This technique is based on the same principle as that  
of Brebrick and Allgaier (1, 11). If the MN system is 
closed and contains all three phases (liquid, solid, 
and vapor) ,  it has only one degree of freedom, and 
hence fixing the tempera ture  fixes the equi l ibr ium 
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composition of each phase. Thus, if the composition of 
the charge and sample combined lies in the l iquid-solid 
region, the solid composition and the liquid composi- 
t ion are fixed by the values of the solidus and liquidus 
lines at the anneal ing temperature,  and the part ial  
pressure P~2 in equi l ibr ium with the system is fixed 
by  that  temperature.  When the above condition is 
satisfied, the composition of the sample changes by 
solid-state diffusion until ,  at equil ibrium, it reaches 
the M-satura ted or N-satura ted solidus l ine depending 
on whether  the charge is M-rich or N-rich. By vary-  
ing the anneal ing temperature,  solid specimens can 
be equil ibrated to various nonstoichiometry values, 
corresponding to various carrier concentrat ions or 
compositions. 

The simplification of the present  annea l ing  technique 
over those used elsewhere (11, 12) is in the use of 
minute  charges of pure N or pure  M only. Since the 
only requ i rement  is that the composition of the sam- 
ple and charge combined lie between the solidus and 
the l iquidus curve at the anneal ing temperature,  the 
amount  of M or N needed is given by 

atoms of M or N > (p (sample) 
- -p  (at the solidus line)} V/c [1] 

in which p is the carrier concentration, V the volume 
of the sample, and c is the number  of carriers per 
vacancy, c lying between 1 and 2. For example, con- 
sider a PbTe sample, with 2 X 1019 holes cm -3 and 
of dimensions 0.1 X 0.3 >< 1.0 cm 3, which is to be 
equil ibrated at a tempera ture  for which the Pb-sa tu -  
rated solidus l ine is at the stoichiometric composition. 
The number  of atoms of pure Pb required is given by 
Eq. [1] and is > 6 / c  • 10 iv. Thus only a little over 
0.2/c mg of pure lead, introduced in the quartz am- 
poule with the PbTe sample, is necessary to equil ibrate  
the sample to the stoichiometric composition. The exact 
amount  is not critical and in general  more than the 
amount  calculated from Eq. [1] can be used to allow 
for the uncer ta in ty  in the exact value of c and to en-  
sure that  the composition of the charge and the sample 
together is well into the l iquid-solid region. At the 
start of the annealing,  the Pb charge is liquid. The 
excess te l lur ium in the sample is t ransferred (via 
vapor phase) to the charge unt i l  the charge has col- 
lected enough Te to cross the l iquidus line. Then, the 
charge will  be par t ly  l iquid and par t ly  solid unt i l  
equi l ibr ium is reached. At equil ibrium, the sample is 
lead saturated and lies on the solidus line. If the 
amount  of pure lead used is so large as to prevent  the 
charge from reaching the l iquidus l ine before the sam- 
ple reaches the solidus line, then surface mel t ing of 
the sample will  occur to provide the extra Te needed 
by the charge to reach the l iquidus line. Thus, in order 
to prevent  mel t ing of the sample, an upper  l imit  to 
the amount  of pure Pb used as a charge is determined 
by the position of the l iquidus line in the T-x  projec- 
t ion [Fig. 1 of Ref. (1)].  This l imit is given by 

A p V ( 1 - - X ~  
atoms of M < [2] 

atoms of N < [3] 
C 

in which ~pIr/c is the right hand  side of Eq. [1] and 
x is the composition of the appropriate l iquidus at the 
anneal ing temperature.  For example, in PbTe x = 0.1 
at 700~ for the Pb-r ich  liquidus. From Eq. [2], we 
find 9(~pV/c) as the upper  l imit  to the n u m b e r  of 
atoms in the Pb charge. 

For the Pbi -xSnxTe alloy samples, the charges used 
for N- and M-satura t ion were pure te l lur ium and a 
mixture  of lead with t in  respectively. The mixtures  of 
lead with tin, at 5 atomic per cent (a/o) intervals,  
were prepared by mel t ing the elements together at a 
high temperature  and then quenching rapidly. For M- 

saturation, the mix ture  having the closest P b - S n  ratio 
to that of the Pbt -xSnzTe sample to be equil ibrated 
was used. It was not necessary to have exactly the 
same P b - S n  ratio in both the charge and the sample 
because the charge was minute  and could not produce 
an appreciable change in composition x of the much 
larger Pbt -zSnxTe sample. The charges were weighed 
using a precision balance, and ranged in weight from 
0.1 to 1.3 mg. Each sample and its charge were en-  
capsulated in a small  quartz ampouIe, which was evac- 
uated and backfilled with 1/3 atmosphere of argon to 
minimize thermal  etching of the specimens (12). After  
the specimens had been equilibrated, the quartz am- 
poules containing the samples were rapidly quenched 
in water. 

The main  advantage of the present  anneal ing tech- 
nique are: (i) the preparat ion of the charge is simple 
and the equali ty of its P b - S n  ratio to that of the sam- 
ple is not as critical a requi rement  as it was in previous 
techniques (11, 12); (ii) the sample and the small 
charge can easily be separated inside the quartz am- 
poule and hence no complications such as a "tube 
wi thin  a tube" (12) are necessary to keep them 
separated; (iii) owing to the small  size of the quartz 
ampoules, it is easier to have the whole ampoule in 
a region of constant  tempera ture  in the furnace. This 
is desirable to prevent  t ransport  of the sample, through 
the vapor phase, to colder regions of the ampoule; 
(iv) the small size of the quartz ampoule permits 
higher quenching rates. Fast quenching is desirable to 
prevent  in ternal  precipitat ion (1). 

The results of the anneal ing experiments  using the 
above technique are given in Table II for several com- 
positions of Pb l -zSnzTe  alloys. The first column gives 
the sample number .  The second column indicates the 
na ture  of the charge (M for P b - S n  mixture,  and Te 
for te l lur ium) ,  the amount  of which was determined 
using Eq. [1-3] assuming a suitable value for c, and 
which varied from 0.1 to 1.3 mg for a typical sample 
volume of 0.15 X 0.3 X 1.0 cm 3. The third, fourth, and 
fifth column give the thickness in mm, the anneal ing 
temperature  in degrees centigrade, and the anneal ing 
time in days, respectively. 

The anneal ing times chosen should be sufficiently 
long for equilibration. The values of interdiffusion co- 
efficients necessary for the calculation of equi l ibrat ion 
times are not available for the various carrier con- 
centrations, alloy compositions, and temperatures  used 
in the present work. However, if the smallest of the 
two interdiffusion coefficients determined for PbTe 

Table II. Results of isothermal saturation annealing experiments 
obtained from Pb l - zSnJe  alloys grown by the step-freeze 

technique. All carrier concentrations are p-type unless 
indicated (n) for n-type 

A n n e a l -  Ho le  c a r r i e r  C a r r i e r  
T h i c k -  i n g  c o n c e n -  m o b i l i t y  

S a m p l e  ness ,  T e m p .  t i m e  t r a t i o n  a t  77~  
No. C h a r g e  m m  (~ (days )  a t  77~  e m  -~ c m e / V - s e e .  

(a) C o m p o s i t i o n  x = 0.06 
6-0  N o n e  As  g r o w n  1.25 • 101~ 2,560 
6-1 T e  1.02 771 4 3.20 • 1019 860 
6-6 M 1.56 869 4 6.41 • 10 TM 4,670 
6-5  M 1.3 845 8 3.33 x l 0  is 7,370 
6 -4  ]Yl 1.1 810 4 9.00 x 10 ]7 12,870 
6-3 M 1.4 800 6 5.06 • 10 l~ 14,300 
6-2 M 1.42 771 4 1.56 • 1017 14,920 

(b) C o m p o s i t i o n  x = 0.21 
8-1 N o n e  As g r o w n  5.10 • 10 TM 612 
8-3 T e  1.6 842 23/4 1.32 • 10 ~o 164 
8-5  Te  1.34 771 4 1.17 • 10~ 188 
8-6 T e  1.34 800 6 1.10 • 10 ~~ 211 
8-2 M 1.76 842 23/4 2.14 • 1019 1,660 
8-7 M 1.43 800 6 1.08 • 10 TM 3,270 
8-4  M 1.68 771 4 7.11 X 10 TM 4,750 
8-8 M 1.5 680 30 2.88 • 10 TM 9,550 

(c) C o m p o s i t i o n  x = 0.13 
2-2 N o n e  As  g r o w n  2.00 • 10 ~9 1,600 
2-2.1 M 1.0 734 2 5.65 x 1017 15,000 
2-2 .4  IV[ 1.0 712 3 7.9 • 10 TM 16,600 
2-2 .3  M 1.0 667 7 3.9 • 10174n) 40,600 
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(13) is assumed to apply for the alloys, the anneal ing 
times used here were more than sufficient for equi l ib-  
r ium to be reached in all cases. For example, the in-  
terdiffusion coefficient for the anneal ing  temperature  
of sample 8-8 is 5 • 10 - s  so that  it would be equil i -  
brated after 1.1 day which is about 25 times less than 
the anneal ing  t ime used for that  sample. 

As with the "as-grown" material,  the homogeneity 
of the annealed  samples were checked by measurement  
of electrical resist ivity and Hall effect. Since dur ing  
the finite quenching t ime following the annealing,  
some diffusion may  take place near  the surface and 
produce a change in carrier  concentrat ion in a thin 
surface layer, the annealed samples were lapped on 
all 6 faces to remove about 100~ of mater ial  before 
the Hall and conduct ivi ty  measurements  were made. 
The homogeneity in carrier concentration,  which in-  
dicates whether  or not  equi l ibrat ion was at ta ined dur -  
ing annealing,  was checked by measur ing the resistiv- 
i ty at two positions along each specimen. All  samples 
with 21% SnTe and 6% SnTe were measured in this 
way at temperatures  from 77~ to room and in every 
case the agreement  between the two measurements  
was better  than 1%. However at temperatures  lower 
than 77~ samples No. 6-3 and No. 6-2 showed drastic 
changes in resist ivity and Hall coefficient. It should 
be pointed out that for these samples with low car-  
r ier  concentrat ion and high mobility, large surface 
effects are not unl ike ly  and hence the observed re- 
sistivity anomalies need not be due to bulk  mater ia l  
inhomogeneities. For all the annealed samples, includ-  
ing No. 6-2, and No. 6-3, metallographic examinat ion 
revealed no sign of precipitation, support ing the as- 
sumption that dur ing quenching either no retrograde 
solidus l ine was crossed, or, if such a line were crossed, 
it was at too low a tempera ture  for precipitat ion to 
occur. 

Values of carrier concentrat ion (p ~_ 1~Roe) and 
Hall  mobil i ty  (Roa) determined at 77~ are given in 
the sixth and seventh columns of Table II. The var ia-  
t ion of p with anneal ing tempera ture  is also shown in 
Fig. 4. Similar  curves were obtained by  Calawa et al. 
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(12) in Pb , -zSnxTe  and the general  agreement  be-  
tween the two sets of results is good. However, our 
13% SnTe curve shows a crossover tempera ture  (from 
p- type to n- type)  significantly higher than that  re-  
ported by Calawa et al. (12) for the same composition. 
This difference could be due to the presence of ionized 
impurities,  in addit ion to ionized vacancies, which 
would be n - type  in our mater ia l  or p - type  in the ma-  
terial of Calawa et al. 
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Technical Notes @ 
Preparation and Properties of Hexaferrite Films 

R. C. Taylor* and V. Sadagopan* 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

Polycrysta l l ine  hexaferr i te  films have been prepared 
both by RF sput ter ing and chemical vapor deposition 
(CVD) techniques for possible semi- t ransparent  
photomask (STP) applications. Among the three hexa-  
ferri te compositions investigated, the PbFe12019 films 
prepared by the CVD technique appear par t icular ly  
interest ing for STP applications in view of their satis- 
factory combinat ion of hardness, optical t ransmission 
characteristics, and etchabil i ty Hexaferr i te  films also 
have a potential  application in the area of magnetic  
bubble  domain devices. 

The fabricat ion and uti l ization of masks is a sig- 
nificant aspect of the manufac ture  of integrated cir-  

* Elec t rochemical  Society Act ive  Member .  
K e y  words :  chemica l  vapor  deposit ion, magne top lumbi te ,  optical 

transmission spectra. 

cuits. It is recognized that the qual i ty  of the circuits 
is largely dependent  on the qual i ty  of the masks. The 
lack of t ransparency of current  materials  used for 
contact mask fabrication, such as chromium and photo- 
graphic emulsions, makes it very difficult to visually 
align the mask with the structures undernea th  it, 
especially when the ratio of opaque to clear area is 
large. Recently, a number  of new materials  that are 
t ransparent  in the visible region and opaque in the 
ul traviolet  around 4000A have been suggested for STP 
applications (1, 2, 3). The favorable optical character-  
istics of these materials  permit  the accurate visual 
a l ignment  of the mask and make it possible to use 
much finer structures for contact printing.  The general  
mater ial  requi rements  for STP applications are: (a) 
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Fig. 1. Apparatus for the dep- 
osition of PbFe120z9 films by 
the chemical vapor deposition 
technique. 

zero transmission in  the region below 3500A to facil- 
itate masking; (b) t ransmission of greater than  30% 
at 5890A to permit  visual  a l ignment;  (c) easy 
etchabil i ty in solvents compatible wi th  photoresist 
processing; and (d) reasonable hardness to provide 
durabil i ty.  In  the light of the above requirements,  we 
have examined a var ie ty  of t ransi t ion metal  oxides 
in  addition to those screened by Sinclair  et al. (1). 
Among these, th in  films of GaFeOs, prepared by sput-  
ter ing techniques, and hexaferr i te  of the composition 
PbFe12019 (magnetoplumbi te) ,  prepared by the CVD 
method, appear to be promising for STP applications. 
We present  here the details of the CVD method of 
preparat ion of PbFe12Oz9 and its optical t ransmission 
characteristics and compare the optical properties of 
the lat ter  with those of other hexaferr i te  films with 
compositions such as BaFesGa4019 and BaFes.sA13.5Ozg. 

Polycrystal l ine  films of magnetoplumbi te  have been 
vapor deposited onto single crystal sapphire substrates 
by pyrolysis of iron pentacarbonyl  and te t raethyl  lead 
in the presence of oxygen. The s t ructure  of the films 
was examined by s tandard x - r ay  diffraction tech- 
niques. 

The apparatus for the chemical vapor deposition of 
magnetoplumbi te  is shown schematically in Fig. 1. 
The reactants, te t raethyl  lead and iron pentacarbonyl ,  
are contained in two quartz bubblers  which are painted 
black to prevent  photodecomposition of the reactants  
into free organic radicals and Fe(CO)9. Each source 
bubbler  is connected to two flowmeters, one for meter -  
ing the t ransport  argon flow and one for the argon 
di luent  flow. The reactant  and oxygen vapors feed into 
a vert ical  quartz reactor. The quartz l iner  inside of the 
reactor is tapered at the top to support  the substrate  
and contains four slits below the substrate which 
serve as gas exhaust  ports. A stainless steel susceptor 
is in  contact with the upper  surface of the substrate 
and is RF heated. The thermocouple well  goes almost 
to the bottom of the susceptor to moni tor  the substrate 
temperature.  The substrate is mounted  at the top o5 
the reactor to prevent  wal l  deposits from fal l ing onto 
it. In  a typical  deposition of PbFez2019 onto a C-axis 
sapphire substrate, the reactant  bubblers  are kept at 
room tempera ture  and the substrate is heated to 400~ 
Argon flow is regulated to 50 craB/rain through the 
te t raethyl  lead bubbler ,  and 7 cm3/min through the 
iron pentacarbonyl  bubbler,  resul t ing in t ranspor t  
rates of 6 X 10 -5 moles /hr  Pb(C2Hs)4 and 7 X 10 -4 
moles /hr  Fe (CO)5. The oxygen flow rate is 50 cm3/min. 
Under  these conditions, a film of approximate ly  1000A 
thickness is deposited in 3-4 hr. The films are poly- 
crystal l ine with the s tandard hexaferr i te  structure. 
At tempts  at film orientat ion by post-deposition anneal -  
ing at 1000~ resulted in decomposition with the loss 
of PbO and a residual  deposit of Fe~O3 on the substrate. 

The effect of substrate temperature  on the rate of 
PbO deposition by the oxidation of Pb(C2Hs)~ has 
been studied. The results are shown in Fig. 2. The 
shape of the curve shows the usual  effects of kinetic 
control at low temperature,  diffusion l imitat ion at 
in termediate  temperature,  and gas-phase reactant  de- 
pletion at higher temperature.  These results were 
combined with those of MacChesney (2) and Carlton 
(4) for Fe(CO)5 to arrive at the approximate deposi- 

t ion conditions. 
Thin films of other hexaferr i te  compositions 

(BaFesGa4019 and BaFes.sA13.5019) for possible STP 
applications have been prepared by s tandard  RF sput-  
ter ing techniques star t ing from either a powder target 
or a bu lk  pressed disk. The films were prepared both 
in argon and in  oxygen atmospheres. The details of the 
sput ter ing parameters  and their  effect on the structure, 
orientation, deposition rate, and composition of the 
films will  be presented elsewhere. 
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Fig. 3. Optical transmission vs. wave length of selected hexafer- 
rite compositions; 1000A PbFe12019 film was prepared by CVD 
method; 3675~, BaFesGa4019 and 28,000.~ BaFes.sAI3.5019 films 
were prepared in argon atmosphere in contrast to the 2100A 
BaFesGa4019 film which was prepared in oxygen atmosphere. A 
2800~ argon-sputtered BaFes~AI3.s019 film had transmission fea- 
tures similar to the data presented in this figure. 

All the deposited films adhered well  to the substrates 
and could not be scratched by a stainless steel needle. 
Their  durabi l i ty  is thus satisfactory al though no quan-  
t i tative measurement  of their  abrasion resistance was 
made. The films with thickness greater  than  2000A 
were free from pinholes. The optical t ransmission 
characteristics of the different hexaferr i te  compositions 
are presented in Fig. 3. The data shows that  the hexa-  
ferrite films sputtered in argon ambient  have a broad 
absorption edge in contrast  to the sharp absorption 
edge exhibited by films sputtered in oxygen ambient.  
The broad absorption edge of argon-sput tered films 
is interpreted to arise from oxygen nonstoichiometry 
in  such films. Among the three hexaferr i te  composi- 
tions investigated, BaFes.5A13.5019 films are not t rans-  

parent  in the 5890A (see-through) region (Fig. 3) and, 
hence, are not considered useful  for STP applications. 
On basis of their  favorable optical spectra, the vapor 
deposited PbFe12O19 and sputtered BaFesGa4019 films 
qualify for use in STP technology. The sputtered films, 
however, are remarkab ly  resistant  to chemical at tack 
by acids that  are compatible with photolithographic 
processing. On the other hand, vapor deposited 
PbFel~O~9 films are readi ly and uni formly  etched by 
di lute HC1 (9%) at room tempera ture  at the rate of 
300 A/rain.  The observed differences in the etching be- 
havior of sputtered and vapor deposited hexaferri te 
films are a t t r ibuted to differences in morphology of 
the deposits unique  to the individual  film fabrication 
techniques (2). The ease with which vapor deposited 
PbFe~20~o films dissolve in di lute HC1 is, however, not 
an adequate cri ter ion for its selection as a STP mask. 
An etched pat tern  could still be ragged if the rate of 
etching were dist inctly different in different crystal-  
lographic directions. Etched test pat terns have been 
obtained with satisfactory resolution. It  is believed 
that  the slow rate of deposition of PbFe12Ot9 is par-  
t ial ly responsible for the uni form etching. Thus, slow 
deposition might  be an advantage ra ther  than  a handi -  
cap for this material.  

In  summary,  on the basis of their  adequate hardness, 
favorable optical absorption characteristics, satisfac- 
tory etchability, and ease of fabrication, the vapor 
deposited films of PbFe~20~9 are considered to be of 
par t icular  interest  for STP applications in the manu -  
facture of semiconductor integrated circuits. Further ,  
the optical and etching characteristics of PbFe12Ot~, 
films compare favorably with those of vapor deposited 
films of Fe2Oa, the only other mater ial  that, so far, 
has met the s t r ingent  cr i ter ia  for masks capable of 
real t ime visual a l ignment .  In  addit ion to their poten- 
tial usefulness for STP applications, the hexaferri tes 
would be of considerable interest  in the area of mag- 
netic bubble  domain devices if deposition conditions 
and substrate materials  were modified in order to give 
single crystal films. 

Acknowledgments 
The authors are indebted to W. J. Haag for tech- 

nical assistance in film growth and to E. A. Giess for 
fabrication of hexaferr i te  targets used in the sput ter-  
ing part  of the study. 

Manuscript  submit ted Sept. 21, 1971; revised manu-  
script received Feb. 14, 1972. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1972 
JOURNAL. 

REFERENCES 
1. W. R. Sinclair, M. V. Sull ivan,  and R. A. Fastnacht,  

This Journal, 118, 341 (1971). 
2. J. B. MacChesney, P. B. O Connor, and M. V. Sull i-  

van, ibid., 118, 776 (1971). 
3. V. Sadagopan et al., Unpubl ished results. 
4. H. E. Carl ton and W. M. Goldberger,  J. Metals, 17, 

611 (1965). 



The Detection of Silicon-Oxynitride Layers 
on the Surfaces of Silicon-Nitride Films by 
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Considerable at tent ion has been paid recently to the 
properties of silicon nitr ide films as the diffusion mask 
and gate dielectric since the advent  of the insulated-  
gate field-effect transistor, and a great amount  of effort 
directed toward the investigation of these films for 
semiconductor device applications. There are many  
purposes for which dielectric films may be used in 
devices but  for most practical device applications it is 
normal ly  desirable to achieve a single-phase film in 
order to avoid possible inhomogeneous properties as- 
sociated with mixtures.  In  order to possess uni form 
properties, these films should be amorphous in struc- 
ture, impervious to contaminants  to reduce instabi l i ty  
effects, and be compatible with the substrate for ac- 
ceptable mechanical  and electrical characteristics. Pre-  
vious work (1) concerning films in termediate  in com- 
position between silicon nitride and silicon dioxide has 
not been clear in dist inguishing between the solid 
solution and mixture  possibilities. Recent work, how- 
ever, using electron diffraction (2) indicates that the 
silicon ni tr ide and silicon dioxide end members  form 
a continuous series of solid solutions rather  than  mix-  
tures. Generally,  a variat ion in the gas composition 
during deposition (3, 4) influences the stoichiometry 
of the ni t r ide layers which will cause the electrical 
and optical properties to vary. 

Apart  from the electron diffraction work ment ioned 
above, there does not appear to have been any invest i -  
gation using microscopic techniques on these films. 
However, recently, backscattering and channel ing ef- 
fect measurements  with MeV 4He ions have been used 
to analyze the composition as a funct ion of depth of 
oxide and nitr ide layers on silicon (5). The composi- 
tion was determined to be stoichiometric for high 
ratios of NH3 to Sill4 used in the deposition reaction 
but, for lower ratios, departures from this were found. 
Previously these techniques had been used to analyze 
ion implanted layers (6-8) and surface contaminat ion 
(9), and a-particle backscattering from a radioactive 
source such as 242 Cm has also been used in chemical 
analyses of surfaces (10). 

In view of the importance of ni t r ide films in MNS 
and MNOS device fabrication, the present invest iga-  
tion of the surfaces onto which metal  electrodes, nor-  
mal ly  a luminum, are to be deposited was under taken  
using the techniques of Auger emission spectroscopy 
and low-energy electron diffraction. Using Auger  
electron emission, the surface of the sample to be 
studied is bombarded by pr imary  electrons of several 
keV of energy while the energy dis tr ibut ion of the 
secondary and backscattered electrons is observed. 
Within this energy distribution, Auger  electrons are 
observed with energies characteristic of the atoms 
from which they arise (11, 12). The low energies of 
the Auger electrons (below 1 keV) ensure that the 
observed effects arise from atoms very near  the sur -  
face and the Auger method is par t icular ly  sensitive for 
the detection of the l ighter elements on solid surfaces. 

Experimental 
The variables of importance which affect the deposi- 

tion rate of SigN4 and its subsequent  properties are the 
composition and flow rate of the reactant  mixture  and 
the substrate temperature.  In  this work all deposi- 
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tions were carried out on Si substrates at a tempera-  
ture of 900~ with ammonia  as the major  const i tuent  
in the reaction mixture.  The flow rate of silane was 
5 ml /min ,  while that  of ammonia  was 500 ml /min .  The 
flow rate of the ni t rogen carrier  gas was 30 l i ter /min.  
Using these mixtures,  the reaction kinetics taking 
place dur ing the pyrolytic formation of Si3N4 films is 
quite complicated and the possible reactions that may 
occur have already been considered in some detail (1). 

Of the many  films of varying thicknesses that  were 
grown under  identical conditions, two were selected, 
one having a growth time of 1.5 min  and the other 2.5 
min, g iv ing  films of thicknesses 610 and 1010A, and 
refractive indices of 1.88 and 1.95, respectively. These 
quanti t ies were determined using ellipsometry. 

The Auger spectrometer used, which was modified 
from a LEED system (13-15), consisted of three-gr id  
electron optics constructed in these laboratories, with 
the electron gun producing a beam current  of about 
1 ~A at normal  incidence to the specimen. The speci- 
mens used were typical ly 1 cm • 5 mm • 0.2 mm 
thick and were resistively heated while held in tan ta -  
lum clips. A modulat ing frequency of 2 kHz was used 
throughout,  and detection of the Auger signal was car- 
ried out by recording the second harmonic  which 
yielded the derivative of the energy distribution, 
dN (E)/dE.  Peak- to-peak  modulat ion varied from 15V 
for detection in the higher energy range down to 3V 
in the lower energy range. All the observations de- 
scribed here were made using incident  beam energies 
of not more than 1.5 keV. 

After ini t ial  pumpdown from atmospheric pressure 
and overnight  bakeout, a working pressure of 5 • 
10 -10 Torr  was achieved which never  exceeded 2 • 
10 - s  Torr  dur ing ini t ial  outgassing of the specimen. 
Temperatures  were measured using an optical pyrome- 
ter with appropriate corrections made for emissivity 
and transmission through the viewport. 

Both sides of the specimen were subjected to exam- 
ination, and for comparison the first derivative of the 
energy dis tr ibut ion of secondary electrons from SiaN4 
and Si is shown in Fig. 1. The peaks at 522 and 495 eV 
are due to oxygen and are a t t r ibuted to the KL2.3L2.3 
and KL1L1 transitions, respectively (16). The peaks 
occurring at 389 and at 362 eV are the KL2,3L2,3 t ransi-  
tion of ni t rogen and its associated plasmon. The peak 
at 270 eV is the KL2,3L2,3 t ransi t ion of carbon which is 
found on most samples freshly inserted into the UHV 
chamber  and is increased by contaminat ion from re-  
sidual hydrocarbons during bakeout. 

The remain ing  peaks below 100 eV from both sides 
of the specimen are due to silicon and reflect the effect 
of chemical binding. The spectrum from clean silicon 
which has been adequately discussed elsewhere (17- 
19) and will not be considered further,  is shown in the 
upper  trace of Fig. 2. 

Heating the specimen at 1140~ for 5 rain was suffi- 
cient to remove the oxygen from the silicon side of 
the specimen, but  only a slight reduction in the oxygen 
peak was detectable on the ni t r ide side from which 
practically all the carbon had desorbed. The same heat 
t rea tment  for a fur ther  20 min  followed by argon ion 
bombardment  (1 gA at 500V for 30 min)  removed the 
ni t rogen and remain ing  carbon from the silicon side, 
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Fig. 2. The same specimen as in Fig. 1 but showing clearly the 

effect of the desorbtion of C and 0 from both sides of the specimen. 

and was accompanied on the ni tr ide side by an in- 
crease in the ni t rogen peak. 

Fur ther  heat ing for up to 2 hr  was necessary in 
order to dislodge the remaining oxygen with an in-  
crease in the magni tude  of the ni t rogen peak to a final 
steady value.  The silicon spectrum from the silicon 
side (Fig. 2) now has the character  normal ly  associ- 
ated with  "clean" silicon while that  f rom the ni tr ide 
has changed with the desorption of carbon and oxygen, 
and reflects the effect of chemical  binding in the 
nitride. 

Measurements  of the thickness of the layers by 
el l ipsometry after removal  from the UHV chamber  
showed that  they had decreased by about 30A, and 
that  the re f rac t ive  index had increased to just over  2.0. 
This may be compared to a value of about 1.99 ob- 
tained with a reactant  molar  ratio O J S i H 4  : 0 (4). 

Both specimens were  scanned on a Pe rk in -E lm er  
337 infrared spectrometer  at room temperature ,  be-  
fore and after  the above-ment ioned  hea t - t r ea tmen t  in 
UHV. No shift was found for ei ther  of the samples 
in the broad absorbtion band characterist ic of the 
s tretching of the Si-N bond. However ,  the absorbtion 
peaks differed for the two films; that  for the th inner  
film occurr ing at about 870 cm -1 and that  of the 
thicker  film at about 840 cm -1. Ev iden t ly  the small  
amount  of oxygen we are dealing with here  l imits 
severely  any useful comparison using infrared tech-  
niques. 

We have at all stages moni tored the surfaces for 
LEED patterns and after the initial hea t - t r ea tmen t  ob- 

tained a good, clear  (7 • 7) pa t te rn  on the silicon 
side. No patterns were  obtained at any t ime from the 
ni tr ide layer. 

Summary and Conclusions 

Amorphous layers  of silicon ni t r ide of vary ing  thick-  
ness have been deposited on silicon substrates by the 
pyrolysis of silane wi th  ammonia.  Care was taken 
to exclude l ikely  sources of oxygen contamination.  
Using Auger  emission spectroscopy, we have  examined 
the surface of these layers and of silicon on the re-  
verse side for comparison. 

Ini t ial  heating of the specimen at 1080~ for about 
40 sec was sufficient to desorb the oxygen from the 
silicon surface but only produced a slight reduct ion 
in the size of the oxygen peak from the nitride. Fu r -  
ther  heat ing at 1140~ did not result  in a decrease 
in the oxygen signal. This then would suggest that  
on top of the silicon ni tr ide layer  is another  layer  con- 
sisting of silicon oxynitr ide,  SixOyNz, and fur ther  that  
it is about 30A thick, as deduced by el l ipsometry.  I t  is 
possible that  this film is more common than  had been 
previously realized in which case one would not have 
a str ict ly meta l -n i t r ide  interface but a meta l  (SizOyNz- 
nitr ide) interface. The effect of this on film character -  
istics is noticeable. One notices immedia te ly  a rise in 
the refract ive  index once all the oxyni t r ide  layer  has 
been removed by prolonged heat ing in u l t rahigh vac-  
uum. The differing values repor ted  in the l i te ra ture  
for the refract ive  index for zero oxygen to silane ratios 
may in fact be due to the presence of just  such a layer. 
It is expected that  the presence of an oxyni t r ide  layer  
on the nitride will  influence the value of the dielectric 
constant but it would appear  that  here it is the ratio 
of ammonia  to silane in the formation of the ni tr ide 
layer  that  is more important .  It  would also be of in-  
terest  to invest igate  the effect of these films on the 
I -V and C-V characteris t ics  bear ing in mind the 
stronger polari ty dependence of the oxyni t r ide  over  
the nitride. 

Though every  precaut ion was taken to ensure an 
oxygen free system, the only plausible explanat ion 
for the presence of oxygen is as an impur i ty  in one 
of the reactor  gases. The fact  that  oxygen occurs only 
in the top 30A would suggest possible contaminat ion 
of the ni trogen carr ier  gas wi th  water  and /o r  oxygen, 
remembering,  of course, that  af ter  the flow of the 
silane and ammonia  is stopped, the specimen is left  
to cool with the ni t rogen still on, during which  t ime 
the surface of the layer  remains at a sufficiently ele-  
vated t empera tu re  to react wi th  the oxygen  to form 
an oxynitr ide.  Under  these circumstances it would be 
difficult to avoid formation of such a layer  at all. 

In conclusion we may  consider the mechanism by 
which the oxygen is desorbed. Assuming that  oxygen 
on the surface f rom the inter ior  is not an impor tant  
factor since oxygen exchange be tween  the surface and 
the bulk at t empera tures  below 1000~ is an exceed-  
ingly slow process (20), then remova l  of oxygen from 
the silicon is facil i tated by evaporat ion of silicon 
monoxide which does not form associated molecules 
(21). As far as removal  of oxygen from the nitr ide by 
total deplet ion of the oxyni t r ide  is concerned, we 
would ten ta t ive ly  suggest that  silicon released from 
the rapid pyrolysis of silane results in a nitr ide layer  
containing excess silicon. Format ion  of the oxyni t r ide  
then proceeds as suggested above, wi th  the subsequent  
removal  of oxygen by evaporat ion of silicon monoxide  
formed by the react ion of this excess silicon wi th  the 
oxygen in the oxyni t r ide  layer. This process would 
require  diffusion of the excess silicon f rom the nitr ide 
to react  wi th  oxygen to form volat i le  silicon monoxide 
but at a much slower rate than happens on the reverse  
side where  silicon is readi ly  available;  hence the ex-  
tended period of heat ing necessary to br ing about re-  
moval  of oxygen. 
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D I S C U S S I O N  

S E C T I O N  

This  Discussion Section includes discussion of papers  appea r ing  in  
the  Journal of The Electrochemical  Society,  Vol. 118, No. 2, 9, and 
12; Februa ry ,  September ,  and December  1971. 

Observation of Mixed Thermoelectric Power in ThO2 
N. M. Tallan and I. Bransky (pp. 345-349, Vol. 118, No. 2) 

D. S. Tannhauserl: In the  paper  by  Ta l lan  and Bran-  
sky, and in a previous  one by  Ruka, Bauerle,  and 
Dykstra ,  2 the  change of thermoelec t r ic  power  of an 
ionical ly conduct ing oxide is measured  when the a tmo-  
sphere  sur rounding  the sample  is changed.  The ma te -  
r ia ls  are  ThO2 in the paper  being discussed, and 
(ZrO2)o.ss(CaO)0.15 in the  paper  b y  Ruka et al. 2 The 
a tmosphere  var ies  f rom pure  oxygen th rough  mechan-  
ica l ly  d i lu ted  oxygen to mix tures  of CO2/CO and 
H20/H2. The change of thermoelec t r ic  power,  r e fe r red  
to tha t  measured  in an a r b i t r a r y  s t andard  a tmosphere ,  
is then p lo t ted  against  the  difference be tween physical  
quanti t ies ,  which  are cal led in these papers  the  pa r t i a l  
molar  entropies  of oxygen,  and which  are ca lcula ted  
for the a tmospheres  involved.  Agreemen t  be tween  ex- 
pe r imen t  and theory  is good. 

I t  is the  purpose  of this  note to point  out  tha t  the 
use of the  t e rm  "par t i a l  molar  en t ropy"  in these papers  
is wrong. This does not  affect the  va l id i ty  of the  papers  
but  we bel ieve it is wor thwhi l e  to point  this out  since 
the  use of the rmodynamic  concepts in an incorrect  w a y  
can be mis leading  and has often led to the  wrong  
results.  

According to Darken  and Gurry~ the  definit ion of 
the pa r t i a l  molar  en t ropy  of component  j in a mu l t i -  
component  m ix tu r e  is 

(0s,) 
= [1] 

X c3nj /T,P,n i ~ j  

Here  S' is the total  en t ropy  of the  mixture ,  nj is the  

1 D e p a r t m e n t  of Physics ,  Techn ion - - I s r ae l  Ins t i tu te  of Technology,  
Haifa,  Israel.  

R. J.  Ruka,  J .  E. Bauerle,  and L. Dyks t ra ,  This Journal, 115, 497 
(1968). 

s L. S. D a r k e n  and B. W. Gur ry ,  "Phys ica l  Chemis t ry  of Metals ,"  
p. 238, McGaw Hill Book Co., New York  (1953). 

molar  f ract ion of component  j,  and  T and P are  tem- 
perature and pressure of the mixture.  

Darken and Gur ry  3 then derive the fo l lowing rela- 
t ion ( their  Eq. [10-23]) between the chemical poten- 
t ia l  and the part ial  molar entropy 

-~- /e .ni  = -Sj [21 

In  Eq. [2] the derivat ive w i th  respect to temperature 
is calculated w i th  al l  ni as we l l  as P constant. This 
derivat ive has a real physical meaning for a mechan- 
ical mix ture  of components, i.e., components which 
do not react w i t h  each other, since there one can 
actual ly vary the temperature whi le  keeping P and 
al l  ni constant. 

For  a chemical  mix tu re  in equi l ib r ium this de r iva -  
t ive does not have  a physical  meaning.  I t  implies  
c lamping of the  composit ion of the  mix tu re  (e.g., 
CO2, CO, and 02) whi le  the  t e m p e r a t u r e  is var ied  at  
constant  pressure;  and this c lamping  is not  compat ib le  
wi th  chemical  equi l ibr ium.  However ,  the  definit ion of 
Eq. [1] as wel l  as the  re la t ion given in Eq. [2] s t i l l  
holds. 

Tal lan  and Bransky  show tha t  the  heterogeneous 
par t  ahet o f  the  thermoelec t r ic  power  a ---- ahe t  -~- e~hom 
of an oxide  conduct ing by  O = ion diffusion can be ex-  
pressed as 

1 ~- 1 0 p ~ ( O l = ) o x i d e  
ahe t  = ~ L q 2 aT 

1 O~(O2)sas 0/~(e-)pt | 
-- 4 8T ~T J [3] 

They  then  calculate  the  change wi th  oxygen par t i a l  
pressure  of a, af ter  assuming tha t  a~om is independent  
of oxygen par t i a l  pressure  and tha t  the only t e rm in 
ahet tha t  depends  on oxygen pa r t i a l  pressure  is the  sec- 
ond t e rm  on the r igh t  of Eq. [3]. This gives the  equa-  
t ion 

1 8~(O2)sas 1 1 0~t (O2)gas 2 
agas  1 - -  ~gas 2 ~ E [ 4 ]  

49 aT 49 aT 
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Equation [4] is verified by plott ing exper imental  val-  
ues for Aa against calculated values of /~O~(02)g~s/OT. 
The lat ter  are calculated by the use of the equation 

~ (O2) [ 
= 2 ~ .  (co2) - s" (co) ! 

aT 

P(CO2)  ] [5] 
-- R l n  P(CO) 

which is valid for a chemical gas mix ture  in which the 
ratio P (CO2)/P (CO) is independent  of temperature.  

Tal lan and Bransky  as well  as Ruka, who apparent ly  
did the same calculation, call the derivative in Eq. [5] 
the part ial  molar  ent ropy and denote it by S(O~)~as. 
This, as stated above, is not correct, since the der iva-  
t ive is calculated for conditions in which the part ial  
pressure, and, therefore, the molar  fraction of oxygen, 
is a function of temperature.  

The original  theory of the thermopower of chemical 
cells was developed by Holtan, Mazur and de Groot. 4 
After Eq. [38] of their paper, they introduce aS as the 
change of entropy due to the heterogeneous electrode 
reaction, bu t  they do not  call this te rm the part ial  
molar  entropy. We repeat again that  the calculations 
in the paper discussed here and in the paper by Ruka 
et  al.= are correct, but  the use of the expression "par-  
tial molar entropy" is misleading. 

Equation [4] can, incidentally,  be interpreted in a 
manne r  which is more famil iar  to electrochemists: we 
can wri te  

1 O~(O2)gas 
agas constant  

4 0T 

and after mul t ip ly ing  by dT this equation gives 

1 
V~ -- Vb ---- ~- [~(O2)a -- ~(O2)b] + constant  

which, except for the constant  term, is the equation of 
an electrochemical cell with different oxygen activity 
on its two sides a and b. The constant  nonzero term, 
generated by the temperature  gradient, comes from 
the entropies of t ranspor t  of ions in the electrolyte 
and electrons in the p la t inum electrode which are as- 
sumed in Tal lan and Bransky 's  paper and in the paper 
by Ruka et al., 2 to be independent  of oxygen pressure. 

Phosphorescence Decay of Calcium Oxide Activated 
by Yttrium 

k. M. Schwarz, J. M. Voutay-Poncet, and J. Jonin 
(pp. 1512-1514, Vol. 118, No. 9) 

W. LehmannS: This paper is misleading as it implies 
luminescence in calcium oxide due to "activation" by 
yt t r ium, i.e., to traces of y t t r ium dissolved in the CaO 
lattice. We have looked into this system as well as into 
many  other combinations of CaO with various other 
impurities.  To set the mat te r  clear, nei ther  we nor the 
authors of this paper 6 have observed any  luminescence 
in  CaO clearly a t t r ibutable  to yt t r ium. Yt t r ium may 
possibly have an influence on the trap dis tr ibut ion in 
CaO and, thus, on the decay characteristic of phos- 
phorescence of CaO activated by whatever  else it 
might  be. However, y t t r ium is no activator of lumi-  
nescence in calcium oxide in the commonly used sense. 

L. M. Schwarz: Dr. Lehmann ' s  comment  is right. The 
choice of the word "activated" is wrong. The system 
CaO(Y) has no fluorescence. Nevertheless the CaO 
samples we have examined are very phosphorescent 
and thermoluminescent  at all temperatures.  The addi-  
tion of small  quanti t ies  of certain elements like Ga, 
Y, Hf, etc., increases the phosphorescence and  then 

H. Holtan, Jr . ,  P. Mazur,  and S. R. De Groot,  Phys~ea, 19, 1109 
(1953). 

West inghouse  Research  Laborator ies ,  P i t t sburgh ,  P e n n s y l v a n i a  
15235. 

Persona l  communica t ion  by  L. M. Schwarz .  

allows the study of its decay dur ing  a very long period. 
That  is the only purpose of this paper. 

Dielectric Breakdown in Electrolytic Capacitors 
F. J. Burger and J. C. Wu (pp. 2039-2042, Vol. 118, No. 12) 

S. E. Libby7: Determinat ion  of the b reakdown volt- 
age of t an ta lum samples, when  anodized in simple 
aqueous electrolytes at room temperature,  was carried 
out. Several series of electrolytes were used. In each 
electrolyte series, the anion and its concentrat ion was 
held constant  and the cation species was varied, 
thereby varying the resistivity of the electrolyte solu- 
tions. 

Tan ta lum samples were 2 • 2 cm flags with an 
integral  tab 0.5 • 2 cm. The samples were cut from 
capacitor grade foil 0.001 in. thick. The samples were 
prepared for anodization by vapor degreasing t r i -  
chloroethylene, washing in warm detergent  solution, 
and r insing in deionized water. Anodizat ion was car- 
ried out using a constant  current  of 0.005 A/cm 2. The 
electrolyte was controlled at 25 ~ • I~ and strongly 
st irred to avoid local heating effects. 

Breakdown voltage was defined as the voltage at 
which the first observable deviation from l ineari ty oc- 
curred in the vol tage- t ime plot as recorded by a chart  
recorder with 10 V/in.  scale factor. A VTVM with 11 
megohm input  impedance was used as a preamplifier 
to reduce loading effects. The measured breakdown 
voltage was corrected for IR  drop in essentially the 
same manner  as that used by Burger  and Wu. 

The following summary  of an electrolyte series using 
acetate as the anion (Table I) serves to indicate _the 
na ture  of the results obtained. Each electrolyte in the 
series was prepared in such a m a n n e r  that  the con- 
centrat ion of the acetate ion was 0.010M. Seven to ten 
determinat ions of breakdown voltage were carried out 
in each electrolyte. 

Other series having different anions (C1- and NO3-)  
and different anion concentrat ions (0.01 to 0.5M) were 
also used and the results were consistent: for a given 
anion and anion concentration,  the breakdown voltage 
was constant  and not dependent  on the electrolyte 
resistivities. 

It  is obvious that these results do not remotely re- 
semble those reported by Messrs. Burger  and Wu. I 
can in no way account for the disagreement unless it 
is due to my use of electrolytes which are simple com- 
pared to those which they employed. 

F. $. Burger and J. C. Wu: There are major  differ- 
ences in exper imental  technique which may account 
for discrepancies between our results and those of 
S. E. Libby. For example, he uses a current  density ten 
times our own which was 0.5 m A / c m  2, also his tem- 
perature  is 25~ compared to our 85~ his choice of 
acetate as the electrolyte bears a l ikely responsibility. 
Not all of our electrolytes are complicated, indeed 
electrolytes K, M, and O, as described in our paper, 
are quite simply dilute aqueous solutions containing 
0.1, 0.03, and 0.01 parts by weight  of phosphoric acid, 
respectively. 

The conclusion at this stage must, therefore, be that 
some anomalies occurred in Mr. Libby 's  formation 
experiments  which prevented the full  potential  of 
breakdown voltages from being attained. His voltages 
are from about 120 to 160V below what  might  have 

7 Pownal  Center,  Ve rmon t  05261. 

Table I. 

Resis t iv i ty  Mean b reak-  S tandard  
Electrolyte  a t  25~ down vol tage  devia t ion  

HCeI-~O2 705 o h m - c m  343V 7.0V 
KC2I~O-~ 1020 o h m - c m  350V 4.2V 
Cu (C2H~O~) 2 1900 o h m - c m  345V 5.5V 
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been predicted f rom electrolyte  resistivit ies as sup-  
plied by him, in accordance with  our  experience.  

The empir ical  l inear  relat ionship be tween break-  
down voltage and log of electrolyte  resistivity, as 
described by us, should be looked upon as a l imit ing 
relat ionship in the sense that  the observed breakdown 
voltages have  been found to be the highest attainable,  
provided no side reactions occur that  in ter fere  wi th  
the format ion process. In the case of aluminum, we 
have singled out cer ta in  corrosion reactions as exam-  

ples of the in ter ference  mechanisms. Anomalies  of a 
different kind are known to occur in the tan ta lum sys- 
tem, e.g., character ized by the production of the so 
called "gray"  oxide. Whereas  in the case of tan ta lum it 
has been found re la t ive ly  easy to develop electrolyte  
systems and discover conditions that  ensure t rouble 
free anodization, this has been much less successful 
in the case of metals  such as Nb and Zr; this la t ter  
point was briefly ment ioned in our paper. 
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ABSTRACT 

The specific conductance of pyr id in ium HCI, N-methy lpyr id in ium chloride, 
N-methy lpyr id in ium bromide, 4 -methylpyr id in ium bromide, and pyr id in ium 
bromide, was measured as a function of temperature.  The NMR spectra of the 
first three fused salts were also measured over the same tempera ture  ranges. 
Correlations between conductance data and spectral data were found to exist. 

The exper imental  results indicate that  the "friction" between the chloride 
and pyr id in ium ion is greater than  between the bromide and the pyr id in ium 
ion. The positive charge of the pyr id in ium ion seems to be localized on the 
nitrogen. In the pyr id in ium HC1 system the labile proton is probably  contr ibut-  
ing to the conductivity. 

The present investigation focuses its a t tent ion on a 
series of fused pyr id in ium salts with the in tent ion of 
correlat ing a t ranspor t  property,  the conductance, wi th  
a spectral property. The pyr id in ium salts were chosen 
for study for a var ie ty  of reasons. They are potent ial ly 
very important  as the conducting media in high-tem~ 
perature batteries. They are useful solvents for syn- 
thetic purposes and for investigations of the structure 
of complex ions (1). They are low-melt ing,  noncor~ 
rosive to Pyrex,  stable over a relat ively wide tempera* 
ture  range, and easily synthesized. Because of their low 
melt ing points, many  of the pyr id in ium salts are ac~ 
cessible to study by  NMR techniques as well as by  
more conventional  means. The in t r iguing possibility of 
obtaining direct correlations between t ransport  prop. 
erties and spectral properties, therefore, presents itself. 

This kind of correlation between a s t ructural  prop- 
erty and a t ransport  property, though very useful, has 
been made in  only  a l imited number  of fused-salt  
systems and then only fairly crudely. For example, 
there is a rough correlation between ion size and 
mobility. The reason why the l i terature lacks such 
correlations is that  t ransport  properties result  from a 
combinat ion of short and long range forces, but  a 
typical t ransport  property exper iment  does not give 
the individual  contr ibut ion of each kind of force. Spec- 
tral  measurements  predominate ly  elucidate short range 
forces except when lattice vibrat ions are being studied 
so that  both kinds of measurement  on the same system 
under  similar conditions are thus necessary to remove 
ambigui ty  and characterize the melt. The salts studied, 
and their mel t ing points, are shown in Fig. L 

Experimental 
Synthetic methods.--Each of the salts was synthe-  

sized in fundamenta l ly  the same way based on the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key words:  fused  salts, conductance,  organ ic  mel t s ,  NMR spec-  

t roscopy .  

method first described by Rozdhestvenskii  and Brode 
(2). The appropriate anhydrous  gas, acting as a Lewis 
acid, reacted with pyridine [in the case of (IV), 4- 
methylpicoline] which acted as a Lewis base. The 
equation describing the neutra l izat ion reaction is 

RX 

Reagent grade pyr idine was drlea over BaO and 
then distilled. The dried distilled pyr id ine  was mixed 
with anhydrous  reagent  grade ether to form a 40% 
pyridine solution. The anhydrous halide gas was then 

�9 
HCI (T) CH3Br (TrT) 

(m.p., 144 --FO.5~ (m.p., 151.5 -1-0.5~ �9 
CHsCI (1-I) 

CH~ (m.p., 149.5 :EO.5~ 

�9 �9 
CH S Br ( IV)  HBr _('~'_1 

(m.p., 151 =EO.5~ (m.p., 22U :EO.5~ 

Fig. |. (I) pyridlnlum HCI; (ll) N-methylpyridinium chloride; (lid 
N-methylpyridinlum bromide; (IV) 4-methyl-N-methylpyridinium 
bromide; (V) pyridinium HBr. 
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bubbled through this solution. Af te r  about 45 sec, 
whi te  crystals of salt became visible. The react ion 
takes place in pure  pyridine, but  the yields of salt are  
bet ter  and the subsequent purification processes are 
easier using the pyr id ine -e the r  mixture.  The react ion 
is sl ightly exothermic  so the react ion flask was placed 
in an ice bath. 

Af te r  the salt had formed, the excess e ther  and 
pyridine were  removed,  first by decantat ion and then 
by evaporat ion f rom a ro ta tory  solvent  evaporator.  The 
resul t ing salt was identified by its inf rared spectrum 
in a KBr  pellet  and by its mel t ing point. 

Al l  t ransfer  operations were  carr ied out in a dry box 
or glove bag because the salts are hygroscopic. 

Conductance measurements.--The specific conduct-  
ance, K, of each salt was measured wi th  an Industr ia l  
Ins t ruments  br idge at 1000 Hz. The salts were  con- 
tained in a Pyrex  capi l lary cell. Cylindrical  p la t inum 
electrodes were  used. 

The advantages  of this type of cell  over conventional  
cells for fused salt conductance measurements  are 
many  (3), but the most impor tant  advantage is that  the 
cell constant does not vary  significantly as function of 
temperature .  The major  port ion of the salt 's resistance 
occurs in the capil laries which increase in both diam- 
eter  and length as the t empera tu re  is raised. A Teflon 
stopper, machined to fit the outer  half  of a 29/42 
ground-glass  joint, served as the top of the cell. Three  
holes were  dri l led in the Teflon stopper. Two of them 
were  for the electrode compar tments  and the  third was 
for a gas outlet  tube. Using a Teflon top, r a ther  than a 
glass top, made it much easier to remove  the salt af ter  
an exper iment  and substant ial ly increased the life span 
of the cell. A small  hole in each of the glass tubes 
above the capil laries al lowed trapped air and other 
gases to escape, thereby  facil i tat ing the r ise  of the 
fused salt into the capillary. 

Dow-Corn ing  710 silicone oil was used as the heat  
t ransfer  medium in the constant  t empera tu re  bath. 
This oil has a flash point of 300°C. The tempera ture  
was regulated to ±0.2°C. The cell  constants were  mea-  
sured at 25°C using a 1 Demal-KC1 solution. They 
ranged f rom 150 to 1500 cm -1 depending on the d iam- 
eter  of the capil laries used. 

A min imum of two series of conductance measure-  
ments  of each of the salt samples were  made. Con- 
ductance readings were  taken at 10 ° intervals  over  a 
t empera tu re  range bounded at one end by the melt ing 
point of each salt and at the other  by the boiling point 
or the decomposit ion point of those salts that  showed 
signs of decomposition. The system was al lowed to 
stabilize at each t empera tu re  for 20 min. The readings 
at the highest t empera tu re  were  taken first, then the 
next  highest, etc. The process was then repeated.  A 
second sample of the salt was t reated in the same 
fashion. 

NMR spectroscopy.--The NMR spectra were  ob- 
ta ined using the var iable  t empera tu re  probe of a 
Varian A56/60A NMR machine. A sample of salt was 
t ransfer red  into an NMR tube in a dry box. Both 
hexamethyld is i lane  and hexamethyld is i loxane  were  
tested as reference materials.  The disilane was selected 
because of its higher  mel t ing point. In the subsequent  
discussion all chemical  shifts of fused pyr id in ium salts 
wil l  refer  to this material .  Ta correct to TMS, an addi- 
t ion of 3.83 Hz is required.  

The NMR tubes were  sealed under  a par t ia l  vacuum 
and then removed  from the dry box. The filled tubes 
were  next  placed in the oil bath. The bath t empera tu re  
was raised to just  over  200°C, the upper  t empera tu re  
l imit  of the NMR machine,  or unt i l  the salt began to 
decompose noticeably. The bath t empera tu re  was then 
lowered to below the mel t ing point of the salt being 
studied. This thermal  cycling was repeated several  
t imes to assure the  stabil i ty of the par t icular  salt  sam- 
ple and to minimize  the  chance of a tube exploding in 
the NMR machine. Af te r  cycling, the NMR spectrum of 

each salt was taken, as a function of tempera ture ,  f rom 
just  below 200°C to its mel t ing  point. N -m e thy lpy r i -  
dinium chlor ide showed signs of decomposit ion at ap-  
p rox imate ly  180°C so this t empera tu re  was set as an 
upper l imit  for this salt. The NMR machine was al lowed 
to stabilize for at least 15 min at each selected t em-  
perature.  In most instances sharp spectra could be ob- 
tained well  below the normal  mel t ing points of the 
salts which implies they are easily supercooled. 

Results 
The conductance data measured as a function of 

t empera tu re  are shown in Table I. The complete NMR 
spectrum of (I),  measured with  a sweep width of 1000 
Hz at 156°C, is shown at the bot tom of Fig. 2. The ring 
protons are emphasized using the s lower sweep (250 
Hz) at the top of Fig. 2. The entire spectrum is offset 
100 Hz. 

The chemical  shifts of the ring protons as wel l  as the 
chemical  shift of the R group at tached to the ni trogen 
are listed for all three compounds in Table II. The 
chemical  shifts of the ~, ~, and 7 hydrogens  of ( I I I ) ,  
dissolved in DMSO, are also listed, wi th  an asterisk, in 
the table for comparison (4). 

The coupling constant, J ~  ----- by -- bB, was essen- 
t ial ly the same for all four systems and had a value 
of 3.6 Hz with  a var ia t ion  of _0.1 Hz. This consistency 
in JB~ indicates that  the coupling is in t ramolecular  and 
not affected by the externa l  field. 

The NMR spectrum of (V) could not be obtained be- 
cause of the high mel t ing  point of this salt. The NMR 
spectrum of (IV) will  be discussed in a subsequent  
paper. 

Discussion 
Conductance.--Focusing attention on the conduct-  

ance data, several  points can be made. The salts are 
very  good conductors. Also, the principal  charge  car-  
r ier  is the anion. This can be seen, in the absence of 
rel iable t ransference numbers ,  by compar ing  the  con- 
ductance of (III)  and (IV) in Table  I. These data  com- 
pared the N-me thy lpy r id in ium ion with  the 4-methyl -  
pyr id in ium ion because B r -  is the anion in both salts. 
The values of K are near ly  the same, despite differences 
in both size and electron densi ty of the cations, be- 
cause the more  mobi le  species is the B r - .  The small 
difference that  does exist in K is also in the expected 
direction wi th  (III) being the bet ter  conductor. The 
difference in conductance be tween compounds (II) and 
(III) in Table I fur ther  substantiates the notion that  
the anion is the principal  charge carr ier  in these salts. 
Here, the same cations are being compared so any dif-  
ference in conductance is most l ikely due to differences 
in anion size. The conductance difference is in the r ight  

Table I. Specific conductance parameters 

(ohm - l c m - D  = a + bT  (°K) 

Sa l t  - (a) 

Temper- No. 
(~ a t u r e  of 

(b × 103) X 103) * range, °K'* data 

P y H C I  0.5511 1.554 1.6 425-474 12 
N - m e t h y l  P y C l  0.5722 1.565 1.7 419-463 8 
N - m e t h y l  P y B r  0.4816 1.303 0.5 433-473 7 
4 - m e t h y l  N - m e t h y l  0.5017 1.349 0.3 433-464 I0  

P y B r  
P y H B r  0.5888 1.556 I . I  504-536 9 

* ~ is the  rms  d e v i a t i o n  ( in K) of the exper imenta l  points f r o m  
the  ca l cu l a t ed  s t r a i g h t  l ine.  

** T e m p e r a t u r e  r a n g e  of m e a s u r e m e n t s .  

Table II. Chemical shifts in ppm 

C o m p o u n d  a ~ 7 R 

p y r  HCI (I) 9.45 8,55 9.05 14.71 
N ~ m e t h y l p y r  I-ICI (II) 9,83 8.70 9.20 4.99 
N ~ m e t h y l p y r  B r  (III)  9.70 8.63 9.13 5.00 
N ~ m e t h y l p y r  B r  (III)* 8.80 8.02 6.49 
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Fig. 2. NMR spectra of fused pyridinium HCI at 156°C, offset 100 Hz 

direction with  the C1- being a bet ter  conductor than 
the B r - .  The size of this difference is predictably  
larger  than in the previous case because these ions 
carry most of the current.  Since the salts are all some- 
what  alike, it is probable that  they have similar  glass 
transi t ion temperatures.  Therefore,  comparison of con- 
ductances at the same tempera tures  is reasonable. 

The conductance data for (I) as a funct ion of t em-  
pera ture  is wi th in  approximate ly  1% of the results 
published by Easteal  and Angel l  (5). The conductance 
data for (II) is about 10% higher  than that  of Wallace 
and Bruins (6). A part ial  explanat ion for this dis- 
crepancy is that  these authors were  not  especially in-  
terested in quant i ta t ive  results and so used a dipping 
type conduct ivi ty  cell which is ill suited to fused salt 
work. The electrodes spread apart  as the tempera ture  
is raised, thereby  decreasing the conductance of the 
salt re la t ive  to its true value based on a cell constant 
measured at room temperature .  Their  cell constant 
was also too small  (7, 8). This meant  that, with the 
br idge employed, fair ly imprecise results were ob- 
tained. A combinat ion of these factors can easily ac- 
count for the difference in the two sets of conductance 
data. There does not seem to be conductance data for 
the other  fused salts in the l i terature.  

N M R  spectroscopy.--All  five salts are basically 
AB2X2 systems and their  spectra are ex t remely  com-  
plex (9). The major  features of the spectra are those 
expected for this system and are shown in Fig. 2. The 
a hydrogens show a ni trogen broadened doublet, the  
~, hydrogen appears as a t r iplet  of triplets, and the 
hydrogens give a triplet.  The fine s t ructure  of the 
spectra will  not be discussed further.  

The positions of the a, /~, and 7 peaks were  v i r tua l ly  
independent  of temperature .  That is, the  spectra of a 
given salt, taken at 10 ° intervals,  were  superimposable.  
This indicates no substantial  change in molecular  struc- 
ture  or aggregat ion as a function of t empera tu re  and 
probably indicates that  these salts are complete ly  dis- 
sociated in the mel t  even at the lowest mol ten t em-  
peratures.  

The sharp downfield spike in the pyr id in ium HC1 
spectrum indicates a rapid exchange of protons be-  

tween equivalent  ni t rogen sites. A similar sharp, up-  
field spike appeared in the spectra of (II) and (III) in- 
dicating that  the methyl  group is also exchanging rap-  
idly. The position of the methyl  peak seemed to be 
independent  of the anion. 

The most impor tant  differences in the spectra of the 
ring protons become apparent  when  salts (II) and 
(III) are compared. The three  sets of protons in the 
chloride are all fu r ther  downfield than the equivalent  
protons in the bromide. This indicates the interact ion 
between the chloride and the N-me thy lpy r id in ium ion 
is s t ronger  than the interact ion be tween  the bromide 
and the same ion. This is cer ta in ly  reasonable because 
the chloride has a higher  charge to vo lume ratio than 
does the bromide. 

Correlations between N M R  spectra and conductance. 
- - I n  the chloride mel t  the a protons are 0.13 ppm down 
field, re la t ive  to the  protons of the bromide, whereas  
the ~ and ~ protons are only 0.07 ppm down field. This 
implies that, as the halide ion passes by the N - m e t h y l -  
pyr id in ium ion, it spends, on the average, more t ime in 
the vicini ty  of the ni t rogen than at the opposite end of 
the ion. This concept leads to the l ikelihood that  the 
positive charge is localized on the ni trogen a tom ra ther  
than spread over  the entire ion. If the charge were  
delocalized, the chemical  shifts of the three sets of pro-  
tons in the chloride salt would be about equal, re la t ive  
to the same protons in the bromide salt, because the 
halide would pass by the center  of the ion. 

At  this point it is useful to discuss the interact ion 
be tween the  halide ions and the pyr id in ium ion in 
terms of "interionic friction." The concept of friction 
originated in the works  of Onsager and Kirkwood 
but the par t icular  form of the idea that  is meaningfu l  
here arose f rom equations of the form (10, 11) 

N 

k 

where  Fi is the force on component  i, Xk the mole frac-  

tion of component  k, the vl are the average velocit ies 
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Table II1. Per cent difference in K between chlorides and bromides 
in several "anion conductors" 

B e s t  e s t i m a t e  fo r  
(~-1 cm-1 P e r  c e n t  a n i o n  t r a n s f e r e n c e  

S a l t s  a t  M . P .  d i f f e r e n c e  n u m b e r s  

PbC12 1.43 65 ~ 0.75) 
PbBr.~ 0.58 
CsC1 1.12 34 /0.60 b 
C s B r  0.84 
BaC12 2.03 36 (0.75,  
BaBr~  1.18 
(II)  0.115 28 > (0.75 
( I I I )  0.090 

of the components,  and the r~k are the frict ion coeffi- 
cients. The rik are called friction coefficients because 
they  encompass the proport ional i ty  be tween  i re la t ive  

to species k and F~ when species i is in the env i ronment  

of species k. For  a par t icular  va lue  of F~ and Xk, in Eq. 

2, (vi -- vk)l  can only be less than (v~ -- vk)2 if (r~k)l 
is grea ter  than (r~k)2. In other  words, there  must  be 
more  frict ion be tween species i and k in system 1 than 
in system 2. In the absence of detai led information 
about changes in the wave  functions of the species as 
they pass one another,  this phenomenological  descrip- 
tion is necessary. 

The friction be tween  the chloride or the bromide and 
the cation p robab ly  causes an unusual ly  small  percent-  
age difference in the conductance of (II) and (III) 
re la t ive  to inorganic salts wi th  the same two anions. 
The average  drif t  veloci ty  of the halides is reduced 
because of this interionic "fr ict ion" but  the veloci ty of 
the chloride is reduced more than the veloci ty of the 
bromide. Stat ing it somewhat  differently, there  is more 
fr ict ion be tween  anion and cation in the organic 
chloride mel t  than in the organic bromide mel t  but 
there  is more  friction in both of them than in "hard"  
salts. Presumably,  the greater  polar izabi l i ty  of the 
N-me thy lpy r id in ium ion re la t ive  to a meta l  ion causes 
the excess friction. 

The plausibil i ty of these conjectures can be fur ther  
substant iated by observing the data shown in Table 
III. In this table the percentage difference in conduct-  
ances for hard salts, in which the anion is the princi-  
pal  carrier,  are compared (12). The number  in paren-  
thesis is the best est imate of the t ransference  num-  
bers (13). The data have  not been corrected for this 
factor making them min imum per cent differences. 
Even  so, the per cent difference be tween chloride and 
bromide is smallest  in the pyr id in ium salts. 

Another  interest ing correlat ion can be made. The 
conductance of (I) and (II) compares the N-me thy l -  
pyr id in ium ion with  the pyr id in ium ion, the C1- being 
common to both. These conductances should be closer 
together.  The same anion is carrying the major  share 
of the current  which implies that  the salts should show 
near ly  the same per cent difference in K as (III) and 
(IV) where  the N-methy lpyr id in ium ion is being com- 
pared with  the 4-methyl  N-methy lpyr id in ium ion, the 
bromide ion being common to both. A reasonable ex-  

planat ion is that  the pyr id in ium HC1 is an abnormal ly  
good conductor because the labile proton, which ap- 
pears in the spectrum of fused pyr id in ium HCI and in 
aqueous solutions of pyr id in ium salts (14), is contr ib-  
uting to the conductance. 

Errors.---The conductance data is accurate  to near ly  
+--1%. This figure takes into account the precision and 
accuracy of the bridge, +-0.2%, the abil i ty to regula te  
temperature,  • impuri t ies  in the salts ,--0.5%, and 
a small amount  of decomposition and hydrolysis. The 
NMR data have  about the same accuracy. The chemical  
shifts seem accurate to +-0.02 ppm. The var iable  t em-  
perature  probe of the NMR machine can regula te  t em-  
pera ture  to +-2 ~ which is not near ly  as good as the 
tempera ture  regulat ion of the bath. However ,  the peak 
positions are not very  tempera ture  sensitive. While 
impurit ies have  less effect on the spectra than on ~, 
there are more  "noise" and machine "stabil i ty" prob-  
lems at e levated temperatures .  
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ABSTRACT 

Equi l ibr ium constants were calculated for reactions governing the species 
present  at 175~ in molten mixtures  of a luminum chloride and sodium chlo- 
ride. The equil ibria postulated per ta in  to formation of the complex ions 
A1C14-, A12C17-, and AlaCll0- from CI- ,  A1Cla, and  A12C16. The constants were 
derived from potentials exhibited by concentrat ion cells of the type A1/ 
A1Cls(N), NaC1//A1C13(N'), NaC1/A1, and from vapor pressures over pure 
AICI3 and molten AIC13-NaCI mixtures.  Measurements were made  throughout  
the concentrat ion range N -~ 0.498-0.71. The possibilities of using these concen- 
t rat ion cells as high energy density batteries are considered. 

Aluminum-ch lo r ine  formation cells ut i l izing mol ten 
mixtures  of A1Cla and NaC1 as the electrolyte are being 
investigated in this laboratory for use as high energy 
densi ty batteries. An essential part  of the program has 
been the determinat ion of the activities of the a lumi-  
n u m  species in the electrolyte. Several  investigators 
have presumed the a luminum to be distr ibuted among 
various chloroaluminate  species in such melts, and 
have made calculations based on this presumption. Dye 
and Gruen (1) calculated equi l ibr ium constants gov- 
erning the formation of chloroaluminate ions in A1C13- 
NaCI melts at 190~ in the composition region 0.536 

N ~ 0.658. They used the vapor pressure data of 
Dewing (2) as the basis of their calculation. Tr6millon 
and Letisse (3) introduced the solvent system defini- 
tions of acid and base (chloride ion acceptor and donor, 
respectively) for NaA1C14 melts, and determined the 
value of the solvent dissociation constant  at 175~ 
They performed a potentiometric t i t ra t ion of C1- over 
the composition range of 0.498 ~ N <: 0.502 by the 
strong acid A12C17-, which was produced coulometri-  
cally. A similar technique was employed to measure 
equi l ibr ium constants by Boxall, Jones, and Oster- 
young (4) over the composition range 0.50 ~ N ~ 0.70 
and the temperature  range 175~176 Torsi and 
Mamantov (5) potentiometrical ly measured the same 
dissociation constant  in the temperature  range 175 ~ 
,i00~ and the composition range 0.498 ~ N _--< 0.503. 
They varied the composition of their melt  by adding 
known weights of A1C13 to the salt mixture.  Morrey 
and Moore (6) calculated equi l ibr ium constants gov- 
ern ing  the formation of chloroaluminate  ions in A1C13- 
KC1 melts at 725~ by measur ing the distr ibution of 
u r a n i u m ( I I I )  between the two phases UCI3(1) and 
A1C13 -KC1 (1). 

A wide var ie ty  of addit ional properties of a luminum 
hal ide-Group I metal  halides melts has been invest i -  
gated. Boston (7) recently reviewed these studies. 

A convenient  way to measure activities is to use a 
concentrat ion ceil of the type A1/AICI3 (N), 
NaC1//A1C13 (N'), NaCI/A1 where the activities of a lu-  
m i n u m  in solution and the observed cell voltage are 
related by the equation 

RT In a~ ) E:  ,~'' z'~- (aT -ffEz [1] 
Experimental 

Concentration ce l l s . - -A  variety of concentrat ion cells 
was built. All  had in common an a luminum wire im- 
mersed in each of two different electrolytes contained 
in compartments  connected by a porous barrier.  Glass 
frits, asbestos wicks, Fiberglas mats, and thin Pyrex  
membranes  were used as barr iers  in the several cells. 
Electrolytes were molten mixtures  of a luminum chlo- 

K ey  words:  a luminum chloride, concentrat ion cell, bat tery,  mol- 
ten salt. 

ride and sodium chloride, with the a luminum chloride 
content  ranging from N ~ 0.498 to 0.71. These com- 
positions correspond, respectively, to a saturated solu- 
tion of NaC1 and to a point where the vapor pressure 
of A1Cla over the electrolyte was too difficult to con- 
tain with our cell design. 

Most of the cells were made of Pyrex glass in two 
basic designs. One version was a typical  H-cell, w i t h  
the porous barr ier  in the connecting arm. Some of the 
electrolyte compartments  were s imply closed with 
cork stoppers through which the a luminum wire elec- 
trodes passed. However, because of the extreme reac- 
t ivi ty of a luminum chloride with moisture and because 
of the relat ively high vapor pressures over A1C13-rich 
electrolytes, the H-cells usual ly  were completely sealed 
with tungsten  wire lead-throughs for electrical con- 
nections. Tungsten did not touch the melts; the alu-  
minum wire electrodes were mechanical ly  bound to 
the tungsten in the vapor phase region of the cells. 

In  experiments  where the a luminum chloride con- 
tent  of either of the electrolytes exceeded approxi-  
mate ly  N -~ 0.55, the vapor pressure of the electro- 
lytes tended to force the melt  through the barr ier  
(Pyrex membranes  were not used with the H-cell  
design). To el iminate this problem, a second capil lary 
was used to connect the vapor phase regions of the two 
arms of the H-cell. Electrolyte composition changes 
due to vapor transfer were ext remely  slow and did 
not present  a problem. 

The other basic cell design was comprised of a small 
tube, one end of which terminated  in a Pyrex bubble. 
This tube was r ing-sealed into a larger closed-ended 
tube equipped with a side arm. The side a rm and the 
remaining end of the small tube were sealed, with 
tungsten lead-throughs provided as in the first design. 

All  cells were loaded with powdered electrolyte at 
room tempera ture  in a glove box. The glove box atmo~ 
sphere was ni t rogen recirculated through a molecular  
sieve. The dew point  was below --60 ~ (less than  15 
ppm H20). All  of the sealed cells were equipped with 
side arms connected to each electrolyte compartment.  
Weighed amounts  of powdered electrolyte were added 
to the compartments,  the cells evacuated, and the 
side arms sealed off. The composition of an electrolyte 
could be changed by breaking the side arm, adding the 
required salt, and resealing the cell. Loading and 
changing the compositions of electrolytes in cells 
which were closed with cork stoppers were simpler. 
Chemicals . - -"Baker  Analyzed" reagent grade 0.032 in. 
a luminum wire was used as electrodes. The reported 
impuri t ies  totaled less than  0.2%. The principal  im- 
purities were silicon and iron. "Baker Analyzed" re-  
agent grade sodium chloride was heated in air to just  
below its melt ing point for 24 hr, then ground to a 
powder inside a glove box immediate ly  before use. 
"Baker Analyzed" a luminum chloride was purified by 
a crystal  growth method described elsewhere (8). The 
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crystals were  ground to a powder  immedia te ly  before 
use by means of a Chemical  Rubber  Company Micro- 
Mill which was located inside the glove box. 

Apparatus.--The concentrat ion cells were  immersed 
in a wel l - s t i r red  bath of the t e rnary  eutectic NaNO3- 
NaNO2-KNO3. Bath tempera ture  was measured with 
a Chromel -Alumel  thermocouple  cal ibrated at the 
mel t ing point of Sn-Pb  euctectic (9) and was main-  
tained by a t empera tu re  controller.  Voltages of the 
cells which uti l ized Pyrex  membranes  were  measured 
wi th  a Data Technology Corporat ion Model 370 digital 
vo l tmete r  and the voltages of the remaining cells were  
measured with  a L&N Type K-3 potent iometer  and 
Type 9834 electronic d-c null  detector. 

Results and Discussion 
The ratio of activit ies of a luminum in the two elec- 

t rolytes of a concentrat ion cell can be calculated by 
Eq. [1] and the observed cell  voltage. Many binary 
mol ten halide systems are approximate ly  ideal mix-  
tures if the species are correc t ly  identified (10). The 
a luminum chlor ide-alkal i  meta l  chloride system ap- 
pears to be no exception (11). If the a luminum system 
were  to behave ideal ly and the act ivi ty  of A1111 were  
proport ional  to N, the expected cell voltages f rom Eq. 
[1] would  reach a max imum of 0.03V with electrolyte 

Table I. Concentration cell voltages 

C e l l  N o .  N '  N ~  E 

1 0 . 5 0 7  0 . 5 0 8  0 . 0 0 1 4  
0 . 5 5 3  0 . 0 9 1 5  
0 . 5 9 5  0 . 1 4 2 1  
0 . 6 4 0  0 . 1 9 0  
0 . 6 7 8  0 . 2 2 7 2  

2 0 . 5 0 8  0 . 5 3 1  0 . 0 5 0 4 5  
0.569 0.09955 
0.586 0 . 1 1 9 2  
0 . 6 0 8  0 . 1 4 1 8  
0 . 6 1 9  0 . 1 5 5 6  
0 . 6 3 0  0 . 1 6 6 1  
0 . 6 5 2  0 . 1 8 9 3  
0 . 6 5 8  0 . 1 9 4 3  
0 . 6 7 6  0 . 2 1 3 1  

3 0 . 5 0 6  0 . 5 0 4  -- 0 . 0 1 9 5  
0 . 5 1 7  0 . 0 2 8 1  
0 . 5 3 3  0 . 0 6 5 5  
0 . 5 4 6  0 . 0 8 6 4  
0,560 0.1067 
0.574 0.1240 
0.579 0.1322 
0.598 0.1531 
0.611 0.1665 
0.624 0.1826 
0.635 0.1914 
0.666 0.2261 
0.698 0.2519 

4 0.514 0.701 0.240 
0.529 0.0442 
0.553 0.0900 
0.597 0 . 1 4 0 7  
0 . 6 4 2  0 . 1 7 6 0  
0 . 5 8 3  0 . 1 2 1  

5 0 . 6 2 5  0 . 7 0 1  0 . 0 6 8 2  
0 . 6 5 8  0 . 0 2 5 2  
0 . 6 2 2  -- 0 . 0 1 2 6  
0 . 5 4 6  -- 0 . 0 8 9 7  
0 . 4 9 8  - - 0 . 5 5 5 3  

6 0 . 5 9 8  0 . 6 8 9  0 . 0 9 1 3 8  
0.660 0.06190 
0.619 0.01934 
0.582 --0.01682 
0.566 --0.0339 
0.549 -- 0.0529 
0.518 -- 0.1083 
0.501 -- 0.190 
0.498 -- 0.54 

7 0.699 0.681 --0.0151 
0.617 -- 0.0802 
0.555 -- 0.1415 
0.530 -- 0.1522 
0.498 --0.591, --0.583 

8 0 . 7 0 7  0 . 6 8 8  --  0 . 0 0 7 4 0  
0 . 6 3 2  -- 0 . 0 6 1 6  
0.586 -- 0.1080 
0.538 -- 0.1560 
0.517 -- 0.2025 
0.509 -- 0.2299 

9 0.509 0.633 0.1550 
0.514 0.1345 
0.582 0 . 1 0 7 6  
0 . 5 5 8  0 . 0 7 9 2  
0 . 5 2 8  0 . 0 2 2 3  
0.525 0.014 
0.498 --0.42 
0.540 0.0402 

~ L i s t e d  i n  t h e  o r d e r  i n  w h i c h  d a t a  w e r e  t a k e n .  
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Fig. 1. Concentration cell voltages, cell No. 6. 
dicted for ideal mixing; X, observed. 
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compositions corresponding to the ex t reme m ax imum 
and min imum values which we  used. This value in- 
cludes in Ej  the term involving the two sodium ion 
activities, but no other  junct ion effects. 

The voltages observed on nine cells in which electro-  
lyte composition was var ied  are  given in Table I. The 
results for a typical  cell, No. 6, are shown in Fig. 1 
and are compared wi th  the results  expected for ideal 
mixing. Two significant features are apparent.  The 
exper imenta l  points on the upper  half  of the figure 
span over  0.3V and are an order  of magni tude  larger  
than the ideal values. This behavior  was reproducibly  
observed on all cells, as long as the a luminum chloride 
mole fraction in both electrolytes  exceeded N = 0.500. 
The other notable fea ture  of these cells is a sharp in- 
crement  of approximate ly  0.4V obtained whenever  the 
composition of a luminum chloride in one of the elec- 
trolytes was reduced to below N = 0.500. This behavior  
also was reproducibly  obtained in a number  of cells, 
including some cited in Table I. 

The following species have been reported (1, 11, 12) 
to exist in a luminum chlor ide-sodium chloride melts  

A1C13 A1C14- Na + 
A12C16 A12C17- C1- 

A13Cll0- 

A reasonable set of reactions l inking these anions 
and molecular  species follows 

2AIC13 ~ A12C18 K ~ \  
C1- 4- A1C13 ~ A1C14- [2] 

AICI4- -}- AICI3 ~ AI~CIT- K21 
A12C17- 4- A1C13 ~A18Cl10-  K3 J 

Aluminum chloride in the vapor  phase exists almost 
exclusively as the d imer  A12C16 at tempera tures  below 
400~ (13). From the J A N A F  Tables (14) one may 
calculate the vapor  dimerizat ion constant. Using that  
value and the vapor  pressure of pure  a luminum chlo- 
r ide (15) it is possible to calculate K0. At  175~ Ko 
= 2.9 X 107. (See Appendix  I for the  method of cal-  
culation.) 

Equat ion [2] is wr i t ten  in terms of A1C13, even 
though A12C16 is the dominant  neutra l  species in solu- 
tion over v i r tua l ly  the ent ire  composition range 
studied. That  choice was made pr imar i ly  because it 
led to s impler  algebra, and because measurements  in 
the l i tera ture  customari ly  are expressed in terms of 
the apparent  mole fraction of monomer,  which is our 
N. As may be seen in the Appendixes,  the actual  c a n  
culations were  made in terms of A12C16. In any case, 
the equi l ibr ium constants of Eq. [2] are re la ted by the 
factor K0 to an equivalent  set of equi l ibr ia  wri t ten  in 
terms of A12CI6. 

If it is assumed that  Na + is the only cu r r en t - ca r ry -  
ing species, and that  the concentrat ion of the electro-  
chemical ly act ive a luminum species is in equi l ibr ium 
with the a luminum-conta in ing  species cited above, the 
Nernst  equat ion can be wr i t ten  for this type of con- 
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centra t ion cell. For  convenience,  the equi l ibr ium 
chosen was 

A1 m -5 4CI- ~ AICI4- 

The term Ej in Eq. [1] becomes -- (RT/F)In(aNa+/ 
asa+(ref.)), since other contributions to Ej were small 
enough compared to experimental errors to be 
neglected. Within experimental error, the cells with 
Pyrex membranes yielded the same potentials as did 
cells of the other designs when the same concentration 
of electrolyte was employed in the two different cells. 

The activity coefficients of Na +, AICl4-, and C1- are 
not known precisely. The most important term in the 
Nernst equation is the one involving the activity of C1-. 
The concentration of Cl- remained very small over 
the entire composition range which was studied. Boxall 
and Johnson (16) showed that the activity coefficients 
of dilute solutes remain constant as their concentra- 
tions change. The concentrations of Na + and of AIC14- 
were too large to make this assumption; however, the 
concentrations of these species did not vary greatly 
over the composition region studied, and unless rela- 
tively enormous changes in act ivi ty coefficients oc- 
curred, l i t t le error  was introduced by replacing act iv-  
ity ratios by mole  fract ion ratios. 

Accordingly,  the Nernst  equat ion for a concentrat ion 
cell wi th  t ransference then becomes 

- - R T [  ( Xc~- ) 
E -- - -  41n 

3F X c 1 -  (ref.) 

- - l n <  XA1CI4- ) - 5 3 1 n  < X N a +  ) ]  [ 3 ]  

XAlCl4 -  (ref.) Z N a  + (ref.) 

If the model  of Eq. [2] is correct, and if the con- 
centrat ion of any one of the par t ic ipat ing species 
(except Na +) can be determined precisely as a func- 
tion of over -a l l  mel t  composition, the constants K1, K2, 
and Ks can be determined.  A composition range in 
which concentrat ions are re la t ive ly  easy to determine  
lies in the immedia te  vic ini ty  of the N ---- 0.500 point, 
since E changes rapidly and XAIC14- and XNa+ remain  
near ly  constant. 

Suitable exper imenta l  data for this composition 
range are those of Torsi and Mamantov  (5). Their  
exper iment  was per formed by adding very  small  incre-  
ments  of a luminum chloride to one arm of a concentra-  
tion cell. The composition of the var iable  arm of the 
cell was thus increased in small  steps f rom an initial 
composition of N = 0.498 to a final composition of N 
= 0.503. Their  exper imenta l  cell voltages, when plotted 
vs. composition, displayed typical  t i t ra t ion curve be- 
havior.  The t i t ra t ion data was t reated by means of the 
equi l ibr ium expression 

K 2  X c l - X A 1 2 C 1 7 -  
K -- - -  -- [4] 

KI (Xmcl4-) 2 

and the simplified Nernst  equation 

- -4RT ( X c l -  ) 
E -- - -  in [5] 

3F XC1-- (ref.) 

At the equivalence  point  

Ks ( X c i - )  2 
- -  - [ 6 ]  

K1 (XAIc14-) 2 

Equat ion [5] can be expanded to a theoret ical  equat ion 
of the form (see Appendix  II for derivat ion)  

- -4RT 
E _  - - l n A - h B  [7] 

3F 
where  

A = (0.5) ( - - C  -5 [C 2 -50.0245K2/K1] '/2) = nc l -  

W - - ~  
C = ~  

133.34 

B = 0.05149 In )7~cl-(ref.) - -  0.2162 

The Torsi and Mamantov  data were  fit to Eq. [7] by 
a grid technique. Trial  values of the ratio K2/K1 were 
substi tuted into Eq. [7] and least squares fit values of x 
and C were  computed. The equi l ibr ium constant ratio 
was var ied unti l  an apparent  min imum occurred in the 
standard deviat ion of the fit. The best fit values of the 
three parameters ,  K2/K1, x, and m c l -  are given in 
Table II, and are compared with the results calculated 
by Torsi and Mamantov,  who used a graphical  pro-  
cedure. The ratio K2/K1 at 175~ was calculated to be 
(7.8 +_ 0.6) X I0-8. 

The composition range where  Ks most convenient ly  
may be evaluated extends approximate ly  f rom N = 
0.55 to 0.70. The major i ty  of the data given in Table I 
were  taken in this composition range. Some of the re-  
maining data were  taken with  one a rm of the cell satu- 
ra ted with  NaC1. This common reference point al lowed 
the data f rom this laboratory  to be combined with  those 
of Torsi and Mamantov.  The vol tage-composi t ion data 
for each cell appeared to fall  on individual  curves  
generated by cubic polynomials,  as long as the compo- 
sition of the electrolyte  to which A1Cls or NaC1 incre-  
ments  were  added remained above N = 0.51. There-  
fore, these concentrat ion cell data (excluding the satu- 
rated NaC1 points) were  least squares fit to Eq. [8], 
which is mathemat ica l ly  equivalent  to t ransforming 
each of the  least squares cubic polynomials  for individ-  
ual concentrat ion cells to a (arbi t rary)  common ref-  
erence 

E = b l (N  -- N') -5 b2(N 2 -- N '2) -5 bs(N s -- N 's) [8] 

The resul t ing values of bl, b2, and b3 are listed below, 
immedia te ly  fol lowing Eq. [12]. 

The value of/~2 was obtained in the following man-  
ner: The concentrat ions of the various species required 
in Eq. [3] were  calculated by an i terat ive technique 
from Eq. [2]. The value  of Ks was obtained by curve 
matching Eq. [8] wi th  Eq. [3], the la t ter  obtained by 
substi tuting the known values of Ko, K2/K1, and various 
tr ial  values of K2 and Ks into Eq. [2]. Unfortunately,  
it was not possible to match direct ly the  exper imenta l  
data wi th  the calculated curve f rom Eq. [3] in l ieu of 
using Eq. [8]. That  was because the individual  cells 

Table II. Titration curve parameters; AICI3-NaCI at 175~ 

Least  squares Torsi and Maman tov  Tr~millon 
P a r a m e t e r  calculationa calculation (5) and Letisse (3) 

K~ 
K = - -  (7.8 "+-0.6) x 10 -s ( 8 ~ 2 )  x 10 -8 (1 ,3+0 .2 )  X 10 -'~b 

K1 
W%Cl-(ref.) e 0.039 • 0.002 0.038 ~ 0.049 • 0.002 
X, mass of A1Cls added to 

reach equivalence point s 0.075 • 0.002g 0.076 ----- 0.002g ~ 

a Probable errors  calculated f rom uncertaint ies  in weights  and voltages repor ted by  Torsi and Mamantov  (5) and the appropria te  part ia l  
derivat ives.  

b Conver ted to mole fract ion basis f rom their  molal i ty  value.  
c The reference electrolyte is NaA1Ch satura ted wi th  !NaC1 (5). 

G. Mamantov,  pr iva te  communicat ion;  graphical  me thod  used, not explicit ly calculated in Eel.  (5). 
1 + 0.095885 ( w  -- x) 

e N  = ; N = 0.5 at  equivalence point since w = x. 
2 + 0 . 0 9 5 8 8 5  ( w  - -  x )  
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all employed different reference concentrations. It  
therefore was necessary to resort to some mathemat ical  
t rea tment  such as represented by Eq. [8], which con- 
verted the cell data to a common reference concentra-  
tion. 

The exper imental  data did not lie in the composition 
range which would be well suited for evaluat ion of K3. 
However, an upper  l imit  of approximately 108 may be 
placed on K3, since tr ial  values of K3 appreciably larger 
than  that  produce significant deviations from experi-  
menta l  results even in the composition range which 
was explored. 

An al ternate evaluat ion of K2 is possible using mea-  
surements  of vapor pressures over A1Cls-NaC1 melts. 
Several  studies of vapor pressure have been reported 
(2, 17-21). Of these, the most reliable data appeared to 
be those reported by Narita, Ishikawa, and Midorakawa 
(20), since no residual gases were present dur ing the 
measurements,  and melt  analyses were made after the 
pressure measurements.  Their  pressure values, taken 
at seven melt  compositions between N ---- 0.54 and 0.75, 
yield a value of K2 similar to the value obtained by 
the electrochemical measurements.  In  the composition 
range N = 0.591 to 0.657, the pressure-derived K2 = 
(5.5 __ 0.5) • 104 at 175~ The method of calculation 

is given elsewhere (22). 
Davey, Floyd, and Marcantonio (21) examined vapor 

pressure measurements  of several other workers (2, 17, 
18). They resolved the inconsistencies between the 
data of Rogers (18) and those of Dewing (2) by cor- 
recting the heat capacity term in the equations re- 
ported by Dewing. From these data, Davey, Floyd, and 
Marcantonio (21) derived empirical  equations from 
which vapor pressures over A1Cls-NaC1 melts can be 
calculated. These pressures in the composition range 
N ---- 0.52 to 0.60 yield a K2 of (1.5 __ 0.3) X 104. 

~ye  and Gruen  (1) derived an equi l ibr ium constant  
from Dewing's vapor pressures (2). The constant  cal- 
culated by ~D'ye and Gruen  is equivalent  to Ko/K2 ~ in 
the present  work. At 175~ go~K22 = 0.05, which is in 
good agreement  with the value at 190~ of 10 -2 ob- 
ta ined by ~ y e  and Gruen. 

It also is possible to predict the correct voltages of 
concentrat ion cells with transference from the vapor 
pressure data of Narita, Ishikawa, and Midorakawa 
(20). From theoretical free energy calculations and 
the Gibbs-Duhem relationship one can derive the 
expression 

E -- - -  
- -RT f ; '  < 2N+I >< 1 d lnTN  I d  N 

3F tNa+ 1 ---7~" " ~  + d ~  

[9] 

w h e r e  t N a +  is the t ransport  number  of Na + and 7N is 
the apparent  activity coefficient of A1Cls, and is defined 
by 

XA1CI3 ( XA12C16/Ko ) V2 
7N = = [10] 

N N 

A least squares empirical polynomial  for d ln(TN)/  
dN was obtained from Eq. [10] and the vapor pressures 
(15, 20). The only current  carrying species was as- 
sumed to be Na +. Voltages obtained on integrat ion of 
Eq. [9] are compared with the measured values on 
Fig. 2. 

The derivation of Eq. [9], and a description of the 
calculations made from vapor pressures may be found 
elsewhere (22). 

The exper imenta l ly  determined values of the equi- 
l ibr ium constants are summarized in Table III. The cell 
voltage data of the present work and that of Torsi and 
Mamantov (5) are given by the empirical  Eq. [11] and 
the theoretical Eq. [12] 

E = b0 + b i n  + b2N 2 + b3N s [11] 

0.51 _--< N _--< 0.71 

0,2 

0.1 

0,0 

-0.1 
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-0.6 
0.45 

i i i 1 1 

0.50 0.55 0.60 0.65 0.70 

MOLE FRACTION ALU~,'IINUM CHLORIDE 

July  1972 

0.75 

Fig. 2. Comparison of concentration cell voltages with calculated 
values. , Calculated from empirical Eq. [11] and [12];  
. . . .  , calculated from vapor pressure measurements. Observed 
values: X, present work; + ,  Torsi and Mamantov (5). 

--4RT ln< 1 - 2 N  i /  1 - - 2 N  /2 
E -- 3---F'--- 1 -- N ~- I---'N 

4K2 ]'/2 } 
+ - - - ~  ] + D  [12] 

0.498 =< N _--< 0.504 

where bo ---- --6.9028536, bl ---- 30.0446, b 2 = --44.3122, 
b3 = 22.3541, and D ---- --0.7454, and the reference elec- 
trode composition N' = 0.600. 

The derivation of Eq. [12] is described in Appendix 
II. Figure 2 compares the exper imental  data and the 
results obtained from empirical equations. The curve 
calculated from Eq. [11] begins to move away slightly 
from the exper imental  voltages at N > 0.65. It is not 
clear whether  this divergence, if real, was due to fail-  
ure to take activity coefficients properly into account, 
or whether  it reflected the increased part icipation of 
A13Cllo- as an a luminum-con ta in ing  species at high N. 

The values of K1 and K2 imply a very  t ightly bound 
A1 m, and therefore sharply enhanced electrochemical 
oxidation at a luminum anodes in the sense that  the 
free energy change at the anode is much more negative 
in A1CI3-NaC1 melts than  in the presence of pure alu-  
m i num chloride. Moreover, the effect of the equil ibria 
is to complex the a luminum to a degree markedly  
dependent  on melt  composition. This, in turn,  gives 
rise to the unusua l ly  large concentrat ion cell voltages. 
The composition range in which this behavior was ob- 
served is quite broad; al though to achieve the 0.4V 
increment,  the composition of the two arms of a cell 
must  lie on opposite sides of the N ---- 0.500 point. These 
effects can be seen more clearly in Fig. 3, which il lus- 
trates the distr ibution of the various species in melts. 
The concentrations were obtained from calculations 
analogous to those used for concentrat ion distr ibutions 
in polyprotic acid equilibria. According to the model, 
the principal  a luminum-con ta in ing  species is A1C14- 
when N < 0.63, and is A12C17- beyond that  composi- 
tion. The reaction involving K3, i.e. the formation of 
A13Cll0-, was not included in the calculations. 

The calculations were straight forward but ra ther  
complicated, and involved an i terative solution of an 

Table III. Values of equilibrium constants (mole fraction basis) 
at 175~ 

Ko 2 . 9  x 107 
K1 (3.2 -+- 0.5) x 10 na  
Ke (2.5 "4- 0.2) • 104a; (5.5 _ 0.5) x 10~b; (1.5 ~ 0.3) X 10 ~c 
K~ --~10 ~ 

C a l c u l a t e d  f r o m  the  leas t  squa res  t r e a t m e n t  f o r  K2//4:1 f r o m  the  
da t a  of Tors i  and  M a m a n t o v  (5) a n d  the  p r e s e n t  c o n c e n t r a t i o n  cell  
data .  

b F r o m  v a p o r  pressures .  See t e x t  a n d  Ref. (20). 
c F r o m  v a p o r  pressures .  See t e x t  and  Ref. (22). 
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Fig. 3. Concentration of species in AICI3-NaCI melts. ( - - )  Indi- 
cates laglo Xi at N = 0.500. 

equation in XAI2C16 raised to integral  and hal f - in tegra l  
powers The calculations are given in detail in Ap-  
pendix III. Table IV gives the calculated values of 
Xm2c]6 and Xc]-  at selected N. From these, all other 
concentrat ions at composition N may be calculated 
easily. The concentrat ions shown in Fig. 3 assume 
activity coefficients of unity.  Even if the activity coeffi- 
cients are not unity,  the indicated concentrat ions are 
very near ly  correct, the error being in the reported 
values of K1 and K2. 

Concentrat ion cell behavior  similar to that  obtained 
in the a luminum chloride systems should be observa- 
ble whenever  there is a series of very  stable complex 
ions to consume the anode metal. Whether  or not any 
such cells would display voltages as high as those 
encountered with a luminum remains  to be seen. There 
is at least one possibility already in the l i terature;  
bery l l ium concentrat ion cells uti l izing mol ten BeF2-LiF 
electrolytes have been reported to yield potentials 
greater than  0.22V (23). 

Curve matching was done by overlaying curves plot- 
ted by a Hewle t t -Packard  9100B programmable  cal- 
culator and plotter. All  other data reduct ion was done 
wi th  the  aid of a Wang 720B programmable  calculator. 

APPENDIX I 
The value of K0 was calculated as follows 

L e t  

Table IV. Concentration of dimer and of chloride at 175~ 

N --loglo(XA]2Cl G ) -- loglo(XCl-) 

0.4980 11.3669 2.3992 
0.4985 11.1190 2.5233 
0.4990 10.7683 2.6978 
0.4995 10.1776 2.9923 
0.5000  8.4487 3.8560 
0.5005 6.7184 4.7218 
0.6010 6.1263 5.0188 
0.5015 5.7741 5.1957 
0.5020 5.5227 5.3223 
0 .5030  5 .1665  5 .5022  
0.5040 4.9122 5.6311 
0.5060 4.5509 5.8153 
0 .5080  4 .2917  5 .9486  
0 .5100  4 .0885  6 .0539  
0.5150 3.7125 6.2513 
0.5200 3.4386 6.3981 
0.5300  3 .6374  6 .6193  
0.5400 2.7376 6.7912 
0.5600 2.2848 7.0660 
0.5800 1.9377 7.2930 
0.6000 1.6563 7.4906 
0.6200 1.4250 7.6644 
0.6400 1.2344 7.8170 
0 .6600  1.0765 7.9515 
0 .6800  0.0443 8.0713 
0.7000 0.8317 8.1797 
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o o o / ~ o  
~~  3 : p A I C I 3 / P  a n d  Y~ "-" P A12C16/ 

XAICI3 = P~ and 
XAI2CI6 "- P~ 

Then 
XAI2CI6 y o Al2Cl6 po/PTA12C16 

K0 = -- [AI-I] 
(XAIC~) 2 (Y~ P~ ~ 

pTAlcl 3 = POAlCl 3 _~ 2poAlzCl6 .__ po .~_ POAIsCI6 

pTAI2CI6 : D~ Jl- (P~ -- P~ 
s 2 __ ( p o  ..~ ~) A1zC16) /  

By definition 
o A12C16 

KpP ~ _ [ A I - 2 ]  
o 2 

(i -- ~J A12C16) 
Upon substitution into Eq. [AI-1], one obtains 

KD : 2KrP ~ (I -{- Y~ 6) [AI-3] 

Equation [AI-2] then is solved for the physically real- 
o c izable value of y A]2 16, and that value substituted into 

Eq. [AI-3] yields K0. For ali practical purposes Y~ 
: uni ty  at 175~ 

The vapor pressure equation of Smits and Meijering 
(15) yields P~ = I145.5 Torr. This value is high enough 
that  the nonideal i ty  of the gas should be taken  into 
account. The Dieterici equation (24) was used in the 
form 

(po exp [a/~/RT]) ( V - -  b) -" RT  [AI-4] 

Equat ion [AI-4] was solved for the ideal V, using 

a = 4 b R T c r i t i c a l  

b : Vcrlttcal/2 

where Tcritical and Vcritical are from Denisova and Bas- 
kava (25). 

An  ideal pressure, pOideal --- 1206.3 Torr, calculated 

from P~ = R T /V ,  was the value used in  Eq. [AI-2] 
and [AI-3] to calculate K0. 

APPENDIX II 
The theoretical  Eq. [7] was derived as follows: From 

Eq. [2] one can derive the equations 

~AICI4-- nAICl3 - -  K I T ~ C I -  

nAl2Cl6 : K12 (7~C[--) 2 (hAiti4--) 2 

( K2 ) (nAlcl4-)2 [AII-1] 
nA12Cl7 -- = K 1 7 ~ c 1  - 

The amount  of A1C13 added by Torsi and Mamantov 
(5) is related to the species present  in the electrolyte 

by the equat ion 

ID 
~--- 7tAlC13 -- 7t~ -~- 2nA12C16 ~ 2n~ 

133.34 
-t- nAlC,4-- -- n~ - -{- 2nA12C17-- -- 2n~ - [AII-2] 

where  

nAICI4--  - -  ?t  ~ AIC14-- "~- nA12C17-- ~ ~o A12C17-- 
-- n~ - -- n c l -  [AII-3] 

and n~ n~ and  n~ - are near  enough to 
zero to be neglected. By subst i tut ing Eq. [AII-1] and 
[AII-3] into Eq. [AII-2],  neglect ing the vanishingly  
small  terms, and rearranging,  one obtains the cubic 
polynomial  

) (nc l - ) a  + 133.3-----~--n~ (nc l - )2  

- -  ( K2(nA1C14-)2K1 "{- nt nAlCl4-- ) K 1  nCl- 

2K0nt (nAlCI4-) 2 
- -  : 0 [AII-4] 

K 1 2  
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The term immediate ly  preceding the equal i ty  sign 
in Eq. [AII-4] is small  enough that  it may be neglected 
without  in t roducing any significant error. Equat ion 
[AII-4] then will  reduce to a quadratic in nc l - .  The 
equation will  fur ther  simplify if K2 ~ 1 by noting 
that 

K2 (hAle14-) 2 

Kt 
Therefore 

(nc l - )  2 + 133.34 

> >  
n t  " nAIC14-- 

KI 

'K°C1 - ) nCl- 

K2 (nAICl4-) 2 

K1 
= 0 [AII-5] 

Equat ion [AII-5] may  be derived more  directly by 
neglecting the te rm 2nA12Ct6 in Eq. [AII-2].  

On subst i tut ion of Eq. [AII-6] into Eq. [AII-5] and 
reducing the lat ter  into the s tandard form for finding 
the roots of a quadratic equation we obtained Eq. 
[AII-7] 

X 
n° ci -- - -  [AII-6] 

133.34 

( n c l -  : (0.5) 
133.34 ~- 1-3~.34 

4K2(n*lc14-)2] '/') 
+ K1 [AII-7] 

From Eq. [5] 
4RT 

B : - In ncl-cref.) [AII-8] 
3F 

Torsi and Mamantov (5) added a luminum chloride to 
0.0782 moles of NaA1C14. On convert ing from moles to 
molal i ty  units, Eq. [AII-8] becomes 

4RT 
B -- - -  In [0.015 mct-(ref.)] [AII-9] 

3F 

Equations [AII-7] and [AII-9] together yield Eq. 
[7]. 

From the definition of N 

w - - x  ( 2 N - - 1 )  
133.34 -- 1 - -  ~r" n°AlCl4-- [AII-  10] 

Since nOAlcl4- is very  near ly  equal to nA1Cl4-- in the 
immediate  vicini ty of N = 0.5, Eq. [AII-7] reduces to 

n°AlC14- ( 1 - 2 N  [ (  1 - - 2 N  ) 2 

- 2 1 - - = - K  + 

4K2 ] '/, 
+ ~ / [AI I - I1]  

From Eq. [5], [AII-9], and [AII-11], one may derive 
Eq. [12], an expression analogous to Eq. [7], but  
wr i t ten  in terms of N. Changing N', the reference arm 
of the cell, corresponds to changing the value of D in 
Eq. [12]. The term, D, for N' = 0.6 was obtained in 
the following manner :  For each of the cells No. 5, 6, 7, 
and 9, the voltage was calculated which would exist 
be tween the actual reference composition used and 0.6. 
This increment  was added to the measured voltage 
between the reference used and saturation. The aver-  
age of these sums, --0.5294V, was used to obtain the 
constant  term, D, in Eq. [12]. 

APPENDIX III  
From Eq. [2] one can derive the equations 

XA1C13 = ( X A I 2 C 1 6 / K o )  1/2 

nAlCl4-- : K1 ncl-  ( X A I 2 C I a / K o )  '/~ 

nA12C17- : K2 nAtCl4-- (XAac16/Ko) ~/2 [AIII-1] 

These quanti t ies  were subst i tuted into the equations 
for a l u m i n u m  mass balance and for charge balance 

N = 2nA12C17-- + nAlCl¢-- + nAlCl3 + 2nAI2Cl6 [AIII-2] 

";Na+ = nA12ClT-- "{- nAlCl4-- + n c l -  [AIII-3] 

On expressing the quant i t ies  nA12C17-- and nAICl4-- in 
Eq. [AIII-2] and [AIII-3] in terms of XA12Cl6 and nc l -  
from Eq. [AIII-1],  one obtains 

N = [2K2 (XA12C16/Ko)'/2 .~_ 1] K l n c l -  (XA12C16/Ko),/2 
+ nAlCl3 + 2nA12C16 [AIII-4] 

nxa+ : {[K2(XA12cls/Ko)'/2 + 1] 
K1(XA]2C16/Ko) '/2 + 1) nc t -  [AIII-5] 

On el iminat ing n c l -  in  a s imultaneous solution of 
Eq. [AIII-4] and [AIII-5],  one can derive the equation 

(Y  - 2) KIK2XAI2cls/Ko 
+ (Y -- 1)K~ (XA12cls/Ko) V2 -}- Y : 0 [AIII-6] 

where 
N - -  nAlCl3 - -  2nA12C18 

Y : [AIII-7] 
nNa+ 

The total number  of moles in solution is defined by 

~tt = 2nNa+ + I~A1C13 -~- nA12Cl6 
2nNa + 

nt = [AIII-8] 
1 -- XA1cL~ - -  XA12C16 

By subst i tut ion of Eq. [AIII-8] into Eq. [AIII-7],  and 
rearrangement ,  one obtains 

N 2 ( X A 1 2 C 1 6 / K o )  1/2 + 4XAI2CI 6 
Y : - -- [AIII-9] 

1 -- N 1 - -  ( X A 1 2 C 1 6 / K o ) v 2  _ XA12CI6 

Equat ion [AIII-6] was solved for XAI2Cle at various 
values of N, and then nc l -  could be obtained from Eq. 
[AIII-5].  From these two values and Eq. [AIII-8] and 
[AIII-1] all of the species compositions could be ex- 
pressed as mole fractions. Figure 3 was constructed 
from these calculations. 

SYMBOLS 
a~ thermodynamic  activity of the i th species 
A1 m electrochemically active species of a luminum 

in 3 + oxidation state 
E electromotive force 
Ej any voltage difference in a concentrat ion cell 

associated with the junc t ion  be tween the two 
cell compar tments  

F the faraday constant  
K~ equi l ibr ium constant  for the ith chemical 

reaction 
Kp vapor phase dimerization constant  
In na tura l  logari thm 
m c l -  molal i ty  of chloride ion 
nt number  of moles of i th species 
nt total number  of moles in system 
n°~ ini t ial  number  of moles of i th species 
N apparent  mole fraction A1C13 (the over-al l  

mole fraction of a luminum chloride in the 
A1C13-NaC1 electrolyte) 
vapor pressure of A1C13-NaC1 melts  
part ial  pressure of monomeric A1C13 in vapor 
over pure  a luminum chloride 
part ial  pressure of dimeric A12C16 in vapor 
over pure a luminum chloride 
vapor pressure of pure a luminum chloride 
hypothetical  vapor pressure of pure  a luminum 
chloride if vapor existed solely as monomeric 
A1C13 

PTAI2Cl 6 hypothetical  vapor pressure of pure a luminum 
chloride if vapor  existed solely as dimeric 
A12C16 
universal  gas constant  
tempera ture  in degrees Kelv in  

ideal molar  volume of a l u m i n u m  chloride 
vapor 
weight of a luminum chloride added to mel t  
weight of a luminum chloride added to melt  to 
just  reach the equivalence point  
mole fraction of i th species in melt  
mole fraction of monomeric A1C13 in vapor 
over pure a luminum chloride 
mole fraction of dimeric A12Cle in  vapor over 
A1Clz-NaC1 melts 

P 
P°A1CI3 

P°A12C16 

po 

PTA1cI3 

R 
T 

W 
X 

Xi 
o 

Y A1C13 

YAI2C16 
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Y~ mole f rac t ion of d imer ic  A12CIe in vapor  over  
pure  a luminum chlor ide  

zl number  of equiva lents  pe r  mole  of the i th 
species 

Manuscr ip t  submi t ted  Sept. 27, 1971; revised m a n u -  
script  received March  6, 1972. This was P a p e r  49 p r e -  
sented at  the  Cleveland Meet ing of the  Society, Oct. 
3-7, 1971. 

A n y  discussion of this pape r  wil l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1973 JOURNAL. 
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A Description of the Discharge Mode of 
Porous Ag/Ag O Electrodes at Low Temperatures in KOH 

E. G. Gagnon *'1 and L. G. Austin* 
Department of Mater~al Sciences, The Pennsylvania State University, University Park, Pennsylvania 16802 

ABSTRACT 

F u r t h e r  resul ts  are  p resen ted  on the anodie discharge of e lec t roformed 
and pressed powder  e lectrodes of A g / A g 2 0  in eutectic KOH (aq) solut ion at  
low tempera tures .  I t  is concluded tha t  the  resul ts  a re  consistent  wi th  a mech-  
anism Ag20( s )  -~- H20 "-> [ A g 2 0 ( a q ) ]  --> 2Ag + ~ 2 O H - ,  A g ( s )  ~ A g  + -t- e -  
slow 

2Ag (s) .  Loss of capaci ty  at  low porosi ty,  h igh cur ren t  density,  and low 
t e m p e r a t u r e  m a y  be due to deposi t ion of solid phases  in the  e lectrolyte .  

In  a previous  publ ica t ion  (1), the loss of pe r fo rm-  
ance of Z n / K O H / s i l v e r  oxide cells at low t empera tu re s  
was found to be p redominan t ly  due to increased po-  
la r iza t ion  on the  s i lve r - s i lve r  oxide  cathode. The dis-  
charge of porous Ag /Ag20  electrodes in 31 w/o  
(weight  per  cent)  aqueous KOH at t empera tu re s  down 
to - -60~ was s tudied by galvanosta t ic  techniques;  the  
genera l  pa t t e rn  of resul ts  is i l lus t ra ted  in Fig. 1 and 
shows five dist inct  regions of discharge,  a, b, c, d, e, 
and f. I t  was suggested tha t  the  resul ts  are  gene ra l ly  
consis tent  wi th  a mechanism 

Ag20( s )  -k H20--> [Ag~O(aq)] -~ 2Ag+ -~ 2 O H -  [1] 

A g ( s )  + Ag + -{- e -  --> 2Ag(s)  [2] 

This pape r  gives addi t ional  da ta  and discussion on this 
system. 

Experimental  
The expe r imen ta l  a r r angemen t  and methods  for  fab-  

r ica t ing porous A g / A g 2 0  electrodes have  been de-  

* Elect rochemical  Society Act ive  Member .  
i P re sen t  address :  E lec t rochemis t ry  Depar tmen t ,  Research  Labo-  

ratories, Genera l  Motors Corporation,  Warren ,  Michigan  48090. 
K e y  words :  polarizat ion,  surface area,  mass  t ranspor t .  

scr ibed e l sewhere  (1-3).  Some of the  e lectrodes were  
e lec t roformed and were  provided  b y  H a r r y  Diamond 
Labora tor ies ;  others  were  fabr ica ted  from Ag and 
Ag20 powder  using pressed powder  techniques.  The 
physical  character is t ics  of some of these electrodes are  
shown in Table  I. 

I- 

E- 

a. 

o 

OPEN CIRCUIT VOLTAGE 

DISCHARGE TIME 

Fig. |. IIrustration of the normal discharge behavior of porous 
Ag/Ag20 electrodes at low temperature. 
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i _ _  

Table I. Description of electrodes ' ' '- ' ' 
CATHODIC D[SCHARGE 

A 

Weight  per cent  Thickness  Porosity ~ 3oo 

Designat ion Ag Ag20 ( r a m ) ( % ) ~ < < ~  _ 200100 ~ ~ ~ 0 C  
PP 18 9.95 90.05 0.34 14 o z ] oo  
PP  17 9.95 90.05 0.28 14 ~- 

Vm Ag/Ag20 PP 2 8  9 , 9 5  9 0 . 0 5  0 . 3 5  62  N O' 
P P  8 5  4 9 . 9  5 0 . 1  0 . 4 1  6 3  g: 
PP 73 49,8 50.2 0.34 19 
PP 114 75.0 25.0 0.38 66 a_ 
H D L  5 0 . 0  5 0 . 0  0 . 2 5  70  ANODIC CHARGE 
F 19 50.0 50.0 0.34 19 -2o0 
F 63 50.0 50.0 0.44 63 r L I ~ , I , , ~ ~ , I , 

0 30 60  90  ~20 150 180 

TIME, SECONDS 
An electrode was mounted  in a Teflon holder, with 

one face of about 1/3 cm 2 exposed to the electrolyte 
and a current  collector press-fitted against the sealed 
back of the electrode. A Hg/HgO/KOH reference elec- 
trode with Luggin capil lary was used. Ohmic polariza- 
t ion at various stages of discharge were obtained using 
a Hg-wet ted relay for rapid m a k e - a n d - b r e a k  of the 
circuit and an oscilloscope, and hereafter  will  be re- 
ferred to as IR polarization. 

Results 
In  previous work (1) it was suggested that  the 

length  of the discharge plateau at c was due to a layer 
of abnormal ly  active surface Ag20, corresponding to 
roughly a monolayer  over the silver surface. This ma-  
terial discharges at lower polarizations (region c) than 
the bulk  AguO used in electrode preparat ion (region 
e). To test this hypothesis, electrodes PP 28, 85, 114 
were prepared with approximately the same porosity 
and thickness but  vary ing  amounts  of silver powder 
of specific surface 0.4 m2/g. These electrodes were 
allowed to equil ibrate with electrolyte and then were 
galvanostatically discharged. The discharge t ime of 
plateau c vs. the amount  of silver is shown in Fig. 2; 
the length of the step at c was roughly proportional 
to the weight of Ag present in the electrode at the 
beginning of the experiment.  The slope of the l ine is 
about 4 sec/0.04g of Ag, which is equivalent  to 0.24 
m-cou lomb/cm 2 Ag. These results indicate that  what -  
ever was stripped off the surface of the electrode was 
present  on a Ag surface and had a thickness of about 
one monolayer. 

As ment ioned in an earlier paper (1), the length of 
plateau c is increased by anodic preforming, if the 
electrode is then immediate ly  discharged after anodiz- 
ing. The result  is shown in Fig. 3. As might be ex- 
pected, the amount  of abnormal ly  active Ag20 formed 
(as indicated by the length of plateau c) is roughly 
proport ional  to the coulombs of anodization. Note that  
the anodization potential  does not reach the Ag20/AgO 
potential,  and the mater ial  cannot therefore be AgO. 
Figure  4 shows the result  if the Ag20/AgO potential  
is exceeded; a peak b' is introduced between region b 
and c on the cathodic discharge curve. This is most 
l ikely a nucleat ion polarization effect associated with 
the t ransformat ion of AgO ~ Ag20. If, on the other 
hand, the anodized electrode is allowed to stand for 20 
min  and then discharged, the peak b'  disappears. This 
indicates that the AgO which was formed dur ing 
anodic charge had been removed on stand at open cir- 

z ~ 4.0 

0 3 . 0  (.~ 
tlJ 
o3 

2 ,0  

~.0 

i 

.01 . 0 2  0 3  . 0 4  

W E I G H T  OF Ag IN E L E C T R O D E ,  G R A M S  

Fig. 2. Plot of time at plateau c vs. weight of Ag in electrode 

Fig. 3. Effect of anodic charging on the galvanostatic discharge 
of HDL electrodes at Jaw temperature; anodic charging stopped 
and reversed before the electrode passed through the Ag20/AgO 
potential. 
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i i i L __l i i i i i L i i ~ l  i 
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T I M E ,  SECONDS 

Fig. 4. Effect of anodic charging on the galvonstatic discharge of 
electrodes at low temperature; anodic charge stopped and current 
reversed after the electrode passed through the Ag20/AgO poten- 
tial. 

cult. Presumably,  after the brief charging period, the 
electrode was made up of Ag, the bu lk  Ag20 used in 
the electrode preparation,  and recent ly formed AgO 
and [Ag20], where the brackets indicate that  the ac- 
tual structure is not known. Since the electrode cannot 
be at both the Ag/Ag20 and the AgeD/AgO potentials 
simultaneously,  it is l ikely that at open-circui t  condi-  
tions, the following reaction occurred, Ag -F AgO --> 
Ag20, so that  when the cathodic current  was switched 
back on, only Ag and AgeD were present  in the elec- 
trode. Final ly,  anodized electrodes allowed to stand in 
electrolyte for 12 hr reverted to a length of plateau c 
the same as that  without  anodization, showing the un-  
stable nature  of the abnormal ly  active material.  

Considering the peak voltage aV at d, Fig. 5 shows 
the value of AV as a funct ion of the amount  of silver in 
the pressed-powder electrodes (top curve) .  The 
amount  of silver in electroformed electrodes was also 
varied by par t ia l ly  discharging electrodes to different 
degrees at a low current  density of 6 mA/cm2; they 
were then discharged at 30 m A / c m  2 and --52°F, &V 
measured, and the results plotted in Fig. 5 (bottom 
curve).  The correspondence between &V and amount  of 

3 0 0  

> 200 
E 

100 

i i i i 

5 0  m a / c m  z _ o  52 

o i ; o I 0 0  8O 0 4 0  2 0 

% A g  

Fig. 5. Plot of ~V vs. % Ag in the electrode: A pressed powder 
electrodes; O electroformed electrodes. 
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silver indicates that  high silver area reduces the peak 
voltage difference ~V; it was also shown that  the peak 
voltage is not p r imar i ly  due to ohmic polarization. This 
el iminates the possibility that  the polarization over-  
shoot is caused (1) by a slow rate of solution of 
Ag~O(s), and implies that  it is due in some way to the 
Ag(s)  Jr Ag + W e -  ~ 2Ag(s) step in the mechanism. 

The peak overshoot at d occurs regardless of whether  
the test electrode is an electroformed (HDL) or a 
pressed powder electrode. When the cur ren t  was shut  
off after the peak region at d and then suddenly  re-  
applied wi thin  seconds, the voltage re turned  to the 
same value without  going through a peak. This be-  
havior is evident  in Fig. 3. However, if the electrodes 
were allowed to stand at open-ci rcui t  conditions for 
some t ime before the current  was switched back on, a 
peak formed which was much more  pronounced than 
the init ial  peak. This type of behavior  has been noted 
with other oxide electrode systems, such as/~-PbO2 in 
H2SO4, MnO2 in H2SO4, and T1203 in a lkal ine  media 
(4), at room tempera ture  conditions. 

Results from our previous studies (1, 5) indicated 
that  the process occurring in the major  discharge 
plateau e was due to a simple, one-electron charge- 
t ransfer  process, probably  Ag(s)  ~ Ag + (aq) ~- e -  
2Ag (s). It  was reasoned that  if the area of the Ag was 
reduced significantly by fabricat ing electrodes with 
large particles of Ag, the performance of the electrode 
would be drast ically reduced. Pressed powder elec- 
trodes were fabricated using a s tandard Ag20 powder 
(approximate ly  1~) and silver powders of different 
part icle sizes (Handy and Harmon) .  The electrodes 
fabricated with silver powders of approximate ly  1~ 
in diameter  were found to be strong and could be 
handled easily wi thout  the electrode crumbling.  Elec- 
trodes made up with silver powders ~-20~ were  fragile 
and difficult to handle. Polarizat ion curves for these 
electrodes had the same characteristic shape as de- 
scribed earlier. Figure 6 shows oscilloscopic traces for 
the a, b, c, d, e portions of discharge. In  general, elec- 
trodes made with 1~ Ag powder gave about the same 
type of results as the HDL electrodes, and performed 
much bet ter  than  the electrode fabricated with the 
larger  149~ Ag powder  (see Table II) .  

Electrodes made with the larger particles of Ag dis- 
played higher polarization peaks and larger IR po- 
larizat ion than  did electrodes fabricated with 1~ size 
Ag. After  about 40 sec of discharge, the IR polarization 
had decreased to ,-,70 mV, of the same order as the 
HDL and pressed electrodes made up with 1~ size Ag 
particles. 

At low temperatures,  there  is a region f, after the 
plateau region, where  the polarization increases rap-  
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Table II. Effect of particle size of Ag on discharge 
of pressed powder electrodes at 30 mA/cm 2 and - -52~ 

P a r t i c l e  
s ize  of  

A g  ( ~ )  

d P e a k  
h e i g h t  ~ l r  I R  p o l a r i z a t i o n  (mV)  

(mV)  (mV)  I n i t i a l  S t e a d y  

1 280 65 100 70 
149 560 310 170 70 

idly as the electrode approaches complete discharge. 
To test whether  the discharged electrode builds up a 
relat ively impermeable  (product) layer  which gives 
rise to IR or mass t ranspor t  effects, exper iments  were 
carried out using HDL electrodes that  had been com- 
pletely discharged at 200 m A / c m  2 (A) or 10 m A / c m  2 
(B) and then placed as the outer-face in a 20-rail 
stack, giving a total  stack thickness of 30 mil. In  an-  
other a r rangement  (C), the outside electrode in the 
stack was a porous Ag electrode of the type used in the 
electroformation (1) of the HDL electrodes. Each stack 
was discharged at 30 m A / c m  ~ and the results com- 
pared to a 20-rail stack of HDL electrodes having no 
discharged electrode at its face (D). The results of 
these tests are shown in Fig. 7 plotted as polarization 
(corrected for IR loss between test and Luggin tip) vs. 
discharge time. Ini t ial ly,  the polarization difference 
between electrodes D and C is that  expected from the 
outer layer acting as a barr ier  to ion flow (ohmic 
effect). As discharge progresses and when discharge is 
near ly  completed ( in region f), the presence of the 
outer layers in A, B, C causes a large deviat ion from D, 
and the effect is not solely an  ohmic effect. The 
higher the rate of discharge prior to using as an outer 
layer, the higher the polarization; e.g., A is worse than  
B is worse than  C. 

Earl ier  work showed that  an electrode of 0.25 m m  
thickness and 70% porosity discharged at --52~ does 
not show marked effects of distr ibuted reaction unt i l  
currents  in excess of 30 m A / c m  2 are used. However, 
lower porosity forces the electrode into the dis tr ibuted 
reaction region, since the effective conductance of 
electrolyte in the porous system is approximately pro- 
portional to porosity squared (6). Low porosity 
(,--14%) electrodes (PP 17 and 18) made up with 90% 
Ag20: 10% Ag gave large init ial  peaks d at room tem- 
pera ture  (130 mV) and at --52~ (850 mV).  The peak 
for the 14% porosity electrode was about 350 mV 
greater, at --52~ than  that  obtained for the 60% 
porosity electrode (PP 28). A low porosity (19%) 
pressed powder electrode (PP 73, Table I) was dis- 
charged at 30 m A / c m  2, than  placed as the outside elec- 
trode in a two-electrode stack where  the inside elec- 
trode had the same physical characteristics as PP 73. 
This two-electrode stack was then  discharged at 30 
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Fig. 6. Initial portions of the oscilloscopic traces of polarization Fig. 7. Effect on polarization vs. time for stacks of HDL elec- 
vs. time of pressed powder electrodes varying in Ag particle size. trodes with an outer layer that had been previously discharged. 
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Fig. 8. Polarization vs. per cent discharge for low porosity elec- 
trodes. 

mA/cm~. Figure 8 shows the results for the discharge 
of a single PP 73 electrode (B, top curve) compared to 
the stack containing the discharged outer electrode (A, 
bottom curve).  It  can be seen that  these low porosity 
electrodes give high polarization even at low states of 
discharge. Further,  the results show that the use of a 
discharged electrode as the outer layer in a stack 
causes the polarization to increase much more rapidly 
than  the electrode without the outer layer  of dis- 
charged material.  

At room temperature,  discharge of 19 and 63% 
porosity, pressed powder, electrodes (F19 and F63, 
Table I) occurred with little polarization over most of 
the discharge (see Fig. 9); there was no difference 
in polarization up to 50% of discharge, at which time 
the polarization of the 19% porosity electrode started 
to increase faster than the 63% porosity electrode. 
As the electrodes approached 80% discharge, both gave 
rapidly increasing polarization (region f). At --52~ 
the low porosity electrode gave high polarization and 
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Fig. 9. Polarization vs. per cent  discharged for different porosity 
electrodes at different temperatures. 
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the electrode reached 600 mV before the electrode was 
60% discharged. 

Discussion of  Results 
Explanation of discharge regions.--Region a . - -For  

the electroformed HDL electrodes, this region repre-  
sents the IR polarization which is due pr imar i ly  to the 
electrolyte path between the surface of the test elec- 
trode and the tip of the Luggin capil lary (1). For 
the pressed powder electrodes, however, this region 
varied with the physical properties of the pressed pow- 
der electrode. For example, electrodes made up with 
90% AgeO and  10% Ag were found to have high ini t ial  
IR polarization, which decreased to normal  values be- 
fore the electrode was 5% discharged. This effect was 
also noticed wi th  high porosity (>80%)  pressed pow- 
der electrodes (1). On the other hand, when  pressed 
powder electrodes of 60% porosity were made with 
equal amounts  of Ag and Ag20 of about 1~ size, the 
init ial  LR observed was the normal  value. It  is con- 
cluded that  in this case there is in t imate  contact of 
particles in the mat r ix  leading to negligible electronic 
resistance, whereas smaller  proportions of Ag to Ag~O, 
or larger silver particles, or very  high porosity, give 
significant contact resistance. As silver is deposited 
during charge, it grows as crystall i tes on existing sil- 
ver, and these form conduct ivi ty bridges between the 
silver particles in the matrix.  Thus, contact resistance 
becomes negligible after some discharge, or is ini t ia l ly 
negligible for an electroformed electrode. The forma- 
t ion of Ag crystalli tes on existing Ag is consistent with 
the kinetic model which proposes that  the Ag20 forms 
Ag +, which is then deposited in new locations where it 
can receive an electron, thus growing from pre-exis t -  
ing conductive Ag matrix.  

Region b . - -When  the t ime scale in  this region is ex- 
panded using faster sweep times (millisecond) on the 
oscilloscope, the vol tage- t ime trace can then be used 
to estimate the double layer capacity of the electrode 
from C ---- i/(dV/dt), providing faradaic cur ren t  is 
small  compared to the applied current.  For a porous 
system, it is possible to get spurious results due to dis- 
t r ibuted capacity, but  the mathematical  t rea tment  by 
Aust in  (3) gives a method of calculating the operating 
conditions for which correct results may be obtained. 
He concludes that the apparent  capacity approaches 
the true capacity when  t ~-- (1/3)pCL, where p is the 
effective specific resistance of the electrolyte in the 
porous system (ohm-cm) ;  C is the capacitance per 
plane area of electrode (farads/cm2), and L is the 
electrode thickness (cm).  Distr ibuted reaction pro- 
duces a curva ture  in the init ial  port ion of the potent ial-  
t ime trace (typically for about 7 msec for the HDL 
electrodes). Using the subsequent  straight line portion 
gave an average capacity of 6300 ~F for HDL electrodes 
containing 0.14g Ag. Taking the true capacity of Ag to 
be about 50 ~/cm 2 (7), this gives a double- layer  ca- 
pacity area of 0.4 m2/g, compared to the BET area of 
0.7 m2/g. The double- layer  capacity of bu lk  Ag~O is 
much less than that of Ag, and  if all of the silver sur-  
face were covered by a thick film of Ag20, the electro- 
formed electrode would show a very small  double layer  
capacity. If, however, electroforming of fine Ag powder 
produces discrete, fresh crystalli tes of AgsO which do 
not block the remaining  silver surface, then the 
double- layer  capacity of a 50% Ag:50% Ag~O elec- 
trode would be that  of the remaining  silver, which is 
less than the total  BET area. This is in  accordance with 
the data. 

Region c - - T h i s  region is the discharge of abnormal ly  
reactive material ,  which discharges at lower polariza- 
t ion than the bu lk  Ag20. The quant i ty  of abnormal  ma-  
ter ia l  at equi l ibr ium with  electrolyte (at open circuit) 
is proport ional  to the silver area and corresponds to 
roughly 0.24 mcoulombs/cm 2 of in terna l  area. Electro- 
forming increases the quant i ty  of abnormal ly  reactive 
mater ia l  [Ag20], but  the quant i ty  reverts  to the equiv-  



Vol. 119, No. 7 D I S C H A R G E  MODE 

alent  of a few mill icoulombs per square cent imeter  on 
standing in contact with electrolyte. P resumably  this 
mater ial  is surface Ag20 or AgOH in an amorphous 
form which is less stable than  an ordered Ag20 crystal-  
lite. 

Region d.- -The polarization decrease, AV, between the 
peak at d and the plateau at e is greater  for a lower 
proport ion of silver area, for lower temperature,  for 
lower porosity, and for higher current  density. In  some 
cases, part  of this decrease was directly due to lowered 
IR loss as a conducting ne twork  of silver was formed 
dur ing discharge. It  should be noted that  a decreasing 
resistance not only reduces IR polarization but  also in -  
dicates that silver area not previously in contact with 
the general  matr ix  [and, therefore, not taking par t  in 
the reaction Ag + + e -  -~Ag(s) ]  may  be brought  into 
play, thus lowering activation polarization. However, 
significant AV was found where the resistance did not 
change before and after the peak at d, and the peak at 
d is re-establ ished when the electrode is allowed to 
s tand at open circuit in contact with electrolyte. It  is 
concluded that AV contains a major  component  of nu -  
cleation polarization from the nucleat ion of silver dep- 
osition sites. 

Region e . - - In  addit ion to the discussion of this region 
given before (1, 5) the addit ional work shows that  
polarization in  this region is less for higher specific 
silver areas, indicat ing that the ra te -de te rmin ing  step 
is the reaction Ag(s)  + Ag + + e -  -~ 2Ag(s) .  

Region f . - -At  lower currents  and higher temperatures,  
an extended plateau region at e is seen, followed by 
sudden development  of region f. As cur ren t  is in-  
creased, or tempera ture  decreased and /or  the porosity 
of the electrode is decreased, region f starts at a lower 
per cent of discharge and is more spread out. Also, the 
use of discharged outer layers (Fig. 7 and 8) forces the 
polarization to reach higher values (in region f) than 
with electrodes not having the discharged outer layers. 
It  does not seem possible to expla in  these effects solely 
on the basis of decreased reaction surface area, or in-  
creased h indrance  to ionic and diffusional t ransfer  due 
to reaction products blocking the pores. Gomis et al. 
(8) have shown that  NiOOH/KOH/Cd cells discharged 
at --60~ gave only 10-20% of their rated capacity; the 
discharge behavior of the positive nickel electrode has 
similarities to that presented here for Ag/Ag20. The 
loss in capacity was at t r ibuted to the formation of ice 
and /o r  hydrates such as KOH.2H20, etc., blocking the 
pores of the electrodes. On discharge of Ag20, water  
is consumed and O H -  ions are formed; hence, water  is 
the reactant  which must  be t ransported from the bulk  
of the electrolyte through the pores of the electrode 
to the interior, and hydroxyl  ions must  be transported 
from the inter ior  of the electrode to the bu lk  electro- 
lyte. The effect of discharge is thus to increase the con- 
centrat ion of the electrolyte in the interior  of the elec- 
trode, which may lead to sufficient deviat ion from the 
eutectic composition to give crystal deposition. 

Some idea of the magni tude  of possible concentrat ion 
changes occurring in the electrode can be obtained as 
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follows. The diffusion coeff• of water at room tem- 
perature is about (2) (10 -5) cm2/sec; assuming that 
the diffusion coefficient decreases with temperature in 
approximately the same ratio as the specific resistance 
of the electrolyte increases, the diffusion coefficient of 
water at --52~ is roughly 0.2 X 10 -5 cm2/sec. The 
concentration changes occurring across a 10-rail HDL 
electrode at 30 mA/cm 2 at --52~ can be crudely ap- 
proximated using '"rate per unit area" ,~(DAC/L), 
giving AC = 2.2M. Lower porosity, lower temperature,  
increased depth of discharge, and the presence of added 
outer layers would all aggravate the concentrat ion 
change. Thus, the concentrat ion of the electrolyte at 
the back interior  of the electrode at almost complete 
discharge should be about 9.4M (38 w/o  KOH).  From 
the phase diagram of the HsO/KOH system (9) it fol- 
lows that  one or more hydrates  might  be deposited 
wi th in  the pores of the electrode under  these condi- 
tions. 

Such deposition may cause radical  increases in po- 
larization by (i) slowing the rate  of dissolution of 
Ag20, (ii) slowing mass t ransport  of dissolved silver 
to the conductive matrix,  and (iii) causing electrolyte 
IR polarization effects due to pore blockage. 
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Effects of Impurities in the Metal 
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ABSTRACT 

The kinetics of anodic iron dissolution and cathodic hydrogen evolut ion 
have been studied dur ing the corrosion of four grades of iron: zone-refined, 
i ron with 0.5 Mn (a/o) or 0.15 Ti added, and Ferrovac E. The t i tanium,  which 
caused second-phase particles to accumulate on the surface, and manganese  
had l i t t le effect on iron-dissolut ion rates, bu t  both additions inhibi ted hydro-  
gen evolution significantly. Zone-refined i ron yielded constant  Tafel slopes: 
ba ---- 0.067 _ 0.002, bc ~ --0.11 to 0.12V. Impuri t ies  caused ba and bc to drift  to 
more positive values dur ing corrosion. A new method of analyzing anodic 
t ransients  is recommended, and this analysis shows that  the usual  steady- 
state polarization curve is an unrel iable  indicator of reaction mechanism. 

When iron corrodes in acid solutions at low pH, the 
corrosion rate is the same as the  rate of anodic i ron 
dissolution 

Fe ----- Fe 2+ + 2e-  [1] 

and is also the same as the rate of cathodic hydrogen 
evolution 

2H+ + 2e -  ---- H2 [2] 

The reverse reaction of either [1] or [2] occurs at an 
insignificant rate at low pH. The rate of react ion [1], 
expressed as cur ren t  I1 at potential  ,, is known  to fol- 
low the Tafel equation which may be wr i t ten  as e -- e* 

ba log (I1/I$), where ba is the anodic Tafel slope and 
e* is a reference potential. Since it is convenient  to 
refer polarized potentials to the corrosion potential  ~*, 
the rate equation for reaction [1] takes the form 

-- ~* : ba log (II/I*), 

orI1/I* = e x p  ~ (~- -e*)  [3] 
ba 

A similar relation may be wr i t t en  for reaction [2], 
which is also known to follow the Tafel equation. When 
current  is applied to change the potential  of a cor- 
roding electrode, the measured current  I is just  
• (I1 -- Ix), and is given by 

{ ] I/I* = ~- exp ~ ( s - -~* )  

- - e x p [  2"303 } 
(~ - ~*) ] [41 

Here the cathodic Tafel slope bc is always a negative 
number ,  ba always positive, and the negative sign in 
front of the braces applies only when ( , - - e * )  is 
negative. 

Exper imenta l  determinat ions of the cathodic Tafel 
slope for purified iron have given values close to bc ---- 
--2.303 RT/O.5F (or --0.118V), which is in accord with 
(but  does not itself establish) a slow H+-discharge 
mechanism for the hydrogen evolut ion reaction (1). 
Exper imental  determinat ions of ha, however, have 
varied significantly. There are two theoretical values 
which are most f requent ly  found experimental ly.  One 
of these is ba ---- 2.303 RT/2F (or 0.030V), predicted 
by the Heusler mechanism (4-6) for reaction [1] 

Fe + OH- = (FeOH)cAT -{- e- [5a] 

* Electrochemical Society Active Member. 
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New York 10591. 
Key words: corrosion, iron, impurity effects, electrode kinetics, 

Tafel slopes. 

(FeOH) CAT 
Fe + OH- "~ FeOH + + 2e-, 

rate-determining [5b] 

FeOH + ---- Fe 2+ + OH- [5c] 

This mechanism, involving adsorbed FeOH as a cata- 
lyst, has found independent support (7, 8). The other 
theoretical value is ba ~ 2.303 RT/I.5F (or 0.039V), 
predicted by the mechanism of Bockris, Drazic, and 
Despic (1-3) 

Fe + OH- = FeOH + e- [6a] 

FeOH -~ FeOH + + e-, rate-determining [6b] 

FeOH + ---- Fe 2+ + OH- [6c] 

This mechanism also has independent experimental 
support (9-11). The experimental methods of various 
authors who obtained the results ba = 0.03 or 0.04V 
were all based on steady-state polarization data. The 
discrepancies in the steady-state data may have been 
caused by impurities in the electrolyte (i, 9), by im- 
purities or high dislocation densities in the metal (ii- 
13), and by rather large differences in the electrolysis 
time required to reach steady state [e.g., 5 sec for 
zone-refined iron vs. 20 min for Armco iron (ii)]. 

In the present work, some effects of impurities in 
annealed iron on the kinetics of both iron dissolution 
and hydrogen evolution are investigated. Also, the 
validity of steady-state galvanostatic measurements is 
studied. The results lead to new recommendations for 
obtaining charge-transfer polarization data from gal- 
vanostatic potential-time curves. Minor impurities in 
the iron are found to inhibit the hydrogen-evolution 
reaction significantly. Impurities can also cause the 
Tafel slopes to change slowly as corrosion proceeds. 

Experimental 
Metals.--Four re la t ively pure  grades of iron were 

studied: a h igh-pur i ty  zone-refined iron, 2 a zone-re-  
fined iron to which 0.5 Mn [atomic per cent (a /o) ]  
was added (14), an "interst i t ia l-free" iron gettered 
with 0.15 Ti, 1 and commercial  Ferrovac E iron. Each 
material,  obtained as rod, was cleaned by a s tan-  
dardized procedure consisting of chemical polishing in 
concentrated H3PO4: 50% H202 (2:1 parts  by volume) 
for 8 min, l ightly etching in 6M H2SO4 for 3 min, then 
thorough r insing in redisti l led water and pure  acetone. 
The metal  was first reduced to 8 mm diameter  by 
swaging with carefully cleaned dies. It  was then re- 
cleaned and w i r e -d rawn  with mo lybdenum disulfide 
lubr icant  to 2.7 mm diameter, followed by centerless 

Prepared  in the  Fu n d amen ta l  Research Laboratory ,  Uni ted States 
Steel Corporation. 
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Table I. Impurity content, hydrogen anneal, and grain size 
of the four grades of iron 

Metal:  F e ( z - r )  F e  (z-r ,  0.5 M n )  Fe(0 .15  Ti) Ferrovac  E 
A t o m i c  % F e :  99.97 g9.4 99.7 99.8 

A n a l y s i s ,  a / o  (nr  = not  reported)  
M n  n r  0.50 < 0 . 0 3  0.001 
Ti nr nr 0.15 nr 
Co 0.0012 0.0001 <0 .005  0.005 
N i  0.0012 0.0011 0.005 0.01 
Cr 0.0006 0.0005 0.004 <0.01 
Cu 0.00003 0.002 < 0 . 0 0 4  0.003 
C 0.0056 0.005 0.020 0.09 
N 0.0028 0.0016 0.004 <0 .002  
Si  0.0016 0.0020 0.016 0.012 
S <0.00002 0.0005 0.009 0.005 
O 0.007 0.005 n r  0.002 
P 0.0001 0.0009 0.004 0.005 
A1 n r  0.003 0.006 n r  
O t h e r :  0.001 N a  0.006 B 0.0002 P b  0.003 W 

0.0005 C1 <0 .005  V 
0.0003 Ge  0.002 M g  < 0 . 0 0 5  N b  0.0000 Mo  
0.0002 K <0 .001  Ca  <0 .003  Mo  
0.0001 Ca  <0 .001  Z n  < 0 . 0 0 3  W < 0 . 0 0 4  V 

<0.002 B 
<0 .001  Z r  

H y d r o g e n  a n n e a l  600~ 2 h r  700~ 2 h r  S00~ 1 h r  900~ 2 h r  
M e a n  g r a i n  d i a m -  

e t e r  (/tm) 50 60 20 100 

gr inding and honing to obtain straight rods 2.4 m m  
in diameter. From these rods electrodes were cut to a 
length  of 5 cm with one end hemispherical  and the 
other end threaded. After  recleaning the electrodes 
were annealed in very  dry purified hydrogen, as shown 
in Table I which also lists the metal  analysis. No sec- 
ond phase was seen microscopically in annealed speci- 
mens of the zone-refined iron and Fe (z-r, 0.5 Mn) .  
Small  particles of a second phase were present  in the 
Ferrovac E, presumably  iron oxide, and in the Fe (0.15 
Ti),  p resumably  a Ti (C,N) phase. 

Solutions.--The solutions studied were 1M NaHSO4 
and 1M H2SO4 at 25~ They were made from reagent  
grade chemicals and redisti l led water  and were pur i -  
fied by passage through acid-washed activated char-  
coal (15). The reversible hydrogen electrode poten- 
tials, on the s tandard hydrogen electrode (SHE) scale, 
were --0.028V in the  sodium bisulfate (pH = 0.48) and 
--0.003V in the sulfuric acid solution (pH = 0.05). 

CeiL--The cell, shown schematically in Fig. 1, was 
designed so that  only the three  metal  electrodes and 
Pyrex glass contacted the electrolyte. The test elec- 
t rode t (also the similar  auxi l iary  electrode a) was 
threaded t ight ly into a bare Ferrovac E holding rod 
which fit snugly into the Teflon stem T of a sealable 
Teflon-glass valve v (Lab Crest valve, Fischer and 
Por ter  Company) .  The bottom edges of the two valves, 
and the top edges of the three Teflon sleeves used to 

a 

i 

. - /  

m 

x 
\ 

Fig. 1. Schematic diagram of cell 

seal the s tandard- taper  joints, were the only Teflon 
areas exposed to the vapor phase. It  was found in pre-  
l iminary  experiments  that  contact of the iron elec- 
trodes in the l iquid phase with Teflon or glass in-  
sulators must  be completely avoided, for this induced 
t renching attack along the meta l - insula tor -solu t ion  
contact l ine and affected the corrosion kinetics. The 
simple electrode a r rangement  of Fig. 1 always yielded 
uniform corrosion with no evidence of localized pi t-  
t ing or trenching. 

The two cylindrical  i ron electrodes were 2 cm (17 X 
electrode radius) apart  and were immersed to a depth 
3.5 cm below solution level s (total solution depth 3.8 
cm). With this geometry, the difference between the 
current  density at the center of the test electrode and 
the mean  current  density was expected to be acceptably 
small. The capil lary tip (diameter d) of the reference 
compartment  was positioned about 3d from the test 
electrode; measurement  of the tip to electrode distance, 
facilitated by  the optical window w, permit ted ac- 
curate IR drop corrections. The hydrogen reference 
electrode r was a plat inized p la t inum wire  in the same 
electrolyte. A hydrogen atmosphere was main ta ined  
in the cell. Purified hydrogen entered the cell at g and 
passed through hole h into the reference compar tment  
before exit ing through a bubbler.  Hydrogen flow was 
tu rned  off 3 rain before a potent ia l - t ime curve was 
recorded; p re l iminary  measurements  showed no change 
in reference potential  dur ing this 3 -min  period. 

Jus t  before being inserted in the cell, the iron test 
specimen was first chemically polished by a 3-min im-  
mersion in HaPO4-HeO2, and then etched 3 rain in 6M 
H2SO4 followed by 1 min  in 0.5M HNO3. This preclean-  
ing procedure yielded reproducible corrosion behavior. 

Electrode polarization measurements.--Galvanostatic 
pulses were applied from a cons tant -current  source 
(Model 225, Keithley Instruments ,  Inc.), which was 
switched rapidly  from a dummy load to the cell by use 
of a mercury-wet ted  contact relay (Type HG 3A1008, 
C. P. Clare Company) .  Potent ia l - t ime curves were re-  
corded on a storage oscilloscope (Tektronix 564 with 
3A9 vertical  amplifier and 3B3 time base) and photo- 
graphed. Corrosion potentials were measured with a 
high-impedance mil l ivol tmeter  (Orion Model 801) 
standardized from a K3 potentiometer  (L&N). 

Polarization curves at a specified corrosion time t* 
(corresponding to corrosion current  density i* and po- 
tent ial  e*) were obtained by  applying a series of anodic 
and cathodic cons tant -current  pulses, each of durat ion 
0.5-2 sec, with sufficient t ime between pulses to permit  
the potential  to re tu rn  to the same value of e* wi thin  
__10-3V. By l imit ing the magni tude  of the applied cur-  
rent  so that  the polarized electrode potential  remained 
within  the range e* ~0.06V, reproducible and  hystere-  
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sis-free polarization curves were obtained, as described 
in detail in  a p re l iminary  report  of the present  work 
(16). These polarization curves were analyzed by a 
three-poin t  method developed for the pre-Tafe l  region 
(17), a method which yields i*, ba, and bc wi th  good 
precision (16). 

Results and  Discussion 
Potent ia l - t ime curves . - -The  four grades of iron 

studied all had regular  cathodic behavior:  dur ing a 
short cons tan t -cur ren t  pulse the potential  rose 
smoothly from the corrosion potent ial  to a steady 
value, and on opening the circuit it decayed smoothly 
back to e*. 

Anodic galvanostatic behavior  was more complex, 
and here proper in terpre ta t ion of the e-t curves was 
crucial for obtaining consistent values of i* and ba. In 
the first 30 hr  or so of corrosion each of the four metals  
yielded anodic e-t curves similar  to those in Fig. 2A 
and B. These curves exhibit  the characteristic he maxi -  
m u m  (hem) reported by Heusler  (4) and later  authors. 
However, the curves are not in accord with Heusler 's  
finding that  the total  potential  change on opening the 
circuit (heoc) is equal  to hem. For the four grades of 
iron studied here heoc was always smaller  than hem if 
the curve contained an appreciable peak. 

As corrosion proceeds, the rise to a max im um he 
becomes sharper (compare Fig. 2A and 2B), an effect 
associated with a large increase in the current  re- 
quired to produce a given change in potential.  The 
existence of the anodic peak persisted through 75 hr 
of corrosion with Fe (z-r) ,  Fe (z-r, 0.5 Mn),  and Fe (0.15 
Ti).  With Ferrovac E, however, the sharp peak disap- 
peared after 40 hr of corrosion, Fig. 2D, wi th in  the re- 
stricted range he ~ 0.06V of this study (but  peaks still 
appeared at higher applied currents ) .  

The anodic curves, whether  the usual  peaked ones or 
the peakless Ferrovac E curves, exhibited a drop in 
potential  to a va lue  less than  e* at the end of the anodic 
pulse. In  the case of peakless curves (Fig. 2D) the 
value of heoc was independent  of pulse time over a wide 
range, 0.5-5 sec, and was the same as the extrapo-  
lated value het=o. In the case of peaked curves where  
heoc ~ hem, the value of heoc was again essentially con- 
stant  as i l lustrated in Fig. 2C, which shows consecutive 
pulses of 1 and 8 sec. The examples of e-t curves given 
in Fig. 2 all refer to 1M NaHSO4 solution, but  the 
same general  behavior was found in 1M H2SO4. 

These facts led to the in terpre ta t ion depicted in Fig. 
3, in which the general  t ransient  is considered to be the 
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Fig. 2. Constant-current anodic pulses, iron in 1M HaHSO4, 
vertical scale 10 mV per major division, horizontal trace e = e*. 
A: Fe(z-r) at t* ---- 5.5 hr; 1.5, 2.5, and 5 Am -2'. B: Fe(z-r) at 
t* ~ 23 hr; 40, 60, and 90 Am -2.  C: Fe(z-r) at t* ---- 71.5 hr; 
60 Am -2 .  D: Ferrovuc E at t* ---- 42 hr; 15 and 30 Am -2 .  

J u l y  I972 

r 
i t 

/ 

I 

! 

! 

f, 
\ 

" 5 ~  T I M E  

Fig. 3. The three additive components (broken curves) of the 
anodic transient (solid curve). Curve |. Charging of the double 
layer at constant current I. Curve 2. Shift of corrosion potential 
(I ---~ O) with time. Curve 3. Superpolarization. 

sum of three effects: double layer  charging (curve 1), 
e* shift (curve 2), and the superpolarization effect 
(curve 3). According to Roiter et al. (18) superpolar-  
ization is not characteristic of the  charge- t ransfer  
process since it can be made  to disappear. The present 
work is in agreement  with this, in that  all  four grades 
of iron exhibited decreasing superpolarizat ion after 
long corrosion times. With these metals, the superpo- 
larization at any  t* decayed to a negligible value wi thin  
about 0.1 sec. 

It is concluded that  heoc obtained from half-second 
pulses contains no superpolarization component  and is 
a valid measure of the desired charge- t ransfer  con- 
trolled potential.  This conclusion was tested in the 
following way. A pair of pre-Tafel  cathodic and anodic 
polarization curves, corresponding to a given corrosion 
time t* of the system F e ( z - r ) / 1 M  NaHSO4, was ana-  
lyzed by the three-point  method using anodic hem data; 
the values of i*, ha, and bc so obtained showed wide 
variations. When  the corresponding heoc anodic data 
were substituted, the resul t ing values of ba and be 
were constant  wi thin  •  Similar  results were found 
at other corrosion times, both for NaHSO4 and H~SO4 
solutions. These results show that  our  Aeoc measure-  
ments  are in agreement  with an I-e 1"elation of the form 
of Eq. [4], whereas the /~em measurements  (to which 
the "nonsteady-sta te"  data in the l i te ra ture  corre- 
spond (4, 20) are inconsistent  with Eq. [4]. 

Based on these results, we recommend heo~ as the 
most reliable measurement  of charge- t ransfer  polar-  
ization for the i ron-acid  system. Steady-sta te  potential  
measurements,  on the other hand, cannot be readily 
interpreted.  Dur ing  steady-state  measurements  there 
occur significant and var iable  shifts in  the reference 
corrosion state (in potential  e* and cur ren t  I*).  Such 
measurements  violate the theoretical pr inciple that  all 
points on a t rue  polarization curve, whether  in  the 
Tafel or pre-Tafe l  region, mus t  correspond to a single 
reference corrosion state. Because of this violation no 
at tempt  was made in the present  work to establish 
steady-state anodic polarization curves. Clearly the 
slope of an approximately l inear  s teady-state  Tafel re-  
gion can differ appreciably from the t rue charge- t rans-  
fer slope. Thus a s teady-state  measurement  of ba is un -  
reliable as a cri terion for dist inguishing be tween pro- 
posed iron-dissolut ion mechanisms. 

All  of the results  to follow were based on aeor mea-  
surements.  All  measured currents  were converted to 
cur ren t  densities by use of the geometrical electrode 
area. 

Dependence of e*, i*, ha, and bc on corrosion t ime . - -  
Corrosion parameters  for a typical 72 hr  exper iment  
with the system Fe (z - r ) /1M NaHSO4 are summarized 
in Fig. 4. The corrosion potential, recorded as a func-  
t ion of time, showed a characteristic slow rise before 
leveling off. The potent ial  rise was not  greatly changed 
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Fig. 4. Variations of corrosion potential, corrosion current, and 
Tafel slopes with corrosion time, Fe(z-r) in 1M NariS04. I ,  By 
three-point analysis; O ,  from cathodic Tafel line. 
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by using other etching pre t rea tments  of the electrode. 
Also, if the electrode were allowed to corrode unt i l  ~* 
leveled off, and were then  removed, re-etched, and re-  
placed in the cell, E* reverted almost to its ini t ia l  value 
and the rising port ion of the e*-t* curve  was qual i ta-  
t ively reproduced. 

Polarizat ion curves (i-D covering the potential  
range e* ___ 0.06V were determined periodically by ap-  
plication of anodic and cathodic pulses, and these pre-  
Tafel curves were analyzed by the three-point  method 
to obtain i ' ,  ha, and be. In  the  par t icular  case of zone- 
refined iron, however, this procedure was usable only 
after e* leveled off. At shorter  t imes ~* shifted too 
rapidly: a shift of more than 3 mV during the in terval  
required to obtain the two polarizat ion curves led to 
appreciable errors in i* and the two Tafel slopes. For-  
tuna te ly  it was possible in  the early corrosion period to 
obtain l inear  cathodic Tafel lines, over the l imited 
range (e* ----- 0.09-0.14V), by  applying a m i n i m u m  n u m -  
ber  (four to five) of cathodic pulses. In  this way be 
and i* were evaluated. Such data, shown as open cir-  
cles in Fig. 4, agreed well  with data obtained by the 
three-point  method where the two methods overlapped. 
Dur ing  the period after e* leveled off, e* varied less 
than -+_-_0.5 mV dur ing  measurement  of the two po- 
larization curves, and the lat ter  were readily analyzed 
to yield ba as well  as bc and i*. 

F igure  4 shows that  be remained substant ia l ly  con- 
stant  over the entire corrosion period. Also ba was coi1- 
stant  where it was evaluated, namely  after (* had 
leveled off. In i t ia l ly  i* was remarkab ly  small, about 
two orders of magni tude  less than the final steady cur -  
rent.  

The other zone-refined metal,  Fe (z-r, 0.5 Mn),  gave 
curves showing all the same general  t rends as in Fig. 
4. The Fe (0.15 Ti) metal, however, differed in showing 
changing Tafel slopes dur ing the ini t ia l  period of 
changing e* and i* (Fig. 5). Both ba and bc drifted to 
larger (more positive or less negative) values, before 
becoming constant  in the steady corrosion condition. 
Figure  5 shows that  (* drifted more slowly for 
Fe (0.15 Ti) than  it did for the zone-refined metals dur -  
ing the early corrosion period, so I that it was possible to 
obtain pre-Tafel  polarization curves with l i t t le hys-  
teresis and to evaluate  ba after 5 hr of corrosion. 

The steady corrosion conditions achieved by the 
three metals just  discussed are compared kinet ical ly in 
Fig. 6. Shown here are the calculated "partial" log i-e 
relations for anodic iron dissolution and cathodic hy-  
drogen evolution. These lines are established by the 
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Fig. 5. Variations of corrosion potential, corrosion current, and 
Tafel slopes with time, Fe(0.15 Ti) in 1M NariS04. I ,  By three- 
point analysis; O ,  from cathodic Tafel line. 
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Fig. 6. Steady reaction rates of onodic iron dissolution and 
cathodic hydrogen evolution in 1M NariS04 as functions of po- 
tential, t* > 30 hr. 

values of i*, ha, and be, determined from the measured 
polarization curves by the three-poin t  analysis. The 
intersection of the anodic and cathodic lines gives the 
values of e* and i*. The addit ion of manganese  or t i-  
t an ium pr imar i ly  reduced the hydrogen evolut ion rate 
at a given potential,  manganese  having a smaller effect 
than t i t an ium (with its accompanying minor  impur i -  
ties).  The reduct ion in hydrogen evolution ra te  is as- 
sociated with a shift of e* to a less noble  potent ial  and 
with a reduct ion in  corrosion rate. 

A summary  of all of the long- t ime corrosion data 
obtained for the four metals  studied is presented in 
Table  II. The data on zone-refined iron in the two solu- 
tions studied (pH 0.05 and 0.48) are in accord with 
the we l l -known  effect that  increasing acidity reduces 
the rate of the i ron-dissolut ion reaction at a given po- 
tential.  These data also exhibit  an increase in hydro-  
gen-evolut ion rate with increasing acidity, in conform- 
ity wi th  the slow-discharge mechanism of hydrogen 
evolution. 

Table II  and Fig. 6 show that  manganese  or t i t an ium 
additions to iron had no effect on ba in the steady-e* 
region. Our measured range  ba ----- 0.065-0.069V, based 
on ~eoc measurements ,  is r emarkab ly  close to the range 
0.065-0.070V obtained by Bockris, Drazic, and Despic 
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Table II. Mean kinetic parameters for iron corrosion in IM NaHSO4, 
corrosion time 30-70 hr 

e* (V i* 
Meted S o l u t i o n  v s .  SHE) ( A m  -2) ba(V) be(V) 

Fe  (z - r )  1M N a t I S O 4  - -0 .226  10 0.065 - -0 .112  
1M H~SO~ - -0 ,198  15 0.069 - -0 .120  

F e ( z - r ,  0.5 M n )  1M NaHSO~ - -0 .242  7 0,066 - -0 .110  
F e ( 0 . 1 5  T i )  1M NaHSO4  - -0 .246  5 0,065 - -0 .102  
F e r r o v a c  E 1M N a H S O 4  -- 0.29a 7 0 .074 - -0 ,100  

1M H2SO~ - -0 .25  b 15 0.076 - -0 .113  

a A f t e r  70 hr corrosion, e* d e c r e a s i n g  s l owly .  
b A f t e r  47 h r  co r ro s ion ,  e* d e c r e a s i n g  s l owly .  

(1) f rom Aem measurements  in sulfate solutions at low 
pH (1-2). In these low pH solutions their  s teady-sta te  
values were  in the range  ba ---- 0.045-0.054V, appre-  
ciably higher  that  the va lue  0.039V requi red  by the 
Bockris et al. mechanism. Many other  authors have 
obtained approximate ly  ba = 2.303 RT/F  (or 0.059V) 
f rom Aem measurements  in various electrolytes (20). 
Whether  our la rger  value 0.067 _+ 0.002, as de termined 
from AEoc data, is significant mechanist ical ly or whe ther  
the difference from the value 0.059V is a t t r ibutable  to 
small  amounts of surface impuri t ies  cannot be sett led 
yet  (see below).  

Fer rovac  E exhibi ted a major  difference f rom the 
other  metals  listed in Table II, in that  a steady cor- 
rosion potential  w a s  not reached even after  75 hr of 
corrosion, a l though the values of i*, ba, and bc all 
leveled off. A typical  set of corrosion- t ime data is 
plotted in Fig. 7. The initial port ion of the e*-t* curve  
was similar  to that  for the other metals, but  as the  cor-  
rosion current  approached its final value  ~* went  
through a m a x i m u m  and thereaf te r  decreased con- 
siderably. The existence of a m a x i m u m  in the e*-t* 
curve for annealed Ferrovac  E was reported by Aki-  
yama, Patterson, and Nobe (11) but wi thout  in ter-  
pretation. The kinetic significance of this max im um  is 
revea led  upon plott ing the calculated part ial  anodic 
and cathodic log i-~ relations as a function of corro-  
sion time, Fig. 8. These data show that, af ter  the 
m ax imum ~* is passed, the iron-dissolut ion ra te  con- 
t inues to increase whereas  hydrogen evolut ion reaches 
a m a x i m u m  rate  (for any given potential)  and then 
decreases continuously. Even though both the iron- 
dissolution and hydrogen-evolu t ion  rates are changing 
continuously, i* becomes apparent ly  constant af ter  40 
hr  of corrosion (Fig. 7). 
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Fig. 7. Variations of corrosion potential, corrosion current, and 
Tafel slopes with time, Ferrovac E iron in 1M NaHSO4. 
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A major  kinetic effect of impuri t ies  in the metals  
studied here is a reduct ion in the hydrogen-evolu t ion  
ra te  at a given potential.  In Fe(0.15 Ti) and Ferrovac  
E the impuri t ies  also induce sIow changes of Tafel  
slope as corrosion proceeds, causing ba and bc to in-  
crease wi th  t ime from their  ini t ial  values of approxi -  
mate ly  ba ---~ 0.06V and bc ---- --0.12V. It is reasonable 
to suppose that  s lowly developing impur i ty  effects 
arise f rom an enr ichment  of impuri t ies  on the cor- 
roding meta l  surface. This has been demonstra ted re-  
cently by Cart ledge (19) for iron containing 0.1% by 
weight  technetium, where  the corroded surface layer 
was shown by #-emission measurements  to be highly 
enriched in technetium. It remains a possibility that  
even the two zone-refined metals  could have  suffered 
some sur face- impur i ty  enr ichment  by the  t ime of the 
first ba measurement  (Fig. 4), and that  a rise of ba 
similar  to that  shown in Fig. 5 for Fe(0.15 Ti) could 
have occurred during the init ial  corrosion period. 

Surface analysis.--Surface morphology of the cor-  
roded metals was studied by scanning electron micros-  
copy. One typical  example  of the surface appearance 
of each of the four metals  is shown in Fig. 9. In all 
cases crystal lographic etching was observed. Some 
re la t ive ly  flat facets were  found on F e ( z - r ) ,  Fe(0.15 
Ti) ,  and Ferrovac  E, but  on Fe(z - r ,  0.5 Mn) all crys-  
tal surfaces had the dist inct ive roughness seen in Fig. 

Fig. 9. Scanning electron micrographs of iron surfaces after 
corrosion in 1M NaHSO4 for the following times: A, Fe(z-r), 50 hr; 
B, Fe(z-r, 0.5 Mn), 52 hr; C, Fe(0.15 Ti), 70 hr; D, Ferravac E, 
30 hr. 
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9B. No pi t t ing and no preferent ia l  g ra in -boundary  
attack occurred on any  of the metals. 

Second-phase particles were not discernible on cor- 
roded surfaces of the two zone-refined metals, which 
showed no in terna l  second phase. Also no second-phase 
particles were seen on corroded Ferrovac E; oxide par -  
ticles present  inside the metal  would be expected to 
dissolve dur ing  the corrosion process. Second-phase 
particles were present  on corroded Fe(0.15 Ti),  as 
shown in Fig. 9C where they appear as i r regular  white  
specks. These were proven to be t i t an ium-r ich  par-  
ticles, in the scanning electron microscope, by  having 
the electron beam stat ionary and focused at the center 
of the particle, then analyzing emitted x- rays  with an 
energy-dispers ion x - r ay  analyzer.  

Microprobe analyses of corroded surfaces of the 
Fe(z- r ,  0.5 Mn) metal  showed a manganese  content  
sl ightly lower than  that of the uncorroded surface. 
Since the analysis was considered reliable to •  and 
the difference between the corroded and uncorroded 
surfaces was less than  5%, these results were incon-  
clusive with respect to changes in surface manganese  
content. Similarly, no conclusive evidence was found 
for surface depletion or enr ichment  of other im-  
purit ies on corroded zone-refined iron or Ferrovac E 
by analyzing long-count  x - r ay  spectra. 

Undoubtedly  traces of impur i ty  equivalent  to less 
than a monolayer  could influence the kinetic behavior 
of the iron surface, but  such traces are not readi ly de- 
tectable by the x - r ay  method employed, which sam- 
ples the surface to a depth of roughly 2000A. More 
sensitive techniques will  be needed, such as the radio-  
tracer method already ment ioned (19) and methods 
based on removing sub-monolayer  amounts,  analyzing 
either the mater ia l  removed (as by mass spectrometer) 
or the newly created surface (as by Auger  spectros- 
copy). 

Conclusions 
1. The most reliable measure of charge- t ransfer  po- 

larization from anodic galvanostatic t ransients  is the 
total  potential  fall, ~or at the end of a short cur rent  
pulse. 

2. The ~oc data yield an anodic Tafel slope of 
0.067V for zone-refined iron in sulfate solutions at low 
pH. This is higher than  the commonly observed 
steady-state values. The steady-state Tafel slope is 
subject to error from drift in  the reference corrosion 
state, hence ~t is not a good indicator of the reaction 
mechanism. This weakens the present  exper imental  

support of each of the two popular  iron-dissolution 
mechanisms. 

3. Trace impuri t ies  in the i ron can reduce cathodic 
hydrogen-evolut ion  rates considerably while having 
li t t le effect on anodic i ron-dissolut ion rates. 

4. Impuri t ies  can cause both the anodic and cathodic 
Tafel slopes to drift  to more posit ive values as corro- 
sion proceeds. 

Acknowledgment 
The aU~thor is indebted to Drs. W. H. Hu, W. C. 

Leslie, and E. T. Turkdogan for supplying the bu lk  
metals used in this study, to Drs. W. H. Hu and G. 
Langford for assistance in specimen preparation,  and 
to Dr. J. L. Bomback and his group for scanning elec- 
t ron microscopy and microprobe analysis. 

Manuscr ipt  submit ted Dec. 2, 1971; revised m a n u -  
script received March 10, 1972. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the J u n e  1973 JOURNAL. 

REFERENCES 
1. J. O'M. Bockris, D. Drazic, and A. R. Despic, Elec- 

trochim. Acta, 4, 325 (1961). 
2. J. O'M. Bockris and D. Drazic, ibid., 7, 293 (1962). 
3. J. O'M. Bockris and H. Kita, This Journal, 108, 676 

(1961). 
4. K. E. Heusler, Z. Elektrochem., 62, 582 (1958). 
5. K. F. Bonhoeffer and K. E. Heusler, Z. Physik. 

Chem. N.F., 8, 390 (1956). 
6. K. E. Heusler and G. H. Cartledge, Th~s Journal, 

108, 732 (1961). 
7. W. J. Lorenz, H. Yamaoka, and H. Fischer, Bet. 

Bunsenges. Physik. Chem., 67, 932 (1963). 
8. C. Voigt, Electrochim. Acta, 13, 2037 (1968). 
9. E. J. Kelly, This Journal, 112, 124, 1255 (1965). 

10. J. J. Podesta and A. J. Arvia, Electrochim. Acta, 10, 
171 (1965). 

11. A. Akiyama, R. E. Patterson, and K. Nobe, Corro- 
sion, 26, 51 (1970). 

12. W. J. Lorenz and G. Eichkorn, Bet. Bunsenges. 
Physik. Chem., 70, 99 (1966). 

13. G. Eichkorn, W. J. Lorenz, L. Albert, and H. 
Fischer, Electrochim. Acta, 13, 183 (1968). 

14. W. C. Leslie, F. J. Plecity, and J. T. Michalak, 
Trans. Met. Soc. AIME, 22, 691 (1961). 

15. S. Barnart t ,  Can. J. Chem., 47, 1661 (1969). 
16. S. Barnart t ,  Corrosion, 27, 467 (1971). 
17. S. Barnart t ,  Electrochim. Acta, 15, 1313 (1970). 
18. V. A. Roiter, W. A. Juza, and E. S. Polu~an, Acta 

Physicochim. URSS, 10, 389 (1939). 
19. G. H. Cartledge, This Journal, 118, 1752 (1971). 
20. G. M. Florianovich, L. A. Sokolova, and Y. M. Kolo-  

tyrkin,  Electrokhimiya, 3, 1027 (1967). 



Dissolution Potentials and Activation Energies 
of InSb Single Crystals 

M.  E. Straumanis* and Lih-da Hu 

Departments o~ Metallurgical and Chemical Engineering and Graduate Center ~or Materials Research, 
University of Missouri-Rolla, Rolla, Missouri 65401 

ABSTRACT 

The rest (or corrosion) and dissolution potentials of InSb single crystals 
in HC1 were  determined.  There is no potent ial  difference (within error  l imits) 
be tween  the inverse  {111} faces in pure  HC1. A difference of up to 44 mV and 
more  develops as soon as the InSb electrode is anodical ly dissolved. The po- 
tent ia l  becomes less noble  in the sequence In{ l l l} ,  {100}, {110}, Sb{l l l} .  The 
Tafel  relat ionship is observed over  three decades of cur ren t  density. With  addi-  
tions of FeCI~, FeC12, K3Fe (CN)6, K4Fe (CN)6, H2C4H406 to 2N HC1, the anodic 
potentials of both inverse (111} faces are shifted to more act ive values;  the 
�9 'H of I n{ l l l }  is a lways nobler  than that  of Sb{l l l} .  There are indications that  
the var ious potentials  observed are a function of current  densi ty wi th in  the  
pores of a protect ive layer,  Sb40~C12. The apparent  act ivat ion energy, ca. 20 
kcal /mole ,  of the anodic dissolution react ion is near ly  the same on all crystal-  
lographic planes of InSb. The rate  of anodic dissolution of Sb{ l l l }  in pure 
2N HC1 is 3-7 t imes larger  than  that  of the inverse face at the same potential.  

In a previous publicat ion (1) the anodic dissolution 
reaction of InSb single crystals in HC1 was described 
and the cited l i te ra ture  can be found there. However ,  
no potent ial  measurements  were  made. The anodic po- 
tentials obtained for a InSb single crystal  e lectrode 
under  var ious conditions of corrosion or dissolution are 
repor ted  here. 

The construct ion of the electrode and the type of 
contact  wi th  the crystal  were  similar  to that  of GaAs 
(2); the potentials  were  measured against a normal  
calomel electrode using a salt bridge (,~3.5N KC1) and 
a Luggin capil lary.  The data were  reduced to the stan- 
dard hydrogen scale. The measurements  were  per-  
formed with  a precision potent iometer  and the  po- 
tent ial  (e ' ) -cur ren t  density, i, curves were  obtained 
by potentiostatic and galvanostat ic  methods. Purified 
N2 was introduced into the react ion vessel containing 
the electrodes. 

The n- type,  undoped single crystals w e r e  obtained 
from the Monsanto Company (St. Louis, Missouri) 
and were  grown in the [111] direct ion by the Czo- 
chralski  or the gradient - f reeze  technique. The im- 
pur i ty  level  was less than  1 ppm, the carr ier  concentra-  
tion was 8 X 1015 a toms ' cm -3, mobi l i ty  1.7 X l0 s 
cm2-V- l - sec  -1, and the resis t ivi ty  0.005 ohm.cm;  670 
etch pi ts-cm -2 were  developed on the {111} planes. 
The surface area subjected to the electrolyte  was be- 
tween  0.35-0.82 cm 2 for the various electrodes. 

Results 
Rest potentia~s.--The potent ial  readings w e r e  taken 

as soon as possible after  the electrode was chemical ly  
pre-e tched  wi th  CP-4 (1). Then the next  reading was 
made after  5 rain and subsequent  readings after  15 
rain intervals.  No anodic current  was applied. 

The resul ts  are summarized in Fig. 1. F igure  1 shows 
that:  

1. The ~H'S of the inverse {111} faces in the same 
concentra t ion of HC1 are approximate ly  equal, h~'H 
= 10 mV; however  I n{ l l l }  has a s l ightly more  noble 
potent ial  than does Sb{l l l} .  

2. For  both inverse {111} faces, the h igher  the  nor-  
mal i ty  of HC1, the less noble is the ~'H. 

3. Time has no par t icular  influence on e'n; s teady po- 
tentials are usual ly obtained after  15 min of immersion. 

4. The potentials  are reproducible  wi th in  +10 inV. 

*Electrochemical  Society Act ive  Member .  
K ey  words:  IriSh, dissolution potentials,  act ivat ion energies,  

Tafel lines. 

Significant potent ia l  changes occurred in the pres-  
ence of Fe ~+, added as FeC13 to the HC1. The poten-  
tials of the inverse {111} faces differed by as much as 
~40 mV; the In{ l l l }  faces were  always more  posit ive 
than the Sb{l l l} .  However ,  the behavior  of the InSb 
electrode in the presence of Fe 3 + employing no anodic 
current  requi red  fur ther  investigation. 

Anodic potential-current density relationship in 2N 
HCl.--The anodic potent ial  measurements  were  carried 
out as previously  described (1,2).  The plat inized 
pla t inum electrode serving as the cathode was coupled 
with  the InSb electrode. Dur ing  each run, the time, 
mi l l i ammeter  and potent iometer  readings were  re-  
corded. The readings were  taken after  5 min  at each 
mi l l i ammeter  setting. Al l  current  densities were  
plotted against the measured anodic potent ial  (SHE).  
The oxygen was excluded (N2 atmosphere) .  

The  separat ion of the  dissolution potentials  into 
those characterist ic of the I n { l l l }  and Sb{ l l l }  faces 
occurred even at low anodic current  densities. The po- 
tentials were  in the vicini ty  of those of InSb in 2N 
HC1 as shown in Fig 1. At  a current  density of 
3 X 10 -s  m A / c m  2 the difference was about 12 mV. This 
increased wi th  increasing cur ren t  densi ty (Fig. 2). It  
is evident  f rom Fig. 2 that:  

1. The CH of the four  different faces becomes less 
noble in the sequence: In{ l l l } ,  {100}, {110}, Sb{l l l} .  
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Fig. 1. Rest potentials, e'H of InSb single crystals in various con- 
centrations of HCI (reagent grade) at 25~ O - I n ( I l l }  and 
e-Sb{111} faces. 

818 



Vol. 119, No. 7 

+ 24  0 

20O 

,,:,, 

~ o - - ~  I I lllll [}si I11 
4 0  i I I 

J Ji• 
'16 '162 16 '1 "1 4 6 810 "~0 2 

CURRENT DENSITY) Tlla,c~l] 2 

Fig. 2. Anodic dissolution potentials e'H of InSb vs. log of 
current density i of the single crystal planes In{111}, Sb{111}, 
{110}, and {100} at 25~ 2N HCI. 

DISSOLUTION POTENTIALS AND A C T I V A T I O N  ENERGIES 

+22C 

20( 

The potential  difference between the inverse I l l - f ace s  
approaches 30 mV at 3 • 10 -2 m A / c m  2 and 44 mV at 
10 mA/cm 2. 

2. All  four anodic polarization curves obey the Tafel 
relat ion over about three decades of current  density 
(3 • 10 -2 to 30 mA/cm~).  

3. Within this range of current  densi ty  the lat ter  
three faces give parallel  Tafel lines with a slope of ~48 
mV/Iog i, while the first l ine has a slope of ~56 m V /  
log i. However, significant departures from these po- 
tentials occur upon addition of oxidizers or reducers to 
the HC1. 

e'n-log i relationship in 2N HC1 in the presence of 
FeZ+.--The results of these measurements  are sum- 
marized in Fig. 3, where the Tafel lines of InSb in pure  
2N HC1 are r ed rawn  to show the influence of Fe a+. 
The Tafel region occurs only between 1 and 10 m A /  
cm 2. Clearly, in the presence of Fe 3 + ions, the poten-  
tials of both inverse {111} faces are shifted to more 
active values by approximately the same amount  (,~ 
33 mV in 0.0004M and 37 mV in 0.002M solutions of 
FeS+). The slope of the Tafel l ine of I n { l l l }  in both 
solutions is 62 mV/log i and that of Sb{ l l l }  is about 
58 mV/log i. 

Similar  measurements  were also performed by add- 
ing FeC12 solutions to the 2N HC]. As the solutions 
were prepared in air, part  of the Fe 2§ ions oxidized 
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Fig. 3. e'H of the inverse {111} faces of InSb vs. log i in 2N 
HCI in presence of Fe 3+ at 25~ Dashed lines - -  e'H in pure 2N 
HCI. 
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Fig, 4. e'H of the inverse {111} planes of InSb vs. log i in 2N 
HCI in presence of 0.00125M solutions of K4[Fe(CN)6] and of 
K3[Fe(CN)6].  Dashed lines - -  e'H in pure 2N HCI, 

to Fe 3+ and, therefore, the results obtained resembled 
those with Fe 3 +. There was a shift of potentials to more 
active values; however, the polarization lines were not 
as parallel  as shown in  Fig. 3. 

The influence of K4[Fe(CN)~] and o] K~[Fe(CN)8] 
on the anodic poten t iaL--The  rill-log i curves in the 
presence of potassium ferro and ferri cyanides are 
shown in Fig. 4. The influence of the cyanides was 
observed even below 1 mA cm -2. The potentials of 
the inverse {111} planes shifted to more active values, 
the action of K3[Fe(CN)6] being stronger. No deposit 
was observed on the anodes when K3[Fe(CN)6] was 
added. However, a white sediment appeared on both 
inverse faces in the presence of K4[Fe(CN)6] at cur-  
rent  densities above 0.4 mA / c m 2. In  all the measure-  
ments  the potential  of the I n { l l l }  face was more posi- 
tive than  that of the Sb{l l l} .  Evident ly  the potential  
changes were connected with the formation and pres- 
ence of deposits on the anodic surfaces. This possibility 
was checked by t ry ing  to remove chemically the oxide 
layer which is formed on Sb (of the InSb)  in HNOa. 

Potentials of InSb in HNO~ in the presence of tar- 
taric acid.--I t  is known that  an t imony oxide dissolves 
in H2C4H406 yielding water-soluble,  an t imony- t r i - t a r -  
trate. Polarizat ion curves of the I nS b{ l l l }  inverse 
planes are reproduced in Fig. 5. They show that, in-  
deed, at low anodic current  densities (up to 0.3 m A /  
cm-2) ,  the potentials of both faces coincide. A possible 
explanat ion is offered in the discussion. The Tafel 
relationship is nevertheless par t ia l ly  fulfilled. 

Act ivat ion  energies . - -The  chosen temperature  of the 
water bath, containing the U-vessel  with the InSb and 
Pt electrodes, was main ta ined  at ~ 0.2~ Purified N2 
was bubbled slowly through the electrolyte (HC1). 
Figure 6 shows the curves obtained for the inverse 
{111} planes of InSb. As can be seen, the anodic dis- 
solution potential  gH for both inverse {111} planes 
becomes less noble with increasing tempera ture  and 
the Tafel lines exist over three decades of i. The slopes 
differ slightly: 55.6 mV/log i for I n { l l l }  and 47.1 for 
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Fig. 5. e'~ of the inverse {111} planes of InSb vs. log of anadic 
current density in 1N HNO~-IN H2C~H406 at 25~ 40 
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Fig. 6. e'H of I n { l ] ] }  and Sb{]11} vs. lag i in 2N HCI at three 
temperatures. Golvenostatic measurements. 

Sb{l l l} .  The In{ l l l }  faces are always nobler  than the 
inverse by -~ 36, 27, and 20 mV at 25 ~ , 35 ~ and 45~ 
respectively.  

Current  density measurements  for four different 
crystal  planes of InSb, were  plotted against T -~ (Fig. 
7). 

The  apparent  act ivat ion energies  Ea were  calculated 
(Table I) f rom the slopes of the lines (Fig. 7). 

Discussion 
As InSb consists of two elements,  it is interest ing to 

see what  the dissolution potentials  of the la t ter  are 
re la t ive  to that  of InSb. In Fig. 8 the respect ive poten-  
tials are  plotted vs. log i. 

Figure  8 reveals  that  the dissolution potentials  of 
the inverse {111} faces are close to that  of Sb and at a 
current  density of 1 m A / c m  2 there  is no difference 
within  exper imenta l  error  limits. However ,  metal l ic  
Sb starts to passivate at about 15 m A / c m  2, whereas  
the Sb{ l l l }  face remains  active at h igher  current  den- 
sities and the Tafel  relat ionship results over  near ly  
3% decades of log i. Evident ly  In, which passes simul-  
taneously into solution (1), p revents  the format ion of 
a tight, adherent  Sb-oxychlor ide  protect ive layer on 
the InSb. In fact a th icker  layer  can be removed easily 
wi th  a soft brush (1). Metall ic In, which displays a 

Table I. Ea for the anodic reactions on various planes 
af InSb in 2N HCI 

E a  g a l v a n o s t .  E a  p o t e n t i o s t .  
P l a n e  k c a l / m o l e  k c a l / m o l e  

I n  1 1 1  2 4 . 0  2 1 . 3  

S b  I I I  2 1 . 3  2 0 , 1  
1 1 0  ~ 2 0 . 3  
100 ~ 1 8 . 5  

A v e r a g e  2 0 . 0 5  
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Fig. 7. Arrhenius plot af the enodic dissolution of four planes of 
InSb single crystals in 2N HCI. 
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Fig. 8. ~'H of metallic In, metallic Sb (both 99.999% pare) end 
of the inverse faces of InSb vs. lag i in 2N HCI, 25~ 

very  negat ive potent ial  in 2N HC1 (Fig. 8) loses much 
of its free energy by combining wi th  Sb. Thus, the In 
in InSb might  be in a form which is more electroposi-  
t ive than the Sb. At high anodic current  densities part  
of the lat ter  accumulates  on the surface and is em-  
bedded in the oxychlor ide  layer  (anodic disintegra-  
tion of Sb). This results in a lower electron number  for 
InSb [Ref. (1), Fig. 6]. 

For  immersion of InSb into pure  2N HC1, where  the 
corrosion ra te  is ve ry  low [Ref. (1), Table I], the  
protect ive layers formed on all crystal lographic faces 
are evident ly  of the same consistency and adherence. 
Therefore,  there  is little, if any, potent ial  difference 
between the inverse {111} faces and the potential  is 
s trongly dependent  on the pH of the solution (Fig. 1) 
as it is for a pure Sb electrode (3, 4). 

However ,  as soon as an anodic current  is applied, 
the oxychlor ide layer  is at least par t ia l ly  removed 
from the various faces of the InSb crystal. The differ- 
ence in valency of the two constituents now comes 
into play and this can be noticed, especially on the 
inverse {111} planes. The  potential  difference be tween 
these planes is the greatest  among those invest igated 
and the potentials become more negat ive in the order: 
In{111}, {100}, {110} and Sb{] l l}  (Fig. 2). Explanat ions  
of this difference have been offered by other  authors 
(5, 6). GaAs in KOH behaves s imilar ly  (2) (Fig. 3). 
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If now at the  same cur ren t  densi ty  var ious crys ta l -  
lographic planes exhibi t  different anodic potentials 
(Fig. 2), it can be assumed (if InSb behaves  l ike a 
metal )  that  this is due to the difference in the struc- 
tu re  of the protect ive films. During anodic dissolution 
both inverse {111} planes of InSb are  covered with a 
Sb-oxychlor ide  film (1), but  this film may be, for un-  
known reasons, more  dense and /o r  more adherent  to 
the In{ l l l }  ra ther  than to the Sb{ l l l }  plane. Moreover,  
it is also probable  that  In (wi thin  the InSb s t ructure) ,  
due to the loss of free energy, is present  in a different 
form, than in a metal,  and now has less abi l i ty to go 
into solution. Both assumptions contr ibute  to the pres-  
ence of a more  noble  potent ial  on the I n { l l l }  than on 
the Sb{] l l}  face, especial ly under  conditions of anodic 
dissolution. The other  planes should exhibi t  in ter -  
media te  values. This anodic behavior,  as a current  
densi ty  effect, requires  a smal ler  pore size on the 
I n { l l l }  face which results in a h igher  current  density 
wi th in  the  pores and a steeper Tafel  l ine wi l l  be ob- 
ta ined (Fig. 2). When the anodic current  is decreased, 
the qual i ty  of the previous oxide film on the faces will  
be res tored and consequent ly  the potent ial  difference 
be tween  the inverse  {111} planes wil l  diminish (Fig. 2) 
and finally approach zero (Fig. 1). 

Therefore,  agents which par t ia l ly  remove  the Sb-  
oxide film from the  InSb electrode should also decrease 
the potent ia l  difference be tween the inverse planes. 
This is the case when  InSb is dissolved in 1N HNO3 
containing tar tar ic  acid (Fig. 5). At  low current  densi-  
ties the oxide film is thin on both planes, since the 
newly  formed Sb-oxide  easily dissolves in tar tar ic  
acid. However ,  at current  densities above 0.3 
m A  �9 cm -1 the thickness of the  film increases so much 
that  the dissolution of the film is not rapid enough and 
a separat ion of the potentials occurs. The film on the 
I n { l l l }  should be denser. This follows f rom the in- 
cl inat ion of the Tafel  lines: at low current  dens i t i es - -  
26 mV/ log  i and above 4 m A  �9 cm -2  ~ 92 mV/ log  i. 
Fu r the rmore  the potent ial  of InSb in 1N HNO3 is much 
more  posi t ive than  in HC1 (compare Fig. 2 and 5) 
caused par t ia l ly  by the difference in the composit ion 
and propert ies  of the layers. Denser  oxide or hydrox-  
ide films are formed in HNO~ because of the oxidizing 
action of the acid. 

Increasing the concentrat ion of a nonoxidizing acid 
(e.g., HC1) should decrease the thickness of the sur-  
face oxide layers, which results in a more negat ive  
potential,  as shown in Fig. 1. 

S imi lar  to the behavior  of the Sb electrode, the po- 
tent ial  of the InSb electrode is ve ry  easily disturbed by 
oxidizing and reducing agents, and it is difficult to un-  
derstand this disturbance. For instance (Fig. 3), minute  
amounts  of FeC13 added to 2N HC1 shift the potential  
of both inverse  {111} planes to less noble values, the 
shift increasing wi th  increasing concentra t ion of the 
Fe  z+ ions. Never theless  the Tafel  l ine relat ionship 
persists and the I n { l l l }  planes are always nobler  than 
the inverse. Ev iden t ly  Fe z+ ions are adsorbed by the 
oxychlor ide  layer, changing its properties,  increasing 
its pore size, which results in a lower pore current  
densi ty  and in a more  act ive potential.  

The  action of K4Fe(CN)6 and of K3Fe(CN)6 addi- 
tions is still  more complicated. In both cases the  poten-  
tial of the anode becomes more  negat ive  re la t ive  to 
the dissolution potentials  in pure 2N HC1 (see Fig. 4). 
Again  the I n { l l l }  is more  noble than the inverse face. 

If  the  InSb is anodically dissolved in a 2N HC1- 
0.00125M K4Fe(CN)6 solution, then at current  densi-  
ties higher  than 0.4 m A - c m  -2  the format ion of a whi te  
collodial layer  is observed on both inverse {111} planes. 
The layer  can be removed  by rinsing wi th  water.  No 
deposit  was observed in a 2N HC1-0.00125M K3Fe (CN)6 
solution, even at cur ren t  densities above 10 mA - cm -~. 
According to Mellor  (7) K4Fe(CN)6 forms a whi te  
precipi ta te  wi th  In s+ but K3Fe(CN)6 does not. This 
was confirmed exper imenta l ly .  Thus the jump  in the 

curves  (Fig. 4) is expla ined  as the  onset of the  pre-  
cipitate formation. At  about  1 m A  �9 cm -2 the precipi-  
tate is a l ready so dense that  one can see it readily.  
Thus this surface layer  causes a strong polarization, 
which does not occur for K~Fe(CN)6, because the 
salt fo rmed is water  soluble and the slope of the Tafel -  
lines above 0.6 m A ' c m  -2 is ~ 70 mV for I n ( l l l }  
and 60 mV for Sb{ l l l} .  

With increasing t empera tu re  the dissolution poten-  
tials become more  nega t ive  (Fig. 6) par t ia l ly  because 
of thermodynamic  reasons and-a l so  due to the de- 
crease of the anodic current  density wi th in  the pores 
(widening of the pores wi th  increasing t empera tu re ) .  

Since the slopes of the Tafel  lines fluctuate most ly 
be tween 40 and 60 mV/ log  i, the possibility of a one 
electron charge t ransfer  as a r a te -de te rmin ing  step is 
not excluded. Nevertheless ,  the ra te  of dissolution in 
pure  2N HC1 of S b { l l l }  at the same potent ia l  is 3-7 
t imes larger  than that  of the  inverse  face, in agreement  
with the concept of pore width.  Evidently,  the effective 
current  densi ty (wi thin  the pores) is the same on all 
the faces. However ,  as the pores of the protect ive  
layer  on Sb{ l l l }  are larger,  a s tronger current  results 
f rom this face. 

The apparent  act ivat ion energies (Table I) for the 
anodic reactions on various planes of InSb are  the 
same wi th in  the e r ror  limits, suggesting that  the reac-  
tions (1) are all the  same, independent ly  of the  plane 
chosen for the anode. However ,  the Ea value of N 20 
kca l /mole  is re la t ive ly  high for a dissolution reaction. 
A similar  value  of 16.7 kca l /mole  was also obtained 
for the anodic dissolution react ion of the compound 
GaAs in KOH (2). Much lower  act ivat ion energies 
were  found for metals  simply dissolving in acids, e.g., 
5.3 • 0.5 kcal  for Hf dissolving in 1N HF or in a mix -  
ture  of HF and HC1 (8) and 3.8 to 4.2 kcal for Zr in 
0.2N HF  or 0.1N HF  ~ 1.0N HCI respect ive ly  (9). How-  
ever, when  the oxygen content  of Zr was increased up 
to 7% b.w., the Ea increased to 5.9 kcal. Simultaneously 
the ra te  of dissolution decreased, ev ident ly  the dis- 
solved oxygen t ight ly  bound by the Zr atoms hampered  
the react ion rate  wi th  the acid. 

As InSb exhibi ted a much lower  dissolution rate  (1), 
a h igher  act ivat ion energy  should be expected for this 
reaction, because it is chiefly the va lue  of Ea which 
determines  the ra te  (10), even of an anodic dissolu- 
tion process. The act ivat ion energy  of ~ 20 kca l /mole  
was, therefore,  expected. Thus a high act ivat ion energy 
of dissolution of InSb (and of GaAs) in comparison 
wi th  that  of pure metals  is characterist ic of the former  
and corresponds to its react ion sluggishness. 
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The Effect of Two-Dimensional Nucleation on the 
Rate of Electrocrystallization 

Ugo Bertocci 
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

The effect of random two-dimensional  nucleat ion on cur ren t -poten t ia l  
curves, valid for epitaxial  electrodeposition on s ingle-crystal  faces, has been 
examined employing a specific model for nucleat ion and surface step motion. 
Computations have been performed for the electrodeposition of silver and 
copper: for the first metal  the results are in reasonable agreement  with some 
exper imental  data concerning two-dimensional  nucleat ion on close-packed 
surfaces. In the case of copper the agreement  with exper imental  results seems 
to be less satisfactory. The influence of assumptions, such as the type of sur-  
face step distribution, on the rate of electrocrystallization has been examined 
and discussed. Computer  simulations of potentiostatic t ransients  have also been 
carried out, and some effects of suppressing nucleat ion in the vic ini ty  of steps 
have been investigated. 

From computer-s imulated exper iments  on the in-  
fluence of two-dimensional  nucleat ion and step motion 
on the rate of crystal growth (1), formulas have been 
obtained which allow one to estimate the relat ive im-  
portance of random nucleat ion and step density on the 
growth rate. The purpose of the present  paper is to 
apply these results to the case of electrocrystall ization 
processes, a t tempting to evaluate current -potent ia l  
curves for the deposition of metals on close-packed and 
vicinal surfaces of s ingle-crystal  electrodes. 

Models and Methods of Calculation 
In  the epitaxial growth of a single crystal  by electro- 

crystallization, the current  density i depends on the 
density and velocity of the steps moving on the surface 

zFh(hkl) 
i -- - -  V e [1] 

Vm 

where z is the number  of electrons exchanged, h(hkl) 
is the height of a crystal layer in the [hkl] direction, 
Vm the molar volume, and V and e the step velocity and 
step density. If the dependence of the cur ren t  density 
on the overvoltage ~ has to be  found, it is necessary to 
express V and e as a funct ion of overvoltage. The step 
velocity can be considered in general  to depend on 
and e and an expression will be derived later  (Eq. 
[13]). Steps on the surface can be due to misor ienta-  
t ion with respect to a close-packed plane (the step 
density due to misorientat ion is indicated as ~) or to 
the in terp lay  between two-dimensional  nucleat ion rate 
Rn and step velocity V. The formula relat ing these 
quanti t ies is (1) 

~/2R. 
o =  v - - - V -  + ~3 [2] 

and our purpose is to obtain the dependence of Rn and 
V, and therefore e, on the overvoltage. 

According to nucleat ion theory (2), Rn is given by 
the product of the concentrat ion of critical nuclei, 
which are formed by aggregating adatoms over the 

Key worcl~ electrodeposition, electrochemistry, computer simula- 
tions, copper, silver. 

close-packed portions of the surface, the rate of addi- 
{ion of single adatoms to the critical nucleus, and the 
Zeldovich nonequi l ib r ium factor 

Rn ---- Z nor ,~ [3] 

Since two-dimensional  nucleat ion is considered here, 
nuclei  are assumed to be cylindrical  in shape, their 
height being one atom layer. The concentrat ion of 
critical nuclei  is 

( ~G*+~Gq-t-~Gs ) 
nor : NA exp kT [4] 

where N is Avogadro's number  and A the concentra-  
t ion of unaggregated adatoms (in mol /cm 2) ; •G* is the 
free energy for the formation of a nucleus 

nh(hkl)72Vm 
~G* = [5] 

A~ 

where 7 is the surface energy and A~ is the decrease in 
free energy in the crystall ization process. AGq is the 
contr ibut ion to the free energy due to the distr ibution 
of nuclei  on the various sites of the substrate. The 
number  of such sites is equal  to Nd(hkD where  d(hkl) is 
the surface density of the close-packed layer (hkl) 
( in mol/cm2). 

kT [ ( d(hk,_~) = A ) 
5Gq : - ~  d(hkl) In d(hkl) 

( )] + A In d(hkl) -- A [6] 

Calling K the ratio d(hkD/A where K is a constant  
greater than  1, Eq. [6] becomes 

A 1 
K [7] 

The free energy of separation, as defined by Lothe and 
Pound (3), is 

~Gs -~ kT In (~/2~ier) [8] 

where ier is the number  of atoms in the critical nucleus. 



Vol. 119, No. 7 T W O - D I M E N S I O N A L  N U C L E A T I O N  823 

The Zeldovich nonequi l ibr ium factor is (4, 5) 

Z : (  AG* ) v" 
4 - ~ 2 c r  [9] 

The rate  of addition ~ of adatoms to the nucleus is 
the product  of the  number  of adatoms per  unit  sur-  
face NA, the c i rcumference  of the critical nucleus 
--2~TVm//~, and the velocity of an ada tom on the 
surface which is equal to the surface diffusion coeffi- 
cient Ds divided by  the length of a j ump  a(hk, be tween 
two rest positions on the (hkl) plane. Therefore  

2~ "iVmNADs 
: - -  [ i 0 ]  

Ve(hkl) A]~ 

Combining Eq. [3]-[10], the nucleation rate is ob- 
tained 
Rn - ~  (--A/z) ( K )K--1 NADs(--A~) 

2RT K -  1 :~Vma~hkD3' 

e x p (  ~h(~a)'Y2Vm ) [11] 
k T ~  

It  should be noted tha t  if K > >  1, [ K / ( K - -  1)] K-~ 
approaches the value e. 

In the following, calculations are per formed only 
for  the (100) and (111) surfaces of a fcc metal.  In 
this case, given the atomic radius E, the molar  volume 
Vm = 4~/2 NE~, h(100) : ~ 2  E, h(~x~) : 2~/2/~/3 E, 
a(lo0) ---- 2E, and a(ln) ---- 2 /~ /3  E. The formulas  em-  
ployed are therefore  
for  (100) 

K ,~K-1 
Rn=~V//  (--A#) ( ' K - " - - - ~ / R T  

for (111) 

ADs ( - -  A~) 

16;~E47 

( 8~%'2E4N ) 
exp kT A~ 

R n = ~ v / 3 ( - - A g )  ( K ) g - I  ADs(--A~) 
RT ~ 16~E4.y 

e x p (  16~*~2E4N ) [12] 

%/3 kT A# 

The nucleation rate  depends on the adatom concen- 
t ra t ion A. In  order  to evaluate  it, a par t icular  model  
describing the electrocrystal l ization process has to be 
chosen. Here  the model  employed assumes that  the 
ada tom concentrat ion is a lways the equi l ibr ium one in 
the immedia te  vicinity of a step (6). For  the  sake of 
simplicity it will be assumed that  the electrode charge-  
t ransfer  reaction involves only one electron: M ~ M + 
+ e - ,  that  is z ---- 1. 

The  ada tom concentrat ion as a function of the dis- 
tance x f rom a surface step between two paral lel  steps 
which are a distance l apar t  is 

=Aoo [exo 
--( e x p [  Fn~_~ ] -  1 ) c o s h  (~[l/2 ~ ) - 2 )  l - - x ] )  

where  

[13] 

~" = FDs Aeq exp ~ [14] 

Here  n is the  overvol tage (excluding concentrat ion po- 
larization),  io is the exchange current  density, and fl is 
the  symmet ry  factor  (in the computat ions ~ is t aken  as 
0.5). 

The expression A~ which occurs in the  formula  for 
the nucleation ra te  is given by  

neq 
-- RT  ln [15] 

A ( x,l,n ) 

where  Aeq is the equi l ibr ium adatom concentration. 
According to the  same model,  the  step veloci ty V 

can also be expressed as a function of the overvol tage 
and step spacing l 

[ 2 ioDsAe~ exp �9 
V (~,l) = d(hkD F -2R'T 

- - e x p  ( ( 1 - 5 ~ ) F ~ ) ] t a n h ( ~ )  [16] 
2RT 

The average  nucleation ra te  Rn(l],l) for a surface 
covered with  paral lel  steps wi th  step spacing l can be 
found by  introducing [13] and [15] in [11] and in-  
tegrat ing 

Rn(l,~]) = ~- Rn[A (x,l,~) ldx [17] 

The system formed by  Eq. [2], [16], and [17] can be 
solved, giving the ra te  of growth (and therefore  the  
current  density) as a function of the overvol tage n and 
the step density due to misorientat ion L if the effect of 
r andom nucleation is supposed to be equivalent  to an 
increase of step densi ty above the value ~ producing, 
however,  a uni form step distribution. Then all steps 
are supposed to be  spaced at a constant  distance l, and 
e = 1/l. Therefore  

~ /  2R'n (0,~1) i = Fh(hkl_____.~) V(8,~]) _]_ ~,3 [18] 
Ym Y (s,~) 

The computat ional  procedure  consists of calculating 
A(x,l,~) f rom [13] at several  distances f rom a step, 
employing the resul ts  for the numerical  integrat ion 
of [17]. Evaluat ion of [2] wi th  the calculated values of 
Rn and V will give a new value for  e, and [18] can be 
solved by successive approximations.  

Random nucleation, whe ther  or not steps due to mis-  
orientat ion are  present,  obviously generates  a surface 
where  steps are not ar ranged in a uni form manner .  This 
is visualized, for instance, in Fig. 1 which represents  a 
misoriented surface on which random patches are 

Fig. i. Appearance of a single-crystal surface produced by com- 
puter simulation of crystal growth. Random two-dimensional nu- 
cleation superimposed to growth by step motion. 



824 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  

growing, as it was generated in a computer  run.  It  is 
interesting,  therefore, to have an idea of the influence 
of a nonuni fo rm step dis tr ibut ion on the ra te  of 
growth. An  approximate solution for such a case can be 
obtained in the following way: from the results ob- 
ta ined for a un i form distr ibution,  if the va lue  of (Rn)| 
the nucleat ion rate at infinite distance from a step, is 
compared with the average value Rn(1), it is found 
that  to a good approximation 

R--~(l)--(Rn)| ( 1  2f(n) ) 2f(n) 
for l ~ 

k 

21 (n) 
f o r l < ~  [19] R n ( l )  = 0 

Equation [19] corresponds to assuming that  nucleat ion 
is completely suppressed at distances less than  f (~) /~  
from a step, elsewhere being equal  to (Rn)~. The func-  
t ion f(Tl) represents, in  uni ts  of diffusion distance l/X, 
how far from a step nucleat ion is prevented.  That  a 
step funct ion such as [19] describes the influence of 
step spacing is not surprising: the nucleat ion rate is 
greatly affected by relat ively small  changes in adatom 
concentration. Several  experiments  have shown the 
existence of the threshold value in ~ below which the 
rate  of nucleat ion is negligibly small. Computations 
carried out with m a n y  different sets of parameters  
have shown that  the function f(n)  is very insensit ive 
to variat ions of io, Ds, or Aeq, and it is independent  of 
step distance un t i l  l is so small  that  the average nu-  
cleation rate  for that  step spacing is small  wi th  re- 
spect to (Rn) | 

By means of the simplification afforded by [19], it is 
possible to obtain the expression for the average nu-  
cleation rate  as a funct ion of the average step density 
0 when  the spacings between steps are dis tr ibuted ex- 
ponentially,  according to the dis t r ibut ion function 
n(l)  _ - - 0 2  exp ( - - o l )  

# [  ] R,(o) : (R,)  o2 l 2/(n)  
| / ( n ) l X  k 

exp( - -o l )d l  (Rn)| exp ( 2f(11) ) = - -  0 [20] 

The l imited val idi ty of [19] has little effect on the ac- 
curacy of [20], since areas of small  step spacing con- 
t r ibute  very  li t t le to the average nucleat ion rate. 

The average step velocity V(#) can also be obtained 
by integrat ion of the product of [16] and the step dis- 
t r ibut ion function 

[( v(o)  V. o o 1 o - T 
: , , I ,  4 -  --'I" [21] 

T -E T 
where "v'~, the step velocity for infinite step spacing, is 
obtained from [16] by setting the value of the hyper-  
bolic tangent  term to 1. The funct ion ,t, is the deriva-  
t ive of the logari thm of the gamma function. The com- 
puta t ional  procedure is analogous to that  described 
above, introducing [20] and [21] in [2] and [18], in-  
stead of [16] and [17]. 

Patent iostat ic  Transients  
The concepts and computat ional  methods employed 

in the simulations which led to obtain formula [2] 
for the s teady-state  rate of growth are very similar to 
those used by Bewick, Fleischmann,  and Thirsk (7) to 
s imulate the ini t ial  potentiostatic transients.  These 
authors found that  the growth rate unde rwen t  damped 
oscillations, in some cases of considerable amplitude. It 
was interest ing to see if these results could be con- 
firmed, and to what  extent  the ampli tude of the oscil- 
lat ion might  depend on the intr insic l imitat ions of the 
computer  model. Accordingly, ini t ial  t ransients  were 
computed using two different s imulated surface areas 
having a ratio 6.25./ 

1 The surfaces were represented by arrays having 32400 and 5184 
places, respectively. For the details of the simulation method, see 
Ref. (1). 
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Fig. 2. Initial transie.t of the growth rate. Constant nucleation 
ra re. 

If the results are plotted as ratio of the growth rate 
over the asymptotic growth rate vs. the number  of 
layers grown, the curves obtained are substant ia l ly  in-  
dependent  of surface size as well  as ratio between nu-  
cleation rate and step velocity. The results are shown 
in Fig. 2. It can be seen that  damped oscillations are in-  
deed produced, the ma x i mum ampli tude being about 
10% of the asymptotic rate. The oscillations decrease 
rapidly and only four or five can be detected with 
some degree of certainty.  

If comparison is made with exper imental  results for 
potentiostatic t ransients  s tar t ing from a smooth sur-  
face (7), the simulated oscillations are smaller  in  am- 
pli tude and more rapidly damped. However, an im-  
portant  difference between the computer  simulations 
and the analyt ical  models describing electrocrystalliza- 
tion (such as the one employed in the preceding sec- 
tion) is that  in the lat ter  the nucleat ion probabil i ty  
is thought to decrease in the vicinity of a step if the 
supersaturat ion of the crystall izing species is a func-  
t ion of the distance from a step. In  order to test if 
variat ions in  the nucleat ion rate can be responsible for 
the large and persistent  oscillations, a computer  s imu-  
lat ion was carried out in  which nucleat ion was pre-  
vented close to a step, up to the third nearest  neighbor 
place. This caused the ini t ial  oscillations to be larger 
and more persistent, as shown in Fig. 3. 

Obviously, the s imulat ion is but  a crude approxima- 
t ion of the phenomena occurring on real surfaces. The 
extent  of the surface on which nucleat ion is reduced 
because of steps depends on the value of the diffusion 
distance and this can conceivably be large. The com- 
puter  simulations, however, show that  if the nucleat ion 
rate depends on step density, large periodic oscillations 
of the current  density dur ing  a potentiostatic t ransient  
can be generated. 
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Results of the Computations 
Computat ions according to the formulas  given above 

have  been carr ied out. Their  purpose is two-fold:  on 
one side they give examples  by means of which  the 
significance of different assumptions, such as uniform 
or exponent ia l  step distribution, can be assessed. On 
the other  hand the best est imates for the parameters  
necessary to carry out the computat ions have been 
chosen so that  comparison with  experiment ,  whenever  
possible, could give some indication of the val idi ty  of 
the models employed here. 

Calculations have been per formed for copper and 
silver, considering a one electron over -a l l  charge-  
t ransfer  reaction. This, for Cu, would correspond to 
deposition f rom halide or ammonia  solutions. 

Silver.--For this metal,  Budevski  and co-workers  
(8) have der ived a value  for the surface energy from 
the t ime necessary to form the first nucleus as a func-  
tion of the overvoltage.  However ,  such a calculation 
involves the assumption that  a s teady-sta te  condition 
is instantaneously achieved. Of the two possible rea-  
sons for a delay in the onset of s teady state, the non- 
ideal behavior  of the potentiostat  can be considered 
negligible:  because of the small  surface area of the 
electrode, of the order  of 2 �9 10 -4 cm 2, the adatom con- 
centrat ion can be brought  to the value  corresponding 
to overvol tages  be tween --10 and --20 mV in times 
much shorter  than those required to form the first 
nucleus. However ,  even when the adatom concentra-  
t ion is stationary, an init ial  t ransient  in the nucleat ion 
rate  occurs because of the finite t ime necessary to 
aggregate adatoms in clusters of various sizes up to 
the crit ical  nucleus. The solution of this problem is 
obtained by integrat ing the Frenke l -Ze ldov ich  equa-  
tion (4, 9). The expression for the nucleat ion rate as 
a function of t ime is (10) 

Rn(t) =Rn(OV) [ l + 2F ( - ~ )  ] [22] 

where  Rn(oc) is given by [11] and 

() ( ) ---- t 1 - t  t ( - - i )  n exp --n 2 -  
F T -  ~o �9 = T -  

n2T exp - -n(n + 1) - , [23] 
exp 4 t t 

On 

The two expressions for F(t) can be obtained f rom 
each other  by means of Jacobi 's  imaginary  t ransforma-  
t ion (11). The t ime constant �9 is given by 

8kT 
= -- [24] 

where  co is g iven by [10] 

and 

0 i----~ i=icr-  2~h(hkl)Vm72 [25] 

For  a (100) surface of a fcc meta l  therefore  

1 6 r  RTE'7 e x p ( F , 1 )  
T(1O0) "-- ~2 F2AeqDs~12 ~ [26] 

since A ---- Aeq exp (--h~/kT), and NA~ _-- F~ all over 
the surface when no steps are present. 

The steady-state nucleation rate can be evaluated by 
integration of [22] 

2 1 = S Rn( t )d t  [27] 

where  S is the surface area and t the  t ime necessary 
for the formation of the first nucleus. The integral  [27] 
obtained f rom the le f t -hand  side expression in [23] has 

been reported in the l i tera ture  (10). When t/T is small, 
however,  the r igh t -hand  side expression in [23] con- 
verges more rapidly.  In tegra l  [27] becomes 

1 = S �9 Rn(~)TG(t /T)  [28] 
where  

, -} 
1 )E r f c  [ (  n-F ) / "  

[29] 

From [28] it can be seen that for a given overvol tage  
the value  of G (t/z) depends only on 7, since Aeq and Ds 
drop out of the product  Rn ( ~ )  T. The t ime necessary to 
form the first nucleus, therefore  

t : ~G -1 [30] 

decreases l inear ly  wi th  an increase of the product  
AeqDs, besides being strongly dependent  on 7. F igure  
4 shows a comparison between calculated values of 
log t vs. 1/n and Budevski ' s  exper imenta l  points (8). 
The range of 7 values which produce agreement  is ve ry  
small, var iat ions being of the order  of few per cent. 
The value of the product  AeqDs, which gives the best 
fit is 2.10 -19 mol/sec,  and can be increased or de- 
creased by a factor of 3. 

Another  comparison between calculated and exper i -  
menta l  values can be made: The t ime necessary to 
form a monolayer  f rom a single nucleus at the over -  
vol tage of 6 mV was found to be about 3.5 sec for a 
circular electrode of 150 ~m diameter  (8). Therefore,  
the step veloci ty  in these conditions can be estimated 
as being be tween  20 and 50 #m/sec. The velocity of an 
isolated step can be obtained f rom [16] let t ing tanh 
(kl/2) ---- 1. The velocity increases wi th  the  square root 
of the product  ioAeqDs, so involving parameters  whose 
values have  a l ready been chosen for the best fit in the 
nucleat ion rate. If  a value  of 5.10 - i s  A - m o l / c m  2 sec 
is chosen for ioAeqDs, a veloci ty of 17 ~m/sec is ob- 
tained. 

Bachmann and Vet ter  (12) have reported values of 
2 and 5.4 A / c m  2 for the exchange current  density of 
(100) Ag in 0.1 and 0.hM AgC104 solutions respectively.  
They also found a crystal l izat ion capacitance of the 
order of 300-500 ~F/cm ~ corresponding to about 10 - i ~  
m o l / c m  2 for the surface adatom concentration. As 
expected for a symmet ry  factor g close to 0.5, io in-  
creases approximate ly  wi th  the square  root of the 
concentrat ion in solution. Therefore,  in a 6M solution 

-6 

-4 
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\ 
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Fig. 4. Comparison between experimental and calculated values 
for the time necessary to form the first nucleus. 
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at 45~ as Budevski  employed, it is not unreasonable to 
assume io to be as high as 25 A / c m  ~. 

In order for the product  ioAeqDs to be 5-10 -18 , a 
va lue  of 2.10 -9 cm2/sec for Ds should be chosen. No 
rel iable  values for Ds are avai lable  in the l i terature,  
and estimates range be tween 10 -z  and 10 - l ~  cm2/sec. 
With such values, the product AeqDs becomes 2.10 -19 
mol/sec,  which allows a good fitting of the exper i -  
menta l  data concerning the nucleat ion rate. 

S teady-s ta te  current  density as a function of over -  
vol tage and misorientat ion could be calculated also, 
once the various parameters  have  been chosen. How-  
ever, in such conditions t ransport  in solution would 
become the slowest process and both crystal l ization 
and charge- t ransfe r  would no longer  be ra te  de ter -  
mining. 

Copper.--Experimental data concerning the electro-  
chemical  behavior  of Cu in monovalent  copper solu- 
tions are scarce and tend to indicate that  some of the 
assumptions used in developing the present  t rea tment  
may  not be applicable, chief among them the hypothe-  
sis of equi l ibr ium at a step, par t icular ly  for (100) 
orientat ions (13). Computations therefore  have been 
per formed  pr incipal ly  in order to show the effect of 
conditions such as the step distr ibution or to indicate ~ 
broadly the l imits of val idi ty  of the formulas. Never -  
theless, the choice of the values of the parameters  in- 
volved in the computat ions has been made according 
to the best evidence available. In this way  it is hoped 
that  when  comparison with  exis t ing data is possible, 
some conclusions can be drawn from the degree of 
agreement  be tween  exper imenta l  and calculated 
values. 

In order  to obtain values for Aeq , which were  not 
avai lable in the l i terature,  galvanostat ic  pulses at low 
current  density for the system Cu/Cu  + 0.1M, KC1 2M, 
HC1 1M at 23.5~ were  recorded. Single crystals hav-  
ing (100) and (111) orientat ion were  used as elec- 
trodes. Surface preparat ion and other exper imenta l  
methods have been described (13, 14). Anodic and 
cathodic constant current  pulses be tween  50 and 300 
#A/cm 2 were  superimposed to small  bias currents  
be tween +3  and --3 ~A/cm 2, so that  the overvol tage  at 
the beginning of the pulse could be var ied  about 10 mV 
above and below the equi l ibr ium value. Oscilloscope 
sweep rates ranged be tween  2 and 50 msec/cm.  The 
slopes of the vo l tage- t ime  curves  were  measured at 
regular  t ime intervals  and plot ted as log (dn/dt) vs. 
time. 

A detailed interpreta t ion of the results is compli-  
cated, since in certain current  density and t ime ranges 
the plots are not straight lines. However ,  for (111) 
surfaces a rel iable ext rapola ted  value (On/Ot)t=o could 
be obtained. F igure  5 reports  the values of the elec- 
t rode capacitance 

i i 
C -- -- [31] 

On Cat + 
- ~  t = o  RT 

(i = current  density) plotted as a function of the bias 
overvoltage.  Equat ion [31] shows the relat ionship be- 
tween C and the adatom concentrat ion A (15). It was 
found that  the capacitance tends to increase at lower 
electrode potentials, which can be in terpre ted  as being 
due to changes in adatom concentrat ion under  the as- 
sumption that  the small  bias currents  caused negligible 
charge- t ransfer  overvoltage.  Then 

A(~l) - - - - A e q e x p ( - - - -  Fn ) [32] 
RT 

if the double layer  capacitance Cd~ is known, the equi-  
l ibr ium adatom concentra t ion Aeq can be der ived from 
[31] and [32]. The straight  l ine in Fig. 5 is calculated 
assuming Call ---- 30 ~F/cm 2 and f rom these data Aeq for 
(111) copper is est imated as 4.10 -11 m o l / c m  2. For  
(100) surfaces the capacitance was about 30 ~F/cm 2, 

t o  
100 200 500 400 

C(~F/cm21 

Fig. 5. Electrode capacitance vs. initial overvoltage for Cu in 
Cu + 0.1M, KCI 2M, HCI 1M. 

and independent  of the potential,  and it can only be 
concluded that  Aeq cannot be deduced f rom these 
experiments.  Its upper  value  could be tenta t ive ly  set 
at 10 -12 m o l / c m  2. 

From the examinat ion  of the first milliseconds of 
the galvanostat ic  transients, as wel l  as f rom steady- 
state polarization curves,  the exchange current  density 
can be est imated to be be tween  1 and 10 m A / c m  2 both 
on (111) and (100). Considering that  the Cu + act ivi ty 
in these solutions is of the order of 10-SM, such a value  
is compatible wi th  the high io for this reaction found 
in cupric solutions (16) where  Cu + act ivi ty  is of the 
order  of 10-4M. 

In vacuum the surface energy of Cu is approximate ly  
1.4 t imes that  of Ag (17); accordingly, a value  of 
2.10 -5 j / c m  2 for Cu in contact wi th  an electrolytic 
solution has been chosen. It  should be noted, however,  
that  other authors (18) have est imated a value more 
than 10 t imes larger. 

The avai lable informat ion indicates that  the ex-  
change current  densi ty as wel l  as the surface energy, 
should not be strongly dependent  on orientation. In the 
case of 7, the value of which affects nucleat ion rate 
ve ry  strongly, only differences from 1 to 4% were  ob- 
served for copper in vacuum (19). For  the surface 
diffusion coefficient, however ,  calculations by Haru-  
yama (20) and more recent ly  by Wynbla t t  and Gjo-  
stein (21) indicate large differences be tween  (111) 
and (100) surfaces, which would lead to diffusion co- 
efficients of 10 -5 cm2/sec for (111) and 10 - s  cm2/sec 
for (100) at room temperature .  An interest ing point 
is that, according to these authors, on copper (100) 
vacancy migrat ion could be more  important  than 
adatom migration,  since both energy of format ion and 
energy of migrat ion are significantly lower  for va -  
cancies than for adatoms. Vacancy migra t ion  could 
effectively reduce the differences in surface diffusion 
coefficient be tween the two close-packed surfaces. The 
effect of considering a meta l -so lu t ion  interface, instead 
of a meta l  in vacuum for which the calculations are 
valid, is ve ry  difficult to estimate: a reduct ion of a 
factor of 10 for Ds has been suggested (18). For  our 
purposes only the product AeqDs has to be determined.  
According to the preceding discussion, the product 
could range be tween 10 -17 and 10 -19 for (111) and be- 
tween 10 -19 and 10 -21 mol / sec  for (100). These are the 
values used in the computations.  

Figures 6 and 7 show some s teady-s ta te  cur ren t -po-  
tent ial  curves for (100) and (111). In the  first case, the 
lower value  of AeqDs would  give a qual i ta t ive  agree-  
ment  with exper imenta l  data (13) if a misorientat ion 
of 0 ~ were  taken. The actual electrodes, however,  be- 
cause of slight misorientat ion and the  presence of dis- 
locations, had at least an average step density cor-  
responding to a misor ientat ion of 30' of arc. The agree-  
ment  with the curve  calculated for this misorientat ion 
is less satisfactory. The main cause of the discrepancy 
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Fig. 6. Current-potential curves calculated for the Cu(100) /Cu + 
electrode. Exponential step distribution, io = 5 '10  - ~  A/cm 2, 7 = 
2" 10 - 5  j /cm 2, T : 25~ 

is probably  that  the assumption of equi l ibr ium for 
adatoms in the immedia te  vicini ty  of a step is not satis- 
fied for these surfaces, the motion of the steps being 
hindered by adsorpt ion (22). 

The curves for both (100) and (111) show that  even 
in the presence of small  misorientat ions the influence 
of the nucleat ion ra te  on current  density is felt  only 
beyond --25 mV. The range of conditions where  two-  
dimensional  nucleat ion is r a te -de te rmin ing  is shown to 
be ra ther  restricted. 

Some calculated values are repor ted  in Tables I and 
II. It  can be seen that  the choice of the step dis tr ibu-  
tion affects step veloci ty  and step density, the two 
parameters  which de termine  the rate, in opposite ways. 
As nucleat ion rate is h igher  for the exponent ia l  dis- 
tribution, the step density is increased and this is ve ry  
pronounced at small  misorientations.  The average step 
velocity, on the contrary,  is s lowed down, since many  
of the steps are close together.  The two effects tend to 
compensate  each other, so that  the current  density is 
in many  cases only sl ightly influenced by the dis- 
t r ibution.  In Table  I, calculated for a surface 15' f rom 
(100), the radius of the crit ical  nucleus and the num-  
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Fig. 7. Current-potential curves for the C u ( l I 1 ) / C u  + electrode. 
Exponential step distribution, io = 2"10 - ~  A/cm 2, T = 25~ 

ber of atoms in it are also given. The numbers  in-  
dicate that  the assumption of a circular  nucleus is 
probably justified for overvol tages  up to --30 mV. 

Table II shows the effect of step distr ibut ion on cur-  
rent  density, step velocity, step density, and nucleat ion 
rate  for surfaces near  (111). Depending on how close 
the surface is to (111), the choice of the distr ibution 
can lead to an increase or a decrease of the current  
density. 

D i s c u s s i o n  
The purpose of this work  was to apply nucleat ion 

theory to the case of electrocrystal l izat ion and to in- 
dicate how values accessible to measurement ,  such as 
current  density, could be calculated. Since exper i -  
menta l  values for many  of the parameters  involved in 
the  calculations are not known wi th  certainty,  com- 
parison wi th  exper iment  is often difficult. However ,  it 
must be borne in mind that  in e lect rochemist ry  com- 
parisons be tween theoret ical  expectat ions and exper i -  
menta l  data  have sometimes not been per formed  for 
lack of a clear unders tanding of the way  such cal-  
culations might  be carr ied out. This work  is intended 
to i l lustrate  methods for this purpose. 

For  the calculat ion of nucleat ion rates, both pre-  
exponent ia l  and exponent ia l  factors have  been de- 

Table I. Cu/Cu + electrode orientation 15' from (100) 

T = 2 5 ~  ~/ ---- 2 . 1 0 - 5  j / c m  ~, io  = 5 m A / c m  ~, A e q D s  = 10 - m  m o l / s e c  

S t e p  C u r r .  d e n s i t y ,  A v g .  n u e l .  r a t e ,  A v g .  s t e p  A v g .  s t e p  v e l o c -  
7,  m V  D i s t r i b .  r n A / c m  ~ N / c m  ~ s a c  s p a c i n g ,  A i t y .  1 0  -~ c m / s e c  per, A i c r ,  a t o m s  

--  5 U n i f o r m  0 . 0 6 9  8 . 0 . 1 0  -~o 4 1 4  1 . 1 6  2 9 . 5  4 1 8  
E x p o n e n t i a l  0 . 0 6 5  8 . 7 . 1 0  - ~  4 1 4  1 .11  

--  10 U n i f o r m  0 . 1 4 5  1 . 3 . 1 0  -1 4 1 4  2 . 4 5  14 .7  1 0 4  
E x p o n e n t i a l  0 . 1 3 8  1 .4 .  10  -1 4 1 4  2 . 3 3  

--  15 U n i f o r m  0 . 2 3 0  2 . 4 .  l 0  s 4 1 4  3 . 8 8  9 .8  46  
Exponential 0 . 2 1 8  2 . 5 .  I(~ 414 3.68 

--  20  U n i f o r m  0 . 3 2 6  4 .0  ~ 108 4 1 3  5 . 4 9  7 .4  2 6  
E x p o n e n t i a l  0.309 4 . 2 . 1 0 8  4 1 2  5 . 2 0  

--  3 0  U n i f o r m  1 . 1 9  5 .8 -1011  1 9 4  9 . 3 7  5 .0  12  
E x p o n e n t i a l  1 . 1 4  7 . 0 . 1 0  n 175  8 . 1 4  

--  40  U n i f o r m  3 . 5 4  7 . 4 . 1 0  ~ 9 8  14 .1  4 .0  8 
E x p o n e n t i a l  8 . 6 8  1 . 7 . 1 0  ~ 66  9 .9  

Table II. Effect of step distribution on current density, step velocity, step density, and nucleation rate 

cu(111)/Cu+ electrode. T = 25~ ~/ = 2.10 -5 j /cm ~, io = 2 mA/cm 2, A e q D s  ---~ 10 -19 tool/era ~ 

~exp 

97, n&V iunif 

Misorientation = 0 ~ Misorientation = 30' 

Vexp Oexp (Rn) exp - iexp Vexp 0exp (Rn) exp 

"Vunif Ounif i~t~n) unif iunlf ~'runlf Ounif (/~n) unif 

-- 5 1.00 1.00 1.00 1.00 0.83 0.83 1.00 
-- 10 1.00 1.00 1.00 1.00 0.84 0.84 1.00 
-- 15 0.99 0.98 1.01 1.01 0.85 0.85 1 . 0 0  
-- 20 1.04 0.84 1.24 1.58 0.85 0.85 1.00 oo 

- -  2 5  1 .25  0 . 6 2  2 . 0 3  5 . 1 5  0 . 8 6  0 . 8 6  1 .00  10  ~ 
-- 30 1.28 0.48 2.67 9.12 0.87 0.86 1.01 10 ~ 
- - 4 0  1 . 1 9  0 . 3 6  3 . 2 8  1 2 . 9  0 . 9 1  0 . 7 8  1 .17  10 ~ 
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duced from the theory. In  view of the cont inuing con- 
troversies (23) involving uncer ta int ies  of several 
orders of magnitude,  it is encouraging that the compu- 
tations are in good agreement  with the best set of data 
existing in the electrochemical l i tera ture  (8). 

In  order to est imate the influence of two-dimensional  
nucleat ion on current  density, a formula derived from 
computer  s imulat ions has to be employed. This formula  
is admit tedly  empirical, but  its approximate  val idi ty 
can be demonstrated (24), and it has been shown that 
the value of numer ica l  coefficient which is the result  
of the averaging procedure, is ra ther  insensi t ive to the 
details of the model (1). The same computer  s imula-  
tion which had been used for deducing the formula 
has provided here a way to explain the t rans ient  be- 
havior of potentiostatic curves, providing an argu-  
ment  in favor of in terpre t ing  some electrocrystall iza- 
tion data as influenced by surface diffusion. 

In  many  problems concerning electrocrystall ization 
processes, the step velocity, and therefore the reac- 
t ion rate, are evaluated for a uni form step densi ty dis- 
t r ibution.  Al though uni form step spacing can be stable 
for certain s tep- interact ion functions, it has been 
proved that  under  a wide range of conditions such a 
dis t r ibut ion is uns table  (25) and the assumption would 
be unjustified. In  this paper an a t tempt  has been made 
to evaluate the influence of a different step spacing dis- 
tr ibution.  It  has not been shown that  the exponent ial  
dis t r ibut ion is closer to the exper imenta l  conditions, 
and the ways whereby a nonuni fo rm dis t r ibut ion can 
be at ta ined have not been discussed. The calculations, 
however, have shown that  the average step veloc- 
ity, and therefore the current  density, are sometimes 
strongly dependent  on the distribution. The effect of 
releasing the constraint  of uni form step spacing is in 
general  a decrease of the cur ren t  density, unless nu -  
cleation is rate determining;  the current  densi ty also 
becomes less dependent  on orientation.  The last point 
could contr ibute  to explaining why, in a number  of 
cases, l i t t le dependence of cur ren t  densi ty on orienta-  
tion was observed. 
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Electrohydrodimerization Reactions 
II. Rotating Ring-Disk Electrode, Voltammetric and Coulometric Studies 

of Dimethyl Fumarate, Cinnamonitrile, and Fumaronitrile 

V. J. Puglisi and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The reduct ion of the activated olefins d imethyl  fumarate,  c innamonitr i le ,  
and fumaroni t r i le  in t e t r a - n - b u t y l a m m o n i u m  iodide-dimethylformamide solu- 
tions at a p la t inum electrode has been studied by rotat ing r ing-d isk  electrode 
(RRDE) vol tammetry,  cyclic vol tammetry,  and coulometry. The results indi-  
cate that  each compound undergoes a one-electron reduct ion to the anion 
radical which then undergoes a dimerization reaction. Rate constants  for this 
dimerizat ion reaction were found to be 110 (dimethyl  fumara te) ,  880 (cin- 
namonitr i ]e) ,  and 7 • l0 s ( fumaroni t r i le)  1/mole-sec. Evidence of some bu lk  
polymerizat ion reaction was obtained from the coulometric results. 

The general  equation for electrohydrodimerizat ion 
(or electrolytic reduct ive coupling) of an activated 

olefin, R, is shown in Eq. [1] 

2R ~ 2e-b 2H + ~ R~H2 [1] 

The first paper in this series (1) dealt with the deter-  
minat ion  of the mechanism of this reaction for di- 
ethyl  fumarate  reduct ion in d imethylformamide 
(DMF) solutions. Results of 

R (parent)  R2H2 (hydrodimer)  

R1 -,~C /H R1CH -- CH2 -- R2 

H/ =C ] 
~R2 RICH -- CH2 -- R2 

O 

II 
R1 ~ R2 = ~C~OC2H5, diethyl fumarate 

O 

If 
RI = R2 = ~C~OCH~, dimethyl fumarate 

RI = C6H5, R2 = ~CN, cinnamonitrile 

RI = R2 = ~CN, fumaronitrile 

double potent ial-s tep chronoamperometry  experiments  
showed that  the reduct ion proceeded by coupling of the 
electrogenerated radical anions (mechanisms I) 

R + e--> R ~ [2] 

k~ 
2R= > R22- [3] 

ra ther  than  by reaction of the radical anion with 
parent  and subsequent  electron transfer  (mechanism 
II) 

ks' 
R ~ + R > R~ ~ [4] 

R 2  = -~- e--> R 2  2 -  [ 5 ]  

[and variat ions of this mechanism (2)] or ini t ial  for- 
mat ion of a dianion (mechanism III) 

R + 2e ~ R 2- [6] 

k2" 
R 2- + R > Re ~- [7] 

We assume throughout  that  protonat ion can occur at 
any  stage of the reaction sequence, u l t imately  leading 
to R2H2, but  that  the protonat ion steps are not rate 
determining.  

* E lec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  reductive coupl ing ,  e l ec t rochemica l  dJmerizations, 

rotating disk elect rode,  cou lomet ry ,  cyclic voltammetry.  

In  this paper we extend the study of the mechanism 
of electrohydrodimerizat ion to the compounds dimethyl  
fumarate,  c innamonitr i le ,  and fumaronitr i le ,  with spe- 
cial emphasis on the application of rotat ing r ing-disk  
electrode (RRDE) techniques, which have been shown 
to be par t icular ly  useful  in dist inguishing among 
mechanisms I, II, and III  (2). Previous studies of these 
compounds [(3-6) and references therein] have veri-  
fied that  hydrodimers  are the major  products of the 
electroreduction. Since the lifetimes of the electrogen- 
erated intermediates  for these compounds span the 
range of mill isecond to second, these studies also pro- 
vide a useful test of the application of RRDE tech- 
niques over a wide range of reaction rates. 

Experimental 
Reagents.--Dimethylformamide (DMF), obtained 

from Baker Chemical Company, was purified by the 
method of Fau lkner  and Bard (7) and was stored 
under  He. Solvent  pur i ty  was ascertained by  vol tam- 
metric analysis of a DMF solution of t e t rabu ty lam-  
monium iodide (TBAI).  Southwestern  Analyt ical  
Chemical 's polarographic grade TBAI was used as 
received. Fumaroni t r i l e  (Aldrich Chemical Company)  
was sublimed twice prior to use. Dimethyl  fumarate ,  
twice sublimed, and cinnamonitr i le ,  used as received, 
were obtained from K. and K. Laboratories, Inc. All  
reagents were stored over Drierite. 

Apparatus.--A Model 170 Electrochemistry System 
(Princeton Applied Research Corporation, Princeton,  
New Jersey) was employed throughout  the study. A 
regulated power supply was used as a constant  current  
source. The current  was determined by measur ing the 
potential  developed across a 10 kohm (~- 0.025%) 
resistor with a digital mult imeter .  The electrochemical 
cell and dispensing vessel are shown in Fig. 1. The 
p la t inum Teflon rotat ing r ing-disk  electrode, having a 
disk radius (rz) of 0.187 cm and inner  (r~) and outer 
(r3) r ing radii  of 0.200 and 0.332 cm, respectively, was 
constructed by Pine Ins t rument  Company, Grove City, 
Pennsylvania .  The N-va lue  for this electrode was 
determined from the geometry and by exper imental  
measurements  on electrochemical systems unper tu rbed  
by  reactions of the disk generated species (e.g., azo- 
benzene) and was found to be 0.555 -+- 0.001. The elec- 
trode was rotated using a Motomatic Model E-550 
motor and controller (Electrocraft Corporation, Hop- 
kins, Minnesota) .  Electrical contact to the shaft was 
made using two sets of silver graphalloy brush  and 
leaf assemblies. A p la t inum wire spiral served as the 
auxi l iary electrode. The reference electrode was either 
a saturated calomel electrode (SCE) (coulometric ex- 
per iments  only) or a silver wire spiral (Ag-RE).  The 
working electrode in the coulometric experiments  was 

829 
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Fig. 1. Electrochemical cell and dispensing vessel 

ei ther  a mercury  pool or a p la t inum wi re  gauze. Cyclic 
vo l tammograms  were  recorded on a Tektronix,  Type 
564 storage oscilloscope. All  exper iments  were  carr ied 
out at 24~ Dissolved oxygen was removed  from the 
solution by the f r eeze -pump- thaw technique. The dis- 
pensing vessel was then brought  to atmospheric pres-  
sure wi th  He. The solution was t ransfer red  to the 
electrochemical  cell, which was cont inual ly  being 
flushed with  N2, by the introduct ion of posit ive N2 
pressure. It was convenient  to fill each compar tment  
of the electrochemical  cell separately.  All  exper iments  
were  conducted with  a continuous s tream of N2 flowing 
over  the  solution surface. Impuri t ies  in the c innamoni-  
t r i le  appeared as a i r revers ible  reduct ion wave  at 
the foot of the main  c innamoni t r i le  reduct ion wave. 
This small  wave  was removed by carrying out ex-  
haust ive electrolysis at a potent ial  on the plateau 
of this wave. The c innamoni t r i le  reduct ion current,  
af ter  electrolysis of the impurity,  equaled, wi thin  
exper imenta l  error, the sum of the impur i ty  and 
c innamoni t r i le  reduct ion  currents  prior  to the pre -e lec-  
trolysis. Limi t ing  disk current  (id.1) rotat ion rate (~) 
relat ionships were  de termined  at several  different 
potentials  on the l imit ing current  plateau. These id.l- 
values were  de termined  both from vo l tammograms  ob- 
tained at scan rates of 5 and 10 mV/sec  and f rom cur-  
rents  obtained by stepping to potentials corresponding 
to the l imit ing current  region. In all  collection effi- 
c iency measurements  a constant cur ren t  was applied to 
the disk whi le  the ring was mainta ined at a control led 
potential.  The r ing was adjusted to a potent ial  such 
that  the ring current  (ir) was zero at the current  
sensit ivi ty to be used in the measurement  of it, when 
the disk current  (id) equaled zero; this potent ial  was 
always at a va lue  where  any radical  anion being pro-  
duced at the disk would undergo mass t ransfer  con- 
t rol led electrochemical  oxidation at the ring. This pro-  
cedure for  measur ing ir al lowed the accurate  de te r -  
minat ion of even ve ry  small  values of it, and is most 
useful for s tudying shor t - l ived  disk genera ted  species. 

Results 
Dimethyl fumarate.--Rotating disk electrode (RDE) 

vo l tammograms  (id VS. Ed) taken at slow scan rates 
(5-10 mV/sec)  for mi l l imolar  solutions of d imethyl  
fumara te  in DMF-0.1M TBAI at w-values of 47.6-200 
sec -1 exhibi t  a reduct ion wave  wi th  E1/2 :- --0.75V vs. 
Ag-RE followed by a dip in id after  development  of a 
wel l -deve loped  plateau. This dip develops into a second 
reduct ion wave  on addition of wa te r  (6). The discus- 
sion of all results here  are l imited to processes occur-  
r ing at the first reduct ion wave.  Values of the Levich 
constant, idJ~v=C, for different values of ~ and C are 
g iven in Table I. Al though the values of the Levich  

Table I. Typical rotating-disk electrode data for the 
first reduction waves a 

L i m i t i n g  
C o n c e n t r a t i o n ,  d i s k  c u r r e n t ,  R o t a t i o n  rate, 

C (mM)  id,1 (/zA) w (sec  ~ )  tdj/o;~l'~. 

A. D i m e t h y l  f u r n a r a t e  
3.00 149 47.6 7.19 
3.30 158 47.6 6.96 
3.54 168 47.6 6,90 
4.45 207 47.6 6.75 
8.20 213 27.0 6.61 

276 47.6 6.45 
330 67.2 6.48 
398 98.6 6.48 
491 149 6.48 
568 202 6.45 

B.  C i n n a m o n i t r l l e  
1.28 88.0 47.6 6.72 
2.12 99.0 47.6 6.77 
2.50 12~ 47.6 7.07 

140 67.2 6.83 
167 98.6 6.75 
198 149 6.49 
227 202 6.39 
252 253 6.34 
276 305 6.32 

3.13 138 47.6 6.39 
3.28 153 47.6 6.80 

11.3 497 47.6 6.38 

C. F u m a r o n i t r i l e  
0.42 29.4 202 4.93 
0.92 63.3 202 4.84 
1.92 125 202 4.59 
2.18 67 47.6 4.48 

81 67.2 4.53 
98 98.6 4.54 

119 149 4.47 
130 179 4.44 
136 202 4.39 

3.18 191 202 4.24 
3.94 226 202 4.04 

= T h e  s o l u t i o n s  w e r e  al l  0.1M T B A I  in  D M F .  T h e  R D E  r a d i u s  w a s  
0.187 c m .  

constant are independent  of ~, in accordance with  the 
Levich equat ion [8], there  is a small  decrease of id,]/ 
~1/2C with  increasing concentration. 

ida : 0.62 nFAD2/3v-I/6~I/2C [8] 

This decrease is probably caused by a small  contr ibu-  
tion f rom a polymerizat ion react ion consuming parent  
material .  This polymerizat ion is more strongly reflected 
in coulometric  experiments ,  where  control led potential  
reduction of mi l l imolar  solutions of d imethyl  fumarate  
at potentials on the pla teau of the first reduct ion wave  
(--1.625V vs. SCE) yields an napp value  (napp --~ num-  
ber of faradays per mole of electroact ive substance) 
of 0.62. S imi lar  napp values were  found for diethyl  
fumara te  (1). 

To obtain informat ion about  the  mechanism of the 
reaction, RRDE exper iments  were  undertaken,  and the 
variat ion of the kinetic collection efficiency, NK, where  

N K  - -  l i r / i d l  [ 9 ]  

ir and id are the  ring and disk currents,  respectively,  
as a function of the disk current,  expressed as CONI, 
at different values of ~ and C was de termined  

CONI -~  i d / i d , i  [10] 

Typical  results are  shown as the points in Fig. 2. The 
t rend  of NK wi th  CONI, i.e., NK decreasing wi th  in-  
creasing CONI, has been shown to be characterist ic of 
mechanism I (given in Eq. [2] and [3]) and excludes 
mechanisms II (it is possible that  a nuance of mecha-  
nism II [see (2) case IId, Fig. 6] could exhibit,  for 
some values of equi l ibr ium and ra te  parameters,  this 
same trend. However ,  in that  case NK would  va ry  as 
the square of the bulk concentrat ion and the NK vs. 
1-CONI t rends could also be different for different 
concentrat ions of parent  R) ,  and III  (2), as wel l  as 
first order decomposit ion of R ~. Note these other  reac-  
tions of R ~ may be occurr ing in paral le l  wi th  the 
dimerizat ion of R ~ (Eq. [3]),  but  dimerizat ion must  be 
the predominant  pathway.  The  exper imenta l  points 
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Fig. 2. Collection efficiency (NK) vs. I -CONI  for n 6.20 mM 
dimethyl fumarate solution at rotation rates (~) of 67.2 (o) and 
47.6 (x) radians s e c - L  Solid lines are theoretical curves corres- 
ponding to mechanism I and (o) XKTC = 0.16 and (b) XKTC 
0.25, where XKTC ~ ( 0 . 5 1 ) - 2 / % l / 3 D - 1 / ~ C ~ - l k ~ .  

were  fit by s imulat ing mechanism I for different values 
of X K T C ,  the dimensionless s imulat ion 

X K T C  ---- (0.51)-2/3v1/3D-1/3~-lk2C [11] 

var iable  defined in Eq. [11]. For  example,  the  line in 
Fig. 2 corresponds to an X K T C  value  of 0.25. Values of 
X K T C  obtained by this method at different C and 
are given in Table  II, along with  the normalized 
parameter  ( X K T C )  (~) /C.  Values of k2 were  calculated 
from this parameter  and the diffusion coefficient de ter -  
mined f rom idJ and Eq. [8]; the average  value  of k2 
obtained from this data is 1.1 • 0.1 • 102 l i t e r s /mole -  
sec. This value  can be compared to the  dimerizat ion 

Table II. Calculated rate constants for reactions of radical 
anions obtained from RRDE results a 

C o n c e n -  ( X K T C )  (~)  b 
w t r a t i o n ,  k_~ ( l i t e r / c  k'_,' ( l i t e r / a  

(sec~D C ( raM) X.P~TC b C m o l e - s e c )  mole-see) 

A. D i m e t h y l  f u m a r a t e  
47.6 3 .54 0 .10 1.34 • 10 ~ 0.9 • 10 ~ 

4.45 0.17 1.82 1.2 
6.20 0.25 1.92 1.3 

67.2 3.54 0.06 1.14 0.8 
8.20 0.16 1.73 1.1 

98.6 4.45 0.08 1.77 1.2 
6.20 0.10 1.59 1.1 

Avg. 1.59 X 10 ~ 1.1 X I02 

B. Cinnamonitrile 

47.6 1.25 0.35 1.33 x 104 8.8 x 10 ~ 
2.12 0.60 1.37 9.1 
3.13 0.88 1.34 9.9 
3.26 0.91 1.33 8.8 
3.67 1.01 1.33 8.8 
7.46 2 .25  1.44 9.6 0.6 X 10 ~ 

11.3 2.95 1.24 8.2 0.6 • 102 
67.2 1.25 0.25 1.33 8.8 

2.12 0.41 1.29 8.6 
3.13 0.58 1.24 8.2 
3.26 0.69 1.33 8.8 

98.6 1.25 0.25 1.33 8.8 
2.12 0.27 1.26 8.3 
3.13 0.46 1.45 9.8 
3.28 0.47 1.42 9.4 
3.87 0.46 1.24 8.2 
4.72 0.61 1.27 8.4 
5.38 0.77 1.41 9.4 

Avg. 1.33 g 10 ~ 8.8 x los 0.6 X 10 

C. F u m a r o n i t r l l e  
201 0.42 24.5  1.2 x 107 7 x 106 lO • los  

0.42 28 .5  1.4 8 10 
0.92 50.0 I.I 8 6 
1.92 92 1.0 5 6 
3.18 160 1.0 5 2 
3.94 150 0.8 4 3 

1.1 X I0 r 6 x los 6 x l0  s 

a T h e  s o l u t i o n s  w e r e  a l l  0 .1M T B A I  in  D M F .  T h e  R,RDE h a d  vl  
= 0 . 1 8 7  cm.  r~ = 0.200 cm,  a n d  rs  = 0.332 ern, 

b X I ~ T C  = (0.51)-2/'3p1/3D-1/3Cw-lk2, p ..~ 0.00849 cm~/see. 
c F o r  r e a c t i o n  2R~ ~ R 2- - .  
4 F o r  r e a c t i o n  R~ + R -~ Rsr 

ra te  found previously  fo r  diethyl  fumara te  by double 
potent ia l  step chronoamperomet ry  of about 34 l i t e r s /  
mole-sec. 

Cinnamoni tr i le . - -The  rotat ing disk electrode vo l tam-  
mogram for  c innamoni t r i le  shows a reduct ion wave  
with E1/2 : --1.21V vs. Ag-RE.  The l imit ing current  
for this w a v e  conforms closely to the Levich  equat ion 
for different values of both ~ and C (Table I) .  A second 
reduct ion wave  wi th  a height  about 1.5 t imes that  of 
the first wave, occurs at --1.83V vs. Ag-RE.  Controlled 
potent ial  coulometric  analysis at the first wave  shows 
n~p~ values  of 0.96 • 0.10 for c innamoni t r i le  concentra-  
tions of 1 to 11 mM. The coulometric  napp value  near 
one, the existence of a second reduct ion wave  even 
wi thout  the addition of water,  and the lack of depen-  
dence of idJ~,l/'C on C suggest that  polymerizat ion 
reactions are absent dur ing reduct ion of c innamonit r i le  
under  these conditions. 

RRDE exper iments  involving determinat ion  of NK 
wi th  CONI were  also carr ied out; typical  resul ts  are 
shown in Fig. 3. Again  the behavior  is characterist ic of 
mechanism I, and best fit values of X K T C  and k2 are 
listed in Table II. The average value of k2 for dimeriza-  
t ion of c innamoni t r i le  was 8.8 • 0.1 • 102 l i t e r /mo le -  
sec. For  concentrat ions of c innamoni t r i le  of 7.5 mM or 
higher a bet ter  fit to the exper imenta l  data was ob- 
tained by car ry ing  out the s imulat ion with the inclu-  
sion of some react ion of R ~ by the react ion of Eq. [4]. 
Simulat ions of this scheme, simultaneous occurrence of 
mechanisms I and IIa (2), assuming only R ~ was oxi-  
dized at the ring, gave the same ks values  as found at 
lower  concentrat ions and k2' values of 0.6 • 102 l i t e rs /  
mole-sec. 

Fumaroni t r i le . - -RDE vo l t ammet ry  of fumaroni t r i le  
exhibits  a reduction wave  at E1/e ~ --0.68V vs. Ag-RE 
and a dip in the l imit ing current  where  a second re-  
duction wave  is expected. Values of the Lev ich  con- 
stant listed in Table I are quite constant  wi th  ~, but  
show a strong dependence on concentration. The cou- 
lometr ic  napp values for reduct ion of 1 to 3 mM solu- 
tions at the first reduct ion wave  are 0.44 • 0.02. These 
results suggest some polymerizat ion of fumaroni t r i le  
occurs. The Levich  constant for fumaroni t r i le  is 
smaller  than expected, based on the values for di- 
methy l  fumara te  and cinnamonitr i le .  Similar  results  
are found by cyclic vo l t ammet ry  (Table I I I ) .  Al though 
this result  could be ascribed to polymerizat ion,  the 
constancy wi th  ~ and wi th  time, as wel l  as the  t rend 
wi th  C lead to an explanat ion based on some fuma-  
roni tr i le  in a dimeric form in rapid equi l ibr ium wi th  
monomeric  form. This point wi l l  be discussed more 
ful ly in a la ter  communication.  

The anion radical  of fumaroni t r i le  is the  least stable 
of the compounds studied here. For  example,  no 

0.4 a 

o b 

0 . 3  

0.2 

O.I 

I I I I0. 4 I I I I 
0.1 0.2 0.;1 0.5 0.6 0 . 7  0 . 8  

1- CON! 

Fig, 3. Collection efficiency (NK) vs. I -CONI  at = = 47.6 
rodion sec - 1  for o 3.00 (o) and 7.46 (x) mM cinnamonitrile solu- 
tion. Solid lines ore theoretical curves corresponding to mech- 
anism I and (o) XKTC = 0.88 and (b) XKTC - -  2.25. 
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Table III. Cyclic voltammetric data and calculated rate constants a 

ipe b ~pa 
S c a n  r a t e  k ~  ( l i t e r /  
v ( V / s e e )  vlt~C ~pe r "  ~ mole-sec)  

A. D i m e t h y l  f u m a r a t e  (C = 4 .46 rnM) 
0.05 91 0.33 
0.10 98 0.39 
0.20 100 0 .43 
0,50 99 0.58 0.68 2.4 1.9 x 1Cm 
1.00 97 0.74 0.34 0.84 1.3 • 10 ~ 
2.00 100 0.78 0.17 0.60 1.9 X 10~ 
5.00 91 0.98 

10.0 86 1.02 
20.0  82 1.04 

(C = 6.20 r aM)  
0.05 :90 0.35 
0 . I0  95 0.38 
0.20 97 0.43 
0.50 101 0 .54 0,68 4.2 1.8 • 102 
1.0 90  0.72 0.34 2.1 1.1 • I 0  = 
2,0 77 0.76 0.17 1.0 1.1 x 10 ~ 
5.0 91 0 .89 0.25 0.42 1.4 • 10 ~ 

A v g .  1.6 x 10 ~ 

B. C i n n a m o n i t r i l e  (C = 3.46 m]VI) 
0.05 94 0.31 
0 . I0  93 0 .33  
0.20 91 0.39 
0.50 89 0.49 0.60 4.5 8.5 • I0  ~ 
1.0 86 0.56 0.30 2.2 8.0 
2.0 83 0,70 0.15 1.1 8.0 
6.0 62 0.64 0.06 0.34 7.0 

I 0 . 0  78 0.95 
20.0  82 1.00 

C. F u m a r o n i t r i l e  (C = 1.76 r aM)  
0.05 55,3 
0 . I 0  53,6 
0.20 51,9  
0.50 50.6 
1.0 51 ,4  
2.0 50,8  

10.0 50.3 
20.0 49.6 

A v g .  7 .9  • 10 ~ 

a S o l u t i o n s  c o n t a i n e d  0 .1M T B A I  a n d  D M F .  T h e  p l a t i n u m  w o r k -  
i n g  e l e c t r o d e  a r e a  w a s  0.11 e m  z, 

b/pc = c a t h o d i c  p e a k  c u r r e n t  f o r  f i r s t  r e d u c t i o n  w a v e  (~A) ,  v -- 
s can  r a t e  ( V / s e c ) ,  C = c o n c e n t r a t i o n  ( r aM) .  

r = ( E x  - -  E ~  w h e r e  Ex is t h e  s w i t c h i n g  p o t e n t i a l ,  E ~ i s  the 
f o r m a l  e l e c t r o d e  p o t e n t i a l ,  a n d  v i s  t h e  scan  r a t e .  

d l o g  w ~ log  2k~Cr  + 0 .034 (av -- 4) ,  a = ( n F / R T ) v  [see  Ref.  
(8) ]. 

e N o t e  t h a t  N i c h o l s o n  e t a [ .  (8) de f ine  t h e  r a t e  c o n s t a n t  f o r  r e a c -  
t i on  i n  Eq.  [3] i n  t e r m s  o~ loss  of  R- ,  i .e . ,  d [ R - ] / d t  = - -k2~[R- ]% 
w h i l e  w e  def ine  k~ i n  t e r m s  of f o r m a t i o n  of t h e  d i m e r  d [ ~ - ] / d t  = 
- -1  1 

- -  d [ R - ] / d t  = k~[R-]  2. T h e r e f o r e ,  k~ = ~ k~v. 
2 2 

reversal  wave is observed in cyclic vol tammograms 
for scans of up to 500 mV/sec (see below) and only 
very  small r ing currents  are measured dur ing genera-  
t ion of R ~ at the disk. However, by using the technique 
of adjus tment  of E r  to a potential  where ir ~ 0 for id 
---- 0, and then determining ir at high current  sensitivity 
for increasing id values, precise values of ir could be 
determined. Typical results of NK vS. CONI for a 0.92 
mM fumaroni t r i le  solution are given in  Fig. 4; note the 
small  NK values. As in the case of cinnamonitr i le ,  the 
t rend is clearly that  of mechanism I, but  a best fit to 
the data is obtained by assuming a small  contr ibut ion 
(ca. 1-2%) for mechanism IIa. A summary  of results 
for different concentrat ions of fumaroni t r i le  are shown 
in Table II. The somewhat larger scatter in the data 
probably reflects the larger deviation in determining 
small  NK values, as well as a greater per turba t ion  of 
the measurements  by the polymerization reaction. As- 
suming the data at the lowest concentrat ion is the 
least perturbed, we can give the following estimated 
rate constants 

k2 ---- 7 X 105 li ters/mole-sec,  k2' -- 104 l i ters/mole-sec.  

Cyclic voltammetry experiments.--Cyclic vol tam- 
metric experiments  were under taken  to obtain addi- 
tional evidence per ta in ing to the proposed mechanism 
and to confirm the RRDE simulations. Typical cyclic 
vol tammograms of the three compounds are shown in 
Fig. 5. Cyclic vol tammetr ic  t rea tments  of dimerization 
reactions l ike that  in mechanism I have been given by 

N 

6.5 

5.5 

4.5 

3.! 

2,5 

X 102 

++ 

+ 

i i i i i i 
0.1 0,2 0.3 0,4 0,5 0.6 

,/ 

/ ~ 
.8 

i.4 

1.0 

IO. 7 10. 8 
1-CONI 

Fig. 4. Collection efficiency (NK) vs. I - C O N I  at ~ ---- 202 ra- 
dians/sec for 0.92 (o) and 1.92 (- l-)  mM fumaronitrile solutions. 
Solid lines are theoretical curves corresponding to (a) mechanism 
|, X K T C  ~ 133, (b) mechanism l, X K T C  ~ 92, and mechanism 
Ila, X K T C  ~ 1.0, considered as parallel paths, and (c) simulta- 
neous consideration of mechanism I, X K T C  ~ 50, and mechanism 
Ila, X K T C  ~ 0.5. The right scale applies to curves a and b 
whereas, the left to curve c. 

i ~  o E 

b 

--04 05 -06 O7 08 ~0.9 E 

Fig. 5. Cyclic voltammograms at 100 mV/sec, of (a) 4.45 mM 
dimethyl fumarate, (b) 1.09 mM cinnamonitrile. Note the small 
impurity wave prior to the cinnamonitrile reduction wave. This 
wave was removed upon pre-electrolysis at - -  0.98V vs. Ag-RE, and 
(c) 1.92 mM fumaronitrile solution. 

both Nicholson and co-workers (8) and Saveant  and 
co-workers (9). Second order ECE reactions, such as 
shown in mechanism II, have also been considered (9). 
Qualitatively, both mechanisms show ipa/ipc ratios [ipa 
and ipc are anodic (reversal)  and cathodic peak cur-  
rents, respectively] which increase with increasing 
scan rate, v. However, the mechanisms differ in  the 
behavior of the current  function ipc/V'/2C with scan 
rate (I, 9). For  the EC dimerization (mechanism I) 
ip/vl/2C decreases with increasing v, while the ECE 
process (mechanism II) shows the opposite trend. 
Typical cyclic voltammetric  data for the three com- 
pounds are given in Table III. The current  funct ion 
t rend characteristic of mechanism I can be discerned 
in the data for c innamonit r i le  and fumaronitr i le ,  while 
the data for dimethyl  fumarate  shows this t rend at 
faster scan rates, but  is considerably more scattered. 
A simffar t rend  has also been observed for diethyl 
fumarate  (1). If one assumes that mechanism I is 
occurring, then the ipJipc values can be employed to 
calculate the dimerization rate constant, k2, following 
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the procedure of Nicholson et al. (8). This procedure 
was carried out for dimethyl  fumarate  and c innamoni -  
trile in the region where ipa/ipc is most sensitive to 
variat ions in k2. The ipa values for fumaroni t r i le  were 
too small  to allow precise calculations from cyclic 
vol tammetr ic  data. The results and some intermediate  
factors used in the calculations are shown in Table 
III. The k~ values obtained for d imethyl  fumarate  and 
c innamoni t r i le  are 1.6 • 102 and 7.9 • 102 l i ters /mole-  
sec, respectively. 

Discussion 
The results obtained here support  the previous 

studies (1) and point to the major  pathway in the 
electrohydrodimerization of these compounds as in-  
volving ini t ial  production of the anion radical  fol- 
lowed by a coupling step. Other aspects of the mecha-  
nism, the protonat ion steps, the na tu re  of the poly-  
merization reaction, and the reactions at the later  
waves, which sometimes lead to secondary radicals 
(10), still await  elucidation. 

In examining  the results, we see that  d imethyl  fuma-  
rate, which undergoes dimerization at the slowest rate 
of the three compounds, shows the most scatter in 
the k2 value calculated from RRDE results and only 
fair agreement  with that obtained by cyclic vol tam- 
metry.  Several  factors contr ibute  to this. Because the 
radical ion disappearance is slow on the RRDE t ime 
scale, NK values are close to those for an unper tu rbed  
collection efficiency, and the observed slopes are rather  
insensi t ive to small  changes in XKTC. Moreover, the 
small  value of k2 necessitates use of high dimethyl  
fumarate  concentrations,  which increases the polymer-  
ization side reaction. 

The RRDE results for c innamoni t r i le  fall  into the 
sensit ive NK vs. CONI region for our electrode and the 
reaction is unper tu rbed  by polymerization. The k2 
values determined by RRDE measurements  over a 
wide range of C and for differing • show good precision 
and agree very well with the value determined by 
cyclic vol tammetry.  This good agreement  between a 
s teady-state  and t rans ient  technique also is suggestive 
of lack of involvement  of adsorption of parent  or in ter -  
mediates in the reaction mechanism. 

The fumaroni t r i le  RRDE experiments  were per-  
formed near  the upper  l imit  of determinable  102 values 
with our RRDE. For this reaction, for concentrat ions 
of 0.4 to 4 raM, NK values of only 0.020-0.006 (CONI 
----- 1) were found. For both the c innamoni t r i le  and 
fumaroni t r i le  reactions the data suggest some con- 
t r ibut ion from a reaction of the anion radical with 
parent, al though in  both cases this contr ibut ion w a s  

re la t ively small. It  is interest ing that  even this small  
contr ibut ion can be noticed and accounted for in the 
analysis of the data, al though other processes removing 
anion radical, such as a first order ECE reaction lead- 
ing to RH2, may also account for the small deviations 
from a close fit to mechanism I. 
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Rotating Ring-Disk Electrodes 
IV. Dimerization and Second Order ECE Reactions 

Vincent J. Puglisi and Allen J. Bard* 
Department of Chemistry, The University oS Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Digital s imulat ion techniques have been employed to compute the steady- 
state currents  at the rotat ing r ing-d isk  electrode (RRDE) as functions of a 
rate parameter  exhibi t ing explicit dependence on concentrat ion of parent  
species (A) and rotat ion rate and also as functions of the flux at the disk for 
those cases in which the disk generated product  (B) undergoes a following 
dimerization EC reaction (2B -~ products) or a second order ECE reaction 
(B ~- A -* C, where C may be electroactive at the disk potential)  and nuances 
thereof. Diagnostic criteria are given for using RRDE results to dist inguish 
among possible reaction mechanisms and working curves are provided to 
allow calculation of the rate constants of the homogeneous reactions. 

The rotat ing r ing-d isk  electrode (RRDE) has been 
used to study electrogenerated intermediates  which 
react by different schemes (1). Past  papers in  this 
series (2-4) have discussed the use of digital s imula-  
t ion techniques to treat  the currents  at the disk and 
the r ing of the RRDE and discussed methods for 

* Electrochemical  Society  Act ive  Member.  
Key words: digital s imulation,  hydrodimerizat ion reactions,  rotat-  

ing disk electrode,  e lectrode reactions.  

extract ing kinetic informat ion about the reactions of 
the disk-generated species. In  this paper results of 
the digital s imulat ion of reaction mechanisms in  which 
the disk generated species can couple with itself 
(dimerization) or with the parent  compound are pre-  
sented. Many examples of actual electrode reactions 
which proceed by mechanisms such as these can be 
given; part icular  current  interest  centers around re-  
ductive coupling reactions of activated olefins or elec- 
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t rohydrodimerizat ions  [see (5-6) and references con- 
tained therein].  

The following mechanisms are considered: 

I. Dimerization EC (e lec t rochemica l -chemica l ) -  
Species B, which is generated at the disk electrode by 

A + n l e - - ,  B [1] 

dimerizes to a nonelectroact ive product  I 

k2  lla 

2B ~ X [2] 
IIb 

At the ring electrode A is regenera ted  f rom B by the 
react ion 

B -- nle --, A [3] nc 

II. Second order ECE.--Species B, produced at the nd 
disk as in Eq. [1], reacts with parent  

I I I  
�89 

B + A ) C [4] 
I 

where C is immediately reduced at the disk 

C + n2e -* Z [5] 

At the r ing electrode ei ther (a) B alone is oxidized, 
as in Eq. [3], or (b) both B and C are oxidized. Nu-  na 
ances of ECE mechanism IIa (7-8) consider (c) the 
i r revers ible  reaction represented in Eq. [4] or (d) 
the revers ible  react ion 

B+A~-C KEq. [6] 

fol lowed by an i r revers ible  oxidat ion-reduct ion  charge IIb 
t ransfer  react ion 

k2' 
B+C >Z+A [7] 

III. Second order EC.--Species B, produced at the 
disk as in Eq. [1], reacts with parent  to form a non-  nc 
electroact ive product  

k2 
B + A > Y [8] 

Again at the ring B oxidizes to A via Eq. [3]. 
Note that these three mechanisms represent possible 

paths f rom A to a coupled product (X, Y, or Z). The iid 
t rea tment  below is aimed at computing how the collec- 
tion efficiency, NK, 

NK = [ i r / id l  [9] 

where  ir and id are the ring and disk currents,  respec- 
t ively,  varies wi th  concentrat ion of parent,  C, rotation m 
rate, ~, id, and the rate  constants of the reactions con- 
suming B and at establishing cr i ter ia  for distinguishing 
be tween  these mechanisms. The application of the 
RRDE to the elucidat ion of the mechanism of electro-  
hydrodimerizat ion of d imethyl  fumarate ,  c innamoni-  
trile, and fumaroni t r i le  is demonstrated in the accom- 
panying paper  (9). 

Digital Simulation 
The general  approach to the simulations and the 

notation to be used has been described in the previous 
communicat ions (2-4). Two different types of exper i -  
ments were  simulated. In the first the disk was as- 
sumed to be held at a potential  where  the concentra-  
t ion of A at the disk surface was always zero and 
for mechanism II, the concentrat ion of C at the disk 
surface was also zero. A second simulat ion concerned 
a constant current  mainta ined at the disk, so that  the 
flux of A (or the sum of the fluxes of A and C in 
mechanism II) was held constant at the disk. In both 
cases the boundary condition at the ring electrode was 
that  the concentrat ion of B was zero at the ring. In 
mechanism IIb, the concentrat ion of C was also held at 
zero at the ring surface. Surface boundary conditions 
for the different exper iments  and mechanisms consid- 
ered are  given in Table I. As in previous simulations, 
the results are specific for the par t icular  RRDE geome- 

Table I. Surface boundary eo.ditions 

B o u n d a r y  c o n d i t i o n s  (x  = 0) 

t _ ~ 0  t<0 

Mechanism Disk  a n d  r i n g  Disk R i n g  

A. C o n t r o l l e d  d i sk  potential 
CA = CA ~ CA = 0 CA = CA' 
CB =0 CB = C,i ~ CB =0 
CA=CA ~ CA =0 ca=CA' 
CS = 0 CB = CA ~ CS =0 
Cc= 0 Cc= 0 Cc= Cc" 
CA = CA ~ CA = 0 CA = CA' 
CB = 0 CB = CA ~ Cs = 0 
Cc = 0 CC =0 CC = 0 
CA = CA ~ CA = 0 C, = CA' 
Cs = 0 Cs = CA ~ C~ = 0 
Cc = 0 Ce =0 CC =Cc' 
CA = CA ~ CA = 0 CA = CA' 
CB = 0 CB = CA ~ CI~ = 0 
CC = 0 Cc = 0 CC = Co' 
CA = CA ~ CA = 0 CA = CA' 
CB = 0 CB = CA ~ CB = 0 

B. C o n t r o l l e d  d i s k  c u r r e n t  

CA = CA' 
CA = CA ~ Dax O--'m---'~=o nFA 

CB =0 
CB = 0 --DB\~--X i~_-o = ~FA 

CA = CA ~ DA\~x ]z: o+ CA = CA" 

CS=0 
Cs = 0 Dcx-~--xlz=o = nFA 

(0CB  
= CC = Cc' 

CC = 0 --DB\~--X I~=o nFA 

( cA] 
CA = CA ~ DAx-~-z /r + CA = CA" 

(OCc _' 
Cs =0 

CB = 0 Dcx-~x-x/~_-o nFA 

= Cc =0 
Cc = 0 --DB\~'-X/$_-o nFA 

(0CA) 
CA = CA" DAx-~rr/r + C~ = Ca' 

Cs =0 
CB = 0 Dcx-~-I Iz_-o = nFA 

= CC = Co" CC = 0 --Dsx~--x/~:o nFA 

(oc ] 
CA = CA ~ DAx-0-~X/~__ a- + Ca = Ca' 

[ 0Cc h 
cB : o D c L - ~ - ~  ) , : 0  = n F A  C~ = 0 

= CO ---- Cc' Cc = 0 --DB\-~--m/r nFA 

(sea) 
= Ca ---- CA' 

CA = CA ~ DA\'~'--m/,_-o nFA 

= CB =0 
Cs = 0 --DBx~--X /~_-O n F A  

t ry  considered. The electrode under consideration here 
had IR1 = 94, IR2 = 100, and IR3 ---- 166, where  IR1, 
IR2, and IR3 are the number  of s imulat ion boxes 
necessary to represent  the radius of the  disk electrode, 
and the radii  to the inner and outer edge of the r ing 
electrode, respectively;  these values yield a collection 
efficiency in the absence of kinetic per turbat ions of 
0.555. Values of id, ir, and NK were  calculated as func-  
tions of the dimensionless pa ramete r  X K T C  in the 
controlled 

X K T C  ---- (0.51) -~/3vl/3D-1/3CA~ [10] 

potential  s imulat ion and as functions of X K T C  and the 
flux at the disk in the constant disk current  simulation. 
Because a basic assumption of mechanism II is that  
species C is more easily reduced than species A, it 
was first necessary to establish in the constant current  
simulation if the total  flux at the disk, as defined by 
the current,  was grea ter  or less than the m a x i m u m  
flux possible for species C. If  greater,  a fract ion of 
the total  current  was allocated sufficient to maximize  
the concentrat ion gradient  of C at the  disk surface 
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Fig. i. Collection efficiency (NK) vs. XKTC for the EC dimeriza- 
tion mechanism (I), the ECE radical-parent coupling mechanisms 
(lla and lib), and the EC radical-parent coupling mechanism (Ill). 

[FC (1,1) ---- 0] whi le  the remaining  current  diminished 
the concentrat ion of A. If less, a finite concentrat ion of 
C remained  at the surface and the concentrat ion of A 
was not a l tered by the passage of current.  In every  
instance the diffusion coefficients of species A, B, and 
C were  assumed equal, a l though provision is included 
in the program for introducing a different value  for 
each species. 

Results 
Controlled disk potential  resu l t s . - -The  results  of s im- 

ulations where  the disk potent ial  is main ta ined  on the 
l imit ing current  plateau for react ion [1] and the r ing 
mainta ined at a potent ial  where  [3] occurs at the mass 
t ransfer  control led rate are shown in Fig. 1. [Mecha- 
nisms IIc and IId are not shown in Fig. 1 because of 
NK's dependence on two parameters  (equi l ibr ium con- 
stant and ra te  constant)  instead of one for the mecha-  
nisms as shown but qual i ta t ive ly  they would  show the 
same sort of behavior.]  Al l  curves yield a value of NK 
= N = 0.555 as X K T C  approaches 0 (k2C approaches 
0, or ~ approaches infinity) and all show a similar  
decrease of NK wi th  increasing X K T C .  While  these 
N K - X K T C  curves are indicat ive of kinetic pe r tu rba-  
tions and could be used to de termine  k2 values once 
the  mechanism is known, they  are c lear ly  not ve ry  
useful in dist inguishing among the various mecha-  
nisms under  consideration. Further ,  the dependence of 
the disk l imit ing current  on X K T C  (Table II) is of 
value  only in dist inguishing case III  f rom cases I and II. 
Case II, categorized as an ECE type, is unl ike  the s im- 
ple ECE case in that  n, the number  of electrons per 
molecule  of s tar t ing material ,  A, electrolyzed, equals 
one independent  of the rota t ion rate. Case III, how-  
ever,  undergoes  a change in n f rom n ---- 1 to n ---- 2 
wi th  increasing rotat ion ra te  and thus, exhibits  a de- 
pendence of disk l imit ing current  wi th  vary ing  X K T C  
values. 

Controlled disk current  resu~ts . - -Experiments  in-  
volv ing  disk currents  at values below the l imit ing one 
are more diagnostic in deciding among the various re-  
action schemes under  considerat ion here, because the 
re la t ive  fluxes of A and B f rom the disk can be  varied. 
Simulat ions in this case are of NE at different values 
of the re la t ive  disk current,  CONI, where  

CONI -- id/id.1 [11] 

and id.l is the l imit ing disk current,  and for different 
values of X K T C .  In this case a separate NE vs. CONI 
curve  must  be given for each value  of X K T C .  Results 
for the mechanisms under  considerat ion here  are g iven 
in Fig. 2-7. Note that  for a first order decomposit ion 

Table II. Dependence of disk limiting current on XKTC 

M e c h a n i s m  X K T C  NK Z R  4 Z D  b 

I 0.5 0.360 0.279 0.776 
1.0 0.281 0.218 0.776 
1,5 0.235 0.183 0.776 2.0 0.205 0.159 0.776 
3.0 0.165 0,128 0.776 

na 0.0 0.556 0.432 0.776 
1.0 0.305 0.236 0.776 
2.0 0.194 0.151 0.776 
3.0 0.135 0.105 0.770 

I I b  1.0 0.430 0.333 0.776 
2.0 0.366 0.284 0.776 
3.0 0.326 0.253 0.776 
4.0 0.298 0.231 0.776 6.0 0.260 0.202 0.776 
8.0 0.234 0.182 0.776 

I I I  1.0 0.344 0.236 0.688 
2.0 0.235 0.151 0.643 
3.0 0.170 0.i04 0.615 
4.0 0.128 0.076 0.596 5.0 0.100 0.058 0.581 8.0 0.052 0.029 0.551 

~r 
.ZR : 

(0.51) 1/~'tFAdCA ~ -I /~ 
id 

b ZD 
(0.51)II31tFAdCA ~ 

of B, NK is independent  of CONI, at a given value of 
X K T ,  because both the veloci ty  of the fol lowing reac-  
tion and the amount  of B reaching the ring are propor-  
t ional to disk current.  The t rend of NE wi th  CONI is 

Nk ~ 
0.5  b 

0.4 

0.3 

0.~ 

0.1 

mechanism T 

I I I I L 
0 .0  0.2 0.4 0.6 0.8  1.0 

1-CONI 

Fig. 2. Collection efficiency (NE) vs. 1-CONI for mechanism I 
and XKTC equal to (a) 0.1, (b) 0.5, (c) 2.0, and (d) 10.0, where 
CONI = id/id,z and XKTC ~- (0 .51) -2 /3v l13D-1 /3~- lk2C.  

N K 
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1 -001t l  

Fig. 3. Collection efficiency (NK) vs. 1-CONI for mechanism Ila 
and XKTC equal to (a) 0.1, (b) 0.5, (c) 1.0, and (d) 2.0. 
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Fig. 5. Co l lec t ion  e f f ic iency  ( N K )  vs. 1-CONI for mechan ism I Ic,  
XKTC2 equal to 1000 and XKTCI  equal to (a) 0.001, (b) 0.010, (c) 
0.10, and (d) 1.0, where XKTC1 and XKTC2 describe the reactions 
represented in Eq. [4] and [7],  respectively. 

N K 
O~5 

0.4 

0.3 

0.2 

0.1 
mechanism lid 

I I I ] 
0.0  0.2 0.4 0 .6  0.8 

1 - C O N I  

Fig. 6. Collection efficiency (NK) vs. 1-CONI  for mechanism lid 
and (a) CK ~ 10 -4  , XKTC ---- 105; (b) CK -~ 10 -3,  XKTC -~ 
104; (c) CK ~ 10 -2  , XKTC ~- 103; (d) CK ~ 10 -1  , XKTC 
102, and (e) CK ~ 10 -3,  XKTC ~ 103. 

quali tat ively different for cases I and IIa (or IIb, IIc, 
I II) .  For  mechanism I, the dimerization EC reaction, 
the velocity of the following reaction only depends on 
B concentration. Hence, as id becomes smaller (CONI 
approaches 0), the B concentrat ion at the disk de- 

creases and the kinetic per turbat ion  of the following 
reaction becomes less. Hence, for case I, NK -> N as 
CONI --> 0 and NK approaches its m i n i m u m  value as 
CONI --> 1. For cases IIa, IIb, IIc, or III, which involve 
coupling with the parent,  the rate of the following 
reaction is a function of both A and B concentrat ion at 
the disk. Hence, as id approaches id,1 (CONI approaches 
1) the A concentrat ion decreases and the following 
reaction rate decreases. For  these cases NK approaches 
its max imum value at a given value of X K T C  as 
CONI -> 1. As CONI approaches 0, the concentrat ion 
of A is essentially constant and the reaction of B ap- 
proaches pseudo-first order conditions. When product  
C is also electroactive at the r ing electrode (mecha- 
nism IIb) ,  the t rend is the same as for mechanism IIa 
but  the N~ values are larger because ir is larger. 
Although case IId exhibits qual i ta t ively different be-  
havior depending on the value of the equi l ibr ium con- 
stant for [6] and the rate constant  for [7] as shown 
in Fig. 6, some trends are evident. For values of CK 
(CK = bulk  concentrat ion of A • equi l ibr ium con- 
stant (K) for reaction [6]) greater than  or equal to 
0.10 and X K T C  values resul t ing in collection efficien- 
cies in the normal  working range for the simulated 
RRDE (0.02 ~ NK ~ 0.54), NK approaches its max imum 
value as CONI --> 1. As CONI -> 0, the concentrat ion of 
C is essentially constant and the reaction consuming 
B approaches pseudo-first order behavior. For CK 
values less than or equal to 0.001 (e.g., K ----. 1 when  
C ---- 1 mM),  the NK var ia t ion with CONI is qual i ta-  
t ively similar to case I because the velocity of the 
following reaction assumes an over-al l  second order 
dependence on B concentration. Transi t ional  behavior, 
exemplified by curves b, c, and e (Fig. 6), occurs at 
intermediate  values of CK. Quanti tat ively,  the behavior  
of case IId differs from that  of case I, for all values of 
CK, because the product of the appropriate d imen-  
sionless s imulat ion parameters  for case IId (i.e., CK 
and X K T C ) ,  which defines the velocity of the reactions 
consuming species B (and thus the magni tude  of NK) 
has a squared dependence on the bulk  concentrat ion of 
A, whereas for case I, the reaction velocity is de- 
scribed by only one dimensionless s imulat ion rate 
parameter,  XKTC.  

Discussion 
The results show that  the RRDE should be useful in 

studying different mechanisms of following reactions. 
Since RRDE studies involving steady-state NK mea-  
surements  are relat ively free from adsorption and 
double layer charging effects, the exper imental  results 
will be subject to fewer complications than t ransient  
methods. Digital s imulat ion methods are capable of 
t reat ing ra ther  complex reaction schemes involving 
higher order chemical reactions. Variations of the 
mechanisms considered here, such as the simultaneous 
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occurrence of two of the  react ion paths,  can be t rea ted  
by  s t r a igh t fo rward  extensions of the descr ibed p ro -  
grams. Fo r  example ,  in studies of hydrod imer iza t ion  
react ions wi th  the  RRDE (9) it  was sometimes neces-  
sa ry  to consider  the  poss ib i l i ty  of pa ra l l e l  react ion 
pa thways  of the  in t e rmed ia te  radica l  ion (equiva lent  
to substance B here)  by  both coupl ing and ECE mecha-  
nisms. The resul ts  in tha t  w o r k  provide  exper imen ta l  
confi rmat ion of these theore t ica l  results.  
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Electrochemical Reduction of AIIopurinol 
P. K. De and Glenn Dryhurst 

Department of Chemistry, University of Oklahoma, Norman, Oklahoma 73069 

ABSTRACT 

Al lopur ino l  (1H-pyrazolo  [3,4-d] py r imid in -4 -o l )  is e lec t rochemical ly  re- 
duced at the  d ropping  mercu ry  e lect rode by  w a y  of a single po larographic  
wave.  Above pH 2, the e lectrode reac t ion  is a 2e-2H + reduct ion of a l lopur inol  
to give 6 ,7-dihydroal lopur inol  as the  sole product .  At  lower  pH (i.e., pH 0) the  
single po larographic  wave  involves 4e and is due to reduct ion  of a l lopur inol  to 
2,3,6,7-tetrahydroal lopurinol .  Under  the  condit ions of pro longed e lec t ro l -  
ysis, however ,  the l a t t e r  product  s lowly decomposes to give 4-carbamido-5  
aminopyrazol ine  (2,3). The mechanism of these react ions have been e lucidated 
by  polarography,  coulometry ,  cyclic v o l t a m m e t r y  at  the  pyro ly t ic  g raph i t e  
electrode,  mass  e lectrolysis  and isolat ion of products .  The products  have been 
identif ied by  u.v., IR, NMR, mass spect rometry ,  and e lementa l  analysis.  

Pyrazolo  [3,4-d] pyr imid ines  have  found consider-  
able  appl ica t ion  in cl inical  b iochemis t ry  as carcino-  
static agents. Al lopur ino l  (1H-pyrazolo  [3,4-d] p y r i m i -  
dine  4-ol)  is a w e l l - k n o w n  inhib i tor  of the  enzyme 
xan th ine  oxidase  (1), and, hence, inhibi ts  the forma-  
t ion of uric acid by  oxidat ion  of pur ines  in organisms 
conta ining this enzyme (2, 3). This p r o p e r t y  of a l lo-  
pur ino l  makes  i t  possible to use lower  doses of o the r -  
wise h igh ly  toxic 6- th iopur ine  in the  t r ea tmen t  of 
l eukemia  (4). Al lopur ino l  also subs tan t ia l ly  a l ters  p y -  
r imid ine  metabol i sm (5).  

Because of the impor tance  of unders tand ing  the 
ox ida t ion- reduc t ion  behavior  of b iological ly  impor tan t  
compounds which  in terac t  wi th  ox ida t ion- reduc t ion  
enzymes, we have  begun a deta i led  and systemat ic  
s tudy of the e lec t rochemis t ry  of the al lopurines.  The 
s t ruc ture  of a l lopur inol  and the number ing  employed  
in this pape r  is tha t  used in "Chemical  Astracts ,"  and  
is shown below. 

40 

H - - ~  ~ ~ / N ~  

H 

Experimental 
Chemicals.--Allopurinol was obta ined f rom Aldr ich  

and was found to be chromatograph ica l ly  homoge-  
neous. The other  chemicals  were  of reagen t  grade.  
Argon  (Linde)  used for  deoxygena t ing  was  equi l i -  

Key WOrds: 1H-pyrazolo [3,4-d] pyrimidin-4-ol, bioelectrochem- 
istry, 6,7-dihydroallopurinol, 2,3,6,7-tetrahydroallopurinOt. 

bra ted  wi th  water ;  no other  purif icat ion was necessary.  
Buffer solutions used had  an ionic s t rength  of 0.5M 
except  sulfuric  and acetic acid solutions which were  
1M in s trength.  

Apparatus.--The elect rochemical  appara tus  has been 
descr ibed e lsewhere  (6-8).  Al l  potent ia ls  are re fe r red  
to the  SCE at 25~ The dropping  me rc u ry  electrode 
had normal  m and t values.  

Ul t ravio le t  absorpt ion spec t ra  were  recorded on a 
P e r k i n  E lmer -Hi t ach i  Model 124 spectrophotometer .  
In f r a red  spectra  were  recorded  on a Beckman IR-8 
using K B r  pellets.  NMR spect ra  were  recorded on 
Var ian  Model T-60 spectrometer .  Mass spect ra  were  
recorded on a Hi tachi  Model  RMU-6E spectrometer .  

Coulometry and macroscale electrolysis.--For cou- 
lomet ry  a measured  vo lume (usual ly  1O0 ml)  of back-  
ground solut ion was in t roduced  into the  work ing  e lec-  
t rode  compar tmen t  of a three  compar tmen t  cell. This 
solut ion was e lect rolyzed at  the  appropr ia t e  potent ia l  
unt i l  an electronic cur ren t  in tegra tor  gave a constant  
and smal l  count. Then a weighed amount  of a l lopur inol  
was in t roduced into the work ing  e lect rode compar tmen t  
sufficient to make  the  solut ion ca. 1 raM. Af te r  dis-  
solut ion electrolysis  was  recommenced  at  the  same 
potential ,  s t i r r ing  rate,  and flow ra te  of argon. Many 
macroscale  e lectrolyses  were  car r ied  out in the  same 
fashion except  tha t  solutions were  ca. 5-6 mM in a l lo-  
pur inoI  and an in tegra tor  was not  employed.  Comple-  
t ion of the  e lectrolysis  was confirmed by  d i sappear -  
ance of the  character is t ic  u.v. absorpt ion  and pola ro-  
graphic  wave  of al lopurinol ,  and  by  character is t ic  cy-  
clic vo l t ammet r i c  behavior  at the  pyro ly t ic  g raphi te  
electrode. 
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In  order to reduce contaminat ion of the products of 
macroscale electrolysis with KC1 (from salt bridges 
and SCE reference electrode), a two-compar tment  cell 
was f requent ly  employed, one compar tment  for the 
working electrode, one for a p la t inum gauze counter-  
electrode. These two compartments  were separated by 
a fine sintered glass disk and an agar-acetic acid salt 
bridge. Such salt bridges were made by heating 4g of 
agar with 40 ml  of water unt i l  a homogeneous solution 
was obtained. Then, 40 ml  of 2M HOAc was added and 
the solution cooled to room tempera ture  when  a stable 
gel was formed. The reference electrode was a Beck- 
man  fiber-tip SCE inserted into the working electrode 
compartment .  

Chromotropic acid test for formaldehyde.--Aliquots 
of 0.2 to 0.6 ml of electrolysis solution were t ransferred 
to 25 ml volumetric  flasks and diluted to 1 ml  with 
water. Then 1 ml chromotropic acid solution (0.6g of 
the disodium salt of chromotropic acid in 20 ml water  
added to 180 ml  of concentrated H2SO4) was added and 
the volume made up with concentrated H2SO4. The 
flasks were heated for an hour on a steam bath, cooled 
to room temperature,  and the absorbance measured at 
570 nm against a water  b lank  carried through the same 
procedure. A cal ibrat ion curve was prepared with 
s tandard formaldehyde solution. Allopurinol  itself does 
not respond to this test. 

Estimation of formaldehyde in argon stream from 
electrolysis cell.--In order to decide if free formalde-  
hyde is l iberated upon electrochemical reduct ion of 
allopurinol,  an electrolysis was carried out in a cell 
with the working electrode compar tment  sealed with a 
rubber  stopper provided with inlet  and outlet tubes for 
argon. After  bubbl ing  the argon through the electro- 
lyzing solution it was passed sequential ly through 
three gas bubbl ing  towers containing distilled water, 
0.1M sodium sulfite, and chromotropic acid reagent  
solution. After  completion of the reduct ion the con- 
tents of the three towers were analyzed for formalde-  
hyde by the chromotropic acid method (see above).  
The sodium sulfite solution gave a positive formalde-  
hyde test when the electrolysis was carried out in 1M 
H2SO4. Using 1M HOAc as the support ing electrolyte 
solution, no formaldehyde could be detected in any 
of the t rap solutions. In 1M H2SO4 one mole of formal-  
dehyde was determined per mole of al lopurinol  re-  
duced, approximately  10-15% in the sodium sulfite trap 
and 85-90% by direct application of the chromotropic 
acid procedure to an aliquot of the electrolysis solu- 
tion. The same quan t i ty  of formaldehyde was detected 
for an electrolysis in 1M HOAc, all in the electrolysis 
solution. 

Isolation of acetic acid reduction product.--After the 
completion of a mass electrolysis, the solution was 
freeze-dried. The resul tant  white solid was separated 
from small  amounts  of potassium chloride (from refer-  
ence electrode and salt bridges) by extract ing with ab- 
solute methanol.  This, on crystall ization from chloro- 
form and methanol,  formed white  crystals mel t ing at 
115~176 which were very very soluble in water  and 
gave a positive test for acetate (14). The IR and NMR 
spectra of this compound clearly indicated that  it was 
an acetate salt. In  order to isolate the free base, the 
freeze-dried whi te  solid was dissolved in methanol  and 
passed through a column (30 cm • 1 cm) of basic 
alumina.  The column was eluted with methanol  and 
five 15 ml fractions were collected. The first fraction 
was contaminated with some KC1 and the other frac- 
tions, upon evaporat ion of the methanol,  gave pure 
6,7-dihydroallopurinol as evidenced by IR, NMR, and 
u.v. spectra, and elemental  analysis. The free base is a 
white crystal l ine compound, spar ingly soluble in water, 
having a m p  of 210~ Elemental  analysis: found, C ---- 
43.23%, H : 4.36%, N = 40.32%; theory, C : 43.47%, 
H : 4.35%, N ----- 40.58%. The yield of pure product  was 
ca. 80%. 

The free base could also be isolated by passing an 
aqueous solution of the acetic acid product through a 
basic ion-exchange resin (Dowex 2-X8 in  O H -  form).  
On eluting with water, KOH (from KC1 contaminat ing 
the sample) eluted first followed by the base. After  
evaporation of the water, the sample was dissolved in 
methanol  and passed through a small  basic a lumina  
column. The resul tant  product was analyt ical ly  pure. 

Reduction of allopurinol,  in McIlvaine buffer pH 2.2, 
gave the same product. Isolation of the product from 
such a buffer was carried out by first f reeze-drying the 
product and extract ing with absolute methanol,  evapo- 
rat ing the methanol  and extract ing again. This meth-  
anol extract  was then passed through a Florosil column 
and eluted with methanol.  A 60% yield of 6,7-dihydro- 
al lopurinol was obtained. 

Isolation of sulfuric acid reductio~ product.--After 
complete electrolysis of a 6 mM solution of al lopurinol  
in 1M H2SO4, the solution was treated with a slight ex- 
cess of saturated bar ium hydroxide solution. The pre-  
cipitated bar ium sulfate was removed by filtration and 
then the clear solution was treated with carbon dioxide 
to remove excess of barium. The bar ium carbonate was 
removed by filtration and the clear solution was 
freeze-dried. The resul tant  solid obtained was sepa- 
rated from the KC1 present  and then recrystallized 
from chloroform and methanol.  The reduction product 
was a canary yellow solid, mp 125~176 which was 
very soluble in  water. 

Thin layer chromatography.--A 2 m g / m l  solution of 
the isolated electrolysis products and al lopurinol  itself, 
in water, were employed. Approximate ly  100 ~1 of 
these solutions were spotted onto th in - layer  plates. 
The most definitive data, which is quoted below, was 
obtained with a silica gel support (Eastman Chromo- 
gram 6060 with fluorescent indicator) and n-propanol -  
water  (70-30) as solvent. The reduct ion product iso- 
lated from acetic acid, and McIlvaine buffer pH 2.2, 
was chromatographical ly homogeneous and had an RF 
value of 0.75 (fluorescence). Al lopurinol  had an RF of 
0.85. Neither al lopurinol  nor  its reduct ion product 
formed in acetic acid gave a positive test with Ehrlich 
reagent (for ureido groups) on a th in  layer  plate. The 
product isolated from sulfuric acid gave a single spot 
(fluorescence), RF ---- 0.7; this spot when  sprayed with 

Ehrlich reagent  gave a bright  yellow color. 

Results and Discussion 
Polarography.--Allopurinol gives a single polaro- 

graphic reduct ion wave in solutions between pH 0-8. 
At low pH, the wave is very close to background dis- 
charge, but  at pH above ca. 4, it becomes well  defined 
and easy to measure. In  1M H2SO4 (pH 0), and in ace- 
tate buffer pH 4.7, the l imit ing current  appeared to be 
ent i re ly  under  diffusion control as evidenced by the 
drop-t ime dependence of the wave and its tempera-  
ture  coefficient (2.1%/~ at pH 4.4). The wave rapidly 
decreased in height above pH 6 and disappears above 
pH 8. 

In 1M H2SO4, the diffusion current  constant  (I _-- 
il/Cm2/Stl/6) is about 10, but  decreases at higher pH so 
that  between pH 2.3-6, it has an average value of close 
to 4 (Fig. 1, section A).  Over this lat ter  pH range, the 
magni tude  of the diffusion current  constant  indicates a 
2e polarographic process. The ha l f -wave  potential  of 
al lopurinol shifts l inear ly  more negative with increas- 
ing pH (Fig. 1, section B), and is described by the 
equation E1/2 ---- --1.118-0.067 pH. 

Voltammetry at PGE.--Allopurinol shows a single 
reduction peak at the s tat ionary pyrolytic graphite 
electrode (PGE) between pH 0-6. Genera l ly  the peak 
is so close to the onset of background discharge that, 
often, it mere ly  forms an inflection; and hence, it is not 
possible to measure meaningfu l  peak current  values. 
In  as far as it could be determined, the var iat ion of 
peak potential  at PGE is given by Ep .-~ --0.85-0.120 
pH. 
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Fig. 1. A, Variation of the polarographic diffusion-current con- 
stant with pH and; B, variation of E1/2 with pH for allopurinol. 

Coulometry and macroscaIe electrolysis.---Because of 
the closeness of the vol tammetr ic  reduct ion peak at 
PGE to the background discharge, it was not possible 
to obtain meaningfu l  n values at this electrode. Pre l im-  
inary  studies of the controlled potential  electrolysis of 
allopurinol,  at a mercury  electrode in  a number  of 
background electrolytes, revealed that ei ther al lopuri-  
nol or its reduction product considerably lowers the 
hydrogen overpotential.  Thus, owing to considerable 
catalytic hydrogen reduction, large apparent  electron 
numbers  were obtained when coulometry was per- 
formed at potentials corresponding to the crest of the 
polarographic waves. Accordingly, in order to c i rcum- 
vent  this problem, coulometry was carried out by only 
part ial ly electrolyzing at potentials on the rising por- 
t ion of the wave. In  1M H2804, the n value was found 
to be 4.0 • 0.2; whereas, in 1M HOAc, McIlvaine (pH 
4.0) and acetate (pH 4.7), the values of n were 1.8 _+ 
0.1, 2.0 _ 0.2, and 2.2 __ 0.2, respectively. 

Following the init ial  coulometry, extensive electrol- 
ysis in 1M H2SO4 and 1M HOAc were carried out; de- 
tailed spectra were obtained and cyclic vol tammetry  
performed during, and at the completion of, the elec- 
trolysis. These two electrolyte systems were selected 
because they were representat ive of media in which 
the 4e and 2e processes occur. In  addition, both I-t~SOr 
and HOAc are relat ively easily removed, hence, al low- 
ing product isolation. 

Electrolysis in 1M HOAc.--After complete reduction 
of al lopurinol in 1M HOAc, the u.v. absorption spec- 
t rum of the product (kmax ---- 266 nm and kmax -- 240 

nm) was quite different to that of al lopurinol (~max 
250 nm) .  The solution gave a positive test for formal-  
dehyde (9), one mole of reduced allopurinol giving rise 
quant i ta t ive ly  to one mole of formaldehyde. However, 
attempts to bubble  formaldehyde out of the reduced 
solution were not successful indicating that a product  
is formed that  yields formaldehyde only under  the ex- 
t remely acidic conditions of the chromotropic acid- 
formaldehyde reaction. 

Cyclic vo l tammetry  of al lopurinol  at the PGE 
showed one cathodic peak [peak Ic very  close to back-  
ground discharge, Ep ---- --1.55V to --I.60V (Fig. 2, 
section A)] .  Once having  scanned this cathodic peak, 
two well-defined anodic peaks were obtained, Ep : 
0.40V and 0.80V (peaks Ia and IIa Fig. 2, section A).  
Peak IIa was always larger than peak Ia. Cyclic volt-  
ammet ry  of reduced al lopurinol  indicated that  on the 
first scan toward negative potential  at a clean electrode 
there were no cathodic peaks. However, on the first 
scan toward positive potentials, two anodic peaks were 
observed whose peak potentials corresponded exactly 
with peaks Ia and IIa (Fig. 2, section B). Peak Ia was 
always much smaller than  peak IIa and occasionally 
was not observed at all. Having scanned anodic peaks 
Ia and II,, a large cathodic peak at the same potential  
as cathodic peak Ic was observed (Fig. 2, section B).  
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Fig. 2. A, Cyclic voltamogram of 4 mM ollopurinol in 1M HOAc 
at PGE; scan pattern: 0.0V ~ 1.45V -~ --1.70V ~ 1.45V ~ 0.0V. 
B, Cyclic voltamogram at PGE of product of complete electrochemi- 
cal reduction of 4 mM allopurinol at mercury in 1M HOAc. Scan 
pattern: 0.00V -~ !.45V ~ --1.75V -~ 0.00V; scan rate: 200 mV/ 
sec. 
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After completely reducing a solution of allopurinol,  
reverse coulometry was carried out on the product 
solution using a large PGE and applying a potential  of 
0.9V, i.e., sufficient to completely oxidize the product 
giving rise to anodic peaks Ia and IIa. Under  these con- 
ditions al lopurinol  was quant i ta t ive ly  recovered as 
evidenced by u.v. and polarographic analysis. An  aver-  
age value of 2.2e was obtained for reverse coulometry. 

Electrolysis  in 1M H~SO4.mThe u.v. absorption spec- 
t rum of the product  of reduct ion of a l lopurinol  in  1M 
H2SO4 (Xmax ---- 245 nm and 202 nm)  was somewhat 
different than that  of al lopurinol  at the same pH (kmax 
= 252 n m  and  210 nm) .  When a fairly concentrated 
solution (4-8 mM) was electrolyzed, it took ca. 16 hr 
for complete removal  of al lopurinol  (u.v. spectrum, 
polarography).  However, often the u.v. spectrum re-  
vealed a distinct shoulder at 270 nm in addition to the 
peaks described earlier;  the shoulder gradual ly  disap- 
peared with time. Dur ing  and after complet ion of the 
electrolysis, formaldehyde could be detected in the 
solution; one mole of formaldehyde was produced for 
every mole of al lopurinol  reduced. Some formalde-  
hyde could be bubbled  out of the solution and trapped 
in  sodium sulfite solution (see Exper imenta l ) .  This in-  
dicates that part  of the product formed in the 4e re- 
duction of al lopurinol  in 1M H2SO4 decomposes giving 
formaldehyde. 

Cyclic vo l tammetry  at the PGE of al lopurinol  
showed no oxidation peak if the first voltage sweep was 
towards positive potential. However, on sweeping to- 
ward negative potentials, a single cathodic peak (peak 
Ic), Ep _-- --1.30V, is observed (Fig. 3, section A).  Hav-  
ing scanned this peak, two anodic peaks are observed 
on the next  cycle toward positive potential  (peaks Ia 
and IIa), Ep ---- 0.35V and 0.75V, respectively. After 
complete reduction, cyclic vo l tammet ry  of the product 
at PGE reveals no cathodic peaks on the ini t ia l  scan 
toward negative potential  at a clean electrode. How- 
ever, the first sweep toward positive potential  shows 
three peaks at Ep : 0.34V, 0.75V, and 0.95V (Fig. 3, 
section B). The first two peaks correspond to peaks Ia 
and IIa observed on cyclic vo l tammetry  of allopurinol. 
The most positive third peak will  be designated as 
peak IIIa. Fur ther  cyclic voltametric experiments  on 
the reduced solution revealed that  cathodic peak Ic 
could be observed if peaks I4 and IIa were first scanned. 

When  cyclic voltametric scans were made at various 
times throughout  the course of a controlled potential  
electrolysis in  1M H2SO4, it was found that, in the early 
stages, anodic peaks Ia and IIa were of near ly  equal 
height and peak IIIa was absent. As the electrolysis 
progressed peak IIIa appeared. In  order to fur ther  
investigate the relationship of anodic peaks Ia, IIa, and 
IIIa to cathodic peak Ic, the solution obtained after 
complete reduction of al lopurinol  was reoxidized at a 
large PGE at potentials corresponding to each of the 
oxidation peaks. After  complete removal  of peaks Ia 
and IIa by such oxidation, only ca. 65% of the original 
al lopurinol  was regenerated and peak IIIa remained. 
Fur ther  oxidation at potentials of peak IIIa did not 
form any more allopurinol. Accordingly, the species 
responsible for IIIa was considered to be a product of 
breakdown or rea r rangement  of the species giving rise 
to peak Ia. 

Characterization of isolated electrolysis p r o d u c t s . -  
Acet ic  acid . - -A product could be isolated by solvent 
extraction and column chromatography as an acetate 
salt or free base (see Exper imenta l ) .  Inf rared spectra 
of allopurinol,  the reduction product acetate salt, and 
the free base are shown in Fig. 4, sections A, B, and C, 
respectively. Thang and Delbarre (10) assigned the 
1695 cm -1 band of al lopurinol  to >C--N.  The inflection 
on this band at ca. 1650-1660 cm-~ corresponds to the 

O 
II 

amide c a r b o n y l - - C - - N H - -  absorption. The intense 
band at 1580 cm-1  is cyclic C~---C and around 3000 cm -~ 
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Fig. 3. A, Cyclic voltamogram of 6 mM allopurinol in 1M H2SO4 
at PGE; scan pattern: 0.00V --> 1.45V --> - -1 .50V ---> 1.45V 
0.00V. B, Cyclic voltamogram at PGE of product of complete elec- 
trochemical reduction of allopurinol at mercury in 1M H2SO4. Scan 
pattern: 0.00V --> 1.40V -~ - -1 .45V ~ 0.00V; scan rate: 200 mV/ 
sec. 

various N - - H  stretches are observed. On reduction, 
the > C ~ N  absorption is decreased (shoulder at ca. 
1700 cm -1) and the amide carbonyl,  1650 cm -1, be- 
comes prominent .  The cyclic - - C : C  band  remains  at 
1580 cm -1. Two small bands at 1450 cm -1 and 1360 
cm -~ in the reduction products may be a t t r ibuted to 
>CH2 bending. The acetate salt (Fig. 4, section B) 
gives a typical carboxylate band  at 1405 cm - I  (11). 

NMR spectra of allopurino], and the acetate-free 
product in deuterated d imethyl  sulfoxide, are shown 
in Fig. 5, sections A and B, respectively. This solvent 
was used because the compounds were not sufficiently 
soluble in D20. Al lopurinol  shows two singlet peaks 
at 7.955 and 8.108. The lat ter  is associated with the 
hydrogen at Ca, the former with the hydrogen at C.~ 
(12). These assignments are made by analogy with the 
NMR spectrum of hypoxanth ine  (6-oxypurine)  in the 
same solvent (13). The reduct ion product has no NMR 
peak at 8.108; but  one at 7.88, which is ascribed to the 
C8 proton, remains.  In  addition, a tr iplet  centered 
around 4.358 appears (Fig. 5, section B) typical  of a 
methylene group which must  be located at C6. For this 
methylene  group 5H1 ---- 4.35 ppm and ~H2 ---~ 4.41 ppm, 
JH1H2 ---- 8 Hz. The three broad peaks at 3.408, 6.208, 
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Fig. 5. 60 mHz NMR spectrum o;: A, allopurinol; and B, the prod- 
uct of electrochemical reduction of allopurinol in 1M HOAc (ace- 
tate-free base). Solvent: deutero dimethylsulfoxide. 

R E D U C T I O N  OF A L L O P U R I N O L  
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and 7.358 are for hydrogens associated with three N- 
atoms of the reduced product. In tegrat ion of the peaks 
centered at 7.88, 7.358, 6.208, 4.355, and 3.48, reveal  a 
proton ratio of 1:1:1:2:1.  In view of this evidence 
the compound is c lear ly  6,7-dihydroallopurinol.  

The mass spect rum of the free base shows a molecu-  
lar  ion of role ---- 138 (Fig. 6) which is that  expected 
for 6,7-dihydroallopurinol.  The base peak ( m / e  : 110) 
corresponds to the  pr imary  f ragment  C4H4N30 + by 
loss of .NCH2 (m/e  ---- 28) f rom the molecular  ion. 
Subsequent  loss of CO and a proton results in the 
f ragment  C~H3N3 + (m/e  = 81) as proposed by 
Chalmers  et at. (15). A mechanism i l lustrat ing the 
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Fig. 6. Mass spectrum of the product of electrochemical reduc- 
tion of allopurinol at Hg in 1M HOAc; Source temperature: ca. 
200~ ionizing voltage: 12 eV. 
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Fig. 7. Proposed mass spectroscopic fragmentation mechanism 
for 6,7-dihydroalloparinol. 

probable format ion of the major  f ragments  in mass 
spect rometry  is shown in Fig. 7. 

Elementa l  analysis (see Exper imenta l ) ,  IR, NMR, 
and mass spectroscopic data all support  the v iew that  
the product  of reduct ion of al lopurinol  at pH > 2 is 
6,7-dihydroallopurinol.  
Sulfuric acid.--Thin layer  chromatography under  a 
var ie ty  of conditions failed to indicate that  more  than 
one product was formed in sulfuric acid. Cyclic vol t -  
ammet ry  and reverse  coulometry,  however,  support  
the v iew that  two products  are formed, one which 
could be reoxidized to al lopurinol  and one which could 
not. Thin layer  chromatography,  however,  did support  

O 
II 

the v iew that  a ureido group ( - -C- -NH2)  was present  
because of the intense yel low spot developed with  
Ehrl ich reagent.  The two products of reduct ion could 
never  be satisfactorily separated. However ,  the infra-  
red spectrum of the reduct ion product  (Fig. 4, section 
D) did reveal  the presence of > N - - H  groups by broad 
absorption around 3200 cm -1. Two very  close bands 
at 1640 cm -1 and 1600 cm -1 are compatible wi th  the 
presence of amide, carbonyl,  and cyclic >C----C group- 
ings, respectively.  Also, the ve ry  pronounced peak at 
1455 cm -1 is indicat ive of the presence of a methy lene  
group (11). 

Mass spectra of the sulfuric acid product  show the 
existence of a molecular  ion of m / e  -~ 140. This lends 
support  for a te t rahydroal lopur inol  in the reduct ion 
product. 

Mechanism.--pH > 2.- -The value of diffusion-cur-  
rent  constant and coulometry  support  a 2e process 
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Fig. 8. Proposed scheme for the electrochemical reduction of ol- 
Iopurinol at mercury electrodes. 

above a pH 2. IR, NMR, and mass spectra indicate that 
the product is 6,7-dihydroallopurinol.  The reaction can 
be wri t ten  as a s t raightforward 2e-2H + reduct ion of 
al lopurinol  (I, Fig. 8) to 6,7-dihydroallopurinol (6,7- 
d ihydro-4-hydroxy-[3 ,4-d]  pyr imidine)  (II, Fig. 8). 
Under  cyclic vol tammetr ic  conditions at the PGE the 
appearance of anodic peaks Ia and IIa (Fig. 2, section 
A), after having scanned the cathodic peak Ic of allo- 
purinol, suggests that  at the PGE some addit ional 
electrochemical or chemical reduction of the dihydro- 
al lopurinol  to te t rahydroal lopur inol  occurs. The lat ter  
compound gives rise to peak Ia. However, in view of 
the fact that  peak Ia is so small, or nonexis tent  after 
coulometry of al lopurinol  at mercury,  suggests that at 
the la t ter  electrode little or no fur ther  reduction 
occurs. The closeness of al lopurinol  peak Ic to the 
background discharge in 1M HOAc at the PGE, sug- 
gests that  considerable hydrogen ion reduct ion could 
accompany the electrochemical reduction; and the di- 
hydro derivative could be part ial ly reduced to a te t ra-  
hydro derivative by reduction with hydrogen. Similar 
behavior was observed at higher pH at mercury  and 
graphite electrodes to that  in 1M HOAc. In  view of 
the 2e na ture  of the reduction process at high pH, the 
mechanism must  be essentially identical to that  ob- 
served in acetic acid. 

The fact that  the reduced form of al lopurinol  in 1M 
HOAc gives a positive test for formaldehyde, under  
the conditions of the chromotropic acid reaction, is 
explained by hydrolysis of 6,7-dihydroallopurinol (I, 
Eq. [1]) to the corresponding alcohol (II, Eq. [1]). 
This would yield formaldehyde and the pyrazolamine 
(III, Eq. [1]).  This process is identical to that  observed 
with all purines reduced at the C2-N3 position under  
similar conditions (16). In the electrolysis solution the 
conditions are such that  the reaction (Eq. [1]) does 
not proceed to any extent  and formaldehyde cannot  be 
bubbled  out of the solution. 

o 0 

H H 2 C . _ O H I ~  N / ~>  + H C H O  

H 2 N  H 
H J H 2 N  H 

H 

( I )  ( I I )  ( l i d  

[1] 

The decrease in height of the al lopurinol  reduction 
wave above ca. pH 6, and disappearance above pH 8, is 
related to the fact that, at pH 8 and above, al lopurinol  
undergoes a rapid degradation to 3 -amino-4-carbami-  
dopyrazole (17). The lat ter  compound is not polaro- 
graphical ly reducible. 

pH < 2.--Below pH 2 the l imit ing current  for polaro- 
graphic reduction of allopurinol increases and at pH 0 
involves 4e. Infrared spectra indicate that both - - C : N  
groupings have been reduced and that ~CH2 groups 
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are present. Mass spectra support the view that  a 
te t rahydroal lopur inol  is present. These observations 
support  the view that  at low pH al lopurinol  (I, Fig. 8) 
is reduced in a 4e -- 4H + process to 2,3,6,7-tetrahydro- 
al lopurinol (III, Fig. 8). This is the sole product when 
the electrolysis t ime is short as is evidenced by the 
fact that  only two anodic peaks, peaks Ia and IIa of 
equal height, appear on cyclic vo l tammet ry  of the 
product at the PGE. Since the product  isolated from 
acetic acid (2e) dissolved in 1M H2804 gives only peak 
IIa, it is clear that  peak Ia is due to oxidation of 2,3,6,7- 
te t rahydroal lopurinol  to 6,7-dihydroallopurinoL Corre- 
spondingly, peak IIa is due to oxidation of the 6,7-di- 
hydro compound to allopurinol.  

After complete reduct ion in sulfuric acid, peak IIIa 
appears in addition to peaks Ia and IIa. The products 
responsible for peaks Ia and IIa can be reoxidized 
back to allopurinol;  bu t  that  responsible for IIIa can-  
not. Also, the u.v. spectrum of the somewhat more 
concentrated solution of al lopurinol  (4-8 mM) shows 
a shoulder at 270 rim, in  addit ion to the peaks at 245 
nm and 202 nm, which are observed after electrolysis 
of a more dilute solution (1-2 mM). The na ture  of the 
product responsible for cyclic vol tametr ic  peak IIIa 
and the u.v. absorption at 270 nm can be inferred from 
the TLC and est imation of formaldehyde. Thus, spray- 
ing the single spot observed by TLC with Ehrlich 
reagent  gives a positive test for the ureido group 
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( - -C--NH2) .  In  addition, after prolonged electrolysis 
approximately 0.1-0.15 mole of formaldehyde/mole  of 
al lopurinol reduced can be bubbled out of the solution 
(the remaining  0.85-0.9 mole of formaldehyde is found 
in solution under  the conditions of the chromotropic 
acid react ion).  This evidence suggests that  the product  
of 4e reduction, i.e., 2,3,6,7-tetrahydroallopurinol (III, 
Fig. 8), slowly decomposes to a compound having a 
ureido group and formaldehyde. The fact that  the 
product still absorbs at ca. 270 nm suggests 
the basic chromophore in the al lopurinol  system, 
- -C8~C9--C4~O is still present. Accordingly, it is 
proposed that the te t rahydroal lopur inol  (III, Fig. 8) 
slowly hydrolyzes to the 4-subst i tuted-2,3-dihydro-5-  
aminopyrazole (IV, Fig. 8; note number ing  change for 
pyrazole derivat ives) .  This is a reaction very  similar 
to that proposed for breakdown of te t rahydropur ines  
(16). Compound IV (Fig. 8) appears to readily cleave 
in the presence of concentrated acid to give formalde-  
hyde and 4-carboxamido-5-aminopyrazol ine  (2,3) (V, 
Fig. ~). The lat ter  species would be expected to give 
a strong ureido test with Ehrlich reagent  and to ab-  
sorb in the u.v. region owing to the - - C : C - - C - ~ O  
chromophore. The na ture  of the product of peak IIIa, 
which is presumably  due to oxidation of compound V 
(Fig. 8), is not known al though it is cer ta inly  not allo- 

purinol.  
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The Thermodynamic Properties of the Zn-Sn-Cd-Bi 
Liquid Quaternary Solutions 

W. Ptak and Z. Maser 
Polish Academy o~ Sciences, Institute Sot Metal Research, Reymonta 25, KrakSw, Poland 

ABSTRACT 

The emf  method  employ ing  concentra t ion  cells wi th  l iquid electrodes and 
e lec t ro ly te  for the  de te rmina t ion  of zinc ac t iv i ty  in the  qua t e rna ry  system 
Z n - S n - C d - B i  has been used. Exper imen t s  were  conducted on seventy-f ive  
l iquid  al loys of different  mole  fractions,  wi th  zinc l iquid reference  electrodes,  
over  the  t empera tu re  range  714~176 The resul ts  were  compared  wi th  cal -  
culated da ta  obta ined using Krupkowsk i ' s  formulas.  The zinc isoact ivi ty  plots  
made  for constant  t in concentra t ion show good agreement  be tween  the exper i -  
menta l  and theore t ica l  results.  Krupkowsk i ' s  fo rmulas  also enable  the  ca lcu-  
la t ion of the  ac t iv i ty  coefficients of the  remain ing  components  of the  qua te r -  
na ry  system, namely,  tin, cadmium,  and bismuth.  

Measurements  of the e lec t romot ive  force of concen-  
t ra t ion  cells using l iquid e lect rodes  and l iquid e lec t ro-  
ly te  has been appl ied  successful ly to the  de te rmina t ion  
of the  the rmodynamic  proper t ies  of multicomponent 
l iquid meta l  solutions. This method is pa r t i cu l a r ly  
su i tab le  for inves t iga t ing  low-me l t i ng  al loys where  
the  p rope r  e lec t ro ly te  can be found easily,  e.g., zinc 
alloys.  Expe r imen ta l  invest igat ions  on l iquid zinc 
al loys for b ina ry  and mul t i component  meta l  solutions 
(1-2) and  in d i lu te  solut ions (3-6) were  car r ied  out. 
Research work  on mul t i component  solut ions requi res  
both extens ive  exper imen ta l  da ta  and the  appl ica t ion  
of specific methods  for the in te rpre ta t ion  of the  exper i -  
men ta l  results.  In  the  invest igat ions  repor ted  here, on 
the  qua t e rna ry  Z n - S n - B i - C d  solutions, Krupkowsk i ' s  
method  (7) was appl ied  for the  calculat ion of ac t iv i ty  
coefficients of a l loy  components.  The expe r imen ta l  
da ta  of zinc ac t iv i ty  obta ined by  the emf measurement s  
of concentra t ion  cells are compared  wi th  azn values 
ca lcula ted  f rom Krupkowsk i ' s  fo rmulas  (7). Fo r  the  
the rmodynamic  analysis  of mul t i component  systems in 
Krupkowsk i ' s  method,  the dependences  of ac t iv i ty  co- 
efficients of respect ive  b ina ry  al loys are  sufficient. 
F r o m  among the different  methods  appl icable  for the  
in te rp re ta t ion  of expe r imen ta l  results,  Krupkowsk i ' s  
method  was chosen which, on the  basis of b ina ry  data,  
enables  the ful l  t he rmodynamic  descr ipt ion of the  
mul t i component  system. The good agreement  be tween 
the  azn values  obtained f rom the emf  measurements  
and  the theore t ica l  ac t iv i ty  da ta  f rom Krupkowsk i ' s  
fo rmulas  led to the  choice of this method  for the 
calculat ion of the in tegra l  molar  the rmodynamic  func-  
t ions of the  l iquid  Z n - S n - C d - B i  solutions (8). 

Experimental Method 
For  the  de te rmina t ion  of the the rmodynamic  prop-  

er t ies  of l iquid qua t e rna ry  solutions the  emf method of 

K e y  words: concentration cell, l iquid quaternary system, zinc iso-  
ac t iv i ty  plots. 

concentra t ion cells was chosen. This method  enabled 
the eva lua t ion  of the  pa r t i a l  t he rmodynamic  funct ions 
of one component .  In  our  case it was zinc, which also 
formed the re ference  e lec t rode  in the  concentrat ion 
cell  

( -- ) ZnlZnCl2, LiCI, K C I I Z n - S n - C d - B i  ( + ) [I] 

The expe r imen ta l  a r r angemen t  is shown in Fig. I. The 
basic e lement  was the  quar tz  tube  which contained a 
large  amount  of mol ten  e lec t ro ly te  composed of 
l i thium, potassium, and  zinc chlorides.  This quar tz  
tube, d r a w n  sepa ra te ly  on Fig. 1, had  a wa te r - coo led  
cover. The tungs ten  wires  in glass shields went  th rough  
the cover in the  center  of which  was the P t -P t -10% 
Rh thermocouple  moun ted  in mol ten  electrolyte .  There  
was a special  tube  for the  inlet  and outlet  of argon 
which was passed th rough  a heated column of copper 
turnings  and over  phosphorus  pentoxide  to remove 
wa te r  and oxygen.  Six tubes made  of h igh -me l t ing  
glass wi th  orifices on the  lower  pa r t  were  suspended 
f rom the cover. These tubes conta ined the l iquid 
al loys in which the tungsten wi res  were  submerged.  
When the  cover wi th  the  tubes was t rans fe r red  to the  
quartz  vessel  the  l iquid e lec t ro ly te  entered the  tubes  
conta ining the alloys. In this  m a n n e r  contact  was ob-  
ta ined  be tween  the l iquid meta ls  and electrolyte .  

The cells were  opera ted  in a high hea t  capac i ty  re -  
sistance furnace  which  had three  windings  to enable  
the  p rope r  regu la t ion  of the  t empe ra tu r e  along the 
axis of the  furnace.  In  addit ion,  a b lock of heat  res is t -  
ant  steel  was placed in the furnace  to main ta in  a con- 
s tant  t e m p e r a t u r e  g rad ien t  in the  cells. The t he rmo-  
couple was connected to t he  t empera tu re  regu la to r  
in this block. The vol tage of each winding  was ad-  
jus ted  expe r imen ta l l y  to main ta in  a un i form t e m p e r a -  
ture  dis t r ibut ion.  The outer  jacket  of the  furnace was 
wa te r - coo led  to keep heat ing condit ions constant .  Tem-  
pe ra tu re  devia t ion  af te r  severa l  hours  did not  exceed 
_+loC. 
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Fig. 1. Schematic diagram of the experimental arrangement for the investigation of the thermodynamic properties of liquid metal solu- 
tions: 1, resistance furnaces; 2, autotransformers; 3, galvanometers; 4, regulator of temperature; 5, gas purifier with concentrated H2S04; 6, 
U-tube with P20~; 7, thermostats; 8, steel block for thermostating; 9, supremax tubes f~r alloys; 10, tungsten electrodes; 11, inlet and out- 
let of argon; 12, measuring quartz tube; 13, tube for melting samples; 14, tube for thermocouple; 15, cover of quartz tube; 16, rubber seal; 
17, bottom cover; 18, outlet of electrodes to potentiometer; 19, outlet of thermocouples to potentiometer; 20, upper view of the quartz tube 
cover; 21, orifices for cover screws; 22, orifice for argon inlet; 23, orifice for thermocouple; 24, orifices for tubes containing liquid metals; 
25, inlet for water-cooling system. 

In the second furnace shown also in Fig. 1, the alloys 
were  heated to a mol ten  state in argon before being 
put into the quartz  tube. This took several  seconds. 
The same prepared electrolyte  could be used several  
times. With this a r rangement  five alloys could be mea-  
sured simultaneously.  

Exper imental  Results 
The emf  values of the concentrat ion cells [1] were  

used for the direct calculat ion of activity, the act ivi ty 
coefficient, the par t ia l  molar  heat  of solution, and the 
part ial  molar  entropy of zinc in the Zn -Sn -Cd-B i  
qua te rnary  solutions. 

The act ivi ty  and the chemical  potential  of zinc were  
calculated f rom the fol lowing formulas  

AGzn = --zEF [2] 

AGzn = RT In azn [3] 

where  AGzn --~ change in chemical  potent ial  of zinc, 
azn ---- act ivi ty  of zinc, E ---- emf  of cell [1] in volts, 
z = valence (in the case of zinc ---- 2), and F ---- Fara-  
day's constant in cal /vol t .  

The measurements  were  per formed for 75 alloys 
wi th  different concentrat ions of the components. The 
zinc concentrat ions were  var ied f rom 0.1 to 0.6 in steps 
of 0.1 mole fractions. In a s imilar  manner  the concen- 
trat ions of the other components  were  changed. The 
first column of Table I gives the concentrat ions of the 
components used in the experiments .  

The next  factor which was taken into account was 
tempera ture .  The range of t empera tu re  was l imited 
both by the mel t ing point of zinc and by the pressure 
of such metals  as zinc and cadmium. The emf  values  
were  measured at 714 ~ 757 ~ 805 ~ 842 ~ and 877~ At 
the highest tempera tures  the cadmium vapor  pressure 
over  the pure meta l  is about 100 Torr, which could 
result  in some change of composit ion by cadmium 
vaporization. This process may be decreased by a 
several  cent imeter  layer  of mol ten  electrolyte.  In addi- 
tion, the vapor  pressure of cadmium in the  alloys is 
lower  than in pure cadmium. These two factors pre-  
vented detection of the change in cadmium concentra-  
t ion by means of chemical  analysis. 

Exper imenta l  errors  may  result  f rom side reactions 
between zinc chloride which  is present  in the electro-  
lyte and the components of the alloys. Taking into 
account the affinity of metals  to chlorine, we  can find 
the similar position of zinc and cadmium in this series. 
Zinc has a higher  affinity to chlorine and therefore  was 
chosen as the reference electrode. At lower zinc con- 
centrations, side reactions may influence the emf values 
and the act ivi ty of the zinc in the solution. Wagner  (9) 
evaluated an error  of 0.5% in zinc act ivi ty  in the 
z inc-cadmium alloy when  Xz ,  ---- 0.1 and XCd ---- 0.9 at 
783~ as the result  of side reactions. 

In our exper iments  this er ror  is smaller.  Side reac-  
tions have  no influence on the measurements  of the 
other  components such as t in and bismuth. 

The accuracy of the emf measurements  of cell [1] 
w a s  evaluated  at • 0.05 mV, and greater  errors  are 
possible at lower  zinc concentrations. The meta l  used 
in these exper iments  was of min imum puri ty  99.99%. 
The composit ion of the electrolyte  was LiC1, 57 m / o  
(mol per  cent) ; KC1, 38 m/o ;  and ZnC12, 5 m/o.  

The exper imenta l  results are given in Table I. The 
total emf error  of the cells was 4-7%. The binary  Zn-Bi  
system is par t ly  immiscible in the l iquid state. The 
obtained exper imenta l  results enabled the de te rmina-  
tion of the range of immiscibi l i ty  in the l iquid state in 
qua ternary  solutions (10). 

The act ivi ty  coefficients of zinc in qua te rna ry  solu- 
tions were  calculated f rom the formula 

CtZn 
7zn ---- [4] 

Xzn 

where  Xz ,  ---- zinc concentrat ion in mole fractions and 
"~zn ---- act ivi ty  coefficient of zinc. 

Comparison between Experimental  and Theoret ica l  
Results 

The thermodynamic  propert ies  of zinc in the te rnary  
systems Zn-Bi-Sn,  Zn-Sn-Cd,  and Zn-Cd-Bi  have been 
reported in Ref. (11), (12), and (13), respectively.  
These solutions form the te rnary  l imit ing values for the 
Zn -Sn -Cd-B i  qua te rnary  system. For  the de termina-  
tion of the act ivi ty  coefficients and activities of metals  
in qua te rnary  solutions we  used Krupkowski ' s  formu-  
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Table I. Concentrations of liquid Zn-Sn-Cd-Bi solutions in mole fractions and electromotive force values 
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E l e c t r o m o t i v e  fo rce ,  m V  
Al loy  

N o .  Xz. Xsn Xcd XBi 714~  757~  805~  8 4 2 ~  877 ~  

1 0.1001 O.1001 0.1001 0.6997 32.844 38.761 45.423 50.280 55.004 
2 0.1001 0.1001 0.2000 0.5996 33.170 38.794 45.313 56,091 54.752 
3 0.0999 0.1001 0.3001 0.4999 33.080 38.835 44.792 49.441 53.846 
4 0.1001 0.1001 0.3999 0.3999 33.151 38.388 44.186 48.685 53.037 
5 0.1002 0.0999 0.7000 0.0999 37.043 41.979 46.944 51.022 64,942 
6 0.1060 0.2001 0.1000 0.5999 34.882 40.967 47.185 52.199 56.582 
7 0.1002 0.2000 0.2000 0.4998 35.007 41.426 47.522 52.414 56.828 
8 0.1001 0.2000 0.2999 0.4000 35.297 41.034 46.990 51.572 55.654 
9 0.1000 0.2000 0.4001 0.2999 35.457 42.312 48.352 53.395 57.437 

10 O.10O0 0.2000 0.6000 0.1O00 37.462 44.265 49.725 53.788 57.525 
11 0.1001 0.3000 0.1000 0.4999 36.134 42.748 48.997 53.797 58.561 
12 0.1002 0.2999 0.2001 0.3998 34.084 39.355 45.223 49.652 54.030 
13 0.1000 0.3000 0.3000 0.3000 38.271 43.890 50.086 54.603 58.985 
14 O.10Ol 0.3000 0.4998 0.1001 40.308 46.827 52.401 56.741 60.949 
15 0.10Ol 0.3999 0.10Ol 0.3999 38.419 44.986 51.276 56.101 60.904 
18 0.1001 0.3999 0.2000 0.3000 40,557 45,742 51.810 56.512 61.043 
17 0.1000 0.4000 0.3000 0.2000 41.639 46.939 52.927 57.521 62,026 
18 0. i001 0.3999 0.4000 0.1000 43.667 48.674 54.407 58.889 62.985 
19 0.1000 0.5000 0.10Ol 0.2999 42.243 47.454 54.479 59.374 63~37 
20 0.1000 0.4998 0.2001 0.2001 40.714 45.830 51.864 56.428 80.824 
21 0.1001 0.4999 0.3000 0.1000 44.214 50.079 56.141 60.820 85.164 
22 0.0952 0.6189 0.0953 0.1906 45.899 51.565 58.429 63,615 68.444 
23 0.1002 0.5998 0.2000 0.1000 44.785 51.274 57.543 62.391 66.778 
24 0.1001 0.6999 0.1000 0.1000 45.479 52.391 58.872 63.779 68.427 
25 0.2002 0.1000 0.1000 0.5998 14.258 19.900 24.648 28.272 31.540 
26 0.2001 0.1000 0.2001 0.4998 15.996 20.291 24.874 28.224 31.553 
27 0.2000 0.1001 0.3000 0.3999 15,752 20.299 24.722 27.943 31.137 
28 0.1999 0.0999 0.4006 0.2996 16.060 19.896 24.850 27.943 31.006 
29 0.2001 0.1000 0.5999 0.1000 19.602 24.350 28.243 31.026 33.831 
30 0.2000 0.2000 0.1001 0.4999 17.638 22.296 26.437 30.095 33.377 
31 0.2001 0.1999 0.2001 0.3999 18.226 22.322 26.824 30.301 33.570 
32 0.2000 0.2000 0.3001 0.2999 18.791 22.853 27.169 30.497 33,684 
33 0.2001 0.1999 0.5000 0.I000 22.585 26.411 30.490 33.609 36.615 
34 0.2001 0.2999 0.I000 0.4000 19.819 24.130 28.793 32.368 35.817 
35 0.2000 0.3000 0.2000 0.3000 19.920 24.865 29.371 32.845 36.858 
36 0.2001 0.3000 0.3000 0.1999 22.343 26.075 30.462 33.824 36.983 
37 0.2001 0.3000 0.3999 0.I000 23.787 28.475 32.411 35.823 38.476 
38 0.2000 0.4000 O.lO01 0.2999 22.369 26.379 31.118 34.730 38.037 
39 0,2001 0,3999 0,2000 0,2000 23.900 27.731 32,141 35.636 38.874 
40 0.2001 0.4000 0.2999 0.1O00 25.882 29.672 34.028 37.458 40,573 
41 0.2000 0.5000 0.1000 0.2000 24.818 28.935 33.519 36.672 39.888 
42 0.2000 0.4999 0.2000 O.lO01 26.868 30.875 35.339 38.395 41.438 
43 0.1999 0.5999 0.1O01 0.1001 27.543 31.626 36.241 39.485 42.693 
44 0.3000 0.1O00 0.1001 0.4999 7.683 10.856 14.466 17.016 19.450 
45 ~3000  O.1000 0.2000 0.4000 8.358 11,507 14.713 17.189 19.731 
46 0.3001 0.1001 0.2999 0.2999 6.851 11.772 15.034 17.403 19.670 
47 0.3001 0.1000 0.4999 0.1000 12.762 16.020 18.823 21.006 23.387 
48 0.3000 0.2000 0.1000 0.4000 9.440 13.101 18.575 19.277 21.857 
49 0.3000 0.2000 0.2000 0.3000 10.121 14.039 17.334 20.493 23,052 
50 0.3000 0.2000 0.3000 0,2000 11.494 15.396 18.591 21.015 23.306 
51 0.3000 0.2000 0.4000 0.I000 14.755 17.443 20.406 22.809 25.154 
52 0.3000 0.3000 0.1000 0.3000 12.122 15.303 18.744 21.273 24.195 
53 0.3001 0.2999 0.2001 0.1999 13.589 16.608 19.876 23,499 26.364 
54 0.3001 0.2999 0.3001 0.0999 15.855 18.740 21,820 24.080 26,729 
55 0.3000 0.4000 0.i000 0.2000 14.713 17.877 21.323 26.251 29.248 
56 0.3001 0.3999 0.2000 0.100O 16.921 21.148 23.942 26.700 29.687 
57 0.3000 0.5000 O.lOOO 0.1000 17.469 20.787 23.966 26.602 29.870 
58 0.4000 O.lOOO 0.I000 0.4000 3.577 6.084 8.611 10.499 12.683 
59 0.4000 0.1000 0.2000 0,3000 4.843 7.056 9.232 11.054 13.083 
60 0.4000 0.1000 0.3000 0.2000 6.643 8.868 10.834 12.574 14.503 
61 0.4000 0.0999 0.4000 0.10Ol 8.712 11.254 13.308 14.919 16.638 
62 0.4001 0.2000 0.1000 0.2999 5.675 8.155 11.017 13.062 15.024 
83 0.4000 0.2000 0.2000 0.2000 7.281 10.323 12.634 14.380 16.226 
64 0.3999 0.2001 0.3000 0.1000 10.323 12.438 14.686 16.382 18.098 
85 0.4001 0.2998 0.1001 0.2000 8.086 10.892 13.341 17.537 20.318 
66 0.3999 0.3001 0.2000 0.1000 10.316 13.092 15.662 17.670 19.494 
67 0.4000 0.3999 O.1001 0.1000 10.879 13.618 16.372 18.399 20,468 
68 0.5000 O.lOOO O.lOO0 0.3000 1.887 3.567 5.588 7.059 8.415 
69 0.4999 0.1000 0.2001 0.2000 3.615 5,231 7.794 8.892 10.243 
70 0.5000 O.lO00 0.2999 O.lOOl 6.088 7.993 9.967 11,203 12.378 
71 0.5000 0.2000 0.1000 0.2000 3.480 5.669 8.200 9.759 11.195 
72 0.5070 0.1972 0.1972 0.0986 5,058 7,832 10.575 12,006 13,370 
73 0.5000 0.3000 0.1000 O.lOOO 5.704 8.856 10.820 12.346 13.887 
74 0.8000 0.1000 0.1001 0.1999 1.813 2.485 4.703 5,728 6,658 
75 0.6000 0.1000 0.2000 0.1000 3.853 4.988 6.938 7.936 8.870 

los (14, 15). This author  states tha t  for the de te rmina -  
t ion of the re la t ions  of ac t iv i ty  coefficients in mul t i -  
component  systems it is sufficient to know the respec-  
t ive  formulas  for the b ina ry  systems, which for the  
j - k  solutions have  the fol lowing form 

inTj = ~j,k(T) [ (i -- Xk) m~,k 
L 

m j , k  1 1 
m j , k  - -  1 ( 1  - -  X k ) m J  , k - I  -]- m j , k  - -  1 [5] 

lnTk = ~j,k(T) (1 --  Xk)m~,k [6] 

where  7j and ~'k ---- ac t iv i ty  coefficients of the  com- 
ponents  j and k in the b ina ry  system, Xk ----- concentra-  
t ion of the  component  k, mj .k  ---- the a s y m m e t r y  
coefficient of the rmodynamic  functions independent  of 
concentrat ion and tempera ture ,  and  Wj.k(T) = energy 
coefficient dependent  on tempera ture .  

In the  case of mul t icomponent  solutions K rupkowsk i  
(14) gives the  fol lowing formula  for the  ac t iv i ty  co- 
efficient of component  i 

ln~i = ~ [ln~i]Lk [7] 
i = l  
J # k  

where  [lnTi] = contr ibut ions  in t roduced into the  for -  
mula  by  respect ive  b ina ry  systems dependent  on the 
concentrat ion of the  components  and t empera tu re .  

To de te rmine  the  contr ibut ions  in fo rmula  [7] it  is 
enough to know the respect ive values  of mj,k and ~Lk(T) 
in b ina ry  systems, namely :  Zn-Sn,  Zn-Cd,  Sn-Cd,  
Bi-Cd, Zn-Bi,  and Sn-Bi.  These values,  given in Table 
II, were  obta ined f rom Ref. (16-20). 

The b i smu th -cadmium b ina ry  solutions in the  l iquid 
state were  inves t iga ted  by  El l iot t  and Chipman (21). 
A cri t ical  rev iew on the basis of the l i t e ra tu re  da ta  was 
given by  Hu l tg ren  e t  al. (22). I t  was shown in this  
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Table 11. Values of functions ~(T) and m for binary solutions 

S y s t e m  m ~ (T)  Ref .  

1081 
Z n - S n  1.1O - -  + 0.79 (2.303 log  T -- 1) -- 5.61 (16) 

T 
392 

Z n - C d  1.67 (17) 
T 

687 
Z n - B i  1.05 - -  -- 0.29 (18) 

T 
537 

C d - S n  1.60 - -  + 0.27 (2.808 log  T -- 1) -- 2 .04 (19) 
T 

49.3 
S n - B i  1.55 (20) 

monograph that  the deviat ion of these solutions from 
ideal ones wi th  reference to the values of the act ivi ty 
coefficients is smal ler  than 15%. Therefore,  we can 
assume that  these solutions may  be t reated wi th  some 
approximat ion as the ideal ones. 

The data f rom Table  II and Krupkowski ' s  scheme 
(14) enabled us to give the formulas  for the act ivi ty  
coefficients vs. t empera tu re  over  the whole range  of 
concentrat ion in qua te rna ry  solutions in the fol lowing 
form 

logTzn : -- o:1,2 ( 1 -- Xzn) -~ 

Jr Wl,2 ( 1  - -  X Z n )  - ~  - -  Wl,8 ( 1  - -  X z n )  - ~  

~- w1,3 ( 1  - -  X Z n ) - 0 " 3 8 X c d  - -  Wl,4 (1 -- Xzn)-~ 

+ ~Ol,4 ( 1 -- Xzn) - - 0 ' 9 5 X B i  - -  w2,8 (1 -- XCe) -~ 

- -  ~o2,4(1 - -  Xsn)-~ [8] 

The equations for act ivi ty  coefficients of tin, cadmium, 
and bismuth are  summarized in the Appendix.  

The respect ive relat ions of energy coefficients ~(T) 
are f rom Table II, and the numbers  in the equations 
for the act ivi ty coefficients correspond to the different 
metals, namely:  1-Zn, 2-Sn, 3-Cd, and 4-Bi. The act iv-  
i ty coefficients of zinc at 714 ~ 805 ~ and 877~ were  
calculated f rom formula  [8] and the act ivi ty  values of 
zinc were  calculated f rom formula  [4]. 

The act ivi ty  data were  used for plot t ing the zinc 
isoactivity curves. In Fig. 2-5 the zinc isoactivit ies at 
714~ are given. The constant t in concentrat ion was 
var ied f rom Xsn ~ 0.1 to Xsn ---- 0.4 in steps of 0.1. In 
Fig. 2 and 3 the dashed regions correspond to immisci-  

ZD 

• 

0 0 3 ~  

Bi , o,s o,s o,~ o,3 0,2 o, C d  

~ - X e i  
Fig. 3. Isoactivity curves of zinc, continuous lines, and the ex- 

perimental values of zinc activity in a Zn-Sn-Cd-Bi system, Xsn - -  
0.2 at 714~ 

Zl3 

i 

BI s o,~ o,s o,2 o,1 Cd  

~ ~ B i  
Fig. 4. Isoactivity curves of zinc, continuous lines, and the ex- 

perimental values of zinc activity in a Zn-Sn-Cd-Bi system, Xsn 
0~3 at 714~ 

Zn 

B i o,s oy o,e o,s o,~ o,3 02 o,1 C d  

XBi 
Fig. 2. Isoactivity curves of zinc, continuous lines, and the ex- 

perimental values of zinc activity in a Zn-Sn-Cd-Bi system, Xsn 
0.1 at 714~ 
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Ol 

oj 

o,3 Xce 

o,1 C d  B i o,s o,~ o,3 o,2 

~ X B i  

Fig. 5. Isoactivity curves of zinc, continuous lines, and the ex- 
perimental values of zinc activity in a Zn-Sn-Cd-Bi system, Xsn 
0.4 at 714~ 

bil i ty  in the l iquid state (10). In  a s imi lar  manner ,  
Fig. 6-9 i l lus t ra te  the  zinc act ivi t ies at 805~ for the 
same constant t in concentrations.  

The immiscibi l i ty  in the l iquid state exists only for 
Xsn ---- 0.1 (Fig. 6). F ina l ly  Fig. 10-13 give the zinc 
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Fig. 6. Isoactivity curves of zinc, continuous lines, and the ex- 

perimental volues of zinc actiHty in a Zn-Sn-Cd-Bi system, Xsn ----- 
0.1 at 805~ 
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Fig. 7. Isoactivity curves of zinc, continuous lines, and the ex- 
perimental values of zinc activity in a Zn-Sn-Cd-Bi system, Xsn ~-- 
0.2 at 805 ~ K. 
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Fig. 8. Isoactivity curves of zinc, continuous lines, and the ex- 
perimental values of zinc activity in a Zn-$n-Cd-Bi system, Xsn 
0.3 at 805 ~ K. 
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Fig. 9. Isoactivity curves of zinc, continuous lines, and the ex- 
perimental values of zinc activity in a Zn-Sn-Cd-Bi system, Xsn : 
0.4 at 805 ~ K. 
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Fig. 10. Isoactivity curves of zinc, continuous lines, and the ex- 
perimental values of zinc activity in a Zn-Sn-Cd-Bi system, Xsn 
0.1 at 877~ 
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Fig. !1. Isoactlvity curves of zinc, continuous lines, and the ex- 
perimental values of zinc activity in a Zn-Sn-Cd-Bi system, Xsn ~-- 
0.2 at 877~ 
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Fi 9. 12. Isoactivity curves of zinc, continuous line% and the ex- 
perimental values of zinc activity in a Zn-Sn-Cd-Bi system, Xsn ---- 
0.3 at 877~ 
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Fig. 13. Isoactivity curves of zinc, continuous lines, and the ex- 
perimental values of zinc activity in a Zn-Sn-Cd-Bi system, Xsn 
0.4 at 877 ~ K. 

isoactivities at 877~ Figures 2-13 were plotted for 
zinc isoactivities azn -=-- 0.2 to 0.8 in steps of 0.2. The 
exper imental  act ivi ty values from Table I are also 
given on these figures. 

While comparing the isoactivity curves with the 
exper imental  data we see that  good agreement  is 
obtained at 805 ~ and 877 ~ . Deviations in this case do not 
exceed 8%, while the greater deviations are observed 
at lower temperatures.  In  general  we can state that  
the exper imental  data obtained in this paper are higher 
than those calculated from Krupkowski ' s  method. The 
agreement  would be better if the influence of the liquid 
Bi-Cd solutions showing negative deviations from 
Raoult 's  law were considered. Then the energy coeffi- 
cient ~(T) appearing in formulas [5] and [6] would be 
negative and the component of formula [8] 
- -  w3,4 ( 1 - -  X Cd) m3,~- 2XcdXBi  would result  in the increase 
of the log "vzn values and in better  agreement  between 
exper imental  data and those calculated from Eq. [8]. 
The data from the l i tera ture  summarized by Hul tgren 
et al. (22) on the l iquid Bi-Cd system allow us to 
consider it as ideal and not ascribe to it negative or 
positive deviations from Raoult 's  law. Such an as- 
sumption is based on 7Cd values obtained from emf 
measurements  which oscillate about unity.  

Discussion 
It  was shown for the second time in the investiga- 

tions of the liquid Zn-Sn-Cd-Bi  solutions that it 
is possible to apply Krupkowski 's  method for the 
calculation of part ial  and integral  thermodynamic  
functions of components. The first papers dealt with 

research on the l iquid Z n - S n - C d - P b  system (23, 
24, 25). As in the case of the results shown in this 
paper good agreement  was obtained between the 
experimental  data and those calculated from Krup-  
kowski's formulas. These formulas were used for 
the interpreta t ion of exper imental  data for l iquid 
metal  solutions over the  wide range of concentrations 
of components. For example, the investigations on the 
liquid Z n - I n - P b  alloys when Xzn > 0.1 molar  fraction 
(26), a systematic comparison be tween Krupkowski ' s  
(14) and Darken's  (27) method was carried out and 
very similar results from both methods were obtained. 
We suppose that  Krupkowski ' s  method can be applied 
successfully in  the case of binary,  ternary,  and 
qua te rnary  solutions and this was verified experi-  
mental ly.  In  the case of mul t icomponent  systems this 
method is also promising. 

The fundamenta l  assumption of Krupkowski 's  
method consists in the addit ivi ty of thermodynamic  
properties of mul t icomponent  systems given by  for- 
mula  [7] on the basis of the properties of b inary  sys- 
tems. When for the components j, k in solutions j, k 
the activity coefficients are given by formulas [5] and 
[6], then the respective terms of the sum [7] are the 
following 

for i ---- j 

[log ~,j] j.k = -- ~j.k ( 1 - -  Zk) mj,k-2XjXk 

2ff Wj,k [1 -- (1 -- Xk) mj'k-1] [9] 
vaLk- 1 

for i : k 

[log 7k] j,k = - -  W j , k  ( 1 -- Xk) ~"k-  2 X j X k  

-~- wj,k(1 - -  Xk)mJ'k-sX~ [10]  
for i v~ k 

iv~j  

[log 7i]j ,k : --Wj,k(1 - -  Xk)mJ'k-2XjZk [11] 

Equation [11] shows the influence of thermodynamic 
properties of j,k solutions on the activity coefficient 
of the remaining components i in mul t icomponent  sys- 
tem. Formula  [7] and others of the type [9], [10], and 
[11] enable the establ ishment  of the dependence of the 
activity coefficient of the component in the mult icom- 
ponent  system. It should be added that  a detailed anal-  
ysis of Krupkowski 's  method has been given (28). 
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APPENDIX 

Equations for activity coefficients of tin, cadmium, 
and bismuth have the following form 

log "}'Sn ---- - -~ (1 -- Xzn)-~ 

+ 10.0O0 ~i,2[1 -- (1 -- Xzn) ~ 

-- ~,~ (1 -- Xzn) -~ 

+ w1,4 (1 -- Xzn) -O'05XznXBi 

-- ~,~,~(1 -- Xcd)-~ 

+ 1.667~2,~[1 -- (1 -- Xcd) ~ 

- -  oJ2~4 (1  - -  X s n )  -~ -~ a'2,4 (1  - -  X s n )  -0"45XBi 
[12] 

l og  "YCd ----- --  ~1,2 ( i - -  Xzn)  - ~  

-- ~1,3 (1 -- Xzn) -0"33XznXcd 

+ 3.333~1,3[1 -- (1 - -  X c d )  0.67] 

--Wl,4 ( 1 - -  X z n )  - ~  - -  or2,3 (1  -- Xcd) -~ 

+ ~2,3 (1 -- Xcd) -~ -- ~2,4 (1 -- Xs~)-~ 
[13] 

l og  ~'Bi ~ - -  aJi ,2 ( 1 --  Xzn)  -~  

--  ~l,a (1 - -  X z n ) - ~  

-- Wl,4(1 -- Xzn)-~ 

+ 20.000~1.4[1 -- (1 -- Xzn) ~176 

-- ~2,3 (1 -- Xcd) - - 0 " 4 X c d X s n  

- -  ~2,4 (1 -- Xsn) - 0'45XsnXBi 

+ 1.818~2,4[1 -- (1 -- Xsn) ~ [14] 

Deuterium Labeling by Electrochemical Reactions 
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ABSTRACT 

The extent  to which dl- labeled isomeric anisoles and toluene result  from 
electrolysis of the corresponding iodoaromatics in deuter ium-conta in ing  sol- 
vent  media has been explored. Solvent mixtures  of D20 and unlabeled  aceto- 
nitr i le or dimethoxyethane give products of excellent  isotopic pur i ty  when 
l i thium perchlorate serves as support ing electrolyte. Use of te t rae thylam-  
monium as supporting electrolyte cation gives appreciable percentages of u n -  
labeled product. 

The electrochemical reduction products of many  
classes of organic compounds contain hydrogen which 
was abstracted from the solvent medium during the 
electrochemical reaction. An example is the reduction 
of an aromatic halide, which general ly proceeds by the 
reaction (1) 

ArX + 2e + HA--> ArH + X -  + A -  [1] 

HA is the solvent, a supporting electrolyte component, 
or an acidic additive. If this reaction is carried out in  a 
medium where HA is replaced by a deuter ium source 
DA, a labeled product ArD will  result. Such an ex- 
per iment  offers two possibilities. One is the electro- 
synthesis of ArD in high isotopic pur i ty  if DA acts as 
the exclusive donor. Fai l ing such exclusivity, isotopic 
analysis of the ArH,ArD product mix ture  provides a 
quant i ta t ive assessment of the degree to which other 
components of the electrochemical solvent medium can 
serve as hydrogen donors in the electrode reaction. 
This report explores these two points for the aromatic 
halide reduction, using the isomeric (o, m, p) iodoanis- 
oles and o-iodotoluene as examples. 

* Electrochemical  Society Act ive  Member .  
1 Present  address: Ivorydale  Technical  Center, Proctor  and G a m -  

ble Company,  Cincinnati, Ohio 45200. 
Key words:  deuter ium,  eleetrosynthesis,  iodoanisole, isotoDic 

labeling, support ing electrolyte. 

There have been several previous publications deal- 
ing with electrochemical deuter ium labeling. Throop 
and TSk6s (2) contr ibuted the sole electrosynthetic 
study, in which steroid carbonyl  functions were re-  
duced at constant  current  at lead electrodes in  di-  
oxane/D20/D2SO4 solvent. The label ing efficiency was 
high, and some polydeutero product also resulted. 
Webb, Mann, and Walborsky (3), seeking infor-  
mat ion on hydrogen donor sources, reduced ( + ) - l -  
bromo- l -methyl -2 ,2-d iphenylcyclopropane  in  CD~CN/ 
N(C2Hs)4Br to obtain 75% deuter ium label on the 
1-carbon. Barger and Coleman (4) examined the po- 
tent ia l  dependence of the extensive hydrogen-deu-  
ter ium exchange which propane and benzene undergo 
at a Pt  fuel cell electrode in D20/D3PO4 medium. 

The choice of the deuter ium-conta in ing  solvent 
medium is obviously crucial if a high label ing effi- 
ciency is to be sought in reaction [1]. The following 
considerations apply in this choice. A per-deutero sol- 
vent  clearly offers assurance of high label ing effi- 
ciency; for organic solvents this entails costly reagents. 
If an acidic additive DA is to be used in an otherwise 
unlabeled solvent, a suitable level of DA acidity and 
concentrat ion includes the opposing factors of suffi- 
ciently low acidity and concentrat ion to avoid direct 
electrochemical discharge of deuterium, and suffi- 
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cient ly high concentrat ion to avoid interference from 
ubiquitous H20 impur i ty  in the solvent. In  this study, 
we chose to employ the very weakly acidic donor D20 
in gross amounts, mixed with unlabeled acetonitri le or 
d imethoxyethane (DME). The choice of support ing 
electrolyte is shown to be equal  in importance to that 
of the solvent. 

Experimental 
Chemicals.--Spectrograde and "anhydrous" aceto- 

nitrile, t e t r ae thy lammonium perchlorate (Et4NC104), 
o-, m-,  and p-iodoanisoles, o-iodotoluene, and 1,2-di- 
methoxyethane  were obtained from Eastman, anhy-  
drous reagent LiC104 from G. F. Smith Company, D20 
(99.9% isotopic puri ty)  from Columbia Organic Chem- 
icals, and CD3DN from Bio-Rad. All were used as 
received. Solutions were prepared under  ni t rogen in a 
closed system to avoid external  water  contamination.  
The Et4NC104 was vacuum-oven  dried at 60~ for 24 
hr. 

Apparatus.--The electrolysis cell followed the de- 
sign of Harrar  and Shain (5), consisting of two con- 
centric cylinders te rminat ing  in medium and fine frits 
and nested in a beaker cell containing a stirred mer-  
cury pool. The three compartments  thus provided, 
namely,  the (lower) sample compar tment  with pool 
electrode, sample solution, and reference electrode, 
the (middle) salt bridge compar tment  containing sam- 
ple solution, and the (upper)  auxi l iary  electrode com- 
par tment  containing the large Pt  gauze auxi l iary  elec- 
trode and sample solution, were closed to the atmo- 
sphere by appropriate sleeves and o-rings and were 
filled with solution to equal, concentric levels to min i -  
mize in tercompar tment  mixing. The sample compart-  
ment  had provision for insert ing a dropping mercury  
electrode for polarographic assessment of appropriate 
electrolysis potentials and for closed system removal  of 
product solution, and had a volume of either 50 
(mainly  used) or 250 ml of sample solution in contact 
with the mercury  pool electrode. Fur ther  details of 
cell construction can be provided upon request. 

The electrolysis potentiostat  utilized either a Wenk-  
ing Model 61R or a Kepco Model 120-5M operational 
power supply as control amplifier and convent ional  as- 
sociated operational  amplifier circuits. The electrolysis 
required approximately 30 min  for completion. 

Gas chromatographic product isolations were ac- 
complished with a Varian Autoprep uni t  (% in. • 20 
ft D o w e x - l l  column) or an F & M Model 30 chromato-  
graph (~/s in. • 2 meter  column containing 10% SE-30/ 
chromosorb, for anisole, or 25% TCEP/chromosorb,  for 
toluene) .  The chromatographical ly purified labeled 
product was analyzed for isotopic pur i ty  using a 
Hi tachi -Perk in  Elmer  Model RMU-6E or an AEI Model 
MS-902 mass spectrometer. 

Procedure.--Following polarographic assessment of 
appropriate control potential  for preparat ive electrol- 
ysis, a small-scale electrolysis was conducted to pro- 
vide a product solution for ul t raviolet  spectrophoto- 
metric comparison to the expected authentic (un-  
labeled) product. Then a larger scale electrolysis was 
conducted and the pure product isolated for mass spec- 
trometric analysis. The electrolysis was continued unt i l  
the current  had decayed to background levels. In the 
case of iodotoluene, a spontaneous reaction ( u n k n o w n  
products) occurred with the open-circui t  mercury  
pool. This reaction was c i rcumvented by applying the 
control potential  to the working electrode in contact 
with support ing electrolyte solution prior to inject ion 
of the iodotoluene sample. In the case of m-iodanisole,  
the solution developed a yel low-orange color during 
electrolysis. A high-mel t ing  r ed -b rown  precipitate ob- 
ta ined dur ing  solvent str ipping could not be identified. 
This side reaction was not apparent ly  deleterious to 
the label ing reaction. 

To remove the support ing electrolyte prior to the gas 
chromatographic product  isolation, the sample and 
about  one-half  of the organic portion of the solvent, 

plus some D20, were stripped off with a 12-in. u n -  
packed glass column. One mil l i l i ter  injections were 
used with the Autoprep chromatograph. In  the ana-  
lytical-scale F & M chromatograph, several 100 gl in -  
jections of distillate were required for collection of 
sufficient anisole from the SE-30 column. The anisole 
eluted (80~ from this column after about 30 min, 
following the large solvent peak, and was captured in 
a glass wool-packed capi l lary main ta ined  at dry  ice 
temperature.  After sufficient sample (several micro-  
liters) had been collected in the capillary, it was 
sealed for subsequent  int roduct ion into the mass spec- 
trometer. In the case of toluene, 500 gl injections into 
the TCEP column gave a toluene peak resolved from 
and just  preceding the large solvent peak which was 
collected as above. 

In  the mass spectral isotope analysis, the labeled 
parent  ion peak Mdl was corrected for contr ibut ions 
from the C la peak of do unlabeled product and the C 13 
(M- l )  dl peak. The parent  ion peak for unlabeled  prod- 
uct, M~o, was corrected for the (M-1)dl contribution.  
The per cent deuterat ion was calculated from these 
corrected peak heights as 100 Mdl/(Mdl ~-Mdo) and 
is believed accurate to ___1%. No d2-1abeled products 
could be detected in any of the isotopic analyses. 

Many of the electrolysis and analysis experiments  
were performed in duplicate; the per cent deuterat ion 
was found in these replicates to be reproducible  to 
within ___ 1%. 

Results and Discussion 
The results of label ing experiments  using a var ie ty  

of solvent media are presented in Table I. The results 
of Experiments  1, 2, and 8-11 show that  a n  excellent 
level of dl label ing efficiency can be obtained electro- 
synthetically.  The D20/DME/LiC104 mixture  proved 
in the few experiments  r un  in this medium to be 
superior to the several D20/acetoni t r i le  mixtures  
tested. These isotopic puri t ies compare favorably with 
previous chemical syntheses of d~-anisoles, where the 
isomeric d~-forms have been prepared in 90% puri ty  
by Grignard conversion of bromoanisoles (6), and 
P-dl-anisole  was obtained at essentially 100% puri ty  
from catalytic D2/Pd/charcoal  reduction of p -bromo-  
anisole (7). Other s tandard chemical methods for 
hal ide-reduct ive labeling, such as CH3COOD/Zn, 
LiA1D4, and NaBD4 reductions (8) and t r ibu ty l  s tan-  
nane-d~ reactions (9), appear not to have been applied 
to the anisoles but  should provide comparable results. 

While no at tempt  was made in these studies to iso- 
late more than  the few mil l igrams of product  required 
for mass spectral analysis, a more exhaustive gas 
chromatographic isolation could be expected to yield 
at least 50 mg of pure product (corresponds to 50% 

Table I. Deuterium labeling efficiencies from reduction of aromatic 
iodides in various media 

% dl  
P r o d -  

Exp.  S o l v e n t  m e d i u m  a R e a c t a n t  uct  

1 60/40 b D 2 0 / D M E / O . 5 M  LiC10 ,  o-CvH~OI (0.02M) 99.0 
2 50/50  D 2 0 / D M E / O . 5 M  LiClO4 o-CTH~I (0.02)Y/) ~-~96.0 
3 35/65 I ~ O / A N / O . 5 M  LiC104 OoC7HTI (0.02M) 87.0 
4 35/65 D 2 0 / A N / O . S M  LiClO4 o-CzHTI (0.2M) 76.0 
5 10/90 D ~ O / A N / O . 5 M  LiC104 o-CTHvOI (0.01M) 94.0 
6 10/90 D 2 0 / A N / O . 5 M  LiC104 o-C7H7OI (0.025M) 94.0 
7 25/75 D e O / A N / O . 5 M  LiClO4 o-CTHTOI (0.02M) 95.5 
8 60/40 b D e O / A N / O . 5 M  LiCIO4 O-CTttTOI (0.02M) 95.8 
9 60/40 b D 2 0 / A N / O . S M  hiClO4 m-C7HvOI (O.O2M) 94.0 

10 60/40 b D 2 0 / A N / O . 5 M  LiC104 p-C~HTOI (0.02M) 93.5 
11 60/40 b D ~ : ) / A N / O . 5 M  LiC104 O-CTHTI (O.02M) 96.0 
12 60/40 b DeO/CDaCN/O.5M LiC104 o-CTHTOI (0.02M) 99.1 
13 10/90 D 2 0 / A N a / O . 5 M  LiC104 o-CTH:OI (0.02M) 91.5 
14 20/80 D 2 0 / A N a / O . 5 M  LiCIO4 O-CTH7OI (0.02M) 91.5 
15 60/40 D ~ O / A N / O . 5 M  Et4NC104 o-CzH7OI (0.02M) 84.0 
16 60/40 D ~ O / A N / O . 5 M  Et~NC104, o-CTHzOI (0.02M) 84.0 

O.5M LiC104 

a DME, AN, and  ANa are 1 , 2 - d i m e t h o x y e t h a n e ,  s p e c t r o g r a d e  ace-  
t on i t r i l e ,  a n d  " a n h y d r o u s ' *  ace ton i t r i l e ,  r e s p e c t i v e l y .  Ra t io s  a re  
v o l u m e s .  

b H i g h e s t  v o l u m e  f r ac t i on  of  D~O w i t h  r e t e n t i o n  of a d e q u a t e  s am-  
ple  so lub i l i t y .  
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recovery from 50 ml of 0.02M dl-anisole solution).  Ex- 
per iments  3 and 4 show that use of more concentrated 
sample solutions for production of larger quanti t ies  can 
lead to lowered isotopic purity.  This is a disadvantage 
as compared to the chemical synthetic approaches. The 
electrosynthetic exper iments  in this study were un-  
buffered, and the use of appropriately labeled buffers 
or of pD-sta t t ing dur ing  electrolysis may  increase the 
usable sample concentrat ion levels. 

The results of Table I also allow some conclusions as 
to the source(s) of hydrogen abstracted (from species 
ether than D20) dur ing the electrode reaction. 

The first point which must  be inspected is the level 
of H20 contaminat ion of the D20 label  source. The 
mole percentage of H20 in the original D20 is in-  
significant (0.1%). The H20 level in the spectrograde 
acetonitri le is 100 mmole or less. This H20 level in 
60/40, 35/65, 25/75, 20/80, and 10/90 D20/acetoni tr i le  
mixtures  corresponds to 0.33, 0.57, 0.80, 1.00, and 2.00 
mole per cent H20 (with respect to D20). These levels 
are too small  to account for more than  a small  frac- 
t ion of the total hydrogen impur i ty  in the dl - labeled 
materials  prepared in these mixtures.  Kar l  Fischer 
t i t rat ions of solutions of LiC104 and Et4NC104 in aceto- 
ni t r i le  showed no detectable increase in the water  level 
from residual moisture in the dried support ing elec- 
trolytes. The results in so-called anhydrous  ( t i t ra t ion-  
grade) acetonitri le Exper iments  13 and 14, were in -  
ferior to those in unt rea ted  spectrograde solvent, in-  
dicating the presence of a more potent hydrogen donor 
impur i ty  in the former. 

In the D~O/CH~CN/LiC]O4 mixtures,  the acetonitri le 
itself, ra ther  than impur i ty  H20, must  then provide 
the source of hydrogen impur i ty  in the labeled product. 
Higher proportions of acetonitri le (Experiments  5~ 
compared to 8) yield sl ightly more hydrogen im-  
purity.  A more definitive demonstrat ion is provided by 
use of per-deutero-acetoni t r i le  in Exper iment  12 (com- 
pare to Exper iment  8). The results of Wawzonek et al. 
(9) and Webb et al. (3) have shown, in controlled po- 
tent ial  electrolysis experiments,  that  acetonitri le does 
undergo hydrogen loss in certain electrode reactions. It  
is interest ing in the present  results that  acetonitri le 
can compete, albeit  at a minor  level, with the I>20 as a 
proton source. 

Use of t e t r ae thy lammonium rather  than  l i th ium salts 
as support ing electrolyte bears the consequence of 
ra ther  substant ia l  hydrogen impur i ty  in the labeled 
product (see Exper iment  15). Webb, Mann, and Wal-  
borsky (3) have shown that  proton abstraction from 
the t e t rae thy lammonium cation occurs in the reduc-  
t ion of a bromocycloalkane from acetonitri le solvent. 
They present evidence that this proton abstraction oc- 
curs indirectly;  the carbanion electrochemically de- 
r ived from the alkyl halide p r imar i ly  attacks the sol- 
vent, the resul t ing CH2CN- secondary base reacting 
with the t e t rae thy lammonium species. This indirect 
pa thway is not dominant  in the iodoanisole reaction, 

however;  the reactive base from iodoanisole reduction 
clearly attacks the t e t r ae thy lammonium cation directly 
and more readily than  it does the acetonitri le solvent 
(compare  Exper iments  8 and 15). Indirect  at tack of 
t e t rae thy lammonium by O D -  to yield HOD can also be 
ruled out, owing to the high di lut ion of the lat ter  
species by the D20, as a major  source of hydrogen in-  
troduction into the anisole product. The possibility that  
any ion pair ing effect of l i th ium ion distorts the com- 
parison of Exper iments  8 and 15 is likewise ruled out, 
by Exper iment  16, which shows that  the addition of 
LiC104 causes no change in the hydrogen impur i ty  
level observed in the presence of t e t rae thy lammonium 
cation. 

The above results show, in summary,  that: 
1. Reductive electrosynthesis of deuter ium-labeled  

organic compounds can lead to labeled materials  of 
very high isotopic pur i ty  in small  quantities. 

2. Use of isotopic labels can lead to bet ter  under -  
s tanding of electrode reaction mechanisms and, in 
particular,  to recognit ion of components of the sol- 
vent  medium which must  be controlled if one wishes to 
minimize sources of acidic react ivi ty toward electrode 
reaction products or intermediates.  
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The Bockris-Swinkels Isotherm and Low-Coverage Electrosorption 
of Monocarboxylic Acids on a Copper Cathode 

R. S. Salter, P. Seto, and A. J. Sukava 
Department ol Chemistry, University of Western Ontario, London, Ontario, Canada 

ABSTRACT 

A theoretical analysis of equations per ta ining to the electrosorption of 
normal  monocarboxylic acids on a copper cathode indicates that, at surface 
coverages approaching zero, the net free energy of adsorption of the polar 
carboxyl  group depends on the number  of adsorbed water  molecules displaced 
per molecule of adsorbing additive, while the f ree-energy contr ibut ion of the 
hydrocarbon part  of the molecule is independent  of this number .  Accordingly, 
the carboxyl and hydrocarbon parts of the molecule appear to be specifically 
a n d  nonspecifically adsorbed, respectively. A coverage-dependent  interaction 
parameter  or apparent  free energy is inherent  in the Bockris-Swinkels  iso- 
therm and is proport ional  to the fractional surface coverage as the coverage 
approaches zero, with the proport ionali ty constant also dependent  on the 
solvent displacement number .  An equation is derived relat ing the solvent 
displacement number  to other physical properties of the adsorbate. The results 
seem consistent with a condensation mechanism of physical adsorption. 

Studies of the effects of normal  monocarboxylic 
acids on the cathode overpotential  during electro- 
deposition of copper from acid sulfate electrolyte have 
shown (1, 2) that  specific adsorption free energy con- 
t r ibut ions due to the individual  s t ructural  uni ts  of 
such additive molecules can be calculated from over- 
potential  increment  and additive concentrat ion data. 
A coverage-dependent  apparent  free energy, assumed 
to be due to lateral  interaction, is also calculable (2), 
with results  similar to those obtained for the adsorp- 
t ion of butanoic and 2-methyl-propanoic  acids on 
mercury  (3). Theoretical considerations indicate that 
the lateral  interact ion arises pr imar i ly  from dipole- 
dipole effects in the adsorbed phase (2). 

The present  paper deals with the electrosorption of 
monocarboxylic acids in general  terms, with restric- 
t ion to very low or near-zero coverages. The blocking 
equation (1, 2, 4) and an appropriate form of the 
Bockris-Swinkels  isotherm (2, 5) are assumed appli- 
cable, and some per t inent  and useful informat ion is 
derived based on this assumption. Special a t tent ion 
is given to the relat ionship between the various free 
energy components and  the solvent displacement n u m -  
ber n, the number  of adsorbed water molecules dis- 
placed per molecule of additive in the adsorption 
"reaction" (5) 

Aso ln .  -~" n H 2 O a d s .  --> A a d s .  -I- n H 2 O s o l m  

Theory 
Calculation of e, the fraction of cathode surface cov- 

ered by adsorbed additive, from the overpotential  
increment  A~ caused by such additive, assumes the 
applicabil i ty of the blocking equation (i, 4) 

0 =  1 - -  exp ( - - ~ / b )  [1] 

where  b is the Tafel slope. Obviously, this equation 
c a n  only be applied to the so-called Tafel region where 
charge t ransfer  is rate determining (6, 7), and only if 
the presence of adsorbed additive does not alter the 
charge- t ransfer  kinetics of the cathode process, that  is, 
only if the additive merely  increases the true current  
density at the electrode surface. 

For normal  monocarboxylic acids as additives, the 
coverage e can then be related to the individual  
adsorption free energy contributions of the various 
parts of the adsorbed molecule by wri t ing the Bockris- 
SWinkels version of the Langmuir  isotherm (5) (de- 
r ived for adsorption involving solvent displacement) 
in the appropriate form (2) 

Key words:  t h e o r y ,  i s o t h e r m ,  b l o c k i n g ,  h o m o l o g o u s ,  a d d i t i v e s .  

e (e + n ( i -  e)} n-1 

( 1  - -  ~ ) n  n n 

: C exp [ -~G~176 ], [2] 
55.5 RT 

In Eq. [2], C is the concentrat ion of additive, x is the 
number  of methylene groups in the addit ive molecule, 
including the te rmina l  methyl,  and n is the solvent 
displacement number .  AG~ and AG~ denote the 
s tandard free energy contr ibut ions of the polar car- 
boxyl group and each methylene group respectively, 1 
while the coverage-dependent  parameter  g(e) is a 
F rumkin - l i ke  interact ion term definable as an apparent  
standard free energy (8) due to lateral  forces between 
the adsorbed molecules. 

Values of g (~) have been calculated (2) for adsorbed 
s traight-chain monocarboxylic acids from cathode 
overpotential  increments  in accordance with Eq. [1] 
and [2]. The results are in reasonable agreement  at 
low coverages with values calculated from theory, 
assuming only dipole-dipole interact ion and neglect- 
ing dispersion effects [see Fig. 6 of Ref. (2)].  Accord- 
ingly, for these compounds, g(e) can be treated to a 
first approximation as a dipole-dipole interact ion 
energy only, provided the surface coverage is not too 
high. 

Experiments  with low concentrat ions of the straight-  
chain monocarboxylic acids from propanoic to octanoic 
inclusive have also shown (2) that, in the adsorption 
of these compounds on a copper cathode dur ing elec- 
trodeposition under  galvanostatic control, the free 
energy term AG~ is independent  of surface cover- 
age. Therefore, since change in coverage gives rise to 
change in cathode potential  under  galvanostatic con- 
ditions, then, wi thin  the l imitat ions of the data, ~G~ 
can be treated as independent  of potential. For  this 
reason, any potential  dependence of the free energy of 
adsorption of short-chain normal  monocarboxylic 
acids is considered in this paper to be incorporated in 
the term ~G~ primarily.  

Since the cathode overpotential  in galvanostatic ex- 
periments is determined by the concentrat ion and 
na ture  of any surface-active additive, as well as by 
the apparent  current  density, the temperature,  and the 
composition of the s tandard electrolyte apart  from the 

1 Whi l e  th i s  d i v i s i o n  of t h e  s t a n d a r d  f r e e  e n e r g y  of a d s o r p t i o n  in to  
s e p a r a t e  c o n t r i b u t i o n s  f r o m  t h e  c a r b o x y l  a n d  m e t h y l e n e  g r o u p s  
f o l l ow s  f r o m  e x p e r i m e n t a l  d a t a  in  t h i s  i n s t a n c e  (2), i t  s h o u l d  be  
n o t e d  t h a t  t h e  s a m e  d i v i s i o n  w o u l d  a r i s e  i n  a p u r e l y  t h e o r e t i c a l  
m a n n e r  i f  T r a u b e ' s  r u l e  is a s s u m e d  to a p p l y  to t h e  a d s o r p t i o n  f r o m  
so lu t i on  of c o m p o u n d s  in  a h o m o l o g o u s  s e r i e s  s u c h  as  t h e  s t r a i g h t -  
c h a i n  m o n o e a r b o x y l i r  ac ids .  
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additive, then, assuming the adsorption of the car- 
boxyl group to be potential  dependent,  the value of 
AG~ in Eq. [2] varies with additive concentrat ion in 
such experiments.  By extrapolat ing the galvanostatic 
data to zero addit ive concentration, i.e., to zero surface 
coverage, a l imit ing value of AG~ is obtained which 
corresponds to a potentiostatic state arb i t rar i ly  deter-  
mined and fixed by the exper imental  cur rent  density, 
the temperature,  and the composition of the s tandard 
electrolyte. Pure ly  mathematical  equivalents  of such 
an extrapolat ion can be derived by applying Eq. [1] 
and [2] to low surface coverages and considering the 
l imit ing case as the coverage approaches zero. 

P r o p o r t i o n a l i t y  o f  An a n d  C at  l ow  s ur f ace  c o v e r -  
age. - -Exper iments  have shown (2) that  the cathode- 
overpotential  increment  caused by adsorbed monocar-  
boxylic acid is proport ional  to the concentrat ion of the 
additive if the surface coverage (or additive concentra-  
tion) is sufficiently low. This proport ionali ty can be 
shown to follow as a direct consequence of Eq. [1] 
and [2]. 

As o approaches zero, An and g(o)  also approach 
zero, and Eq. [1] and [2] become, respectively 

0 = A~Ib [3] 
and 

0 = n K C  [4] 
where K is given by 

1 [ --aG~176 j 
a = 55.5 exp [5] R T  

Obviously, for a given additive at a fixed apparent  cur-  
rent  density and temperature,  K is fixed at near-zero 
coverages since AG~ takes on its l imit ing zero-cover- 
age value as determined by the a rb i t ra ry  exper imental  
conditions, and since AG~ being independent  of 
coverage (2), is assumed to be independent  of poten- 
tial. Equations [3] and [4] then give, in the l imit  

(A~/C)  = n b K  [6] 
C+O 

showing that the ini t ial  slope of the A~ vs.  C curve is 
fixed for any monocarboxylic acid and for any fixed 
value of n. 

Subst i tu t ing Eq. [5] into [6], and wri t ing the result  
in logarithmic form, gives 

[ n b  AG~ ] AG~ 
= In . . . . . .  x 

In (A~I/C) c-,0 55.5 R T  R T  

[7] 

Therefore, as has been shown by experiment  [see Fig. 
3 of Ref. (2)],  the logari thm of the init ial  slope varies 
l inear ly  with the n u m b e r  of methylene  groups in a 
normal  monocarboxylic acid molecule. 

Equation [7] leads to some interest ing observations, 
assuming that  Eq. [1] and [2], on which it is based, 
are both valid. Obviously, in the electrosorption of 
normal  monocarboxylic acids on copper, the methyl -  
ene-group contr ibut ion to the free energy, given by the 
slope in Eq. [7], is independent  of the solvent displace- 
ment  number  n. On the other hand, the carboxyl-group 
contr ibut ion can only be found from the intercept  in 
[7] if n is known, and consequently, it appears that 
adsorption of these compounds on copper from aqueous 
solution must  occur in a manne r  such that adsorbed 
water  molecules are displaced only by the carboxyl 
group. The free energy of adsorption of the carboxyl 
group, AG~ is then, presumably,  a net  free energy, 
the algebraic sum of the actual free energy of adsorp- 
tion of this group and the free energy of desorption of 
n moles of water. It  follows that  a dist inction can be 
made between the carboxyl-group and methylene-  
group effects as specific and nonspecific adsorption, 
respectively. Fur ther ,  to be consistent wi th  the signifi- 
cance of x in Eq. [7], the hydrocarbon chain of an 
adsorbed monocarboxylic acid molecule probably lies 
paral lel  to or along the copper surface, and presumably  
on top of undisplaced, adsorbed water molecules. 

P r o p o r t i o n a l i t y  o f  g(o) and  o at  l o w  sur face  c o v e r -  
a g e . - - E x p e r i m e n t a l  data and calculations reported by 
different workers  (2, 3, 5, 9) appear to indicate that, 
in any adsorption, the coverage-dependent  energy 
parameter  g(0) becomes proport ional  to the surface 
coverage at coverages approaching zero, with the pro- 
port ionali ty constant having some nonzero value. This 
proport ionali ty follows as a consequence of the adsorp- 
t ion isotherm, Eq [2]. 

Solving Eq. [2] for g(0), and introducing Eq. [5], 
gives, after  rea r rangement  

n K C  g(O)/RT = In-- + nln(l -- o) 
o 

-- ( n - -  l ) ln  1 - - ~ . 0  [8] 
n 

which applies at all values of o. Straightforward sub- 
st i tution of power-series expressions for the loga- 
r i thms in the second and  third terms in  [8], followed 
by division through by  0 and taking the l imit  as o 
approaches zero, gives 

--In + -- -- 2 [9] 
R T  - 7  = 0 0 n 

0->0 0.o0 

where the first te rm on the right is indeterminate  in 
view of [4]. Equat ion [9] permits  direct calculation of 
the zero-coverage slope of the g(0) vs.  o curve, requir -  
ing only that  the indeterminate  quant i ty  be found. 

For sufficiently low values of 0, and assuming the 
blocking theory to be valid, Eq. [6] can be applied to 
give, on subst i tut ion from [1] 

0 2 o a 
n K C  = --  in  ( l  - -  O) -- 0 - t - ~ - + T  + ' " " 

which applies only when  surface coverage is suffi- 
ciently low to make A~ proport ional  to C. With this 
subst i tut ion for n K C ,  the first term in [9] becomes, 
after fur ther  subst i tut ion Of power series and simplifi- 
cation 

1 n K C  
In 

0 0 
1 0 0 2 t = 

1 ( o  )2 
28 5-+-g - + ' ' "  + " "  

which, for the zero-coverage limit, is 

o-+o 
= - -  [10] 

2 

Equations [9] and [10] then give the slope of the g(0) 
vs.  o curve at coverages approaching zero as 

g(0) 1 3 ) R T  [11] 

The nonzero value of g(0) at a]l n o n z e r o  values of # 
as given by Eq. [ l l ]  is a characteristic inherent  in the 
Bockris-Swinkels  isotherm. It  is consistent with the 
expected na ture  of any physical adsorption at near-  
zero coverages. To at ta in their lowest possible free- 
energy state at such coverages, molecules of adsorbate 
would be expected to achieve a degree of la teral  in-  
teraction by locating a d j a c e n t  to each other in oriented 
and clustered array, in a manne r  analogous to ordinary 
condensation. This condensation mechanism of adsorp- 
t ion would be similar  to the formation of so-called 
coherent islands as found in  the case of long-chain  
monocarboxylic acids at the air-solut ion interface (10). 
The adsorbed phase would not be expected to exist 
as randomly spaced individual  and separately ad- 
sorbed molecules. 
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Solvent displacement number and physical proper- 
ties of the adsorbate.--If localized adsorption is as- 
sumed with lateral  interact ion due main ly  to dipole 
effects (2, 5), then, according to theory (5), the molal 
value of g(0) can be given in terms of coverage 0 
and dipole interact ion Udip. by 

g(o) : r ON Udip. [12] 

where N is the Avogadro number  and where r a con- 
stant, depends on the manne r  in which the adsorbed 
molecules are ar rayed and oriented on the surface 
(5). The molecular  contr ibut ion to the dipole in ter-  
action is given by (5) 

]~n 2 
Udip. = - -  ~ [13] 

,r3 

where ~D is the dipole moment,  �9 the dielectric constant  
of the medium (the pr imary  electrode layer) ,  and r 
the average distance between adjacent  dipoles in the 
adsorbed phase. Consequently,  an equation can be 
wr i t ten  relat ing the solvent displacement n u m b e r  n 
directly to the parameters  on the right in [13] by sub- 
st i tuting [12] and [13] into [11] to give, for sufficiently 
low coverages 

[ 3 1 ] k T :  r  
2 n ,o_~o r3 [14] 

where k is the Bol tzmann constant  and where the zero- 
coverage value of e is specified to conform to the re-  
quirements  of Eq. [11]. [It should be noted that the 
dielectric constant  of the pr imary  electrode layer  has 
been considered to vary  with coverage (5, 11, 12) ]. 

The quanti t ies n, ~D, ~, and r in Eq. [14] are not 
accurately known. In particular,  widely different val-  
ues of e have been considered appropriate at zero 
coverage, e.g., 80 (5), 15 (11), 6 (12), and 1 (13), 
depending on the adsorbate, the mode of adsorption, 
and the proximity of the dipole to the surface (13). 
However, assuming the val idi ty  of Eq. [14], at least as 
an approximation, and noting that  n, r ~D, and r are 
presumably  determined by the fixed dimensions and 
s t ructure  of the adsorbate molecules, then c is l ike- 

0->0 
wise also fixed and determined pr imar i ly  by these 
molecules themselves, even at coverages approaching 
zero. This conclusion is consistent with the view that 
clustering of adsorbed molecules occurs at near-zero 
coverages, according to the condensation concept, as 
has been stated in connection with Eq. [11]. 

Fur thermore,  it is of interest  to note the value of 
'o-,o as calculated from reasonable estimates of the 

parameters  in Eq. [14] for adsorbed monocarboxylic 
acids. If n is taken as about 2.2 [estimated from the 
cross-sectional area of the hydrocarbon chain relat ive 
to the projected area of the water  molecule (3)],  r 
as about 4.9A [estimated for close-packed ar ray  from 
the cross-sectional dimensions of the hydrocarbon 
chain (5)],  and ~D as about 1.5 Debye [taken as an 
average for short-chain monocarboxylic acids (14)], 
and if localized adsorption, hexagonal  array, and 
ant iparal le l  or ientat ion are assumed, i.e. if r -- 4.5 (5), 
then e0_~0 for these compounds is about 2.1 at 25~ 

For parallel  orientation, wi th  ~ ---- 9.24 (5), e would 
0--~ 0 

be about 4.3. These values of �9 may be compared 
0--~0 

with the l iquid-s ta te  value of about 2.5 for pure mono-  
carboxylic acids (15). 

Condensation concept of adsorption.--The argument  
that the nonzero slope of the g(0) vs. o curve given by 
Eq. [11] is consistent with a condensation mechanism 
of adsorption finds support in a simple calculation 
based on Eq. [12] and [13], according to which the 
init ial  zero-coverage slope of the g(e) vs. o curve 
would be zero if the adsorption occurred by a random 
distr ibut ion of separate molecules. 

If such a random distr ibut ion of individual  adsorb- 
ate molecuies is assumed, then E and r in Eq. [13] 

would be functions of 0, the coverage. This assumption 
is implicit  in the belief that  the dielectric "constant" 
of the p r imary  cathode layer  varies l inear ly  with 
coverage (5, 11, 12), according to which one would 
write for monocarboxylic acids adsorbed from 
aqueous solution 

, = 6 - - 3 . 5 0  

where  the zero-coverage e-value of 6 is assumed to be 
that  of pure water  in the p r imary  cathode layer (12) 
and that at full  coverage, taken as 2.5, is the value for 
pure l iquid monocarboxylic acids (15). Then, since 
the coverage dependence of r would be given by (9, 16) 

r = q . 0 - � 8 9  

where q is a cons tan t s  Eq. [12] and [13] would give, 
for separate-molecule adsorption with dipole-dipole 
interact ion assumed predominant  

g(O) [ 0 ~/z ] 
_ _  -- C N ~ D 2 q - 3  

o 6 - - 3 . 5 o  

Obviously, as 0 approaches zero, this would become 

g (o) 
--7-]  =0 

8--,O 

in contrast  to the behavior  inheren t  in the Bockris- 
Swinkels isotherm as given by Eq. [11]. 
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ABSTRACT 

Exper imenta l  results from thermal ly  activated measurements  can be ana-  
lyzed by different methods. In  view of the difficulty of obtaining precise solu- 
tions of the differential equations describing the t ransport  and t rapping of 
charge carriers in solid dielectrics, various l inearized theories have been de- 
veloped. In the present paper the isothermal theory of convent ional  models 
is generalized and a nonisothermal  model theory is established. Current  t r an -  
sients generated by heating in short-circuit  and vol tage- t ransients  generated 
by heating in open-circui t  are discussed. It  is found that  under  nonisothermal  
conditions the concept of equivalency of models must  be severely restricted 
and that the assumptions of charge invar iance and absence of current  reversals, 
implicit in many  existing theories, cannot  be taken for granted. One concludes 
that  the interpreta t ion of thermal  activation measurements  without  the 
knowledge of the s tructure of the system under  consideration and the under ly -  
ing physical mechanism leads to ambiguities. 

The measurement  of thermal ly  s t imulated currents  
has become an important  tool for the investigation of 
relaxat ion processes in solid dielectrics (1). When the 
tempera ture  of a polarized dielectric is increased, 
depolarization currents  are generated and current  
peaks are observed which are indicative of the suc- 
cessive release of charge carriers or dipoles from fixed 
positions. But the quant i ta t ive  interpreta t ion of results 
is still open to discussion since procedures based on 
existing theories (2) have recent ly been questioned by 
several authors (3). 

The method of thermal  activation is an extension of 
the isothermal methods of analysis previously used in 
the practice of dielectric measurements.  The isothermal 
behavior  of solid dielectrics has been adequately de- 
scribed with the help of electrical models in which 
tempera ture  appears as a t ime- independen t  parameter.  
It  can be expected that  model theory will  be equally 
useful for the discussion of nonisothermal  behavior. It 
is the purpose of the present  paper to generalize 
isothermal model theories by introduct ion of tempera-  
ture  as a t ime-dependent  var iable  and to study non-  
isothermal t ransi t ions of l inear  models. Results show 
the l imitat ions of some of the assumptions inherent  in 
existing theories and give a comprehens ive  t rea tment  
of t empera ture- induced  electrical transients.  They in-  
dicate that the measurement  of thermal ly  s t imulated 
voltages is complementary  to that of thermal ly  s t imu- 
lated currents  and suggest them as a new experi-  
menta l  approach to the problem. The concept of equiv-  
alence of models is found to lose validity. Therefore 
the selection of a part icular  model can no longer be 
dictated by the convenience of mathemat ical  descrip- 
tion but  must  be determined by the physics of the re-  
laxat ion system. 

Concepts of Nonisothermal Model Theory 
Assumpt ions . - -The  paper deals with the theory of 

l inear  electrical relaxat ion processes in solid dielectrics 
with a finite, discrete spectrum of act ivation energies. 
It  discusses electrical t ransients  in charged or polarized 
systems after the external  source of electrical energy 
has  been disconnected. Conductivi ty glow curves are 
not included. The characteristic variables are current,  
voltage, and tempera ture  which might  all be functions 
of time. Tempera ture  shall, however, vary  slowly 
enough to ensure no depar ture  from spatial uni formi ty  
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throughout  the sample. Phase transi t ions and irre-  
versible processes like aging are excluded. The acti- 
vation energies are considered as t empera tu re - inde-  
pendent  physical constants. Physical  systems are repre-  
sented by l inear electrical models with lumped ele- 
ments  composed of resistors and capacitors. Changes 
of tempera ture  shall not affect the a r rangement  of the 
elements of a model but  only their  values. These shall 
be state variables. The l ink  between physical system 
and model is established by means of convent ional  rate 
theory. 

Isothermal and nonisothermal theories.--Conven- 
t ional theory, as it has been applied to relaxat ion 
processes (4), considers current  t ransients  caused by 
voltage changes and voltage t ransients  caused by cur-  
rent  changes at different, but  constant  temperatures;  
therefore it is an isothermal theory. It leads to differ- 
ential equations with constant  coefficients. Thermal ly  
activated processes involve nonisothermal  transi t ions 
during which system parameters  are t ime-dependent  
functions. They are no longer described by differential 
equations with constant  coefficients. The formalism 
must  therefore be generalized. A suitable s tar t ing 
point is found in model theory. Thus the present  non-  
isothermal theory uses the method of ne twork  analogs 
to discuss current  t ransients  caused by tempera ture  
changes at constant  (i.e., zero) voltage and voltage 
t ransients  caused by temperature  changes at constant 
(/.e., zero) current.  

Models . - -Many different models have been used to 
discuss molecular  re laxat ion processes (5). Here we 
shall discuss in detail only two representat ive models: 
the Maxwell  model, given by a paral lel  a r rangement  of 
branches, each containing a series connection of re-  
sistor and capacitor; and the Wagner-Voigt  model, 
given by a series a r rangement  of loops, each contain-  
ing a paral lel  connection of resistor and capacitor. 

State variables .--How does a given model react to a 
change of temperature?  The model structure, i.e., the 
part icular  a r rangement  of elements that characterizes 
the model, must  remain  the same if the model concept 
is to be meaningfu l  at all under  nonisothermal  con- 
ditions, but  the values of the elements become var i -  
ables. 

A priori the value P of a circuit  e lement  can depend 
on tempera ture  T( t ) ,  its t ime derivatives dT/dt ,  d2T/ 
dt 2 . . . .  , and explicit ly on time t. In  this case one would 
have P [ T ( t ) , d T / d t ,  . . . , t]. To develop a theory one 
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must  specify the type of funct ional  dependence. If P 
depended expl ici t ly  on time, the system would undergo 
i r revers ible  modifications, e.g., aging. If P depended on 
any t ime der iva t ive  of temperature ,  it could assume 
different values for the same va lue  of T and lead to 
" thermal  hysteresis." Here  we shall  not consider these 
effects and assume that  at any t ime P is uniquely  de- 
te rmined  by the value of T at that  time. This definition 
makes P a state var iab le  which  is wr i t t en  P I T ( t ) ] .  A 
system composed of e lements  whose values are state 
parameters  goes through a succession of equi l ibr ium 
states during a change of temperature .  

Charge invariance.--Most theories of the rmal ly  
s t imulated currents  implici t ly assume that  the t ime 
integral  over the short-circui t  current  from zero to 
infinity is independent  of the funct ion T (t) during the 
discharge in terva l  and defines the initial "charge of the 
system." In a preceding paper we have called this 
the principle  of charge invar iance and der ived f rom it 
a theory  of nonisothermal  effects (6). But  charge in- 
var iance  is not an assumption of the present  theory. 
Rather  it wil l  be shown that  it does not always apply 
and is a cri terion which allows one to dist inguish be- 
tween different models. 

Current and Voltage Measurements 
In electric ne twork  and model  theory  a para l le l i sm 

exists be tween  the t rea tment  of shor t -c i rcui t  currents  
and open-circui t  voltages. Past  exper ience in the  field 
of electrets, closely related to that  of the rmal ly  acti-  
va ted  re laxat ion processes, has shown that  a combina-  
tion of current  (7) and vol tage (8) measurements  is 
necessary to unders tand nonisothermal  conduction and 
polarization effects (9), but recent  studies of ther-  
mal ly  act ivated processes have rel ied exclus ively  on 
current  measurements .  Introduct ion of the method of 
vol tage measurements  is an impor tant  complement  
of current  measurements .  No analyt ical  t r ea tment  is 
complete  that  does not discuss both methods on the 
same level. 

Thermally stimulated currents.--The dielectric is 
charged at a high temperature ,  cooled to a low tem-  
perature,  and short-circuited.  Af te r  a suitable period 
of quiescence it is reheated in short-circuit .  A depo- 
larization current  is observed. 

Thermally stimulated discharge voltage.--The t rea t -  
ment  is the same as before up to the moment  of the 
short-circuit .  Then, while  the vol tage source is re-  
moved,  the dielectric remains in open-circuit .  A slow 
low- tempera tu re  vol tage decay sets in. The discharge 
is accelerated by reheating.  In the  presence of several  
re laxat ion processes wi th  different activation energies 
a stepwise voltage curve should be observed (Fig. 1, 
part  I I I ) .  

Thermally stimulated return voltage curves.--The 
exper imenta l  conditions are the same as for the mea-  
surement  of thermal ly  s t imulated currents, unt i l  the 
beginning of the reheating.  Then, instead of leaving the 
system in shor t -c i rcui t  and measur ing currents,  one re-  
moves the short-circui t  and measures  voltages. A re-  
turn  vol tage is observed; the voltage r ecovery  pro-  
ceeds stepwise when charge release is governed by 
mult iple  act ivation energies; eventua l ly  the increase of 
the intrinsic conduct ivi ty  of the dielectric causes the 
vol tage to drop to zero (Fig. 1, part  IV) .  

Thermally Stimulated Currents 
Maxwell model.--The dil~erential equation.--The 

Maxwell  model  is represented in Fig. 2. The values of 
the resistors and capacitors are state variables, thus 
Rt = Ri[T(t)]  and Ci ---- Ci[T(t)].  Their  products 
R i C i  = ~i[T( t ) ]  are also state variables;  under  iso- 
thermal  conditions they  are the t ime-constants  of the 
system. The shor t -c i rcui t  current  J is given by the sum 
of the branch currents  Ji, thus 

I 

J E ~ Current 

/ 

C h a r g i n g  Voltage U ~ l t a g e  W 

Charging Voltoge U Return Voltage 

+* 0 t ., 

Fig. 1. Thermally activated voltages. I, Temperature; II, Current; 
III, Discharge voltage curve; IV, Return voltage curve, t ~ - - t * :  
polarization period; - - t *  < t < O: short-clrcuit; 0 < t: open- 
circuit. Time scale in hours. 

I l 

[ 

Fig. 2. Maxwell model 

N 

Ji(T,t) = ~¢ Jt(T,t) [1] 
1 

where  N is the number  of branches. The voltage across 
a resistor Rj is RiJi and that  across a capacitor Ci is 

£ (1/Ci) Jidt. In short-circui t  the sum of both voltages 

must  be zero and therefore  

£ RiCiJi + Jidt = 0, i = 1,2, . . .  ,N [2] 

Introducing Ti and differentiat ing with  regard to t ime 
one has 

dJi /d t+ Ji(1/~i -}- dlnTi /dt)  = 0, i = 1,2 . . . . .  N [3] 

Let  us introduce the notations 

Z Ii(h,t2) = (Ti[T(s) ]) -1 ds [4] 

and 
q~(t~,t2) = qi(0) exp (--h(t~,t2)) [4a] 

one obtains the solutior~ 

J i (T, t )  = (T i lT( t ) ] )  - t -  qi(0,t) [5a] 

The quanti t ies qi(0) = J i ( 0 ) "  Ti(0) are integrat ion 
constants which depend on the init ial  conditions at 
t = 0 .  

The coefficients of Ji in the differential  Eq. [3] can 
be wr i t ten  expl ici t ly  in the form ki = (1/~i) (1 -5 (dTi/ 
dT) (dT/dt) ) .  They contain the t ime der ivat ives  of the 
t empera tu re  and therefore  are  not state variables. If  
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the tempera ture  is constant, dT/dt -~ 0 and ki ~ (1/Ti) 
-~ const. This gives the we l l -known  differential equa-  
tions of the isothermal theory. If one were to take 
these equations as the start ing point  and generalize 
them by allowing T to become a funct ion of time, one 
would miss the term containing dT/dt. 

Charge invariance.--By noting that  

dqi(tl,t~) /dt2 = --qi(tl,t2) /Ti[T (t2) ] [4b] 

one can write Eq. [5a] as 

Ji (T,t) ---- -- dqi (0 , t ) /d t  [Sb] 

The current  is therefore a total differential. Since T 
and Ti are always finite, the value of the integral  Ii in 
Eq. [4] becomes infinite when t2 becomes infinite and 
the exponential  goes to zero. In tegrat ion over t ime 
between an arb i t ra ry  t ime to and oo gives therefore 

~ Ji[T(t), t]dt -- qi(O, to) [6] 
o 

The integral  on the left side contains the a rb i t ra ry  
funct ion T(t)  in the t ime in terval  to ~ t ~ ~ ,  but the 
value of this integral,  given by the expression on the 
right side, depends only on the values of the funct ion 
T (t) in  the t ime in terval  0 ( t ~ to and on the ini t ia l  
conditions at t ---- O. Therefore the value of the t ime 
integral  over the current  between to and c~ is inde-  

~v 

pendent  of T in  the interval.  Since J -- l "  Ji the same 
1 

conclusions apply also to the total discharge current  J. 
Taking in par t icular  to ~- 0 one has 

o = J[T( t ) , t ]d t  = q (0 ) ,T( t )  a rb i t ra ry  [7] 

This equation represents a very  par t icular  situation. To 
each tempera ture  function T( t ) ,  0 ~ t ~ oo, belongs a 
par t icular  discharge current  J[T (t),t] ; different heat-  
ing rates give different discharge currents.  There is no 
a priori reason to assume that the t ime integral  over 
these different currents  has always the same value, 
but  Eq. [7] shows that this indeed is the case. The 
depolarization charge q (O) is a constant  which depends 
only on the state of the system at t ~- 0, i.e., on tem-  
perature  and voltage dur ing the  in terval  t ~ 0 which 
precedes the reheat ing period. This property of the 
integral  [7] allows one to introduce a single value for 
the depolarization charge without specifying the tem- 
pera ture  as a funct ion of t ime during the discharge. 

Activation energies.--The relaxat ion var iables  ~i can 
be related to the characteristic constants of the physi-  
cal system with the aid of rate theory. In  isothermal 
theory, the re laxat ion t ime is related to tempera ture  
by the equation z ---- ( l /v)  exp (u/kT) .  The tempera-  
ture dependence of the frequency factor v is small  com- 
pared to that of the exponent ial  factor and usual ly  is 
neglected; u is an activation energy. In usual  applica- 
tions T is considered to be a parameter ;  in  the present  
case where the system undergoes a tempera ture  excur-  
sion, it is a t ime-dependent  function. We generalize the 
rate equation by int roducing T as a funct ion of time, 
but  suppose that  wi th in  the l imited temperature  in ter -  
val  considered here the act ivat ion energies are tem- 
pera ture - independent  constants. This assumption ex- 
cludes the occurrence of phase transitions. Thus the 
constant  relaxat ion times of the isothermal theory are 
replaced by the re laxat ion variables 

Ti[T(t) ] = (1/vi) exp (u i /kT( t ) )  [8a] 

The activation temperatures  are defined by  

T i  - "  u i / k  [ S b ]  

The definition of the products RiCi as state variables  
allows one to identify them with the functions ~i de- 
fined by Eq. [8a] and to wri te  
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RiCi -~- (1/vi) exp (ui /kT(t)  ) [8c] 

Linear heating rate.--Inversion of the function T(t)  
gives t ime as a funct ion of t empera ture  and allows one 
to introduce the lat ter  as the independent  variable.  In  
most experiments  heat ing rate is constant  and t em-  
pera ture  is a l inear  funct ion of time, i.e., T ---- To -~ ~t. 
Inversion gives 

t -- (T -- To)/fl [9] 

Introduct ion of Eq. [Sa] and [9] into Eq. [4] gives the 
current  as a funct ion of tempera ture  alone 

J i (T)  -- Ji(0) exp ( - -u i (1 /kT -- 1/kTo) 

- -  (~i/;~) o exp ( - -u i /kT)dT)  [1O] 

This is the equation for first order kinetics on which 
m a n y  authors (1) have based their  analysis of ther-  
mal ly  s t imulated currents.  Their  t rea tment  is there-  
fore equivalent  to the introduct ion of a Maxwell  model 
(6). Implic i t ly  it involves the val idi ty  of charge in-  

variance as shown in  Eq. [7]. 

Wagner-Voigt model.--Di~erential equation.--The 
Wagner-Voigt  model is shown in Fig. 3a. Resistors Ri, 
capacitors Ci, and their  products ~i wil l  again be state 
variables. The externa l  voltage U is equal  to the sum 
of the loop voltages Ui. In  short-circui t  one has U ---- 0 
and therefore 

H 

~,r Ui(T,t) : O [11] 
1 

The current  through a resistor Ri is Ui/Ri and through 
a capacitor it is d ( C i U i ) / d t ;  the total  cur rent  is there-  
fore d(CiUi)/dt + Ui/Ri. Inspection of Fig. 3a shows 
that  all currents  have the same value  and are equal to 
the external  current  J. This gives the system of equa-  
tions 

J (T,t) : Ui /Ri  "~- UidCi/dt + CidUi/dt, i : 1,2 . . . .  ,N 
[12] 

which shows that  the value of the current  in each loop 
is the same. We shall give the analyt ical  solution for a 
two-loop four-e lement  model and subsequent ly  discuss 
qual i ta t ively the behavior  of a mul t i - e l emen t  model 
for very  slow heat ing rate. 

I 

! 

J I ' I 

Q 

7" -  
1. 

b 

J=O 

I 

[ ]  
T 

d 

Fig. 3. Wagner-Voigt model, a, Three-loop model; b, Idealized 
model, low temperature; c, Idealized model, intermediate tempera- 
ture; d, Idealized model, high temperature. 
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Ana l y t i ca l  solut ion for f o u r - e l e m e n t  m o d e l . - - W i t h  N 
= 2, Eq. [11] gives U1 ---- --U2 and Eq. [12] gives 

(1 /RI  4- 1/R2)U1 -{- Uld(C1 -~- C 2 ) / d t  

+ (C1~- C2)dU1/d t  : 0 [13] 

In t roducing 1 /R  : 1/R1 ~- 1/R2, C : C1 + C~, T : RC,  

q(0) : U[T(0) ,0]  • C[T(0 ) ] ,  and the integral  

Y: I(O,t) = d s / ~ [ T ( s ) ]  [141 

also defining 
q(O,t) = q(O) exp ( - - I ( O , t ) )  [14a] 

and noting that  

q(O,t) = - -~ [T( t ) ]  • d q ( O , t ) / d t  [14b] 

one obtains 

UI(T , t )  = C - ~ [ T ( t ) ]  • q(O,t) 

= - - R [ T ( t ) ]  " d q ( 0 , t ) / d t  [15a] 
and 

dU1 (T, t )  ~dr 

= - -C  -2  • ( d C / d t )  • q(0,t) + C -~ • d q ( O , t ) / d t  

= (C -2 • ( d C / d t )  • T ~- C -~)  • d q ( O , t ) / d t  [15b] 

Introducing Eq. [15a, b] into [12] gives the cur ren t  

J (T,t) = - - F  (T, t )  • dq (O,t) ~dr [16a] 
with 

F ( T , t )  = R / R 1  -- C I / C  + T d ( C l / C ) / d t  [16b] 

A comparison of these equations wi th  the correspond- 
ing equations for the Maxwell  model shows significant 
differences. 

Nonva l id i t y  of charge i n v a r i a n c e . ~ T h e  cur ren t  given 
by Eq. [16a, b] is not a total differential due to the 
presence of the front-factor  F. After  part ial  integrat ion 
one has 

0 ~ J [ T ( t ) , t ] d t  = - -F (0 )  • q(0) 

Yo" + q(O,t) • ( d F ( T , t ) / d t ) d t  [17a] 

The term on the r ight  side depends on the ini t ia l  con- 
ditions at t = 0 and on the values of the funct ion T ( t )  
in the discharge in terval  0 ~ t ~ oo. Each tempera ture  
function T ( t )  gives a different value for the t ime in-  
tegral  over the depolarization current.  Charge in-  
variance does not apply and instead of Eq. [7] one has 

~o ~ J [ T ( t ) , t ]  ~ const, T ( t )  arb i t ra ry  [17b] 

Thus the external ly  measured depolarization charge of 
an always identical ly charged dielectric need not al- 
ways be the same. One must  dist inguish between the 
"released" charge and the " internal"  charge. The first 
is defined as the t ime integral  over the short-circuit  
discharge current ;  the second is represented by the 
amount  of charge stored in the capacitors of the model. 
In  the Maxwell  model the capacitors are not shunted 
by resistors. During the discharge the ent i re  " internal"  
charge flows through the external  circuit  and the 
integral  over the external  current  is independent  of 
tempera ture  conditions dur ing  the discharge. In  the 
Wagner-Voigt  model all capacitors are shunted by re- 
sistors. Dur ing  the discharge only a fraction of the 
" internal"  charge flows through the external  circuit 
while the rest disappears by " internal"  leakage. The 
relat ion between the two fractions depends on the 
values of the resistors and therefore on the tempera-  
ture  dur ing the discharge. This excludes the existence 
of a temperature  invar ian t  charge value q (0). 

A c t i v a t i o n  energies .---The values of the four model 
elements define the re laxat ion variables T1 = R1C1 and 
• 2 = R2C2 which are l inked with the activation en-  
ergies ul and u2 by  the rate Eq. [8a-c]. But  the output  
current  does not separate into two components one 
containing only T1 and the other only ~2 but  is given by 
a single component  containing the complex funct ion 
and, explicitly, the values of the model elements. For-  
mal ly  T can be represented by a rate equation, but  the 
corresponding activation energy value  u is not related 
to any e lementary  re laxat ion mechanism. Therefore if 
the thermal ly  s t imulated cur ren t  were to be analyzed 
by one of the convent ional  methods (1, 2), one would 
obtain an energy value which is not one of the con- 
stants of the system; it could not readi ly  be interpreted 
on a molecular  basis, e.g., as a t rap depth. 

Curren t  r ever sa l s . - -The  t e rm F in Eq. 16 can change 
its sign in consequence of the tempera ture  dependence 
of the resistive values Ri and /o r  capacitive values Ci. 
We shall consider here only the resistive effect since 
the temperature  dependence of the capacitive values 
is usual ly  small. With d ( C 1 / C ) / d t  = 0, the direction 
of the current  is de termined by the sign of the term 
R/R1  -- C1/C. We have C1/C ~ 1 and R / R 1  ~ 1. These 
inequalit ies hold in every case. Consider a s i tuat ion in 
which, at high T, R2 ~ R1, making  R / R 1  ~ 1, while 
at low temperature,  R2 ~ R1, making  R/R1  ~_ 1. 
Then, as T goes from low to high a value of T can be 
reached at which R / R 1  ~ C1/C. Below this tempera-  
ture, R/R1  -- C1/C is positive; above it, negative. 
Therefore the current  reverses its direction. Such cur-  
rent  reversals, which would be impossible in the case 
of a Maxwell  model, can occur only when  the tempera-  
ture dependence of the R values  is very  different, 
e.g., when the dielectric contains two phases with 
widely different physical characteristics. 

Qual i ta t ive  discussion of m u l t i - e l e m e n t  systems.---I t  is 
instruct ive to discuss qual i ta t ively  the behavior  of a 
mul t i -e lement  model under  the assumption that  (i) 
the heating rate is low and (ii) act ivat ion tempera-  
tures are widely  spaced. The first condit ion might  pre-  
sent exper imental  difficulties because low heat ing rates 
give low ampli tudes of current  peaks. 

The behavior wil l  be discussed with the aid of the 
three-loop model shown in Fig. 3. Loops relax one 
after the other at successively higher temperatures  
T1, T2 . . . . .  The main  tempera ture-sens i t ive  elements 
will  again be the resistors; the tempera ture  dependence 
of the capacitors is supposed to be small. As long as the 
tempera ture  is considerably below the first activation 
temperature  T1, all resistors are blocking, all capacitors 
remain  charged. This is shown in Fig. 3b which is ob- 
tained from Fig. 3a by omit t ing R1, R2, R3 (a blocking 
resistor is an open-circui t ) .  When the tempera ture  
reaches the neighborhood of T1, the first loop dis- 
charges since R1 becomes conducting. This is shown in 
Fig. 3c which is obtained from Fig. 3b by adding R1 in 
the appropriate place. A current  t rans ient  is produced; 
its relaxat ion t ime which is also its approximate  dura-  
tion can be read from the figure and is found to be 
Ta : RI (C1 -5 C 2 C J ( C 2  W C3))T1. After  the tempera-  
ture  goes beyond T1, the resistor R1 becomes conducting 
and practically short-circuits  the capacitor C1. Even-  
tual ly  the tempera ture  reaches the neighborhood of T2 
and the remain ing  capacitors C2 and C3 discharge 
through R3. This is shown in Fig. 3d which is obtained 
from Fig. 3c by adding R2 and deleting the discharged 
loop R1,C1 (the conduct ing resistor R1 is considered 
equivalent  to a short-circui t) .  The relaxat ion t ime and 
approximate durat ion of the new t rans ient  is seen to 
be ~b = R2(C2 ~- C3)r2. Since Ta ~ TI(T1) and ~b 
T2 (T2), the "all or nothing" approximat ion used to de- 
scribe the discharge characteristics of the loops is jus t i -  
fled by the exponent ial  te rm in the rate Eq. [8]. This 
equat ion maps a logarithmic var ia t ion of tempera ture  
into a l inear  var iat ion of time. Therefore the t ransi t ion 
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from "nonconduct ing" to "conducting" occurs wi th in  a 
small  tempera ture  interval .  

The idealized models shown in Fig. 3b, 3c, and 3d 
te rminate  in single capacitors. For  this reason they are 
charge- invar iant .  Indeed, if U is the capacitor voltage, 
the output  cur ren t  is J ---- d (CU) /d r .  In tegra t ion  gives 

S : J  dt = - - C ( 0 ) U ( 0 ) .  Thus  the t ime integral  over 

the current  is independent  of the function T(t)  dur ing  
the discharge and depends exclusively on the ini t ia l  
charge of the capacitor. 

The behavior  of the system is also shown in the dia- 
gram of Fig. 4. It gives tempera ture  as a function of 
t ime for two constant  heat ing rates. The dura t ion of 
the current  t ransients  which are observed when  the 
tempera ture  goes through one of the values T1, T2 . . . .  
is indicated on the t ime axis by the values ~a, ~b . . . .  

If the heating rate is low as in Fig. 4a, the t ime in te r -  
vals covered by the ~a, ~b, �9 �9 �9 do not overlap and the 
output  current  can be resolved into independent  
l inear ly  superposing components. If the heat ing rate is 
high as in Fig. 4b, the intervals  on the t ime axis do 
overlap and separate t rea tment  of t ransients  is not 
justified. 

Thermally Stimulated Open-Circuit Voltages 
The difficulty of eliciting from current  measurements  

the desired informat ion in the case of a Wagner-Voigt  
model suggests as an a l te rna t ive  the resort to voltage 
measurements .  It wil l  now be shown that  the current  
measurements  in the case of a Maxwell  system have 
their  counterpar t  in voltage measurements  in the case 
of the Wagner-Voigt  model. 

Wagner-Voigt model.--Di~erential equation.--The 
open-circui t  is defined by the condition that  the output  
current  is zero. In t roduct ion  of J (T , t )  ---- 0 into Eq. 
[12] gives for the loop voltages Ui the equat ion 

dUi/dt -5 Ul(1/ri  -5 d In Ci/dt) : 0, i : 1,2 . . . . .  N [18] 

which has the solution 

Ui(T,t) ---- C f - l [ T ( t ) ]  �9 q~(O,t) [19] 

The open-circui t  output  voltage 

N 

U(T,t) : ~ Ui(T,t) [20] 
1 

is the sum of N independent  terms each of which con- 
tains only one of the variables  ~i. Therefore voltage 
curves in the case of the Wagner-Voigt  model can be 
analyzed in the same way as current  curves in the case 
of the Maxwell  model. The voltages Ui(0) are loop 
voltages at the beginning  of the open-circuit .  They are 
integrat ion constants  which depend on the ini t ial  con- 

.... wT=~J b) 

_ , 

t~ t= 

Fig. 4. Influence of heating rate, Wagner-Veigt model, a, Low 
heating rate; b, High heating rate. 

ditions and are different for discharge and  r e tu rn  vol t-  
age curves. 

Discharge voltage curves.--For t -- 0, the te rmina l  
voltage is approximately  equal to the charging voltage 
U0 and the ini t ial  values Ui(0) are approximately 
equal to the loop voltages at the end of the charging 
period. Subsequent ly  the te rmina l  voltage decreases 
stepwise from U0 to 0, the ampli tude of each step being 
Ui(0). 

Return voltage curves.--When the circuit  is opened at 

t ---- 0 the te rmina l  voltage is zero. This gives ~--~ Ui(0) 
i 

---- 0. The short-circuit  removes from each capacitor 
N 

the charge UoC(O) where  l / C ( 0 )  ---- ~,~ 1/Ci(0). 
i 

Therefore, if U~(O-) are the voltage values immedi -  
ately before the short-circuit ,  their  values af terward 
are given by Ui(0)Cl(0) ---- U i (0 - )C i (0 )  -- UoC(O). 
(This t rea tment  neglects the loss of charge dur ing the 
low-tempera ture  period in which the system remains  
in short-circui t) .  The loop voltages U i (0 - )  immedi-  
ately before the short-circuit  depend on the polariza- 
t ion conditions. Thermal  activation produces a stepwise 
voltage recovery shown schematically in  Fig. 1, IV. A 
detailed discussion goes beyond the scope of the present  
paper and will  b e  given elsewhere. It  might  be men-  
tioned however, that  isothermal voltage recovery has 
been discussed extensively by Gross (8). 

Maxwell modeL--The sum of all  branch currents  
must  be zero while the te rmina l  voltages of all 
branches must  be the same and equal to U(T,t). Thus 
the short-circuit  Eq. [1] and [2] must  be replaced by 

N 

~-~ J i (T, t )  : 0 [21] 
1 

and 

s U(T,t) = R i J t +  (1/Ci) J i d t = 0 ,  i - - l , 2 , . . N  [22] 

The analyt ical  solution of these equations is difficult 
even in the ease of N = 2. An approximate t rea tment  
for low heating rate is possible along the same lines 
as above. But  a detailed discussion seems not war -  
ranted  before exper imental  results on thermal ly  s t imu-  
lated voltages are known. 

Discussion 
The need for combined experimental techniques.-- 

Our conclusions under l ine  the fact that  results of mea-  
surements  by the method of thermal  act ivation cannot  
always be taken at face value. This does not detract  
from the value of the method as a searching tool but  
suggests only that  a crit ical review is necessary and 
that one should not rely on a single type of measure-  
ment,  i.e., currents  alone or voltages alone, but  t ry  to 
combine both to see which is best suited in each physi-  
cal situation. In  addition, independent  methods of anal-  
ysis such as the sectioning technique (10), where 
feasible, might  give valuable  addit ional  evidence. As- 
sumptions such as charge invar iance or the exclusion 
of cur ren t  reversals should not be taken  for granted. 
Their range  of val idi ty  can be explored by performing 
measurements  with different heat ing rates and differ- 
ent thermal  t rea tment  dur ing polarization. The in ter -  
pretat ion of peaks in curves of thermal ly  s t imulated 
currents  or voltages depends on the par t icular  physical 
model on which the analysi~ is based. Some knowledge 
about the structure of the system is necessary to ob- 
ta in  physical ly meaningfu l  results. 

Equivalence of models.--In isothermal theory it is 
proved that  a specified physical behavior, i.e., a given 
response function, can be represented by  means of a 
Maxwell  model or a Wagner-Voigt  model; under  iso- 
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thermal  conditions these models are equivalent.  The 
previous discussion has proved that  under  nonisother-  
real conditions the properties of these models are dif- 
ferent. A Maxwell  model is always charge-invariant ,  
it does not admit  current  reversals, and its output  cur-  
rent  is always given by the superposition of indepen-  
dent  components. None of these properties is found 
wi th  a Wagner-Voigt  model. Therefore these models 
are no longer equivalent  when exposed to tempera ture  
transients.  Under  nonisothermal  conditions the theory 
of equivalent  models, which is one of the mains tays  of 
the convent ional  theory of l inear  systems, loses val id-  
ity. Therefore exper iments  involving tempera ture  
changes help to dist inguish be tween isothermally 
equivalent  models and thus can remove the degeneracy 
inheren t  in isothermal theory. A model that  un ique ly  
describes the behavior  of a physical sytem has physical 
significance and a theory involving such models 
ceases to be formal. 

Maxwell mode~ and uniform volume polarization.-- 
In  view of the great var ie ty  of possible physical situ- 
ations, one might  ask how far it is meaningfu l  to select 
two par t icular  models as we have done here. We be- 
lieve this is justified because these models describe 
correctly f requent ly  encountered physical situations. 

The Maxwell  model represents  a dielectric volume 
polarization caused by  hindered dipole or ientat ion or 
by the displacement of charge carriers over micro- 
scopic distances wi th in  a dielectric mat r ix  which con- 
tains i r regular ly  distr ibuted traps. Orientat ion of di- 
poles and displacement of charge carriers proceeds out 
of phase with the applied field. The rate constants 
which describe the t ime lag are functions of tempera-  
ture. The electric displacement field is D ---- ,E -b P 
where E is the field strength, e the dielectric constant,  
and P the "persistent" component  of the polarization. 
In  the presence of different types of dipoles or traps 
with different depths the polarization P is given by the 
sum over components  Pl, i.e., P = Y~Pi. The current  is 
J z adD/dt where a is the electrode area. Assuming 
first order kinetics one has dPi/dt = - - P i / T i .  The short- 
circuit current,  with E ---- 0, is therefore J --_ adPi/dt 
and the released charge is q ---- aPi(0).  These equations 
describe the behavior  of a Maxwell  model. They were 
introduced at the beginning  of the century  by Pellat  
(11) and since then have been f requent ly  rediscovered 
and used to describe the effects of dielectric absorption. 

Wagner-Voigt mode~ and interracial po~arization.-- 
The Wagner-Voigt  model  applies to inhomogeneous di-  
electrics. In  its simplest form it describes the behavior 
of a th ree- layer  capacitor where the central  layer 
represents the bulk  of the dielectric and the two ex- 
te rna l  layers represent  the dielectric-electrode in ter -  
faces which have electrical properties different from 
those of the center section. Application of an external  
electric field produces what  has been called interfacial  
polarization. When the tempera ture  dependence of the 
dielectric-electrode interface is very different from 
that  of the bulk  mater ia l  cur rent  reversals can occur; 
also the system is not charge invariant .  

More complex si tuations exist where  nei ther  of these 
models is satisfactory. Release of charge carriers from 
traps might  be described by a Maxwell  model in the 
case of slow re t rapping and by a Wagner-Voigt  model 
in the case of fast retrapping.  
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LIST OF SYMBOLS 
C capacitance (F) 
D electric displacement (C/m 2) 
E electric field s t rength (V/m)  
k Boltzmann constant  (J K -1) 
ki coefficient of differential equat ion (S -1) 
J current  (A) 
N number  of branches of Maxwell  model, number  

of loops of Wagner-Voigt  model 
P generalized circuit e lement  
P dielectric polarization (component  not in phase 

with the electric field strength) (C /m 2) 
q charge (C) 
R resistance (ohm) 
s parametric t ime (s) in Eq. [4] and  [14] 
t time (s) 
T absolute tempera ture  (Kelvins or K) 
u activation energy (J) 
U voltage (V) 

heating rate  (K/s) 
, dielectric constant  (F/m) 

frequency factor (s -1) 
relaxat ion t ime (s) 
[] Square brackets are used extensively to de- 
note an implicit  funct ional  dependence, e.g., 
�9 [T ( t ) ]  means that  the relaxat ion t ime T of an 
e lementary RC circuit is a funct ion of tempera-  
ture T which in t u rn  is a funct ion of time, gen-  
eral ly  through the heat ing rate ~ in Kelvins  per 
second. 
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The Anodic Behavior of Some Materials in Liquid 
Ammonia in Presence and Absence of Methane or Ethylene 

Ashok K. Vijh* 
Hydro-Quebec Institute oS Research, Varennes, P. Q., Canada 

ABSTRACT 

Results  on the anodic behav ior  of p la t inum,  pa l lad ium,  nickel,  cobalt ,  
graphite ,  lead, and sod ium- tungs ten  bronze e lect rodes  in l iquid  ammonia  at  
--73~ in the  absence and presence of e i ther  CI-L~ or C2H4 are  repor ted.  The 
exper iments  consist of potent ios ta t ic  cu r r en t -po ten t i a l  re lat ionships,  po ten t io -  
dynamic  profiles, and product  analysis.  The aim of these studies was  to a t t empt  
anodic synthesis  of CH3NH2 from CI-I~ (or C~H4) and ammonia ,  which  could 
not be achieved. The measurements  obta ined  appear  to have  some qual i ta t ive  
significance, however,  in re la t ion to e lectrochemical  behav ior  of ma te r i a l s  in 
l iquid  ammonia  in genera l  and  wi th  r ega rd  to the i r  anodic dissolut ion and oxi -  
dat ion of ammonia  in par t icular .  The character is t ic  fea tures  of these da ta  a re  
repor ted  together  wi th  the i r  possible qua l i ta t ive  significance. 

Al though  electrosyntheses  of organic compounds 
have been ca r r i ed  out for decades (1) by  var ious  in-  
vest igators,  a not iceable  resusci ta t ion (2-5) of in teres t  
has r ecen t ly  occurred in this  area.  I t  has  r ecen t ly  (3) 
been suggested tha t  a possible e lectrolyt ic  conversion 
of low molecular  we igh t -hydroca rbons  to pure  a lky l  
amines  would  perhaps  offer an e lect rosynthet ic  p ro -  
cedure  amenable  to commercia l  exploi ta t ion.  Al though 
funct ional izat ion of low molecu la r  weight  hyd roca r -  
bons, especial ly  paraffins is genera l ly  considered as dif-  
ficult and achievable  only under  r a t h e r  drast ic  condi-  
tions, b y  v i r tue  of lack  of r eac t iv i ty  of paraffins, it  was 
regarded,  nevertheless ,  of in teres t  to explore  the  possi- 
b i l i ty  by  an e lec t rochemical  procedure.  This p roblem 
was approached  by  a t tempt ing  to anodize var ious  elec-  
t roca ta ly t ic  mate r ia l s  in l iquid ammonia  in the  pres-  
ence of an appropr ia te  hydrocarbon.  An a t t empt  was 
made  to explore  whe the r  it  was possible to p repare  
a lky l  amines  by  means  of an hypothe t ica l  react ion of 
the  type  

CH4 q- NH3--> CHsNH2 q- 2H + q- 2e 

Experimental Procedures 
The exper imen ta l  deta i ls  for  the work  repor ted  here  

are  as follows. 

Instruments and circuits.--The ins t ruments  em-  
ployed are:  Wenk ing  potent ios ta t  (No. 7713 68FR 0.5) ; 
Tacussel mi l l i ammete r  Type  MAL 284, and, in some 
runs, a precision res is tor  used in conjunct ion wi th  
Tacussel  d ig i ta l  vo l tmete r  (h igh input  impedance)  as 
the cur ren t  measur ing  a r rangement ;  Honeywel l  X-Y 
recorder ,  Type 550M; Tacussel function generator ,  
Type  GSTP2; Genera l  Radio decade res is tor  box. The 
potent ia l  measurements  were  recorded on the Tacussel 
d ig i ta l  vol tmeter ;  vapor  phase chromatograph  (Vic- 
toreen, Series  400 suppl ied by  Fischer  Scientific).  
Convent ional  potent iosta t ic  and potent iodynamic  c i r -  
cuits  were  employed  (6, 7). 

Materials and electrodes.--All electrode materials ,  
except  the sod ium- tungs ten  bronze, were  spectroscopic 
grade and were  in e i ther  wire  or rod or p la te  config- 
urations.  The sod ium- tungs ten  bronze samples were  
obta ined f rom outside this  l abo ra to ry  and were  p re -  
pared  by  the e lect rolyt ic  method and contained an 
uncont ro l led  (up to 100 ppm)  amount  of p l a t inum 
impur i ty .  The sodium content  of the var ious  bronze 
samples  was somewhat  different, a fact tha t  did not  
seem to influence the resul ts  to be repor ted  here  which 
have only a qua l i ta t ive  significance in any case. Al l  
e lectrodes (except  the p la t in ized-p la t inum used in 
the  reference compar tment )  were  mounted  in hea t -  

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  anodic  behav ior ,  l iqu id  ammonia ,  me thane ,  e thy lene .  

shr inkable  Teflon tub ing  as descr ibed prev ious ly  (8). 
The countere lec t rodes  were  made  of spectroscopic 
grade  graphi te  rod. A hydrogen  reference  e lec t rode  
was employed.  

The e lec t ro ly te  consisted of nonaqueous  (p robab ly  
only nomina l ly  nonaqueous  since an e labora te  d ry  
box was not  used a l though all  precaut ions  were  taken  
to exclude mois ture  as fa r  as possible)  l iquid  ammonia  
containing 10% (by  weight)  of d ry  ammonium pe r -  
chlorate  (Fischer  Certified high pur i ty  reagen t ) .  
The ammonia  was 99.99% and was obta ined from 
Matheson. The He gas used in the  work ing  compar t -  
ment  (when CH4 or C2H4 was  not being bubbled)  was 
of 99.998% pur i ty  (suppl ied  by  Matheson) and was 
dr ied  by  passage over  sui table  t raps  in a gas purif ica-  
t ion line. The me thane  used was 99% pure  (suppl ied 
by  Union Carbide)  and the C2H4 employed  had a 
pu r i ty  of 98.5% and was suppl ied  by  L iqu id  Air.  

The low t empera tu re s  were  ma in ta ined  by  immers -  
ing the  cell in a Dewar  flask containing i sopropyl  
alcohol and solid carbon d ioxide  mixture .  

The column ma te r i a l  for the  v.p.c, was Chromosorb-  
P 60/80 mesh whereas  the  l iquid  phase  consisted of 
21% Polye thylene imine .  The ca r r i e r  gas was helium. 
The Chromosorb -P  ma te r i a l  was in tended to detect  
both  me thy l  amine and d imethy l  amine:  the  la t te r  
could, i t  was  thought,  poss ibly  have  been  fo rmed  as 
a side product .  

Cell and cleaning.--A th ree  compar tmen t  P y r e x  cell  
was used wi th  the  work ing  and the  counter  compar t -  
ments  separa ted  by  a course f r i t t ed  disk. The cell  was 
provided  wi th  the  usual  gas inlets  and outlets  and all  
the  connections to the  cell  f rom the gas l ines were  
made  by  means  of g lass - to-g lass  joints.  The use of 
grease was absolu te ly  avoided.  The cell  could be closed 
to the  a tmosphere  by  means  of appropr ia t e  stopcocks. 
A posi t ive pressure  of He  (or CH4 or C2H4 as the  case 
may  be) was a lways  ma in ta ined  inside the  cell  in 
order  to minimize  the  poss ibi l i ty  of diffusion of a tmo-  
spheric mois ture  into the  e lec t ro ly te  solution. The cell 
was c leaned wi th  chromic acid and r epea ted ly  soaked 
and washed in deionized and doubly  dis t i l led wate r  
(both dis t i l la t ions being car r ied  out  over  a lka l ine  
pe rmangana te  in P y r e x  glass stills; before  dist i l lat ions,  
the deionized wa te r  was  passed over  su i tab le  (p ropr i -  
e ta ry)  adsorbent  columns designed to remove traces 
of organic ma t t e r )  and subsequent ly  thorough ly  dr ied  
over night  in an oven. 

Al l  e lectrodes except  graphi te  were  washed  in 
chromic acid and subsequent ly  soaked and washed  in 
doubly  dis t i l led water ,  fo l lowed by  thorough d ry ing  
in an oven in a P y r e x  t ray.  The graphi te  electrodes 
were  c leaned in boi l ing t r i ch loroe thy lene  (to remove 
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organics which are general ly  believed to adhere 
tenaciously to graphite electrodes) and dried. 

Puri1~cation of gases.--The hydrogen gas for the ref- 
erence compar tment  was "Electrolytic, Grade A" and 
was deoxygenated by passage over a pal ladium catalyst 
("Deoxo") and fur ther  purified by passage through 
activated charcoal and activated alumina,  both at 
l iquid air temperature.  Helium, methane,  and ethylene 
were passed over molecular  sieves and other traps in 
order to remove any moisture that  may be present  in 
them. 

General experimental procedures.--The steady-state,  
potentiostatic cur ren t -poten t ia l  relationships were 
obtained by stopping for 2 rain at every value of elec- 
trode potential. The potent iodynamic profiles were 
obtained at various sweep rates. 

Results and  Discussion 

Anodic behavior in the absence of CH4 or C2H4.~ 
Anodization of Pt, Ni, and Co in l iquid ammonia  led 
to a visible anodic dissolution which was evident  from 
the characteristic coloration (yellow for Pt, blue for 
Ni, and pale greenish blue for Co) produced in the 
solution. In some cases, e.g., on plat inum, a yellow 
coating, probably a loosely attached precipitated cor- 
rosion product, was observed on the electrode surface. 
The formation of colored corrosion products in  l iquid 
ammonia  on anodization of t ransi t ion metals such as 
Pt, Ni, and Co is not ent i re ly  unexpected because of 
the pronounced tendency of ions of these metals to 
undergo coordination complex formation in liquid 
ammonia.  The current  associated with the anodization 
of various materials  in l iquid ammonia  under  He atmo- 
sphere must, however, be a t t r ibuted only par t ia l ly  to 
anodic dissolution since part  of it must  arise from the 
anodic oxidation of ammonia  itself, especially, on the 
more catalytic metals such as plat inum. This was 
qual i ta t ively confirmed by adding small  amounts  of 
water  to the "nonaqueous" solution which gave rise 
to a noticeable decrease in current  at a given potential, 
presumably  owing to passivation of p la t inum and con- 
sequent  decrease in the anodic dissolution current ;  
the residual current,  however, was still appreciable 
and is believed to have arisen from anodic oxidation 
of ammonia.  The re la t ive  contr ibut ion of anodic dis- 
solution and anodic oxidation of ammonia  to the cur-  
rent  at a given potential  in the nonaqueous solution 
(under  He atmosphere) was not examined, however, 
in any details since this aspect was not of interest  in 
the present  study. No visible signs of anodic dissolu- 
t ion were noted on Pd, graphite, and sodium-tungsten  
bronze electrodes. It may be added that  the lead elec- 
trodes underwen t  complete disintegrat ion as soon as 
the anodization in l iquid ammonia  was commenced. 
No measurements  could, therefore, be made on this 
par t icular  electrode material.  

Anodic behavior in the presence of CH4 or C2H4.~ 
Subsequent  to the investigation of the anodic behavior  
of various materials  under  He atmosphere, experi-  
ments were conducted to establish whether  in t roduc-  
t ion of methane or ethylene, bubbl ing  vigorously under  
atmospheric pressure, had any effect on the cur ren t -  
potential  curves. The main  observations are as follows: 

1. In  the presence of methane,  the rate at a given 
potent ial  shows some decrease on graphite, plat inum, 
palladium, and the sodium-tungs ten  bronze electrodes. 
On cobalt and nickel, however, the rate stays un -  
affected. 

2. In  presence of ethylene, the current  at a given 
potential  shows some increase on nickel whereas on 
cobalt, p lat inum, palladium, and graphite  the rate stays 
either unaffected or exhibits some variat ions only in 
certain regions of potential. On pal ladium a character-  
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Fig. l .  Steady-state potentiostatic current-potentia| relationships 
on graphite in liquid ammonia in the absence ( . . . . . . .  ) and 
presence ( ) o f  methane. 

istic inhibi t ion inflection, of the type discussed by 
Gilroy and Conway (9), is observed around 0.gv. 

The general  features of the polarizat ion curves, 
from which the above qual i ta t ive observations have 
been deduced, may perhaps be best conveyed by  con- 
sidering some typical  Tafel plots obtained in the 
absence and presence of ei ther CH4 or C2H4. In  Fig. 1, 
the steady-state potentiostatic Tafel plots have been 
presented which show that  anodic oxidation of am- 
monia (corresponding to the total cur ren t  under  He 
atmosphere in this case since no visible signs of anodic 
dissolution or disintegrat ion were observed) proceeds 
at ra ther  high rates on graphite and the presence of 
methane in the react ion chamber  tends to decrease the 
rate. On cobalt, anodizat ion in l iquid ammonia  in pres-  
ence and absence of methane  leads v i r tua l ly  to the 
same cur ren t -poten t ia l  relat ionship (Fig. 2). The cur-  
rent  observed in this case must, of course, be a t t r ibuted 
to the oxidation of ammonia  as well  as the cobalt 
electrode itself (to form soluble complexes) as indi -  
cated earlier. On a typical  case of a sodium-tungs ten  
bronze electrode, it appears that  high anodic potentials 
are needed to effect moderate  oxidations of ammonia  
(dissolution of this electrode being assumed absent  
since no visible signs were observed to indicate other-  
wise) and even these oxidation rates are drastically 
diminished by the presence of methane  in the vicini ty 
of the electrode (Fig. 3). Rather  noticeable reduction 
of rate in presence of methane  would indicate that  
methane is s t rongly adsorbed on the electrode surface 
to give a species which is not easily oxidized off, even 
under  high anodic polarizations. 
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Fig. 2. Steady-state potentiostatic current-potential relationships 
on cobalt in liquid ammonia in the absence ( . . . . . . .  ) and 
presence ( ~ )  of methane. 
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Fig. 4. A typical steady-state current-potential relationship, ob- 
tained potentiostatically, on palladium in liquid ammonia in the 
absence ( . . . . . . .  ) and presence ( ) of ethylene. 

Some characteristic cases of anodic behavior  in  
l iquid ammonia  in presence of ethylene may also be 
considered. On pal ladium (Fig. 4) at low overpoten-  
tials presence of ethylene leads to an increase of rate 
and a characteristic inhibi t ion inversion (9), whereas 
at high anodic potentials a decrease in rate  is observed. 
This would indicate that the pal ladium electrode is 
not altogether unreact ive  in  presence of ethylene in 
l iquid ammonia,  even though the elusive methyl  amine 
or related side products were not indicated to be 
formed. Typical polarization curves representat ive of 
the anodic behavior  of p la t inum in l iquid ammonia  
in the presence and absence of ethylene are shown in 
Fig. 5. In  the anodic polarization curves of nickel in 
l iquid ammonia,  ra ther  high oxidation rates were ob- 
served at low overpotentials,  both in presence and 
absence of ethylene; undoubted ly  arising largely from 
the anodic dissolution of nickel. 

Potentiodynamic profiles.--Extensive potent iody-  
namic profiles (6, 7) were obtained on various elec- 
trodes at a number  of sweep rates. No peaks (either 
act ivation or diffusion controlled) or inhib i t ion  inflec- 
t ions could be observed. Some typical potent iodynamic 
profiles are shown in Fig. 6. It  is clear that  no signifi- 
cant  informat ion  can be deduced from this type of 
profiles (Fig. 6). 

General significance of the Ta]el plots .mAlthough 
detailed mechanist ic  proposals or quant i ta t ive  analyses 
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Fig. 6. Potentiodynamic current-potential relationships on palladi- 
um in liquid ammonia in the absence and presence of ethylene. 
The sweep rate is 48.3 mV sec - z .  Absence of peaks or other de- 
tails may be noted. 

cannot be put  forward on the basis of data reported 
here, some general  salient features of the Tafel plots 
may, however, be pointed out. First,  a large hysteresis 
between the ascending and descending potentiostatic 
cur ren t -poten t ia l  curves (Fig. l, 3, 4) observed in some 
cases would indicate presence of surface films or i r re-  
versibly absorbed surface species. Second, presence of 
surface films on the electrode is indirect ly indicated 
by the magni tude  of Tafel slopes which in most cases 
(cf. Fig. 5, however) are higher than  2.3 X 2RT/F 

which is equal  to ca. 73 mV at the tempera ture  of the 
experiments,  namely,  --73~ That  anomalously high 
Tafel slopes can often arise from the presence of solid 
films on the electrode surface has been discussed pre-  
viously (6, 9, 10) and need not be elaborated upon 
here. 
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Behavior of Carbon Electrodes 
in Aqueous and Nonaqueous Systems 

Richard E. Panzer* 
Electrochemistry Research Section (Code 134.16), Mare Island.Naval Shipyard, Vallejo, CaliSornia 94592 

and Philip J. Elving* 
Department o~ Chemistry, The University oJ Michigan, Ann Arbor, Michigan 48104 

ABSTRACT 

Cyclic vo l tammetry  was used to invest igate the surface phenomena  and 
general  electrochemical behavior  encountered when glassy carbon and pyro-  
lytic graphite are used as indicator electrodes in aqueous and nonaqueous 
(acetic acid, acetonitrile, dimethylformamide,  and pyridine)  media for in -  
organic (ferrocyanide and ferrocene) and organic (quinone) compounds. 
Factors evaluated included effects of method of preparat ion of the graphite, 
different resurfacing methods including magni tude  of the induced electro- 
static charge and surface regulari ty,  in te rp lanar  adsorption of electroactive 
solutes, presence of surfactant,  acidity, and potential  ranges, and potential  
scanning procedures used. 

The l imitat ions of the dropping mercury  electrode 
(DME) for the electrochemical oxidation of m a n y  
organic and inorganic compounds are well  known. 
Since it cannot be used beyond a potential  of about 
~0.4V with respect to the saturated calomel electrode 
(SCE), electrochemists have tu rned  to solid electrodes. 
Surface adsorption effects on p la t inum electrodes are 
well  documented, and, since organic compounds are so 
t roublesome in this respect, electrochemists have 
searched for some mater ial  which would be more 
satisfactory for electrooxidation of organic compounds, 
with interest  focusing on carbon electrodes. 

The present investigation is concerned with the 
na ture  of the surface phenomena observed when car- 
bon materials  are used as indicator electrodes in vol-  
tammetr ic  techniques, par t icular ly  in respect to the 
na ture  of the changes which occur in nonaqueous solu- 
tions. The investigation was restricted to pyrolytic 
graphite and glassy carbon, since these are most readily 
prepared and their  behavior  as electrodes is apparent ly  
not so heavily dependent  upon the origin of and prepa-  
ra t ion from the raw materials.  

Since the pyrolytic graphite electrode (PGE) or 
the glassy carbon electrode (GCE), and nonaqueous 
solvents are increasingly being combined in electro- 
chemical studies, numerous  questions require answers, 
e.g., what  are the best ways for encasing the sides of 
the PGE to prevent  diffusion of the solution between 
layers, what  is the effect of surface roughness, what  
are the opt imum methods of resurfacing, what  is the 
na tu re  of the surface exposed by resurfacing, is the 
solvent as well as organic and inorganic ions adsorbed, 
what  is the relat ion of chemical s tructure of the ad- 
sorbate and its adsorption, and what  are the effects of 
surfactants on the electrode surface? 

Consequently, the present  studies are concerned with 
methods of encasing the electrodes, effects of resur-  
facing methods on the behavior of the electrode, micro- 

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  adsorp t ion ,  cycl ic  v o l t a m m e t r y ,  g raph i t e ,  su r f ace  

phenomena ,  

scopic examinat ion  of electrode surfaces, magni tude  of 
the electrostatic charge induced by resurfacing meth-  
ods, and physical variat ions between pyrolytic graphite 
from various sources and the relat ion of these to elec- 
trochemical behavior, as well  as investigation of the 
in terp lanar  adsorption of ferrocyanide in aqueous solu- 
tion and of ferrocene in nonaqueous systems, the 
behavior of the quinone redox system with respect to 
electrode characteristics, the effect of a surfactant  on 
electrode behavior  in two solvent systems, and the 
effect of changes in acidity in aqueous and nonaqueous 
solutions. In  all of these studies, correlation of the 
electrode surface character with its electrochemical 
behavior was emphasized. The principal  electrochem- 
ical technique used was cyclic' vol tammetry.  

Experimental 
The cyclic vol tammetry  system used is based on 

operational amplifier uni ts  and has been described (1). 
The usual scan or polarization rate was 100 mV/sec. In  
conformity with normal  vol tammetr ic  practice, cath- 
odic (reduction) currents  are shown as positive and 
anodic (oxidation) currents  as negative. Peak heights 
were determined by r unn i ng  straight lines along the 
ascending and base portions of each vol tammogram 
and using the vertical distances of the result ing points 
of intersection from the cathodic and anodie peaks. 

Electrochemical cells.--In addition to three-compar t -  
ment  cells with a water  jacket integral  with the cell, 
which have been described (2), a t r iangular  three-  
compartment  design incorporating draincocks in the 
connection sections (Fig. 1), which could be immersed 
in a thermostat  bath, was used in the aqueous invest i-  
gations. The connection sections, which were attached 
to the compartments  with O-r ing  joints, allowed 
changing the background electrolyte solution rapidly 
or continuously, if desired. The compartments  were 
separated by fine frit Pyrex  disks. The reference elec- 
trode was placed in one side compartment  with the 
indicator and counterelectrodes in the center  and other 
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side compartment ,  adjacent to each other. A fine 
Pyrex  glass fri t  with an agar-saturated KC1 plug on 
the reference electrode side separated the reference 
and indicator electrode compartments.  

For nonaqueous work, special th ree-compar tment  
cells were designed to fit inside a 2000 ml  resin reactor 
vessel (Pyrex No. 6947) in such a m a n n e r  that  the 
cell compartments  were directly under  each of the 
three 24/40 S.T. joints of the vessel cover (Fig. 2). 
Electrodes were then mounted  in gas- and vacuum-  
tight slip joints, which allowed their  immersion in the 
electrolyte as required. The center 34/45 joint  of the 
cover was reduced to 24/40, into which was inserted 
the inlet  spout for the cell solutions. A specially 
modified separatory funnel  with a gas bypass and a 
12/19 S.T. joint  in  its top was used for mixing the 
nonaqueous solutions and deoxygenating them prior 
to passing them into the cell compartments  (Fig. 3). 
In  this way, the background electrolyte solution for 
the whole cell could be deaerated with oxygen-free,  
dry argon gas prior to its introduction. The solution 
of the electroactive species was then prepared, deoxy- 
genated, and passed into the indicator electrode com- 
partment.  At the start  of a run, the electrodes were 
inserted into the appropriate slip joints, and the 
whole vessel evacuated to a pressure of about 10 -6 
atm; the vessel was then filled with argon and the 
evacuation-gas addition process repeated several times. 
Finally,  the vessel was filled with argon, the deoxy- 
genated electrolyte solutions were introduced into the 
cell compartments,  the electrodes were dipped into 
their  respective solutions, and a steady stream of argon 
was passed through the cell and vented through an 
oil-filled bubbler .  Because of the slight back pressure 
caused by the bubbler,  it is necessary to fasten the 
tapered joints with springs and to clamp the cover 
tightly. Since the cover could not be slid off because 
of the electrodes and solution feed tube dipping down 
into the vessel, a special gas- and vacuum-t igh t  gasket 
was formed on the vessel flange with General  Electric 
RTV 102 silicone rubber;  this allowed the cover and 
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Fig. 3. Solution preparation, deaerating and feed assembly. This 
unit connects to the reaction vessel as shown in Fig. 2. 

electrodes to be lifted directly off, without  sliding 
or sticking, when the clamp was loosened. 

The vessel itself was immersed in a bath, which 
was placed in a fume hood and through which water  
at 25~ was circulated. 

Graphite electrodes.--Electrode materials  were  pyro-  
lytic graphite from several sources and glassy carbon 
from the Tokai Electrode Manufactur ing Company of 
Tokyo. The lat ter  material,  obtained in the form of 5 
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mm diameter  rods, was tu rned  down to 4 mm; it is diffi- 
cult to machine, since it tends to chip and fracture due 
to its glassy structure. The pyrolytic graphite electrodes 
were 4 mm diameter  rods, machined from larger 
pieces. Material  obtained from the General  Electric 
Company (GE) appeared to have a taper structure,  
i.e., it was thicker at one end than the other, and 
retained this s t ructure when cleaved; this indicated 
that it was formed on a mandrel ,  perhaps for an 
exhaust  nozzle. Pyrolytic  graphite from High Tem- 
perature  Materials Company (HTM or HT) was in 
the form of 0.5 in. thick plates; it was uniform in 
thickness, as was the pyrolytic graphite (Pyroid) from 
Space Age Materials Corporation (a division of the 
Charles Pfizer Company) .  Since Pyroid  became avail-  
able to us only late in the investigation, it was used 
only in d imethyl formamide solutions. 

Besides the taper s tructure mentioned,  the graphite 
structures also varied in grain size. The GE mater ial  
had large and small  hemispheres (2-5 mm diameter)  
in a random pat te rn  across its surface. The HTM and 
Pyroid graphites were more un i form in grain size, 
averaging 1-2 m m  diameter. Such criteria are not 
real ly a prime consideration, since Coy (3) has shown 
that the macroscopic s tructure of these materials  
extends down into the microscopic structure. Of in te r -  
est was the observation that the HTM and Pyroid 
graphites tended to be slightly harder, more dense, 
and less easily cleaved for resurfacing than  the GE 
graphite. 

The 4 mm diameter  electrodes (projected area ---- 
0.126 cm 2) were sealed into a 300 mm length of 6 mm 
OD Pyrex  tubing, using either Epoxy-Patch,  a filled 
epoxy mater ial  from Hysol Corporation, or melted 
polyethylene. The epoxy mater ia l  makes a good seal 
and, when  slightly warmed, will  flow to give a smooth 
coating; it is impervious to the solvents used in the 
present  work and has been used in l iquid ammonia,  
acetone, hexamethylphosphoramide,  and many  other 
solvents with no observable deterioration. However, 
the epoxy was too hard to cleave when  this was done 
to renew the electrode surface; consequently, elec- 
trodes intended for cleaving were mounted  with melted 
polyethylene. 

Reference electrodes.--Reference electrodes in the 
aqueous studies were saturated calomel electrodes 
(SCE) prepared in the usual  manner .  

Reference electrodes used in nonaqueous studies 
were all based on a silver system. Where a stable solu- 
ble silver salt could be used, the electrode was Ag/0.1M 
Ag + in the solvent with background (support ing) 
electrolyte. In  some solvents, a Ag/AgC1, C1- (0,1M 
LiC1) half-cell  was used. All of the reference half-  
cells were prepared in a microcracked configuration, 
which has been extensively used by one of the authors 
(4) and is adapted from Perley 's  controlled crack 
electrode (5). These high impedance electrodes require 
the rout ine use of a follower (un i ty -ga in  amplifier),  
since so little current  can be d rawn through them. 

When a glass tube-crack assembly is cleaned, dried 
and ready for use, the reference half-cel l  silver system 
is placed in the tube to a depth of 2 cm; contact is 
made with a silver wire which is sealed at the open 
end of the tube  with epoxy cement to prevent  leakage 
or evaporation of the solution. 

The potentials of the various reference half-cells  
used were placed on a common basis by measur ing 
each of them against the aqueous SCE (Table I).  
Although such a measurement  includes an unknow n  
junct ion  potential, the lat ter  is probably  very small  in 
most cases; Nelson (6), who investigated this topic, 
makes the point  that such junct ion  potentials are not 
as large as commonly believed. Electrodes were pre-  
pared in batches of 5 or 6; their  potentials checked 
against one another  for stabil i ty and reproducibi l i ty  
to wi thin  a few millivolts, which is wi th in  the experi -  
menta l  error of the potential  measurements.  

Table I. Reference electrode potentials 

E l e c t r o d e  s y s t e m - s o l v e n t  Po ten t i a l Ja~  V 

A g / A g  + ~n CHsCN --0.016 
H+/H2 (NHE),  aq. 0.000 
SCE, aq. + 0.249 
Ag/AgC1,C1-  i n  H O A c  + 0.253 
A g / A g +  in  p y r i d i n e  + 0.304 
A g / A g C I , C I -  in  D M F  + 0.754 

(~) P o t e n t i a l s  are acco rd ing  to  the  1953 S t o c k h o l m  C o n v e n t i o n  
a n d  were  m e a s u r e d  v s .  an  a q u e o u s  s a t u r a t e d  ca lome l  e l ec t rode  
{SCE) a t  27.5~ and  c o n v e r t e d  to  r ead  v s .  t h e  n o r m a l  h y d r o g e n  
e l ec t rode  (NHE).  

Chemicals.--Ferrocene was used as a s tandard  redox 
mater ia l  at 1 mM concentration,  since it is readi ly 
soluble in the solvents used and produced sharp re-  
versible vol tammograms in all  of the systems studied. 
Consequently,  since the p r imary  purpose of the present  
study was to characterize the electrode surfaces, com- 
plications due to the electroactive species were min i -  
mized at the outset. In  addition, ferrocene had been 
previously characterized vol tammetr ica l ly  in  pyr idine 
(7), which allowed comparison to be made. The ferro- 
cene was recrystall ized several times from purified 
dry acetonitrile, then dried under  vacuum at 50~ 
Ini t ial  efforts with cobalticene were abandoned, since 
the compound proved to be only sl ightly soluble in 
some of the solvents to be used. 

All other chemicals used were of reagent  grade. The 
argon was dried by passage through Linde  4A molecu- 
lar  sieves. 

Solvents.--Reagent grade solvents were dried or 
purified further,  depending on the solvent. Pyridine,  
which was zone fractional  crystallized (2), had very  
low levels of water  and electroactive impurit ies;  
pyr idine (reagent  grade) was also used only after 
drying over molecular  sieves. In  the present  investiga- 
tions, there seemed to be li t t le difference between 
the two solvents, since the potentials used were not  
in the same range as those util ized when interferences 
from electroactive impuri t ies  were noted (2). 

Acetonitr i le (Matheson Nanograde) and N,N-di-  
methyl formamide (reagent grade) were dried over 
molecular sieves. Glacial acetic acid (reagent grade),  
freshly opened as needed, was rapidly t ransferred to 
solution mix ing  vessels to prevent  moisture acquisi- 
tion. 

Electrode Surface and Resurfacing 
Init ial  studies included microscopic examinat ion  and 

physical characterization of the electrode materials,  
and determinat ion of the effects of resurfacing the 
electrodes. 

Electrode resurfacing.--Pyrolytic graphite (PG) 
electrodes are commonly resurfaced by gr inding with 
a rotat ing disk of 600 mesh SiC paper  or by full  layer  
cleavage; both are sometimes followed by vigorous 
rubb ing  on filter paper (8). Resurfacing or even ma-  
chining glassy carbon (GC) general ly  results  in frac- 
tures and chipping caused by the br i t t le  na ture  of the 
material.  Resurfacing of GC (rarely necessary) is best 
done by polishing with successively finer abrasives, 
finishing with 0.5~ a lumina  on Microcloth (A. Buehler  
Company).  Giles, Harrison, and Thirsk (9) have also 
used the metal lurgical  polishing method for GC elec- 
trodes. However, Sunahara  and Ishizuka (10) used 
"emery paper 80", which undoubted ly  provided micro- 
scratches on the GC surface, not a mir ror  finish as is 
obtained by using the a lumina  polishing compound. 

Following various t reatments ,  the electrode surfaces 
were observed with 100X magnification. Cleaved PG 
general ly had a complete new surface across the plane 
of the electrode, but  the existence of a part ial  layer 
can allow occlusion of mater ia l  under  it. Use of a hand  
lens for inspection of the renewed PG surface provided 
a means of quickly checking that  cleavage produced 
a completely fresh disk. 
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Microscopic examinat ion  revealed large differences 
in the surfaces as prepared by the different methods 
and, as it tu rned  out, predicted the observed electro-  
chemical  behavior.  There  was no evidence that  the 
epoxy compounds or polye thylene  used to seal the 
carbon mater ia l  to the glass tube were  smeared across 
the electrode surface during resurfacing. Occasionally, 
a few part icles of SiC or sealant would appear  after  
the grinding operation; these were  removed by wiping 
wi th  a tissue, which also r emoved  loose part icles of 
carbon. However ,  a pecul iar  phenomenon was observed 
when  these resurfaced PG electrodes were  used in 
cyclic vol tammetry .  Loose carbon had ini t ia l ly  been 
removed  by wiping with a tissue, r insing wi th  acetone, 
pyr idine or ethanol  (depending on the solvent system 
in use) ,  or rubbing  wi th  Wha tman  No. 1 filter paper. 
Nevertheless,  af ter  the electrode had been subjected 
to several  charge-discharge  cycles, a deposit of carbon 
appeared on the whi te  epoxy r im around the PG. Occa- 
sionally, this deposit was ve ry  heavy but it was never  
present  prior  to the vo l tammetr ic  cycling. 

Grinding wi th  600 mesh SiC paper  produced a flat 
surface on both the PGE and GCE, al though the la t ter  
mater ia l  is much harder.  However ,  under  100X mag-  
nification, one could observe microfine scratches over  
the ent ire  GC surface; these were  found to be respon- 
sible for the very  high residual  currents  in vo l tam-  
metry.  For  example,  electrodes t reated with  600 mesh 
SiC paper gave a residual  current  of 70 ~A, but, when 
the electrodes were  lapped wi th  0.5;L alumina, the 
residual  current  was only about 0.5 ~A. 

One can visualize the effect of grinding the PG by 
considering the resul t  of slicing an onion across some 
section of the sphere; a large number  of planes (skin 
and onion layers)  is exposed. In the case of the PG 
cones, the layers are qui te  porous, a l lowing large 
amounts  of solvent to penet ra te  the layers. Since the 
macro s t ructure  is essential ly duplicated in the micro 
structure,  it is obvious why  the gr inding operat ion 
can lead to a grea t ly  enlarged surface area compared 
to that  produced by cleaving. 

Charge accumulation on electrode surface.--The dust 
part icle  effect indicated that  a high charge was local-  
ized on the electrodes. A Kei th ley  Model 610B elec- 
t rometer ,  which has a ve ry  high input  impedance and 
indicates charge direct ly  in coulombs, was uti l ized to 
measure  the charge; its output  was fed into a poten-  
t i a l - t ime  recorder  to provide a record of the change 
dur ing the exper iment .  For  comparison with  the PGE 
and GCE, the charge was measured  for a mercury  
pool electrode of 7 mm 2 surface area, which was con- 
tained in a U- tube  arm immersed  in e lectrolyte  solu- 
tion. The solution used in these charge measurements  
was 0.5M KC1; cells were  thermosta ted  at 25~ a Pt  
wire  was used as counterelectrode.  

The electrode to be measured was t reated in the 
desired manner  and then connected to the e lec t rometer  
prior  to insert ion in the e lect rolyte  solution. Changes 
in the charge were  fol lowed over  a period of about 
1500 sec (Table II) .  No tewor thy  is the ex t remely  high 
initial charge on the ground PGE; the other  electrodes 
had a much lower  init ial  charge which slowly in- 
creased due to the capacitance effects of the solution 
and effects f rom react ion of the electrode surface and 

Table II. Charge on electrodes on insertion and after standing in 
aqueous 0.5M KCI solution 

C h a r g e  on  e l e c t r o d e ,  /~coulombs 
M a t e r i a l  A f t e r  A f t e r  A f t e r  

e l e c t r o d e  ca) I n i t i a l  50 sec 500 sec 1500 sec 

Glassy c a r b o n  0.5 1.0 7.8 18.5 
G E  P G  ( c l e a v e d )  2 .0  3.3 5.3 8.4 
G E  PC. ( g r o u n d )  4.6 8 .0  16.5 31.0 
H g  pool  0,20 0.28 0,64 2 ,17 

adsorbed species. The charge on the ground GCE iden-  
tified the source of the high residual current  vo l t -  
ammetr ica l ly  observed on this electrode; the micro-  
scopic (600-grain) scratches are the locale for both the 
charge and the residual  current.  The init ial  charge on 
the mercury  electrode, which corresponds to 2.8 
~coulombs/cm 2 and which  does not increase appre-  
ciably for several  minutes, is p resumably  due to hal ide 
adsorption. The contr ibution f rom the grid current  of 
the e lect rometer  ( m a x i m u m  of 2 • 10 - s  ~coulombs/  
sec) is negligible. 

Open circuit potentials.--Significant variat ions were  
found in the open circuit  potentials  (OCP) of the 
various mater ia ls  in 0.5M KC1 solution (Table I I I ) .  
The significance of an OCP is that  it indicates the sum 
of the prepara t ive  background effects on the electrode 
surface; the OCP wil l  be a function of var iat ions due 
to crystal  structures, strains, and growth sites. The 
var ia t ion in OCP paral lels  that  of the charge measure -  
ment  (Table II) .  

The effect of any significant difference be tween PGE 
surfaces fabricated f rom the mandre l  and deposition 
sides of the graphi te  can be obviated by always using 
the same side for the electrode surface. F rom a struc- 
tural  standpoint,  one would  expect  the mandre l  side to 
be only as smooth as the original  substrate  surface 
itself; the deposition side is a function of the whole  
pyrolysis process, including the inclusion of dirt  and 
soot. For  these reasons, the variat ions be tween the 
GE and HTM PG electrodes may  be significant. The 
HTM mater ia l  is produced in flat plates, while  the GE 
mater ia l  is cut f rom a tapered and somewhat  var iable  
density block of unknown origin (cf. Exper imenta l  
section). 

Behavior in Aqueous Media 
Init ial  vo l tammetr ic  investigations were  conducted 

with  an aqueous 1 mM K4Fe (CN)6 solution (0.5M KC1 
as support ing electrolyte)  to de termine  the differences 
in behavior  of the indicator electrode mater ia ls  and 
the tendency for the electroact ive species to be ad- 
sorbed in the PG layers,  thus causing a memory  effect 
due to entrapped material .  

The special cell, designed so that  fresh KC1 solution 
could be run through periodical ly  to remove  diffused 
mercury  ions f rom the SCE or diffused iron species, 
was ar ranged in a double, two-e lec t rode  configuration, 
i.e., the SCE in the middle compar tment  and the 
ferrocyanide solution were  one set, and the SCE and 
a 0.5M KC1 solution in the third leg consti tuted the 
other  set. In operation, the electrode being invest igated 
was placed in the deoxygenated  ferrocyanide solution 
and cycled several  t imes unti l  the vo l t ammogram had 
reached a steady trace. The electrode was then re-  
moved, rinsed quickly but thoroughly with distil led 
wate r  to remove iron species adhering to the outer 
surfaces, and placed in the deoxygenated  KC1 solution 
in the third compartment .  Cycling was prompt ly  re-  
peated across the redox potent ial  range of ferrocyanide 
with the recorder  set at high sensit ivi ty;  any in te r layer  
adsorbed electroact ive species would  then produce a 
current  peak at -~0.28V. 

In all cases where  the ground PGE was used, small  
but dist inctive peaks were  observed, indicating a 
car ryover  of ferrocyanide.  Such peaks were  not ob- 
served on the cleaved PGE, except  in one case where  

Table lit. Open circuit potentials of graphite electrodes in 
aqueous 0.5M KCI solution 

P o t e n t i a l ,  V, vs.  S C E  

E l e c t r o d e  m a t e r i a l  I n i t i a l  A f t e r  1500 sec  

G l a s s y  c a r b o n  - -0 .12  -- 0.77 
G E  P G  ( g r o u n d )  Ca) + 0.76 - -0 .29  
G E  P G  ( c l e a v e d )  + 0.25 - -0 .7  

(a) A l a r g e  p o s i t i v e  c h a r g e  a l so  a p p e a r s  on t h e  g r o u n d  e l e c t r o d e .  ~) G E  P G  = G e n e r a l  E l e c t r i c  p y r o l y t i c  g r a p h i t e .  
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a part ial  layer  of the cleaved graphi te  was inadver-  
tent ly  left  in place. As a general  rule, the re tent ion 
on the ground surface (and its inter layers)  was ten 
to twen ty  t imes greater  than the worst  case observed 
wi th  the cleaved surface. On glassy carbon, there  was 
never  any detectable carry over  of i ron species. 

Initial current phenomena.--Of part icular  interest  
is the fact that, when  an indicator electrode is con- 
nected to the recording system via a fol lower (unity 
gain) vs. the SCE and then immersed  in the cell solu- 
tion, posit ive potentials and anodic currents  are ob- 
served, which are greatest  on the ground PGE, far 
less on the cleaved PGE, and pract ical ly  nil  on GC or 
polished pla t inum electrodes. 

The typical  curve  of Fig. 4 i l lustrates the high initial 
current  on electrode immersion and the decreased 
cathodic peak on the first vol tage scan. The cathodic 
peak on the init ial  scan is a lways the lowest and is 
an indication of the amount  of ferr icyanide formed on 
the electrode when the charged electrode is immersed  
in the fer rocyanide  solution. No correlat ion appeared 
between the first cathodic peak height  and the charge 
on the electrode or the t ime of immersion pr ior  to 
ini t iat ing the sweep toward more  negat ive potential.  
Thus, cathodic peak 1 in Fig. 4 is that  due to the reduc-  
tion of ferr icyanide formed as indicated, while  cathodic 
peak 2 is that  due to the fer r icyanide  fo rmed  during 
anodic peak 1. 

E~ect of surfactant.--The effects of adding small 
quanti t ies  of a wet t ing  agent  to the aqueous ferro-  
cyanide solution depend on the electrode mater ia l  (Fig. 
5). The cleaved graphi te  and the GC electrodes were  
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Fig. 4. Cyclic voltammogram for I mM K4Fe(CN)6 in 0.5M KCI 
aqueous solution. Effect of initial anodic current. 
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Fig. 5. Cyclic voltammogram for 1 mM K4Fe(CH)6 in 0.5M KCI 
aqueous solution. Effect of 0.002% Triton X-IO0 on curve shapes 
on different electrodes. 

great ly  influenced by the presence of 0.002% Tri ton 
X-100; the peaks were  suppressed and shifted in poten-  
tial, and the vo l tammograms general ly  flattened. By 
contrast, the ground surface graphi te  electrodes were  
not noticeably affected; only when  a 0.01% Triton 
level  had been reached did suppression of the peak 
current  become obvious. These observations support  
the suggestion that  the ground PG surfaces have a 
ve ry  much larger  effective area than ei ther  the c leaved 
PG or GC surfaces. The surfactant  drast ical ly sup- 
presses electroact ivi ty on the lat ter  mater ia ls  because 
it is rapidly adsorbed across a large port ion of the 
total  avai lable  electrode area. 

E~ect of pH. - -The  effect of pH on electrode behavior  
was studied by adjust ing the pH of the ferrocyanide 
solution by suitable buffering (Fig. 6 and 7 present 
typical  curves) .  Some effects were  common, to some 
degree, to all electrodes and are  evident ly  due to 
var ia t ion in the nature  of the e lect roact ive  species 
caused by the pH change. The most obvious of these 
is the very  sharp and heightened current  peak at pH 
1.8; the effect was ex t reme on the ground PGE from 
both sources, but was much less on the cleaved PGE. 
By comparison, the GCE showed a sharper  peak at pH 
1.8 but the var ia t ion wi th  pH was not as ex t reme  as 
on the PGE. 

At  higher  pH, the revers ibi l i ty  of the F e ( C N ) 6 8 - /  
F e ( C N ) s  4- couple was much  reduced on the cleaved 
PGE compared to that  on the ground PGE. The values 
of ip and Ep in Table IV provide a quant i ta t ive  sum- 
mary  of the observed shifts. The shift in Ep for both 
cathodic and anodic processes to more negat ive  poten-  
tial with increasing pH (Table IV) results f rom the 
acid-anion equi l ibr ia  involving ferrocyanic and fer r i -  
cyanic acids. 

E~ect of electrode area.--The data on the commonly 
used PGE (projected area = 0.126 cm 2) were  com- 
pared with  those on ground and cleaved PGE of 0.196 
cm 2 area f rom Rosen's work  (11) (Fig. 8, Table V).  
The sharper peaks resul t ing f rom the ground surface 
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Fig. 6. Effect of pH on cyclic voltammograms for 1 mM K4Fe(CH)6 
in 0.SM KCI aqueous solution. Ground pyrolytic graphite electrode 
(High Temperature Materials Company). 
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Table IV. Variation of current and potential with pH for 
ferrocyanide oxidation on carbon electrodes ca) 

p H  of  f e r r o c y a n i d e  so lu t ion  
E l e c t r o d e  t y p e  1 ,78  4.1 6.05 8.6  9.5 

H i g h - T e m p .  P G  (ground)  
A n o d i c :  Ep 0.30 0.26 0.26 0.26 

ip 30,3 2 0 , 0  24.5 21.2 
Cathodic :  Ep 0.23 0.19 0.19 0.17 

iv 29,3 19.8 25.0 21.0 
H i g h - T e m p .  P G  (cleaved) 

A n o d i c :  Ep 0.30 0.26 0.27 0.26 
iv 21.6 17.3 19.3 16.3 

Cathodic :  Ep 0.24 0.18 0.19 0.18 
ip 21.3 17.0 18.8 17.8 

Gen .  Elec. P G  (ground)  
A n o d i c :  Ep 0.30 0.26 0.26 0.27 

iv 30.0 21.0 25,3 18.0 
Cathod ic :  Ev 0.23 0 . 1 8  0.19 0.18 

ip 27.0 21 .0  25.6 19.8 
Gen.  Elec.  P G  ( c l eaved)  

A n o d i c :  Ep 0.32 0.26 0.30 (b) 0.28 
ip 17.3 13.6 19.2 16.5 

Cathodic :  Ep 0.22 0.14 0.17(c) 0.16 
tp 17.0 13.0 18.3 17.8 

G l a s s y  c a r b o n  
A n o d i c :  Ep 0.31 0,28 0.29 0.28 

i .  19.5 15.5 16.2 17.5 
Cathodic :  Ep 0.23 0.16 0.16 0.17 

ip 19.5 16.5 16.5 17.6 

(~} P o t e n t i a l s  are  in  vo l t s  and  are  p o s i t i v e  w i t h  r e s p e c t  to  the  a q u e -  
ous  SCE.  Currents  are  in  /LA, P G  = p y r o l y t i c  graphi te .  

<b~ P o t e n t i a l  b e c a m e  m o r e  pos i t i ve  unt i l  the  s e v e n t h  scan.  
(c~ P o t e n t i a l  b e c a m e  m o r e  n e g a t i v e  unt i l  the  s e v e n t h  scan.  

Table V. Effect of area on ground and cleaved pyrolytic graphite 
electrodes (a) 

E l e c -  E l e c -  
t r o d e  t r o d e  A n o d i e  p e a k  C a t h o d i c  p e a k  
area ,  p r e p a -  Ep/2, Ep, ip, Ev/.~, Ep, tp, 
c m  ~ rat ion  V V /~A V V ~A 

0.126 C l e a v e d  0.21 0.25 23.5 0.23 0.19 
G r o u n d  0.16 0.33 33.7 0.24 0.12 

0.196 C l e a v e d  0.21 0.33 26.4 0.22 0.17 
G r o u n d  0.19 0.26 31.8 0.25 0.17 

(4) D a t a  are  for  1 m M  f e r r o c y a n i d e  in a q u e o u s  0.5M KCI solut ion.  

as compared to the cleaved surface are the most  ob- 
vious characteristics. However ,  these ground surfaces 
could not be resurfaced as reproducibly as could the 
cleaved surfaces. Most of  the variation in peak height 
is due to the m u c h  larger residual current on the 
ground electrode. 

The peak currents do not show the expected pro- 
portionality to the electrode area. Theoretical  peak 
currents in cyclic vo l tammetry  for reversible systems 
can be calculated from the equation (12) 

ip  = 2.72 X 105 n 3/2 A D 1/2 C°v  1/2 [1] 
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Fig. 8. Cyclic voltammograms for 1 mM K4Fe(CN)e in 0.SM KCI 
aqueous solution. Pyrolytic graphite electrodes of 0.196 cm 2 pro- 
jected area. 

where  ip is the current in amperes, n the electron 
change, A the electrode area in cm 2, D the diffusion 
coefficient in em2/sec and C ° the concentration of the 
diffusing species in moles/era 3, and v the scan rate in 
V/sec .  At  v ----- 100 mV/sec ,  calculated ip : 27.0 ~A for 
the electrode of 0.126 c m  2 and 41.14 ~A for A = 0.196 
cm 2 (a value  of 0.60 × 10 -5  cm2/sec was  used for D) .  

0.25 Although the projected area was  used w i t h  no a l low-  
20.2 ance for surface roughness, it seems that the c leaved 

0.19 
20.2  surface more nearly fo l lows  the expected current 
0.26 relationship, but the differences in cathodic and anodic 

17.6 ED values  are much  greater on the cleaved electrode 
0.18 than on the ground electrode. For a reversible couple, 

17.5 a separation of 53 m V  is expected for a one-electron 
0.26 change, wh ich  is about that observed on the ground 

1 8 . 0  
0.19 electrodes in both cases. Based on the ha l f -peak  poten- 

17.5 tial, Ep/2, the reversibi l i ty  does not appear to vary as 
0.30 greatly as does that based on the Ep data. 

12.5 
0.13 E ~ e c t s  of m u l t i p l e  scans and  in i t ia l  p o t e n t i a l  d i r ec -  

11 .8  t i o n . - - T h e  effects of mul t ip l e  scans and of starting the 
0.29 scan in either potential  direction from the zero of  the 

14.8 
o.14 S C E  reference electrode were  invest igated and sig- 

15.0  nificant differences were  observed. 
Figure 9 shows the curves obtained on HT pyrolyt ic  

graphite and on glassy carbon. When ground PG elec-  
trodes are used, an initial  high anodic peak is seen, 
independent  of the direction of  scan. If the scan is 
started toward posit ive potential,  ip is progressively 
less on subsequent scans and, at times, does not reach 
a constant l e v e l  after five or six scans. On the other 
hand, if  the scan is in i t ia l ly  toward negat ive  potential,  
a l though no reduction peak results from the ferro- 
cyanide solution, the first anodic peak is high by about 
2.5 ~A but subsequent scans tend to superimpose; even 
after 25 cycles, there is often not more  than 0.25 #A 
variation. The general effect is much  less pronounced 

23.2 on (pol ished) GC electrodes; vo l tammograms  have 
29.2 very sharp peaks and subsequent curves retrace the 25.5 
33.0 first scan. The ev idence  suggests that an initial  cathodic 

scan (toward negat ive  potential)  tends to neutralize 
the posit ive surface charge on the ground electrode, 
thus lower ing  the anodic peak height  on the first sweep  
and leading to more reproducible peak currents. 

Be i lby  (13) has stated that, i f  the voltage scan is 
a l lowed to go too far positive, irreversible changes can 
occur on the PGE surface. Consequently,  in the present 
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IQFe(CN)6 in 0.5M KCI aqueous solution. 
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study, the scan was not allowed to go more than  a frac- 
t ion of a volt beyond the peak potent ial  observed on 
either cathodic or anodic scans. The effects of s tar t ing 
the scan in the cathodic direction provide addit ional  
evidence for the presence of a positively charged sur-  
face. Although the lat ter  has been called an "oxidized 
surface" (14), its reduct ion must  occur at a very  low 
potential  judging by the increased height of the ferro- 
cyanide anodic peak. A more l ikely explanation, as 
discussed, is the presence of positive static charges in-  
duced by the gr inding of the surface. 

S u m m a r y . - - I n  aqueous vo l tammet ry  unde r  a given 
set of conditions, cleaved pyrolytic graphite  surfaces 
provide a lower peak current  as well  as a much lower 
residual current .  These surfaces cause the Fe (CN)63- /  
Fe(CN)64-  couple to appear less reversible,  i.e., the 
separat ion between the anodic and cathodic peaks is 
greater and the peaks themselves are more rounded. 
The ground PG electrodes produce sharper, more 
reversible peaks, but  they retain electroactive species 
wi thin  the layers and the surface is not reproducible 
on resurfacing. More will  subsequent ly  be said on the 
lat ter  point. 

The significance of these studies in aqueous solutions 
is that they provide a comparison of the behavior  of a 
well characterized electrochemical system on the 
various carbonaceous electrodes. From the results ob- 
tained, large differences in the performance of the 
electrodes might be expected when  they are utilized 
in nonaqueous systems. 

Behavior in Nonaqueous Media  
Invest igat ions in nonaqueous solutions were also 

designed to determine the effects of resurfacing meth-  
ods on electrode behavior. Although every effort was 
made to el iminate  water  and oxygen from the solu- 
tions prior to their  introduction into the electrochemi- 
cal cell, "complete" e l iminat ion of these ubiqui tous 
impuri t ies  is problematical.  Even if solutions are han-  
dled in the best avai lable inert  atmosphere dry box, 
there remains  a possibility of surface contaminat ion 
due to water  levels in the solvents on the order of 10 -9 
moles/cc. A situation of diminishing re turns  arises as 
the requirements  of exper imentat ion tend toward 
levels of oxygen and moisture which are below the 
present ly  detectable limits for these substances. A 
common error in nonaqueous investigations is the use 
of so-called spectrophotometric grade solvents without  
fur ther  purification. Although such solvents may have 
no interfer ing bands in a given spectrum range, they 
may contain quite large amounts  of impuri t ies  ( includ-  
ing water) ,  if these materials  do not absorb signifi- 
cantly in the given spectral range. 

A recent paper (15) points out that  the water  levels 
in many  purified so lvents - -even  in some "as received;' 
mater ia l s - -do  not interfere with electrochemical in-  
vestigations conducted in them. On the other hand, 
the present  work indicates that  much depends on the 
potential  range used, the stand (rest) t ime of the 
electrode in contact with solutions, and the rates of 
reaction of water  with the solvent, solutes, or other 
electroactive species. It is, indeed, true, as pointed out 
(15), that  much more than simple electrostatics is 
involved in  solute-solvent  interactions. It is impor tant  
to recognize these factors; although there is obviously 
no such thing as a total ly anhydrous  nonaqueous 
solvent, the limits of water  which can be tolerated will 
depend on many  exper imental  factors. 

Behavior in Pyridine 
In  order to determine the effects of electrode resur-  

facing on the redox vol tammetry  of an organic com- 
pound, quinone was used as the electroactive species 
in 0.1M te t rae thy lammonium perchlorate (TEAP) 
solutions in pyridine.  The previously reported (2) pre-  
wave occurring at --1.72V in pyridine,  which has not 
been sufficiently purified to remove a proton-releasing 
substance, did not interfere, as the potential  scan was 
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Fig. 10. Cyclic voltammograms on pyrolytic graphite electrodes of 
i mM quinone in pyridine (O.|M TEAP). 

reversed just  after the first reduct ion peak was 
reached, i.e., at about --0.8V. The reproducibi l i ty  on 
ground or cleaved General  Electric PGE was evalu-  
ated by resurfacing the electrode a n u m b e r  of times 
and reinser t ing it each time in the cell system for 
another cyclic scan, which was started toward negative 
potential. The ini t ial  peaks on cleaved electrodes 
varied from subsequent  ones by less than 0.25 ~,A; a 
series of cleaved electrode vol tammograms were al- 
most superimposable, e.g., Fig. 10. However, the first 
sweep on the ground electrodes was often erratic; the 
anodic and cathodic peaks were variable  in height by 
as much as 2.5 ~A between the first and succeeding 
scans, and also between first scans on resurfaced elec- 
trodes. This var iat ion amounted to 10-15%, since ip 
was often around 20 #A. 

For pyr idine solutions (0.1M LiC104) of ferrocene, 
the ground electrode--as  in  aqueous solu t ions--pro-  
vides a very high first peak on mul t ip le  scan vol tam-  
mograms; subsequent  scans have a very  reproducible 
cathodic peak, but  the anodic peaks decrease with 
each succeeding scan. (It should be emphasized that  
a shift in Ep has never  been observed with successive 
scans; variat ions are always in lowered ip.) 

Adding pyr id in ium ni t ra te  to a solution of ferrocene 
in LiC104-pyridine has no noticeable effect on vol tam-  
mograms taken with cleaved electrodes; curves were 
ent i re ly  reproducible with ip and Ep constant  for 0.5 
to 10 mM acid (Fig. 11). Voltammograms taken with 
the ground PGE on pyr id in ium ni t ra te  addit ion are not 
much different unt i l  about 10 mM is reached, at which 
concentrat ion the first scan overshoot is only about 0.5 
~A, compared to previously seen overshoots of 2.5-5.0 
~,A (Fig. 14). 
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The ratio of the anodic and cathodic peak heights is 
approximately  unity,  indicat ing that  the ferrocene/  
ferrocenium couple is reversible in LiClO4-pyridine 
solutions. 

Equat ion [1] was used to calculate ip values for the 
ferrocene oxidation peak on a cleaved General  Electric 
PGE in LiC104-pyridine solutions. At a scan rate of 
50 mV/sec, the observed ip for the ferrocene oxidation 
peak on a General  Electric PGE in  LiC104-pyridine 
solution, based on a series of highly reproducible vol- 
tammograms,  corresponds to a diffusion coefficient of 
8.34 X 10 -6 cm2/sec when the projected electrode area 
is used in Eq. [1]. 

Behavior  in A c e t o n i t r i l e  
The results for 1 mM ferrocene in acetonitr i le solu- 

t ion (0.1M LiC104) on PG cleaved and ground elec- 
trodes are very  similar to those obtained in pyridine. 
The ground surfaces had a ve ry  large positive charge in 
acetonitrile. When the electrode was first inserted in 
the solution, a positive potential  of Ep ~ +0.37 and an 
anodic ip of ca. 200 #A were observed. Consequently,  
the scan was started toward more negative potential.  
The scan produced a low cathodic peak since the 
electrode had been only briefly immersed in the solu- 
t ion before the scan began and there was very  li t t le 
t ime for the production of much oxidized mater ial  on 
the electrode surface. The scan, on being reversed 
toward positive potential  after the first low cathodic 
peak, produced a very  high first anodic peak, indicat-  
ing that  the charge phenomenon on the electrode was 
not completely el iminated dur ing the ini t ial  scan 
towards more negative potential  or that  the amount  of 
ferr ic inium ion produced by the inheren t  positive 
(anodic) electrode potential  and charge was larger 

than that  which was reduced on the ini t ial  scan. 
Notable on all of the vol tammograms on all electrode 

materials  are the very  sharp anodic and cathodic peaks, 
and the high degree of reversibil i ty,  e.g., the ratio of 
the anodic and cathodic peak heights is almost exactly 
un i ty  and the difference between the peak potentials 
is 70 mV or less. Although these characteristics hold 
t rue  for all  electrode surfaces, the curves on glassy 
carbon are much more definitive, as the electrode area 
is most near ly  that  of the projected geometrical area, 
0.126 cm~; a typical run  is shown in Fig. 12. The curves 
from the cleavage graphite surfaces are much "cleaner" 
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Fig. 13. Effect of added benzoic acid on cyclic voltammograms 
on pyrolytic graphite electrodes of 1 mM ferrocene in acetanitrile 
(0.1M I-iC104). 

than those from the ground surfaces; the peak heights 
for the lat ter  are 15-20% higher, indicat ing the greater 
area of the ground surface. Using Eq. [1] and glassy 
carbon electrode data, the diffusion coefficient of ferro-  
cene is calculated to be 4.26 X 10 -5 cm2/sec. On the 
glassy carbon electrode, a plot of ip vs.  v '/2 results in 
a straight line, indicat ing that  the ferrocene electrode 
reaction is diffusion controlled. 

When benzoic acid (0.5 to 1.05 mM) was added to 
ferrocene (Fig. 13), the only change seemed to be a 
lessening of the first scan overshoot for solutions of 
higher benzoic acid content. The peaks were sharper 
and successive traces were exactly superimposed on 
the first. A proton-r ich env i ronment  evident ly  reduces 
the effect of the charge phenomenon on the ground and 
cleaved electrodes. 

Behavior  in A c e t i c  A c i d  
In glacial acetic acid, many  of the previously ob- 

served variat ions between the ground and cleaved PG 
and GC electrodes were somewhat leveled out, e.g., 
ini t ial  overshoots on the first scan were much less, 
general ly amount ing  to about 0.5 ~A. Typical curves 
are shown in Fig. 14. Reproducibil i ty of the ground 
electrodes was best in  this solvent compared to the 
other systems utilized. For 1 mM ferrocene solution, 
ip was 16.5 ~A on the ground graphite electrode, and 
16.25 ;~A on the cleaved electrode and on glassy car- 
bon. If the glassy carbon surface is considered to be 
essentially the projected area, the closeness of the peak 
current  values indicates that  the effects of gr inding are 
considerably lessened by the solvent. 
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All peak currents  are much less in this solvent 
than in the other solvents. If the peak currents  are 
assumed to be proportional to the square root of the 
diffusion coefficient (cf. Eq. [1]) and if the only 
change in  diffusion coefficient in going from one solvent 
to another is that  due to solvent viscosity (~), the 
currents  would be inversely proport ional  to ~]l/g and 
the product ip ~]1/, would be expected to be constant. 
The viscosities at 25 ~ of the solvents used in the present  
s tudy are acetonitri le 0.35, d imethyl formamide 0.80, 
pyr idine 0.88, water  0.89, and acetic acid 1.16 centi-  
poise; the corresponding value of n-'/g, based on water, 
are acetonitrile 1.60, DMF 1.04, pyridine 1.01, water  
1.00, and acetic acid 0.88. 

In  acetonitrile, ip values of around 30 #A are com- 
monly  observed; in acetic acid, ip is about 16.3 ~A. 
The ratio of 1.84 is in  excellent  agreement  with the 
n -  I~ ratio of 1.82. 

A light blue color appeared in the ferrocene-acetic 
acid solution after it had stood for about 10 days. A 
vol tammogram of this solution showed the peaks due 
to the ferrocene electrode reaction, but  ip was about 
25% less and the potentials were about 25 mV more 
positive; the lat ter  may  be par t ia l ly  due to a shift 
in the reference electrode potential  on standing, since 
the Ag/AgC1 electrode does not have long term stabil-  
ity in HOAc. 

Behavior in Dimethylformamide 
On all of the electrodes (except glassy carbon) used 

in this solvent system (1 mM ferrocene; 0.1M LiC104), 
the first scan overshoot was about 1-2 ~A over the 
average peak current,  which is small  compared to be-  
havior in acetonitri le and pyridine. The Pyroid PGE, 
either ground or cleaved, did not provide reproducible 
traces on successive scans; it also tended to give a 
higher ip than GE or HTM material  at a given scan 
rate, occasionally as much as 4 ~A greater. This would 
indicate that the Pyroid has a greater effective surface 
area than the others. 

Generally,  the ferrocene couple is less reversible in 
DMF than in the other solvents used, e.g., ip (anodic) 
was about 1.3 ~A higher than i ,  (cathodic) for all elec- 
trodes. Peak potential  separation was 70 to 80 mV, i.e., 
anodic Ep ---- 0.84V and cathodic Ep is 0.76 for all elec- 
trodes. These values are comparable to that  of 0.88V 
for the ferrocene oxidation potential  previously ob- 
tained in DMF (NaC104 and TEAP as support ing elec- 
trolytes) (16). 

Addit ion of Tri ton X-100 caused ext remely  erratic 
behavior  and poor reproducibil i ty on successive scans. 
Higher surfactant  concentrat ions eventual ly  reduced 
the peak height, shifted the anodic potential  in a more 
positive direction and the cathodic peak to a more 
negative direction, and caused rounding of the peaks. 

The variat ion in performance between the three 
types of PGE is more obviously seen in Fig. 15. The 
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Fig. 15. Voltammograms on different types of pyrolytic graphite 
for 1 mM ferrocene in dimethylformamide (0.1M LiCl04). 

voltammograms on HTM electrodes provide clean 
superimposable curves with mi n i mum residual  current  
and sharp peaks with a very  slight overshoot on the 
first scan and constancy on those following. Even on 
ground resurfaced HTM electrodes, the electrochemical 
behavior is bet ter  than in the other types. The General  
Electric mater ia l  is second best and the Pyroid mate-  
rial  is least satisfactory. Some of the variat ions ob- 
served are due to differences in the "cone" s tructure of 
the individual  graphites, as these differences are man i -  
fested by variat ions in cone size, hardness, uniformity,  
etc. Generally, all the electrodes made from HTM ma-  
terial, used either in the present  work or in  subsequent  
work, have provided a much more un i form surface 
when they have been cleaved or ground for each re- 
surfacing. Low power magnification shows consider- 
able variat ion between various electrodes of General  
Electric and Pyroid material,  especially in cone size 
and in the previously ment ioned densi ty gradients of 
the GE graphite. Some of the variat ions observed in 
electrode behavior are undoubtedly  due to these un-  
controllable physical variat ions in the electrode mate-  
rial itself. 

Discussion 
A thorough review of the l i terature (17) and unre -  

ported research results indicate that  the most l ikely 
phenomena involving al terat ion of the surface of 
graphite, which would account for the var iat ion in 
performance of graphite electrodes are the following: 

1. Chemisorbed oxygen: This may exist by itself or 
may serve as an at t ract ive site for H20 molecules. 

2. Tenaciously held water:  This is of importance 
when  the graphite is used in nonaqueous solvents. 

3. Oxidation sites: Carbon-oxygen  reaction sites and 
complexes may be localized at stress regions. 

4. Carbon-oxygen surface compounds: acidic or 
basic organic compounds such as quinoids, qu inhy-  
drones, phenols, and carbonyls  are definite possibilities, 
depending upon the conditions of formation. Addi-  
tionally, under  special conditions sulfate surface 
effects, hydrogen-bonded inter layer  groupings, and 
free radicals may be involved (18, 19). 

5. Mellitic acid derivatives: Pyromell i t ic  acid- 
chloroquinone, pentacarboxylchlorobenzene and similar 
compounds could be produced under  moderately  oxi- 
dizing conditions (20, 21). 

6. Lamellar  compounds or their  residues: These in-  
clude bisulfates or other species, which in themselves 
are difficult to reduce or oxidize, and which are formed 
when graphite electrodes are subjected to strong oxi- 
dizing conditions. 

7. Surface films: Const i tut ing a broad field, these 
films encompass any of the previously listed effects, 
as well  as some unknow n  effects peculiar  to the dense 
structure of pyrolytic graphite. 

Presently,  no single agent of those listed appears to 
account for the observed phenomena on pyrolytic 
graphite. One distinct possibility is that exposure to air 
and moisture may spontaneously produce surface 
species. The investigator is then faced with the neces- 
sity of conducting all operations in an inert  a tmo- 
sphere or, at least, of handl ing the graphite  in a sealed 
system or a vacuum. 

Plock (22) has conducted rather  extensive evalua-  
tions of the effect of pH and l igand changes on the 
usable potential  ranges of glassy carbon, pyrolytic 
graphite, and p la t inum wire electrodes. Notable is the 
fact that the usable potential  range of the GCE and 
PGE shift about 0.3V more negative at pH 8 to 11 and, 
with some organic materials  such as diisopropylamine, 
the range was narrowed down significantly. There 
seems little correlation between Plock's results and the 
present results, except that  the effect of the high pH 
in both cases is to restrict  the range  and behavior of 
the carbonaceous electrodes. 

Concurrent ly  with these investigations, Rosen (11) 
investigated certain aqueous systems, using pyrolytic 
graphite electrodes. Numerous  questions as to the ha-  



Vo[. 119, No. 7 B E H A V I O R  OF CARBON E L E C T R O D E S  873 

ture of the PGE surface had been raised by earlier 
observations (14), e.g., very slow changes in the ac- 
t ivi ty of the surface, ra ther  poor reproducibi l i ty  under  
a wide variety of resurfacing, usage or storage in air, 
and extremely irreproducible double layer capacitance 
measurements .  

Electrode resur lacing. - - I t  is clear from the results of 
the present  invest igat ion that  resurfacing a pyrolytic 
graphite electrode by gr inding produces a nonrepro-  
ducible electrode surface. The admoni t ion of Miller 
and Zittel  (24) that  the PGE should be resurfaced not 
by gr inding but  only by cleaving and then only when  
absolutely necessary, is well  taken. The use of ground 
electrodes for studies of the electrolytic oxidation of 
organic compounds may lead to the deposition of oxi- 
dation products which are not readi ly removed. Should 
such be the case, the mater ia l  can be removed with a 
n i t r ic-sul fur ic  acid mix ture  as recommended by  Meites 
(25). Due to the strong adsorption of chromium com- 
pounds on electrode surfaces, they are not easily re-  
moved and may interfere in subsequent  use of the elec- 
trode; consequently,  chromate solutions should not be 
used to clean electrodes. 

The surface of the glassy carbon electrode can be 
readi ly  stripped of deposits by brief immers ion in the 
acid mix ture  and normal ly  requires little surface 
t rea tment  beyond re tu rn ing  the applied potential  to the 
zero point. The la t ter  suggestion of Zittel and Miller 
(26) has been verified in the present  study. If neces- 
sary, the glassy carbon electrode is readi ly  repolished 
with 0.5~ alumina.  The glassy carbon can be imbedded 
in an epoxy such as the Hysol material ,  resul t ing in a 
very s turdy electrode structure,  to which connection 
may be made via a mercury  drop on the back side. 

It is instruct ive to relate the present  results with 
those previously reported. The present  investigations 
indicate that  the surface charge on a PG electrode is 
extremely high when resurfacing is done by grinding, 
but much less when resurfacing is done by cleaving the 
c planes of the graphite to yield a new plane. 

Mamantov e t a l .  (27) have reported that two types 
of films are produced on PGE surfaces when  they are 
subjected to chemical or electrochemical oxidation. 
Investigations by Kekedy, Markay, and Dragoi (28) on 
the pre t rea tment  of PG electrodes established that  the 
surfaces obtained after oxidation with ni tr ic  acid, 
chromic acid, or KMnO4, or after reduct ion with ferrous 
ammonium sulfate could be characterized via chrono- 
potentiometry.  Using fer r i / fer rocyanide  and V ( V ) /  
V(IV) ,  they found that  reproducible  chronopotent io-  
grams of the former system were only obtained on un -  
t reated electrodes, whereas V(V) could only be re-  
duced on chemically reduced or oxidized, or un t rea ted  
electrodes, and not at all on cathodically reduced elec- 
trodes. The over-al l  electrode process for vanad ium 
redox systems on the electrodes was irreversible, but  
this effect was lessened on oxidized surfaces. No ex- 
p lana t ion  was given. 

Rosen (11) summarizes many  invest igat ions aimed 
at the del ineat ion of the electrode reactions of oxygen 
and hydrogen on the PGE; he calls a t tent ion to the 
work of Morcos (29), who showed that  the reduct ion 
of oxygen to peroxyl  ion proceeds much more readi ly 
on the edge planes of the PGE than  on the cleaved 
p lanar  surface. Gr inding  exposes a large number  of 
edge planes of the t runca ted  cones of the graphite 
layers. The cleaved surfaces are un i formly  repro-  
ducible and provide in nonaqueous solution far bet ter  
vol tammograms than do the ground electrodes. The 
existence of the large anodic charge, shown by  a high 
potential  and peak current  when  the electrode is in-  
serted into aqueous or nonaqueous solution, indicates 
that  the anodic charge is more l ikely a static charge 
phenomenon than  an oxidation. The requ i rement  that  
the scan be started toward the cathodic (negative) di-  
rection in order to overcome it, indicates that,  while  
some of the electroactive species is indeed oxidized by 
the charge phenomenon  (first cathodic peak),  some of 

the charge does not oxidize the Fe ( I I )  species. This 
may be due to shielding of inner  layers of the graphite 
or to some other effect arising as a consequence of the 
unique s t ructure  of the pyrolytic  graphite. 

The work of Boehm et at. (30) has provided a defini- 
tive view of the types of oxidized sites occurring on 
carbon. These include phenolic, carboxylic,  lactone, 
and ketonic types of oxygen compounds and may in-  
clude hydrogen br idging be tween adjacent  carbon-  
oxygen sites on the neighbor ing carbon hexagons. In  
the present  work, one can visualize what  might  occur 
when the PGE is resurfaced in air by grinding.  The 
gr inding mechanism removes carbon by breaking 
bonds between adjacent  atoms and between planes. In  
the case of pyrolytic graphite wi th  its conical struc- 
tures prot ruding from the surface, gr inding wil l  break 
vast ly greater  numbers  of adjacent  carbon bonds than 
if the planes are mere ly  cleaved apart.  The energy of 
breaking these bonds is par t ia l ly  dissipated as heat. 
However, the surface area is vast ly increased and, 
since all the surface atoms have unbalanced  charges 
("free valencies") in the direction away from the bulk  
of the carbon, the surface energy must  l ikewise be 
vas t ly  increased. Inasmuch as the gr inding is con- 
ducted in  the air, the combinat ion of heat and surface 
energy on the carbon atoms provides an opt imum en- 
v i ronment  for oxidation of the carbon by  atmospheric 
oxygen to form the various types of C-O compounds 
postulated by Boehm et al. (30). These occur on ad- 
jacent  carbon atoms on the edges of the hexagonal  
planes of the graphite. Depending on the sites avail-  
able, there may  be br idging between adjacent  groups 
and hydrogen bonding when OH groups are present. 
Obviously, if the PGE cone edges are vast ly increased 
by the grinding, these compounds should form more 
readily and thus interfere  with the reduction of other 
electroactive species when  used in  vol tammetr ic  
studies. 

From the s tandpoint  of the surface charges pro- 
duced on resurfacing, we determined these to be on 
the order of 5-10 ~coulombs, which is equivalent  to 40 
to 80 ~C/cm 2 of projected PGE area. Such a large posi- 
tive charge on the graphite surface may  lead to the ad- 
sorption of anions. When the electrode is scanned 
towards negative potent ial  in pyridine,  an inflection 
is observed which appears to be a reduction. This may 
actual ly be due to the removal  of the adsorbed anions, 
which requires that  addit ional  negat ive  charges (elec- 
trons) be put on the electrode and results in  an in-  
flection as observed. These negative charges are also 
re levant  to the observed levels of open circuit  poten-  
tial. When the electrodes are ground in air, oxidation 
of the carbon atoms on the edge planes would be ex- 
pected to occur to form various types of C-O groupings, 
depending on the -C-C-C-  environment .  Unfor tu -  
nately, we have not yet been able to determine the 
effect of resurfacing the PGE in an inert, dry atmo- 
sphere and using it quickly thereafter  in  the dry-box  
atmosphere. However, such a procedure may only 
prove that  static charges predominate  or that  the dry-  
box atmosphere with less than a par t  per  mi l l ion of 
water  and oxygen still has too much of these species 
present  for definitive results. 

It seems likely that  much of the problem of measur-  
ing double layer  capacity of PGE (14) may  be t race-  
able to the charges and surface oxidation compounds 
produced by the gr inding or cleavage of the elec- 
trodes. 

A technique,  which might  shed fur ther  l ight on the 
na ture  of the surface compounds on the PGE, involves 
exposing a new layer  of material ,  while the electrode 
is connected to the measur ing circuit, to de termine  the 
"potential  of zero charge" (31). If the charge on a PGE 
could be neutral ized by several scans and the electrode 
then cleaved under  the solution while potential  and 
current  are measured, the results may indicate the 
na ture  of the newly exposed carbon planes. Such an 
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opera t ion  could be conducted in a d r y - b o x  a tmosphere  
under  a h igh ly  purified nonaqueous solution. 

The proposed  technique for the identif icat ion of sur-  
face funct ional  groups on act ive carbon by  in f ra red  
reflection spectroscopy (32) m a y  be appl icable  to sur-  
faces such as pyro ly t i c  graphi te ,  glassy carbon, and 
other  opaque e lec t rode  surfaces. 
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The Electrolytic Fluorination of Anthracene Derivatives 
I. 9, lO-Diphenylanthracene 

C. J. Ludman, E. M. McCarron, and R. F. O'Malley* 
Department ol Chemistry, Boston College, Chestnut Hill, Massachusetts 02167 

Elect rochemical  acetoxylat ion,  methoxyla t ion ,  and 
cyanation,  bel ieved to occur by  a t t ack  of the appro-  
pr ia te  nucleophi l ic  anion on rad ica l  cat ions a n d / o r  
dicat ions formed at the  anode, have been rev iewed  (1). 
A s imi lar  rou te  to fluorine der iva t ives  of aromat ic  hy-  
drocarbons  seemed logical  if a sui table  so lven t -e lec t ro -  
ly te  system were  avai lable .  

Acetoni t r i le ,  wi th  a useful  anodic range of at  least  
d-3.0V vs. SCE (2), depending  upon the anion present,  
was chosen as the solvent.  The salt  t e t r a m e t h y l a m -  
mon ium d ihydrogen  tr i f iuoride (CH3)4NF �9 2HF (3) was 
p repared  and character ized.  I t  is soluble  in acetonitr i le .  

Knunyan t s  and his group have  used t r i e t h y l a m m o -  
n ium fluoride in acetoni t r i le  (4) for the anodic fluori-  

�9 Electrochemical  Society Act ive  Member .  
K ey  words:  fluorination, electrolysis, polyarenes,  radical-cations. 

nat ion of naphthalene ,  and  t e t r a e t h y l a m m o n i u m  t r i -  
hydrogen  te t raf luor ide  (5) for the  anodic f luorinat ion 
of naph tha lene  and 1-f luoronaphthalene.  Earl ier ,  
Schmidt  (6, 7) had descr ibed the  anodic f luorination 
of 1 ,1-diphenylethylene,  by  electrolysis  in potass ium 
hydrogen  fluoride solutions in glacial  acetic acid, and 
si lver  fluoride solutions in acetonitr i le ,  but  wi th  ve ry  
low yields.  

The anodic format ion  of cationic species from po ly -  
aromatic  hydrocarbons  and re la ted  compounds has 
been inves t iga ted  ex tens ive ly  in a number  of l abora -  
tor ies  and is the subject  of a recent  l engthy  rev iew (1). 
The compound 9 ,10-diphenylanthracene  DPA was 
chosen because of the s tab i l i ty  of its rad ica l  cat ion (8, 
9, 10). I t  has been shown to react  w i th  wa te r  (10) 
to form 9 ,10-d iphenyl -9 ,10-d ihydroxy-9 ,10-d ihydroan-  
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thracene. The use of H2F3- ion, as a nucleophile for re-  
action with the cationic species of DPA, is the basis of 
the work described here. 

Experimental 
Apparatus . - -The  controlled potential  electrolysis was 

conducted in a cell constructed from a 500 ml Pyrex  
resin flask, fitted with a side a rm made from a 24/40 
outer joint. A medium porosity f l i t  inserted at the 
junc ture  of the flask and a side arm separated the ref-  
erence electrode compar tment  from the electrolysis 
compartment .  A p la t inum cylindrical  gauze anode (5 
cm long and 1.5 cm in diameter)  and a p la t inum foil 
cathode (11.25 cm2) were suspended in the resin flask 
through the ground joints in the cover; no diaphragm 
was used to separate them. The potential  of the anode 
vs. the SCE reference was controlled by an  Anotrol  
Model 4100 research potential  controller. 

Before performing the electrolyses, RPE vol tamet-  
ric curves were obtained with a Sargent  micro-pla t i -  
num electrode (S-30426) rotated at 600 rpm by a Sar-  
gent  synchronous motor (S-76485). A conventional  
Pyrex  H-cell, with the electrode compartments  sepa- 
rated by medium porosity frits, contained the acetoni- 
tri le solution of salt and organic substrate and the SCE 
reference electrode. The current -vol tage  curves were 
obtained on a Sargent  Model XV polarograph, without 
solution resistance compensation. 

Melting points were determined on a Mel Temp ap- 
paratus and are uncorrected. Infrared and ul traviolet  
spectra were recorded on Pe rk in -E lmer  spectropho- 
tometers, Models 137 and 202, respectively. The NMR 
spectra were recorded on a Varian Model HA-60 spec- 
trometer.  

Chemicals.--Matheson, Coleman, and Bell chromato- 
qual i ty acetonitri le was used without  fur ther  purifica- 
tion. Te t ramethy lammonium dihydrogen trifluoride 
was prepared as described previously (3). The 9,10- 
d iphenylanthracene  was from K & K Laboratories, Inc. 

Elemental  analyses were performed by Galbrai th  
Laboratories, Inc., Knoxville,  Tennessee. Molecular 
weight determinat ions were made by R. Sacher, U. S. 
Army  Natick Laboratories, Natick, Massachusetts, on a 
Mechrolab vapor pressure osmometer, Model 301A. 

Electrochemical Synthes is . - -The  RPE examinat ion  of 
DPA in 0.40M (CH3)4NF �9 2HF in acetonitrile gave a 
value of 1.27V vs. SCE for its El/2 ~ 

Because of the relat ively low solubili ty of DPA in 
acetonitrile, it was added in portions from time to t ime 
during the electrolysis. A total of 1.00g (3.03 mmole) 
was added to 95 ml of 0.40M (CH3)4NH2F~ in acetoni- 
trile. The current  of 0.50A was observed after the addi- 
t ion of each port ion of 9,10-diphenylanthracene and fell 
to 0.030A before the next  addition. The electrolysis was 
allowed to proceed for 11 hours at which t ime the cur-  
ren t  had decreased to 0.015A. An atmosphere of n i t ro-  
gen was main ta ined  throughout  the electrolysis. 

A white precipitate formed in  the vicini ty of the 
anode. After  filtration, washing with acetonitrile, and 
recrystall ization from benzene it mel ted with decom- 
position at 229~ ~ . 

Analys~s.--Calculated for C26HlsF2: C, 84.78; H, 4.90; 
F, 10.32. Found:  C, 84.70; H, 5.30; F, 10.30. Molecular 
Weight: Calculated 368; Found, 391. The yield was 
0.48g, 43 % based on the mass of s tar t ing material.  The 
ul traviolet  spectrum had a pr imary  absorption at ~max 
219 (~ ---- 58,000) and four secondary absorptions at 
)~max 242 (e ---- 221), ~max 239 (e ---- 206), ~max 231 
(e = 134), and kmax 223 (e ---- 64) were observed. A 
56.4 MHzF 19 NMR spectrum in benzene at 78 ~ showed 
a single peak at 4.86 ppm upfield from 1-fluoronaph- 
thalene. 

A sample of 9,10-difluoro-9,10-diphenyl-9,10-dihy- 
droanthracene was synthesized by the action of anhy-  
drous HF on 9,10-dihydroxy-9,10-diphenyl-9,10-dihy- 
droanthracene, prepared by the method of Awad, 

Fateen, and Zayed (11). Its properties were identical  
to those of the product of the electrochemical synthesis. 

Efforts to fluorinate naphthalene by electrolysis in 
acetonitrile solutions of (CHs)4NF .2HF  failed be-  
cause the anode was quickly coated. 

Results and Discussion 
That the fluorinated product of the electrolysis was 

9,10-difluoro-9,10-diphenyl-9,10-dihydroanthracene, mp 
229 r (dec), was consistent with the elemental  anal -  
ysis, molecular  weight, ul t raviolet  spectrum, and F TM 

NMR spectrum. A comparison of the ul t raviolet  spec- 
t rum with the spectrum of 9,10-diphenylanthracene 
showed a marked decrease in resonance. A similar  de- 
crease in resonance was shown by 9,10-dihydroxy-9,10- 
dihydro-9,10-diphenylanthracene.  The presence of but  
a single peak in the F 19 NMR spectrum supported the 
predicted structure, since it showed that each of the 
two fluorine atoms had the same environment .  

The same compound was prepared by a chemical 
synthesis. The t rea tment  of 9,10-dihydroxy-9,10-di- 
hydro-9,10-diphenylanthracene with anhydrous  I-IF 
gave a white solid which had the same melt ing point, 
elemental  analysis, infrared spectrum, and ul traviolet  
spectrum. No exper iment  was performed which would 
indicate whether  the c/s- or the trans-form of the 
9,10-difluoro compound had been formed. 

The controlled potential  electrolysis was conducted 
at a potential  (1.65V vs. SCE) sufficiently higher than  
E1/2 ox of DPA (1.27 vs. SCE) to assure the formation 
of sufficient radical cations to react with the H2F3- 
anions. The potential  was sufficiently lower than  the 
decomposition potential  of the solvent-electrolyte sys- 
tem to preclude interference from fluorine atoms 
formed by oxidation of the anions. Evidence that  the 
anions are oxidized at the decomposition potential  has 
been obtained (12). 

It is not clear whether  dications were formed in sig- 
nificant quanti t ies  to be effective in the formation of 
the f luorine-containing product formed. The more im- 
portant  mechanism involved in the anodic fluorination 
is probably that proceeding through two one-electron 
transfers, as depicted in  Fig. 1. 

Whether  fluorinations of a wide var ie ty  of substances 
is possible by this method is under  investigation. 
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Integration of Gibbs-Duhem Equation Along 
Phase Boundaries in Multicomponent Systems 

N. A. Gokcen and E. T. Chang 
Chemical Thermodynamics  Section, Laboratories Operation, 

The Aerospace Corporation, El Segundo, California 90245 

The exper imental  data on the part ial  molar  property 
of one component may be used to calculate all the 
remaining  part ial  molar  properties of a mul t icom- 
ponent  system by integrat ing the Gibbs-Duhem equa- 
tion. The methods of integrat ion have been presented 
and discussed in detail in a previous paper  (1) and 
summarized by Pitzer and Brewer (2). These methods 
consist of graphical integrat ion along a restricted path 
on which the system is univar iant ,  i.e., an adequate 
number  of restrictions is imposed on the variables of 
state at constant  tempera ture  and pressure so that  the 
path of in tegrat ion is along one independent  variable. 
We wish to point out in  this communicat ion that  these 
restrictions may also be the coexistence of an adequate 
number  of phases, and to show that  it is possible to 
compute the numerica l  values of the in tegrand by a 
new method. The results are useful  in checking the 
thermodynamic  data and the compositions of coexist- 
ing phases. 

The degrees of freedom or the number  of indepen-  
dent  variables for a system of p phases and c com- 
ponents  at constant  tempera ture  and pressure is c -- p; 
therefore the un ivar ian t  condit ion prevails when p 
= c --1. We i l lustrate  the required mathemat ica l  
t rea tment  for c = 3 and p = 2, for which the Gibbs- 
Duhem relat ion is 

- X ' ld  G1 = X'2d G2 + X'sd Ga [1] 

--X"~d ~ = X"~d 0 ,  + X"~d ~ [2] 

where Xi is the mole fraction, Gi, the part ial  molar  
Gibbs energy, or the chemical potential, and the primes 
denote the phases. The chemical potent ial  of a com- 
ponent  in various coexisting phases is the same; hence, 
we do not need primes over Gi. We assume that  the 
data on G~ exists from which we proceed to obtain 
G2 and Gs. The algebra of de terminants  may be used to 
solve for the u n k n o w n  terms d G2 and d G3 in Eq. [1] 
and [2]; thus 

d G2 = -- (D1JD23) d G1 

= [ (X"lX's  -- X ' l X % )  / (X'2X% -- X"2~'3) ] d G-~ [3] 

where the de terminants  D~j are given by 

Dza = X"3 and DIs = X"l X"3 

Key words: Gibbs-Duhem, integration, multicomponent, multi- 
phases. 

The de te rminan t  Dla is obtained from D2a by subst i tu t -  
ing the coefficients of - -d  G1 in Eq. [1] and [2] in the 
first column of D~. Likewise 

d G3 = -- (D21/D2s)d G1 [5] 

In general, for c components  and c --1 phases, the 
de te rminant  in  the denominator  is 

X'2 X'3 

D 2 3 . . . c =  

X2(c-l) X3(e-1) 

Xrc 

[6] 

Xc(C-~) 

When c = 2 and p = 1, it is evident  that  the ratio of 
de terminants  in Eq. [3] becomes X'I /X '2  and we obtain 
the following we l l -known  relat ionship for a b inary  
system 

d 0 2  = - -  ( X ' I / X ' 2 )  d G1 [7] 

Equation [3] may be integrated graphically by plott ing 
DIJD23 vs. G1 along the path of coexisting phases and 
measur ing the area under  the curve. The experi -  
menta l ly  measurable  proper ty  is (Gi -- G "°)~ where Gi ° 
is the molar  Gibbs energy of pure i in a condensed 
state at one atmosphere, and (Gi -- Gi °) may  be used 
instead of Gl in in tegrat ing Eq. [3]. This property may 
be obtained by measur ing the emf of an appropriate 
cell or by de termining  the part ial  pressure of com- 
ponent  i. Since Gl -- Gi ° = R T  In ai, where R is the 
gas constant  in appropriate  units, T the tempera ture  in 
K, In the na tura l  logarithm, and ai the activity of i, it 
is possible to convert  Eq. [3] into the following form 

In a2 -- in  a~ (atX1 -- a) = --  ( D I j D 2 D  d In a1 

[8] 

The equation corresponding to in as can readily be 
obtained by in terchanging the subscripts 2 and 3 in 
Eq. [8]. We emphasize that  the method by which the 
in tegrand Dls/D2s can be computed constitutes a new 
and convenient  procedure. 

We i l lustrate the usefulness of Eq. [8] by the pub-  
lished data summarized in Landol t -BSrns te in  (3) for 
the system benzene-water -e thanol ,  C6H6-H20-C2H~OH 
at 64.9°C, as listed in  Table I. The published values of 
aL were calculated (3) from ai = Pi/Pi* where  Pi is the 
part ial  pressure of i over a selected pair  of coexisting 
liquids obtained from the measured values of total 
pressure and the vapor composition, and Pi* is the 
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Table I. Activities in two ternary systems. Xi and ai are mole fraction and activity of component i, respectively. They refer 
to two coexisting phases on the same horizontal line. Phases are identified by superscripts over Xi. Experimental data are 

from a summary in Landolt-B~rnstein (3). 

System 1--Component 1: C~-I6; 2: Hal:); 3,: C~I-I~OH; at 64.9~ 

CeI-I6-rieh phase I~O-rieh phase  E x p e r i m e n t a l  Calculated 
X'1 X'~ X'z X'i X~s X"s a~ a~ ae as a~ 

0.819 0.040 0.141 0.006 0.833 0.161 0.931 0.883 0,390 (0.883) * (0.390) * 
0.664 0.104 0.232 0.021 0 .754  0.225 0.910 0.859 0.415 0.861 0.432 
0.555 0.164 0.281 0.048 0.675 0.277 0.899 0.851 0,424 0,851 0.448 
0.486 0.2055 0.3085 0.067 0.635 0,298 0.892 0.854 0.429 0.845 0.456 
0.330 0.331 0.339 0,133 0.536 0.331 0.878 0.859 0.437 0,833 0.471 
0.299 0.3575 0.3485 0.146 0.516 0.338 0.872 0,856 0.439 0.828 0.476 
0.257 0.397 0.346 0.173 0.486 0.341 0.864 0.847 0.440 0.821 0.484 

System 2--Component 1: H20; 2: CaI-IsOH; 3: CCh; at 65.4~ 

H~O-rich phase  CCl4-rieh phase  E x p e r i m e n t a l  Calculated 
X'I X% X% X'1 X~s X% al a~ az a~ 

0.9675 0.032 0.0005 0.018 0.032 0.950 0.958 0.240 0.979 (0,240}* (0.979}* 
0.952 0.047 0.001 0.030 0.056 0.914 0.942 0.348 0.941 0.321 0.969 
0.939 0.060 0.001 0.038 0.0'/8 0,884 0.939 0.362 0.937 0.363 0,964 
0.930 0.069 0.001 0.055 0.110 0.835 0.939 0.351 0.943 0.387 0.949 
0.925 0.073 0.002 0.060 0.120 0.820 0.925 0.398 0.927 0.401 0.947 
0.923 0.075 0.002 0.062 0.125 0.813 0.941 0.348 0.943 0.407 0.946 
0.899 0.099 0.002 0,112 0.223 0.665 0.926 0,560 0.860 0.520 0.911 

* Lower integration limit of left side in Eq. [8], same as corresponding experimental value. It is this limit and the convenience in com- 
putations that dictate numbering the components. In general, a component is labeled 1 if the experimental data for activity are avai lable  
for that component. 

vapor  pressure over  pure  component  i. The act ivi ty ai 
of each component  i is the same in each set of coexist-  
ing phases as required by thermodynamics.  The data 
in Table I for the phase relat ionship are shown in Fig. 
1 where  the coexisting phases are indicated by the 
tie-lines. The path of in tegrat ion for Eq. [8] is along 
the phase boundary  curve where  the system is un ivar i -  
ant. The lower integrat ion l imits in Eq. [8] are taken 
as the values of al and a2 at X1 = a = 0.819. The last 
two columns in Table I contain the values of a2 and a3 
calculated by Eq. [8]; and they  are in poor agreement  
wi th  the corresponding exper imenta l  values of a2 and 
a3. Significant errors could hardly  be ascribed to the 
vapor  pressure measurements,  but  the analyt ical  errors 
in the gas, and par t icular ly  in the coexisting liquids, 
are largely responsible for the disagreement  be tween  
the exper imenta l  and the calculated values of a2 and 
a3. This conclusion is based on the fol lowing simple 
analysis. The expression for --(D13/D2~) in Eq. [3] 
and [8] is given by ( X " I X %  --  X ' I X " 3 ) / ( X ' 2 X " 3  - -  
X"2X'3) .  The numera tor  and the denominator  in this 
expression contain the difference of two terms, and 
each t e rm is a product  of two mole fractions; there-  
fore, small  errors in the mole fractions of l iquids cause 
large errors in Dl_3/D23. 

Similar  calculations have also been  made by using 
Eq. [8] and the published values (3) of al for the 
system wate r -p ropanol -ca rbon  tetrachloride,  I-t20- 
CaH~OH-CCI~ at 65.4~ The results  are also listed in 
Table I. The  calculated values agree fa i r ly  wel l  wi th  
the exper imenta l  values for this system. It is, there-  
fore, evident  that  Eq. [8] provides an excel lent  check 
on the consistency of data for ai at the phase bounda-  
ries. 

Equat ion [8] may  also be used in comput ing the  
activities in a f requent ly  encountered system, as 
i l lustrated by Fig. 2, where  the  components  2 and 3 
are liquids and the component  1 is a solid which dis- 
solves l imited amounts  of 2 and 3. If the data are 
avai lable  for G~ -- G1 ~ the integrat ion may  be carried 
out as described; however ,  if there  are no data but  
X1, for the solid is greater  than 0.9, it is reasonable to 
assume that  for the solid solution Raoult 's  law is 
obeyed, i.e., al  = X1. The l iquid and solid phases may  
be designated by (9 and ( '9  respectively,  and the 
equal i ty  of G--'I in both phases may  be used to obtain 

GI ~ + RT ln a'1 : G1 ~ q- RT In X'~ 

This equation may be rearranged into 

(2) H20 (2) 

(1) (3) {1) (3) 
r, 6 H 6 ,C 2 H50H 

Fig. 2. Hypothetical ternary system formed by pure solid compo- 
Fig. 1. Ternary system benzene-water-ethanol at 64.9~ 1, 2, nent 1, and pure liquid components 2 and 3. Solid solution is S, 

and 3 are component designations~ Thin lines are tie-lines joining liquid solution, L, and thin lines are tie-lines joining coexisting 
coexisting phases. Phase boundary curve is univariant. Data are solid and liquid phases. Line KMN shows composition of liquid 
from a summary in Landolt-Bornstein (3). phase in equilibrium with solid phase. 
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G, ~ -- GI ~ : --RTIn (a'2/X",) [9] 

where the left side is the standard Gibbs energy of 
fusion which is usually available in convenient tables 
for simple components (4-6); therefore, a'l may be 
calculated along the liquidus line KMN since X'q is 
also known. From the values of aj, it is then possible 
to calculate the values of a'2 by Eq. [8], and a'3 by an 
equation obtained by interchanging the subscripts 2 
and 3 in Eq. [8]. 
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ABSTRACT 

The oxidation of "clean" nickel has been investigated from 24 ~ to 450~ at 
oxygen pressures of 5 X i0 -s to 6 X 10-* Tort. Ultra-high vacuum techniques 
made it possible to start oxidation on specimens free of oxide and surface 
impurities such as C, Si, and S. Oxygen uptake was measured manometrically 
with a capacitance gauge of submonolayer sensitivity. Initial rapid oxygen ad- 
sorption (and place exchange) on nickel was followed by slower oxidation 
obeying a logarithmic rate law over the thickness range 8-30A. Growth of 
thicker films was in accord with a parabolic rate law, transport through the 
oxide occurring predominantly via easy diffusion paths. The value of 41 kcal. 
mole -I calculated from an Arrhenius plot of the parabolic rate constants from 
300 ~ to 450~ is an approximate measure of the activation energy for growth 
via leakage paths. A pt/6 dependence of the parabolic growth rate on oxygen 
pressure was found at 450~ 

Nickel oxidation is considered to be one of the sim- 
pler systems of s tudy since only one oxide, NiO, is 
produced, and par t ly  for this reason has been the 
subject of numerous  investigations (1). NiO, a p- type  
semiconductor, grows by the outward movement  of 
nickel cations and electrons via vacancies and holes. 
At high temperatures,  say >1000~ parabolic growth 
is general ly  observed. However, at moderate  tempera-  
tures (around 500~ a var ie ty  of exper imental  
kinetics have been reported. These include parabolic 
(2), two stage logarithmic (3, 4), and logarithmic 
followed by quartic (5) rates of oxidation. It  may be 
that  differences in mater ia l  purity,  surface preparation,  
and pretreatrnent  could account for the var ia t ion in 
exper imental  data, and the present  work on we]l- 
characterized surfaces was under taken  in an at tempt 
to resolve some of the discrepancies and, if possible, 
to present  a simplified model for the low- tempera ture  
oxidation of nickel. 

Experimental 
Apparatus.--The oxidation apparatus  is shown sche- 

matical ly in Fig. 1. It  is an improved design of an 
earlier manometr ic  system (6), having u l t ra -h igh  
vacuum capabilities (pressures <3 X 10 -*~ Torr  after 
bakeout  at 250~ and employing a sensitive capaci- 
tance gauge to follow the pressure decrease with t ime 
dur ing  oxidation. The gauge was an M.K.S. Ins t ru-  
ments  90H-l, held at 30~ by a tempera ture  controller 
(Type 1090-1). With the exception of the quartz speci- 
men chamber  the apparatus was all metal  and con- 
ta ined a working volume of about 1 liter. At oxida- 
t ion pressures ~5  X 10 - s  Torr, sub-monolayer  ad-  
sorption was readily measured. Dur ing  pressure mea-  
surements,  the reference side of the capacitance gauge 
w a s  pumped with an 8 l i ter �9 sec -1 ion pump. Speci- 
men heat ing was by a tube furnace (hot zone variat ion 
of •176 around the quartz tube. 

�9 E lec t rochemica l  Soc ie ty  Act ive  Member .  
K e y  words :  k inet ics ,  p r e s su re  dependence ,  m a n o m e t r i c  apparatus. 

Specimen ~naterial.--Zone-refined nickel  sheet (0.02 
cm thick) supplied by Materials Research Corporation 
was used. It  was analyzed to be 99.998% nickel, con- 
ta in ing as impurit ies (in ppm atomic):  C, 2; O, 3; F, 
<0.1; Na, 0.2; Mg, 0.5; Si, 0.7; C1, 0.2; K, 0.2; Cr, 0.6; 
Fe, 6; S, not detected. 

Gases.--Spectroscopically standardized oxygen (<70 
vpm impuri t ies)  and hydrogen (<14 vpm impuri t ies)  
were used (Baker Chemical Company) .  

Specimen preparation.--Coupons, 0.02 by 1 cm and 
from 2 to 4 cm long, were degreased, chemically 
polished for 30 sec at 85~ in a mix ture  of 30% volume 
nitric acid, 10% sulfuric acid, 10% phosphoric acid, and 
50% acetic acid, and then electropolished for 2 rain 
at 23~ in a 4-volume sulfuric ac id :3-volume water  
mix ture  at a current  density ,.-0.5 A �9 cm -~. Chemical 
polishing removed about 5 ~,m and electropolishing 8 

ION pUMP 

M.K.S TO GAS 
CAPACITANCE ~/HANOLING 

GAUGE - -  

LEAK 
VALVE 

TO OIL 
DIFFUSION 
PUMP 

PARTIAL 
L PRESSURE 

SPECJMEN GAUGE 

CHAMBER TEE 
VALVE 

Fig. I. Manometric oxidation system 

879 



880 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  July  19 72 

#m of material .  The specimen was then  placed on a 
p la t inum support  in the quartz tube  of the oxidat ion 
system. 

Oxidation.~After  bakeout, the fol lowing procedures  
were  carr ied out. 

(i) When the system had cooled, 1 Torr  oxygen  was 
admit ted for 1 hr  to saturate  the walls  of the system; 
this minimized surface adsorption during a subsequent 
oxidat ion exper iment .  

(ii) To decrease the carbon impur i ty  concentrat ion 
the specimen was heated  to 700~ and enough oxygen 
admit ted  to produce ~100A of NiO. During continued 
anneal ing of the film in vacuum, CO evolved. [Gas 
analyzed by an A.E.1 Minimass par t ia l  pressure gauge 
(Fig. 1)]. In some exper iments  the capacitance gauge 
was used to fol low the pressure increase in the system 
due to CO formation,  presumably  by the reaction: 
C 4- NiO -~ CO 4- Ni, and corresponded af ter  2~/z hr  
at 700~ to the remova l  of >1 ppm of C from the speci- 
men. 

(iii) The remaining  oxide was reduced wi th  1 Torr  
hydrogen at 600~ Gas was admit ted for 5 min, 
pumped out, and the system refilled with  fresh hydro-  
gen. 

(iv) Hydrogen was pumped out and the t empera tu re  
set to the oxidat ion temperature .  When  the rmal  equi-  
l ibr ium was established and the pressure was ~5  • 
10 -9 Torr, the oxidat ion was performed. The  "tee" 
va lve  (Fig. 1) was first closed and the init ial  oxygen 
dose size measured before oxidation of the specimen 
began. In this way, when the tee va lve  was opened 
the ex t remely  rapid init ial  uptake by the specimen 
could be determined.  Cal ibrat ion runs wi thout  speci- 
mens at each exper imenta l  t empera tu re  measured 
the small uptake on the walls of the  system. Oxida-  
tion pressures ranged from 5 • 10-~ to 6 • 10 -1 Torr;  
pressures quoted are average values and dur ing the 
course of oxidation were  adjusted to ~25% above (by 
admit t ing more  oxygen) ,  and al lowed to fall ~25% 
below these values. 

Surface and oxide examination.--To ensure that  no 
contaminat ion had occurred, surfaces pre t reated as 
above and oxidized at low tempera tures  were  analyzed 
for impuri t ies  by x - r a y  emission techniques (7). 
Replicas of oxide surfaces and stripped oxide films 
were  examined by electron microscopy. 

Results 
The kinetic curves for the oxidation of polycrys-  

tal l ine nickel (-~120 #m average grain diameter)  from 
room tempera tu re  to 450~ in 5 • 10 - s  Torr  oxygen 
are shown in Fig. 2. Uptake is expressed as #g oxygen 

I i ]- i-- I I 
I0, ~ ~ 7 0 0  

Ec~8 J ,600 

i 
6 1  r 

45o'c _~ 

,- g 

~_00 

~ /  365- ~100 
-- 340 _ ~oo p�9 ~ , �9 

- ,; 2'0 s'0 4o 5o 6o 
TIME, rnin 

Fig. 2. Oxidation of polycrystalline nickel from 23 ~ to 450~ in 
5 X 10 - 3  Torr oxygen. 
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Fig. 3. Early stages of oxidation of polycrystalline nickel up to 
340~ in 5 X 10 - ~  Torr oxygen; expansion of data in Fig. 2. 

cm -2. Mean oxide thicknesses are also given and have 
been calculated assuming a roughness factor of 1 and 
an NiO density of 6.75 (1 #g oxygen cm -~ equivalent  
to 69.2A of NiO).  Uptakes are low up to 340~ and the 
ear ly  stages of oxidat ion are bet ter  observed in the 
expanded plot of Fig. 3. Duplicate exper iments  were  
carried out at most temperatures ;  the reproducibi l i ty  
of oxidation is indicated by the two runs at 200~ 

As seen in Fig. 3, an init ial  ex t remely  rapid oxida-  
tion is fol lowed by a transi t ion to a period of lower  
oxidation rate. At room tempera tu re  an uptake of 
0.15 ~g oxygen cm -2 is approached, equivalent  to a 
l imit ing oxide thickness of about 10A. At  200~ a 
continuing uptake is measured and the  data are found 
to follow a direct logari thmic law of the form, x = A 
in t + B, where  x is the oxygen uptake (thickness) 
and t the oxidation t ime (see Fig. 4). Thin film data 
(up to ~30A) at h igher  tempera tures  also follow a 
logari thmic law; the durat ion of the log dependence 
diminishes wi th  tempera ture  and at 340~ (as seen in 
Fig. 4) applies for only the first 2 rain of oxidation. 
Thicker  films (>30-40A),  as i l lustrated by data at 340 ~ 
and 400~ in Fig. 5, grow in accordance with a para-  
bolic rate  law. 

L 
c~ �9 eJ 

o-e~ 0-60' E 
E o 0.2~ / � 9  | o 

Z - - - ~  Z 
200 ~ C �9 -- 

a_ 0.45 a_ 

0.15 �9 , , , I , , ~ ~1 , , , r , , , =dO.30 
OJ 0.5 1.0 5.0 I0 

TIME, min 

Fig. 4. Logarithmic plot of data from oxidation of a polycrystalline 
nickel at 200 ~ and 340~ 
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Fig. 5. Parabolic plot of data from oxidation of polycrystalline 
nickel at 340 ~ and 400~ 
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Fig. 6. Parabolic plots of data from the oxidation of polycrystalline 
nickel at 450~ in 5 X 10 -3 ,  5 X 10 -2 ,  and 6 X 10 - t  Tort 
oxygen. 

To examine the effect of pressure on the kinetics, 
oxygen uptakes at 450~ were measured at three dif- 
ferent  pressures: 5 X 10 -3 , 5 X 10 -2 , and 6 X 10 -1 
Torr. In  Fig. 6 the data are plotted parabolical ly and 
a good relationship is observed. Expressing the rate 
constant, Kp, proportional to (oxygen pressure, p)l/n, 
the value of n can be obtained by plott ing lOgl0Kp 
against logl0P. From Fig. 7 the data fit a reciprocal 
slope of n = 6 much better  than  one of n = 4. Although 
only three orders of magni tude  of pressure could be 
covered with the present gauge, a pl/6 relationship 
would seem to be applicable, at least over the present  
range of study. 

Discussion 
The oxidation may be considered to proceed in three 

stages. Ini t ia l  adsorption (and place exchange) is fol- 
lowed by slower oxidation obeying a logarithmic law 
(from oxide thicknesses 8-30A), and if the tempera-  
ture  is sufficiently high for fur ther  thickening to 
occur, this continued growth obeys a parabolic rate 
law. 

Initial stage.--Evaporated metal  films have been 
used extensively for measurements  of sticking coeffi- 
cients (8), heats of adsorption (9, 10), and surface 
potentials (11, 12) of oxygen on nickel from --196 ~ to 
150~ On nickel single crystals, electron diffraction 
techniques have identified sub-monolayer  structures 
(13-16). If nickel and other metals such as Fe, Co, and 
Ti are exposed to oxygen at room temperature,  more 
than a monolayer  of oxygen is rapidly adsorbed with 
an unchanging heat of adsorption. The heats of ad- 
sorption measured are similar  to heats of formation 
of the oxide (9), and coverage values on nickel at 
saturat ion correspond to about two to three oxygen 
atoms per surface metal  atom (9, 10). The present  
data at room tempera ture  give an  instantaneous uptake 
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Fig. 7. Logarithm of parabolic rate constants for oxidation of 
polycrystalline nickel at 450~ plotted against logarithm of oxida- 
tion pressure. The bars on the data indicate the considered errors. 
Lines drawn have reciprocal slopes n = 6 and n = 4. 

approaching a coverage value of three. It  is considered 
that  rear rangement  of the ini t ial  adsorbed layer  occurs 
by a process of rapid place exchange (17, 18), resul t -  
ing in the formation of nickel oxide. 

Logarithmic growth.--Continued growth on the 
init ial  oxide occurs much more slowly and the present  
data follow a logarithmic rate law from ,~8-30A, a s  

i l lustrated by results at 200 ~ and 340 ~ in  Fig. 4. 
Previous work on nickel oxidation in this thickness 

range has also indicated logarithmic growth (19, 20), 
and many  theories have been developed to account for 
logarithmic kinetics (21-27). Besides the  difficulty in 
deciding whether  thin film data follow a direct or in-  
direct logarithmic law (the present  results fit the 
former bet ter) ,  the absence of other informat ion such 
as the pressure dependence and the effect of electric 
fields on th in  film growth, makes it difficult to favor a 
part icular  process (either electron or ionic transport,  
or chemisorption at the outer oxide surface) as the 
ra te -de te rmin ing  step. 

Parabolic growth.--For oxide thicknesses above 30- 
40A the data follow parabolic kinetics (see Fig. 5 and 
6). 1 As ment ioned earlier various rate laws have been 
previously reported for nickel oxidation at 400~176 
including parabolic (2), two stage logarithmic (3, 4), 
and logarithmic followed by fourth power (5). We 
would consider that  the var ie ty  of results arise from 
the development  of s t ructural ly  different oxides whose 
formation has been influenced by the nature  of the 
start ing surface. In  this intermediate  tempera ture  
range where grain  boundary  diffusion is an impor tant  
factor, a change in oxide grain size with oxidation 
t ime could cause a cont inued decrease in  the apparent  
parabolic rate constant  (28), accounting for deviation 
from parabolic kinetics. The ini t ial  oxide grain  size 
and epi taxy will  depend on the na tu re  (both chemical 
and physical) of the surface prior to oxidation. Im-  
purities such as carbon and sulfur  tend to segregate at 
the nickel surface (29, 30) and the influence of carbon 
and silicon on the oxide epitaxy has been reported 
(31). Also, the presence of a prior oxide film affects 
subsequent  oxide morphology and growth, a point 
which is demonstrated in  the following paper  (32). 
The oxide-free start ing surfaces in this work are 
considered to be clean; the exper imental  procedure 
resulted in surface impur i ty  concentrat ions of sulfur, 
silicon, and iron below the limit of detection of the 
x - ray  emission technique (7), which is about 5% of a 
monolayer.  Carbon impur i ty  levels were also usual ly  
as low, al though with decreasing oxidation tempera ,  
lure  there was an increased probabi l i ty  of carbon 
contaminat ion due to cracking of the <10 -9 Torr  back- 
ground carbon monoxide. 

Oxides produced on these "clean" and fiat nickel 
surfaces were not well  oriented; th inner  oxides (a few 
hundred  angstroms thick) exhibited preferred orienta-  
tion, but  with increasing thickness tended to become 
more polycrystalline. In  addition, oxide grain size 
increased with temperature,  from --100A at 300~176 
to ,~1000A at 450~ The many  grain boundaries,  and 
perhaps subgrain  boundaries  present  in  these oxide 
films are considered to be paths for easy nickel diffu- 
sion (33, 34), the anisotropy of oxidation in  the th in-  
film range reflecting a varying  density of these high- 
diffusivity paths (35). Because of s t ructural  changes 
of the oxide with temperature,  the activation energy 
of 41 kcal �9 mole - t  calculated from the parabolic rate 
constants over the tempera ture  range 300~176 (see 
Fig. 8) is considered to be only an approximate mea-  
sure of the activation energy for growth via leakage 
paths. 2 

1 G o o d  pa rabo l i c  b e h a v i o r  was  m a i n t a i n e d  i n  t he  l onges t  o x i d a t i o n  
e x p e r i m e n t  performed----64 h r  a t  450~ (oxide  t h i c k n e s s  ~ 1  ~m) .  

2 As w i l l  be  seen i n  the  f o l l o w i n g  p u b l i c a t i o n ,  a l i ne  of  s lope  37 
kca l .mole-~  m a y  be d r a w n  t h r o u g h  the  p r e s e n t  da ta  a n d  r a t e s  o f  
o x i d a t i o n  f r o m  500 ~ to  700~ Th i s  value,,  w h i l e  a g a i n  p r o b a b l y  n o t  
an accura te  m e a s u r e  of the  a c t i v a t i o n  e n e r g y  for  g r o w t h  v i a  l e a k a g e  
p a t h s  because  the  s t r u c t u r e  of the  ox ide  is c h a n g i n g  w i t h  t e m p e r -  
a ture ,  is  s i gn i f i can t l y  less  t h a n  v a l u e s  --~52 k c a l ' m o l e  -1 r e p r e s e n t a t i v e  
of l a t t i ce  d i f fus ion  t h r o u g h  n i c k e l  ox ide  (32). 
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Fig. 8. Logarithm of parabolic rate constants for oxidation of 
polycrystalline nickel from 300 ~ to 450~ in 5 X 10 -3  Torr oxy- 
gen plotted against (absolute temperature)-1. 

Pressure dependence of parabolic growth.--The 
degree of ionization of nickel vacancies in NiO has 
been a mat ter  for discussion (36). From electrical con- 
duct ivi ty measurements  at high temperatures  (around 
1000~ both singly ionized (37-39) and doubly ion- 
ized vacancies (40-42) have been proposed as the pre- 
dominant  defect. The present  results of the effect of 
oxygen pressure (5 X 10 -3 to 6 X 10 -1 Torr) on the 
oxidation rate at 450~ as seen in Fig. 7, fit a pl/~ 
dependence, consistent with the formation and move- 
ment  of doubly charged cation vacancies. 
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on the Oxidation of Nickel 
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ABSTR,~CT 

A study was made of the effect of surface preparat ion and pre t rea tment  
on the oxidation of zone-refined nickel from 500 ~ to 700~ "Clean," hydrogen-  
reduced surfaces, main ta ined  essentially free of impuri t ies  such as S, Si, Fe, 
and C, oxidized at a faster rate than air-exposed electropolished or etched an-  
nealed nickel. At 700~ the rapid rate, arising from a high leakage path 
densi ty  in the oxide, resul ted in the formation of voids at the metal-oxide 
interface. The oxidation rate of eleetropolished and etched specimens was 
strongly dependent  on substrate orientat ion and this anisotropy, responsible 
for a slower average oxidation rate, reflected vary ing  contr ibut ions of leakage 
path diffusion. Very th in  oxides, as on nickel orientat ions near  (112) after 
electropolishing, formed pr imar i ly  by lattice diffusion and the parabolic rate 
constant  at 600~ was ~104 lower than  for the thickest oxides. Correlation 
with other studies in the laboratory indicates that  the activation energy for 
the growth of NiO on Ni is -----52 kcal .mole  -1 for lattice diffusion and approxi-  
mately  37 kcal .mole  -1 for leakage path diffusion. 

A previous paper described the kinetics of oxidation 
from room tempera ture  to 450~ (1) of polycrystal l ine 
nickel free of oxide and surface impurities.  Oxides 
formed were fine grained and nickel diffusion via grain 
boundaries  was considered to be the major  t ransport  
process. Differences in kinetics and oxide s tructure 
were found on extending the work up to 700~ The 
parabolic rate constant  changed with t ime and oxide- 
metal  separation was evident. This paper discusses 
these results together with the effect of different sur-  
face preparat ions (either sulfuric acid electropolish or 
nitr ic acid etch) on the oxidation of nickel surfaces. 

Experimental 
Zone-refined polycrystal  and single-crystal  nickel 

specimens were used. Analysis  of the 99.998% poly- 
crystal l ine sheet (0.02 cm thick) has been given pre-  
viously (1). Single crystals were spark machined from 
rods of similar puri ty;  contaminat ion from cutt ing 
was el iminated by the removal  of 100 ~m of nickel by 
chemical polishing (1). 

Oxidations were performed in a manometr ic  system 
(1) using two dist inctly different s tar t ing procedures: 

(a) "Hot-bare" oxidations were performed on sur-  
faces free of prior oxide; i.e., the oxide film present 
after electropolishing in  H2SO4 was reduced in hydro-  
gen before admit t ing oxygen to the specimen at tem- 
perature.  Start ing surfaces were also free of impurit ies 
such as S, Si, Fe, and C. (See Ref. (1) for fur ther  
details of procedure.) 

(b) "Furnace-raised" oxidations involved heating 
the electropolished or etched specimen to the oxidation 
temperature  in the presence of oxygen. 

(i) Electropolishing was in a 4-volume H2SO4:3- 
volume H20 mixture  for 2 rain at room temperature,  
which removed ~8  ~m of material .  Prior  to electro- 
polish, polycrystal l ine specimens were chemically 
polished for 30 sec (removing 5 ~m of nickel) .  

(ii) Etching was for 30 sec in 5% HNOs which 
removed ~200A. of nickel. Before etching, specimens 
were chemically polished and then electropolished for 
30 sec. 

Characterizat ion of the oxide films was carried out 
by reflection electron diffraction, x - r ay  emission analy-  
sis, t ransmission and scanning electron microscopy, and 
metallography. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  k ine t i c s ,  oxide morphology.  

Results 
Hot-bare oxidation.--Oxidation o f  p o l y e r y s t a l l i n e  

nickel sheet at 0.5 Torr  1 was performed at 500 ~ 600 ~ 
and 700~ for times up to 70 hr. 

Oxygen uptake and (oxygen uptake) 2 for the first 20 
hr of oxidation at 500 ~ and 600~ are shown in Fig. 1 
and 2. At both temperatures  good parabolic plots are 
obtained. Ins tantaneous  parabolic rate constants Kp, 
expressed as 2w .  dw/dt  (twice the oxygen uptake 
times the rate of uptake)  were determined and as 
seen in  Table I also demonstrate  that  Kp changes little 
with time. 

At 700~ the oxidation showed poor reproducibili ty,  
as i l lustrated by the three runs  shown in Fig. 3. Dif- 
erences occur after the first hour of oxidation, run  1 
exhibi t ing an abrupt  change in oxidation rate. Run 2 
is plotted on parabolic coordinates in Fig. 4 where it 
is seen that  Kp for this exper iment  is also decreasing 
with time, falling from 7.6 • 10 -2 mg2cm-4hr -1 at 
0.1 hr  to 2.3 • 10 -2 mg2cm-4hr -~ at 20 hr  (see 
also Table I).  

Figure  5 shows the s tructure of oxide films formed 
at 700~ Oxide of run  3 (Fig. 3) comprises only one 

1 P re s su re s  q u o t e d  are  a v e r a g e  v a l u e s  and  d u r i n g  o x i d a t i o n  were  
a d j u s t e d  to  ~ 2 5 %  above  and  a l l owed  to  fa l l  to ~ 2 5 %  b e l o w  these  
va lues .  
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Fig. 1. Hot-bare oxidation of polycrystalline nickel at 500~ and 
0.5 Torr oxygen. 
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Table I. Parabolic rate constants for hot-bare and furnace-raised 
nickel oxidations at 0.5 Torr oxygen 

Spec imen p r e p a r a t i o n  
and r u n  n u m b e r  

Parabolic rate constant,* 
rag2 c m 4  h r 4  a t  

T e m p e r -  
a t u r e ,  ~ 0 . I  h r  2 h r  10 h r  20  hr 

H o t  b a r e  
H o t  b a r e  
H o t  b a r e  (3) 
H o t  h a r e  (2) 
H o t  b a r e  (1) 
C o l d - r o l l e d ,  e l e c t r o p o l i s h e d  (4) 
A n n e a l e d  700~ e l e c t r o p o l i s h e d  (5) 
A n n e a l e d  700~ e t c h  (6) 

500  9.2 x 10 .4 7.8 x 10 -4 7.8 X 10 .4 7.7 X 1 0 4  
600 ~ 1 . 1  X 10 ~ 1.1 x 10 4 9,5 • 10 -a 8 .7  X 10 4 
'TOO 9.0 X 104  5.3 x 10 -~ - -  - -  
'/00 '/.6 X 1 0 4  5.g X 10 ~ 3.5 X 1 0 4  2.3 X 1 0 4  
' /00 8.0 x 1 0 4  2. ' /  X 1 0 4  8.3 X 1 0 4  8.3 X 10-9 
'/00 - -  5.2 X 10 -2 4.0 X 1 0 4  3.3 X 1 0 4  
' /00 - -  3.1 x 1 0 4  2.4 x 1 0 4  1.9 x 1 0 4  
'TOO ~ 1.3 x 1 0 4  g.5 x 1 0 4  '/.2 x 10 ~ 

* Kp c a l c u l a t e d  from slope of u p t a k e  c u r v e ,  as 2 w  �9 dwldt. 

layer  [see Fig. 5 (a ) ] .  Examina t ion  of oxide sections 
of runs  1 and 2 however revealed the presence of a 
double- layer  oxide. In  run  2 the major  portion of the 
scale was one layer  [Fig. 5(d,f)] ,  but  a few areas of 
duplex oxide were evident  [Fig. 5 (e,g)]. Oxide of run  
1, which exhibited the marked reduction in oxidation 
rate, was duplex on all areas [Fig. 5 (b) ] .  The duplex 
oxide, resul t ing from loss of oxide contact, comprises 
an inner  layer bridged to the finer grained first-formed 
oxide. The difference in  grain size is clearly evident  in 
Fig. 5(c).  

E~ect of surface pretreatment on oxidation.--Com- 
parison at 70O~ of hot -bare  run  2 with furnace-raised 
oxidation of (i) cold-rolled nickel, electropolished in 
sulfuric acid ( run 4), (ii) annealed nickel, electro- 
polished in sulfuric acid ( run  5), and (iii) annealed 
nickel, etched in nitr ic acid ( run 6) is shown in Fig. 
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Fig. 2. Hot-bare oxidation of polycrystalline nickel at 600~ and 
0.5 Tort oxygen. 
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Fig. 3. Hot-bare oxidation of polycrystalline nickel at 700~ and 
0.5 Torr oxygen showing nonreproducibility of oxidation. 

6. The cold-rolled nickel was annealed in  vacuum at 
700~ after cleaning by chemical polishing and electro- 
polishing. Run 4 oxidizes at a similar rate to hot-bare  
run  2, which is higher than  for annealed, electro- 
polished polycrystal l ine nickel and annealed, etched 
polycrystall ine nickel surfaces. 

Analysis of the kinetic data showed that  for furnace-  
raised oxidation runs  4-6, Kp decreased with time. As 
seen in Table I, changes are not as marked as for hot- 
bare experiments,  Kp fal l ing at most by a factor of 2 
over 20 hr of oxidation. Because of the relat ively slow 
heating to 700~ ( ~4  rain),  oxidation rates at 0.1 hr 
are not very reliable and have been omitted from the 
table. The reproducibi l i ty  of furnace-raised oxidations, 
as indicated by a repeat of r un  5, was found to be 
about +--3% over 20 hr. 

The anisotropy of oxidation at 700~ became more 
marked as the oxidation rate decreased for runs  in 
Fig. 6, and two extreme cases are shown in Fig. 7. 
The oxide on hot-bare  run  3 [Fig. 7 (a,b)] is of un i -  
form thickness over the specimen, whereas the slowest 
oxidizing r un  6 exhibits the greatest var iat ion in oxide 
thickness with substrate orientation [Fig. 7 (c,d)]. The 
small grained structure of the thick oxides [Fig. 
7(b,d)] ,  together with the enhanced oxidation over 
metal  grain boundaries  for r un  6 [Fig. 7 (d)]  is indica- 
tive of oxide growth via easy diffusion paths through 
the mismatched oxide. 

The early stages of oxidation of the various pre-  
treated surfaces were determined at 600~ As in Fig. 
8, hot-bare  nickel oxidizes at the fastest rate, and 
electropolished polycrystal l ine nickel oxidizes more 
slowly ini t ia l ly than etched nickel. After  a time, how- 
ever, an increase in the oxidation rate of electro- 
polished nickel is observed, resul t ing eventual ly  in a 
cross-over of the curves; at greater oxide thicknesses 
etched nickel oxidizes at the slower rate, consistent 
with the data at 700~ The data, of course, represent  
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Fig. 4. Plot of (oxygen uptake) 2 vs. time at 7,00~ for data of 
hot-bare run 2, showing deviation from parabolic behavior. 
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Fig. 7. Scanning electron micrographs of outer oxides formed on 
polycrystalline nickel at 700~ (a) and (b), hot-bara run 3; (c) and 
(d), furnace-raised and etched run 6. Hate marked variation in 
oxide thickness in run 6 (c) compared with uniform oxide of run 3 
(o), and thickening of oxide over'metal grain boundaries in run 6 
(d). 

Fig. 5. Structure of oxides formed during hot-bare oxidation at 
700~ (a) Scanning electron micrograph showing cross section and 
undersurfaces of single-layered oxide of run 3. (b) Scanning elec- 
tron microgroph showing duplex oxide scale of run i ;  loss of oxide 
contact resulted in the formation of the inner thin layer of oxide. 
(c) Scanning electron micrograph showing undersurface of the 
double-layered oxide of run 1; the finer grained oxide (top) was 
the first formed and the coarser grained oxide (bottom) nucleated 
after loss of contact of the initial oxide. (d) Scanning electron 
micrograph showing cross section and undersurface of single-layered 
oxide of run 2; majority of oxide of run 2 comprised one layer. (e) 
Scanning electron micrograph showing one of the few duplex oxide 
areas of run 2. (f), (g) Metallographic cross sections correlating 
with scanning electron micrographs (d) and (e) respectively, show- 
ing single-layered and double-layered oxide of run 2. 
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Fig. 6. Effect of pretreatment on the oxidation of polycrystalline 
nickel at 700~ and 0.5 Torr oxygen. Run 2, hot-bare oxidation; 
run 4, furnace-raised, cold-rolled, and electropolished; run 5, 
furnace-raised, annealed, and electropolished; run 6, furnace-raised, 
annealed, and etched. 
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Fig. 8. Effect of surface pretreatment on the early stages of 

oxidation of nickel at 600~ Hot-bare oxidation of polycrystolline 
nickel in 0.,5 Torr oxygen; furnace-raised oxidation of etched and 
electropolished polycrystalline nickel in 0.1 Torr oxygen; furnace- 
raised oxidation of electropolished (112) nickel in 5 X 10 -8 Torr 
oxygen. 

an average oxidation rate of different nickel substrate 
orientations. Oxidation of a s ingle-crystal  hemisphere 
at 600~ i l lustrated the marked anisotropy of oxida- 
tion, showing that  orientations close to (112) after 
electropolishing in H2SO4 oxidize at a very  low rate 
(as low as any  orientat ions after an HNO3 etch).  The 
oxidation curve for (112) electropolished nickel  at 
600~ is included in Fig. 8 showing that  only .~100A 
of oxide had formed after  1 hr; the data fit a parabolic 
rate law and the resul t ing rate constant  of 1.7 • 10 -6 
mg2cm-4hr -1 is about 104 lower than  for hot -bare  
oxidations of polycrystal l ine nickel at 600~ 

Discussion 

We shall first consider the hot-bare  oxidations, then 
compare the effect of different surface pre t rea tments  
and finally correlate the data with other studies (1, 2). 
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Hot-bare ox idat ions . - -At  500 ~ and 600~ the data 
obey a parabolic rate law (Fig. 1 and 2), the ins tan-  
taneous rate  constant  changing little with t ime (see 
Table I) .  In  hot -bare  oxidations, the ini t ia l  oxide forms 
ext remely  rapidly  and contains m a n y  mismatch 
boundaries  which act as easy diffusion paths for nickel 
[cf. Fig. 7 (b) ] .  At 700~ this rapid oxidation rate 
leads to varying  degrees of oxide separation from the 
metal, and hence the poor reproducibi l i ty  of runs  in 
Fig. 3. Separat ion was never  observed at lower tem- 
peratures. 

Oxide separation from the metal  is due to void 
formation at the metal-oxide interface, probably  as a 
result  of condensation of inward moving cation vacan-  
cies. Presumably,  for the first hour  of oxidation at 
700~ insufficient voids are nucleated to great ly reduce 
the oxidation rate, but  when  the oxide is ~2  #m thick, 
the combinat ion of high vacancy flux, high oxide hot 
strength, and low oxidation pressure 2 leads to more 
complete interracial  detachment.  The first-formed 
oxide continues to grow over unseparated areas, and 
where loss of contact has occurred an inner  oxide 
layer develops on the metal, producing a duplex scale 
[Fig. 5(b,e)] .  The hot-bare  procedure (1) removed 
most of the carbon impur i ty  from the metal  but  suffi- 
cient remains  to provide CO in the void for t ranspor t -  
ing oxygen between the outer and inner  oxide layers 
[cf. (4)].  The formation of pockets of CO could also 
contr ibute  to the production of voids at the interface. 
Examinat ion  of the under  surface of the duplex oxide 
by SEM [Fig. 5(c)]  showed the first formed oxide to 
have a much smaller  grain size than  the new inner  
layer, and by t ransmission electron diffraction that 
the lat ter  grains were wel l -or iented blocks consistent 
with the slow growth rate anticipated from the low 
oxidation potential  within the void. 

Effect of surface pre t rea tment  on oxidat ion.--Dif fer-  
ences in oxidation rate with surface pre t rea tment  (Fig. 
6, 8) may be explained by the formation of varying 
proportions of oxide high in leakage paths. High oxida- 
tion rates are observed in hot -bare  run  2 and furnace-  
raised, cold-rolled electropolished nickel run  4 (Fig. 
6), because oxide on all substrate orientat ions is grow- 
ing by leakage path diffusion.S Little var iat ion in oxide 
thickness is found over these specimens [cf. Fig. 7 (a) ], 
with the exception of some separated grains on run  2. 
The lower oxidation rates in furnace-raised runs  with 
annealed nickel [runs 5, 6 in Fig. 6] demonstrate  how 
pre t rea tment  and the prior oxide affect the leakage 
path populat ion in the oxide overgrowth. This effect is 
strongly dependent  on the metal  orientation, as il- 
lustrated by the variat ion in oxide thickness over the 
specimen [see Fig. 7 (c)].  Some oxide grains are very 
thin, while others are as thick as those for cold-rolled 
metal  ( run  4); run  6 (etched annealed nickel) has the 
highest proportion of thin grains and consequently the 
lowest average oxidation rate. The th innes t  grains 
are considered to grow pr imar i ly  by lattice diffusion. 

In  all oxidations at 700~ the parabolic rate constant, 
Kp, decreased with t ime (see Table I).  Explanat ions  
proposed (5) are (i) a cont inuing decrease in the 
effectiveness of easy diffusion paths because of growth 

Void  f o r m a t i o n  a n d  t h e  e f fec t  of  e x t e r n a l  gas  p r e s s u r e  i n  s u p -  
p r e s s i n g  o x i d e  s e p a r a t i o n  h a v e  b e e n  c o n s i d e r e d  f o r  t h e  o x i d a t i o n  of  
i r o n  (3).  O x i d a t i o n s  w e r e  f a s t e r  a t  760 T o r r  t h a n  10 T o r r  b e c a u s e  
vo ids  f o r m e d  a t  t h e  FeaO4-Fe i n t e r f a c e  w e r e  s q u a s h e d  c losed  by  
h i g h e r  p r e s s u r e .  S i m i l a r  c o n s i d e r a t i o n s  c o u l d  a p p l y  fo r  n i c k e l  o x i -  
d a t i o n ,  t h e  p r e s e n t  p r e s s u r e s  of 0.5 T o r r  b e i n g  i r f suf f ic ien t  to  co l l ap se  
i n t e r r a c i a l  voids .  

s T h e  i n c r e a s e d  o x i d a t i o n  r a t e  of  c o l d - w o r k e d  o v e r  a n n e a l e d  i r o n  
(5) a n d  n i c k e l  (2) h a s  b e e n  c o n s i d e r e d  in  de t a i l .  F o r  i r o n  o x i d a t i o n  
an a d d i t i o n a l  f a c t o r  w a s  t h a t  e x t r a  s i n k s  in  c o l d - w o r k e d  m e t a l  
f a c i l i t a t e d  v a c a n c y  a n n i h i l a t i o n  s u p p r e s s i n g  v o i d  f o r m a t i o n  a t  t h e  
m e t a l - o x i d e  i n t e r f a c e .  I n t e r r a c i a l  v o i d s  a r e  no t  g e n e r a l l y  o b s e r v e d  
on o x i d i z i n g  a n n e a l e d  n i c k e l  (e.g. ,  r u n s  5, 6) ,  a n d  t h e  e n h a n c e d  
o x i d a t i o n  r a t e  of  c o l d - r o l l e d  n i c k e l  ( r u n  4) is p r i m a r i l y  d u e  to t h e  
p r o d u c t i o n  of an  o x i d e  h i g h  in  l e a k a g e  pa th s .  H o w e v e r ,  a f e w  t h i c k  
g r a i n s  on  r u n s  5, 6 d i d  s h o w  e v i d e n c e  of e a r l i e r  s e p a r a t i o n  as i n  h o t -  
b a r e  e x p e r i m e n t s  [F ig .  5 ( b , e ) ] .  H e r e  t h e  o x i d a t i o n  r a t e  a n d  t h u s  the  
v a c a n c y  f lux  is  a t  a m a x i m u m .  S i n c e  no v o i d s  cou ld  be  f o u n d  on 
co ld -ro l l ed  r u n  4 w h e r e  t h e  o x i d a t i o n  r a t e  w a s  as h i g h ,  one  m a y  
c o n c l u d e  tha.* r e s i d u a l  co ld  w o r k  in  n i c k e l  h a s  a l so  p r e v e n t e d  m i n o r  
v o i d  f o r m a t i o n ,  
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Fig. 9. Arrhenius plot for nickel oxidation from 300 ~ to 1270~ 
and 5 X 10 - 3  Torr oxygen pressure. O ,  This work; hot-bare oxi- 
dation rates plotted have been obtained by reducing rates of oxi- 
dation at 0.5 Tcrr according to a pl/6 dependence (1). e ,  Previous 
work (1); hot-bare oxidation rates at 5 X 10 - 3  Torr oxygen. I-1, 
This work; furnace-raised oxidation of electropolished (112) nickel 
at 5 X 10 - a  Torr. m, Caplon et al. (2); cold-insertion oxidation 
rates were obtained from thickness measurements of the thinnest 
oxides formed in 760 Torr oxygen, and have been reduced by a 
pl/6 dependence in order to compare with data at 5 X 10 - a  Torr 
oxygen. 

of the small  oxide grains, and (ii) increasing separa- 
tion of oxide from the metal. This lat ter  effect gives 
rise to the abrupt  decrease in  rate  in hot -bare  r un  1 
(Fig. 3) and is a cont r ibut ing  factor in hot -bare  run  2. 
However, oxide separation was minor  in runs  3-6 (not 
observed in runs  3, 4 and only to a small  extent  in runs 
5, 6) and grain growth of the thicker oxide is probably 
the main  reason for the fall ing gp in these experiments.  

An example of extremely slow oxidation, where the 
leakage path density in the oxide is approaching a 
minimum, is on (112) nickel after electropolish (see 
Fig. 8). Reflection electron diffraction showed the 
electropolished film (prior oxide) to be well  epitaxed 
and the slow oxidation rate is associated with the 
retent ion of the original epi taxy dur ing growth at 
600~ The breakaway characteristics of polycrystal l ine 
electropolished nickel in Fig. 8 indicate modification, 
to varying degrees, on different substrate orientations 
of the init ial  epitaxed, protective film and growth of a 
more polycrystal l ine oxide high in leakage paths. 
Subsequent  differences in oxidation rate  of electro- 
polished or etched surfaces are explained by varying 
ratios of oxide growing by lattice and leakage path 
diffusion. 

Parabolic rate constants and activation energies . - -  
Differences in Kp approaching 104 between hot-bare  
experiments  on polycrystal l ine nickel, and furnace-  
raised oxidation of (112) electropolished nickel at 
600~ (see Fig. 9) show the marked increase in rate 
result ing from leakage path diffusion. Leakage path 
diffusion strongly predominates  in all hot-bare  oxida- 
tions and the low activation energy in Fig. 9 is con- 
sistent with this view. A single l ine of activation 
energy 37 kc a l .  mole -1 may be d rawn through the 
present  hot -bare  rates of oxidation from 500 ~ to 700~ 
and previous hot-bare  data from 300 ~ to 450~ (1). 
This value only approximates the t rue activation 
energy for growth via leakage paths because of s truc-  
tural  changes in the oxide with tempera ture  (e.g., 
the degree of preferred or ientat ion is greater at low 
temperatures,  the oxide grain size increases with tem-  
perature, and any contr ibut ions from subgrain  bounda-  
ries decreases with temperature)  but  it is significantly 
less than the 52 kcal .mole -1 slope d rawn through 
other data in Fig. 9, considered to represent  lattice 
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diffusion. This lat ter  l ine correlates present  rates of 
oxidation of (112) electropolished nickel at 600 ~ and 
650~ with rates of formation of the thinnest  oxide 
grains at 1270 ~ , 1100 ~ and 900~ (2). In  both cases, 
essentially s ingle-crystal  oxides are produced and the 
number  of grain and subgrain  boundaries  which could 
act as easy diffusion paths is approaching a minimum.  
The low rates of oxidation are governed by bu lk  diffu- 
sion of nickel through the NiO lattice, the activation 
energy for the process being ~52 kcal �9 mole -1. 
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Some Properties and Electrical Instabilities 
in RF Sputtered Niobium Oxide Films 

Mao-Chieh Chen* 
Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

Niobium oxide films were prepared by rf sputter ing in an oxygen atmo- 
sphere and various electrical properties were investigated. Forms of ionic 
instabi l i ty  in the oxide layer were studied in relat ion to changes in the flat- 
band voltage dur ing MOS capacitance measurements .  As sputtered, the films 
exhibited the presence of both highly mobile positive and  negat ive ionic 
charges. When  annealed at 800~ in a hel ium or an oxygen atmosphere, the 
films exhibited only positive ionic charge. Inclusion of a small amount  of t r i -  
chloroethylene in the oxygen anneal ing process resulted in oxide films es- 
sential ly free from ionic instabili ty.  

Dielectric films deposited on semiconducting sub- 
strates serve many  functions in microelectronics tech- 
nology. Amorphous silicon dioxide films have been 
used extensively for this purpose and are still the most 
commonly used dielectrics. However, the diversified 
requi rements  of solid-state devices cannot be fulfilled 
by silicon dioxide films alone. Silicon dioxide is known 
to have a porous structure,  a low dielectric constant, 
and to be permeable  to ionic migration.  These prob- 
lems have therefore prompted the invest igat ion of 
other oxide and ni tr ide dielectrics, such as the t rans i -  
t ion-meta l  oxides (TiO2, Ta205, and Nb205). 

Niobium oxide (Nb2Os) films exhibit  desirable re-  
sistivity, permit t ivi ty,  and  thermal  stabil i ty character-  
istics and are attractive for use in such applications as 
high-resolut ion silicon vidicons (1, 2). The high dielec- 
tric constant  permits  a reduct ion in the area occupied 
by a capacitor in an integrated circuit. It is also possi- 
ble to fabricate high value capacitors for uses such as 
decoupling (3). Dielectric constants of 41 for anodi-  
cally grown amorphous Nb205 (4), and as high as 100 
for the crystal l ine phase have been reported (5, 6). In  
recent years, there have been published reports of nio-  
b ium oxide th in  films prepared by halogen t ranspor t  
reactions (5) and by vapor deposition (l, 7). However, 
only the vapor-deposited niobium oxide has been in-  
vestigated by metal -oxide-semiconductor  (MOS) tech- 
niques (1, 7). A positive oxide charge below 5 X 
1011 cm -2 for a 1000A oxide was reported (1, 7), and 
a slow t rapping type hysteresis was observed (1). 
Vapor-deposited niobium oxide and anodic n iobium 
oxide films have been reported to be amorphous (1). 
Vapor-deposited n iobium oxide begins to crystallize 
at a tempera ture  higher than 1200~ while the anodic 

* Elec t rochemical  Society Act ive  Member .  
K e y  words :  dielectric,  ins tabi l i t ies  in RF  sput te red  n iob ium oxide 

films. 

oxide requires only 500~176 (4). In  contrast  to 
this, n iobium oxides deposited by the halogen t rans-  
port method tend to be polycrystal l ine because of the 
high deposition temperature.  In  the  present  case, rf 
sputtered (in oxygen atmosphere) n iobium oxides are 
polycrystalline, although the substrate tempera ture  
was main ta ined  at 150~ 

The current  t rend in research in this class of mate-  
rials is to improve the preparat ion techniques and to 
unders tand  the fundamenta l  na ture  of materials,  the 
parameters  that influence their  behavior, and the effect 
of associated processes. In  this study, the MOS capaci- 
tance technique was employed. Along wi th  the experi-  
menta l  procedure, the observed dielectric properties, 
oxide surface charges, and results of b ias- tempera ture  
stress tests on the n iobium oxide MOS structure are 
reported and discussed. 

Experimental Technique 
Polished and (111) oriented silicon wafers were used 

in the fabricat ion of the test samples. For surface 
charge study, epitaxial  n - type  wafers of 10 ohm-cm 
resist ivity were used as substrates. On the other hand, 
low-resis t ivi ty  (0.0014-0.0026 ohm-cm) p- type  wafers 
were used for invest igat ion of the dielectric properties 
of the sputtered n iobium oxide films. Pr ior  to oxide 
deposition, the silicon wafers were cleaned in a 1: 1:1 
solution of acetone, isopropyl alcohol, and tr ichloro- 
ethylene, and rinsed in ul t rasonical ly agitated, flowing, 
deionized water. The n iobium oxide films were then 
deposited by rf sputtering. 

A convent ional  diode-type rf  sput ter ing system was 
employed for this purpose. The rf generator  operating 
at 13.56 MHz was used as the source of power which 
was coupled to the target electrode through a tunab le  
MRC (Material  Research Corporation) matching net -  
work to ensure matching between the coaxial t rans-  



888 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  July  1972 

mission line impedance and the sputter ing system load 
impedance. The cathode used was a ceramic niobium 
pentoxide (Nb20~) (nominal  pur i ty  99.99%) disk 5 
in. in diameter  and 1/4 in. thick. It  was metalized on 
one side and bonded to a flat water-cooled a luminum 
disk which formed part  of the vacuum chamber  wall  
through a system of vacuum seals and an insulat ing 
ring. A metal  shield surrounded the exposed areas of 
the water-cooled a luminum disk at a spacing of 0.5 
cm in order to prevent  sputter ing from this region. 
The substrate was set on a grounded plate which was 
situated about 4 cm below the cathode. Most of the 
depositions were performed in a pure oxygen atmo- 
sphere at pressures of 18-20 mTorr  and with 0.8 W/cm 2 
input  power density. By proper tuning,  the reflected 
power was kept to zero, practically, and the rate of 
deposition was about  30A/rain. The support  plate was 
preheated so that nominal  substrate temperatures  were 
main ta ined  at about 150~ throughout  the entire sput-  
ter ing process. The deposition was also performed in 
argon and argon-oxygen mixtures.  It  tu rns  out that 
the leakage current  of the MOS st ructure  increases as 
the percentage of oxygen in the argon discharge de- 
creases. In general, the n iobium oxide films sputtered 
in a pure argon atmosphere showed such high con- 
ductance that  no proper MOS behavior could be ob- 
served. It has been reported that  chemical reduct ion 
of oxides was observed during r f  sput ter ing (8, 9). 
As a result, the oxide conductivi ty arises from oxygen 
deficient n iobium oxide. To prevent  this, oxygen has 
to be replenished dur ing  the deposition. 

Anneal ing  t rea tments  were carried out in two differ- 
ent atmospheres: in hel ium and in a t r ichloroethylene/  
oxygen atmosphere, both at 800~ for 2 hr. In  the 
former case, the wafers were set in a furnace through 
which hel ium gas (1.5 l i ters /rain)  was flowing. In  the 
lat ter  case, a small  amount  of tr ichloroethylene 
(C2HC13) was introduced into an oxygen gas stream 
before admission into the anneal ing furnace (10). 
Hel ium flowing at 0.05 l i te r / ra in  was bubbled through 
a tr ichloroethylene solution before being mixed with 
the oxygen stream of 1.5 l i ters /min.  It should be noted 
that no special precautions as to the cleanliness of the 
anneal ing  furnace were taken. 

A l u m i n u m  gate electrodes were applied to the oxide 
films by means of thermal  evaporation and photomask- 
ing (using KMER as photoresist).  Gate areas were 
3.44 X 10 -8 cm 2 (26 rail diameter  a luminum dot).  
Indiv idual  devices were diced out, and die and lead 
bonded to TO-5 headers using ultrasonic bonders. 

M O S  Device  Charac te r i s t i cs  
Dielectric relaxation.--The frequency dependence of 

the loss tangent  and capacitance, with sample tempera-  
ture  as the parameter,  is shown in Fig. 1 (a) and (b),  
respectively. These data were obtained in  small  a-c 
signal measurements  on a film sputtered wi th  0.8 
W/cm 2 input  power density on a low-resis t ivi ty 
(0.0014-0.0026 ohm-cm) p- type silicon substrate and 
are reproducible. The oxide is about 5000A thick and 
is an as-sput tered film. It can be seen that  as the 
tempera ture  is increased, the loss peak shifts to higher 
frequencies. The corresponding capacitance is roughly 
inversely proport ional  to the frequency for the a lumi-  
n u m - n i o b i u m  oxide-ailicon structure. If the logari thm 
of the frequency corresponding to the dielectric loss 
peak is plotted against reciprocal tempera ture  
(Arrhenius  plot),  a straight l ine results  as in  Fig. 2, 
implying that there is an exponent ial  dependence of 
the relaxat ion times on temperature,  T ~- t0 exp (El 
kT).  The activation energy, E, of the dispersion proc- 
ess is found to be 1.135 eV. In  a Cole-Cole diagram 
(I1),  shown in Fig. 3, the data points fall on an arc 
and thus indicate dielectric dispersion. However, two 
features of the diagram are to be noted. First, the 
data points obtained at lower frequencies (right part  
of the diagram) tend to deviate from the arc. This 
representat ion,  together with the rising t rend of loss 
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tangent  at lower frequencies as is evident  from Fig. 1, 
points to the existence of another  wel l -separated dis- 
persion region which is beyond the available fre-  
quency range. Second, the arc of the Cole-Cole dia- 
gram is displaced downward.  A polydispersion with 
several closely dis tr ibuted relaxat ion times (12) would 
explain the phenomena.  It  is widely accepted that  the 
dielectric constant can be expressed, in this case, as 

e ( m )  - - e |  
eO - -  e| 

1 + (i,oT) 
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Fig. 3. Cole-Cole diagram for niobium oxide with aluminum and 
silicon (0.0014-0.0026 ohm-cm p-type) electrodes at 4 4 3  ~ and 
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where ~ represents a measure of deviation from the 
mona-disperse system, and its meaning  is shown in 
Fig. 3; and co and e~ are the  values of permit t iv i ty  at 
zero and infinite frequencies, respectively. The value 
of ~ was determined to be 0.685. 

MOS capacitance and el~ective surface charges.-- 
The capacitance-voltage curves of MOS structures 
shown in Fig. 4 are typical  ones represent ing niobium 
oxide as sputtered in a pure  oxygen atmosphere at 
power densities of 0.32, 0.80, and 1.25 W / c m  2, respec- 
tively, as wel l  as the 800~ annealed specimens. The 
film thickness for the respective sample is tabulated 
in Table I. These curves indicate that  the total  surface 
charge, as measured from the f ia t -band voltage of the 
C-V characteristics, increases with sput ter ing power 
density. Similar  observations of the deteriorat ion of 
the silicon surface properties in using high power 
densities were also reported by Hu and Gregor (13) 
and Salama ~14). The measured dielectric constant  of 
the sputtered n iobium oxide appears to increase with 
sputter ing power density, ranging from 18 at a power 
densi ty of 0.32 W/cm2 to 33 at 0.8 W/cm 2 and to 58 at 
1.25 W/cm 2. Low film density related to low power 
density has been reported (13, 14). However, densifica- 
t ion by  a factor of 3 is unlikely,  and the low dielectric 
constant  observed at low power densities may arise 
from compositional difference. 

The typical  C-V curves of C2HC13/O2, He, and O2 
annealed samples are also shown in Fig. 4. These were 
annealed  from the samples sputtered at the power 
density of 0.80 W/cm 2. It  is seen that  these annealed 
samples exhibit  a steeper slope in their  C-V curves. 
This reveals, therefore, that  the anneal ing  effect has 

1 Control, 0.32 waffs/cm 2 < Sample 1346 C ) 

2 Control, 0.80 watts/c m 2 ( Sample 1340A 

1.0 - 3 Control, 1.25 watts/cm2~Sample 1316 0)  

0.8 

0.6 
,~ 4 Helium Annealed 

u ~ 3 6 1 ~Sample 1350B ~ 

0.4 4 5 C=HCI3/O~ Annealed 
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Fig, 4. Experimental MOS C-V characteristics of rf sputtered 
niobium oxide measured at 300~ and 1 MHz. The substrates are 
(111) oriented epitaxial n-type silicon wafers of 10 ohm-era resis- 
tivity. Annealing was performed at 800~ for 2 hr from the samples 
sputtered at the power density of 0.80 W/cm 2. 

Table I. Effective surface charge density for various niobium 
oxide specimens 

A n n e a l i n g  is pers at S00~ for 2 hr  

Sputter-  
Effect ive T h i c k -  i n g  p o w e r  

S a m p l e  s u r f a c e  c h a r g e  n e s s  d e n s i t y  S a m p l e  
No.  d e n s i t y  (No. /cm~)  (A) ( W / c m  s) p r e p a r a t i o n  

1346C (0.68-2.0) • 1011 2240 0.32 Con t r o l  
1316D (2.0-3.0) • 10 ~2 4250 1.25 Control 
1340A (6.85-9.75) • 10 u 3480 0.80 Control 
1350A (7.20-11.20) • 10 TM 4050 0.80 Con t r o l  
1346D (8.55-10.0) • 1011 3850 0.80 Con t r o l  
1340B (1.02-1.18) • 10 ~ 3480 0.80 A n n e a l e d  in 

C~HC18/O2 
1352A (1.75-1.81) • 10 ~2 5830 0.80 A n n e a l e d  in  

C~HCls/O2 
1350B (1.75-1.84) • 10 2 4050 0.80 A n n e a l e d  i n  H e  
1352B (2.77-2.82) • I 0  ~ 5830 0.80 A n n e a l e d  i n  O2 

reduced the fast interface states. The dielectric con- 
stants as obtained from their  MOS capacitance mea-  
surements  were 120, 93, and 143 for the C2HC13/O2, 
He, and O2 annealed samples, respectively. The drastic 
increase in the dielectric constant  is not understood. 
Values of the dielectric constant  around 120 have 
been reported for the H-modification, polycrystal l ine 
films of Nb205 (5). Invest igat ion of the pre-  and  post- 
annealed samples, using a scanning electron beam 
microscope with 15,000X and 30,000X magnification, 
clearly showed different patterns. The unannea led  
samples showed a smooth, amorphous-l ike surface, 
while  the annealed samples revealed clear crystal l ine 
structure.  However, x - r ay  diffraction pa t te rn  analysis 
indicated that  for both samples crystal l ine phases are 
deposited, and both pat terns  are identical. Unfor tu-  
nately, positive identification was not possible with 
available ASTM 1 data. 

The effective oxide surface charge density for the 
various oxide specimens was evaluated from the fiat- 
band voltage. The results are tabula ted in Table I. 
These data were obtained from at least five randomly 
selected samples in each case. It  is seen that the as- 
sputtered films have a larger dispersed distr ibution 
of t he i r  effective surface charge than  those of the 
annealed films. On the other hand, the annealed films 
have a little higher effective surface charge density. 

Ionic instabilities.--The films, as deposited and un -  
annealed, exhibited a high degree of ionic instabi l i ty  
even at room temperature.  In  order to investigate the 
fast ionic movement  under  applied bias, a 60 Hz sine 
wave voltage was used to sweep the device voltage, 
and the C-V curve was displayed on the oscilloscope. 
After  the ini t ial  curve was obtained, the sweeping 
voltage was then turned  off, and a d-c bias was ap- 
plied to the device for a predetermined period of 
time. The d-c bias was then removed, and the sweep- 
ing voltage was applied to generate the C-V curve, 
which was displayed on the oscilloscope and  a picture 
taken. The above process was quickly manipula ted  in  
a few seconds in order to minimize any recovery effect. 
Figure 5 (a) and (b) are pictures showing the shift ing 
of the C-V curves under  positive and negative bias 
stress, respectively. The film exhibits more negative 
f iat-band voltage after positive stress and more posi- 
tive f iat-band voltage after negat ive stress. This depicts 
the movements  typical of ionic migrat ion in the oxide 
and also clearly indicates the presence of a fair ly large 
negative charge density in the layer (15). Similar  
phenomena of ionic instabili t ies were reported in 
pyrolyt ical ly deposited SiO2 films (16). After  2 hr 
of stress, the rapid charge movements  were fur ther  
detected by short-circui t ing the devices. Figure 5(c) 
and (d) shows the results, indicative of a highly 
mobile charge species. This high mobil i ty  of charge 
species has caused some difficulty in the recording of 
the C-V curves because of the disturbance of the 60 
Hz sweeping voltage, par t icular ly  when  the f iat-band 

1 A m e r i c a n  S o c i e t y  f o r  T e s t i n g  a n d  M a te r i a l s ,  1916 R a c e  St. ,  P h i l -  
a d e l p h i a ,  P e n n s y l v a n i a .  
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Fig. 5. Capacitance vs.  voltage curves for unannealed devices showing rapid charge movement after bias at room temperature. Applied 
voltages are represented by the horizontal axis, 4 V/division. The numbers stated below in each case correspond to the curves from 
left to right in sequence in each picture. The double line in each curve results from the hysteresis. (a) + 5 V  stress: 120, 60, 25, 9, and 0 
rain, respectively. (b) - -5V  stress: 0, 9, 25, 60, and 120 rain, respectively. (c) Rapid charge movement after stress in (a): initial, 4, and 
25 min. (d) Rapid charge movement after stress in (b): 120, 50, and 9 min and the initial curve. 

voltage had shifted to a near ly  saturated value after 
hours of stress. Superimposing the sweeping voltage 
on the d-c bias voltage, however,  slows down and 
reduces the f lat-band movement,  because the positive 
and the negative half  cycles of the sine wave do not 
produce the same effect dur ing  the process of bias 
stress. 

Figure 6 depicts the dependence of the excess charges 
induced in the silicon (Qs -- Co,V) on the t ime of po- 
larization at --1.5 X 105 V/cm bias as well  as the time 
dependence of the recovery charge drift  when the de- 
vices were short-circuited after hours of negative bias. 
It is seen that the number  of the negative chargez and 
their  mobi l i ty  increase with decreasing power density. 
It  also shows that  dur ing  both bias and recovery drif t-  
ings, the Qs is proport ional  to t ~,~ at some init ial  period, 
and then approaches a saturat ion value, similar to so- 
dium ionic t ranspor t  phenomena in insulat ing films 
(15). The presence of the negative ionic species is be- 
l ieved to be par t ly  due to oxygen ions which are gen- 
erated in oxygen glow discharges, and par t ly  due to 
the drive in of energetic species of u n k n o w n  origin 
under  the influence of the anode field. When the 
oxide is deposited under  low power density, the dis- 
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Fig. 6. Dependence of the excess charges induced in the silicon 
on the time of polarization at room temperature for the rf sput- 
tered niobium oxide MOS devices under --1.5x10 5 V/cm stress, as 
well as the time dependence of the recovery charge drift when the 
devices were short-circuited after hours of the negative bias. Nio- 
bium oxides sputtered in three different power densities are shown. 

charge voltage level is correspondingly low. There are 
more low-energy slow electrons in the plasma which 
favor the electron a t tachment  process when they col- 
lide with oxygen molecules. The process in which O -  
ions are formed through 02 + e --> O -  -t- O has been 
studied by Lozier (17), Hagstrum (18), Craggs et al 
(19), and Chanin et aL (20). The negat ive oxygen ions 

may diffuse through the plasma and be adsorbed on the 
substrate and the deposited oxide layer. The presence 
of the negative oxygen ions has been reported by Wu 
and Formigoni  (21) and Chen (22) in low-voltage, 
high-pressure d-c sput ter ing conditions. 

Annealing el~ects.--All anneal ing was carried out at 
80O~ and shows prominent  effects on the ionic in-  
stabilities. The specimens annealed in the hel ium and 
oxygen atmospheres show essentially the same charac- 
teristics: the devices are quite stable under  negative 
b ias- tempera ture  (BT) stress, however, the positive 
bias stress still reveals a great amount  of instability. 
On the other hand, the C2HC13/O2 annealed samples 
show a quite stable feature in response to both positive 
and negative BT stress. 

Figure 7 shows the C-V curves of oxygen-anneeled  
specimens under  successive stressing conditions as well  
as the recovery movement.  No practical instabi l i ty  
was observed under  negative BT stress up to 200~ 
Although the stress at 300~ made the curve shift a 
small  amount  in the negat ive direction along the volt-  
age axis, this is due to car r ie r - in jec t ion-ext rac t ion  
mechanism (21-28) and is not due to ionic migration. 
Under  positive bias, rapid ionic migrat ion still occurs 
at room temperature,  and a test at 100~ showed a 
substant ial  increase of mobil i ty  of the ionic species. 
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successive positive bias at room temperature, as well as the recov- 
ery movement. 
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The total  amount  of oxide surface charges determined 
from the saturated f lat-band voltage shift is about the 
same as those of the unannea led  sample. From this ob- 
servation, it is evident  that  the negative ions have 
essentially been el iminated through some kind of re-  
action at elevated temperatures.  It  also implies that  the 
positive ions are distr ibuted in a region near  the metal -  
oxide interface. The positive ions are believed to be 
charged alkali  ions, most l ikely sodium ions, which 
contr ibute to the instabi l i ty  under  positive bias and 
are obviously unaffected by heat - t rea tment .  The 
existence of the positively charged oxygen vacancies, 
produced by the reaction of a luminum with SiO2 at the 
metal-oxide interface, was proposed by Thomas and 
Young (29). However, it is unl ike ly  the oxygen va-  
cancies will apply to our case, which is contrary to the 
assumption that  oxygen inhibi ts  vacancy formations 
(29). Careful examinat ion in Fig. 7 also reveals an 
instabi l i ty  characterized by a change in slope of the 
C-V curve. However, it is seen mostly recovered when 
the C-V curve shifts back toward its original pre-  
stressed position. Holstein (23) has reported a similar 
phenomenon and pointed to the generat ion of donor-  
type fast interface states as the source. However, for a 
clear unders tanding  of the present  reported phenom- 
ena, fur ther  invest igat ion should be pursued. 

The specimens which were annealed in C2HC1JO2 
atmosphere, show the el iminat ion of mobile ionic 
species in the oxide. The results of the BT test are 
shown in Fig. 8 which depicts the f lat-band voltage 
vs. temperature  with the gate stressing voltage as the 
parameter.  The BT stress was carried out at a given 
bias and tempera ture  for 30 rain, and then cooled to 
room tempera ture  before the C-V curves were taken. 
It is seen that the positive bias results in a shift of flat- 
band voltage in the positive direction along the volt-  
age axis, while the negative bias results in a shifting 
in the negative direction. Unlike the ionic migration, 
prolonged short-circuit  and h igh- tempera ture  t reat -  
ment  of the devices showed only l i t t le  or no recovery 
of the shifted C-V curves. This is a clear indication of 
the electron in ject ion-extract ion mechanism (21-28). 
This slow t rapping instabi l i ty  was found to be ther-  
mal ly  activated (23). The phenomena shown in Fig. 8 
is, therefore, to be expected because of the decreasing 
s low-trapping t ime constant  at higher temperatures,  
similar to those observed in the A12Oa MOS structure  
(22). It  is not known whether  the slow t rapping in-  
stabili ty is present  in the unannea led  sample. The 
ionic-type instabi l i ty  of the corresponding unannea led  
sample is so large that it makes the observation of the 
small  slow t rapping instabi l i ty  infeasible. 

The removal  of the positive ionic species from the 
oxide by the introduct ion of C2HCI~ vapor might  be 
expected. It  is believed that the pyrolytic product, 
chlorine, acts as a gettering agent for sodium and 
other ionic contaminants  dur ing the anneal ing process. 
P resumably  the chlorine reacts with the metallic ions 
to form volatile chlorides which are removed as a 
gas (10, 30). Comparison of the results obtained on 
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Fig. 8. Flat-band voltage vs. temperature with gate voltage as 
parameter for the C2HCI3/02 annealed samples. 

thermal ly  grown SiO2 oxide prepared in C2HC13 and 
CC14 gettering processes indicated that  the chlorine is 
responsible for the get tering of metallic ions, while 
the presence of hydrogen catalyzes the gettering proc- 
ess as well as anneal ing  out some fixed oxide surface 
charges (31). Fur ther  effort, however, is required  to 
clarify this point. 

As shown in Table I, the annealed  samples show 
higher effective surface charge density than  those of 
their  corresponding unannea led  samples. Among the 
annealed samples, the C~HCls/O2 annealed sample 
shows a li t t le less effective surface charge density 
than the O2 annealed specimen. These observations 
should be unders tandable  because e l iminat ion of the 
negative ions in the oxide layer  by anneal ing t rea tment  
implies the increase of the effective positive surface 
charges. This charge densi ty is fur ther  reduced with 
the el iminat ion of the positive ionic species through the 
C2HC1JO2 annea l ing  process. 

Summary and Conclusions 
The n iobium oxide films prepared by rf sput ter ing in 

an oxygen atmosphere are observed to be polycrystal-  
line. The oxide films display a polydispersion of re-  
laxat ion time. A drastic increase in the effective di- 
electric constant  of the oxide films was observed after 
anneal ing treatment ,  bu t  the mechanism is not known. 

The unannea led  films exhibited the effects of rapid 
charge movement  at room temperature,  indicative of 
both positive and negative ionic charges in the oxide 
layer. The negative charges are believed to be par t ly  
due to oxygen ions generated in oxygen glow dis- 
charges, and all of them can be el iminated by anneal ing  
t rea tment  in hel ium or oxygen atmosphere. The positive 
charges are likely to be sodium ions which can be 
gettered dur ing  the oxygen annea l ing  process by the 
inclusion of a small amount  of tr ichloroethylene.  Al-  
though the effective surface charge densities for the 
pre- and post -annealed samples do not reveal any re-  
markable  difference, the various anneal ing  t rea tments  
do reduce the interface states. A small amount  of car- 
rier in jec t ion- t rapping polarization effect is present  in 
the tr ichloroethylene-processed n iobium oxide MOS 
structures which are essentially free from ionic in-  
stability. 
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Thermally Stimulated Currents and Voltages 
and Dielectric Properties 

Martin M. Perlman 
Department of Physics, Coll~ge militaire royal de Saint-Jean, Saint-Jean, Qudbec, Canada 

ABSTRACT 

Exper imenta l  techniques for charging and observing thermal ly  s t imulated 
currents  and voltages (TSC and TSV) in polymers and crystals are described 
and an outline is given of the theory of the processes. The polymers are corona 
charged, and t rapping takes place near  one surface. In  an at tempt  to deter-  
mine  the microscopic na ture  of the traps, a s tudy is made of a polyolefin 
series of ten polymers. Charge storage is shown to take place ma in ly  along 
the chains themselves and through caging between neighboring molecules. In  
addition, the corona itself may produce changes in the polymers to create 
p r imary  t rapping sites. Charge storage stabil i ty is a funct ion of electronega- 
t ivi ty of the ions, symmetry  along the chains, and packing density. The crystal  
work consists of a study of impur i ty -vacancy  (I-V) dipoles in  doped alkali  
halides, such as KCI :Sm + +, Eu + +, Yb + +, and Ca ++. The dipoles are field 
polarized. Analysis  of the thermal ly  s t imulated dipolar peaks yields re laxat ion 
times, act ivation energies, and dipole concentrations. Other I-V dipole phe- 
nomena that  may be studied with these techniques are described. A comparison 
is made between informat ion obtainable  from TSC and the more normal  di- 
electric constant-loss tangent  measurements ,  and we conclude that  TSC is a 
valuable  aid in the characterization of insulators. These studies also yield in-  
formation on the basic electrical conduction mechanisms in insulators.  The 
paper  concludes with suggestions for fur ther  work and practical applications. 

In  this paper, I am advert ising an exper imental  tech- 
nique that  has not been fully exploited, and am pre-  
sent ing some int r iguing possibilities that are offered 
by thermal ly  s t imulated current  (TSC) and voltage 
(TSV) measurements.  The over-al l  purpose is to make 
clear the processes responsible for dipole polarization 
and for electron, hole, and ionic t rapping in dielectrics, 
and to determine the parameters  associated with these 
processes: lifetimes and activation energies for dipole 
polarization and escape probabilit ies and depths for 
trapping. Hopefully one may also be able to identify 
the microscopic na ture  of the dipoles and traps, and to 
clarify the electrical conduction mechanism in in -  
sulators. 

Work on polymers and on single crystals is de- 
scribed, and results obtainable from TSC measure-  
ments  are compared with those from the more normal  
dielectric constant, loss tangent,  and conduction mea-  
surements.  Finally,  some ideas for future  work in this 
field are presented. 

Theory 
In  this method, a previously charged dielectric is 

heated at a uniform rate, and the resul t ing short-  

K e y  words:  t h e r m a l l y  s t imula t ed  cur ren t s ,  n a t u r e  of cha rge  t r a p s  
in p o l y m e r s  a n d  dipoles in crys ta ls ,  cha rac t e r i za t i on  of insu la tors .  

circuit current  (or open-circui t  voltage) is measured 
as a funct ion of tempera ture  (1). A n  electrical "spec- 
t rum" consisting of a series of peaks (or steps) is ob- 
tained. 

We (2-4) recent ly  developed a theory to account for 
the shape of the TSC peaks from mater ials  charged 
near  one surface and thermal ly  s t imulated in the ab-  
sence of any  externa l  field. The result  is given in Eq. 
[ I ] .  

[ % 1 j = A exp --Ea/kT -- B o exp ( - -Ea /kT)  dT [1] 

Here, j is the ex terna l ly  measured  current ,  T is the ab-  
solute temperature,  Ea is the trap depth, and A, B, and 
k are constants. The tempera ture  dependent  expression 
in brackets is identical  to that  obtained by Bucci (5) 
for dipolar decay. Equations [2] and [3] give the 
values of A and B in the two cases 

Near surface t rapping 

A : (ntoeb)2(t~T)/(2ed~o), B : 2/(#~o) [2] 

Dipolar decay 

A : NpfEc/(kTcTo), B : 1/(fl~o) [3] 

Here, N and nto are the charge concentrations,  (~T) the 
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charge mobi l i ty- f ree  l ifetime product, 8 the depth of 
penet ra t ion  of charge, To the inverse of the t rap escape 
frequency, p the dipole moment,  Ec and Tc the polariz-  
ing field and temperature ,  and the other quant i t ies  
have their  usual  mean ing  (2-4). 

Equat ion [1] can be wr i t t en  in  the form of Eq. [4] 

l n [ ( ~ = ~  j d t ) /  j ] : l n ~ : l n ~ e + E a / k T  [4] 

Thus the parameters  Ea and ~o may be determined 
from a straight l ine semilog plot of the remain ing  
charge divided by the cur ren t  at a par t icular  tempera-  
ture  vs. the inverse of that  temperature.  Alternat ively,  
these parameters  may be determined from the low- 
tempera ture  tail  of Eq. [1] using 

]n j '---- In A - -  Ea/kT [5] q 

(The use of Eq. [1] assumes monomolecular  kinetics, 
Eq. [5] gives the parameters  independent  of any  as- 
sumptions as to kinetics, provided that  a par t icular  Ea 
has been isolated in cases where there are mul t i - ene rgy  
levels.) 

Equations [6] and [7] (6) are used to determine nto, 
~T, and 8 

nto -: (Q/e~S) (2d/5);  ( ~ )  = E(81d) (SSIQ) [6] 

5 : 2 d ( Q / S ) / ( a  + Q/S) [7] 

Here d, S, and ~ are the surface area, thickness, and 
dielectric constant  of the sample, respectively, Q is the 
total  released charge, and a is the external ly  measured 
charge densi ty  prior to warming.  

Experimental 
Thermal ly  s t imulated current  spectra obtained from 

corona-charged Mylar  and FEP Teflon have previously 
been published (2, 4). There are many  TSC peaks and 
the spectra are complex. Typical thermal ly  s t imulated 
voltages [or net  surface charge decays measured using 
the v ibra t ing electrode technique (7)] obtained from 
corona-charged polystyrene,  polypropylene,  and me-  
d ium-  and high-densi ty  polyethylene are shown in 
Fig. 1. Note the TSV steps. (TSV in general  shows less 
detail than TSC; one does not always obtain a stepwise 
decrease for each corresponding TSC peak.) The spec- 
t ra  require  a cleaning technique to separate the in -  
dividual  peaks (or steps). Briefly, the sample is par-  
t ial ly discharged by heating to a tempera ture  just  be- 
yond that of the first m a x i m u m  (emptying the low 
tempera ture  t rap) ,  then lowered and raised again just  
beyond that  of the second maximum,  etc. Appropriate  
normalizat ion and subtract ion yields the isolated peaks 
(8). 

Typical fits to a cleaned isolated peak following Eq. 
[1] and [4] are i l lustrated in Fig. 7 and 8 of Ref. (8). 

' ~ 1 7 6  

8O 

o 

40 
J 

8 

TEMPERATURE (vC) 

Fig. 1. Thermally stimulated charge decay. [-I, Polystyrene; Q ,  
polypropylene; X, /k, polyethylene, high and medium density. 

Table I. Polymer series studied 

A D 
I I 

- -C---C--  
[ J 
B E n 

Subs t i tu ted  polyoleflns =a. B D E 

Po lye thy lene  (PE) h igh  dens i ty  H H H H 
Po lyv iny l  chloride (PVC1) H H C1 H 
Polyv iny l  f luoride (PVF) H H F H 
Chlor inated  polyvinylchlor ide  (CI/PVC1) H C1 C1 H 
Po lyv iny l idene  fluoride (PVF~) H H F F 
Po lypropy lene  (PP) H H CH8 H 
Polys ty rene  (PS) H H CeI'I5 H 
Poly te t ra f luoroe thylene  (PTFE) "Tef lon"  F F F F 
Poly fluoroet hy lenepropy lene  (PFEP) 

"Tef lon"  F F CF3,F F 
Polytr i f luor  ochlor oe thylene  (PTFCE) 
"Ac l a r "  F F C1 F 

Po lys ty renes  wi th  SOaH end  groups,  also C filled (16%) 
Polye thylenes  w i t h  di f ferent  crystal l ini t ies ;  brancbAng 

As a fur ther  check on the parameters  obtained from 
the isolated peaks, a completely independent  method 
of analysis was used. Here, the sample was heated to a 
series of temperatures  (e.g., 50, 55, 60 . . . ~ each 
separated by  rapid cooling. The low- tempera ture  tail  
of Eq. [1] is a single exponent ia l  as shown in Eq. [5]. 
Hence Arrhenius  plots give the act ivat ion energy over 
the complete tempera ture  range (8). The activation 
energies obtained f rom the plateaus in  a In Ea vs. Tma~ 
plot agree well  with those determined from the over-  
all fits to the peaks. How well  this technique works 
depends on the number  of peaks and the extent  of their 
overlap. 

Polymers 
Apparatus.--The moving polymer  film (~1  rail 

thick) was corona charged in air, and the net surface 
charge density immediate ly  monitored, using a v ibra t -  
ing electrode to pick up an  a-c signal, and a f ield-can- 
celing bias to nu l l  the received signal (2). The poly- 
mer film traversed rollers, metalized side down and 
grounded, 0.5 m m  benea th  a knife  edge held at  --6 kV. 

The samples were coated with conduct ing paint  elec- 
trodes. Depolarization was carried out in ovens fitted 
with SCR tempera ture  programers. Heat ing rates 
were l inear  and typical ly t~  The apparatus  in 
Fig. 2 enables s imultaneous TSC and TSV measure-  
ments  on two samples. The TSC is automated using a 
data acquisit ion system consisting of a mult iplexer,  
analog-digi tal  converter  and interface to a teletype 
that  records current ,  temperature,  time, and scale fac- 
tor of the electrometer,  and punches these values out 
on paper tape. The paper tape is then  converted to 
cards, and all calculations are performed wi th  the aid 
of a Control Data 3300 computer. 

Results and discussion.--In an at tempt to  determine 
the na tu re  of the charge storage traps, we studied the 
polyolefin series shown in  Table  I. In  addition we used 
a polystyrene series with end group subst i tut ion and 

PROGRAMMED OVI 
0.2 TO 5~ M~ - I  
(FORCED DRAFT} 

ELECTRODE PROBE 

= K~o V B 
d (SURFACE CHARGE 

DECAY) 

ELECTRET PTPI~ROBE I 

I 

P'LATINUM RES, 
I THERMOMETER 

- L E CTRO-M-ETER l CHART i- IELECTROMETER OUTISUT RECORDER 

L - -  ~ ._ SPECTRUM] 

DATA ACQUISITION 
SYSTEM(PRINT OUT AND 
PUNCHED TAPE} 

Fig. 2. Thermally stimulated current (TSC) and charge decay 
(TSCD) apparatus. 
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Table I1. Thermally stimulated currents 

n t ~ ( ×  101~), .u,'r ( X 10-9),  
P o l y m e r  L i n k  P e a k s  (Tmax),  °C Tg, °C ~a,  e V  to, s ec  ern ~ c m  ~ V - I  

Tef lon  ( P T F E )  ---CF2---CFr--- 100, 115, 135, 160, 207 127 1.4, - - ,  - - ,  1.4, 1.5 1 0 - ~ - 1 0 - ~  1.2-2.8 0.8-1.8 
P o l y t h c n e  (HI) )  --CH~----CHr--- 53, 69, 98 (70) 1.7, 1.3, 1.2 10-m-10-14 3-16 1.1-2.0 
P o l y s t y r e n e  - - C H r - - C H - -  45, 65, 100 100 ~ ,  - - ,  1.3 10-15 2.5 1.0 

I 
~b 

P o l y p r o p y l e n e  - - - C H ~ - - C H - -  48, 68, 93, 111 - -  1.2, 2.3, 1.4, 1.9 10-~-10-Ie  0.4-11 0.2-6.4 
I CH3 

A c l a r  - - C F e - - C F C I - -  42, 53, 79, 105 45 1.9, 1.7, 1.6, 1.6 I 0 - ~ - I 0  - ~  0.3-1.2 2.2-9.7 
C I / P V C I  - - C H C I - - C H C I - -  42, 65, 92 
PVF~ ---CH~---CF~--- 40, 65, 1O0 (6fi, 97) 
PVC1 - - - C H ~ C H C 1 - -  34 68 1.O 5 0.7 
P V F  ---CH.,----CHF-- 29 - -  1.5 10 - ~  4.7 0~5 

carbon filled, as well  as polyethylenes of different 
crystall inity.  A complete paper on this work wil l  be 
published shortly (9). The results of the TSC measure-  
ments and the constants associated with the various 
traps are shown in Table II. Unt rapping  occurs at 
thermal  energies of the same order as required by 
molecular  motion or phase transi t ions in polymer 
structure. The tempera ture  m a x i m u m  of some of the 
peaks correlate well with the known glass t ransi t ion 
temperatures  (Tg) of the polymers. The bracketed 
temperatures  are those where molecular  motion is 
known to take place from elastic constant  measure-  
ments. 

First  of all we should say that the traps are not due 
to chemical impurities,  for the same peaks have been 
observed in a var ie ty  of the same materials,  supplied 
by different manufacturers ,  and also made from resin 
into film. 

Charge storage in polymers can take place on three 
s t ructural  levels: the so-called pr imary,  secondary, 
and ter t iary  levels. At the p r imary  level, the traps are 
on the molecular  chains themselves, the charge is 
stored at atomic sites. At the secondary level, electrons 
can become caged within groups of atoms in neighbor-  
ing molecules and are held there due to the charge 
affinity of these groups. To release charge at the pr i -  
mary  level requires individual  atomic motions, while 
at the secondary level it is dependent  on the motion of 
groups of atoms. At the ter t iary  level, charge may 
be stored in  both crystal l ine and amorphous regions 
of the polymer, or at boundaries  (1). Charge release 
in this case depends on main  chain motion. 

Table III  lists the polymers in order of decreasing 
charge stabil i ty together with the tempera ture  at 
which the ex terna l ly  measured charge vanishes in a 
thermal ly  s t imulated charge decay measurement .  From 
this table we may conclude the following. 

Charge storage stabil i ty at the pr imary  level, i.e., 
along the molecular  chains, is determined by both the 
electronegativi ty of the ions and symmet ry  along the 
chains. In  the first four polymers listed, the fluorine, 
hydrogen, phenyl,  and methyl  groups are in order of 
decreasing electronegativity.  Since chlorine has an 
electronegativity between that of F and H one might  
expect that  Aclar in  which one C1 has been subst i tuted 
for a Teflon F might  lie between Teflon and poly- 
ethylene. Instead it lies fifth in the table. Here we feel 

Table III. Charge stability 

T ~ = O) 
P o l y m e r  S y m b o l  L i n k  ° C 

1 P o l y t e t r a f l u o r o e t h y l e n e  P T F E  - -CFr- - -CF~-- -  230 
2 P o l y e t h y l e n e  ( h i g h  d e n -  

s i ty )  P E ( H D )  ----CH.~---CHz-- 145 
3 P o l y s t y r e n e  PS  - - C H ~ C H - -  130 

F 

CH~ 
f 

4 P o l y p r o p y l e n e  P P  - - C H r - - - C I - I - -  130 
5 A c l a r  A C  - - C F ~ - - - C F C 1 - -  125 
6 P o l y e t h y l e n e  ( m e d i u m  

dens i ty}  P E  (MD) - - C  H~---CH~-- 115 
7 C h l o r i n a t e d  p o l y v i n y l  

c h l o r i d e  C1/PVC1 - - C H C 1 - - C H C 1 - -  90 
8 P o l y v i n y l i d c n e  f l uo r ide  P V F e  - - C H ~ - C F ~ - - -  85 
9 P o l y v i n y l  c h l o r i d e  PVC1 - - C H r - - C H c 1 - -  55 

10 P o l y v i n y l  f luo r ide  P V F  - - C H ~ - - C H F ~  35 

that the re la t ively large C-C1 bond (1.63A compared 
with 1.06A for C-H and 1.33A for C-F)  introduces a 
distortion in the symmetry  along the chains that  makes 
for poorer charge stability. The same thing happens on 
comparing PVC1 and PE where one C1 has been sub- 
sti tuted for an H. 

Similar ly  subst i tuted fluorine and chlorine polyole- 
fins have similar  electret charge stability. A single 
subst i tut ion of a fluorine or chlorine atom for hydro-  
gen in PE (PVF and PVC1) produces a poor charge 
storer. A second subst i tut ion (PVF~ and C1/PVC1) pro- 
duces greater storage stability. Complete subst i tut ion 
in the case of PTFE produces a very  stable electret. 
Disturbing the symmetry  by subst i tut ion of the t r i -  
f luoromethyl group (PFEP)  in PTFE and the methyl  
group (PP) in PE also reduces charge stability. 

Charge storage s tabi l i ty  at the secondary level, i.e. 
caging between neighboring molecules, is bet ter  the 
higher the packing density and the lower the branch-  
ing. Teflon of highest packing densi ty heads the table 
and high densi ty (HD) PE is much bet ter  than MD 
which is in tu rn  better  than  LD. 

PS with a sulfonic end group (SO3H) proved to be 
as stable as PS, and no addit ional  traps were evident  
in the TSC spectra. PS and Mylar, both of which con- 
tain the phenyl  group have almost identical TSC 
spectra. PE of high crysta]l ini ty (HC) is much more 
stable than PE of low crystal l ini ty  (LC). The high- 
temperature  TSC peak at ~-100°C in HC does not 
appear in LC. We a t t r ibute  this to a loss of the charge 
storage site at the chain folds as the chains unfold in 
going from HC to LC. We made an at tempt  to deter-  
mine  the effect of charge storage at interfaces by dop- 
ing PS with carbon but  were unable  to charge the 
material.  The film was highly conductive and arced 
through under  the corona. 

While the above provide a fairly consistent picture 
of the observed phenomena,  other possibilities should 
not be overlooked. The corona itself may  produce 
changes in the polymer to create p r imary  t rapping 
sites. 

All films were negat ively corona charged. Negative 
ions are most probably t rapped wi th in  some tens of 
monolayers  at the polymer surface. The ion may com- 
bine chemically with the polymer or it may  transfer  
an electron to the polymer. Depth of penetra t ion mea-  
surements  were made using the capacitance vs.  fre- 
quency technique, described by Badian et  al. (10). 
Estimates could also be obtained from Eq. [7]. Our 
experiments  show that  the charge penetrates  to a 
depth of about 5% of the film thickness, assuming that  
the spatial dis t r ibut ion is uniform. Thus the " t rans-  
ferred" or "free" electrons can be trapped within  the 
bulk, as well  as at the surface. 

It has been established that  at least two chemical 
changes take place in the surface layer of a polymer 
exposed to a corona in air  (11, 12). One is the forma- 
tion of double bonds ( ~ C ~ C ~ ) ,  and  the other is the 
chemical combinat ion of oxygen to form a carbonyl  
group (:C~-~O). These are present  in densities as 
great as or greater  than the charge densi ty  formed in 
the polymer. The double bonding (unsatura t ion)  oc- 
curs before the reaction with oxygen (can also be O- ,  
O3, etc.) (13). The electrons or ul t raviolet  light in 
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the corona can ini t ia l ly  break the carbon-carbon bond, 
and supply enough energy for the H-a tom rear range-  
ment  necessary in t h e ~ C - - C  :~ bond formation. I t  is 
then very easy, but  at the surface only, to have a 
reaction with oxygen occur. Charge storage at the 
pr imary  level might  then take place on the double 
bond and carbonyl  groups (13). 

Electron t rapping on molecular  oxygen that  has 
diffused in from the atmosphere is another possibility, 
as previously found in  thermoluminescence measure-  
ments  on polyethylene by Partr idge (14), and more 
recently by Bousted (15). 

The unt rapping  of charge may be a dual process 
that arises from both a lowering of trap depth with 
molecular  motion plus thermal  excitation of the charge 
out of the trap. Since charge release in these polymers 
is so in t imate ly  connected wi th  molecular  motion, it 
may  be that  some of the act ivat ion energies ment ioned 
are not those due to charge affinity of various atoms, 
or groups of atoms, bu t  ra ther  are to be associated 
with molecular v ibrat ion and rotation. 

C r y s t a l s  
Apparatus.--We are at present also growing alkali  

halide crystals such as KC1 by pul l ing from the melt  
using the Czochralski technique. KC1 powder (mixed 
with dopant) sits in a porcelain crucible and is melted 
in a furnace. A seed is attached to a chuck which is 
s imultaneously rotated and pulled from the melt  at 
about 1/4 in. /hr .  The crystals are grown in an Argon 
gas atmosphere, and provision is made for water  cool- 
ing the various parts of the furnace. A temperature  
controller  is used to lower the temperature  slowly 
enough to avoid rapid surface crystall ization of the 
melt. We have successfully grown crystals of pure  
KC1 and KC1 doped with Ca ++ , Sm ++, Eu ++, and 
y b  + + 

A typical cryostat that  enables one to charge using 
fields, as well  as irradiate with electrons, or u l t ra -  
violet light, is shown in Fig. 3. 

h',= 
~ J J J / J  J J J f 

g 

d ;f d 

Fig. 3. Stainless steel cryostat, a, Crystal; b, liquid nitrogen and 
heater finger; c, liquid N2 trap; d, ports for uv or electron irradia- 
tion; e, copper block; f, ports for vacuum or inert gas; g, ports for 
water; h, heat insulation. 

- i - ~ + -  + - + - - ~ -  
_ _ + - + - + _ +  

- + - + - + - + - +  
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- §  - - - t - -  + 
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Fig. 4. Divalent 
impurity and as- 
sociated positive 
ion vacancy in a 
fcc alkali halide. 
The dipole mo- 
ment (arrow) is 
along a (100) di- 
rection. KCI: 
S m + + ;  N ---- 4 x 
1016/cm 3, .8 

""•(-] 
36~ - - 6 0  

- - 5 0  

6~ Ep ~ 11.8 kV/cm, Tmax ~ - -47~  to  ---- 1.5 x 10 -14 

sec, Ea ~ 0.70 eV. 

Results and Discussion.--If during the growth of an 
alkali  halide crystal from the melt, one dopes with 
doubly charged divalent  ions (such as S m + + ) ,  (e.g., 
adding SmC12 to KCI) the divalent  ion enters the 
lattice subst i tut ional ly (for K + ) .  To preserve charge 
neutral i ty ,  another positive ion must  leave the lattice. 
The most l ikely place for this to occur is in the neigh-  
borhood of the impuri ty,  thus forming a system of 
impur i ty -vacancy  (I-V) dipoles, as in  Fig. 4. 

If one polarizes these dipoles by applying an  ex- 
ternal  field to the crystal at a part icular  temperature,  
lowers the tempera ture  with the field still applied, re-  
moves the field, and warms the crystal, one obtains a 
peak in the measured external  current  as a function of 
temperature.  This is the so-called ITC or ionic thermal  
current  peak (5). A typical recorder trace 
(KCI:Sm + +) is shown in Fig. 4. 

Here, the polarizing field was 11.8 kV/cm, the heat-  
ing rate dur ing thermal  stimulation, 6~ and the 
temperature  max imum at which the peak appeared, 
--47~ Note the extremely low dipolar concentration. 
One can in fact detect currents  a factor of 10 lower 
than this, i.e., detect impurit ies to 1 par t  in 108. 

Figure 5 shows overlapping Ca ++, and Sm ++ I -V 
dipole peaks. The calcium is an unwanted  impur i ty  
that is present  in any inexpensive reagent powder, 
such as those supplied by Baker and Fisher. It  is made 

BO 
S m  ++  

70 

60 

~ ~ ~  

~ 4c 

~ 3o 

u io 

i _ i 

180 2 0 0  2 2 0  2 4 0  

A B S O L U T E  T E M P E R A T U R E  ( ~  

Fig. 5. Overlapping Ca + + and Sm + + I -V dipole peaks 
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Fig.  6.  Current maximum as o function of polarizing field for 
KCI :Sm + + 

negligible (relative to the Sin + + peak) by wai t ing a 
few days for the dipoles to aggregate (see ahead).  

The theory of the dipolar peaks is summarized by 
Eq. [1] and [3]. Equat ion [3] shows that  the current  
max imum should be a l inear  funct ion of applied field 
if we are dealing with a dipolar phenomenon,  and not, 
e.g., space charge. Accordingly, we first measured the 
current  max imum as a function of polarizing field. A 
l inear relat ionship identified the peaks as dipolar. A 
typical  example for KCI: Sm+ + is given in Fig. 6. 

The activation energies and the relaxat ion times for 
dipolar relaxation were determined with the aid of a 
computer, by the initial rise (Eq. [5]), Bucci (5) (Eq. 
[4]), and Cowell and Woods (2, 16) techniques and 
are listed in Table IV. The activation energy for 
KCI:Ca ++ is a bit larger than that determined by 
Chiba et at. (17) (0.66 eV), from dielectric absorption 
measurements. The constants for KCI: Sm+ +, 
KCI: Eu + +, and KCI: Yb + + have not been previously 
measured. Table IV also lists values for KCl:Be ++, 
Sr + +, and Cd + + for comparison purposes. The activa- 
tion energy can be associated microscopically with one 
or more of the following processes: the barrier to rota- 
tion of the vacancy around the impurity, impurity- 
vacancy interchange, movement of the vacancy from 
nearest neighbor positions to next nearest neighbor, or 
vice versa (18). 

We have a particular interest in rare-earth doped 
alkali halides using Sm ++, Eu ++, and Yb ++ for it 
turns out that these doubly valent ions can be made 
singly valent by irradiation with x-rays, and that the 
reaction is reversible under annealing or irradiation 

~mox = fo EXP(-Ea/kT), DEBYE T= I/2 "wfmox. 

.%, .6 

0.03 

~176 I , ~176 :'! , .o 

0"011 

0 I 2 3 4 5 6 
LOG FREQUENCY - -~  (C/S) 

Fig. 7. Dielectric absorption at various temperatures for sodium 
bromide with calcium impurity. 

with uv. Thus the electret can be switched on and 
off, with possible application to memory elements. 

The thermal current method used on single crystals 
allows one to investigate the production, concentration, 
and motion of defects in solids. The I-V dipoles diffuse 
to form higher aggregates (often trimers) of negligible 
dipole moment. Qualitative aggregation rates for the 
various dipoles are given in Table IV. If one anneals 
the crystals at fixed temperatures for increasing times, 
and measures the decreasing released polarization 
charge on warming, the kinetics of the aggregation, 
and the activation energy for defect motion, can be 
determined. One can even study chemical reactions 
taking place in a solid matrix. If one dopes KC1, for 
example, with both Ca and OH, the precipitation of 
Ca(OH)2 in the solid matrix can be followed (19), 
because it leads to dipole destruction that is mea- 
surable with ITC. 

Since impurities can be identified with enormous 
sensitivity (compared with other methods of analysis 
such as E.P.R.), we expect that the method will even- 
tually be used commercially for this purpose. Very 
little work has as yet been carried out using ITC. 

TSC vs. tan b, c' Measurements 
For many  years now, people have been characteriz- 

ing insulators by measur ing dielectric constant (4) 
and loss tangent  (tan 8) as a function of frequency (f) 
and temperature  (T). A typical example is shown in 
Fig. 7. One usual ly  measures tan  8 vs. f at a series of 
temperatures,  and then makes an Arrhenius  plot of In f 
max vs. 1/T from which the activation energy Ea, ~fo, 
and the Debye relaxat ion t ime T for a single relaxat ion 
process, may be determined.  While much valuable  in-  
formation has been obtained, the lat ter  suffers from 
two inherent  disadvantages. If more than  one re laxa-  
t ion process is present  in a dielectric, this manifests 

Table IV. Dipole parameters for KChX + +* 

rn r ,  A TM, ~  E,  e V  ~o, sec R 

a. Ca *+ 40.1 0.99 215 0.70~-~ 0.Ol (3.0 q- 1.9) • I0-~ Days 
a.  Sin++ 150 1.13~ 227 0 .70 -~  0.03 (2.7 -4- 2.5) x 10 -14 V e r y  l o n g  

( r a n g e  10-13-10 -~ )  
a. Eu++ 152 1.13t 224 0,68-4- 0.01 (3.7 -- 1.0) • 10-I~ Very long 
a. yb+* 173 1,00"~- 215 0.67 ~- 0,01 (I.I ~- 0.6) • 10 -14 Very long 
b. Be++ 9 0.31 133 0.24 I0 -s Minutes 

161 0.45 5 X I0  -~a 
b.  Sr++ 87.6 1.13 217  0.657 ~ 0.002 1 0 - ~  D a y s  
c. Cd++ 112 0.97 220  0.67 ~- 0.01 - -  H o u r s  

* Legend: m = atomic weight, r = ionic radius, T~i = temperature maximum of peak, E = activation energy, ro = inverse of jumping 
probability, R = qualitative aggregation rate at room temperature, ~ = X+++, a = this work, b = Bucci (5), c = Capelletti (24), 
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TSC gives Debye T and Np2/kTc. Here, (es - -  e~)/4:~ ---- Np2/kTc, 
e~ from P(O) = (e~ - -  1)E/4~. e', e", tan (~ then determined. 

itself as a broadening in the Debye curve ( tan  8 vs. fre-  
quency) .  In  addition, the dipole or ientat ion losses usu-  
al ly occur on top of a background loss due to conduc- 
tivity. Thus it is very difficult (usual ly  impossible) to 
sort out the individual  re laxat ion processes. 

We feel that  TSC measurements  (without  external  
bias) provide a bet ter  characterization of insulators 
than ~', tan  ~ measurements .  They produce a peak for 
each relaxat ion process, and conductivi ty does not 
interfere. If there is an overlap of a few peaks, they 
may be easily separated. In  addition, very  small  dipole 
concentrat ions can be detected. (~I02-108 times more 
sensitive than  loss measurements) .  This should effec- 
t ively mean  that  we can measure very  low tan 5's, i.e., 
those associated with bond moments  and the motion of 
small  chain segments. 

Indeed e' and tan  5 may be determined by combining 
TSC measurements  with d-c response. The Debye 
equations together with the constants obtainable  from 
TSC measurements  are shown in Fig. 8. Also i l lustrated 
is the bistable model in which the dipole has two 
equivalent  positions 180 ~ apart. The application of an 
electric field E modifies the depth of the potent ial  wells 
so that  with the field the j ump  probabi l i ty  from 2 to 1 
is greater than  that  from 1 to 2, and a net  polarization 
results. Using this model, (~s -- c| may  be determined 
from the TSC constant  Np2/kTc.  The Debye T is also 
known  from TSC. e= may  be obtained from the zero 
t ime polarization response of the dielectric to an ap- 
plied step. Thus e', ~", and hence tan  5 are determined. 
Our feeling is that  all of the old dielectric absorption 
measurements  could profitably be combined with TSC 
to isolate the microscopic mechanisms. 

In  order to achieve success with the above technique, 
one would need a fair ly ideal dielectric with a small  
number  of relaxations. The TSC measurements  must  
be made over a tempera ture  range  that  includes all 
of the relaxat ion mechanisms. In  many  practical di-  
electrics in which there are mul t i re laxa t ion  processes, 
it may  be impossible to thermal ly  clean and separate 
the quasi-cont inuous spectra. 

E{ectr ical  Conduct ion  Mechan ism in Insulators 
The thermal  current  technique offers a key to the 

comprehension of the fundamenta l  microscopic mecha-  
nisms responsible for charge storage and release, such 
a s  dipolar phenomena,  electron, hole, and ionic traps, 
space charge, etc. It  is these phenomena that govern 
electrical conduction in  dielectrics, for example, since 
trap hopping is often invoked as a conduction mecha-  
nism, a knowledge of t rap parameters  is desirable. 
Thus, a s tudy of charge storage yields valuable  in-  
formation about electrical conduction. An  unders tand-  

ing of the processes responsible for electrical c o n d u c -  
t i o n  in dielectrics is of course essential in any  and all 
applications of insulators.  Different forms of excitation, 
i.e. charging (such as corona to supply ions, electron, 
x - r ay  and ul t raviolet  i r radiat ion to supply electrons 
and holes, d-c fields to orient dipoles) may be used 
on the same dielectric to characterize it electrically 
as much as possible. 

The origin of each of the TSC peaks may be deter-  
mined by performing current -vol tage  measurements  at 
a series of fixed temperatures,  in addition to TSC. 
This procedure has recent ly  been followed by Jon-  
scher (20) on thin film silicon oxide. There are four 
distinct regions of different slope in the I-V curves. 
An  activation energy ma y  be determined for each 
region from Arrhenius  plots of in  I vs. 1 /T  at constant  
V. By comparing these energies with those obtained 
from init ial  rise calculations on the TSC peaks of 
silicon oxide, Jonscher was able to say which of the 
peaks were ionic, electronic, due to space charge, etc. 

Using different forms of excitation and  thermal ly  
s t imulated currents  and voltages, studies may be made 
of the effect on the electrical properties of plastic addi- 
tives in polymers such as Polythene or PVC1, with a 
view toward improving the electrical characteristics 
of these insulators (for use in cables, condensers, 
breakers, etc.), or toward finding others to replace 
them. Discharges occurring in  insulat ion provide co- 
pious supplies of carriers that  are trapped, changing 
the subsequent  insulat ion resistance and breakdown 
properties. This phenomenon may  also be studied by 
the proposed methods. 

The TSC spectra are un ique  to the insulators under  
study. They are f ingerprints of them and are sensitive 
to impurities,  additives, discharges, humidity,  i.e., to 
any chemical or morphological change. They provide 
a sensitive analyt ical  tool that  could be used to guide 
the production of insulators wi th  fixed electrical 
properties. 

We feel that  TSC wil l  eventua l ly  develop into an 
electrical spectroscopy and have practical application 
to electrical qual i ty control. 

Future W o r k  
In  conclusion, I would like to say a few words about 

other possible applications of TSC. 
In  1967 Sinencio et al. (21) i rradiated solution- 

grown orthorhombic S crystals with uv, and found that  
electron and hole trap filling was confined to the pene-  
t ra t ion volume of the radiat ion ("near  surface") 
independent  of the application of a bias dur ing i r radia-  
tion. In  other words, carriers were not d rawn into the 
bu lk  of the specimen by a field applied dur ing i r radia-  
tion. On the other hand  if a bias were applied dur ing 
subsequent  thermal  s t imulat ion either carrier  (de- 
pending on bias polari ty)  could be d rawn  from the 
"near surface" region, and separate electron and hole 
TSC spectra were obtained. Both electron and hole 
peaks occurred at ~175~ To show that  these were 
different, growth curves (i.e., peak height vs. filling 
time) studies were made on the two peaks, and indeed 
they exhibited different kinetic behavior.  More studies 
of this type are needed. 

Recently, Gross (22) examined a n u m b e r  of dielec- 
tric models which, al though equivalent  at constant  
temperature,  were shown to be nonequiva lent  noniso- 
thermally.  He found that  if the total  released charge 
was independent  of heating rate, the Maxwell  model 
applied, and the TSC measurement  was the significant 
one, for each cleaned peak could then be associated 
with a single re laxat ion process. If, on the other hand, 
the released charge varied with heat ing rate, the 
Wagner-Voigt  model applied and the TSV measure-  
ment  was the significant one. F igure  9 shows the TSC 
and TSV to be expected for the same trap depth. 

The processes responsible for conduction in  thin 
( thousand Angstrom) films (such as silicon oxide, 
t an ta lum oxide, a l uminum oxide) used in  integrated 
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Fig. 9. Thermally stimulated current and charge decay for the 
same trap depth (FEP Teflon, Ea ~ 1.36 eV). 

circuits  are  the same as those responsible  for conduc- 
t ion in al l  dielectrics,  wi th  the possible addi t ion  of 
tunneling.  Thus TSC studies on thin  films should prove  
valuable .  Recently,  Weisberg  and Schade (23) have 
shown how the use of a Schot tky  ba r r i e r  can extend 
the use of TSC to low-res i s t iv i ty  semiconductors  such 
as silicon. No work  has as ye t  been r epor t ed  on 
the rma l  cur rents  f rom ferroelectr ics,  which should be 
ve ry  large.  

Some prac t ica l  appl icat ions  of this  work  are  the  fol-  
lowing: There has recen t ly  been a need for a h igh-  
t empera ture ,  rad ia t ion  res is tant  plast ic  to use in cable 
wrapping.  Kap ton  (a du Pont  product )  satisfies the  
first cr i ter ion.  One measure  of the second is whe the r  
it  is a poor  or good charge  storer,  a quest ion that  
was easi ly  answered  by  running  a TSC spectrum. 
There  are  many  prac t ica l  appl ica t ions  for charge  s tor-  
age devices. We have  developed a microphone  now 
m a r k e t e d  b y  Sony in tape recorders  and broadcas t  
mikes,  and soon to be used by  Bel l  Canada  in the  
microphones  of al l  te lephone  handsets .  There  are  two 
o ther  uses for charged  po lymers  in communicat ions  
that  represent  la rge  savings over  equipment  now in 
use, but  a re  commerc ia l ly  confidential  for the moment .  
Other  possible appl icat ions  are  in a i r  filters, m e m o r y  
elements,  h igh-vol tage  and a-c  generators ,  motors,  
meters,  rad ia t ion  dosimeters,  precipi ta tors ,  phono 
cartr idges,  relays,  vol tmeters ,  e lect rometers ,  explosion 
ini t iators ,  v ib ra t ion  t ransducers ,  e lectrostat ic  lenses, 
etc. 
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The Oxidation of Thin Copper Films Condensed 
in the Presence of Various Residual Gases 
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ABSTRACT 

(100) copper films were prepared by vapor deposition in  the presence of 
hydrogen, water, or air in the pressure range from 10 - s  to 10 -4 Torr. The 
films were annealed and oxidized under  constant conditions and were examined 
at various stages by electron microscopy and diffraction. A reproducible  de- 
crease in the Cu20 grain density was observed when hydrogen was the residual 
gas: a ten-fold  increase in pH2, in the range between 3 • 10 -4 to 4 X 10 -6 
Torr, resulted in a decrease of 6.4 • 106 grains cm -2. The appearance of wide 
stacking faults in unannea led  copper films and the occurrence of (131) oxide 
grains also was observed. 

Over the past decade several studies have shown that  
significant variat ions in the physical properties of thin 
vapor-deposited metal  films can be produced by 
residual gases present  in the film-deposition chamber  
during film formation. These include observations on 
electrical resistivity, superconductivity,  magnetization, 
and epitaxy (1-8). No study has appeared on the pos- 
sible influence of the residual gases on the chemical 
behavior of vapor-deposited metal  films. The present  
investigation looks at the influence of various gases 
present during condensation on the texture and oxida- 
tion behavior  of thin, (100) copper films. 

Experimental 
Copper was condensed at a ra te  of about 8 A/sec to 

a thickness of about 900A on single-crystal  substrates 
of sodium chloride held near  340~ The principal  
change from previous experiments  on copper in this 
laboratory (9) was a reduction in the residual pressure 
to 10 - s  Torr. This allowed backfilling with gases whose 
effect or~ the copper film was to be tested as a function 
of total  pressure and composition. The gases used 
were hydrogen, water, and air with total pressures 
ranging from 4 • 10 - s  to 3 • 10 -4 Torr. Gas com- 
positions were determined in each case with a residual 
gas analyzer. 

Anneal ing  was carried out in a glass l ine containing 
a heated Vycor section with a stream of hydrogen at 1 
atm and 630~ The film was treated either (a) for 
10 min  while still on the NaC1 substrate (substrate-  
anneal ) ,  or (b) for 15 rnin after being removed from 
the NaC1 and mounted  on a % in. diam copper support  
grid (gr id-anneal ) .  For the subs t ra te-annealed  films 
the subsequent  exposure to water dur ing the film 
stripping and mount ing  was followed by a fur ther  
t rea tment  in  hydrogen (1 atm, 425~ 10 rain) in order 
to remove oxide formed dur ing the gr id-mount ing  
process. 

All  oxidations were performed under  a single set of 
conditions: 1.0 • 10 -a Torr  of oxygen at 525~ for 
5 min. Since the conditions for anneal ing and oxidizing 
were fixed, variations observed in the oxidized films 
were a t t r ibuted to the changes in the gas pressures 
and compositions during the condensation of the 
copper. 

Observations were made at various stages in the 
t rea tment  of the films by t ransmission electron micro- 
scopy and diffraction using a Philips EM 75 and a 
Jeolco 6A microscope. The specimens were examined 
for the occurrence of stacking faults and dislocations, 
for the identification of the oxidation products, for 
the determinat ion of the crystallographic orientat ion 
(epitaxy) of both the copper film and the cuprous 

Key words: films, copper, oxidation, epltaxy. 

oxide, and for the average size and separation (or 
density on the film) of the cuprous oxide grains. 

Results 
The copper film crystallized in a single orientat ion 

having the (100) plane paral lel  to the film surface 
(except for an  occasional area on some films wi th  the 
(310) plane extended; the (310) areas amounted to 
much less than 1% of the total) .  The unannea led  film 
showed many  dislocations and twins (Fig. 1) and a 
pronounced thickness var iat ion with the appearance 
of islands separated by nar row canals. Annea l ing  on 
the substrate at 630~ reduced the thickness variat ions 
and el iminated the twins;  g r id -annea l ing  at 630~ 
was not as effective. Subs t ra te -annea l ing  always pro- 
duced the perpendicular  ne twork  of stacking faults 
previously reported (9). For the first time we found 
wide stacking faults in unannea led  films but  they were 
very rare; the area of faulted plane was less than 
that in  subs t ra te-annealed  films by a factor of 2 • 
10-6. 

The structure and texture  of the copper films before 
oxidation were not influenced in any detectable way 
by changes in the conditions of condensing the copper. 

The oxidation experiments  were performed on both 
substrate-  and gr id-annealed  films by immediate ly  
following the exposure to hydrogen (in the reduction 
t rea tment  at 425~ or the annea l ing  t rea tment  at 
630~ with an exposure to oxygen. 

Fig. 1. Electron micrograph of unannealed copper film. The un- 
annealed film contains islands (A) separated by narrow canals (B) 
and many twin lamellae (C). 
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Table I. Shapes and epitaxies of Cu20 grains 

[ ]  

</ 

A :  (10O) C u 2 0  (100) Cu  
[ l l 0 ] C u ~ O  [ l l 0 ] C u  

A ' :  (100) C u 2 0  (100)Cu 
[ l l 0 ] C u ~ O  [ l l 0 ] C u  

B :  (110) Cu20  (100) Cu 
[ l l 0 ] C u 2 0  [ l l 0 ] C u  

C:  (111) Cu~O (100)Cu 
[ l l 0 ] C u ~ O  [ l l 0 ] C u  

D :  (12"I)Cu20 I[ (310)Cu  
[111]Cu~O [I [131]Cu  

Cuprous oxide grains were  formed, but  in none of 
the micrographs or diffraction pat terns was there  any 
distinction between grains formed on subst ra te-an-  
nealed or gr id-annealed  films. F ive  distinct shapes 
wi th  four epitaxies were  observed (Table I ) ;  no var i -  
ations of even a few degrees in the crystal lographic 
orientat ions were  detected in the  diffraction patterns. 
Three of these shapes (A, B, C,) have been observed 
previously. The D grains ( i l lustrated in Fig. 2) have 
a (171) plane of the oxide paral le l  to the copper and 
occur only on the (310) areas of copper;  accordingly, 
oxidation of (310) copper yields (121) cuprous oxide. 

In re la t ive  abundance the B ( l l 0 )  and C ( l l l )  types 
account for about 98% of all oxide grains, wi th  B some- 
what  more prevalent  in most areas. The A and A'  
type, both (100) orientation, make  up the remainder  
wi th  the A type more common. A typical  micrograph 
is given in Fig. 3. No correlat ion between the occur-  
rence of the different grain types and gas composit ion 
during condensation of the copper was observed. 

The number  of oxide grains appearing on an oxi-  
dized film was counted in fifteen to th i r ty  different 
areas, each represent ing 6.9 X 10 -7 cm 2 (correspond- 
ing to the field of view in the electron microscope 
used). The results are repor ted  as densities in grains 
cm -2 together  wi th  the standard deviat ion f rom the 
mean va lue  for the areas measured. The oxide densi- 
ties observed for the four distinct gas compositions 
are listed in Table II. 

The first four entries represent  p r imar i ly  water  at 
three pressures (1.8 X 10 -8 , 3.6 X 10 -6 , and 1.2 X 
10 - s  Torr)  and laboratory air (N2 and 02) at 3.0 X 
10 -s. There  is no apparent  relat ion be tween pressure 
and oxide density; indeed, the single value of 2.5 X l0 T 
grains c m - 2  falls wi thin  the range of the standard 
deviations of all four values. Even when the par t ia l  
pressures of the individual  species (H20, N2, O2, CO2) 

Fig. 3. Electron micrograph of substrate-annealed, oxidized cop- 
per film. The (100)-type (A), (110)-type (B), and (|11)-type 
(C) groins are all present in this area of the oxidized film. 
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n 
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Fig. 4. Influence of hydrogen pressure on oxide density 

were compared with  the oxide densities, no correlat ion 
appeared. 

The case of hydrogen used as a backfill is qui te  dif- 
ferent. The consistency of the results at each pressure 
used is bet ter ;  the s tandard deviat ions average  to less 
than a sixth of those for the other  gases. In addition, 
the oxide densities change systematical ly  wi th  the 
hydrogen pressures as shown in Fig. 4, where  the indi-  
vidual  results for th i r teen oxidized films are shown. 
The line in the figure represents  the relat ion 

D (grains cm-2)  X 10 -7 = --0.641 log PH2 -- 1.33 

in the range of hydrogen pressure f rom 3 X 10 -4 to 
4 X 10 -6 Torr. It is clear that  hydrogen backfilling has 
a pronounced, reproducible influence on the surface 
density of Cu20 grains produced on subsequent  oxida-  
tion of the copper. 

Discussion 
The presence of hydrogen during the condensation 

of the copper onto the NaC1 substrate  has some effect 
whereby  a tenfold increase in the pressure of hydrogen 
decreases the density of oxide grains subsequent ly  
formed by 8.4 X 106 cm -2  or about 20 to 50% in the 
range studied. We note that  during the condensation 
of copper the substrate surface was bombarded with 

Table II. Influence of gas composition on oxide density 

M a j o r  A v e r a g e  d e n s i t y  
Back f i l l  - - l o g  pavg c o m p o n e n t  ( g r a i n s  ern-~) x 10 -7 

Fig. 2. Electron micrograph of (131) oxide grains 

N o n e  7.321 H 2 0  2.55 + 0.51 
W a t e r  5.446 H 2 0  3.25 + 0.79 
W a t e r  4.917 H 2 0  2.48 + 0.71 
A i r  4.523 N~ 2.15 __+ 0.55 
H y d r o g e n  5.370 H2 1.79 ----- 0.18 
H y d r o g e n  4.519 H.~ 1.55 --~ 0.07 
H y d r o g e n  3.503 H.2 0.91 -~ 0.08 
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H2 molecules at a rate ranging from 0.83 to 63 times 
the rate of arr ival  of copper atoms. It is easy to 
suppose that  some of this hydrogen may be re ta ined or 
t rapped interst i t ial ly;  however, the fact that  the dis- 
tu rb ing  effect of hydrogen persists through either of 
the anneal ing treatments,  where  the copper is exposed 
to a 109 greater pressure of hydrogen at a higher tem- 
perature, casts doubt on interst i t ial  t rapping as the 
mechanism for t ransmit t ing  the influence on the later  
oxidation. It  is t rue that the total hydrogen bombard-  
ing the film dur ing its condensat ion is 108 greater 
than the saturated concentration at 1 atm and 630~ 
(10), bu t  the loss by  diffusion (11) dur ing  the later  
heating under  vacuum would produce a final equi l ib-  
r ium concentrat ion of hydrogen far less than  that  
under  a pressure of 1 atm and at 630~ 

A more plausible possibility for the direct effect of 
hydrogen present  dur ing the condensation of copper 
is that  the number  of vacancy sites in the copper struc- 
ture increases with the pressure of hydrogen. I t  is pos- 
sible to calculate (12-14) the distortions in the copper 
lattice around such point  defects, and we suggest that  
the changes in lattice energy produced by these dis- 
tortions have an influence on the density of oxide 
nucleat ion sites occurring in  the subsequent  reaction 
with oxygen. The occurrence of vacancy sites in metal  
crystals grown in the presence of hydrogen is sup-  
ported by  an observation of Kokotailo (15) who found 
a decrease in the uni t  cell size of p la t inum crystallites 
grown in hydrogen as compared with those grown in 
air, nitrogen, or argon; he ascribed the lattice shr ink-  
age of 3~ % to vacancy sites induced by the hydrogen. 

A consideration of the density of oxide nucleat ion 
sites is based on suggestions made by Benard (16). 
Three stages occur in the growth of oxide on metals at 
low oxygen pressures: (i) an incubat ion period during 
which the concentrat ion of oxygen on and in the metal  
builds up to some critical value, (ii) the s imultaneous 
appearance of isolated oxide nuclei, which then grow 
la tera l ly  unt i l  a continuous oxide layer is formed, and 
(iii) the thickening of the layer in a fashion which 
is un i form over the surface of the film. In  step (ii), 
where our  pr incipal  interest  lies, Benard noted that  
the density of isolated oxide nuclei  increases with 
the pressure of oxygen and called the area associated 
with one nucleus the "zone of influence," supposing 
that  the oxygen bombarding this pressure-dependent  
area can contr ibute  to only one nucleus. Observations 
by Brockway and Rowe (9) showed that  for oxygen 
pressures from 10 -1 to 10 -~ Torr  the first oxide nuclei  
appearing on copper at 525~ were distr ibuted un i -  
formly with the density in grains cm -2 equal to 5.5 
X 109 X Po2 (Torr) .  The proport ional i ty to pressure 
means that  the number  of oxygen molecules bombard-  
ing the "zone of influence" (area per oxide nucleus) 
is independent  of the pressure and equal to 4.0 X 10 l~ 
molecules per second. 

We suggest now that the stresses in the copper due 
to the hydrogen- induced vacancy sites reduce the 
effectiveness of oxygen bombardment  for oxide nuclea-  
t ion and that  a larger number  of oxygen molecules 
per second must  be supplied for each nucleus formed. 
Therefore, the copper films formed in the presence of 
hydrogen and subsequent ly  oxidized require a larger 
surface area to contr ibute  to the formation of a single 
oxide nucleus and the density of oxide nuclei  is re-  
duced. Without being able to make a quant i ta t ive  
prediction, we note that an increase in the hydrogen 
pressure from 10 -5 to 10 -4 Torr decreases the oxide 
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grain density by 40%; in the absence of the hydrogen 
effect, a 40% decrease in the oxygen pressure would 
have the same result. 

Summary 
Copper films exhibi t ing the (100) epi taxy were pre-  

pared by condensation onto heated, single-crystal,  
sodium chloride substrates. The dist inguishing feature 
of the present  work lay in backfilling the film-deposi- 
t ion chamber  with hydrogen, water, or air in the pres- 
sure range from 10 - s  to 10 -4 Torr. In  every case speci- 
mens of the copper films were annealed and oxidized 
under  the same conditions used in previous invest iga-  
tions, and the effect of the residual  gases was tested 
by examining the films with the techniques of electron 
diffraction and microscopy. 

No effect of the residual  gases could be detected in 
the epitaxy or anneal ing characteristics of the copper 
films or in the shape and epitaxy of the Cu20 grains 
formed on subsequent  oxidation. A pronounced repro- 
ducible effect on the surface density of Cu20 grains 
was observed when hydrogen was present  dur ing the 
condensation of the copper. We suggest that  the pres-  
ence of hydrogen dur ing the growth of the copper 
crystal increases the number  of vacancy sites in the 
metal, which have an inhibi t ing effect on the subse- 
quent  nucleat ion of oxide grains. 

Two other observations in this study of th in  single- 
crystal copper were the occasional appearance of wide 
stacking faults in unannea led  films and the formation 
of l imited areas of copper film with the (310) epitaxy 
on which Cu20 grains grew with a (12-1) epitaxy. 
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Optical Properties of Rare Earths in Germanate Hosts 
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ABSTRACT 

The luminescence characteristics of bar ium magnes ium germanate  crystal  
and glass matrices doped with the ra re  earths Eu 3+, Tb 3+, and Nd a+ have 
been investigated. Tb 3 + to Eu ~ + energy t ransfer  is indicated in the crystal  but  
not in the glass. A part ial  crystal field splitt ing for the principal  Nd 3+ states 
in crystal is given. Results of the quenching of Nd 3+ emission by iron impur i ty  
yields a value of .-14A for the range of the neodymium- i ron  quenching in ter -  
action, based on a simple model. Relevant  physical properties and results from 
a study of devitrification of the glass are used to examine the s t ructure  of the 
two hosts. 

Rare earths are now widely used as dopants in  both 
crystal and glass host matrices to produce fluorescence 
in the visible and infrared regions of the spectrum 
(1-3). Hence the s tudy of the luminescence properties 
of these materials  has become important  in the search 
for more versati le solid-state lasers. The results of an 
investigation of the optical properties of the rare 
earths europium, terbium, and par t icular ly  neodymium 
in bar ium magnesium germanate  crystal and glass 
hosts are presented in this paper. 

Experimental Procedure 
Glass samples of ra re-ear th  doped Ba2MgGe207 were 

prepared by melt ing down and st i rr ing a stoichiometric 
mixture  of the required composition in a p la t inum 
crucible. After mixing thoroughly at ,~1300~ the 
mixture  was rapidly cooled through the temperatures  
for max imum crystall i te nucleat ion and growth rate 
by pouring it into a molybdenum crucible immersed 
in l iquid nitrogen. Final  cooling from --700~ down 
to room temperature  was carried out in a preheated 
oven at a slower average rate of - - l~  to prevent  
s t ra ining and cracking of the glass. Relat ively large 
(i.e., 7 cm radius by 1 cm thickness) and s t rain-free 
pieces of clear glass could be prepared in this way. A 
top seeded solution method (4) was used to prepare 
the single crystals of doped Ba2MgGe2OT. K + charge 
compensators were provided in all the melts. The sam- 
ples were cut and polished to a s tandard size of ap- 
proximately 5 X 6 X 7 cm 8. 

The s tandard exper imental  setup shown in Fig. 1 
was used for fluorescence and excitat ion studies. 1 kW 
mercury  and xenon lamps were the chief light sources. 
Excitat ion spectra were recorded with the aid of a 
monochromator and suitable filters to pump in differ- 
ent regions of the spectrum. For emission spectra, the 
pumping  light was passed through a 10-cm thick, 
saturated solution of CuSO4 to at tenuate  wavelengths 

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Associa te .  
P r e s e n t  addres s :  E lec t r i ca l  E n g i n e e r i n g  D e p a r t m e n t ,  M c G i l l  U n i -  

ve r s i ty ,  M o n t r e a l  110, P.Q., Canada .  
Key  w o r d s :  l u m i n e s c e n c e ,  f luorescence,  emiss ion ,  r a re  ear th ,  

n e o d y m i u m .  

above .-~5500A. For Tb 3+ and Eu 8+ doped samples, 
an addit ional filter was used when necessary t o  cut 
off exciting radiat ion above --4000A. 

Cary 14R and Beckman IR12 double beam spectro- 
photometers were used for absorption measurements  
in the ranges 2500-20,000A and 1.7-5,, respectively. 
Rare earth concentrat ions in crystall ine samples were 
deduced from chemical analysis and absorption data. 
Fur ther  details of the exper imental  procedure may be 
found elsewhere (5, 6). 

Results and Discussion 
Tb 3+ and Eu 3+ data.--Figures 2 and 3 are the emis- 

sion spectra of Tb z+ and Eu 3 + in Ba2MgGe207 crystal  
at 80~ Both emission and absorption peaks of these 
rare earths in the crystal l ine host were broadened and 
reduced in intensi ty  as the tempera ture  was increased 
from 80 ~ to 300~ The main  Tb 3+ emission is seen 
to occur from the 5D8 state, i.e., <4500A. 

For a crystal sample codoped with --1% atomic frac- 
t ion 2 each of Tb 3+ and Eu 3+ the intensities of Tb ~+ 
emission lines were found to be at least ten times 
weaker than the intensit ies of corresponding lines from 
a crystal doped with ---1% atomic fraction of Tb 3+ 

A t o m i c  f r a c t i o n  = ~ra/(Na -~ Nh) ~ Na/1~h w h e n  Nh > > N a  and 
w h e r e  Na = d e n s i t y  of  r a r e  e a r t h  a c t i v a t o r  ions  and  Nh ~ density  
of  Ba+2 hos t  m a t r i x  ca t ion  w h i c h  is r ep laced  by  a c t i v a t o r  ions.  

z t~ 

4000 

Fig. 2. Emission 
80~ 
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spectrum of Tb 3+ in Ba2MgGe207 crystal at 
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Fig. 1. Block diagram of basic fluorescence apparatus 
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Fig. 3. Emission spectra of Eu 3+ in Ba2MgGe207 crystal at 80~ 
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spectrum of Ba2MgGe~OT:2% Tb a+ :2% Eu :;+ 

only. No significant enhancement  of Eu ~+ emission was 
observed from the doubly doped sample when  com- 
pared with a crystal  doped with -~1% Eu s+ only. 
Energy t ransfer  from Tb ~+ to Eu a+ may be the cause 
of the quenching of Tb ~+ emission in  the codoped 
sample (7). 

No quenching of Tb ~+ emission was seen in the 
equivalent ly  doped glass host. The fluorescent spectrum 
of a doubly doped glass sample was found to be a 
superposition of the spectra in glass of the individual  
Eu~ + and Tb ~ + activators. Tempera ture- insens i t ive  
inhomogeneous broadening,  which is typical for rare  
earths in a glass matrix,  can be seen for the absorption 
and emission spectra (Fig. 4) of ba r ium magnes ium 
germanate  glass codoped with ~2% atomic fraction 
each of Tb ~ + and Eu :~+. In  general, broad energy bands 
in the spectra of the glass samples were not signifi- 
cantly shifted with respect to corresponding groups of 
lines in the crystal spectra. 

Nd ~+ data.--Absorption and fluorescent spectra of 
Nd ~+ in both hosts exhibited the same general  charac- 
teristics as those of the other two rare  earths, i.e., re-  
duction of widths and intensification of lines with de- 
creasing tempera ture  for the crystal  samples and in-  
homogeneously broadened bands, indicat ing variat ions 
of the crystal field at typical Nd ~+ sites in  the glass 
samples. 

Small  shifts in the positions of crystal l ines occurred 
with changes in temperature.  For  a te tragonal  crystal  
such as Ba~MgGe207 the coefficients of thermal  expan-  
sion along the c and a axes are different. The resul tant  
changes in the symmet ry  as well as in tensi ty  of the 
crystal field at activator sites is l ikely to lead to small  
shifts in the energy levels as the tempera ture  is varied. 
Table I gives the dependence of wavelength on tem- 
perature for a typical Nd a+ line. While room- tem-  
perature  broadening is due to lattice phonons, the 
residual  component of broadening at 5~ is probably 
caused by the presence of neighboring K + charge 
compensators at some of the activator sites. Nd a+ 
spectra in both types of host are discussed at greater 
length elsewhere (5). 

All  observed transi t ions in the crystal host were 
predominant ly  electric dipole in na ture  since the ~ and 
axial (or ~) spectra were identical  (8). Electric quad-  
rupole  transit ions which are ~10~ weaker may  be ruled 
out. Transi t ions in  the glass are comparable in s trength 
to those in the crystal host. Figure 5 gives a par t ia l  

Table h Temperature dependence of the wavelength and halfwidth 
of one of the 4F3/2 -~ 419/2 transitions in 

Ba2MgGe20~:O.45% Nd "~+ crystal 

Temperature 
3 O O ~  80~ 5~ 

Wavelength (A) 9325 9318 9315 
H a l f w i d t h  (A) 38 12 5 

Error: ___IA for wavelength measurements. 
--0.SA for halfwidth measurements. 
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Fig. 5. Observed splittings of Nd ~+ energy levels in Ba2MgGe207 
crystal at 80~ 

crystal field spli t t ing at 80~ for the 4F3/2, 419/2, and 
4Ill/2 states of Nd ~+ in BasMgGe2OT, deduced from the 
crystal spectra. The spli t t ing of the 4F3/2 state is seen 
to be ~130 cm - I  at 80~ For variat ions in activator 
concentrat ion up to 2% atomic fraction, shifts in these 
energy levels were found to be <2  cm-1.  

The absorption cross section for various Nd 8+ lines 
was found to be independent  of activator concentration. 
Thus Beer's law is obeyed for Nd 3+ absorption in both 
types of host indicat ing constant  oscillator s t rength for 
these transi t ions (9). Excitat ion spectra revealed that  
the energy absorbed directly by the matr ix  (i.e., for 
excitations b e / o w  the absorption edge ~2800A) is not 
t ransferred to the activator ions (7). Concentrat ion 
quenching of emission was strong in the glass but  prac- 
t ically nonexis tent  in the crystal  for Nd ~+ concentra-  
tions up to 2% atomic fraction. This and  other related 
concentra t ion-  and t empera tu re -dependen t  phenomena 
may be a t t r ibuted to two predominant  types of reso- 
nant  energy transfers  between Nd a+ ions in the glass: 
(a) a Pe te rson-Br idenbaugh type quenching energy 
transfer, and (b) a resonant  cross re laxat ion (2, 5, 10- 
12), shown in Fig. 6a and b. 

Since the in tensi ty  of Nd 3 + emission was also found 
to be a sensitive funct ion of impur i ty  iron concentra-  
tion, emission from a series of glass samples doped 
with both neodymium and iron was studied. The iron 
concentrat ion was var ied while  the neodymium con- 
centrat ion of all the samples was fixed at 0.5% atomic 
fraction. Earl ier  studies (5) showed that  Nd3+-Nd 3+ 
interact ion effects, which could complicate the analysis  
of the results, are negligible at these relat ively low 
activator concentrations. Figure 7 shows the typical 
absorption spectrum of one such sample. The charac- 
teristic spectrum of Nd 3+ in glass is evident, super-  
posed over broad iron bands. The Nd 3 + emission spec- 
t rum of this sample (and others in the series) is ident i-  
cal to that  of the corresponding glass sample not con- 
ta in ing iron, except for a reduction in  intensi ty  of 
emission due to the iron impuri ty.  The emission per 
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Fig. 6. Energy transfer of Nd 3+ in Ba2MgGe207 crystal 
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Fig. 8. Relative emission intensity per Nd 3+ ion vs. iron concen- 
tration in Ba2MgGe207 glass at 30O~ 

Nd 3+ activator is plot ted as a function of iron con- 
centrat ion in Fig. 8. We may  obtain an es t imate  for 
the range of the neodymium- i ron  quenching interac-  
tion f rom the fol lowing simple model. 

We hypothesize that  if an act ivator  is located less 
than a critical distance Rq away from an impur i ty  iron 
atom, emission f rom it is total ly quenched. Otherwise  
the Nd 3+ ion fluoresces normally.  Thus each iron atom 
effectively poisons a spherical vo lume Vq = 4~tR~3/3 
around itself. The Nd ~+ concentrat ion is constant and 
we assume that  both the neodymium and iron are 
un i formly  distr ibuted throughout  the host matr ix.  
Therefore  at low concentrations, the ratio of the num-  
ber  of quenched Nd ~ + ions to the total  number  of Nd 3 + 
ions present would be equal  to the total poisoned vol-  
ume per unit  vo lume  of the sample. This rat io may  be 
wr i t ten  as 

T = n i V  q 

where  ni = number  of impur i ty  i ron atoms per  uni t  
volume. 

The mean intensi ty of emission per  Nd 3+ ion would 
be proport ional  to the number  of unquenched act iva-  
tors. Since absorption measurements  show that  the 
energy absorbed per Nd 3+ ion is independent  of iron 
concentrat ion,  the mean quan tum yield may  be wr i t ten  
as 

~lavg = 11o (1 -- niVq) 

where  no = the quan tum yield when no iron is present. 
It  should be noted that  we obtain a l inear re la t ion-  

ship be tween ~avg and n~ only if the iron concentrat ion 
is low enough such that  there  is no significant overlap 
of the poisoned volumes of adjacent  iron atoms. In fact, 
as n~ increased, this effect would tend to decrease the 
negat ive slope of the ~avg vs. ni curve and flatten it out. 
Hence the l inear relat ionship holds for small  values 
of ni only. These deductions f rom our model  are con- 
sistent wi th  the data shown in Fig. 8. 

Now 1% atomic fract ion of iron corresponds to a 
concentrat ion of ,~1 • 1020 atoms per  crn 3 of the sam- 
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ple. Therefore,  f rom the intercept  on the x axis made 
by the tangent  to the l inear  port ion of the curve (i.e., 
at low iron concentrat ions) we  get 

Vq ---- 1/(0.9 X 10 '2~ 

This yields the final result  Rq ~ 14A, where  Rq is the 
range of the quenching interact ion be tween neody-  
mium and iron based on this s imple model. 

A study of the devitrification of bar ium magnesium 
germanate  glass was a t tempted  to provide  some insight 
into fundamenta l  differences be tween  the two hosts. 
Some pre l iminary  results are given below. 

Several  glass samples containing 4% atomic fraction 
of Nd s+ were  annealed on a hot stage mounted on a 
polarizing microscope. Emission f rom the samples was 
moni tored at various stages of the devitr if ication proc-  
ess using the apparatus of Fig. 1. Crystal l i tes  of l inear 
dimensions up to 100~ were  observed after  annealing 
at ~850~ for about 10 rain. Fu r the r  growth  could not 
be observed visual ly due to increasing opacity of the 
sample. At  this stage of devitrification of the sample 
(i.e., 10 min  at ~850~ there  was no detectable 
change in its fluorescent spectrum. Another  sample 
annealed at 750~ for 6 hr  became completely  opaque 
and marble l ike  in appearance. The emission spectrum 
of this sample, obtained by scattering f rom the surface, 
is shown in Fig. 9. It  shows typical  broad bands of 
Nd ~+ emission f rom glass, on which are superposed 
some sharp lines characterist ic of Nd a+ emission from 
the crystal.  This implies that  only certain areas of the 
glass have rever ted  to the normal  Ba2MgGe207 crystal  
structure, a l though the sample was opaque. 

Ba2MgGe207 is isomorphous with  Ca2MgSi207 
(13, 14) (i.e., it has the akermani te  s t ructure)  in the 
crystall ine state. The MgO4 and GeO4 te t rahedra  are 
arranged in a sheetl ike pa t te rn  paral le l  to the (001) 
plane, while  BaO bonds l ink adjacent  sheets together.  
A typical Ba ~+ site in which Nd 3+ activators are in-  
corporated subst i tut ional ly (5) is shown in Fig. 10. 
The eight nearest  neighbor oxygen atoms are  ar ranged 
approximately  in the form of an Arch imedean  anti-  
prism around the cation. 
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Fig. 9. Emission spectrum of partially devitrified Ba2MgGe~07: 
4% Nd ~+ glass at 300~ 

Fig. 10. Ba 2+ antiprism site in Ba2MgGe207 crystal 
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The densit ies  of a l l  c rys ta l  and glass samples  were  
found to agree wi th in  0.5%, indica t ing  ve ry  l i t t le  d i f -  
ferences in the  packing  density.  Smal l  var ia t ions  in the  
densi t ies  of glass samples  m a y  be a t t r ibu ted  to the  
difficulty of reproducing  exac t ly  the  method of p r e p a -  
ra t ion  for each ba tch  of samples.  The dens i ty  of the  
Ba2MgGe2OT crys ta l  samples  (4.737 g / cm ~) was iden-  
t ical  to the  figure ca lcula ted  f rom the la t t ice  p a r a m -  
eters:  a ~ 8.835A, c : 5.545A. These values  were  
de te rmined  f rom x - r a y  measurement s  using or iented  
plates  (a, c, and 110), which gave high intensi ty,  h igher  
order  reflections (15). The values  of the la t t ice  con- 
s tants  and the x - r a y  diffraction powder  pa t t e rn  are  
s imi lar  to those repor ted  e l sewhere  (14). 

I t  was not possible  to g row crys ta ls  which  contained 
more than  --2% atomic fract ion of ac t iva tor  concent ra -  
t ion even though the mel t  i tself  conta ined much h igher  
concentrat ions  of act ivator .  Thus i t  would  not  be pos-  
sible for the  whole  of a glass sample  which  contained 
4% atomic f rac t ion of Nd 3+ to dev i t r i fy  into the  
normal  Ba2MgGe207 crys ta l  s t ructure .  F u r t h e r m o r e  
since the mel t ing  point  of Ba2MgGe207 is ~130O~ 
the f luidi ty  of the  glass is low at 750~ The Nd 3+ 
site s y m m e t r y  var ies  in the  glass, which is p robab ly  
microheterogeneous  (16, 17). Hence by  anneal ing at  
this  t e m p e r a t u r e  only  those localized por t ions  of the  
glass which conta ined less than  2% atomic f ract ion of 
ac t iva tor  and were  s t ruc tu ra l ly  closest to the  c rys ta l ' s  
atomic configurat ion could recrysta l l ize ,  leaving  areas  
of high ac t iva tor  concentra t ion and high d isorder  
r e l a t ive ly  unchanged. This m a y  be par t  of the  reason 
for the  composite  spec t rum observed in Fig. 9. 

Summary 
The advantages  of the  compara t ive  s tudy  of c rys ta l  

and  glass hosts of ident ical  chemical  composit ion using 
rare  ea r th  fluorescence as a probe have  been discussed 
at  g rea te r  length  e l sewhere  (5). The technique can be 
ex tended  to o ther  hosts  and  ac t iva tors  as well.  

In  this  paper ,  we have used the technique to inves t i -  
gate differences in behav ior  be tween  the c rys ta l l ine  
and glassy states of the  b a r i u m  magnes ium germana te  
host, and to s tudy  ac t iva to r -ac t iva to r  and ac t iva tor -  
i m p u r i t y  interact ions.  Some conclusions have  been 
d rawn regard ing  the  s t ruc ture  of the  two types  of host. 
The drast ic  quenching effects of i ron impur i t y  on the 
emission in tens i ty  of neodymium has also been demon-  
strated.  
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Eu Emission in Ternary Alkaline 
Earth Aluminum Fluorides 

Mary V. Hoffman* 
Lighting Research Laboratory, General Electric Company, Nela Park, Cleveland, Ohio 44112 

ABSTRACT 

The t e r n a r y  systems MF2-MF2-A1F3 w h e r e  M ---- Ca, Sr, or  Ba, were  ex-  
amined  for compat ib i l i ty  t r iangles  and compounds.  The compounds  SrCaA1F7 
and BaCaA1F7 were  found, each wi th  three  polymorphs .  The fi- and v- forms  
in the  SrCaA1F7 compound could be  quenched.  The  two l o w - t e m p e r a t u r e  (~) 
forms show strong l ine emission at 358 to 360 nm wi th  Eu +2 act ivat ion,  r esu l t -  
ing f rom absorpt ion  into the  5d states and  emission f rom the  6P7/~ levels  to the  
sS7/2 ground state. The fi- and  v- forms of SrCaA1F~ contain  a band  emission 
and a much weake r  line. 

Diva len t  Eu ac t iva t ion  in a lka l ine  ea r th  a luminum 
fluorides has been found to give two types  of emission, 

* Electrochemical  Society Act ive  Member .  
Key  words:  luminescence,  spectra, Eu+~ activation, alkaline earth 

a luminum fluoride compounds.  

the  band emission n o r m a l l y  associated wi th  Eu +2 5d to 
4f t ransi t ions,  and  l ine emission f rom t rans i t ions  
wi th in  the  4f 7 configuration. A genera l  descr ip t ion  of 
both  types  has been repor ted  (1), and a more  de ta i led  
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descr ip t ion  of the  l ine emissions has also been  pub-  
l ished (2).  

The b ina ry  compounds  in the  systems MFs-A1Fs 
(M = Ba, Sr, or Ca) have  been descr ibed (1).  The 
w o r k  on the s ing le -c rys ta l  g rowth  and charac ter iza t ion  
of one of these compounds,  SrA1Fs, wi l l  be  publ i shed  
(3). Of the  th ree  MF~-MF2 systems used in these 
ternaries ,  two have  complete  solid solut ion at  high 
tempera tures .  In  the  CaF2-BaF2 system, this  solid solu-  
t ion exists  only  above 915~ (4, 5) whi le  for  BaF2- 
SrF2, only  the t e m p e r a t u r e  range  close to the l iquidus  
has been repor ted  (6). In  the  CaF2-SrF2 system, solid 
solut ion has been assumed bu t  not  ver if ied (7).  

This paper  ex tends  this  w o r k  into the  t e r n a r y  sys- 
tems MF2-MF2-AIF3, and includes the  compat ib i l i ty  
t r iangles,  the compounds  and po lymorph ic  forms, and  
the opt ical  da ta  wi th  Eu +2 act ivat ion.  I t  also includes 
some addi t ional  da ta  on one b ina ry  compound in the 
BaF2-AIF3 system. 

Experimental 
The procedures  used for the  p repara t ion ,  firing, and 

charac te r iza t ion  of the  compounds in the  t e r n a r y  sys-  
tems and the opt ica l  measurements  made  were  s imi lar  
to those p rev ious ly  descr ibed (1, 2). Composi t ions in 
the  t e r n a r y  regions were  usua l ly  fo rmula ted  by  com- 
b in ing  a b ina ry  a lka l ine  ea r th  a luminum fluoride com- 
pound in the  prec ip i ta ted  form and an a lka l ine  ea r th  
fluoride, and were  p repa red  both wi th  and wi thout  
Eu +2. The use of the  act ivat ion pe rmi t t ed  comparisons 
of spect ra l  d is t r ibut ions  run  at  10 A/in. scan and 0.5A 
spect ra l  band  wid th  (SBW) to detect  the  presence of 
the  severa l  different  l ine emi t t ing  compounds in two-  
and th ree -phase  regions. In  al l  of the  systems, identif i-  
cat ion of the  phases presen t  and the  va l id i ty  of the  
joins  and the t r iangles  were  verified by  using ident ical  
composi t ions p r e p a r e d  by  severa l  methods  and by  a 
combinat ion  of the  identif icat ion methods,  x - r a y  dif -  
fract ion,  spect ra l  measurements ,  and  the pe t rograph ic  
microscope.  X - r a y  diffract ion da ta  for the  t e r n a r y  
compounds  are  given in the Appendix .  

Results 
Compound ~ormation.--Compositions in MF~-MF2 

systems were  p repa red  by  firing in HF at  800~ In 
the  CaF2-BaF2 and SrF2-BaF2 systems, the  x - r a y  dif -  
f rac t ion pa t te rns  showed only the  end m e m b e r  fluo- 
rides. The SrF2-BaF2 system is p robab ly  analogous to 
the  CaF2-BaF2 sys tem in having complete  solid solution 
below the l iquidus  and a lower  l imi t  of s tabi l i ty .  This 
l imi t  was not es tabl ished in this  work.  In  the  SrF2-CaF2 
system, complete  solid solution was found a f te r  firings 
at  800~ wi th  the la t t ice  pa r ame te r s  changing l inear ly  
wi th  composit ion (Table  I ) .  

The da ta  on t rans i t ions  and mel t ing  points  for  most 
of the MF2-A1Fa compounds have been given (1). One 
compound,  BagA12F24, has been examined  in more  
de ta i l  by  different ia l  t he rma l  analysis  (DTA) .  Two 
heat  effects were  found at 770 ~ and 820~ which  are  
p robab ly  due to po lymorphic  inversions,  and mel t ing  
was found to occur at  915~ Samples  ob ta ined  by  
rap id  cooling showed tha t  the  form stable  above  770~ 
could not  be quenched,  but  a change in the  x - r a y  dif -  
f ract ion pa t t e rn  was obta ined on a sample  which was 
cooled r ap id ly  f rom 850~ This pa t t e rn  resembled  
BaF2, but  microscopic examina t ion  showed a h ighly  

Table I. SrF2-CaF2 system 

Composition, m / o  
SrF2 CaF= ao* 

I00 -- 5.797 
67 33 5.684 
00 SO 5.628 
33 67 0.071 

I00 5.458 

" Based  on t he  220 l i n e .  

Bo Ai F~ CoAIF 5 

B o B A I  2 

BoF~/ ~ C o F  a 

Fig. 1. Compatibility triangles in the system CaF2-BaF2-AIF~ at 
750~ 

AtF3 

Ca AI F 5 .... Sr AI F 5 

C o F  2 i r  , l , ~ ~ , i , , g , i , , , i i ' S r F  2 

Fig. 2. Compatibility triangle in the system CoF2-SrF2-AIF3 at 
750~ 

uniform anisotropic  c rys ta l l ine  form. When  BagA12F~ 
was p repa red  wi th  Eu +2, reflectance measurements  
showed weak  absorpt ion at  250 nm, but  no significant 
emission was found f rom this  composi t ion wi th  any  
of the heat ing and quenching t rea tments .  

Ternary systems.--The compa t ib i l i t y  t r iangles  found 
for  these t e r n a r y  systems at  750~ are  shown in Fig. 
1, 2, and 3. The sys tem CaF2-BaF2-A1F3 is the  least  
complex, and  contains one t e r n a r y  compound at  
BaCaA1FT, and a l imi ted  amount  of solid solut ion in 
Ba9A12F24, based on a shif t  in observed d spacings. The 
system CaF2-SrF2-A1Fz also contains a single t e rna ry  
compound,  at  SrCaA1FT, wi th  a smal l  amount  of solid 
solution toward  Sr2A1F~ possible. Along  the SrA1Fs- 
CaA1F0 join, solid solut ion was found be tween  SrA1F~ 
and Sr0.6Ca0.4A1F0 (1). 

In  the sys tem SrF2-BaF2-A1F3, two regions of solid 
solutions were  found. One extends  f rom SrA1Fs a l -  
most  comple te ly  along the jo in  to Sro.15Ba0.ssA1F~. The 
solid solution of Sr  in  BaA1F5 is l imi ted  to less than  
2 m/o  (mole per  cent)  (1). The second sol id-solut ion 
region extends  f rom BagA12F24 along the  join toward  
SrF2 and also t oward  a composi t ion of app rox ima te ly  
3BaF2:2SrF2:2A1F3, as evidenced by  shifts in the ob-  
served d spacings. The exact  region and na tu re  of 
this  solid solut ion was not  inves t iga ted  fur ther .  

The two t e r n a r y  compounds were  examined  by  DTA, 
and hea t  effects which are  a t t r ibu ted  to the  t ransi t ions  
of three  polymorphic  forms were  found in each com- 
pound (Table  I I ) .  
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AI F 3 

SoFa / ~ - ~ r F  2 

Fig. 3. Compatibility triangles in the system SrF2-BaF2-AIF3 at 
750 o C. 

In  SrCaA1F7, all three forms have been obtained. 
These were prepared by firing in the HF atmosphere, 
close to the mel t ing point, for several hours, then 
holding in the desired stabil i ty region in flowing ni t ro-  
gen. These inversions are slow to occur in both the 
heating and cooling direction, so that firing times of up 
to 16 hr were needed to completely convert  the mate-  
rial to a pure phase. The presence of a second phase 
was usual ly  caused by insufficient firing t ime rather  
than re- invers ion  on cooling. The quick cooling re-  
quired to retain the fl- and 7-phases were l imited by 
the bulk  of the tubu la r  p la t inum furnace used for HF 
firings, which required 5-10 rain to cool to below 500~ 
This cooling rate  was sufficient to re ta in  the fi- and 
v-forms. 

In  the BaCaA1F7 compound, only the a-form has 
been obtained, with no evidence of the fl- or v-form 
being quenched with rapid cooling. In  order to obtain 
faster cooling than available in the HF furnace and 
to main ta in  the controlled atmosphere, samples con- 
ta in ing Eu +~ were sealed in 5 mm Pt  tubing  under  
nitrogen, and quenched in water  from 735 ~ and 800~ 
Optical measurements  from both quenchings agreed 
with the emission spectra of a-BaCaA1Fv:Eu +2 and 
x - r ay  diffraction showed the a-form as the probable 
phase. 

Quaternary solid solution.--The compositional series 
between SrCaA1F7 and BaCaA1F7 were also prepared 
and examined by x - r ay  diffraction, by DTA, and by 
emission spectra for possible solid solution. Samples 
were prepared with 0.02 Eu +2 from mixtures  of 
BaAtF~, SrA1F~, and CaF2. These were fired in HF 
above the melt  point  and then retired below the a-to-fl 
inversion temperature.  X- ray  diffraction pat terns 
showed nei ther  a discernable shift in d spacings nor  
evidence of the presence of the end member  com- 
pounds. With more than about 15 m/o  substitution, the 
pat terns  showed broadened lines inconsistent with the 
sharp pat terns obtained for the end members.  DTA 
data obtained on these samples were not incompatible 
with a solid-solution series. With substi tut ion of up to 
15% Ba in SrCaA1FT, the t ransi t ion temperatures  for 
the two inversions were raised and the inversions be-  
came more rapid, showing solid solution to at least this 
composition. 

Table II. Ternary compounds 

H e a t  ef fect  T e m p e r a t u r e ,  ~ 
t r a n s i t i o n  SrCaA1F7 BaCaAIF7 

a - ~  487 ~- 5 716 ~- 4 
fl-> 5' 670_____5 744"4-4 

M e l t i n g  p o i n t  775 r*- 10 816 "4- 3 

IN A L U M I N U M  F L U O R I D E S  g07 

Luminescence.--The four structures which can be 
obtained in the two te rnary  compounds all show emis- 
sion wi th  Eu +~ wi th  the two low- tempera ture  poly-  
morphs showing predominant ly  l ine emissions at 358- 
360 nm. 

BaCaAIFT.--The a-BaCaA1F7 structure shows more 
intense l ine emission than found in any  of the previ-  
ously reported fluoride compounds (1). The spectra at  
two resolutions are shown in Fig. 4, t aken  at 25~ in 
which the single l ine is shown to resolve into four 
lines of similar intensities. When measured at T8~ 
and with t ime resolved spectra, more than  eight lines 
are discernable in this same wavelength region. The 
excitation spectra (Fig. 5) shows broad band absorp- 
t ion into the 5d level of Eu+% The excitation and 
emission mechanism follows that  found for the b inary  
fluorides, that  is, excitat ion from the 8S7/2 ground 
state to the 4ff5d states, followed by emission from the 
6P7/2 and 6P5/2 levels to the sS~/2 ground state (2). The 
phosphor is also excited by cathode rays and by x-rays.  

Opt imum Eu +2 concentrat ion was found to be be-  
tween 0.001 and 0.10 of Eu § but  the matr ix  wil l  ac- 
cept at least 0.40 Eu +2, calculated as subst i tut ing in the 
Ba § site, with no evidence found for the formation of 
a second phase by x - r ay  diffraction. No changes in 
spectra were found for much lower activator concen- 
trations, while the high concentrat ions showed split- 
t ing of lines which could be resolved at 0.5 SBW at 
room temperature.  

SrCaAlFT.--The three polymorphs of SrCaA1F7 show 
emission with Eu +2, but  only one is p redominant ly  l ine 
emission. The a-form closely resembles that  of 
BaCaA1F~ at 25~ differing in the position of the four 
emission lines but  containing more 5d-4f emission 

I I I 

3 4 0  3 6 0  3 8 0  3 5 8  359  3 6 0  
W A V E L E N G T H  n m  

Fig. 4. Spectral distribution, a-BaCaAIFT:0.02 Eu +2. Left curve, 
5A SBW; right curve, 0.5A SBW; 2537.~ excitation. 

xcTo cuRvE 
Q O : U~ 2 

W~VELENGTH, ~m 

Fig. 5. Excitation curve, a-BoCaAIFT:0.02 Eu +2 
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~ S r  CaAIF  7 : Eu +~' 

I I I 

3 4 0  3 6 0  3 8 0  4 0 0  

I I I 

3 5 8  3 5 9  3 6 0  

WAVELENGTH, n.m. 

Fig. 6. Spectral distribution, a-SrCaAIFT:0.02 Eu +2. Left curve, 
5~, SBW; right curve, 0.5,t~ SBW; 2537~, excitation. 

(Fig. 6). A t  78~ and wi th  t ime  resolved spectroscopy, 
only  six l ines can be resolved,  wi th  the  remain ing  
l ines e i ther  too weak  or  over lapping  too closely to be 
resolved.  

The m a x i m u m  Eu +2 content  which could  be in-  
corpora ted  in the  a - fo rm was 0.16 Eu +2 subs t i tu ted  for 
Sr  +2. Above  this level,  new x - r a y  diffract ion l ines ap-  
pea red  which  were  not  a t t r ibu ted  to e i ther  the  #- or 
v-forms.  

The /~- and ~/-forms of SrCaA1F7 show a mixed  
emission of p redominan t ly  bands  peak ing  be tween  380 
and 400 nm wi th  a l ine  posi t ioned at  358 nm (Fig. 7 
and 8). The l ine differs f rom the a - fo rm in tha t  l i t t le  
or no s t ructure  is resolved.  At  78~ the E-form shows 
some resolut ion into four  shoulders,  bu t  the  l ine of the  
~/-form is symmetr ica l .  

Bal-xSrxCaAlF~.--The s imilar i t ies  of the  spect ra  of 
the a - forms  of BaCaA1F7 and SrCaA1F~ are  the  main  
evidence tha t  solid solut ion could exist  along this  com-  
posi t ional  series, since unambiguous  x - r a y  diffract ion 
da ta  could not  be obtained.  Samples  were  p repa red  
wi th  a final firing in the  a s tab i l i ty  range,  and spect ra  
were  run  on the expanded  scale of 10 A/in. over  the  
four l ines of the ma jo r  emission be tween  355 and 360 
nm. Each of the  four  l ines was broadened,  but  t he  l ine 
posi t ion of each showed an apparen t  shift  as shown in 
Fig. 9. The spectra  were  sufficiently na r row  to pe rmi t  
detect ion of the  two outside l ines of the  two end mem-  
bers  if present  in a mix tu re  of the  two phases. Whi le  
measurement s  of the  spect ra  at  250C and wi thout  fu r -  
the r  scale expansion are insufficient to different ia te  

/ 

3601R 

,8 Sr CQAIFT: Eu +2 

I I I h I I I I I 
360 400 440 480 520 

WAVELENGTH, run, 

Fig. 7. Same as Fig. 6 for fl-SrCaAIFT:0.02 Eu +2 

359e s~ 

r S,r I ~ j / o  ~ 

I I ~ I I I I I 
360 400 440 480 

WAVELENGTH, n.m. 

Fig. 8. Same as Fig. 6 for y-SrCaAIFT:0.02 Eu +~ 

3601 

3597 

< 3593 

w 

~r 358~ 

3585 

I i L I I I 
0 0.2 0 . 4  0 .6  0.8 LO 

X in (7 BoI_ x Sr x Co At F r : OZ Eu +2 

Fig. 9. Shift in position of line emissions with composition. 
Measured at 0.5./~ SBW and 25~ 

be tween  a broadened,  shif ted emission l ine and a 
change in in tens i ty  of severa l  over lapp ing  lines, the  
absence of the  s t rong l ines of each end m e m b e r  would  
indicate  tha t  a solid solut ion is p robab le  and tha t  the  
l ine  posi t ions are  affected b y  it. 

Intensity measurements.--The re la t ive  intensi t ies  of 
these fluorides are  shown in Table  I I I  for 2537A exc i ta -  
tion. These a re  based on the  spect ra l  d is t r ibut ions  
shown in Fig. 4, 6, 7, and  8, and compare  the  peak  

Table III. Relative intensities, Eu +2 emission* 

P e a k  h e i g h t  W a v e l e n g t h ,  
Phosphor m a t r i x  L i n e  b a n d  n m  

u-BaCaAIF~ 1000 
a-SrCaA1F7 420 
•-SrCaA1F7 58 48 390 
,y-SrCaAlF7 52 25 380 
SrA1F5 350 
S o d i u m  s a l i c y l a t e  50  415 

* M e a s u r e d  a t  5A SBW. A c t i v a t o r  con ten t ,  0.02 E u  +2 per  f o r m u l a .  
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Table iV. Comparison of barium silicate: Pb and 
a-BaCaAIFT:Eu + 2 

Phosphor  Test  condit ion Relat ive  response  

B a r i u m  s i l i ca te :  P b  7 kV, 3 ~ / c m  ~ 30.2 

u-BaCaA1FT:Eu +s 7 kV, 3 /za/ern 2 14.3 

APPENDIX 

28" d I 20" d I 

a -SrCaA1F~ fl-SrCaA1F7 

23.8 
24.4 
25.6 
26.1 

height of the l ine as measured at 5A SBW, or of the 2s.o 
band  emission taken at its peak, to sodium salicylate, 28.2 28.45 
which is used as an a rb i t ra ry  s tandard  at 50 uni ts  29.4 
peak heat at 415 nm. The spectral dis t r ibut ion of 31.1s 33.8 
SrAIF5:Eu +2 has been similar ly measured and a quan-  39.55 
turn efficiency of 65% was determined (1). The 4o.15 45.4 
quan tum efficiencies of the t e rnary  fluorides, which 4s.1 

46.5 contain considerably less 5d-4f emission than  SrA1Fs: 48.7 
Eu + 2, were  not  measured. 50.05 

Under  ca thode-ray excitation, a-BaCaA1F7 gives the 
same l ine emission and has been compared with 
bar ium sil icate:Pb, which is a band  emit ter  with a 
peak at 360 n m  and a width at half  height of 39 nm 
(Table IV). The measurements  compared the emission 18.7 

22.3 
in the ul t raviolet  region using a Coming  7-54 filter 24.3 
and an EMI 9524B ( S l l  Type response) photomul t i -  26.15 

27.9 
plier. 28.2 

28.45 
Summary 29.1 

29.35 
30.95 

The te rnary  systems MF2-MF2-A1F3 (M : Ba, Sr, 34.65 
Ca) contain a compound only with Ca, and, at the 41.6 

45.5 
1: 1:1 ratio, SrCaA1F7 and BaCaA1F7. Each has three 46.05 
polymorphic forms. The a-form of each accepts Eu +2 46.45 
and shows 4f-4f l ine emission at 358 to 360 nm. As with 49.9 
the similar compounds in the b inary  alkal ine earth alu-  
m i n u m  fluoride systems, the emission consists of a 
group of lines which can be resolved into more than  
eight lines and a varying  amount  of 5d-4f emission. 
The h igh- tempera ture  structures, which can be 
quenched only in the s t ront ium compound, contain 
more band  emission and have a l ine which cannot be 
resolved into its s t ructure at l iquid ni t rogen tempera-  
ture. The phosphors are excited by cathode-ray and 
x - r ay  excitation as well  as 2537A ultraviolet.  The peak 
height of the Eu +2 l ine in a-BaCaA1F7 is the highest 
obtained in any  compound showing this type of emis- 
sion. 
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3.74 70 22.95 3.87 15 
3.65 40 24.3 3.66 42 
3.47 70 24.75 3.59 40 
3.41 70 25.10 3,54 45 
3.18 45 26.1 3.41 95 
3.16 30 28.2 3.16 100 
3.14 45 29.2 3.06 60 
3.035 100 30.5 2.93 30 
2.96 35 30.85 2.89 45 
2,65 18 32.26 2.77 9 
2.27 85 34.6 2.59 15 
2.22 30 39.6 2.27 30 
1.99 30 41.05 2.19 20 
1.97 40 41.5 2.174 28 
1.95 30 45.3 2.00 45 
1.87 20 45.9 1.97 30 
1.82 25 46.6 1.95 45 

47.8 1.90 25 
48.0 1.89 30 

~,-SrCaAIF7 a -BaCaAIF~  

4.74 15 21.3 4.17 20 
3.98 10 2L7  4.09 45 
3.66 55 22.2 4.00 30 
3.40 100 23.4 3.81 80 
3.195 20 25.1 3.54 100 
3.16 25 27.4 3.25 20 
3,13 28 28.5 3.14 50 
3.066 IS  28.9 3.09 60 
3.04 25 29.7 3.02 30 
2.38 55 30.7 2.91 30 
2.59 I0 33.3 2.69 50 
2.17 28 37.8 2.38 20 
1.99 48 38.3 2.35 30 
1.97 40 39.9 2.26 55 
1.95 28 40.8 2.21 35 
1.33 25 43.5 2.08 30 

44.4 2.04 40 
45.5 1.99 45 
46.0 1.97 30 
48.0 1.90 30 

* Data  on  2@ v a l u e s  are for CuK% r a d i a t i o n .  
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Solid-Gas Phase Equilibria and Thermodynamic Properties 
of Cadmium Selenide 
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ABSTRACT 

The invest igat ion of the solid-gas phase equi l ibr ium of CdSe revealed that  
at about 400~ CdSe subl imes ini t ia l ly  by losing selenium to form nonstoi-  
chiometric CdSet-z,  where  x ~ 0.002; the resul t ing compound CdSel -x  sub-  
limes congruently.  Since existing thermodynamic  data for CdSe are either in-  
complete or show significant differences, the h igh- tempera ture  thermodynamic  
properties of CdSe were reinvest igated using the Knudsen  effusion technique. 
With the heat capacity funct ion for CdSe(s)  (C~ : 12.36 + 1.45 • 10 -3 T eu 
[320~176 measured for the first t ime in this work and with tabulated 
thermochemical  data, the vapor pressure measurements  were evaluated in 
terms of the s tandard heat of formation [~H~ = --35.7 -~ 1.0 kcal /mole  
( th i rd- law evaluat ion)]  and the absolute ent ropy [S~ = 19.6 _ 1.2 eu 
(second-law evalua t ion)]  of CdSe(s) .  Previous investigations are reviewed 
and compared with present  results. 

Several  invest igat ions of the mode of vaporization 
(1-3) and h igh- tempera ture  thermodynamic  properties 
(1, 4-8) of CdSe have been performed because of its 
potent ia l  use in solid-state devices and their  impor-  
tance for the growth of single crystals from the vapor 
phase. However, the precise mode of vaporization of 
CdSe is still uncer ta in  and existing thermodynamic  
data are incomplete or show significant discrepancies. 
An exper imenta l ly  determined heat capacity function 
of CdSe has not been reported prior to this work. 

A knowledge of the equi l ibr ium vapor pressure of 
CdSe is impor tant  since earlier invest igat ions of CdSe 
(9-11) and other I I -VI  compounds (12) have demon-  
strated that  these types of mater ia ls  generate nat ive  
point  defects which are electrically active and play a 
substant ia l  role in de termining  the electrical and op- 
tical properties of these compounds. Therefore, it is 
essential to define the conditions of preparat ion and 
any  subsequent  t rea tment  of the specimen with respect 
to the equi l ibr ium part ial  pressures of the components 
for a reliable in terpre ta t ion  of electrical and optical 
measurements .  

Solid-Gas Phase Equilibria 
General form of vaporization reaction.--Mass spec- 

t rometric data (1) and vaporization studies on CdSe 
in  the presence of excess e lemental  Cd or Se in the gas 
phase (7) indicate that  CdSe(g) and higher molecular  
weight  species than  Se2(g) are negligible unde r  pres-  
ent  exper imental  conditions. Therefore, the congruent  
subl imat ion  of CdSe can be described by the reaction 

CdSe(s)  = Cd(g)  + Se2(g) + a Se(g)  [1] 
2 

where a is the degree of dissociation of Se~(g). Wiede- 
meier  and Goyette (13) have developed a calculational 
technique to compute a for this type of reaction from 
Knudsen  data and the dissociation energy of the chal- 
cogen species. With a dissociation energy for Se2 (g) of 
75.7 kcal /mole  (14) and with exper imental  data of the 
CdSe subl imat ion to be presented later, a was found to 
be less than 0.1% over the ent i re  tempera ture  range of 
this investigation. Therefore, monatomic cadmium and 
diatomic selenium are the only predominant  species in 
the gas phase. This is in agreement  with earlier mass 
spectrometric work (1). 

Congruency o] cadmium selenide s~blimation.--It 
has usual ly  been assumed that  I I -VI  compounds sub-  

* Electrochemical  Society Act ive  IVlember. 
1 Present  address: RCA Laboratories,  Princeton, Ne w Je r sey  08540. 
K ey  words:  equi l ibr ium vaporization,  t he rmodyna mic  properties,  

CdSe.  

l ime congruent ly  according to the reaction 

AB(s)  : A(g)  + �89 [2] 

Although early investigations (1,4, 5) indicated the 
above mode of subl imat ion for CdSe, later  studies 
(2, 3) suggested that  the subl imat ion of CdSe is not 
completely congruent.  Reisman (2) found that  stoi- 
chiometric CdSe sublimes at about 400~ to form a 
se lenium-rmh gas phase and  a selenium-deficient  non-  
stoichiometric solid residue. Berkowitz and Chupka (3) 
conclude from mass spectrometric studies that  stoi- 
chiometric CdSe does not sublime congruently.  They 
observed that  cadmium vaporizes preferent ia l ly  and 
that the in tensi ty  ratio of Ca to Se2 changes with time. 
Since a precise knowledge of the gas-phase composi- 
t ion is germane  to the evaluat ion of Knudsen  data and 
since reported results are not concordant, re invest iga-  
t ion of the congruency of subl imat ion of CdSe was re-  
quired. 

For this purpose stoichiometric CdSe (as determined 
by wet chemical  analysis and x - r a y  diffraction tech- 
niques described below) was prepared from high- 
pur i ty  elements by direct subl imat ion and by vapor 
t ransport  (15) with iodine. The CdSe was loaded into 
a Knudsen  cell of fused silica and heated under  high 
vacuum (<10 -6 Torr)  slowly unt i l  a weight loss was 
detected at about 450~ The cell was kept at this tem- 
perature  un t i l  no fur ther  weight loss occurred. X- r ay  
analysis revealed that  the condensed sublimate was 
elemental  selenium and that  the residue was CdSe. 
Within  the limits of exper imental  error (• 
there was no difference in  the lattice parameters  of 
CdSe before and after the heat - t rea tment .  From the 
amount  of vaporized selenium the change in  stoi- 
chiometry of CdSe was found to be about 0.2 m/o  
(mole per cent) which is below the detection limits of 
the x - ray  diffraction technique. These results were 
confirmed repeatedly on both subl imed and vapor-  
t ransported material .  The presence of unreacted,  ele- 
menta l  selenium in the star t ing mater ia l  can be safely 
excluded because of the method of preparat ion and the 
fact that  there was no weight loss or condensate at 
temperatures  around 250~ where  e lemental  selenium 
has a measurable  vapor pressure. After  the preferent ial  
vaporization of selenium at around 450~ had stopped, 
the tempera ture  was increased unt i l  measurable  sub- 
l imation occurred again at about 600~ X- ray  diffrac- 
t ion pat terns and lattice parameters  of the s tar t ing ma-  
terial, residue, and subl imed mater ia l  show that  the 
selenium-deficient  CdSe sublimes congruent ly  wi th in  
the limits of detectability. In  addition, it should be 
noted that  the results of this invest igat ion presented 
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in Fig. 2 demonstra te  that  there  is no measurable  t rend 
in the present  data which would  be expected for fur -  
ther  changes in stoichiometry. Reisman et al. (2) re-  
ported final Cd /Se  molar  ratios ranging f rom 1.005 to 
1.013 after hea t - t r ea tmen t  of ini t ial ly stoichiometric 
CdSe under  var ious conditions. 

The above observat ions indicate s t rongly that  stoi- 
chiometric CdSe vaporizes ini t ia l ly  according to the 
reaction 

x 
CdSe(s)  = CdSe l -x ( s )  -5 -~-Se2(g) [3] 

and that  the nonstoichiometric  phase sublimes con- 
gruent ly  according to the react ion 

1 - - x  
CdSex-x(s )  = Cd(g)  -5 Se2(g) [4] 

2 

A rigorous evaluat ion of Knudsen data should be based 
on Reaction [4]. Thermochemical  calculations show 
that  the effect of the above deviat ion in s toichiometry 
on the evaluat ion of data according to the reaction 

CdSe(s)  ----Cd(g) -5 ~zSe2(g) [5] 

is negligibly small. For  simplici ty all exper imenta l  data 
presented in this work  are evaluated on the basis of 
the "stoichiometr ic"  Reaction [5]. 

The significance of this par t icular  mode of vaporiza-  
tion of CdSe is that  Reaction [3] is not t ime indepen-  
dent; the selenium part ial  pressure decreases during 
the initial phase of the vaporizat ion according to Re-  
action [3]. If  stoichiometric CdSe is heated rapidly to 
600~ and above, both Reactions [3] and [4] occur 
simultaneously.  This results in erroneous par t ia l  pres-  
sures and subsequent ly der ived thermodynamic  data. 
This may, in part, explain some of the observed dis- 
crepancies ment ioned earlier.  In order to obtain rel i -  
able Knudsen data CdSe must  be vacuum annealed to 
constant weight  prior to vapor  pressure measurements  
to establish the s teady-state  conditions. 

For  the calculat ion of total  pressures f rom exper i -  
menta l  Knudsen data the Knudsen equat ion modified 
by Pashinkin (16, 17) was used in the form 

3m (2~RT) '/2 
Pt = (atm) [6] 

at ( Mse~ ~/2 -5 2Mcd '/2) 

where  Pt is the equi l ibr ium total  pressure in a tmo-  
spheres, m the weight  loss in grams, T the absolute 
temperature ,  a is the effective orifice area in square 
centimeters,  t the t ime in seconds, and M the molecular  
and atomic weight,  respectively,  of the effusing species. 

The equi l ibr ium constant, Kp, for Reaction [5] is 
given by 

Kp = PcdPse2 V2 [7] 

Since the total  pressure is the sum of the par t ia l  pres-  
sures 

Pt = P c d  -5 Pse2 [8] 
and since 

Pod = 2Pse2 [9] 

Eq. [8] and [9] can be combined with  [7] to yield 

Kp = ~ Pt 3/2 [i0] 
9 

Experimental 
Preparation of starting materiaL--Cadmium selenide 

was prepared by vapor  t ransport  (15) of e lementa l  
Cd (99.999%) and Se (99.999%) with iodine and by 
direct subl imation of stoichiometric ratios of the ele-  
ments  in the t empera tu re  gradient  950 ~ --> 875~ and 
wi th  iodine concentrat ions of 1-3 m g / c m  8 tube volume 
for the vapor  transport.  Wet  chemical  analysis by 
EDTA t i t ra t ion (18) [Cd(exp)  = 58.5 • 0.5%; Cd 
( theor)  = 58.74%] and x - r a y  diffraction pat terns  
[ao(exp) ---- 4.298A, co(exp) = 7.014A; ao(lit.) ---- 

4.2985A, co (lit.) = 7.0150A] (19) verified that  both 
mater ia ls  were  stoichiometric wi th in  the limits of ex-  
per imenta l  error  and had the wurtzi te  structure.  How-  
ever, these analyt ical  methods are not sensitive enough 
to detect the above discussed small  deviat ion f rom 
stoichiometry. 

Heat capacity measurements of CdSe . - -For  the heat  
capacity measurements  a 300 mg sample of CdSe, pre-  
pared by direct  subl imation and vacuum annealed to 
constant weight, was pressed into a 8 m m  diameter  
pellet  at a pressure of 13 kbar. A packing density of 
about 0.96 was achieved. The pellet  was then her -  
met ical ly  sealed in an a luminum capsule wi th  a mini -  
mum free volume and placed in the DSC cell  a t tach-  
ment  of a du Pont  900 Thermal  Analyzer .  During the 
runs the DSC cell was purged with h igh-pur i ty  dry 
ni t rogen at a flow rate  of 0.3 l i ter / rain.  A heat ing ra te  
of 5~ was used and h igh-pur i ty  a lumina served 
as a reference material .  Measurements  were  recorded 
in 5 ~ intervals  be tween  50 ~ and 490~ for three  separate 
runs and then averaged. There was no detectable re -  
action be tween the sample and the container  af ter  
completion of the runs. 

Knudsen effusion measurements.--The Knudsen ef-  
fusion measurements  on CdSe were  carr ied out wi th  a 
Cahn RH microbalance which recorded the weight  loss 
of the sample as a funct ion of time. The Knudsen cell  
was suspended by a tungsten wire  and enclosed in a 
fused silica tube. A s ingle-zone h igh- tempera tu re  
Kanthal  furnace wi th  a constant t empera tu re  zone 
(__I~ of about 6 cm length was mainta ined at the 
desired t empera tu re  using a West Ins t rument  Con- 
troller.  The t empera tu re  was measured  with  a P t / P t -  
10% Rh thermocouple  in a fixed position on the outside 
wall  of the silica tube, wi th  the hot junct ion and center  
of the crucible at the same level. The t empera tu re  dif-  
ference be tween  the outside position and the inside 
of the Knudsen cell was de termined  under  exper i -  
menta l  conditions over  the ent ire  t empera tu re  range. 
The thermocouples  were  cal ibrated wi th  an NBS sec- 
ondary s tandard P t /P t -10% Rh thermocouple.  The 
system was evacuated by means of an oil diffusion and 
mechanical  pump. Dur ing operat ion the residual  pres-  
sure moni tored by a Veeco ionization gauge was 10 -8 
Torr  or less. 

The Knudsen cell made  of fused silica was 25 m m  in 
height; the m ax im um  outside diameter  was 12 mm and 
the m a x i m u m  inside diameter  8 mm. The cell  was 
tapered  to fit convenient ly  into a tungsten wire  basket. 
The effective orifice area of the cell was de termined  by 
cal ibrat ion wi th  h igh-pur i ty  vacuum distil led zinc 
under  pressure conditions corresponding to the actual 
Knudsen measurements .  The vapor  pressure of zinc is 
well  established (20). With  the vapor  pressure function 
of Bar row et al. (21) and exper imenta l  Knudsen data 
for the zinc vaporizat ion an effective orifice area of 
1.215 X 10 -3 cm 2 was obtained. 

Pr ior  to the CdSe Knudsen measurements ,  the ma-  
terial  was vacuum annealed to obtain the  congruent ly  
vaporizing nonstoichiometric  composition. In run  No. I, 
about 1.5g of mater ia l  prepared by chemical  t ransport  
and in run  No. II, about 800 mg of CdSe prepared by 
direct  sublimation were  used in these studies. 

Results and Discussion 
Heat capacity of CdSe.--The results of the heat  ca- 

pacity measurements  are represented in Fig. 1. The es- 
t imated error  in the heat  capacity is less than  3%. 
The heat  capacity as a function of t empera ture  is given 
by the equat ion 

C~ = 12.36 + 1.45 X 10-ST (ca l /deg  �9 mole) [11] 

for the t empera tu re  range 320~176 The error  in-  
volved in using only a two- t e rm  expansion is wel l  be-  
low other  errors  of the  measurements .  The total  er ror  
in using Eq. [11] be tween 298~ and the upper  tern- 
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Fig. 1. Heat capacity of cadmium selenide (CdSel-x) as a func- 
tion of temperature. 

pera ture  l imit  of the Knudsen studies is less than 0.3 
kcal. 

Knudsen e~usion measurements.~The numerica l  re -  
sults of the Knudsen measurements  are listed in Tables 
I and II. The first two columns contain the t empera -  
ture in degrees Ke lv in  and the weight  loss in grams 
per  hour. The errors in these quanti t ies  are less than 2 ~ 
and 2 • 10-~g, respectively.  Values of the total  pres-  
sure are given in the third column. Log Kp values and 
s tandard Gibbs free energies for Reaction [5] are given 

Table I. Vapor pressures, free energies, and heats of sublimation 
of CdSe(s) according to Reaction [5] 

R u n  No. I, CdSe  p r e p a r e d  by  chemica l  t r anspo r t ,  
orif ice area  -- 1.215 • 10 -3 cm "z 

m / h r ,  P t ,  AG~ hH~ 
T, ~  g x 10-~ a t m  • 10-~ - - L o g  K~ k c a l / m o l e  k c a l / m o l e  

866 0,791 1.07 9.3725 37.16 79.5 
879 1.13 1.54 9.1353 36.78 79.7 
879 1.20 1.63 9.0962 36,57 79.5 
893 1.90 2.60 8.7918 36,93 79.5 
893 2.05 2.81 8.7423 35,74 79.3 
911 3.55 4.91 8.3779 34,93 79.3 
926 5.30 7.39 8.1117 34,38 79.5 
926 4 , g 0  6.83 8.1625 34,60 79.7 
936 6,80 9.53 7.9548 34.04 79.6 
936 7.00 9.81 7.9267 33.96 79.5 
948 9.40 13.26 7.7308 33.52 79.6 
948 9.20 12.98 7.7447 33.58 79.7 
959 13.2 18.68 7.5076 32.96 79.8 
978 22.4 32.09 7.1550 32.01 79.5 
978 22.4 32.09 7.1550 32.01 79.5 
978 23.2 33.24 7.1319 31.91 79.4 
992 32.0 46.17 6.9183 31.39 79.5 
992 34.0 49.06 6.8787 31.22 79.5 
992 33.2 47.90 6.8939 31.29 79.4 

1003 50.4 73.33 6.6169 30.53 79.4 
1009 50.4 73.35 6.6164 30.54 79,5 
1009 51.0 74.23 6.6086 30.51 79.4 

A v e r a g e :  79.5"4-0.2 

Table II. Vapor pressures, free energies, and heats of sublimation 
of CdSe(s) according to Reaction [5] 

R u n  No. II, CdSe  p r e p a r e d  by  s u b l i m a t i o n  of the  e l emen t s .  
orif ice area  ---- 1.215 x 10 -8 em 2 

m / h r ,  P t ,  ~G~ ~H~ 
T , ~  g X 10 -4 a t m x  10 4 - L o g K p  k c a l / m o l e  k c a l / m o l e  

888 1.60 2 .18  8 .9056 36 .19  79.5 
903 2.65 3.65 8.5716 35.41 79.5  
903 2.62 3.61 8.5790 35,44 79.5 
920 4.40 6.12 8.2350 34,68 79.5 
935 6.80 9.53 7.9462 34,00 79.5 
952 10.4 14.70 7.6639 33,36 79.6 
965 15.0 21.35 7.4203 32,77 79.7 
977 21.6 30.94 7.1788 32.10 79.6 
978 21.6 30.95 7.1786 32.12 79.6 
989 28.2 40.63 7.0012 31.67 79.7 
999 37.0 53.59 6.8210 31.19 79.7 

1013 52.8 77.01 6.5847 30.53 79.7 
1013 52.8 77.01 6.5847 30.53 79.7 
1013 53.2 77.59 6.5800 30.51 79.6 
1020 64.0 93.67 6.4570 30,15 79.6 
1035 9 2 . 6  1 3 6 . 8 0  6.2104 29.42 79.5 
1035 92.4 136.20 6.2134 29.43 79.5 

A v e r a g e :  79.6 
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Fig. 2. Plot of leg Kp vs. i / T  data of the sublimation of cadmium 
selenide obtained in this work and by other investigators. 

in the fourth and fifth columns, respectively. The calcu-  
lations were  carried out on an IBM 360 computer.  
Based on exper imenta l  errors, the errors in Pt are  less 
than 6%. The accuracy of ~G~ values is bet ter  than 
___0.5 kcaI/mole.  The last column in Tables I and II 
gives values for the th i rd - l aw heat  of reaction, AH~ 
For the th i rd - l aw evaluat ion absolute entropies of 
Cd(g)  (40.07 eu) and Se2(g) (60.2 eu) from Kel ley  
(22) and of CdSe(s)  (obtained f rom a second-law 
evaluat ion of the data discussed below) and heat  ca- 
pacities of Cd(g)  (4.97 eu) (23) and Se2(g) [8.73 
§ 0.32 • 10-3T - -  0.34 • 10ST -2 (eu)]  (23), and the 
heat capacity of CdSe(s)  measured in this work  (Eq. 
[11]) were  used. The average value of the th i rd - law 
heat of reaction is AH~ = 79.5 __+ 0.2 kcal /mole .  The 
error  in this quant i ty  is est imated at about 1 kca l /  
mole. The high degree of reproducibi l i ty  of the indi-  
v idual  th i rd - l aw results indicates that  exper imenta l  
errors connected with the heat  capacity, t empera tu re  
measurements ,  and weight  loss determinat ions are 
small. 

The exper imenta l  data obtained in this work  are 
shown in Fig. 2 compared to those of o ther  invest iga-  
tions. The numerical  results of a l inear  least-squares 
t rea tment  of our data and of a conversion of second- 
law results of other  invest igators  to 298~ are listed in 
Table III. For  these calculations heat  capacities of 

Table III. Compilation of second-law heats and entropies of 
sublimation of CdSe(s) for the reaction: CdSe(s) = Cd(g) + 

�89 Se2(g), at experimental temperature and at 298~ 
obtained in this work and by other investigators 

T e m p e r -  &H~ AH~ a 
a t u r e  k c a l /  AS~ k c a l /  A S ~  ~ 

I n v e s t i g a t o r  range ,  ~ m o l e  eu  m o l e  e u  

W S s t e n  (4) 1020-1170 78.7 47.7 
G o l d f i n g e r  (1) 870-1050 73.9 46.4 
Sh iozawa  (7) 1070-1470 77.6 46.8 
S o m o r j  ai  (5) 920-1170 68.8 45.6 
K o r n e e v a  (6) 810-1010 75.2 45.7 

[ cor rec ted  b y  
P a s h i n k i n  (24) ] 

R u n  N o .  I 866-1009 77.1 46.5 
Run No. I I  888-1035 76.2 45.2 
R u n  N o .  I & II,  866-1035 77.0 45.9 

s e c o n d - l a w  
R u n  N o .  I & II,  866-1035 - -  

t h i r d - l a w  

81.9 52.8 
76.5 50.9 
81.6 52.5 

77.6 50.0 

79.5 50.4 

79.5 

a These  v a l u e s  were  d e r i v e d  u s i n g  the  C~  o f  C d S e ( s )  
---~ 0,1 d e t e r m i n e d  in  t h i s  work .  



Vol. 119, No. 7 E Q U I L I B R I A  AND T H E R M O D Y N A M I C S  OF CdSe 9 1 3  

Cd(g)  (23) and Se2(g) (23) and the above measured 
C~ of CdSe(s)  were used. The values of the 
second-law heat and entropy of subl imat ion based on 
the combined data of runs  No. I and II are 77.0 • 0.8 
kcal /mole  and 45.9 __ 0.7 eu at 950~ On being con- 
verted to 298~ these values become 79.5 __ 1.4 kcal /  
mole and 50.4 • 1.2 eu, respectively. 

The data of Somorjai  (5) deviate s trongly in  terms 
of vapor pressures from the results of the present  and 
other investigations. This could be due to the use of 
closed systems in Somorjai 's  methods (5). A slight 
excess of an e lementa l  component  can cause serious 
errors in closed systems, especially at low pressures. 
The lower values for the h e a t  of subl imat ion observed 
by Korneeva (6) and Goldfinger (1) could be due to a 
possible interference of Reaction [3]. However, in view 
of the sensit ivi ty of the second-law method to experi-  
menta l  errors the results of Korneeva  (6) [corrected 
by Pash ink in  (24)] and of Goldfinger (1) are con- 
sidered in general  agreement  wi th  the present  work. 
The same applies to the results of WSsten (4) and 
Shiozawa (7). The slightly larger values found by 
these authors (4,7) could be explained by the in -  
creased degree of dissociation of See (g) at higher tem- 
peratures which was not considered by WSsten and 
Shiozawa. 

The heat of formation and absolute entropy of 
CdSe(s)  obtained in this work are listed in  Table IV. 
These values were derived from the heats and entropy 
of subl imat ion at 298~ (Table III) on the basis of 
Reaction [5]. The heat of formation of CdSe(s)  based 
on the heat of subl imation of cadmium (26.75 kcal /  
mole) (25) and on the heat of formation of Se2(g) 
(34.12 kcal /mole)  (25) is ~H~ -- --35.7 __ 0.2 kcal /  
mole. The error in this quant i ty  is about 1 kcal/mole.  
The absolute entropy of CdSe(s) based on the absolute 
ent ropy of Cd(g)  (40.07 eu) (22) and the absolute 
entropy of Se2(g) (60.2 eu) (22) is S~ : 19.8 • 1.2 
eu. In  Table IV are also listed the heats of formation 
and absolute entropies of CdSe(s) calculated from the 
corresponding values (Table III)  of other invest iga-  
tions. The value  of Terpilowski (8) was taken directly 
from the l i terature  without  fur ther  correction. Al-  
though this value (--34.6 kcal /mole)  (8) is based on 
an estimated C~ of CdSe(s) it is in closer 
agreement  with the result  obtained in this work than 
values computed from other investigations. Possible 
reasons for the larger deviations have been discussed 
above. 

Summary 
The original  purpose of this invest igat ion was to 

determine accurate vapor pressures through direct 
weight loss measurements  employing the Knudsen  
effusion technique. In order to evaluate  exper imental  
data it was necessary to establish the mode of vapor-  
ization and to determine the heat capacity of cadmium 
selenide at elevated temperatures.  Addi t ional  informa-  
t ion was obtained through a second- and th i rd- law 
evaluat ion of data, namely,  the heat of formation and 
t h e  absolute entropy of cadmium selenide. 

Table IV. Compilation of computed heats of formation and 
absolute entropies of CdSe(s) at 298~ using the tabulated 

values of AH~ and ~S~ from Table III 

-- AH~ S~ Refer- 
kcal/mole eu Investigator Technique ence 

38.1 17.4 W ~ s t e n  Transpiration 4 
32.7 19.3 Goldfinger Knudsen, second law 1 
37.8 17.3 Shiozawa "Boiling point" method 7 
33.8 20.2 Korneeva (cor- Knudsen, second law 6, 24 

rected by 
Pashinkin) 

34.6a 18.6 a T e r p i l o w s k i  E M F  ce l l  8 
35.7 19.8 This w o r k  Knudsen, second law 
35.7 This w o r k  Knudsen, third law 

a T a k e n  d i r e c t l y  from the literature without correcting the C~ - 
function of CdSe (s). 

A preferent ial  loss of selenium dur ing  the ini t ial  
heat ing of CdSe has been observed in  this work, re -  
sult ing in a deviat ion in stoichiometry. After  the con- 
gruent ly  vaporizing phase has been established, eval-  
uat ion of exper imental  data in  terms of thermochem- 
ical properties based on Reaction [4] or [5] leads to 
identical values wi thin  the l imits of error. However, 
if the s teady-state  vaporization conditions are not 
established prior to actual  vapor pressure measure-  
ments, erroneous part ial  pressures and thermochemical  
values are obtained. This could possibly explain the 
discrepancy in previously published results. 

General  t rends and chemical considerations indicate 
possible inconsistencies in the heats of formation of 
other I I -VI  compounds. Similar  deviations from stoi- 
chiometry  on heating as observed for CdSe could occur 
in related systems. In  order to resolve these uncer ta in-  
ties a precise determinat ion of the mode of vaporiza-  
tion of these compounds is desirable. 
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Devitrification Characteristics of the Semiconductor System 
(1 - x)As Se xSb Se 

$ 3 2 3 

No S. Piatakis and H. C. Gatos* 
Department of Metallurgy and Materials Science and Department of Electrical Engineering, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

The devitrifieation kinetics in the system (1 -- x)As2Se~-xSb2Se3 were 
studied as a function of tempera ture  (69~176 and composition (x = 0.1- 
0.5). The activation energy of the l inear  growth rates of relat ively large 
rectangular  platelet- l ike crystals in the vitreous matr ix  was found to be 38 
kca l /mole  for x = 0.1 and 50 kcal /mole  for x = 0.3, 0.4, and 0.5. Along the 
long dimension of the platelets the growth rate was found to be three t imes 
greater than that along the short dimension. Along this long dimension the 
growth rate increased about three orders of magni tude  in going from x = 0.1 
to x = 0.5. The number  of crystals formed in the vitreous matr ix  per uni t  area 
increased with increasing Sb2Se3 content. The chemical composition of the 
crystals formed by devitrification was found to be different than that  of the 
sur rounding  matrix.  Quant i ta t ive  electron microprobe analysis and scanning 
electron microscopy showed that  the Sb content  was higher in the crystals 
than  in the surrounding matrix.  Crystals grown directly from the melt  (by 
slow cooling) were even richer in Sb than the neighboring matrix.  X- ray  dif- 
fraction results showed that  the materials  with low Sb2Se3 content  crystal-  
lized in  the system of As2Se3 (monoclinc) whereas materials  relat ively rich in 
Sb2Se~ crystallized in the Sb2Se~ system (orthorhombic).  In alloys of in ter -  
mediate composition both systems were present. In  materials  in which the 
monoclinic s tructure predominated the devitrifieation rates and the associated 
activation energies were found to increase with the Sb2Se~ content;  whereas 
they were composition independent  in materials in which the orthorhombic 
s tructure predominated.  

Although the devitrification of oxide glass systems 
has been extensively investigated, devitrification 
studies on chalcogenide systems have been very l im-  
ited. The rate of devitrification of bulk  As2Se3 (1) 
and As2SexGey (2) has been successfully studied as a 
function of temperature  by means of resistivity and 
density changes and it was found to increase with 
increasing temperature.  As2Se3 films could not be de- 
vitrified, whereas Sb2Se~ and As2Se3-Sb2Se~ were 
readily devitrified on exposure to an electron beam. The 
nucleat ion rate was found to be temperature  indepen-  
dent, while  the growth rate was reported to increase 
with increasing temperature  (3). Selenium is by far 
the most studied amorphous semiconductor not only 
because of its relat ive simplicity, but  also because of 
its important  role in xerography and electronic devices. 

In  recent years amorphous-crystal l ine  t ransforma-  
tions and the associated changes in  electrical proper-  
ties have received intensive at tent ion as they are 
believed to be directly related to the memory  switch- 
ing phenomena observed in amorphous semiconductor 
systems. With the emerging potential  of this type of 
phenomena the basic aspects of the vitreous state and 
its relationship to the crystall ine state are now the 
subject of wor ld-wide  fundamenta l  studies. 

The present system was chosen because one of its 
constituents, As2Se~, adopts pr imar i ly  the amorphous 
state, whereas Sb2Ses is pr imar i ly  a crystal l ine mate-  
rial. The tendency of their solutions to t ransform from 
the amorphous to the crystall ine state increases with 
increasing Sb2Ses content, providing a wide range of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  cha l cogen ide  semiconduc to r s ,  a m o r p h o u s  s e m i c o n d u c -  

tors,  devitrification of ehalcogenide semiconductors  (1 -- x)As~Se3. 
xSb~,Se~. 

devitrification characteristics. Fur thermore,  these ma-  
terials were found to exhibit  switching and memory-  
switching phenomena.  

Experimental 
Sample preparation.--Devitrification was carried out 

by heating the amorphous samples at constant  tem- 
perature on the stage of a microscope. The microscope's 
450W xenon lamp (white light) served as the heat 
source. The tempera ture  was measured with Chromel-  
Alumel  thermocouples (25~ diameter  wire)  imbedded 
in the samples. Imbedding of the thermocouples into 
the samples was carried out by means of a hot stage 
especially designed for this purpose (Fig. 1). Vitreous 
material  of the desired composition (prepared as 
described elsewhere) (4, 5) was sealed under  vacuum 
in a quartz ampoule which then was placed into the 
furnace. A thermocouple was positioned into a shallow 
quartz vessel placed below the ampoule. While the 
furnace was brought  to the desired temperature,  the 
system was repeatedly evacuated and flushed with 
h igh-pur i ty  argon; then argon was allowed to flow 
under  slightly positive pressure. The tip of the quartz 
tube was broken by means of a rotat ing blade and 
the molten mater ial  was cast into the quartz vessel 
into which the thermocouple was fixed. Fast quenching 
(of the order of seconds) was achieved by water-cool-  
ing the metal  plate on which the quartz vessel was 
resting, by increasing the argon flow prior to casting, 
and by positioning a heat-reflecting blade between the 
opening of the furnace and the quartz vessel. Fast  
quenching was impor tant  in ensur ing homogeneous 
vitreous samples and prevent ing  the reaction of the 
thermocouple with the mol ten material .  
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Fig. 1. Schematic diagram of the hot stage for imbedding ther- 
mocauples into the vitreous samples. 

The samples were removed from the quartz vessel, 
mounted  in plastic, and ground with a 0.25~ particle 
abrasive unt i l  the thermocouple junct ions appeared on 
the surface. The samples were 12 mm in diameter  and 
approximately 4 mm thick. Amorphous, single-phase 
samples with the composition x = 0, 0.1, 0.2, 0.3, 0.40, 
and 0.45 were successfully prepared as confirmed by 
powder x - ray  diffraction, interference contrast  optical 
microscopy, and scanning electron microscopy. Sam-  
ples with x = 0.5 were amorphous but, toward their  
center, clusters of individual  small  crystals were pres-  
ent as shown in Fig. 2. 

Heating procedure.--The white light beam of a 
microscope lamp, serving as the heat source, was 
focused on the desired area of the sample which was 
kept in an u l t rapure  argon atmosphere. The cross sec- 
tion of the impinging beam was about 0.3 mm 2. By 
focusing the beam on the thermocouple it was found 
that  a constant  temperature  was achieved in less than 
1 rain; even for periods of several days the tempera-  
ture  remained constant wi thin  less than  0.5~ Upon 
tu rn ing  off the beam the sample reached room tem-  
perature  in less than  1 min. Moving the sample and 
positioning the thermocouple in various parts of the 
beam's cross section led to no detectable temperature  
variation. The ratio of the i l luminated area to the area 
of the thermocouple junct ion  was about 150/1. By 
changing the aperture diaphragm setting any tempera-  
ture in  the range of 23~176 could be chosen. Once 
the desired temperature  was established, areas far 
removed from the thermocouple were i l luminated for 

nucleation and crystal growth observations. In  this 
way any  possible effects of the thermocouple on the 
stabili ty of its adjacent  sample areas were avoided. It  
was assumed that  the tempera ture  at any area il- 
lumina ted  by the beam was the same as that  registered 
by the thermocouple when  i l luminated  by the same 
beam. Heat losses through the thermocouple were con- 
sidered negligible in view of its very small  size. Since 
the rates of devitrification were very small  (of the 
order of 10 -5 #/sec) it was assumed that  the la tent  
heat of crystall ization caused no appreciable thermal  
fluctuations. The present  method of heating for devi tr i -  
fication studies has the distinct advantage of allowing 
the direct observation of the devitrification process 
and crystal growth. 

Devitrification was confined to the area i l luminated 
(i/400 of the total sample);  accordingly, several ex- 
per iments  could be carried out on the same sample. 
The self-consistency of the results as a funct ion of 
t empera ture  indicates that devitrification was heat-  
ra ther  than photon-induced.  

Morphology and chemical composition o~ the devitri- 
fled material.---The morphology of the crystals formed 
in the amorphous mat r ix  was examined after several 
microns of the matr ix  mater ia l  were removed by etch- 
ing in an aqueous solution of KOH. The crystal l ine 
mater ia l  was attacked only slightly by this solution. 
Scanning electron microscopy (in the secondary elec- 
t ron mode) was used for examining  the morphology 
of the crystals. For  s tudying chemical composition 
changes in the crysta l l ine-amorphous matr ix  system an 
electron beam microanalyzer was used and a scanning 
electron microscope ( i n  the x - r ay  mode) equipped 
with a silicon detector and a mult iple-s tage x - ray  
counter. A thin gold film was evaporated on the sam- 
ples to prevent  electrostatic charging and serve as 
a heat sink. For quant i ta t ive  chemical analysis s tan-  
dards were used in conjunct ion with a computer  pro- 
gram. 

Results and Discussion 
Early stage of devitrification.--The t ime required for 

the first crystal to become visible under  a 570X magni -  
fication was determined as a funct ion of tempera ture  
and composition. The results are plotted in Fig. 3 and 
summarized in Table I. It is seen that  the (apparent)  
activation energy for the early stages of devitrification 
is approximately the same for all  compositions except 
for that  with x = 0.1 for which it is significantly 
smaller. Apparen t ly  the ease of devitrification de- 
creases abrupt ly  at the As2Se3-rich composition range. 
In  all cases the number  of crystals forming per uni t  

Fig. 2. Scanning electron micrograph of crystals formed while 
attempting to imbed the thermocouple in a sample of the composi- 
tion 0.5As2Se3"O.5Sb2Se3. Vitreous matrix was etched with a KOH 
solution (370X). 
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Fig. 3. Temperature dependence of the time required for the first 
crystal to appear during devitrification. 
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Table I. Activation energies (AH) of the early stages of 
devitrification. A is the pre-exponential factor 

AH, T e m p e r a t u r e  
Composi t ion A,  sec k c a l / m o l e  r a n g e ,  ~  

0.9As~Ses.O.lSb2Ses 1.5 x 10-8 11.6 384-421  

0.7As~Se3.0.3Sb2Ses 0.52 x 10- ~ 55.9 378-402 

O.6As~.Ces.0.4Sb~Ses 3.6 X 1 0 - ~  55.6 373-397 

O.5As~Se~-0.5Sb~Se~ 1.7 x 10 - ~  54.0 360-386 

area was small  (of the order of 10/ram 2 for materials  
with x ---- 0.1, and 104/ram 2 for the rest of the studied 
compositions) but  under  the present  conditions (rela-  
t ively low magnification) no observations could be 
made regarding the ini t ial  stages of nucleation. The 
time intervals  presented here include the incubat ion 
period, the formation time of the nucleus, and its 
growth to approximately 5~, in diameter.  

Crystal growth rates.~The crystal  growth rates in 
the vitreous mat r ix  following the ini t iat ion of crystal  
formation were determined as a funct ion of tempera-  
ture and composition. For the ini t iat ion of crystals 
an area of the sample, away from the thermocouple, 
was heated at 190~ with the l ight beam unt i l  well-  
defined crystalli tes were formed. Heating for about 
3 min  in the case of x = 0.1 and for a few seconds in 
the cases of x = 0.3-0.5 produced individual  crystal-  
lites measur ing approximately 10 • 20~ as shown in 
Fig. 4. Devitrification was arrested upon removing 
the light beam. No crystalli tes were formed outside 
the i l luminated  area. The beam was focused on the 
thermocouple, its intensi ty  was adjusted to correspond 
to the desired temperature,  and then  brought  to the 
areas where the individual  crystals were earlier 
formed. The tempera ture  range used was re la t ively 
nar row to avoid high growth rates which were diffi- 
cult to measure. The crystal growth rates were deter-  
mined by measur ing the crystal  dimensions before, 
during, and after the growth period from large mag-  
nification photographs. These photographs were taken 
at low beam intensi ty  corresponding to room tempera-  
ture where no crystal growth took place. 

The measured growth rates along the length and 
width of the crystals for the composition with x --- 0.4 
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are plotted as a funct ion of temperature  in Fig. 5. 
Their  exponent ial  dependence on tempera ture  is shown 
for the same composition in Fig. 6. The activation 
energies and the corresponding pre-exponent ia l  factors 
for all compositions studied are summarized in Table 
II. For direct comparison, the growth rates of the var i -  
ous compositions were calculated for three tempera-  
tures (from the data of Table II) and are presented 
in Table III. Apparent ly,  the tempera ture  ranges em- 
ployed lie below the tempera ture  range in  which the 
growth rates decrease with increasing tempera ture  (6). 
As seen in Table II, the activation energy as well  as 
the pre-exponent ia l  factor increase sharply in  going 
from the composition with x : 0.1 to that  with x : 
0.3 and remain  fair ly constant  for the compositions 
with x : 0.3, 0.4, and 0.5. This behavior  is identical  to 
that of the activation energy associated wi th  the early 
stages of devitrification (Table I) .  The values of the  
two types of activation energies are also similar  ex- 
cept in  the mater ia l  with x : 0.1. The relat ively low 

Fig. 4. Typical crystals formed by heating for a few seconds at 
190~ composition 0.6As2Se3-0.4Sb2Se3 (615X). 

Table II. Activation energies (~H) of crystal growth in a vitreous 
matrix. A is the pre-exponential factor. Subscripts ] and 2 refer to 

growth along the length and along the width of the crystal, 
respectively 

T e m p e r -  
AHI AH= a t u r e  

A~ A2 Range, 
Composi t ion k c a l / m o l e  # /sec  ~  

As~Se8 31.2 (1) - -  

0.9As~es.O,lSb~Sea 37.8 - -  2.8 • 10 lo ~ 398-456 

0.7As2Ses.0.3Sb2Ses 49.7 52.3 7.3 • 10 ~ 7.7 • 10 ~ 329-405  

0.6As,~Ses-O,4Sb2Se8 48.9  52.5 2.2 x 10 ~ 9.9 • 10 ~ 365 -414  

0 .5As~ea.O.5Sb~Se8 49.3 53,.0 5.2 • I 0  ~ 2.2 • i 0  ~ 347-386  
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Table III. Dependence of crystal growth rate on composition calculated from the results of Table II. 
Vl is the rate along the length of the crystal and v2 is the rate along the width of the crystal 

v l  = A l e - ~ ' R 1 / R r  ( ; r  v2  = A 2 e - ~ S ~ / R T  ( ~ / ~ e c )  

Composition 3 5 3 ~  3 7 3 ~  4 0 3 ~  3 5 3 ~  3 7 3 ~  4 0 3 ~  

0 . 9 A s 2 S e s . O . l S b s S e 3  1 .11  • 10-7  1 .99  • l 0  -~ 

0 . 7 A s 2 S e s . O . 3 S b ~ S e 8  1 . 2 4  • 10-3  5 . 5 4  • 1O -5 

0 . 6 A s ~ S e s . O . 4 S b ~ S e 8  1 .17  • 1O ~e 4 .91  • 10  -5 

0 . 5 A s ~ S e s . 0 . 5 S b 2 S e s  1 .56  • 10-5  6 . ' / 6  • 1O-~ 

act ivation energy (11.6 kcal /mole)  found for the early 
stage of devitrification of the composition x = 0.1 is 
perhaps associated with the nucleat ion ( including in-  
cubation) rather  than the growth process. It  appears 
that  at low Sb2Se3 concentrat ions the devitrification 
characteristics of As2Se3 are modified by Sb2Se3 
whereas at the compositions with x ~ 0.3, the char-  
acteristics of (1 -- x)As2Se3, xSb2Se3 are affected 
only slightly, if at all, by a change in composition. 
Similarly, the energy gap of the composition with x 
= 0.5 is approximately the same as that  for pure  

S b 2 S e 3  ( 5 ,  7 ) .  

Powder x - r ay  diffraction results showed that  As2Se3- 
rich materials  crystall ize in the monoclinic system, 
the crystallographic system of As2Ses, while materials  
relat ively rich in  Sb2Se3 crystallize in the or thorhom- 
bic, the Sb2Se3 crystallographic system. In  in termedi-  
ate compositions both systems were present. The exact 
compositions at which the t ransi t ion from the mono-  
clinic to the mixed system and to the orthorhombic 
occur were not determined. However, in materials  with 
x : 0.2 the monoclinic system predominated (the 
orthorhombic could hardly  be detected),  whereas in 
those with x ---- 0.3 both systems were equally pro- 
nounced. Materials with x ----- 0.1 and x ~ 0.45 crystal~ 
lized in the monoclinic and orthorhombic systems, 
respectively. A related behavior  has been reported 
for the system Sb2Se3-Sb2Tea (8). These results indi-  
cate that the devitrification as well as the electrical 
and optical parameters  in the present  system are com- 
position dependent  when the monoclinic s tructure 
predominates and independent  of composition when  
the orthorhombic s tructure predominates.  

It  is of interest  to note that  an activation energy of 
31.2 kcal /mole has been reported (1) for the devitrifi- 
cation of pure As2Se3 which was already more than 
50% devitrified. This activation energy corresponds to 
the growth activation energies measured in the present  
study and is in good agreement  with the value esti- 
mated from the compositional dependence of the 
growth activation energy established in  this study. 
Fur thermore,  the activation energy of viscous flow of 
pure  As2Se3, which is believed to be re levant  to the 
devitrification process, was found to be 37 kcal /mole  
(1) and is consistent with the present  results. 

Crystal morphology compositional changes.--The 
crystals formed in  the vitreous mat r ix  with x : 0.1 
had a dendri t ic- l ike appearance and grew in  blade-  
type shape as shown in Fig. 7. The morphology of the 
crystals was not  tempera ture  dependent.  On the other 
hand, in all other compositions the shape of the 
crystals was found to be temperature  dependent.  They 
were rectangular  single crystals (as confirmed by 
transmission electron diffraction patterns)  and ma in -  
tained their general  morphology dur ing the growth 
provided the growth rates were kept relat ively low 
(Fig. 4). At higher growth rates (in the range of 120 ~ 
150~ a number  of elongated small crystals grew 
from the original  single crystal. Figure  8 is a scanning  
electron microscope photograph of a crystal, the last 
part  of which was grown at high temperatures;  the 
sur rounding  vitreous matr ix  was etched away in  an 
aqueous KOH solution. Near the softening tempera ture  
range of the vitreous materials,  the growth rate was 

8.68 • 10  -5 - -  ~ - -  

8 . 1 5  • 1 0  -~ 3 . 2 1  x 1 0  -7 1 . 7 5  • 1 0 4  3 . 3 4  • 10-3  

6 . 6 7  x I 0  -a 3 . 1 1  • 10  -7 1 .72  • I 0  -5 3 . 3 5  X I 0  ~ 

9.56 • 10  -2 3 . 3 8  • I 0  -e  1 . 9 5  X 10  -~ 3 . 9 9  X 10 .2 

very  fast (it could not be measured under  the present  
exper imental  conditions) leading to clusters of elon- 
gated crystals as shown in Fig. 9. A similar  behavior  

Fig. 7. Photomicrograph of crystals grown in a vitreous sample 
with the composition 0.9As2Se3"0.1SI~Se3. The sample was not 
etched (615X). 

Fig. 8. Scanning electron micrograph of one of the crystals shown 
in Fig. 4, whose last part was grown at a higher temperature, after 
etching the specimen in a KOH solution (190X). 
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Fig. 9. Scanning electron micrograph of crystals grown in a 
vitreous matrix (0.6As2Se~-0.4Sb2Se3) heated by illumination at 
190~ The sample was etched in a KOH solution (370X). 
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Fig. 10. Scanning electron microgroph of crystals formed in a 
vitreous matrix (0.6As2Se3"0.4S~2Se3)during slow cooling from the 
melt. Surface of the sample across the longitudinal axis of the 
ingot. The samples were etched in a KOH solution (165X). 

was observed dur ing  crystall ization directly from the 
melt  by  slow cooling. Figures 2 and 10 show crystals 
grown by cooling from 750~ to room tempera ture  in 
several minutes  and several hours, respectively. 

The chemical composition of crystals grown dur ing 
devitrification and that  of the sur rounding  vitreous 
mat r ix  were studied, employing scanning electron 
microscopy (in the x - ray  mode).  Homogeneous mate-  
rials with x = 0, 0.1, 0.2, 0.3, 0.4, 0.45, and 0.5 were 
prepared and used as standards. X- r ay  spectra (AsKs, 
SeK~, and SbLs lines) were taken on the samples along 
a line t raversing along a crystal, the c rys ta l -mat r ix  
interface, and the matrix.  A computer  program was 
used for normal iz ing and reducing the data. 

The results obtained with crysta]s formed by devi tr i -  
fication ( i l luminat ion heating) of vitreous matrices 
having original compositions x ---- 0.1 and 0.4 and with 
crystals grown directly from a melt  with x - :  '0.4 by 
slow cooling are summarized in Fig. 11. It is seen that  
in all cases the crystals were richer in Sb than the 
sur rounding  vitreous matr ix  and that  the Sb content  
in  the crystals decreased in going from the center  of 
the crystal toward the interface. The Sb content  in the 
vi t reous-crystal  interface was lower than  in the crys- 
tals and the vitreous matrix.  The difference in  Sb con- 
tent  between the crystals and the sur rounding  vitreous 
matr ix  is ~ar more pronounced in the crystals grown 
from the melt  than  in crystals grown by i l luminat ion  

t 

u~ 

. s  

X 

Distance along the sample --~ 

Fig. 12. Electron microanalyzer tracing of arsenic and antimony 
distribution along the path pp of Fig. 14; the areas indicated as C, 
I, and M correspond to crystal, interface, and matrix, respectively. 

heating. It  is apparent  that  Sb2Se~-rich compositions 
nucleate preferential ly,  consistent with the present  
results on nucleat ion and growth as a funct ion of com- 
position. Accordingly, the c rys ta l -mat r ix  interface is 
somewhat depleted in Sb2Se8 and enriched as As2Se3. 
Figure 12 is an electron microanalyzer  scan along a 
sample shown in Fig. 13. It is clearly seen that the Sb 
content  decreases and the As content  increases sig- 
nificantly at the c rys ta l -mat r ix  interfaces. The higher 
Sb concentrat ion and the Sb concentrat ion gradient  in 
the crystals are also clearly seen. Figures 14 and 15 are 
x - r a y  images obtained from the same area of a sample 
(similar to that  shown in  Fig. 13) using as signal the 
SbLs (Fig. 14) and AsKs lines (Fig. 15). The light 
areas in Fig. 14 correspond to the crystals and the dark  
areas to the vi treous matr ix,  clearly showing the in -  
creased Sb content  in the crystals. In  Fig. 15 the dark 
areas correspond to the crystals. Al though the As 
segregation is not as well  pronounced as the segrega- 
t ion of Sb ( in Fig. 14) the crystals are clearly evident. 
Also the increased As concentrat ion in the interface 
regions can be readi ly seen. 
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Fig. 13. Microphotograph of an unetched sample cut along the 
longitudinal axis of ingot cooled slowly from the melt (6|5X). 

Fig. 15. X-ray image of the same area as in Fig. 14, using as 
signal the AsK~ line. 

Fig. 14. X-ray image of an area of the specimen of Fig. 13, ob- 
tained with an electron microanalyzer using as signal the SbL, line. 

Attaching electrodes on thin samples of these mate-  
rials (of the order of 30~) or on flash evaporated films, 
memory  switching (9) could be readi ly observed with 
switching time of the order of nanoseconds. The 
switching time is many  orders of magni tude  smaller  
than  the t ime necessary to establish crystal l ine con- 
duction paths through the vitreous matrix.  Similarly,  
the resistance of the device in the "On" state is about 
four orders of magni tude  smaller  than  that  expected 
even if the ent i re  device were in the crystal l ine state. 
These facts and the fact that  appreciable compositional 
changes take place in the devitrified areas raise serious 
questions regarding the view that  memory  switching 
is directly re la ted to reversible crystal l ine filament 
formation. A study of the memory  switching character-  
istics as a funct ion of composition and of the related 
amorphous-crysta l l ine  t ransformat ion is now in prog- 
ress in our laboratory. 

S u m m a r y  
The activation energies of devitrification for the 

early stage of crystal formation and for the subsequent  
stage of growth were determined as a funct ion of 
composition in the system (1 -- x)As2Se~ �9 xSb2Se3. 
They were found to be similar for both stages except 
in mater ia ls  with x ---- 0.1. This difference is believed 
to be associated with the nucleat ion rather  t han  the 
growth process. The dependence of the activation ener-  
gies and pre-exponent ia l  factors on composition were 
found to be identical. 

Crystals grown in As2Ses-rich materials  had a den-  
dri t ic- l ike appearance and grew in a b lade- type  shape. 
Their  morphology was tempera ture  independent .  On 
the other hand, the morphology of the crystals, grown 
in  Sb2Se~-rich materials  was tempera ture  dependent;  
in this case the crystals were rectangular  s ingle-crystal  
platelets at low temperatures  and had dendri t ic- type 
forms at higher temperatures  (120~176 When 
devitrification took place near  the softening tempera-  
ture range, then, clusters of elongated single crystals 
were formed. 

The chemical composit ion of the crystals was found 
to be different than  that  of the surrounding matr ix.  
Crystals grown dur ing  devitrification were 20-100% 
richer in Sb than the matrix,  depending on the original 
composition of the parent  vitreous matrix.  

X - r a y  diffraction measurements  showed that  low 
Sb2Se3 content  alloys crystallize in  the monoclinic 
system (that of As2Ses) while those with high Sb2Se~ 
content  crystallize in the orthorhombic system (that  
of Sb2Se3). The t ransi t ion from one system to the 
other is gradual, and both systems co-exist in a com- 
position range whose exact l imits were not determined.  
However, in  alloys wi th  x ~ 0.2 the orthorhombic 
system was present  only in traces, while in  those with 
x ---- 0.3, both systems were present  in approximately 
equal amounts.  Materials with x --~ 0.1 and x ~-- 0.4 
were crystallized exclusively in the monoclinic and 
orthorhombic system, respectively. The devitrification 
characteristics, the electrical and optical behavior  of 
these materials  are composition dependent  when  the 
monoclinic system predominates  and composition inde-  
pendent  when  the orthorhombic system predominates.  
The devitrification rates, at least in the present  sys- 
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tern, are far too slow when compared with the switch- 
ing t ime of electrical switching in these materials.  
Accordingly, questions are raised regarding the view 
that amorphous-crystal l ine  t ransformations are di- 
rectly responsible for memory  switching in these mate-  
rials. 
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Measurements of the Absolute Radiative Efficiency 
of Cathodoluminescent Phosphors 

V. D. Meyer 
The Bayside Research Center of GTE Laboratories Incorporated, Bayside, New York 11360 

ABSTRACT 

The absolute efficiency of cathodoluminescent  phosphors has been mea-  
sured as a funct ion of voltage and cur ren t  density. The results  are in  good 
agreement  with the highest values previously reported. Changes of slope in the 
luminance vs. voltage curves indicate that  changes in the voltage dependence 
may occur at x - r ay  excitation potentials;  these observations are related to re-  
sults reported by others for x - r a y  excitation of scinti l lat ion crystals. The in-  
dications are that  it may not be possible to assume that  the intrinsic efficiency 
is independent  of the kinetic energy of the incident electron beam unless the 
energy exceeds the K x - r ay  levels of the host. 

The absolute radiat ive efficiency of a phosphor is 
the energy given off in the form of radiat ion 1 divided 
by the energy incident  upon the phosphor. The abso- 
lute value of the radiat ive conversion efficiency of 
phosphors under  cathode ray excitation has been 
measured by  Bril  (1), Bril  and Klasens (2) (BK) and 
more recent ly by Ludwig and Kingsley (3) (LK).  At 
high accelerating voltages (20 kV), the highest effi- 
ciency (0.25) was measured by BK for the phosphor 
ZnS:Ag,A1. Since they approximate their  error to 
be 15%, the efficiency may be as low as 0.212 or as 
high as 0.288. Estimates of the max imum at tainable 
efficiency calculated by several authors (4-7) when 
only unavoidable  energy losses are accounted for range 
from 0.22 to 0.26 for ZnS:Ag,A1. All  these estimates 
are based on the assumption that  excitation by cathode 
rays leads directly to the formation of electron-hole 
pairs. 

Measured efficiencies increase as the accelerating 
voltage of the exciting electron beam is increased and 
appear to become constant at high accelerating volt-  
ages. The increase with accelerating voltage has been 
interpreted (2, 3) by using Gergely's  (8) formulat ion 
which accounts for surface effects. Bieringer (9) has 
also formulated a relat ionship which accounts for the 
so-called "dead-layer" and his predicted voltage de- 
pendence agrees with the measured change in br ight-  
ness as the accelerating voltage is increased. Since 

K e y  words:  luminescence ,  cathode-ray ,  sulf ide,  r a r e - ea r t h .  
1 T he  t e r m  r a d i a t i o n  used  he re  is m e a n t  to  i nc lude  r a d i a t i o n  in 

the  v i s ib l e ,  n e a r  u l t r a v i o l e t  and  nea r  i n f r a r e d  r eg ions  of t he  spec-  
t r u m .  It  does  not  i n c l u d e  x - r a y  or t h e r m a l  r ad i a t i on .  O b v i o u s l y  the 
m e a s u r e d  eff iciency i n c l u d e s  o n l y  t hose  w a v e l e n g t h s  w h i c h  can  be  
detec ted  b y  the  t h e r m o p i l e .  I n  ou r  case t h i s  w o u l d  be l i m i t e d  b y  t h e  
transmiss ion of a q u a r t z  w i n d o w .  

surface effects may result  from contaminat ion or effects 
inherent  to an interface, it is desirable to measure the 
variat ion with voltage using a clean surface. It  would 
be interest ing to determine if uti l ization of modern 
vacuum technology would yield higher measured effi- 
ciencies by reducing surface contamination.  

The efficiency 0.08 • 0.012 reported by Bril (1) 
for the National Bureau of Standards phosphor NBS 
1021, Zn2SiO4:Mn 2+, exceeds by a significant amount  
the measured value, 0.047, recent ly reported by LK 
(3). This is especially significant because variations 
produced by different phosphor synthesis procedures 
and techniques are not involved in comparing these 
results, since investigators used phosphor from the 
same lot, i.e., NBS 1021. 

In  thi~ paper we report  measurements  of the abso- 
lute radiat ive efficiency of cathodoluminescent  phos- 
phors, using an oil-free vacuum system in order to 
minimize surface contamination,  with special emphasis 
on the effieiencies of ZnS: Ag, A1 and Zn2SiO4: Mn 2+. 
Other phosphors including several ra re -ear th  activated 
materials have also been measured. 

In  the course of our measurements ,  we found indi -  
cations of changes in efficiency at energies correspond- 
ing to electronic energy levels of the host mater ial  in 
the x - r ay  region. Due to the relat ive insensi t ivi ty of 
thermopiles and the possibility of surface charging, we 
found it impossible to demonstrate these changes by 
measur ing the efficiency. In  order to more carefully 
study the voltage dependence near  x - r a y  levels, we 
have instead measured the luminosi ty  using a sensitive 
photomult ipl ier  under  several  exper imental  conditions 
in which the possibility of surface charging could be 
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Fig. l. Schematic diagram of apparatus. Current collector is ro- 

tated into position to measure current, and rotated out to permit 
measurement of emitted radiation by the thermopile. Sample holder 
can be rotated 180 ~ to make contact with a heat sink, or source 
which hangs on a hollow tube. 

minimized or eliminated. These measurements  are re- 
ported in the section on Voltage Dependence near  
X-Ray  Levels. 

Experimental 
General description.--A schematic diagram of the 

apparatus is shown in Fig. 1. The electron beam gen- 
erated in the electron gun is focused and scanned at 
normal  television rate. (Fie ld-scanning f requency of 60 
Hz and f rame-scanning  frequency of 30 Hz.) The raster 
size at the screen can be varied from larger than  the 
screen size down to spot size. The screen contains four 
slots for the prepared samples and by magnetic  cou- 
pl ing the sample holder can be rotated in order to posi- 
tion the desired sample directly below the thermopile.  
The thermopile was sealed into a vacuum-t igh t  case by 
the manufac turer  (Charles M. Reeder Company) .  The 
quartz window of the thermopile  is positioned 6.86 cm 
directly above the sample. Prior to sealing the thermo-  
pile into the vacuum system with a conflat flange seal, 
it was calibrated against a National  Bureau of S tan-  
dards Standard  Lamp. The vacuum-pumping  system 
consists of a VacSorb roughing pump and a Vaclon 
pump supplemented by a t i t an ium subl imat ion pump. 
Pressures of 2 X 10 - s  Torr  are regular ly  obtained 
after overnight  pumping  and the pressure dur ing op- 
erat ion is approximately 3 X 10 -8 Torr. 

A measurement  of the screen current  only is not a 
valid measure of the total beam current  since secondary 
electrons may  not be detected. To insure measurement  
of the total beam current ,  a current  collector is added. 
This consists of a cup which, when  rotated into position 
over the sample, forms with the screen a hemispherical  
enclosure with a square opening to permit  the incident 
beam to enter. 

When the sample holder is rotated 180 ~ from the 
measur ing position, it comes into contact with a heat 
s ink which hangs on a hollow tube. To heat or cool the 
phosphor samples, a heater  can be inserted into the 
tube, or l iquid ni t rogen can be poured into the tube. 

Sample preparation.--Phosphor samples were pre-  
pared by sett l ing the powder onto 1 in. 2 a luminum 

1.0 

.J 

0 . 5  

f 

Z n S : A g  
NBS 1020  

i 

,~, 2'o 3'0 Jo ~ o  
DENSITY { mg/cm 2) THICK LAYER 

Fig. 2. Diffuse reflectance for various coating densities and for a 
thick layer. 

plates using a silicate binder.  To insure sufficient cov- 
erage of the metal  slide by the phosphor powder, thick 
phosphor layers were prepared. However, in prepar ing 
thick layers, the possibili ty of the phosphor surface 
charging becomes more likely. Therefore, it is desirable 
to add just  enough phosphor to obtain sufficient coy- 
erage. Our approach to this problem was to assume 
that  diffuse reflectance from a sample wi th  sufficient 
coverage should be very near ly  the same as that  for a 
thick, l ightly packed powder. Figure 2 shows that  dif- 
fuse reflectance for various sett l ing weights of the 
phosphor ZnS :Ag  (NBS 1020) and also the diffuse re- 
flectance for the same phosphor in the form of a packed 
powder. We note that  at a coating density of 50 mg /cm 2 
the diffuse reflectance is near ly  the same as that  for 
the thick powder. This and addit ional  evidence, given 
later, led us to choose 50 mg/cm 2 as the proper coat- 
ing density. Since the particle sizes of the impor tant  
cathodoluminescent  phosphors are of the same order of 
magnitude,  we have assumed this coating density to be 
sufficient for most phosphors. 

Experimental procedure.--The intr insic efficiency of 
a phosphor under  cathode ray excitat ion can be ex- 
pressed as follow@ 

2~r2CE 

IoVo(1 -5 Roo) 

In  order to measure the intr insic efficiency, ~]i, there-  
fore, it is necessary to know: r, the distance from the 
phosphor to the thermopile and C, the calibrated ther-  
mopile sensit ivity in W/ V  cm2; it is also necessary 
to measure:  (i) E, the emf generated by  the thermo-  
pile, (ii) Io, the incident  beam current,  (iii) Vo, the 
accelerating voltage, and (iv) Roo, the reflection coeffi- 
cient of the phosphor sample. 

With the accelerating voltage set at a measured 
value, a phosphor sample is rotated into position di- 
rectly beneath  the thermopile,  and the raster size is 
adjusted to insure that  the largest dimension (the 
diagonal of the raster)  is less than  one fifth 2 of the 
distance from the phosphor to the thermopile.  The 
hemisphere current  collector is rotated into position 
and the total current  is recorded. Immediately,  there-  
after, the collector is rotated out and the emf generated 
by the thermopile is recorded. The reflection coefficient 
of each sample as a funct ion of wavelength  is measured 
using a Cary 14 Spectrometer, and the reflection co- 
efficient at the wavelength corresponding to the peak 
of the emission is used to calculate the intr insic effi- 
ciency. 

Efficiency Measurements 
Phosphor thickness.--Bril and Klasens (2) have 

shown that the intr insic efficiency can be wr i t ten  a s  

2~m(O0) 
"Qi = 

(1 + Ro0) 

a In  o rder  fo r  the  i n v e r s e  squa re  r e l a t i o n s h i p  to  be  v a l i d ,  a n d  
t h e r e f o r e  t he  e q u a t i o n  fo r  i n t r i n s i c  eff iciency to be app l i cab le ,  t he  
d i s t ance  f r o m  the  source  m u s t  be  a t  leas t  f ive t i m e s  t he  m a x i m u m  
d i m e n s i o n  of the  source.  See I.E.S. L i g h t i n g  H a n d b o o k ,  3 rd  ed.,  p p .  
9-29, I l l u m i n a t i n g  :Eng inee r ing  Socie ty ,  N e w  York ,  N. Y. {1962). 
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where ~m(OC) is the measured efficiency uncorrected 
for the loss due to imperfect  reflection by a very  thick 
sample. The above equation results from assuming that  
the depth of penetra t ion of the electron beam is very 
small  compared to a thickness wi th in  which reabsorp- 
t ion of the emitted light becomes significant. It is 
fur ther  assumed that  half  of the light is emitted up 
(back toward the electron beam) and the other half is 
emitted downward.  Of the half  emitted downward,  a 
certain fraction which depends upon the reflection co- 
efficient is reflected back toward the detector. R ~  is 
the reflection coefficient for an infinitely thick layer. In  
order for this equation to be val idly applied therefore, 
the reflection coefficient of the phosphor sample should 
be equal  to that  of a thick powder layer  of the same 
material .  

We have measured the efficiency at various settl ing 
weights and applied corrections for the reflection coeffi- 
cient of the individual  samples. We call this corrected 
efficiency ~c 

2~m 

1 - ~ R  

As the thickness, t, increases ~c approaches ~i, i.e., 
(~c)t. * ~ -~ ~i. The efficiency at various settl ing weights 

is shown in Fig. 3 together with the efficiency mea-  
sured for a thick powder of the same phosphor ZnS: Ag 
(NBS-1020). This result  agrees with our conclusion 
from reflectance measurements ,  that  50 mg/cm 2 is suffi- 
cient to provide not only complete coverage but  enough 
thickness to produce a reflectance near ly  the same as 
that  for a very thick powder layer; therefore at this 
sett l ing weight ~c is very near ly  equal to ~li. 

Beam current.--At high current  densities some phos- 
phors become "nonl inear"  (saturate) ,  and the effi- 
ciency measured at high current  densities is degraded. 
To avoid such reduct ion in efficiency it is necessary to 
establish the current  density at which such effects oc- 
cur; therefore, the efficiency was measured as a func-  
t ion of current  density for all the phosphors. Non- 
l inear i ty  is most pronounced in the case of the I I -VI 
sulfides, and Fig. 4 shows the variat ion with current  
density for ZnS :Ag  (NBS 1020). Nonl inear i ty  becomes 
significant at currents  above approximately 0.5 ~A. 
(This corresponds to an average current  density of ap- 
proximately  0.5 ~A/cm~ since the raster  size is approxi-  

0.2 

~/eO. t 

f . t  

Z n S : A g  
N B S : I 0 2 0  
17kV 

0 
o ,'o ~o ~o ~'o so ' 

DENSITY ( too /e ra  s) THICK LAYER 

Fig. 3. Efficiency corrected far reflectance properties at various 
coating densities and for a thick layer. 
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Fig. 4. Efficiency for various beam currents. The raster size is 
approximately one square centimeter. Nonlinearity becomes sig- 
nificant beyond 0.5/~A/cm s. 
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Fig. 5. Voltage dependence of intrinsic efficiency for green- 
emitting Zn2Si04 :Mn 2 + and YPO4:Tb 3 +. 

mately one square centimeter.)  In  order to be certain 
that  the current  densi ty was less than  that  at which 
nonl inear i ty  becomes significant, our measurements  for 
the true efficiency were  made at 0.1 #A. 

Voltage dependence.--Typical efficiency measure~ 
ments  as a funct ion of accelerating voltage are shown 
in Fig. 5. Table I shows the measured efficiencies and 
the voltage at which the max imum was measured for 
several phosphors. The phosphors have been listed ac- 
cording to emitted color, i.e., blue first then green then 
red. Similar  phosphors have been grouped together. 
The deviations listed in  Table I are the deviat ions 
found for the number  of measurements  indicated and 
the average deviat ion over all samples at high voltage 
was 0.004. Mean deviations are indicated by error bars 
in the figure. Some of the samples show indications of 
surface charging at high voltages, usual ly  at 17 to 20 
kV. We have chosen to have the measurements  extend 
from 5 to 20 kV; surface effects become pronounced 
below 5 kV and Bril 's  measurements  show that  the 
measured efficiencies do not increase appreciably be- 
yond 20 kV for most phosphors. In  some cases it is 
possible that  the ma x i mum efficiency has not been 
reached at 20 kV, and in other cases charging effects 
might  be suspected when  the apparent  ma x i mum is 
found at relat ively low voltage. 

Effect of heat treatment.--Several of the phosphor 
samples were heated in the vacuum system at approxi-  
mately 100~ for several hours and then allowed to 
cool to room temperature.  The results obtained with 
and without this heat t rea tment  are summarized in 
Table II. The heating apparent ly  reduces the charging 
effect and in  some cases a slight but  detectable in -  
crease in efficiency is observed. Figure  6 shows the 
case in which the largest increase occurred after the 
heat t reatment .  While our results indicate that  the 
heating has reduced charging, it apparent ly  has not re-  
moved surface contaminants  since the efficiencies mea-  
sured at low voltages (5 kV) did not increase after 
being heated. 

Comparison with other measurements of efficiency.-- 
The agreement  among the various investigators is in 

Table I. Measured efficiencies, ~li 

k V  a t  T i m e s  
P h o s p h o r  ~ a z  ~Maz m e a s u r e d  

N B S  1020 Z n S : A g  0 ,204-4 -0 .005  20Ca) 15 
S r s ( P O D 2 : E u  2§ 0.055 "~ 0.004 14 6 
S r s ( P O D s C I : E u  2§ 0.044 ~- 0.002 14 6 
(Zn ,Cd)  S : A g  

S o u r c e  A 0.154 ___ 0 .004 20(=) 4 
S o u r c e  B 0.198 "4- 0.002 20(a) 6 

(Zn ,Cd)  S :Cu ,A1 
S o u r c e  A 0 .168 • 0 .004 11 6 
S o u r c e  B 0,171 + 0.004 17 6 
S o u r c e  C 0.184 ___ 0.005 20(=~ 6 

Y P O ~ : T b  8§ 0.052 ___ 0.002 20(a) 6 
N B S  1021 Zn~SiO~:Mn 0,074 -4- 0.002 14 4 
Y V O 4 : E u  8+ 0.057 __+ 0.006 14 6 
YVO4:EuS+,Bi 8+ 0,065 - -  0.002 17 6 
Y~O~:Eu~+ 0.080 ___ 0,005 14 6 
Y~O~S:Eu s§ 0 .098 _+ 0.000 17 6 
( C d , Z n ) S : A g +  0,143 _ 0.005 17 6 

(=) T w e n t y  k i l o v o l t s  o r  m o r e .  



Vol. 119, No. 7 

Table II. Effect of heat treatment 

A B S O L U T E  R A D I A T I V E  E F F I C I E N C Y  

W i t h o u t  h e a t i n g  A f t e r  h e a t i n g  

k V  a t  k V  a t  
Phosphor ~ t M a x  ~;l M a x  

N B S  1020 Z n S : A g  0.204 _ 0.002 20 <a~ 0.208 • 0.001 20 <s) 
Z n S : A g , A 1  0.215 ~_ 0.006 11 0,212 -4- 0.003 20 <s~ 
C u b i c  Z n S : A g C 1  0.162 __ 0.009 14 0,190 • 0.002 20 ~a~ 
H e x .  Z n S : A g ,  CI 0.166 4- 0.003 17 0.161 -4- 0 .004 17 

(~ T w e n t y  k i l o v o l t s  o r  m o r e .  

Table III. Comparison of efficiency measurements 

( L u d w i g ,  
P h o s p h o r  ~/ (Br i l )  K i n g s l e y )  V (Meye r )  

ZnS:AE,AI 0.25 ~ 0.039 0.212 ----- 0.003 
ZnS:Ag NBS 1020 0.21 __ 0.032 0.204 ~- 0,005 
ZnS : A g  0.196 
Zn2SiO4:Mn N B S  1021 0.06--~ 0.012 0.047 0.074 -+- 0.002 
( Z n , C d ) C : A g  ( g r e e n )  0.21 0.154 to 0 .198 
Y V O 4 : E u  0.06 0.060 to 0.067 0.057 - -  0.006 
Y~O~:Eu 0,075 0,065 0.080 -+" 0.005 r 
Y 0 0 ~ : E u  0.13 (~> 0,096 - -  0.000(b) 

( . )  R C A  334-256  lo t  84,89,90,  4.0 m / o  E u  by  a n a l y s i s .  
(b) R C A  334 -256A lo t  169,170, 4.3 m / o  E u  by  a n a l y s i s .  
(,.i 5.7 m / o  E u  by  a n a l y s i s .  

general  very good; however, there are a few excep- 
tions. Table III  presents a comparison of our results 
with efficiencies measured by others. For the phosphors 
NBS 1020 and 1021, our results agree with Bril 's  wi thin  
his exper imental  error. The LK value of ZnS:Ag  is 
listed separately in Table III  since they apparent ly  did 
not measure NBS 1020. 

The measured efficiency of ZnS:Ag,  A1 is compared 
with Bril 's results in Table III. Since this is not a Na- 
tional Bureau of Standards phosphor, we cannot be 
sure that  the measurements  were made on identical 
samples (phosphors vary  significantly from one lot to 
another) .  In spite of this we find that  our results agree 
with Bril 's  wi th in  his exper imenta l  error at high 
voltages. When we compared the voltage dependence 
of this phosphor with that  reported by BK we found 
that  our values were slightly higher at low voltages, 
but  sl ightly lower at high voltages. These apparent  dif- 
ferences in the measured voltage dependence could 
be the result  of a reduct ion of surface contaminat ion 
in the improved vacuum system. 

One case in which there appears to be a definite 
disagreement is for the phosphor Zn2SiO4:Mn 2+, NBS 
1021. Since this is a National  Bureau of Standards 
phosphor, we can be certain that  the phosphor lot used 
by all the investigators is identical. Any  differences 
then can only result  from differences of measurement  
or preparat ion of test samples. Our results lie between 
those reported by Bril and those reported by Ludwig 
and Kingsley; our value, however, lies wi th in  the ex- 
per imenta l  error reported by Bril, but  does not agree 
with LK results. There are two plausible reasons for 
this discrepancy. The sample density, 8-14 mg / c m 2, 
used by LK was considerably less than we found neces- 
sary. For our measurements  of NBS 1021 at a coating 
density of 33 mg/em2 we measured an efficiency of 
0.062 which is already considerably less than  0.074 

0.2 

O.I 

CUBIC ZnS:Ag 
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o BEFORE 

O i I ~ 
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Fig. 6. Voltage dependence of intrinsic efficiency for cubic ZnS: 
Ag before and after being heated in vacuum. 
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measured at a coating densi ty of 50 mg / c m 2. One might  
expect then that at 14 m g / c m  2 the measured  value 
could be much lower. A second possible error could 
result  in the case of this part icular  phosphor from 
using a modulat ion technique. LK used a lock- in  am-  
plifier at a f requency of 25 Hz. Dur ing  this period (40 
msec) the detector received a square wave pulse for 
half (20 msec) of the period so that  from the end of 
one pulse to the beginning of another  20 msec elapsed. 
During that  t ime the green emission from Zn2SiO4: 
Mn 2+ decays to approximate ly  10% of its brightness 
dur ing  excitation. Since the synchronous technique 
measures only the modulat ion there is a possibility of 
error for this slowly decaying phosphor. 

Our measurements  for Y20~: Eu are somewhat higher 
than those of LK, but  agree fairly well with Bril 's  
value. This might result  from the l ighter  coating den-  
sity used by LK. On the other hand, for Y202S:Eu the 
LK value is higher than our measured value. Par t  of 
these inconsistencies may  be a t t r ibuted  to differences 
in the phosphor samples or in the preparat ion of test 
samples. 

Voltage Dependence near X-Ray Levels 
Results 

In other measurements  of efficiencies we have no- 
ticed indications of changes in  efficiency as the ac- 
celerating voltage increases beyond the value corre- 
sponding to x - r a y  levels of the host material.  To more 
carefully study the voltage dependence, measurements  
have been made using a sensitive photomult ipl ier  in 
place of the thermopi]e, and exper imental  conditions 
which minimize or el iminate charging have been used. 

To el iminate  charging effects, measurements  of the 
voltage dependence of catbodoluminescence using cath:  
ode ray tubes having aluminized phosphor screens have 
been made. In these measurements ,  the luminance  was 
measured over a wide voltage range at a constant  cur- 
rent  density. The accelerating voltage is corrected for 
loss in the a luminum layer  by using the Thomson- 
Whiddington relat ionship and the range of electrons in 
a luminum films as measured by Fe ldman (10). The re- 
sults for ZnS:Ag are shown in Fig. 7 and the K x - ray  
absorption edges of zinc and sulfur  are indicated. There 
is an obvious change of slope which appears to occur 
near the zinc level. A similar  curve for YPO4:Tb 3+ 
(Fig. 7) shows no change of slope in the region of 10 
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Fig. 8. Schematic representation of modification added to elec- 
tron microscope. 

kV. Since a correction has been applied, the v o l t a g e  
scale may be shifted. At low voltages the error  in  the 
corrected value of the accelerating voltage can be quite 
large, since the correction becomes as large as the ap- 
plied potential.  The curves are dashed to indicate that  
changes in slope suggested by points in this region are 
questionable. 

One of the difficulties in measur ing the change in 
brightness with accelerating voltage is the s t r ingent  
requ i rement  that the current  must  be main ta ined  con- 
stant. This requires a read jus tment  at each accelerating 
voltage in  the normal  cathode ray tube. In  order to 
e l iminate  this possible source of error, another  method 
was used to measure the voltage dependence. In  this 
case, an electron microscope which had been modified 
for other studies (11) was used (see Fig. 8). A hole 
was dri l led in the viewing screen and a focusing lens 
and magnetic velocity analyzer  were added. With the 
analyzer  and focusing coil set properly the electron 
beam was deflected through 90 ~ and focused onto a 
phosphor screen deposited on conductive glass and 
attached to the end of a quartz light pipe leading to 
a sensitive photomult ipl ier  tube. The potential  of the 
phosphor screen was determined by a separate highly 
regulated high-voltage power supply. With the elec- 
t ron beam current  and voltage adjusted to a con- 
venient  value, the effective accelerating voltage of 
electrons exciting the phosphor screen (the potential  
difference between phosphor screen and electron source 
- - t h e  effective landing voltage) could be varied without  
changing the beam current  simply by al tering the po- 
tent ia l  applied to the phosphor screen. Since the phos- 
phor screen was large (% in. diam) compared to the 
focused electron beam spot (<0.005 in.) and since the 
photomult ipl ier  viewed the ent i re  screen (2 in. diam 
active photocathode),  small changes in  position on the 
screen or in  spot size produced by changes in  screen 
potential,  even over large voltage changes, did not 
change the current  delivered to the screen. 

With a ZnS:Ag  phosphor screen and the electron 
beam in the microscope accelerated to 7 kV, the poten-  
tial of the phosphor screen was var ied from 1 to 5.5 
kV (i.e., the effective landing voltage varied from 8 
to 12.5 kV). The relat ive photomult ipl ier  response over 
this range is shown in a log-log plot in Fig. 9, curve A. 
A change of slope appears to occur near  the indicated 
Zn  K ionization level. To determine if the change of 
slope results from a change inherent  in the apparatus 
as a result  of the voltage applied to the phosphor 
screen, or is due to some characteristic of the phos- 
phor itself, the beam voltage in the microscope was re- 
duced to 6 kV and the voltage applied to the phosphor 
screen was varied from 2 to 5.5 kV. The relat ive photo- 
mul t ip l ier  response over this range is shown in  curve 
B of Fig. 9. The change of slope again occurs at the 
same effective accelerating voltage. We conclude there-  
fore that  the change of slope occurs at a characteristic 
voltage difference between the phosphor screen and 
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the electron source (effective landing voltage) and not 
as a result  of change in  electron trajectory,  focus, etc. 
which might result  from changing the potent ial  differ- 
ence between the phosphor screen and the surrounding 
metal  case which is at ground potential.  

Similar  measurements  for a single crystal of CaWO4 
covered on the electron beam side with a thin film of 
a luminum are shown in Fig. 10. With the beam voltage 
set at 18 kV, the re tarding voltage on the crystal  was 
first increased from --1 kV to --10 kV in 500V steps 
and then reduced from --10 kV back to --1 kV. Thus 
two points appear at each effective landing potential  
giving an est imate of the scatter in the data. The two 
curves show two series of such measurements.  There 
is a definite change of slope which appears to occur in 
the region of the tungsten  L1, Lm and L~ absorption 
edges. Since the a luminum film was very thin and the 
effective landing voltage was high, correction for en-  
ergy loss in the a luminum film was small  and made no 
detectable difference in the voltage at which the 
change of slope appears to occur. However, if the 
effective landing voltage is reduced much fur ther  the 
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correction becomes significant. Therefore, to observe 
lower lying x - r ay  absorption edges, a similar experi-  
menta l  a r rangement  was used, except that  the metal  
film on the electron beam side of the CaWO4 crystal 
was evaporated through a mask to provide a slot 
slightly larger than  the beam size. That  is, the metal  
covered the crystal except in the region where the 
beam landed. To minimize the possibility of surface 
charging the beam current  was reduced to the min i -  
mum level necessary to obtain a usable signal. Visual 
examinat ion of the spot showed no distortion or en-  
larging of the spot. With the beam ,~ voltage set at 12 kV 
and the re tarding potential  var ied from --5.5 to --10 
kV, the results shown in Fig. 11 were obtained. Each 
point in this figure is the average of three measure-  
ments  and the roo t -mean-square  deviat ion is indicated 
by the error bars. Two series of measurements  are rep-  
resented by the two curves, one at 500V intervals  and 
another  at finer intervals.  Changes of slope are re-  
peatedly found in the regions of the Ca and W x - r a y  
excitat ion potentials. The changes can be fur ther  dem- 
onstrated by dividing the luminosi ty  by the kinetic 
energy of the exciting electron beam. This quan t i ty  
which is proport ional  to the efficiency is shown in Fig. 
12. It is apparent  that changes in slope occur at or near  
the Ca x - r ay  excitat ion potential  al though the change 
is less obvious at the W level. 

Changes in slope of the brightness vs. accelerating 
voltage curve have been reported previously; however, 
to our  knowledge, they have not been correlated with 
excitation potentials of x - r ay  levels. Brown (12) mea-  
sured the brightness of wil lemite  (Zn2SiO4:Mn 2+) at 
low and intermediate  voltages. In  his Fig. 4 he shows 
that  the brightness varies as the second power of the 
accelerating voltage from 200 to 800V and then sud-  
denly increases more rapidly. The K absorption edge 
for oxygen is located at approximately  500 eV. Not- 
t ingham (13) also measured the brightness of wil lemite 
as a function of accelerating voltage, but  at slightly 
higher voltages than Brown. In  his Fig. 15 Not t ingham 
shows a plot of the logari thm of brightness vs. the 
logari thm of the accelerating voltage. There is a change 
of slope at approximately 1500V. The K x- ray  level of 
silicon is located at about 1.8 keV, and zinc levels are 
located at 1.2, 1.05, and 1.02 keV. 

The idea that  the efficiency of producing lumines-  
cence is not the same from different energy levels in 
the x - r ay  region has been demonstrated by others (14- 
16) using photon excitation. In  their  Fig. 6 Aitken, 
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et al. (14) show the response curve for single crystal  
Csl (T1). Not only do these results reveal discont inu-  
ities at the iodine and cesium L- and K-shel l  absorption 
edges, but  they also show that  between absorption 
edges the response is a funct ion of the energy. After  
the L-shel l  absorption edge (between 5 and 6 keV) 
there is an increase of approximately  30% in the re-  
sponse as the energy increases to 20 keV. It  might  be 
claimed that  this is a result  of a non luminescen t  sur-  
face which becomes less significant as the energy is in -  
creased. However, at lower energies, the response de- 
creases by approximately 20% as the energy increases 
from 4 keV to approximately  6 keV. This cer ta inly is 
not a result  of surface effects but  must  be a t t r ibuted  to 
a change in the intr insic efficiency as the energy in-  
creases. The energy dependence of the x - r ay  response 
curves for Nal(T1) scinti l lat ion crystals have been 
reported by Engelkeimer  (15) and by Kaiser, Baker, 
McKay, and Sherman (16). They find that  the response 
is significantly nonl inear  with changes occurring at 
energies which correspond to iodine absorption edges. 
These results also show that  the response is not con- 
stant unt i l  the energy is much greater than  that  of the 
absorption edge having the highest energy. In  addition, 
Kaiser et al. (16) show a postulated electron response 
curve which shows a change of slope at the K edge of 
iodine (33 keV). 

Discussion 
The referenced studies of x - r ay  excitation have dem- 

onstrated that for scinti l lat ion crystals: (i) there is a 
discontinui ty in the efficiency at an x - r ay  absorption 
edge, (ii) the intr insic efficiency is a function of the 
energy, and (iii) postulated electron response curves 
are nonl inear  with a change of slope occurring in the 
region of the voltage corresponding to an x - r ay  edge. 
The change of slope is not abrupt,  but  more gradual  
than  that observed by high energy photon excitation. 
It should be noted in addit ion that  the change in  slope 
does not result  solely from the discont inui ty  at the ab-  
sorption edge; it also results from the changes in effi- 
ciency just  before and after the edge. The location of 
the change of slope therefore may  not coincide exact ly 
with the x - ray  absorption edge. 

We suggest that for phosphors other than  scinti l la-  
tion crystals, one cannot  be certain that  the efficiency is 
constant  unless the accelerating voltage is much larger 
than the K ionization energy. We expect to find, there-  
fore, a constant  efficiency only at high accelerating 
voltages for materials  l ike ZnS, Zn2SiO4, etc. (the K 
ionization energy of Zn is 9.66 keV) ; but  at lower volt-  
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ages, as the accelerating voltage is increased and passes 
through the ionization energy of an x - ray  level, we 
might  expect to observe a small  change in the mea-  
sured efficiency and a change in the energy dependence. 
We expect to find, as in the postulated electron re- 
sponse curves for scinti l lat ion crystals a change of 
slope which is gradual  ra ther  than  abrupt.  Since the 
luminance is proport ional  to the efficiency mult ipl ied 
by the kinetic energy of the electron beam, we expect 
to observe changes in slope of luminance vs. accelerat- 
ing voltage plots at x - r ay  excitation potentials simi- 
lar  to those in Fig. 7-12. 

It is not suggested that  surface effects are un im-  
portant, but  the data indicate that  x - ray  level effects 
may be superimposed on the surface effect in the volt-  
age dependence curves; therefore, it cannot  be assumed 
that  the in t r ins ic  efficiency is constant  unless the ex- 
citation energy exceeds the largest K x - ray  energy 
of the host material .  

Summary 
Our measurements  of efficiency show that the esti- 

mated max imum at tainable efficiency has not been ex- 
ceeded but  has very nearly been reached for I I -VI  sul-  
fides. The over-al l  agreement  with previous measure-  
ments  is general ly good, and best agreement  is found 
with the higher of previously reported values. For the 
NBS phosphor No. 1021, Zn2SiO4: Mn 2+, our  results are 
wi th in  Bril 's exper imental  error but  do not agree with 
the lower value measured by Ludwig and Kingsley. 

Heating the phosphor samples in vacuum prior to 
measurement,  has reduced the charging effect at high 
voltages. Measurements  of luminance  and efficiency 
over a wide range of accelerating voltages together 
with an examinat ion of previously reported results 
has led us to conclude that  in some cases there may be 
a change in efficiency when the incident  energy is in-  
creased and passes through an x - r ay  level of the host 
material.  The intrinsic efficiency of a cathodolumines-  
cent phosphor cannot  therefore be assumed to be con- 
stant  unless the incident  energy exceeds the largest K 
x - ray  absorption energy of the host. 
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Comparison of Infrared and Activation Analysis Results in 
Determining the Oxygen and Carbon Content in Silicon 
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ABSTRACT 

The oxygen and carbon content  of several silicon single crystals have been 
measured using 8He activation techniques and are compared with values deter-  
mined from infrared absorption measurements .  The oxygen and carbon content  
of these crystals as determined from the activation analysis  ranged from <0.05 
to 28 ppm and <0.05 to 7 ppm, respectively. The infrared absorption measure-  
ments  gave results that  agreed with the activation analysis  to wi th in  ~40%. 

Infrared absorption spectrophotometry has been used 
to determine the oxygen and carbon content of mono- 
crystall ine silicon (1-3). This method is par t icular ly  
attractive because it has a sensit ivity in the ppba 
(parts per bill ion atomic) range and it is inexpensive, 
quick, and nondestructive.  However, questions regard-  

* Electrochemical  Society Act ive  Member .  
Key words: act ivat ion analysis, spectroscopic analysis, inf rared  

spectroscopy, carbon impurit ies,  oxygen impurit ies,  silicon purity,  
hel ium 3 ions, semiconductor  silicon. 

ing the accuracy of this technique for measur ing the 
total  oxygen and carbon content  can arise because only 
interst i t ial  oxygen and subst i tut ional  carbon, with ab-  
sorption bands at 1130 and 607 cm -1, respectively, can 
be detected. Agreement  between results of IR spectro- 
photometry and charged particle activation analysis for 
oxygen determinat ion has been reported to vary  be- 
tween near  identical to a factor of 2 (4-6), while an 
agreement within 30% has been obtained among IR, 
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mass spectroscopy, and var iat ion in lattice parameters  
for carbon (3). However, chemical methods do not 
correlate with IR measurements  for carbon de termina-  
t ion in silicon. The IR method indicates that carbon is 
present  in semiconductor grade silicon in concentra-  
tions in the ppma range or less, while  chemical meth-  
ods indicate that  carbon is always present  in silicon 
in concentrat ion greater  than 50 ppma (7-14). 

Because of the importance of the IR absorption 
method and the quest ioning of its accuracy, we felt 
that a systematic comparison of this method with a 
sensitive and precise method, such as act ivation analy-  
sis, for a wide range of oxygen and carbon contents 
was warranted.  Activat ion with 8He ion, uti l izing the 
reactions 

12C(SHe, 4He) 11C > 11B 
20.5 rain 
p+ 

leO (SHe, p) ~SF ) 1sO 
110 min  

#+ ~+ 
1sO (SHe, n) lSNe ~ lSF - -  1sO 

1.6 sec 110 min  

was chosen because sensit ivity in the ppba for both 
oxygen and carbon can be obtained (4-6) at re la t ively 
low energies where interferences from spallation prod- 
ucts are negligible (15). 

Experimental Procedure 
Sample  preparation.--Pulled-crucible and float- 

zoned silicon single crystals, obtained from commercial  
sources, and specially prepared low oxygen-carbon and 
carbon-doped crystals were used in this study. The 
commercial  crystals were representat ive  of semicon- 
ductor-grade silicon used for t ransistor  and nuclear  
detector manufactur ing.  The low oxygen-carbon crys- 
tals were obtained by float-zone refining of u l t rapure  
polycrystal l ine deposited rods. A carbon-doped crystal 
was prepared by vacuum-zone  refining a low oxygen-  
carbon crystal that  was painted with a mix ture  of 
acetone and spectroscopic-grade graphite (3). 

The crystals were cut into cylinders 2 cm in diam- 
eter, 1 cm thickness, and polished to a surface flatness 
of less than  2~ for IR measurements.  Slices 2 mm thick, 
adjacent  to those used in activation analysis, were 
s imilar ly  cut and polished and were used in  the IR 
carbon content  determination.  A 1 min  etch in a semi- 
conductor grade HF:HNOs mixture  was given to each 
sample prior to act ivation to clean the surfaces. Ref- 
erence samples of oxygen and carbon with the same 
dimensions as the silicon samples were prepared from 
h igh-pur i ty  quartz  and carbon. 

In]tared measurements . - -Measurements  of the 1100 
cm -1 and 607 cm -1 absorption bands due to in ter -  
stitial oxygen and subst i tut ional  carbon, respectively, 
were made at room tempera ture  using a Beckman 
IR-12 double-beam grat ing infrared spectrophotom- 
eter. Silicon crystals containing less than  50 ppba oxy- 
gen and 200 ppba carbon (as determined by activation 
analysis) and of the same thickness as the u nknow n  
samples were placed in the reference beam to suppress 
the silicon lattice bands par t icular ly  intense in the 
607 cm -1 carbon line region. Using this differential 
technique, only the differences in  absorption due to 
the presence of impuri t ies  in the u n k n o w n  samples 
are recorded. With 1 cm thick samples, the same as 
used in  the activation analysis experiment,  a 50 ppba 
detection l imit  at 300~ was achieved for the oxygen 
content  determination.  

For the carbon content  determinat ion,  instead of 
using the same samples later  tested by activation ana l -  
ysis, adjacent  2 mm thick polished silicon slices were 
used in the IR measurement .  This was necessary since 
the strong two-phonon lattice band and reflectivity 
losses reduce the incident  energy to about 5% of its 
ini t ia l  value, leaving the ins t rument  in  an energy-  
l imited condition. With extreme care, it was possible 

to obtain an acceptable s ignal- to-noise ratio with a 
detection l imit  of 200 ppba at 300~ For both impur i -  
ties, measurement  accuracy was better  than 2% for 
concentrat ions in the range of I ppma or greater. 

Cal ibrat ion coefficients taken from the l i terature  
(1, 2) (1.1 • 10 Iv per cm s for carbon and 4.5 • 1017 
per cm s for oxygen) were utilized in computing the 
oxygen and carbon content. 

Activat ion analysis .--Activation of the samples was 
performed at the ORNL Asychronous Cyclotron. Be- 
cause of the difficulty of obta ining a low energy 3He+ 
beam, an extracted 25.6 MeV SHe+ beam was reduced 
to 16.6 MeV by the use of 27.4 mg / c m 2 of a lumi-  
num and 23.6 mg / c m 2 of silicon placed immedi-  
ately in  front  of the sample. By removing 50~ from 
the sample's i r radiated surfaces, the energy was fur ther  
reduced to 13.9 MeV, which was chosen to give near -  
opt imum sensit ivi ty without  producing significant 
interference from reactions such as Si(SHe, X)C  11 
and Si(SHe, X)lSF. The beam was collimated to 1 cm 
in diameter immedia te ly  in front of the sample holder 
which was water  cooled and electrically insulated 
from ground. An  electrometer was used to measure 
and to integrate the beam intensity.  

Each of the silicon samples was i r radiated at an 
in tensi ty  of 1 ~A for 1000 sec, while  the s tandard sam- 
ples were i r radiated at 0.01 ~A for 10 sec. Pr ior  to 
counting, 50~ of the silicon sample's i r radiated surface 
was removed by gr inding and etching to el iminate 
errors arising from surface contamination.  Similarly,  a 
501L thick slice of silicon was placed in front of the ref- 
erence samples dur ing i r radiat ion to correct for the 
removal  of mater ia l  from the silicon samples. In addi-  
tion, the sop act ivi ty produced by 2sSi(SHe, p)s0p of 
these slices was extrapolated back to the end of the 
i rradiat ion time, and was used to determine whether  
errors were introduced in the beam-cur ren t  measure-  
ments  by the quartz sample, since it is an insulator.  
For purpose of comparison, several samples were acti-  
vated twice. 

A s tandard ~+-pair  spectrometer, using two 3 • 3 
in. NaI(T1) crystals and having window widths set 
from 0.40 to 0.55 MeV with a coincidence resolving 
time of 50 nanoseconds, was used to measure the 11C 
and lSF activity. A 22Na source was used to calibrate 
the spectrometer. Recording of the sample's activity 
was not started unt i l  about 40 rain after i r radiat ion to 
allow the 2.5 min half- l i fe  activity of sop to decay to 
a level where there was negligible p i le-up error. The 
coincidence count rate was recorded by a 400 channel  
mult iscaler  with a 1 min  period per channel  dur ing 
the first 2 hr and then with a 10 rain period per chan- 
nel  every hour for the next  8 hr. The ~+ activities of 
the reference samples were counted for a period of 
four t imes their respective reaction's half-lives. The 
impur i ty  concentrat ions were then calculated by the 
usual  comparison method (16). 

In  this method, the use of reference samples of 
quartz and carbon, containing a known amount  of the 
same u n k n o w n  atom species that were activated in the 
samples, established a reference datum which el im- 
inated most of the errors associated with the deter-  
minat ion  of reaction cross section, detector geometry, 
and detector efficiency (16). Assuming equal isotopic 
dis t r ibut ion of impuri t ies  in  both silicon and reference 
samples, and neglecting the small  error associated 
with particle removal  from the beam by competing 
nuclear  reactions, the unknow n  atom concentration, 
Nx, was calculated from the formula 

Ax ~s R s ~ ( l  -- e-~'t")e -u" ~" 
N~ = Ns [t]  

As Cz Rx-~x(1 -- e-Xt~)e -~" ~ 

where A is the ~ + activity at the end of the i r radiat ion 
period, r the in tensi ty  of the SHe beam, R the range 
of the SHe ions,-~ the average reaction cross section, 
~. the decay constant, t the i r radiat ion time, ~ the at-  
t enua t ion  coefficient for annihi la t ion radiation, d the 
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Table I. Computed values of radiation cross sections for silicon, 
carbon, and quartz samples used in activation analysis 

M a t e r i a l  

R a n g e  of A v e r a g e  cross A v e r a g e  cross 
13.5 MeV sec t ion  fo r  1oF sec t ion  for  11C 
SHe ion  p r o d u c t i o n  p r o d u c t i o n  
(g/cm2) (mt l l i ba rns )  (m i l l i ba rn s )  

A t t e n u a t i o n  
coeff icients  

for  0.511 MeV 
g a m m a  rays  

(cm2/g) 

Si l i con  0.0315 242 221 0.0870 
C a r b o n  0.0249 - -  243 0.0841 
Quar t z  0.0282 222 -- 0.0841 

sample thickness, and Ns the s tandard  sample concen- 
trat ion of the atoms to be measured. The x and s sub- 
scripts refer to parameters  associated with the silicon 
and s tandard samples, respectively. The average radia-  
t ion cross sections were calculated by  numerica l  in te-  
grat ion (17, 18) using values taken from the l i terature  
(19-21). Their  computed values for 13.5 MeV 3He ions 
are given in Table I along with the ranges and the 
a t tenuat ion coefficients. 

Results and  Discussion 
The ~+ activities as a funct ion of t ime for three 

silicon samples containing 22 ppma of oxygen, 4.4 ppma 
of carbon, and less than 20 ppba of either oxygen or 
carbon are shown in Fig. 1. Activi ty data of this type 
were least-square fitted (using fixed half- l ives of 2.5, 
20.5, and 110 min  for 30p, nC, and lSF, respectively) to 
determine the activity of each component  and its as- 
sociated statistical error at the end of the i rradiat ion 
period. Subst i tu t ing these values, along with those in 
Table I and other measured quanti t ies  (r t, d),  into 
Eq. [1], the amounts  of oxygen and carbon present  in 
the silicon samples were calculated and are listed in 
Tables II and III. The corresponding impur i ty  concen- 
trations obtained by the infrared absorption measure-  
ments  are also listed in Tables II and  III. The detectable 
l imit  of 20 ppba for the activation analysis is based on 
twice the one coincidence/min background and on the 
measured count rate of 100 coincidences/min taken 1 
hr after the end of the i rradiat ion period. This corre- 
sponds to oxygen or carbon concentrat ion of 1 ppma. 

The values listed in Table II show that  infrared 
spectrophotometry gives oxygen concentrat ions that 

104 
* SILICON CONTAINING 22 PPMA 160 

SILICON CONTAINING 4.4 PPMA 12C 

~ .  o SILICON CONTAINING <: .02 PPMA ~60 or 12C 

Z 

TI = I10 MIN. 

~ _T I =20.5 MIN. 
T, =2.5 MI , .~o  % / 

% ,  I I , I I I I 

|0 20 40 60 80 I00 120 140 160 ISO 

TIME, MIN. 

Fig. 1. Decay curves for activated silicon samples containing 22 
ppma oxygen, 4.4 ppma carbon, and less than 0.02 ppma oxygen or 
carbon. (The 2.5 rain half life is 3op.) 

are consistently 30% lower in the case of Czochralski- 
grown crystals, while for the float-zone crystals, nei-  
ther method detected oxygen in concentrat ions greater 
than 50 ppba. The values listed in Table III  show that 
infrared spectrophotometry gives carbon concentra-  
tions that are consistently higher than those obtained 
by activation analysis. 

The difference in the results of the two methods is 
not thought to arise from errors in act ivation analysis 
for the following reasons: (i) surface contaminat ion 
errors were completely el iminated by the removal  of 
50 microns of mater ial  from the irradiated surface (4); 
(ii) interference from such reactions as Si(~He, X)11C, 
Si(3He, X)lSF, and 160(3He, 2a )nC for 13.5 MeV 3He 
ions were calculated to be negligible (15); (iii) the 
error associated with particle channel ing  has been 
shown to be insignificant (22); (iv) beam energy de- 
termination,  etched layer thickness uncertainty,  ref- 
erence sample densities, and so forth were calculated 
to be no more than 10% for all samples; (v) in ter -  
ference arising from the possible presences of impur i -  

Table II. Comparison of oxygen content in silicon as determined by 
activation analysis and infrared absorption techniques 

Type  

Resis-  
t i v i t y  

(ohm-cm)  
G r o w t h  
m e t h o d  

O x y g e n  con t en t  (ppm)  

A c t i v a t i o n  
ana lys i s  

I n f r a r e d  
a b s o r p t i o n  

Ra t io  
NIR/NACT. 

N" 10 
P"  25 
N 4 
P 25 
N" 55 
N 13 
P 20,000 

Czochra l sk i  
Czochra l sk i  
Czochra l sk i  
Czochra l sk i  
F l o a t i n g - Z o n e  
F l o a t i n g - Z o n e  
F l o a t i n g - Z o n e  

28  _ 0,2 
22 __+ O.1 

2.4 ~ 0.09 
0.9 _ 0.05 

<0.02 
0.04 _ 0.02 

<0.02 

20 
18 

1.8 
0.6 

<0 .05  
<0.05  
<0.05  

0.71 
0.73 
0.75 
0.66 

* S a m p l e s  w h i c h  were  a c t i v a t e d  twice  or  more .  

Table III. Comparison of carbon content in silicon as determined 
by activation analysis and infrared absorption techniques 

Type  

Resis-  
t i v i t y  

(ohm-cm)  
G r o w t h  
m e t h o d  

C a r b o n  c o n t e n t  (ppm} 

A c t i v a t i o n  
ana lys i s  

I n f r a r e d  
a b s o r p t i o n  

Ra t io  
NIR/N~,cT. 

N* 10 
N= 90 
N* 13 
P 20,000 
N 15 
N 10 
N 10 

Czochra l sk i  
F l o a t i n g - Z o n e r  
F l o a t i n g - Z o n e r  
F l o a t i n g - Z o n e  
F l o a t i n g - Z o n e  
Czochra l sk l  
Czochra l sk i  

7.0 ----- 0.3 
4,4 -- 0.09 
3.4 ~ 0.08 
0.7 ~ 0.06 

<0.05  
3,6 ---+ 0.1 
0.9 + 0 . 0 8  

9.1 
6.3 
4.8 
0.8 

< 0 . 3  
4.8 
1.2 

1.30 
1.43 
1.41 

1.33 

* S a m p l e s  w h i c h  were  a c t i v a t e d  tw ice  or  more .  
t C a r b o n  doped .  
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ties such as A1, Na, N, Be, B, F, Ne, were thought to 
be insignificant ei ther because of the technology in-  
volved in  the silicon crystal  refining or because of their  
high-threshold energy values; (vi) the counting sta- 
tistics errors associated with those samples in Tables 
II and III which were used for comparison purpose 
were found to be less than  5%; (viA) the total experi-  
menta l  error as deduced from those samples that  were 
i r radiated two times or more, has been estimated to 
be less than  10% for the compared values. 

The difference between results from IR and activa- 
tion analysis then can be a t t r ibuted to any one or to a 
combinat ion of the following possibilities: (i) errors 
in published infrared absorption coefficients, (ii) in-  
frared exper imenta l  errors arising from slit width 
dependence on nar row absorption peaks, (iii) inabi l i ty  
of the IR method to detect impuri t ies  present  in con- 
figurations other than  those possessing known absorp- 
t ion bands, (iv) nonuni form dis t r ibut ion of the im- 
pur i ty  atoms throughout  the crystal. 

For carbon, possibility (iii) is not plausible, since 
activation analysis results were consistently lower 
than  the corresponding IR values, leaving (i), (ii), and 
(iv) as probable causes for the discrepancy. For oxy- 
gen, only possibilities (i) and (iii) appear to be the 
probable causes of the 30% difference between IR and 
activation analysis values, since (ii) and (iv) are not 
plausible because of the oxygen broad adsorption peak 
and the fact that  activation on both sides of several 
samples yielded the same oxygen concentration within 
10%, respectively. 

In  view of the above, we feel that  the differences 
between the two methods are real and that  the spec- 
trophotometric method underest imates  the carbon con- 
centrat ion by 29 • 15% and overestimates the oxygen 
concentrat ion by 37 _+ 15%. 

The ranges of oxygen and carbon concentrat ions 
measured for the silicon crystals obtained from com- 
mercial  sources are in general  agreement  with other 
activation analysis results (4, 5, 15, 23). However, the 
results obtained for the carbon content  are in dis- 
agreement  with chemical analysis results. The carbon 
content  of the crystals analyzed was of the order of a 
few ppma or less, which is much smaller  than the 
concentrat ions of 50 ppma or greater that  have been 
measured by chemical methods. Because of the in-  
herent  rel iabil i ty of the activation analysis method, 
it is felt that  the chemical analysis techniques used to 
date grossly overestimate the carbon content  in silicon. 

Conclusions 
Agreement  between results obtained by infrared 

spectrophotometry and those obtained by the activa- 
t ion analysis method has been found to be consistent 
wi th in  ,.-40% in determining the oxygen and carbon 
impuri t ies  concentrat ion in silicon. The carbon content  
of semiconductor grade silicon was found to be of the 

order of a few ppma, which is in disagreement with 
chemical analysis results. 

Manuscript  submit ted April  29, 1971; revised m a n u -  
script received Dec. 30, 1971. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 
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Origin of the High Resistance Region at the 
Epitaxial GaAs Layer-Substrate Interface 

Fumio Hasegawa 
Central Research Laboratories, Nippon Electric Company,  Ltd., Kawasaki ,  Japan 

ABSTRACT 

In order to find the reason for the high resistance region which appears at 
the interface between a vapor-grown epitaxial  GaAs layer and the substrate, 
epitaxial  layers were grown by changing the substrate  tempera ture  or arsenic 
pressure in the reaction system. Heat - t rea tment  of substrates was also ex- 
amined under  a hydrogen atmosphere or in a flow of GaC1/As4/H2. A high 
resistance layer occurred even when the growth was init iated after the reaction 
had reached a s teady state. While mere hea t - t rea tment  in hydrogen changed the 
surface carrier  density only slightly, the heat t rea tment  in the flow of GaC1/ 
As4/H2 changed the region wi th in  a few microns from the surface of undoped 
substrates to almost semi-insulat ing.  The exper imental  results seem to indicate 
that  the high resistance region is formed on GaAs surface or at the interface if 
the gas etching slightly overcomes the growth in a reaction system. Results of 
photoresponse and photoluminescence measurements  on the high resistance 
region are also presented. 

The epitaxial  growth by the AsC1JGa/H2 vapor 
t ransport  method is the most common and useful one 
for GaAs epitaxy. In  that method, however, the auto- 
doping effect cannot be avoided if heavily Te- or S- 
doped substrates are used (1). On the other hand, 
when the substrate is Si- or Sn-doped, undoped, or 
Cr-doped semi-insulating,  an anomalous high resist- 
ance region appears at the interface between the epi- 
taxial layer and the substrate (2, 3). 

The occurrence of this high resistance region is a 
basic problem in obtaining an epitaxial  layer  with a 
uniform doping profile and has been studied by  many  
workers (2-10). But the problem has not ent i rely been 
solved as yet. The purpose of this paper is to clarify 
the origin of the occurrence of the high resistance 
region. 

The occurrence of the high resistance region has been 
interpreted by either of the following two things: (i) 
formation of As vacancy or Si-As vacancy center  due 
to arsenic deficiency at the beginning of the growth 
(2-7), (ii) impur i ty  contaminat ion at the interface 
due to improper cleaning or diffusion from the sub- 
strate (8-10). Wolfe et al. (2) have first found the 
problem in an epitaxial  layer on a Si-doped substrate 
and at t r ibuted it to the amphoteric property of Si in 
GaAs. We have independent ly  found (3, 4) the prob- 
lem and at t r ibuted it to some defects formed at the 
interface during the init ial  stage of the growth. 
Recently, Shaw (5) has shown that when a Ga source 
covered with GaAs crust was heated in hydrogen, the 
crust dissolved in Ga and AsCl~ supply of several 
minutes  was necessary to recover the Ga source with 
crust. Some investigators (2, 6) have reported that  
the occurrence of the high resistance region could be 
suppressed by saturat ing the Ga source with arsenic 
or by  adding excess arsenic pressure. These results 
seem to support the first reason. On the other hand, 
Blakesleee et al. (8) and Nakashima et al. (9) found 
the copper at the interface by the measurements  of 
radioactive copper or photoluminescence. DiLorenzo 
et al. (10) have found Si, K, and many  other impur i -  
ties at the interface by a Direct Image Mass Analyzer,  
although its quant i ty  (1021 cm-3)  is deemed surpris- 
ingly large. But, dis tr ibution of impurit ies such as cop- 
per is general ly  influenced by the distr ibution of the 
defect (11), and hence, existence of impuri t ies  may 
be related with the defect formation. 

In  the present work, in order to avoid the deficiency 
of arsenic, the growth with the Ga source covered by 

K e y  words :  GaAs,  v a p o r  g rowth ,  AsCls, ca r r i e r  dens i ty  profile, 
high res i s tance  region ,  deep  acceptor .  

GaAs crust was tried. But the occurrence of  the high 
resistance layer could not be eliminated. Furthermore,  
several phenomena which cannot be explained by 
arsenic vacancies were found. This paper will  present 
such exper imental  results and give some speculations 
for the origin of the high resistance region. Some 
defects other than arsenic vacancy or Si at the As site 
seem to be necessary to interpret  the achieved experi-  
mental  results. 

Exper imenta l  
Epitaxial  layers of GaAs were grown by using the 

Ga/AsC13/H2 vapor t ransport  method (1). A schematic 
diagram of the growth apparatus is shown in Fig. 1. 
It has two zones. One is the main  reaction zone in 
which the Ga source and the substrate are placed. 
The other is a zone where AsC13 is decomposed to 
arsenic metal  and where the arsenic vapor pressure 
of the reaction system is controlled. 

The epitaxial growth procedure is the same as the 
one previously reported (1) unless specially men-  
tioned. When one wants  to reduce the arsenic vapor 
pressure in the reaction system, the sliding furnace is 
placed apart  from the main  furnace as shown in Fig. 1, 
and AsC18 is decomposed at 860~ before it reaches 
the main  reaction zone. The decomposed arsenic metal  
dep6sits at the low tempera ture  region between the 
main  furnace and the sliding furnace. To increase the 
arsenic vapor pressure, the tempera ture  of the de- 
posited arsenic metal  is raised by the sliding furnace 
(400 ~ ~ 450~ Growth rate was reduced to less than 
half the normal  growth rate when  AsC13 was decom- 
posed at 860~ before it reaches the ma in  reaction 
zone. 

In order to suppress the growth on the substrate 
until the reaction reaches a steady state, a special sub- 
strate holder having a cover was provided. This holder 
is shown in Fig. 2 and will be described in detail in 
the following section. 

SLIDING FURNACE MAIN FURNACE EXHAUST j , ,4 
AsC~z/Hz i ~ ~  I r - J [  

As DE/POSITED I GLXOAs SUBSTRATE 
Ga SOURCE 

Fig. 1. Reaction system of GaAs vapor epitaxial growth. A sliding 
furnace is provided to decompose AsCI3 before it reaches the main 
reaction zone. 

930 
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GaAs SUBSTRATE 
[ ~ . K ~  ~ Q U A R T Z  

SLIDING COVER 

Fig. 2. A special substrate holder is provided in order to initiate 
growth after the reaction has reached to a steady state; the holder 
is made of high purity quartz. 

The carrier density profiles (net donor density pro- 
files) were measured by the differential capacitance 
voltage method. In  some cases, a plot t ing apparatus 
was used. Measurements  of photoluminescence were 
performed by using excitat ion with a 50 mW He-Ne 
laser, a spectrometer (Spex 1702), and a detector with 
an RCA 7102 photomultiplier .  

Exper imenta l  Results and Discussion 
Initiation o~ growth under steady s ta te .~Shaw (5) 

has reported that, when  a Ga source covered with 
GaAs crust was heated to the operation temperature,  
a port ion of GaAs crust dissolved into Ga and several 
minutes  of AsC1s supply was necessary to completely 
recover the Ga liquid with GaAs crust. In  order to 
init iate substant ia l  growth on a substrate after a Ga 
source is completely covered with GaAs crust and the 
reaction has reached a steady state, a substrate holder 
made of high pur i ty  quartz as shown in Fig. 2 was 
prepared. On the top surface of the quartz plate, a 
small  hollow in which the substrate is put  is provided. 
The hollow can be closed t ightly with a sliding cover 
which can be moved by a connecting rod from the 
outside of the reaction tube. 

The growth procedure is as follows: The substrate 
is placed in the hollow. The tempera ture  of the reac- 
t ion system is elevated to growth tempera ture  while  
the hollow is not covered. Then, the hollow is shut 
and AsCIJH2 is admitted. After  the reaction has 
reached a steady state, the cover is removed and 
growth on the substrate is begun. It was verified 
exper imenta l ly  that  the growth on the substrate was 
negligible while the hollow was covered. 

F igure  3 shows doping profiles of the epitaxial  layers 
grown by the method ment ioned above, by changing 
the in terval  from the beginning of the flow of AsCI~ 
to the beginning of the growth on the substrate (5, 10, 
15 rain) .  The used substrates are Si-doped and are 
from the same ingot. No correlation between the mag-  
n i tude  of the high resistance region at the interface 
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DISTANCE FROM THE SURFACE (~m) 

Fig. 3. Carrier density profiles of epitaxial layers grown by using 
the substrate holder shown in Fig. 2. The interval between the 
beginning of the flow of AsCIJH2 and the beginning of the sub- 
stantial growth on the substrate was changed. Substrates are heav- 
ily Si-doped. 

and the interval  the hollow is covered can be found in 
the figure. The same exper iment  was repeated several 
times, but  no correlation could be found and the high 
resistance region could not be avoided. It  has been 
reported (5) that the crust  completely reformed in 
5.3 min after AsC13 was admitted, even when  the 
Ga source was heated for 30 min  under  hydrogen flow. 
Then, the above results seem to indicate that  the 
high resistance region sometimes appears at the in ter-  
face, even if the growth is ini t ia ted after the Ga source 
is completely covered with GaAs crust or the reaction 
has reached a steady state. 

On the other hand, there  is an exper imental  fact 
that  the excessive pressure of arsenic can el iminate  the 
occurrence of the high resistance region. In  the next  
section, it will  be shown that  this exper imental  result  
does not necessarily imply that  the deficiency of 
arsenic is the cause of the high resistance region. 

Occurrence of a low resistance layer with excessive 
arsenic pressure.--Figure 4 shows the carrier density 
profile of an epitaxial  layer grown on a Si-doped sub-  
strate by adding excessive arsenic pressure (about 3 
mm Hg) from the beginning of growth as shown in the 
inset of Fig. 4. Instead of the high resistance region, 
a low resistance region is seen near  the substrate in 
this sample as if the autodoping effect has occurred. 
The reason for the occurrence of this low resistance 
layer was thought at first to be the deficiency of Ga 
due to the excessive arsenic pressure (6). If this is the 
case, it seems that  the carrier density in the whole 
region of the epitaxial  layer shown in Fig. 4 should 
be greater than that  of normal ly  grown layers. But, 
the surface carrier  density is not par t icular ly  greater 
than that  of normal ly  grown undoped layers. 

In order to s tudy the effect of arsenic pressure on 
the doping profile, the arsenic presusre of the reaction 
system was raised in the midst  of growth. The resul t-  
ing carrier density profile is shown in Fig. 5. The first 
half of the growth is carried out in a normal  way and 
a high resistance layer  appears near  the substrate. 
From the mid point of the growth, the tempera ture  
of the arsenic zone was raised to 420~ as shown in 
the inset of Fig. 5. A low resistance layer appeared 
only at the beginning  of the tempera ture  elevation of 
the arsenic zone, and the profile of that  region resem- 
bled closely the one of the low resistance region seen 
in  the epitaxial  layer grown on a semi- insula t ing sub-  
strate with excessive arsenic pressure (6). This fact 
indicates that  the appearance of the low resistance 
region is not peculiar to the beginning  of growth, but  
is peculiar to the beginning of the tempera ture  eleva- 
tion of the arsenic zone. In  addition, the agreement  
of the carrier  density before and after the addition of 
excessive arsenic pressure seems to indicate that  the 
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Fig. 4. Carrier density profile of the epitaxial layer grown with 
excessive arsenic pressure. The temperature of the arsenic zone 
was raised at the beginning of growth. 
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Fig. 5. Carrier density profile of the epitaxial layer grown with 
excessive arsenic pressure. The temperature of the arsenic zone 
was raised in the midst of growth as shown in the inset. 

arsenic part ial  pressure itself does not greatly affect 
the carrier density of the grown layer. 

If the occurrence of the high resistance region is due 
to the deficiency of arsenic, a high resistance region 
should appear even at the midst  of a grown layer if 
the supply of arsenic is decreased. This was examined 
by decomposing AsC13 at 860~ with the sliding furnace 
shown in Fig. 1. The result  is shown in Fig. 6. No high 
resistance region is seen at the point  where the arsenic 
pressure of the reactor is lowered. (No high resistance 
region is seen even at the epitaxial  layer-subst ra te  
interface in Fig. 6. This is due to the rough measure-  
ments  of the interface, because the main  concern is 
about the mid point of the epitaxial  layer.) Another  
layer was grown also under  low arsenic pressure, by 
decomposing AsC13 at 860~ before it reaches the main  
reaction zone dur ing the growth period. The carrier 
density was almost the same as usual, al though the 
growth rate was smaller  than half the usual  one. This 
fact also indicates that  the carrier density is not 
directly controlled by the arsenic vapor pressure in 
the reaction system. 

The occurrence of the low resistance layer  shown 
in Fig. 5 can explain the following two facts without 
conflict: (i) Addit ion of excessive arsenic pressure 
could suppress the occurrence of the high resistance 
layer. (ii) The carrier density of the grown layer  was 
not affected by the arsenic pressure. Disappearance of 
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Fig. 6. Carrier density profile of the epitaxial layer which was 
grown by reducing the arsenic supply during growth as shown in the 
inset. 

the high resistance region might  be due to compensa- 
t ion of acceptors with the donors doped at the begin-  
ning of the heating of the arsenic zone, ra ther  than  
due to the effect of the arsenic pressure. 

Doping prol~les obtained by changing the substrate 
temperature during growth.--The in i t ia t ion of growth 
after the steady state of the reaction has been reached 
(or Ga source is completely covered with crust) seems 
to be a fascinating method to avoid the occurrence 
of the high resistance region. This was examined by 
changing the substrate tempera ture  instead of using 
the special substrate holder ment ioned previously. 
The substrate tempera ture  was main ta ined  at 800 ~ or 
850~ at the beginning of the growth (source tempera-  
ture was 850~ After AsC13 had flowed for 5 rain, 
the substrate tempera ture  was slowly lowered to 750~ 
The resul t ing doping profiles are shown in  Fig. 7 (The 
substrates are Si-doped).  Growth rate decreased rap-  
idly when the substrate tempera ture  was above 800~ 
(5), and no growth or slight gas etching occurred at 
850~ Therefore, growth must  begin after the reac- 
tion has reached a steady state (without  deficiency of 
arsenic), when  the substrate tempera ture  is lowered 
from 800 ~ or 850~ But  both of the doping profiles 
have a dip in the carrier density profile at the in ter -  
face, in addit ion to a low resistance layer which is 
due to a higher substrate temperature  than  usual  
[carrier density increases with increase of the sub- 
strate temperature  (12)]. The dip in the carrier den-  
sity profile was larger when  the substrate was lowered 
from 850 ~ rather  than from 800~ 

In order to clarify the effect of substrate temperature  
on the occurrence of the dip in the carrier density 
profile as seen in  Fig. 7, the substrate tempera ture  was 
changed in the mid point of the growth. The doping 
profiles of the grown layers are shown in Fig. 8. The 
substrate temperature  was changed as shown in the 
inset of the figure (source temperature  was 830~ in 
this case). When the substrate tempera ture  was raised 
to 800~ (dotted l ine) ,  only a low resistance layer 
was seen. But, when  the substrate tempera ture  was 
raised to 830~ (the same as the source temperature) ,  
a dip in carrier density profile (or a high resistance 
layer) appears in addition to the low resistance layer, 
similar to the profiles shown in Fig. 7. These facts 
also indicate that  the occurrence of the dip in the 
carrier density profile as seen in Fig. 7 or Fig. 8 is 
due nei ther  to the deficiency of arsenic nor  to con- 
taminat ion with impurities. 

The occurrence of the high resistance layer seen in 
Fig. 7 and 8 can be understood if it is presumed that  
the high resistance layer occurs when  a substrate is 
heat- t reated under  the condit ion that the gas etching 
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Fig. 7. Carrier density profiles of the epitaxial layers grown by 
changing the temperature of the substrate at the initial stage of 
growth as shown in the inset. 
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Fig. 8. Carrier density profiles of the epitaxial layers grown by 
changing the substrate temperature in the midst of growth as 
shown in the inset. 

slightly overcomes the growth (this is fur ther  con- 
sidered in the next  section). In  Fig. 8, only a low 
resistance layer appeared when the substrate tempera-  
ture  was raised to 800~ In  this case, no gas etching 
occurred. On the other hand, when  the substrate tem-  
pera ture  was raised to 830~ the same as the source 
tempera ture  in  this case, a slight gas etching occurred 
and a high resistance layer would appear [the gas 
etching was examined by covering a portion of a sub- 
strate surface with a small quartz plate (1)].  The 
reason for the appearance of the high resistance layer 
when the substrate  tempera ture  is lowered from 800 ~ 
shown in Fig. 7 is not well  understood, but  a slight 
gas etching might  occur at ini t ial  stage of reaction 
when  arsenic is absorbed by a Ga source (5) and 
substant ial  growth is inhibited. 

Change of surface carrier densi ty  by heat t rea tment  
in GaCl/As4/Hz or in H2.--As described in the previous 
section, it is quite probable that  the occurrence of the 
high resistance region is associated with slight gas 
etching. But  no change in surface carr ier  density is 
observed when normal  gas etching is performed. In  
order to clarify the phenomena  at the state when  
growth balances with the gas etching, a heat t rea tment  
was carried out in a flow of GaC1/As4/H2. 

Undoped bulk  GaAs with a carrier density of about 
1.3 • 1016 cm -3 was used. The sample was placed on 
the substrate holder in the  epitaxial  growth tube with 
a Ga source saturated with As. The sample was heat :  
treated in a flow of AsCldH2 (therefore, GaC1/As4/H2) 
or of only hydrogen (200 cc /min) .  The temperatures  
of the Ga source and of the substrate were 850~ The 
surface carrier density profiles after the hea t - t rea t -  
ment  for 30 min  in a hydrogen atmosphere are shown 
in Fig. 9. Sample VEF-10-4(A)  was heat- t reated wi th-  
out the Ga source and in a just  washed reaction tube. 
The other two samples (VEF-10-11, VEF-8-4) were 
heat - t rea ted with Ga source and after several epi- 
taxial  growths. The carrier density of the former sam- 
ple was clearly decreased at the surface as reported 
by  M~noz et al. (13). But the change in the carrier 
density was found within  only about 1.0 ~m from the 
surface. Decrease of the surface carrier density in the 
other two samples is not clear. This may be due to 
suppression of arsenic evaporation from the surface 
of the sample because of the existence of the Ga 
source saturated with arsenic and deposited GaAs or 
As. These facts indicate that the surface carrier den-  
sity of the substrate is not greatly changed before 
growth in the usual  epitaxial  growth procedure. 
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Fig. 9. Surface carrier density profiles of undoped hulk GaAs 
heat-treated in a hydrogen atmosphere at 850~ for 30 rain. VEF- 
10-4, without Ga source; VEF-8-4 and VEF-10-11; with Ga source 
saturated with arsenic. 

When the hea t - t rea tment  was performed wi th  the 
flow of AsC1JH2, the surface of the sample changed 
to almost semi- insula t ing  in contrast to the case of the 
hea t - t rea tment  in hydrogen. The representat ive surface 
carrier density profiles are shown in  Fig. 10. One 
(shown by �9  was heat - t rea ted  for 30 min  in the flow 
of GaC1/Asi/H2, and the other ( indicated by A) is the 
one heat- t reated in hydrogen for about 15 rain after 
the same hea t - t rea tment  in the flow of GaC1/As4/H2. 
It  was confirmed that  a slight gas etching occurred 
during the hea t - t rea tment  and, when the etched layer 
was thick the surface high resistance layer was thin. 
Since the drastic change of the surface carrier density 
occurred in the atmosphere of GaC1/As4/H2 (pre- 
cisely speaking, GaC1, GaC13, HC1, As4, and H2) and 
under  a slight gas etching, it is reasonable to th ink  
that Ga was removed from the GaAs surface in a 
fairly high arsenic part ial  pressure and some defect, 
for example, such as Ga vacancy, was formed at the 
surface. M~noz et al. (13) also reported that,  when  a 
sufficient arsenic pressure was applied dur ing the heat-  
t reatment ,  surface carrier density was decreased due 
to formation of Ga vacancy. 

The surface carried density of the sample VEF-8-5 
(indicated by i )  is higher than  other's and the surface 

high resistance region is thicker. This seems to be due 
to evaporat ion or arsenic from the surface and diffusion 
of the defects into the substrate by the fur ther  15 rain 
of hea t - t rea tment  in hydrogen. 

Since the surface high resistance layer was thin 
when the etched depth was large, the fact that  there 
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Fig. |0. Surface carrier density profiles of undoped hulk GaAs 
heat-treated in the flow of GaCI/As4/H2 at 850~ for 30 rain. 
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was no formation of the surface high resistance layer 
by a normal  gas etching must  be due to the speed of 
gas etching being higher than  the diffusion speed of 
the defects. But, when  the reaction at the substrate is 
changed from gas etching to growth, the gas etching 
balances with the growth at some moment,  and at 
that  time, aeeeptors related to the defects may be 
induced to form a high resistance layer. In  a usual  
growth procedure, too, a slight gas etching might  occur 
while arsenic is absorbed in the Ga source (5) and 
substant ial  growth is inhibited. This way of th inking 
can explain two exper imental  results (4, 14, 15) which 
could not be explained hitherto. One is the high re- 
sistance layer  found in  the substrate. We have reported 
(4) that a high resistance layer  appeared inside the 
substrate when a doped thin epitaxial  layer was grown 
on an undoped substrate. The other is difference of 
the effect of gas e tching among different investigators. 
When the reaction is slowly moved from gas etching 
to growth, the high resistance layer  appears at the 
interface (2, 3). But  Hirao et al. (14) and Nozaki et al. 
(15) have reported that the appearance of the high 
resistance layer was suppressed by a special way of 
gas etching. Each way differs in the t ransi t ion speed 
from gas etching to growth. In  the former way, gas 
etching balances with growth for a while due to a 
slow transition. In  the lat ter  way, the t ransi t ion must  
be too fast for the defect to appear. 

Photoresponse and photolurnineseence o~ the surface 
high resistance layer.--In previous investigations (6, 
16), deep energy levels of 0.5-0.6 eV above the valence 
band have been found in the high resistance region at 
the epitaxial  layer substrate interface from measure-  
ments  of photoresponse, capacitance, or Hall  constant. 
Photoresponse due to similar deep centers was found 
in the high resistance layer  at the surface as shown in 
Fig. 10. Such deep centers that were considered to be 
the cause of the high resistance layer were not ob- 
served by photoluminescence measurements.  

The photoresponse measured on a reverse current  of 
a Schottky barr ier  made on the surface high resistance 
layer is shown in Fig. 11. A broad response around 
1300 m~ is observed in addition to the response of band 
to band transition. This result  implies that many  deep 
centers of about 0.5 eV above the valence band exist 
in the high resistance layer. A dotted l ine shows photo- 
response of a Schottky barr ier  on an etched surface 
from which the high resistance layer has been re- 
moved. Extrinsic photoresponse as large as the one 
observed on the high resistance layer is not observed. 
Therefore, the extrinsic photoresponse shown by the 
solid l ine is peculiar to the surface high resistance 
layer, and the deep centers of about 0.5 eV above the 
valence band edge must  be the acceptor centers in-  

duced on the surface. (These deep centers are ob- 
viously not the ones due to Si at the As site.) 

The extrinsic photoresponse shown in Fig. 11 is 
quite similar to that of the high resistance region at 
the epitaxial  layer-subst ra te  interface [see Fig. 11 of 
Ref. (16)]. Therefore, the acceptors in the surface 
high resistance layer are probably the same as the 
acceptors in the high resistance region at the epitaxial  
layer-substrate  interface. 

Measurement  of photoluminescence spectra is gen-  
erally a convenient  method to determine the energy 
level in semiconductors. Nakashima and Hirao (9) 
have observed a peak of 1.36 eV due to CUGa at the 
grown layer-subst ra te  interface, and they at t r ibuted 
the problem to the contaminat ion of the substrate sur-  
face with copper. On the other hand, Iwasaki and 
Sugibuchi (7) have made the same measurement ,  
and have found the peak of 1.40 eV peculiar  to the 
interface, and they a t t r ibuted the problem to a Si-As 
vacancy complex. 

In  order to find the aceeptor levels in the surface 
high resistance region, photoluminescence spectra were 
measured in this study too. Results are shown in Fig. 
12. Samples are from undoped bulk  GaAs (n ~ 1.3 X 
10 TM cm-3) .  One is as grown, another  (VEF-8-6) is the 
one heat- t reated in hydrogen at 850~ for 30 rain and 
whose surface carrier density is little changed. Still 
another  (VEF-8-12) is the one heat - t rea ted in  the flow 
of GaCI/As4/H2 and whose surface is almost semi- 
insulat ing as shown in Fig. 10. As-grown GaAs shows 
a peak of 1.36 eV due to the first level of CUGa a c -  
ceptors, in addition to the band edge emission. For 
the sample (VEF-8-6) heat- t reated in hydrogen, a 
strong peak appears at 1.40 eV, which can be at t r ibuted 
to a Si-As vacancy complex. (The ampl i tude  is scale 
reduced to one twent ie th  in this spectrum for ease of 
comparison with the others.) On the other hand, the 
sample (VEF-8-12) heat- t reated in the flow of GaC1/ 
As4/H2, shows very  weak photoluminescence over the 
wavelength range measured. 

Since the surface carrier density was only slightly 
decreased by hea t - t rea tment  in hydrogen, centers for 
the peak at 1.40 eV do not seem to be responsible for 
the surface high resistance layer  shown in Fig. 10. 
From the fact that the surface high resistance layer 
shows only very weak photoluminescence, the aceeptor 
centers responsible for the surface high resistance 
layer should be nonradia t ive  or be too deep to be ob- 
served in the photoluminescence measurement .  This 
result  agrees with the fact that  an extrinsic photo- 
response appears around 1300 mg in a reverse current  
of a Schottky barr ier  formed on the high resistance 
layer. 
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Since the substrate  is un in ten t iona l ly  heat- t reated 
before growth, a photoluminescent  peak of 1.40 eV 
may be found at the interface (7). The distr ibution of 
subst i tut ional  copper is affected by the Ga vacancy 
dis t r ibut ion (11), and hence the peak a t t r ibutable  to 
copper (9) or copper itself (8) may be found at the 
interface. But these seem to be not the real reason 
for the high resistance region from the facts shown in 
this study. 

Change o~ the high resistance region by heat-treat- 
ment.--Effect of a hea t - t rea tment  on the dip in the 
carr ier  densi ty profile was studied in order to see the 
diffusion of acceptors in the high resistance region. 
Figure  13 shows the carrier density profiles of an epi- 
taxial  layer before and after hea t - t rea tment  at 850~ 
for 15 rain or at 850~ for 30 rain. The high resistance 
region spreads with the heat- t reatments .  The diffusion 
constant  of the acceptors was estimated to be about 
10 - i t  cm2/sec ~ 10 -10 cm2/sec from the profiles in Fig. 
13, if the profile of the diffused impuri t ies  was as- 
sumed to be a complementary  error function. M~"noz 
et aL (13) estimated the diffusion constant  of the 
acceptors induced at the surface by a hea t - t rea tment  
to be about 10 -12 cm2/sec for PAs (arsenic pressure) 
_>_ 50 Torr and about  10 - l ~  cm2/sec for PAs < 50 Torr. 
These values are considered to be comparable to ours 
if one considers the relat ively low accuracy of the 
measurements  and the derivation. Diffusion speed of 
the acceptors induced at the surface by the heat t reat -  
ment  with GaC1/As4/H2 shown in Fig. 10 is the same 
order of magni tude  as the one derived from Fig. 13. 

Summary 
Occurrence of the high resistance layer  in epitaxial  

GaAs has been interpreted hitherto by (i) arsenic 
vacancies or Si at the As site (2-7), or by (ii) impur i ty  
contaminat ion  (8-10). 

In  the present  paper, several exper imenta l  results 
that  cannot be explained by the above two reasons 
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were shown: (i) The high resistance layer  appeared 
even when the growth was ini t iated after the reaction 
has reached a steady state. (ii) A high resistance layer  
occurred even within  the grown layer  when growth is 
sl ightly overcome by gas etching dur ing  the growth. 
(iii) The surface of undoped GaAs was changed to al-  
most semi- insula t ing by a heat t rea tment  in  a flow of 
GaC1/As4/H2. (iv) Deep energy levels in the surface 
high resistance layer were about 0.5 eV above the 
valence band  (the same as the one at the interface) .  

From these results, the occurrence of the high resist-  
ance layer  presented here is considered to be due to 
formation of some defect, such as Ga vacancy, which 
might  appear on the surface of the substrate  when  
growth is balanced with or is slightly overcome by 
gas etching. This way of th ink ing  can explain some of 
the phenomena that  has not  been explained hitherto. 
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ABSTRACT 

The photoelectronic properties of s ingle-crystal  Cu2S-CdS heterojunct ions 
have been investigated. The heterojunct ions were formed on the A or B faces 
of conducting CdS single crystals by dipping in a cuprous chloride solution at 
75~ No separate hea t - t r ea tment  was given. The cells typical ly had mono-  
chromatic quan tum efficiencies greater than  10% in the region 0.5-0.9~. The 
photoresponse is due to carrier pair  generat ion in the Cu2S, with t ransfer  of 
electrons across the interface into the CdS. The forward current  at and below 
room tempera ture  is dominated by tunne l ing  of electrons through interface 
states. A general  band diagram of the heterojunct ion is discussed. Consistent 
differences in the behavior  of A and B face samples were noted with respect 
to the growth kinetics of the Cu2S, the max imum photovoltage at 300~ the 
I -V characteristics, and the junct ion  capacitance. The effect of uniaxia l  stress 
on the capacitance of A and B face samples suggests a piezoelectric mechanism. 

The Cu2S-CdS p -n  heterojunct ion has been the sub- 
ject of a considerable research effort over the past 
decade because of its promise as an efficient thin-f i lm 
solar cell. At present, these cells typical ly produce 
0.5V on open circuit and 20 m A / c m  2 on short circuit 
in sunlight, with efficiencies in the range 5-8%. The 
history of the development  of the thin-f i lm C u 2 S - C d S  
cell has been summarized by Shir land (1). 

Numerous investigations have at tempted to clarify 
the mechanism of the photoresponse of the Cu2S-CdS 
junction,  par t icular ly  the "extrinsic" response at wave 
lengths longer than  the CdS band edge. Mechanisms 
proposed to account for this photoresponse include: 
a postulated p - n  homojunct ion in  the CdS with an 
impur i ty  band of copper centers (2~, generat ion of 
holes in the CdS at nat ive imperfections (3, 4) or at 
diffused-in impur i ty  centers (5, 6), and absorption in 
the Cu2S with t ransfer  of photoexcited electrons into 
the CdS (7-13). The lat ter  process is now thought  to 
account for the major  portion of the photoresponse of 
re la t ively efficient cells. 

The thin-f i lm CuaS-CdS cells require  a postfabrica- 
t ion hea t - t rea tment  to develop the max imum efficiency. 
This hea t - t rea tment  also gives rise to t rans ient  and 
secondary-l ight-source effects in  the photoresponse 
which are not observed in the nonhea t - t rea ted  junc-  
tions (13). These effects, also observed in heat- t reated 
single-crystal  cells, have been at t r ibuted to the t rap-  
ping of holes in deep centers in the CdS depletion 
region near the junct ion  (13). 

This paper is concerned with the properties of Cu2S- 
CdS heterojunct ions fabricated from single crystals of 
CdS, with no hea t - t rea tment  after formation of the 
junction.  These devices did not exhibit  the t rans ient  
effects ment ioned above. It is shown that relat ively 
efficient s ingle-crystal  cells can be produced without  
the hea t - t rea tment  step. The heterojunct ions were 
formed on either the A or B basal plane of the CdS. 
While the basic properties of the cells were similar  for 
the two orientations, certain consistent differences 
a t t r ibuted  to the polari ty of the CdS structure  were 
observed. These differences are discussed, and a model 
for the photovoltaic behavior of the heterojunct ion is 
described. 

Experimental 
Fabrication of heterojunctions.--The Cu2S-CdS 

heterojunct ions were formed by immers ing single 
crystals of CdS in a saturated aqueous solution of 
cuprous chloride at 75~ for times ranging from 2 to 8 

1 Presen t  address:  Hewle t t -Packa rd  Laboratories ,  Palo Alto, Cali- 
fornia 94300. 

Key words:  photovoltaic,  heterojunct ion,  Cu~S-CdS, capacitance,  
piezoelectric. 

hr. The CdS was thereby converted to Cu2S by a dis- 
placement  reaction, the thickness of the Cu2S increas-  
ing with t ime in the solution. The CdS crystals, grown 
by subl imation in a moving tempera ture  gradient,  had 
an average resist ivity of 1 ohm-cm. The high conduc- 
t ivi ty was a consequence of nonstoichiometry;  no in-  
tent ional  impuri t ies  were added. 

Rectangular  bars approximately  1 • 5 mm in area 
and 0.5-1 mm thick were cut from the CdS crystals. 
The large faces were normal  to the c-axis wi th in  about 
5 ~ as determined by x - r a y  back-reflection Laue pat-  
terns. The A face [Cd, (0001)] and B face [S, (0001)] 
were dist inguished by etching in concentrated HC1 
(14). These faces were mechanical ly  polished with 0.3~ 
a lumina  on silk. Ohmic ind ium contacts were diffused 
at both ends of the crystal, on the face opposite the 
one subsequent ly  dipped in the CuC1 solution. The face 
to be dipped was either left in the as-polished con- 
dition or was etched for 2 min  in a solution of KMnO4 
in sulfuric acid at room tempera ture  (15). 

The crystal  bars to be dipped were mounted  on 
glass slides with black wax so that  only the top sur-  
face of each crystal was exposed to the solution. The 
solution consisted of 0.2M CuC1, 0.2M NH2OH. HC1 
(hydroxylamine hydrochloride), and 0.5M KC1 in 
water, to which several drops of dilute HC1 were added 
to give an ini t ial  pH of about 3. The hydroxylamine  
hydrochloride inhibi ted the oxidation of the cuprous 
ions to the cupric state, and the KCI increased the solu- 
bi l i ty of the CuC1 by promoting the formation of com- 
plex ions (16). 

The bar r ie r - forming  displacement react ion was car-  
ried out in  a 500 ml  Pyrex  crystal l izing dish, sealed 
with an argon atmosphere over the solution to inhibi t  
oxidation. The dish was placed in a drying oven, the 
tempera ture  of which was main ta ined  at 75 ~ • I~ for 
the required time. The reacted crystals were then 
removed from the solution, demounted from the glass 
slides, r insed with TCE, acetone, disti l led water  and 
methanol,  dried and stored in a dessicator unt i l  ready 
for measurements.  The samples discussed in this paper  
were not given a hea t - t rea tment  after formation of 
the junction.  

Measurements.--I-V characteristics were recorded on 
Polaroid film using a Tektronix  Type 575 transistor  
curve tracer. Po in t -by -po in t  measurements  of the dark  
forward and reverse characteristics over at least 5 
decades of current  were also made. 

The spectral response of photocurrent  and photovolt-  
age was measured using a Bausch and Lomb grat ing 
monochromator  with a tungsten  r ibbon light source. 
The slits were set to give a dispersion of 6.6 m~. The 
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output  of the monochromator  was focused on the sam- 
ple with a condensing lens and was incident  on the 
junct ion through the CdS. The  edges of the samples 
were  masked with  black wax  to minimize  absorption 
of noncol l imated light. The l ight  intensi ty at the sam- 
ple position was measured as a function of wave length  
with a P e r k i n - E l m e r  thermopile.  The spectral  response 
data were  normal ized to the photon flux at 600 n~,  
which was 5.8 X 1014 photons/cm2-sec, wi th  an esti-  
mated uncer ta in ty  of _+ 20%. 

The intensi ty dependence of photovol tage and photo-  
current  were  measured using a beam of unfil tered 
tungsten l ight of in tegrated intensi ty 280 m W / c m  2 
(hereaf ter  re fe r red  to as intensi ty Io) wi th  a series of 

neutra l  density filters. 
The short-circui t  photocurrent  was measured  with  

a Kei th ley  149 microvol tmete r  across a 1% 100 ohm 
resistor in series wi th  the sample. The open-cur ren t  
photovol tage was measured  wi th  a Kei th ley  610A elec-  
t romete r  ( input  impedance of 1014 ohms).  

Measurements  of the junct ion  capacitance as a func-  
t ion of bias vol tage were  made wi th  a Boonton 75-D 
capacitance bridge wi th  a 77-2A range extender .  The 
operat ing f requency of the bridge was 1 MHz with  a 
signal level  of about  20 mV peak to peak. Bias vol t -  
age was supplied by an ex te rna l  source. 

The t empera tu re  dependence of the dark  I -V char-  
acteristics and the photoresponse in whi te  l ight were  
measured wi th  the samples mounted  in an evacuated 
chamber  at the end of an Air  Products  Cryo-Tip  cool- 
ing device opeart ing on the Jou le -Thomson  principle. 
Photocapaci tance measurements ,  the results of which  
are reported e lsewhere  (17), were  also per formed 
using this apparatus. 

Capaci tance-vol tage  curves were  measured  at room 
tempera tu re  for two samples under  uniaxia l  stress. 
The stress was applied by means of a steel p lunger  
which passed through two guides and rested in a cop- 
per  block which contacted the crystal. The stress was 
para l le l  to the p lane  of the junction, in the direction of 
the CdS a-axis. 

Results 
Growth characteristics ol the CuzS layer.--The Cu2S 

layer  was observed to form more rapidly on the A face 
of CdS than on the B face by about a factor  of three. 
The layer thickness was measured  opt ical ly using a 
micrometer  stage and a filar eyepiece. The thickness 
was genera l ly  un i form over  the sample area. F igure  1 
shows thickness vs. t ime at the react ion t empera tu re  
of 75~ for the two crystal  faces. The thickness varies 
as t n, wi th  n sl ightly greater  than unity, in both cases. 
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Fig. 1. Thickness of Cu2S layer as a function of dipping time at 

75~ for A and B faces of CdS. 

The near ly  l inear t ime dependence suggests that  the 
growth ra te  is controlled by the interface react ion 
ra ther  than by diffusion through the Cu~S layer, for 
which thickness proport ional  to the square root of 
t ime would be expected. Microscopic examinat ion  of 
the Cu2S layers  revea led  numerous  cracks perpendic-  
ular to the interface, which permit ted  continual  pass- 
age of the cuprous ion solution to the CdS. The  grown 
layers were  confirmed to be p r imar i ly  Cu2S (chalco- 
cite) by x - r a y  powder  patterns. 

Four -po in t  probe measurements  on a number  of 
Cu2S layers grown from CdS in aqueous solution gave 
p - type  resist ivit ies in the range 6 X 10 -4 to 3 • 10 -3 
ohm-cm. This corresponds to a range in hole density of 
1021 to 2 • 1020 cm -3, assuming a mobi i l ty  of 10 
cme/V-sec (18). 

Diode characteristics.--Figure 2 gives Polaroid traces 
of the dark  and l igh t -genera ted  I -V curves for two 

Table I. Summary of properties of Cu2S-CdS heterojunctions prepared from 1 ohm-cm CdS 

CusS G e o m e t r i c a l  Jse,(~) C/A , (c )  G/A, (~)  
S a m p l e  t h i c k n e s s ,  ~ tCu2s/t(a) a r e a ,  c m  s m A / c m  2 Voe,(b) m V  Rs, o h m s  10~ p f / c m  2 10 ~ ~ V / c m  2 

2 - A ( P )  35 0.062 5.20 • 1O -2 6.73 450 13.7 6.70 1.30 
2 - A ( P  + E) 35 0.068 5.33 6.20 455 6.6 6 .14 1.26 
2 - B  (P) 10 0.014 7.61 6.56 470 8.2 5.36 0.91 
2 - B ( P  + E)  1O 0.012 7.28 6.18 475 5.8 5.32 0.61 
4 - A ( P )  93 0.101 3.38 4.00 420 7.O(d) 8 .37 1.96 
4 - A ( P  + E)  106 0.212 6.40 4.45 400 7.O(d) 7.64 1,94 
6 - A ( P )  199 0.221 4.29 3.62 400 6.7 12.15 0,56 
8-A(P + E) 210 0.261 3.49 3.15 400 6.3 11.88 0.76 
8-B (P) 68 0.124 4.22 6.45 445 6.0 4.80 0.31 
8-B(P + E) 69 0.093 4.36 4.35 465 5.9 4.16 0.23 

Jo, 10 -8 A / c m ~  %P, V LOW v o l t a g e  H i g h  v o l t a g e  

S a m p l e  L o w  V H i g h  V I - V  C - V  a,(e) V-1 ~(t) a ,  V -~ ~/ 

2 - A  (P)  - -  0.96 0,62 0.4 ~ - -  29.1 1.3 
2 - A ( P  + E)  1030 6.2 0.9 0.5 10.7 3.6 24.8 1.55 
2 - B  (P)  5,5 0.18 0.7 0.7 20,2 1.9 29.9  1.3 
2-B(P + E) 6,2 0.14 0.68 0.7 16.5 2.3 31.1 1.2 
4 - A  (P)  - -  3.0 - -  0.3 - -  - -  27.4 1.4 
4 - A ( P  + E) -- 47 - -  0 .25 ~ - -  23.5 1.6 
8 - A  (P)  93 7.7 0.65 0.6(~) 19.2 2 .0  26.6 1.4 
8 - A ( P  + E)  8.6 0.66 0.6(g) ~ - -  24.2 1.6 
8 - B ( P )  13-0 3.8 0.8 0.7 11.9 3.2 24.0 1.6 
8-B(P + E) 920 3.2 0.7 0.6 11,3 3.4 24.8 1.55 

(a) t = tCuzS + tCdS. 
(b) W h i t e  t u n g s t e n  l i g h t ,  280 m W / c m %  
(c) C o r r e c t e d  f o r  s e r i e s  r e s i s t a n c e .  
(d) Assumed value. 
(e) F o r w a r d  c h a r a c t e r i s t i c  e x p  ( a V ) .  
(O F o r w a r d  c h a r a c t e r i s t i c  e x p  ( q V / ~ k T ) .  
(g) F r o m  e x t r a p o l a t i o n  of  1/C,  n o t  1/C2. 
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Fig. 2. Dark and light-generated I-V characteristics for samples 2-A(PW E) and 2-B(PWE) 

samples. The uppermost  curve in each photograph is 
the dark characteristic.  The bot tom curves are the 
l igh t -genera ted  characterist ics in unfil tered tungsten 
l ight  of 280 m W / c m  2 integrated intensi ty (Io). The two 
in termedia te  curves in (b) and (d) are for lower in-  
tensities of whi te  light. These characterist ics are typi -  
cal of those observed in a series of ten samples, 6 
A- face  and 4 B-face. A tabulat ion of data for these 
samples appears in Table I. 

The "fill factors" of the l ight  I -V  curves (ratio of the 
area of the m a x i m u m  power rectangle to the product  
Isc •  are about 70%. The open-ci rcui t  vol tage of 
the B-face sample is somewhat  greater  than that  of the 
A-face  sample, and the reverse  characteris t ic  of the 
B-face  sample is "softer." These features were  gen-  
era l ly  observed for corresponding pairs of A and 
B-face  samples (see Table  I) .  

Photoresponse.--Figure 3 presents the spectral  re -  
sponse of shor t -c i rcui t  current  for two A-face samples. 
The curves have been normalized to a photon flux of 
5.8 X 1014 cm -2 sec -1 assuming a l inear  dependence of 
photocurrent  on l ight intensi ty at each wavelength .  At  
this intensity, a current  density of 10 -5 A / c m  2 corre-  

sponds to a quan tum efficiency of sl ightly greater  than 
0.1 electrons/photon.  These spectral  response curves 
show the typical  re la t ive ly  flat response from 0.5 to 0.9~ 
associated with  the most efficient Cu2S-CdS cells. The 
curves for the B-face  samples were  identical  in shape 
to those in Fig. 3. 

F igure  4 shows two spectral  response curves re-  
plotted as the square root of photocurrent  vs. photon 
energy. The long-wave leng th  edge of the response is a 
s traight  line on this plot, the  slope of which changes 
abrupt ly  below 1.2 eV. This behavior  is similar  to that  
of the absorption coefficient of Cu2S, measured by Mar-  
shall and Mitra (19). The basic mechanism of the 
long-wave leng th  response of the Cu2S-CdS hetero-  
junct ion is optical absorption in the Cu2S fol lowed by 
emission of the photoexci ted electrons into the CdS. 
The small response at energy lower  than 1.2 eV is due 
to the phonon absorption branch of the indirect  ab- 
sorption coefficient of Cu2S. 

The intensi ty dependence of open-circui t  photovol t -  
age in whi te  tungsten l ight was measured for each 
sample. The photovol tage decreased only sl ightly wi th  
decreasing intensi ty down to two orders of magni tude 
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below the max imum,  and then dropped off more  rap- 
idly with  decreasing intensity,  finally becoming pro-  
portional to intensity.  The same qualitative behavior 
was observed for all samples, both A and B face. The 
magnitude of the photovoltage at a fixed low intensity 
varied considerably from sample  to sample,  however,  
and was  correlated with  the crystal  face and also with  
the surface treatment of the CdS prior to junction for-  
mat ion [polished (P) or polished and etched (P 3- E) ]. 
This correlation is i l lustrated in Fig. 5, which  plots the 
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Fig. 5. Dependence of relative oPen-circuit  photovoltage a t  in- 
tensity 10 - 4  Io on thickness of Cu2S and surface condition. (Io - -  
280 m W / c m  2 white tungsten light.) 

relat ive open-circuit  voltage at intensity 10 -4  Io 
against Cu2S thickness  and surface condition. The 
numbers  accompanying the points denote the dipping 
t ime in hours. The values of Cu2S thickness  are those 
appearing in Table I. For the B- face  samples,  the low-  
intensity Voc drops wi th  increasing Cu2S thickness  
(dipping t ime) ,  with  very  little difference be tween  
corresponding polished and polished 3- etched samples.  
A significant difference be tween  the polished and 
etched A-face  samples  is observed, however.  For the 
shortest dipping t ime,  the polished A-face  sample  gives 
a much higher Voc at low intensity than does the cor-  
responding etched sample.  The difference be tween  pol-  
ished and etched A-face  samples  decreases wi th  in- 
creasing layer thickness  and reverses  for the 8-hr sam-  
ples. 

Figure 6 shows a correlation be tween  the relat ive  
open-circuit  photovoltage at l ow  intensity and the 
"saturation" current density  Jo (the value  obtained by 
extrapolating the dark, forward characteristic, log J vs .  
V, to 17 ~ 0).  The values of Jo are l isted in Table I 
[ from "low-l /" column, where  indicated (20)] .  This 
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plot indicates that  a high value of Voe at low in tens i ty  
is associated with a low value of Jo. F rom Fig. 5 it 
may be inferred that  etching the CdS surface before 
dipping increases the saturat ion (or leakage) current,  
J~, of the resul t ing cell, and that  the effect is especially 
pronounced for A-face samples dipped for short times. 
The etching had no noticeable effect on ei ther  the 
growth rate of the Cuss layer or the photocurrent  re-  
sponse curves. 

Capacitance-voltage curves . - -Plo ts  of 1/C~ vs. bias 
voltage at room tempera ture  are given for three  A-face 
and two B-face samples in Fig. 7 and 8, respectively. 
The values of capacitance were corrected for the effect 

of series resistance by the relat ionship 

C = C V { ( 1  - -  RsG') ~ .-{- (Rs~C') 2'} [1] 

where C' and G' are the measured values of capaci- 
tance and conductance, Rs is the series resistance, and 
= is the angular  frequency. Values of Rs were  obtained 
by pulsing the forward characteristic, and are t abu -  
lated in Table  I. 

For the th innes t  Cu2S layers, the 1/C 2 - - V  plots 
were l inear  for both A-  and B-face samples, with a 
slight increase in  slope in the forward and low re-  
verse bias region. The values of net  donor density in  
the CdS, ND -- NA, agreed with the measured conduc- 
t iv i ty  of the ini t ial  CdS crystals. With increasing 
thickness of the Cu2S, the 1/C 2 -- V plots for A-face 
samples developed a pron0uneed upward  concavity at 
low bias, whereas the plots for B-face samples became 
slightly more concave downward.  Values of the capaci- 
tance per un i t  area at zero bias and the intercept  volt-  
age r from 1/C -~ -- V data are given for each sample in 
Table I. For  comparison, values of q~ obtained by  ex- 
t rapolat ing the series-resistance-l imited forward char-  
acteristics to zero cur ren t  (21) are also shown. The 
quant i ty  q~ obtained by either of these techniques is a 
rough measure of the diffusion potential  of the june -  
tion. 

Temperature  Dependenee . - -The  forward I -V char-  
acteristic and the photoresponse in  whi te  l ight were 
measured between 300 ~ and 100~ for a n u m b e r  of 
samples. Figures 9 and 10 present  typical results for an 
A-face sample. The behavior  of A-  and B-face samples 
were qual i ta t ively similar. 

Figure  9 shows the forward I -V characteristic at 
various temperatures.  The data fit an  expression of 
the form 

J ( V , T )  = J o ( T ) e  ~v [2] 

where  a is independenct  of temperature.  For the case 
shown, the average value of a was 31.4V-L Values of 
f o r  all the samples, based on room tempera ture  data 
only, are given in  Table I. The t empera tu re - inde-  
pendent  slope of the forward characteristic suggests a 
tunne l ing  mechanism for the forward current .  If the 
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values of cur ren t  at a fixed voltage from Fig. 9 are 
plotted against  l / T ,  it is found that near  300~ Jo(T)  
is apparent ly  thermal ly  activated with an energy of 
0.26 eV. (A similar plot for the B-face samples gave an 
average activation energy of about 0.45 eV.) At lower 
temperatures  Jo(T)  becomes increasingly independent  
of temperature,  with no variat ion below about 120~ 

Figure 10 i l lustrates the temperature  var iat ion of the 
open-circui t  photovoltage and short-circuit  photocur-  
ren t  in  unfil tered tungs ten  light. The short-circuit  cur-  
rent  decreases by about 30% from room tempera ture  
to 100~ approximately l inearly.  The open-circuit  
voltage increases by about 12% over the same tem-  
pera ture  range. The increase in photovoltage is near ly  
l inear  with decreasing tempera ture  near  300~ but  the 
curve bends over at lower temperatures  and passes 
through a broad max imum at 150~ This behavior  can 
be understood in terms of the relationship between 
open-circui t  voltage and short-circuit  cur ren t  for an 
idealized photovoltaic cell 

Voc = -- In + 1 [31 

where ~ and Jo are defined by Eq. [2]. The right  side 
of this expression is plotted in Fig. 10 (dashed l ine) ,  
us ing the exper imenta l  values of Js~ and Jo vs. T and 
the value of ~ from Fig. 9, 31.4V -1. The dashed curve 
is sl ightly higher than  the exper imental  Voc at all tem-  
peratures but  has the same general  shape. The positive 
deviation of the calculated curve is a t t r ibuted to a 
finite shunt  resistance in the actual cell. The plot of 
(1/~) In [(Jsr + 1] demonstrates that  the "fold- 
over" in Voc with decreasing tempera ture  is a conse- 
quence of the temperature  independence of Jo at low 
temperature.  

E~ect  of  uniaxia[ s t ress . - -The  capacitance as a func-  
t ion of bias was measured at room temperature  for 
two specially prepared samples, one A- and one B-face, 
with and without  uniaxial  stress applied parallel  to 
the plane of the junct ion (parallel  to the CdS a-axis).  
These samples were prepared from 5 ohm-cm CdS, 
with the Cu~S layer about 10~ thick in each case. 
Figure 11 gives plots of 1/C 2 vs. V for the A-face 
sample, both with stress applied (2.55 kg /mm 2) and 
after removal  of the stress. Figure 12 shows similar 
data for the B-face sample, with the stress in this case 
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equal to 3.3 k g / m m  2. For the A-face sample, the ca- 
pacitance is increased by the  applied stress for all 
values of bias; the opposite effect is obesrved for the 
B-face sample. 

D i s c u s s i o n  

Band diagram.--The general  properties of the Cu2S- 
CdS heterojunct ion can be described in terms of the 
energy band profile given in Fig. 13. The Cu2S is shown 
as a degenerate p- type semiconductor with (indirect) 
band gap of 1.2 eV. The Fermi  level lies roughly 0.05 
eV below the valence band edge for a hole densi ty of 
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Fig. 13. Band diagram for the Cu2S-CdS heterojunction, showing 
deep acceptor levels and interface states. Carriers photoexcited in 
the Cu2S may cross into the CdS and contribute to the photocur- 
rent, or may recombine through interface states. 

102o cm --~. The CdS has a (direct) band  gap of 2.4 eV. 
A quas i -con t inuum of interface states arising from the 
severe lattice mismatch is postulated (22). 

A positive discont inui ty  or "spike" in the conduction 
band is also indicated. Such a spike may arise as a 
result  of the difference in electron affinities of CusS 
and CdS, and also if an electrostatic dipole of the 
proper  sense exists at the interface. The magni tude  of 
the spike is given by  

~Ec  : x l  - x 2 -  [q]~ [4]  
o r  

AEc = ]q] (VD1 JI- VD2) -~" (r  - -  X2) 1 (r  - -  X1) [5]  

x is the electron affinity, 5 the interface dipole (posi- 
t ive or negat ive) ,  VD the diffusion potential,  and r 
the work function. In  this case, subscript 1 refers to 
Cu2S and subscript 2 to CdS. In  the ease of 1 ohm-era 
CdS, (r -- x2) is approximate ly  0.1 eV. With (r -- 
xl) for Cu2S about  1.25 eV (band  gap plus 0.05 eV 
between valence band edge and Fermi  level) ,  a total 
diffusion potential  (VD1 + VD2) greater  than  1.15V is 
required for a positive discontinuity.  This spike has 
been postulated as par t  of a model to account for the 
t rans ien t  and secondary i l luminat ion  effects observed 
in heat - t rea ted  cells (13), and is discussed elsewhere 
in  relat ion to photocapaeitance phenomena (17). 

The existence or nonexistence of the conduction band 
spike cannot  be proven from the measured values of 

given in Table I. The general  relat ionship between 
the quan t i ty  ~, obtained by extrapolat ing a plot of 1/C 2 
vs. V from low reverse or forward bias to zero, and 
the total diffusion potential  VD1 4- VD2, has been given 
by Donnel ly  and Milnes (23) 

Q2 
= VD1 + VD2 -- [6] 

2q(elN1 4- e2N2) 

where Q is the net interface charge per un i t  area, N~ 
and N2 are the net  impur i ty  densities on the two sides 
of the junction,  and el and e2 are the respective dielec- 
tric constants. It is reasonable to assume that  the large 
lattice mismatch (about 5%) between oriented CusS 
formed on the basal p lane of CdS gives rise to a sig- 
nificant densi ty of charged imperfections at the in ter -  
face (22, 24). Thus the value of ~ may be somewhat  
lower than  the t rue diffusion potential.  

The values of ~ determined by the extrapolat ion of 
the series-resistance l imited forward I -V characteristic 
to zero current  are also expected to be lower than  the 
t rue diffusion potential  in this case, since the forward 

cur ren t  is apparent ly  dominated by tunne l ing  ra ther  
than by emission over the total barrier.  

Photoresponse . - -The  photoresponse of the junct ion  
under  short-circui t  conditions can be understood in 
terms of Fig. 13 as follows: l ight incident  from the 
CdS side is absorbed in the Cu2S, generat ing non-  
equi l ibr ium densities of electrons and holes. The ab- 
sorption coefficient of Cu2S varies from about 104 cm -1 
at 1.2 eV to about  105 cm-1  at 2.2 eV (18). The diffu- 
sion length of electrons in CURS has been measured by 
a light microprobe technique to be in  the range 1-4 
• 10 -5 cm (25). Thus most of the incident  radiat ion 
which reaches the Cu2S through the CdS is absorbed 
within a diffusion length in the Cu2S. The photoexcited 
electrons must  cross the interface into the CdS in  order 
to contr ibute  to the photocurrent .  Some are lost due 
to recombinat ion via the interface states, as indicated 
in  Fig. 13. If a conduction band  spike exists, the elec- 
trons must  either t unne l  through or be thermal ly  
excited over the barr ier  in order to enter  the CdS. 
The absence of t rans ient  and secondary- i l luminat ion  
effects in efficient, nonhea t - t rea ted  junct ions  at room 
tempera ture  suggests that  the spike width cannot  be 
modulated as in the case of the heat - t rea ted cells (13). 

Deep levels in the CdS depletion layer . - -A  number  
of deep levels located about  midway  in  the CdS band 
gap are also shown in  Fig. 13. The existence of these 
levels in the nonhea t - t rea ted  cells has been deduced 
pr imar i ly  from photocapacitance data (17). The dis- 
tance, AW, over which these deep acceptor levels are 
distr ibuted in the CdS depletion region can be esti- 
mated from capacitance-voltage curves. The plots of 
1/C 2 vs. V for samples 2 - A ( P ) ,  2-B(P) ,  and 8 -B(P) ,  
Fig. 7 and 8, show a change in slope at low reverse 
and forward bias. If the densi ty of ionized donors in  
the CdS depletion region is assumed to have a step 
decrease near  the interface of magni tude  AND and 
width hW, then it can be shown that  (26) 

V *  = (VD 1 -~ VD 2) 

4- 2--~-q [ 1  NAAND ] AND(AW)2 [ 7 1 4 -  ND 

where V* is the intercept  voltage obtained by extrap-  
olating the 1/C 2 -- V plot from the linear, high reverse- 
bias region, and (VD1 4- VD2) is the total diffusion 
potential  of the junct ion.  (NA in this case refers to 
the acceptor density on the p- type  side.) If it is as- 
sumed that  (VD1 4- VD2) is given approximately  by  the 
value of ~ obtained by  extrapolat ion of 1/C 2 from the 
low-bias  region of steeper slope, and that aND ~ ND 
SO that AW is an "intrinsic" layer, then  for NA > >  ND 
we obtain as an upper  l imit  

AW ~ (V* -- 4) [8] 

For each of the two-hour  samples of Fig. 7 and 8, 
V* -- ~ is about 0.2V. Taking ND = 3 X 10 TM cm -3 and 

= 10co, where  eo is the permi t t iv i ty  of free space, we 
find ~W = 860A. For sample 8 -B(P)  (Fig. 11), V* -- 
is about 0.4V, giving AW -- 1200A, which is about half  
the depletion layer width at zero bias. The A-face 
samples show a rapid increase in junct ion  capacitance 
with increasing Cu2S thickness (see Table I),  resul t -  
ing in ] /C  2 -- V plots which are concave upward  for 
the two thicker samples (Fig. 7). Values of AW were 
not obtained for the thicker- layer  A-face samples 
because of this effect. At  least part  of the increase 
in capacitance may be due to a nonp lanar  interface 
between the Cu2S and the CdS for A-face samples 
which becomes more pronounced with longer reaction 
time. Goodman (27) has shown that  this results in a 
vol tage-dependent  effective junct ion area which gives 
rise to a concave-upward 1/C 2 -- V plot when  the 
nominal  geometrical area is assumed. The influence of 
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stress on the charge profile of the junct ion may also 
contr ibute to this effect, as discussed later. 

The deep centers are most l ikely diffused in copper 
levels incorporated dur ing formation of the Cu2S layer. 
The penetrat ion depths estimated above from capaci- 
tance data are much greater than those expected from 
available data for bu lk  diffusion of copper in CdS (28). 
It  is therefore suggested that  the motion of the copper 
is assisted by dislocations formed in the CdS near  the 
advancing Cu2S interface which accommodate the la t -  
tice mismatch. Oldham and Milnes (29) have shown 
that for a lattice mismatch of about 4%, the interfacial  
dislocations are formed in a crossed grid with spacing 
of the order of 200A, the thickness of the grid being 
less than a typical depletion layer  width. 

Forward current . --The t empera ture - independent  
slope of the forward I-V characteristic suggests that  
the forward current  is due to tunne l ing  of electrons 
from the CdS conduction band  through the interface 
states to the Cu2S valence band. The different thermal  
activation energies for the forward current  at a fixed 
voltage for A-  and B-face samples near  300~ indicate 
a possible difference in interface state density and 
distr ibution in energy in the two cases. 

Uniaxial stress e/~ect.--The results of the capacitance 
measurements  under  applied stress for the A-  and B- 
face samples can be interpreted in terms of the piezo- 
electric properties of CdS. The capacitance of the 
A-face sample was observed to increase slightly under  
compressive stress applied along the a-axis, with the 
opposite behavior  for the B-face sample. F rom the 
piezoelectric properties of the wurtzi te  lattice, it can 
be shown (30, 31) that a compressive stress applied 
along the a-axis gives rise to an electric field ep, di-  
rected from the A toward the B face paral lel  to the 
c-axis, with magni tude  

/'3 dsl~l 
,p = - -  = J [9] 

f f 
where P3 is the component of polarization charge per 
uni t  area parallel  to the c-axis, d31 is the appropriate 
element of the piezoelectric tensor, ~1 is the compres- 
sive stress applied along the a-axis, and f is the dielec- 
tric constant. For CdS, dal = --5.18 • 1012 coulombs/  
newton (30). This polarization field is neutral ized by 
the mobile conduction electrons in the bu lk  of the 
crystal, but  adds to or subtracts from the bu i l t - in  
field in the depletion region of a p-n junct ion formed 
on the B or A face of the CdS, respectively. The effect 
is i l lustrated in Fig. 14, which shows the charge den-  
sity profile and electric field in the depletion layer, 
with and without  stress, for both A and B faces. An 
intrinsic region of width AW is assumed. In  the A-face 
case, the stress-induced field ep acts in opposition to 
the electric field due to the space charge on the CdS 
side of the junction. The electric field profile with 
compressive stress applied is given by the dashed line. 
The discontinui ty in field at the Cu2S-CdS interface 
implies a net positive charge on the interface states 
(assumed neut ra l  in the absence of external  stress). 
The stress narrows the depletion layer  in the CdS from 
WD to WD'. From similar t r iangles 

( + WD 1 - - - -  [10] 
fm 

,m, the max imum field, is given by 

qNAWA qND(WD -- AW) 
~m -- - -  -- [ i i ]  

e E 

for the case illustrated (differences in the dielectric 
constants of the two materials are ignored). Since 
NA >> ND for the Cu2S-CdS junction, the depletion 
layer width WA in the Cu2S is negligible compared to 
WD, the width in the CdS. Consequently, we define 
the capacitance 
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The fractional  change in capacitance due to applied 
stress, for the A-face case, is 

WD' 

= 1 ---- 1 -- I [13] 

The increment AC is positive. Using Eq. [10] and [12], 
this can be wr i t ten  in the form 

AC ) = Kal [14] 
( "-~-o A l--Ke, 

where K = dal/qNDWD and el is the stress normal to 
the c-axis, negative for compression. 

For the B-face case (Fig. 14b), a similar treatment 
gives 

( A @ ) B  = -- 1 +Kr162 [15] 

The capacitance increment  is negative. The electric 
field discont inui ty  at the interface implies a net nega-  
tive charge in the interface states. 

For the two samples for which are shown in Fig. 11 
and 12, the calculated values of K were ~ 10 - I .  Using 
the values of nominal  stress, Eq. [14] and [15] predict  
an effect larger by an order of magni tude  than  ob- 
served. At least part  of the discrepancy may be a t t r ib-  
uted to a decrease in dal due to a high density of dis- 
locations in the CdS near  the interface. Chubachi  et al. 
(32) observed a decrease in dal from 5.18 to 2.32 (10 -12 
coulombs/newton)  as the dislocation density in CdS 
increased from 3 • 104 to 1.5 • 107 cm -2. Addi t ional  
factors may be an overest imation of the actual stress 
applied to the junct ion  and an oversimplified model. 

Equations [14] and [15] predict that  the magni tude  
of the capacitance change for the A-face junct ion  
increases more rapidly with stress than  that  for the 
B-face. This is also consistent with the existence of 
net  charge at the interface when the samples are under  
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stress. The dependence  of capaci tance on in ter face  
s ta te  charge  dens i ty  Q can be  expressed  as (23) 

( C = A ( V D I - ~ - V D 2  - -BQ2)  - ~  I + K - - ~  [16] 

for  zero bias, where  A, B, and K depend  on dopin~  and 
die lect r ic  constants  and VD1 § VD2 is the  diffusion 
potent ial .  (The above  express ion neglects  a possible 
dipole.)  Thus for both cases i l lus t ra ted  in Fig. 14 the  
capaci tance would  tend  to increase under  stress due to 
the  induced in ter face  state charge, independen t  of the  
change in capaci tance resul t ing  f rom widening  or  n a r -  
rowing  of the deple t ion  layer  by the  polar izat ion field 
(Eq. [14], [15]).  In  the a s - fo rmed  junct ions  wi thout  
ex t e rna l ly  appl ied  stress, the  piezoelectr ic  effect may  
influence the  junc t ion  capaci tance  th rough  the elastic 
in ter rac ia l  s t ra in  be tween  the  Cu2S and CdS, and also 
th rough  the stress fields associated wi th  in ter rac ia l  
dislocations.  Fo r  example ,  Table  I indicates  tha t  wi th  
increas ing  re la t ive  th ickness  of the  Cu2S l aye r  (and 
corresponding increase in in ter face  s t ress) ,  the  zero-  
bias capaci tance  for  B-face  samples  decreases,  whi le  
tha t  for A- face  samples  increases  by  a r e la t ive ly  
g rea te r  amount .  

Conclusions 
The fabr ica t ion  and proper t ies  of  nonhea t - t r ea t ed  

s ing le -c rys ta l  Cu2S-CdS hetero junct ions  have been de-  
scribed. The m a j o r  por t ion of the  photovol ta ic  response 
arises f rom l ight  absorpt ion  wi th in  a diffusion length  
in the Cu2S, wi th  t ransfe r  of the  photoexc i ted  electrons 
across the  in ter face  into the  CdS. A large  dens i ty  of 
in ter face  states exists  due to the  mismatch  s t ra in  be -  
tween  the two mate r i a l s  when the  Cu2S is formed on 
the CdS basal  planes.  A dens i ty  of deep acceptors  
comparab le  to the  net  donor  dens i ty  in the  CdS occurs 
in a f ract ion of the  CdS deple t ion  region near  the 
interface.  

Differences be tween  A -  and B-face  samples  were  
observed wi th  respect  to Cu2S growth  rate,  open-  
circui t  photovoltage,  I -V  characteris t ics ,  and  changes 
in junct ion  capaci tance under  app l ied  stress. The  l a t t e r  
was analyzed in t e rms  of a s imple  model  involv ing  the 
piezoelectr ic  proper t ies  of CdS. 
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A High Production System for the Deposition of 
Silicon Nitride 

V. D. Wohlheiter and R. A. Whitner 

Western Electric Company, Inc., Al lentown,  Pennsylvania 18103 

ABSTRACT 

Amorphous silicon ni t r ide is well known  as a barr ier  to the penetra t ion 
of alkali metal  contaminants  into junct ions of semiconductor devices and as 
a gate dielectric for MIS devices. This paper discusses the operat ing character-  
istics of a production system for the deposition of silicon ni t r ide by the am- 
monolysis of silicon tetrachloride in a hot wall  furnace, and the characteristics 
of the resul t ing films. 

The protective film (1700-2500A) for bipolar devices can be deposited at a 
rate of 120 wafers/hr .  For MIS work, where film thickness directly affects 
device threshold voltage, better  uni formi ty  can be achieved by modifying the 
wafer placement  and operating procedures. The ni tr ide films are amorphous 
with an index of refraction of approximately  1.95; the surface-state density 
is in the order of 1012; and the etch rate  in buffered hydrofluoric acid 1 is 11 
_ 2 A/min .  

This paper describes the design of a production sys- 
tem for the deposition of silicon ni tr ide and some of 
the characteristics of the films produced. 

Amorphous silicon ni t r ide  was introduced into 
the manufac ture  of beam lead chips to act as a con- 
taminat ion  barrier,  as has been reported in the li tera- 
ture  (1). The system was designed to meet  the follow- 
ing specifications for the barr ier  film: thickness, 1750- 
2500A; etch rate, 11 __+ 3 A/ ra in  in buffered HF at 23~ 
sodium penetra t ion (2), 92% removed after etching 
50A. The etch rate has been specified to fall wi thin  a 
normal ly  achievable range that  will allow the silicon 
ni tr ide to pass the sodium penetra t ion test; i.e., when 
the etch rate in buffered hydrofluoric acid increases, 
the probabi l i ty  of sodium penetra t ion increases (3). 
The etch rate is directly related to the amount  of oxy- 
gen in the silicon nitride; and because the presence 
of oxygen weakens the ni t r ide barr ier  to alkal ine con- 
taminants ,  the etch test is sufficient to provide some 
indication as to the qual i ty of silicon nitride. The 
actual testing procedure for sodium penetra t ion will  
be discussed later. 

Init ial ly,  silicon nitr ide was deposited in either a 
carousel or a bar re l - type  epitaxial  reactor. However, 
the need for large production numbers  (greater than 
50 wafers /hr )  suggested that  an a l ternate  system be 
developed due to the high cost of reactors and the 
relat ively long cycle time. It was decided to develop 
a system using a s tandard diffusion furnace  to deposit 
silicon nitride. Table I compares the reactor statistics 
with the goals of the proposed furnace  system. 

Table I 

Reactor  Furnace  

Cost  (installed) $50K (min) $18K 
T u r n - a r o u n d  t ime 60 m i n  25 rain 
Cap ac i t y / r u n  25 wafe r s  50 wafe r s  

These figures are based on data when the s tudy began 
four years ago. A capacity ratio of 3:1 (furnace wafers 
to reactor wafers) and a cost ratio of 1:8 for the 
furnace system have been obtained. 

In  the ini t ial  furnace operation, the effort was di-  
rected toward producing a satisfactory ni t r ide film. 
This was done using a s t reamlined quartz boat with 
the wafers lying flat. Several conclusions were drawn 
from this work: (i) the gases must  be absolutely dry 

K e y  words :  th in  films, con tamina t ion  barr ier ,  chemical  vapor  
deposit ion (CVD), sod ium penetra t ion,  diffusion furnace  CVD, sili- 
con in teg ra ted  circuits.  

1 T h e  e t c h  ra te  of the rma l ly  g r o w n  silica in  buffered  hydrofluoric  
a c i d  is 1000 A / m i n .  

to meet the etch rate requirements;  (ii) the uniformity  
of the film depends strongly on the geometry of the 
system; (iii) the zone of uni form deposition depends 
strongly on the bulk  gas volume, i.e., gas velocity; and 
(iv) a deposition rate of about I00 A/ ra in  appeared 
optimum. To achieve volume output, it was necessary 
to place wafers in a s tand-up  position; and the next  
phase of development  was concentrated on obtaining 
uniform films on at least four rows of s tanding wafers. 
The need for a high volume of ni t rogen carrier  flow 
had been suggested by previous work with boron dop- 
ing systems and, in this case, solved the uniformity  
problem. The details of the design and operation of the 
system reflect the need to use and accommodate a high 
volume and high velocity of bu lk  gas. 

Description of the System 
The most recent systems consist of a standard, two- 

tube diffusion furnace with a quartz tube, a dry 
ni t rogen supply, bottled ammonia,  and a cooler for a 
flask of silicon tetrachloride. A cross-sectional view is 
shown in Fig. 1. The upper  tube is used to preheat  the 
bulk  flow of ni t rogen which reduces the heat load on 
the deposition furnace and, therefore, allows a longer 
uniform tempera ture  zone. Other preheat schemes 
could also be used, such as a double walled tube. 
Typical operating conditions are: quartz tube size, 
25/8 ~< 31/4 in. (66 ~< 83 ram);  carrier N2, 135 l i ters /  

N 2-  

F - ' ] N H ~  

;i CL 4 

I 

Fig. 1. Cross-sectlonal view of the silicon nitride deposition sys- 
tem. 
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Fig. 2. The quartz gas diffuser and silicon boat containing silicon 
wafers. 

min; 2 NHs, 0.4 l i t e rs /min;  2 SIC14 at 10~ 0.150 l i t e r /  
rain N2 bubbled;  2 tempera ture ,  approximate ly  900~ 

The tempera ture  of the silicon te t rachlor ide  was con- 
t rol led wi th  a constant t empera tu re  bath so that  the 
vapor  pressure was constant and a specific amount  was 
vaporized by the bubbling nitrogen. The t empera tu re  
of the SIC14 cooler  and the flow rate of the ni t rogen 
through the  silicon te t rachlor ide  were  exper imenta l ly  
determined and set to yield a deposition ra te  of 100 A /  
min. The constant t empera tu re  baths now being used 
do not use water  as the bath media for the silicon 
tetrachloride.  Water  can react  v io lent ly  if the flask 
were  to be broken in the cooling chamber.  The silicon 
te t rachlor ide  ut i l ized is an epi taxial  grade whi le  the 
ammonia  is anhydrous and ins t rument  grade. 

Dur ing initial development  the amount  of moisture 
present in the ammonia  was found to be critical. Excess 
oxygen and water  wil l  cause a silicon oxy-n i t r ide  to 
be deposited; therefore,  anhydrous 99.999% pure am-  
monia was chosen. The silicon oxyni t r ide  can be iden- 
tified by its much higher  etch ra te  in buffered hydro-  
fluoric acid. The flow rate of ammonia  was set to pro-  
vide an excess of ammonia  to insure complete  reaction 
of the silicon tetrachloride.  The ratio of ammonia  to 
silicon te t rachlor ide  (NHJSiC14) used was 16.6/1. The 
ammonia  was introduced direct ly  into the hot  zone to 
avoid the possibility of a l ternate  silicon te t rachlor ide-  
ammonia  reactions taking place at lower  temperatures .  

F igure  2 is a drawing of the baffle section and paddle 
design now in use. The baffle section is quar tz  and is 
used to improve  deposition uniformity,  both by deflect- 
ing the gas flow and by heat ing the react ion com- 
ponents. The boat which holds the wafers  paral le l  to 
the gas flow is high pur i ty  silicon and was chosen 
because of the ease of cleaning in concentrated hydro-  
fluoric acid, the absence of devitrification, and the 
accuracy achieved in machining. The silicon boat may 
be placed on a quar tz  carr ier  on wheels  and allows 
automatic insert ion and wi thdrawa l  f rom the deposi- 
t ion system with  its a t tendant  reproducibil i ty.  

In operation, the wafers  are loaded on the silicon 
boat and the boat pushed into the furnace before the 
ammonia  and silicon tetrach]oride are introduced. The 
boat is usual ly  preheated,  and the ammonia  turned on 
a minute  or so before  the silicon te t rachlor ide  is intro-  
duced. If the react ion gases are  introduced before the 

F l o w r a t e s  are based  on da t a  s u p p l i e d  by  the  Brookes  I n s t r u m e n t  
D i v i s i o n  of the  E m e r s o n  E lec t r i c  C o m p a n y .  

wafers  are heated, a hazy deposit forms on the  cold 
wafers. The ammonia  is introduced first to prevent  the 
possibility of depositing silicon f rom the breakdown 
of silicon tetrachloride.  The ammonolysis  of silicon 
te t rachlor ide  which forms silicon ni t r ide is a com- 
plicated series of reactions. S imply  stated, it is 

3SIC14 ~ 4NH3 -~ SisN4 ~- 12HC1 

The excess hydrogen chloride creates a favorable  con- 
dit ion according to subsequent  invest igat ion by 
MacKenna et al. (4), who showed that  the hydrogen 
chloride can act as a get ter  for any sodium ions 
present in the deposition cycle. Af te r  depositing the 
desired thickness, the ammonia  and silicon te t ra -  
chloride are turned off and the wafers  wi thdrawn.  

Film Properties 
Because the p r imary  purpose of this film is that  of a 

silicon ni tr ide barrier,  the  thickness un i formi ty  is not 
as str ingent  as that  requi red  for MIS work. The speci- 
fications for the bar r ie r  application are typical ly  2100 
_ 400A, whi le  the thickness var ia t ion f rom a routine 
run of at least 60 wafers  averages  _200A. Usually, 
the deposits are uni form in any row but may vary  
f rom row to row depending upon the ni t rogen flow 
and the wafer  to wafer  spacing. Rainbow effects, de- 
picted in Fig. 3 wi th  the edge toward the gas flow 
receiving a heavier  deposit, are noted when  the bulk 
ni t rogen flow is too low or when  the wafe r  to wafer  
spacing is too small, less than 0.214 in. Each shaded 
area represents  a thickness var ia t ion of about 300A; 
and since homogenous films of this thickness range 
exhibi t  l ight  interference,  this var ia t ion  causes an 
apparent  color difference in the various areas of the 
wafer.  With this low flow, less than 3 ft3/min, the last 
rows also tend to have  thin deposits. The bulk ni t ro-  
gen flow is f rom left to r ight  in Fig. 3. However ,  if the 
bulk ni t rogen flow is too high, the first wafer  row 
becomes th inner  than the subsequent rows due to the 
incomplete  react ion of the silicon te t rachlor ide  and 
ammonia. The amount  of silicon te t rachlor ide influ- 
ences the deposition rate;  but if the gas s t ream is kept 
fair ly dilute, the un i formi ty  is not affected greatly. The 
baffle section and boat design also influence uniformity.  
The baffle section (Fig. 2) has an upper  deflection 
plate which helps to direct the flow down towards the 
bot tom of the wafers  to help reduce the thin area above 
the slot mark.  

The results of vary ing  the processing parameters  
were  invest igated to proper ly  evaluate  the deposition 
system. The effects of changes in source bubbler  rates 
and deposition temperatures ,  upon both the deposition 
and etch rates, were  examined.  In addition, a com- 
parison of the film qual i ty  wi th  other  deposition sys- 
tems was made  by etching the films in buffered hydro-  
fluoric acid and phosphoric acid. Results are presented 
in the fol lowing paragraphs.  

To invest igate the effects of vary ing  system param- 
eters, silicon te t rachlor ide  was bubbled at three  differ- 
ent rates, and each of these rates was repeated in the  
850~176 deposition tempera ture  range at 25~ 
steps. The results are shown in Fig. 4. The deposition 
rate showed an increase wi th  both increased deposi- 
t ion t empera tu re  and bubbler  rates. 

As ment ioned previously, the ni tr ide film requi re -  
ments  are a thickness of 2100 _ 400A and an etch 
rate  in buffered hydrofuor ic  acid of 11 • 3 A/rain.  
Figures 5 and 6 represent  typical  data for 45 runs 
showing a plot of average thickness and average etch 

Fig. 3. Silicon wafers with j 
nonuniform thickness of silicon 
nitride. 
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Fig. 4. Deposition rate vs. furnace temperature for several bub- 
bier rates of nitrogen in silicon tetrachloride at 10~ 

rate  with their  2~ limits, respectively. A sample of five 
wafers, one from each row, was used to calculate the 
value. The ma x i mum variat ion of average thickness 
between runs  was less than  250A and etch rate var ia-  
tion was less than 2 A/rain .  

Because silicon ni t r ide is used as a mask against  
buffered hydrofluoric acid, and is etched in  hot phos- 
phoric acid, the etch rate as a funct ion of deposition 
temperature  was measured in these etching solutions. 
Over the increasing deposition tempera ture  range  in-  
vestigated, the etch rate in buffered hydrofluoric acid 
decreased slightly. This has been shown to be caused 
by an increase in the density of the silicon ni tr ide (5). 
Figure 7 is a plot of this data. The informat ion pre-  
sented in Fig. 8 shows that  the silicon ni t r ide etch rate 
in boil ing phosphoric acid at 180~ also decreases with 
increasing deposition temperature.  The rates in phos- 
phoric acid compare favorably with those reported by 
VanGelder  and Hauser (6). 

The index of refraction has been measured over a 
three month  period and found to be in  the range of 
1.94-2.00. The measurements  were made, wi th  an 
ell ipsometer at k -- 5460A, of silicon ni tr ide deposited 
upon b lank  silicon wafers. The densi ty of silicon ni t r ide 

SILICON NITRIDE 13- 130cc/min OF N2 FOLLOWING IN z 

IN A ~ SiCL4 @ 10~ o.c 12 2700~- 

2500i--~, ,~. ~ / ' ~  /~ f f \ -n ~ ,  P \  . _  / 11 -- 
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, oo i_ _ 
1 8 o o [ -  
1700p , , . . . . . . .  m 

p_. ? I t I I I 
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NO. OF RUNS 
Fig. 5. Thickness of silicon nitride vs. deposition runs TEMPERATURE IN C 

Fig. 7. Etch rate of silicon nitride in buffered hydrofluoric acid 

lif~d~i ~i\~,/~! /~ji/if vs'depositiontemperature" 
~ 14o r -  

~= lO 
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Fig. 6. Etch rate of silicon nitride in buffered hydrofluoric acid Fig. 8. Etch rate of silicon nitride in boiling phosphoric acid at 
vs. deposition runs, 180~ vs. deposition temperature, 
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w a s  determined by a weighing technique to be ap- 
proximately 2.9 g/cc. Silicon ni t r ide  was deposited on 
polished silicon wafers which had been previously 
weighed. The area covered by the ni t r ide was mea- 
sured and the average thickness measured. The wafers 
were reweighed and the density calculated. The wafers 
were etched clean of silicon ni tr ide and reweighed to 
verify the previous reading. 

Using the deposition systems described, l imited 
studies have been conducted on MOS properties of 
silicon ni t r ide on silicon. Our results indicated the 
surface state density, Nss, to be in the order of 1012/cm 2 
and the capabil i ty to consistently deposit films in the 
300A range. This is comparable to that  reported by 
Chu et al. (7) and Doo et al. (8). However, we have 
not studied charge storage effects or other properties 
present ly  considered important  for gate dielectrics. 

Sodium Penetration Testing 
A radioactive tracer technique (3) is used to test 

the effectiveness of silicon ni tr ide as a barr ier  to 
sodium penetration.  Radioactive sodium in the form 
of sodium chloride is evaporated onto the film in a 
vacuum, heated to 60O~ for 22 hr, and diffusion 
allowed to take place. Using a scinti l lation detector, a 
count of the gamma radiat ion from the Na 22 is obtained 
for the surface and following each etch step to develop 
a profile. If after 50A have been removed only 8% of 
the original concentrat ion remains, it is implied that 
the film is a reliable barr ier  against sodium. The films 
deposited in this system consistently pass this test. A 
less sophisticated method of evaluat ing silicon 
nitr ide is by actually subjecting devices to a sodium 
chloride solution (10g NaC1/100 ml H20) dur ing a 
certain baking period of 300~ for 8 hr, and then test- 
ing the semiconductor devices for high leakage currents.  

Conclusion 
An operating high production system for the deposi- 

tion of silicon ni tr ide using the ammonolysis of silicon 

tetrachloride has been described. The uni t  has the 
capabil i ty of at least 60 wafers / run .  

From the data presented, it has been shown that  the 
system has repeatabi l i ty  and rel iabi l i ty  over a large 
number  of runs  with silicon ni tr ide vary ing  less than  
• wi th in  the run. The assembly costs are rela-  
t ively inexpensive, and the actual operation is quite 
simple and reliable. 
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Dislocation Etch for (100) Planes in Silicon 
F. Secco d' Aragona 

Dow Coming Corporation, Solid State Research and Development, Hemlock, Michigan 48626 

ABSTRACT 

A new etch composed of a dilute aqueous solution of an alkali  dichromate 
and hydrofluoric acid, for sui tably revealing dislocations and other lattice 
defects in  (100) planes of silicon, is reported. The etch is fast ( typical ly 5 
rain),  brings out both lineage (low angle gra in  boundaries)  and slip lines, and 
works over a wide range of resistivities for n -  and p- type material.  The ap- 
plication of the etch is not restricted to (100) planes; dislocation etch pits are 
formed on all crystallographic orientations. The same etching characteristics 
were found with dilute aqueous solutions prepared from various chromium 
compounds and hydrofluoric acid. 

The two etches pr imar i ly  used to reveal dislocations 
in  silicon are the Dash etch (1) and the Sirtl  etch (2). 
The Dash etch yields deep etch pits on any surface 
independent  of its crystallographic orientation. It has, 
however, the drawback of requir ing long etching peri-  
ods (4 to 16 hr) and is sensitive to oxygen impur i ty  
concentration. 

The fast working Sirtl  etch is almost exclusively 
used as a preferent ial  etch for crystallographic defects 
in silicon but  fails to produce pits on (100) planes and 
on planes close to (100) orientat ion [e.g., (115)]. 
Mounds are formed instead, resul t ing in a rough sur-  

K e y  w o r d s :  sil icon crys ta ls ,  e tchants ,  dis locat ions,  c rys ta l  impe r -  
fections.  

face and loss of detail. Using a modified Sirtl  etch, a 
correlation between mounds and dislocations has been 
reported recent ly (3). However, the effectiveness of 
the etch is hindered due to the formation of numerous  
mounds of various sizes which do not appear to be 
related to dislocations. 

In  view of the previous difficulties, an effort was 
made to develop an improved dislocation etch for (100) 
planes of silicon. Such an etch should meet  the follow- 
ing min imum requirements :  (i) well-defined (deep) 
etch pits must  be developed at the emergence points 
of all dislocations, including slip and lineage arrays; 
(ii) the etch must  work for a wide range of resistivities 
and for n -  and p- type material ;  (iii) the etch must  
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work in a reasonably short t ime and be sensitive only 
to crystallographic defects (avoid surface roughness 
and formation of artifacts).  An etch containing a 
di lute aqueous solution of an alkali  dichromate and 
hydrofluoric acid was found which meets the above 
requirements.  Moreover, the etch is isotropic in that  
it appears to reveal  dislocations on surfaces of all 
orientations. 

Exper imental  
Before etching, the silicon wafer is chemically 

polished. This step is important  because a rough or 
di r ty  surface will  automatical ly  cause a poor etch- 
ing. Any modification of the HNO~-CH~COOH-HF 
polishing mix ture  leading to a shiny surface can be 
used. A commercial  polishing solution of the composi- 
tion HNOJCH~COOH/HF (3:2:2) was used in our 
experiments.  After  2-3 min, the polishing solution is 
rapidly flushed away with water. Par t icular  care 
should be taken not to touch the wafer with the fingers 
or gloves, as this can result  in subsequent  anomalous 
etching effects. The s tandard dislocation etch recom- 
mended consists of one part  by volume of a 0.15 molar  
solution of K~Cr207 in distilled H20 and two parts HF 
(49%). The etchant was tested on (100) wafers cut 
from dislocated crystals of different resistivities and 
type. The resistivity range  was from 0.01 to 10,000 
ohm-cm. P- type  (doped with boron) and n - type  (P, 
As, Sb) crystals were examined. 

An  etching t ime of 20 min  is necessary to br ing out 
dislocation pits of a size suitable for counting pur -  
poses in crystals with resistivities between 1 and 10,000 
ohm-cm. Agitat ion strongly reduces the etching time. 
By using ultrasonic agitation, it can be lowered to 5 
min. Ultrasonic agitat ion also leads to an improved 
surface appearance, avoiding bubble  formation, and is, 
therefore, recommended. Lower resistivity wafers re-  
quire longer etching periods of the order of 10-15 rain 
with agitation. After  a few minutes  of etching, the 
etch changes to a b rown-green  color. This is due to 
the formation of Cr 3 cations and does not seem to 
affect the s trength of the solution significantly. 

The bulk  etching rate was determined from thick- 
ness measurements  at etching intervals  of 10 rain for 
dislocated and dislocation-free wafers in the resist ivity 
range 4-300 ohm-cm, p- and n- type.  Thickness mea-  
surements  were made with a precision micrometer  on 
a circular zone of approximately 8 mm diam in the 
center  of the wafer. The wafer  was held vert ical ly and 
the etch temperature  was kept between 25 ~ and 30~ 

Results 
A dark field view of a (100) Czochralski wafer 

etched 5 rain is shown in Fig. 1. Perpendicular  slip 
lines, which are dense near  the per iphery and less pro- 
nounced toward the center, are visible. Figure 2 shows 
a (100) wafer cut from a float-zoned crystal of ~111~  
orientation. The white i r regular  lines, mostly radia t -  
ing from the center of the wafer, are l ineage or low 
angle grain  boundaries.  A closer view of the etch pits 
forming slip and lineage is given in Fig. 3. 

In  order to demonstrate  that  each etch pit corre- 
sponds to a dislocation, an x - r ay  topograph of a (100) 
wafer  was compared to an optical image of the etch 
pa t te rn  of the same wafer (Fig. 4a and b) .  Super-  
imposing a magnified view of the topograph to the etch 
pa t t e rn  resulted in Fig. 4c which shows that  a one- to-  
one correspondence between etch pits and dislocations 
does exist. 

The effect of the etch is not restricted to (100) planes. 
An  optical micrograph showing the shape of the dis- 
location pits on four different planes is given in Fig. 5. 
The shape of the pits varies from elliptical to circular. 
This indicates a basically nonpreferent ia l  character of 
the etch. The pits exhibit  shapes no longer dictated by  
crystal symmetry,  as in the case of the Sirt l  etch, but  
instead they develop a pa t te rn  due to the pursui t  of 
defects down into the crystal. When the dislocation line 
is perpendicular  to a certain crystallographic plane, a 

g49 

Fig. 1. Slip lines on a (100) Czochralski wafer, p-type (boron) 
with p ~ 300 ohm-cm; etching time, 5 rain. 

Fig. 2. Low angle grain boundaries (lineage) on a (100) wafer 
cut from a float zone crystal of ~ 1 1 1 ~  orientation, n-type (phos- 
phorous) with p ~ 1000 ohm-cm; etching time, 5 rain. 

circular pit will form as a result  of the symmetr ical  
circular s t ra in around the dislocation. As expected, 
more circular pits are present  on (110) planes. These 
are probably due to dislocations aligned in the ~110~  
direction meet ing the surface under  an angle of 90 ~ . 
On the other planes, the orientat ion of the elliptical 
pits is mostly random and determined by the angle the 
dislocation line makes with the surface. Variat ion in 
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Fig. 3. Magnified view of the etch pits of the slip lines (a) and low angle grain boundaries (b) 

Fig. 4. a, (220) transmission x-ray topograph of (100) Czochral- 
ski wafer, n-type (arsenic) and p ~ 6 ohm-am; b, dark field view 
of the same wafer after K~Cr~07 etching; c, the two rectangular 
areas in (a) and (b) have been enlarged and superimposed in 
printing, and the two micrographs were printed with a slight offset 
to enhance pit visibility. 

pit shapes at dislocations in germanium,  when  the ratio 
of HF to HNO3 is varied, was repor ted  by Faust  (4). 

When dis locat ion-free  crystals grown by the float 
zone me~.hod are Sir t l  etched, swirls of shal low t r i -  
angular  pits are usual ly  seen on (111) planes. These 
pits are thought  to be due to vacancy clusters (5) and 

have been extens ive ly  described (6). Due to the non- 
preferent ia l  character  of the dichromate  etch, the same 
defects cause shallow circular  pits and their  shape 
does not va ry  wi th  the or ientat ion of the silicon slice. 

A typical  curve for the bulk  etching ra te  of the 
standard mix tu re  is represented in Fig. 6. The etching 
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Fig. 5. Appearance of dislocation pits on 

rate is l inear  and equal to approximately 1.5 ~/min. No 
appreciable var iat ion in etching rate exists between 
dislocated and dislocation-free crystals. Other lattice 
defects such as, for example, the hillocks of the swirl 
pa t te rn  (6), stacking faults, twin  boundaries,  etc., are 
also revealed by the etch. 

The results reported above refer to a dilute (0.15M) 
aqueous solution of K2Cr20~ and HF. Etch pits with 
properties similar to those described may be formed 
also by using Na2Cr207 as the oxidizing agent. At first 
it was thought that  the presence of alkali  ions in the 
recommended s tandard etch causes the bet ter  or ienta-  
t ion- insensi t ive  etching compared with the CrO3-HF 

g 
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Fig. 6. Etching rate for the dichromate etch 

(110), (111), (112), and (115) planes 

system. However, this concept was disproved when 
similar results were obtained subst i tut ing (NH4)2Cr207 
or CrO3 for the alkali  dichromate. The main  difference 
be tween the s tandard Sirtl  etch and the etch de- 
scribed in this paper is a decrease in the content  of Cr 
cations in the present  etch accompanied by an in-  
crease in the acidity of the solution. These two factors 
together probably  play the most impor tant  role in ac- 
counting for the different ecthing characteristics. 

Acknowledgment 
The author is deeply grateful  to E. Sirt l  and T. F. 

Ciszek for m a n y  helpful  comments dur ing  the course of 
this work. 

Manuscript  submit ted Dec. 20, 1971; revised m a n u -  
script received March 3, 1972. This was Paper  60 pre-  
sented at the Houston Meeting of the Society, May 7- 
11, 1972. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be publ ished in  the June  1973 JOURNAL. 
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Properties of Vapor-Deposited Aluminum Arsenide 
A. G. Sigai,* M. S. Abrahams, and J. Blanc 
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ABSTRACT 

Single crystal l ine epitaxial  AIAs layers having donor concentrat ions as low 
as 2 • 1017 cm -3 and room tempera ture  mobilities of 294 cm2/V-sec were 
deposited on GaAs substrates by an open tube  vapor-growth technique. The 
effects of various reaction l iners on the pur i ty  and electrical properties of the 
deposited layers are considered. Optical absorption measurements  show that in 
addition to the fundamenta l  absorption edge at about 2.17 eV, a weaker ab-  
sorption is observed at about 0.96 eV (1.3 ~m) which is associated with de- 
viations in stoichiometry. The magni tude  of this peak depends on the a lumi-  
num to arsenic ratio in the gas phase. The observed bending of the epitaxial 
layer and measured dislocation densities in the AlAs are found to be con- 
sistent with previous models dealing with dislocation morphology and the 
occurrence of bending in epitaxially prepared heterojunet ion structures. 

Because of the large energy gap of AlAs (2.17 eV) 
and its close lattice and thermal  match with GaAs, 
this mater ia l  is of potential  interest  for a variety of 
electro-optic devices. Alloys of AIAs and GaAs have 
already provided a mul t i tude  of useful devices includ-  
ing visible electroluminescent  diodes and injection 
lasers. However, l i t t le is known about the properties 
of AIAs because its synthesis is complicated by  the 
high react ivi ty of a luminum compounds at normal  
growth temperatures  which makes high pur i ty  single- 
crystal growth difficult. Also, the reported hygro- 
scopic na ture  (1) of this mater ial  presents difficulties 
in subsequent  physical measurements.  

Recently, the preparat ion of AlAs by an open tube 
continuous flow vapor growth system has been re -  
ported (2). In  this system, a luminum is t ransported as 
a chloride by reaction of a luminum with HC1, and 
arsenic is provided by the thermal  decomposition prod- 
ucts of arsine. Unl ike  gal l ium and ind ium chlorides, the 
a luminum chlorides have been found to attack quartz 
reaction tubes. Consequently, protective liners must  be 
used to minimize contaminat ion dur ing growth. 

In  the present work, the effects of various reaction 
liners on the pur i ty  and electrical properties of the de- 
posited layers are considered. In  addition, the optical 
and s t ructural  properties of layers employing this 
vapor growth technique are determined.  

Vapor Growth Apparatus 
The basic growth apparatus and technique have been 

described in detail previously (2) and, therefore, will  
not be described in detail  here. The growth system, 
shown in Fig. 1, consists of a quartz tube which ac- 
commodates either an a lumina  or carbon liner. Within  
the liner, a series of a lumina  or carbon boats is used 
to contain the a luminum source metal. An a lumina  or 
carbon plug with several holes is placed at the end of 
the l iner to provide a high velocity of gaseous a lumi-  
num chloride exit ing the liner. This was found to be 
essential for significant epitaxial  deposition, since the 
a luminum chloride and arsine react to form AlAs im-  
mediately at the points where the two gases begin to 
mix, independent  of the mixing temperature  or con- 
centrat ions of the reacting species. Without  the high 
gas velocity the AlAs would otherwise form at a point 
too close to the exit of the a lumina  l iner  to properly 
position a substrate. 

In  some experiments,  a tungs ten  l iner  (not shown) 
is used in  the deposition region, in addition to the alu-  
mina  liner, plug, and boats, to fur ther  reduce the attack 
of the quartz by the a luminum chloride. In  other ex- 
periments,  all the a lumina  components were replaced 
with high pur i ty  carbon, as shown in Fig. 1, and the 
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tungsten l iner  was replaced by a uni form carbon coat- 
ing which was formed by the pyrolysis of electronic 
grade acetone at 1000~ The GaAs substrates were 
supported by a carbon substrate holder on the end of a 
carbon-coated quartz growth rod. 

The AlAs layers were deposited at 1000~ on un-  
doped GaAs substrates oriented 3 ~ from the {100} 
plane. The substrates were chemically polished in a 
5:1:1 H2SO4:H202:H20 solution for 1 hr followed by 
a 1 rain polish in a 1% bromine-methano l  solution just  
prior to growth. With nomina l  flow rates of 0.8 l i ters /  
min of 3% AsH~ in H2 and 2.3 l i ters / rain of 1% HC1 
in H2, growth rates of 1 to 2 mi l s /h r  were realized. 

The carbon components (boats, plug, and l iner)  were 
chemically cleaned and baked prior to ini t ial  use. The 
chemical c leaning consisted of an immersion in aqua 
regia for 5 hr followed by a 24 hr reflux in deionized 
tr iply-dist i l led water. The carbon was then fired in 
air at 280~ for 3 hr after which it was fired in hydro-  
gen at 1000~ for 4 hr. Just  prior to their use in  the 
growth assembly, the carbon components were rf-  
heated in  vacuum at 1500~ for 4 hr to remove ad- 
sorbed gases and other volati le constituents. 

General Properties of Deposited Layers 
The AlAs epitaxial  layers were single crystal l ine 

as confirmed by the Laue back-reflection x - r a y  tech- 
nique and were typical ly between 3 to 5 mils thick, 
although layers as thick as 15 mils have been de- 
posited. The AlAs deposit ini t ia l ly appeared metallic, 
but on contact with air, developed uni form interference 
colors. After  the appearance of a few fringes, very 
little fur ther  reaction wi th  the atmosphere was ob- 
served. Electrical measurements  on several samples 
(to be discussed later) stored in dry air were repeat-  
able and reproducible several  weeks later. This sug- 
gests that  the reported rapid deteriorat ion of this 
material  (1) occurs only on the surface and that  the 
properties of the bulk  are main ta ined  appreciably 
longer. The stabil i ty of the layers appeared to depend 
on the na ture  of the ambient  and the crystal l ine qual-  
ity of the deposit. 

GaAs SUBSTRATE FCARBON OR 
EXHAUST / |ALUMINA TUBE 

/ /-CARBON OR / 

IT //'~ 
/ d'--AsH'§ 

SUB~R-T ~ ALUMINA OR 
CARBON COADTED HOL~_~ r.. \ ~ - -V ITREOUS CARBON 
QUARTZ \ BOATS 

CARBON COATED J 
QUARTZ TUBE 

Fig. l. Apparatus used for the vapor growth of AlAs 
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Of key importance for proper in terpre ta t ion  of the 
electrical, optical, and s t ructural  properties presented 
here is the extent  of interact ion between the AlAs and 
the GaAs at the epi taxy-subst ra te  interface after sev- 
eral hours growth at 1000~ Therefore, a sample was 
cleaved parallel  to a {llO} plane (i.e., perpendicular  to 
the growth direction) and examined by electron micro- 
probe analysis. Using separate spectrometers, the re la-  
tive Ga and A1 concentrat ions were determined by 
moni tor ing the Ga and A1 K~ intensities, respectively. 
The results were made quant i ta t ive  by using polished 
single crystal l ine AlAs and GaAs as standards. The 
results of the analysis are presented in Fig. 2. The Ga 
intensi ty  has been corrected for fluorescence of the 
As K~ on the AlAs side of the junction.  The random 
var ia t ion in in tensi ty  observed for the A1 K~ is be-  
l ieved to be due to variat ions in surface topography 
rather  than  in concentration,  since complementary  
variations in the Ga K~ intensi ty  are not  observed. 
Clearly, the amount  of interdiffusion, if it exists at all, 
is less than  5 ~m, which is the l imit  of detection under  
the exper imental  conditions used. 

Structural Properties 
One question impor tant  for potential  device fabrica- 

t ion is the degree of strain which may be present  in an 
AlAs epitaxial  layer  which has been deposited on a 
GaAs substrate. For  thick ( >  5 mils) as-grown AlAs 
layers deposited on undoped substrates, the epi taxy-  
substrate composite is typically bowed strongly toward 
the GaAs substrate. Furthermore,  dur ing rout ine proc- 
essing of relat ively th in  (3 rail) layers, the AlAs fre-  
quent ly  cleaved into several pieces upon removal  of 
the GaAs substrate. Both observations suggest the 
presence of large strain in these layers, which at first 
appears to be inconsistent with the reported (3) s im- 
ilarities of the room tempera ture  lattice parameters  
(ao nzAs ---- 5.6610A, ao GaAs : 5.6533A) and thermal  ex-  
pansion coefficients (aA1As : 5.2 • 10 -6, 'aGaAs = 6.6 X 

10-6). In  fact, the excellent  lattice and thermal  match 
has been thought  to play an impor tant  role in the ex- 
cellent device performance of (Ga,A1)As electro-optic 
devices. 

Both observations, however, can be explained on the 
basis of previous models dealing with the dislocation 
morphology (4) and the occurrence of bending (5) 
in epitaxial ly prepared heterojunct ion structures. Ac- 
cording to these models, an orthogonal array of misfit 
dislocations wil l  form at or near  the heterojunct ion 
due to the difference in lattice parameter  between the 
substrate  and  epitaxial  layer. When  the misfit disloca- 
tions bend out of the plane of growth, they give rise 
to incl ined (4) dislocations whose densi ty is hi. As 
shown in earlier work (5), the edge components of 
the incl ined dislocations produce a bending moment  
in the crystal  if the extra  hal f -planes  of these disloca- 
tions are parallel  to each other. 

A value  of ni  : 1 X 106 cm -2 is calculated (4) by 
using the lattice parameters  (3) appropriate to the 
growth tempera ture  of 1000~ Using this value for nz, 
the calculated (5) radius of curvature  of an isolated 
AlAs layer is 17 cm. This radius of curva ture  is in  
reasonable agreement  with the value of 10 cm mea-  
sured from a bowed layer  of AlAs that  had been iso- 
lated from its substrate.  A s imilar ly  grown sample was 
examined by transmission electron microscopy; the 
value of n ,  here was found to equal 7 X l0 B cm-% 
Furthermore,  the t ransmission electron micrograph of 
the dislocations in  the AlAs layer, shown in Fig. 3, 
indicates that  the incl ined dislocations do tend to 
align, which is consistent with the proposed model (5). 
[Direct observation of the sense of bending of the 
inclined dislocations in I I I -V compounds will  be pub-  
lished in due course (6).] Also, the layer would be 
expected (5) to bend toward the GaAs as observed. 
The difference between the calculated and measured 
values of nz most l ikely arises from the uncer ta in ty  
in the lattice parameters.  The values of the  lattice 
constant  at 1000~ for AlAs and GaAs are 5.6899 _ 
0.0005A and 5.6906 +_ 0.0O05A, respectively. Within  the 
specified limits, the calculated value of ni  may vary  by 
a factor of 4. 

Fur ther  electron microscopical studies were per-  
formed on {110} cross-sectional planes which are 
normal  to the {100} plane of growth. Examinat ion  of 
these specimens revealed the presence of an interracial  
layer  about 1 ~m thick at the position of the original 

Fig. 3. Transmission electron micrograph showing inclined dislo- 
cations in AlAs. 
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growth interface. Although the interracial  layer  has 
not been identified, the bond strengths of the inter-  
facial layer  must  be substant ia l ly  different from either 
GaAs or AlAs. This is based on the observation that 
dur ing th inn ing  of the GaAs/AIAs interface on the 
{110} plane by ion bombardment  for TEM studies, the 
etch rates of the various layers in the GaAs- interface-  
AIAs composite were significantly different. Practically 
all of the GaAs substrate  was removed, clearly de- 
l ineat ing the interface before any appreciable th inn ing  
of the interface occurred. Furthermore,  a good deal 
of the AlAs was completely removed before the in ter-  
face was th inned sufficiently for t ransmission of the 
100 keV electron beam. It is believed that this layer 
has little direct effect on the bending of the composite 
epitaxial  layer-subst ra te  sandwich. This is because the 
s imilar i ty  of GaAs and AlAs cause approximately  
equal and opposite effects at the respective interfaces. 
However, stacking faults with a density of 3 • 106 
cm -2 were also present  in the AlAs. The presence of 
faults is unexpected since the substrate surface was 
free of work-damage (7) and since both the substrate 
and epitaxial layer  contained no second-phase par t i -  
cles (8). This high stacking fault  density may well 
be due to the presence of the interracial  layer. It 
should be noted that  the lattice spacing of the inter-  
mediate layer normal  to the growth direction must  
be close to that of both AlAs and GaAs, since it would 
otherwise give rise to higher values of n, than are 
actual ly observed. 

The effect of s train due to differential thermal  ex- 
pansion was also calculated (3, 9), result ing in an 
expected radius of curvature  of 47 cm. Any  effect of 
the intermediate  layer was neglected. This radius is 
clearly too large to account for the observed bending. 

In view of the uncer ta in ty  in the lattice constants, 
the presence of a high density of stacking faults, and 
the presence of an interracial  layer of unknown  com- 
position, the conclusions drawn above dealing with 
the inclined dislocations and the radii of curvature  are 
undoubtedly  s imple-minded.  Nonetheless, application 
of this model to this system satisfactorily accounts for 
our observations of dislocation densities and bending. 

Electrical Properties 
As-grown AlAs layers.--The electrical properties of 

the vapor deposited AlAs were determined by standard 
Hall measurements  on layers which were first removed 
from the substrate. Ohmic contacts were made by 
ul trasonical ly bonding indium and by anneal ing  at 
700~ for 5 min in a hydrogen atmosphere. Thicknesses 
greater than 3 to 4 mils were required to avoid crack- 
ing the layers. Table I summarizes the electrical prop- 
erties of several AlAs layers which were vapor-de-  
posited with various modifications to the growth sys- 
tem. Also included is the impur i ty  analysis  of each 
sample, determined either by mass or emission spec- 
trographic techniques. In the first series of runs  em- 
ploying only the a lumina  boats, liner, and plug, the 
layers were found to be un in ten t iona l ly  doped n- type  

and show high concentrat ions of Si. This is to be 
expected based on the high reactivi ty of Al-compounds  
at high tempera ture  and the use of a quartz reaction 
tube. Note also the correlat ion between the free e lec -  
tron concentrat ion (from Hall measurements)  and the 
concentrat ion of Si (from mass and emission spectro- 
graphic analyses) ,  suggesting Si as the predominant  
electrically active impuri ty.  This is consistent with the 
observation that  Si is the predominant  donor impur i ty  
in many  other I I I -V compounds prepared by similar  
vapor growth techniques (10). 

Based on this hypothesis, a second series of runs  
was carried out employing an outer tungsten  l iner  in 
the deposition zone to fur ther  reduce the observed at- 
tack of the quartz reaction tube. The tungsten l iner 
was used in addition to the a lumina  components  and 
l iner  in the source zone. Runs 3 �9 23 and 3 �9 24 in Table 
I clearly show a reduct ion of Si contaminat ion by an 
order of magni tude  with a corresponding reduction in 
the measured free electron concentration. Even with 
the tungsten liner, trace amounts  of Fe, Cu, and Mg 
were present. These could originate from the a lumina  
plug and boats since they contained 0.05% SiO2, 0.1% 
Fe203, as well as a mul t i tude  of other trace impurities. 

In a third series of experiments,  efforts were made 
to reduce the Si contaminat ion even fur ther  by replac- 
ing the tungsten  l iner  with a pyrolytic carbon coating 
on the quartz reaction tube in the source and deposition 
zones and by replacing the a lumina  boats, plug, and 
liner with carbon components. The results in Table I 
show that the free electron concentrat ion was reduced 
to 2 x 1017 cm -3 with reduced amounts  of Fe, Cu, and 
Mg. However, some reaction with the carbon and 
quartz was observed which may have been related to 
pinhole cracks in the carbon coating. This may also 
account for the re la t ively high Si concentrat ion in 
these samples compared to other I I I -V compounds 
grown by this technique. 

In Fig. 4 the mobil i ty of the un in ten t iona l ly  doped 
n- type  vapor-deposited samples are plotted as a func-  
tion of electron concentration. Although no simple 
curve is apparent,  a general t rend of increasing mobil-  
ity with decreasing carr ier  concentrat ion is observed. 
The carrier concentrat ion of 2 • 1017 cm -3 and mobi l -  
ity value of 294 cm2/V-sec represent  the lowest con- 
centrat ion and highest room tempera ture  mobil i ty  val-  
ues obtained for our vapor-grown AlAs. 

P-type doping.--It has been demonstrated previously 
(11) that Zn can be satisfactorily diffused into vapor-  
deposited AlAs layers to form p-n  junct ions  which 
emit near bandgap radiat ion at room temperature.  
However, it is also of interest  to examine the feasibil- 
ity of growing p -n  junct ions  in situ. Therefore, using 
a doping a r rangement  similar to that  described by 
Tiet jen (12) for GaAs and GaP, Zn vapor was intro-  
duced into the reaction tube dur ing growth. Although 
a very high Zn concentrat ion (>10 -3 arm) was ob- 
tained in the gas phase, mass spectrometric analyses 
of several layers revealed that only about 1 ppm Zn 
was incorporated into the AlAs, which is not sufficient 

Table I. impurity analysis and electrical properties of vapor-deposited aluminum arsenide 

A l u m i n a  c o m p o n e n t s  

Run No. n (em ~) 

E l e m e n t  (ppma) * 

A n a l y s i s  t e c h n i q u e  S i  Fe  Cu  M g  

2 �9 18 1.4 x 10 is M a s s  spec .  
2 �9 25 6.4 • 101s M a s s  spec .  
3 �9 2 4.0 x l 0  is E m i s s i o n  spec.  
3 �9 1 9  1 . 9  x I0  TM E m i s s i o n  spec.  

A l u m i n a  c o m p o n e n t s  w i t h  t u n g s t e n  l i n e r  i n  d e p o s i t i o n  zone  

3 �9 23  3.6 X 1017 E m i s s i o n  spec.  
3 - 24  5.3 x 1017 E m i s s i o n  spec .  

C a r b o n  c o m p o n e n t s  w i t h  c a r b o n  c o a t i n g  of q u a r t z  t u b e  

8 �9 20 2.0 x 1017 E m i s s i o n  spec.  

II0 1.7 0.6 1.0 
200 1.2 1.0 0.6 
30-300 1-10 0.I-I 1-10 
5-50 0.0-6 1-10 0.3-3 

2-20 1-10 0.3-3  N.D. 
1-10 N . D .  0 .03-0 .3  1 .5 -15  

1-10 N.D.  N.D.  0.03-0 .3  

" 1 P P m a  = S • 10 TM c m  --~. 
N . D . ~ N o t  d e t e c t e d .  
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Fig. 4. The variation of electron mobility with free electron can- 
centratian for unintentionally doped AlAs. Si is believed to be the 
electrically active impurity. 

to overcompensate the background donor concentra-  
tion. This inabi l i ty  to obtain p- type  AlAs dur ing 
growth may be related to the presumably  high vapor 
pressure of Zn required for its incorporat ion into the 
AlAs at the growth tempera ture  of 1000~ For ex- 
ample, since the vapor pressure of Zn in the gas 
phase is introduced at only 10 -~ atm compared to an 
equi l ibr ium vapor pressure of Zn at the growth tem-  
perature  of >1 atm, very li t t le Zn would be expected 
to be incorporated. Al though the activity of Zn 
in AIAs has not been considered, it is not ex- 
pected that this would significantly alter these con- 
clusions. These results fur ther  suggest that  it may 
also be difficult to incorporate Zn or other volatile 
dopants at h igh-growth temperatures  into other I I I -V 
compounds employing this vapor-phase growth tech- 
nique. 

Optical Properties 
For optical absorption measurements,  several vapor-  

deposited AlAs layers were polished flat and paral lel  
on both sides using a chemical-mechanical  polish tech- 
nique with a 1/2% bromine-methano l  solution. Layers 
at least 5 mils thick were required for the measure-  
ments  and polishing procedure, since th inner  layers 
inevi tably  cleaved as the GaAs/A1As  interface was 
approached. Layers polished in this manne r  were 
typical ly mir ror  smooth and t ransmi t ted  orange light. 
However, a few minutes  after exposu re  to the atmo- 
sphere the surface developed blue interference fringes, 
indicative of oxidation. To avoid appreciable oxida- 
tion, layers were stored and t ransported in tr ichloro- 
ethylene after polishing. Optical measurements  were 
made using a Carey 14 double-beam spectrophotometer 
which had been thoroughly purged with high pur i ty  
dry  ni t rogen prior to use. No apparent  change in 
either the optical density or the general  shape of the 
absorption curve was observed dur ing several scans 
of the same sample. The absorption coefficient was 
calculated using the simple relat ion 

-- 1/ t  In ( I o / I )  

where t is the thickness and Io and I are the ini t ial  and 
t ransmi t ted  photon intensities,  respectively. Although 
values of a obtained in this manne r  could be in con- 
siderable error in  the region of long wavelengths due 
to neglecting reflection considerations, the relat ive 
values of a are quite reliable. Fur thermore,  values of a 
thus obtained were par t ia l ly  corrected for reflectance 

and other unaccounted-for absorption losses by sub-  
t ract ing the absorption which was present  at wave-  
lengths greater  than that  of the absorption edge and 
which remained rela t ively constant  with wavelength.  
The values thus obtained were used for the subsequent  
evaluations.  

The absorption coefficient of the AIAs layers were 
found to follow the relat ion 

= : K ( h v  - -  E G )  r~ 

with m _-- 2 for an indirect  energy band  structure.  The 
energy gap was then determined f rom a plot of a'/2 vs. 
hv with = extrapolated to zero. Analysis  of several AlAs 
samples in this m a n n e r  have yielded a value of the 
energy gap at room tempera ture  of 2.17 q- 0.02 eV, 
which is in excellent  agreement  wi th  previously pub-  
lished values of 2.15 eV (13) and 2.16 eV (14). 

In addit ion to the fundamenta l  absorption edge, Yim 
(13) has reported a weaker  absorption peak at 1.3 ~m 
in vapor-grown AlAs, which he suggested was asso- 
ciated with deviations in stoichiometry. Since this 
peak had never  been observed in vapor-grown sam- 
ples prepared in the present  investigation or in  AlAs 
grown by other techniques (14, 15), efforts were made 
to de termine  the existence of such an absorption peak. 
Several  samples were grown using various HCI flow 
rates over the a luminum source and various flow rates 
of AsH3 in order to change the a l u m i n u m  to arsenic 
ratio in the gas phase. The absorption curves of these 
samples are presented in Fig. 5. It can clearly be seen 
that  a peak does indeed exist at 1.3 ~m and that  the 
in tensi ty  of this peak depends on the HC1/AsH3 flow 
rates, and, in turn,  on the a luminum to arsenic ratio 
in the gas phase. This may be the reason why these 
deviations had not been apparent  earl ier  in mel t -g rown 
AlAs (14) or in  a luminum-r i ch  (Ga,AI)As layers 
grown by l iquid phase epitaxy (15). These findings 
demonstrate  that  the stoichiometry of the mater ial  
can be controlled dur ing  vapor-phase growth by ad- 
jus t ing the AI/As ratio in the gas phase. Similar  devia- 
tions in stoichiometry have been observed in other 
vapor -grown I I I -V compounds such as AIP (16), and, 
recently, GaAs (17) and Ga(As,P)  (18). In  the later 
works (17, 18), the deviat ions in  stoichiometry have 
been found to have a profound effect on the lumin-  
escence properties of the vapor-deposited layers. 

Summary and Conclusions 
The epitaxial  deposition of AlAs layers using the 

A1/HC1/AsHs vapor-phase  growth technique requires 
many  precautions to prevent  serious contaminat ion of 
the grown layers. After  examinat ion  of several  meth-  
ods for reducing the attack of the quartz reaction tubes, 
the highest pur i ty  layers (n  : 2 X 10 t7 cm -a  with 
_-- 294 cm2/V-sec) were found to be obtained in an 
all carbon component  system. However, the residual  
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i m p u r i t y  content  is s t i l l  h igher  than  tha t  des i red  for 
reproducib le  control  of the  e lec t r ica l  propert ies .  The 
e lec t r ica l ly  active i m p u r i t y  is thought  to be silicon. 

P - t y p e  layers  could not  be grown in situ by  doping 
wi th  Zn vapor  p r e sumab ly  due to the  high res idual  
donor  concentra t ion and the difficulty wi th  which  the 
Zn is incorpora ted  into the  l aye r  a t  the  high growth  
t empera tu re .  Deviat ions in s to ichiometry  are  suggested 
by the  presence of a 1.3 ~m peak  in the  optical  absorp-  
t ion spect ra  of A lAs  grown in an  a r sen ic - r i ch  a tmo-  
sphere.  However ,  this  can easi ly  be contro l led  by  ad-  
jus t ing  the  A1/As ra t io  in the gas phase.  

Despi te  the  appa ren t  the rmal  and lat t ice match  be-  
tween  the AlAs  ep i tax ia l  l aye r  and  the GaAs sub-  
strate,  bending  of the  he te ro junc t ion  s t ruc ture  occurs 
toward  the GaAs wi th  a rad ius  of curva ture  of 10 cm. 
This observat ion  can be exp la ined  on the basis of 
ea r l i e r  models  in which incl ined dislocations,  formed 
by  misfit dislocations bending  out  of the growth  plane, 
produce a bending  moment  if the ex t r a -ha l f  planes  of 
these dislocat ions are  para l l e l  to each other.  The cal -  
cu la ted  incl ined dislocat ion density,  1 • 106 cm -2, 
is in good ag reemen t  wi th  the  measured  va lue  of 7 • 
10 6 cm-~.  

An  in ter rac ia l  l aye r  was found be tween  the A lAs  and 
GaAs. Al though  this l ayer  was not  identified, i t  is 
thought  tha t  it  gives r ise  to an unexpec ted  s tacking 
faul t  dens i ty  of 3 • 106 cm -2. 
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Optical Response in the Photoselective Metal 
Deposition (PSMD) Imaging System 

J. F. D'Amico,* F. A. Litt, and M. A. DeAngelo 
Western Electr ic  Company, Engineering Research Center, Princeton,  New Jersey 08540 

ABSTRACT 

The opt ical  response of a represen ta t ive  PSMD imaging system, s tannous 
chlor ide  sensit ized po ly imide  film, was de te rmined  by  exposing sensit ized 
subs t ra tes  to u l t rav io le t  r ad ia t ion  and measur ing  the  resul t ing  decrease in 
ca ta ly t ic  ac t iv i ty  for electroless  copper  deposit ion.  This ac t iv i ty  was  de te r -  
mined  b y  measur ing  l ight  t ransmission th rough  the deposi ted m e t a l  and sub-  
strate.  

The imaging react ion photoresponse was  measured  in the  200-400 n m  
wave leng th  range. The sensi t iv i ty  was found greates t  at  200 nm, decreasing 
monotonica l ly  wi th  wavelength .  The upper  l imi t  for useful  imaging  in air  
occurred in the  v ic in i ty  of 350 nm. The imaging react ion ra te  was also found 
propor t iona l  to i0.7, whe re  I is the  incident  l ight  intensi ty.  This in tens i ty  de -  
pendence was found over  the  ent i re  range  of measured  wavelengths .  A n  ex- 
p lana t ion  of the  sys tem's  opt ical  behavior  in te rms of l i gh t -gene ra t ed  e lec t ron-  
hole pai rs  is offered. 

A process for  genera t ing  meta l  pa t t e rns  on dielectr ic  
subs t ra tes  using uv l ight  exposure  in combinat ion  
wi th  electroless  (chemical)  p la t ing  has been  repor ted  
in a recent  pa ten t  (1) and in severa l  recent  papers  
(2-7).  This process, known as photoselect ive  meta l  
deposi t ion (PSMD),  combines convent ional  electroless  
p la t ing  technology wi th  an imaging  p rocedure  added  

" E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
Key words: photoimaging, Pattern generation, ultraviolet photo 

chemistry, electroless plating. 

to the  convent ional  two-s tep  process be tween  sensi t iza-  
t ion ( immers ion in aqueous SnC12) and act ivat ion ( im-  
mers ion in aqueous PdC12). Where  exposed to the  
uv radiat ion,  the  sensi t ized subs t ra te  becomes non-  
ca ta ly t ic  in the  subsequent  meta l iza t ion  procedure.  
The imaging sys tem is, thus, a posi t ive work ing  one 
since i t  genera tes  a rep l ica  of the  photomask.  

The papers  ci ted above contain  a genera l  descr ipt ion 
of the PSMD process and its potent ia l  capabi l i t ies  and  
uses. In  this  paper  we shal l  focus on the  system's  
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optical characteristics as they relate to the formation 
of images. Accordingly, we have provided a detailed 
description and analysis of a specific (but  also repre-  
sentative) imaging system: hydrated s tannous oxide 1 
as sensitizer and, following activation with aqueous 
pal ladium chloride, deposited electroless copper. The 
scope of this paper is l imited to effects of the incident 
radiation, and accordingly, all procedures re la t ing to 
the substrate preparat ion and the image development  
have been arbi t rar i ly  fixed. In  a future paper, we will  
report  on the role of ambient  conditions and substrate 
preparations in the PSMD system. 

We have determined the extent  of photoconversion 
in our system vs. incident  light wavelength and in-  
tensity, using as a basis for analysis the degree of 
metalization with electroless copper under  a fixed set 
of development  parameters.  In  effect, we have used 
the imaging reaction itself as an analyt ical  device for 
evaluat ion of the extent  of reaction. This somewhat 
indirect  procedure has been necessary because a direct 
quant i ta t ive analysis of the sensitizer reaction, Sn( I I )  
-> Sn( IV) ,  is not feasible in this range using available 
methods. 

The techniques involving image development, which 
will be described in detail  in this paper, can be used 
to provide basic informat ion related to the PSMD 
photoreaction. In  addition, they provide the PSMD user 
with necessary information for the design and opera-  
tion of practical imaging systems. 

Method of Analysis 
As previously described (6, 7 ) , t h e  electroless metal -  

ization process can be summarized in the following 
reactions 

Sn ( I I )  + Pd( I I )  -> Sn( IV)  + Pd(O)  

Pd(O)  
Cu(I I )  + 2e > Cu(O) 

Cu(O) 
Cu(I I )  + 2e >Cu(O) 

where the electrons in the electroless copper reactions 
are provided by a reducing agent in the bath, formal-  
dehyde in this case. The PSMD imaging step consumes 
Sn (II) in the exposed areas by the reaction 

hv 
Sn( I I )  > Sn(IV)  + 2e [1] 

the electron t ransfer  in reaction [1] being made to 
ambient  oxygen. 

The divalent  t in  is deposited on the substrate by 
immersion into a dilute solution of s tannous chloride 
and then a water  rinse. As deposited, the sensitizer 
appears main ly  as a hydrated SnO/SnO2 mixture,  with 
the te t ra-  to divalent  t in  ratio (7) close to 2/1. Some 
aspects of the s tructure and chemistry of the sensitizer 
deposit have been studied using MSssbauer techniques 
and are reported in Ref. (7). The metallic pal ladium 
microdeposits generated by the Sn ( I I ) - P d  (II) redox 
reaction provide catalytic sites for ini t iat ion of the 
electroless metal  deposition (9). 

On polyimide, a substrate opaque in the ultraviolet,  
it is not possible to monitor  reaction [1] by spectro- 
photometry. We can, however, follow the photocon- 
version by taking the sensitized/exposed substrate 
through the remain ing  steps in the metalization proc- 
ess and measur ing the op~cical density of the metal  
deposit as an indicator of the density of active sensi- 
tizer sites. While the ratio of metal  atoms to active 
sensitizer atoms depends on the development  pro- 
cedures, we can use the amount  of copper deposited as 
an index of the degree of t in oxidation by main ta in ing  
all sensitizing, washing, and plat ing procedures con- 
stant. 

1 The  gene ra l  f o r m  of the  sens i t i ze r  depos i t  f o l l o w i n g  i m m e r s i o n  
in  t h e  c o n v e n t i o n a l  SnCI~ �9 2H20 -- HC1 so lu t i ons  a n d  a w a t e r  r inse .  
F o r  f u r t h e r  de ta i l s ,  see Ref.  (7, 8). 
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While the t in  conversion that  corresponds, for in-  
stance, to 50% reduct ion in the optical density of the 
copper deposit is not known, we are assured that  in 
two experiments  which give the same density reduc-  
tion, that  the fractions of the Sn( I I )  consumed in each 
via reaction [1] are equal. 

In using this method, we have selected an electro- 
less plat ing t ime brief  enough to ensure  that  the copper 
layer remains  optically t ransparent ;  otherwise, changes 
in optical density would not be readi ly detectable. We 
shall indicate the extent  of the sensitizer reaction by 
the ratio D/Do, where D is the optical density of the 
metal  deposit over the exposed sensitizer and Do is 
that  over the unexposed region. 

Experimental ly ,  we have imaged a narrow beam of 
monochromatic light of known intensi ty  on a sensitized 
polyimide specimen for a precisely specified time; we 
have then developed the beam image in electroless 
copper and measured light t ransmission through the 
plated specimen. This method is possible because the 
polyimide is t ransparen t  over a portion of the visible 
range. In  this way, we have obtained T and To, the 
light t ransmission through the copper deposits in the 
exposed and unexposed regions, respectively. The 
transmissions T and To have been defined relat ive to 
the light t ransmission through a b lank  substrate which 
is used to set the value of T = 100% on a micro- 
photometer. Thus, T = 100% corresponds to the mea-  
sured transmission through a polyimide film devoid 
of all  deposits. The respective light transmissions have 
then been used to determine the optical densi ty ratio 
D/Do, where 

D = l o g ( l / T )  and 

Do = l og ( l / To )  

At present, we are not in  a position to state the exact 
relationship between the deposited copper optical den- 
sity D (or Do) and the concentrat ion of active t in  
atoms from which the deposit was initiated. It  is suffi- 
cient in the present  discussion that  D (and Do) vs. 
light exposure mere ly  be a sensitive single valued 
index of the t in  oxidation. Fur ther  discussion of the 
use of the optical density measurements  to character-  
ize the sensitizer activity is given in Appendix  A. 

At each wavelength,  we have fitted a smooth curve 
to plots of D/Do vs. l ight exposure E, ~ with l ight in-  
tensi ty I as a parameter  (E()0 - I(k) �9 t, where t is 
exposure t ime).  From such plots, we have deter-  
mined E1/2, where El/2 - light energy required to re- 
duce D/Do from 1.0 to 0.5. This energy wil l  be used to 
indicate the relative reaction sensit ivi ty at the given 
wavelength. 

Experimental 
Sensitizer-substrate system.raThe PSMD process has 

made use of several sensitizer solutions on a var ie ty  of 
substrates. The solution used in the work reported 
here consisted of 10g SnC12 �9 2H20 and 10 ml  conc HC1 
dissolved in one liter of deionized water. The substrate 
was a 2 mil  polyimide film (du Pont  KAPTON|  

Stannous chloride-based sensitizer solutions undergo 
ostensible changes in  their  appearance on standing in 
air; they become increasingly cloudy with t ime and 
eventual ly  form a readi ly visible colloid mix ture  of 
stannous and stannic oxide (6-8). They also undergo 
color changes, going from coiorless to yellow as they 
age. Such changes in  solution properties produce 
changes in the sensitizer deposit (7), pr incipal ly  the 
total weight deposited and the S n ( I I ) / S n ( I V )  ratio. 

In  the work reported here, we h a v e  used a sensitizer 
system whose properties change relat ively slowly with 
time. In  our case changes in the sensitizer properties 
over the durat ion of about 8 hr were not significant. 
Using solutions freshly prepared each day, we were 
able to ignore the t ime dependence and still sensitize 
the substrate reproducibly.  

The  c u s t o m a r y  p r o c e d u r e  fo r  c h a r a c t e r i z i n g  p h o t o g r a p h i c  s e n s i -  
t i zers  is  to  p lo t  d e n s i t y  v s .  log  E r a t h e r  t h a n  E as we  h a v e  done  
here .  
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Fig. |. Exposure system 
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Substrate  preparation, sensitization, and develop- 
m e n t . - - T h e  polyimide substrate was cut into 1.5 in. • 
3 in. specimens which were treated for 10 rain in 24~ 
10N NaOH, then rinsed an equal t ime in r unn i ng  de- 
ionized water. Specimens were then sensitized by a 3 
rain immersion in the sensitizer solution (no agitation),  
then immediate ly  r insed for one minu te  in flowing de- 
ionized water. Following a gentle drying in  a jet  of 
N2, specimens were immedia te ly  exposed to monochro- 
matic uv light, as described below. 

Following exposure, specimens were immersed for 30 
sec in a solution of lg  PdC12 and 10 ml  cone HC1 dis- 
solved in 2 liters of deionized water  (no agitat ion).  
Finally,  after  being r insed in flowing deionized water  
for 30 sec, specimens were electroless3 copper plated 
for 1.50 rain. 

Exposure s y s t e m . - - T h e  sensitized specimens were 
exposed to uv  light by means  of the optical system 
shown schematically in Fig. 1. A 900W high pressure 
xenon lamp, mounted  in  a Christie UF Xenoli te  hous- 
ing with uv quartz condenser lenses was used as a 
light source; a Bausch & Lomb high intensi ty  mono-  
chromator with a uv-vis ib le  grat ing (No. 33-86-07, 
dispersion 7.4 n m / m m )  was used to form monochro-  
matic light images. Sensitized specimens were placed 
directly against the exit slit so that  a contact pr in t  of 
the slit outl ine was produced. Measurement  of l ight in-  
tensi ty  at the slit was made by removing  the specimen 
and placing the entrance slit of an Eppley laboratory-  
type l inear  thermopile in the same position. 

The exit  slit width was 2.5 mm, giving a wavelength  
spread of 18.5 nm across the slit image. Measurements  
in the wavelength range 200-400 nm were made in  25 
n m  intervals.  For measurements  above 340 nm, a glass 
filter was inserted into the optical t ra in  ahead of the 
monochromator.  This filter, t ransparen t  above 320 nm 
but  essentially opaque below 300 nm, was used to pre-  
vent  any  possible leakage of 180-200 nm radiat ion 
through the monochromator  due to second order dif- 
fraction from the grating. 

Determinat ion of  optical dens i t y . - -A f t e r  exposure 
and development  of the slit image in the electroless 
copper solution, light t ransmissions T and To through 
exposed and unexposed regions, respectively, were 
measured using a Jarre l l -Ash Model 21-050 recording 
microphotometer  and optical densities of the respective 
regions were computed. The measur ing  procedure is 
i l lustrated in Fig. 2. Specimens to be measured were 
mounted in the microphotometer  carriage between two 
glass plates, then scanned as indicated to obtain the 
recorded t ransmission trace. 

In  all measurements ,  the point T = 1.0 (i.e., 100% 
transmission) was adjusted to correspond to the read-  
ing of the ins t rument  through cleaned but unsensit ized 
and undeveloped polymide substrate. 'The T -- 0.0 
point  was adjusted for the condition where the l ight 
beam was completely blanked off. 

The t ransmission trace in Fig. 2 is typical, a dip in 
t ransmission at the uppermost  slit edge (relative to 
specimen orientat ion in the electroless bath) being eb- 

B F r e s h  E n t h o n e  400, p r e p a r e d  as r e c o m m e n d e d  by  t he  m a n u f a c -  
tu re r ,  was  u sed  in  a l l  ou r  e x p e r i m e n t s .  A l l  p l a t i n g  was  done  u n d e r  
r o o m  a m b i e n t  cond i t ions .  

served. This dip was found to be highly reproducible 
for specimens which were  reproducibly  positioned in 
the electroless bath. This effect was also more pro- 
nounced at greater  exposure, suggesting that  it may 
be the result  of differences in p la t ing rates  in  the ex- 
posed vs. the unexposed regions, in conjunct ion with 
local convection in the plat ing cell. In  view of the 
effects just  mentioned, variat ions in the copper deposit 
produced by light in tens i ty  and /o r  wavelength  gradi-  
ents across the slit image were not significant. 

To minimize variat ions in copper deposition, we 
main ta ined  exactly reproducible procedures and p la t -  
ing geometry dur ing  image development.  Special fix- 
tures  were used to ensure accurate specimen placement  
in the bath, and fresh solutions of electroless solution 
were prepared daily. In  addition, slit images were 
kept small  (relat ive to over-al l  specimen size) and 
l imited to one per specimen. With these precautions, 
t ransmission measurements  reproducible wi thin  the 
error l imits of the microphotometer  could be obtained. 

Results 
Exposures were made at n ine  wavelengths  in the 

200-400 nm interval .  At  each wavelength values of 
D/Do were plotted vs. exposure E with l ight in tens i ty  
I as a parameter.  Figure 3 shows representat ive  results 
for light of 250 n m  wavelength.  In  this figure, we ob- 
serve the anticipated reduct ion in D/Do as exposure is 
increased. We also observe a systematic increase in 
the curve slope (i.e., the sensit ivity) as l ight in tensi ty  
is reduced. The behavior  noted in Fig. 3 for the reac- 
t ion at 250 nm was found at all other wavelengths.  
Control experiments  established that  the dark reaction 
was not significant over the t imes used in the experi-  
ment,  so that  the changes in  slope are indeed due to 
the light in tensi ty  variations. 

Values of E1/2 at each wavelength  have been deter-  
mined  from plots such as those in Fig. 3. In  Fig. 4 we 
have summarized our results by plot t ing EI/~ vs. I 
with wavelength as a parameter .  Each point  in this 
figure is derived from one D/Do vs. E line. Representa-  
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Fig. 2. Measurement of light transmission of slit images 
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Table I. Slope of log E1/2 vs. log I plots as a function of 
wavelength 
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Fig. "t. Optical density vs. light exp0sure E at 250 nm (light 
intensity as a parameter). 

t ive average deviations for the individual  de termina-  
tions are also shown in both figures. 

We have used a l inear  least squares analysis to fit 
our E1/2 -- I data at each wavelength.  The slopes of 
the individual  lines at each wavelength  (and also their  
s tandard errors) are presented in Table I. The results 
in Table I suggest that, wi th in  exper imental  accuracy, 
the l ines have a common slope. This hypothesis was 
tested by  application of a mul t ip le  correlat ion analysis, 
from which a correlation coefficient of 0.9980 was ob- 
tained. Thus we conclude that  the observed differ- 
ences in slope are not statistically significant. 

On the assumption of a common slope at all  k, we 
have fitted all data, Fig. 4, to a single expression re-  

Wavelength d(log Elt2)/d(log I) 
(nm) 

200 0.199 ~- 0.043 
225 0.245 -- 0.003 
250 0.309 "4- 0.015 
2 7 5  0 . 2 7 5  " 4 "  0 . 0 1 2  

3 0 0  0 . 2 8 4  4 -  0 . 0 2 5  

3 2 5  0 . 3 0 0  d -  0 . 0 0 9  

350 0.383 -~- 0.026 
3'/5 0.349 
4 0 0  0 . 3 2 6  

lat ing E1/~ to I and ~, 

In E1/2 : 0.3931 -- (0.0148 + 0.0037)X 

+ (0.00007 • 0.00000)~ 

-t- (0 .3013 • 0.0105) In [1000 I]  [2] 

In  Eq. [2] the uni ts  for El~2, I, and ~ are m j / c m  2, m W /  
cm 2, and nm, respectively. Error  estimates here are 
s tandard errors from the regression analysis. F r o m  Eq. 
[2], the common slope d(In gl/2)/d(In I) (:d(log 
E1/2)/d(log I)) is 0.30 ~- 0.01. A typical photoresponse 
(or action spectrum) for the reaction, E1/2 vs. k, is 
shown in Fig. 5 at I ---- 0.2 mW/cm 2. 

Discuss ion  
Sensit ization react ion.- -Dependence on light in ten-  

s i ty . - - In  Fig. 3, we note that  D/Do is not  a un ique  
funct ion of E but  also depends upon /. This differs 
from m a n y  photographic systems which obey a "reci- 
procity law" with regard to l ight exposure (10); in 
these, the extent  of image development  depends on the 
product  I �9 t but  not on / separately. 

It will  be useful at this point  to look more closely at 
Eq. [2] since this relat ionship sheds some light on the 
reaction mechanism. To in terpre t  Eq. [2], we first 
postulate a rate expression for the imaging reaction, 
presumed to be an oxidation of a s tannous t in  species 
to the stannic form. Thus 

d[Sn (II)] 
- -  /r " I TM ' A [3 ]  

dt  

where A is a t ime- independen t  funct ion of [Sn ( I I ) ]  
and [Sn ( IV) l ,  and t is the exposure time. Equat ion 
[3] may be integrated from init ial  conditions to a 
degree of oxidation that  reduces D/Do to 0.5 
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Fig. 4. E1/2 vs. light intensity 
(wavelength as a parameter). 
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Fig. 5. Ell2VS. wavelength (I : 0.2mW/cm 2) 

y[tSn = - -k  I m jt~/~ ( I I ) ] l / z  d[Sn ( I I ) ]  s 

sn (II)]o A �9 - -  d t  
o 

Defining - -B  as the integral  on the left, then B = k �9 
tl/2 �9 I m and is a constant characteris t ic  only of the 
sensitizing and developing procedures.  Recall ing that  
Ell2  = I �9 tl/2, then  

B 
E1/2 --- _ _  . l ( 1 - m )  

k 

The slopes in Fig. 4 are, therefore,  equal  to 1 -- m, 
wi th  m = 0.70. Thus d [ S n ( I I ) ] / d t  ,~ i0.70, an intensi ty 
dependence similar to that  observed in other  solid- 
state photoconductors (11, 12). F rom e lementary  
s teady-sta te  kinetics (13), this type of intensi ty de- 
pendence suggests that  the react ion proceeds by a 
mechanism requir ing  the  presence of a t ransient  car- 
r ier  species (for example,  electrons or holes).  This 
species would decay via a reaction step which is of 
higher  order in this species than is the react ion step 
of the tin oxidation. Thus, for example,  the tin oxida-  
tion step could be first order in the concentrat ion of 
mobile electrons whi le  the decay ra te  of these species 
could have a t e rm proport ional  to the square of their  
concentration. As an example,  if n denotes the concen- 
t ra t ion of mobile  electrons and p the corresponding 
concentrat ion of mobile  holes generated as a result  of 
incident l ight of intensi ty I, then the net  ra te  of the 
electron (or hole) carr ier  generat ion can be expressed 
a s  

d n  
= ~I - - / 3 n  �9 p : ~ I - -  ~n  2 

d t  

since n : p in an intrinsic photoconductor.  If  no de- 
notes the equi l ibr ium value  of n (or p) for a given 
steady I, then aI  - -  flno 2 : 0 and, thus, no ~ I ~ Thus, 
if d [ S n ( I I ) ] ~ d r  ~ no, we would expect  that  d [ S n ( I I ) ] /  
dt ~ I 0.~. An intensity dependence I TM, where  �89 < m < 1, 
in this case suggests the presence of traps, e.g. ,  defects 
or impurities.  These can readi ly  modify  the mean car-  
r ier  l i fe t ime and thereby  shift the equi l ibr ium carr ier  
density no and Po at any given I. The value of m ob- 
tained in any given system depends upon the number  
and energy distr ibution of the t rapping levels (14). 

An  a l ternat ive  explanat ion for an i0.7 dependence is 
that  the carr iers  are  part icipat ing in a mix tu re  of 
mono-  and bimolecular  processes. This dependence, 
however ,  would be observed only as t ransi t ion be tween 

high and low light levels  and should occur over  a small  
range in intensi ty (11, 14). This appears not to be the 
case for our data, at least at 250 nm. 

In our model  for the SnO-SnO2 sensitizer layer,  we 
are  postulat ing that  the role  of the l ight  is to generate  
e lect ron-hole  pairs, one or both of which  would be 
re la t ive ly  mobile in the sensitizer layer  and could 
ei ther  recombine  (a second order  process) or part ici-  
pate in the t in oxidat ion (a first order  process).  The 
light intensi ty dependence of the imaging react ion 
which we have  repor ted  above refers  to a specific 
sensi t izer /substrate  system. For  o ther  systems, we 
might  expect  differences in both the over -a l l  system 
response (as character ized by E1/2) and in the l ight  
intensi ty dependence (as characterized by m) .  Exper i -  
ments using a l ternate  sensitizer and substrate systeras 
are now in progress. 

D e p e n d e n c e  o n  a m b i e n t  c o n d i t i o n s . - - F r o m  previous 
work  4 and our own exper iments  in progress, the  am-  
bient  conditions dur ing l ight exposure are  known to 
affect the react ion rate. However ,  the m e a s u r e m e n t s  
presented in this repor t  were  made under  conditions of 
constant ambient,  wi th in  the capabil i ty of local tem-  
pera ture  and humidi ty  controls. Room tempera tu re  was 
maintained at 24 ~ • 2~ while  re la t ive  humidi ty  was 
mainta ined in the range 40-50%. Throughout  the course 
of experimentat ion,  we mainta ined a check on the re- 
peatabi l i ty  of the measurements  in order  to insure that  
ambient  variat ions were  not significant. Our data show 
that  ambient  fluctuations wi th in  the above limits did 
not introduce a significant source of var ia t ion  in these 
experiments.  Ambient  effects outside the above ranges 
are being measured and wil l  be t reated in a future 
paper. 

P h o t o r e s p o n s e  a n d  r e a c t i o n  q u a n t u m  e f f i c i e n c y . - - I n  
Fig. 5, E1/2 is observed to increase by more  than two 
orders of magni tude  over  the measured wave leng th  
range, the min imum light  energy requ i rement  occur-  
r ing at 200 nm. The l ight  absorption spectrum for a 
chemical ly s imilar  sensitizer on quar tz  (15, 16) shows 
the absorption greatest  at 200 nm, steadily decreasing 
wi th  increasing wavelength.  The possibility is thus 
suggested that  the behavior  of the photoresponse is 
mere ly  a reflection of the wave leng th  dependence of 
the absorption. If this were  so, then the quan tum effi- 
ciency of the basic reaction, i .e. ,  the amount  of photo-  
oxidation per  photon absorbed by the sensitizer, would 
be constant over  the ent ire  wave leng th  interval .  We 
estimate however ,  that  the quantum efficiency is not 
wave length  independent  but decreases monotonical ly 
from a value of about 0.6 at 200 nm to about 0.06 at 
400 nm for the data presented in Fig. 5. Thus, whi le  ab- 
sorption accounts for much of the action spectrum, 
other factors must  also be contr ibuting to the ob- 
served behavior.  

Using sensitizer absorption data on quartz  (16), we 
can make an order  of magni tude  est imate of the quan-  
tum efficiency r of the p r imary  reaction. In  this case, 
r is defined as the  number  of active stannous atoms 
conver ted  per light photon absorbed. The absorption 
data is taken as approximate  because of known dif-  
ferences in the sensitizer films due to differences in 
sensitizing solutions and substrates used. 

In order to est imate r we need est imates of: (i) the 
number  of act ive tin atoms per unit  area of the sen- 
sitizer film, ( i i )  the optical absorption of the film, and 
(i/i) the number  and efficiency of a l ternate  l ight ab- 
sorbing processes which may  or may  not promote the 
reaction. The details of our est imate of �9 are given in 
Appendix  B. The result  for ~ = 250 nm is r ,~ 0.5, a 
value  not inconsistent wi th  the photoelectronic model  
proposed earlier.  Quantum efficiencies for photocon- 
duction in germanium phototransistors (12), by way 
of comparison, are typical ly  3 or 4. 

P S M D  e n e r g y  r e q u i r e m e n t s  c o m p a r e d  t o  o t h e r  i m a g -  
i n g  p r o c e s s e s . - - F o r  the purpose of comparison, the 

4 M o s t  p e r t i n e n t  o n  t h i s  t o p i c  a r e  R e f .  (6, 7,  15 ) .  
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Table II. Energy requirements for imaging in selected systems 
(values for typical exposure/development conditions) 

System 

E n e r g y  to o b t a i n  
a d e v e l o p a b l e  i m a g e  

( m j / c m  ~) 

P S M D :  S e n s i t i z e r / s u b s t r a t e  as  desc r ibed  in  
r epor t ;  e x p o s u r e  a t  254 nm,  0.2 m W / c m  2 22 

S h i p l e y  AZ-1350 p o s i t i v e  pho to r e s i s t  98* 
E a s t m a n  K P R - 2  n e g a t i v e  p h o t o r e s i s t  76* 
E a s t m a n  K O R  n e g a t i v e  p h o t o r e s i s t  1-5" 
S i l v e r  h a l i d e - m e d i u m  speed  0.001t 

* M. S. Htoo,  Phot .  SCL Eng. ,  12, 169 (1968). 
t B. H. Car ro l l ,  " P h o t o g r a p h i c  S y s t e m s  F o r  E n g i n e e r s , "  2rid Ed.,  

p. 17, SPSE,  W a s h i n g t o n ,  D. C. (1969). 

light energy requirements  of the PSMD process and 
other imaging systems are given in Table II. We have 
selected the energy at 254 nm to characterize PSMD 
since low-pressure mercury  lamps (whose output  is 
pr imar i ly  at this wavelength)  are the most common 
light sources used at the present  time. In  terms of our 
data, the energy for ful l  image development  is ap- 
proximately  twice the value of E1/2fl We note in Table 
II that  the PSMD system which we have discussed here 
has a photographic speed comparable to that  of con- 
vent ional  photoresists. 

Summary 
For the sensi t izer-substrate system described in this 

report, the imaging reaction sensit ivity is greatest at 
200 nm and steadily decreases with wavelength.  The 
useful  wavelength range for image generat ion was 
found to be 200 nm to about 350 nm. Reaction rate was 
also found proportional to l ight in tens i ty  to the 0.7 
power. The observed l ight -dependent  properties are 
consistent with a photoelectric model for the reaction, 
the light absorbed by the sensitizer serving to gen- 
erate electrons and holes, one or both of which pro- 
mote the oxidation. 
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5 We h a v e  a s s u m e d  here ,  fo r  s impl i c i ty ,  t h a t  D / D o  vs. E r e m a i n s  
l i n e a r  as D / D o  goes to  zero. Th i s  is  n o t  q u i t e  the  case as seen  in  
Fig .  3. 

I.o 

Any  discussion of this paper  will  appear  in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 

APPENDIX A 
Characterization of Sensitizer Activity 

by Optical Density Determinations 
Sensitizer activity (i.e., the rate  at which a sensi- 

tized substrate init iates electroless metal  deposition) 
has been characterized by measur ing  optical density D 
through the deposited copper film and substrate. The 
results of a representa t ive  series of microphotometer  
measurements  of D vs .  immersion times, in the elec- 
troless bath, are presented in Fig. A-1. The D vs .  time 
plot is seen to be l inear  for t imes greater than  about 45 
s e e .  

Our value of Do, the optical density of an unexposed 
substrate after a total immersion time of 1.5 mln, is 
also indicated in this figure. For  D : D o  ----- 0.48, the 
copper thickness is estimated to be on the order of 200- 
300A (17). 

The rate of metal  deposition from an electroless bath 
(under  reasonably constant  conditions) should also be 
constant, once the catalytic surface has been com- 
pletely covered by the depositing metal. (This rate is 
determined by  the characteristic catalytic act ivi ty of 
the deposited metal  itself, plus solution parameters  
such as temperature  and ion concentrations.) In  our 
system, complete surface coverage occurred after about 
45 sec, as observed by scanning electron microscopy by 
G. W. Kammlott ,  Bell Telephone Laboratories,  Murray  
Hill, New Jersey, and by the electron microscopy 
studies of R. Woods of our laboratory. For depositions 
of greater  than 1 rain dura t ion (for the unexposed 
substrate) ,  therefore, the l inear  D v s .  t ime range also 
corresponds to a l inear  change in copper weight  vs .  
time. Thus, the copper deposit after a brief  init ial  
period follows Lamber t ' s  law, D proport ional  to the 
thickness of the copper film. This is not an unexpected 
result. 

When  the sensitized specimens are exposed to uv 
light, their  catalytic activity is reduced depending on 
the degree of exposure. For  part ial  exposures, the sub- 
strates can still be metalized, bu t  the t ime for complete 
coverage with copper is extended due to the reduced 
catalytic activity. This process is depicted schematically 
in Fig. A-2. As exposures E2 > E1 ~ E0 ----- 0 are used, 
the init ial  growth of the electroless deposits are slowed, 
and the net  result  is that  after the fixed immersion time 
T, the optical densities show a monotonic ( though not 
necessarily l inear)  decrease vs .  exposure. 

Of course, once the surface is completely metalized 
with copper, then fur ther  deposition occurs at a rate 
which is characteristic of the bath parameters,  and 
not the  sensitizer activity. Thus the slopes are constant  
at long times and are independent  of the light exposure. 

APPENDIX B 
Estimate of Quantum Efficiency for the 

Photo-Oxidation Reaction 
The qua n t um efficiency for the photo-oxidat ion reac- 

t ion will  be denoted by r where 
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Fig. A-1. Optical density of 
copper deposit vs. immersion 
time in electroless bath. 
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T ~ 

TIME 

Fig. A-2. Opficol density of copper deposit vs. immersion time 
in electroless both (|ight exposure E os o porometer). 

r = number  of Sn (II) atoms reacted per photon ab-  
sorbed by the sensitizer film. 

The determinat ion of �9 was carried out using a sub- 
strate of uv grade quartz which was sensitized using 
a solution containing 10g of SnC12.2H20 and 0.8 ml 
conc HC1 in 100 ml of deionized water  [for details, 
see Ref. (15)]. Immedia te ly  following sensitization, 
the optical densi ty  D of the unexposed deposit was 
measured from 200-400 nm on a Cary 14 spectro- 
photometer, using the double beam mode with a dupli-  
cate quartz specimen as the blank. The specimen was 
then exposed to uv radiat ion from a low-pressure 
mercury  lamp, then remeasured on the spectropho- 
tometer. The exposure was sufficient for complete 
oxidation of the Sn ( I I )  to Sn( IV)  [a typical spectro- 
photometer plot vs. exposure is given in Ref. (6)].  A 
duplicate substrate was also sensitized, then dipped 
in aqueous PdC12 solution, followed by a water  rinse. 
After  this procedure, the remain ing  pal ladium atoms 
are due only to reaction with Sn( I I )  and can, thus, be 
used to determine the ini t ial  Sn ( I I )  in  the sensitizer 
deposit. A determinat ion of total t in  in the sensitizer 
was also made, both analyses by x - r ay  fluorescence 
(16). 

In  this case we have assumed a one- to-one  corre- 
spondence between Sn( I I )  and the deposited Pd, and 
found a surface density of 1.8 X 1015 Sn( I I )  a toms/  
cm 2. We will  assume that  all of these are reacted when 
the deposit becomes noncatalytic.  

The light energy required for reaction of all species 
is approximately 2EI/2. At 250 nm, for I = 0.2 m W / c m  2, 
/~i/2 on polyimide is ~ l l  m j / c m  ~. Here we are using 
the photoresponse (Fig. 5) and assuming the changes 
in substrate  and in sensitizer do not appreciably alter 
the energy requi rements  of the reaction. 

The fraction f of 2Ez/2 absorbed by the sensitizer is 
1 -- 10 -D, where D is the optical density of the sensi- 
tizer layer. 

This optical density has been measured on the same 
quartz specimens from which the atom concentrat ions 
were determined.  At 250 nm, D ini t ia l ly was 0.078. 
After  prolonged light exposure this value had dropped 

Ju ly  I972 

to 0.042, the absorption of the completely photocon- 
verted film. The average of these D values will  be 
taken as representat ive of the mean  light absorption, D. 
Thus /~  = 0.060 and ]--- 1 -- 0.87 =0.13. 

The total energy absorbed by the sensitizer in react- 
ing the t in  atoms is 2E1/2"S = 2.86 m j / c m  2 = 2.86 • 
104 ergs/cm 2. 

Each photon at 250 n m  has an energy hv of 7.94 • 
10 -12 ergs, so that  the total  number  of photons ab-  
sorbed, 2Ell~ �9 f/h~, is 3.6 • 10ih/cm ~. 
Therefore 

1.8 X 1015 
r - -  = 0 . 5 0  a t  I = 0 . 2  m W l c m  2 

3.6 • 1015 

If we compute the range of �9 over the l ight intensi ty  
values measured at 250 nm, we find r to vary  from 4.1 
at I = 0.0002 m W / c m  ~, E1/2 = 1.4 m j / c m  2 to 0.3 at I = 
2.0 mW/cm~, EI/2 = 23 m j / c m  2. 
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ABSTRACT 

An emf cell technique was used to measure the thermodynamic  properties 
of Pb-Na  solutions at temperatures  ranging from 245 ~ to 500~ and composi- 
tions between 2.35 and 16.79 atomic per cent (a/o)  Pb. The results, while 
in general  agreement  with earlier work, reveal that  the deviations from ideal 
solution behavior  cross over from negative to positive at low Pb concentrations. 
This property has not been previously reported for the Pb-Na  system. Sodium 
activity measurements ,  which were made as a funct ion of decreasing tempera-  
ture, display a marked change in slope upon t ransi t ion to a two-phase region. 
The resul t ing l iquidus- l ine  is in agreement  with the published phase diagram. 
A study of the change in sodium activity as a function of tempera ture  was 
also made for saturated solutions of Ge in Na. The results show that  the solu- 
bi l i ty of Ge in Na is represented by the equat ion 

In SGe - -  2.657 -- 4837/T 

Thermodynamic  properties of sodium solutions of 
the Group IV metals t in  and lead have been reported 
for a wide range of intermediate  solute compositions, 
but  only l imited data are avai lable  for both the dilute 
and concentrated regions. We employed an emf tech- 
nique to measure the part ial  molar  excess free energy 
of mixing and related enthalpy and entropy values for 
l iquid sodium solutions containing less than  20 atomic 
per cent (a/o) solute and report  the results in a two- 
part  series. The results for solutions of lead and 
ge rmanium in  l iquid sodium are presented in this first 
paper, while the second one comprises a detailed dis- 
cussion of the t in-sodium system. 

The thermodynamic  properties of solutions of lead 
in l iquid sodium have been investigated by three previ-  
ous groups. Lant ra tov  et al. (1, 2) reported data over 
the concentrat ion range 10 to 95 a/o lead; the data of 
Hauffe and Vierk (3) extends from 6 to 66 a/o lead, 
whereas that  of Porter  and Feinle ib  (4) extends from 
59.9 to 94.9 a/o lead. Hul tgren  et at. (5) crit ically 
reviewed the available informat ion and concluded that  
the thermodynamic  properties of these solutions were 
best represented by the data of the first group of 
authors; they computed their  selected values accord- 
ingly. Examin ing  the concentrat ion ranges investigated 
in  the earlier studies clearly shows that  there is a 
pauci ty of data at the two extremes of concentration, 
par t icular ly  for dilute solutions. Consequently, we 
chose the dilute region for detailed investigation. A 
fur ther  impetus for s tudying the properties of dilute 
solutions was provided by our cont inuing interest  
(6-11) in the na ture  of solutes dissolved in l iquid 
metals  at concentrat ions where  interact ions between 
the solute atoms are less impor tant  than  those between 
the solute and solvent. 

No previous invest igat ions of the thermodynamic  
properties of solutions of germanium in l iquid sodium 
have been published. The Ge-Na results reported in 
the present  paper are prel iminary,  but  are of con- 
siderable value because they provide informat ion on 
the l imited solubil i ty of germanium in l iquid sodium, 
for which no other data are available. 

K e y  words :  so lu t ion  t h e r m o d y n a m i c s ,  sodium-lead solut ions,  so- 
d i u m - g e r m a n i u m  solut ions,  cmf.  

Experimental 
The cell.--The electrochemical cell used in this in- 

vestigation is represented by  the cell reaction 

NaINa + INa (solution) [I] 

The measured emf, E, is related to the difference in 
chemical potential  of the sodium at the two electrodes 
by the equat ion 

]~Na --  .U '~  " - -  --EF [2] 

w h e r e  ~t~ and ]~Na are the chemical potentials of pure 
sodium and sodium in the solution, respectively, and F 
is the Faraday. It is implicitly assumed that one elec- 
tron is transferred during the reaction. By definition 

/~Na = /~~ -~- RT In aNa [ 3 ]  

where aNa represents the activity of the sodium com- 
ponent  of the solution. Hence 

RT In aNa -- - -EF  [4] 

Pure  l iquid sodium at the tempera ture  and pressure of 
the cell is chosen as the s tandard state. Therefore, the 
excess par t ia l  molar free energy of sodium, & G N a  E, is 
given by 

A G N a  E : RT In ~/Na [5] 

where ~Na, the activity coefficient of the sodium in 
the solution, is related to its activity and mole fraction 
XNa, by the expression 

'YNa : aNa/XNa [6] 
Hence 

A G N a  E "-- - -  (EF ~- RT In xNa) [7] 

Apparatus.--The electrochemical cells were con- 
structed of Pyrex.  Pyrex  was chosen because it is 
suitable as a selective cation electrolyte for sodium 
transfer  via cell Reaction [1]. Basically, the cell, shown 
in  Fig. 1, consisted of two reservoirs, A and B, l inked 
by a pressure equalizing capil lary D. The inner  
reservoir (1.5 cm diam, 20 cm long) extended into the 
outer reservoir  (4.5 cm diam, 2.5 cm long) to a depth 
of 2 cm. A loading tube C (1.5 cm diam, 10 cm long),  
through which the metals  could be introduced, was 
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G 

S- 

D 

Fig. !. The electrochemical cell. A,B--reservoirs; C~loading 
tube; D~equalizing capillary; E-~evacuation port stopcock; F--  
outer reservoir electrode; G--inner reservoir electrode. 

attached to the top of reservoir A. A ground joint  was 
fitted to the top of the cell to allow access to the inner  
reservoir. Provision was made for evacuation of the 
cell through both port  E, and the vacuum connection at 
the top of reservoir B. Stainless steel rods (ASME 
Type 316), known to be chemically resistant  to attack 
towards sodium at temperatures  ~-- 600~ (12) were 
used as electrodes. The outer reservoir electrode, F, 
was fitted through a glass- to-metal  seal at the top of 
the capil lary section; the other electrode, G, was also 
fitted through a glass- to-metal  seal and was introduced 
into the cell through the ground glass connection 
located above reservoir B. 

During operation, the cell was mounted  in a 1.5 kW 
wire wound resistance furnace which had a ma x i mum 
operating temperature  of 600~ A Honeywell  Elec- 
t ronik 18 propor t ional -band controller  was used for 
accurate tempera ture  control, the max imum variat ion 
being _0.5 ~ at 500~ The tempera ture  of the cell was 
measured by means of a Chromel-Alumel  thermocou- 
ple inserted in  the thermocouple well, H (also shown 
in Fig. 1). The emf result ing from Reaction [1] was 
measured using a Keithley 602 high impedance elec- 
t rometer  in conjunct ion with a Doric digital voltmeter.  

Materials.--The sodium used in the exper iments  was 
obtained from the J. T. Baker Company and was speci- 
fied to have a pur i ty  of 99.9%. In  order to effect a fur-  
ther  reduction in impur i ty  level, the sodium was 
pipetted from a stock source heated to ~120~ At this 
temperature,  the max imum concentrat ion of dissolved 
nonmetals  is ca. 10 ppm. The lead, 99.9% puri ty,  was 
obtained from the General  Chemical Division of the 
Allied Chemical Corporation. Ul t rapure  single crystals 
of germanium were prepared at Brookhaven National  
Laboratory and were used without  fur ther  purification. 

Procedure.--Prior to loading, the cell was cleaned 
with a concentrated solution of chromic acid, 
thoroughly outgassed by evacuation to a pressure of 

10 -5 m m  Hg, and baked at 500~ for several hours. 
It was then t ransferred under  vacuum to a special 
high pur i ty  vacuum glove-box chamber  in which the 
metal  additions were made. The hel ium atmosphere 
of the glove-box was cont inual ly  circulated through a 
cryogenic purification system, the total volume of the 
box being replenished every 1.5 min. The concentra-  
tions of oxygen and water  vapor measured in the 
recirculat ing he l ium stream were less than 1 and 0.1 
ppm, respectively. 

The solutions were prepared in the outer reservoir; 
their compositions being determined by weighing the 
individual  components before addition. After  introduc-  
t ion of the metals, the cell was evacuated to ~300 Torr 
and the loading tube C (Fig. 1) was sealed off. The 
cell was then placed inside the furnace and heated 
overnight  at ~25~ above the estimated l iquidus- tem-  
perature corresponding to the solution under  invest i-  
gation. During this t ime period, both the dissolution 
process and the aging of the cell were accomplished. 
Subsequently,  the emf of the cell was measured at 25 ~ 
intervals, up to a m a x i m u m  tempera ture  of 500~ 
The temperature  was then decreased from 500 ~ to 
300~ dur ing  which period measurements  were also 
general ly taken at 25~ intervals.  However, as the tem- 
perature approached the estimated l iquidus-l ine,  the 
measurements  were recorded at 5~ intervals. The 
heating and cooling cycles were always repeated a 
second time. 

Results and Discussion 
The lead-sodium system.--The t empera ture  depen-  

dence of the excess part ial  molar free energy of solu- 
tion for sodium was investigated for solutions contain-  
ing up to 16.79 a/o lead. Measurements were made over 
the tempera ture  range from the respective l iquidus 
temperature  to 500~ Representat ive plots of AGNa E 
vs. T are shown in Fig. 2 for solutions containing 2.35, 
5.08, 10.01, and 14.61 a/o lead, respectively. The experi-  
menta l  results were obtained during two heating and 
cooling cycles over a period of 48 hr. Considering the 
temperature  cycles and their duration, as well as the 
very low emf produced by these cells and the con- 
comitant  expanded ordinate scale required in plott ing 
the results, the indicated scatter of the data is quite 
reasonable. 

Since 
~ G N a  E : A H N a  - -  T A S N a  E [ 8 ]  

curves of AGNa I~ VS. T can be used to deduce the corre- 
sponding enthalpy,  hHNa, and excess entropy, hSNa E. 
Numerical  values of aHNa and A S N a  E w e r e  computed by 
means of a least squares analysis. These values are 
plotted as a funct ion of composition in Fig. 3. As the 
concentrat ion of lead in the solution increases, the par-  
tial molar enthalpy of sodium rises to a max imum at 

5.08 

0 - ~ a ~  ~ 
�9 �9 �9 �9 2 . 5 5  

| - 4 0  i 
"- I0.01 

o w z  

I<I -80  

- 1 2 0  14.61 

I I I I I 
6 0 0  6 5 0  7 0 0  7 5 0  8 0 0  

TEMPERATURE , ~ 

Fig. 2. Typical curves of ~sGNa E vs. temperature derived from 
the emf data using Eq. [7]. 
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Fig. 3. Plots of the enthalpy and excess partial molar entropy of 
solution, for the sodium component, vs. sodium composition. The 
&HNa is represented by the closed points while the &SNa E values 
are shown by open circles. 

0.5 

0.4 

0.5 

- 0:2 

0./ 

_1 
).80 

~14 a/o lead. However, the ent ropy increases con- 
t inual ly  throughout  the composition range investigated. 
These results are indicative of an ini t ial  positive devi-  
ation from ideality followed by a pronounced negative 
deviation thereafter.  The fact that  there is a positive 
deviation from ideality at low composition is borne 
out both by the sodium activity coefficients calculated 
from emf's measured at compositions of 2.35 and 5.08 
a/o Pb, and by the sodium activity coefficients derived 
from the corresponding averaged enthalpy and entropy 
values obtained from Fig. 3. Consequently, we believe 
this observation to be a real property of the system. 

The thermodynamic  properties for the complete 
composition range have been tabulated by Hul tgren 
et al. (5). These were based on the data of Lantra tov 
et al. (1, 2) noting that  the results reported by Hauf[e 
and Vierk (3) were in approximate agreement.  A com- 
parison of the results obtained in this study with the 
earlier work shows general ly  good agreement  in terms 
of the over-al l  picture, the basic difference being our 
observation of an init ial  region where  the deviation 
from the properties of an ideal solution is positive. This 
positive deviation was not observed by either of the 
two previous investigators, undoubtedly  due to their  
lack of substant ive results over the concentrat ion range 
0 to 15 a/o lead. The lowest concentrat ion investigated 
by Lant ra tov  et al. (1, 2) was I0 a /o  lead; Hauffe and 
Vierk's measurements  for solutions containing 6 and 
13 a/o lead were in conflict with the former result. It  
should also be noted that sodium solutions of tha l l ium 
(3), cadmium (13), and t in  (14) also exhibit  ini t ial  
positive deviations before crossing over to negative de- 
viations from ideality at progressively higher solute 
compositions. 

If, in simple terms, the behavior  of the thermody- 
namic properties of these solutions is considered to be 
a t t r ibutable  to the two factors, size and electronic 
s tructure difference of the component metals, then it is 
possible to rationalize the observations. We follow the 
arguments  of Wagner  (15) who has accounted for the 
behavior  of the part ial  molar  enthalpy of silver solu- 
tions of te l lur ium in terms of the electronic structures. 
Thus, in the present  system, the addit ion of sodium to 
a sodium-rich solution will  simply involve an increase 
in  the number  of electrons in the conduction band. The 
corresponding contr ibut ion to the free energy term wil l  
be negligible; the dominant  factor will be the size 
difference of the component metals which may give 
rise to small  positive deviations from ideality. On the 
other hand, in more concentrated solutions, the extra 
electrons provided by sodium will tend to localize on 
the lead atoms forming loosely bound pseudo-ionic 
salt intermetal l ic  compounds (Na4Pb, NaPb, etc.). The 
corresponding free energy term will  be strongly exo- 
ergic. This very large factor will  dominate  at higher 

,g 
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0.8 4 - 
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0 .80  I I I l i ~ t I 
525 550 575 600  625 650  675 
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Fig. 4. Plot of the sodium activity as a function of temperature 
for Ph-Na solution. Curve A (triangles) was obtained with a solu- 
tion having an initial lead composition of 7.79 a/o, B (crosses) 
10.01 a/o, C (open circles) 12.65 a/o, and D (closed circles) 14.61 
a / o .  

concentrations, eventual ly  giving rise to a negative 
deviation from ideality. 

Addit ional  exper iments  were carried out to extend 
the measurements  of the sodium act ivi ty to tempera-  
tures low enough where  the onset of a two-phase  re-  
gion might  be observed. A plot of the temperature  de- 
pendence of the sodium activity for the lead-sodium 
system is shown in  Fig. 4. In  the homogeneous l iquid 
phase, the temperature  coefficient of the activity is 
approximately constant. However, in the two-phase 
region it constant ly changes because of the continued 
depletion of lead with decreasing temperature.  The 
transi t ion from the single to the two-phase region is 
marked by an abrupt  discontinui ty in the act ivi ty-  
temperature  curve as seen in Fig. 4. Since this t rans i -  
tion corresponds to the l iquidus phase boundary,  these 
data lead to an est imate of the l iquidus- l ine  for the 
sodium-lead phase diagram. As shown in :Fig. 5, the 
results obtained by this analysis ' are in reasonable 
agreement  with the phase diagram compiled by Han-  
sen (16). 

The germanium-sod ium s y s t e m . - - T h e  t empera ture  
dependence of the sodium activity for saturated solu- 

400 L I I I I 
/ 

~" 3 0 0  

2 0 0  

,=, 
I -  

I00  

v I ' ,  
,~11 m - -  J t ~ I I I I 

/ g ; l  / " ; )  

- /  ii 

II 
II I I 

I I [ I' 
0 5 I0 15 2 0  

ATOM PERCENT LEAD 

Fig. 5. A comparison of the phase diagram given by Hansen (13) 
for compositions up to 20 a/o Pb with the points (open circles) 
obtained from the emf measurements obtained in the present study. 
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Fig. 6. Plot of the sodium activity vs. temperature for saturated 
solutions of Ge in Na. The experimental measurements were mode 
with solutions of the following compositions: crosses, 3.91 a/o Ge; 
open-circles, 3.80 a/o Ge; closed-circles, 3.60 a/o Ge. 
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Fig. 7. Plot of In SGe VS. reciprocal temperature. The germanium 
solubility is expressed in terms of mole fraction. 
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t ions of ge rman ium in l iquid sodium is shown in 
Fig. 6. This curve is p lo t ted  on the basis of emf m e a -  
surements  made  over  the  t e m p e r a t u r e  range  300 ~ to 
550~ using cells containing 3.60, 3.80, and 3.91 a / o  
germanium.  These Ge concentra t ions  were  found to be 
high enough to ma in ta in  a sa tu ra ted  solut ion even at 
550~ Other  exper iments  were  car r ied  out wi th  di lute  
solut ions of ge rman ium in l iquid sodium corresponding 
to  composi t ions of 1.03, 1.78, and  2.34 a /o  Ge at  t e m -  
pe ra tu res  sufficiently high for a homogeneous l iquid 
phase to be a t ta ined  (ca. 360 ~ 420 ~ and 470~ respec-  
t ive ly ) .  Al though  the resul t ing act ivi t ies  could be 
di f ferent ia ted from those obta ined  wi th  sa tu ra ted  solu-  
tions, the accuracy of the  da ta  was insufficient to as- 
cer ta in  the  exact  t e m p e r a t u r e  of the  ac t iv i ty  discon- 
t inu i ty  corresponding to the  poin t  of complete  solu- 
bil i ty.  This was due to the  ve ry  smal l  magni tudes  and 
differences in the measured  emf values.  

Al though  the presen t  Ge-Na  resul ts  are of a p re -  
l im ina ry  nature,  t hey  are  of va lue  since they  give a 
ve ry  good es t imate  of the  t empe ra tu r e  dependence  of 
the so lubi l i ty  of ge rman ium in l iquid sodium. To our 
knowledge,  the re  is no previous  da ta  avai lab le  for  this  
p rope r ty  of the  Ge-Na  system. Over  the t empe ra tu r e  
r ange  considered,  300 ~ to 550~ the mole  f ract ion of 
sodium in the  l iquid phase does not decrease below 
0.967. As  a first approximat ion ,  we can t ake  the  sodium 
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act iv i ty  coefficient to be nea r ly  un i ty  over  this  re la -  
t ive ly  smal l  composi t ion range.  This is jus t i f iable  since, 
for the corresponding composi t ion range  in the  P b - N a  
sys tem ~N~ ~ 1.005 at  400~ and for  S n - N a  solutions, 
vNa - -  1.009 when  XNa = 0.967 (14). Wi th  the  assump-  
t ion of uni t  act ivi ty,  the mole  f rac t ion of ge rman ium in 
the sa tu ra ted  solution, See, can be  ca lcu la ted  from the 
a c t i v i t y - t e m p e r a t u r e  data.  A plot  of the  resul t ing  In  
SGe vs. 1/T is a s t ra igh t  l ine as shown in Fig. 7. The 
equat ion of the line is 

I n  SGe " -  2.657 --  4.837/T [9] 

where  T is the  absolute  t empe ra tu r e  in degrees  Kelvin.  
The enthalpy,  AHGe(SOI), and  entropy,  ASGe(SO1), of 

solut ion can be computed  f rom the so lubi l i ty  da ta  using 
the re la t ionship  

~-/Ge (sol)  ASGe (sO1) 
In S e e  - ' -  ~ [10] 

RT R 

where  R is the molar  gas constant.  The ca lcula ted  
values  of the en tha lpy  and en t ropy  of solut ion a re  9.61 
kea l /mole  and 5.28 eu, respect ively .  
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Thermodynamic Properties of Solutions of 
Group IV Metals Dissolved in Liquid Sodium 

II. Sodium-Tin Solutions 
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and A. W. Castleman, Jr. 
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ABSTRACT 

Using an emf technique, the thermodynamic  properties of dilute sodium 
solutions containing t in  were measured over the tempera ture  range 300 ~ to 
500~ Results are reported for solution compositions ranging from 0.82 to 
19.04 atomic per cent  (a/o) tin, thereby, completing the requisite studies to 
detail the thermodynamic  properties for this system over the entire range  of 
composition. The results, in agreement  wi th  earlier findings for the Cd-, TI-, 
and Pb-Na  systems, show that  the deviations from ideal solution behamor 
c r o s s  over from negative to positive at low Sn concentrations.  Sodium act ivi ty  
measurements ,  which were  made as a funct ion of decreasing temperature ,  
display a marked change in slope upon t ransi t ion to a two-phase  region. Ap-  
propriate  measurements ,  made as a function of tempera ture  for the two-phase 
region, give 13.07 kcal /mole  for the enthalpy and 15.65 eu for the entropy of 
solution. The s tandard  enthalpy and entropy of formation for the compound 
Na4Sn were also determined;  the values are --20.65 kcal /mole  and --9.63 eu, 
respectively. 

The thermodynamic  properties of sodium solutions 
containing t in  have been investigated by several au-  
thors. Delmarskii  and Kolot in (1) have measured the 
excess thermodynamic  funct ions for the sodium com- 
ponent  over the composition range 11 to 75 a/o Sn and 
temperatures  ranging from 723 ~ to 923~ The results 
of less comprehensive studies have been reported by  
Hauffe and Vierk (2) and Alabyshev et al. (3) in terms 
of the excess free energy of sodium in N a - S n  solutions. 
Their  studies have covered the composition ranges 
from 5 to 73 a/o and 13 to 91 a/o tin, respectively, bu t  
each study was only made at a single temperature.  
Hul tgren  et al. (4) crit ically reviewed the data in 1963 
and calculated selected values using the results of 
Delimarskii  and Kolotin. However, at that  time there 
was a paucity of data for both di lute and concen- 
t ra ted solutions, and the excess thermodynamic  func-  
tions compiled for these regions were somewhat un-  
certain. 

More recently, Yuan and KrSger (5) have reported 
the results of a s tudy of concentrated t in  solutions in 
l iquid sodium thereby completing the work needed to 
detail  the thermodynamic  properties for the high con- 
centrat ion region. We have made an extensive invest i -  
gation of the dilute concentrat ion region below 20 a/o 
Sn and report  the results herein. 

Experimental 
The ceLL and experimental procedure.--The electro- 

chemical cell used in this invest igat ion is represented 
by the cell reaction 

Na I Na+ I Na-Sn  [1] 

Pyrex  has been shown to be a suitable mater ia l  for 
selective sodium cation t ransfer  (2, 5, 6) and it was 
used for the electrolyte in this study. The design of 
the cell, the anci l lary equipment,  and the exper imenta l  
procedure have been described in detail  in an earlier 
paper (6). Briefly, the procedure was as follows: After  
the cell was charged with the component  metals, it was 
heated overnight  at ~25 ~ above the est imated l iquidus 
of the solution under  investigation. This effected both 

K ey  words:  solution thermodynamics ,  sodium-t in  solutions, emf.  

the necessary aging of the cell and the complete 
dissolution of the t in  in the l iquid sodium. The emf 
of the cell was then measured as a funct ion of increas- 
ing and decreasing temperature,  the cycle being car-  
ried out twice. 

The measured emf, E, is related to the excess part ial  
molar  free energy of the sodium, AGNa E, and mole frac- 
t ion of sodium in the solution, x~a, by the relat ionship 

hGN'a E : - -  (EF + RT In XNa) [2] 

where F is the Fa raday  and T is the absolute tempera-  
ture. 

Materials.--The sodium used in the exper iments  was 
obtained from the J. T. Baker Company and was speci- 
fied to have a pur i ty  of 99.9%. A fur ther  reduct ion in 
impur i ty  level was effected by pipet t ing the sodium 
from a stock source heated to ~120~ At this tempera-  
ture, the m a x i m u m  concentrat ion of dissolved non- 
metals is ca. 10 ppm. The tin, pur i ty  99.9%, was ob- 
tained from the General  Chemical Division of the 
Allied Chemical Corporation and used without  fur ther  
purification. 

Results and Discussion 
The tempera ture  dependence of the excess part ial  

molar  free energy of sodium was investigated for solu- 
tions containing up to 19.04 a/o tin. Measurements  
were made over the tempera ture  range  extending from 
the respective l iquidus tempera ture  to 500~ Repre- 
sentat ive plots of AGI~a E VS. t empera ture  are shown for 
tin compositions of 16.64, and 19.04 a /o  in Fig. 1 and 
0.82 and 10.20 a/o in Fig. 2. The e x p e r i m e n t a l  scatter 
of the data is reasonable considering the small magni -  
tude and range of the measured emf, i.e., the m i n i m u m  
and m a x i m u m  emf values measured for the 19.04 a/o 
t in  solution were 14.10 and 15.48 mV, respectively. 

Since 
AGN--"-a E ---~ hHNa -- TASN-"~ E [3] 

the corresponding enthalpy,  hHNa, and entropy,  ASNa E, 
are readi ly  deduced from these plots. The actual  nu -  
merical  values were computed using a least squares 
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Fig. !. Plot of partial molar excess free energy of mixing for 
sodium vs. temperature. A and B represent least-squares lines fitted 
to data obtained for solutions of composition 16.64 and 19.04 a/o 
tin, respectively. 
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Fig. 2. Plot of partial molar excess free energy of mixing for 
sodium vs. temperature. C and D represent least-squares lines 
fitted to data obtained for solutions of composition 0,82 and 
10.20 a/o, respectively. 
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Fig. 3. Partial molar enthalpy and excess entropy of mixing 
plotted vs. composition [open circles, ~HNa, present results; open 
circles plus crosses, AHNa, Ref. (4); closed circles, ASNa E, present 
results; crosses, ASNa E, Ref. (5)]. 

analysis. T h e  A'HN a a n d  ASN-~ E, SO obtained, are plotted 
as a funct ion of composition in Fig. 3. The figure also 
includes data taken from the compilat ion of Hul tgren  
et al. (4), based on the data available in 1963. It  is 
readi ly seen that, in general, the present  results are in 
good agreement  with the assessments made by Hul t -  
gren et al.; the la t ter  were, of course, based on rather  
sparse data for the regions of dilute concentration. 

It  can be seen from Fig. 3 that  the enthalpy and en-  
tropy increase with increasing t in concentrat ion up to 
ca. 16 a/o at  which point both functions reach a maxi -  
mum. A fur ther  increase in t in  concentrat ion leads to a 
decrease in the thermodynamic  functions; they ul t i -  
mate ly  pass through zero and subsequent ly  exhibit  
large negat ive values. These variat ions are indicative 
of an ini t ial  positive deviat ion from the properties of 
an ideal solution (~ > 1) followed by a pronounced 
negative deviat ion (,r < 1). 
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Fig. 4. Sodium component activity coefficient plotted vs. sodium 
composition for temperatures of 400 ~ and 500~ The activity co- 
efficients, calculated from the average AH'--Na and AS-Na E values 
given in Fig. 3, show a crossover from values less than unity (nega- 
tive deviation from ideal solution behavior) to greater than unity 
(positive deviations) at progressively lower tin compositions. 
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Fig..5. Plat of the partial molar enthalpy and excess entropy of 
solution for the tin component. 

The activity coefficient-composition isotherms at 400 ~ 
and 500~ derived from the average enthalpy and en-  
tropy functions given in  Fig. 3, are shown in Fig. 4. 
Although the ini t ia l  positive deviations are small, the 
trends discussed above are readily discernible. Similar  
observations have been reported for solutions of thal-  
l ium (2), cadmium (7), and lead (6) in  sodium. This 
type of behavior  has been rationalized in terms of the 
size and electronic s t ructure  differences of the solute 
and solvent for the case of Pb-Na  solutions (6) and the 
same arguments  are applicable for the Sn-Na system 
as well. 

As shown in Table I, the selected data of Hul tgren  
et aL agree very closely with the present  results. 
Therefore, it was deemed reasonable to select the cor- 
responding value of ~H-and ,%~E for the t in  component  
and employ a Gibbs-Duhem integrat ion to calculate 
the excess thermodynamic  properties of t in  from the 
properties measured for sodium. The resul t ing par -  
tial molar enthalpy and excess part ial  molar  entropy 
of solution are plotted as a funct ion of composition 
in Fig. 5. For  dilute solutions, these functions decrease 

Table I. 

A u t h o r  P a r t i a l  m o l a r  f u n c t i o n s  a t  XN, = 0.90 
AHNa ( c a l / m o l e )  ASNa ~ (e .u . )  

H u l t g r e n  e t  al .  1 5 0  0 . 2 0  
P r e s e n t  w o r k  146 0.17 
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Table II. 

T ~ (C) ~s~ (infinite dilution) x 10~ 

300 1.11 
325 1.77 
350 2.70 
375 4.00 
400 5.77 
425 8.07 
450 11.04 
475 14~83 
500 19.50 

regular ly  with increasing t in concentration. As the con- 
centrat ion increases, both functions pass through a 
m in imum and then increase rapidly. Since the excess 
thermodynamic  functions of t in  are approximately l in-  
early dependent  on composition below 10 a/o, it is 
possible to estimate its activity coefficient at infinite 
dilution. Values are tabula ted as a funct ion of tem- 
perature  in Table II. 

Experiments  were also carried out to study the tem- 
perature  dependence of the sodium act ivi ty of these 
solutions for the tempera ture  range  extending from 
the single- into the two-phase region. The results are 
shown in Fig. 6. For  the region where the solution is 
single phase, the tempera ture  coefficient of the activity 
is approximately constant. The boundary  between the 
regions is characterized by an abrupt  change in  the 
tempera ture  coefficient of the activity; at this point, 
activity commences to increase much more rapidly 
with decreasing temperature.  The temperature  de- 
pendence of the activity for the two-phase region, 
when  correlated with the composition of the solutions, 
gives a good measure of the l iquidus- l ine for the corre- 
sponding region of the phase diagram. The liquidus 
temperature  determined in these experiments  is com- 
pared in Fig. 7 wi th  the phase diagram given by Han-  
son (8). The agreement  between the two is excellent. 

The enthalpy, nHsn(sol) ,  and entropy, aSsn(sol) ,  of 
t in  dissolved in liquid sodium are re la ted to the 
solubil i ty of the tin, Ssn, by the equation 

aHsn (sol) aSsn (so1) 
In Ssn : + [4] 

RT R 

where R is the molar  gas constant  and T, the absolute 
temperature.  The solubili ty of t in  in liquid" sodium, cal- 
culated from the l iquidus de termined in the present  
study, is given as a funct ion of tempera ture  in Fig. 8. 
The equation of the straight line relat ing the solubility 
to temperature,  is 

6579 
In Ssn = ~- 7.874 [5] 

T 

The corresponding enthalpy and entropy of solution, 
which were computed by means of a least squares anal-  
ysis, are 13.07 kcal /mole and 15.65 eu, respectively. 

t.O0 ::=~..~,~., ~, �9 t I I 

0.84 

~ ~'~-~ G 

0.76 t t f I 
600  650 700  750 

TEMPERATURE, ~ 

Fig. 6. Sodium activity vs. temperature showing the transition 
from a single-phase to a two-phase solution at progressively lower 
temperatures. The respective solution compositions in a/o tin are 
as fallows: A--5.92, B--7.46, C--10.20, D--12.72, E--15.15, F- -  
18.12, and G~19.04. 
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These values are compared with those published by 
Lamprecht  eta l .  (9) in Table III. The present  results 
were de termined over the tempera ture  range 340"-415 ~ C 
whereas those of Lamprecht  et al. were measured for 
the tempera ture  range 100~176 

A consideration of the phase diagram (8) (also see 
Fig. 7) indicates that  the compound Na4Sn does not 
exhibit  appreciable solid solubility. Thus the solid 
phase which precipitates when  solutions containing up 
to 20 a/o t in are cooled, constitutes the pure  in te r -  
metall ic compound Na4Sn. The activity of the sodium 
in a part icular  solution is measured directly at the l iq- 
uidus temperature;  the corresponding activity of t in  
can be calculated from the values of aHsn and A S s n E  

compiled above. 
Since the activity of the compound is un i ty  for the 

chosen standard states, the free energy of formation of 
Na4Sn can be calculated directly from the data and 
the relationships 

K e q  
4Na -t- Sn  ~=~ Na4Sn [6] 

Table Ill. 

AHsn (sol) ASSn (sol) 
kca l /mole  c a l / d g / m o l e  

P resen t  inves t iga t ion  13.07 15.65 
Ref. (9) 10.76 10,78 
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Table IV. 

T (~ - -AGt  ( k c a l / m o l e )  

340 14.73 
360 14.54 
380 14.40 
400 14.21 
415 13.97 

and 
AG~ ~ - -RT in  Keq [7] 

: - -RTln  (aNa4sn/a4Na �9 ash) [8] 

where AG~ is the free energy of formation of Na4Sn 
from the pure elements. 

S tandard  free energies of formation of Na4Sn be- 
tween 340 ~ and 415 ~ were calculated and the values are 
given in  Table IV. The s tandard enthalpy and entropy 
of formation of Na4Sn were determined by a least 
squares analysis of the tempera ture  dependence of the 
free energy function; the respective values are --20.65 
kcal /mole and --9.63 eu. 
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Thermodynamic Properties of 
Ternary Refractory Carbides 

III. Relations between Thermodynamic Properties, 
Bonding, and Compressibility 

M.  Hoch and S. Yamauchi 

Department of Materials Science and Metallurgical Engineering, University of Cincinnati, Cincinnati, Ohio 45221 

ABSTRACT 

The high-temperature thermodynamic data previously obtained on ternary 
carbides having the sodium-chloride structure are correlated with the bond- 
ing and mechanical properties of these carbides. The metal-metal bonding 
on the metal sublattice in the carbide is found to be the same as in the binary 
body-centered cubic metals. The variation of the carbon-carbon and metal- 
carbon interaction energies is interpreted to mean that the metal-carbon bonds 
are localized bonds. From the dependence of metal-carbon interaction energy 
on composition at elevated temperatures the compressibility of the carbides 
was calculated. The values obtained agree to within a factor of two with values 
derived from room temperature measurements of mechanical properties. The 
results show that the metal-carbon bond is responsible for the carbide prop- 
erties and that the metal-metal and carbon-carbon bonds play a minor role. 

In  a previous paper (1), Hoch investigated the pair -  
wise interact ion energies in b inary  compounds having 
the sodium-chloride structure. As pointed out in that 
paper, these energies show a certain regularity.  Their  
values for zirconium, hafnium, and n iobium carbide 
are reproduced in Table I together with the values for 
u ran ium carbide which were derived later (2). (The 
nomencla ture  in this paper has been changed: 1 refers 
to zirconium, 2 to hafnium, niobium, or uranium,  and 3 
to carbon.) 

In subsequent  papers, Jun  and Hoch (3) and Hoch, 
Hapase and Yamauchi (4) studied the activities of the 
components  in the single phase, NaCI type s t ructure  
in  z i rcon ium-n iob ium-carbon  (3) z i r con ium-uran ium-  

Key words: ternary carbides, thermodynamic properties of car- 
bides, bonding in carbides, compressibility of carbides. 

carbon (4), and z i rcon ium-hafn ium-carbon  (4). From 
these data they derived the pairwise interact ion en-  
ergies, or their  differences, between the various atoms. 
The present  paper will a t tempt  to in terpre t  the ther-  
modynamic  results and wil l  calculate the compressi- 
bi l i ty  from these pairwise interact ion energies. 

Table I. Energy terms in binary carbides 

E3 + E18 + E~ 
Es3, (E3 + E~ + E~), 

M a t e r i a l  k e a l / m o l e  k c a ] / m o l e  

ZrC 28 • 3 --35.2 -+- 4 
HfC 15 ___ 8 --47 -4- 10 
UC 0 --28.1 ~ 1.6 
NbC 15.2 _+ 2.5 --28.6 ~- 2.5 
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The paper  of Jun  and Hoch (3) indicated that  the 
carbon-carbon interact ion energy  in the t e rnary  zir-  
conium-niobium-carbide ,  ZrxNbl-xCy var ied  parabol i -  
cal ly with composit ion and was given by 

E33 = 15.62 + 9.37x -- 29.50(1 -- x ) x  kca l /mole  

(Note that  x here refers  to the re la t ive  amount  of Zr, 
and y refers to the ca rbon /me ta l  ratio. Some authors 
use x for the la t ter  purpose in describing monocarbides,  
e.g. ,  ZrCx.) 

This result,  in itself, suggests that  the bonding in the 
system is localized because a parabolic var ia t ion with  
composit ion requi res  that  carbon atoms be "at tached" 
to niobium and to zirconium, according to an analysis 
by J u n  and Hoch (3). 

The model  used for the statistical thermodynamic  
der ivat ion of the act ivi ty  has been discussed ear l ier  
(11, 12) and needs only to be summarized here. The 
standard state for all e lements  is the pure, condensed 
e lement  at the t empera tu re  in question. The atoms are 
assumed to be distr ibuted randomly over  the avai lable 
sites, as in a regular  solution, since the er ror  intro-  
duced is ve ry  small. [First assuming ordered, and, 
later, randomly  dis tr ibuted atoms, Hoch e t  al. calcu- 
lated only a 10% change in the pairwise interact ion 
in the case of NbO (11)]. 

The grand par t i t ion function was then set up with  
only pairwise interact ion energies, Ejj, neglect ing the 
additional terms which reflect the influence of nearby  
atoms. 

The model  also neglects the small  amount  of 
Schot tky defects present, and therefore  is only val id 
when 1 -- y > >  5, the concentrat ion of Schottky 
defects. 

Experimental Results and Discussion 
Table II presents the meta l - to -meta l  distances in 

pure e lements  as calculated f rom Darken  and Gurry  
(5) and those in the carbides as de termined  during 

the previous investigations of this series. Those figures 
revea l  that  the  me ta l -me ta l  distance in the carbides is 
about 10% greater  than the me ta l -me ta l  distance in 
the pure bcc metals. 

In addition, Table II gives the me ta l -me ta l  in terac-  
t ion energy on the metal l ic  sublat t ice as de termined 
in three  cases and also as calculated f rom the binary 
meta l  phase diagrams. These data show that  the in ter -  
action energy on the meta l  sublatt ice in the carbide 
is approximate ly  2 kca l /mole  larger  than that  in the 
bcc meta l  phase. This small  difference of 2 kca l /mole  
can be a t t r ibuted most ly to the t ransformat ion  of the 
bcc s t ructure  to a fcc s t ructure  and to the expansion 

Table II. 
A. M e t a l - m e t a l  i n t e r a c t i o n  e n e r g y  [ E ~  -- */2 ( E n  + E22) ] in  

binary b o d y - c e n t e r e d  c u b i c  m e t a l  a l l oys  a n d  on  t h e  
m e t a l  s u b l a t t i c e  in  t e r n a r y  c a r b i d e s  

E ~ -  I/z ( E n  + E ~ ) ,  k c a l / m o l e  

f cc  c a r b i d e  D i f f e r e n c e  
S y s t e m  bcc  m e t a l  s u b l a t t i c e  c a r b i d e - m e t a l  

Z r - H f - C  ~O 1.86 ----- 0 .3  1.86 • 0.5 
Z r - U - C  4.4 ~- 0.2 6.7 • 0.8 2.30 • 0.8 
Z r - N b - C  4.9 "~ 0.3 6.5 "4- 0.3 1.60 ~- 0.5 

A v g :  1.92 "4- 0.6 

B.  M e t a l  c o m p r e s s i b i l i t y  a n d  m e t a l - m e t a l  distance 
i n  b o d y - c e n t e r e d  c u b i c  m e t a l s  a n d  f a c e - c e n t e r e d  

cubic sublattice i n  c a r b i d e s  

D i s t a n c e  i n  A 

P = 1 / 8  bcc  fcc  c a r b i d e  D i f f e r e n c e  
S y s t e m  (10 ~2 d y n / c m = )  m e t a l  s u b l a t t i c e  c a r b i d e - m e t a l  

Z r  0 .90  (13) 3.11 3.32 0.21 
H f  1.10 (13) 3.07 3.29 0.22 
:ND 1.64 (13) 2.86 3.17 0.31 
IJ 3.00 3.52 0.52 

A v g :  0.31 -~ 0.10 

Table Ill. Dependence on composition of [El3 -- E23] in ternary 
carbides 

S y s t e m  

Zr-Nb-C 
Zr-U-C 
Zr-Hf-C 

EI~ -- E23 = (1.08 • 0.11) -- (16.15 • 0 . 4 4 ) x  k c a l / m o l e  
E~s -- Em = (8.5 ~ 0.05) -- (23.6 ~ 0 . 2 ) x  k c a l / m o l e  
E~s -- E2~ = (9.6 -+- 0.8) -- (7.8 -4- 0 . 2 ) x  k c a l / m o l e  

of the me ta l -me ta l  distance. Thus, we conclude that  
the meta l  to metal  bonding in the carbides is the same 
as in the pure  metal l ic  systems. 

Another  result  obtained dur ing the previous invest i-  
gations (3, 4) was that  the value of [E13 -- E23], the 
difference in bonding energy between the z i rconium- 
carbon bond and the other  meta l -ca rbon  bond, was 
found not to be constant but  to va ry  with  composition. 
The equat ions obtained for [E13 - -  E ~ ]  are  g iven in 
Table III. This var ia t ion suggests that  localized meta l  
to carbon bonds get compressed or expanded as the 
composition changes. 

To expla in  the behavior  of the carbides, it is neces- 
sary to look at a potent ia l  energy vs .  distance diagram 
(Fig. 1). Since the lat t ice parameters  of the various 
carbides are  similar, the  amount  of compression or 
expansion of each meta l -ca rbon  bond is small,  and 
our at tent ion can be restr icted to the bot tom of the 
potential  well.  Al though the carbon-carbon bond and 
the me ta l -me ta l  bond contr ibute  to the total  cohesive 
energy, we assume that  the meta l -ca rbon  bond is 
p r imar i ly  responsible for the force constants (Le., 
shape of the potential)  near  the equi l ibr ium separa-  
tion. That  is, the carbon-carbon and me ta l -me ta l  bonds 
are assumed to be independent  of separat ion for small 
displacements.  Then, by subtract ing off the (constant) 
energies of the other  two bonds, we can wri te  the two 
meta l -ca rbon  interact ion energies as 

EI~ : ~ l ( r  -- r l)  2 + E~ [1] 

E2s = a2(r -- r~) 2 + E~ [2] 

where  E~ and E~ are the meta l -carbon  interact ion 
energies in the b inary  carbides, rl  and r2 are the  meta l -  
carbon distances in the binary carbides, r is the aver -  
age meta l -carbon  distance in a t e rnary  carbide (ob- 
tained f rom latt ice parameters ) ,  and Els and E23 are 
the meta l -carbon  interact ion energies in the te rnary  
carbide. The coefficients ~1 and ~ are  re la ted to the 
compressibil i t ies of the two carbides. As the compressi-  
bilities of the carbides are not ve ry  different at room 
tempera tu re  (see Table I I I ) ,  we assume, as a first 
approximation,  that  they are not ve ry  much different 
at 2500~ and thus, set ol ~-~ o~2 ~. a. So we finally 
obtain 

o 

El3 
o 

E23 

r 2 r r 1 

i ' ' l ! 
% I I I a 

\ IVI 

EI3-E23 

m. ,  r 

Fig. 1. Schematic potential-distance curves for two metal-carbon 
bonds. 
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E13 -- E23 : a(r2 -- r l)  [2r -- (rl  + r2)] + E~ -- E~ 
[3] 

The latt ice parameters  in the te rnary  carbides at 
constant carbon content  vary  l inear ly  with meta l  com- 
position (3, 4) 

r = r2 + x ( r l  --  r2) [4] 

Combining Eq. [3] and [4], we  have 

E13 -- E23 = E~ --  E023 - -  2 a ( r l  - -  r2) 2 (x -- 0.5) [5] 

This equation indicates that  [Ela -- E~]  should be 
equal  to [E013 -- E~ when x = 0.5. These values, 
which were  calculated from the thermodynamic  data 
on te rnary  carbides in Table III and f rom binary data 
in Table I, are presented in Table IV. The agreement  
between the two sets of values is wi thin  a factor of 
two. In using the data in Table I, it was assumed that  
E3 + E33 was the same for all the  carbides investigated. 
This te rm represents  the energy required to take a 
carbon atom from its standard state (graphi te) ,  put  it 
on the carbon sublattice, and then cause it to form a 
bond wi th  another  carbon atom. 

The value  of a, which is related to the compressibi l-  
i ty of the carbide, can now be calculated f rom the 
var ia t ion of [E13 -- E2a] wi th  composit ion using Eq. 
[5]. We can also calculate  a using the method of 
Slater  (6) to t reat  the cohesive energy of metals. With 
the choice of a Morse potential,  S la te r  (6) obtains a 
relat ion which can be put in a form appropriate  for 
our t rea tment  

a = No c ro (9/2) P [6] 

where  No is Avogadro 's  number;  ro is the nearest-  
neighbor distance; P is the bulk modulus = 1/~, where  

is the compressibil i ty;  and c is a constant, such that  
the vo lume per molecule  is c ro 3 and c = 2 in the NaC1 
type structure.  The results of both calculations are 
shown in Table V. 

Looking at Table  V-B, ~ appears to be the same 
wi th in  a factor of two for all the carbides used in the 
present  investigation; thus, the ear l ier  assumption that 
al and ~2 : ~ seems to be justified. It must be kept in 
mind, however,  that  the values of a in Table V-B were  
obtained f rom data taken at room tempera ture  on poly- 
crystal l ine materials.  The values presented in Table 

Table IV. Calculation of E~ - -  E~ in ternary carbides 

V-A are f rom thermodynamic  data taken  at 2500~ 
and represent  values for single crystals. 

The results der ived f rom thermodynamic  measure-  
ments  and from room tempera tu re  compressibil i ty 
are  of the same order of magnitude.  The average value 
of ~ for z i rconium-carbide  and n iobium-carbide  is 
8 • 1021 cal /cm2mole and compares wi th  the value of 
5.6 X 1021 cal /cm2mole obtained f rom h igh- t empera -  
ture  thermodynamic  measurements  for Zr-Nb-C.  Sim- 
ilarly, the average  value  for z i rconium-carbide  and 
uran ium-carb ide  is 5.9 • 1021 cal/cm2mole, compared 
with  4.8 X 1021 cal /cm2mole obtained from high- tem-  
pera ture  thermodynamic  measurements  on Zr-U-C.  
The value of 43.5 • 1021 cal /cm2mole for ~ in the 
Zr -Hf -C  system can be  disregarded because (r~ -- r2) 2 
is ve ry  small, giving a ve ry  uncertain value to a. 

Comparison is possible wi th  the results of Speck (7), 
who measured elastic constants of polycrystal l ine 
NbC0.97 having 95% theoret ical  density. At  room tem-  
perature,  he found the compressibi l i ty was 3.05 • 1012 
dyn /cm 2, which corresponds to ~ = 5.3 • 1021 cal /  
cm2mole. However ,  his values decrease more rapidly  
with increasing tempera ture  than the thermodynamic  
data of Table V-A would indicate. 

The agreement,  within a factor  of two, be tween  cal- 
culated compressibi l i ty values and exper imenta l ly  
measured ones shows that  the assumption used here 
is correct: the ca rbon-meta l  bond determines the 
propert ies  (such as bonding, mechanical  properties,  
etc.) of the refractory  carbides, and that  the meta l -  
metal  and carbon-carbon bonds play a minor  role. (The 
small role the meta l -meta l  bond plays in the control 
of propert ies  of carbides was a l ready indicated as the 
me ta l -me ta l  interact ion is the same in the fcc carbide 
and the pure bcc metals.)  

The bulk moduli  of the carbides is at least, by a 
factor of two larger  than that  of the metals  (Tables 
II and V) and thus the compressibi l i ty is lower. Such 
a large difference in bulk modul i  can only be expected 
if the controll ing factor is the meta l -carbon  bond. An 
enhanced me ta l -me ta l  bond in the carbides (compared 
to the pure metals)  could not account for the differ- 
ence in bulk modulus. 
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S y s t e m  

E~ -- E~ k c a l / m o l e  

D a t a  f r o m  
T a b l e  I I I  
E ~  -- Eza 

a t x  = 0 . 5  

D a t a  f r o m  
T a b l e  I 

[E.~ + E~ + E3~] -- 
[Es + E m  + Ea~] 

Z r - N b - C  - V . 0  ~ 0.5 - 6 . 6  • 5 
Z r - U - C  - 3 . 3  ~ 0.2 - -7 .1  ~ 4.5 
Z r - H f - C  + 5 . 5  ~ 0.8 11,8 + 10.8 

Table V. Evaluation of 

A. F r o m  t h e r m o d y n a m i c  da ta  at 2500~  

S l o p e  a ( 1 0  m c a l /  
S y s t e m  ( k c a l / m o l e )  ( r l  -- r2) 2 A z cm2 m o l e )  

Z r - N b - C  -- 16.1 0.0144 5.6 
Z r - U - C  -- 23.6 0 ,0169 4.8 
Z r - H f - C  -- 7.8 0.0009 43.5 

B. F r o m  t he  c o m p r e s s i b i l i t y  

a = No c ro (9 /2)  ( l i f t )  

P = (1/,8) ee(10 m ca l /  
S y s t e m  (10 TM d y n / c m  2) ro (A) c m  2 m o l e )  

Z r C  2.2 (9) 2.35 7,0 
N b C  3.0 (10) 2 .23 9.0 
U C  1.4 (11) 2 .48 4.7 
I-IfC 2.42 (10) 2.32 7.5 
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script received Jan. 10, 1972. This was Paper  120 pre-  
sented at the Detroi t  Meeting of the Society, Oct. 5-9, 
1969. 

Any  discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1973 JOUm~AL. 

REFERENCES 
1. M. Hoch, "Phase Stabi l i ty  in Metals and Alloys," 

P. S. Rudman, J. Stringer,  and R. I. Jaffee, Edi-  
tors, p. 419, McGraw Hill  Book Co., New York 
(1967). 

2. M. Hoch, E. F. Juenke,  and L. H. Sjodahl,  "Ther -  
modynamics  of Nuclear  Materials," 1967, p. 497, 
In ternat ional  Atomic Energy  Agency, Vienna 
(1968). 

3. C. K. J u n  and M. Hoch, T h i s  J o u r n a l ,  118, 1498 
(1971). 

4. M. Hoch, M. G. Hapase, and S. Yamauchi,  ib id . ,  118, 
1504 (1971). 

5. L. S. Darken and R. W. Gurry,  "Physical  Chemis-  
try of Metals," pp. 50-56, McGraw-Hi l l  Book Co., 
New York (1953). 

6. J. C. Slater, " Int roduct ion to Chemical  Physics," 
p. 452, McGraw-Hi l l  Book Co., New York (1939). 

7. D. A. Speck, Cer .  B u l l . ,  48, 397 (1969). 
8. R. Chang and L. J. Graham, J.  A p p l .  P h y s . ,  37, 3778 

(1966). 
9. H. L. Brown, P. E. Armstrong,  and C. P. Kempter ,  



Vol. 119, No. 7 T E R N A R Y  R E F R A C T O R Y  C A R B I D E S  973 

J. Chem. Phys., 45, 547 (1966). 
10. C. P. Kempter ,  J. Less-Common Metals, 10, 294 

(1966). 
11. M. Hoch, A. S. Iyer ,  and J. Nelken,  J. Chem. Phys., 

23, 1463 (1962). 
12. M. Hoch, Trans. Met. Soc., 230, 138 (1964). 
13. W. J. McGregor  Tegart ,  "Elements  of Mechanical  

Meta l lurgy,"  McMillan, New York  (1966). 

Technical Notes 
i i ill " 

A Scanning Electron Microscope Investigation of Etching 
Phenomena in GaP Electroluminescent Diodes 

W. H. Hackett, Jr., T. E. McGahan, R. W. Dixon, and G. W. Kammlott 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

Chemical  etching is commonly  used in semiconductor  
device fabr ica t ion  as a convenient  method for thinning,  
polishing,  and shaping mater ia l ,  as wel l  as for junc -  
t ion del ineat ion (1). Moreover,  the fo rmat ion  of com- 
p l ica ted  device  s t ructures  f rom I I I -V  compounds is 
g rea t ly  a ided by  the  use  of p re fe ren t ia l  etching. Sev-  
era l  authors  have demons t ra ted  p re fe ren t ia l  e tching 
for p - t y p e  ma te r i a l  in Ge (2, 3), Si  (5, 6), and GaAs 
(6, 7) using a va r ie ty  of e lec t ro ly tes  which  include 
solutions of NaOH, HF, and HF-HNO3. More recently,  
solutions of NaOH have been s imi la r ly  appl ied  to sev-  
era l  addi t ional  I I I -V  semiconductor  systems (8),  in-  
e luding GaAsz, P l - z I n P ,  InzGa l - zP ,  and  AlzGa l -xAs .  

The p - type  p re fe ren t i a l  etching is usual ly  achieved 
under  condit ions in which the p region is the  anode in 
the  electrolyte .  For  these condit ions it has been shown 
tha t  the  cur ren t  densi ty  is genera l ly  much higher  at 
the  ( p - r e g i o n ) - e l e c t r o l y t e  in terface  (analogous to a 
fo rward -b i a sed  p-n  junct ion)  than  at the ( n - r e g i o n ) -  
e lec t ro ly te  in terface  (analogous  to a r eve r se -b iased  
p - n  junc t ion) ,  and is re la ted  to the par t ic ipa t ion  of 
holes in the  conduct ion process (9). Since the  semi-  
conductor  e tching ra te  is p ropor t iona l  to the  cur ren t  
densi ty  at the  semiconduc tor -e lec t ro ly te  interface,  
e tching is h igh ly  p re fe ren t ia l  for p - t y p e  mater ia l .  

In  addit ion,  there  have  also been  a few ea r ly  repor ts  
of anodie n - t y p e  p re fe ren t ia l  e tching in Ge, using 
solutions of NaOH, KOH, HC1, and NaC1 (2, 10, 11). 
In  this  ease, the  n - reg ion  is the anode in the e lec t ro-  
ly te  and the  p - reg ion  is e i ther  the  ca thode or is float- 
ing. Here  e lect r ica l  conduct ion of holes is re la t ive ly  
poor  in the reverse  di rect ion of the p - n  junct ion  when  
compared  to the (n-region)-electrolyte interface.  This 
poor  conduct ion tends to block dissolut ion of the  p-  
reg ion  wi th  respect  to the  n-region.  

I t  is the purpose  of this  paper  to descr ibe severa l  
observat ions  of s imi lar  n - t y p e  and p - t y p e  p re fe ren t ia l  
e tching in GaP, which have  been made  wi th  the scan-  
ning e lect ron microscope (SEM) dur ing  our inves t iga-  
t ions of the  nea r - junc t ion  proper t ies  of GaP e lec t ro-  
luminescent  diodes (12, 13). For  example ,  it  has been 
found tha t  a 3: 1:1 solution of H2SO4: H202:H20, which  
is used to remove  surface damage  for r ed - e mi t t i ng  
diodes (14), is h igh ly  p re fe ren t i a l  for p - t y p e  GaP 
and is e lec t rochemica l ly  control lable  under  condit ions 
in which  the  p - r eg ion  is the  anode in the  electrolyte .  
Solut ions of HF-HNO3 (15) and NaOH (16) have  also 
been found useful  for p - t y p e  p re fe ren t ia l  e tching in 
GaP. I t  has also been observed  that ,  using a solut ion 

Key words: electrochemistry, scanning electron microscopy, gal- 
liurn phosphide. 

of HF: H202, the photoetching del ineat ion  of GaP p -n  
junct ions  (17) is due to p re fe ren t i a l  e tching of the 
p-region.  Final ly ,  a complementa ry  p re fe ren t i a l  e tch-  
ant  for n - t y p e  GaP is repor ted,  in which the n- reg ion  
is the anode in an e lec t ro ly te  consist ing of a solution 
of NaOC1-HC1. 

Experimental Results and Discussion 
Severa l  p roper t ies  of these e tchants  have been in-  

ves t iga ted  on assembled GaP r ed -emi t t i ng  diodes using 
the SEM. Wi th  its high resolution, large  dep th  of 
field, and versa t i le  detect ion system [which includes 
secondary  emission, cathodoluminescence (CL),  and 
specimen current  (SC) modes] ,  this ins t rument  has 
been found to be idea l ly  sui ted for  this  purpose.  For  
example ,  etch steps are  easi ly  seen wi thout  cleaving 
the device for opt ical  examina t ion  and di rec t  observa-  
t ions of etching isot ropy are  possible.  Deta i led  weight  
measurements  are  not necessary.  In  addit ion,  the  loca- 
t ion of the  p - n  junct ion  may  be unambiguous ly  ob-  
ta ined  using the  vol tage  contras t  in the  secondary  
emission, the CL, or the  SC modes. Fo r  more  quan t i t a -  
t ive  information,  such as absolute  etching ra tes  and 
de ta i led  cu r ren t -vo l t age  character is t ics  of the  respec-  
t ive semiconductor -e lec t ro ly te  interfaces,  addi t ional  
care  m a y  be t aken  to mask  e lec t r ica l  contacts,  agi ta te  
the e lectrolyte ,  and provide  un i form cur ren t  densities. 
These precaut ions  were  not  t aken  here  and, therefore,  
the resul ts  are considered to be  of a p re l imina ry  and 
semiquant i ta t ive  nature .  

PreSerential etching oS p-type GaP (3:1:1 solution 
HzSO4:HzOz:HzO).--The r ed -emi t t i ng  GaP elect ro-  
luminescent  diodes a r e  diced s t ructures  which have 
been fabr ica ted  and assembled on A u - p l a t e d  TO-18 
headers.  F igure  l a  is a secondary  emission image of 
such a diode, and  i l lus t ra tes  i ts genera l  appearance.  
The junct ion  s t ructure  consists of an n - t y p e  Czochral-  
ski substrate,  a Te-doped  n - t y p e  ep i t axy  l aye r  grown 
on the  {111} P-face,  and a Zn,O-doped p - t y p e  ep i t axy  
layer  grown on the  n - l a ye r  (18). The two layers  are 
app rox ima te ly  25-30~ thick. P r io r  to assembly,  ap-  
p ropr ia t e ly  doped A u  contacts  were  evapora ted  and 
s in tered onto the  junct ion mater ia l ,  a f te r  which the 
ma te r i a l  was  s lu r ry -cu t  into 0.4 m m  X 0.4 m m  dice. 
The wire  bonded to the  top surface of the  diode in Fig. 
l a  is the e lec t r ica l  contact  to the  p - t y p e  ep i t axy  layer  
on the {111} P - f ace  of the crystal .  

The etching character is t ics  of a 3:1:1 solut ion of 
H2SO4:H202:H20 were  first inves t iga ted  because  i t  has 
been used in this l abo ra to ry  to remove  s lur ry-cu t t ing  
induced surface damage  f rom assembled diodes (14). 
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Fig. 1 a. Secondary emission image of a GaP red-emitting diode, which is a diced structure consisting of an n-type Czochralski sub- 
strate (bottom), a ~ 2 5  micron n-type epitaxy layer (center), and a ~ 3 0  micron p-type epitaxy layer (top). This diode has been etched 
in a 3:i:1 solution of H2SO4:H202:H20 far 20 min at 60~ with a resulting etching step at the junction, as shown. Etching is also evi- 
dent near the p-contact, in addition to a faint delineation of the (n-Czochralski)-(n-epitaxy) interface, b. A magnified view of the cor- 
ner of the same diode. In addition to the features described above, etch pits are clearly discernable on the top surface of the p-region. 

For example, after diodes were etched in a freshly 
prepared solution for 5 min  at 60~ they typical ly 
exhibited a step at the p -n  junct ion  as a result  of 
preferential  etching of the p-region. Figures la  and 
lb  show such a diode after 20 min  of etching. In  this 
case, the front surface of the die had been polished 
prior to assembly in order to provide more quant i ta t ive  
data. The coincidence of the etching step with the 
p -n  junct ion  is confirmed by the voltage-contrast  at the 
junction, and has been independent ly  verified using 
the CL mode (which determines the location of the 
red-emi t t ing  p-region) and the SC mode (which de- 

termines the locus of efficient beam-induced  junct ion 
current)  (13). 

To make a quant i ta t ive  estimate of the etch rate, 
the diode was repositioned so that  both the p - n  junc-  
t ion plane and the polished surface were  paral lel  to 
the viewing direction as shown in Fig. 2. In  addition, 
from this perspective, a comparison can be made of 
relative etch rates in different crystallographic direc- 
tions. In  this case the etching step at the junct ion is 
approximately 8.6~ wide and the etch rate is 0.42 ~/min 
in directions perpendicular  to the <111> axis (i.e., 
the etching step has the same width for all four s lur ry-  

Fig. 2 a. Secondary-emission 
image of the same diode as in 
Fig. 1, but with both the junc- 
tion plane and the polished sur- 
face parallel to the viewing di- 
rection for a better perspective. 
Here the etching step at the 
p-n junction and the undercut- 
ting at the p-contact are clearly 
defined, b. Magnified view of 
the material removed at the p- 
contact. The thin top layer is 
the evaporated and sintered 
contact, and the rest is p-type 
semiconductor, c. Magnified 
view of the etching step at the 
p-n junction. 
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Fig. 3. Secondary emission 
image of a GaP red-emitting 
diode, which has been etched in 
the 3:1:1 solution under condi- 
tions in which the p-region was 
the anode in the electrolyte. The 
diode has been etched for 20 
rain at 60~ using 5 mA elec- 
trode currertt. 

cut faces). Also, as shown by the etching about the 
p-contact,  the etching rate  along the <111> axis is 
wi th in  20% of this value. Thus, the etching in the p- 
region appears to be approximately  isotropic. The 
taper  at the step forms an angle of 6 degrees, with 
respect to the junct ion  plane, which can be used to 
est imate the relat ive etching rates for the n-  and p- 
material ,  viz., p - r a t e / n - r a t e  : cot 6 ~ ~-~ 9.4. These 
results confirm that  the etching is highly preferent ia l  
to p-type material .  

To fur ther  define the characteristics of this etchant, 
an assembled diode was immersed  in the electrolyte 
with the p-region biased positive with respect to a 
stainless or p la t inum electrode, which is s imilar  to 
procedures reported previously (2-8). Typical  results  
are shown in Fig. 3 for a diode etched for 20 min  at 
60~ and for 5 mA electrode current .  In  this case, the 
preferent ial  etching has been enhanced to the extent  
that the angle of the step relat ive to the junct ion 
plane is near ly  zero. This enhanced preferent ial  etch- 
ing for p- type mater ia l  is general ly  consistent with the 
respective characteristics of n -  and  p- type  semicon- 
ductor-electrolyte interfaces (i.e., a positive potent ial  
across the p-electrolyte  interface conducts current  
easily, while a similar potent ial  across the n-electrolyte 
interface results in only l imited current  densities) (9). 

In  this case, approximately  12.8~ of p-mater ia l  have 
been removed, at an etching rate of 0.64 ~/min.  From 
the relat ive magni tudes  of the etching step, and the 
etching under  the p-contact  on the top surface, it is 
concluded that  the etching is still isotropic for the 
p-region even though there has been no at tempt made 
to keep the current  density uni form at the semicon- 
ductor-electrolyte  interface. There was also no u n u -  
sual attack at the contac t -GaP interface. Approxi-  
mate ly  0.6-0.8V were required to produce the 5 mA 
electrode current ,  but  no detailed current-vol tage  rela-  
t ionships were de termined in this p re l iminary  char-  
acterization. 

With the present  diode-electrode configuration, the 
current  density is probably somewhat nonuni form 
over the p-electrolyte  interface. In  addition, it is l ikely 
that the etching rate  is sl ightly inhibi ted by gas evolu- 
t ion and the format ion of by-products  at the semi- 

conductor surface since no special precautions were 
used to promote mixing  of the solution near  the in ter -  
face. Nonetheless, the enhanced p- type  preferent ial  
etching under  these anodic conditions is amply  demon- 
strated. 

For completeness, a similar  diode was also immersed 
in the electrolyte for 20 rain at 60~ but  with the p- 
region biased negat ively with respect to the electrode. 
Under  these conditions, the preferent ia l  etching was 
suppressed. No undercu t t ing  of the contact was visible, 
and there was no measurable  etching step. Very li t t le 
etching of either p- or n - type  mater ia l  was evident. 
These observations are consistent with the general  
current -vol tage  characteristics of the p-electrolyte 
interface and demonstrate  the electrochemical control 
of the preferent ia l  etch. 

The HF:Hz02 photoetch.--A solution of HF:H202 has 
often been used as a photoetch to del ineate p - n  junc-  
tions in GaP (17). In  order to bet ter  unders tand  the 
cause of this delineation, a s lurry  cut diode similar 
to those previously discussed was selected. One sur-  
face was polished with Linde A and then  etched in hot 
aqua regia to remove any  remain ing  surface damage 
prior to assembly. The topography at this surface near  
the junc t ion  plane was smooth, as expected for the 
assembled diode, without  any etch step at the junct ion 
indicat ing that  hot aqua regia does not selectively etch 
n-  or p-type GaP. When this diode was subsequent ly  
photoetched for 90 sec, at 24~ in a 1:1 solution of 
HF:H202, a step approximately 1/2~ wide resul ted at 
the p - n  junc t ion  due to preferent ia l  etching of the 
p-region. At present,  the origin of the dominant  etch- 
ing mechanism is not clear, al though it may be simply 
a preferent ia l  dissolution of the p-region caused by a 
photoinduced voltage at the p - n  junction.  It  is evident, 
however, that the junc t ion  del ineat ion results from 
preferent ia l  etching of the p-region. 

PreSerential etching of n-type GaP. - -We also report  
here what  we believe to be the first successful a t tempt  
to preferent ia l ly  etch n - type  GaP. In  this case the 
n-region was the anode in an electrolytic solution of 
NaOC1 and HC1 (which is uns table  under  acid condi- 
t ions),  and a stainless steel or p la t inum electrode was 
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Fig. 4. Secondary emission image of a GaP red-emitting diode, which has been n-preferentially etched in an electrolyte consisting of 
a solution of NaOCI and HCI. In this case, the n-region was the anode in the electrolyte. 

the cathode. This procedure takes advantage of the 
relat ively poor conduction of holes in the reverse 
direction of the p -n  junctions,  and, thus, preferent ia l ly  
removes n- type  GaP from assembled diodes while 
having no appreciable effect on the p- type material .  

Figure 4 shows the result  of electrochemically etch- 
ing an assembled diode for 5 min  at 24~ in an etchant 
consisting of a 7:1 ratio of (5.25% wt solution of 
NaOC1): (HC1). The electrode current  was 5 mA. The 
abrupt  step at the p - n  junct ion is now indicative of 
n - type  preferential  etching. The fact that  no detectable 
angle exists between the junct ion plane and the etch- 
ing step indicates that very little or none of the p- type 
mater ial  has been removed. Note that  somewhat more 
n-mater ia l  has been removed near  the p -n  junct ion  
than  fur ther  away. From this and similar observations 
it is believed that  the etch rate is highest where the 
doping concentrat ion is highest (near the junct ion  ND 
-- NA -~ 2 • 10 is cm -~) and decreases in more lightly 
doped mater ia l  (the bulk  of the n-subs t ra te  has ND -- 
NA ,~ 2 • 101T cm -8) (18). (The preferent ial  etching 
was suppressed when the applied potential  was re- 
versed.) The etch rate of this solution, nomina l ly  2 
~/min, is considerably faster than that  of 3: 1:1 for p- 
material.  Also the gold n-contact  is somewhat attacked 
by this etch. 

While no at tempt has been made to optimize this 
etch, or to investigate its characteristics in detail, its 
discovery does demonstrate  the feasibility of n - type  
preferent ia l  etching in GaP. The existence of such 
solutions complements the growing number  of p- type 
preferent ial  etchants for this material.  

Summary and Conclusions 
Several interest ing observations of preferential  etch- 

ing of GaP electroluminescent  diodes have been made 
using the SEM. Specifically, two electrochemically 
controllable etchants have been found, one for p- type 
material,  and one for n - type  material.  Although the 
detailed anodic characteristics have not been deter- 
mined for the respective n-  and p- type  semiconductor-  
electrolyte interfaces, one would expect, on the basis 
of the anodic preferent ial  etching characteristics, that 
they are similar to those for Ge and Si. Also, it has 
been determined that  a commonly used photoetch is, 

in fact, a preferential  etch for p- type material.  These 
and similar preferential  etchants have potent ial ly im-  
portant  uses in the technology of GaP l ight-emit t ing 
diodes, where it is desirable to economically fabricate 
sophisticated structures (19). 
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Diffusion from a Thin Layer into a Semi-Infinite Medium 
with Concentration Dependent Diffusion Coefficient 

M. Ghezzo* 
General Electric Corporate Research and Development Center, Schenectady, New York 12301 

It is well  known in the l i tera ture  (1) that  the 
Bol tzmann t ransformat ion is the most suitable 
method for solving the diffusion equation with con- 
centrat ion dependent  diffusion coefficient when the 
boundary  conditions satisfy certain requirements .  In 
particular,  this t ransformat ion may  be applied when  
the surface concentrat ion of the indiffused medium 
is invar ian t  with time, for example, in  the predeposi- 
tion process used in silicon device manufac tur ing  (2). 
The Bol tzmann t ransformat ion yields, in this case, 
a convenient  formula for de termining the diffusion 
coefficient as a funct ion of concentrat ion when  the 
diffusion profile has been exper imenta l ly  determined. 
The opposite is more difficult and, in order to compute 
the diffusion profile from the diffusion coefficient, an 
i terat ive method must  be followed (1). 

When the diffusing substance is subject  to a redis- 
t r ibut ion wi thin  the indiffused medium, the Boltz- 
m a n n  t ransformat ion may not be applied because the 
surface concentrat ion decreases with t ime which im-  
plies a t ime dependence of the concentrat ion separate 
from the ratio of penetra t ion depth to square root of 
diffusion time postulated by Boltzmann. A very im-  
portant  case of concentrat ion redis t r ibut ion in a semi- 
infinite medium with an impermeable  boundary  is 
represented by diffusion of impuri t ies  from a superficial 
thin layer of this medium into its bulk. An example 
is provided in silicon device processing by the so- 
called dr ive- in  diffusion, which is used for adjust ing 
the concentrat ion profile to the device specifications 
after the predeposition step (2). 

The purpose of this note is to show the potential  
inherent  in the t ransformat ion  approach even in the 
case of concentrat ion redis t r ibut ion wi th in  a semi- 
infinite medium, provided that  the Bol tzmann t rans-  
formation is replaced by a sui table modification in 
accordance with the different boundary  conditions. As 
the main  interest  of this work consists of a demonstra-  
t ion of the method, the mathemat ical  t rea tment  was 
kept as simple as possible, at the expense of its ut i l i ty  
in solving actual  diffusion problems, by l imit ing the 
invest igat ion to a diffusivity dependence on the ratio 
of concentrat ion to surface concentrat ion instead of 
on concentrat ion alone. 

Theory 
By calling Q the total amount  of impuri t ies  per un i ty  

of surface in the indiffused medium, the assumption of 
an impermeable  boundary  results in the constancy of 
Q with time. Thus, the relationship 

Q = N (x , t )dx  [1] 

imposes a condition on the funct ional  dependence of 
the impur i ty  concentration, N (x,t) ; on the time, t; and 
the penetra t ion depth, x. As Q must  have a finite value, 
Eq. [1] requires that at any  time 

N(x,t)  _--0 for x--> oo [2] 

Besides, the init ial  concentrat ion profile will  be rep- 
resented as a delta funct ion 

N(x,t)  ~ 0  for x----0, t----0 [3a] 
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t ra t ion  dependent  diffusion coefficient. 

N(x,t)  ---- 0 for x > 0, t ---- 0 [3b] 

The Boltzmann's  t ransformat ion  may be represented 
by 

N (x,t) = G ( x / ~ / b  [4] 

with G satisfying the diffusion equation and the 
boundary  conditions. 

Applicat ion of Eq. [4] to [1] shows a t ime de- 
pendence of Q given by  

Q = ~ / t  G (x /x / t )  d (x /x / t )  [51 

which contradicts the hypothesis of an impermeable  
boundary.  

Comparison of Eq. [5] with [1] shows that  the 
required t ime independence of Q is easily achieved by 
the following t ransformat ion  

N (x,t) = g(x /x / t )  /x/-t [6] 

which gives for Q the value 

So" Q = F(x/~/-t) d(x/~fi)  [7] 

Assuming that  the diffusion coefficient D is concen- 
t ra t ion dependent,  the diffusion equation may  be 
wr i t ten  for a one-dimensional  geometry (1) 

ON _ 0 ( D(N)  ON ) [8] 
at Ox Ox 

Replacing N in Eq. [8] with its expression given by Eq. 
[6], and performing a change of coordinates from (x,t) 
to (%t), where ~] is defined by 

~] = x l~ / t  [9] 

the diffusion equat ion becomes 

1 d 
In �9 r 0 ] ) ]  

2 t~ t  d~l 

1 

v? 
8 [D(F(~]) 1 dF(n) 

�9 _ .  ] 
on t d~] 

which simplifies to 

- T  d--~ - [ ' ' F ( ~ ) ]  =~-~ D X/T " d~ 
[11] 

The need for Eq. [11] to be self-consistent  imposes a 
l imitat ion on D which must  depend on n alone for 
avoiding the si tuat ion in which the solution for F 
would depend both on ~,/t-and n in contradict ion with 
the assumption used in the ~lerivation of Eq. [11]. 

As the surface concentrat ion at t ime t, N(o,t)  is 
equal to 

N(o,t) = F(o ) /A / {  [12] 

this specification on D is satisfied by adding the l imita-  
t ive hypothesis that  D be a funct ion of the ratio N(x , t ) /  
N(o,t),  which is equivalent  to assume D ( F ( n ) / F ( o ) ) .  

Equat ion [11] is immediate ly  integrated between 
and oo, yielding the first order differential equation 
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-- --~F(~) - -  D �9 [13] 
2 F (o) dn 

The passage from Eq. [11] to Eq. [13] is possible be- 
cause 

lira (~ .F (~ ) )  = l i m  ( D ( F ( ~ )  ) dF(vl) ) = 0 
"rr-* ~, ,,~. oo ~ " d~ 

[14] 

as Eq. [7] requires that F (n )  be of order greater  than 
one in 1/~ in order to yield a finite Q. 

Equat ion [13] may  be integrated between n = a and 
n after proceeding to a variable  separation between the 
two members  of the equation. This results in the re- 
lat ionship 

~F(~)/F<o) n 2 [15 ]  D(~)d~ 1 
�9 , 1  ~ 4 

where ~ = F/F(o).  
The constant, F (o ) ,  can be determined from Eq. [7] 

after a suitable modification of this equation as shown 
below. 

Changing the integrat ion variable  from ~1 to $ by 
means of Eq. [13], Eq. [7] becomes 

~o z D (~) d~ 
Q = 2F(o) [16] 

~(*) 

where it was taken into account that  according to Eq. 
[2] and [6] ~ -- 0 and ~1 -> or 

Replacement of ~(4) in Eq. [16] with its expression 
given by Eq. [15], yields this formula for F(o) 

F(o)  = Q __D(#) dp 

P 
where p is defined as ~. 

A check of the validity of the above equations is 
provided by computing the concentrat ion profile for 
the case D = Do, with Do a constant. 

Integrat ion of Eq. [15] yields immediate ly  

F (~) : F (o) exp (--~12/4Do) [18] 

which is equivalent,  according to Eq. [6] and [9], to 

N (x,t) • N(o,t) exp (--x2/4Dot) [19] 

Application of Eq. [17] gives the value of F (o) 

$ 1  d~ 
r(o)  = Q/~/Do �9 [20] 

o %/ln (1/D 

As the definite integral  in Eq. [20] is equal to ~/~-(3),  
Eq. [19] becomes the familiar  gaussian distr ibution 
funct ion 

Q 
N(x,t) - -  exp (--x2/4Dot) [21] 

Example 
Let us assume that  

D(N(x, t ) /N(o, t ) )  : D o l l  + k(N(x , t ) /N(o, t ) )]  [22] 

which corresponds to a l inear  dependence of D on the 
ratio of concentrat ion to surface concentrat ion with 
slope k �9 Do, where Do is the intrinsic diffusivity, and k 
a real positive number .  

From Eq. [15], [12], and [6], the expression of D 
given by Eq. [22] yields, after integration, the formula 

x ~ /  ( N(x,t) ) N(x,t) 
. - -  k 1 - -  - - I n - -  [ 2 3 ]  

2~/Dot N (o,t) N (o,t) 

which is the normalized version of the diffusion profile. 
In Fig. 1 a plot of the profiles, corresponding to 

different values of k, shows that  an increase in k 
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Fig. 1. Normalized diffusion profiles for a diffusion coefficient 
D = DoE! + k(N(x,t)/N(o,t))] with k = 0, 2, 5, 10, 20, 30, 
40, in the case of planar diffusion into a semi-infinite medium 
limited by an impermeable boundary. The solute is concentrated 
before diffusion in a very thin layer adjacent to the boundary. 

flattens the ini t ial  part  of the profile and introduces a 
sharper concentrat ion drop in the profile tail. The pro- 
file for k = 0 is represented by the gaussian error func-  
tion, while the profiles for higher values of k corre- 
spond to an enhanced diffusion. In particular,  the pro- 
file for k = 30 was included in Fig. 1 for making the 
example more realistic; because in  high concentrat ion 
arsenic diffusions into silicon, the ratio of max imum 
diffusivity to intrinsic diffusivity is about 30 for a wide 
temperature  range (950~176 according to Ken-  
nedy and Murley (4). 

The profiles of Fig. 1 are expressed in  normalized 
form. So as to determine the actual profiles the sur-  
face concentrat ion at t ime t, N(o,t), must  be computed 
through a numerical  in tegrat ion of Eq. [17]. 

Conclusion 
A modified version of the Bol tzmann t ransforma-  

tion method was used for obtaining an exact solution of 
the diffusion equation in a semi-infini te medium, 
limited by a plane impermeable  boundary  with finite 
source in i t ia l ly  close to this boundary,  and with the 
diffusion coefficient dependent  on the ratio of concen- 
trat ion to surface concentration. The general  solution 
was verified for a constant  diffusion coefficient by 
yielding the gaussian error function. Calculation of the 
profiles corresponding to a diffusion coefficient l inearly 
dependent  on the ratio of concentrat ion to surface con- 
centrat ion was used for i l lustrat ive purposes. 

Manuscript  submit ted Dec. 8, 1971; revised m a n u -  
script received March 8, 1972. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1973 issue of 
the JOUe.NAL. 
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Erratum 

In  the paper  "Diffusion of 51Cr in NiO Single  Crys-  
tals" by  M. S. Sel tzer  which  appeared  on pp. 802-805 
in the  May 1971 JOURNAL, VO1. 118, No. 5, in convert ing 
f rom na tu ra l  logar i thms to base 10 logar i thms the di f -  

fusion coefficients were  mul t ip l ied  by  the factor  2.303 
when they  should have been d iv ided  by  this factor. 
Therefore,  to get  the  correct  diffusivit ies in Fig. 2 and 
3, one must  d ivide  by  (2.303) 2. 
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Stress Corrosion Cracking of 18% Cr Ferritic 
Stainless Steels 

R. T. Newberg* and H. H. Uhlig* 
Department of Metallurgy and Materials Science, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

Stress corrosion cracking of ferritic 18% chromium stainless steels in MgC12 
solution depends on nickel content  (0-8%) as well  as on hea t - t r ea tment  and 
cold work. Maximum susceptibili ty occurs at 2% Ni; alloyed manganese  has 
a small  effect; mo lybdenum can be detr imental .  Rolling direction has li t t le 
or no effect on fai lure times of ferrit ic 18-8, contrary to fai lure by hydrogen 
cracking, indicat ing different mechanisms of failure. Whether  or not fai lure 
occurs depends on the relat ion of critical to corrosion potentials for all but  
the lowest nickel alloys. Hence galvanic couples can be useful  or damaging. 
The results are not readi ly explained in terms of electrochemical dissolution 
or br i t t le  oxide films. A mechanism is favored based on adsorption of C1- 
ions on appropriate surface imperfection sites. 

The rela t ively good resistance or complete immuni ty  
of ferritic stainless steels, e.g. AISI Type 430, to stress 
corrosion cracking (s.c.c.) in hot aqueous chloride 
solutions was pointed out by Scheil et al (1) as early 
as 1943. Later  tests showed that  ferritic alloys con- 
ta in ing  small  amounts  of Ni, e.g. 12% Cr, 2% Ni-Fe;  
or 28% Cr, 5% Ni, 1.7% Mo-Fe, exposed to MgC12 boil-  
ing at 154~ either failed or showed surface cracks (2). 
Copson (3) presented data showing that additions of 
Ni to 15-26% Cr-Fe  stainless steels at first increased, 
then decreased their  susceptibil i ty to s.c.c, in boiling 
42% MgC12 result ing in max imum susceptibili ty be-  
tween 0 and 8% Ni. Riedrich and Kohl (4) established 
that  m in imum resistance of austenit ic alloys containing 
16% Cr, 9% Mn appeared at about 4-5% Ni, with Mn 
having li t t le effect on susceptibility, but  with copper, 
at a given weight per cent, being more damaging than 
Ni. 

Uhlig, White, and Lincoln (5, 6) found that  a low C, 
low N, 18% Cr, 8% Ni stainless steel, ferritic (or mar-  
tensitic) as quenched from 1050~ was resistant to 
cracking in MgC12 boiling at 154~ (>250 hr) whereas 
a similar  alloy when austenit ic as quenched (contain-  
ing higher C and N),  failed in short t imes (0.2-1.4 hr) .  
The structure ra ther  than  C and N content  was re- 
sponsible for the difference as was shown by the 
paral lel  observed resistance to s.c.c, of original ly 
austenitic 18-8 alloys subsequent ly  t ransformed to fer-  
r i te  by cold working at l iquid N2 temperatures  (5, 6). 
A higher Ni alloy, e.g., 20% Ni stainless steel, which 
did not transform, became less ra ther  than  more re-  
sistant after cold rolling. Bond and Dundas (7) re-  
ported that  18% Cr-Fe  ferritic stainless steels annealed 
at 815~ for 1 hr  did not crack in MgC12 boiling at 
140~ if the Ni content  was below about 1% and simi- 
lar ly  if the Cu content  was below 0.5%. For resistance 
to  s.c.c., the total  Ni plus 3 • Cu content, they stated, 
should preferably be below 0.9%. Small  alloying addi-  
t ions of Mo (1-5%) had no effect, but  2% Mo combined 
wi th  small  amounts  of Ni, Cu, or Co induced suscepti- 
bility. 

* Elect rochemical  Society Act ive  Member .  
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It is the purpose of the present  invest igat ion to ex- 
tend the available information on susceptibil i ty to s.c.c. 
of the ferritic 18% Cr stainless steels containing from 
0 to 8% Ni. It appears par t icular ly  desirable to know 
more about possible mechanisms that  can account for 
the relat ive resistance of some ferr i t ic- type stainless 
steels (body-centered cubic) and the comparable lack 
of resistance of austenit ic alloys (face-centered cubic) 
of a similar or even the same composition. 

Experimental Procedure 
Alloys were vacuum melted by high f requency in 

dense pure  a lumina  crucibles, followed by casting in 
purified argon by drawing up the melt  into 7 or 9 mm 
diameter Vycor tubing  and water quenching. Ingots 
were homogenized in argon at 1050~ for 24 hr, then 
cold-rolled to strip about 0.041-in. thick. Star t ing  ma-  
terials were electrolytic i ron deoxidized at 1150~ for 
2 hr  in dry  H2 and decarburized at 760~ for 48 hr  in 
wet H2. Carbonyl  Ni was furnished by courtesy of the 

Table I. Composition of ferritic stainless steels 

Weight  per  cent  

% Ad- 
Alloy % Cr % Ni % C dition 

17% Cr-Fe  (Type 430) (Corn- 17.38 0,095 
mercial)  

16% Cr -Fe  15.8 0.0013 
18% Cr, 0.2% Ni-Fe 18.19 0,17 0.005 
18% Cr, 0.6% Ni-Fe  18.31 0.57 (0.004) 
18% Cr, 1.1% Ni-Fe  18.31 1.10 (0.003) 
18% Cr, 1.5% Ni-Fe 17.81 1.50 0.003 
17% Cr, 2% Ni-Fe  (A) 16.9 2.27 0.003 
18% Cr, 2% Ni -Fe  (B) 17.81 2.07 <0.001 

(C) 18.40 2.19 0.009 
18% Cr, 3% Ni-Fe  17,93 3.01 (0,004) 
18% Cr, 5% Ni-Fe  (A) 18.1 5.01 0.005 

(B) 18,35 5.02 0,007 
18% Cr, 8% Ni-Fe  (A) 18.27 8.43 0.001 

(B) 18.33 8.36 0.002 
16% Cr, 2% Mo-Fe 16.2 0,001 
17% Cr, 2% Ni, 2% Mo-Fe 17.3 2.26 0.003 
16% Cr, 8% Ni, 2% Mo-Fe 16.0 7.72 0.0015 
19% Cr, 1.1% Ni, 1.6% Mn-Fe  18.73 1.10 0.002 
18% Cr, 3% Hi, 1.5% Mn-Fe  17.89 2.88 (0.004) 
18% Cr, 3% Ni, 3% Mn-Fe  18.19 2.84 0.0052 

2.00 
1.97 
2.24 
1.61 
1.53 
3.02 

* N u m b e r s  in pa ren theses  were  e s t ima ted  f r o m  first and  last split 
heat.  
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Interna t ional  Nickel Company and pure Cr was pu r -  
chased from the Electrometal lurgical  Company. Mo- 
lybdenum was Johnson-Mat they  spectroscopic grade; 
Mn was electrolytic grade. Chemical analyses of the 
cold-rolled strip are listed in Table I. Duplicate alloys 
A and B of the 5 and 8% Ni, and triplicate alloys A, B, 
and C of the 2% Ni compositions, were prepared to 
furnish addit ional test specimens; they performed simi- 
lar ly for any  one category of composition wi th in  the 
exper imental  variat ions of the tests. 

Specimens measur ing 1 3/4 • 3/16 X 0.041 in. (4.5 
• 0.5 X 0.1 cm) were sheared from the cold-rolled 
strip with the long dimension in  the roll ing direction, 
unless otherwise specified. They were either tested as 
such (cold-rolled 80% reduction in thickness),  or 
water quenched from 1050~ (water quenched), or 
heated to 1050~ and subsequent ly  annealed  at 815~ 
for 1 hr in argon followed by air-cooling (annealed). 
In all cases, specimen surfaces were abraded with wet 
No. 120C silicon carbide paper followed by No. 0 
emery paper. They were then degreased, and  pickled 
in 15 v/o  (volume per cent) HNO~-5 v/o  HF at 90~ 
for 5 min. 

Specimens were bent  beyond the elastic l imit  to 
a span of 1% in. (4.1 cm), t ransferred by means of a 
notched gauge to insulated holders of the test ap- 
paratus, and adjusted to a final span of 1 7/16 in. (3.7 
cm),  avoiding springback. They were held at constant  
flow stress by means  of a compressed spring. When 
tests were conducted under  constant  applied potential,  
a Ni wire or one of the same composition alloy as the 
specimen was spot welded to one end of the specimen 
and enclosed with Teflon tubing. A saturated calomel 
electrode at room tempera ture  was located in a side 
a rm containing MgC12 solution nearest  the point  of 
max imum bending and separated from the boiling 
MgC12 solution by a fr i t ted glass disk. Auxi l ia ry  elec- 
trodes of graphite were located in two arms on either 
side of the specimen, also separated by fri t ted glass 
disks. The test apparatus employing MgC12 solution 
boiling at 130~ has been depicted in a former publica-  
t ion (8). Because of variat ions in batches of MgC12 as 
received, all solutions were prepared from salt ob- 
tained by thorough mixing of several batches. Tests 
were run  to a max imum of 200 hr; controlled potential  
runs  normal ly  r an  to only 50 hr  because of chemical 
changes in  the solution resul t ing from electrolysis. The 
critical potential  for a given alloy was obtained by 
plott ing fai lure times vs. controlled potentials for 10 
to 15 specimens. Typical plots of this kind were pre-  
sented in an earlier publicat ion (9). 
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Fig. 2. Effect of MgCI2 concentration on stress corrosion crocking 
of cold-rolled ferritic 18-8 stainless steel, boiling temperatures. 

Fa i lure  T i m e s  
Cracking times of 16-18% Cr stainless steels as a 

function of Ni content are shown in Fig. 1. Each point  
represents the average of three or more tests. Most 
cracks followed predominant ly  t ransgranula r  paths, as 
far as could be determined,  bu t  wi th  some evidence of 
part ial  in te rgranular  cracking in  some alloys such as 
the water -quenched 1.5-5% Ni compositions. No fail- 
ures were observed up to 1% Ni wi thin  200 hr, whether  
the alloys were cold-rolled, quenched, or annealed. At 
1.5% Ni, the cold-rolled and quenched alloys failed, 
but  the annealed  alloys still  resisted cracking above 
200 hr. At about 2% Ni, susceptibili ty became maxi-  
mum, and the alloy failed in short t imes typical of the 
behavior of austenitic 18-8 stainless steels. The annealed 
alloy remained more resistant  than the quenched or 
cold-rolled alloy. At 5% Ni, both the annealed and 
cold-rolled alloys (stressed parallel  to roll ing direc- 
tion) were resistant  (>200 hr) ,  but  the quenched alloy 
failed. At 8% Ni, the alloy failed only in the ~cold- 
rolled condition, but  this behavior  tu rned  out to be 
peculiar  to 130~ The same alloy, for example, as had 
been reported previously (5, 6) did not  fail  wi th in  200 
hr in MgC12 boiling at 154~ nor did it fail at 140 ~ or 
145~ It failed in re la t ively  longer times at 120 ~ 125 ~ 
and 135~ as shown in Fig. 2. A commercial  austenitic 
18-8 alloy, on the other hand, cold-rolled 35% reduc-  
t ion in thickness, failed in shorter t imes the higher 
the temperature.  Cracking times were 29, 0.3, 0.2, and 
0.1 hr in MgCI~ solutions boil ing at 120 ~ 130 ~ 140 ~ 
and 154~ respectively (10). 

The ferritic 16-18% Cr stainless steels containing less 
than  8% Ni failed in about the same t imes in  MgC12 
at 130 ~ or 154~ with the exception of the quenched 
5% Ni alloy which was resistant  at 154~ The Ni-free 
16% Cr-Fe  alloy did not fail  by  cracking at either t em-  
perature, but  was observed to undergo pi t t ing corrosion 
in long-t ime tests, which in the extreme caused failure 
by creep of the spring-loaded specimen. 

I t  was of interest  to learn  whether  direction of ap- 
plied stress had an effect on fai lure t imes of the cold- 
rolled ferritic 18-8 stainless steel in MgC12 at 130 ~ or 
154~ Five specimens at 130~ stressed paral lel  to the 
roll ing direction failed in  4.9 • 1.0 hr, whereas four 
specimens stressed at r ight  angles to the roll ing direc- 
t ion failed in 2.4 _ 0.3 hr. This difference of cracking 
t imes is not considered to be of great significance. At 
154~ cold-rolled ferritic 18-8 did not fail w i t h i n  at 
least 200 hr  whether  stressed parallel  or at right angles 
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Table II. Effect of alloyed Ni, Mn, and Mo on cracking times 
in MgCI2, 130~ 

A l l o y  
W a t e r  q u e n c h e d  

f r o m  1050 ~ C 

T i m e  to  f a i l u r e ,  h r  
C o l d - r o i l e d  

80% r e d u c t i o n  i n  t h i c k n e s s  
A n n e a l e d  
815~ 1 h r  

16% C r - F e  
18% Cr,  1.1% N i - F e  
19% Cr,  1.1% Ni ,  1.6% M n - F e  
18% C r ,  3% N i - F e  

18% Cr,  3% Ni ,  1.5% M n - F e  
18% Cr,  3% Ni,  3% M n - F e  
18% Cr,  5% N i - F e  

16% Cr,  2% M o  
17% Cr,  2% Ni ,  2% M o - F e  

18% Cr,  8% N t - F e  ~ F e r r i t i c  
] 16% Cr ,  8% Ni ,  2% M o - F e  

> 2 0 0  [3]* > 2 0 0  [3]"  
> 2 0 0  [3] > 2 0 0  [3] 
> 2 0 0  [3] > 2 0 0  [3] 

1.6 -4- 0.5 [3] 3.6 _ 0.3 [5] (Pa ra l l e l )  
1.4 ----- 0.4 [3] [ P e r p e n d i c u l a r }  

3.2 ~ 1,4 [4] 3.1 -4- 0.6 [3] 
3.2 -4- 1.1 [4] 2.8 -~ 1 [3] 

> 2 0 0  [3] ( P a r a l l e l }  
2.2 ~ 0.4 [3] ( P e r p e n d i c u l a r )  

> 2 0 0  [3] 5.6 + 4 [3] 
2.0 "~ 0.2 [2] 2.0 ~ 0.2 [3] 

>200 [3] 4 . 9  --+ 1 [5] ( Pa r a l l e l )  
2.4 • 0.:~ [3] ( P e r p e n d i c u l a r )  

1.4 -~- 0.4 [3] 73 _ 23 [3] 

>200 [3] 
>200 [3] 
>200 [3] 
>200 [3] 

90 • 9 [3] 
33----.3 [3] 

> 2 0 0  [3] 
2.0 + 0,4 (3] 

> 2 0 0  [3] 

7+__2 [3] 

�9 T h e  n u m b e r  i n  b r a c k e t s  i s  t h e  n u m b e r  o f  s p e c i m e n s  t e s ted .  

to the roll ing direction. By way of contrast, the same 
alloy stressed parallel  to the roll ing direction was re-  
sistant to hydrogen cracking (>200 hr) when cath- 
odically polarized in  5% H2304 + As2Oa, but  failed in 
short t ime (0.1 hr) when stressed perpendicular  to the 
roll ing direction (11). This marked difference of be-  
havior can be taken as evidence that  crack nuclei  and 
fracture paths associated with hydrogen cracking, and 
which are oriented by cold rolling, are not the same 
nuclei  and fracture paths associated with stress cor- 
rosion cracking. Obviously the mechanisms of the two 
types of fracture are not the same. 

The effect of small  alloying additions of Mo or Mn to 
16-18% Cr-Fe  alloys was usual ly  either inconsequen-  
tial or in the direction of increasing susceptibility. 
Some of the re levant  data are tabulated in Table II. 
Included are data on the effect of rol l ing direction on 
failure times of the 3, 5, and 8% Ni alloys showing that 
an appreciable effect is observed only with the 5% 
Ni alloy. Manganese tends to make the 3% Ni alloy, as 
annealed, more susceptible; it has no measurable  effect 
on the 1.1% Ni alloy. The quenched and cold-rolled 
alloys are unaffected. Riedrich and Kohl (4) found that  
9-18% 1YIn in  quenched alloys containing 5-16% Cr 
were resistant to cracking in MgC12 at 154~ provided 
that  Ni was below 1.5-2% and Cu below 0.7%. Two 
per cent  Mo addition is not  damaging (Table II) ,  in 
accord with conclusions of Bond and Dundas (7), ex- 
cept for the cold-rolled state in  which the Mo alloy 
fails. For the annealed alloy, molybdenum combined 
with 2% Ni is worse than Ni alone. The combinat ion of 
2% Mo with 8% Ni makes s.c.c, properties of the fer- 
ritic alloy worse except perhaps for the cold-rolled 
alloy. A few 2% Ni stainless steels were made up with 
additions of 0.08-0.15% Sn, or with 0.5% Zr but  these 
elements had no marked effect on t ime to cracking in 
MgCl2. 

Tests in 35% NaOH + 0.1% PbO boiling at 126~ 
showed that  both the cold-rolled 16% Cr-Fe  and the 
cold-rolled 17% Cr, 2% Ni-Fe  alloys were resistant 
to cracking for at least 300 hr. The former alloy showed 
evidence of superficial in te rgranula r  corrosion which 
appeared to be independent  of stress. The two alloys 
also did not fail by s.c.c, wi th in  200 hr  in  60% 
Ca(NO3)2,, 3% NH4NOs solution boiling at l l0~ 
These results confirm similar  data reported earlier by 
Bond, Marshall, and Dundas (12). 

Critical Potentials 
A specific potential  below which s.c.c, of 18-8 s ta in-  

less steel is inhibi ted in  boil ing MgC12 or CaClz solu- 
tions has been reported by several investigators (8, 9, 
13-15). For cold-rolled commercial  austenitic 16% Cr, 
8% Ni alloy (35% reduct ion in thickness) in MgC12 
boiling at 130~ the observed value is --0.145V (SHE) 
(9) and for the quenched alloy it is --0.130V (16). 
With increasing amounts  of alloyed Ni, this value be-  
comes more noble, reaching --0.10V for a cold-rolled 
stainless steel containing 21% Cr, 34.8% Ni (8). When-  
ever the prevai l ing s teady-state  corrosion potential of 
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the alloy (measured for the stressed or unstressed 
alloy) is noble to the critical potential, which is the 
normal  situation for austenitic 18-8 immersed in boil- 
ing MgC12 solution, cracking can and does take place. 
But at higher Ni compositions (>26%) ,  the corrosion 
potential  tends to be less noble than  the critical poten-  
t ia l  and hence cracking is no longer observed (maxi-  
mum test period: 200 hr) .  

In  evaluat ing the present  ferritic alloys, the same 
relat ion of corrosion potential  to critical potent ial  de- 
scribes whether  or not cracking takes place. For  ex- 
ample, al though the stressed cold-rolled low-nickel  
alloys (<1.5%) and the 5% Ni alloy did not fail on 
immersion in boil ing MgC12 solution, cracking was 
observed nevertheless whenever  the alloys containing 
>0.2% Ni were anodically polarized above a specific 
critical potential.  Cracking of the 0.2% Ni alloy was 
uncer ta in  because of s imultaneous pitting. A critical 
potential  was also typical  of the higher Ni compositions 
(1.5-8%) which failed spontaneously in immersion 
tests, but  which required cathodic polarization in order 
to inhibi t  cracking. The Ni-free  alloy and the annealed 
or quenched 0.2-1.1% Ni alloys were exceptions in  that  
they did not  crack in either immers ion  tests or when 
anodically polarized; when  polarized they tended to 
thin and pit instead. For this reason, a critical potential  
for s.c.c, cannot be assigned to these part icular  alloys. 

The corrosion and critical potentials for various 
cold-rolled alloys are plotted in Fig. 3. The steady- 
state corrosion potentials, as measured 48 hr after 
immersion for unstressed specimens, lie below the 
critical values up to and including 1.1% Ni; these 
alloys do not fail when  unpolarized. The indicated 
critical potential  of --0.26V for the 0.2% Ni alloy is 
uncertain,  for reasons ment ioned earlier, but  nei ther  
pi t t ing nor  cracking occurs below this value of po- 
tential.  Above 1.1% Ni, the corrosion potential  con- 
t inues to shift with increasing Ni in  a noble direction, 

1 J I I I I ] ] ] 
- Corrosion Pofentlo] 

[] / i  I /  

, I I I I , I , I i I , I i I 
! 2 3 4 ,5 6 7 8 9 

Wi'. Percen? Nickel 

Fig. 3. Effect of alloyed nickel in cold-rolled 18% chromium 
stainless steel on critical and corrosion potentials, MgCI2, 130~ 
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Table III. Effect of cold work and heat-treatment on critical 
potentials for s.c.c, of ferritic stainless steel in MgCI2, 130~ 

r  ( S H E ) ,  r  ( S H E ) ,  D i f f e r e n c e  
A l l o y  C o n d i t i o n  V V ( r  r  

T i m e  to  
f a i l u r e  (hr)  * 

17% Cr,  2% N i  Cold  r o l l e d  - 0 .225 -- 0.160 + 0.065 
Q u e n c h e d  -- 0 .185 -- 0 .150 + 0.035 
A n n e a l e d  - 0.185 -- 0.160 + 0.025 

18% Cr,  5% Ni  Cold  r o l l e d  - -0 .130  - 0 . 1 4 0  - -0 .010  
Q u e n c h e d  -- 0 .185 -- 0 .135 + 0.050 

18% Cr,  8% Ni  Cold  r o l l e d  - -0 .145  - -0 .135  + 0.010 
Quenched --0,I00 --0.130 0.030 

0.7 - -  0.1 [6] 
3,1 ~ 1,2 [6] 

88 - -  33 (4) 
> 2 0 0  (3) 

3.3 ~ 0.4 [31 
4.9 - -  1 [5] 

>200 (3) 

* T h e  n u m b e r  in  b r a c k e t s  is t h e  n u m b e r  of  s p e c i m e n s  t e s t ed .  

Table IV. Effect of galvanic coupling on stress corrosion cracking 
of stainless steels in MgCI2, 130~ 

C o u p l e d  to 
A l l o y  r t., V e q u a l  a r e a  of  ~bcorros., V 

F a i l u r e  t i m e ,  h r  

Uncoupled Coupled 

17% Cr,  2% N i  - -0 .225  16% C r - F e  
(Cold  r o l l e d )  

18% Cr,  8% Ni  - -0 .145  17% C r - F e  
(Cold  r o l l e d )  ( C o m m e r c i a l )  

but  the critical potential  takes a sudden drop corre- 
sponding to observed failures of the 1.5-3% Ni alloys. 
At 5% Ni, the corrosion potential  is 10 mV active to 
the critical potential  and hence this alloy as cold rolled 
and unpolarized does not fail. At 8% Ni, the corrosion 
potential  is 10 mV noble to the critical potent ial  and 
the alloy fails. However, when  the lat ter  alloy is 
quenched from 1050~ the corrosion potential  be- 
comes 30 mV active to the critical potential  and now 
the alloy does not fail. Corresponding potentials for the 
quenched 2-8% Ni stainless steels are given in Table 
III. Cold rolling of the 2 and 8% Ni alloys, it will  be 
noted, shifts the critical potential  in the active direc- 
t ion corresponding to greater susceptibil i ty to s.c.c. The 
reverse situation, however, applies to the 5% Ni alloy. 
To make certain this was not an exper imental  accident, 
a second alloy of the same approximate composition 
(Table I) was prepared, but  the crit ical  potent ial  of 
this alloy as cold rolled, --0.140V, was still noble to the 
observed value for the alloy as water quenched, 
--0.185V, in agreement with the sequence of values 
shown in Table Ill for alloy B. As is discussed later, 
this alloy is an exception probably because its behavior 
is sensitive to rolling direction. 

Failure of the cold-rolled ferritic 18-8 in MgCl2 at 
130~ but not at 154~ is also explained by the relative 
potentials at either temperature. At 130~ the corro- 
sion potential is noble to the critical potential by 10 
mV and the alloy fails (Table III), but at 154~ the 
corrosion potential, --0.095V (SHE), is active to the 
critical potential, --0.060V, by 35 mV and the alloy 
does not fail. In other words, in summary, whether a 
susceptible stainless steel, either austenitic or ferritic 
in structure, fails spontaneously by s.c.c, in a given 
chloride environment depends on the relative order of 
corrosion and critical potentials. 

For the few alloys that were studied, molybdenum 
additions to the ferritic alloys tended to shift the cor- 
rosion potential in the noble direction more so than the 
critical potential.  However, more data are needed in 
order to reach any general  conclusions. 

Galvan ic  Coupl ing  
The necessity of a corrosion potential  noble to the 

critical potential  for spontaneous s.c.c, suggested the 
important  conclusion that galvanic coupling should in 
principle induce or inhibi t  cracking of any susceptible 
alloy. Two such couples are listed in Table IV. Both 
the cold-rolled 2 and 8% Ni alloys, which normally fail 
in short times, do not fail when coupled to a ferritic 
stainless steel which polarizes them to a potential that 
is active to their critical potentials. It was shown pre- 
viously (8) that pure nickel coupled to stressed 18-8 
austenitic stainless steel inhibits failure in MgCl2 solu- 
tion at 130~ because nickel with a more active cor- 
rosion potential (--0.18V) in this solution polarizes 
the couple to a value more active than the measured 
critical potential (--0.145V) of 18-8. 

- -0 .360  0.7 > 2 0 0  

- -0 .225  4.9 > 2 0 0  

Discussion 
Anneal ing  at 815~ for 1 hr improves resistance to 

t ransgranula r  stress corrosion cracking of the ferritic 
stainless steels containing up to 8% Ni. This heat-  
t rea tment  is also effective for improving resistance of 
ferritic stainless steels to in te rgranula r  corrosion (not 
requir ing stress) and is usual ly  recommended for this 
purpose. Annea l ing  in this instance probably reduces 
Cr concentrat ion gradients  established in the vicini ty 
of carbide precipitates localized at grain boundaries  
(17-19). Whether  C (or N) in the small  amounts  that 
are normal  to the present  alloy series is responsible for 
t ransgranula r  s.c.c, is not established by the present or 
any previous data. Stress corrosion cracks may follow 
paths other than the grain  boundaries  where carbides 
tend to concentrate,  suggesting that  susceptibili ty has 
no obvious relat ion to carbides or associated Cr concen- 
t ra t ion gradients. In  addition, the low solubil i ty of C in 
the b.c.c, ferrit ic lat t ice argues against  any  impor tant  
role played by C, but  tests on C-free alloys are prob- 
ably needed to resolve the question. The beneficial 
effect of anneal ing is l ikely related to reduced im- 
perfection density, as is discussed later. 

Additions of small  amounts  of Ni to 15-18% Cr-Fe  
account for alpha and gamma phases in equi l ibr ium at 
both anneal ing and quenching temperatures  as the 
phase diagrams of Fig. 4 show (20). A consequent  two- 
phase structure is observed under  the microscope for 
2-5% Ni alloys (Fig. 5). Both phases are ferritic, con- 
sisting of the b.c.c, structure, as was proved for the 
present  alloy series by x - r ay  determinations,  hut  they 
differ in Cr and Ni content. The two-phase  structure is 
not required for susceptibili ty to s.c.c, because a still 
lower 1.5% Ni composition which is single phase (as 
shown by microstructure)  nevertheless fails when cold 
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Fig. 4. Phase diagrams for 15 and 18% chromium stainless steels 
containing alloyed nickel (F ~ ferrite, A ~ austenite). 
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Fig. 5. Stress corrosion cracking in water-quenched 18% chrom- 
ium, 2% nickel stainless steel, MgCI2, 130~ showing largely 
transgranular cracks. Magnification X175. 

Fig. 6. Stress corrosion cracking in water-quenched 18% chrom- 
ium, 1.5% nickel stainless steel, MgCI2, 130~ showing both 
transgranular and intergranular cracks. Magnification xgo. 

rolled or quenched (Fig. 6). The resistant  8% Ni alloy 
is single-phase martensi te  as quenched. 

Increased corrosion of test specimens at the base 
of a notch, supposedly brought  about by small  alloyed 
nickel additions, is not l ikely to account for ini t iat ion 
of cracks nor  their  propagation. For one thing, cold 
work, if it has an effect at all, usual ly  increases the 
corrosion rate, bu t  cold-worked specimens do not 
crack in appreciably shorter times compared to the 
quenched alloys except for the 8% Ni alloy. For the 
la t ter  alloy, fai lure occurs at 130~ but  not at 154~ 
despite cold working. Cold working of the 5% Ni alloy 
actual ly improves resistance to s.c.c. Second, if the 
critical potential  is the potential  below which the cor- 
rosion rate is severely l imited or is zero (open-circuit  
anode potent ial) ,  it is impossible to have a corrosion 
cell in which the observed corrosion potential  is active 
to such a potential.  The corrosion potent ial  for any  
corrosion cell must  always be noble to the open-circui t  
anode potential.  Since this expected relat ion is not ob- 
served for the present  alloys, the critical potential  
must  have another  interpretat ion,  as has been dis- 
cussed previously (8, 9). 

Fracture  of a supposed oxide film rich in nickel 
or any other element is also an unl ike ly  mechanism be-  
cause the low-Ni alloys fail independent  of t ime of 
anodic polarization dur ing  which an oxide film can 
form provided the polarized potential  is above and not 
below the  critical value. A nd  the higher Ni alloys 
which fail spontaneously cont inue to fail when cath- 
odically polarized unless the polarized potent ial  is 
below the critical value. Stainless steels containing 
more than 45% Ni, or none, do not  fail at all whether  
or not they are polarized. Furthermore,  either cold- 
rolled or quenched 1.5-3% Ni alloys fail spontaneously 
but  only the quenched and not  the cold-rolled 5% Ni, 
and the cold-roiled but  not the quenched 8% Ni alloys 
fail, which would require unusua l  oxide properties to 
account for such varied behavior. 

It  seems more l ikely that  Ni influences the imper-  
fection s t ructure  of the plastically deformed alloy, 
allowing damaging C1- ions to adsorb on appropriate 
imperfection sites located at the alloy surfaces and to 
reduce metal  bond strength. Such adsorption favors 
both crack ini t iat ion and crack growth (stress sorption 
cracking) (21). Whether  or not adsorption occurs de- 
pends not only on a favorable imperfection array, but  
also on a favorable electrical field; in other words, 
the required adsorption takes place only above but  not 
below a well-defined critical potential.  The effect of Ni 
on the imperfection structure of the alloy presumably 
increases with Ni content, but  the affinity of surface 
imperfections for C1- ions diminishes with Ni content  
(negative free energies of formation are in the order: 
CrC12 > FeCl2 > NiC12). Bergen (22) showed, for ex- 
ample, that  surface migrat ion of radioactive C1- ions 
toward the region of m a x i m u m  stress (highest imper-  
fection density) in an austenitic 18% Cr stainless steel 
decreases as Ni content  increases from 9.9 to 33%. These 
two opposing tendencies probably account for maxi -  
m u m  susceptibil i ty of 18% Cr-Fe  stainless steels to 
cracking in chloride solutions at 2% Ni. In  other media, 
e.g., O H -  and NOs-  solutions, a parallel  affinity of im- 
perfection sites does not  exist regardless of Ni content, 
and hence s.c.c, is not observed. Accordingly, anneal ing 
of the present  alloys at 815~ leads to greater observed 
resistance to failure in MgC12 solution, probably be- 
cause imperfections favorable to s.c.c, are annealed out, 
or their  subsequent  formation in  the strained alloy is 
inhibited. 

The effect of Ni on susceptibil i ty to s.c.c, in  MgCI2 
solution is also clearly seen in paral lel  properties of 
Ni-Fe alloys. Copson (23) showed that  iron itself did 
not fail, but  alloys containing up to 8.7% Ni d i d  fail, 
and there was again no failure at the next  higher Ni 
contents of 28 and 42%. Royuela and Staehle (24) 
showed similar ly that  stressed Ni -Fe  alloys failed in 
MgCI2 up to and including 25 a/o (atom per cent) Ni, 
but  not at higher Ni compositions. Present  data ob- 
tained in MgC12 at 130~ showed that low-carbon 
Ni-Fe alloys undergo s.c.c, at 4.6 and 11.9% Ni (failure 
time: 6 and 17 hr, respect ively);  they did not fail at 
2.3 and 3.5% Ni (>200 hr) or at still lower Ni contents, 
but  with some tendency toward pit t ing and increased 
general  corrosion for the lowest Ni alloys. Nickel alone, 
therefore, and not chromium or the passivity it confers, 
is apparent ly  responsible for the observed susceptibil- 
ity of the ferritic Cr-Fe-Ni  stainless steels. Chromium 
may shift the range of Ni content  wi th in  which the 
alloys are susceptible, but  cracking can occur without 
it. A suitable imperfection array, the alloy composition, 
and the make-up  of the environment ,  in turn,  deter- 
mine the critical potential  above which C1- ions can 
adsorb at tended by crack ini t ia t ion and below which 
they desorb without subsequent  cracking. These fac- 
tors may also shift the corrosion potential  in relat ion 
to the critical potential  and thereby influence the possi- 
bil i ty of spontaneous cracking. 

Addit ional  cold work of the 8% Ni alloy is necessary 
to shift the crit ical potential  below the corrosion po- 
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Table Y. Critical and corrosion potentials in MgCI2, 130~ 
of 18-8 stainless steel quenched from 1050~ 

r 
~),'r i t,) (SHE) ,  V F a i l u r e  

(SHE) ,  V (48 hr )  t ime ,  h r  

F e r r i t i c  
{18.3% Cr,  8.4% Ni ,  0.001% C) --0.100 --0.130 > 2 0 0  
A u s t e n i t i e  
(18.8% Cr, 9.2% NL 0.06% C) --0.130 -0.090 1.4 ~ 0.1 

tential, accompanied by spontaneous cracking. Any  
predicted effect of cold work on behavior  of the 2 and 
5% Ni alloys is complicated by their two-phase struc- 
ture. Susceptibil i ty of the latter compositions depends 
both on the relat ive susceptibil i ty of each phase, and 
the degree to which the two phases are interspersed. If 
the resistance of one phase is much greater than the 
other because of composition differences, cold work 
would then increase the difficulty of crack propagation 
through the more susceptible phase. This si tuation 
probably accounts for the observed resistance of the 
cold-worked 5% Ni alloy stressed parallel  to the roll-  
ing direction. When the alloy is stressed perpendicular  
to the roll ing direction, cracks through the more sus- 
ceptible phase meet  fewer barr iers  interposed by 
elongated grains of the resistant phase, and hence the 
alloy fails (Table II) .  The 2 and 3% Ni alloys, on 
the other hand, are less affected by cold work probably 
because the two phases are both susceptible to s.c.c., 
and hence their  relat ive dispersion by cold work has 
li t t le effect on rate of crack propagation. Direction of 
rol l ing of the 3% Ni alloy is not of great consequence 
(Table II) .  

I n  addit ion to an effect of alloyed Ni, lattice struc- 
ture  of the alloy apparent ly  also plays a part  in the 
formation of favorable imperfection sites. As men-  
t ioned earlier, the corrosion potential  of a quenched 
ferritic 18-8 is 30 mV active to its critical potential,  
hence the alloy does not fail. To the contrary,  the cor- 
rosion potential  of a quenched austenit ic 18-8 is 40 mV 
noble to its critical potential  and the alloy fails wi thin  
a short t ime (Table V). It  appears, therefore, that  sur-  
face imperfections generated by s t raining a quenched 
austenitic 18-8 are better  adsorption sites for damaging 
C1- ions than  are comparable imperfections generated 
in a quenched ferritic alloy of the same approximate 
composition. Accordingly, the crit ical potent ial  for 
austenitic 18-8 is 30 mV active to that  for the ferritic 
alloy. The corrosion potential, on the other hand, 
which is determined by  the electrochemical polariza- 
t ion characteristics of the corroding alloy, including 
effects of surface (sometimes visible) oxide films (8) 
is more noble for the austenitic compared to the ferritic 
18-8. The effect of lattice s tructure on both critical and 
corrosion potentials explains, therefore, why  ferritic 
18-8 is resistant  but  austenitic 18-8 is susceptible to 
S.C.C. 

Conclusions 
1. Ni-free  16-18% Cr stainless steels are resistant  to 

s.c.c, in boiling MgC12 solution (130 ~ and 154~ in 
boiling 35% NaOH ~ 0.1% PbO (126~ and in boiling 
calcium n i t r a t e - ammonium ni t ra te  solution ( l l0~  
Addit ion of 2% Ni makes the alloy susceptible to 
fai lure in MgCI~ solution but  not in the other media. 

2. Maximum susceptibil i ty to s.c.c, in MgC12, 130~ 
is observed at 2% Ni. Alloys containing less than  about 
1% Ni are resistant  whether  cold rolled, annealed, or 
water  quenched. Alloys containing ~2% Ni annealed at 
815~ 1 hr, are resistant. 

3. Cold-rolled ferritic 18-8 fails in MgC12 boiling at 
130~ but  not at 154~ Susceptibil i ty to s.c.c, is not 
dependent  on roll ing direction, contrary  to a depen-  
dence when  fai lure is by  hydrogen cracking. 
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4. Whenever  the prevai l ing corrosion potential  is 
noble to the critical potential  for s.c.c., but  not other-  
wise, the alloys fail spontaneously. This relat ion ap- 
plies to the behavior  of galvanic couples and also ac- 
counts for the resistance of cold-rolled ferritic 18-8 
in MgC12 at 154~ but  not at 13O~ and to the resist- 
ance of the quenched ferritic but  not of the quenched 
austenitic 18-8. 

5. Alloyed Mn in 16-18% Cr-Fe alloys has but  l i t t le 
effect on susceptibility; alloyed Mo can be damaging. 

6. The present  results are not  readi ly  explained by 
electrochemical dissolution of metal  atoms at the base 
of a notch, or by rup tu re  of oxide or passive films. 
They are more successfully explained by adsorption of 
damaging C1- ions on appropriate defect sites favored 
by alloyed Ni which reduce bond strength of strained 
metal  atoms at a notch or incipient  crack (stress sorp- 
t ion cracking).  
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The Anodic Deposition of Oxide Films on Platinum 
from Ferrous Sulfate Solutions 

J.-L. Leibenguth ~ and Morris Cohen* 
National Research Council of Canada, Division of Chemistry, Ottawa, Ontario, Canada 

A B S T R A C T  

A study has been made  of the effect of pH and Fe + + ion concentrat ion on 
the anodic deposition f rom ferrous sulfate solutions of ferr ic oxide type films 
on a p la t inum substrate.  Examinat ion  of the deposition kinetics and film 
composit ion was made. The rate of deposition was increased by increases in 
pH and ferrous ion concentration. The films were  main ly  ~-FeOOH but also 
contained small amounts  of water,  Fe + § and sulfate ions. The proport ion of 
sulfate decreased marked ly  wi th  an increase in pH. It  was concluded that  the 
film is deposited main ly  by the diffusion and oxidation of a complex hydroxy  
ferrous ion with  some contr ibut ion f rom a sulfate containing ion. The  re la t ion-  
ship of these films to anodically formed passive films is discussed. 

It was shown in previous work  that  hydrated iron 
oxide films can be deposited on both iron (1, 2) and 
pla t inum (3) by the anodic oxidation of ferrous ion 
dissolved in borate solutions. The films contained quite  
large amounts  of boron and appeared to be a mix tu re  
of hydrated iron and boron oxides. It was not possible 
to obtain electron diffraction pat terns f rom the films. 

In  this paper  the deposition of films on pla t inum 
from sulfate solution is described. The sulfate ion is 
not as strong a complexing agent  as borate  ion, and it 
was bel ieved that  purer  and more  c rys ta l l ine-hydra ted  
iron oxide films could be obtained. The effect of pH on 
the rate  of deposition and composition of the film was 
also studied. 

Experimental 
The electrolytic cell with its accompanying storage 

vessels, gas deaerat ing and bubbling system, and elec-  
trical devices were  the same as described previously 
(2, 3). High-pur i ty  tank argon, fu r the r  purified by 

passage through a copper column, was used as both 
purging and st irr ing gas. The volume of the solution 
was 30 cc. 

P la t inum specimens were  1 • 5 cm with  handles 
0.2 • 2 cm cut from smooth sheet. React ive metals  in 
the p la t inum were removed by a l ternate  cycles of 
oxidation and t rea tment  in hot 6N HC1. After  this 
the specimens were  heated to 800~ and pumped to 
a vacuum of 10 - s  Torr. Hydrogen (1 Tor t )  was then 
introduced and heat ing continued for 6 hr  at 800~ 
Reflection electron diffraction af ter  this t rea tment  gave 
only a few broad weak rings characterist ic of smooth 
polycrystal l ine plat inum. The potent ial  of clean speci- 
mens was --640 mV vs. SCE on cathodic polarization 
at 10 #A/cm 2. Contaminated specimens exhibi ted much 
more negat ive potentials. 

Anodic deposition.--All anodic oxidation exper iments  
were  carried out at a constant potential  of -t-300 mV vs. 
SCE. The support ing electrolyte  was a 0.15N (in 
S O 4 - - )  solution of (NH4)2SO4 to which NH3 was 
added to adjust  the initial pH. The iron was added to 
the solution in the form of ferrous ammonium sulfate. 
Both solutions were  deaerated separately before mix -  
ing in order to avoid oxidation of the ferrous ion. The 
cell was flushed with  deaerated electrolyte  to remove  
oxygen from the system. Current  density vs. t ime was 
recorded and the curves integrated by p lan imeter  to 
obtain coulombs. The ferrous concentrat ion of the solu- 
tion was measured before and after the experiments .  
Specimens were  weighed before and after  anodic dep- 
osition to _ 2 #g on a Met t ler  M5 balance. 

* Electrochemical  Society Active Member .  
1Presen t  address: Institut de Chimie,  Universit~ Louis Pasteur ,  

Strasbourg, France. 
Key words: iron oxide,  passivity,  anodic deposition. 

Examination of the deposited films.--In order to de- 
te rmine  the sulfate content  of the film, S 35 isotope in 
the form of sulfate ions was added to some of the solu- 
tions. The procedures  and precautions for this measure-  
ment  have been published previously (4). 

The crystal  s t ructure of the oxide was examined by 
reflection electron diffraction and x - r ay  diffraction. 
Using a Debye Scherrer  Camera and chromium K~ 
radiat ion the x - r a y  diffraction technique requi red  films 
at least 400-500A thick (5) to give patterns. 

Some of the specimens were  cathodically reduced 
at a current  density of 10 ~A/cm 2 in a borate  buffer 
solution of pH 8.4. 

A number  of the f i lm-covered specimens were  heated 
in an oxidizing atmosphere  (air or oxygen at 1 Torr)  
at 400~176 or in vacuum over  a range of t empera -  
tures. In the case of the vacuum heating the evolved 
gases were  moni tored with  a mass spectrometer.  The 
specimens were  examined by diffraction and chemical  
analysis after heating. 

Many of the films were  dissolved in HCI for chem- 
ical analysis. Normally,  warm 1N HC1 was used. For 
specimens which had been heated to 800~ hot 6N HC1 
was required for dissolution of the film. Total iron was 
determined by the o-phenanthro l ine  method and fer-  
rous iron by ~-~' bipyrydyl.  Blanks were  run in all 
cases to correct  for iron in the reagents. 

Results 
Formation o/Films 

Two series of deposition exper iments  were  carried 
out. In the first the solutions s tar ted at the same pH 
but contained various concentrat ions of ferrous ion. 
Results from this type of exper iment  are shown in Fig. 
1. In the second series the init ial  iron concentrat ion 
was the same and the pH was varied. The shape of the 
log cur ren t - log  t ime curves were  similar to those 
shown in Fig. 1, with the init ial  deposition rate being 
greatest  at the higher  pH's. A plot of coulombs vs. t ime 
for this type of exper iment  is shown in Fig. 2. These 
curves are similar  to those observed using borate solu- 
tions (3). 

In all cases there is a rapid drop in current  density 
wi thin  the first 10 sec. This decrease is considered to be 
due to the buildup of a continuous resistant  film. The 
charge passed during this initial stage is of the order of 
1 to 2 • 10 -9 eq . /cm 2. Assuming the film composition 
to be FeO (OH) wi th  a density 4.3 the thickness of this 
initial continuous film is less than 25A. 

During the s teady-growth  region the slowly decreas- 
ing rate  of deposition is a ra ther  complex function of 
film thickness, Fe + + concentrat ion in the solution, and 
pH of the solution dur ing deposition. The electrolyte  
is a poor buffer in the pH range used in these exper i -  
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Fig. 1. Effect of initial Fe + + 

concentration on deposition cur- 
rent. Initial pH ,~ 7.0. 
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ments, and there  is some decrease in pH during the 
experiment .  This decrease is negligible at pH 8.0 but is 
0.3 at a pH of 6.6. In general  the rate  of deposition 
increases wi th  increases in ei ther  Fe + + concentrat ion 
or pH. 

Current eI~ciency for formation.--The amount  of film 
deposited was determined by weighing the p la t inum 
specimens before and after  deposition. This weight  was 
conver ted to equivalents  on the basis of a film com- 
position of FeOOH (nFeOOH -:-- #g • 1.125 • 10-s) .  
The amount  of iron used to form the film was deter -  
mined by before and after analysis of Fe ++ in the 
solution. It was conver ted  to equivalents  of FeOOH, 
and is re fe r red  to in the tables as Qi. 

These results were  compared with  Qe, the number  
of coulombs passed (also expressed as equivalents  and 
based on the reaction Fe + + ~ FeOOH and are shown 
in Tables I and II for e i ther  constant initial iron con- 
centrat ion or constant pH. There is excel lent  agree-  
ment  be tween Qi and Qe in all cases. The weights  of 
the films are all too high if based on pure FeOOH as 
the composition of the deposited film. The effect of 
t ime of deposition (or thickness of deposit) is shown 
in Table III. Once again there  is good agreement  be- 
tween Qi and Qe (indicating a high current  efficiency 
for deposition) and also an overweight  of films in all 
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Fig. 2. Effect of pH on deposition rate. Initial [Fe + + ]  ~__ 
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cases. The overweight  ratio, nFeOOH/Qe, decreases as the 
film thickens. 

SulJur content of films.--The amount  of sulfur in the 
films, probably present  as S O 4 - -  ion, was determined 
by the use of S 35 as a t racer  (4). The effect of ini t ial  
pH on the amount  of sulfur  in the film is shown in Fig. 
3. There  is a marked  decrease in the per cent sulfate 
content  of the film as the pH increases. The effect of 

Table I. Comparison of film weight, quantity of electricity, and 
iron used in oxidation experiments at various pH's 

Q u a n t i t y  of  I r o n  
F i l m  e l e c t r i c i t y  u s e d  n~eooH Q i  

weight, nFeOOH Qe Qi 
pH #g ( x 10 -6) ( x 10-6) ( X 10 -e) Qe Qe 

6.6 199 2.24 1.94 2.01 1.16 1.040 
194 2.18 1.925 1.95 1.13 1.015 

7.0 413 4.65 4.08 4.05 1.14 0.993 
399 4.49 3.90 4.00 1.13 1.005 

7.5 522 5.87 5.23 5.32 1.12 1.017 
515 5.79 5.23 5.27 1.11 1.007 

8.0 524 5.895 5.30 5.30 1.11 1.000 
500 5.625 5.19 5.165 1.08 0.996 

n - E q u i v a l e n t s  c a l c u l a t e d  f r o m  w e i g h t .  Q i - E q u i v a l e n t s  c a l c u l a t e d  
f r o m  Fe++ dep le t i on .  Q e - E q u i v a l e n t s  c a l c u l a t e d  from c o u l o m b s  used .  

Table II. Comparison of film weight, quantity of electricity, and 
iron used in oxidation experiments at various initial iron 

concentrations 

Initial p H  = 7 

Q u a n t i t y  
A p p r o x i m a t e  of  e l ec -  I r o n  

i n i t i a l  F e  ++ F i l m  t r i c i t y  u s e d  
concentration, w e i g h t ,  m~eoon Qe Q.~ 

ranis/liter /tg ( x  10 -e) ( x  10-e) ( x  10 -e) 

~-FeOOH Qi  

Qe Qe 

0,5 • 10-~ 103 1,16 0.96 0,89 1.21 0.930 
1 x 10-t 189 2.13 1.63 1.63 1.30 1.000 
2 X 10-~ 315 3,54 3.00 3.025 1.18 1.010 
5 X 10- '  525 5.91 5.21 5,04 1.13 0.967 

Table III. Comparison of film weight, quantity of electricity, and 
iron used in oxidation experiments of various times 

Q u a n t i t y  of  I r o n  
F i l m  e l e c t r i c i t y  u s e d  7tFeOOH (~i 

T i m e ,  w e i g h t ,  nFeOOH Qe  Qi  
rain #g ( • 10 -e) ( x 10 -e) ( x 10 4)  Qe Qe 

90 346 3.89 3.33 3,32 1.17 0.997 
24 167 1,88 1.58 1.56 1.19 0.989 

8.5 92 1.035 0.81 0.82 1.27 1.006 
1.5 33 0.37 0.22 0.21 1.70 1.023 
0.75 24 0.27 0.14 0.15 1.97 1.109 
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ini t ial  Fe ++ ion concentrat ion is not near ly  as dra-  
matic, (Table IV).  There is a small increase in per cent 
sulfate at the higher  initial Fe  + + ion concentrations. 
This may be par t ly  related to the thickness of the film. 
As shown in Table V, there  is a definite increase in the 
ratio as the film thickens. This la t ter  increase is prob-  
ably enhanced by the lowering of pH during deposition 
at pH 7. 

Fe + + content of f i lms.--Some of the deposited films 
were  dissolved in 1N HC1 and the resul t ing solutions 
analyzed for total  iron and ferrous ion. In all cases a 
small  amount  of Fe + + (<5%)  was found to be present  
in the films. The total iron found by dissolving the 
films is in good agreement  with the total iron cal~ 
culated f rom the cur ren t - t ime  curves (Qe). Some re-  
sults are shown in Table VI. The per cent of ferrous ion 
in the films appears to decrease as the thickness of the 
films increases (due to ei ther  higher  init ial  pH or Fe + + 
ion concentrat ion in the depositing solution).  

Structure of l~lms.--As deposited.--The films were  ex-  
amined by both x - r ay  diffraction and electron diffrac~ 
tion. No pat terns were  obtained by x - r ay  dif f ract ion--  
which would indicate that  ei ther the films were  too 

Table IV. Sulfate content of films deposited at various initial iron 
concentrations 

A p p r o x i m a t e  Q s o (  - 
i n i t i a l  i r on  Su l fa te ,  F i l m  w e i g h t  

c o n c e n t r a t i o n  m ~ g  (~g) Qe 

0.5 x 10 -4 1,14 103 1,10 
1 x 10-~ 2,02 189 1.07 
2 • 10-~ 3,97 315 1,26 
5 x 10-* 6.98 525 1,33 

I n i t i a l  p H  = 7. 

Table V. Sulfate content of films of various thicknesses 

S u l f a t e  
C o u l o m b s  F i l m  w e i g h t ,  Sul fa te ,  - -  x 100 

x 10 -e # g  ~g F i l m  wt ,  

3.33 346 5.30 1.53 
1.58 167 2.78 1.66 
0.81 92 1.06 1.15 
0.22 33 0.31 0.94 
0.14 24 0.11 0.46 

I n i t i a l  p H  = 7. 

thin and /o r  the crystal  size too small  to be detected by 
x-rays.  Good patterns corresponding to ~,-FeOOH were  
obtained with  electron diffraction. 

On heat ing.--When the specimens were  heated in air 
or oxygen water  was dr iven off and the ~-FeOOH was 
converted (at 500~ or higher)  to a-Fe203. If the speci- 
men was first heated in vacuo and then air or oxygen 
admit ted a cubic oxide s tructure was observed by elec- 
t ron diffraction. Chemical  analysis of the dissolved 
oxide showed the presence of only a small amount  of 
Fe + + in the oxide. The bulk of the cubic oxide was 
probably ~-Fe203. Heat ing in vacuum gave qui te  var i -  
able results which were  highly dependent  on the pre-  
t rea tment  of the platinum. Unless great  care was taken 
to purify the p la t inum with respect to both carbon and 
traces of other e lements  a proport ion of the deposited 
oxide was reduced to iron and dissolved in the plat i-  
num. This reduction was mainly  caused by carbon, and 
mass spect rometry  of the gases evolved on heat ing 
showed the formation of both CO and CO2. The dis- 
solved iron in the p la t inum could be removed by heat-  
ing in oxygen and then dissolving the resul tant  surface 
oxide in acid. Electron diffraction results f rom an "as 
deposited" specimen and a vacuum heated specimen 
are shown in Fig. 4. 
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and then exposed to oxygen. 
Temp. ~ 500~ 
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Table Vl. Fe + + content of films 

In i t i a l  Fe++ QFe++ 
e q u i v a l e n t  

p H  l i t e r  Qe ~Fe ++ Qe  

6.6 2 X I0-~ 1.93 x 10 .6 0,075 x I0 -e 3.9 
7.0 0.5 x i0-r 0.96 0,045 4.6 
7.0 1 1.63 0.06 3.9 
7.0 5 5.21 0.15 2.8 

~ X  100 

precipi tat ion on the wal ls  of the vessel. Hence one 
analysis for reduced iron requires  the dissolution of 
this deposited and precipi ta ted iron in di lute HC1. Some 
of the ferrous ion is reduced to metal l ic  iron at the 
cathode and the ease of hydrogen evolut ion on this 
iron accounts for the cessation of cathodic reduct ion 
of the remaining film. By taking these factors into 
consideration it has been possible to balance deposition 
equivalents  and cathodic reduct ion equivalents .  

Cathodic Reduction 
Some of the films were  cathodically reduced in the 

deaerated borate-bor ic  acid buffer at a constant current  
density of 10 #A/cm 2. The potent ia l - t ime curves showed 
two arrests, wi th  a ra ther  sharp inflection point  be- 
tween the two. When the final s teady potent ial  of --860 
mV (vs. SCE) was reached no fur ther  reduction of the 
film to ferrous iron in solution took place, al though it 
was obvious that  some film remained on the specimen. 
If at that  stage the solution was changed, wi thout  ex-  
posure of the specimen to oxygen, the ca thodic- reduc-  
tion potential dropped rapidly to --860 mV with no 
reduction of the film. However, if the specimen was 
exposed to air before the second cathodic reduction 
step, the film was further reduced. By running a series 
of reductions with intermediate exposure to air it was 
possible to reduce the film to an equivalent thickness 
of about 20-30A. Electron diffraction examination of 
the film after each reduction gave a pattern correspond- 
ing to 7-FeOOH, the same as that of the originally 
deposited film. An example of a series of cathodic 
reductions on one specimen, with intermediate expo- 
sure to air, is given in Fig. 5. 

When a clean platinum specimen is treated cathod- 
ically at i0 /~A/cm 2 in the borate buffer solution a 
steady potential of --640 mV is reached. The cathodic 
process is the evolution of hydrogen. If, however, there 
is iron in the solution the potential of the specimen 
drops to about --800 mV. The specimen becomes cov- 
ered with a thin film which is soluble in HCI and cor- 
responds to an iron oxide thickness about 20A. This 
would indicate that the potential --860 mV corresponds 
to hydrogen evolut ion on deposited iron. 

The est imation of the exact quant i ty  of ferrous ion 
produced by cathodic reduct ion of these thick films is 
complicated by the reoxidat ion and deposition of some 
of the ferrous iron at the anode. There  is also some 
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Fig. 5. Successive cathodic reduction of film with intermediate 
exposure to air. 

Discussion 
As can be seen in Fig. 1 and 2, films are deposited 

from the sulfate solutions wi th  much the same current  
and coulomb- t ime characterist ics as in the deposition 
f rom borate  solutions. However ,  the films differ con- 
siderably in terms of both chemical  composit ion and 
physical  structure.  

Composition of deposited films.--The major  port ion 
of the film has a composit ion corresponding to FeOOH. 
However  all films formed under  the range of conditions 
studied in this work  contain varying small  amounts of 
water,  sulfate, and Fe + + ions. The per cent of wa te r  
decreases as the film thickens (Table I I I ) .  The per cent 
of sulfate decreases as the pH increases. At  constant 
pH the per cent of sulfate is independent  of thickness. 
At constant pH the per  cent of Fe § + decreases wi th  
thickness. 

Properties of deposited l~lms.--In contrast  to the 
"amorphous"  films deposited f rom borate  solution the 
films deposited from the near ly  neutra l  sulfate solu- 
tions are mainly  crystal l ine ~-FeOOH. They also con- 
tain small amounts  of water,  sulfate, and ferrous ions. 

When the films are heated, they lose both wate r  and 
sulfur and, depending on the conditions of heating, can 
be conver ted to ei ther  ~-Fe203 or a-Fe20~. The films 
which were  conver ted  to ~-Fe20~ contain small  
amounts  of Fe + + ion, probably present  in the films 
before  heating. If the p la t inum support ing electrode 
contained carbon or other  avai lable  reducing agents 
(due to inadequate  p re t rea tment ) ,  the  deposited films 
were  conver ted  on heat ing to Fe804 with some dissolu- 
t ion of iron into the plat inum. 

None of the deposited films could be completely 
cathodically reduced in a single step. Al though the 
residual film gave the diffraction pa t te rn  of ~-FeOOH 
cathodic reduct ion to dissolved Fe + + in solution had 
ceased and the potent ial  had dropped to --860 mV (vs. 
SCE).  If the specimen were  then exposed to air fur ther  
cathodic reduct ion could take place. A cathodic poten-  
tial of less than --800 mV could be obtained with plat i -  
num on which iron had been electrochemical ly  depos- 
ited. This would  indicate that  the cathodic reduct ion 
of ~-FeOOH ceased when sufficient i ron had been de- 
posited f rom Fe + + in solution to ei ther  cover the 
-~-FeOOH and /o r  produce an al ternate  current  carrying 
path to the under ly ing plat inum. In any case the pre-  
fer red  cathodic react ion became hydrogen evolution. 
Exposure of the par t ia l ly  reduced film to air resul ted 
in the oxidation of the finely divided deposited iron, 
and fur ther  reduct ion of the deposited oxide became 
possible. A more  detai led study of cathodic reduct ion 
o f  deposited ~-FeOOH wil l  be presented in a subse- 
quent  paper. 

Mechanism of deposition.--Under all the conditions 
used in this study the films were  deposited wi th  ap- 
p rox imate ly  100% current  efficiency wi th  respect to 
the nominal  reaction. 

Fe + + sol ~ Fe + + + f i lm ~- e 

The rate of deposition at constant potent ia l  was de- 
pendent  on both the hydroxyl  ion (pH) and Fe ++ 
ion concentration. The concentrat ion of sulfate in the 
film decreased as the pH increased. These observations 
are all consistent wi th  the concept that  the film is 
formed by the direct oxidat ion of ferrous containing 
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species in the solution. Some of the possible ionic equi-  
l ibria are as follows 

Fe  + + § O H -  --~ (FeOH) + [1] 

(FeOH) + O H -  ~=~Fe(OH)2 [2] 

Fe (OH)2  -t- O H -  ~ (HFeO2) - ~ H20 [3] 

Fe + + W (HSO4) - ~ (FeHSO4) + [4] 

Fe ++ ~ S O 4 - -  ~---~ FeSO4 [5] 

FeSO4 W (OH) - e=~ (HFeOSO4) - [6] 

The equil ibria  tend to go f rom [1] to [3] and [4] to 
[6] as the pH increases. However  the hydroxyl  ion 
complexes are  more stable than the sulfate ion com- 
plexes, and one would expect  that  the ratio of oxida-  
t ion of ferrous ion f rom the hydroxy l  complexes  to 
oxidation f rom the sulfate complex would  increase as 
the hydroxyl  ion concentrat ion increases. This is con- 
firmed by the results shown in Fig. 3. 

The rate  of oxidat ion wil l  depend on the rate  of 
a r r iva l  of the ferrous ion complex at the anode. This 
rate  was shown to be dependent  on both Fe  ++ ion 
and hydroxyl  ion concentration, which would indicate 
that  the major  port ion of the  current  is being carr ied 
by hydroxyl  ion complexes. This also follows from the 
re la t ive ly  small  amount  of sulfate in the film even at 
the lowest  pH tested. The greater  ease of migrat ion 
of the less posit ively charged hydroxy complex in the 
diffusion layer  probably  accounts for both the ra te  
effect of pH and the format ion of FeOOH ra ther  than 
FeeOs. 

As was the case wi th  deposition f rom borate, there  
is a ve ry  rapid decrease in current  during the deposi- 
t ion of the first 20-30A of oxide. This is probably due 
to the re la t ively  high resistance of the FeO (OH) film.~ 

A s s u m i n g  an e l ec t ron ic  r e s i s t ance  of 101~ o h m s / c m 3  for  F e O O H  
a 30A f i lm w o u l d  add  a r e s i s t ance  of 30 • l 0  s o h m s  to  the  o r i g i n a l  
l o w  so lu t i on  res i s tance .  Th i s  w o u l d  be q u i t e  suff ic ient  to  accoun t  for  
t h e  l a rge  decrease  i n  cu r ren t .  

It would appear  that  the deposition rate  at constant 
pH is dependent  on both Fe  + + complex ion concentra-  
tion and the thickness of the film. 

Implications for anodic passivity.mFrom this and the 
previous work  it is clear  that  the possibility of film 
formation from Fe + + in solution must  be considered 
in any study of the anodic passivi ty of iron, par t icu-  
lar ly in near ly  neutra l  solutions. If the init ial  condi- 
t ions are such that  corrosion of iron takes place to 
any significant degree before the  onset of passivity 
some of the passive film wil l  contain some v-FeOOH, 
as well  as the anhydrous oxides. It wil l  also contain 
any anionic species of the solution which may  be co- 
deposited with  the iron. Hence the anodic passive 
behavior  becomes very  dependent  on the method of 
br inging the specimen into the "passive potent ial"  re-  
gion. Any  sequence which al lows an initial corrosion 
to Fe + + ion, such as a slow or stepwise potential  rise 
will  automat ical ly  lead to a change in the over -a l l  
composition of the passive film (and probably  its 
thickness).  The incorporat ion of foreign anions in the 
film wil l  also have a strong modifying effect on the 
stabil i ty of the final film. In all cases where  deposition 
is possible, anodic passivation wil l  result  in the forma-  
tion of a film containing several  chemical  species. 

Manuscript  submit ted Nov. 29, 1971; revised manu-  
script received March 27, 1972. 

Any  discussion of this paper  wil t  appear  in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 
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ABSTRACT 

A IN solution of H 2 S O 4  in OlS-enriched wate r  was used to study the 
passivity of nickel  by means of nuclear  microanalysis.  The fixation of the first 
monolayer  of oxygen coming from the wate r  was shown to have a decisive 
effect on the passive nature  of the metal ;  however ,  fur ther  thickening to a 
m a x i m u m  of five layers  also influences the anodic cur ren t  through an ion 
t ransfer  mechanism. The oxygen loss ra te  of the passive layer,  measured in 
open circuit  and under  polarization near  s teady-s ta te  conditions, was found to 
be equal  to ,~10 TM atoms/cm2-sec. The cur ren t  efficiency for passive film forma-  
tion was calculated and found to be low. I t  is suggested that  passive layer  
growth occurs at the meta l - f i lm interface. 

Investigations of the passivity of metal  such as nickel, 
iron, chromium, and their  alloys, by electrochemical  
(1) or optical (2) methods, have displayed the role 

* Electrochemical Society A c t i v e  M e m b e r .  
1 P r e s e n t  addres s :  Be l l  T e l e p h o n e  Laboratories, Murray Hil l ,  N e w  

Jersey 07974. 
Key  w o r d s :  cor ros ion ,  d i s so lu t ion ,  n u c l e a r  mic roana lys i s ,  O TM 

t r ac ing ,  n i cke l ,  p a s s i v a t i o n ,  p a s s i v e  f i lm thickness, polarization, 
sulfuric acid.  

played by oxygen in the mechanism of the formation 
of passive layers (3) as wel l  as in the dissolution 
processes (4). A certain number  of models, often con- 
troversial ,  have been proposed on the basis of this ex-  
per imenta l  evidence (5-11). Differences among them 
are par t ly  caused by a lack of quant i ta t ive  exper i -  
menta l  data on the oxygen content  in passive layers, 
and on its behavior.  
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In this work, we carried out a microanalysis  of the 
oxygen isotopes by means of nuclear  reactions 
[O16(d,p)O 17. and OlS(p,a)N 15] to s tudy the oxygen 
content of passive films formed on nickel in 1N H2804. 
The method of nuclear  microanalysis which has been 
developed in our laboratory for the purpose of s tudy-  
ing the anodic oxidation of "valve" metals (12-I4) and  
of semiconductors (15), allows one to determine the 
number  of 016 and O 18 atoms/cm2 present near  the 
surface of the mater ia l  with an exper imental  error 
of about 1% for coverages as low as one monolayer.  
Thus, the above method, which has been described in 
detail elsewhere (16, 17), provides a powerful  means 
for s tudying passivity phenomena.  

Nickel was chosen on account of exper imental  data 
available from previous investigations (1, 5, 6, 18). We 
undertook to study: (i) the relat ionship between the 
potential  or current  and the quant i ty  of oxygen fixed 
on the metal  surface (first results on this point  have 
been presented in Ref. (19), (ii) the behavior  of pas- 
sive layers under  polarization and in open circuit, and 
(i/i) the current  efficiency for layer formation. 

Experimental 
Application of 0 ~8 tracing.--The high sensit ivi ty of 

nuclear  microanalysis  for the determinat ion of minu te  
amounts  of 016 makes it very useful for the study of 
passivity films. However, the method cannot be applied 
directly since measurements  are not performed in situ: 
the samples to be analyzed must  be t ransferred from 
the passivation cell to the scattering chamber which is 
connected to the Van de Graaff accelerator. During 
t ransfer  in the ambient  atmosphere, some oxygen may 
be thermal ly  fixed on the passivated samples, there-  
fore changing the total content  on the metal  surface. 
In  order to determine precisely the quant i ty  of oxy- 
gen, attached to the metal, that  originates from the 
solution, we resorted to the O 18 tracing techniques de- 
scribed here. 

All  experiments  were performed in a 1N H2SO4 de- 
gassed solution in ordinary water ("So16" solution),  or 
in water  enriched to about 10% in O Is ("So18" solu- 
t ion).  Labeled water  was purified under  vacuum in 
order to el iminate impurit ies introduced dur ing the 
process of enrichment.  This method of purification has 
been described previously in Ref. (14). The isotopic 
composition of hydrogen in the O TM enriched water  was 
normalized to na tura l  abundance.  2 

The So18 solution was prepared by introducing 
labeled water  into highly pure 95% H2SO4 of normal  
isotopic oxygen content. It  was established by  in-  
vestigations on O ls label ing of oxygenated compounds 
that no isotopic exchange occurs at room temperature  
between the water  and sulfate anions at acid concen- 
trat ions similar to those used in the present experi-  
ments  (20). This was fur thermore confirmed by a 
control study of the labeling level of the water  in So18 
by the t an ta lum oxidation technique (21). The absence 
of exchange means that  any O TM detected at the surface 
of the nickel  actual ly comes from the water. 

In  order to remove air, purified dry ni t rogen was 
passed through the solutions for at least 3 hr before 
immersing the specimen and dur ing the experiment.  
On account of the high cost of the enriched solution, 
a special small-capacity cell was used, of about 12 crn 3. 
Since most of the experiments  were performed in the 
passive range, the contaminat ion of the electrolyte by 
nickel was kept at a min imum.  

The time during which the samples to be analyzed 
were in actual contact with the ambient  atmosphere 
was reduced to a m i n i m u m  (~5  min) .  In order to 
avoid the exchange of oxygen between O TM enriched 
samples and the atmosphere, the samples were stored 
in dry oxygen at --45~ between the end of the po- 
larization and the beginning of analysis with the ac- 
celerator. P re l iminary  experiments  showed that  under  

N o r m a l i z e d  OlS e n r i c h e d  w a t e r  p r o d u c e d  a t  t he  W e i z m a n n  I n s t i -  
tu te ,  1Rehovot, Israel .  The  n a t u r a l  a b u n d a n c e  of 0 TM i s  0.204%. 

such storage conditions, the oxygen exchange can be 
disregarded. Nevertheless, some oxygen exchange 
could have occurred just  when oxygen from the atmo- 
sphere is fixed on the surface, when the sample is 
taken out from the enriched solution. Such an effect 
would decrease the quanti t ies  of oxygen 18 measured 
on the metal  surface. We have based the in terpre ta-  
t ion of our results on the assumption that  this effect 
is negligible. 

Preparation of samples.--Nickel plates of 99.99% 
puri ty  were used. The samples were carefully de- 
greased in acetone under  ultrasonic vibrat ion and then 
electrochemically polished for 10 min  at room tem- 
perature, in stirred 54.5% sulfuric acid at 400 m A / c m  2. 
After  polishing, the sample was careful ly r insed in 
t r iple-dist i l led water and kept under  vacuum. Just  be- 
fore experiment,  the samples were repolished for 1 
min under  the same conditions. The quant i ty  of oxygen 
remaining on the surface varied from sample to sam- 
ple, but  lay wi th in  the limits (6 • 1.5) • 101~ atoms/  
cm 2. The effectiveness of the polishing procedure has 
been discussed in detail in Ref. (19). 

The experiments  were performed with a Tacussel 
potentiostat (Model PRT 2000 C) and potentials were  
measured with a high impedance Keithley vol tmeter  
(Model 610 B). All potentials are expressed on the 
hydrogen scale. The experiments  were carried out at 
22 ~ • I~ 

EA'perimenta~ procedure.--The sample was left un -  
polarized for 5 min  dur ing which its potential  s tabi-  
lized at --60 mV. Then, cathodic polarization at --450 
mV was applied for 5 rain. As shown below, this pro- 
cedure removed practically all the ini t ial  oxide. Po- 
larization was then switched off for 5 min;  the po- 
tent ial  immediately rose to values near  zero, decreased 
gradually, and stabilized at --100 mV. This phenome-  
non is presumably related to the expulsion of hydrogen 
which might be present  near  the surface of the metal. 
A positive potential  was then applied by means of the 
potentiostat. On completing the process, the  polarized 
samples were removed under  polarization, and im-  
mediately plunged into t r iple-dist i l led water  of na t -  
u ra l  isotopic composition. Pre l iminary  experiments  
verified that this process stops dissolution of the pas- 
sive layer and does not involve isotopic exchange of 
oxygen. After rinsing, samples were dried and stored 
in dry air at --45~ 

Nuclear measurements.--The analyt ical  techniques 
for O TM and O ls determinat ions were routine,  as quoted 
above, except for the following point. Adsorbed ele- 
ments  may be desorbed under  bombardment  due to 
ionization by the beam dur ing the measurements.  In 
the case of nickel, this problem arose and was avoided 
by cont inuously changing the impact point of the 0.2 
/~A beam, which has a diameter  of 1 ram. The scanning 
speed was 0.2 mm/sec.  Moreover, the use of three 
3-cm 2 detectors, with a total  solid angle of detection of 
0.3 steradian, enabled us to keep the durat ion of bom- 
bardment  short while gett ing sufficiently accurate re-  
sults. It  was observed that this procedure el iminates 
any detectable desorption of oxygen. 

Results and Interpretations 
The results of nuclear  microanalysis  yield the number  

of O TM atoms/cm 2 (NolS) and the n u m b e r  of O 16 
atoms/cm 2 (Nol6) in  the film. The number  of oxygen 

A 
atoms coming from the water, NolS, may be obtained 
by dividing No TM by the water  enr ichment  (ratio of 
O TM to total oxygen in the water) ,  i.e., by normalizing 

A 
the results. Moreover, by subtract ing Nol8 from the 
total oxygen detected on the metal  surface (No16 -{- 
NolS) we can obtain ANol6, the number  of oxygen 
atoms coming from sources other than  the water  of 
the solution. 
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As conditions for preparat ion of sample surfaces 
were rigorously the same for all experiments,  the 
roughness factor can be considered to be a constant. 
Like most authors, we take it to be equal to unity.  This 
implies that  the absolute values for quanti t ies  of oxy- 
gen as given below are in fact, upper l imits of the t rue 
values. Nevertheless, we would point  out that  certain 
values (such as the relat ive rates of oxygen loss which 
a r e  obtained from the slopes of curves showing oxygen 
loss t ransients)  are independent  of the roughness 
factor if the lat ter  is constant for all samples. 

0 18 contents in passive layers formed in labeled solu- 
A 

tions.--We have studied the quant i ty  Nol8 attached to 
the surface of nickel as a funct ion of the potent ial  Vox 
in solutions of So18. Below the region of passivity, po- 
larizat ion was stopped upon stabilization of the  cur-  
rent.  In  the region of passivity, polarization was 
switched off at potentials when  the current  density I 
dropped to 20 ~A/cm 2. This value appeared to be the 
best compromise between the need for rapid experi-  
ments  (owing to the very high cost of O is solution and 
the need to reduce solution, loss, etc.) and the desire to 
approach steady-state conditions. The t ime required 
to reach this final current  density depends on the po- 
tential.  It is, for example, 140 sec for Vox = 640 mV 
and 750 sec for Vox = 1040 mV. We preferred to pre-  
determine the final current  density rather  than  the 
dura t ion  of passivation, in order for the exper imental  
conditions to be similar  to those which give a l inear  
relat ionship between film thickness and formation po- 
tent ia l  in anodic oxidation of "valve" metals. In  fact, 
in the lat ter  case, there exists an empirical  relationship 
at constant  temperature  between I and Vo= (14) 

Vox 
I = A exp B [1] 

d 

where d is film thickness and A and B are constants. 
^ 

The number  of atoms (Nol8) at the surface of the 
metal  as a function of polarization potent ia l  applied to 
the sample is given typical ly in Fig. 1. I t  should be 
noted that  repeated experiments  at 1040 mV result  in 
a scatter of 5% or less in the values for the 018 levels. 
The salient observations are: 

1. No oxygen coming from the water  was fixed at 
the surface of the nickel below the passive region. 

^ 
2. The relationship between No18 and Vox is ap- 

proximately  l inear  in the passive region. 
^ 

3. The max imum number  of oxygen atoms (NolS) 
in the passive region is never  more t han  (6.3 __ 0.4) • 
10~ a toms/cm 2, which corresponds approximately to 5 
monoatomic layers of oxygen, assuming that  one atom 
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Fig. 1. Normalized 0 TM content (No18) as a function of applied 

potential Vox for samples for which polarization was stopped at a 
final current density I = 20 #A/cm 2 [from Ref. ( t9) ] .  
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Fig. 2. No18 as a function of time for Vox = 1040 mV [from 

Ref. (19}]. 

of Ni is bound to one atom of oxygen, or to 10A of 
nickel oxide if a NiO structure with density 7.45 g/cm z 
is assumed. 

In  a second series of experiments,  we have studied 
^ 

the quant i ty  of No18 attached to the surface of nickel 
as a funct ion of polarization t ime for a constant  po- 

^ 
tent ia l  Vox. In  Fig. 2, No18 is plotted as a funct ion of 
t ime for Vox = 1040 mV. It  is shown that  the rate  of 
oxygen pickup decreases rapidly with time. The forma- 
t ion of a first layer of ,-,1.2 • 1015 a toms/cm 2 takes 
place in about 10 sec. Subsequent ly  several minutes  
are required to quintuplicate  the quant i ty  of oxygen 
and to reach a va lue  which does not change appre-  
ciably for long polarization periods. Wi th in  the marg in  
of error, it can be considered that  at this applied po- 
tential  (Vox = 1040 mV),  the growth of the passivation 
layer is negligible after a t ime (tf) of 10-12 min, even 
though the current  density, which at tf is about 20 
~A/cm 2, continues to decrease slightly for t > tf and 
does not actually stabilize unt i l  several hours later. 

A quas i -exponent ia l  decrease of the current  densi-  
ties is observed dur ing the formation of the passive 
films at constant potential.  It  was interest ing to relate 

^ 
the number  of oxygen atoms, No18, attached to the 
metal  surface (Fig. 2) to the corresponding values of 
the cur ren t  density. We observed that  the relationship 

^ 
between 1/No18 and current  densities was nei ther  
l inear  (ohmic conduction) nor logarithmic (high-field 
conduction) over the whole range of current  densities 
investigated. On the other hand a high-field conduc- 
t ion process may be expected to occur (1, 7, 10) in 
passive layers exceeding the monolayer  coverage 
(uni t -cel l  thickness).  I t  might  also be expected that  
the mechanism of ionic t ransport  is different depend-  
ing on whether  the thickness of surface coverage is of 
the order of or less than  uni t  cell. Our results show 

^ 
that  the No18 values exceed the equivalent  of a un i t -  
cell thickness for cur ren t  densities lower than ~60 
~A/cm 2. In  this range  a logarithmic law 

A 
1/Nol8 = K Log I -p Ko [2] 

may be assumed. The results are i l lustrated in Fig. 3 
for the whole range of current  densities. They show 
indeed that Eq. [2] is followed up to current  densities 

A 
around 60 ~A/cm 2. The much faster var iat ion of 1/Nol8 
with I above this value is discussed below. 

Behavior of oxygen in the passivity layers.--At- 
tempts were made to investigate the mechanisms of 
ionic t ranspor t  near  the steady-state conditions. The 
existence of a steady state was studied and discussed 
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Fig. 3. Inverse of normalized 0 TM content ( ! /No18)  as a function 

of the logarithm of the current density I for Vox = 1040 inV. 
Also shown is an ordinate depicting the surface coverage (deduced 
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from No18 values). 

in a series of papers (1, 3, 6, 22-24). Two principal  
hypotheses have been proposed: 

1. The steady state would  be due to the balance 
be tween  the ra te  of chemical  dissolution of the  film 
(rate which would  be independent  of the potential)  

and its rate  of anodic format ion (6, 7). 
2. The growth would be stopped when  the layer 

has a thickness sufficient to reduce the average  gradi -  
ent of the e lectrochemical  potential  of oxygen  to such 
a value  that  the rate  of inward  oxygen penetra t ion 
becomes negligible. This means that  a quasi -s ta t ion-  
ary state is obtained when  the electrochemical  equi-  
l ibr ium of oxygen is reached (25). 

Two series of exper iments  were  carr ied out to study 
the ra te  of the loss of oxygen O 18 at tached to the sur-  
face of the samples, when the la t te r  are held in the 
solution wi thout  polarizat ion for var ious times. The 
samples were  first polarized in So18 at 1040 mV with 
a final current  density of 20 ~A/cm 2. In the first 
series of experiments ,  the samples were  held in the 
So18 solution used to prepare  them, whereas  for the 
second series, the exper iments  were  repea ted  under  
identical conditions of film formation, but  dissolution 
took place in an Sol6 solution. 

Typical  results obtained in both cases are shown in 
Fig. 4. The  er ror  ranges given for the  curves  are due 
to i r reproducibi l i ty  of the ini t ial  passive layers. The 
exper imenta l  points indicated by circles represent  
losses of O is in the So18 solution and those indicated 
by squares represent  the O TM losses in the So16 solu- 
tion. It  seems that  the rate of oxygen loss is about the 
same for So16 and So18. This would indicate, first of 
all, that  isotopic exchange phenomena  of oxygen  be-  
tween the solutions and the passivi ty film are negligi~ 
ble as compared to the rate  of oxygen 18 loss by dis- 
solution. In fact, isotopic exchange should have  been 
more rapid than dissolution for these phenomena  to 
be dist inguished in the curves of Fig. 4. By max imiz -  
ing the effect of film irreproducibi l i ty,  the init ial  rate 
of oxygen 18 loss rio and the corresponding errors  may 
be est imated from the curves of Fig. 4 and is presented 
in Table I. 

In a fur ther  series of experiments,  the oxygen 18 
losses under  polarizat ion were  studied. Samples  were  
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Fig. 4. No18 as a function of time of dissolution in open circuit 

for samples polarized in So18 at 1040 mV down to a final current 
density I = 20 pA/cm 2. (Z), Dissolution in So18 solution; I-l, dis- 
solution in So|6 solution. Straight lines correspond to the minimum 
and maximum initial slope, i.e. oxygen loss rate. 
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A 
Fig. 5. No18 loss (curve I)  or uptake (curve 2) as a function of 

time of polarization at 1040 inV. Curve 1: samples polarized in 
So18 at 1040 mV, then repolarized under the same conditions in 
So16 solution. Curve 2: the reverse. Straight lines correspond to the 
minimum and maximum values of oxygen loss and uptake. 

init ial ly formed down to 20 ~A/cm 2 in So18 at 1040 mV 
and then immersed in So16 and kept  at the same 
potential. Af te r  a sharp rise, the current  leveled  off 
in about 1 min to the final current  value in So18 and 
continued to decrease at the same ra te  as in the case 
of an un in te r rup ted  formation.  Curve  1, in Fig. 5, 
shows a decrease of O TM in the second solution as a 
function of time. The va lue  for the ini t ial  ra te  of 
oxygen 18 loss vlp, which  was obtained f rom this curve, 
is presented in Table L We then  pe r fo rmed  an exper i -  
ment  in an inverse sequence, i.e., the  passivi ty was 
first induced in So16 under  the previous conditions 
down to 20 ~A/cm2; the samples were  then immersed 
and polarized in So18. The  uptake of O TM at the surface 
of nickel as a function of t ime is shown on curve 2 of 
Fig. 5. The init ial  ra te  of 0 TM uptake Yap is represented 
in Table I. 

Table I. Initial rate of oxygen 18 loss* 

1Jlo, O x y g e n  18 loss  i n  open  
circuit f r o m  Fig .  4 

v]p, O x y g e n  l g  loss  Unde r  p o l a r -  
i za t ion  f r o m  Fig .  5, c u r v e  1 

'vup, O x y g e n  18 u p t a k e  u n d e r  
polarization from Fig .  5, c u r v e  2 

A t o m s / c m 2 - s e c  /~A/cm2 A t o m s / c m 2 . s e c  /LA/cm �9 A t o m s / c m = . s e c  /~A/cmS 

[1 • 0.4] • 101:' 3.2 • 1.1 [1 • 0.5] • 10 TM 3.3 ~- 1.5 [1.4 • 0.4] • 10 ~ 4.5 • 1.1 

�9 Samples  prepared at Vox ~ 1040 m V  (HE),  I l l =  ---- 2 0 / ~ A / c m  2. 



Vol. 119, No. 8 

10 

E6 

0 

2, 
x 

I I 

�9 " ' "  
. t 

'i L 
\C 

o "" .,., 
~ " "  "~..~. o AN16 

' ~  0 
o 

0 " .Jl I I I 
_5oo _300i ,6oo 8~o ~&o 12oo 

Vox , mV  
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potential Vox. G ,  ~No16; � 9  No18 (see Fig. 1); e ,  No = 
No16 d- No18, i.e. total oxygen content. The arrows indicate the 
range of values of total oxygen content measured directly, on 
samples prepared in So!6 solution. 
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Fig. 7. Oxygen contents during the dissolution in open circuit 
A 

(see Fig. 4). O ,  ANo16; A ,  �9 (curve 2), No18 dissolution in 
$o18 and So16, respectively; e ,  No = No16 + No18, i.e., total 
oxygen content. The arrows as in Fig. 6. 

For similar reasons as before, a large degree of 
error  is involved in the est imation of Vlp and Vup. How- 
ever, from the values in Table I, it can be deduced 
that  the ini t ial  rates of oxygen 18 loss are the same in 
open circuit and under  polarization, V]o, Vlp, although 
it seems that  Vup is slightly higher than Vlp. 

Origin of oxygen coming from other sources.--The 
amount  of oxygen in the film coming from sources 
other than  the water  (hNol6) was measured for a 
number  of cases (Eq. [3]) 

A 
hNol6 = Nol8 + Nol6 -- Nol8 [3] 

In  principle, three sources may be assumed as possi- 
ble contr ibutors  of oxygen: (i) the ini t ial  layer  of O TM 
that  remains  on the metal  in the solution after cathodic 
t reatment ;  (ii) incorporation of SO4 -2 anions; and 
(iii) oxygen uptake from the atmosphere (oxidation 
or adsorption) dur ing t ransfer  of samples from the 
polarization cell to the accelerator. 

Figure 6 shows ~Nol6 as a function of potential  for 
samples polarized in  Sol6 at the final current  density 

^ 
I = 20 ~A/cm ~. The content  Nol6 for these samples is 
also given in Fig. 6 which includes results  from Fig. 1. 
Figure  7 shows results of hNol6 obtained on samples 
for which losses of O TM in open circuit, in Sol8 and 

^ 
Sold, had been studied (see Fig. 4). Nol8 as a funct ion 
of t ime is shown. It  is seen from Fig. 6 and 7 that  the 
total  quant i ty  of oxygen analyzed No remains  prac-  
t ically constant  (9 • 1.5 • 1015 a toms/cm 2) for the 

^ 
quanti t ies  of Nol8 ~--- ,~ 2 • 1015 a toms/cm 2 and 
slightly decreases for the surfaces free of oxygen com- 

A 
ing from the solution (Nol8 ~ O). The arrows indicate 
the range of values of oxygen contents measured in 
8o16 solution. Details of these experiments  are pre-  
sented in Ref. (19). It appears that, at some stage 
between the ini t ial  preparat ion of the specimen and 
its final analysis, any  deficiency in oxygen picked up 
from the water  is supplemented by oxygen from 
another  source. 

Since the O is content  was shown before to be deter-  
mined only by the polarization conditions, it tu rns  out 
that  the addit ional  oxygen depends on the O is content 

and not vice versa. This would rule  out the assump- 
t ion that  the addit ional  oxygen originates from an ini-  
t ial  film which remained on the film despite cathodic 
polarization. It is also difficult to consider a mechanism 
by which sulfate ions should combine more heavily 
with a th inner  passive film. 

Of the three possible sources, the most l ikely one 
seems to be the outer atmosphere during the transfer  
of samples. 

From the above, it should follow that  if indeed the 
outer atmosphere is contr ibut ing the extra oxygen, the 
total film formed in air  is (3 to 5) • 1015 atoms/cm e 
thicker than  the passive film. 

Component~ o] the current.--In the absence of redox 
systems other than  the na tura l  redox system of water  
in the solution studied, the current  I is ent i re ly  ionic. 
This point, emphasized by several authors, was dem- 
onstrated for iron in 1N H~SO4 by F ranck  and  Weil 
(26). Most authors assume that  the same is t rue for 
nickel. The cur ren t  density I passing through the film- 
solution interface at any  instant  may  hence consist 
of two components:  Iox, the part  of the current  which 
contr ibutes to passive layer growth and /d i s ,  the dis- 
solution current ,  so that  

I ---- Iox + /d i s  [4a] 
while 

Id i s  : / c a t  -J" I ch  [4b] 

as Idis includes the current  densi ty Icat of direct dis- 
solution of cations and Ich, which is the amount  of 
oxide dissolved chemically, expressed in terms of the 
equivalent  charge required to have formed it (per 
uni t  area, per uni t  t ime) .  

At tempts  were made to deduce the components of 
the current  from the Nol8 measurements.  On the 
basis of the l i tera ture  data (6, 18, 24, 27) and of our 
results (see preceding heading) we assume that  the 
t ransfer  of oxygen 16 ions at the passive film-solution 
interface due to the SO42- fixation on the metal  sur-  
face can be neglected compared to the oxygen t ransfer  
from the water  (O~S). This assumption is reasonable 
(13, 24) for low current  densities (I : 20 gA/cm 2') 
but  could be incorrect for high current  densities. De- 
tails of this phenomenon  wil l  be studied in  the near  
future, both by O ~s t racing and by direct nuclear  
analysis of sulfur. 
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We present  here the results for two ranges of values 
of I: 

(i) I : 20 ~A/cm 2 
The difference between Vup and vlp should give the 

over-al l  ra te  of growth of the passive layer at I = 20 
~A/cm 2. However, in view of the inaccuracy in the 
results, it is not  possible to estimate this difference. 
Considering the values of yap and Vlp, it can be stated 
that the max imum value for over-al l  growth rate  of 
the passive layer  at I = 20 ~A/cm ~ is 1.3 • 101~ 
a toms/cm 2 �9 This corresponds to a max imum  value 
of fox equal to 4.2 ~A/cm 2 (if we assume that  two 
charges are attached to each oxygen atom),  i.e., a 
maximum value of current  efficiency for passive film 
formation, R, of 21%. From these two observations, it 
may be inferred that Idis lies wi th in  the limits 

1 5 . 8  # A / ~ -  Id i s  ~-~ 20 p~A/cm 2 [ 5 ]  

The value of Vlp taken from Fig. 5 contains the rate 
of O ~s loss by dissolution and the rate of O 18 loss by 
isotopic exchange with the solution. This implies that  
the values of Vlv are in fact upper  bounds of Ich. This 
means that  I~h ----- 4.8 ~A/cm2 (see Table II) .  It  should 
follow that  the current  density of electrochemical dis- 
solution of cations /cat amounts  to at least 11 ~A/cm 2 
or 55% of I. These data are shown in Table II. 

(ii) 20 ~A/cm 2 < I ~ 800 #A/cm 2 
The total current  efficiency for the formation of 

passive films, from the start of polarization unt i l  t : tf 
(for which I = 20 ~A/cm 2) can be measured,  under  the 
assumptions indicated above, by comparing the charge 
passed through the circuit and Nol8 measured at tf. 

In  fact [see Ref. (14)], the number  of oxygen atoms 
per square cent imeter  coming from the  water and fixed 
in the layer  at t ime t is No18 (t) 

s NolS(t )  -- Nol8(o)  : K Io~ (0)d~ 

s : K R(0) I(o)dO [6] 

where R ( t )  is the current  efficiency for passive film 
formation at any ins tant  t 

I o x ( t )  
R(t) - -  - -  [7]  

i ( t )  

and where  the constant  K is equal  to 0.312 • 10 TM 

atoms of oxygen per coulomb if we assume that the 
oxygen is fixed in the films in the form O~-. 

On the other hand, the number  Q of coulombs per 
square cent imeter  

Q : I(0)d0 [8] 

consumed dur ing polarization allows one to determine 
the current  efficiency for passive film formation from 
the following relation, deduced from [6] 

Table Ih Components of the current deduced from NoI8  
measurements for samples prepared at Vex = 1040 mY (HE) 

N e a r  t h e  s t e a d y -  
s t a t e  conditions 
I ~ 20  ~ A / c m  2 

From the start of  polarization 
(to = 5 sec)  to the s teady-state  

r e g i o n  ( t f  = 12 m i n  
~ 8 0 0  p~A/cm ~ > I > 2 0 / ~ A / c m ~  

I~ = 4"2 /zA/cmS Stoti(O) 
R ( m a x )  = 2 1 %  Q = d(0)  
Idis(mla) = 15,8 ] zA/cm 2 
feb(max) • 4.8 p,A/cn~ 2 R = (6 m_ I )  % 

30% of Iais Qdis = (94 ----- 1) % of  Q 
24% of I Qch* ~ 10% of Q 

Ieat(mln) = I I / ~ A / c m  �9 Qea t  ~ 84% Of 
70% Of Idls 
55% o l  I 

(Eq.  [8]) 

* C a l c u l a t e d  for Ich = 4.8 ~ A l e m  2. 

A 
1 dNol8 

R = [9] 
K dQ 

Exper imental  measurements  of this quant i ty  can be 
used to determine Iox by means of Eq. [7]. 

The very high current  dur ing the first few seconds 
of polarization was not recorded by the exper imental  
system. The total  current  efficiency for passive film 
formation was therefore measured between t = 5 s ec  
and t = tr, using the difference between No18 found 
at these times, respectively. We obtained R = 6 • 1% 
at V = 1040 mV, which leaves 94 • 1% for the losses. 
If the layer dissolution current  (Ich) measured at  
I = 20 ~A/cm 2 is assumed to be constant  during the 
entire layer formation, it would only account for at 
most 10% of the total losses measured between t = 5 
sec and tf: this, in turn,  implies that  electrochemical 
dissolution of cations constitutes at least 84% of the 
losses dur ing layer  formation. These data are shown 
in Table II. 

Discussion 
The results obtained clearly show the existence of 

two different kinetic regions of fixation of oxygen com- 
ing from water. As shown in Fig. 3, fixation of the 
first monolayer  in  the region of high passivity potential  
(Vox : 1040 mV) is accompanied by a large drop in 
current.  Thus, to go from a surface coverage of about 

^ 
10% (1/No18 -~ 8 • 10 -15 cm2/atom) to a total  cover- 

^ 
age (1/No18 ,~ 0.8 • 10 -15 cm~/atom),  one observes 
exper imenta l ly  a cur ren t  drop of one order of mag-  
nitude, whereas to pass from a coverage by a single 
monoatomic layer  to a format ion of approximately  five 
monoatomic layers, the current  only changes from 
I ~ 60 ~A/cm 2 to I ,~ 10 gA/cm 2. Moreover, Fig. 1 
clearly shows that  the meta l  is v i r tua l ly  stripped of 
oxygen coming from water  after cathodic polarization 
and stabilization of the solution (Vox = --100 mV),  in 
agreement  with ellipsometric observations of Sato 
(28), Bockris et al. (5), and Reddy and Rao (29). 

According to the Tafel curve d rawn from the results 
of Sato and Okamoto (18), the theoretical value of the 
init ial  cur rent  on application of Vox = 1040 mV would 
be about ~104 A/cm 2. Therefore, for the fixation of a 

A 
monoatomic layer  total ly covering the surface (1/No18 

0.8 • 10 -15 cm2/atom and I ~ 60 gA), there is a 
current  drop of eight orders of magni tude  if ini t ial  
l imitat ion by diffusion in  the solution is not considered. 
This conclusion, similar to that  d rawn  by Franken tha l  
(9, 10, 22) on passivation of iron and Fe-Cr  alloys, sug- 
gests that the fixation of the first monoatomic layer  of 
oxygen coming from water  plays a fundamenta l  role 
in  the passivation process. This hypothesis is consistent 
with the assumption we have made above, namely,  that 
the incorporation or electrochemical decomposition of 
SO42- anions is not of great or of decisive importance 
in  the process of passivation on the metal  surface. 

To explain this effect, F ranken tha l  supposes that  for 
short times at high potential  ( that  is, before fixation 
of the monoatomic layer  with total coverage),  there 
exists a mechanism of preferent ial  dissolut ion-adsorp- 
t ion and a mechanism of anodic dissolution by direct 
activated transfer  of the surface ions of the metal  in 
the solution. 

Bockris, Reddy, and Rao (5) suggested, to explain 
the formation of the first layer  of passivation, another  
mechanism called dissolution-precipitation. In  this 
model, it is assumed that  when  the concentrat ion of 
NiOH + increases to above the saturat ion value, which 
is determined by the solubil i ty product of NiO, pre-  
cipitation of NiO occurs in  the area around the  surface, 
by the reaction 

NiOH + ~ NiO + H + [10] 

(precipitated) 
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Franken tha l  does not find this model convincing, since 
if the prepassive film is converted ent i re ly  into passi- 
vat ion film, then the former must  also be of monomo-  
lecular dimensions, which is most unl ike ly  for a pre-  
cipitate. Moreover, Sato and Okamoto point out that  
the oxide film deposited from the solution according to 
Reaction [10] is expected to have a porous character; 
this would lead to the formation of a layer  whose great 
thickness would be easily detectable by the present  
measur ing method. However, this is not the case, and 
thus we are incl ined to th ink  that  the adsorption 
mechanism would be more probable than  the precipita-  
t ion mechanism, under  our exper imental  conditions. 

The second point to be discussed concerns the be- 
havior of passivity films in the slow kinetic region, i.e., 
when  the film thickness deduced from No18 measure-  
ments  exceeds one monoatomic layer. The results in 
Fig. 1 allow us to assume the existence of a l inear  
relationship between film thickness and potential,  for a 
final constant current  density which is close to the 
steady state (I = 20 ~A/cm2). Between 640 and 1040 
mV, the thickness varies from 3 to 5 monoatomic lay-  
ers. The l inear i ty  between No18 and Vox in the passive 
range is in agreement  with the ellipsometric observa- 
tions of Sato (28); under  similar  conditions, he ob- 
served a l inear  increase in passive film thickness with 
increasing potential.  

Bockris et al. (5) did not observe any variat ion of 
thickness with potential  in the passivity region; the 
thickness was reported to remain  constant, to the order 
of 70-100A. It should be noted that  the solution used 
by Bockris et al. (0.01N H2SO4 -[- 0.SM K2SO4) was less 
acidic than the present  1N H2SO4. 

According to F ranken tha l  (9, 10, 22) the steady state 
would not be reached unt i l  formation of an oxide film 
of more than uni t  cell thickness, anodic dissolution and 
film formation proceeding by field-assisted ionic t rans-  
port through the oxide. This conclusion seems to be in 
agreement  with our results. In  fact, the l inear  var ia-  

^ 
tions of 1/NoI8, at low current  densities, with log I 

^ 
(Fig. 3) and of No18 with Vox (Fig. 1) can be in ter-  
preted in terms of a high-field conduction process. 
Moreover, the change of mechanism of oxygen fixa- 
t ion is observed, when  the "thickness" of passive film 
deduced from No18 measurements,  exceeds one uni t  
cell. 

From the above, it shouId follow that  a high-field 
conduction process is most l ikely when  the thickness of 
the film exceeds that of one un i t  cell. 

The results obtained permit  us to define precisely the 
na ture  of the mechanisms involved in this growth re- 
gion. We shall first examine the principal  mechanisms 
proposed in the l i terature (3, 6, 7, 23). In  order to ex- 
plain the potent ia l - independence of the final cur ren t  
It in  the passivity region under  steady-state conditions, 
two reactions schemes have been presumed possible: 
(a) the direct t ransfer  of Ni + + from the passivation 
layer  to the solution; (b) a t ransfer  by an in te rmedia ry  
complex of the NiOH +. Transfers  (a) and (b) would 
be independent  of the electrode potent ial  and con- 
trolled solely by the potential  difference across the 
oxide-solution interface, which would be maintained at 
an equi l ibr ium value dependent  on the pH for the re- 
action (O2-)film + 2H + = H20 (7). The results of 
Sato and Okamoto (6) suggest that the second type of 
t ransfer  would be dominant.  It  should be noted that 
this t ransfer  would produce a rate of oxygen loss 
Vfo = 0.63 • 1013 atoms/cm~.sec for If = 2 ~A/cm 2, 
value observed on the nickel in 1N H2SO4 at 25~ (6). 
For  our part, we measured, for the quasi -s ta t ionary 
state (I = 20 ~A/cm 2) a rate of oxygen 18 loss (Vlp) 
equal to (1 ~ 0.5) • 1013 atoms/em~.sec (see Table I) .  
We should add that vlp although higher corresponds, 
wi th in  the margin  of exper imental  error, to vfo, if we 
take into consideration that  vlp was measured not at 
2 but  at 20/~A/cm 2. 

As shown by  our results the oxygen 18 losses are 
independent  of potent ial  ( rio = vlp, Table I) .  Thus, 
it is reasonable to assume that  Ic~, deduced from O TM 
measurements  (Vlp) is due to the same process that  pro- 
duces If. This means that Ich, as well  as If, are a result  
of t ransfer  mechanism (b).  

Vetter (7) and Sato (6) implici t ly assume all of the 
metal  dissolution to be due to mechanism (b).  Accord- 
ing to our  findings, it appears that  the equivalent  
current  Ich, due to mechanism (b) represents at most 
24% of the total cur rent  crossing the fi lm-solution 
interface at I = 20 ~A/cm 2. This leads us to consider 
that, in addition to reaction (b),  reaction (a) takes 
place, even though t h e  transfer  mechanism of metal  
cations toward the interface cannot be precisely de- 
fined. It should be recalled that  Novakovsky et al. (25) 
suppose t ransfer  (b) to be completely blocked and dis- 
solution to be due to t ransfer  (a).  Our findings imply 
the existence of both types of t ransfer  for I = 20 ~A/ 
cm% It is logical to assume that  whenever  the current  
decreases and tends toward a l imi t ing value (If = 2 
~A/cm2), mechanism (a) is blocked and dissolution of 
the metal  occurs only by mechanism (b),  i.e., the l imit-  
ing value of Ich is 2 ~A/cm2. 

Mobility of ionic carriers during formation of passive 
layers near steady-state conditions.--Another problem 
we at tempt to elucidate was the de terminat ion  of the 
interface at which the oxidation reaction, i.e., film 
growth, takes place near  the steady-state conditions. 
As shown in Fig. 2 the growth of passive layer is 
practically stopped when the cur ren t  densities drop 
below 20 ~A/cm2, al though the equivalent  current  of 
layer dissolution ( / c h )  is wi thin  the range 2-4.2 ~A/cm 2 
(see above).  From the above, it should follow that  the 
equivalent  current  for new layer  formation is equal  to 
Ich (dynamic equi l ibr ium).  

The existence of an electrochemical dissolution of 
cations (/cat is at least 55% of I) provides exper imental  
evidence for the mobil i ty of cations. A priori, this could 
imply that  growth would occur at the oxide-solution 
interface. If this were the case, the processes of dis- 
solution and oxygen fixation would both occur on the 
external  interface and the in terna l  layer  would not be 
in direct contact wi th  the solution, which wil l  imply 
that the increase in oxygen in Fig. 5 (Vup) could have 
occurred only by isotopic exchange and diffusion. How- 
ever, as indicated by the results in Fig. 4, these phe- 
nomena are negligible in  comparison with dissolution. 
On the basis of these results, we therefore suppose 
that the increase in  0 TM measured in Fig. 5 (Vup) is 
due to growth ra ther  than  to isotopic exchange phe- 
nomena. Thus, the formation of new layers can only 
take place at the metal-passive layer  interface by 
migrat ion of oxygen coming from the solution. This 
pa t te rn  of growth was proposed by Novakovsky (23) 
to explain the passivation of iron and also by  Hoar 
and Mott (30) for porous growth of a luminum dur-  
ing anodic oxidation in acids. Moreover, in  accord- 
ance with Novakovsky (23), one can explain the ab- 
sence of passive film formation at the passive layer-  
solution interface, in spite of the large cation flow 
across this interface, by  a decrease in chemical po- 
tent ia l  of the cations resul t ing from formation of 
bonds with oxygen in the oxide. The same reasoning 
was used to explain the presence of the current  of 
electrochemical dissolution of cations dur ing anodic 
oxidation af a luminum in aqueous solutions of am- 
monium citrate (14) or Sulfuric acid (31). 

Stability of passive layers.--As shown by  the  results, 
the passive layers are not stable and reoxidize in air. 
This seems to confirm: our conclusions according to 
which the "thickness" of the passive layer  in the solu- 
tion is determined by the equi l ibr ium between the 
rates of layer formation and dissolution. When the 
specimen is removed from solution, the rate of dissolu- 
tion of the layer is v i r tua l ly  zero. On the other hand, 
the equi l ibr ium thickness of passive layer formation in 
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the  presence of adsorbed  wa te r  and gaseous oxygen 
should be higher  than  in the  N2-purged H2SO4 due to a 
h igher  oxygen  redox  potential .  The new equi l ib r ium 
requi res  an increase  in l aye r  thickness,  which  we ob-  
served (• The passive l aye r  is not t he rmody-  
namica l ly  reversible ,  in agreement  wi th  F r a n k e n t h a l  
(22). Dissolution (Fig. 4) requi res  about  30 min, 
whereas  the e lec t rode  potent ia l  goes down to the  ini t ia l  
value  af ter  ~30 sec. 

Conclusions 
The conclusions based  essent ia l ly  on the measu re -  

ments  of the quant i t ies  of the  oxygen  coming from the 
w a t e r  (O TM) m a y  be summed up as follows. The first 
l ayer  of oxygen f ixed on the  meta l  surface  is found to 
have a decisive effect on the passive na tu re  of meta l  
and causes the anodic cur ren t  densi ty  to decrease  by  
severa l  orders  of magni tude.  When the layer  thickness  
due to the fixation of oxygen coming from wa te r  ex -  
ceeds the  size of one "uni t  cell," the  cur ren t  is p robab ly  
l imi ted  by  "f ie ld-assis ted ionic t ransfe r  phenomena."  A 
l inear  re la t ionship  exists  be tween  the th ickness  of the 
l ayer  and its format ion  potential ,  for the  same final 
cur ren t  value.  

The cur ren t  efficiency for  passive l aye r  fo rmat ion  
was found to be ve ry  small .  The cur ren t  of cat ions 
crossing the oxide-so lu t ion  in ter face  consists of the  
cur ren t  of direct  t r ans fe r  of cations, plus the cur ren t  
equiva lent  to the  dissolut ion of oxide. The l a t t e r  is 
equal  to the  cur ren t  at  the  " s t eady-s ta te  condit ion" and 
to the  dissolution cu r ren t  of the  l aye r  when it is in an 
open circuit.  

I t  seems tha t  the fo rmat ion  of a new laye r  takes  
place at  the  me ta l -ox ide  interface  via migra t ion  of 
oxygen ions f rom the water .  The thickness  of the  pas -  
sive layer  depends  on the  dynamic  equi l ib r ium b e -  
tween the ra tes  of format ion  and of dissolution. 

I t  was  found tha t  the  passive layers  a re  uns table  
and reoxidize  in air, and that  the ra te  of isotopic 
oxygen  exchange is lower  than  the r a t e  of dissolution, 
both  in open circui t  and  under  pass ivat ion potent ial .  
And  finally, the  passive layers  are  not  t h e r m o d y n a m i -  
cal ly  revers ib le  and the va lue  of the e lec t rode  potent ia l  
in an open ci rcui t  is not  r e la ted  to the  presence of the  
layer .  
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Kinetics of Iron Corrosion in 
Concentrated Acidic Chloride Solutions 
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ABSTRACT 

The kinetics of active iron dissolution at 25~ has been studied in deaerated 
1N and 6N chloride solutions for hydrogen ion concentrat ions of 0.1-6.0N. For  
1N chloride solutions with [H + ] --~ 3N, the dissolution reaction is described by 
anodic Tafel slope ba ---- 60 mV and electrochemical reaction order with 
respect to hydrogen ion activity zH+ : --1. These parameters  are charac- 
teristic of a dissolution mechanism in which chemisorbed halide ions interact  
with adsorbed hydroxyl  ions in a two-electron ra te -de te rmin ing  step. For 6N 
chloride solutions, this mechanism holds only over a nar rower  [H +] region up 
to 0.24N, in which ZH+ ---- --1. With increased [H+], ZH+ is zero; and for [H +] 
2.4N, ZH+ : +2,  indicat ing that  the hydrogen ion (and no longer the hydroxyl  
ion) catalyzed the dissolution reaction. A positive value of ZH+ ensues for syn-  
ergistic adsorption of hydrogen ions on the hal ide  ion covered surface. A 
formal detailed dissolution mechanism is proposed, giving zH+ ~ + 2  and 
zx -  > 0, in agreement  with experiment.  Al ternate  dissolution mechanisms 
including one-electron t ransfer  schemes are discussed. 

The kinetics and mechanism of iron dissolution in 
acids has been the subject of numerous  investigations 
(1). Previous mechanistic studies in chloride solutions, 
however, have been with total chloride concentrat ions 
of IN or less. Studies in this laboratory on organic 
corrosion inhibitors have commonly used concentrated 
HC1 (3 to 6N) to provide a high uninhib i ted  dissolution 
rate. The purpose of the present  communicat ion is to 
report  recent  investigations on the mechanism of i ron 
dissolution in these deaerated, concentrated acidic 
chloride solutions. 

An impor tant  result  is that  with 6N chloride solu- 
tions at sufficiently low pH, synergistic effects be-  
tween adsorbed anions and hydrogen ions in solution 
impose a different dissolution mechanism than  is op- 
erative with more dilute chlorides. The difference in 
the mode of dissolution is that  H + ions and not O H -  
ions catalyze the anodic reaction, as is the case for 1N 
chloride solutions (2). Similar  synergism has been 
recognized before between adsorbed halide ions and 
organic corrosion inhibitors (3-5). 

The current  work also bears on electrochemical 
processes which occur in microscopic corrosion pits 
growing on passive or oxide-covered iron surfaces. 
This application to pi t t ing corrosion stems from the 
composition of local electrolyte wi thin  corrosion pit 
interiors. There have been many  reports (6-9) that  the 
local pH wi th in  growing pits and other "occluded 
corrosion cells" (10) is acidic, even when  the bulk  
solution is neutral .  An accumulat ion of chloride ions 
wi th in  the pit has been often postulated (6, 11,12), 
al though not yet exper imenta l ly  verified. In  addition, 
active pits are thought to be oxygen-free  (7, 13). Thus 
t h e  uniform dissolution of i ron in deaerated concen- 
t ra ted acidic chlorides can serve as a scaled-up model 
of localized corrosion wi th in  active corrosion pits. 
Macroscopic models which simulate corrosion pits and 
other related forms of "occluded cell" corrosion have 
been used from the early 1940's (14) to the present  
(13, 15). The approach taken, however, has been the 
thermodynamic  ra ther  than kinetic one with emphasis 
on factors such as resul tant  pH and electrode potential,  
solution composition, and the like. 

In  order to relate the present  work to previous 
kinetic studies, it wil l  be helpful  to briefly outl ine 
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prior work which bears on the present  problem. It is 
general ly recognized that  there are two main  types of 
dissolution mechanisms for active iron, depending on 
the na ture  of the solution anion. For solutions of 
weakly adsorbable anions, such as sulfate or perchlo- 
rate, dissolution proceeds through the dissociation of 
chemisorbed water  molecules at the iron surface. Sur-  
face active anions, such as halide ions, on the other 
hand, are believed to part icipate directly in the dis- 
solution process by adsorption at the metal  surface. 

Two different reaction mechanisms have been pro- 
posed for the anodic dissolution of iron in acidic sul-  
fates and perchlorates (in the absence of halides).  The 
more general ly  accepted Bockris-Kel ly (16, 17) mech- 
anism is 

Fe + H20 ~ F e .  H2Oads [1] 

Fe �9 H2Oads ~-~ FeOH-ads + H + [2] 

F e O H - a d s  ~-  F e O H a d s  -~- e -  [3 ]  

FeOHads-* FeOH + + e -  [4] 
(rate- determining)  

FeOH + + H + ~ F e  ++ + H20 [5] 

This sequence is characterized by  the parameters  

( O E )  2 2.303RT 
h a =  = - -  _ 4 0 m V  [6] 

0 log ia a(~+) 3 F 

and 

( ) = - -  1 [ 7 ]  
ZH+ -- 01oga(H+) E 

A second group of investigators (18-20) has observed 
ba ---- 30 mV and ZH+ ---- --2. 3 In  the Heusler mecha-  
nism which yields this set of parameters,  Eq. [4] above 
is replaced by 

FeOHads + Fe ~ Fe (FeOH) ads ~ catalyst [8] 

Fe(FeOH)ads ~- O H -  -> FeOH + + FeOHads + 2e-  [9] 
( ra te-determining)  

Recent work (21, 22) has suggested that  either mecha-  
nism can be followed, depending on the surface micro- 
structure. A low density of grain boundaries  and other 
imperfections favored the Bockris-Kelty mechanism, 
while a high density of imperfections yielded the 
Heusler mechanism. 

SFelloni  (20) obse rved  z~ + = --1.5 ra the r  than  --2.0 and  ex-  
p la ined the f r a c t i o n a l  o r d e r  o n  t h e  bas i s  o f  a Freundl ich  a d s o r p t i o n  
i so therm.  

999 
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As is well known, a salient feature of the above 
mechanisms is direct part icipation of hydroxyl  ions in 
the dissolution process in bulk  electrolytes which are 
acidic. The involvement  of O H -  ions at the i ron/acid 
interface was first suggested by Bonhoeffer and 
Heusler (23) to explain the exper imenta l  observations 
that at the same electrode potential,  the rate of iron 
dissolution in  acid solutions was less than  that  in  basic 
solutions (24) and decreased in acid solutions with 
decreasing pH (25). The generat ion of O H -  ions in 
acid solutions is presumed to occur by dissociation of 
water molecules at the electrode surface (1, 17-27). In 
addition, the reaction mechanisms are directed toward 
production of the species FeOH +, which results from 
the hydrolysis of ferrous salts and "is present in sig- 
nificant concentrat ions even in relat ively acid media" 
(28). 

In  the presence of the chloride ion, which is more 
surface active than SO4 = or C104- (4, 29), there is 
competitive adsorption between chloride and hydroxyl  
ions (30). Chloride adsorption will  tend to prevail  at 
high chloride activity and low pH; and accordingly, 
the dissolution mechanism will be different than in the 
Bockris-Kel ly  or Heusler cases. Fisher, Lorenz, and 
co-workers (2, 22, 31) have observed a change from 
Heusler parameters  to the following for pH < 1.5 -- 2 

ba : ( OE ) __ 2.303RT 
0 l~gg ia a(H+),a(x- ) IF -- 60 mV 

[10] 
( ~ log ia  ) 

ZH+ : : - -  1 [ i i ]  
0 log a(H+) Z,a(x--) 

zx -  = = -- 1 [12] 
0 l o g a ( x - )  E,a(H+) 

Felloni (20) reports ba = 60 mV (53 to 70) and ZH+ 
~ --1 (--1.09 to -- 9.83) for p i t  <2, with Bockris- 
Kelly parameters  for pH > 2 for IN chlorides. Arvia 
and Podesta (32) have proposed a reaction mechanism 
for chlorides analogous to Eq. [1]-[5], but  their own 
data shows ba = 60 mV (53 mV) for pH = 1.'/8 (33). 

The following reaction sequence was first proposed 
by Lorenz, Yamaoka, Fisher (31) and  developed in 
later publications (2, 22) to account for Eq. [10]-[12] 

1 
Fe + H20 ~-Fe  . H2Oads [13] 

--1 

2 
Fe �9 H2Oads + X -  ,~ FeX-ads + H20 [14] 

-2 

Table I. Corrosion parameters for iroa in concentrated 
hydrochloric acid 

Tafel slopes 
(mY) 

Normal i ty  ieorr Eeorr 
HCI ( /u~ /cm ~) ba - -  be (mY SCE) "y• "it• 'mH + 

1 48 70 I I 0  --513 0.81 0.83 
3 238 75 115 --492 1,37 4.38 
4.8 837 70 l lO  --463 2.61 !3.91 
6 1982 70 110 --450 4.18 28.76 

inserted through a close-fitting hole in  a Teflon holder 
which fit into a s tandard tapered glass jo int  at the 
end of the electrode assembly. Electrical contact was 
made by means of mercury  inside the tubing. 

The wires were cut to a length of 2.0 cm to give a 
projected surface area of 0.227 cm 2. Before use, an 
electrode was degreased with spectroscopic grade 
pentane and then electropolished at 85 m A / c m  2 for 2 
rain in a 4/1 mix ture  of HC104:CHsCOOH. The elec- 
trode was then  washed wi th  double-dist i l led water  
and inserted into the polarization cell, which was the 
usual  three-electrode type with provision for deaera- 
tion. Solutions were deaerated for at least 8 hr with 
hel ium passed through charcoal at --195~ and then 
through a solution identical  to that  being studied to 
minimize vapor loss of solution in the polarization 
cell. Polarization measurements  were made galvano- 
statically with a 90V bat tery  and series of variable 
resistors, as described earl ier  (34). Steady open-circuit  
potentials were established in 1-8 hr, the longer times 
being required for the more dilute solutions. For a 
given applied anodic current ,  a steady potential  was 
usual ly  observed in 2-5 min. 

All solutions were prepared from reagent  grade 
chemicals and double-dist i l led water  prepared in a 
Barnstead still. Polarization measurements  were made 
in three types of solutions: (i) 1-6N HC1, (ii) solutions 
with varying  pH for 1N constant  chloride ion concen- 
tration, and (iii) solutions with varying pH for 6N 
constant chloride ion concentration. In  the last two 
types of solutions, the base electrolyte was HC1 with 
either LiC1 additions to increase the chloride ion con- 
centration, or HC104 addit ions to increase the acidity. 

Results 
Hydrochloric acid.--Polarization curves for iron in 

concentrated HC1 are shown in  Fig. 1; kinetic pa ram-  
eters are summarized in Table I. The open-circuit  cor- 

3 
FeX-ads + O H -  ~ FeOH + + X -  + 2e-  [15] 

( ra te-determining)  

followed by Eq. [5]. Equations [13]-[15] will  be re-  
ferred to herein as the LYF mechanism for the sake of 
abbreviation.  In  this sequence, chemisorbed X -  ions 
displace adsorbed water  molecules and then interact  
with adjacent ly adsorbed hydroxyls.  It is necessary 
that the hydroxyl  ion in  Eq. [15] be adsorbed at a 
vacant  site in  order to give the required reaction order 
zx -  = -- 1 (as ex- ->  1). 

Other per t inent  reaction mechanisms proposed in the 
l i terature will be considered after the present results 
have been presented. As ment ioned earlier, kinetic 
studies have been lacking in more concentrated chlo- 
ride solutions. An unders tanding  of such systems is 
necessary before extension can be made to systems 
more complicated in  composition (e.g., with organic 
inhibitors)  or in geometry (corrosion pits, crevices, or 
stress-corrosion cracks). 

Experimental 
Exper imental  techniques have been described pre- 

viously (34). In  brief, the iron electrodes were Mall in-  
krodt analyt ical  grade wire (99.5% Fe, 0.01% C, 0.03% 
Mn, 0.001% P, < 0.001% Si, 0.01% S). The wire  was 
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Fig. !. Polarization curves for iron in hydrochloric acid of various 
concentrations at 25~ 
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Fig. 2. 0pen-circuit corrosion rate of iron in hydrochloric acid as 
a function of hydrogen ion activity. 

O4 
E 

a .  

E 

.c 

1,000 

I00 

IO 

4 0 0  500 6 0 0  7 0 0  

- E  in mV vs. S.C.E. 

Fig. 3. Polarization curves for iron in I N  chloride solutions of 
varying acidity. 

rosion rate of i ron is a l inear  function of hydrochloric 
acid activity, as shown in Fig. 2. A similar l inear  
dependence over a smaller  activity range (1-8 molal) 
has been reported previously (35). 

Activities plotted in Fig. 2 and listed in  Table I 
are based on activity coefficients taken from Harned 

5 5 0  

d 5 0 0  , , ~  ~ -~ 

o [C I -  
u.I 
i 

4 0 0  E [ L~ I L I L l l  L L I I I I LI  
0.1 I.O I0  

i, e , . / , .  

Fig. 4. Variation in the open-circuit corrosion potential with 
acidity for two different chloride ion concentrations. 

and Owen (36), The activity of HC1 GHC1 is given by 
a H C l  = a+a- : a ~  2. A S  usual, a i  = Vi ra l ,  where 7/ 
is the molal  activity coefficient. Definition of the mean  
molal activity coefficient as ?_+9. : ~+'v- gives a• : 
" ] -  " m H C I .  

Litt le informat ion on the dissolution mechanism can 
be inferred from Fig. 2, however, in that each of the 
three variables E, pH, and [CI- ]  is different for each 
solution. Accordingly, solutions of constant  chloride 
ion concentrat ion were used. 

1N chloride solutions.--Figure 3 shows anodic and 
cathodic polarization curves for i ron in IN chloride 
solutions of vary ing  hydrogen ion concentration. The 
effect of decreased acidity is to shift the open-circui t  
corrosion potential  Ecorr to more negative potentials. 
The change in mixed potential  with hydrogen ion con- 
centrat ion is: (OEcorr/OpH) = --63 mV, as shown in 
Fig. 4. Values of --51 mV (20) and --56 mV (37) have 
been reported previously. 

Tafel slopes for 1N chloride solutions are listed in 
Table II. The cathodic Tafel slopes are the usual  120 
• 10 mV/decade (17). The anodic Tafel slopes are 65-70 
mV/decade,  in  nomina l  agreement  wi th  the value of 
60 mV, required by Eq. [10] (if a ---- 0.46-0.40, ra ther  
than 0.50). 

Figure  5 shows evaluat ion of the electrochemical 
reaction order with respect to the hydrogen ion. Our 
results gave ZH+ to be --0.7 rather  than  the theoretical 
value of --1.0 required by Eq. [11]. Mean molal  activ- 
ity coefficients ~/• of HC1 with and without  LiCI addi- 
tions were calculated from Debye-Huckel  theory using 
the equation (38) 

- - 0 . 3 5 4  
log7•  -- .Jr- B(2C1) -]-- B'(2CT - -  2C1) 

1 + A~/2CT 
- -  log (1 + 0.036 •w) [16] 

where CT is the total  molar  concentrat ion of the solu- 
tion; C~ the molar  concentrat ion of acid; mw the total 
molali ty;  and A, B, and B' are 0.747, 0.0864, and 0.0875, 
respectively. Activity coefficients for the HC1-HC104 
mixtures  were interpolated from the data of Storonkin 
et al. (39). The electrochemical reaction order ZH+ 
for the cathodic reaction was ~ + 1, as required by 
the usual  mechanism of hydrogen evolution (17). 

Table II. Corrosion parameters for iron in 1N ch oride solutions 

-- E e o , ,  ico~r 
[H+] S o l u t i o n  ( e q . / l i t e r )  ( m Y  S C E )  ( ~ / c m  z) b ,  ( m Y )  - b c  ( m V )  mH § V• 7-+-mH § 

0.20 0,20 HC1 + 0.80 LiC1 545 32 65 130 0,20 0.823 0.168 
1.0O l.OO HC/  SlO 48 70 115 1.02 0.820 0.838 
1.59 1.00 HC1 + 0.59 HC104 487 55 65 110 1.67 0.959 1.62 
2.96 1.00 H C I  + 1.96 HCIO~ 470 66 75 115 3.31 1.58 5.24 
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Thus, the anodic dissolution of Mal l inkrodt  iron wire  
is adequate ly  described by the LYF mechanism, i.e., 
Eq. [13]-[15] for solutions 1N in C1- wi th  H + concen- 
t ra t ion up to 3N. For  hydrogen ion concentrat ions 
above 3N, anodic Tafel  slopes of 95 ~ 5 mV/decade,  
ra ther  than 60 mV, were  observed. In these solutions, 
the high concentrat ion of C104- ions may cause a 
change in react ion mechanism, but  this aspect wil l  not 
be considered here. The effect was the same if H2SO4 
was used instead of HC104. 

6N chloride solutions.--Representative polarizat ion 
curves for solutions 6N in chloride ion with  vary ing  
acidity are shown in Fig. 6 and 7. Polar izat ion pa ram-  
eters are listed in Table III. Again, the cathodic Tafel  
slopes are 120 "4- 10 mV. As with  the 1N chloride solu- 
tions, the anodic Tafel  slopes are genera l ly  60-75 mV 
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Fig. 6. Polarization curves for iron in 6N chloride solutions (for 
acidities where ZH+ = 0). 
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Fig. 7. Polarization curves for iron in 6N chloride solutions (for 
acidities where ZH+ ~ -~- 2). 

in accord with  a 2-electron t ransfer  (60 mV) mecha-  
nism of dissolution, if a = 0.50 to 0.40. 

Unl ike  the 1N chloride solutions, however ,  the cor-  
rosion potential  does not shift  un i formly  wi th  hydrogen 
ion concentrat ion (see Fig. 4). This behavior  suggests 
that  the dissolution mechanism is not the same over  
the ent i re  range of hydrogen ion concentrat ions shown. 

This change in mechanism is evident  in evaluat ion 
of ZH+, as shown in Fig. 8, in which log ia is plotted 
as a function of H + activity. Mean molal  act ivi ty  
coefficients -]+_ of hydrochlor ic  acid in HC1-LiC1 m i x -  
tures were  calculated f rom Eq. [16] and are sum- 
marized in Table III. 

As seen in Fig. 8, wi th  increased proton activity,  zH + 
equals in turn  ca. --1, 0, and + 2  (see Table  IV).  These 
changes in ZH+ wi th  proton act ivi ty  indicate changes 
in the  dissolution mechanism wi th  increased acidity. 

For  the lower H + activities, the kinetic parameters  
point to the LYF mechanism of iron dissolution. The 
exper imenta l  value  of z• + = --0.9 compares wel l  wi th  
the theoret ical  value  of --1.0, but  the exper imenta l  
Tafel  slopes for these concentrated LiC1 solutions are 
some 20 mV higher  than the theoret ical  60 mV value. 
However ,  the third kinetic parameter ,  the electro-  
chemical  react ion order wi th  respect to halide ion was 
evaluated to be: z x -  : --1, as r equ i red  by Eq. [12]. 
This evaluat ion was based on but two data points, and 
is intended to show the t rend ra ther  than to be an 
exact  value  (See Table  IV).  

Table III. Corrosion parameters for iron in 6N chloride solutions 

--Eeorr ~r 
(mV (/~A/ ba - b~ 

N HCI"  SCE) c m  =) (mV) (mV) m~cK 3'+- ~/• + 

0.12 498 106 80 130 0.14 4.094 0.57 
0.16 488 127 85 130 0.18 4.090 0.74 
0.24 475 128 85 135 0.27 4,093 I . I I  
0.36 465 145 75 130 0.36 4.089 1.47 
0.60 436 317 80 140 0.68 4.085 2.78 
1.20 420 529 75 140 1.37 4.071 5.55 
2.40 425 748 60 135 2.74 4.046 11.09 
3.60 435 925 60 120 4.11 4.024 16.53 
4.80 440 1057 55 125 5.50 3.998 21.99 
6.00 450 1982 70 115 6.84 3.977 27.20 

* L iCI  a d d i t i o n s  w e r e  u sed  to  m a i n t a i n  c o n s t a n t  ch lor ide  ion  c o n -  
centrat ion .  



Vol.  119, No. 8 K I N E T I C S  O F  I R O N  C O R R O S I O N  1003 

I0 ,000  

% 

I,O00 ::L 
.E 

ZH§ = §  ~ k / /  // \ \ . .o .v  

/ --o 7H+ 

IOO , ~ r ,,I r l I * i ~ ,,I i i 

0.4 I.O IO 40 

Y+" mH+ 

Fig. 8. Evaluation of the electrochemical reaction order 
O log ia ) 

zH+ ---- . for 6N chloride solutions. 
0 log a(H+)  E,a(x- -  ) 

W i t h  inc rea sed  p ro ton  ac t iv i ty ,  t he r e  is a r e g i o n  in 
w h i c h  ZH+ ~ 0, i.e., the  anodic  c u r r e n t  dens i ty  a t  con-  
s tan t  e l e c t r o d e  po t en t i a l  is i n d e p e n d e n t  of  pH. A t  e v e n  
h i g h e r  p ro ton  act iv i t ies ,  t he r e  is a synerg i s t i c  effect  
b e t w e e n  ha l ide  an ions  c h e m i s o r b e d  at t h e  i ron  su r f ace  
and h y d r o g e n  ions in solut ion.  H y d r o g e n  ions a r e  
e l ec t ro s t a t i ca l l y  a t t r a c t e d  t o w a r d  the  i ron  su r face  c o v -  
e red  w i t h  C1-  an ions  (3-5) and ca ta lyze  the  d i sso lu-  
t ion  reac t ion ,  as ind ica ted  by  t h e  pos i t ive  v a l u e  of ZH +. 
I n  addi t ion,  e v a l u a t i o n  of  z x -  based  aga in  on a l im i t ed  
a m o u n t  of  da t a  g a v e  z x -  = +0.62 and  +0.91 for  two  
d i f fe ren t  e l ec t rode  po ten t i a l s  (see Tab le  IV) .  

F i g u r e  9 shows  e v a l u a t i o n  of  t h e  e l e c t r o c h e m i c a l  
r eac t i on  o r d e r  for  t he  ca thod ic  react ion .  The  h y d r o g e n  
e v o l u t i o n  r eac t ion  is first o r d e r  in H + o v e r  the  en t i r e  
a c t i v i t y  r a n g e  s tudied,  in a g r e e m e n t  w i t h  K e l l y  (17). 

Discussion 
Mechanism of dissolut ion.--The f o l l o w i n g  m e c h a n i s m  

of d i sso lu t ion  is p roposed  to accoun t  for  ZH + = + 2 

1 
F e  + HoO ~- F e  �9 H20,ds [17] 

- - I  

2 
F e  �9 HI2Oads + X -  ~ FeX-ads  + H20  [18] 

--2 

3 
F e X - a d  + H + ~ F e X -  �9 H + - c o m p l e x  [19] 

--8 

4 
c o m p l e x  + H + -* F e X  + + 2H + + 2 e -  [20] 

( r a t e - d e t e r m i n i n g )  

Table IV. Summary of electrochemical reaction orders 

[62-I 
(eq. / l t ter)  

[H+] 
(eq./liter) 

a log ia . _ 

E = -400 mV E = --425 mV 

6.00 
6.00 
6.00 

[62-] 
(eq./liter) 

0.12-0.24 -- 0.90 -- 0.89 
0.24-1.20 0 0 
2.40-6.00 + 1.82 + 1.87 

8 log ~a ) 
[H+] a log  [X-]  B, rH+] 

(eq./liter) E = - 400 mV E = - 425 mV 

1.0-8.0 0.20 -- 0.85 -- 0.86 
3.0-6.0 3.00 + 0.91 + 0.62 

E 

o 
E 

o 

IOO 

I0 

1.0 

CI-] = 6 N E - - 600 r~V 

i. ,ooo  .o ~ ", 
mV 
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Fig. 9. Evaluation of the electrochemical reaction order 
( 0 logic ) 

zH+ ---- , for the cathodic reaction in 
(9 log a(H + ) E, a ( X - )  

6N chloride solutions. 

5 
FeX + ~ Fe + + + X- [21] 

--5 

where FeX + represents a ferrous ion which is part of 
the metal surface but not the metal lattice. 

The formal rate expression for the above sequence 
is derived as follows. The anodic current density is 

ia 

-- ---- 2 k4 fl 0complex a(H§ ) [22] 
F 

w h e r e  
k-~ : ki e x p  (+_anFE/RT) [23] 

w i t h  E the  e l ec t rode  po ten t ia l ,  n t he  n u m b e r  of  e lec-  
t rons  t r ans fe r r ed ,  a t he  t r a n s f e r  coefficient,  and  the  p lus  
and m i n u s  signs r e f e r  to t he  anodic  and  ca thod ic  
processes,  r e spec t ive ly .  The  fac to r  t~ is g i v e n  by:  
[ F e X - -  H +] : ~ 0complex, w h e r e  8complex is t he  f r a c -  
t iona l  c o v e r a g e  (of  the  anodic  sur face)  of  t h e  c o m -  
p lex .  These  no ta t ions  fo l l ow  K e l l y  (17). 

Th is  sy s t em of equa t ions  [17]-[21]  is desc r ibed  by  

d 0w 
fl "--' k'--1 (1  - -  0T) - -  l ~ [  1 ~ ~ w  [ k~  ~ OW a ( X [ ) 

dt 
+ k - 2 f l a x -  [24] 

d 8x- 
8 - -  --  k-s/30w a ( x - )  - -k - -2 /~  0 x -  - -  k3 f l 0 x - a ( H + )  

dt  
+ k'-~ P 8~omple~ [25] 

d 0complex 
- -  k--a t3 Ox- a(H+) - -  k ' -3  ~ Ocomplex 

dt  
- -  k4 fl aeomplex a(H+) [26] 

w h e r e  0w and  0x -  a r e  t he  f r a c t i ona l  cove rages  of 
F e - H 2 O a d s  and  FeX-ads ,  r e s p e c t i v e l y ;  and  0T ~ 0W 
+ 8 x -  +Oeomplex ----- 1. In  the  s t e a d y - s t a t e  a p p r o x i m a -  

d 0i 
t ion, /~ ---- 0. S i m u l t a n e o u s  so lu t ion  of  Eq.  [24]-[26]  

dt 
and  [22] t h e n  y ie lds  

ia 
- - - - - -  2 k4 fl2a(H+)2 

F 
k,k~ka a ( x - )  

(k l  + k -1  fl) k - 2 k - a  + k l k 2 a ( x - )  [k -a  + k3a(H+)]  

F E  
�9 exp  ( - ~ - ~ - )  [27] 
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with a : 1/z and k--da(H+) < <  k-3. The simultaneous 
equations also yield 
8X-- = 

kxk2k-sa(x-)  

(kl -4- k-lf l)  k -2k -3  -~- klE2a(x-) [k-3  ~- k3a(H+)] 
[28] 

and 

8complex = 
klk2k3a(H +)a(x-)  

(kl -4- k - l f l ) k - 2 k - a  -4- k lk2a(x-)[k-3 A- k3a(H+)] 
[29] 

If 0X- > >  0complex , it follows that  k-3  > >  k3a(H+) and 
Eq. [27] reduces to 

ia k4ka klk2atx- ) 
"-F -- 2fl~'~-a a(H+)2 (kl "4- k - l ~ ) k - 2  -{- klk2a(x-) 

�9 exp ( ) [3Ol 
lee 

This expression yields b a m  60 mV and 

( 01Ogia ) 
ZH+ ---- = + 2  [31] 

0 log a(H+) ~.a(x-) 

as required by experiment.  Equat ion [30] also gives 

z x - - - - - (  01~ )E 
0 log a (x- )  .a(H+ ) 

(k~ + k-xp) k-~ 
- -  [ 3 2 ]  

(k, A- k - l f l ) k - 2  -t- klk2a(x-} 

With ex-  > >  0complex, 0x- is given as klk2a(x- ) /  
[klk2a(x-) + (kl -{- k - l ~ ) k - 2 ]  so that  Zx- : 1 -- 0x-, 
and goes from 1 to 0 as ex-  goes from 0 to 1. Thus, 
zx -  > 0 and not --1, as in  the LYF case for more di- 
lute halide solutions, i.e., Eq. [13]-[15], Evaluat ion of 
zx -  based on a l imited amount  of data gave zx -  > 0 
for two different electrode potentials at [H + ] ---- 3.0 
eq./ l i ter  (see Table IV).  

Activity of water.--The above derivat ion and its ap- 
plication has assumed that  the water  activity aw is 
constant. To be rigorous, the factor aw should be in-  
cluded in terms kl and k-2  arising from steps [17] and 
[18]. In  addition, the water  activity would affect elec- 
trochemical reaction orders, e.g. 

( 01~ )E [33] 
zH+ = 0 log a(H+) .a(x-).a w 

The water  activity is given by (35) 

2m~ 
In aw : [34] 

55.1 

where r is the osmotic coefficient of HC1 + LiC1 mix-  
tures of total molal i ty m. Values of r for mixtures  of 
m : 4 were calculated from osmotic coefficients of 
pure LiC1 and pure HC1 in water  using relationships 
developed by Harned (40,41). Results are given in 
Table V. Appropria te  data were not available to make 
these calculations at m : 6.8. But  Table  V shows that  
for concentrated chlorides, the activity of water  aw is 

Table V. Activity of water in the system LiCI-HCI-H20 at 
total molality m = 4.0 

m ~ c l  ~b aw 

0 1.449 0.812 
0.1 1.452 0.811 
0.S 1.462 0.810 
1.0 1.474 0.809 
2.0 1.494 0.806 
3.0 1.510 0,804 
4.0 1.519 0.803 

vi r tua l ly  constant  in  the system LiC1-HC1-H20. Thus, 
the water  activity does not  complicate diagnosis of the 
reaction mechanism. 

Competitive adsorption.--That different dissolution 
mechanisms are followed wi th in  the 6N chloride level 
for high and for low proton activities is due to com- 
petit ive adsorption between O H -  and X -  ions. At  the 
higher acidities, O H -  adsorption is not  favored and. the 
dissolution precursor wil l  not be FeOH +, as in  the LYF 
mechanism. Instead, adsorption of X -  predominates,  
and the corrosion reaction is catalyzed by H + ions 
electrostatically attracted to the negative halide-cov- 
ered surface (3-5). 

This competit ive adsorption can be emphasized by 
rewri t ing the LYF mechanism of corrosion, Eq. [13]- 
[15] as follows 

1 
Fe + H20 ,~ Fe  �9 H2Oads [35] 

--1 

2 FeX-ads-4- H20 
@ 

--2 

Fe �9 H2Oads + X -  
5 

FeOH-aas -t- H + + X -  
--5 [36] 

3 
FeX-ads + FeOH-ads--> FeOH + + Fe + X -  + 2e-  

( ra te-determining)  [37] 

4 
FeOH + + H + ~ F e  ++ + H20 [38] 

--4 

The anodic current  density is 

ia 
- -  = 2k-3~0OH-~0x- [39] 
F 

and, at equi l ibr ium 

dow 
p -- k--1 (1 -- 0T) - -  k - - l f l 0 W  - -  k--~Owa(x-) 

dt 

+ k-'-2~ex- -- k--~t~ewa(x-) -t- k'-st~eoH-a(H+)a(x-) ---- 0 
[40] 

d0x- 
fl -- k2flswa(x-) -- k--2flOx- -- ka~8oH-flox- -- 0 

dt 
[41] 

dOoH- 
-- k5fl0wa(x- ) -- k -  5fl0OH--a(H + )a(x-)  

dt 
- -  k s ~ a O H - P e x -  = 0 [42] 

Solution of Eq. [40]-[42] subject to v3 < <  v-5, va <:< 
v-2, and 0T --~ 0W + 0X- gives 

ia kl2k2k3ksk-2a(x- ) : 282 
F [ (kl -b k - l f l ) k -2  Jr klk2a(x-)]2k-sa(H+) 

( F ~ )  
exp ~-~ [431 

with a = �89 Equations [43] yields ba ---- 60 mY, ZH+ = 
--1, and zx-  ---- - - I  (as ex-  --) 1), in accord with Eq. 
[10]-[12]. But in addition, the s imultaneous Eq. [40]- 
[42] can also be solved for the surface coverage of 
hydroxyl  ions FeOH-ads. The result  

klksk-2  
0OH-- ---- [44] 

k-sa(H+ )[ (kl + k - ,~ )  k-2 + k,k2a(x-)] 

shows that the coverage of adsorbed hydroxyl  ions 
depends upon the bulk concentrat ions of both bu lk  H + 
and X - .  For a given chloride level, 0oH- decreases 
with increasing acidity. The present exper imental  re-  
suits infer that for [X-] = 6N, corrosion does not pro- 
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ceed through FeOH-ad~ when [H +] > 2.4N. For  a 
given acidity, 8OH- is the higher for lower chloride 
concentrations�9 At [H + ] = 2.4N, for example, corro- 
sion of i ron in 1N chlorides proceeds through FeOH-ads 
and not FeX+ads, as in 6N chloride (compare Fig. 5 
and 8). 

Another  improvement  in rewri t ing the LYF scheme 
is that  the sequence [35]-[38] shows clearly the origin 
of chemisorbed hydroxyls  to be the dissociation of 
adsorbed water  molecules. The LYF mechanism is 
ambiguous in this regard in that  the hydroxyl  ion is 
represented as a free solution species, i.e., Eq. [15]. In  
fact the hydroxyl  "ion" must  be adsorbed at a vacant  
site to give zx -  ---- --1 (as 0x- -> 1). That  is in the 
LYF scheme, Eq. [13]-[15], it is necessary to write 

/a 
- - =  2kaflOx-a(oH-)(1 -- ex- )  [45] 
F 

and 

dsx -  
8 -  

dr 

with 

d0w 

dt 

--k2~owa(x-)-- k---2~0x- 

-- k~fl~x-a(oH-)(1 - - 0 x - )  = 0  [46] 

- k-1 (1 - eT) - k---l~0w- k2~0wa(x-) 

+ k-2~Ox- = 0~ [47] 

When v3 ~ v-2,  and 0w = aw + 0x- ~- 1, the resul t -  
ing expression for ia is s imilar  to Eq. [43] except that  
klkJk-sa(H+) is replaced by (kl + k- l~)a(oH-) .  Both 
forms yield Eq. [10]-[12]. 

Identity relations.~Internal consistency can be 
checked through the following ident i ty  (17, 42) which 
relates several exper imental  variables 

( Ologia ,)  

0 log a ( H +  ) E , a ( x - -  ) 

8 log a ( H  + ) / a . a ( x - -  ) 
- -  [48] 

0 log ia a ( H +  ) , a ( x - - )  
With E : n + Ecorr 

Z H +  -=  ~ 
ba c9 l o g  a ( H  + ) ia,a(x-- ) 

( 
+ x Ologa(H+) a(x--) 

Figure 10 shows ~1 and E e o r r  a s  functions of proton 
activity, and Table VI evaluates the ident i ty  from the 
exper imental  data. 

Discussion ol other possible mechanisms.---The ob- 
servation that  hydrogen ions catalyze iron dissolution 
at high [H +] and [C1-], i.e., ZH+ "- +2,  is new. For 
the more familiar  case of O H -  part icipation with ZH* 
= --1, mechanisms other than LYF, i.e., Eq. [13]-[15] 
or the modified form, Eq. [35]-[38], have been pro- 
posed and are discussed briefly below. 

Lorenz (2) has suggested that  an Fe ( F e X - )  ads cata-  
lyst participates in the 60 mV mechanism at low pH 

similarly to the Fe(FeOH)ads catalyst of the Heusler 
mechanism. The reaction scheme is 

1 
Fe + H20 ~ Fe �9 H2Oads [50] 

--1 

2 
Fe �9 H 2 O a d s  + X -  ~--- F e X - a d s  + H 2 0  [51] 

- 2  

3 
FeX-ads + Fe ~ Fe (FeX-)ads  =- catalyst [52] 

--3 

4 
Fe(FeX-)ads  + O H -  --> FeOH + + Fe + X -  + 2e-  

( ra te-determining)  
[53] 

followed by Eq. [5]. If this mechanism proceeds com- 
pletely analogously to the Fe (FeOH) ads catalyst 
mechanism; Eq. [8] and [9], then the O H -  in step 
[53] must  react directly with the Fe (FeX-)ads  surface 
catalyst. The result ing rate equation which we derive 
is 

ia kak4a( oH-  ) k l  k2a( x -  ) 
- - = 2 ~  

F k-3  (kl + k - l f l ) k -2  + klk2a(x-) 

�9 exp [54] 

with ex- = klk2a(x-) /[(kl  + k - l f l )k -2  + klk2a(x~)]. 
Necessary assumptions required to give Eq. [54] are 
v - a  ~ >  v4 and ~w ~ ~W -~- ~X--. Equat ion [54] gives 
ba = 60 mV and ZH+ = --1, as required, but  not zx-  
= --1. As ex-  goes from 0 to 1, z x -  goes from 1 to 0, 
and is never  negative, in disagreement with the experi-  
menta l  data (2, 22, 31). To get z x -  = --1, the O H -  ion 
in Eq. [53] must  not react directly from solution with 
the "catalyst" Fe(FeX-)ads ,  but  is required to first 
adsorb at the surface at vacant  sites, as was the case 
with Eq. [15] in the LYF mechanism. The correspond- 
ing rate equation will  not be detailed here, as the 
derivat ion is s imilar  to the LYF case. With the same 
assumptions outl ined following Eq. [54] plus ks ~ k - 3  

the amended rate expression wil l  give z x -  = --1 as 
ex-  --> 1. Now, however, the catalytic effect has been 
removed; and the mechanism is essentially the same as 
Eq. [13]-[15] except that  an unnecessary addit ional 
step has been interposed between the adsorption of 
halide ions and their reaction with hydroxyl  ions. 

One possible drawback of the mechanisms proposed 
by Lorenz, Yamaoka, and Fisher (31) and in  the 
present work is the two-electron t ransfer  step. This 
aspect wil l  be considered after several one-election 
transfer  mechanisms have first been discussed. 

Arvia  and Podesta (32) have recent ly proposed a 
mechanism involving two successive one-electron 
transfers  similar to the Bockris-Kelly mechanism in 
the absence of halide ions, i.e., Eq. [1]-[5].  The Arvia 
and Podesta scheme is 

Fe + X -  ~ FeX-ads [55] 

FeX-ads + H20 ~ FeOH-ads + H + + X -  [56] 

followed by Eq. [3]-[5].  The rate expression derived by 
Arvia  and Podesta yields ba = 40 mV and zx -  = 0. 
The first result  is in disagreement with much evidence 
( including the present  work) that  ba = 60 mV for pH 

Table VI. Evaluation of Eq. [46] 

NO. Of r u n s  ZH + 

(A) (B) 

(8 0 E . . . .  ) 
log a(H +) j 

a(X-) (C) 
ba 

ZH + ~ -- 

(A) + (B) 

(C) 

3 -- 0.9 0 m V  + '/2 m V  85 m V  -- 0.85 
4 0.0 -- '/6 m V  + 79 m V  79 m V  + 0.04 
4 + 1.8 -- 43 mV --65 mV 61 mV 1.77 
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less than 1.5-2 (2, 20, 22, 31). As ment ioned prev i -  
ously, Podesta and Arv ia  (33) themselves  ear l ier  
listed ba --~ 60 mV (54 mV) for pH = 1.78 and [C1-] 
---- 2M. The prediction that  z x -  ---- 0 is also in disagree-  
ment  with exper iments  (20, 22, 31) and with  the gen-  
eral  observation that  halide ions inhibit  acid dissolu- 
t ion of iron (4). Thus, the above mechanism is not  
wi thout  drawbacks. 

A recent  a t tempt  to ext rude  a 60 mV Tafel  slope 
from consecutive s ingle-electron t ransfer  steps has 
been made by Asakura  and Nobe (43) on the  basis of 
Temkin adsorption. To examine their  approach, it is 
helpful  to first reconstruct  the mathematics.  These 
authors wro te  the Bockr i s -Kel ly  mechanism for dis- 
solution in a lkal ine solutions as 

0 
Fe + OH- ~ FeOHad, + e -  [57] 

--0 

4 
FeOHads ~ FeOH + + e -  [58] 

( ra te -de termining)  
5 

FeOH + ~ Fe + + -t- O H -  [59] 
--5 

The above sequence is of interest  to the present  work  
as the halide ion X -  could conceivably play the role 
of O H -  in Eq. [57]-[59]. Asakura  and Nobe consider 
the species FeOHads to follow Temkin  ra ther  than 
Langmuir  adsorption. Thus 

ia + 
- -  ---- k0'(1 -- OoH)a(oH-)e -lAG1 +Tf(8)RT]/RT 
F 

__ k_0 , /~0OHe-- [AG_I  --(1--~,)](O)RT]/RT 

=4= 
+ k4,flOoHe--[AC~ --(1--5)f(O)RT]/RT [ 6 0 ]  
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where ~i has the same meaning as before and  is given 

here as ki'e -AG~ /aT, with ~, 8, and f(8) the Temkin  
parameters.  See Ref. (43, 44). The s teady-sta te  expres-  
sion for FeOI-I~ds is 

d0oH 
fl = ~0(1 -- OoH)a(oH-)e -vt(O) 

dt 
- -  k'--~flOoHe (1-v ) t (O)  - -  k'3fl0oHe (1-~)f(0) = 0 [61] 

With v -o  >> v4, the above expression was solved for 
I(o) 

, (0)  = l n [  ~ ] k - o  a(oH-- )  [62] 

vssuming In #OH/(1 -- SOH) to be negligible at in ter -  
mediate coverages compared to f(8) (45). The current  
density follows as 

~ = 2k4~0OH , a(OH-) [63] 
F k-~ 

Recall that  ki = kie "i--anFE/RT. With both a and v taken 
a s � 8 9  Eq. [63] gives 

ia I,.4) \ I / 2  ~----2(  FE 

Although this expression apparent ly  yields ba = 60 
mY, it should be noted that  #OH was not solved ex- 
plicit ly in  terms of k. Moreover, the react ion sequence 
[57]-[59] fails to consider that  the electrode surface is 
water-covered and that  adsorption of solution anions 
is a replacement  reaction [46]-[48]. If Eq. [57] is re-  
wr i t t en  as 

1 
Fe -5 H20 ~ Fe �9 H2Oads [65] 

--I 

2 
Fe �9 H2Oads -5 O H -  ~-FeOH-ads -5 H20 [66] 

--2 

3 
FeOH-ads ~ FeOHads -5 e -  [67] 

--3 

followed by Eq. [58] and [59], a different Tafel slope 
ensues. The result  is 

ia 2k4OoH ( k, )* /2 .exp(  FE ) 
- ' F  "-  \ k - 1  / ~ [68 ]  

The necessary conditions are V-s > >  v4 and el(e) > >  
8w/(1 -- aT). Solution of s teady-state  kinetics for Eq. 
[65]-[67] and [58] is similar to the Asakura-Nobe case 
with the addit ion that  the Temkin  parameter  ](8) 
vanishes from the exponent ia l  for step [67] which in-  
volves adsorbate-adsorbate  interact ion ra ther  than  an 
adsorption or desorption step. The fact that  Eq. [68] 
yields ba = 120 mV when  Eq. [64] is modified only to 
account for the precoverage of the electrode by  ad- 
sorbed water  casts doubt  that  60 mV Tafel slopes can 
be explained on the basis of Temkin  adsorption in the 
Bockris-Kel ly  mechanism. 

Another  one-electron t ransfer  scheme which will  not 
explain the exper imental  results involves a dispropor- 
t ionation reaction similar  to that  considered by  Lov- 
recek and Marincic (49) for cadmium dissolution. Sup-  
pose 

1 
Fe -5 H20 ~ Fe �9 H2Oads [69] 

--1 

2 FeOH-ads + H + + X- 

Fe �9 H20,ds + X- if-2 

FeX-ads + H20 --5 
[70] 

S 
F e O H -  ~- FeOHads -5 e- [71] 

--3 

4 
FeX-ads ~ FeXads -5 e -  [72] 

--4 

6 
FeOHads -5 FeXads ~ FeOH + -5 FeX-ads [73] 

- - 6  

If step 6 is ra te-determining,  the back react ion should 
be discounted. With v -3  > >  v6 and v - 4  > >  v6, and 
aT = @W -5 @X--, the resul t ing rate  equation gives ZH+ 
= --1, ZX- ---- --1 (as 0X- - ,  1), but  ba = 30 InV. If 
step 3 is ra te-determining,  the --3 reaction is ignored. 
With v3 < <  v6 and v3 < <  v - 2  and @T as before, the re-  
sul t ing rate expression wil l  give the correct values of 
ZH+ and zx - ,  but  wil l  also give ba = 120 mV rather  
than 60 inV. If step 4 is ra te-determining,  similar con- 
siderations give not only ba = 120 mV, but also ZH+ 
and zx- = 0, all of which are inconsistent with experi- 
mental data. 

One mechanism with successive one-electron trans- 
fers does have some merit, however, as it can explain 
some but not all of the present results. This mechanism 
involves Eq. [1]-[3] of the Bockris-Kelly mechanism in 
parallel with the formation of a surface complex be- 
tween FeOH~ds and the halide ion 

1 
Fe -5 H20 ~ Fe �9 H2Oads [74] 

--1 

FeOH-ads + H + + X- 

5 

FeX-~(ls + H20 --5 [75] 

[76] 
S 

F e O H - a d s  ~ F e O H a d s  -5 e -  
- 3  

4 
FeOHads -> FeOH + -5 e -  [77] 

Also 57 
FeOHads -5 FeX-ads ~ [FeOH �9 FeX-]ads ----- {/--}ads 

--57 
[78] 

58 
{/--}ads--> F e O H  + + F e X - a d s  -5 e -  ( f a s t )  [79] 

This scheme is the same as that  given by Kel ly  for 
the effect of the benzoate anions on iron dissolution in 
sulfuric acid (50). Here X -  plays the role of Bz-  in 
Ref. (50). The resul t ing rate  equation is 

ia k, k2k3k4 

F k - 2 k - 3 { ~ ( H +  ) 

k - 5  e x p (  3FE ) 

klk5a(x-) -5 k - 5 ( k l  + k - l ~ )  \ 2"- '~ ' -  

klk2kak-5 
+ 2/~2k5~ 

k-2k-3a(H + ) 

klksa(x-) exp [80] 
[ k l k 5 a ( x - )  -5 k - 5 ( k l  -5 k - l f l ) ]  2 " ~  

with the necessary conditions being kss > >  k-57, v -3  
> >  v4 -5 v~s, and aT ---~ 9w -5 ex-.  For details see Ref. 
(50). With Ox- = klksa(x-) /[klksa(x-)  -5 k -5 (k l  -5 
k - l ~ ) ] ,  the first te rm on the r ight  hand side of Eq. 
[80] can be recast as ia, ex-=o �9 (1 -- ex - ) ,  as noted by 

Kel ly  (50), so that  Eq. [80] can be abbreviated as 

ia = ia,ex-=0(1 -- 8X-) -5 ia* [81] 

If V5s > >  v4, then ia = is* and Eq. [80] yields Eq. 
[10]-[12]. It  may be noted that  if the desorption of the 
halide ion is the slow step (kss < <  k-.~7), the ensuing 
Tafel slope will revert  to 40 inV. 
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If the electrostatic at t ract ion of H + ions for FeX-ads 
is considered, the reaction mechanism may be modified 
to be Eq. [74]- [77] plus 

FeX-ads -5 H + ~ F e X -  �9 H + _= complex 1 [82] 

F e X -  �9 H + + FeOHads ~- [ F e X -  �9 H + �9 FeOH]ads 
-- complex 2 [83] 

complex 2 --> FeOH + + F e X -  �9 H + + e -  [84] 

With ks4a(H+) ~ k-s3, @W ~ @W -~ 0X--,  V--3 ~ V4 -~ 

vs4, and Vs4 > >  v4, the result  is 

ia ks3ks2 klk2ksk-5 
= 2fl 2 - -  

F k-s2 k-2k-3  

klksa(x-) ( F E )  
[klk~a(x-~ + k -5(k l  + k- l f l ) ]  2 �9 exp - ~  [85] 

which gives ba ----- 60 mV, ZH+ = 0, and zx -  = --1 
(as 0x- -~ 1). The first two parameters  correspond to 
the middle region of Fig. 8 (zx-  was not determined 
experimental ly.  4 However, this system of paral lel  re- 
actions cannot be extended to explain synergistic dis- 
solution where ZH+ = +2. To get zH+ = +2,  it is 
necessary that  a total  of three hydrogen ions part ici-  
pate in steps [82] and [83], e.g., three H + ions could 
be electrostatically attracted to FeX-ads. This occur- 
rence seems unlikely.  It  should be noted that  the n u m -  
ber j of H + ions (if any)  part icipat ing in step [84] is 
un impor tan t  as the term ks4 (/~6complex 2)a(H + )J is recast 
in  terms of k's~ in the steady-state solutions of the dis- 
solution kinetics for Eq. [74]-[77] together with [82]- 
[84]. 

Thus, at present  it is difficult to in terpre t  the total 
exper imental  results reported herein without  invoking 
the concept of the two-electron t ransfer  step. Ac- 
cording to one point  of view (51), the probabi l i ty  of 
two electrons tunne l ing  s imultaneously between the 
metal  and an ion is low enough to be prohibitive. How- 
ever, this question still remains  open as the theoretical 
t rea tment  of electron tunne l ing  at the electrode/solu-  
tion interface in the presence of "adsorbed" species is 
not yet well-developed. The rate  constant  is given by 
(52) 

k kBT ( - - E * )  
- - - ~  Xe exp R--'-~ [86] 

with Xe the probabi l i ty  of electron tunnel ing.  Thus, a 
lower probabi l i ty  of tunne l ing  (Xe ~ Xe 2) could be 
coupled with a lower activation energy E* (possibly 
caused by adsorbed chloride) to give a rate comparable 
to a higher probabi l i ty  coupled with a higher activa- 
t ion energy. 

The two-electron t ransfer  step has in fact been 
shown to be possible for T I ( I ) - T I ( I I I )  exchange in 
solution (52), and is thought possible when the reac- 
t ion is catalyzed by a p la t inum black surface (53). 
Within  the past year, two-electron t ransfer  steps have 
been proposed for the dissolution of tungs ten  in NaOH 
(54) and for zinc in water -propanol  mixtures  (55). To 
cite another  case, Timmers, Sluyters-Rehbach,  and 
Sluyters  (56) are of the opinion that  Zn + is not a 
stable intermediate  at the zinc amalgam electrode, 
which instead reacts in a two-electron step. Hampson 
and co-workers (57) have recently proposed that  for 
PbO2 in alkali, the charge t ransfer  at low overvoltage 
is a two-elect ron t ransfer  step. 

Summary 
An important  feature of the pre~ent results is that  

i ron dissolution at high [H +] and [C1-] is promoted 
by hydrogen ions ra ther  than by hydroxyls.  A detailed 
mechanism has been proposed involving electrostatic 
at t ract ion of H + ions to chemisorbed halide ions. Vari-  
ous reaction mechanisms which have appeared in  the 

4 In  a tWo-electron t r ans fe r  scheme,  ZH + = 0 ensues  for  Eq. [171, 
[18] fol lowed by  F e X - s a s  ~ FeX+ + 2e- and then  Eq. [211. 

l i terature  have been discussed and have been shown to 
be either inadequate  or inapplicable.  
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Kinetics of the Deposition of Inert Particles 
from Electrolytic Baths 

N. Guglielmi* 
Laboratori di Ricera Tecnologica, Ing. C. Olivetti & C. S.p.A., Ivrea, Italy 

A B S T R A C T  

To exp la in  the  pecul iar i t ies  shown b y  the  codeposi t ion of iner t  par t ic les  
f rom elect rolyt ic  baths,  a mechanism based on two successive adsorpt ion  steps 
is proposed. In  the  first s tep the par t ic les  are  loosely adsorbed,  and they  are  
in equi l ib r ium wi th  the  par t ic les  in suspension. In  the  second step the  pa r -  
t icles are  i r r eve r s ib ly  adsorbed.  Making a few e l emen ta ry  hypotheses  about  
the  mechanism tha t  governs  the  two steps i t  is possible  to deduce a genera l  
express ion re la t ing  the  concentra t ion of the embedded  par t ic les  to the  sus-  
pension concentra t ion and the e lec t rode  overpotent ia l .  This re la t ionsh ip  is 
verified exper imenta l ly .  

The poss ibi l i ty  of codeposi t ing iner t  par t ic les  f rom 
elect rolyt ic  ba ths  in order  to obtain composite layers  
of a me ta l  ma t r i x  containing finely dispersed iner t  
par t ic les  has long been known (1, 2). In  more  recent  
years  this  technique has received increasing a t tent ion  
in view of the  in teres t ing  possibi l i t ies  i t  offers, for 
example,  the  e lec t rodeposi t ion of layers  charac te r ized  
by des i rable  proper t ies  l ike  wear  and abras ion  res is t -  
ance, the e lec t roforming of d i spe rs ion-hardened  alloys, 
and so on (3, 4). 

Al though  the technique has been cons iderably  de-  
veloped f rom the prac t ica l  point  of view, the  theore t i -  
cal deta i ls  of the  deposi t ion mechanism have not  
received pa r t i cu la r  at tention,  and are ac tua l ly  far  f rom 
being wel l  understood.  The p rob lem is to give a phys i -  
cal exp lana t ion  of the deposi t ion of the  " inert"  p a r -  
t ic les  toge ther  wi th  the  me ta l  ions, and to jus t i fy  the  
influence of the pr inc ipa l  pa r ame te r s  act ing on the 
process, which have  been shown to be the  cur ren t  den-  
s i ty and the par t ic le  concentra t ion  in the bath.  In  Fig. 1 
a typica l  example  of codeposi t ion curves is shown. The 
nonl inear  dependence  on concentrat ion,  even in ve ry  
d i lu ted  suspensions, and the pronounced dependence  
on cur ren t  density,  can be noted. 

Two different  phenomena  can be taken  into account 
to expla in  the  observed deposit ion:  e lectrophoresis  and 
adsorpt ion.  Both possibi l i t ies  can be suppor ted  by  some 
a rguments  and contradic ted  b y  others. 

A n  e lec t rophore t ic  effect could expla in  the  observed 
dependence  on cur ren t  density, but  some difficulty 
would  arise as far  as the  nonl inear  concentra t ion de-  
pendence  is concerned. In  eve ry  case a fundamenta l  

* Electrochemical Society Active Member. 
Key words: composite deposits, deposition mechanism, inert par- 

ticles. 

object ion must  be advanced  agains t  the possibi l i ty  of 
an e lec t rophoret ic  effect in a medium of ve ry  high 
ionic s t rength  such as a p la t ing  bath.  

On the other  hand, the  s t r ik ing s imi la r i ty  of the 
curves in Fig. 1 wi th  the  wel l  known adsorpt ion iso- 
therms  undoub ted ly  supports  a mechanism based on 
an adsorpt ion  effect. But such an hypothesis  is con-  
t rad ic ted  by  the ve ry  low value  of  the coverage where  
the  surface appears  to be sa tura ted.  In  addition, i t  can 
be shown tha t  a s imple adsorpt ion  mechanism cannot  
give a sa t is factory  explana t ion  for the  observed de-  
pendence on cur ren t  density.  
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Fig. 1. Codeposition of TiO~ particles from nickel sulfamate bath 
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To find a solution for the above d i lemma we  make  
use of the evident  complementary  relat ionship exist ing 
between the two mechanisms just  discussed and ad- 
vance a hypothesis in which both are taken  into ac- 
count in such a way  as to e l iminate  the contradictions. 

The proposed mechanism is based on two consecutive 
adsorption steps. The first step is postulated to be sub- 
stantial ly physical in character  and to produce a layer  
of loosely adsorbed part icles with a ra ther  high cov-  
erage. The second adsorption step is thought  to be 
field assisted, therefore  substant ial ly electrochemical  
in character ,  and produces a strong adsorption of the 
part icles onto the electrode. The strongly adsorbed 
part icles are then progressively submerged by the 
growing  metal. 

As to the physical  meaning of the two adsorption 
steps, it can be inferred that  in the first the inert  
part icles are still coated by a thin layer  of adsorbed 
ions and solvent molecules, which substant ial ly screens 
the interact ion between the electrode and the particles. 
In the second step the electrical  field exist ing at the 
in terface  helps to uncover  the particles, so producing 
a stronger, field-assisted adsorption. There is an evi-  
dent analogy be tween  the two postulated stages of 
adsorption for the part icles and the adsorption of ions 
respect ively  in the outer  and inner Helmhol tz  planes 
of the electrode. 

It can be shown that  the postulated mechanism is 
not affected by the above-ment ioned  objections, and 
makes it possible to just i fy both current  density and 
nonl inear  concentrat ion dependence of the  deposition 
process. In the fol lowing a quant i ta t ive  t r ea tment  of 
the proposed model  is developed and subjected to 
exper imenta l  verification. 

Mathemat ica l  Treatment  
The previously outl ined model  is schematical ly 

shown in Fig. 2. The steps of loose adsorption, strong 
adsorption, and embedding  have  been represented as 
progressing f rom the top to the  bottom of the figure, 
but  are obviously randomly distr ibuted over  the whole 
surface of the electrode. The min imum approach dis- 
tance of the loosely adsorbed particles, which has 
molecular  dimensions, has been marked ly  exaggerated.  
We define the loose adsorption coverage, r and the 
strong adsorption coverage, 0, respect ively as 

= SL/S 0 = S s / S  [1] 

where  S, Ss, SI are the total electrode area, and respec- 
t ive ly  the area overshadowed by strongly adsorbed 
and par t ia l ly  embedded particles and by loosely ad- 
sorbed particles. 

The dependence of a on the concentrat ion C of sus- 
pended part icles can be deduced in much the same way 
as the classical Langmuir  adsorption isotherm (5), the 
difference being that  only a fraction (1 -- 0) of the 
surface area is real ly avai lable  for the establ ishment  
of the equil ibrium. It is easily seen that  such a l imita-  
tion can be taken into account by introducing a factor 

z 
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Fig. 2. Scheme of the two-step deposition process 
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(1 -- 0) into the classical expression of the isotherm 
and therefore  

kC 
-- - -  (1 -- o) [2] 

l + k C  

where the constant k depends essentially on the in- 
tensity of the interact ion be tween part icles and elec- 
trode. 

The dependence on a of the strong adsorption rate 
is obviously linear. To take into account the postulated 
field dependence of the process, we introduce an ex-  
ponential  rate  factor roe B€ where  *1 is the  overpotent ia l  
related to the meta l  deposition process, whi le  Vo and B 
are constants. 

Such a factor has ~t strict analogy wi th  the Tafel ex-  
ponential  governing the electrode processes at high 
overpotentials ,  and it is compatible with an adsorption 
mechanism implying a field-assisted act ivated state. 

As to the apparent ly  a rb i t ra ry  dependence on ~, 
which is here introduced for convenience, it can be 
noted that, if an exponent ia l  dependence on field in- 
tensity at the interface is accepted, every  magni tude 
l inearly re la ted to such field intensity, and therefore  
also n, can be inser ted in the exponent ia l  if the con- 
stants Vo and B are proper ly  adjusted. We can there-  
fore wri te  for the strong adsorption rate, taking Eq. 
[2] into account 

kC 
d V p / d t  = ~voe B~ = voe ~" (1 - - 0 )  [3] 

l ~ - k C  

where  d V p / d t  is the volume of particles strongly ad- 
sorbed on 1 cm ~ of electrode surface per second. 

The vo lume d V m / d $  of metal  electrodeposited on 1 
cm 2 of electrode surface per second can be deduced 
from Faraday 's  law 

Wi 
d V m / d t  = [4] 

n F d  

where  F is the Faraday  constant, W the atomic weight  
of the electrodeposited metal, d the density of the 
same, n the valence, and i the current  density. 

If the part icle concentrat ion in the deposit is ex-  
pressed as vo lume fraction a, it is easily seen that  the 
total volume (metal  + particles) deposited on 1 cm 2 
of electrode surface per second can be expressed as 

dVm W i  
d V / d t  - -  - -  [5] 

dr (1  --  a) nFd(1 -- a) 

On the other  hand, the current  density i is related to 
the overpotent ia l  by the But le r -Vomer  equat ion (6), 
which at high field approximat ion can be wr i t ten  in 
the Tafel form 

i = (1 -- O)ioe A, [6] 

where  the factor (1 --0) takes into account the  area 
real ly avai lable for electrodeposition. Insert ing Eq. [6] 
in Eq. [5] we get 

Wioe An (1 -- O) 
d V / d t  = [7] 

nFd(1 -- a) 

The volume fraction a of part icles in the deposit can 
be related, in a s tat ionary condition, to the  rates of 
strong adsorption d V p / d t  and total deposition d V / d t  

d V p / d t  
, ~  = - -  [8] 

d V / d t  

Subst i tut ing Eq. [3] and [7] in Eq. [8] and rear rang-  
ing, we ar r ive  at a general  expression, relat ing the 
volume fraction of the embedded particles to the sus- 
pension concentrat ion and the electrode overpotent ia l  

a n F d v o  k C  
. =  ~ �9 e ( B - A ) "  " - -  [9] 

1 -- a Wio 1 -{- k C  

This equation summarizes  all the principal  fea- 
tures of the inert  part icle codeposition. The depen- 
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dence on concentrat ion is proportional,  but  not ident i -  
cal with the adsorption isotherm factor [2] and 
therefore the observed apparent  saturat ion of the 
electrode at low values of # can be explained by the 
related high values of ~. The parameters  Vo and B, 
related to the particles'  deposition, p lay  a symmetr ical  
role with the parameters  i~ and A related to the metal  
deposition. In  particular,  a increases or decreases with 
n depending on the relat ive values of A and B. In  the 
restricted case of low values of a the factor (1 -- a) 
can be dropped and Eq. [9] can be rearranged in the 
following form 

c ) 
-- = - -  �9 e c A - B ) n  �9 -~ C [10] 

a nFdvo 

If the expression consti tut ing the le f t -hand  side is 
plotted against C for different values of % it represents 
a sheaf of straight lines having the common intersec- 
t ion on the point  1/k of the C axis and a slope equal 
to the factor outside the parenthesis 

Wio 
tgr - -  - -  �9 e c 4 . - s ) ,  [ 1 1 ]  

nFdvo 

Equation [10] should be tested by deposition experi-  
ments  at constant  potential;  however it also has an 
approximate val idi ty  at constant  current,  as long as 
the factor a is small. In  this approximation,  
i/io _~ e a, and the following subst i tut ions can be made 
in order to express tg~b as a function of i 

ioe ( A - B ) n  "-- ~oe A n ( I - B / A )  : ioB/Ai ( 1 - B / A )  [12] 

Subst i tut ing the  last expression in Eq. [11] and taking 
the logarithms we get 

WioS/A 
log tg~ -- log + (1 -- B/A) log  i [13] 

nFdvo 

which shows l inear  dependence of log tg~b on log i. 
If we plot tg~ against i in logarithmic coordinates 

we obtain a straight line having a slope (1 -- B/A)  and 
a value at i ---- 1 (log i ---- 0) equal  to the argument  of 
the first term appearing in the r igh t -hand  side of Eq. 
[13]. 

Experimental 
The apparatus and the experimental  techniques used 

to obtain the deposits have been described elsewhere 
(7). The plat ing solution was a normal  sulfamate bath 
of the following composition: 

Nickel sulfamate 400 g / l i te r  
Nickel chloride 5 g/ l i ter  
Boric acid 30 g/ l i ter  
Ant ipi t  agent 0.5 g/ l i ter  
pH 4 _+ 0.2 
Temperature  50~ _ 2~ 

To this bath were added variable amounts  of the fol- 
lowing powders: (i) TiO2, C. Erba S.p.A. reagent 
grade, mean size 1 ~m, density 3.84. (ii) SiC, Elektro- 
schmelzwerk GmbH, mean  size 2 #m, density 3.21. All  
deposits were obtained at constant current.  The anal -  
yses were performed by gravimetric  methods. 

Results and Discussion 
In  Fig. 3 the exper imental  resul ts  of Fig. 1, con- 

cerning Ni-TiO2 deposits, are plotted according to Eq. 
[1O]. The exper imental  points can be satisfactorily 
grouped on a sheaf of straight lines converging at a 
negative point  on the abscissa, as required by the 
above-developed theory. 

The common intercept on the C axis has a value 
--0.19, which can be equated to - -1 /k  giving 5.3 for 
the adsorption constant  k. Such a constant  is d imen-  
sionally a pure number ,  being the inverse of a d imen-  
sionless per cent concentration. 

For particles of reasonably regular  shape, the vol- 
ume fraction a has near ly  the same value as the sur-  
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Fig. 3. Codeposition of TiO~ particles according to Eq. [10] 
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Fig. 4. Slope (tgr dependence on current density 

face fraction 0. I t  is therefore possible, knowing k and 
~, to compute ~ by means of Eq. [2]. In  Table I the 
computed concentrat ions are listed at a fixed cur-  
rent  density. All  the values being given as percentages 
it  is possible to compare surface and volume concentra-  
tions on a common scale. The values I00~, as noted 
above, are also indicat ive of the surface concentrat ion 
of strongly adsorbed particles. 

It can easily be seen that  the concentrat ion of 
loosely adsorbed particles is greater by two orders of 
magni tude  than the concentrat ion of suspended part i -  
cles, and that  also in very diluted suspensions a pre-  
vai l ing fraction of the electrode surface is screened, 
so just i fying the premature  sa turat ion of the surface 
exper imenta l ly  observed. The substant ia l ly  lower con- 
centrat ion of s trongly adsorbed particles shows that  
the second adsorption step is relat ively slow. In  Fig. 4 
the logari thms of the slope tgr of the lines in  Fig. 3, are 
plotted against  log i. The values are well  grouped on 
a straight l ine with a slope 0.35. Equat ing this value 
to (1 -- B/A)  according to Eq. [13] it is possible to 
express B in terms of A 

B = 0.65A [14] 

A similar analysis has been carried out on Ni-SiC 

Table I. Per cent concentration of Ti02 particles at 5 A/dm 2 

C (%) 100o- (%) lOOa (%) 

0.13 40.8 3.5 
0.26 55.2 4.3 
0.52 69.5 5.2 
0.78 75.5 6.2 
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Fig. 5. Codeposition of SiC particles according to Eq. [10] 
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deposits on the basis of the exper imenta l  results plot- 
ted in Fig. 5 in the same way as those of Fig. 3. Also 
in this case the points group well  on a sheaf of straight 
lines converging to a negative point  on the C axis. 
The constant  k is substant ia l ly  higher than  in the 
previous case, having a value 8.3. By use of such a 
value the surface concentrat ion of loosely adsorbed 
particles can be computed, obtaining the results re- 
ported in Table II for i ---- 5 A / d i n  2. The loose adsorp- 
t ion of SiC particles is notably  greater  than  that  of 
TiO2 particles and  can lead to an almost complete 
saturat ion of the surface. 

Figure 4 shows the dependence of tgr on current  
densi ty for Ni-SiC deposits. The slope of the straight 
line is negative with a value --0.51 which gives the 
following expression for the constant  B 

B ---- 1.51A [15] 

We note that  if B > A there is an increase of a when 
current  densi ty is increased whi le  in the case B < A 
there is a corresponding decrease. TiO2 and SiC par t i -  
cles in sulfamate baths i l lustrate the two cases. 

The very  high coverage by loosely adsorbed par t i -  
cles observed on the electrode points out the problem 
of the interference of these particles with the electro- 
deposition of meta l  ions. Since the metal  layers are 

Table II. Per cent concentration of SiC particles at 5 A/dm 2 

C (%) 100o" (%) lOOa (%) 

0.16 55.7 1.9 
0.31 '/0.8 2.1 
0.93 86.5 2.3 
1.56 90.2 2.8 

compact and uni formly  deposited it  mus t  be concluded 
that  the interference is not so important .  I t  can be 
argued that  the particles, gigantic in respect to ionic 
dimensions, do not block the arr ival  of ions to the 
electrode surface, in  a s imilar  way as a disconnected 
row of i r regular  big stones does not  stop a stream of 
water. It seems probable that by means of electrode 
polarization measurements  a bet ter  insight into this 
problem could be obtained. 

Conclusions 
The exper imenta l  data agree well  with the proposed 

codeposition mechanism based on a two-step adsorp- 
tion process. In  this model the deposition of iner t  par t i -  
cles depends on three parameters  (k, vo, B).  All  these 
can be computed by means  of the relat ions [10] and 
[13] once the constants io and A, obtainable  by overpo- 
tent ia l  measurements  in the plat ing solution, are 
known. 

The strong dependence of part icle codeposition on 
solution composition, observed by m a n y  authors, can 
easily be justified in the present  model since the be-  
havior of the particles depends strictly on the struc-  
ture of the layer  of molecules and ions adsorbed on 
their  surface, and indirect ly on the composition of the 
solution. 

A separate de terminat ion  of the three parameters  k, 
Vo, and B at different compositions could probably 
give more detailed informat ion  on the effective action 
of the various solution components.  Research in this 
direction is present ly  being carried out by our lab-  
oratory and wil l  be the subject  of a later  paper. 
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ABSTRACT 

Ultraviolet  light has been shown to be effective in inhibi t ing the electroless 
deposition of Cu, Ni, and Co if applied after sensitization, and of Ni and Co 
after activation. Electron microscopic techniques are applied to investigate 
these phenomena.  It is concluded that  s tructural  changes in the sensitizing and 
activating agents induced by the u.v. l ight are connected with the inhibi t ion 
of metal  deposition. 

Thin metal  films deposited by the electroless process 
have attracted the interest  of a number  of workers 
recently. This is largely so because of the considerable 
technical potential  that this kind of film has. One of 
the rather  interest ing characteristics that  these films 
have is the relat ive ease with which they can be de- 
posited. Although quite a number  of chemical systems 
for metal  deposition have been developed (1), l i t t le 
is understood about the actual mechanisms which gov- 
ern  the physical chemistry of these systems. 

We have investigated previously (2) the nucleation 
and growth of thin electroless Ni-P deposits. Sard has 
carried out (3) similar studies on electroless copper 
deposits. The nucleat ion of electroless Co-P deposits 
has been studied to some extent  by Frieze, Sard, and 
Well (4). 

An impor tant  property of electroless systems is 
their  abil i ty to deposit metals selectively. This has 
been demonstrated by Sharp and co-workers (5) who 
desensitized portions of a surface with u.v. radiation. 
The same effect has been observed by other workers 
[see, for example, Ref. (6)].  In an effort to fur ther  
elucidate the process of sensitization prior to deposi- 
tion, Cohen et aL (6) used Mossbauer spectroscopy to 
study t in sensitizer deposits formed on Kapton films 
(du Pont  polyimide).  On the basis of these and other 
results, they have concluded that  the sensitizer is pres- 
ent  as a colloid in the sensitizing bath and is adsorbed 
on the substrate when it is dipped. They also suggested 
that the photosensitive substance contains more Sn +4 
than Sn +2. The Sn +2 is oxidized by exposure either to 
air or to the Pd activation bath. In the Pd bath the 
process 

Pd+2 ~ Sn 4 2 pd o ~ Sn+4 

presumably  leads to the formation of a Pd layer on 
the substrate. This surface supposedly provides cata- 
lytic sites for deposition of the electroless metal. Ul t ra-  
violet i r radiat ion is assumed to inhibi t  the metal  
growth by simply oxidizing the Sn .2 to Sn +~ prior to 
the Pd bath, hence, prevent ing the formation of a 
pal ladium layer. 

No previous studies have been reported of the effect 
of u.v. i rradiat ion on the pal ladium activated surface. 
Working with Ni and Co, we have found that u.v. light 
is effective in inhibi t ing the electroless deposition even 
if it is applied after activation. This, we shall show, 
renders  the model of Cohen et al. (6) ra ther  incom- 
plete. Based on some experimental  evidence, we claim 
that the u.v. introduces s t ructural  changes in the cata- 
lytic sites. As a result  of those changes electroless 
deposition becomes impossible. 

Experimental 
Although our main interest  in this work has been a 

study of the premetalizing stages, the complete proc- 

K e y  words :  films, crys ta l l iza t ion,  i r rad ia t ion ,  s t ruc tu re ,  clectroless.  
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esses for electroless deposition of nickel, copper and 
cobalt were used in the investigation. The chemical 
solutions employed for deposition of the three metals 
were as given in the l i terature (2-4). All  chemicals 
were supplied by Fisher or Canlab, and were used 
without  further  purification. 

Microscope slide glasses coated on both sides with 
Formvar  (4g polyvinylformal  in 1 l i ter of e thylene di- 
chloride) were used as substrates. The Formvar  was 
floated off the glass in distilled water. 

The samples were examined with a Hitachi HU-I2  
electron microscope. The effect of irradiation on the 
microstructure of the sensitized and activated surfaces 
was investigated by examining  samples in the micro- 
scope, removing them for irradiation, and then re- 
examining the same samples. 

In investigating the effect of u.v. i rradiat ion on the 
metal deposition, Formvar  coated glass substrates were 
immersed in the sensitizing (or sensitizing and activat-  
ing) solutions and then irradiated, on one side only, 
with u.v. light. The opacity of the glass prevented 
irradiat ion of the other side. Cont inuat ion of the depo- 
sition process resulted in normal  deposition on the non-  
irradiated side, showing that  any inhibi t ion of deposi- 
tion on the other side was directly due to the i r radia-  
tion. 

The u.v. i r radiat ion was carried out using an Oriel 
50W mercury  lamp at a distance of about 5 cm from 
the sample. 

Results 
In  Fig. 1 we present  t ransmission electron micro- 

graphs of Formvar  coated surfaces: a, sensitized (1 
min)  and rinsed ( �89 m i n ) ;  and b, sensitized (1 min) ,  
rinsed ( �89 rain),  activated (1 min) ,  and r insed ( �89 
rain).  In  accordance with Sard's observation, the prod- 
uct of the sensitization process appears to consist of 
particles of approximately 20A diameter, agglomerated 
into dense clumps an order of magni tude  or so larger. 
The clumps themselves are randomly distributed on 
the surface. The activated surface shows particles of 
about 50A in size. This is presumably  (3) a deposit of 
metallic palladium. 

In  Fig. 2, the corresponding diffraction pat terns are 
shown. Figure 2a, for the sensitized surface, is a 
pat tern which seems to be characteristic of SnO2 (3). 
The pat tern for the sensitized and activated surface is 
seen in Fig. 2b. It is ra ther  difficult to a t t r ibute  these 
diffuse pat terns to any one symmetry  or chemical 
compound. One might  expect a more distinctive pat tern 
from the activated layer since a pal ladium layer  would 
be expected in accordance with Bravais '  law to form 
with the close packed planes {111} parallel  to the sub- 
strate surface. We assume that the lack of a distinctive 
pat tern  is due to the small particle size. 

Figure 3 shows the effect of ul t raviolet  irradiation 
on the a, sensitized, and b, sensitized and activated 
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Fig. la. Transmission electron 
micrograph of a Formvar coated 
surface sensitized in SnCI2 for 1 
rain and rinsed for �89 rain in 
distilled water; lb, Transmission 
e|ectron micrograph of a Form- 
vor coated surface after sensi- 
tization as in (a) and subsequent 
activation for 1 rain (in PdCI2) 
followed by a V2 rain rinse. 

Fig. 2a. Electron diffraction 
pattern exhibited by the sample 
corresponding to Fig. 1a--elec- 
tron beam energy 100 keV; 2b, 
electron diffraction pattern ex- 
hibited by the sample corre- 
sponding to Fig. 1b--electron 
beam energy 100 keV. 

F o r m v a r  surfaces. The electron diffraction pat terns  
obtained before (I) and after (II) 50 min  of u.v. 
i l luminat ion are shown for each case. We have found 
that  the u.v. t r ea tment  is effective at both stages in 
inhibi t ing the deposition of nickel and cobalt. In the 
case of copper, however ,  u.v. l ight is effective only 
af ter  the sensitization stage. The significance of the 
difference in behavior  be tween  copper on the one hand 
and nickel and cobalt on the other  is discussed below. 

F igure  4 shows micrographs and corresponding dif- 
fract ion pat terns of Co-P films at ear ly  stages of 
growth. These results show clear ly  that  the deposit is 
ini t ia l ly  amorphous,  and that  the ex ten t  of crystal l iza-  
tion and the size of the individual  crystal l i tes increase 
wi th  deposition time. Other  factors, such as the pH of 
the rnetalizing bath, influence the degree of crystal l iza-  
tion and are being cur ren t ly  invest igated by us. 

Discussion 
Working with  electrolessly deposited copper, Cohen 

et al. (6) have found that  u.v. i r radiat ion af ter  sensiti-  
zation is sufficient to inhibit  meta l  deposition. This 
they explained in terms of the oxidat ion of Sn+2 to 
Sn +4 by the u.v. light. The Sn +2 is essential  for the 
format ion of the metal l ic  Pd deposit in the act ivat ion 
stage (see above) .  It is plain that  this cannot be 
accepted as the complete  explanat ion of the role of 
u.v. in inhibit ing growth since, for Co or Ni, u.v. l ight  
is effective in inhibi t ing meta l  deposition even af ter  the 
Pd bath. 

Based on the results presented in Fig. 3, we bel ieve 
that  an explanat ion of the influence of u.v. l ight must  
also include crystal l ine s t ructure  changes. While  more 
exper imenta l  work  is needed before a complete  model  
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Fig. 3a--h Electron diffraction 
pattern of sensitized Formvar 
(no u.v.); Electron beam energy 
100 keV. 3atoll. Diffraction 
pattern for the same sample as 
in 3a-- I  after 50 min u.v. illu- 
mination. 

Fig. 3b--h Electron diffrac- 
tion pattern of activated Formvar 
(no u.v.); Electron beam energy 
100 keV. 3b---il. Diffraction 
pattern for the same sample 
as in 3b---I after 50 min u.v. 
illumination. 

can be drawn, one can argue in the following quali ta-  
t ive way. 

The effect of i r radiat ion on the diffraction pat terns of 
both the sensitized and activated layers is to increase 
the degree of crystallization. This is a consistent t rend 
which was observed in m a n y  samples prepared under  
various conditions. In  the case of the sensitized layer, 
this may well  be associated with the oxidation of a 
divalent  t in  compound to form SnO2; but  it is also 
clear that  the degree of crystall ization is also increased 
by  the irradiation. The si tuat ion is similar for the acti- 
vated layer. It  is harder  to envisage a chemical change 
in  metall ic pal ladium result ing from irradiation, al-  
though, it is tempt ing to suggest an oxidation to a 
divalent  state by analogy with the oxidation of the t in  
compound. In  any event, again a higher degree of 
crystall ization definitely results from the irradiation. 

The fact that  deposition of nickel and cobalt is in-  
hibited by i r radiat ion of the activated layer, while  
copper is deposited with no discernible change in  the 
rate  of deposition, is par t icular ly  interesting.  This dis- 
par i ty  in  behavior  cannot  be explained simply in terms 
of the crystal  s t ructure  of the metals involved. Pa l -  

ladium is face-centered cubic, and it is reasonable to 
suppose that  other metals  with the same crystal s truc-  
ture could form epitaxially on the palladium. Both 
copper and nickel are face-centered cubic; cobalt is 
normal ly  hexagonal  close packed. Hence, on this basis 
one would expect cobalt ra ther  than  copper to behave 
differently. 

The difference most probably lies in the fact that  
the chemistry of the nickel and cobalt deposition 
processes is closely related, and involves phosphorus, 
which is incorporated into the deposited layer. For  
copper, however, no hypophosphite is used in  the 
metalizing solution, and it is know n  that hydrogen is 
incorporated into the deposited film. This difference 
might  be the reason for an ini t ia l ly l iquid-l ike struc-  
ture for both Ni(2) and Co (see Fig. 4). In  carrying 
this point somewhat fur ther  it may be speculated that, 
under  such circumstances, an increased crystal l ini ty in 
the Pd prior to metal izing might  well  inhibi t  the 
deposition of Ni and Co. The present  state of knowl-  
edge of the detailed chemistry of the processes is in-  
adequate to provide any fur ther  explanation. 
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Fig. 4. Electron micrographs 
and corresponding electron dif- 
fraction patterns for Co-P films 
at early growth stage, a-- l .  2 
rain in metalizlng solution 
(micrograph). a-- i l .  2 rain in 
metal~zing solution (diffraction 
pattern), b-- I .  4 rain in metal- 
izing solution (micrograph). b ~  
I1. 4 mln in metalizing solution 
(diffraction pattern). 
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Two-Layer Printed Wirings on Mylar Foil 
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ABSTRACT 

Two- layer  wirings with a total  thickness of only  15 ~rn could be prepared 
by chemical ly meta]izing a 5 ~m Mylar  foil, electrodeposition of copper and  
photoetching. It  was possible to produce plates of the outer dimensions 
170 • 360 ram. Resistances of the metal  lines (100 ~m width and 5 ~m thick-  
ness) were equal to wi th in  •  of an  average value. Matrices of this sort 
may  be used for various purposes, e.g., as drive l ine systems for low-cur ren t  
plane magnetic  film memories. 

For the realization of plane magnetic  film memories, 
suitable drive l ine systems are necessary to operate 
the magnetic  elements. It  has proved advantageous to 
apply flexible pr in ted  wir ings in front of the memory  
plane. They may  be produced by photoetching of 
commercial  copper-clad polyester or polyimide foils, 
as was done by Bi t tmann  et aL (1). In  commercial  
copper-clad laminates, which are now available in  
great  variety (2), the separation be tween the two 
metall ic sheets amounts  to more than  20 #m. The dis- 
tance of the lines from the magnetic elements has a 
very great influence on the in tens i ty  of the necessary 
drive current .  In  order to develop a low-cur ren t  p lanar  
magnetic film memory it was, therefore, necessary to 
have a l ine mat r ix  with a very small  separation of the 
l ines on both sides of the support. It  was the purpose 
of the present  work to produce a two- layer  wir ing 
matr ix  with a total  thickness of 15 #m. 

A Mylar  foil of 5 ~m thickness was chosen as the 
substrate, which was to be chemically metalized wi th-  
out using adhesives. The th in  metal  film was to be re-  
inforced by  electrodeposited copper so that  the l ine 
pat tern  could then be etched. 

The main  problem was the poor adherence of the 
metal  to the Mylar  due to the lack of chemical bonding 
forces on the mechanical ly  smooth surface. Without  
adhesives, Mylar  foils have only been coated with 
metal  films of less than  0.3 #m thickness (3, 4). 

In  preparat ion for metalization, the specimens were 
dipped into a hot solution of sodium hydroxide for 5 
min. By this means, a surface layer of about 1 #m 
thickness was dissolved and the remaining  foil was 
roughened. It  was useful to mechanical ly vibrate  the 
frame dur ing this hot dip. After  activation in solutions 
of t in  chloride and pal ladium chloride the Mylar was 
ready for metalization. Chemically deposited copper 
or nickel resul ted in  unsatisfactory adherence. Satis- 
factory adherence was achieved, however, when  chemi- 
cally deposited films of silver, which had been aged, 
were reinforced by copper. 

Without  aging, the peel s t rength of etched s i lver /  
copper lines was very  poor, bu t  an increase was noticed 
when the silver film was heated for several hours at 
100~ A second hea t - t rea tment  after the electrodeposi- 
t ion of copper resulted in a fur ther  small  improve-  
ment.  This adherence, though not very  strong, proved 
satisfactory, since all parts  of the memory  mat r ix  were 
to be held together by  compression. Figure  1 shows 
a micrograph of this type of double-coated Mylar  foil. 
The silver film, having a thickness of only 200 nm, 
cannot  be observed, whereas the copper deposit on 
both sides of the insula t ing mater ia l  is clearly visible. 
The separat ion of the two metall ic planes is 4 ~m. In  
comparison to this, the separation of the two metall ic 
sheets of a commercial  copper-clad foil ranges be tween 
20 and 30 ~m. 

For reasons of corrosion resistance and soldering 
technique, it was preferred to have the lines coated 

Key  words:  magnet ic  film memory ,  chemical  metalization,  elec- 
trodeposition, photoetchL, lg. 

with gold. A reversed photomask was, therefore, ap- 
plied, and the noble metal  was electrolytically de- 
posited onto the unprotected areas. This was performed 
by applying a commercial, neu t ra l  gold bath, which 
operated at 75~ and had a yield of near ly  100%. The 
gold layer  of 2 #m thickness served as an  etching 
mask for the production of the l ine pa t te rn  on both 
sides of the foil. Etching was carried out using a solu- 
t ion of chromium oxide in  sulfuric acid. To complete 
the removal  of the silver, an  in termediate  t rea tment  
in a solution of sodium thiosulfate was used. Figure 2 
shows a mat r ix  wi th  the outer dimensions of 160 • 
200 mm. The word lines are seen on the upper  side of 
the foil in a vertical  position. They begin near  the 
edge of the frame and extend to the opposite strip 

Fig. 1. Micrographs of coated Mylar foils 

Fig. 2. Line matrix for a low current memory device. Outer di- 
mensions, 160 x 200 ram; width of the word lines, 100 ~m; 
digit lines 200 ~m. 
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Fig. 3. Resistance of word lines as a function of the position in 
the matrix. 

below. On the reverse side, the digit lines cover the 
foil in a horizontal  position. It was necessary that  all 
resistances of the l ines should be equal to wi th in  • 5% 
of an  average value. We were, therefore, obliged to 
check the resistance of every line. This was performed 
automatical ly  by a motor  dr iven contact and a str ip-  
chart  recorder. Figure 3 shows typical resistance va l -  
ues for the x- l ines  of two different matrices. Over the 
middle of the plate, whose copper deposit was pro- 
duced by  a br ightening CuSO4 bath (open circles), 
the resistances were constant  to wi thin  • 0.5 ohm. 
Near the edge of the frame, however, the values in-  
creased considerably. I t  was observed that  a reduced 

SCIENCE AND T E C H N O L O G Y  Augus t  I972 

thickness of the copper deposit was the cause of t h e  
increased resistances, due to a screening effect of t h e  
frame. The throwing power of the applied br igh ten ing  
copper sulfate bath  was not good enough. The effect  
did not appear, when  the deposition of the metal  w a s  
performed in a copper pyrophosphate electrolyte and  
the values shown in the other curve (filled circles), 
were obtained. The tolerances prescribed for the re-  
sistances of the l ines were thus achieved. 

Having overcome the ma in  problems, it  was possible 
to produce plates with the outer dimensions of 170 
• 360 mm, which were needed for a memory  model. 
The results concerning the funct ion of this memory  
device have been published recent ly  (5). 
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Double Layer Capacity Measurement 
in Dilute Solution: A New Technique 

M. Babai,* N. Tshernikovski~ and E. Gileadi* 
Institute of Chemistry, Tel-Aviv  University, Ramat-Aviv,  Israe~ 

ABSTRACT 

An ins t rument  is described that  can automatical ly  plot the capacitance- 
potent ial  curve of polarizable electrodes. The ins t rument  is suitable for operat-  
mg with solid electrodes and in dilute solutions, using positive feedback for 
IR correction. Several i l lustrat ions of its applicabil i ty are given and  its l imi ta-  
t ions discussed. 

Measurement  of the impedance of the ionic double 
layer at mercury  and at solid electrodes is of major  
importance for the unders tand ing  of double layer  
structure,  electrosorption, and electrode kinetics. The 
methods of measurement  may be classified in  two 
groups, namely,  the a-c and the pulse techniques. 

The a-c group includes the we l l -known bridge 
method which was developed to a high degree of ac- 
curacy by Grahame (1) and applied widely for the 
dropping mercury  electrode. I t  is the most accurate 
method for impedance measurement .  However, its t ime-  
consuming character l imits its use to electrodes whose 
impedance is independent  of t ime and mostly to l iquid 
metal  electrodes. Another  method is the so-called a-c 
polarography developed by Breyer and G u t m a n n  (2) 
in  which a small  sinusoidal signal is superimposed on 
a slowly varying t r iangular  potential  sweep. In  mod- 
ern a-c polarography a phase-sensi t ive uni t  is in -  

�9 Electrochemical Society Active Member. 
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solutions,  

corporated that  yields separately the "in-phase" and 
the "out-of-phase" (quadrature)  components of the 
double layer  impedance. Recently, Tshernikovski  and 
Gileadi (3) have replaced the sinusoidal  by a small  
t r iangular  signal. As long as the impedance measured 
is main ly  capacitative, the response to a small  t r i angu-  
lar wave is a square wave whose ampli tude is propor-  
t ional  to the capacity. Rectification of the resul t ing 
square wave by a proper sampling technique allows 
o n e  to obtain directly the whole capacitance vs. poten-  
t ial  curve, as in a-c polarography. 

Pulse  techniques include repetitive square wave, 
single pulse, and the coulostatic method. The first 
two have been developed by Hackerman and co- 
workers  (4) and applied mostly to the s tudy of double 
layer  capacitance at solid electrodes. These two meth-  
ods are usual ly  simpler and faster than the a-c tech- 
niques, but  provide results of much lower accuracy. 
The coulostatic method developed by Delahay, De 
Levie, and Giul iani  (5) permits  double layer  measure-  
ments  in  very  di lute solutions. 
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Unti l  recently,  all methods neglected the ohmic 
potential  drop (IR) due to the resistance in solution 
be tween the working electrode and the tip of the 
Luggin capil lary connected to the reference electrode. 
This potential  drop can be compensated for by adding 
a positive feedback loop to a convent ional  potentiostat. 
De Levie and Husovsky (6) have used this mode of 
IR compensat ion in a modern  version of an  a-c polar-  
ograph with phase sensit ive detection, developed by 
them. In  the present  communication,  an ins t rument  
similar  to that  of Tshernikovski  and Gileadi (3), in 
which an IR compensat ion loop and a modern  sampling 
uni t  have been incorporated, is described. This ins t ru-  
men t  allows quick and accurate measurements  of the 
double layer  capacity at concentrat ions down to 3 • 
10-4M, 

Ci rcu i t  Descr ipt ion 
A small  t r iangular  signal (1-25 mV) is produced 

in terna l ly  by a t r iangular  wave generator  shown in 
the upper  section of Fig. I. This signal is fed to the 
input  of a convent ional  potentiostat  having a positive 
feedback loop for IR correction (7) (operational 
amplifiers 1-3 in  Fig. 1). Total compensation for large 
series resistance (very di lute  solutions) is impossible 
because the whole circuit then tends to go into oscilla- 
tions. This difficulty was also realized by De Levie and 
Husovsky (6) who had to use a-posteriori corrections 
when  the total ionic s t rength in solution was below 
0.01M. Figures 2b and 2c show the uncorrected and 
the corrected forms of the square wave, respectively, 
obtained with the present  ins t rument ,  compared to the 
theoretical waveform which would be expected for a 
pure capacitor (Fig. 2a). Comparison of Fig. 2a and 
2c shows that  after a certain fraction of the period 
(marked by arrows) the current  becomes constant  and 
equal  to that  obtained for an ideal capacitor of the 
same magnitude.  I t  is in  this portion of the wave that  
one should sample the current  to minimize errors due 
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to IR drop and its incomplete compensation. The 
shorter the sampling time, the smaller  the error  due to 
the above effect as seen from Fig. 2c. In  addition to 
sampling, a clamping circuit was used to isolate d-c 
currents,  which may originate in the ins t rument  itself 
or in slow Faradaic processes, from being included in 
the output  of the sampling unit .  El iminat ing the d-c 
love1 of the signal by a capacitor is not  sui table b e -  
cause the final state is established only after several 
cycles. The clamping circuit described below has the 
advantage of reaching it in the first cycle. 

The switching circuit  includes two FET gates, one 
of which is open while the other is closed. Their  open- 
ing and closing is synchronized with the square wave 
output  of the potentiostat  (after  IR compensation) as 
shown in Fig. 3. The par t  of the switching circuit which 
controls the FET gates is shown in F ig .  4. Pulses are 
fed to A and B (cf. Fig. 4) from two comparators 
(amplifiers 5 or 7 and 6). One of them is controlled 
by the square wave (Fig. 3a) and  the other by  the 
t r iangular  wave (Fig. 3b). The gate will  open when 
both A and B in Fig. 4 are negat ive (or positive for the 
second FET in Fig. 1). Owing to the fact that  the t r i -  
angular  wave is ant i -phase with the square wave 
(Fig. 3a, 3b), they must  be fed to opposite inputs  of 
the corresponding comparators. The exact moment  at 
which the gate wil l  be opened is determined by the 
adjustable d-c level at the second input  of the com- 
parators which are synchronized with the t r iangular  
wave. 

Performance 
Measurements  on dummy cells with capacitors in 

the range of 0.1-5 ~F in series with resistors from 
10 ohms to 10 kohms indicate proper correction for 
the series resistance up to frequencies of 4 X 103 Hz. 
Phase shifts in  the positive feedback loop l imit  the 
upper  f requency range. There is no ins t rumenta l  
l imitat ion on the lowest f requency which can be em- 
ployed. This wil l  tend to be l imited by  electronic noise 
on the one hand and by the pur i ty  of the chemical 

I 

(c) 

Fig. 3. Relation between the opening and closing of the FET gates 
and other signals in the instrument. (a) Square wave input, (b) tri- 
angular wave generated by square wave, (c) resulting square wave 
(after IR correction), (d) clamping gate trigger, (e) sampling gate 
trigger. 
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Fig. 2. Schematic representation of response of capacitors end IOK 
resistors to triangular signal. (a) Pure capacitor, (b) capacitor end 
resistor in series, (c) as in (b) but following IR compensation, (d) 
capacitor and resistor in parallel. Fig. 4. Circuit controlling the FET gate 
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system (which determines  the magni tude  of the un-  
desirable Faradaic currents)  on the other  hand. 

The proper  IR compensation is de termined by v iew-  
ing the  square  wave  signal at the negat ive input  of 
amplifier 4 (Fig. 1). The resistance of the potent iom- 
eter in the positive feedback loop is increased gradu-  
ally, unti l  the wave fo rm changes f rom a shape such as 
in Fig. 2b to one resembling that  in Fig. 2c. If the 
constant par t  of the square wave  is longer than the 
sampling t ime (10 % of the period in the present  work) ,  
total  compensat ion has been achieved. When the instru-  
ment  capabil i ty is exceeded, such compensation can- 
not be achieved for any setting of the potentiometer,  
unless the f requency  is decreased. Overcompensat ion 
drives the ins t rument  into large ampli tude oscillations. 
This should be avoided when working with  solid elec- 
trodes since the surface of the electrode is l ikely to 
change in an i r revers ible  manner.  

The absolute value of the measured capacitance is 
obtained by cal ibrat ion with  a d u m m y  cell consisting 
of cal ibrated capacitors and a var iable  series resistor. 
The dummy cell is connected direct ly to the working 
electrode terminal  of the ins t rument  and through 
100-ohm resistors to the counter and reference elec- 
t rode terminals.  Af te r  measurement  wi th  the electro-  
chemical  cell the system is switched to the dummy cell. 
A capacitance similar  to that  of the real  cell is chosen 
and the series resistance is changed (without  changing 
the IR compensation) unti l  a proper  square wave  is 
seen. The recorder  reading in this position is cal ibrated 
in terms of the known value of the cal ibrated capaci- 
tor in the dummy cell. 

The data of Grahame (8) for 0.01M NaF  are com- 
pared in Fig. 5 wi th  those obtained with  the present  
instrument.  The agreement  is par t icular ly  good if it is 
r emembered  that  our results were  taken on a hanging 
mercury  drop while  those of Grahame are for a drop-  
ping mercury  electrode. The whole C vs. E plot in Fig. 
5 was obtained in a few minutes by applying a slow 
l inear  potential  sweep f rom an externa l  function gen- 
erator  ( introduced to the summing point of amplifier 
1 in Fig. 1). In Fig. 6 the comparison to Grahame's  data 
(9) is made for a 1 mM solution of KC1 at a f requency  
of 200 Hz. Here a dropping mercury  electrode was used 
and the capacitance value was read off the recorder  
t race at a fixed t ime in the drop life, so that  every  
mercury  drop yielded a single point. In this dilute 
solution the IR compensation had to be readjus ted in 
different ranges of potential, where  there  is a substan- 
tial change in capacity, to obtain best results. The 
agreement  wi th  Grahame 's  results for the same system 
is seen to be very  good over  the whole potent ial  
region. In Fig. 7 the capacitat ive component  of the 
double layer  impedance on a gold electrode in 0.3 and 
1 mM solutions of HC104 ar.~ shown. For  this purpose 
a gold rod was press-mounted in a Teflon plug in such 
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Fig. 7. Capacitance/potential plot on a gold disk electrode in (a) 
10 -3M HCIO4, (b) 3x10-4M HCIO4. Frequency 200 Hz, amplitude 
12 mV. Sweep rate 3 mV/sec. 

a way  that  the gold surface was equiplanar  wi th  the 
bottom face of the Teflon. Thus the electrode in contact 
with the solution was a gold disk of wel l -def ined di- 
mensions (diameter  2 mm) .  The electrodes were  
polished using a luminum oxide, par t ic le  size 0.05~ on 
a Slyvat  cloth. Solutions were  deaerated by bubbling 
high puri ty helium. The results obtained for 1 mM 
solution general ly  agree wi th  those repor ted  by Schmid 
and Hackerman (10) who employed the single cur ren t -  
pulse technique. 

Correction for Faradaic Current 
The existence of Faradaic  currents  due to incomplete  

polar izabi l i ty  of the (solid) electrode under  the 
desired exper imenta l  conditions, may be considered as 
a paral lel  resistance in the equivalent  circuit  represen-  
tation of the ionic double layer  impedance. The error  
introduced by this factor in the measured capacity is 
reduced by increasing the f requency and adjust ing for 
opt imum IR compensation. The shape of the square 
wave  at the output of the potentiostat  is shown for 
such a case in Fig. 2d. The error  resul t ing f rom the 
Faradaic  current  can be readily est imated f rom the 
shape of the signal on the oscilloscope. The t rue  
capacitance C is re la ted to the measured capacitance 
Cm through the equat ion 

imin 
C ---- Cm 

(1 - P ) i ~ ,  + Pimp,  

where  P is the fraction of the  hal f -cycle  during which 
sampling is made, imin and ir, ax are the values of the 
current  at the beginning and at the end of the half-  
cycle, measured on a curve such as Fig. 2d. Thus, as 
long as (/max - -  i m i n ) / i m i n  is re la t ively  small  a good 
est imate of the correction requi red  to the measured 
capacity due to Faradaie reaction can be obtained. 
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Conclusions 
The ins t rument  described herein is best suited for 

double layer capacity measurements  at highly polariz- 
able electrodes. Correction for a small  Faradaic current  
is possible, but  the existence of electrochemical reac- 
tions at a high rate make measurements  impossible. 
The dependence of the capacitance on potential  or 
t ime can be plotted continuously.  Measurements  can 
be extended to very dilute solutions (lowest concen- 
t rat ion used was 3 • 10-4M) by incorporat ing a posi- 
tive feedback loop. Measurements  in 10-3M KC1 solu- 
t ion on Hg showed excellent agreement  with the best 
l i terature data obtained by the bridge technique, but  
t h e  ins t rument  may  find more applications for meas- 
urements  on solid electrodes, where it can follow the 
slow drift in the values of double layer  capacity with 
time. It can also be convenient ly  used to obtain the 
capaci tance/potent ia l  curve dur ing cycling with a 
t r iangular  wave. 

The advantage of a circuit applying a t r iangular  
wave over that  applying the sine wave is that the 
occurrence of a series resistance is easily detected 
by the deviation of the resul t ing a-c current  from 
square wave shape. Moreover, with the sampling 
method described above complete compensation for the 
series resistance is not necessary, thus measurements  
at higher frequencies and /o r  higher solution resistances 
are possible. The numerical  value of the capacitance is 
obtained directly at the recorder output  of the ins t ru-  
ment  and no a posteriori correction need be applied. 
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Electrochemical Reactions with Consecutive 
Charge-Transfer Steps: Steady-State and 

Time-Dependent Behavior under Charge-Transfer 
and Diffusion Control 

K. J. Bachmann 
Bel~ Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Electrochemical reactions involving consecutive charge- t ransfer  s t ep s  as 
expressed by the reaction schema 

Sv = Sv+l + zve- v = I, 2 , . . . ,  n 

are considered assuming that  the only irreversible processes are charge- t rans-  
fer and diffusion and that  disproportionation of the in termediate  reaction 
products does not occur. An  arbi t rary  number  of n consecutive steps is a s -  
s u m e d  where feasible, but  detailed discussion is restricted to the exper imen-  
tal ly best understood case of a two-step reaction. A general  description is 
given of the steady-state current  densi ty-overvol tage characteristics and for 
the cur ren t  density vs. time curves in potentiostatic s ingle-pulse experiments  
and for the var ia t ion of overvoltage with t ime in galvanostatic single-pulse 
experiments,  respectively. 

In  recent years much at tent ion has been devoted to 
studies of mult is tep electrochemical reactions main ly  
because of the increasing interest  in  organic electro- 
chemistry where the over-al l  electrode reaction fre- 
quent ly  consists of a sequence of chemical and charge- 
t ransfer  reaction steps. Polarographic techniques have 
been par t icular ly  useful for s tudying reactions of this 
type par t ly  because of the exper imental  advantages 
connected to the DME but, also, because an advanced 
theoretical concept of the effect of various combina-  

* Electrochemical Society Act ive  Member .  
K e y  words :  consecut ive  react ions,  Tafe l  lines, potent iostat ic  and  

galvanostatic single-pulse method. 

tions of chemical and electrochemical reactions was 
earlier available for d-c polarography than for other 
electrochemical methods. We refer here to the well-  
known publications of Koutecky and Brdicka (1-3) 
and to the fundamenta l  paper of Koutecky and 
Koryta  (4) in which a general  theory of polarographic 
kinetic currents  was worked out by reducing all 
t ransport  problems involving fast chemical reactions 
to a diffusion problem that may  be solved by the 
usual  means of a Laplace t ransformat ion or by the 
method of the dimensionless parameters  (5). Tables 
of the appropriate boundary  conditions and d imen-  
sionless parameters  for a large var ie ty  of types and 



1022 J. E lec t rochem.  Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  A u g u s t  1972 

combinations of one chemical reaction and one charge- 
t ransfer  step have been provided in Ref. (4). More 
recent ly the theoretical consideration of mult is tep 
electrode reactions was extended to other experi-  
menta l  methods, as, for example, a-c polarography, 
cyclic vol tammetry,  control led-potent ia l  electrolysis, 
chronocoulometry, chronoamperometry  and vol tam- 
merry on ro ta t ing  disk and r ing disk electrodes. An  ex-  
tensive review of the l i tera ture  in this field up  to 1966 
has been given by Bewick and Thirsk (6) but  consid- 
erable progress has been made since then, especially 
with respect to a-c and  nonsteady-s ta te  type tech- 
niques. 

The theory of a-c polarography was extended by 
Hung and Smith (7) and McCord and Smith (8-10), 
respectively, to include systems with two consecutive 
charge- t ransfer  steps and coupling of a first-order 
chemical reaction to a preceding or subsequent  charge- 
t ransfer  reaction. Also, McCord and Smith  (11) pre-  
sented a general  theory of second harmonic a-c polar-  
ography ,~or the case of homogeneous chemical reac- 
tions coupled to a single heterogeneous charge- t rans-  
fer step. Sluyters  and Sluyters-Rehbach (12) consid- 
ered the potential  dependence of the kinetic param-  
eters that  determine the admit tance of an electrode 
solution interface where the charge- t ransfer  reaction 
is combined with first-order chemical reactions includ-  
ing reactant  adsorption and catalytic reactions. 

Because of their importance in organic electrochem- 
istry much effort was made developing the theory 
with respect to electrode reactions following the ECE 
mechanism. The d-c polarographic current -potent ia l  
relat ion was discussed by  Sobel and Smith (13) and 
the changes in current  density and reactant  concentra-  
tions with t ime under  the conditions of controlled- 
potential  analysis were considered by Karp and Meites 
(14) and Harrison and Shoesmith (15). Nicholson and 
Shain (16) examined the characteristics of cyclic 
vol tammograms assuming that  both charge- t ransfer  
reactions occur at the same equi l ibr ium potential. The 
effect of a separation in  the equi l ibr ium potentials 
was later  discussed by Polcyn and Shain (17). The 
special case of the intermediate  chemical reaction 
being reversible was studied by Mastragostino, Nadjo, 
and Saveant  (18) who also considered disproportiona- 
t ion as an al ternat ive reaction path which may be 
distinguished from a reaction of the ECE type by a 
variat ion of the peak C.D. larger than proport ional  to 
the concentration.  A discussion of the implicat ion of 
uncompensated ohmic drop and double- layer  charging 
in cyclic vo l tammetry  with fast sweep rates as em- 
ployed in investigations of mul t is tep electrochemical 
reactions was given by Imbeaux  and Saveant  (19). 
The effect of a disproport ionation reaction onto the 
l imit ing C.D. obtained on a DME and a RDE was ex- 
amined by  Kas tening  (20) and Holub (21), respec- 
tively. Koopman (22) presented a theoretical t reat -  
ment  of double-s tep chronocoulometry for ECE reac- 
tions involving a chemical surface reaction assuming 
a l inear  adsorption isotherm for the reactants.  Fur the r  
references on the application of the various aforemen-  
tioned methods in studies of the kinetics of organic 
electrode reactions may  be found in the excellent  
reviews of Adams (23) and in the book of F rumk i n  
and Eshler (24), an English t rans la t ion of which has 
been recent ly  published. 

Aside from their relevance to organic electrochem- 
istry, consecutive charge- t ransfer  processes also have 
been recognized as being impor tant  in m a n y  me ta l /  
meta l - ion  systems and meta l - ion redox electrodes. 
Classical examples are the copper /copper(II )  and the 
tha l l ium (I) / tha l l ium (III)  systems for which a con- 
secutive mechanism of the type 

$1 ~ $2 + e -  
[11 

S 2 ~ S ~  + e -  

($I = Cu, TI+;  $2 = Cu +, T12+; Sa = Cu 2+, T1 ~+) was 

proposed in the earlier l i terature  (25, 26). While  this 
mechanism was confirmed for the Cu / Cu  ~+ electrode 
by recent investigations of various authors (27, 30) 
the results of Vetter and Thiemke (26) for the T I + /  
T13+ electrode appear to be somewhat in quest ion by 
later  work of Catherino and  Jordan (31), Uls t rup (32), 
and Jonasson and Stranks (33). Extensive invest iga-  
tions of Losev and co-workers (34-38) resulted in  a 
three-step mechanism for the I n / I n  3 + and the Bi /Bi  ~ + 
electrode reactions. These results are supported by the 
work of Armst rong  et al. (34) on the anodic dissolu- 
tion of ind ium in alkal ine solutions and by studies of 
Lovrecek and Mekljavic (40) for the electrochemical 
behavior of b ismuth  amalgam electrodes. Recently a 
mechanism according to Eq. [1] was proposed by 
Gaiser and Heusler  (41, 42) for the Zn / Zn  2+ and the 
Cd/Cd 2+ electrodes assuming strong adsorption of the 
in termediate  monovalent  ions ($2 = Z n a d s .  + and 
Cd~ds. +, respectively) on the surface of the electrode. 
A two-step mechanism for the Cd/Cd 2+ electrode w a s  

also concluded by Despic et al. (43) who studied the 
faradaic impedance of a Cd-amalgam electrode; but  
no adsorption effects were incorporated in their  ana ly-  
sis. 

In  the author 's  opinion, only for the Cu /Cu  ~+ elec- 
trode sufficient exper imenta l  evidence is available for 
convincingly stating a consecutive charge- t ransfer  
mechanism. 1 All  the other above-ment ioned examples 
appear to be somewhat indeterminate  and need fur ther  
consideration, par t icular ly  since the major  part  of the 
arguments  in favor of consecutive mechanisms w a s  
based on interpretat ions of s teady-state  C.D. vs. over- 
voltage curves in terms of Tafel lines, which as demon-  
strated below can easily lead to ambiguous results. 
Also, the outcome of nonsteady-s ta te  type exper iments  
is far from being understood when  adsorption of the 
reactants  is of importance since in this case, as shown 
by Delahay and co-workers (49, 50), charging of the 
double layer cannot be approximated by an a priori 
separable capacitive current .  The problems which arise 
in a theoretical t rea tment  of electrochemical reactions 
under  such condit ions were recent ly discussed by 
Rangara jan  (51) but  mul t is tep reactions have not yet  
been considered in this context. In  this paper we re-  
strict ourselves to systems for which the influences 
of adsorption-desorption processes can b e  neglected. 
Both the steady-state  and nonsteady-s ta te  behavior  of 
electrodes characterized by a consecutive charge- t rans-  
fer mechanism are described. 

Steady-State Current Density-Overvoltage 
Characteristics 

For a general  description the consecutive charge- 
t ransfer  reactions are expressed by the react ion scheme 

$1 = $2 ~ z l e -  
$2 : Sz -i- z2e- 
. . . . . .  ~  

. . . . . . .  . , . , , , , .  

. . . . . . .  ~ 1 7 6  

S j  = S j + l  -~- z j e -  

, . . . . . . . . , . ~  

. , . , . ~ 1 7 6  . . . .  . 

g; 
where the symbol $1 stands for the most reduced sub-  
stance of the electrochemical systems, Sj is an in te r -  
mediate substance, and Sn+l is the most oxidized sub- 
stance. In  the following discussions all parameters  
related to St, $2 . . . .  , Sj, and Sn, respectively, are noted 
by the subscripts 1, 2 . . . . . .  j, and n, respectively (for 

1 I n  a n o t h e r  p a p e r  (44) n e w  e x p e r i m e n t a l  r e s u l t s  on  t h e  ~ / C - ~ +  
e l e c t r o d e  w i l l  be  p r e s e n t e d  w h i c h  s u p p o r t  t h i s  m e c h a n i s m .  N o t e  t h a t  
i n  n o n a q u e o u s  s o l v e n t s  t h e  r e a c t i o n  Cu  ~ Cu e+ + 2 e -  o c c u r s  in  t w o  
w e l l  s e p a r a t e d  s t e p s  (45, 47) b u t  d i s p r o p o r t i o n a t i o n  of  t h e  Cu+ i n  
a q u e o u s  s o l u t i o n s  is  a s s u m e d  ".n Ref .  (45-47) .  A r e c e n t  i n v e s t i g a t i o n  
of H a m p s o n  a n d  L a t h a m  (48) on  t h e  d e p e n d e n c e  of t h e  e x c h a n g e  
C.D. on  Cu e+ c o n c e n t r a t i o n  d i d  n o t  c o n f i r m  t h e  p a r t i c i p a t i o n  of  Cu§ 
i n  n i t r a t e  so lu t i on .  
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example el = concentrat ion of S~, D4 = diffusion con- 
s tant  of $4). Also we label  the current  density carried 
by the vth charge- t ransfer  reaction as iv, i.e., the cur-  
rent  density carr ied by the first step as i~, etc. In ana-  
logous fashion the exchange current  densities and 
charge- t ransfer  coefficients related to the vth reaction 
are denoted as iv,o and av, respectively�9 If the first 
charge- t ransfer  step, Eq. [1], is a redox reaction, then 
zl : 1. However, if it is a me ta l /me ta l - ion  charge- 
t ransfer  reaction, where a metal  ion of charge z~ 
crosses the double layer, then zl --~ 1. In  this case Reac- 
t ion [2] would be a redox reaction in which the metal  
ion $2 created in Reaction [1] changes its valency by 
1. Since we do not consider here adsorption-desorption 
processes which may be associated with part ial  charge- 
t ransfer  steps, and also, exclude pure ly  chemical 
reactions, z~ : 1 for all  v > 1. It is assumed that  the 
only irreversible processes are charge- t ransfer  and 
diffusion and that  disproportionation of the in termedi-  
ate substances Sj does not occur. The electrode surface 
is considered to be an infinite plane, so that  diffusion 
takes place in direction x perpendicular  to the in ter -  
face. Also the assumption is made that pr ior  to the flow 
of an external  current  the electrode is in equi l ibr ium 
with respect to all  charge- t ransfer  reactions and that  
a large excess of support ing electrolyte is present. 
Anodic current  densities i and overvoltage ~1 are taken 
to be positive. The total current  density flowing 
through the electrode is given by 

it --- ~ iv [3] 

where iv is the current  density carried by the vth 
charge- t ransfer  reaction. 

By Volmer's equations i~ is related to the concentra-  
tions of Sv and Sv+l at the interface 

c v ( x : 0 )  ( avzvF ) 
iv : iv, o " " " exp 

Cv,o R T  '~ 

( [ 1 - - a , ] z v F  ) - -  iv,o Cv+I (X = 0)  exp 
CV+I,o - - ' '  R T  

c~(x : 0) c~+l (x  : O) 
: i~,+ i~, [4] 

Cv,o Cv+l,o 

Also, by combining Fick's law wi th  Faraday 's  law 
we get n + 1 equations relat ing the gradient  of the 
concentrat ion of the n + 1 substances S, to the C.D.'s 
of the reaction steps in which Sv is created and used 
up, respectively 

dcv iv i v -  1 
-dx  --  zvFD~ z v - l F D v  at x = 0 [5] 

We assume that  under  steady-state conditions a dif- 
fusion layer of constant width 5 is established and that  
in the bu lk  of the solution, i�9 at x -~ 5, the equi l ib-  
r ium concentrat ions c~,o are maintained.  If no chemical 
reactions occur in the diffusion layer  the concentrat ion 
gradients may  be wri t ten  as 

dc~ c~(x : O) - -  cv,o 
at 0~x-----5 [6] 

dx = 
dcv 

= 0 at x - - 8  [7] 
d x  

Let 

: Yv (v : 1, 2 , . . . ,  n + 1) [8] 
Cv,o 

and subst i tute  [6] and [4] into [5] to get 

av ,v - lYv - l  + av,~Yv + av,v+ lYv+ i : 1 [9] 
where 

Zv /v--Z,+ 
av,v-1 : -- ~ [10] 

Zv--1 /v,1 

/v,+ Zv i v - 1 , -  
a v , ~ : l +  . + [11] 

~u,1 Zv-- 1 /v,1 

~v~ -- 
av,v+ 1 - -  [12] 

iv,1 

and io,+ : io,- : / n + l , +  : / n + l , -  : 0. The quant i ty  

zvFD~cv.o 
iv,1 -- [13] 

8 

is the formal diffusion-l imited C.D. for substance Sv. 
In matr ix  notation, the set of n q- 1 nonhomogeneous 
l inear  equations with n q- 1 unknowns  yv (~ : 1, 2, 
� 9  n + 1) defined by Eq. [9] may be represented as 

[a]{y} : {1} [14] 
where 

I alla120 . . . . . . . . .  0 ] 
a21a22a230 . . . . . . .  0 [ 
Oa32a33a340 . . . . . .  0 I 

[a] = . . . . . . . . . . . . . . . .  / [15] 

| O  . . . . .  ann-lannann+l| 
LO . . . . .  an+lnan+In+l} 

is the (n + 1) by (n  + 1) coefficient matr ix  and {y} 
and {1} are column vectors of order (n q- 1). Since the 
de te rminant  of [a] does not vanish, the solutions to 
Eq. [9] and [14] are obtained explicitly by premul t i -  
plication of Eq. [14] by the inverse coefficient matr ix  
[a] -2 

{y} = [a]- l{1} [16] 

i,e., the value of xv is determined by the sum of the 
elements of the vth row of the adjoin[ of [a] divided by 
det. [a]. 

i v =  ~ ~V,+YV ip,--Yv+I [17] it 
V=I p~ l  V: I  

represents in  conjunct ion with Eq. [16] the general 
form of the C.D.-overvoltage characteristics in case of 
an electrode reaction involving an arbi t rary  number  
of n consecutive charge- t ransfer  steps under  both 
charge-transfer  and diffusion control. 

For a two-step reaction Eq. [17] reduces to 

4t : 42 n 1- i2 [ 18] 

/I.+ 
i s - -  " ( 4 2 , 1 q - i l , - ' Q )  - / 1 , -  "Q [19] 

41.+ + il,1 
/2,-  

iz : i2,+ " Q -- . �9 ( i3 ,1 - ' ~ / 2 , +  �9 Q )  [20] 
12.- + i~,l 

where 

C2 

Cl,o 
i l l  i,i, + i3,1 i2,- 

1 -~ ~. .  l- . 
ZI2,1 il,+ -t- i1,1 ~2,1 i2,-  -~- /3.1 

and 

il,1 i l , -  i3,1 i2,+ 
l +  : F . 

Z~2,1 i1,+ q- il,1 z2,1 i2,-  q- is,1 
[21] 

ZFOlCl,o 
il,i : [22] 

8 

FDlCl,o 
i2,1 = [23] 

8 

FDaca,o 
i8,1 : [24] 

8 

assuming zl = z and z2 = 1. 
For large anodic overvoltage the diffusion-limited 

C.D. iL + is given by 
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Fig. 1. Curves log I i i vs. overvoltage % varied parameters /2,0 
and 12,1. 

Curve 1: iLo = i2,o ~- 10 - ~  A/cm2; z = 1; at = 0.3; a2 
0.7; DI  - -  D2 ~ /)3 ~ 1.5 X 10 - 5  cm 2 s e c - z ;  CLo ---- C2,o ---- 
C3,o = 10 - 5  mole/cm3; i1,1 -=  i2,1 ~ i3,] ~ 1.5 • 10 - 2  A/cm 2. 

Curve 2: as curve 1 but i2,o = 10 - 5  A/cm 2. 
Curve 3: as curve 2 but C2,o ~ 10 - 6  mole-2/cm3; i2,1 ~ 1.5 • 

10 -3  A/cm 2. 
Curve 4: as curve 2 but c2,o = 10 - 7  male/cm3; i2,1 = 1.5 • 

10 -4  A/cm 2. 
Curve 5: as curve 2 but c2,o ~ 10 - 8  mole/cm3; i2,1 ~ 1.5 • 

10 -~  A/cm 2. 
Curve 6: as curve 2 but C2,o ---- 10 - 9  mole/cm~; 12,1 ~ 1.5 • 

10 -6  A/cm 2. 

1 
iL + = lira it ---- w { (z + 1 ) i l l  + Zi2,1} [25] 

While for large cathodic overvol tage  the diffusion- 
l imited C.D. il ,-  is given by 

iL- ---- l im it ~-- -- {(Z + 1)i3,1 + zi2,1} [26] 
W--> ao 

However,  if i2,o = 0 then {+,1 = i l l  and i-,1 : -- zi2,1, 
and if it,o = 0 then i+,1 = i2a and i- ,1 = --  i3,t, i.e., the 
quanti t ies il l ,  i2,1, i3,1 are the diffusion-l imited C.D.'s as 
expected if only ei ther  one of the two reactions would 
occur. As demonstra ted in Fig. 1 only under  certain 
special conditions the individual  values of iL~, i2,1, and 
i3,1 may  be der ived f rom the C.D. overvol tage char-  
acteristics. 

Clear ly  l im Q : 1 and it = (i1,+ + i2,+) - 
iv, 1--> 

(iL- + i2,-) ,  i.e., under  pure charge- t ransfer  control 
the Tafel  lines would  be determined by both reactions 
and if il,o ~ i2,o by the react ion with  the larger  ex-  
change C.D. in both the anodic and the cathodic 
branch. If  one considers the more l ikely  special case 
i1,1 = i3,1--> or but wi th  i2,1--> 0 then Q-> (iL+ + i 2 , - ) /  
( i L -  + i2,+) and Eq. [18] becomes identical  wi th  the 
expressions der ived by Vetter  (52). For  *1 > >  0, it 
2i1,+ whi le  for ~1 < <  0, it ~ -- 2i2,-, i.e., here  the 
anodic Tafel  lines depend on Reaction [1] whi le  the 
cathodic Tafel  lines yield the parameters  of Reaction 
[2]. A detai led evaluat ion of Vet ter 's  method of deter-  
mining kinetic parameters  from the s teady-state  C.D.- 
overvol tage  characterist ics in the Tafel  regime was 
under taken  by Hurd  (53) on the basis of digital ly 
s imulated curves. However ,  no rigorous t rea tment  of 
the interact ion of charge- t ransfer  and diffusion was 
given and t ransport  phenomena were  neglected in 
extending Vetter 's  theory  to an unl imited number  of 
consecutive charge- t ransfer  reactions. 

Losev, Gorodetskii,  and Molodov (54, 57) have  re-  
cent ly published a number  of papers in which the 
special case of a three-s tep  react ion is discussed. Thei r  
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work  does not add any new information to the p rev i -  
ously published results of Vet ter  (52) and Hurd  (53) 
but, in my opinion, i t  is wrong  in a fundamenta l  as- 
sumption. While Vet ter  recognized that  the s teady- 
state continuity condition iv = iv+l, is satisfied only if 
diffusion of the in termedia te  substances can be ne-  
glected and Hurd  restr icts  his extension of Vet ter 's  
work  to pure charge- t ransfer  control, Losev et al. state 
explici t ly [for example  in Ref. (55)] that  this condi-  
tion is always satisfied even at high concentrat ions of 
the in termedia te  products and assuming exchange of 
these substances with the bulk via diffusion. This is 
obviously not t rue since under  such conditions the 
bulk solution represents  an additional source or sink 
from which the equiva len t  mass flow at the interface 
may be balanced in steady state even if iv r iv+l. 

For  a demonstrat ion of the propert ies of the C,D.- 
overvol tage characteris t ics  in the general  case of 
mixed  diffusion and charge- t ransfer  control for all  
three substances involved in a two-s tep  reaction a 
family of log fil vs. overvol tage  curves has been gen-  
erated via digital s imulat ion on the basis of Eq. [18]- 
[21] assuming il,o > >  i2,o it,t = ia,1 ~ 15 it,o but i2,1 
< <  i2,o and al = 0.3 and a2 = 0.7. If  i l l  and {2,1 are 
finite and i1,o :~ i2,o, a s i tuation may  occur where  the  
Tafel  l ine for the reaction with  lower exchange C.D. 
exists but the Tafel  line for the faster reaction step 
is masked by the over -a l l  diffusion l imited C.D. This 
behavior  which according to Vet ter  and Abend [loc. 
cit., p. 380 Ref. (26)] may  be realized in the case of 
the Sn2+/Sn 4+ redox couple, is demonstrated by curve  
6 in Fig. 1. Extrapola t ion of the cathodic Tafel  l ine to 
71 ---- 0 yields 2i2,o and its slope is governed by (1 -- ~2). 
A pseudo Tafel  l ine may be considered in the anodic 
branch at low ~ yielding also i2,o [compare Mohilner  
(58)]. Al though i1,1 exceeds il,o by a factor of 15, no 
t rue  anodic Tafel  l ine is observable in curve 6. Curves 
5 to 2 were  calculated with  the same parameters  as 
curve  6 except  that  i2a was increased by a factor of 10 
from curve to curve. For  curve  5, i2a ~ i2,o and the 
slope of the cathodic "Tafel  l ine" decreases which 
exper imenta l ly  may  not be recognized as a deviation 
f rom the t rue  Tafel  line at i2,1 << i~,o. If  i2,1 > >  i2,o 
the cathodic C.D. tends to show i2,1 as a separate step 
in the C.D.-overvol tage characteristic. In this case 
nei ther  the parameters  of Reaction [1] nor those of 
Reaction [2] can be derived. Even worse, curve 3 
shows an "apparent  Tafel  l ine" in the anodic branch, 
but extrapolat ion of this l inear  section to ~ = 0 yields 
an in termedia te  value be tween i2,o and ii,o. This dem-  
onstrates that  in terpreta t ion of the s teady-state  C.D.- 
overvol tage characterist ics on the basis of "Tafel  l ines" 
becomes an ambiguous affair if the two exchange C.D.'s 
differ ve ry  much and i2,1, al though much less than il,1 
and i~,l, has a value comparable  or la rger  than the 
smallest  exchange C.D. 

It  shou]d be ment ioned here that  a more general  
consideration of the s teady-sta te  C.D. vs.  overvol tage  
curve  in the vicini ty  of the equi l ibr ium potent ia l  which  
involves an arb i t ra ry  number  of charge- t ransfer  steps 
and chemical reactions in series was given by Mauser 
(59), subsequent ly ex tended by Riddiford (60) to in-  
clude t ransport  control  and more  complex coupling 
between the par t ia l  reactions. However ,  wi th  increas- 
ing complexi ty  of the react ion path, separat ion of the 
various consecutive steps on the basis of an in terpre ta-  
t ion of the s teady-sta te  C.D.-overvol tage character-  
istics becomes more and more  impract ical  and other  
exper imenta l  techniques offer a bet ter  chance for suc- 
cessfully der iving the kinetic parameters .  An  espe- 
cially promising approach seems to be investigations 
wi th  a r ing disk electrode that  have been theoret ica l ly  
evaluated in a series of papers by Albery  et aZ. (61) 
[compare Ref. (6) for the ear l ier  l i terature] .  Also, the 
uti l ization of nons teady-s ta te  type experiments ,  dem-  
onstrated in the fol lowing section, may  be of ad-  
vantage. 
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Fig. 2. Current densities i ( t ) ,  expressed as fractions of the initial 
current densities i(o), as a function of time t. 

Parameters: il,o - -  1 0 - 3  A / c m 2 ;  12~o = 10 - 5  A / c m 2 ;  a~ = 
0.3; a2 : 0.7; z : 1; D1 : D2 : D3 : 1.S X 10 - 5  cm2/sec; 
cl,o = C3,o = 10 - 5  m o l e / c m  a c2,o = 10 - s  m o l e / c m  a (compare 
curve 5 Fig. I ) .  

vl = 80 mY ~ - ~ ; ' ~  = 100 mY; - - - ;  ~ = 150 mY ~ ;  
~1 : 200 mV - - - ~ ;  ~1 : 250 mV . . . .  ; YI : 300 mV 

Current Density vs. Time Curves in Potentiostatic 
Single-Pulse Experiments 

Analysis of single-pulse potentiostatic t ransients  for 
pure  me ta l /me ta l - i on  and for a l l oy /me ta l - i on  elec- 
trodes under  charge- t ransfer  and diffusion control in 
case of an electrode react ion involving two consecu- 
t ive charge- t ransfer  steps was presented in two pre-  
ceding papers (62, 63)2 As shown, the current  density 
v s .  t ime is of the form 

i ( t )  : A �9 f ( t )  + B �9 g ( t )  [27] 

where  J( t )  is a function which  decreases in the  t ime 
in terva l  [0, oo] monotonical ly  from 1 to 0, while g ( t )  
is zero at the beginning of the overvol tage  pulse and 
at infinite time, but  posit ive in between. A and B are 
constants, A being always of same sign as n. The sign 
of B may be the same as the sign of A if il.o ~ i2.o and 
c2,oD2 < c~.oD1; C3,oD3. I n  this case a characteris t ic  de- 
layed m a x i m u m  occurs in the i ( t ) - t r a n s i e n t  at n < 0 
if i~,o < i2.o and at n > 0 if i , .o > i2.o. It  turns out that  
these conditions, for which  potentiostat ic s ingle-pulse 
exper iments  revea l  a proper ty  which is specific for 
consecutive charge- t ransfer  reactions and which de- 
pends quite sensi t ively on the values of the kinetic 
parameters ,  are identical  wi th  those for which in ter -  
preta t ion of s teady-s ta te  data is par t icular ly  difficult. 
For  example,  taking the kinetic parameters  and bulk 
concentrat ions which were  chosen for the calculat ion 
of curve 5 in Fig. 1, an anodic overvol tage  regime 85 
mV < n < 295 mV exists for which sign A : sign B = 
sign ~. F igure  2 shows a fami ly  of curves i ( t ) / i ( t  : O) 
v s .  t ime t calculated with  the  same parameters  on the 
basis of Eq. [27] and with  the ampli tude of the over -  
vol tage pulse as var ied  parameter .  For  ~l ----- 80 mV 
and n = 300 mV, i .e. ,  5 mV outside the l imits of ,I for 
which sign B = sign ,1, the usual monotonical ly  fal l ing 
function is observed. In accordance wi th  the  proper -  
ties of the C.D. vs .  t ime curves  discussed in Ref. (62, 
63) at 100, 150, 200, and 250 mV delayed max ima  ap- 
pear. Note that  due to l imitat ions by convection and by 
the finite rise t ime of electronic potentiostats the elec- 
t rode process can be described in terms of the model  
discussed in this paper only within  a t ime range 10 -5 
- -  t ~ 1 sec. Therefore,  the delayed m a x i m u m  in the 

The gene ra l  case of n consecut ive  c h a r g e - t r a n s f e r  r eac t ions  w a s  
cons ide red  b y  K o u t e c k y  (2) a s s u m i n g  pure  di f fus ion control .  Note 
t h a t  in a ch ronoamperome t r~c  s t u d y  of the  r educ t i on  of p - n i t r o -  
sopheno l  Alber ts  a n d  Sha in  (64) d iscussed the  ECE case b u t  w i th  
di f ferent  b.c.  as  u s e d  in Ref. (62, 63) since only  one subs tance  was  
a s s u m e d  to be  p r e s e n t  at  t = 0 in t he i r  t r e a tmen t .  

i ( t )  transient! for ,1 -- 250 mV would not be recognized 
in an exper iment .  

Overvoltuge vs. Time Curves in Galvanostatic 
Single-Pulse Experiments 

Since exper iments  under  galvanostat ic  conditions 
requi re  much  less involved  apparatus  than  those per-  
formed under  potentiostat ic conditions the galvano-  
static s ingle-pulse method  f requen t ly  has been favored 
in studies on the nonsteady-s ta te  behavior  of electrode 
systems al though its theoret ical  analysis is more  com- 
plicated than the  potentiostatic case. This is due to the 
fact that  in boundary  condition Eq. [5], the desired 
function ,l(t)  occurs in the exponentials  and double-  
layer  charging has to be considered. 

In  case of a s ingle-step electrode react ion the func-  
tion n(t)  was der ived by Berzins and Delahay (15) 
under  the  assumptions that  the  total  C.D. may  be 
separated into capacit ive C.D. ic and faradaic  C.D. if 
and that  a l inear relat ionship exists be tween if and ~1. 
These assumptions hold only approximate ly  and re-  
quire that  the charge stored in the double layer  due 
to changes in the excess of substances which at tend 
in the charge- t ransfer  react ion is negligible and that  
the overvol tage  is l imited to lul < 1 mV [compare Ref. 

(49, 50) and Koi jman  e t  al. (6~)]. Nevertheless,  the 
classical formula  der ived  by Berzins and Delahay for 
the  overvol tage  vs .  t ime curve in galvanostat ic  single- 
pulse exper iments  has found many  useful applications. 

Very l i t t le  is known yet  on the nons teady-s ta te  be- 
havior  under  galvanostat ic  conditions in case of con- 
secutive charge- t ransfer  reactions. Plonski (67) con- 
sidered the n(t)  curve  in case of a reactior~ of the type 
M ~ M ~1+ + z l e -  and M zl+ ~ M ~~+ + (z2 - -  z l ) e -  
where  M stands for a pure  metal.  However ,  mass 
t ransport  was neglected in this t reatment ,  which in 
the opinion of the author, is an unrealist ic assumption 
unless strong adsorption of the in te rmedia te  ion and 
the existence of a v e r y  large concentrat ion of the most 
oxidized ion in solution are assumed. In the la t ter  
case, however,  other  problems arise, a discussion of 
which is outside the scope of the present  paper. We 
consider here  the ~l(t) curve  for the react ion being 
controlled by both charge- t ransfe r  and diffusion wi th  
no restr ict ions on the bulk  concentrat ions and diffusion 
constants of all substances involved,  but  do not include 
adsorption so that  the aforement ioned assumptions 
made in Ref. (65) may  be uti l ized in a t r ea tment  of 
the two-s tep  case. 

It can be shown that  under  these conditions the de- 
sired expression for the  overvol tage  as a funct ion of 
t ime is 

~l(t)  = iRD �9 {Klol(t)  -t- K202(t) + K 3 0 3 ( t )  

-1- g 4 x / t q -  K5} [28] 
where  

R T  R T  
RD = - t - ~  [29] 

z F i  l,o Fi2,o 

is the charge- t ransfer  resistance and 

o ~ = e x p  - e r f c  , ~ =  1,2,3 [30] 

The constants K 1 . . .  K5 may  be wr i t t en  in terms of the 
t ime constants ~1, T2, ~3, and TD = RD " CD 

�9 1 2 ( T .  - X/T2T3) 
KI = [31] 

�9 D2(x/~I  - X/T2) (X/~l - x/T~) 

T2 2 (~D - -  ~ T I ~ 3 )  
K2 : [32] 

�9 D 2 ( X / T 2 -  X/T1) (X/T2 - -  " /~a)  

2:32('~D - -  ~I ; i '1 :2)  
K3 = [33] 

T D 2 ( ~ T 3  - -  ' N / " [ 1 )  ( '~v/"~3 - -  ~ / " ( : : 2 )  
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~/~2 ~ K1~/~ K2 K3 t K4 ---- ~ "  + ~ + __ [34] 

K~ _-- --  (KI  + K2 + K3) [35] 

The t ime  constants  are  re la ted  to the  kinetic  p a r a m -  
eters  and bu lk  concentra t ions  by  a cubic equat ion 

A r 1 
(A /~ )  3 _ _ _  (A/~-) 2 + _ _  . ~ - _  _ _  : 0 [36 ]  

where  

F 

RTCD 

A ---- 

and 

I 1 
�9 il,oi2.o* zF~r 

(z + 1) 2 z 

+ zFk/D2~C2,o + F~/D~c3,o 

il,oi2.o 
�9 (cl,o~/D1 "~- C2,o\/D2 

zF2N/ D I D2D3C I,oC2,oC3,o 

1 
+ C3,o~/Da) + 

TD 

[37] 

[38] 

il.o il.o i2,o 
+ 

2Fk/Dlcl,o 2Fk/D2C2,o F~/D2c2,o 

i2,o 
+ - [39]  

FN/D~3,o 

Detai ls  on the  der iva t ion  of Eq. [28] and its appl ica-  
tion to the  in te rpre ta t ion  of expe r imen ta l l y  obtained 
~ (t)  -curves  are  discussed in another  paper  (44). 

Summary 
A general  descr ip t ion  of the  s t eady-s t a t e  C.D.-over-  

vol tage  character is t ic  is der ived  for e lect rochemical  
react ions  involving an a r b i t r a r y  number  of consecutive 
cha rge - t r ans fe r  s teps as expressed  by  the  equat ion 

Sv ---~ Su+l -~- zve - v----l ,  2 . . . .  , n  [1] 

assuming both cha rge - t r ans fe r  and diffusion control.  
A deta i led discussion of the  proper t ies  of plots of log 
lil vs. ~ is given for react ions  involving two charge-  
t rans fe r  steps and it is demons t ra ted  via  d igi ta l  s imu-  
la t ion tha t  in t e rp re ta t ion  of the  s t eady-s ta te  C.D.- 
overvol tage character is t ics  in te rms of Tafel  l ines be-  
comes ambiguous  if the exchange  C.D.'s differ in 
magni tude  and the  fo rmal  d i f fus ion- l imi ted  C.D. for 
the in te rmedia te  produc t  becomes comparab le  or 
la rger  than the smal les t  exchange C.D. 

As demons t ra ted  under  these condit ions charac te r -  
istic de layed  m a x i m a  appear  in the  C.D. vs. t ime curve 
obta ined in potent iosta t ic  s ingle-pulse  exper iments  
which, therefore,  are  a ve ry  useful  supplement  to 
s t eady-s ta te  type  measurements .  Also,  a genera l  ex-  
pression is given for the  var ia t ion  of overvol tage  with  
t ime in galvanosta t ic  s ingle-pulse  exper imen t s  which 
is in te rp re ted  in t e rms  of t he  cha rge - t r ans fe r  res is t -  
ance and of three  character is t ic  t ime constants.  
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The Electrosorption of Pentane on 
Bright Platinum Electrodes 
A. R. Blake, A. T. Kuhn, 1 and J. G. Sunderland 

The Electricity Council Research Centre, Capenhurst, Chester, England 

ABSTRACT 

The kinetics of pentane  adsorption on bright  Pt  electrodes were studied 
in 1N sulfuric acid at 85~ over the potential  range ~-0.1 to ~0.4V RHE. The 
process is shown to be activation controlled. The adsorption process is ana-  
lyzed in terms of the number  of electrons per site for the adsorbed species, 
which are separated into cathodically desorbable and  nondesorbable  material .  

The l i terature devoted to the anodic adsorption and 
oxidation of hydrocarbons is extensive (1-14) and a 
var ie ty  of studies based on steady-state exper imental  
data and nonsteady-s ta te  have been investigated. Vari-  
ous techniques have long been available for the mea-  
surement  of coverage of adsorbed species on solid 
electrodes. Thus galvanostatic and potential  step tech- 
niques (mult ipulse  potentiodynamic,  MPP) (8-12) 
te rminat ing  in  a potential  ramp or constant current,  
have been employed. Through the work of Brummer  
(2-6), Shropshire (7), Gi lman (8-11), and Cairns 
(12) this concept has been advanced by l inking  mea-  
surements  of the anodic charge with measurements  of 
free surface area, determined under  identical condi- 
tions of electrode pretreatment ,  adsorption potential, 
and time. From these two determinat ions  may be cal- 
culated a value of e, the number  of electrons (2-6) 
required to oxidize the adsorbate per p la t inum site. A 
fur ther  refinement enables the adsorbate to be charac- 
terized in terms of adsorbed species which can be 
cathodically desorbed (edes) and those which cannot 
(0non-des). 

B rummer  et al. (4) studied the kinetics of hexane 
adsorption in 85% phosphoric acid at a temperature  of 
130~ using the technique of MPP followed by a con- 
stant  current  transient.  They found that  the process 
under  these conditions was essentially diffusion con- 
trolled. This paper reports on the adsorption of pen-  
tane at lower temperatures  and in dilute acid where 
the adsorption process might  be expected to become 
activation controlled and the adsorbate to exist in a 
highly reduced state. The results confirm this and also 
reveal  a n u m b e r  of in teres t ing features which would 
of necessity be obscured under  diffusion-controlled 
conditions. 

Experimental 
The technique of MPP has been described elsewhere 

(8-11), as have the methods in which this is followed 

1Present  address: Unive r s i ty  of Salford ,  Sa l fo rd  5, Lancash i r e ,  
England. 

H ey  words:  electrosorption,  pentane.  

by a galvanostatic charging process (3-6) (either 
anodic or cathodic). The generat ion of the potential  
program was achieved with a pulse generator designed 
in these laboratories (15), the output  of which was fed 
into a Chemical Electronics, 1.6A potentiostat. The 
constant current  was obtained by the use of suitable 
value t in oxide resistors in series with the cell to drop 
90V from a stabilized d-c source to obtain the desired 
current.  Subst i tut ion of the potent ial  sequence for the 
constant  current  was achieved by rapid switching using 
a mercury-wet ted  relay (Elliot EB2). The relay change 
over from potential  control to a constant cur ren t  mode 
was achieved in 800 #sec by ove r - runn ing  the re lay for 
a short time; the relay coil was activated by a pulse 
from the pulse generator. Po ten t ia l - t ime  t ransients  
were recorded photographically on a Tektronix  502A 
oscilloscope, via a type-O operational amplifier. 

The three compar tment  cell, with a bubbl ing  hydro-  
gen reference electrode was housed in a separate 
chamber  in the third compartment .  Purified hydrogen 
was obtained by passing through a heated Pd /Ag  
thimble. Argon was used as a purge gas, and was Air 
Products prepurified grade. Fur ther  purification to 
remove any trace hydrocarbons was achieved by pass- 
ing the gas through molecular  sieve, glass spheres, and 
glass wool cooled to 142~ All gas outlets were via 
bubble  traps containing water. The cell was provided 
with presaturators for the hydrogen electrode and 
each gas purge stream. 

Solutions of 1N H2SO4 were prepared by dilution of 
B.D.H. Aristar  sulfuric acid with t r iply distilled water, 
followed by potentiostatic pre-electrolysis with a 
platinized p la t inum electrode (40 cm 2 geometric area) 
at 0.7V for 48 hr and 0.2V for 48 hr with gas stirring. 
After use the pre-electrolysis electrode was raised 
into the gas space above the electrolyte. The level of 
dissolved impurit ies was determined with anodic and 
cathodic charging curves in an argon-st i r red system 
after 10 msec adsorption t ime at 0.2 and 0.3V and again 
after 300 sec using the potential  program shown in 
Fig. 1A. The length of the potential  arrests indicated 
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the level  of dissolved impurities,  and runs showing 
more than 8% change of arrest  t ime were  abandoned. 

Pentane  was Phil l ips Research Grade (99.99% mini-  
mum puri ty)  and was introduced into the anode com- 
par tment  wi th  the argon purge gas. The par t ia l  pres-  
sure of the pentane was controlled by mainta ining 
constant t empera tu re  in a wa te r  bath ( •  0.1~ the 
pentane being passed into the cell  via a heated tube 
mainta ined at the cell t empera tu re  before being int ro-  
duced into the presaturator .  A constant cell t empera -  
ture was achieved by thermosta t ing in an air oven 
at 85~ ( •  0.2~ 

The counterelect rode was a 10 cm 2 plat inized elec- 
trode. The working electrode, which was a flamed 
pla t inum wire ( Johnson-Mat they)  1 cm long and 
0.0254 cm 2 d iameter  (R.F. ---- 1.95) was inserted through 
a Teflon cap at the bot tom of the cell so that  it was 
in close proximi ty  to the Luggin capillary. Results are 
expressed in t e rms  of " rea l  area" der ived f rom hydro-  
gen atom charging (2) and potentials refer  to the 
hyrdogen electrode in the same electrolyte.  

Results 
Variation o~ charge as a ~unction oJ current d e n s i t y . -  

As in all adsorption studies, it is essential to ensure 
that  the anodic (Qo~) and cathodic (QH) charges are 
determined at a current  density in the region where  
Qo~ or QH are substant ial ly independent  of current  
density. This was verified as outl ined below. The po- 
tent ial  sequence of Fig. 1A was used to make  these 
measurements ,  at 0.2V, for three  adsorption t imes 20, 
60, and 100 sec. For the anodic component  Qox (Fig. 
2A), the var ia t ion was ___15 #C cm -~. Similar  current  
density constancy was observed by B r u m m e r  (2, 4) for 
propane and hexane. A current  density of 60 mA cm -2 
was used for routine measurements .  

Since it has been shown that  much of the adsorbed 
pentane is readi ly  desorbed at potentials be]ow O.IV, 
it is essential to ensure that  the hydrogen deposition 
charging process is completed before cathodic desorp- 
tion can occur. The constancy of charge at several  
cathodic current  densities over  the range 20-160 mA 
cm -2 is shown in Fig. 2B and is seen to vary  by only 
~9 #C cm -2. A current  density of 120 mA cm -2 was 
used for routine measurements .  
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Fig. I. Potential sequences used in gaivanostatic estlmations of 
the anodic charge and electrode coverage. -I- Stirred, * quiescent. 
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Adsorption as a function 05 t ime.- -The anodic charges 
Qox vs. the adsorption t ime for 0.1-0.4V are plotted 
in Fig. 3 and 4. Potent ia l  sequence shown in Fig. 1A 
was again used to obtain these data. The data shown 
are for 85~ and a pentane part ial  pressure of 611 mm. 
St i rr ing had re la t ive ly  l i t t le  effect on the rate  of ad- 
sorption; the rate  remaining essentially unaffected. 

Exper iments  on the effect of the par t ia l  pressure of 
pentane were  also carried out; as expected the rate 
of adsorption was lower at the lower par t ia l  pressure. 
The part ial  pressures employed were  611 and 183 ram. 
At  the higher  par t ia l  pressure, the anodic charge cor-  
responding to 300-sec adsorption t ime was approxi-  
mate ly  25% higher  than that  observed at the lower  
par t ia l  pressure. 

S imi lar ly  for the above, coverages 0H.C. have been 
determined.  0H.c. is defined by 

Q~s _ QH 
QsS 

w h e r e  QH s is the number  of coulombs cm -2 requi red  
to form a monolayer  of hydrogen on the electrode,  and 
QH is the charge requi red  to fill the sites avai lable for 
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Fig. 3. Quiescent adsorption of C5H12 at 85~ �9 0.1V, X 0.2V 
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Fig. 4. Quiescent adsorption of CsHz2 at 85~ X 0.3V, �9 0.4V 200 

hydrogen adsorption in the absence and presence of 
pentane, respectively. 

A typical plot of coverage as a function of adsorp- 
t ion time, for the total adsorbate ewoT and the cathod- 
ically nondesorbable 0N.D. species, is shown in Fig. 5 
for adsorption at 0.2V. Similar  behavior was observed 
at 0.3 and 0.4V. However, at 0.1V, the cathodically 
nondesorbable species was not detected. 

Variation of the anodic charge wi th  electrade cover-  
age.--Variat ion of the anodic charge Qo~ with electrode 
coverage en.c. dur ing  the adsorption of hydrocarbon 
has been investigated as a function of potential. It  has 
been separated into two components, for the cathodi- 
cally desorbable species, CH-a, Fig. 6 shows this. 
Figure 7 shows the complementary cathodical ly non-  
desorbable species O-type. A combinat ion of potential  
sequence shown in Fig. 1A and 1B was employed to 
de te rmine  the two adsorbed species. Sequence 1A was 
used to determine the charge corresponding to the total 
adsorbate and sequence 1B to determine that  associated 
with cathodically nondesorbable species. Subtract ion 
of the cathodically nondesorbable charge from the 
total charge was used to construct  Fig. 6. 

Adsorpt ion at infinite t ime as a funct ion of potential. 
~ T h e  adsorption isotherm, in terms of Qox, at maxi -  
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Fig. 6. Qox vs. #H.C. for cathodically desorbable species as a 
function of potential, 85~ 
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Fig. 7. Qox vs. OH.C. for cathodically nondesorbable species as 
a function of potential, 85~ X 0.2V, A 0.3V, �9 0.4V. 
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Fig. 5. Quiescent adsorption of C5H12. Electrode coverage 0 at 
0.2V. X Total coverage, �9 coverage with cathodically nondes~rb- 
able species. 

mum coverage as a funct ion of potential  is shown in 
Fig. 8. 

Discussion 
Kinetics  of adsorption of pentane f rom H2S04 at 

85~ adsorption if hexane (4) has been shown to 
be diffusion controlled at 130~ and it was thought  that 
pentane, at a lower tempera ture  and in a higher con- 
centration, might  also be expected to adsorb under  
diffusional control. However, al though classical z1/2 
plots could readi ly  be fitted to the experimental  data, 
diffusional controlled adsorption was not thought  to 
be the predominant  process for the following reasons: 

1. If d]ffusional controlled adsorption were opera- 
tive, potential  dependence on the rate would not be 
expected to occur. 

2. St i rr ing should have a profound effect on the 
rate of adsorption. In  fact, the rate remains  essentially 
unaffected. 

3. If diffusional controlled k~netics are operative, 
the l inear  region would only be expected to hold over 
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Fig. 9. Solubility of several hydrocarbons as a function of the 
reciprocal of the temperature. 1 Ethane. 2 butane, 3 pentane (ex- 
trapolated to 85~ Data indicated is taken from following: �9 
Ref. (17, 18); A Ref. (19); [ ]  Ref. (8). 

a short time, c.f., Cairns (12) and B r u m m e r  (2-4) not 
as is observed in this case, a l inear  region extending 
up to about 70 sec. 

4. The strongest  evidence aga ins t -d i f fus ion-con-  
t rol led adsorption is the t ime before adsorption be- 
comes significant, which  is re fer red  to as the " induc-  
t ion period." 

Confirmation that  diffusion-control led adsorption 
was not operat ive  at any stage of the adsorption proc- 
ess was obtained by analyzing the diffusion equat ion 
for pentane diffusing to a cylindrical  electrode under  
potentiostatic control, over  the range  of 

~ T 

Oox = (1) dT [ l ]  
o 

where  Qox is the anodic charge and therefore  is a 
measure  of the number  of moles of pentane adsorbed 
on the electrode, and T is the adsorpt ion t ime in sec- 
onds. 

The solution of the diffusion equat ion requi res  a 
knowledge  of the solubil i ty of pentane  (C+) under  our 
exper imenta l  conditions. This is not avai lable  in the 
l i terature.  Solubi l i ty  data (17-19) for several  hydro-  
carbons are shown in Fig. 9. 

It is noted that  the so lub i l i ty / t empera tu re  re la t ion-  
ship is paral le l  over  the  t empera tu re  range 25~ 
On this basis, the repor ted  solubil i ty at 25~176 has 
been ext rapola ted  to 85~ By this method a value  of 
C+ : 2.36 • 10-7 moles cm-3  is obtained. Since ad- 
sorption in our case lay in the mid region 1-100 sec the 
complete  solution of the diffusion equat ion [1] is nec-  
essary; (see Appendix) .  This was carried out on a 
Univac  1108 computer  and the solution plot ted in Fig. 
10 together  wi th  the corresponding exper imenta l  values 
of Qox and T for each potential.  

It is seen that  in all cases the exper imenta l  values 
fal l  wel l  below the theoret ical  curve. The evidence 
presented above c lear ly  shows that  the adsorption ra te  
is act ivat ion controlled. This is in accord wi th  the find- 
ings of Gi lman (8) and F lannery  (14) for ethane and 
butane, respectively.  

In v iew of the complex chain of reactions involved,  
it was not thought  appropr ia te  to analyze the data in 
terms of the equi l ibr ium relat ionships (Langmuir  or 
Temkin) .  It has, however ,  been analyzed in terms of 
a Langmui r - type  relat ionship (20), re la t ing the rate 
of adsorption to the avai lable surface of the electrode 
(1 - -  0~.c.). 

o 

1o0 

J 

10 
t 10 100 1000 

TIME (SECONDS) 

Fig. 10. Graphical solution of diffusion equation. Curves 1 and 2 
relate to the theoretical relationship for the charge per unit area 
to the adsorption time. Curve 1: C ~ 2.36 X 10 -7  males cm -~.  
Curve 2: C ~ 1 X 10 - 7  moles cm -3.  Curves 3-6 relate to the 
experimental data: 3, O.3V; 4, 0.2V; 5, O.4V; 6, O.lV. 

0H.C. is the electrode coverage wi th  pentane at t ime 
T .  

Using the Langmui r  relat ionship in terms of 0~.c. 
the rate  equat ion is 

dOH.c. "r 
- -  _ kC(1 -- 0H.c.~) ra [2] 

dT 

where  omc. : coverage wi th  hydrocarbon,  defined by 
the expression 

QH ~o o rg_  QHr org 
0H.c. -- [3] 

q oo org 

QR~o org =- hydrogen  charge at infinite t ime:  in ~C 
c m - 2  

QH r org : hydrogen charge at t ime T: in ~C cm -2 
m : react ion order  in avai lable  surface 
k a n d C  : constants 
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Fig. 11. Rate of electrode coverage vs. available electrode sur- 
face. �9 0.1V, X 0.2V, A 0.3V, [ ]  0.4V. 

Plot of log dOH.e./dT against log (1 -- 0H.C.) (Fig. 11) 
showed that  the reaction was p redominant ly  first order 
in available surface suggesting that the first step in 
the adsorption in terms of free surface is rate control-  
ling. 

A study of the kinetics of the formation of the cath- 
odically nondesorbable  species does not appear to have 
been at tempted before since diffusional controlled ad- 
sorption has general ly  been operative. A simple at-  
tempt  at analysis is presented below. 

Plo t t ing  the rate of formation of the nondesorbable  
species dON.D./dT as a funct ion of avai lable electrode 
area (1 - -  O d e s )  X Odes results in a l inear  relat ionship 
at 0.3 and 0.4V. However, at 0.2V the relat ionship 
breaks down; this is probably  due to the presence of 
significant coverage with hydrogen (21). 

The result  for 0.4V is plotted in Fig. 12 and indicates 
that  the formation of O-type is first order in available 
surface, as well as Odes; thus support ing the hypothesis 
that  the nondesorbable  species is derived from the 
cathodically desorbable species. The Qox vs. T plots, 
Fig. 3 and 4, indicate a significant induct ion period 
before measurable  adsorption occurs at 0.1V. This is 
potential  dependent  the longest "induction" period 
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Fig. 12. Relationship between the rate of formation of non- 
desorbable material to available electrode area 0.4V. 

being at 0.1V subsequent ly  reducing as the potential  is 
made more anodic. It is l ikely that  adsorbed hydrogen 
plays a part  in controll ing the length of the " induct ion 
period." This is explained by assuming that  a replace- 
ment  mechanism is involved and that  the replacement  
of hydrogen by hydrocarbon is significantly slower 
than the subsequent  ra te-control l ing adsorption step. 
The absence of a significant induct ion period at 0.3 
and 0.4V gives strong support  to this assumption. 
Similarly, it was found that on lowering the tempera-  
ture to 30~ the " induct ion period" was increased by 
about a factor of ca. 3 at 0.2V. Reducing the concen- 
t ra t ion of pentane  also resulted in an increase in the 
" induct ion period" again consistent with the proposed 
replacement  mechanism. 

Adsorbed species.--Two distinct types of adsorbed 
species are present  on the electrode, one cathodicaIIy 
desorbable and the other cathodically nondesorbable.  
This finding is s imilar  to that  of Brummer  for the ad- 
sorption of propane and hexane on plat inum. Brum-  
mer designated the species CH-~ and O-type (and 
CH-~), respectively, and the same nomencla ture  is 
used here. The CH-~ species has been found in our 
exper iments  to be always predominant .  The CH-~ 
species (except at 0.1V where adsorbed hydrogen re-  
sults in anomalously low values) gives on oxidation 
an average [el value of 5.2. I t  is noted that  at 0.3V 
possibly a second CH-a species is present.  Although 
two lines have been drawn through the exper imental  
points, the significance is questionable. On account of 
the high value of 5.2 "electrons per site" it is suggested 
that the adsorbed species is uncracked. 

A simple model of pentane adsorbed on a p la t inum 
(100) face is a close-packed ar ray  (Fig. 13) would 
result  in an [el value of 5.4, i.e., 27 electrons for total 
oxidation to carbon dioxide and water. Considering the 
simplest case where  hydrogen is not co-adsorbed, e.g., 
0.3V, it is possible to calculate the n u m b e r  of molecules 
of pentane  adsorbed on 1 cm2 of plat inum. The experi-  
menta l  value at 0.3V for the CH-~ species to 6.6 • 1014 
molecules cm -2 compares with the expected theoret i-  
cal va]ue of 8.8 • 1014 molecules cm -2. These values 
are felt to be in close agreement  in view of the  fact 
that  screening of the available electrode surface, which 
is inferred from the data shown in Fig. 6, occurs, which 
reflects a somewhat higher theoretical value since the 
electrode coverage wil l  be higher than is in fact the 
case. In  addition, not all the surface is available for 
adsorption since the P t - P t  and C-C bond lengths are 
not identical and therefore a lower value still would 
be expected for the theoretical value. 

The O-type species oxidizes, yielding values of 3 
and 1.5 electrons per site and are probably oxygenated 
species, as suggested by Brummer  (3, 4, 6) and Cairns 
(12). The [el value decreases with increasing potential  
(Fig. 13) which is consistent with the formation of a 
more highly oxidized species at high potentials. 

Conclusions 
Pentane  has been shown to adsorb under  predomi-  

nan t ly  act ivat ion-control led conditions and the ad- 
sorption process is first order in available electrode 
surface at all the potentials studied. At low potentials 
an induct ion period is observed which is thought to be 
connected with a hydrogen replacement  stage. 

The major i ty  of the pentane  is adsorbed in an un-  
cracked state (CH-a) and is readi ly cathodically de- 
sorbable. The cathodically nondesorbable O-type forms 
only a small  proport ion of the adsorbate and becomes 
more highly oxidized with increasing potential. The 
formation of O- type  species is shown to be first order 
in the avai lable electrode surface. 

APPENDIX 
The mathemat ical  relat ionship for relat ing the dif- 

fusion of hydrocarbon in an infinite region sur round-  
ing a cylindrical  electrode, radius a, where the diffu- 
sion coefficient, D, and the concentrat ion in the bu lk  
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electrolyte,  C| are g iven  is re la ted to the cur ren t  per  
unit  area of electroOe by 

exp a 2 z 2 dz 
i - -  4nFD C| l*l~ 

~2 a *]o Z (Jo 2 (z) -~- Yo 2 (Z)) 

Carslaw and Jaeger  (22) give the formula  for the heat  
flow in the corresponding heat  p roblem as 

e x p  a2 z2 dz 
4KV ~o ~ 
~2a Z(Jo 2 (z) + Y J  (z))  

where  z = a, u and V -- C| X - D, K -- nFD. 

To carry  out the numerica l  analysis of the integral  
given above for all t imes the asymptotic  series (first 
four terms) for 0 ~ T ~ 0.3 are empmyed.  For T > 0.3 
the fol lowing is in tegrated numer ica l ly  

4nFDC| ~'t ~'~ exp - - - - ~ Z  2 d z . d t  
q :  JoJo n2a Z(Jo 2 (z) -f-Yo 2 (z))  

4nFC| a ~ ' *  ( t e - rCDaz  

~ Jo  z 3Jo 2(z) + Y o  2 (z) 

To ca r ry  out this in tegrand it is found that  for T 
0.3, z > 3.6, 1 -- e -z2T is a monotonic increasing func-  
tion and equal  to 0.99 to an approximat ion  of _+ 1%, 

1 
and that  is a monotonical ly  de- 

a(Jo2 (z) + yo2 (z))  
creasing function and equal  to 1.58 to an approxima-  
tion of __+1%. Consequent ly  

f33 ~ (l -- e-z2T)dz f33~~ dz 
.6 z3(jo2(z ) +Yo2(z)) ,-~0.99• .6 "~- 

0.99 • 1.58 
-- _ 0.4345 

0.36 
Now for modified integral  l imits  

0.2 1 --  exp -z~T (1 -- a2T) 

0 < ~ <  T'/2'-- z 2 ~'~ 4 T 

to wi thin  1%, and for 
2 

0 < a ~ 0 . 2 : Y o ~ 0 . 0 7 + - - J o  In (z) 

�9 ' Z(Jo 2 (z) -4- Yo 2 (z))  

( ( ; )  --~ z (Jo 2 (z))  1 + --0.07 + - - l n  (z) 

a2 T 

4nFC| a 4 y ~  

( ~  1-~ 
dz 

�9 ~ q-- 

z6+( ) 

+ z3(Jo 2 (z) + Yo ~ (z))  l 

3 

where  a is a min imum at (0.2, O.2/TW). Now 

( ( ),) z 1 +  --0.07 -t- ~ l n  (z) 

-- ~ -{- tan -1 --0.07 + ~ l n a  
2 Y 

in the range --~/2 to x/2. 

A- 0.4345 
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Fig. 13. Model of platinum lattice with pentane dissociotively 
adsorbed on the surface. �9 Pt atom. 

T h e  integral  be tween  a and 3.6 was integrated nu-  
merical ly  using the Simpsons rule  procedure SIMINI 
given in the Univac Mathpack (23) wi th  a re la t ive  
error  setting of 0.001. The integrand was evaluated 
(24) using 

1 
2 -~ z ~ 3.6 = 1.59 

Z(Jo2(Z) + Y J ( z )  ) 

(bet ter  than  +_ 1%) 

O - - ~ z ~ 2  Jo(z)  = 1 - - 2 . 2 5  ( 3 )  2 

Yo(z)  = - -  In Jo(z)  + 0.367467 
Y 

,0.00  0  - y 
The fol lowing numerical  values were  then substi- 

tuted into the above expressions: D = 2.15 • 10 .5 cm 2 
see - I  (25); a = 0.0127 era; n = 27. The curves shown 
on the graph of exper imenta l  results Fig. 13 are for 
C~ = 10 .7  and 2.34 • 10-~ moles cm-a.  
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Thermodynamic and Physical Properties of 
Molten Sodium Polysulfides from Open-Circuit 

Voltage Measurements 
Nirmal K. Gupta* and Ragnar P. Tischer* 

Scientific Research Staff, Ford Motor Company, Dearborn, Michigan 48121 

ABSTRACT 

The open-circui t  voltage of the cell Na/~-alumina/Na2Sx/pyrolytic graphite  
has been measured as a funct ion of tempera ture  and sodium-polysulfide com- 
position. From these data, differential free energy, entropy, and enthalpy 
values for the potent ia l -de termining  reaction and the differential free energy 
of formation for various polysulfide compositions were calculated. The part ial  
differential enthalpy (H1) of adding Na to the polysulfide melt  is --47.6 kca l /  
tool independent  of melt  composition and temperature.  The solubility of 
sulfur in sodium pentasulfide was determined between 280~176 and the 
Na2S-S phase diagram of Pearson and Robinson was revised in the Na2S2-S 
range and extended to show the Na-rich border of the miscibi l i ty gap. 

So far very little has been known about the electro- 
chemistry of the Na-S  system in the molten state. 
With the application of E-alumina and related struc- 
tures of high sodium ion conductivity, direct electro- 
chemical investigation of this system became possible. 
The application in the Na-S bat tery  makes a more de- 
tailed knowledge of the electrochemical behavior of 
the system highly desirable. 

As a first step in a program to gather such knowl-  
edge, the open-circuit  voltage of the cell Na/~-a lu-  
mina/Na2Sz mel t /graphi te  has been measured as a 
function of temperature  and of the composition of the 
melt. The data obtained in conjunct ion with recent 
DTA measurements  by Oei (1) of this laboratory per-  
mit  a revision to be made of the Na~S-S phase dia- 
gram by  Pearson and Robinson (2). The use of open- 
circuit voltage (OCV) measurements  for the deter-  
minat ion of a phase diagram has the distinct advan-  
tage that  one can wait  an unl imi ted  t ime (at least 
theoretically) for equi l ibr ium to be reached. This is 
quite important  in a system with such strong ten-  
dency for undercooling as the Na-S system. The limits 
of the miscibil i ty gap, for instance, cannot be deter-  
mined by the usual  method of analyzing the phases, 
because the two phases will  not separate, at least 
under  na tura l  gravity, when kept at tempera ture  for 
three weeks. 

From the open-circui t  voltages a variety of thermo-  
dynamic values can be calculated hitherto not avail-  
able in l i terature.  A search revealed only a few heats 
of formation for sodium polysulfides in the solid state 
at room tempera ture  and in liquid ammonia  (3, 4). 

Theoretical Considerations 
NazS2-S phase diagram. Sulfur soZubiZity in NaeSs.-- 

For the purpose of determining the solubil i ty of sulfur  
in Na2S5 as a funct ion of temperature,  two sets of data 
were needed. One set of data consisted of OCV mea-  

" Electrochemical Society A c t i v e  M e m b e r .  
K e y  w o r d s :  f r e e  e n e r g y  of  f o r m a t i o n ,  p h a s e  d i a g r a m .  

surements  as a function of Na-polysulfide composition 
at various temperatures.  The other set was obtained 
by measuring OCV using a Na-polysulfide melt  in 
equi l ibr ium with sulfur at the same temperatures.  The 
plot of OCV vs. composition extrapolated to the OCV 
of the S-satura ted melt  at the same tempera ture  yields 
the composition of this melt. The S-solubi l i ty  in Na2S5 
as a function of temperature  forms the Na-r ich bound-  
ary of the miscibil i ty gap in the Na~S-S phase diagram. 

Liqu~dus line.--The l iquidus line, including the mel t -  
ing points of the Na-polysulfides that  exist as definite 
compounds in the solid state, and the mel t ing points 
and compositions of eutectics can be determined from 
the OCV vs. temperature  curves. 

Thermodynamic properties.--The Gibbs free energy, 
enthalpy, and entropy for the three reactions involved 
are symbolized as follows 

2Na ~- (x -- 1) Na2Sx ----- xNa2Sx-1 (G1, H1, Si) 
(x ---- 3 . . .  5) [1] 

S -}- Na2Sx-1 ---- Na2Sx (G2, H2, $2) [2] 

2N a + xS - - - - N a 2S x  ( G , H , S )  ( x - - - - 2 . . . 5 )  [3] 

The (barred) part ial  molar  quanti t ies  are differential 
energies and entropies of adding Na or S to a large 
excess of polysulfide melt  such that the over-al l  poly- 
sulfide composition does not change. Subscript  1 rep-  
resents Na and subscript 2 represents S. 

Calculation of G1, Ge and G.--The OCV of the cell is 
determined by Reaction [1]. Sodium is ionized or 
discharged at the sodium electrode and passes through 
the Na- ion  conducting ceramic to or from the melt. 

Na ---- Na + + e -  

The sulfur  electrode transfers electrons and responds 
to the reaction 

(x -- 1) Sx = ~- 2e- -~ xS=.~.-l (x ~- 3 . . .  5) 



1034 J. E lec t rochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  

I ' I 
o 2 8 0  oC 
�9 5 0 0 o C  

�9 3 5 0  oC 
- 3 6 0  "C 
" 3 9 0 "  C 

v 

o o  

o 
% 

~ o 

A �9 

2.1 

ooo 
_ ~  o 

v 

2 . 0 - -  

I . -  
._/ 

O 

1 . 9  - -  

I 

L8 -- 

1.7 
2 . 0  

, I , I , I 
2 . 5  3.0 3.5 

"~ in Na~S~ l ~ - 2  in S- saturated melt ) 

- -  A 
Fig. I .  G1 as a function of y at various temperatures, indicating 

- -  A 
that dG/cly = constant. 

We have here the rare  case of a redox system wi th  the 
oxidized and the reduced form of an atom present  in 
one and the same ion (cp. I3-  in aqueous solution).  
The OCV (difference of revers ible  potentials)  is re-  
lated to G1 by 

- -GI  : FE 

where  F : Faraday  constant and E : open circuit  
voltage. 

The value of G2 is calculated f rom G1 by using the 
Gibbs-Duhem rela t ion 

A IX 

y dG-~l -~ x dG2 = 0 

where  2 and x are the stoichiometric  numbers  of Na 
A IX A 

and S in Na2Sx; y = 2 x / x  with x = constant = stoi- 
ehiometric number  of S in Na2Sz in equi l ibr ium with  

A 
free sulfur, x is a funct ion of t empe ra tu r e J  

A 
Dividing this by dy and integrat ing with  respect to 

IX IX 
y while  having x constant, we obtain 

A IX 

d-G1 ~ + x  d n = c  

#% ix 

A plot of --G1 vs. y at constant x shows that  in this 
system at any t empera tu re  wi th in  the range  of in- 

A 

terest  dGi /dy  is also a constant (Fig. 1). Hence 

IX 

y s dGi 
Gz -- p c 

A IX 

2 x  d y  

The value of the constant  c is calculated by introducing 
the data for a reference  polysulfide composition in 
which a small  addition or removal  of sulfur does not 
cause a free energy  change, i.e., G2 - 0. Such a re f -  
erence composition is given by the sodium-r ich  bound-  
ary of the miscibil i ty gap, because there  the mel t  is in 

1 S t o i c h i o m e t r i c  n u m b e r s  c a n  be  u s e d  c o n v e n i e n t l y  f o r  t h i s  ca l -  
eulat ior~ b e c a u s e  t h e  G i b b s - D u h e m  e q u a t i o n  is  h o m o g e n e o u s .  
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A 
equi l ibr ium wi th  sulfur. As w e  have  set x = x at this 
composition, we have  

C E m 

A A 

2 x  d y  
^ 

since here  y = 2, or 

A 

y'. dd~ 2 dG1 
A A 
x d y  

1 dG1 ^ 
Gs -- - -  (4 -- y 2) 

A A 
2 x  d y  

ix ix 
where  2 ~ y ~ x. The va lue  of G is then  calculated 
from the re la t ion 

G=2 1 
It should be noted that  the  G-va lues  are based on one 

mole of Na2Sx whereas  G1 and G2 are for one atom of 
Na and S, respectively.  

Calculation of the entropy t e rm . - -The  value  of $1 can 
be calculated f rom the t empera tu re  dependence of G1, 
i.e. 

(OG--dOT)~ = - S l  

Calculation o] H1.--Making use of the thermodynamic  
relat ion 

G1 : H~ + T(OG1/OT)p 

substi tut ing --G1 : FE and rearranging,  we get 

[ (OE/OT)p -- E/T]  = ( 1 / T ) H 1 / F  

so that  a plot of (hE~AT -- E / T )  vs. 1 /T  has a slope 

equal  to H1/F. 

E x p e r i m e n t a l  P r o c e d u r e  

Material preparat ion.--The Na2S4 obtained f rom 
Alpha-Inorganics  contained traces of S and C2H5OH 
as impurities.  It  was purified by shaking with  spectro- 
grade CS2 (Matheson-Coleman & Bell) at room tem-  
pera ture  fol lowed by vacuum drying at 70~ over  
P205 for one week. The purified Na2S4 was stored in 
a dry box (under  he l ium)  unt i l  used. 

Na2S was prepared f rom the hydra te  by the con- 
vent ional  method (5). The h igh-pur i ty  sulfur  
(99.999%) obtained f rom Amer ican  Smel t ing and Re-  
fining Corporat ion was used wi thout  fur ther  purifica- 
tion. 

Na2S5 was synthesized by mixing Na2S and S in the 
stoichiometric proport ions and heat ing at 500~ for 1 
hr  in a Vycor tube sealed under  vacuum. Any  excess 
sulfur was removed  by shaking Na2S5 wi th  spectro-  
grade toluene at 25~ fol lowed by vacuum drying over  
P205. 

The various Na2S~ compositions were  prepared by 
taking appropriate  amounts  of two of the  fol lowing 
compounds: Na2S,, Na2S4, Na2S~. and S, and heat ing  
at 500~ for 4 hr  in a Vycor  tube sealed under  vac-  
uum. The mel t  was cooled and all the solid was t rans-  
fer red  to the cell. 

Cell construct ion.--Pyrolyt ic  graphite electrode.-- 
Pyrolyt ic  graphi te  (p.g.) rods (1/4 in. diam x 6 in.) 
obtained f rom Union Carbide were  shaped to a pencil  
point as shown in Fig. 2. A h igh-pur i ty  t i tanium wire,  
of 0.062 in. diam and wi th  0-80 thread at one end, was 
threaded into the p.g. This assembly was enclosed in 
a Vycor  tube and the p.g. was degassed at 900~ for 
4 hr  with continuous evacuation. The Vycor  tube was 
subsequent ly al lowed to shrink over  the p.g. tip by 
heating. The t i tan ium wi re  was sealed into the Vycor 
tube close to the p.g. rod by careful  heat ing fol lowed 
by slow annealing. The tip of the electrode was ground 
flat and polished to expose the cross section of the p.g.; 
and the whole  assembly was immersed in distil led 
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Fig. 2. Pyrolytic graphite microe|ectrode 

water  to check for leakage. After  test ing for 12 hr, 
t h e  other end of the Vycor tube was also shrunk  onto 
the t i t an ium wire. A vacuum- t igh t  Vycor - to - t i t an ium 
seal was made at this end by  using Tor t - sea l  low 
vapor pressure resin supplied by  Var ian  Associates. 
No creepage of the polysulfide melt  was detected along 
the p.g.-Vycor interface. 

The Cell .--Figure 3 shows the Pyrex  cell used. Sodium 
(99.999% pure)  was filtered through a Pyrex  fri t ted 
disk and  introduced into the ~-a lumina  tube. The con- 
necting Pyrex  tube A was then  sealed at B under  vac- 
uum. Electrical contact was made by using a tungs ten  
wire  sealed in  Pyrex. 

A calibrated Chromel -Alumel  thermocouple was 
used to measure the tempera ture  of the melt. The 
Na2S~ was introduced into the cell in  an atmosphere 
of dry nitrogen. The cell was then  evacuated and 
sealed at C at room tempera ture  to avoid changes in 
the composition of the melt  at high tempera ture  due 
to sulfur  evaporation. 

The cell construct ion was such that  the polysulfides 
came in contact with Pyrex,  Vycor, p.g., and ~-a lumina  
ceramic only. 

Voltage measuremen t s . - -A  Keithley 660A differential 
d-c vol tmeter  was used to measure the thermocouple 
emf and the open-circui t  voltage between the Na- 
reference electrode and the S / S  = electrode. The cor- 
rect ion for thermo emf be tween  the two electrodes 
w a s  negligible ( <  1 mV at all  temperatures) .  

CHROMEL- ALUMEL 
THERMOCOUPLE 

TITANIUM 
W~RE AT~/~,r  t /~-F FOR FILLING SODIUM 

. . . .  B TUNGSTEN WIRE 
TORR SE 

VACUUM 

. . . . .  EX  (A )  

GRADED ~ P Y R  
SEAL 

II}}}ltl!-P  -AL~ 
~ SODIUM 

PYROLYTIC 
GRAPHIT- ~ N o 2 S  x MELT 
ELECTRODE 

Fig. 3. Pyrex cell 
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OPEN CIRCUIT VOLTAGE {VOLT) 

Fig. 4. Open-circuit voltage vs. temperature data 

Resu l ts  a n d  D iscuss ion  
Solubility and phase diagram.--Figure 4 shows the 

OCV vs. t empera ture  data for various polysulfide com- 
positions studied. For all  compositions, the OCV in-  
creases wi th  decreasing temperature.  In  the case of 
the Na2S~.4 and Na2S2.6 compositions, the OCV in-  
creases unt i l  a break occurs (A and B, respectively) 
due to the separation of solid Na2S2 phase out of the 
melt. The curves fur ther  on coincide for both start ing 
compositions. The shape of this curve is determined 
by the change in the OCV due to the changing com- 
position of the melt  with temperature ,  because solid 
Na2S2 phase precipitates, and by  the changing tem-  
perature.  The points A and B lie on the l iquidus curve 
in the Na2S-S phase diagram. 

In  melts that contain a larger amount  of sulfur, e.g., 
Na2S3.~5 composition, no such break occurs in  the cool- 
ing curve. A supercooling by as much as 100~ (stable 
for more than  three days) has been observed in  this 
case, before the melt  solidifies. I t  should be noted that  
supercooling has been observed in all the melt  com- 
positions studied above Na2S~.6 composition. The su- 
percooling tendency increases with increasing length 
of the sulfur  chain present  in the polysulfide ions. The 
point C corresponding to the l iquidus line, in such a 
case, is determined by reheat ing the solid. A hysteresis 
loop (xyz) is observed as expected. The OCV de- 
creases as the tempera ture  is raised unt i l  the l iquidus 
l ine (z) is reached. A break  in the OCV vs. t empera-  
ture curve (y) occurs and the OCV increases owing 
to changing composition of the melt  along the l iquidus 
l ine in the Na2S-S phase diagram. At the second break  
(C), the heating curve  leaves the l iquidus line. 
After the solid phase has disappeared, the original 
cooling curve is retraced. 

The composition of a eutectic that  exists between 
Na2S2 and Na2S4 composition is also determined from 
the Na2Sm.~5 data. According to Pearson and Robinson 
(2), and  Oei (1), the mel t in~ point  of this eutectic is 
235~ If we extrapolate  the OCV vs. t empera ture  data 
obtained along the l iquidus l ine (z) for NaeS~.s5 com- 
position to 235~ we find that  the composition of the 
eutectic corresponds to Na2S3. A second-order  }east 
square approximat ion was used for this extrapolation.  
Pearson and Robinson (2) reported a composition close 
to Na~$3.24. 

Consistent results could not be obtained by  this 
method between Na2S4 and Na2S5 because the cell was 
not equipped for s t i r r ing to overcome the severe un -  
dercooling in this region. 

The sulfur  solubil i ty in Na2S5 is de termined from 
the OCV vs. composition relat ionship at fixed tem-  
peratures taken from Fig. 4, and the OCV's of sulfur-  
saturated melt  shown in  Fig. 5. The data in  Fig. 5 were 
obtained using polysulfide melts with excess sulfur. 
The curve (D) was obtained on cooling the melt. The 
straight l ine (U) was obtained on heat ing after  allow- 
ing the Na2S,5 to crystallize out of mol ten sulfur  by  
cooling. The hysteresis loop is formed because of the 
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formation of supersaturated melt  on cooling. These 
supersaturated melts have proved to be very stable. 
The OCV values at each point on the curve did not 
change even after wai t ing for 24 to 72 hr. The straight 
line shows the OCV of polysulfide melts in equi l ibr ium 
with sulfur as a funct ion of temperature.  The com- 
position of such melts at various temperatures  is ob- 
tained by plott ing the data from the straight l ine in 
Fig. 5 and the OCV vs. composition data obtained from 
Fig. 4. Such plots are shown in Fig. 6, which depicts 
the OCV vs. composition data at five different tem- 
peratures. The horizontal  lines correspond to the data 
obtained from straight l ine U in Fig. 5. As explained 
earlier in the theoretical section, the l ine passing 
through the points of intersection forms the Na-rich 
boundary  of the miscibil i ty gap (Table I) .  The accu- 
racy with which the S-solubil i ty can be determined 
by this method is of the order of • total sulfur. 

The almost l inear  dependence of the OCV on com- 
position does not  permit  any decision as to the poten-  
t ia l -de termining  reaction. The range of compositions 
accessible in this system is so small  that  any logarith- 
mic plot is l inear  with good approximation. But  the 
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Table I. Sulfur-saturated melt composition at various temperatures 

T e m p ,  ~  S u l f u r  ( w t  % )  

280 78.28 
300 78.33 
330 78.40 
360 78.48 
390 78.50 

slope ( R T / n F )  of reasonable logarithmic plots yields 
an n of 0.25. This suggests tha t  the oxidized form S 
and the reduced form S -  in the sulfur/sulf ide redox 
couple cannot be treated as separate entities. 

Figure 7 shows the Na-S phase diagram constructed 
using the Na-r ich  boundary  of the miscibil i ty gap (l ine 
A) and the points (solid) on the l iquidus l ine obtained 
from the data in Fig. 4. The open circles show the data 
points obtained by Oei (1) using DTA and other 
analytical  methods. The th in  l ine (B) shows the 
NazS-S phase diagram as published by Robinson and 
Pearson (2) in 1930. The S-rich boundary  of the 
miscibil i ty gap has not  yet been determined. The 
miscibili ty gap does not close at the top because sulfur  
boils at 444.6~ under  atmospheric pressure. Whereas 
the DTA data by Oei and the OCV data presented in 
this paper agree very well, there is a discrepancy with 
the diagram obtained by  Pearson and Robinson (2). 
This may be at t r ibuted to an uncer ta in ty  in the poly- 
sulfide compositions caused by the analyt ical  method 
used by Pearson and Robinson and/or  the supercool- 
ing associated with polysulfide melts with a S /Na ratio 

1.3. Pearson and Robinson obtained all their  data 
from cooling curves. Figure 8, which is an enlarged 
view of a portion of the Na-S phase diagram, shows 
that  the S-solubil i ty l imit  does not pass through Na2S5 
at its mel t ing point. This clearly indicates that  some 
sulfur dissolves in l iquid Na2Ss down to solidification. 
No at tempt was made to determine the solubil i ty of 
sulfur  in solid Na2Ss. Establ ishment  of equil ibrium, 
being very sluggish in the melt, can be expected to 
be considerably more so in the solid state. 

Thermodynamic  propert ies . - -Table  II lists the val-  
ues of --G1 and --G2 calculated from the exper imental  
data. At any temperature,  --G1 decreases with de- 

Na2S 4 

No2S 2 2 N o : 3 S  I Na2S5 
= 

i I [ i  
6 0 0  - -  2 No : 4.67S 

Na S - -  Pearson- 2 . . . . . . . .  
/ + Robinson 

-& i Liquid 
o ~ Modification 

500 - -  f 4 7 5  . . . . .  

Vapor+Liquid 

4 0 0  

::) ~ \ | Two Liquids 

n Na?_S?_ 285~ 

.~-Z ~ \ ~ ~ , / , ~ / 2 4 2 : ( D )  

200 �9 . I / 4- 
Liquid i ~ /  Liquid Sulfur 

-- 4- I I 

I 
I 
I 

I , I , , I  , ] , 
,oo 6o zo so 90 ,oo 
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Fig. 7. No~S-S phase diagram. �9 Data from thriS work, Q data 
from Oei {1}. 
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Polysu l f lde  --G-~, kea l  --G2, kca l  
c o m p o s i t i o n  

(mo l t en )  280~ 300~ 330~ 360~ 390~ 280~ 300~ 330~ 360C ~ 390 ~ 

Na~Ss 47.6 47.5 47.4 47.3 47.2 0.09 0.18 0.20 0.24 0.27 
Na~,S, 45.2 45.2 45.0 44.9 44.8 I. 13 1.24 1.28 1.33 1.40 
Na~Ss.7 44.3 44.2 44.0 43.9 43.7 1.62 1.74 1.78 1.85 1.92 
N ~ s , *  42.0 41.7 41.5 41.2 40.9 3.06 3.20 3,26 3.36 3.47 
Na~s 41.2 3.54 

NasS=.e 39.0 (440~ N o  d a t a  
Na~S~.~ 36.3 (440"C) No  da t a  

creasing S content  of the melt ,  whereas  the  --G2 va lue  
increases.  The G2 values  for the Na2S2.4 and Na2S2.6 
composit ions were  not  ca lcula ted  because of difficulties 
in de te rmin ing  the composi t ion of the  S - sa tu r a t ed  
polysulf ide mel t  (needed as a reference  point)  close 
to the  boil ing point  of S wi th  any accuracy.  

F igure  9 shows plots of - - ( ~ E / ~ T  -- E / T )  vs. 1/T. 
For  al l  the composi t ions invest igated,  the  re la t ionship  
is l inear  and all  the  l ines have  p rac t i ca l ly  the  same 
negat ive  slope. Such a cons tancy in the  value  of H1 
(--47.6 • 0.7 kca l /mo le )  means  tha t  the  same react ion 
is potent ia l  de te rmin ing  over  the  ent i re  t empe ra tu r e  
and composi t ion range.  This reac t ion  is the  addi t ion 
of Na to the polysulf ide mel t  (Eq. [1]) .  

Table  I I I  shows the values  of the  to ta l  free energy  
(G) for  the  format ion  of the  polysulfide, and Hi and 

S1 for  adding  Na to the  polysulf ide  mel t  (Eq. [1]).  
Since the var ia t ion  of G1 wi th  t e m p e r a t u r e  for any  
polysulf ide composi t ion is small ,  the va lues  of S, $2, H, 

2 0 0  I 
70 72 

300 

d 

w 

w 

25C 

I ! I I 

S - S o l u b i l i t y  
L im i t  

I I I 

74 76 78 80 
SULFUR, WT.% 

Fig. 8. Na2S-S phase diagram (magnified view) 
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Fig. 9. Plot for various compositions of - -  ( ~ E / A T  - -  E/T)  vs. 1 /T  

Table Ill. Thermodynamic data for sodium polysulfides calculated 
from open-circuit voltage measurements 

Po lysu l f i de  -- G, kca l  - H~ - 
c o m p o s i t i o n  

(mol ten)  280~ 300~ 33-0~ 360~ 390~ k c a l  cal  ~ -1 

NaeS~ 95.7 96.0 95,8 95.7 95.7 47.8 4.1 ----- 1 
Na2S~ 95.0 95.3 95.1 95.1 95.1 48.2 3.8 -~- 2 
NaziSm.7 94.6 94.9 94,6 94.6 94.6 46.3 4.9 ~--- 1.5 
Na~S3,1 93.5 93.4 93.1 92.9 92.6 47.6 10.0 -~ 2,5 
Na~S3 93.1 

Na~2,6 No  da ta  47,8 24.6 
Na2S2,4 No da ta  47.8 24.6 

Na2S~ (solid) 89.6 (?) 

and-H2 could not  be ca lcula ted  accura te ly  f rom the 
data. The accuracy  of the  G values  is of the o rder  of 
• kca l /mole .  The free energy  of fo rmat ion  of solid 
Na2S2 at  235~ was a r r ived  at  b y  mak ing  use of the  
fact tha t  mol ten  Na2S3 and solid Na2S2 are  in t he rmo-  
dynamic  equi l ib r ium at the  mel t ing  point  of Na2S2- 
Na~S4 eutectic.  
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A Calomel Cell and the Fugacity of Hydrogen 
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A B S T R A C T  

By use of recent  data for hydrogen as a real  gas, it has been shown that  
there  is no need to introduce changes in the activities of condensed phases to 
explain the e lect romotive forces measured when the par t ia l  pressure  of hy-  
drogen in a calomel cell (0.1N HC1 as electrolyte)  is increased up to 1035 a tm 
at 25% 

In a classic invest igat ion (1, 2) it was found at 25 ~ 
that  the emf, e, of the cell 

1-12 (g) Pt]HC1 (0.1N) [Hg2Cl2 (s) ]Hg (1) 

increased more  rapidly than requi red  by the Nernst  
equat ion when the part ial  pressure p of hydrogen, 
varied up to 1035 atm, was used in the calculation. 
The depar ture  of hydrogen f rom ideal behavior  was of 
course main ly  responsible, and all but  2.3 mV of the 
difference at 1000 arm was accounted for by using a 
simple equat ion of state for this gas in a t r ea tment  
based on the vo lume change a t tending the cell reac-  
tion. The residual  difference was a t t r ibuted in the 
main to an effect of hydrogen dissolved at high pres-  
sure on the part ial  mo~al vo lume of hydrochloric  acid. 
Calculations reported here, which are based on recent  
data (3-6), show that  this assumption is no longer  
necessary. Extens ive  pre l iminary  calculations indi-  
cated the results of Michels et al. (5, 6) to be best for 
our purposes. 

Two sets of final calculations were  made. In the first, 
the increment  • resul t ing from an increase of p above 
1 arm (101325 N / m  2) was obtained for each such in- 
crease from the famil iar  equation 

z~e _-- (0.029580V)log fp/f l  [1] 

which contains the fugaci ty  quot ient  for the  two par -  
tial pressures in question. The fugacities were  obtained 
from 

In ~/p = (14.38P)/RT 4- (O.O06671P2)/2RT [2] 

where  P is the pressure in atmospheres for a hydrogen 
Pv isotherm exper iment ;  R has the value  82.056 cm 3 �9 
a tm/kmol ,  and T is the tempera ture  in Kelvins.  The 
calculation assumes that  P may  be substi tuted for p, 
the par t ia l  pressure of hydrogen in the cell, when  the 
two pressures are equaI. This assumption is tan tamount  
to saying that  the wate r  vapor  present  does not change 
the fugaci ty  of hydrogen. The first vir ial  coefficient is 
the value of B for 25 ~ in Ref. (6); the second is that  
of (C - - B 2 ) / R T  for the same temperature .  

In addition, a differential  calculat ion was needed. 
This is based on three  thermodynamic  relat ions 

d In ~ = (pv /RT)  d In p 

(v ---- molar  volume of He) [3] 

"a ---- e* 4- (RT/2u  In 

(a denotes actual gas) [4] 

J : e* + (RT/2F)  l n p  

(i denotes ideal gas) [5] 
which lead to 

(Se)n : ,an -- J~ = (RT/2F) (In fa -- In Pn) [6] 
o r  

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
P r e s e n t  a d d r e s s :  D o w  C h e m i c a l  C o m p a n y ,  T e x a s  D i v i s i o n ,  F r e e -  

por t ,  T e x a s  77541. 
Ke:~ words:  hydrogen f u g a c i t y ,  e l e c t r o c h e m i c a l  cell,  p a r t i a l  p r e s -  

su r e .  

( ~ ) n  ---- (0.029580V) (log fn -- log Pn) at 25~ [7] 

as the "depar ture  f rom ideal i ty"  for the n ' th  cell. Ex -  
per imental  values of (Se)n may  be plot ted against 
log Pn and measured slopes, d (Se) /d  log p, taken f rom 
the result ing curve. These may  be compared with 
slopes calculated f rom 

d(~e) ---- (0.029580V) ( p v / R T  -- 1) d l o g p  (p ---- P) 
[8] 

Equat ion [8] results f rom Eq. [3] and [7] applied to 
a pair of cells wi th  par t ia l  pressures of hydrogen only 
slightly different. Equat ions [7] and [8] thus permi t  
a direct intercomparison of two kinds of measured 
quantit ies:  emf and Pv isotherms. 

In Eq. [4] and [5], ~* is the emf of the cell at unit  
fugacity of hydrogen. We have  used E* ---- 0.39375V, a 
value based on the first measured resul t  of Ref. (7), 
Table I, corrected to 0.1N HC1 by use of act ivi ty  co- 
efficients in Tables III and IV. 

The data to this point are given in Table I. 
The complexi ty  of the calomel cell, uncovered (7) 

since 1924, could be responsible for the  h's in Table I. 
It  is grat ifying to see that  they  show no dependence 
on p, and that  they  are smaller  and opposite in sign 
to the 2.3 mV ment ioned above. 

Figure  1 shows the plot of (~)meas VS. log p. 
Table II gives the comparison of the measured  slopes 
from Fig. 1 wi th  calculated values from Eq. [8] at five 
pressures at which  isotherms were  measured. The 
agreement  is satisfactory. The fugaci ty of hydrogen is 
thus the only var iable  needed to explain the var ia t ion 
of ~ with p in the cell under  consideration. The mea-  
sured emf's give no evidence of any net change in 
the activities of the condensed phases. In particular,  
they show no effect of the difference of electrolyte  
composition in the regions near  anode and near  cath-  
ode even at a hydrogen par t ia l  pressure that  exceeds 
1000 arm (108 N/m~).  

LIST OF SYMBOLS 
f ,  fugacity of hydrogen at part ial  pressure p, 

a tm 

14 

%12 
X 

,.nlC 
? 
N 

c 

1.6 :1 :8  2:(~ 2:2 2'.4 2[6 218 3.0 
LOG p (ATIvl) 

Fig. 1. "Departure from ideaJlty" of measured emf. Greatest 
vertical deviation from the curve is 0.5 mV. ~)e is expressed in 
millivolts. 

1038 
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Table I. Data for a hydrogen/calomel cell at various partial pressures of hydrogen at 25~ 
All emf's in millivalts 

Al l  e m f ' s  i n  m i l l i v o l t s  A a 
P f emeas (Ae)meas (Ae) eale e $ (8r reels  b 

(arm) (a tm) (mV) (mV) (mV) (mV) (mV) (mV) 

1.O0 1.0006 399.0 O.O O.O O.O 393.8 + 5.2 
37.8 38.7 445.6 46.6 46,9 -- 0.3 440,4 5.2 
51.6 53.2 449.6 50.6 51.0 -- 0.4 444.4 5.2 

110.2 I I7 .8  459.6 60.6 61.3 --0.7 454.2 5.4 
204.7 232.2 466.3 69.3 70.0 --0.7 462.1 6.2 
386 .6  495.2 478.4 79.4 79.7 - 0 . 3  470.3 8.1 
439.3 583.9 480.4 81.4 81.8 --0.4 471.9 8.5 
556.8 805.7 484.4 85.4 86.0 --0.6 475.0 9.4 
568.8 830.4 485.0 86.0 86.3 --0.3 475.2 9.8 
701.8 1133.7 489.1 90.1 90.3 - 0 . 2  477.9 11.2 
717.8 1174.2 489.9 90.9 90.8 + 0.1 478.2 11.7 
731.8 1210.3 489.3 90.3 91.2 -- 0.9 478.5 10.8 
754.4 1270.2 490.3 91.3 91.8 --0.5 478,9 11.4 
862.2 1583.8 493.2 94.2 94.6 --0.4 480.6 12.6 
893.9 1685.6 493.8 94,8 95.4 --0.6 481.1 12.7 
974.5 1966.7 496.3 97.3 97.4 --0.1 482.2 14.1 

1035.2 2201.4 497.5 98.5 98.9 --0.4 482.9 14.6 

a A = (~e)meas - -  (~e)ea le .  
b (~)meas ~- emeas -- E 6. 

Table II. Comparison of calculated and measured slopes. 
See Fig. 1 

0.029580 
p (atm) ( p v / R T  -- 1) (d(Se)mea,/dP) 

83.1 0.00149 0.000700 
208.8 0.00386 0.00459 
395.7 0.00752 0.00856 
624.6 6.0120 0.0131 

1026.1 0.0198 0.0179 

fl fugacity of hydrogen at P = 1 atm, atm 
p part ial  pressure of hydrogen in the cell, a tm 
P hydrogen pressure for Pv isotherm, atm 
R universal  gas constant,  S.I. value = 8.3143 J /  

kmol. In  Eq. [2], R = 82.056 cm3.atm/kmol  
T temperature,  Kelvins  
v molar  volume of hydrogen, cm 3 m o l - t  
~e calculated emf, V 
~a emf for actual gas, V 
�9 * s tandard electrode potential, V 
(Se) n "departure from ideality" for n ' th  cell, V 
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Electrochemical Studies of 
Zinc Tetraphenylporphin 

J. G. Lanese I and George S. Wi lson*  

Department of Chemistry, University o~ Arizona, T~cson, Arizona 85721 

ABSTRACT 

The reduction of zinc (II) t e t raphenylporphin  (ZnTPP)  in d imethylform- 
amide (DMF) was investigated. The products of electron t ransfer  and asso- 
ciated chemical reactions were studied by polarography, cyclic vol tammetry,  
th in - layer  controlled potential  coulometry and spectroscopy, and apr. Reduc- 
t ion proceeds ini t ial ly as a series of two reversible one-electron steps. After  
the second and subsequent  steps, however, proton abstraction from the solvent 
medium occurs which, in turn, determines the reaction path. Characteristics 
of the porphyr in  r ing reactions are studied and compared with those of 
porphyr in  free bases. 

In  recent years, there has been considerable interest  
in the area of porphyr in  chemistry. The background 
and implications of these studies have been discussed 

" E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
I P r e s e n t  address :  S t i c f e l  Resea rch  In s t i t u t e ,  Oak  Hit1, New York  

12460. 
Key  w o r d s :  z inc  t e t r a p h e n y l p o r p h i n ,  op t i ca l  spectra ,  cou lome t ry ,  

c y c l i c  v o l t a r n m e t r y ,  ap ro t i c  so lven t .  

in a previous paper, and a scheme for the electro- 
chemical reduction of te t raphenylporphin  (TPP) in 
aprotic medium (DMF) proposed (1). The present  
study was carried out as a cont inuat ion of the pre-  
vious work (1, 2) in order to examine the effect of 
a central  metal  atom on the reactivi ty of the porphin 
ring in aprotic medium. The compound used for the 
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study was zinc te t raphenylporphin,  ZnTPP.  Of par-  
t icular interest  is the manne r  in which the central  
metal  atom wil l  influence r ing reduct ion and associ- 
ated chemical reactions without  undergoing reduction 
itself. 

The chemical reduct ion of ZnTPP  in THF to yield 
the anion radical ZnTPP ~ and the chlorin, ZnTPC, 
has been reported by Closs and Closs (3). Seely and 
co-workers (4, 5) have reported the photochemical 
reduct ion of ZnTPP and zinc porphin to the respec- 
tive chlorins in benzene and ethanol. The polarogra- 
phy of ZnTPP has been studied by Clack and Hush 
(6) while Fel ton and Linschitz (7) have reported 
polarography and epr spectra of electrochemical re-  
duct ion products of TPP, ZnTPP,  and ZnTPC in 
DMSO. The present  s tudy involves the detailed exam- 
inat ion of porphyr in  reactions by spectral  and electro- 
chemical methods. 

Experimental 
Materials.--ZnTPP was prepared from te t raphenyl -  

porphin by the method described by Adler  et al. (8). 
The product was purified by column chromatography 
on neut ra l  a lumina  eluted with benzene and recrystaI-  
]ized from chloroform. 

The solvent, d imethylformamide (DMF), and the 
support ing electrolyte, te t raethyl  ammonium per-  
chlorate (TEAP),  were purified as described else- 
where  (2). Purification of degassing ni t rogen has also 
been described (2). 

Apparatus and methods.--Polarographic and cyclic 
vol tammetr ic  data were obtained using the apparatus 
described previously (2). A convent ional  hanging 
mercury  drop electrode (HMDE) was employed. For 
measurements  at very  negative potentials, however, 
the electrode tip was inverted. This prevented the drop 
from fall ing off in regions of low mercury  surface 
tension. All  potential  measurements  were made with 
respect to an aqueous saturated calomel electrode 
(SCE) at 25 ~ ___ 0.1~ 

Near infrared and visible spectra were obtained 
with a Cary 14R spectrophotometer used in c o n j u n c -  
tion with a th in - l ayer  cell of approximately  0.07 mm 
path length uti l izing a gold minigr id  electrode (2). 
Spectra of products produced were also obtained dur -  
ing the th in - layer  cyclic vol tammetr ic  studies. 

For th in - layer  cell controlled potential  coulometry, 
reductions and oxidations were carried out in the th in-  
layer cell using the polarographic apparatus and inte-  
grat ing the resul tant  cu r ren t - t ime  curve. The volume 
of the th in - l ayer  cell was determined by coulometric 
determinat ion of a solution of the disodium salt of 
an thraqu inone  2,6 disu~fonate of known concentrat ion 
in 0.1M HCI. Cur ren t - t ime  curves were corrected for 
cell edge diffusion. The current  quickly decays to a 
small  but  constant value which is due to electrolysis 
at both ends of the cell. If this constant  value is sub-  
tracted from the current~t ime curve, excellent agree- 
ment  between known systems is obtained. 

Epr spectra were generated in situ in the cavity of 
a Varian E-3 eor spectrometer in a cell similar to that 
described by Visco (9). 

Results 
Polarography and cyclic vol tammetry.--The reduc-  

tion of ZnTPP gives four diffusion controlled waves. 
A typical  polarogram is shown in Fig. 1. Data for 
these waves are listed in Table 1. When corrected for 
drop time, the four wave heights are in the ratio of 
1:1:1.2:1.5. No prewaves were observed. A poorly 
defined wave follows the second wave and will  be 
discussed subsequently.  The polarographic data for 
ZnTPP indicate that the first two waves are a result  
of one electron steps to form the anion radical 
(ZnTPP ~) and the dianion (ZnTPP2- )  respectively. 
The thi rd  and fourth waves result  from irreversible,  
mul t ip le  electron processes. All  four waves give cur-  
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Fig. 1. Polarogram of 3.2 X 10 -4M ZnTPP in DMF, 0.1M TEAP 

rents which are l inear ly  proport ional  to concentrat ion 
over the range of about 5 • 10 -5 to 1 • 10-~M. 

The effect of proton donor addition was studied by 
introducing water  or benzoic acid into the aprotic 
medium. Above 1.3% (v /v ) ,  water  and 0.03% benzoic 
acid, the first and second waves merged to form one 
long poorly defined wave somewhat lower in height 
than the sum of the first two waves. The small  w a v e  
which ini t ial ly followed the second wave became more  
prominent .  The third and fourth waves became poorly 
defined as m a n y  new overlapping processes began to 
occur in this region. 

The polarographic data are confirmed by cyclic 
vol tammetry  using the convent ional  polarographic cell 
(Fig. 2). At moderate scan rates (about 0.1 V/sec),  the 
first two processes show cathodic and anodic peak sep- 
arat ion indicative of a reversible  one electron step 
(Fig. 2A). At slower scan rates, the anodic peak as- 
sociated with the second step disappears and a new 
anodic peak appears at about  --0.5V (Fig. 2B). This 
lat ter  process corresponds to the oxidation of the prod- 
uct formed by  the chemical reaction of the dianion 
(ZnTPP 2- ) .  

When the potent ial  is scanned at less than  0.1 V/sec, 
an addit ional reduct ion process appears at --1.9V (Fig. 
2C) with cathodic and anodic peaks at --1.88 and 
--1.82V respectively. This process coincides in poten-  
tial with the small  polarographic wave noted above. 
When the scan is held at --1.9V, the oxidation peak 
(--1.82V) disappears and a small  oxidation peak ap- 
pears at --1.2V. The lat ter  is in addit ion to the pre-  
viously described peak at --0.5V. The sequence of 
events occurring when the electrode is po]arized at 
--1.9V might be characterized as an ECECE mecha-  
nism. The first electrochemical step is reversible and 
involves the formation of the porphin  dianion 
(ZnTPP 2-)  from the anion radical. This is followed 
by rapid protonat ion to form the phlor in  anion 
( Z n T P P H - ) .  Analysis  of the cyclic vol tammetr ic  data 
yields a pseudo first order rate constant  for the pro-  
tonation of about 1 sec-~ as calculated by the method 
of Nicholson and Shain (10). The second electrochemi- 
cal step involves the one-electron reduct ion of the 

Table I. Polarographic data for zinc tetraphenylporphin ca) 

E~I~ 
Wave (E v s .  SCE) Slope(b> 

1 --  1.31 53 
2 - -  1 . 71  65  
3 -- 2.32 43 
4 - - 2 . 5 3  2 7  

(a) D a t a  o b t a i n e d  i n  p u r i f i e d  D M F  0 . 1 M  T E A P .  
<~) S l o p e  = El~, -- E8/4. 
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Fig. 2. Cyclic voltammetry of 1.5 X 10-3M ZnTPP in DMF, 0.1M 
TEAP at the HMDE. Scan rates: A, 0.178 V/sec; B, 0.033 V/sec; C, 
0.033 V/sec. 

phlor in  anion to form the phlor in  dianion (ZnTPPH 2- ). 
This assignment  is verified by cathodic-anodic peak 
separation and by the coulometric data to be presented 
subsequently.  The second chemical  step and the elec- 
t ron t ransfer  process associated with it  are  quite slow 
as described below. 

The third and fourth cyclic vol tammetr ic  processes 
are irreversible and occur at --2.38 and --2.55V respec- 
tively. At scan rates greater  than 0.008 V/sec, the third 
wave merges into the fourth. When the potent ial  is 
scanned through all four waves, in terpre ta t ion be- 
comes complex due to the m a n y  oxidation peaks 
which result  f rom large numbers  of reactions of the 
reduct ion products with protons. 

Thin-layer Electrochemistry.--Figures 3 and 4 show 
the spectra of the species formed in  the th in - layer  
cell. Table II summarizes the spectral data between 
350 and 1000 nm. When t he  ZnTPP is reduced at 
--1.35V, the anion radical ZnTPP ~ is formed (3). This 
product may  be reversibly oxidized back to the parent  
compound, ZnTPP.  Electrolysis at --1.75V yields a 
compound giving the spectrum of Fig. 3. The product 

Table II. Spectra of zinc tetraphenylporphin and its reduced species 

Spec ies  krnax  (nm) �9 x 10-~ 

Z n T P P  405 (s) 5.49 
425 65.4 
515 0.305 
555 1.96 
595 0.85 

Z n T P P ~  455 12.1 
680 (s) 0.63 
710 1.20 
790 0.45 
905 l.Ol 

Z p T P P H -  457 9.5 
825 2.4 

Z n T P P H  ~. 458 5.0 
510 2.0 
790 4.0 

ZnTPPHc+z(4-r 620 4.1 
ZnTPPH(e+z-d) (,t--n-e-~.+d) - 680 6.0 

1.8 

1.7- 

1 6 -  

ZnTPP 
n 
iq 
i I 
f l  
d 
I i  

1 5 -  I I 
I I  
I I  
I I  

1.4- I I 

1.3- I 

0 7 -  J 

~ OS- :1 :1 
: l  
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i \  / '.. 
o2- ? ~ .-" .. 
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Fig. 3. Spectra of ZnTPP and reduction products in DMF, O.IM 
TEAP in thin layer cell. Concentratian.--l.5 X 10-3M ZnTPP 
( , , ) .  Z n T P P -  ( . . . . .  ) , Z n T P P H -  ( . . . . .  ) .  

091o8 ZnTPP 

o7 

/ ~.: 

" ' .  . . . . .  . . ' "  \ . 

2 "  ~';~,-.-.._. , 
4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  t0(30 

WAVELENGTH (aM) 

Fig. 4. Spectra af ZaTPP reduction products in DMF, 0.1M TEAP in 
thin layer cell. Concentration--l.5 X 10-3M. ZnTPPH 2§ ( ~ ) , .  
Z n T P P H ( c + I )  ( 4 - c - z ) -  ( . . . . .  ), Z n T P P H ( o + Z - d )  c 4 - n - e - l + d ) -  
( . . . . .  ). 

Z n T P P H -  is identified from its s imilari ty to the spec- 
t r um of Class and Class (3) who obtained bands at 457 
and  810 nm in THF. This anion is i r revers ibly oxidized 
to the parent  compound at --0.45V. At a potent ial  of 
--1.90V, the phlorin anion is converted by  a one-electron 

2-- 
reversible reduct ion to ZnTPPH" as described above. 
The product is oxidized back to the phlorin anion at 
--1.8V. If the potential  is held at --1.9V, the reduction 

product  ZnTPPH" is converted to ZnTPPHe+I  (4-r 
by a one-electron process. This conversion is slow, re- 
quir ing about an hour to go to completion. The con- 
version can be followed spectrally, and two isosbestic 
points are exhibited at 535 and 678 rim. These obser- 
vations suggest that  the rate of conversion is controlled 
by  a slow chemical step involving a proton, isomeriza- 
tion, or both, and also that  only two species are ob- 
served. 
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Potential of Electrolysis 

(-E vs SCE) 

~0 1.13_5 ] .75  2 . 0  t 

I -1.32 + 0 . 0 9  ) j  I I 
I j I I 
I I ~ ~  +- o . o 8 ~ ]  j 
I I I - - 1 . I  + 0 . 3 ~  d 

I ~ I I - -  z.3 + 0 . 2 ~ -  
I - I 
1 ( - - - 2 . 1  + O.Z i J I 

( 4 . 3 7  +_ O . 0 8 ( a )  J 

Fig. 5. Results of coulometfic studles.--Number of electrons in- 
volved in oxidations and reductions by stepping between various 
potentials, a~Oxidation performed after holding at - -2 .0V for 
1 hr. 

The ZnTPPHc+I (4-~-1)-  is oxidized to a spectrally 

distinct intermediate,  ZnTPPH(c+I-d)  r  at 
- -  1.2V, then to the phlorin anion, Z n T P P H - .  

Figure 5 summarizes the results of the th in- layer  
coulometric studies. A potential  step from 0 to --1.35V 
results in  the formation of ZnTPP = as confirmed spec- 
trally.  The N~pp values are somewhat  greater than  the 
expected value of un i ty  and this is probably due to 
the presence of reducible impurit ies in the solvent. The 
step from --1.35 to --1.75V converts the ZnTPP = to 
Z n T P P H - .  Oxidation of this product back to the par-  
ent compound at 0V confirms the assignment  of oxi- 

2--  
dation state. The conversion of Z n T P P H -  to ZnTPPH'  
(--1.75 to --2.0V) requires about 1.1 electrons/mole. 
Because the chemical reaction following electron 
t ransfer  is slow, it is possible to obtain the coulometric 
data and phlorin dianion spectrum before fur ther  
electron t ransfer  can occur at the applied poten- 
tial (--2.0V). If the potential  is held long enough 
for complete react ion to occur, about 4 electrons 
are required to convert  the resul t ing product 

(ZnTPPHc+I ~4-c-1~-) back to the parent  compound. 
This means that the conversion of the phlorin dianion 

to ZnTPPHc+z ~4-~-I)- must  be a one-electron process. 
It  is not known at present  whether  this lat ter  step in-  
volves proton addition, but such a possibility is quite 
likely. In  each of the controlled potential  th in - layer  
electrolyses described above, the products were con- 
firmed by spectral measurements.  Typical electrolyses 
are completed in about 20 sec for an effective solution 
volume of approximately 20 microliters. 

Typical th in- layer  cyclic curves are shown in Fig. 6. 
Curve A shows the reversible reduction to ZnTPP = at 
--1.3V and the irreversible reduct ion to Z n T P P H -  at 
--1.717. The Z n T P P H -  is oxidized back to the parent  
at --0.45V. The reduction at --1.85V (Fig. 6B) to 

2 - -  
ZnTPPH" is reversible as the dotted l ine indicates. 
The double peak in the --0.4 to --0.7V range is a t t r ib-  
uted to the oxidation of the phlor in  anion and a pre-  
sumably  isoelectronic form of the phlorin anion to the 
parent  compound ZnTPP. This lat ter  conclusion is 
based on the area and potential  of the oxidation peak. 

EPR studies.--In situ generation of ZnTPP ~ confirms 
its paramagnet ic  character. A single line with a width 
between inflection points of 22 gauss is obtained. This 
is clearly dist inguished from the spectrum obtained at 
--1.95V which is considerably nar rower  (6.4 gauss) 
and possesses hyperfine structure. The spectrum ap- 
pears possibly consistent with that  expected for a 
phlor in  dianion (11). 

Conc lus ions  
F i g u r e  7 shows a scheme fo r  the  r e d u c t i o n  of  Z n T P P  

which is consistent with the exper imental  observations. 
Acid-base reactions play an impor tant  role in  deter-  
min ing  the path of the electron t ransfer  reactions. In 

7 
I ! 

/; / ,/ 

,~o ,/ I I 

,~ . / f 

~[o 2 o 
- f  vs SCE 

Fig. 6. Typical thin layer cyclic voltammetry. Approximately 
10-4M ZBTPP in DMF, 8.|M TEAP. Scan rate, 0.05 V/rain. 

-I .31 -I .71 
+e +e- 
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~ Z n T P P H -  < 
(phlorin anion) 

II-1.88v -qFe- 
ZnTPPH 2- 
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-2 .32v  -Z.53v 
+n2 e~ nRe- 
+aH + +~H + 

) ZnTPPH~ 2§ �9 ZnTPPH(2+n2+n3-a-b)a+b 

+e- 
+cH + 

ZnTPPH(4-n-c-l+d)- 
(c~l-d) 

I -ne- 
-I .2v -dH+ 

ZnTPPH(4"C-]) - 
c+I 

Fig. 7. Scheme for the electrochemical reduction of ZnTPP in 
DMF, 0 . ]M TEAP. 

this regard, the insert ion of z inc(II )  as a central  
metal  atom produces some significant differences in 
porphyr in  r ing reactions. For  example, the dianion of 
the porphin free base (TPP 2-)  is quite stable in  DMF 
(1) and in contrast  to ZnTPP 2- does not undergo the 

above-described protonat ion react ion to form the 
phlorin anion. Porphyr in  electrochemical reduction has 
been shown to be followed by electrophilic at tack on 
the methine bridge positions between the pyrrole rings 
(12). In this case, the result  would be saturat ion of one 
of the bridge positions. Such a process is favored by 
increased electron densi ty in the bridge position. The 
manner  in which central  metal  atom substi tution 
might  influence bridge electron density is the subject 
of cont inuing study. 

Phlor in  anion oxidation to the parent  porphin is 
similar for both Z n T P P H -  and the corresponding 
T P P H - .  In  nei ther  case is there evidence of neut ra l  
radical (ZnTPPH' )  formation dur ing the oxidation. 
There is also no evidence of chlorin formation from the 
phlorin anion in this medium. ZnTPPH = is reduced in 
a one-electron reversible step to form the paramagnetic  
phlor in  dianion. The lat ter  species reacts slowly, prob-  
ably with a proton, and a fur ther  one-electron reduc- 
t ion occurs at the same potential  as the reduction of 
Z n T P P H - .  Some porphyr in- f ree  base phlorin anions 
may well  proceed by a s imilar  mechanism, but  if this 
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is so, the phlorin dianion is unstable,  protonates rap-  
idly, and the over-al l  i rreversible process involves an 
apparent  two-elect ron step (2). 

Reduction beyond the two-electron level is com- 
plicated by the varying  extent  of acid-base reactions 
with reduced forms. It  is clear on the basis of poten-  
tials that  beyond the formation of the phlor in  anion, 
the polarography-cyclic vo l tammetry  conditions are 
not the same as the th in - layer  experiment.  This is due 
to the difference in t ime scale be tween the various 
exper iments  which allows varying  degrees of protona-  
t ion to occur. 
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Anodic Films and ECM Dimensional Control: 
A Study of Steel Electrodes in Solutions Containing 

Na.S04 and NaCI04 

Der-Tau Chin* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

The relat ionship be tween  the passive film and the dimensional  control of 
electrochemical machining (ECM) has been demonstrated exper imenta l ly  with 
the behavior  of steel electrodes in neut ra l  Na2SO4 and NaC104 solutions. Po-  
tentiostatic t rans ient  measurements  were first made with a mild steel rotat ing 
spherical electrode to reveal the mechanism of passivity, and the results  were 
then  compared to those obtained wi th  rota t ing rods under  actual  ECM con- 
ditions. It  is found that  passivation is ini t iated by the  formation of a salt 
layer  resul t ing from supersaturat ion of dissolution products in the immediate  
vicini ty of the anode. The rate of film formation is diffusion controlled, a n d  
the ECM dimensional  control achieved by passivity of this k ind is convection 
dependent.  The results also indicate that  this anodic film of the dissolution- 
precipitat ion type can serve only as part ial  protection for the metal  surface 
dur ing  ECM. 

One of the major  problems associated with electro- 
chemical machining (ECM) is that  of obtaining satis- 
factory dimension control of a desired machining con- 
figuration. In  practice, this is done by designing a 
proper shape for the cathode in order to give a re-  
quired contour on the anode. The cathode (tool) de- 
s ign must  re ly on various process variables, e.g., elec- 
t rolyte  properties, fluid flow effects, cur ren t  and tem-  
pera ture  distr ibutions in the electrode gap (1-5). 
Among the parameters,  the most impor tant  factor for 
achieving successful dimensional  control is the choice 
of electrolyte. For  instance, the use of NaC1 solution in 
t h e  ECM of steel br ings about  extensive stray cut t ing 
at sites located some distance from the machining sur-  
face facing the cathode, whereas under  the same condi-  
tions the highly localized action of NaC103 gives ex- 
cel lent  dimensional  control (6, 7). Addit ions of Na2SO4 
have been claimed to improve the ECM performance of 
NaC1 solutions (8). Recently, NaC104 has been re-  
ported to give dimensional  control similar to that  ob- 
ta ined with NaC10~ (9, 10). 

�9 Electrochemical Society Act ive  Member .  
Key words: passivation of mild  steel, ro ta t ing  spher ical  electrode. 

To explain why the use of different electrolytes re- 
sults in different machin ing  characteristics, Hoare, 
LaBoda, McMillan, and Wallace (11, 12) propose a film 
theory based on steady-state  polarization measure-  
ments. According to them, to achieve good ECM di- 
mensional  control, the electrolyte used must  be able 
to passivate the metal  at cer tain anodic potentials. 
During ECM, metal  is removed most heavi ly  from the 
surface of the anode directly facing the cathode. This 
port ion of the anode is called the cut t ing area or the 
high current  densi ty area where the voltage gradient  
across the electrode gap is high, and the dissolution is 
assumed to take place in the transpassive state. At 
places on the anode located well  away from the cutt ing 
area, the distance to the cathode is large, and the IR 
drop in the solution lowers the meta l / solut ion in ter-  
facial potential  difference to values corresponding to 
the passive state. A passive film, therefore, is formed, 
resul t ing in little or no metal  removal  at these places. 

Consequently, it is necessary to unders tand  the na-  
ture  of passivity to achieve fur ther  development  of 
the ECM process. In  a previous report  (13), the mecha-  
nism of film formation was described for steel in  NaCI 
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and NaC10~ solutions. That invest igat ion employed 
potentiostatic t rans ient  measurements  with a rotat ing 
disk electrode (RDE). In  the present  work, the s tudy 
has been extended to Na2SO4 and NaC104 solutions. 
Since a steel RDE would recede into the support  and 
upset the flow characteristics dur ing metal  dissolution, 
a steel rotat ing spherical electrode (RSE) was used 
instead. The concept of a RSE is to replace the disk 
electrode on the RDE with a hemispherical  head elec- 
trode. The hemispherical  head merely  reduces in  diam- 
eter dur ing the dissolution; this change does not al ter  
the flow characteristics. A mathematical  theory for the 
use of the RSE has been reported elsewhere (14). 

To compare the t rans ient  results with the ECM be- 
havior of steel in the electrolytes, exper iments  were 
also made under  actual  ECM conditions using a rotat-  
ing steel rod, a s ta t ionary cathode, and a na r row gap 
space. Similar  to the rotat ing rod exper iment  described 
by Dyke, Gurklis,  and Faust  (15), the method has the 
advantage of avoiding the complexity of pumping  elec- 
trolyte at high pressures, while still providing a high 
rate of electrolyte flow in  the electrode gap. This paper 
describes the results of these investigations. 

Experimental 
Potentiostatic transient studies.--A RSE was used for 

the study of anodic t ransients  on steel in Na2SO4 and 
NaCIO4 electrolytes. With sl ight modifications, the 
electrode construction was similar  to the one reported 
in an earlier mass t ransfer  study (16). It  consisted of a 
replaceable, mild steel hemispherical  head electrode,1 
a cylindrical  Teflon support, and a stainless steel 
holder. The head electrode was 0.317 cm in radius, and 
was mounted  on one end of the Teflon support, 1.9 cm 
OD • 9 cm long. The other end of the support  was 
attached to the stainless steel holder, which was ma-  
chined to fit snugly into the spindle shaft of a high 
speed rotator. The electrolytic cell was an acrylic con- 
tainer, 15 cm ID • 15 cm high, having a p la t inum 
cathode on the bottom. The RSE was extended down 
from the rotator into the cell, and the spacing between 
the anode and the cathode was kept at 3 cm. A satu- 
rated calomel electrode immersed in a Luggin  capil lary 
tube was used as the reference electrode. To avoid dis- 
tu rb ing  the flow characteristics, the capi l lary tip was 
placed on the downstream of the electrolyte flow 
around the  spherical electrode. 

Procedures for the t ransient  measurement  were de- 
scribed in a previous report ( i3) .  For each run,  the 
surface of the mild steel anode was degreased in iso- 
propano], cleaned in di lute HC1, and rinsed in distilled 
water. The clean RSE was then t ransferred to the cell 
filled with the test electrolyte, and was installed on the 
rotator. The electrode was fur ther  t reated cathodically 
at --1.2V vs. SCE to remove any remain ing  trace of 
oxides on the surface. After  the cathodic t reatment ,  the 
system was permit ted to rest for several minutes  to 
allow the anode potent ial  to r e tu rn  to the s teady-state  
value at open circuit. A constant  potential  pulse was 
then applied to the anode, and the current  t ransient  
was recorded on a Sanborn 296 recorder. A Magna 
4700M potentiostat  was used to control the anode po- 
tential.  

The solutions used were 1M Na2SO4 and 4M NaC104; 
the pH of these solutions varied from 5 to 7 at room 
temperature.  Before the start of each test, the solution 
was presaturated with nitrogen, and dur ing  the run,  a 
ni trogen atmosphere was main ta ined  by  passing the 
gas through the cell. All  the exper iments  were per-  
formed at a constant  temperature  of 24 ~ __. I~ 

ECM tests.--The ECM test was made with an un -  
coated steel rod rotat ing in  the test electrolyte above 
a s tat ionary cathode with a nar row gap space between 
them. Figure 1 i l lustrates the arrangement .  The hydro-  
dynamic condition within the electrode gap, studied by 

1Composition of the mi ld steeI: Fe, 98,4%; Mn, 0.98%; S, 0.29%; 
C, 0.10%; p, 0.06%; Si, 0.005%. 

f ~ - ~  Uncoated 
Rotating 

eel Anode 

Electrolyte I 
Flowin ~ ) ~ " ~  
the Gap 

tit oath~ 

Fig. I. Schematic diagram of ECM tests with a rotating rod 

Mellor, Chapple, and Stokes (17), is characterized by 
flow of electrolyte into the gap near  the s tat ionary 
cathode and a swirl ing outward-f lowing boundary  
layer  on the tip of the rota t ing rod. Between the two 
there is a core flow ( toward the anode) rotat ing with 
a constant  angular  velocity. The Reynolds number  is 
calculated by Re -- wg2/v, where ~, is the angular  
velocity of the rotat ing rod, g, the electrode gap; and 
v, the kinematic viscosity of the electrolyte. It has 
been found by these investigators that  the flow be- 
comes tu rbu len t  when the Reynolds n u m b e r  is greater 
than 100. 

In  the present  study an SAE 5160H steel rod, 0.635 
cm diameter  • 10 cm long, was used as the anode. It  
was mounted on the high speed rotator, and extended 
down into a 5 l i ter glass jar  filled wi th  the test elec- 
trolyte. The tip of the anode faced a s tat ionary copper 
cathode, 1.27 cm diameter,  as shown in Fig. 1. A jack 
was used to support  the glass jar, and the anode-cath-  
ode gap space could be var ied  by  adjust ing the height 
of the jack. An  ini t ial  gap of 0.085 cm was used for all  
the tests. After  applying a selected angular  velocity 
to the rotator, the tip of the steel rod was electro- 
chemical ly machined at constant  current  for a given 
period of time. The current  was controlled by a Magna 
4700M potentiostat. Curren t  densi ty values were based 
on the cross-sectional area of unmach ined  rod (0.317 
cm2). The voltage drop across the cell was recorded 
on a Sanborn  296 recorder. No at tempt was made to 
adjust  the electrode gap space dur ing  the ECM. The 
rod was weighed before and after machin ing  to deter-  
mine  the amount  of metal  removal,  and the computa-  
tion for current  efficiency was based on ferrous ion as 
the dissolution product. The solutions used were: 1.5- 
3M NaC10~ 1M Na2SO4, 3M NaC103, and a mixed elec- 
trolyte containing 0.SM Na2SO4 and 1.5M NaC104. All 
experiments  were performed at a constant  tempera-  
t u r e o f  24 ~ • I~ 

Results and Discussion 
Steady-state polarization curves.--Before the t r an-  

sient measurements ,  s teady-state  cur ren t /po ten t ia l  
curves were first determined for the steel RSE in the 
test electrolyte. Figures 2 and 3 give the results  of the 
measurements  in 1M Na2SO4 and 4M NaC104, respec- 
tively. For comparison, a polarization curve  of steel in 
4M NaC10~ is also plotted in Fig. 3 as the dashed line. 

The current  density in sodium sulfate electrolyte is 
given for three different anode revolut ion rates in Fig. 
2. The data points obtained at zero (black dots) and 
400 rpm (triangles) exhibit  three distinct potential  
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Fig. 3. Steady-state polarization curves in 4 M  NoCI04 .  For com- 
parison, a steady-state polarization curve obtained in 4M NaCIO~ 
is also plotted as the dashed line; this curve is independent of 
the speed of rotation. 

states, i.e., active dissolution, passive and transpassive 
regions. The current  densi ty does not seem to vary  
with the rotat ional  speed; however, the critical poten-  
tial at the point  where the t ransi t ion from the active 
to the passive region takes place is shifted in the noble 
direction as the speed of rotat ion increases. Conse- 
quently,  the span of passive potentials diminishes with 
increasing speeds. At 1600 rpm, no passive region was 
observed, and the current  density dropped directly 
from the active dissolution state to the transpassive 
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state at 1.TV vs. SCE. Figure 3 shows that  the same 
phenomena occur in sodium perchlorate solution, and 
that  the effect of electrode rotat ion on passivity ap- 
pears to be greater  than  was found in Na2SO4. The dis- 
solution product was ferrous compounds in the form of 
greenish-black precipitates in the sulfate electrolyte, 
and black precipitates in the sodium perchlorate elec- 
trolyte. 

Anode transients at passive potentials.--Typical re-  
sults of a potent ial  pulse in the passive region are 
shown in Fig. 4 and 5 for Na2SO4 and NaC104, respec- 
tively. These curves are characterized by an init ial  
constant current  plateau followed by a rapid drop to 
the steady state. The magni tude  of the plateau current ,  
Ip, corresponds to the magni tude  of the active dissolu- 
tion current  on the :steady-state polarization curve. 
Evidently,  the plateau cur ren t  represents the i ron dis- 
solution rate prior to t h e  passivation, and the current  
drop is caused by decreasing dissolution due to spread- 
ing of an anode film over the electrode surface. At a 
constant  potential, the t ime required for passivation to 
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occur becomes longer  as the rate  of anode rotat ion in-  
creases. In  Na2SO4, for instance, the passivation t ime 
increases from 20 sec at zero rpm to 145 sec at 400 rpm 
(Fig. 4a and b). At 900 rpm, no current  drop occurs 
over a period of 700 sec after the potential  pulse (Fig. 
4c); the slight decrease in current  observed in Fig. 4c 
is due to reduct ion of the electrode size as the iron 
dissolves. The effect of rotat ion is even greater  in 
NaClO4 solution, as shown in Fig. 5b-c, where  no cur-  
rent  drop takes place at an anode revolut ion rate of 
400 rpm. Also at a constant  rotat ional  speed, Fig. 5a 
and b shows that the current  t ransient  period decreases 
with increasing anode potentials. 

Onset o] passive f iIms.--Both the s teady-state  and 
the t rans ient  results demonstrate  that  the passivation 
of mild steel in Na2SO4 and NaCIO4 is of the dissolu- 
t ion-precipi ta t ion type. Transient  behavior of this kind 
has also been found to occur dur ing  the anodic dis- 
solution of steel in NaC1 solution (13), iron in  sulfuric 
acid (18-20), and copper in hydrochloric acid (21). 
For these systems the passivity is a t t r ibuted to forma- 
tion of a salt layer of reaction products on the anode 
surface. During ECM of copper in H2SO4 and NaC103 
solutions, the work of Cooper, Landolt ,  Muller, and 
Tobias (22, 23) also reveals the presence of a salt layer 
on the anode. 

In  the present  study, ferrous compounds are found to 
be the dissolution product. Evidently,  the ini t ial  stage 
for the passivity of steel in Na2SO4 and NaC104 elec- 
trolytes involves precipitat ion on the metal  surface of 
a ferrous salt. The current  densi ty  dur ing  the active 
dissolution is high (Fig. 2 and 3), and the concentra-  
t ion of dissolution products in  the vicini ty of the anode 
is l ikely to increase to a value required for the pre-  
cipitation (24, 25). The t ime required to at ta in  such a 
concentrat ion is represented by the dura t ion of the 
ini t ial  plateaus on the t rans ient  curves. Once the pre-  
cipitate starts to form on the electrode surface, it ap-  
pears to impede the dissolution reaction, causing the 
current  to drop rapidly as shown in Fig. 4 and 5 (26). 
The longer time for the onset of passivation observed 
at faster anode revolut ion rates implies that  diffusion 
of reaction products away from the electrode is the 
ra te -de te rmin ing  step for the film formation process. 
Because of a non-in-si tu technique used presently, the 
composition of the salt layer  is not known. However, 
judging from the greater  convection dependence for 
the passivity of steel in NaC10, solution as compared 
to Na2SO4 solution, and from the higher solubil i ty in 
water  of Fe(C104)2.6H20 as compared to FeSO4.TH~.O 
(26.4g Fe/100 ml for the perchlorate as against  3.14g 
Fe/100 ml  for the sulfate) (27), it is probable that  the 
salt film is a layer of hydrated ferrous perchlorate in 
NaCIO4, and hydrated ferrous sulfate in Na~SO4. 

Passivation of i ron has been studied galvanostat ical ly 
by Serra and Fel iu (28) in neut ra l  Na2SO4 solutions, 
and by  Snavely  and Hackerman (29) in a near ly  neu-  
tral  sulfate solution. Serra and Fel iu measured the 
durat ion of passivating t ime as a funct ion of applied 
current  densities, and the results were in  accordance 
with a kinetic model for the dissolut ion-precipi tat ion 
process (24). Snavely  and Hackerman 's  mass balance 
data also indicate that  dissolution of iron is a neces- 
sary step to achieve passivity. These results give sup- 
port ing evidence that  the passivating of mild steel in 
concentrated Na2SO4 and NaC104 solutions starts with 
a salt layer. 

The mechanism may be fur ther  confirmed by com- 
par ing the t ransient  data with Muller 's  dissolution- 
precipitat ion theory (18). Under  potentiostatic condi-  
tions, the cur ren t - t ime  relat ion dur ing the precipi ta-  
t ion of reaction products is given by 

( _ _  1 __ 1 in  I p - - I  ) 
t -- CI ~- C2 Ip -- I + Ip Ip = e l  "~ C2S(I) 

[1] 
where Ip is the constant  pla teau current ;  I, the current  
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Fig. 6. Comparison with Muller's dissolution-precipitation model 
for current transients in 1M Na2S04 at 0 rpm. 

E vs. SCE Ip C1 C2 
(V) (mA) (see) (mA sec) 
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Fig. 7. Comparison with Muller's dissolutlon-precipltation model 
for the current transients in 4M NaCI04 at 0 rpm. 

E vs. SCE Ip C1 C2 
(V) (mA) (sec) (mA sec) 

G 1.1 530 1.0 14 
/~ 1.0 500 2.1 38 
�9 0.85 480 2.6 54 
�9 0.7 425 3.8 102 
�9 0.65 390 5.7 120 

in the drop period; and CI and C~ are constants  for a 
given transient.  Accordingly, a plot of f (I) vs. t would 
be expected to be l inear  with a slope equal to 1/C2 
and an intercept  at t = CI. The constant  C1, is there-  
fore a measure of the passivating time, and C2 is in-  
versely related to the rate of current  drop. Figure  6 
shows a set of such plots for various potentiostatic 
t ransients  in Na2SO4 solution at zero rpm. The same 
plots for the perchlorate data are given in Fig. 7. It  
is seen that agreement  between the theory and the ex- 
per imental  data is reasonably good. The accompanying 
table in each figure lists the magni tude  of the plateau 
currents  as well as values of C1 and C2 computed from 
the t ransient  data. These tables indicate that  the higher 
the dissolution rate (represented by  the plateau cur -  
rent ) ,  the less in the passivating t ime (C1), and the 
faster is the rate of film spreading (1/C2) over the 
electrode surface. 

Results of ECM tests.--Since the dissolut ion-precipi-  
tat ion type of film formation is l imited by the diffusion 
of react ion products away from the anode, dimensional  
control is expected to be convect ion-dependent  for the 
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Fig. 8. Photomicrographs of steel rod-ends electrochemically 
machined in (a-d) 3M NaCIO4; (e) an unmachined rod; (f) 3M 
NaCIO3; (g) is a schematic diagram showing various current density 
regions. 

ECM of steel wi th  electrolytes containing Na2SO~ and 
NaC104. 

To test the val idi ty  of this prediction, actual  ECM 
exper iments  were made with rotat ing steel rods. Fig- 

ure 8a-d shows a set of photomicrographs of rod-ends 
that  have been electrochemically machined for 2 rain 
in 3M NaC10~ solution at various rotat ional  speeds. 
The applied current  density for the tests was 15.8 
A /cm ~ (102 A/in.a),  based on the cross-sectional area 
of the steel rod. The amount  of metal  removal  in  each 
run  is indicated in the brackets; the average current  
efficiency based on Fe going into the solution as 
Fe + + ions was 100%. Also given in Fig. 8 are photo- 
micrographs of an unmachined  rod (Fig. 8e), and of a 
rod-end that  has been electrochemically machined in 
3M NaC103 solution (Fig. 8f). The current  density for 
the chlorate run  was also 15.8 A/cm2; however, for 
the sake of comparison, the machining t ime was made 
longer in order to give approximately the same amount  
of metal  removal.  The dimensional  control obtained 
with NaC103 is excellent; the metal  removal  took place 
only at the very end of the steel rod. For the per-  
chlorate, it varies from fair  to poor with increasing 
speed of rotation, and the agreement  with the predic- 
tion is apparent.  

Figure 8g il lustrates three distinct current  densi ty 
regions for rod-ends electrochemically machined in 
NaC104 solutions. During the machining,  the metal  is 
removed most heavily from the tip of the rod opposite 
the s tat ionary cathode. This region is called the cutt ing 
area (or the high current  density area) as shown in 
the diagram. Next to the cut t ing area is a f i lm-pro- 
tected region, where the distance to the cathode is 
larger, and hence the IR drop in the solution lowers 
the meta l / solut ion interracial  potential  difference to 
the value corresponding to the passive state on the 
steady-state polarization curves. A protective film, 
therefore, is formed on the surface, resul t ing in  only a 
slight amount  of metal  removal in the region; the 
mir ror - l ike  br ight  surface is probably caused by dis- 
solution through the film as suggested by the mecha-  
nism of electropolishing (30). Fur ther  away from the 
cathode is an active dissolution region, where the IR 
drop is large enough to lower the interfacial  potent ial  
difference to the value corresponding to the active 
region on the polarization curves. The groove-cut at 
the end of this zone is caused by the peak current  
density near  the critical potential. In accordance with 
the results of the potentiostatic studies, the f i lm-pro- 
tected region diminishes in size as the speed of rota-  
t ion increases (Fig. 8a-d).  At 4900 rpm, the film- 
protected region has completely disappeared, and the 
cut resembles those obtained with NaC1 solutions. 

F igure  3 indicates that  the current  density for the 
active dissolution of mild steel in NaC1Os is two orders 
of magni tude  smaller  than that in NaC104. In  addition, 
the current  density in NaC103 has about the same 
order of magni tude  in both the active and the passive 
regions. Since chlorate ion is a strong oxidizing agent 
in the anodic process (31), iron is readily passivated 
due to the formation of a stable oxide film on the 
surface. As a consequence, the surface of the  steel 
rod dur ing ECM with NaC103 is well  protected except 
at the cutt ing area directly facing the cathode. On the 
other hand, perchlorate ion is a weak oxidizing agent 
(82) so that  the passivation must  rely on the dissolu- 
t ion of i ron to form a salt layer on the anode surface. 
At sufficiently high potentials, the inner  port ion of this 
salt layer  in contact with the metal  may be converted 
into a more protective oxide film as suggested by 
polishing of the surface in the film-protected regions 
(Fig. 8). Since the passivity is preceded by the high 
rate active dissolution, the passive film of the dissolu- 
t ion-precipi ta t ion type can give only part ial  protection 
to the metal  surface. This l imita t ion appears to impede 
the usefulness of NaC104 for the ECM of steel. 

Comparison of the ECM results and the basic studies 
for Na2SO4 is not possible, for the Na2SO4 electrolyte 
did not cut steel under  the ECM experimental  condi- 
tions. The current  efficiency for metal  removal  was 
found to be less than  10%. Apparent ly  in the sulfate, 
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in the format ion  of a sa l t  l aye r  resul t ing  f rom super -  
sa tura t ion  of dissolution products  near  the  anode. The 
ra te  of film format ion  is diffusion-control led,  and the 
ECM dimensional  control  achieved by  this  k ind  of 
pass ivat ion is convect ion-dependent .  This passive film 
of the  d isso lu t ion-prec ip i ta t ion  type  can provide  only 
pa r t i a l  protec t ion  for the  meta l  surface dur ing  the 
ECM process. 

Manuscr ip t  submi t t ed  Oct. 12, 1971; rev ised  manu-  
scr ipt  received Feb.  1, 1972. 

A n y  discussion of this  pape r  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1973 JOUm~AL. 

Fig. 9. Photomicrogrophs of steel rod-ends machined by ECM at 
1000 rpm in (a) mixed Na2S04 and HaCI04 solution; (b) |M 
Na2S04; (c) 3M HaCE04; (d) 1.5M NaCl04. 

the electrolysis  of wa te r  is the  favored react ion at  the 
t ranspass ive  potentials .  Therefore,  the effect of pas-  
s ivat ion by  sulfate ions on the ECM of steel  could be 
s tudied only by  mix ing  Na2SO4 wi th  o ther  e lect rolytes  
such as NaC104. Since the  passive film formed with  
Na2SO4 is less subject  to convection influence, i t  was 
thought  tha t  by  adding Na2SO4 to the NaC104 solution, 
one might  promote  sal t  l aye r  formation,  and thus  im-  
prove  the ECM dimensional  control  a t  a g iven  flow 
rate. To test  the assumption,  ECM exper iments  were  
car r ied  out in an e lec t ro ly te  containing 0.5M Na2SO4 
and 1.SM NaC104. A cur ren t  dens i ty  of 14.5 A / c m  2 
(93 A/ in .  2) was used for the tests. In spite of the  
presence of sulfa te  ions, the cur ren t  efficiency based 
on Fe -~ Fe  + + was found to be 100%. F igure  9a is a 
photomicrograph of a steel  rod -end  that  has been 
e lec t rochemical ly  machined in the mixed  e lec t ro ly te  
for 5 min at an anode ro ta t ional  speed of 1O00 rpm. 
For  comparison,  photomicrographs  of rod-ends  ob- 
ta ined  wi th  1M Na2SO4, 3M NaC104, and 1.5M NaC104 
are also given in Fig. 9. I t  is seen tha t  whi le  Na2SO4 
gives l i t t le  cut t ing on the steel rod, s t ray  cut t ing  takes  
place in the active dissolution region wi th  NaC104 
solutions. Addi t ion  of Na2SO4 to the NaC104 elect ro-  
ly te  appears  to widen the f i lm-protec ted  area, and 
thus improves  the  ECM dimensional  control.  

Summary 
In  summary,  cor re la t ion  be tween  the format ion  of 

passive films and dimensional  control  has been  demon-  
s t ra ted  expe r imen ta l ly  by  the ECM of steel  in e lec t ro-  
lytes  containing NaC104 and Na2SO4. It  is found that  
the pass iv i ty  of mi ld  steel in the  e lect rolytes  or iginates  
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Rotating Spherical Electrode: 
A Perturbation Theory for Schmidt Number Corrections 
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ABSTRACT 

Using a method of s ingular  per turbat ion,  the theory of the rotat ing spheri-  
cal electrode has been extended to include the correction terms for convective 
diffusion at small  Schmidt numbers.  The resul t ing rate equation expressed 
in  the form of an asymptotic series permits  a good approximation of the 
t ransfer  rate for Sc ~ 1. Within this region the accuracy of the theory increases 
with increasing Schmidt  numbers ;  the max imum error, occurring at Sc ---- 1, 
is less than  5%. 

In  a previous paper (1), a theory has been reported 
for l aminar  mass t ransfer  on a rotat ing spherical elec- 
trode (RSE). The result  for a hemispherical  electrode 
can be expressed in  dimensionless form as 

Sh -- 0.474 Re x/2 Sc 1/3 [1] 

where Sh is the average Sherwood number ,  Re is the 
Reynolds number  based on the electrode radius, and 
Sc is the Schmidt number .  An exper imental  study over 
the range of Schmidt numbers  between 920 and 37,000 
(2) has shown that  this expression is valid for Reyn-  
olds numbers  less than  15,000. For Reynolds numbers  
larger than 15,000, the flow becomes turbulent ,  and 
the laminar  theory is no longer valid. 

Equat ion [1] represents only the asymptotic behav-  
ior of the t ranspor t  process occurring at large Schmidt 
numbers.  It  has an inherent  error on the  order of 
Sc-1/3. At Schmidt numbers  considerably less than  
1000, the use of the equation would yield a great error. 

This paper describes an extension of the theory to 
include the correction terms for convective diffusion 
at lower Schmidt numbers .  A method of s ingular  per-  
turba t ion  for large Sc is used, and the resul t ing dif- 
ferential  equations are solved e i t h e r  analytically,  or 
numer ica l ly  on an IBM 360 digital computer.  The 
solutions combine to give an asymptotic expansion 
which permits a good approximation of the rate of 
t ransfer  for Sc ~-- I. 

Theoreticol 
Perturbation ana~ysis.~Throughout this analysis we 

shall  confine ourselves to a domain specified by  a set 
of spherical polar coordinates, r, 8, and r The coordi- 
nate, r, is measured radial ly  outward from the center  
of the spherical electrode, 0 is an angle measured from 
the pole of rotation, and ~ is the azimuth. It is assumed 
that  sufficient iner t  electrolyte is present  such that  the 
migrat ion flux of the diffusing ion in the electric field 
can be neglected. The spherical electrode has a radius, 
to, and is rotat ing with an angular  velocity, o~, in a 
solution of constant properties. The boundary  layer 
equations of fluid motion and convective diffusion 
have been given elsewhere (1) and are not repeated 
here. It  has been shown that by  int roducing a t rans-  
formation 

( ~ ) ' / '  
,1 = - -  ( r -  to) [2] 

on the radial  distance, r, and by expanding the con- 
centrat ion of the diffusing ion in a power series of 

C = C~ + (Co - C.) 

{'h(~l) + ~r + ~e~5(~) + . . .}  [3] 
the equation for the convective diffusion can be t rans-  

* Electrochemical Society Active Member. 
Key words: mass transfer, convective diffusion, limiting current. 

formed into the following set of ordinary  differential 
equations 

Zeroth-order  equation 

(__0.51023TI2 _[_ ___13 , 13 -  0.10265~14 _]_... ) d r  
d~ 

1 d24'1 
-- [4] 

Sc d~l 2 
Firs t -order  equation 

1 
( 0.52762~12 _ ~ .  ~)3 + 0.20231~4 + . ) d~l �9 . " ~  

1 ~18 _ 0.10265~14 + . . .  + --0"51023n2 + -3" d~ 

+ 2 (0.5102311 
1 

_ _y~2 + 0.20531~s + . . . / ~ 3  \ 2 / 

1 d2~s 
[5] 

Sc d ~  
Boundary  conditions 

at ~] -- 0, r r  

at n ~  oo, ~ 1 - - ~ 8 - - 0  
[6] 

The exact solutions to these differential equations 
are not possible. However, for electrochemical applica- 
tions one always speaks of a system of large Se (usu-  
ally larger than  50). This implies that  an asymptotic 
representat ion of the concentrat ion profile may be ob- 
tained by  carrying out successive per turbat ions  of the 
parameter,  Se. The details of this per turbat ion tech- 
nique have been described (3-4), and are not discussed 
here. Following the procedure of a s ingular  per tu rba-  
t ion method, we introduce a stretched coordinate 

Z = Scl/3n [7] 

for the diffusion domain, and assume that  the dimen-  
sionless concentrations, r and r can be represented 
by the following asymptotic expansions in a power 
series of Sc 

r Sc) ---- c u ( Z )  + Sc-1/3r 

§ Sc-2/~r + Se-1~14(Z) + . . .  [8] 

r Sc) -- ~3~(Z) + Se-US~3~(Z) 

+ Sc-2 /3~8(Z)  + S e - I ~ 4 ( Z )  + . . .  [9] 

Subst i tut ing these expressions into Eq. [4]-[5],  and 
equating the terms having the like powers of Se, we 
have 

Zeroth-order  equations 

1049 
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- - .  d e l l  d2r ~-- aZ  2 ~ --" 0 [I0] 

dZ2 dZ 

d2r "~- aZ  2 dr 1 d e n  
�9 = -- Z 3 ~ [ii] 

dZ~ dZ 3 dZ 

d2r ~ aZ 2 dr 1 dr 
- -  : - -  Z s - -  0.10265Z4 d~ll 

dZ 2 dZ 3 dZ dZ 
[12] 

Fi rs t -order  equations 

d2r 

dZ2 

d2r 

dZZ dZ dZ 

aZ 2 dr 0.52762Z 2 .d~l 2 -{- - -  2aZ~32 = 
d Z  d Z  

I d e n  I d~al 
__ -- Z 3 -~- -- Z 3 -- Z2r 

2 d Z  3 d,Z 

dcH 
"~- aZ  2 des1 _ 2aZcsl = 0.52762Z ~. - [13] 

"~d2r -b aZ2 des3 _ 2aZcs3 = 0.52762Z ~ dr 

dZ2 dZ dZ 

1 dr dr 1 des2 
__ __ Z a . + 0.20231Z 4 -{- - -  Z 3 

2 dZ dZ 3 dZ 

[14] 

dCsl 
- -  0.10265Z 4 -- Z2r + 0.41062Z3r [15] 

dZ 

where the convection constant, a = 0.51023. The new 
boundary  conditions are 

at 
Z----O, Cn--l, r162162 

at [16] 
Z-~ cr r 1 6 2  

with the d u m m y  index, i = 1, 2, 3. I t  should be noted 
that  the terms of the "zeroth-" and the "first-order" 
equations are not referred to the parameter  pe r tu rba -  
tions of Sc, but  to the coordinate per turba t ion  of 0. 
This a r rangement  is necessary in order to avoid con- 
fusion in the text. 

Equat ion [10] and its bounda ry  conditions represent  
the famous Levich problem (5) of the rotat ing disk 
electrode (ROE), and  we may  immediate ly  write 
down the solution in the form 

( ~  dSr d r  0.62045 Za exp --  - - Z  s 
dZ---Y + a z  dZ - ~ 3 

[ l l a ]  

Equations [ l l a ]  and [16] can be integrated at  once 
to give the following solut ion 

y:( r = 0.62045 0.29801 -- ~ Z 4 
12 

exp ( - -  3 Z S )  dZ [ 19 ]  

Similarly,  by subs t i tu t ing  Eq. [17] and [19] into Eq. 
[12], carrying out the in tegra t ion  and making  use of 
the prescribed boundary  conditions, we have 

s r -- 0.62045 0.056335 ~- 0.024834Z 4 

( o )  
_ _ _  Z 3 + 0.020531Z s -  Z s exp dZ [20] 

288 3 

Now the first three terms in the asymptotic expansion 
of ~1 have been obtained; these functions are plotted 
in Fig. 1 on ari thmetic scales. It  is seen that  for large 
Z, the second and thi rd  terms of the series are be-  
coming increasingly impor tant  with increasing Z. All  
the functions become zero for Z > 4; this gives us a 
rough idea of the extent  of the concentrat ion boundary  
layer  on the RSE. In  the next  section these solutions 
are used where required for the appropriate  terms in 
the first-order equations. 

Numerical  solutions of r and Cs3.--Equations [14] 
and [15] have been integrated numer ica l ly  on an IBM 
360 digital computer. A four th-order  Runge -Ku t t a  
method (6) is used. In  view of the extent  of the con-  
centrat ion boundary  layer  as shown in  Fig. 1, the in -  
tegrat ion is carr ied out over the range, 0 ~-- Z ~ 5, 
with an increment  of 0.05. The boundary  value prob-  
lems described in Eq. [16] are solved by a t r i a l -and-  
error method. Briefly, the method consists of: (i) in -  
tegrat ing Eq. [14], for example, from Z = 0 to Z| = 5 
with a tr ial  value of dr at Z = 0; and (ii) re-  
peating the integrat ion wi th  a new tr ial  value unt i l  
the boundary  condition at Z| is satisfied. In  this way 
Eq. [14] is first integrated,  and the values of r and 
d c s # d Z  are stored in  the computer  for the successive 

 oZexp ( ) r = i -- 0.62045 -- - - Z s  dZ [17] 
3 

Equat ion [13] has been solved by  Chin (1) ; a solution 
that satisfies the prescribed boundary  conditions can 
be expressed as ( ~  C s ~ - -  0.12832Z exp - -  ~ Z S  [ 1 8 ]  

3 

Equations [17] and [18] are the first terms in the 
series expansions of Eq. [8] and [9], respectively. 
They can be termed as the basic solution for the con- 
vective diffusion at the RSE, for together they charac- 
terize an asymptotic rate of ionic t ransfer  when  Sc 
approaches infinity. At  finite Sc, the accuracy of the 
theory may be improved by  successively solving the 
rest of the differential equations for r r r and 
r Such at tempts  are described in  the next  two sec- 
tions. 

Exact  solutions of r and r  [11] and 
[12] differ from Eq. [10] by only a per turbed  quant i ty  
on the r igh t -hand  side. Since the equations are of the 
first order in dCn/dZ, the function, r may  be solved 
analyt ical ly  in terms of Cn, and the function, r in  
terms of r and  r To solve for r we first substi-  
tute Eq. [17] into Eq. [ I I ]  

I '0 

"\ 
"7 

\ 
'6 

. \ 
-3 

0 0.5 1.0 1.5 2'0 2-5 3"0 3"5 

Z 

Fig. ] .  Zeroth-order r 
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Fig. 2. First-order concentrations 

integrat ion of Eq. [15]. The results for r and r are 
expressed graphical ly in Fig. 2; also plotted in the 
figure is a curve for ~b31 as calculated from Eq. [18]. 
The derivatives of ~2 and r at Z ---- 0 are found as 

[ d~b32 1 
0.043437 [21] 

" ~  J z=0 = -- 

dr 1 
0.009456 [22] 

- ~  J z=o = - -  

Rate of transfer at the electrode.--Now we shall re-  
late the results of the previous analysis to the rate of 
ionic t ransfer  on the RSE, for this is the principal  
interest  for electrochemical applications. The local 
mass flux at the electrode surface is related to the 
concentrat ion gradient  by 

j = - - D  [ 0_~C ] = k  (Co--C| [23] 
L ~T J 

Here k is the mass t ransfer  coefficient. The local 
Sherwood number ,  Shloc, defined as kro/D, can now 
be evaluated from the following equat ion 

f [ 0.29801 
S h l o c  = Re 1/2 Sc 1/3 0.62045 1 Sc 1/~ 

0.05633 0.12832e 2 1 
Sc2/3 Scl/S Sc2/3 

[24] 

The average Sherwood number ,  Sh, can be obtained 
by integrat ing Shloc over the spherical surface; the re-  
sult is 

Sh - - - -k  D J 

0.05633 --0.12832 1 - -  ~ 
Sc2 /3  8 c l / 3  

0.29801 

Scl/3 

0.07369 ] 

8C2/3 

2 ( c o s o -  1) -F 20sino -- 02cose ~ [25] 

1 -- cos# J 
H e r e  K is the average mass t ransfer  coefficient. Equa-  
t ion [25] represents  the dimensionless mass t ransfer  
r a t e  to a spherical electrode having an active surface 
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specified by the angle 0. For a hemispherical  electrode 
or a sphere whose ent i re  surface is subject  to the mass 
transfer,  we have 8 = ~/2, and Eq. [253 can be s impli-  
fied t o  

Sh ---- 0.47396Re 12t Sc I/s (1 -- 0.28549Sc -1is 

- -  0 . 0 5 0 9 7 S c  - 2 / 3 )  [ 2 6 ]  

The average diffusion cur ren t  density, I, on the elec- 
trode is related to the average mass t ransfer  coefficient, 
K, by  

I -- nFK (C| -- Co) [27] 

Thus Eq. [26] can be rear ranged in dimensional  form 
a s  

[ ---- 0.47396nF (C|  - -  C o )  

D 2 / 3 v - z / e ~ l / 2 [ l _ O . 2 8 5 4 9  ( D )  1/z 

- -  0.05097 - -  (for 0 ---- n/2) [28] 

Discussion of Results 
The results presented in  Fig. 1 and 2 would allow 

one to calculate the concentrat ion profile on the RSE. 
For electrochemical applications, the rate equation 
expressed in the form of Eq. [25]-[28] could be used 
for de termining diffusivity of the diffusing ion, and 
for e!ectrode kinetic studies. It  is seen that  Eq. [26] 
differs from Eq. [1] by two correction terms inversely 
proportional to Sc 1/3 and Sc ~/3. The present  theory 
would, therefore, extend the application of the RSE to 
electrolytes with smaller  Schmidt numbers ,  for the 
inherent  error is now on the order of Sc -1, as com- 
pared to Sc -1/s for Eq. [1]. The exact error is not easy 
to determine unless the per turba t ion  is fur ther  carried 
out for the functions, 014 and e~4, in  the asymptotic ex- 
pansion of Eq. [8] and [9]. One could, however, esti- 
mate the approximate error by comparing with point-  
solutions given in the l i terature.  For  the case of a 
rotat ing sphere, Banks (7) has computed numer ica l ly  
the thermal  boundary  layer  at P rand t l  numbers  equal 
to 0.7 and 1.0. Since the Prand t l  number  is equivalent  
to the Schmidt number  used in mass transfer,  we  may 
substi tute Sc -= 0.7 and 1.0 into Eq. [26], and arr ive at 

Sh/Re 1/~ ----- 0.258 for Sc ---- 0.7 
[29] 

Sh/Re 1/2 = 0.314 for Sc = 1.0 

The comparative values given by Banks'  computat ion 
are 0.25 at Sc = 0.7, and 0.30 at Sc ---- 1.0. The agree-  
ment  is excellent considering that  the successive per-  
turba t ion  is supposedly for large Schmidt numbers .  

Figure  3 is a log-log plot of Sh/Re 1/~ vs. Sc for a 
rota t ing sphere or hemispherical  electrode. The thick 
solid curve  is calculated from Eq. [26]. The dashed 
straight l ine is given by  Eq. [1]. Banks'  results at Sc 
_-- 0.7 and 1.0 are represented by the crosses. For com- 
parison, the rotat ing disk theory (8) is also given in 
the figure as the thin solid curve. It  is seen that the 
0.474 Sc 1/3 dependence given by Eq. [1] represents 
a l imit ing behavior  for Sc -> ~ .  Banks '  results show 
the magni tude  of t ransfer  rates in the neighborhood 
of Sc ~ 1.0. Equat ion [26] obviously represents  a 
curved portion that  smoothly connects the two limits. 
Therefore, one may  speak with confidence that  the rate 
equations given by Eq. [25]-[28] are valid for Sc ---~ 1. 
Since the accuracy of the asymptotic expansion is in-  
creasing with increasing Schmidt numbers,  the maxi -  
mum error would occur at Sc = 1, where the deviation 
from Banks '  numerica l  result  is only  4.8%, an e r r o r  
that  is permit ted by  most exper imental  techniaues.  If 
one assumes that  the error is proport ional  to Sc -1 as 
suggested by  Eq. [8] and [9], it would then be reduced 
to 0.5% at Sc = 10, and 0.05% at Sc ---- 10O. On the 
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Fig. 3. Sh/Re V= vs. Sc for a rotating sphere or hemispherical 
electrode. The thick solid curve is the result of the present analysis, 
Eq. [26]. The dashed straight line is calculated from Eq. [1] 
given by the previous theory. Banks' point-solutions at Sc = 0.7 
and i.0 are represented by the crosses. For comparison, the rotating 
disk theory is also given in the figure as the thin solid curve. 

other hand, Eq. [1], which represents only the first 
term in the asymptotic expansion, can lead to an error 
of 3% at Sc ---- 1000. With the two addit ional correction 
terms, the accuracy of the theory has been greatly 
enhanced. 

Figure 3 shows that  the curve for the RDE is near ly  
parallel  to the curve given by Eq. [26]. As discussed 
in the previous paper (1), the rota t ing disk can be 
treated as a special case of the RSE by mere ly  setting 
0 = 0. Thus, making use of Eq. [25], the present  anal-  
ysis gives 

ShD = 0.62045 Re 1/2 Sc 1/a (1 -- 0.29601 Sc -1/a 

- -  0.05633 Sc -2/3) [30] 

where the subscript, D, signifies the t ransfer  process 
occurring on the disk electrode. The Schmidt number  
correction on the RDE has been treated by Newman 
(9, 10). Using the present  notation, his result  can be 
expressed a s  

0.62048 Re I/2 Sc 1/a 
ShD (Newman) = 

0.2980 0.14514 
1 --~ ~ -~- Sc21----- ~ ~- 0 (Sc -1) 

[31] 

Using the binomial  theorem, Eq. [31] can be expanded 
to 

ShD (Newman) = 0.62048 Re 1/2 Sc 1/a [1 -- 0.2980 Sc -1/3 

- -  0.05634 Sc -2/z + 0 (Sc -1) ] [31a] 

Thus, Newman's  expression is essentially the same as 
our result  for the disk electrode, Eq. [30]. The differ- 
ence in the fifth decimal digits can be a t t r ibuted to the 
t runca t ion  error in the numerica l  computations. 

Based on the above discussions, we may conclude 
that the rate equations expressed in the asymptotic 
series of Eq. [25]-[28] would give an accurate est imate 
of the mass t ransfer  rate on the RSE for Sc ---~ 1. 
Within  this region the accuracy of the equations in -  

creases with increasing Schmidt numbers ;  the maxi -  
mum deviation that occurs at Sc = 1, is less than  5%. 

SYMBOLS 
a dimensionless constant, 0.51023 
C concentrat ion of diffusing species, g-mole /cm 8 
D diffusivity, cm2/sec 
F Faraday constant, cou lomb/g-equiv  
I cur rent  density, A /cm 2 
i dummy index, I, 2, 3 .... 
j local rate of mass flux at the electrode surface, 

g -mole /cm 2 sec 
k local mass t ransfer  coefficient defined in Eq. 

[23], cm/sec 
K average mass t ransfer  coefficient, cm/sec 
n number  of electrons t ransferred in electro- 

chemical reaction, g -equ iv /g-mole  
r radial coordinate, cm 
ro radius of spherical electrode, cm 
Re Reynolds n u m b e r  defined as %2~/~, d imen-  

sionless 
Sc Schmidt number  defined as v/D, dimensionless 
Sh average Sherwood number  defined as Kro/D, 

dimensionless 
Shloc local Sherwood number  defined as kro/D, di- 

mensionless 
Z dimensionless radial  distance defined as Scl/Sn 

Greek Symbols 
dimensionless radial distance defined as (~,/ 
~) lz2 (r -- to) 

s lat i tude coordinate, rad 
v kinematic  viscosity, cm2/sec 

azimuthal  coordinate, rad 
r zeroth order concentrat ions defined by Eq. 

[8], dimensionless 
r first-order concentrat ions defined by Eq. [9], 

dimensionless 
�9 i dimensionless concentrat ions defined by Eq. 

[ 2 ]  
~, angular  velocity, rad/sec 

Subscripts 
D transfer  process on a rotat ing disk 
o electrode surface 
oc bulk  of solution 

Manuscript  submit ted Oct. 12, 1971; revised m a n u -  
script received Feb. 11, 1972. 

Any discussion of this paper will appear in a Discus- 
sion Section to be publ ished in the June  1973 JOURNAL. 
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Technical 

Charging Method for Batteries, Using the 
Resistance-Free Voltage as Endpoint Indication 

K. V. Kordesch* 

Union Carbide Corporation Research Laboratory, Cleveland, Ohio 44101 

The methods  for charging ba t te r ies  va ry  in m a n y  
respects, depending on the type  of bat ter ies ,  the i r  
construction,  and the i r  applicat ion.  However ,  al l  
methods  need to detect  the  fu l ly  charged  s tate  to 
avoid  damage to the ba t t e ry  b y  overcharging.  

The endpoint  of charging may  be de te rmined  by 
measur ing  the  cell  voltages,  volume of gas evolved,  
pressure,  and  hea t  development ;  and b y  employing  
sensing electrodes,  coulometers,  or control  cells. 

The mode of charging can be " rap id  charging,"  
" t ape red - s t ep  charging,"  "constant  current ,"  "constant  
voltage,"  or even "computer  con t ro l l ed" - -depend ing  
on the type  of the  ba t t e ry  concerned and its use in 
a specific circui t  or applicat ion.  

Ni -Cd  ba t te r ies  and l ead -ac id  ba t te r ies  have been 
the most ex tens ive ly  inves t iga ted  systems in accord 
wi th  the i r  wide range  of use. Fas t  charging  has been 
considered recen t ly  as essent ia l  for some users; in this  
m e t h o d  of charging,  the  endpoint  detect ion has be-  
come more  impor tan t  f rom the safe ty  s tandpoint .  Even 
a shor t  overcharge  at  h igh  cur ren t  can have  ca ta -  
s t rophic results.  

In  the  case of sealed Ni -Cd  ba t te r ies  opera t ing  on 
the oxygen recombina t ion  cycle, the  s ta r t  of over-  
charge  at h igh ra tes  resul t s  in an increase  in t e m p e r a -  
ture  and pressure  which  can be easi ly  detected.  How-  
ever, the i r  re l iab le  use as control  pa rame te r s  depends  
on special  construct ion of the  bat ter ies .  As an example ,  
commerc ia l ly  avai lable  smal l  ba t t e r ies  can now be 
overcharged  at  the  1 C ra te  and  can safe ly  use inex-  
pensive t he rma l  cutoff devices l ike  snap act ion 
switches or the rmis to rs  (1). 

Fo r  o ther  ba t ter ies  which  are  not  designed for rap id  
oxygen  recombinat ion,  p ressure  sensing, or the  use of 
aux i l i a ry  electrodes,  the  cell  vol tage  is s t i l l  the  com- 
monly  used means  of de tec t ing  the s ta te -of -charge .  

When  a vol tage  control  method  is used under  load 
conditions, the vol tage  drop  caused by  the resis t ive 
components  of the  cell  (contacts,  e lect rode cur ren t  
collector, e lectrolyte ,  etc.) influences the  " t e rmina l  
vol tage" readings,  often in an uncont ro l lab le  way. Gas 
evolution,  concentra t ion grad ien t s  in the  e lectrolyte ,  
and  t empe ra tu r e  effects are  var iab les  which  are diffi- 
cult  to control  or predict .  I f  inc luded in the  control  
signal, they  m a y  cause la rge  errors,  especia l ly  under  
fas t -charg ing  conditions. 

The Resistance-Free Measuring Principle 
Severa l  methods  of de t e rmina t ing  the  ohmic res is t -  

ance of an opera t ing  galvanic  cell  a re  known:  the use 
of t empera tu re - compensa t ed  a-c  br idge  circuits;  in-  
t e r rup t i ng  the cur ren t  and  de te rmin ing  the immedia te  
vol tage  rise on the oscilloscope screen; and  super im-  
posing a-c  on the d-c. load are  some examples  of 
methods  which  can be appl ied  to finished cells. Luggin  
capi l la r ies  and aux i l i a ry  reference  e lect rodes  in p roper  
posi t ions can, of course, be used in test  cells. 

* Electrochemical Society A c t i v e  M e m b e r .  
Key words: battery-charging method, resistance-free v o l t a g e ,  

state-of-charge detection, fast charging. 

F o r  p rac t ica l  eva lua t ion  in the  field, d i rec t ly  ind ica t -  
ing in t e r rup te r  circuits  have been  deve loped  which 
al low read ing  of the  e lect rode polar iza t ion  va lues  (on 
discharge)  or  e lectrode overvol tages  (on charge)  
wi thout  incur r ing  the vo l tage  drop across the  in te rna l  
resis tance ("resis tance polar iza t ion")  of the  cell. The 
measurements  a re  independen t  of e lect rode spacing 
and, in case reference  electrodes are  used, insensi t ive 
to the  reference  posit ioning.  

F igure  1 is a schematic  d iag ram showing wha t  the 
t e rm "resis tance e l iminat ion"  means  in connection 
wi th  the  use of an  in t e r rup te r  technique.  

F i g u r e  2 shows a s imple  doub le - th row switch circuit  
used to demons t ra te  the c i rcui t  pr inc ip le  (2). In  the  
r ight  position, the ba t t e ry  is charged  (or d i scharged) ;  
in the  lef t  position, the  vol tage  is measured.  Due to 
the "slow" speed of e lec t rochemical  (mass t r anspor t  
dependent )  processes, the  average  load condi t ion is 
essent ia l ly  ma in ta ined  whi le  the  cur ren t  is in te r -  
rup ted  for vol tage  measurements .  Only  the  "fast" 

[NSTANTA NEOUS 
COLLECTORS VOLTAGE 

RESISTANCE INT ER FA CES RISE 
ELECTROLYTE 

CHEMIC$'  L CH.~'RGE 

CEL~ ~ , ~ 

>. 

Fig. 1. Schematic diagram picturing the various types of "over- 
voltages" occurring in a galvanic cell during charging. 

SWITC~ r ~ ~  

Fig. 2. Principle of a pulse current circuit for reading of the 
resistance-free voltage. 
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(electronic) voltage change across ohmic resistance 
components is el iminated (voltmeter  1). The bat tery 
is an excellent current  integrater  and the ammeter  
in the circuit reads the average current ,  as vol tmeter  
2 reads the average ( terminal)  voltage. 

It  should be noted that  every in te r rup te r  method 
includes a t ime element  of uncer ta in  "recovery" of 
the voltage, depending on how the voltage was ob- 
served. Nearly instantaneous (10 - s  sec) voltage 
changes can be followed with a very  fast oscilloscope, 
while a technical in te r rup te r  circuit operated from the 
60-cycle a-c line averages the potential  for 1/120 sec 
after the in ter rupt ion  (unless a special bridge circuit 
is used; see Fig. 4). 

A more practical circuit  for bat tery  charging which 
bypasses the need for mechanical  contacts is shown 
in Fig. 3. Its operation is very similar  to that  of the 
circuit  described in the l i terature in  1960 except that  
solid-state components are used for automatic current  
regulation (3). 

This circuit has found wide use in the practice of 
bat tery  testing; it has been incorporated in ins t ruments  
designed to determine the state-of-charge of second- 
ary batteries by combining charge and discharge tests 
(4, 5). 

The replacement  of square-wave pulses by sine- 
wave pulses does not change the response of the bat-  
teries; also the D'Arsonval  meter  movements  of the 
vol tmeter  and ammeter  indicate the same average 
value. (Note that  average means L/~ with s ine-wave 
pulses and #2 with square-wave pulses of equal 
length.) Difficulties with slow reacting electrodes have 
been realized (6) but  could be c i rcumvented by oper- 
ating at higher frequencies or by restricting the volt-  
age sensing period to a small fraction of the off-current  
phase, as near  to the in terrupt ion point  as possible. 

Figure 4 shows the oscilloscope traces of a charge 
pulse through a cell. The t iming of the voltage sens- 
ing periods is indicated. The voltages are stored in 
capacitors and read on conventional  high-resistance 
meters. 

Charge Control with Resistance-Free Endpoint Sensing 
There  are many  ways of producing the resistance- 

free signal and feeding it back to the charge-con-  
t rol l ing SCR. In  Fig. 3 is an example, showing an 
operational amplifier receiving the resistance-free 
voltage signal from the gating c i rcu i t - -which  is biased 
by the preset ful l -charge voltage---feeding it to the 
current  controll ing SCR circuit. The out of phase rela-  
t ionship between the secondary windings is important.  

The circuit of Fig. 3 can be modified to operate a 
self-locking switch for complete shutdown, or may 
contain a bypass resistor for tr ickle-charge,  or it 
could employ an addit ional  control  signal from a 
temperature  sensor bui l t  into the battery. Increasing 
tempera ture  lowers the preselection point of constant  
voltage charging circuits; therefore, this correction is 
an important  one. 

LIMITING SCR 

. . . .  

GA TING 
CIRCUIT 

Fig. 3. Battery charger with resistance-free voltage control 

Fig. 4. Voltage-current diagram of a battery on pulse charge 
(60 cycles). Upper part of oscilloscope picture: Voltage trace 
( +  direction). Lower part: Current trace ( - -  direction) indicating 
"window" in the early portion of the open-circuit period at which 
voltage readings are taken. The battery is in a very low state-of- 
charge, otherwise the curvature of the voltage curve would net 
be observable. (Zero line for voltage is off picture.) 

An interest ing circuit achieving essentially the same 
effect as the circuit of Fig. 2 is described in  a General  
Electric Company patent  (7); in this case a magnetic 
flux-controlled reed switch acts in response to the 
temperature-compensated bat tery  voltage only during 
the intermediate  period between current  pulses, 
thereby e l iminat ing the voltage drop on the ohmic 
resistance components from the signal. 

Figure 5 indicates the differences between "terminal  
voltage" sensing and "resistance-free voltage" sensing, 
if one charges batteries with different in terna l  resist- 
ance. If the charging circuit  is set to a preselected 
voltage, the charge acceptance changes considerably 
and far more charging can be accomplished in the 
same time period if the resistance-free voltage is 
kept constant instead of the te rminal  voltage. Differ- 
ences in in terna l  resistance of old and new cells do 
not affect the charge acceptance if such cells are con- 
nected in series. I t  also does not  mat ter  too much if 

%%% T E R M I N A L  
V O L T A G E S  

VAT2~; 
C O N S T A N T  

T I M E  TIME 

a) H i g h  R a t e  C h a r g e  A c c e p t a n c e  w i t h  R e s i s t a n c e - F r e e  C o n s t a n t  V o l t a g e  S e t t i n g  

CONSTANT 
TERMINAL VOLTAGES 

R E S  FREE 
V O L T A G E S  

O 

T I M E  T I M E  

b) L o w  R a t e  C h a r g e  A c c e p t a n c e  w i t h  C o n s t a n t  T e r m i n a l  V o l t a g e  S e t t i n g  

Fig. 5. Different charge acceptance of batteries with low ( 
and high ( - -  -) internal resistance. 
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Fig. 6. Voltage characteristics of alkaline-manganese secondary 
battery. 

the interce]l connections vary  somewhat. The situation 
becomes even more pronounced if cells are charged 
in  parallel.  

I n  Fig. 5, only general  examples are shown. How- 
ever, with all cell types the charge characteristics 
obtained dur ing resistance-free charging are more re-  
producible and more suitable for rapid charging then 
are te rminal  voltage measurements.  

Figure 6 shows the var iabi l i ty  of the end-of-charge 
~roltage of an alkaline MnO2-zinc cell dependent  on 
the number  of cycles (1). The change is to a large 
extent  due to the increase in the in terna l  cell resist-  
ance. Considering that  a higher charge current  (with 
a higher voltage rise) may  be used, the value of the 
resistance-free voltage determinat ion is obvious. In 
the case of the bat tery  shown in Fig. 6 the resistance- 
free charge voltage would be 16.5V. 

Extremely  high-charge currents  can only be used 
when  the batteries are properly constructed: th in  
plates, good current  collection, nar row spacing are 
essential features. High-charge currents  are not ob- 
jectionable;  in some cases (Ni-Cd) the efficiency of 
charging increases with the charge rate (8). The 
charge acceptance and gassing rates of lead-acid bat -  
teries are functions of the charge rates, and mult is tep 
charging control is more precisely controlled with 
resistance-free voltage sensing. Also, the detection of 
"voltage steps" in the charge curves, e.g., as observed 
with mixed depolarizer cells like MnO2-Ni oxide/zinc 
cells (9), is more accurate when not obscured by re-  
sistance phenomena.  

Following the circui try shown in Fig. 3, a resistance- 
free bat tery  charger wi th  an output  of 12V-16A was 
built .  The resistance-free voltage endpoint  could be 
set with an accuracy of • 10 mV. 

This bat tery charger was capable of br inging a 
lead-acid ba t te ry  of 12.5 A-h r  capacity to 80% of the 

ful ly charged condition in 30 mi n  if a resistance-free 
voltage setting of 2.40 is used. 

D-size Ni-Cd cells could be brought  up to 75% of 
capacity in 15 min  at a voltage setting of 1.48V. 
Silver-zinc cells require  a setting of 2.00V and could 
be recharged even faster. 

Summary and Conclusions 
These results are pre l iminary  in  na ture  and  require 

more experience before the resistance-free charging 
method can be recommended generally. However, it 
is evident  that  this method provides an improved way 
of determining the endpoint  of charging electrically. 

Especially in view of the future  need for faster 
recharging of many  consumer batteries for portable 
equipment  and probably  also for electr ic  vehicles, 
fast-pulse charging wil l  be required. As an example, 
a four-passenger city car will  need a 20 kWhr-capaci ty  
bat tery  for operat ing over a distance of 100 to 150 
miles. Recharging such a bat tery  (of e.g., 200V) in  half  
an hour will  require a 300A charging capabil i ty for 
each vehicle at a "power station" which must  then be 
supplied by a high voltage l ine to satisfy more cus- 
tomers at a time. 

The fact that  resistance-free charging can accom- 
modate batteries (of the same type) in  various condi- 
tions and of various ages s imultaneously is probably 
the biggest advantage. 
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Density and Electrical Conductivity of Molten 
LiI-LiCI-KI Eutectic 

N. P. Yao *'1 

Atom~cs Internationat, A Division of North American Rockwell Corporation, Canoga Park, California 91304 

A loW-melting salt mix ture  which possesses a high 
electrical conductivity,  a large decomposition poten-  
tial, and is chemically stable, will  provide a useful 
electrolyte medium in several  areas of mol ten  salt 
electrochemical technology. The eutectic mix tu re  59 
mole per cent (m/o)  LiI-8.5 m/o  LIC1-32.5 m/o  KI 
(melt ing point 264~ reported by Johnson and Foster 
(1) is one of the lowest mel t ing t e rna ry  alkal i -hal ide 
systems known  to date. 

This low-mel t ing  and l i th ium-r ich  salt electrolyte 
is being util ized in some high temperature  bat tery  
systems with a l i th ium anode (2, 3). It was observed 
that  the potassium ions in this melt  would not interfere 
wi th  the  l i th ium electrode reaction in these systems 
(4). 

In this work the density and the electrical conduc- 
tivity of molten LiI-LiCI-KI eutectic are reported over 
a temperature range of 273~176 

Exper imental  
Chemicals.--Anhydrous, polarographic grade LiI 

and LiC1 were supplied in 200g ampoules by Anderson 
Physics Laboratory,  Champaign, Illinois. "Baker ana-  
lyzed" KI was vacuum dried over a 2 week period at 
gradual ly  increasing temperatures  up to 250~ and at 
13~ Hg pressure. The eutectic mix ture  (59 m/o  LiI-8.5 
m/o  LIC1-32.5 m/o  KI)  was prepared by weight, fused, 
and filtered through a 25~ glass fri t  in an argon gas- 
filled dry  box. The melt  was colorless and clear. The 
mel t ing point  of the eutectic mix ture  from the cooling 
curve was 264 ~ ----_. 0.5~ in agreement  with the l i tera-  
ture value (1). "Baker analyzed" KC1, which was 
used in prepar ing the s tandard  aqueous solution for 
cell constant  determinat ion,  was recrystall ized twice 
from redistil led water. The salt was dried in vacuo at 
300~ for 120 hr. "Baker analyzed" KNO3, which was 
used in the volume cal ibrat ion of the pycnometer,  was 
dried in vacuo at 250~ for 100 hr. 

Apparatus and procedure.--The fused silica capil lary 
cell for the conductivi ty measurements,  containing four 
bright  tungsten  electrodes and a 1.5 mm ID capillary, 
was previously described by Gran tham and Yosim (5). 
The cell used in this work had a capi l lary length of 
about 25 cm in a spiral form. The a-c conductivi ty 
determinat ions  were made with a Leeds and Northrup 
No. 1666 Jones br idge which had been calibrated 
against secondary NBS standards. The capacitance and 
impedance of the cell were balanced dur ing measure-  
ments  by a var iable  capacitor in the bridge. The a-c 
signal was supplied by a Hewle t t -Packard  Model 200 
CD audio oscillator in  conjunct ion with a Newcomb 
amplifier; the signal nu l l  was detected with a General  
Radio Type 1231-B amplifier. The conductivi ty of the 
LiI-LiC1-KI solution was found to be frequency inde-  
pendent  from 1 to 50 kHz. The cell constant  obtained 
with 1 Demal s tandard  KCI solutions (6) at 25~ was 
1528.0 _ 0.6 cm -1 determined with two separately 
prepared KC1 solutions. The calculated cell constant  
varied by  less than  0.03% in the tempera ture  range  of 
25~176 The cell constant  redetermined after the 
exper imental  run  did not show any  change. 

After  proper amount  of LiI-LiC1-KI eutectic salt 
was added to the conductivi ty cell in  the argon gas 

�9 Electrochemical Society Act ive  Member .  
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dry box, the cell was sealed under  vacuum. Conduc- 
t ivi ty  measurements  were made after the cell had 
been heated in a furnace at approximate ly  270~ for 
a few hours. The measurements  were made at increas- 
ing temperatures  with periodic rechecks of the previ-  
ous points. Each measurement  was taken 30 rain after 
the thermal  equi l ibr ium was attained. The data were 
reproducible to wi th in  0.03%; the values reported are 
the average of at least three determinations.  The 
temperature  of the solution was measured with a 
calibrated Alumel -Chromel  thermocouple in contact 
with the cell capil lary wall  in conjunct ion with a 
Leeds and Nor thrup Millivolt  Potentiometer .  A tem-  
perature difference of only 0.2~ occurred over the 
length of the capillary. 

Density measurements  were made in a fused silica 
pycnometer  which incorporated two thermocouple 
wells for tempera ture  measurements .  The volume of 
the pycnometer  was calibrated with double distilled 
water  at 25~ and  with mol ten  KNO3 (7) at 422~ 
The average volume based on four measurements  at 
each tempera ture  was 18.65 cm 3 at 25~ and 18.71 cm ~ 
at 422~ The volume expansion is in  agreement  with 
the calculated thermal  expansion for the pycnometer  
of about 0.4% in  the same tempera ture  range. The 
pyenometer  was heated in a small  insulated furnace in 
the argon gas dry box and the max imum temperature  
difference in the solution was 0.5~ The uncer ta in ty  
in the individual  measurement  was about 0.3%; the 
values reported are the average of at least three  deter-  
minations.  

Results 
The specific conduct ivi ty  of mol ten LiI-LiC1-KI (59 

m/o-8.5 m/o-32.5 m/o)  eutectic over a tempera ture  
range of 273~176 is given in  Table I. The curve 
shown in Fig. 1 represents  the computer-fitted, least 
squares equat ion (r = 0.009) and can be represented 
by  

K = - -1 .708 -t- 1.197 X 10-~t-- 1.009 >< 10-~t 2 [I] 

where K is specific conductivity in ohm-lcm -I  and t is 
temperature in ~ 

Table I. Specific conductivity of LiI-LiCI-KI eutectic 
vs. temperature 

t (~ K (ohm-i  cm-D 

2'/3.0 0.785z 
276.5 0.8238 
281.8 0.861v 
286.5 0.898= 
288.3 0.9058 
292.3 0.933, 
294.0 0.945~ 
300.0 0.984~ 
306.0 1.0114 
311.0 1.0499 
311.8 1.0539 
318.0 1.0868 
328.0 1.1355 
335.0 1.1727 
345.5 1.223~ 
361.0 1.2991 
371.5 1.3428 
394.4 1.4375 
412.0 1.512~ 
420.2 1.5251 
422.3 1.533s 
431.5 1.572~ 
437.4 1.599s 
447.5 1.640o 
454.2 1.665~ 
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Fig. 1. Specific conductance vs .  temperature for molten LiI-KI- 
LiCI eutect ie .  

Four  density data, over a tempera ture  range  of 
274~176 are represented by a l inear  equat ion (~ ---- 
0.007) 

p ---- 3.214 -- 7.850 X 10-4t [2] 

Surprisingly,  the density values (in g /cm 3) conform 
approximately  (to wi th in  0.5%) the addi t ivi ty  rule 
of molar volume although the densities of LiI, LiC1, 
and KI had been extrapolated from the reported values 
(8) at above the mel t ing points of the salt components. 

The specific conduct iv i ty- tempera ture  relationship, 
Eq. [1], and the dens i ty- tempera ture  relationship, Eq. 
[2], were both used in calculating equivalent  conduc- 
tances, A, the logari thms of which were examined for 
curvature  when  plotted vs. 1 /T(~ The densities at 
the three temperatures,  i.e., 273.0 ~ 447.5 ~ and 454.2~ 
were calculated from Eq. [2]. 

The curvature  exhibited in the plot of specific con- 
ductance vs. t empera ture  (Fig. 1) persisted in the log 
h vs. 1 /T (K  ~ plot. Therefore, the three parameter  
equation, Voge l -Tammann-Fu lche r  (VTF),  success- 
ful ly employed by Angel l  (9) for glass-forming melts  
has been fitted to the present  data using a computer  
program (1O). The least squares representat ion of the 
data (r ---- 0.008) is 
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k 
l n h  -- A -- � 8 9  

T - - T o  
377 

- -  8 . 6 5 2  - -  ~ l n  T - -  [ 3 ]  
T - -  348 

where A is in  cm2/ohm-equiva len t  and T is in  degrees 
Kelvin.  The three parameters,  A, k, and To (the zero 
mobi l i ty  temperature)  are respectively 8.652, 377~ 
and 348~ 

The zero mobi l i ty  tempera ture  To for the glass- 
forming Ca(NO3)2 + KNO3 molten salt mixtures  was 
reported (9) to vary  from 237~ for pure KNO3 to 
330~ for a 45% Ca(NOs)2 mixture .  The To value for 
the LiC1 + KC1 eutectic was reported (9) to be 320~ 
The present  data are in the range of 1.6 To ~ T ~ 2.1 
To based on the value of To ---- 348~ for the LiI-LiC1- 
KI eutectic. Since Eq. [3] is strictly applicable for 
tempera ture  - -  1.7 To, the value To -- 348~ for the 
present  eutectic must  be considered tentative.  

The Arrhen ius  coefficient for equivalent  conductance, 
EA, can be evaluated from the derivat ive of the ana-  
lytic representat ion,  Eq. [3], as follows 

, l n k  --V~RT + 377R ( T )~ 
E h  - -  - - R  5(I/T----~ - -  T - -  348 

[4] 
The EA decreases with increasing temperature;  from 
about 5.1 kcal /mol  at 273~ to about 2.0 kcal /mol  at 
454~ 
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Recovery of Chlorine from Waste Gas-Fundamentals 
Fumio Hine* and Masaki Yasuda 

Nagoya Institute of Technology, Nagoya 466, Japan 

One to two per cent of the total production of 
chlorine by  electrolysis, accounting for about 50,000 
tons a year in Japan  and about 100,000 tons in  the 
United States, is being wasted. Chlorine should be 
recovered from such waste gases. Some processes, 
such as the absorpt ion-desorpt ion method with a 
chlorinated solvent, have developed, but  compara-  

* Electrochemical Society Active Member. 
Key  words:  chlorine recovery,  chloride electrolysis ,  depolarized 

cathode, diffusion-Umiting current.  

t ively few of practical application have been an-  
nounced. Here a new electrochemical process with the 
depolarized cathode, called electrochemical recovery 
of chlorine, is described. 

Electrochemistry of the Process 
The electrolytic solution consisting of HC1 and CuC12 

is electrolyzed with the chlorine depolarized cathode. 
The process resembles the Kyoto- type  HC1 cell investi-  
gated by the same author  (1). 



Vot. I19, No. 8 

1 8  I 

MOLTEN L i I - L i C I - K I  EUTECTIC  

1 6  

09  • 10  5 12 

1 0  

0 8  0 

O ~  .... I i I l 
?SD 300  350  400  450  500  

, c " c ,  

Fig. 1. Specific conductance vs .  temperature for molten LiI-KI- 
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Four  density data, over a tempera ture  range  of 
274~176 are represented by a l inear  equat ion (~ ---- 
0.007) 

p ---- 3.214 -- 7.850 X 10-4t [2] 

Surprisingly,  the density values (in g /cm 3) conform 
approximately  (to wi th in  0.5%) the addi t ivi ty  rule 
of molar volume although the densities of LiI, LiC1, 
and KI had been extrapolated from the reported values 
(8) at above the mel t ing points of the salt components. 

The specific conduct iv i ty- tempera ture  relationship, 
Eq. [1], and the dens i ty- tempera ture  relationship, Eq. 
[2], were both used in calculating equivalent  conduc- 
tances, A, the logari thms of which were examined for 
curvature  when  plotted vs. 1 /T(~ The densities at 
the three temperatures,  i.e., 273.0 ~ 447.5 ~ and 454.2~ 
were calculated from Eq. [2]. 

The curvature  exhibited in the plot of specific con- 
ductance vs. t empera ture  (Fig. 1) persisted in the log 
h vs. 1 /T (K  ~ plot. Therefore, the three parameter  
equation, Voge l -Tammann-Fu lche r  (VTF),  success- 
ful ly employed by Angel l  (9) for glass-forming melts  
has been fitted to the present  data using a computer  
program (1O). The least squares representat ion of the 
data (r ---- 0.008) is 

1057 

k 
l n h  -- A -- � 8 9  

T - - T o  
377 

- -  8 . 6 5 2  - -  ~ l n  T - -  [ 3 ]  
T - -  348 

where A is in  cm2/ohm-equiva len t  and T is in  degrees 
Kelvin.  The three parameters,  A, k, and To (the zero 
mobi l i ty  temperature)  are respectively 8.652, 377~ 
and 348~ 

The zero mobi l i ty  tempera ture  To for the glass- 
forming Ca(NO3)2 + KNO3 molten salt mixtures  was 
reported (9) to vary  from 237~ for pure KNO3 to 
330~ for a 45% Ca(NOs)2 mixture .  The To value for 
the LiC1 + KC1 eutectic was reported (9) to be 320~ 
The present  data are in the range of 1.6 To ~ T ~ 2.1 
To based on the value of To ---- 348~ for the LiI-LiC1- 
KI eutectic. Since Eq. [3] is strictly applicable for 
tempera ture  - -  1.7 To, the value To -- 348~ for the 
present  eutectic must  be considered tentative.  

The Arrhen ius  coefficient for equivalent  conductance, 
EA, can be evaluated from the derivat ive of the ana-  
lytic representat ion,  Eq. [3], as follows 

, l n k  --V~RT + 377R ( T )~ 
E h  - -  - - R  5(I/T----~ - -  T - -  348 

[4] 
The EA decreases with increasing temperature;  from 
about 5.1 kcal /mol  at 273~ to about 2.0 kcal /mol  at 
454~ 
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Recovery of Chlorine from Waste Gas-Fundamentals 
Fumio Hine* and Masaki Yasuda 

Nagoya Institute of Technology, Nagoya 466, Japan 

One to two per cent of the total production of 
chlorine by  electrolysis, accounting for about 50,000 
tons a year in Japan  and about 100,000 tons in  the 
United States, is being wasted. Chlorine should be 
recovered from such waste gases. Some processes, 
such as the absorpt ion-desorpt ion method with a 
chlorinated solvent, have developed, but  compara-  

* Electrochemical Society Active Member. 
Key  words:  chlorine recovery,  chloride electrolysis ,  depolarized 

cathode, diffusion-Umiting current.  

t ively few of practical application have been an-  
nounced. Here a new electrochemical process with the 
depolarized cathode, called electrochemical recovery 
of chlorine, is described. 

Electrochemistry of the Process 
The electrolytic solution consisting of HC1 and CuC12 

is electrolyzed with the chlorine depolarized cathode. 
The process resembles the Kyoto- type  HC1 cell investi-  
gated by the same author  (1). 
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The anode reaction is the evolution of chlorine from 
C1- ion (reaction [A]) .  Waste or weak chlorine is 
sent to the cathode compartment ,  where dissolved 
chlorine reacts with cuprous chloride complex ions to 
give cupric ions (reaction [B]).  Cupric ions are 
cathodically reduced into cuprous by reaction [C], 
which has been studied in detail in the previous paper 
(2). The over-al l  reaction is, thus, represented by 
reaction [D] as follows 

At ar~ode 

In  cathode compartment  

At cathode 
Over-al l  reaction 

2C1- -- Cl~(concentrated 
4- 2e [A] 

2Cu(I)  4- C12(weak) 
---- 2Cu(II )  4- 2C1- [B] 

2Cu(II)  4- 2e -- 2Cu(I)  [C] 
C12 (weak) 

= Cl~(concentrated) [D] 

where Cu(I )  and Cu(I I )  are the cuprous and cupric 
chloro complex ions, probably CuCla 2- and CuCl~-, 
respectively (2). 

The solubil i ty of chlorine in the mixed solution con- 
sisting of HC1 and CuC12 is considerably larger than 
that of oxygen (3), and the reaction rate of chlorine 
at the cathode is high in comparison with that  of the 
dissolved oxygen. Thus the side reaction [El would 
occur in parallel  with reaction [C] at the working 
cathode 

At cathode C12 (dissolved) + 2e 
---- 2CI-  [El 

The reversible potentials for the anodic and cathodic 
processes [A] and [C] are close to each other when 
reaction [C] is coupled with reaction [B], a fast reac- 
tion, therefore, the decomposition voltage for the 
over-al l  reaction [D] is small  enough, say about  0.1V 
or less, depending on such operating conditions as 
electrolyte composition and temperature.  The cell volt-  
age is estimated from the polarization data to be about 
1.3V at 10 A / d m  2 and 1.7V at 20 A/din% It  will  be dis- 
cussed in detail in the future. 

The anode process [A] has been discussed previously 
as a part  of studies on the Kyoto- type  HC1 cell (4). 
Therefore, the present  work will  emphasize the 
cathodic processes represented by reactions [B], [C], 
and [El at the surface of the chlorine-depolarized 
electrode. 

Exper imenta l  Procedure 
The rotat ing graphite disk cathode of 1 cm 2 was 

placed at the center of the glass cell of about 1 liter 
capacity. A graphite anode was inserted into the anode 
compartment,  which was separated from the cathode 
compartment  by a sintered glass diaphragm. The 
Luggin probe connected to the calomel reference elec- 

V- 

2 , O  

/ 
�9 6 N H C I  

1.5 o 6 N  HCI + I M  CUCIe 

; L L I ~ ,  ; I I L I I l l  i I i i I i i I 

GI  I I 0  

C U R R E N T  D E N S I T Y  ( o / d ~ )  

Fig. 1. Potential vs. current density curves of graphite anode 
in HCI and mixed solution of HCI -~ CuCI2 at 40~ 

trode was located 1 m m  from the center  of the work-  
ing cathode. The IR drop between the working cathode 
and the Luggin probe was cal ibrated by means of the 
cu r ren t , in te r rup t ion  technique (5). 

The electrolytic solution was made up with reagent 
grade HC1 and CuC12. Since the l imit ing cur ren t  den- 
sity for the cathodic reduction of cupric ions was inde-  
pendent  of the HCI concentration,  6N HC1 was gener-  
ally used and 3N HC1 was also sometimes employed, 
while the CuC12 concentrat ion was varied over a wide 
range. The tempera ture  and the moisture of the gas 
mixture,  consisting of chlorine and nitrogen, were 
brought  to equi l ibr ium with the cell l iquor before 
measurements  were made. 

Results and  Discussion 
An example of the anodic polarization curves is 

shown in Fig. 1. It is clear that the potential  is almost 
independent  of CuC12 in the electrolyte. It disagrees 
somewhat with the data in the paper on the Kyoto 
Process (4), al though it has not yet been clarified. 

Figure 2 shows the polarization curves for rotat ing 
graphite cathode at 500 rpm in a 6N HC1 under  various 
conditions. In a deaerated solution with ni trogen 
(rectangular  points),  only the hydrogen evolution 
reaction takes place at less noble potent ial  ranges. 
Since the rate of the cathodic reduction of dissolved 
oxygen is slow, an almost similar curve is obtained 
even in an aerated solution ( t r iangular  points).  

On the other hand, the static potential  is consider- 
ably noble in the solution containing chlorine (circular 
points).  The cathodic potential  tends to become more 
negative with increase in the current  density, the l im-  

Fig. 2. Polarization curves of 
graphite cathode in 6N HCI at 
40~ under various conditions 
(500 rpm). 
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i t ing current  density for dissolved chlorine being 
relat ively large. 

It  is interest ing that  two current  density arrests 
appear in cupric chloride solution saturated with 
chlorine (closed points) :  these are, diffusion-l imit ing 
cur ren t  densities for chlorine and cupric ions. 

The first cur ren t  density arrest in Fig. 3 varies with 
the chlorine part ial  pressure, and is proport ional  to 
the part ial  pressure, whereas the second is independent  
of it. 

The two l imit ing current  densities depend greatly 
on the rotat ional  speed of the working cathode. The 
results obtained are summarized in Fig. 4. The dotted 
l ine is a plot of the current  density and rotat ional  
speed at +450 mV vs. SCE, and shows that  the former 
is independent  of the CuC12 concentration. The cur-  
rent  density in  the mixed solution is smaller  than in 
HC1 solution at the same potential,  probably  due to 
the small  solubil i ty of chlorine in the mixed solution 
(3,6) .  

At --400 mV vs.  SCE, the current  density depends 
on the rotat ional  speed, as shown by the solid l ines in 
Fig. 4. The l imit ing current  density at this point is also 
proport ional  to the CuC12 concentration.  With these 
results, it can be concluded that  the first cur rent  den-  
sity arrest is the diffusion-l imit ing current  density 
for dissolved chlorine, and the second is for cupric 

[ o I M OJCI 2 
501 �9 1/2M ~ j -400my 

z 40 t �9 i /e M , , E  , / ' .  

"' I   HClonly/ J J 
I -  

n.- 

10 ~ +450my 

I ' -  , 
0 I0 20 30 40 50 

,/-R. P. M. 
Fig. 4. Current density vs. rotating speed of constant potentials 

in 3N HCI containing CuCI2 at 40~ (pc12 ~ 1 otto). 

Fig. 3. Potential vs. current 
density curves in a mixed solu- 
tion consisting of 6N HCI and 
1M CuCI2 at 40~ and 500 rprn. 

chloride, and hence, the next  equation is obtained 

iL -- kl (Pcl2)/~ + k2(acu(n) ) /~  [1] 

where iL = l imit ing current  density at --400 mV vs.  
SCE; kl and k2 are constants for the cathodic reduction 
of chlorine and cupric chloride, respectively, at --400 
mV; PCl2 ~ part ial  pressure of chlorine; ~ = rotat ional  
speed. 

It is clear that  the first te rm of the right hand  side in 
Eq. [1] is much smaller  than the second term from 
exper imental  data such as Fig. 5, Eq. [2] can be ob- 
tained 

iL = k2 (acu(ii))/~ [2] 

This would be the ma x i mum current  density for cell 
operation. 

Because ks involves the diffusion coefficient and the 
viscosity of the solution, it would be a funct ion of the 
operat ing temperature.  At less noble potentials, the 
l imit ing current  densi ty increases with temperature,  
on the other hand, the current  densi ty  at +0.5V at 
high tempera ture  is smaller  than  at low tempera ture  
because of the difference in the solubili ty of chlorine. 
The l imit ing current  density at --0.4V depends l inear ly  
on the operat ing tempera ture  as shown in Fig. 5, thus 
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Fig. 5. Limiting current density vs. temperature in o mixed solu- 
tion consisting of 6N HCI and IM CuCI2 under pcl 2 = 1 otm and 
500 rpm. Closed points at 500 mV represent the limiting current 
density of CI~ dissolved, whereas open points are of CI~ plus Cu(ll) 
at - -400 mV. 
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the cell should be operated at high temperature.  The 
max imum current  density might  be a funct ion of the 
Reynolds number  as well  as the operating temperature.  
Therefore, it should be investigated further,  for de- 
velopment  and scale-up of this process, from a chem- 
ical engineer ing point  of view. 

Conclusion 
An electrochemical process for recovery of chlorine 

from waste gas has been developed. Fundamen ta l  
studies on this process, emphasizing the cathodic reac- 
tion, have been made. Since the l imit ing current  
density for dissolved chlorine is small, the rate of  t h e  
over-al l  cathodic process is almost controlled by the 
diffusion current  for cupric chloride in the electrolyte. 
The higher the concentrat ion and the temperature,  
the larger the current  density obtained. The flow 
velocity of the electrolyte near  the working cathode 
is also an impor tant  factor because the cathode reac- 
tion is controlled by diffusion (7). 
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A Time-Dependent Solvation Number 
for Ions in Solution 

J. O'M. Bockris *'1 and P. P. S. Saluja *'2 
Electrochemistry Laboratory, University of Pennsylvania, Philadelphia, Pennsylvania 19104 

The concept of a solvation number  for ions in  solu- 
t ion existed for many  decades but  was associated with 
difficulties arising from a lack of accepted and suffi- 
ciently sharp definition. However, a p r imary  solvation 
number  was defined (1) as the n u m b e r  of water  mole- 
cules per ion which had lost their  own t ransla t ional  
freedom and exhibited those of the ion. A certain 
number  of exper imental  methods (1) seem to give 
a quant i ty  relat ively independent  of the method, while 
from the na ture  of the concordent methods one may 
comprehend that  they might  be expected to yield sol- 
vation numbers  corresponding to the definition ("The 
solvation number  of an ion is the number  of water  
molecules which have lost their  own degrees of t rans-  
lational freedom and have those of the ion.") 

However, the concept was not clear in the absence of 
an expression of the model in "dynamic" terms (2). 
A quant i ta t ive  version of this model has recent ly been 
developed (3). It is wished to present  it here in a 
qual i tat ive way. 

The suggestion is to in terpret  the concept of pri-  
mary  solvation number  in terms of the residence t ime 
of the water  molecules around the ions. Upon the 
arr ival  of an ion at a given site in  the solution, it acts 
electrostatically on the sur rounding  solvent molecules 
to orient  them toward an optimal energetic position. 
In  the l imit ing case of small  ions of high valency 
(e.g., Mg+2), all of the first, and perhaps some of the 
second, shell of water  molecules, will  be oriented into 
a relat ively incompressible solvent sheath around the 
ion. At the other extreme, with large ions and low 
valency (e.g., I - ) ,  none of the water  molecules wil l  
be thus oriented and they will cont inue to remain  in 

* Electrochemical  Society Act ive  Member .  
Presen t  address:  Fl inders  Univers i ty ,  Adelaide,  Australia.  

e Present  address: Cornell Universi ty ,  Depa r tmen t  of Chemistry ,  
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Key  words:  solvation number ,  coordination number ,  i on -wa i t  
t ime,  Water-orientat ion t ime,  solvat ional  coordination,  nonsolva-  
tional coordination.  

the solvent s t ructure  while the ion remains  in its posi- 
t ion before it jumps to the next  site in solution. 

The pr imary  solvation number  may be defined as 
the number  of water  molecules which are attached to 
the ion for a sufficiently long time so that  they move 
with the ion from a given position in the solution to 
its next  site. Thus, whether  a water  molecule, which 
is a coordination water molecule for the ion, is also 
a part  of its solvation sheath depends ~ upon: (i) the 
t ime the ion waits at a given site in solution (Tion, wait)  ; 
and (//) the t ime the water  molecule takes to orient 
around from its position in the solvent to come into 
a position of m i n i m u m  energy in respect to the ion 
(~water, orient) .  

To test this model, it is necessary to have a method 
which distinguishes between the solvation number  due 
to cation and anion, for most methods of de termining 
p r imary  solvation water  molecules give rise only to 
the sum of these. Such a method has been recent ly 
developed (3) by combining Passynski 's  method for 
the determinat ion of the total amount  of incompressi-  
ble solvent water  molecules around the ion with the 
measurements  of ionic v ibra t ion potential  which mea-  
sures the difference in the masses of the cation and 
anion. We have given (3) reasons which suggest that  
the two methods measure the same quanti ty.  The 
compressibili ty method gives the sum, the other 
method gives the difference, of the solvation numbers  
of cation and anion. In  Fig. 1, some of these solvation 
numbers  are plotted as a funct ion of ionic radius. 

These concepts may be tested. If they are correct, in 
a plot of Tion, wait/Twater,  orient against solvation number ,  
the solvation number  would tend to zero if the ratio 
is small; and if Zion, wait/l :water,  .orient i s  large, the solva- 

3 The  coordination w a t e r  molecules which  are par t  of the solvation 
sheath  around an ion are defined as "solvat ional"  coordination w a t e r  
(SCW) molecules. The  remain ing  wa t e r  molecules (equal to total  co- 
ordination n u m b e r  minus  SCW molecules) are defined as "nonsolva-  
t i ona r '  coordination w a t e r  (NSCW) molecu le s  in the  solvational  
model  presented here .  
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cal function of cations radius. 

tion number  will tend to be equal to the coordination 
number.  In Fig. 2, such a graph is shown and is seen 
to be consistent with the concept presented. 

These ideas thrust  light upon the relationship be- 
tween the coordination number,  as recently obtained 
from a systematic analysis of x - ray  measurements  (4), 
and the solvation number  (see Fig. 1). These quant i -  
ties are not equal, although they tend to become equal 
for small ions and high valency. 

This work stresses the inval idi ty  of the older con- 
cept (6) of assuming that the coordination number  
round an ion is always 4 or 6: it is seen that in fact a 
coordination number  is an experimental  quanti ty,  and 
may vary cont inuously  from about 4 to about 9 (4, 7) 
depending upon the size of the ion. 
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Electrochemical Synthesis of Ferromagnetic Fe S4 
S. Yarnoguchi* and T. Mood 

National Institute Sot Researches in Inorganic Materials, 2-29-3 Hon-Komagovae, Bunkyo, Tokyo, Japan 

Water  was bubbled  wi th  n i t rogen at  room t e m p e r a -  
ture  to remove  ai r  and  was then  sa tu ra ted  wi th  h y -  
drogen sulfide gas. A smal l  amount  of calcium chlor ide  
was added  to augment  the  e lect r ica l  conduct ivi ty .  The 
concentra t ions  of H2S and  of CaC12.2H20 and the  pH 
were  0.0145 tool / l i ter ,  0.007 mol / l i t e r ,  and 4.6, respec-  
t ively.  

Two sheets of i ron  were  employed  as electrodes.  The 
size was about  0.1 • 100 • 100 m m  3. An  e lect rolys is  
was car r ied  out w i th  the cur ren t  dens i ty  0.6 m A / c m  2 
at about  80~ for  7 hr. The ba th  was rep len i shed  oc- 
cas ional ly  wi th  the  e lec t ro ly te  prescr ibed  in o rder  to 
keep  i ts  concentra t ion  constant .  Abou t  0.5g of b lack  
i ron sulfide was deposi ted in the  ne ighborhood of the 
cathode. The ba th  conta ining the  deposi t  was aged at 
about  100~ for  30 rain. The b lack  sediment  having  
exper ienced  this h y d r o t h e r m a l  t r ea tmen t  became fer -  
romagnet ic  and crystal l ine.  I t  was a t t rac ted  sensi t ively  
to a hand  magnet ,  and was also subjec ted  to c rys ta l -  
lographic  analysis  b y  e lect ron diffraction. The diffrac-  
t ion pa t t e rn  obta ined f rom the specimen is shown in 
Fig. 1. F igu re  2 is a reference  pa t t e rn  f rom pure  Fe3S4 
of spinel  type  (1). The resul t  of analysis  of Fig. 1 is 
given in Table  I, which  verifies tha t  the  i ron sulfide 
produced here  corresponds ma in ly  to greigi te  (space 
group: Fd3m, spinel  type, la t t ice  constant :  9.875A). 

" Electrochemical Society A c t i v e  M e m b e r .  
Key words: electrolysis, ferromagnetic, FesS~, s y n t h e s i s .  

Table I. Result of analysis of Fig, 1 
(d, i n t e r p l a n a r  s p a c i n g s ;  I ,  i n t e n s i t y  o f  re f lec t ion~;  

ao, l a t t i c e  c o n s t a n t  ca l cu l a t ed . )  

d (A) hkI  I ao (A) 

5.702 I i i  1 9.876 
3.491 220 5 9.875 
2.977 311 I0  9.875 
2.815 222 1 9.876 
2.469 400 8 9.876 
2.015 422 1 9.872 
1.900 333 6 9.873 
1.746 44.0 9 9.877 
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Fig. I: Electron diffraction 
pattern from Fe3S4 produced 
electrochemically. Wavelength 
of the electrons, 0.04075~,; 
camera length, 50 cm; positive 
enlarged 2.3 times. 

Fig. 2. Reference pattern of 
pure Fe3S4. 
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Selective Photoetching of Gallium Arsenide 
F. Kuhn-Kuhnenfeld 

Wacker-Chemitronic, Burghausen, Germany 

ABSTRACT 

Etching of GaAs in an oxidizing etchant  under  intense local i l luminat ion  
was found to be selective and, moreover, to be a powerful  method for the 
characterizat ion of this material .  A flat bottom hole is etched into the i l lumi-  
nated surface region of n - type  GaAs, whereas a mesa structure forms on 
p- type  material .  Thus, it is possible to determine the conductivi ty type of very  
small  surface areas. Height and depth of those structures both decrease with 
increasing doping level. Striations, precipitates,, and decorated dislocation 
lines are revealed with excellent resolution even in undoped or semi- insula t -  
ing samples. By measur ing photovoltages be tween  an i l luminated  and a dark 
GaAs electrode in H2SO4-H202-H20-solution, the surface photovoltaic effect 
was shown to be the origin of selective photoetching. 

Various techniques have been employed to charac- 
terize the homogeneity of dopant  dis t r ibut ion in GaAs. 
Among these are infrared transmission (1, 2), schlieren 
images (3), cathodoluminescence (4, 5), photolumi-  
nescence (6), x - r ay  topography (7), t ransmission elec- 
t ron microscopy (8), ion analyzer  (9), and etching 
(10-14). 

Etching methods are the  ones most f requent ly  used 
for del ineat ing striations and growth profiles; they are 
best  suited for rout ine work because of their  s im- 
plicity and their  good resolution. On the other hand, 
etching has been considered a pure ly  quali tat ive 
method (15), and little is known about the mecha-  
nisms involved. In  dealing with pulsed anodic etch- 
ing Dickhoff (13) has assumed that  cur ren t  density 
is higher at zones of higher conduct ivi ty and dissolu- 
tion there proceeds faster. Winteler  and Zimmerl i  (16) 
used Dickhoff's etching technique on GaAs, bu t  did 
not find correlat ion in  every case between etch figures 
and Schottky diode isoconcentration-lines.  While dis- 
t inct  bright and dark  str iat ion zones are easily ob- 
ta ined by pulsed anodic etching of GaAs, the differ- 
ence seems to be one of roughness rather  than  of 
depth. There are, of course, other str iat ion etching 
techniques (14) that  are clearly based on locally 
different etch rates; but  no decisive answer has been 
given to the question of whether  s tr iat ion valleys or 
s tr iat ion ridges coincide wi th  regions of higher than  
average resistivity. An  analogous problem has been 
solved, however, in the s tudy of cathodoluminescence 
(4, 5). 

Selective photoetching, as described in the present  
paper, is not only accessible to semi-quant i ta t ive  in ter -  
pretation, but  is also much more sensitive than  con- 
vent ional  etching techniques. Resolution is improved, 
and striations are revealed even in undoped or semi- 
insulat ing samples, regardless of surface orientation. 
So far, etched str iat ions in undoped GaAs could hardly  
be detected at all (1, 14), whereas for semi- insula t ing  
mater ia l  only the method of Plasket t  and  Parsons (12) 
was available and only on {211}-planes. Final ly,  this 
selective photoetching is the only method for the 

Key  words:  compound  semiconductors ,  striations, dislocations, 
selective etching, etch mechanism.  

absolute de terminat ion  of conductivi ty type on a 
microscopic scale. Selective photoetching is not just  
etching under  i l luminat ion,  which is a widely used 
procedure. It  is essential tha t  only part  of the etched 
surface be intensely i l luminated,  a fact tha t  was first 
recognized by Haisty (17). Haisty's  experiments,  how- 
ever, were performed in dilute electrolytes, wi th  com- 
parat ively  weak i l luminat ion,  so that  striations could 
not be developed. 

Etching Procedure 
Polished GaAs samples 1 were mounted  on a quartz 

disk of 2 in. diam. The disk was then  put into a small  
petri  dish filled wi th  the etchant. Best results were 
obtained wi th  a solution of 3 parts  H~SO4, 1 par t  30% 
H202 , and 1 par t  H20 at a tempera ture  of 30~ but  
a solution of 1 volume per cent (v/o)  b romine  in  
methanol  was also successfulIy used. Due to the intense 
color of the etchant, however, much light is absorbed 
in the layer of l iquid covering the sample. 

The petri  dish was then placed on the stage of a 
Zeiss Universal  microscope, where  the l ight of the 
i l luminator  (HBO 200 mercury  lamp) could be pro- 
jected onto a sharply confined area of the GaAs sur-  
face. The diameter  of this area was adjustable between 
0.5 and 5 mm by means of an iris diaphragm. The 
long working distance of 9 m m  necessary for this type 
of exper iment  was provided by  a special objective 
lens (Epiplan 4X POL).  A heat protection filter served 
to make sure that  IR radiat ion was minimized. 

Short etch and exposure t imes of typical ly 5 rain 
were sufficient for ma x i mum resolution. It  did not 
mat ter  if the GaAs sample was kept in the etchant 
for a l imited t ime before exposure, but  it was quite 
impor tant  that  the etching action be stopped at the 
same t ime as the i l luminat ion.  This was accomplished 
by submerging the petri  dish and its contents into a 
water  vessel, which was kept  ready next  to the 
microscope. 

An  interest ing feature of photoetching by means of 
a microscope is that  one can clearly see what  is going 
on dur ing  the exposure. Not only can str iat ions and 

1 Most of the GaAs  samples were  g rown at Wacker-Chemit ronic  
by the I I I -V  group of B. K. Bienert .  
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Fig. 1. Schematic diagram of photoetching effect on n-type (top), 
semi-insulating (middle), and p-type GaAs (bottom). 

dislocations be observed while  being revealed,  but 
also occasional artifacts. It  is fascinating to see some 
small par t ic le  move slowly across the sample surface, 
leaving behind an extended masking trail. A certain 
type of small cone is readi ly  identified as the result  
of masking by t iny gas bubbles. Misinterpretat ion can, 
thus, be easily avoided. 

Photoetching Results 
A flat bottom hole is etched into the i l luminated 

surface region of n - type  GaAs, whereas  a mesa struc- 
ture forms on p - type  samples (Fig. 1 and 2). The 
outline of such a photoetched s t ructure  is the same 
as that  of the i l luminated area, which again is an 
image of the d iaphragm aper ture  (a regular  dodecagon 
in this special case). If  the d iaphragm is replaced by 
a t ransparent  slide, the GaAs surface may  be shaped 
in a desired manner .  

A flat bot tom hole photoetched into n- type  GaAs is 
shown in Fig. 2 (depth = 3 ~m). Str iat ions are shal-  
low in comparison, but they still can be resolved 

Fig. 2. Exposed 100-surface area of Sn-doped (n = $ x 1017 
cm -3)  CZ-GaAs. photoetched with H2SO4-H20~-H~O. 

quant i ta t ive ly  by the interference microscope (Fig. 
3 and 4). Worm- l ike  lines are identified as dislocations 
by photoetching a l l l ( A ) - s u r f a c e ,  where  most of 
these lines meet  at or start  f rom etch pits. 

In many cases, the ver t ical  dimension of etched 
dislocation lines is smaller  than 200A, so they do not 
show up in the etch profile (Fig. 4). In Nomarski  con- 
trast, however,  such lines wi th  a ver t ical  extension 
of no more than some 10 monolayers  cannot only be 
discerned, but one can also safely distinguish between 
protruding and recessed dislocation lines by compar-  
ing their  b r igh t -da rk  sequence with  that  of known 
structures, e.g., scratches. As a rule  dislocations are 
elevated on n-type,  and deepened on p- type  GaAs; 
i.e., they are of the opposite sign as that  of the dodec- 
agon itself. This behavior  is indicated in Fig. 1. Ex -  
ceptions to the rule were  found in two Cr-doped sam- 
ples where  the chromium content  was not large enough 
to make  them semi-insulating.  Al though these samples 
were  of a low resist ivi ty n-type,  dislocation lines were  
deepened just  as in genuine semi- insula t ing  GaAs. An  
explanat ion might  be that  the chromium content  was 
used up in forming a Cottrel l  a tmosphere around dis- 
locations, render ing  the rest of t h e  crystal  essentially 
undoped. 

Measured widths of etched dislocation lines were  
found to vary  be tween less than 1 ~m up to more than 
50 ~m. (If exposure t ime is kept short, there is no 
danger  of measuring "memories"  of dissolved disloca- 
tions.) In some crystals wi th  resistivit ies be tween  10 

Fig. 3. Photoetched 100-surface of GaAs showing striations and dislocation lines: a, Zn-doped (p ~ $ x 101Scm -3)  FZ-GaAs; b, 
Te-doped (n ----- 1 x 1018 cm -3)  CZ-GoA~. 
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Table I. Etch differences between illuminated and dark regions of 
photoetched GaAs samples. Exposure time 10 min. 

R e l a t i v e  h e i g h t  
C a r r i e r s ,  M o b i l i t y ,  1st  run  2 n d  r u n  

S a m p l e  T y p e  c m  -8 c m 2 / V s e  c 

1 n 9 • 1017 3 4 0 0  - - 2 . 4 5  - - 2 . 2 5  
2 n 2 • I 0  z7 3 1 0 0  - - 4 . 7 5  - - 5 . 2 5  
3 n 8 X 10 I" 3900 --4.1 --4.1 
4 p 2 • i0 t7 240 +3.9 +3.3 
5 p 7 • 10  ~s 9 0  + 2.8 + 2.6 

Fig. 4. Interference photomicrograph (~./2 = 270 nm) of etch 
profile representing striations. 

Fig. 5. Photoetched 1liB-surface of undoped 200 ohm cm GaAs 

and 1000 ohm-cm the width of the etched dislocation 
lines was comparable to their  visible length  (Fig. 5). 
Such structures might  be at least one of the reasons 
for the ra ther  low mobilities usual ly  encountered in 
this resistivity range. In  these and several other cases, 
dislocation cores and halos could be distinguished; de- 
tails of this kind have been described earlier by Shaw 
and  Thorn ton  in  their cathodoluminescence work (5). 

In  order to obtain a relat ion between etch rate and 
doping level, meticulous care had to be employed in 
preparing the H2SO4-H202-H20-solution, since the 
method of preparat ion and the t ime elapsed since 
preparat ion of the etchant were found to have con- 
siderable influence on the etching rate. (The method 
of prepar ing the e tchant  is not critical, as long as only 
quali tat ive information is required.) Cold sulfuric acid 
was added dropwise to the cooled hydrogen peroxide 
solution in such a way that  the tempera ture  did not 
rise above 25~ Subsequently,  the H20~-content of 
the etchant was controlled by means of permanganate  
ti tration. Measured heights (-t-) and depths ( - - )  of 
i l luminated dodecagons relative to their  un i l lumina ted  
surroundings  are listed in Table I. These photoetching 
rates agree well  with the general  impression gained 

from the results on more than 300 GaAs samples; the 
absolute value of the etch difference increases with 
the decreasing doping level as long as the carrier 
concentrat ion is not lower than about 1017 cm -3. 

From Fig. 6 it can be seen that  the photoetching rate 
is s trongly dependent  on the incident  l ight intensity.  
Because of the considerable "chemical" etch rate of 
GaAs in  an oxidizing etchant, low light intensit ies 
will have no noticeable influence. I l lumina t ion  in  these 
experiments  was, therefore, selected for sufficient in-  
tensi ty so that  the etch rate of n -GaAs  was more than 
doubled by the influence of light. (Accurate measure-  
ments  were restricted to the step height between the 
i l luminated and the un i l lumina ted  area.) 

Light intensi ty  cannot, however, be increased in-  
definitely. If the etch rate is too fast, numerous  small 
pyramids of random orientat ion suddenly form on the 
i l luminated surface area of n - type  samples after sev- 
eral  seconds or minutes  of photoetching. These pyra-  
mids look exactly like the ones observed by Yeh and 
Blakeslee (18) that  have been identified by Kyser  and 
Millea (19) as As203 precipitated from the super-  
saturated etchant. This explanat ion makes it clear why 
pyramids of this type also used to develop on samples 
with very  fast etch rates (e.g., sample 2 in Table I),  
or dur ing  at tempts to photoetch flat bottom holes 
deeper than 20 ~m by prolonged exposure. 

Photavoltage Measurement 
Photoetching in dilute electrolytes has been de- 

scribed by Haisty (17) as an electrochemical process 
being dr iven by surface photovoltage. By separating 
i l luminated and un i l lumina ted  surface regions, and 
by measur ing the open circuit  voltage (and short 
circuit current)  between them, it could be shown that  
this picture also applies to the present  case of photo- 
etching in an oxidizing etchant. 

Photovoltage measurements  were designed so as to 
simulate photoetching. For this reason, another  par t  

. 4 - -  

~ . 3 - -  

._u 
=E.2  - -  

0 J | | J J I I I I I I I I 

5 10 20  5 0  100 

L i g h t  Intensity (Arbitrary U n i t s )  

Fig. 6. Photoetching rote of Te-doped GoAs (n = 4 x 1017 

r  - 3 )  in H 2 5 0 4 - H 2 0 2 - H 2 0  (3 :1 :1 )  as a function of light intensity. 
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Fig. 7. Photovoltage of p-type GaAs electrodes as o function of 
light intensity ( i l ,  p ---- 2 x 10 is cm-3; I I ,  p -~ 4 x 10 is cm-3). 

of the same slice or of an  adjacent  slice of GaAs was 
chosen as the counterelectrode. This was of great 
advantage since galvanic elements or other related 
voltages tu rned  out to be negligible as compared to the 
photovoltage. Large area back contacts were applied 
to the electrodes so that  the contact resistance was 
less than 1 ohm. For this purpose, numerous  small  dots 
of conductive silver pa in t  were individual ly  formed 
by capacitor discharge and then  connected with each 
other and the leads. Subsequently,  both GaAs elec- 
trodes were mounted  on the same quartz block with a 
silicone resin,2 leaving only those surface regions ex- 
posed to the etchant that  were to be i l luminated  later. 
The quartz disk was then put  into a petri  dish just  
as described above. Ini t ial ly,  a Solartron vol tmeter  
(Ri ---- 10 l~ ohms) was used for measur ing photovolt-  
ages, but  as the typical  source resistance was less than 
100 ohms, a digital mul t imeter  was also found ade- 
quate. 

Photovoltage response to l ight in tensi ty  changes was 
instantaneous,  which shows that  photoetching is not 
influenced by the rmal  effects. Actually,  no indicat ion 
of tempera ture  increase was observed when a thermo-  
couple was i l luminated  in the same way. This is con- 
sistent with a t empera ture  increase of less than  0.1~ 
as calculated by rough estimate. 

As a result  of these measurements  in HeSO4-H202- 
H20 (3: 1: 1) solution, the un i l lumina ted  electrode was 
found to be positive in the case of n - type  and negative 
in the case of p- type electrodes (Fig. 7). Contrary  to 
Haisty's  results (17), when  he measured a large photo- 
voltage on n- type  and "essentially none" on p- type  
GaAs, photovoltages here were opposite in sign but  
comparable in value. 

In  the ptot of photovoltage vs. logari thm of light 
in tensi ty  I, straight lines are obtained for large light 
intensit ies where the photovoltage is larger than  kT /e  
(Fig. 7). This dependance may  be described by the 
empirical  formula for the  photovoltage Vph 

kT I 
Vph -- n .  in  ~ [ 1] 

e Io 

where n is a factor close to un i ty  and Io an experi -  
menta l ly  determined constant. No signs of saturat ion 
of the photovoltaic effect were observed in  either n -  
or p- type GaAs in spite of a l ight in tens i ty  that  pre-  

W a c k e r  E l a s t o s i l  07. 
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Fig. 8. Photovoltage ( 0 )  and short circuit current (11) vs. light 
intensity; same crystal as in Fig. 6, but different sample geometry. 

sumably  exceeded the one of Haisty (17) and  that  of 
Goldbach and Graft (20) by a factor of 100. 

In  Fig. 8, finally, photovoltage and short circuit 
current  between two n -GaAs  electrodes are plotted 
together vs. the l ight in tens i ty  incident  on the smaller  
electrode. (The cur ren t  curve has not been corrected 
for source resistance.) The short circuit  cur rent  is 
very small  at low light intensi ty;  its increase with 
i l luminat ion  is steep but  still less than  linear. A near ly  
l inear  dependence was obtained, however, when an 
external  voltage of 0.3V or more was applied to the 
electrodes so that  the i l luminated  n -GaAs  electrode 
was positively biased. 

Discussion 
The photovoltage measurements  described above 

have shown conclusively that  selective photoetching 
in an oxidizing etchant  is the result  of the surface 
photovoltaic effect. This photovoltaic effect is based 
upon the separation of l ight - induced hole-electron 
pairs in the bu i l t - i n  electric field of the semiconductor 
surface. 

A detailed account of the surface photovoltaic effect 
has been given by Goldbach and Graft (20). In  their  
experiments  on n - type  GaAs, t h e  i l luminated  surface 
was positive with respect to the bu lk  (the same can 
be concluded from the present  results) and the photo- 
voltage was a logari thmic funct ion of light in tensi ty  
similar, not only to Eq. [1], bu t  also to the famil iar  
formula describing the photovoltage of a silicon p -n  
junct ion (21). Goldbach and Graft have also deter-  
mined the dependence of surface photovoltage on the 
carrier  concentrat ion;  the photovoltage of n - type  GaAs 
was found to decrease with increasing carrier  concen- 
t ra t ion in  a wel l  defined way, so that  surface photo- 
voltage measurements  could be used successfully for 
the contactless rout ine de terminat ion  of carr ier  con- 
centrat ion (20). This dependence also provides the 
explanat ion for the etching results  of Table I. 

One necessary requ i rement  for the surface photo- 
voltaic effect is the existence of an electric field in  the 
surface layer of the semiconductor. Deplet ion layers 
are the rule for GaAs of usual  surface preparat ion 
(20), which means that  the bands are bent  upwards  
near  the surface of n- type,  and downwards  near  the 
surface of p- type  GaAs. This original  band-bend ing  
gives rise to a photovoltage of opposite sign that  wil l  
eventual ly  compensate it if the generat ion rate is 
high enough. The present  photovoltage measurements  
in H2SO4-HeO2-H20 have shown that  such a saturat ion 
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does not occur at photovoltages up to 0.12V in either 
n -  or p - type  GaAs. This result  is consistent with a 
large densi ty of deep surface states, and a surface 
Fermi  level fixed near  the middle of the gap. By means 
of the contact potent ial  method, Atal la  (22) has ob- 
tained a surface Fermi  level p inned at about 0.76 eV 
above the valence band. Since this result  was from 
GaAs samples cleaved in an u l t ra  high vacuum, a 
direct comparison is, of course, impossible. Still, a 
semiconductor surface in the process of being carried 
off by a chemical etchant  is easily reproducible and, 
in this respect, not inferior to a vacuum cleaved 
surface. 

Photovoltage measurement  in  an oxidizing etchant  
is especially s t raightforward as compared to the small  
signal measurement  in the air where capacitive cou- 
pling and phase-sensi t ive detecting have to be used 
(20). While the ma in  function of the etchant  is that  
of a t rans lucent  contact, the etchant  also determines 
the density and dis tr ibut ion of surface states. The 
photovoltaic and photoetching behavior  of GaAs in 
other ambients  may, indeed, be very different (17) if 
the surface Fermi  level is fixed near  one band edge 
or if the densi ty of surface states is low so the bands 
will  be flat. On the other hand, the exact position of. 
the Fermi  level will be of little influence as long as 
the electric field s trength is sufficient to collect v i r -  
tual ly  every generated charge carrier. 

If an increased gene ra t ion  rate (e.g., i l luminat ion)  
leads to an increase of photovoltage, then an increased 
recombinat ion rate must  have the reverse effect. Life- 
t ime and diffusion length are, therefore, to be con- 
sidered pr imary  reasons for the different photovoltages 
(and photoetching rates) encountered in different 
GaAs samples, provided that the surface recombina-  
t ion is not too high. Wit t ry  and Kyser  (23) have ob- 
ta ined  a normalized surface recombinat ion velocity 
(LS/D) of about 20; such a value would, indeed, drown 
the bu lk  recombination.  Hilsum and Holeman (24), on 
the other hand, have reported a value of less than  
unity.  In the present  case of a semiconductor surface 
exposed to a polishing etchant, the surface recom- 
binat ion velocity should be especially low. The sur-  
face photovoltage is, however, not only an implicit  but  
also a direct funct ion of the carrier  concentrat ion;  the 
carrier  concentrat ion has an addit ional  direct influence 
as it enters  into the expression for the space charge 
layer  width. A rigorous theoretical t rea tment  will  be 
difficult because the optical absorption length, the 
diffusion length of minor i ty  carriers, and the width 
of the space charge layer  are all of the same magni tude  
so that no simplification or neglect can be made. The 
existing theory of Goldbach and Graft (20) is, in fact, 
only in  qual i tat ive agreement  with the experiment.  
The si tuat ion is somewhat  more favorable with p- type  
GaAs where the diffusion length clearly exceeds the 
other two parameters.  

Due to the surface photovoltaic effect, the i l lumi-  
nated surface area of an n - type  sample is charged 
positively and, thus, becomes the anode of an electro- 
chemical cell. The etching rate of this i l luminated  
area is enhanced by anodic oxidation whereas the 
unilluminated area is etched more slowly than in the 
absence of i l luminat ion.  The rate of photoetching is 
determined by the ion current  flowing from the anode 
to the cathode portions of the surface (see Fig. 6 in 
comparison to Fig. 8). 

This ion current  will  be sustained by the surface 
photovoltage but  is also determined by  the total series 
resistance of the following circuit: (i) the IR of the 
space-charge layer below the i l luminated  surface (this 
resistance will  be small  if the light intensi ty  is high, 
otherwise the n u m b e r  of generated hole-electron pairs 
wilt l imit  the cu r ren t ) ;  (ii) the GaAs bulk  resistance; 
(i/i) the resistance of the space-charge barr ier  below 
the large un i l lumina ted  surface area (this surface 
barr ier  will be biased in forward direction by the 
surface photovoltage) ; (iv) the resistance of the GaAs- 

etching solution interface; (v) the ohmic resistance 
of the etchant;  (vi) the resistance of the interface 
between the etching solution and the i l luminated GaAs 
surface. 

It will  require fur ther  work to clarify the exact 
role of each resistance in this seemingly complex 
sequence. In  the usual  case of in tensely  i l luminated 
n - type  GaAs, the photocurrent  is main ly  l imited at 
the (uni l luminated)  cathode. This can be seen by 
a l ternate ly  i l luminat ing  the larger and the smaller 
one of two otherwise equal n -GaAs  electrodes; the 
photocurrent  is several t imes greater when  the 
smaller electrode is i l luminated.  Although the cathode 
area is impor tant  for the total photocurrent ,  this does 
not lead to qual i tat ive changes of etched structures 
wi thin  the i l luminated  surface area. The resistance of 
the large un i l lumina ted  electrode can be minimized by 
applying an addi t ional  negat ive bias, i.e., by reducing 
the cathode bar r ie r  (and, at the same time, increasing 
the anode barr ier ) .  This does not necessarily mean  
that the semiconductor space-charge layer  is the sole 
reason for the cathodic barr ier ;  Gerischer and Mattes 
(25) have been able to show that a considerable part  
of the voltage drop at a GaAs cathode can be across 
the Helmholtz double layer. In  any case, a few tenths 
of a volt are sufficient to make the increase of the 
short circuit cur rent  near ly  l inear  with i l luminat ion,  
as is characteristic of a p - n  photodiode. This short 
circuit cur rent  is then essentially equivalent  to the 
net generat ion rate wi th in  the i l luminated  surface 
barr ier  and can, therefore, not be increased beyond 
the saturat ion value even if the applied voltage is 
fur ther  increased. 

The photovoltaic na ture  of photoetching makes it 
clear that  zones of higher carrier  concentrat ion are 
etched as str iat ion ridges on n - type  GaAs and as 
str iat ion valleys on p- type  GaAs. For the case of n -  
type material,  this conclusion disagrees with Dickhoff's 
model (13) but  is in  l ine with observations on other 
semiconductors. Vieweg-Gutber le t  (26) reports that  
the chemical etching rate of heavi ly  doped n- type  sili- 
con is dist inctly slower than  that  of sl ightly doped 
samples. (According to Vieweg's technique, silicon 
samples are etched for several hours at ordinary  room 
light.) A similar dependence has been recent ly ob- 
tained by  Lichtensteiger, Witt, and Gatos (27) on InSb. 
They found that  the "etching rate is a sensit ive func-  
tion of dopant concentrat ion (it decreases wi th  in-  
creasing Te concentrat ion) ."  This may  also be due to 
photoetching; but  as comparable results of p- type 
semiconductors are not available, the possibility that  
the chemical etching attack is hampered by high 
dopant concentrat ions cannot be excluded either. 

In  semi- insula t ing  GaAs, the anode and cathode are 
rud imen ta ry  (Fig. 1). Because of the high bulk  re-  
sistivity, a sizable ion current  can flow only at the 
contours of the i l luminated  area where anode and 
cathode sites are in immediate  proximity to each 
other. Striat ions and dislocation lines wi th in  the il- 
luminated  area can still be recognized in most cases as 
an extremely shallow relief. The fine structure of the 
photoetched contour consists of a ridge and a ditch 
runn ing  parallel  to each other. From the contour 
width, the sample resist ivi ty may be roughly esti- 
mated. In  semi- insula t ing  mater ia l  with n - type  con- 
ductivity, the ditch will  form on the i l luminated  side 
(Fig. 1). More than 20 semi- insula t ing  samples (the 
conductivi ty type of which has been established by 
Hall  effect measurement)  were photoetched for com- 
parison. The correct conduct ivi ty  type was obtained 
in every single case. Apart  from these, a "photoetch- 
ing conduct ivi ty  type" could be ascribed to a number  
of other semi- insula t ing  samples where  Hal l  effect 
results had been ambiguous. In  semi- insula t ing  GaAs, 
the Dember  effect may possibly interfere with the 
photovoltaic effect. If this is the case, high resistivity 
p- type  GaAs would appear to be high resist ivity n-  
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type; no experimental  evidence of this kind has been 
found, however. 

Not the least meri t  of this selective photoetching is 
that it is a comparat ively simple technique and re- 
quires little expenditure.  It  gives, nevertheless,  a 
plastic and reliable picture of the homogeneity and 
perfection of GaAs. 
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A Limitation of the Pulsed Capacitance Technique 
of Measuring Impurity Profiles 

A. R. LeBlanc, D. Dale Kleppinger, and J. P. Walsh 
IBM Components Division, Essex Junction, Vermont 05452 

ABSTRACT 

This paper reports the results of an invest igat ion of a l imitat ion of the 
pulsed-capacitance technique for measur ing impuri ty  profiles in semiconduc- 
tors (1). The l imitat ion arises from the neglect of the major i ty  carriers in the 
derivat ion of the previously published equation. The results, for the m a t h e -  
matical ly t ractable example of a uniform profile, show that there is a min i -  
mum depth at which the technique is accurate and that this depth is a function 
of impur i ty  concentra t ion--decreas ing with increasing concentration. This is 
a fundamenta l  l imitat ion of the technique as opposed to an ins t rumenta t ion  
limitation. 

A technique for de termining impur i ty  profiles in 
semiconductors using MOS capacitors has recent ly  
been described by Van Gelder and Nicollian (1). Their  
technique, based on the depletion approximation, ut i l -  
izes the h igh-f requency capacitance of a capacitor 
biased in the depletion condition by short dura t ion 
voltage pulses to obtain plots of 1/C 2 vs. gate voltage. 
The slopes of these curves are expected to be propor- 
t ional  to the impur i ty  concentrat ion at the edge of the 
space charge layer. One simple check on the range of 
val idi ty of the technique is to calculate the impur i ty  
profile of a uni formly doped substrate using the final 
equations of their paper. This calculation is straight 
forward since the capacitance of an MOS capacitor 
with uniform doping has a wel l -known,  exact, closed- 
form solution (2). 

The differential capacitance of a uni formly doped 
semiconductor space charge region is (2) 

Key words: pulsed MOS measurements, silicon impurity distribu- 
tion, C-V measurements, impurity profile, technique limitation. 

(1 -- e-~$,) + np.__~o (e #$, -- 1) 
dQs Ss Ppo 

Cs = 
d~s' : LD 

\ Ppo 
[1] 

where ss is the permi t t iv i ty  of silicon, ~ is q/KT,  ~s is 
the semiconductor surface potential  relat ive to the 
bu lk  of the semiconductor, Ppo is the equi l ibr ium hole 
concentrat ion in the bulk  of the semiconductor, npo is 
the equi l ibr ium electron concentrat ion in the bulk  of 
the semiconductor, LD is the extrinsic Debye 
length in the semiconductor, and  

F fie's, Ppo / 

n._.~_~ ( eB* .  - -  r  - -  1)  - F [2 ]  



Vol. 119, No. 8 

l I I I I I 8 I I l l l l  I 

i 

7 7 . 4  

PULSED CAPACITANCE TECHNIQUE 

I I I I 

I I J H I  I I / 
o I I ' ~ ~ ' ~ ~ ' ' 

~S ( VOLTS ) 

Fig. 1. The calculated impurity concentration as a function of 
surface potential for /~ ---- 38.7 and 77.4, and an assumed uniform 
concentration of 2 x 1015 cm -s .  

The total measured capacitance of the MOS capaci- 
tor is 

Co C. 
C - - -  [3] 

C o +  C ~  

where Co is the oxide capacitance. 
The relationship between gate voltage and the ca- 

pacitance measured in deep depletion that yields the 
impurity profile is given by Van Gelder and Nicollian 
(1) as 

2 
N(W) -- [4] 

1069 

N(W) = 

_C 3 
N(W) = [5] 

q ' s  dC/dV 

where V is the applied voltage. The derivative in Eq. 
[5] is given by 

dC dC d~, 
dV d~s dV 

From Eq. [1] and [3] 

dC ( C~ ) s ~ ' ~ .  = 

d~s Cs -~- Co LD F 2 

{F(e_~.+np.._~OeB~,.)  1 [ 
Ppo -- ~ 1 -- e-~,, 

-~'~"'~176 ( e e * ' - - l )  12 } P p o  

The voltage drop across the MOS capacitor is 

- Q, ,~ E~ 

Co Co 

where the electric field at the silicon surface is 

[6]  

[7] 

[8] 

Es--~F ~s,~ [9] 
8 LD Ppo 

Differentiating Eq. [8] yields 

d~= 

dV 1 -t- ~ 1 -- e-e*, + n~.__~o (e~$, -- 1) 
LD Pro 

[10] 

Finally, combining Eq. [5], [6], [7], and [10] yields 

_ C  3 
[11] (F( 

qes Co + "LD F 2 

npo e~,,) 1 [ 
e - e * .  + Ppo - - ~  1 - e - e * ~  

which for purposes of calculation is more conveniently 
written as 

I ~ I '.',; I ', I I I l I I I I I I I 

N A = 5 1 ; 1 8 7  

^ 

I I I I I I  I I I I I I t I I I I 
' ~ S  ( V O L T S  ) .2 

I?. 

I I -  

t 0 -  

9 -  

',E. - 

8 -  _o 

7 -  

6 -  

J 
O 

i I 
. 3  

2. The calculated impurity concentration as a function of Fig. 
surface potential for /~ ---- 38.7 and 77.4, and an assumed uniform 
concentration of $.35 x 1015 cm -3 .  

+ n---?~ (ee*. -- 1) ] 2 ) 
Ppo 

1 + Ln---~es----[ 1-e-e$''Fnp-'~~ ] C o  F Ppo 

Equation [11] gives the doping level as a function of 
surface potential. The depth of the space charge region 
can be approximated by using the depletion approxi- 
mation to obtain 

A / 2 e s  ~Ps 
w =  121 

The impurity concentration as a function of surface 
potential is plotted in Fig. l, 2, and 3 using Eq. [11] 
for doping concentrations of 2 X 1015, 5.35 X 1015, and 
8 X l015 cm -3, respectively. In each figure curves are 
plotted for temperatures of 150 ~ and 300~ At surface 
potentials between 0 and 0.10V, these curves predict 
levels larger than the assumed uniform doping. 

For surface potentials less than 0.1V, the pulsed 
technique for profile measurements appears to be in 
significant error. 

Equations I l l ]  and [12] have been combined to plot 
impurity concentrations as a function of depiction 
layer depth in Fig. 4, 5, and 6 for the same uniform 
doping levels and temperatures that were used in Fig. 
1, 2, and 3. Again, accuracy of the technique is better 
for more heavily doped substrates and at lower tem-  
peratures. However, at depths shallower than 2000A, 
the predictions of the technique deviate substantially 
from the assumed profile. 

For analysis of the equations at surface potentials 
close to or at zero, the series approximation to the dif- 
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ferential  capacitance can be utilized. This approach 
leads to 
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oo 

(p,/,,)L [ ): npo] 
1": (--  1)i+2 -}- - -  ( i +  Ppo 

( i '~ '2)~ [ ( -  1)i+2-{- np-'-~~ ] 
Ppo J[13]  

d C  S ~$ 

d~s LD oo 

o 

August  1972 

Fig. 4. The calculated impur- 
ity concentration as a function 
of the depletion layer depth for 
fl = 38.7 and 77.4, and an 
assumed uniform concentration 
of 2 x 1015 cm -3 .  

i pi~/Si ( ( _  1)t+2 + v%__~~ ) 1 
('/, ~- 1) ! Ppo 

( fl! Cs ! (__ 1)l+ 2 "~- npo i - -  ( - -  1) 1+2 -~ 
(i -t- I) ! Ppo o (i -~- 2) ! 

fl i~/'si ( ( _  1)i+2.u nP_~O/ll/2 

(i + 2)! Ppo 

Ppo 
[151 

2 ~ i  ~ s  I ( - -  1 )  i + 2  "~- - -  

o ( i  "F 2 ) !  Ppo 

where i is the summation index. At Cs = 0, this for-  
mulation reduces to 

c , l , , = o  - L - - - ~  1 + - -  [14]  
Ppo = 

which extends Sze's (2) equation (Eq. [21], p. 432) dr ,,=o 
to the case where  npo/Ppo is not negligible with respect 
to unity. 

Equation [13] enables us to wri te  the following ex- 
pression 

' E  

17 " ' ' ',:; : ~ I I I I I I I t I I I 

I 16 

15- 

14- 

i I N~  - ( a 0 1 ( 1 0 ~  '5  

13- 
o ,~  = 5 8 . 7  

= . 

I 
.I . 2  . 3  

~ .  ( V O L T S }  

Fig. 3. The calculated impurity concentration as a function of 
surface potential for ~ = 38.7 and 77.4 and an assumed uniform 
concentration of 8 x 1015 cm -3 .  

which can be used in Eq. [6]. At Cs ---- 0, Eq. [15] re-  
duces to 

[ 1 6 ]  

The remaining factor in Eq. [6], d~s/dV, can be 
calculated from 

Y = V o x  -t- ~s [17] 
and 

dQ = Cox dVox = CdV [18] 

12 I ~ I I I I I I I  I I I 1 I I I I ~ I I I - -  

I I  

rO 

N A = ( 5 . 3 5 ) ( 1 0 )  15 

9" 

'~ X ~  = 7 7 . 5  

'2 s 

5 I I I I I I ] 1 1  P I I I 

w (,o 3r, ) 

Fig. 5. The calculated impurity concentration as a function of 
the depletion layer depth for fl = 38.7 and 77.4, and an assumed 
uniform concentration of 5.35 x 1015 cm -3 .  
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Fig. 6. The calculated impurity concentration as a function of 
the depletion layer depth for fl = 38.7 and 77.4, and an assumed 
uniform concentration of 8.0 x 1015 cm -z .  

Thus 
des C Co 

- - - -  1 - -  [19] 
dV Co Co + Cs 

Equations [15] and  [19] show that  the factors that  
enter  the denominator  of Eq. [5] through Eq. [6] are 
nonzero for all ~s, including ~s : 0 (cf. Eq. [16]). 
Therefore, Eq. [5] wil l  predict  a wel l -behaved N ( W ) .  

However, using Eq. [14] and [16] to evaluate  N at 
Cs = O results in 

N(0) = 3NA [20] 

which contradicts our assumption of uni form doping. 
In  summary,  the technique of Van Gelder and 

Nicollian (1) does not properly predict  the profile for 
small  values of r since, as they acknowledge, the free 
carriers that  they have neglected become important .  
They state that  this occurs for ~s ~ 0.05V. Our calcula- 
tions, which include the free carriers, are useful  in vis- 
ualizing this effect for the case of uniform doping. Fig-  
ures 1, 2, and 3 show that  at 0.05V the predicted profile 
is in error by 30-50% for the doping levels shown. 
[Figures 4, 5, and 6 show that  the usable m i n i m u m  
depth decreases ( improves) as the substrate doping in-  
creases. Thus, the technique is usable nearer  the sur-  
faces of more heavily doped substrates.] 

Furthermore,  the l imitat ion related to interface 
states which Van Gelder and Nicollian point  out can 
be mit igated by increasing the a-c measurement  fre- 
quency and decreasing the ampli tude of the signal. 
However, by  using the example of uniform doping, 
we have shown that  the contr ibut ions of the free 
carriers provide an unde r ly ing  l imitat ion on the min i -  
mum depth at which the impur i ty  concentrat ion can 
be useful ly determined by this technique. This l imita-  
t ion exists even  in  the absence of the effects of in ter-  
face states. 
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Vapor Deposition and Properties of Binary 
Arsenosilicate Glass Films 

J. W a n g  

General Electr/c Corporate Research and Development, Schenectady, New York  12301 

ABSTRACT 

The deposition characteristics of an argon-di luted SiH4-AsC13-O2 reaction 
system for the chemical vapor deposition of b inary  arsenosilicate glass films 
have been studied systematically as a funct ion of substrate tempera ture  and 
flow rates of the reactants.  Fi lm composition in the range 0 to 20 mole per  cent 
(m/o)  As2Oa can be controlled reproducibly at deposition rates as high as 
1000A min-* .  Properties such as composition uniformity,  etch rate, d-c di-  
electric strength, and moisture resistance have been measured and their  
compositional dependence determined. 

In  an earl ier  communicat ion (1) the chemical vapor 
deposition of b inary  arsenosilicate glasses in the range 
0-20 mole per cent (m/o)  As203 from a one-l iquid 
source system consisting of argon-di luted mixtures  
of Sill4, O2, and AsC13 vapor has been described. Pre-  
l iminary  heat t rea tments  of these b inary  films de- 
posited on silicon showed that the so-far reported 
"glass damage" in the process of solid-to-solid state 

K e y  w o r d s :  C V D ,  ars en i c  d i f fus ion  s o u r c e s  i n t o  s i l i c o n .  

diffusion of arsenic into silicon (1-3) is s t rongly de- 
pendent  on the composition of the arsenosilicate films; 
the higher the concentrat ion of As203, the lower the 
temperature  required to bring about the damage. 

The object of the present  paper is twofold: (i) to 
investigate systematically deposition characteristics 
such as deposition rate and chemical composition of the 
deposited films for the SiH4-O2-AsC13-Ar system as a 
funct ion of substrate tempera ture  and flow rates of 



1072 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  Augus t  1972 

the reactant  gases; and (ii) to de termine  film proper -  
ties such as composition uniformity,  etch rate, d-c 
dielectric strength, and moisture resistance, that  are 
impor tant  in the considerat ion of using arsenosilicate 
glass films as n - type  solid-state diffusion sources into 
silicon in the p lanar  technology for constructing 
microelectronic devices and circuits. 

Experimental 
Materials.--One ohm-cm p- type  I (100)-oriented 

silicon wafers, 2.5 cm in d iameter  and 0.5 cm thick 
were  used as substrates for film deposition. These were  
heavi ly  etched in a conc. HNO3-conc. HF solution (3:1 
by volume)  and rinsed thoroughly  in distil led water  
pr ior  to deposition. The silane source used was semi- 
conductor grade obtained f rom the Matheson Company 
as a cal ibrated 1% mix ture  in argon. Ul t rapure  AsC13 
l iquid f rom Alpha Inorganics was used. All  other  etch- 
ing solutions, e.g., HNOs, HC1, HF, and NH4F were  
ei ther  reagent  or semiconductor  grade. 

Deposition apparatus.--The gas-flow system and ver -  
tical reactor  used in the present  s tudy have  been 
described elsewhere (1). The tempera ture  of the hot 
stage in the ver t ical  reactor  was control led to •  ~ at 
300~ and ___10 ~ at 450~ during deposition. Al l  flow- 
meters  were  cal ibrated with  the respect ive gases or 
mix tures  using two Brooks flow cal ibrators  having 
capacities of 0-70 cc and 0-1000 cc. Except  for the 
dielectric measurements ,  all films studied were  of the 
order of 8000A thick. 

Furnace for heat- treatment .--A conventional  hor i -  
zontal diffusion furnace  consisting of an electr ical ly 
heated fused quartz  tube having a project ing side arm 
for sample loading was used. Purified argon was used 
to purge the system at a few cc min  -1 whi le  not in 
use, and at 470 cc /min  (~1 ft s hr  -1) while  a sample 
was being heat- t reated.  The t empera tu re  of the con- 
stant t empera tu re  zone (1�89 in. long) was control led 
to wi thin  3~ or bet ter  at l l00~ Typical  hea t - t r ea t -  
ment  t imes were  of the order of 10 min. 

Growth rate and etch rate measurements.--For con- 
venience, both the growth  rate  of films during deposi- 
t ion and the etch rate  were  per formed by visual  ob- 
servat ion of the color of the glass film under  a day-  
l ight fluorescent lamp. The color char t  of Pl iskin and 
Conrad (4) for thermal ly  grown SiO~ was used to 
evaluate  the thickness of the films. The actual th ick-  
ness of the arsenosilicate film may  be 5% lower  than 
the one obtained by color because of the  higher  refrac-  
t ive indices of arsenosil icate glasses (~1.55, depending 
on composition, compared to a value of 1.46 for thermal  
SiO2). For  deposition ra te  determinations,  the color 
of the film and hence its thickness was recorded con- 
t inuously wi th  t ime during the deposition while  the 
samples were  in the reactor. The deposition rates were  
calculated from the slopes of these growth curves. For  
etch rate  measurements ,  the ini t ial  thickness of the 
film was noted f rom deposition. The film was total ly 
immersed  into the e tchant  wi th  constant  agi tat ion (by 
means of forceps holding the wafer)  for a given period 
of time, then rinsed in distil led wa te r  dried with  
acetone. The magni tude  of the slope of the dissolution 
curve gives the etch rate. 

Because of the strong dependence of etch rate  on the 
composit ion of the glass in a given etching solution, 
three  solutions were  used in order to make  high As203 
content  glasses measurable  wi th in  the t ime scale of 
the experiment .  A buffered HF  (BHF) solution con- 
sisting of a mix ture  of conc. NH4F solution and conc. 
HF (10:1 by volume)  was used for glasses vary ing  
f rom 0-6 m / o  As203. A second solution consisting of a 
1:10 (by volume)  mix tu re  of the above BHF solution 
and disti l led water  was used for glasses va ry ing  f rom 
0-16 m / o  As203, and a third 1:100 B H F : H 2 0  solution 

1 For  dielectr ic  s t r eng th  measu remen t s ,  n - type  wafe r s  of s imi lar  
res i s t iv i ty  and  or ienta t ion  were  used, 

was used for glasses having concentrat ion greater  than 
14 m / o  As203. Overlappings of glass composit ion al-  
lowed the etch rates of the same glass to be compared 
in different solutions. 

Determination of film composition.--The composition 
of as-deposited films were  determined nondestruc-  
t ive ly  f rom the infrared spectra by calculat ing the 
optical density ratio of the As-O band at 930 cm -1 
and the Si-O band at 1060 cm -1 and using a p rede te r -  
mined IR rat io-composi t ion cal ibrat ion curve  (1). A 
Pe rk in -E lmer  457 double beam spectrophotometer  was 
used to record the IR spectra. Reflection loss due to the 
silicon substrate were  compensated for in the reference 
beam by a silicon wafer  of the same resist ivi ty and 
type. 

Dielectric strength.--For dielectric s t rength mea-  
surements  glass films of about 2000A thick and of 
various compositions were  deposited on n - type  silicon 
wafers. MOS capacitors were  constructed and consisted 
of a 5000A top layer  of sput tered Mo that  was de-  
l ineated by standard l i thographic techniques to a pat-  
tern  of 0.45 mm diameter  circular  dots. The current -  
vol tage characterist ics of these capacitors at room 
tempera ture  were  measured with  a Tekt ronix  t ran-  
sistor curve tracer. Twenty  capacitors were  measured 
per sample. The reported strength for each sample is 
the ar i thmetic  average of these 20 m ax im um  voltages 
without  breakdown divided by the film thickness mea-  
sured ell ipsometrically.  

Results 
Deposition rate and l~Im composition.--Two pa ram-  

eters are of interest  in the preparat ion of mul t icom-  
ponent films by chemical  vapor  deposition. These are 
the deposition rate and film composition. For  the dep- 
osition of binary arsenosil icate glasses using the SiH4- 
AsCI3-O2-Ar react ion system, the above parameters  
were  studied systematical ly  as a function of the sub- 
strate t empera ture  during deposition and flow rates of 
the reactant  and carr ier  gases. 

In Fig. 1 the amount  of As203 incorporated into the 
film is plotted as a function of substrate t empera ture  
at two different O2 flow rates whi le  the flow rates of 
the remaining gases were  held constant. The composi- 
tion is l i t t le or not affected by the 02 flow rate  (for 
which the molar  ratio of O2 to total  Sill4 and AsCl~ was 
always greater  than 10: 1). The deposition rate, how-  
ever, is s t rongly dependent  on the O2 flow rate as 
shown in Fig. 2 in which an Ar rhen ius - type  plot  of 
log deposition rate vs. reciprocal  absolute t empera ture  
(of the substrate) is given. 

In Fig. 3, the deposition rate  is plotted as a func- 
tion of the flow ra te  of Ar  into the AsCls l iquid at 
substrate tempera tures  of 300 ~ 350 ~ and 450~ 
while  the flow rates of the Ar  carr ier  gas and Sill4 
were  held constant. Note the lower  flow rate  of O2 
used at 300~ At  all three temperatures ,  the dep-  
osition rate  increases ini t ia l ly  wi th  increasing AsCla 
introduced into the reactor  and decreases at h igher  Ar  
flow rates into AsC13. The chemical  composit ion of the 
resul tant  film shows a similar  but  more  systematic 
t rend as shown in Fig. 4. The concentrat ion of As203 
in the glass increases ini t ia l ly  wi th  the amount  of 
AsCI~ introduced into the reactor  and decreases again 
at high Ar  flow rates into the AsC18 source. An in ter -  
esting feature  is that  the lower  the substrate t em-  
perature,  the greater  is the amount  of A s 2 0 3  incorpo- 
ra ted  into the glass film. The dotted line in Fig. 4 is the 
film composition calculated f rom the molar  ratio of 
AsC13 to Sill4 in the react ion mix ture  assuming stoi- 
chiometric oxidation of both reactants.  

The deposition parameters  were  also studied as a 
function of Sill4 flow rate  at 450~ and at constant 
flow rates of Ar, O2, and Ar  into AsC13. The deposition 
rate  increases monotonical ly  wi th  Sill4 flow rate  as 
shown in Fig. 5a while  the  As203 content  decreases 
monotonical ly  as shown in Fig. 5b. The dotted line in 
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Fig. 1. Glass composition vs. substrate temperature at two 
given sets of flow rates of reactants. 

Fig. 5b represents the film composition calculated from 
the molar  concentrat ion of Sill4 and AsCI3 in the re-  
action mix ture  assuming stoichiometric oxidation of 
each component.  

Etch rate.--In Fig. 6, the etch rate of as-deposited 
arsenosilicate films is plotted as a funct ion of As203 
content  in the films in various HF solutions. In  a s tan-  
dard buffered HF (BHF) solution glasses in  the range 
0-6 m / o  As20~ deposited at a substrate tempera ture  

~ 
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Fig. 2, Deposition rote vs. reciprocal temperature of substrate at 
two flow rotes (if 02. All other flow rates ore given in Fi 9. 1. 

of 450~ show an approximate twofold decrease in  the 
etch rate in going from as-deposited films [curve (a), 
Fig. 6] to the same films after hea t - t rea tment  in Ar  at 
800~ for 10 min  [curve (b),  Fig. 6]. Of interest, too, 
is the dependence on the substrate  tempera ture  dur ing 
deposition of the etch rate in  a 1:100 (by volume) 
solution of BHF and water  of as-deposited films. Fi lms 
deposited at 300~ [curve (e), Fig. 6] have higher etch 
rates and a greater etch rate dependence on film 
composition than those deposited at 450~ [curve (f),  
Fig. 6]. 

Composition uni~ormity.--The composition un i form-  
ity of as-deposited films have been studied as a func-  
tion of film thickness (i.e., layer uniformity)  as well 
as the position along a diameter  across the film surface 
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Fig. 3. Deposition rate vs. flow 
rate of Ar into AsCI3 liquid 
source at various substrate tem- 
peratures, all other flow rates 
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temperature. The apparent 
molar ratio of AsCIJSiH4 is 
calculated from the flow rates 
assuming saturation of AsCI3 in 
Ar and from the known vapor 
pressure (10 mm Hg) (5) of 
AsCI3 at room temperature. 
The �9 point is for Ar flow rate 
of 1750 cc min - 1  at 450~ all 
other flow rates being invariant. 
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Fig. 4. Glass composition vs. 
flow rate of Ar into AsCI3 at 
various substrate temperatures. 
The dotted line represents the- 
oretical glass compositions as- 
suming stoichlometric oxidation 
of Sill4 and AsCI3. 
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(i.e., point un i formi ty) .  The  layer  uni formi ty  was 
studied using the technique of IR spectroscopy by fol- 
lowing the absorbance ratio of the As-O band at 9 3 0  

cm -1 and the Si-O band at 1060 cm -1 as the films were  
etched progressively in the appropriate  HF solution 
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dotted line represents theoretical glass composition assuming 
stoichiometric oxidation of Sill4 and AsCI3. 
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depend ing  on f i lm  compos i t i on  g i ven  in  F ig .  6. The  r e -  
sul ts are p l o t t e d  in  F ig .  7 as I R  absorbance  ra t i o  fo r  
these two bands vs. film thickness (measured visually 
by color) at various over -a l l  composition of the as- 
deposited films ranging from 21.5 to 1.5 m / o  As203. 
Fi lms with over -a l l  compositions of 9.6-21.5% As20~ 
were  r icher  in As2C)3 during the initial stage of dep- 
osition (the first 5000A or so) as shown by the pro-  
gressive increase of the IR ratio as the films were  
etched down. The possibility of a preferent ia l  etching 
of the SiO2 component  in the 1:100 BHF or 1:10 BHF 
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Fig. 6. Etch rate of as-deposited (open circles) and heat-treated 
(closed circles) arsenosilicate films vs. glass composition in various 
HF solutions. All heat-treatments performed at 800~ in Ar for 10 
min. 
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Fig. 7. Layer uniformity of as-deposited glass films at various 
over-all compositions determined from the IR ratios of the as- 
deposited films using a previously published calibration curve (1). 
The triangles are data for a binary film deposited on a layer of 
2000A Si02 on silicon. 

solution can be ruled out because (i) if preferent ia l  
etching in these dilute aqueous HF solutions were  to 
take place, As203 and not SiO2 would be leached out 
first because of the much higher  solubili ty of As203 in 
H20, and (ii) in a control  exper iment  in which a layer  
of pure SiO2 (2000A) had been deposited prior  to the 
deposition of the binary film, the IR ratio dropped 
progressively to zero ( tr iangles in Fig. 7), as expected, 
in the absence of preferent ia l  etching of the SiO2 
component,  as the top b inary  film was etched down. 

To examine  composition uni formity  across the glass 
surface, the amounts of As and Si in the glass films 
were  analyzed by the technique of x - r a y  microprobe 
operated in the scanning mode. The x - r a y  beam was 
focused down to 1~ in d iameter  and the scan rate  was 
set at 2.5 mm min -1. The beam was al lowed to probe 
the sample for 10 sec after which 8 sec were  al lowed 
for computat ion (by an on-l ine computer) .  Under  the 
above scanning conditions each point in Fig. 8 repre-  
sents the average composition over a length of 420~ of 
the sample and the separat ion be tween  successive 
points is of the order of 320~, the distance t raversed 
by the x - r ay  beam in 8 sec during which the previous 
point data were  being computed. Within  the instru-  
menta l  error, composition is quite uni form across the 
as-deposited films in the over -a l l  composition range of 
3.8 to 22 m / o  A S 2 0 3 .  

In order to examine  the composition uni formi ty  
fur ther  on a microscopic scale, the action of conc. HC1 
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Fig. 8. Point uniformity of as-deposited glass films at various 
over-all composition. Analysis by x-ray microprobe. The bars denote 
instrumental errors. 

on the as-deposited binary arsenosilicate films was 
studied as a function of A s 2 0 3  content  in the glass. 
Changes in the films were  fol lowed by infrared spec- 
troscopy. The results are  g iven in Table I. Fi lms with 
19 m / o  As203 or more showed preferent ia l  leaching of 
the As203 component  in a mat te r  of minutes upon 
immersion in conc. HC1. An  example  is given in Fig. 9 
for a film containing 21.5 m / o  As203 as-deposited. A 
progressive decrease in the As-O absorbance at 930 
cm - f  was observed after  1 rain in conc. HC1 at room 
tempera tme .  After  ?^ hr  the As-O intensi ty was 
marked ly  reduced wi th  the s imultaneous appearance 
of the OH band at 1625 and 3300 cm -1. The film ap- 
peared optically continuous immedia te ly  after  the 20 
hr conc. HC1 treatment ,  but was found to craze com- 
ple te ly  3 months later. Control  exper iments  indicated 
that  pure As203 powders (crystall ine) dissolve spon- 
taneously in conc. HC1 while  a film of as-deposited 
CVD SiO2 was not at all affected by the acid in 20 hr 
(Table I).  

Dielectric strength.--The dielectric s t rength of as- 
deposited arsenosilicate glass films is plotted in Fig. 10 
as a function of A S 2 0 3  content  in the film and decreases 
monotonical ly  wi th  increase in As203 concentration. 
The strength of pure  SiO2 agrees quite wel l  with 
those reported in the l i tera ture  (6-8) for CVD SiO2 

Table I. Action of cone. HCI on as-deposited films containing 
various mole per cent As203 

m / o  As2Oa in  S u b s t r a t e  
a s - d e p o s i t e d  t e m p .  d u r i n g  A c t i o n  of  conc ,  

f i lm depos i t i on -  HCI  

0 450 ~ No a c t i o n  a f t e r  20 hr .  
( P u r e  SiO~) 

4.5 300 ~ No a c t i o n  a f t e r  21 h r .  
12.5 450 ~ No a c t i o n  a f t e r  48 hr .  
16.0 450 ~ No a c t i o n  a f t e r  22 h r .  
19.0 350 ~ No  a c t i o n  a f t e r  1 h r ;  As20~ 

l e a c h e d  ou t  a f t e r  65 h r ,  and 
OH b a n d s  a t  1625 a n d  3300 c m - t  
a p p e a r e d  in  the  IR  s p e c t r u m .  

2 ] .5  390 ~ A s i a 3  l e a c h e d  o u t  p r o g r e s s i v e l y  
a f t e r  1 ra in .  M o r e  m a r k e d l y  
a f t e r  20 h r - - s e e  F ig .  9. 
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Fig. 9. Infrared spectra of a 
21.5 m/o As~Os glass (8000~. 
thick) treated for various times 
in conc. HCI. 
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Fig. 10. Dielectric strength at room temperature of as-deposited 
films vs. composition. 

deposited f rom Sill4 and 02 on silicon substrate at 500 ~ 
and 400~ 

Moisture resistance.--In order to s tudy wate r  at tack 
on the as-deposited b inary  glasses, films containing 
various amounts  of As203 were  exposed in control led 
atmospheres of 30, 80, and 100% re la t ive  humidi ty  at 
room temperature .  2 The water  uptake  by the films was 
fol lowed by IR spectroscopy in the OH absorption re-  
gions at 1630 em -1 and 3300 cm -1, whi le  the v ib ra -  
t ional spectrum of the glass in the range 1400-250 cm -1 
was used to fol low any intrinsic change in the arseno- 
silicate structure.  The results are g iven in Table  II. 
Fi lms with  8.8 m / o  As208 or less suffer no moisture at-  

2 T h e s e  c o n s t a n t  h u m i d i t i e s  w e r e  g e n e r a t e d  i n  t h e  c losed  s p a c e  of 
a d e s s i c a t o r  u s i n g  s a t u r a t e d  s o l u t i o n s  of C a C l s .  6H~O, (NH~}2SO4 
(9) a n d  d i s t i l l e d  w a t e r  r e s p e c t i v e l y .  

tack at low humidi ty  over  a period of 570 hr  (see 
column 2 of Table  II) .  At higher  humidi t ies  (80-100%) 
slight wa te r  uptake in these films were  detected after 
100 hr  or so; but  the v ibra t ion  bands of the arseno- 
silicate was not shifted at all. A film wi th  19 m / o  As203 
absorbed wate r  even at a low humidi ty  af ter  65 hr. 
The v ibra t ion  bands of the  arsenosil icate were  pro-  
gressively shifted ( intensi ty as wel l  as f requency)  
wi th  increasing humidi ty  and time. F igure  11 (a) shows 
the progressive increase in intensi ty  and f requency  of 
the Si-O band at 1060 cm -1 and decrease in intensi ty 
of the As-O band at 930 cm -1 with  t ime in a 100% 
re la t ive  humidity.  Af t e r  2500 hr, the surface of the 
film appeared frosted. A micrograph of the frosted 
surface is shown in Fig. 12(a).  A parallel ,  but  more 
drastic, test of wa te r  uptake was per formed  in boiling 
disti l led water .  As-deposi ted films wi th  16 m / o  As203 
or less showed no wate r  absorpt ion and no change in 
the infrared spec t rum af ter  an hour  immers ion  in 
boil ing water .  F i lms  wi th  19 m / o  As203 and up, how-  
ever,  showed OH absorption and spectral  change in the 
infrared [Fig. 11 (b)] ,  and complete  crazing in a mat te r  
of minutes  of immers ion  [Fig. 12(b)] .  The  action of 
boiling wate r  on these b inary  films containing various 
amounts  of AseOa is qui te  s imilar  to that  of conc. HC1 
shown in Table I. 

Discussion 
Deposition reactions.--At low temperatures ,  240 ~ 

450cC, the oxidat ion of silane is shown by S t ra te r  (10) 
to fol low the react ion 

Sill4 + 02 --> SiO2 + 2H2 [ 1 ] 

stoichiometrically.  Fu r the rmore  the deposition rate of 
CVD SiO2 was lowered when  the same react ion m i x -  
ture was diluted wi th  hydrogen instead of an inert  
carr ier  gas such as Ar  or N2 (11). These two studies 
show clearly tha t  H2 is the gaseous react ion product  
in the oxidation of Sill4 and not H20 as was assumed 
ear l ier  by Goldsmith and Kern  (12), p resumably  on 

Table II. Moisture attack on as-deposited glass films in various controlled atmospheres 

R e l a t i v e  h u m i d i t y  
m / o  

As~Oa 30% 80% 100% 

0.8 

2.0 

4.0 

8.8 

19.0 

No  a t t a c k  a f t e r  570 h r .  

No a t t a c k  a f t e r  570 hr .  

No a t t a c k  a f t e r  570 hr .  

No a t t a c k  a f t e r  570 h r .  

A f t e r  65 h r  H~O a b s o r p t i o n  a t  1630 
a n d  3300 cm-Z d e t e c t e d .  N o  c h a n g e  
in  t h e  I R  b a n d s  of t h e  g lass .  

A f t e r  144 h r  HeO a b s o r p t i o n  a t  1625 a n d  3400 
cm-X d e t e c t e d .  T h e  S i - O  b a n d  a t  1060 c m  -z 
a n d  A s - O  b a n d  a t  930 e m  -1 w e r e  n o t  sh i f t ed .  
A f t e r  144 h r  H 2 0  a b s o r p t i o n  a t  1625 a n d  3400 
em-Z d e t e c t e d .  T h e  S i - O  b a n d  a t  1060 cm -z 
a n d  A s - O  b a n d  a t  930 c m  -z w e r e  n o t  s h i f t e d .  
A f t e r  144 h r  H , O  a b s o r p t i o n  a t  1625 a n d  3400 
cm-1 d e t e c t e d .  T h e  S i - O  b a n d  a t  1060 cm -z 
a n d  A s - O  b a n d  a t  930 e m  -1 w e r e  n o t  sh i f t ed .  
A f t e r  144 h r  H~O a b s o r p t i o n  a t  1625 a n d  3400 
cm-* d e t e c t e d .  T h e  S i - O  b a n d  a t  1060 e m  -1 
a n d  A s - O  b a n d  a t  930 e m  -1 w e r e  n o t  sh i f t ed .  
A f t e r  144 h r ,  t h e r e  is  p r o g r e s s i v e  c h a n g e  in  
t h e  I R  s p e c t u m ,  cf. F ig .  l l ( a ) .  

W a t e r  a b s o r p t i o n  d e t e c t e d  a f t e r  100 h r .  
S p e c t r u m  of  g l a s s  u n a f f e c t e d  u p  to 
2500 h r .  
W a t e r  a b s o r p t i o n  d e t e c t e d  a f t e r  100 h r .  
S p e c t r u m  of g lass  u n a f f e c t e d  u p  to  
2500 h r .  
W a t e r  a b s o r p t i o n  d e t e c t e d  a f t e r  100 h r .  
S p e c t r u m  of g lass  u n a f f e c t e d  u p  to 
2500 h r .  
W a t e r  a b s o r p t i o n  d e t e c t e d  a f t e r  100 h r .  
S p e c t r u m  of  g lass  u n a f f e c t e d  u p  to  
2500 hr .  
P r o g r e s s i v e  c h a n g e  in  t h e  I R  s p e c t r u m  
[see  F ig .  1 2 ( a ) ] .  G l a s s  s u r f a c e  b e c a m e  
f r o s t e d  [ see  Fig .  1 2 ( a ) ] .  



VoI. 119, No. 8 

00 

0.1 

0.2 

0.5 

0.4 

0.5 
0.6 

0.8 
1.0 

BINARY A R S E N O S I L I C A T E  G L A S S  FILMS 

N ~ 
g 

I ' L ~ , L i I [ ~ _ _ ~ L  i I i _ _  I i [ _ _  I t I i 

0 . 0 ~ -  ~ ~ I ' ~ ~ i I f ~ ' ~ l  ~ I i I - -  i I ' I ' ' 

L 

0.2~- ~ "~-"~=~-J~ 

0.3 

0.4 

o.51 
0.6 

0.8 
1.0 

fz:] 
fX: 
0 
o") 

L 
3500 5000 

(b) 

.-. i |  

M, 

, ,  , _ , , ,  v?o:,:os,-,-: 
I _  I ~2r 

1600 1400 1200 1000 800 

WAVENUMBER (CM -I) 

the basis that  the free energy change for the reaction 

SiH~ -b 2 02 ~ SiO2 -~- 2H20 [2] 

has a larger negative value (--300 kcal mole -1) than  
reaction [1] (--215 kcal mo1-1) (13) at the deposition 
temperature .  

In  the (C2HsO)4Si-AsC13-O2 system used previously 
for the deposition of b inary  arsenosilicate glasses (2, 3) 
the oxidation of AsCls appeared to be ini t ia ted by the 
hydrolysis of AsCla by the water produced in the 
thermal  pyrolysis of (C2H50)4Si to form As(OH)3 
which was then thermal ly  decomposed to yield the tr i -  
oxide. The as-deposited film, however, contained an 
appreciable amount  of "water" as shown in the IR 
spectrum (3). In our present  one- l iquid source Sill4- 
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Fig. 11. Infrared spectra of a 
19 m/o As203 film (8000.~, 
thick) treated for various times 
in (a) 100% relative humidity 
(room temperature) and (b) 
boiling distilled water. 

AsC13-O2 system, however, hydrolysis of the AsCls 
vapor is unl ikely  because H2 and  not H20 is produced 
in the oxidation of Sill4. The oxidation of AsC13 how- 
ever may be ini t iated in the presence of H2 as follows 

4AsC13 + 3 02 + 6H2 ~ 2A~.D3 -t- 12HC1 [3] 

Hydrochloride gas was detected as a reaction product  
in the effluent gas. Control exper iments  showed that  
no film formation occurred when  an argon-di luted 
mixture  of AsC13 and 02 was passed over the heated 
silicon substrate in the range 300~176 It  appears 
therefore tha t  the deposition of the b inary  As203-SiO2 
mixture  is the result  of the intermediate  reaction 
given in Eq. [1] and [3] and car~ be represented by an 
over-al l  stoichiometric reaction 

Fig. 12. Micrographs of film surface of a 19 m/o As203 film after exposing (u) 2500 hr in 100% humidity at room temperature (magni- 
fication: 69X) and (b) 1 hr in boiling distilled water (magnification: 170X). 
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3Sill4 + 4AsC13 + 6 02 ~, 2As203 + 3SIO2 + 12HC1 [4] 

The final composition of the deposited film depends, of 
course, on the molar  ratio of the react ion gases in the 
reaction mixture.  However, no OH absorption was de- 
tected in the 2.7, region of the IR spectrum of any  of 
the deposited films. 

Film composi t ion.- - In  the presence of excess 02, the 
film composition was found to be independent  of the 02 
flow rate at constant  flow rates of both Sill4 and AsC13 
(Fig. 1). The amount  of As203 incorporated into the 
glass film decreases with increase in substrate tem- 
perature.  This suggests a decrease in the sticking co- 
efficient (14) of the As203 component  with an increase 
in substrate temperature,  which in t u r n  can be ra-  
t ionalized in view of the short l iquidus range of As203 
(m.p. 313 ~ and b.p. 460~ and hence high vapor pres- 
sure in the range 300~-500~ of investigation (15). 

The composition dependence on substrate tempera-  
ture dur ing deposition is fur ther  i l lustrated by the data 
given in Fig. 4 in which the composition of the de- 
posited films was plotted vs. the Ar flow rate into the 
AsCI3 source at substrate temperatures  of 300 ~ 350 ~ 
and 450~ At any given set of flow rates of reactant  
gases, the amount  of As203 incorporated into the film 
decreases with increase in substrate temperature.  At 
each temperature,  however, the As203 content  in glass 
increases with ini t ia l  increase in the flow rate of Ar  
into AsC13 at constant flow rate of Sill4, reaches a 
max imum at about 100 cc rain -1 and decreases as the 
Ar carrier gas into AsCh is fur ther  increased. This be- 
havior, which is independent  of the substrate tempera-  
ture dur ing deposition, appears to arise as a result  
of undersa tura t ion  of the Ar carr ier  gas at high flow 
rates into the AsC13 l iquid source, and not as a result  
of changes in the reaction mechanism. Hence, the term 
"apparent  molar ratio" is used for the upper  horizontal 
scale in Fig. 4. 

Under  saturat ion conditions, the observed composi- 
tion in the deposited glass follows quite closely the 
theoretical value (dotted line in Fig. 4) calculated 
from the molar ratio of AsC13 to Sill4 in  the reaction 
mixture,  assuming stoichiometric oxidation of the re-  
actants. A similar conformity is found between the ex- 
per imenta l  and calculated [dotted l ine in Fig. 5 (b ) ]  
compositions for films deposited at 450~ with varying 
Sill4 flow rate at cunstant  flow rates of the remaining 
reactant  gases. Furthermore,  the oxidation rate of Sill4 
to SiO2 is quite independent  of the amount  of co-de- 
posited As203 as shown by the constancy of the  IR ab-  
sorbance of the Si-O band at 1060 cm -1 in a series of 
film deposited at 450~ and at constant  t ime of dep- 
osition and flow rates of all reactant  gases while the 
flow rate of Ar into the AsC13 l iquid source was being 
varied in the saturat ion range (5-100 cc r a in - I )  (19). 

Deposition ra te . - - In  general, the deposition rate 
measured as the t ime rate of growth of film thickness 
of b inary  arsenosilicate films using the present  one- 
l iquid source system increases with increase flow rate 
of O2 (Fig. 2), AsC13 (in the saturat ion range, Fig. 3) 
and Sill4 (Fig. 5a) and with a decrease in the flow rate 
of the carrier gas (the W point in Fig. 3). 

In  a chemical vapor deposition process, the over-al l  
observed deposition ra te  is governed by both the 
chemical reaction rate and the rate of physical proc- 
esses such as condensat ion-evaporat ion (sticking co- 
efficient) nucleat ion and growth. When the reaction 
rate is the l imit ing factor, i.e., chemical rate < <  physi-  
cal rate, the deposition rate at a given temperature  
may be given by 

dep. rate ~ k [SiH4] m [AsCh] n [O2] p [i] 

where the square brackets denote concentrat ions of the 
respective reactants, k is the rate constant, and m, n, 
and p are positive exponents,  fractional or integral.  
From the data in Fig. 5 (a) which shows the deposition 
rate at 450~ as a funct ion of Sill4 flow rate while the 

flow rates of AsC13, 02, and Ar carrier gas were held 
constant, a plot of log (dep. rate)  vs. log (Sill4 flow 
rate)  gives a slope of 1.0 +__ 0.1 which is the value 
of m under  the above deposition conditions. 

The temperature  dependence of deposition rate 
shown in Fig. 2 at two O2 flow rates is interesting. At 
both Oz concentrations, the log (dep. rate) vs. recipro- 
cal temperature  plot is non-Ar renh ius  implying a tem- 
perature  dependence of the "over-al l  ac t iva t ion  en-  
ergy," which is larger at low 02 concentration. 

At a given set of reactant  flow rates, a reduction of 
the carrier gas flow rate from 3500 cc mi n - *  to 1750 cc 
min  -1 gave rise to an increase of deposition rate from 
990A rain -~ to llSOA rain -1. Similar  observations have 
been reported in  the chemical vapor deposition of SiOe 
from the SiH4-O2-N2 system (10) and boron from the 
BC13-H2-He system (20). In  the lat ter  system, Gruber  
(20) found that the deposition rate of boron varies in-  
versely with the square of the carr ier  gas part ial  pres-  
sure. 

Film Properties 
Nature of as-deposited f i lms . - -A  knowledge of the 

basic chemical nature  and compositional uniformity  
of vapor-deposited b inary  films is a very impor tant  
prerequisite to the unders tanding  of their  properties 
such as etch rate, dielectric strength, moisture resist- 
ance, and hea t - t rea tment  characteristics. Pre l iminary  
x - ray  diffraction studies showed that  the b inary  As203- 
SiO2 films are amorphous in na ture  (3,21). Unt i l  re-  
cently (18) it was not clear whether  vapor-deposited 
b inary  silicate glasses such as the borosilicates (16, 17) 
and phosphosilicates (17) are real ly t rue chemical 
mixtures  like the bu lk  materials  prepared by quench-  
ing homogeneous mixtures  from the l iquid state, or 
mechanical  mixtures  of the end components mat r ix-  
isolating one another. In  a recent study, advantages 
have been taken of the abil i ty of the SiH4-B2Hs-O2-Ar 
reaction system to allow vapor deposition of b inary  
borosilicate film from 0-100 m/o  B203, whereby the 
vibrat ional  spectra of these mixtures  could be studied 
by  IR absorption spectroscopy across the whole com- 
position range. From an analysis of the spectral dis- 
t r ibut ions of the Si-O-Si, B-O-Si,  and B-O-B bonds as 
a function of composition and comparison with those 
from a simple random dis t r ibut ion model, Tenney  and 
Wong (18) showed that vapor-deposited b inary  boro- 
silicates are t rue  chemical mixtures,  at least in the 
range 0-60 m/o  B203, wi th  the formation of Si-O-B 
linkages, and not  mechanical  mixtures  of BzO3 and 
SiO2. 

Although such a 3-center  bond distr ibution analysis 
is not possible in the nar row composition region (0-20 
m/o  As203) of the As203-SiO2 system, some indirect 
experimental  findings are of interest. In the IR spec- 
t rum of pure crystall ine As20~ (22,23) strong ab- 
sorption bands are found at 351, 493, 815 cm -1 and 
rela t ively weaker bands at 914 and 1044 cm -1. In the 
vitreous state (24), the strong band 815 cm -1 broadens 
and absorption in the 1050 cm -1 region is merely ob- 
servable. In  vapor-deposited arsenosilicate films, a 
distinct and relative strong band at 930 cm -1 appeared 
as shown in Fig. 9. This band has been at t r ibuted by 
Arai  and Te runuma  (3) to a red shift of the very 
weak band of 1044 cm -1 for pure As203, although from 
intensi ty  consideration a blue shift of strong pure 
As203 band at 815 cm -1 is more probable. Notwith-  
s tanding the dynamical  origin of this band  at 930 cm-*,  
it is worth not ing that  this band is not present  in t he  
pure As203 spectrum, and that  its in tensi ty  varies pro- 
port ionally with the amount  of As203 incorporated in to  
the glass found by  chemical analysis (1). These two 
observations imply  that As-O oscillators in the mix-  
ture  are in a different chemical  env i ronment  than in 
pure As203, and that  vapor-deposited As203-SiO2 films 
are not l ikely mechanical  mixtures  of the end com- 
ponents. The conclusion is fur ther  substant iated in the 
HC1 etching results (Table I) which shows that no 
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preferential  leaching of As203 occurs unt i l  the com- 
position is exceeded by 16 m/o  As2Oa. If the mixtures  
were mechanical,  the pure As2Oa component  (which is 
very soluble in  conc. HC1) would be leached out pref-  
erential ly regardless of film composition. 

The composition appears to be uniform from point to 
point across the film surface as shown in Fig. 8. Good 
layer compositional uni formi ty  can be obtained only 
with low As2Oa films (Fig. 7). For the deposition of 
high As2Oa-content films, there seems to be a change 
in the over-al l  reaction kinetics and/or, a change in the 
sticking coefficient of As203 as the film grows. In  l ight 
of the variat ion of the IR ratio with film thickness in 
high As2Oa-content glass, it is estimated that  the pre-  
viously published calibration curve (1) of IR ratio vs. 
m/o As203 is accurate to wi th in  2 m/o  As203 in the 
over-al l  composition range  of 9.6-18.0 m/o  As203. 
Above 20 m/o  As203, deviations of as much as 4 m/o  
As203 may be expected for films less than 5000A thick. 
Fi lms having 6.0 m/o  As203 and less have very good 
layer  uniformity  as shown by the bottom four curves 
in Fig. 7. 

Etch rate, moisture resistance, and dielectric strength. 
- -Hav ing  gained an insight into the chemical na ture  
and composition uni formi ty  of the as-deposited b inary  
films, the composition dependence of etch rate, mois- 
ture resistance, and dielectric s trength can easily be 
rationalized in terms of the corresponding properties 
of the end components. The monotonic increase in etch 
rate in  various HF solutions with increase in As203- 
content in these films is no doubt due to the relat ively 
higher solubili ty of the pure As2Oa end component,  
which dissolves even in pure water. When heat- t reated 
for 10 min  in Ar at 800~ the etch rate drops to a half  
or more of its as-deposited value, but  the monotonici ty 
with composition still persists (Fig. 6). The phenome-  
non is often at t r ibuted to the so-called "densification" 
effect (25,26) which, in the case of CVD SIO2, is ac- 
companied by increases in the film density and re-  
fractive index when films deposited at low tempera-  
tures are heat- t reated above the deposition tempera-  
ture. 

In  view of the large differences in thermal  and 
evaporat ion characteristics of pure As203 and SiO2, the 
decrease in  absorbance of the As-O band at 930 cm -1 
upon heat - t rea t ing as-deposited arsenosilicate films 
(27) appears to suggest a change in composition due 
to evaporation loss of the As203 component. Detailed 
spectral and chemical analyses (27), however, show 
that  s t ructural  change and not composition variat ions 
are responsible for the observed shifts in  band fre- 
quency and max imum absorbance in the resul tant  
heat- t reated films. The decrease in film etch rate upon 
hea t - t rea tment  is, therefore, one of s t ructural  origin. 
Besides the effects of s t ructural  changes, the deposition 
history also affects the film etch rate. For instance, 
as shown in Fig. 6, films deposited at 300~ are etched 
at a higher rate than those deposited at 450~ in a 
given etching solution. 

Fi lm deterioration by moisture attack is also strongly 
dependent  on composition as well  as the relat ive 
humidi ty  (see Table II) .  With increase in humidi ty  and 
t ime of exposure, water  pickup can be detected in  low 

As203 content films as shown by the appearence of the 
OH bands at 3300 cm -I and 1630 cm -I in the IR spec- 
trum (Fig. 11). The absorbed "water" is strongly 
held in the glass lattice and cannot be removed even 
when the moist films are heated to 800~ as indicated 
by the persistence of the OH bands in the resultant 
spectrum. Prolonged exposure of a high As203 film 
(19 m/o) in a 100% R.H. atmosphere led to drastic 
film deterioration indicated by a pronounced change in 
both the Si-O and As-O absorption [Fig. 11(a)] as 
well as visual frosting of the film as shown in Fig. 
12(a). The moisture attack in this case must involve 
a conversion of the As203 component to some arsenic 
compounds which does not absorb in the IR at 930 
cm -I. This may be contrasted in the case of the boiling 
water attack in which As203 can conceivably be 
leached out of the film giving rise to a decrease in in- 
tensity of the As-O band at 930 cm -I [Fig. 11(b)] 
(27). 

The d-c dielectric s t rength for as-deposited SiO2 
from silane oxidation has been reported by various 
authors (6-8, 12), with values ranging from 2.5 to 
12.0 • 108 V cm -z under  different deposition condi- 
tions, oxide thickness, and the capacitor structure. 
These are collected in Table III. Despite the diversity 
of results for the s trength reported for CVD SiO2, the 
systematic decrease in dielectric s trength of as-de- 
posited arsenosilicate films with increase As203 con- 
tent  is noteworthy (Fig. 10). The tendency of dielec- 
tric breakdown whether  thermal  or electrical (28) 
must  no doubt increase with the As2Oa concentrat ion 
in the b inary  film. 

Conclusions 
The deposition characteristics of b inary  arsenosili-  

cate glass films using the present one- l iquid SiH4- 
AsC13-O2-Ar system have been studied systematically 
as a function of reactant  flow rates and substrate tem- 
perature. F i lm composition and deposition rates have 
been evaluated reproducibly under  various sets of 
deposition variables. High deposition rates (500-1200 
A / m i n )  at relat ively lower substrate temperatures  
(300~176 are the main  advantage of the present  
system over the so-far reported two-l iquid  source 
systems based on (C2H50)4Si and AsC13 (2, 3, 29-31). 
In addition, the deposited films are relat ively free from 
water  contamination,  which is not a byproduct  of the 
Sill4 oxidation (10). Furthermore,  the film composi- 
tion is not restricted in a nar row region of high As203 
concentration, but  can be monitored at will  and con- 
t rol lably in the range 0-20 m/o  As203 or higher. This 
enables film properties such as composition uniformity,  
etch rate, dielectric strength, and moisture resistance 
to be studied systematically as a function of chemical 
composition. 
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Table Ill. Reported dielectric strength for as-deposited Si02 from Sill4 -{- 02 

Die lec t r i c  
Oxide Capac i to r  s t r e n g t h  i n  

Deposition history thickness, A structure 106 V cm-1 Reference 

325~ at 760 A/rain i0,000 PdAu-SiO2-Si 2.5 Goldsmith and Kern (12) 
475~ at 2500 A/min 10,000 PdAu-SiO2-Si 3.4 Goldsmith and Kern (12) 
400~ at  6000 A / r a i n  - -  AI-S iO2-Si -AI  8.5 Dea l  et  al. (17) 
400~ 1,000-12,000 AI-SiO2-Si 12.0 Hammond and Bowers (8) 

AI-SiO2-AI 5.0 -- 
400~ -- Metal*-SiO2-Si 9.0 Barry (6) 
450~ at 950 A/rain 2,000 iVto-SiO2-Si 10.0 Present work 

* M e t a l  unspecified. 



1080 J. EIectrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  Augus t  1972 

Manuscr ip t  submi t ted  Oct. 22, 1971; rev i sed  m a n u -  
scr ipt  rece ived  March  17, 1972. 

A n y  discussion of this  paper  wi l l  appea r  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1973 JOtmNAL. 

REFERENCES 
1. J. Wong and M. Ghezzo, This Journal, 118, 1540 

(1971). 
2. H. Teshima, Y. Tarui ,  and O. Takeda,  Bull. Electro- 

tech. Lab. Japan, 33, 631 (1969). 
3. E. Ara i  and Y. Terunuma,  J. Appl. Phys. (Japan), 

9, 691 (1970). 
4. W. A. P l i sk in  and E. E. Conrad,  IBM Journal, 8, 43 

(1964). 
5. D. R. Stull,  Ind. Eng. Chem., 39, 540 (1947). 
6. M. L. B a r r y  in "Second In te rna t iona l  Conference 

on Chemical  Vapor  Deposit ion," John M. Blocher,  
Jr .  and James  C. Withers ,  Editors,  p. 595, The 
Elect rochemical  Socie ty  Sof tbound Sympos ium 
Series,  New York  (1970). 

7. B. E. Deal, P. J. Fleming,  and P. L. Castro, This 
Journal, 115, 300 (1968). 

8. M. L. Hammond  and G. M. Bowers,  Trans. AIME, 
242, 546 (1968). 

9. Handbook of Chemistry and Physics, 41st edition, 
Chem. Rubber  Publ i sh ing  Co. (1960). 

10. K. St ra ter ,  RCA Rev., 29, 618 (1968). 
11. T. L. Chu, J. R. Szedon, and  G. A. Gruber ,  Trans. 

AIME, 242, 532 (1968). 
12. N. Goldsmith  and W. Kern,  RCA Rev., 28, 153, 

(1967). 
13. J A N A F  In te r im Thermochemica l  Tables, The  Dow 

Chemical  Co., Midland,  Mich. (1960). 
14. K. L. Chopra,  "Thin F i lm  Phenomena,"  pp. 138- 

149, McGraw Hill  Book Co., New York  (1969). 

15. I. Karu tz  and I. N. St ranski ,  Z. Anorg. AlIgem. 
Chem., Z92, 330 (1957). 

16. W. Ke rn  and R. C. Heim, This Journal, 117, 568 
(1970). 

17. D. M. Brown and P. R. Kennicot t ,  ibid., 118, 293 
(1970). 

18. A. S. Tenney  and J. Wong, J. Chem. Phys., 56, 5516 
(1972). 

19. Fig. 3 in J. Wong and M. Ghezzo, This Journal, 118, 
1540 (1971). 

20. P. E. Grube r  in "Second In te rna t iona l  Conference 
on Chemical  Vapor  Deposit ion," John  M. Blocher,  
Jr .  and  James  C. Withers ,  Editors,  p. 25, The 
Elect rochemical  Society  Sof tbound Sympos ium 
Series, New York  (1970). 

21. S. F. Bar t ram,  P r iva t e  communica t ion  (1971). 
22. A. Bertoluzza,  G. B. Bonino, and C. Castel lari ,  

Lince/,  Rend Sci. Fis. Mat. Nat. XLIV,  397 
(1968). 

23. A. M. Bishay and S. Arafa ,  J. Am. Ceram. Soc., 49, 
423 (1966). 

24. R. V. Adams,  Phys. Chem. Glasses, 2, 101 (1961). 
25. W. A. P l i sk in  and H. S. Lehman,  This Journal, 112, 

1013 (1965). 
26. W. A. Pliskin,  D. R. Kerr ,  and J. A. Perr ,  Phys. 

Thin Films, 4, 257 (1967). 
27. J. Wong, To be published.  
28. N. Klein,  This Journal, 116, 963 (1969). 
29. D. B. Lee, Solid-State Electron., 10, 623 (1967). 
30. A. Cuccia, G. Shrank,  and  G. Queirolo,  in "Semi-  

conductor  Silicon," Rol l  R. Haberech t  and Ed-  
wa rd  L. Kern,  Editors,  p. 506, The Elec t rochemi-  
cal Society  Sof tbound Sympos ium Series,  New 
York  (1969). 

31. P. C. Parekh ,  D. R. Goldstein,  and  T. C. Chan, 
Solid-State Electron., 14, 281 (1971). 

Thermal Stresses in CVD Films: 
The Case of Binary Arsenosilicate Glasses 

J. Wang 
General Electr/c Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

The h e a t - t r e a t m e n t  character is t ics  and surface morpho logy  of b ina ry  
arsenosi l icate  glass films vapor -depos i t ed  on silicon have been s tudied  sys-  
t emat i ca l ly  as a function of t e m p e r a t u r e  and film composit ion.  In i t ia l  hea t -  
t r ea tments  in Ar  at  800~ and up indica ted  tha t  the t he rma l  stresses genera ted  
in the  film ar is ing f rom a mismatch  of expans ion  coefficient w i th  the  si l icon 
subs t r a t e  a re  l a rge ly  responsible  for  the  observed film de tachment  f rom the  
substrate .  The h igher  the As20~ content  in the  glass, the  lower  is the  t e m p e r a -  
ture  requ i red  to br ing  about  the  detachment .  However ,  when  the  amount  of 
As203 in the  deposi ted film is subs tan t i a l ly  reduced  [to 0.5 mole  per  cent  
(m/o )  As2Oa] f i lm de tachment  can be e l iminated  a l together  even at  t em-  
pe ra tu res  as high as l l00~ Pro longed  heat  t r ea tments  of these low As203 
films y ie ld  v e r y  un i fo rmly  diffused N + layers  in silicon. 

B inary  sil icate glass films are  of considerable  im-  
por tance  in recent  years  as so l id - to-so l id  s ta te  diffu- 
sion sources into silicon for  the  format ion  of p - n  junc-  
tions in the  p l ana r  technology for fabr ica t ing  micro-  
electronic devices and  circuits  (1-10).  The use of 
b ina ry  arsenosi l ica te  glasses as n - t y p e  diffusion sources 
has r ecen t ly  been demons t ra ted  by  Lee (6) who p re -  
pared  vi t reous  films of As203-SiO2 on sil icon f rom 
a two- l iqu id - source  sys tem based on (C2H50)4Si and 
AsC13 by  a CVD technique.  Subsequent  s tudies  by  
var ious  authors  (7-10) showed tha t  glasses p r e p a r e d  
f rom this two- l iqu id - source  sys tem suffer severe 
"glass damage"  when  hea ted  to the  diffusion t e m p e r a -  
tures. The glass damage  in t roduces  undes i rab le  cha r -  
acter is t ics  into the  resu l tan t  diffused layers  and ap-  
pears  to offer a s tumbl ing  block to the  use of a rseno-  

Key words: surface morphology,  film detachment. 

sil icate glasses as arsenic diffusion sources in the  s i l i -  
con technology. 

In the  present  paper ,  advan tage  has been t aken  of 
the  abi l i ty  of the SiH4-AsCls-O2-Ar react ion system 
to a l low vapor  deposi t ion of b ina ry  arsenosi l ica te  glass 
films of var ious  composit ions in the  r ange  0-20 mole  
per  cent (m/o )  As203 (11), w h e r e b y  in i t ia l  stages of 
glass damage  due to h e a t - t r e a t m e n t  could be fol lowed 
b y  opt ical  and scanning e lect ron microscopy as a func-  
tion of film composi t ion and t empera tu re .  Fur the rmore ,  
i t  is hoped that  sui table  glass composit ions in this  
b ina ry  system can be located so tha t  the use of arseno-  
s i l icate glasses as n - t y p e  so l id - s t a t e  diffusion sources 
into silicon m a y  be  rev ived  in the semiconductor  in-  
dustry.  

Experimental 
Binary  arsenosi l icate  glass films were  p r e p a r e d  on 

silicon wafers  by  a CVD technique  using a rgon-d i lu ted  
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mixtures  of SiH4-AsC13-O2 at 450~ Details of the 
deposition procedure and composition determinat ion 
of as-deposited films from the infrared spectra have 
been reported elsewhere (11, 12). All  films studied 
were 8000A thick. A horizontal quar tz - tube  furnace 
was used to heat- t reat  the deposited films in a flow- 
ing atmosphere of argon. Typical hea t - t rea tment  times 
were of the order of 10 min. Surface morphology of 
heat- t reated films was examined by the technique of 
scanning electron microscopy. 

Results and Discussion 
Changes in the  film structure and surface morphol-  

ogy due to an init ial  short- t ime hea t - t rea tment  at 
temperatures  above deposition tempera ture  were fol- 
lowed by IR spectroscopy and optical microscopy re-  
spectively. When heat- t reated at 800~ for 10 min  in 
a flowing argon atmosphere, glasses having various 
amounts  of As203 showed the following general  be-  
havior in  the IR absorption: (i) a blue shift of the 
silica bands from 1060 cm -1 to 1080 cm -1, 790 cm -1 to 
800 cm -z, and 430 cm -1, to 450 cm -z, all accompanied 
by an increase of band  max imum absorbance; (ii) a 
blue shift of the As-O band  at 930 cm -1 to 940 cm -1 
accompanied by a decrease of band max imum absorb- 
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Table I. Spectral changes in arsenosilicate films due to heat- 
treatment at 800~ in Ar for 10 rain 

m / o  As2Oa i n  A b s o r b a n c e  o f  A b s o r b a n c e  of  
a s -depos i t ed  S i -O b a n d  a t  As -O  b a n d  at  

glass(a) 1060 cm-1 930 cm -z I R  r a t i o  (c) 
As-dep.(~) H.T. (b) As-deP.  H.T. As-dep .  H.T. 

4.0 0.93 1.20 0.18 0.185 0.197 0.153 
14.4 0.57 0.66 0.30 0.18 0.53 0.274 
22.0 0.54 0.80 0.44 0.17 0.82 0.216 

(~) F i l m  t h i c k n e s s  ( top to  b o t t o m ) :  0.82, 0.70, a n d  0.90/L respec-  
t i ve ly .  

<b) A s - d e p .  a n d  H.T. deno te  a s -depos i t ed  a n d  h e a t - t r e a t e d ,  respec-  
t i ve ly .  

<~) IR  ra t io  = r a t i o  of  t h e  a b s o r b a n c e  of  t h e  As-O b a n d  to  t h a t  of 
t h e  Si-O band .  

ance; and (iii) the appearance of a well-defined band 
at 630 cm -1. An  example of these effects for a glass 
containing 14.4 m/o  As20~ is shown in Fig. 1. The 
systematic results are tabulated in  Table I. Detailed 
chemical and spectral analyses of the combined Si-O 
and As-O bands in  the region 1400-800 cm -1 of the 
infrared as a funct ion of thermal  history of CVD 
arsenosilicate films show that s t ructural  changes and 
not composition variat ions are responsible for the ob- 
served shifts in  band  frequency and m a x i m u m  absorb- 
ance in the heat - t rea ted film (13). 

Fi lms containing 20 m/o  As203 and higher appear 
frosty when  heat- t reated at 800~ in Ar. Microscopic 
examinat ions showed that  the frostiness was actually 
due to the appearance of very circular fringes arranged 
in a somewhat random manne r  over the entire film. 
Systematic hea t - t rea tment  at various temperatures  in 
Ar  for 10 min  showed that  the tempera ture  required 
to br ing  about the appearance of these circular fringes 
is s trongly dependent  on the composition of the as- 
deposited film; the higher zne concentrat ion of As203 
in the film, the lower the hea t - t rea tment  temperature  
is necessary to produce the fringes. Micrographs of 
these fringes are shown in Fig. 2 for various composi- 
tion films heat- t reated at the respective temperature  
to produce frostiness. With low enough As203-content 
(0.5 m/o  As20~) films, fr inge formation can be avoided 
even when heat- t reated at temperatures  as high as 

Fig. 2. Micrographs of film 
surfaces after heat-treatment 
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Fig. 3. Glass composition vs. temperature of circular fringe 
formation due to heat-treatment in Ar for 10 rain. 

l l00~ for a period of 5 hr. The net  result  is the 
formation of a very  uniform N + diffused layer (see 
Fig. 2d) as reported earlier (11). The boundary  sep- 
arat ing the compositions which give rise to circular 

fringe formation at various hea t - t rea tment  tempera-  
tures is given in Fig. 3. These circular  fringes are 
found to be very  reproducible  and their  appearance or 
otherwise at a given hea t - t rea tment  tempera ture  can 
be predicted quite accurately once the chemical com- 
position of the film is determined. Heat- t rea t ing a 
given composition glass in the tempera ture  range 
covered by the shaded area shown in Fig. 3 wil l  always 
induce fr inge formation. 

Optically, these very circular fringes suggest regions 
of optical discont inui ty  be tween the silicon substrate 
and the glass film. Indeed, direct observation using 
scanning electron microscopy reveals that  these fringes 
are actual ly regions of circular convex domes (Fig. 4) 
of the glass film heaving off from the silicon substrate 
under  a biaxial compressive stress. 

To elucidate the mechanism of fr inge formation of 
vapor-deposited arsenosilicate films on silicon, we 
examine the thermal  component  of the stress in the 
glass film, arising from the difference in the thermal  
expansion coefficients of the film and  the substrate  and 
follow its magni tude  and sign with the deposition and 
hea t - t rea tment  histories. The thermal  stress generated 
in  a th in  film deposited on a thick substrate  is given 
by (14) 

Sth : (a~ - -  a s ) A T E f  [1] 

where af and as are the average coefficients of expan-  
sion for film and substrate, aT is the difference in tem- 
perature  of the substrate  dur ing film deposition and 
measurement ,  and E~ is the Young's modulus  of the 
film. Sth is positive when  the film is under  a tensile 
stress, and negative when  it is under  a compressive 
stress. 

Consider the case where (af -- as) is positive, i.e., 
the expansion coefficient of the glass is greater  than 
that  of the silicon substrate. Assume also that  the 
intrinsic component  of the stress 1 in the deposited film 
is negligible compared wi th  the thermal  component 
at all  temperatures  under  consideration. We examine 

The i n t r i n s i c  s t ress  cons t i t u t e s  t he  second c o m p o n e n t  to t he  t o t a l  
s t ress  h u t  i t s  o r i g i n  is no t  we l l  u n d e r s t o o d  a t  p r e sen t  (14). I t s  con-  
t r i b u t i o n  to the  t o t a l  s t ress  is by  no  m e a n s  t r i v i a l  in  ce r t a in  cases. 
In  our  t h e r m a l  cyc l i ng  e x p e r i m e n t s ,  h o w e v e r ,  i t  is  expec t ed  t h a t  
the  t h e r m a l  s t ress  p l a y s  a m a j o r  ro le  in  the  o b s e r v e d  m e c h a n i c a l  
p h e n o m e n o n  as w i l l  be e v i d e n c e d  in  later  discuss ion .  

Fig. 4. Scanning electron mi- 
crograph of a 14.0 m/o As~O~ 
film after 10 rain heat-treat- 
ment at 800~ in Ar. Film was 
deposited at 450~ Magnifica- 
tion: 500X. 
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Fig. 5. Scanning electron 
micrograph of a cracked 
convex dome (circled in Fig. 
4) showing relief of the hi- 
axial compressive stress. Mag- 
nification: 500X. 

the stress history of the film in the following tem- 
pera ture  cycle. When the film is deposited at the 
deposition temperature,  the thermal  stress in the film 
is zero because AT is zero. When cooled to room tem- 
perature, the film will contract more than the sub- 
strate because of its higher expansivity,  but  is re-  
s trained from doing so by the substrate.  A biaxial  
tensi le stress is thus generated in the film upon cooling. 
Upon heat - t rea tment ,  this biaxial  tensile stress is 
progressively reduced as the sample is heated to the 
deposition tempera ture  from room temperature.  At 
temperatures  above the deposition temperature  the 
film will  expand more than  the substrate, but  again 
is restrained from doing so. In  this case, Sth is nega-  
tive because AT is negative, and a biaxial  compressive 
stress is thus set up  in the film. When this compressive 
stress is high enough, stress relief will  take place to 
cause film buckl ing from the substrate  as shown in  Fig. 
4, which in t u rn  gives rise to the colored fringes 
observed under  the microscope (Fig. 2). 

The buckl ing due to a biaxial, thermal,  compres- 
sional mechanism is fur ther  substant iated by a more 
detailed examinat ion  of the heat- t reated glass surface 
by  scanning electron microscopy at a higher magnifica- 
tion. In  Fig. 5, a micrograph of a rup tured  circular 
convex dome circled in Fig. 4 is fur ther  magnified 10 
times. Crackings occur along two perpendicular  lines, 
showing clearly the biaxial  compressional mechanism 
(14). The detachment  of the film from the silicon 
substrate as a result  of the convex dome formation is 
shown in Fig. 6 which is a scanning electron micro- 
graph of a d iamond-scr ibed edge of the same sample. 

In  light of the present  systematic study on the 
ini t ial  hea t - t rea tment  characteristics of vapor-depos-  
ited arsenosilicate glass films on silicon as a function 
of glass composition and hea t - t rea tment  temperature,  
the so-called "glass damage" encountered in all  the 
early works (7-10) on high As203 concentrat ion glass 
may be understood. Arai  and Te runuma  (9), for in-  
stance, working with 25-31 m/o  As203 glasses found 
that  hea t - t rea tments  at 1000~ and up always cause 
surface damage to the glass, and that  the lowest 
tempera ture  for damage increases with increase in 
deposition temperature.  The lat ter  dependence can 

easily be explained in terms of the thermal  stress 
history of the film. The higher the deposition tem- 
perature, therefore, the higher the temperature  of heat- 
t rea tment  is required to generate a biaxial  compres- 
sive stress large enough to init iate film detachment  
from the silicon surface, i.e., in order to keep AT con- 
stant  in Eq. [1]. Raising the tempera ture  and/or  pro- 
longing the period of heat - t rea tment ,  wil l  fur ther  

Fig. 6. Scanning electron micrograph of a diamond-scribed 
edge of the same film shown in Fig. 4 and 5. Magnification: 2000X. 
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bring about rupture  of the film (Fig. 5) and even 
devitrification (9). The film loses its glassy appear-  
ance and acquires a dull, frosty metallic look. 

Teshima and co-workers (7) found that glass dam- 
age may  conceivably be reduced if a layer of 900A 
SiO2 is sandwiched between the b inary  glass and  the 
Si substrate. Frosting of some kind was still observed 
in the glass film after hea t - t rea tment  at 1150~ 

However,  as the amount  of As~O3 is reduced in the 
glass film, a bet ter  expansion-coefficient match with 
silicon can be obtained. This automatical ly  reduces 
the magni tude  of the factor ( ~  -- ~ )  in the stress ex- 
pression, and thus in  order to br ing about  the detach- 
ment  under  a large enough compressive stress, a higher 
hea t - t rea tment  tempera ture  (i.e., larger AT) is re- 
quired. Thus a monotonic increase in the allowable 
hea t - t rea tment  tempera ture  is expected with decrease 
in As203 content in the film and this is found experi-  
menta l ly  as shown in  Fig. 3. 

Conclusion 
Results on the compositional dependence in the sur-  

face morphology of CVD arsenosilicate films on silicon 
substrate at the ini t ial  stage of hea t - t rea tment  in Ar  at 
various temperatures  show that the thermal  compres- 
sive stress generated at these elevated temperatures  
are largely responsible for the observed film detach- 
ment  from the substrate. These observations help to 
give an insight into the "glass-damage" problem asso- 
ciated with higher As203 content  films, at least during 
the init ial  stage of heat - t rea tment .  

When the A s 2 0 3  content  in the films is reduced sub- 
s tant ial ly  to about 0.5 m/o, glass damage can be el im- 
inated altogether and prolonged hea t - t rea tment  will 
yield very un i formly  diffused N + layers of As in  Si. 
The diffusion characteristics of As from these low 
A S 2 0 3  glasses into the silicon wil l  be given in a sub- 
sequent  paper (15). 
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Backscattering Studies of Anodization of Aluminum Oxide 
and Silicon Nitride on Silicon 

M. Kamoshida 1 and J. W. Mayer 
California Institute oS Technology, Pasadena, California 91109 

ABSTRACT 

Anodic oxidation of amorphous and polycrystal l ine a luminum oxides and 
amorphous silicon ni tr ide deposited by chemical reactions on silicon were in-  
vestigated by use of 2 MeV 4He + ion backscattering spectra and optical micro- 
scope examination.  In  anodization, the oxide layer was formed undernea th  
the original a luminum oxide film and on the top surface of the silicon ni tr ide 
layer. For a fixed current,  the anodic voltage characteristics for a luminum 
oxide exhibited breakdown effects. After breakdown the a luminum oxide 
became nonuniform,  and was removed at later  stages of anodization, leaving 
a silicon oxide layer. For  700~ a luminum oxide, i r regular  surfaces 
were formed after all stages of anodization while for 830~ a luminum 
oxide, the oxide layer  formed at later stages was similar in thickness and uni -  
formity to those of anodically grown silicon oxide layers on bare silicon. The 
anodic voltage characteristics for silicon nitr ide did not exhibit  breakdown. 
Backscattering data showed l inear  dependences on anodizing t ime of the de- 
crease in amount  of ni trogen and increase in amount  of oxygen, suggesting that  
the ni t rogen was replaced by oxygen during anodization. A similar mechanism 
was proposed by Schmidt and Wonsidler, and by Tripp. 

Recently silicon nitr ide and a luminum oxide films devices such as beam-lead,  sealed- junct ion devices 
have been investigated to fabricate high rel iabi l i ty  (1), or memory devices such as MNOS memory  (2) or 

MAS memory (3). Analysis of profiles of MeV par t i -  
1 Pe rm anen t  address: Nippon Electric Co., Ltd., Kawasaki ,  Japan.  cles backscattered from dielectric films have been also 
Key  words:  anodization, anodization of Si, AltOs films, backscat-  tering analysis, described as a nondestruct ive method- to  study films 
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of silicon oxide, silicon nitride, or mul t i layer  struc- 
tures with silicon oxide and silicon ni t r ide (4-6). More 
recently, the composition of sputtered silicon ni tr ide 
was determined by both nuclear  reactions and back- 
scattering techniques as a funct ion of the ni t rogen 
content  of the reactive atmosphere (7). Backscattering 
techniques were also used to investigate a luminum 
oxide films deposited onto silicon by hydrolysis of 
a luminum trichloride (8-10). Fi lms grown at tem- 
peratures of 700~ or less are amorphous and contain 
residual chlorine [contents of 2 atomic per cent (a/o)]  
uni formly distr ibuted throughout  the film. Fi lms 
grown at 800~ or above are polycrystal l ine and con- 
tain less than 0.02 a/o of chlorine. Both films are 
stoichiometric in composition. Influence of hea t - t rea t -  
ment  on the film properties was also investigated 
(11). In  oxidizing atmosphere, oxygen diffuses through 
a luminum oxides deposited at 700 ~ and 830~ and 
new oxides were grown undernea th  the original a lu-  
m inum oxides. A mixture  of a luminum,  silicon, and 
oxygen was found at the interface of the a luminum 
oxide and thermal ly  grown new oxide. 

Anodic oxidation of silicon previously covered with 
a luminum oxide should be attractive for comparison 
with t he rma l ly  oxidized specimens. Schmidt and Won- 
sidler (12) suggested that  in  the anodization of poly- 
crystal l ine a lpha-a lumina  on silicon in aqueous borate 
solution, growth of new oxide occurred at the oxide- 
silicon interface. This is in  contrast  with anodic oxida- 
t ion of silicon nitr ide where the oxide layer is formed 
on the top surface. The data of Schmidt and Wonsidler 
(12), and Tripp (13) indicate that  the ni t rogen is re- 
placed by oxygen. 

In the present  work anodic oxidation of silicon cov- 
ered with a luminum oxides formed by chemical re- 
action, at 700~ (amorphous) and at 830~ (poly- 
crystal l ine),  was investigated using MeV 4He+ back- 
scattering techniques and optical microscope examina-  
tion. These results were compared with backscattering 
data from anodically oxidized silicon nitr ide films. 

Experimental  Procedure 
A l u m i n u m  oxide and silicon ni tr ide films were de- 

posited from the vapor state by the reaction (14) of 
a luminum trichloride, carbon dioxide, and hydrogen, 
and by the s i lane-ammonia  reaction (15) onto the sur-  
face of silicon wafers, respectively. As previously de- 
scribed (8-11), before the deposition the substrate sili- 
con wafers were mechanical ly-chemical ly  mir ror  pol- 
ished to obtain a sharp interface between the deposited 
insulator  films and the silicon surfaces. Pr ior  to the 
start  of deposition, wafers were rinsed with dilute hy-  
drofluoric acid to keep to a m i n i m u m  silicon oxide on 
the surface. Temperatures  of the silicon surfaces dur-  
ing deposition were 700 ~ and 830~ for a Iuminum 
oxide, and 950~ for amorphous silicon ni tr ide films. 
Substrates used were n-type,  3.5~6.5 ohm-cm S i ( l l l )  
for a luminum oxide and p-type,  3.~5 ohm-cm Si(100) 
for silicon nitride. 

The detailed descriptions of the other growth pa- 
rameters  for both films are found in Tsujide et al. 
(16) and in  Kobayashi  et al. (17) (in our case, the 
reactor pressure was 1 a tm),  respectively. The thick-  
nesses of 700~ and 830~ a luminum oxide 
and silicon ni t r ide were 1900, 1600, and 480A, respec- 
tively. Original  film thicknesses were measured by  
ellipsometry. 

Nonaqueous systems (18) of N-methylacetamide 
were used for the electrolyte to which were added 
0.97 weight per cent (w/o)  of KNOa and 1.9 w/o of 
deionized water. Anodizations were performed using a 
regulated d-c power supply capable of del ivering 0- 
400V and 0-75 mA, and were performed under  i l lu-  
minat ion  following the work of Schmidt et al. (19). 
An  open 40 ml Teflon beaker  with a hole in the bottom 
(where the electrolyte anodized the sample) was used 
and electrical contact to the silicon wafer was made 
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by pressing a metal  (the area of which is larger than 
the anodic area of silicon) to the back of the silicon 
wafer (20). No part icular  precautions were taken to 
keep the tempera ture  of electrolyte constant. No sub- 
sequent hea t - t rea tment  was made. Backscattering data 
indicated that the thickness of the 700~ film 
(which was attacked by water)  did not change if the 
film was immersed in  the electrolyte for 30 min. 

The Kellogg Laboratory 3-MV accelerator was used; 
typical 4He+ target currents  were 15-~20 nA at 2 MeV 
incident  ion energy. Particles backscattered through 
a laboratory angle of 168 ~ were detected in a 25 mm 2 
surface barr ier  detector (12 cm distance).  Standard 
electronics, including a pulse p i le-up rejection system, 
fed pulses to a 400-channel pulse height analyzer. 
Analyzer  dead time was never  greater than 3%. En-  
ergy resolution was about 15 keV. 

Results 
Relation between anodic voltage and anodizing time. 

- -Typica l  characteristics of anodic voltage vs. anodiz- 
ing t ime under  a condit ion of a fixed current ,  9.2 m A /  
cm 2, are shown in Fig. 1. Sections a, b, c, and d cor- 
respond to data obtained from the samples whose orig- 
inal s tructures were bare silicon, silicon ni tr ide on 
silicon, 700~ a luminum oxide on silicon, and 
830~ a l u m i n u m  oxide on silicon, respectively. 
The anodic characteristic obtained from silicon ni tr ide 
on silicon has a similar  shape (monotonic increase) as 
that observed from bare silicon. In  the case of silicon 
covered with the 700~ a luminum oxide film, 
the characteristic curve was divided into three re-  
gions: in region 1 continuous breakdown was observed 
(the ratio of the peak to val ley in the breakdown 
characteristics depended on the sample) ;  in region 2 
i rregular  characteristics were found; and next, mono-  
tonical ly stable characteristics were obtained in region 
3. Many spots, whose diameters were of the order of 
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Fig. I. Typical relations between anodic voltages and anodizing 
times at a fixed current of 9.2 mA/cm 2 for different samples. 
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Fig. 2. Spectra of 2 MeV 
4He+ ions bockscattered from 
1600~i,-thick aluminum oxide 
films deposited at 830~ and 
anodized for 4 rain; inserted 
arrows indicate the energies of 
2 MeV-4He + ions backscattered 
from each element. 
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1 ~, were observed by optical microscopy on the sur-  
face of the a luminum oxide in region 1. After  the 
characteristic change to region 2, the surface of the 
sample became nonuni form in a microscopic view. 
Even after the t ransi t ion to the monotonic character-  
istic, optical microscope examinat ion  still showed sur-  
face irregularities. 

Only  two or three spikes (the spike shape was 
sharper in a thicker film) were observed in the case 
of 830~ a luminum oxide on silicon. Before the 
first b reakdown spike the film surface was uniform, 
but  after the breakdown surface nonuni fo rmi ty  was 
observed. This nonuni formi ty  did not remain  (under  
optical microscope examinat ion)  at the stage corre- 
sponding to region 3 of 700~ film, and the 
surface appeared like that  of anodized bare silicon. 
Similar  features of breakdown and surface nonun i -  
formities of 700~ - and 830~ films were found 
in the anodization over the range of current  densities 
from 2.9 to 20.2 m A / c m  2. In  the former case, the t ime 
between breakdown became shorter with increasing 
current  densities and there was little change of the 
voltage of the top level of breakdown characteristic; 
in the lat ter  case the breakdown was observed above 
current  densities of 9 m A / c m  2 (up to 9 m A / c m  2 the 
characteristic change was monotonic) .  

Backscattering data on 830~ a luminum ox-  
ide films.--Figure 2 shows spectra of particles back- 
scattered from 1600A-thick a luminum oxide films de- 
posited at 830~ and anodized for 4 min  at 2.9, 14.4, 
and 20.2 mA/cm~. The spectrum (circular points) for 
the sample anodized at 2.9 mA/cm 2 [which resembled 
closely that  for an as-grown sample (8, 10, 11)] has 
the following major  features: (i) the energy of the 
leading edge in the region of higher energy coincides 
with the energy of particles scattered from a luminum 
at the surface; (ii) the step corresponds to a luminum 
in the a luminum oxide; (iii) the peak (at ~1.0 MeV) 
is generated by the overlap of the t rai l ing edge of the 
spectrum of a luminum in a luminum oxide with the 
leading edge of the substrate silicon spectrum; and 
(iv) the peak at low energies (0.6 to 0.8 MeV) cor- 
responds to oxygen in the a luminum oxide layer. After  
an anodization of 14.4 mA/cm 2 (filled square plots),  

the position of the leading ec~e of this spectrum re-  
mains  unchanged but  the overlap peak disappears and 
the width of oxygen peak increases reflecting an 
increase in  the oxide layer  thickness. Since the lead- 
ing edge of a luminum spectrum does not change, the 
new oxide layer  must  be formed undernea th  the 
original a luminum oxide. After  the sample was ano- 
dized at 20.2 m A / c m  ~- (open t r iangle plots, correspond- 
ing to region 3 in Fig. lc) ,  the leading edge of the 
spectrum shifted to the energy corresponding to sili- 
con at the surface and the width of oxygen peak was 
markedly  reduced. This spectrum corresponds to that  
of a silicon oxide film on silicon with a thickness 
about 1/3 of the original  a luminum oxide film thick- 
ness. This indicates that the original a l u m i n u m  oxide 
film has been removed. 

Similar  results were found in  anodization of 830~ - 
grown films on silicon at constant  current  (see Fig. 
ld) .  Figure 3 shows the backscattering spectra for an 
as-grown film of thickness of 1600A and samples 
anodized at 9.2 mA/cm~ for 7 min  (shortly after 
breakdown) and 28 min  (monotonical ly increasing 
voltage). In  the spectrum for the sample anodized for 
7 min  (filled squares) the spectrum leading edge at 
higher energy is at the position characteristic for alu-  
minum, and the overlap peak has disappeared. The 
width of the oxygen peak exhibits  a slight increase. 
The spectrum for the sample anodized for 26 rain 
(open t r iangle points) has a leading edge correspond- 
ing to that of silicon and the width of oxygen peak 
decreases, i.e., a luminum oxide film absent. Note that  
the edge of the step at 1.06 MeV (corresponding to the 
oxide-sil icon interface) is much steeper than  that of 
the sample anodized for 7 min. This suggests that  an 
i r regular  interface is present  in the sample anodized 
for 7 min. Visual examinat ion also indicates the sur-  
face irregulari ty.  

Spectra for a silicon sample with 830~ film 
(open tr iangle points) and for a bare silicon sample 
(filled tr iangle points),  both of which were anodized 
at 9.2 m A / c m  2 to the same final anodic voltage of 307V, 
are given in Fig. 4. The two spectra coincide closely 
indicating that  two silicon oxide films are near ly  
identical in thickness and composition. Visual exam- 



Vol. 119, No. 8 

6 0 0 0  

Z 
0 4 0 0 0  

- -  2 0 0 0  

z 

0 

0 

A N O D I Z A T I O N  OF AleO~ AND SigN4 

I i 0 ~ ,*~r- ~ I i 

I ~ '  a l l  �9 I . :  

m i ~  I I �9 

�9 I 
�9 e 

ANODIZATION OF L ~ ~',~' I  
8 5 0 ~  GROWN AI203/5 i  ,, ,,i 
AT 9.2 m A / c m  2 

�9 A S - G R O W N  ,, I 
%. "I �9 7 M I N U T E S  " ~ I  - 

" 2 8 M I N U T E S  ,~ 

2 MeV 4He+ ,~ 
t, 

I L i ~ I i J 

0.6  0 .7  0 . 8 / / 0 .  1.0 I. I 1.2 

PARTICLE ENERGY (MeV) 

Fig. 3. Backscattering spectra obtained from anodized specimens 
of 1600~-thick, polycrystalline aluminum oxide deposited at 830~ 
on silicon; the spectra are shifted vertically (2000 counts) for 
clarity. 

inat ion indicates that  both films are uni form in thick- 
ness. After anodic oxidation to the region where the 
voltage increases monotonically,  the films are easily 
dissolved in hydrofluoric acid. 

Backscat tering data on 700~ a luminum ox-  
ide f i lms. - -Figure 5 shows backscattering data of a 
700~ a luminum oxide of thickness of 1900A 
on silicon at each anodizing stage shown in  Fig. lc, 
i.e., after 5.5 min (region 1), 13,5 min  (region 2), and 
28 min  (region 3) at a fixed current  density of 9.2 
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to the spectra of 25 re.in anodization of an 830~ aluminum 
oxide as shown in Fig. 3. Final anodic voltages of both samples are 
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m A / c m  2. In  region 1 (circular points, after 5.5 rain) 
the height of the overlap peak decreased and only 
small  increase is noted in the width of oxygen peak. 

6 0 0 0  Z 

0 

4000 

Z 

W 

2 0 0 0  

0 

0 

ANODIC OXIDATION 

�9 BARE SILICON 
" 8 5 0  ~ -GROWN A I 2 0 5 / S i  

ANODIC C U R R E N T : 9 . 2  mA/cm 2 
g 

FINAL ANODIC V O L T A G E : 5 0 7 V  

2 MeV 4He + 

I I I 
O.6 O.8 1.0 

PARTICLE ENERGY (MeV) 

Si 

\ 
t 

2 

Fig. 4. Backscattering spectra 
(2 MeV-4He +) obtained from an 
830~ 1600,~-thick alu- 
minum oxide on silicon and bare 
silicon anodized under the same 
anodic conditions except the 
anodizing period; within statis- 
tics, the two spectra are identi- 
cal. 
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After  anodization for 13.5 rain (filled squares, region 
2 in Fig. lc) the leading edge of the spectrum shifted 
to the position of silicon edge, the overlap peak dis- 
appears, and oxygen peak becomes nar rower  and ex-  
hibits s tep-l ike tail. This indicates that  much of the 
a luminum oxide layer  has been removed  and that  the 
remaining oxide layers are nonuni form in thickness. 
The slope of the leading edge suggests that  some alu-  
minum oxide is present  on the predominant ly  silicon 
oxide surface. The spectrum for the sample anodized 
for 28 min (open t r iangle  plots) shows an increase 
in the width of oxygen peak. Comparison wi th  the 
spectrum (dashed line),  for anodized 830~ 
a luminum oxide film on silicon, indicates that  the 
slope of the spectrum for the 700~ film in the 
region around 1.07 MeV is less steep than that  for 
830~ film. This indicates that  the oxide layer 
is nonuniform as was also suggested by visual  ob- 
servat ion of the surfaces. Width of oxygen peak is also 
wider  than that  of 830~ film on silicon ano- 
dized for 28 min. 

Chlorine spectra corresponding to this sequence of 
anodized 700~ films are of thickness of 1900A 
given in Fig. 6. Anodic current  density was 9.2 m A /  
cm 2. For  the as-grown film (filled points) the amount  
of chlorine is about 2 a /o  (8). The chlorine spectra 
exhibi t  a step in the leading edge due to the presence 
of the two chlorine isotopes (35C1 and 3vC1). Previous  
analysis (10) indicated that  the chlorine is dis tr ibuted 
uni formly throughout  the film. Af ter  anodization for 
5.5 rain (circular points),  the shape of the chlorine 
spectrum exhibits some change. Because of the non-  
uniform nature  of the film after anodization, the shape 
of the chlorine spectrum varied somewhat  for different 
positions of incidence of the analysis beam. However ,  
one can note an increase of the tail  in the spectrum in 
the region between 1.13 MeV and 1.16 MeV. In studies 
of chlorine spectra anodized for a fixed period and in-  
creased cur ren t  densities, there  was a decided t rend 
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Fig. 6. Chlorine spectra corresponding to the sequence of anodized 
700~ aluminum oxide (|900,~). In as-grown film the 
amount of residual chlorine was 2 a/o. The data obtained after 
anodizatlons at 9.2 mA/cm 2 for 5.5 min, 13.5 min, and 28 rain, 
correspond to the samples in regions 1, 2, and 3 in Fig. lc. 

towards an increase in amount  of chlorine in this re-  
gion towards the tail of the spectrum. 

Af ter  anodization for 13.5 min (filled squares in Fig. 
6) the total  amount  of chlorine is 10% of its value  in 
the as-grown film. Af ter  fur ther  anodization (open 
tr iangle plots) the amount  of chlorine remained at 
about 10% of the original  value. The leading edge of 
residual chlorine spectrum did not exhibi t  an appre-  
ciable shift, and the width  of the chlorine spectrum is 
narrower,  indicat ing that  the chlorine is confined to a 
region close to the surface. Under  a fixed anodizing 
period condition with  vary ing  anodic current  densities, 
similar features were  observed. 

Anodization of silicon nitride.--For comparison with  
a luminum oxide, the anodization of silicon nitride 
layers on silicon was investigated. Typical  spectra of 2 
MeV 4He+ particles backscat tered f rom a 480A-thick 
as-grown silicon ni tr ide film, deposited on silicon, and 
the sample anodized at 8.7 m A / c m  ~ for 15 min  (the 
final anodic voltage was 132V) are shown in the inset 
of Fig. 7 drawn by solid and dashed curves, respec-  
tively. Shapes of these spectra are s imilar  to those de-  
scribed previously by Meyer  et al. (4) wi th  specimens 
of Si3N4/Si and S iOJSiaN4/S i  structures. Af ter  ano- 
dization, an oxygen signal appeared in the spectrum 
and the ni trogen peak was shifted and decreased. 

Because of the large difference in mass between 
ni t rogen and oxygen, the backscattering spectra near  
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Fig. 7. Spectra of 2 MeV He + particles backscattered from 
anodized silicon nitride previously deposited on silicon. Inset shows 
the spectra obtained from an as-grown, 480~-thick silicon nitride 
on silicon and the sample anodized at 8.7 mA/cm 2 for 15 rain 
drawn by solid and dashed curves, respectively. The main body of 
the figure shows backscattering spectra near the energies of oxy- 
gen and nitrogen edges (the area surrounded with a circle in inset) 
obtained from as-grown and anodized samples. Samples are tilted 

through an angle of 45 ~ with respect to the incident beam. 
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the energies of ni t rogen and oxygen can be used to 
analyze the formation of the silicon oxide layer. The 
parts  surrounded wi th  a circle in the inset  of Fig. 7 
are enlarged in Fig. 7 itself, where  the spectrum ob- 
tained f rom a 9 min-anodized specimen is also shown. 
The shaded areas, AN and Ao, are  the total  signal f rom 
the ni trogen and oxygen, respectively.  F rom these data 
the fol lowing information was obtained: (i) the shift 
to lower  energy of the ni t rogen edge and generat ion 
of oxygen peak indicate that  the oxide layer  is formed 
on the top of silicon nitr ide;  and (ii) a replacement  of 
ni t rogen in silicon ni tr ide wi th  oxygen is suggested by 
the fact that  the amount  of ni t rogen (AN) decreases 
as the amount  of oxygen (Ao) increases. 

F rom the quant i ta t ive  point of view, if the ni t rogen 
was replaced wi th  oxygen, the decrease in the ni t rogen 
signal be tween successive anodizations (h  and to) 
should be l inear ly  re la ted to the increase in the oxy-  
gen signal or 

A s ( t l )  -- AN(tf)  Ao(t~)  -- A o ( h )  
= KI [I] 

~N:f ~oI 

where O'N and ~o are scattering cross sections of nitro- 
gen and oxygen, respectively; and )c is a factor deter- 
mined by the target to detector geometry. The factor 
K1 indicates the ratio of amounts  of n i t rogen to oxygen 
conver ted during anodization. If the amount  of sili- 
con in the layer  remains unchanged, then Kt _-- 2/3 
since two ni t rogen atoms are replaced by three oxygen 
atoms, and 

A s ( t l )  -- AN(tf) 
= K 1  ~ = K 2  [2] 
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where  the constant K2 equals 0.49 for the ffN/O'o value  
of 0.733 in this scat ter ing geometry.  In  Fig. 7 the fol-  
lowing values are observed: K2 = 0.39 and 0.48 for tl 
= 0 (i.e., as-grown)  to t2 ----- 9 rain; and tl ----- 9 rain to 
t2 -- 15 min, respectively.  These results are  wi th in  the 
exper imenta l  er ror  considering the problems in back-  
ground subtract ion and counting statistics. This sug- 
gests that  the ni t rogen was replaced by oxygen and 
agrees wi th  the results  of destruct ive investigations 
by Schmidt  and Wonsidler  (12) and Tripp (13). 

F igure  8 shows t ime dependences of spectrum areas 
of ni t rogen and oxygen. If  the fol lowing relat ion 

6 O- - 4- SizN4 -~ 3SIO2 + 2N2 + 12e- 

is assumed (13), that there are linear relations be- 
tween anodic time and variations in amounts of nitro- 
gen and oxygen for a fixed anodic current. Then, the 
following equations should hold 

v 

z 
-p 

S 

s 

A o ( t )  -- at 1 

AN(t) -- bt + c 
[3] 

where  a, b, and c are  constant. F rom Eq. [2] 

- - b / a  _-- K2 -- 0.49 [4] 

In Fig. 8, the solid l ine was obtained f rom the ex-  
per imenta l  values of oxygen spectrum areas (cross 
points) and the slope of the dashed line was calcu-  
lated on the basis of Eq. [4]. The decrease in the ni t ro-  
gen areas tended to fol low the est imated dashed line. 
This result  also suggests that  the ni t rogen in silicon 
ni t r ide was replaced by oxygen. Some of the scatter 
about the dashed line could arise from differences in 
the original  film thickness. 

Anodic t ime dependences on anodic voltage, and on 
the fract ional  amount  of remaining  silicon nitride, are 
shown in Fig. 9. The remaining  amounts  of silicon 
ni t r ide (filled points) were  evaluated  f rom the  areas 
of spectra of ni t rogen and oxygen as follows 
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Fig. 8. Relations between anodizing times and spectrum areas of 
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4805,. Solid line was fixed to experimental data and the slope of 
dashed line was calculated. 
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of nitrogen and oxygen in the film vs. anodization time. Solid curve 
was calculated from linear relations in Fig. 8, and dashed curve 
shows Tripp's data [Fig. 3 in Ref. (13)]. The anodic voltages were 
observed under a condition of fixed current of 8.7 mA/em2; original 
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where  the values of NN ---~ A N ( t ) / ~ N f  and No ---- A o ( t ) /  
~of correspond to the fract ional  amounts  of ni trogen 
and oxygen in the dielectric films, respectively. 
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If we use the l inear  relat ion of t ime on the frac- 
t ional amounts  of ni t rogen and oxygen, Eq. [5] should 
be hyperbolic. In Fig. 9 the solid curve shows the 
values calculated from the l inear  relations in Fig. 8. 
The exper imental  data (filled points) followed such 
a relation. One of the reasons of deviation is the pre-  
sumed different thicknesses of original films. Although 
the electrolyte was different than  in our case, because 
of the similar  thickness of the original silicon ni tr ide 
(500A) and the current  density (7.5 mA/cm2),  Tripp's 
data [Fig. 3 in Ref. (13)] is also used for comparison 
in Fig. 9 (dashed curve) .  In  both cases, about 500A- 
thick silicon ni tr ide changed to silicon dioxide after 
24 __ 1 min. As shown in Fig. 9, the slope of the time 
dependence of anodic voltage changed at the time cor- 
responding to the disappearance of the ni t rogen peak. 

Conclusions 
The anodic oxidations of 700~ - and 830~ 

films of a luminum oxide on silicon have general  fea- 
tures in common. In  the ini t ial  stages of anodization, 
breakdown phenomena are noted. A visual examina-  
tion of the surface reveals that  the surfaces are ir- 
regular.  Backscattering spectra show an increase in 
the width of oxygen peak but  the leading edge of the 
spectrum does not shift (i.e., it corresponds to the 
a luminum edge) indicat ing that a silicon oxide layer 
is formed undernea th  the original a luminum oxide 
film. For a longer period of anodization (or higher 
current  densities) the width of oxygen spectrum ex- 
hibits a marked  decrease, and the leading edge of the 
spectrum shifts to that  of the silicon spectrum edge. 
At this stage the overlying a luminum oxide film has 
been removed and, for 830~ films, the width 
of the oxygen peak and the shape of the silicon spec- 
t rum coincide with those for the bare silicon samples 
anodized to the same voltage. For these high tempera-  
tu re -g rown films, once the a luminum oxide film has 
been removed, the growth of anodic oxide layer  fol- 
lows that  for a bare silicon sample. This offers the 
possibility of a new selective etching technique of 
polycrystal l ine a luminum oxide which is similar to 
the technique for silicon ni t r ide suggested by Schmidt 
and Wonsidler (12). The as-grown 830~ 
a luminum oxide films are only slightly etched by hy- 
drofluoric acid (8), however, after the anodic oxida- 
t ion the films are easily dissolved wi th  hydrofluoric 
acid. 

One of the major  differences between the anodiza- 
t ion of 7000C - and 830~ films is the marked 
i r regular i ty  of the surfaces of the low tempera ture  
films. This may follow from the large number  of 
breakdowns observed in the ini t ial  stages of anodiza- 
t ion for these films. Even in the region where the 
anodic voltage shows a monotonic increase with ano- 
dizing time, the surfaces of the low tempera ture  films 
are still irregular.  The leading edge of the chlorine 
spectra for these films are not appreciably shifted dur-  
ing anodization. This, again, points out that  a new 
oxide layer  is formed undernea th  the original  a lu-  
m i n u m  oxide layer. The tail that appears in the chlo- 
r ine spectrum along with the residual chlorine (~10% 
of the original amount  after anodization) might  indi-  
cate that  chlorine is drifted by the applied anodizing 
field into the under ly ing  oxide layer. However, be- 
cause of the nonuni fo rm na ture  of the film after 
anodization, one cannot exclude the possibility that 
some of the original a luminum oxide has been retained. 

The result  of anodic oxidation of a luminum oxide 
films is similar to that  of thermal  oxidation (11) in 
that  the new oxide layer is grown undernea th  the orig- 
inal  film. However, for thermal  oxidation there is a 
strong adherence of the a luminum oxide layer  to the 
newly  formed oxide. This might be due to the mixing 
of silicon and a luminum that was noted for the ther-  
mal ly  oxidized sample. In  anodized samples, the film 
i r regular i ty  and anodic voltage peaks might  imply 

that  the oxide growth takes place ini t ia l ly in localized 
regions where breakdown phenomena could provide 
easy paths for oxidation of the under ly ing  silicon. At 
later stages, the removal  of the a luminum oxide would 
lead to larger area regions. 

For silicon nitride, backscattering data indicate that  
the oxide layer  is formed on top of the nitr ide layer, 
i.e., the silicon ni tr ide films act as a substrate that  is 
anodized, in agreement  with the data of Tripp (13) 
and Schmidt and Wonsidler  (12). The basic differ- 
ence is the replacement  of ni trogen by oxygen. In  this 
respect it should be noted that it is possible (due to 
statistics involved in background subtraction) that  
some (~10%) of the ni t rogen remains  when  the anodi-  
zation reaches a stage where the oxide layer  just  
reaches the silicon. Complete disappearance of the n i -  
trogen might occur at a later  point when  the sub- 
strate silicon is oxidized. Thermal  oxidation of silicon 
nitr ide also proceeds by growth of the oxide layer on 
top of the ni t r ide layer  (21). In  this case the silicon 
nitr ide masks against the diffusion of oxygen (22). 
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The Influence of Anodic Coatings on Slip in Aluminum 
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ABSTRACT 

A l u m i n u m  single crystals were anodized and deformed in  tension. Thick 
coatings inhibi ted slip of the surface except where cracking or buckl ing had 
occurred. S t rengthening of the crystal depended upon the thickness but  was 
controlled by the residual  stress of the coating. 

When anodized a luminum is deformed the coating 
accommodates deformation of the substrate pr imar i ly  
by cracking. The various modes of film behavior on 
single crystal and polycrystal l ine substrates have been 
discussed in previous papers (1-3) and have been a 
source of interest  for some t ime (4-7). In the present 
paper the effect of the coating upon near  surface slip 
is discussed. 

Experimental 
Reynolds 99.999+ % a luminum was grown into single 

crystals by a modification of the Br idgeman technique 
using high pur i ty  graphite molds. Long crystals of 
round cross section (for tensile testing) and square 
cross section (to facilitate surface examinat ion)  were 
produced and cut into specimens of shorter length. 
The specimens were numbered  according to a scheme 
which assigned the prefix R or S depending on whether  
the crystal was round or square and two numbers  fol- 
lowing to indicate the crystal  and specimen numbers .  
The orientations of the crystals are shown in Fig. 1. 
Prior to testing the crystals were annealed, electro- 
polished in perchloric acid-alcohol, stripped of any 
residual films in a chromic-phosphoric acid bath, and 
then anodized. The techniques were identical  to those 
used in previous studies (1, 2). 

Oxide films were formed in boric acid buffered to a 
pH of 5.5. The film formation current  was either ma in -  
tained at less than  0.2 m A / c m  2 or kept slightly above 
2.0 m A / c m  2 unt i l  the required voltage was achieved. 
Thereafter,  the voltage was main ta ined  unt i l  the cur-  
ren t  decayed to a te rmina l  value usual ly  in the neigh-  
borhood of 0.01 m A / c m  2, 

Previous experiments  (8-10) showed that  residual  
stresses in similar anodically formed coatings depended 
upon film thickness and the rate of formation. How- 
ever, the l i terature  leaves some uncer ta in ty  about the 
magni tude  and even the sign of the residual  stresses 
which could be expected with the electrolyte used 
in the present  work. Exper iments  with pH 9-10 am- 
monium borate solutions (8, 10) produced 150 to 3000A 
coatings which were in residual compression when the 
formation current  density was less than  0.5 m A / c m  2, 
and predicted tensile stresses wi th  current  densities in 
excess of 1 m A / c m  2. I t  was also reported that  the cur-  
rent  density at which stress reversal  occurred appeared 
to increase with decreasing solution pH. In  all cases 
however, the residual stresses were reported to be-  
come more compressive with increasing film thickness. 

Results and Discussion 
After sufficient extension, anodized coatings of 

1300A and thicker always cracked at approximately  
90 ~ to the tension axis. The cracks completely encir-  
cled the specimen. The spacings between these cir-  
cumferent ial  cracks became quite uniform, rapidly 
reaching an equi l ibr ium value which depended upon 
the coating thickness. Thinner  coatings cracked along 
slip plane traces as well  as forming a c i rcumferent ia l  

1 P r e s e n t  a d d r e s s :  C o n t i n e n t a l  O i l  C o m p a n y ,  P o n c a  C i t y ,  O k l a -  
h o m a  74601 .  

K e y  w o r d s :  a n o d i z e d  a l u m i n u m ,  r e s i d u a l  f i l m  s t r e s s ,  s l i p  l i n e s ,  
plastic d e f o r m a t i o n .  

crack pa t te rn  similar  to thicker films. Figure  2 shows 
the relationship between tensile elongation and crack 
density for anodic coatings of three different thick- 
nesses formed at the low rate. The specimens used 
were annealed polycrystal l ine wires and round single 
crystals of comparable orientat ion to those of Fig. 1. 
Similar  behavior  has been reported previously by 
Edeleanu and Law (4) for sulfuric acid (cel lular  type) 
coatings and was predicted and analyt ical ly  treated 
by Grosskreutz and McNeil (11) and Grosskreutz (12). 

Once the l imi t ing crack densi ty had been reached, 
further  extension served only to open the cracks. 
Figure 3 shows this behavior  with a 3000A coating on 
a single crystal substrate. The appearance of the sur-  

(831) A ~ _ ~ I  L E 
B L I A- x's 

~ (4"79) 

[To,] 

Fig. 1. Stereographic and geometric representations of the 
crystal orientations. 
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Fig. 2. Density of transverse cracks vs.  strain for anodic coatings 
of various thicknesses formed at 0.2 mA/cm 2. 
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Fig. 3. Widening of transverse cracks in a 3000,~ coating, face B of crystal S-4-4 is shown: a, 5.6% elongation; b, 10.5% eJongation. 
The vertical structures in b are buckles in the coating. (XIO00). 

face in this figure, which is typical of a large number  
of specimens, may be used to i l lustrate several aspects 
of the interact ion of the coating with the deformation 
processes in the under ly ing  crystal. 

One of the most s tr iking features of Fig. 3 is the 
absence of sharp slip lines in areas where the film re-  
mained intact. The appearance of the surface imme-  
diately suggests that  the coating has influenced de- 
formation of the near  surface region of the crystal 
suppressing or severely al ter ing the ordinary  slip proc- 
esses. Cracks in the coating after 10.5% elongation are 
seen to be as much as 3 or 4 times larger than  they 
were after 5.6% strain, indicat ing that deformation 
had taken place preferent ia l ly  in the substrate mate-  
rial beneath and immediate ly  adjacent  to the cracks. 

The short diagonal markings  wi th in  the cracks of 
Fig. 3a appear to be large slip steps in the substrate 
crystal. Upon continued extension these were seen to 
enlarge fur ther  and lead out into the regions between 
cracks where  marked undula t ions  of the surface had 
developed. This deformation obviously involves the 
operation of a number  of slip systems in a ra ther  
complex manner .  The few vertical  s tructures in  Fig. 
3b are the result  of buckl ing of the coating (2) and 
i l lustrate the appearance of a coating which has be-  
come detached from the substrate. 

The photomicrographs of Fig. 4 also demonstrate  
the abil i ty of an anodic film to suppress slip at the 
coat ing-substrate  interface. In  the associated experi-  
ment, a crystal with a 3000A coating was extended 
10% and marked with two microhardness indentat ions  
(Fig. 4a). The coating was then chemically removed 
as evidenced by the disappearance of the interference 
fringes in the buckled areas. There are no sharp slip 
plane traces where the coating had remained intact  
(Fig. 4b). However, fur ther  extension by 3% pro- 
duced a single set of sharp slip steps which tended 
to form at m a n y  of the  deep slip l ines wi th in  the 
cracks (Fig. 4c). The incl inat ion of these slip lines 
corresponds to the trace of the p r imary  slip plane in 
the specimen surface. Slip lines wi th in  the buckled 

areas have slightly different incl inat ions because, once 
film detachment  occurred, the under ly ing  surface ma-  
terial then deformed while the sur rounding  mater ia l  
was still constrained by  the coating. 

Adherent  surface coatings often have been regarded 
as effective barr iers  to dislocation egress from wi th in  
the crystal  (13-15). Although recent  work (16) has 
shown that this is not necessarily t rue  for all coating- 
substrate combinations, in the present  system thick 
oxide coatings on a luminum seem to have a pro- 
nounced influence upon  deformation, at least at the 
surface. This leads one to expect a correspondingly 
large effect upon the mechanical  properties of coated 
crystals. A series of tensile tests of anodized and un-  
coated specimens yielded the results shown in Fig. 5 
and 6. The s t rengthening influence of the coating may  
be seen to depend upon both its thickness and its state 
of residual stress. The lat ter  factor was shown to be 
of p r imary  importance in the s t rengthening of copper 
single crystals by eiectroplated metal  coatings (16). 
However, it appears that differences exist in the mech-  
anisms through which residual  stresses act to produce 
s t rengthening in these two systems. Metal coatings on 
copper crystals produced large effects only where 
cracking occurred either prior to or dur ing deforma- 
tion. Relaxation of the substrate  crystal adjoining the 
cracks produced a layer  of dislocations which impeded 
the motion of p r imary  glide dislocations toward the 
surface. In  the present  case, it appears that  the alu-  
m i n u m  oxide coating itself is capable of directly in -  
hibi t ing slip at the surface. Where cracks occurred, 
p rominent  p r imary  slip l ines appeared suggesting that  
the s t rengthening had been reduced in these regions, 

A coating in a state of residual  tension induces 
compressive stresses in the substrate  crystal. These 
stresses should inhibi t  the motion toward the surface 
of dislocations having a Burgers '  vector component  
which is normal  to the surface. The absence of slip 
lines beneath  the coating indicates that  dislocations 
were prevented  from reaching the interface. Recent 
experiments  (17) indicated that  the pH 5.5 boric acid 
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Fig. 4. Identical areas of face B of the specimen shown in Fig. 
2b: a, anodized surface; b, after removal of the coating; c, after 
3% further extension, uncoated. (XSO0). 

solutions used in the  presen t  w o r k  produced  coatings 
which  were  in compression even when  they  were  
formed at  2.0 m A / c m  2. The tensi le  stresses induced 
in the  subs t ra te  c rys ta l  would  be expected  to act in 
the  direct ion of coaxing dislocat ions t oward  the  sur -  
face ra the r  than  repel l ing  them. Consistent  wi th  this  
v iew the  increase  in s trength,  induced b y  the coatings 
of low res idual  compression (shown in Fig. 6), was 

much grea te r  than  wi th  the  more  h igh ly  compressed 
film (shown in Fig. 5). 

The magni tudes  of the  s t rengthening produced  by  
anodized coatings become more  impress ive  when  one 
considers tha t  the  deformat ion  of a luminum crysta ls  
should be r e l a t ive ly  insensi t ive to condit ions at  the  
surface. Coatings exe r t  the i r  s t rongest  influence dur ing  
stage I deformat ion  (18). A l u m i n u m  crys ta ls  with 
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Fig. 6. The strengthening produced by a 3000A (and 450.&) 
coating formed at 2.0 mA/cm 2. 

the i r  charac te r i s t i ca l ly  short,  easy gl ide regions should 
not  provide  a system which  is pa r t i cu l a r ly  sensi t ive 
to surface film effects. I t  is wel l  k n o w n  that,  in a lu -  
minum, in te rpre ta t ion  of bu lk  deformat ion  behavior  

f rom the appearance  of s l ip l ines on the  surface  is u n -  
re l iab le  (19-21). Sl ip l ine pa t t e rns  charac te r i s t ic  of  
single slip pers is t  long a f te r  the  end of s tage I, ind ica t -  
ing tha t  the  sur face  and  in t e r io r  ha rden  at  v e r y  differ-  
ent  rates.  
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The Suppression of Ionic Contamination During 
Silicon Nitride Deposition 
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ABSTRACT 

Electr ica l  ins tabi l i t ies  have  been gene ra l ly  noted in MNOS s t ruc tures  in-  
corpora t ing  SiH4- type  Si3N4 deposi ts  but  not  in MNOS s t ruc tures  incorpora t ing  
S i C 4 - t y p e  SisN4 aeposits .  I t  is concluded tha t  the  SiCt4 process  for  SisN4 
deposi t ion has a bu i l t - i n  ge t te r ing  capabi l i ty  for removing  ionic con taminants  
which  is not ava i lab le  f rom the Sill4 process. I t  is proposed  tha t  the  ge t te r ing  
capabi l i ty  ar ises  f rom the presence  of chlor ide  ions. This premise  was verif ied 
by  purpose ly  adding  a source of chlor ide  ions e i ther  p r io r  to or  dur ing  depos i -  
t ion of SiI~-type SiaN4. 

Many  invest igators  (1-5) have demons t ra ted  tha t  
thin (0.1~) amorphous  layers  of sil icon n i t r ide  (SigN4) 

* Elec%rochemicaI Soc ie ty  A c t i v e  M e m b e r .  
Key words: si[tcort nltride (Si~N~), MNOS, ionic contamination, 

hydrogen chloride (HCI), gettering. 

can be  used as ba r r i e r s  agains t  the  diffusion of im-  
pu r i t y  ions such as sodium. Indeed,  Dal ton and Drobek  
(6) publ i shed  da ta  demons t ra t ing  the  ab i l i ty  of SigN4 
layers  to mask  agains t  the  diffusion of sodium at  t e m -  
pe ra tu res  as high as 600~ Deal  et al. (7) have also 
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Fig. 1. Capacitance-voltage curves for a theoretical MIS capaci- 
tor, a SiCI4-type Si3N4 MNOS capacitor, and a contaminated 
SiH4-type SizN4 MNOS capacitor as deposited and after 300~ 
stressing with --2.5 x 105 V/cm. [(111) p-type Si CB ~_ i.2 x 1016 
c m - 3 ] .  

shown that  these films act as barr iers  to the diffusion 
of hydrogen ions at temperatures  as high as 550~ 
Other authors (8-10) have discussed some of the ad- 
vantages of MNOS as compared with MOS processing. 
However, because Si3N4 films are effective barr iers  to 
the diffusion of ionic contaminants ,  it is important  
that all  sources of contaminat ion are removed from 
device structures prior to SigN4 deposition. 

After elevated tempera ture  processing in an oxidiz- 
ing ambient,  ionic contaminants  such as sodium are 
general ly  located near  the air-oxide interface (11). 
Various etching and phosphosilicate glass gettering 
techniques can be used to remove these sources of 
contaminat ion (12). However, we have observed that  
the SigN4 process itself can also act as a source of 
contamination.  

Dur ing  an invest igat ion designed to study the effects 
of various process parameters  on the electrical and 
physical properties of Si3N4 films, one anomaly  was 
repeatedly observed. When Si3N4, deposited from silane 
and ammonia  mixtures,  was deposited over thermal ly  
oxidized silicon, electrical instabil i t ies were general ly 
noted. As shown in Fig. 1, the na ture  of the instabi l i ty  
was such that  it caused a negat ive shift (more negative 
t u r n - o n  voltages) to the f la t -band voltages of MNOS 
capacitors. Applicat ion of negative fields on the order 
of 2.5 • 105 V/cm at 300~ caused a positive shift 
(less negative t u r n - o n  voltages) in the f lat-band 
voltage. However, the f la t -band voltage could not be 
recovered to the value corresponding to the fixed sur-  
face-state charge densi ty  (Qss/q) known to be present  
at the oxide-silicon interface. This fact, plus the ob- 
servation that  no field dependent  drift  of the C-V 
characteristics was observed, ruled out the possibility 
of SisN4 s t ruc tura l  polarizat ion as being the cause of 
the instabil i ty.  

Conduct ivi ty differences between the nitr ide and 
oxide layers, as discussed by  Frohman-Ben tchkowsky  
and Lenzl inger  (13), were ruled out as being respon- 
sible for the instabil i t ies noted because: (i) the 
capacitance-voltage curves were already shifted close 
to saturat ion in  the negat ive voltage direction after 
Si3N4 deposition; (ii) application of fields on the order 
of ___107 V/cm at room tempera ture  caused negligible 
shifts in the capacitance-voltage curves; (iii) applica- 
t ion of fields on the order of + 5  X 105 V/cm or --2.5 • 
105 V/cm at 300~ resulted in significant f la t -band 
voltage shifts; and (iv) because conductivi ty mea-  
surements  made on MNS (metal -ni t r ide-s i l icon)  ca- 
pacitor s tructures indicated that  the deposited SizN4 
was fair ly nonconductive.  Typically, conductivit ies less 

than  2 • 10-15 m h o / c m  were measured at fields of 
4.5 • 106 V/cm and these values were in  agreement  
with measurements  made on silicon tetrachloride type 
SizN4 films which did not exhibi t  the instabil i ty.  

Trapping could also be ruled out since the observed 
shifts under  elevated tempera ture  positive and nega-  
tive biases were opposite to those expected for hole 
or electron t rapping in the oxide at the oxide-silicon 
interface, and also due to the thickness of the under -  
lying oxide layers themselves. All  evidence pointed to 
some type of re la t ively mobile ionic species as being 
responsible for the instabil i t ies noted. The lack of 
complete recovery of the C-V characteristics under  
negative bias at 300~ could be accounted for by as- 
suming that  the species is mobile only in the oxide 
layer and could not penetra te  the Si3N4 layer. Repeated 
300~ stressing under  positive and negative biases 
yielded the same total magni tude  of C-V drift  indicat-  
ing that  the contaminat ion species was consistently 
mobile. The magni tude  of the instabi l i ty  was com- 
pletely unpredic table  from r un  to run, or even within  
any  one run, and could not be correlated with any 
of the process parameters  being studied which also 
strongly suggested some form of ionic contamination.  

Exper imenta l  

Chemically etched 1-3 ohm-cm p- type (111) Czo- 
chralski grown single-crystal  silicon substrates, 1 in. 
in diameter, were thermal ly  oxidized at 1200~ in 
dry  oxygen immedia te ly  after etching and served as 
the p r imary  test vehicle. The oxide thicknesses in  all 
cases, except as noted, were 2000A. Control wafers 
indicated that the conditions of oxidation yielded a 
fixed surface-state charge density, Qss/q, of 2 • 1011 
charges cm -2 and a nondetectable  amount  of mobile 
ionic contamination,  Qo/q; that  is, less than 4 • 1010 
charges cm -2. 

Figure  2 shows a schematic of the deposition ap- 
paratus.  The SigN4 was deposited in an r f -heated  hori-  
zontal system uti l izing the reaction of silicon te t ra-  
chloride (SIC14) or silane (Sill4) with ammonia  (NH3) 
in hydrogen or ni t rogen ambients.  The quartz reaction 
chamber  has a 11/4 in. by 21/4 in. rec tangular  cross sec- 
t ion and a volume of 1 liter. Dur ing  the course of the 
investigation, total  flow rates of from 3 to 6 l i t e r /min  
were used. The Si3N4 thickness was normal ly  1000A 
and deposited at 850~ (Sill4 process) or 900~ (SIC14 
process). The total flow rate  and amounts  of reacting 
gases were adjusted to yield deposition rates of from 
100 to 150 A/rain.  All deposits employed NHs: SIC14 or 
Sill4 ratios of 20:1 and 200:1, respectively; and all 
deposits appeared to be stoichiometric as determined 
by refractive index (1.99 to 2.00 at 6328A) and etch 
rate measurements  (3 to 5 A/sec in 49% HF at 24~ 
- -  0.7 to 1 A/sec in H~PO4 at 153~ and from previ-  
ously conducted experiments  evaluated by  the  tech- 
nique discussed in Ref. (14). 

Hydrogen and ni t rogen were supplied from liquid 
sources through 316 stainless steel lines. The SIC14 
used was supplied by  Texas Ins t ruments ,  Inc., and was 
contained in  a quartz flask held :at --10~ The hydro-  
gen carrier gas was bubbled  through this flask and 
served to t ransport  the SIC14 into the reaction chamber. 
The NH~ used was Matheson u l t ra -h igh  pur i ty  grade. 
Five per cent Sill4 in ni t rogen and 5% Sill4 in hydro-  
gen mixtures,  also supplied by Matheson, were used 
dur ing  this investigation. Both sources of Sill4 were 
analyzed for sodium by react ing the Sill4 in  a quartz 
combustion chamber, collecting the residue, and ana-  
lyzing this using atomic absorption and flame spectre- 
photometric techniques (15). No evidence of sodium 
contaminat ion in either source of Sill4 was found. 

As shown in Fig. 2 all gas lines, except the Sill4 and 
SIC14 lines, leading to the mixing  chambers were com- 
mon for both types of Si3N4 deposits. The quartz  reac- 
t ion tube  and susceptor support  were fabricated from 
high pur i ty  quartz in our facilities. Care was exercised 
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Fig. 2. Schematic of deposi- 
tion apparatus used for deposit- 
ing SiC|4 and SiH4-type Si3H4. 
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to e l iminate  any  externa l  source of contaminat ion;  
nevertheless, p re l iminary  evaluat ions as shown in Fig. 
1 indicated that  an electrical ins tabi l i ty  could be in -  
duced in the under ly ing  oxide of MNOS device struc- 
tures dur ing  the SigN4 deposition process. 

Electrical Measurements 
Most of the electrical evaluations for this investiga- 

t ion employed the well  known capacitance-voltage 
(C-V) technique (16). Ear ly  in  the investigation, it 
was noted that  if contaminat ion  was present  after 
Si3N4 deposition, most of it  would be located close to 
the oxide-sil icon interface. Therefore the C-V curves 
were already shifted close to saturat ion and it was 
convenient  to monitor  the contaminat ion levels using 
a gold ball  probe (the gold ball  serving as the capacitor 
field plate) immediate ly  after deposition of the SigN4 
without  wait ing for subsequent  a l u m i n u m  metal iza-  
t ion and anneal ing  steps. For  these measurements  any 
dielectric on the backside was removed with hydro-  
fluoric acid, and a drop of water  was used to insure 
good backside contact between the silicon and the 
contact plate. The s tandard procedure was to monitor  
each run  by making C-V measurements  at five differ- 
ent locations on each wafer  immediate ly  after deposi- 
tion. If no obvious C-V displacement was observed, 
it was necessary to metalize the s tructure and to stress 
it at elevated temperatures  (300~ with positive and 
negative biases applied to the field-plate to de termine  
if any  mobile contaminat ion was present. Subse-  
quently,  all  wafers were metalized and  addit ional  
C-V measurements  were obtained at room tempera-  
ture, and after elevated tempera ture  (300~ bias 
stressing, to verify the results obtained wi th  the gold 
probe. Excellent  correlat ion between the gold probe 
and metallized C-V data was obtained in all cases. 

In this paper, data wil l  be expressed in terms of 
Qo/q, the effective number  of contaminat ion charges 
per cmz at the oxide-silicon interface. These levels 
of contaminat ion were obtained from exper imental  
C-V curves after subtract ing out the f la t -band voltage 
component due to the metal-semiconductor  work func-  
t ion (r and the value of the fixed surface-state 
charge density, Qss/q, at the oxide-sil icon interface. 
The result ing values of AV (in volts),  along with the 
effective oxide thickness (Xotef~]) in microns, was then 
inserted into Eq. [1] [according to Ref. (16)] and the 
contaminat ion levels computed 

Qo 2.16 x 101~ AV (volts) 
(#/cra2)  --  [I] 

q Xo[e~f] (microns) 

The constant  2.16 • 1010 includes values for the dielec- 
tric constant  of the oxide layer  (Ko), the permit t iv i ty  
of free space (~o), and appropriate scaling factors for 
AV given in volts and  Xo[eff] in  microns. 

Results 
Silane-type SigN4 deposits.--Initially, contaminat ion 

levels on the order of 5 • 1011 to 10 TM cm -2 were ob- 
served. However, occasionally, instabil i ty levels on the 
order of 1013 cm -2 were found. Experimental ly ,  it 
was noted that  the magni tude  of the  ins tabi l i ty  was 
considerably reduced when ni t rogen was subst i tuted 
for hydrogen as the carrier  gas dur ing deposition. As 
shown in Table I, contaminat ion  levels dropped sig- 
nificantly when  ni t rogen was employed as the carrier 
gas. This was very  puzzling at first; however, as will  
be shown later, a very simple explanat ion  is possible 
based on the work of Burgess and Donega (17). They 
studied the out-diffusion of sodium from quartz fur -  
nace tubes in various atmospheres and showed that  
the reaction of hydrogen with quartz resulted in a 
marked increase in  sodium vapor pressure. 

Since previous data, obtained in similar  systems 
employing silicon tetrachloride as the source of silicon, 
did not show the type of electrical instabi l i ty  seen in 
the SiH4-type deposits, it was decided to make SiCl4- 
type Si3N4 deposits in the same system as had been 
used for the SiH4-type deposits. No mobile ionic 
species were observed in MNOS capacitor structures 
fabricated from wafers used in these runs. Therefore, 
a series of consecutive SigN4 deposits were made using 
either SiCl4 or Sill4 as the source of silicon. Table II 
shows typical C-V data from these runs. These data 
were obtained from consecutive runs without any 
cleaning of the deposition apparatus between runs. It 

Table I. 
Qo 

associated with SiH4-type Si3N4 deposits 
q 

Qo 
-- • (10 -11 cm~) 

Deposition ambient q 

Hydrogen  7 to 11 
Hydrogen  11 to 14 
Hydrogen  7 to  24 
Hydrogen  34 to 72 
H y d r o g e n  14 to 25 
Hydrogen  8 to 11 
Ni t rogen  1 to 2 
NitrOgen i to 10 
Ni t rogen  1 to 33 
Ni t rogen  1 to 2 
Ni t rogen  <0 .4  (none) 
Ni t rogen  2 to 4 
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Qo 
Table |1. ~ associated with Sill4 and SiCl4-type Si3N4 deposits 

q 

Run n u m b e r  SisN~-type 

Qo 

q 
- -  • ( 1 0 - 1 1  c m ~  

IS-303 SiCh <0 .4  (none) 
IS-304 Sill4 4 to 8 
IS-305 SiClt <0.4  (none) 
IS-306 SiH~ 0.4 to 9 
IS-307 SiH~ 2 to 8 
IS-308 SIC14 <:0.4 
IS-309 SiCh <0.4  
IS-310 SiCt~ <70.4 
IS-311 SiCl4 <0.4 

is noted that  whenever  SIC14 was used as the source 
of silicon, there was no detectable contaminat ion in 
the MNOS structures subsequent ly  fabricated on these 
wafers. However, whenever  Sill4 was used as the 
source of silicon, contaminat ion was observed. Based 
on the data collected to this point, two ionic contam- 
inants  were considered as possible candidates for the 
contaminat ing  species: sodium or an active species of 
hydrogen. Sodium was considered because of its p r e v -  
alence and because of its previous history as an ionic 
contaminant  in semiconductor processing. Hydrogen 
was considered based on the work of Balk (18) and 
Deal et al. (7). 

In  1965, Balk proposed that  adsorbed moisture at 
the oxide metal  interface of MOS structures could 
react at elevated temperatures  (on the order of 500~ 
with a luminum or other reactive metals  to form an 
active species of hydrogen which then migrates to the 
oxide-silicon interface and annihi la tes  the fast surface- 
states. Recent ly (7) it has been shown that  for MNOS 
structures, a SiH4-type Si3N4 deposit results  in lower 
fast surface-state densities at the oxide-sil icon in te r -  
face than  does a SiCLt-type SizN4 deposit. I t  is specu- 
lated that  a greater  amount  of active hydrogen is gen-  
erated when  the Sill4 molecule breaks down than  is 
avai lable from the hydrogen carr ier  gas used in the 
SiC14-type deposits. In  this s tudy only electrical in -  
stabilities were associated with SiH4-type deposits, 
and the magni tude  of the instabi l i ty  was greater when 
hydrogen was used as the carrier gas than when 
ni t rogen was used; therefore, active hydrogen was 
considered along with sodium as a possible candidate 
for the contaminat ing species. 

Since all components except for the Sill4 and SIC14 
sources were common to both types of deposits, it was 
felt that  ei ther the Sill4 had to be contr ibut ing con-  
taminat ion  to the deposition ambient  or the SiCla 
process provided a chemical species capable of getter-  
ing or bonding with the contaminat ing  species. The 
major  chemical species present  in the SiC14-type de- 
posit, which is not present  in the SiH4-type deposit, 
is the chloride ion. Therefore, it was decided to add 
hydrogen chloride (HC1) to the Sill4 deposition am-  
b i e n t  to see if it would be effective in  removing the 
source of contamination.  Table III  shows the results. 

Since, as ment ioned above, the magni tude  of the in-  
s tabil i ty was greater  in a hydrogen ambient,  for this 
exper iment  hydrogen carrier  gas was employed. Run  

Qo 
Table III. , , ,  associated with SiH4-type Si3N4 deposits with and 

q 
without added HCI 

Qo 
, • (10-1~cmS) 

Run SisNt deposition ambient q 

IS-486 S i I ~  in  ~ 1 to 7 
IS-487 Sill4 in  I-Is + 3 c e / m i n  HC1 20 to 38 
IS.-488 Sill4 in  H2 + 8 c c / m l n  HCI 3 to 7 
IS-489 SiH~ in  ~ + 30 c c / m i n  HC1 40 .4  (none) 
IS-490 SiH~ in H~ + 30 c c / m i n  HCI 40 .4  
IS-491 SiH~ in H~ 4 to 5 
IS-492 Sill4 in H~ 2 to 4 
IS-493 Si l l ,  in  ~ + 30 c c / m i n  HCI <0.4 

n u m b e r  486 was made to obtain a rough estimate of 
the level of contaminat ion associated with the SiH4- 
type SisN4 deposits at that  time. As seen in  Table III  
the contaminat ion level  was not as high as it  had 
been previously, as can be seen by  comparing it with 
data in Table I. Run number  487 was the first run  
wherein  HC1 was purposely added to the gas mixture.  
Only  a small  amount  of HC1, approximately 3 cc/min,  
was used. From the C-V results, it is apparent  that  
this amount  of HCt was not significant enough to 
affect the contaminat ion levels present. There  is no 
explanat ion as to why the contaminat ion level  in-  
creased; however, based on previous history little 
significance need be attached to the level of contam- 
inat ion seen in this run. 

The results from r un  number  468 indicate that  8 
cc /min  of HC1 had l i t t le or no effect on the level  of 
contamination. Therefore, in run  n u m b e r  489, the 
HC1 concentrat ion was increased unt i l  faint  signs of 
ammonium chloride formation in the gas phase could 
be observed. The C-V results from this r un  indicated 
that all of the contaminat ion had been either gettered 
or otherwise complexed. Therefore, the r un  conditions 
were repeated wi th  the same results. Two addit ional 
Sill4 in H2-type Si3N4 deposits were then made  in  an 
at tempt to recontaminate  the furnace. As seen by the 
data of Table III, only a moderate amount  of con- 
taminat ion  was present;  however, r un  number  493 
again indicated that  30 cc /min  of HC1 was capable of 
gettering or complexing the ionic contaminat ion pres-  
ent. 

Heat-treatment with additions of HCL--The above 
results demonstrated that  the addit ion of HC1 to the 
Sill4 deposition ambient  removed the ionic species 
normal ly  seen in SiH4-type SisN4 deposits. However, 
the question still remained  as to whether  it  was neces- 
sary to form ammonium chloride in order to el iminate 
the contaminat ing species. Therefore, an exper iment  
was conducted to see if an HC1 hea t - t rea tment  by 
itself was capable of removing the source of instabili ty.  
Table IV shows C-V data obtained from this experi-  
ment.  Although the amount  of contaminat ion present 
in the reactor dur ing the above experiment  was small, 
it is again seen that  the added HC1 was effective in 
removing the contaminat ion present. The fact that  
contaminat ion could be removed dur ing  a hydrogen 
plus HC1 hea t - t rea tment  at 850~ (Table IV) indicated 

Qo 
Table IV... 

q 
associated with various types of heat-treatments 

and Si3N4 deposition ambients 

Qo 
H e a t - t r e a t m e n t  and  - -  • (10-n cm~) 

Run deposit ion a mb ie n t  at 850~ q 

IS-523 I-I2 h e a t - t r e a t m e n t  (H.T.) 3 to S 
IS-524 H2 + 30 c e / m i n  HC1 (H.T.) <0.4  (none) 
IS-525 H2 + 30 e e / m i n  HCI {H.T.) <0 .4  
IS-526 H~ + 30 c e / m i n  HC1 (H.T.) <0.4  
IS-527 H~ (H.T.) 2 to 5 
IS-528 H2 + 30 e e / m I n  HC1 (H.T.) <0.4  
IS-529 H~ (H.T.) 4 to 5 
IS-530 H2 (H.T.) 2 to 5 
IS-53I H~ + 30 c e / m i n  HC1 (H.T.) 40 .4  
IS-532 H2 + 30 e e / m i n  HCI (H.T.) + 

SiH4-type SisN~ 40 .4  
IS-533 H2 + 30 c c / m i n  HC1 (H.T.) + 

SiI-I~-type SisN4 40 .4  
IS-534 Hs + 30 c c / m i n  HC1 (H.T.) + 

SiH4-type SisNt <0.4  
IS-S35 Hs + 30 c c / m i n H C 1  (H.T.) + 

SiH4-type SLsNt <0.4  
IS-536 SiH~-type SiaN6 0.6 to 6 
IS-537 SiI-I4-type SisN4 0.6 to 2 
IS-538 SiH4-type SisN4 2 to 4 
IS-539 SiH~-type SiaNs 2 to 6 
IS-540 H~ + 3u e c / m i n  HC1 (H.T.} + 

SiH4-type SiaN, <0.4  
IS-541 H2 + 30 e e / m i n  HC1 (H.T.) + 

SiH~-type Si~N~ <0.4  
IS-542 H~ § 30 c e / m i n  HCI (H.T.) + 

S iH, - type  SisN, <0 .4  
IS-543 H~ + 30 c c t m i n  HC1 (H.T.) + 

s iH4-type SisN~ <0.4  
IS-544 S i I~ - type  SisNA 1 to 5 
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that  the ammonium chloride reaction is not necessary 
for removal  of the contamination,  Runs n u m b e r  532 
and 539 demonstrated that  the contaminat ion could 
actual ly  be removed by int roducing HC1 prior to Si3N~ 
deposition. Therefore, it appears that  it is not  necessary 
to have HC1 flowing dur ing  the actual  Si~N~ deposition 
process to remove the source of contamination.  This 
suggests that  the contaminat ion associated with the 
SiH4-type SigN4 deposits was not necessarily associated 
with the SiH~ source itself, but  that  it was probably 
coming from some component  of the reactor. 

Sodium contaminated wa~ers.~Up to this time, we 
have conjectured that ei ther electrically active hydro-  
gen or sodium might  be the contaminat ing species. The 
results reported above demonstrated that it is possible 
to use an HC1 hea t - t r ea tment  prior to SiH4-type SigN4 
deposition and still remove the  source of ionic con- 
taminat ion.  This suggests that  active hydrogen was not  
the cause of the instabil i ty.  That  is, i t  was possible to 
obtain contaminat ion-f ree  SiHd-type Si3N4 deposits by 
employing the predeposition hea t - t rea tment  with HC1; 
and yet, active hydrogen is avai lable when  the SiH~ 
molecule reacts. Of course, one could speculate that  
enough residual  chloride ions are avai lable dur ing  the 
SisN4 deposition process to complex the active hydro-  
gen; however, this possibility seems remote since typi-  
cal deposition times were from 5-8 rain, more than 
enough t ime to remove all traces of residual  chloride. 
To ver i fy  that  chloride ions are capable of get tering 
or complexing sodium ions, an addi t ional  exper iment  
was carried out. Sample preparat ion for this experi-  
ment  was as outl ined previously, except that  the 
wafers to be contaminated had an oxide which was 
1000A thick ra ther  than  the s tandard  2000A. Each run  
included one purposely contaminated wafer  and one 
uncontamina ted  wafer. Contaminat ion  was achieved by 
immers ing  the oxidized wafers in  a solution containing 
460 ppm of sodium. The contaminated wafers were 
then blown dry and given a 30 min hea t - t rea tment  in 
n i t rogen at 550~ in order to diffuse the sodium close 
to the silicon dioxide-sil icon interface. Gold probe C-V 
measurements  were then made at five different loca- 
t ions on each wafer. The negative shift of the refer-  
ence voltage after the hea t - t rea tment  was used to 
establish the m i n i m u m  amount  of electrically active 
sodium present. Table V shows typical  gold probe C-V 
data obtained from the contaminated wafers after  the 
550~ heat - t rea tment .  By referr ing to Table V it can 
be seen that, al though the contaminat ion levels were 
not uni form across a wafer, there were re la t ively 
large amounts  of contaminat ion in  all wafers. One 
sodium contaminated wafer, along with an  uncon tam-  
inated reference wafer, were then subjected to one 
of three different SiaN~ deposition processes. 

Process I consisted of depositing 0.1~ of Si3N~ from 
SiH~ and NHs in hydrogen ambient  at 850~ Process 
II consisted of a 10 rain hea t - t r ea tment  in a hydrogen 
plus HC1 ambient  at 900~ followed by a Process I 
SisN4 deposition. Process III  consisted of a 0.1~ SigN4 
deposit at 900~ using SiCI~ plus NH~ in a hydrogen 
ambient .  

Table VI shows typical  gold probe C-V data obtained 
from these wafers after Si~N~ deposition. From Table 

Qo 
Table V. associated with sodium contaminated SiO~ layers 

q 
after a 30 min heat-treatment in N2 at 550~ 

Qo 
• (10-~ cme) 

Wafer  S t ruc tu re  q 

Na  1 460 p p m  Na/0.1/L SiO~/Si 25 to 130 
Na 2 460 p p m  Na/0 .1g  SiO,~/Si 46 to 87 
Na 3 460 p p m  I~a/0.1~ SiO~/Si 49 to 79 
Na 4 460 ppm Na/0,1~ SiO~/Si 55 to 72 
Na S 460 ppm Na/0.1~ SiO~/Si 46 to 70 
N a  8 460 p p m  Na/0.1~ SiO~/Si 68 to 98 

Table VI. ~Q~  associated with Si3N4 deposits made on sodiam 
q 

contaminated wafers 

Qo 
• (10 - n  cm ~) 

Wafers  S t ruc tu re  q 

64O A 
640 B 
641 A 
641 B 
642 A 
642 B 
643 A 
643 B 
644 A 

644 B 

645 A 

645 B 

0.1~ Si~Nd(SiHD/0.2~ SiO~/Si 24 to 27 
0,1~ SigN, (SiHD/Na2/0 .1~ S i O j S i  18 to 31 
0,1~ Si~Nd(SIHd)/0.2~ SiO~/Si 14 to 21 
0.1~ S i e ~ ( S I H D / N a 4 / 0 . 1 ~  SiO~/Si 22 to 37 
0.1~ Si3N4 (SIC14)/0.2~ SiO2/Si <:0.4 (none) 
0.1/~ Si~Nd(SiCIJNal /0 ,1~ SiO~/Si <:0.4 
0.1~ SiaN~(SiC1D/0.2~ SiO~/Si <:0.4 
0.1~ SisNd(SiC14)Na3/0,1$ SiOe/Si <:0.4 
He + HCI(H.T.*) then 0.1~ SisN4 

(SiHD/0.2~ SiO2/Si <:0.4 
H2 + HCI(H.T.) then 0.1~ SisN4 

(SiHD/NaS/0.1~ SiO2/Si ~0.4 
H2 + HCI(H.T0  then  0.1/~ SigN4 

(SiH~/0.2lz SiO~/Si <:0.4 
H.~ + HCI(H.T.)  then  0.1~ Si.N4 

(SiHD/Na6/0 .1~ S i O J S i  <:0.4 

* Hea t - t r ea tment ,  

VI it is again seen that  those runs  which used either 
SIC14 as a source of silicon dur ing  the SisN4 deposi- 
tion, or those runs  which had an HCI hea t - t rea tment  
prior to a SiHd-type Si3N4 deposition, resul ted in con- 
taminat ion-f ree  structures. Alternat ively,  for SiI-I4 runs 
which did not  have the HC1 heat - t rea tment ,  consider- 
able amounts  of contaminat ion  were found in  the 
structures after SisN4 deposition. The data presented 
in Table VI indicate that  both the SiC14-type Si3N4 
deposition process and the HC1 hea t - t rea tment  prior 
to SiHd-type SigN4 deposition process were capable 
of gettering the purposely added sodium contamina-  
tion. 

Discussion 
From the exper imental  results  obtained, it is con- 

cluded that the contaminat ing  ionic species was sodium 
rather  than an active species of hydrogen. However it 
is felt that  the possibility of active hydrogen giving 
rise to electrical instabili t ies in an MNOS structure, 
fabricated with SiHd-type Si3N4 deposits, should not  
be completely dismissed especially if relat ively large 
amounts  of Sill4 are employed. Earl ier  experi-  
ments  involving hydrogen hea t - t rea tments  on MNOS 
structures, employing pa l lad ium field plates, indicated 
that active hydrogen could give rise to electrical insta-  
bilities in MNOS structures (7). 

Although sodium metal  itself has a boil ing point  
(892~ close to the temperatures  employed for Si3N4 
deposition, it has been repeatedly verified that the 
ionic contamination,  assumed to be sodium in  all 
cases and known  to be sodium in  some, is general ly 
located close to the oxide-sil icon interface ra ther  than  
at the oxide-silicon ni t r ide or oxide-air  interface after  
a SiH4-type Si3N4 deposition or heat - t rea tment .  Results 
from SiC14-type Si3N4 depositions, and from heat-  
t reatments  wherein  HC1 was added to the hea t - t rea t -  
ment  or deposition ambient ,  suggest that  the chloride 
ion provides a definite get tering action in the removal  
or complexing of the ionic species. Two possibilities 
exist to explain these results: (i) the chloride ion 
reacts with sodium ions to form electrically inactive 
species or (ii) the chloride ions tend to react with 
the sodium ions to form a volatile sodium chloride 
species which is removed from the reaction chamber 
in the exhaust  gases. 

As ment ioned previously, in the absence of a chlo- 
r ide-conta in ing atmosphere dur ing the Si3N4 deposi- 
tion, most of the contaminat ion  tends to accumulate 
at  the Si-SiO~ interface of Si~Nd/SiO2/Si structures.  
Fur ther ,  since the vapor pressure of sodium chloride 
at temperatures  of from 850 ~ to 900~ is only on the 
order of 1 m m  Hg, one might  therefore expect tha t  
the pr imary  role of the chloride ion is to complex the 
contaminants  forming electrically inactive species 
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ra ther  than to form a volatile compound. Recently, 
Robinson and Heiman (19) have reported on a tech- 
nique using HC1 to getter sodium and other metal  
impurities in an oxidizing ambient at 1100~176 
Their model assumes that HC1 serves to form volatile 
metal  chlorides. Although it is not clear which model 
plays the dominant role, our data seem to be in agree- 
ment with theirs indicating that  chloride ions have the 
capabil i ty of gettering or complexing ionic contam- 
inants from MOS structures. 

It should be pointed out, however, that  if there is 
no contamination present, stable MNOS devices can be 
fabricated using SiH4-type SisN4 deposits. However, 
if a source of contamination is present, there is no 
species available from the SiI-I4 reaction which is 
capable of gettering the source of contamination. 
Apparent ly  such a source of contamination existed in 
the quartz components of our experimental  reactor 
which explains why, in the early stages of our investi- 
gation, larger instabilities were noted with hydrogen 
used as a carrier gas than with nitrogen. It is pro- 
posed that the hydrogen tends to etch the quartz 
releasing the source of contamination into the deposi- 
tion ambient. Burgess and Donega (17) have studied 
the out-diffusion of sodium from a hot wall  quartz 
furnace using atomic absorption techniques. Their 
work showed that  the reaction of hydrogen with the 
hot quartz surface resulted in a marked increase in 
the sodium vapor pressure present in the furnace 
chamber. Further,  their  data indicated that  the level 
of sodium contamination drops when hydrogen is 
replaced by a nitrogen ambient. 

Conclusions 
It is concluded that the SiC14 process for SigN4 

deposition has a buil t - in gettering capabili ty for re-  
moving ionic contaminants from device structures 
during SigN4 deposition which is not available in the 
SiI-I4 process. I t  is proposed that  the gettering capa- 
bil i ty arises from the presence of chloride ions. This 
premise was verified by purposely adding a source 
of chloride ions either prior  to or during SiH4-type 
SisN4 depositions. 
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Kinetics of Thermal Growth of Ultra-Thin Layers of 
Si02 on Silicon 

Part II. Theory 
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ABSTRACT 

The thermal ly  activated growth of oxide on silicon as a funct ion of t ime 
obeys a l inear-parabol ic  relationship, the l inear  par t  of which stems from 
interface l imited reactions. In  Par t  I of this paper, it has been reported that  
this l inear  par t  cannot  result  from a single ra te- l imi t ing  reaction step, be-  
cause the order of the over-al l  reaction rate  differs for different substrate 
orientat ions at a fixed tempera ture  and varies for a given or ientat ion as a 
funct ion of temperature.  A kinetic model for the reaction between silicon 
and oxygen at the Si-Si02 interface is now presented to account for the ex- 
per imenta l  data (dsio2 ----- 300A, Tox ---- 700~176 po2 ~ 0.01-1.0 a tm) .  Two 
parallel,  competing reactions are postulated to occur. In  the first of these, 
molecular  oxygen reacts direct ly with silicon to form silicon dioxide and 
atomic oxygen; the second reaction involves the dissociation of 02. The atomic 
oxygen thus formed, may either react with silicon or recombine to molecular  
oxygen. An analysis of the data shows that  a difference in the activation 
energies (i.e., 1.91 vs. 0.58 eV) associated with these competing reaction steps 
is responsible for the shift in  their  relat ive importance as a funct ion of t em-  
perature. 

It  is general ly  recognized that  the measurement  of 
oxidation kinetics does not  allow a unique  de termina-  
t ion of the reaction mechanism. For example, logari th-  
mic growth (i.e., the oxide thickness increases with 
the logarithm of t ime) can result  from chemisorption 
(1), from field-assisted diffusion (2, 3), and from 
surface-controlled reactions (4). However, the oxidant  
pressure dependence of the growth rate, i.e., the order 
of the reaction, may furnish fur ther  insight into the 
reaction mechanism (5). 

A number  of investigations of the kinetics of silicon 
oxidation, in dry oxygen as a funct ion of oxidant  pres-  
sure, have been made under  widely  varying  conditions. 
Law (6) has observed, close to room temperature,  an 
exponential  growth rate in the 1-2 monolayer  region 
with a square root dependence on oxygen pressure in 
the 10-4-10 -3 Torr range. At higher temperatures  
(850~176 and greater  oxide thicknesses (L > 
350A), others (7-11) have observed that  the kinetics 
are essentially of a mixed l inear-parabol ic  type 

L 2 L 

k p a r  k i l l  

where k p a r  and klin a r e  the rate constants, the first one 
increasing l inearly with O2 pressure. In  this thickness 
range, the l inear  dependence is thought to arise from 
an interface reaction limited mechanism while  the 
parabolic one is a t t r ibuted  to a diffusion-controlled 
process through the growing oxide. 

Par t  I of this paper, by one of the present authors 
(12), described an ellipsometric s tudy of the formation 
of th in  SiO2 layers (L < 300A), on <111> and <100> 
oriented silicon wafers, at temperatures  (T) from 700 ~ 
to 1000~ and oxygen part ial  pressures (po2) from 
0.01 to 1.0 atm. After  a fast init ial  increase in thick- 
ness, the growth was found to be l inear  in t ime except 
for a slight parabolic per turbat ion  indicat ing the onset 
of diffusion-controlled growth. The results reported 
in Fig. 4 of Par t  I have been rep!otted in normalized 
form in Fig. la  and lb. I t  can be seen that  the l inear  
rate constant  depends on the oxygen part ial  pressure 
and the temperature,  as wel l  as on the silicon or ienta-  

* Elect rochemical  Society Act ive  Member .  
Key  words :  Si, SiO2, oxidation,  l inear  ra te  constant,  in te r face  re-  

actions. 

tion. The pressure dependence of kiln tends towards a 
p,/2 behavior  at lower temperatures;  at higher tem-  
peratures, the t rend is towards a l inear  pressure de- 
pendence for both orientations. The first order pressure 
dependence of the l inear  rate constant  reported at 
1200~ (10) is consistent with these data. Although 
the controversy (9, 13, 14, 15) over the ionic na ture  of 
the diffusing species remains  unresolved, earlier work 
(10) shows that  kp~r exhibits  a first order pressure 
dependence. Since dissociation of oxygen at the outer 
interface, together with the subsequent  t ransport  of 
the atomic species, necessarily gives rise to a non-first  
order pressure dependence of kpar, the evidence indi -  
cates that  a molecular  species (e.g., 03 or 0 3 - )  is 
t ransported across the amorphous oxide film. 

Based on extensive measurements ,  Deal and Grove 
(10) proposed a kinetic scheme for the oxidation of 
silicon. For their  model, they assume the incorporation 
of molecular  oxygen at the gas-oxide interface fol- 
lowed by its t ransport  through the oxide and direct 
reaction of this single oxidant  species with the silicon. 
Consequently,  the pressure dependence for all three  
steps should be linear. The exper imental  results re-  
ported in Par t  I of this s tudy do not support  this model 
since the pressure dependence of the l inear  rate con- 
stant  was found to vary  as described above. To ac- 
count for this discrepancy, the present  article proposes 
a more general  kinetic t rea tment  which incorporates 
two parallel, competing processes at the Si-SiO2 in te r -  
face. This scheme includes the one proposed by Deal 
and Grove as a special case, and it will  be seen that  
their  mechanism is valid as a l imit ing case at high 
temperatures.  

Theory 
Kinetic model.--Consider a growing oxide film of 

thickness L (Fig. 2). It  is assumed that  neut ra l  molec- 
ular  oxygen (02) is t ransported across the film, which 
implies that  field and space charge effects are neg-  
lected as is ionization of the oxidant  at the outer gas- 
oxide interface, z It also means  that  for atomic species, 

1 The exis tence of a fas t  ini t ial  m e c h a n i s m  is appa ren t  in the data 
of P a r t  I of this  s tudy,  Fig.  3. This  m i g h t  be expla ined in t e rms  of 
one of the  theor ies  prev ious ly  m e n t i o n e d  (2-S) a l though the re  is no t  
sufficient data  to w a r r a n t  such a test. I t  should be pointed out tha t  
the  h igh  Si-SiO~ w o r k  func t ion  difference (~3.2 eV) precludes  any  
s ignif icant  electron tunne l ing  excep t  for the v e r y  first s tages  of the 
oxidat ion process. The fo rma t ion  of charged oxygen  species on the 
surface is, therefore ,  r a the r  improbable .  

1100 
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which are known not to contr ibute  significantly to the 
oxygen t ranspor t  (8, 10), the product  of the effective 
diffusion coefficient and  the concentrat ion gradient  is 
negligible al though dissociation and association of mo-  
lecular  and atomic oxygen species can occur through-  
out  the layer. The system is also thought  to be in a 
quasi -s ta t ionary state, i.e., the reactant  concentrat ions 
are essentially constant  dur ing the re laxat ion times 
of the reactions involved. 

The oxygen flux, Fo, across the O2-SiO~ interface is 
approximated by  

Fo = h (C* -- Co) [1] 

where  h is a t ransfer  coefficient which may  include an 
adsorption activation energy, Co is the actual molecu-  
lar oxygen concentrat ion in  the solid at x = 0 (Fig. 
2), and C* is the equi l ibr ium concentrat ion related to 
the part ial  pressure through Henry ' s  law 

C* = K Po2 [2] 

Under  the above assumptions the flux across the ox- 
ide is derived from Fick's  first law 

F = D (Co - -  C L ) / L  [ 3 ]  

where CL is the oxidant  concentrat ion at x = L, and  
D is the diffusion coefficient. 

At the SiO2-Si interface, the following reactions are 
postulated to occur 

Si---Si + 02 ~ S i - - O - - S i  + O [R1] 

S i - -S i  + 0 --* Si--O-----Si [R2] 

02 SiO 2 

F FL 

si 

O L --,-X 
Fig. 2. Schematic representation of the O~!Si021Si system 

O~ ~- 2 0  [R3] 

The formulat ion of the first two reactions is not  stoi- 
chiometric in  SiO2 but  is in tended mere ly  to indicate 
that  in reaction [RI] an oxygen molecule reacts with 
a S i - -S i  bond, whereas in reaction [R2] the at tacking 
species is an oxygen atom. s 

These reactions are now considered kinetically.  If 
v~, v2, and  v3 are the reaction velocities of reactions 
[R1-R3], respectively, the t ime dependence of the 
oxygen species concentrat ions at the SiO~-Si interface 
(x = L) can be expressed mathematical ly  (16) as 

d 
- -  [ O I L  - -  V l  - -  V2 J r  2 v ~  [ 4 a ]  
dt 

d 
- -  [ O 2 ] L  = F L  - -  VS - -  V t  [ 4 b ]  
dt 

where FL is the oxidant  flux at x = L. Equat ion [4b] 
indicates that  the neighborhood of the  SiO2-Si in ter -  
face is an  open system; thus, the quant i ty  of available 
molecular  oxygen depends on the flux FL as well  as on 
the reactions [R1] and JR3]. The assumption of quasi-  
s tat ionary state implies that  

d d 
- ~  [ok,q~-  [o~],~ -~ o [5] 

Thus one obtains 
vl - v~ + 2v8 = 0 [6] 

and 
FL = v, + v8 [7] 

Mathematically,  Fo and  FL given by  Eq. [I] and [7] 
are boundary  condit ions for the diffusion equation of 
which Eq. [3] is the first integral.  Thus 

F = Fo = FL [8] 

When Co is e l iminated from Eq. [1] and [3], one ob-  
tains 

F -- h'  (C* --  CL) [9] 

where  the diffusion coefficient has been imbedded in 
the var iable  

s i t  i s  p o s s i b l e  to  f o r m u l a t e  a l t e r n a t i v e  r e a c t i o n  e q u a t i o n s .  T h e  
s c h e m e  c hose n ,  h o w e v e r ,  h a s  t w o  a d v a n t a g e s ,  Le., d i f f e r e n t  a t t a c k -  
i n g  o x i d a n t  s p e c i e s  a r e  t a k e n  i n t o  a c c o u n t  a n d  t h e i r  r eaCt ion  w i t h  
t h e  s i l i con  i s  c o n s i d e r e d  i n  t e r m s  of  b r e a k i n g  S i - S i  bonds .  
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h" -- h i (1  -5 hL]D) [10] 

Any further reduction in the equations can only 
take place under the assumption of some functional 
relation between reaction velocities and concentra- 
tions. Because the reactions [R1-R3] are considered 
to be elementary steps (17), the reaction velocities 
must have the form 

vl = kl [O2]L [ l la]  

v~ -- k~ [O]L [ l lb]  

vs : ks [O2]L -- k - s  [O]L ~ [ l lc]  

where the subscript --3 in k-s  refers to the reverse 
reaction. The reverse reactions in Eq. [ l la]  and [ l lb]  
are neglected because of the large thermodynamic sta- 
bility of SiO2 relative to that of the reactants. Notice 
that Eq. [ l la ]  and [ l lb]  together represent the reac- 
tion velocity considered by Deal and Grove (10). From 
Eq. [6] and [ l la-c] ,  one finds that 

2k-3 [O]L 2 -5 ~ [OJL -- (kl -5 2ks) [02]L : 0 [12] 

Combining Eq. [7], [9], [ l la] ,  and [11c], and bearing 
in mind that [O2]r = CL, one obtains 

F -- (kl -5/1:3) CL -- k-3 l O l L  2 = h' (C* - -  eL) 
[131 

which yields 
h" C* -5 k-3 [ O i L  2 

CL -- [14] 
kl  -s k3 + h' 

Elimination of [O~]L between Eq. [12] and [14] re- 
sults in 

(kt -5 2h') k-3 [OIL 2 -5 '~C2 (kl -5 k3 -5 h ')  [OIL 

- - h ' ( k z + 2 k s )  C* = 0  [15] 

which is a quadratic equation for [O]L in terms of 
the only accessible parameter C*. Elimination of CL 
between Eq. [13] and [14] yields an expression for the 
flux in terms of [O]L; the latter concentration is the 
positive solution of Eq. [15]. The growth rate of the 
oxide film is then 

dL nh'  { 
- -  "- 12F = - -  klC* 
dt k~ + 2h' 

+ [-- 
2k-s (kl + 2h') 

-5 (k2 2 (kl St- kS -5 h') 2 

�89 (kz + ks + h') 

-5 4(kl -5 2h') 

�9 h 'k - s  (kl  -5 2ks) C*)~] ~ [16] 
J 

where ~ is the volume of oxide formed per trans- 
ported 02 molecule. As is seen from Eq. [16], the order 
of the reaction, i.e., the dependence of the growth rate 
on the exponent of po~ and thus of C* (cf. Eq. [2]), 
lies between the limits 1/2 and I. It will be seen later 
that these limiting orders can be achieved for certain 
ranges of the temperature dependent kinetic coeffi- 
cients. 

TMckness-time dependence.~In this section the 
rate Eq. [16] is integrated to give the dependence of 
the oxide film thickness on oxidation time and pres- 
sure. To simplify Eq. [16], the following dimensionless 
variable is introduced 

(k, + ks + h') 
~' = [17] 

h' 
or, using Eq. [10] 

T~z+ks  ( D h L )  4 ' = 1 +  1+_-=- [181 

Notice that $' is always greater than 1. If one defines 

four additional parameters 

X = 1 + 2 k3/k, [19a] 

g -" kr [19b] 

A = 2kz C*/(1 + ~) [19c] 

B -- 4kl k - s  k C*/ks 2 (1 -5 ~) [19d] 

which satisfy the relation 

AX -- ~B [20] 
Eq. [16] becomes 

d~' k, (1 -5 ~.) dL ak l (1  -4- k)~ 

dt 2D dt 8D 

A (~" § ~) -5 g[--4' -5 (4 '3 -5 2B (4' -5 "~))1/~] 
[21] 

(~' + X)2 

Let to correspond to the approximate end of the fast 
initial oxidation when L = Lo and 4' = 40'; if one inte- 
grates Eq. [21] from time to to a variable time, t, one 
gets 

II kl (1 + ~)s (t -- to) 

8D 

J~ o' A (4+ ~) + ~ [ - - 4 +  ( ~ + 2 B  ( ~ + ~ ) ) ~ ]  
[22] 

The right-hand side of Eq. [22] is an Abelien inte- 
gral which can be solved by standard substitutions. 
Alternatively, however, using Eq. [20] it is possible 
to reduce the integrand to 

~- 4-5 2 ~ B [ ( ( ~ + B ) S  

- 5 B ( 2 ~ , - - B ) )  1/2- (4-5 B)] } [23] 

the integral of which is readily obtained from tables 
(18). In either case, one finally obtains 

~ k l ( l + ~ . ) a  ( t - - t o )  1 ~ 2  ~' 
: ~  ,, + - - ( 4 + B )  

8D 2A L 2~ -- B }~ 
�9 ( R - -  ( 4 + B ) )  - - ; t B l n I R - -  ( 4 4 - B )  1 [241 

where R represents the radical expression in Eq. [22] 
and [23]. As before, Eq. [18] relates L to ~'. 

Discussion 
In the preceding section, a kinetic scheme led to 

expressions for the oxygen flux, Eq. [16], and the ox- 
ide thickness, Eq. [24]. In this section the general 
pressure dependence of the growth rate is first exam- 
ined. Then the conditions under which linear growth 
occurs are discussed and compared to the experimental 
data reported in Part I of this study. The various cases 
involving diffusion limited growth are discussed in the 
Appendix. 

Incorporating Eq. [2] into the general rate equation, 
[16], one gets 

dL n4'g 

dt 

where 

(2 + kz/h')2 

2k-ak lK 
~s  

2k-3(2k3 + k l ) K  

k2~ 

{a'p--  1 +  ( 1 + 2 ~ ' p )  1/2} [25] 

2 + k d h '  

1 + kl /h '  + kJh"  

2 + kdh" 

(1 + kl /h '  + ka/h') ~ 

[26] 

[271 
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Fig. 3. Normalized plot of Eq. [25] for different values of p': o, .a' - -  O; b, a' - -  I0 a 

Figure 3 shows normalized graphs of the growth 
rate vs.  the oxygen par t ia l  pressure for various pairs 
of values of a' and ~'. The values chosen serve to indi-  
cate the possible var iat ion in the apparent  order of the 
reaction and it is seen that  a continuous t ransi t ion be- 
tween the l imit ing cases of half  power and l inear  pres-  
sure dependence is possible. Moreover, the deviat ion 
from l inear i ty  in  the curves between p = 0.01 and 1.0 
a tm is small and, in our case, falls outside the experi-  
menta l  reach. It  should be noted that the coefficients h', 
,f, a', and/~' depend on the thickness L, making it diffi- 
cult  to fit Eq. [25] to the exper imenta l  results. The 
analysis  becomes considerably more  simple in the case 
of purely  l inear  growth which takes place in suffi- 
ciently th in  films. 

Linear  growth occurs when  the surface (O2-SiO2) 
and the interface (SiO2-Si) reactions are rate  limiting. 
I t  is observed if, and only if, the r igh t -hand  side of 
Eq. [21] and [25] is independent  of L. In  view of Eq. 
[18], this condit ion is me t  if 

hL  
.... D < <  1 [28] 

for all  exper imenta l ly  observed values of L. In  this 
case h" reduces to h and one may define 

= 1 -t- ( k l  -+. k 3 ) / h  [29] 

Defining parameters  ~ and ~, equal  to a" and ~' of Eq. 
[26] and [27], in which the primes have been dropped, 
the l inear  growth rate is 

dL  ~ 
= ( ~ p - - l +  ( l + 2 p p ) ~ . }  [301 

dt  (2 + k l / h )  ~ 

The pressure dependence of the l inear  rate constant  
is the same as that  of the  general  rate constant, there-  
fore, Fig. 3 also depicts Eq. [30]. The coefficients a and 

are now independent  of the thickness, al lowing a 
comparison with the exper imental  values of the l inear  
rate constant. Note that  the expressions for ~ and r 
contain six unknown  reaction rate  constants, each of 
which follows the Arrhenius  law. Comparing Fig. 3 
with Fig. 1, it is a l ready seen that  the exper imental  
results are qual i ta t ively  described by the proposed 
scheme. 

Fur ther  analysis of Eq. [30] depends on the values 
of the pressure and the temperature.  On the basis of 
the physical processes involved, several l imit ing cases 
can be distinguished: 

A s s u m e  the  l imi t ing  process  to occur at the  O2-SiOz 
i n t e r f a c e . - - T h e n  ~ > >  1 and Eq. [30] now reduces to 

dL 
= t l  hC* --  lI K h p  [31] 

dt  

a result  that  is indeed expected and  entai ls  a l inear  
pressure dependence. I t  conflicts, however,  wi th  the 
present  exper imenta l  results and this case must, there-  
fore, be e l iminated from fur ther  consideration. 

A s s u m e  the  l imi t ing  process  to occur  at the  S i 0 2 - S i  
in ter ; face . - -Then  ~ - -  1 and Eq. [30] now reduces to 

: k lC* --  1 
at ::2 .... + T 

( , 
-t- i + -- (kz n u 2ks)C* [32] 

The general  form of Eq. [30] is thus  main ta ined  and 
the observed pressure dependence of the l inear  rate 
constant  can be ful ly explained on the basis of reac- 
tions at this interface only. 

Equat ion [32] allows fur ther  discussion. 

A s s u m e  tha t  the  process  descr ibed  by  reac t ion  [RI] 
can be n e g I e c t e d . - - N o w  Eq. [32] reduces to 

dL ll~, 
(-- I Jr (i + 27P) '/2) [33] 

dt 4 
where 

8 k s k - s K  
[34] 

Equat ion [33] is still characterized by a mixed pressure 
dependence (cf. Fig. 3a). 

A s s u m e  tha t  k~ ~ &--This  simplifies Eq. [32] to 

,, dLdt ---- ~2 klKp,  ~-, --  1 -~ 1 -t- "-~ k l K p  

[35] 

while main ta in ing  a mixed pressure dependence. 
Fur ther  analysis of this case shows, however,  that  
both for small  and for large values of the parameter  

k l K  ) ,  a 
- 7  first order is ob- pressure dependence 

# 

tained; and even for in termediate  values of this pa ram-  
eter 
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dL 
r162 p* [36]  

dt 

where 0.9 ~ x ~ 1.0. This subcase, therefore, results 
in a ra ther  unsatisfactory solution. 

Assume that the process described by reaction [R2] 
can be neglected.--Now Eq. [36] can be wri t ten as 

dL _ 12F = ~ k lKp  [37] 
dt 2 

It is seen that this case is precluded on basis of the 
first order pressure dependence. 

Assume that the processes described by reaction 
[R3] are negligible.--This simply reduces Eq. [32] to 

dL 
" ~ ~ klC* : r K kip [38] 

dt 

This is exactly the l inear  si tuation described by  Deal 
and Grove (10) for short oxidation times; again, it 
does not  exhibi t  the required pressure dependence. 

Summariz ing the case of l inear  growth, it was seen 
that several  combinations of ra te- l imi t ing  steps give 
rise to the observed pressure dependence of the l inear  
rate constant. At this t ime it cannot be concluded 
unambiguously  which of the steps in  the proposed 
reaction scheme is associated with the part  that  is 
l inear  in pressure, as ei ther reaction [R1] or reaction 
[R3] could be responsible. It  is clear, however, that 
the part  following a half power dependence stems 
from the reaction of atomic oxygen with silicon at 
the SiO2-Si interface. 

In  discussing the differences found between sam- 
ples of different surface orientation, we wi l l  use an 
approach similar  to the one of Ligenza (19) who, 
using high pressure s team as an oxidant, observed 
that the oxide growth was l inear  in t ime and in 
steam pressure and depended strongly on the silicon 
orientat ion (k~110) > k(311) > k(l l l)) .  This orientat ion 
effect was assumed to stem from the different number  
of bonds accessible to the oxidant  per uni t  area. Al-  
though no experiments  were reported using (100) 
material,  it was calculated that  this orientat ion should 
have the highest activation energy for oxidation, as 
well as the smallest surface densi ty of available reac- 
tion sites. The approach used is valid because the rate 
of growth of the oxide film, i.e., the silicon oxidation 
rate, is proport ional  to the n u m b e r  of accessible bonds 
per un i t  area at a given time. Some basic shortcomings 
of Ligenza's approach, which cannot  be remedied 
easily, are that  the surface p lanar i ty  is thought to be 
ideal regardless of orientation, latt ice relaxations at 
the oxide-semiconductor interface are not  considered, 
and various surface defects (e.g., dislocations) cannot 
be taken into account. A more practical objection is 
that the existing t rea tment  does not take into account 
the fact that  for the (111) orientation, in which we 
are interested, two different kinds of atoms can be 
distinguished on the basis of their  position with respect 
to the surface. One type is connected to the under ly ing  
atoms by  three bonds at an angle of 19~ with the 
surface, the other type is connected by only one bond 
at an angle of 90 ~ . If this is properly accounted for 
one may expect an over-a l l  react ion rate of the follow- 
ing form to be operative 

1 1 1 

k k T  3 k B  

where kw refers to the reaction rate  with the three 
angled bonds and ks to the reaction rate with the per-  
pendicular  bond. In  (I00) oriented material,  on the 
other hand, all surface atoms are equivalent  and are 
connected to the substrate by two covalent bonds that 
make an angle of 35o16 ' wi th the surface. Thus in this 
case a single reaction rate can be used. The fact that  

our  exper imental  results show that  k i l n ( I l l )  > 
klin(1O0) indicates that  kB is sufficiently large to pre-  
serve the sequence deduced by Ligenza. All  other 
exper imental  conditions being equal, our results also 
show that, for oxidation on (100) or iented substrates, 
the order of the reaction is lower. This reflects the 
higher degree of steric h indrance  for this direction 
for which direct reaction wi th  molecular  oxygen is 
apparent ly  less favored than  for the (111) orientation. 
This difference be tween the two orientat ions contrasts 
with the one found for the  etch rates in  wet  ambients  
where the close packed (111) surface is less reactive 
(20). 

Using the variable  metric  method (21), numer ica l  
values for the constants in  Eq. [32] were calculated 
for the <111> orientat ion from the exper imenta l  data 
with the help of an  IBM 360/91 computer. Reflecting 
the greater exper imenta l  precision, relat ively more 
weight was given to data points represent ing higher 
growth rates. A m i n i m u m  value of the following ex- 
pression was sought 

dL '/* 

This procedure gave a very  satisfactory fit to the ex-  
per imental  points and resul ted in  

= o0 -o0  

Expressing the activation energies in electron volts, it 
was found that  

~2~ ---- 4.72 exp (--2.07/kT) c m m i n  -1 

klK/~ : 1.75 exp (O.16/kT) arm -1 

k~K/~ : 8.12 • 10 -6 exp (1.49/kT) a tm -1 

The solubili ty of molecular  oxygen in vitreous silica 
is approximately  constant  over the tempera ture  range  
involved (700~176 which means that  in Henry 's  
law the exponent ial  t e rm con ta in ing  the entha lpy  of 
solution, exp ( - -AH/RT) ,  varies approximately as T at 
these temperatures,  thus a single value of K -~ 7.5 • 
1016 cm -3 a tm - i  can be used (22). Est imat ing ~ = 4.44 
• 10 - ~  cm 3, one calculates 

kl = 2.47 • 106 exp (--1.91/kT) cm mi n - 1  

k3 -~ 1.15 • 101 exp (--0.58/kT) cm m i n  -1 

= 1.06 • 102z exp (--2.07/kT)  c m - 2 m i n - i  

)~ -- 1 -p 2k3/kl = 1 + 9.3 X 10 -B exp (1.33/kT) 

2~ 
-- 1.14 exp (--0.16/kT) 

B 

�9 {1 -P 4.65 • 10 -6 exp (1.33/kT}po2 -1 

Table I shows typical  values of these parameters.  The 
activation energy of kl (1.91 eV) is very similar to the 
value reported by Deal and Grove (10) (1.99 eV). 3 

s U s i n g  t he  s ame  p r o c e d u r e  to  fit  Eq, [33] to  t he  r e s u l t s  y i e l d s  a 
v a l u e  of  1.89 eV fo r  t h i s  a c t i v a t i o n  energy ,  I n  t h i s  case, h o w e v e r ,  
t he  o v e r - a l l  a g r e e m e n t  b e t w e e n  ca l cu l a t i on  a n d  e x p e r i m e n t  is  less  
satisfactory. 

Table I. Typical values of the kinetic coefficients, kl and k3, and 
the parameters )~ and 2X/B for < 1 1 1 >  Si 

T (~ k~ (cm min-D k.~ (cm rain-i) X 2x/B (atm-~) 

700 3.21 • 1O-~ 1.14 • 10-~ 72.4 6,22 
800 2.68 X 10 -a 2.18 X 1O-e 17.3 1.85 
900 1.56 x 10 -~ 3.72 • 10-'-' 5.78 0.79 

1000 6.86 X 10-'-' 5.84 • 10 -~ 2.70 0,49 
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Knowledge of the equi l ibr ium constant  for reaction 
[R3] in the gas phase is not sufficient to calculate k-~ 
since the solubili ty of atomic oxygen in vitreous silica 
is unknown.  Although k3 has been calculated, a sepa- 
rate de terminat ion  of either k -3  or k2 is impossible, 
since they only occur combined in ~. It is seen that  
decreases with increasing temperature,  reflecting the 
fact that reaction [R1] becomes dominant.  

Summary 
A model describing the oxidation kinetics of silicon 

in oxygen has been developed to account for the ex- 
per imenta l ly  observed nonl inear  pressure dependence 
of the l inear  rate constant. Based on earlier l i terature 
it was assumed that  molecular  oxygen is t ransported 
through the oxide, giving rise to a l inear  pressure de- 
pendence of the parabolic rate constant. The essential 
feature of this model is to allow for two parallel,  com- 
peting reaction processes at the SiO2-Si interface. In  
the first process, O2 reacts with Si-Si  bonds forming 
Si-O-Si  and O; in the second one, 02 dissociates prior 
to reaction with Si. The former process is dominant  at 
high temperatures,  the lat ter  becomes more important  
at lower temperatures.  A comparison with the experi-  
menta l  data for <111> oriented mater ia l  made it 
possible to calculate some of the rate constants in -  
volved. 
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APPENDIX 
In the general  case, the growth law [243 affords a 

discussion of thick film growth kinetics for which dif-  
fusion effects are important .  The following discussion 
will  show that  the growth kinetics remain  essentially 
of the mixed l inear-parabol ic  type. Inspection of Eq. 
[24] shows that its form depends critically on the rela-  
tive magni tude  of 2L and B. This is not surpris ing 
since, in the l imit  k --> 1, reaction [R1] completely 
dominates reaction [R3] ; whereas, for ~ ~ oo, the con- 
verse is true. The ratio 2k/B = (k2/kl) 2 (kl 4- kz) /  
k-sC* provides a more s t r ingent  condition since it de- 
pends on the ratio kl/k2. For example, even when 

> >  1, the process [R2-R3] will  dominate over [R1] 
only if k2 > kl, which implies that  2k/B > 1. Table I 
shows that  B < 2~ holds at low temperatures,  whereas, 
B > 21 is satisfied at high temperatures,  the t ransi t ion 
point  occurring at roughly 865~ The growth law [24] 
can now be cast into the following form 

2tiC* (k~ 4- k 3 ) 2 ( t  - -  to)/D -- ~,2 _ ~o,2 4- )~B(S-  So) 
[Al l  

or in  terms of the thickness L, related to 4' by Eq. [18] 

2I%DC* (t - -  to) --- L 2 -- Lo 2 
4- 2D(1/h 4- 1/(k l  4- ka) ) (L -- Lo) 

4- (D/(k~ 4- ks))ekB (S -- So) [A2] 

where S is defined as 

S - -  

( ~I[(n24- i ) ' / ' - - ~ I ] - - I n [ ( n 2 4 - l ) ' / , - - ~ l ]  i f B < 2 k }  
~[~_ (g2_ I)'/~] -- In [~-- (~2_ I)'/2] ifB>2Z 

[A3] 

Table II. Typical values of the kinetic coefficients kB, 
(kl -~ ka)/D, and (kl 4- k3)/h for <111> Si 

(k~ + ks)/D 
T (*C)  D ( c m 2  m i n - ~ )  hB ( c m - ~ )  (kl + ka)/h 

7 0 0  0 . 1 5  x 10 -7 1 6 8 0  8 . 0 4  x 10 ~ 7 .06  • 10 
1 0 0 0  3 . 8 9  x 10  -v 3 0  3 . 2 6  x 10  ~ 7 .62  • 1 0  --~ 
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Fig. 4. Comparison of the parabolic and logarithmic terms ~"~ and 
S as given in Eq. [Ai] .  

3.0 5.5 4D 

and is a funct ion of the arguments  

n _-- (~' + B) [B(2k -- B)] -',~ ifB <2k} [A4] 

= (4' + B) [B (~ -- 2B) ] -  ,/2 if B > 2?, 

Equation [A2] shows that the oxidation kinetics are of 
mixed l inear-parabol ic  type with a correction term S 
which will  be discussed presently. The expression So 
in Eq. [Al l  and [A2] is obtained by evaluat ing S, 
given by Eq. [A3] and  [A4] at 4' ---- 4'0. Notice that  ~ is 
always greater than  1 and that the logarithmic terms 
in S can be expressed as inverse hyperbolic functions. 
The relat ive importance of the function, S, for thick 
films can be seen in the following way. Using numer i -  
cal values for h ( ~ 1 0  s ~/h) (10) and D (21), together 
with the results as given in Table I, an estimate of 
(kl + ka)/D and (kl 4- ks) /h  can be made; the result  
for a "low" and a "high" tempera ture  is given in Table 
II. From Eq. [18], one finds that 

~'(7OO~ ~_-- 1 4- 8 • 105L cm 

$'(1000~ _~ 1 4- 3.3 X I05L cm 

and from Eq. [A4] that 

•(70O~ -- 9.46 4- 0.15 X 10 ~ L cm 

.~(100O~ _~ 1.54 4- 0.42 X 105L cm 

It  follows that, for L --~ 1000A, }', ~q, and f are of the 
same order of magnitude.  The functions ~,2, S (n) ,  and 
S(D are plotted in Fig. 4. Although the functions S 
ini t ial ly increase l inear ly  with L, thus contr ibut ing to 
the l inear  growth which was discussed previously, 
their behavior is logarithmic for larger thicknesses. 
More precisely, their asymptotic behavior  is 

S ~ 0.5 4- In (2 (n or ~) ) [A5] 

and is presented as a dashed curve in Fig. 4. Thus, ex- 
cept perhaps for very low temperatures  when  IB be- 
comes very large, the correction term, S, is negligible 
in the thick film region. 

Summariz ing the general  case, the growth kinetics 
described by Eq. [A2] are of mixed l inear-parabolic  
type with a logarithmic correction for large L. The 
parabolic rate constant  is identical  to the one derived 
by Deal and Grove (10). 

LIST OF SYMBOLS 

Co, CL 

C* 
D 
F 
L 
t 
h 
Vrt 
kn, k -~  

K 
Po2, P 

concentrat ions of diffusing species at the 
SiO2-O2 and SiO2-Si interface, respectively 
equi l ibr ium concentrat ion of 02 (Henry 's  law) 
diffusion coefficient 
flux of diffusing species 
oxide thickness 
oxidation t ime 
transfer  coefficient at the SIO2-O2 interface 
reaction velocity of the n ' th  reaction 
forward and reverse rate constants for the n ' th  
reaction 
Henry 's  constant  (cf. Eq. [2]) 
oxygen part ial  pressure 
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volume of SiO2 formed per  t r anspor ted  mole -  
cule O2 

In general ,  a p r ime  added to a symbol  implies  tha t  
diffusion effects are  expl ic i t ly  included.  
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A Quantitive Calculation of the Growth Rate of 
Epitaxial Silicon from SiCI4 in a Barrel Reactor 

E. Fujii, H. Nakamura, K. Haruna, and Y. Koga 
Central Research Laboratory, Hitachi Ltd,, Kokubunji, Tokyo, Japan 

ABSTRACT 

A model  is proposed  for the  ep i t ax ia l  g rowth  of s i l icon in a ver t ica l  r e -  
ac tor  where  the  r eac tan t  gas flows pa ra l l e l  to sil icon wafers.  I t  is assumed 
tha t  the  g rowth  r a t e  of deposi ted silicon is mass - t r anspor t  control led,  and  the 
equi l ib r ium react ion is SIC14 -~ 2H2 --~ Si  ~- 4HCI. The model  considers  the  
profiles of the  gas veloci ty  and the t empe ra tu r e  of the  r eac tan t  gas, and also a 
decrease of the  concent ra t ion  along the gas flow. The growth  ra tes  at  var ious  
posi t ions along the susceptor  are  calcula ted under  the  condit ions of subs t ra te  
t empera tu re s  II00~176 wal l  t empera tu re s  300~176 reac tan t  gas flow 
rates  40-120 l i t e r s /min ,  and concentra t ions  of SIC14 to H2 0.004-0.008 in mole  
ratio.  The growth  ra te  is expressed as a function of the  dimensions of the  
react ion chamber ,  and  susceptor  and of process var iables  such as the  concent ra -  
tion, the  gas flow rate,  and the t empera tu re .  Using the function, the  sensi-  
t i v i ty  analys is  of process va r iab les  to the  growth  ra te  is invest igated.  Good 
ag reemen t  be tween  the theory  and the expe r imen ta l  resu l t  of the  growth  
ra te  is obtained.  

This paper  describes quan t i t a t ive ly  the  growth  ra te  
of ep i t ax ia l  silicon layer  in a ver t ica l  reactor  using r ea -  
sonable  approx imat ions  to the sil icon ep i tax ia l  process. 

Seve ra l  theore t ica l  models  have  been proposed  to 
exp la in  the  ep i t ax ia l  g rowth  ra te  of sil icon by  the  hy -  
drogen reduct ion  of chlorosilane,  e i ther  in a ver t ica l  
reac tor  whe re  the  r eac tan t  gas is passed ver t ica l ly ,  or  
in  a hor izonta l  reac tor  whe re  the  r eac tan t  gas is passed 
hor izontal ly .  These theories  a re  main ly  d iv ided  into 
th ree  types:  the rmodynamic ,  bounda ry - l aye r ,  and 
pa ra l l e l  plate.  

S te inmaie r  (2) and Seki  et al. (3) t rea ted  the  SiC14- 
I-i2 and the SiI4-H2 systems, respect ively ,  using the first 
theory.  The equ i l ib r ium composi t ions of the  component  
in the gas phase  were  calculated.  A hypothe t i ca l  sil icon 
pa r t i a l  pressure  in t e rms  of the  pa r t i a l  pressures  of 
each component  was r e l a t ed  to the  growth  r a t e  or  the  
e tching r a t e  of silicon. Lever  (4) m a d e  a t h e r m o d y -  
namical  ca lcula t ion of the  Si-H-C1 sys tem in detai l .  
Sedgwick (5) proposed the quas i -equ i l ib r ium model  
which consists of the  theore t ica l  effective concent ra -  
t ion factor  a used also by  Lever  and of an appara tus  
factor  ~. In  genera l  the  t he rmodynamica l  analysis  can 

K e y  words :  silicon ep t t axy  ~rom SiCl4, ep i t axy  in a bar re l  reactor ,  
calculation of  ep i tax ia l  g rowth  rate,  controlled m a s s  t ranspor t ,  
chemical  vapor  deposit ion. 

provide  informat ion about  the  ac tua l  mechanism of a 
react ion sys tem only  when  the  process is under  suffi- 
c ien t ly  low flow rate,  which  is requ i red  for  the system 
to be in equi l ibr ium.  

The second theory,  the  b o u n d a r y - l a y e r  theory  by  
Bradshaw (6),  is app l ied  only  to ver t ica l  react ion 
chambers .  I t  is assumed tha t  there  is a bounda ry  l aye r  
of a r e l a t i ve ly  s tat ic  gas ad jacen t  to the  sil icon su r -  
face. The g rowth  ra te  is l imi ted  by  diffusion of r e -  
actants  and by-produc t s  across the bounda ry  layer .  
Evers teyn  (7) proposed a s tagnant  l aye r  model  ana-  
logous to the b o u n d a r y - l a y e r  theory.  The s tagnant  
l ayer  thickness  is assumed to be  constant  along the  
susceptor,  but  in r ea l i ty  the  thickness  of such a s tag-  
nant  or bounda ry  layer  is genera l ly  not  uni form but  
var ies  in the  direct ion of gas flow. I t  is doubt fu l  t ha t  
the  s tagnant  l aye r  th ickness  in the  case of the  Sill4 
sys tem equals  tha t  of the  TiO2 system tha t  was used to 
es t imate  the s tagnant  l aye r  thickness.  

The th i rd  theory,  the pa ra l l e l  plate  theory  by  Shep-  
herd  (8), is appl ied  to the  hor izonta l  reac t ion  chamber.  
Two asumptions  are  made  here:  tha t  the  gas veloci ty  
profile is a fu l ly  deve loped  pa rabo la  and tha t  the  
gas t empe ra tu r e  profile is a l inear  g rad ien t  a long the 
dis tance no rma l  to the  gas flow. 
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The above theories,  however ,  do not  involve  the  de -  
crease of concentra t ion of the  r eac t an t  due to the  s i l i -  
con deposi t ion in the d i rec t ion  of the  gas flow. Rundle  
(1) proposed the model  in which  the  decrease  of the  
concentra t ion  of the  r eac tan t  is considered.  The model  
is appl ied  to the hor izonta l  reactor  by  assuming tha t  
the  gas veloci ty  and the t empe ra tu r e  a re  constant  
th roughout  the  react ion chamber .  Bradshaw (6) and  
Rundle  (1) a t t empted  to de te rmine  the  dependence  of 
the  g rowth  ra te  on the  subs t ra te  t empera ture ,  on the  
flow rate,  and on the dis tance along the gas flow. 

In the  presen t  pape r  two main  factors  are con- 
s idered:  the decrease  of concentra t ion  and the d imen-  
sions of a reac t ion  chamber .  A coaxia l  cy l indr ica l  tube  
is used to s imula te  the  ver t ica l  reac tor  whe re  the  
r eac tan t  gas flow is d i rec ted  pa ra l l e l  to the  sil icon 
substrates .  I n  adddi t ion  to the above-ment ioned  two 
factors the  gas veloci ty  and the t e m p e r a t u r e  profiles 
in the  react ion chamber  are  considered in this  mode. 
The cont inui ty  equat ion in such a model  is solved 
under  var ious  process conditions. The growth  r a t e  of 
s i l icon in the di rect ion of gas flow and the  process  
character is t ics  are  ca lcula ted  and compared  wi th  ex-  
pe r imen ta l  values.  Fu r the rmore ,  sens i t iv i ty  analysis  of 
the  process pa rame te r s  and  the  reac tor  dimensions to 
the  growth  r a t e  a re  discussed. 

Theory 
The appara tus  designed to pe r fo rm the g rowth  of the 

deposi ted sil icon l aye r  by  the  hydrogen  reduct ion  of 
silicon te t rach lor ide  is shown schemat ica l ly  in Fig. 1. 
The cont inui ty  equat ion for a gaseous reac tan t  is 

dC 
--  --  div (VC -- D grad  C) [1] 

dt  

where  C is the  concentra t ion of the reactant ,  V is the  
gas velocity,  and D is the diffusion coefficient of the  
reactant .  The react ion of sil icon deposi t ion is usua l ly  
car r ied  out at  the  subs t ra te  t empe ra tu r e  be tween  1100 ~ 
and 1300~ to produce  good single c rys ta l l ine  films. By 
calculat ing veloci t ies  f rom the equat ions  b y  B i rd  (9) 
under  the  typ ica l  ep i t axy  condi t ion the  mean  veloci ty  
component  of the gas in the rad ia l  d i rec t ion  caused by  
the na tu r a l  convection (5 cm/sec)  is neglected corn- 
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Fig. 1. Apparatus for silicon epitaxial reactor: ( I )  quartz tube, 
(2) induction coil, (3) input gas, (4) quartz cap, (5) graphite sus- 
eeptor, (6) silicon substrate. 

par ing  wi th  tha t  in  the  ax ia l  d i rec t ion  (50 cm/sec ) .  
The (Gr) ' /~/Re (=u/v) is appl ied  as a p a r a m e t e r  of 
cr i t ica l  ranges  for  the  free, the  combined,  and  the  
forced convect ion flows, where  Gr  and  Re a r e  Grashof  
and Reynolds  numbers ,  respect ively,  and u and v show 
perpend icu la r  and  pa ra l l e l  veloci ty  components  in the  
axia l  direction,  respect ively .  Takahash i  (10) and Suga-  
wara  (11) r epor ted  tha t  vo r t ex  or spi ra l  flow vanishes  
when  the range of G r / R e  2 is less than  1-4 or 3-7, r e -  
spect ively.  The Gr'/~/Re in this  expe r imen t  of silicon 
ep i t axy  is 0.1 and is inc luded in the  range  of vor tex  
vanishment .  The Reynolds  number  for  the  ep i tax ia l  
process is not  g rea te r  t han  100 under  typ ica l  opera t ing  
conditions,  therefore,  the  gas flow is assumed to be 
laminar .  The ve loc i ty  profile of the  gas in the  reac tor  
is a pp rox ima te d  to the  fol lowing equat ion for  an  iso- 
the rmal  sys tem as given by  Bi rd  (9) (Append ix  I ) .  

2V 
Vz --- V (r)  = (d,y 

1 - - \ d 2  / 

ch IOge ( 

)1 d~ / v 

V( r )  is the gas veloci ty  at  a dis tance r f rom the  cen-  
t e r  of the  coaxial  cy l indr ica l  tube, V is the  average  
gas velocity,  dl and d2 are  the  inner  and the ou te r  
radii ,  respect ively .  

The gas t empe ra tu r e  profile pe rpend icu la r  to the  d i -  
rect ion of the  gas flow is to be de te rmined  only by 
the rmal  conduction, because the  reac tan t  gas does not  
absorb  hea t  and the gas flow is laminar .  A n y  con t r ibu-  
t ion of na tu ra l  convect ion to the  hea t  conduct ion is 
neglected.  The gas t e m p e r a t u r e  in the  di rect ion of the 
gas flow is taken  to be constant.  The gas t empe ra tu r e  
profile is as fol lows (9) 

Tz--T2 . l o g e (  r ) T(r) : T1-- ( d ~ )  ~ [3] 

lOge ~ 1  

T ( r )  is the  gas t e m p e r a t u r e  at  a d is tance r f rom the 
center  of the  susceptor  and T1 and T2 a re  the  subs t ra te  
and  the reac tor  wa l l  t empera tures ,  respect ively .  

The diffusion coefficient in the  b ina ry  sys tem is ca l -  
cu la ted  f rom Fu j i t a ' s  equat ion (12) which  gives nea r ly  
equal  va lue  as tha t  f rom Arno ld ' s  (13) or  Hi r sch-  
fe lder ' s  (14) equation.  Fu j i t a ' s  equat ion  is 

0 . 0 0 0 7 0 . (  1 1 ~ 1`2 
DI2 : [4] 

TC, ~1/3 _ _ ) 1 / 3 ) 3  

where  subscr ipts  1 and 2 r e fe r  to the  gaseous com-  
ponents  1 and 2, respect ively ,  Tc is the  cr i t ica l  t em-  
pera ture ,  and  Pc is the  cr i t ica l  pressure.  Using Eq. [4] 
the  diffusion coefficients of H~-SiC14 and HC1-SiC14 
a re  ca lcula ted  to be 5.734 and 1.258 (cm2/sec) ,  r e spec-  
t ively,  a t  1500~ and 760 Torr.  The diffusion coefficient 
in the  mul t i component  gas sys tem is ca lcu la ted  by  
Wilke ' s  equat ion (15). 

The over -a l l  deposi t ion react ion can be expressed  by 

SIC14 + 2H2-> Si -l- 4HCI [5] 

because the concentra t ion of chlorosi lane to hydrogen  
is below 0.01 in mole  ra t io  (Append ix  I I ) .  The con- 
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t inu i ty  equat ion [1] for  the  s teady  s ta te  under  the  as-  
sumpt ions  descr ibed above  becomes 

D O2C ( D  OD ) 8C 82C V OC 
0~ ~ +  7 + 0r --~/+D . . . . .  : 0  OZ 2 OZ 

[6] 

It  is assumed tha t  the react ion is completed  at  the  
sil icon surface under  the  mass - t r ans fe r  control led  
condition, and therefore  the  concentra t ion of chloro-  
silane at this surface is zero. No decrease  of the  con- 
cen t ra t ion  at the reactor  wal l  is assumed. The concen- 
t ra t ion  grad ien t  at  the  reac tor  wa l l  is t aken  to be zero. 
the  bounda ry  condit ions of Eq. [6] become 

0C 
....... = 0  at  r = d 2  [7] 

a r  
and 

C : 0  at  r = d t -  [8] 

Equat ion [6] is solved using the  bounda ry  conditions,  
and OC/ar is obtained.  The  flux of the  reac tan t  to the  
subs t ra te  ( r  = dD, J ,  is 

J =  ( D  OC 

Express ing the growth  ra te  13 in microns per  minute,  
the  fol lowing equat ion can be obta ined 

G=6.00.105"~" \ - ~ r /  [1O] 
@ r : d l  

where  M is the  atomic weight  of sil icon (28.09 g /mo le ) ,  
and  p is the dens i ty  of sil icon (2.33 g/cm3).  

Solution o~ continuity equation.--It is assumed tha t  
the  concentra t ion of the  reac tan t  m a y  be expressed  as 

C ( r ~ g )  "-- C r ( r )  �9 C z ( Z )  [ 1 1 ]  

where  Cr ( r )  and Cz(Z) a re  the  rad ia l  and the  ax ia l  
components  of concentrat ion,  respect ively.  

Mass t ranspor t  in the  reactor  is descr ibed by  consid-  
er ing the three  layers  for the  rad ia l  direct ion,  as 
shown in Fig. 2. In  the centra l  region, the  reac tan t  is 
assumed to be car r ied  by  the  gas flow caused by  a 

input gas 
, Z 

2~ 
mlCO 

Y 

~1 TM 

> 

A 

> 

V 

V ~ -- "D when 

r=~ l  or r=~2  

dz ~z ~i d~ 

Fig. 2. Mass transport in the reactor 

pressure  gradient .  In  the  ne ighborhood of t he  reac tor  
wal l  and the susceptor,  the  gas veloci ty  is low because 
of in te rac t ion  of the  gas wi th  the  w a l l  and  the  sus-  
ceptor. In  this  case the  r eac tan t  is ca r r ied  by  the diffu- 
sion resul t ing  f rom the concentra t ion  gradient .  

The th ree  d iv ided  layers  of the  rad ia l  d i rec t ion  are  
now considered in turn :  

02C 
(a). 81 < r < 8e.--In this  region the  t e rm  D in 

OZ 2 
OC 

Eq. [6] can be neglec ted  in comparison wi th  V ~  
OZ 

except  near  51 and 82. Equat ion [6] wi th  Eq. [11] gives 

1 OCz 1 [ 02Cr 
~ ' ~  �9 ~ D 
Cz OZ Vz (r) �9 Cr Or 2 

-5 ~ +  - - ~ r  / = -  ~ [121 

: constant  [13] 

The  fol lowing two equat ions  are  obta ined  f rom Eq. 
[12] and [13] 

Cz = a . e-~ z a : c o n s t a n t  [14] 
and 

d2Cr ( 1 dD 1 ) dCr 1 
dr---~ + -~ d---V -~- 7 "-hTj + -~ " ~ " Vz(r)  " cr = o 

[15] 

(b). 8e < r < de or dl < r < 81.--In this  region the 
OC 02C 

t e rm  V~ ~ -  can  be  neglec ted  in compar ison wi th  D 
OZ 2 

except  near  81 and 82. Thus, Eq. [6] leads to 

1 02Cz 1 ( 0 2 C r  1 (  OD D )  

c, oz2 - cr ~ + -5 -j-~ + --r 

OCr ) 
.......... --__ _~ '2  [16] 

Or 

~ ' :  constant  [17] 

Equat ion [16] and [17] lead  to 

Cz = a' . e-Wz a' : constant  [t8] 

and 

d ~ r  ( l 2 -D 1 )  -5 d--~- + ~- + ~'2. Cr = 0 [19] 

From Eq. [14] and [18], Eq. [11] is given by 

C = Or" e -kz k : constant  [20] 

The  81 and 83 app rox ima te  the  inner  and  the outer  
radi i ,  respect ively .  F o r  example  

81 = dl + (,~lO-a cm) 
and 

8~ = d2 --  (,-~10-3 cm) 

in the case of flow rate  100 l i t e r s / r a in  wi th  the  above 
ment ioned dimensions,  (cf. Append ix  I I I ) .  The regions 
52 < r < d2 and dt <: r < 81 can p rac t i ca l ly  be ne -  
glected. Thus Eq. [6] and [20] a re  wr i t t en  as 

( 1 ) d C r  1 d2C, 1 dD +7" ~ + - 5  ~. v~.c~=o 
dr--T+ - f f - ~ j  

[21] 

C = Cr " e-Bz [22] 

The ~ is not  only  the  separa t ion  constant  of the  va r i -  
ables  r and z as shown in Eq. [12], bu t  also a p a r a m e t e r  
of the  concentra t ion decrease  in the  d i rec t ion  of gas 
flow f rom Eq. [22]. Subs t i tu t ing  Eq. [22] in Eq. [7] 
and [8], the  bounda ry  condit ions become 
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dCr 
= O  when  r : d 2  [23] 

dr  

C r : O  when  r : d l  [24] 

In  order to solve the second order differential Eq. [21] 
for Cr ( r )  (rl  < r < r2) by the Runge-Kut t a -Gi l l  
method, Cr and dCr /dr  at r = dl or r = d~ must  be 
given. A method of solving Eq. [21] is to derive Cr at r 
= d2 and to use Eq. [23J. Equat ion [21] is to be solved 
so that  the boundary  condition Eq. [24] is satisfied. In  
this method dCr /dr  at r = dl instead of Cr at r = d.2 
can be derived, and Eq. [21] is solved under  the 
boundary  condition Eq. [23]. 

Der iva t ion  of dCr /d r  at  r : all.---Co and  CL indicate 
the mean concentrat ion at z : o and z = L, respec- 
tively. Z denotes a distance from the top of the sus- 
ceptor in the axial direction. The mean  concentrat ion 
at z = o is given by 

1109 

C~= 

y : =  Co " 2at  �9 dr  
l 

fd  ~= 2nr �9 dr 
1 

y •  T �9 2,~rdr 
1 d2S(T1 - -  T2) 

T :  : T I  - ~2=rdr d22--d12  

T . R .  ( I~-CM) 

while the mean  tempera ture  in the reactor is given by 

T1 --  T~ 
-{- (~ [26] 

d2 
2 log - -  

dl 

P . C u  
(mole/cmS) [25] 

[24] and [32]) should be solved subjected to the 
boundary  condition (Eq. [23] ). I t  is difficult, however, 
to obtain a solution to satisfy Eq. [23] owing to the in-  
clusion of the u n k n o w n  ~ in Eq. [32]. Fur thermore,  the 
opt imum f~ has not been found. In  the case when  Eq. 
[21] with the ini t ial  conditions (Eq. [23] and [33]) is 
solved to satisfy the boundary  condition (Eq. [24]), 
the solution as well  as the opt imum ~ are obtained 
fairly easily. The wall  temperature  which cannot be 
measured exactly is involved in  Eq. [33]. The sensit iv- 
i ty of the wall  tempera ture  to the growth ra te  is, how- 
ever, low as will  be described later. The calculation 
in the next  paragraph is made by this method where 
the ini t ia l  conditions at r = d2 are assumed. The 
growth rate and fl are obtained with good accuracy 
by dividing the radius into 10O increments,  

Results and Discussion 
T h e  caZcu~ation of t h e  gvo'wth rate based on  the  

m o d e I . ~ T h e  calculation of the growth rate based on 
the model is made for various diffusion coefficients 

where R is 82.06 cm8 a tm/ (deg  mole),  P is the pres- 
sure in the reactor, and CM is the mole ratio of chloro- 
silane to hydrogen at the entrance of the reactor. From 
Eq. [22] and [25] the relat ion between Co and CL be-  
c o m e s  

e L  = C o  �9 e - E L  [27] 

The mole numbers  of the feeding gas per second is 
wr i t t en  as 

:r (d2 ~ - d l  2) "V'Co [28] 

and that  of the effluent gas per second is 

" (d22 -- dl 2) " V " eL [29] 

The react ion gas, which is passed through the feed. pipe 
with pressure Po, temperature  To, and flow rate F, 
expands in  a reactor with pressure P and mean  tem-  
perature T. The gas volume through the reactor per 
second is 1000/60 �9 T / T o  �9 P o / P  �9 F. Thus the mean  
velocity of gas in the cross section is given by 

gas flow per second 
V - -  

cross-sectional area of the reactor tube  

16.67 �9 F �9 T �9 Po 
= [303 

=" ( d 2 2 - d l  2) " T o ' P  

where F is the total gas flow (in 1/min) at To (~ 
and Po (Torr) ,  Po and To are the pressure, 919 Torr  and 
the temperature,  298~ of the reactant  gas before 
enter ing into the reactor, respectively. The mole n u m -  
bers of the deposited silicon between z : o and z : L 
is given by 

T / r=dz " 2ndl �9 dZ  [31] 

in many  gas systems and for various process param-  
eters such as substrate temperature,  reactor wall  tem- 
perature, concentration,: and gas flow rate. The ap-  
paratus dimensions used in  the above calculation are 
as follows: the silicon carbide coated graphite sus- 
ceptor is about 30 cm long and about 11 cm in  diameter, 
and the quartz tube  reactor is about 17 cm in  diameter. 
Figure 3 shows the results of the calculations of the 
growth rate along the susceptor for the various gas 
compositions. Three kinds of reaction gas system are 
considered. The first system is, SiC14-H2, where the 
main  reactant  gas is hydrogen and chlorosilane dif- 
fuses into hydrogen, the second system is, HC1-SiC14, 
where hydrogen is stagnant,  and the third system is, 
H2-HC1-SiC14, where  chlorosilane diffuses into the 
mixture  gas of hydrogen and hydrogen chloride. The 

2~ 

~.o!= 

0.5 

o 

....... . ~  Hz  - S i  C t  4 

~ , ~  H2 - S i C L 4 -  HCL 

.......... o ~  HOt  - S i C L  a 

5.8 f l , 6  17.4 2 3 . 2  2 9 , 0  

Position olong fhe suscepfor (cm) 

Fig. 3, Logarithm of the growth rate as a function of the diffu- 
sion coefficient in various gas components. Substrate temperature 
1200~ wall temperature 850~ mote fraction 0.005, flow rate 80 
liters/min (calculated). 

Equations [27] through [31], lead to 

dCr I Co . V . (d2 ~ -  dl  ~) 

: I = ~ . ,  Dir=az [32] dr  r=dl 2dl �9 

Deriva t ion  o] Cr at r = dz. - -Exper imental ly  in 
SiC14-H2 systems the reaction gas decomposes near  
the silicon substrate and silicon does not deposit on the 
reaction wall. Therefore, it is assumed that  there is no 
deposition on the walls  of the reaction chamber. Cr is 
given by the ideal gas law 

P �9 CM 
Cr : [33] 

T 2 " R "  ( l q - C M )  

Given a proper ini t ial  value into the u n k n o w n  pa ram-  
eter f~, Cr and dCr /dr  becomes constant, and Eq. [21] 
is solved. In  the case that  a boundary  condition is not 
satisfied, fl is varied recursively for Eq. [21] to be 
satisfied. Equation [21] with boundary  conditions (Eq. 
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A 300 ~ 
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r / 850~ o 

.,:: 0.5 L ~ e  
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Position oloncj the susceptor (cm) 

Fig. 4. Logarithm of the growth rate as a function of the wall 
temperature. Substrote temperature 1200~ mole fraction 0.005, 
flow rate 80 liters/min (calculated). 

growth rate  increases l inear ly  wi th  the diffusion co- 
efficient. The diffusion coefficient used in the fol lowing 
calculations is that  for the H2-HC1-SiC14 system, 
which, we think, should express the epi taxial  react ion 
bet ter  than  the other  gas systems, because the react ion 
gas consists of the one shown in Eq. [5]. Plots of 
the growth rate vs. the position along the  susceptor 
are shown in Fig. 4 at three  tempera tures  of the reac-  
tor  wall :  300 ~ 600 ~ and 850~ As the wal l  t empera -  
ture  increases, the growth  rate  decreases. This is ex-  
plained by the fol lowing: as the wal l  t empera tu re  in-  
creases,  the t empera tu re  difference be tween  the sub-  
s t rate  and the wal l  becomes smaller,  hence the concen- 
t ra t ion gradient  is less steep and the  growth  rate  be- 
comes lower. 

Figure  5 indicates the calculated growth rate  at the 
substrate temperatures ,  1100 ~ 1200 ~ and 1300~ The 
growth  rate  is s l ightly dependent  on the substrate 
tempera ture .  

The formulation of the growth rate based on the 
model.--The growth rate  in the axial  direct ion is for-  
mula ted  by calculat ions as a function of the dimensions 
of the reactor  and the susceptor and the var ious process 
parameters�9 The fol lowing equation is obtained from 
Eq. [10] and [22] 

G z = z : g . 0 0 X  10 5 - "  D---~-r / 
P r=dl 

�9 e - ~ z = G z = o ' e  - ~ z  [34] 

One pa ramete r  is var ied  leaving other  parameters  con- 
stant. It  is calculated how Gz=o and /~ are var ied  by 
changing the parameter .  Thus the fol lowing equations 
are  obtained 

G ' = ~  ( d ~ _  d,~ )-1.o~o 
"d7 

C~ 
A �9 T1L21a �9 T2 -~ [35] 

1 + C ~ t  

( d 2 ' - - d z S  ) -1.~ 
= ~ .  1 0 ~ .  ~ - d - ;  �9 A 

T o  1 
�9 T1 ~ �9 T2 -a-ale5 " - -  [36] 

Po F 

where  Gz=z is the  growth  rate  at a distance Z cm 
f rom the top of the susceptor in #/min.  Gz=o is the 
g rowth  ra te  at the top of the susceptor in ~/min.  The 
re la t ion be tween diffusion coefficient D and A is D ---- 
A �9 T t.s3~ similar  to Eq. [4]. A becomes 7.975 X 10 - s  
in the HC1-SiC14-H2 system (SiC14/He ---- 0.005). 
A is near ly  independent  of mole ratio, tempera ture ,  
and pressure  and is dependent  on gas characteristics.  

The growth rate on a tilted susceptor .~A t i l ted sus- 
ceptor makes  the gas flow rate  increase due to the de- 

o 1300~ 

2.0 ~- ,. 12oqOc 
x . . . . .  I I o 0 ~  

| 

CD 

I I I I I 
0 5.8 11,6 17,4 23.2 29.0 

Position along the suscepfor (cm) 

Fig. 5. Logarithm of the growth rate as a function of the sub- 
strate temperature. Wall temperature 850~ mole fraction 0.005, 
flow rate 80 liters/rain (calculated). 

crease of the cross-sectional  area of a reactor.  The in- 
crease of the gas flow rate  is calculated at each point 
along the susceptor. 

e is an angle of t i l t ing of the susceptor. The cross- 
sectional area at a distance Z f rom the top of the 
susceptor becomes ~ �9 (d22 -- (dl -t- Z tan0) 2) as shown 
in Fig. 6. 

The correct ion factor of the gas flow rate  is wr i t ten  
a s  

�9 ( d 2 2  - -  dl 2) 
F �9 [39] 

�9 (d22 -- (dl + Z tan~) 2) 

The growth rate on the t i l ted susceptor is obtained 
by substi tut ing Eq. [39] for F in Eq. [36]. 

Comparison of the theory and experiment .--The ap- 
paratus used to prepare  epi taxial  layers by the hydro-  
gen reduct ion of te t rachlorosi lane is shown in Fig. 1. 
The (111) face silicon substrate is 2 in. in diameter ,  
approximate ly  200~ thick, and of low resis t ivi ty (<0.02 

I Input gas 

r = d 2 ~ f  r=d~ 
~ . ~  - r  . . . .  

I 

Ztan8 ~ j 

i 
i 

Fig. 6. Schematic view of the cross-sectional area for a horizontal 
reactor with the tilted susceptor. 
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o h m - c m ) .  The subs t r a t e  t e m p e r a t u r e  has  been  m e a -  
sured wi th  an opt ical  p y r o m e t e r  and cor rec ted  for the  
emiss ivi ty  of the  silicon. L a y e r  th ickness  of about  10~ 
is used for  the  de te rmina t ion  of the  g rowth  r a t e  b y  
the in f ra red  in te r fe rence  method.  

Sil icon deposi t ion is e x p e r i m e n t a l l y  s t a r t ed  at  the  
quar tz  cap. But  an exact  g rowth  ra te  on the  amorphous  
quar tz  cap is not  measurable .  A length  of the  cap (6 
cm) is much  shor te r  than  tha t  of the  susceptor  (30 
cm) ,  therefore,  the  depos i ted  quan t i ty  on the  cap  is 
small .  A n  approx ima t ion  is made  tha t  the  sil icon dep-  
osit ion is s ta r ted  at  6 cm in f ront  of the  top of the  
susceptor.  The approx ima t ion  expresses  an exper i -  
menta l  fact be t te r  t han  assuming the deposi t ion on the  
cap being neglected.  The fol lowing figures compare  
the  expe r imen ta l  g rowth  ra te  (dot ted  l ine)  w i th  the  
ca lcula ted  (ful l  l ine)  under  inclusion of the  deposi t ion 
on the cap. 

F igures  7 and 8 show the growth  r a t e  a t  23 cm f rom 
the quar tz  cap. F igure  7 gives the  dependence  of the  
g rowth  ra te  on the mole  ra t io  of SIC14 to H2. I t  wi l l  be  
seen that  the g rowth  ra te  is d i rec t ly  p ropor t iona l  to the 
mole  ra t io  wi th  reasonable  accuracy.  The flow ra te  of 
hydrogen  is va r i ed  f rom 60 to 150 1/min.  The  resu l t  is 
shown in Fig. 8. The g rowth  ra te  increases  wi th  the  
flow rate,  bu t  the  g rowth  r a t e  decreases  over  the  flow 
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co / . . . . . . .  experimental 
/ 

calcu lated 
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Mole rat io SICI  4 to H 2 

Fig. 7. The growth rates as a function of the mole ratio of SiCl4 
to H~. Substrate temperature 1200~ wall temperature 850~ 
flow rate 120 liters/min. 
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Fig. 8. The growth rates as a function of the flow rate of hydro- 
gen. Substrate temperature 1200~ wall temperature 850~ mole 
ratio 0.008. 
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Fig. 9, The growth rates as a function of the position along the 
suseeptor for the flow rates of 83 and 125 liters/min. Substrate 
temperature 1200~ wall temperature 850~ moJe ratio 0.006. 
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Fig. 10. The growth rates on a nontilted and a tilted susceptors 
as a function of the position along the suseeptor. Substrate tem- 
perature 1200~ wall temperature 850~ flow rate 80 liters/min, 
mole ratio 0.008. 

ra te  120 l i t e r s /min .  This is exp la ined  by  the fol lowing:  
in such a g rea t  flow ra te  the  reac t ion  [5] is in non-  
equ i l ib r ium and most  reac t ion  gas passes th rough  u n -  
changed, so that  the  g rowth  ra te  becomes low. F igu re  
9 shows the  g rowth  ra te  in the  d i rec t ion  of gas flow 
in two flow ra tes  u n d e r  constant  mole  ratio.  As the  flow 
ra te  increases,  the  un i fo rmi ty  of the  th ickness  of the  
deposi t ion l aye r  a long the susceptor  becomes cons ider -  
ab ly  bet ter .  

F igu re  10 compares  the  un i fo rmi ty  of the  th ickness  
in the  ax ia l  d i rec t ion  on a tiltect susceptor  w i th  tha t  on 
a nont i l t ed  susceptor.  A n  angle of t i l t ing  of the  sus-  
ceptor  is 3 ~ The  g rowth  ra te  a t  the  l a t t e r  ha l f  of the  
t i l t ed  susceptor  increases  by  10-20% c o m p a r e d  wi th  
tha t  of the  nont i l ted  susceptor.  The smal l  decrease  of 
the  g rowth  ra te  nea r  the  top of t he  susceptor  in ex-  
pe r imen t  is thought  to be due  to the  r eac t an t  gas 
which  is not  ye t  we l l  heated.  Compar ison  of the  theo-  
re t ica l  resu l t  wi th  e xpe r ime n t a l  da t a  gives good 
agreement .  

Sensitivity analysis.--Sensitivity analys is  of the  
process p a r a m e t e r s  to the  g rowth  ra te  in si l icon ep i t axy  
wil l  now be discussed. This analysis  is made  in o rde r  
to ob ta in  a constant  g rowth  rate .  Influence of the  
g rowth  ra te  by  the  va r ia t ion  of the  process p a r a m e t e r s  
is known f rom the analysis .  The var ia t ion  of the  
g rowth  r a t e  is ca lcu la ted  in such a case t ha t  the  d i -  
mensions  of the  reac tor  and the  susceptor  and  the  
process pa r a me te r s  dev ia te  by  10% from the  fol lowing 
conditions,  Tz ---- 1200~ T2 ---- 850~ CM = 0.005, F - -  
80 l i t e r s /min .  
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Table I. Relative variation of the growth rate with 10% 
deviation of the dimensions and the process variables i 1.0 

Dimens ions  a n d  p r o c e s s  v a r i a b l e s  A G / G  ( Z  = 15) : ~  
"-" 0.5 

Substrate t e m p e r a t u r e  (T1) 9 .5% ~-Q 
W a l l  t e m p e r a t u r e  (T2) -- 3 .8% 
C o n c e n t r a t i o n  (mole  f r a c t i o n )  (CM) 10.1% 
F l o w  r a t e  (F)  3 .1% r 
T e m p e r a t u r e  of  t h e  f e e d i n g  g a s  (To) --3.5% 
P r e s s u r e  of t h e  f e e d i n g  gas  (Po) 3 .5% 
C o n s t a n t  t e r m  in diffusion coef f i c i en t  (A) 7.0% O~ 
I n n e r  r a d i u s  (dz) 7 .2% 
O u t e r  r a d i u s  (d~) -- 16.7% 

The following equat ions are applied 

(~176 
and 

~X --  _}_1 X [38] 
10 

where X is one of the process parameters  and d imen-  
sions. The variat ion G changes with a position on the 
susceptor. Table I gives the result  for the relat ive var i -  
ation of the growth rate, ~G/G,  at the  center  of the 
susceptor, z = 15 cm. According to the analysis, pa-  
rameters  such as T~, C, A, dl, and d2 have re la t ively  
high sensitivity. The minus  sign in Table I means that  
the growth rate decreases with the increase of the var i -  
able. A is determined by the gas components in the 
system. If the three components system is the case, the 
deviation of A is dependent  on the mole fraction SIC14, 
H2, and HC1, and this is wi thin  a few per cent. The 
fluctuation of T~, dl, and d2 are exper imenta l ly  con- 
trollable within 5%. The control of the concentrat ion 
depends on the hydrogen quant i ty  passed into the te- 
trachlorosilane and the main  hydrogen quant i ty  which 
is carried into the reactor directly. The concentrat ion 
is also varied by the hydrogen pressure and the tem- 
pera ture  of water  to control the vaporization of te t ra-  
chlorosilane. From the sensit ivi ty analysis the control 
of the concentrat ion is found to be the most impor tant  
factor in  order to obtain the constant  growth rate. 

Conclus ion 
The silicon epitaxial  process is performed in a co- 

axial cylindrical  tube. The growth rate  is investigated 
under  many  process conditions. The growth rate is 
derived as a funct ion of the apparatus dimensions and 
the process variables. From the sensit ivi ty analysis  
the control of the reactant  concentrat ion is the most  
impor tant  factor in order to produce a constant  growth 
rate on the substrate. The change in the concentrat ion 
proport ionally contributes to the change in the growth 
rate. For the purpose of obtaining the uni formi ty  in 
thickness of deposition layer  on the over-al l  susceptor 
it is necessary not only to increase the gas flow rate 
beyond 80 l i t e r /min  but  also to raise the angle of t i l t -  
ing of the susceptor more than 3 ~ in the present  ap- 
paratus. 
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APPENDIX I 
Velocity Profile 

An equation of the velocity profile in a nonisothermal  
system cannot be found and the derivat ion of the equa-  
tion is troublesome. The growth rate is calculated in 
the case of mean  velocity and laminar  flow velocity in 
an isothermal system as shown in  Fig. 11. Hence growth 
rate hardly  depends on the velocity profile. As a result  
of the calculation of the growth rate, the velocity pro- 
file has little influence on growth rate; the velocity pro- 
file in an isothermal system is used. 

APPENDIX II 
Mole Fraction of the Gaseous Species in SiCI4-H2 System 

The gaseous species involved in  the  ~iC14-H2 sys- 
tem are assumed to be ma in ly  SiCI4, SiHCla, SIC12, 
SiH2Ct2, HC1, and  H2. The mole fraction of these gases 
are calculated in the same way as Lever  (4) did and 
his equi l ibr ium constants are used. Table II shows the  
mole fractions for several values of mote ratio of 
SiCt4 to H2 at 1500~ and 1.0 atm. 

In  the case of mole rat io of SiCl4 to H2 ( 0.01, the 
mole fraction except H2 and HC1 is neglected. 

APPENDIX III  
Calculation of 5z and 52 

The 81 and 52 are determined under  the following 
conditions: flow rate of reaction gas of 100 l i ters /min,  
substrate tempera ture  of 1200~ wall  tempera ture  of 
850~ and susceptor length  of 30 cm. 

By Eversteyn (7) reactor efficiency is 35% when the 
mean  velocity is over 50 cm/sec. 

Mean concentrat ion Cz=z and Cz=o are as follows 
from Eq. [20] 

Cr " e -Kz �9 2~rdr Cr " 2~rdr 

~z=z = -  ~z=o=  
fa~2~r, dr 2~rdr 

d~ 

Table If. Mole fractions of SiCI4-H2 system at 1500~ 1 atom 

S i C h / H 2  SiHCIs  S i C h  SiCI:~ H C l  H~ SiH:~CI2 

0.003 7,068 • 10 ~ 1.375 • 10-7 1.343 • 10 .4 1.162 • 10- ~ 0.9882 9.527 • I0-~ 
0,005 3.084 • 10-~ 9.850 • 10 -7 3,596 • 10 ~ 1,894 • 10-  ~ 0 .9806 2.531 • 10 -5 
0.007 7.961 • 1 0 ~  3.506 • 10-  e 6 .785 • 10-~ 2.591 • 10-9 0.9733 4 .739  • 10 -~ 
0.010 2.114 • 10-~ 1.299 X 10 -~ 1.306 • 10---~ 3.575 x 10-9 0 .9626 9.020 • 10 4 
0.020 1.234 x 10- a 1.397 • 10 -4 4.282 • 10 -~ 6.365 • 10-~ 0 .9304 2 .859 • IO-~ 



Vol. 119, No. 8 Q U A N T I T A T I V E  C A L C U L A T I O N  OF G R O W T H  R A T E  1113 

where  Cz=z and Cz=o are the mean  concentrations at z 
cm from the top of a susceptor and at the top of a 
susceptor, respectively.  Consequent ly  it leads to the 
fol lowing equat ion 

Cz=z 
:_ e--KZ 

C z ~ o  

From that  this rat io is equaled to 0.35 and Z = 30 cm. 
The K becomes 3.50 • 10 -2. The following result  is ob- 
tained f rom Eq. [20] 

OC O2C 
- -v  -- D : K �9 C r  " e - K z  ( v  - -  DK) 

8Z 8Z 2 

The veloci ty profile is calculated from Eq. [2]. There-  
OC Of C 

fore 51 and 52, that  is to say, r at - -v  : D 
OZ O2Z 

lead to 61 = dl -b 1.0 • 10 -3 cm and 82 = de -- 2.0 • 
10 -3 cm. Accordingly the area of dl < r < 51 and 
52 < r < d2 are neglected. 
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Plane Defect at the Interface and Dislocations 
in Epitaxially Grown GaAs 

Seig6 Kishino and Shinya lida 
Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo, Japan 

ABSTRACT 

Latt ice defects in vapor -g rown  GaAs on GaAs substrates were  studied by an 
x - r ay  diffraction technique, i.e., by using the Lang method. It was found that  
a plane defect was introduced at the epi taxial  layer-subs t ra te  interface due to 
a lattice paramete r  difference between the epi taxial  layer  and the substrate. 
This difference depends on the impuri ty  concentrat ion difference be tween layer  
and substrate. Examinat ion  by x - r ay  topography also revea led  that  the plane 
defect was introduced for the l iquid-phase  epi taxy of GaAs due to an impuri ty  
concentrat ion difference between layer  and substrate. Dislocations induced 
in the epi taxial  layer  grown by the vapor  phase technique were  also studied 
by uti l izing an x - r ay  topographic technique. Two kinds of dislocations were  
identified: a 30 ~ dislocation, and a pure edge dislocation having Burger ' s  
vectors of I/2 a < I f 0 > .  

To study the relat ionship be tween crystal  imperfec-  
tions and the performance of semiconductor devices, 
is of present technological  importance.  In the growth 
of the GaAs crystal, epi taxial ly  grown ei ther  by the 
vapor-phase  or l iquid-phase epi taxy technique, la t-  
t ice defects such as stacking faults (1-3) and disloca- 
tions (4) are commonly  observed, and they can be 
de t r imenta l  to the performance  of the devices in- 
volved (5). Dislocations induced in the epitaxial  layer  
have been observed by the chemical  etching method 
(4); however ,  the type of dislocation has not been 
clarified. Damage introduced at the epitaxial  l ayer -  
substrate interface was also observed (6, 7); but, here  
too, the origin of the defects was not clarified. 

In this paper, latt ice defects introducing a plane de-  
fect at the interface and dislocations in the epi taxial  
layer,  were  observed by an x - r a y  diffraction technique 
in a manner  so that  the origin of the defects was clari-  
fied. In the past, the Bor rmann  method (8) or a reflec- 
tion method (9) has been used to invest igate the lat-  
tice defects of I I I -V compound semiconductors such as 
GaAs, GaP, and GaAsl -xPx crystals. In this report,  
however,  the convent ional  Lang method has been used 
and the product  #0 �9 t - - w h e r e  ~0 and t are the l inear  
absorption coefficient and the thickness of the speci- 
men respec t ive ly- - i s  made to be 1 unless especially 
noted. 

K ey  words:  gal l ium arsenide, cpitaxial  growth,  dislocations, x - r ay  
diffraction. 

Experimental 
Sample preparation.--Wafers were  cut in the (001) 

orientat ion f rom horizontal ly  boa t -grown (Te-doped)  
GaAs crystals. The slices were  lapped mechanically,  
and chemical ly etched by using an etch solution of 
H2SO4, H202, and H20 in the ratio 3: 1: 1. The prepara-  
tion method of the epi taxial  wafers  used here is de- 
scribed elsewhere (10). Briefly, a method that  utilizes 
the vapor  t ransport  of GaAs with  AsC13 and H2 mixed 
gas in an open flow system was used. Substra te  and 
source tempera tures  were  kept  at 770 ~ and 870~ re-  
spectively. Hydrogen gas wi th  a flow rate  of 150 cc /  
min was bubbled through an AsC13 reservoir  which 
was kept at 0~ A growth rate  of 0.6 ~m/min  on the 
(001) surface was obtained by using this method. 
Thicknesses of the epi taxial ly  grown layers were  about 
150 ~m. 

Specimen 1 was made from a wafer  whose surface 
was near ly  paral le l  to a (001) plane as schematical ly 
shown in Fig. 1. This wafer  is a Sn-doped (n ---- 1 • 
1027 cm -3) crystal  epi taxia l ly  grown on a Te-doped 
(n = 1 • 10 TM cm -3) substrate. The surface of the 
wafer  was beveled at about 5 ~ to the epi taxial ly 
grown surface, and the total thickness of the specimen 
was about 45 ~m. Figures  l ( a )  and (b) are respec- 
t ively  sectional and planar  views of the specimen. 
The subst ra te-epi taxia l  layer  interface is included in 
the middle  part  of the specimen as shown in Fig. 1 (b).  
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( a )  ( b )  

Fig. 1. Sectional (a) and planar (b) figures of specimen 1 
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Fig. 2. Schematic diagram of method used for obtaining the 
section of epitaxially grown GaAs wafer. (a) Planar figure of the 
specimen. (b) Sectional figure of the specimen. 

Specimen 2 was prepared from a Te-doped (n ---- 1 • 
1018 cm -3) crystal epitaxial ly grown on a Te-doped 
(n ---- 1 • 1016 cm -3) substrate. The shape of the 
specimen is shown in Fig. 2, in which the (001) wafer  
was cleaved, and the specimen was th inned  down to 
a thickness of about 50 ~m, by mechanical  polishing 
and chemical etching with the etch solution described 
above. Specimen 3 was made from a Te-doped (n 
1 • 1018 cm -3) crystal  epitaxial ly grown on a Te- 
doped (n : 1 • 1018 cm-a )  substrate. There is no 
doping concentrat ion difference between the substrate 
and the epitaxial  layer  in this specimen. The shape 
of the specimen was similar to that  of specimen 3. 

X-ray topographs.--Standard microfocus x - r ay  
equipment  was used, operated at 50 kV and 1 mA. 
The images were recorded on 50 ~m Ilford nuclear  
plates at approximately  15 hours '  exposure. Repre-  

Fig. 3. X-ray topographs of specimen i. Figures (a) and (b) are 
topographs with (111) MoKc~l and (220) MaKe1 diffractions respec- 
tively. 

sentative x - ray  topographs taken from specimen 1 are 
shown in Fig. 3(a) ,  and (b) .  Figures 3(a)  and  (b) are 
x- ray  topographs taken wi th  (111) and (220) MoK~I 
diffractions. X - r a y  interference fringes are visible in  
Fig. 3 (a) but  invisible in Fig. 3 (b), reveal ing that visi- 
bi l i ty of the interference fringes depends on the dif- 
fraction plane used. When diffraction planes such as 
(220), (040), (220), and (400) were used, these being 
perpendicular  to the (001) plane which is parallel  to 
the surface of the epitaxial  layer, the interference 
fringes were invisible. Conversely, they were visible 
when diffraction planes other than those described 
above---for example (202), (111), and (211)--were  
used. From these exper imental  results, the direction 
of the fault  vector of the plane defect was determined 
to be [001]. 

Specimen 2, whose surface is (220), was also exam- 
ined by the x - r ay  diffraction technique. X - r a y  topo- 
graphs taken from specimen 2 are shown in Fig. 4, 5, 
and 6. Burger 's  vector directions of dislocations are 
rather  convenient ly  determined by the following tech- 
nique (11). Use of the cri ter ion 

cos ~ (g b) = ~0 m i n i m u m  contrast  
ma x i mum contrast  [ 1 ] 

where g is the diffraction vector and b is the fault  vec- 
tor, permits complete determinat ion of the faul t  vector 
direction. From the x - r a y  topographs shown in  Fig. 4, 
5, and 6, three Burger 's  vector directions are deter-  
mined. Those dislocations are expressed diagramat i -  
cally with the signs a, fl, and "v in Fig. 7. Dislocations 

have a m i n i m u m  contrast  in Fig. 5(a) and (b) and 
a max imum contrast  in Fig. 4 (c). Dislocations fi have 
a m i n i mum contrast  in Fig. 4(a)  and a max imum con- 
trast in Fig. 6 (b).  Dislocations 7 have a m i n i m u m  con- 
trast  in Fig. 4(b)  and a ma x i mum contrast  in Fig. 
6(a) .  Relations between the diffraction vectors and 
the image contrasts are summarized in Table I, in-  
cluding the results obtained with (202) and (022) dif-  
fractions which are not shown. Employing the results 
shown in Table I, Burger 's  vector directions of dis- 
locations ~, fi, and 7 are determined to be �89 a [11-0], 
�89 a [011-], and �89 a [101] respectively. The glide planes 
of the dislocations ~, ~, and "v are determined to be 
(110), (11"1-), and (111) since images of the disloca- 
tions a, ~, and 7 vanished almost completely in  those 
topographs obtained from (220), (111-), and (11-1) dif- 
fraction planes respectively. From the data given by 
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Fig. 4. X-ray topographs 
taken from specimen 2 (I). 
Figures (a), (b), and (c) are 
x-ray topographs with (111), 
[11-1), and (220) AgK~t diffrac- 
tions respectively. 

100 IJm 
Hornstra (12) in which dislocations with �89 a ~110~  
Burger 's  vector are enumera ted  in  a diamond cubic 
type crystal, the three dislocations described above 
are determined as follows. Dislocations a are "dislo- 
cations of Type VIII," pure-edge dislocations. On the 
other hand, dislocations ~ and 7 are "dislocations of 
Type IV," mixed- type  dislocations in which the angle 
between the dislocation axis and Burger 's  vector di-  
rection is 30 ~ and the glide plane is {111}. 

The plane defect a l ready shown in  Fig. 3 was also 
observed in  specimen 2. Since the plane defect was 

Table I. Relation between diffraction vectors and image contrasts 

Dif f rac t ion  M a x i m u m  con t ra s t  M i n i m u m  con t r a s t  
v e c t o r  a ~ ~/ ~x ~ ~,, 

22-0 yes  
202 yes  
202 yes  
022 yes  
022 yes 
11I yes 
11"1 yes 
113 yes  
004 yes  

laid perpendicular ly  to the surface of the specimen 
in this case, this was observed as l ine-shaped images 
at the epitaxial  layer-subs t ra te  interface as shown in  
Fig. 5. The image assumes ma x i mum contrast  in  Fig. 
5 (a) and (b) and m i n i m u m  contrast  in  Fig. 4 (c). The 
direction of the fault  vector is similar to that  of speci- 
men 1. The image contrast  of the plane defects shown 
in  Fig. 4(a) ,  6(a) ,  and (b),  are opposite that  shown 
in Fig. 4(b) .  They do not have a m i n i mum contrast  
as shown in  Fig. 4(c) ,  because these images are not 
caused by the s t ra in field as in  the case of dislocation; 
rather,  they are caused by a phase t ransi t ion of x - r a y  
waves. 

The x - r ay  topograph taken from specimen 3 is 
shown in Fig. 8. Figures 8 (a) and (b) are a topograph 
taken with (004) AgK~I diffraction and a correspond- 
ing optical photograph respectively. Though the dif- 
fraction plane is s imilar  to that  used in the case of 
Fig. 5(a) ,  where the plane defect is observed as l ine-  
shaped images at the interface, no image contrast  
exists in  the x - ray  topograph shown in Fig. 8(a) .  If 
the plane defect is introduced due to an impur i ty  con- 
centrat ion difference between layer  and substrate,  it  
is reasonable to th ink  that  the plane defect vanishes 
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Fig. 5. X-ray topographs taken 
from specimen 2 (11). Figures 
(a) and (b) are x-ray topographs 
with (004) and (113) AgK~I 
diffractions respectively. 

Fig. 6. X-ray topographs 
taken from specimen 2 (111). 
Figures (a) and (b) are x-ray 
topographs with (202-) and (022-) 
AgK~I diffractions respectively. 
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P L A N E  D E F E C T  AND DISLOCATIONS OF GaAs 
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Fig. 7. Schematic diagram of dislocations observed by x-ray top- 
ographs. Signs ~, ft. and ~' reveal dislocations in which directions 
of the dislocation axis are parallel to [001], [1"12], and i112] 
respectively. 

in this specimen, since specimen 3 has the same im- 
pUrity concentrat ion difference in the epitaxial  layer 
and the substrate. 

Results and Discussions 
Types of dislocations induced in the epitaxial layer 

of GaAs single crystal  differ from those of dislocations 
introduced in the homoepitaxy of Si (13) and the 
heteroepitaxy of Ge-GaAs (14), in which dislocations 
are introduced at the epitaxial  layer-subst ra te  in te r -  
face by adding an extra hal f -plane to the portion with 
a smaller lattice parameter  in order to compensate for 
the lattice parameter  difference between them. On the 
other hand, such dislocations have not been observed 
in the homoepitaxy of GaAs. 

When the impur i ty  is doped in the GaAs crystal, the 
lattice parameter  of the host crystal  also increases 
(15); thus, the lattice strain at the interface must  be 
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released in the homoepitaxy of GaAs when the im-  
puri ty  concentrat ion differs between layer and sub-  
strate. The lattice s t ra in in this case was released by 
the plane defect at the epitaxial layer-substrate  in te r -  
face, and consequently dislocations of different types 
such as 30 ~ or pure-edge dislocations were introduced. 
The formation mechanism of dislocations such as a 
30 ~ or a pure edge cannot  be s imply explained by 
strain at the interface due to the impur i ty  difference 
between layer and substrate. Local strain at the in-  
terface may be released by the formation of these 
dislocations; however, the strain*release mechanism is 
not clear at present. 

When  a p -n  junct ion  was formed from Zn diffu- 
sion into epitaxially grown n- type  (10O} GaAsl-xPz 
wafers, two types of dis locat ions-- in which disloca- 
tion lines are parallel  to ~ I 0 0 ~  and ~211~  directions 
respect ively--were  observed from i r regular i ty  of the 
diffusion front (16). These dislocations may corre- 
spond to th~ 30 ~ and the pure-edge type dislocations 
observed here. Concerning the 30 ~ dislocations, Str ing-  
fellow (17) also observed them in GaAsl-xP~ crystal 
and offered an explanat ion about these dislocations in 
connection with the growth mechanism. The present 
exper iment  presented no explicit relat ion between the 
growth rate and the formation of 30 ~ dislocation. 

It  was clarified that  the plane defect was introduced 
at the interface when  there was an impur i ty  concen- 
t rat ion difference between layer and substrate, as 
already shown. At the vapor phase epitaxy, we 
showed that  the plane defect was not introduced at 
the interface if there was no impur i ty  concentrat ion 
difference between layer  and substrate, as already 
shown in Fig. 8. This defect also may be expected in 
the liquid phase epitaxy of GaAs crystal, when  there 
exists an impur i ty  concentrat ion difference between 
layer and substrate. Fur ther  studies of a sample 
similar to specimen 2 will  be described subsequently.  
The sample used here has triple layers of l iquid phase 

Fig. 8. X-ray topograph (a, 
left) and corresponding optical 
photograph (b, right) of specimen 
3 which has no impurity concen- 
tration difference between layer 
and substrate. 

Fig. 9. X-ray topograph (a, 
left) and corresponding optical 
photograph (b, right) of sample 
grown by the liquid phase epi- 
taxial technique in which the 
epitaxial layers are composed 
of triple layers E, F, and G. 
Impurity concentration of E, F, 
G, and H are 1 x 1019 cm -3,  
1 x 1016 cm -3 ,1  x 1016 cm -3,  
and 5 x 1015 cm -3  respectively. 
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epi taxy- -namely ,  E, F, and G. The impur i ty  (Te) 
concentrat ions of E, F, and G are 1 • 1019 cm -3, 
1 • 10 z6 cm-a ,  and 1 X 1016 cm -3 respectively;  that  
of substrate H is 5 • 1015 cm -3. The x - ray  topograph 
and the optical photograph of this sample are repro-  
duced in  Fig. 9 (a) and (b) respectively. The x - r a y  
topograph was taken  with (004) A g I ~ l  diffraction, 
permi t t ing  the plane defect to be observed as l ine-  
shaped images at each interface in the x - r ay  topo- 
graph, when  the plane defects described above are 
introduced at each interface. I t  is clear that  the plane 
defect is not  introduced at the  interface in the case of 
l iquid phase epitaxy, when  no lattice parameter  dif- 
ference exists with the preceding epitaxial  layer. 
Fur the r  studies will  be reported in the near  future. 
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Technical Notes 

Electrolytic Etching of GaN 
J. !. Pankove 

RCA Laboratories, Princeton, New Jersey 08540 

With the advent  of visible electroluminescence (1) 
in GaN, new developments will  be forthcoming in the 
technology of this material .  This note marks  a new 
step in our abil i ty to process GaN. 

Heretofore, the only known etchants for GaN were 
mol ten sodium hydroxide, potassium hydroxide, or 
potassium pyrosulfate (2) at about  800~ This proc- 
ess, done at elevated temperatures,  attacks the in-  
sulat ing substrate (A1203) on which the GaN is grown. 
The hot solvent also attacks any  masking mater ia l  that  
would be used to confine the region to be etched. 
Hence, it is near ly  impossible to control the area from 
which the mater ia l  is to be removed by  the above 
chemical etches. The etching of GaN films at lower 
temperatures  was reported by Chu (3). In  this case, 
the film was immersed in a 50% aqueous solut ion of 
NaOH at 5 ~ to 9O~ However, when  this technique 
was used on our single crystal layers grown by  a 
different vapor t ranspor t  method (4), no attack could 
be detected. It  is possible that  the films of Ref. (3), 
al though dense, were somewhat  porous and, therefore, 
more fragile than  our thicker material .  

We have etched GaN electrolytically in 0.1N NaOH 
by anodizing the crystal  to which an ind ium contact 
was attached by soldering. If the crystal  is immersed 
in  a bath of NaOH, a white layer of gall ium hydroxide 

K e y  words :  J e t  e tch ing ,  device process ing,  c o m p o u n d  semiconduc -  
tors,  e l ec t ro luminescence ,  su r face  p r epa ra t i on .  

forms which seems to block fur ther  etching. This me-  
chanical interference was overcome by  using a jet of 
electrolyte which flushed away any solid reaction by-  

I ~ ~ S A P P H I R E  

! 

l PUMP ..... [ 

6 
0.1N NoOH 

Fig, I. Set-up for jet electrolytic etching of GaN 
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Fig. 2. Photograph of etched GaN on a sapphire substrate; the 
dark region is the etched unmasked portion of the crystal. 

product. The exper imental  a r rangement  is shown in  
Fig. 1. The electrolyte is pumped through a Tygon tube  
to a hypodermic needle connected to the negative ter-  
minal  of d-c power supply. The jet strikes the exposed 
region of the par t ia l ly  masked crystal  forming the 
anode. The potential  was adjusted to draw a current  
of about 2 mA. Figure 2 shows that  etching proceeded 
as expected in the unmasked  area. In  this case, piceine 
wax was used to mask the crystal. 

This electrolytic etching technique was also used to 
separate a layer of Zn-doped insulat ing GaN, grown 
on undoped conduct ing n - type  GaN from the sapphire 
substrate. The n- type  region was connected to the posi- 
tive te rminal  of the power supply. The electrolyte jet 
was played on the specimen's cleaved edge which ex- 
posed the three regions: the sapphire substrate, the 

E T C H I N G  OF GaN 1119 

n- type  layer, and the insula t ing layer. Only the con- 
ducting n - type  region was dissolved, thus, freeing the 
insulat ing GaN layer. Because of the t remendous 
stresses generated immediate ly  after growth by the 
large differential thermal  expansion between GaN and 
the sapphire substrate, the freed insulat ing layer  tends 
to break  up into flakes. When the insulat ing GaN layer 
is thick (0.5 ram), larger pieces can be obtained. 

Blue-green  electroluminescence from the i - n  t rans i -  
tion was seen. This ra ther  br ight  luminescence is ob- 
served when the applied potential  is sufficiently large 
to permit  current  flow through the i -n  t ransi t ion in  
addition to the etching cur ren t  along the n - type  region. 

The use of electrolyte etching to produce self-sup- 
port ing layers of s ing le  crystal  GaN may provide us 
with the ideal substrate  for growing s t ra in-f ree  mate-  
rial, namely,  a single crystal of GaN. By concentrat ing 
the current  with finer electrodes, it should be possible 
to etch intr icate pat terns (5). The use of this technique 
for polishing surfaces or reveal ing dislocations has not 
been explored. 
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The Growth of Ge-GaAs and GaP-Si Heterojunctions 
by Liquid Phase Epitaxy 

Ferenc E. Rosztoczy* and Wi l l i am W .  Stein*, '  

Varian Associates, Palo Alto, California 94303 

The purpose of this paper is to discuss the feasibili ty 
and practicali ty of growing heterojunct ion epitaxial  
layers from eutectic solutions. As practical examples 
for this technique, the growth of ge rmanium-ga l l ium 
arsenide and gall iumphosphide-si l icon heterojunc-  
tions wil l  be described. 

Eutectic epitaxy is based on the discovery that  
seeded single crystal layers can be obtained from eu- 
tectic l iquid compositions of t e rna ry  solutions (1). 
Since, by definition, the liquid is in equi l ibr ium with 
two solids, theoretically either of them can be used as 
substrates. Depending on which solid is used, one can 
talk about heteroepitaxy or homoepitaxy. 

If the solution of a t e rnary  system, such as A-B-C,  
is cooled to room tempera ture  with a s tar t ing com- 
position D (as seen in Fig. 1), the composition first 
stays constant  in the liquid; then, reaching the satura-  
tion point  for compound AB, AB starts to precipitate 
and the composition of the l iquid gradual ly  changes 

* Electrochemical Society Active Member. 
1 Present address: ITT, Fort Wayne, Indiana 46800. 
Key words: heterojunctions, epitaxy, liquid phase. 

to E and then to F. In  Fig. 1 the A - F - B  line represents 
the eutectic val ley of the system. At F the l iquid is in 

c 

A B AB 

Fig. I. A schematic ternary phase diagram (similar to the phase 
diagram of the Ga-As-Si system; A:Ga, B:As; C:Si). 
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A AB B 
Fig. 2. A schematic ternary phase diagram (similar to the phase 

diagram of the Ga-As-Ge system; A:Ga; B:As; C:Ge). 

equi l ibr ium with  both solids AB and C. When the l iq- 
uid is fur ther  cooled, AB and C will  coprecipi tate  and 
the l iquid composition wil l  va ry  along the eutectic 
line to A. 

In  the case of l iquid-phase  epitaxy, the layers of AB 
are grown along a line like D-E. It was assumed that  
on reaching F, the eutectic composition, the fur ther  
growth of the s ingle-crystal  layer would v i r tua l ly  stop 
due to the coprecipitat ion of the other  material .  In 
the case of the Ga-As-S i  system, it has been shown re-  
cently that  the crystal  growth did not stop but actual ly 
continued, and a Si-doped GaAs layer  continued to 
grow while the composition of the l iquid var ied along 
the eutectic line (2). 

Ge on GaAs 
The Ga-As-Ge  t e rna ry  system has a schematic phase 

diagram similar to Fig. 2 (3). When a solution with  
composition D was cooled to room temperature ,  the 
first grown epi taxial  GaAs layer  on the GaAs sub- 
strate was covered with  an epitaxial  layer  of Ge. 

Figure 3a presents the photograph of a nitric acid- 
stained angle lap of the wafer.  The angle  laps were  
made on a 10 ~ block. The s t ructure  consists of n - type  
GaAs single crystal  substrate, covered wi th  an ap -  
proximate ly  20 #m thick p - type  epi taxial  layer  of 
GaAs, highly doped with  Ge; and on the top of this is 
an approximate ly  2 ~m thick p - type  epi taxial  layer  of 
Ge saturated with both Ga and As at the growth t em-  
perature.  

The complete uniform coverage of the GaAs growth, 
with a layer of epi taxial  Ge f rom a eutectic solution 
that  is saturated re la t ive  to both GaAs and Ge, is at-  
t r ibuted to the phase diagram (3). While the mel t  is 
cooled from composition F to room tempera tu re  along 
the eutectic l ine (Fig. 2), the "precipi ta te"  is more 
than 95% Ge. Once the GaAs surface, in contact with 
a mel t  supersaturated re la t ive  to Ge, becomes seeded 
with  Ge, it suddenly covers the whole surface area in 
a ve ry  short t ime. 

If a eutectic melt, saturated with  both GaAs and Ge, 
is brought  in contact wi th  a single crystal  GaAs sub- 
strate and cooled, then an epitaxial  heterojunction,  
p- type  Ge on n- type  GaAs, can be grown. A mel t  was 
prepared by heat ing 0.45g Ga, 1.Tg Ge, and 0.30g GaAs 
to 850~ It was brought  in contact wi th  a GaAs sub- 
strate at 814~ and was cooled to 803~ at which point 
the mel t  was wiped off the wafer.  For  more details on 
the exper imenta l  procedure, see Ref. (4). Figure  3b 
presents the photograph of the n i t r ic -ac id  stained 
angle lap of this wafer.  There  is an approximate ly  23 
~m p- type  epi taxial  Ge layer  on the n - type  GaAs 
substrate. There  is no epi taxial  GaAs regrowth  on this 
wafer. The Ge layer  was identified by use of the elec- 
t ron beam microprobe. I t  was doped wi th  Ga and As 
on the order of one atomic per  cent (a /o)  each. 

For  l iquid phase epitaxy, a few per cent solubili ty 
of the source mater ia l  in the solvent at the growth 
tempera ture  is usually preferred.  To grow epitaxial  
heterojunct ions f rom eutectic solution the selection of 
a solvent in which the substrate crystal  has a much 

Fig. 3. Nitric acid stained 
angle lap of Ge growth on GaAs 
substrates. 
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Fig. 4. a, Infrared reflection 
spectrum of the epitaxially 
grown GaP; b, infrared reflec- 
tion spectrum of single-crystal, 
bulk GaP. 

Fig. 5. Cleaved and stained 
cross-section of epltaxia! GaP 
on Si substrate. 

lower solubil i ty at the growth tempera ture  than  the 
source mater ia l  is also recommended.  

GaP on Si 
For device application one of the most  interest ing 

combinat ions is to grow epitaxial  GaP on Si substrates. 
Using Ga as the solvent, we could not get a good epi- 
taxial  growth of GaP. We a t t r ibute  the difficulty to 
the re la t ively high solubili ty of Si in Ga under  growth 
conditions. 

We turned  our a t tent ion to qua r t e rna ry  systems to 
find the r ight  solvent  to grow GaP on Si. Based on 
solubil i ty data, a n u m b e r  of metals  appeared more 
favorable than  Ga as a solvent. Based on thermody-  
namic data, lead and t in  were selected. The solubil i ty 
of GaP relat ive to the solubil i ty of Si is re la t ively  
high in both; and the solubil i ty of Pb  and Sn in  GaP 
crystals is re la t ive ly  low. 

Using a graphite boat, flowing u l t r a -pu re  dry hydro-  
gen, and using an  exper imenta l  setup similar  to Nel-  
son's design (5), a saturated solution of GaP in Pb  was 
prepared by thoroughly mixing  13g Pb  and 0.3g GaP 
at 950~ After  keeping "the boat  at 950~ for 60 rain 
the system was quenched, subsequent ly  saturated with 
Si at 950~ and  quenched again. The Si substrate was 
placed in the other end of the boat, the system was 
heated to 950~ and kept there for 30 min, then  the 
furnace was t ipped and  the melt  was brought  in  con- 
tact with the substrate. It  was cooled to 800~ in 60 
rain and then the melt  was removed from the seed. 
An  epitaxial  layer  approximate ly  10 ~m thick was 
grown. I t  was examined by x - r ay  and the Laue photo- 
graphs proved it was epitaxial  single crystal. It  was 
identified by  electron beam microprobe as GaP on Si. 

The same technique and exper imenta l  setup was 
used to grow epitaxial  layers from Sn solutions. Five  
grams of Sn with 0.5g of GaP were heated to 850~ to 
prepare  a saturated solution, then it was sa turated 
with Si. The melt  was brought  in contact wi th  (111)- 

or (100)-oriented Si substrates at 845~ and was 
cooled to 650~ in 3 hr. The epitaxial  layers were on 
the order of 10 ~m thick. The epitaxial  layers were 
identified as GaP using an infrared spectrophotometer 
and measur ing  the Rests trahlen f requency a round  25 
~m. As can be seen in Fig. 4, the infrared reflection 
spectra of the epitaxial  layers (Fig. 4a) were  very 
similar  to those of pure me l t -g rown  GaP (Fig. 4b). 
Figure 5 is a photograph of a cleaved and stained GaP-  
Si heterojunction.  

The disadvantage of this technique is that  the epi- 
taxial  GaP layers were  degenerately doped with Si 
and Pb  or Sn. For most device applications an  addi-  
t ional epitaxial  layer  of GaP would  have to be grown 
by a different technique. 

To summarize, a new technique called eutectic epi- 
taxy has been described. It has been used to grow 
GaAs-Ge and  GaP-S i  heterojunctions.  Its potent ial  
application to grow other heterojunct ions is suggested. 
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Epitaxial Growth of Silicon from Dichlorosilane 

Anders Lekholm 

Microwave Institute Foundation, S-ZOO 44 Stockholm 70, Sweden 

Epitaxial  silicon has found m a n y  impor tant  applica- 
tions in  solid-state devices. These applications may be 
divided into two groups: components that  exploit the  
unique feature of epitaxy to produce layers of any  de- 
sired doping on higher doped contact regions, and  com- 
ponents  that  have abrupt  t ransi t ions in the doping pro- 
file as an integrated part  of the device. 

In  components  where  sharp steps in  the impur i ty  
density dis t r ibut ion are required, it is necessary to 
minimize the Dt product of diffusion coefficient and 
time in the growth step. Since it is impossible to in-  
crease the growth rate above a few #m/ra in  (and thus 
decrease t ime) in the silicon tetrachloride process, the 
na tu ra l  solution to this problem is to decrease the 
growth temperature.  This is also a very  effective way 
of decreasing the Dt product because the diffusion co- 
efficient of most impuri t ies  in silicon decreases about 
one order of magni tude  for every 100~ decrease in 
temperature.  

Of the different methods available for low tempera-  
ture  epitaxial  growth of silicon, thermal  decomposi- 
t ion of silane has attracted most interest. Growth tem- 
peratures  as low as 800~ are reported (1). To obtain 
high growth rates special schemes, such as water -  
cooled reaction vessels, have to be used to avoid gas 
phase decomposition and fallout of polycrystal l ine 
silicon on the wafers. Improved growth techniques 
have resul ted in growth rates of 5 ~m/min  at 1000~ 
(2). Fur the r  increase in the growth rate is possible 
if the hydrogen carrier  gas is subst i tuted by  helium. 
Using this scheme, growth rates of 3 ~m/min  at 900~ 
are reported (1). 

In  a production system one must, however, make a 
choice between the simplicity of the silicon tetrachlo- 
ride process and the better  results ( in terms of Dt 
product) of the more complicated si lane process. 

This paper presents results from epitaxial  growth of 
silicon from dichlorosilane. It  allows high growth rates 
at substant ia l ly  lower temperatures  than  silicon te t ra-  
chloride. Unlike silane, dichlorosilane is relat ively 
stable in the gas phase and problems with premature  
gas phase pyrolysis are small  or nonexistent .  

For  the exper iments  described, an epitaxial  system 
with vert ical  gas flow and a rotat ing r f -heated  carbon 
susceptor was used. The susceptor diameter  is 12.5 cm 
and is designed to carry  seven 11/4 in. diam silicon 
wafers. The total gas flow in all runs  was 27 l i ters /  
min. The system was original ly designed to use silicon 
tetrachloride; however,  no alterations were made for 
these dichlorosilane experiments.  

The tempera ture  of the silicon wafers was measured 
with an optical pyrometer  or an  electro-optic, IR de- 
tector and was corrected for emissivity and for absorp-  
tion losses in the quartz of the bell jar. The gas flow 
rates were monitored with flowraeters calibrated for 
the gases used. The thicknesses of the epitaxial  layers 
were determined from infrared interference measure-  
ments.  

Great  care was taken to obtain reproducible  results 
from run  to run.  In  order to improve the tempera ture  
measurements ,  the susceptor was etched clean between 
each exper imental  r un  and was again coated with 
silicon in a standardized run  before the next  silicon 
wafer was processed. At high growth rates this pro- 
cedure was necessary. The silicon on the susceptor 
would then exhibi t  a la rge-gra in  polycrystal l ine sur-  
face and, after a few runs, the uncer ta in ty  in the tern- 

Key words: impurity distribution, redistribution of dopants, low 
t e m p e r a t u r e  ep i t axy .  

perature  readings increased rapidly in an unpredict-  
able way. 

The growth rate as a funct ion of mole concentrat ion 
of dichlorosilane in  hydrogen is shown in Fig. 1. The 
growth tempera ture  was l l l0~  No at tempts were 
made with higher growth rates than those shown in  
the graph. At  growth rates above 5-7 ~ m / m i n  small  
fluctuations in  tempera ture  or gas composition had a 
strong influence on the epitaxial  layer quality. Above 
a growth rate of 10 ~m/min  dendrit ic growth occa- 
sionally occurred at a few spots on the susceptor re- 
sult ing in ladder- l ike  nests of dendrites about  100 ~m 
long. 

The tempera ture  dependence of the growth rate is 
shown in Fig. 2. The growth rate is proport ional  to 
the dichlorosilane concentrat ion for all temperatures  
studied, indicating a first order reaction. From the plot, 
an apparent  activation energy of 13 kcal /mole  is cal- 
culated. This value is greater  than that found by other 
workers. Benzing et al. (3, 4) have reported an activa- 
t ion energy of 5.8 kcal /mole  for this reaction. The 
lat ter  value has been corroborated by Van Hoy (5). 

The high value of the activation energy this author  
obtained, independent  of the ment ioned works, may  be 
due to the different types of epitaxial  systems used. 
In  the vertical system used by the author, control of 
the reacting gas composition is good, while in a hori-  
zontal system as used by Benzing et aL (3), the gas 
composition gradual ly  changes along the length of the 
susceptor. 

For the concentrat ions and temperatures  studied, 
epitaxial growth of high qual i ty  layers was achieved. 
The final surface finish was observed in  a differential 
interference contrast  microscope and was found to be 
comparable with that  of the etch-polished (6, 7) sub-  
strafes. Layers were grown at temperatures  as low as 
1000~ but  these showed a much higher concentrat ion 
of stacking faults, which were probably  due to the 
inefficiency of the hydrogen etching of silicon dioxide 
in this temperature  range, Some layers, grown at 
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l l00~ and higher  tempera tures ,  were  comple te ly  free 
of s tacking faul ts  (8). 

The i m p u r i t y  dens i ty  d i s t r ibu t ion  at  the  subs t ra te  
interface was de te rmined  f rom capaci tance measu re -  
ments  on mesa  diodes formed b y  diffusion and e tch-  
ing (9). L igh t ly  doped layers  were  grown on 0.01 ohm-  
cm boron or  an t imony  doped substrates .  As an  e x a m -  
pie, an  an t imony  doped subs t ra te  wi th  a 5 gm th ick  
ep i tax ia l  layer ,  which was grown at  1080~ wi th  a 
g rowth  ra te  of 1.2 ~m/min,  had  a s tep in the  impur i t y  
d i s t r ibu t ion  f rom the l aye r  doping of 5 �9 1014 cm -3  to 
1 �9 10 I7 cm -8  in a dis tance of about  0.1 gin. This resul t  
agrees  wel l  w i th  the  ca lcula ted  out-dif fus ion f rom the  
substrate .  

The s imilar i t ies  be tween  ep i t axy  f rom silicon t e t r a -  
chlor ide  and dichloros i lane  offers an in teres t ing  pos-  
s ibi l i ty  to s tudy  the differences be tween  ep i tax ia l  
g rowth  f rom a h igh ly  revers ib le  reac t ion  (si l icon 
te t rachlor ide)  and  from an i r revers ib le  react ion (d i -  
chlorosi lane) .  Grossman (10) and Thomas et al. (11, 
12) have proposed that,  in the  revers ib le  react ion of 
silicon te t rach lor ide  and silicon in a hydrogen  ambient ,  
a thin surface layer  of the  sil icon subs t ra te  is t r ans -  
f e r red  into the  gas phase and l a t e r  redeposi ted.  As a 
consequence of this, the  i m p u r i t y  dens i ty  d i s t r ibu t ion  
at  the subs t r a t e - ep i t ax i a l  l aye r  in terface  wi l l  be  more  
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diffuse than  pred ic ted  b y  diffusion theory. 
To test  this hypothesis ,  l igh t ly  doped layers  were 

grown f rom dichloros i lane  and si l icon t e t rach lo r ide  
under  ident ica l  g rowth  condit ions.  Growth  ra tes  of 
about  3 g m / m i n  at  about  1230~ were  used in  o rde r  
to opera te  close to equ i l ib r ium in the  si l icon t e t r a -  
chlor ide  reaction.  The  back  side of the  subs t ra tes  were  
sealed wi th  a t h e r m a l l y  g rown l a y e r  of sil icon dioxide 
to p reven t  the  escape of impur i t i e s  into the  gas s t ream.  
The subs t ra tes  were  doped wi th  boron or  an t imony  to 
0.01 ohm-era.  No differences in the  impur i t y  dens i ty  
d is t r ibut ion  of  the  in te r rac ia l  region was observed 
wi th in  the  expe r imen ta l  error .  There  are  two possible  
explana t ions  for this  result .  E i the r  the  hypothes is  is 
false, or the  react ion kinet ics  a re  the  same for the  two 
growth  processes. The l a t t e r  assumpt ion was  tes ted 
by  using o ther  ca r r i e r  gases than  hydrogen  in the  di-  
chlorosi lane process. Exper imen t s  wi th  n i t rogen and 
argon as car r ie rs  showed tha t  the  g rowth  ra te  at 
1100~ was propor t iona l  to the  diehlorosi lane concen-  
t ra t ion but  30-40% lower  than  for  dichlorosi lane in 
hydrogen.  This exper iment ,  and  the  l inear  g rowth  ra te  
in Fig. 1, prove tha t  ep i tax ia l  g rowth  of sil icon from 
dichloros i lane  is a h igh ly  i r r eve r s ib le  reaction.  As a 
consequence of this, one can conclude tha t  the  in te r -  
facial  region impur i t y  d i s t r ibu t ion  m a y  be exp la ined  
by  diffusion theory  a lone as has  been proposed  by  
Grove  et  al. (13). 
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Formation of MgO Crystals in Anodic 
Formed on Aluminum-3% Magnesium Alloy 

A. J. Brock* and M.  A.  Heine 

Metal Research Laboratories, Olin Corporation, New Haven, Connecticut 06504 

During the high tempera ture  oxidation of A1-Mg 
alloys the ini t ial  protective film of amorphous -v-A1203 
is degraded and a much less protective film consisting 
ent i rely of MgO, or of both MgO and  amorphous 
~-A1203, is formed (1). Previous workers  invest igat ing 
the oxidation behavior of A1-Mg alloys (2, 3) provided 
little informat ion concerning the breakdown of the 
init ial  film of amorphous "v-A1203 although De Brou- 
k6re (4) did consider that  MgO could possibly result  
from the reduct ion of ~,-A1203 by magnesium. Ac- 
cordingly, the present  work was conducted to s tudy 
the formation of MgO in bar r ie r - type  anodic oxides 
formed on A1-3% Mg alloy. This follows similar 
studies of the formation of crystal l ine "y-A1203 under  
anodic oxide films formed on high pur i ty  a luminum 
(5). 

The alloy composition was 3.05% Mg, 0.0006% Si, 
0.0026% Fe, <0.0005% Cu, and <0.0005% Mn. The 
alloy, after hot and cold roll ing to 0.04 cm thick sheet, 
was solution t reated at 600~ for 8 hr  followed by 
quenching into water. Specimens measur ing  4 • 1 cm 
were degreased in benzene, r insed in methanol,  etched 
in a solution of 3% sulfuric acid and 3% chromic acid 
at 70~ for 20 min, r insed in water, then methanol,  and 
stored in a desiccator for 24 hr to allow the formation 
of a uniform air-formed oxide film some 20A thick. 
The etching procedure results in a slightly scalloped 
surface which is smooth on a microscale and suitable 
for s tudying by means of electron microscopy. Speci- 
mens were then anodized in a solution of 3% am-  
monium tar t rate  at pH 7.0. The voltage across the cell 
was increased manua l ly  to 10V in  such a fashion that  
the current  surge never  exceeded 5 m A / c m  2. The cur-  
rent  was allowed to decay at this voltage for 5 min. 

* E l e c t o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  o x i d a t i o n ,  a n o d i e  f i lms,  "~-A12Os, M g O ,  s o l i d - s t a t e  r e -  

a c t i o n .  

Specimens showing a residual  cur ren t  density greater 
than  25 ~A/cm 2 were rejected. Capacitance measure-  
ments  revealed that  the anodic oxide was 137A thick, 
assuming a dielectric constant  of 8.5. The unanodized 
portions of the specimens were cut off leaving one cut 
edge unanodized. 

Following anodizing, the specimens were heated at 
350~ for periods of 3 and 20 hr in a quartz tube 
through which purified argon was flowing at a rate 

Fig. I. Transmission electron micrograph of IOV anodic oxide 
film farmed on aluminum-3% magnesium alloy (magnification 
16,000X). 

Fig. 2. Transmission electron micrographs of anodic oxide films after exposure at 350~ for 3 hr in: a, purified argon; b, oxygen at 
76 Torr (magnification 45,000X). 
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of approximately 1 l i ter /hr .  The argon, ini t ia l ly  99% 
pure, was fur ther  purified by passing it through a 
column of copper tu rn ings  at 380~ and then through a 
dry ice-cooled cold trap. This resulted in an oxygen 
concentrat ion of about 1 ppm. Other specimens were 
heated for 3 hr  in oxygen at 76 Torr. 

The various films on the a luminum-3% Mg alloy 
were stripped by immersion in 10% mercuric chloride 
in  methanol  and examined by  t ransmission electron 
microscopy. Figure  1 shows a t ransmission electron 
micrograph of the anodic film before heat ing in  argon. 
The ne twork  seen in the micrograph is characteristic 
of the etched surface of the alloy. Figure  2a is a 
transmission electron-micrograph of the anodic oxide 
which had been stripped from the a luminum alloy 
after heating for 3 hr at 350~ in argon. This micro- 
graph depicts the presence of crystals which t ransmis-  
sion electron diffraction experiments  revealed to be 
MgO. Elemental  a luminum was never  detected in these 
oxides. Figure 2b is a similar  electron micrograph of an 
anodic oxide which had been stripped from the a lumi-  
n u m  alloy after heating for 3 hr  in oxygen. The crystal 
f requency and coverage is similar to that  observed in  

Fig. 2a. In  both cases the contrast  between the a lumi-  
n u m  and magnes ium oxides is quite poor because their 
electron scattering powers are v i r tua l ly  identical. 

Figure 3a is a t ransmission electron micrograph of 
the anodic oxide stripped from the alloy after heating 
at 350~C for 20 hr in argon. In  this case, coverage of 
MgO crystals is substant ia l ly  complete. Weight  mea-  
surements,  made before and after heat ing the ano-  
dized specimens in  argon for 20 hr, indicated a small  
weight toss of 3 ~g from each specimen. This doubtless 
results from loss of magnes ium through volati l ization 
from the unanodized edge of the specimen. Gravimetr ic  
measurements  made on specimens heated for 20 hr 
in oxygen, where  crystal coverage was also complete, 
indicated no significant change in  weight. In this case, 
magnesium loss from the unanodized edge would be 
minimized because of the formation of the thermal  
oxide film. From knowledge of the rate of oxidation 
of A1-3% Mg alloy at 350~ (1), a weight  gain of 0.06 
~g would be expected on the unanodized edge which 
is beyond the sensit ivity of the microbalance. 

The electron micrograph, Fig. 3b, is of a carbon-  
p la t inum replica of the oxide-gas interface of the 

Fig. 3. Nature of the anodic oxide after exposure to argon at 
350~ for 20 hr: a, transmission electron mierograph; b, positive 
platinum-carbon replica of oxide-gas interface; c, positive platinum- 
carbon replica of metal-oxide interface (magnification 45,000X). 
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Table !. Capacitance and resistance of anodic oxides formed on 
AI-3% Mg alloy before and after heating in purified argon 

at 350~ 

Capaci tance  A-C res is tance  
Na tu re  of fi lm (/~F/cm~) at  I kHz  (ohrn~cm'-') 

Anodized 0.548 25,200 
Anodized 3 hr  in a rgon  0.590 18,700 
Anodized 20 h r  in  a rgon  0,735 10,100 
Anodized 20 h r  in argon 1.31 2,170 

1700 rain in chromate 
solution 

anodic film after heating in argon for 20 hr. It shows 
details similar to those of the etched alloy surface and 
does not reveal the presence of MgO crystals. Figure 
3c is an electron micrograph of a replica taken from 
the underside of a similar stripped oxide film and de- 
picts details of the oxide-metal  interface. Here the 
edges of the MgO crystals are clearly visible. Accord- 
ingly, Fig. 3b and 3c show that  the MgO nucleates and 
grows at the al loy-oxide interface. 

To further clarify the position of the MgO crystals, 
capacitance-loss measurements were made at 1 kHz 
on anodized specimens before and after heating in 
purified argon for 3 and 20 hr, and also after thinning 
the heated films to the maximum degree in sodium 
chromate solution at pH 7. This technique has been 
described in detail  previously (6). Figure 4 shows the 
transmission electron micrograph of the anodic oxide 
heated in argon for 3 hr and after immersion in 
chromate solution for 1700 rain after which time film 
thinning had ceased. Contrast between the magnesium 
and aluminum oxides improves as the thickness of the 
lat ter  is decreased. 

It is clear from Fig. 4 that thinning occurred in a 
uniform manner and that  the underlying crystals of 
MgO were not attacked. Electron optical examination 
of a replica of the outer surface of a fully thinned film 
did not reveal the presence of MgO crystals; instead the 
surface appeared identical to that  shown in Fig. 3b. The 
results of the capacitance loss-measurements are 
shown in Table L 

The anodic film formed on the A1-3% Mg alloy has a 
high resistance, comparable with that of a similar film 
formed on pure aluminum. After  heating for 3 hr in 

Fig. 4. Transmission electron micrograph of anodlc oxide film 
after heating in argon at 350~ for 3 hr and after immersion in 
chromate solution for 1700 min (magnification 45,000X). 

argon the resistance of the film decreases due to the 
presence of MgO which is a lossy dielectric, The cor-  
responding increase in capacitance results from loss of 
alumina by its reaction with Mg to form MgO. After  
heating for 20 hr in argon, at which time crystalline 
coverage was complete, a fur ther  decrease in resistance 
and in capacitance was observed. Taking a dielectric 
constant of 8.5 for amorphous -y-A120~, and assuming 
that  the remaining alumina had remained unchanged 
while heating in argon and also that the layer  of MgO 
does not significantly contribute to the capacitance and 
resistance values, the capacitance measurements in- 
dicate that  36A of -~-A12Oa were consumed. From the 
densities of v-A1203 and MgO of 3.69 g/cm 2, and 3.53 
g/cm ~ respectively, this corresponds to the formation of 
a layer  of MgO crystals 38A thick. 

After  fully thinning such a film in chromate solution, 
the capacitance increased to 1.31 ~F/cm 2 indicating 
that 57A of anodic "~-A1203 remain. The MgO crystals, 
accordingly, are positioned within this inner region 
which is in good agreement with the other results. 

It is known that the anodic film formed on A1-3% 
Mg alloy contains the same ratio of aluminum to mag- 
nesium as exists in the metal  (7). In order to ascer- 
tain if the magnesium in the oxide participates in the 
formation of MgO, anodic films were stripped from 
the alloy and heated in argon at 350~ for 20 hr. 
Examination of these films by electron microscopy did 
not reveal the presence of MgO, while transmission 
electron diffractiort showed only the characteristic pat-  
tern of amorphous ~-A12Oa. 

These results indicate that the crystals of MgO result 
from a solid-state reaction between the amorphous 
~/-A1203 and Mg from the underlying alloy according to 
the equation 

At,.O~ -{- 3Mg -> 3MgO ~- 2A1 

Such a reaction is to be expected at 350~ on the 
basis of free energy consideration (8). An al ternative 
explanation, that the crystalline MgO results from the 
reaction between Mg and oxygen, would require the 
inward diffusion of oxygen ions through the anodic 
film. Such a mechanism is responsible for the forma- 
tion of crystall ine "~-A12Oa at 425 ~ to 575~ under 
anodic oxide films formed on high pur i ty  aluminum 
(5). The rate of formation of the crystals of 7-A1208 
is very sensitive to oxygen pressure. The insensitivity 
of the ra te  of formation of the MgO crystals to oxygen 
pressure argues against such an explanation in the 
present work. Moreover, the reaction between Mg and 
oxygen would require a weight gain which was not 
observed. 

The solid-state reaction described above also results 
in the formation of elemental aluminum which was 
never detected by transmission electron diffraction 
experiments. However, it  is possible that during the 
reduction, A1 and Mg diffuse in opposite directions 
through the MgO crystallites. This would result  in the 
aluminum returning to the alloy. Alternatively, the 
aluminum might have been formed in a colloidally 
dispersed state which would not be detectable by elec- 
tron diffraction. The slight volume increase accom- 
panying the solid-state reaction would result  in the 
MgO crystal protruding very slightly into the metal  
phase but growing pr imari ly  into the oxide phase as 
was observed in this vcork. 

The above results clearly demonstrate that MgO re-  
sults from the solid-state reaction between magnesium 
and amorphous ~-AI~O3. Such a reaction doubtless 
occurs at an early stage during the thermal  oxidation 
of A1-Mg alloys. In this case, however, the initial  pro-  
tective film of amorphous -~.-A120~ is onty some 20 to 
3OA thick. Consequently, depending on the conditions 
of oxidation, it  can be completely reduced by mag-  
nesium to MgO and elemental aluminum, as will  be 
shown in subsequent papers (1). 
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ABSTRACT 

Porous zinc electrodes were discharged galvanostat ical ly in aqueous potas- 
sium hydroxide solutions. The morphology of the zinc oxide film formed w a s  
investigated with a scanning electron microscope. The cur ren t  dis t r ibut ion in  
the porous electrode, and its dependence on current  density, was determined 
b.v microslicing the electrode after discharge and chemical analysis. The oxide 
film had a porous, "carpet-l ike" structure, consisting of long needle crystals 
with occasional sidearms. The formation of this type of film can be explained 
by a dissolution-precipitat ion mechanism. The cur ren t  distr ibution in the po- 
rous electrode, and its dependence on current  density could also be explained,  
based on a model of oxide film consisitng of a thin, high resistance compact 
film, beneath the porous oxide. 

The behavior of porous electrodes is an impor tant  
topic in  electrochemistry since many  practical elec- 
trode reactions (par t icular ly  those of energy conver-  
sion and storage) take place in porous matrices. The 
basic question is the distr ibution of current  (and po- 
tent ial)  in  the porous body. The theory of porous elec- 
trodes has evolved to a considerable sophistication 
dur ing the last decade. While the mathematics  is com- 
plicated, analytical  solutions have been obtained for a 
number  of cases taking into account the IR drops in  
the electrolyte and the metal  matrix,  the diffusional 
processes of reactants and products, the kinetics of the 
charge t ransfer  reaction, and the wet t ing character-  
istics of the metal  by the electrolyte. A recent sum-  
mary  of these theories is available (1). None of these 
early theories have, however, t aken  into consideration 
the s t ructural  changes taking place in the porous 
mat r ix  dur ing the electrode process (e.g., the anodic 
dissolution of a metal  and the formation of insoluble 
reaction products) which are very common in electro- 
chemical energy storage systems. Two recent theoret i-  
cal papers began work in this area. The first one (2) 
treats the effects of s t ructural  changes due to the 
anodic dissolution of the matr ix  without  product pre-  
cipitation. The other (3) considers slightly soluble 
reactants  and products on an inactive conducting 
matrix,  and treats the s t ructural  effects as changes in 
mass t ransport  parameters  of the active materials.  Both 
of these t reatments  result  in differential equations 
solvable only numerical ly.  

The exper imental  de terminat ion of current  dis t r ibu-  
t ion can be carried out in three ways: (i) the measure-  
ment  of potential  distr ibution by using numerous  
probes along the electrode, as was carried out with 
MnO2 electrodes (4), (ii) the direct measurement  of 
the distr ibution by using sectioned electrode, and mea-  

* Elect rochemical  Society Act ive  Member .  
1 Presen t  address :  D iamond  Shamrock  Chemical  Company,  Pa ines-  

v~lle, Ohio 44077. 
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K e y  words :  porous electrode, Zn /ZnO,  oxide film morphology,  
cur ren t  dis t r ibut ion,  effect of cu r ren t  density.  

suring the current  separately to each section as was 
reported for MnO2 (5), and the Pb/PbSO4 system (6) 
and, (iii) sectioning the electrode after the exper iment  
and analysis of the products as was recently carried 
out with cadmium electrode (7). The first two methods 
allow repeated cycling of the electrode while carrying 
out in situ measurements,  and the determinat ion of 
t ime dependence of the distr ibution is also possible, but  
the technique itself may interfere with the normal  op- 
eration of the porous electrode thereby distort ing the 
results. The third method is free of this objection, bu t  
it is l imited to one observation per electrode, and is 
applicable only for processes with solid reaction prod- 
ucts. 

The zinc-zinc oxide alkal ine electrode is an  impor-  
tant  system for which cur ren t  dis t r ibut ion studies 
have not been reported as yet. This is surprising con- 
sidering the fact that  it is one of the more promising 
electrodes for high energy and power density energy 
storers (8, 9). Oxide film formation and passivation 
have been investigated by many  workers on flat zinc 
electrodes in alkaline solutions. Recent reviews a r e  
available (10, 11). There is a controversy in  the l i tera-  
ture whether  the passive film is formed directly on the 
surface or by a dissolution-precipitat ion mechanism 
(11-19). Recent results (11, 17-19) indicate, however, 
that there are two kinds of film formed dur ing anod-  
ization of zinc in an alkaline solution. One, a precipi-  
tated film, appears before passivation occurs; while the 
second film, forming beneath it, is the cause of passiva- 
tion. Correspondingly, the prevail ing hydrodynamic 
conditions have been shown to have a strong influence 
on the formation of the films, and that the quiescent 
conditions inside a porous electrode wil l  favor the pre-  
cipitated oxide. Further ,  it has been shown by cathodic 
reduct ion studies (20), that  the direct, solid-state, re -  
duction of zinc oxide is energetically unfavorable  com- 
pared to the dissolution-zincate reduction mechanism. 
Numerous  reports also appeared (21-29) on the anodic 
behavior  and passivation of porous zinc electrode in  
alkaline solutions, as a funct ion of current  density, 
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Fig. 1. Schematic of the experimental setup. I, Teflon body; 2, 
porous zinc electrode; 3, current contact; 4, glass cover; 5, channel 
to counterelectrode; 6, Teflon Luggin. 

temperature ,  solution composition, and porosity of the 
electrode, but  in none has the question of current  dis- 
t r ibut ion wi th in  the electrode been studied. 

Exper imental  
Porous zinc electrodes were  discharged galvano-  

statically in alkal ine zincate electrolytes.  The mor -  
phology of zinc oxide formed was examined with a 
scanning electron microscope. The penetra t ion of cur-  
rent, and its dependence on current  density, were  de- 
t e rmined  at the end of the process by microslicing the 
electrode and chemical  analysis. All  tests were  carr ied 
out at room temperature .  

The ce l l - -The  basic concept of the cell is i l lustrated 
in Fig. 1. The porous zinc pel let  was pressfitted into the 
solution channel  of the Teflon cell body, and the as- 
sembly covered t ight ly  wi th  a glass sheet. Current  
contact to the porous e]ectrode was made using a 0.0075 
cm thick zinc foil. The solution channel  on the other  
side of the porous electrode led to a countere lec t rode 
chamber,  the counterelectrode was a p la t inum wire  
spiral immersed in KOH-ZnO slurry. The Teflon tub-  
ing Luggin led to a reference  chamber  holding a calo- 
mel  electrode. Details of the cell design are given else- 
where  (30). 

Preparation of the porous electrodes.--The test elec-  
trodes were  prepared from 99.9999% pure zinc powder  
(United Mineral  and Chemicals  Corporat ion) wi th  a 
part icle size less than 0.015 cm (--100 mesh) .  The 
powder  was compressed into a 0.3 cm diameter,  0.1 cm 
thick pellet  in a suitable mold, using a pressure of 8400 
psi. The porosity of the electrodes was determined,  
f rom their  calculated density, as 30%. 

The electrolyte solutions.--High pur i ty  potassium 
hydroxide-z inca te  solutions were  prepared with a tech-  
nique described before (31). For  all but one exper i -  
ment,  a solution composition of 2M KOH and 0.1M 
zincate was used. In one case, the solution was 8M KOH 
containing 0.5M zincate. 

Experimental procedure.~After assembling the cell, 
it was blown free of air wi th  purified nitrogen, and 
the solution was introduced by applying vacuum on 
the outlet  side of the channel. Fi l l ing of the electrode 
could be observed with  a microscope through the glass 
cell cover:  if  bubbles were  observed the evacuat ion 
and filling was repeated. A constant cur ren t  was ap- 
plied, using an El ron  galvanostat ,  in the range of 4-100 
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m A / c m  2 apparent  current  densi ty (calculated on the 
geometr ic  area) for a t ime durat ion of 2-40 hr. The 
electrode potential  was measured wi th  a Beckman 
digital  pH meter .  At  the end of the test, the  cell  was 
opened, and the porous electrode t ransfer red  into ethyl  
alcohol. It was washed several  t imes with fresh alcohol 
to remove  all water  and potassium hydroxide.  Finally,  
it was dried in a vacuum desiccator, where  it was 
stored for fur ther  examination.  

Observation of oxide morphology.--Some electrodes 
were  examined with  a scanning electron microscope 
(JSM-U3, JOELCO, Japan)  to determine the shape of 
the oxide part icles formed during the discharge. Only 
the top surface (facing the glass cover in the cell) was 
examined.  

Determination o] current penetration.--Some elec- 
trodes were  microsliced under  a microscope, equipped 
with a cal ibrated scale, using stainless steel blades. 
First  a 1 mm wide section was cut out longi tudinal ly  
(in the direction of current  flow), f rom the middle  of 
the electrode to avoid the influence of edge effects. 
This 3 X 1 X 1 mm piece was then fur ther  cut into six, 
0.5 mm wide, parts. The ZnO and Zn content  of each 
part  was then determined as follows. The oxide was 
dissolved in a solution of 1M NH4OH and 1M NH4C1. 
This solution dissolves the oxide but attacks the zinc 
only negligibly during the 5 min contact t ime  (32). 
The solution was then filtered and analyzed for zinc 
wi th  an EDTA t i t rat ion (33). The remaining  zinc was 
dissolved in hydrochloric  acid and the solution ana-  
lyzed for zinc as above. 

Results 
Morphology of the oxide f i lm.- -Scanning electron 

microscopic invest igat ion was carried out on electrodes 
discharged at 4 and 40 m A / c m  2 current  densities wi th  
a charge range of 4 to 18 mA-hr .  In the inter ior  of the 
electrode, a ve ry  porous "carpe t - l ike"  oxide film, con- 
sisting of long needle crystals, was found on the zinc 
grains. Examples  are shown in Fig. 2. The appearance 
of the film was the same eve rywhere  in the inter ior  of 
the electrode, independent ly  of distance from the solu- 
tion, current  density, and depth of discharge, wi th in  
the l imits of the experiments .  On areas less densely 
populated with growth, occasionally side arms were  
observed on the needles (Fig. 3). At the  edge of the 
electrode, toward the electrolyte,  the film was more 
compact as shown in Fig. 4. An exper iment  was carried 
out using an 8M KOH solution, and produced similar  
results (Fig. 5). 

Current penetration into the porous electrode.~This 
exper iment  was carried out at five current  densities 
ranging f rom 5 to 80 m A / c m  2. The durat ion of dis- 
charge was also varied so as to keep the total  charge 
used constant, at a value of 25% over -a l l  conversion 
of the  porous electrode. F r o m  the chemical  analysis of 
the sliced electrodes, the average conversion of zinc to 
zinc oxide was calculated for each section. The results 
are plotted in Fig. 6-10, as a function of distance f rom 
the electrolyte.  The measured overpotent ials  are given 
in Table I. 

Discussion 
The morphology of the oxide/~Zrn.~The dendri t ic  ap- 

pearance of the oxide, wi th  all the needles point ing 
towards the solution, suggests the fol lowing mechanism 
for its formation. The dissolving zinc supersaturates  

Table I. Overpotentials after one minute of polarization 

C u r r e n t  d e n s i t y  O v e r p o t e n t i a l  
(mA/cm'-') (mY) 

5 4 
10 10 
"JO 14 
40 23 
80 39 
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Fig. 2. Examples of SEM pic- 
tures of oxide film. A, B: 40 mA/ 
cm ~, 25% discharge; C, D, E: 4 
mA/cm ~, 25% discharge; F: 4 
mA/cm 2, 44% discharge. Mark 
represents 3~ for A, C and F; 
and I/~ for B, D, and E. 

the solution in zincate [the stabil i ty of highly super-  
saturated zincate solutions is known (21)] unt i l  a con- 
centrat ion is reached when oxide nucleat ion suddenly 
begins. This will happen at the surface of the metal  
where  the zincate concentrat ion is the highest. Once 
nucleat ion occurred, crystall ization will  proceed very 
fast from the supersaturated solution and a concen- 
t ra t ion gradient  is set up, creating a diffusion layer. 
If the radius of curva ture  of some of the nuclei  is small  
enough, to allow spherical diffusion to take over, con- 
ditions for dendrit ic growth are fulfilled (34, 35). Ap-  
parently,  due to the s imultaneous nucleat ion of a large 
number  of crystals, many  nuclei  wil l  have the required 
small  radius of curvature  resul t ing in a dense, carpet-  
like, appearance of the film. The observation of oc- 
casional side branches (Fig. 3) supplies strong evi- 
dence for this mechanism. This mechanism is analogous 
to the dendrit ic solidification of a cylindrical  mass of 
mol ten meta l  (36). Figure 2E affords a side view of 
the film which peeled off the zinc grain.~ 

P e e l i n g  w a s  o b s e r v e d  o n l y  occas iona l ly .  F r o m  t h e  p r e s e n t  d a t a  
i t  cou ld  n o t  be  d e c i d e d  w h e t h e r  t h i s  o c c u r r e d  d u r i n g  t h e  e l e c t r o d e  
p rocess ,  o r  a f t e r w a r d s  d u r i n g  t h e  v a c u u m  d r y i n g .  

Current distribution.--There is strong evidence to in -  
dicate that  the reaction in a porous zinc electrode pro-  
ceeds through the soluble zincate intermediate.  Anodic 
studies on p lanar  zinc electrodes have shown, that  
under  hydrodynamic  conditions most resembling that  
of the porous electrode, the oxide film was formed by a 
dissolut ion-precipi tat ion mechanism (I1, 17-19). The 
morphology of the zinc oxide film (see above) also 
supports this mechanism. Further ,  cathodic studies 
(20) have proven that  the direct (solid-state) reduc- 
tion of ZnO does not contr ibute in measurable  amount  
to the over-al l  reaction. The first step in the discharge 
mechanism of a porous zinc electrode is, therefore, the 
electrochemical formation of zincate, a s tudy of which 
reaction was reported earl ier  (31). The exchange cur-  
rent  density of the reaction being high (80 m A / c m  2 for 
the solution concentrat ion used in  these exper iments) ,  
the activation overpotential  in the present case can be 
considered to be in the l inear  current  densi ty-overpo-  
tent ial  range for all, except the highest, cur rent  density 
used, and even for the highest one it can be used as a 
good approximation (cf. also Table I).  This consider- 
ably simplifies the problem. The sophisticated, and 
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mathemat ical ly  complex, theories which use the But-  
ler-Volmer equation (or the high overpotential  ap- 
proximation)  in the description of the porous elec- 
trode behavior [cf. Bockris and Sr inivasan (1)],  can 
be now reduced to their  simplest form, taking the 
l inear  relat ion between current  and potential. This 
simple theory was considered earlier by Euler  and 
Nonnenmacher  (37) (without  considering any struc- 
tural  changes dur ing  the reaction),  and their  equations 
will  be used as a basis of approach for the present  
problem. 

The porous electrode is considered as a ne twork  of 
series and parallel  resistors as shown in Fig. 11. The 
current  flowing through the metallic phase is i l ( x ) ,  
and that in the solution phase, ie(x) .  Curren t  t ransfer  
between the two phases ( through the surface re-  
sistance l/K) results in faradaic reaction, the value of 
which is expressed as: dil/dX, at any point x along the 
porous electrode. The current  densities, and the poten-  
tials (El in the metallic, and E2 in the solution phase) 
are functions of distance (x) obeying the following 
relat ions 

Combining Eq. 
ential  equation 

dE~ 1 
- -  - -  i l  ( x )  

dx ~ra 

dEs 1 
- -  - -  i2(x) 

d x  asol  

di, 

dm 

dh  

dm 

[1] 4 

[1] through [4] 

[2] ~ 

- E1 ( x )  ] [3] 

[4] 
dx 

gives the final differ- 

ddEI ( 1 1 ) d2E1 
�9 + ,  = 0 [5 ]  

d x  4 a m O'so I d x  2, 

The following boundary  conditions are re levant  to 
the present problem 

i l ( x  : 0) = 0; i l ( x  = L) : i 

i2(x = O) = i; E2(x = O) = 0 

where L is the over-al l  length of the porous electrode 
and i (= i l ,  at x -- L) is the total cur rent  density. The 
solution for the dis tr ibut ion of the faradaic current  
(di l /dy)  as a funct ion of fractional distance (y = x / L )  

is given by 

dil i �9 ~rsol �9 v 

dy (asoi + am) sinh v 

[ am c ~ 1 7 6  

where 
/ 

~sol + am 
v = L "  ~ / K ,  [7] 

0"sol a m 

Note, that in accord with the l inear  i-~l restriction the 
surface resistance (l/K) was considered constant, in -  
dependent  of potential. In  the general  sense the sur-  
face resistance can include not only the faradaic re-  
sistance but  also the electrical resistance of any film 
formed on the surface as shown schematically in Fig. 12 
for a single pore. 

~ T h e  m e t a l l i c  a n d  s o l u t i o n  e o n d u c t i v i t i e s  (crm, crsol) u s e d  in  Eq.  
[1]  a n d  [2] a r e  n o t  e q u a l  to  t h e  c o r r e s p o n d i n g  b u l k  v a l u e s .  T h e y  
r e p r e s e n t  t h e  r e s p e c t i v e  c o n t r i b u t i o n s  of t h e  m e t a l l i c  a n d  s o l u t i o n  
p h a s e s  to  t h e  o v e r - a l l  c o n d u c t i v i t y  of t h e  s o l u t i o n  f i l led  p o r o u s  
e l e c t r o d e .  F o r  a n  e l e c t r o d e  h a v i n g  p %  p o r o s i t y  t h e i r  v a l u e s  can  be  
e s t i m a t e d ,  as a f i r s t  a p p r o x i m a t i o n ,  as  

i00 - p 
ffta ~ (O"m bulk) ~ ,  a n d  

100 

P 
0"aol ~ (Gsol bulk) 

I 0 0  

S e p t e m b e r  19 72 

Fig. 3. Appearance of sidearms. 40 mA/cm 2, 28% discharge. 
Mark represents 3~ for A, and 1~ for B. 

In  the derivat ion of Eq. [6] asol ,  am,  and ~ were taken 
as constants, independent  of distance wi th in  the elec- 
trode and time of discharge. In  the case of an elec- 
trode where s t ructural  changes occur dur ing the proc- 
ess, these assumptions have to be re-examined.  

For the present electrode process the values of asol, 
am, and K are known for the beginning  of the process. 5 
If these are subst i tuted in Eq. [6] it can be shown that  
the current  will  drop off very quickly 'with distance, 
reaching 10% of the over-al l  cur rent  value at y = 0.11. 
This prediction, that practically all the faradaic cur-  
rent  will go to a layer only one tenth of the electrode's 
depth, is not in agreement  with the exper imental  data 
(Fig. 6-10) showing much greater  penetration.  The 
s tructural  changes, dissolution of zinc, and precipi-  
tat ion of ZnO from the saturated zincate solution will  
have to be taken into account. 

The dissolution of zinc will  increase the resistance 
of the metallic phase (1/am). However, since the ex- 
periments  were l imited to 25% conversion, the effect 
of this decrease in Cm will  be negligible on the current  
distribution, considering that the specific conductivi ty 
of the metal  is six orders of magni tude  greater than 
that  of the solution. 

The precipitat ion of ZnO wil l  have two effects: (i) 
it will  plug up the pores, decreasing asol, and (ii) it 
will  cover the surface of zinc, decreasing ~. The first 
effect (decrease of asol) wil l  not cause the current  to 

O'sol = 0.32 • 0.3; ~n~ = 1.7 X 10 ~ X 0.7, w h e r e  t h e  v a l u e s  a r e  
c o r r e c t e d  f o r  30% po ros i t y .  K = 575 x 6.15, w h e r e  575 is  t h e  a r e a  in  
c m  ~ of one  cm3 of p o r o u s  e l e c t r o d e  ( c a l c u l a t e d  f o r  a 100~ a v e r a g e  
p a r t i c l e  d i a m e t e r ) ,  a n d  6.15 is  t h e  r e c i p r o c a l  of t h e  f a r a d a i c  r e -  
s i s t ance .  
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Fig. 4. Film at the edge of electrode. 40 mA/cm 2. Discharge: 
25% for A, and 44% for B. Mark represents 3~. 

penet ra te  more  deeply into the electrode. On the con- 
trary,  it can be seen, considering Fig. 11, that  a de-  
crease in asot wi l l  cause the current  to transfer,  f rom 
the solution to the high conduct ivi ty  metal l ic  phase, 
closer to x ---- 0. This can be shown also numerical ly,  
using Eq. [6]. Taking a decreased r (corresponding 
to a porosity of 15% only) the 10% current  level  will  
now be reached at y _-- 0.08. It  can be calculated that  
during the discharge of the present  electrodes, the 
average porosity decreases from 30 to 20%. 6 Therefore,  
this effect wil l  change the  cur ren t  distr ibut ion only 
slightly and in the direction to make  it less in agree-  
ment  wi th  the exper imenta l  results. 

There  remains only the possibility that  1/~ repre -  
sents not only the faradaic resistance, but, in fact over -  
whelmingly,  a film caused resistance arising f rom the 
oxide formation. Immedia te ly  after  the anodic current  
begins, during the free dissolution of the metal,  K can 
be considered constant. Then the oxide precipi tat ion 
wil l  suddenly decrease ~. The value  of K wil l  cont inu-  
ously decrease, af ter  the precipitation, due to the 
thickening of the film. The t ime of precipi tat ion can be 
est imated as follows. The total  vo lume of the electro-  
lyte in the pores of the electrode is 2.1 • 10 -8 cm 8. The 
solubil i ty of ZnO in 2M KOH solution is 0.33M (38) 
and, considering that  0.1M zincate is present  in the 
original  solution, it can be calculated that  a charge of 
0.026 m A - h r  is needed to saturate  all the electrolyte 

o T h i s  w a s  c a l c u l a t e d  f o r  25% d i s c h a r g e  t a k i n g  i n t o  c o n s i d e r a t i o n  
t h e  d e n s i t y  d i f f e r e n c e  b e t w e e n  Z n  a n d  Z n O  (7.14 a n d  5.6, r e s p e c -  
t i v e l y ) .  

Fig. 5. Film formed in 8M KOH. 100 mA/cm ~, 31% discharge. 
Mark represents 10~ for A, and 3~ for B. 
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Fig. 6. Per cent conversion as function of distance. 5 mA/cm ~. x: 
values calculated with ~ ~ 0.6. 
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Fig. 7. Per cent conversion as a function of distance. 10 mA/cm 2. 
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3 0  
X 

C 
0 
ID 

t - -  

2o 

4 0  

10 

0 

X 

X 

X 

I 
.I .2 

Electrode Depth (cm) 

.3 

Fig. 8. Per cent conversion as a function of distance. 20 mA/cm 2. 
x: values calculated with K ~- 2.0. 

within  the pores. This charge is negligible as compared 
to the total charge of 8 m A - h r  used in these experi-  
ments,  and therefore, it can be considered that  film 
precipi tat ion will  occur everywhere in the electrode, 
instantaneously,  at the beginning of discharge. 7 The 

A c t u a l l y ,  a t  t h e  b e g i n n i n g ,  p r a c t i c a l l y  a l l  t h e  c u r r e n t  w i l l  go  to  
t h e  f i r s t  one  t e n t h s  of t h e  e l e c t r o d e  d e p t h  (as w a s  s h o w n  e a r l i e r  
u s i n g  Eq.  [6] w i t h  t h e  i n i t i a l  v a l u e s  of c o n d u c t a n c e s ) ,  c a u s i n g  p r e -  
c i p i t a t i o n  in  t h i s  a r e a  a n d  s h i f t i n g  t h e  c u r r e n t  to t h e  n e x t  l a y e r  i n  
the  e l e c t r o d e  u n t i l  t h e  s o l u t i o n  b e c o m e s  s a t u r a t e d  t h e r e ,  a n d  so on. 
T h i s  p rocess  s w e e p s  ac ross  t h e  e l e c t r o d e  in  a t i m e  d u r a t i o n  n e g l i -  
g i b l e  as c o m p a r e d  to t h e  t o t a l  t i m e  of t h e  e x p e r i m e n t .  
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film then will  thicken in time, causing K to decrease 
further.  As a first approximation,  this change in  t ime 
will be smoothed out, and an average K wil l  be con- 
sidered in the following way. 

An at tempt was made to fit Eq. [6] to the experi-  
menta l  data (Fig. 6-10) with a suitable selection of 
the value of ~.s Reasonable agreement  was obtained 
with the K's indicated. These values, and their  cur ren t  
dependence can then be examined to determine 
whether  they are physically realistic, and whether  
their dependence on current  densi ty can be theoret i-  
cally explained. 

To arr ive  at an expected approximate dependence of 
on current  density, the following extension of the 

present  model for the operation of the porous electrode 
is used. The film is formed by precipitation from a 
saturated solution formed by galvanostatic dissolution 
of the metal, under  conditions, when  the reaction 
products can be removed only by diffusion. Under  
these conditions, the t ime of precipi tat ion is related to 
the current  density as 

i tl/2 ~ const [8] 

The resistance of the film, on the other hand, wil l  be 
proport ional  to its thickness, which depends on the 
total charge represented by the film 

1/~ ~- const �9 i �9 t [9] 

Therefore, the dependence of "K," the surface conduc- 
tivity, on current  can be approximated from [8] and 
[9] as 

K ~ const �9 i [10] 

predict ing a l inear  relation, which in fact was ob- 
served (Fig. 13). 

s I n  t h e s e  c a l c u l a t i o n s ,  am w a s  t a k e n  as 1.7 • 10~ • 0.7 a n d  ~sol as  
0.32 • 0.2. A d e c r e a s e d  s o l u t i o n  c o n d u c t i v i t y  w a s  u s e d  to  a c c o u n t  
fo r  t h e  p l u g g i n g  of p o r e s  by  Z n O .  

Fig. 9. Per cent conversion as o function of distance. 40 mA/cm 2. 
x: values calculated with K ~ 3.0. 
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Fig. 10. Per cent conversion as a function of distance. 80 mA/cm ~. 
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Fig. I I. Schematic representation of the porous electrode 

Metal 
Contact 

The actual values of %" can also be compared to re-  
sistances calculated for different model  of the film. The 
surface resistance ( l /x )  is a sum of the terms: the 
faradaic resistance, the resistance of the porous zinc 
oxide film, and the resistance of any continuous film 
beneath  the porous film. Assuming a surface area of 
575 cm2/cm ~ (calculated for an average  part icle size of 
100~) the surface resistance values giving the best fits 
to the exper imenta l  data range be tween  100 and 1000 
ohms cm 2. Such a high value  cannot be explained 
ei ther by the decrease of apparent  io due to decrease 
of free area, or by the resistance of the porous film 
based on the observed film structures. It seems, there-  
fore, that  the assumption of the existence of a "com- 
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SOLUTION / 

~ . ~ ~ ~ r  eFsl s~a nce 

K///,  o,ooo,c 
L ~ ~ e  sistance 

Fig. 12. Schematic representation of a single pore 
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Fig. 13. Dependence of film conductivity on current density 
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pact" film undernea th  the "porous" one is necessary 
to expla in  the data. This is in agreement  wi th  the du-  
plex films recent ly  found on planar  electrodes (11, 
17-19). Since the specific resistance of zinc oxide can 
vary  f rom 10 -~ to 10 l~ ohm cm (39, 40) depending on 
stoichiometry of the oxide and on impurities,  a ve ry  
thin film could account for the observed resistances. 

The resistance of the film wil l  increase as the film 
thickens. While this wil l  make  the current  distr ibution 
more uniform, it wil l  also increase the IR losses in the 
electrode. This accounts for the decrease of the useful 
vol tage of the ba t te ry  as the discharge proceeds. This 
model, therefore,  suggests a possible way  to enhance 
the uni formi ty  of current  distr ibut ion in the  porous 
electrode, namely  the increase of oxide film resistance 
(possibly by suitable al loying of the  zinc).  This will,  
however ,  increase the IR losses, and the two effects 
wil l  have  to be optimized. On cathodic charging, the 
high resistance, compact  film is expected to be reduced 
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fast, t he reby  a l te r ing  the  to ta l  resis tance of the film 
and making  the cur ren t  d is t r ibut ion  less uni form (as 
compared  to tha t  dur ing  d ischarge) .  On repea ted  cy-  
cling, this  difference of the anodic and cathodic 
cur ren t  d is t r ibut ions  m a y  cause phys ica l  dis tor t ion of 
the e lectrode s tructure.  

The presen t  resul ts  can be compared  with  the  cur ren t  
pene t ra t ion  observat ion  of Bre i te r  (28). In  that  study, 
processes occurr ing in a porous zinc e lec t rode  were  in-  
ves t igated using potent ia l  sweep technique.  I t  was con- 
c luded that  only  a smal l  por t ion of the  in ter ior  of the  
electrode was active. Considering tha t  the sweeps 
las ted a few minutes  only, the resu l t  is in agreement  
wi th  the  present  model, since the film format ion  m a y  
not  have  pene t ra ted  across the whole  e lect rode dur ing  
the  exper iments .  
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Thermal Conductivity Measurements of 
Nickel-Cadmium Aerospace Cells 

Part I1: Component Conductivities 

E. W. Brooman* and J. McCallum* 
Battelle Columbus Laboratories, Columbus, Ohio 43201 

ABSTRACT 

Thermal  conductivities have been determined for the positive and n e g a -  
t i v e  electrodes from various 20 A-h r  sealed, n icke l -cadmium cells. The 
average value obtained for the discharged positives is 0.0014 _+0.0001 (cal/cm~/ 
sec) (C/cm).  The average value obtained for the discharged negatives is 0.0020 
_0.0001 (ca l / cm2/sec ) / (C /cm) .  The t h e r m a l  conduetivit ies of the three sepa- 
rator materials  studied, nonwoven,  calendered, and uncalendered nylon,  and 
nonwoven polypropylene, are a funct ion of porosity, electrolyte absorption, 
and amount  of compression. Dry, unealendered nylon felt, about 82% porous, 
compressed to about 72% porosity, has a conductivi ty of about 0.00014. Dry, 
calendered nylon  felt, about 62% porous, reduced to about 49% porosity on 
compression, has a conductivi ty of about 0.00021. Dry polypropylene wettable  
paper, about  46% porous, reduced to about 34% porosity on compression, has a 
conduct ivi ty  of about 0.00016 (ca l / cm2/sec ) / (C /cm) .  As electrolyte is a d d e d  
to the separator materials,  the conduct ivi ty  ini t ia l ly increases relat ively ]ittle 
compared with the conductivi ty of the electrolyte itself. However, as the sepa- 
rator  pores become filled with electrolyte then conductivi ty values approaching 
that  of the electrolyte may be obtained. 

Par t  I of this paper (1) described thermal  conduc- 
t ivi ty  values obtained for four types of 20 A-hr,  nickel-  
cadmium aerospace cells. Thermal  resistance networks 
were set up to explain the variat ions in conductivi ty 
observed between the four types of cells. Only semi- 
quant i ta t ive  correlation was obtained be tween the net -  
works and the measurements,  and one reason for this 
lack of precise agreement  was at t r ibuted to the lack 
of rel iable conductivi ty data for the materials  com- 
prising the cell elements. This present  paper describes 
new exper imental  conductivi ty reference data for 
some of the principal  components  of the cells. In -  
vestigated were the conductivities of positive and nega-  
t ive electrodes from various types of the 20 A - h r  cells 
described previously (1), and the conductivites of three 
separator materials  as a funct ion of electrolyte con- 
tent. The three separator materials  chosen were a non-  
woven polypropylene, and a nonwoven nylon  felt 
in the calendered and uncalendered conditions. These 
materials are candidate separator materials  for use in 
sealed aerospace cells. 

Experimental 
Positive and negative electrodes from the 20 A - h r  

aerospace cells described previously (1), and samples 
from the manufac turers  of the separator mater ia l  (2), 
were used in this investigation. The basic exper imental  
a r rangement  and procedures for the thermal  con- 
duct ivi ty measurements  have been described elsewhere 
(1,2). Briefly, the thermal  comparison method was 
used with an acrylic block as the reference material .  To 
prevent  carbonation of the wetted electrodes or sepa- 
r a to r  materials  resul t ing from exposure to the air, and 
to prevent  drying out of these components dur ing  the 
measurements,  the components were sealed in  en-  
velopes fabricated from about 0.003 cm thick poly- 
e thylene film. The contr ibut ion of the film to the mea-  
sured over-al l  conductivi ty was calculated each time, 
and an appropriate correction made to the experi-  
menta l  results. 

For  the conduct ivi ty measurements  of positive or 
negative electrodes, the complete electrodes from the 
20 A-h r  cells, from manufac turers  II, III, and IV were 

�9 Elect rochemical  Society Act ive  Member .  
Key  words :  t he rma l  conduct iv i ty  of n icke l  eleetrodes~ t he rma l  

conduct iv i ty  of c a d m i u m  electrodes,  t he rma l  conduct iv i ty  of sepa-  
rator  mater ia ls .  

used after cell disassembly. The tabs were t r immed off, 
and the edges of the electrodes were inspected for any 
sharp protuberances which might  have punctured the 
polyethylene envelopes. 

For  the conductivi ty measurements  of the ny lon  and 
polypropylene separator materials,  three or six pieces 
of material,  depending on thickness, each about 10.0 • 
5.0 cm, were cut and folded in half. These pieces were 
then in terwoven to give a stack of six or twelve layers, 
each about 5.0 • 5.0 cm, before being sealed into the 
polyethylene envelopes. In  the exper iments  where  
known amounts  of electrolyte were added up to 
saturation, the required amount  of electrolyte w a s  
added to the central  layers of separator so that  the 
electrolyte migrated to the outermost surfaces by 
capil lary action. This procedure ensured that  the sepa- 
rator materials  were wetted throughout  the stacks. 

Results and Discussion 
Positive and negative electrodes.wAs the charge re-  

action of a n icke l -cadmium cell is endothermic (3, 11), 
which may be or may  not be offset by Joule heating 
effects depending on the charging rate and in terna l  
resistance of the cell; or offset by heat evolved in side 
reactions such as the evolution and recombinat ion of 
oxygen) the thermal  conductivi ty of the charged elec- 
trodes is relat ively less impor tan t  than  the discharged- 
electrode conductivities. It  is usual ly  dur ing  discharge 
that the most heat is generated which, subsequently,  
has to be dissipated. Also, differences in thermal  con- 
duct ivi ty between 50% charged and discharged cells 
are less than 8% (2). For these reasons the conductivi ty 
values for discharged positive and negative electrodes 
only, are given in Table I. These conductivit ies were 
measured in  a direction normal  to  the plane of the  

Table I. Thermal conductivity of discharged positive and 
negative electrodes taken from 20 A-hr cells 

T h e r m a l  conduct ivi ty ,  cgs  u n i t s  

Posi t ive  Nega t ive  
Cell type electrodes electrodes 

Manufac tu re r  I I  0.00135 0,00199 
Ma nufa c tu r e r  I I I  0.00151 0.90228 
Manufac tu re r  IV 0,00147 0.00187 
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Table II. Physical properties of the separator materials studies 

S e p a r a t o r  m a t e r i a l  

A p p a r e n t  A p p a r e n t  
T h i c k n e s s ,  densi ty,r  porosity,(b> 

c m  g / c m 3  p e r  c e n t  

N o n w o v e n  n y l o n  fel t ,  m a x i -  0.038 0.168 82 
m u m  lof t  

N o n w o v e n  n y l o n  fel t ,  m a x i -  0.015 0.431 62 
m u m  c a l e n d e r i n g  

N o n w o v e n  " w e t t a b l e "  p a p e r  0.0076 0.483 46 

(~) B a s e d  on  w e i g h t  a n d  v o l u m e  m e a s u r e m e n t s ,  
t~) A s s u m i n g  b u l k  d e n s i t i e s  of  1.14 a n d  0.90 g / c m  3 for  n y l o n  a n d  

p o l y p r o p y l e n e ,  r e s p e c t i v e l y .  

electrodes (x-direct ion) ,  and the uni ts  are (cal/cm2/ 
s e c ) / ( C / c m ) ,  which, hereinafter,  are referred to as cgs 
uni ts  in the text. 

Because of the s imilari ty of the conductivities for all 
positive or all negative electrodes investigated, even 
though they were fabricated using different manufac-  
tur ing techniques, as a first approximation a value of 
0.0014 • 0.0001 cgs uni ts  may  be taken for the thermal  
conductivi ty of discharged nickel-hydroxide  positive 
electrodes. A value of 0.0020 • 0.0001 cgs uni ts  may be 
taken for the conductivi ty of discharged cadmium 
negative electrodes. 

Separator materials.--The properties assigned by the 
manufacturers ,  or de termined independent ly  for the 
three separator materials  chosen for this investigation, 
are given in  Table II. 

Dr~5 separator materials.--The measured thermal  
conductivi ty of dry separator materials is a function of 
the bulk  conductivi ty of the materials, the as-supplied 
porosity, and the amount  of compression in the con- 
duct ivi ty  measur ing apparatus. Thermal  conductivities 
for bu lk  nylon materials  average about 0.00055 cgs 
units, and an average value for bu lk  polypropylene is 
about 0.00026 cgs uni ts  (4). 

Table II gives the apparent  porosity of each of the 
fabricated materials.  These porosities were based upon 
the weights and the uncompres~ed volumes of the 
materials.  Upon assembly in the conductivi ty mea-  
suring apparatus, the materials  were reduced in thick- 
ness, hence, apparent  porosity by about 35, 25, and 
18%, respectively. Therefore the actual porosities of 
the materials  dur ing measurement  were of the order 
72, 49, and 34%, respectively, assuming that the pore 
volume decreased while the volume of solid remained 
the same. 

The range of anticipated conductivities for the dry 
separator materials  can be estimated from Eq. [1] and 
[2], using the average bulk conductivi ty values men-  
tioned above and assuming a thermal  conductivi ty of 
0.000062 cgs units  for dry air. 

k m a x  : Oks ~- ( 1  - -  O) kd [ 1 ]  

kskd 
kmin = [2] 

Okd-{- (1--O) ks 

Equation [1] gives the max imum conductivi ty based on 
a simple parallel  conduction thermal  model. Equat ion 
[2] gives the m i n i m u m  conductivi ty based on a simple 
series conduction model. In  both Eq. [1] and [2], 
ks refers to the bulk conductivi ty of the separator 
material,  and k d  refers to the conductivi ty of dry air. 
The volume fraction of the separator mater ia l  is de- 

noted by o, hence (1 -- o) is the porosity of the 
material.  

Table III  gives the est imated ma x i mum and  mini -  
mum conductivities for the separators using Eq. [1] 
and [2], and assuming that  the compressed porosity 
value given is correct. The ari thmetic mean  of the 
ma x i mum and m i n i m u m  values calculated is seen to 
correspond very well with the measured values for 
both the nylon and the polypropylene materials.  

Pra t t  (5) gives a discussion of heat t ransmission in 
fibrous materials, and states that, for some materials  
in  the density range 0.283-0.531 g/cm 3, the "geometric" 
mean, Eq. [3], of the bu lk  mater ia l  and air gives good 
agreement  with measured values 

k m e a n  " -  ks 0 X k d  ( 1 - 0 )  [ 3 ]  

The densities for nylon (max calendering) and the 
polypropylene fall wi thin  the above density range (see 
Table II) ;  therefore, using Eq. [3] with 0 = 0.51 and 
0 = 0.66 for the ny lon  and polypropylene, respectively, 
the dry conductivity of the ny lon  is predicted to be 
1.89 • 10 -4 cgs uni ts  and that  of the polypropylene 
to be 1.60 • 10 -4 cgs units. These "geometric" mean 
values differ only slightly from the ari thmetic means 
given in Table III. 

In  general, therefore, the conductivi ty of a dry, 
porous separator mater ial  can be predicted to a first 
approximation by taking the ari thmetic mean  of the 
l imit ing values calculated from Eq. [1] and [2], or 
the geometric mean  from Eq. [3]. However, good 
agreement  using Eq. [3] is said to occur only if the 
density lies in the range 0.283-0.531 g/cm 3. An  aver-  
age value from Eq. [1] and [2] implies that  heat 
t ransfer  is occurring by both paral lel  and series paths 
formed by the separator and air. Values of about 
0.00055, 0.00026, and 0.000062 cgs units should be used 
for the conductivi ty of bulk  nylon, polypropylene, and 
dry air. 

Wetted separator materials.--When the separator 
materials  are wetted with electrolyte, the apparent  
thermal  conductivi ty increases but  cannot exceed the 
conductivi ty of the electrolyte itself if convection 
effects are absent. The In te rna t iona l  Critical Tables 
(6) give values for the thermal  conductivi ty of sev- 
eral KOH solutions of different strengths. Interpolat ion 
of these data yields a value of 0.00135 cgs uni ts  for 30% 
KOH, compared with a value of 0.00140-0.00145 cgs 
uni ts  for pure water. Therefore, for the part icular  
electrolyte in question (30% KOH),  the measured 
conductivi ty of any  of the separator materials  invest i -  
gated is not expected to exceed about 0.00135 cgs 
units. 

The apparent  conductivi ty value obtained for a 
wetted separator will  be some function of (i) the 
porosity of the material ;  (ii) the conductivi ty of the 
bu lk  separator material ;  (iii) the electrolyte conduc- 
t ivi ty  and amount  of electrolyte available for absorp- 
t ion by the separator; and (iv) the electrolyte absorp- 
t ion value of the separator mater ia l  (Table IV).  In 
most applications, the porosity, the electrolyte absorp- 
tion value, and the conductivi ty of the separator mate-  
rials will be invar iant .  For  a given application the 
conductivi ty of the electrolyte is also invariant .  Even 
in unsealed flooded cells or vented cells, where there 
is the possibility of carbonation of the electrolyte, the 
over-al l  conductivi ty of the electrolyte will  not change 
much because the thermal  conductivi ty of potassium 

Table III. Calculated conductivity values for the nonwoven dry separator materials 

A p p a r e n t  E s t i m a t e d  
u n c o m p r e s s e d  c o m p r e s s e d  

S e p a r a t o r  m a t e r i a l  p o r o s i t y  p o r o s i t y  

C o n d u c t i v i t y ,  cgs units  x 10 -~ 

C a l c u l a t e d  C a l c u l a t e d  A r i t h m e t i c  
m a x i m u m  m i n i m u m  m e a n  M e a s u r e d  

N y l o n  fel t ,  m a x i m u m  lof t  82% 72% 1.99 0.82 1.40 1.4 
N y l o n  fe l t ,  m a x i m u m  c a l e n d e r i n g  52% 49% 3.10 1.13 2.11 2.1 
P o l y p r o p y l e n e  w e t t a b l e  p a p e r  46% 349; 1.93 1.25 1.59 1.6 
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Table IV. Electrolyte absorption values for the nonwoven 
separator materials studied 

Table V. Thermal conductivities of various nonwoven separator 
materials as a function of electrolyte content 

M a t e r i a l  

A m o u n t  of 
E l e c t r o l y t e  30% K O H  

a b s o r p t i o n ,  g, r e q u i r e d  
K O H / g  s e p a r a t o r  to s a t u r a t e  

s e p a r a t o r  
W i t h  p r i o r  W i t h o u t  m a t e r i a l s ,  

d r y i n g  d r y i n g  m l / g  

N y l o n  fel t ,  m a x i m u m  lo f t  
N y l o n  fel t ,  m a x i m u m  c a l e n d e r i n g  
P o l y p r o p y l e n e  w e t t a b l e  p a p e r  

5.95  5,07 3.95 
1.78 1.39 
0.48 0.37 

carbonate solutions is similar to that of hydroxide 
solutions (6). 

Thus, for any given application, the thermal  con- 
duct ivi ty of the wetted separator is fixed for a given 
cell electrolyte content. If the separator materials  are 
not saturated with electrolyte, there is the possibility 
that changes in electrolyte content  (due to cycling, 
orientation, and so on) may change the apparent  con- 
ductivity. Changes in in terna l  cell pressure may be 
responsible for changes in separator electrolyte con- 
tent. Such changes in pressure can result  from gas 
evolution or from changes in the volume of active 
materials  on cycling, for example. Forces acting on 
the electrodes in n icke l -cadmium cells are known to 
be sufficient to buckle 0.058 cm electrodes because this 
has been observed dur ing  cell disassembly (7). Any  
change in the shape or volume of the electrodes could 
result  in electrolyte being displaced from the separator, 
giving a lower apparent  thermal  conductivity. Migra- 
t ion of active materials  into the separator would also 
result  in the displacement of electrolyte. 

For a max imum effective thermal  conductivity, the 
separators should be saturated with electrolyte. In 
fabricat ing sealed cells where gas recombinat ion is 
important,  however, this may not always be desirable 
because a saturated separator impedes the diffusion of 
the oxygen evolved dur ing cycling to the negative 
electrodes where recombinat ion occurs. In  practice, 
therefore, the actual separator electrolyte content  must  
be a compromise between that  dictated by good 
thermal  design and that  dictated by the chemistry and 
operating profile of the cell. 

The electrolyte absorption capabil i ty of a separator 
material  is defined as the quotient  of the weight of 
electrolyte absorbed and the dry weight of the sep- 
arator (8). The procedure given in Ref. (8) was used 
to determine the electrolyte absorption of the separator 
materials  listed in Table II, and the results are given 
in Table IV. These data were required for the experi-  
ments  to investigate the effect of separator wet t ing 
on thermal  conductivity. The electrolyte absorption 
figure given in  Table IV defines the amount  of electro- 
lyte (30% KOH) present  in the uncompressed, satu- 
rated separator materials.  It  should be noted that  this 
method of measurement  is somewhat arbi t rary  because 
individual  observers may use different cri teria for 
the absence of excess electrolyte after wiping the 
saturated separator materials  across the glass plate. 

Table V lists the conductivi ty values obtained for 
the separator materials  wetted to various extents with 
the 30% potassium hydroxide electrolyte. These data, 
when plotted in Fig. 1, show similar i ty  in behavior  
between the ny lon  and the polypropylene materials.  
The thermal  conduct ivi ty  of these separator materials  
remains  relat ively small, compared with the conduc- 
t ivi ty  of the electrolyte, unt i l  near ly  all the pore vol- 
ume is filled. As the pore volume becomes filled, and 
the possibility of excess electrolyte in  the polyethylene 
bags used in the measurements  exists, then the con- 
duct ivi ty value obtained can vary  appreciably accord- 
ing to whether  or not the excess electrolyte can pro- 
vide a thermal-shor t  across or around the apparatus. 
If a thermal-shor t  (continuous electrolyte path) exists, 
then conductivi ty values are obtained for the wetted 

E l e c t r o l y t e  
c o n t e n t  

S e p a r a t o r  m a t e r i a l  m l / g ( a )  %(b) 

T h e r m a l  
c o n d u c t i v i t y ,  

c g s  units(c)  

N y l o n  fel t ,  m a x i m u m  lof t  

N y l o n  fel t ,  m a x i m u m  c a l e n d e r i n g  

W e t t a b l e  p o l y p r o p y l e n e  p a p e r  

0.00 0.0 0.00014 
1.60 57 0.00032 
2.45 87 0.00081 
O.O0 0.0 0.00021 
0.50 59 0.00038 
0.65 77 0.00039 
0.74 87  0.00043 
0.78 92 0.00059 
0.97 114 0.00117 
0.00 0.0 0.00016 
0.37 64 0.00042 

(a~ m l  30% K O H / g  d r y  s e p a r a t o r .  
(b) P e r c e n t a g e  of  p o r e  v o l u m e  f i l led in  c o m p r e s s e d  s e p a r a t o r .  
(c) F o r  c o m p a r i s o n  t h e  t h e r m a l  c o n d u c t i v i t y  of  30% K O I t  i s  t a k e n  

as 0.00135 cgs  un i t s .  

separators which more closely resemble that of the 
electrolyte alone (0.00135 cgs uni ts ) .  

The max imum thermal  conduct ivi ty  calculated from 
Eq. [1], assuming all the pores are filled with electro- 
lyte, is 0.00063 cgs uni ts  for the polypropylene mate-  
rial  and about 0.00094-0.00113 cgs units  for the nylon 
materials.  The corresponding m i n i m u m  conductivities 
calculated from Eq. [2] are 0.00036 and 0.00077-0.00096 
cgs units, for the polypropylene and max imum calen- 
dered and max imum loft nylons, respectively. If the 
ari thmetic mean  of k m a x  a n d  k m i n  is taken for the 
expected measured conductivity, as was done for the 
dry separators, then the predicted values are 0.00050, 
and 0.00085-0.00105 cgs units. Inspection of Fig. 1 
shows that  the value obtained by extrapolat ion of the 
polypropylene data to 100% pores filled is 0.00057 cgs 
units. Similarly, extrapolat ion of the data for the two 
nylons gives values of 0.00080 and 0.00102 cgs units. 
Reasonable agreement,  therefore, exists between the 
predicted and measured values for the saturated sep- 
arator materials  if a parallel-series conduction model 
is used which gives the ari thmetic mean  of Eq. [1] 
and [2] as the over-al l  conductivity.  
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Fig. 1. Thermal conductivity of various separator materials as a 
function of electrolyte content. 
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Table Vh Calculation of tortuosity factor, t ,  f o r  the wetted and dry separator materials 

E q u a t i o n  fo r  
M a t e r i a l  C o n d i t i o n  t o r t u o s i t y  fac tor ,  t t 

1.93 x I0  -~ 
Polypropylene wet table  paper Dry 1.~ • 10-4 tz = 1.21 

t l  
6.30 X i0-~ 

Wetted 5 / I  x 10 ~ = to = 1.11 
t j  

3 .10  x 10 ~ 
N y l o n  fe l t ,  m a x i m u m  calendering Dry  2.1 • 10-4 = ta = 1.48 

ta 
9,40 x 10 -4 

Wetted 8.0 X 10-4 = t j  = 1.18 
t4 

1.99 x 10 ~ 
N y l o n  fe l t ,  m a x i m u m  lo f t  Dry  1.4 x I0-4 = t5 = 1.42 

t5 
11.3 • 10 -4 

Wetted 10.2 x 1 0 ~  = ta = 1.11 
t ~  

Another  possible model for the thermal  conduct ivi ty  
of separator materials  is a collection of parallel  pores 
having an u n k n o w n  tortuosi ty factor. The tortuosity 
of both the wetted and dry separator materials  should 
be identical for the same amount  of compression, so 
that  the measured conduct ivi ty  would be equal to the 
calculated conductivi ty for the parallel  mode from Eq. 
[1] divided by the tortuosity factor, t. Table VI gives 
the calculated values of t for the wetted and dry sep- 
arator  materials  investigated. The calculations show 
reasonable agreement  for the tortuosity of the wet 
and dry polypropylene material .  The agreement  is 
not as good for the nylon materials.  However, as 
expected, the tortuosity factor for the felted nylon 
materials  is greater than  that  of the less porous poly- 
propylene material.  

F rom another  viewpoint, Krischer and Esdorn (9) 
summarize the four processes of heat t ransfer  in a 
damp, porous or granular  solid as follows: (i) heat 
t ransfer  in the solid, ks; (ii) heat t ransfer  in the 
liquid, ke; (iii) heat t ransfer  by molecular  conduction 
and as latent  heat in air contained in pores with damp 
walls, kd % kv; (iv) molecular  heat conduction in pores 
with dry  walls, kd. Krischer and Esdorn then con- 
structed a model in which the above four processes 
were in parallel  with each other; and then  this ne t -  
work of parallel  processes was in series with another 
ne twork  comprising each of the four processes above 
in series (5). While this model gave satisfactory agree- 
ment  between theoretical and exper imental  values for 
certain l ightweight concretes, it does not give good 
agreement  for the wetted separator mater ia ls  under  
consideration. 

The separator materials  under  investigation must, 
therefore, be considered as consisting of fibers com- 
pacted together in a very open structure. In  a discus- 
sion of the effect of moisture on the conductivi ty of 
porous insulat ing materials Joy proposed the following 
ar rangements  or models (10): (i) series a r range-  
m e n t - - m i n i m u m  conductivi ty with liquid located in 
layers perpendicular  to the direction of heat flow; (ii) 
paral lel  a r r a n g e m e n t - - m a x i m u m  conductivi ty with 
l iquid forming continuous paths that  bypass the less 
conducting air pockets; (iii) bead a r rangement - - l iqu id  
uni formly  distr ibuted through the mater ial  as small  
beads and considered as a dispersed phase; (iv) foam 
a r rangemen t - -ma te r i a l  surrounded by liquid films 
which connect as in a foam so that l iquid forms an 
i r regular  continuous phase. Joy found that  the experi-  
menta l  data, when  compared with the theoretical data, 
indicated the possibility of more than one of the above 
arrangements  being applicable to a given amount  of 
moisture. As discussed below, the present  study indi-  
cates that one of two of the above ar rangements  prob-  
ably predominates according to the electrolyte content  
of the separator material.  

Joy's  series a r rangement  (i) is thought not to apply 
as the predominant  conductivi ty de termining factor for 
separator materials.  This is because there are no 

markedly  p lanar  surfaces in the separator material.  
Even if the electrolyte were concentrated at the sep- 
arator/electrode interface (i.e., under  the action of 
thermal  gradients (5) which are known to be small  
from the tempera ture  differences observed in the con- 
duct ivi ty  measurements)  a p lanar  film need not be 
stable because of the capil lary forces der iving from 
the porous electrode and separator mater ia l  surfaces. 
Joy's bead a r rangement  (iii) is possible if the sep- 
arator materials  are not easily wettable  and are rela-  
t ively thick. Since the separator materials  in  this 
study are readi ly  wettable, the existence of beads is 
unlikely.  Thus the paral lel  ar rangement ,  (ii), and the 
foam arrangement ,  (iv),  appear most appropriate for 
describing the conductivi ty of wetted separators. These 
lat ter  two ar rangements  appear to be related to each 
other in  that  the foam ar rangement  probably  is more 
descriptive at low electrolyte contents, where in  pore 
walls are wetted while the paral lel  a r rangement  is 
more descriptive at higher electrolyte contents, 
wherein  some, if not all, of the pores are completely 
filled. However, there is probably no well-defined 
t ransi t ion between the  two arrangements .  

In  summary,  in sealed aerospace cells, because of the 
requirements  for oxygen diffusion through the sep- 
arator, the pores in the separator are probably only 
60 to 80% filled wi th  electrolyte: Therefore, Fig. 1 
shows that  a typical  conduct ivi ty  value for such a 
mater ia l  is about 0.0004 cgs units. 

Use of the measured conductivity data~--If the mea-  
sured and calculated conductivi ty data from this work, 
namely:  

Positive electrodes; 

Negative electrodes; 

Wetted separator; 

k• -- 0.0014 (measured) 
ky " -  0.03 (calculated) 
k• - -  0.0020 (measured) 
ky -- 0.03 (calculated) 
kx --  0.0004 (measured) 
ky : 0.0004 (estimated) 

are used in the thermal  resistance networks for the 
four types of 20 A - h r  n icke l -cadmium cells described 
previously (1, 2), reasonable agreement  is found be-  
tween predicted and measured cell conductivit ies (2), 
as shown in Table VII. Knowing  the dimensions of a 
cell and its components and their  composition, it is 
now possible to calculate cell conductivities. Similarly,  
if the dimensions of a ba t te ry  and its components,  and 
their  composition are known, then  the heat t ransfer  

Table VII. Predicted and measured cell conductivities 

kx, cgs u n i t s  ky, egs units  
CeH 
t y p e  Predic ted  Measured  P r e d i c t e d  M e a s u r e d  

I 0.0028 0.0027 0.0067 0.0071 
I I  0.0021 0.0038 0.0065 0.0067 
I I I  0.0025 0.0026 0.0047 0.0056 
IV 0.0024 0.0086  0 .0036  
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properties of that  bat tery  can be calculated and used 
to optimize thermal  design. 

Conclusions 
To fill an apparent  void in the li terature, experi-  

menta l  thermal  conduct ivi ty  data have been obtained 
for discharged nickel hydroxide positive, and cadmium 
negative electrodes, and for three types of separator 
mater ia l  considered for use in n icke l -cadmium aero- 
space cells. 

In the direction perpendicular  to the plane of the 
electrodes the average value  obtained for discharged 
positive electrodes is 0.0014 _ 0.0001 cgs units.  The 
average value for discharged negative electrodes is 
0.0020 _+ 0.0001 cgs units. Measurements  were not 
made in the parallel  direction, but  a calculated value 
of about 0.03 cgs uni ts  for the positives or negatives 
appears to be consistent with the measured and pre-  
dicted cell conductivities. 

The thermal  conductivit ies of the three separator 
mater ia ls  studied, nonwoven  calendered and unca len-  
dered nylon, and nonwoven polypropylene, are a func-  
tion of the respective bu lk  conductivities, porosities, 
and electrolyte absorption values. The conductivity of 
a dry separator mater ia l  may be estimated by taking 
the ari thmetic mean  of the values determined from Eq. 
[1] and [2] using values of 0.00055, 0.00026, and 
0.000062 cgs uni ts  for the bu lk  conductivi ty of nylon, 
polypropylene, and dry  air, respectively. Exper imenta l  
values of 0.00014, 0.00021, and 0.00016 cgs uni ts  were 
obtained for dry noncalendered nylon  felt about 72% 
porous after compression; dry  calendered nylon  felt 
about 49% porous after compression; and dry poly- 
propylene wet table  paper about 34% porous after 
compression, respectively. 

As the electrolyte content of the separators is in-  
creased, the thermal  conduct ivi ty  increases up to about 
0.0004 cgs units  for a pore filling (60-80%) thought to 
be representat ive for sealed aerospace cells. The 
thermal  conductivi ty of saturated separator materials  
(100% pores filled with electrolyte) can approach that  
of the electrolyte itself (0.00135 cgs uni ts) .  
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Effect of Chloride on the Anodic Dissolution of Titanium 
in Methanolic Solutions 

E. P. Parry and D. H. Hem 
North American Rockwell Science Center, Thousand Oaks, California 91360 

ABSTRACT 

A study of the polarographic characteristics of the T i ( I V ) - T i ( I I I )  couple 
in  methanolic solutions containing various concentrat ions of HC1 and LiC1 
has been the basis for the determinat ion of the oxidation state of t i t an ium 
dur ing dissolution in these media. The Ti ( IV)  and Ti ( I I I )  complexes have 
been shown to have the same number  of chloride ligands. I t  is also shown 
that  t i t an ium dissolves with an apparent  oxidation number  (napp) between 3 
and 4, with the value approaching 3 at high chloride concentrations. The acidity 
appears to have li t t le effect at acidities greater than  0.10M. I t  is also shown 
that  Ti (IV) in  methanol  solutions containing a high chloride ion concentrat ion 
oxidizes Ti to form Ti ( I I I ) .  The na ture  of the complexes of t i tan ium ion in 
solution and their  effect on the t i tan ium dissolution is discussed. 

Considerable interest  cur ren t ly  exists in  the stress 
corrosion cracking mechanism of t i t an ium and its 
alloys in methanol  (1-4). However, very li t t le is 
known about the chemistry of t i t an ium dissolved in 
methanolic solutions. The importance of solution chem- 

K e y  words:  oxidat ion state, p o l a r o g r a p h y ,  solut ion f o r m a l  po ten-  
t isls,  solut ion equi l ibr ia .  

is try cannot be overlooked in mechanistic in terpre ta-  
tions, and while  electrochemical work has been re- 
ported (5, 6), very  few studies about the na ture  of 
the t i tan ium complexes present  in solution have been 
made. 

Studies of anodic dissolution of t i t an ium have been 
reported. Thirsk and co-workers (7) have studied 
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the anodic dissolution of t i tanium in aqueous sulfuric 
acid solutions and have concluded, on the basis of 
some indirect evidence, that  t i tanium is oxidized only 
to the +3  state during dissolution. On the other hand, 
Franz and GShr (8) and Pourbaix  (9) indicated that  
TiO.,_ is formed when t i tanium dissolves anodically in 
aqueous sulfuric acid solutions which provides evidence 
that  at least some Ti +4 is obtained. Frankl in  and 
Seklemian (10) have electrochemical ly  oxidized 
t i tanium in a number  of nonaqueous solvents with and 
without  complexing agents present and have found 
oxidat ion numbers  be tween  3 and 4. Johnson and 
Shre i r  (11) have  found that  in 3M A1C13 in diethyl  
ether  t i tanium anodically dissolves to give Ti (III) .  

When t i tanium was chemical ly oxidized in various 
aqueous acids (i.e., concentrated sulfuric, hydrochloric,  
hydrofluoric, and hydrochlor ic-acet ic) ,  Frankl in  and 
Seklemian found that  T i ( I I I )  is formed. Recent  work  
by Harkins (12) showed that  methanol  vapor  reacts 
direct ly wi th  oxide free t i tanium to give Ti (OCH3)4. 

Menzies and Aver i l l  (13) have studied the dissolu- 
tion of t i tanium in anhydrous methanol  solutions con- 
taining hydrogen chloride. They report  that  t i tanium 
dissolves wi th  an oxidation state of 3.0 independent  of 
chloride ion or hydrogen ion concentration, potential  
of the specimen, water  content up to 1% and several  
other  parameters .  On the basis of the independence 
of the t i tanium oxidation state upon the chloride ion 
concentration, they  postulated a dissolution reaction 
involving adsorption of chloride at the electrode 
surface. 

In a program aimed at developing a bet ter  under-  
s tanding of the role of solution chemis t ry  in t i tanium 
corrosion and stress-corrosion cracking in methanol  
solutions, results for the anodic dissolution of t i tanium 
in methanol  have been obtained which differ f rom 
those of Menzies and Aver i l l  (13). P re l iminary  results 
are presented here which suggest that  the concentra-  
t ion of chloride ion is of considerable importance in 
de termining the oxidation state of anodical ly dissolved 
t i tanium, and indicate the impor tant  role of chloride 
as a complexing agent. 

Experimental 
A mul t ipurpose  electrochemical  instrument,  using 

operational  amplifiers designed and buil t  in this lab-  
oratory, was used both for dissolution as wel l  as for 
the electrochemical  measurements .  A glass cell was 
employed having a Teflon stopper, suitably bored for 
electrode access. Evapora ted  cryogenic ni t rogen was 
used for oxygen purging af ter  purification by passage 
through copper sponge in a tube furnace at approxi-  
mate ly  400~ The ni t rogen was presatura ted with  
methanol  before bubbling into the cell containing the 
solution. 

A low leakage, h igh- impedance  aqueous saturated 
calomel electrode was used throughout  this invest iga-  
tion. These electrodes have nominal  leak rates of ap- 
p rox imate ly  25 ~li ters/hr.  For  a 4 to 6 hr  run, this 
changes the water  and chloride content  only by a 
negligible amount. For  determinat ion of oxidation 
states, the usual dropping mercury  electrode (DME) 
having m and t values of 5.4 mg/sec  and 7.05 sec, 
respectively,  was used. In some cases, a Kemula  
hanging mercury  drop electrode was employed. For  
the recording of polarization curves, a cell having 
a Luggin capil lary placed within  2 mm of the speci- 
men, was used. The anode and cathode compar tments  
were  not separated in this cell. 

To integrate  the current  during potentiostatic runs 
to obtain the total  coulombs, the voltage, measured by 
passing the current  through a standard resistor, was 
integrated using a Vidar Model 241 (12470) vol tage 
to f requency conver ter  and a C.M.C. Model 726 BN 
counter. The t i tanium electrodes for dissolution were  
rods 1/4 in. in d iameter  and 1 in. long, fitted into a 
Stern Makrides holder  (14). The area of the electrode 
was 5.4 cm 2. Each electrode was degreased in boiling 

benzene for 5 min, then pickled in an acid mix ture  of 
30% HNO3-20% H2SO4-20% HF-H20  for 30-45 sec. 
The electrode was then thoroughly  washed in water ,  
then in methanol,  and inserted into the cell. Both Ti 
75A and arc mel ted  t i tanium specimens were  used. 
The Ti 75A mater ia l  has up to 4000 ppm of impurities,  
including about 2000 ppm of iron. The arc mel ted 
t i tanium has a typical  analysis of less than 400 ppm 
of all metal l ic  impurities.  

Mall inkrodt  "Nanograde"  methyl  alcohol was used 
without  fur ther  purification or t reatment .  Analysis 
for water  in this solvent gave values of approximate ly  
0.02%. To make anhydrous acid so lu t i ons  of methanol,  
anhydrous hydrogen chloride gas was passed into a 
given volume of methanol  for a period of t ime to 
prepare a stock solution. Standardizat ion of this solu- 
tion was made by taking aliquots, di lut ing with  water ,  
and t i t ra t ing with  base. Subsequent  solutions were  
made by appropriate  dilution of this stock solution 
with methanol.  Analysis  of typical  solution contain-  
ing 0.02M HC1, showed a wate r  content of approxi-  
mate ly  0.05%. Reagent  grade l i thium chloride was 
added to some of the solutions to adjust  the chloride 
concentration. Solutions were  made both in which the 
salt was careful ly  dried just before use, as wel l  as 
from the salt in the "as- rece ived"  condition f rom a 
freshly opened bottle. 

The conduct ivi ty  of the solutions of interest  was 
determined by measur ing the current  and phase angle 
resul t ing f rom application of 1000 cycle a.c. to common 
conduct ivi ty  cells, having cell constants near  0.4 or 
0.01 depending on the conduct ivi ty  measured.  

The anhydrous stock t i tanium te t rachlor ide  solution 
was prepared by adding reagent  grade l iquid TIC14 to 
an anhydrous methanol-0.1M hydrogen chloride solu- 
tion s lowly with stirring. The t i tanium content  of the 
solution was then checked against the amount  added 
by a complexometr ic  t i t rat ion (15). A back t i t rat ion 
was performed, using cupric ion at pH of 5.5 and 
pyrocatechol  violet  as indicator. 

In some experiments,  the total  t i tanium content  of 
the solutions was determined using atomic absorption 
spectroscopy. The above standardized stock solution 
was used for calibration. To decrease ionization and, 
therefore,  to increase sensi t ivi ty and l inear i ty  of the 
calibration plot, a large excess of alkali  meta l  ion must  
be present. We found that  sodium ion is bet ter  than 
the recommended potassium ion for this purpose, 

Results 
Because polarography is a convenient  tool to monitor  

the t i tan ium oxidation state upon dissolution, and may 
also yield informat ion about the t i tanium ion com- 
plexes in solution, some discussion of the polarographic 
behavior  of t i tan ium ions in methano l -hydrogen  
chloride is desirable. 

In HC1 concentrat ions greater  than 0.01M, t i tanium 
(IV) reduction to T i ( I I I )  appears reversible  by ordi-  
nary  polarography.  Revers ib i l i ty  was evaluated by the 
standard technique of using the slope of the E vs.  log 
id --  i / i  plot (0.059 -1 V -1) and by the fact that  the 
reduction wave for the (IV) complex and oxidation 
wave  of the (III) complex have the same ha l f -wave  
potential. Addit ional  work  done with a s ta t ionary 
mercury  drop electrode and a fast potent ial  scan sug- 
gests that  t he  e lect rode react ion for the Ti ( IV) -T i  (III)  
couple in this medium may be quasi-reversible .  With 
ordinary  polarography, however,  the wave  can be con- 
sidered to be reversible.  

F igure  1 shows the polarographic wave  for a solution 
which is 2 • 10-4M in Ti ( IV)  in a methanol ic  solution 
containing 0.01M HC1 and 0.2M LiC1. The ha l f -wave  
potential  of the Ti ( IV)  reduct ion wave  in this solution 
is --0.35V vs. SCE. The h a l f - w a v e  potent ial  shifts ap- 
proximate ly  18 mV in a posit ive direct ion wi th  a ten-  
fold increase in chloride content. This shift, however ,  
is not  corrected for ionic s t rength effects. The diffusion 
plateau is wel l -def ined and the l imit ing current  is 
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Fig. 1. Polarogram showing 
reduction of 2 x I0 -4M Ti(IV) 
in methanol solution containing 
O.01M HCI and 0.20M LiCh 

diffusion controlled. Using the Ilkovic equation, the 
diffusion coefficient of the Ti (IV) complex is calculated 
to be 1.0 • 10 -5 cm2/sec. The magni tude  of the diffu- 
sion current  is proport ional  to the concentrat ion of 
Ti ( IV)  from 4 to at least 40 parts per  mill ion (ppm) 
Ti ( IV) .  The t empera tu re  coefficient of the diffusion 
current  is 3% per  degree  over  the tempera ture  range 
f rom 15 + to 30~ 

The Ti ( I I I )  species is easily oxidized by air to the 
Ti ( IV)  complex. The diffusion coefficient of T i ( I I I )  is 
more difficult to obtain using the Ilkovic equat ion be- 
cause the Ti ( I I I )  salts avai lable were  par t ia l ly  air 
oxidized and did not completely  dissolve in methanol,  
and so the concentrat ion was not accurately known. 
In order to de termine  the diffusion coefficient of 
T i ( I I I ) ,  a polarogram of a solution containing a m i x -  
ture of T i ( I I I )  and T i ( IV) ,  but where  the T i ( I I I )  
wave  was at least 80-90% of the total, was obtained. 
The total  wave  height  [Ti ( I I I )  + T i ( IV)]  was mea-  
sured. The solution was air oxidized to give a solution 
of only T i ( IV) ,  but  where  the total  t i tanium concen- 
t rat ion was the same. The diffusion current  was again 
measured. Our exper imenta l  results  showed that  these 
total diffusion currents  were  the same. Such a tech-  
nique becomes less precise the more  Ti ( IV)  contam-  
ination in the or iginal ly  measured solution. No mathe-  
matical  evaluat ion of the accuracy which can be 
obtained by this method under  these exper imenta l  
conditions has been done. However ,  the reproducibi l i ty  
is about ___10% for the diffusion coefficient of Ti ( I I I ) .  

At  acid concentrations smaller  than 0.01M, the wave  
becomes irreversible.  Addit ion of water  to a 0.01M, HC1 
solution in methanol  shifts the ha l f -wave  potent ial  to 
more negat ive  values (Fig. 2). Al though at 5% water  
content  the normal  polarographic wave  has the revers i -  
ble slope, some unusual  e lectrochemical  behavior  is 
noted. This wil l  be discussed in more  detai l  in a sub- 
sequent publication. Because of the wel l -def ined nature  
of the wave,  the ratio of T i ( IV)  to T i ( I I I )  in any 
solution can be determined readi ly  from the polaro-  
graphic wave. At potentials wel l  anodic of the half-  
wave  potent ial  on the diffusion current  plateau, where  
T i ( I I I )  is oxidized, the concentrat ion of T i ( I I I )  can 
be determined.  Similarly,  at potentials cathodic of the 
ha l f -wave  potent ial  on the diffusion plateau of Ti ( IV)  

reduction, the concentrat ion of T i ( IV)  can be deter -  
mined (see Fig. 3). 

The apparent  oxidation number  (napp) of the 
t i tanium species af ter  anodic dissolution, for any mix -  
ture of Ti ( IV)  and T i ( I I I I ) ,  can be obtained by ap- 
plication of the easily der ived expression 

31+a.odl + 41++.ml 
napp-- ]ianod[-~ [icath[ 

where  Iianod] and ]icathl represent  the absolute values 
of the anodic and cathodic diffusion currents,  respec-  
tively. The polarographic technique can also be used 
to moni tor  the t i tan ium oxidat ion state during the dis- 
solution process. A direct measurement  of the nap p 
values is thus possible which may  be more precise than 
the coulometric  technique.  In this la t ter  technique,  
because of the high oxidat ion state, a g iven re la t ive  
error  in the de terminat ion  of total  t i tanium concentra-  
tion wil l  cause a re la t ive  er ror  four t imes as large in 
the napp value. 

To acquire some indication as to the effect of neglect-  
ing IR corrections in the medium, the conductivit ies of 
a methanol  solution 0.02M in anhydrous HC1 and one 
0.02M in HC1, 0.48M in LiC1 were  measured.  The con- 
ductivit ies were  2.1 • 10 -3 and 1.3 X 10 -2 ohm - t  

-0.500 

�9 - 0 . 4 5 0  

' ~ - 0 .  400 

-O.350 I t I J 
1 2 3 4 

WATER (%) 

Fig. 2. Variation of normal polarographic half-wave potential 
with added water content in methanol solution containing O.01M 
HCI. 
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Fig. 4. Effect of chloride ion concentration on apparent oxidation 
number for electrochemical dissolution of titanium in methanol 
solutions. 

Fig. 3. Polarogram of solution after electrochemical dissolution of 
arc melted titanium specimen in methanol solution containing 0.02M 
HCI and 0.18M LiCL 

cm -1, respectively.  These values are both greater  than 
would be found for an aqueous solution 0.01M in KC1. 

Af ter  potentiostatic dissolution of a piece of arc 
mel ted  t i tan ium at --0.15V vs. SCE in a methanol  
solution containing 0.18M LiC1 and 0.02M anhydrous 
HC1, the solution gave the polarographic behavior  
shown in Fig. 3. In this dissolution experiment ,  anodic 
and cathodic compar tments  were  not separated. Both 
t i tanium (III) and (IV) species are formed upon dis- 
solution. The E1/2 va lue  for the mixed  polarographic 
wave  is the same as that  found for a solution where  
Ti ( IV)  was direct ly dissolved in another  portion of 
this methanol -ch lor ide  medium. The same polaro-  
graphic behavior  and ratio of cathodic and anodic 
wave  heights were  obtained both when the  indicator 
electrode (DME) was put direct ly into the  cell in 
which the t i tan ium was being dissolved (in situ tech-  
nique) ,  and when  the polarographic measurement  was 
made on an aliquot of the dissolution solution placed 
in a separate cell. 

Al though Ti ( I I I )  is ve ry  sensitive to air oxidation, 
it was shown that  par t ia l  oxidat ion did not cause the 
mix ture  of oxidat ion states. Af te r  oxygen removal,  it 
was found that  the  T i ( I V ) / T i ( I I I )  ratio was inde-  
pendent  of t ime of purging, indicating no oxidation 
was caused by oxygen impur i ty  in the purging gas. 
Moreover, simple calculations show that  the amount  of 

oxygen which was found in the ni t rogen after  purifica- 
tion (1 ppm or less) was not sufficient to account for 
the oxidation. 

In this same dissolution exper iment ,  the coulombs 
expended were  measured and the total concentrat ion 
of t i tan ium was determined using atomic absorption 
spectroscopy. Af te r  passing 58 coulombs and dissolv- 
ing 0.166 moles of Ti, an average  napp va lue  for  the 
t i tanium in the solution was found to be 3.60. The 
polarographic data gave a value  of 3.44. In other  ex-  
periments,  s imilar  differences were  found between 
coulometr ic  and polarographic results wi th  the polaro-  
graphic result  genera l ly  being lower. The reason for 
this discrepancy is not complete ly  understood at 
present, but  may be caused by less than 100% current  
efficiency in the oxidat ion process. 

The in situ polarographic technique was used to 
determine the average  oxidat ion state (napp values) of 
t i tanium after  dissolution at constant  potent ia l  in solu- 
tions containing various concentrat ions of chloride. 
The results are given in Table I. The value of napp is 
shown as a function of chloride ion concentrat ion in 
Fig. 4. Dissolution in the absence of chloride was 
per formed in 0.02N sulfuric acid in methanol.  All  data 
were obtained in a cell in which the cathodic and 
anodic compar tments  were  separated by a glass frit. 
However ,  results for the oxidat ion state were  the same 
for a cell with or wi thout  separated compartments .  
Both Ti 75A and arc mel ted t i tan ium specimens gave 
similar results. The value of napp also appears to be 
independent  of electrode condition (i.e., whethe r  cold 
worked or annealed) .  

Results indicating the effect of acid concentrat ion 
at constant chloride concentrat ion are shown in Fig. 5. 
The results suggest that  acidity has l i t t le  effect on the 
napp values, par t icular ly  at acid concentrat ions grea ter  
than 0.1M. 

If a piece of t i tanium is placed into methanol  con- 
taining 0.1M TiC14-0.48M LiC1-0.02M anhydrous HC1, 
a reaction occurs in which T i ( I I I )  is formed. The 
t i tanium metal  and Ti (IV) react according to 

Table I. Effective napp number for electrochemically oxidized titanium 

P o t e n t i a l  
R u n  M e d i u m  n,pp E lec t rode  (V v s .  SCE) R e m a r k s  

1. 0.02M H C l - m e t h a n o l ,  w i t h  ~ 0 . 0 5 %  wate r .  
2. 0.02M H C l - m e t h a n o l ,  w i t h  ~0 .05% wate r .  
3. 0.02M H C l - m e t h a n o l ,  w i t h  ~0 .05% wate r .  
4. 0.02M H C l - m e t h a n o l ,  w i t h  ~0 .05% wate r .  
5. 0.02M I-IC1, 0.48M LiC1 in  m e t h a n o l ,  w i t h  a b o u t  0 .5~  water .  
6. 0.02M HC1, 0.48M LiC1 in  m e t h a n o l ,  w i t h  a b o u t  0.5% wate r .  
7. 0.02M HC1, 0.48M LiC1 in  m e t h a n o l ,  w i t h  0.08% water .  

7a. 0.02M HC1, 0.48M LiCI  in  m e t h a n o l ,  w i t h  ~ 0 . 5 %  wate r .  
8. 0.02M ttC1, 0.18M LiC1 in  m e t h a n o l ,  w i t h  ~0 .2% water .  
9. 0.1M HC1, 0.1M LiC1 in  m e t h a n o l ,  w i t h  ~0 .05% wate r .  

10. 0.1M HC1. 
11. 0.2M I-IC1 i n  m e t h a n o l ,  w i t h  ~0 .06% wate r .  
12. 1.0M I-ICI in  m e t h a n o l ,  w i t h  3% wate r .  

3.75 A n n e a l e d  75A + 0.05 
3,73 Ti  75A --0.15 
3.72 Arc  m e l t e d  t i t a n i u m  --0.15 
3.66 A n n e a l e d  75A -- 0.15 
3.30 A n n e a l e d  -- 0.15 
3.30 Arc  m e l t e d  t i t a n i u m  --0.15 
3.20 Arc  m e l t e d  t i t a n i u m  --0.15 

3.34 Arc  m e l t e d  t i t a n i u m  + 0.30 
3.48 Arc  m e l t e d  t i t a n i u m  --0.15 
3.30 Arc  m e l t e d  t i t a n i u m  --0.15 
3.44 Arc  m e l t e d  t i t a n i u m  --0.15 
3.35 Arc  m e l t e d  t i t a n i u m  --0.15 
3.20 Arc  m e l t e d  t i t a n i u m  + 0.10 

E lec t rode  p i t t e d  
E l ec t rode  p i t t e d  
A c t i v e  d i s so lu t ion ,  no  p i t -  

t i n g  
P i t t i n g  occur red  
No p i t t i n g  
No p i t t i n g  

Electrode in passive region 
--severe pitting occurred 
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Fig. 5. Effect of hydrogen ion concentration on apparent oxida- 
tion number for titanium dissolution in methanol solution. 

3Ti(IV) -~ Ti ~- 4Ti( I I I )  

Arc mel ted  t i tanium, Ti 75A, Ti-6A1-4V, and Ti 50A 
have all, in time, shown significant reaction. With Ti 
75A, Ti-6A1-4V, and others, the effective ~]app number  of 
the t i tan ium in solution, after several  hours reaction, 
is approximate ly  3.1, indicating that  the reaction goes 
to the r ight  almost completely.  The high concentrat ion 
of chloride appears to be essential to this reaction. At 
considerably lower  concentrat ions of chloride and of 
T i ( IV) ,  the react ion ei ther  does not go or was too 
slow for our observation (8 hr) .  While all t i tanium 
specimens tr ied underwent  this react ion in time, the 
rate  of the react ion var ied  considerably. A specimen 
of Ti 75A which was not annealed af ter  machining and 
only modera te ly  etched in the HNO3-H2SO4-HF mix -  
ture, underwent  ra ther  rapid reaction, generat ing con- 
siderable blue color wi th in  1 hr. On the other hand, 
an arc mel ted  specimen, which was not annealed, but  
was etched the same way, appeared not to react.  When 
the unannealed specimen was heavi ly  etched in the 
etchant  (10 min  or longer) ,  it would react. An  arc 
mel ted specimen which was annealed, but only very  
l ight ly  etched, reacted, but  ve ry  slowly (color appears 
after  4 to 5 hr) .  The rate  of the react ion appears to 
have  a ra ther  complex dependency on the oxide film 
on the specimen, surface cold work, and perhaps on 
the micros t ructure  of the alloy. Exper iments  are 
planned to elucidate the impor tant  parameters  in this 
reaction. 

During both chemical  and electrochemical  dissolution 
with  an active electrode, it was found that  a black 
deposit formed on the electrode or flaked off into solu- 
tion. The amount  increased wi th  time. This mater ia l  
was identified as ~-Ti by x - r a y  diffraction as also 
found by Menzies and Aver i l l  (13). 

In the initial work  involving both electrochemical  
and chemical  dissolution in the presence of l i thium 
chloride, no special effort was made to dry the pre-  
sumably anhydrous salt f rom a freshly opened bottle, 
since it was reported previously, by Menzies and 
Aver i l l  (13) that  a wa te r  content  less than 1% in 
methanol-HC1 solutions "did not affect the oxidation 
state, the amount  or nature  of disintegration product, 
or the surface features of the t i tanium specimen after  
dissolution." However,  Mansfeld (6) showed subse- 
quent ly  that  as l i t t le as 0.6% wate r  gives rise to a 
passive region in the t i tan ium polarization curve in 
a methanol-HC1 solution. The use of l i thium chloride, 
that  was not careful ly  dried and handled, gave solu- 
tions which contained from 0.3 to 0.5% water ,  as 
de termined by a Kar l  Fischer  ti tration. The napp value 
obtained with  these solutions was the same as that  
obtained in a solution containing 0.02-0.04% water,  in 
agreement  wi th  the findings of Menzies and Averi l l .  
However ,  contrary to their  data, we found that  upon 
using the initial solutions where in  approximate ly  0.5% 
water  was present  in the methanol  solution which con- 
tained 0.02M HC1 and 0.48M LiC1, the electrode showed 
ra ther  severe pi t t ing after  both chemical  and electro- 

Fig. 6. Micrograph showing Ti-6A-4V specimen after 72 hr con- 
tact with methanol solution containing 0.1M TiCI4, 0.02M HCI and 
0.48M L.iCI, water content about 0.5%. Magnification 32X.. 

Fig. 7. Micrograph showing Ti 75A specimen after 17.5 hr elec- 
trochemical dissolution at --0.15V in methanol solution containing 
0.02M HCI and 0.48M LiCI, water content about 0.5%. Magnifica- 
tion 100X. 

chemical  dissolution. The pits, micrographs of which 
are shown in Fig. 6 and 7, are typical  of the classical 
pits formed by localized at tack on a passive surface. 
The potential  of the specimen in both methods of dis- 
solution was more  noble than the pi t t ing potent ial  
[see Mansfeld (6)].  The potential  of the specimens 
dur ing dissolution in the work  of Menzies and Aver i l l  
was not specified, since they  used galvanostat ic  tech-  
niques. 

Discussion 
Even though methanol  has a fair ly low dielectric 

constant (32.6), it is still a re la t ive ly  good ionizing 
solvent (16). Thus 0.01M HC1 is about 85% ionized in 
methanol.  It  can also be shown by considerat ion of the 
autoprotolysis constant of methanol,  that  the concen- 
t rat ion of methoxide  ion is much too small  to be con- 
sidered as a significant l igand for the Ti species. The 
important  l igands for both Ti ( IV)  and Ti ( I I I )  species, 
therefore,  consist of chloride, wa te r  (where  present) ,  
and methanol,  as shown below. 

The polarographic behavior  gives a reasonable 
amount  of information concerning the nature  of 
t i tanium complexes. For  a revers ible  polarographic 
wave, the difference in the number  of l igands at tached 
to the ions of higher  and lower  oxidation states can 
be obtained. Thus, for a react ion 

MLp ~ ae~-MLq --I- (p -- q ) L  -b 
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the ha l f -wave  potential  of the polarographic wave, as 
a function of the ligand concentration, CL, would be 
given by (17) 

(p -- q) 
El~2 : E O1 - -  0.0591 log Ca 

a 

where  E ol is a term involving both the formal  poten-  
tial (E'o) of the reaction, and the diffusion coefficients 
of oxidized and reduced species. In the above reaction, 
the charge on the complex ions is omit ted for s implic-  
ity. If, in the reduct ion of a chloro complex of Ti ( IV)  
to a chloro complex of T i ( I I I ) ,  (p -- q) is 1 [i.e., if the  
T i ( I I I )  complex has one less chloride than the Ti ( IV)  
complex],  the ha l f -wave  potent ial  should shift by 60 
mV per decade change in chloride ion concentration. If 
the difference in the number  of chloride ligands be- 
tween the Ti ( IV)  and Ti ( I I I )  species were  even 
greater,  then a propor t ionate ly  greater  shift would 
occur. Since the exper imenta l  shift of ha l f -wave  po- 
tential  per decade change in chloride ion concentrat ion 
was found to be 18 mV, it indicates that  ei ther poly-  
meric  t i tanium species are present in the solution and 
involved in the electrode reaction, or the small shift is 
caused by a change of the ionic s t rength of the solution 
with  increased chloride ion concentration. Because the 
diffusion coefficients obtained for t i tanium (IV) and 
(III) ions in methanol  are ve ry  close to those found 
for typical ions in aqueous solution (e.g., P J + +  in 
0.1M KCI:D --_ 0.98 X 10 -5 cm2/sec), polymerizat ion 
does not seem likely. The small shifts obtained are 
typical  of ionic strength effects and, a l though exper i -  
ments  would have been desirable at constant ionic 
strength, the likelihood is great  that  the change in ionic 
s t rength is responsible for the small shift in ha l f -wave  
potent ial  that  is noted. Thus, it is concluded that  the 
Ti ( IV)  and Ti ( I I I )  complexes in these solutions have 
the same number  of chloride ligands. 

Both Ti ( IV)  and Ti ( I I I )  are octahedral  and have 
sixfo]d coordination. The six l igand positions are ei ther 
occupied by chloride ion or solvent. F rom the above 
rationale, we know that  both Ti( I I I )  and Ti ( IV)  have 
the same number  of chloride ligands, but we are un-  
able to say if all l igands are chloride or only some 
chloride ions are present, with solvent molecules 
playing an impor tant  role in the coordination sphere. 
The fact that  methanol  is a strong base towards first 
row transit ion metals  [as shown by a number  of pre-  
vious studies (18)] suggests that methanol  could com- 
pete quite  successfully wi th  chloride ion as a coordinat-  
ing ]igand. We thus speculate that  both t i tanium 
species have methanol  and chloride ion coordinated in 
the complex in the "anhydrous"  solutions, but the data 
we have avai lable  at present  do not permi t  detailed 
elucidation of the nature  of the t i tanium species. 

Because both Ti( IV)  and Ti ( I I I )  have the same 
number  of chloride ligands, the react ion represent ing 
the polarographic reduct ion can be wr i t ten  as 

TiClx 4-x + e ~- TiClx ~-z 

The reversible  polarographic ha l f -wave  potential  in 
a given medium gives the formal  potent ial  for the 
above reaction, since the diffusion coefficients are the 
same (18). This value has been shown to be --0.35V in 
a methanolic  solution containing 0.02M HC1 and 0.18M 
LiC1. If we now consider the reactions in a solution of 
ionic strength of 0.2 (neglect ing coordinating solvent 
molecules) ,  we have  

E'o 
(a) Ti + xC1-  ~- TiClx ~-x + 3e E'o (a) 
(b) Ti + xC1-  .~ TiClx 4-x § 4e E'o (b) 
(c) TiClx 3-x ~ TiClx4-x + e --0.350 

We can now calculate  an expression re la t ing the for-  
real potentials for reactions (a) and (b) from the 
formal  potential  of reaction (c). Such calculations re-  
quire  that  the free energies be used. Thus, we have 

A F ( c )  ---- A F ( b )  - -  A F ( a )  

where  •  Subst i tut ion of the appro-  
priate values of n and solving we obtain the expression 

0.350 
E'o(b) -- ~. a,~ E'o(a) (volt)  

4 

which gives the relat ionship between the formal  po- 
tentials of the reactions (a) and (b). This indicates a 
very  small  difference between the formal  potentials  of 
reactions (a) and (b).  For  example,  if E'o(a) were  
--0.500V, E'o(b) would  equal  --0.463V. This suggests 
an explanat ion for the mix ture  of oxidat ion states 
found in the dissolution experiments .  

As described earlier, the react ion 

(d) 3Ti(IV) + T i ~ 4 T i ( I I I )  

has been shown to occur and to go near ly  to comple-  
tion. Because the same number  of chloride ions are 
found in the Ti ( IV)  and Ti ( I I I )  complexes, the equa-  
tion represent ing the observed oxidation of t i tanium 
by t i tanium tetrachloride can be wr i t t en  

(e) 3TiClx 4-x + Ti -+- xC1- ~,~ 4TiClz a-x 

Inspection of this equat ion suggests the reason for re-  
quir ing large concentrat ions of chloride ion and Ti (IV) 
for the reaction to go from left to right. Consideration 
of the two half - react ions  

(f) Ti + xC1-  -~ TiClx 3-z + 3e 

(g) TiClx 3-x --> TiClx 4-z -t- e 

which comprise react ion (e),  and recognizing that  the 
free energy for reaction (e) is considerably negative, 
we determine that  the formal  potential  of react ion (f) 
is significantly more negative than --0.350V. However,  
wi th  the data avai lable  we are unable to specify the 
value of the formal  potent ial  of this half-react ion.  

The change in T~ap p value wi th  chloride ion concen- 
t rat ion seems unusual, since both the T i ( I I I )  and 
Ti ( IV)  complexes contain the same number  of chloride 
ligands. However,  hal f - react ions  (a) and (b) (see 
above) have different dependencies on the chloride ion 
concentration, as can be seen by consideration of the 
Nernst  expression for the two half - react ions  

0.06 [TiClx 3-x] 
E ---- E'o(a) -{- ~----~'- log - [C1-] x (volts) 

and 
0.06 [TiClx 4-x] 

E ---- E 'O(D)  "~- - -~-- log .  [C1-] x (volt) 

In addition, because of the different charge on the 
complex ion, these expressions wil l  also be affected 
differently by ionic strength. 

While  the Ti (IV) -Ti (III) couple is polarographical ly  
reversible,  the dissolution of t i tanium is an act ivated 
process where  the kinetics of the processes must  he 
considered as wel l  as the thermodynamics.  The inde- 
pendence of the napp va lue  over  a wide potential  range 
was not evaluated, but  the data (see Table I) do not 
indicate any significant dependence over  a l imited 
potential  range. This would suggest that  the log cur-  
ren t -vo l tage  curves for oxidation of Ti to the T i ( I I I )  
and Ti ( IV)  states, respectively,  are essentially para l -  
lel over  the potential  range covered. 

It has been general ly  assumed for t i tanium oxidation 
in aqueous sulfuric acid media, that  t i tanium dissolves 
to give Ti (III) f rom an active surface and Ti ( IV)  from 
a passive surface (19) al though there  is no agreement  
on this point (7). Our data indicate  that  in methanol  
solutions containing chloride, the apparent  oxidation 
number  is independent  of whe the r  the electrode ac- 
t ive ly  dissolves or dissolves under  passive conditions 
where  pit t ing occurs. For  example,  comparison of runs 
5 and 6 with  7 shows that  no significant difference is 
found in the napp values for an electrode where  ex-  
tensive pit t ing occurred (runs 5 and 6), and  where  only 
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active dissolution was found ( run  7). For solutions 
having the composition of run  12, a significant passive 
region exists (6) where pit t ing occurs, with the ratio 
of passive dissolution to dissolution by pit t ing esti- 
mated to be smaller  than 1 to 100. Under  these con- 
ditions, the nap, value is consistent with that  which 
would be found under  comparable conditions with an 
active electrode (compare run  12 and Fig. 4). 

The use of the in situ technique might  raise the ques- 
tion as to the effect of the presence of mercury  in the 
solution on the dissolution process. It  should be pointed 
out that mercury  metal  does not come directly in 
contact with the t i t an ium specimen dur ing the dis- 
solution experiment.  Thus, no alloy effect is possible. 
Moreover because the reversible potential  of the 
T i ( IV- I I I )  couple is more negative than mercury  dis- 
solution in this medium, the oxidation of mercury  
metal  by Ti(IV)  is thermodynamical ly  unreasonable.  
No other reactions would appear to be feasible. Added 
evidence is found in the observation that the in situ 
determinat ion of napp dur ing  dissolution and the deter-  
minat ion  of napp on a separate aliquot gave the same 
value wi thin  exper imental  error, although it was more 
difficult to prevent  air oxidation upon removal  of a 
separate aliquot. 

The results reported here for the dissolution valence 
of t i t an ium are not in agreement  with those of Menzies 
and Averi l l  (13) (M&A). Their data indicate that t i ta-  
n ium dissolves with a valence of three independent  of 
chloride ion, hydrogen ion, water  content  to 1%, etc. 
However, these results are in general  agreement  with 
those of F rank l in  and Seklemain (10) where t i t an ium 
was electrochemically dissolved in a number  of non-  
aqueous solvents to give an oxidation number  between 
three and four (although methanol  was not specifically 
studied).  

To resolve unequivocal ly  the difference in results be- 
tween this work and that  of M&A is not possible at this 
time because details of their  experiments  are not given. 
However, it is possible, based on their  data, to indicate 
what  the probable differences are. It does not appear to 
be caused by differences in water  content, rate of stir-  
r ing or small  differences in the exper imental  set-up. 
Their  analyt ical  technique for determinat ion of Ti is 
not described in sufficient detail to evaluate. Careful 
examinat ion of their  paper indicates that  the biggest 
and most consistent difference between this work and 
that  of M&A is the total coulombs passed. They used 
a galvanostatic technique and passed 900 coulombs. 
Their cell volume is not given but  purely from inspec- 
t ion of the figure, it can be assumed to be about 50 ml. 
Under  these conditions they would have slightly over 
0.06M Ti in solution after the dissolution. As shown 
above, at this concentrat i6n of Ti( IV)  a reaction with 
the Ti metal  to give Ti ( I I I )  appears possible, par-  
t icular ly  if the solution stood with the electrode in 
place after being exposed to air following dissolution. 
This reaction would lower the value of n. Such a hy-  
pothesis needs to be tested. 

Our results indicate that  the oxidation state is highly 
dependent  on the complexation of the t i t an ium ions. 
Thus, the dissolution process is influenced significantly 
by the type and na ture  of the complex ions in solution. 
The electrochemical behavior  of t i t an ium in various 
nonaqueous media and its passivation characteristics 
are of considerable current  interest. While it cannot be 

denied that short- l ived intermediates and surface re-  
actions play a vital  role in the metal  dissolution be-  
havior and passivation processes, the bu lk  properties 
and the electrochemical behavior  of soluble couples 
may be of importance. We have, for example, some 
very  pre l iminary  indication at the present  t ime that  
the presence of small amounts  of water in these HC1 
methanol  solutions gives rise to an addit ional  T i ( I I I )  
species which appears short-l ived. Because t i tanium 
begins to passivate in this medium with small  amounts  
of water  present, the formation of this different species 
may be related. Solution chemistry and the na ture  of 
both short- and long-l ived species dur ing metal  dis- 
solution may thus be of importance, not only in under -  
s tanding passive behavior, bu t  also stress-corrosion 
cracking. 
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Anodic Dissolution and Selective Etching 
of Gallium Phosphide 

R. L. M e e k *  and N. E. Schumaker 

Be~Z Telephone Laboratories, Incorporated, MurraT] HffI, New Jersey 07974 

ABSTRACT 

Current  voltage curves and the effective dissolution valence have been 
determined for GaP electrodes in 3N NaOH solution. At  electrode potentials  
of a few volts the current  density for p- type (NA ~ 4(10)17-cm-3) is a factor 
of 10 4 greater than for n - type  (ND ~ 4 (10)17 cm-3)  electrodes. This difference 
allows selective removal  of p mater ia l  from p - n  structures. Applicat ion of this 
selective etching to the fabrication of mesa structures for GaP light emit t ing 
diodes, and to junct ion  delineation, is discussed. At large current  densities, 
6 charges are t ransferred per dissolved GaP molecule in distinction to the 3 
t ransferred charges found previously in  alkaline solution at low ( <  2mA cm -~) 
current  densities. 

As I I I -V compound semiconductor device technology 
is advanced, it becomes desirable to apply some of the 
electrochemical processing and evaluat ion techniques 
which have proven useful for silicon and germanium 
(1-3) to those materials. The present paper discusses 
anodic dissolution and selective etching of gal l ium 
phosphide. 

In comparison to germanium and silicon, the elec- 
t rochemistry of the I I I -V compounds has not been 
widely studied. The occurrence and na tu re  of surface 
films (4, 5) and the morphology of the etched surface 
(5, 6) have been determined for InSb. Several  authors 
have discussed the electrochemistry (7-12) and Nuese 
and Gannon  have described selective etching (13) of 
GaAs. Memming (14, 15) has studied GaP, but  not at 
the ra ther  large anodic current  densities desired for 
etching and shaping operations. 

Experimental 
Current  densi ty-potent ia l  relations were determined 

in the apparatus of Fig. 1. The electrolyte was 3N 
aqueous NaOH mainta ined  at 20~ although the exact 
temperature  is not critical. Measurements were made 
in  the dark  and potentials are relat ive to the saturated 
calomel reference electrode. The samples were of (111) 
orientation, and both the Ga (111) and P - ( l i l )  faces 
were studied. The faces were distinguished by their  
chemical etching characteristics in C12 saturated 
methanol.  This and equivalent  techniques are u l t i -  
mately traceable to x - r ay  evidence. N- type  samples 
were Se doped and p- type  samples were Zn doped 
to a level of about 4(10) 17 cm -8 and were cut from 
LEC (Liquid Encapsulated Czochralski) pulled ingots. 
Ohmic contacts on p- type  (n- type)  were prepared by 
evaporat ing and alloying gold containing 1% Be (2% 
Si).  Surfaces were chemically or mechanical ly  pol- 
ished, as applicable, before use as electrodes. The n u m -  
ber  of electronic charges passing through the external  
circuit per dissolved atom was determined by inte-  
grat ing the current  for a certain t ime and mea-  
sur ing the weight  loss with a microbalance. 

Results 
Current  density vs. potential  data are summarized in 

Fig. 2. As expected, n - type  (ND = 3.5(10)17 cm-3)  
shows current  saturation. The value is about 20 ~A 
cm -2. The p- type mater ia l  of about the same doping 
level, NA = 4.4(10) 17 cm -3, is readi ly dissolved and 
large currents  (,~100 mA cm -2) are drawn at a few 
volts. 

For  both n -  and p- type  the rest potential  is more 
positive for the Ga face. This is in l ine with Gatos' (6) 

* Electrochemical  Society Act ive  Member.  
K ey  words: anodic dissolution, selective etching, gall ium phos-  

phide, semiconductor  electrochemistry,  light emi t t ing  diodes. 

observation that the (111) face of I I I -V compounds is 
less reactive than the (111) face. The J -V curves cross, 
however, somewhere below the lowest current  densi-  
ties measured. This simply shows that  the potential  
drop across the interface, including both the semi- 
conductor and electrolyte space charge potentials, is 
different for the two surfaces. Since the a r rangement  of 
surface atoms is manifes t ly  different (6), this is not 
unexpected and depends on the details of the kinetics 
involved. Below about 0.5 m A / c m  2 the data follow a 
Tafel slope of about 90 mV/decade (see insert  in Fig. 
2), rather  different from the 120 mV/decade found by 
Memming and Schwandt  (14). It  is not wise to attach 
too much significance to such a Tafel slope since it is 
the slope on a plot of surface potent ial  vs. current  den-  
sity which determines the surface carrier concentra-  
tion. The electrode potential  also includes the (var i -  
able) Helmholtz potential.  

It  is seen that, for p-type,  the Ga face draws a 
larger current  density at a given electrode potent ial  
than does the P-face; Note that  plot t ing current  den-  

Fig. 1. Schematic of electrolyte cell used for current-voltage 
determinations. The reference electrode is positioned so as to mini- 
mize the contribution of the IR drop in solution. 
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Fig. 2. Current density vs. electrode potential for n- and p-type 
gallium phosphide electrodes in 3N NaOH. 

sity using rest  potent ial  as the arb i t ra ry  zero does not  
remove  this difference but ra ther  accentuates it. The 
rest potent ial  is l ikely not the revers ible  potential,  but  
ra ther  a corrosion potent ial  and is i tself dependent  on 
kinetic considerations. 

The data plotted are for situations where  no surface 
film growth is taking place. This is no problem on the 
P-sur face  where  no film format ion and consequent  
dropoff of current  wi th  t ime is observed. On the Ga 
face, however ,  above about 1 m A / c m  2 a film forma-  
tion is observed and the current  decreases by a factor 

of two in a few tens of minutes  unless the ni trogen 
bubbler  is implemented  as shown in Fig. 1. An  intense 
s tream of bubbles is directed onto the electrode so that  
the solution is vigorously agitated near  the electrode. 
(For the P- face  the current  is complete ly  independent  
of whe ther  the bubbler  is on or off.) These observa-  
tions suggest that  the reaction on the  Ga face is mass 
t ransfer  limited. It  is known that  spar ingly soluble 
Ga(OH)~, or perhaps hydra ted  Ga203, is one of the 
dissolution products (14) so it is expected that  a film 
will  form to such a thickness that  e lectrochemical  oxi-  
dation and dissolution of the oxidation product  are 
balanced. Vigorous agitat ion reduces the mass t rans-  
fer boundary  layer  thickness and al lows dissolution of 
the film. The data presented are wel l  into the range 
where  more  intense agitat ion produces no change in 
steady current  density. It is not at present  clear  why  
no film tends to form on the P-face,  but  it is no doubt 
related to differences in the detailed react ion paths 
for the two surfaces. S t raumanis  et al. (9) have also 
observed that  on GaAs a th icker  film of Ga(OH)3 is 
formed on the Ga face than on the As face. 

There  is also a difference in s t ructure  of the surfaces 
produced as shown in Fig. 3. The Ga surface has an 
"orange peel" t ex tu re  while  the  P- face  is smoothly 
polished. The features apparent  on the P- face  are 
similar to those observed af ter  etching or polishing by 
other methods and are  l ikely  due to bulk crystal  
defects. The difference in surface roughness is prob-  
ably sufficient to produce agreement  be tween  current  
dens i ty-vol tage  curves on the two faces at large cur-  
rent  densities. 

An effective dissolution valence, or e lectron number,  
may be defined as the number  of electronic charges 
passing through the externa l  circuit  per dissolved 
atom. The data de termined  f rom integrated current  
and weight  loss measurements  are plot ted in Fig. 4. 
It is seen that  at least for current  densities greater  
than 50 m A / c m  2 the effective valence is 3; that  is, 6 
charges per GaP molecule, which is consistent wi th  
the supposition that  a Ga atom and a P atom dis- 
solve as a unit  as suggested by Gerischer  (16) for 
GaAs. However ,  it is very  difficult to expla in  the film 
format ion on the Ga, but  not the P-face  in terms of 
such a model  of dissolution. 

Gerisher  (10) has shown that  GaAs is oxidized with  
the consumption of 6 holes to Ga 3+ and As 3+. Any  
contr ibution due to conduction band charge t ransfer  
is less than 0.1% of the total  (11). Memming and 
Schwandt  (14) conclude that, for GaP, dissolution is 
almost all (90+)  per cent by holes. Here  it wil l  be 
assumed that  only holes are involved.  

Fig. 3. Photomicrographs of electroetched surfaces after several minutes at J ~ 200 mA/cm2: a, gallium face; b, phosphorus face 
(10 = 100~.). 
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However,  Memming and Schwandt  (14) found that  
only 3 charges were  t ransfer red  per GaP molecule  in 
alkaline solution al though 6 were  involved in acid 
solution. Their  measurements  were  based on colori-  
metr ic  analysis of the solution and were  for J < 2 
m A / c m  2. They wri te  the over -a l l  reactions as (14) 

GaP -k 3H20 -5 6e + --> Ga 3+ -5 H3PO3 -5 3H + [1] 

in acid, and 

GaP -5 4 O H -  -5 3e + --> GaO2- -5 P -5 2H20 [2] 

in alkali. P resumably  these are fol lowed by reactions 
fur ther  oxidizing the phosphorus since the phosphorus 
is found as PO4= in ei ther  case. Ring-disk studies are 
in progress in an a t tempt  to identify reaction products 
(see Appendix) .  

The  fact that, in the present  determinations,  6 ra ther  
than 3 charges are t ransferred per GaP molecule  im- 
plies that  some at present  unknown react ion replaces 
Eq. [2]. The change f rom 3 to 6 cannot be explained 
on the basis of O H -  deplet ion at the electrode surface 
(and consequent revers ion to Eq. [1]) since the l im-  
iting current  for that  to occur is expected to be sev-  
eral A cm -2. 

Selective Etching 
It is seen f rom Fig. 2 that  at potentials  of two or 

three volts an etch rate  ratio of ---104 exists be tween 
p-  and n - type  GaP doped to ---4(10) 17 cm -3. This 
presents the possibility of select ively removing  p- 
mater ia l  f rom p-n  structures. The p-n  configuration 
is satisfactory for GaP since the diffusion length for 
holes is short and inject ion of holes f rom p to n and 

consequent dissolution of the n is unimportant .  In 
silicon, where  the diffusion length may  be of the order 
of tenths of mil l imeters,  this is a serious l imitat ion (17) 
and it is in fact ra ther  difficult to remove p f rom n 
without  extensive etching of the  n. 

The  samples used were  l iquid phase epi taxial  Zn,O 
doped p- type  layers grown on the (111) P-face  of n-  
type substrates. The doping levels were  near  those 
for the bulk samples used for J - V  determinations.  
The samples were  waxed  down to a sapphire plate 
wi th  p-side up, that  is away from the plate, and an 
evapora ted  ohmic contact was provided near  one edge 
of the slice. A constant potential  source was used and 
the p - type  layer  select ively str ipped off by lowering 
the wafer  into solution using the same apparatus, 
which lowers the sample into the solution at a con- 
t rol lable  rate, as has been used for s imilar  silicon 
work  described elsewhere [see Fig. 2 and 3 in Ref. 
(17)]. 

Junction delineation.--The selective removal  of the 
p- type  layer  represents  an effective means for revea l -  
ing the p-n  interface in a fashion previously unavai l -  
able in the study of GaP. Lower ing  the GaP wafer  
into solution generates a wedge of p- type  GaP with  
a sharply defined leading edge at the p -n  junct ion as 
shown in Fig. 5a. This photomicrograph clearly shows 
the sharp delineation of the p-n  interface and also 
reveals  the surface s tructure of the n- type  layer  upon 
which the p- type  layer  was grown. Vapor etching of 
the n- layer ,  or part ial  dissolution before regrowth,  
may  account for the rough surface exposed. 

In addition, Fig. 5a shows gross striations in the 
p - layer  which run  paral lel  to the p -n  junction. Higher  
magnification of the p -n  junct ion region (Fig. 5b) 
reveals  a mul t i tude  of small  defect s tructures wi thin  
1-3 ~m of the actual junction; and we expect  that  
this etching technique wil l  be a va luable  tool for defect 
study and identification. 

The nature and cause of the striations and defects 
revealed by this etching are not understood at the 
present time. However ,  the presence of these defects 
may be expected to have a deleterious effect on 
device performance  and reliabili ty.  

Mesa :formation ]or light emitting diodes.--Fabrica- 
tion of the quasi -planar  beam-lead  GaP diode requires  
the formation of isolated p - type  mesas f rom the zinc 
and oxygen doped p- layer  (18). Present ly  this in-  
volves careful  control of the p- layer  thickness and 
subsequent chemical  etching for t imes calculated f rom 
known etch rates to achieve the desired mesas (19). 
The preparat ion of the p - layer  is laborious and is 
necessitated by the l imitat ions of the current  GaP 
l iquid-phase epi taxy growth technology which results 
in nonuniform layers. The use of selective removal  
of the p - layer  by electrochemical  etching is an at t rac-  
t ive al ternat ive method of mesa formation which, be- 
cause of its self- l imit ing nature,  should reduce the 
requi rements  on layer  thickness uniformity.  

Fig. 5. Sample from which the p-epitaxial layer has been partially removed: a, 160X; b, 1000X. 
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Fig. 6. Etched mesa structures for fabrication of gallium phosphide light emitting diodes: a, cross section view; b, top view 

To demonstra te  the feasibil i ty of this technique  a 
wafer  of GaP with  a p- layer  ~40 ~m thick, and an 
ohmic contact near  one edge, was coated wi th  a layer  
of SiO2 and a mesa pa t te rn  defined by standard photo-  
resist technique. The wafe r  was subsequent ly  etched 
as described above. A representa t ive  mesa formed by 
electrochemical  etching is shown in Fig. 6a and 6b. 
The cross-section v iew indicates a smoothly contoured 
surface on the sides of the mesa. The p -n  junct ion has 
been del ineated on the cleavage face by etching in 
warm HNO3 and clear ly  indicates the  selective removal  
of the p-layer.  The top view of a mesa in Fig. 6b shows 
that  the mesa is quite un i form in size. The mesa is 
smaller  than the original  mask size. The undercut t ing  
of the mask, U is expected to be equal  to the etch ra te  
times the total t ime etched; that  is 

U = E L / R  

where  E is the etch rate, L is the  length of the wedge 

produced as the slice is lowered into solution (17), and 
R is the lowering rate. Since 

R -- L E / T  

where  T is the thickness of the layer  removed (17) 

U = T  

That is, on the average,  the mask is undercut  by an 
amount  equal  to the  layer  thickness. That  this is 
approximate ly  t rue can be seen f rom Fig. 6. There is 
also a differential  in the undercut t ing  f rom one side 
of the mesa to the other  since the slice is lowered 
into the solution. That is, there  is a tendency to form 
a mesa with  a t rapezoidal  ra ther  than rec tangular  top. 
This differential  is given by 

~U WE 
~ . - . -  

U RT 

Fig. 7. Completed, quasi-planar 
beam lead diode. 
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where AU is the difference in undercut t ing  from top 
to bottom and W is the mesa dimension in the lowering 
direction. Clearly, to minimize this, R should be large 
and E (or equivalent ly  the potential)  should be small. 
For  T = 25~, typical ly R = 3 cm/h r  and VceI1 = 4V. 
Of course VcetL must  not be too small or R too large or 
else potential  drops down the tapered slice become 
large and etch through nearest  the contact, and con- 
sequent premature  isolation occurs. It  is impor tant  to 
note that, since the etching is electrochemical ra ther  
than  chemical, the undercut t ing  stops as soon as the 
p- layer  between mesas is etched away; or, more pre-  
cisely, any fur ther  etching is l imited by the current  
d rawn through a reverse biased p -n  junction.  

The defects and entrapped crystallites apparent  in 
Fig. 6 were due to the na ture  of the materia!  before 
etching and do not appear in  device qual i ty material.  
Figure  7 is a photomicrograph of a completed, quasi-  
p lanar  LED (Light Emit t ing Diode) bonded to a 
ceramic chip. The device is roughly 250~ on a side, 
and typical  device parameters  are 10 mA at a forward 
voltage of 2V with an unencapsulated quan tum effi- 
ciency of 2%. 
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APPENDIX 
Consideration of the inorganic chemistry of gall ium 

and phosphorus [W. M. Latimer, "The Oxidation States 
of the Elements and Their Potentials  in Aqueous Solu- 
tions," Prentice-Hall ,  Inc., Englewood Cliffs, N. J., 
(1952)] in light of the above discussion, and the fact 
that phosphine is observed to be l iberated in all cases, 
suggests that:  

( In acid) 

GaP + 3H20 + 6e + = Ga 3+ + 3H + + HsPO3, 

E ~ -- 0.41V 
(In alkali, J < 10 m A c m  -2) 

GaP + 4 O H -  + 3e + = H2GaOs- + P + H20, 

E ~ = 1.0V 
(In alkali, J > 1O mA cm -2) 

GaP + 9 O H -  + 6e + = H2GaOs- + HPO3 = + 3H20, 

E ~ = 1.4V 
The disproportionation reactions 

4P + 3 O H -  + 3H~O = 3H2PO2- + PH3, 

AG ~ = --80 kcal 

and 

3H3PO2 = PH3 + 2HaPO3, AG ~ = --30 kcal 

have ra ther  large negative free energies and may 
part ial ly account for the fur ther  oxidation of P at low 
current  densities in basic solution. 

Since the phosphorus is finally found in the + 5 oxi- 
dation state, and as phosphine, we presume that  the 
reaction 

4H3PO3 = PH3 + 3H3PO4 AG ~ = 0.9 kcal 

which has a small positive free energy is pushed to 
right because of evolution of phosphine from the solu- 
tion. Some hydrogen is expected to be evolved in basic 
solution through 

2P + 2 O H -  + 2H20 = 2H2PO2- + H2 

AG ~ = --56 kcal 
and 

H3PO2 + H~O = H3PO3 + H2 AG ~ = --23 kcal 

competing with the disproportionation reaction. Ring- 
disk studies (D. M. MacArthur, private communication) 
indicate 1 to 10% of the phosphorus follows this re-  
action path. The fact that  6 charges are t ransferred at 
larger potentials, current  densities, indicates that  there, 
for reasons not par t icular ly  apparent  but  perhaps re-  
lated to the PH3 concentration, the phosphorus is more  
likely to enter  into a reaction involving fur ther  charge 
transfer  than  into the disproportionation reactions. 
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Organic Reactions in Gas Discharges Leading to 
Polymer Deposits 

Arthur Bradley* 
Surface Activation Corporation, Westbury, New York 11590 

ABSTRACT 

The ul t imate  products  of static gas discharge in organic vapor  are solid 
po lymer  deposits and inorganic gases. Analyses by gas chromatography  of d e -  
c o m p o s i t i o n  in termediates  suggested common routes for many  systems. Char-  
acteristic plasma reactions are decarbonylat ion and dehydrogenation,  wi th  
solid resins arising via migra t ion  of ionized unsatura ted  species to the e l e c -  
trodes  where  they recombine as energet ic  neutra l  fragments.  The last organic 
res idue found in the vapor  state after exhaust ive  discharge decomposit ion 
of any hydrocarbon is acetylene. Exper imen ta l  evidence of the format ion of 
the t r i f luoromethyt  radical  f rom perfluoroacetone is presented. 

With very  few exceptions, organic vapors subjected 
to exci tat ion and ionization in an electr ical  discharge 
yield polymeric  deposits on the electrodes. The process 
as a means for producing useful thin film coatings was 
patented in 1960 (1). The commerc ia l  possibilities 
which this new plasma technology suggested have pro-  
vided the incent ive for more than a decade of intensive 
applied research (2). There  has been par t icular  a t ten-  
tion paid to fluorocarbon deposits, which may have 
ut i l i ty  as protect ive or wa te r - r epe l l en t  coatings, as 
dielectr ic  layers, or release agents, but the re  are no 
substantial  commercial  applications at present. 

Al though the importance of normal  chain propaga-  
tion in gas discharge polymerizat ion is doubtful,  un-  
saturated "monomers"  give the best adherent  and co- 
herent  films. The deposits f rom aliphatic hydrocarbons 
and other  simple organic compounds are br i t t le  and of 
low utili ty.  This paper a t tempts  to explain these and 
related observations by considering the probable routes 
of decomposit ion and recombinat ion of organic f rag-  
ments  in a p lasma/e lec t rode  environment .  There  are 
no mechanisms presented but  some apparent ly  con- 
sistent and predictable  react ion sequences are dis- 
cussed. 

Rates of conversion of organic vapor  to solid po lymer  
in terms of grams per  k i lowat t -hour  have been deter -  
mined for many  compounds (3). Convent ional  mono-  
mers such as s tyrene and methy l  methacry la te  do not 
deposit films much faster than ethyl  benzene or methy l  
acetate unless the electrodes are chilled to near  the 
condensation point of the vapor. Di rec t -cur ren t  dis- 
charges yield ten t imes  as much polymer  on the cath-  
ode as the anode. It seems l ikely  that  there is l i t t le  
or no polymerizat ion in the vapor  state and tha t  mole-  
cules reach the electrode as posi t ively charged f rag-  
ments  which are there  converted to highly energetic 
neutra l  species. 

We have speculated that  polymerizat ion results f rom 
random recombinat ion of open bonds on the electrode 
surface, wi th  no propagat ion in the ordinary  sense (3). 
Nevertheless,  the deposit f rom styrene shows many  of 
the s t ructura l  features  of convent ional  polys tyrene  
(e.g., similar  LR spectra) ;  that  f rom te t raf luoroethyl-  
ene is not unl ike Teflon. 

A static discharge (no exhaust  or inflow of gas) in 
certain monomers  results in a gradual  decrease in pres-  
sure, indicating that  severe f ragmenta t ion  does not 
occur before species are ionized and drawn to the 
cathode. In general,  these give the bet ter  qua l i ty  films, 
and are discussed in some detail  later  in this report.  On 
the other  hand, al iphatic hydrocarbons,  even unsatu-  
rated ones, as welt  as simple alcohols, ketones, car-  
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t r i f luoromethyl .  

boxylic acids and esters, tend to decompose in the 
plasma. Po lymer  deposits obtained f rom methane,  
methanol,  ethane, propane, isobutylene, hexane, ace- 
tone, ethylene, and acetylene were  all  s imilar  in ap- 
pearance, chemical  composit ion (low H to C rat io) ,  and  
physical properties.  In each case, the po lymer  formed 
nonadherent  bri t t le  flakes or crumbled to powder. It  is 
proposed that  these solids all had a common antece-  
dent: plasma decomposit ion in termediates  such as 
e thylene  and acetylene. 

There  is no general  agreement  in the extens ive  gas 
discharge l i tera ture  on even the broadest aspects of 
po lymer  formation, much less on a mechanism (4, 5). 
Some authors visualize the organic monomers  condens- 
ing on the electrode and there  p01ymerizing after  
ini t iat ion by electron or ion bombardment  (6-8). This 
might  be appropriate  for s tyrene but not for benzene, 
acetylene, or a host of saturated hydrocarbons.  Others 
have, l ike us, found evidence of decomposit ion of t h e  
parent  molecule  in the plasma fol lowed by recombina-  
tion at the electrode surface (9-12). 

Some  of our more  specific findings have  been pre -  
viously described. The s imilar i ty  of deposits f rom sty-  
rene and e thyl  benzene was repor ted  by Brick and  
Knox (4). McTagger t  (10) detected ethylene and  
ethane  as by-products  of the plasma polymerizat ion 
of all paraffins f rom methane  to decane and noted that  
the po lymer  obtained was not physical ly dist inguish- 
able from that  deposited f rom acetone or methanol.  

Vastola and Wightman (12) found that  methane,  
ethane, and ethylene all deposited hydrocarbon films 
of similar  composition in a microwave  discharge. In 
each exper iment ,  the by-produc t  gas mix tu re  w a s  
about 95% hydrogen plus a mix ture  of all  th ree  hydro-  
carbons and acetylene in approximate ly  equal  quan-  
tities (by mass spectroscopic analysis) .  Fur thermore ,  
the infrared spectra of the films from ethane and e thyl -  
ene were  found to be superimposable.  Unfor tunately ,  
no spectral  comparison with  the acetylene deposit w a s  
reported. These authors suggest tha t  the CH f ragment  
might  be a common in termedia te  in the deposition of 
solid po lymer  films from hydrocarbon gas discharges. 

Will iams and Hayes (8) found that  no polymer iza-  
tion occurs on the anode of a d-c discharge and so 
dismissed the importance of electron bombardment .  
They recognized the advantage of condensation on a 
chil led electrode and concluded tha t  glow discharge 
polymerizat ion probably occurs exclus ively  at the elec-  
t rode surface. However ,  since they confined thei r  work  
to~ convent ional  monomers,  they were  inclined to over -  
look routes which involved nei ther  ini t iat ion nor  prop-  
agation. These authors proposed a classification of 
monomers  by rate of react ion based on their  l ikelihood 
to be adsorbed on electrode surfaces. The favored  
monomers  on their  list could also be described as the  
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least l ikely to decompose in C2 hydrocarbon in ter -  
mediates. 

Experimental Results 
A large bell jar  (18 in. diam) was used as the plasma 

reaction chamber. Pairs of clean t in-pla ted  steel elec- 
trodes (0.006 X 4 X 6 in.) were mounted parallel  and 
approximately 0.5 in. apart  for each experiment.  Gases 
were introduced via a feedthrough in the baseplate 
directly from commercial gas cylinders. Liquids were 
contained in a 250 ml  round bottom flask attached by 
an O-r ing  seal "quick-coupling" to a fixture at the 
underside of the baseplate. A vapor pressure of at least 
2 mm at room tempera ture  was the only physical re-  
qui rement  of a "monomer." Al ternat ing  voltages of 
3000-10,000 Hz were applied to the electrodes, approxi-  
mately  300V being required (at 2 mm) to achieve 
a stable discharge covering the entire electrode surface. 
Discharge currents  were mainta ined between 20 and 25 
mA for the durat ion of experiments  which lasted from 
5 to 30 rain. 

Although a relat ively small  portion, much less than 
1%, of the volume of gas contained in the bell jar  was 
actually between the electrodes at any one instant, it 
appeared that  circulation was excellent and that the 
body of gas was being acted upon uniformly.  In  many  
experiments,  after 30 rain there was only a trace of the 
original vapor left. 

At the beginning  of each experiment  the bell  jar  
was evacuated to below 0.05 mm with an oil pump. 
The gas or vapor from the liquid reservoir was ad- 
mit ted unt i l  the pressure reached 2 mm and then all 
valves were closed. Fi lm depositions were carried out 
with no at tempt made to main ta in  a constant pres- 
sure. It is characteristic of acrylonitr i le  and te t ra-  
fluoroethylene that the pressure decreases in such static 
discharges; with most materials  there was a gradual  
pressure rise as hydrogen and other by-products  ac- 
cumulated. 

Aliquots of the gas 'mix ture  were taken at intervals  
for analysis by an F & M Model 810 gas chromatograph. 
A sample of 25 cc at 2 mm was general ly sufficient for 
identification of the major  components on an activated 
charcoal column. The sampling chamber was opened 
to the column for 60 sec; 3 min later  a programmed 
heating cycle began which raised the column from 
room temperature  to 380~ in another 12 min. High- 
pur i ty  hel ium was employed as the carrier gas with a 
thermal  conductivity detector registering each com- 
ponent  as it emerged from the column. Most identifi- 
able peaks were recorded on the chart  by the time the 
heat cycle had reached its max imum temperature.  It  
was kept hot for another 15 min  to remove any residual 
components of the previous experiment  before cooling 
to room temperature  again for the next  sampling. 

Gases obtained for this investigation in s tandard 
cylinders from the Matheson Corporation included 
hydrogen, nitrogen, oxygen, carbon monoxide, carbon 
dioxide, methane, ethane, ethylene, acetylene, propane, 
isobutylene, tetrafluoromethane (Freon-14),  fluoro- 
form (Genetron-23),  hexafluoroethane (F reon - l l 6 ) ,  
and perfiuoropropane. Hexafluoroacetone was obtained 
from the General  Chemical Division of Allied Chemical 
Corporation, Baton Rouge. Tetrafiuoroethylene was 
supplied by the Thiokol Corporation, Moss Point, 
Mississippi. 

Reagent grade acetone, methanol,  and hexane were 
obtained from a commercial laboratory supply house. 
Acrylonitrile,  methyl  methacrylate,  and allyl meth-  
acrylate were supplied by the Monomer Polymer  Lab-  
oratories, Philadelphia.  

In  a typical experiment,  hydrogen appeared as a 
sharp peak on the descending shoulder of the ini t ial  
sampling response, barely 30 sec after the sampling 
chamber was closed (detected at the 1.5 rain mark  in 
Fig. 1, for example) .  

Oxygen and ni trogen were indistinguishable,  the 
"air" peak coming at 2.5 min, followed by carbon 

monoxide at 3, methane at 5, carbon dioxide at 8, and 
the family of C2 hydrocarbons, usual ly  ace ty lene> 
e thy lene> ethane, be tween 10.5 and 13 min. Per -  
fluorinated analogs appeared at almost the same in-  
tervals as the hydrocarbons. Fluoroform (trifluoro- 
methane)  was released from the column after te t ra-  
fluorometl~ane and before hexafluoroethane, as shown, 
for example, in Fig. 2. 

Chromatograms under  s tandard conditions were 
taken for each gas individual ly  before they were iden-  
tified as components of a mixture.  Thus the peak for 
fluoroform alone was superimposable on the 8.5 min  
peak found in the hexafluoroacetone decomposition 
carried out with the electrodes wrapped with Mylar 
film. 

Infrared absorption spectra for acrylonitr i le  film de- 
posited on KBr pellets were recorded on the Pe rk in -  
Elmer Model 21 double-beam spectrophotometer. 
Peaks characteristic of primary,  secondary, and ter-  
t iary amines with various hydrocarbon substi tuents 
were observed. 

Powders and flakes of polymer removed from the 
electrodes (or gathered from where they had fallen) 
were submitted to the Schwarzkopf Analyt ical  Lab-  
oratory, Woodside, Queens, New York. Some prepara-  
tions were from a static gas phase and some had a con- 
t inuous flow of fresh feed vapor and exhaust. Elemental  
analyses of C and H always totaled considerably less 
than 100% because of oxygen and some ni t rogen ab- 
sorbed by the polymer upon exposure to air. The oxy- 
gen take-up was not reduced by main ta in ing  the bell 
jar  vacuum for 6 hr after an experiment.  Acryloni t r i le  
polymer had lost about one-fifth of its nitrogen, in-  
dicating that  perhaps 80% of the deposit was derived 
from intact monomer.  The H/C ratio for acrylonitr i le  
deposit suggests that many  of the lost n i t rogen atoms 
were fragmented as CN. Some typical analyses are 
given in Table I. 

The absorption of oxygen by powdery organic poly- 
mers brist l ing with free radical sites was expected, but  
the t rapping (or "fixation") of ni t rogen by the same 
process was something of a surprise. Other workers 
who have detected ni trogen in glow discharge polymer 
have at t r ibuted it to air contaminat ion of the hydro-  
carbon vapor (13). 

The complete chromatogram records of this invest i-  
gation would include some sixty readout charts. It is 
convenient  to i l lustrate how these chromatograms were 
utilized with one chart  for allyl methacrylate  (Fig. 1) 
and two for hexafluoracetone (Fig. 2). Features of the 
various chromatogram readouts applicable to other 
compounds are introduced where the specific plasma 
experiments  are discussed in the following paragraphs. 

Discussion 
Since most organic compounds decompose when 

thermal ly  excited to a small  fraction of 1 eV, it is not 
surprising that even "cold plasma" energies (14) up to 
15 eV tend to disrupt  molecules extremely rapidly.  
Under  the conditions described in this report, only 
acetylene and certain perfluorinated hydrocarbons sur-  
vived the equivalent  of 10 sec continuous plasma ex-  
posure, and that spread out over a 30 rain period. 

Any compound that  can remain  intact long enough 
for its ion to reach an electrode surface will be in-  
corporated into a polymeric deposit forming thereon. 

Table I. Typical analyses 

P o l y m e r  f r o m  %C % H  %N H / C  r a t i o  

Methane ,  s ta t ic  78.4 7.02 0.85 1.07 
c o n t i n u o u s  f low 69.8 6.3 - -  1.08 

E thy l ene ,  s ta t ic  72.1 6.8 - -  1.13 
I sobu ty l ene ,  s ta t ic  81.7 8.07 0.11 1.19 

c o n t i n u o u s  f low 78.9 7.8 0 1.18 
Hexane ,  s ta t ic  81.6 8.6 - -  1.18 
A c r y l o n i t r i l e  68.8 6.4 20.4 1.12 

(Theory ,  C3I-I.~) (67.9) (5.7) (26.4) (1.00) 
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Fig. i. Gas chromatogram of intermediate products from gas 
discharge in a|lyl methacrylate vapor (2 ram). 
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Fig. 2. Gas chromatogram of products from plasma decomposi- 
tion of hexafluoroacetone vapor (3 mm) with (a) metal and (b) 
Mylar electrodes. 

This type  of molecule, even when unsa tu ra ted  and p re -  
sumably  polymerizable ,  is rare.  Thus isobutylene,  C4H8, 
y ie lded  a po lymer  C4H4.s. Hexane  gave a deposit  of the  
same composition. The methane  po lymer  was approx i -  
ma te ly  CHin. We must  begin to suspect  a common in-  
te rmedia te .  By wha t  route  does this  in te rmedia te  arise? 
Is i t  re la ted  to the  w e l l - k n o w n  p lasma  synthesis  of 
ace ty lene  f rom methane  (12, 15)? Clear ly,  there  must  
be some pa t t e rn  to these  observat ions.  

Plasma decomposition reactions.--Dehydrogenation 
is the  most r ap id  single decomposi t ion step, even for 
methane,  where  CH2 is the  "radical  species present  in 
impor tan t  concentrat ion" (15). Since the  concentra t ion 
of hydrogen  builds up r ap id ly  under  p l a sma  conditions, 
a cer ta in  amount  of the  reverse  reac t ion  (hydrogena-  
tion) also occurs in al l  systems. The resul t  is tha t  re -  
gardless  of the s tar t ing composition, all  hydroca rbon  
residues t end  toward  the same (g radua l ly  d i sappea r -  
ing) mix tu re  of ethane, ethylene,  and  acetylene.  These 
th ree  peaks  are  charac te r i s t i ca l ly  accompanied  by  hy -  
drogen and methane,  as i l lus t ra ted  in Fig. 1. Oxygen  
from organic compounds is often found both as carbon 
monoxide  and carbon dioxide.  The free e lement  m a y  
also be observed as a decomposi t ion product  of carbon 
dioxide or water .  

The  actual  equ i l ib r ium concentra t ions  of C2H2, C2t-I4, 
and C2H6 in the presence of excess hydrogen  in a dis-  
charge p lasma are  unknown,  but  t hey  would  cer ta in ly  
favor  the t r ip l e  bond  compound.  Ace ty lene  is the  las t  

surv iv ing  organic identif iable in the  gas phase  af ter  ex -  
haust ive  discharge of almost  any  compound containing 
carbon and hydrogen.  P r e suma b ly  it is consumed only  
by  po lymer iza t ion  to C-H solid residues;  e lementa l  
carbon was not observed  as a product  in this inves t iga-  
tion, however  long the p lasma was sustained.  I t  r e -  
mains  a possibi l i ty  tha t  e thy lene  or o ther  unsa tu ra ted  
species could also yield po lymer  wi thout  b reak ing  
down to ace ty lene  first, bu t  H / C  ra t ios  in deposi ts  f rom 
hydrocarbon  p lasmas  consis tent ly  approach unity.  

Ethane  releases  hydrogen  faster  than  any other  feed 
gas subjected to glow discharge.  In one exper iment ,  
app rox ima te ly  90% degraded  in 15 rain, at which t ime 
were  observed  5% acety lene  and lesser quant i t ies  of 
methane,  e thylene,  and a Ca moiety.  The  hydrogen  
peak  corresponded to 150% of the or iginal  vo lume of 
ethane.  

E thylene  gives the  same in te rmed ia te  products  du r -  
ing the course of its p lasma degradat ion,  a l though in 
different  proport ions.  Methane  and e thane peaks  are  
ba re ly  more than traces. The yield of hydrogen  from 
comple te ly  spent  e thylene  is hal f  tha t  obta ined f rom 
s imi la r ly  dep le ted  ethane. The conversion to solid 
po lymer  is essent ia l ly  quant i ta t ive  in both cases. Un-  
for tunate ly ,  the  flaky, in t rac tab le  solid bears  no re -  
semblance to po lye thy lene  in any respect  (unless  the 
la t te r  has been c ross - l inked  and degraded  by  excessive 
rad ia t ion  to a c rumbly  p o w d e r ) .  

Af te r  dehydrogenat ion,  the nex t  most  character is t ic  
p lasma react ion is decarbonyla t ion.  Carbon monoxide  
is one of the  more  s table  species and one of the last  
survivors  of exhaus t ive  discharge t rea tment .  The p rod-  
ucts observed in the  ea r ly  stages of glow discharge de-  
composit ion of acetone vapor  indicate  tha t  the  ketone 
decomposi t ion quickly  yields  hydrocarbon  f ragments  
which then proceed via  the e thane -e thy l ene -ace ty l ene  
subsys tem to po lymer ic  deposits.  Thus, a f te r  10 min 
glow be tween  meta l  p la te  electrodes,  acetone y ie lded  
the products  l is ted in Table  II. 

The high propor t ion  of e thane  suggests tha t  there  is 
a route  f rom acetone to hydroca rbon  that  does not  r e -  
quire  free me thy l  radicals  to be released,  a l though 
some par t  of the  C2 concentra t ion p robab ly  resul ts  
f rom react ions of C1 fragments .  The consumption of 
methane  cer ta in ly  requi res  some such path.  I t  is be -  
l ieved that  once CO is re leased by the  pa ren t  vapor  
it t akes  no significant pa r t  in the  subsequent  reac t ion  
scheme. A t t empt s  to react  CO wi th  hydrocarbons  in 
separa te  exper iments  have not been successful. 

I t  is proposed tha t  the  in i t ia l  decomposi t ion of ace-  
tone follows both these routes  

CHsCO CHs ~ CO ~- 2CHs 

CO + CHs - -  CHs 

As the react ions continue on fu r the r  discharge 
t rea tment ,  the  propor t ions  of C2 f ragments  r emain  
fa i r ly  constant  and a Ca peak  appears .  The paren t  ke -  
tone is comple te ly  deple ted  af ter  30 min  and shor t ly  
thereaf te r  a l l  hydroca rbon  peaks  disappear ,  leaving 
solid deposit, hydrogen,  carbon monoxide,  some air  
f rom leakage,  and traces of carbon dioxide.  These are  
the  same products,  including the  same qua l i ty  po lymer  
film, obta ined f rom exhaus t ive  p lasma degrada t ion  of 

Table II. Intermediate species identified in plasma degradation 
of acetone (% by volume) 

S p e c i e s  % by  v o l u m e  

U n r e a c t e d  a c e t o n e  50 
H y d r o g e n  A b o u t  30 
C a r b o n  m o n o x i d e  50 
M e t h a n e  5 
E t h a n e  9 
E t h y l e n e  3 
A c e t y l e n e  7 
S o l i d  p o l y m e r  (by  w e i g h t )  A b o u t  25 
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ethane or ethylene, except for the carbon monoxide 
(which eventual ly  begins to react with the hydrogen, 

see below). 
It is of interest  to review at this t ime the decom- 

position of the related perfluorinated ketone hexa-  
fluoroacetone. With this compound, decarbonylat ion is 
again the first degradation step. The reaction sequence 
is simpler, however, because C2F6 has little or no 
tendency to defluorinate. No significant amounts  of 
C2F4 or C2F2 appear and only traces of solid can be 
found on the electrodes and these are probably  due to 
impurit ies or leakage. This lends support  to the hy-  
pothesis that the polymer in the hydrocarbon system is 
derived from unsatura ted  C2 fragments.  

The products observed after a 15-min discharge in 
hexafluoroacetone are CF4, C2Fs, and C3F8. An experi-  
ment  was carried out in which one electrode was cov- 
ered with plastic film (one-rail  Mylar  polyester),  serv- 
ing as a source of hydrogen. This led to formation of 
fluoroform CHF3 as an addit ional  product  and confirms 
that the perfiuoromethyl radical 'CF3 was an in te r -  
mediate and probably participated in the reaction se- 
quences leading to the various fluorocarbon products. 
F igure  2 reproduces the chromatograph record of the 
discharge products from hexafiuoroacetone on metal  
(a) and organic (b) electrodes. 

The type of experiment  in which discharge products 
are allowed to react with substrates covering the 
electrodes can be extremely informative. The possi- 
bilities were by no means adequately explored in this 
investigation. However, one reaction, unre la ted  to the 
main  subject mat ter  of this paper, was examined, and 
the results are presented here as an aside of possibly 
general  interest. 

Reactions of polymer surfaces with oxygen p lasma. -  
Oxygen was introduced at pressures of 2-4 mm into an 
electrode chamber  in which the electrodes were var i -  
ously wrapped with polyethylene, polypropylene, poly- 
ester film, and polyester fabric. In all cases CO2 peaks 
appeared soon after discharge commenced and steadily 
grew in height as the condition was maintained.  The 
area of the peaks corresponded to about one- thi rd  
conversion of 02 to CO2 in 30 min  with no sign of slow- 
ing down (Table III) .  

It has long been known that a polymer film exposed 
to an air discharge experiences changes in wet t ing 
angle and printabil i ty,  and it has been shown that  
oxygen is incorporated onto the surface in the form of 
ether, carbonyl,  carboxyl, hydroxy, and peroxy groups 
(16). It was not anticipated, however, that  so much 
carbon would be removed from the substrate by  the 
excited oxygen species. Cleavage of polymer chains 
must  contr ibute heavily to the disruption of the sur-  
face and, in fact, must  general ly precede the formation 
of new oxidized groups. The accompanying lowering of 
the average chain length of polymer molecules gives 
real meaning  to the term "oxidative degradation" as 
applied to the effects of corona discharges in air. 

Conversion of methanol to polymer.--Before dis- 
cussing methanol  reactions it is first necessary to refer 
again to the reduction of carbon monoxide with hydro-  
gen. The results of a plasma study of these gases were 
disclosed by Blaustein and Fu in 1967 (17). Although 
previous workers had found only methane  as a product, 

Table III. C02 from 02 discharge reactions with substrates 

P e a k  heights ,  inches,  f r o m  gas  ch roma tog raph  

Electrode cover ing  COs, 10 rain CO~, 30 rain 

None (control) 0.10 0.35 
Polye thylene  film (HD) 1.3 5.8 
Po lye thy lene  film (LD) 1.9 7.2 
Polypropylene  film 2.0 7.0 
Polyes ter  film (Mylar) 1.15 4.3 
Scoured polyester  fabr ic  (Vyeron) 2.3 7.6 
Gre ige  polyester  fabr ic  (Vycron) 2.4 8.4 
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these workers identified the intermediates ethane and 
acetylene on the inevitable route to polymer, both in 
far greater quantity than could be accounted for by any 
specific reaction involving CO and H2. Oddly, ethylene 
was not found. Nevertheless, it appears that the 
methane-to-polymer route followed the familiar pat- 
tern outlined above involving a set of C2 hydrocarbons. 

It will be noted that no methanol was found as a 
product of a CO-H2 plasma, although this reaction 
readily occurs at high pressure and is of commercial 
importance. However, the reverse reaction 

CHsOH,,~ CO -{- 2H2 

predominated when methanol was used as feed gas in 
our discharge experiments. It is not surprising that 
within the first 10% decomposition of methanol, traces 
of methane and ethane were detected as gaseous by- 
products and the beginnings of polymer deposit ob- 
served. Longer treatment increased the peaks and 
added acetylene, and by the time the methanol was 
gone the usual organic residues had appeared in their 
typical proportions. 

From what we know of the reactions in  a CO-H2 
plasma (17), all of the products from methanol  can be 
accounted for. There remain,  however, possible minor  
contr ibut ions from al ternate  routes of decomposition, 
such as 

C H a O H , , ~ *  H C H 0  + H~ 

or "CI-I~ + "OH 

: CH2 + H20 

These modes of degradation could lead to the same 
hydrocarbon intermediates. Neither formaldehyde nor 
water would have been detected by the analytical tech- 
nique employed. 

Polymerization of other monomers.--The foregoing 
has presented a possible common-denomina tor  route 
for polymerizat ion of a n u m b e r  of simple organic com- 
pounds in a gas discharge. The  remainder  of this paper  
surveys larger and more unsatura ted  molecules~which 
show some evidence of conversion to solids by  al ter-  
nate  routes. It par t icular ly  refers to the importance of 
t empera ture  control of the electrodes. If the comments  
tend toward over-general izat ion the author can only 
plead that  he has tried to assimilate the collected im-  
pressions of a generat ion of affiliated workers while 
main ta in ing  one consistent over-al l  point  of view. 

Aromatic "monomers" such as benzene, toluene, 
naphthalene, pinene, thiophene, and pyrrole were not 
investigated by gas chromatography. Their film prop- 
erties (3, 18) suggest that they are not converted to 
polymer solely via unsaturated C2 hydrocarbons. This 
group, which might also include butadiene and cyclo- 
pentadiene, probably polymerize via larger ionized 
fragments containing multiple unsaturation. Their 
vapors deposit stable, adherent films from a discharge 
plasma, although it is well to restrict the thickness to 
1 or 2~. In  thicker layers they crack and peel away 
from the substrate;  they lack the flexibility, tenacity, 
and cohesion necessary to form a protective coating, 
nor  do they conform well to an unusua l  shape. 

It  might  be expected that genuine  organic monomers  
(vinyl  or allyl compounds with mi ld ly  polar funct ional  
group subst i tuents)  would deposit polymer from a gas  
discharge without  producing a family of degradation 
products. In  actual  practice, no monome r  fulfills this 
ideal behavior, bu t  acrylonitr i le  p robab ly  comes as 
close as any. 

The pressure in a chamber  containing acrylonitr i le  
begins to drop the moment  a discharge is t u rned  on. 
Only minor  by-products  appear: small  peaks a t t r ibu t -  
able to ni t rogen and acetylene are observed after a 
few minutes.  No detectable hydrogen, methane,  ethane, 
or ethylene are produced as the conversion to so l id  
continues. 
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Table IV. Organic "monomers" classified by polymerization route 

Category  Descr ip t ion  Examples  R e m a r k s  

I Po lymer iza t ion  is essent ial ly  via  whole  molecule Acryloni t r i le  
Per f luor ina ted  olefins 

II  a Molecule has  t endency  to degrade  into large f r ag -  S tyrene  
men t s  wi th  con juga ted  unsa tu ra t ion  which  also Vinyl  pyr ro l id ine  
polymer ize  

I I b  There  is compet i t ion be tween  whole-molecule  Allyl me thac ry la t e  
po lymer iza t ion  and  the slow route  via  C~ hy-  Dial lyl  sulfide 
drocarbon in t e rmed ia t e s  

HI  a Pr inc ipa l  route  to po lymer  is v ia  unsa tu ra ted  Benzene 
f r a g m e n t s  Dicyclopentadiene  

I n  b Only route  to po lymer  is v ia  C2 hydrocarbons  Methane  
Acetone 

Yield and  qual i ty  of film not direct ly  re la ted to 
t e m p e r a t u r e  of electrodes 

Chil l ing electrode to near  condensat ion point  of 
m o n o m e r  i m p r o v e s  yield, and proper t ies  of film 
approach those of "conven t iona l "  po lymer  

Condensat ion condit ions help in producing  good 
qua l i ty  f i lms 

Control  of  electrode t empera tu re  probably  has  
little or no effect 

No decent  film obta ined under  any  conditions 

Analyt ical  results suggest that  only about 20% of the 
acrylonitr i le  polymer is derived from degradation 
products. However, it is believed that  much of the di- 
rect polymerizat ion involves the nitr i le  group. Amines 
of all description have been detected by infrared anal-  
ysis, and the richly colored deposit absorbs oxygen 
readily, suggesting conjugate unsaturat ion.  These ob- 
servations are consistent with a nonpropagat ion model 
for polymerization, new bonds forming according to the 
random orientat ion of the various species immediately 
after being neutral ized at the electrode. An acrylo- 
ni tr i le  cation, formed in the plasma by e lec t ron bom- 
bardment ,  might carry most of its charge on the ni t r i le  
carbon, decreasing the probabil i ty  of the nitr i le  func-  
t ion remain ing  intact  in the macromolecu]ar film de- 
posit. 

Yield alone does not give a clue to the degree of 
fragmentat ion,  but  rapid film deposition monomers like 
acrylonitrile, styrene, and acrylic acid will  be sure to 
r ank  with the best in preserving monomer  integri ty 
into the solid. On the other hand, the perfluorinated 
olefins, lacking a defluorination mechanism analogous 
to dehydrogenation,  are also polymerized fair ly intact, 
al though at a much slower rate. Polytetraf luoroethyl-  
ene films prepared for capacitance use had essentially 
the same dielectric constant as bulk  commercial Teflon, 
and came wi th in  one order of magni tude  of its ex- 
t remely low power factor (2). 

A number  of organic monomers  roughly classifiable 
as unsa tura ted  esters have been successfully used for 
producing colorless protective films over metal  surfaces 
(2). It was somewhat surprising and dis turbing there-  
fore to find that  they released the same family of re- 
lated decomposition products as the simple oxygen- 
containing feed gases methanol  and acetone. Thus, 
allyl methacryla te  and methyl  methacrylate  gave car- 
bon monoxide, carbon dioxide, acetylene, ethylene, and 
ethane, in  the opening minutes  of glow, in this decreas- 
ing order of importance. After  10 min, the CO peak 
had increased disproportionately, towering five t imes 
above those of COe and acetylene, which in  tu rn  over-  
shadowed ethylene, ethane, and the newly appeared 
methane and C3 peaks (Fig. 1). Considerable hydro-  
gen was also indicated at this time. Fur ther  discharge 
t rea tment  (15 to 30 rain) resulted in exhaust ion of the 
hydrocarbon fragments, leaving traces of acetylene as 
the last survivor. 

It must  be concluded that one or more decarbonyl-  
ization mechanisms compete with direct polymeriza-  
tion, and therefore, the solid product obtainable from 
these monomers (above condensation, at least) must  
contain a significant proport ion of the Ca-hydrocarbon 
polymer previously characterized as undesirable in 
this report. This work suggests the importance of tem- 
perature control in custom deposition beyond that  of 
yield or thickness. Gas phase reactions probably gen-  
erate hydrocarbon fragments under  all conditions, but  
a chilled substrate at t ract ing a swarm of neut ra l  
monomer  molecules converts some of these charged 
fragments  to good use as initiators, and others may be 
harmlessly incorporated as copolymer. 

It has long been suspected that condensate and near-  
condensate films show better  adhesion to substrate, 
more flexibility, and improved appearance because 

they represent  a more convent ional  polymer, as if pre-  
pared under  milder  circumstances (8, 19). It is now 
somewhat clearer how this comes about, and why tem- 
perature control is so much more impor tant  in deter-  
min ing  the properties of one polymer system and not 
another. 

For  example, acrylonitr i le  and perfluorinated mono- 
mers may be converted by  glow discharge into polymer 
without  undue concern about the substrate tempera-  
ture. Styrene and allyl methacrylate,  on the other 
hand, degrade significantly in the glow and should be 
deposited with careful at tent ion to the role of conden- 
sation in excluding or di lut ing the undesirable  de- 
composition fragments. The same considerations un -  
doubtedly apply to most other useful monomers, pos- 
sibly according to the categories suggested in Table IV. 
The brief descriptions of polymerizat ion routes are 
presented as speculatio n , consistent with all observa- 
tions in the laboratory but  not yet  r igorously proved. 

By way of summary,  it is our experience that  useful 
films can be obtained from category I monomers as 
long as the electrodes are not allowed to overheat. 
Category II films benefit greatly from chilling the 
electrode to near  the condensation temperature  of the 
monomer.  Category IIIa films are of general ly inferior 
qual i ty  and IIIb films are not films in any real sense. 

Manuscript  submit ted March 15, 1971; revised man-  
uscript received April  27, 1972. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in  the June  1973 
JOURNAL. 
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The Reduction of Chlorine on Carbon in 
AICI3-KCI-NaCI Melts 

Gerhard L. Hol leck* 

Tyco Laboratories, Inc., Bear Hill, Wal tham,  Massachusetts  02154 

ABSTRACT 

Using a rota t ing-vi t reous,  carbon disk electrode, the kinetic parameters  
for chlorine reduct ion in an A1Cls-KC1-NaC1 (57.5-12.5-30 mole per  cent 
[m/o] )  mel t  were  determined.  It was found that  the reduct ion of chlorine 
occurs according to the paths 

C12 + e -  ~ C1-  + Clads 

Clads -{- e -  ~ C1- 

with the first step being most probably rate  determining.  The apparent  ex-  
change currents  were  (1 +__ 0.15)10 -~ A / c m  2 at 130~ and (2.1 --+_-_ 0.3)10 -4 
A / c m  2 at 150.6~ 

The electrochemical  reduct ion of chlorine in mol ten 
salts is of general  interest  to the development  of high 
energy density batteries. One such proposed bat tery  
system is based on an a luminum anode and a chlorine 
cathode in a low melt ing a luminum chlor ide-alkal i  
chloride eutectic (1). In a previous paper, we have  
dealt  with the behavior  of the a luminum electrode in 
A1C13-KC1-NaC1 melts (2). This work  is concerned with 
the kinetics of chlorine reduction in such melts. 

Despite the use of the chlorine electrode for a num-  
ber of years as a reference electrode in fused salts (3), 
kinetic and mechanist ic studies have been quite limited. 
Treadwel l  and Terebessi conducted emf studies of the 
cell  A1/A1CI3-KC1-NaC1/CI~ (4). Skundin et al. car-  
r ied out studies of chlorine reduction in A1CI:~-KC1- 
NaC1 melts at 100~176 on Pt  and Ir electrodes using 
l inear sweep vo l t ammet ry  (5). They est imated an ex-  
change current  of 10 -~ A / c m  2 with no evidence of 
surface film formation. Drossbach and Fiontel l i  both 
invest igated the evolut ion of chlorine f rom chloride 
melts  and found small  polarizations (6, 7). The evolu-  
tion of chlorine from LiC1-KC1 melts in the t empera -  
ture range  of 425~176 was found to be resistance 
control led pr imar i ly  due to the gas film present  on the 
electrode surface (8). Triaca et al. found that  the 
dissolution of chlorine on graphi te  in mol ten  LiC1 was 
diffusion control led at h igher  current  densities which 
precluded mechanist ic  conclusions (9). Other  studies of 
the reduct ion of chlorine on graphi te  electrodes in 
mol ten salts have been made by Ivanovski i  et al. (10), 
Trusov and Borisova (11), and Swinkels  (12). 

In pre l iminary  studies, we found that  g raphi te -con-  
taining samples showed considerable swell ing and dis- 
integrat ion in a luminum chlor ide-alkal i  chloride melts. 
Vitreous carbon, which did not show any attack, was 
chosen as a sui table electrode mater ia l  for kinetic 
studies of chlorine reduct ion on carbon surfaces in 
A1C13-KC1-NaC1 melts  using the rotat ing disk elec- 
trode technique. 

Experimental 
The rotat ing disk a r rangement  consisted of a s turdy 

stand on which a 1/15-hp Bodine motor  and a preci-  
sion ball bearing for the 0.25 in. rota t ing shaft were  
mounted. The motor  speed was control led by a Minar ik  
speed control  (SL-52).  The coupling of the motor  and 
the electrode shaft was accomplished by a nonslip belt. 
The rotat ion rate  of the electrode was continuously 
moni tored  by the f requency modulat ion resul t ing from 
magnet ic  coupling of an e lec t romagnet  wi th  an iron 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  a l u m i n u m  ch lo r ide ,  m o l t e n  salt ,  r o t a t i n g  d i sk ,  k i n e t i c  

p a r a m e t e r s .  

gear mounted on the rota t ing shaft. This signal w a s  
amplified and displayed on a f requency counter.  Elec-  
tr ical  contact to the disk electrode was accomplished 
through a mercury  pool in the top of the ro ta t ing  shaft. 

The electrochemical  cell was made of a 50 mm Pyrex  
O-r ing joint  wi th  a 30 m m - t h i c k  Teflon cover. The 
Teflon cover contained tapered holes to accommo- 
date a l iquid seal in the center  wi th  a 29/40 standard 
tapered joint surrounded by four  10/30 joints  for the 
gas inlet and outlet  as wel l  as the counter and re fe r -  
ence electrodes. A Teflon bell  was fixed to the rota t -  
ing shaft (Fig. 1). Silicone oil wi th  a low vapor  pres-  
sure was used as sealant liquid. 

The rotat ing electrode consisted of a vi treous carbon 
rod (3 mm diameter,  f rom Atomergic  Chemicals  Cor-  
porat ion) press fitted into hot Teflon. Details of the 
electrode construction are shown in Fig. 1. A vi t reous 
carbon rod was used as counterelectrode and an A1 
electrode in the same melt, but  in a separate  com- 
partment ,  served as reference  electrode. The electro-  
chemical  cell was thermosta ted  by a st irred silicone 
oil bath controlled to ___0.2~ by a Matheson Lab Stat 

r--(3 

Fig. 1. Schematic diagram of rotating disk electrode: a) Teflon 
bell for liquid seal, b) Teflon, c) stainless steel shaft, d) contact 
spring, and e) vitreous carbon. 
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proport ional  t empera ture  control uni t  and a two-s tage  24 
heating arrangement .  The chlorine f rom a gas cyl inder  
was passed through a t rap filled with  molecular  sieves 
(Linde No. 5A) which had been dried at 375~ under  22 

dry argon overnight,  before enter ing the cell. 
The exper iments  were  conducted in the A1CI~-KC1- 2c 

NaC1 mel t  (57.5-12.5-30 m/o )  at 130 ~ and 150.6~ The 
purification of A1C13, and the preparat ion of the melts, 
has been described in detail  e lsewhere (2). Before in-  le 
t roducing C12 gas into the cell, cyclic vol tamograms 
were  taken at the carbon disk electrode (these showed 
no detectable faradic background current ) .  Fol lowing ,e 
this, the argon was replaced by C12, and a slow flow 
of Cl2 was mainta ined above the mel t  surface. The 
progress of melt  sa turat ion was moni tored by mea-  ,4 
suring the increase of the l imit ing current  of the C12 
reduction wi th  t ime at constant rotat ion speeds. Gen-  "~ ,~ 
erally, the s t i r red mel t  was saturated with  C12 af ter  .: 
25 to 30 rain. 

Results ,o 
The open circuit  potentials (measured vs. an a lumi-  

num reference electrode in a mel t  of the same com- 
position and tempera ture)  at 130 ~ and 150~ were  2.10 8 
and 2.06V, respectively.  A typical  cur ren t -vol tage  
curve at 130~ at a sweep rate of 200 mV/min ,  is 6 
shown in Fig. 2. A slight hysteresis was observed be-  
tween the forward  and the backward sweep. The 
hysteresis at low current  densities was independent  of 4 
rotat ion rate, whereas  the differences be tween the for-  
ward and backward sweeps at, or close to, the l imit ing 
current  region increased with increasing rotation rate. 2 
Figure 3 shows the change of current  wi th  t ime at con- 
stant potential  at a rotat ion rate  of 30 rps. n 

I 

I I . I  I I I I 
2.4 2 2  2.0 1.8 L6 h4 1 . 2  1.0 0.8 

E, V versus AI 

0.6 

Fig. 2. Reduction of CI2 at rotating carbon disk electrode in 
AICI3-KCI-NaCI (57.5-12.5-30 m/o) at 130~ 20.8 rps, and 200 
mV/min. 

~E 

80OmV versus AI 

1200 mV versus AI 

1594 mV versus AI 

oT I I r 
0 I 2 3 4 

t ,  min 

Fig. 3. Decoy of Cl2 reduction current with time upon potentio- 
static steps to various potentials (vs. AI) at the rotating disk elec- 
trode in AICI3-KCI-NaCI (57.5-12.5-30 m/a) at 130~ end 30 rps. 

|30~ 3.3 V / m i n - - - , , ~  

130~ 2 0 0  rnV/min-~,o j 

2 0 0  mV/ ra in  

o •  I I I I I I I . I 
D 2 4 6 e I 0  12 14 16 

Fig. 4. Limiting currents for CI2 reduction vs. rotation rate at 
carbon electrode in AICI~-KCI-NaCI (57.5-12.5-30 m/o). 

Besides the buildup of the diffusion layer,  we  ob- 
served a re la t ive ly  slow current  decay which is clearly 
potential  dependent.  It is largest  at 1.2V, in keeping 
with  the cur ren t -vo l tage  curves, and reaches a steady 
value  after  about 3 rain. At  0.8 and 1.59V, s teady-sta te  
values are more  quickly established. This and the re-  
producibi l i ty  of the cur ren t -vo l tage  sweeps af ter  re -  
turning to the open circuit  potential  suggest a potential  
dependent  inhibition. The exact  cause of this behavior  
is not yet  known. However ,  it seems most l ikely that  
some mel t  impur i ty  is involved.  

Limit ing currents  of chlorine reduct ion as a function 
of rotat ion rate are shown in Fig. 4. The data show the 
l inear  relat ionship predicted for a mass t ransfer  con- 
t ro l led  react ion (13) 

iL : AT~FD2/3v- I/6~'l/2Co 

where  A = constant, D -- diffusion coefficient, Co --- 
bulk concentrat ion of the electroact ive species, r = 
kinematic  viscosity, ~ ---- 2~N where  N ---- rotat ion rate. 

The l imit ing currents  obtained f rom cyclic cur ren t -  
vol tage sweeps at 3.3 V / m i n  follow a straight line with 
a slope of 1.48 mA/cm2~ 1/2. The l imit ing current  values 
from the slow cur ren t -vo l tage  sweeps show larger  
scatter and a somewhat  smaller  slope (1.37 m A /  
cm2wl/2), reflecting the slow current  decay ment ioned 
above. At 150.6~ a sl ightly smaller  slope resulted, 
indicating that  the increase in the factor D2/3v-1/6Co is 
overcompensated by a decrease of the C12 solubility. 
The t ransport  pa ramete r  (D2/Sv-1/6Co) is approxi-  
mate ly  1.4 X 10 - s  [mole cm -2 sec -1/2] at 130~ f rom 
which the chlorine solubili ty can be est imated to about 
5 mmole / l i te r .  

F igure  5 shows the current  potential  data in a dif-  
fusion corrected Tafel  plot of the form 

2.3 R T  2.3 RT i 
~l ----~ - log io - - l o g  [1] 

/~zF flzF I -  (i/iL) 
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Fig. 5. Diffusion corrected Tafel plots for CI2 reduction, AICI,3- 
KCI-NaCI (57.5-12.5-30 m/o); (open symbols at low TI represent 
returning sweep). 

w h e r e  the  symbols  h a v e  the i r  usua l  mean ing .  The  
equa t ion  is ob ta ined  by  subs t i tu t ing  C / C o  = 1 --  i / iL  
in the  express ion  for the  ca thodic  c u r r e n t  

i = --io - -Co  exp  R T  

I t  is app l i c ab l e  for  a r eac t ion  w i t h  a s imple  ra te  de -  
t e r m i n i n g  step and of first o rde r  w i t h  respec t  to t he  
diffusing species. 

The  e x p e r i m e n t a l  da ta  in Fig. 5 show good TafeI  be -  
h a v i o r  up to h igh  overvo i t ages .  The  m a i n  Tafe l  s lope 
was  200 m V  at 130~ and 210 m V  at 150.6~ This  
suggests  a o n e - e l e c t r o n  t r a n s f e r  in t h e  ra te  d e t e r m i n -  
ing  step w i t h  ~ = 0.4. A t  l o w e r  o v e r v o l t a g e s  ( b e t w e e n  
n = 50 and  250 m V ) ,  the  cu r r en t  of the  ca thodic  going  
sweep  fo l lows  a Ta fe l  l ine  w i t h  a dec reased  s lope (130 
m V / d e c a d e ) .  On the  r e t u r n i n g  po ten t i a l  sweep,  no 
change  in Ta fe l  s lope occur red .  The  e x c h a n g e  cu r ren t s  
for  ch lo r ine  r e d u c t i o n  ob ta ined  f r o m  the  m a i n  Tafe l  
r eg ion  w e r e  (1.0 _ 0.15)10 -4  A / c m  2 at 130~ and 
(2.1 4- 0.3)10 -4  A / c m  2 at  150.6~ w i t h  an ac t i va t i on  

e n e r g y  of  12 c a l / m o l e .  
The  ro t a t ing  d isk  e l ec t rode  offers a p a r t i c u l a r  a d v a n -  

t age  in d e t e r m i n i n g  the  r eac t ion  o r d e r  w i t h  r e spec t  to 
the  r eac t an t s  and  p roduc t s  by  s t u d y i n g  the  effect  of 
r o t a t i on  r a t e  at a f ixed po ten t i a l  as was  i l l u s t r a t ed  by 
F r u m k i n  and  A i k a z y a n  (14). 

F o r  t he  ra te  d e t e r m i n i n g  step, qO § z e -  -+ R ,  we can 
w r i t e  ( oo; ( 

- -  = ~ = 1 - [ 2 ]  
i* \ C o  ~ iL, c 

w h e r e  i = m e a s u r e d  cur ren t ,  i* = ac t i va t i on  con t ro l l ed  
cur ren t ,  Co ~ and Co ~ are  the  concen t r a t i on  of species 
O in the  bu lk  of the  e lec t ro ly te ,  and at the  e l ec t rode  
surface,  r e spec t ive ly ,  and  q = r eac t ion  o rde r  w i t h  r e -  
spect  to the  di f fus ing species. 

Wi th  q = 1, Eq. [2] conve r t s  to 

l l l 
- + - -  [ 3 J  

i i* K~ol/2 

160 

120 

B~ i 

4C 

/ 

/ 
I I I 
0.05 030 0.15 0.20 

Fig. 6. Reduction of CI2 at constant potential (130~ E = 1.5V 
vr AI) .  

(K is the  scope of t h e  p lo t  iL VS. co 1/2) w h i l e  q : 1/2 
(for  ins tance)  resu l t s  in 

( i*)  ~ i 
i 2 - -  ( i*)  e [4] 

K w I/~ 

A typ ica l  plot  of I l l  vs .  I/• I/2, accord ing  to Eq.  [3], is 
shown  in Fig.  6. The  l inea r  r e l a t i onsh ip  of t h e  e x p e r i -  
m e n t a l  da ta  suggests  a r eac t ion  o rde r  of one. F r o m  the  
i n t e r cep t  at I / i  = 0, i* = 80 ~ A / c m  2 was  ca lcu la ted  as 
found  in the  Tafe l  plots. The  slope I / K  = 780 cm2~I/2/A 
is in good a g r e e m e n t  w i t h  K f r o m  Fig. 4. 

F r o m  the  in i t ia l  s lope of ga lvanos t a t i c  p o t e n t i a l - t i m e  
cu rves  close to t he  open c i rcu i t  potent ia l ,  t he  double  
l aye r  capac i ty  was  d e t e r m i n e d  to 110 • 15 ~ F / c m  2, 
wh ich  is l a r g e r  t han  the  20 to 30 ~ F / c m  t one  w o u l d  
n o r m a l l y  expec t  to find. The  l a rge r  capac i ty  va lues  a r e  
most  l i ke ly  due  to an  inc reased  roughness  fac tor  of 
t he  e lec t rode  a n d / o r  an adsorp t ion  capac i tance .  

Discussion 
The  o v e r - a l l  r eac t ion  

C12 -k 2 e -  ,~ 2 C I -  

can  occur  accord ing  to two  pa ths  

(a) Cl2 + e -  ~ C1-  -b Clads 
I 

(b) Clads + e -  .~ C1-  

(a) C12 ~ 2Clads 
2 

(b) Clads + e -  ~ C1-  

The  fact  tha t  t he  r eac t ion  for  t he  ch lo r ine  r educ t ion  
was  found  to be  first o r d e r  exc ludes  the  second path.  

A ca lcu la t ion  of the  t heo re t i c a l  Tafe l  s lopes  of the  
first path,  d e p e n d i n g  on w h e t h e r  s tep (a) or  s tep (b) 
is r a t e  de t e rmin ing ,  resu l t s  in the  fo l l owing  ,)alues. 

L a n g m u i r  a d s o r p t i o n  T e m k i n  a d s o r p t i o n  
R a t e  d e -  r- ~' ~ r ~' , 

t e r m i n i n g  8 -~ 0 0---> 1 n o n a c t i v a t e d  a c t i v a t e d  
l a  - - 2 R T / F  - -2RT/3F  - - 2 R T / F  o r  - - R T / F  

- - 2 R T / 3 F  
lb  - -2RT /aF  - - 2 R T / F  2RT/3F - R T / F  

The e x p e r i m e n t a l l y  d e t e r m i n e d  m a i n  Ta fe l  s lope  was  
2.5 R T / F .  The above  tab le  shows  t h a t  t he  v a l u e  for  t h e  
Ta fe l  s lope a lone  is not  sufficient  to d i s t inguish  be -  
t w e e n  steps (a) and (b) .  The  m e a s u r e d  s lope could  
ref lect  a r a t e - d e t e r m i n i n g  s tep acco rd ing  to l a  at  low 
cove rage  of t he  e lec t rode  or  accord ing  to lb  at l a rge  
e lec t rode  coverage .  Thus,  add i t iona l  i n f o r m a t i o n  con-  
ce rn ing  the  e l ec t rode  c o v e r a g e  w o u l d  be  r equ i r ed .  
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Studies of the mechanism of chlorine evolution on 
graphite (9) in molten l i thium chloride suggests, as the 
rate de termining step, the combinat ion of chlorine 
atoms on a surface with appreciable coverage. In fact, 
when scanning the rotat ing carbon electrode from the 
region of chlorine evolution to more cathodic poten- 
tials, one indeed observes, up to overvoltages of 250 
mV, a lower Tafel slope which changes to 2RT/F at 
higher overvoltages probably indicat ing the change 
from an intermediate  to low coverage. On the anodic 
going sweep, this low coverage is main ta ined  unti l  
reaching anodic potentials. 

Thus, we can conclude that  the chlorine reduction on 
vitreous carbon in AlCls-KC1-NaC1 melts occurs ac- 
cording to path 1 with step la  being most probably 
rate de termining at higher polarizations with a low 
chlorine coverage on the electrode. 
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The Aluminum Electrode in AICl -Alkali-Halide Melts 

Gerhard L. Holleck* and Jos~ Giner* 
Tyco Laboratories, Inc., Bear Hill, Waltham, Massachusett~ 02154 

ABSTRACT 

Passivation phenomena have been observed upon cathodic and anodic po- 
larization of the Ai electrode in AICI3-KCI-NaC1 meIts between 100 ~ and 
160~ They are caused by formation of a solid salt layer at the electrode sur-  
face resul t ing from concentrat ion changes upon current  flow. The anodic 
l imit ing currents  increased with temperature  and with decreasing A1C13 con- 
tent  of the melt. Current  voltage curves obtained on a rotat ing a luminum disk 
showed a l inear  relationship be tween the anodic l imit ing current  and ~-1/2. 
Upon cathodic polarization, dendrite formation occurs at the A1 electrode. The 
activation overvoltage in A1CI.~-KC1-NaC1 (57.5-12.5-20 mole per cent [m/o])  
was determined by galvanostatic current  step methods. An apparent  exchange 
current  density of 270 mA/cm 2 at 130~ and a double layer  capacity of 
40 _ 10 ~F/cm 2 were measured. 

Molten salts have been investigated as electrolytes 
for high energy density batteries. The main  disad- 
vantage of the molten electrolyte batteries is the 
necessity for high tempera ture  operation, which in t ro-  
duces m a n y  problems related to materials,  construction, 
safety, etc. Fur thermore,  the insulat ion necessary in 
these high tempera ture  batteries leads to a degrada- 
t ion of their  energy density. 

In  this context, we have carried out studies of a high 
energy densi ty bat tery based on an a luminum anode 
and a chlorine cathode with a mol ten A1Cls-electrolyte 
(1). A l u m i n u m  is a low cost, readi ly available mate-  
rial  which is easy to handle  and has a low equivalent  
weight. The use of low mel t ing  a luminum chloride- 
alkal i-hal ide mixtures  should overcome the problems 
associated with the high working temperatures  of the 
present  molten salt systems, while still re ta ining the 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  mol ten  salts, a l uminum-ch lo r ine  bat tery ,  passivat iop,  

advantages of high energy density and relat ively effi- 
cient electrode processes. The operating temperature  
of this system would be in the range of 120~176 
with a theoretical energy density of 650 Whr/ lb .  
Furthermore,  using an A1CI~-KC1-NaC1 eutectic the 
bat tery can be started at 90~ and the addit ion of 
LiC1 (2) could reduce the star t ing tempera ture  to 61~ 

In  this paper, we will discuss the processes occurring 
at the a luminum electrode in A1Clz-KC1-NaC1 melts 
containing more than 50 m/o  A1CI~. The behavior  of 
the chlorine electrode is discussed elsewhere (3). 

Preparation and Purification of AICI3-KCI-NaCI Melts 
Thermal  analysis  of the AICls-KC1-NaC1 system has 

been carried out by Fischer and Simon (4) and by 
Midorikawa (5). The A1C13-rich region (>50% A1C13) 
constitutes the low tempera ture  region of the phase 
diagram and is of specific interest  for the invest iga-  
tions reported here. Different mel t ing points and  corn- 
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positions have been reported (4-8) for the te rnary  
eutectic ranging from 70~ for A1CI~-KC1-NaC1 (66- 
14-20 m/o)  to 94~ for A1C13-KC1-NaC1 (62.13, 12.7- 
25.17 m/o) .  The most reliable value is probably 89~ 
for A1C13-KC1-NaC1 63.5-16.5-20. Aside from the pseu- 
dobinary eutectics, NaA1C14/A1C13 (108~ KA1C14/ 
A1C13 (128~ and NaA1C14/KA1C14 (125~ very 
little is known about the actual phase diagram in this 
region and about the species present in the melt. 

All exper imental  work was carried out in the argon 
atmosphere of a purge- type  glove box. The melts  were 
prepared with Baker "analyzed" KC1 and NaC1. In 
exploratory experiments,  AICI3-KCI-NaCI, 66-14-20 
m/o melts were prepared using AiC13 from eight 
different manufacturers .  Upon heating, grayish brown 
melts were readily formed. Other investigators (9) 
have also observed this coloration and at t r ibute  it to 
carbonaceous material  and to the presence of FeCI3 
impur i ty  in the A1C13. By invest igat ing the effect of 
in tent ional  additions of FeC13, it was confirmed that  
iron was the major  impur i ty  in  all melts even where 
the A1C13 label stated "iron free" (10). A1C13 obtained 
from Fluka  Chemicals (Switzerland) was found to 
contain the lowest impur i ty  level, and was, thus, used 
as start ing mater ial  for fur ther  purification. 

After  exploring several purification methods, we 
settled for the following procedure: a quartz rack con- 
ta ining three electrodes (an A1 wire in the center, an 
A1 sheet cyl inder as counterelectrodes, and a Pt  wire 
electrode) and a baffle were introduced into a heated 
2 liter Pyrex  resin reaction kettle containing a Teflon- 
coated, magnetic s t i r r ing bar. A 1500g batch of A1CI~- 
KC1-NaCI (67.5-13.38-19.12 weight per cent [w/o])  
was introduced into the vessel and heated to 130 ~ - 
140~ At this temperature,  the result ing melt  had only 
a moderate A1C13 vapor pressure. 

A high current  (~10A) was passed between the A1 
electrodes with the wire as cathode for several minutes  
and a l u m i n u m  dendrites were formed. These dendri tes 
were par t ia l ly  separated from the wire electrode by 
reversing the current.  Thus, clean high surface A1 
was produced in situ. (We found that, when using A1 
turnings,  the effectiveness of this t rea tment  varied 
from case to case probably  due to the presence of an 
a luminum oxide layer.) The melt  was kept under  con- 
stant  s t i rr ing at 140~ for 24 to 36 hr. 

The progress of the exchange of Fe~+ for A13+ was 
monitored by cyclic potential  sweeps at the Pt  wire 
electrode. A reduction in the ionic iron content  by more 
than  a factor of 25 was obtained. The temperature  was 
then raised and the A1C13 evaporated into an air-  
cooled, 1 l i ter reaction kett le placed upside down on 
top of the reaction vessel. The mater ial  so treated was 
clear and produced vi r tual ly  t ransparent  eutectics 
without  detectable residual  current  in the cyclic vol- 
tammetr ic  curves obtained on Pt. 

T h e  Quas i -S teady-Sta te  Behavior of  the A I  Electrode 
ExperimentaL--The investigations were carried out 

at three different AIC13-KC1-NaC1 compositions (melt  
I, 67-13.6-19.4 m/o;  melt  II, 59-17-24 m/o;  and melt  III, 
57.5-12.5-30 m/o)  and at three different temperatures  
(157 ~ 126 ~ and 105~ 

For the measurements  on stat ionary wire electrodes, 
an electrochemical cell was constructed using two 
O-r ing joints  of 50-mm ID. The electrodes and the 
gas in and outlet tubes were connected with Teflon 
Swagelok fittings. The working electrode consisted of 
a pure A1 wire of 1 mm diam covered with several lay-  
ers of shrinkable Teflon tubing  except for a length 
of 1.2 cm. The reference electrode, also an A1 wire, 
was contained in a separate compar tment  with a na r -  
row opening to protect it from changes in electrolyte 
concentra t ionJ  An A1 wire spiral around the inside 
of the vessel served as counterelectrode. A p la t inum 

1 I t  had  been  e s t a b l i s h e d  (11, 12) t h a t  an A1 e lec t rode  is a s t ab le  
r e f e r e n c e  i n  these  mel t s ,  a nd  a l l  p o t e n t i a l s  are  r e f e r r ed  to  th i s  elec- 
t rode  in  the  p a r t i c u l a r  m e l t  i n v e s t i g a t e d .  

electrode sealed into glass was also included in the 
cell for measurements  of the electrolyte background. 

A pressure control, consisting of an electromagnetic 
valve and a mercury  contact manometer ,  was used to  
main ta in  a constant argon pressure (normally,  a posi- 
t ive pressure of 10 to 20 Torr  was used). The cell was 
filled and assembled t ightly in the glove box, then 
transferred into an air oven ( temperature  control 
_ I ~  and connected to the argon line. No gas was 
passed through the cell to avoid concentrat ion changes 
result ing from the appreciable vapor pressure of A1Ck~ 
over the melt. The appearance of the melt  was clear, 
but  it tu rned  slightly grayish with time. 

The rotat ing disk assembly and cell are described in 
detail elsewhere (3). 

Results and discussion.--Melts I and II contained 
varying amounts  of A1C18 at the KC1/NaC1 ratio of 
the te rnary  eutectic. The KC1/NaC1 ratio in melt  III  
is the same as in the pseudobinary eutectic between 
NaA1CI4 and KA1CI4. These melts promise to be more 
favorable for practical application than the composi- 
t ion of the te rnary  eutectic since they stay liquid over 
a wider concentrat ion range at temperatures  around 
130~ 

Quali tat ively the current  voltage curves at an  a lu-  
m i n u m  electrode are very similar  in  all melts. Typical 
examples are shown in Fig. 1-3. Figure 4 shows the 

I I I 
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- -  - 6 0 0  

6 0 0  

t I I 
+ 4 0 0  0 - 4 0 0  -800 

E[mv] 

Fig. 1. Triangular potential scans at AI electrode, AICI3-KCI- 
NaCI (67-13.6-19.4 m/o) 105~ 400 mV/min (from 0.0 mY to 
Eeath to Eanod e back to 0.0 mY, no IR correction). 

I [ 

I I ] 
I 0 0  0 - - I 0 0  

i 

2 0  

' 2 0  

Fig. 2. Separate anodic and cathodic potential scans at an AI 
electrode. AICI3-KCI-NaCI (59-17-24 m/o), 105~ 20 mV/min (no 
IR correction). 
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Fig. 3. Separate anodic and cathodic potential scans at an AI 
electrode. AICI3-KCI-NaCI (59-17-24 m/o) 157~ 20 mV/min (no 
IP, correction). 
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Fig. 4. Anodic current as n function of time upon potentiostatic 
polarization of AI electrode at 150 mV vs. AI in AICI3-KCI-NaCI 
(57.5-12.5-30 m/o) at 126~ (no IR correction). 

anodic current  as a funct ion of t ime upon potentio-  
static polarization of the A1 electrode. 

Anodic behavior.--The anodic potential  sweeps in 
Fig. 1-3 show passivation phenomena.  This anodic 
passivation of the A1 electrode does not occur at a 
constant, defined potential. A closer examinat ion re-  
veals that the sudden current  drop can be related to 
the charge passed (current  and time) rather  than to 
the potential. F igure  i shows the correlation between 
anodic passivation and cathodic prepolarization for a 
low tempera ture  with melt  I. Comparison of the anodic 
and cathodic charges (represented by the area under -  
neath  the i - t  curve) shows that  they are near ly  equal. 
This is even more obvious for cathodic and anodic cur-  
rent  vs. t ime curves upon potentiostatic polarization 
for periods of vary ing  length (not shown).  This be- 
havior seems to indicate that  mel t  I (which is A1CI~- 
rich) cannot  tolerate much more anodic formation of 
A1C13 at this tempera ture  without  precipitat ing it in 
solid passivating form. On the other hand, if by 
cathodic pre t rea tment  we form a diffusion layer  close 
to the electrode which is poor in A1C13, then we are 
able to polarize the electrode anodically for a t ime 
necessary to replenish the ini t ial  A1CI3 concentrat ion 
unt i l  passivation occurs. Paral le l  to the current  voltage 

behavior  of Fig. 1, it can be seen by microscopic in  sffu 
observation of the A1 electrode (1) that  it is shiny after 
cathodic polarization and becomes dull  upon passiva- 
tion. The fact that  the anodic and cathodic charges are 
almost equal indicates a ra ther  compact diffusion layer  
with practically no convection. As the cathodic pre-  
polarization t ime is increased, the charge obtained 
prior to anodic passivation becomes smaller  than  the 
cathodic charge, as one would expect. 

Cathodic behavior.--If the above explanat ion holds, 
we should expect a similar passivation effect at cath- 
odic currents  due to salt precipitation. In  fact, cu r ren t -  
voltage sweeps show indications of such behavior  (for 
example, Fig. 2). In  all cases, however, a subsequent 
current  increase is found after indications of passiva- 
tion. This is due to dendri te  formation at the A1 elec- 
trode. Long, shiny, A1 dendrites can easily be seen 
growing into the electrolyte, thus enlarging the surface 
area. 

The ini t ia t ion of dendrite growth is a function of 
current  and time. There seems to be a current  value 
below which l i t t le dendri te  formation is noticeable. 
This critical cur rent  value changes with conditions. 
Although more detailed informat ion on the parameters  
governing dendrite formation is required, our results 
indicate a strong effect of concentrat ion polarization 
and ionic conductivi ty on dendri te  formation. 

E~ect o] melt composition.--The most obvious differ- 
ence between the potential  scans of the different melts 
is a much higher, steady-state,  anodic cur ren t  after 
passivation in melts II and III  compared to melt  I. 
For example, at 156~ the anodic l imit ing currents  
are approximately 2 m A / c m  2 for melt  I, 50 mA/cm 2 
for melt  II, and 100 m A / c m  2 for melt  III. 

On the cathodic side, a deviation from the l inear  
cur ren t -poten t ia l  behavior  appears at much larger  cur-  
rent  densities in melt  I than in melt  II. This again con- 
firms our explanat ions of solid salt formation at the 
electrode. Melt II, which is less concentrated in  A1C13, 
can support  higher anodic current  densities (that 
means it can accept more A13 + without forming undis-  
solved A1C13) than melt  I. The latter, however, since it 
is more concentrated in A1C18, will  be able to support 
higher cathodic currents  before forming a passivating 
salt layer due to X-A1C14 precipitation (we disregard 
for the moment  the addit ional complication of dendri te  
formation) .  The anodic current  maxima (Fig. 3) are 
very  l ikely due to supersaturat ion of the melt  close to 
the e]ectrode. After  the first crystals have formed, 
the supersaturat ion breaks down. This is responsible 
for the following current  dip. 

The same effect can be seen in Fig. 4 which shows 
the anodic current  as a funct ion of t ime upon potentio- 
static polarization. Thus, the l imit ing value of the 
steady-state current,  besides depending on the usual  
t ransport  properties, also depends on the capacity of 
the melt  to accommodate concentrat ion changes with-  
out surpassing the l iquidus l ine of the phase diagram. 
This is clearly a function of melt  composition. 

Effect o5 temperature.--The effect of tempera ture  on 
the current -vol tage  behavior  of the A1 electrode in 
the mol ten salt electrolyte, can be seen by comparing 
Fig. 2 and 3 obtained using the same melt. Although 
a considerable s teady-state  current  can be obtained 
at 157~ (~50 mA / c m 2 in melt  II) ,  this s teady-state  
current  is practically zero at 105~ Melt III  shows 
l imit ing currents  of approximately  100 m A / c m  s at 
157~ and 34 m A / c m  2 at 126~ 

The temperature  affects the results in several ways. 
First, there is the tempera ture  dependence of the usual  
t ransport  phenomena;  for example, the viscosity de- 
creases, and the diffusion coefficients increase with 
rising temperature.  Much more impor tant  in  our case, 
however, are considerations concerning the A1CI~-KC1- 
NaCI phase diagram. We ment ioned earl ier  the key 
role of solid salt formation. How large a concentrat ion 
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change is necessary to surpass the l iquidus line of the 
phase diagram is, to a large extent, a funct ion of tem- 
perature (besides init ial  melt  composition).  

The tempera ture  will  surely have an effect on den-  
drite growth since this is controlled by diffusion and 
ohmic polarization. Fur ther  changes in  conductivity, 
due to varying dissociation constants and changes in 
complex formation with temperature,  are to be ex- 
pected. These problems cannot, however, be discussed 
more closely on the basis of presently available data. 

Effect of mass transport.--All  results of our station- 
ary polarization measurements  at A1 electrodes indi-  
cate that the anodic l imit ing currents  are a function 
of the mass t ranspor t  in the melt. We, therefore, expect 
the anodic l imit ing currents  to depend on the diffusion 
layer thickness and, thus, on the rotat ion rate of a 
rotat ing A1 disk electrode. The current  which is con- 
trolled only by mass t ransfer  is given by Levich (13) 

iT. = A �9 nFD2/~v-1/6~I/2AC 

where A i s  a constant, D is the diffusion coefficient, 
'~C is the concentrat ion difference of the electroactive 
species in the bulk  of the electrolyte, and at the 
electrode surface, v is the kinematic viscosity, and 
---- 2~ (rps), where rps ---- rotations per second. This 
equation implies a l inear  relationship between iL and 
~'/~ under  diffusion controlled conditions. 

As Fig. 5 shows, the exper imental  data can, indeed, 
be represented very well  by a straight line in such a 
plot. The slight deviations from l inear i ty  and some 
variations in the individual  current  densities were 
to be expected. One must  keep in  mind that  here we 
are actually dealing with the dissolution of a passivat-  
ing solid salt layer at the rotat ing electrode, which 
is in many  respects quite different from the idealized 
conditions for which the above equation is str ict ly 
valid. Further ,  at the high current  densities observed, 
changes in the electrode itself cannot be avoided. 

These results show clearly, however, the role of 
t ransport  phenomena in removing reaction products 
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Fig. 5. Anodic limiting current ot rototing AI disk electrode in 
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from the electrode surface. They show fur ther  that  
high current  densities can be obtained at A1 electrodes 
at relat ively low tempera ture  if the t ransport  l imita-  
tions can be overcome. 

The Transient Behavior of the A[ Electrode 
Previous measurements  suggested that the charge- 

t ransfer  processes at the A1 electrode are quite fast. 
It  is, therefore, necessary, in  order to exclude the effect 
of concentrat ion polarization, to use t rans ient  methods 
to investigate the electrode kinetics. We chose galvano- 
static pulse measurements  for this purpose. 

Galvanostatic current step methods . - -The  galvano- 
static technique, considering the double layer  charging, 
was originally discussed by Berzins and Delahay (14) 
and, since then, has been used in  several invest iga-  
tions. Following Graves, Hills, and I n m a n  (15) we 
can wri te  for small  overvoltages (0 < 0.1 R T / n F ) ;  
and for sufficiently long t imes the potential  t rans ient  
as a function of a galvanostatic current  pulse 

--2RTit 1/2 RTi  [ RTCd, 1 ]  

II -- nl/2n2FZCo~ 1/2 -~- ~ n~F~(Co~ io 
[1] 

Hence, a plot of ~/t ]/2 should give a straight l ine of 
slope 

d~ --2RTi 
= [2] 

d(t]/2) 7r 

from which a value for CoOD'/~ can be calculated. 

When t'/2 = O, then 

RTi [ RTCal 1 ]  

-- ~ naFa(Co~ io [3] 

and the intercept on the n axis, together wi th  the 
value for D(Co0) 2 calculated above, wil l  give a value 
for io from Eq. [3]. 

An  al ternat ive method for calculating io is the use 
of a special value of t'/~ given by 

RCdl dll 
re'/* = - -  X - -  [4] 

4i d (t'/2) 

The corresponding overpotential,  ~r can be found from 
the curve, and a value for io calculated. 

Both methods require the de terminat ion  of the dif- 
ferential  double layer capacity which can be obtained 
from the ini t ia l  slope of the potent ial  t ime trace at 
sufficiently short t imes (16). 

Exper imentaL-- In  view of the facts ment ioned 
above, it was necessary to use pulses with a short rise 
time and high current  density. It  was also necessary 
to be able to record small  potential  changes with time, 
which required a low noise level in the exper imental  
setup and compensation of the ohmic drop in the 
solution. For the constant  current  pulses, the output  
of a Wavetek funct ion generator  (gated by a Tyco- 
bui l t  pulse generator  to allow mul t ip le  pulse applica- 
tion) was used directly. The IR compensated, poten-  
t ia l - t ime traces were obtained by feeding the potential  
of the two-electrode cell and  the output  of the IR 
compensation into the inputs  of the differential ampl i -  
fier of a Tektronic dual  trace oscilloscope. The mea-  
surements  were conducted at an A1 disk electrode 
(0.385 cm2). A sheet of pure  A1 (15 cm 2) served as 
the counterelectrode. The exper imental  setup, includ-  
ing the cell, showed a response t ime of about  1 ~sec. 
The melt  A1C13-KC1-NaC1 (57.5-12.5-5-30 m/o)  was 
thermostated by a tempera ture  controlled silicone oil 
bath. Again, a slightly positive argon pressure was kept 
in  the cell at all times. 

Results and discussions.--From the ini t ia l  slope of 
the potent ia l - t ime traces at anodic and cathodic cur-  
rent  pulses, a double layer capacity of 40 • 10 ~F/cm ~ 
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Fig. 6. Variation of overvoltage with time at AI electrode upon 
galvanostatlc current step in AICI3-KCI-NaCI (57.5-12.5-30 m/o) 
at 130~ 

was determined.  Considering the surface roughness, 
this suggests the absence of specific absorption effects. 

Figure 6 shows a typical  overvoltage vs. square root 
of t ime plot for various cur ren t  densities. At t imes 
larger than  10 ~sec, the potential  varies l inear i ly  with 
t 1/=. As expected, the slope of these l ines increases wi th  
increasing current  density. The times, tc 1/2, according 
to Eq. [4] are also included in Fig. 6. F igure  7 shows 
a plot of i vs. activation overvoltage. At  low over- 
voltages, one finds a l inear  relat ionship between cur-  
rent  densi ty and potential.  With n = 3, the apparent  
exchange current  at the A1 electrode was determined 
as io = 268 m A / c m  2 at 130~ in  the mel t  A1C13-KC1- 
NaC1 (57.5-12.5-5-30 m/o ) .  

Schulze and Hoff (17) recently investigated the 
t ransference of a luminum in a tempera ture  gradient. 
From these measurements  they deducted similar  values 
for the exchange current  at a l uminum electrodes in 
A1Cla-KC1-NaC1 (66-14-20 m/o)  between 160 ~ and 
230~ [io (490~ 0.86A, Q -- 9.7 kcal /mole] .  They 
also assume that  n = 3. Despite reports of mul t iple  
electron t ransfer  in molten salts (18), a three-electron 
t ransfer  as rate de termining step for the a luminum 
electrode is not  established. Thus, the available data 
are not sufficient to decide upon a detailed electrode 
mechanism. The a luminum electrode has been invest i -  
gated also in mol ten A1C13-NaC1 and A1C13 (LiC1-KC1) 
by Del Duca (19). The results are, however,  too differ- 
ent  in  order to allow a meaningfu l  comparison with the 
present  investigation. 

Final ly,  it is interest ing to examine more closely the 
values obtained for the t ranspor t  parameter,  Co0D ~/2. 
These values were found to be approximately  1.4 • 
10 -s. Assuming a diffusion coefficient of 10 -8 cm2/sec 
in the melt,  one obtains for the concentrat ion of the  
electroactive species Co o ~ 1.4 X 10 -5 mole /cm a. This 
is about two orders of magni tude  less than  the excess 
A1CI~ assuming 50 m/o  A1Cls to be  complexed as 
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Fig. 7. Current density vs. activation overvoltage at AI electrode 
in AICI3-KCI-NaCI (57.5-12.5-30 m/o) at 130~ 

(A1C14)-. Unfortunately,  pract ical ly nothing is known  
about the na ture  of the species present  in  the melt  and 
about the complex formation in  A1Cla-rich melts. 

Conclusions 
The behavior  discussed above in  detail leads us to 

the following conclusions. 
1. The passivation effect is due to the formation of a 

solid salt layer  at the electrode surface caused by con- 
centrat ion changes during current  flow. 

2. The occurrence of passivation is not dependent  on 
potential,  but  ra ther  on cur ren t  and time, i.e., on 
charge passed through the electrode. It  also depends 
on the t ransport  properties of the melt. 

3. The occurrence of salt formation depends on the 
compositional stabil i ty of the melt  towards concentra-  
t ion changes. It  is s trongly dependent  on mel t  com- 
position and on temperature.  

4. At cathodic currents,  dendri te  formation occurs 
at the A1 electrode. 

5. The A1 electrode itself is highly reversible and 
able to support large current  densities at low activa- 
t ion overvoltage. 

6. The polarization observed in the exper iments  is, 
to a large extent, ohmic in nature.  I t  again depends 
on melt  composition and temperature.  
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Ring-Disk Electrode Study of the Reduction 
and Oxidation of Bismuth on Gold 

S. H. Cadle and Stanley Bruckenstein* 
Chemistry Department, State University of New York at BuI~alo, Bu~alo, New York 14214 

ABSTRACT 

The deposition and stripping of b ismuth at a gold electrode was studied in 
0.12M perchloric acid. Curren t -po ten t ia l  curves show four cathodic and four 
anodic processes at Eo < -~0.40V vs. SCE. Three of these processes correspond 
to the deposition and stripping of Bi(O) at underpotent ial .  A ma x i mum of 
one monolayer  of Bi (O) ,  corresponding to 590 #eoulombs/cm 2 at --0.05V, was 
deposited on the electrode at underpotential .  The fourth process was the 
deposition and str ipping of bu lk  bismuth. The diffusion coefficient of Bi ( I I I )  
was found to be 5.8 • 10 -6 cm2/sec. No Bi -Au alloy formation was observed. 
Bi ( I I I )  was found to adsorb on gold oxide. The quant i ty  adsorbed is a func-  
t ion of the oxidation potential  of the electrode and the concentrat ion of Bi (III) .  

The deposition and str ipping of b ismuth on p la t inum 
electrodes was studied ini t ial ly by Bowles (1) in per-  
chloric acid media. In this study, he reported that 
b ismuth deposits at underpotent ia l  on plat inum. Re- 
cently we reinvestigated the deposition and str ipping 
of bismuth on p la t inum using the rotat ing p la t inum 
r ing-disk  electrode (2). This work showed that  the 
underpotent ia l  deposition of b ismuth on p la t inum in 
0.12M perchloric acid media was markedly  irreversible 
in that underpotent ia l  b ismuth  oxidation occurred over 
the potential  region 0.0 to q-l.2V vs. SCE. We also 
found that b ismuth (III) is adsorbed on p la t inum 
oxide. Because of the overlap in the potential  regions 
of adsorption of b ismuth (III) and underpotent ia l  
deposition and str ipping of b ismuth  (O), there is no 
electrode potential  for which the surface of a p la t inum 
electrode is free of b ismuth in one or another  of its 
oxidation states. After  deposition of mul t i layers  of 
bismuth, oxidation resulted in the formation of five 
addit ional  s tr ipping peaks which were shown to be 
associated with four monolayers  of b ismuth  and an 
alloy several monolayers deep. 

Schmidt, Gygax, and Cramer (3) studied the depo- 
sition of b ismuth on gold from hydrochloric acid media. 
They found that deposition at underpotent ia l  occurred 
in two potential  regions, resul t ing in the plat ing of a 
single monolayer  of bismuth. No alloy formation or 
adsorption was observed. 

We felt that  it would be valuable  to study the pla t -  
ing and str ipping of b ismuth on gold from perchloric 
acid media using a rotat ing gold r ing-d isk  electrode 

* Electrochemical  Society Act ive  Member.  
Key  words:  r ing-disk electrode, adsorption, bismuth,  gold, under-  

potential  deposition. 

(RGRDE) and contrast the behavior at gold with that  
observed at plat inum. 

It will be shown below that  a monolayer  of b ismuth 
is deposited at underpotent ia l  on a gold electrode from 
perchloric acid media. A full monolayer  of under -  
potential  Bi(O) must  be deposited before bu lk  deposi- 
t ion occurs. Also Bi( I I I )  adsorbs on gold oxide but  
not on reduced gold. 

Experimental 
Solutions and equipment.--All  solutions were pre-  

pared using t r iply distilled water. B and A reagent  
grade perchloric acid was used to prepare the 0.12M 
supporting electrolyte. Stock solutions of Bi ( I I I )  were 
prepared by dissolving Fisher reagent  grade b ismuth  
trioxide in perchloric acid solution. All  solutions were 
deoxygenated by passing ni t rogen through and over 
the solution. The ni t rogen was passed through a hot 
column of finely divided copper dispersed on diato- 
maceous earth to remove any  traces of oxygen from 
the gas. 

The circuit for the r ing-d isk  potentiostat  (4) has 
been previously described, as has the electrochemical 
cell, the X-Y-Y'  recorder and the rotator (4). 

The projected area of the gold r ing-d isk  electrode 
was 0.46 cm 2. The electrode parameters,  N, B 2/3, and S 
were 0.42, 1.22, and 0.66 respectively (4). 

All potentials are reported vs. the saturated calomel 
electrode (SCE). Values of the number  of ~coulombs 
passed per cm 2 are reported using the projected area 
of the electrode, uncorrected for roughness factor. 

Electrode pretreatment.--The gold r ing and disk 
electrodes were pretreated in  the following manner :  
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(i) The electrode was polished with Buehler  0.05~ 
gamma micropolish. (ii) Next it was oxidized at + 1.6V 
for 5 min  and reduced at --0.3V for 5 min. (iii) The 
electrode potential  was then cycled repeatedly b e -  
tween +1.6 and --0.30V unt i l  a reproducible current -  
potential  curve was obtained. 

The electrode was reactivated periodically during 
the course of an exper iment  by oxidizing it at +l .6V,  
and then cycling its potential  from +1.6 to --0.3V 
several times. 

Results and Discussion 
Bi(III)  reduction.--The plat ing and stripping of 

bismuth on a gold r ing-gold disk electrode was studied 
in 0.12M perchloric acid solution. Figure 1 shows the 
disk current -d isk  potential  c u r v e  ( / D - E D )  and the 
corresponding ring cur rent -d isk  potential  (IR-ED) 
curve in a 2 X 10-~M Bi( I I I )  solution for a r ing 
potential, ER, equal to --0.30V. The r ing electrode 
potential  chosen produces a convective-diffusion con- 
t rol led- l imit ing wave for the reduction of B i ( I I I ) .  
Curves 1-3 correspond to increasing disk potential  
scan rates of 5, 20, and 50 mV/sec respectively. 

Shielding of the r ing electrode occurs for El) 
+0.35V, indicat ing the consumption of Bi ( I I I )  at the 
disk electrode. The shielding and the disk current  are 
seen to be a funct ion of the potential  scan rate at 
+0.35V ~-~ ED ~ --0.23V. In  the disk electrode poten- 
tial range +0.35V ~ ED ~: --0.05V, ID falls to zero if 
the potential  scan is stopped indicating that only a 
finite quant i ty  of bismuth can be deposited in this 
potential  region. This bismuth is shown below to be 
underpotent ia l  deposited Bi(O) .  Figure 1, curve 1 
demonstrates that  the deposition of Bi(O) at under -  
potential  occurs in three distinct potential  regions 
labeled A-C, in contrast to the behavior observed by 
Schmidt et al. (3) in hydrochloric acid where only 
two underpotent ia l  deposition regions were observed. 
Peaks A-C disappear at higher scan rates because the 
deposition of Bi(O) becomes convective-diffusion con- 
trolled. 

A steady-state Bi ( I I I )  reduction cur ren t  is observed 
at the disk electrode ED ~-~ --0.05V (Fig. 1). A plot of 
the steady-state current  at --0.25V vs. ~/=, the square 
root of the rotat ion velocity, is l inear  with a zero 
intercept proving that the l imit ing current  is convec- 
t ive-diffusion controlled. The diffusion coefficient of 
Bi ( I I I )  was calculated using the Newman version (5) 
of the Levich equation to be 5.8 • I0 -~ cm2/sec, the 
same as was found at the p la t inum disk electrode (2). 

Bi(O) oxidation.--The oxidation of Bi(O) from a 
gold electrode exhibits current  peaks at +0.30, +0.15, 
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Fig. 1. C a t h o d i c  cur ren t -po ten t ia l  curve for  a B i ( I I I )  solution a t  a 
RGRDE. 0.12M HCI04, 2 x 10-5M Bi(lll), rotation speed 2500 rpm, 
ring potential --0.300V, potential scan rate curve (1), 5 mV/sec; 
curve (2), 20 mV/sec; curve (3), 50 mV/sec. 
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Fig. 2. Oxida t ion  of B i ( l l l )  from a gold e lectrode.  0.12M HCl04, 
2 x /O-SM Bi(lll). - -  Disk electrode scanned anodic after a 15 
min potential hold at --O.050V. - - -  Disk held at --0.100V for 40 
sec, rotation speed 2500 rpm, ring potential --0.300V, potential 
scan rate 50 mV/sec. 

+0.10, and +0.05V, peaks A-D in Fig. 2. The corre- 
sponding r ing collection curves yielded the theoretical 
value of the collection efficiency for all four stripping 
peaks. The Bi(O) which strips at peaks A-C deposits 
before the Bi(O) which is oxidized at D. This fact was 
established by depositing various amounts  of Bi(O) ,  
and oxidizing these films. Peak D is due to the oxida- 
tion of bulk deposits of Bi (O) ,  while peaks A-C 
represent  the stripping of underpotent ia l  Bi (O). 

No Bi-Au alloy formation was observed electro- 
chemically, in contradist inct ion to the si tuat ion for 
P t -Bi (2) .  Also, no oxidizable species was detected by 
the r ing electrode dur ing the str ipping process for 
r ing potentials of + 1.6 to --0.3V. 

The quant i ty  of Bi(O) deposited at underpotent ia t  
on the disk electrode was determined as a funct ion of 
potential  from ring collection curves (Table I).  The 
disk was potentiostated at various potentials in  2 • 
10-~M Bi(III)  solution for 15 rain before scanning to 
anodic potentials in the range --0.05 to +0.4V to strip 
the Bi (O) deposited at underpotential .  Potent iostat ing 
the electrode for longer periods of t ime did not increase 
the amount  of Bi ( I I I )  collected. A m a x i m u m  of 290 
~coulombs/cm 2 was oxidized at peak A. The max imum 
amount  of Bi (O) plated at underpotent ia l  peaks A, B, 
and C (ED --~- --0.05V) was 590 ~coulombs/cm 2. 

Roughness factor.--The roughness factor of the gold 
disk electrode wa~ estimated in three ways. Two of the 
methods have been reported previously, i.e., the 
method of Brummer  and Makrides (6), the method 
used by Woods (7), and the third is one we developed. 

Brummer  and Makrides suggest that  a complete 
monolayer  of oxygen is adsorbed on a gold electrode 
at + l .20V in  1M perchloric acid and corresponds to 
400 ~coulombs/cm 2. One oxygen is adsorbed for each 
gold atom exposed on the surface. On our electrode 
we found that  596 ~coulombs/cm 2 of charge was re- 
quired to reduce the electrode after oxidation at 
+ 1.20V, corresponding to a roughness factor of 1.49. 

Table I. Underpotential deposition of bismuth on gold 

D i s k  p o t e n t i a l  B i s m u t h  S u r f a c e  
vo l t s  v s .  S C E  ~ c o u l o m b / c m ~  c o v e r a g e  

-- 0.050 500 0.98 
0.000 582 0.96 
0.050 475 O.7g 
0.100 368 0.61 
0.150 284 0.47 
0.200 241 0.40 
0.250 129 0.21 
0.300 3.9 0.01 
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Woods estimated the true surface area of exposed 
gold in p la t inum-gold  alloy electrodes by assuming 
that 300 ~coulombs/cm 2 of charge is required to re-  
duce a gold electrode when  it is cont inuously cycled 
between --0.25 and +1.25V at 40 mV/sec in  1M per-  
chloric acid. Since the current-vol tage curves for 
p la t inum-gold  alloys are the sum of current-vol tage  
curves for pure p la t inum and pure  gold (7), Woods 
method for calculating the gold surface area of P t / A u  
alloys should be as valid for calculat ing the roughness 
factor of gold electrodes as for gold-p la t inum alloys. 
We found that 402 ~coulombs/cm 2 was required to 
reduce our electrode under  Woods' conditions, yield-  
ing a roughness factor of 1.34. 

In  order to obtain a third estimate of the roughness 
factor of the gold disk electrode, Cu(O)  was deposited 
at underpotent ia l  on the electrode from O.12M per-  
chloric acid solution. The deposition of Cu (O) on gold 
has been studied by Schmidt (8, 9). Assuming that  
copper deposits at underpotent ia l  on gold in the same 
manne r  that  it deposits on plat inum, i.e., in a single 
uniform monolayer  where one copper atom is asso- 
ciated with one p la t inum atom (10), 400 ~coulombs/ 
cm 2 of the Cu(O) ,  should be deposited at underpoten-  
tial on a gold electrode with a roughness factor of one. 
For our electrode 556 ~coulombs/cm 2 of Cu(O) was 
deposited at underpotential ,  corresponding to a rough-  
ness factor of 1.39. 

The average of the roughness factors determined by 
the three different techniques was 1.41 • 0.10, and all 
our results were obtained, either with an electrode 
having a roughness factor of 1.41, or the results were 
corrected to a roughness of 1.41, using the roughness 
factor determined from the deposition of copper at 
underpotential .  

The last column in Table I gives the fractional sur-  
face coverage of Bi (O) on gold as a function of poten-  
tial. These data were calculated from the second 
column of Table I assuming that  605 ~coulombs/cm 2 
Bi(O) constitute a single monolayer  of close packed 
Bi atoms on a gold electrode with a roughness factor 
of 1.41. 

Monolayer coverage charge.--The quant i ty  of Bi (O) 
which constitutes monolayer  coverage on a gold elec- 
trode was calculated assuming: (i) a 3 electron reduc-  
t ion of Bi ( I I I )  to Bi(O),  (ii) that  a monolayer  of 
oxygen adsorbed on gold, one oxygen atom per gold 
atom, is equal to 400 ~coulombs/cm 2 for a roughness 
factor of 1.0 (5), and (iii) the atomic radii of gold 
and bismuth are 1.44 and 1.70A respectively. Since 400 
~coulombs/cm 2 is the charge required for a 2 electron 
reduction to occur at every gold atom exposed at the 
surface of a gold electrode, 600 ~coulombs/cm 2 would 
be required for the 3 electron reduction of Bi ( I I I )  to 
Bi(O) at every gold atom. However, since Bi(O) is 
larger than Au(O)  it is necessary to mul t ip ly  600 
~coulombs/cm 2 by the square of the ratio of the atomic 
radii of Au (O) to Bi(O) .  Using this procedure, which 
has also been used by Bowles (11), we calculate that 
430 ~coulombs/cm 2 Bi(O) constitutes a monolayer  on 
a gold electrode with a roughness factor of 1. 

Adsorption of Bi(III).--Figure 3 is an ID-ED curve 
in  0.12M perchloric acid in  the presence and absence 
of 2 • 10-~M Bi ( I I I ) .  The plat ing and str ipping of 
underpotent ia l  b ismuth is evident  at ED : --~O.40V. 
The introduction of Bi (III) into the support ing electro- 
lyte causes a small decrease in the quant i ty  of surface 
gold which is oxidized during the anodic scan. During 
the cathodic scan, the presence of Bi ( I I I )  causes a 
marked shift in the cathodic direction, and a broaden-  
ing of the gold oxide reduction peak. 

The anodic ID-ED curve can be rationalized by 
assuming (i) that  Bi (III) adsorbs on an oxidized gold 
electrode, and that (ii) this has an inhibi t ing effect 
on the oxidation of a small  amount  of remaining  
reduced gold, thus causing the decrease in  the anodic 
current.  The cathodic ID-F.D curve demonstrates that 
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Fig. 3. Current-potential curve at a rotating gold disk electrode 
0.12M HCI04, - - - -  0.12hi HCI04 -F 2 x 10-5M Bi(lll), 

rotation speed 2500 rpm, potential scan rate 100 mV/sec. 
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Fig. 4. Ring current-disk potential curves at a RGRDE 0.12M 
HCI04, 2 x 10-5M Bi (111), rotation speed 2500 rpm, ring potential 
--0.300V. Potential scan rate curve (1), 25 mV/sec; curve (2), 50 
mV/sec; curve (3), |00 mV/sec; curve (4), 200 mV/sec. 

the presence of adsorbed Bi (III) on the oxidized gold 
surface has a stabilizing effect on the oxidized gold 
causing the shift of the reduct ion peaks in the cathodic 
direction. The fact that the adsorbed Bi ( I I I )  has both 
an inhibi t ing effect and a stabilization effect on the 
oxidized gold appears to be inconsistent,  unless we 
assume that  the inhibi t ion of the gold oxide format ion 
is due to the physical blocking of the surface by the 
adsorbed Bi (III) .  

Figure 4 presents a series of IR-ED curves ob- 
ta ined in a 2 X 10-SM Bi ( I I l )  solution at different 
potential  scan rates. Curves I-4 represent  disk poten-  
tial scan rates of 25, 50, I00, and 200 mV/sec, respec- 
tively. In  this discussion we are not par t icular ly  con- 
cerned with the behavior  of the r ing electrode at 
potential  cathodic of +0.4V, since this has been pre-  
viously discussed (see Fig. 1 and 2). We merely  
note that  peak A in Fig. 4 corresponds to peak A in 
Fig. 2, and its independence of scan rate confirms the 
convective-diffusion controlled na tu re  of the process 
leading to the deposition of underpotent ia l  b ismuth  
(see Fig. 1). 

During the anodic scan, at peak E, there is a decrease 
in the r ing current  for ED ~ 1.0V, indicat ing the con- 
sumption of Bi ( I I I )  at the disk electrode. As the disk 
potential  scan rate is increased to 200 mV/sec, the 
r ing current  becomes completely shielded. Since 
Bi ( I I I )  is not reduced in  this potential  region, the 
r ing shielding can only be a t t r ibuted  to the adsorption 
of Bi ( I I I )  on gold oxide. 

The adsorbed Bi( I I I )  desorbs when  the gold oxide 
is reduced and is collected at the r ing giving a r ing 
current  peak at +0.75V (peak G).  The smal l  peak F, 
at +0.82V is due to the collection of a soluble gold 
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species which is also found to be collected in this sup- 
porting electrolyte solution (12). The charge involved 
in the shielding curve and the stripping peaks are 
equal, proving that all of the Bi( I I I )  adsorbed on the 
anodic scan was desorbed dur ing the cathodic sweep. 

The shift in the r ing collection peak potential  in the 
cathodic direction with increasing disk potential  scan 
rate is a t t r ibuted to a slow kinetic step in the desorp- 
tion process, since a corresponding shift in the gold 
oxide reduction peak at the disk was not observed. 

The quant i ty  of Bi ( I I I )  adsorbed at the disk elec- 
trode was determined as a function of disk potential  by 
integrat ion of r ing  collection curves. For  this study 
the disk electrode was potentiostated, successively, at 
0.10V intervals  in the range 1.10-1.60V for 15 min  in a 
2 X 10-SM Bi( I I I )  solution before scanning ED in a 
cathodic direction. No adsorption experiments  were 
conducted at potentials greater than  W1.6V because 
surface roughening of the gold electrode occurs readi ly 
at these potentials  (9). 

The results of the adsorption experiments  are given 
in Table II. A m a x i m u m  of 0.28 monolayers  of Bi ( I I I )  
was adsorbed at + l . 6 V  from a 2 X 10-SM Bi( I I I )  
solution. 

Not unexpectedly,  the adsorption of Bi ( I I I )  was 
also found to be concentrat ion dependent.  Table II 
lists the quant i ty  of Bi ( I I I )  adsorbed at 1.4V as a 
function of concentration. An  eightyfold increase in 
concentrat ion resulted in a 2.3-fold increase in the 
quant i ty  of Bi ( I I I )  adsorbed. 

Table II. Adsorption of bismuth on gold 

D i s k  p o t e n t i a l  B i ( I I I )  cone  B i ( I I I )  a d s o r b e d  S u r f a c e ( . )  
v o l t s  v s .  SCE m o l e s / 1  ~ c o u l o m b / c m  2 c o v e r a g e  

1.100 2.0 • 10-~ 85 0.14 
1.200 2.0 • 10 -5 124 0.20 
1.300 2.0 • 10-5 125 0.21 
1.400 2.0 • 10-5 149 0.25 
1.500 2.0 • 10 --5 109 0.28 
1.600 2.0 • 1 0 ~  170 0.28 
1.400 2.0 X 1 0 ~  94 0.15 
1.400 6.0 • 10-8 123 0.22 
1.400 1.0 • 1 0 ~  147 0.24 
1.400 5.6 X 10 -~ 186 0.31 
1.400 1.6 • 10 ~ 212 0.35 

~) Based on  o u r  e a r l i e r  c a l c u l a t i o n  t h a t  605 ~ c o u l o m b s / e m ~  is  re- 
quired f o r  m o n o l a y e r  c o v e r a g e  on o u r  g o l d  e l e c t r o d e .  

Conclusion 
In marked contrast to the case of b ismuth deposited 

on plat inum, we find that  there are potent ial  regions 
at the gold disk electrode where the electrode surface 
is free of plated or adsorbed bismuth.  Fur thermore,  
again in marked contrast  to the behavior  of Bi(O) 
films on plat inum, on gold no difficult-to-oxidize bu lk  
alloy forms when bismuth deposits. With the use of 
gold electrodes the str ipping of submonolayer  and 
mul t imonolayer  films of b ismuth can be recovered 
quant i ta t ive ly  after deposition. 

Thus, gold should prove to be far superior to 
p la t inum as an electrode mater ia l  for the anodic 
str ipping analysis of Bi ( I I I )  solutions. For the lat ter  
purpose, in 0.12M HCIO4, deposition at --0.25V, and 
oxidation at +0.40V should prove satisfactory. 
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Thermodynamic Properties of Manganous 
Chloride in Alkali Chloride Melts by 

Electromotive Force Measurements 
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ABSTRACT 

Electromotive force measurements  on the MnC12-AC1 systems where A -- 
Li, Na, K, and Cs were made using cells of the type 

Mn I MnC12-AC1 I graphite, C12 (1 atm) 
( -- ) (liquid) ( -k ) 

largely in the temperature range 600~176 The partial molar free energies, 
enthalpies, and entropies of mixing have been calculated from the emf results. 
The systems indicate negative deviations from ideality which are increasing 
from Li throughout to Cs. The concentration dependence of the partial molar 
enthalpies and entropies of mixing has been interpreted on the basis of the 
"complex ion" model previously deve]oped which is applicable to reactive 
change asymmetrical fused salt mixtures. The entropy of mixing has been 
treated by postulating vibrational as well as a configurational contributions. 
The vibrational contributions have the largest negative values in the MnCl2- 
CsC1 system. The effect of the vibrational contribution on the partial molar 
properties is also discussed. 

The thermodynamic  properties of a number  of t r an-  
sition metal  chlorides dissolved in alkali  chlorides have 
been determined recently by calorimetric and electro- 
chemical methods. 

Papatheodorou and Kleppa have measured the 
calorimetric heats of mixing  in the b ihary  systems 
MnC12-AC1, FeC12-AC1, CoC12-AC1 (1), and NiC12- 
AC1 (2), where, A represents the alkali  metal  cations 
Li, Na, K, Rb, and Cs, here and throughout  the paper. 
A common t rend in these systems is that  they have 
pronounced exothermic heats of mixing which in-  
crease as the size of the alkali metal  cation in the 
binary mixtures  becomes larger. Electrochemical mea-  
surements  by Hamby et at. (3, 4) on the systems NiC12- 
AC1 and CoC12-AC1, where  A represents Li, Na, and K, 
also indicate pronounced negative deviations from 
ideality and exothermic heat effects. The concentrat ion 
dependence of the interact ion parameters  in the sys- 
tems MC12-AC1 (M ---- Mn, Fe, Co, and N) AHM/X1X2, 
determined from the calorimetric measurements  by 
Papatheodorou and Kleppa (1, 2), indicated a min i -  
m u m  at about 33 m/o  (mole per cent) MC12. The au-  
thors a t t r ibuted this effect to the possible formation of 
a te t rahedral ly  coordinated MC14 -2 species (1, 2). Thus, 
the heat of mix ing  was thought to originate from a 
heat of reaction and other heat effects result ing from 
the t ransformat ion of the covalently bonded pure salt 
to an ionic species, followed by changes in the coulom- 
bic and dispersion interact ions dur ing mixing. 

The formation of te t rahedral ly  coordinated com- 
plexes in divalent  metal  chlorides was first suggested 
by Flood and Urnes (5) in their  analysis of the phase 
diagrams of the systems MgC12-AC1 (A ---- Na, K, and 
Rb),  where the l iquidus tie lines were predicted using 
activities calculated on the basis of the complete for- 
mat ion of the MgC142- complex species. The calcula- 
tions, however, were ent i rely based on configurationa] 
entropies and ignored the enthalpy contributions (6) 
which are now known to be quite significant. 

In  the present  investigation the thermodynamic 
properties of the b inary  systems MnC12-AC1 where 
A ---- Li, Na, K, and Cs, were studied by emf measure-  
ments  using formation cells of the type 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  m a n g a n o u s  ch lo r ide  t h e r m o d y n a m i c  p rope r t i e s ,  com- 

p l ex  ions ;  m o l t e n  salts,  m a n g a n o u s  ch lo r ide  e m f  m e a s u r e m e n t s .  

Mn / MnCI2-ACI / graphite, C12 (1 arm) 
( -- ) L liquid I ( + ) 

[A] 
for which, the cell reaction is represented by 

Mn(s} + C12(g.I atm) "4- [ (MnC12)m (AC1)n] 

[ (MnC12) m+ 1 (AC1) n] [1] 

The results are interpreted in terms of the "complex 
ion model" presented previously (7) which is fur ther  
extended to account for the unusua l  concentrat ion de- 
pendence of the partial  molar  entropies of mixing. 

There have been two previous electrochemical 
studies of the MnCI2-KCI, and the MnCI2-NaCI systems 
by Bruneau et al. (8, 9). However, these authors have 
not measured the standard formation potential for pure 
MnCl2, and in addition, only a few measured points 
are reported for the MnCI2-NaCI system. The reported 
emf values indicate significant scatter and the uncer- 
tainties can be attributed to experimental difficulties 
associated with the use of graphite as an electrode in 
MnCI2 melts, which are discussed in detail in the Ex- 
perimental section. 

Experimental 
Anhydrous  manganous  chloride was prepared by a 

method similar to that employed by Corbett  et al. (10). 
Reagent grade manganous  chloride te t rahydrate  was 
dehydrated in vacuum at 210~ for 24 hr. To insure 
final dehydration, the p ink solid was ground to a fine 
powder and slowly fused under  a stream of anhydrous  
hydrogen chloride gas (Matheson Research Grade).  In 
order to insure that no oxide would remain  in the melt, 
anhydrous chlorine gas was also bubbled  through the 
melt  for 15 min  followed by flushing with argon gas to 
remove the dissolved chlorine. After  cooling under  
argon, the quartz glass container  with the salt was 
t ransferred to a dry box. The glass was then broken 
under  an inert  gas atmosphere and the salt was stored 
in sealed containers unt i l  used. The chemical analysis 
of the purified manganous  chloride indicated an aver-  
age chlorine to manganese mole ratio of 2.005 -+- 0.005. 

For all the alkali  chlorides used in these experiments  
the dehydrat ion procedure was essentially the same. 
The reagent grade alkali  chlorides were purified in i -  
t ially by drying in vacuum for several days at l l0~ 
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Fig. 1. EMF formation cell 

followed by mel t ing under  a s tream of anhydrous  hy-  
drogen chloride gas. When the salts were molten, the 
hydrogen chloride atmosphere was flushed out with 
argon. Chlorine gas was then bubbled through the melt  
for approximately 20 rain, and finally, the melt  was 
sparged with dry argon and allowed to solidify under  
an argon atmosphere. These purified salts were also 
stored in t ightly sealed containers unt i l  used. 

The design of the electrochemical cell used in these 
measurements  is given in Fig. 1. 

The cell consists of two half-cell  compartments  
separated by an asbestos diaphragm. The purpose of the 
diaphragm was to hinder  the diffusion of chlorine gas 
into the metal  electrode compartment  while allowing 
ionic transfer.  The stabil i ty of the measured emf's in 
cells employing gaseous cl)lorine or sulfur  vapor elec- 
trodes (11, 12) investigated previously in this labora-  
tory has been at t r ibuted to the high resistance and the 
general  chemical stabil i ty of these diaphragms. 

The manganese metal  electrode was prepared by 
mel t ing electrolytic manganese (99.9%) in a closed- 
end a lumina  tube under  an atmosphere of purified 
argon. A 1/a in. diam rod of tungsten, used for the elec- 
trical connections, was introduced into the molten 
metal  and the liquid was allowed to solidify slowly. A 
flexible p la t inum wire was then welded to the tungsten  
rod and served as the final electrical lead to the po- 
tentiometer.  

The chlorine electrode consisted of a graphite rod 
immersed in an atmosphere of pure chlorine gas 
(Matheson Research grade) as shown in Fig. 1. The 
graphite electrode was prepared in the-s tandard  man-  
ner  (13). The electrodes were heated to 900~ and held 
at this tempera ture  for 8 hr. Chlorine gas was then 
passed over the graphite for 12 hr and finally the sys- 
tem was evacuated for 8 hr. It was found that  the 
electrolyte and par t icular ly  the manganous  chloride- 
rich concentrat ions reacted with the graphite, since 
upon long immerison an electrode would become 
swollen and brittle. 

An electron scanning photomicrograph was taken on 
such swollen graphite samples and indicated the pres-  
ence of salt inclusions wi th in  the graphite matrix. The 
attack on graphite appears to be related to the chemi- 
cal composition of the salt phase. For  example, pure 
molten MnC12 caused more severe damage to the elec- 

trode than  the di lute solutions of MnC12 in alkali 
chlorides. Porous graphite was also more severely af- 
fected than  the dense variety. It  appears that  upon long 
exposure to the melt  manganese  ions are capable of 
penetra t ing the bonded layer  s t ructure  of graphite 
thus creating a volume increase accompanied by a loss 
of mechanical  strength. This effect caused a serious 
deteriorat ion in the electrochemical behavior  of the 
chlorine electrode result ing in a drift  of the potentials 
toward lower values. 

Accordingly, to prevent  the deteriorat ion of the 
graphite electrode, the electrode was constructed from 
dense graphite, an exper iment  was always started at 
the lowest temperature,  and the graphite electrode was 
connected to a vacuum sliding seal "and could be with-  
d rawn from the melt  when  not in use. 

Graphite  swelling due to chemical at tack in CdC12- 
NaCI melts  has also been reported by Dijkhuis  (14). 
Graphite  is also known to form electrically conducting 
lamellar  compounds with gaseous Br2, C12, and a var i -  
ety of halides (15). 

It has been stated that a formation cell using a Mn 
electrode (13) cannot be used to determine the ther-  
modynamic properties of MnCl2 because manganese  
metal  is soluble in the salt phase. Corbett  e ta l .  (i0) 
have determined the solubil i ty of Mn in MnC12 in-  
directly using the freezing point  depression method. 
Because of the react ivi ty of manganese  metal  with 
Vycor, t an ta lum containers were used which also re -  
acted to form a th in  layer of TaMn2. I t  was found 
that the solubil i ty of manganese metal  depresses the 
freezing point of MnC12 by 1.5 ~ • I~ corresponding to 
a Mn solubili ty of only 0.8 • 0.5 m/o. Such small  solu- 
bilities are not expected to affect the emf measure-  
ments  as is demonstrated by the good agreement  be- 
tween the exper imental  and calculated s tandard po- 
tentials  in the present  work and by the reproducibil i ty 
of the results upon heating and cooling. 

At the beginning of a run, the cell was assembled, 
charged with the salts, and immediately evacuated. The 
system was heated slowly under  vacuum to approxi-  
mately  350~ to remove any  trace of moisture present. 
At this point, the chlorine electrode and the manganese  
electrode compartments  were flushed with chlorine and 
argon gas, respectively, and slowly heated to the fusion 
tempera ture  of the salts. 

Ini t ia l  saturat ion of the mol ten solution wi th  chlo- 
r ine took about 1 hr dur ing which the cell potential  
rose slowly. But once saturated with chlorine gas, the 
cell potential  was stable and responded immediate ly  to 
changes in tempera ture  or chlorine gas pressure. The 
potentials obtained during heating over a period of 24 
hr could be retraced on cooling indicat ing the repro- 
ducibi l i ty  of the results. The reversibi l i ty  of the mea-  
sured emf's was also verified by polarization tests 
whereby a current  from an external  dry cell was 
passed through the cell. On disconnecting the applied 
potential  the cell emf re turned  to its former equil ib-  
r ium value to wi th in  • inV. The volat i l i ty of the 
salts did not have any significant effect on the results, 
since the cell potentials obtained dur ing a heat ing 
cycle (to 850~ could be reproduced on cooling, even 
at high manganous  chloride concentrations. In  order 
to compare the present results with values calculated 
from the available thermochemical  data, the thermo-  
electric Pt -C junc t ion  potent ial  was measured sepa- 
ra tely by short circuit ing the ends of the carbon and 
p la t inum electrodes together at the hot junction.  It 
was found that  the carbon was positive with respect to 
the p la t inum and thus aided the electrochemical volt-  
age. Therefore, this addit ional voltage was subtracted 
from the measured cell emf to give the true value. 

The thermoelectric effect was fitted to a straight l ine 
given by the equat ion 

E'rE ( m V )  = --3.98 4- 0.01289T ( inKe lv ins )  [2] 

with a s tandard deviation of 0.06 mV. This thermo-  
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electric correct ion is only needed for the standard po- 
tential  since it cancels when  the data are used to cal-  
culate solution properties. 

Results 
S t a n d a r d  potent ia~ E~ free energy change for 

Reaction [i]  is 

AGR = - - Z F E  [3] 

where  E is the measured  emf of a cell  containing a 
solution as the electrolyte,  and ~ R  is the free energy 
change for the reaction. If pure MnC12 is used as the 
electrolyte  the cell potential,  designated as E ~ allows 
the direct calculation of the free energy of formation of 
pure  MnC12 as given by Reaction [4] 

Mn(s) + C12(g, 1 atm) -'~ MnC12d. pure) [4] 

through the relat ionship 

AG~ = - - Z F E  ~ [5] 

From Eq. [3] and [5], and f rom the we l l -known ex-  
pression for the activity, the equat ion re la t ing the mea-  
sured cell potential  to the act ivi ty  AMncl2 Of MnC12 in 
solution is given as 

Eeen = E ~ -- (RT/2F)  In AMncl2 [6] 

The standard states for this calculat ion are, respec-  
tively, pure l iquid MnC12 at all temperatures ,  pure  
solid Mn metal,  and chlorine gas at 1 a tm pressure. 
The exper imenta l ly  measured E ~ values in the t em-  
pera ture  range 660~176 corrected for the the rmo-  
electric emf's  are presented in Fig. 2. 

These data may be  compared wi th  the standard po- 
tential  calculated f rom free energy data tabulated by 
Kubaschewski  et  al. (16), Kellogg et  al. (17), and 
Wicks and Block (18). It may be seen that  good agree-  
ment  to wi th in  ___1 mV is obtained with  the the rmo-  
chemical  calculation f rom the compilat ion of Wicks and 
Block (18). 

At  990~ a-Mn wil l  t ransform to fl-Mn wi th  an 
endothermic heat  effect of 535 cal. The free energy of 
the t ransformat ion and the heat  capacities given by 
Wicks and Block (18) have been taken into account iN 
the calculat ion of the s tandard cell  potentials  as a func-  
tion of t empera ture  using the X-function method. The 
exper imenta l  results are wel l  represented by the fol- 
lowing equations. For  990~ > T > 923~ 

E ~ ---- 2387.7 + 0.4043T log T -- 0.3729 • 10-4 T 2 

-- 1.1138 X 103 T -1 -- 1.7179T ( i n m V )  [7] 

and for 1200~ > T > 990~ 

E ~ = 2372.6 + 0.2721T log T -- 0.78 • 10-5 T ~ 

+ 7.32 X 102 T - 1 -  1.3381T ( i n m V )  [8] 

Emf's  obtained with  a cell containing the  MnCle-AC1 
solutions represent  Reaction [1]. The par t ia l  molar  free 

'~ $ ~ Cell �9 C, CJ2(lotm)] MnCl2(i)[ Mn(s) @ 
,E~ 186( Reaction MnEs)+ CI2(9,1otm)~ MnCI2( 0 

184C ~ KeH ogg 

~ 183C 

182s aJculated Therr~c{hemical E ~ 
Wicks + Block 

~18101 " ~  Experimeqtal E ~ 
1~ :~ (-'10 mV ) 

1 / u O O ~ ,  
7~ 8~)o' ' "' 'B~o' 

Temperature ~ 

Fig. 2. Temperature dependence of the standard cell potential 
E ~ for MnCI2 in inV. Curve labeled Experimental from the present 
investigation. 

energy of mixing for MnC12, AGMnC12, is given as 

• = - - Z F  (E --  E ~  [9] 

The part ial  molar  free energies are re la ted to the  par -  
t ial  molar  enthalpies and entropies of mix ing  by the 
Gibbs-Helmhol tz  relat ionship 

.:xG'~MnCI2 ~-~ ~ H M n c 1 2  - -  T,~IS--MnCl2 [10] 

If the enthalpy and entropy of mixing are  taken to 
be tempera ture  independent  the quant i ty  E -- E ~ can 
be expressed as a l inear  function of t empera tu re  over  
a narrow tempera ture  range. 

Par t ia l  molar  enthalpies  and entropies  of mix ing  for 
MnC12 were  obtained f rom the intercepts and slopes 
of the l inear plots of E - -  E ~ vs .  t empera tu re  for the 
four binary systems, as given in Fig. 3-6. The data are 
wel l  represented by the least square  lines shown. The 
m a x i m u m  standard deviat ion in all four b inary  sys- 
tems is 1.4 mV and the largest  deviat ion of an in- 
dividual  exper imenta l  point is 2.6 inV. The equations 
of these lines are given in Table  I, along with  the stan- 
dard and m a x i m u m  deviat ions for each line. The par -  
tial molar  excess free energies of mix ing  of MnC12, 
..xGXSMnEI~ at 800~ are also listed in Table I, along 
with  the part ial  molar  enthalpies and par t ia l  molar  
entropies of mix ing  for MnC12. These two propert ies  
are t empera tu re  independent  wi th in  exper imenta l  
errors  as shown by the l inear i ty  of the plots. 

F igure  7 shows the plot of Eeell vs.  log XMnC12 for 
the four binary systems investigated. 

The ideal l ine is drawn as a dashed line and corre-  
sponds to AMnCI2 : X M C 1 2 .  It is readi ly  seen that  the 
negat ive deviations increase as the size of the alkali  
metal  cation becomes larger  f rom Li through to Cs. The 
emf's repor ted  by Bruneaux  et al. (9) for the MnC12- 
KC1 system are also included as solid circles and indi-  
cate ra ther  poor agreement  wi th  the present  results. 
The act ivi ty isotherms at 800~ for MnC12 are shown 
in Fig. 8. The MnC12-LiC1 system shows the least 
negat ive deviat ion from ideali ty while  the MnC12-KC1 
and MnC12-CsC1 systems have  the greatest  negat ive  
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Fig. 3. Plats of E - -  E ~ vs .  temperature for the MnCI2-LiCI system 
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deviations. The activities of the alkali  chlorides shown 
in Fig. 9 were determined by the Gibbs-Duhem inte-  
gration method from the corresponding partial molar 
excess free energies of MnC12. 

Partial molar heats of mix ing  for the alkali  chlorides 
in the four binary systems were calculated by the 
Gibbs-Duhem equation applicable to partial molar 
heats of mixing.  

The results of these calculations are shown in Fig. 
10-13 and in Table II. Partial molar heats of mix ing  

' ' ' ' I  
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E 
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C s C I ~ ~  ~ 

Ref �9 5 2  

I i I I i 

1.o 20 
X M n C I 2  

Fig. 7. Concentration dependence of the cell potentials for the 
binary ACI-MnCI2 systems at 800~ 

for MnCl2 and the corresponding integral heats for 
each binary are also given. 

From the standard deviations g iven in Table I the 
uncertainty in the calculated partial molar heats of 
mix ing  for MnC12 is estimated to be between 150 and 
240 cal /mole.  The uncertainty in the partial molar 
heats of mix ing  for AC1 calculated by the graphical 
Gibbs-Duhem integration method cannot be g iven with 
any confidence because of the approximate nature of 
this method. However,  if the partial molar heats of 
mix ing  for AC1 are g iven uncertainties at least equal 
to those estimated for the MnC12 component, then the 
integral heats of mix ing  obtained from the w e l l - k n o w n  
expression 

AHM = Zl  A/~I Jr X2 ~H2 [11] 

should also have  an uncertainty between 150 and 240 
ca l /mole  of solution. For the MnC12-LiC1 system this 
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Table I. Linear least squares fits for E - -  E ~ vs. temperature a t  several compositions in 
M n C I 2 - A C I  system between 600 ~ and 9 0 0 ~  

S e p t e m b e r  19 72 

E -- E ~ (mV) = A + BT 

Deviation AG--XSMncl2 h~nel2 
Standard Maximum 8 0 0 ~  800~ 

X~,IncJ~ A (mV) B (mV/~ (mV) (mV) (cal/mol) (cal/mol) 

AS~nCt z 
800~ 

(eal/~ 

MnCI~-LiC1 
0 . 0 2 9 9  36 .6  0 , 1 5 8 4  0 .4  0 .6  - - 2 , 0 4 5  - -  1 , 6 8 8  7 .30  
0 . 2 0 0 0  11 .7  0 . 0 9 9 3  0 .9  1 .4  - -  2 , 0 2 1  - -  541  4 . 5 8  
0 . 3 3 0 6  8 . 4 5  0 , 0 5 1 7  0 .5  0 .6  - -  5 8 8  - -  3 9 0  2 . 3 8  
0 . 5 0 4 5  4 .62  0 . 0 3 3 2  0 .9  1 .3  - -  3 9 5  - -  2 1 3  1 .50  

MnClz-NaC1 
0 . 0 2 9 3  149 .8  0 . 1 4 9 5  0 .7  0 ,9  --  6 . 7 8 7  --  6 , 9 1 1  6 . 8 9  
0 . 0 9 8 1  148 .8  0 . 0 9 3 4  0 .4  0 .5  - -  6 , 5 3 9  - -  6 , 8 6 5  4 . 3 1  
0 . 1 9 8 4  1 3 5 . 0  0 . 0 4 0 7  0 .7  1 .3  - - 4 , 7 9 2  - - 6 , 2 2 9  1 . 8 8  
0 . 3 4 2 2  72 .7  0 , 0 4 5 5  0 .6  1.2 - - 3 , 3 2 0  - - 3 , 3 5 5  2 . 1 0  
0 . 4 9 8 3  - - 2 . 7  0 . 0 6 4 9  0 .4  0 .8  --  1 , 6 0 4  124  2 , 9 9  
0.5987 -- 0.3 0,0366 1.0 1.4 -- 705 12 1.69 
0.7503 7.6 0.0125 0.5 1.0 -- 356 -- 351 0,57 

MnCI2-KCI 
0 . 0 1 0 5  2 8 8 . 3  0 . 1 7 0 5  0 .5  0 .7  - -  1 2 , 0 2 1  - -  1 3 , 3 0 1  7 .86  
0 . 0 9 7 1  2 6 7 . 6  0 . 0 7 4 1  0 .4  0 .5  - -  1 1 , 0 3 9  - -  1 2 , 3 4 4  3 .42  
0 . 1 9 8 0  2 6 5 . 5  0 . 0 0 5 2  1 .0  1 .3  - -  9 , 0 4 9  - -  1 2 , 2 4 6  0 . 2 3  
0 . 3 2 9 1  1 3 3 . 2  0 . 0 4 7 8  0 .7  0 .8  - -  6 , 1 4 4  - -  6 . 1 4 6  2 , 2 0  
0 . 5 0 4 2  73 .1  0 . 0 2 5 9  0 .7  1 .5  - - 2 , 9 3 0  - - 3 , 3 7 1  1 .19  
0 . 6 9 4 7  18 .6  0 , 0 1 5 7  1 .4  2 .2  - - 8 5 9  - -  8 5 9  0 . 7 2  

M n C l ~ - C s C 1  
0.0319 380.5 0.1075 0.6 0.8 -- 15,530 -- 17,553 + 4.96 
0 . 0 9 8 1  3 5 6 . 4  0 . 0 6 1 7  0 .8  1 .5  - -  1 4 , 5 4 7  - -  1 6 , 4 4 0  + 2 . 8 4  
0.1957 355.9 -- 0.0109 1.0 1.7 -- 12,393 --  16,414 ( -- 0~50) 
0 , 3 3 4 2  2 0 6 . 9  0 . 0 2 9 3  1.1 2 .2  - -  8 , 6 6 3  - -  8 . 5 4 6  + 1 . 3 5  
0.4980 109.2 -- 0,0015 1.2 2.6 -- 3,475 -- 5,03,6 ( -- 0.07 ) 
0 , 7 0 0 2  2 7 . 2  0 , 0 0 5 1  1.1 2 . 0  - -  7 4 6  - -  1 , 2 5 5  + 0 . 2 3  

AGXSMnc12 = AG:~nCl 2 + RT ha XMnCl 2 is the excess partial molar free energy of mixing. 

uncer ta in ty  is significant but  becomes less impor tant  in 
the more reactive systems MnC12-CsC1. 

The approximate integral  heats of mixing obtained 
by this method are also given in Fig. 10-13 and are 
compared with the direct calorimetric measurements  
by Papatheodorou and Kleppa(1) .  It  is apparent  that 
the integral  heats of mixing  obtained by the emf 
method are at the most about 10% lower than the 
calorimetric results, with the exception of the MnCI2- 
LiC1 system, for which, however, the disagreement 
appears to be wi thin  the uncer ta in ty  limits. It should 
be noted, however, that  in the la t ter  system the en-  
thalpies of mixing are small  and the errors which are 
inherent  in the emf method become more significant. 
The agreement  between the calorimetric and the elec- 
trochemical integral  heats of mixing  for the systems 
MnC12-NaC1, MnC12-KC1, and MnCl2-CsC1 is wi thin  the 

exper imental  error for the latter. The part ial  entropies 
of mixing for MnC12 were calculated from the tem- 
perature dependence of E -- E ~ as stated earlier and 
are also given in Table I. From the uncertaint ies  in the 
free energy and enthalpy data, the part ial  molar  en-  
tropies of mixing reported herein are given with con- 
fidence to wi thin  ___0.5 cal/~ For the MnC12-CsC1 
melts the slight negative entropies of mixing at 
XMnCI 2 .~- 0.1957 and XMnC12 : 0.498, appear to be in-  
consistent with the general  trends. 

D i s c u s s i o n  

The thermodynamic properties of the MnC12-AC1 
solutions and par t icular ly  the concentrat ion depend- 
ence of the enthalpy and entropy of mixing may be 
understood through the application of the quasichemi- 

] i I I I . I I i I ~ i  I 

0 .1 .2 3 4 5 6 .7 .8 .9 1.0 0 .1 2 3 4 .5 6 .7 -8 .9 1.0 

X MnCI2 X MnCL 2 

Fig.,8. Activit ies of M n C I 2  dissolved in alkal i  chlorides a t  8 0 0 ~  Fig. 9. Activit ies of ACI  dissolved in MnCI2  a t  8 0 0 ~  
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Table II. Partial molar and integral enthalpies of mixing 

T H E R M O D Y N A M I C  PROPERTIES OF MnCl2 

~l/'~[I n t M 
tPapa- 

theodorou 
_~HIn tM* & K l e p p a  ( I )  

AH){cI.~ AHAcl This work ca l /mol  -~ 
X.~I c L, ca l /mol  -I ca l /mo l  -I ca l /mol  - i  at 8 1 0 ~  

1 - - S y s t e m : M n C l ~ - L i C 1  

0 . 1 0  - - 9 3 0  - - 4 5  - 130  - 185  
0 . 2 0  - 5 6 0  - -  1 1 0  - 2 0 0  - 3 0 0  
0 . 3 0  - - 3 9 0  - - 1 7 0  - -230  - -360  
0.35 -- 335 -- 190 --240 

0.40 - -285  - - 2 2 0  -- 240 - -390  
0 .50  - - 2 1 0  - - 2 8 0  - -245  - -370  
0 . 6 0  - -  1 5 0  - - 3 5 5  - - 2 3 0  - - 3 1 0  
0.70 -- I 0 0  - - 4 5 0  - -205  - - 2 5 0  
0.80 -- 65 --590 -- 160 -- 160 

0 . 9 0  - - 2 5  - - 8 7 5  - -  110  - -  70  

2---System: M n C I ~ - N a C 1  

0 . 1 0  - - 6 , 8 6 0  - - 5  -- 690 --  635 
0.20 -- 6 ,200 -- 120 -- 1340 ~ 1180 
0.30 - - 4 , 3 0 0  -- 760 -- 1830 -- 1600 
0 .35  - - 2 , 7 5 0  -- 1,530 -- 1880 ~ 1690 
0 .40  -- 1,100 - - 2 , 5 2 0  -- 1950 -- 1840 
0.50 - - 2 5 0  - - 3 , 0 8 0  -- 1670 -- 1760 
0.60 -- 125 - - 3 , 2 4 0  -- 1370 -- 1560 
0.70 -- 175 - - 3 , 3 4 0  -- 1050 -- 1300 
0 . 8 0  -- 5 0  - - 3 , 4 1 5  --  720 - -  9 2 0  
0 . 9 0  - - 2 5  --3,580 - -  380 -- 

3---System: M n C h - K ~  

0 .10  -- 12 ,850 -- 16 -- 1290 -- 1310 
0 .18  . . . .  2230 
0.20 -- 12 ,240 -- 112 - - 2 5 4 0  - -  
0 . 3 0  - -  7 , 1 0 0  - -  1 , 7 7 0  - -  3 3 7 0  - -  
0.33  -- -- -- - - 3 5 4 0  
0.35 --5,750 - - 2 , 1 0 0  - -  3 3 7 5  --  3650 
0 . 4 0  - - 4 , 7 7 5  - -  3 , 0 0 0  - - 3 7 1 0  - - 3 7 8 5  
0 . 4 9  . . . .  3 6 0 0  
0 . 5 0  - -  3 , 2 2 5  - - 4 , 1 9 0  --  3 7 1 0  
0.60 -- 1,900 -- 6 ,970 -- 3470 -- 3160 
0 .64  - -  - -  - - 2 8 7 0  
0.70 -- 925 -- 7 ,645 - - ~ 4 0  -- 

0.80 - - 4 0 0  -- 9 ,080 -- 2140 - -  
0 .90 -- 150 -- 10,520 -- 1190 -- 1105 

4 - - S y s t e m :  MnCI~CsC1 
0. I -- 16,900 ( - - 5 )  -- 1690 -- 1880 
0.18 -- __ 3380 
0.2 -- 16,413 -- 108 - - 3 3 7 0  
0.3 -- I I , 0 0 0  -- 1,942 -- 4650 - -  
0 .35 -- 8,750 - -3 ,030  -- 5030 -- 5240 
0 . 4 0  -- -- -- 5 3 7 0  
0 . 4 8  - -  - -  -- -- 5260 
0.50 -- 4,650 - -6 ,038  -- 5340 -- 

0.60 - - 2 , 6 5 0  -- 8 ,500 - -  4990 - -  
0 .63 - -  - -  -- 4500 
0.70 - -  1 , 2 2 5  - - 1 1 , 1 5 0  - ~ 0 0  - - 4 0 2 0  
0.78 -- -- -- 3 2 7 2  
0 . 8 0  - - 450  - - 1 3 , 5 1 4  - - ~ 6 0  -- 

0 . 9 0  -- I00 -- 1 5 , 4 0 0  -- 1 6 3 0  -- 

* Average  enthalp ies  in the temperature  range 5 5 0 ~ 1 7 6  
The partial  molar  enthalpies  of  m i x i n g  for MnCI2 represents  points  

taken  from smooth  curves  drawn through  the e x p e r i m e n t a l  results  
g iven  in Table L The partial molar propert ies  for the AC1 compo-  
n e n t  w e r e  calculated by  the  G i b b s - D u h e m  integrat ion  method .  

cal model  for charge asymmetrical  solutions presented 
in a previous publication (7).  

The model  is based on the concept that "complex 
ions" exist  in molten  salt solutions. However,  the con- 
cept of complex ions in molten salts presented here is 
ent irely  different from that general ly  accepted in 
aqueous solutions. In dilute aqueous solutions because 
of the high dielectric constant of water, complex 
ionic species having  a discrete structure ma y  be con- 
sidered to exist and the properties of the solutions may  
be interpreted by considering the behavior of point 
electrical charges in a dielectric medium. 

In molten salts, the medium is totally ionic and 
because of the existence of strong short range electro- 
static forces the requirement of local electrical neu-  
trality is satisfied through the concept of interlocking 
anionic and cationic quasi lattices. 

In this sense the l iquid structure is continuous and 
the existence of discrete complex species is conceptu- 
al ly difficult. It is most l ike ly  that a "complex anion" 
in molten salts should be best represented by a con- 
figuration of a cation M n+ surrounded by anions X -  
having a g iven coordination number wi th in  which  the 
bond distances MX, and accordingly their energies, 
should be different from those expected to represent 
a noncomplexed dissociated ienic state. It is also con- 

1175 

venient  to take the noncomplexed state of the salt 
MX as that of the "pure MX." Accordingly,  the "com- 
plex" is expected to form only  in the presence of a 
second salt A X  which  is considered to act as the 
l igand donor. Thus, the formation of the complex 
species is assumed to be the result of reactions of the 
type 

MX -t- (n - -  1) AX-+ An-1MXn [12] 
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Fig. 10. Partial and integral enthalpies of mixing in the MnCI2- 
LICI system. The graph includes the partial molar heats of mixing 
for MnCI2 calculated from theory. 

MnCI 2 -- Na.CI 

0 �9 THIS WORK 
x PAPATHEODOROV AND 

KLEPPA AT 81O~ 0 ) "  
- 8 -  - -  EXPERIMENTAL -- 

.... CALCULATED 

m -E - "~.,~ 

- 5  

\\ ?N.C 

t\/  i ERROR - 

d ~  �9 LIMITS i 

\, _ 

' , J ,  . . . .  , * , . . ,  

0.5 I.O 
XMnCI 2 

Fig. I1. Partial and integral enthalpies of mixing in the MnCI2- 
NaCI system'. The graph includes the partial molar heats of mixing 
for MnCI2 calculated from theory. 



1176 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  September 1972 

-20 -- 

-15 

~ -I0 

-5 

MnCI2-KC[ 

o �9 THIS WORK 

x PAPATHEODOROV AND 

KLEPPA AT 810~ ( l ~  

- -  EXPERIMENTAL 

. . . .  CALCULATED FROM 

THEORY 

|  e 

AHMnCl- ~ / ~KCl 
e: \ \  / . ERROR'-" 

O 05 LO 

XMncl 2 

Fig. ]2 Partial and integral enthalpies of mixing in the MnCI2- 
KCI system. The graph includes the partial molar heats of mixing 
for MnCl2 calculated from theory 

-20  

- I !  

E 

s" -JC 

Ir 
"1" 
<~ 

0 0.5 1.0 

XMncI  2 
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CsCI system. The graph includes the partial molar heats of mixing 
for MnCI2 calculated from theory. 

and the strength of the complex shall depend on the 
magni tude  of the competing interactions of the A + 
and M + cations for the same l igand anions X - .  

In  a melt  containing both AX and MX, it is conceiv- 
able that  two kinds of MX bonds could exist. M-X 
bonds having the bond distance describing the "com- 
plex" state, and M-X bonds describing the "free" MX 
species. The pure mater ia l  is expected to have only 
bonds of the second type. 

It  is also evident  that  the  cor~tinuity of the medium 
imposes the restriction that  the "complex" anions are 
not discrete isolated species but  are par t  of the ionic 
liquid s t ructure  and therefore their central  M cations 
interact with other sur rounding  cations through br idg-  
ing X -  anions. In  a melt  containing MX and AX com- 
ponents, it is meaningless  to postulate a s tructure 
based on the MXn anions occupying single anion lattice 
sites in addition to other free anions and cations. The 
structure should still be one represented by arrays of 
positive and negative ions in a continuous sequence in 
such a manner  that  positive ions are always sur-  
rounded by negative ones. 

Since the only characteristic of a "complex" anion is 
the bond distance MX, its coordination configuration 
MXn may be treated as a separate statistical entity. 
When MX is added to AX a "reaction" may be pos- 
tulated according to the stoichiometry indicat ing the 
preferred coordination wi th in  the complex anion. For 
example, for a te t rahedral ly  coordinated complex be-  
tween a divalent  metal  chloride and  an alkali  metal  
chloride, the reaction is represent  by  

MCI2 ~ 2ACI-> A2MCI4 [13] 

Regarding the preferred coordination of complex 
ions in fused salts, the accumulated experimental evi- 
dence indicates that such coordinations are relatively 
simple. Thus, mixtures of monovalent cations appear 
to prefer the two-ligand configuration representing a 
linear or angular structure as in Ag(CN)2- (19). Mix- 
tures of mono- with divalent cations appear to follow 
the tetrahederal coordination as in MgCI4 -2. Finally, 
mixtures of mono- and tetravalent cations as in the 
systems, ZrCl4, TiCI4, HfCI4, with alkali chlorides (20) 
prefer to form octahedrally coordinated complexes of 
the type ZrCl62-, TiCl62-, and HfCl62-. In these sys- 
tems it has been shown that the thermodynamic prop- 
erties of the .r can be accounted for on the basis 
of the MCI6, 2- complex ion (21, 22). 

From the previous discussion it follows that "com- 
plex" species in fused salts are not expected to dis- 
sociate in the same manne r  as their counterparts  in 
aqueous solutions. The formation of the new type of 
M-C1 bond distances is ini t ia ted by the presence of the 
A + cations. Each added A + cation is expected to dis- 
turb  one M-C1 bond and the "complex" should form 
"stoichiometrically." 

Accordingly, the difference between the effects of 
various kinds of ACI l igand donors on the same MCI2 
salt shall be manifested as a heat effect, and the in t ro-  
duction of a dissociation constant  into the t rea tment  
is not necessary for the mathemat ical  t reatment .  In  a 
solution containing various proportions of AC1 to 
MC12, the changes in the bond energies which may 
result  from the replacement  of one kind of neighboring 
ion by another, should result  in changes in the over-al l  
heat effect of mixing, and may be accounted for by 
assigning different values to the bond energies rep-  
resenting the various possible ionic combinations.  
Again the concept of a "dissociating complex" is not 
necessary. 

However, if two or more "complex" coordinations 
are energetical ly favorable, then the concepts of equi-  
l ibr ium between "complex" species, and of dissocia- 
tion, become significant. 

The present t rea tment  is applicable to salt systems 
which appear to conform with the concept of a single 
complex configuration. 

Theory of mixing o~f charge asymmetrical system 
]orming complex anions.--Considering the b ina ry  mix-  
ture MC12-AC1 over the entire composition range, 
f rom pure MC12 to pure AC1, the complex A2MC14 is 
expected to form quant i ta t ive ly  at a composition XMC~2 
= 0.333. 

For compositions rich in AC1; namely  for 0.333 > 
XMC12 > 0, the melt  is taken to consist of unreacted 
AC1 and the complex compound A2MC14. For com- 
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positions rich in MC12, namely  for 1.00 > X M C I 2  > 0.333, 
the melt  may  be taken to consist of unreacted MC12, 
and the complex compound A2MC14. 

The ionic compositions, assuming that  the complex 
only dissociates into A + cations and MC142- anions, 
may be calculated from the original mole fractions by 
a mass balance calculation and are given in Table III. 
For the common cation subsystem, AC1-A2MC14, if 
the abil i ty of the M 2+ ions for interact ion is consid- 
ered as having been near ly  satisfied through the forma- 
tion of the "complex" anion MC14 -2, it is reasonable to 
expect that  the species present  should be randomly  
distr ibuted and that only next  nearest  neighbor type 
interactions should be significant. The solutions could 
then be treated as regular. Thus, the bond energies 
to be considered in the "pure" components AC1 and 
A2MC14 are characterized by the energies of the next  
nearest  neighbor interactions, C1- - -A+- -C1  - and 
MCI4-2--A+--MCI4 -2, respectively. The solution, in 
addition to the above interactions is also characterized 
by interactions of the type C I - ~ A + - - M C I 4  -2. How- 
ever, the concept of cont inui ty  in the structure of the 
ionic melt  discussed earlier, requires that  the MC14 -2 
species be nonexis tent  as an isolated entity. The A + 
cations are expected to interact  with the M 2+ central  
cations in the "complex" species via bridging C1- 
anions. Thus, it is more realistic to describe the MC14 -~ 
type interactions in pure A2MC14 and the C I - - - A  + -  
MC14 -2 type interactions in the solution, as interac-  
tions between a central  A + cation and two chloride 
species represent ing ionic arrays of the type 

CI* CI* 
CI*--M--CI* . . . . . .  A + ~ . . . . .  C I*~M--CI*  

Cl* CI* 
and 

C1" 
CI -  - . . . . . . . . .  A + . . . . . .  C I*~M--CI*  

CI* 

where C1- and C1" describe the states of chlorine in 
pure ACI and in the "complex" species, MC14 -2, re-  
spectively. 

It should be noted that although the number  of 
MCI4 -2 configurations in the system is fixed by stoi- 
chiometry, the two types of chloride ions in the solu- 
tion can readily exchange positions so that the prob-  
abil i ty of finding a chloride species of the CI* type in 
any position is approximated by the fraction of the 
anionic positions occupied by the configuration MC14 -2. 

The "significant" interactions for the pure com- 
ponents and for their mix ture  are therefore best 
represented by the following energy terms. For pure 
AC1, the C I - - - A + - - C I  - type interact ion is described 
b y  E C I - A - C l ;  for pure A2MCLt, the CI*--A+--C1 * type 
interact ion is described by ECI*-A-Cl*, and in the 
b inary  solution AC1-A2MC14, the bond energies are 
the ECl--A--Cl, ECl-A-CI*, and ECl*-A-Cl*, where 
ECl*-A-Cl describes the new type of interact ion dis- 
cussed previously. 

Since we are only concerned with the chloride ion 
coordination of the A + cations the nearest  neighbor 
coordination number  for A + should not be affected by 
mixing the charge asymmetrical  system ACI-A2MC14. 

In  this composition range, for a melt  represented by 
the nominal  mole fractions XAC1 and XMC12, respec- 
tively, the "true" composition is given in Table III. 

Within the subsystem AC1-A~MC14 as the complex 
anions present in the mix ture  have originated from 
the total  reaction of XMCl2 gram-moles of MC12, the 
first part  of the heat effect or the "reaction part" is 
s imply proportional to the amount  of complex formed, 
and is given by the equation 

AH1 - -  XMC12 bR [14] 

The constant  bR represents  the heat of formation per 
gram-mole  of complex according to 

Table Ilk Mass balance for the MCI2-ACI system 

A+ MCLt2- M+'~ 
C1- A+ CI- 
J MC14~- I M+~, CI-, A+, 

CI- l A + MCI~ 2- l 
" 0.3,33 1.0 

ACI A2MCI~ MCb 

XMCI 2 > 

1.0 > XMCl 2 > 0.333 
T~MCI 2 = X M C I  2 - -  0 . S X A c I  = n l ,  ~'LACI = 0 

~tA2MOl ~ = 0 , 5 X A c I  = T~ 

Ionic composition Ionic fraction 

2 X M c 1 2  - -  XACI 
n M  +2 = X M C ] ~  - -  0 . S X A C I  ~ M  +2 = 

1 + XMCI2 

2XAcl 
n A  + = X A C I  .NA + 

i + XMCI s 

4XMCI s -- 2 X A c l  

nCI- = 2XMcI 2 -- XACI -~CI- = 
4XMcl s -- XACl 

XACl 
~MCI& "2 = 0 . S X A c 1  ~MC]& "2 = 

4XMcl 2 -- XAC! 

0.333 > XMCl 2 > 0 
TtMCI 2 = 0,  ~ A C I  = X A C I  -- 2 X M c 1 2  = n l  

T~A2MC1 / = XXIC12 = n 2  

Ionic composition Ionic f rac tu re  

n~x+ 2 = 0 /V•+s = 0 

7tA ~ = XACI ~'A + = 1.0 

XACI -- 2XMCl 2 

n c l -  ~ XACI ~ 2XMcI s N C I -  
XAC1 -- XMCI z 

XMCt s 

nMCI4,.-2 ~ XMCl 2 /qMCl4-2 
XACI -- XMCl 2 

X indicates the original mole fractions in the solution which  is 
p repared  by mixing the components  ACl and MC12. 

n indicates the g.moles of a component .  
N indicates ionic fractions after  the complex forming  reaction has 

t aken  place. 

MC12 + 2ACI ~ A2MCI4 [15] 

The second part  or the "mixing part" of the total 
heat originates by the regular  solution type mix ing  of 
the charge asymmetrical  mixture  containing nl  g-moles 
of AC1 and n2 g-moles of A2MCI4 according to the 
reaction 

nl  AC1 + n2 A2MC14--> [ (AC1)nl (A2MC1On2] [16] 

This "mixing" part  may be calculated by  in terpret ing 
the energy of mixing as the difference between the 
in terna l  energy of the solution from that  of the pure 
components, where the previously described in ter -  
actions are the only ones which are considered as being 
significant. Pai r  interactions of the same kind are taken 
to have the same energy in the pure components as 
in solution and cancel out. 

The energy change in the mixing reaction is there-  
fore 

~Eintmix : Emix - -  n l  EAC1 - -  n2  EA2MC14 [17J  

The total number  of next  nearest  neighbor interactions 
originating from a central  A + cation is given by 
1/zN (nl + 2n2)Z1 where N is the Avogadro number  and 
Z1 is the coordination number  for AC1. In  pure AC1 
and A.oMC14, the total numbers  of such interactions 
are 1/znl NZ1 and ~2 NZ1, respectively. Hence, using the 
above relationships and taking the probabil i ty  of find- 
ing a bonded CI* as being the same as that  of finding 
the enti ty MC14 -2, the following expression has been 
derived (7) according to the method which is followed 
for regular  solutions. 
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(XAc1 --  2XMc12)XMcl2 
• = 

XAC I -- XMCI2 

[ XACl--2XMcI2 . . . .  h i - 5  b2]  [18] 
XACl -- XMCl2 

where 

b, = u [Ecl*-A-Cl* -5 ECl-A-Cl -- 2Ecl*-A-Cl] 

and 

b2 -- 1/2NZ1 [4Ec1-A-CI* -- 3Ecl*-A-Cl* -- ECI-A-Cl] 

are parameters  to be determined from exper imental  
results. By assuming that  pressure-volume work  is 
negligible, Eq. [18] can be used to represent  the en-  
thalpy of mixing (AEM = AHM). Thus, the total  en-  
thalpy will be given by the sum of Eq. [13] and [18], 
as shown below 

(XAc1 --  2XMc12)XMc12 
AHM ----- XMc12bR -5 

XAC1 -- XMCI2 

[ XACl--2XMcl2 b l +  b 2 ]  
XACI -- XMCI2 

for 
0.333 > XMCls > 0 [19] 

It should be noted that the parameter b2 is similar 
to that obtained from regular solution theory for a 
charge asymmetrical reciprocal salt mixture. The pa- 
rameter bl is the result of charge asymmetry. Hence, 
the total integral heat of mixing in the reacting system 
is determined by the heat contribution due to the com- 
plex ion forming reaction, by a heat effect due to an 
exchange reaction between next nearest neighbor 
anions, and by asymmetry. 

Considering the composition range in the subsystem 
MCI2 -- A2MCI4 from, 1.0 > XMC12 > 0.333, the "true" 
composition of the solution is given in Table II. In this 
range the "reaction" part of the total mixing reaction 
is given by 

AH'I = 0.5XAclbR [20] 

Once the complex has been formed the second part  of 
the reaction involves mixing  of the unreacted MCI~ 
with A2MC14 according to 

nlMC12 + n2A2MC14 --> [ (MC12) nl (A2MC14) n2]. 

Again, in  this system the following different kinds 
of chloride ions should be considered: chloride ions 
which surround "free" M s+ or A + cations, and chloride 
ions bonded in the complex ionic configuration 
[MC14*] -2. Also, the cation M 2+ in the complex 
[MC14*] -2 is bonded to the surrounding M 2+ or A + 
"free" cations through bridging CI* ions. Accordingly, 
in a reciprocal salt mixture  where the complex ion 
configuration is already present the significant in ter -  
actions are the nearest  neighbor cation to anion at-  
tractions. The various energy contr ibut ions are given 
as: ECI-A, EcI*-A, ECl-M, EcI*-M where the interactions 
ECl-A and  ECl-M are also common in the pure com- 
ponents AC1 and MC12. It is also expected that  if the 
nearest neighbor coordination number  of the "free" 
M s+ cations is Z1, then the nearest neighbor coordina- 
t ion n u m b e r  of the A + cations should be 0.5Z1. 

In a random system, the total number  of bonds which 
emanate  from the "free" A + and M +~ ions may be 
calculated from the average coordination number  of 
the solution defined as 

2n~ 
Z -- nl  21 "~ 0.5Zl 

nl  -5 2n2 nl  -5 2n2 

n l + n 2  
: - Z1 [21] 

nl  -5 2n2 

The total  number  of significant nearest  neighbor type 
bonds in the solution is readily calculated as 

l~N (nt Jr 2n~)Z---- ~zN(nl -5 n2)Z1 

On the basis of the same assumptions as for the AC1 
rich solutions, the integral  energy of mixing has been 
derived as (7) 

(XMc12 --  0.5XAc1) 0.SXAcI 
AEM = 

(2XMc12 --  O.5XAcl) 

[ X~m2 - O'5XAc' ] 
XMC,~ ~ ~ b'l + 5'2 [22] 

where 

b't = %/zNZl[2EAcl + 0.5EMcl* -- 2EMm -- 0.5EAct*] 

b'2 = ~/zNZI[2EAcl -5 0.5EMcl* -- EMC1 -- 1.5EA-cl*] [23] 

are interaction parameters.  
The total integral  heat of mixing  is given as 

(XMc12 - -  0.5XAc1)0.SXAc1 
AHM = 0.5XAclbR -5 

(2X~cl~ -- 0.5XAcD 

[ XMCls--O'SXAcI b,l-5 b,s] 
XMC12 0.5XAc1 

for 
12 > XMcl~ > 0.333 [24] 

The second part  of Eq. [25], is of the form 

nln2 [ n l  b'1-5 b'2 ] [25] 
A E~ - -  2 n l - s n 2  n1-52n2 

and accordingly, the parameter  b'2 describes the regu-  
lar behavior of the solution when asymmetry  effects 
are not accounted for. The effect of variable  coordi- 
nat ion number  is represented by  the asymmetric  pa-  
rameter  b'l. 

The above calculations indicate that the concentra-  
tion dependence of the integral  heat of mixing  is a 
complex function of the concentrat ion and that the en-  
tire heat of mixing curve may be accounted for by 
five parameters, bR, bl, b2, b'l, and b'2. The application 
of this method to 27 reactive charge asymmetrical  
b inary  fused salt systems presented in the previous 
publication (7) shows that the interact ion parameters  
are physically meaningful  as they are related to the 
ionic radii  of the ionic species in  these melts. 

Determination of energetic parameters .--The "reac- 
tion" parameter  bR may be obtained from an experi-  
menta l ly  measured heat of mixing curve by  subst i tut-  
ing for XMCl2 ---- 0.333 and solving either Eq. [19] or 
[24]. Thus 

bR = 3 (AHM) at XMC12 = 0.333 [26] 

The parameters  bl and b~ may be determined from the 
part ial  molar  heats of mixing. 

In  the AC1 -- A2MC14 subsystem at 0.333 > XMCls > 0 
the part ial  molar heats of mixing  for AC1 and MC12 
may be represented by the following mixing  reactions 

ACI -5 [(ACI),I(A2MCI)n2"* (ACI)nI+I(A2MC14)n~+I] 
[27] 

and 

MCI2 -5 [ (ACI)nl(A2MCI4)n2 

"-> (ACI).-2(AsMCI4).2+I] [28] 

The corresponding equations for the partial rnolar 
heats of mixing are derived by partial differentiation 
of Eq. [19] as 

AHMcI2 = bR 

(X3AcI ~ 4X3McI2 -- 7XMcI2X2AcI -5 12XAcIX'Z2vIcI2) 
+ - -  bl 

(XAcI --  XMCI2) 3 

2X2McI2 - -  ( X A c I -  2XMC12) ~" 
bs [29] 

(XAC I __ XMCI2) 2 
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and 

AHAc1 = 
X2MCI2 

(XAc1 -- XMCI2) 2 

[ 2(XAci--2XMcl2) b l ]  [30] 
b2 + (XAci -- X~ICl2) 

At XACI = 2XMcI2, or at the composition XMC12 = 0.333, 
Eq. [29] and [30] yield 

b2 --  (AHAcl) [31] 
or  

b R -  (~H~cz2) 
b2 = [32] 

2 

In  the MC1._, -- A2MC14r at 1.0 > X~c~2 > 
0.333 the mixing reactions for AC1 and MC12 are re-  
spectively 

MC12 + [(MC12) nl (A2MC14) -2] 

-~ [ (MCl2) nl + 1 (A2MC14) n2] [33] 
and 

ACI + [ (MCI2)nl (A2MCI4),~2] 

-* [ (MCI2) nl_0.5 (A2MC14) n2 +0.5] [34] 

The partial molar heats of mixing for ACI and MCI2 
are obtained by partial differentiation of Eq. [24], and 
are, respectively 

"XHMc12 

9 2 _ 0"0625X4AcI + 1.25X-MC12 X AC1 0.75X3AcIXMcI2 
= b ' l  

( (2XMc12 --  0.5XAc1) (XMc12 "~- 0.5XAcl) )2 

X2ACl 
+ b'~ 

4 (2XMcI2 -- 0.5XAcI) 2 
and 

AHAcl = 0 .5ba  

r 0.52MC12 -- XMcl2XAc~ + 0.375X2Aci 
+ 

L 

[35] 

0.25XAcI(XMcl2 --  0.5XAcl) 2 (XMc12 --  XACI) 1 

(2XMcI2 --  0.5XAc1) 2(XMcI2 --~ 0,5XAc1) 2 b ' l  

(X2McI2 --  XAcIXMcI2 - -  0.125X2Acl) 
+ b'2 [36] 

(2XMcI2 -- 0.5XAcl) 2 

From Eq. [36] at a composition X~cl2 = 0.333 

(AHAcl) = (bR -- b'2)/2 [37] 

and from Eq. [35] 

(~HMCl2) : b'~ [38] 

F rom Eq. [31] and [37], it follows that 

bR = 2b2 + b'~ [39] 

Hence, the parameters  b'2 and b2 may be determined 
directly from exper imenta l ly  obtained part ial  molar  
heats of mixing  of either AC1 or MCI2 at the stoichio- 
metric composition of MC12 = 0.333. 

The parameters  bl and b'l may be determined from 
the equations for the integral  heats of mixing [18] 
and [24] wr i t ten  in the following forms: 
For the composition range 

0.333 > XMCI2 > 0 

(AHM --  XMc12bR) (XAc1 --  XMC12) 

( X A c I -  2XMcI2)XMc12 

XACI - -  2XMcI2 
= ' b l +  b2 [40] 

XAC l --  XMCI2 

which is of the l inear  form 

I = P b1+ b2 

Similarly,  from Eq. [24] 

(AHM --  0.5XAcibR) (SXMcI2 - -  2XAcl) 

(2XMC12 - -  XACl) XAC1 

2XMc12 -- XACl 
--  b ' l  + b'2 [41] 

2XMc12 -~- XACl 

which is of the l inear  form 

1' = Q b'l + b'2 [42] 

Because the calculations involve small  difference be- 
tween large numbers ,  it is best to obtain the param-  
eters b2 and b'2 from the part ial  molar  heats of mixing, 
and then use the l inear  plots predicted by Eq. [40] and 
[41] to evaluate the slopes bl and b'l. Alternat ively,  bl 
and b'l  may be calculated by solving Eq. [19] and [24], 
for various points along the curve where bR, b2, and b'l 
are known using the previously described methods. 

Calculation of Entropies of Mixing 
Following the same general  method as previously, 

the entropy of mixing  in a reactive b inary  salt mixture  
is calculated on the basis of the two main  contributions.  
The "reaction" part  which is simply proportional to the 
amount  of the complex species formed in accordance 
with reaction [14], and a "random mixing" part  which 
is calculated on the basis of ionic fractions. 

The formation of a "complex" species is expected to 
be accompanied by changes in vibrat ional  entropy 
while the mixing  part  should be ent i re ly  configura- 
tional. 

In  the compositional range, 1.0 > XMCl2 > 0.333 ap- 
plication of these concepts leads to the equation for the 
integral  entropy of mixing which is of the form 

AZlntM = 0.5XAc1 e --R[nA+ In N2A+ - { - n c l - N 2 c l -  

+ nMc12-- In  NMC142- + riM2+ In  NM2+] [43] 

The expressions for the mole numbers  n and for the 
ionic fractions N in terms of pr imary  mole fractions 
are given in Table IIL Similarly,  in the composition 
range, 0.333 > XMC~2 > 0 the corresponding expression 
is 

ASlnt M = XMC12 e ~ R [ncl-  in  Ncl-  

"~ •MC142-- in  NMC142-] [44] 

The parameter  e represents the change in vibrat ional  
entropy connected wi th  Reaction [15]. 

The part ial  molar entropies of mixing  for MC12 and 
AC1 may be calculated from Eq. [43] and [44] by par-  
t ial  differentiation with respect to the corresponding 
mole fractions. In  the concentrat ion range  1.0 > XMcz2 

0.333 the final equations expressed in terms of pr i -  
mary  mole fractions are 

4 (2X•c12 -- XAcl) a 
ASMcl2 = - -R in  [45] 

( i  + /MCI2) " (4/MC12 --  XACI) 2 
and 

R 
ASAcl = 0.5~ -- - -  

2 

[ 2(2XMc12--XAC1)3(I+XMc12) ] 
In [46] 

XaACI(4XMcI2 --  XACt) 

It is significant that the partial molar entropy of mix- 
ing for MCI2 does not include any vibrational contri- 
butions. In this concentration range the solution proc- 
ess for a partial property of MC12 is represented by 
Reaction [33] and it is evident that the reaction does 
not include the formation of new complex species other 
than these already in existence. However, for the ACI 
component the solution process is given by Reaction 
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[34] and clearly involves tlve formation of one addi- 
t ional  mole of complex species. 

In  the composition range 0.333 > XMCl2 > 0, the 
partial  molar entropies of mixing for AC1 and MC12 
are given, respectively, as 

ASMc12 = e - -  R In XMC12 ( X A c 1  - -  X M C l 2 )  [47] 
( X A c l  - -  2 X M c 1 2 )  2 

and 

aS'-ACl ---- R In XACl -- 2XMc12 [48] 
X A C l  - -  XMC12 

In this concentrat ion range it is significant that  the 
partial  entropy of mixing for MC12 includes vibrat ional  
contributions. The logarithmic term in Eq. [47] repre-  
sents the configurational part  to the total part ial  molar  
entropy of mixing. The partial  molar entropy of mixing 
for AC1 is ent i rely configurational because the addi-  
tion of AC1 to these ACl-r ich solutions is not accom- 
panied by the formation of addit ional moles of complex 
species. 

The "configurational" par t  of the part ial  molar  en-  
tropy of mixing from Eq. [45] and [47] was calculated 
and the results are presented in Fig. 14. Figure 14 also 
includes so-called "ideal" part ial  molar  entropies of 
mixing given as - -R in  XMc12. 

It is characteristic that the present  calculation pre- 
dicts the concentrat ion dependence of the molar  en-  
tropies of mixing which changes from positive to nega-  
tive and then again to positive values. This behavior  
may be described as typical of complex ion fused salt 
systems. 

Application of the complex  ion model  to the MnCI2- 
ACI sys tems . - -From the integral  heats of mixing  for 
the b inary  systems MnC12-LiC1, MnC12-NaC1,MnCI2- 
KC1, and MnC12-CsC1, the reaction parameters  bR, bl 
and b'~ were obtained and are given in Table IV. Simi-  
larly, the interact ion parameters  be, b% were deter-  
mined from the exper imental  part ial  molar heats of 
mixing of MnC12 and of the corresponding alkali  chlo- 
ride at XMnc12 = 0.333, and are also included in Table 
III. From Eq. [29] and [35] and the parameters  in 
Table III the part ial  enthalpy of mixing of MnC12 was 
calculated over the entire concentrat ion range and the 
results are compared with the exper imental  partial  
enthalpies of MnC12 in Fig. 10-13. The parameters  bR 
for the MnC12-AC1 systems are plotted in Fig. 15 vs. 
the radii of the alkali  metal  cations and the plot indi -  
cates a l inear  relationship. Good agreement  is also ob- 

Table IV. Enthalpy and entropy parameters for MnCI2-ACI system 
(cal/mol, cal/K.mol) 

CsCI K C I  NaC1 L i C I  

bR --  14 ,700 --  10 ,700 --  5900 -- 720 
b'~ --  9 ,500 - - 6 , 1 5 0  --  3350 - - 3 5 0  
b2 -- 2,500 - - 2 , 2 0 0  -- 1250 -- 175 
0"1 --31,500 -- 20,750 + 1875 --1770 
~i - -377 --501 + 107 - -415 

( -  1.0) ( - -0 .2 )  ( +  1.0) 

rained with the ba parameter  determined from the 
calorimetric data of Papatheodorou and Kleppa (1, 7). 

The entropy of mixing can also be used to test the 
model that has been proposed. The par t ia l  molar  
entropies of mixing obtained from the emf results are 
included in Fig. 14 for comparison with the calculated 
values. 

It is evident  that  wi thin  the exper imenta l  uncer -  
ta inty  of ___0.5 ca l /~  the theoretical calculations are 
in fair agreement  with the exper imental  results, par-  
t icular ly for the systems MnC12-NaC1, MnC12-KC1, 
and MnC12-CsC1 for compositions rich in alkali  chloride. 
The MnC12-LiC1 system with the exception of one point 
appears to follow the "ideal" entropy curve and there-  
fore its thermodynamic  behavior  should be described 
as "regular." 

For solutions rich in AC1 the difference between the 
exper imental  points and the configurational entropy 
curve may be a t t r ibuted to vibrat ional  contributions.  
Approximate values for ~ in the various systems were 
calculated and are given in Table III. Similarly,  for 
solutions rich in MnC12 where the part ial  molar  en-  
tropies of mixing are ent i re ly  configurational the 
agreement  is wi th in  exper imenta l  error, with the 
exception of two points at XMC12 = 0.5 which corre- 
spond to the two systems MnC12-KC1 and MnC12- 
CsCl. 

It is evident  that  the model describes quite well  the 
general  t rend in the concentrat ion dependence of the 
excess partial  molar entropies and enthalpies of mixing  
except for the LiC1 system. 

It is characteristic that the model predicts positive 
entropies in the MnCl2-rich compositions and entropies 
of mixing  which change from positive to negative for 
the alkali chloride-rich compositions. In  addition the 
t ransi t ion from positive to negative values is occurring 
at about XMnC12 ~ 0.333, where the complex MnC142- 
is expected to form stoichiometrically. 
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The calculated values for the vibrat ional  contr ibu-  
tions ~ given in Table III  are consistent with the mag-  
ni tude of the reaction parameters  bR. For example, the 
MnC12-CsC1 system which has a large negative heat 
of formation bR is also characterized by the most 
negative vibrat ional  entropy. The MnC12-LiC1 system 
which is characterized by a small en tha lpy  of forma-  
t ion bR is best represented by configurational entropy 
only. 

It is worthwhile  to note that  for dilute solutions at 
XMC12 -"> 0, the part ial  molar entropy of mixing  given 
by Eq. [47] reduces to 

ASMc12 = e - -  R I n  XMC12 [49] 

and accordingly, the excess partial  molar entropies in 
this range may be identified with vibrat ional  contr ibu-  
tions. 

SYMBOLS 
/Vi ionic fraction of component  i 
Xi mole fractions of component i 
T degrees Kelvin  
R ideal gas constant  = 1.986 cal �9 deg -1. 
F Faraday 's  constant  = 23,066 cal �9 V -1 
E emf in V or mV as cited 
Z electrochemical valency 
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Anodic Films in ECM Electrolytes: 
Onset of Passivation of Mild Steel in Nitrate Solution 

Der-Tau Chin* 
Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 480g0 

ABSTRACT 

A potentiostatic t ransient  study was made of the passivation of mild steel  
in NaNO8 solution. The cu r ren t - t ime  relat ion in the init ial  stage of the passi- 
vat ion process agreed with a model involving two-dimensional  progressive 
nucleat ion and growth of a monolayer  of oxide on the electrode surface. The 
rate of film formation was found to increase with the rate of electrode dis- 
solution and with the ni t rate  concentration. 

Since the discovery (1) that  the qual i ty  of surface 
finish and dimensional  control obtained in  electro- 
chemical machining (ECM) of steel is directly related 
to anodic film formation, a series of tests have been 
made in this laboratory to ascertain the na ture  of the 
film in various ECM electrolytes (2, 3). It has been 
found that  in NaC1 and NaC104 solutions the passive 
film is ini t iated by the formation of a salt layer resul t-  
ing from supersatura t ion of dissolution products in 
the immediate vicini ty of the anode. Although such a 
film is capable of giving good surface finishes at high 
current  densities, it lacks the abil i ty to protect 
the metal  surface located some distance from the 

* Electrochemical Society Active Member.  
Key words:  rotat ing spherical  electrode, potentiostatic transient .  

machining area facing the cathode. In  NaC1Oa solu- 
tion, a porous film resul t ing from anodic oxidation 
has been identified. This film not only gives excellent 
dimensional  control, but  also brings about mir ror- l ike  
surface finishes on the machined area. In  the present 
work, such testing has been extended to NaNOz solu- 
tion. 

Though numerous  studies have been made  on the 
passivation of iron or steel in ni t rate  solutions, most of 
them are confined to either acidic or alkaline conditions 
such as in  HNO3 or NHs-NH4NO3-H20 systems. There 
are only a few studies reported in  the l i terature con- 
cerning neut ra l  ni t ra te  solutions. Cowley, Robinson, 
and Kerrich (4) measured anodic polarization curves 
for mild steel in 10% NH4NO~ solution, and the effect 
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Fig. 1. Recorder traces of cur- 
rent transient in 2M NAN03. The 
magnitude of applied potentio- 
static pulses (vs. SCE) and the 
speed of anode revolution are: 
a, 0.2V, 0 rpm; b, 0.2V, 2500 
rmp; c, 1.0V, 0 rpm; d, 1.0V, 
2500 rpm. 
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of pH on the polarization curves was reported by 
Mieluch (5), who found that  passivation occurred most 
easily at pH 7.5. In a later  report,  Mieluch (6) also 
described a study of the effect of crystal lographic 
orientat ion on the passivation of Fe  in concentrated 
NH4NO3. The influence of fa t ty  acids on the passiva- 
tion of iron and steel in neutral  n i t ra te  solutions was 
invest igated by Smialowski  and Ostrowska (7). 

This paper describes a potentiostatic t ransient  study 
of a mild steel electrode in neut ra l  NaNO3 solutions. 
The mechanism of passivation is discussed with  a two-  
dimensional  nucleation and growth model  for the 
formation of an oxide film on the electrode. 

Exper imental  
A rotat ing hemisphericaI  electrode was used for the 

study. The electrode consisted of a replaceable mild 
steel hemispherical  head 1 mounted on one end of a 
cylindrical  Teflon rod; the other  end of the rod was 
at tached to the spindle shaft of a high speed rotator. 
The mild steel head was 0.317 cm in radius and had a 
surface area of 0.628 cm 2 exposed to the electrolyte.  
Details of the exper imenta l  setup are given in previous 
reports  (2, 3), and wil l  not be repeated here. 

Before the t ransient  measurement ,  the surface of 
the mild steel e lectrode was degreased in isopropanol, 
cleaned in dilute HC1, and rinsed in disti l led water.  
The clean electrode was then installed on the rotator  
and t ransferred into a cell filled with  the test e lectro-  
lyte. To remove  any remaining  trace of oxide on the 
surface, the electrode was fur ther  t reated cathodically 
at --1.2V vs.  SCE for one minute, and the system was 
permit ted  to rest for several  minutes to allow the elec- 
trode potent ial  to re tu rn  to the s teady-s ta te  value at 
open circuit. A constant anodic potential  pulse was 
then applied to the electrode, and the current  t ransient  
was recorded. 

The electrolytes used were  1 to 4M NaNO3. The solu- 
tions were  prepared by dissolving Baker  analyzed-  
grade chemicals in distilled water;  the pH of these 
solutions varied f rom 6.5 to 7.5 at room temperature .  
Before the start of each test the electrolyte  was pre-  
saturated with ni trogen;  and, during the run, a ni t ro-  
gen atmosphere  was mainta ined by passing the gas 
through the cell. Al l  the exper iments  were  per formed 
at a constant room tempera tu re  of 24 ~ • I~ 

Results 
Figure  1 shows the recorder  traces of current  t ransi-  

ents for two different passivity potentials  in a 2M 

1Composi t ion  of the mi ld  steel:  Fe, 98.4%; Mn, 0.98% S, 0.29%; 
C, 0.1%; P, 0.06%; Si, 0.005~ 

NaNO3 solution. For  each potent ial  pulse, the curves 
are given for two different rotat ional  speeds: curves  a 
and c at 0 rpm, and curves b and d at 2500 rprn. These 
curves are typical of the results obtained; so the raw 
data with other  passivity potentials and other  concen- 
trat ions are not shown here. 

It is seen for each curve, the current  jumps to a 
large value at t = 0, and then drops smoothly to a 
small value. St i r r ing of the solution apparent ly  has 
no effect on the current  transient.  It  should be noted 
that, though the current  drop between the initial va lue  
and the tail  portion occurred wi th in  a few seconds, 
the t ime required to reach a s teady-sta te  value was 
very  long. In this tail  portion, the current  cont{nued to 
drop slowly, and often it took 30-60 min before a 
steady value was observed. 

It  has been found that  during this initial current  
drop period, the logar i thm of the current  var ied  l in- 
early wi th  the cube of time. Figure  2 is a plot of 
I vs .  t 3 on semilogari thmic scales for various potential  
pulses in 2M NaNO3 solution. The effect of ni t rate  
concentrations on the current  t ransient  is shown in 
Fig. 3, where  the cur ren t  obtained from a potent ial  
pulse of 1.0V vs.  SCE is also plotted against the cube 
of t ime on semitogari thmic scales for three  ni t ra te  
concentrations. It is seen that  the rate of current  drop 
increases wi th  increase in both anodic potential  and 
solution concentration. 

The "relationship be tween the initial current  density 
and the s teady-sta te  polarization curve is shown in 
Fig. 4. The s teady-state  cur ren t  densities for various 
ni trate  concentrat ions and anode revolut ion rates are 
represented by the symbols, C), /% r " L  etc. The dashed 
curves are the initial cur ren t  densities obtained f rom 
the current  t ransient  curves. This figure demonstrates  
that  the passive region lies between anode potentials 
f rom 0 to 1.2V vs.  SCE. The current  densities on the 
left  of 0.0V vs.  SCE represent  the ra te  of act ive dis- 
solution of iron into the electrolyte,  and those on the 
r ight  of 1.2V vs.  SCE are the transpassive current  
densities. Variat ion in the ni t ra te  concentrat ion and 
st irr ing of the solution have no effect on the s teady- 
state measurements .  The init ial  current  densities of the 
potentiostatic pulses appear to be smooth extensions 
of the s teady-sta te  current  densities of the active dis- 
solution states into the passive potentials. 

Discussion 
The behavior  of current  t ransients  can be explained 

by a model  of two-dimens ional  nucleat ion and growth 
for an anodic film on the electrode surface. The model  
involves the following assumptions: (i) the film nuclei 
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occur randomly  on the surface; (ii) only a monomo-  
lecular layer  of the passive film is formed on the sur-  
face, and the growth  of such a layer  results in a 
decrease in the dissolution current;  and (iii) the film 
is permeable  to the meta l  ion, in other  words, elec- 
t rode dissolution can take place by diffusion of meta l  
ions through the film. Under  these circumstances,  the 
current  dens i ty / t ime  relationships have been given 
by Armstrong,  Porter,  Bulman, and Thirsk  (B, 9) : 
(a) format ion of the passive film 

( ~ v~Nt ~ ) [1] iF -- qmon~v2Nt 2 exp -- --~ 

Fig. 2. ! vs. t 3 for various po- 
tentiostatic pulses (vs. SCE) in 
2M NAN03. 

Fig. 3. I vs. t ~ for a potentio- 
static pulse of 1.0V (vs. SCE) in 
three different concentrations of 
NAN03 solution. 

(b) dissolution on the bare e lectrode surface 

( ~ v~Nt ~ ) [2] iD - :  ioexp  -- ~-  

(c) dissolution by diffusion through the film 

{ i'D = i'o 1 -- exp -- --VeN~ a [3] 
3 

Here  io and i'o are the exchange current  densities for 
the dissolution reactions occurring on the bare elec- 
t rode surface and on the surface covered wi th  th~ pas- 
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Fig. 4. Initial current density of the potentiostatic transient and 
the steady-state polarization curves for mild steel in NaNO3 solu- 
tion. The steady-state measurements are represented by the symbols, 
O ,  ~ ,E:Z:3 ,  etc. The dashed curves are the initial current densities 
obtained from the recorder output. 

sive film, respect ively;  qmon is the charge  density for 
the formation of the monomolecular  layer;  N is the rate  
of nucleation of two dimensional  centers;  and v is the 
rate of film spreading f rom the nuclear  centers. 

The total  current  density is the sum of Eq. [1]-[3].  
For the present study, one may assume that  iF and i'D 
are  too small to be observed under  the  exper imenta l  
conditions. Thus, the current  measured is contr ibuted 
mostly by the dissolution on the bare meta l  surface. 
Equat ion [2] suggests that  a plot of the logar i thm of 
the current  against the cube of t ime would give a 
straight line. The results given i n Fig. 2 and 3 demon-  
strate that  the current  t ransient  for a mild  steel elec-  
trode in sodium ni t ra te  solutions agrees precisely 
wi th  this model. F igure  4 fur ther  shows that  the init ial  
current  density of the t ransient  represents  the rate  of 
dissolution on the bare electrode surface and, thus, 
corresponds to io in Eq. [2]. The cube root of the prod-  
uct, v2N, can be regarded  as an average rate of film 
format ion on the electrode surface. Figure  5 is a semi-  
logar i thmic  plot of ~/v2N vs. io as calculated f rom the 
e xpe r imen t a l  data. It is seen that  the film format ion 
rate increases wi th  the meta l  dissolution ra te  as wel l  
as wi th  the ni trate  concentration. 

This film format ion mechanism is fur ther  supported 
by Mieluch's (6) galvanostat ic  study of iron in con- 
centrated ammonium nitrate  solutions. His results give 
a charge densi ty of 1.3 mcou lomb/cm 2 needed for the  
format ion of an init ial  passive layer  on the electrode 
surface. If  one assumes that  this init ial  layer  is com- 
posed of FesO4, as suggested in the l i t e ra ture  (10), this 
amount  of charge density would  correspond to an oxide 
layer  of monomolecular  thickness on the electrode 
surface. 

o~ 
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Fig. 5. Average rata of film formation vs. dissolution current den- 
sity for two different NaNOs concentrations. 

It should be noted that  the t ransient  data presented 
here represent  only the init ial  stage of the passiva-  
tion process. The present results do not account for 
th ickening of the film, nor for possible t ransformat ion 
of phase layers in later  stages of the passivation proc-  
ess. Fur ther  study is needed to resolve these problems. 

Conclusions 
The onset of passivi ty for mild  steel in neut ra l  ni-  

t ra te  solutions is character ized by format ion of a 
monolayer  of oxide on the electrode surface. The  ra te  
of formation increases wi th  the  rate  of dissolution re -  
action as well  as wi th  ni t ra te  concentration. 

Manuscript  submit ted Jan.  18, 1972. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 

LIST OF SYMBOLS 
io exchange current  density, A / c m  2 
I current,  A 
N rate  of nucleat ion of two dimensional  centers, 

nuc le i /cm 2 sec 
q charge density, cou lomb/cm 2 
t time, sec 
v rate  of film spreading f rom the nuclear  centers, 

cm/sec  

Subscripts 
D dissolution of electrode 
F film formation process 
mon monomolecular  layer  

Superscripts 
�9 dissolution react ion occurr ing on the electrode 

surface covered with  a layer  of passive film 
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Technica  

h-Pits Produced by Hydrating and Annealing Aluminum Foil 
Cecil G. Dunn . I  

Research and Development Center, General Electric Company, Schenectady, New York 12301 

and Donald R. Witte~ 
Electronic Capacitor and Battery Department, General Ele.ctr~c Company, Columbia, South Carolina 29202 

This note reports some surface phenomena,  including 
the formation of relat ively large crystal lographically 
oriented pits, on a luminum reacted with boiling water  
prior to heating in air. For  identification purposes and 
to dist inguish them from thermal  pits or vacancy con- 
densation pits (VC-pits) we call the present  pits, 
h-pits. Al though other studies have been reported of 
in situ dehydrat ion of boehmite films (1), and high 
tempera ture  reactions between boehmite films and the 
substrate a luminum (2), the present h-pi t  observations 
appear to be new. 

The surface phenomena described in the following 
experiments  were obtained using suitable hard (H19 
temper)  commercial grade 99.99% A1 foil. The phe-  
nomena include: (i) crystal lographical ly oriented pits, 
both wi th in  the a l u m i n u m  grains and at the grain 
boundaries,  that  arise due to recrystal l ization and 
grain growth; (ii) networks  of pits and occasionally 
gigantic grooves at grain boundaries;  and (iii) part ial  
networks of pits wi th in  grains. 

Regarding pits wi thin  grains, samples of the hard  
foil were observed visual ly  dur ing relat ively fast 
heat ing to about 600~ since it was known that  sui t -  
able foil, heated at a re la t ively high rate of tempera-  
ture  rise in  the 200 ~ to 300~ range (3-5) produced 
relat ively large grains. Under  oblique i l luminat ion,  the 
grain s tructure was not visible in a sample given no 
pre t rea tment ;  but  after a few minutes  at about 600~ 
grains �89 to 1 cm in size became visible in  a sample 
given a pre t rea tment  of 5 rain in boil ing water. The in-  
dividual  grains were visible prior to cooling. On the 
other hand, samples cooled to room tempera ture  could 
be studied more thoroughly. F igure  1 shows the ap-  
pearance of a sample held 30 min  in air at 550~ after  
about  a 1 rain hea t ing-up  time. The large-gra ined 
s t ructure  was revealed by differences in reflected light 
in tensi ty  due to crystal lographically oriented pits of 
about 5~ size and density near  105 pi ts /cm 2. The uneven  
light reflections from some of the grains suggests the 
presence of a coarse subgrain  structure. Incidental ly,  
support for this view was obtained using the sink prop- 
erty that sub-boundar ies  (and boundaries)  have for 
vacancies (6). Thus, samples of either the annealed 
foil or the hard foil were electropolished to provide 

* Electrochemical  Society Act ive  Member.  
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smoother surfaces, then held for 10 rain in  air at 
600-~C, and finally cooled at a suitable rate for VC-pit  
formation wi th in  the large subgrains. 

From the above results one may conclude that  the 
development  of the h-pi ts  is a consequence of the hy-  
drat ion t reatment ;  and h-pits, since they can form at 
temperature,  are unl ike  VC-pits, which form only after 
a drop in temperature.  

Gra in  boundaries  general ly  provided preferred sites 
for h-pits.  This feature will  be i l lustrated using a fine- 
grained structure developed in samples from the same 
lot of hard foil by holding them for 16 hr at 350~ after 
a low rate of tempera ture  rise. At this point, some sam- 
ples were given a 5 min  hydrat ion t rea tment  at 100~ 
while  others were given no t reatment .  Both kinds of 
samples were then held 30 min  in air, at 550~ as be-  
fore. Again h-pits  were abundan t ly  present  in samples 
given the hydra t ion  t rea tment  and essentially absent 

Fig. 1. Hard aluminum fail given a 5 min dip in boiling water 
prior to a 550~ anneal in air; oblique illumination. (XIO). 
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Fig. 2. Soft aluminum foil (after a 16-hr anneal at 350~ given 
a 5 min dip in boiling water prior to a 550~ anneal in air. (X250). 

in samples given no hydrat ion t reatment .  Figure 2 is a 
typical micrograph showing a ne twork  structure due to 
a preferent ial  formation of pits at grain boundaries.  
This feature is s imilar  to results observed previously 
for hydrogen-doped a luminum involving no hydrat ion 
t reatments  (7). 

Another  observation was that  some grain growth oc- 
curred at 550~ including instances of relat ively fast 
grain boundary  migration. When this occurred after 
grain boundary  pits had already formed, chains of pits 
and part ial  networks of pits were left wi thin  grains 
as might  be expected. When pits along a grain boundary  
grew in size unt i l  they came together, "gigantic" grain 
boundary  grooving occurred. Some instances of this 
phenomenon appear in Fig. 2. Careful inspection of the 
sample (and others using film lifting techniques) re-  
vealed the presence of a t ransparent  oxide film over 
the entire surface. The h-pits, accordingly, are voids at 
the oxide metal  interface. Individual  h-pi t  voids wi th in  
a grain have a ra ther  un ique  morphology and this is 
also evident  to some degree in Fig. 2. Noting that  {111} 
planes and {100} planes of the a luminum matr ix  are 
the preferred boundary  planes for both hydrogen pores 
(8) and VC-pits (9), we suggest that the crystallo- 
graphic orientations referred to earlier may involve the 
same {h k 1} planes. 

"Using another lot of H19 commercial  grade 99.99% 
AI, which had the property of recrystal l izing to a fine- 
grained s t ructure  on heating rapidly (3-5), it was 
shown that the ne twork  pat tern  of grain  boundary  pits 
does not depend on the presence of a f ine-grained 
structure at the t ime of hydrat ing the foil, which was 
the situation above. For example, the second lot of 
hard foil was given a 5 min  hydrat ion t rea tment  at 
100~ and the 30 min  t rea tment  in air, at 550~ as 

before. Results were similar to those i l lustrated in  
Fig. 2. 

Mention may  be made of some limited studies on the 
effect of holding tempera ture  on samples given the hy-  
drat ion pretreatment .  Holding 16 hr at 400~ for ex- 
ample, produced h-pits. However, a similar t rea tment  
at 300~ produced no large pits, or pits that  could be 
easily seen. 

Other studies showed that the removal  of the hy-  
drate layer prior to annealing,  by means of a boiling 
aqueous solution of CrO3 and phosphoric acid (10, 11), 
essentially el iminated the formation of large h-pits.  
Thus, the presence of a hydrated  film dur ing the hold- 
ing at 400~ and higher appears to be necessary for 
abundan t  h-pi t  formation. 

For the most part, the above phenomena may  be 
explained by the assumption that  the h-pits  actual ly 
are hydrogen pits (H-pits) ,  wi th  the hydrogen prob-  
ably originating in an Al -hydra te  film reaction (2). The 
l i terature is extensive on H-pores and surface blisters, 
the lat ter  due to hydrogen precipitation wi th in  the a lu-  
m i num but  near  the surface. Instances of hydrogen 
precipitation at a metal-oxide interface, undoubtedly,  
have been seen. In  fact, based on proton inject ion re-  
sults, Milacek et al. (12) conclude that  "pit t ing is the 
result  of accumulat ion of protons as hydrogen in voids 
which form at the oxide-metal  interface." Also, pre-  
vious work (7), involving superpuri ty  a luminum with 
and without  added hydrogen introduced dur ing re-  
casting, demonstrated the formation of H-pits  in the 
hydrogen-doped samples annealed in  air. A surface 
oxide film plays an impor tant  role in these instances 
because it prevents  the escape of hydrogen, which, in 
turn, provides the driving force for the formation of 
voids at the oxide-metal  interface. 
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An Interpretation of Anodic Dissolution 
and Corrosion of Some Film-Covered Electrodes 

Ashok K. Vijh* 
Hydro-Quebec Institute oi Research, Varennes, P.Q., Canada 

Consider anodic dissolution of metals in anhydrous  
hydrogen fluoride (AHF) proceeding via fluoride cor- 
rosion films (1, 2). Fol lowing Gerischer (3), anodic 
discharge of F -  ions of the AHF on the fluoride cov- 
ered metal, MF, may occur either by part icipat ion of 
the conduction band of MF as 

MF -t- F -  ~ MF2 -}- e [1] 

or, by involvement  of the valence band as 

MF + F -  + Ps'-* MF2 [2] 

The ratio of the two rate equations is given by (3) 

: Ps e x p - - - (  meg VS 

v l  ' Nc ~ ~ /  [3] 

where vl and ve are the rates for reactions [1] and [2], 
respectively; ps is the hole concentrat ion in the surface 
of MF at equi l ibr ium; Nc is the effective density of 
states in the conduction band of MF; 7 is a constant  
having value be tween 0.5 and 1, depending on the sys- 
tem; Eg is the band gap. Assuming value of 7 = 0.5, 
and noting that  Eg ~-~ --2~He where ~He is the heat of 
formation per equivalent  (4) of the MF, one has 

Ps ( AHe ) 
V2 ~ Vl - - e x p  [4] 

Nc \ 

For highly ionic fluoride films, Eg is large so that  the 
dissolution proceeds almost ent i rely by a hole mecha-  
nism (3). One may, therefore, take vl as a negligible 
and relat ively constant fraction of the over-al l  rate 
(Vl ~ vs). This would then give 

log v cc K 2.3 kT [5] 

* Elect rochemical  Society Ac t ive  Member .  
K e y  words :  anodie dissolution, f i lm-covered electrodes, hydrogen  

fluoride, fluoride films. 

where v is the total rate of anodic dissolution and K is 
a constant. Application of Eq. [5] to the data (I, 2, 5) 
on anodic dissolution of metals in AHF shows its ap- 
proximate validity (Fig. I) ; i.e., as AHe of MF becomes 
higher (more endothermic) ,  log v increases. Similar  
considerations appear to be val id for anodic dissolution 
of metals in sulfamic acid-formamide solutions occur- 
ring via corrosion reaction films (6, 7). 

Noting that, for electrode reactions log rate  is pro- 
portional to electrode potential  V, and that, for some 
cases of open-circui t  corrosion, one conjugate  reaction 
determines almost exclusively the corrosion potent ia l  
Eh (so that  V ~ E~) one gets 

Eh CC K ( ~He [6] 
2.3 kT 

Examinat ion  of Eq. [6], in relat ion to the data given 
in Ref. (8) and (9), roughly supports its validity. 

Manuscript  submit ted March 6, 1972. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 
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Electrochemical Preparation of Cadmium and 
Mercury Tellurides 

M. H. Miles* 
Department of Chemistry, Middle Tennessee State University, Murfreesboro, Tennessee 37130 

and W. S. McEwan 
Chemistry Division, Naval Weapons Center, China Lake, Californi~ 93555 

Telluride compounds are of growing interest  due to 
their properties as semiconductors and semimetals.  
The solid solution system CdzHgl-xTe i.s an outs tand-  
ing infrared detector mater ial  (1). Cadmium tel luride 
is useful  for windows in infrared lasers and infrared 
modulators and also as a nuclear  radia t ion detector 
(2). Although tel luride compounds are often prepared 
by direct union of the elements at high temperatures,  a 
convenient  electrolytic method for prepar ing tel lurides 
from aqueous solution at room temperature  has been 
described (3). The application of electrochemical meth-  
ods is investigated for the preparat ion of CdTe and 
HgTe. 

E x p e r i m e n t a l  
The te l lur ium electrodes used as the source of Te = 

ions were prepared by sealing a piece of this substance 
in glass tubing  using Bipax epoxy (BA-2112) and 
making a mercury  contact to a copper lead. The total 
resistance of this electrode was usual ly  about 5-15 ohms. 
A cadmium rod was used as the source of Cd + + ions in 
the preparat ion of CdTe. Reagent mercury  (II) acetate 
was used as the source of Hg + + ions in the preparat ion 
of HgTe. The quoted purities are 99.99% for the cad- 
mium rod (Alfa Inorganics) ,  and at least 99.5% for 
the te l lur ium stick (A. D. Mackay).  

The ammonium acetate-acetic acid buffer solution 
used as the electrolyte was prepared from reagent  
chemicals by adding acetic acid to 1M NI~OH to give a 
pH of 4.5. Electrochemical exper iments  were per-  
formed using the Beckman Electroscan 30 ins t rument  
and a one-compartment ,  beaker type, electrochemical 
cell containing the buffer solution and the appropriate 
electrodes. Nitrogen purified by bubb l ing  through 
Fieser's solution was used to remove oxygen from the 
electrolyte solution (4). The closed electrochemical 
cell was placed in a plastic bag and kept under  posi- 
tive ni trogen pressure dur ing  electrolysis as an added 
precaution against oxygen. 

The CdTe or HgTe precipitate formed dur ing  con- 
stant current  electrolysis was washed, centrifuged, and 
dried under  vacuum at 100~ for at least 12 hr. Atomic 
absorption spectroscopy, electrode weight losses, and 
precipitate weights were used to determine the com- 
position of the material .  

Results  a n d  Discussion 
Knowledge of the products formed at the te l lu r ium 

cathode is vi tal  in  this method. In  aqueous solution 
we have the following equi l ibr ia  (3, 5) 

H2Te ~,~ H + + H T e -  K1 = 2.27 X 10 - s  

H T e -  ~ H + -t- Te = K2 : 6.9 X 10 - i s  

Te2 = ~ - T e - ~ T e  = K = 2  • 10 -4 

According to Panson (5), the major  product  of the tel-  
lu r ium cathode is Te2 = above pH 12, and Te = below pH 
9. Figure  1 shows a cyclic vol tamogram for the tel-  
lu r ium electrode in the pH 4.5 buffer solution. Reduc-  
t ion of t e l lu r ium occurs as the potent ial  becomes more 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: a t o m i c  a b s o r p t i o n ,  c a d m i u m ,  m e r c u r y ,  o x y g e n ,  p r e p a -  

r a t i on ,  te l l t t r ide .  

negative than --0.8V (vs. SCE). The tel lur ide ions 
produced are readily oxidized dur ing the anodic sweep 
as the potential  increases beyond --0.8V. In  slightly 
acidic solution the net reaction involved is l ikely  

Te + H + + 2e-  ~ H T e -  [1] 

A brownish product  was observed s t reaming from the 
electrode dur ing the oxidation, probably  due to Te 
particles formed. The ease of oxidation of the tel lur ide 
ion reflects the concern for rigid precautions to exclude 
oxygen from the solution (3). Fur the r  electrochemical 
oxidation is observed as the potent ia l  sweeps beyond 
0.2V; the oxidized substance formed is reduced dur ing 
the following cathodic sweep at a peak potent ial  of 
about --0.45V. The oxidation product  is fair ly insolu-  
ble as determined from the effects of s t i r r ing the solu- 
t ion and delaying the cathodic sweep. From the poten-  
tial - -pH equi l ibr ium diagram for the t e l lu r ium-wate r  
system (6), these reactions probably  involve the 
formation and corresponding reduct ion of TeO2. Un-  
compensated IR effects are present  in  the cyclic 
voltamograms, largely due to the 15 ohm resistance 
through the te l lur ium electrode. Sl ightly i r regular  
behavior  at the extreme potentials  in Fig. 1 is due to 
the manua l  potential  reversal  switch of the Beckman 
inst rument .  

Cadmium tel lur ide was produced by using a cad- 
mium anode and  a te l lur ium cathode in  the pH 4.5 
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Fig. 1. Cyclic voltamogram for a tellurium electrode in a I.OM 
NH4C2H302 -!- HC2H302 buffer solution of pH 4.5. Order of po- 
tential sweeps: 1. Cathodic direction beginning at 0.0 V; 2. Follow- 
ing sweep in the anodic direction; 3. Following cathodic sweep. 
Potential sweep rate = 100 mV/sec; geometrical electrode area 
= 0.5 cm2; T ---- 27~ 
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Table ]. Experimental and theoretical resu]ts for the formation 
of CdTe by the passage of 801 coulombs 

E l e c t r o d e  P r e c i p i t a t e  A t o m i c  a b s o r b t i o n  a n a l y s i s  
w e i g h t  loss,  g w e i g h t ,  g L a b  A L a b  B 

E x p e r i m e n t  1 : 0 . 4 5 9  Cd 42.66% Cd  45.2% Cd 
0.977 

0.617 Te  55.84% T e  55.5% T e  
E x p e r i m e n t  2 : 0 . 4 8 0  Cd 44.79% Cd 42.5% Cd 

0.992 
0.514 Te  53.32% Te  58.5% T e  

E x p e r i m e n t  3 : 0 , 4 7 8  Cd  45.63% Cd 47.2% Cd 
0.513 T e  46.58% T e  53.6% T e  

Theoretical: 0.467 Cd 46.83% Cd 
0.997 

0,530 Te  53.17% Te  

buffer solution stirred both by the bubbl ing  N2 and a 
magnetic  stirrer. The Cd + + and  Te = ions generated, 
combine to form a fine, dark precipitate of CdTe. The 
potential  of the te l lu r ium electrode with 0.5 cm 2 geo- 
metr ical  area, dur ing  constant  reduction currents  of 
1, 10, and 100 mA, was --0.86V, --1.05V, and --1.65V 
(vs. SCE), respectively, reflecting the uncompensated  
IR effects and the various types of overvoltage. The 
potential  of the cadmium electrode, wi th  10 cm ~ geo- 
metr ical  area dur ing constant  anodic currents  of 1, 10, 
and 100 mA, was --0.77V, --0.72V, and --0.41V, re-  
spectively. 

Table I shows the results for three separate experi-  
ments, each involving the passage of 0.010A for 100 
sec followed by 0.100A for 8000 sec between the cad- 
mium anode and te l lu r ium cathode to form the CdTe 
precipitate. Each product was analyzed by two inde-  
pendent  laboratories using atomic absorption spectro- 
scopy. Assuming that the lack of reproducibi l i ty  is 
due to random errors in the analyses, the ari thmetic 
means  are 44.7 • 1.9% for cadmium and 53.9 • 4.3% 
for te l !ur ium where the l imits express the 95% con- 
fidence in terva l  of the "Student  t" statistical test (7). 
Identical  samples tested by the same laboratory showed 
similar lack of reproducibil i ty.  The statistical test for 
the total (% Cd + % Te) gives 98.6 • 3.5% at the 
95% confidence interval.  Slight oxidation of the pre-  
cipitate due to exposure to air dur ing  washing and 
centr i fuging may occur; however, this effect is not 
statistically significant at the 95% confidence level. 

Significant deviations from the expected theoretical 
values, which indicate possible systematic error sources 
in the experiments,  are found for the low cadmium 
composition of the product  and for the low weight  
loss at the te l lu r ium electrode. 

The low analyses for cadmium are just  significant at 
the 95% confidence level. A possible systematic error  
source is the react ion with oxygen 

HTe- + H + + �89 Te + H20 [2] 

which would result  in Te metal  present  in the precipi-  
tate and Cd + + ions left in solution without  par tners  
for precipitation. These Cd + + ions would, therefore, 
be lost dur ing  the washing and centr i fuging opera- 
tions. Apparent ly ,  the  extreme precautions taken to 
exclude oxygen dur ing  electrolysis were not sufficient 
to completely el iminate the interfer ing reaction of 
the te l lur ide ion with oxygen. In  one experiment,  
where the solution was accidently exposed to air 
dur ing the electrolysis, the results of the analysis 
changed dramatical ly  to 79.1% Te and 20.5% Cd indi-  
cating that  the above reaction takes place very readily 
if any oxygen is available. 

Any  occurrence of react ion [2] would lead to high 
analyses for te l lur ium. Although many  of the analyses 
for Te in Table  I are higher than  the theoretical value, 
the results are not statistically significant due to the 
large uncer ta in ty  in the atomic absorption results for 
this metal. Also, the questionable low value reported 
by Lab A for exper iment  3 (Table I) tends to greatly 
reduce the ari thmetic mean  of these analyses. 

Hg T E L L U R I D E S  1189 

The CdTe product is composed of black powder 
and lumps, very  similar  in appearance to particles of 
coal. Under  the microscope, however, some fibrous 
mater ia l  having  a metall ic luster  is observed. Possibly 
such fibers consist of te l lur ium metal  produced by 
reaction [2]. It  is roughly estimated that  these fibers 
represent  less than  1% of the total product. 

The low weight loss at the te l lur ium electrode is 
significant at the 99% confidence level indicat ing that 
systematic error sources are highly probable. Possible 
error sources include the reactions 

o 

2H + + 2e -  --> H2 [3] 

Cd + + + 2e -  --> Cd [4] 

occurring at the t e l lu r ium cathode in addition to the 
expected reaction [1]. Both of these reactions are 
thermodynamica l ly  possible in  the potential  region 
where te l lu r ium reduct ion occurs. 

Reaction [3] would be expected to occur readi ly at 
the large negative potentials required  for the electro- 
chemical reduction of te l lur ium. Fortunately ,  how- 
ever, the overvoltage for H2 evolution on te l lu r ium is 
high. Also, te l lur ide ions tend to have a poisoning 
effect on the hydrogen evolution react ion (8). Any  
occurrence of reaction [3] wil l  directly reduce the 
weight loss of the te l lur ium cathode but  wil l  have no 
effect on the composition of the precipitate since an 
equivalent  amount  of Cd + + ions wil l  be left without  
Te = partners.  A ny  occurrence of either reaction [2] 
or [3] would result  in excess Cd + + ions left in solu- 
tion, which may then  be reduced and deposited at the 
te l lur ium cathode (reaction [4]) giving less than  the 
expected weight loss for this electrode. 

There is some controversy over the existence of the 
adsorbed monovalent  cadmium ion, Cd § or Cd2 + +, as 
an intermediate  in the cadmium electrode reaction 
(9, 10). One may speculate that  such an intermediate  
might react chemically with other adsorbed species 
such as water 

Cd + + H20 -* Cd + + + OH- + I/2 H2 

which would result in the electrode weight loss being 
larger than theoretical. Although the data in Table I 
is not statistically significant on this point, both experi- 
ments 2 and 3 gave larger than theoretical weight 
losses for the cadmium electrode. Further experiments 
established that this is due to slight chemical reaction 
of the cadmium during the experiment with the weakly 
acidic solution. Carefully designed experiments did 
not show any significant difference between the be- 
havior of zinc and cadmium anodes. Both are electro- 
chemically oxidized in  the pH 4.5 buffer solutions by a 
two electron step to form the divalent  ion. 

Format ion  of the mercury  double ion, Hg2 + +, pre-  
vents  a satisfactory electrochemical preparat ion of 
HgTe. Use of a mercury  anode and a te l lu r ium cathode 
in the NH4C2H3OJHC2H302 buffer solution results in 
a white column of precipitate forming above the elec- 
trode cup containing the mercury, while a black pre- 
cipitate forms in solution. Apparently the mercury 
oxidizes to Hg2 + + which then precipitates upon the 
electrode as Hg2(C2H302)2. Since mercury (1) acetate 
is sparingly soluble, the electrolytically produced Te = 
ions likely cause disproportionation of Hg2 + + 

Hg2 + + + Te = --> Hg + HgTe [5] 

similar to the reaction with S = ion (11). Metallic films 
were observed in the electrochemical cell indicat ing 
contaminat ion of the black HgTe formed with free 
mercury  as suggested by reaction [5]. Atomic absorp- 
t ion analysis also showed excessive mercury  in the 
product. 

Prepara t ion  of HgTe is also possible by  electrochem- 
ically generat ing Te = ions in solution by using a 
p la t inum anode with the te l lu r ium cathode a n d  then 
directly adding a soluble mercury  (II) salt such as 
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mercury  (II) acetate. Atomic absorption analyses of 
such a preparat ion by two separate laboratories gave 
63.17%, 61.7% for mercury, and 35.78%, 38.9% for 
tel lurium. This compares favorably with the theoretical 
values of 61.12% Hg and 38.88% Te  for HgTe. However, 
it is exper imenta l ly  difficult to prevent  oxygen pro- 
duced at the anode dur ing  electrolysis from mixing 
with the solution and oxidizing Te = ions. This part icu- 
lar problem could be avoided by using l iquid ammonia  
solutions since N2 is formed at the anode; however, 
in NHs-NH4NO3 solutions (12), it was found from the 
electrode weight loss that  the di tel luride ion, Te2 =, is 
the major  product at the cathode. 

Conclusions 
Cadmium tel luride can be prepared by a simple 

electrochemical method. The pur i ty  of the CdTe is 
determined pr imar i ly  by the extent  of oxygen exclu-  
sion dur ing electrolysis. Any  oxygen present  reacts 
with the electrochemically produced tel luride ions 
resul t ing in contaminat ion of the product with te l lu-  
r ium metal. 

Formation of Hg2 + + at the anode complicates the 
electrochemical preparat ion of HgTe. However, addi- 
t ion of a mercury  (II) salt to a solution of electro- 
chemically generated te l lur ide ions produces a pre-  
cipitate of the desired product. 
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Characterization of Passivating Films on 
Fe-Cr Alloys by Soft X-Ray Spectroscopy 
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M on roevil le, Pennsylvania 15146 

It is well  known that  chromium steels radical ly 
change their  corrosion and electrochemical properties 
at about  12% chromium content  (1). The low-Cr steels 
have properties similar  to iron, while  the stainless 
steels (Cr ~ 12%) behave similarly to chromium. It is 
probable that  the composition, structure, and /or  thick-  
ness of the passivating film on the stainless steels is 
different from that  on the low-Cr steels. Few studies 
have been made of these properties of passivating films 
formed at room tempera ture  on chromium steels, 
p r imar i ly  because the films are thin (2-4 nm) .  ~ An  
electron diffraction study (2) of a series of i ron-  
chromium alloys indicates that the film on alloys with 
Cr-content  ---~ 12% is an Fe-Cr  spinel, the lattice 
parameter  of which increases with increasing Cr-con-  
tent;  the film on alloys with Cr-content  ~ 12% is 
amorphous in  character. The passivating film on iron 
is 7-Fe203 and may include some Fe304 (3). 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  M c D o n n e l l  Doug la s  Resea rch  Labo ra to ry ,  St. 

Louis ,  M i s s o u r i  63166. 
Key  w o r d s :  i ron ,  i r o n - c h r o m i u m  al loys ,  oxide ,  p a s s i v a t i n g  f i lm, 

t h i n  f i lm. 
2 1 n m  = 1OA. 

The applicabil i ty of soft x - r ay  spectroscopy to the 
characterization of relat ively thick oxide films ( >  10 
nm)  on transi t ion metals has recently been reported 
(4). We wish to report  a method of characterizing very 
thin films, e.g., passivating films, in situ on iron and 
i ron-chromium alloys by soft x - ray  spectroscopy. When 
a metal, alloy, or compound is bombarded with elec- 
trons of energy up to 3 kV, soft x- rays  originating near  
the surface are emitted; the depth from w h i ch  the 
x- rays  come decreases with decreasing electron energy. 
The wavelength and in tens i ty  dis t r ibut ion of the x - r ay  
band spectra are sensitive functions of the electronic 
s t ructure  of the emitter, i.e., ionization state. The effect 
of compound formation on the shape and wavelength 
of characteristic emission bands from the elements, as 
well as exper imenta l  techniques, has recent ly been 
reviewed by Holl iday (5). In  the present  s tudy the 
system was evacuated to 1 X 10 -7 Torr and the target  
was cooled to reduce the probabi l i ty  of oxide growth. 

For iron and chromium the LII and L m  bands (4s 
q- 3d -o 2p transi t ion) occur in the soft x - r ay  region. 
The LII band is a (4s -t- 3d -* 2p J1/~) t ransi t ion and 
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Fig. 1, FeLII,III bands from iron and from Fe304 measured at 
2.5 kV. Spectrum of Fe203 is almost the same as that of Fe304. 

the LII I  band is a (4s -t-3d ~ 2p 33/2) transit ion,  The 
spectrum consisting of both bands is usual ly  designated 
Fe Lii,Zli for i ron and Cr Lli,nz for chromium. For this 
paper a superscript above the symbol of the element  
indicates the ionization state; the absence of a super-  
script indicates the band results from more than one 
ionization state. 

A series of ferritic i ron-chromium alloys from pure 
i ron to Fe-24Cr has been examined. The specimens 
were passivated potentiostat ically in 1N H2SO4 at 0.85V 
vs. SHE unt i l  a steady state was achieved. F r a n k e n -  
thal  (6) has shown that  this potential  is sufficiently 
high so that  the preferent ia l -d issolut ion/ -adsorpt ion 
mechanism (7) is no longer important ;  instead passiv- 
ity results from an oxide film. The Fe Lii,ii1 and the 
Cr Lii,m band spectra of the passivated specimens 
were measured using a blazed grat ing analyzer  of 3600 
grooves/mm in a spectrometer with a 0.5m radius of 
curvature  and a flow proport ional  counter  as detector 
(8). 3 To obta in  accurate peak positions and in tens i ty  
values, at least three runs  were made for each spec- 
trum. 

The LiI,i~i bands of the spectra of Fe, Fe~O4, and 
Fe208 (Fig. 1) overlap to such an extent  that  their  
resolution is difficult. However, the ratio of the in ten-  
sities of the Fe Lii and Fe  Lnz bands {Fe(LH/ 
Lni)  } is greater for the oxides than for the metal  (Fig. 
1). Holliday (9) has shown that the change in  the 
Fe(LH/Lm)  intensi ty  ratio is a property of the surface 
oxide rather  than self-absorption and that the ratio 
increases with increasing oxide thickness at constant  
accelerating voltage; for example, at 2.5 kV the ratio 
is 0.24 on oxide free iron and 0.45 on Fe~O4 and on 
Fe203. For each alloy the Fe(LII/LIH) ratio was de- 
te rmined from the spectra measured at 1.5 kV (Table 
I) and will be related to the thickness of the passivat-  
ing film. 

The Cr LH,m band spectrum of each passivated alloy 
was measured at 3.0 kV; three spectra are shown in 
Fig. 2. It will  be observed that  there is a hump on t he  
high energy side of the Cr Lm peak from the Fe-10Cr 
alloy. This hump could be due to self-absorption, 
electronic structure,  or surface oxide. Self-absorpt ion 
can be ruled out because chromium and iron are ad- 
jacent  in the periodic table and iron has no emission or 
absorption edges in the vicini ty of the Cr Lii,m band. 
The fact that the energy separation of the hump and 

a T h e  C r  L z I , H z  b a n d  s p e c t r a  o f  t h e  p a s s i v a t e d  5 C r  a l l o y  w a s  
m e a s u r e d  w i t h  a s p e c t r o m e t e r  w i t h  a I r a  r a d i u s  o f  c u r v a t u r e  f o r  
g r e a t e r  r e s o l u t i o n .  
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Fig. 2. CrLILm bonds from three possivoted iron-chromium alloys 
measured at 3,0 kV�9 
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main peak (Fig. 2) is the same as that for the Cr LII~ 
bands from Cr20:, and  chromium metal  (Fig. 3) indi-  
cates that the hump is due to Cr203 ra ther  than  a 
change in electronic structure. Fur ther  evidence that  
the hump is due to Cr208 rather  than a change in 
electronic s tructure is obtained by measur ing the 
Cr LmHI band  from the Fe-10Cr alloy at 2 kV acceler- 
ating potential;  the in tensi ty  of the hump relat ive to 
the ma in  peak increased at 2 kV over that  at 3 kV. 
This is expected if the hump is due to surface oxide 
since at lower accelerating voltages a greater port ion 
of the x- rays  come from nearer  the surface. A more 
extensive t rea tment  showing that  the changes in Fig. 2 
are due to surface oxide is given by Holl iday (10). 

From the above evidence it can be assumed that  the 
Cr LII,III band spectra in Fig. 2 are composites from 
Cr203 and chromium metal. By knowing the relative 
heights, half-widths,  and peak energy positions of the 
Cr LII,III bands from chromium and from Cr203 (Fig. 
3), it was possible to resolve the Cr Lmni  bands in 
Fig. 2 into the Cr LII.IH bands from chromium metal  
and from Cr203 on a du Pont  310 Curve Resolver; two 
resolved spectra are shown in Fig. 4. They have been 
normalized to a constant  Cr~ peak intensity.  The 
peak intensi ty  ratio Cr3+Lni/CroLm, as calculated 
from the resolved spectra, is given in Table I for each 
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Fig. 4. Resolved LzI,ZZi bands of Cr ~ and Cr 3+ from two iron- 
chromium alloys measured at 3 kV. Spectra have been normalized 
for constant Cr~ intensity. 

alloy. The precision of the ratios is l imited by the pre-  
cision with which the curves can be resolved. 

To determine that the chromium oxide was not 
changed dur ing electron bombardment ,  a 50A film 
of chromium and Cr203 was electrodeposited onto an 
iron substrate. The thickness of the chromium oxide on 
the 50A film, as determined by chemical analysis, was 
approximately 10A. The relative intensit ies of the 
Cr Lm bands from chromium and CreO3 were in 
agreement  with chemical analysis data showing that  
electron bombardment  in the present  vacuum system 
does not change the film. 

The changes in the Fe(Lzz/Lm) and in the Cr~+Lm/ 
Cr~ intensi ty  ratios (Table I) can be associated 
with major  changes in oxide film thickness and com- 
position over the alloy composition range from 10 to 
14% chromium, the same range over which major  
changes occur in the electrochemical, corrosion (1), 
and crystallographic (2) properties of the alloys. 

Assuming that  the dilution of i ron and its oxide by 
chromium and Cr ~+, respectively, does not appreciably 
effect the determinat ion of the quant i ty  of iron oxide 
from the Fe(L] I /Lm)  intensi ty  ratio, the change in 
this ratio between 10 and 14% chromium can be ac- 
counted for by a decrease in the oxide film thickness 
(9). Using this relat ionship and the fact that  the oxide 
film on iron is 4 nm thick (11), the oxide on the high- 
Cr alloys is estimated to be about 2 nm thick. Although 
the above assumption may not be strictly valid, the re- 
sults are qual i ta t ively reasonable, inasmuch as the 
oxide film thickness on passivated chromium metal  has 
been reported to be 1 nm (12). 

Assuming the val idi ty  of the film thickness calcula- 
tions and that changes in the Cr3+Lm/CroLm intensi ty 

Table I. Fe(LzffLni) and Cr z+ Lni/CrOLnz intensity ratios of 
Fe-Cr alloys 

%C in  a l loy  Fe(Lzz/Llzz) Cr3+LHz/CroLm 

0 0.35 _--. 0.005 
5 0.34 1.1 ~ 0 . 0 5  

10 0.35 0.6 
14 0.32 0.4 
19 0.32 - -  
24 0.32 0.4 

ratio should be determined pr imar i ly  by  changes in 
the quant i ty  of Cr s+ in  the oxide and/or  Cr o in  the 
alloy, the changes in this ratio with alloy composition 
(Table I) may be explained. The change in  the ratio 
between the 5Cr and the 1OCr alloys is most l ikely due 
to the increase in  Cr-content  of the alloy with rela-  
t ively small  changes in  oxide composition and /or  
thickness. The change in  the ratio be tween  14Cr and 
the 24Cr alloys can best be accounted for by assuming 
an increase in  the Cr 3+ concentrat ion of the oxide 
equal to the increase of chromium in  the alloy, the 
oxide thickness remain ing  rela t ively constant. The 
change in the ratio be tween the 10Cr and  the 14Cr 
alloys indicates that  the Cr 3+ concentrat ion in the film 
is increasing approximate ly  proport ionately to the 
decrease in film thickness, i.e., the concentrat ion 
doubles if the film thickness decreases from 4 to 2 nm. 
The changes in the CrS+/FeS+ concentrat ion ratio in 
the oxide with alloy composition will  be even greater 
than  the changes in Cr ~+ concentrat ion because each 
addit ional chromic ion in  the oxide replaces a ferric 
ion, the densities of Cr203, Fe203, and  Fe304 being 
equal. 

The results of this ini t ial  s tudy show that there are 
distinct differences in the spectra obtained from the 
different passivated alloys. While the in terpre ta t ion of 
the present data is not unambiguous,  it is consistent 
with significant changes in the oxide film thickness and 
composition in the alloy composition range from 10 to 
14% chromium, in which range the major  changes in 
the electrochemical and corrosion properties occur. 
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ABSTRACT 

The chemisorption of HBr on vapor-deposited PbO layers was investigated 
at different temperatures.  At room temperature  the reaction of HBr wi th  the 
PbO surface molecules is followed by a fast reaction with the under ly ing  
molecules. At --160~ only the surface reaction was measured, result ing in an 
adsorption of HBr of 60% of a monolayer.  Taking into account the decrease of 
the surface area caused by the adsorption of HBr, we conclude that a mono-  
layer of HBr is chemisorbed. This means that  as a result  of this reaction the 
compound Pb2OBr~ is formed on the surface of the crystallites. Chemisorption 
of tt2S at room tempera ture  on such a layer shows a coverage of H2S of 40% 
of a monolayer.  Optical measurements  on these tayers show an absorption edge 
of about 1.75 eV. 

The photoconductive layer  in the P lumbicon tele-  
vision p ick-up tube consists ma in ly  of polycrystal l ine 
PbO of the red modificationJ These vapor-deposited 
layers have a specific surface area of about 50 m2g -1 
and are therefore par t icular ly  suitable for chemisorp- 
tion experiments.  It is known  that after vapor-deposi-  
tion of the PbO, the absorption edge of these layers 
can be shifted toward the red if the layer is treated 
with H2S (1, 2). It is shown that by the adsorption of 
H2S, at temperatures  below --120~ the oxygen atoms 
can be replaced, in stages, by sulfur atoms, resul t ing 
in the formation of surface compounds with bandgaps 
of 1.45, 1.05, and 0.80 eV corresponding to a chemisorp- 
t ion of H2S to a surface coverage of about 0.25, 0.5, and 
1 monolayer,  respectively (3). The purpose of our in-  
vestigations was to find out if this replacement  of the 
oxygen atoms by steps is specific for sulfur atoms or 
whether  it is also possible in the case of the reaction 
of HBr with PbO. Another  possibility in  this stepped 
process is a successive subst i tut ion by atoms of differ- 
ent  elements. 

Experimental Techniques 
The pr imary  PbO layers used in our investigations 

were prepared in the following way. An amount  of 
about 0.5g PbO was evaporated from a p la t inum cru- 
cible. The PbO vapor passed through a gas atmosphere 
consisting of water  vapor and oxygen, and condensed 
on a Pyrex  substrate, main ta ined  at a constant  tem- 
perature.  A detailed description of the evaporation 
technique is given elsewhere (3, 4). 

After  evaporat ion the tube was evacuated and t rans-  
ferred to an adsorption apparatus. In  this apparatus the 
surface area of the PbO layer was measured by the 
BET method (5) at 78~ using krypton. The specific 

Key  words:  chernisorption,  photoconduct ivi ty,  phosphors, adsorp-  
tion, compound formation.  

1Plumbicon is a trade*mark of  N. V. Philips" Gloei larapenfab- 
r ieken,  Eindhoven.  

area of these layers s trongly depends on the tempera-  
ture of the Pyrex substrate dur ing the preparation.  For 
example it is about 40 m2g -1 at a substrate tempera-  
ture  of 120~ and about 60 m2g - I  at a substrate  tem- 
perature  of 90~ For our investigations we preferred 
to use PbO layers deposited at 90~ in order to deter-  
mine more accurately the changes of the surface area 
caused by chemisorption of gases. These layers have a 
typical thickness of 20 ~m and consist of crystal  plates 
(6) with dimensions of about 2 X 0.5 >< 3.5.10 -3 ~m, 
orientated perpendicular ly  to the substrate  surface. 

According to Dickens (7) the structure of red PbO 
can be described as a sandwich structure containing 
a plane of oxygen atoms flanked by two planes, each 
containing half the number  of Pb  atoms. The lone pairs 
of electrons of the lead atoms hold the sandwiches to- 
gether by van der Waals forces. Therefore red PbO is 
expected to crystallize main ly  in the form of plates 
parallel  to the sandwich plane. 

Assuming that  this also occurs in our vapor-de-  
posited PbO layers, the surface density of lead and of 
oxygen atoms is 1.25.1015 cm -2 (8, 9). 

PbO layers prepared by our evaporat ion technique 
have a porosity of 50% and a mean  space between the 
crystal plates of 5 nm. These properties of the layer 
make it possible for the gas molecules to penetrate  
readily into the spaces throughout  the entire thickness 
of the layer. Therefore the depth of penetra t ion of the 
gas molecules is only restricted by the reactivity of the 
gas with the surface of the solid. 

A description of the chemisorption apparatus is given 
elsewhere (10). The chemisorption experiments  were 
carried out as follows. A known amount  of HBr w a s  

added to the PbO layer and  the change of the HBr 
pressure was measured as a function of the adsorption 
time. The water  vapor l iberated during the reaction 
was frozen out of the gas mix ture  by cooling part  of 
the system to --95~ using mel t ing  acetone. 

1193 
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An interest ing point  is the adsorption of HBr  at 
tempera tures  below room temperature ,  for example  at 
about --160~ at which in addit ion to chemisorpt ion a 
physical  adsorption of HBr also takes place. This tem-  
pera ture  can be kept constant dur ing the reaction, us- 
ing mel t ing  2-methylbutane.  The change in the surface 
area of layers t rea ted in this way was determined.  The 
react iv i ty  of these layers  wi th  H2S was also invest i -  
gated. 

For  the optical measurements ,  the windows with  
the PbO layers were  removed  f rom the tubes, after 
which the total  (diffuse -F specular) reflection spec- 
tra, R, and total t ransmission spectra, T, of the layer, 
i l luminated with normal  incident light, were  measured 
on a Beckman DK 2A spectrophotometer  with a spe- 
cial in tegrat ing sphere accessory. F rom these mea-  
surements  the optical absorption spectra can be deter -  
mined. As a result  of the H2S adsorption the color of 
the PbO layer  was changed. Af te r  f ractur ing the layer 
the depth of penet ra t ion  of H2S into the PbO layer  was 
examined under the microscope. 

Adsorption Results 
The chemisorpt ion of HBr  on a vapor-deposi ted PbO 

layer  was measured as a function of the adsorption 
t ime at different temperatures .  Some typical results  are 
given in Fig. 1. We see that  the adsorption veloci ty  
strongly depends on the temperature .  At room tem-  
pera ture  the pressure of the HBr decreased from 1 Torr  
to about 10 -1 Torr  as a result  of the adsorption. 

At --160~ the HBr pressure decreased to less than 
10 -4 Torr  because in addition to a fast chemisorpt ion 
there  was also a physical adsorption. The lat ter  amount  
could be readi ly  desorbed from the PbO layer by cool- 
ing par t  of the apparatus  wi th  l iquid N2. Af te r  de-  
sorption of this amount,  the quant i ty  of HBr  which re-  
mains on the PbO layer  was about 60% of a monolayer,  
independent  of the adsorption t ime and the excess of 
HBr. 

In this paper a monolayer  adsorption means an ad- 
sorption of one gas molecule  per PbO surface molecule. 
I t  is possible to chemisorb more  HBr at --160~ if the 
layer  is warmed  up to room tempera tu re  after  the 
first chemisorption, 0 _-- 0.6, and cooled down again to 
about --160~ This chemisorpt ion process can be re-  
peated several  times. The results of these processes 
are given in Fig. 2. 

To get an impression of the value of eHBr as a func-  
tion of the depth of penetrat ion of HBr  into the PbO 
layer,  a number  of PbO layers  was covered with  differ- 
ent quant i t ies  of HBr  (QHBr) at --160~ At room tem-  
perature,  such a quant i ty  of H2S (QH2s) was added to 
each of these layers so that  the depth of penetrat ion of 
H2S (DH2s) into the PbO layer  was larger  than the 
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Fig. 1. Adsorption of HBr on the surface of a PbO layer at 
~20~  and --95~ expressed in monolayers (0HBr), as a function 
of the adsorption time. 
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Fig. 2. Adsorption of HBr on the surface of a PbO layer at 
--160~ vs. the number of processes (N). Each process consists of 
cooling to --160~ adsorbing HBr, and warming up the layer to 
room temperature. 

depth of penetra t ion of HBr  (DHBr). The wate r  vapor 
l iberated during this reaction was frozen out at --95~ 
with melt ing acetone. As a result  of such a t reatment ,  
the part  of the PbO layer  covered with  HBr  and H~S 
became deep red; that  covered with H~S only black; 
and the remaining part  re ta ined its original  ye l low-  
orange color. 

Af te r  the adsorption measurements  the layers  were  
broken and the location of the boundaries of the col- 
ored parts measured under  the microscope. A photo-  
graph of such a layer is given in Fig. 3. 

Using these data and the known quanti t ies  of the 
adsorbed amounts  of HBr  the 0HBr was calculated. 

From previous exper iments  (3) we know that  the 
~H2S of a PbO layer  is about 0.90. Therefore  the cover-  
age of H2S of the part  of the PbO layer  covered with  
HBr (0HBrH2 s) can also be calculated using the formula  

QH2s -- (DH2s -- DHBr) 0H2S 
0HBrtI2 S : [1] 

DHBr 

The results are given in Table I. We see that  the eHBr 
is about 0.60 and the 0HBrH2 S about 0.40. 

To gain insight into the  significance of a 0HBr : 0.60,  
the influence of HBr adsorption on the surface area 
was determined.  Therefore,  the surface area of a num-  
ber of PbO layers was measured, they  were  then 
t reated at --160~ wi th  an amount  of HBr  smaller  than 
60% of a monolayer ,  af ter  which the surface area was 
again determined.  The results are given in Fig. 4. 

We see, that  the surface area strongly diminishes as 
a result  of the HBr  adsorption. Assuming that  the par t  
of the layer  on which HBr is adsorbed, is covered wi th  
a gHSr : 0.60,  and that  the uncovered part  of the layer  

Fig. 3. Photograph of a PbO layer in which the small light-colored 
part is treated with 0.60 of a monolayer of HBr and 0.40 of a mona- 
layer of H2S, the dark-colored part being treated with a monolayer 
of H~S only and the other light-colored part being the uncovered 
part of the layer. 
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Table I. Coverage of H2S of part of PbO layer covered with HEr 

A m o u n t  of  A m o u n t  of  
H B r  a d s o r b e d  H~.~ a d s o r b e d  D e p t h  of  D e p t h  of  

a t  - -160~  a t  + 2 0 ~  p e n e t r a -  p e n e t r a -  
in  % of  in  % of  t ion  of  t i on  of  

S a m p l e  a m o n o l a y e r  a m o n o l a y e r  H B r  (%)  H2S (%)  
N O .  (QHBr) (QH~S) (DH~r) ~HBr (DH3s) ~HBrH2 S 

1 9,9 25.1 16 0.63 36 0.43 
2 20.1 24.5 35 0.58 47 0.40 
3 28.0 30.5 45 0.62 57 0.44 
4 30.1 35.2 50 0.61 64 0.44 
5 30.4 28.5 50 0,61 57 0.44 
6 46.5 39.7 81 0.57 90 0.39 

Table !1. Change of surface area of PbO layer on which 
HBr is adsorbed 

A m o u n t  of  To ta l  s u r f a c e  a r e a  A '  
H B r  a d s o r b e d  a f t e r  H B r  a d s o r p -  

S a m p l e  a t  -- 160~ in  t i on  in  % of t h e  A 
No.  % of  a m o n o l a y e r  o r i g i n a l  s u r f a c e  a r e a  (%) ~'HBr 

Fig. 5. Photograph of a PbO layer in which the dark-colored part 
is treated with HEr to a coverage of 0.60 and with H2S to a cover- 
age of 0.40. The rest of the layer is only treated with HBr to a 
coverage of 0.60. 

1 58.0 57.7 58,0 1,03 
2 55.7 59.5 56.5 1.06 ~s  
3 54.5 57.5 53.0 1.13 ~HSr 
4 53.4 62,7 54.0 1.11 �9 
5 45.5 65.8 54,5 I . I 0  10.50 
6 38.0 72.4 57.0 1.06 
7 30.1 78.5 57.5 1.05 
8 22.1 84.0 56.5 1.06 0.40 
9 12.1 90.8 54.5 1.10 

does not undergo a change in  surface area, we can 
calculate the change in surface area of the PbO layer 
on which HBr is adsorbed. In  Table II the results of 
these calculations are given for a number  of PbO lay-  
ers. In  the fourth column of this table the ratio is given 
between the surface area of the covered part  of the 
layer and that  of the same part  of the layer  before 
HBr has been adsorbed (A' /A) .  We see that as a result  
of the HBr adsorption the surface area of the covered 
part  of the layer  decreases to 55-60% of its original 
value. This decrease of the surface area occurs dur ing  
chemisorption and not during the warming  up of the 
tube  to room temperature.  This was determined by 
cooling some tubes to 78~ directly after the chemi- 
sorption of HBr at --160~ at which temperature  the 
surface area was measured once again. This indicates 
that  at --160~ there is a surface recrystallization, 
made possible by the energy which is l iberated as a 
result  of the chemisorption of HBr. A caIculation of the 
coverage of HBr based on the newly formed surface 
gives a 8'HBr of about one monolayer  at all times, as- 
suming the same density of Pb atoms per square centi-  
meter. This means that  half  of the oxygen atoms of the 
PbO surface molecules are replaced by twice the n u m -  
ber of b romine  atoms. 

To get an impression of the adsorption of H2S on an 
HBr-covered PbO layer  as a funct ion of the depth of 
penetration,  a n u m b e r  of PbO layers were covered at 

t: 

0.30 

0.2,0 

n n 
V 

L I I L J 
0 20 ~.0 60 80 100 

---..D(%) 

Fig. 6. H2S adsorption at ~20~  on a PbO layer previously 
treated with HBr at --160~ vs.  the depth of penetration (D) of 
H2S into the PbO layer, expressed in percentages. 

--160~ with an amount  of HBr equivalent  to about 
60% of a monolayer.  Different quanti t ies of H2S were 
added to these layers at room temperature.  Determina-  
t ion of the surface area showed that  the decrease of the 
area caused by the adsorption of H2S was less than 
10%. After  f ractur ing the layers the depth of penetra-  
t ion of the H~S in  each of these layers was determined 
under  a microscope. The determinat ion of the boundary  
was possible because of the deep red color of the part  
of the PbO layer covered with HBr and H2S, while the 
rest of the layer re ta ined its yellow color. An  example 
of such a layer  is given in  Fig. 5 The results Of these 
measurements  are given in Table III  and Fig. 6. For 
each of the layers 0HBrH2 S : 0.40 is found. This value of 
0.40 is based on the original surface area. Taking into 
account the 40% decrease of the surface area caused 
by the chemisorption of HBr and the 10% decrease 
caused by the chemisorption of H2S on such a layer, 
the coverage of H2S, 8 'HBrH2  S, is then equal to 0.75. 

This means that not only the oxygen of the surface 
layer of Pb2OBr2 is replaced by the sulfur  of the H2S 
but  also a part  of the oxygen of the second layer, be-  
cause no desorption of a bromine  compound was de- 
tected as a result  of H2S adsorption. When  all the oxy- 
gen of the first monolayer  is replaced by  sulfur  atoms 

Table IlL Depth of penetration of H2S on HBr-covered PbO layer 

20 
S a m p l e  

- N o .  

0 I I I I h 
0 OJO 0.20 0.30 0./~0 0.50 0.50 

i 
8Hsr 2 

Fig. 4. Total surface area of PbO layers after the adsorption of a 4 
5 HBr at --160~ expressed in percentage of the total original sur- 6 

face area, vs. the amount of adsorbed HBr in monolayers. 7 

A m o u n t  of  A m o u n t  of  D e p t h  of  
H B r  a d s o r b e d  H2S a d s o r b e d  p e n e t r a -  
a t  - 160~ in  a t  + 20~ in  t i on  of  

% o f a m o n o l a y e r  % o f a m o n o l a y e r  H ~ S ( % )  ~HBrH2 s 

53.2 4.8 12 0.41 
55.9 10.6 25 0.42 
50.6 19.6 48 0.41 
52.3 28.4 70 0.41 
54.3 29.5 72 0.41 
52.1 31.0 74 0.42 
54.0 35,6 86 0.41 
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then about a quar ter  of the oxygen of the second layer  
must  also be replaced by sulfur  atoms. This suggests 
the formation of two different sulfur  compounds. More 
information about this can be obtained with the aid of 
optical measurements.  

Optical Results 
A proper ty  of the PbO layers covered successively 

with HBr at --160~ and H2S at §176 that  interests 
us par t icular ly  is the wavelength  at which the optical 
absorption of these layers becomes small  and u l t i -  
mate ly  drops to zero. 

In  de termining the absorption spectra one has to bear  
in mind  that  these vapor-deposited PbO layers scatter 
the incident  light ra ther  strongly. The form of the 
crystall i tes makes it impossible to handle  the scatter-  
ing rigorously. Therefore one has to fall back on the 
phenomenological  reflection theory of Kubelka  and 
Munk (11) on the basis of which Matzinger (12) shows, 
that  the optical absorption (O) in the bandgap region 
can be approximated by 

( , ) =D I + ~ D + ~ D  
1 - - R - - T = O =  

1 +  a + ~ - t - - - a D ( ~ + 2 e )  D 
3 

[21 
where D is the layer  thickness, ~ is the absorption co- 
efficient, and e is the Kube lka -Munk  scattering coefl% 
eient. Expression [2] is valid for ~D(~D + 2~D) not 
exceeding one. 

The product ~D can be estimated from the reflection 
spectrum. For our layers this is general ly  somewhat 
smaller  than  one. Therefore, in the region of the band-  
gap (aD < <  1) the term ~D(~D + 2~D) is also < <  1. 
Hence expression [2] reduces to simply 

l + a D  
O = aD. = aD [3] 

1+ ~D 
Our measurements  showed that  01/2 is l inear ly  de- 
pendent  on photon energy (Fig. 9), as is character-  
istic for indirect energy gap media. For  very small  
values of O, deviations from the straight line show up. 
This absorption tail  is always found in our vapor-  
deposited PbO layers and is probably caused by im-  
purities. After  subtract ion of this absorption tail  the  
energy bandgap is easily found. 

Figure 7 shows the total reflection spectra, R, and 
the total t ransmission spectra, T, of a layer covered 
with 72% HBr at --160~ and one covered with 56% 
HBr at --160~ and 25% H2S at +20~ while in Fig. 8 
the superimposed spectra of these layers are shown. 

IOO 
(o,e! 
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6o i 

20 ~ Rt- 

0 
600 800 I000 1200 I~I00 1600 1800 

--~ Mnm) 

Fig. 7. Total reflection spectra (R) and total transmission spectra 
(T) as a function of the wavelength of the incident light, denoted 
by 1 for a PbO layer treated with HEr (sample 1 of Table IV) and 
by 2 for a PbO layer treated with HBr and H2S (sample 4 of Table 
IV). 
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Fig. 8. Superposition of the total transmission and total reflection 
spectra (T~-R) as a function of the wavelength of the incident light, 
1 being used to denote sample 1 of Table IV, and 2 to denote 
sample 4 of Table IV. 

Fig. 9. (a) The absorption spectra of sample 1 (1) and sample 4 
(2) of Table IV, vs by. (b) The above absorption spectra after sub- 
traction of an absorption tail found in our vapor-deposited PbO 
layers and probably caused by impurities. 

The square root of the absorption curves of these lay-  
ers, showing the bandgap energy, are given in Fig. 9. 
In Table IV the results of these measurements  are 
given for a number  of PbO layers treated in  this way. 
Special care was taken  to ensure that  the depth of 
penetra t ion of H2S was less than  that  of HBr. For all 
the layers we found a value of the bandgap of about 
1.75 eV. For some of the layers a bandgap of 1.55 eV 
was also found, bu t  the in tens i ty  of the second branch 
was small. 

Table IV. Bandgap energy of PbO layer 

A m o u n t  of  A m o u n t  of  
H B r  a d s o r b e d  H2S adsorbed 

S a m p l e  a t  -- 16O~ in  a t  + 20~  i n  Eo 1 E62 E% 
No.  % o f  a m o n o l a y e r  % of  a m o n o l a y e r  (eV) (eV) (eV} 

1 72.2 -- 1.92 
2 55.1 19.8 1.79 
3 51.0 20.0 1.77 
4 55.9 24.5 1.76 
5 55.8 25.5 1.77 1.56 
6 54.3 29.5 1.74 
7 58.1 32.0 1.77 1.55 
8 57.5 33.5 1.75 1.53 
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According to Matzinger (12) a good approximat ion 
of the value of the bandgap  energy is also given by 
the wavelength at which the reflection curve shows 
its m a x i m u m  value. In  Fig. 7 we see that  the values 
thus derived are 1.98 and 1.81 eV for a PbO layer  cov- 
ered with HBr and one covered with HBr and  HeS, 
respectively. 

Conclusions 
From the adsorption measurements  of HBr on a PbO 

layer we may conclude that, at room temperature,  the 
chemisorption of HBr is not restricted to the PbO of 
the surface layer  but  that  HBr also reacts with the 
under ly ing  PbO molecules. The reaction of the HBr 
wi th  the bu lk  PbO molecules of the crystal  plates can 
be suppressed by lowering the adsorption temperature.  
At --160~ only a surface reaction is measured, which 
results in a 0HBr of 0.60. 

As a result  of this chemisorption the surface area of 
the layer  is decreased. This reduction of the surface 
area can be understood when  we remember  that  a PbO 
layer  wi th  a thickness of 20 ~m is prepared in less than 
5 min. Therefore besides large crystal  plates a lot of 
plates with very small  dimensions are also formed. 
By the energy l iberated dur ing  chemisorption of HBr 
the large crystalli tes can grow at the cost of the small  
crystall i tes resul t ing in a decrease of the surface area 
of the layer. 

Assuming that  the surface area of the uncovered part  
of the layer  does not alter, we see that  the surface 
area of the par t  of the layer  covered with a 8nBr = 

0.60 diminishes to 60% of the original  surface area. 
This suggests a surface recrystal l izat ion caused by the 
HBr adsorption. Assuming the same density of Pb  
atoms per square centimeter,  we see a 0'HBr = 1.0 based 
on the newly  formed surface. This means that  half  of 
the oxygen atoms of the surface molecules have been 
replaced by bromine atoms. In  this process two bro-  
mine atoms are necessary to replace one oxygen sur-  
face atom. This is indicative of the formation of a new 
surface molecule having the formula  of Pb~OBr2. A 
par t ia l  replacement  of oxygen atoms of the PbO sur-  
face molecules by atoms of another  element  has al-  
ready been found in the case of H2S adsorption on a 
PbO layer, at a tempera ture  of about --120~ (3). 

It  proves possible to replace the  oxygen atom of the 
surface molecule Pb2OBr2 not only by bromine atoms 
but  also by a sulfur  atom. The adsorption of H2S at 
-t-20~ results in a coverage of about 0.40 of a mono-  
layer, calculated at the value of the original surface 
area, or in a coverage of H2S of 0.75 calculated at the 
value of the surface area measured after the HBr and 
H2S chemisorption. 

This means that  more oxygen atoms ere replaced by 
sulfur  atoms than  are present  in  the Pb2OBr2 surface 
layer, so that a proport ion of the oxygen atoms of the 
second layer must  also be replaced by sulfur atoms. 

For the replacement  of the oxygen atoms of the first 
layer by  sulfur atoms only an amount  of H2S of 0.50 
of a monolayer  is necessary. The rest of the H2S will 
replace a quar ter  of the oxygen of the second layer. 
This suggests the formation of more than  one sulfur 
compound. 

However, f rom optical measurements  we mus t  con- 
clude that  only one new compound is formed because 
only one bandgap is found which has an energy of 
1.75 eV. No bandgap energy of about 1.45 eV is mea-  
sured which is expected if in the second layer  the com- 
pound Pb40~S was formed. 

Therefore our hypothesis is that  the first and the 
second monolayer  interact  to form a new surface 
layer  consisting of a complex compound of lead, oxy- 
gen, sulfur, and bromine,  which has the formula of 
PbsO3S~Br4, instead of the format ion of the compound 
PbeSBr2 in the first layer and of the compound Pb4OsS 
in  the second layer. 

We hope that  the existing techniques available for 
the s tudy of surfaces will  make it possible to confirm 
our conclusion concerning the s t ructure  of this surface 
compound. 
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ABSTRACT 

The oxidation mechanisms of h igh-pur i ty  cobalt and dilute Co-Cr alloys 
have been investigated over a 950~176 tempera ture  range in  oxygen 
atmospheres of 10-760 Torr. The 99.999% cobalt exhibited parabotic oxlaa-  
tion behavior for weight gains of up to 30 mg oxygen/em 2 rec tangular  speci- 
men  surface. Parabolic kinetics were in ter rupted  when fissures developed in 
the oxide scale as a result  of mechanical  stresses at the metal /scale  interface 
or through anisotropic decomposition along CoO grain boundaries.  Molecular 
oxygen then short-circuited to the porous inner  scaling layer in accelerated 
attack of fresh Co surfaces. Diffusion of Co 2+ through the CoO scale is con- 
sidered to be the p r imary  rate de termining process dur ing periods of steady- 
state oxidation. The effect of porosity at the metal /scale  interface prior to 
perforat ion of the outer scaling layer  is slight, but  is believed to result  in a 
small  reduction of the oxidation rate due to a reduction in the CoO/Co contact 
surface through which cations enter  the oxide. Co alloys containing 0.5, 3, 7, 
and 10 w/o (weight per cent) Cr also obey parabolic kinetics dur ing formation 
of th inner  scaling layers. Porosity and localized loss of scale adherence are 
aggravated by the presence of CoCr204 and Cr203 particles in the inner  scaling 
layer to the extent  that scale rup ture  mechanisms quickly obscure para-  
bolic kinetics for chromium contents greater than 3 w/o at temperatures  of 
1150~ and above in 100 Torr oxygen. Under  conditions where ini t ial  periods 
of steady-state parabolic oxidation were discernible on thermobalance  curves, 
maximum reaction kinetics are associated with 1-2 w/o Cr additions (which 
approach the Cr 3+ solubility limit in CoO) as rationalized by Wagner's semi- 
conductor valence theories. 

Previous oxidation studies of h igh-pur i ty  cobalt have 
been reported in the l i tera ture  (1-8). Linear  kinetics 
are observed during the growth of very th in  oxide 
films, with a subsequent  t ransi t ion to parabolic growth 
kinetics for thicker oxide layers. At elevated tem- 
peratures CoO is a metal  deficient, p- type semicon- 
ductor (9, 10) and the electrical conductivi ty of CoO 
at near  atmospheric pressures, where  singly charged 
cation vacancies supposedly predominate  (9), is pro-  
port ional  to Po21/4 (9, 10). The self-diffusion of Co in 
CoO is reported to be proport ional  to Po2 lln, where n 
varies from values of ~-.4 at 10-8 atm to --3 at 1 atm 
oxygen over a 950~176 tempera ture  range (11). 
The parabolic rate constant  for the h igh- tempera ture  
oxidation of cobalt has also been reported to obey a 
Po21/n dependence where 4 > n > 3 (1-4). Parabolic 
oxidation of cobalt is rat ionalized according to the 
Wagner  theory (12). Cobalt cations diffuse from the 
meta l /oxide  interface via cation vacancies in the oxide 
lattice to combine wi th  oxygen at the oxide/gas in ter -  
face and cation diffusion through the oxide is con- 
sidered to be the ra te-control l ing process. 

Incrementa l  additions of chromium have been re-  
ported to increase the Co-Cr alloy oxidation rate to a 
m a x i m u m  value at approximately 10 w/o  (weight per 
cent) chromium (6, 7). Fur ther  chromium additions 
decrease the alloy oxidation rate to a m i n i m u m  value 
at  approximately 20-30 w/o  chromium, with increasing 
chromium concentrat ions above 30 w/o  then increasing 
the oxidation rate up to that  of unal loyed  chromium 
(7, 13-16). 

The ra te-control l ing process for oxidation of the 
di lute Co-Cr alloys (Cr < 10 w/o) ,  like that for pure 
cobalt, is held to be diffusion of cations via cation 
vacancies in the CoO scale. Continuous increases in 
alloy oxidation rate with increasing chromium contents 

K e y  words :  cobalt ,  Co-Cr  alloys, a l loy oxida t ion ,  h i g h - t e m p e r -  
a t u r e  oxidat ion ,  pa r abo l i c  oxida t ion ,  ox ida t ion  kinet ics ,  ox ide  scale 
r u p t u r e ,  era+ so lubi l i ty  r u p t u r e .  

of up to 10 w/o have been attributed to Cr a+ doping 
of the CoO scale according to the semiconductor va- 
lence approach proposed by Wagner (12). If the effect 
of doping is to be significant in the over-all oxidation 
rate of a dilute alloy, the solubility of the dopant in 
the matrix oxide must be greater than the native- 
defect concentration of that oxide at the ambient 
oxygen pressure. 

The nat ive-defect  concentrat ion of CoO is thought 
to be approximately 1% at 1200~ in oxygen at 1 atm 
(9). Although no data for Cr solubil i ty in CoO a r e  
available, analogies with respect to a measured solu- 
bil i ty of only 1-2% Cr in NiO (17) have been dis- 
cussed (13) by Kofstad and Hed who argued that  
semiconductor valence effects would not be significant 
in explaining the differences in  oxidation behavior 
between pure cobalt and the Co-10 w/o  Cr alloy. They 
postulated that  anisotropic CoO decomposition and 
rapid t ransport  of gaseous oxygen across pores in  the 
oxide serve to par t ia l ly  short-circui t  the diffusion of 
cations through the scale. 

Metallographic examinat ions of cross sections of par-  
t ial ly oxidized dilute Co-Cr alloy specimens have re-  
vealed a duplex scale formation similar to that ob- 
served for dilute Ni-Cr  alloys (18). A dense outer 
layer of CoO is separated from the metal  by a porous 
inner  layer of CoO containing dispersed particles of 
Cr203 and the spinel CoCr204. In te rna l  oxide particles 
of Cr~Oa are also seen in a chromium-deple ted  region 
of the alloy, just  beneath  the metal /scale  interface 
(7, 13). Kofstad and Hed have proposed that the pres-  
ence of a sufficient volume fraction of dispersed spinel 
particles (Cr203 particles were not observed in the 
inner  CoO layer in their  investigation) can effectively 
reduce the cross-sectional area of the inner  CoO scale 
available for cation diffusion, because diffusion of Co 
is several orders of magni tude  slower in CoCr204 than  
in CoO (19, 20). This reduct ion in the diffusion path 
cross section would therefore explain the decreased 
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oxidation rate of a 1O w/o  chromium alloy relat ive to 
an alloy of lesser chromium content. 

In  order to clarify some of these features, fur ther  
study of the oxidation of pure cobalt and dilute cobalt- 
chromium alloys containing up to 7 w/o  chromium 
was considered necessary. Comparison of results of 
these addit ional studies with the reported behavior of 
the Co-10 w/o Cr alloy permits  a more thorough 
analysis of the processes by which the h igh- tempera-  
ture  oxidation of dilute Co-Cr alloys is enhanced rela-  
tive to that  of pure cobalt. Similar  interpretat ions are 
thought applicable to dilute Ni-Cr  alloys and other 
related systems in which the solubil i ty of the al iovalent  
solute element  in the oxide scale is small. 

Experimental Procedure 
Rectangular  specimens of approximately 10 cm 2 sur-  

face area were cut from cold-rolled sheets of 99.999% 
cobalt and cobal t -chromium alloys prepared at Battelle 
Memorial  Inst i tute  by vacuum-mel t ing  techniques. 
Chemical analyses of the mater ia l  components are 
given in Table I. Specimens were polished through 600 
metallographic paper, 0.5/~ diamond, ul trasonical ly 
cleaned, washed in water, and rinsed in  t r ichloroethyl-  
ene prior to each test. 

The exper imental  apparatus has been described in 
detail in  a previous report (13). As in previous studies 
reported by Kofstad and Hed (13), continuous kinetic 
weight measurements  commenced with 1-2 rain ex-  
posure of the specimen to furnace temperature,  and 
after equil ibrat ion of the system to the desired oxygen 
pressure. Specimens did therefore experience an ini t ial  
1-2 rain unrecorded oxidation in terval  during which 
specimen temperature  and oxygen pressure were in-  
creasing to the regulated conditions at which kinetic 
measurements  were taken. At completion of a test, 
specimens were lifted out of the hot zone, oxygen pres- 
sure was increased to 1 atm, and specimens were re- 
moved from the apparatus. Oxide scales on alloys 
containing less than 3 w/o  chromium were compara-  
t ively adherent  to the metal  even after cooling in still 
air. However, the 3 and 7 w/o chromium alloy scales 
often separated from the remaining  metal  when  cooled 
slowly from temperatures  above 1050~ necessitating 
quenching the oxidized coupon in a molten Pb-Bi  
alloy immediate ly  after removal  f rom the reaction 
chamber. 

Oxidized specimens were mounted in epoxy and 
polished through 600 metallographic paper, 0.5~ dia- 
mond, and Linde B alumina. A 1-5-min etch in 80 parts 
lactic acid, 5 parts HC1, 10 parts hydrogen peroxide, 
and 10 parts HNO3 was utilized to accent the oxidized 
cross sections. 

Results 
Pure cobal t .~Figure 1 is a typical (weight-gain)  ~ 

vs. time plot for the oxidation of 99.999% pure cobalt 
in 100 Torr  oxygen over the 950~176 t empera ture  
range (16)J Parabolic behavior is observed even 
within  the first few minutes  of exposure. Figure 2 
summarizes the oxygen pressure dependence of the 

This data  f o r  p u r e  C o  o x i d a t i o n  was  prev ious ly  publ i shed  i n  
Ref. (16). 

Table I. Chemical analyses of materials 

A. H igh -pu r i t y  cobalt sheet  for  s tudies  of e lemental  cobalt (sup- 
plied by Atomerg ic  Chemicals) ,  in ppm.  

Co Ni Si Fe Cu Mg A1 C S 

99.999% 1 4 2 1 1 1 ND ND 

B. Electrolyt ic  cobalt used in p repara t ion  of all CO-Cr alloys (sup- 
plied by Af r ican  Metals) ,  in  ppm. 

Co S C Fe Pb Cu Ni Zn Si Mn P 

99.90% 0.00 0.006 0.008 0.0001 0.003 0.060 0.003 0.001 0.0003 0.003 

C. C h r o m i u m  used in p repa ra~on  of  all Co-Cr  alloys (supplied by  
Delchrome) ,  in ppm, 

Cr C 02 H2 N2 S Si 

Bal. 80 130 1 10 60 70 

~ V J f 
150C - -  ~ F~.lte Cobolf Oxidized in I00 Tort 0z 

lOCK 1050 C - -  

, ~ , , o o c  7 

Time, hours 

Fig. 1. Parabolic oxidation plot for pure cobalt in I00 Torr oxygen 
at 900~176 
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Fig. 2. Graph of oxygen pressure dependence of the parabolic 
scaling constant for pure cobalt over the 10-760 Tort Po2 range. 

parabolic rate constant over a Po2 range of 10-760 Tort  
(16). 1 Values of the parabolic rate constant  at 1250~ 
have been inferred from the observed temperature  
dependence. The negative deviation in slope at 950~ 
in 760 Torr oxygen is a t t r ibuted to the formation of a 
surface layer of Co~O~. At al~l other temperatures  and 
pressures investigated, CoO is the only stable oxide 
formed on pure cobalt. Within  the accuracy of the data 
(kp values were general ly reproducible wi th in  •  
a kp oc po~l/, dependence was noted with n ---- 3.3. 

Figure 3 is an Arrhenius  plot of the parabolic rate 
constant  for the oxidation of pure cobalt (16). A least 
squares analysis results in values of 36.0, 37.8, and  38.7 
kcal/mo]e for the activation energy for oxidation in  
10, 100, and 760 Torr oxygen, respectively. 

Metallographic examinat ion of cross sections through 
the oxidized cobalt specimens invar iab ly  revealed a 
region of porosity at the metal /oxide interface as 
shown in Fig. 4 for an oxidizing tempera ture  of 11500C. 
CoaO4, which precipitates dur ing cooling of the oxi- 
dized specimen to room temperature,  outlines grain  
boundaries  in the outer  CoO scale. 

Previous investigators (2, 4) have reported the pres- 
ence of porous inner  layers on oxidized specimens of 
cobalt, which heretofore have been largely a t t r ibuted 
to impur i ty  effects or polishing artifacts. That  such 
porosity does not result  ent i rely from "metallographic 
pul l -out"  of the f ine-grained oxide at the metal /oxide 
interface is verified by Fig. 5a and b. In  this instance 
a crack developed in the external  CoO oxide after 4 hr  
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Fig. 3. Arrhenius plot of the parabolic rate constant for pure co- 
balt oxidation at temperatures of 950~176 

Fig. 5b. Cross section of specimen with oxidation kinetics given in 
Fig. 5a. (X80). 
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Fig. 6. Parabolic oxidation plot for Co-0.5%Cr, Co-3%Cr,  and 
Co-7%Cr  alloys oxidized in 100 Torr oxygen at 950~176 

Fig. 4. Oxidized cross section of pure cobalt after 3.5 hr in 100 
Torr oxygen at 1150~ (X90). 
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Fig. 5a. Parabolic oxidation plot for pure cobalt in 100 Torr 
oxygen at 1150~ depicting accelerated attack. 

exposure in 100 Torr  02 at 1150~ (as evidenced by 
the pronounced increase in the  weighf -ga in  data shown 
in Fig. 5a) and molecular  oxygen penetra ted the semi-  
continuous ne twork  of pores at the me ta l /ox ide  in ter -  
face. Format ion  of a new and compact  CoO layer  oc- 
curred subsequent ly  on the fresh meta l  surface. The 
position of the me ta l /ox ide  interface at the t ime of 
the scale rupture  is del ineated by a few remaining  
pores as shown in Fig. 5b. 
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Fig. 7. Linear oxidation plot for Co-7%Cr alloy oxidized in 100 
Torr oxygen, (a) at 950~ (b) at 1150~ and (c) at 1350~ 
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Fig. 8. Parabolic oxidation plot of data, (a) from Fig. 7a, (b) 
from Fig. 7b, and (c) from Fig. 7c. 
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Dilute cobalt-chromium alloys.--Figure 6 shows 
parabolic plots of the gravimetric  data for the oxida- 
t ion in 100 Torr oxygen of cobalt containing 0.5, 3, and 
7 w/o  chromium. The over-al l  oxidation behavior  
might  be described as "approximately parabolic," al-  
though oscillations in  the parabolic kinetics are com- 
mon as the reaction proceeds. These oscillations be-  
come slightly more pronounced at higher tempera-  
tures for a given composition and oxygen pressure as 
shown in Fig. 7a-c. Scale spallation upon cooling an 
oxidized specimen of a given alloy content  was much 
more pronounced after oxidation at the higher tem- 
peratures. Scales for alloys containing --~ 3% chromium 
which cooled in still air generated cracks evenly 
around the perimeters  of the rectangular  specimens 
and near ly  perfect sheets of oxide cleanly separated 
from the specimen faces. 

The data from Fig. ?a-c in typical  parabolic plots 
as shown in  Fig. 8a-c reveal  that  the breaks in the 
kinetics occur at similar weight gain intervals  (s imilar  
increments  of scale thickness) at 1150 ~ and 1350~ 
Reproducibil i ty of these oscillations was demonstrated 
for Co-10% Cr alloys in the previous report (13). 

Irregulari t ies  in the oxidation rate can be correlated 
to the chromium content  of a Co-Cr alloy. As demon-  
strated in Fig. 9, the scale thickness at which in te r rup-  
tions in the parabolic behavior  occur decreases with 
increasing chromium contents. Oxidation of Co-Cr 
alloys with chromium concentrat ions of 3 w/o or 
greater, at temperatures  of about 1150~ produces 
in terrupted kinetics wi thin  the first 10 mg of O2 up-  
take /cm 2 specimen surface area. It  therefore becomes 
very difficult to determine the ini t ial  parabolic oxida- 
t ion rate, exclusive of any scale rup ture  effects, at the 
higher temperature.  

Mechanisms by which oscillations in the parabolic 
behavior might  occur dur ing alloy oxidation may be 
rationalized through metallographic examinat ion  of 
the oxidized specimens. Figure  10a is a parabolic plot 
of the weight gain data for a Co-3 % Cr alloy oxidized 
at 950~ in 760 Torr  oxygen. Two distinct breaks in 
the parabolic kinetics are noted. At this temperature  
and pressure both CosO4 and CoO are stable oxide 
phases, and the oxygen-r ich Co304 phase will  exist 
only in direct contact with oxygen at or near  1 atm 
pressure. In  Fig. 10b, which is a photomicrograph of 
this same specimen, a white CosO4 layer is visible at 
the gas/oxide interface directly above an adherent  CoO 
layer. A region of porosity midway through the inner  
oxide is also out l ined with Cos O4. The presence of 
continuous CoaO4 oxide layers, as dist inguished from 
cooling precipitates, implies that  the pores were in  
direct contact with the furnace env i ronment  after the 
in te r rupt ion  in kinetics. The absence of Co~O4 around 

O X I D A T I O N  OF Co AND D I L U T E  Co-Cr  ALLOYS 1201 
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Fig. iOa. Parabolic oxidation plot of Co-3%Cr alloy oxidized in 
760 Torr oxygen at 950~ depicting fluctuating kinetics. 

Fig. lOb. Oxidized cross section of Co-3%Cr alloy specimen from 
Fig. lOa. (X130). 

oxoo, ooo, / 
1400 - -  in I00  Torr 02 _ _ ~ /  / 

f ~ 1 2 0 0 -  - 3~176 Cr 
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Fig. 9. Parabolic oxidation plots of 99.999% Co and Co contain- 
ing 0.5-7%Cr oxidized in 100 Torr oxygen at 1350~ showing in- 
fluence of chromium content on accelerated reaction. 

Fig. 10c. Oxidized cross section of same specimen as Fig. lOb 
showing path of molecular oxygen transport across outer CoO layer. 
(X340). 
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the vast major i ty  of i r regular ly  shaped pores in the 
outer CoO layer also verifies that  molecular  oxygen at 
ambient  pressure is not  easily t ransmit ted  through 
this layer. There was some evidence of molecular  
t ransport  of oxygen from the furnace atmosphere to 
the porous inner  layer  via a few isolated grain 
boundaries  or microcracks in the CoO oxide as shown 
in  Fig. 10c. 

Figure l l a  is a parabolic plot of the weight gain 
data for the oxidation of a Co-7% alloy at 1150~ in 
760 Tort  oxygen and Fig. l l b  is a photomicrograph 
of the same specimen. There is an apparent  correla- 
tion between the number  of line segments in the para-  
bolic kinetics and the number  of dist inguishable lay-  
ers in the porous inner  oxide. Delineat ion of the sep- 
arate inner  layers results from the pronounced accu- 
mula t ion of spinel particles at the metal /scale  in te r -  
face un t i l  a loss of scale adherence occurs. In  these 
exper imental  conditions, Co~O4 is not a stable oxide 
and only cooling precipitates of this more oxygen-  
enriched phase are seen. Frequent ly,  the number  of 
striations in the porous inner  oxide is greater than 
the number  of dist inguishable portions of the weight 
gain vs. t ime curves, especially at specimen corners. 
Localized losses of scale adhesion do not significantly 
affect the over-al l  kinetics unless scale l if t ing is prop- 
agated across an appreciable portion of the specimen 
surface. Extensive metallographic examinat ion of 
many  different cross-sectional areas of a single oxi- 
dized coupon would therefore be necessary before a 

I I } I I 
-- Oxidotio~ of Co-Or Alloys in I00 
-- Torr Oxycjen 

13~50 C 

1150c 

~. IO5O c 

~ r d  f 

P 

~h~Jht Percent Chromium Alloy 

Fig. 12. Plot of parabolic oxidation rote constants in 100 Torr 
oxygen vs. chromium concentration over the 950~176 tempera- 
ture range. 
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Fig. l la.  Parabolic oxidation plot of Co-7%Cr alloy oxidized in 
760 Torr oxygen at 1150~ showing fluctuating reaction. 

definite correlat ion between a part icular  curve seg- 
ment  and a given inner  oxide layer  could be made. 

Figure  12 summarizes the effect of dilute chromium 
additions on the parabolic oxidation rate constant  over 
a 950~176 tempera ture  range in  100 Torr  oxygen. 
Data points are in tended to represent  the ini t ial  para-  
bolic rate constants as determined graphically prior 
to the onset of any dist inguishable scale rupture  effects. 

Discussion 
Pure cobalt . - -These results are in very good agree- 

ment  with the empirical  relat ion determined by Snide, 
Myers, and Saxer (1) for the oxidation of pure cobalt 
cylinders at 950~176 in oxygen atmospheres of 15- 
727 Torr. The pressure dependence obtained in this 
study was also reported by Mrowec, Walec, and Werber  
(2) for the oxidation of pure cobalt at 1000~ Carter 
and Richardson obtained a P026.29 dependence for pure 
cobalt oxidation at 1150~ (3) and Po2 ~ Po26.30, and 
Po2 o-35 dependences for the diffusion of Co 06 in CoO at 
1000 ~ 1150 ~ and 1350~ respectively (11). 

The tracer diffusion data determined by Carter and 
Richardson (11) were corrected for the correlation 
factor (f) according to the equation Dco. ---- f Dco 
where f ---- 0.78 as suggested by Kofstad (10). Wagner 's  
parabolic oxidation theory was then used to compare 
the calculated and exper imental  values of the para-  
bolic rate constants for the oxidation of pure cobalt 
at 1000 ~ 1150 ~ and 1350~ These data are given in 
Table II. Agreement  between the calculated and ex- 
per imental  rate constants is similar with that of pre-  
vious investigations at 1000~ (2, 3) and at 1150~ (1, 
3) if the earlier data are also corrected with the corre- 

Table II. Comparison of experimental vs. calculated kp 

W a g n e r ' s  P a r a b o l i c  D e v i a t i o n  
r a t i o n a l  r a te  ra te  cons tan t ,  o f  expe r i -  

O x y g e n  cons tan t ,  m g 2 / c m  4 h r  m e n t a l  f r o m  
T e m p e r -  p ressure ,  K r  • 109 Ca lcu-  E x p e r i -  ca l cu l a t ed  
a ture ,  ~ T o r r  e q u i v / c m - s e c  l a t ed  m e n t a l  va lues ,  % 

Fig. 11b. Oxidized cross section of Fig. i la  specimen showing 
multiple inner scaling layers. (X170). 

1000 ' /60 1.28 130.0 63 .0  - -  51.5 
100 0.63 63.7 45 .0  - - 2 9 . 4  
i0 0.28 28,2 23.0 -- 18.4 

1150 T60 5.15 521.0 312.0 -- 40.1 
100 2.80 283.0 193.0 --31.8 
I0 1.40 141.0 llO.O --22,0 

1350 760 31.3 3170.0 1880.0 --40,7 
I00 17.8 1800.0 1054,0 --41,4 
10 9.31 940.0 545,0 -- 42,0 
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lat ion factor. Negative deviations from the calculated 
kp values were noted in all  four investigations, the 
magni tude  of the deviat ion being slightly greater in 
this study. Note that  the deviation increases with 
increasing oxygen pressure (i.e., increasing oxidation 
rate) at temperatures  of 1000 ~ and 1150~ but  is 
near ly  independent  of oxygen pressure at 1350 ~ C. 

Results of this invest igat ion do not correlate the 
presence of a porous inner  CoO layer  on pure cobalt 
with an enhancement  of the parabolic oxidation, in 
the exposure intervals  prior to the development  of 
cracks or fissures in the outer CoO scale. In  fact, the 
slightly larger negative deviations of the experimental  
from the calculated kp values [these data vs. results of 
other investigations (1, 2) in  which no porosity was 
observed] suggest that  porosity decreases the oxida- 
t ion rate  slightly by reducing the effective diffusion 
cross section of the scale, or by a reduct ion in the 
metal /scale  contact surface through which cations 
leave the meta l  substrate. Fur the r  evidence for this 
in terpre ta t ion is provided by a comparison of the 
density of oxide scales formed at 1150 ~ and 1350~ 

Cross sections of several specimens oxidized at 
1150 ~ and 1350~ were examined metallographically.  
Some twenty  separate scale thickness measurements  
were taken around the per imeter  of each oxidized 
coupon, an average scale thickness was calculated, and 
the volume of oxide for each specimen was estimated 
using the original surface area of the sample and a 
geometrical correction for the addit ional  volume of 
oxide formed at specimen corners. Relative oxide den-  
sity approximations (average measured vo lume/mea-  
sured weight-gain)  revealed that after oxidizing pure 
cobalt at 1350~ in 100 Torr  oxygen, the scale was 
approximately 20% less dense than  when oxidized at 
1150~ in  100 Torr  oxygen. Original  specimen size 
was identical  in all cases, specimens had been exposed 
for approximately equal weight gains, and the external  
scale surfaces were found to be quite smooth and free 
of facets so that  the measured scale thickness was 
very near ly  equal around the entire perimeter  of each 
oxidized coupon. 

Although these density determinat ions are not suffi- 
ciently precise to offer conclusive proof that  scale 
porosity increases as the reaction temperature  in-  
creases, this is a distinct possibility which is in tui t ively  
satisfactory. The accumulat ion of vacancies at the 
metal /scale  interface would be expected to increase 
(and the abil i ty of the scale to undergo plastic de- 
formation should decrease) as the flux of cation vacan-  
cies to the interface increases. However, the plasticity 
of the oxide might  be expected to increase with in -  
creasing tempera ture  and thereby counteract  the 
effects of a more rapidly receding metal  surface. This 
point  has not been demonstrated in oxidation studies, 
and Van Den Brock and Meijering (21) argue that  
the ducti l i ty of h igh-mel t ing-poin t  oxides such as NiO 
(and CoO) does not increase very much with rising 
tempera ture  in the vicinity of 950~ An increasing 
rate of oxidation may therefore result  in greater 
scale adhesion difficulties. 

One addit ional  feature was indicative of the pres-  
ence of gross porosity in the inner  CoO layer; com- 
parison of the calculated oxide densities of different 
specimens oxidized under  the same envi ronmenta l  
conditions (1350~ in 100 Torr oxygen) revealed that  
scale was up to 15% more dense if an acceleration in  
the weight-gain  kinetics had occurred. This increased 
scale density after a period of accelerated attack can 
be explained by a scale rupture  mechanism. Porosity 
increases at the metal /oxide  interface unt i l  a crack 
resul t ing from mechanical  stresses occurs in the outer 
CoO layer, or unt i l  anisotropic dissociation along CoO 
grain boundaries  perforates the scale thickness. In  
either case, molecular oxygen is suddenly t ransported 
from the ambient  atmosphere through the semicontin-  
uous ne twork  of pores along the metal /scale  interface. 

Oxidation of the freshly exposed Co surfaces occurs 
unt i l  the pores are at least part ial ly closed and the 
supply of molecular  oxygen from the atmosphere is 
terminated.  Parabolic weight-gain  kinetics are then 
restored and the cycle begins anew. There are many  
indications of such scale rupture  effects in the l i tera-  
ture (2, 4, 27, 21-30). 

Dilute cobal t -chromium at~oys.--At least three 
seemingly different modes of scaling behavior  occur as 
a funct ion of temperature,  oxygen pressure, and 
chromium content  over the 0-10 w/o  Cr range. As 
shown in Fig. 12 the parabolic oxidation rate increases 
rapidly with increasing chromium concentrat ions up to 
1-2 w/o  Cr and then remains  relat ively constant with 
addit ional  chromium concentration. This "parabolic 
rate plateau" is sensitive to tempera ture  and oxygen 
pressure. If the oxidation reaction remains  diffusion 
controlled, fur ther  chromium additions produce a de- 
crease in kp due to CoCr204 and /or  Cr203 blocking 
of the Co 2+ diffusing species. Such is the case at 950 ~ 
and 1050~ at 100 Torr oxygen for chromium con- 
centrat ions greater  than 3 and 7 w/o, respectively. 
Analogous behavior has been found in the Ni -Cr  sys- 
tem (31-33). 

Local fractures or fissures in the scale and periods 
of accelerated attack become more f requent  with in -  
creasing tempera ture  and oxygen pressure in these 
dilute Co-Cr alloys due to the more rapid accumula-  
t ion of mechanical  stresses, porosity, and  in terna l  oxide 
particles at the metal /scale  interface. At reaction tem- 
peratures above 1150~ in 100 Torr  oxygen, alloys of 
greater than 3% Cr undergo these scale rup tur ing  
cycles even from the very early stages of oxidation. 
Positive deviations from the dashed "parabolic rate 
plateaus" at temperatures  of 1150~ and above are 
thought to result  from such scale rupture  effects. At 
each tempera ture  the plateau represent ing the maxi -  
mum alloy oxidation rate (disregarding scale rupture  
effects) is very  near ly  equal to two times the oxida- 
t ion rate  of the cobalt base metal. The gross oxidation 
rate, which includes the combined effects of diffusion- 
controlled reaction and accelerated at tack resul t ing 
from losses of scale adherence, increases with increas- 
ing chromium content  to a max imum of approximately 
three times the oxidation rate of the cobalt base metal. 
The over-al l  enhancement  factor of three was also 
found by Pha ln ikar  et al. (7). The position of the 
ma x i mum absolute oxidation rate as a function of 
chromium content  is related to the temperature,  the 
environment ,  degree of cold work, specimen geometry, 
and the proximity  of the oxide composition to the 
equi l ibr ium state as has also been found in  the dilute 
Ni-Cr system (23). 

In  Fig. 8a-c a l imited n u m b e r  of data points repre-  
senting approximately equal increments  of scale thick- 
ness have been denoted by a " + "  symbol. It  is sig- 
nificant to note that  a straight line might  reasonably 
fit these points and would, in fact, describe the gross 
oxidation kinetics; but, any  mechanistic in terpre ta t ion 
of a single rate  constant calculated from this l imited 
amount  of data would be very misleading. Similar  
results are obtained if weight measurements  are taken 
at equal t ime increments.  The use of sensitive, con- 
t inuous weight-gain  measuring devices therefore seems 
imperative. Recent exper imental  techniques developed 
by Bruce and Hancock (28) indicate that  scale rupture  
effects may be operative even when  thermobalance 
charts show a smooth parabolic curve. 

Oscillations in the weight -gain  kinetics have been 
reported by Phalnikar ,  Evans, and Baldwin  (7) for 
Co-Cr alloy oxidation, by Whitt le  and Wood (24) for 
Fe-Cr  alloy oxidation, by All  and Wood (27) for the 
oxidation of cold-worked Cu, Ni, and Fe, and by Van 
Den Broek and Meijering (21) for the oxidation of 
nickel and Ni-Cr alloys. 

As discussed by Wood, Hodgkiess, and Whittle, (23) 
second-phase particles and Cr ~+ ions in the host oxide 
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lattice affect the plasticity, strength, and adhesion of 
the scale and thereby tend to promote cracking, poros- 
ity, and a loss of scale adherence to the receding metal  
surface. Van Den Broek and Meijering (2) reported 
oscillations in the oxidation kinetics of dilute Ni-Cr  
alloys in which the wavelength  of the oscillation al-  
ways increased with increasing oxidation time. The 
increase in the oscillation period was a t t r ibuted to the 
increasing relaxat ion possibilities when  the absolute 
oxidation rate decreases. Although semiconductor 
valence effects in the CoO matr ix  do not solely deter-  
mine  the absolute alloy oxidation rate  (accelerated 
attack resul t ing from loss of scale adherence dom- 
inates the over-al l  scaling rate for long- te rm expo- 
sures for alloys of greater  than 3%Cr),  they cannot  
be ent i rely discounted in  rat ionalizing the sharp in-  
creases in the steady-state  alloy oxidation rate with 
very  small  chromium additions. 

Metallographic examina t ion  of the morphologies of 
the oxide scales on the 0.5-7 w/o chromium alloys in-  
dicated duplex scale formation of the same na tu re  
as those described in detail for the Co-10%Cr alloy. 
Spinel particles were not visible in the oxide scales 
on the O,5%Cr alloy, except in a very  nar row layer 
immediate ly  at the metal /scale  interface, whereas 
spinel particles were  normal ly  seen throughout  the 
inner  oxide layer for alloys of higher chromium con- 
tent. This suggests a Cr solubil i ty l imit  between 0.5 
and 3% in CoO, over the 950~176 tempera ture  
range. Alloys of this concentrat ion fall wi thin  the zone 
of rapid, s teady-state  parabolic oxidation over expo- 
sure intervals  equal to the periods of diffusion-con- 
trolled oxidation observed for pure cobalt. 

The alloy oxidation enhancement  factor (k ,  a l loy/  
kp cobalt) of two which was near ly  constant  for alloys 
of 3-10%Cr, where ini t ial  periods of s teady-state  para-  
bolic oxidation were discernible, is p robably  the result  
of combined doping effects in the CoO lattice of Cr 3+ 
and other impur i ty  ions (such as Si, Mn, Fe, etc.) in 
the 99.90% cobalt base material .  

Summary and Conclusions 
The h igh- tempera tu re  oxidation of pure cobalt fol- 

lows parabolic weight -gain  kinetics unt i l  fissures in  
the oxide scale develop from mechanical  stresses at 
the metal /scale  interface and/or  anisotropic decompo- 
sition along CoO grain boundaries  after extended reac- 
t ion times (i.e., after a weight gain of approximately  
30 mg oxygen/cm~ specimen surface under  the condi-  
tions of this investigation).  Molecular oxygen then  
flows through the porous inner  scaling layer, formed 
by vacancy coalescence and loss of adhesion at the 
metal /scale  interface, to at tack fresh Co surfaces. The 
effect of porosity ~t the metal /scale  interface prior to 
scale perforat ion is_ slight; but  is believed to  result  
in a small  reduct ion in the oxidation rate due to a 
reduct ion in the CoO/Co contact surface through which 
cations enter the oxide. Diffusion of Co cations through 
the CoO scale is considered to be the p r imary  ra te  
determining process dur ing  periods of s teady-state  
oxidation. 

Oxidation of dilute Co-Cr alloys in  the  950~176 
tempera ture  range, like that  of pure Co, is controlled 
pr imar i ly  by the diffusion of Co 2+ through the outer 
CoO scale as long as parabolic kinetics prevail. Poros- 
i ty and localized loss of scale adherence are aggravated 
by the presence of CoCr204 and Cr203 particles in the 
inner  scaling layer. As long as the outer CoO remains  
impervious to gaseous oxygen, porosity and the Cr203 
and spinel oxide particles act as barr iers  to the t rans-  
port  of the Co cations. The presence of small amounts  
of t r iva lent  cations in the CoO lattice (Cr 3 + solubil i ty 
-- 1-2 w/o  in CoO) does produce a factor of two in-  
crease in the parabolic oxidation of cobalt. These semi- 
conductor valence effects become of lesser significance 
for Co-Cr alloys whose chromium content  falls be- 
tween 3 and 10 w/o, due to accelerated attack of the 

metal  substrate following rup ture  of the outer CoO 
scale and gaseous t ranspor t  of oxygen through the 
porous inner  layer. 

As stated by Bruckman (22), the mechanism of 
scale growth of metals and  alloys can be explained 
by Wagner  oxidation theory provided that  addit ional  
processes resul t ing from geometrical  al terat ions of the 
metal /scale  system are taken into account. In  many  
instances these features are indist inguishable.  The 
formation of blisters and microcracks in  the oxide are 
not necessarily reflected in kinetic curves because of 
their  very localized nature.  Cracking which occurs 
so reproducibly and with such strong influence on 
thermobalance  curves as found in this s tudy affects 
extensive areas of the specimen surface. Vibrat ional  
f requency techniques for measur ing oxidation rates 
(28) are reportedly much more sensitive to the  for- 
mat ion of microcracks. In  cases where  duplex scales 
are formed, development  of more sophisticated meth-  
ods for separating mechanical  effects from diffusion 
processes is necessary before more mean ingfu l  quant i -  
tat ive analyses of alloy oxidation mechanisms may  be 
formulated. 
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Effect of Cold Work on the Oxidation 
of Nickel at High Temperature 

D. Caplan, M. J. Graham, and M. Cohen* 

Division of Chemistry, National Research Council of Canada, Ottawa, Ontario, Canada KIA  OR9 

ABSTRACT 

The oxidation of cold-worked and annealed pure Ni in 1 atm O2 was in -  
vestigated from 700 ~ to 1270~ in  continuous weighing exper iments  for periods 
from 1 rain to 20 hr and the oxidized specimens examined by diffraction, elec- 
t ron-optical  techniques, and metatlographic cross sections. Cold-worked Ni 
was found to oxidize faster than annealed Ni and form finer-grained oxide. 
Plots of the apparent  parabolic rate constant, Kp, for cold-worked Ni show an 
init ial  high value that  decreases rapidly as the oxide coarsens with time. For 
annealed Ni, Kp is lower, grain size larger, and both change li t t le with time. 
Accordingly, a range of Kp values is obtained at each temperature  and, on an 
Arrhenius  plot of Ni oxidation, there is a corresponding variat ion in apparent  
activation energy, EA. These results can be plausibly interpreted on the basis 
of oxide grain boundaries  acting as easy diffusion paths for Ni through the 
NiO layer: for f ine-grained oxide, Kp is higher and EA lower. The oxide is 
thinnest  (and the derived EA highest) on Ni grains which form a single crys- 
tal overgrowth. A break in the Arrhenius  plot around I000~ is the result  of 
t ransport  below 1000 ~ being largely by leakage paths while at higher tem- 
peratures volume transport  is more important.  The estimated activation en-  
ergy for growth of the oxide layer  is 54 __+ 2 kcal /mol  for t ransport  by  lattice 
diffusion and appreciably less for t ransport  by grain boundary  diffusion. 

In previous studies of the oxidation of Fe(1, 2) it 
had been found that  cold-worked Fe oxidized consid- 
erably faster than annealed Fe. The explanat ion pro- 
posed was that  cold work suppressed the formation of 
diffusion cavities at the Fe304-Fe interface (cavities 
which otherwise would block cation transfer)  and, 
in addition, that  cation diffusion through Fe304 was 
faster through Fe304 formed on cold-worked Fe. At 
temperatures  above 600~ i.e., where a layer of FeO 
developed between the Fe304 and Fe, the effect dis- 
appeared: cold-worked and annealed Fe oxidized at 
the same rate with no diffusion cavities in either case. 

The purpose of the present work was to obtain fur-  
ther information on the growth mechanism of oxide 
layers by studying the effect of cold work on the 
oxidation of Ni. Ni was chosen because only one oxide 
phase is formed, a factor expected to simplify in ter -  

�9 E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  words: kinetics,  oxide  grain structure, oxide  g r o w t h  mech-  

an ism.  

pretation of the results. The NiO is similar in struc- 
ture to FeO, thickens via cation vacancy diffusion as 
in FeO and Fe304, and can be investigated over a broad 
temperature range. 

Experimental 
Specimens 1 • 5 cm w e r e  c u t  from two grades of 

Ni strip, commercial ly pure (C.P.) Ni 0.035 cm thick 
and zone refined (Z.R.) Ni 0.025 cm thick. Table I 
shows the composition as determined by spark source 
mass spectroscopy on the as-received cold-rolled strip 
after electropolishing to remove surface contamination.  

Specimens were prepared for oxidation by chemical 
polishing for 30 sec at 85~ in mixed concentrated 
acids (30 ml nitric, 10 ml sulfuric, 10 ml  phosphoric, 
and 50 ml acetic), electropolishing for 30 sec at 17~ 
and 0.6 A / c m  2 in a 1:4 (by volume) solution of 71% 
perchloric acid in glacial acetic acid, anneal ing  1 hr 
at 1100~ in 30 Torr  of purified Ar in a quartz tube, 
chemical and electropolishing as before, and etching 

Table [. Composition (a) of Ni specimen materials, ppm by weight; balance Hi 

B C N O F Na M g  AI Si P(~) S CI K Ca Ti Cr  Mn Fe Co Cu  W 

C.P.Ni( b~ <0.01  2 4 12 <0.05  0.1 0.2 0.1 1 <0.2  1 0.3 0.1 1 0.04 0.4 0.05 17 <0.1  0.5 <0 .2  
Z.R.NI(c~ 0.06 30 0.2 2 <0.05 0.1 0.2 0.2 1 <0 .2  <0 .3  0.7 0.1 0.2 0.04 0.9 <0.01 8 <0.1  0.5 3 

~a) S e m i q u a n t i t a t i v e  ana ly s i s  by spa rk  source  mass  spec t roscopy ;  accu racy  e s t i m a t e d  to be  w i t h i n  a fac to r  of two. H was  no t  ana lyzed .  
O the r  e l e m e n t s  f r o m  Li t h r o u g h  U were  no t  detected,  i n d i c a t i n g  a con t en t  less t h a n  0.1 p p m w .  A n a l y s i s  by  A n a l y t i c a l  C h e m i s t r y  Sect ion,  
N.R.C.C. 

(b) Commercial ly  pure nicke l ,  Ni-270 from International Nicke l  Company. 
(r Zone  refined pure nicke l ,  Marz  g rade  f r o m  Mate r ia l s  Research  Corporation, prepared f rom Ni-270 by  zone refining. 
~) Ana lyzed  c o l o r i m e t r i c a n y .  
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Table II. Oxidation of zone refined and commercially pure Ni, annealed and cold worked 

O x i d e  l aye r  (o) 

To ta l  r u n  t ime  K~(=) K~,(b) T h i c k -  G r a i n  
Ni  Spec. Temp .  . ness  size 

R u n  g rade  prep .  (~ (min)  (hr) 0.1 h r  0.2 h r  1 h r  20 h r  20 h r  (/D (/t) 

1 Z.R. Ann. 700 20 0.0024 0.0030 0.0030 0.002 0.00016 1.45 
2 Z.R. Ann. 700 20 0.012 0.008 0.005 0.003 1.98 
3 Z.R. C.W, 700 20 0.091 0.074 0.059 0.026 5.0 1.5 
4 Z.R. A n n .  900 20 0.053 0.048 0.033 0.037 0.019 5.92 
5 Z.R. A n n .  900 30 0.039 0.039 - -  - -  0.98 
6 Z.R. C.W. 900 20 1.00 0.85 0.61 0.32 19.8 3.3 
7 Z.R.  Ann .  1100 20 1.00 0.865 0.740 0.650 O.Sl 25.4 
8 Z.R. Ann. ii00 5 -- -- 1.95 
9 Z.R. C.W. 1100 20 S . ~  4.62 2 . ~  1.10 39.0 9 

10 Z.R. C.W. 1100 10 5,66 ~ ~ 7.0 2.4 
11 Z.R. Ann .  1270 20 6.00 5.97 5.75 5 . ~  4.98 72.0 300 
12 Z.R. A n n .  1270 20 6.76 6.51 6.18 5.35 72.7 
13 Z.R. Ann .  1270 10 6.17 ~ ~ - -  7.0 
14 Z.R. A n n .  1270 3 . . . .  4.1 
15 Z.R. Ann .  1270 1 - -  - -  - -  2.4 
16 Z.R. C.W. 1270 20 15.7- 13,4 9.05 5,30 78.1 22 
17 Z.R. C.W. 1270 10 12.9 - -  - -  - -  11.1 5 
18 C.P. Ann .  700 20 0.009 0.006 0.008 0.0027 0.00020 1.77 
19 C.P. C.W. 700 20 0.083 0.050 0.029 0.027 8.2 
20 C.P. Ann .  900 20 0.074 0.065 0.063 0.087 0.020 7.7 
21 C.P. C.W. 900 20 0.87 0.75 0.50 0.28 18.8 3.2 
22 C.P. A n n .  1100 20 2.0 1.88 1.64 1.09 0.61 34.9 20 
23 C.P. C.W. 1100 20 6.0 5.1 3.3 1.28 41.5 9 
24 (~) C.P. C.W. 1100 20 4.70 4.1 2.9 1.37 41.6 
25(e) C.P. -- 1100 20 3.0 2.7 2.1 1.32 38.9 
26 C.P. Ann .  1270 20 7.93 7.54 6.33 5.70 4.86 76.0 60 
27 C.P. Ann .  1270 20 6.73 6.51 6.33 6.15 78.6 
28 C.P. C.W. 1270 20 14.5 12.3 8.48 8.90 79.2 22 

ca) I n s t a n t a n e o u s  v a l u e s  of t h e  a p p a r e n t  p a r a b o l i c  r a t e  c o n s t a n t  ca l cu l a t ed  as 2w dwldt f r o m  s lope  of  o x i d a t i o n  c u r v e s  a t  0.1, 0.2, 1, and  
20 hr.  U n i t s  are  (mg~ cm-4 hr-Z); m u l t i p l y  by  2.78 x 10 -10 to change  to  g~ cm-~ sec-Z. 

(b) Loca l  v a l u e s  of  t he  a p p a r e n t  p a r a b o l i c  r a t e  cons t an t  ca l cu l a t ed  as w2/ t  f r o m  m e a s u r e m e n t s  of the  t h i n n e s t  o x i d e  on m e t a l l o g r a p h i c  cress 
sect ions.  

(c) A v e r a g e  ox ide  t h i c k n e s s  ca l cu l a t ed  f r o m  wt. ga in  a t  end  of run ;  d i a m e t e r  of a v e r a g e  g r a i n  of ou t e r  ox ide  m e a s u r e d  by  H e y n  i n t e r c e p t  
procedure .  

(~) Cold  w o r k e d  b y  sho t  p e e n i n g  w i t h  g lass  m i c r o s p h e r e s .  
(~) Cold  ro l l ed ;  s t a n d a r d  p r o c e d u r e  (chemica l  po l i sh ,  e l ec t ropo l i sh ,  etch)  e x c e p t  a n n e a l  o m i t t e d .  

immediately in 0.8N nitr ic acid for 30 sec. The com- i z 
binat ion of chemical and electropolishing removed 13# 
of Ni before anneal ing and 9~ after; etching removed 
250A. Average grain diameter  after anneal ing  was 0.1 
m m  for C.P. Ni and 0.6 mm for Z. R. Ni; the la t ter  
showed wide variat ions with some grains as large as 
10 ram. Cold-worked (C.W.) specimens were prepared io 
by the following addit ional  t reatment :  abrasion for 
7 rain with 600-grit SiC paper lubr icated with meth-  
anol, 3 min  with 6~ diamond on ny lon  cloth lubr icated 
with lapping oil, then ultrasonic cleaning in benzene, 
ether, and redistil led methanol .  The abrasive t reat -  
ment  removed 4r of Ni. An al ternat ive cold-working 
procedure was shot-peening for 2 min  wi th  50/~ diam s 
glass  microspheres. 

Oxidation runs  at 700~176 were carried out for ~e 
times from 1 min  to 20 hr in  1 a tm of purified oxygen 
flowing up through a 3 cm ID vert ical  furnace tube  at 
100 ml /min .  Runs were started 1 hr  after specimen i 
preparat ion by hanging the specimen on a sapphire ~ 6 
hook, lowering into the hot zone of the mul l i t e  furnace 
tube, and connecting to an automatic balance of 0.1 r 
mg sensitivity. Specimens reached tempera ture  in  30 ,7, 
sec. Weight recording began at 20 sec bu t  was judged 
rel iable only after about 2 min  when a steady state had 
been achieved. The hot weight at zero t ime was deter-  a 
mined from before and  after weighings at room tem-  
perature. Runs were ended by removing the specimens 
to cool in Ar. No oxide was lost dur ing  oxidation or 
cooling. Table II summarizes the exper imenta l  details; 
a n u m b e r  of variat ions from the procedure described 
are included. 

2 

Results 

Oxidation curves.--Figures 1 and 2 show the 20 hr 
oxidation curves of cold-worked and annealed Z.R. Ni 
and C.P. Ni at 700 ~ , 900 ~ , 1100 ~ and 1270~ Cold- 
worked metal  oxidizes faster at each tempera ture  for 
both materials.  An intermediate  degree of cold work 
yields an in termediate  oxidation rate (curve 25 vs. 22 
and  23, Fig. 2). Cold working by a different method 
(shot peening, curve 24) gives the same rapid rate as 
the s tandard abrasion procedure (curve 23). Repro- 
ducibi l i ty is good wi th in  each grade of Ni (e.g., curves 
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Fig. I .  Oxidation curves for Z.R.Ni from 700 ~ to 1270~ Oxida- tion is greater at each temperature for cold-worked Ni (broken 
lines) than annealed Ni (solid lines). 
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Fig. 2. Oxidation of C.P.Ni from 700 ~ to 1270~ Oxidation is 
greater for cold-worked Ni (broken lines) than annealed Hi (solid 
lines). Different methods of cold working give similar results (curve 
24, shot-peened; curve 23, abraded). A lesser degree of cold work 
yields an intermediate oxidation rate---curve 25 (cold rolled) vs. 
curve 23 (abraded) and curve 22 (annealed). 

1 and 2 or 11 and 12 for Z.R. Ni and 26 and 27 for 
C.P. Ni) but  less so between grades: annealed C.P. Ni 
oxidizes faster than Z.R. Ni; in the cold-worked con- 
dition, however, the two grades oxidize at the same 
rate. 

Rate constants.--Figures 3 and 4a show the ins tan-  
taneous apparent  parabolic rate constants, Kp, cal- 
culated from the oxidation data as 2w dw/dt, plotted 
against time. (The data were processed by digitizing 
the weight  gain strip charts from the recording balance 
and applying a computer  program to yield plots of 
rate constants and oxidation curves directly.) For 
clarity, single representat ive runs  are plotted; Kp 
values for all runs  taken from the computer  p r in t -ou t  
at 0.1, 0.2, 1, and 20 hr are listed in Table II. 

The Kp curves for cold-worked Ni differ in k ind  
from those of annealed  Ni: for the former, Kp is 
ini t ia l ly  very high, decreases rapidly with time, and 
approaches a constant  value at long times; for an-  
nealed Ni, Kp is comparat ively constant  throughout.  
The degree of convergence with t ime depends on 
temperature:  after 20 hr at 700 ~ and 900 ~ Kp remains  
appreciably higher for cold-worked than  annealed Ni 
(Fig. 3), at 1100 ~ it is slightly higher, bu t  after 20 hr 
at 1270 ~ Kp for cold-worked Ni has dropped to the 
value for annealed Ni (Fig. 4a). Figure  4b, c, d, and e 
are photomicrographs of the outer oxide surface (lo- 
cated on Fig. 4a by  arrows) showing that  the oxide 
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Fig. 3. Apparent parabolic rate constants, 2w dw/dt, plotted 
against time for Z.R. and C.P.Ni at 700 ~ and 900 ~ For cold-worked 
Ni (broken lines) Kp is high initially and decreases rapidly; for an- 
nealed Ni (solid lines) Kp is relatively constant. After 20 hr Kp 
still is appreciably higher for cold-worked than annealed Hi. 

on cold-worked Ni is f ine-grained initially, finer at 
lower temperature,  and coarsens with time. 

The variat ions in Kp are convenient ly  summarized 
on an Arrhenius  plot, Fig. 5. The high values for cold- 
worked Ni at short t imes (0.1 hr)  fall  on a straight 
line over the full  tempera ture  range of 700~ ~ with 
a slope indicating a low apparent  act ivat ion energy 
(EA) of 28 kcat/mole.  After  20 hr, EA for cold-worked 
Ni at 700~ ~ despite the drop in Kp values, is still 
28 kcal; at 1100~ ~ EA for cold-worked Ni has in-  
creased from 28 to 41 kcal after 20 hr. The highest EA is 
for annealed Ni from 1100 ~ to 1270~ cal for Z.R. 
Ni and 49 kcal for C.P. Ni after 20 hr. Kp values for 
annealed Ni at 700 ~ and 900 ~ are high relat ive to the 
1100~ ~ data for annealed Ni, giving rise to a 
break in the Arrhenius  plot and a low apparent  EA 
(--~34 kcal).  

Oxide structure.--Figures 6-9 show the microstruc-  
ture of the NiO layers formed at 700 ~ and 900 ~ On 
cold-worked Ni an inner  layer of small  equiaxed NiO 
grains next  to the metal  (Fig. 6e, 7e, f, 8d, 9c, d) is 
overlaid with relat ively coarse, columnar  oxide. Grain  
size of the outer oxide after 20 hr is 0.0015 mm at 700 ~ 
and 0.0033 at 900~ (Table II shows grain sizes at 700 ~ 
1270~ The layer is of uniform thickness, with small 
cavities distr ibuted throughout,  but  in good contact 
wi th  the metal  (Fig. 7d, 8c).1 The outer oxide surface 
is finely crystal l ine and at 700 ~ shows a ne twork  of 
ridges that  gives a cellular appearance (Fig. 6f, 10a). 

Annealed Ni a t  700 ~ and 900 ~ exhibits marked  aniso- 
tropy of oxidation (Fig. 6-10). Over many  metal  grains 
the oxide is thin, smooth, and apparent ly  monocrys-  
ta l l ine (Fig. 6a, c, 8a,b, 9a,b); ( l l l ) N i  forms a thin,  
strongly epitaxed oxide layer  with ( l l l )N iOI ]  ( l l l ) N i .  
Etching reveals no oxide grain boundaries  (Fig. 8a) 
and single crystal  pat terns are obtained by x - ray  and 
electron diffraction. On other substrate grains the oxide 
is thick and polycrystalline, approaching the fine- 
grained structure formed on cold-worked Ni. A ridge 
of thick polycrystal l ine oxide, and a corresponding 
t rench in the metal,  forms over Ni grain boundaries  

~ V a r i o u s  a r t i f a c t s  a r e  c r e a t e d  d u r i n g  e t c h i n g  of  t h e  m e t a l l o -  
g r a p h i c  sec t ions ,  e .g . ,  e x a g g e r a t i o n  of c a v i t i e s  in  t h e  o x i d e  (F ig .  7e, 
8d, 12c),  a d a r k  b a n d  b e t w e e n  o x i d e  a n d  m e t a l  (F ig .  6a, d, 7a, l l e ,  
13c, 14c),  p i t t i n g  of  t h e  m e t a l  (F ig .  14a) ,  a n d  e n h a n c e d  a t t a c k  on  
f ine  o x i d e  g r a i n s  a t  t h e  N i O - N i  i n t e r f a c e  (Fig .  8d, 9c) .  
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Fig. 4. (a) Apparent parabolic rate constants, 2w dw/dt, for Z.R. and C.P.Ni at 1100 ~ and 1270 ~ For cold-worked Ni (broken lines) Kp 
is high initialJy and decreases rapidly, for annealed Ni (solid lines) Kp is relatively constant. After 20 hr Kp becomes the same for c01d- 
worked and annealed Ni at 1270 ~ but remains slightly higher at 1100 ~ (b), (c), (d), and (e) are photomicrographs at X750 of the outer 
oxide surface of cold-worked Z.R.Ni after 10 min and 20 hr at 1270 ~ and 1100 ~ [located on (a) by arrows; runs 17, 16, 10and 9] showing 
the increase of oxide grain size on cold-worked Ni with time and temperature. 

(Fig. 6-10). A similar  ridge and t rench develops, as 
expected, where  a l ine of local cold work had been 
produced by l ight ly scratching the Ni surface before 
oxidation (Fig. 8b, 10d). The topography of the outer 
oxide surface at 700 ~ and 900 ~ is revealed more clearly 
by the SEM stereopairs in  Fig. 10; details are given 
in the caption. 

On annealed Ni at 700 ~ and 900 ~ cavities develop in 
the oxide on some areas and not on others. The oxide- 
metal  interface is usual ly  plane under  thin oxide and 
rugged under  thick oxide. When cavities occur in 
thick oxide, including oxide ridges, they are concen- 
t ra ted at the oxide-metal  interface (Fig. 6a,b, 9a) sug- 
gesting cavity formation by condensation of cation 
vacancies. Since such cavities do not form on cold- 
worked Ni (Fig. 7d, 8c), where the oxide is as thick 
or thicker, presumably  the cold-worked metal  sup- 
presses the nucleat ion of cavities by providing sinks 
for cation vacancies as was proposed for Fe (1). 

Exper iments  in this program carried out at tem-  
peratures below 700 ~ (650 ~ 400 ~ 375 ~ and 300 ~ dis- 
played both the oxidation anisotropy of annealed Ni 
and the greater oxidation due to cold work, but  specific 
results are not reported because the thermobalance 
was too insensit ive to provide rel iable kinetic data. 

Figures 4 and 11 to 14 show the s tructure of the oxide 
formed at 1100 ~ and 1270~ On annealed Ni the layer 
is made up of columnar  single grains with a plane 
outer  surface parallel  to the surface of the specimen. 
The thickness is uniform except that  especially large 
oxide grains are somewhat th inner  (Fig. l l a ,  12b). The 
outer surface of each grain  is concave or dished, i.e., 
thicker near  the grain boundaries  (Fig. l lb ,  12a,b). 
Oxide grains are larger at 1270 ~ than  1100 ~ and larger 
on Z.R. Ni than C.P. Ni. (The metal  grain size is also 
larger for Z.R. Ni than  C.P. Ni; the average oxide 

grain size is always less than  that  of the substrate 
metal  but  larger the coarser the metal.) 

On cold-worked Ni the oxide at 1100 ~ and 1270 ~ is 
a u n i f o r m  layer two or three grains thick made up of 
smaller, more equiaxed grains unrela ted to the sub- 
strate grain s t ructure  (Fig. l lc ,  12c, 13c, 14c). The 
outer oxide surface is randomly  facetted ra ther  than  
plane-paral lel .  (The lat ter  is expected for a layer 
growing by a uni form diffusion-controlled process; 
randomly  inclined facets indicate a nonuni form flux 
of reactant.)  The oxide grain size is the same on C.P. 
Ni and Z.R. Ni, 0.009 mm at 1100 ~ and 0.022 mm at 
1270 ~ after 20 hr. At short t imes the oxide grains are 
considerably smaller  (Fig. 4b,d and Table II) whereas 
with annealed Ni li t t le var ia t ion with t ime was found 
by microscopic examinat ion of the short and long runs. 

At 1100 ~ and 1270 ~ cavities devemp in the Ni, both 
annealed and cold-worked, p redominant ly  at the grain 
boundaries (Fig. 13a), and sometimes accompanied 
by in terna l  oxidation (Fig. 12a). Isolated cavities are 
dis tr ibuted throughout  the oxide layer; good contact 
is mainta ined at the oxide-metal  interface (Fig. 12a). 
The inner  porous oxide layer observed in  some other 
investigations (3, 4) is not evident. (The general  sub-  
ject of cavities in  Ni oxidation will  be par t  of a sub-  
sequent report.) 

Discussion 
The above experiments  demonstra te  that  cold work 

affects both the grain size and growth rate of the oxide 
layer. Cold-worked Ni oxidizes faster than annealed  Ni 
and forms f iner-grained oxide which coarsens with 
time while the oxidation rate constant, Kp, decreases. 
On annealed Ni the oxide grain  size and Kp change li t-  
tle with time. Noteworthy also is the anisotropy of 
oxidation below 1000 ~ on annealed but not on cold- 
worked Ni, and the var ia t ion in the activation energy 
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Fig. 5. Arrhenius plot of Kp calculated as 2w dw/dt for the oxida- 
tion of Z.R. and C.P.Ni, annealed (solid lines) and cold-worked 
(broken lines). Also shown are values of Kp calculated as w2/t 
(filled circles--dotted line) from measurements of the thinnest oxide 
on annealed Ni at each temperature. 

for oxidation EA--high above 1000 ~ low below 1000 ~ 
and low at all temperatures  for cold-worked Ni at 
short times. All  these observations can be plausibly 
interpreted on the basis of oxide grain  boundaries  
serving as easy diffusion paths for Ni through the NiO 
layer: wi th  f ine-grained oxide, Kp is higher  and  EA 
lower. 

The evidence for oxide grain boundaries  acting as 
high-diffusivity paths is as follows: (i) Cold-worked 
Ni forms a f iner-grained oxide layer  than  annealed Ni 
and oxidizes faster. (ii) Kp decreases with t ime for 
cold-worked Ni with an accompanying increase in 
oxide grain size. (iii) EA is lower for f ine-grained 
oxide as anticipated for a g ra in -boundary  diffusion 
process. (iv) Oxidation anisotropy correlates with 
oxide grain size: the layer  is thicker on substrate 
grains forming f iner-grained oxide, and is especially 
thin for a single crystal oxide overgrowth. 2 (v) The 
oxide is thicker near  oxide grain  boundaries:  at low 
temperature,  ridges form where oxide grain boundaries  
emerge at the outer oxide surface; at high tempera-  
ture, the leakage diffusion at the grain boundaries  
causes the outer surface of each oxide grain to be con- 
cave. 

In  a m a n n e r  similar  to Fe(2) ,  cold-worked Ni, be-  
cause of surface roughness, lattice mismatch, or polyg- 
0nization dur ing heating, develops a f ine-grained 
oxide layer high in leakage paths and shows corre- 
spondingly high values of Kp. The coarse-grained 
oxide formed on annealed Ni provides few grain 
boundaries for leakage-enhanced diffusion and Kp 
values are consequently low. At high tempera ture  the 
ini t ia l ly  fine grains on cold-worked Ni coarsen rapidly 
causing Kp to decrease: after 20 hr Kp is the same for 
cold-worked and annealed Ni at 1270 ~ and near ly  the 
same at 1100% Sufficient oxide grain growth has oc- 
curred to make the leakage path populations com- 
parable. At 700 ~ and 900 ~ the ini t ia l  f ine-grained layer 

2 T h i s  h a s  n o w  b e e n  c o n f i r m e d  w i t h  s o m e  w o r k  h e r e  on  o x i d a t i o n  
of s i ng l e  c r y s t a l s  of  v a r i o u s  o r i e n t a t i o n s .  

Fig. 6. Oxide structures formed on C.P.Ni in 20 hr at 700 ~ (a), (b), and (c) run 18, anaea|ed. (d), (e), and (f) run 19, cold worked, in 
cross sections (at X1000) Ni etched in all and oxide etched in (e) to show inner fine-grained layer and outer columnar layer. (c) is SEM 
stereopair of oxide outer surface at X1000 showing oxidation anisotropy and oxide ridges over Ni grain boundaries. (f) is SEM photo at 
XS000 of outer surface of oxide showing ridged cellular structure on cold-worked Ni. 
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Fig. 7. Oxide structures formed on Z.R.Ni in 20 hr at 700 ~ (a), (b), and (c) run !, annealed. (d), (e), and (f) run 3, cold worked. In pol- 
ished sections (at XIO00) (a) and (d) are unetched, (b) has metal etched, and (e) has oxide etched. (c) is SEM stereopair of oxide outer 
surface at X1400 showing oxidation anisotropy and oxide ridges over grain boundaries of annealed Hi. (f) is SEM photo at XS000 of fracture 
section showing as in (e) the inner fine-grained layer and outer coarser columnar layer on cold-worked Ni (metal deformed during fracture). 

Fig. 8. Oxide structures formed on C.P.Ni in 20 hr at 900 ~ (a) and (b) run 20, annealed. (c) and (d) run 21, cold worked. In cross sections 
(at X750) Ni and NiO are etched in (a) and (d). (c) is unetched to illustrate good oxide-metal contact. Large cavities in fine-grained in- 
ner oxide in (d) are etching artifact. (b) is oxide outer surface at X60 showing oxidation anisotropy and ridging over Ni grain boundaries; 
central vertical bar is ridge of oxide formed over metal scratch. 

persists and becomes overlaid with coarser columnar  
oxide. Kp decreases as the latter becomes a larger 
fraction of the total layer (and probably  because of 
some grain growth in the inner  layer, especially at 
900 ~ and, though essentially constant  after 20 hr, re-  
mains  appreciably higher than  the Kp for the coarse- 
grained layer  on annealed Ni. 

The anisotropy of oxidation on annealed  Ni at 700 ~ 
and 900 ~ is related directly to the effect of substrate 
metal  grains on the oxide grain size: thick oxide over 
Ni grains which develop fine polycrystal l ine oxide, 
intermediate  when the polycrystal l ine oxide is coarser, 
and thin on Ni grains which form a single crystal over-  
growth. Modification of the Ni surface by cold-working 
masks any effect of substrate orientat ion and yields a 
un i formly  thick oxide unre la ted  to the structure of 
the under ly ing  Ni. 

Oxidation anisotropy is less evident  at high tem- 
perature  where grain coarsening el iminates the fine- 
grained oxide formed ini t ia l ly  on some Ni orientations. 
The small early decrease in Kp with t ime of annealed 
Ni at 1270 ~ and 1100 ~ (Fig. 4a) results from this grain 
growth. Differences in thickness of the layer still re= 
main  after  20 hr. The thickness is least for the largest 
grains which presumably  were a single crystal type of 
overgrowth from the start. That  oxide grain bound-  
aries are effective leakage paths even at 1100 ~ and 
1270 ~ is demonstrated by the dished outer surface of 
the oxide grains that  arises from the higher cation flux 
at the grain boundaries.  This acts to main ta in  the 
thickness differential between different areas. For  the 
largest grains surface mobil i ty  is inadequate to t rans-  
port NiO far enough from the grain boundaries  and 
thickening is solely by volume diffusion (which is al-  
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Fig. 9. Oxide structures formed on Z.R.Ni in 20 hr at 900 ~ (a) and (b) run 4, annealed. (c) and (d) run 6, cold worked. In polished sec- 
tions (a) and (c) at X750, Ni is etched in (a) and Ni and NiO etched in (c). (b) is SEM stereopair of oxide outer surface at X300 showing 
oxidation anisotropy and ridging on annealed Ni. (d) is SEM photo of fracture section at X2000 showing small oxide grains near metal 
(bottom) seen in (c) as fine-grained inner layer (metal deformed during fracture). 

ways occurring, i r respect ive of the  presence or density 
of leakage paths).  This mechanism for the dished 
outer oxide surface is consistent wi th  the other  obser-  
vations and does not require  the plastic deformat ion 
by compressive stresses in the oxide proposed by 
Rhines and Wolf  (5). 

Grain  size can also expla in  the differences in Kp 
between annealed Z.R. and C.P. Ni. The oxide is finer- 
grained on C.P. Ni (as is the substrate metal ) ,  and Kp 
values are correspondingly higher. In the co ld-worked  
condit ion the two materials,  p resumably  because both 
are fine-grained, form oxide of the same grain size and 
no differences in Kp are found. 

Activation energy.--The interrelat ionship be tween 
grain size and oxidation ra te  leads to a range of Kp 
values at each tempera ture  and hence to the spread of 
apparent  EA values (Fig. 5) f rom 28 kca l /mol  for cold- 
worked Ni at 0.1 hr  to 53 kca l /mol  for annealed Z.R. Ni 
after 20 hr  at 1100 ~ to 1270 ~ Ideally, two meaningful  EA 
values could be deduced, a high value for oxide growth  
via volume diffusion, and low for growth via leakage 
paths (6). In practice, uncer ta in ty  arises because 
t ransport  is not exclus ive ly  by one or  the other  process 
and because of oxide layer  variat ions that  depend on 
t ime and temperature .  

Al though Kp values for cold-worked Ni at 0.1 hr  
lie on a straight line f rom 700 ~ to 1270 ~ (Fig. 5) rep-  
resent ing an EA of 28 kcal /mol ,  the t rue value is un-  
certain because the Kp values at the different t empera -  
tures should be for equal  grain size, not equal  t imes; as 
can be seen f rom Table  II  the grain size is larger  at 
higher  temperatures .  Other  per turbat ions  are that  the 
contr ibut ion from vo lume diffusion is g rea te r  at higher  
temperatures ,  and that  at low tempera ture  (700 ~ and 
900 ~ ) r idging at oxide grain boundaries  means that  the 
path length for leakage diffusion is longer than for the 
ideal ly uni form layer  assumed in the calculat ion of Kp. 
In a subsequent publication (7) a t r ea tment  of the 
data to el iminate the contribution f rom lat t ice diffu- 
sion and decrease the influence of grain size yields a 
value of 38 kcal /mol ,  in agreement  wi th  values ob- 

tained f rom work  at 300~ ~ (8, 9) where  growth was 
almost  exclusively by leakage diffusion. 

At  1100 ~ and 1270 ~ the lowest  Kp values are for an- 
nealed Z.R. Ni after  20 hr  and, wi th  the associated EA 
of 53 kcal /mole,  appear to best represent  oxide layer 
growth by volume diffusion. However ,  f rom the local 
thickening at grain boundaries seen in the meta l lo-  
graphic sections, it is evident  that  there still  is some 
contribution f rom leakage path transport.  Such a con- 
tr ibution is evident  also in the higher  Kp values, be-  
cause of finer oxide grain size, of cold-worked Ni and 
annealed C.P. Ni after  20 hr  at 1100 ~ and 1270~ the 
lower  apparent  EA of 49 kcal for annealed C.P. Ni in-  
dicates that, in contrast  to Z.R. Ni, the oxide grain size 
is significantly finer at 1100 ~ than 1270 ~ 

Some guidance to the val idi ty  of 53 kca l /mol  as rep-  
resentat ive of volume transport  can be obtained by 
direct ing at tention to the ihinnest  oxide formed on 
annealed Ni at each temperature ,  i.e., where  the oxide 
layer is an extensive single crystal  free of grain 
boundary leakage paths, and calculat ing local values 
of Kp as w2/t by measuring the oxide thickness in 
cross section (1). Making the necessary but reasonable 
assumptions that  a single growth process and good 
ox ide-meta l  contact have  existed f rom zero t ime, these 
min imum values of Kp (Table II) and the associated 
EA best represent  oxide growth  by latt ice diffusion 
only. (Note that  Z.R. and C.P. Ni yield similar  local 
Kp values; i.e., volume diffusion in the NiO does not 
depend on the specimen mater ia l  used.) Kp values so 
obtained are plot ted as filled circles in Fig. 5 (dotted 
line) and indicate an EA value  of 54 kcal /mol .  The 
measurements  are less rel iable for the th inner  oxides 
at 700 ~ and 900 ~ , but  the data points lie adequate ly  
along the extrapolat ion f rom the 1270 ~ and 1100 ~ data. 
Values of Kp f rom single crystal  exper iments  at 650 ~ 
and 600 ~ in a separate invest igation (9) also lie satis- 
factori ly along this extrapolation.  A va lue  of 54 ___ 2 
kca l /mol  thus appears to be a realistic est imate of EA 
for oxide growth by volume diffusion and applies over  
a t empera tu re  range  from 600~ ~ the correspond- 
ing oxide thicknesses being 100 to 106A. 
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Fig. 10. Outer surface of oxide formed on Z.R.Ni at 700 ~ and 900 ~ SEM stereopairs at X2500. (a) at 700 ~ honeycomb structure develops 
on cold-worked Ni from oxide ridges produced by preferential diffusion at oxide grain boundaries. (b) at 900 ~ oxide grain growth and 
greater surface mobility lead to replacement of ridges and honeycomb by finely-facetted, coarser-grained oxide; arrows indicate oxide grain 
boundaries [eviden t also on fracture section 9(d)]. (c) at 700 ~ annealed Ni also develops honeycomb structure at areas of thickest 
(polycrystalline) oxide. (d) Honeycomb structure forms at early stage on thick areas of annealed Ni at 900 ~ also (but changes to structure 
of (b) at longer times); photo shows thick cellular oxide (left), thin oxide (right), and thick cellular oxide formed at metal scratch (arrow). 

The intermediate  values of Kp in Fig. 5 and the as- 
sociated range of EA values are of minor  significance. 
They reflect the re la t ive  contributions of volume and 
leakage diffusion. The Kp values for co ld-worked  Ni 
after  20 hr  at 700 ~ and 900 ~ are considerably lower 

than at 0.1 hr  but the EA is the same, indicating mere ly  
that  the concentrat ion of leakage paths has decreased 
equal ly  at the two tempera tures  and leakage t ransport  
still predominates.  Af te r  20 hr  at 1100 ~ and 1270 ~ the 
decrease in Kp values and increased EA for cold- 



Vol. 119, No. 9 COLD W O R K  AND O X I D A T I O N  OF Ni 1213 

Fig. i i .  Oxide structures formed on C.P. Ni in 20 hr at 1100 ~ (a) and (b) run 22, annealed. (c) and (d) run 23, cold worked. Ni and 
NiO etched in sections (a) and (c); spots on metal near oxide in (a) are etching artifact. (b) is SEM stereopair showing dishing of outer 
surface of oxide grains. (d) shows random facets on oxide outer surface on cold-worked Ni. XS00. 

worked Ni, compared to 0.1 hr, indicates that  the pro- 
gressive e l iminat ion of leakage paths by oxide grain 
growth has made volume diffusion a significant part  of 
the t ransport  process; the apparent  EA of 40 kcal /mol  is 
an intermediate  value reflecting the presence of fewer 
leakage paths at 1270 ~ than  1100 ~ For annealed Ni at 
700 ~ and 900 ~ the high Kp values, compared to an 
extrapolat ion of the 1270 ~ and 1100 ~ data, and lower 
EA values (which causes a break in slope of the Ar-  
rhenius plot) again indicate t ransport  main ly  via leak- 

Fig. 12. Cross sections through oxide formed on Z.R. Ni in 20 
hr at 1100 ~ (a) and (b) run 7, annealed; (a) is unetched to illus- 
trate good oxide-metal contact; oxide etched in (b). (c) run 9, 
cold worked; pepper spots on oxide and metal are artifacts pro- 
duced by sputter etching. XSO0. 

age paths. Such breaks in Arrhenius  plots have been 
reported previously for the oxidation of Ni (10-13) and 
other metals (14-18). It  is reasonable that  leakage-en-  
hanced diffusion may  explain anomalies in  Arrhenius  
plots of metal  oxidation generally, not just  for Ni. 

Implications 
The rate constant  for the oxidation of Ni is as much 

as 1000 times smaller  when  the NiO barr ier  layer is in  
the form of a single crystal, i.e,, free of easy diffusion 
paths. The same phenomenon may apply as well  to Co, 
Mn, Cu, and other metals. This has obvious potential  
practical importance for metals and alloys generally, 
provided that  suitable oxidation procedures or surface 
t reatments  could be devised to form protective layers 
with few leakage paths. 

A second point  that  arises from the observed major  
effect of leakage paths on oxidation resistance is that it 
may be necessary to reassess some prior work  on the 
effect of alloying. If, as demonstrated here, two grades 
of pure Ni treated s imilar ly can yield appreciably 
different oxidation rates because of differences in oxide 
grain size, the results  of investigations into the effect 
of alloying additions, in which changes in oxidation 
rate have been ascribed to Wagner-Hauffe  valency 
effects, could have been mis interpre ted by unrecog- 
nized variat ions in oxide grain size produced by the 
al loying additives. Observat ions in the l i tera ture  that  
the oxidation resistance of Ni increases wi th  pur i ty  
may s imilar ly  be an effect of oxide grain  size, not im-  
puri t ies per se. 

Conclusions 
1. Cold-worked Ni oxidizes faster than  annealed Ni 

because the oxide formed on cold-worked Ni is finer- 
grained and the oxide grain boundar ies  act as easy 
diffusion paths for Ni through the NiO bar r ie r  layer. 

2. The apparent  parabolic rate constant  for cold- 
worked Ni is high ini t ial ly but  decreases rapidly as 
the oxide grain size increases with time. On annealed 
Ni the rate constant  is lower, the oxide grain size 
larger, and both change li t t le with time. 

3. The activation energy for growth of the oxide 
layer is 54 ___ 2 kca l /mol  for t ranspor t  by volume dif-  
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Fig. 13. Oxide formed on C.P. Ni in 20 hr at 1270 ~ (a) and (b) run 26, annealed. (c) and (d) run 28, cold worked. Ni and NiO etched 
in cross sections {a) and (c); lines in (a) marked by arrows are scratches, not grain boundaries. (b) and (d) show oxide outer surface. X250. 

Fig. 14. Oxide farmed on Z.R. Ni in 20 hr at 1270 ~ (a) and (b) run I i ,  annealed. (c) and (d) run 16, cold worked. Ni and NiO etched 
in cross sections (a) and (c); pepper spots on metal in (a) and dark band at Ni-NiO interface in (c) are etching artifacts. (b) and (d) 
show oxide outer surface. X250. 

fusion and appreciably  lower  for t ransport  via grain 
boundary leakage paths. 

4. Marked  anisotropy of oxidation occurs wi th  an-  
nealed Ni below 100O~ because the substrate or ien-  
tation affects the grain size and hence thickness of the 
oxide overgrowth.  The oxide is thinnest  on Ni grains 
which form a single crystal  overgrowth.  

5. The Arrhenius  plot for Ni oxidation shows a break 
around 1000~ as a result  of t ranspor t  below 1000 ~ 
being largely  via leakage paths and because above 
1000 ~ there  is extensive oxide grain growth  and vol-  
ume t ransport  becomes more important .  

6. An apparent  difference in oxidation rate be tween  
zone-refined and commercia l ly  pure  Ni is due to differ- 
ences in grain size of the oxide layers. The  oxidation 

rates are the same for the two mater ia ls  if the oxide 
grain size is the same. 
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The Correlation Between Temperature Coefficient 
of Capacitance and Dielectric Loss 

in Tantalum and Tantalum-Aluminum Anodic Oxides 
J. M. Schoen, R. C. Pitetti, and D. Jaffe 

Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 18103 

ABSTRACT 

A semi -empi r i ca l  fo rmula  for t e m p e r a t u r e  coefficient of capaci tance (TCC) 
as a function of d ie lect r ic  constant  and loss ( tan 8) is deve loped  for isotropic 
oxides. Comparison is made  be tween  this fo rmula  and expe r imen ta l  values  of 
TCC and tan  8 for the anodie oxides of sput te red  t an t a lum and t a n t a l u m -  
a luminum al loy films. Tan 5 was a function of ahoy  content  and in addi t ion 
was var ied  by hea t  t r ea tments  dur ing  in t e r rup ted  anodization.  Agreemen t  
be tween  theory  and exper imen t  is considered adequate.  I t  is concluded tha t  
the ma jo r  contr ibut ion  to TCC in Ta and Ta-A1 anodic oxides comes f rom 
the dielectr ic  loss, so that  ma te r i a l s  processing changes tha t  reduce the  loss 
should also reduce  TCC. 

Thin film capaci tors  based on anodic oxides of t an-  
t a lum and t a n t a l u m - a l u m i n u m  al loys are  of in teres t  
for t e m p e r a t u r e  compensat ing  R-C ne twork  appl ica-  
tions. A n  unders tand ing  of the factors cont r ibut ing  to 
the t empera tu re  coefficient of capaci tance  (TCC) of 
anodic oxides is necessary  to insure proper  control  of 
the  e lec t r ica l  p roper t ies  of these components.  Exis t ing  
equations which a t t empt  to re la te  TCC, dissipat ion 
factor  ( tan 6), and dielectr ic  constant  (K) in var ious  
oxides do not  predic t  these re la t ionships  sa t is factor i ly  
for anodic oxides of t an t a lum and t a n t a l u m - a l u m i n u m  
alloys. 

There is considerable literature devoted to the un- 
derlying processes governing the temperature coeffi- 
cient of capacitance in bulk, solid dielectrics (1-7). 
Harrop and Campbell (8, 9) have made notable prog- 
ress in applying these theories to thin films. In the 
present paper we refine Harrop and Campbell's work 
to the specific problem of TCC in thin oxide films with 
the dielectric constant in the range from 10 to 100. A 
semi-empirical formula for TCC as a function of ~ and 
tan 5 is developed. Comparison is made between this 
formula and experimental measurements made on 
anodically formed oxides of tantalum and tantalum- 

aluminum [atomic per cent (a/o) A1 ~ < 52]. 

Theory 
Har rop  and Campbel l  (8, 9) have expressed the t em-  

pe ra tu re  coefficient of capaci tance (TCC) of thin film 
capaci tors  in te rms of the dielectr ic  constant  (~), l inear  
coefficient of t he rma l  expans ion  (k), dielectr ic  loss 

Key  words:  t empera tu re  coeftlcient of capacitance,  dielectric loss, 
t an ta lum and t an ta lum-a luminum,  anodic oxides. 

TCC --- 

where 

(tan b), and electrical polarizabil ity (~) of a macro-  
scopic vo lume  (V) of the dielectric. Their expression is 

(~ - -  I)  (K -[- 2) 
[X-I-Y+Z] -}- ~ + A tan ~ 

[1] 

X=--i:-- 3"--V" p 

aa OV 
Y = "3~' 

Z = -- [4] 
3~ 

A---- (5.0___ I) X 10 4ppm/~ [5] 

Harrop and Campbell then define regions of K and 
tan 6 in which one or two terms of Eq. [I] dominate. 
In these regions they obtain approximations to Eq. [I], 
plot TCC as a function of K and/or tan 5, and com- 
pare the results with experiment. In most cases the 
agreement is quite good; however, a number of thin 
film dielectrics exist, notably the amorphous, anodic 
oxides of tantalum and tantalum-aluminum alloys for 
which the Harrop and Campbell approximations do not 
agree with experiment. In this paper it is demonstrated 
that  this lack of agreement  resul ts  f rom inapprop r i a t e  
approx imat ions  to Eq. [1], and not  from a deficiency in 
the  theory  tha t  leads  to Eq. [1]. 

The approach t aken  in the  presen t  w o r k  is %o s tar t  
wi th  Eq. [1] and, ins tead of defining regions in which 
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some terms dominate, to obtain a reasonable approxi-  
mat ion to the ent ire  equation. At tent ion is restr ic ted 
specifically to amorphous, isotropic oxides. Bosman and 
Havinga (4) have made an extensive study of the var i -  
ation of ~ wi th  tempera ture  and pressure in cubic 
oxides and plot X ~- Y and Z as a function of K. In 
the range 10 --~ K ~ 100, these quanti t ies  closely fol low 
the empir ical  formulas  

X -}- Y -- {10 -- 3 log10 K} p p m / ~  [6] 

Z ~. {37 -- 30 log10 K} p p m / ~  [7] 

Equat ions [6] and [7] should be  representa t ive  of 
amorphous, isotropic oxides as well.  Moreover, Her -  
sping (5) finds for oxides 

l ~ 7.5 ppm/~ [8] 

Subst i tut ing Eq. [5] to [8] into Eq. [1] yields 

T C C ~  ~ (K - - 1 )  (~ ~- 2) (47--331og10~) 
L K 

+ 7 . 5 + 5 . 0  • 104 t a n S t  ppm/~  [9] 
. J  

Equat ion [9J thus represents  our approximat ion for 
TCC of amorphous isotropic oxides as a function of tan 
5 and K in the range 10 ~ K ~ 100. It is plotted in Fig. 
1 as a function of ~(10 --~ K ~ 30) wi th  tan 8 as a pa ram-  
eter. To determine  the theoret ical  TCC for a given K 
and tan 5, it is only necessary to find the intersection 
of the TCC curve for the proper  tan 5 wi th  a ver t ical  
l ine extending f rom the abscissa at the proper  value  
of K. In the section on Comparison of Theory and 
Experiment ,  TCC values predicted by Eq. [9] are com- 
pared to experiment .  

Experimental 
4500A ~-Ta and Ta-A1 films were  obtained by d-c, 

diode sputter ing in an argon atmosphere  onto Corning 
7059 glass slides wi th  the rmal ly  oxidized Ta205 under -  
lays. The cathode configarations used to obtain the 
var ious alloy films have  been described previously  
(10, 11). The composit ion was de termined  using a 
spectrophotometr ic  technique (12). Groups of films 
with average compositions of 52, 42, 36, and 25 a /o  A1 
were  processed into capacitors. X - r a y  determinat ion 
of the alloy film structures showed that  the 25 and 36 
a /o  A1 films exhibi ted the ~-Ta (13) phase, whereas  
the 42 and 52 a /o  A1 films were  microcrystal l ine.  No 
measurable  amount  of bcc phase was detected in any 
of the alloy films. ~-Ta films were  obtained f rom three  
different sources as indicated in Table I. X- r ay  diffrac- 
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Fig. | .  TCC as a function of r and tan 5 for amorphous, isotropic 
oxides. 

Tab le  I. Tempera ture  coef f ic ient  of  capaci tance  ( T C C )  and 
dielectr ic  loss ( tan 5) for f l -Ta  and T a - A I  capacitors with and 

wi thout  h e a t - t r e a t m e n t  

Heat -  Meas,  TCC f r o m  TCC f r o m  
t r ea tmen t , *  TCC Meas,  Eq. [9]** Eq. [101"* 

F i l m  (1 h r  a t  ~ ( p p m / ~  t an  ~ ( p p m / ~  ( p p m / ~  

~-Ta (source 1) NHT 225 0.004 240 12 
jg-Ta (source 2) NHT 220 0.004 240 12 
~-Ta (source 3) NHT 220 0.003, 190 --38 
~-Ta  (source 1) 250 240 0.005 290 62 
B-Ta (source 2) 250 300 0.006 340 112 
~-Ta (source 3) 250 330 0.005 290 62 
~-Ta (source 1) 350 600 0.012 640 412 
~-Ta (source 2) 350 320 0.007 390 162 
~-Ta (source 3) 350 650 0.013 690 462 
75% Ta-25% A1 NHT 335 0.004 293 51 
75% Ta-25% AI  350 715 0.012 693 451 
64% Ta-36% A1 NHT 350 0.0048 335 91 
64% Ta-36% A1 350 610 0.0002 555 311 
59% Ta-42% A1 NHT 385 0.0048 340 98 
58% Ta-42% AI 350 592 0.0083 510 268 
48% Ta-52% A1 N H T  370 0.0060 406 161 
48% Ta-52% A1 350 390 0.0061 411 166 

* NHT = no h e a t - t r e a t m e n t  
** ,~ = 25 for  ~-Ta205 a n d  as g i v e n  

oxides .  
k = 7.5 p p m / ~  fo r  a l l  oxides .  

i n  Tab le  I I  for  anod ic  Ta-A1 

t ion pat terns  indicated the films were  predominant ly  
fl-Ta with  est imated amounts  of bcc of 30, 8 to 10, and 
8 to 10% for source 1, 2, and 3, respectively.  

The films were  photol i thographical ly  etched into a 
15 capacitor test pat tern  (14) (capacitor area ---- 0.1 
cm 2) and then anodized to 200V. fi-Ta films were  ano- 
dized in 0.01% citric acid solution, whi le  the alloy films 
were  anodized in a 1:1 solution of e thylene glycol: 
oxalic acid. Af te r  reaching the prescribed voltage, the 
films were  al lowed to soak for 1 hr. However ,  some 
films were  removed from the electrolyte  after a hal f -  
hour soak, hea t - t rea ted  for 1 hr  at 250 ~ or 350~ and 
then re turned to the e lect rolyte  to soak for an addi- 
t ional half  hour. Capacitor fabrication was completed 
by evaporat ing 200A NiCr-8000A Au counterelectrodes 
through a mechanical  mask. 

Capacitance and tan 5 for capacitors si tuated in a 
Delta envi ronmenta l  chamber  were  measured at 1 kHz 
on a GR 1615-A capacitance bridge. Typical  capaci-  
tance density was 0.065 ~F/cm 2 for fl-Ta capacitors 
measured between 60 ~ and 85~ Capacitance densities 
of alloy capacitors measured between 25 ~ and 65~ are 
given in Table II. Auxi l ia ry  measurements  as a func-  
tion of f requency indicated that  there  was no significant 
external  series resistance contr ibution to tan 5 at 1 kHz. 

Comparison of Theory and Experiment 
In this section a comparison is made  be tween  the 

predictions of Eq. [9] and measurements  of TCC and 
tan 5 for the anodic oxides of t an ta lum and tan ta lum-  
a luminum alloys. In addition, the exper imenta l  results 
are compared to Harrop and Campbell 's  expression for 
TCC in the appropriate  range (~ > 2, tan 5 > 0.001) 
(8, 9), which is 

TCC = {5.0 X 10 4 tan 8 -- t~} ppm/~  [10] 

Table II. Dielectric constant, capacitance density, theoretical 
intrinsic TCC, and anodization constant of tantalum and 

tantalum-aluminum alloy anodic oxides 

F i l m  

A l l o y  Theo-  
f i lm re t i ca l  

Capaco a n o d -  intrinsic 
i t ance  i za t ion  F o r m i n g  TCC 

d e n s i t y  cons tan t*  v o l t a g e  (Eq. [9]) 
( /zF/cm ~ ) (A/V)  (V) K ( p p m / ~  

/3-Ta 0.065 ~ 200 25.0 35 
75% Ta-25% A1 0.058 15.2 200 19.9 93 
64% Ta-36% A1 0.056 15.6 200 19.7 95 
58% Ta-42% A1 0.053 15.9 200 19.0 100 
48% Ta-52% ~ 0.049 16.7 200 18.5 106 

* Ref.  ( lS). 
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It  will  be demonstrated that  Eq. [9] leads to bet ter  
agreement  with exper iment  than does the Harrop and 
Campbell  formula. 

Equations [9] and [1O] are two different approxi-  
mations to the same theoretical expression, Eq. [1]. 
They differ only in their  prediction of the intr insic 
value of TCC. In  Eq. [10] the intr insic TCC is equal 
to --~.~ and hence is always negative. 

To check the val idi ty  of ei ther  Eq. [9] or [10] for 
a part icular  material ,  it is necessary to obta in  measure-  
ments  of TCC for different values of t an  8. Genera l ly  
the range of tan 6 values for capacitors fabricated from 
the same mater ia l  in the same fashion is quite limited. 
However, hea t - t rea tments  dur ing anodization of /~-Ta 
and Ta-A1 films general ly  increased the tan  5 of the 
resul t ing oxide as is shown in Table I. The data ob- 
tained relat ive to the var ia t ion of TCC and tan  5 in 
~-Ta and Ta-A1 films subjected to hea t - t rea tments  
dur ing anodization allowed the val idi ty  of Eq. [9] 
and [1O] to be checked over a reasonable range of 
values. 

A final parameter  needed to make  theoretical  cal-  
culations of TCC is the dielectric constant  of the mate-  
rial. For ~-Ta20~ this has been reported to range  from 
21.7 (15) to 27 (16, 17) and depends on whether  
mechanical  or optical techniques are used to determine 
oxide film thickness. For  the anodic oxides of Ta-A1, 
the capacitance density, forming voltage, and anodiza- 
t ion constant  (18) have been used to calculate K. The 
results are given in Table II. 

A TCC vs. tan 6 plot for /~-Ta20~ is i l lustrated in 
Fig. 2. The straight l ines are plots of Eq. [9] for K ---- 
22 and 27. The exper imental  points are found to be 
dis t r ibuted reasonably well  between these lines. 

In  Fig. 3 TCC predicted by Eq. [9] for the anodic 
oxides of g-Ta (~ is t aken  at an intermediate  value of 
25) and Ta-A1 is plotted against  the exper imental  TCC. 
The straight l ine represents  perfect correlation be- 
tween theory and experiment.  Note that the experi-  
menta l  points are generally,  un i formly  distr ibuted 
about this line. In  view of the uncertaint ies  in  the 
values of A in Eq. [1] and ~ in Eq. [9], it is felt that  
the val idi ty  of the formula is adequately established. 
The results in Fig. 3 are addit ionally encouraging be-  
cause Eq. [9] was derived without  the use of data on 
either A1203 or Ta205. The values for TCC predicted 
by the Harrop and Campbell  expression [Eq. (10)] are 
shown in Table I. Clearly the correlat ion between ex- 
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per iment  and Eq. [10] is not good. The points from Fig. 
3 are also included in Table I. 

The intrinsic ( tan  b ---- O) values of TCC predicted 
by Eq. [9] for the materials  studies are all positive and 
are presented in  Table II. Note that  they never  exceed 
106 ppm/~ On the other hand the exper imenta l  va l -  
ues of TCC never  fall below 220 ppm/~ This indicates 
that  the tan  5 contr ibut ion to TCC is p redominant  for 
both /~-Ta and Ta-A1 anodic oxides and implies that  
changes in mater ia l  processing steps which reduce tan  
5 will  reduce TCC as well. 

Manuscript  submit ted JaL. 31, 1972; revised manu-  
script received April  14, 1972. This was Paper  98 pre-  
sented at the Cleveland Meeting of the Society, Oct. 
3-7, 1971. 

Any  discussion of this paper will appear in  a Discus- 
sion Section to be published in  the June  1973 JOU~NAr.. 
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Crystal Growth from the Melt under Destabilizing 
Thermal Gradients 

K. M. Kim, A. F. Witt,* and H. C. Gatos* 
Department of Metallurgy and Materials Science, 

Massachusetts Institute o] Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

Direct time correspondence between crystal growth behavior  and the 
thermal  characteristics of the melt  under  destabilizing gradients was estab- 
lished by means of "time markers"  which were introduced into the growing 
crystals and s imultaneously registered on the continuous recording of the 
thermal  behavior of the melt. Employing Te-doped InSb, it was found that  as 
solidification progressed, the melt  exhibited successively tu rbu len t  convection, 
oscillatory thermal  instabilities, and, finally, thermal  stability. During t u rbu -  
lent  convection, the crystals underwen t  pronounced t ransient  back-mel t ing  
and the average microscopic growth rate was found to be independent  of, 
and about 20 times greater than, the average macroscopic growth rate; this 
microscopic growth rate was controlled by the convection characteristics of 
the melt  and the thermal  gradients  in  the solid. With the onset of oscillatory 
thermal  instabilities, back-mel t ing  became less pronounced and then ceased. 
In this region the average microscopic and macroscopic growth rates were 
equal and the crystals exhibited fluctuations in dopant concentrat ion wi th  a 
periodicity identical to that of the thermal  oscillations in the melt. Finally,  
under stabilized thermal  conditions, the microscopic and macroscopic growth 
rates were identical and no localized fluctuations in dopant concentrat ion could 
be detected. The Rayleigh numbers  of the melt  during a growth exper iment  
ranged from 3 • l0 S to 0. In view of the fact that the vertical  thermal  gradient  
changed only by a factor of about two dur ing the entire growth, the wide 
range of Rayleigh numbers  was the result of the changes in melt  height. In  the 
tu rbu len t  convection region, the Rayleigh numbers  ranged from about 3 X l0 s 
to a b o u t 4  X 103 , in the oscillatory region from 3 X 103to 2 • 103, and in  the 
region of thermal  stabil i ty from l0 s to 0. 

Single crystals grown from the melt  under  destabil-  
izing gradients, as is the case of Czochralski-type ar-  
rangements,  usual ly exhibit  nonsteady-sta te  growth 
characteristics (1) and inhomogeneous dopant segre- 
gation (2). This behavior has been at t r ibuted to tem-  
perature changes in the melt  resul t ing from fluid 
dynamic effects associated with destabilizing thermal  
gradients (3). Most mel t -g rown single crystals exhibit  
in addition, other types of striations (dopant hetero- 
geneities) which could be a t t r ibuted to various origins, 
such as rotat ion in the presence of thermal  asymmetry,  
to vibration, to deficient pul l ing mechanisms, and 
others. The na ture  of these heterogeneities has been 
extensively discussed in the l i terature (1). In this 
investigation the experimental  conditions were such 
that  none of the above-ment ioned striations could 
occur and all dopant heterogeneities observed could 
be a t t r ibuted to tempera ture  variat ions in the melt. 
Theoretical models predict that, for a given fluid sys- 
tem, thermal  instabi l i ty  may lead to either tu rbu len t  
convection or thermal  oscillations (4) depending on 
the acting forces and geometric and thermal  configura- 
t ion of the system. Both types of instabili t ies have 
been observed and their  t ransient  character has been 
studied pr imar i ly  by vary ing  the thermal  gradients 
under  fixed geometric conditions (5). A limited n u m -  
ber of thermo-hydrodynamic  studies in actual growth 
systems with horizontal and vertical  a r rangements  
have been carried out in the same way (6). Although 
impur i ty  heterogeneities in crystals have been a t t r ib-  
uted to thermal  fluctuations in the melt  (7) (which 
lead to changes in the microscopic growth rate and 
thus to changes in the effective dopant segregation),  
their unambiguous  cause and effect relationship has 
as yet not been established. 

In  view of the fact that  the melt  height changes 
cont inuously dur ing  crystal growth and in view of 

* Electrochemical  Society Act ive  Member .  
Key  words :  mel t  growth,  dopant  heterogenei t ies ,  thermal ,  convec-  

tion, thermal oscillations, t ime  marke r s ,  

the fourth power dependence of the Rayleigh number  
on the melt  height (12), the present  work was under -  
taken to study the thermal  behavior  of the melt  as its 
height decreases cont inuously dur ing actual crystal 
growth. Furthermore,  the thermal  behavior  of the 
melt  and its changes were directly correlated with 
growth characteristics including interface morphology, 
microscopic growth rate, and dopant segregation in 
the result ing crystal. 

Experimental Apparatus and Procedure 
The apparatus used in the present  investigation is 

shown in Fig. 1. Polycrystal l ine InSb doped with Te 
(1 X 10 is cm -3) was placed into the inner  quartz tube, 
1.33 cm ID and 10 cm long (referred to as the growth 
tube) .  This tube had a graphite insert  at the bottom 
capable of accommodating the volume expansion dur -  
ing solidification and was mounted  on a Lava pedestal. 
A 3 cm long InSb seed of (111) orientat ion was ma-  
chined, etched to a diameter  of 1.3 cm, and  mounted  
to a water-cooled seed holder assembly which was 
then positioned in  the apparatus and properly aligned. 
An outer quartz tube provided for a hydrogen ambient  
at about 1 m m  Hg overpressure. A tube furnace 12 
cm long, operated with proport ional  power control, 
was located coaxially around the outer tube. After 
flushing with hydrogen, the polycrystal l ine ingot was 
heated to above its mel t ing point. Subsequently,  the 
seed was lowered and after thermal  equil ibrat ion 
brought  in contact with the melt. The desired thermal  
gradient  along the growth direction was established by 
adjust ing the vertical  position of the furnace  and the 
flow of the coolant in the seed holder. Crystal  growth 
was init iated and allowed to proceed at the desired 
rate by means of controlled power reduction. A l inear 
decrease of the furnace temperature  was obtained 
through a steadily increasing bucking voltage (motor-  
dr iven servosystem) in series with the output  of the 
controll ing thermocouple which was located in  the 
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Fig. !. Schematic diagram of the apparatus used for the study of 
crystal growth under destabilizing thermal gradients. 

furnace. The experiments  were carried out with a 
l inear furnace temperature  decrease of 0.27~ 
result ing in an average macroscopic growth rate of 
2 ~m/sec. Tempera ture  measurements  in the melt  were 
obtained with two Chromel-Alumel  thermocouples 
(made of 75 ~m diameter  wire) each mounted  in a 
1 mm ceramic tube and inserted through the bottom 
into the growth tube. The thermocouples were movable 
and the junct ions  could be positioned at any desired 
height in the melt  dur ing  a growth experiment.  The 
bare sensing junct ions were protected with a thin 
insulat ing layer of "Insa-Lute"  and showed high 
thermal  response. 

To permit  the t ransmission of controlled current  
pulses across the crystal  melt  interface for introducing 
"time markers"  and "rate striations" dur ing growth, 
electrical contacts were made to the insulated seed 
holder and the graphite block in the bottom of the 
melt. Current  pulses of the desired frequency and 
dura t ion ( ranging in the present  exper iments  from 10 
to 50 msec) were obtained from a funct ion generator  
and programmable  d-c power supply (8). During 
growth, each current  pulse across the crys ta l -mel t  
interface resulted in a readi ly detectable t ime marker  
in the crystal. Furthermore,  each pulse was s imul-  
taneously registered by the tempera ture  monitor ing 
thermocouples in the melt  and recorded as an ins tan-  
taneous pen deflection on the tempera ture  tracing. 
Thus, through the t ime markers  any  segment of the 
grown crystal  could be correlated in t ime with the 
measured thermal  fluctuations in the melt. A sche- 
matic diagram of the circuitry and the components 
used is shown in Fig. 2. 

After  each growth experiment,  the crystal was cut 
along the <111> growth axis to expose a (211) plane. 
This plane was polished and appropriately etched (9) 
to reveal  the growth and segregation characteristics. 
In  most instances the crystals grown were single for 
a length of 10 to 15 mm and twinned  for the remain-  
ing length. Since twinn ing  does not interfere with 
the analysis of the growth characteristics, no at tempt  
was made to el iminate it. 

Experimental  Results and Discussion 
Thermal characterization of the melt.--In view of the 

dependence of the thermo-hydrodynamic  behavior of 
fluids on thermal  gradients (6), a series of experiments  

Current 

CRY. 

~ ~  Crystal 

Melt 

Fig. 2. Block diagram of the electronic arrangement for introduc- 
ing time markers into the growing crystal and on the temperature 
recording. 

was conducted in which the vertical thermal gradients 
in the melt were determined as a function of melt 
height. The measurements were performed under 
growth conditions by employing a thermocouple intro- 
duced into the melt through the bottom of the growth 
tube. This thermocouple could be moved vertically 
in the melt, as desired. In order to determine the verti- 
cal thermal gradients at various melt heights, crystal 
growth was arrested at predetermined intervals. At 
each arrest, the height of the melt level was deter- 
mined and the temperature along the vertical growth 
direction up to the crystal-melt interface measured. 

The results are shown in Fig. 3. It can be seen that 
the gradients were essentially constant  for each given 
crysta l -mel t  interface position (melt  height) .  Their  
values decreased from 19~ at a melt  height of 33 
mm to 8~ at a melt  height of 12 mm. Thermal  
fluctuations in the melt  were most pronounced at the 
original growth interface position (33 mm melt  height) 
and decreased discontinuously with decreasing melt  
height (see Fig. 4b). 

No at tempt was made to determine the prevai l ing 
lateral  thermal  gradients. Actually,  in the presence of 
thermal  fluctuations exceeding •176 at melt  heights 
greater than  15 mm, such measurements  would be 
of no part icular  significance; on the other hand, at 
melt  heights ranging  from 15 mm to zero, the growth 
interface was essentially horizontal  (with only a slight 
curvature  upward  at the per iphery) ,  thus indicating 
that  the prevai l ing lateral  gradients were ra ther  small. 

It  is of interest  to point  out that the thermal  gradi-  
ents and their changes with melt  height observed under  

I �9 Melt height 35mm (/~ = 19~ 
• Melt height 29mm (/3= 16~ / 

6 0 -  o Melt height 12mm(/~= 8~ T /  -- 
e - -  

4 0 -  

20 - 

G ~Y I I I 
0 I0 20 50 

Dislonce from crystol-melt interface (ram) 

Fig. 3. Vertical temperature distribution in the melt for different 
crystal-melt interface positions (melt heights). The vertical bars 
represent the magnitude of the temperature fluctuations. The zero 
point in temperature corresponds to the melting point of InSb, 
525 ~ C. 
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the present  conditions are of the same magni tude  as 
those encountered in Czochralski-type systems. 

Relationship between thermal characteristics in the 
mel t  and crysta~ growth on the macroscale.--The fol- 
lowing exper iment  was designed to study the cause 
and effect relationship be tween the macroscopic growth 
behavior  and the concurrent  thermal  conditions in the 
melt. An InSb crystal was grown at an average 
"macroscopic" growth rate of 2 ~m/sec. This growth 
rate was determined from the t ime required (at the 
indicated rate of furnace tempera ture  decrease) to 
displace the crys ta l -mel t  interface by 30 m m  (original 
melt  height) in the downward direction. The thermal  
conditions prevai l ing dur ing growth in the melt  were 
cont inuously monitored by two stat ionary thermo-  
couples (4 mm apart) located at the same height, 5 mm 
from the bottom of the melt. The thermocouple outputs 
were recorded at slow speed and with low sensit ivity 
to permit  comparison with the grown crystal  on a 
macroscale. An  etched section of the crystal  cut along 
its growth axis and the corresponding thermal  history 
of the melt  are shown in Fig. 4. The tempera ture  re-  
cordings (Fig. 4b) indicate three distinct regions with 
fundamenta l ly  different hydrodynamic behavior. On 
the top region, corresponding to melt  heights ranging 
from 30 mm to about 15 mm, and with thermal  gradi-  

ents from 18~ to about  12~ pronounced 
random tempera ture  fluctuations of about ~10~ were 
present. The mean  temperature  of these fluctuations 
is modulated with an average period of about 3 min  
and is phase shifted by about 180 ~ in  the two tracings. 
This thermal  behavior  is indicative of tu rbu len t  con- 
vection in the melt. 

With  cont inuing growth, the ampli tude of the 
thermal  fluctuations decreases sharply and minor  per-  
turbat ions of apparent ly  constant  f requency persist 
over a nar row region. In  this region, (as is shown in 
detail below), the melt  exhibits periodic thermal  oscil- 
lations. The last portion of the tempera ture  recordings 
shows only gradual  tempera ture  changes and no tem- 
pera ture  fluctuations, indicat ing a high degree of 
thermal  stability. 

Thus, under  the present conditions, solidification 
occurs first under  the influence of tu rbu len t  convection, 
then under  oscillatory thermal  instability, and finally 
under  thermal  stability. 

The growth and segregation behavior of the crystal, 
as revealed by high resolution etching, are shown in 
Fig. 4a. The effects of the changing thermal  conditions 
in the melt  are clearly visible; three dist inctly differ- 
ent regions can readily be identified. On the top region, 
growth (to a crystal  length of about 15 ram) is char-  

Fig. 4. (a) Photograph of etched crystal cut along the growth axis. The decreasing complexity of impurity striations from top to bottom 
reflects the thermo-hydrodynamic transition of the melt from turbulent convection to thermal stability. Note that the dopant striations are 
continuous across all twin boundaries indicating that twinning does not influence the over-all growth characteristics. (b) Recording of the 
temperature in the molt during the growth of the crystal depicted in Fig. 4(a). The two thermocouples were 4 mm apart and 5 mm from 
the bottom of the melt. 
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acterized by pronounced t ransient  remelt ing (caused 
by tu rbu len t  convection in the mel t ) .  The clearly visi-  
ble remelt  lines indicate that  the convective pat tern  
is cont inuously changing with a frequency correspond- 
ing to that of the modulated mean  tempera ture  fluc- 
tuations (see below). The remelt  lines further  reflect 
complex changes in the growth interface morphology. 
With cont inuing growth, the in tensi ty  of dopant  het-  
erogeneities decreases abrupt ly  and back-mel t ing  no 
longer takes place; the crystal exhibits  a ra ther  flat 
growth interface and only closely spaced dopant  het-  
erogeneities. The in tens i ty  of the dopant hetero- 
geneities decreases cont inuously unt i l  in the bottom 
region ( thermal  stabil i ty region),  homogeneous dopant 
segregation is encountered. 

A detailed analysis of the three regions on a micro- 
scale is given below. 

Direct t ime correspondence between crystal growth 
and the thermal characteristics oS the melt  on a micro- 
scale.--In order to s tudy the relat ionship between the 
thermal  melt-characterist ics and crystal  growth on a 
microscate, the melt  behavior was monitored by two 
thermocouples, main ta ined  (by periodic repositioning) 
at a distance of 3-6 mm from the advancing crystal-  
melt  interface. The thermocouple signals were contin-  
uously recorded at high sensit ivi ty (1 mV full scale) 
and at high speed (1 in . /min) .  

Direct correspondence in t ime between the thermal  
behavior of the melt  and crystal growth was obtained 
as indicated, by means of the t ime markers  which were 
incorporated in the crystal dur ing  growth and s imul-  
taneously registered through the moni tor ing thermo-  
couples. In this way, any point on a longi tudinal  sec- 
tion of the crystal could be directly related to the 
thermal  behavior  of the melt  recorded at the t ime of 
growth. 

The results of the growth behavior on a microscale 
are presented in  three sections corresponding to the 
growth regions previously identified on a macroscale. 
These sections are presented in order of increasing 
complexity beginning  with the region of thermal  
stability. 

Growth under thermal stability in the mel t . - -Thermal  
stability in the melt  dur ing growth prevailed at melt  
heights ranging from about 10 mm to zero. A repre-  
sentative section of the grown crystal  (about 6 m m  
from the end) together with the corresponding thermal  
recording is shown in Fig. 5. The photomicrograph 
of the etched specimen of Fig. 5a clearly shows the 
t ime markers  introduced dur ing growth by current  
pulses (15A) of 50 msec durat ion at intervals  of 21.0 
sec. To obtain a reference point for establishing an 
unambiguous  direct time correspondence between the 
t ime markers  in the crystal and on the temperature  

Fig. 5. (a) Section of crystal (cut along the growth axis) grown under thermal stability. No dopant heterogeneities can be seen. The 
horizontal lines (time markers) resulted from the current pulses applied at intervals of 21 sec. Line | corresponds to the last current 
pulse and serves as time reference. (b) Recording of the temperature in the melt during growth of the crystal segment depicted in Fig. 
5(a). The thermocouple was located about 5 mm from the growth inter~ce. The pen deflections are caused by the current pulses and 
allow establishing direct time correspondence with the grown crystal. 
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recording, the last current  pulse was applied prior to 
the te rminat ion  of growth. Thus, the last t ime marker  
in the crystal could be readily identified and was used 
as the absolute t ime reference. 1 

The tempera ture  recording containing the last pen 
deflection corresponding to the last cur ren t  pulse, is 
shown in Fig. 5b. It is seen that no thermal  pe r tu rba -  
tions were present and that  the temperature  was stable 
to wi th in  •176 The uniform appearance of the 
etched sample clearly indicates that  the dopant  dis- 
t r ibut ion is homogeneous. 

Each t ime marker  was formed across the entire 
crysta l -mel t  interface wi thin  the time durat ion of the 
current  pulse (50 msec in the present case). Conse- 
quently,  the t ime markers  delineate the growth in ter -  
face morphology at the t ime of their  formation. The 
time markers  in Fig. 5a show that the growth interface 
in the depicted section was essentially flat under  con- 
ditions of thermal  stability. The average microscopic 
growth rate  calculated from the f requency and the 
spacing of the t ime markers  is 1.8 ~m/sec for the de- 
picted region. 

Growth under oscillatory thermal instability.--The 
condition of thermal  stabil i ty encountered at small  
melt  heights was preceded by oscillatory thermal  in-  

1 I t  s h o u l d  be  p o i n t e d  o u t  t h a t  c u r r e n t  p u l s i n g  { in t roduc t i on  of  
t i m e  m a r k e r s )  in  no  w a y  a l t e r s  t h e  o v e r - a l l  so l id i f i ca t ion  c h a r a c -  
t e r i s t i c s .  

stabil i ty at melt  heights ranging from 15 to 1O mm. 
Figure 6 shows the last section of the crystal  grown 
under  temperature  oscillations (at mel t  height of about 
11 mm) together with the corresponding tempera ture  
recording. Direct t ime correspondence between the 
temperature  recording and the depicted crystal  was 
achieved by ident i fying the corresponding t ime mark -  
ers. 

It is seen in the photomicrograph of Fig. 6a that  
thermal  oscillations result  in  fa int  lines (dopant het-  
erogeneities) parallel  to the t ime markers.  The repet i-  
tion rate of the dopant heterogeneities in  the crystal 
(determined from the spacing of successive t ime mark -  
ers which appear 21.0 sec apart)  is 0.38/sec and, thus, 
identical to the frequency of the concurrent  tempera-  
ture oscillations (Fig. 6b). 

It is of interest  to note that  the dopant  hetero- 
geneities caused by thermal  oscillations are at all times 
continuous across the entire crystal  and exactly 
paral lel  to the slightly curved t ime markers.  Each 
time marker  is formed across the growth interface 
with an in terval  of 50 msec which is significantly 
smaller than the period of the thermal  oscillations (2.6 
sec). Since each dopant  str iat ion is continuous and at 
a constant  distance from the t ime markers  across the 
entire crystal, the thermal  per turba t ion  must  be "in 
phase" at all t imes across the crys ta l -mel t  interface. 

Fig. 6. (a) Section of crystal grown in the presence of thermal oscillations in the melt. The dopant heterogeneities caused by the thermal 
oscillations are clearly visible. Note that their spacing decreases from top to bottom. The time markers make it possible to establish that 
the frequency of the thermal perturbations is constant over the depicted region (the number of dopant heterogeneities b~tween successive 
time markers is constant) and that the microscopic growth rate decreases from top to bottom (the spacing of successive time markers 
decreases). (b) Recording of the temperature in the melt during growth of the crystal segment depicted in Fig. 6(a). 
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Fig. 7. (a) Section of crystal grown in the presence of thermal oscillations in the melt. Comparison with Fig. 6(a) shows that the dopant 
heterogeneities are here more pronounced, their frequency is decreased, and the microscopic growth rate is constant. Incipient remelting 
can be observed. (b) Recording of the temperature in the melt during growth of the crystal sement depicted in Fig. 7(a). 

As seen in  Fig. 6a, the frequency of the periodic 
dopant  heterogeneities is constant over the depicted 
area. Their  " intensi ty" decreases with decreasing melt  
height and can no longer be observed between the 
t ime markers  7 and 8. At the same time, the ampli tude 
of the corresponding tempera ture  oscillations decreases 
cont inuously (from its original  value of •176 with 
decreasing melt  height and becomes zero between the 
t ime markers  13 and 14. It  appears that  the striations 
between the t ime markers  14 and 8 are caused by tem-  
perature  oscillations which lie below the detection 
l imit  of the tempera ture  sensors (•176 Al te rna -  
tively, it is possible that  the temperature  fluctuations 
are a t tenuated with distance from the growth interface, 
al though other investigations (10) have found no evi- 
dence of a t tenuat ion  in oscillatory thermal  instabi l -  
ities. In  either case, these results demonstrate  the ex- 
t reme sensit ivi ty of dopant segregation to small tem- 
pera ture  fluctuations and the high resolving power of 
chemical etching for dopant heterogeneities. 

At melt  levels ranging from about 15 to 12 mm, the 
f requency of the thermal  oscillations was found to be 
0.29/sec and their  ampli tude higher but  constant  over 
a wide range. A representat ive pbotomicrograph and 
the corresponding temperature  recording are shown 
in Fig. 7. Here also the frequency of the periodic 
dopant  heterogeneities is identical with that  of the 
thermal  oscillations but  their intensi ty  indicates incip- 
ient remelt ing due to the higher ampli tude of the 
thermal  oscillations. The frequency change of the 

thermal  oscillations from 0.29/sec to 0.38/sec occurred 
abrupt ly  wi th in  two time markers.  

Growth  under  turbulent  convec t ion . - -At  melt  heights 
ranging from 30 mm (start of growth) to about 20 ram, 
thermal  instabi l i ty  appears in the form of random 
tempera ture  fluctuations (Fig. 8b) with no discern- 
able periodicity and widely varying  ampli tudes assum- 
ing peak values in  excess of _5~ These fluctuations 
of short durat ion are superimposed to pronounced 
variat ions ( ~  •176 of the mean  melt  temperature  
which occur at re la t ively longer periods ranging from 
2 to 4 rain. The tracings of the two moni tor ing thermo-  
couples (positioned symmetr ical ly  about the axis of 
the melt  at equal height and 4 mm apart)  indicate that  
the variat ions of the mean  tempera ture  are phas~ 
shifted by 180~ i.e., while the one thermocouple reg- 
isters a mean  tempera ture  "high" the other registers 
a mean tempera ture  "low." There is however no ap- 
parent  ampli tude or phase relationship between the 
high frequency tempera ture  fluctuations of the two 
tempera ture  tracings. 

The effects of this thermal  behavior  of the melt  on 
the crystal growth characteristics and dopant  segrega- 
tion are shown in Fig. 8a. The pronounced segregation 
heterogeneities, identified as "remelt" striations, indi-  
cate a complex pat tern  of t ransient  back-melt ing.  The 
morphology of the intersecting remelt  striations shows 
that growth occurred a l te rna t ingly  on the left and 
right side of the crystal wi th  a period of about 3 rain, 
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Fig. $(a). Section of crystal grown in the presence of turbulent 
convection in the melt. Alternating regrowth and remelting on the 
left-hand side and the right-hand side are reflected in the mor- 
phology of the remelt striations ( ~ )  . Erief remelting within the 
regrowth regions is evident from remelt striations ~ . The faint 
lines throughout the depicted region are rate striations. 

Fig. 8(b). Recording of the temperature in the melt during growth 
of the crystal segment depicted in Fig. 8(a). Note that the mean 
temperature variation of the melt, as recorded by two thermocouples 
positioned symmetrically about the axis of the melt, is phase 
shifted (see text). 

corresponding to that  of the mean  tempera ture  var ia-  
tions. 

To permit  the de terminat ion  of the microscopic 
growth characteristics associated with this thermal  
behavior  of the melt, rate striations with a frequency 
of 5/sec were introduced dur ing  growth (for a period 
of 5 rain) at a melt  height of approximate ly  25 ram, 
by applying current  pulses (10A) of 20 msec duration. 
Representat ive microscopic growth behavior  between 
two successive remelt  striations is shown in the photo- 
mierograph of Fig. 9a. The microscopic growth rates for 
this area were calculated from the known  frequency 
and the measured spacing of the rate  striations and 
are shown in Fig. 9b. It can be seen that  the growth 
rate is i r regular  and reaches peak values in  excess 
of 55 ~m/sec. For the depicted region (between A1 
and A2) the average microscopic growth rate is found 
to be about 28 ~m/sec. Over a larger crystal region the 
average growth rate  was found to be about 38 ~m/sec 
and thus about 20 times greater  than  the "average 
macroscopic growth rate." This s tr iking discrepancy 
between microscopic and macroscopic rates was found 
throughout  the crystal region grown under  extensive 
t rans ient  back-melt ing.  

The growth and segregation characteristics in this 
region can be explained from the morphology of the 
remelt  striations, the microscopic growth rates, and 
the recorded thermal  behavior  of the melt. During 
each in terval  of increasing mean  melt  temperature  
(see Fig. 8b), extensive remel t ing takes place and 
the crys ta l -mel t  interface recesses. The te rmina l  re- 
melt  growth interface, delineated by a remelt  str ia-  
tion, is always concave and not normal  to the growth 
direction. This morphology differs considerably from 
that expected under  the prevai l ing vertical  and hori-  
zontal thermal  gradients. It  clearly reflects the pres-  
ence of pronounced convective melt  flow; i.e., melt  of 
higher temperature  flows upward  on one side of the 
growth tube while melt  of lower tempera ture  flows 
downward on the other side. This finding is consistent 
with the phase shift of the mean  melt  temperature  
variat ions registered by the moni tor ing thermocouples. 
Al ternat ing  remel t ing (and growth) on the left and 
right side of the crystal  is a t t r ibuted  to a continuous 
rotat ional  displacement of the convective flow about 
the vertical  axis of the melt  (11). Thus, upon a 360 ~ 
rotation of the flow pat te rn  ("shear flow"), the major  
port ion of the region regrown dar ing the period of 
decreasing mean melt  temperature  at this par t  of the 
interface is again remelted and only a small  port ion 
remains  in the crystal. 

The rate striations reveal clearly that, at the port ion 
of the crystal -mel t  interface subjected to a decreasing 
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Fig. 9. (a) Photomicrograph of region regrown under turbulent convection in the melt. The rate striations introduced at a rate of 5/see 
show pronounced variations of the microscopic growth rate within successive remelt lines. (b) Microscopic growth rates, as a function of 
time within remelt lines ( ~  and A ~  of Fig. 9(a) as determined from the spacing and frequency of the rate striations. 
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mean  melt  temperature,  the crystal  undergoes accel- 
erated growth. Its rate is unre la ted  to the average 
macroscopic growth rate imposed by the power reduc-  
tion. The microscopic growth rate is indeed controlled 
bY the rate of the mean melt  tempera ture  decrease (as- 
sociated with the low frequency temperature  fluctua- 
tions, shown in Fig. 8b) and is modulated by the 
superimposed tempera ture  fluctuations; in fact, for 
pronounced fluctuations, brief remelt ing takes place 
wi th in  the regrowth period. 

With cont inuing growth, the peak values of the 
mean  melt  temperature  variat ions decreased and ap- 
peared at longer intervals.  At melt  heights of less 
than about 18 ram, mean  melt  temperature  variat ions 
are absent and the ampli tude of the random tempera-  
ture fluctuations is considerably decreased. Under  these 
thermal  conditions, random and in termi t tent  back- 
mel t ing of short dura t ion is observed. With a fur ther  
decrease in melt  height the tempera ture  fluctuations 
cont inue to exhibit  a varying ampli tude but  assume 
distinct and constant  periodicity (Fig. 10b). In this 
region, remel t  striations are i r regular ly  spaced indi-  
cating i rregular  growth rate modulat ions associated 
with the varying  ampl i tude  of the periodic thermal  
fluctuations (Fig. 10a). All  dopant striations become 
continuous across the crystal, indicating that  the 
thermal  per turbat ions are "in phase" across the entire 
growth interface. 

In  this growth period, it is not possible to use t ime 
markers  for establishing time correspondence between 
the recorded temperature  oscillations and the dopant 
striations because some of the current  pulses coincide 

with remel t ing and do not form t ime markers  in the 
crystal. However, since each recorded tempera ture  
fluctuation results in a continuous striation, it becomes 
possible to establish t ime correspondence by  counting 
the striations and the temperature  fluctuations start ing 
with the first t ime marker  after t rans ient  remelt ing 
ceases. 

Thermo-hydrodynamic behavior o~ the melt . - -The 
present  results indicate that  under  destabilizing 
thermal  gradients, the thermo-hydrodynamics  of the 
melt  control the growth and dopant segregation be- 
havior. They fur ther  show that  t u rbu len t  convection, 
oscillatory instabili ty,  and thermal  stabil i ty are suc- 
cessively present  dur ing solidification. Since the ver-  
tical thermal  gradients did not change significantly 
dur ing the entire solidification and were v i r tua l ly  con- 
stant wi thin  each hydrodynamic t ransi t ion region, it 
is suggested that  the cont inuous decrease in melt  
he ight  is responsible for the observed changes in 
thermo-hydrodynamic  behavior of the melt. 

The Rayleigh n u m b e r  (12), R, which is often used 
as a cri terion for hydrodynamic  behavior, exhibits 
l inear  dependence on the vertical  thermal  gradient, ~, 
and fourth power dependence on the melt  height, h 

g ~ h  4 
R - -  - -  

Y g  

where g is the gravi tat ional  constant, ~ is the coeffi- 
cient  of volume expansion, r the kinematic  viscosity, 
and K is the thermal  diffusivity. Using the values a 
0.95 • 10-4/~ (13), ~ : 3.02 X 10 -3 cm2/sec (13), 

Fig. 10. (o) Photomicrograph of region grown after turbulent convection in the melt ceased and temperature fluctuations of varying am- 
plitude but constant frequency prevailed. Intermittent remelting prevented the appearance of some of the time markers. (b) Recording of 
the temperature in the melt during growth of the crystal segment depicted in Fig. lO(a). 
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---- 0.2 cm2/sec (14), and the exper imenta l ly  deter-  
mined values of ~ and h, it is found that for the re-  
ported experiments,  R ranges from about 3 • 103, at 
the start  of solidification, to zero at the end. The 
Rayleigh numbers  characterizing the three regions of 
different thermo-hydrodynamic  behavior, discussed 
above, are about 3 • 105 to about 4 • 103 for tu rbu len t  
convection, 3 • 103 to 2 X 10 a for oscillatory thermal  
instability, and 103 to 0 for thermal  stability. 

It  is of interest  to note that the t ransi t ion from 
thermal  instabi l i ty  to stabil i ty occurs at R ~ 2 • 103 
which is surpr is ingly close to the value of 1700 pre-  
dicted for the onset of convective instabi l i ty  from 
theoretical considerations (15) where the assumed 
boundary  conditions differ substant ia l ly  from those in 
the present experiments.  It is fur thermore  noteworthy 
that  oscillatory thermal  instabi l i ty  rather  than a sta- 
t ionary pa t te rn  of convection in the form of B~nard 
cells (16) is observed upon the t ransi t ion from thermal  
stabili ty to thermal  instability. Oscillatory thermal  in-  
stabili ty has been predicted (17) and has been found 
under  destabilizing thermal  gradients in the presence 
of t ransverse magnetic fields and /or  rotation. More 
recently, temperature  oscillations have also been ob- 
served in the absence of stabilizing forces and their  
origin has been a t t r ibuted to horizontal thermal  gradi-  
ents (18). The present  findings appears to be con- 
sistent with this point  of view. Through the use of 
t ime markers  it was shown that the temperature  
oscillations are "in phase" across the entire growth in-  
terface. This finding is of part icular  significance since 
the interface was detectably curved and appreciably 
deformed at twin  boundaries. The present  results gave 
no indication of a phase shift between the effects of 
the thermal  per turbat ions  at the steadily advancing 
growth interface and the thermal  per turbat ions  mea-  
sured by the stat ionary thermocouple in the melt. 
Furthermore,  it should be noted that  no detectable 
phase shift was observed be tween the signals (oscil- 
lations) at the two moni tor ing thermocouples. 

The presence of tu rbu len t  convection at large melt  
heights was confirmed through the growth and seg- 
regation behavior as well as through the recorded 
thermal  behavior  of the melt. Segregation effects in 
the grown crystal suggest fur ther  that, under  the in-  
fluence of horizontal  gradients, the convective flow 
pat te rn  undergoes a continuous rotat ional  displace- 
ment  along the axis of the melt. With decreasing melt  
height (decreasing Rayleigh number ) ,  convective flow 
gradual ly  ceases and the random temperature  fluctua- 
tions change first to periodic fluctuations of vary ing  
ampli tude and u l t imate ly  to oscillations of constant  
frequency and amplitude. The present  findings show 
clearly that  t ime markers  are not only valuable  for 
invest igat ing the microscopic growth behavior, but  
that  they also consti tute a powerful  tool in establish- 
ing reference points in thermo-hydrodynamic  studies. 

The present  study demonstrates the paramount  im-  
portance of thermo-hydrodynamics  in crystal growth, 
which has been widely recognized and has become 
the subject of numerous  investigations in recent years. 
The approach used in  this s tudy relates directly the 

hydrodynamic behavior  of the mel t  to crystal  growth 
and segregation characteristics. It is hoped that  it will  
serve to bridge the existing gap between theoretical 
and exper imental  investigations. 
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Anodic Oxide Hydration Measured 
by Ion Probe Mass Spectrometry 

G. A. Dorsey, Jr. 
Kaiser Aluminum & Chemical Corporation, Center for Technology, Pleasanton, CaZiSornia 94566 

ABSTRACT 

The water  content  of bar r ie r  layer  anodic a lumina  films was measured 
using the ion probe mass spectrometer: a method of sputtered ion mass anal -  
ysis. F i lm thicknesses ranged from 100 to 2000A, with the oxides left intact  
on the basis metal  during the analysis. The analyt ical  procedure was first 
calibrated against s tandard samples of a luminum tr ihydroxides and monohy-  
droxides. Then data were obtained for different thicknesses of boric-acid-  
anodized barr ier  layer oxides. The various aspects of the f ragmentat ion pat-  
terns that were obtained are suggestive of a t r ihydroxide composition. Repre- 
sentative spectra are included, to i l lustrate the use of this method of s u r f a c e  
analysis. 

The ion probe mass spectrometer is a recent innova-  
tion for the inorganic analysis of th in  films and other 
surface-related phenomena.  It is also an equal ly use- 
ful ins t rument  for the analysis of bu lk  inorganic 
materials,  yielding a measure of compositional changes 
that  take place as a funct ion of the increased distance 
of beam penetra t ion below the outer surface of the 
sample. 

The sputter ion source technique was first developed 
by Herzog and Viehbock (1) but  did not come into 
much use unt i l  1966. Socha (2) recent ly reviewed the 
ins t rument  and its related theory while Evens and 
Pemsler  (3) have been among the m a n y  investigators 
to employ the technique; in this case, to the examina-  
tion of tantala  films. 

The unique feature of the ion probe is in its use of 
an energetic plasma beam of accelerated ions: posi- 
t ively charged argon ions, for example, at 5-15 keV. 
This pr imary  beam is directed onto the surface of the 
sample, with the resul tant  sput ter ing of secondary ions 
from the sample. Neutral,  negative, and positively 
charged secondary particles are formed, bu t  only the 
positive ion yield is commonly analyzed via the detec- 
t ion system: mass spectrometry. 

The sput ter ing process gives a geometrically un i -  
form erosion pa t te rn  at low rates ( ~  100 A/ ra in ) ,  for 
th in  film analyses, or the erosion rate can be increased 
several hundred  fold for bu lk  analyses, but  at the 
sacrifice of erosion pa t te rn  uniformity.  In  either case, 
the advantage of the ion probe lies in its abil i ty to 
provide a composition profile of sample components 
beginning at the outer surface of the specimen: at 
slow erosion rates, an almost monolayer- l ike  sampling 
process. 

Erosion rates and secondary ion yields are dependent  
on the species of bombarding  ion and on the struc- 
tura l  characteristics of the sample itself; this is aside 
from variat ions in ins t rumenta l  parameters  them- 
selves. It therefore follows that, before a quant i ta t ive  
in terpre ta t ion can be made from these data, a suit-  
able exper imental  procedure must  first be established, 
with standardized materials  that  are representat ive of 
the type of sample involved. Hydroxides present  still 
another exper imental  complication, since the ion probe 
analysis is performed at a vacuum of 10 -6 Torr. There 
is then the need to establish that  a working equil ib-  
r ium can indeed be attained, with respect to the water  
content  of these samples, so that  the exper imenta l  
data can have significance in terms of the ini t ial  hy-  
drat ion of the sample. Unbound  molecular water  would 
be expected to be quickly lost dur ing  the ini t ial  stages 
of evacuation, prior to sample analysis. However, 

Key words: anodie aluminas, sputter ion source mass spectrom- 
etry, hydration. 

sorbed water and structural  hydroxides might  arrive at 
a working equi l ibr ium with respect to the vacuum en-  
v i ronment  imposed by the analysis. Such a condition, if 
sufficiently reproducible, might  then allow relevant  
data to be interpreted in terms of the ini t ial  water  
content  of the oxide. This might  par t ly  resolve a dis- 
crepancy in data previously reported (4) for the degree 
of hydrat ion of the anodic a lumina  barr ier  layer. Erdey 
et al. (5-7), Bogoyavlenskii  (8) and Shreider (9) are 
also among those who found at least some degree of 
hydrat ion in barr ier  layer a luminas  formed in aqueous 
electrolytes. However many  others, notably  Burghers 
et al. (10), Vedder and Vermilyea (11), and Alwit t  
(12) present opposing data. While this lack of agree- 
ment  can be par t ly  a t t r ibuted to differences in sample 
preparat ion and techniques of exper imental  measure-  
ment, there is still an obvious need for addit ional data 
to support ei ther contention. 

Experimental 
Sample preparation.--Four reference samples of 

a luminum tr ihydroxides (2 of gibbsite and 2 of bayer-  
ite) and four reference samples of monohydroxide 
(all boehmites) were obtained through our Chemicals 
Division. These had been previously identified as suit-  
able for use as standards, via x - ray  diffraction and 
thermal  analysis techniques. Approximate ly  0.5g of 
each a lumina  was compressed into a th in  wafer, using 
30 Ksi and a s tandard x- ray  pelletizing die; no binder  
was employed, nor  was any required. The result  was a 
t ranslucent  wafer, with a hard and highly glazed sur-  
face. A dust-free section from a wafer was then 
mounted in a clean gold foil envelope, one side of 
which had a rectangular  opening to expose the wafer 
surface dur ing ion probe analysis; the gold foil allowed 
normal  charge compensation procedures to be used. 

Anodic oxides were prepared on clean alloy 1199 
foil, using a 2M boric acid electrolyte at 6O~ and 0.1 
A / d m  2 current  density. Forming voltages were varied 
from 6.7 to 101V. Total coating thicknesses, including 
both pr imary  and secondary phases of the barr ier  layer  
oxide (4), ranged from 100 to 2000A; thicknesses were 
measured by coating impedance, inf rared absorption, 
and electronoptical methods (4). After  anodizing, the 
foils were thoroughly rinsed in flowing distilled water  
(cold) then air dried. Some were analyzed immedi-  
ately, with the ion probe, while others ( including re-  
main ing  portions of earlier samples) were analyzed 
up to three weeks later; storage was under  clean but  
ambient  atmospheric conditions. Such delays, between 
sample preparat ion and analysis, did not alter the ion 
probe data in any detectable manner .  However, the 
auxi l iary methods of thickness measurement  ( impe-  
dance, ir) were performed immediately in each case .  
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The anodic oxides were left intact  on the foil sub-  
strates, for ion probe analysis. 

Ion probe mass spectrometer.--The commercial in-  
s t rument  employed (manufac tured  by GCA Technol-  
ogy Division, Bedford, Massachusetts) has been de- 
scribed in detail elsewhere (13) and is d iagrammed in 
the following il lustration, using a figure adapted from 

~ Ouom~tron 

Source 

H.V, } Eiw.zel Lens 

~,.~,,~ ~ "  ~ ' ~ i ~  I~,~. 

E,,c,,:~,,,, ~s~,~ '~ 

Ref. (3). Research grade argon (Union Carb ide~T. inde  
Division) was used in the ion source, creating the 
pr imary  ion beam (positively charged) which was di-  
rected toward the sample under  a 10 keV potential. The 
beam diameter at the surface of the sample was 8 mm, 
the narrow diameter  of the elliptical pat tern produced 
by the beam. The ins t rument  was adjusted to enhance 
the detection of molecular  f ragmenta t ion  pat terns via 
an ad jus tment  to the energy discr iminat ing funct ion 
governed by the target  potent ial  and the electrostatic 
analyzer  of the ins t rument ,  a setting of 205V, to the 
"energy window" (13). Charge-up effects were el imi-  
nated through the use of a heated filament mounted  
close to the sample surface, ahead of the secondary 
extract ion optics. Each analysis was begun at a vacuum 
of 10 -6 Torr, including argon pressure, with both 
anodic oxides and compressed pellets of a lumina  s tan-  
dards. 

With the glazed pellets of a lumina  standards, the 
pressure in the sample chamber  immediate ly  rose as 
the beam worked into the sample. An  eightfold in-  
crease in pressure (to 8 X 10 -6 Tort)  was often ob- 
served, with approximately 2 hr required for the vac- 
uum to be restored to its ini t ia l ly low value, either with 
or without  the ion beam bombardment  being con- 
t inued. Perhaps this outgassing may  par t ly  have been 
due to the rup tu r ing  of the outer glazed surface of the 
c~)mpacted a lumina  pellet, exposing the ent ra ined 
molecular  water  of the porous inner  bulk  to degassing. 
Spectra obtained dur ing this degassing period showed, 
largely, molecular  water  (16HsO+) indicat ing that  the 
energy of the pr imary  beam may have been par t ly  dis- 
sipated by an outgassed layer of water  vapor above the 
surface of the sample (Fig. 1). Coincident with the re-  
t u r n  to ini t ial  vacuum (10 -6 Torr) ,  the spectra s ta-  
bilized and were then unchanging  with respect to 
fur ther  erosion time. Erosion rate itself had no ap- 
parent  effect on the t ime to equi l ibr ium, nor  did it 
alter the stabil i ty of the spectrum once equi l ibr ium was 
obtained. It is thus possible to define exper imental  
equil ibrium, with respect to sample outgassing, by: 
(i) the r e tu rn  to ini t ia l  vacuum level, (ii) the  quan t i -  
ta t ive repeatabi l i ty  of spectral scans, and (iii) the 
quant i ta t ive  stabil i ty of re levant  peak intensities, in 
this case 160+ and 17OH+, on a t ime scan basis. It 
follows natural ly ,  however, that equi l ibr ium conditions 
are most quickly met when sample quant i ty  is kept to a 
min imum.  

Owing to the comparat ively small  quant i ty  of oxide 
involved, most anodized samples presented no measur-  
able delay toward the establ ishment  of exper imental  
equil ibrium, the exception being with those films whose 

IOOOO" 
AI + 

H § 
18HOH + 

OH* 1000" 

0 

4- 

lOO- No + 

04 "I" 
0 Ca + 
-i- K + 

^+2 C*. \ 

Fig. 1. Ion probe spectrum of gibbsite during initial stage of de- 
gassing, sample chamber pressure eightfold higher than initial 
value. Note intensity of lSHOH + species (5 decade intensity scale). 

thickness was in excess of 1000A. There, some amounts  
of residual  surface (sorbed) water  was found to a 
depth of ca. 150A beneath the surface; afterward,  these 
samples also met  all  cr i ter ion for exper imental  equi-  
l ibrium. 

Results and Discussion 
Representative spectra of the various samples are 

included here, as an i l lustrat ion of the type of data 
available with the ins t rument .  In  many  cases, these 
spectra also contain data that  are not par t  of the 
textual  discussion, but  which may interest  those seek- 
ing addit ional  detail. 
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H + IOOOO" 
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(OH: 
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Fig. 2. Gibbsite prior to establishment of equilibrium. Note that 
more alumina fragmentation patterns are seen here, vs .  Fig. 1, but 
18HOH+ intensity is still strong (5 decade intensity scale). 
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100000" 

H + 

AIOH + 

Fig. 3. Gibbsite approaching instrumental equilibrium, sample 
chamber pressure now fourfold higher than initial value. Note that 
the ~SHOH+ intensity is decreasing with respect to other species 
in the spectrum (5 decade intensity scale). 

Figures 1-3 show the type of spectra encountered 
during the ini t ial  stages, prior to the establishment of 
exper imental  equil ibrium, with compressed pellets of 
a luminum hydroxides. Initially,  one of the strongest 
features in the spectrum is the peak of ainu 18 due 
to lSHOH+, as outgassing commences. Later (Fig. 2 and 
3) a luminum-bea r ing  f ragmentat ion pat terns become 
more pronounced, as outgassing decreases with a re- 
t u rn  toward ini t ial  vacuum Jn the sample chamber;  
these spectra are still obviously "wet," however, with 
such species as HOH2 +, H2OH2 +, O2H +, O2H2 +, etc. 
All  such peaks disappear from the spectrum of the 
same hydroxide when equi l ibr ium conditions, as de- 
fined earlier, are established (Fig. 4). 

Figure  5 shows the effect on the ratio of 17OH+ to 
160+, as equi l ibr ium is attained: slowly for the com- 
parat ively large quanti t ies  of sample employed with 
the s tandard hydroxide pellets, and quickly with the 
considerably lesser quanti t ies sampled in the case of 
the anodic oxides. This also i l lustrates the importance 
of obta ining data only in the equi l ibr ium region of the 
sample. And though we have not done so, it would be 
reasonable to expect that  an extreme delay in data 
collection, beyond the t ime- to-"equi l ib r ium" for the 
par t icular  sample, would result  in the measurement  of 
a lesser degree of apparent  hydroxide in  the sample. 

100000" 

10000" 

0 4  ̀

AI +2 

H § looo.  

4 + 

100" 

~ lOt 

AIO ~" 

~101 AI.~ O+ 

II i 

Z J L  
Fig. 4. Gibbsite at instrumental equilibrium. Note the absence 

of hydrous fragment species that characterized the spectra obtained 
prior to equilibrium (5 decade intensity scale). 

It is reasonable to assume that  the ratio of 17OH+ to 
160 + intensi ty  would be a valid measure of the ini t ial  
water  content of the sample, exclusive of the unbound  
molecular  water  lost, to the vacuum, prior to analysis. 
But this assumption cannot  be made unt i l  ion yields 
have been established with representat ive standards, in 
this case, a luminum tr ihydroxide (gibbsite and bayer -  
ite) and the monohydroxide/boehmite .  Figure 6 shows 
the ion yield calibration, in this instance, for the 17OH+ 
to 160 + ratio with these standards. At: equil ibrium, t r i -  
hydroxides gave a ratio of 0.15 while the monohy-  
droxide gave a ratio of 0.05. Figure  6 also shows com- 
panion data for anodic oxides, for comparison with 
these standards. The anodic oxides are represented by 
fourteen different thicknesses of anodic oxide barr ier  
layer  films. The average ratio of 17OH+ to 1sO+, for the 
barr ier  layer, was also 0.15 • 0.01, with the more 
scattered data points belonging to oxide thicknesses 
less than 500A. It was exper imenta l ly  difficult to 
measure the ratio accurately with the th inne r  films, 
especially those films with thicknesses less than 
200A. Nevertheless, the apparent  mole per cent water  
in these anodic oxide barr ier  layers was near  34%, 
basis the prior cal ibrat ion against reference aluminas.  
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Metal-Oxide tioning but for a much shorter 

Interface duration than with the massive 
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standards. This time-to-equilib- 
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1~3 2C) 50 measured with oxides thinner 
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0.2 0.2r 

Fig. 6. Ion probe mass spec- 
trometer determination of: (a) 
alumina standards, an ion yield 
calibration for 170H+ to 160+ 
ratio, and (b) anadic aluminas, 
14 samples with film thicknesses 
ranging from 100 to 2000A, 
showing ratio of ITOH + to 160 +. 
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Fig. 7. Ion probe data for 
standard alumina hydroxides and 
barrier layer anodic oxides show- 
ing equilibrium ratios of 
44AIOH + to 43A10+. 
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The rat io  of 44A1OH+ to 43A10+ also supports  the  
measurement ,  as m a y  be seen in Fig. 7; however ,  these 
resul ts  are  expe r imen ta l l y  less precise than the mea -  
surement  of the  rat io  17OH+ to 160+. This difference in 
precis ion is l a rge ly  due to the app rox ima te ly  tenfold  
lesser in tens i ty  of the 43A10 + species (vs. the  160 + spe-  
cies) which contr ibutes  quant i ta t ive  er ror  when em-  
p loying  the  "fast scan" condit ions (3 min, to amu 70) 
needed for a complete  analysis  of thin ba r r i e r  l ayer  
anodic oxides. Then too, we might  expect  some degree of 
var ia t ion  in molecu la r  f r agmenta t ion  pa t t e rn  to be 

character is t ic  of the  s t ruc tura l  differences (i.e., c rys ta l -  
l in i ty  differences) be tween bayer i te ,  gibbsite,  and  b a r -  
r ier  l ayer  anodic oxides. Al l  this  not wi ths tanding,  the 
resul ts  shown in Fig. 7 a re  st i l l  consistent  wi th  the  da ta  
obta ined wi th  the 17OH to 160+ ra t io  (Fig. 6). Numer i -  
cally,  the 44A1OH + to 43A10 ra t io  da ta  gave the fo l low- 
ing average  values:  monohydroxides ,  0.03 • 0.01; t r i -  
hydroxides ,  0.12 +_ 0.02; ba r r i e r  l ayer  oxides, 0.10 __+ 
0.02. 

Also in this regard,  we can compare  the ion y ie ld  
da ta  for  these a luminas  wi th  the data  ad jus ted  wi th  

Table I. Summary of adjusted ion yield data for standard alumina references and 
barrier layer anodic oxides 

A d j u s t e d  i o n  r a t i o s  
S a m p l e  leO*/Al+3 160+/A1+2 zvOH*/AI+3 17OH+/A/+2 

N I o n o h y d r a t e  r e f e r e n c e  (4 s a m p l e s )  

T r i h y d r a t e  r e f e r e n c e  (5 s a m p l e s )  

B a r r i e r  l a y e r  o x i d e s  (10 s a m p l e s )  

33.0 -+- 4 1.7 _~ 0.1 1.3 • 0.3 0.07 • 0.04 

34.0 ~ 3 2.0 • 0.1 5.0 ~ 0.8 0.29 ----- 0.03 

39,0 -i- 9 2.1 -~ 0.3 5.7 • 2.4 0.30 - -  0.09 
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Fig. 8. Ion probe spectrum of basis alloy 1199 foil after beam- 
stripping of surface oxide (5 decade intensity scale). 
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Fig. 9. Gibbsite at instrumental equilibrium, with spectrum pre- 

pared using same "fast scan" conditions employed with anodic 
oxides (5 decade intensity scale). 

respect to the ion intensities of 9A1+3 and 13.5A1+2 
species: " in ternal  standards," to compensate for var ia-  
tions in ins t rumenta l  operating parameters  and differ- 
ences in sample density. (The 2vAI+ species is the most 
intense in  the spectrum of these oxides, and is always 
off-scale with the type of measurement  sensit ivity 

I00000. 
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I000" 

H + 

1oo- AI+3 

10" 

0 4 

AI +2 

~H + 

No + 

3i + 

AI; 

AIO+ t 

I JOH§ I 
+ Ti§ 

Fig. 10. Eayerite at instrumental equilibrium, with spectrum pre- 
pared using same "fast scan" conditions employed with anodic 
oxides (S decade intensity scale). 

employed here.) These adjusted data are best for the 
13.5A1+2 reference peak, which has approximately 
equal intensi ty  with the *00+ and 1;OH+ peaks. It is 
also a measurement  that  is made wi th in  the same 
--100A increment  of sample thickness tha t  produced 
the measured 160+ and I~OH+ peak intensities. The 
9A1 +8 reference is of considerably lesser intensity,  and 
is a measurement  that is made ,~200A earlier in  the 
film. 

Table  I shows these data, us ing 9Al+~ and  13-5A1+2 
peak intensit ies as in te rna l  s tandard wi th in  the oxide. 
As would be expected, on a bu lk - inc rement  mole per 
cent basis, the oxygen- to -a luminum ratios are essen- 
t ial ly the same for each alumina.  Only the hydroxide-  
to -a luminum ratios are characteristic of the init ial  hy-  
droxide composition of the samples. 

Addit ional  i l lustrat ions are seen in Fig. 8-12, Fig. 
8 shows a spectrum of the substrate metal  (alloy 1199 
foil) essentially free of oxide in the area sampled by the 
ion beam erosion. This i l lustrates the negligible oxy- 
gen and hydroxide background in  the ins t rument .  
Prepared in the same manne r  are representat ive spec- 
tra of gibbsite, bayerite, and barr ier  layer  anodic 
oxides: Fig. 9-11, respectively. These i l lustrate the 
s t ructural  features, such as the 17OH+ to 160+ ratio, 
already discussed. Figure 12 shows a t ime scan plot of 
I~OH+ and 160+ intensities vs. erosion t ime (at 128 
A / m i n  erosion rate) into a barr ier  layer  anodic oxide, 
to fur ther  i l lustrate  the consistency of composition as 
a function of film thickness. As would be expected, the 
intensi ty  of both species remains  constant un t i l  the 
oxide-metal  interface is encountered. Thereafter,  the 
in tensi ty  of both species falls off sharply. 
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Fig. I1. Typical "fast scan" 
spectra of a barrier layer oxide: 
(a) at the surface of the barrier 
layer (note the high level of 
boron from the borate electro- 
lyte), (b) midway into the film 
(5 decade intensity scale). 
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Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1973 JOURN~. 
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Dicing Induced Damage in GaP Electroluminescent Diodes 
N. E. Schumaker and G. A. Rozgonyi* 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Batch processing of GaP electrolumineseent (EL) diodes requires that 
the GaP wafer be separated into individual devices before lead bonding and 
final packaging. This paper describes an investigation of the effects of this 
mechanical dicing operatlon on the EL characteristics of GaP diodes. Chemical 
etching of the diced GaP diode after lead bonding has been found to be essen- 
tial in achieving the maximum quantum efficiency of the completed device. 
The etchant used is a 3: I: 1 solution of H2804, 33% H202, and H20 at 60~ 
The quantum efficiency is found to be dependent on the etching time with the 
efficiency reaching a maximum after approximately 5 rain. 

Efficiency and current-voltage measurements on unetched devices indicate 
the presence of surface leakage currents which decrease the external quantum 
efficiency of the completed device. Since it is believed that  the presence of a 
damaged surface layer  and its associated strain field can provide nonradia t ive  
leakage current  paths, x - ray  topography has been used to detect the existence 
of dicing-induced strain fields and to follow their  removal  as a funct ion of 
etch time. X- ray  topographs have also been obtained for samples ini t ia l ly cut 
with a wire saw and a diamond saw. Etching of the completed GaP diode 
effectively relieves the dicing-induced strain field and eliminates the surface 
leakage paths. This results in a device with ma x i mum q u a n t u m  efficiency 
and with reproducible current-vol tage characteristics. 

Batch processing of GaP wafers, essential for pro- 
viding large quanti t ies  of GaP electroluminescent  (EL) 
diodes, requires that the wafers be separated or diced 
into individual  devices of uni form size and shape (1). 
This paper describes an investigation of the effects of 
this mechanical  dicing operation on the EL charac- 
teristics of GaP diodes. 

Empirical ly it had been observed that  chemical etch- 
ing improved the external  EL efficiency of the com- 
pleted GaP diode. This behavior  suggested the presence 
of a damaged surface layer  and an associated strain 
field which could provide nonradia t ive  leakage cur-  
rent  paths. This analysis has been confirmed by elec- 
trical measurements  and by the use of x - r ay  topog- 
raphy to detect the existence of dicing-induced strain 
fields and to follow their removal  as a funct ion of 
etch time. The paper is divided into three sections. 
First, the dicing operation and the empirical ly observed 
effects of e tching on the device wil l  be described. Then 
the changes that  occur in the device characteristics as 
a funct ion of etch t ime are presented. Final ly,  the 
results of the x - r ay  topographs t aken  of step-etched 
GaP wafers cut by various techniques are analyzed 
and compared with the EL device data. 

Dicing Operation and Device Etching 
The procedure for batch processing GaP wafers is 

shown schematically in Fig. 1. The GaP wafer, after 
the growth of the two liquid phase epitaxial  (LPE) 
layers, is lapped and polished to a uni form thickness 
of 0.25 mm. A distr ibuted dot contact of 2% Si in Au 
is evaporated onto the n - type  substrate, and 125 ~m 
diameter dots of 1% Be in Au are evaporated onto the 
p- type LPE layer. After  a high tempera ture  alloy 
cycle to form ohmic contacts, the wafer  is ready for 
separation into individual  devices (0.4 X 0.4 mm) for 
bonding and inclusion in  display packages. Although 
each step in the processing to obtain a completed GaP 
light emit t ing diode is being studied, only the dicing 
operation will  be evaluated in this paper. 

The external  quan tum efficiency of a completed GaP 
diode is dependent  on the current  density in the de- 
vice. Similar ly the radiat ion pa t te rn  of the device is 
strongly affected by  the shape of the diode. For these 
two reasons it is impor tant  that  the technique for 
separating or dicing the GaP wafer yield devices of 

" Electrochemical  Society Act ive  Member.  
K ey  words:  x - r ay  topography,  strain, surface CUrrents. 

uni form size and shape. At  the same time, the tech- 
nique used should be rapid, reproducible, and reliable 
for application to large volume production. 

Since the GaP wafers have {111} orientat ion and 
cleave in the <110> direction, convent ional  "scribe 
and cleave" techniques cannot  be efficiently used to 

~u 
T 

iT 

TO DIODE 

EDIE BOND 

Fig. 1. Schematic drawing of botch process for CoP electrolumin- 
escent diodes. 
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provide the square shaped devices desired. Hence, 
mechanical  dicing machines were  considered as a l ter -  
nate  means of obtaining discrete devices. A diamond 
saw, a wi re  saw, and a mul t ip le  blade s lurry  dicing 
machine 1 were  examined in this study. 

The dicing machine uses a mandre l  consisting of 
numerous 50 #m thick stainless-steel  blades separated 
by precision ground spacers which de te rmine  the size 
of the final device. The mandre l  rotates at 10,000 rpm 
and is bathed in a wa te r  s lurry  containing 10-12 #m 
diameter  s i l icon-carbide abrasive. The rotat ing man-  
drel  directs the abrasive s lurry  against  the GaP wafer.  
The thin stainless-steel  blades do not contact the wafer  
at any time, and only the s lurry  abrades through the 
wafer.  This cutt ing action results in a ker f  loss of 
only 120 #m. The operat ion of the machine  is ful ly  
automatic and a complete  dicing cycle, requi r ing  two 
cuts perpendicular  to each other, is accomplished in 
90 sec. The device dimensions across a wafer  are main-  
ta ined to wi th in  ___3 ~m. 

As ment ioned in the introduction,  devices fabricated 
using this dicing technique requi red  chemical  etching 
to achieve m a x i m u m  EL efficiency. In particular,  etch- 
ing in a solution of H2804, 33% H202, and H20 in a 
ratio of 3: 1:1 at 60~ improved the device propert ies  
significantly. The increase in EL efficiency at 10 mA 
forward  current  as a funct ion of each etch t ime is 
shown in Fig. 2. This curve  represents  the behavior  
of a group of twenty  devices f rom a single GaP 
wafer.  The devices were  etched for successively longer  
t imes and EL efficiency measured  at the t imes indi-  
cated. In this group of devices a twofold increase in 
efficiency is found af ter  etching for 5 min. Longer  
etch t imes do not significantly improve  the efficiency, 
and excessive etching degrades device per formance  by 
undercut t ing  contact areas. 

Careful  de terminat ion  of the etch ra te  for the 3: 1:1 
solution at 60~ indicates that  af ter  5 rain about 1 ~,m 
os GaP would  be removed.  This has been subsequent ly 
confirmed by scanning electron microscope photographs 
of etched and unetched GaP diodes (2). 

Electrical and Optical Measurements 
The fact that  such str iking results were  obtained by 

the removal  of such a small  amount  of mater ia l  f rom 
the GaP device, indicated the presence of a surface 
controlled effect. To demonstra te  the magni tude  of 
this effect, the quan tum efficiency vs. current  for a 

i T a f t - P i e r c e  M a n u f a c t u r i n g  C o m p a n y ,  W o o n s o c k e t ,  R h o d e  I s l a n d .  
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Fig. 3. Quantum efficiency in air as a function of forward currant 
for various etch times for a slurry cut diode. 

par t icular  device af ter  various etch t imes is shown in 
Fig. 3. This device was obtained f rom a different wafer  
of GaP than that  used to genera te  the curve  of Fig. 2 
and indicates an even grea ter  effect of etching. Note 
that  the efficiency at 10 mA more  than doubles when 
1~ is removed and the peak efficiency shifts to lower 
cur ren t  density. 

Since the presence of an absorbing surface film 
would requi re  an absorption coefficient ~103 cm -1 to 
account for the magni tude  of this effect, and, since one 
would  expect no change in the shape of the efficiency 
vs. current  curve due to an absorbing layer, a current  
leakage path in the diced GaP diode that  was r emoved  
by etching was suspected. This was confirmed by the 
cur ren t -vo l tage  data shown in Fig. 4 and 5. 

In Fig. 4 the logar i thm of the forward  cur ren t  vs. 
the forward  voltage is shown for var ious etch times. 
One sees that  for the unetched device the cur ren t -  
voltage dependence 

qVt 

I oc Ioe . k T  

at low bias gives an n > 2. However ,  as the diode is 
etched for successively longer  periods of time, the 
value for n decreases and after  5 min n ~ 2. The cur-  
ren t -vol tage  behavior  of the unetched GaP diode with  
n > 2 is consistent wi th  the presence of nonradia t ive  
recombinat ion centers at the surface as discussed by 
Sah and others (3-5). 

The  reverse  characteris t ics  shown in Fig. 5 also 
change with  etching. The unetched device is quite  
" leaky" and shows a soft reverse  breakdown. Again, 
as the etching proceeds for longer  times, the reverse  
leakage decreases to less than 1 nA at 10V and the 
diode exhibits  a hard reverse  breakdown.  

Surface leakage currents  can arise f rom a number  
of causes, pr incipal ly  surface contaminat ion and sur-  
face damage. Since care was taken to avoid contam-  
ination on the device, the damage introduced during 
the dicing operation was expected to dominate  the sur-  
face effect. 
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Fig. 5. Reverse current-voltage characteristics for various etch 
times for a slurry cut diode. 

X - R a y  T o p o g r a p h i c  Results 
Since x - r ay  topography represents  a sensitive tech- 

nique for examining  strain gradients in single crystals, 
it was used to evaluate the extent  of the d ic ing- in-  
duced damage and its associated s t rain field. The sam- 
ples which were evaluated by this method were pre-  
pared as shown schematically in Fig. 6. The {111} P-  

Fig. 6. Schematic showing procedure used to examine the effects 
of etching on cut and damaged wafer edges. 

face of a substrate  wafer cut from a GaP ingot grown 
by the liquid encapsulat ion Czochralski (LEC) tech- 
n ique  was chemically polished using the polishing pro- 
cedures described previously (6). The substrate wafer  
was then cleaved and a single cut was made in the 
< I I 0 >  direction perpendicular  to the cleavage plane. 
The cut edge and surface were then careful ly  masked 
with wax and successively etched to provide regions 
with different amounts  of surface damage removal  on 
the same sample. Berg-Barre t t  (reflection) topographs 
were then obtained using either {242} or {440} reflec- 
tions; see Fig. 6e where the dark  edge at the lower 
r ight  edge represents the dic ing- induced s t rain field. 

The effectiveness of the etching procedure for a GaP 
substrate  wafer, which was prepared in this fashion 
with etch periods sufficient to remove ~-,1 ~m, 5 ~m, 
and 15 ~m of GaP from the s lurry  cut edge, is shown 
in the enlarged topograph of the cut edge in Fig. 7. 
The arrows point  to various masked regions on the 
cut edge and the approximate amount  of mater ial  
removed is indicated. The lower r igh t -hand  edge of 
Fig. 7 clearly shows enhanced diffraction of the 
x- rays  in the unetched region and indicates that  the 
elastic s train field, due to dicing damage, extends for 

100 ~m. The region directly above this in the figure 
has been etched for 5 min  in 3: 1:1 at 60~ to remove 
~1  ~m of GaP. Essentially, no enhanced diffraction is 
observed here indicat ing that  the strain field has been 
rel ieved by  the etching procedure. Note that  the etch 
has been sufficiently light so that  the rough chipped 
edge is still readi ly apparent.  Fur ther  etching to re-  
move ,~5 ~m and ~15 ~m mere ly  rounds and smooths 
the edge. 

To correlate the removal  of the damage and strain 
from the diced wafer with typical  device measure-  
ments, e.g., those shown in Fig. 2, a second substrate 
of GaP was prepared and step-etched. In  this case, 
etch periods of 30 sec, 1, 2, and 5 rain were used and 
the resul t ing topograph is shown in Fig. 8. This figure 
confirms the rapid removal  of the damage and s t rain 
in the GaP wafer  and should be compared with the 
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Fig. 7. X-ray topograph of a step-etched GaP wafer, slurry cut 

Fig. 8. X-ray topograph of a step-etched GaP wafer for short etch 
times, slurry cut. 

efficiency vs. e tch- t ime  curve  in Fig. 2. One sees that  
the extent  of the dic ing- induced strain fields is pro-  
gressively reduced as the etch t imes are  increased. 

Fig. 9. X-ray topograph of a step-etched GaP wafer, diamond 
saw cut. 

After  5 min  of etching there  is no apparent  enhanced 
diffraction which is in qual i ta t ive  agreement  wi th  the 
device results of Fig. 2. 

Similar  topographs were  obtained for samples ini-  
t ial ly cut wi th  a wi re  saw and a diamond saw. The 
results wi th  a wire  saw, using a silicon carbide abra-  
sive, were  essential ly the same as those observed for 
the s lur ry  dicing machine. H ow eve r  the topograph in 
Fig. 9, obtained on a s tep-e tched GaP substrate wafer  
cut by a diamond saw, shows that  enhanced diffraction 
is still present  on the edge af ter  the 1 #m deep etch 
has been used. In  this case, af ter  5 ~m of mate r ia l  is 
removed,  there  is no dicing- induced strain field re-  
maining. 

Conclusions 
Using x - r a y  topography, mechanical  dicing opera-  

tions such as s lurry cutt ing and diamond or wi re  saw- 
ing have  been shown to introduce a shallow damaged 
layer  on a GaP substrate wafer.  The elastic s t rain field 
associated with  this damage may  extend as far  as 
100 ~m into the wafer.  Chemical  etching to remove  as 
l i t t le as 1 ~m of mater ia l  has been shown to re l ieve  
this elastic strain field. Efficiency and cur ren t -vo l t age  
measurements  on devices prepared using s lurry  dicing 
indicate the presence of surface leakage currents  which 
have a deleterious effect on the ex te rna l  quan tum ef-  
ficiency of the completed device. However ,  etching the 
diced device for 5 rain in a solution of H2SO4:33% 
H202:H20 a rat io of 3:1:1 at 60 ~ removes  ,--1 #m of 
mater ia l  f rom the device which effectively re l ieves  the 
strain field and el iminates the surface leakage paths. 
This results in a device wi th  m a x i m u m  quan tum ef-  
ficiency and with  reproducible  cur ren t -vo l tage  char-  
acteristics. 
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Luminescence of Alkaline Earth Zirconium Silicates 
W. L. Wanmaker,* J. W. ter Vrugt, and E. P. J. Meester 

N.V. Philips" Gloeilampenfabrieken, Eindhoven, Netherlands 

ABSTRACT 

The luminescence of alkal ine earth zirconium silicates has been invest i -  
gated. The unact iva ted  compounds show an ul traviolet  emission band, which 
can be excited by  cathode rays or by shor t -wavelength  (190-210 nm)  u l t ra -  
violet radiation. The excitation and emission can be ascribed to charge- 
t ransfer  t ransi t ions between the oxygen and the zirconium ions. Act ivat ion of 
the alkal ine earth zirconium silicates with various activators has been tried, 
lead giving the most efficient luminescence, e.g., in Ca2ZrSi4012-Pb (kmax of 
the emission at 355 nm)  a quan tum efficiency (with 254 nm excitation) of 52% 
was observed. Excitat ion and emission spectra, efficiencies, and tempera ture  de- 
pendence of the lead-act ivated phosphors are presented. 

In the MeO-ZrO2-SiO2 system (Me = Ca, Sr, Ba) 
various compounds have been described in the l i tera-  
ture, viz., with Me = Ca the 2-1-4 and the 3-1-2 com- 
pounds (1, 2), with Me = Sr the 6-1-5 compound (3), 
and with Me = Ba the 1-1-3 and the 2-2-3 compounds 
(4). 

The crystal s t ructure of most of the alkaline earth 
zirconium silicates has not been determined up unt i l  
now. The only exception is BaZrSi309 with a hexagonal  
uni t  cell (a = 6.75A and c = 10.00A). In this com- 
pound Si3Og-rings are present, with the Ba 2+ and 
Zr 4+ ions in t r igonal ly  distorted octahedra. BaZrSijO9 
is isomorphous with benitoite-BaTiSi309 (5). With 
the other alkal ine earth zirconium silicates no iso- 
morphous t i t an ium silicates or z i rconium t i tanates  
exist. Even the chemical composition of the compounds 
found in  the three classes differs strongly, as follows 
from Table I (6-8). 

Up unt i l  now only the luminescence of BaZrSi309 
has been studied (5, 9, 10). For  instance Blasse and 
Bril (5) found an efficient luminescence with Eu 2+- 
and with Ti4+-activation. In  the present  invest igat ion 
we tr ied to activate the alkal ine earth zirconium sili- 
cates, ment ioned above, with various activators, viz., 
Ce 3+, Eu 2+, Eu 8+, Tb 3+, Dy3 +, Sn2+, pb2+, Ti4+, SbJ+, 
and  Mn 2 +. 

Experimental 
Powder samples were prepared by heating int imate  

mixtures  of CaCOj, SrCOs, BaCOj, ZrO2, and SiO2 at 
temperatures  be tween 1100 ~ and 1350~ Two or more 
heatings lasting 2-4 hr were carried out. The activator 
elements were mostly added in an amount  of 0.05-0.15 
mole per mole of the host compound. 

In  m a n y  cases a two-step method was used to pre-  
pare the zirconium silicate phosphors. Tak and van 
Kl inken  (11) found this to be a useful procedure for 
the synthesis of BaZrSi3Og-Eu 2+, leading to a higher 
quan tum efficiency of the phosphor as compared with 
the normal  one-step preparat ion method. For instance, 
in  the preparat ion of BaZrSijO~-Pb first BaSieOs-Pb is 
made at a tempera ture  of l l00~ and the reaction 
product  is retired twice at a tempera ture  of 1350~ 

* Electrochemical  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  l u m i n e s c e n c e ,  phosphors ,  a l k a l i n e  ea r th ,  z i r c o n i u m  

silicate, Pbe+-aet iva ted .  

after the addit ion of 2 moles of ZrO2 (i.e., 1 mole in  
excess) and 1 mole of SiO2 per mole of BaSi2Os-Pb. 

It pointed out that  it is difficult to obtain the pure 
alkal ine earth zirconium silicates, especially the stron- 
t ium compound. Optical measurements  as given in this 
paper were done, however, in the compounds corre- 
sponding to the formulas given. In  these compounds 
no second phase could be detected by x - r ay  analysis. 

X- ray  powder diffraction pat terns were taken on a 
Philips diffractometer using CuK~ radiation. 

Fluorescence, excitation, and reflection spectra were 
measured on a spectrofluorometer bui l t  in our labora-  
tory. Two Ja r re l -Ash  1/4 meter  monochromators with 
600 grooves /mm gratings, blazed for 300 nm, are used 
as the excitation and as the fluorescence monochro-  
mator  respectively. A 30W deuter ium source with a 
suprasil  window is used for the spectral range from 
185 to about 400 nm, while a 55W halogen motorcar 
lamp covers the near -u l t rav io le t  and visible regions. 
The source radiat ion is chopped with a f requency of 
12 Hz and focused on the ent rance  slit of the excitation 
monochromator  with the aid of a concave mirror.  

The exit slit of the first monochromator  is focused 
on the phosphor plaque, the reflected and the fluores- 
cent radiat ion being concentrated on the entrance slit 
of the second monochromator.  The in termonochro-  
mator  optics consists of flat and concave mirrors  to 
el iminate chromatic aberrations. The spectral band-  
width, both for excitation and fluorescence, was equal 
to or less than  6 nm. 

The cur ren t  from the photomult ip l ier  (Phil ips XP 
1003 with extended S-20 spectral response and with a 
quartz window) behind the exit slit of the fluores- 

Table I. Compounds in the systems MeIIO-AIvO2-BIV02 

(Me = Ca, Sr,  Ba;  A, B t w o  f r o m  the  e l e m e n t s  St, Ti, Zr)  
A TM ~ Ti ,  AIF = Zr ,  A IV ~ Z r ,  

MeIt  BIv ---_ Si  BIv  = S i  B TM = Ti  

Ca CaTiSiO~ Ca~ZrSi4Ol~ CaZrTi207 
Ca~ZrSi~O9 

Sr  Sr~ZrSi50~s 
Ba  BaZrSisO9 

BaeZr~Si~O12 
B a T i S i o 5  
BaTiSi~O7 
BaTiSiaO9 
Ba2TiSi208 
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cence monochromator ,  is amplified wi th  a phase-sensi-  
t ive 12 Hz amplifier  and recorded. Reflection spectra 
may  be recorded by scanning both monochromators  
synchronously. 

Exci tat ion spectra are corrected wi th  the aid of the 
measured exci tat ion spectra of sodium salicylate (12) 
(up to 350 nm),  or in the near -u l t rav io le t  and visible 
spectral  range with  that  of 2 ,2 ' -d ihydroxy- l , l ' -naph ta l -  
diazine (Lumogen LT-he l lge lb  f rom BASF)  (13). 
Both phosphors show a constant quan tum efficiency in 
a broad spectral  region. The fluorescence spectra were  
cal ibrated with various NBS standard phosphors (14). 
As a reflection standard CaF2 or BaSO~ is appropriate.  

Results and Discussion 
Optical properties of the unactivated alkaline earth 

zirconium silicates.--On excit ing BaZrSi~O9 with  cath-  
ode rays, Blasse and Br i l  (5) f o u n d  an u l t ravio le t  
emission band peaking at 285 rim. With u l t ravio le t  ex-  
citation at wave lengths  shorter  than 220 nm a s imilar  
emission band could be detected. Exci ta t ion and emis-  
sion of this compound were  ascribed to charge- t rans-  
fer transit ions be tween the  O 2- ions and the Zr ~ + ions. 
Ul t raviole t  emission of the same type was found be- 
fore in ZrP207 (15), and it might  be expected in other  
Zr~+-compounds as wel l  (5). 

Therefore  we looked for a similar emission band in 
the other  alkal ine ear th  zirconium silicates prepared 
in the present  investigation. As shown in Fig. 1 an 
ul t raviole t  emission band is present also in other  a lka-  
line ear th  z i rconium silicates. Its m a x i m u m  ranges 
f rom 285-340 nm when  exci ted with  cathode rays. With 
shor t -wave leng th  ul t raviole t  exci tat ion (190-210 nm) 
this emission band is found at a sl ightly different wave -  
length, e.g., with  the Ba compounds the  emission max i -  
m u m  shifts f rom 285 to 330 nm, as may  be seen from 
Fig. 2. 
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Fig. 1. Spectral e~ergy distribution at the emission of alkaline 
earth zirconium silicates with cathode-ray excitation; curve 1, 
Ca2ZrSi4Oz2; curve 2, Ca3ZrSi209; curve 3, Sr6ZrSi50zs; curve 4, 
BaZrSi309; curve 5, Ba2Zr2Si3012. 
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Fig. 2. Spectral energy distribution of the"emission of barium 
zirconium silicates under cathode-ray and under 190 nm excitation 
respectively. Curve 1CR, BaZrSi309, cathode rays; curve 1UV, 
BaZrSi309, 190 nm; curve 2CR, Ba2Zr2Si3Oz~, cathode rays; curve 
2UV, Ba2Zr2Si3Oz2, 190 nm. 

The conclusion may  be d rawn that  in both BaZrSiaO9 
and Ba2Zr2Si3012 the luminescence is connected with  
two kinds of transitions. This phenomenon could be 
similar  to the occurrence of two emission bands in 
niobates and tantalates,  e.g., Mg4Nb209 and Mg4Ta209 
(16), depending on the wave leng th  of the excit ing 
radiation and on the temperature .  These two bands are 
ascribed to the appearance of s inglet-s inglet  and t r ip-  
le t -s inglet  transitions (16). Jus t  as in the above-men-  
t ioned niobates and tantalates  the shift of the emis-  
sion max ima  in the zirconium silicates is about 5500 
cm-1. 

Activated compounds.--In addition to the Eu 2+- and 
the Ti4+-luminescence in BaZrSi3Og, as described be- 
fore (5), in several  of the  host lattices invest igated by 
us luminescence was observed with  act ivator  ions like 
Eu 3+, Eu 2+, Sn 2+, Ti 4+, Ce s+, Tb 3+, Dy 3+, and Pb 2+. 
For  instance wi th  Ti4+-act ivat ion in CauZrSi4Ole a 
broad emission band with a m a x i m u m  at 480 nm and 
with  a bandwidth at h a l f - m a x i m u m  intensi ty of 125 
nm was observed and in Ba2Zr2SisO1s-EU 2+ an emis-  
sion band at 490 nm wi th  a bandwidth  of 80 nm. With 
Eu3+-act ivat ion emission lines characterist ic for t ran-  
sitions in the Eu 3+ ion were  observed, e.g., in 
Ca3ZrSi209. In Ca2ZrSi4OI2-Pb, Mn a Mn emission band 
(~,max = 610-nm) could be observed in addition to 

the Pb emission band at 355 nm. 
The quan tum efficiency (254 nm excitat ion) of most 

of these phosphors does not exceed a value of about 
10%, wi th  the exception of act ivat ion wi th  lead, g iv-  
ing rise to values up to 50 %. Therefore  we wil l  restr ict  
ourselves in the fol lowing to Pb-ac t iva ted  phosphors. 

Lead-activated compounds.--SpeCtral energy  dis- 
t r ibut ion curves (254 nm excitat ion) of the various 
lead-ac t iva ted  phosphors are given in Fig. 3. The max i -  
m u m  of the emission band shifts to longer  wavelengths  
and broadens in the sequence Ca-Sr-Ba.  With 
Ca3ZrSi2Og-Pb the emission band is near ly  identical 
to that  of the unact ivated compound, but there  exists 
a large difference be tween  the exci tat ion spectra. The 
unact ivated compound can only be excited by radia-  
tion of wavelengths  shorter  than  210 nm, whi le  the 
Pb-ac t iva ted  phosphor shows a strong nar row exci ta-  
t ion band at 260 nm (Fig. 6), which is typical  for that  
of the act ivator  ion. 

When measur ing the emission spectra at 77K, the 
Ba compounds show a second nar row emission band at 
330 nm, as is i l lustrated in Fig. 4. A second emission 
band does not occur in the other  lead-ac t iva ted  alkaline 
ear th  zirconium silicates, the only effect observed with  
exci tat ion at 77K being an increase in peak height  of 
about 20-70% as compared wi th  the va lue  at room 
temperature .  

The decay- t ime (1 /e -va lue)  of the 400 nm emission 
band in both Pb-ac t iva ted  bar ium zirconium silicates 
is 6 ~sec, while  that  of the 330 nm band showed to be 
8.5 ~sec (ul t raviolet  exci tat ion at 77K). These values 
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Fig. 3. Spectral energy distribution of the emission of 
Ca2ZrSi4012-Pb (curve 1), Ca3ZrSi209-Pb (curve 2), Sr6ZrSi5018- 
Pb (curve 3), BaZrSi309-Pb (curve 4), and Ba2Zr2Si3012-Pb (curve 
5). Mainly 254 nm excitation. 
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Fig. 4. Spectral energy distribution of the emission, of 
Ba2Zr2SisOz2-Pb and BaZrSi309-Pb as measured at 77 and 293K 
respectively. Mainly 254 nm excitation. Curves 1, Ba2Zr2Si3Ot2-Pb. 
curves 2, BaZrSi,~O9-Pb. Full curves, emission at 293K relative to 
that at 77K; dashed curves, emission at 77K. 

are comparable  to those found wi th  other  Pb-ac t iva ted  
phosphors, indicating that  both bands are due to t ran-  
sitions in the Pb ions. 

One could assume, that  the 330 nm emission band 
should have  its origin in a host latt ice transition, but  
the two following arguments  support  the explanat ion 
that  a t ransi t ion in a Pb -cen te r  is much more probable,  
v~z.: 

(i) The 330 nm emission band observed at 77K can 
be excited with  254 nm radiation; its exci tat ion band 
coincides wi th  that  of the 400 nm emission band at 
room temperature .  At 77K the exci tat ion band of the 
400 nm emission band, however ,  is ve ry  nar row and 
peaks at 245 rim. The host latt ice emission of the alka-  
line ear th  zirconium silicates, on the contrary, can 
only be exci ted with  radiat ion at wavelengths  shorter  
than 210 nm (see Fig. 5). 

(ii) When excit ing Ba2Zr~Si~Ota-Pb wi th  cathode 
rays or wi th  190-210 nm radiat ion (both giving rise to 
host latt ice excitation, see above) a broad emission 
band at 330 nm occurs (see Fig. 5), differing in shape 
f rom the emission band exci ted by 254 nm radiat ion at 
77K. 
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Fig. 5. Excitation spectra (relative quantum output) and spectral 
energy distribution of the emission of Ba~Zr~6%Ol~-Pb, as 
measured at room temperature. Curve 1, excitation spectrum of the 
emission at 330 nm; curve 2, excitation spectrum of the emission at 
400 nm; curve 3, emission spectrum under 190 nm excitation; curve 
4, emission spectrum under 260 nm excitation; curve 5, emission 
spectrum under cathode-ray excitation. 

The occurrence of two lead-emission bands in 
BaZrSisO9-Pb and in Ba2Zr2SisO12-Pb might  be due 
to transit ions f rom different levels  to the ground level  
(e.g., f rom sPt or ~Po to the 1S0 state) (17) in analogy 
to two exci ted levels in BaZrSisO9-Ti (5). The pres-  
ence of lead in both Ba ~+- and Zr4+-sites as Pb ~+, 
or as a combinat ion of Pb 2+ and Pb 4+, might  be an-  
other  explanation.  The two emission bands might  also 
be a t t r ibuted to the existence of Pb -Pb  pairs, as as- 
sumed by Schulman et al. in order  to expla in  the oc- 
currence of more emission bands in CaSiO~-Pb (18). 

The luminescence intensi ty  of the lead-ac t iva ted  
alkal ine ear th  zirconium silicates decreases rapidly 
(especially of the  Ba-compounds)  when heat ing the 
phosphors above room temperature .  With  the Ca- and 
Sr-compounds  the luminescence has decreased to 50% 
of that  at room tempera ture  at 200~176 whi le  for 
the Ba-compounds  this a l ready occurs at I00~ 

The exci tat ion and reflection spectra of the lead-  
act ivated alkal ine ear th  z i rconium silicates are  pre-  
sented in Fig. 6. All  phosphors show a nar row exci ta-  
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Fig. 6. Excitation spectra (relative quantum output q) (full curves) ot the lead-emission band and diffuse reflection spectra (r) of the 
host compounds (dotted curves) and of the lead-activated phosphors (dashed curves). Numbers in the figure denote wavelength (nm) of 
measured emission. 
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Table II. Some properties of lead-activated alkaline earth 
zirconium silicates 

C o m p o s i t i o n  

E m i s s i o n  C a t h o d e - r a y  
m a x i m u m  254 n m  e x c i t a t i o n  e x c i t a t i o n  

(nm) q (%) Refl. (%) ~? (%} 

Ca2ZrSi4Ch2 355 52 14 1.5 
Ca~ZrSi209 325 28 19 1 
SreZrSi~O~s 380 32 25 0.5 
BaZrSisO~ 410 34 9 4 
Ba2Zr2SisO~ 405 4 23 3 

q = q u a n t u m  eff iciency fo r  254 n m  exc i t a t i on .  
= r a d i a n t  eff ic iency fo r  c a t h o d e - r a y  e x c i t a t i o n  (20 kV) .  

The  l ead  c o n c e n t r a t i o n  a m o u n t s  to 0.1 mo le  pe r  mole  for  the  Ca 
an d  S r  c o m p o u n d s  and  to  0.15 mole  per  mo le  for  the  Ba  c o m p o u n d s ,  
as a d d e d  to  the  f i r ing  m i x t u r e .  

tion band; the band maxima show some change with 
composition from 250 to 265 nm. In  most cases excita-  
t ion occurs also at shorter wavelengths,  viz., at about 
200 nm, leading to the same emission spectrum as 
excitat ion with 250 nm. The shoulders observed in 
some excitat ion bands might  be due to crystal field 
spli t t ing of the 3P1 level of the lead ions. Due to part ial  
or total overlap of activator and host latt ice emission, 
in some cases excitation at 200 nm (of the emission 
at the wavelengths labeled in the figure) must  be 
par t ly  at t r ibuted to the host lattice. The shape of the 
excitation bands in all  re levant  phosphors, viz., a 
sharp band at about 250 nm with a band width of 
30-40 nm, is typical  for lead-act ivated phosphors. 
Recently we found similar excitation bands with lead- 
activated alkaline earth germanates (19). A nar row-  
ing of the excitat ion bands  and a slight shift to shorter 
wavelengths is found with some phosphors when  mea-  
suring at 77K. 

It follows from the excitat ion spectra, that  in the 
region of a strong absorption of the host lattice (i.e., 
at wavelengths shorter than  230 nm)  mostly a weak 
excitation of the lead-emission band only occurs. An 
exception to this is const i tuted by Ca3ZrSi209-Pb, for 
which compound host lattice and activator emission 
bands coincide. Therefore the conclusion may be drawn 
that in the re levant  host lattices the energy t ransfer  
from the host lattice to the lead activator ions is 
negligible. This is confirmed by the measurements  on 
Ba2Zr2Si3012-Pb given in Fig. 5, showing that  with 
190 nm and with cathode-ray excitation only host 
lattice emission was found; the lead-emission band 
appears when  exciting at 254 nm, corresponding to a 
specific absorption in the activator ions. 

In  Fig. 6 the reflection spectra both of the host 
lattices and of the lead-act ivated phosphors are given. 
With Ba2Zr2Si3Ox2-Pb we found only a very weak extra 
absorption band at 250 nm, when  compared with the 
unact ivated compound. The strong host lattice absorp- 
t ion of Ba2Zr2Si3012, however, must  be responsible 
for the low quan tum efficiency of its lead emission 
(Table II) .  The poor energy t ransfer  in the alkal ine 
earth zirconium silicates may be ascribed to the small  
spectral overlap of the host-latt ice emission band and 
the lead-act ivator  absorption band. With BaZrSi3Og- 
Ti, on the contrary, a very  efficient energy t ransfer  to 
the t i t an ium center was found (5) due to the broad 
spectral overlap of the respective emission and absorp- 
t ion bands. 

It follows from the excitat ion spectra, that  most of 
the phosphors should be suitable for 254 nm excita- 
tion, as present  in a low pressure mercury  vapor 
discharge. Their  q u a n t u m  efficiency, however, is ra ther  
low (Table II) ,  viz., a highest value of 52% was mea-  
sured with Ca2ZrSi4012-Pb. The lat ter  phosphor, with 
a m a x i m u m  emission wavelength  at 355 nm, might  be 
applied in lamps with a specific photochemical action, 
such as copying lamps. 
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A New Method for Revealing Striations in 
High-Resistive Floating-Zone Silicon Crystals 

A. J. R. de Kock and P. G. T. Boonen 

Ph~lips Research Laboratories, Eindhoven, Netherlands 

ABSTRACT 

Striations were revealed by preferential etching of preannealed longi- 
tudinal crystal slices taken from high-resistive floating-zone silicon crystals. 
The required preannealing treatment was carried out at a temperature between 
1000 ~ and 1200~ in a tubular furnace. A model for the mechanism of striation 
revealing is proposed. The influence of such striations on the performance of 
planar diodes is briefly discussed. 

Several  methods have been developed dur ing the 
past decade for reveal ing impur i ty  striations in silicon 
crystals. These striations, which reflect the shape of 
the solid-l iquid interface present dur ing  crystal 
growth, can easily be made visible in  heavily doped 
mater ia l  by means of the pulsed copper-plat ing tech- 
nique (1) or by preferential  etching (2). For in te rme-  
diate resistivities (1-100 ohm-cm) some special etching 
techniques with mixtures  of HF-HNO3 have been de- 
scribed (3, 4). Recently K~mper (5) has reported on 
a rather  complicated method consisting of a series of 
successive etching t rea tments  which can be applied to 
high-resist ive floating-zone silicon. 

In  the present  paper a new and simple method is 
described for reveal ing striations in high-resist ive 
silicon crystals. 

Experimental Procedure 
The exper imental  procedure for reveal ing striations 

is as follows. Longi tudinal  slices, cut from the crystals 
to be investigated, are polished or chemically etched 
in order to remove any surface damage and subse- 
quent ly  annealed for a few hours in a tubu la r  furnace 
at a tempera ture  of between 1000 ~ and 1200~ After  
anneal ing a surface layer  is removed from the slices 
by  chemical etching or polishing. This is done in order 
to prevent  the formation of a haze dur ing the final 
step of the process, which consists of preferent ial  etch- 
ing for a few minutes  with the CrO3 etchant described 
by Sirtl  and Adler  (6). The preferent ia l  etching t reat -  
ment  reveals striations on the longi tudinal  sections, 
which are clearly visible under  a normal  optical micro-  
scope. No striations become visible if no anneal ing  
t rea tment  is carried out prior to etching. The related 
spiral pat tern  formed on the surface of cross-sectional 
slices is less sharply defined, however. In  those regions 
where the solid-l iquid interface is near ly  parallel  to 
the cross-sectional surface no spiral pa t te rn  is formed 
dur ing etching. 

Results 
The striations in a var ie ty  of floating-zone crystals 

have been examined. The electrical resistivity of the 
available crystals was in the range of 5-1500 ohm-cm, 
whether  n - type  or p-type.  Crystals with high disloca- 
t ion densities as well  as dislocation-free crystals were 
used. The dislocation-free mater ia l  contained either a 
striated dis t r ibut ion of vacancy clusters (7, 8) or was 
grown under  such conditions that  cluster formation 
was prevented (8). Independent  of the level of doping, 
striations could be revealed in all those crystals. Some 
examples are shown in Fig. 1 and 2. Although clearly 
visible, the str iat ion etch pat tern  in heavily dislocated 
crystals was less pronounced than in dislocation-free 
material.  Furthermore,  preferent ial  etching also re-  
veals dislocations. The dislocation etch pits formed 

Key words: silicon, single crystals, impurity striations, planar 
devices. 

dis turb the str iat ion pat tern  in  crystals containing high 
dislocation densities ( >  104 cm-2) .  

The env i ronment  in which the anneal ing t rea tment  
can be carried out was found to be of minor  impor-  
tance. In  most experiments  ni t rogen was used, bu t  
comparable results were obtained with argon or a 
mixture  of ni t rogen and water  vapor, the la t ter  caus- 
ing oxidation of the samples. Good results were ob- 
tained with an anneal ing  tempera ture  of 1150~ The 
m i n i m u m  anneal ing t ime necessary for reveal ing of 
the striations was found to depend on the typical 
crystal, bu t  not on the level of doping. However,  a 

Fig. ]. Longitudinal sections of a dislocation-free floating-zone 
crystal grown in vacuum. Average distance grown per revolution: 
0.5 ram. Resistivity: 100 ohm-era, n-type. (a, upper) Annealed at 
1000~ in nitrogen for 16 hr. Preferential etching (10 rain) reveals 
striations and vacancy clusters. (b, lower) Annealed at 1150~ 
in nitrogen for 4 hr. Preferential etching (10 rain) reveals striations 
only. 
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Fig. 2. Longitudinal section of a dislocation-free pedestal-pulled 
crystal grown in argon. Average distance grown per revolution: 
0.03 ram. Resistivity: 208 ohm-cm, p-type. Anneal at 1150~ in 
nitrogen for 4 hr. Preferential etching (10 rain). The solid-liquid 
interface exhibits a central (111) facet. 

4-hr anneal ing  t rea tment  was found to be sufficient for 
all the crystals investigated. Although the cooling rate 
after anneal ing was not critical, the best results were 
obtained if the samples were cooled at a relat ively 
slow rate (e.g., from 1150 ~ to 700~ in  15 rain) .  

If the slices are coated with a layer  of phosphorus 
glass prior to annealing,  no striations are observed. It 
is well known  (9) that  such a glass layer prevents  
the penetra t ion of metallic impurities,  which are 
always present  in a resis tance-heated furnace, into 
the samples. If the anneal ing  t rea tment  is carried out 
in a r f -heated epitaxial  reactor in an atmosphere of 
purified hydrogen, again no str iat ions are revealed 
after subsequent  preferent ial  etching. In  an epitaxial  
reactor contaminat ion  of the samples with metall ic 
impuri t ies  is much less than in a resis tance-heated 
furnace. 

The method was also applied to a number  of Czo- 
chra lski -grown crystals with resistivities between 5 
and 10 ohm-cm, whether  n - type  or p-type.  In  some 
of these crystals the s tr iat ion pa t te rn  could be revealed 
easily, whereas this pa t te rn  was completely absent  
in some others. 

Discussion 
Neither the level of doping nor the type of dope 

used has any significant influence on the visibi l i ty of 
the str iat ion etch pattern.  It  seems likely, therefore, 
that other impuri t ies  with dis tr ibut ion coefficients dif- 
fering from unity,  such as oxygen [k .~ 0.5 (10)] or 
carbon [k ,-- 0.1 (11, 12)], play an essential par t  in 
the mechanism of str iat ion revealing. Fur thermore  no 
striations were detectable if the samples were coated 
with phosphorus glass or if the anneal ing  t r ea tment  
was carried out under  very  clean conditions in a r f -  
heated epitaxial  reactor. This indicates that  metallic 
impuri t ies  are essential as well. 

Accordingly the following explanat ion  for the str ia-  
t ion formation is proposed. Dur ing  anneal ing  at the 
temperatures  indicated, point defects, in par t icular  
vacancies, are thermal ly  generated. These point  defects 
will  associate with impur i ty  atoms present  in  the as- 
grown material .  As discussed previously (7, 8) associa- 
tion of vacancies and oxygen atoms m a y  occur, resul t -  
ing in the formation of vacancy-oxygen complexes. 
Such complexes can only be stable, at the anneal  tem- 
peratures involved, if they contain more than  three 
oxygen atoms (7, 8, 13). The oxygen concentrat ion 
exhibits a periodic var ia t ion (striations) along the 
growth axis, caused by the periodic var ia t ion in 
growth rate usual ly  occurring. Consequent ly  the 
vacancy-oxygen complexes are formed in a s imilar ly  
striated pattern,  al though the var ia t ion in  complex 
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concentrat ion is much more pronounced (7, 8). During 
cooling of the samples after annealing,  the complexes 
par t ly  remain  unchanged,  whereas some of them cap- 
ture  vacancies, giving rise to the format ion of t iny  
vacancy clusters (7, 8). 

It  has been established that  a strong interact ion 
exists between vacancy clusters and metal l ic  impur i -  
ties such as copper (7, 8, 14) and l i th ium (15). F u r -  
thermore evidence has been  obtained of an interact ion 
between metall ic impurities,  for instance l i thium, and 
small  vacancy-oxygen complexes such as the A-center  
(15-17). It  seems likely, therefore, tha t  interact ion 
takes place also be tween the vacancy-oxygen  com- 
plexes, formed dur ing  annealing,  and the metall ic im-  
purities introduced. Because of these interact ions the 
metallic impuri t ies  are ma in ly  concentrated in  the 
direct neighborhood of the above-ment ioned clusters 
and complexes. Consequently these impuri t ies  are dis- 
t r ibuted in a striated configuration similar  to that  of 
these microdefects. It is assumed that  this striated dis- 
t r ibut ion of metall ic impuri t ies  is finally revealed by 
the preferent ial  etching t reatment .  These striations 
again reflect the shape of the original  solid-l iquid 
interface which was present  dur ing crystal  growth. 

This model explains the absence of striations if in -  
sufficient amounts  of metall ic impuri t ies  are introduced 
dur ing  annealing.  Fur the rmore  dur ing  anneal ing  in 
hydrogen this e lement  rapidly diffuses into the silicon 
slices, result ing in a decreased rate of formation of 
vacancy-oxygen complexes (8). In heavi ly  dislocated 
mater ial  a large amount  of the metall ic impuri t ies  are 
concentrated near  the l ine defects, because of the 
strong interact ion between dislocations and these im- 
purities. This par t ly  counteracts the formation of the 
striations. Differences in oxygen concentrat ion in the 
various crystals as well as differences in the periodic 
variat ion of the oxygen concentrat ion result  in dif-  
ferent  rates of the diffusion-l imited formation of the 
vacancy-oxygen complexes. This explains the mater ia l  

Fig. 3. TV picture obtained with a silicon-vidicon containing a 
target of dislocation-free floating-zone silicon. Target not illumi- 
nated. Target voltage: ]0V. 
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dependence of the m i n i m u m  anneal ing t ime required 
for the formation of striations. 

T h e  i rreproducible results obtained with crystals 
grown from the crucible are not  well understood, bu t  
may  be due to the high impur i ty  content  of these 
crystals. It is well  known (18-20) that dur ing  high-  
tempera ture  anneal ing  precipi tat ion of oxygen and 
carbon takes place in these crystals, This interferes 
with the vacancy-oxygen complex formation. 

Influence of Striation Formation on the 
Performance of Planar Diodes 

Plana r  devices are made by successive oxidation 
and diffusion processes. These processes are general ly 
carried out in resis tance-heated furnaces at tempera-  
tures similar to those at which the described metall ic 
impur i ty  striations are formed. Consequently such 
str iat ions will  form dur ing  the fabrication of the 
devices. Because the metall ic impuri t ies  will par t ly  be 
electrically active, these striations will  par t icular ly  
in fuence  the performance of those devices made on 
silicon slices on which no epitaxial  layer  has been 
grown. An  example of such a device is the silicon- 
vidicon. 

Figure 3 shows the monitor  picture obtained with 
such a sil icon-vidicon TV pick-up tube. The target is 
made of a dislocation-free silicon slice containing 
vacancy clusters. As reported previously (7) the large 
white spots represent  regions with leaky diodes caused 
by an interact ion between metall ic impuri t ies  and the 
g rown- in  vacancy clusters. However, at target  voltages 
near  the flatband voltage, slight variat ions in the 
diode leakage current  occur, resul t ing in a clearly 
visible background spiral pattern.  This pa t te rn  seems 
to be closely related to the described striated dis- 
t r ibut ion  of metall ic impurities. It has been found (21) 
that  an adequate getter diffusion greatly reduces the 
background pattern.  This observation produces con- 

clusive evidence that  indeed metall ic impuri t ies  a r e  
involved. 

Manuscript  received Jan.  31, 1972. 

Any discussion of this paper wil l  appear in  a Discus- 
sion Section to be publ ished in the J u n e  1973 JOURNAL. 
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Ion Implantation and Annealing Effects in Si02 Layers 
on Silicon Studied by Optical Measurements 

C. R. Fritzsche* and W. Rothemund 
Institut ~fir Angewandte Festkoerperphysik, Freiburg i. Br., Germany 

ABSTRACT 

Phosphorus, arsenic, and argon ions were implanted into thermal ly  grown 
SiO2 layers with energies up to 115 keV. The effect of the implantat ions,  its 
dependence upon dose, and the anneal  behavior  were studied by IR absorption 
and ellipsometric measurements .  Observed effects are ma in ly  due to radiat ion 
damage. A saturat ion of the damage is observed in the amorphous silica which 
up to now has only been observed in crystal l ine materials.  Two anneal ing proc- 
esses c a n  be distinguished beginning near  100 ~ and near  300~ Results are 
compared with the anneal ing of SiO2 produced by implantat ion.  Models are 
proposed to describe the observed shift of absorption bands and the anneal  
behavior. 

T h e  effect of ion implan ta t ion  on the properties of 
silicon dioxide layers is of interest  in semiconductor 
device technology and studies of this topic may help 
to promote the basic research in amorphous materials.  
Some investigations have al ready been published re-  
port ing on ion migration,  creation of traps and sur-  
face states, the improvement  of the dielectric strength, 
and changes of the refract ive index (1-4). Results 
show that  radia t ion damage causes the observed effects 
in m a n y  c a s e s .  

* Electrochemical  Society  A c t i v e  M e m b e r .  
Key  words:  si l icon dioxide,  ion i m p l a n t a t i o n ,  r a d i a t i o n  damage ,  

I R  absorption. 

Radiation damage in 40 keV xenon implanted amor-  
phous SiO2 has already been studied by Matzke (5) 
using electron diffraction and gas release techniques, 
but  his work is more concerned with the behavior  of 
damaged quartz. No informat ion on changes in the 
atomic ar rangements  was provided by the electron 
diffraction measurements ,  and gas release studies are 
inherent ly  difficult to combine with annealing.  

We have therefore used optical methods, such as IR 
t ransmission spectroscopy and ellipsometry, to study 
how implanta t ion  and anneal ing  al ter  the SiO2 layers. 
This paper reports ma in ly  on the behavior  of ther -  
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Fig. 1. Ion concentration profile after standard phosphorus im- 
plantation as calculated from LSS theory. 

mally  grown oxides after implanta t ion of phosphorus. 
At first the dose dependence of damage production 
by 115 keV ions is studied. Then we  describe anneal ing 
damage when 115 and 60 keV implants  are made to 
yield an ion distr ibution like that  shown in Fig. 1. 
Very  high doses were  chosen so that  possibly formed 
compounds could be observed. Implantat ions  wi th  a 
lower dose or of other  ions are reported also. In addi-  
t ion to the  anneal ing studies we  describe the forma-  
tion of SiO2 by implantat ion of oxygen into silicon. 

While the behavior  of the IR absorption after  im-  
plantat ion can be fa i r ly  wel l  explained, some of the 
anneal ing effects are not yet  wel l  understood. 

Exper imenta l  
Silicon dioxide Iayers were  g rown thermal ly  in dry 

oxygen at 1140~ on single crystal  10 ohm �9 cm p- type  
silicon wafers. The wafers  were  polished on both sides 
before oxidation, and both oxide layers were  used for 
the optical absorption measurements .  Layer  thicknesses 
were  chosen according to the penetrat ion depth of the 
implanted ions as described below. 

Implantat ions  were  made  into both oxide layers of 
every  sample, but  half  the area of the wafer  was cov- 
ered by an impermeable  meta l  sheet so that  a com- 
parison of implanted  and unimplanted  mater ia l  wi th  
otherwise  identical  propert ies was possible. The 
standard implantat ion used in most of the  exper iments  
was made in two steps wi th  115 and 60 keV, resul t ing 
in a profile as shown in Fig. 1 for phosphorus. This 
double implantat ion enlarges the range where  the ion 
concentrat ion is in the order of 102o cm -3, and simul-  
taneously keeps the concentrat ion in the silicon low. 
The different heights  of the two peaks resul t ing f rom 
the use of equal doses in both implantat ions is be- 
l ieved to be less impor tant  than the decay near  the 
surface and the oxide silicon interface where  the con- 
centrat ion is 2 to 3 orders of magni tude  below the 
peak. Al though  no severe  influence of the profiles on 
the results has been noticed, one should be aware  that  
our results  refer  to two special profiles, the Gaussian 
and the one shown in Fig. i. The optical propert ies  
were  expected to depend p r imar i ly  upon radiat ion 
damage. Normal ly  the shape of the damage profile is 
similar  to that  of the ion concentrat ion profile (6) but 
the peaks may  be cut off by saturation. 

Since the projected range Rp and the standard devia-  
tion ARp, and hence the peak concentrat ion at given 
energy and dose, depend upon the mass of the incident  
ion, it is, in principle, impossible t o  implant  different 
ion species with completely identical  parameters .  We 
implanted  phosphorus, arsenic, and argon and decided 
to keep the ion energy and the peak concentrat ion CR 
constant but to change the oxide thickness D and the 
implanted  dose. Values were  chosen so that  calculated 
f rom LSS theory  approximate ly  

D:Rp+3ARp CR:6X102~ -~] 

for the 115 keV implantat ion.  Thus the profiles for 
arsenic and argon can be taken f rom Fig. 1 by con- 
tract ion in the abscissa direct ion proport ional  to Rp. 
In the exper iments  wi th  var iab le  dose the 60 keV im-  
plantat ion was omitted. 

Dose was determined f rom the product  of t ime and 
current  at a beam control  electrode taking into account 
the secondary emission of negat ive part icles ,at the 
target  as wel l  as at the  control  electrode by mul t ip l ica-  
tion wi th  a correct ion factor. The correct ion was cal-  
culated f rom measurements  wi th  and wi thout  suppres-  
sion of secondary emission before implantat ion.  This 
procedure was tested by a var ie ty  of exper iments  wi th  
ion implanted semiconductors f rom which we  conclude 
that 20% is the upper l imit  for discrepancies be tween 
calculated doses and r e a l  doses. The  re la t ive  accuracy 
wi th in  a set of implantat ions is much better.  

In all implantat ions wi th  exception of the O + - i m  - 
plantat ion for the oxide production described later  
the flux was 9.3 • 1015 ions /cm 2 �9 sec inside the beam 
and 1.7 • 1013 ions /cm 2 �9 sec with respect  to the im-  
planted area. The exposure t ime of any point of the 
target  during one sweep was about 5 X 10 -5 sec. 

No considerat ion was given to the charge buil t  up 
in the insulating oxide. Its upper  l imit  is given by the  
intrinsic b reakdown voltage which is between 80 and 
160V and wil l  scarcely be  reached  because of the 
ionizing effect of the beam. 

Inf rared  spectra were  measured with  a Beckman IR 
9 spectrometer  and the absorbanee of the implanted 
and the unimplanted  side of the sample was recorded 
a l ternate ly  several  t imes unti l  the  mean square devia-  
t ion of the mean half  wid th  hv of the band near  9~ 
was close to __ 1 cm -1. This was necessary because the 
magni tude  of some effects was very  close to the exper i -  
menta l  error. 

At  the beginning of this work  layer thicknesses were  
measured wi th  an in ter ference  microscope after e tch-  
ing away part  of the oxide and evaporat ion of alu-  
minum over  the etched step. Later,  we  used an el l ip-  
someter and obtained in this way addit ional  informa-  
tion on the  ref rac t ive  index. The difficulties in in ter -  
pretat ion of both the in ter ferometr ic  as wel l  as the 
ell ipsometric measurements  will  be ment ioned in the 
next  section. 

Results 
A general  demonst ra t ion  of the  effects of implanta-  

tion and anneal ing is given in Fig. 2 and 3. The ab-  
sorption bands normal ly  found at 1083 and 459 cm - I  
are shifted to lower wave  numbers  and broadened by 
the implanta t ion of phosphorus (figures) as wel l  as 
arsenic and argon. The weak band at 810 cm -1 is 
s l ightly shifted to higher  wave  numbers.  Since this 
is important  for in terpre ta t ion and no fur ther  data 
are given in the  figures, we present  single and mean  
values for s tandard phosphorus and argon implanta-  
tion in Table I. 
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Fig. 2. Effect of phosphorus implantation on IR spectrum of SiO~. 
Room temperature implantation according to Fig. 1. 
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Fig. 3. Effect of 45 rain 500~ annealing on IR spectrum of P+ 
implanted SiO~. Same sample as in Fig. 2. 
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Fig. 4. Dose dependence of change in 1083 cm -1  band area. P+ 
implantations. 

Fur ther  effects of implanta t ion  are a decrease of 
the area of the 1083 cm -1 band, an increase in layer 
thickness, and decrease of the refractive index�9 An-  
neal ing at several hundred  degrees C alters the prop- 
erties in the opposite direction as the implantat ion.  
The background absorption of the dashed curve in 
Fig. 3, which increases with decreasing wave number ,  
will not be discussed in detail here. Unti l  now it has 
only been observed after phosphorus implantations,  
and is caused by free-carr ier  absorption in the silicon 
substrate as can easily be checked after removal  of 
the oxide. Format ion  of a phosphorus glass should 
result  in an addit ional  absorption band  at 1335 cm -1 
(7). None of the investigated spectra showed this 
band  even after anneal ing  in air up to 700~ We 
concentrate now on the strongest band  near  1083 cm -1 
to which we refer as the 9~ band. 

The influence of the phosphorus dose on the changes 
in area, peak location, and half width is shown in Fig. 
4 and 5. All  three curves show a saturat ion of the 
implanta t ion  effect near  1014 ions per square cm. The 
dashed line in  Fig. 4 is purposely drawn according to 
proport ional i ty of dose and loss of area. Measurements  
at a still lower dose would have been of l i t t le  use 
because of the relat ively high ratio of fluctuations to 
real change. The curve of the peak  wavenumber  IJmax 
resembles closely the dependence of dielectric break-  
down upon dose, described elsewhere (3). The dose 
at which the peak appears is also in excellent agree- 
ment  with reference (3). 

The increase in peak wave number  at very  high 
doses is believed to be real, since it was well  pro-  
nounced in a series of samples with small  layer thick- 

Table I. Shift of the 808 to 812 cm -1  band by implantation 

Phosphorus Argon 
Unimplan ted  Implan ted  Unimplan ted  Implan ted  

Single values  811 819 812 813 
814 822 811 818 

818 814 

Mean value  812.5 819.7 811.5 815.0 

Vmox Av Iota-i] 
[cm -I] _. V_m.o._x. u.ni__m.Pt__Q.nt._e.d 

1080. 120.. 

107o, %~ /,,_y....---- .- �9 �9 Av 

1060- 100 

1050 e /  ~ x  Vmax 

1040- 80.1 / 

Av unimptonted x- 

2,1o12 ii13 1;1, ills 1;,, 
:.. Do.e [,o../cm 2] 

Fig. 5. Dose dependence of peak wave number r'max and half 
width of the 9F. band. 115 keV P+ implantations. 

nesses. Inaccuracies in layer thickness seem to cause 
the spreading of measurements  in Fig. 5 because ARp 
is only 268A, and near  the oxide silicon interface a 
path of 0.6 Rp is sufficient to change the concentrat ion 
by a factor of 10 so that  in  the thicker  layers a larger 
range of very  low concentrat ion exists than in the 
th inner  ones. The little dashes at the measurement  
points in Fig. 5 indicate samples with thicknesses 
markedly  different from Rp -H 3~Rp (maximum differ- 
ence 298A). They are at the left of the points if the 
thickness was too high. 

In  the annea l ing  experiments  the double implan ta -  
t ion i l lustrated in Fig. 1 was used. The dose was 4.1 
• 1015 ions/cm 2 each for the two phosphorus implanta-  
tions and thus beyond the saturat ion shown in Fig. 4 
and 5. Possibly this is the reason, why the Pmax and Av 
values after implan ta t ion  do not dist inctly depend 
upon the profile as can be seen by comparison of the 
4 X 1015 cm -2 values in  Fig. 5 (single implanta t ion)  
and the init ial  values of Fig. 6 and 7 (double implan ta -  
t ion).  Figures 6 and 7 show isothermal annealing.  
After 45 min  at 690~ in air the implanta t ion  effects 
have vanished to a high degree. Only the half  width is 
still s l ightly increased�9 At  176~ and annea l ing  times 
up to 140 rain no changes in ymax outside the experi-  
menta l  error can be observed. This was also t rue  for 
arsenic and argon implantat ions.  The half width, how- 
ever, changes at this temperature�9 After  phosphorus 
implanta t ion  it runs  through a m a x i m u m  at 176~ 
while after argon and arsenic (similar to argon in 
Fig. 7) implanta t ion  Av decreases with increasing t ime 
even at 149~ At a glance the result  for phosphorus 

Vmax [cm-l ]  

1 0 9 0 1  u n i m p l o n t e d  

1 - / . 9 0  ~ 
1 0 7 0 - t l  

1/ 
io50, I / /  ~ o . . . -  ---- "- - -  - 3-8o ~ y/1. o- 

F ~" �9 176 ~ �9 

o s'o 
= time [mid 

Fig. 6. Isothermal annealing after P+ fmplantation shown by the 
peak wove number of the 9/~ band. Implantation according to Fig. 1. 
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II01 ~ ' ~ a ~ a ~ o . ~ a ~ l / , 9  ~ + 

90 ~ "  
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I;ig. 7. Isothermal annealing after P+ and Ar + implantation 
shown by the half width of the 9p. band. P+ implantation according 
to Fig. 1. Argon dose 3 x 1015 each far the 115 and 60 keV implan- 
tation. 
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Table II. Thickness and refractive index at 5461.~, of argon 
implanted SiO~ layer 

at 176~ may appear somewhat dubious, par t icular ly  
since an accidentally very low init ial  value could 
account for the shape of the curve. This, however, 
cannot happen in the case of isochronal anneal ing 
which is shown in Fig. 8. Here all points at different 
temperatures  must  be taken from different samples. 
We have plotted the remaining  change in per cent 
of the ini t ia l  change. For high dose phosphorus im- 
plantat ions all points (x and o) up to 541~ lie above 
the 100% line with no except-ion. It is very  unl ikely  
that  this had happened accidentally. The argon and 
arsenic implanted samples show the decrease men-  
tioned above. 

The low dose phosphorus implanted sample ( . )  does 
not exceed the 100% line but  lies between high dose 
phosphorus and argon. Some samples with single phos- 
phorus implanta t ion  were also annealed, and part  of 
the results has already been published (3). No sig- 
nificant difference between single and double implanted 
layers was noticed in the behavior of ymax and • 

The anneal  behavior  of the band  area is s imilar  to 
that of the peak wave number  shown in Fig. 6. At 
700~ the init ial  area is reached after 45 min. At 518~ 
still 65% of the ini t ia l  change are retained after 140 
min. At 176~ the area increases very  slowly but, in 
contrast to//max, distinctly. 

Interferometr ic  measurements  seem to indicate that  
the thickness increases with increasing dose up to 1.25 
• 1014 ions/cm 2. However, at the high doses a sub-  
stantial  amount  of ions reach the silicon and this can 

x -: P+ 45rnin anneal 

~ ~  o: p+ 40min anneal. 
. . . . . . . . . . .  ~ . .x  .: p+ 1/100 of normal peak conc. 

40 min anneal 
&: As+'~ /-0min anneal 
A: Ar+J 

177 ~ i 
f | i i 

500 I000 
3" Temperature [~ 

% 

i ,00 

A n n e a l  t ime  
[min]  T h i c k n e s s  [A] R e f r a c t i v e  i n d e x  

a t  176~ I m p l a n t e d  U n i m p l a n t e d  I m p l a n t e d  U n i m p l a n t e d  

0 1698 1596 1.382 1.434 
20 1716 1594 1.378 1.437 
40 1730 1587 1.375 1.439 
60 1742 1599 1.372 1.437 

Table III. Annealing of SiO2 produced by ion implantation 
30 rain per step 

T e m p e r -  pmax [cm-1] 
a tu re ,  ~ I n  a i r  I n  nitrogen 

No anneal  1031 Not  recorded 
152 1030 (on ly  2 0 m i n )  1026 
169 1030 Not performed 
268 1037 Not  performed 
380 1041 1033 
500 1047 1048 
700 1074 1063 

lead to considerable errors. The implanted  silicon was 
found to be attacked by  the hydrofluoric acid used for 
the step etching described above at least if the cal- 
culated surface concentra t ion reaches 6 �9 1018 cm -3 and 
then the step to be  measured is higher  than  the layer  
thickness. If the refractive index of the silicon surface 
changes, the ellipsometric measurements  wil l  be wrong 
also. We restr ict  ourselves therefore to the presenta-  
t ion of data obtained at low dose or with layer  thick- 
nesses of at least R p  "I"- 3.2 ~ R p .  Interference measure-  
ments  on such samples implanted with 115 keV phos- 
phorus showed an increase in thickness of 1.8 and 3.6% 
at 6.25 • 10 TM and 1.25 • 1014 ions/cm 2 respectively. 

Results of ellipsometric measurements  after s tandard 
argon implanta t ion  are shown in Table II. The im-  
plantat ion has increased the thickness. Annea l ing  at 
176~ results in a fur ther  increase. Thus interfero-  
metric as well  as ellipsometric measurements  show that  
implanta t ion increases the thickness markedly.  The 
refractive index is diminished on the implanted side 
and decreases dur ing  annealing.  

As a supplement  we have investigated the anneal ing  
of SiO2 layers produced by ion implantat ion.  O + ions 
where implanted with 70; 40; 20 keV and 1.3 • 1018; 
8.5 • 1017; 5.0 • 1017 ions/cm 2 respectively into n - type  
silicon substrates. A low cur ren t  density of 7.2 ~A/cm 2 
at max imum was chosen because a high density may 
possibly result  in effects similar  to annealing.  The peak 
wave number  of the 9~ band  after implanta t ion  as well  
as after anneal ing is given in Table III. Two samples 
were annealed one in air and one in ni t rogen for 30 
rain at different temperatures.  The spectra of the 
original and the 700~ air annealed sample are shown 
in Fig. 9. The shift of the 9~ peak towards higher wave 
numbers  begins at 268~ which is about the same 
temperature  at which the anneal ing  anomalies of P+ 
implanted layers disappear (Fig. 8). 

Discussion 
The effect of implanta t ion  on the optical properties 

of thermal ly  grown SiO2 films can par t ia l ly  be under -  

1500 

- -  as impLonted 

..... onneoLed at 700 ~ 

i 

1300 1100 go0 gO0 500 400 

Fig. 8. Isochronal annealing shown by the half width of the % Fig. 9. IR spectra of implantation produced SiO2. Annealing in 
band. Concentrations as in Fig. 1. steps of 30 min according to Table III (air). 
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stood as a consequence of a decrease in density. The 
increase in thickness indicated in the first l ine of 
Table II is about 6%. The total  implanted  dose was 
6 >< 1015 ions /cm 2 into a layer  containing about 10 TM 

silicon and oxygen a toms /cm 2. Hence the increase in 
thickness is one order of magni tude  above the  increase 
in number  of a toms /cm 2 and indicates a decrease in 
density. Pl iskin and Lehman  (8) invest igated the op- 
tical propert ies  of the rmal ly  grown as wel l  as of pyro-  
lyt ical ly deposited and hea t - t rea ted  oxide layers wi th  
densities be tween  2.09 and 2.23 g / c m  3 and found that  
the less dense oxides have a lower re f rac t ive  index 
and show the 9~ band at lower wave  numbers  in 
agreement  with our observations.  Besides the densi ty 
broken bonds may  immedia te ly  contr ibute to the band 
shift  as discussed below. Pl iskin and Lehman describe 
the relat ionship be tween  density p and refract ive  index 
n by 

p = -- 4.784 ~- 4.785 n [1] 

If the vo lume changes only by the thickness D and the 
mass is constant, Eq. [1] means that  in ve ry  good ap- 
p rox imat ion  one should find 

( n - - 1 ) D = C  [2] 

where  C is a constant. F r o m  the  first and the th i rd  
column of Table  II we find that  in the anneal ing ex-  
per iments  at 176~ our data fulfill Eq. [2] excel lent ly  
wi th  deviat ions in C of less than one ten th  of a per  
cent. This shows that  dur ing  176~ anneal ing n is s im- 
ply controled by the density. 

P r imak  et al. (9) have  reported that  af ter  exposure 
wi th in  a nuclear  reactor  the density and re f rac t ive  
index of vi t reous silica are increased in contrast  to 
our results af ter  ion implanta t ion into the rmal ly  
grown layers. This discrepancy may be caused by dif- 
ferences in the s t ructure  of the mater ia ls  ra ther  than 
by the different masses of the i r radiated particles since 
Bayly  and Townsed (4) found an increased refract ive  
index independent  of the ion species implanted  into 
silica glass. On the other  hand P r i m a k  et al. (9) repor t  
a decrease of density and ref rac t ive  index in quar tz  
after  i r radiat ion in contrast  to their  own results wi th  
vi t reous silica. That  means that  even qual i ta t ive ly  the 
radiat ion effects, depend strongly upon the s t ructure  
of the solid. The loss in band area after  implantat ion 
can be in terpre ted  as a loss of absorbing oscillators 
because the area is proport ional  to the integral  

~e2(n ~ ~- 2) 2 
f ~vdv : N" [3] 

3~c �9 9n 

where  ~r is the absorption coefficient at wave  number  
v, N the number  of oscillators, ~ the reduced mass, e 
the net  electronic charge, and n the refract ive  index 
(11). From Table II and Eq. [3] we find, that  even at 
the high concentrat ions reached by the standard im- 
plantat ion the change of n would  change the integral  
by 4% while  according to Fig. 4 the area changes by 
19% at a dose of 6 X I0 Iz cm-2. Hence most of the 
change can be attributed to N. Since the area increases 
during annealing the loss of oscillators is not due to 
sputtering of the oxide and may be understood as a 
consequence of broken bonds. 

By the concept of broken bonds we get an interpre- 
tation of the opposite shift of the 1083 and 810 cm -I  
bands. Matossi (12) has shown that connected SiO4 
groups give two active frequencies which can be de- 
rived from a frequency of a single group by changing 
the mass m of the connecting atom to m/2 or to m = 

and that the 810 cm -I  band may be derived with 
m = ~ from the 900 cm-1  due to single SiO4 systems, 
whi le  1083 cm -1 corresponds to m/2.  Thus, if connect-  
ing oxygen atoms are th rown to interst i t ia l  sites during 
implanta t ion both bands should move towards an 
in termedia te  f requency in agreement  wi th  our ob- 
servations. Displacement  of silicon may  also contr ibute  
to the shift. Arsenic as wel l  as argon implantat ions 

show qual i ta t ive ly  the same effect as phosphorus im-  
plantat ions but no indication was seen that  the spectra 
depend upon the implanted  species. There fore  the 
curves in Fig. 4 and 5 mean that  wi th  increasing dose 
an increasing number  of displacements  is produced 
unti l  at about  1014 incident ions per square  cm, the 
damage saturates. Such a saturat ion is wel l  known 
from crystal l ine mater ia ls  but there  it is accompanied 
by a loss of long range order  and this condition was 
defined as "amorphous"  [see Mayer  et al. (6), pp. 98 
and 99]. Our layers  are amorphous already before im-  
plantat ion but in another  sense. Their  s t ructure  is 
glassy and can still be damaged. Nevertheless,  our 
investigations indicate that  the saturat ion can be 
caused by the impossibi l i ty of breaking all bonds or of 
keeping them broken and is not necessari ly re la ted to 
the loss o f  long range order. I t  is commonly  assumed 
that  in amorphous silica the SiO4 te t rahedrons  form 
rings and the number  of sides of the resul t ing poly-  
gons is close to 5 (13). F rom the m a x i m u m  loss of 
about 20% shown in Fig. 4 and f rom Eq. [3] one may 
guess that  saturat ion is reached when  approximate ly  
every  r ing contains one damaged tetrahedron.  From 
the specific weight  of 2.2, g / c m  3 and the layer  thickness 
of 1950A a number  of about 4 .  10 '7 SiO2 groups per 
cm 2 results. Thus, below saturat ion the number  of dis- 
placements  per incident 115 keV phosphorus ion is in 
the order of 103 which is the va lue  to be expected (6). 

The anneal ing exper iments  show at least two differ- 
ent processes. F igures  7 and 8, Table  II, and the mea-  
surements  of band area show that  sl ightly above 100~ 
the atoms begin to change their  places while  Fig. 6 
shows no indication that  the ne twork  reorders  to its 
init ial  structure.  Possibly it is a recombinat ion of 
interstitials and vacancies which is going on at these 
low temperatures. An annealing process in the same 
temperature range was also observed by Fahrner and 
Goetzberger (2) who found that surface states pro- 
duced by 30 keV implantation of 1013 em -2 N + ions 
into MOS structures begin to annea| at about 130~ 
and disappear at 300~ within 2 hr. We hesitate to 
interpret the increase in av observed in phosphorus 
implanted samples since the determination of Av needs 
the assumption of a zero level which may be influenced 
by the overlap of bands and the free carrier absorption 
shown in Fig. 3. But, whatever the reason for the 
broadening may be, it is a special feature of the phos- 
phorus implantation. Possibly the phosphorus i$ tran- 
siently incorporated into the silicon oxygen network 
while arsenic and argon are not. 

In all annealing experiments above 268~ a11 the 
investigated properties of the oxide alter in direction 
to their initial values. The behavior suggests that in 
amorphous silica the SiO4 tetrahedrons tend to an ar- 
rangement which is not completely at random. The 
partial order may break down with increasing damage 
in a certain analogy to the formation of an amorphous 
layer in implanted crystals. The order is probably not 
yet present in implantation produced or in anodically 
grown oxides. The latter show a spectrum similar to 
that of damaged thermal SiO2 and are not much in- 
fluenced by implantation (3). The temperature at 
which the rearrangement begins is surprisingly low 
and demonstrates the necessity of using low beam 
currents if one wants to study the process of oxide 
format ion by the ion beam itself  separate ly  from the 
effect of heat. F r o m  other work  (2) where  our im-  
plantat ion machine was used and distinct annealing 
effects were  observed between 100 ~ and 150~ we esti-  
mate  that  130~ is an upper l imit  for the wafer  t em-  
pera ture  reached during our implantations.  F reeman  
et aI. (10) have used 1 m A / c m  2 and reached a wafer  
t empera ture  of 600~ They find the 9~ band at about 
1059 cm -1 in good agreement  wi th  our data in Table III. 

As to the format ion of phosphorus glass by implanta-  
tion three reasons for the nondetect ion of the P = 0 
band at w a v e  number  1335 cm -1 are taken  into con- 
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sideration. Either the range where the phosphorus 
concentrat ion is sufficiently high was too small, the 
anneal  temperatures  were too low, or addit ional  oxy- 
gen is necessary. We do not believe that  the non-  
detection is caused by the choice of t ransmission in-  
stead of reflectance measurements  because this choice 
was made in accordance with the work of Fraenz et al. 
(7) who found the band very pronounced in t rans-  
mission. 

Results 
The interdependence of density, refractive index 

and IR absorption of thermal ly  grown SiO2 layers on 
silicon after ion implanta t ion or subsequent  anneal ing 
above 300~ resemble the results of Pl iskin and 
Lehmann  (8) in the sense that implanta t ion  decreases, 
and high tempera ture  anneal ing increases the density. 
The opposite shift of the bands at 1083 cm -1 and  810 
cm -1 supports the Matossi model (12) for the v ibra-  
t ion of l inked groups of atoms. The number  of bonds 
which remain  broken after implanta t ion  is restricted. 
In  the damaged mater ia l  single atoms can move at 
temperatures  near  100~ Rearrangement  of the ini t ial  
s t ructure begins slowly near  300~ and at 700~ most 
of the change is finished wi th in  45 min. High dose 
phosphorus implanta t ions  do not result  in the forma- 
tion of a phosphorus glass but  at sl ightly elevated 
temperature  t ransient  reactions of the phosphorus with 
the damaged oxygen-si l icon ne twork  seem to take 
place. 
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Properties of Ammonia-Free Nitrogen-Si3N4 Films 
Produced at Low Temperatures 

R. Gereth and W. Scherber 
AEG-Telef~nken, Semiconductor Division, Heilbronn, Germany 

ABSTRACT 

Thin  Si3N4 films are deposited on silicon substrates by the react ion of Sill4 
and N2 in  an rf  glow discharge at substrate temperatures  between 25 ~ and 
500~ These films are hereafter  referred to as "nitrogen-Si3N4 films." At  opti- 
mum growth conditions an index of refraction of 2, a breakdown field strength 
of 107 V/cm, a flatband surface charge of 1.5 • 10 TM cm -2, and a very high 
stabil i ty against bias tempera ture  stress is obtained. With changing Sill4 con- 
centrat ion the stoichiometry of the ni t r ide films can be varied between highly 
n i t rogen-r ich  and si l icon-rich films result ing in a corresponding wide var ia-  
tion of physical and electrical film properties. Hysteresis-free and highly 
stable MNS varactors can be accomplished by an in situ glow discharge ex- 
posure in H2 and N~ atmosphere, respectively. 

During the past years many  publications (1-8) have 
been concerned with the outs tanding properties of 
Si3N4 films for semiconductor applications. Most Si3N4 
films investigated thus far have been fabricated from 
ammonia  and silane or another  appropriate  Si-com- 
pound. It is surprising that nobody tried to produce 
Si3N4 films by simply star t ing from N2 and Sill4, since 
handl ing and purification of ammonia  is very difficult. 
The gases N2 and Sill4 are easily available in an ex- 
t remely pure grade. Therefore, they should represent  

K e y  words:  silicon nitr ide films, semiconductor  technology, low- 
t empera tu re  device passivation, glow discharge, chemical  vapor  
deposition. 

the ideal s tar t ing materials  for the fabrication of 
u l t ra -c lean  Si3N4 films. 

After  completion of the present  invest igat ion it was 
learned that Kuwano (9) ment ioned in 1968 that  Si3N4 
could possibly be formed out  of Sill4 and N2. Off hand, 
the reaction looks rather  simple but  it does not take 
place under  normal  conditions. To overcome this diffi- 
culty the reaction was allowed to proceed in  the pres-  
ence of an rf glow discharge. This way, very good 
Si3N4 films could be fabricated at temperatures  below 
400~ start ing from Sill4 and N2. 

It  is the purpose of the present  paper to describe the 
new low-tempera ture  Si3N4 films which for the sake of 



Vol. 119, No. 9 

simplicity are referred to as "nitrogen-Si3N4 films." 
Using the equivalent  terminology the s tandard pyro-  
lytic Si3N4 films made out of Sill4 and NHs are re-  
ferred to as "ammonia-SizN4 films." 

The first part  of the paper deals with the experi-  
mental  results. Both the physical and the electrical 
properties of the nitrogen-SigN4 films and their  de- 
pendence on deposition parameters  are described. The 
second part  discusses the exper imental  film data. A 
comparison between ammonia-  and nitrogen-Si3N4 
films is made. A summary  of the most interest ing fea- 
tures of the new nitrogen-SigN4 films concludes the 
paper. A pre l iminary  brief  report  about the present  
work has been published (10). 

Exper imenta l  Results 
Deposition apparatus.--The standard pyrolytic depo- 

sition of Si3N4 films requires re la t ively high reaction 
temperatures  in the range from 600 ~ to 900~ and the 
use of ammonia,  which cannot easily be purified from 
water  residues and alkali  contaminants.  The new Si3N4 
deposition method employs only SiI-I4 and N2 as reac- 
tion partners.  The nitrogen-Si3N4 films are deposited 
in an rf glow discharge at temperatures  below 500~ 

Figure  1 i l lustrates the nitrogen-Si3N4 deposition 
reactor. It is a high vacuum-t igh t  apparatus because 
the affinity of Sill4 to O2 is many  orders of magni tude  
greater than  the affinity of Sill4 to N2, meaning that  
small  amounts  of 02 in the apparatus are completely 
deposited in the ni t r ide layer. The entire gas flow sys- 
tem is made of welded stainless steel pipes with high 
vacuum connections. A diffusion pump is used to check 
the t ightness of the system at any time. The system 
can be pumped down to an ul t imate  pressure of 10 -6 
Torr. 

The gases Sill4, N2, and H2 contain less than  1.5 ppm 
H20 or Oz. Sill4 was used in two different dilutions, 
namely  1.5% Sill4 in He and 2% Sill4 in N2. These 
two gas mxxtures are characterized by the fol- 
lowing notations: Sill4 (He) and Sill4 (N~), respec- 
tively. The volume ratio SiH4/N2 in the reaction 
chamber  can be varied from 10 -4 to 0.15 by mixing 
the SiI-I4 gas with a separate N2 stream. The working 
pressure dur ing ni t r ide deposition is controlled by 
the inlet  valves while the rotary pump is r unn i ng  at 
constant  pumping rate. 

The reaction chamber  consists of a horizontal quartz 
tube, 90 cm long with a diameter of 7 cm. The wafer  
carrier also Js made of quartz. It  is resistance heated 
and covers an area of 4 X 11 cm. The glow discharge 
inside the reaction chamber  is excited by  an rf coil 
or two capacitor plates located outside the quartz tube. 
The rf generator  is operating at a frequency of 500 kHz. 
The heating filament of the wafer carrier is arranged 
perpendicular  to the direction of the electric field in 
both modes avoiding var iat ion of substrate  tempera-  
ture with the rf field strength. 

The ni t r ide films are deposited on polished p- type  
silicon wafers cut paral lel  to the (t11) plane and hav-  
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ing a resist ivity of 500 ohm-cm. The wafers are pre-  
cleaned in  HF and hot HNO3 with intermediate  rinses 
in deionized water. 

Measu~'ing techniques.--Nitride thickness and index 
of refraction are measured by means of an ellipsometer. 
Near ly  all experiments  are conducted with 600-1000A 
thick films. Samples for electrical evaluat ion are sup- 
plied with evaporated a luminum dots having a diam- 
eter of 0.4 m m  on the ni t r ide side. Capacitance mea-  
surements  are made using a 100 kHz bridge with t0 Hz 
bias sweep. The C-V plots are automatical ly displayed 
on a cathode-ray tube. 

Growth rate.--The growth rate of the nitrogen-SisN4 
films is a l inear  funct ion of the rf power. Between 100 
and 700W the growth rate increases from zero to 400 
A/min .  For the present  investigations an rf power 
slightly above 100W is used. Substrate  temperature  
and total pressure have no remarkable  influence on 
the growth rate. 

Figure  2 shows the rate of film deposition vs. Sill4/ 
N2 ratio at constant rf power for the SiH4(N~) (results 
denoted by solid circles) and the SiH4(He) system 
(results denoted by open circles). If SiH4"is diluted in 
He an increase of the SiH4/N2 ratio means a dilution 
of both reaction partners.  Therefore, the growth rate 
remains  near ly  constant. 

The growth rate can be enhanced substant ia l ly  by 
an addition of a small  amount  of hydrogen to the gas 
mixture.  The effect is not yet completely understood 
but  it is very useful to get sufficient growth rate at 
extreme low power setting. No variat ion of film prop- 
erties with presence of hydrogen could be observed. 

The uni formi ty  of film thickness across the wafers 
is excellent if the glow discharge is induced by two 
paral lel  field plates. V a r i a t i o n o f  film thickness across 
a 1 in. wafer is typical ly -+-5%. Using the cylindrical  
rf coil ra ther  good uni formi ty  can be achieved only by 
an opt imum combinat ion of rf power and gas pressure. 

Pinhole density.--Pinholes in the ni t r ide films are 
detected by a special etchant  consisting of 17 ml  ethyl-  
enediamine, 3g pyrocatechol, and 8 ml  water. The 
etchant penetrates the ni t r ide films through smallest 
pinholes and attacks the silicon substrate. The pinhole 
density is extremely sensitive to the preceding clean- 
ing procedures. In situ glow discharge t reatments  in N~, 
A, Ha, or O2 are most effective. Fur thermore  the p in-  
hole density can be reduced with decreasing rf  power. 
The extreme increase of deposition t ime at low power 
setting can be compensated by the addition of hydro-  
gen ment ioned above. 

The nitrogen-Si3N4 films deposited at m i n imum 
power exhibit  less than 10 pinholes per m m  2. This 
value depends strongly on the preceding fabrication 
steps like polishing, cleaning, and r insing procedures. 

Substrate  temperature,  silane concentration, dilution, 
pressure, and film thickness do not affect the pinhole 
density. 

o o  o o o  o 
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Fig. I. Silicon nitride deposition apparatus 
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Optical properties.--The index of refract ion of the 
nitrogen-SiaN4 films has been measured as a function 
of the SiH4/N2-ratio (Fig. 3), total  pressure in the 
reaction chamber  (Fig. 4), and substrate t empera tu re  
(Fig. 5 ) .  The rising index of refract ion for SiH4/N2 
ratios above 2 X 10 -3 is thought  to be caused by the 
increasing Si content  as is discussed later. Because of 
the strong dependence of the index of refract ion on 
the total  gas pressure, most  of the films employed in 
the present  exper iments  have been produced at a 
constant pressure of 1 Torr. F igure  5 suggests that  
nitrogen-Si3N4 films produced at substrate t empera -  
tures be tween 350 ~ and 500~ have the same index of 
refraction.  Unless otherwise noted constant substrate  
t empera ture  of 350~ has been chosen. 

The infrared transmission spectrum between 2.5 and 
20~ is shown in Fig. 6. A broad absorption peak lies 
between 9.5 and 14# with  a m a x i m u m  at 12~,. This is 
ve ry  similar  to the IR absorption peak of pyrolyt ic  
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Fig. 6. Typical infrared transmission spectrum 

nitr ide films deposited f rom Sill4 and NHs at 700~ 
Ammonia - f r ee  ni t r ide films seem to be ve ry  pure. No 
SiO2 component  at 9.4~ could be detected on any sam- 
ple, unless the reactor  was leaky. Other  possible com- 
pounds like Si -= N at 4.7~, S i -H at 4.7#, N-H at 3.0 
and 6.4~, and S i -NH-S i  at 8.6~ cannot be detected by 
IR in the nitrogen-Si3N4 film. This simplicity in struc- 
ture is not usual in films start ing f rom ammonia" or 
in sputtered silicon ni t r ide  films. 

A shift of the m a x i m u m  absorption peak to shorter  
wavelengths  is observed with  increasing substrate 
tempera ture  and decreasing SiH4/N2 ratio. Our data 
on this subject are ful ly comparable  to those given by 
Kuwano (12). 

Etch rate.--Similar to ammonia-SigN4 films the etch 
rate  of nitrogen-SigN4 films produced in the glow dis- 
charge is s trongly dependent  on the highest  t empera -  
ture  the films are subjected to. The etch rates in 
buffered and diluted HF are shown in Fig. 7 as a 
function of substrate temperature .  The strong apparent  
densification effect can be useful ly  employed in device 
fabrication: deposition tempera tures  up to 300~ 
guarantee  easy etching of the nitr ide film and post-  
anneal ing steps at t empera tures  as high as 1000~ pro-  
duce adequate  chemical  resistance. The var ia t ion of 
etch ra te  with the SiH4/N2 rat io is shown in Fig. 8 by 
the open circles. Maximum values are obtained at 1.5 
• 10 -3 SiH4(N2)/N=. The solid line in Fig. 8 gives the 
ratio of ni t rogen to silicon atoms in the films as deter-  
mined f rom back-scat ter ing exper iments  (11). The 
higher  the silane concentrat ion in the react ion cham- 
ber, the higher  is the Si concentrat ion in the deposited 
ni tr ide film. A SiH4/N2 rat io of 1.5 X 10 -3 results in 
films with  a N / S i  value  of 1.33 as calculated for Si3N4. 
It is interest ing to note that  a decrease in etch rate  
was observed for both si l icon-rich and ni t rogen-r ich  
ni tr ide films. 

Dielectric breakdown.--The breakdown field s t rength 
of the nitrogen-Si3N4 films prepared at 350~ has a 
value  of 107 V / c m  (Fig. 9). It is constant over  a wide 
var ia t ion of gas composition. Above 2 • 10 -2 
SiH4(He)/N2 it deter iorates  due to the Si enr ichment  
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Fig. 5. Index of refraction as a function of substrate temperature 
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in the film. An  increase in substrate temperature from 
room temperature to 400~ drastically improves the 
breakdown field strength (Fig. 10). 

C-V measurement s . - -The  capacitance of metal-  
n i tr ide-s i l icon(MNS) structures monitored as a func-  
tion of applied bias yields the w e l l - k n o w n  C-V curves 
illustrated in Fig. 11. The flatband voltage is a mea-  
sure of the electrical charge contained in the entire 
system. One talks about a hysteresis effect if the C-V 
curve is split during the sweeping cycle. During the 
present experiments  the bias was automatical ly  varied 
10 times per second between minus  and plus 50V. The 
hysteresis effect is normal ly  related in the literature 
(13) to the existence of a thin natural oxide layer 
between Si3N4 and Si. Traps are located at the inter- 
face between oxide and nitride. These traps are 
charged and discharged during the C-V measurement  
causing the hysteresis  of the C-V curve. The charge 
transport through such thin oxide layers occurs by 
tunnel ing (14). 

C-V measurements  have been employed to explore 
the influence of an in situ glow discharge precleaning 
step on the properties of the  nitrogen-SigN4 films. 
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Fig. 10. Breakdown field strength as a function of substrate 
temperature. 
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Fig. 11. MIS capacitance measurements. Definition of parameters 

Prior to the actual deposition cycle the wafers are 
exposed to a glow discharge treatment of 30 rain at 
temperatures of 350~ Interesting results are obtained 
by this treatment. Figure 12 lists some of them. The 
empty rectangles i l lustrate the flatband voltages mea-  
sured on samples pretreated in N2, A, H2, O~, and those 
without  pretreatment. There is no major effect visible.  
Only an O2 glow discharge pretreatment reduces the 
flatband voltage to values corresponding to a flatband 
charge below 10 TM cm -2, 

The picture is different for the hysteresis  effect. No 
hysteresis can be observed on samples whose  surface 
has been treated in a H2 glow discharge just prior to 
the nitride deposition. The O2 glow discharge produces 
a rather pronounced hysteresis  of opposite sign. The 
resulting C-V curve resembles that one shown in Fig. 
11 if the directions of starting and returning curve 
are interchanged. 

Figure 12 also contains the results of a bias stress 
test. The shift of  the flatband voltage was registered 
after a potential of --30V has been applied for 1 rain 
to the metal  contact of the MNS structures. Essential ly  
no shift of the flatband voltage was observed on N2 
treated samples. Again  after an O2 treatment the be-  
havior of the test sample is inverted, the shift of the 
fiatband voltage being in the opposite direction. 
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Figure 13 reveals the relat ionship between flatband 
voltage, hysteresis, and substrate tempera ture  dur ing  
film production. Temperatures  of 350 ~ to 400~ are 
necessary to br ing  hysteresis and flatband voltage to 
their  m in imum values. A variat ion of the SiH4/N2 ratio 
has no influence on the flatband voltage. The hysteresis, 
however, exhibits a max imum value in  the range  be-  
tween 10 -8 and 5 . 1 0  -8 Sill4 content  (see Fig. 14). 
In  Fig. 15 results of bias tempera ture  stress tests on 

MNS samples fabricated with different SiH4/N2 ratios 
are shown. The shift of flatband voltage was measured 
after a negative field of 2 X 106 V/cm has been applied 
to the metal  contact for 10 min  at 200~ Again the 
SiH4/N2 ratios between 10 -8 and  4 X 10 -8 yield opti- 
m u m  results in  analogy to the above described mea-  
surements  of physical film properties. 

Discussion 
The various exper imental  results are widely con- 

sistent among each other and allow a clear picture to 
be d rawn of the investigated nitrogen-SisN4 films. The 
most s tr iking fact is the strong dependence of near ly  
every film property on the gas composition. Therefore, 
controll ing of gas flow and pressure must  be done 
very carefully and re l iably  to achieve constant  film 
deposition. In  the pure  Sill4 (N2) system, SiH4/N2 ratios 
of 10 -8 to 3 X 10 -8 yield N/Si  ratios in the film of 
1.25 to 1.4 and ma x i mum etch rates (Fig. 8) both 
reveal ing good SisN4 stoichiometry. The measurements  
of index of refraction, inf rared absorption, electrical 
stability, and C-V hysteresis confirm this result. In 
comparison, the pyrolytic deposition of SisN4 out of 
Sill4 and NH8 is less sensitive to gas composition: the 
silane concentrat ion can be increased up to near ly  
10% without  changing the film qualities (5, 8). The 
required greater excess of N2 in  the ammonia- f ree  
deposition method results from the higher activation 
energy of N2 compared to NHz. 

In the SiH4(He) system, both the Sill4 and the N2 
part ial  pressures are reduced, which decreases the 
nitr ide growth rate as can be seen in Fig. 2. Both curves 
of growth rate in Fig. 2 cannot  be extrapolated to the 
origin. For the Sill4 (N2) system this behavior  can only 
be interpreted as follows. Already at the lowest silane 
concentrat ion the reaction is l imited by the ni t rogen 
concentrat ion or, strictly speaking, by the concentra-  
t ion of activated ni t rogen atoms. 

Substra te  tempera ture  is an impor tant  deposition 
parameter.  The m i n i m u m  tempera ture  necessary to 
grow good qual i ty  films lies a round 350~ This con- 
clusion can best be derived from the measurements  of 
the index of refraction (Fig. 5). At higher substrate  
temperatures  the films become denser. The etch rate 
reduces and the infrared absorption peak shifts to 
shorter wavelengths.  The hysteresis, however,  in -  
creases (Fig. 13). This la t ter  effect is not  yet  ful ly  
understood. Kuwano  (12) also observed an increased 
hysteresis effect while using a substrate tempera ture  
of 500~ instead of 300~ He suggested that  ionized 
Si atoms might be responsible for the increased hys-  
teresis effect. In  light of the present  new results which 
show that  the index of refract ion remains  constant  
above 350~ (Fig. 5) and the hysteresis drops at higher 
si lane concentrat ions (Fig. 14) the above explanat ion 
must  be reconsidered. 
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, and N2 with the help of a glow discharge. The film 
properties are in general  comparable  to those of pyro-  
lytic ni t r ide films deposited from Sill4 and NHs. They 
offer, however, addit ional  advantages. The absence of 
ammonia  makes it easier to deposit oxide- and sodium- 
free ni t r ide films. Deposition is possible at tempera-  
tures well  below 400~ The substrate surface can be 
cleaned in situ by a suitable gas discharge t rea tment  
to achieve better  stabil i ty or to tailor special prop- 
erties of the films. The ni tr ide properties can be widely 
varied by the deposition parameters,  especially by the 
silane concentrat ion in the plasma. Nitrogen-rich,  
silicon-rich, or even pure silicon films can be produced 
deliberately. 

The properties of ammonia-f ree  nitrogen-Si3N4 films 
can be summarized as follows: 

(a) Predicted ni t r ide stoichiometry is obtained at 
a substrate tempera ture  of 350~ and a SiH4/N2 ratio 
of 1.5 X 10 -8 related to a total  gas pressure of 1 Torr 
during deposition. 

(b) At substrate temperatures  below 350~ the 
ni t r ide films become less dense showing higher etch 
rate, larger  fiatband voltage, increased hysteresis, 
smaller index of refraction, reduced breakdown field 
strength, and an infrared absorption peak occurring 
at lower frequencies. 

(c) At substrate temperatures  above 350~ hyster-  
esis increases again, but  no silicon enr ichment  can be 
detected in the film. 

(d) The SiH4/N2 ratio directly determines the stoi- 
chiometry of the ni t r ide films. Between 10 -4 and 2 • 
10-~ Sill4 content  the atomic ratio N/Si  in  the film 
varies from 1.7 to 0.9. 

(e) The index of refraction increases wi th  the sili- 
con content  of the film. Nitrogen-r ich films have con- 
stant  index of refraction with a value slightly above 2. 

(f) Nitride films with theoretical Si3N4 stoichiometry 
exhibit  max imum HF etch rate and max imum C-V 
hysteresis. Both effects are useful  to optimize deposi- 
t ion parameters. 

60 (g) The hysteresis can be avoided ent i rely by ex- 
posing the silicon surface to an H2 glow discharge just  
pr ior  to ni t r ide deposition. Stabi l i ty  of MNS varactors 
can be improved by a N2 glow discharge t reatment .  

(h) Shallow oxide layers on silicon surfaces from 
20 to 60A can be obtained reproducibly and at low 
temperatures  by a glow discharge t rea tment  in an 
oxygen atmosphere. 

(i) The ni tr ide deposition rate can be increased by 
a factor of two or more by adding some per cent hydro-  
gen to the reactive gas mixture.  

The opt imum deposition temperature  for the ni t ro-  
gen-Si3N4 films lies near ly  500~ below that  for am- 
monia-Si3N4 films. Even at room temperature,  ni t r ide 
films with reasonable qual i ty can be produced which 
are suitable for the passivation of tempera ture-sens i -  
tive device structures. 

The absence of ammonia  is an obvious bonus. Work- 
ing with ammonia  means higher risk of getting water  
and alkali contaminants  which are the cause of del- 
eterious instabili t ies in SiO~ films. Nitrogen-Si3N4 films 
are, therefore, perfectly tailored for the low-tempera-  
ture passivation of clean oxide layers in connection 
with MOS and planar  devices. Fur ther  applications are 
the hermetic sealing of metalized devices and the Ge 
and GaAs technology. The nitrogen-Si3N4 films are 
an excellent diffusion barr ier  against Zn and Ga. For 
example, a ni t rogen SisN4-film of 400A thickness masks 
against a 5 hr Zn diffusion step carried out at 860~ 
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The complete absence of hysteresis on H2-treated 
silicon surfaces means that  the na tura l  oxide layer is 
removed. The ni t r ide layer directly borders the sili- 
con. In  this s tructure no field-induced charge t ransport  
is possible wi th in  one sweeping cycle of the C-V curve. 
However, great instabi l i ty  occurs under  long time 
stress even at room temperature.  

The N2 t rea tment  lowers the hysteresis and improves 
the stabili ty in contrast to an A t reatment :  the n u m -  
ber of traps is reduced if N2 can act on the surface. 
Perhaps the N2 glow discharge allows a very slow but  
perfect growing of the first ni t r ide molecules. The 
threshold voltage above which hysteresis occurs does 
not change either by the N2 or by the A treatment ,  
meaning that the oxide thickness remains  unaffected. 
This is different after the O2 t rea tment  where the 
threshold voltage rises from approximately 10V up to 
20V which could be explained by an increase of oxide 
thickness. Ellipsometric measurements  (Fig. 16) 
demonstrate  that  an O2 glow discharge of 30 min  
indeed produces an oxide thickness of 50A, twice its 
original thickness. 

The effect that  the sign of the hysteresis and of the 
instabil i ty are inverted after O2 t rea tment  (Fig. 12) 
is not easy to explain. One might  speculate that  the 
p lasma-grown oxide layer polarizes easily when  an 
electric field is applied. 

Summary and Conclusions 
Nitrogen-SigN4 films have been deposited on p- type  

silicon wafers by ini t ia t ing the reaction between Sill4 
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Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 
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Voltage-Controlled Multicolor CRT Phosphors: 
Preparation and Characteristics 

J. S. Prener* and J. D. Kingsley* 
General Electric Corporate Research and Development, Schenectady, New York  12301 

ABSTRACT 

Since the range of electrons in a solid is a funct ion of their  ini t ia l  energy 
it is possible to construct high-resolut ion mult icolor cathode-ray phosphor 
screens in which the color is determined by the accelerating potential.  A non-  
luminescent  layer of controlled thickness is formed upon the surface of each 
grain  of a green or cyan phosphor. This coating is prepared ei ther  by the 
diffusion of a kil ler  impur i ty  such as cobalt from the surface into the bu lk  
or by the homogeneous precipitat ion of undoped ZnS upon each phosphor grain. 
The coated phosphor is then in t imate ly  mixed with any efficient s tandard red 
emit t ing phosphor such as YVO4:Eu or Gd203:Eu. A screen consisting of an 
int imate  mixture  of two component  phosphors is then deposited by the same 
method used to prepare monochrome screens. Four  distinct colors, useful for 
informat ion display, can be observed in the red-green system. Quite acceptable 
two-pr imary-color  television pictures have been demonstrated in the red-  
cyan phosphor system. 

A beam of electrons impinging upon a phosphor 
excites each particle from the surface to some maxi -  
mum depth. The distance in the solid at which the 
beam energy is reduced essentially to zero is called 
the ul t imate  or max imum range of electrons. The range 
of an electron is a funct ion of its ini t ial  energy (1). 
Many different types of multicolor cathode ray tube 
(CRT) screens have been constructed based on the 
control of the penetra t ion of the electrons into the 
phosphor. These screens emit radiat ion of different 
colors at different accelerating potentials. 

In  one early version (2) of such a screen, two or 
more phosphors, each emit t ing a different color under  
cathode-ray excitation, were laid down in successive 
thin layers upon the glass substrate. This geometry 
requires that  the phosphor layers have thicknesses less 
than  one micrometer  if the CRT is to operate at con- 
venient  accelerating potentials (less than  30 kV). If 
part iculate  phosphors are used, the layers must consist 
of particles having diameters of a few tenths of a 
micrometer.  These layers are very  difficult to form 
and the small  phosphor particles tend to be inefficient. 
The use of thin layers of t ransparen t  phosphor films 
has also been proposed (3), but  such films are note-  
worthy for their  low luminescence efficiency. These 
th in  film screens are also substant ia l ly  more difficult, 
and consequently more expensive, to produce than 
convent ional  screens. The required film thickness de- 
pends on the angle of incidence of the electron beam, 
thus on the distance from the center of the screen. 

Another  geometry has been proposed by Messineo 
e ta l .  (4). They proposed coating one or more layers 
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of submicrometer  size phosphor particles upon the 
surface of a larger phosphor particle emit t ing light 
of a different color, using a gelat in absorption process 
described by Kell  (5). Thus a mul t i layered  structure 
occurs wi th in  each phosphor grain ra ther  than over 
the area of the screen. The requi rement  that  the coat- 
ing phosphor particles be submicrometer  in size limits 
the usefulness of this type of screen since such small 
particles are difficult to obtain and, as previously indi-  
cated, general ly  exhibit  a low luminescence efficiency. 

The various difficulties discussed can be avoided by 
using normal  size phosphor particles and preparing a 
mixed two-component  phosphor screen by the same 
method used for monochrome television picture tubes. 
One of the phosphors (e.g., a green or cyan one) is 
prepared with a nonluminescent  surface layer  of a 
given thickness upon each grain. The other component  
(e.g., a red or orange one) may  be any efficient phos- 
phor. A CRT having a two-component  screen of this 
type emits red or orange light for all values of the 
accelerating potential.  The green or cyan phosphor 
contr ibutes to the tube emission only if the accelerat- 
ing potential  exceeds a threshold value which is de- 
termined by the energy required for the u l t imate  range 
to exceed the "dead" layer thickness. Since the electron 
beam encompasses a large number  of phosphor grains, 
any inhomogeneit ies wi th in  a grain or differences 
among grains are averaged over the area of the beam. 
In  order to be useful and economical the non lumines -  
cent or dead layers must  be produced in a controlled, 
reproducible and preferably simple manner .  

We have produced nonluminescent  surface coatings 
upon individual  (ZnCd)S phosphor grains by two dif- 
ferent methods and measured the dependence of the 
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luminescence in tensi ty  under  cathode ray excitation on 
accelerating voltage for changes in process variables. 
These methods are: 

(i) A nonluminescent  layer of undoped ZnS or CdS 
of a specified thickness is deposited on the surface of 
each phosphor grain by homogeneous precipitation. 

(ii) A luminescence "killer" impuri ty,  Co, is diffused 
in from the surface of each grain  to a specified depth. 

These processes and the properties of the mult icolor 
CRT displays achieved using these phosphors are the 
subjects of this paper. 

Messineo et al. (4) described the use of Co for pro- 
ducing a nonluminescent  barr ier  layer between a phos- 
phor grain emit t ing one color and very  small  phosphor 
particles of another  emission color absorbed on the 
surface of the larger particle. They gave little informa-  
tion, however, on the luminescent  properties of the 
Co-diffused phosphor. We found that  the Co diffusion 
into a thin surface layer completely quenched the 
afterglow of the entire particle. P resumably  a s m a l l  
fraction of the Co diffused into the entire phosphor 
grain in amounts  sufficient to quench the normal ly  long 
afterglow without  decreasing the luminescence effi- 
ciency to any large extent  (6). The first method above 
for producing nonluminescent  surface layers permit ted 
us to make a multicolor display screen with a long 
afterglow. The luminescence in tens i ty  of these ZnS-  
coated phosphors as a funct ion of the accelerating 
voltage has been analyzed and shown to be consistent 

with the power loss of an electron beam in  t raversing 
a solid (7). 

Z n S - C o a t e d  Z n S : C u  

Experimental 
Coatings of undoped ZnS on ZnS: Cu phosphor grains 

were produced by homogeneous precipitat ion (8). The 
coating thickness could be controlled by vary ing  the 
ratio of phosphor to zinc ions in  solution, since all 
the zinc was precipitated after a sufficient time. After 
the precipitat ion of ZnS was complete, the phosphor 
was filtered, washed, and dried. The large n u m b e r  of 
ZnS:Cu  crystalli tes provided efficient nucleat ing sites 
so that  precipitat ion of ZnS occurred pr imar i ly  on 
these rather  than upon the container walls or on other 
nucleat ing particles present. Microscopic examinat ion 
showed the presence of only the original  ZnS :Cu  
grains and less than 1% of the precipitat ion took place 
upon the container  walls. Fur thermore,  upon the pre-  
cipitation of CdS coatings, microscopic examinat ion 
showed that  the normal ly  colorless, t r ansparen t  ZnS 
grains were still t ransparen t  bu t  orange in color. The 
coating thicknesses, ranging from 0.051 to 0.51 ~m, 
were calculated from the quant i ty  of ZnS precipitated 
and the particle size dis tr ibut ion of the uncoated 
ZnS: Cu phosphors as measured with a Coulter Counter  
[see Ref. (7)].  The coated phosphor samples were 
settled on Ag plates using dilute ba r ium acetate and 
potassium silicate as a binder.  Four  Ag plates were 
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mounted on a rotat ing head of a demountable  CRT 
and the luminescence intensi ty was measured  at con- 
stant beam current  wi th  vary ing  accelerat ing poten-  
tial (9). The intensi ty of the emit ted l ight was mea-  
sured wi th  a monochromator  and photomult ipl ier .  

Results 
Plots of the luminescence intensity as a function of 

accelerat ing potential  are shown in Fig. l a  and lb. With 
the coating thickness varying from 0.051 to 0.51 ~m the 
"dead vol tages" obtained by extrapolat ing the straight  
portion of each curve  to zero intensi ty  var ied f rom 3.0 
to 9.5 kV; the dead vol tage of the uncoated phosphor 
was 1.5 kV. A log-log plot of coating thickness against 
dead vol tage in Fig. 2 indicates that  the thickness is 
related to the dead vol tage by 

d = 7.3 X 10-TVJ -vv [1] 

when d is measured  in cm and Vo in kV. Measurements  
on many  samples showed the process to be quite  re-  
producible and the durat ion of the  long green af ter -  
glow was not affected by the ZnS coatings. Some coated 
samples were  fired in a flowing H2S atmosphere for 
one hour at 500~ There  was a slight reduct ion in 
the dead voltage values after  firing. 

Screens having two phosphor components were  made  
up by mixing  the ZnS-coated ZnS :Cu  wi th  a red 
emit t ing phosphor and sett l ing the mix ture  on a Ag 
substrate. The color var ia t ion with  accelerat ing poten-  
tial of a screen made by mixing ZnS :Cu  having a 
coating thickness of 0.25 ~m with  YVO4: Eu in a weight  
ratio of 3:1 was studied. The emit ted l ight was red at 
5 kV, red-orange  at 8 kV, orange at 11 kV, yel low at 
13 kV, and green at 17 kV. 
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Fig. 3. Luminescence intensity as a function of accelerating po- 
tential at constant beam current for some typical Co-diffused 
(ZnCd)S:Ag phosphors; A. unfired phosphor; B. 650~ for 10 min; 
C. 650~ for 2 hr, D. 700~ for 2 hr. 

Cobalt-Diffused (ZnCd)S:Ag 
Experimental 

Two phosphors were  used: (i) a (Zno.69Cd0.~1)S:Ag 
phosphor of the type used as the green component  
(color coordinates x = 0.29, y -- 0.61) of the P22 
phosphor commonly used in the aper ture  mask  color 
television CRT's and (ii) a (Zn0.s2Cdo.zs)S:Ag cyan 
phosphor wi th  color coordinates x = 0.16, y = 0.39. 
The former  was used for construct ing mult icolor  in-  
formation display CRT's and the la t ter  for building 
a two-p r imary -co lo r  television picture  tube. 

The phosphor was agi tated in a water  suspension and 
cobalt sulfide was precipi ta ted on the part icles in a 
manner  similar to that  described by Messineo et al. 
(4). The phosphor was then filtered, washed, and 
dried. 

Smal l  batches were  fired in a neutra l  argon or ni t ro-  
gen atmosphere at t empera tures  ranging f rom 550 ~ to 
800~ for ei ther 10 min or 2 hr  at temperature .  The 
furnace was regulated to •176  and the tempera ture  
was determined by a thermocouple  located very  close 
to the sample. Samples of the Co-diffused phosphor 
were  sieved through a 200 mesh nylon screen, settled 
on Ag plates, and measured as described above. 

Results 
Some typical in tens i ty-vol tage  curves are shown in 

Fig. 3. The dead vol tage is a function of the thickness 
of the "kil led" region of the phosphor grain due to Co 
diffusion. It depends on both the annealing t ime and 
t empera tu re J  The dead voltages are shown in Fig. 4 
and vary  l inear ly  wi th  t empera tu re  over  the range 
studied. Fir ing for 10 min at a given tempera ture  
yields the same resul t  as firing for 2 hr  at a t empera-  
ture  75~ lower. 

The diffusion coefficient of Co in ZnxCdl -zS  fired in 
argon can be est imated f rom the dead vol tage values. 
It  is assumed that  the thickness of the nonlumines-  

cent region, d, is given by d ---- %/Dr where  D is the 
diffusion coefficient, Doexp ( - - E / k T ) ,  at t empera tu re  T 
and t is the diffusion anneal  time. From the  results 
discussed above (Fig. 2), the relat ionship be tween the 
thickness of the dead layer  and the dead vol tage Vo 

Z A ( Z n C d ) S  p h o s p h o r  w a s  a l so  m e a s u r e d  w i t h o u t  a b i n d e r  by  
p r e s s i n g  i t  i n t o  a s h a l l o w  d e p r e s s i o n  in  an  A1 b lock .  T h e  m e a s u r e d  
d e a d  v o l t a g e  w a s  i d e n t i c a l  to t h a t  f o u n d  u s i n g  a b i n d e r .  
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for ZnS is given by Eq. [1]. Assuming that  the re la-  
t ionship is the same for (ZnCd)S, the diffusion coeffi- 
cient is given by 

D ---- 53 • 10-14Vo3.54/t [2] 

where D is in cm2/sec, Vo in kV, and t in seconds. 
In determining D from Eq. [2], we have used the Vo 

data of Fig. 4 from the 2 hr anneals. The true anneal  
time is uncer ta in  for the runs  in which the samples 
were kept 10 min  at temperature.  Since the sample 
and fused quartz firing tube were cold when placed 
in the hot furnace, the t ime required for the sample 
tempera ture  to rise to the furnace temperature  was 
itself of the order of 1.0 rain. For the 10 min  data, 
therefore we would, in Eq. [2], have to use some value 
of t greater than 600 sec. In  Fig. 5, log D is plotted 
against IOa/T. A least squares fit gives the activation 
energy E ---- 1.54 eV and Do ---- 1.30 • 10 -5 cm~/sec. 
The values of d as determined from Eq. [1] ranged 
from 0.07 ~m for the 2 hr  anneal  at 554~ to 0.48 #m 
for the 2 hr anneal  at 750~ 

We observed that  Co is a much bet ter  "killer" im-  
pur i ty  than either Fe or Ni for obtaining controlled 
thicknesses of nonluminescent  layers. Both Fe and Ni 
gave products of very low efficiency even for low 
temperature  anneals. The findings of Weakliem (10), 
that substant ial  amounts  (0.1%) of Ni can be intro-  
duced into ZnS and CdS at 800~ in a few hours 
whereas several days were required to introduce an 
equivalent  amount  of Co, might  very  well  explain the 
difference in behavior observed with Ni and Co. Even 
a 10 min  anneal  may be sufficient to introduce Ni 
concentrat ions sufficiently high to markedly  decrease 
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Fig. 5. The computed values of the diffusion coefficients of Co 
in ZnxCdl -xS plotted against 103/T. Zno.69Cdo.31S Ag green phos- 
phor ( t l ) ;  Zno,s2Cdo.lsS:Ag cyan phosphor ( � 9  

the luminescence efficiency throughout  the bu lk  of the 
phosphor grains ra ther  than  jus t  in  a surface layer. 
There appear to be no data on the diffusion of Fe in 
ZnS or CdS. 

Information Display Screens 
The Co-diffused phosphor was mixed by tumbl ing  

with a red emit t ing phosphor (Gd203: Eu or YVO4: Eu), 
and the two-component  phosphor was settled on Ag 
plates as before. The dependence of the color coordi- 
nates of the emitted light on accelerating potential  
was determined from the emission spectra corrected 
for spectral sensit ivi ty of the detector. In  Fig. 6, this 
dependence is shown on a C.I:E. plot for a mix ture  of 
one part  by weight of YVO4:Eu and four parts of 
Zn0.69Cd0.31S:Ag into which Co had been diffused at 
710~ for 10 rain. The YVO4:Eu and four- to-one ratio 
were chosen so that  four distinct colors could be dis- 
played with a total accelerating potential  var iat ion 
of two to one. Clearly dist inguishable shades of red, 
orange, yellow, and green were obtained at 4, 5, 6, and 
8 kV. The brightness was adequate, even at the lowest 
operating potential, to display computer-generated 
graphics and alphanumerics.  

If fewer than  four dist inguishable colors are desired 
one can reduce the required accelerating voltage 
change or a l ternat ively  enhance the brightness at the 
lower operating potentials either by increasing the 
fraction of the red component or by using a phosphor 
whose emission color is more orange. 

Two-Primary-Color Television Screens 
The basic requirements  on a two-pr imary-color  TV 

system are first that  it be capable of showing pictures 
in black and white and second that  fleshtones be ac- 
curately reproduced, since we are most aware of any  
lack of color fidelity in the appearance of h u m a n  skin. 
If one requires that  the screen can display "pure" 
white, (i.e., I l luminan t  C) and fleshtones, then the 
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Fig. 6. Color coordinates of two-component phosphor screens 
operated at various accelerating potentials indicated by the num- 
bers. The color coordinates of the component phosphors are shown 
by (11) and (I-I) and the color coordinates of Standard Illuminant 
C are given by point "C". One part by weight of YVO4:Eu 
and four parts by weight of Zno.69Cdo.31S:Ag into which Co was 
diffused for 10 rain at 710~ ( � 9  One part by weight of Gd20~:Eu 
and four parts by weight of Zno.82Cdo.m8S:Ag into which Co was 
diffused at 700~ for 2 hr ( e ) .  

pr imary  colors must  be orange and a bluish cyan. It 
was determined exper imenta l ly  that  a more pleasing 
display resulted from using the red Gd203:Eu phos- 
phor as one p r imary  color and a greenish cyan for the 
second pr imary  color. The cyan phosphor, Zno.82CdoAsS: 
Ag with color coordinates x : 0.16 and y = 0.39, was 

chosen to ma in ta in  the capabil i ty of displaying flesh- 
tones while compromising the white purity.  

Since a moderately high average brightness of 50 
f t-L was desired, the saturat ion of the high volt-  
age pr imary  color was also compromised. The two 
pr imary  colors are indicated on Fig. 6 by their  respec- 
tive operating potentials of 6 and 12 kV. With a 12 in. 
diagonal, s ingle-gun CRT, an average beam cur ren t  of 
0.5 mA, a 100% faceplate transmission, and a 50% duty 
cycle for each operating potential, we obtained a 
brightness of 49 f t -L for white  (x = 0.33, y = 0.37), 
43 f t -L for cyan (x ---- 0.29, y = 0.38), and 6 f t-L for 
red (x ---- 0.61, y ---- 0.34). Even though the high volt-  
age pr imary  is quite desaturated one obtained the 
impression of an essentially "full-color" picture al-  
though there were obviously no br i l l iant  blues or 
greens. 
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GaASl_xP  Electroluminescent Diodes Made by 
Zn Diffusion in an Open-Tube System 

K. K. Shih* and J. M. Blum* 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

An open- tube  process has been used for Zn diffusion in GaAsl-xPx coated 
with SiO2 films to form p -n  junctions.  Electroluminescent  diodes made by 
this method have a brightness of 600 f t -L at 5 A/cm 2 with no etching of the 
surface required. The effects of temperature,  time, and SiO2 thickness on 
junct ion  depth, efficiency, and brightness of the diodes are described. 

Zn diffusion into I I I -V compounds such as GaAs, 
GaAsl-xPx has commonly been carried out in sealed 
quartz tubes (1). The qual i ty of the vacuum in the 

* Electrochemical  Society Act ive  Member .  
Key  words:  GaAsl-zP~, e lectroluminescent  diode, Zn diffusion, 

I n - v  alloy. 

ampoule and the arsenic pressure in  the system are 
critical factors in the control of junct ion  depth and 
surface concentration, and therefore make reproduci-  
bil i ty difficult. In  addition, it was found that Zn and 
As vapors at tack the window openings when the proc- 
ess is used on an oxide masked wafer. This makes 
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subsequent  processes difficult to control. It  was found 
that  by depositing a thin addit ional  layer  of SiO: 
on the surface of the wafer,  the surface erosion can be 
avoided. Shorts et al. (2) and Becke et al. (3) have 
studied Zn diffusion in GaAs coated wi th  SiO2 in a 
closed-tube system. They found that  SiO2 proved 
effective in lowering surface concentrations and pre-  
vent ing surface deter iorat ion during diffusion. Since a 
thin protect ing film of SiO2 is necessary to protect  the 
surface f rom erosion, the open- tube  process was used 
instead of the convent ional  closed-tube system. We 
will  describe here the effects of the Zn source t em-  
perature,  the diffusion temperature ,  the oxide th ick-  
ness, and the diffusion t ime using the open- tube  diffu- 
sion of Zn into GaAsl-xASxP on l ight emit t ing diode 
characteristics. 

Experimental 
Tel lur ium-doped  GaAsl -xPx wafers  obtained f rom 

Monsanto Company were  used in this work. Most of 
the wafers,  according to the vendors  specifications, 
were  wi thin  the fol lowing specifications: x, in the 
formula GaAsl -xP~ was 0.39 ~ 0.01; n ~ 2 ~ 1 X 1017, 
and the  total  thickness of the vapor -g rown  epi taxial  
layer  on GaAs was about 80 ~m wi th  approximate ly  
the first 36 ~m graded in composition with  the re-  
maining portion having constant composition. These 
wafers  were  selected on the  basis that  they all had 
similar  epi taxia l  layer  characterist ics so that  the 
effects of various diffusion parameters  could be eval -  
uated. It  should be noted that  more  efficient diodes 
have been made here from other material .  

The SiO2 layers which  were  used to protect  the semi-  
conductor surface f rom erosion were  deposited by a 
pyrolyt ic  decomposit ion process. Before deposition, the 
wafers  were  cleaned in toluene, acetone, and alcohol. 
The deposition occurs at 500~ as a result  of the de- 
composit ion of te t raethylor thosi l ica te  (TEOS) in an 
oxygen atmosphere.  SiO2 films with  a thickness of 
500-4000A have  been produced wi th  a deposition rate  
of about 60 A/min .  

The diffusion apparatus is shown in Fig. 1 and con- 
sists of a two-zone furnace so that  the t empera tu re  
of the source and wafers  can be adjusted indepen-  
dently. A flow of N2 was mainta ined through the sys- 
tem be tween  diffusion runs. Zn pellets  of 6-9's pur i ty  
were  loaded in a boat at the entrance of the  source 
end of the tube and wafers  were  loaded in a flat plate 
at the o ther  end. The ni t rogen gas was turned off and 
forming gas was then turned on to flow at a rate  of 
about 400 cc /min  for 30 rain to flush the system. Af ter  
that, the Zn boat was first pushed into the source re-  
gion zone 1 and af ter  10 min the wafers  were  pushed 
into the diffusion region zone 2 of the furnace. The 
diffusion of Zn into GaAsl-=P= was invest igated with  
the wafer  t empera tu re  (Tw) main ta ined  at the same 
t empera tu re  as the source (Tz,) .  Tempera tures  of 700 ~ 
750 , 800 ~ and 850~ were  used wi th  diffusion t imes 
ranging f rom 30 min to 4 hr. Diffusions at a fixed wafe r  
t empera ture  (T•) of 800~ but wi th  different source 
tempera tures  (Tzn) of 700% 750% and 800~ for 1 h r  
have also been carried out. 

ZONE I ZONE 2 
SOURCE DIFFUSION 

/ Zn WAFERS ~ ' ~  

FORMING GAS 
IN 

ITw 

T~ / 
DISTANCE 

Fig. l. Furnace system and temperature profile for diffusions 

FORMING GAS 
OUT 

After  diffusion, the wafers  were  removed  f rom the 
diffusion zone. The forming gas was then turned  off 
and the n i t rogen turned on pr ior  to removing  the 
wafers  f rom the furnace. The SiO2 films were  removed  
after the diffusion. The junct ion depth was measured  
by developing the junct ion interface with a HF:H202: 
3H20 etch in a cleavage plane normal  to the junction. 
Diodes were  made by electroplat ing A u - S n  on the 
substrate side of the wafer  af ter  the substrate is 
thinned to reduce series resistance. Small  c leaved sec- 
tions wi th  an area of about 10 - s  cm 2 were  mounted  
on a header  and an a luminum wire  was ul t rasonical ly  
bonded direct ly  to the top p surface. The external  
quan tum efficiencies and brightnesses of these diodes 
were  then measured.  The ex te rna l  quan tum efficiencies 
were  measured  wi th  an in tegra t ing sphere type of 
apparatus using Si photodiodes as detectors. The 
brightness was measured  wi th  a Spectra Brightness 
Spot Meter  v iewing an 8 rail d iameter  area. 

Results and Discussion 
Initially,  the effects of oxide thickness on the diffu- 

sion were  studied. It was found that  wi th  oxide thick-  
nesses less than 500A, a nonuni form junct ion depth 
often resulted. On the other hand, if the oxide thick-  
ness was about 4000A the oxide sometimes cracked 
and gave errat ic junct ion depths. Hence, most  of our 
data were  f rom wafers  deposited wi th  1000 and 2000A 
SiO2 films. Examina t ion  of these wafers  af ter  diffusion 
indicated smooth clean surfaces wi th  junct ion depth 
uni formity  wi thin  •  

The junct ion depth Xj for various Zn diffusions wi th  
the same source and wafer  t empera tu res  be tween 
700 ~ and 850~ and for 1000 and 2000A thick SiO2 films 
was found to va ry  almost l inear ly  wi th  the square 
root of the diffusion t ime while  the diffusion t imes 
ranged f rom 30 min  to 4 hr. This relat ionship indicates 
that open- tube  Zn diffusion into GaAsl -xPx  obeys 
Fick's  law (4). In the case where  the wafer  tempera-  
ture  is kept  constant at 800~ for 1 hr, the junct ion 
depth can be decreased by a factor or two by reducing 
the source t empera tu re  f rom 800 ~ to 700~ 

Figure  2 shows the junct ion depth Xj vs. the SiO2 
thickness for tempera tures  be tween  700 ~ and 850~ 
when Tzn = Tw for a 1-hr Zn diffusion. This figure 
indicates that  at the lowest t empera tu re  (700~ the 
junct ion depth is almost independent  of oxide thick-  
ness, whi le  at a h igher  t empera tu re  (850~ the 
junct ion depth decreases drast ical ly wi th  increasing 
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Fig. 2. Junction depth as a function of $i02 thickness for a | -hr  
diffusion when Tzn = Tw. 
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oxide thickness. The reason for the anomalous results 
in Fig. 2 is not understood and we cannot  conjecture  
any theory  without  additional exper imenta l  d a t a .  

The junct ion depth also decreases wi th  increasing 
donor concentrat ion and increasing phosphorous con- 
centrat ion in the wafers.  Because of the l imited num-  
ber of exper iments  done in this area, no quant i ta t ive  
results are reported here. 

The sheet resistance of the diffused layers has been 
measured by the four  point probe method. It was 
found that  at a given junct ion depth, the sheet resist-  
ance of the layers diffused in the open- tube  system is 
at least an order  of magni tude higher  than that  using 
a ZnAs2 source in a closed-tube system. This suggests 
that  the Zn concentrat ion in the oxide-coated 
GaASl-=P= layers diffused by the open- tube  method 
must be lower  than in layers diffused by the con- 
vent ional  ZnAs2-source closed-tube method (5). 

These results are confirmed by surface concentra-  
tion (Co) measurements  made on the same wafers  
using the plasma resonance method  (6). For  the wafers  
diffused at. Tzn -- Tw : 800~ with a 2000A thick SiO2 
film on the surface, Co is approximate ly  equal  to 3.5 • 
1019 cm -3. The lowest Co measured is about 1.4 • 1019 
cm -3 when Tzn ~-~ Tw ~ 700~ with a 1000A thick SiO2 
film on the surface during diffusion. Co is approxi -  
mate ly  equal  to 1.1 • 102o cm -3 if ZnAs2 source is used 
in a closed ampoule diffused at 800~ 

The external  quantum efficiency and wavelength  of 
t he  diffused GaASl-~Px diodes have  been measured. It  
was found that  the efficiency did not vary  very  much 
in our diffusion studies even though the tempera tures  
of the source and wafers  were  changed between 700 ~ 
and 850~ The results show that the efficiency of 
diodes made with an SiO2 thickness of 2000A is about 
20% bet ter  than that  of 1000A. The average efficiency 
was about 10 -3 at 6600A for uncoated diodes. The 
highest value obtained so far was about 2.4 • 10 -3 
at 6650A for an uncoated diode. 

Brightness measurements  were  made on hundreds  
of diodes whose areas var ied  from about 0.8 • 10 -3 
cm 2 to 1.2 • 10-3 cm 2. Figure  3 demonstrates  the effects 
of diffusion t ime on brightness when the wafer  t em-  
pera ture  and source tempera ture  are equal. Each point 
on the curves represents the average of several  diodes. 
The brightness at current  density = 10 A/cm2 is 
plotted for comparison. When the t empera tu re  was in- 
creased from 700 ~ to 800~ the brightness also in-  
creased. A max imum value is obtained at 800~ for 
1-hr diffusion. When the tempera ture  increases fu r -  
ther  to 850~ an adverse result  was obtained which 
could have been caused by an increase in nonradia t ive  
recombinat ion centers formed at the higher  t empera -  
ture. When the wafe r  t empera ture  was kept constant 
at 800~ some improvement  in brightness can be ob- 
tained at a lower  source t empera tu re  because the junc-  
tion depth decreases with decreasing source t empera -  
ture  and this results in less l ight absorption at the 
surface. 

The effect of junct ion depth on the brightness of the 
diodes was studied and the results are shown in Table 
I. At about the same shallow junct ion depths (under  
~- 2.5 ~m, runs A, A'  and B, B' in Table I),  the br ight-  
ness of the diodes can be off by a factor of 3-4 depend-  

I 000  

E- SiO2-2OOOA 

E 
o 

h 

< 50C 
o 

= = 800oc  
% 
09 

h i  
Z 
I-- 
"1- ~ 
ri- 
m O - -  I I _  I I 

I 2 5 4 5 
DtFFUSION T~ME t (FLOUR) 

Fig. 3. Luminance of GaAs i -xP=  diodes at 300~ at current 
density = 10 A/cm 2 as a function of diffusion time at different 
temperatures when Tzn ~ Tw. 

ing on the diffusion conditions. When the junction 
depth is about 4-5 ~m deep (see C and C' in Table I), 
the difference in brightness can still be large depending 
on diffusion conditions. However, when the junction 
depths are deeper as in runs D, E, and F the brightness 
drops substantially. This shows that for junction depths 
of less than ~ 5 ~m the specific diffusion conditions 
(i.e., t ime and tempera ture)  play a significant role in 
determining the luminance  characteristics. How-  
ever, as the diffusion depth increases, the par t icular  
diffusion conditions have less influence. The luminance 
of these devices has been improved by removing  part  
of the diffused region by etching the surface. 

We have per formed a closed-tube diffusion on the 
same wafer  used in the above studies using a ZnAs2 
source and a diffusion at 800~ for 45 min [i.e., the 
same method described by Herzog et al. (5) ]. The junc-  
tion depth was about 5 ~m. Without  etching the sur-  
face the brightness of the diodes measured at 10 A / c m  2 
was about 200 ft-L. This low brightness is probably 
due to the higher  Zn concentrat ion in the diodes made 
by closed-tube diffusion wi thout  an SiO2 film. Besides, 
it is possible that  a thin surface film could form during 
the diffusion process which has high absorption coeffi- 
cient for red emission. Surface etching is requi red  on 
diodes made f rom that  type of diffusion in order to 
achieve m ax im um  brightness. 

Run B in Table I corresponds to a 1-hr diffusion 
at Tzn = Tw ~ 800~ with  a 4000A SiO2 deposited on 
the surface, and run  A corresponds to a 1-hr diffusion 
at Tzn : 700~ and Tw ~ 800~ with a 2000A SiO2 
film on the surface. These two diffusions gave com- 
parable  brightness and junct ion depth results. Since a 
4000A SiO2 film usually cracks during the diffusion 
process, the diffusion conditions corresponding to run A 
are preferred.  The shallow junct ion may cause high 
sheet resistance which is not desirable for some appli-  
cations. If lower  sheet resistance is required, the diffu- 
sion condition corresponding to run  C which has a 
deeper  junct ion depth (-~ 4.5 ~m) and higher  surface 

Table I. Table of luminance characteristics for various diffusion conditions and junction depths 

Brightness at current 
Source temp, Wafer temp, Diffusion time, SiO2 thickness, Junction density = 10 A/crn~, 

Run No. Tzn (~ Tw (~ t (hr) d (A) depth, Xj B (ft-L) 

A Y00 800 I 2000 1.5 700 
A' 700 700 1 2000 1.4 150 
B 800 800 1 4000 2.5 650 
B" 800 800 0.5 2000 2.1 220 
C 800 800 1 2000 4.5 600 
C'  850 850 0.5 2000 4.8 200 
D 750 750 4 2000 6.1 250 
E 800 800 4 2000 8.8 250 
F 850 850 2 2000 12 75 
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Zn concentrat ion can be used. The diffusion conditions 
for both runs A and C are the same except the source 
temperature.  Hence it appears that  the best diffusion 
conditions for a t ta ining high brightness are to deposit 
2000A thick SiO2 films on GaAsl-xPx wafers and to 
diffuse for 1 hr at 800~ while keeping the Zn source 
temperature  between 700 ~ and 800~ 

From measurements  made on many  diodes from 
many  different wafers other than  those part icular  ones 
used in this work it is evident  that in addition to diffu- 
sion conditions wafer  qual i ty  plays a very impor tant  
role in the resul t ing ul t imate  diode characteristics. 
Superior luminance  characteristics were achieved using 
the opt imum open- tube diffusion conditions found in 
this work from wafers not used in this series of experi-  
ments. Typically the results~ from better  qual i ty  wafers 
at 10 A /cm 2 were between 700 and 900 ft-L. The best 
wafer measured produced 55, 600, and 1050 f t-L at cur-  
rent  densities of 1, 5, and 10 A/cm 2, respectively. All  of 
these results were achieved without  any surface etch- 
ing. 

In  conclusion, it has been shown that SiO2 films on 
the surface during diffusion offers surface protection 
al lowing the re tent ion of smooth surfaces. With this 
protection, open- tube  diffusions can be used. The sur-  
face zinc concentrat ion is lowered by the SiO2 film. 
High brightness results are achieved in these diodes 
with no etching of the surface required. These results 
produce a true planar  process. In  addition, the open- 
tube approach enables many  diffusions to be carried out 
in quick succession avoiding the complications associ- 

ated with encapsulat ion under  vacuum which is neces- 
sary in the closed-tube system. While only work on 
GaAsl-xPx is reported here, the process has been suc- 
cessfully applied to other I I I -V semiconductor mate-  
rials such as AlxGas-xAs, GaP, and GaAs. 
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Determination of the Component Activities in the 
System In-Ga Using a Solid Oxide Electrolyte Technique 

K. A. Klinedinst, M. V. Rao, and D. A. Stevenson* 
Department of Materials Science and Engineering, Stanford University, Stanford, California 94305 

ABSTRACT 

An electrolytic technique utilizing the cell, Pt]WlGa, fl-Ga20sI calcia sta- 
bilized zirconiaIGa-In,  /~-Ga2031WIPt, has been used to measure activities of 
Ga in l iquid In -Ga  alloys in the tempera ture  range 800~176 The Ga 
activities and the In  activities, calculated from the Gibbs-Duhem equation, 
show modest positive deviation from Raoult 's  law. The activities are compared 
with previously measured and computed values. The parameter  acaIn (defined 
by In 7ca/[1 -- Naa] 2) is seen to have a very  small  composition dependence in 
the temperature  range studied. The part ial  molar excess entropies of solution of 
Ga, calculated using the measured free energies and previously measured 
values for the heats of mixing, are demonstra ted to be negat ive  and small. 

There is both practical and fundamenta l  interest  in 
the thermochemistry  of the Ga- In  system. The system 
comprises one b inary  of a n u m b e r  of t e rnary  systems 
of practical interest. For example, the compounds 
GaxInl-xAs and GaxInl -xP are of current  interest  be-  
cause of their  potential  applications as infrared and 
visible light emit t ing diodes, respectively. In  the 
growth of te rnary  mixed crystals in the systems using 
l iquid phase epitaxial  growth techniques, knowledge of 
the te rnary  phase diagrams is essential. Because suffi= 
cient informat ion of this type is unavailable,  invest i -  
gators have endeavored to estimate portions of the 
te rnary  phase diagrams using thermochemical  data 
for the respective binaries, together with some in-  
formation on the pseudobinaries (1). A recent study 
has employed an interpolat ive technique, using a l im-  
ited amount  of exper imenta l  informat ion  about the 
te rnary  (2). 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
Key words: solution thermodynamics,  l i q u i d  a l loys ,  f r ee  energy .  

A recent review of the Ga- In  system (3) has de- 
scribed a number  of inconsistencies in the present  in-  
formation in the l i terature concerning the phase dia-  
gram, the calorimetric measurement  of the heats of 
mixing in the ]iquid (4-6), and the Gibbs free e n e r g y  
of mixing in the liquid, de termined from activity mea-  
surements  (7). It was proposed that the free energies 
were in error (3). Other informat ion in the current  
l i terature also suggests that  the previously measured 
activities may  be incompatible with the other thermo-  
chemical information,  and in particular,  may be a bit  
high. An analysis of the available heat of mixing  and 
the phase diagram information using a l inear  program- 
ming optimization technique (8) resulted in aInGa val-  
ues (with ~ defined as in "nn/[1 -- NIn] 2) that  were 
considerably smaller  than those obtained from the 
existing activity data (7). Furthermore,  several in -  
vestigators have successfully applied a quasichemical 
model to t l~  In-Ga-As,  In -Ga-Sb ,  and I n - G a - P  sys- 
tems using a value of a which was fortuitously taken 
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to be smaller by a factor of 2.303 than the reported 
exper imental  value (owing to a mis interpreta t ion of 
the data) (9-13). 

In  l ight of the present  uncer ta in ty  about the thermo-  
chemistry of this system, par t icular ly  concerning the 
free energies of mixing, a direct measurement  of ac- 
tivities appeared desirable. The activities of Ga in 
l iquid Ga- In  solutions were measured using an electro- 
chemical cell employing a solid oxide electrolyte. The 
electrochemical cell can be represented as 

Pt[WI Ga, #-Ga2Os[ calcia stabilized zirconia]Ga-In,  
~-Ga2031WlPt 

The equi l ibr ium reactions at each electrode may be 
wri t ten  as 

3 
2 G a d )  + ~ O 2  (g) = p-Ga203 (s) [1] 

aGa2Os 
K "-  [2] 

ao~2 Po2~/2 

with K being a constant for a given temperature.  As- 
suming uni t  activities for Ga203 and pure Ga 

P02 (Ga-In,  Ga2Oa) 
aG~ -4 /3  : [3] 

Po2 (Ga, Ga203) 

where aGa is the activity of Ga in the Ga- In  alloy. The 
part ial  pressures of O2 are related to the cell emf by 
the relat ion 

RT Po~ (Ga-In,  Ga203) 
E - -  In [4] 

4F Po2 (Ga, Ga203) 

Thus one obtains 
3 EF 

In aGa -- [5] 
RT 

where E is the cell emf and F is the Faraday  constant. 

Exper imental  
A schematic diagram of the cell is given in Fig. 1. 

The Ga, ~-Ga203 reference electrode was contained in 
the bottom of a calcia-stabilized zirconia (CSZ) vac- 
uum- t igh t  tube, ~/4 in. in diameter  and 18 in. long. 
Small  pieces of solid gall ium were placed in the bottom 

D E L L  EME 
7 } ~ F L O W M E T E R  

~STAINLESS STEEL TU81NG ~J~  

--ALUMINA TUBE 

ALUMINA T U B E ~ - ~  CSZ TUBE 
T,ERMO- ~ ~ l l  --ALUM,NA TUBE C~MPFLE ~ ~111 PLATINUM LEAD WiRE Jllll LEAD W I R E ~  ~ F U R N A C E  

. . . .  

Fig. I. Schematic diagram of the experimental apparatus 

of the tube and melted with a heat gun. ~-Ga208 
powder was placed on top of the pool of l iquid gallium. 
The Ga-In,  ~-Ga203 electrode was contained in the 
bottom of an a lumina  tube, ll/s in. in diameter  and 14 
in. long. A layer of ~-Ga203 powder was placed in the 
bottom of the tube, and weighed pieces of gall ium and 
indium were placed on top of the ~-Ga203 powder. 

Pure  argon gas was used to b lanket  both electrodes. 
It was purified by passing through activated Linde 4-A 
molecular  sieve and t i t an ium metal  sponge (heated to 
850~ The argon line was constructed of stainless 
steel tubing with stainless steel Swagelok connectors. 
The argon was t ransported to the reference electrode 
via a 1/s in. diameter a lumina  tube. The lead wires to 
the electrodes were 0.010 in. p la t inum wire, with short 
pieces of tungsten  wire spot welded to them just  above 
the surfaces of the two electrodes. The tungs ten  thus 
provided the contact between the l iquid metals and 
the p la t inum wires, and was found not to dissolve in 
the liquid gall ium or ga l l ium- ind ium alloys. The lead 
wire from the alloy electrode was grounded. 

The cell was assembled with Viton O-r ing con- 
nectors and was positioned so that  the electrodes were 
in the constant temperature  zone of a resistance-heated 
Marshall  furnace. The tempera ture  profile of the fur-  
nace was adjusted so that  it was uniform to wi th in  
+_I~ from the bottom of the a lumina  tube to a point  
well above the p la t inum- tungs ten  junct ions in the elec- 
trode lead wires. The cell temperature  was measured 
with a Pt-13% Rh thermocouple in thermal  contact 
with the outside of the a lumina  tube containing the 
alloy electrode. The cell tempera ture  was controlled 
with a Barber -Colman Model 357A Digiset nu l l  balance 
controller. The cell potent ial  and the Pt-13% Rh 
thermocouple potential  were measured with a L&N 
K-3 potentiometer  and a L&N 9834 nul l  detector. 

At the start of each experiment,  the cell was heated 
and al ternate ly  evacuated and flushed with the purified 
argon gas. When the cell t empera ture  exceeded 200~ 
the cell was filled with the argon, and a slow flow was 
main ta ined  over both electrodes throughout  the dura-  
tion of the experiment .  The CSZ tube was positioned 
so as to dip below the surface of the alloy electrodes. 

The cell was heated slowly to 900~ and main ta ined  
at this temperature  for several hours for the equi l ibra-  
tion of the alloy components and for the saturat ion of 
the electrodes with oxygen by the dissolution of the 
~-Ga203 powder in the liquid metals. The temperature  
was then raised to 950~ and the cell was again allowed 
to equilibrate until the cell emf was constant with 
time (about 2 hr). The emf was then recorded and the 
temperature was lowered in increments of 50 ~ to 800~ 
At each temperature, the cell was allowed to equili- 
brate before the emf value was recorded. In some 
cases, in order to test the reversibility of the electrode 
reactions, readings were taken  dur ing  both ascending 
and descending temperature  cycles. The equi l ibr ium 
cell voltages at a given tempera ture  always agreed to 
within +__0.5 mV. 

To be certain that the a l ternat ing current  in  the 
furnace windings was not inducing stray voltages in 
the cell circuit, the power supply to the furnace was 
occasionally tu rned  off just  before the cell emf was 
recorded. No indication of such interference was ever 
observed. Further ,  no significant differences in cell 
voltages were observed to result  from using different 
CSZ tubes or different reference electrode samples. 
Similarly, the emf values for identical samples at cor- 
responding temperatures  agreed to wi thin  --+0.5 inV. 

The gall ium used was 7-9's puri ty,  manufac tured  by 
Eagle-Picher Industries,  Inc. The indium, also 7-9's 
purity,  was produced by Cominco American, Inc., while 
the ~-Ga2Os was 4-9's pur i ty  from Research Organic /  
Inorganic Chemical Company. The vacuum-t igh t  CSZ 
tubes contained 7.0 w/o  (weight per cent) calcia and 
were manufac tured  by the Zirconium Corporation of 
America. 
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Fig. 2. Experimental emf values vs.  temperature 

Results and Discussion 
The emf vs. tempera ture  plots are shown in Fig. 2 

for each of the compositions studied. In every case, 
the three higher tempera ture  points follow l inear re la-  
tionships very closely. 

Activities of Ga were calculated using Eq. [5]. The 
indium activities were calculated using the Gibbs-  
Duhem equation 

~trGa d In TEa + NIn d In 7In = 0 [6] 

Both sets of values are listed in Table I, together with 
the cell voltages. The activities are substant ia l ly  
smaller than  those reported by Macur, Edwards, and 
Wahlbeck (7). They estimated a'inGa (defined by 

Table I. Experimental emf's and activities of Ga 

T e m p e r -  
N~a a ture ,  ~ EMF,  m V  aGa aIn* 

0.0502 1223.0 86.97 0.0836 0.9512 
1174.0 82.43 0.0864 0.9512 
1123.0 77.87 0.088 0.9513 
1072.0 73.64 0.0911 0.9513 

0.0988 1223.0 65.45 0.154 0.9045 
1174.0 61.80 0.159 0.9048 
1125.0 58.40 0.1636 0.9050 
1073.0 55.10 0.1668 0.9051 

0.2002 1223.0 43.43 0.289 0.816 
1172.5 41.08 0.294 0.817 
1122.5 38.72 0.300 0.818 
1073.0 36.35 0.307 0.819 

0.2997 1222.0 32.89 0.391 0.733 
1173.0 31.19 0.396 0.735 
1124.0 29.57 0.400 0.737 
1073.0 27.79 0.406 0.738 

0.4018 1223.0 25.44 0.484 0.653 
1173.0 24.07 0.489 0.656 
1123.0 22.58 0.496 0.659 
1073.0 21.35 0.500 0.660 

0.4999 1223.5 19.26 0.578 0.572 
1173.0 18.32 0.580 0.576 
1125.0 17.34 0.584 0.580 
1073.0 16.35 0.588 0.582 

0.6008 1223.0 14.75 0.657 0.487 
1173.0 13.95 0.661 0.492 
1123.0 13.15 0.665 0.497 
1073.0 12.51 0.669 0.500 

0.6972 1223.0 10.47 0.742 0.393 
1173.0 9.86 0.7457 0.400 
1123.0 9.41 0.7465 0.404 
1073.0 8.89 0.749 0.409 

0.7976 1223.0 7.21 0.814 0.288 
1173.0 6.72 0.819 0.293 
1123.0 6.26 0.823 0.297 
1073.0 5.98 0.8233 0.302 

* C a l c u l a t e d  u s i n g  G i b b s - D u h e r n  equa t ion .  

loglo~In/[1 -- Nin] 2) at three  temperatures  and se- 
lected compositions, using a Knudsen  effusion tech- 
nique. The disparity be tween our data and theirs is 
not unexpected, since discrepancies be tween their  re-  
sults and those of previous studies have already been 
noted (3, 8). Some measure of the inconsistency in the 
Macur et al. data is indicated by the fact that  the heats 
of mixing calculated by them using their  measured 
activities give a value of 2200 cal /mole at NIn = 0.5, 
which compares unfavorab ly  with the Bros et  al. value 
of 265 cal /mole (5). 

Rao and Til ler  (8) conducted an analysis, using a 
l inear  programming optimization technique, in which 
the l iquidus (6, 14) and heat of mixing data (4) were 
s imultaneously analyzed. Using an i terat ive technique, 
they obtained a consistent set of a's (in the solid and 
l iquid solutions) and phase equi l ibr ium lines. The 
exper imental  activities in this work at all the tempera-  
tures are in good agreement  with those computed using 
the Rao and Tiller a-parameters.  By way of example, 
the comparison is shown graphically in Fig. 3 for the 
950~ points. The figure also includes our calculated 
indium activities and all of the exper imental  values for 
the activity of In  at 950~ reported by Maeur et  al. (7). 

Several  thermochemical  quant i t ies  were computed 
using the exper imenta l  information.  The parameter  
again can, in general, be expected to have the form (15) 

a G a i n  = I --~ a W i n  ~-  b / T  -}- c N I n / T  [7] 

where l, a, b, and c are constant  with tempera ture  and 
composition. This is consistent with the assumption 
that  the heats and excess entropies of mixing are inde-  
pendent  of temperature.  This is usual ly  a good assump- 
tion in metallic systems and has been val idated for 
the heats by Bros (4) and Bros et al. (5) for the sys- 
tem In-Ga.  They fur ther  showed that  the heats are 
symmetr ical  about the NGa -~ 0.5 composition point, 
thus indicating (15) that  the parameter  c in the equa-  
t ion above is essentially zero. The calculated values of 
again are given in Fig. 4 as functions of composition 
and show only a slight composition dependence of 
~CaI,, at all the temperatures.  The fact that  the slopes 
are independent  of tempera ture  is consistent wi th  the 
above deduction that  c _ 0. The a- funct ion  is very 
sensitive to changes in activity, par t icular ly  at high 
Ga concentrations. Therefore, the consistency displayed 
in Fig. 4 shows the inherent  accuracy of the technique. 
The na ture  of the scatter is systematic, i.e., the devia- 
t ion for each composition from the best fit l ine is 
essentially the same for each of the temperatures.  The 
extreme sensit ivity of the a- funct ion  at compositions 
approaching pure Ga makes the calculat ion of a at 
NGa : 0.80 unre l iable  and, al though the points have 
been plotted, the degree of correspondence with the 
other points is scarcely significant. 
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Fig. 3. Activities of Ga and In at 1223~ 
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Fig. 4. Dependence of a g a i n  o n  NGa 

This method cannot be expected to give accurate 
heats and entropies of mixing because of the inherent  
uncertainties,  in  general, in the deduction of entropies 
and enthalpies indirect ly from the free energy mea-  
surements.  Nevertheless, these quanti t ies were cal- 
culated in order to show the general  consistency in the 
measurements.  The part ial  molar heats and excess 
entropies of solution of Ga can be calculated from the 
slopes and intercepts of the emf vs. tempera ture  lines, 
since 

AF-Ga --- -- nEF = AH--Ga -- TASGa [ 8 ]  

Figure 5 shows A H G a  and AH M, the part ial  molar  heat 
of solution of Ga and the integral  heat of mixing, re-  
spectively. The lat ter  was calculated assuming that the 
A H  M w a s  symmetrical  about the N G a  ---- 0 . 5 0  composi- 
tion point. Considering the associated uncertainties,  
the comparison with the points of Bros et al. (5) and 
Predel  and Stein (6) is reasonable. The max imum dif- 
ference in the AH M occurred with the data of Bros et al. 

at 50 % Ga and  is of the order of 70 cal. The AS'Ga val-  
ues calculated from the slopes were scattered on a 
t rajectory slightly more positive than  that  for an ideal 
solution. A more meaningful  calculation is that  of the 
excess entropies using the free energies measured in 
this work and the heats of mixing of Bros et al. (5), 
which appear to be very accurate. ASXSca has been 
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Fig. 5. Heats of mixing in liquid In-G. alloys 
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Fig. 6. Dependence of calculated values of A S X S G a  o n  NGa in 
In-Ga allays. 

calculated in this fashion at all  the four temperatures,  
and the results plotted in Fig. 6. Considering the sen- 
sit ivity of the scale upon which the plot is made, the 
result ing set of points shows good consistency. Table 
II lists thermochemical  quanti t ies  of 1223~ obtained 
using this excess entropy curve and the Bros et aL (5) 
heats of mixing. 

Certain aspects of the exper imental  technique meri t  
discussion. An important  consideration is the solubili ty 
of oxygen in the I n - G a  alloy and the extent  of t e rnary  
interaction, since the system is in real i ty  the te rnary  
In -Ga-O and is merely being approximated to be the 
b inary  In-Ga.  The effect, however, is expected to be 
small in the present system due to low oxygen solubil-  
ity. The solubili ty of O in l iquid Ga is of the order of 
10 -3 a/o (atomic per cent) at 80O~ (16). The com- 
ponent  activities are not expected to be influenced by 
the small  oxygen concentration. Another  source of 
error, loss of the consti tuents by evaporation, is also 
un impor tan t  in this system since the vapor pressures 
of Ga and In are of the order of 10-5-10 -6 atm at 
950~ 

Another  consideration is the relat ive stabil i ty of the 
various oxides in the system. The free energy of forma- 
tion of ~-Ga208 is very  much more negative than  those 
of Ga20, In~O, and In203. Therefore, the stable oxide 
present at all t imes can be expected to be ~-Ga203. 
Separate electrode chambers and argon streams pre-  
vented communicat ion between the two electrodes via 
the gas phase, thus e l iminat ing another  possible source 
of error. 

The error l imits set on the activity values at each 
of the temperatures  can be ascribed to the ___0.5 mV 
reproducibil i ty discussed previously, and other sources 
such as any  electronic conduct ivi ty  present  in the 
calcia-stabilized zirconia. The consistency of the results 
appears to indicate a very small  contribution,  if any, 
from this last source. 

The part ial  pressures of oxygen in equi l ibr ium with 
Ga and ~-Ga203 may be calculated from the free 
energy of formation data for /3-Ga203, as obtained by  
Pankra tz  and Kel ley (17). Several  investigators (18, 
19) have determined the values of oxygen part ial  pres-  
sure corresponding to an ionic t ransference number ,  
ti, equal  to 0.99 for the caleia-stabil ized zireonia elec- 
trolyte. The oxygen part ial  pressures in equi l ibr ium 

Table II. Thermochemical quantities at 1223~ calculated using 
Fig. 6 and Bros et al. (5) data 

NQ, ~gQ=�9 ~S--~'Ga ~F~'o= ao= 

0.i 859 -- 0.215 1122.0 0.158 
0.2 678 --0.150 870.0 0.286 
0.3 520 -- O.113 658.0 0.393 
0.4 382 -- 0.086 487.0 0.489 
0.5 265 -- 0.064 343.0 0.576 
0.6 170 --0.047 228.0 0.659 
0.7 95.5 -- 0.032 134.7 0.740 
0.8 42.4 -- 0.018 64.5 0.822 
0.9 10.G -- 0.009 21.6 0.908 

* F r o m  heats  of m i x i n g  of  B r o s  e t  aL (5).  
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with Ga and /~-Ga203 are larger t han  those reported 
to correspond to ti : 0.99. Since the oxygen part ial  
pressures in equi l ibr ium with the Ga- In  alloys and 
;~-Ga~O3 are uni formly  larger than those in equi l ibr ium 
with mixtures  of Ga and ~-Ga20~, we are justified in 
expecting that  the electrolyte exhibits practically pure 
ionic conductivi ty for the range of tempera ture  and 
oxygen part ial  pressure encountered in this work. 

Conclusions 
The galvanic cell technique, uti l izing CSZ as the 

solid electrolyte, was used to measure the activities of 
Ga in liquid Ga- In  alloys. The measured activities are 
significantly smaller than those reported previously 
and are in good agreement  with activities calculated 
from heats of mixing and l iquidus determinations.  The 
part ial  molar excess entropies of solution were deter-  
mined to be negative and small. 

Similar  measurements  on other systems re levant  to 
the I I I -V binary  and te rnary  semiconducting com- 
pounds are desirable in order to provide a sound basis 
for the processing of these materials.  The present  
technique appears appropriate for determining iso- 
thermal  activities in systems containing Ga or In  as 
the least noble constituent.  
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Growth Via Leakage Paths of Nickel Oxide on Nickel 
at High Temperatures 

M. J. Graham, D. Caplan, and M. Cohen* 
Division of Chemistry, National Research Council of Canada, Ottawa, Ontario, Canada KIA  OR9 

In  the high temperature  oxidation of nickel, para-  
bolic kinetics are expected since growth of the oxide 
layer proceeds by a diffusion process, the outward 
movement  of cations. In  exper iments  with annealed 
and cold-worked nickel (1) in which cold-worked 
nickel developed f iner-grained oxide and oxidized more 
rapidly, it was concluded that the faster oxidation re-  
sulted from the large number  of high-diffusivity paths 
provided by  the f ine-grained oxide. The apparent  in-  
s tantaneous parabolic rate constant, 2W �9 dW/dt,  1 de- 
creased with oxidation time because the preferred 
paths for diffusion are progressively el iminated by a 
combinat ion of anneal ing and grain  growth. 

It follows that this apparent  parabolic rate constant  
is made up of two components: the normal  lattice 
diffusion, plus a contr ibut ion from so-called leakage 

�9 E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
Key  w o r d s :  k ine t ics ,  l e a k a g e - p a t h  d i f fus ion .  
1K~, as 2W.dW/dt, is  o b t a i n e d  as the  p r o d u c t  of t he  m e a s u r e d  

slope of the  w e i g h t  ga in  c u r v e  a t  any  t i m e  a n d  twice  t he  w e i g h t  
ga in  a t  t h a t  t ime .  Units used are mg~ cm-4 hr-I .  

paths (1-12). For cold-worked nickel the contr ibut ion 
from leakage paths is greatest at short t imes and low 
temperatures;  that  from lattice diffusion is small  at low 
temperatures,  < 700~ but  becomes appreciable as 
the temperature  is increased. By correcting oxidation 
rates on cold-worked nickel for lattice diffusion, and 
by taking into account leakage path density changes 
dur ing growth, it is possible to calculate parabolic rate 
constants and an activation energy for growth via leak-  
age paths only. The paper outlines the evaluat ion of 
the rate constants and the activation energy. 

Treatment of Data 
The contr ibut ion from lattice diffusion may be deter- 

mined from oxidation data on annealed nickel. The 
thinnest  oxides formed on annealed nickel, from 700 ~ 
to 1270~ are monocrystal l ine and are considered to 
grow exclusively by lattice diffusion. Parabolic rate 
constants (as W2/t) were determined by Caplan et al. 
(1) from thickness measurements  of the thinnest  oxides 
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Fig. ]. Values of 2W.dW/dt from oxidation at I !00~ of Ni cold- 
worked by abrasion with 600-grit SiC (1) (filled circles); and values 
corrected for the contribution from lattice diffusion (Kp = 0.60 
mg2cm-4hr -1)  to give values of 2W.dW/dt for growth via leakage 
paths (open circles). 

and an act ivat ion energy of 54 kcal m o l e - l  was found 
for growth by latt ice diffusion (see Fig. 3). Values of 
W and 2W �9 dW/d t  for growth via leakage paths only, 
are thus obtained by subtract ing f rom data on abraded 
nickel the weight  gain and rate  given by the parabolic 
rate  constants for latt ice growth. Figure  1 shows the 
corrected 2W �9 dW/d t  values at l l00~ 

The rate of oxygen uptake, dW/dt ,  is proport ional  
to N, the number  of easy diffusion paths per  unit  area. 
The rate  of uptake  also decreases as the oxide thickens, 
because t ransport  is by diffusion. Thus, for g rowth  via 
leakage paths 

dW N dW or 2 W .  : 2K1N [1] 
dt : K 1 w  dt 

Since 2 W .  dW/dt ,  the instantaneous parabolic rate  
constant, diminishes wi th  t ime as the density of low 
resistance paths decreases (Fig. 1), the data at different 
tempera tures  can best be compared by ext rapola t ing  
values of 2 W - d W / d t  to zero time. It is necessary to 
assume that  the density of paths at zero time, No, does 
not va ry  significantly wi th  temperature .  Over  a l im-  
ited t empera tu re  range this is a reasonable assumption 
for a given surface preparation,  oxidation pressure, 
etc. As it is not feasible to compare  values of 2W �9 d W /  
dt at the same grain size for different temperatures ,  
the assumption of an invariaNt No with t empera tu re  is 
considered to be the least object ionable  compromise. 
It is difficult to de termine  values of 2W �9 dW/d t  at t : 
0 by extrapola t ion because of the very  rapid init ial  
decrease (Fig. 1); Eq. [1] will, therefore,  be modified 
to yield these values more readily. 

The decrease in the density of easy diffusion paths 
could be by a first order reaction or by a grain growth 
process. A first order rate expression was used by 
Evans et al. in a mechanism based on mutua l  pore 
blocking (2, 3) and la ter  applied by Smel tzer  et al. 
to the oxidation of t i tanium, zirconium, and hafnium 
(6). The t rea tment  assumes that  the ra te  of decrease 
of paths is dependent  upon the number  of paths re-  
maining, i.e. 

- - d N :  K~N dW 
o r  

N -: Noe -K~W [2] 

Subst i tut ing for N in Eq. [1] we have  

TIME, h 
o.I 0.2 0.4 0.60.B I 2 4 6 8 I0 20 

~ L O g l o 2 K I N  0 I I I I I I I I I I I I 

LOF" ~' , ,  

OB4 ~ "  ~ "~ ~' " ' o  
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Fig. 2. Plot of Iogzo2W.dW/dt against W for data on abraded Ni 
at l l00~ corrected for the contribution from lattice diffusion 
(corresponding oxidation times are also indicated); [ogzo2KiNo is 
the initial value of IogloKp used in determining the activation 
energy for growth via leakage paths. 
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Fig. 3. Arrhenius plot for Ni oxidation from 900 ~ to 1270~ the 
activation energies are 38 __~ 2 kcal mole -1  for growth by leakage 
path diffusion (this study) and 54 kcal mole - z  for growth by lattice 
diffusion [Ref. (1)] (the error bars indicate the uncertainty in 
evaluating the intercept, Iogzo2K1No). 

dW 
2W �9 ~ = 2KINoe -K~W [3] 2 

dt 
o r  

dW K2W 
logl02W - = logI02K1No -- ' ~  [4] 

dt 2.303 

2K1No is the initial value of the instantaneous para -  
bolic rate  constant (at W : 0, t : 0) to be used in 
determining the act ivat ion energy for growth  via leak-  

2 I n t e g r a t i n g  E q  [ 3 ]  r e s u l t s  i n  t h e  r a t e  e x p r e s s i o n  

W - -  + = K a N o t  
Ks K ~  
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age paths. From Eq. [4] values may be obtained from 
the intercept of a plot of logl~2W �9 dW/d t  against  W. 
Data on abraded nickel, corrected for lattice diffusion, 
did yield a straight l ine when plotted in this form and 
the intercept value of loglo2KtNo was readi ly deter-  
mined. The plot for data at l l00~ is shown in Fig. 2. 
At long times, where the number  of leakage paths is 
approaching a min imum,  W tends to a constant  value 
as 2W �9 dW/d t  approaches zero. 

Although the data comply reasonably well  with a 
first order reduct ion in leakage paths, other rate ex- 
pressions are not precluded. An al ternat ive one based 
on a decrease in leakage paths by a grain growth 
process (8) did not, however, fit the data as well, nor 
could good measures of 2KINo be obtained. As our 
pr imary  concern in this t rea tment  is to obtain values 
of Kp at zero time, in order to provide the activation 
energy for leakage path growth, the precise manne r  
in which the density of low resistance paths decreases 
with t ime is of secondary importance. Hence, values 
of 2K1No readily obtained from plots, as in Fig. 2, have 
been adopted in de termining the activation energy. 
Figure 3 shows Kp as 2K1No plotted in Arrhenius  form 
and the activation energy for growth via leakage paths 
of NiO on Ni from 900 ~ to 1270~ is found to be 38 • 2 
kcal mole -1. This is in agreement  with values of 41 and 
37 kcal mole -1 determined by Graham et al. in nickel 
oxidation studies from 300 ~ to 700~ where growth 
was almost exclusively by transport,  presumably  of 
cations, via high-diffusivity paths (11, 12). These val-  
ues are significantly less than 54 kcal mole -1 repre-  
senting growth by lattice diffusion. 
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The High Temperature Sulfidation Properties 
of Nickel-Chromium Alloys 

G. Romeo* 
Research and Development Center, General Electric Company, Schenectady, New York  12301 

and W. W. Smeltzer* 
Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

The reaction between sulfur vapor and nickel-  
chromium alloys has been the subject of a comprehen-  
sive s tudy by Mrowec, Werber, and Zastawnik (1). 
The sulfidation kinetics and the morphologies of the 
corrosion products were investigated for the whole 
range of b inary  alloy compositions at temperatures  
from 600 ~ to 900~ and  at 1 atm sulfur  pressure. With 
the help of marker  studies, a sulfidation model was 
proposed that  accounted for the parabolic growth of 
the scales as a result  of diffusion processes. At  very  
low, as well  as at very high alloy chromium contents, 
homogeneous sulfide scales were found consisting re-  
spectively of a solid solution of chromium sulfide in 
nickel sulfide or vice-versa. In  the intermediate  alloy 
composition range a duplex scale was reported, the 
outer layer of which was homogeneous and consisted 
of nickel sulfide (Ni l -xS) ,  while the inner  layer was 
heterogeneous and its morphology varied with the 
amount  of chromium in  the alloy. In  particular,  the 
inner  layer on alloys containing more than 20 weight 
per cent (w/o)  Cr consisted of chromium sulfide 
(Cr2S3) as a dispersing phase for islands and needle-  
shaped crystals of nickel sulfide. These findings were 
exemplified by micrographs and x - ray  images of the 

* Electrochemical  Society Act ive  Member .  
K e y  words:  sulfidation, h i cke l - ch romium alloys, sulfide morpholo-  

gies, nicke l -n icke l  sulfide eutect ic .  

cross section of a Ni-32.6 w/o  Cr alloy sulfidized at 
900~ Since the nickel sulfide stringers lay across 
the inner  chromium sulfide layer, l inking the metal  
with the outer nickel sulfide layer, the hypothesis was 
advanced that  these stringers could provide prefer-  
ential paths for the outward diffusion of nickel ions. 

More recently, Romeo, Smeltzer, and Kirka ldy  (2) 
have reported a study of the sulfidation of a Ni-20 w/o 
Cr alloy at 700~ in hydrogen-hydrogen  sulfide atmo- 
spheres, the composition of which varied in the range 
5-100 volume per cent (v/o) H2S. The kinetics also 
conformed, in this case, to the parabolic law and 
duplex scales were obtained as corrosion products. 
However, examinat ion with the optical and the scan- 
n ing electron microscope did not show any  evidence 
of heterogeneity in the inner  chromium sulfide layer. 
Electron microprobe counting indicated nickel solu- 
bi l i ty  in the inner  layer  of about 2-3 atomic per cent 
(a/o) .  They concluded that  outward diffusion of nickel 
ions could take place through the inner  chromium 
sulfide layer, its whole cross section providing a bridge 
for nickel t ransport  towards the gas phase. Occupation 
of chromium sites by nickel ions has indeed been sug- 
gested (1) to explain the slower sulfidation rate of 
low nickel content  Ni-Cr  alloys with respect to pure 
chromium. 
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Fig. la. Duplex sulfide scale formed on a Ni-35 weight per cent (w/o) Cr alloy in a H2-10% H2S atm at 850~ nickel sulfide stringers 
can be seen in the inner chromium sulfide layer; the outer nickel sulfide layer was molten at reaction temperature. Fig. lb. X-ray NiKc~ 
image of the specimen cross section. 

Fig. 2a. Scanning electron microscope image of a nickel sulfide matrix; Fig. 2b, x-ray characteristic peaks of the elements present in 
the stringer and the matrix. 

In the course of the above study (2), the tendency 
was noticed for the Ni-Cr  alloy to form a l iquid sulfide 
phase at re la t ive ly  low temperature .  It is wel l  known 
that  the eutectic, Ni-Ni3S2, exhibits  a mel t ing point 
of 645~ Consequently,  sulfidation of Ni-Cr  alloys 
could possibly lead to gas- l iquid-sol id  reactions at 
tempera tures  above 800~ The str iking difference in 
the  morphology of scales formed in H2-H2S atmo-  
spheres on a Ni-20 w / o  Cr alloy at 700 ~ and 900~ 
was reported a decade ago by Hancock (3). While at 
the lower  tempera ture  a duplex uniform sulfide scale 
was formed, at the higher  t empera ture  spheroidal  
chromium sulfide par t ic les 'were  imbedded in a nickel-  
nickel sulfide mat r ix  which was l iquid at react ion 
temperature .  

We consider, accordingly, the possibili ty that  l iquid 
nickel sulfide format ion may cause the needle-shaped 
heterogenei t ies  in the inner  layer  reported by other  
authors (1). For example,  Fig. la  shows the cross- 
section of a Ni-35 w / o  Cr alloy sulfidized at 850~ in 
a H~-10% H2S atm, and the corresponding x - r a y  NiKa 
image as shown in Fig. lb. A sudden rapid weight  
gain of the specimen attached to a the rmograv imet r ic  
balance indicated the formation of l iquid nickel  sulfide. 
The presence of nickel  sulfide str ingers running across 
the inner chromium sulfide layer is evident  in the 

micrographs. Most probably the liquid has wet  the 
chromium sulfide solid layer,  dissolving it p re fer -  
ential ly at grain boundaries.  

This point of v iew is supported by analyses run with  
a solid-state x - r a y  detector mounted on a scanning 
electron microscope. This device can detect the pres-  
ence of e lements  wi th  atomic number  equal  or greater  
than 9 (4). Figure  2a shows a highly magnified micro-  
graph of a nickel sulfide stringer,  taken wi th  the 
scanning electron microscope. The electron beam was 
then focused on the s t r inger  and on the adjacent  
chromium sulfide matrix.  The result ing x - r a y  spectra 
are shown in Fig. 2b. The mat r ix  spectrum shows the 
K~ and K s peaks for chromium and the K~ peak for 
sulfur, while the str inger spectrum shows addit ional  
K~ and Ks peaks for nickel. This accounts for some 
solubili ty of chromium sulfide in the l iquid nickel 
sulfide. 

In conclusion, sulfidation of Ni-Cr  alloys at suffi- 
ciently low tempera ture  takes place ent i re ly  as a gas- 
solid reaction which may lead to format ion of a duplex 
sulfide scale consisting of homogeneous layers of 
chromium and nickel sulfides. A l ikely cause of hetero-  
genei ty  in the inner layer  at higher tempera tures  is 
the formation of a l iquid nickel sulfide phase which 
occurs as str ingers in the solid chromium sulfide layer.  
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This occurrence is actually recognized as a feature of 
accelerated corrosion of Ni-base alloys exposed to 
sulfur  bear ing atmospheres. 
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Ohmic Contacts to Zinc Telluride 

W. D. Baker 1 and A. G. Milnes* 

Electrica~ Engineering Department, Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213 

Zinc tel luride is a wide-gap (2.25 eV), p-type, I I -VI  
semiconducting compound. One of the impor tant  prob-  
lems in the fabricat ion of devices from ZnTe is the 
preparat ion of suitable ohmic contacts. We report here 
the results of some quant i ta t ive measurements  on 
ohmic contacts to this semiconductor. 

Exper imental  
The ZnTe samples were bars with a 1 mm by 1 mm 

cross section and a 3 mm length. They had a carrier 
concentrat ion in the low 1016 cm -3 range. The bars 
were first solvent cleaned and chemically etched, and 
then contacts were made to the ends of the bars by 
alloying, evaporation, or plating. After  the contacts 
were masked with wax, the bars were given a final 
light etching. Various etches were investigated and 
three were used. These etches are: etch in hot, 50% 
NaOH for a few seconds followed by a rinse in warm, 
dilute NaOH and then warm water  rinses (1); etch 
in a solution of 40 ml H20, 5 ml  H2SO4, ig  K2 Cr~ Or at 
60~ for about a minute  followed by warm water  rinses 
(2); or etch in a 1-5% solution of Br in methanol  for 
1-2 rain followed by methanol  rinses. Different etches 
caused no detectable difference in the ohmic contact 
quality. 

Many of the contacts considered were immediate ly  
rejected after a curve- t racer  examinat ion because of 
very high resistance or extreme nonl inear i ty  of the 
vol t -ampere  characteristic. Table I summarizes the 
unsatisfactory contacts. All  of these contacts were sub-  
jected to various heat cycles without  significant im-  
provements  in their  behavior. 

Some successful contacts were found from previous 
literature, and from our experiments,  and four types 
of contact were studied for l inear i ty  and contact resist-  
ance quant i ta t ively  at 300~ and qual i ta t ively at 196~ 
and 77~ The contacts examined were t in  + 1% 

�9 Elect rochemical  Society Act ive  Member .  
Z P resen t  address: Electrical Eng inee r ing  Depar tmen t ,  West  Vir-  
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Key words: semiconductor, zinc tel luride,  ohmic  contacts. 

Table I. Unsatisfactory ohmic contacts to ZnTe 

Alloyed Evaporated Pla ted  

BE In  + Sn 
I n  Pb  + Ag 
Pb  Pb  + Sb 
Sn Sn + Ag 
Te Sn + Au 
T1 Sn + Sb  

Wetalloy 232* 

Ag  Cu 
Au Ni 

* T r a d e m a r k  for a p ropr ie t a ry  alloy of Hg, Ga, and  T1 manufac -  
tu red  by Victor  K i n g  Laboratories, Los Altos, Calif. 

arsenic alloy, electroless gold, l i thium-diffused, and 
silver-diffused contacts. The t in-arsenic  contacts were 
alloyed at 400~ for 1 min in a hydrogen atmosphere 
with 1% HC1 gas present  as a flux. The electroless gold 
was plated from a water  solution of HAuC14. The 
l i th ium diffused contacts were formed using the tech- 
nique of Aven and Garwacki (1) in which the contact 
area is coated with a LiNO3 solution and then heated 
to 350~ for about 1 min  in a hydrogen atmosphere. 
The silver diffused contacts were made by coating the 
contact area with an AgNO~ solution which was dried 
and then heated to 400~ for about 1 min  in a hydrogen 
atmosphere. Both the l i th ium-  and silver-diffused con- 
tacts were covered with electroless gold. 

Contact resistance measurements  were made by pass- 
ing a current  through the bar  and then probing the 
potential  along the bar. The resul t ing plot of voltage 
vs. distance was extrapolated to the ends of the bar to 
infer the contact drop. The contact drop divided by 
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Table II. Contact measurements on ZnTe (1 x 101%m -3 free holes) 

Contact  

A v e r a g e  specif ic  M a x i m u m  use fu l  
r e s i s t ance  c u r r e n t  d e n s i t y  

(300~ (300~ U s e f u l  
( o h m - c m  e) ( A / c m  -~) a t  77~ 

Elee t ro less  A u  3.0 • 10 -1 ~0 .2  No 
Sn  + 1% As  a l loy  8.6 x 10 -1 ~ 2  No 
Li  d i f fused  2.8 X 10 -1 ~ 2  Yes 
A g  d i f fused  4.0 X 10 2 ~ 2  Yes 

the current  density is the specific contact resistance. 
The potential  probe was a t inned phosphor-bronze 
wire  finely pointed. It was necessary to form the  probe 
contact by a capacitor discharge in order to form a 
reliable contact to the ZnTe surface (3). 

Results 
A typical  plot  of vol tage vs. distance is shown in Fig. 

1 for a l i th ium diffused contact at room tempera tu re  
with a current  density of 0.7 A / c m  2. The resul t ing 
specific contact resistances for the two contacts are 
0.34 ohm-cm 2 and 0.49 ohm-cm 2. Reversa l  of the cur-  
rent  direction did not change the measured contact re-  
sistance. Similar  curves were  obtained for the other 

contact materials  (4). For the si lver-diffused contacts, 
the voltage vs. distance curves tend to flatten out near  
the ends of the bar, suggesting that  the contacts ac- 
tual ly penetrate  a few mils into the bar. This behavior  
has been seen previously wi th  si lver layers  on ZnTe, 
and the penetra t ion has been at t r ibuted to e lectro-  
migration, which can be observed as f i lament- l ike  pro-  
jections of si lver into the ZnTe (5). 

The results of the contact measurements  are given 
in Table II, f rom which it can be seen that  the l i th ium-  
of s i lver-diffused contacts have the lowest resistance. 
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Brief Co nn un ca, on 

Identification of Chemical Constituents of 
Defects in Silicon 

Jacques M. Assour 

RCA Laboratories,  Princeton,  N e w  Jersey  08540 

Select ive chemical  etching with Sir t l  or Dash etches 
is commonly used to determine the presence of defects 
caused by chemical impuri t ies  in silicon bulk wafers,  
epi taxial  layers, and diffused regions. Defects in the 
shape of cones, platelets, protrusions, and various den-  
dritic s tructures usually appear after etching. In prac-  
tice, we have found the impuri ty  concentrat ions in 
these defects to be below the detection level  present ly  
achieved by mass spect rometry  and e lec t ron-probe 
microanalysis  in agreement  with Yanagawa (1) and 
Green (2). In this note we report  new results on the 
chemical  consti tuents of a number  of chemical  defects 
observed in processed silicon devices. The chemical  
constituents were  identified with a secondary ion emis-  
sion mass spectrometer  (3). The sensit ivi ty l imit  of 
this spectrometer  ranges be tween 1 ppm to 1 ppb, thus 
providing a powerful  tool to identify the impur i ty  con- 
centrat ions of the defects. Because of the fine spatial 
resolution of this ins t rument  (1 to 2 ~m), we have  
been able to identify uniquely  several  defects and, in 
some cases, t race their  origins. 

The samples were  first etched to reveal  the defects 
and then thoroughly  cIeaned to remove  surface con- 
tamination. The presence of the chemical  constituents 
at a defect was confirmed by analyzing reference  sili- 
con areas in the samples which are free of defects. 
In other  words, the impuri t ies  reported here were  de- 
tected only at the defect sites. 

Key  w o r d s :  c h e m i c a l  c o n s t i t u e n t s  of defects ,  s i l icon,  iden t i f i ca t ion .  

Protrusions from Epitaxial Surfaces 
Fast growing protrusions f rom epi taxial  semicon- 

ductor surfaces were  seen on silicon by Yanagawa (1) 
and their  characterist ics were  described by Green (2). 
Typical protrusions observed here on 100 ~m thick epi-  
taxial  layers, deposited on <111> silicon n- type  sub- 
strates, are shown in Fig. 1 a and b. Their  height  is 
3-5 t imes the thickness of the deposited epi taxial  layer  
and their  d iameter  varies from 40-100 #m. The de- 
tected chemical consti tuents of these defects are  CO2, 
SiO, SiN, hydrides and hydroxyl  groups. All  of the 
impuri t ies  are present  in the protrusions but  wi th  
varying concentrations. Since the sources of these im-  
purit ies are many, and cri t ical ly depend on the con- 
ditions of the epi taxial  deposition system, no a t tempt  
has been made yet  to isolate uniquely  the source of 
these contaminants.  It has been noted (4), however ,  
that  the density of these defects is a strong function of 
the graphite rf susceptor which supports the wafers  
during epitaxial  deposition; a newly  applied SiC coat- 
ing results in a high density of these protrusions, 
whereas  a coat of pure  silicon results in a decreased 
density. 

Impurity Precipitates in Boron Diffused Layers 
The propert ies of boron nitr ide (BN) wafers  as 

planar  diffusion sources for boron have been described 
by Goldsmith et al. (5) and Rupprecht  and Stack (6). 
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Fig. 1 a and b. Fast growing protrusions from epitaxial silicon surface. 

Fig. 2 a and b. Boron and oxygen precipitates after boron diffusion deposited from a grade M, BN diffusion source. 

Two grades of BN diffusion sources are available:  1 
grade A and grade M. Grade M consists of boron ni t r ide 
in a silica matr ix.  The impur i ty  precipitates observed 
in p- type  diffused layers from the above sources are 
shown in Fig. 2a and b and Fig. 3. The dendrit ic struc- 
ture  in Fig. 2 is obtained after  diffusion f rom an 
over ly  used grade M boron ni tr ide source. The chem-  
ical consti tuents of these defects were  boron and 
oxygen. Based on our observations below, the source 
of these impuri t ies  has been traced to the poor oxida-  
tion condit ion of the BN wafer.  Analysis of control 
wafers, hea t - t rea ted  in the same furnace but wi thout  
exposing them to the BN source, has confirmed the 
clean condition of our gases and furnace. The defects 
were  not present  prior  to the boron diffusion but 
were  detected after  exposure to the BN source. More-  
over, the density of these defects marked ly  decreased 
with  successive chemical  etching of the boron-diffused 
layer  and finally disappeared at the n - type  substrate. 
Af te r  proper  cleaning (5, 6) and reoxidat ion of the 
BN wafer,  p - type  diffused layers deposited from this 
BN source had no defects. 

The defects with a trapezoid geometry,  as shown in 
Fig. 3, were  detected in a p- type  diffused layer  de- 

1 The Carborundum Company,  Niagara  Falls, New York. 

Fig. 3. Aluminum precipitates after boron diffusion deposited 
from a grade A, BN diffusion source. 
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Fig. 4. Copper and silver precipitates in epitaxial silicon after 
thermal oxidation. 

posited from a grade A boron nitr ide source. Analysis 
by secondary ion-emission mass spectrometry has re-  
vealed that these defects are predominant ly  A1 pre- 
cipitates, al though traces of Na, K, Ca, Mg, Cu, and 
02 were also detected in the sample. We believe that 
all these impuri t ies  originate from the BN diffusion 
source for the following reasons. The defects are ob- 
served on ly  after exposure to the BN source. As 
ment ioned above, the density of these defects de- 
creases with successive etching of the p- type diffused 
layer  and disappear at the n - type  substrate. Proper 
reoxidation of the BN wafer el iminates these defects. 
Moreover, emission spectrographic analysis of grade 
A boron ni t r ide wafers 1 has revealed the following 
metallic impurit ies in ppm: A1 ~- 600-6000, Cu ---- 3-30, 

Ti = 3-30, Ca = 1500-15,000, Ni ---- 100-1000, Fe ---- 
30-300, Si ---- 500-5000, Cr ~ i00-i000, Mn -- 10-100, 
Mg ---- 150-1500. Analysis by mass spark-source spec- 
trometry of other commercially available BN wafers 
has also revealed (7) the above metallic impurities. 

Metal l ic  Precipitates in Silicon after  Thermal  Oxidation 
This sample consisted of an n - type  epitaxial  layer, 

8 ~m thick, grown on a <111> n + substrate. The sili- 
con wafer was then thermal ly  oxidized in the presence 
of H20 vapor. After Sirtl  etching, defects in the shape 
of elongated cigars, as shown in  Fig. 4, were found 
randomly  distr ibuted in  the epitaxial  layer. The im- 
pur i ty  consti tuents of these defects are Cu and  Ag. 
The source of these metallic impuri t ies  has been tenta-  
t ively identified as contaminat ion introduced with the 
H20 vapor during thermal  oxidation. 

In summary,  we have demonstrated that secondary 
ion emission mass spectrometry is a powerful  tool to 
identify impur i ty  concentrat ions of defects in  silicon. 
I t  is hoped that fur ther  analysis will  un ique ly  isolate 
the source of contaminants  dur ing  processing of semi- 
conductor devices. 
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Sulfur Trioxide, Oxygen, Platinum Electrode in 
a Fused Sulfate 

F. J. Salzano* and L. Newman 
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ABSTRACT 

The behavior of the O2,SO3,Pt/(Na,Li,K)2SO4 electrode was studied at SOs 
concentrations in the parts per million range. The cell studied consists of two 
similar electrodes isolated from each other by a solid cation permeable mem- 
brane. One electrode is a reference electrode through which passes an air or 
oxygen stream containing a fixed and known concentration of SO2. Through 
the other electrode is passed a similar gas stream containing a variable con- 
centration of SO2. The SO2 passes into each electrode through a platinum inlet 
tube which converts a fraction of the SO2 in the gas stream to SO3. The emf 
vs. concentration behavior of this cell was studied and shown to exhibit 
iNernstian behavior. This work shows that the cell has possible applications in 
continuous monitoring of ambient air for both SO2 and SO3, i.e., sulfuric acid 
aerosols. 

A number  of gas-metal-fused salt electrodes have 
been described in the l i terature.  These include: halo-  
gen-carbon-hal ide  melts, carbon dioxide-oxygen-pla t i -  
num-carbona te  melts, oxygen-p la t inum solid oxide, 
oxygen-pla t inum-oxide  melts, and others (1). These 
electrodes are widely used in basic electrochemistry 
studies and in measurements  of thermodynamic  prop- 
erties. However, these gas electrodes and others not as 
well  developed can also be the basis for practical 
monitor ing devices useful for measur ing the activities 
of gaseous species. Recently, Boxall and Johnson (2) 
have described a hitherto undeveloped sulfur  t r i -  
ox ide-oxygen-p la t inum (Li,Na,K)2SO4 electrode. They 
studied the emf of this electrode vs. a silver, silver ion 
reference electrode at 550~ when the SO3 and oxygen 
concentrat ions at the electrode were varied from 0.390 
to 0.842 arm and 0.036 to 0.577 atm, respectively. This 
investigation showed that  at high concentrat ions of 
802 the emf  is a l inear  funct ion of log P(SO3) PI/2(O2), 
where P(SOa) is the part ial  pressure of SOs and 
Pl/2(O2) is the square root of the part ial  pressure of 
oxygen. From the slope of their l ine we calculate that  
there are two electrons involved in the electrode re-  
action. 

Flood and Boye (3) have utilized the SO2,O2 elec- 
trode to obtain thermodynamic  information on the 
systems 

K2SO4 -- K2S207 -- SO3 

ZnO -- ZnSO4 -- SOs 

They suggest that the electrode reaction involves the 
oxidation of SO~ by oxide ion to SO3 and that two 
electrons are involved per mole of SO2. However, they 
are careful to point out that the details of the elec- 
trode reaction are unknown and the effects they ob- 
serve may also be attributed to the oxygen electrode. 
In any case, the performance of the SO2,O2 platinum 

* Electrochemical  Society Active Member.  
Key  words: sulfur trioxide, sulfate melt;  SO~,SO.~,O2 pla t inum 

electrodes; quar tz  membranes ;  moni tor ing SO~, SO~ in air, 

electrode is in t imately  related to the SO3,O2 pla t inum 
electrode in a sulfate melt  because of the equi l ibr ium 
reaction between SO2, O2, and SOs. 

In this paper we describe work with the SO3,O2, 
p la t inum electrode in a (Li,Na,K)2SO4 melt  in which 
we studied the variat ion in emf vs. oxygen and air 
containing parts per mil l ion concentrat ions of SO2 in 
contact with the electrode. In  these cells a quartz glass 
membrane  was used to completely isolate each gas 
electrode. Quartz glass is an effective bar r ie r  for SO3 
but  is permeable to the cations in the melt  (4, 5). 
Control of the SO2 concentrat ion at the low levels re-  
quired in this work was accomplished with sulfur  di- 
oxide permeat ion tubes (6,7). In  addition to showing 
that  the results obtained are consistent with the idea 
that  the SO3,O2 p la t inum electrode is basically an 
oxygen electrode the results obtained suggest that  this 
cell has potential  application as a practical monitor ing 
device for SO2 or SO3, i.e., H2SO4 �9 xH20 aerosols, in 
ambient  air. 

Theory 
The emf vs. concentrat ion relat ion for the cell 

02, Pt 
+ 

SOs (unknown 

cone) 
+ 

Na2SO4 

K2SO4 

Li2SO4 

can be derived based on 

~1~ +t,o~ 

.~ so8 (known 
~ cone) 

~ ~ Na2SO4 
O ~ K~SO~ 

~ lLi2SO4 

the simple assumption that 
the system behaves as an oxygen electrode. It  wil l  be 
seen that  the exper imental  results obtained in this 
work and the work of Boxall  and Johnson (2) and 
Flood and Boye (3) are consistent with these assump- 
tions. Cell I consists of two similar SOa,Oz,Pt/SO4 -2 
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electrodes. Oxygen  gas containing a low, but  fixed 
concentrat ion of SOa, i.e., 1% or less, is passed through 
o n e  of the electrodes, designated as the reference elec- 
trode (r) .  The other  electrode is called the working 
electrode (w) and through it is passed oxygen contain-  
ing a var iable  or unknown concentrat ion of SO3. We 
a s s u m e  that  at each electrode the fol lowing equi l ibr ia  
exist 

1~O2 + 2 e -  ---- O 2 -  [a]  
and 

SO3 + O 2- = SO4 2- [b] 

We can combine [a] and [b] and write as the over-all 
reaction 

SO3 + ~202 + 2e -  = SO42- [C] 

Thus, we assume that  the basic electron t ransfer  step is 
equi l ibr ium [a]. If  these are the only reactions to con- 
sider then  it can be easily shown that  the emf  of the 
cell  is given by the re la t ion 

R T  Pr(SO3) RT Pr (02) 
emf -- -- In -- In [I] 

2F Pw(SO3) 4F Pw(O2) 

where  Pr(SOa),  Pw(SOa) and Pr(O2), Pw(O2) are the 
par t ia l  pressures of SO3 and O2 at the reference (r) 
and working (w) electrode, respectively.  Thus, the emf 
of the cell depends on two terms, the first involves the 
part ial  pressures of SO3 and the second involves the 
part ial  pressure of oxygen at the respect ive electrodes. 
If we consider that  the concentrat ions of SOs and O2 
at the reference electrode are  fixed then we can wri te  

RT 
e m f - - E 0 ( T )  -- �9 lnPw(SOs)  Pw(02)l /2 [2] 

2F 

When the part ial  pressure of oxygen in each elec- 
t rode gas s t ream in cell I is the same we can simplify 
Eq. [1] to 

RT Pr (SOa) 
emf  -- - -  in [3] 

2F Pw(SO3) 

Boxall  and Johnson studied the behavior  of the  SO~,Os 
pla t inum/SO4 - s  electrode at 550~ at very  high con- 
centrations of SO3. From their  plot of emf vs. log 
P(SO3) P(Os) 1/2 we calculate a value  of RT/2F equal  
to 84 inV. This compares to the theoret ical  value of 82 
mV which shows that  their  data are consistent with 
this s imple model.  

The response of cell I when SO2 is injected into the 
oxygen s t ream ra ther  than SO3 can be considered by 
including the effect of the reaction 

SOs + �89  SOa [d] 

The free energy change for reaction [d] is well known 
(8). High temperatures favor the formation of lower 
partial pressures of SO3. When the concentration of 
SOs injected into the oxygen is low we expect the rate 
of conversion to SO3 to be first order with respect to 
the inlet concentration of SO2, i.e., for a small degree 
of conversion. This reaction is slow and in the com- 
mercial manufacture of SO3 a platinum or metal oxide 
catalyst is employed to increase the rate of reaction. 
Thus, at a high fixed flow rate the fraction of SOs con- 
verted is expected to be small and approximately inde- 
pendent of the inlet concentration. Thus, we expect at 
the reference electrode 

Pr(SO3) ---- XrPr(SO2) 

and  at  the working electrode 

Pw(SOa) = XwPw(SO2) 

where  X is the fract ion of SO2 conver ted to SOa and 
Pr(SO2) and Pw(SO2) are the inlet  par t ia l  pressures 
of S02 at the respect ive electrodes. If the electrodes 
and  flow rates are matched then 

X, ~ X~ [4]  

and we expect  the relat ion 
R T  P r ( S 0 2 )  

emf ~ -- -- in [5] 
2F P,,v (SO2) 

to hold to a fair  approximation.  In this paper  we wil l  
show that  Eq. [5] holds at SO2 concentrat ions at the 
1 ppm level  by volume. Thus, it follows that  Eq. [2] 
and [3] are val id at SO3 concentrat ion just  below the 
parts per mil l ion range in air and oxygen gas at t em-  
peratures  in the range of 650~176 

Exper imenta l  
Cell and expe~menta l  apparatus.--The electro-  

chemical  cell studied consisted of two similar  but  inde- 
pendent  electrodes each enclosed in a gas- t ight  cation 
permeable  quar tz  membrane.  A schematic d iagram of 
the cell assembly is shown in Fig. 1. Each electrode 
consisted of a 12 mm OD quar tz  tube having a wall  
thickness of approximate ly  1 ram. Each had a c l o s e d  
hemispheric  end and was filled with  a eutectic mix ture  
of Na2SO4, K2SO4, and Li2SO4 to a level  of 12 mm. A 
40 mil  pla t inum electrode wi re  was immersed  approxi-  
mate ly  5 mm into the salt melt. The p la t inum wire  
was threaded through a quar tz  inlet  tube of approxi-  
mate ly  3 mm OD. The tube te rminated  approximate ly  
1 or 2 mm above the salt. We found it was not practical  
or necessary to bubble the gas direct ly  into the salt 
melt. In some cases the inlet  tube was 1/8 in. OD plat i -  
num which had a 5 m m  extension immersed  in the salt. 
Both electrodes were  immersed in a common salt bath 
contained in a gold crucible. The gas space over  the salt 
was purged with  helium. Dry  oxygen is also suitable. 
The whole cell is contained in a quartz  enclosure which 
is fur ther  enclosed in a stainless steel electr ical  shield. 
The purpose of the shield is to e l iminate  induct ive 
pick-up by the wire  leads in the cell. The shield is 
grounded and the working electrode is connected to the 
shield. The emf  developed by the cell was measured 
with  a Kei th ley  Model No. 602 e lec t rometer  and mea-  
sured against a General  Resistance digital  bucking 
voltage source Model No. DAV-45D. The output  of the 
e lec t rometer  and the t empera tu re  were  continuously 
recorded on a two-pen  recorder,  Honeywel l  Electronik 
19. 

Each electrode had an independent  gas supply. The 
gas supply to the reference electrode was commercia l  
oxygen or breathing air. The gas supply to the working 
electrode was s imilar  but  in some exper iments  room 
air was pul led through the electrode by means of a 
vacuum pump and the flow control led with  a throt t le  
va lve  at the outlet  of the cell. The flows through each 

WORK ING REFERENCE 
ELECTRODE ELECTRODE 

PLATINUM WIRES 

/ 02+S02 - -  
~, INLETS 

I I  _ GAS y OUTLETS 

I 

CLOSED 
QUARTZ 

ENVELOPES 
I PERMEABLE 
I TO CATIONS 

v 
FUSED SALT 

BAT H 
Ng, 2SO 4 
K2SO 4 
Li2SO 4 

Fig. I. Schematic diagram of the experimental cell used to 
study the behavior of the S03, 02, Pt/SO4 - 2  electrode. 
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of the electrodes were  measured independent ly  wi th  
floating ball  f lowmeters which were  continuously 
checked against the rate  of movemen t  of a soap bub-  
ble film through a s tandard volume. In general, the 
flow rate could be var ied from 30 to 300 cmS/min. 

The sulfur dioxide used in these exper iments  was 
injected into the respect ive gas streams in one of two 
ways. At concentrat ions in the range of 1% the SO2 
was taken f rom a cyl inder  of anhydrous sulfur dioxide 
(Matheson Company) .  It was metered  into the oxygen 
stream by means of a small flowmeter. Under  these 
conditions the size of SO2 flow rate could be held con- 
stant, but was not known very  accurately. The flow of 
SO2 was var ied over  the range of 0.5-2 cmS/min. 

In the more refined measurements  at the parts per 
mil l ion level  we employed sulfur dioxide permeat ion 
tubes (6, 7) as a source. These are Teflon tubes 1/4 in. in 
diameter  which range in length from 3 to 30 cm. These 
tubes contain liquid sulfur dioxide and are sealed at 
each end. The tubes leak sulfur dioxide by diffusion at 
a fixed rate  at a given temperature .  The concen- 
t ra t ion of SO2 was var ied  by passing the gas stream 
over  different length tubes. Cal ibrat ion of the SO2 
permeat ion tubes was accomplished by the s tandard 
technique of measur ing the loss in weight  with time. 
The smallest  tube (SST) the in termedia te  tube (IST),  
and the largest  tube (LST) lost SO2 in the ratio of 
1:5:8. The  initial ra te  of the SST was 0.7 ~g/min at 
27~ This value was not constant during the course of 
these exper iments  and decreased to 0.5 ~g/min. The 
IST was obtained from the National  Bureau of S tan-  
dards and used exclusively in the reference electrode 
gas stream. The other tubes were  obtained from Ana-  
lytic Ins t rument  Development ,  Inc. 

Preparation of the salt .--Standard reagent  grade 
Li2SO4, Na2SO4, and K2SO4 were  obtained from the 
Baker  Chemical  Company. The reagents  were  weighed 
out in the mole  proport ions 78:13.5:8.5, respectively,  
thoroughly  mixed, and dried at 250~ The powder  was 
placed in a 2 in. OD X 4 in. high gold crucible and 
slowly heated while a s t ream of oxygen containing ap- 
p rox imate ly  1% SO2 was passed through the apparatus. 
The salt was heated to 650~ and held overnight .  The 
apparatus was then evacuated at 650~ with  a me-  
chanical  roughing pump and cooled. The melt ing point 
was in the range of 540~176 compared to the ex-  
pected va lue  of 512~ Smal l  portions of this salt were  
removed f rom the crucible and used in the electrode 
assemblies. The rest of the salt was used in the com- 
mon salt bath in which the electrodes were  immersed.  
The salt is ini t ia l ly  t rea ted  with  SO2 in order  to over-  
come its tendency to etch the glass. 

Procedure using permeation tubes . - -The  two elec-  
trodes were  loaded with  the sulfate salt which was 
mel ted  wi th  a hand torch under  a s t ream of dry oxygen 
and the p la t inum wires  were  positioned in the mel t  
in each electrode. The electrodes were  then positioned 
in the cell  in the furnace. Oxygen or air containing 
f rom 1 to 10 ppm SO2 was passed through both elec- 
trodes whi le  the cell was brought  to temperature .  At  
650~ the electrodes were  positioned in the bath and 
the cell  heated to 700~ and held overnight .  The flow 
in the reference  electrode was adjusted to the desired 
level  in general  f rom 100 to 300 cmS/min. This reference  
g a s  was continuously passed over  the (IST) National  
Bureau  of Standard 's  SO2 permeat ion  tube. Af te r  one 
day, the source of SO~ in the working  electrode gas 
s t ream was removed and pure  oxygen or air was al- 
lowed to pass into this electrode. In general,  it took 
several  hours to clear  all  the SO2 from the electrode, 
i.e., for  the emf  to reach a stable value. In general,  
the concentrat ion of SO2 at a given flow rate was 
changed by put t ing different size permeat ion  tubes, i.e., 
S S T  or LST, in the gas s t ream of the working  elec- 
trode. 

Results 
The emf  of the cell at  700~ vs. the flow rate  of oxy-  

gen was measured when  SO2 was injected at a fixed 
ra te  into the oxyger~ s t ream passing through the work-  
ing electrode. In these ini t ial  exper iments  pure  oxygen 
was used as the reference electrode gas. In this series 
of exper iments  the inlet  tube of the re ference  electrode 
and working electrode were  quartz  glass. Results were  
obtained at oxygen flow rates in the range of 30-300 
cm3/min and SO2 injection rates of 0.5-2 cm3/min. 
When the flow rate or equiva len t  concentrat ion is 
plot ted on a log scale vs. the emf for a fixed rate  of SO2 
injection, we obtained a straight  line wi th  a slope very  
close to the expected value of 97 mV/decade  of concen- 
trat ion as predicted from Eq. [5]. A typical  plot  of 
oxygen flow rate and concentrat ion vs. the emf  in 
mil l ivol ts  is shown in Fig. 2. The  concentrat ion range 
covered is f rom 0.3 to 2% SO2. The scatter in the data 
is due to the difficulty of holding the rate  of SO2 in- 
jection at a precisely fixed value. 

In another  series of exper iments  the var ia t ion in 
emf of the cell was studied when  the concentrat ion of 
SO2 passing through the working  electrode was var ied 
at a fixed flow rate  of oxygen. The sources of SO2 in 
these exper iments  were  two Teflon permeat ion (6, 7) 
tubes wi th  leak rates in the ratio of 1: 8. The concen- 
t rat ion range  studied was f rom 1 to 8 ppm wi th  a flow 
rate  in the working electrode equal  to 275 cm3/min. 
The emf  vs. SO2 concentrat ion was studied using com- 
mercia l  oxygen and air stored in steel cylinders.  The 
concentrat ion of SO2 in the reference electrode was 15 
ppm. In all the  exper iments  performed at parts per 
mil l ion levels  of SO2, the inlet  tube in each electrode 
was 1/s in. platinum. The results obtained in one exper i -  
ment  are shown in Fig. 3, which is a plot of the SO2 
concentrat ion on a log scale vs. the  emf in millivolts.  
The results obtained using air and oxygen in both elec- 
trodes are  similar when  the reference electrode con- 
centrat ion is held at a fixed levet. Both sets of data 
points fall  ve ry  close to the approximate  expected line 
based on Eq. [5]. The slope as predicted is 97 m V /  
decade. This is based on the assumption that  two elec-  
t rons per  m o l e  of SO2 are  involved  in the electrode 
reaction. The highest emf observed was 220 mV ob- 
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Fig. 2. Effect of S02 concentration at the 1% level on the emf of 
the cell determined by fixing the rate of S02 injection and vary- 
ing the flow rate through a quartz inlet tube. 
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Fig. 3. Variation in emf of the cell as a function of the S02 con- 
centration at the parts per million level showing no difference in 
behavior between air and oxygen. 

tained when pure bottle air  is passed through the ref -  
erence electrode. This corresponds to 0.08 ppm SO2, 
which is high and probably results f rom residual  sys- 
tem contaminat ion introduced into the oxygen stream. 
Similar  results were  obtained at oxygen flow rates of 
100 cm3/min which cc : respond to a factor of three 
increase in SO2 concentration. 

When gases containing different oxygen activities are 
passed through each electrode, e.g., air and oxygen, 
the cell emf responds to changes in the oxygen activity. 
In fact, the  response to changes in oxygen act ivi ty  was 
used as a s tandard test for evaluat ing the responsive-  
ness of every  new cell prior  to exper iments  involving 
SO2 injection. When the working electrode gas is 
changed from air to oxygen (0.2-1.0 arm) in the 
absence of SO2, the emf change is wi th in  a mil l ivol t  of 
the  expected value, i.e., 33.7 mV at 700~ This is t rue  
in the absence or presence of SO2 in the gas s treams 
and at flow rates in the range of 300-30 cm3/min. In-  
creasing the oxygen or SO2 part ial  pressure causes the 
emf to change in the same direction as predicted from 
Eq. [2]. Thus, ni t rogen does not affect the  performance  
of the cell even at very  low concentrations of SO2. 

In one set of exper iments  an effort was made to 
sample and analyze the SO2 concentrat ion in the work-  
ing and reference electrode gas streams. The  re fe r -  
ence electrode concentrat ion was est imated to be 5 
ppm and chemical  analysis gave a number  close to this 
value. The concentrat ion of SO2 in the working elec-  
trode s t ream was calculated to be 8 ppm whereas  a 
value of 11 ppm was obtained by chemical  analysis. The 
corresponding emf values at these two levels  showed 
good agreement  wi th  the est imated expected value 
based on Eq. [5]. In  some exper iments  a sample of room 
air was passed through the working electrode while 
bott led air containing 5.9 ppm SO2 was passed through 
the reference electrode. Typical  results are shown in 
Fig. 4. The data points show good agreement  wi th  ex-  
pected slope but are displaced 28 mV in the direction 
of higher  emf  values re la t ive  to bott led air. This can be 
in terpre ted  to mean  a lower SO2 concentrat ion in the 
working electrode gas s t ream when room air is used 
(see Discussion).  

An a t tempt  was made to produce SO3 in the oxygen 
stream by react ing SO2 with  a p la t inum filament buil t  
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Fig. 4. Calibration of the cell using ambient air as the working 
electrode gas. 

into the gas feed line leading to the cell. At  a fi lament 
t empera tu re  of ~500~ a significant amount  of SO3 
was produced which reacted with  avai lable  moisture 
to form H2SO4 which collected on a cold wal l  1~ in. 
f rom the filament. A significant degree of conversion 
of SO2 to SO3 was also evident  f rom the emf  of the 
cell which increased when the filament was turned on 
suggesting a decrease in the concentrat ion of SO2 in 
the gas stream. 

Although it was not practical  to make  a direct addi- 
tion of SO3 to the gas s t ream we did demonstra te  in an 
indirect  way that  the cell responded to SO3. This was 
accomplished by studying the var ia t ion in the emf of 
the cell at different flow velocities through the plat i -  
num inlet tube. In this case the concentrat ion of SO2 
in the gas s tream was held constant by passing air at 
a fixed flow rate (~300 cm3/min) over  one of the 
permeat ion tubes. The flow rate  through the cell was 
var ied by al lowing par t  of the flow over  the perme-  
ation tube to bypass the cell, whi le  the rest of the flow 
was passed into the cell through the 1/8 in. p la t inum 
inlet tube which carried the gas into the hot zone and 
over the surface of the mol ten  salt. Some typical  data 
are shown in Fig. 5 which is a plot of the flow rate  
through the cell on a log scale, vs. the  emf in mil l i -  
volts on a l inear  scale. In this exper iment  the oxygen 
flow through the the cell  was var ied  f rom 30 to 300 
cm3/min at SO2 concentrat ion of 0.7 and 5 ppm at 710 ~ 
and 610~ We observed that  the emf changed by --~55 
mV when the flow is var ied over  this range. We in ter -  
pret  this dependence of emf  on the flow rate  to be 
due to a greater  degree of conversion of SO2 to SO3 at 
the lower flow rates. This effect was ve ry  reproducible 
and the response kinetics of the cell were  measured in 
minutes  when  the flow rate was changed from one 
level  to ei ther a h igher  or lower  level.  

Fur thermore ,  this effect was independent  of concen- 
t rat ion in the range studied and gave the same slope 
of 55 mV/decade  at 610% 710 ~ and 750~ When no SO2 
was injected into the working  electrode gas s tream 
the emf was independent  of flow rate  in the range 
studied. 

Discussion 
The behavior  of the SO2,O2, p la t inum/SO4 -2 elec-  

t rode has been studied in the range of SO2 concentra-  
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Fig. 5. Effect of flow rate on the emf of the cell when the con- 
centration of S02 is held constant at the parts per million level. 

tions from 1% to 1 ppm. This electrode is in  real i ty 
similar to the Sos,e2, pla t inum/SO4 -2 electrode s tud-  
ied by Boxall  and Johnson (2). Considering their 
work and the present  results, the behavior  of this elec- 
trode has now been examined in the concentrat ion 
range of 80% SOs to below 1 ppm and it is found to 
exhibit  Nernst ian behavior  over this range. The per- 
formance of this electrode is consistent with equil ibria 
[a] and [b], and Eq. [1], [2], and [3]. This electro- 
chemical system can be regarded as an oxygen elec- 
trode which coupled with equi l ibr ium [b] is responsive 
to SO3 according to equi l ibr ium [c]. However, if we 
combine equil ibria [a] and [d] we obtain for the over- 
all electrode reaction 

SOs + O -2 = SO3 + 2e [e] 

which is the reaction suggested by Flood and Boye (3). 
Thus, the mechanism of this electrode can be regarded 
from different points of view, but  it is our contention 
that it is basically an oxygen electrode according to 
equi l ibr ium [a]. As such, impurit ies present  in the salt 
which affect equi lbr ium [b] wil l  affect the SOs (SO2) 
response of the cell, but  may not have any  effect on 
the oxygen response of the cell. Accordingly, we have 
observed, in one cell, poor response to SO2, but  this 
cell gave the expected response to changes in oxygen 
activity. 

The agreement  of the emf vs. SO2 concentrat ion re-  
sults obtained from this cell with that  expected from 
Eq. [5] at parts per mil l ion concentrations of SOs is 
somewhat fortuitous since Eq. [5] is an approximation. 
We would expect to get agreement  only when the 
electrodes are perfectly matched, i.e., when they con- 
vert  the exact same fraction of SO2 to SOs. Such good 
agreement  however, was not observed in all  cells, 
bu t  the correct slope of Eq. [5] is always obtained. This 
type of s i tuat ion is demonstrated in Fig. 4 where the 
results are displaced 28 mV higher than the expected 
line, whereas this cell gave the expected results with 
bottled air. It  is known that  the rate of SOs emission 
from the permeation tubes is decreased at humidi ty  
levels above 10%. We believe that the higher humidi ty  
of the ambient  air can account for the unexpected shift 
of these results from the expected line. 

The expected equi l ibr ium ratio of SO2/SOs at 700~ 
in air is approximately unity.  However, the degree of 

conversion of SOs to SO3 at flow rates a round S0O cmS/ 
min  was small. This is indicated by the results of 
chemical analysis of the outlet gas and arises because 
of the short residence time of the gas in  the inlet  tube. 
A more basic question is whether  the conversion of 
SOs to SOs took place in  the inlet  l ine (X/s in. p la t inum 
tube) or at the gas-salt  interface in the electrode 
in the experiments  at parts per mil l ion levels of SOs. 
In  one cell in which the surface area of the salt was 
reduced from 12 to 3 mm and the salt volume reduced 
to 1/20 the normal  va lue  we observed the predicted 
magni tude of response to changes in the concentrat ion 
of SO2 at the parts per mil l ion level. Also, the var ia-  
tion in emf with changes in velocity at a fixed concen- 
t rat ion of SO2 at the parts  per mil l ion level was always 
55 mV/decade of flow rate in  all the cells studied in-  
dependent  of the surface area or volume of the salt 
melt  in the electrode. 

The value of 55 mV/decade of flow rate is in ter -  
preted to mean  that  the SO3 concentrat ion changes by 
a factor of 3.7 (Eq. [3]) when the flow rate is varied by 
a factor of 10. These results indicate that  the part ial  
pressure of SO3 in the gas passing over the salt is ap- 
proximately  proport ional  to the inverse square root of 
the flow rate. The exact value observed is 0.57 which 
is obtained by  dividing the slope of Fig. 5, i.e., 55 mV/  
decade by the value of 97 mV/decade obtained from 
Eq. [3]. This inverse proport ional i ty between the par-  
tial pressure of SO3 and the square root of the flow 
rate is expected under  laminar  flow conditions where 
the rate of conversion is controlled by diffusion 
through a gas film at the p la t inum surface. This result  
suggest s a technique of obtaining controlled or pro- 
portioned concentrat ion of SO3 at low levels for ex- 
per imenta l  applications connected wi th  atmospheric 
pollution monitoring. 

The results reported in this s tudy demonstrate  the 
performance of the SO3, 02, p la t inum/SO4 -2 electrode 
at sub ppm levels of SOs and show that  this cell has 
promise as a practical  device for detecting SO3, SO2, 
H2SO4, and perhaps decomposable sulfate salts in air. 
This possibility warran ts  some brief fur ther  discussion. 
It appears that the basic response of the cell is to SOs; 
however, it is clear from this work that the cell can be 
used to quant i ta t ive ly  measure  the concentrat ion of 
SO2 in an air stream. Measurement  of SO2 concentra-  
tions in air can be accomplished under  the following 
conditions: 

1. The air passed through the working electrode ini-  
t ial ly contains no SOs. 

2. The reference electrode contains a fixed and 
known concentrat ion of SO2 at approximately the level 
being measured in the working electrode. 

3. The working and reference electrodes are 
matched, i.e., the fraction of SO2 converted to SO3 in 
the two electrodes is the same and small. Under  these 
conditions the cell emf is a direct quant i ta t ive  mea-  
sure of the concentrat ion of SO2 in  the air stream. 
These conditions appear to have been achieved in the 
exper imental  cells studied. Fur ther ,  we have showed 
that when p la t inum is inserted into a quartz inlet  l ine 
of a cell (hot zone) the potential  changes to a level 
which indicates approximately an order of magni tude  
increase in the concentrat ion of SO3. The emf re turns  
to the original value when  the p la t inum is removed. 
Similarly, these cells show a velocity dependence at a 
fixed concentrat ion of SO2. This is due to the higher 
degree of conversion of SOs to SO8 at the lower flow 
rates. Thus, the gas stream passing through the cell 
is not at equi l ibr ium with respect to the ratio of SO2/ 
SO3 at the flow rates studied. At the operating tem- 
perature of the cell (700~ the equi l ibr ium SO2/SOz 
ratio calculated from thermodynamic  data is approxi-  
mately un i ty  (8). 

Where some uncer ta in ty  lies is in  adopting this 
method to quant i ta t ively  measure the concentrat ion of 
SO3 in  an air stream, especially when the stream con- 
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tains comparable levels of 8 0 2  and SO3. However, even 
in  this case, where a significant amount  of SO2 is pres- 
ent, it appears possible to design a cell to l imit or min i -  
mize the degree of conversion of SO2 to SO3. Very pre-  
l iminary  work suggests that the interference ratio of 
SO2/SO3 could be reduced to perhaps 1O0: 1, i.e., a uni t  
amount  of SO2 gives a signal equivalent  to 1/100 
times the same concentrat ion of SO3. Assuming this is 
accomplished one still must  solve the problem of sup- 
plying the reference electrode with a fixed and known 
concentrat ion of SO3. One could resort to cal ibrat ion 
of the working electrode vs. some standard reference 
electrode. However, all these questions deal with the 
development  of a practical device for detecting SO2 
or SO3. We do recognize that this electrochemical sys- 
tem is basically an oxygen electrode which also re-  
sponds to oxidizing or reducing impuri t ies  if they are 
present at appreciable concentrat ion levels in an air 
stream. Further ,  this cell has been tested only under  
laboratory conditions and all the possible problem 
areas relat ing to the development  of monitor ing de- 
vices have not been defined. However, the cell has 
some very  attractive features, foremost being its sim- 
plicity and the fact that it can have its own bu i l t - in  
standard, i.e., a reference electrode containing a known 
level of SO3. 
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Corrosion Fatigue of Copper and Alpha-Brass 
Stuart S. Birley and Desmond Tromans 

Metallurgy Department, The University of British Columbia, Vancouver, 8, British Columbia, Canada 

ABSTRACT 

Corrosion fatigue of copper and alpha-brass  of nomina l  composition 
Cu:29Zn has been investigated in near  neut ra l  aqueous electrolytes using a 
rotat ing bend test fatigue machine. The electrolytes employed were p re -oxy-  
genated solutions of ammoniacal  copper sulfate for both copper and alpha-  
brass specimens, and pre-oxygenated solutions of sodium chloride and copper 
sulfate for copper specimens. All electrolytes reduced the fatigue life relat ive 
to a reference env i ronment  of preoxygenated double distilled water, and elec- 
t ron diffraction studies of undis turbed fatigue fracture surfaces revealed the 
presence of cuprous oxide. Accordingly, the mechanism of corrosion fat igue 
w a s  believed to be general ly consistent with a model based on enhanced 
localized electrochemical dissolution at the tip of the fatigue crack due to the 
formation and rupture  of cuprous oxide films in a m a n n e r  similar  to that 
proposed for tarnish rupture  theories of stress-corrosion cracking. The oxide 
w a s  considered to form by a deposition process and supplementary  studies on 
concentrat ion cells arising from turbulence effects, differences in oxygen 
concentration, and differences in pH allowed discussion of the possible anodic 
and cathodic reactions. 

It is well known from the review articles by Gough 
(1), Gilbert  (2), and Evans (3) that the failure life- 
time of both pure metals and alloys tested under  cyclic 
loading conditions of fatigue is affected markedly  by 
the environment .  Even a test conducted under  such ap- 
parent ly  innocuous conditions as exposure to the nor -  
mal  atmosphere yields a shorter l ifetime than tests 
conducted under  vacuum (4, 5); for example, Wads-  
worth (6) has shown that  an air pressure of 10 -~ m m  
Hg may increase the fatigue life of copper by a factor 
of 20. Furthermore,  the fact that both pure metals and 
alloys are noticeably prone to premature  failure under  
corrosion fatigue conditions in a var ie ty  of envi ron-  

Key words: electron diffraction, fatigue, corrosion, tarnish, c o p -  
p e r ,  brass .  

ments is in marked contrast to the static tensile loading 
situation of stress-corrosion cracking (SCC) where 
pure metals are not normal ly  susceptible and envi ron-  
ments  are usual ly  specific (3, 7). The only reasonably 
documented si tuation in which SCC of a pure  metal  
has been reported is contained in the work of Pugh 
and his colleagues (8, 9) on the SCC of copper in  con- 
centrated ammonia  solutions containing dissolved 
copper. 

In spite of the considerable published work on cor- 
rosion fatigue, most studies have been phenomeno-  
logical in nature  and no well  established mechanism 
incorporat ing the effect of env i ronment  has emerged. 
It is believed that  electrochemistry plays a role during 
fatigue crack propagat ion in  aqueous envi ronments  
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because cathodic protection and corrosion inhibitors 
often reduce damage (3, 10). Fur thermore ,  the dam- 
aging species in atmospheric envi ronments  appears to 
be oxygen (1, 2). The oxidation characteristics of the 
metal  appear to have an impor tant  bearing on the 
mat ter  because Wadsworth (6) has shown that oxygen 
affected the corrosion fatigue life of a luminum,  iron 
and copper but  not gold. Also, water  was as effective 
as oxygen on a luminum but  without  effect on copper. 
However, when  considering the conjoint  presence of 
water  and oxygen Gough and Sopwith (11) found 
they exerted a catalytic effect on fatigue cracking of 
copper and its alloys. In  view of these observations, 
speculation on the mechanism of corrosion-fatigue 
cracking has included proposals that  failure in atmos- 
pheric envi ronments  may involve adsorption of oxygen 
and /o r  water  molecules on the surface of the fatigue 
crack which may lower the surface energy (10) a n d /  
or prevent  rewelding of crack surfaces on successive 
portions of the fatigue cycle (5, 10, 12). Avery and 
Backofen (13) have proposed a "slip ratchet" mechan-  
ism for crack formation based on oxide formation at 
freshly exposed slip steps prevent ing slip reversal  on 
the same slip plane. Other proposals, which relate to 
aqueous environments ,  include enhanced electrochem- 
ical dissolution at the crack t ip because of (i) "disar-  
rayed metal" at the bare crack tip (3), and (ii) as a 
result  of oxygen concentrat ion cells set up at the crack 
(2 ,10)--par t icular ly  in neut ra l  or near  neut ra l  electro- 
lytes (2). 

The purpose of the present  s tudy was to conduct cor- 
rosion fatigue tests on a lpha-brass  (Cu:29.38Zn) and 
copper of 99.99% pur i ty  in near  neut ra l  aqueous am-  
moniacal  envi ronments  known to produce SCC in 
alpha-brass,  but  not copper, and then  to compare cor- 
rosion fatigue of the copper in near  neut ra l  nonam-  
moniacal  environments .  In  this manner ,  it was hoped 
to determine whether  or not there are any possible 
mechanistic similarities be tween corrosion fatigue and 
SCC of a lpha-brass  and then to determine if any  such 
similarit ies are applicable to corrosion fatigue of cop- 
per, bear ing in mind  that  SCC of copper has not been 
reported in the envi ronments  studied. 

Exper imenta l  Procedure 

Mate r ia l s . - -The  a lpha-brass and copper were  re-  
ceived in  the f o r m  of hard  d r a w n  bar  of  0.375 in. d i a m -  
eter. The brass was f r o m  the same batch as tha t  used 
in  a previous study (14) and chemical analysis estab- 
lished the composition in terms of weight percentages 
as 70.47% Cu, 29.38% Zn, with total impuri t ies  <:0.15%. 
The copper was obtained from Koch Light wi th  a re-  
ported pur i ty  of 99.99%. 

The ammoniacal  solutions employed for the experi-  
menta l  studies were of the general  type used by Matt -  
sson (15). However, whereas Mattsson's solutions con- 
ta ined 0.05M Cu and a total of 1M NH3, the present  
solutions were  of the composition used by Johnson and 
Leja (16) containing 0.04M Cu and 3M NHs. The prep-  
arat ion procedures of Johnson and Leja were rigidly 
followed in  order to e l iminate  the aging and precipi-  
tat ion phenomena observed by Mattsson (15). All  solu- 
tions were made from double distilled water  which was 
subsequent ly  boiled to remove CO2 and then oxygen-  
ated immediate ly  prior to preparat ion of the solutions. 
Required Cu and NH8 values were obtained by prepar -  
ing solutions containing 0.04M CuSO4 and 1.5M 
(NH4)2SO4. Near  neut ra l  pH values were  investigated 
rang ing  from pH 4.4 to pH 8.0 for Cu and pH 5.5 to pH 
8.0 for the brass. The pH values were adjusted by addi-  
tions of 2N NHH4OH and measured to an accuracy of 
_.P_0.05 pH units  with a Corning Model 10 pH meter. 

Nonammoniacal  solutions employed were 0.04M 
CuSO4 (pH -- 4.7) and 2M NaC1 (pH ---- 5.0) prepared 
from double distilled and pre-oxygenated  water. The 
reference env i ronment  was double distilled and  pre-  
oxygenated water. 

Specimens and testing.--The fatigue specimens were 
of cylindrical  form machined with a reduced, but  
curved, gauge section as shown in Fig. la. The curved 
gauge section el iminated notch effects and ensured a 
ma x i mum bending fatigue stress at the midpoint  of 
the gauge section corresponding to a m i n i m u m  diam- 
eter of 0.25 in. The specimens were polycrystal l ine 
with a grain size of ~0.001 in. and were tested in the 
annealed condit ion (550~ for 1 hr) .  The surfaces were 
cleaned in 40% aqueous HNO3 following the heat-  
t reatment .  Fatigue testing was conducted on a rotat ing 
beam fatigue machine operating at 1700 rpm. The 
aqueous env i ronment  was contained in a tygon tubing 
cell surrounding the specimen and was introduced into 
the cell through a hypodermic needle placed between 
the specimen and tubing so as to completely fill the 
cell with l iquid and el iminate air. The cell is shown 
schematically in Fig. lb. All  tests were conducted at 
20~ util izing a ma x i mum bend stress of 30,000 psi for 
the alpha-brass  and 21,000 psi for the copper. 

The fatigue life was defined as the number  of fatigue 
cycles to complete fracture and all values reported in 
the text are based on the mean  average of three iden-  
tical tests for the alpha-brass,  and two identical tests 
for the copper. 

Concentration celIs.--Supplementary concentrat ion 
cell exper iments  were conducted with pairs of copper 
and pairs of a lpha-brass  electrodes immersed in the 
various aqueous environments .  Each electrode in  a pair  
was immersed in the env i ronment  in one compartment  
of a two-compar tment  cell, the compartments  being 
separated by a porous part i t ion similar to the cells de- 
scribed by Evans (3). Potent ia l  differences between 
the two electrodes were measured with a Heathki t  po- 
tentiometric recorder. 

Three types of concentrat ion cell were employed: (i) 
Turbulence- type  concentra t ion cell produced simply by 
bubbl ing  iner t  n i t rogen through one compartment  only. 
The turbulence  t ransported reactant  species to, or, 
product species from the electrode thereby generat ing 
a possible moto-electric effect (3). (ii) Oxygen concen- 
t ra t ion cell produced by bubbl ing  oxygen through one 
compar tment  while bubbl ing  ni t rogen through the 
second compartment .  Equalized conjoint  flow rates of 
oxygen and ni t rogen were main ta ined  in order to min i -  
mize interference from moto-electric effects. (iii) pH 
concentrat ion cell produced by creating a pH difference 
between the two compartments.  

Electron di~raction studies.wCorrosion products 
present  on actual undis turbed fa t igue-fracture  surfaces 
were identified by electron diffraction studies conducted 
at 100 kV. The studies were performed in the high 
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Fig. 1 (a). Dimensions of copper and alpha-brass fatigue speci- 
mens. (b). Schematic diagram of corrosion fatigue cell. 
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resolution diffraction accessory of a Hitachi H U l l A  
electron microscope in which the macroscopic plane of 
the surface of interest  was placed parallel  to the in-  
cident electron beam and electron diffraction r ing pat- 
terns obtained by transmission through protuberances 
on the surface. It was possible to locate the position of 
the electron beam on the surface of interest  by observ- 
ing the specimen through a port in the diffraction 
chamber. Wherever  the beam was incident  upon a pro- 
tuberance an electron induced light emission effect was 
visible, the phenomenon being known as cathodolumin-  
escence (17-19). Consequently, it was possible to en-  
sure that diffraction pat terns from the fatigue portion 
of the fracture surface, and not the final overload frac- 
ture  portion, were studied. 

The diameter of the electron beam was main ta ined  
at ~0.01 in., which was ten times larger than the grain 
size of the polycrystal l ine specimens. This enabled 
polycrystal l ine r ing pat terns to be produced from the 
copper matr ix  and alpha-brass  mat r ix  adjacent  to 
fracture surfaces when either no corrosion products, 
or, only traces of corrosion products were present on 
the fat igue-fracture  surfaces. 

Phases present on actual surfaces were determined 
by comparing the observed in terp lanar  spacings with 
those reported in the l i terature  (20), and by comparing 
visual estimates of the intensities of electron diffraction 
rings with theoretical estimates of the integrated in-  
tensities (14). The procedural  details of the technique 
have been discussed elsewhere (14). 

Fractography.--Conventional two-stage replica elec- 
tron microscopy was used to observe fractographic 
detail of fatigue fracture surfaces. It was hoped to 
quant i ta t ive ly  relate the spacing of fatigue striations on 
the fracture surface with the effect of env i ronment  on 
fatigue life. Unfortunately,  although such striations 
were observed in all envi ronments  and appeared to in-  
crease in spacing with decreasing fatigue life, quan t i -  
tative measurements  were obscured by slip lines on the 
striations due to the magni tude of the fatigue ampli -  
tude employed (21). 

Observa t ions  and Discussion 
Fatigue life.~The alpha-brass  exhibited a reduced 

fatigue life in the range of ammoniacal  solutions em- 
ployed as compared to the life in  water. The actual 
relationship between life and pH of ammoniacal  en-  
v i ronment  gave a U-shaped curve whereby the fatigue 
life was reduced by a max imum factor of ~7.5 at pH 
6.8, and by a factor of ~ 2  at pH values 5.5 and 8.0, 
as evidenced in  Fig. 2. Such a U-shaped type of re-  
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]ationship is commonly observed for SCC lifetimes 
(i.e., t ime to fracture) in these types of solutions 
wi thin  the same pH range (15, 16, 22) and, furthermore,  
the min imum SCC life occurs at the same general  value 
of pH ~6.8 as that  for m i n i mum fatigue life. 

The copper also exhibited a reduced fatigue life in 
all of the ammoniacal  envi ronments  employed, as com- 
pared to water, and exhibited a very slight tendency 
toward min imum lifetimes in the pH range 5.5-6.8, as 
shown in Fig. 3. However, the dependence of life upon 
pH was not as pronounced as that  of alpha-brass,  being 
reduced by a ma x i mum factor of only ,~2.5 wi thin  the 
p H  region 5.5-6.8, and by a factor of ~2  in p H  regions 
of 4.4 and 8.0. Fur thermore,  it appeared that ammoni-  
aeal complexes were not specifically necessary for the 
reduced fatigue life of copper because near  neutra l  
solutions of 0.04M CuSO4 (pH 4.7) and 2M NaCI (pH 
5.0) gave lifetimes more or less identical to ammoni-  
acal solutions of similar pH, as depicted in Fig. 4. 

Fatigue crack path.--Optical studies of fatigue tested 
and sectioned specimens revealed that the fatigue- 
crack path was similar in both copper and alpha-brass  
in all envi ronments  employed. There was no specific 
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Fig. 3. Fatigue life of copper in Mattsson's type ammoniacal cop- 
per sulfate solution [0.04M CuSO4 -}- 1.5M (NH4)2 SO4] as o 
function of pH. Fatigue life plotted an log scale. 
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Fig. 2. Fatigue life of alpha-brass in Mattsson's type ammoniacal 
copper sulfate solution [0.04M CuSO4 -~ 1.5M (NH4)2 SO4] as a 
function of pH. Fatigue life plotted on log scale. 
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Fig. 4. Comparison of fatigue life of copper in 0.04M CuSO4 and 
2M NaCI solutions relative to life of copper in Mattsson's type 
ammoniacal copper sulfate solution [0.04M CuSO4 -~- 1.5M (NH4)2 
SO4]. Fatigue life plotted on log scale. 
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dependence of crack path upon environment .  The crack 
followed a mixed t ransgranu la r  and in te rgranula r  path 
approximately  normal  to the tensile stress components. 
These observations were impor tant  insofar as they 
precluded the possibility of the marked reduction in  
fatigue life of alpha-brass  in the ammoniacal  solution 
of pH 6.8 being associated with preferent ial  in ter -  
granular  corrosion. Such preferent ia l  corrosion has 
been reported by some workers on unstressed alpha- 
brass specimens exposed to near  neut ra l  ammoniacal  
envi ronments  of different composition from the present  
studies (8, 23). (It may  also be noted that  prolonged 
immersion of annealed and unstressed alpha-brass  in 
the ammoniacal  env i ronment  of pH 6.8 used in the 
present  s tudy failed to reveal any preferent ia l  pene-  
tration.)  

Dil~raction studies of fatigue fractures.---In view of 
the similar dependence of both fatigue life and SCC life 
of a lpha-brass  upon the pH of the ammoniacal  en-  
v i ronment  it appeared that  electron diffraction experi-  
ments  might  reveal  other similarities regarding corro- 
sion films on fracture surfaces. Previous  electron dif- 
fraction work (14) on alpha-brass  obtained from the 
same batch as that  used in the present  studies has 
shown that Cu20 is present  on SCC fracture surfaces 
produced in identical ammoniacal  copper sulfate solu- 
tions of similar pH range (5.9-8.0) to those employed 
in the present  work. Consequently, electron diffraction 
studies were conducted on fa t igue-fracture  surfaces of 
a lpha-brass  and revealed reflections consistent with the 
presence of Cu20 in the pH range investigated (5.5- 
8.0). The details for the specific case of pH 6.8, where 
fatigue cracking is most rapid, are shown in Table I. 
[N.B. At this point  it is per t inent  to note that Matt-  
sson (15) also observed corrosion films on the original  
surfaces of a lpha-brass  specimens subjected to SCC in 
ammoniacaI copper sulfate solutions. However, it is not 
possible to completely correlate his corrosion films 
with those observed on fracture surfaces in the present  
studies due to four basic reasons: (i) The major i ty  of 
his corrosion film analyses were based on visual  ob- 
servations, e.g., "interference colors" in the pH range 
5.5-5.7 and "a thin grey deposit" at pH 7.7, and it is 
known that  the color of Cu20 is dependent  on a n u m -  
ber of conditions (14, 24); (ii) Mattsson employed an 
unspecified "microscopic examinat ion" to detect the 
presence of Cu20 in  the "black coatings" formed in  the 
pH range 6.3-7.3; (iii) Mattsson's observations were 
not conducted on the actual  fracture surfaces and the 
envi ronment  inside a SCC or fatigue crack may  be 
different from that  in the bulk  solution; (iv) Matt-  
sson's a lpha-brass  and ammoniacal  copper sulfate solu- 
tions were of different composition to those employed 

in the present  study and his solutions were subject  to 
aging and precipitat ion phenomena.]  

The electron diffraction techniques were applied to 
the copper specimens fatigued in the ammoniacal  en-  
v i ronments  and revealed that all fatigue f racture  sur- 
faces contained CueO. The details for the specific si tu-  
ation of pH 5.5 in the region of m i n i m u m  fatigue life 
are given in Table I. Furthermore,  electron diffraction 
studies of fatigue fracture surfaces of copper obtained 
in 2M NaC1 and 0.04M CuSO4 env i ronment  were also 
consistent with the presence of Cu20 as shown in 
Table I. In addition, the presence of Cu20 on fracture 
surfaces in the copper sulfate env i ronment  is reason- 
ably consistent with the observations of Miller and 
Lawless (25) who used electron diffraction techniques 
to confirm the formation of Cu20 films on the surfaces 
of unstressed copper single crystals immersed in a 
stronger solution of pre-oxygenated copper sulfate 
(0.2M CuSO4, pH 3.8). 

Electron diffraction studies were also conducted on 
the fat igue-fracture  surfaces of copper and alpha-brass  
produced in the reference env i ronment  of pre-oxy-  
genated double distilled water. Comparison of the in-  
te rp lanar  spacings of the r ings and  their  visual  in -  
tensities with data for Cu20, copper, and alpha-brass  
(14,20,26) revealed a predominance of the copper 
matr ix  and alpha-brass  matr ix  at the fracture surfaces, 
as shown in  Table II. The presence of Cu20 could be 
detected only in trace amounts,  as evidenced by the 
weak oxide reflections in Table II. 

Thus, two impor tant  observations arose from the 
electron diffraction studies. First, all envi ronments  ex- 
cept the reference env i ronment  produced well-formed 
films of Cu20 on the fat igue-fracture  surfaces, whereas 
the more slowly fat igue-cracking situation in the ref-  
erence env i ronment  produced only traces of Cu20 on 
the fracture surface. Second, the studies confirmed a 
fur ther  s imilari ty between SCC of a lpha-brass  and 
corrosion fatigue of copper and alpha-brass  in that  all 
fracture surfaces contained Cu20. 

Formation of Cu20 and electrode reactions.--The de- 
tection of Cu20 on the corrosion-fatigue f rac ture  sur-  
faces necessitated a consideration of its mechanism 
of formation because of the possible influence of the 
oxide on the corrosion fatigue behavior. For example, 
if corrosion fatigue involved electrochemical dissolu- 
t ion of the metal  the formation of Cu20 on the fracture 
surface would serve three purposes: (i) prevent  fur-  
ther dissolution of the sides of the c rack , ( i i )  localize 
dissolution to the crack tip which is the only point at 
which the Cu20 product is readi ly parted by the de- 
formation processes to expose fresh metal, and (iii) the 
Cu20 film is an electronic semiconductor (27, 28) and 

Table I. Identification of phases on corrosion-fatigue fracture surfaces 

E l e c t r o n  d i f f r a c t i o n  o b s e r v a t i o n s  

a-brass i n  
0 .04M CuSO~ C o p p e r  i n  

1.SM(NI-I4) ~SO~ 2 M  NaC1 sol.  
p H  6.8 P H  5.0 

d (A) I ,  d (A) Iv 

C o p p e r  i n  
C o p p e r  i n  0 .04M CuSO4 

0.O4M CuSO~ sol.  1.51VI(NH4)2SO4 
p H  4.7 p H  5.5 

d (A) Iv d (A) Iv 

D a t a  for Cu20('4, ~) 

h k l  d ( A )  Ie (%) 

2 .98 w 2.98 v w  
2.50 vs  2.46 w 
2.09 m 2.10 m 
1.80 * s 
1.50 m 1.49 w 

1.28 m 1.27 w 

0.99 w 

2.96 v w  2.98 v w  110 3.02 12 
2.52 vs  2.50 vs  111 2.465 100 
2.10 m 2.10 m 200 2.135 28 
1.75 v w  1.74 v w  211 1.743 4 
1.51 m 1.50 m 220 1.510 36 

310 1.350 1 
1.28 m 1.28 m 311 1.287 27 

222 1.233 5 
321 1.141 1 

1.04 w 400 1.06~ 4 
330, 411 1.007 0.5 
331  0.9795 9 

0.95 v w  420 0 .9548 5 

* C o r r e s p o n d s  to (200) ref lect ion f r o m  u n d e r l y i n g  b rass .  
Note :  h k l  ffi M i l l e r  i n d i c e s  of B r a g g - r e f l e e t i n g  c r y s t a l  p l a n e s .  

d ( A )  = I n t e r p l a n a r  s p a c i n g  of c r y s t a l  p l a n e s  in  a n g s t r o m  un i t s .  
Ie (%) ---- R e l a t i v e  t h e o r e t i c a l  i n t e g r a t e d  i n t e n s i t y  of e l e c t r o n  b e a m  r e f l e c t i o n s  e x p r e s s e d  as a p e r c e n t a g e  of  the  s t r o n g e s t  r e f l ec t i on .  

Iv = R e l a t i v e  v i s u a l  i n t e n s i t y  of o b s e r v e d  r e f l e c t i o n s :  v s  = v e r y  s t r ong ;  s = s t r o n g ;  m = m e d i u m ;  w = w e a k ;  v w  = v e r y  w e a k .  
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Table II. Identification of phases on corrosion-fatigue fracture surfaces 

E l e c t r o n  d i f f r a c t i o n  
o b s e r v a t i o n s  

a - b r a s s  i n  C o p p e r  i n  
p r e - o x y g e n a t e d  p r e - o x y g e n a t e d  

w a t e r  w a t e r  Da ta  fo r  a-brass<l*. ~) Da ta  fo r  copper<l~,~) Da ta  fo r  Cu2Oa~.~) 

d(A)  Iv d (A)  Iv h k l  d (A)  le (%) h k l  d (A)  Ie (%) h k l  d (A)  I ,  (%) 

2,98 ew I I 0  3.02 12 
2.46 w 2.48 v w  I i i  2.465 I00 
2.12 s 2.11 s i i i  2.124 I00 I I I  2.088 I00 200 2.135 28 
1.81 m s  1.81 m 200 1.84 43 200 1.008 44 

211 1.743 4 
1.51 v w  1.51 w 220 1.510 36 

S10 1.35 1 
1.28 m 1.28 m 220 1.301 23 220 1.278 23 311 1.28'7 27 

222 1.233 5 
321 1.141 1 

1.09 m 1,09 m 311 1.109 24 311 1.09 25 
1.06 w 1.04 w 222 1.062 7 222 1.0436 7 400 1.067 4 

330, 411 1.007 0.5 
331 0.9795 9 

N o t e :  h k l  = M i l l e r  ind ices  of B r a g g - r e f l e c t i n g  c rys ta l  p lanes .  
d (A)  = I n t e r p l a n a r  s p a c i n g  of  c rys t a l  p l a n e s  in  a n g s t r o m  uni t s .  

I ,  (%) = R e l a t i v e  t h e o r e t i c a l  i n t e g r a t e d  i n t e n s i t y  of  e l ec t ron  b e a m  re f lec t ions  e x p r e s s e d  as a p e r c e n t a g e  of the  s t r o n g e s t  r e f l ec t ion  in  
the  g i v e n  crys ta l .  

I ,  = R e l a t i v e  v i s u a l  i n t e n s i t y  of o b s e r v e d  re f lec t ions :  s = s t rong ,  m s  = m e d i u m  s t rong ,  m = m e d i u m ,  w = weak ,  v w  = 
v e r y  weak ,  e w  = e x t r e m e l y  weak .  

would not e l iminate  the electrochemical dissolution 
process by electronically insulat ing the Cu~O covered 
cathodic surface. In  its general  terms, such a role for 
Cu20 would be similar to the tarnish rupture  models 
for SCC of alpha-brass  in ammoniacal  solutions first 
proposed by Forty  and Humble  (29) and developed 
later  by McEvily and Bond (30) and the present  
authors (14). 

I t  is general ly  believed that  format ion of Cu20 in 
aqueous envi ronments  has its origins in electrochemical 
behavior. However, at the present  time the specific re-  
actions involved have not been established, as evi- 
denced by the reviews of Pugh (8, 31). Recent studies 
by Green et al. (32) and the present authors (33) sug- 
gest that the oxide is formed by a precipitat ion process. 
Consequently, it is probable that  Cu20 precipitation 
involves a local increase in cuprous ion species and /or  
hydroxyl  ions such that  the solubil i ty product of Cu20 
is exceeded. The reaction may be expressed in the gen- 
eral form 

2Cu + + 2OH'--> Cu20 -~- H20 [1] 

where Cu + may represent  a complex ion containing lig- 
ands. Such a general  reaction has been considered in 
the l i terature  by previous workers (14, 31, 34). 

The local concentrat ion of cuprous ions may be con- 
trolled by anodic dissolution of copper atoms to yield 
cuprous ion species and /o r  the cathodic reduct ion of 
cupric ion species. The hydroxyl  ion concentrat ion wil l  
be controlled by pH and the cathodic reduct ion of dis- 
solved oxygen. Furthermore,  the actual  precipitat ion 
reaction may occur directly on the electrode surfaces 
via the interact ion of hydroxyl  ions with adsorbed 
cuprous ion species, as suggested by Pugh (31). The 
concentrat ion cell studies were designed to provide 
fur ther  informat ion on the possible electrode reactions. 

Turbulence- type  concentration ce lL- - In  all envi ron-  
ments  turbulence arising from the bubbl ing  of iner t  
ni t rogen through one compartment  of the two com- 
pa r tmen t  cell, or by st i rr ing the env i ronment  in one 
compartment ,  always caused the copper or a lpha-brass  
electrode in the tu rbu len t  env i ronment  to be anodic 
with respect to the corresponding copper or a lpha-  
brass electrode in the static environment .  Potent ia l  
differences of 5-15 mV were recorded on open circuit. 
These observations indicated that the electrochemical 
reactions were under  anodic control and governed by 
removal  of product  species from the anode (e.g., cor- 
rosion films) or diffusion of reactant  species to the 
anode. 

The observations were interest ing because Bertocci 
(35) developed an  electrochemical model for dissolu- 

t ion of brass in ammoniacal  solutions which was under  
cathodic polarization concentrat ion control. According 
to this model the anodic process involves dissolution 
of copper and zinc to form complex ionic species, e.g. 

Cu + 2NH3 = Cu(NH3)2 + + e' [2] 

Zn + 4NH3 -- Zn(NHs)4 ++ + 2e' [3] 

The diffusion controlled cathodic process was con- 
sidered to be the reduct ion of cupric ion complexes. 
The general  form of the reaction may  be wr i t ten  

Cu(NH3)n ++ + e' = Cu(NH3)2 + + (n -- 2)NH3 [4] 

where n ---- number  of NH3 ligands. 
Bertocci's model was developed for dissolution in the 

absence of corrosion film formation and recent work 
by Pugh and Green (36) supports the model under  
these conditions. However, the present  electron diffrac- 
tion studies have shown that  Cu20 films were formed 
in the specific envi ronments  cur rent ly  employed. Con- 
sequently, the avai labi l i ty  of anodic sites for dissolu- 
tion will be governed by the avai labi l i ty  of film-free 
surface whereas the cathodic reaction (Eq. [4]) is able 
to occur on film-free or Cu20-covered surfaces because 
Cu20 has electronic conducting properties (27, 28) and 
may be an effective cathodic surface (37). In  addition, 
the Cu20 film is believed to be porous (14, 29, 32) and 
the anodic reaction may be fur ther  affected by the 
necessity for reactant  species (e.g., NHs) to diffuse 
through the pores in  order to interact  with the film- 
free surface. Hence, under  conditions where  Cu~O films 
are formed, it is reasonable to anticipate that  cathodic 
polarization concentrat ion may  not be the control l ing 
process even though the anodic and cathodic reactions 
are the same as in Bertocci's model. 

Oxygen  concentration ce lL- -The  conjoint  equalized 
flow of ni trogen and oxygen through separate compart-  
ments  of the two-compar tment  cell showed that  in 
both the distilled water  env i ronment  and 2M NaC1 
solution (pH -- 5.0) the electrode in the oxygen-r ich 
solution was always cathodic with respect to the elec- 
trode in the oxygen-poor solution. The observations 
held for pairs of copper electrodes and pairs of a lpha-  
brass electrodes, the open-circui t  potential  differences 
being 20-30 inV. Thus, in these envi ronments  the p r in -  
cipal cathodic reaction appeared to be the reduct ion 
of dissolved oxygen, e.g. 

O + H20 + 2e' ---- 2 OH' [5] 

Such a reaction is consistent with the observations 
that na tura l  corrosion of copper is promoted by differ- 
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ential aeration cells (10) and that  the main  cathodic 
reaction on most metals in near  neut ra l  electrolytes 
containing dissolved oxygen is the oxygen reduction 
reaction (2, 3). 

Closed-circuiting of the electrodes in the 2M NaC1 
solution yielded a current  of ~0.5 mA with a conse- 
quent  increase in pH of the cathodic compar tment  after 
a few hours. The pH change was readily observed 
visual ly by adding phenolphthale in  indicator to the 
solution which caused the oxygen-r ich electrolyte in 
the cathodic compar tment  to t u rn  red as the hydroxyl  
ion concentrat ion increased. 

Closed circuit ing of the electrodes in  the double 
distilled water  env i ronment  yielded a negligible cur-  
ren t  consistent with the very low electrical conduc- 
t ivi ty of such water. 

Similar  oxygen concentrat ion cell experiments  in the 
0.04M CuSO4 solution (pH 4.7) and the ammoniacal  
copper sulfate solutions in the pH range 5.5-7.5 for 
a lpha-brass  and 4.4-7.5 for the copper showed the elec- 
trode in the oxygen-r ich  solution to be only slightly 
cathodic. Open-circui t  potential  differences were ~ 5  
mV suggesting that the reduction of oxygen was not 
an impor tant  cathodic reaction in these solutions. 
Hence, it is probable that  the reduct ion of cupric ion 
species is the principal  cathodic corrosion reaction in 
these environments .  

Raising the pH of the ammoniacal  copper sulfate 
solutions to 8.0 produced marked  cathodic behavior  of 
the copper and brass electrodes in the oxygen-r ich 
compartments.  Open-circui t  potentials of ~70 mV were  
recorded. Such behavior  is consistent with the studies 
of Johnson and Leja (16) who observed that SCC of 
a lpha-brass  in these solutions was influenced by dis- 
solved oxygen only at pH values >8.0. Thus, oxygen 
reduction (Eq. [5]) may be a major  cathodic reaction 
in this part icular  solution. 

The preference for oxygen reduction, over the cath-  
odic reduct ion of cupric complexes (Eq. [4]) in copper 
ammoniacal  solutions of pH ~8.0 may  be related to the 
average n u m b e r  of ammonia  ligands, n, attached to the 
cupric complex ion, Cu(NH3)n ++. Johnson and Leja 
(16) have shown that in these solutions n = 1 at pH 
~_5.6, n = 2a tpH~-~  6.3, n = 3 a t p H ~ _  7.0, a n d n  = 4 
at pH ~__ 8.0. Thus, at pH 8.0 where n ---- 4, the rate of 
reduct ion of Cu(NH3)4 ++ may be slow due to the 
steric effects of four NH3 ligands at the cathode. For 
example, the following reduction reaction for n = 4 

Cu(NH3)4 + + + e' = Cu(NH3)2 + + 2NH~ [6] 

involves a change in the number  of NHa ligands be-  
tween cupric and cuprous species. However, when  
n = 2 at pH _~ 6.3 the following reduct ion react ion 

Cu(NH3):2 + + + e' --- Cu(NH3)~ + [7] 

does not involve a change in number  of NH3 ligands 
and may  be a favored react ion (16). 

The Cu(NH3)2 + complex with two NHa ligands was 
chosen as the product of the reduction reaction because 
it appears to be the equi l ibr ium complex of dissolved 
cuprous species in the general  pH range studied, as 
evidenced by published pH-potent ia l  diagrams for the 
homogeneous system with dissolved copper (15, 38). 

Alternat ively,  dissolved oxygen may  not be directly 
involved in  the cathodic reduct ion reaction at pH 8.0 in 
the  ammoniacal  copper sulfate solution. Instead, it 
may act indirect ly by oxidizing cuprous species to the 
cupric state thereby increasing the concentrat ion of 
cupric ions available for reduct ion at the cathode. Such 
a role for oxygen has been considered by Bertocci (35), 
and Pugh and Green (31,36) and may be represented 
in  a general  form by Eq. [8] 

2Cu(NHs)2 + + 0 + H20 + 2(n - -  2)NHs 

= 2Cu(NH3)n + + + 2 OH' [8] 

In  this situation, the effect of pH would appear to 
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lie in creating sufficient NHs to allow favorable condi- 
tions for formation of the te t rammine  cupric complex, 
Cu(NH3)4 ++, because oxygen concentrat ion effects 
only became marked ly  noticeable at pH 8.0 where the 
number  of NH3 ligands, n, approached 4 (16). The im- 
portance of n = 4 and the relat ive rapidi ty with which 
the reaction depicted by Eq. [8] is expected to proceed 
is undoubted ly  related to the fact that  cupric ions 
form four strongly bonded unidenta te  l igands in aque-  
ous solutions (39, 40). In  the present  solutions these 
ligands may be H20 and /or  NH3 groups, although in 
practice the number  of H20 ligands is usual ly  omitted 
in equations. However, the NH3 l igand is more strongly 
bonded than the H20 l igand (39, 40) and if the pH is 
high enough, sufficient NH3 wil l  be available to allow 
formation of four very strong NH3 ligands. Thus, it is 
postulated that  the reaction depicted by Eq. [8] pro- 
ceeds rapidly only when  the number  of NH3 l igands on 
the cupric ion is increased to n = 4. 

pH cells. - -S tud ies  on pH cells were confined to the 
ammoniacal  copper sulfate solutions in the pH range 
5.5-8.0. It was observed that  the compar tment  con- 
ta in ing high pH solution was anodic with respect to 
the electrode in the compar tment  containing low pH 
solution. The results are summarized in Table III  
where  open-circui t  potentials in excess of 100 mV were 
observed. 

Increasing the pH (i.e., lowering [H § concentra-  
tion) displaces the ammonium dissociation reaction 

NH4 + .~ NH3 + H + [9] 

to the right and increases the concentrat ion of [NH3] 
species. Thus, if the anodic process involves dissolution 
of metal  via the formation of complex ion species with 
ammonia  tigands (e.g., Eq. [2] and [3]), the avail-  
abil i ty of ammonia  molecules may dictate the dissolu- 
tion rate and render  the process under  anodic control. 
Under  these conditions, the high pH envi ronment  will  
be anodic with respect to the low pH environment ,  as 
observed. 

Proposed events within the corrosion-fatigue crack. 
- - T h e  fatigue cycle itself is capable of generat ing a 
crack in ductile metals purely  by plastic deformation 
processes (5, 41), each cycle leading to an increment  
of crack advance dur ing the propagation stage. Thus, 
in principle, any env i ronment  which is able to promote 
dissolution of the metal  should, if given sufficient time 
depending upon f requency of fatigue cycle (4), con- 
t r ibute  an increment  of crack advance via dissolution 
dur ing each cycle and reduce the fatigue life. I t  is not 
necessary for the env i ronment  to produce a crack 
under  static load conditions (i.e., SCC). Natural ly ,  if 
factors are present  which localize dissolution to the 
tip of the crack, and not the sides of the crack, the en-  
v i ronment  wil l  be more effective in  reducing the 
fatigue life. Consequently,  the present  studies suggest 
that  the basic effect of the aqueous solutions employed 
for corrosion fatigue of both copper and alpha-brass  is 
to provide an electronically conducting film of CusO 
which localizes anodic dissolution processes to the tip 
of the fatigue crack, this being the only point  at which 
the film is readi ly parted by the localized deformation 
processes. Such a Cu20 film was detected by the elec- 
t ron diffraction studies, and its presence also appears to 
be in reasonable agreement  with published thermo-  

Table III. pH Concentration cell potentials in aqueous 
0.04M CuSO4 -p 1.5M (NH4)2SO4 solutions 

pH of solution 

Open-circuit  potential 
difference (mV) 

Alpha-brass  Copper 
Anode Cathode electrodes electrodes 

6.8 5.5 3"1 12 
8.0 6.8 150 125 
8.0 5.5 185 135 
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dynamic considerations (15, 38, 42, 43). Thus, the model 
for corrosion fatigue contains the elements of the tar -  
nish rupture  and par t ing models developed for SCC of 
alpha-brass  (14, 29, 30). 

The anodic reaction on copper sites appears to be the 
dissolution of copper atoms to form dissolved cuprous 
ionic species. The principal  cathodic reaction in the 
solutions containing dissolved cupric ion species (i.e., 
Mattsson-type solution and 0.04M CuSO4) appears to 
be the reduction of cupric species to cuprous species. In 
the absence of dissolved cupric species (i.e., 2M NaC1 
and double-dist i l led water) ,  the cathodic reaction is the 
reduction of dissolved oxygen. The cuprous oxide forms 
by deposition when the concentrat ion of cuprous spe- 
cies and hydroxyl  ions is such that the solubili ty prod- 
uct of Cu20 is exceeded (Eq. [1]). Deposition of Cu20 is 
expected to be governed by the avai labi l i ty and mo- 
bil i ty of cuprous species because hydroxyl  ions have a 
high mobil i ty  due to proton jumps (44) and are readi ly 
available from the dissociation of water. 

The actual rate of anodic dissolution of fresh ex- 
posed metal  atoms at breaks in  the Cu20 film at the 
tip of the fatigue crack is strongly affected by the en-  
vironment .  Thus, in the double-dist i l led water  en- 
vironment ,  where the cathodic reaction is reduction of 
oxygen, the high ohmic resistance of the electrolyte 
severely restricts the length of crack over which oxy- 
gen concentrat ion cells will  be effective and this en-  
v i ronment  should yield the longest lifetimes, as ob- 
served in Fig. 2 and 3. 

Regarding copper in the ammoniacal  copper sulfate 
solutions, the anodic dissolution of copper to form cu- 
prous species is enhanced by the presence of NH3 groups 
which form a cuprous complex with two strongly 
bonded unidenta te  NH3 ligands (40) (Cu(NHj)2+) .  
Hence, with reference to Fig. 3, increasing the pH from 
4.4 to 6.8 increases the concentrat ion of [NHj] (Eq. 
[9]) and should produce a tendency for enhanced 
anodic dissolution of copper and a reduction in fatigue 
lifetime, as observed. Fur the r  increases in pH to 8.0 
should cont inue to yield enhanced anodic dissolution of 
copper. However, if the physical na ture  of the Cu20 
film in this pH range is such that  it is not fully pro-  
tective and contains breaks at points other than the 
tip of the fatigue crack, the enhanced dissolution will 
not be confined to the tip of the crack and wil l  not 
ful ly contr ibute to a fur ther  reduct ion in fatigue life. If 
the breaks are sufficiently numerous  the fatigue life 
may actual ly increase, as observed. 

The same general  considerations discussed for cop- 
per are also expected to apply to corrosion fatigue of 
the alpha-brass  in ammoniacal  copper sulfate solu- 
tions (Fig. 2). However, the effect of pH may be more 
dramatic  because of the presence of zinc atoms. For  
example, below pH ~ 6.8 the zinc enters the solutions 
as Zn + + ions with no ammonia  ]igands (38, 42). Hence, 
with reference to Fig. 2, increasing the pH from 5.5 
to 6.8 increases the concentrat ion of [NH~] available 
to enhance the anodic dissolution of copper atoms and, 
because the alloy contains only ~70% copper, there is 
effectively more [NHj] available to assist dissolution 
than for pure  copper at the same pH. This, together 
with the influence of the high thermodynamic  activity 
of zinc on the dissolution kinetics suggested by Green 
e ta l .  (32) could account for the marked reduction in 
fatigue life at pH ~ 6.8. 

Other factors which undoubted ly  complicate the 
quant i ta t ive  aspects of the corrosion fatigue lifetimes 
are variat ions in env i ronment  and alloy composition 
which affect the semiconducting properties of the Cu20 
film and modify its abil i ty to function as an effective 
cathode and localize the anodic reaction. It  is well  
known (27, 45) that the conductivi ty of cuprous oxide 
depends upon deviations from stoichiometry which 
affect the cuprous ion, cupric ion, and oxygen ion con- 
centrat ions in the semiconductor. The effect of oxygen 
part ial  pressure on the stoichiometry of Cu20 has been 

much studied (27,45), but  apparent ly  there is no 
information in the l i terature regarding the effect of 
aqueous envi ronment  variables (e.g., pH) on conduc- 
t ivi ty of precipitated Cu20. Fur thermore,  there ap- 
pears to be no published studies on the effect of trace 
quanti t ies  of divalent  zinc ions, Zn ++, in the Cu~O 
lattice on the conductivi ty of Cu20 (28). Some pre-  
l iminary  studies on the effect of trace additions of di- 
valent  Be + + on the conductivi ty of Cu20 have been 
reported (46), but  they do not i l luminate  the present 
work. 

Conclusions 
Studies on the corrosion fatigue of copper and alpha- 

brass in  near neut ra l  aqueous solutions of pre-oxy-  
genated ammoniacal  copper sulfate (0.04M CuSO4 + 
1.5M (NH4)2SO4), and of copper in pre-oxygenated 
aqueous solutions of both sodium chloride (2M NaC1) 
and copper sulfate (0.04M CuSO4), were consistent 
with the following conclusions: 

1. All  envi ronments  yielded a reduced fatigue life- 
time relative to a reference envi ronment  of p re -oxy-  
genated double-dist i l led water. 

2. All  fatigue fracture surfaces contained a cuprous 
oxide corrosion film. 

3. The cuprous oxide film localized the anodic dis- 
solution of metal  atoms to the tip of the fatigue crack 
where the film was readily parted by deformation 
processes. Thus, the general  elements of tarnish for- 
mat ion and rupture  models developed to explain SCC 
of alpha-brass  were applicable to corrosion fatigue of 
both copper and alpha-brass.  

4. The major  cathodic reduction reaction was the re- 
duction of cupric ion species in the envi ronments  con- 
ta ining dissolved copper, and reduction of oxygen in 
the absence of dissolved copper. 
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Hydrogen Evolution Reaction at Sodium Tungsten Bronzes 
in Acid Solutions 

v 

D. B. Sepa, D. S. Ovcin, and M. V. Vojnovi~ 
Institute for Chemistry, Technology and MetalLurgy, 11000 Belgrade, YugosLavia 

ABSTRACT 

Hydrogen  evolut ion react ion in acid solutions (--0.7 < p H  < 2.0) a t  sodium 
tungsten bronze electrodes of var ious  composit ions (0.45 < x < 0.83) have  
been inves t iga ted  using the galvanosta t ic  s t eady-s ta te  method.  The mechanism 
of the  hydrogen  evolut ion react ion has been proposed.  A w e a k  e lec t rocata ly t ic  
effect dependent  on the  bronze composit ion has been found. 

Only  a few da ta  concerning the hydrogen  evolut ion 
react ion (HER) in acid solutions at sodium tungs ten  
bronzes, NaxWO~, are  ava i lab le  in the l i t e ra tu re  (1-4).  
The hydrogen  dissolution react ion has been s tudied at 
some t rans i t ion  meta l  tungs ten  bronzes (5), at  hydro -  
gen tungsten bronzes (6, 7), and at sodium tungs ten  
bronzes ( the t e rm bronze is used to re fer  to the  l a t t e r  
for  b rev i ty)  (8). The avai lab le  information,  however ,  
is insufficient to present  a full  p ic ture  of the kinet ics  
of the  HER in this  system. 

It is the  purpose  of this  paper  to make  a contr ibut ion  
to be t t e r  unders tand ing  of the  HER at the  bronzes in 
acid solutions. 

Experimental 
Ten la rge  crys ta ls  of the  bronzes ( app rox ima te ly  

15 • 15 • 15 mm) of composit ions 0.45 < x < 0.83 
were  grown on gold wire  by  the e lect rolyt ic  reduct ion 
of a mol ten  mix tu r e  of reagent  grade sodium tungs ta te  
and tungsten t r iox ide  in an a lumina  crucible  (9). 
P la tes  about  1 m m  th ick  were  cut f rom these crystals ,  
polished on the finest emery  paper ,  and then  washed in 

Key words:  sodium tungsten bronze,  hydrogen evolution reaction. 

1N NaOH solution and hot dis t i l led water .  F ina l ly ,  the  
p la tes  were  mounted  in an appropr ia t e  Teflon holder.  

An  a l l -g lass  t h r e e - c o m p a r t m e n t  cell was used. The 
HER was s tudied in sulfur ic  acid solutions of var ious  
pH values  (--0.7 < pH < 2.0), wh i l e  purif ied hydrogen  
was bubbled  th rough  the solution. Measurements  of 
cathodic Tafel  l ines were  car r ied  out using the ga l -  
vanosta t ic  s t eady-s t a t e  method.  Potent ia l s  were  mea -  
sured  against  the  hydrogen  e lec t rode  in the  same 
solution. 

Results 
It was found that  the revers ib le  potent ia l  of the  HER 

is not  es tabl ished at  the  bronze electrodes in acid solu-  
t ions sa tu ra ted  w i th  hydrogen.  Rest  potent ia l s  wi th in  
the  range 0.2-0.5V, and usual ly  about  0.3V, were  es -  
tabl i shed.  1 

If  a bronze electrode is ca thodica l ly  polar ized  and  
care is t aken  tha t  s t eady-s ta te  condit ions of mea -  
surements  are  s t r ic t ly  applied,  a complex  V-log i r e -  
la t ionship is obtained,  as presented  in Fig. 1 (Down a n d  

1 P o t e n t i a l s  throughout the paper are r e f e r r e d  t o  the scale of the 
hydrogen electrode in the s a m e  s o l u t i o n ,  unless o therwise  stated. 
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Fig. i. Typical steady-state cathodic V-log i relationship 

up measurements  of this line, require  about 10 hr.) The 
following features concerning this V-log i relationship 
should be noted: 

(i) In  the range of overpotentials between 0.4 and 
0.2V some electrode process occurs, which has been 
noted also by Vondrak and Balej (3, 4) and by Arm-  
strong et al. (8), when  they studied the behavior  of 
the bronzes in acid solutions by potential  sweep 
method. It is interest ing that  Glemser and Neumann  
(10), who studied hydrogen tungs ten  bronzes, and 
Broyde (5), who studied a n u m b e r  of tungsten  bronzes 
of t ransi t ion metals, also observed an electrode process 
at overpotentials of about  0.3V. 

(ii) At lower overpotentials a l imit ing current ,  not 
determined by mass t ransport  from the solution, of ap- 
proximately  (2-5) • 10-5 A . c m - 2  was observed. The 
composition of the bronze and the pH of the solution 
showed no effect on the value of this l imit ing current.  

(iii) At overpotentials higher than about --0.1V the 
HER is the predominant  electrode process. Two Tafel 
lines of slopes close to --120 and --180 mV were ob- 
tained. At current  densities higher than  approximately 
10 -3 A-cm -2 intensive evolution of hydrogen at the 
surface of electrodes was observed. 

It  is interest ing to note  that  quite a different shape of 
V-log i relationship is obtained if s teady-state mea-  
surements  are not strictly applied. A typical quasi- 
s teady-state V-log i relationship, obtained by faster 
measurements,  is presented in Fig. 2. (A l ine needed 
about an hour  to be measured.) The first down-mea-  
sured l ine is ra ther  complex and any l inear  part  cannot 
be clearly traced. After  several repeated up and down 
measurements  in the current  density region above ap- 
proximately  (2-5) • 10 -5 A-cm -2 two l inear parts  
with slopes close to --120 and --180 mV are clearly 
distinguished, overlapping the line obtained in  the 
steady-state measurements .  In the region of lower 
current  densities, however, a qual i ta t ively new pic- 
ture  is obtained. It is possible to get straight lines of 
slopes varying from --40 to --120 mV, which are usu-  
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Fig. 2, Various shapes of quasi-steady-state cathodic V-log i 
relationships. 
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ally stretched to more positive potentials than the re-  
versible hydrogen potential.  The changes of potential  
in this region of current  densities are very  slow. De- 
pending on the speed of recording the potentials, dif- 
ferent  slopes can be obtained. The quasi-s teady-sta te  
performance of the electrode in this region of current  
densities was shown in  the following way: after a 
longer period of time (order of an hour),  the poten-  
tial of an electrode tends to get more  positive, ap-  
proaching slowly the corresponding s teady-state  value. 

The dependence of the kinetics of the HER on the 
pH value of the solution is given in Fig. 3 and  4. Both 
l inear  parts of the Tafel lines, with slopes of --120 and 
--180 mV have the same value of the parameter  OV/ 
OpH close to --120 mV per p i t  uni t  (measured on the 
pH independent  scale). 

When the Tafel l ine with the slope of --120 mV is 
extrapolated to the hydrogen reversible potential,  the 
exchange current  density of the HER is obtained. It 
was found that  the rate of the HER, taken as the log- 
ar i thm of the exchange current  density, is sl ightly de- 
pendent  on the composition of the bronze electrodes 
with a max imum value of about 3 • 10-5 A - c m - 2  in 
the vicinity of x ---- 0.65, as shown in Fig. 5. 

Discussion 
A model of the surface of the bronzes in acid solu- 

tions has been reported (11, 12) and an explanat ion 
of the electrochemical behavior  of the surface has 
been proposed. This model is based on the existence of 
a nonstoichiometric, hydrated tungsten oxide-l ike 
layer  at the surface. The rest  potential,  established at 
the bronzes in acid solutions, according to this model 
corresponds to an oxide potential  of a metal  electrode. 
Hence, the part  of cathodic line in Fig. 1 between the 
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Fig. 3. The pH dependence of the HER at NoxWOa in acid solu- 
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Fig. 5. Electrocatalytic effect for the HER at the bronzes. Solu- 
tion of 1N H2S04 saturated with hydrogen. 

Table II. Comparison of theoretical and experimental kinetic 
parameters for the mechanism proposed 

K i n e t i c  
p a r a m e t e r  T h e o r e t i c a l  E x p e r i m e n t a l  

L o w  o v e r -  d V / d  log  i --2.303 2 R T / F  --120 
p o t e n t i a l s  d V  / d p H  -- 2.303 2 R T I  F -- 120 

d log  told p H  - -1 /2  --0.51 

H i g h  o v e r -  d V / d  l og  i --2.303 3 R T / F  -- 180 
p o t e n t i a l s  d V / d  p H  --2,303 2 R T / F  - -  120 

d log  io /d  pI-I - -  1/3  --0.35 

Table III. Experimental values of the potential 
where the change of the slope of the cathodic Tafel 

line occurred (1N H2S04) 

x i n  NaxWOa 0.45 0.50 0.55 0.60 0.68 

O v e r p o t e n t i a l ,  V 430 380 150 140 l lO  

x i n  Na~WO3 0.70 0.75 0.77 0.80 0,83 

O v e r p o t e n t i a l ,  V 250 340 150 180 300 

rest potential  and the reversible hydrogen potential  
represents  the process of reduction of the hydrated 
oxide layer of the bronze. 

When hydrogen is evolved at the bronze electrode in 
acid solutions, the oxide layer at the surface is re- 
duced, and a surface with properties close to the bu lk -  
metall ic phase is finally obtained. Hence, any kinetic 
informat ion obtained in the region of current  densities 
lower than  about (2-5) • 10 -5 A-cm -2 does not refer 
to the HER, but to slow changes in the character of the 
surface layer  of the bronze. Therefore, in terpre ta t ion  
of slopes of Tafel lines obtained in this range of current  
densities a t t r ibuted by some authors (3, 4) to the HER, 
is responsible for the considerable discrepancies among 
data on the kinetics of the HER, as presented in 
Table I. 

Finally,  it should be stated that  the data concerning 
the hydrogen evolution and dissolution reactions refer 
to two substant ia l ly  different states of the surface of 
the bronze electrode, and cannot be used together in 
mechanist ic considerations of the reaction kinetics. 

The set of kinetic parameters  obtained in this paper 
fits the mechanism of coupled discharge and catalytic 
steps already theoretically discussed by Thomas (13). 

H + Jv e - >  Hads 

Hads n u Hads-'> H2 

Theoretical  and exper imenta l  kinetic parameters  are 
compared in Table II. The agreement  is satisfactory. 

In  this mechanism the change of the slope of the 
cathodic Tafel l ine from --120 to --180 mV is due to 
the change in  the coverage of the atomic hydrogen 

Table I. Kinetic parameters of the HER at the sodium 
tungsten bronze electrodes in acid solutions 

x in  - - 0 V /  E lec t rode  R e f e r -  
E l e c t r o l y t e  Na~WO~ ~ log  i 0V/~ p H  p r e t r e a t m e n t  ence  

I N  H2SO4 0.5 180 Ca thod ic  po la r -  1 
0.65 140" i za t ion  2-20 
0.8 200* m i n  a t  --0.3V 

(10z-10 -s) N 0.65 120 -- 120 Ca thod ic  po la r -  2 
H2S04 i za t ion  5 ra in  

a t  -- 0.5V 

I N  H2SO4 0.74 120"* Ca thod ic  p o l a r -  3 
i za t ion  15 see 
at  --0,8V 

I N  I-I~SO4 0,71 120"* --65** - -  4 

* A t  these  e l ec t rodes  l o w e r  s lopes  close to --75 and  - - 1 3 0  mV, re-  
spec t ive ly ,  h a v e  been  o b s e r v e d  in  the  r e g i o n  of c u r r e n t  dens i t i e s  
l o w e r  t h a n  a b o u t  1 • 10-t A em-~. 

** A u t h o r s  r e p o r t e d  the  c h a n g e  of s lope  to  t he  v a l u e  of --40 m V  
a t  l o w e r  o v e r p o t e n t i a l s  (be low --0.2V). The  p H  d e p e n d e n c e  fo r  t h i s  
p a r t  of Tafe l  l i ne  is  r e p o r t e d  to  be --35 mV. 

from Langmuir  to Temkin  conditions of adsorption 
(13). When this mechanism is theoretically treated it 
is possible to calculate the potential  dependence of the 
coverage with atomic hydrogen along the part  of Tafel 
l ine with the slope of --120 mV. It has been found that 
~V/0 In 0 = --4RT/F. Assuming that  the change of the 
slope always occurred when the threshold of the  Tern- 
kin region was reached, i.e., when 0 = 0.2, and if ex-  
per imenta l ly  found values of potentials of the change 
of the slope from --120 to --180 mV are taken into ac- 
count (cf. Table III) ,  it is possible to calculate the 
coverage of the atomic hydrogen the bronzes would 
have at the reversible hydrogen potential.  The values 
of coverages of atomic hydrogen at the reversible po- 
tent ial  calculated in this way appeared to be dependent  
on the composition of  the bronze with a max imum in 
the vicinity of x ---- 0.65, as presented in Fig. 5. The 
electrocatalytic effect on the HER at the bronzes is 
se l f -explanatory if Fig. 5 is considered, since maxima 
for both dependencies practically overlap. 2 It  is in-  
teresting to note that  the value of the m a x i m u m  cov- 
erage of atomic hydrogen at the reversible potential,  
obtained in this way, is about 6%. This value is close 
to the 3% calculated by Jones and Loebl (15, 16) for 
adsorption of hydrogen at the bronzes from the gas 
phase. 
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2 Bockr l s  e t  al. (14) r e p o r t e d  a m i n i m u m  in  the  v i c i n i t y  of x = 
0.6, b u t  f r o m  m e a s u r e m e n t s  a t  on ly  t h ree  e lec t rodes  of d i f f e ren t  com- 
pos i t i on  (1), V o n d r a k  and  Ba le j  (3, 4), h o w e v e r ,  c l a imed  the  l i n e a r  
d e p e n d e n c e  of log  io vs. x ,  i.e., t h e  ra te  of the  r eac t i on  p r o p o r t i o n a l  
to t he  free e l ec t ron  c o n c e n t r a t i o n  i n  the  bronze.  
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The Corrosion of Zinc Anodes 
in Aqueous Alkaline Electrolytes 

D. P. Gregory, ~ P. C. Jones, 2 and D. P. Redfearn 

Research Department, Energy Conversion Limited, Basingstoke, Hampshire, England 

ABSTRACT 

Rates of self-discharge of porous zinc electrodes in a lkal ine  electrolytes 
have been measured under  a variety of conditions by moni tor ing the rate 
of hydrogen evolution. The rate was found to decrease with the addition of 
lead or mercury  to the zinc, the presence of zincate in the electrolyte, and in-  
creasing electrolyte concentrat ion up to 5M KOH. Above 5M KOH the rate 
increased with increasing KOH concentration.  

Batteries which provide the highest ratio of power 
and energy to volume or weight employ negative elec- 
trode materials, e.g., zinc or magnesium, which are 
thermodynamical ly  uns table  in most aqueous electro- 
lytes. 

For the case of zinc in aqueous alkali, anodic dis- 
solution of the active mater ial  and cathodic evolution 
of hydrogen occur simultaneously,  the former resul t -  
ing in oxide or hydroxide precipitation on the zinc sur-  
face and formation of soluble complex anions. Self- 
discharge of the zinc anode is prejudicial  to the bat-  
tery not only because of the loss of dischargeable ca- 
pacity with t ime but, in  addition, the need to incorpo- 
rate a hydrogen vent ing system makes the bat tery  
more prone to deterioration through evaporat ion of the 
electrolyte. 

The realization that  the rate of deteriorat ion of bat -  
teries uti l izing a zinc electrode is closely related to the 
rate of hydrogen evolution has led to investigations di- 
rected toward the measurement  of hydrogen evolved 
from zinc anodes immersed in ba t t e ry - type  electro- 
lytes. It has long been realized that  the rate of hydro-  
gen evolution is minimized by the addition of in-  
hibitors which increase the hydrogen over-potential ,  
e.g., mercury  or lead. 

Recently, Snyder  and Lander  (1) have studied the 
corrosion reaction on commercial,  amalgamated zinc 
anodes complete with separator paper. They found that  
the rate of hydrogen evolution decreased with increas- 
ing electrolyte concentrat ion from 5 w/o  (weight per 
cent) (1M) to 40 w/o  (10M) KOH and was also re-  
duced by decreasing the tempera ture  and increasing 
the mercury  content  up to 4 w/o  HgO. Amalgamat ion  
of the silver grid mater ia l  had l i t t le or no effect on the 
rate of hydrogen evolution. These authors also con- 
cluded that the presence of zincate ion in the electro- 
lyte increased the rate at which hydrogen was evolved. 

Rfietschi (2) studied the corrosion rate of amalga-  
mated zinc and found, in contrast  to Snyder  and Lan-  
der, that  the hydrogen evolution rate increased with 
KOH concentrat ion above 1M. It was also observed 
that  the rate decreased with the presence of zincate 

~Present  address: Institute of  Gas Technology, Chicago, Illinois 60600, 
2Present  address: International  Nickel Ltd., Thames House, Lon- 

don S.W.1, England. 
Key words:  hydrogen evolution,  inhibition, self-discharge, porous 

electrodes.  

ions above 2M KOH. However, data on the physical 
properties of the powdered materials  used in these 
experiments were not reported. 

Dirkse and Timmer  (3) measured the corrosion rate 
of amalgamated and nonamalgamated  zinc wire in 
KOH electrolytes under  a variety of conditions and 
confirmed Rtietschi's observation that  the presence of 
zincate ions lowers the rate of corrosion for amalga- 
mated zinc. In  contrast  to Rfietschi, they found that, 
for amalgamated zinc, increasing the electrolyte con- 
centrat ion above 30-35 w/o  (7-8.5M) KOH decreased 
the corrosion rate. 

The present  work was under taken  because of these 
conflicting results and to establish informat ion on the 
effects of the following variables:  choice of inhibi tor  
(lead or mercury) ,  choice of electrolyte (KOH or 
NaOH), choice of grid mater ia l  (silver or copper), 
p re t rea tment  of grid material ,  presence of zincate, 
and temperature  on the corrosion rate of porous zinc 
electrodes. 

Experimental 
Procedure.--Zinc samples were sealed in  boro- 

silicate glass cells of ~250 cm a capacity as shown in 
Fig. 1. The cells were filled with electrolyte under  

Imm,, BORE CAPILLARY~ 

E 7 ~ \zLIE NC CTRSO k LYpT LEE 
Fig. 1. Electrolytic cell 
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vacuum and, except for the capillary outlet, were im-  
mersed in thermostat ical ly  controlled water  baths 
( • 1 7 6  Twenty- four  hours were allowed for equil i-  

brat ion before readings were commenced. 
Hydrogen, evolved from the reaction of zinc with 

alkali, accumulated in  the cylindrical  port ion of the 
cells and displaced an equal volume of electrolyte 
through the capil lary side arm. The volume of hydro-  
gen was measured by the daily t i t rat ion of the electro- 
lyte displaced from the cell. Average titers were of the 
order of 25 cm + to minimize error and were determined 
to an accuracy of • cm 3. All  results were corrected 
to room temperature.  Errors arising from evaporation 
and carbonation of the displaced electrolyte had no 
adverse effect because the analysis involved the t i t ra-  
t ion for total  alkali (hydroxide ion plus carbonate 
ion).  

All  exper iments  were carried out in tr iplicate and 
the dura t ion of the exper iments  was between twenty  
and sixty days depending on temperature.  

Materials.--All  reagents were Analar  grade and dis- 
tilled water was used throughout.  

Two types of zinc sample were used. For the ini t ial  
parts of the investigation zinc bat tery  anodes were 
prepared by the reduct ion of zinc oxide compacts, in 
some cases mixed with lead monoxide or mercuric 
oxide, on silver mesh grids. All  anodes were analyzed 
for zinc, lead, or mercury  and zinc oxide, the content  
of the latter being ~2  w/o. These were then sectioned 
to give samples of cross-sectional area ~3  cm 2, thick-  
ness ~0.3 cm, and weight ~2.5g. Zinc anodes prepared 
in this manner  had a high surface area (~0.8 m2g -1) 
and a porosity of ~72%. 

For the examinat ion of grid materials  and their pre-  
t reatment ,  electrolytic zinc powder, prepared by elec- 
trodeposition from a zincate bath, was pressed on to the 
grid substrate at pressures up to 5 ton/ in .  2, giving 
zinc anode samples of similar dimensions to those 
above with a surface area of >1.5 m2g -1 and a porosity 
of --70 %. 

The grid substrates were either silver mesh or ex- 
panded high conductivity copper, supplied by Ex- 
panded Metal Company. Grids were amalgamated by 
immersion in acidified mercuric acetate solution (0.2M) 
for 2 s in  after degreasing in trichloroethylene and 
etching in hydrochloric acid (IM). 

Zincate saturated electrolytes were analyzed and 
found to contain 102 g.1 -I  zinc oxide in 10M KOH. 

Results and Discussion 
The method used by the present investigators was 

first employed by Craig (4). Modified apparatus have 
since been used by other investigators (1-3). A sealed 
system has been used to minimize the possibility of 
zinc undergoing self-discharge by the reduction of 
oxygen on the surface of the zinc according to reaction 
[1] 

�89  -b Zn -{- H20--> Zn(OH)~ [1] 

Previous exper iments  (5) have shown that  self-dis- 
charge by oxygen reduct ion proceeds at a faster ra te  
than  self-discharge by hydrogen evolution. Conse- 
quently,  it has been suggested (6) that  the measure of 
hydrogen evolution under  these circumstances may not 
represent  the behavior of batteries on storage. In  the 
present  experiments  the back diffusion of oxygen or 
carbon dioxide was minimized by the use of a fine 
bore capil lary tube (0.1 m s )  and the authent ic i ty  of 
the method was confirmed by moni tor ing the rate of 
hydrogen evolution from zinc-air  batteries sealed in 
1 in. thick perspex containers under  a ni trogen atmo- 
sphere, using a mercury  manometer.  Excellent  agree- 
men t  was observed between the two rates of hydrogen 
evolution as shown in Fig. 2 and, as a fur ther  cheek, the 
remain ing  dischargeable capacity of the batteries after  
prolonged storage in these containers agreed with that  
predicted on the basis of the hydrogen evolution data. 

• 0-2 

..e. 

i 
~ 0"1 

i i i ! i i i i 

V GASSING ES PERIMEHTS 

0 ZINC-AIR 4ATTERY STORAGE EXPERIMENTS 

INHIOITOR, 2 V t ~  Nql 

ET.ECTROLTTI'-', 5M KOH 

TEMPERATURE, 25~ 

~ 

o V 
v 9 

~ v 0 V V 
V V 0 

' ,' ,~ ,I, "~ ~0 "~ 20 "~ " 
TIME. dlyl  

Fig. 2. Comparison between rates of hydrogen evolution from 
gassing experiments and zinc-air battery storage experiments. 

Figure 3 i l lustrates typical dependences of the rate of 
hydrogen evolution with time. The measurements  were 
taken over a period of days rather  than hours because, 
first, the time required to achieve saturat ion of the 
electrolyte with h y d r o g e n  is approximately 24 hr  for 
an evolution rate of 0.1 cmSg-Zday-1 (7), and, second, 
the ini t ial  ra te  of hydrogen evolution is high and 
steady-state conditions are only main ta ined  after 2-10 
days depending on temperature.  During this period a 
surface coating of zinc oxide or hydroxide is formed on 
the highly active zinc. 

Zinc electrodes containing no inhibi tor .--The depen- 
dence of the  rate of hydrogen evolution on KOH con- 
centrat ion for anodes containing no inhibi tor  is shown 
in Fig. 4. The rate exhibits a m i n i m u m  at ~2M KOH. 
These results are in conflict with those reported by 
Snyder  and Lander  (1) and Dirkse and Timmer  (3), 
who both found that  the rate of hydrogen evolut ion de- 
creased with increasing KOH concentrat ion over the 
range 1-12M. 

Rfietschi (2) and Dirkse and Timmer  (3), on the 
basis of the dependence of the rate on activity of water, 
postulated that the hydrogen evolution reaction [2] is 
rate controlling, while the dissoluion of the zinc pro- 
ceeds s imultaneously 

2H20 -t- 2e -> H2 -{- 2 O H -  [2] 

The dependence of the rate of hydrogen evolution on 
electrolyte concentration, over the range 0.1-2M, also 
suggests that  the hydrogen evolution reaction is rate 
controlling. 

However, above 2M KOH the direct dependence of 
the rate on hydroxyl  ion concentrat ion suggests a 
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Fig. 3. Time dependence of the rate of hydrogen evolution for 
zinc anodes containing mercury inhibitor. 
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Fig. 4. Dependence of the rate of hydrogen evolution on KOH 

concentration for inhibitor-free and lead-containing zinc anodes. 

change in the ra te-control l ing reaction from [2] to a 
reaction involving the anodic oxidation of the zinc. 
This may be explained if the anodic dissolution of the 
zinc proceeds via a different mechanism at high KOH 
concentration. The slope d log10 ( r a t e ) / d  logl0CoH- 
approximates to one, suggesting that  one hydroxyl  ion 
is involved in the ra te -de te rmin ing  process, assuming 
the O H -  concentrat ion at the interphase approximates 
to that  in the bulk. The ra te -de te rmin ing  process may 
be represented by either Reaction [3] or [4] 

Zn(OH)2 ~- O H -  --> Z n ( O H ) 3 -  [3] 

Z n ( O H ) 3 -  ~- O H -  --> Z n ( O H ) 4 - -  [4] 

The species Z n ( O H ) ~ -  has been postulated by  both 4-0 
Dirkse (8) and Gerischer (9). 

An  al ternat ive explanat ion to a change in reaction 
mechanism is that the rate of dissolution of the charge 3.6 
t ransfer  product, ZnO or Zn(OH)2, becomes limiting. 
McBreen (10) and Dirkse (11) have found that  the 3.2 diffusion coefficient for zincate ion decreases wi th  in-  
creasing KOH concentration. The anodic process is un -  v 
l ikely to be solely control led by diffusion; convection, ~ 2-e 
par t icular ly  wi th in  a porous structure,  also plays an v 
impor tant  role and may explain why the results are at - 
variance with those reported by Dirkse and Timmer ~ 2.4 
for nonporous electrodes. 

o 

Zinc electrodes containing lead inhib i tor . - -The  addi-  
t ion of lead to zinc electrodes reduces the rate of hy-  ~ 2.0 
drogen evolut ion which is in agreement  with the ob- 
servations of Mansfeld and Gi lman (12) and Borchers 

o and Krug  (13). ~ 1.6 
Figure  5 shows that  the rate of hydrogen evolution 

is more or less independent  of lead content  from 1 to 9 ~ 1.2 
w/o  over the tempera ture  range investigated. 

The dependence of the rate of hydrogen evolution on 
KOH concentrat ion for zinc electrodes containing lead o-e 
inhibi tor  (Fig. 4) is s imilar  to that  exhibited by in-  
hibi tor-free  electrodes bu t  the m i n i m u m  occurs at a 
higher KOH concentrat ion,  ~5M. Below 5M KOH the 0.4 
ra te-control l ing reaction is l ikely to be hydrogen evo- 
lution. The change in gradient  once again suggests a 
change in the ra te-control l ing reaction to one of the or 
steps in the anodic oxidation of zinc. The rate in elec- 
trolytes of concentrat ion ~5M is lower than that  re-  
ported for inhibi tor-f ree  anodes and this can be ex- 
plained if the dissolution process is retarded by the 
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Fig. 5. Dependence of the rate of hydrogen evolution on lead 
content. 

presence of lead at the active sites of the zinc surface 
which act as a barr ier  to the passage of zinc species 
from the electrode as suggested by Mansfeld and Gil-  
man  (14). 

Zinc electrodes containing mercury  inhib i tor . - -Mer-  
cury content . - -Figure  6 shows the rate  dependence as 
a function of mercury  content  at various temperatures.  
Increasing mercury  content  decreases the ra te  of hy-  
drogen evolution which is in  l ine with the prediction 
that the presence of mercury  increases the hydrogen 
over-potent ial  and agrees wi th  the findings of Snyder  
et al. (1) and Yardney (15). The mercury  content  re- 
quired to reduce the rate of hydrogen evolut ion to an 
acceptable level increases with increasing tempera ture  
and corresponds to 2-3 w/o  Hg at 25~ 3-4 w/o  at 
4O~ and 6-8 w/o  at 60~ 

V 25~ 
0 40~ 
D 60~ 

KOH CONCENTRATION 5 - | O H  

o 

0 2 3 4 5 6 7 8 
MERCURY CONTEHT, Mt ~ 

Fig. 6. Dependence of the rate of hydrogen evolution on 
mercury content. 
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Fig. 7. Dependence of the rate of hydrogen evolution on }(OH 
concentration for zinc anodes containing mercury inhibitor. 

KOH electrotyte.--The effect of KOH concentrat ion on 
the rate of hydrogen evolution for constant  mercury  
content  at 25 ~ 40 ~ and 60~ is shown in Fig. 7. A min i -  
m u m  in the rate curve is observed at ~5M KOH. 
Rfietschi (2) found that  the rate increased with in-  
creasing temperature.  In  addition, this worker  observed 
that, in the case of z incate-containing electrolytes, the 
rate  decreased ini t ia l ly then increased with a min i -  
mum occurring at ~5M KOH. Snyder  et al. (1) ob- 
served a l inear  relat ionship for the plot of log (rate) 
vs. [KOH] whereas Dirkse et al. (3) observed an i r-  
regular  dependence of the rate on KOH concentrat ion 
at 25~ but  found an increase in the rate from ~5  to 
8.5M KOH, followed by a rapid decrease to ~12M 
KOH. 

Zincate-satuvated electrolytes.--The presence of zinc- 
ate significantly reduces the rate of self-discharge (see 
Table I) .  This observat ion is in agreement  with the 
results reported by Dirkse et at (3) and Riietschi (2) 
but  is at var iance with those reported by Snyder  
et al. (1). 

NaOH electrolyte.--The use of NaOH electrolyte re-  
sults in a lower rate of hydrogen evolution than that  
observed for KOH (Table II) .  This may  be a result  
of the lower activity of water  in NaOH compared with 
KOH electrolyte, or a change in the na ture  of the solu- 
t ion species involved in the reaction. The rate of hydro-  

Table ill. Enthaiples of activation (kcal mole-I) for hydrogen 
evolution from zinc anodes with different inhibitor contents 

1OM Z n O  
5 M  K O H  7 M  K O H  1 0 M  KOH sat. KOH 

Inhibitor f r e e  1 8 . 4  2 2 . 0  17 .5  - -  

L e a d  inhibitor 
4 .5  w / o  9 .4  9.1 11 .2  - -  

M e r c u r y  inhibitor 
1 w / o  17 .4  -- 
2 w / o  1~ .4  19 .0  2~'.0 8 ,2  
4 w / o  1 7 . 6  1 5 . 0  2 2 . 5  16 .2  

Table IV. Rate of hydrogen evolution ( c m  3 g - I  day-t) from zinc 
anodes containing different grid materials in IOM 

KOH electrolyte 

G r i d  m a t e r i a l  2 5 ~  40  ~  5 0 ~  6 0 ~  

C o p p e r  0 . 2 3  ~ 0 . 0 5  0 . 7 5  ~- 0 . 0 6  2 . 3  ~-- 0 .2  3 .0  +-- 0 .4  
A m a l g a m a t e d  c o p p e r  0 . 1 9  -4- 0 . 0 4  0.57-~-- 0 . 0 5  1.6 ----- 0 .2  3 .8  ~ 0 .4  

S i l v e r  0 . 3 0  ~_ 0 . 0 4  0 .63  - -  0 . 0 5  1.6 - -  0 .1  3 .0  - -  0 .5  
A m a l g a m a t e d  s i l v e r  0 ,31  _ 0 .03  - -  - -  4 .3  +-- 0 .5  

gen evolut ion as a function of the NaOH concentrat ion 
was not  investigated and consequent ly  it is not  possible 
to differentiate between these alternatives. 

Temperature dependence of the rate of hydrogen 
evolution.--The apparent  enthalpies of activation for 
different electrolyte concentrat ions and inhibi tor  con- 
tents are summarized in Table III. The average en-  
thalpies of act ivation for the hydrogen evolution re- 
action are 19.3 kcal mole -1 for inhibitor-free,  9.9 kcal 
mole -1 for lead, and 17.3 kcal mole -1 for mercury-  
containing anodes. These are in broad agreement  with 
entha lpy  values reported in the l i terature (16). 

Grid materiats.--Table IV shows the rate  of hydro-  
gen evolution for anodes fabricated using copper, 
amalgamated copper, silver, and amalgamated silver 
current  collector screens in  10M KOH at different t em-  
peratures. Copper and silver cur ren t  collectors give 
similar rates and amalgamat ion of the silver screen 
has l i t t le effect on the rate of self-discharge. Amal-  
gamation of the copper screen, however, gives a re- 
duction in the rate of hydrogen evolution at tempera-  
tures <50~ 

Examinat ion  of the mercury-coated grid materials  
by optical microscopy has shown that  whereas the 
copper grid has a surface deposit of mercury,  the silver 
has not. The bri t t le  na ture  of the lat ter  suggests that  
amalgamat ion has occurred and has resulted in ahoy 
formation. However, conflicting evidence is found in 
the phase diagrams (17) for Ag-Hg and Cu-Hg which 
show equally steep liquid|, indicat ing that  the rate  of 
solubil i ty of mercury  is similar in  both substrates. 

Table I. Effect of zinc oxide saturated electrolyte on the rate of hydrogen evolution (cm 3 g-Z day-z) 

Mercury 
c o n t e n t ,  

w / o  

1 0 M  K O H  1OM Z n O  s a t .  K O H  

25~ 4O~ 60~ 25~ 40~ 60~ 

0 , 2 5  1 . 1 3  __ 0 , 0 5  2 . 5  +--- 0 .4  - -  0 . 8 0  "~ 0 . 0 5  ~ - -  
0 .5  1 . 0 8  -4- 0 , 0 5  2 .4  - -  0 .4  ~ 0 . 7 0  ~- 0 . 0 5  - -  
1 3 .4  4- 0 .2  ~ 1.3 "4- 0 .1  - -  
2 0 . 1 0  _-~0.01 1 .76  _ 0 . 0 5  3 .4  _+~ .5  0 . 1 2  ~ 0 . 0 2  0 . 2 4  ~ 0 .02  0 . 5 2  - -  0 . 0 5  
4 0 . 0 6  ----- 0 ,01  0 .32  --+ 0 . 0 1  3 .8  + 0 .2  0 . 0 2 0  ~- 0 . 0 0 5  0 . 0 6 0  -~- 0 . 0 0 5  0 . 3 3  +-- 0 . 0 5  
8 - -  - -  0 . 2 0  ___ 0 . 0 2  - -  ~ 0 . 0 7 0  _--_ 0 . 0 0 5  

Table II. Comparison of the rates of hydrogen evolution (cm 3 g-1 day-l) from zinc anodes in KOH and NaOH electrolytes at 40~ 

E l e c t r o l y t e  1 w / o  H g  2 w / o  H g  4 w / o  H g  5 w / o  H g  

1 0 M  K O H  3 .4  "~ 0 .2  1 .76  ~ 0 . 0 5  0 . 3 2  -~ 0 . 0 1  
1 0 M  Z n O  s a t .  K O H  1.3 +_ 0.1 0 . 2 4  • 0 . 0 2  0 , 0 6 0  _+ 0 , 0 0 5  

I 0 M  N a O H  - -  0 . 8 7  - -  0 . 0 5  0 . 1 7  ~- 0 . 0 2  0 . 1 7  ----- 0 . 0 2  
1 0 M  Z n O  s a t .  N a O H  0 . 1 6 0  _ 0 . 0 0 5  0 . 6 4  +-- 0 . 0 1  ~ 0 , 1 0 0  + 0 . 0 0 5  
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Conclusions 
Self-discharge of the zinc anode is inhibi ted by the 

addition of lead or mercury  to the zinc. The rate is 
independent  of lead content  over the range 1.8-8.4 w/o, 
whereas increasing the mercury  content is found to 
decrease the rate in agreement  with the results of 
Snyder  and Lander  (1) and Riietschi (2). 

The dependence of the rate on KOH concentrat ion 
shows a m in imum between 2 and 5M KOH. Similar  be- 
havior was observed for inhibitor-free,  tead and mer-  
cury containing anodes. These results agree, over part  
of the concentrat ion range, with those reported by 
Rfietschi (2) and Dirkse and Timmer  (3). The dis- 
crepancies between the results obtained by the latter 
authors and those reported may be a t t r ibuted to the 
different type of zinc anode used in the experiments.  

The self-discharge rate in NaOH is lower than in 
KOH. The effect of saturat ing the electrolyte with 
zincate is to reduce the rate of self-discharge, agreeing 
with the observations of Rfietschi and Dirkse et al. but  
differing from the results reported by Snyder  et al. 

Amalgamat ion of the silver grid mater ia l  has little 
or no effect on the rate of self-discharge agreeing with 
the findings of Snyder  et al. (1). The use of an amal-  
gamated copper grid, however, significantly reduces 
the rate of self-discharge. 
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Radiotracer Studies of Metal-Metal 
Ion Exchange Inhibition Using Organic Inhibitors 

Sally Shinew Twining and David S. Newman* 
Department ol Chemistry, Bowling Green State University, Bowling Green, Ohio 43403 

ABSTRACT 

The meta l -meta l  ion exchange rate in silver and cadmium systems has been 
studied using radiotracers in solutions containing organic inhibitors. The in-  
hibitors were endo-cis-2,3-dimethylolnorbornane(I) and endo-cis-5,6-di- 
methy lo l -2 -norbornene( I I ) .  In the silver system, inhib i tor ( I )  showed an 
inhibi t ion efficiency of 53% and inhib i tor ( I I )  showed an inhibi t ion efficiency 
of 56%. In  the cadmium system, inhib i tor ( I )  showed ~3% inhibi t ion and in-  
hibi tor(II)  showed 16% inhibition. These data and the arguments  given sug- 
gest the inhibi tor  molecu]es in the silver system are being adsorbed through 
the unpaired  electrons of the oxygen while in the cadmium system the inhibitor  
molecules are being adsorbed through the unpaired electrons of the oxygen 
and the double bond electrons of inhibitor  (II) .  A model for the metal-solut ion 
interface is given. 

In  a previous meta l -meta l  ion exchange study (1) 
it was shown that a judiciously chosen series of organic 
molecules could be employed to yield information 
about the s tructure of the metal-solut ion interracial 
region and the electrochemical processes taking place 
therein. The molecular  "probes" used were bu tane -  
1,4-diol, cis-2-butene-l,4-diol, and 2-butyne-l ,4-diol .  
In the present  investigation the molecules endo-cis- 
2,3-dimethylolnorbornane,  (I), and endo-cis-5,6-di- 
methylol -2-norbornene,  (II) ,  were used to further 
probe the interracial  region in the Cd-Cd + + and Ag- 
Ag + systems. The structures of these two organic 
molecules are shown in  Fig. 1. 

" Elect rochemical  Society Act ive  Member .  
Key  words :  corrosion inhibit ion,  adsorption,  me ta l -me ta l  ion ex-  

change.  

It is easily seen that compounds (I) and (II) are 
similar to the straight chain diols but  with a bulky 
cyclopentyl group attached to the middle of the chain. 
All  five inhibitors are, in fact, 1,4 diols. However, the 

OH OH 

(-r} (If) 

Fig. 1. Inhibitor(1), endo-cis-2,3-dimethylolnorbornane and 
inhibitor(ll), endo-cis-5,6-dimethylol-2-norbornene 
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bulky cyclopentyl  group is hydrophobic and should 
therefore  cause an increase in the "s t ructur ing " of the 
water  in its immedia te  vicinity. This s t ructur ing should 
increase the water ' s  surface tension and tend to push 
the norbornane compounds f rom the meta l  surface. As 
a result  the inhibit ion efficiencies, given by the equa-  
tion 

I = [(Ro -- Ri)/Ro] 100 [1] 

where  Ro is the rate of exchange with  no inhibitor  and 
Ri is the rate with inhibitors, should be lower in the 
norbornane systems than in the  butane diol systems. 

The interpreta t ion of any differences in the mode of 
interact ion be tween meta l  and norbornane molecules 
should be easier than wi th  the butane diols because the 
two norbornane molecules have, but  for the double 
bond, near ly  the same structures. Moreover,  the en-  
t ropy of adsorption of (I) and (II) should be less than 
the entropy of adsorption of the butane  diols. The mi-  
croscopic imperfect ions in the surface layer  of the 
meta l  crystal  are re la t ive ly  insignificant because re-  
exchange is taking place at a rapid rate. Therefore  
after a ve ry  short time, probably less than a few sec- 
onds, the original  outermost  layer  of metal  has been 
complete ly  replaced. This means that  the surface does 
not have to be absolutely clean for results  to be sig- 
nificant. In addition, the increase in radioact ivi ty of 
the disk as a function of t ime is de termined by the 
slow self-diffusion process which fur ther  reduces t ran-  
sient errors introduced by minor  surface imperfections.  

Experimental Details 
General.--The exper imenta l  apparatus and t e c h -  

niques used in this s tudy are s imilar  to those used in 
previous studies (1, 2). 

The radioact ivi ty  was measured with  a Beckman 
l iquid scinti l lation counter  (Model LS 133) using a 
standard P P O - P O P O P - T o l u e n e  scintil lation cocktail. 
Al l  exper iments  were  per formed at 25~ The solutions 
were deoxygenated and st irred wi th  nitrogen. The in- 
hibitor concentrat ion was 0.001M and the meta l  ion 
concentrat ion was 0.1M. All  crystal  surfaces were  pol-  
ished to a mi r ro r  finish. Reagent  grade salts were  used 
in each case. The edges of the Cd disks and the edges 
and one face of the si lver disks were  coated wi th  paraf -  
fin. The exposed faces were  then cleaned with  chloro-  
form to remove excess paraffin and other  organic ma-  
ter ial  present.  

Preparation o~ (I) and' ( / / ) . - - Inh ib i to r  (II) was syn- 
thesized by a method first described by Alder  and Roth 
(3). This compound was then hydrogenated  using 
Birch's  technique (4) to obtain (I) .  Af te r  each ex -  

change experiment the inhibitor was isolated and iden- 
tified by means of its IR spectrum to assure that no 
structural change had occurred. 

Cadmium-cadmium ion exchange.--The disks were  
handled the same as in the previous study (1) except  
that  they were  annealed for 12 hr  at 175~ The d imen-  
sions of each disk were  approximate ly  1.90 cm in di-  
ameter  and 2.3 m m  thick. The surface of the single 

crystal  was paral le l  to the 1010 plane of the crystal. 
The disks were  electropolished to a shiny flat surface 
by a technique described by King and McKinney  (5). 
Cd T M  was used as the radiotracer.  Each disk was im-  
mersed in solution for 7�89 hr. 

Silver-silver ion exchange.--Single-crystal silver 
disks approximate ly  3 m m  thick w e r e  cut from a 
s ingle-crystal  rod approximate ly  2 cm in diameter .  The 
surface of the disk was paral le l  to the 210 plane. The 
disks were  chemical ly  polished by the method of 
Levinste in  and Robinson (6) to give a flat shiny sur-  
face free f rom strain and pits. The disks were  annealed 
for 18 hr  at 850~ to remove  the strains and distortions 
acquired during the polishing process. Ag T M  was used 
as the radiotracer.  

The glass cells were  covered with  dark fabric bags 
to prevent  l ight  from entering. The disks were  im-  
mersed in the solutions for periods of t ime ranging 
f rom four to sixteen days, r emoved  from solution, 
washed by various techniques, and counted. In one 
series of exper iments  the disks were  washed under  a 
s t ream of water  for 15 rain per side. In another  series 
they were  washed for 30 rain per  side. A th i rd  set of 
disks was gent ly rocked in a wa te r  bath for 5 min. The 
washed disks were  put  back in solution so that  the 
effect of the washing technique on the exchange ra te  
could be studied. 

Results 
The results of the cadmium-cadmium ion exchange 

study using inhibitors I and II are shown in Table I. 
The results of the four -day  immersion exper iments  in 
the silver-silver ion system are given in Table II. In 
both tables the efficiencies of the butane dial series are 
given for reference. Figures 2 and 3 and Table Ill show 
the results of the experiments with silver using differ- 
ent washing techniques. 

From the information provided by the standards, the 
total activity, at, of the experimental disks, in terms of 
counts per minute, was converted to gram atoms per 
square centimeter. 

The exchange process is controlled by self-diffusion 
into the single crystal. This process is analogous to 

Table I. Cadmium metal-cadmium-inn exchange 

M e a s u r e m e n t  I n h i b i t o r  I 

S y s t e m  

B u t a n e  (1)  c i s  2 B u t e n e  2 B u t y n e  
I n h i b i t o r  I I  U n i n h i b i t e d  1 ,4  d i a l  d i a l  1 ,4  d i a l  U n i n h i b i t e d  

R, g-atoms/cm s sec• 1On 1.73 1.51 1.79 1.81 1.15 1.07 2.42 
I ,  % 3.3 16.2 21.1 51.8 55.4 
(Co '2 /8  a t o m s / c m  2) x 10  -14 7 .8 3  7 . 1 4  8 .~2  10 .0  7 . 9 5  7 . 5 0  11 .~  
S f ,  % 2 . 4  1 1 . 0  ~ 16 .0  3 4 . 0  3 6 . 8  
A v e r a g e  a r e a  o f  m o l e c u l e ,  A ~ 5 7 .2  6 2 , 4  - -  5 5 , 7  4 4 . 4  6 9 . 6  p 
X I n ( ~ d , )  0.006 0.026 ~ 0.06 0 . 2 1 2  0 . 1 2 7  - -  
A G  ~ k c a l / m o l e  i o - 0 , 5 9 1  - -  - 1 . 0 8  - -  1 . 9 6  - -  1 . 58  - -  

Table II, Silver metal-silver ion exchange 

M e a s u r e m e n t  I n h i b i t o r  I I n h i b i t o r  I I  U n i n h i b i t e d  

S y s t e m  

B u t a n e  (1) c i s - 2 - B u t e n e  2 B u t y n e  
1 ,4  d i a l  d i a l  1 ,4  d i o r  U n i n h i b i t e d  

R ,  g - a t o m s / c m  ~ s e c •  1 0  i t  2 . 5 3  2 . 3 9  5 . 3 7  4 .6  
1, % 5 2 . 8  5 5 . 5  ~ 68  
(Co~/8 a t o m s / a m  ~) • 10-15 3 . 4 2  3 . 2 9  5 .62  5 .4  
(Co'2/8 a t o m s / c m 2 )  • 1 0 - ~  0 .5 3  0 . 5 4  0 . 8 8  0 . 5 6  
S t ,  % 3 9 , 2  4 1 . 4  - -  64  
Average area o f  molecule, A ~ 145 145 -- 30.4 
XI,(aaB) 0.053 0.055 - -  0 .70 
A G  ~ , k c a l / m o t e  --  0 . 7 9  - -  0 , 9 7  - -  - -  5 .7  

2 . 7  3 .7  2 1 , 0  
74  70  

3 ,8  4 ,6  14 .9  
0 . 3 8  0 . 4 5  1 .5  

75  68  - -  
2 7 . 4  2 8 . 6  - -  

0 , 9 0  0 . 7 6  - -  
- -  I I , 2  - -  6 , 9  - -  
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Fig. 3. Activity of silver disks washed for 15 min under o stream 
~f water every four days and then reimmersed in solution. 

heat conduction (7). The equat ion for self-diffusion is 
Fick's  second law 

OC DO2C 
-- [2] 

Ot Ox 2 

where D, the diffusion coefficient is independent  of 
concentration. In  this equat ion C is the concentration, 
t is time, and ~C/Ox is the concentrat ion gradient. This 
equation with the appropriate boundary  conditions (1) 
becomes 

dat 
: CoD1/2(~t)-1/2 [3] 

dt 

where at is the total activity, Co the surface concen- 
t rat ion of cadmium, and D the diffusion coefficient. On 
integrat ion Eq. 3 gives 

at = 2Co ~ - 1 / 2  (Dr) z/2 [4] 

From Eq. [4] the surface concentrat ion was calcu- 
lated. The diffusion coefficient used for cadmium was 
3.6 • 10 -15 cm2/sec. This value was used by King and 

Table III. Inhibitor efficiencies using different washing methods in 
the Ag-Ag + 

I (%), I (%), 
Washing method Inhibitor (I) Inhibitor (II) 

Initiat 5 2 . 8  5 5 . 5  

W a t e r  b a t h  4 1 . 3  55 .6  

15  r a i n  s t r e a m  o f  w a t e r  4 2 . 4  54 .6  

3 0  r a i n  s t r e a m  o f  w a t e r  4 3 .6  5 3 . 5  

McKinney (5) for s ingle-crystal  cadmium at 25~ The 
diffusion coefficient used for silver was 1.6 • 10 -~1 
cm2/sec. This value was calculated for the 210 plane 
based on the values determined by Tingley (8) for the 
110 and 111 planes. 

The values for R were obtained by dividing the total 
activity in  gram atoms per square cent imeter  by the 
t ime of immersion. 

The percentage of the disk covered by inhibitor,  Si, 
was calculated from the equation 

Si ---- 100 [1 - -  (Coi/Cou) 2/3] [5] 

where Col and Cou are the inhibi ted and  uninhib i ted  
surface concentrations, respectively. 

The surface area covered by each inhibi tor  mole- 
cule was estimated, using Dreiding Molecular Models, 
from the possible orientations of the inhibi tors  on the 
metal  surface for the proposed mode of adsorption. 
Since Dreiding models give bond lengths and bond 
angles only, the appropriate atomic radius was added 
to the outermost hydrogen atoms. 

The free energy of adsorption was calculated from 
the equation (1) 

[ [-~-+M++~[ 'XI~[Xzn(ads)]  [XM+ + (sol) ] ] [6] in  

where the Xi's are the mole fractions of the various 
species in the two dimensional  cross-sectional area. 
This equation assumes the chemical reaction for metal -  
metal  ion exchange in  the presence of inhibi tors  is 

M + (ads) + In(sol)  ---- In (ads)  + M + (sol) [7] 

In  calculating the surface concentrat ions a roughness 
factor of 1.1 was assumed because this roughness fac- 
tor gives a Co very close to the best value for the bu lk  
density of cadmium. The measured geometric area was 
mult ipl ied by this factor to give a "corrected surface 
concentration," Co'. The surface concentrat ion of in -  
hibi tor  was obtained by mul t ip ly ing  the percentage of 
the disk covered by inhibitor,  Si, by the correction fac- 
tor for the area of this disk, 1.1, and then dividing by 
the surface area of the molecule. The surface concen- 
t rat ion of the adsorbed metal  ion was obtained from 
Co 2/3. In  the cadmium system Co was calculated from 
Eq. [4] and found to be equal to the bulk  concentrat ion 
of cadmium metal. In  the silver system values calcu- 
lated from Co s/3 were about six times the average bulk  
concentrat ion at the silver surface. For  this reason the 
values for Co used for silver were the number  of atoms 
for the 210 surface. This was mul t ip l ied  by 1.1, the 
roughness factor, to obtain the corrected surface con- 
centrat ion Co'. This assumption is plausible  because 
the holes in the silver surface are too small  to seriously 
affect the inhibi tor  concentrat ion at the surface but  
large enough to cause an  increase in the rate of Ag- 
Ag + exchange. 

Discussion 
In  the cadmium system, (I) showed an inhibi t ion 

efficiency of about 3% while (II) showed an inhibi t ion 
efficiency of 16% (Table I) .  Based on the results  in the 
cadmium system using the bu t ane  dial series (1) and 
the s tructure of the inhibitors used in this study, these 
results  are reasonable. The difference in the inhibi tor  
efficiencies between (I) and (II) suggests that  the 
norbornene  molecule is lying flat on the cadmium sur-  
face and bonding through its x-electrons and the hy-  
droxyl  groups. The at tract ion for the metal  surface 
by the hydroxyl  groups is near ly  balanced by the hy-  
drophobic effect of the large cyclopentyl group as can 
be seen by the I(1) value of ...3%. This conjecture is 
fur ther  borne out when  the 21% I value for bu tane  1,4 
dial (1) is compared with the 3% value found for Ici~. 
The increase in inhibi tor  efficiency with the addit ion of 
the double bond is less in the norbornane  dial series 
than in the butane dial series. This is t rue even though 
the x-character of the double bond in (II) is greater 



Vol .  119,  No .  10 R A D I O T R A C E R  S T U D I E S  1295 

due to the r ing strain of the molecule. The difference 
in efficiency can be explained by the hydrophobic 
nature  of the cyclopentyl  group and by the fact that  
the cyclopentyl  group cannot lie flat on the meta l  sur-  
face. 

Inhibitors (I) and (II) are  more  efficient in the 
s i lver  system than in the cadmium system. As shown 
in Table II, (I) has an average efficiency of 53% while 
(II) has an average efficiency of 56%. This should be 
compared with  the inhibit ion efficiencies of butane 1,4 
diol, c i s - 2 - b u t e n e  1,4 diol, and 2-butyne 1,4 diol which 
are also alike. 

There is v i r tua l ly  no chance that  the adsorbed in- 
hibitors change the basic mode of self-diffusion within 
a crystal. To do so, the adsorbed molecule  would have 
to change the migra t ion  energy and the energy of va-  
cancy formation or dislocation pipe formation as well  
as the fluctuation probability. In the absence of any 
informat ion to the contrary, this sort of change must  
be considered highly unlikely. The comparison in effi- 
ciency between the two series of alcohols in the silver 
system is valid despite the nearly 30% difference in 
DAg for the two crystals used because I reflects the 
re la t ive  difference in exchange rate, ra ther  than the 
absolute difference. This can be easily proven mathe-  
matically.  Let 

Ro ~- koDaAg [8] 
and 

Ri -~- kiDaAg [9] 

where  ki and ko are constants of proport ional i ty  and a 
is any power. Substi tut ing these expressions into Eq. 
[1], it is easily seen that  the D's cancel. Therefore,  
when one I is compared with  another, the difference in 
the value for D does not exer t  a direct influence since 
the self-diffusion coefficients cancel. 

Because each of the norbornane systems exhibits  
near ly  the same inhibit ion efficiency, it is unl ikely 
that  the n-electrons of (II) are contributing to the 
bonding. This implies that the inhibitors are  either pe r -  
pendicular  to the meta l  surface; adsorption occurring 
through the unpaired electrons on the oxygen or else 
they are  sticking to the surface for a t ime that  is ve ry  
long in comparison to the t ime  a si lver ion is adsorbed 
onto the surface. This la t te r  possibility is highly un-  
l ikely so we are left  wi th  two plausible modes of 
adsorption. One mode would  be with an oxygen bonded 
to the surface whi le  the second oxygen would be hy-  
drogen bonded to the water .  The other  mode is wi th  
both hydroxyl  groups directed toward the metal  sur-  
face. 

The decrease in inhibitor  efficiency in the norbor-  
nane diol series re la t ive  to the butane diol series is 
again probably  due to the hydrophobic cyclopentyl  
group. 

The free energies of adsorption for (I) and (II) 
(Tables I and II) are  lower than in the butane diol 
series (1). This is to be expected because (I) and (II) 
cannot bond as strongly to the meta l  surface. Because 
of the rigid cage of the cyclopentyl  groups, (I) and 
(II) should have a lower  entropy of adsorption than 
the butane diol series even though (I) and (II) are 
larger  molecules. 

In order  to fur ther  in terpre t  the inhibit ion effi- 
ciencies, the self-diffusion mechanism must  be con- 
sidered. Dislocations in s ingle-crysta l  si lver were  
shown to exist at room tempera tu re  by Levinste in  and 
Robinson (6). These authors used both an etch pit 
technique and the Lambot  x - r a y  method (9) and 
found a dislocation density ranging f rom 1 • 107 to 
5 • 10 v dislocation pipes per square centimeter.  

Models for dislocation Dipe diffusion in silver have 
been postulated by several  authors (10-12). Vard iman 
and Achter  (13) demonstra ted the plausibil i ty of these 
models by obtaining excel lent  agreement  be tween their  
diffusion data and predictions f rom the dislocation pipe 
models over  the t empera tu re  range 250~176 More-  
over, extrapolat ion of h igh- tempera tu re  diffusion data 

to low tempera tures  gave a self-diffusion coefficient 
that  was some twelve  orders of magni tude  lower  than 
the measured self-diffusion coefficient (14). In other  
words, dislocations were found by two different ex-  
per imenta l  techniques. Models based on these disloca- 
tion pipes were  constructed and predictions on the basis 
of these models were  shown to be in excel lent  agree-  
ment  wi th  exper imenta l  data. Extrapola t ion of D vs. 
1 / T  f rom h igh- t empera tu re  data based on a vacancy 
diffusion mechanism gave absurd results. 

We therefore  assume that  self-diffusion in Ag occurs 
via a diffusion pipe mechanism even though in the 
previous study this mechanism was suggested only as 
a possibility. Self-diffusion in cadmium however,  oc- 
curs via a vacancy mechanism so that  the difference 
in mode of diffusion should great ly  affect the mea-  
sured inhibition efficiencies. In the s i lver  system, when 
an inhibitor  molecule blocks a dislocation pipe there  is 
v i r tua l ly  no other way  for a si lver atom to enter  the 
crystal. In the cadmium system this is not the case. If 
it is assumed that  the bond strength between oxygen 
and silver and between oxygen and cadmium are not 
too different, then a choice be tween  the modes of ad- 
sorption of the norbornane diol series can be made. 
The mode of adsorption which places both hydroxyl  
groups on the meta l  surface is the favored orientation. 

Because one hydrophobic cyclopentyl  group reduces 
the inhibition efficiency more than 30%, in the cadmium 
system [comparing the butene diol wi th  ( I I ) ]  then it 
would be expected that  the same two molecules would 
differ by roughly 30% in the si lver system. However,  
in the si lver system the inhibit ion efficiency is reduced 
less than  20%. This implies that  butene diol bonds to 
the surface only through one hydroxyl  group while 
(II) bonds to the surface through both hydroxyl  
groups; the ex t ra  10% efficiency arising f rom the addi- 
t ional O . . .  M bond. 

It is wor thwhi le  pursuing the idea of dislocation 
pipes further.  In this study the rate of increase in ac- 
t iv i ty  of a given silver disk was affected by the method 
of washing. If the disks were  slowly rocked in a water  
bath for 5 min per  side the increase in act ivi ty  was 
near ly  the same as the increase in the act ivi ty  if the 
disk was not removed and washed. However,  if the 
disk was washed under  a vigorous s t ream of water  an 
increase in activity occurred roughly proport ional  to 
the t ime of washing. 

Using a value  of 6.6 • 106 dynes /cm 2 (15) as the 
pressure necessary to introduce a dislocation into a 
crystal  of si lver and assuming the veloci ty of the water  
at the surface of the disk to be V = k/2gh, a va lue  of 
about 350 cm/sec is obtained for a 60 cm high column 
of water.  The vo lume of a s t ream of water  wi th  a 1 
cm 2 cross section hit t ing the surface in unit  t ime is 
Q ~ A V  -~ 350 cm3/sec. For a 30-min washing this 
gives a pressure of 6.2 • 108 dynes /cm 2 which means 
100 dislocations can be introduced if a constant hydro-  
static pressure over  a perfect ly  smooth surface is as- 
sumed. One hundred  dis locat ions/square cent imeter  is 
an absolute m in im um  and the actual number  intro-  
duced wil l  cer ta inly be higher  because a turbulent  
s t ream is striking an imperfect  surface and local pres-  
sures wi l l  be much higher  than 6.2 • 10 s dynes /cm 2. 
Therefore,  the force of the s t ream of water  probably 
introduced more dislocation pipes into the meta l  sur-  
face but whe ther  or not any other factors are in- 
volved cannot be determined with any certainty.  

It  should be pointed out that  Tingley (7) found very  
l i t t le increase in act ivi ty of s ingle-crysta l  si lver in 
0.1M AgNO3 solutions after  a four  day initial exchange 
period, even though the silver crystals were  taken 
f rom the solution, washed, and then put back into 
solution. The exact  washing procedure  used is not 
known. 

In the presence of inhibitors, vigorous washing also 
increased the activity, but the efficiencies remained 
near ly  the same as is shown in Table III. Since it is 
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hard to duplicate washing conditions, the data are not 
very precise. These data, however, also tend to con- 
firm the hypothesis tha t  the inhibi tors  are blocking 
dislocation pipes. Therefore, we propose the following 
scheme for evaluat ing the effect of a dislocation pipe 
on the apparent  inhibi t ion efficiency and for classifying 
inhibi tor  efficiencies generally. We define hi  as repre-  
senting a uni t  of efficiency equivalent  to a 10% de- 
crease in the exchange rate. An uninhib i ted  system 
would have a hi  equal  to 0 and a completely inhibi ted 
system would have a hi  equal to 10. Based on the data 
for cadmium in Table I and the inhibi tor  efficiencies of 
the straight chained diols we assigned the values for 
hi  shown in Table IV to the various funct ional  groups. 
The way in which these values were obtained can be 
shown by using the cyclopentyl group as an example. 
C o m p a r i n g  /butene diol with I~lZ~, it can be seen that  the 
former can be taken as 50% or 5• and the lat ter  as 20% 
or 2hi. Therefore, the cyclopentyl group must  be con- 
t r ibut ing --3hi.  Ir is assumed to be zero. Differences 
in adsorption of the organic molecules due to differ- 
ences in exposed crystal face may exist (16) ~ut should 
exert  a second-order effect. The organic compound is 
competing with water  for adsorption sites so that  the 
exposed crystal face affects the difference in the abil i ty 
of water  and the abil i ty of the inhibi tor  to adsorb. 
The difference in exposed surface can only manifest  
itself as a "difference in this difference" and is taken 
into consideration when  the efficiencies are rounded 
off. Therefore, comparison between adsorption onto the 
111 crystal face and the 210 crystal face can be made. 

Using the values for I in Table IV, we now calculate 
the contr ibut ion of a hole in the silver system using 
the equations 

hi  -b X ---- 7hi (straight chain diols) [10] 

2hi ~ X -- 3AI : 54I (norbornane  diols) [11] 

In  both equations X is 6AI. It should be noted that  in 
Eq. [11], 2hi is used because 2 OH groups are assumed 
to be bonded to the silver. 

We next  propose a simple model for the surface of 
the metal  at the metal  solution interface based on our 
data. This model has l i t t le  real basis but  can explain 
the quali tat ive differences in behavior  of the five in -  
hibitor  molecules and does allow predictions to be 
made for future  experiments.  We first assume that  the 
metal  surface consists of positive holes and  negative 
electrons. To neglect the possible effects of aggregates, 
we next  assume the electron density and the positive 
hole density are the same. 

The configuration of positive holes and negative 
electrons is shown schematically for both Ag and Cd in 
Fig. 4. In  this figure the 2 butyne,  1,4-diol is shdwn 
adsorbed onto the surface in the most appropriate ori- 
entation. It  is clear from this picture that this diol 
would lie flat in cadmium but  perpendicular  in silver. 

We fur ther  postulate that  in the silver system the 
dislocation pipes are extensions of the positive holes 
with a diameter  approximately  that of a silver atom 
(14). Since there are probably some eight orders of 
magni tude  fewer dislocation pipes than silver atoms 
(6), even though the norbornane  group has two OH 
groups bonding to the metal  surface, the chance of the 
molecule blocking two dislocation pipes is near ly  zero. 
Moreover, the bu lky  cyclopentyl  group prevents  both 
OH groups from going into a given dislocation pipe, 
whereas, the straight chained diols can penetrate  the 
pipes quite deeply. 

Table IV. Efficiency units 

F u n c t i o n a l  g r o u p  Value  AI 

OH + 1 
C - - C  0 
C = C  + 3  
C - C  + 4  
Cyclopenty l  g r o u p  -- 3 

CADMIUM 

C 

C 

SILVER 

Fig. 4. Model surfaces for cadmium and silver with 2-butyne-I, 
4-diol adsorbed oo the surfaces. 

It is also easily seen how this model accounts for the 
qual i tat ive differences in the two metal  systems as well 
as the relat ive I values at the concentrat ions involved. 
In  the cadmium system the molecules are expected to 
lie flat while in the silver system they should be per-  
pendicular  because the oxygen of the hydroxyl  group 
is sticking down into a positive region. 

In  addition to arising na tu ra l ly  from our data this 
model is consistent with the work of other authors. The 
different dis t r ibut ion of charges in the two metals is 
reasonable because of the different signs of the Hall  
effect (17). This model is consistent with Bell and 
Levine's  (18) double layer  model when  applied to a 
metal  surface ra ther  than a colloidal wall. 

Discussion of Errors 
The inhibitor  efficiencies in both the Ag+-Ag  and 

the Cd + +-Cd systems are probably accurate to •  
while the thermodynamic  data are probably  only ac- 
curate to • This is because of the uncer ta in ty  in 
the areas of the inhibitors determined by Dreiding 
models. In  the silver system the error is probably 
slightly greater than these estimates due to the dislo- 
cation pipes and the ambigui ty  in the proper value of 
the diffusion coefficient. In  the cadmium system the 
error is probably less due to the greater  accuracy of 
the measurement  of the surface area. 

The data for the silver system in this s tudy is more 
accurate than in  the previous study (1) because the 
Co value for si lver was only about  six times ra ther  than 
ten times (1) the bulk  concentrat ion of silver at the 
surface which means that  the surfaces are probably 
more uniform. 

SYMBOLS 
I inhibi t ion efficiency, % 
~/ efficiency uni t  equal to 10%I 
R rate of exchange 
at total activity acquired by  the disk 
Co surface concentration, a toms/cm 3 
D self-diffusion coefficient 
Si percentage of surface covered by inhibi tor  
hG ~ s tandard free energy of adsorption 
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On the Mechanism of Localized Corrosion of 
Iron and Stainless Steel 

I. Electrochemical Studies 

H. W. Pickering *,1 and R. P, Frankenthal *'2 

Edgar C. Bain Laboratory For Fundamental Research, United States Steel Corporation, Research Center, 
Monroeville, Pennsylvania 15146 

ABSTRACT 

I:~uring pi t t ing of iron and stainless steels the potential  drop across the in -  
terface of the dissolving surface wi th in  the pit is in the region of active metal  
dissolution, even when the potential  of the specimen surface is controlled at po- 
tentials  as high at -I-1.4 (SHE), as well  as dur ing na tu ra l  corrosion. This con- 
clusion is supported by measurements  of the potential  of the electrolyte wi th in  
pits and by the observation that  hydrogen gas is produced within  the pits. 
From calculations of the concentrat ion and potent ial  gradients  wi th in  the 
electrolyte in a pit it is fur ther  concluded that  existing models of pit growth 
are inconsistent with these data. A modified model of pit growth is presented 
which involves growth by active dissolution and includes a high resistance 
path result ing from a constriction caused by a hydrogen bubble.  This model 
of pit growth is also believed to apply to the propagation of crevices and, in  
some instances, of in te rgranula r  attack. 

The concentrat ion of the various ionic species and the 
potential  V of the electrolyte wi thin  a pit are different 
from the values in the bulk  electrolyte (1-10). The 
signs of these gradients are usual ly known for simple 
pit t ing situations, e.g., when the current  wi thin  the pit 
is main ta ined  by a single electrochemical reaction. 
Quant i ta t ive  descriptions of the concentrat ion and po- 
tent ial  gradients, however, are lacking even for simple 
cases of pitting. Beck and Grens (11) have obtained 
quant i ta t ive  results for a complex stress corrosion 
cracking system, and Vermilyea and Tedmon (12) have 
obtained results using a simplified approach for crevice 
attack. Composition changes wi th in  growing pits have 
been most recent ly emphasized in  the exper imental  
investigations of Pourbaix  (8), of Brown and co-work-  
ers (13, 14), and of Troiano and co-workers (15, 16). 
Potent ial  variat ions wi th in  pits in iron were measured 
over a decade ago by Herbsleb and Engell  (7) and 
more recent ly wi th in  crevices in stainless steels and Ti 
alloy by others (17-19). Variations of one volt or more 
were measured between the bulk  electrolyte and the 
electrolyte at the bottom of pits and crevices in these 
investigations. This result  is surprising since, as wil l  
be shown for pi t t ing and has been shown for other 
types of localized corrosion (11, 12), only a small  

* Electrochemical Society Active Member. 
1 Present address: Department of Materials Sciences, The Penn- 

sylvania State University, University Park, Pennsylvania 16802. 
Present address: Bell Telephone Laboratories, Murray Hill, New 

Jersey 07974. 
Key words: active dissolution, crevice corrosion, pitting, potential 

gradients: 

fraction of this potent ia l  can be accounted for by  an 
IR-drop through an unobstructed column of electrolyte 
wi thin  the pit or crevice. Stolica (20) has observed 
sharp oscillations of the potent ial  dur ing  early stages 
of pi t t ing on Fe-Cr  alloys in 1N H2SO4 containing small 
amounts  of C1-; their  f requency and magni tude  de- 
pended on the C1- concentration. 

Only a few investigators have reported the egress of 
gas bubbles from pits. For  ferrous mater ia ls  Forch-  
hammer  and Engell  (21) observed the evolution of 
bubbles from pits dur ing e levated- tempera ture  ex- 
posure to neut ra l  chloride solutions. They assumed the 
gas to be H2. Masing and Al tenpohl  (22) and Kaesche 
(23) observed the egress of bubbles  from pits in a lumi-  
num. 

The purpose of the present  paper is to determine the 
potential  E(X)  across the interface at the bottom of 
a dissolving pit, the potential  E(x)  at any  distance x 
into the pit, the potential  r  in the electrolyte wi thin  
the pit, and to compare these results wi th  theoretical 
values. 

Theoretical 
The concentrat ion of the various ionic species and the 

potential  ~ in the electrolyte are calculated as a func-  
t ion of distance x into the pit (Fig. 1) for a steady- 
state current  densi ty iM and the following conditions. A 
single charge- t ransfer  reaction of the type 

M(s) ~- M + (aq) + e -  [1] 
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ELECTROLYTE 

- - 0  

M 

H § y- 

- - - - -  P A S S I V A T I N G  
F I L M  

M 

M ~ 

t 
M 

Fig. 1. Schematic of pit in which dissolution occurs only at 
bottom. 

occurs in a moderately concentrated, completely disso- 
ciated acid HY; Y -  is a noncomplexing monovalent  
ion. During growth of a pit, metal  dissolution occurs 
only at the bottom; recession of the metal  surface is 
disregarded. 

As an approximation the t ransport  equations for di-  
lute solutions without  regard to ionic interact ion are 
used. Then the Nerns t -Eins te in  equat ion in ter re la t ing  
diffusivity and electrochemical mobil i ty holds. One 
has for the fluxes j of the various ionic species for 
(quasi) s teady-state  conditions 

( ricH+ F d~ ) :  0 [2] 
JH+ ---- --DH+ \ ~  4- CH+ R---T--~ 

(dc,- Fd4,) 
c v - - - - -  = 0 [3] 

j y -  ---- - - D y -  dx RT dx 

( dcM+ F d r  iM 
J M +  = - - D M +  \ ~ 4-  CM+ R----T dx F [4] 

in which D is the diffusion coefficient, c the concentra-  
t ion of the indicated species, T the absolute tempera-  
ture, F the Faraday  constant,  and R the gas constant. 
The fluxes H + and Y -  vanish (Eq. [2] and [3]) at 
steady state since these ions are nei ther  formed nor  
consumed by the electrode reaction. The right member  
of Eq. [4] has a negat ive sign since metal  ions move 
in  the negative direction of the x coordinate (x ---- 0 
at opening and x ---- X at bottom of pit) .  

The boundary  conditions are assumed to be 

CH+ : C  ~ at x : 0  [5] 

c y - = c  ~ at x = 0  [6] 

C M : 0  at x - - 0  [7] 

in which c ~ is the bu lk  concentrat ion of HY. 
In  addition, the electrical potential  ~ at x : 0 is 

defined as zero 
r at x=0 [8] 

and since the concentrations of the ionic species must 
conform to the law of electrical neutral i ty ,  one has 

cH+ + CM+ = c y -  [9] 

Equat ions [2] through [9] are sufficient to calculate 
cu+, cy- ,  CM+, and r as functions of distance x. 

Dividing through Eq. [2] and [4] by DH+ and DM+, 
respectively, adding corresponding sides and rea r rang-  
ing, and subst i tut ing Eq. [9] gives 

dcy-  F de iM 
. . . .  c~ - -  [10] 

dx RT dx DM+F 

From Eq [3] and [10] it follows that  

dcy-  iM 

dx 2DM+F 

F d~ iM 
i 

RT dx 2cy-DM +F 

[11] 

[12] 

Integrat ing Eq. [11] and using the boundary  condi-  
tion in Eq. [6] one obtains 

iMX 
CV- ---- C ~ -{'- ~ [13] 

2DM+F 

Subst i tut ing Eq. [13] in Eq. [12], integrating,  using the 
boundary  condition in  Eq. [8] and int roducing the 
symbol @ - -  Fr one obtains 

F~ ( iMX ) 
---- -- In 1 -t- [14] 

RT 2DM + Fc ~ 

In tegra t ing  Eq. [2] and [4] and using the boundary  
conditions in Eq. [5] and [7] respectively, one obtains 

CH+ = C ~ e - O ( x )  [15] 

- -  e-O(x) e*(X)dx [ 1 6 ]  CM + -- FDM + 

in which .~ = F~/RT is given by Eq. [14] as a function 
of x. Subst i tu t ing Eq. [14] in Eq. [15] and [16] and 
integrat ing Eq. [16] yields 

2DM + Fc ~ 
CH+ " -  [17] 

2DM + Fc ~ + iMX 

4DM+FC~ -F (iMX) 2 
cM+ = [18] 

2DM + F(2DM + Fc ~ 4- ~Mx) 

The results from Eq. [13], [14], [17], and [18] for 
DM+ = 10 - s  cm2-sec -1 and  c ~ = 1 mol- l i te r  -1 are 
plotted in Fig. 2, in which the concentrat ions of the 
ionic species and the potential  r are given in terms of 
the product of the depth x into the pit and of the cur-  
rent  density iM. The concentrat ion of metal  ions, CM+, 
increases with increasing x or iM as expected in as 
much as metal  ions are formed at the bottom of the 
pit, x ---- X. The concentrat ion of anions ( Y - )  increases 
and that of hydrogen ions (H +) decreases from the 
bu lk  value, c o, with increasing x or iM. This is in accord 

I00  ~ I I 

T 
I 0 -  - I 000  

- (c 0) M+ . s . .  ' ' S  Z 
o I 
t-..- 
n.- 

k~ 
0 
Z 
8 o.i io 

0.01 I I I 
10-5  10 - 4  10-3 10 -2 10-t 

[M x , A cm - I  

Fig. 2. Concentrations of Y - ,  H +,  and M + and r as a function 
of the product of the depth x and the current density iM calculated 
from Eq. [13] ,  [17] ,  [18] ,  and [14] ,  respectively, c ~ is the bulk 
concentration of acid HY. 

> 

I00 E 
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with  the tendency for anions to move toward the bot-  
tom of the pit and cations to move away from the 
anode for the prevai l ing potent ia l  gradient, 9, increas-  
ing toward the anode. At  t ~ 0 the total  concentrat ion 
of ionic species wi thin  the pit is greater  than the bulk 
concentration. 

Departures  f rom the calculated curves, occurring as 
a result  of precipi tat ion of salts and ionic interactions, 
are schematical ly  indicated by the dashed lines in 
Fig. 2. The present  theory, therefore,  applies in an 
approximate  manner  to iMx products less than  about 
10 -2 A - c m  -1 with variat ions f rom system to system 
depending mainly  on the solubili ty product  of the 
metal  salt. 

The above calculat ions may  be extended to other 
pit geometries,  e.g., hemispherical  ones, and to other  
anodic reactions including those in which complexing, 
hydrolysis, or other interactions must  be considered; 
the calculations become more  complex. Changing 
geometr ies  do not change the results  qual i ta t ively.  If 
other  anodic reactions are  considered, the concentra-  
tion gradients  of the ionic species wi l l  change and may 
even be of opposite sign, but  the magni tude of the 
potent ial  ~ is re la t ive ly  unaffected. 

Experimental Procedure 
Most of the exper iments  were  per formed on Fer ro-  

vac E iron; additional exper iments  were  done on three 
stainless steels: Fe-20Cr (ferr i t ic) ,  Fe-18Cr-8Ni 
(austenit ic) ,  and Type 304 stainless steel. The composi- 
t ion of the iron and the alloys and their  the rmal  
t rea tments  are shown in Tables I and II, respectively.  
The  various electrolyte  solutions (Table III)  were  
prepared f rom reagent  grade chemicals and doubly dis- 
t i l led water .  

A sample was prepared by mount ing  the specimen, 
including a lead for electr ical  connection, in epoxy and 
polishing it wi th  an aqueous suspension of 1 ~m par t i -  
cles of a lumina prior to insert ion in the cell. The ex-  
posed area was 0.42 cm 2. 

For  some "s ingle-pi t"  exper iments  a Lucite plate 
0.14 cm thick containing a small  hole 0.07 cm in 
d iameter  was bonded to the  specimen surface wi th  
e thylene chloride. This a r rangement  gave a small, ex -  
posed meta l  area (0.005 cm2), so tha t  reasonably ac- 
curate  pi t t ing current  densities can be obtained f rom 
the measured  current.  Regular  samples w e r e  used in 
the exper iments  unless indicated otherwise.  

A two compartment ,  three electrode cell  was used. 
The main compar tment  contained the specimen and a 
pla t inum counterelectrode;  a saturated calomel ref-  
erence electrode was connected to the main compar t -  
ment  by a Luggin capillary. The three  electrodes were  
connected to a Wenking potentiostat  in the usual 
manner.  

To measure  potential  var iat ions inside a pit a micro-  
probe reference  electrode was used. It  consists of a 
fine glass capi l lary (0.005 cm outside diameter)  con- 
nected by means of a salt bridge to a m e r c u r y - m e r -  
curous sulfate reference electrode. The microprobe is 
at tached to a three-d i rec t ional  micromanipula tor  wi th  
a resolut ion of 2.5 ~m. The specimen and microprobe 
can be v iewed continuously through a s tereomicro-  
scope (7-30X). 

The  microprobe at any depth x into the pit  mea-  
sures the potent ial  across the me ta l / e l ec t ro ly te  in ter -  
face plus any potent ial  drops that  exist  be tween  that  

Table I[. Thermal history of iron and stainless steels 

I r o n  

Fe-2OCr  
F e - 1 8 C r - S N i  
304 S t a i n l e s s  

A n n e a l e d  a t  1000~ in  v a c u u m  a n d  a i r  cooled  
f A n n e a l e d  a t  l 1 5 0 ~  a n d  a i r  cooled  
l A n n e a l e d  a t  l l 5 O ~  a n d  quenched in  b r i n e  

A n n e a l e d  a t  1400~ a n d  q u e n c h e d  in b r i n e  
Co ld - ro l l ed  sheet  

Table Ill. Summary of systems studied 

Meta l  So lu t i on  c o m p o s i t i o n  

F e  (a) 0.5M H2SO4, 3 m M  NaC1 (pH 0.3) 
(b) 0.05M H~SO~ 0.45M K2SO4, 3 m M  N a C i  (pH 1.85) 
(c) 0,5 m M  H~SO4, 0.5M Na2SO4, 3 m M  N a C l  (pH 3.9) 
(d) I M  HCIO~. 3 m M  N a C l  (pH 0. I )  
(e) 0.05M K H P ,  0.023M K O H ,  10 m M  KCI, 0.5M K.~SOt 

( p H  4.5} * 
(f) 0.05M K H P ,  0.023M K O H ,  1O rnM K C I  (pH 4.5)* 
(g) 0.05M H2SO4, 0.5M NaC1 (pH 1.1) 
(h) 0.1M Fe2(SODs,  0.05M H2SO4, 0.5M N a C l  (pH 1.0) 
(i) S o l u t i o n  (h) p l u s  H2Oe 
~j) 0.4M FeC]~, HC1 ( p H  0.9) 
(k) 0.SM N a C I  (pI-I 6) 

S t a i n l e s s  
s tee l s  

* S o l u t i o n  of  V e t t e r  a n d  S t r e h b t o w  (10). 

interface and the  probe tip. The  potential  difference 
{E(x  = 0) -- E ( x ) }  is r  For  the s ingle-pi t  exper i -  
ments x = 0 is defined as the externa l  surface of the 
Lucite plate. 

The procedure  for each exper iment  was as follows: 
the specimen was introduced into the empty  cell, was 
proper ly  aligned with respect to the microscope and 
microprobe, electrical  connections were  made, the 
potentiostat  was set for a potent ial  in the passive re-  
gion, and the electrolyte  solution was introduced. When 
a pit  became sufficiently large, i.e., its d iameter  was 
5-10 t imes that  of the microprobe, the microprobe was 
introduced into the pit  and the potential  measured as 
a function of distance into the pit  and as a function of 
time. The potentials were  measured wi th  an Orion 
Model 801 pH mete r  and recorded on a Honeywel l  
Electronik 19 recorder.  The net  anodic current  sup- 
plied by the potentiostat  was also measured on a 
recorder  or oscilloscope. 

All  experiments ,  unless otherwise noted, were  con- 
ducted in a i r - sa tura ted  solutions at room temperature ,  
296~ All  potentials  are repor ted  with respect  to the 
standard hydrogen electrode (SHE).  

Results 
The most extensive data were  obtained for iron in 

the sulfate solutions. The potent ia l  of the specimens 
was control led at 0.85, 1.00, or 1.20V. Ini t ia l ly  the cur-  
rent  density is grea ter  than  1 A - c m  -2, but  rapidly 
decreases to its passive va lue  (between 10 -5 and 10 -4 
A - c m  -2 for the different electrolytes) .  Within  minutes 
the current  begins to rise, and sometime la ter  the pits 
are observed as black specks by in situ microscopic 
examination.  As the pits grow, they first appear  dull, 
but then, as if going through a transition, 1 become 
br ight  and shiny and one could easily recognize the 
"polished," hemispher ical  appearance described in the 
l i te ra ture  (6, 25). 

The behavior  of iron in 1M HC104 is somewhat  more 

complex. At low C1- concentrat ions ( ~  10-2M) pits 
usual ly  are not observed unti l  af ter  long t imes (hours),  

1 I n  P a r t  I I  (24) t h e  v a r i o u s  s t a g e s  of  p i t  g r o w t h  a r e  d o c u m e n t e d  
b y  s c a n n i n g  e l e c t r o n  m i c r o s c o p y .  

Table h Composition* of iron and stainless steels 

M e t a l  C M n  P S S i  C u  N i  Cr  

Iron 0.004 0.001 0.002 0.006 0.0003 0.014 0.002 0.004 
Fe-20CY 0.014 0.068 0.003 0.005 0.014 ~0 .01  ~0 .03  20.2 
F e - 1 8 C r - 8 N i  0.001 0.052 0.002 0.005 ~0 .03  ~0 .01  9.00 17.7 
304 S t a i n l e s s  0.056 1.93 0.033 0.008 0.46 0.21 9.11 18.6 

* W e i g h t  p e r  cen t .  
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although anodic current  bursts (to be described below) 
begin much earlier. At higher C1- concentrat ions the 
specimens f requent ly  do not passivate and either rapid 
pit t ing or over-al l  surface dissolution occurs. The pits 
go through several stages of growth and eventual ly  
at ta in  a well-defined polyhedral  shape (24). 

For all systems studied (Table III)  gas bubbles were 
found wi th in  the pits and crevices, under  conditions 
of applied potential  and under  na tura l  corrosion (open- 
circuit) conditions. The formation of gas wi thin  the 
pits is thought to be impor tant  to the general  mecha- 
nism of pit t ing and crevice corrosion; this is de- 
scribed in detail later. 

Transient current behavior.--During pitt ing of iron 
in the sulfate solutions [ (a),  (b),  and (c) in Table III] 
the current  exhibits a marked t rans ient  behavior (Fig. 
3). Although observed for both the regular  and the 
single-pit  specimens, the t ransients  are more easily 
resolved in the lat ter  because the area of nonpi t  sur-  
face and, hence, the base current  are very small. The 
magni tude of the base current  and of the bursts in-  
creases with increasing C1- concentration. 

In  the HC104 solution (d) the current  bursts  fre- 
quent ly  begin before passivation is complete and well  
before any pits can be observed. After  each burst  the 
current  immediate ly  declines to the base value, as 
repassivation of the activated area occurs. The mag-  
ni tude of the bursts increases with t ime and eventual ly  
rises as high as several milliamperes. If a par t icular  
current  burst  is associated with a pit nucleus, the 
local current  density must  be orders of magni tude  
higher than that calculated for the total sample area. 

The average rate of pit growth, determined on the 
assumption that  the largest pit grew from the t ime of 
the depar ture  of the current  from the passive value 
unt i l  t e rminat ion  of the test, is 0.2-0.3 A-cm -2 for 
i ron in the sulfuric acid solution (a) in good agree- 
ment  with l i terature  values (7). Somewhat  higher 
growth rates were obtained for iron in the HC104 and 
Na2SO~ (pH 3.9) solutions. 

In  view of the t rans ient  behavior it is clear, though, 
that  the average growth rate is comprised of widely 
differing momenta ry  rates. This was evident  in data 
obtained for s ingle-pi t  samples; e.g., in Fig. 3 the 
peak current  density at the highest C1- ion concentra-  

t ion is ~ 0.3 A - c m - 2  whereas the current  density be- 
tween bursts is only about 0.04 A-cm -2. With other 
specimens current  densities as high as 0.7 A-cm -2 
were obtained. ~- 

Potential microprobe measurements.--Potential mi- 
croprobe measurements  were made for regular  and for 

2 I f  the  r e sponse  t i m e  of  the  r eco rde r  (0.5 sec f u l l  scale) is  s low 
r e l a t i v e  to the  r i se  t i m e  of the  c u r r e n t  or i f  the  a rea  of p i t t i n g  h a s  
been  o v e r e s t i m a t e d ,  the  t r ue  c u r r e n t  d e n s i t i e s  m a y  b e  c o n s i d e r a b l y  
h i g h e r  t h a n  r e p o r t e d  here .  
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single-pit  i ron samples in the sulfate solutions. Results 
were the same with both specimen arrangements.  The 
measured potential  E with the microprobe placed near  
the opening of the pit was the same as that set by the 
potentiostat. As the microprobe was moved into the 
pit, the measured potential  shifted in the less noble 
(negative) direction. Typical data for a s ingle-pi t  iron 
specimen in the H2SO4 solution (c) are shown in Fig. 4. 
For this solution with its low CI -  ion concentrat ion 
strong current  bursts are not normal ly  observed. In-  
sertion of the probe to wi thin  about 0.02 cm of the pit 
bottom, however, stimulates pit growth; one observes 
strong current  and matching potential  bursts (Fig. 5). 

In  this region of t ransient  behavior, {.e., x ~ 0.13 cm 
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Fig. 4. Plot of measured potential as a function of depth x into 

the pit for a single-pit iron specimen in solution (c). For x ~ 0.13 
cm transient behavior is observed; plotted potentials are the least 
noble ones. Potentials calculated from Eq. [14] and the relation 
E(x) ~ E(x ~ O ) -  r are given for comparison; iM is the 
measured current divided by the area of the hole in the Lucite. 

Fig. 3. Segment of the current record for a single-pit iron 
specimen in solution (c) illustrating transient behavior and the 
effect of C I -  on the magnitude of the base current and of the 
current bursts. Time increases from right to left. 

Fig. 5. Segments of the current and potential record for a 
single-pit iron specimen in solution (c) illustrating that the current 
and potential transients are in phase. 
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(Fig. 4), changes in the potent ial  E were  observed as 
great  as 0.97V in the less noble  direction re la t ive  to 
the potent ial  of the ex te rna l  surface; this corresponds 
to r = 0.97V. 

In other  runs even la rger  depar tures  of the  mea-  
sured potent ia l  f rom the  surface value  were  observed. 
The least noble potent ial  measured was E ( x  ----- X) = 
--0.21V wi th  the surface held at E(x  = 0) = 0.84V in 
solution (c) ;  this corresponds to r ~ 1.05V. Potent ia l  
variat ions of this magni tude  also were  observed with  
the surface held at 1.20V for the regular  and for the 
s ingle-pi t  samples in solutions (a) and (c). 

Formation of gas bubbles in. the pits.--In situ exam-  
ination with  the optical microscope revea led  that  for 
every  system studied (Table  III)  and for both potent io-  
static and open-ci rcui t  (corrosion) control, gas bubbles 
formed wi th in  the growing pits and crevices (at va r i -  
ous interfaces including grain boundaries) .  For  the low 
pH solutions in which visibi l i ty was not obscured by 
corrosion products the bubbles were  observed to be in 
a constant state of rapid motion. For  iron in the acidic 
solutions gas bubbles f reely  emanated  from the pits; 
this occurred also for the system, Fe20Cr in solution 
(g),  which exhibits  grain boundary  attack. For  the 
other  systems the bubbles were  observed when  the 
contents of the pit  or crevice were  dis turbed wi th  a 
glass fiber. 

The  f requency  at which bubbles f reely  emanated 
from pits was lower  than that  of the cur ren t  and po- 
tent ial  bursts (Fig. 5) by about one order  of magni -  
tude. The size of an emit ted  bubble is general ly  the 
same as that  of the pit  f rom which it comes. In the 
less acidic solutions corrosion product  is sometimes 
at tached to the bubbles as they  rise through the elec-  
trolyte. This mater ia l  is left  as a residue when  the 
bubbles disappear at the electrolyte  surface. 

The egress of bubbles occurs over  a wide range of 
applied potential.  In one exper iment  using an Fe20Cr 
sample in solution (g) (pH 1.1) the potent ia l  E at the 
external  surface was s tep-changed (with the potent io-  
stat) to less noble values after  pitting, grain boundary  
at tack and bubble egress were  wel l  established at the 
ini t ial  va lue  of 1.4V. The sample was held at each new 
potential  for a t ime which was long compared to that  
of the t ransient  response after  switching. The  poten-  
tials in sequence were  1.4, 0.24, 0.00, --0.10, and --0.20V. 
At each potential,  pit g rowth  and the egress of bubbles 
were  observed. The current  and the number  of pits 
f rom which bubbles emanated  decreased as the poten-  
tial was lowered, indicat ing that  some pits were  be- 
coming inactive. However ,  even at the re la t ive ly  act ive 
potential  of --0.20V at least one pit remained active; 
the cur ren t  at this potent ia l  was 20 ~A compared to 
3 mA at 0.24V. 

A movie  of the egress of bubbles f rom pits was made. 
A few f rames  are  shown in Fig. 6. Each cluster  of whi te  
specks (light reflections) represents  a pit. In (b) a 
bubble is just  emerging  from the (circled) pit. In (c) 
and (d) it is rising wi th in  the e lect rolyte  and is easily 
recognized by the two, large  diffuse spots, one of which 
is a reflection. 

With  an i ron specimen held at 1.0V in solution (a) 
the emanat ing gas was collected by placing the flanged 
end of a Py rex  tube in the electrolyte  and over  the 
specimen surface. The gas and some solution were  
sucked into an evacuated  bulb, af ter  which the gas 
was ext rac ted  f rom the electrolyte  and analyzed in a 
mass spectrometer.  A blank (gas ext rac ted  f rom elec- 
t rolyte which had not been subjected to the corrosion 
test) was a n a l y z e d  in an ident ical  manner .  The resul ts  
are g iven  in Table IV. The  H2 content  of the test sam- 
ple great ly  exceeds that  in the blank. Nitrogen gas 
is present  in essential ly the same amount  in both 
samples as it  should be for a i r -sa tura ted  solutions. The 
low O2 content  of the test sample indicates that  oxygen 
is reduced at the specimen surface dur ing the corro-  
sion exper iment .  

Fig. 6. Four consecutive frames of a movie showing the egress 
of bubbles from pits in iron in solution (a). A bubble (large diffuse 
spot) and its reflection are shown in rectangular area. 

Discussion 

In the present  experiments ,  as well  as those of Herb-  
sleb and Engell  (7), the product  iMX was usual ly less 
than 10 -2 A - c m  - t .  Under  these conditions and in the 
absence of a solid corrosion product, the var ia t ion  of 
the potential  ~ wi th  distance x should be approxi-  
mately  given by Eq. [14] or an analog equat ion for 
the par t icular  system under  consideration, 3 as depicted 
in Fig. 2; the m a x i m u m  ~ to be expected is of the order 
of 0.1V, in agreement  with other  calculat ions (11, 12). 
With the s ingle-pi t  specimens a test of the theory  is 
possible, since the average current  density is known. 
Up to certain values of x the agreement  be tween  the 
measured potent ial  var iat ions and the theory  is good, 
Fig. 4. At pit depths for which  the sharp potent ial  
bursts were  observed, the data do not agree wi th  the 
theory. 

An explanat ion of the lack of agreement  be tween 
theory and exper iment  in the deeper  portions of the pit  

8 For semiquantitative purposes Eq. [14] adequately describes the 
electrical potential behavior for all systems and was used for all cal- 
culations in the present paper. 

Table IV. Mass spectrometric analysis of gas collected from 
electrolyte during pitting of Fe, and from fresh (blank) 

e~ectrolyte (arbitrary units) 

Test Blank 

H2 II0 3.5 
N~ 1520 1570 
02 16 450 
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seemingly lies in an increased resistance of the electro- 
lyte path, since by the na ture  of the microprobe ex- 
per iment  the 1V variat ion in ~ occurs completely in 
the electrolyte phase. The resistance, R, of the electro- 
lyte path as a function of distance x may be obtained 
from exper imental  data, such as in Fig. 5, using Ohm's 
law, and is given in Fig. 7 for a single-pit  i ron speci- 
men in solution (c). The resistance in the region 
0 < x < 0.14 cm is at all times in good agreement  with 
calculated values using r from Eq. [14]; the electrolyte 
resistivity calculated for this region is 8 ohm-cm, 
whereas that of the bulk  solution is 5 ohm-cm. At 
depths of x ~ 0.14 cm the solution resistance increases 
sharply. The break in the curve corresponds to the 
depth at which strong t ransient  behavior  began. Over 

any sbort period of time, ~ 102 sec, for which the depth 
X of the pit does not change appreciably R (x) may be 
obtained from either the peak or the base values of 
the i and E data; that  obtained from the base value is 
always less than that  from the peak value (though still 
much greater than  that extrapolated from x < 0.14 
cm);  the significance of this result  is described later. 
The resistances at x > 0.14 cm in Fig. 7 were obtained 
from the peak values. The source of these high ohmic 
drops is discussed later. 

Active dissolution in pit growth.--The microprobe 
potential  measurements  indicate that the potential  
E(X) at (or near)  the bottom of the pit may be as 
negative as --0.2V, which is in the region of active 
metal  dissolution. The least noble potential  possible is 
the reversible potential  of the local metal-e lectrolyte  
system plus the overpotential  for pit growth by active 
dissolution. The measurement,  however, is complicated 
by the  formation of hydrogen gas, the presence of 
which leads to possible constriction effects between the 
pit surface and the gas bubble, and between the bubble  
and the probe. 4 Since the presence of the bubble  pre-  
vents insert ion of the probe into regions of close ap- 
proach o.{ the bubble  with the pit surface, the least 
noble electrode potential  wi thin  the pit may be more 
negative than  the least noble measured value. 

The evolution of hydrogen gas from the pits, crev- 
ices, and grain  boundaries  under  conditions of applied 
potent ial  and under  na tu ra l  corrosion conditions indi-  
cates that the potential  at the bottom of these local 
cells must  be more negative than the reversible hydro-  
gen potential,  which is < 0.0V since the pI-[ is > 0.0 for 

4 The  cons t r i c t i on  b e t w e e n  t he  b u b b l e  a nd  the  p robe  c a n n o t  be 
the  source  of t he  l a rge  m e a s u r e d  ~b s ince n e g l i g i b l e  c u r r e n t  f lows in  
this  reg ion .  
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Fig. 7. Plot of the resistance of the electrolyte obtained from the 
measured current and potential as a function of depth x for a 
single-pit iron specimen in solution (c). 

all systems. This is fur ther  evidence that  the potential  
of the dissolving surface is in the region of active 
metal  dissolution for all types of local cell corrosion 
studied. In  Par t  II  (24) an analysis of scanning elec- 
t ron micrographs also indicates that localized corro- 
sion processes occur by active dissolution. 

Role o] hydrogen gas in pit and crevice growth . -  
Although the data strongly support the conclusion that 
pit and crevice growth occur by active metal  dissolu- 
tion, it remains to be explained how a potential  as low 
as ,~ --0.2V is at tained at the bottom of the pit or 
crevice when the potential  across the interface at x -- O 
may be as noble as + l .4V;  i.e., the cause of IR drops 
as large as 1.6V. The simple pit t ing model shown in 
Fig. 1, as well  as any of different geometry or any in-  
volving other electrochemical reactions such as hydrol-  
ysis of the cations, are inadequate to account for this 
result. Existing models of pit and crevice growth are 
also inconsistent with the break in the plot of mea-  
sured potential  and resistance as  a funct ion of distance 
x (Fig. 4 and 7). This includes the pit t ing model in 
which a large potential  drop across a surface film has 
been postulated by Franck  (6); in the present experi-  
ments  the measured potential  var ia t ion is total ly 
wi thin  the electrolyte phase, as demonstrated in the 
data of Fig. 4 and 7, in which the break in the plots 
occurs well  above the bottom of the pit. 

The presence of a gas bubble  at the bottom of the 
pit (or crevice) provides an explanat ion for the large 
measured ohmic drop. A constriction most l ikely exists 
between the bubble  and the pit surface, Fig. 8. Since 
this constriction is a path of current  flow, a large IR 
(r is obtained by vir tue of the high current  density 
in this region. In  this way a high ~ is obtained within  
the electrolyte phase without  a significant increase 
either in the resist ivity of the electrolyte or in the local 
rate of metal dissolution. For somewhat smaller  poten- 
tial variations (<  0.35V) dur ing pit t ing on a luminum, 
Masing and Altenpohl  (22) proposed that  gas bubbles 
at the mouth of the pit produced a high resistance path. 
In the present study the high resistance path must  
clearly be at the bottom of the pit. 

The sharp potential  fluctuations may be related to 
the observed cont inual  motion of the bubbles wi thin  
the pits. Movement of a bubble  results in (momentary)  
relief of the constriction at any part icular  site which 
in tu rn  results in  a shift of the local electrode potential  
to more positive values. "Relaxation" of the bubble  to 
its former position restores the constriction allowing 
again for a more negative potential  at this site, fol- 
lowed by relief of the constriction, etc. The lower 
resistance calculated from the base than from the peak 
values of the current  and potential  data is in agree- 
men t  with a variable  constriction effect. Repassivation 
at a part icular  site wi th in  the pit is unlikely,  since 
the t ime between occupancies by the bubble  is much 
less than the 103-104 sec (26, 27) required for complete 
passivation. Bubble motion may be related to ionic 
t ransport  in and out of the constricted region, to local 

- ~ ~  - C . ~  BUBBLE 

"////////////////>,,/,, /// 
Fig. 8. Schematic of a pit illustrating a high-resistance electro- 

lyte path caused by a bubble. 
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heating of the electrolyte solution, or to discontinuous 
growth of the bubble. Discontinuous growth of bubbles 
has been reported dur ing hydrogen discharge on 
p la t inum by Ludwig and Yeager (28). 

The formation of a second bubble  after egress of the 
first was always observed to occur with a ra ther  regu-  
lar f requency and for the durat ion of the applied 
potential. This may be an indication that  a "tail" of 
the emitted bubble  functions as the nucleus of the next  
bubble. Such a process has been observed by Green 
(29) using high-speed photography for the largely 
different conditions of very  high rates of hydrogen 
discharge on palladium. 

The gas has been identified as hydrogen for the pi t-  
ting of iron. No at tempt at identification has been made 
for the stainless steels since there is no reason to 
expect a different gas at the measured potentials. 

The fact that  the gas is hydrogen may be important  
because its formation causes a decrease in the local H + 
concentrat ion which tends to balance a momenta ry  
surge in cation concentration. Hence the main tenance  
of electroneutral i ty  wi th in  the pit is aided by the 
formation of hydrogen gas. The tendency for the con- 
centrat ion of hydrogen ions wi thin  the pit in general  
to decrease is shown in Eq. [17]. 

We deduce from the above considerations that  pit 
growth occurs by active dissolution of the metal, and 
that the electrode potential  of the pit surface is con- 
trolled by a constriction wi thin  the pits which, in the 
general  case, is hydrogen gas. Inclusion of a constric- 
t ion as a basic e lement  in the p i t -growth process is 
appealing since a high ~# value can be obtained at 
relat ively low currents. 

Other forms of constriction.--It does not necessarily 
follow, though, that  hydrogen bubbles are always the 
source of the constriction or that a constriction is al-  
ways necessary. For example, at less noble surface 
potentials, at which lower r (IR) values are required 
to shift the potential  into the region of active dissolu- 
tion, pores of a solid reaction product are a potent ial  
form of constriction. 

For still smaller  differences between the potential  
at the external  surface and that at the bottom of the 
local cell the need for a constriction vanishes. This 
happens when  the resistance of an unobstructed col- 
u m n  of electrolyte wi th in  a pit or crevice is sufficient 
(for the given current  density) to shift the electrode 
potential  into the active region. Then the concentrat ion 
and potential  profiles given by Eq. [13], [14], [17], and 
[18] (or their  analogs for the par t icular  system under  
consideration) should approximately apply for not 
too large iMX values at all distances x into the pit. 

Pit initiation.--The model in Fig. 8 and the above 
discussion per ta in  only to propagation of a pit, i.e., the 
necessary conditions, including the presence of a gas 
bubble  at the bottom of the pit, are presumed to have 
been established by "nucleation" events. Such events  
include the "breakdown" of the passivating film, the 
subsequent  surge of cur ren t  which quickly subsides 
as a result  of polarization effects and the s imultaneous 
or subsequent  nucleat ion of a hydrogen bubble.  Bubble 
nucleat ion requires that a potential  in the region of 
hydrogen evolution is established at least momentar i ly  
by means other than  the bubble-const r ic t ion effect. 
One possibility is that the ini t ial  ( t ransient)  cur rent  
density at the site of film breakdown is much higher 
than those measured dur ing pit growth. 

The data indicate that  very high momenta ry  cur-  
rents  do occur in the form of (a) ini t ial  cur rent  densi-  
ties of at least 2 A-cm -2 and (b) the occurrence of 
isolated current  bursts ( ranging up to more than  1 mA) 
at the ini t ial  stage of pi t t ing when the general  surface 
is completely passivated. The peak currents  in (b) 
seemingly yield very high current  densities since the 
area associated with film breakdown must  surely be 
very small. In  addit ion Franck  (30) has measured 
t rans ient  current  densities between 10 and 20 A-cm -2 

for iron in 1N H2SO4. In  view of these considerations 
there appears to be no need at the present  t ime to 
postulate some other form of constriction for nuclea-  
tion of a hydrogen bubble  wi thin  a pit embryo. 

Conclusions 
By direct measurement  with a microprobe of the 

potential  changes wi th in  the electrolyte and by  the 
observation of gas, identified as hydrogen, wi th in  the 
pits and crevices, it is established that  the potential  
across the interface of the dissolving surface wi thin  
pits in Fe is in the active region of iron dissolution. 
The same is concluded for  ferritic and austenitic s ta in-  
less steels since gas bubbles  were also regular ly  ob- 
served within  pits and  crevices (at various interfaces 
including grain boundaries)  in  these steels. Hence for 
iron and austenitic and ferritic stainless steels in nu-  
merous electrolyte solutions ranging in pH f r o m  0.1 
to 6 and under  conditions of applied potentials as high 
as +1.4 and as low as --0.2V and under  open-circui t  
(na tura l  corrosion) conditions, pit and crevice growth 

is believed to occur by active metal  dissolution. 
The potential, r in the electrolyte phase wi th in  the 

pit accounts for the difference in measured potential  
between the pit bottom and the external  (passive) 
surface. The magni tude  of ~ increases to r > 1V when 
the applied potential  is about 1V (SHE) or higher; 
~, however, is not steady at this magni tude  but  peaks 
in a ra ther  regular  fashion. The pi t t ing cur ren t  or 
rate of pit growth peaks in phase with ~. As a result, 
the instantaneous rate of pit growth varies over a 
wide range. 

The presence of hydrogen gas, the large increase in 
potential  in the electrolyte, and the t ransient  behavior 
are features which are no t  adequately accounted for 
in any previously existing model of pit or crevice 
growth. A model of local cell corrosion is presented 
which includes a high resistance path to current  flow; 
in many  cases this path may be the constricted region 
between a gas bubble  and the pit  or crevice surface. 
The large ~ can be accounted for by high local current  
densities in the constricted region. Motion of the gas 
bubble  can account for the t rans ient  behavior. 
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II. Morphological Studies 
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ABSTRACT 

The ini t ia t ion and growth  of pits  on iron and of crevices and pi ts  on s ta in-  
less steels in numerous  e lec t ro ly te  solutions, both under  potent ios ta t ic  and 
under  na tu ra l  corrosion conditions, have been s tudied by  scanning electron 
microscopy. The pit  morphology  on iron is control led  p r i m a r i l y  b y  solut ion 
composi t ion:  in su l fa te -conta in ing  solutions the pits  are  in i t i a l ly  c rys ta l lo -  
graphic,  but  then become polished;  in nonsul fa te -conta in ing  solutions they  
a lways  r ema in  crys ta l lographic .  On stainless steels the pi t  morpho logy  is 
de t e rmined  by  solut ion composi t ion and by  the na tu re  of the  in i t ia t ion site; it 
depends  only secondar i ly  on a l loy  composit ion.  In s tainless  steels, both  aus-  
teni t ic  and ferri t ic ,  crevice corrosion is the  p reva len t  corrosion form; p i t t ing  
is in i t ia ted  only at s ignif icantly h igher  potent ials .  The resul ts  are  in agree -  
ment  wi th  an e lec t rochemical  s tudy that  showed tha t  the potent ia l  across the  
in ter face  in al l  local corrosion cells is in the act ive par t  of the  anodic po la r iza -  
t ion curve of the  meta l  and that  pits  and  crevices p ropaga te  by  the  same 
mechanism.  

I n  another  paper  (1) we discuss the  mechanism of 
pi t  and  crevice p ropaga t ion  on i ron and stainless steel  
as deduced from potent ia l  measurements  wi th in  pi ts  
and from the presence of H~ bubbles  in pits and c rev-  
ices. I t  is shown that  the  potent ia l  across the  in ter face  
of the  dissolving surface is in the  act ive region of the  
anodic polar izat ion curve  of the meta l  even when  the  
pass ivated surface is at a potent ia l  more  than  1V more  
posit ive (noble) .  The potent ia l  difference be tween  the 
dissolving surface of the local cell  and the passive sur -  
face of the  meta l  is deduced to be an I R - d r o p  r e su l t -  
ing from a h igh-res is tance  constr ict ion be tween  the  
Hz-bubble  and the pi t  bottom. I t  is concluded tha t  pi ts  
and crevices propagate  by  the same mechanism in al l  
systems studied. 

In  this paper  pits  and  crevices are  examined  by  
scanning e lect ron microscopy (SEM).  Observat ions  
on the i r  ini t ia t ion and growth  on i ron and stainless  
steels in a va r ie ty  of e lec t ro ly te  solut ions a re  re la ted  
to the  mechanis t ic  conclusions in P a r t  I (1).  The con- 
dit ions for p i t t ing  and crevice  corrosion are  discussed 
for potent ios ta t ica l ly  control led  and for na tu ra l  (open-  
circuit)  corrosion. 

Few studies have been conducted on the  morpho logy  
of corrosion pits  and on how the morpho logy  changes 
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with  t ime and corrosion conditions.  The subject  has  
been briefly r ev iewed  by  Schwenk  (2), Hoar  (3),  and  
Szk l a r ska -Smia lowska  (4).  Addi t iona l  s tudies  include 
those by  Ashwor th  et al. (5).  on the  p i t t ing  of mi ld  
steel  in ch lor ide-conta in ing  basic solutions, by  Vet te r  
and  S t r ehb low (6) on the p i t t ing  of i ron  in potass ium 
acid ph tha la te  (KHP)  buffers  containing chlor ide  and 
a combinat ion  of chlor ide  and sulfate,  b y  Bianchi  et al. 
(7) on pi t t ing  of s tainless s teel  under  potent ios ta t ic  
and under  chemical ly  cont ro l led  condit ions,  and  by  
Jan ik -Czachor  (8) on the  p i t t ing  of i ron  in a bora te  
buffer  containing chloride.  

Many studies have been made  to de te rmine  the  
na tu re  of sites at  which pi ts  a re  ini t iated.  The subject  
has been rev iewed  by  Sz k l a r ska -Smia low sk i  (4). I t  
appears  that  the  sites a re  ve ry  much a function of 
the meta l  ( i ts  s t ruc ture  and composi t ion) ,  the  com- 
posi t ion and d is t r ibu t ion  of inclusions and o ther  phases, 
and  the corrosion condit ions;  no genera l iza t ions  can  
be made.  

Experimental 
The systems s tudied (Table  I)  are  the  same as those 

descr ibed in P a r t  I (1), in which  the specimen com- 
position, hea t - t r ea tmen t ,  p repara t ion ,  expe r imen ta l  a r -  
rangement ,  and  procedures  are  also given. 

The specimens were  he ld  by  means  of a potent ios ta t  
a t  a potent ia l  which  in the  absence of C1- would  be in 
the  passive range.  However ,  a l l  the  solutions, wi th  the  
except ion of the  10% FeCIs and the 3% NaC1, were  
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Table h Summary of systems studied and nature of the local corrosion ceil 

Corrosion 
Metal  Solution composi t ion condit ion Local  ceil 

Fe  (a) 0.5M H2SO~, 3 mM NaC1 (pH 0.3) Potent ios ta t ic  Pi ts  
~b) 0.05M H.oSO~, 0.45M K2SO4, 3 raM NaC1 (pH 1.85) Potent ios ta t ic  Pi ts  
(c) 0.5 mM H~SO~, 0.SM Na..zSO4, 3 mM NaC1 (pH 3.9) Potent ios ta t ic  Pi ts  
(d) 1M HC104, 3 mM NaC1 (pH 0.1) Potent ios ta t ic  Pi ts  
(e) 0.05M KHP,  0.023M KOH, 10 mM KC1, 0.5M K ~ O 4  (pH 4.5)* Potent ios ta t ic  Pi ts  
1I) O.05M KI-IP, 0.023M KOH,  l0 mM KC1 (pH 4,5)* Potent ios ta t ic  Pi ts  
(g) 0.05M H~SO4, O.SM NaCI (pH 1.1) Potent ios ta t ic  Pits ,  crevice~ 
~h) 0.1M Fe~(SO4)8, 0.05M H'~O4, 0.SM NaC1 (pH 1.0) Na tura l  corrosion Crevices  
~i) Solution (h) + H.~O2 Natura l  corrosion Pits ,  crevices  
(j) 0.4M FeCI~ acidified wi th  HCl to p H  0.9 Natura l  corrosion Pits ,  crevices  
(j) O.4M FeCh  acidified wi th  HC1 to pH  0.9 Potent ios ta t ic  Pits,  crevices  
(k) 0.SM NaC1 (pH 6) Na tura l  corrosion Crevices  
(k) O.5M NaCI (pH 6) Potent ios ta t ic  Pits,  crevices  
(g) O.05M H2SO4, 0.5M NaC1 (pI-I 1.1) Potent ios ta t ic  Pits ,  crevices  
(g) 0.O5M H2SO4, 0.5M NaC1 (pH 1.1) Potent ios ta t ic  Pits ,  crevices  

Type  304 stainless steel 

Fe-20Cr (ferri t ic)  
Fe- lSCr-SNi  

�9 Solution of Vet ter  and S t rehb low (6); KHP--po tassJum acid phthaIate. 

sufficiently dilute in C1- so that the specimens passi- 
vate at least part ial ly before the onset of pit t ing; even 
in the FeC13 and NaC1 solutions localized corrosion is 
observed. The experiments  were conducted in air-  
saturated solutions at room temperature.  All poten-  
tials are reported relat ive to the s tandard hydrogen 
electrode (SHE).  

The na tura l  corrosion exper iments  were conducted 
under  identical conditions, except that no potential  
was applied. 

The scanning electron micrographs were taken in 
stereo with a Cambridge Stereoscan microscope. It is 
essential to examine the micrographs in stereo to u n -  
derstand fully the processes that occur; a monocular  
examinat ion misses many  important  factors. An x - ray  
spectrometer attached to the microscope permits  ele- 
menta l  analysis of selected areas of the specimen being 
viewed, e.g., react ion-product  films or inclusions. 

Results and Discussion 
Two types of localized corrosion (pi t t ing and crevice 

corrosion) have been studied (Table I) .  On iron, pit-  
t ing is the prevalent  corrosion form. In  the stainless 
steels crevice and pi t t ing corrosion are observed; the 
extent  of each depends on the potential  regardless of 
how it is applied, i.e., potentiostat ically or by a chem- 
ical redox couple under  na tura l  corrosion conditions. 

We will first t reat  potentiostat ically controlled local- 
ized corrosion for both iron and the stainless steels 
and then discuss na tu ra l  localized corrosion for the 
stainless steels. 

Potentios~atic controL--For iron in all of the solu- 
tions pi t t ing only is observed, except when  poor con- 
tact between the metal  and the metallographic mount  
causes crevice corrosion, l On the other hand, for the 
stainless steels crevice corrosion is the prevalent  cor- 
rosion form; for example, for Type 304 stainless steel 
in 0.05M H2SO4 + 0.5M NaC1, crevices are observed at 
potentials below 0.2V, whereas pits are seen only 
above 0.8V. I t  is evident  that  crevice corrosion is easier 
to init iate and /o r  propagate than pitting. As may be 
seen below, the same is t rue under  na tura l  corrosion 
conditions. 

The appearance and the morphology of the pits and 
crevices depend in a complex m a n n e r  on the composi- 
t ion of the electrolyte, the presence of inclusions and 
other phases in the metal, and its composition. We will  
first discuss pit formation and growth in iron and then 
in the stainless steels. 

l r o n . p P i t  ini t iat ion appears to be random;  no at tempt  
has been made to determine pit density as a function 
of crystallographic orientation. 

In i t ia l ly  in all systems (Table I) simple crystal lo-  
graphic pits are formed; i.e., pits bounded by crystal lo-  
graphic planes (Fig. 1). Their  growth thereafter  is a 

In this study the meta l /meta l lographicomount  interface formed a 
natural crevice.  

function of solution composition. In  sulfate solutions 
the pits become hemispherical  with the walls of the 
pits honeycombed by crystallographic planes (Fig. 2);  
the t ransi t ion from the ini t ial  stage to this one is not 
understood. As the pits cont inue to grow, polishing 
begins at the bottom of each pit and progressively 
moves up the walls unt i l  they are smoother than  le 
derriere d 'enfant  (Fig. 3). SEM studies of the surfaces 
of these pits show no visible s t ructure  at 10,000X mag-  
nification, indicat ing that  any steps must  be less than 
20 nm (200A) in height. It is these smooth, bright, 
hemispherical pits that are general ly  described in the 
l i terature,  e.g., Ref. (3 and 9). The reasons for the 
t ransi t ion from the faceted s tructured to the polished 
one is discussed below. 

In perchloric acid solution two different growth 
paths have been observed (Fig. 4-7);  in both paths 
the pit walls main ta in  their faceted s t ructure  and 
polishing is never  observed. In  the first path (Fig. 4 
and 5) the simple crystallographic pit continues to 
grow with the same planes developing continuously;  
the pit crosses grain boundaries,  but  main ta ins  its 
relat ively simple structure. The other path (Fig. 6 and 
7) results in a spongy, porous structure,  the growth 
of which requires fur ther  investigation. In this path, 
growth also proceeds by the dissolution of crystal lo-  
graphic planes; even the spongy, porous s t ructure  is 
bounded by facets. 

In  the KHP solution containing no sulfate, pit 
growth proceeds in a m a n n e r  similar  to the first path 

Fig. 1. Crystallographic pits that are typical at initial stage of 
pitting of iron in all solutions. 
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Fig. 2. Stereo pair. Intermediate stage of pitting 
on iron in sulfate solutions, showing nearly hemi- 
spherical pit with honeycomb cells; honeycomb 
cells are bounded by crystallographic planes. Solu- 
tion (a); potential held at 0.85V. 

in  perchloric acid solution. In the KHP solution con- 
ta in ing  sulfate, the initial, faceted s tructure vanishes 
as rounding and some polishing occurs, similar to that  
described for the sulfate solutions. Vetter and Strehb-  
low (6) have also studied this system and reported 
similar observations. 

It has f requent ly  been stated, e.g., Ref. (3), that  
pits in iron, stainless steel, and other metals are not  
crystallographic, but  hemispherical  and polished. These 
data show this not to be so. Rather, the shape and 
morphology depend on the composition of the electro- 
lyte solution. 

Crystallographic morphologies are observed at all 
stages of pit t ing in sulfate-free solutions (Fig. 4-7) 
and dur ing the early stages in sulfate-containing solu- 
tions (Fig. 1 and 2). This is expected (10, 11) when  
anodic dissolution of a metal  surface occurs under  
film-free conditions in the active potential  range of 
the anodic polarization curve, i.e., when Tafel behavior  
is observed. Indeed, faceting occurs under  these con- 
ditions dur ing  the dissolution of Fe in H2SO4 and in 
HCIO4 solutions (Fig. 8); s imilar  results are observed 
in HC1 solution. Microprobe potential  measurements  
(1) show that the potential  across the interface of the 
dissolving surface of a pit is in the active region, even 
when the potential  of the specimen surface is ma in-  
tained in the passive region. Thus crystallographic 

pits are expected to form if film-free conditions are 
maintained.  

Smoothing and br ightening of the surface, as ob- 
served for pits at later  stages of growth in sulfate solu- 
tions (Fig. 3), is not characteristic of Tafel behavior, 
but  is indicative of a mass- t ransport  controlled reac- 
tion, e.g., diffusion in the electrolyte (12). Diffusion- 
limited anodic dissolution of iron in H2SO4 is observed 
in the potential range from --0.I to -~0.5V, the current 
density being about 0.2 A /cm 2 (13-15); the diffusion- 
l imited current  density results from the formation of 
a ferrous sulfate film (14). Our measurements  (1) 
indicate that the potential  and current  density wi thin  
pits on iron correspond closely to these values; the 
polishing of the pits agrees with these facts. The pits 
ini t ia l ly form with a crystallographic morphology pre-  
sumably because t ime is required to form the ferrous 
sulfate polishing film. The t ransi t ion from the crystal-  
lographic morphology to the polished one begins at 
the bottom of the pit and moves upward to the r im 
(Fig. 3), inasmuch as the solution is most concentrated 
in ferrous and sulfate ions at the bottom (1), and 
hence film formation is init iated there. 

The crystallographic morphology is mainta ined in 
the other solutions indicat ing that  a polishing film 
does not form. This is consistent with the anodic polar-  
ization curves for iron in the different solutions and 

Fig. 3. Transition from intermediate to advanced stage of pitting 
on iron in sulfate solutions, showing start of polishing at bottom 
of pit and a completely polished pit. Solution (a); potential held 
at 0.85V. 

Fig. 4. intermediate stage of pitting on iron in HCI04 solution 
(path 1, see text), showing simple crystallographic pits. Solution 
(d); potential held at 1.00V. 
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Fig. 5. Stereo pair. Advanced 
stage of pitting on iron in 
HCIO4 solution (.path 1, see 
text), showing faceted walls of 
pit and grain boundaries within 
the pit. Intermediate stage of 
pitting is also visible. Solution 
(d); potential held at 1.00V. 

w i t h  the  so lub i l i ty  p r o d u c t s  of t h e  va r i ous  salts .  A l -  
t h o u g h  a d i f f u s i o n - l i m i t e d  c u r r e n t  is o b s e r v e d  in  t h e  
ac t ive  r e g i o n  for  i ron  in  H2SO4 (9, 14) n o n e  is f o u n d  
for  i ron  in  t he  o t h e r  so lu t ions ,  e.g., Fig.  9; 2 t h e  so lu -  
b i l i ty  p r o d u c t s  of t h e  va r ious  f e r r o u s  sal ts  (Tab le  II)  
i nd i ca t e  t h a t  h y d r a t e d  f e r r o u s  su l fa t e  is t h e  l eas t  so lu -  
ble. 

Stainless steels.--Within t he  conf ines  of th is  s tudy,  t h e  
va r ious  s t a in l e s s  s tee ls  b e h a v e  s imi l a r ly ;  h e n c e  t h e y  
are  c o n s i d e r e d  as a group.  Also  t h e  r e su l t s  in  t h e  d i f -  
f e r e n t  so lu t ions  a re  e s sen t i a l l y  t he  same,  un le s s  i n d i -  
ca t ed  o the rwi se .  As s t a t ed  a b o v e  c rev ices  a r e  t h e  
p r e v a l e n t  co r ro s ion  form.  T h e y  s t a r t  a t  t h e  i n t e r f a c e  
b e t w e e n  t h e  s tee l  and  the  m e t a l l o g r a p h i c  moun t ,  p r o p -  
aga te  u n d e r  t he  su r f ace  of t h e  steel ,  a n d  e v e n t u a l l y  
p e n e t r a t e  t he  su r f ace  f r o m  u n d e r n e a t h  (Fig.  10). I t  is 
r e a s o n a b l e  to conc lude  t h a t  c rev ices  p r o p a g a t e  b y  the  
s ame  m e c h a n i s m  as pits ,  s ince  t h e  p o t e n t i a l  ac ross  t h e  
i n t e r f a c e  of a d i s so lv ing  su r f ace  in a c r ev i ce  is also in  

At low current densities (see insert, Fig. 9) the Tafel relation- 
shiD is obeyed. At high current densities ohmic control exists, as 
evidenced by the linear E~ relationship. Passivation occurs at  
0.55V, the same potential at which it occurs in H2SO4. 

the  ac t ive  p a r t  of t he  anodic  p o l a r i z a t i o n  c u r v e  of  t h e  
m e t a l  (1).  

P i t s  a re  u sua l ly  no t  i n i t i a t ed  a t  p o t e n t i a l s  b e l o w  
0.7V;~ m o s t  of t he  p i t t i n g  s tud ie s  w e r e  c o n d u c t e d  at  

a This is an approximate value, the potential varying with solu- 
tion composition. No effort was made to determine whether a criti- 
cal pitting potential exists and, if so, what it is. 

Fig. 7. Intermediate and advanced stage of pitting on iron in 
HCIO4 solution (path 2, see text). Upper left, entire pit; upper 
right, schematic of cross section m-re', lower left, faceted pit walls; 
lower right, spongy, porous structure bounded by crystallographic 
planes. Solution (d); potential held at 1.22V. 

Fig. 6. Intermediate stage of pitting on iron in HCIO4 solution 
(path 2, see text), showing highly complex growth pattern. How- 
ever, walls of pit are faceted. Solution (d); potential held at 0.84V. 

Fig. 8. Surface of iron etched in active potential region of 
anodic polarization curve in (a, left) 1N HCI04 at - -0.16V and in 
(b, right) 1N H2SO4 at --0.15V, showing faceted surfaces. 
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Fig. 9. Measured anedic polarization curve of iron in IN  HCI04. 
At low potentials (see insert) Tafel behavior is observed. Between 
0.0V and the possivation potential, 0.55V, the system is under 
ohmic control. No diffusion-limited current region is observed. 
Plot in insert has been corrected for IR drop. 
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Fig. 10. Crevice corrosion in Type 304 stainless steel, solution 
(g); potential held at 0.40V. Part of the interface between the 
specimen and the metallogrophic mount is seen at upper left. Cor- 
rosion proceeded from interface under surface, finally penetrating 
surface at many sites. 

potentials between 1.0 and 1.4V, in  which range two 
types of pits are observed: pits of the first type (Fig. 
11), which never  appear to grow larger than  20 or 30 

Table II. Apparent* solubility products, calculated from data in 
Ref. (16) 

C o m p o u n d  T,  ~ /~,p 

FeSO~ �9 7H20 25 3 
F e ( C I O D =  �9 6H=O 20 70 
FeC12 �9 4 H 2 0  20 90 

�9 B a s e d  o n  c o n c e n t r a t i o n s .  

~m in diameter, are similar to those observed on Fe. 
These pits are not associated with inclusions. The small 
ones are crystallographic (Fig. 11a) and are observed 
to form in each solution. The larger ones (Fig. 11b) 
are observed only in solutions containing sulfate. It 
appears that, though rounded, these do not undergo 
polishing, presumably because the CI-:SO4-- ratio of 
10:1 is too great to permit supersaturation of the solu- 
tion with ferrous sulfate. 

The second type of pit, the most common one and 
that normally observed in the optical microscope, is 
initiated at inclusions in the matrix (Fig. 12a) 4 and 
is not observed to be crystallographic. From the study 
of stereomicrographs of many pits, it is believed that 
each pit  grows radial ly  under  the metal  surface away 
from the inclusion; fur ther  surface penetra t ion comes 
from underneath,  giving rise to the lace-l ike s t ructure  
that  spreads away from the inclusion (Fig. 12b, 13). 
Stereo examinat ion  of these micrographs indicates 
that the external  surface of the lace-l ike cover is 
smooth except for the small  holes, and that  the under -  
side is rough, indicating that  this s t ructure is the re-  
sult of dissolution from wi th in  the pit. As the pit 
grows the cover eventual ly  is completely dissolved, 
leaving a large open pit, the bottom of which is nor -  
mal ly  rough with occasionaI evidence of faceting. Simi-  
lar  observations have been made by Streicher (17) 
and by Rosenfeld and Danilow (18), bu t  they did not  
associate the ini t ia t ion of these pits with inclusions. 

The pits associated with inclusions and crevices ap-  
pear to propagate in a similar manne r  and presumably  
by the same mechanism (1);  they grow to almost any 
size, while those pits not associated with inclusions 
become repassivated early in their  history. One expla- 
nat ion of this difference is that  enhanced diffusion and 
convection in the more open, inclusion-free pits pre-  
vent  the solution from becoming sufficiently concen- 
t ra ted in C1- and /or  H + to sustain pit t ing;  thus re-  
passivation occurs. Conversely repassivation is less 
l ikely to occur in the covered pits and crevices. In  
addition, their highly concentrated solutions could be 
responsible for the absence of crystallographic struc- 
ture because a viscous layer  or a precipitate that  l im-  
its the rate of dissolution may form. 

X - r a y  m i c r o a n a l y s i s  i n d i c a t e s  t h a t  t h e  i n c l u s i o n  s e e n  i n  F ig .  12a 
contains Mn, Cr, Ti, and AI. 

Fig. 11. Examples of pits not 
associated with inclusions found 
on stainless steel. (a, left) 
Crystallographic pit that is 
typical of initial stage of pitting 
in all solutions. Solution (j); po- 
tential held at 1.0V. (b, right) 
More advanced stage in sulfate- 
containing solutions, showing 
disappearance of some of the 
crystallographic structure. Solu- 
tion (g); potential held at 1.0V. 



Vol. 119, No. 10 CORROSION OF IRON AND S T A I N L E S S  STEEL 1309 

Fig. 12. Pitting in stainless 
steel at inclusions (a, left) initial 
stage. Solution (g); potential 
held at 1.0V. (h, right) Intermedi- 
ate stage, showing that pit has 
grown under the surface and 
finally penetrated from under- 
neath, producing lace-like cover 
over pit. Solution (i); natural 
corrosion. 

Fig. 13. Stereo pair. More advanced stage of 
pitting in stainless steel initiated at an in- 
clusion, showing how pit has propagated under 
and penetrated through the surface from un- 
derneath; during last stage of growth lace-like 
cover dissolves exposing entire pit. Solution 
(g); potential held at 1.0V. 

Natural corrosion.--Iron becomes active when  im-  
mersed in a solution of Fe2 (SO4)3 containing a trace of 
CI- ,  even though this solution has a redox potential  
of 0.9V (as measured on an inert  electrode) which is 
in the passive region of iron; the reason is that  Fe + + + 
reacts with the iron to form Fe + +, thereby polarizing 
the iron to a potent ial  in the active region. Stainless 
steels, on the other hand, do not activate under  these 
conditions. Thus our studies were confined to the stain-  
less steels, with most experiments  conducted on Type 
304. 

The results indicate that  the corrosion potent ial  is 
the main  factor controll ing the type of local cell that  
is initiated, s imilar  to the observations for potentio-  
statically controlled corrosion. In  those solutions in 
which the corrosion potent ia l  is iow, only  crevice cor- 
rosion occurs. For  example, when  the steel is immersed 
in a solution of Fe2(SO4)3 containing some C1- (pH 1; 
redox potential,  0.9V) the init ial  5 corrosion potential  
is 0.6V and rapidly falls to 0.3V or less; only crevice 
corrosion is observed. However, when  H202 is added, 
the corrosion potential  jumps to 0.7V and pits develop 
(Fig. 12b). In  a NaC1 solution in which the steel ex-  
hibits a low corrosion potential,  only crevice corrosion 
is observed. But in acidified FeCI3 solution in which 
the corrosion potential  is ini t ia l ly above 0.7V, both 
pit t ing and crevice corrosion occur; the pits general ly 
are bounded by crystallographic facets and remain  
small, similar to those discussed above and shown in 
in Fig. l l a .  The pits at inclusions were not observed in 
the FeC13 solution, the reason for which is not  clear. 
Crevices that  form under  na tura l  corrosion conditions 
have the same appearance as those that  form under  
potent~ostatic conditions. Thus the propagation mech-  
anism is most l ikely the same. 

M e a s u r e d  a b o u t  2 see  a f ter  i m m e r s i o n .  

Conclus ions  
The pi t t ing of i ron and the pi t t ing and crevice cor- 

rosion of stainless steels have been studied under  
potentiostat ically controlled and under  na tura l  cor- 
rosion conditions. The morphological studies on iron 
are consistent with the previous conclusion (1) that 
the potent ial  across the interface of the dissolving sur-  
face inside the pit is in the active part  of the anodic 
polarization curve of the metal, even when  the poten-  
tial across the interface of the passivated surface is 
more than  IV more positive. The surface morphology 
of the pit is controlled by the composition of the elec- 
trolyte solution. If a ra te- l imi t ing  fi]m can form within  
the pit, e.g., in sulfate solutions, a pit in i t ia l ly  bounded 
by crystallographic planes will  become hemispherical  
and polished. However,  if a film does not  form, e.g., in 
perchlorate solution, the pit wil l  remain  bounded by 
facets, similar to those observed dur ing active anodic 
disso!ution of bu lk  specimens. 

For the stainless steels it has been  shown that  crev- 
ice corrosion is the prevalent  form of corrosion and 
that  pi t t ing can be init iated only at re la t ively high 
potentials. The results are the same for ferritic and  
for austenitic alloys, for the numerous  electrolyte 
solutions used, and for potentiostatic and for na tu ra l  
corrosion conditions. The propagation of most pits and 
crevices appears to be controlled by the same factors. 
Most pits in stainless steels, but  not all, are  ini t iated 
at inclusions. They grow under  the surface away from 
the inclusion and eventual ly  penetrate  the surface 
from underneath.  Pits not associated with inclusions 
do not grow to an appreciable size, p resumably  be-  
cause the entire pit cavity is exposed to the bu lk  solu- 
t ion and mixing of the solutions facilitates repassiva- 
tion. 
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Optical Properties of Chromium-Plated Steel 
R. F. Hoeckelman* 

United States Steel Corporation, Research Laboratory, Monroeville, Pennsylvania 15146 

ABSTRACT 

The color and the reflectivity of the chromium-plated steel product now 
being used in the manufacture of containers were examined. A 45-degree 
Gardner glossmeter was used to determine specular reflectivity and a Gen- 
eral Electric Spectrophotometer was used to determine diffuse reflectivity and 
color in terms of t r is t imulus numbers  and corresponding chromaticity values. 
Chromium-pla ted  steel with a low level of surface oxides has a blue hue and 
greater specular and diffuse reflectivity than  the unplated steel base. As the 
chromium oxide level increases, the blue hue decreases and the surface ac- 
quires a golden- tan hue. The specular reflectivity decreases with an increase 
in chromium oxide level and varies with the angle of i l luminat ion with re-  
spect to the steel roll ing direction. The diffuse reflectivity likewise decreases 
with an increase in the chromium oxide level. There is a l inear  relat ionship 
between the oxide level and the sum of x and y chromaticity values. When 
chromium-pla ted  steel was coated with a t rans lucent  lacquer, the hue of the 
product still varied in accordance with the hue of the original steel. Heating 
the chromium-pla ted  steel in air increased the oxide level and the (x + y) 
chromatici ty value. From the data obtained in this study it would appear that  
the rate of surface oxidation of the chromium metal  upon being heated in air 
at 260~ is 11 mg C r / m  2 hr  (1.0 mg Cr/f t  s hr) .  

Chromium-coated steel is being used as an a l te rna-  
tive to t in-pla te  for making cans for beer, beverages, 
and some foods. Light-gauge steel (0.006 to 0.011 in. or 
0.152 to 0.279 m m  thick) is electroplated with chro- 
mium to a thickness of about 7.6 nm (5 mg Cr/f t  2) and 
has a surface oxide about 7 to 20 nm thick containing 
0.4 to 1.4 mg Cr+a/ft2. To minimize scratching and to 
facilitate handling, a light oil film about  5,1 nm thick 
(0.25g per base box) is applied to the material .  This 
product, known in the indus t ry  as t in- f ree  steel chro-  
mium- type  (TFS-CT),  cannot be soldered; but  new 
methods (welding or cementing) of side-seam con- 
struction in manufac tur ing  have made the use of 
chromium-pla ted  steel for containers practical. 

A bright, uni form metallic appearance is a desirable 
feature of chromium-pla ted  steel. The lustrous metal  
beneath the semit ransparent  lacquers often used on 
beer and beverage cans lends eye appeal and enhances 
product recognition. However, examinat ion of various 
lots of mater ial  shows that  chromium-pla ted  steel has 
a range of color, texture,  and luster. Thus, to provide 

* Electrochemical Society Active Member. 
Key words: color, tin-free steel, chromium oxide, spectrophotom~ 

etry. 

informat ion as to the possible cause of these variations, 
the reflectance and the color of various TFS materials 
were determined and the results compared with other 
properties of the material.  When TFS-CT is heated 
and lacquered, as in the usual can-making  operations, 
the optical properties change; thus, the degree of color 
change with heating and lacquering was likewise de- 
termined. 

Materials and Experimental Work 
Chromium-pla ted  steel was obtained from various 

sources: commercial product, exper imental  mater ial  
produced on pi lo t - l ine  equipment,  and individual  
specimens prepared as s tat ionary cathodes in  bench-  
scale plating baths. Some specimens of chromium- 
plated steel were made by a one-step process; that  is, 
the chromium metal  and the surface coating of oxide 
were deposited s imultaneously in one electroplating 
operation. Other specimens were prepared in two steps; 
the metallic chromium was deposited in one operation 
and the chromium oxide in  a second operation. For 
the heating and lacquering experiments,  chromium-  
plated specimens were prepared on bench equipment  
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with the same steel base to ensure uni formi ty  of the 
steel surface. 

To determine the optical properties of the steel base, 
the specimens were t reated to remove the oxide films 
normal ly  present. The steel surface was cleaned by 
degreasing, pickl ing in  10% sulfuric acid solution at 
room tempera ture  for one minute,  r ins ing  in water,  
pickling in 5% citric acid at room tempera ture  for one 
minute,  r ins ing with an  organic solvent such as acetone 
or methanol,  and drying in a hot air stream. For cer- 
ta in  measurements,  the chromium oxide coating on the 
TFS-CT was removed by  immersion in  a 10N solution 
of sodium hydroxide at 195~ (89~ for 10 rain fol- 
lowed by  cold-water  r ins ing and drying in  a s tream 
of hot air. 

I n  the experiments  concerning the effect of heat ing 
on the optical properties of TFS-CT, a laboratory oven 
was used for room-atmosphere  tests, and a tube fur-  
nace was used for tests with ni t rogen and n i t rogen-  
hydrogen atmospheres. No at tempt was made to fur -  
ther  pur i fy  the bottled gas obtained from a commer-  
cial supplier. 

The optical properties of lacquered TFS-CT were 
also determined. The type of lacquer used, the coating 
weights, and the curing conditions are shown in Table 
I. 

The optical measurements  were made with a Gard-  
ner  Laboratory 45-degree portable g]ossmeter GG- 
9020 (P-45), and a General  Electric Spectrophotometer, 
Catalog No. 7015E30G, was used to measure the color 
of TFS-CT specimens by  reflected light in the visible 
region of the spectrum. The color of the diffuse re-  
flected light was determined after the specular reflec- 
tion was adsorbed on a black surface. The spectra- 
photometer gave two outputs, a graph of per cent re-  
flectance vs. wavelength of l ight from 380 to 700 rim, 
and a computat ion of the t r is t imulus  values X, Y, and 
Z. These t r is t imulus  numbers  are based on a system 
chosen by  the In te rna t iona l  Commission on I l l umina -  
tion so that  all  the spectral colors could be matched 
by positive amounts  of three theoretical pr imaries  
(1). The light source used in the spectrophotometer 
was the s tandard CIE Source C as described in  the 
ASTM Designation, E308-66 (2). 

Results and Discussion 
Several  factors influence the appearance of chro- 

mium-p la ted  steel. Variations in surface roughness can 
cause changes in the distinctness of image and the 
ratio of the coefficients of specular to diffuse reflectiv- 
ity. If the surface becomes covered with oxide, oil, or 
foreign matter,  the over-al l  luster wil l  be affected. 
For example, specular gloss of sheet steel varies with 
the angle of i l luminat ion to the roll ing direction, and 
with chromium oxide weight, as shown in  Fig. 1. Chro- 
mium-coated  steel with an oxide coating containing 
less than  0.16 mg Cr+3/dm 2 (1.5 mg Cr+3/ft  2) is more 
reflective than  the cleaned steel surface; but  as oxide 
coating weight increases, the specular reflectivity de- 
creases. 

The diffuse reflectivity of TFS-CT, represented by 
the Y t r is t imulus  value measured by the spectropho- 
tometer, is shown in Fig. 2. The diffuse reflectivity also 
decreases with an increase in oxide coating weight. 
The specimens tested for diffuse reflectivity, Fig. 2, 

Table I. Lacquer used on TFS-CT 

WeiRht  C u r i n g  
of  coa t ing ,*  t i m e ,  C u r i n g  

T y p e  of  r n g / 8  in.  s m i n -  t e m u e r a t u r e ,  
l a c q u e r  Co lo r  ( m g / 0 . 0 0 5 2 m  2) u t e s  ~  (~  

Epoxy amine Colorless 17.9 8 375 ~ (190 ~ 
Polybutadiene Gold 37.0 I0 400" (205 ~ 
E p o x y  Gold  18.4 10 400 ~ (205 ~ ) 

" Al l  p a n e l s  w e r e  d i p - c o a t e d .  

1311 

Cr +5 IN OXIDE,  m g / m  2 

IO 2 0  30 
130 I I I 

4 5  ~ G L O S S M E T E R  
120 -- ASTM STANDARD 54 SET AT 26. 

EACH POINT REPRESENTS THE 
AVERAGE OF I0 D E T E R M I N A T I O N S .  

I 1 0  -- 
CLEANED STEEL CONTROL 
L I G H T  P A R A L L E L -  80  
L I G H T  P E R P E N D I C U L A R - 5 6  I 0 0  -- 

9 0 - -  

8 0 - -  ~ -- 
0 0 / 

7 0  L I G H T  R E F L E C T E D  P A R A L L E L  ~ - -  
TO R O L L I N G  D I R E C T I O N  

6 0 - -  ~ n C] - -  

TO R O L L I N G  D I R E C T I O N  

40  I I I I I I I 
0 0 .5  1.0 1.5 Z,O 2 .5  3 . 0  3 .5  

Cr +3  IN O X I D E ,  mg / f t  2 

Fig. |. Specular reflectivity of TFS-CT of varying oxide coating 
weights. 

Cr +5 IN OXIDE, m g / m  2 

I0  20  50  
4 4  I I I 

G E N E R A L  E L E C T R I C  S P E C T R O P H O T O M E T E R  
>" USING ONE BLACK CUP. 
F 4 2 - -  
> EACH POINT IS THE AVERAGE 

OF SIX D E T E R M I N A T I O N S  
u 
,- 4 0 - -  
.J 0 
LL 
bJ 
n~ 3 8 - -  
bJ 0 0 (/) 

LL 
'" 5 6 - -  

I'- 
z 3 4 - -  
r 

W 
" 32 -- 

>" 0,~ 

3 o  1 I 1 1 I I I 
0 0 . 5  1 .0  1.5 2 . 0  2 . 5  3 . 0  3 . 5  

Cr+5 IN OXIDE, mg/ft 2 
Fig. 2. Diffuse reflectivity of TFS-CT of varying oxide coating 

weights. 

are portions of the same samples tested for specular 
reflectivity and shown in  Fig. 1. These samples were 
prepared by using a single sheet of steel, and measure-  
ments  of the optical properties of only one surface are 
shown. Measurements  of reflectivity of the obverse 
surface show quite different results because the  surface 
roughness differs. 

Color of TFS-CT and correlation with oxide coating 
weight.--The diffuse reflectivity varies with the wave-  
length of visible light, as shown in Fig. 3. The s tandard 
white  ceramic Vitrolite reflects much more light than 
the metal  surfaces, and, consequently,  the metals  ap-  
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i ~ - , ~  ~ , ;  - , ~  ~ , ~  
3 2 0  460 540 6 2 0  700 

W A V E L E N G T H ,  n o n o m e t e r s  

Fig. 3. Diffuse reflectance as o function of wavelength 

pear gray ra ther  than white. Steel reflects about the 
same amount  of light at all wave'.engths and has the 
neutra l  gray color. Metallic chromium has peak reflec- 
t ivi ty in the blue region of the spectrum, whereas 
chromium covered with a heavy oxide coating has de- 
pressed reflectivity in the blue region. Metallic chro- 
mium, therefore, has a bluish tint, and TFS-CT with 
heavy oxide on the surface appears golden tan. Gardam 
(3) has reported on the colors of metals and alloys and 
has found chromium to be one of the bluest of metals. 

The values of the reflectivities can be integrated over 
the visible spectrum to give the t r is t imulus  numbers  
as described by Clydesdale and Francis  (4). These 
numbers  specify quanti t ies of red, green, and blue 
p r imary  colors making up the color of the specimen. 
The t r is t imulus numbers  can be converted into chro- 
matici ty  values as follows 

X Y 
x - -  y - -  

X + u  X + Y + Z  

where  X, Y, and Z are t r is t imulus numbers  and x and 
y are chromatici ty  values. A chromatici ty diagram, 
Fig. 4, shows the locus of chromaticity values for the 
various TFS-CT samples clustered about the i l lumi-  
nan t  point, an indication of low intensi ty  of color. 
Figures 5 and 6 show chromatici ty diagrams of TFS-  
CT with. various oxide coating weights on four differ- 
ent steel sheets. (Note that  only a port ion of the 
chromaticity diagram is shown and the x and y co- 
ordinates have been greatly expanded.) Although dif-  
ferent  plat ing solutions were used, the locus of chro- 
matici ty coordinates for TFS-CT lies along a single 
l ine on the chromaticity diagram. 

The color of TFS-CT ranges from the blue hue (475 
nm) of metallic chromium through neut ra l  or gray 
and into the yellow region of the spectrum having a 
dominant  wavelength of about  578 rim. Because the 
blue color is absorbed by the oxide coating, it is rea-  
sonable to expect that the oxide coating weight would 
be related to the seldom-used z chromatici ty value. 
However, to obtain a positive slope on a graph of coat- 
ing weight vs. chromaticity value, coating weight 
could be plotted against (1 -- z) or against (x + y) 
since x + y + z ~ 1. In Fig. 7 and 8, the Cr +~ 
in the oxide determined analyt ical ly  is directly pro- 
portional to the (x + y) chromaticity. Although there 
is some spread in the data, as shown by extrapolat ion 
t o  zero oxide coating weight, giving a value of (x + y) 

I ' I a "'1 i I 
_ _  C. LOCUS OF TFS-CT 

0 . 8 ~  SAMPLE CHROMA- - t COORO,NATES 

u,,~70n m - 

rl SPECTRAL . . . .  ,, , SOom 
o,lJj   .,.7 

ol , ~  IC~176 , 

0 0.2 0.4 0.6 
x 

0 . 8  ~ '  I ' I ' 

~ YELLOW 

0 .6  / 
G R E E N  

>, 0 .4  ~ -  

\ / , ~ , ~ _ ~  v , o ,  E'r 
0 , ~ , I , l I 

0 0.2 0 .4  0.6 
x 

Fig. 4. Chromaticity diagram showing positions of the colors 

I I 
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IEIGHT 

0 . 3 4 0  0.237 mm THICK) 

0 . 3 3 0  / 
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t I 
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0.154 mm THICK) 

/ 
/ 

I I 
STEEL NO. 3 
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WEIGHT 
0. t54 mm THICK} 

/ 
- /  

I I I I 
,300 0.310 0 .320  0.300 0.310 0.320 

Fig. 5. Chromaticity diagram for TFS-CT with variable oxide 
coating weights on three different steel substrates. 

chromaticity of 0.6064 • 0.003, an equation can be 
wr i t ten  to represent  the data fairly well. The oxide 
coating weight, W, expressed as mg Cr+S/ft2 is re-  
lated to (~ -F Y) chromaticity as 

W = 83.41 (x -- y) -- 50.58 

where x and y are chromatici ty values determined 
from tr is t imulus  numbers  as described previously. W 
may be converted to mg Cr+3/m2 by mul t ip ly ing  by 
10.7. 

Accuracy of data.--To determine  the value of the 
(x + y) chromatici ty at zero oxide coating, the oxide 
coatings were stripped from 28 samples of TFS-CT 
according to the method prescribed by Shuto (5). 
Chromaticity was determined and the (x + y) values 
had a spread of • The average value, 0.6084, 
was 0.0020 higher than the average of the extrapolated 
values discussed previously. This positive deviation 
seems reasonable because chromium metal  in  contact 
with air will always have some oxide on its surface. 
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Fig. 6. Chromaticity diagram for a programmed experiment to 
produce TFS-CT with different oxide coating weights on a single 
steel suhstrate. 

In another  test, the same samples were placed in 
the sample holder of the spectrophotometer with the 
rolling direction vertical  ra ther  than horizontal. The 
spread in chromaticity was ___0.0012, but  the average 
value of (x 4- y) was 0.003 higher than with the same 
samples held in a horizontal position. The degree of 
change in color with a change in surface texture  was 
not determined, but  some of the point spread in the 
curves shown in Fig. 7 and 8 may be due to surface 
irregulari ty.  

The x - ray  fluorescence method of chemical analysis 
for chromium is also sensit ive to surface texture, but  
b lank (unplated)  panels are used to adjust  the zero 
point and improve the accuracy. The analysis  of the 
chromium in both metallic and oxide coatings is ex- 
pected to be accurate to -!-_0.3 mg Cr l / f t  2 (+_3.2 mg CrZ/ 
m2). More than  95% of the data fall wi th in  the limits 
of the exper imental  errors jus t  outlined. 

E~ect o~ lacquer coatings on the color o~ TFS-CT.~  
Since most TFS-CT is lacquered before being used for 
beverage or food containers, how is the color of the 
TFS-CT affected by the lacquer? To answer this ques- 
tion, three lacquers were applied to TFS-CT and the 
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Fig. 8. Oxide coating weight vs. (x-ky) chromaticity 

colors of the products were measured and compared 
with the original colors of the TFS-CT. In  Fig. 9, 10, 
and 11, the chromaticity values of both lacquered and 
unlacquered panels are shown. The color of the TFS-  
CT affects the color of the lacquered panel. The spread 
in chromatici ty values for the lacquered panels is less 
than  that for the unlacquered panels in all three cases. 
The difference in color of TFS-CT is made somewhat 
less apparent  by lacquering. 

Effect o] heating on the color o~ TFS-CT.wWhen 
TFS-CT is used for beer or beverage containers, it is 
first lacquered and the lacquered mater ial  cured. 
Sometimes the TFS-CT is processed one side at a t ime 
so that one side is unlacquered dur ing the first heating 
cycle. If heat ing is moderate and the heat ing cycle is 
short, relat ively little change occurs in the TFS-CT. 
However, as the tempera ture  increases or the heating 
cycle lengthens, the oxide coating undergoes chemical 
and physical changes (6). Briefly, when  the tempera-  
ture is raised above 300~ (149~ and the baking 
time goes beyond 30 rain, water  is dr iven out and the 
oxide becomes more crystal l ine and much less soluble 
in alkal ine solution. Analyt ical  data with respect to 
Cr +s are questionable for heated TFS-CT, and no ac- 
curate determinat ion of the rate of oxidation has been 
made. 

There are unanswered  questions about the optical 
properties of heated TFS-CT. Consider, for example, 
how does the oxide coating thickness vary  with heat-  
ing when  the water  is dr iven off and the coating is 
becoming more crystal l ine? Does this chemical change 
alter the basic color, t ransparency,  or refract ive index 
of the oxide? These questions cannot  be answered di- 
rectly, but  t r is t imulus  data can be examined for TFS-  

Od 
,7. 5 . 0  

E 
4 .0  

,.g 
Z 
j- 
.~ 3 . 0  
0 

tll 
~ 2 .0  
X 
o 
z 
- 1 . 0  

§ 

,3 

STEEL  NO. 1 

8 5 - I b  BASIS  
WEIGHT 

( 0 . 2 5 7  mm THICK 

- / 0 

- 

~ O /  ~ 

0 ,g~ I 
0 . 6 0 0  0 . 6 2 0  0 . 6 4 0  

STEEL  NO. 2 

5 5 - 1 b  BASIS 
WEIGHT 

( 0 . 1 5 4  mm THICK 

/ 
%f 

:/  
) .600 0 . 6 2 0  

S T E E L  NO. 3 

5 5 - t b  BASIS  
WEIGHT - 5 0  

(0 .154  mm T H I C K  
m 

4.0 
/ 

- -  ^ /  - - 3 0  
w 

J 0 

- -  - -  / - - I O  

Ob 
I ' I I o 

0.64.0 0 . 6 0 0  0 . 6 2 0  0 . 6 4 0  
x + y  

04 

E 

E 

G 
z 
I-,- 

o s 

l,=j c,, 

o 
z 

m 

L 

Fig. 7. Cr s in oxide vs. (x-f-y) 
chromaticity for three steel sub- 
strates. 



1314 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  October 1972 

0 . 3 2 2  

0 . 3 2 0  

SAMPLE UNLACQUERED 

I v �9 

2 ~ �9 
3 o �9 
4 X 
5 + § 
6 ,7  o �9 

LACQUERED, 
CLEAR 
EPOXY AMINE 

0 . 3 1 8  

0 . 3 1 6  

0 . 3 1 4  

WHITE 
STANDARD 

0 .3  I f' 

oFy 
0 . 3 0 8  , I = I I I 

01300 0 . 3 0 4  0 . 3 0 8  0 . 3 1 2  

x 
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CT before and after heating. The chromatici ty diagram 
of Fig. 12 shows that heat ing TFS-CT in  air for 30 
min  at 500~ (260oc) moves the chromatici ty numbers  
to the top right  of the figure as though each specimen 
(except one) had been oxidized. TFS-CT heated in an 
inert  atmosphere shows little change in chromatici ty 
numbers ,  Fig. 13, and thus leads to the conclusion tha t  
the optical properties do not change significantly when  
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Fig. 12. Chromaticity diagram for TFS-CT before and after heat- 
ing. 

TFS-CT is heated in  an iner t  a tmosphere to 500~ 
(260~ for 30 min. 

When TFS-CT is heated in  air, the increase in the 
amount  of oxide, indicated by the change in  chroma-  
ticity in Fig. 12, can be calculated for each specimen 
by using the chromatici ty numbers  (x + y) and the 
equation relat ing (x 4- y) to oxide coating weight. 
The calculated increase in coating weight is plotted 
as a function of the average coating weight in Fig. 14. 
The scatter in the data is r emarkab ly  small  and there 
is some indication that  increased oxide coating weight 
reduces the rate of oxidation, 'as might be expected 
intuit ively.  From Fig. 14 it is apparent  that  the rate 
of oxidation of bare electroplated chromium metal  in 
air is about  1.0 mg Cr / f t  2 hr  at 500~ (11 mg C r / m  2 
hr at 260~ 
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S u m m a r y  
TFS-CT has a brighter  appearance than  steel, and 

the brightness is related to the amount  of chromium 
oxide present  on the TFS-CT surface and the tex ture  

of the surface. TFS-CT surfaces with little or no oxide 
have the brightest  appearance. The specular reflectiv- 
ity of TFS-CT measured with a 45-degree glossmeter 
was a function of the coating weight of chromium ox- 
ide when  the same steel base was used to prepare all 
samples. Likewise, the diffuse reflectivity as measured 
by a spectrophotometer gave a similar result. When 
different steel surfaces were involved, however, the 
amount  of light reflected was strongly dependent  on 
surface roughness and the angle of incident  l ight with 
respect to the roll ing direction. 

The surface roughness had only a minor  effect on the 
color of TFS-CT. The color of chromium is slightly 
blue bu t  as the oxide coating on TFS-CT builds up, 
the blue is absorbed in proportion to the thickness of 
the oxide. In  this way the oxide coating weight (in 
mg/Cr+8/ f t  2) has been correlated with the chromatic- 
ity values x and y to give the equation W -- 88.41 (x 
+ y )  - -  50.58. 

The effect of oxide coating weight on the colors of 
lacquered TFS-CT has been observed for both color- 
less and gold lacquers. The effect of changes in oxide 
coating weight on changes in the color of TFS-CT is 
greatest for the bare product and somewhat less for 
the lacquered product depending on the type of lacquer 
used. 

Heating TFS-CT in air causes physical, chemical, 
and color changes in  the oxide coating, but  the color 
of that  coating remains  remarkab ly  stable when  TFS-  
CT is heated in an inert  atmosphere. Electrodeposited 
chromium oxidizes at 500~ (260~ in air at the rate 
of 1.0 mg Cr / f t  2 hr (11 mg C r / m  2 hr) .  

Manuscript  submit ted April  13, 1972; revised manu-  
script received May 26, 1972. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in  the June  1973 3OZm~AL. 
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Some Aspects of Electrode Erosion in Arc Heaters 

K. Mosley, 1 A. E. Guile, and D. Dring 
Department of ~lectrical and Electronic Engineering, 

University of Leeds, Leeds LS2 9JT, Yorkshire, England 

ABSTRACT 

Very  l i t t le informat ion has been published on the erosion of electrodes 
occurr ing when the cathode and anode spots of arcs move over  their  surfaces 
for long periods. The results  of measurements  made during a study of an arc 
heater  are reported herein. Operat ing an arc at 180A d.c. in argon at pressures 
be tween  2 and 73 atm has shown that  the cathode erosion rate can vary  by at 
least two orders of magni tude  for re la t ive ly  small  changes in are velocity.  
Phenomenological  observation of electrode surfaces indicates that  gas in the 
electrode mater ia l  plays a ve ry  impor tant  role in electrode erosion. 

In a number  of applications in chemical  engineering,  
aeronautics, and other  fields, electric arcs are com- 
monly  used to heat  gases at a tmospheric  pressure and 
above. Par t icu la r ly  where  the processes involve opera-  
tion for ve ry  long times, the erosion of the electrodes 
must be minimized in order  to avoid costly shutdown 
of plant  to replace electrodes. It  is also f requent ly  
necessary to reduce the contaminat ion of the heated 
gas by electrode material .  In a t tempt ing to reach 
these object ives the arc terminat ions  may  be moved 
or rotated by t ransverse  magnet ic  fields or by gas 
flow. For  example,  a recent  paper  (1) has shown that  
for a 200A arc in air at a tmospheric  pressure be tween  
water-cooled  copper electrodes, a 2:1 reduct ion in the 
erosion ra te  occurred fol lowing a 3:1 increase in the 
s t rength of the applied t ransverse  magnet ic  field. Most 
of the exist ing data on the erosion of electrode ma te -  
rials comes f rom the switchgear  field, where  short-  
durat ion arcs are drawn fol lowing meta l -b r idg ing  
processes. These arcs, which are in a quasi -s ta t ionary 
condition, may  ei ther  occur at atmospheric or higher  
pressures, or may be vapor  arcs in an enclosure ini- 
t ially under  high vacuum. 

The observations repor ted  herein, made during a 
study (2) of the conditions of energy balance for d-c  
arcs rotated for several  hours in argon at pressures 
between 2 and 73 atm, suggest that  re la t ive ly  large 
changes in cathode erosion can be associated with  
changes in arc velocity. 

Exper imenta l  Procedure 
The equipment  used has been described more  ful ly 

e lsewhere  (3). Figure  1 shows the basic a r rangement  
in which a h igh-pressure  gas pump circulated gas up- 
ward  through the annular  gap G be tween  the con- 
centric outer  anode A and the inner  cathode C. Af ter  
heat ing by the arc, which was rotated by the axial  
field of F1 and F2, the gas passed into the heat  ex-  
changer  on its r e tu rn  to the pump. To stabilize the  arc 
at high gas mass flow rates it was necessary to pass a 
current  of up to 1.5 kA through the central  conductor  
M so that  the field produced interacted with  the arc 
to give a force in opposition to the aerodynamic  force 
exer ted  by the gas flow. 

P re l imina ry  exper iments  in argon established that  
there was no noticeable erosion of the water -cooled  
copper anode, hence a single anode could be used in 
all the tests. 

Pr ior  to each test  a new cathode was weighed to 
0.01g and inserted in the arc chamber  which was then 
evacuated to an initial air  pressure be tween 1 and 6 X 
10 -3 Torr, before filling with  argon of 99.995% purity. 
Exper iments  (see Table  I) with brass cathodes were  
carr ied out under  s teady-s ta te  t empera tu re  conditions, 
at several  gas flow rates for a given gas, gas pressure, 

P r e s e n t  addres s :  M o r g a n i t e  C e r a m i c  F i b r e s  L td .  
Key  w o r d s :  arc  ca thode ,  a n o d e  eros ion ,  v a p o r i z a t i o n .  
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Fig. I .  Simplified diagram of electrode arrangement 

and radial  electrode gap in an axial  magnet ic  field of 
0.071 Tesla (Wb/m2).  This procedure was repeated 
over  the whole range of gas pressures for different 
electrode gaps. Due to erosion, six cathodes had to be 
used in these exper iments ;  main ly  because with  the  
small radial  gaps used, the arc voltage, and hence the 
energy input  to the arc, was ve ry  sensitive to even a 
re la t ive ly  small  increase in the gap. 

Cathodes were  of brass to specification BS 249, the 
analysis of which is given in Table I, or of phosphorous- 

Table I. Cathode and test environment details for tests in argon 
at 180A using brass (BS 249)* (Range of gas flow rate 

0.5 to 6.5 m/see) 

E s t i m a t e d  R a n g e  of  
Inc rease  in  R e s i d u a l  m a x  o x y g e n  p r e s s u r e s  fo r  

Tes t  or  e l ec t rode  gap  air  conc  i n  w h i c h  resu l t s  
ca thode  due  to ca thode  p re s su re  a r g o n  ( p p m  were  o h -  
n u m b e r  e ros ion  (cm) (Torr)  b y  w e i g h t )  r a i n e d  (a tm) 

A1 None  ( in i t i a l  0.012 5t 2.56-9.15 
gap  0.254 cm) 

A2 0.254-0.319 0.006 5~ 2.56-73.0 
A3 0.254-0.319 0.011 5t 2.56-73.0 
A4 0.259-0.323 0.7 60 2.56-73.0 
]31 0.516-0.531 0.7 60 2.56-51.3 
C1 0.762-0.838 0.015 5"~ 2.56-9.15 
C2 0.762-0.825 1.0 26 2.56-29.6 

t 55-60% Cu, 2-3.5% Pb,  and  r e m a i n d e r  Z n  a p a r t  f r o m  0.75% im-  
pur i t i e s .  

* O x y g e n  c o n c e n t r a t i o n  g o v e r n e d  by  a l e v e l  e x i s t i n g  in  gas bot t les .  
Q u o t e d  b y  B r i t i s h  O x y g e n  C o m p a n y  as 5 p p m  m a x i m u m .  W a t e r  
v a p o r  con t en t  a lso 5 p p m  ( m a x i m u m )  in  bott les .  

1316 
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deoxidized nonarsenical  copper to BS 1172 (min imum 
copper content  99.85%, 0.015-0.08% P) .  

Exper imental  Results 
In pre l iminary  exper iments  in argon with the arc 

chamber  ini t ial ly evacuated to 10 -2 Torr, the erosion 
results shown in Table II were  obtained for brass and 
copper  cathodes. After  the arc had run  for 33 min  on 
the brass cathode there  was only a fine adherent  gray  
deposit of zinc on the anode surface direct ly  opposite 
the arcing surface of the cathode, while  in the arcing 
chamber  a ve ry  fine b lue-b lack  powder,  identified as 
cupric oxide, was found. When the copper cathode was 
used, copper part icles were  found to be loosely at-  
tached to the anode surface opposite the cathode, and 
part icles up to 1 mm long were  found in the  arc 
chamber.  With the copper cathode the arc was much 
less stable than with  the  brass cathode, and this re la-  
t ively  greater  stabil i ty has also been observed for 
low-pressure  arcs (4). The arc luminosi ty  obtained 
with the copper cathode was insufficient to make  the 
optical probe record a veloci ty  signal, but  f rom pre-  
vious exper iments  (5) using the same electrode mate -  
rial and the  same gas it was established that  the arc 
veloci ty was most probably about 36 m/sec,  a l though 
a stable low-speed mode at a veloci ty  as low as 20 m /  
sec was a possibility. The erosion rate  for copper given 
in Table II is plotted against the mid-poin t  of this 
veloci ty  range in Fig. 2 and a dotted line is d rawn 
joining this point f to the curve  c plotted f rom the 
data of Ha r ry  (1), the justification for  which will  be  
discussed later. 

I t  was not pract icable to fit a new cathode after 
arcing under  each condition of gas flow rate and gas 
pressure, because (i) the main purpose of the work  
was not concerned with  erosion measurement ,  (ii) a 
very  large number  of other  measurements  were  re-  
quired in a l imited time, and (iii) replacement  of an 
electrode involved  two days work. The erosion results 
given in Table I, therefore,  cover  a range of arcing 
conditions at various argon flow rates and pressures 
for each cathode. 

For  each cathode listed in Table I which was tested 
at a current  I ( =  180A) for all gas pressures and flow 
rates, the total  weight  loss W in grams may be wr i t ten  
a s  

m 

W : I  ~ ea ta [1] 
$ 

where  m is the total  number  of different gas pressures 
for which the par t icular  cathode was tested, ta is the 
arcing t ime for any par t icular  pressure, and ea is the 
unknown erosion rate  for the average arc veloci ty  
over  the range of gas flow rates explored at the  same 
pressure. (For  the highest  pressures where  m a x i m u m  
erosion occurred, the reduct ion in arc veloci ty when  
the gas flow rate  was increased to its greatest  va lue  
was less than 5%.) Equat ion [1] assumes that  erosion 
may be expressed in g ram/cou lomb for these rotat ing 
arcs. This assumption is often made for static and for 
moving arcs al though it has been shown (6) for arcs 
be tween copper surfaces of contactors in air  up to 
300A that  d W / d t  = K I  1.6. Thus the possibil i ty of an 

Table II. Cathode erosion at 2.56 atm with an argon flow 
of 1.12 to 1.15 m/sec 

Cathode m a t e r i a l  
B r a s s  C o p p e r  

M e a s u r e m e n t  (BSS 249) ( B S S  1172) 

I n i t i a l  w e i g h t  (g) 2328.34 2412.47 
Loss  in  w e i g h t  (g) 0.32 11.53 
T i m e  of t e s t  ( ra in)  33,0 13,0 
A r c  c u r r e n t  (A) 176 156 
Erosion r a t e  ( g / c o u l o m b )  9,2 x 10 -v 9.5 • I 0  -~ 
Arc speed (m/sec) 30 20 to  32 
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Fig. 2. Estimated cathode erosion characteristics. Curve e, cop- 

per in air [Ref. (1)]; point d, brass in air [Ref. (1)]; point f, cop- 
per in argon; shaded region between lines ae and be, brass in argon. 

exponent  greater  than uni ty  for the cur ren t  cannot be 
ruled out. However ,  since the current  was kept  con- 
stant for al l  the present  tests this difficulty was not 
encountered. 

Equat ion [1] fu r the r  assumes that  the erosion rate  
depends on the arc veloci ty  ra ther  than on argon flow 
rate or pressure, and that  where  increased erosion has 
been reported for a magnet ica l ly  dr iven arc wi th  in-  
crease in gas pressure (7), the increase could be at-  
t r ibuted to the reduct ion in arc veloci ty at a constant 
magnet ic  field. Support  for the suggestion that  erosion 
is re la t ive ly  insensitive to gas pressure var ia t ion may 
be found from tests (8) on copper contacts in air 
which gave similar  erosion rates at pressures be tween 
11 and 23 atm. Also the results were  in good agreement  
wi th  others obtained at a tmospheric  pressure (6). 

Because of the scatter which occurs in erosion rates 
when similar exper iments  are repeated (1), Eq. [1] 
was solved separately for each of the cathodes instead 
of assuming that  ea is .always identical for a given 
pressure Pa and hence arc velocity. F rom a number  of 
observations made during the course of this work, such 
as the large amount  of vapor  condensed on the molyb-  
denum radiat ion shields of thermocouples,  it was clear 
that  the erosion occurred main ly  at the highest  pres-  
sures. It  vcas found that  the results for the erosion of 
brass in argon could be described by a straight line 
on Fig. 2, radiat ing f rom a point e which represents  
the measured brass erosion in the pre l iminary  tests 
(Table II) .  The line ae gave the exact  value  of total  
loss W for cathode B1; l ine be gave only a discrepancy 
of 0.5% for cathodes A2 and A4 and 1.8% for C2. The 
area be tween  lines ae and be is therefore  considered 
to describe the erosion of the brass cathodes used for 
arc speeds be tween  7.3 and 31 m/sec  running stably 
in argon over  the pressure range 2.5-73 atm. I t  is in-  
terest ing to note that  the slopes for lines ae and be 
are almost  the same as that  of the line fc joining the 
two points for copper  cathodes in air  or argon. 

Discussion of Results 
Figure  2 shows that  for a cathode root speed of 30 

m/sec,  the erosion of the copper cathode was 100 times 
larger  than that  of the brass cathode. When  the la t ter  
was used, the anode surface was covered wi th  a fine 
deposit of zinc whi le  fine cupric oxide powder  was 
found within  the arcing chamber.  If  the cathode spot 
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t empera tu re  is l imited by evaporat ive  processes, then 
reduct ion in the zinc content  of the brass at the  emit-  
t ing sites may occur since its boiling point (at a tmo-  
spheric pressure) is less than half  that  of copper or 
lead. Exper imenta l  evidence of such zinc deplet ion at 
the surface of an arc t rack has been found (9) by 
means of an electron probe analyzer  for arcs moving 
re t rograde  in argon at pressures below 1 atm. The fact 
that  zinc was found on the anode suggests that  it was 
carr ied across the gap by cathode jets, the velocit ies 
of which may  be 108 or 102 m/sec  when  there  is l i t t le 
electrode vaporizat ion (10), and which therefore  ex-  
ceed considerably the axial  argon velocities of 0.5- 
6.5 m/sec.  

When a copper cathode was used, i r regular ly  shaped 
pieces of br ight  copper up to 1 m m  long were  found 
in the arcing chamber,  together  wi th  re la t ive ly  large 
globules of copper on the lower  parts  of the anode, 
while  the downst ream parts of the anode surface were  
covered with  a weakly  adherent  layer  of cupric oxide. 
The copper particles on the anode surface showed 
evidence of having been molten whi le  t ravel ing  in 
the h igh- t empera tu re  regions of the arc, whereas  the 
i r regular  particles found in the arcing chamber  had 
c lear ly  not been mol ten  as a consequence of having 
been ejected clear of the h igh- t empera tu re  regions. 

The copper to specification BS 1172 used for the 
cathode can contain oxygen in solid solution, in pock-  
ets, or as copper oxides wi thin  the bulk metal, despite 
the phosphorous used as a deoxidizing agent, whereas  
the brass is v i r tua l ly  free of oxygen (11). Under  the 
intense heat ing effects of the cathode root, oxygen 
present just  below the surface may  dissociate f rom 
oxides or come out of solution to create a void contain-  
ing high-pressure  gas. When the surface adjacent  to 
this h ighly pressurized void becomes sufficiently weak  
due to root heating, the gas can escape "explosively,"  
taking with  it a re la t ive ly  large amount  of the sur-  
face metal.  Similar ly,  microscopic regions of h igh-  
pressure gas can be produced by phosphorous which 
boils at 282~ Fur thermore ,  oxygen l inking wi th  phos- 
phorous to form phosphorous pentoxide may result  in 
zone weakening  of the mater ia l  especially at grain 
boundaries. It has been observed (12) that  a higher  
erosion ra te  occurred for a continuously rotat ing arc 
on a copper cathode wi th  0.045% phosphorous than for 
copper having a 0.034% content. The lack of large 
eroded particles f rom a brass cathode may therefore  
be at t r ibuted to the insignificant amounts  of oxygen 
or phosphorous. 

Scanning electron microscope photographs (13) of 
cathode tracks on copper  provide fur ther  evidence that  
gas eruptions just below the surface can occur and 
blast away  surface metal. Photomicrographs such as 
Fig. 3 revealed i r regular  depressions containing ap- 
proximate ly  circular holes wi thin  which were  smaller  
holes which in turn contained even smaller  cavities. 
Photographs of brass cathodes under  similar  condi-  
tions of arcing did not show such cavities. 

In the search for the most suitable mater ia ls  for 
vacuum switches, evolut ion of gas was encountered 
from ordinary  and O.F.H.C. copper and even from the 
best grade of vacuum-mel ted  copper which was then  
avai lable  (14). Fur thermore ,  wheneve r  electrode ma-  
ter ial  collected on shields was of a coarse globular  
nature  it was accompanied by large bursts of gas f rom 
the electrodes. Heat ing to fusion fol lowed by ejection 
of mater ia l  by evolut ion of occluded gas has sometimes 
been assumed (15). The presence of fused mater ia l  
on an anode was observed to coincide with a sudden 
pressure rise caused by gas evolut ion or vaporizat ion 
of high vapor  pressure materials  (16). 

At atmospheric pressure or above, this process does 
not seem to have been discussed previously  in connec- 
tion wi th  cathode erosion, but, in a 4 kA discharge of 
10 -8 sec duration, "flares" photographed coming from 
a copper anode were  ten ta t ive ly  identified as a directed 

Fig. 3. Stereoscan microphotographs of cavities on copper cathode 

"explosive type" of erosion (17). It was implied that  
a difference in conduct ivi ty  between the mol ten  sur-  
face and base meta l  was more l ikely to be responsible 
than gas in the electrode. No explos ive- type  erosion of 
large part icles was observed with the copper anode 
used throughout  the present  tests, which suggests that  
the anode current  densities being several  orders of 
magni tude below those on the cathode, and the mag-  
netic movement  combined to prevent  local t empera -  
tures at anode roots reaching a level  at which sufficient 
gas pressure developed to tear  out metal. Wilson (18) 
tenta t ive ly  suggested that  a secondary mechanism of 
the combined cathode and anode erosion of a pair  of 
contacts at a tmospheric  pressure was vaporizing elec-  
trode mater ia l  blasting out l iquid droplets. 

It  seems l ikely  that  the explosive process proposed 
in this paper  explains  the reason for recommendat ions  
(19) that  electrodes used for arc heat ing in the pro-  
duction of meta l  oxides should be of essential ly void-  
free mater ia l  and that  they should be tested u l t ra -  
sonically for number  and size of voids. The t e rm es- 
sential ly vo id- f ree  is applied to an electrode having 
less than one par t  per  mil l ion by volume of voids in 
the part  l iable to consumption by the arc, and with  
each void being less than 450;~ in any dimension. 

For a copper cathode, the possibili ty of almost con- 
t inuous var ia t ion of erosion between Harry ' s  results 
in air and the results herein  for argon, as represented 
by the dot ted line joining c to l, may be due to the 
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gradual  changeover  f rom evapora t ive  erosion of sur-  
face layers at low erosion levels, to a larger-scale  
explos ive- type  erosion at f. The la t ter  would be much 
less dependent  on the ambient  gas in which arcing 
occurs. 

Comparison of points d and e in Fig. 2 appears to 
indicate that  a brass cathode can be eroded far more  
rapidly in air than in argon. The speed of arc rotat ion 
on circular  electrodes affects the amount  of reoxida-  
tion and this, together  wi th  the destruction of oxide 
layers at  emit t ing sites, which depends on the type of 
gas (4), affects the distr ibution of these sites re la t ive  
to their  positions at ear l ier  revolutions.  When  emission 
consistently recurs at or ve ry  near  the old sites, the 
local tempera tures  and the erosion are l ikely to be 
greater  than when  the search for favorable  emission 
sites causes them to be spread over  a large area. There 
is cer tainly evidence (4) that  in air, arc cathode roots 
tend to rota te  over  the same nar row track where  evap-  
oration destroys the oxide layers. However ,  during the 
t ime the roots take to complete  one revolution,  these 
very  hot surfaces form thicker  oxide and chemisorbed 
gas layers on which emission can be established more  
easily than on surrounding areas. This is supported by 
localized grooving of a brass cathode in air  (1) and 
of a stainless steel cathode when run in air during the 
present  experiments .  

When running an arc on brass cathodes in argon, it 
was found necessary for arc stabili ty to have a certain 
min imum amount  of air in the system as is well  known 
(20), so that  some reoxidat ion could occur. For  a given 
residual air content  in the apparatus  on evacuation, the 
m a x i m u m  possible gas flow rate  at a given pressure 
which could be at tained wi thout  arc ext inct ion was 
found to decrease as the electrode gap was increased, 
but this m a x i m u m  flow rate  could be increased by al- 
lowing more  air to remain  in the system before arc 
ignition. For  a given flow rate  and pressure the in-  
stabil i ty increased with arc running time, possibly 
because oxygen in the flowing gas became insufficient 
to reoxidize to full  emission the points on the cathode 
nearest  to the anode root, and the cathode root was 
forced to wander  to more  remote  points where  emis-  
sion was easier. Table I shows that  a few parts per  
mill ion of oxygen were  sufficient for stable operat ion 
but the m a x i m u m  var ia t ion in oxygen content was 
insufficient to have a significant effect on erosion. It  
should be noted, however ,  that  at least for si lver con- 
tacts in mix tures  of ni t rogen and oxygen, it has been 
found (21) that  above or below a certain o x y g e n  con- 
tent  the erosion can rise steep]y, and may be related 
to humidity.  The erosion of copper cathodes in a 
plasma torch at currents  up to 600A, was greater  in 
pure  oxygen than in air (22). Measurements  for cop- 
per  contacts in air (23) suggest an erosion range be-  
tween about 7 • 10 -6 g /coulomb at 8A and 1.3 • 
10-4 g /coulomb at 180A. Ear l ier  results of copper 
cathodic erosion given by Holm (24) which are about 
double these values, have  been erroneously in terpre ted  
(25) as ranging from 1.3 • 10 -9 g /cou lomb at a cur-  
rent  per spot ( l /n where  there  are n spots) of 1A to 
about 10 -7 g/cou]omb at currents  per spot of 10 kA 
and upward.  In  fact these currents  up to 10 kA for 
which Holm gave erosion results were  total  arc cur-  
rents  (I).  The currents  at individual  emit t ing sites at 
the cathode surface in air appear f rom exper iments  
in this labora tory  to be of the order  of 10A. 

The cathode erosion rates measured in the present  
work  are far  below those reported for copper contacts 
in air (23), and Fig. 2 suggests that  an increase in 
veloci ty  may  reduce the erosion rate  still further.  
Some results (26, 27) have  shown, however ,  that  for 
homogeneous contact mater ia ls  operat ing in air at 1 
atm, too great  an increase in magnet ic  field can lead 
to grea ter  erosion for currents  f rom 100A to 10 kA, 
and this was a t t r ibuted to increased spat ter  of volat i le  

material .  At currents  below 100A and fields below O.l 
Tesla this spat ter  did not occur. 

Since an arc rota t ing around a circular  t rack makes 
a number  of revolut ions  before at taining a steady 
veloci ty (5, 28), erosion data (even when obtained 
from moving  arcs) may  not necessari ly be applicable 
to cont inuously rotat ing arcs. In general  the veloci ty  
o[ an arc t ravel ing  over  l inear  electrodes is not the 
same as that  of a continuously rotat ing arc (29), and 
the method used by Dethlefsen (7) of dr iv ing a 6 kA 
arc over  a l inear surface in about 1 msec, al though 
yielding data on a wide range of metals, does not 
necessari ly apply direct ly to continuously operat ing 
devices. Fur thermore ,  it does not distinguish be tween 
cathode and anode erosion, and introduces transit ions 
be tween single and double arc which may cause dis- 
continuit ies in the erosion process which could be very  
significant in such a short test. 

The effect of grain size on erosion has so far been 
lit t le explored and both increase and decrease in con- 
tactor e lectrode wear  has been found to occur as grain 
size was increased (30, 31). 

Porous tungsten electrodes impregnated  with 
ba r ium-ca lc ium-a lumina te  suffered less erosion than 
thoriated tungsten, but  l inear  e lectrode tests showed 
them to have  an erosion rate  in air at least an order  
of magni tude  higher  than copper (32). 

It  would  appear, therefore,  that  insufficient in forma-  
tion exists to enable an opt imum choice of electrode 
mater ia ls  and arc parameters  that  will  minimize ero- 
sion in equipment  using h igh-power  continuously ro-  
tat ing arcs. It seems clear that  such data cannot be 
provided by calculations of the t ransient  t empera ture  
distr ibut ion at electrode surfaces (1, 33), but  only by 
a systematic invest igat ion a t tempt ing to provide  data 
wi th  the widest  possible val idi ty  over  the wide range 
of arc conditions and envi ronments  employed in gas 
heaters  and other  continuously operat ing devices. 
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Electrochemical Behavior of Nitric Oxide in 4M H2SO4 

on Platinum 

Dilip Dutta* and D. Landolt* 
Energy and Kinetics Department, School of Engineering and Applied Science, 

University of California, Los Angeles, Calilornia 90024 

ABSTRACT 

The electrochemical reactivi ty of different ni t rogen oxides or their  ab-  
sorption products in sulfuric acid was investigated by potential  scan measure-  
ments. Exper iments  were carried out at 23~ with p la t inum electrodes. Among 
the substances studied only HNO2 and NO exhibited well-defined oxidation and 
reduct ion currents.  The electrochemical reactions of NO in 4M H2SO4 were 
studied ir~ detail by using a rotat ing disk electrode. Mass t ranspor t  l imited 
currents  were observed for both oxidation and reduction. From the var iat ion 
of the l imit ing cur ren t  with rotat ion rate the diffusion coefficient of NO was 
determined to be 0.9 • l0 -5 cm2/sec. 

Little work has been reported so far in the l i tera-  
ture which deals with the characterization of electro- 
chemical reactions of ni t rogen oxides. This is surpris-  
ing in view of the proposed application of electro- 
chemical current  measurements  for continuous mon-  
i toring of ni t rogen oxide air pol lutants  (1, 2). 
Electrochemical techniques might also provide useful  
tools for the invest igat ion of the complicated chemical 
reaction sequences that  take place on absorption of 
ni t rogen oxides in aqueous solutions (3, 4). Fu r the r -  
more, the mechanism of nitric acid reduction is of 
interest  in corrosion research since HNO3 is f requent ly  
used as a pickling or a polishing agent for metals. 
Considerable controversy exists at present  over 
whether  the charge t ransfer  step involved in HNO3 
reduct ion involves the reacting species NO2 or NO 
(5-11). In  the absence of oxygen, NO can be absorbed 
in aqueous solution without  undergoing dispropor- 
t ionat ion reactions contrary  to the behavior  of NO2 
(3, 4). The study of its electrochemistry is therefore 
relat ively simple. The thermodynamics  of the NO/ 
HNO2 electrode have been investigated by Schmid and  
Neumann  (12), but  no data are available at present  
about reaction kinetics. 

The purpose of this study was twofold. On one hand, 
because of the absence of such data in the l i terature,  
the relat ive reactivi ty of different ni t rogen oxides or 
their absorption products was to be characterized by 
potential  scan measurements .  Rotat ing disk experi -  
ments  were then to be used to s tudy in more detail 
the electrochemical behavior  of NO. The data of this 
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monitoring of air pollutants.  

study were to be a first step toward providing a ra t ional  
basis for a possible development  of new electrochemical 
moni tor ing methods for ni t rogen oxides. 

Experimental 
Apparatus.--The rotat ing disk electrode assembly 

consisted of a var iable  speed motor (Bodine u hp d-c 
motor) dr iving a rotat ing shaft by means  of pulleys. 
Constant  rotat ion speeds between 100 and 15,000 rpm 
could be obtained which were measured by  means of 
a stroboscope. The rota t ing electrode assembly in-  
cluded a commercial  quill  (Dumore Company)  and a 
removable disk electrode. Contact to the electrode 
shaft was made by means of slip rings. A 1.5 l i ter  glass 
cell was bolted to a fixed PVC cell cover. An  "O" ring, 
placed between the cell and PVC cover, and a water  
seal a r rangement  at the shaft prevented any  contact of 
the electrolyte solution wi th  air. S tandard  Teflon fit- 
tings were used to insert  thermometer ,  Luggin capil-  
lary, and two glass frits for gas bubbl ing  into the 
cell. One of the frits used for deaerat ion prior  to ex- 
per iments  was placed into the electrolyte solution. The 
other frit  was located above the solution and served 
for passing gas dur ing exper imenta l  runs. A saturated 
calomel electrode served as reference. A p l a t i num foil 
counterelectrode was separated from the working 
electrode compar tment  by a glass frit  located in  the 
center  at the bottom of the cell. The working electrode 
was a p la t inum disk 0.79 cm in diameter,  silver sol- 
dered onto a stainless steel shaft and press fitted into 
a Teflon insulation. 

Ini t ia l  potential  scan exper iments  with different 
ni t rogen oxides were performed in  a convent ional  
sealed-glass cell with a p la t inum wire electrode. An 
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Anotrol  4700 ~ potentiostat  in connection with a func-  
tion generator (Exact, Type 255) or a mult ipurpose elec- 
trochemistry uni t  (Pr inceton Applied Research, Model 
PAR170) were used as power supply. Potentials  were 
measured by means of a Keithley Electrometer (Model 
602) and current  voltage curves were recorded on a 
x-y  recorder. 

Preparation of solutions.--Solutions were prepared 
with analyt ical  grade chemicals and doubly distilled 
water. HNO2 solutions were prepared by slowly adding 
required quanti t ies  of a 0.1M NaNO2 stock solution 
from a pipette to a st irred solution of the support ing 
electrolyte cooled in an ice salt bath. Saturated NO 
solutions were prepared by first deaerat ing the system 
for at least 8 hr with prepurified nitrogen. Then 99.9% 
pure NO (Air Products  Corporation) was bubbled  
through the solution for approximately 3 hr. Rotating 
disk measurements  indicated that  this t ime was ample 
to reach saturat ion of the sulfuric acid solutions with 
NO. To remove possible NO2 impuri t ies  the NO, prior 
to bubbl ing it through the cell, was passed through 
two wash bottles containing NaOH. Data obtained with 
the rotat ing disk electrode (see below) showed that 
HNO2 contaminat ion dur ing the experiments,  resul t -  
ing from the possible presence of traces of oxygen dur-  
ing gas saturation, was less than 10% of the NO con- 
centration. When necessary, exper imental  data were 
corrected for the presence of this contamination.  

Electrode pretreatment.--Pretreatment of tne plat i-  
num working electrode is critical for insur ing repro-  
ducible results. The following procedure was adopted. 
Prior  to immersion into the electrolyte solution, the 
electrode was cleaned with soap and doubly distilled 
water  and dried. It was fur ther  cleaned by refluxing 
benzene for about 1 min. Electrolytic p re t rea tment  in  
0.SM H2SO4 was then given as follows: cathodic pre-  
t rea tment  at 50 mA/cm 2 for 2 min, anodic t rea tment  at 
50 m A / c m  2 for 1 min, and fur ther  cathodic pret reat -  
ment  at the same current  density for 2 rain. 

The electrode was then  immersed in the solution. 
After  deaeration, but  prior to the exper imental  run, 
the electrode was again cathodically polarized and 
hydrogen was evolved for 2 min. This was followed by 
anodic polarization of the electrode for 1 min near  to 
the oxygen evolution potentiaI  (but  not evolving oxy-  
gen).  Final ly,  the electrode was once again cathod- 
ically treated for 2 min. 

For each of the individual  solutions and reactants  
studied, the first experiment  carried out was a cathodic 
scan star t ing from the open-circui t  potential.  Prior  to 
this, the electrode had been subjected to a short anodic 
pre t rea tment  for 15 sec at 300 mV positive of the open- 
circuit potential. The cathodic experiments  were fol- 
lowed by anodic scans between the open-circuit  poten-  
tial and potentials just below the oxygen evolution 
region. Prior to anodic runs, the electrode had been 
subjected to a cathodic polarization for 15 sec at 300 
mV negative of the open-circui t  potential. In  some 
cases a complete scan between the hydrogen and oxy- 
gen evolution potentials was also measured. Several 
exper imental  runs were always conducted to check 
for reproducibili ty.  

Determination of NO solubility.--For the quant i ta -  
t ive in terpre ta t ion of l imit ing current  measurements,  
the saturat ion concentrat ion of NO in 4M H2SO4 had to 
be known. Because l i terature  values were not avai l -  
able, an exper imental  t i t rat ion procedure was devel- 
oped based on data given by Kolthoff and Elving (13). 
The airt ight apparatus used consisted of a calibrated 
buret te  and a t i t rat ion vessel (Fig. 1). Sulfuric acid 
solution contained in the 250 ml  buret te  was deaerated 
with purified ni t rogen for approximately 8 hr. Pre-  
purified NO was then bubbled through the solution for 
2 hr to reach saturation. Care was taken to exclude 
any traces of oxygen. A 200 ml flask containing 100 
ml of 0.001M KMnO4 was connected to the burette.  

i 

~ o 

Fig. 1. Apparatus for determining NO concentration in H2SO4. 
a, 250 ml graduated burette containing sulfuric acid; b, ground 
glass stopper; c, glass frit for gas bubbling; d, rubber stopper; e, 
potassium permanganate solution; f, gas bubbler; g, gas inlet; h, 
thermometer; i, gas outlet to wash battle. 

The KMnO4 solution was deaerated with ni t rogen for 
3 hr. Then 100 ml  of the NO-saturated sulfuric acid 
solution was slowly added to the KMnO4 which oxi- 
dizes NO to NOn- (13). After completion of the reac- 
tion the flask containing the KMnO4 was removed and 
the excess KMnO4 was t i t rated with a freshly prepared 
0.1M acidified FeSO4 solution. The end point  was 
observed potentiometrical ly by measur ing the potential  
of a p la t inum wire electrode vs. a saturated calomel 
electrode with a Keithley electrometer. Two b lank  
exper iments  carried out in the absence of NO showed 
the t i t rat ion procedure to give results to an accuracy 
of bet ter  than 1.4%. In  the presence of NO the follow- 
ing data were obtained. Exper iment  A: T ---- 22.4~ 
volume t i t rated 102.5 ml, FeSO4 used in back t i t rat ion 
0.88 ml, NO concentrat ion 1.34 • 10 -3 mole/ l i ter .  Ex- 
per iment  B: T ---- 23.0~ volume t i t rated 106.5 ml, 
FeSO4 used in back t i t rat ion 1.02 ml, NO concentrat ion 
1.24 • 10 -a mole/l i ter .  This yields an average value 
of 1.29 • 0.05 X 10-3 moles/ l i ter  for the saturat ion 
concentrat ion of NO in 4M H2SO4 at 22.7 ~ • 0.3~ 

Results 
Quali tat ive informat ion on the cathodic reactivi ty of 

different ni trogen oxides is contained in Fig. 2, which 
gives potential  scan measurements  on a s tat ionary wire 
electrode. Deaerated 4M H2SO4 was used as an electro- 
lyte to which different ni t rogen oxides were added. 
Before each scan exper iment  the electrode was sub-  
jected to a potential  300 mV anodic to the open-circuit  
potential  for 15 sec. Then repeti t ive scanning at 1 
V / mi n  was ini t iated star t ing from the open-circuit  
potential. The traces shown in Fig. 2 represent  the sec- 
ond cycle. The init ial  cathodic scans f requent ly  differed 
slightly from those shown but  subsequent  scans were 
usual ly identical. The scan in pure  4M tt2SO4 (Fig. 2a) 
showed the usual  hydrogen adsorption and desorption 
peaks on plat inum. Addit ion of 0.01 mole/ l i ter  NaNO~ 
to the sulfuric acid did not measurably  affect the 
behavior, indicating that  ni t ra te  ion was not reduced. 
Addit ion of approximately 0.01 mole/ l i ter  NaNO2 to 
the sulfuric acid solution led to three well-defined 
reduction steps (Fig. 2c), in agreement  with data re-  
ported by Schmid and Lobeck (10). According to these 
authors, the first two steps of HNO2 reduct ion each 
involve the over-al l  t ransfer  of one electron per mole- 
cule of reactant  while the third step involves the over-  
all t ransfer  of two electrons. The relative magni tude  
of the observed HNO~ reduction steps in Fig. 2c is 
consistent with this view. The cathodic scan measured 
in NO saturated 4M H2SO4 (Fig. 2d) exhibited two 
well-defined reduct ion steps at potentials correspond- 
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Fig. 2. Cathodic potential scans on stationary Pt wire electrode. 
Scan rate 1 V/rain, T ~ 23~ (a) 4M H2S04, (h) 4M H2S04 
O.01M NAN03, (c) 4M H2S04 + approx. O.01M NON02, (d) 4M 
H2S04 saturated with NO, (e) 4M H2S04 saturated with N~O, (f) 
4M H2S04 + O.01M (NH2OH)2H2S04. 

ing to the second and third HNO2 reduction steps. The 
N20 voltage scan shown in Fig. 2e was obtained after  
saturat ing a 4M H2SO4 with 99.99% pure N20 (Liquid 
Carbonic Corporation),  the l i terature  value of the 
saturat ion concentrat ion being 0.018 mole/ l i ter .  In  spite 
of this high N20 concentrat ion in the solution, cathodic 
currents  in the potential  region between +t-200 and 
--180 mV vs. SCE were extremely small, indicat ing 
that  N20 reduct ion on p la t inum is strongly inhibited.  
The potential  scan of Fig. 2f was obtained in a 4M 
H2SO4 solution to which 0.01M hydroxylamine  sulfate 
had been added. The observed trace was identical  to 
that  of the pure H2SO4, i.e., hydroxylamine  is not re-  
duced cathodically in the potential  region between 
-I-200 and --180 mV vs.  SCE. Anodic potent ial  scan 
measurements  performed with the same electrode in 
4M H.,SO4 are given in Fig. 3. After  prepolarizat ion at 
300 mV negative to the open-circui t  potential,  several 
repeti t ive potential  scans were performed. For the 
exper iments  in pure H~SO4, results for repet i t ive scans 
were identical. P l a t inum oxidation was observed at 
approximately 800 mV and oxygen evolution set in 
above 1600 mV. The p la t inum oxides reduced at poten-  
tials between 700 and 200 inV. This behavior  of plat i -  
n u m  is well  known.  Addi t ion of 0.01M sodium ni t ra te  
did not affect the cur ren t  trace (Fig. 3b). On the other 
hand, addit ion of approximately  0.01M sodium ni t r i te  
to the sulfuric acid solution (Fig. 3c), lead to a wel l -  
pronounced oxidation cur ren t  which had already been 
observed by Schmid and Lobeck (10). According to 
these authors it corresponds to the oxidation of ni t rous 
acid to nitr ic acid. Repeating the anodic cycle wi thout  
in termediate  cathodic pre t rea tment  leads to a sub-  
s tant ial  decrease in the oxidation currents.  This fact 
together with the observed sharpness of the oxidation 
peaks indicates that  the p la t inum oxidation state affects 
HNO2 oxidation kinetics. The same holds true for the 
oxidation of NO (Fig. 3d). Two peaks were observed 
here, the second of which corresponded to the oxida- 
t ion peak of HNO2. Upon repeat ing the cycle without  
in termediate  p la t inum oxide reduct ion the first NO 
oxidation peak disappeared while the height of the 
second peak was strongly reduced. 

0 ~ I ~ 

~176176176 b 

i 0 I I I I I b ~ l  ii !i oo,l ' 

0 [ i ~  , I I I 

0 . 2  

d 
POTENTIAL (rnV vs SCE) 

Fig. 3. Anodic potential scans on stationary Pt wire electrode. 
Scan rate 1 Y/min, T ---- 23~ (a) 4M H2504, (b) 4M H2S04 -J- 
O.01M NAN03, (c) 4M H2S04 + approx. O.01M NAN02, (d) 4M 
H2S04 saturated with NO. 

The cathodic reduction of NO was fur ther  invest i-  
gated by means of the rota t ing disk electrode. Limi t -  
ing current  plateaus, the height of which increased 
with rotat ion rate (Fig. 4), indicated that  the first 
reduct ion step is diffusion controlled. A plot of l im-  
i t ing current  vs.  the square root of rotat ion rate yielded 
a straight line with a slope of 6.7 • 10 -5 A sec'/=/ 
cm 2 tad  1/2 (Fig. 5). The points in Fig. 5 represent  two 
independent  exper iments  with fresh solution. To com- 
pute the l imit ing current  for NO reduction (Fig. 5) a 
correction had to be made for the unavoidable  pres-  
ence of a small  amount  of HNO2 impur i ty  which is 
evidenced in Fig. 4 by the finite current  value in the 
potent ial  region be tween 600 and 450 mV. Because 
HNO2 is reduced in two steps, twice the value of the 
residual current  was subtracted from the measured 
l imit ing current  va lue  of Fig. 4. 

Figure  6 shows NO oxidation currents  measured on 
a rotat ing disk electrode. Each cur ren t -po ten t ia l  curve 
was measured after a brief  cathodic pre t rea tment  had 
been given to the electrode. A strong effect of rotat ion 
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Fig. 4. Cathodic polarization curves measured in 4M H2SO4 satu- 
rated with NO on rotating disk electrode. Scan rate ~ 0.5 V/rain, 
T = 23~ numbers indicate rpm. 
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Fig. 5. Limiting current values for NO reduction as a function of 
rotation rate. 

r I I 

N 

m ~ 2.0 
900 

2025 
3025 

3.0 I I I 
600 900 1200 

POTENTIAL (mV vs SCE) 

Fig. 6. Anodic polarization curves measured in 4M H2SO4 satu- 
rated with NO on rotating disk electrode. Scan rate ~ 0.5 V/rain, 
T - -  23~ numbers indicate rpm. 

rate on step height is observed. The second step ex- 
hibits a peak ra ther  than a current  plateau. In  view of 
the slow scan rates employed, it is concluded that  this 
peak is not due to a nonsteady-s ta te  mass t ransfer  
si tuation but  to the development  of an oxide layer on 
the p la t inum anode which slows down the oxidation 
reaction at higher potentials. The l imit ing current  of 
the first step and the peak current  for the second step 
are plotted for two independent  exper iments  per-  
formed with new solutions in Fig. 7. The straight l ine 
obtained when the l imit ing current  is plotted vs. the 
square root of rota t ion rate indicates that  the first step 
is diffusion controlled. The slope of 6.7 X 10-2 
mA sec'/2/cm~ rad'/2 is identical  to that derived from 
the cathodic reduction data (Fig. 5). The peak height 
of the second wave does not yield a straight l ine when 
plotted vs. ~/~. At high rotat ion rates kinetic l imi ta-  
tions apparent ly  become important.  This is also evi-  
denced by the much poorer reproducibil i ty of these 
currents  compared to those of the first step. Poor re-  
producibil i ty is typical for reactions which are surface 
controlled. At low rotat ion rate the peak currents  rep-  
resent ing the second NO oxidation step approach a 
tangent  having a slope three times that  of the straight 
line represent ing the l imit ing currents  of the first 
oxidation step. 

Kinetic parameters  of the surface reaction corre- 
sponding to the first oxidation step can be determined 
by a technique described by  Jahn  and Vielstich (14) 
employing the rotat ing disk electrode. For irreversible 
first-order charge transfer  reactions par t ly  controlled 
by mass transfer,  one may set 
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Fig. 7. Limiting current values for NO oxidation as a function of 
rotation rate; A first oxidation step, [ ]  peak current of second 
oxidation step. 

where is is the charge t ransfer  current  corrected for 
mass t ransfer  effects, B is a constant, and ~ is the rota-  
tion rate. Figure 8 shows a plot of 1/i vs. 1/~/$, derived 
from the current  voltage curves for NO oxidation on 
the RDE. According to Eq. [1] the intercepts of the 
straight l ine with the 1/i axis represent  the reciprocal 
of the charge t ransfer  current  is at infinite rotat ion 
rate. The logari thm of is is plotted as a funct ion of 
potential  in Fig. 9. Tafel behavior with a slope of 110 
__+ 10 mV is exhibited. The data of Fig. 9 represent  two 
independent  exper iments  with new solutions and dif- 
ferent disk electrodes. 

Potent ial  scan experiments  at different scan rates 
were performed in 4M H2SO4 solutions saturated with 
NO at a s tat ionary disk electrode. Peak currents  for 
both oxidation as well  as reduct ion were found to be a 
l inear  function of the square root of scan rate. Peak 
potentials for both oxidation and reduct ion waves are 
plotted vs. the logari thm of scan rate in  Fig. 10. The 
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Fig. 8. Reciprocal current density as a function of the square root 
of reciprocal rotation rate for NO oxidation on rotating disk elec- 
trode. 
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stationary platinum disk in 4M H2SO4 saturated with NO; A re- 
duction of NO, O oxidation of NO. 

cathodic curve exhibits  a straight line of slope 65 mV. 
The anodic curve is flat at low scan rates but  ap- 
proaches a slope of 60 mV at high scan rates. 

Discussion 
Oxidat ion as wel l  as reduct ion of NO proceeds step- 

wise. The first oxidation and the first reduction steps 
involve the same number  of electrons t ransfer red  be- 
cause the slopes of Fig. 5 and 7 are the same. Both 
l imit ing currents  are mass t ransfer  controlled and one 
electron is t ransfer red  per reactant  molecule.  The lat-  
ter  is concluded f rom the fol lowing observations: (i) 
the Tafel  slope for NO oxidat ion (first step) is 110 

10 mV (Fig. 9), corresponding to a charge t rans-  
fer  coefficient of a = 0.54 and an electron t ransfer  
number,  n z 1. (ii) The var ia t ion of peak potent ia l  
wi th  scanning rate  (Fig. 10) for NO reduct ion ap- 
proaches 60 mV/decade  consistent wi th  an i r revers ible  
Gne-electron charge t ransfer  process (16). Oxidat ion 
of NO at low scan rates proceeds reversibly,  but  at 
high scan rates the var ia t ion of Ep with  log X also ap- 
proaches the 60 mV characterist ic for an i r revers ible  
one-e lec t ron charge t ransfer  process. (iii) Schmid and 
Lobeck (10) showed that  reduct ion of the pr imary  re-  
action in termedia te  of HNO2 reduct ion involves the 
t ransfer  of one electron per reactant  molecule. The 
data of Fig. 2 confirm that  NO is indeed the p r imary  
react ion in termedia te  of HNO2 reduction, and therefore  
the observed NO reduct ion step represents  an over -a l l  
one-e lec t ron t ransfer  process. 

Once the number  of electrons is established, the 
l imit ing current  measurements  on a rotat ing disk elee- 

t rode can be used for de termining  the diffusion coeffi- 
cient of NO in 4M H2804. The l imit ing cur ren t  is r e -  
lated to the bulk NO concentrat ion Cb, diffusion co- 
efficient D, kinematic  viscosity v, and rotat ion ra te  ~ by 
the Levich equat ion (15) 

il = 0.62 nFcbD2/3~-l/6~ [2] 

The kinematic  viscosity of 4M H2804 is 1.53 • 10 -2 
cm2/sec at 25~ (10). With the measured saturat ion 
concentrat ion of NO of 1.29 • 10 -3 moles / l i t e r  and the 
measured slopes of Fig. 5 and 7 one obtains for the 
diffusion coefficient D = 0.90 • 10 - s  cm2/sec. 

It is of interest  to take a look into the possible re-  
action sequences involved in the stepwise oxidat ion and 
reduction processes encountered.  It  is l ikely  that  the 
reduction of NO on p la t inum proceeds to hydroxy l -  
amine as the final product  (Fig. 2), the  behavior  being 
analogous to that  of HNO2 (10). It may  be noted, how- 
ever, that  N20 does not appear to be a reaction inter-  
mediate in spite of the fact that  its oxidat ion state is 
consistent wi th  that  resul t ing from a one-e lec t ron  re-  
duction process of NO. This is concluded because Fig. 
2 shows that  the react ion product  genera ted  during 
the initial NO reduct ion step ( involving the t ransfer  of 
one electron per reactant  molecule)  is much more re-  
active in the potent ial  range between + 100 and --180 
mV than N20 is. It  is l ikely that  substances of identical  
oxidation state as N20, such as HNO or N O -  are the 
reaction intermediates  in NO reduction. 

Oxidation of NO yields HNO2 which at more anodic 
potentials  is fu r the r  oxidized to HNO3. This v iew is 
consistent wi th  the re la t ive  magni tude  of the slopes 
of Fig. 7 represent ing the first and second NO oxidation 
steps. It  may be noted that  the heterogeneous react ion 
rates of both reactions s t rongly decrease wi th  increas- 
ing oxidation state of the p la t inum surface (Fig. 3). 
Therefore  the kinetic data for NO oxidation given in 
Fig. 9 holds for a eathodical ly pre t rea ted  anode only. 
The rate of HNO2 oxidation is m a x i m u m  in the poten-  
t ial  region of beginning oxygen coverage but decreases 
at higher  potentials. It is ve ry  possible, therefore,  that  
the HNO2 oxidation mechanism involves interactions 
with chemisorbed oxygen on the pla t inum surface in a 
s imilar  way as, for example,  found during oxidation of 
methanol  (17). 

The observed two-s tep  oxidat ion of NO has impli-  
cations wi th  respect to proposed reaction sequences for 
HNO3 reduct ion on platinum. According to Schmid 
(7-10), HNO3 reduct ion involves  the react ion sequence 

Scheme I 

H N O 2 + H  + ~ N O  + + H 2 0  
2 • NO + 4- e ~<-~- NO 

H + + NO3- + 2NO + H20-> 3HNO2 (RDS) 

3H + + NOa-  + 2e-* HNO~. + H20 (over-a l l )  

On the other  hand, Vet ter  (5,6) proposed the sequence 

Scheme II 

H + + HNO2-> H20 + NO + (RDS) 
NO + + NO3- ~ N204 
N204 ~ 2NO2 

2 • I H + + N O 2 +  e ~ H N O 2  I 

3H + 4- NO3- 4- 2e --> HNO2 4- H20 (over-a l l )  

Both sequences involve a number  of chemical  and 
electrochemical  steps, but  they exhibi t  significant 
differences with respect to the charge t ransfer  react ion 
involved. Scheme I contains only one charge t ransfer  
reaction, namely  the reduct ion of NO + to NO. If one 
applies this react ion scheme in reverse  order to the 
present NO oxidation experiments,  one expects to find 
only a single oxidation step the height  of which de- 
pends on the rate  of the slow chemical  react ion (RDS).  
On the other hand, when  scheme II is applied to the 
oxidation of NO, two different charge t ransfer  proc-  
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esses are required, one involving the oxidation of NO 
to HNO2, the other the oxidation of HNO2 to NO2. The 
present experiments  clearly exhibit  two different NO 
oxidation steps and therefore they are more consistent 
with scheme II than with scheme I. Addit ional  kinetic 
experiments  will  have to be carried out with NO and 
HNO2 solutions before detailed oxidation mechanisms 
can be established. Par t icular  a t tent ion will  have to be 
given to the observed influence of the oxygen coverage 
of the p la t inum surface on the reaction kinetics. This 
has not been included in any of the above reaction 
schemes. 

Conclusions 
Nitric oxide absorbed in sulfuric acid solution ex- 

hibits well-defined oxidation and reduction reactions 
on a p la t inum electrode. 

Nitric oxide reduction proceeds in two steps. The 
first step exhibits a mass t ransfer  controlled l imit ing 
current ,  the magni tude  of which corresponds to a 
charge transfer  reaction involving one electron per 
NO molecule. 

Nitric oxide oxidation also proceeds in two steps. 
The first step leading to HNO2 exhibits a mass t rans-  
fer l imited current  plateau. The second step corre- 
sponding to the oxidation of HNO2 to HNO3 is only 
part ly governed by mass transfer. Oxidation of the 
p la t inum electrode inhibits  the reaction. 

Rotating disk experiments  in 4M H2SO4 at 23~ yield 
a diffusion coefficient of nitric oxide, DNO : 0.9 X 10 -5 
cm2/sec. 
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Polarographic and Coulometric Studies of 
O-Ethylthioacetothioacetate and O-Ethylthioacetate 

A. M. Bond,* A. R. Hendrickson, and R. L. Martin 
Department of Inorganic Chemistry, University o~ Melbourne, Parkvil~e, Victoria, Australia 

ABSTRACT 

The polarographic and coulometric behavior of O-ethylthioacetothioacetate 
(OEt-SacSacH) has been characterized in aeetone/0.1M Et4NCIO4 at the DME. 
Electrolysis of OEt-SacSacH in acetone at a potential  of ~-0.45V relative to 
AglAgC1 involves oxidation of the mercury  electrode via the consecutive 
reactions 

Hg-5  OEt-SacSacH--> [Hg(OEt-SacSac)]  + ~ -H + -P 2e [a] 

OEt-SacSacH -5 [Hg(OEt-SacSac) ] + ~--- Hg (OEt-SacSac)2 + H + [b] 

On the polarographic t ime-scale Reaction [b] is slow and the electrode 
process at the DME is represented by Eq. [a]. The E1/2 value is concentrat ion 
dependent  having the value Ell2 ---- -?0.226V at infinite dilution. The neut ra l  
mercu ry ( I I )  complex formed under  electrolysis conditions enhances oxidation 
at the mercury  electrode (El/2 ---- +0.145V). 

Hg -~ Hg (OEt-SacSac) 2 --> 2 [Hg (OEt-SacSac) ] + -p 2e [c] 

The oxidation electrode process is strongly influenced by adsorption phe- 
nomena leading to an addit ional wave at high concentrations. The character-  
istics of the adsorption can be followed closely by electrocapillary curves, a-c 
desorption waves, and d-c cur ren t - t ime  curves. An irreversible  reduction wave 
is observed at E1/2 -~ --1.43V for OEt-SacSacH. Comparat ive studies with 
the re la ted  compound O-ethylthioacetate are reported briefly. 

Ear ly  speculation on the electrochemical properties 
of dithioacetylacetonato complexes on the basis of its 
odd numbered  chelate r ing suggested these compounds 

* Electrochemical Society Active Member.  
Key  words:  polarography,  coulometry,  O-ethylthioaeetothioacetate ,  

O-etbylthioacetate. 

would not undergo reversible electron addition and 
subtract ion reactions (1). However, following the suc- 
cessful synthesis of dithioacetylacetonato (SacSac) 
complexes of all the Group VIII metals (2-6) it has 
been shown that  most of these compounds are reduced 
reversibly at the DME in acetone (7-8). 
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I 

S ~  H 

Unfortunately,  with the dithioacetytacetonato series, 
the parent  l igand SacSacH, can only be isolated in the 
form of a nonco-ordinat ing adamantane- type  dimer 
(C5HSS2)2. However, the spectral characterization of 
the closely related O-ethylthioacetothioacetate I (OEt- 
SacSacH) and its Zn ( I I ) ,  Cd(I I ) ,  and Hg(I I )  chelates 
has been recent ly reported (9). As par t  of cont inuing 
electrochemical studies of these and related 1,3-dithio 
ligands and complexes, we report  here the polaro- 
graphic properties of this sulfur-based l igand at the 
DME. The results of this study have shown that in ter -  
action between the compound and the mercury  surface 
is exceedingly complex, although this behavior  is not  
unprecedented for sulfides or su l fur -conta in ing  com- 
pounds in solvents other than acetone. 

The polarographic behavior (oxidation and reduc-  
tion) of O-ethylthioacetate II as well as that of OEt- 
SacSacH has been examined in acetone at the DME. 
The oxidative, reductive, and adsorption behavior of 
OEt-SacSacH has been examined by al ternat ing and 
direct current  polarography, coulometry, and related 
electrochemical techniques. 
CH3 ~C H.... /OEt C H 3 ~  OEt 

" 

I II 

Experimental 
Polarography.--Conventional d-c polarography was 

carried out in May and Baker Analyt ical  Reagent ace- 
tone with t e t rae thy lammonium perchlorate (0.1 mole 
l i t e r - D  as supporting electrolyte. A three-electrode, iR 
compensated system as described in Ref. (7) was em- 
ployed, the reference electrodes being Metrohm 
Ag[AgC1 EA425 electrodes (0.1 mole liter -1 LiC1) in 
acetone. The glass capil lary dropping mercury  elec- 
trode had the following characteristics in acetone 
(0.1M Et4NC104) at open circuit and with a mercury  
column height of 40 cm: flow rate of Hg, m = 1.48 mg 
sec-1; drop time, t = 4.70 sec; m2/3t 1/6 = 1.68 mg 2/3 
sec. -1/2. Short controlled drop times were achieved 
with a Metrohm Polarographie stand E354. The a-c po- 
larographic studies utilized a PAR Model 170 Electro- 
chemistry System (Princeton Applied Research Cor- 
poration).  The major  portion of the ohmic iR drop 
across the solution was compensated for with the three-  
electrode potentiostat although no positive feedback 
compensation for the ohmic potential  drop of the DME 
was used in either the a-c or d-c work. 

The test solutions, thermostated in  a water- jacketed  
cell at 20~ were degassed with argon for 20 min before 
use unless otherwise specified. A slow stream of argon 
was passed over the test solution while measurements  
were being taken. Both electrodes (reference and 
auxil iary)  behaved identical ly although they yielded 
an EI/2 value for Rh(SacSac)3 of --1.09V to be com- 
pared with the published result  of --1.05V (7). As re-  
ported (7), the potential  of the electrodes was stable 
( •  mV) over a period of three months. The discrep- 
ancy of 40 mV for the Rh(SacSac)3 reduction may be 
a t t r ibutable  to the use of acetone of a different origin 
from that employed in the previous work. In the pres- 
ent work, the use of May and Baker acetone has 
allowed the polarographically usable potent ial  range  
to be extended to --2.2V vs. AglAgC1. The addition of 
traces of water  lowered this to --2.0V vs. AglAgC1, the 
l imit previously reported with BDH AnalaR acetone 
(7). The decrease in the negative potential  l imit  by 
addition of water  to the acetone system has been com- 
mented on by Coetzee and Siao (10). 

Coulometry . - -The  number  of electrons involved in  
the oxidation steps (n) has been determined by  coulom- 
etry. Electrochemical oxidation of a 0.1M Et4NC104/ 

acetone solution of the l igand (~lO -3 mole l i t e r - ' )  was 
achieved with 3.00 ml  of solution on a mercury  pool 
electrode having an area of approximately 2 cm 2. The 
mercury pool replaced the DME in the usual  polaro- 
graphic arrangement ,  with a Pt  wire as the auxi l iary  
electrode thereby reducing the bu lk  and ohmic re-  
sistance of the electrode system and enabl ing the em- 
ployment  of small volumes for electrolysis. The DME 
was also positioned in the solution enabl ing the con- 
centrat ion of unoxidized l igand and other electro- 
active species to be convenient ly  monitored. 

The solution was thoroughly stirred by magnetic 
stirrer and concentrat ions of compounds determined at 
5-min intervals. Current  (~0.3 m A ) - t i m e  curves were 
plotted by the recorder and manua l ly  integrated. After  
30-min electrolysis n was calculated from plots of 
"charge consumed" vs. concentrat ion of the re levant  
species. As the oxidation potential  of the compound is 
considerably mc~re positive than the reduction poten- 
tial of oxygen, degassing was not required. To min i -  
mize evaporat ion the electrolysis vessel was sur-  
rounded by a moat of acetone and the apparatus sealed. 
Blank runs, where no electrolysis occurred showed a 
slight decrease (<1%)  in the concentrat ion of the 
ligand over 1 hr, presumably  due to acetone from the 
moat "distilling" into the 0.1M Et4NC104 solution. 

Materials .--Tetraethyl  ammonium perchlorate was 
prepared by neutra l izat ion of a 25% solution of Et4NOH 
with 20% HC104. The precipitated product was re- 
crystallized twice from EtOH (95%) and finally from 
MeOH (AR). Preparat ion of Et4NC104 by this method 
obviates the need for many  careful recrystall izations 
to remove the last traces of the electroactive halide 
ion, always present  in samples of Et4NC104 prepared 
by the metathesis of te t raethyl  ammonium iodide (7) 
or bromide (10) and NaC104. Pure  Et4NC104 was dried 
and stored under  vacuum over silica gel. 

O-Ethylthioacetate and O-ethylthioacetothioacetate 
were prepared and purified as described previously 
(9). May and Baker "Pronalys" acetone was used 

throughout. 

Results and Discussion 
The polarographic behavior of OEt-SacSacH, being 

the parent  l igand of a series of metal  complexes also 
studied by polarography, is of part icular  interest  and 
has been examined in detail. Although the electro- 
chemistry of the sul fur-based ligand at a mercury  
surface is very complex, the present  data have enabled 
the na ture  of the electrode process and ensuing reac- 
t ion to be unraveled. The l igand exhibits one reduct ion 
and one oxidation wave at the DME (Fig. 1). The oxi- 
dation and associated adsorption phenomena are dis- 
cussed in detail in the first instance. 

F, 
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51-t S 1 
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z~ro 

current 

I I I I 
- 2 . 0  - 1.5 - I O  - O 5  O 0.5 

Volts vs. Ag/AgCI 

Fig. 1. Complete d-c polarogram of OEt-SacSacH (natural drop 
time). 
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Fig. 2. Natural and rapid polarograms of oxidation process with 
OEt-SacSacH at approximate concentrations of 1, 5 x 10-4M; 2, 
2 x 10-3M; and 3, 2.5 x 10-3M. Current scale has been adjusted 
for each solution and drop time. 

Oxidat ion . - -Both  the na tu re  and El~2 value of the 
oxidation step are concentrat ion dependent.  The E1/2 
values measured over the concentrat ion range 1 X 
10 -4 to 1 X 10-3M extrapolate at infinite di lut ion to 
the E1/2 value of +0.226 -+- 0.004V vs. Ag/AgC1. 

At concentrat ions greater than  10-3M it becomes ap- 
parent  that adsorption and related inhibi t ion of the 
electrode process are operative at the mercury  surface. 
In  this higher concentrat ion region, the oxidation 
wave splits into two (Fig. 2). However, the total l imi t -  
ing current  for the two waves (id total) increases 
l inear ly  with both concentrat ion (Fig. 6), and ~ (h --- 
column height of mercury) ,  confirming that  the over-  
all l imit ing current  is diffusion controlled. As NMR 
studies on OEt-SacSacH in CDC13 have established 
that  the compound exists in  a thio-enol  form in  this 
solvent (9) the complex anodic behavior  of the com- 
pound is not due to a mix ture  of thio-enol  and thione 
forms. 

The electrolysis of OEt-SacSacH solutions at a mer -  
cury pool electrode is complicated by the increase in 
concentrat ion of a species exhibi t ing an oxidation wave 
with an E1/2 value less positive than  that  exhibited 
with OEt-SacSacH (Fig. 3). At the completion of the 
electrolysis in the presence of the ligand, the polaro- 

075 0.35 - 005 
Volts vs. Ag/AgCI 

Fig. 3. Oxidation region of solutions of OEt-SacSacH before (up- 
per wave) and after (lower wave) partial electrolysis at a mercury 
pool electrode, illustrating growth of oxidation wave of Hg(OEt- 
SacSac)2 at more negative potentials. 

gram of the remaining  species is identical with a po- 
larogram of Hg(OEt-SacSac)2,  even down to the pre-  
wave on the reduct ion step (11). These data have been 
taken as evidence that the product from the over-al l  
reaction of the oxidation process at a mercury  surface 
is Hg(OEt-SacSac)2.  This is one of the few examples 
where the mercury  complex is both known and soluble, 
and studies are considerably facilitated because of this. 

The coulometric experiments  of OEt-SacSacH were 
carried out at +0.45V vs. AglAgC1 and as can be seen 
from Table I this potential  is sufficiently positive to 
oxidize mercury  in the presence of both OEt-SacSacI-I 
and Hg(OEt-SacSac)2;  i.e., the oxidation waves ob- 
served are actual ly  due to the oxidation of Hg(0)  to 
Hg (II) in both cases. 

The relat ively stable [Hg(OEt-SacSac)]  + moiety is 
not oxidized at this potential  as evidenced by the fact 
that  solutions of Hg(OEt-SacSac)2 exhibit  only a single 
two-electron oxidation step in the potential  range 
0.00 to +0.75V vs. AglAgC1 with [Hg(OEt-SacSac)]  + 
as the product [1] (11). 

Hg + Hg (OEt-SacSac)2--> 2[Hg (OEt-SacSac)]  + + 2e 
[1] 

Return ing  to the oxidation of mercury  in the pres-  
ence of the free ligand: the coulometric measurement  
of n has been determined by monitor ing the  concen- 
t ra t ion of free OEt-SacSacH from the oxidation wave. 

Table I. Some polarographic parameters of O-ethylthioacetate, OEt-SacSacH, and Hg (OEt-SacSac)2 

Compound  CHsC (S) OEt  O E t - S a c S a c H  H g  (OEt-SacSac)  

El~= v o l t  vs .  A g  [ A g C I  +0.7* --2.08 +0.226** --1.428 +0 .145 t  --0.415 

E~/4-EsI~ (mV) - -  84 60 68 50 62 

N a t u r e  o f  w a v e  O x i d a t i o n  R e d u c t i o n  O x i d a t i o n  R e d u c t i o n  Oxidat ion  Reduct ion  

Drop t i m e  (see) 1,67 0.67 1.78 1.85 6.00 1.95 

Potent ia l  at w h i c h  drop  
t i m e  m e a s u r e d  (vol t )  + 0.5 -- 2.2 + 0.5 -- 1.6 + 0.2 -- 0,6 

* See t ex t .  
""  Extrapola ted  to i n f in i t e  d i l u t i o n .  

t M a r k e d l y  d r o p  t ime  dependent .  
:Reduct ion s tep  also e x h i b i t s  a p r e w a v e  a t  ~ 0 .2or .  
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The oxidation waves due to OEt-SacSacH and Hg (OEt- 
SacSac)2 are sufficiently well  separated to afford rea-  
sonably accurate estimates of their  respective concen- 
trat ions from their diffusion currents.  The coulometric 
value of n _-- 1.1 • 0.1 electrons/mole of OEt-SacSacH 
and the identification of Hg (OEt-SacSac)~ as the prod- 
uct of electrolysis defines the over-al l  electrode proc- 
ess as 

Hg + 20Et-SacSacH ~ Hg(OEt-SacSac)2 + 2H + + 2e 
[2] 

The prior isolation of Hg(OEt-SacSac)2 (9) has en-  
abled the increase in absolute concentrat ion of the 
mercury  (II) complex, present at all stages of the elec- 
trolysis to be accurately monitored. Figure 4 graphi-  
cally i l lustrates the course of the electrolysis. When all 
free OEt-SacSacH has been consumed, fur ther  elec- 
trolysis causes the concentrat ion of Hg(OEt-SacSac),., 
to decay by Eq. [1]; exactly the same behavior  as ob- 
served for the electrolysis of solutions of pure Hg (OEt- 
SacSac)2. 

Although the coulometry logically sets the n value at 
one electron for the over-a l l  oxidation process it can 
be shown that the actual electron t ransfer  step in-  
volves two electrons. 

Comparison of the diffusion-controlled l imit ing cur-  
rent  for the oxidation of mercury  in the presence of 
OEt-SacSacH has been made with that  of sodium di- 
ethyldithiocarbamate.  The results were obtained under  
identical conditions in acetone/0.1M Et4NC104 on 1.00 
• 10-3M solutions of these compounds at a controlled 
drop time of 0.32 sec. At this concentration, solutions 
of die thyldi thiocarbamate exhibit  a one-electron oxi- 
dation wave at a DME in acetone (12) in an analogous 
manne r  to its behavior  in aqueous media (13, 14). The 
diffusion current  for the oxidation of OEt-SacSacH is 
2.04 times that  for the one-electron process of di thio- 
carbamate at equal concentrations. Assuming approxi-  
mately equal diffusion coefficients for these two ligands 
the electron t ransfer  step with OEt-SacSacH is de- 
fined as a two-electron process. To our knowledge, di- 
e thyldi thiocarbamate is the only l igand with a suffi- 
ciently well-characterized electrode process in acetone 
for this type of comparison. 

1E' 

1L.12 \~,~acSacH 

• \ n : 2 / /  

.~ 8 ~c~ //Hg(OEt -SacSac) 2 
"I~ n : l / \  /la J 

0 l. / / 

l I~ 1 1 
0 25 50 75 100 

Couiornbs x 102 
Fig. 4. Complete electrolysis of OEt-SacSacH at a mercury pool 

electrode. Dashed lines, labeled n ~ 1 and n ~ 2 are calculated 
lines per mole of compound. 'Circles represent experimentally 
determined concentrations of OEt-SacSacH and He (OEt-SacSac)2 

It must  be remembered that  the coulometric value of 
n : 1 is obtained for the over-al l  process of electron 
t ransfer  and coupled chemical reaction, i.e., Eq. [2]. 
Fur thermore  the gradient  of the straight l ine plot of 
log [ ( id  - -  i ) / i ]  vs .  Ed.e. (63 mV) at a concentrat ion 
<10-~M and the known  polarographic behavior  is 
consistent with an i r reversible  2e oxidation step. 

In view of the two-electron t ransfer  at the electrode, 
the electrolysis of solutions of OEt-SacSacH presents a 
very  unusua l  set of reactions. The init ial  two-electron 
t ransfer  (Eq. [3]) 

Hg + OEt-SacSacH ~ [Hg(OEt-SacSac)  ] + + H + + 2e 
[3] 

produces a cationic product which undergoes a slow 
reaction with the excess l igand to yield the wel l -  
characterized complex Hg(OEt-SacSac)2 (Eq. [4]). 

[Hg (OEt-SacSac) ] + + OEt-SacSacH 
~- Hg(OEt-SacSac)2 + H + [4] 

Obviously Reaction [4] must  be slow on the polaro- 
graphic t ime scale but is readily observed in the cou- 
lometric experiment.  

As an examinat ion  of the respective EI/2 values in  
Table I indicates, this newly  formed, neut ra l  complex 
enables mercury to be more easily oxidized than  does 
the start ing material,  OEt-SacSacH. The oxidation via 
Hg(OEt-SacSac)2 probably accounts for the greater 
proportion of current  flowing toward the completion of 
the electrolysis. However, as this la t ter  oxidation con- 
sumes one mole of electrons per mole of OEt-SacSacH 
on the coulometric t ime scale and is regenerat ive with 
respect to Hg(OEt-SacSac)2 in  the presence of excess 
ligand, this consecutive process does not per turb  the 
coulometric results. 

Burnet t  e t  al. (13) have obtained a coulometric n 
value of 0.83 • 0.03 for the oxidation of mercury  in 
the presence of [acac] -  and have a t t r ibuted  the low 
value to the formation of [Hg(acac)a ] - .  Addit ion of 
OEt-SacSacH to solutions of Hg(OEt-SacSac)~ does 
not appreciably alter the oxidation potential  of the 
complex, suggesting that  this system is not complicated 
by increased co-ordinat ion of the Hg(I I )  ion to give 
[Hg (OEt -SacSac) 3] - .  

The deviation of the coulometric results from n -- 1 
for the consumption of OEt-SacSacH and n -- 2 for 
Hg(OEt-SacSac)2 could be rat ionalized if Eq. [4] is 
represented as an equi l ibr ium with an equi l ibr ium 
constant 

[Hg (OEt-SacSac) ~] [H + ] 
ge  -" 

[OEt-SacSacH]-[Hg (OEt-SacSac) + j 

If this postulated equi l ibr ium step is correct, it fol- 
lows that  the cont inuing generat ion of final products 
and the irreversible electrolytic depletion of start ing 
materials  would lead to a slight curva ture  of the e l e c -  
t r o l y s i s  plots. 

There is no evidence to suggest that  any significant 
quant i ty  of the l igand is oxidized to a disulfide dimer 
(Eq. [5] ) 

2 OEt-SacSacH-~ RS -- SR -k 2H + + 2e [5] 

Indeed, in  the early stages of the coulometric oxidation, 
the increase in concentrat ion of Hg(OEt-SacSac)2 is 
almost that expected from the decrease in l igand con- 
centration, providing positive evidence against the 
formation of the dimer. The coulometry is adequately 
rationalized by the consecutive and concurrent  reac- 
tions described by Eq. [1], [3], and [4] assuming a 
slight acid dissociation of Hg (OEt-SacSac)2. 

Although the anodic dissolution of mercury  is facil- 
itated by the following compounds in the order: 
Hg(OEt-SacSac)~ > OEt-SacSacH > >  acetone, the 
irreversibil i ty of the electrode process for the first 
two at least, makes it impossible to draw any  conclu- 
sions of thermodynamic  significance from this fact. 
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The oxidation process for di thiocarbamate solutions 
at the DME is summarized as (13, 14) 

RSH -F Hg ~ Hg(SR) ~- H + -F e [6] 

2Hg(SR) ~-- Hg(SR)2 -F Hg [7] 

This process differs from that  for OEt-SacSacH as the 
ini t ial  t ransfer  step involves only one electron. The 
electron t ransfer  is followed by a rapid disproport iona- 
tion with the over-al l  process being reversible. This 
oxidation process appears to be operative for a range 
of thio complexes (16-19). Although Eq. [6] and [7] 
give the same over-al l  electrode reactions as OEt- 
SacSacH, the stabili ty of [Hg (OEt-SacSac)]  + and the 
two-electron t ransfer  as elucidated by the diffusion 
current  ratios and electrode characteristics safely dis- 
misses this a l ternat ive process in the present  work. 

Electrocapillary curves.--The electrocapillary curve 
(drop t ime vs. potential)  has been redetermined (20) 
for the acetone/0.1M Et4NC104 system (Fig. 5). Due 
to the sensitive na ture  of these measurements  and the 
high volati l i ty of the solvent, solutions were not deoxy- 
genated. The well-defined curve exhibits an electro- 
capil lary max imum at about 0 volt vs. Ag/AgC1. The 
addition of (1.84 X 10-2M) the surface active com- 
pound, OEt-SacSacH markedly  decreases the surface 
tension, with a substantial  reduction in drop time at po- 
tentials more positive than --0.5V. The point where this 
curve joins the curve for acetone/Et4NC104 contain-  
ing no surface active compound ( ~  --0.6V), repre-  
sents the negative adsorption-desorption potent ial  of 
the ligand. The large shift in the electrocapillary 
max imum is not unusua l  for thio compounds, e.g., 
NaC104/S =, --0.37V (21); CHsCOONH~, K N O J d i e t h y l -  
dithiocarbamate,  --0.3V, estimated from data in Ref. 
(13). 

Not unexpectedly,  the positive branch of the curve 
exhibits complications over the potential  region de- 
fined by the oxidation process (Fig. 5). G]utathione 
(22) and diethyldi thiocarbamate (13) exhibit  similar 
behavior. The present effect can be a t t r ibuted to many  
causes, e.g., a lowering of the concentrat ion of OEt- 
SacSacH at the electrode surface due to the oxidation 
process or a different surface activity of the product 
of oxidation. Unfor tunately ,  the data is insufficiently 
informative to provide a completely definitive explana-  
tion. 

Para l le l  experiments  with OEt-SacSacH and 
Zn (NO3)2 �9 6H20 in acetone/0.1M Et4NC104 (11) indi-  
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Fig. 5. Electrocapillary curves of ( ~ )  acetone/O.IM Et4NCI04 
and ( Q )  ocetone/O.1M Et4NCI04 -~- 1.84 x 1 0 - 2 M  OEt-SacSacH. 

cate that  the ni t ra te  anion acts as a proton acceptor 
with the subsequent  formation of Zn(OEt~SacSac)2. 
With Zn(C104)2.6H~O however, nei ther  the per-  
chlorate anion nor the acetone accepts the proton, and 
polarographic studies show the l igand does not chelate 
to Zn(I I )  ions in this medium. Prom this evidence it 
seems unl ikely  that  the l igand loses its proton on 
adsorption to the DME unless the adsorbed anionic 
form of the l igand confers an unexpectedly large 
stabilization over the adsorbed neut ra l  ligand. 

A-C polarography and desorpt~on wave . - -  Pre l im-  
inary  a-c studies on OEt-SacSacH in acetone at con- 
centrat ions < 10-3M show three peaks corresponding 
to the oxidation process (Es ---- 0.29V), reduction 
(--1.28V), and a presumed tensammetr ic  or desorp- 
tion wave (--0.54V). On increasing concentrat ion of 
OEt-SacSacH, the a-c oxidation peak becomes quite 
complex as expected from the adsorption and related 
inhibi t ion phenomena to be discussed in further  detail 
below. 

Extended deoxygenation of solutions of OEt-SacSacH 
indicates that  the small  wave present  in the d-c 
polarograph at --0.59V is not due to dissolved oxygen, 
The wave persists in separate preparations of OEt- 
SacSacH and is not  believed to be an impurity,  but  
is assumed to be the result  of the desorption of the 
l igand on proceeding to more negative potentials. The 
kink reflects the difference in capacity of the double 
layer  at potentials where the mercury  surface is cov- 
ered by the surface-active ligand and at those where 
the normal  electrical double layer exists (23). The 
potential  of the k ink  is in agreement  with the negative 
adsorption-desorption potential  obtained from the 
electrocapillary (--0.6V) and a-c (--0.5V) studies. 

Further aspects of adsorption.--As well as the ad- 
sorption phenomena exhibited by the protonated ligand 
(or less l ikely its deprotonated form) a fur ther  concen- 
trat ion dependent  adsorption is operative at the DME 
on oxidation of the mercury  in  the presence of the 
ligand. 

At low concentrat ions (<  1 X 10-3M) the anodic 
wave exists as a well-defined, although irreversible, 
single wave at a drop time of 2.00 sec. The E1/2 value 
of the wave shifts cathodically on decreasing concen- 
t ra t ion of OEt-SacSacH to yield an extrapolated E1/2 
value of q-0.226V vs. Ag/AgC1 at infinite dilution. On 
increasing the concentrat ion of OEt-SacSacH the diffu- 
sion current  increases monotonical ly up to a concen- 
t ra t ion of ,~ 1 X 10-aM. On fur ther  increasing the 
concentrat ion the l imit ing current  of this first wave 
(i~1) remains  approximately constant. A second wave 
with an El~2 slightly more anodic than that of the first 
wave is generated at concentrat ions > 1 • 10-3M. 

The E1/2 of this second wave also moves anodically 
on increasing the concentrat ion of OEt-SacSacH. Un-  
fortunately,  superposition of the mercury  oxidation 
wave on this second wave renders  evaluat ion of its 
l imit ing current  (id2) unrel iable  at concentrations > 
3 • 10-aM. The l imit ing cur ren t  for the first oxida- 
tion wave is easily monitored to high concentrat ions 
and remains  relat ively constant, cf., 11 ;~A at 1.3 X 
10-2M. Similar  behavior  has been observed from the 
sulfide anion in aqueous media (24-29) and diethyl-  
di thiocarbamate (13, 14). 

It has been suggested that  the oxidative behavior of 
the sulfide anion may be due to the presence of both 
S = and S H -  in solution (24), al though an al ternat ive 
explanat ion involving adsorption of oxidation product 
(HgS) at the DME in the form of a monolayer  and 3-D 
crystals on increasing concentrat ion of S = leading to 
inhibi t ion of fur ther  oxidation accounts for the three 
waves reported (25-29). The recent observations of a 
fourth wave for the sulfide system (30) may require 
both theories for complete understanding.  

For OEt-SacSacH, the constancy of the l imit ing cur-  
rent  for the first wave at concentrat ions > 10-aM 
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Fig. 6. Concentration dependence of limiting currents for the 
oxidation wave of Hg in the presenoe of OEt-SacSocH (drop time 
2.00 sec). 

(Fig. 6, drop time of 2.00 sec) suggests that the elec- 
trode surface is probably covered by adsorbed com- 
pound at all concentrat ions greater than this. It  is 
apparent  from the same figure that up to a concentra-  
t ion of 10-3M the l imit ing current  described by the 
first wave is diffusion controlled. At concentrat ions 
> 10-3M the sum of idl and id2, i.e., id total, indicates 
the total l imit ing current  is diffusion controlled (Fig. 
6) al though the shift in potential  of the second wave 
indicates that  the oxidation is more difficult to accom- 
plish at the covered electrode. Ju l i en  and Bernard (29) 
have a t t r ibuted the corresponding shift of E1/2 to more 
positive potentials with increasing concentrat ion in the 
S = example to the ohmic resistance of the adsorbed 
film, an explanat ion which is not inconsistent with the 
present  findings for OEt-SacSacH. 

Although this inhibi t ion phenomena has not been 
reported for the thio compounds; ~-mercaptopropionic 
acid (18), ethylthioglycolate (19), methoxyethyl th io-  
glycolate (16), thiolactic acid (17), or glutathione (22), 
it seems possible to the present authors that this phe- 
nomenon may be evident  with these compounds at 
greater concentrat ions than  those reported. 

Curren t - t ime  curves (Fig. 7) on ~ 8 sec drops have 
been drawn out with the Metrohm recorder at selected 
potentials across the oxidation waves exhibited by 
solutions of OEt-SacSacH. Unfor tunate ly  l imited re-  
corder response has not enabled the point of zero 
current  and zero t ime to be drawn out. This has re-  
sulted in some curves (0.50-0.65V) appearing to pre-  
sent negative currents.  The curves dramatical ly  i l lus-  
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Fig. 7. Current-drop time curves shown at various potentials 
across the oxidation wave (OEt-SacSacH). Current scale not the 
same at all potentials. 

t rate the adsorption at the DME with the classical 
ini t ial  rise of current  at all potentials and the subse- 
quent  fall at potentials where adsorption inhibits  fur -  
ther oxidation, i.e., 0.40-0.65V. These curves have 
parallels  in the sulfide examples (29). 

From these curves it would appear that  at shorter 
drop times ( induced by premature  mechanical  dis- 
engagement of slow growing drops) the abbreviated 
cur ren t - t ime  curves should be less influenced by ad- 
sorption phenomena and as expected, the resul t ing 
over-al l  polarographic wave shows less per turbat ion  
from adsorption (cf., Fig. 2 and  8). However, other 
considerations are also impor tant  here as the l imit ing 
current  of the first wave (idl) actual ly increases 
slightly with decreasing drop time. 

At concentrat ions > 10-3M the oxidation wave has 
a marked dependence on drop time; for example, the 
wave showing clearly 50% contr ibut ions from idl and 
ia2 at a na tura l  drop t ime of 2.57 sec becomes a slightly 
distorted single wave at a rapid drop time of 0.16 sec 
(Fig. 2). The effect of the rapid drop technique on the 
recording of the oxidation waves at increasing con- 
centrat ion of OEt-SacSacH is i l lustrated in Fig. 2. 

Undoubtedly  the electrode process is less compli- 
cated at short drop times and the value of the rapid 
polarographic techniques in s tudying electrode proc- 
esses complicated by adsorption phenomena is clearly 
illustrated. 

Reduct ion.--The reduction wave (E1/2 = --1.43V) for 
the l igand conforms to a l inear  ~/h vs. id plot indicat-  
ing that the l imit ing current  is diffusion controlled. 
From the electrocapillary and cur ren t -drop  t ime curves 
it is apparent  that the reduct ion occurs with the l igand 
in a nonadsorbed state. 

The E1/4-E3/4 value of 68 mV and the a-c polarogra- 
phy indicates the electrode process exhibits kinetic 
complications. Unlike the product  of the oxidation 
process, the product of reduct ion has not been isolated 
or characterized. However, the following observations 
have enabled constructive suggestions to be made on 
this process. 

As the oxidation step involves a two-electron 
transfer,  the ratio of diffusion currents  for the oxida- 
t ion and reduction waves (2.2: 1) at a controlled drop 
time (0.32 sec) defines the reduction as a one-electron 
step. This dismisses the possibility of radical  dimeriza-  
tion (31, 32) as observed wi th  dibenzoylmethane (33) 
(n ---- 0.5) and suggests reduction involving the evolu- 

tion of hydrogen 

OEt-SacSacH + e ~ [OEt -SacSac] -  + t/zH2 

This is the operative process with acetylacetone 
(acacH) (34). The complicating keto-enol  conversion 
observed for the reduction of acacH is not re levant  
for OEt-SacSacH as this compound exists ent i rely in 
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Fig. 8. Drop time dependence of oxidation wave (OEt-SacSacH 
10-2M). Drop time: 1, 0.16 sec; 2, 0.20 sec; 3, 0.24 sec; 4, 0.28 sec; 
5, 0.32 sec; 6, 0.95 sec. All c~urves run +0.75 to --0.05V vs.  

AgIAgCl. 
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the reactive thio-enol  form. Addit ion of small quant i -  
ties of 40% te t rabu ty lammonium hydroxide deproto- 
nates OEt-SacSacH to [OEt-SacSac]- ,  and as expected 
from the suggested reduction mechanism, the reduc-  
t ion wave vanishes completely. 

The reduction of free H + ions in acetone/Et4NC104 
has been examined by addit ion of small  quanti t ies  of 
60% HC104. The Ell2 value of the well-defined reduc- 
t ion wave is very  dependent  on water  content, moving 
to more negative potentials on increasing concentra-  
tions of water. Hence the least negative E~/2 obtained, 
--0.88V can only be regarded as a lower l imit for this 
reduction potential. Molecules containing an X-H uni t  
which can be reduced to X -  and H2, fall at more nega-  
tive potentials, e.g., H20 and acacH are reduced toward 
the potential  l imit  of the solvent, --2.2V. Although E1/2 
values for these nonreversible  reductions may be mis-  
leading, it is pleasing to note that the proposed reduc- 
tion of the S-H unit  falls at a more negative potential  
than that of free H + ions. 

O-Ethylthioacetate.--Finally it is of interest to com- 
pare the polarographic behavior, in acetone, of OEt- 
SacSacH (I) with that  of O-ethylthioacetate (II) 
(Table I) .  The lat ter  compound exhibits both oxida- 
tive and reductive activity toward the potential  l imits 
of the solvent. The oxidation wave, superimposed on the 
foot of the mercury  oxidation wave, appears to have 
an E~/2 of approximately ~-0.7V although it is not 
feasible to accurately evaluate polarographic param-  
eters. The reduction step at E1/2 ---- --2.08V vs. Ag[AgC1 
has an (E1/~-E~/4) value of 54 mV. A solution of the 
compound slowly coats the mercury  pool with a dark 
decomposition or reaction product. Although the nature  
of the reduction product is not completely understood 
for either compound it is readily apparent  that the 
thiol function of OEt-SacSacH is more amenable  to 
reduction. It is presumed that the resonance stabilized 
mercury complex formation affords an easier oxida- 
tion of the mercury in solutions of OEt-SacSacH than 
O-ethylthioacetate where the product of oxidation 
cannot achieve such stabilization. 
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ABSTRACT 

The influence of the proton donor hydroquinone on the polarographic re -  
duction of a series of phenyl  and napbthy l - subs t i tu ted  oxazoles and oxadi- 
azoles in DMF has been studied. Cyclic vol tammetr ic  data taken at potentials 
of the first of two polarographic waves at a hanging mercury  drop electrode 
suggest that  the oxadiazoles and 2-naphthyl - subs t i tu ted  oxazoles are reduced 
via a two-electron ECE process at large proton donor to compound ratios. 
Phenyl - subs t i tu ted  oxazoles are reduced in only one polarographic wave with 
an n apparent  of 4.0 at high proton donor to compound ratios. 

The electrode reduct ion mechanisms of representa-  
tive 2,5-aromatic-subst i tuted oxazoles and oxadiazoles 
in N,N-dimethylformamide (DMF) were recent ly pre-  
sented (1, 2). The compounds 2,5-diphenyloxazole and 
2 - ( I -naph thy l ) -5 -pheny loxazo le  are reduced in N,N- 
dimethylformamide in two polarographic steps accord- 
ing to the mechanism 

First  wave: 

R -}- e -  ~_.~ R ~ 

Second wave: 

R~ + e - ~ R  = 
R-- + H S ~  R H -  + S -  

where HS is solvent or other weak proton donor. The 
anion radical, R ~, and protonated dianion, R H - ,  are 
long-l ived in  the absence of efficient proton donors. 
Similar ly  subst i tuted o~adiazoles are reduced accord- 
ingly with an addit ional electrochemical step at po- 
tent ials  near  the solvent-support ing electrolyte poten-  
tial l imit  (2). 

The effects of proton donors on the reduction proc- 
esses were studied to confirm the postulated mecha-  
nisms in DMF (1, 2). The polarographic current  
plateaus of the 2-phenyl -subs t i tu ted  oxazoles appeared 
to vary  with added proton donors in  a m a n n e r  similar  
to the polarographic processes of most aromatic hy-  
drocarbons with both plateaus coalescing to one at 
high proton donor to compound ratios (1, 3, 4). The 
influence of added proton donors on the polarographic 
reduct ion of oxadiazo]es is in general  uniform, bu t  
different from the oxazo]e behavior  and previously re-  
ported results of studies on the electrochemical reduc-  
t ion of aromatic hydrocarbons in aprotic media con- 
ta ining controlled quanti t ies  of proton donors (2-5). 
The polarographic data previously presented suggested 
that  the oxadiazole x-radical  produced by  a reversible 
one-electron process is either, not readi ly  protonated 
in the presence of water  and hydroquinone  (HQ), or 
protonated but  not reduced fur ther  at potentials near  
the first E1/2 of the parent  compound (2, 3). These 
observations are not consistent with theory and sug- 
gested the need for a more systematic and thorough 
invest igat ion of the reactions of electrochemically pro-  
duced intermediates  of oxazole and oxadiazo]e hetero-  
cyclics with proton donors in aprotic media. The im-  
portance of the role of proton donor species on the 
electroreduction mechanism of aromatic hydrocarbons 
has been discussed in detail by Mark and  others (6, 7). 
The controlled protonat ion of heterocyclic anions has 
not been treated in detail. 

Key words: anion, heterocyclic, protonation. 

We wish now to report  studies in which polaro- 
graphic and cyclic vol tammetr ic  techniques were em- 
ployed to investigate the production and protona-  
tion of the anion radicals of 2,5-diphenyloxazole, 
2- ( 1-naphthyl)-5-phenyloxazole ,  2- (4-f luorophenyl)-5-  
phenyloxazole, 2- (3-methoxyphenyl)  -5-phenyloxazole,  
2 - ( 4 - me t hoxyphe ny l ) - 5 - ( 1 - na ph t hy l )  oxadiazole, 2- 
(4 -me thoxypheny l ) -5 - (2 -naph thy l )  oxadiazole, 2,5- 

diphenyloxadiazole, 2 - (4- f luorophenyl ) -5 -phenyloxa-  
diazole and 2- (4-f luorophenyl) -5-  (2-naphthyl)  oxadi-  
azole (note s tructures I & II) in DMF containing 
controlled quant i t ies  of hydroquinone  (HQ). A small  
portion of the data presented is repetitious, but  its 
inclusion with new data clarifies salient points. The 
test compounds were chosen to i l lustrate the influence 
of 2,5-substi tuent variat ions on the react ivi ty of the 
anion produced at the first polarographic plateau of 
each compound. 

I II 

\ N--N 

oxazole oxadiazole 

The complete s tudy included electrochemical mea-  
surements  in DMF and acetonitrile, bos containing 
controlled quanti t ies  of water  and HQ. Both substances 
functioned most effectively as proton donors in  aceto- 
nitrile. Water functioned as a very  weak donor in 
DMF. These results and the fact that HQ is an  effective 
donor and electroinactive in  DMF have been noted 
previously (5, 6). Although the influence of a set 
amount  of proton donor varied with solvent-donor  
combinations the general  electrochemical behavior  
(number  and type of reactions) of the test materials  

was not altered. Consequently,  we have chosen to re-  
port data only from studies in DMF-HQ media. 

Polarographic Data 
The compound 2,5-diphenyloxazole exhibits two 

diffusion-controlled, one-electron polarographic waves 
in dry DMF solvent (Table I, Fig. 1). The currents  of 
both plateaus are enhanced equal ly  by a factor of 40% 
when the test solution is made 1.75 mM in I-IQ. The 
current  increase continues with addi t ional ly  added 
HQ unt i l  at 5.25 mM HQ the first wave exhibits an n 
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apparent  I of 2.0 and is kinet ical ly  controlled. 2 The 
second plateau also exhibits an n apparent  of 2.0 bu t  
is diffusion controlled. The current  changes are ac- 
companied by a +20 mV shift in the E1/2 of the first 
wave and a ~-60 mV shift of the second. Fur the r  ad-  
ditions of HQ causes the first wave to grow at  the 
expense of the second with the total cur ren t  of both 
waves remain ing  constant  (Fig. 1). Addit ion of enough 
HQ to br ing the test solution to 50 mM effects l imit ing 
behavior  with only one diffusion-controlled polaro- 
graphic wave observed at --2.10V vs. SCE with  an  n 
apparent  of 4.0, (Fig. 1 and  2). 

The n apparen t  of the first wave of 2,5-diphenyl-  
oxazole, given as a funct ion of added HQ in Fig. 2, 
summarizes the electroactivity of the compound in the 
presence of various amounts  of HQ. The behavior  is 
s imilar  to that  of a l t e rnan t  aromatic hydrocarbons 
(3, 5, 6) .  

Addition of induct ively  releasing or wi thdrawing 
substi tuents to the phenyl  r ing at the oxazole 2-posi- 
t ion shift E1/2 values bu t  effect no significant changes 
in the electrochemical behavior  of the heterocyclic in 
pure DMF or DMF-HQ mixtures  (Table I) .  Polaro-  
graphic data given in Fig. 2 show that  the n apparent  
of the first polarographic wave of 2 - (3 -methoxy-  
phenyl ) -5-phenyloxazole  and 2- (4-fluorophenyl) -5- 
phenyloxazole varies with added HQ in the same 
manner  as 2,5-dipheny],oxazole. The second polaro- 
graphic wave of 2- (4- f iuorophenyl) -5-phenyloxazole  
exhibits a diffusion current  corresponding to an n 
apparent  of 2.0 in dry  DMF. The controlled addit ion 
of HQ enhances the diffusion currents  of both plateaus. 
At concentrat ions of HQ greater than 5.25 mM the first 
Wave grows at the expense of the second with increas-  
ing amounts  of HQ. One wave corresponding to a 4- 
electron diffusion-controlled process and observed at 
--2.06 vs. SCE represents l imit ing behavior.  Fur the r  
additions of HQ do not al ter  this l imi t ing behavior. 
As with 2,5-diphenyloxazole and  2- (3-methoxy-  
phenyl) -5-phenyloxazole ,  addit ion of HQ influences 
the extent  of reduction at each p]ateau with the end 
product of both waves (n apparent  of 4.0) not al tered 
by  the addit ion of any quan t i ty  of HQ greater than  
5.25 raM. 

Subst i tu t ion of a naphthyl  group at the heterocyclic 
2-position does not significantly alter the electrochemi- 
cal behavior  of the oxazole r ing in dry  DMF (Fig. 3, 
Table I) .  The anodic shift in  the E1/2 of both plateaus 
of 2 - (1 -naph thy l ) -5 -pheny loxazo le  relative to those of 
2,5-diphenyloxazole in dry DMF is expected (8). The 
compound does however exhibit  a polarographic be-  
havior in the presence of HQ significantly different 
from that  of the other test oxazoles (Fig. 3). The first 
polarographic wave of the compound does not demon-  
strate the same react ivi ty  to small  quanti t ies  of added 
proton donor  as that  of the previously discussed oxa- 

1 n a p p a r e n t  = i l i d  w h e r e  t i s  t he  p o l a r o g r a p h i c  l i m i t i n g  c u r r e n t  
i n  t he  D M F - H Q  sys tem,  a n d  id is  the  d i f fus ion  c u r r e n t  o f  t he  first 
w a v e  of the  c o m p o u n d  in  d ry  DMF.  

2 The  p l a t e a u  c u r r e n t  is  i n d e p e n d e n t  of t he  cor rec ted  m e r c u r y  
head h e i g h t  a b o v e  the  dine.  

Table I. Polarographic half wave potentials in DMF 

Compound -Ez/~(1)  --E1/~(2) -E1/2(3)  

2 , 5 - d i p h e n y l o x a z o l e  2.16 2.52 m 
2- (3 -me thoxypheny l ) -5 -pheny loxazo le  2.06 2.37 - -  
2- ( 4 - f l u o r o p h e n y l ) - 5 - p h e n y l o x a z o l e  2.13 2.48 - -  
2- ( 1 - n a p h t h y l ) - 5 - p h e n y l o x a z o l e  1.86 2.24 - -  
2 , 5 - d i p h e n y l o x a d i a z o l e  1.95 2.34 2.63 
2- (4 - f luoropheny l )  - 5 - p h e n y l o x a d i a z o l e  1.96 2.36 2.64 
2- (4 - f l uo ropheny l ) -5 -  (2 -naph thy l}  

oxad iazo le  1.81 2.16 2.48 
2- ( 4 - m e t h o x y p h e n y l )  -S- ( 2 - n a p h t h y l )  

oxad iazo le  1.78 2.22 __~a) 
2- ( 4 - m e t h o x y p h e n y l ) - 5 -  ( 2 - n a p h t h y l )  

oxad iazo le  1.75 2.18 __(a) 

(~) T h i r d  w a v e  v i s i b l e  n e a r  s o l v e n t - s u p p o r t i n g  e l ec t ro ly t e  hack -  
g round ,  

Fig. 1. Polarograms of 2,5-diphenyloxazole in DMF containing 
(a) no HQ, lower curve is supporting electrolyte polarogram run 
at current sensitivity 10 times that of polarograms of 2,5-diphenyl- 
exazole; (b) 1.75 mM HQ; (c) 17.5 mM HQ; and (d) 52.5 mM HQ. 

zoles (Fig. 2). The current  of this plateau exhibits 
kinetic complications and is enhanced slightly by 5.25 
mM HQ (Fig. 3). It  reaches a l imit ing value corre- 
spond ing  to a 2-electron diffusion-controlled process at 
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Fig. 2. The polarographic n apparent in DMF vs. the millimolar 
concentration of added HQ for (a) 2,5-diphenyloxazole, (b) 2. 
(4-fluorophenyl)-5-phenyloxazole, (c) 2-(3-methoxyphenyl)-5-phenyl- 
oxazole, (d) 2-(1-naphthyl)-5-phenyloxazole, (e) 2,5-diphenyloxa- 
diazole (f) 2-(4-fluorophenyD-5-phenyloxadiazole, (g) 2-(4-fluoro- 
phenyl)~ oxadiazole, (h) 2-(4-methoxyphenyl)-5-(2- 
naphthyl) oxadiazole, and (i) 2-(4-methoxyphenyl)-5-(1-naphthyl) 
oxadiazole. 

HQ concentrat ions greater than 50.0 raM. The wave 
does not coalesce with those more cathodic at a ny  
proton donor to oxazole ratios investigated (Fig. 3). 
The current  of the second wave is enhanced to a 
greater extent  than that  of the first by  the addi t ion 
of small quanti t ies of HQ (Fig. 3). At HQ concentra-  
tions as low as 1.75 mM a thi rd  wave, kinetical ly 
controlled, is observed with an E1/~ of --2.47V vs. SCE 
(Fig. 3). The second diffusion plateau along with the 
kinetic current  are great ly enhanced with fur ther  ad- 
ditions of HQ (Fig. 3). A significant anodic shift of 
the kinet ic-control led wave accompanies the current  
growth with added HQ (Fig. 3). At HQ concentrat ions 
near 17.5 mM the second current  plateau and the 
kinetic current  coalesce into one diffusion controlled 
polarographic wave with current  corresponding to 
an n apparent  of 4.0 (Fig. 3). The reduction of the 
naphthyl -subs t i tu ted  oxazole at high proton donor 
concentrations requires a total of 6 electrons per 
molecule. 

All 2,5-aromatic subst i tuted oxadiazoles exhibi ted 
three polarographic waves in dry  DMF (Table I, Fig. 
4). A reversible electron t ransfer  followed by a rapid 
protonation of the dianion is the process responsible 
for the second wave. The most cathodic of the three 
waves results from a mul t ie lect ron r ing opening reac- 
tion (2). The two most cathodic waves are quite sen- 
sitive to small  quanti t ies of added HQ and in general  
coalesce to one diffusion-controlled mult ie lectron step 
at HQ concentrat ions greater than  5.25 mM (Fig. 4). 

An interest ing feature of the polarography of the 
oxadiazoles is the relative insensi t ivi ty  of the first 
polarographic wave to added HQ (Fig. 2 and 4). This 
wave, represent ing the reversible production of an 
anion x-radical  of each compound in dry DMF, ex- 
hibits kinetic complications at HQ concentrat ions as 
low as 5.25 raM. However, a max imum n apparent  of 
approximately 2.0 and diffusion-controlled behavior  
is only approached in experiments  conducted in DMF 
with large concentrat ions of HQ (Fig. 2). The rate of 
approach to the l imit ing behavior, as a funct ion of 
added HQ, is dependent  upon the s tructure of the 2,5- 
subst i tuents  (Fig. 2). The first wave of the compound 
2,5-diphenyloxadiazole exhibits the greatest sensit iv- 
i ty to added HQ, showing kinetic complications at 5.25 
mM HQ and approaching a l imit ing n apparent  of 2.1 
at HQ concentrat ions ten times greater (Fig. 2). Sub-  
st i tution of fluorine on the 2-phenyl  subst i tuent  did not 
influence the electroactivity of the compounds (Fig. 2). 
Replacement  of the 5-phenyl  with a naphthyl  funct ion 

Fig. 3. Polarograms of 2-(1-naphthyl)-5-phenyloxazole in DMF 
containing (a) no HQ, lower curve is supporting electrolyte polaro- 
gram run at current sensitivity 10 times that of polarograms of 
2-(1-naphthyl)-5-phenyloxazole; (b) 5.25 mM HQ; (c) 17.5 mM 
HQ; and (d) 87.5 mM HQ. 

(~ or 8) diminished the sensi t ivi ty of the first wave 
to added proton donor (Fig. 2). The change in behav-  
ior is not as dramatic  as that  resul t ing from the same 
subst i tut ion at the oxazole 2-position (Fig. 2). The 
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several n apparent  values of the first polarographic 
wave of each compound. Complete cyclic vol tammetr ic  
data for the first wave of 2,5-diphenyloxazole, 2,5-di- 
phenyloxadiazole, 2- (1-naphthyl)  -5-phenyloxazole and 
2 - ( 4 - me t hoxyphe ny l ) - 5 - ( 2 - na ph t hy l )  oxadiazole are 
given in Table II as a funct ion of amount  of added 
proton donor. 

Cyclic vol tammetr ic  data confirm that  each of the 
compounds studied are revers ibly  reduced to a stable 
anion radical at potentials cathodic of the first polaro- 
graphic wave in DMF with no added HQ (Table I I ) .  
The first cyclic wave of 2,5-diphenyloxazole recorded 
at 3.5 mM HQ reflects kinetic complications (Fig. 5 
and 6). The wave broadens and the ratio of anodic to 
cathodic current ,  (ip)a/(ip)c, diminishes with deereas~  

Fig. 4. Polarograms of 2,5-diphenyloxadlazole in DMF containing 
(a) no HQ, (b) 1.75 mM HQ, (c) 5.25 mM HQ, and (d) 52.5 mM HQ. 

first polarographic wave of the compound 2 - (4 -me th -  
oxypheny l ) -5 - (2 -naph thy l )  oxadiazole exhibits the 
least sensit ivity of all compounds to added HQ, ap-  
proaching a l imit ing n apparent  of 2.0 only at concen- 
trations of HQ near  120 mM (Fig. 2). 

Cyclic Voltammetr ic  Data 

Cyclic vo l tammet ry  provides an excellent  means  
by which the homogenous reactions of radical in te r -  
mediates may be qual i tat ively studied and compared. 
To investigate the na tu re  of the processes responsible 
for the behavior of the most anodic polarographic wave 
of each compound, cyclic vol tammograms of com- 
pounds representat ive of four of the curves shown in  
Fig. 2 were recorded at a hanging mercury  drop elec- 
trode (HMDE). The experiments  were conducted at 

O- 

O-  

(A) 

(BI 

(C) 

| " (  . . . .  

1.5 2.O 

V vs. S.C.-F... 

Fig. S. (a) Cyclic voltammograms of 2,5.diphenyloxazole recorded 
at 10.56 V/rain at a HMDE in DMF containing 0.0, 3.5, and 6.0 mM 
Ha. (b) Cyclic voltammograms of 2-(1-naphthyl)-5-phenyloxazole 
recorded at I0.00 V/rain at a HMDE in DMF containing 0.0, 32.5, 
and 105 mM HQ. (c) Cyclic voltammograms of 2,5-dipheny~axa- 
diazole recorded at 10.80 V/rain at a HMDE in DMF containing 
0.0, 21.5, and 105 mM Ha. The switching potential E~ is 200 mV 
past Ep and the drop size uniform for all vdtammograms. 
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ing potential  sweep rate (v) (Table II, Fig. 6). The 
current  function, (io)r varies slightly at larger 
sweep rates and greater at the lower rates, increasing 
with decreasing v (Table II) .  A 10 mV anodic shift 
of the cathodic peak potential  is observed for a t en-  
fold increase in the potential  sweep rate (Table II, 
Fig. 6). No anodic current  is observed on the reverse 
going segment of cyclic experiments  conducted in 6.0 

Table tl. Cyclic voltammetric data 

2 , 5 - d i p h e n y l o x a z o l e  
(io)e/V~/~ 

H Q  V --  (Ep) c (Ep) e--  (Ep) a (~p) a /  (/IA v o l t  -1/'-' 
( raM) n(a) ( V / r a i n )  (V) ( m Y )  (ip)e (b) min-~/~) 

0.00 1,00 

3.50 1.50 

8.00 2.00 

105.00 4,00(d) 

0.00 1.00 

17.50 1,25 

30.00 1.50 

50.00 1.75 

105.00 2.00 

10.56 2.19 60 1,OO 3.21 
7.91 2.19 60 1.00 3.1B 
5.27 2 .19 60 1.00 3.18 
2 .64 2 .19  60 1.00 3,.24 
1.06 2 .19 60 i,O0 3.15 

10.56 2,19 70 0.88 4.80 
7.91 2,19 80 0.85 4.90 
5.27 2.19 90 0.50 5,05 
2.64 2.20 II0 0.25 5.80 
1.06 2,20 --(~)  __(o) 7.25 

10.56 2.19 --(~)  __(o) 5.45 
7.91 2.19 --(~)  - - (~)  5.70 
5,27 2.19 - - (~)  - - (~)  6.15 
2,64 2.20 __(e) - - (~)  7.90 
1.06 2.20 __(e) ~ ( ~ )  10.04 

10.56 2.18 - - (~) __(o) 9.90 
7.91 2.13 - - ( c )  - - (v )  I0 .01  
5.27 2.17 __(e> - - (v )  11.00 
2.64 2,16 - - (~)  - - (~)  13.40 
1.06 2.15 - - ( r  __(o) 14.10 

2- ( 1 - n a p h t h y l ) - 5 - p h e n y l o x a z o l e  

10.00 1.93 60 1,OO 4.24 
7.50 1.93 60 1.00 4.18 
5.00 1.93 60 1.00 4.15 
2.50 1.93 60 1,09 4.40 
1.00 1.93 60 1.00 4.18 

lO.O0 1.94 I00  1.00 4.12 
7,50 1.94 90 1.00 5.30 
5.00 1.92 90 0.95 5,55 
2.50 1.92 87 0.90 6.30 
1,00 1.92 87 0.85 6.80 

10.00 1.93 110 0.99 5.61 
7.50 1.93 110 0.87 5 .65 
5.00 133  ii0 0,81 6,15 
2.50 1 .93 110 0,69 7.10 
1.00 1.92 - -  0.45 9.25 

10.00 1.94 120 --~'~ 8,30 
7.50 1,94 120 - - ( ' ~  6.55 
5.00 1,93 120 - -~ ' )  7.20 
2.50 1.92 __(e) __(c) 8.60 
1.00 1.92 __(o) - - ( r  9,80 

10.00 1.94 __(o) - - (~)  8.60 
7.50 1,92 - - (~)  __(c) 9.00 
5.00 1.91 __(c) __(o) 9.70 
2.50 1.91 __(c) __(o) 11.40 
1,00 1.90 __(e) __(o) 12.40 

2 , 5 - d i p h e n y l o x a d i a z o l e  

0.0 1.00 10.80 2.03 60 1.00 5.40 
8.10 2,03 60 1.00 5.20 
5.40 2.03 90 1.00 5.40 
2.70 2.03 60 1.00 5.30 
1.08 2.03 60 1.00 5.10 

12.0 1.50 10.80 2.03 65 1.00 5.10 
8.10 2 .03  65 1.00 5.00 
5.40 2.03 65 1.00 5.10 
2.70 2.03 65 0.90 5.60 
1.08 2.03 65 0.90 5.70 

22.0 1.75 10.80 2.03 80 0.85 5.75 
8.10 2,03 80 0.80 5,86 
5,40 2.03 80 0.70 6.50 
2.70 2.03 80 0.50 7.20 
1.08 2.03 80 ~ (o )  8.15 

30.0 2 .00 10.80 2 .04  90 0.70 5.95 
8.10 2 .04 90 0.50 6.00 
5.40 2.03 95 0.40 6.35 
2.70 2.03 __(c) ~ ( e )  7.45 
1.08 2.03 - - ( * )  __(e) 8.90 

105.0 2 .10 10.80 2.06 - - (v )  ~ )  7.34 
9,10 2.05 - - ( r  ~ ( o )  7.35 
5,40 2.05 --(~)  ~(e )  7.70 
2.70 2.03 - - ( r  ~ ( e )  8.60 
1.08 2.02 - - ( " )  ~ (e )  8.75 

Table II. (Cant.) 

2- ( 4 ~ m e t h o y p h e n y l )  -5 -  ( 2 - n a p h t h y l )  o x a d i a z o l e  

I-IQ v 
(mM) n(~) ( V / r a i n )  

0.0 1.00 

65.0 1.50 

122.5 1.75 

175.0 2.00 

- (Ep)~ ( E p ) ~ - - ( E , ) ,  ( i p ) , /  ( ~ A  volt-~/>-> 
(V) (mV) (ip)e (b) min-~/~) 

9.60 1.86 60 1.0 3.20 
7,20 1.86 60 1.0 3.40 
4.80 1.86 60 1.0 3.40 
2.40 1.86 60 1.0 3.50 
0.96 1.80 60 1.0 3.40 

9.60 1.88 85 0.9 3.92 
7.20 1.88 85  0.8 4 .00  
4.80 1.88 85 0.6 4.15 
2.40 1.88 85 0.5 4 .93 
0,96 1.88 86 __(o) 5.62 

9.60 1.88 110 0.6 3.82 
7.20 1.88 110 0.5 4.15 
4.80 1.88 I00 0.3 4.25 
2.40 1.88 - - ( c )  __(o) 5.05 
0.96 1.87 --('~) - - ~ )  6.24 

9.60 1.B8 - - ( v )  __(e) 4.37 
7.20 1.88 __(c) i ( o >  5.05 
4.80 1,88 --(~) __(o) 5.15 
2.40 1,87 - - (~)  - - (~)  6.20 
0.96 1.86 - - ( c )  - - (* )  7.45 

(a) n a p p a r e n t  f r o m  p o l a r o g r a p h i e  d a t a .  
(b) EX ( s w i t c h i n g  p o t e n t i a l )  = 120 inV,  
(e) No a n o d i e  p e a k .  
(a) L i m i t i n g  v a l u e  of  n a p p a r e n t .  
(*) B a s e  l i n e  fo r  s m a l l  a n o d i e  c u r r e n t  c o u l d  n o t  be  d e t e r m i n e d .  

mM HQ (Table II, Fig. 5). The cathodic current  peak 
sharpens and the potential  continues to shift anodically 
with an increase in v at this HQ concentrat ion (Table 
II) .  This part icular  behavior  is contrary to that  for 
a concerted electrochemical step in which a chemical 
reaction or reactions is coupled to heterogenous elec- 
t ron transfers (9). It is found, however, that  the peak 
potential  and current  funct ion of vol tammograms con- 
ducted at HQ concentrat ions effecting a l imit ing n 
apparent  of 4.0 behave in a manne r  consistent with 
a single, complex electrochemical step (Table II) .  

The cyclic vol tammograms of 2- (1-naphthyl)  -5- 
phenyloxazole recorded at potentials of the first po- 
larographic wave begin to exhibit  definite kinetic 
effects at HQ concentrat ions near  17.5 mM (Table 
II) .  The effects become much more pronounced at 
sl ightly higher HQ concentrat ions (Table II, Fig. 5 
and 6). At concentrat ions of 50 mM or greater  no 
anodic current  is observed at sweep rates up to 10 
V / m i n  (Fig. 5, Tab 'e  I I ) .  AI[ parameters  of cyclic 
vol tammograms of this compound at all HQ concen- 
trat ions are consistent with a process in which a chem- 
ical reaction is coupled between two reversible elec- 
t ron transfer  steps (ECE process) with the product of 
the reaction more reducible than the parent  compound 
(9). The rate of the coupled reaction is proport ional  to 
the ratio of proton donor to parent  compound; Fig. 5 
and 6 i l lustrate this assertion (9). 

The compound 2,5-diphenyloxadiazole behaves in a 
manne r  quite similar to that  of 2 - ( 1 - n a p h t h y l ) - 5 -  
phenyloxazole (Table II, Fig. 5 and 6). The kinetic 
complications become apparent  at sl ightly lower HQ 
concentrations. The vol tammogram parameters  of the 
compound 2- (4 -methoxyphenyl ) -5 -  (2-naphthyl)  oxa- 
diazole are consistent with an ECE process with kinetic 
complications and l imit ing behavior observed at con- 
siderab]y higher HQ concentrat ions than the other 
compounds (Table I I ) .  

Discussion 

A study of the influence of HQ on the reduction 
of oxazoles and oxadiazoles places the compounds into 
two basic categories. One category includes compounds 
exhibit ing a l imit ing behavior  of one diffusion-con- 
trolled polarographic wave with an n apparent  of 4.0 
and the other includes compounds exhibiting, as l imi t -  
ing behavior, two diffusion waves with the first ap- 
proaching an n apparent  of 2.0 at high HQ concentra-  
tions. The first includes the 2,5-phenyl-subst i tuted 
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Fig. 6. (a) Cyclic voltammograms of 2,5-diphenyloxazole recorded 
in DMF containing 3.5 mM HQ at a HMDE at 10.56, 7.91, 5.27, 
2.54, and 1.06 V/min. (b) Cyclic voltammograms of 2-(1-naphthyl)- 
5-phenyloxazole recorded in DMF containing 32.5 mM HQ at a 
HMDE at 10.00, 7.S0, 5.00, 2.S0, and 1.00 V/rain. (c) Cyclic 
voltammograms of 2,5-diphenyloxadiazole recorded in DMF con- 
taining 21.5 mM HQ at a HMDE at 10.80, 8.10, 5.40, 2.70, and 1.08 
V/min. The switching potential E~. is 120 mV past Ep and the drop 
size uniform for all voltammograms. 

oxazoles and the second the oxadiazoles and 2 - (1 -  
naphthyl )  -5-phenyloxazole.  

Cyclic vol tammetr ic  data suggest tha t  the oxadia-  
zoles and 2 - (1 -naph thy l ) -5 -pheny loxazo le  are re-  
duced via a two-electron ECE process to a dihydro 
species at the first polarographic wave in the pres-  
ence of HQ. The complete mechanism probably  may 
be represented by  the sequence of steps (10) 

1. R + e - ~ - - - R  ~ 
kl 

2. R ~ + H Q ~  R H . + Q -  
3. RH. + e -  ~ R H -  
4. R ~ + RH-<-~-~R + R H -  

ks 
5. R H -  -}- HQ -> RH2 + Q- .  

Step 5 has been shown to be very fast in  the presence 
of small  quanti t ies  of proton donor (10). Also, the 
sensit ivity of the second polarographic wave to smal l  
quanti t ies of HQ relat ive to the first wave of each 
compound confirms that  the step is very  rapid with 
respect to step 2. The type equi l ibr ium expressed in 
step 4 has been shown to lie almost completely to the 
r ight  for aromatic hydrocarbons.  The similar vol tam- 
metric behavior  of oxazole and oxadiazoles with that  
of certain aromatic hydrocarbons suggests that  this 
equi l ib r ium also exists to the right for the compounds 

under  study. These facts are consistent with the ob- 
served ECE type behavior. 

The difference in rate of approach to l imi t ing be-  
havior exhibited by the oxadiazoles and 2 - (1 -naph-  
thy l ) -5-phenyloxazole  in  Fig. 2 is a resul t  of differ- 
ences in kl of each compound. Mark has pointed out 
that for an ECE type mechanism the rate of protonation 
(step 2) relat ive to the rate of diffusion of R ~ away 
from the electrode surface is an  impor tant  factor in 
de termining polarographic and vol tammetr ic  wave 
characteristics (6). If the proton donor concentrat ion 
is high and /or  the constant  kl is large, ~then step 2 
occurs near  the electrode surface and behavior  as de- 
scribed herein is expected. 

Values of the rate constant, kl, for the react ion of 
the oxadiazoles and 2 - (1 -naph thy l ) -5 -pheny loxazo le  
with HQ were est imated from a plot of the polaro- 
graphic n apparent  vs. the product of the pseudo first 
order ra te  constant, k~[HQ], and the drop time, t, 
after the method of Nicholson et aL (11). The values 
of kl appear to be of the same order of magni tude  as 
similar constants for protonat ion of aromatic hydro-  
carbon radicals in DMF and acetonitri le (4, 12). The 
rate constants range from 0.1 liters mM -~ sec -1 for 
2,5-diphenyloxadiazole and 2- (4-fiuorophenyl) -5- 
phenyloxadiazole to 0.05 for 2 - ( 1 - n a p h t h y l ) - 5 - p h e n y l -  
oxazole and 2 - (4 - f luoropheny l ) -5 - (2 -naph thy l )  oxa- 
diazole and 0.04 for 2 - ( 4 - m e t h o x y p h e n y l ) - 5 - ( 2 - n a p h -  
thyl)  oxadiazole. 

It  should be noted that  these rate constants  obtained 
assuming pure  ECE behavior  are possibly in error due 
to the previously recognized ECE contr ibut ion to the 
total reduction process. However, this possible error 
is appreciable only at high n apparent  values and the 
rate constants given were measured at an  n apparent  
near  1.4. 

Comparison of the kl values relat ive to the curves 
in Fig. 2 shows that  the increased conjugat ion due to 
naphthyl  for phenyl  subst i tut ion at the 2 or 5-position 
carbon has a significant slowing influence upon the 
rate of protonat ion of the anion radicals of the oxadia- 
zoles. Electronic effects of subst i tuents  on the 2 or 5- 
position phenyl  sl ightly alter the rate of protonat ion 
of the naphthyl  subst i tuted oxadiazoles. 

Naphthyl  subst i tut ion at the oxazole 2-position com- 
pletely alters the electrochemical reduction mechanism 
of the oxazole r ing in the presence of proton donors. 
At large proton donor to oxazole ratios 2 - (1 -naph-  
thyl ) -5-phenyloxazole  is reduced in two polarographic 
steps with the first appearing to be a two-electron ECE 
process resul t ing in a dihydro species (1). The k~ of 
this process is comparable to tha t  of the oxadiazoles. 
At large proton donor to oxazole ratios the phenyl -  
subst i tuted oxazoles are all reduced in one polaro- 
graphic step exhibi t ing an n apparent  of 4.0. The un -  
usual cyclic vol tammetr ic  data taken of these com- 
pounds in DMF in the presence of HQ ma y  be ex- 
plained in terms of t w o  electrochemical processes oc- 
curr ing at very similar  voltages. The first leads to the 
dihydro compound, RH2, and the second to saturated-  
ring or r ing-opened products (1, 2). At intermediate  
HQ concentrat ions the second step is cathodic enough 
of the first to cause cathodic current  peak broadening 
and  a cathodic shift at the slower sweep rates (Fig. 
5). At large proton donor concentrat ions the two proc- 
esses coalesce to one concerted step due to an anodic 
shift of the second process. The resul t ing vol tammetr ic  
wave exhibits properties consistent with a complex, 
bu t  concerted reduct ion process (Table II) .  

Bezuglyi et aL have studied the polarographic 
reduction of oxazoles and oxadiazoles in aqueous 
methanol  at various pH values (13). This work and 
that presented herein  provide a description of the 
electrochemistry of these hetrocyclics in  all  media 
ranging from the protic to the closely aprotic. Bezuglyi 
found that  2 - (1-naphthy l ) -5 -phenyloxazo le  exhibi ted 
a single two-elect ron wave in  aqueous methanol  at pH 



1338 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  October 1972 

values ranging f rom 3.8 to 12.2 (13). The E1/2 of this 
process corresponds to the most anodic of the two 
waves  of this compound observed in solutions contain-  
ing large concentrat ions of HQ (Fig. 3). The mul t i -  
electron process occurring at more cathodic potentials  
and probably resul t ing in r ing-opened products is not 
observed in aqueous methanol  solutions (13). The 
l imit ing behavior  of the oxadiazoles in DMF contain-  
ing HQ corresponds to the behavior  of the compounds 
in aqueous methanol  (13). 

A major  difference is observed in the electrochemical  
behavior  of the phenyl-subs t i tu ted  oxazoles in DMF 
containing large quanti t ies of HQ and in aqueous 
methanol  (13). These substances are reduced via a 
single, s ix-e lect ron wave  in aqueous methanol  but in 
a four -e lec t ron  process in DMF-HQ, suggesting r ing-  
saturat ion wi thout  r ing-opening in DMF-HQ.  

Experimental 
Apparatus.--The electrodes and accessories for elec- 

t rochemical  measurements  have been described pre-  
viously (1). All  solutions were  1 mM in electroact ive 
compound unless otherwise stated. The reference elec- 
trode, saturated calomel, made contact with the solu- 
tion through an agar plug behind a Pyrex  frit. Water  
leakage through this tip was found to be negligible in 
exper iments  of short t ime duration. The cyclic vo l tam-  
metric data were  recorded on a B o l t - B a r n a k - N e w m a n  
X - Y  plot ter  using a Wenking potentiostat  and Exact  
wave  form source for potential  control. The polaro-  
grams were  recorded with  a Beckman Electroscan 30 
electroanalyt ical  system. 

Chemicals.--Spectroquality DMF containing approx-  
imately 0.03% wa te r  was obtained from Eastman 
Organic Chemicals. The solvent was vacuum distil led 
from anhydrous CuSO4 before use. Hydroquinone  
was obtained f rom J. T. Baker  Chemical  Company and 
was recrystal l ized f rom a 50% wate r  e thy l -e the r  solu- 
tion. All  compounds were  purchased f rom Alfred  

Bader  Chemical  Company and were  recrystal l ized 
f rom pure methanol  before use. The prepara t ion and 
purification of t e t r a -N-p ropy lammon ium perchlorate  
has been described previously  (1). 
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Mass Transfer to Point Electrodes on the Surface 
of a Rotating Disk 
Der-Tau Chin *,l and Mitchell Litt 

School of Chemical Engineering, University ol Pennsylvania, Philadelphia, Pennsylvania 19104 

A B S T R A C T  

A zeroth order per turbat ion  solution is presented for the ra te  of laminar  
mass t ransfer  to three types of point electrodes embedded in the surface of an 
insulat ing rotat ing d isk-- those  sensitive to radial, tangential ,  and local veloci ty 
components.  It is shown that  the diffusion current  density on the point elec- 
t rode increases wi th  decreasing geometr ical  parameter  defined as the ratio of 
the electrode size to the radial  location of the electrode on the disk surface. 
With a proper ly  chosen geometr ical  parameter ,  it is possible to obtain a cur-  
rent  density ten t imes greater  than that  on the disk electrode at a g iven ro-  
ta t ional  speed. F rom the  electroanalyt ical  point of view, this offers exper i -  
menta l  advantages in the study of fast surface reactions. 

An exper imenta l  setup for s tudying the t ransfer  characteris t ics  of such 
electrodes is described. A diffusion-control led redox react ion is used for the 
measurement .  The results indicate that  the "local" and the " tangent ia l"  elec- 
trodes give reasonable agreement  wi th  the theory  prediction. However ,  data 
from the "radial"  electrode scatter randomly around the predicted values. 
This fai lure of the radial  electrode to behave proper ly  appears to be consistent 
wi th  th in- r ing  exper iments  reported in the l i terature.  

Study of point electrodes mounted  flush on the sur-  
face of a rotat ing disk is of interest  to both electro-  
chemists and engineers.  Such an electrode, because 

�9 Electrochemical Society Active Member. 
1 Present address: Electrochemistry Department, Research Labora- 

tories, General Motors Corporation, Warren, Michigan 48090. 
Key words: convective diffusion, limiting current. 

of its small surface area and h igh-ra te  convect ive 
transport,  offers practical  advantages in the study of 
high ra te  electrode reactions (1). To the engineers, 
the electrode may  be used to invest igate the nature  of 
flow near  the disk surface (2-4). While the theory of 
laminar  flow and mass t ransfer  on the rota t ing disk 
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has been wel l  developed, this is t rue only for a disk 
whose surface is completely active, that  is, where  
there is a nonzero axial  gradient  at every  point of the 
disk surface. Since the point electrode introduces active 
areas only at small  selected points on the disk surface, 
the previous solutions for mass t ransfer  are inapplica-  
ble, and a suitable theory, even for laminar  flow, does 
not exist. 

Though there  have been a number  of studies of heat  
and mass t ransfer  to par t ia l ly  active rotat ing disks, 
these have pr imar i ly  been disks with some part  of 
the surface, usual ly the center, blocked off. Gregory  
and Riddiford (5) found that  no significant change 
occurred in the mean mass t ransfer  coefficient unti l  
the  central  area blocked off exceeded about 10% of 
the total  disk area. This effect presumably  occurs 
because of the radia l  gradients introduced by the 
blocked-off area, for in a completely  active disk, there  
are no radial  gradients and the surface is "equal ly  
accessible" to mass transfer.  Levich (6) has obtained 
a theory for a disk with  active rings; however,  pre-  
l iminary  measurements  by Avdeyeva  on thin r ings 
gave results some 20-30% lower  than those predicted. 
Schnurr  (7) studied heat  t ransfer  wi th  a stepwise dis- 
continuous surface temperature .  Albery  et al. (8) 
have published extens ive ly  on the study of reactions 
using r ing-disk electrodes. 

In this work, we are at tempting to study the t ransfer  
characterist ics of the point electrodes on the surface 
of an insulating rotat ing disk. A pre l iminary  measure-  
ment  of the rate of mass t ransfer  on a circular point 
electrode was made by Sera~l (9) in a diffusion-con- 
trolled redox system. The present authors have ex-  
tended such measurements  to the transi t ion and the 

t u r b u l e n t  regions with both circular  and rec tangular  
point electrodes. A theory has also been der ived to 
correlate  data in the laminar  region. This paper de- 
scribes: (i) details of the theoret ical  analysis, and (ii) 
the exper imenta l  setup as wel l  as the results of t ime-  
averaged measurements  in a fe r r icyanide / fe r rocyanide  
redox system. In  the t ransi t ion and the turbulent  re-  

T h e o r e t i c a l  
The theory of heat  and mass t ransfer  to point sources 

in pipe flow and flat plate has been developed by 
Mitchell  and Hanra t ty  (2), and Ling (12). Here  we 
present  an analysis for the point electrodes mounted 
on the surface of an insulating rotating disk. Three  
types of the electrodes are considered: (i) the " tan-  
gential  electrode," which is a long, narrow mass sink 
mounted paral le l  to the radia l  direction, so that  it 
responds only to convect ive t ransfer  due to the tan-  
gential  velocity component;  (ii) the "radial  electrode," 
which is also a long, narrow mass sink mounted  paral lel  
to the tangent ial  direction, so that  it responds only to 
the radial  veloci ty  component;  (iii) the "local elec- 
trode," which is a small  circular  mass sink, and re-  
sponds to the local veloci ty  re la t ive  to the disk sur-  
face (3). Since the development  for each of these 
electrodes is similar, we shall give details of the 
analysis only for the tangent ia l  electrode, and list 
only results for the  other  two. 

Let  us consider a mass sink having an average dis- 
tance of r ---- oo' f rom the disk center  (Fig. 1). The 
sink is rectangular  in shape, and its small  dimension 
is on the order of the thickness of the momentum 
boundary layer. Its area is so small  compared with  
the disk surface that  a separate Cartesian coordinate 
system may be taken for the space concerned. We 
choose such a system with its origin at point o'. Since 
the disk is rotat ing with  a constant speed, ~, about 
its axis, the coordinates fixed on the disk surface are 
t ravel ing with  a constant velocity, ru,. The coordinate 
z is normal  to the disk surface, and y is along the 
radial  direction. The coordinate x is paral le l  to the 
c i rcumferent ia l  direction of the disk, and points to-  
wards the opposite direction of rotation. This assump- 
tion leads to Vz = 0 in accordance wi th  the equation 
of continuity for fluid flow. Also, for the case of the 
tangent ial  electrode, we have L < <  W; thus, the equa-  
tion of convect ive diffusion may  be reduced to 

0r 1 02r E 0 4  
gions, the rate  of mass t ransfer  is found to be oscillat- 
ing due to flow fluctuations near the disk surface. The Ox* -- R Sc Ox .2 Sc Oz .2 
results of these fluctuation measurements  and their  
implications to flow instabil i ty has been presented : x /  ;2 : :  z ~ /v i '  (C -C| 
e lsewhere (10-11). C~); Vx* = Vx/r~; e = L / r ;  R -- Lr~/v; Sc = ~/D. 

Z 

Z 

(b) T 
- W / 2  

X L _ 

r ( ~  

r y 

V~* - -  + [1] 

where  x* = x / L ;  z* = zx/,~l~i r = (C -- C| - 

Fig. 1. Cartesian coordinate system for point electrodes on the surface of a rotating disk. (a), Location of the electrode; (b), close 
view of the electrode surface. 
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The boundary  conditions are 

= 1 at the electrode surface; 
O~/Oz* = 0 at the surface of the insulat ing 

rotating disk; ( [2] 
r 0 atx*-->___ ~ and z * ~  J 

Mathematical ly this is a mul t i - s ingular i ty  problem 
result ing from the nonuni formi ty  of the boundary  
conditions around the electrode surface. The singular  
regions can be classified into: (i) the leading edge, 
x* ~ 0, z* ~ 0; ( i i )  the trai l ing edge, x* ~ 1, z* ~ 0; 
( i i i )  the ma in  region over the electrode surface, 0 < x* 
<1, z* --* 0; and ( i v )  the wake region, x* > 1, z* --> 0. 
Only the main  region solution is of principal  interest  
to practical applications. It has been shown by Chin 
(13) tha t  the contr ibut ion of mass flux at the electrode 
surface from the other regions is negligibly small  for 
Sc > 100, and R > 10. Thus we shall only present  the 
method of solution for the main  region. The develop- 
ment  of equations for the other s ingular  regions is 
given in Chin (13), and wil l  not be repeated here. 

Fol lowing the s tandard procedure of a s ingular  per-  
turbat ion method, we introduce a stretched coordinate 

Z = Sc 1/3 z* [ 3 ]  

for the coordinate z* in the main  region, and assume 
that  the dimensionless concentration, 4,, can be ex- 
panded in an asymptotic series of Sc 

= r ( x * , Z )  + Sc -2/3 r ( x * , Z )  + . . .  [4] 

To solve Eq. [1], one also requires an  expression for 
the velocity component V z * .  For the rotat ing coordi- 
nates considered here, the velocity V z *  is related to 
the tangent ia l  velocity component,  Vo, of the rotat ing 
disk by  

V~* = 1 - -  V J r ~  [5] 

Using Coehran's series solution (14) in the vicini ty of 
the disk surface, we have 

V~* = -- G1 z* -- (F1/3)z .3 + . . .  [5a] 

For laminar  flow, the dimensionless gradients, F~ and 
G1, are constant  (0.510 and --0.616, respectively).  Sub-  
st i tut ing Eq. [3]-[5a] into Eq. [1] and equating the 
terms having the same order in Sc lead to the follow- 
ing zeroth order per turbat ion  equation 

0r ~2~0 
- -  G I Z  = e [6]  

8x* 0Z 2 

with the boundary  conditions 

r  at Z : 0  for 0 < x * < l  

@0 = 0 at  Z ~ cr 
[7] 

The above equation and boundary  conditions are seen 
to be identical to the Leveque problem (15) of heat 
t ransfer  in the entrance region of pipe flow. The same 
result  was also obtained by Hanra t ty  (2) and Ling 
(12) for their geometries. In  those instances, this re-  
sults from a prior assumption of a l inear  velocity pro- 
file near  the surface. In this instance, the zeroth order 
solution becomes equivalent  to such an assumption; 
however, this method of formulat ing the problem is 
more general  and provides the basis for correcting 

the approximate solution by numerica l  integrat ion of 
the first order equation. 

If we define a mass t ransfer  coefficient K a s  

Nzlz=o  = K (Co - -  C~) = 

d y  d x  [8] 
W L  - - w / 2  Z----0 

then, using the results of the Leveque solution, it can 
be shown that the Sh for the main  region becomes 

Sh : (KL/D)  _-- 

- - 0 . 8 0 7 G I 1 / 3 e l / e R 1 / 2 S c  1/3 [1 q- 0(Sc-2/~)] [9] 

For laminar  flow, G1 ---- --0.616, so that 

Sh : 0.687 e 1/6 R 1/2 Sc 1/3 [1 W 0 (Sc -2/3) ] [ga] 

In the presence of an excess support ing electrolyte, 
the average diffusion current  densi ty on the electrode 
surface is related to K by 

i = n F K ( C |  -- Co) [I0] 

and Eq. [9a] can be rearranged in dimensional  form as 

i = 0.687nF(C~ -- Co) ( r / L )  1/z D 2/s v -1/6 ~1/2 [11] 

Note that this equation differs from the Levich solu- 
tion of the rotat ing disk electrode (6) by only  a n u -  
merical factor and a geometrical ratio, r / L  = e-l; 
thus, dividing Eq. [11] by  the Levich solution, we 
have 

i / iD = K / K D  -- 1.11 s -1/3 [12] 

Here the subscript, D, denotes the process occurring 
at the disk electrode whose entire surface is subject  
to mass transfer. Equat ion [12] implies that  the diffu- 
sion current  density on the point  electrode increases 
with decreasing geometrical parameter,  e. For a typical 
value of e = 0.001 used in  this study, the current  
density on the point electrode would be 10 times 
greater than that  on the disk electrode. In  electro- 
kinetic studies, the upper  l imit  that the rotat ing disk 
electrode can be used to determine the first-order 
surface rate constant, is 0.1 cm/sec (1). The point  
electrode technique is therefore capable of extending 
this l imit  to 1.0 cm/see without  difficulty. 

Like most electrode geometries, however, the point  
electrode suffers from a nonuni form current  dis tr ibu-  
tion across the surface; the l imit ing current  density 
near  the leading edge tends to be greater than  in the 
main  region. This may introduce some errors for the 
study of irreversible reactions. For reversibl~ electro- 
chemical systems, lack of uniform accessibility does 
not present a serious problem, for it does not change 
the current -potent ia l  relations obtained from the 
Nernst  diffusion layer concept (8). 

Results for the radial  and the local electrode are 
given in Table I. It  should be noted that the radial  
electrode has dimensions, W < <  L, and the definition 
of ~ and R has been changed to 

E = W / r ,  R - -  W r y l y  (for radial electrode) 

Also in deriving the equations for the local electrode, 
the circular s ink has been approximated as a square 
mass sink having the same surface area as the circular 

Table I. Summary of theoretical results 

Type of Zeroth order correlation Comparison with Estimated frac- 
electrocle for laminar flow disk electrode tional error for K 

L o c a l  X/-~Kd/2D = 0.749 sa/e R l l  s Scl/a K / K D  = 1.21 ~-a/a Sc-a/s 
R a d i a l  K W / D  = 0.645 el/e R1/2 Sol/a K / K D  = 1.04 e-l/s Sc -1/s 
T a n g e n t i a l  K L / D  ffi 0.687 el/e RI/2 So1/8 K / K D  = 1.11 e-l/s S ~'~/s 

d is the  d i a m e t e r  of  the  loca l  e lec t rode,  L and  W are t he  w i d t h  (shor t  d i m e n s i o n )  of the  t ~ n g e n t i a l  and  t he  r a d i a l  e lec t rodes ,  r e spec t i ve ly .  
KD is  the  mass  t r a n s f e r  coeff ic ient  of  a r o t a t i n g  d i s k  e l e c t r o d e  w h o s e  e n t i r e  s u r f a c e  i s  sub j ec t  to  m a s s  t r a n s f e r .  
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one. Thus to use the results for the local electrode, 
and R should be 

----- (k/~/2) d/r ,  R -~ (X/n~2) dr~/v  
(for local electrode) 

where  d is the d iameter  of the local electrode. Mass 
t ransfer  to a r ing electrode has been t reated by Levich  
(6), and our result  for the radial  e lectrode agrees 
with his result  for a nar row ring on the disk surface. 

Experimental 
The diffusion control led reaction used is the oxida-  

t ion-reduct ion of potassium ferr icyanide and fer ro-  
cyanide in aqueous solution. Details of the react ion 
and its application to mass t ransfer  studies can be 
found elsewhere  (2, 9, 13, 16-17). In the present  study, 
a solution containing 0.01M potassium ferricyanide,  
0.01M potassium ferrocyanide,  and 1.0M potassium 
chloride is used for the experiments .  Small  p la t inum 
electrodes mounted  flush with  the surface of a Lucite 
rotat ing disk are used as cathodes. The anode is a 
p la t inum foil wi th  a ve ry  large surface area, so that  
the cell current  is control led by the cathode reaction. 

The complete system consists of a cell tank con- 
taining the anode, a Lucite spinning disk, and a dr ive 
assembly equipped with  s l ip-r ing contacts. The cell 
conta iner  is a cyl indrical  Lucite  tank, 53 cm ID and 
32 cm deep. Six Lucite baffles are evenly  spaced along 
the container  wall.  The anode is located on the cell  
bottom; it is a sheet of p la t inum foil, 0.3 mm thick, 
15 cm diameter,  cemented to a Luci te  plate and has 
a surface area of 176 cm 2 exposed to the electrolyte.  

The Lucite spinning disk is composed of three  sep- 
arate sections. Figure  2 i l lustrates the details of con- 
struction. The upper  section is made  from a 10 cm Lu-  
cite rod. The upper  end of this section is threaded to fit 
a glass-epoxy shaft of the s l ip-r ing contact; the other  
end, with an Amphenol  12-contact polarized receptacle  
on its center, is designed to accommodate  ei ther  a 10 
cm diameter  disk, or an adapter  for fitting on a 15 cm 
disk. The 15 cm disk is made from a 0.6 cm Lucite 
sheet, and is machined to fit the adapter  to form a bel l -  
shaped rotat ing disk. A Lucite  nose cemented on the 
center  of the inner face of the disk serves as a base for 
an Amphenol  12-contact polarized plug. The plug 
matches wi th  the Amphenol  receptacle of the upper  
section when  the disk is fastened to the adapter. 

Two 15 cm Lucite disks having f lush-mounted sur-  
face electrodes have  been constructed. The types and 
location of p la t inum electrodes on each disk are as 
follows: 

(i) The first disk has 12 circular  p la t inum local 
electrodes on the outer  surface. The electrodes are 
made from pla t inum wires, 0.0127-0.0381 cm in d iam- 
eter. The radial  location of the electrodes ranges from 
4 to 6 cm. Holes to accommodate  these electrodes are 
dri l led first, and the p la t inum wires are inserted 
through the holes. The space between the hole walls  
and the p la t inum is filled with  epoxy cement, and 

D 

Fig. 2. Rotating disk. A, adapter; D, 15 cm Lucite disk; E, elec- 
tric connector; N, Lucite nose; U, upper section. 

the outer  face is then smoothed and polished. The 
pla t inum leads on the inner face are connected elec- 
trically to the Amphenol  plug. 

(ii) The second disk contains 12 radial  and 12 tan-  
gential  electrodes made f rom a p la t inum foil. The 
dimensions of these surface mounted  electrodes are 
0.03 mm wide by 0.254 cm long. They are  evenly 
located on the disk surface with  radial  positions vary-  
ing from 2.5 to 6.2 cm (13). 

The s l ip-r ing contacts, the drive assembly, an elec- 
tric motor, and a tachometer  generator  combine to 
make an integral  dr ive unit. The s l ip-r ing assembly 
is the same as reported by Serad (9) and wil l  not be 
discussed further.  The lower end of the s l ip-r ing shaft 
screws into the upper  section of the rotat ing disk; 
the upper end of the shaft is at tached to a coupling 
connecting with  the dr ive assembly. A Rel iance 1 hp 
d-c motor  is used to drive the rota t ing assembly. A 
Minarik SH 293 motor  control is used in conjunct ion 
with the motor. The motor  is mounted with  a 48XL 
t iming pul ley which gives a pul ley ratio of 2:1 and 
allows a speed range of 250-2000 rpm for the rotat ing 
disk. 

A 6V bat tery  is used as the power supply to the elec- 
t rochemical  cell. The applied potential  drop across the 
anode and the cathodes is controlled by a 350 ohm po- 
tentiometer.  The cell current  is de termined by passing 
the current  through a 1000 ohm standard resistor. Since 
the current  fluctuates when flow becomes turbulent ,  
a 10,000 MF capacitor in conjunction with  a micro-  
vol tmeter  (Kei th ley  151) is used to measure  the t ime-  
averaged component  of the current.  For each electrode, 
the cur ren t /po ten t ia l  curves are first measured  to 
determine  the l imi t ing current  plateau. A proper  po- 
tential  setting is then chosen for the potent iometer ,  
and the l imiting currents  are measured at various rota-  
t ional speeds. To avoid interference from the nearby 
electrodes, this measurement  is made for only one 
electrode at a time, while  all the  other electrodes on 
the disk surface are  at open circuit. 

Results and Discussion 

In a diffusion-l imited electrode reaction, the mass 
t ransfer  coefficient, K, is related to the measured  cur-  
rent  density by Eq. [10]. At  the l imit ing current  den-  
sity, the surface concentrat ion of the diffusing ion goes 
to zero, giving 

K ---- illm/nFC~ [13] 

For  the fe r r icyanide / fe r rocyanide  reaction, n : 1, 
and all  the other quantit ies are known or measured,  
so that  K may  be calculated. For  turbulent  flow, the 
mass t ransfer  coefficient will  have a t ime-ave raged  
and a fluctuating component.  In this paper we shall 
present  results only of the t ime-averaged  component  
measurement .  Results of the fluctuating component  
measurement  have been repor ted  e lsewhere  (10-11). 

F igure  3 is a plot of the t ime-averaged  mass t ransfer  
coefficient vs. rotat ional  speed for a 0.0381 cm diameter  
local electrode located at var ious positions on the disk 
surface. These curves are typical  of the data obtained, 
so the raw data wi th  the other  electrodes and other  
positions are not shown. The measurements  wi th  
smaller  size local electrodes gave very  poor repro-  
ducibil i ty because of small  area and very  low cur-  
rents  being measured,  and these data wi l l  not  be re -  
ported. The main features  of the curves are: (i) a 
l inear  region wi th  a slope of 1/2 for low rotat ional  
speeds, which presumably  represents  the l aminar  re -  
gion; (ii) a break-poin t  signifying the beginning of 
flow instabil i ty which occurs at different speeds for 
different radial  positions; (iii) a second break-point ,  
again at different speeds, presumably  signifying t ransi -  
tion to ful ly  developed turbulence.  In  this final region, 
the curves again are l inear  wi th  a slope s l ight ly  greater  
than 1/~. As would be expected, the  break-poin t  speed 
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Fig. 3. Time-averaged mass transfer coefficient vs. rotational 
speed for a 0.038? cm diameter local electrode. The measurement 
is carried out at a room temperature of 22~ 

for an electrode located at a smaller  radius, is higher 
than that  for an electrode located at a larger radius. 
This demonstrates that  on a given disk, the laminar,  
transition, and tu rbu len t  regimes exist s imultaneously 
at different radii. 

As seen from the results shown in Table I, one 
would expect that  a log-log plot of Sh/~l/eSc~/~ vs. R 
would be l inear  with a slope of ~ for l aminar  flow. 
Figures 4-6 show the results for the local, the radial, 
and the tangent ia l  electrodes. 

There is considerable variat ion in the degree with 
which the theory appears to correlate the exper imenta l  
results. From Fig. 4, we see that  all the data for the 
0.0381 cm diameter  local electrode seem to be well  
correlated. Not only is the slope of the l ine predicted, 
but  the theoretical coefficient seems to agree well  
except at the very  end of small  R, where edge effects 
may start  to become important .  Figure 6 indicates that  
while the data points for different radii  are not brought  
together as well, the theory still gives relat ively good 
agreement  for the tangent ia l  electrode. Again, there 
seems to be deviation at the lower Reynolds numbers  
based upon the electrode width. 

Figure 5 shows that  agreement  between the theory 
and the data is not quite satisfactory for the radial  
electrode. While each of the individual  electrodes 
seems to follow a l ine of proper slope, it is apparent  
that  the theory does not take the ~ factor into account 
properly. The failure of the radial  electrode to behave 
properly is consistent with Avdeyeva 's  (6) mass 
t ransfer  measurement  on th in - r ing  electrodes. His 
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Fig. 4. Laminar mass flux to a 0.0381 cm diameter local elec- 
trode. The measurement is carried out over the range of Re from 
108 to 167,000, and Sc between 1030 and 1470. The solid line is the 
theoretical prediction. Some of the data are taken from Ref. (9). 
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Fig. 5. Laminar mass flux to the radial electrode. The measure- 
ment is carried out over the range of Re from 20,500 to 240,000, 
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Fig. 6. Laminar mass flux to the tangential electrode. The data 
cover the range of Re from 21,400 to 204,000, and Sc between 
1200 and 1270. The solid line is the theoretical prediction. 

results gave 20-30% lower than those predicted from 
Levich's r ing theory. At present  there is no reasonable 
explanat ion for the discrepancy. However, we may 
conclude that for any given radial  electrode, the theory 
correctly predicts var iat ion with the Reynolds number .  

In  order to determine the Schmidt n u m b e r  variation,  
experiments  were made using a 0.3% carboxymethyI-  
cellulose (CMC) solution, which has Schmidt  n u m -  
bers on the order of 4000. The results indicate that  
while some greater scatter is produced because of the 
slightly non-newton ian  character (the shear stress 
is proportional to the shear ra te  raised to a power of 
0.9) of the solution, in general  the 1/3 power Schmidt 
number  dependency is confirmed (Fig. 7). 

One addit ional  result  which is easily obtained from 
the curves shown in Fig. 3 is informat ion on the 
t ransi t ion Reynolds numbers  for the rotat ing disk 
flow. The break-poin ts  at different radii  can be brought  
together, if one replots Fig. 3 in the form of K vs. 
Re ---- r2~,/v. Based upon these data, we have found 
that the init ial  instabi l i ty  begins at Re ----- 2.3 • 105, 
and the t ransi t ion to turbulence  takes place at Re = 
3.0 • 105 . These values compare favorably with 
Gregory and Walker 's  result  of 1.9 • 105 and 2.9 • 105 
obtained with a china clay method (18). The t rans i -  
t ional Reynolds number  also agrees with the results 
of a recent study of tu rbu len t  mass t ransfer  to the 
disk electrode (19). More detailed pictures concerning 
the t ransi t ion of flow near  the rotat ing disk are dis- 
cussed in Ref. (11). 
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Fig. 7. Laminar mass flux to the local electrode in a solution con- 
taining 0.3% CMC7LP. The Schmidt number of the system is 3930. 
For comparison, some of the data obtained at Sc~1000 are also 
plotted as A and - O - .  Again, the solid line is the theory pre- 
diction. 

Conclusions 
Based upon the above discussions, we m a y  conclude 

that  the theore t ica l  resul ts  l is ted in Table  I appear  to 
give a reasonable  corre la t ion wi th  the  exper imen ta l  
data  in l amina r  flow, pa r t i cu l a r ly  for the  local and 
the tangent ia l  electrodes.  For  a given ro ta t iona l  speed, 
the diffusion cur ren t  dens i ty  on the  point  e lect rode 
can be made 10 t imes grea ter  than  tha t  on the  disk 
electrode;  this  offers expe r imen ta l  advantages  in the 
s tudy of fast  surface reactions.  
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LIST OF SYMBOLS 
C concentrat ion of the diffusing ion, g -mo le / cm 3 
Co concentra t ion at  the  e lect rode surface, g - m o l e /  

cm 3 
bu lk  concentrat ion,  g -mo le / cm 3 
diffusivi ty of the  diffusing ion, cm2/sec 
d iameter  of local electrodes, cm 
F a r a d a y  constant,  96,500 cou l /g - equ iv  
dimensionless  rad ia l  veloci ty  gradient ,  d(]/r/ 
r~)/dz*, at the disk surface 
dimensionless  tangent ia l  veloci ty  gradient ,  d(Ve/  
rw)/dz*, at the disk surface 
diffusion current  density,  A / c m  2 
diffusion cur ren t  densi ty  on the ro ta t ing  disk 
electrode, A / c m  2 
l imit ing cur ren t  density,  A / c m  2 
mass t ransfer  coefficient defined in Eq. [8], c m /  
s e e  

mass t ransfer  coefficient of the  ro ta t ing  disk 
eleqtrode, cm/sec  
wid th  of tangent ia l  e lectrodes (short  d imension) ,  
c m  

average  mass flux per  unit  area  normal  to the  
disk surface, g-mole/cm2sec 
number  of electrons t rans fe r red  in e lectrode re -  
actions, g - e q u i v / g - m o l e  
center  of the disk 
the  origin of the moving coordina te  system 
(x, y, z), or the locat ion of point  e lectrodes on 
the disk surface 

C ~  

D 
d 
F 
F1 

G, 

i 
iD 

ilira 
K 

KD 

L 

Nz 

n 

o 

o '  

r rad ia l  coordinate,  or  the  locat ion of point  elec-  
trodes, cm 

R Reynolds  number  based upon the wid th  of point  
electrodes, (e lectrode wid th) r~ /v ,  dimensionless  

Re Reynolds  number  based upon the rad ia l  posit ion 
on the disk surface, r2~/v, dimensionless  

Sc Schmidt  number ,  v/D, dimensionless  
Sh Sherwood number  defined as (e lectrode wid th)  

K/D, dimensionless  
Vr rad ia l  veloci ty  component  of the  ro ta t ing  disk 

flow, cm/sec 
Ve tangential velocity component of the rotating 

disk flow, cm/sec 
Vx velocity component along the x-direction, cm/sec 
Vx* dimensionless velocity defined as Vx/r~ 
W width of radial electrodes (short dimension), cm 
x moving coordinate  para l l e l  to the  c i rcumferen-  

t ia l  direct ion of the  ro ta t ing  disk, bu t  opposite 
to the direct ion of rotat ion,  cm 

x* dimensionless  dis tance in the  x-di rec t ion ,  x / L  
y moving coordinate  along the rad ia l  d i rect ion of 

the  ro ta t ing  disk, cm 
z axia l  coordinate,  cm 
z* dimensionless  ax ia l  distance, z~/~/v 
Z s t re tched axia l  distance defined as Sc~/Sz *, di-  

mensionless  
geometr ical  pa r ame te r  defined as (e lectrode 
w i d t h ) / r ,  dimensionless  

,, k inemat ic  viscosity, cm2/sec 
r dimensionless  concentrat ion,  ( C -  C ~ ) / ( C o -  

C~) 
r dimensionless  zeroth order  concentrat ion,  see 

Eq. [4] 
r dimensionless  first order  concentrat ion,  see Eq. 

[4] 
angular  veloci ty  of the  ro ta t ing disk, r ad / sec  
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Technical 

An Electrochemical Technique for Microsectioning Copper 
N g h i  Q. L a m ,  S teven  J. R o t h m a n ,  a n d  L. J. N o w i c k i  

Materials Science Division, Argonne Nationa~ Laboratory, Argonne, I~linois 60439 

In  recent years, various techniques for removing 
thin uni form sections from a metall ic sample have 
been investigated. These techniques have impor tant  
applications in measur ing depth distr ibutions of im-  
planted ions and radiation damage, and are also useful 
in determining the diffusion coefficient in  solids. These 
techniques include electrochemical (1-7), v ibra tory  
polishing (8), ordinary chemical dissolution (9-10), 
formation and dissolution of films other than  oxides 
(11), bombardment - induced  dissolution of surface 
layers (12-13), and low-energy sput ter ing (14-16). 

The electrochemical technique consists of forming an 
anodic oxide layer that  can be either mechanical ly 
stripped or chemically dissolved without  at tacking the 
metal  substrate. Al though this method has proved 
reliable for microsectioning metall ic samples, it has 
not been applied to copper. To date, the technique 
used to section copper has been based on the forma- 
tion and dissolution of corrosion films of copper iodide 
(11). In  this communication,  we report  the develop- 
ment  of an electrochemical technique for the removal  
of thin sections of copper to determine small diffusion 
coefficients, 

E x p e r i m e n t a l  M e t h o d s  a n d  Resul ts  
Surface preparation.--Monocrystalline copper rods 

0.97 cm in diameter  were grown from copper (99.999% 
pure)  by the Br idgman method and spark-cut  into 
disks a few mil l imeters  thick. After  polishing through 
0.3~ A1203, the samples were chemically polished with 
a solution composed of 15 ml  of saturated chromic acid 
and 6 ml of 10% HC1. The chemical polishing was 
performed by swabbing the copper surface with a wet 
cotton-t ipped applicator saturated with the solution. 
Chemical polishing in this manner  for 20 rain re-  
moved a layer  -~150~ thick, which was far greater 
than the depth of the region deformed in  mechanical  
polishing. At the end of this polishing step, the sample 
was washed wi th  a solution of 1% HC1 in ethanol, then  
with alcohol, and dried in warm air. The entire surface 
obtained was optically flat and free of pits. 

Sectioning.--Most of the anodizing exper iments  were 
made on a copper single crystal of random orientat ion 
that had been i r radiated for 25 min  in a flux of 1012 
thermal  neut rons /cmLsec .  Counts / ra in  were converted 
to micrograms of copper using the specific activity 
of the crystal (64Cu), which was 6.30 X 108 cpm/~g. 

A copper wire was fastened to the back of the speci- 
men with silver paint  for the electrical connection. 
The sample was masked with Tygon protective paint  
so that  only the polished surface was exposed to the 
electrolyte, which consisted of 0.1g Na2SO4 per l i ter  of 
water. The cathode was a thin strip of plat inum. A 
counting bottle was used as an anodizing cell so that  
after each sectioning the electrolyte and the cathode 
could be counted for 64Cu activity. This was impor tant  
because the copper oxide formed was strongly dis- 
solved dur ing anodizing. After  anodizing, the r emain -  
ing copper oxide films, which, if thick enough, showed 

Key words: copper, anodization, sectioning, thin films. 

uniform interference colors, were dissolved in a solu- 
tion of 0.1% HC1 in ethanol. 

To determine whether  this solvent attacks the cop- 
per, oxide layers of different thicknesses were formed 
on the irradiated copper crystal  by anodizing wi th  
current  densities of 0.5 and 1.0 m A / c m  2 for 30 sec. The 
sample was then immersed in the 0.1% HCI-ethanoI 
solution, and the activity of the solution was counted 
as a function of time. As shown in Fig. 1, the 0.1% 
HCl-ethanol  solution dissolved the oxide quickly and 
attacked the copper to a negligible extent. About  10 
sec were sufficient to dissolve an oxide layer  ,~500A 
thick. 

The thickness of copper removed is plotted as a 
function of anodizing time in Fig. 2 for various cur-  
rent  densities. The lines do not go through zero be-  
cause of the formation of na tura l  oxide before anodiz-  
ing, a phenomenon also observed on AI (1), Mo (6), 
Si (3), and W (2). The thickness removed in  each 
anodizing-dissolut ion step was determined by count -  
ing both the anodizing cell and the solvent for 64Cu 
content  and by using the corrected-for-decay value of 
specific activity to convert  to micrograms of copper. 
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Fig. 1. Plot of 64Cu activity of 0.1% HCl-ethanol solution after 
immersion of an anodized copper sample in solvent for various 
times. The different thicknesses of copper oxide were formed by 
anodizing for 30 sec with current densities of ( [ ] )  0.5 and ( 0 )  
1.0 mA/cm 2. 
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Fig. 3. Relationship between rate of anodizing and onodic current 

density. 
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Fig. 2. Colibration of anodizing of monocrystalline copper in aque- 
ous electrolyte that contained 0.01% Na2S04. The numbers on the 
curves indicate the anodic current densities in units of mA/cm 2. 

The relative amounts  of activity in the electrolyte and 
str ipping solution depended on the current  densi ty and 
anodizing time. The amount  of mater ia l  removed per 
anodizing step under  identical conditions was repro-  
ducible to +_ 3%. The sample was also weighed on a 
microbalance before and after removal  of 20 sections. 
The difference between amounts  of mater ia l  removed, 
as measured by the two techniques was less than  9%, 
which is wi th in  exper imental  error. The step height 
on a nonradioact ive copper crystal, part  of which 
was masked by a spot of Tygon paint, was measured 
on an interference microscope after anodizing and 
removing 45 sections under  the same cur ren t -dens i ty  
and t ime conditions. The step height agreed, wi th in  
exper imental  error, with the thickness removed from 
the radioactive sample. Interference microscopy 
showed that  the copper surface remained  clean and 
flat after sectioning. 

The thickness of copper that was anodically oxidized 
in 1 sec, deduced from the slopes of the curves in Fig. 
2, is plotted in Fig. 3 as a funct ion of current  density. 
The anodizing rate x' in A/sec is related to the cur ren t  
densi ty i in  mA/cm 2 by  the equation x' = 4.2i. 

The same anodizing t rea tments  on a (100) face of a 
copper single crystal yielded the same anodic film 
thickness, which indicated that  the anodizing rate is 
orientat ion independent .  The same observation was 
made in anodizing gold (4) and silver (7). 

S u m m a r y  
The anodic oxidation technique can be used to re-  

move th in  uniform sections from copper. An aqueous 

solution of 0.01% Na2SO4 was used as the electrolyte. 
A solution of 0.1% HC1 in  ethanol appears to be the 
best solvent for removing the copper oxide. The rate 
of anodizing increases l inear ly  with the current  den-  
sity, according to the relat ion x' m 4.2i. 
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Multinuclear Growth of Dislocation-Free Planes 
in Electrocrystallization 

V. Bostanov,  R. Roussinova, and  E. Budevski  

Division of Electrochemical Power Sources, Bulgarian Academy of Sciences, Sofia, Bulgaria 

The importance of two-dimensional  nucleat ion for 
the electrodeposition of metals was recognized as early 
as 1931 by Volmer and Erdey-Gruz  (1). This mecha- 
nism was confirmed exper imenta l ly  in recent  years 
only using dislocation-free crystal planes (2). The 
kinetics of the process were closely investigated and a 
number  of kinetic parameters  were also obtained. A 
short account of some of the latest results a t ta ined 
with dislocation-free planes of silver single crystals 
wi l l  be given in this paper. The preparat ion technique 
and the exper imental  conditions are the same as de- 
scribed in Ref. (2) and more detailed in Ref. (3). 

The growth of dislocation-free planes is governed 
by two-dimensional  nucleation. At low current  den-  
sities the overpotential  oscillates around a value which 
is the critical value where the rate of two-dimensional  
nucleat ion becomes noticeable. This waver ing of the 
pos (Fig. 1) is evidently connected with the re- 
kterating nucleat ion process. In  the init ial  stage the 
plane is completely intact and does not expose sites of 
growth. When the current  is switched on, the over-  
potential  rises rapidly, thus increasing the probabi l i ty  
for the nucleat ion process. A nucleus can be formed 
only after the critical value of the overvoltage is ex- 
ceeded. Once a nucleus is formed, the electrode begins 
to offer an increasing number  of growth sites propor-  
tional to the periphery of the growing monolayer, the 
deposition of the metal  becomes easier, and the over-  
voltage drops. Propagat ing over the surface, the step 
surrounding the new layer  reaches the bounds of the 
plane and begins to dissolve. With this, the number  of 
growth sites diminishes and the overvoltage rises again, 
making possible the nucleat ion of a second layer. The 
period of this re i terat ing process is determined by the 
electric charge required for the formation of a mono-  
layer and is inversely proport ional  to current  density. 

Using a potentiostatic pulse technique, the kinetics of 
nucleus formation were investigated and Volmer 's  
equation 

I = kl exp (--k2'/~) [1] 

was verified. Here I denotes the nucleat ion rate (sec -1 
cm-2) ,  ~ is the overpotential  (V), and k2' contains the 
specific edge energy, ~, of a monatomic layer. For the 
cubic plane of silver in 6N silver n i t ra te  solution a 
value of 2.1.10 -6 e r g . c m - '  was found for e. 

It should be stressed again that  the growth process 
at low current  densities is a periodic one and a steady 
state cannot  be reached. This is due to the fact that, 
once a nucleus is formed, the overpotential  drops 
rapidly below the critical nucleat ion value according to 
the increasing per iphery of the spreading monolayer.  
A new nucleus can be formed only after the completion 
of the previous monolayer.  

~n contrast, at high current  densities, a waver ing of 
the potential  is observed only in the init ial  stage. The 
init ial  oscillations are very  similar  to those obtained 
at low current  densities but  they die away gradual ly  
a~d a steady state is reached (Fig. 2). The picture is 
very characteristic for the case and highly reproducible. 
The  period of the oscillations is inversely proport ional  
to the current  density; and the product of these two 
quanti t ies gives an amount  of electricity equivalent  to 
the deposition of one monatomic layer of silver. The 
number  of oscillations in the t ransi t ion period is 

K e y  words :  c rys ta l  g rowth ,  e lec t rocrys ta l l iza t ion ,  s i lver  s ingle  
crystals ,  t w o - d i m e n s i o n a l  nuc lea t ion .  

near ly  constant and slightly decreases with increasing 
current  density. The microscopic observation of the 
crystal plane in the steady-state  condition reveals a 
sl ightly visible surface profile. 

The explanat ion of the described effect is obviously 
connected with a mul t inuc lear  type of growth. At high 
current  densities the overpotential  remains for a rela-  
t ively longer period at a high value, and more than 
one nucleus can be formed. When this period becomes 
longer, the probabil i ty  for nucleus formation on the 
already formed first layer of nuclei  increases; and a 
mult i layer  s tructure is obtained. The process is waver-  
ing only in the init ial  stage, but  the mul t i layer  surface 
structure determines a dying away of the init ial  oscil- 
lations and a steady state is reached. 

The first theoretical approach to the problem of 
mul t inuctear  growth at constant  supersaturat ion (cor- 
responding to constant overvoltage) was made by 
Hillig (4), who derived an expression for the rate of 
growth in terms of the two-dimensional  nucleation 
rate and the rate of propagation of monatomic steps. 
A more precise calculation was made later  by  Boro- 
vinskii  and Zindergosen (5) and by Armstrong and 
Harrison (6). Using mathematical  s imulat ion the same 
problem was treated also by Bertocci (7). Nonsteady- 

Fig. I. Fluctuations of the overpotential at constant current 
growth of a dislocation-free cubic plane: current density, 5.8 �9 10 - 4  
A �9 cm-2; vertical sensitivity, 5.2 mV/cm, time base 0.2 sec/cm. 

Fig. 2. Damped oscillations at high current densities: current 
density 2.5 �9 10 - 2  A �9 cm-2;  vertical sensitivity, 5 mV/cm, time 
base 10 msec/cm. 
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state corrections of the nucleat ion process were in t ro-  
duced recent ly  by Stoyanov (8). The first to adapt the 
problem to the case of electrodeposition were Arm-  
strong and Harrison. They used Kolmogorov's equation 
(9), adapted to the case of electrolytic growth by 
Fle ischman and Thirsk (10), and arrived at an expres- 
sion of the form in Eq. [2] given below. They showed, 
in addition, that, in the init ial  stage, oscillation of 
the current  should be observed which must  die away 
when a steady-state mul t i layer  s tructure of the surface 
is attained. 

The theory obviously describes, very well, the ex- 
per imenta l ly  obtained facts. Moreover, according to 
Borovinskii  and Zindergosen the number  of mono- 
layers for which a steady state is reached should be 
about eight, which seems to be exper imental ly  veri-  
fied (Fig. 2). In  all t reatments  for the steady-state cur-  
rent  density an expression of the form 

i : qmon~Ill3v 2Is [2] 

is  obtained, where I is the rate of nucleat ion (sec - I  
cm-2) ,  v the propagation rate ( c m ' s e c - D  of mon-  
atomic steps, and qmon the amount  of electricity re-  
quired for the formation of a monatomic layer (cou- 
l ombs ' cm-2 ) .  The constant, ~, varies in nar row limits 
from theory to theory. 

It  was already shown that the two-dimensional  
nucleation rate can be expressed by Volmer's Eq. [1] 
and is dependent  on the overvoltage. For the second 
term in Eq. [2], the rate of propagation of monosteps 
v, we can assume a l inear  dependence on overvoltage 
(small  values of the overvoltage are understood) 

" !  

v : kn [ 3 ]  

This relat ion was found to be consistent with experi-  
ment  (11) in the explanat ion of the cur ren t - square  
overvoltage law found on planes with screw dislo- 
cations following Frank ' s  spiral growth theory. It  was 
recently confirmed by Bostanov and Roussinova (12) in 
a very close invest igat ion of the propagation rate of 
monatomic steps on dislocation-free crystal planes. 

Having in mind  Eq. [1] and [3], Eq. [2] can be t rans-  
formed to 

log i~ -2/3 = log qmon~kll/3k 2/3 -- k2/3~ 

Plott ing log i/~ 2/3 vs. 1/~1, an easy verification of the 
theory can be obtained (Fig. 3). The slope of the curve 
contains the specific edge energy e [see for instance 
Ref. (2)], for which a value of 2.2.10 -6 erg .cm -1 was 
found. This value is in excellent agreement  with the 
value obtained from the experiments  with single nuclei  
described above (2). 

A discrepancy of more than four to six orders of 
magni tude of the f requency factor kl obtained from 
both exper iments  was found. This discrepancy can 
hardly be~ascribed to defects of the theories. So, for 
instance, the consideration of nonsta t ionary  effects as 
made by Stoyanov (8) cannot explain this large de- 
viat ion of kl in both cases. Remember ing that  the only 
difference in the process of nucleat ion is the fact that  
nucleat ion at high current  densities proceeds on a 

+ 0 , 5  

V 

~ o 

-0,5 

- 0 , g  ' ' ' ' ' "  
00 7O 80 90 I00 rlO 

ll,l(v-') 
Fig. 3. Experimental plot of log i �9 11-2/3 vs. ~1 - I  (the overvolt- 

age, ~1, is corrected for the ohmic potential drop in the electrolyte). 

fresh surface, adsorption effect could also be taken i n t o  
account. The larger  value of kl found in this case 
seems to be consistent with this idea. 

Manuscript  submit ted Feb. 18, 1972; revised m a n u -  
script received May 15, 1972. This was Paper  140 pre-  
sented at the Cleveland, Ohio, Meeting of the Society, 
Oct. 3-7, 1971. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1973 
JOURNAL. 

REFERENCES 
1. T. Erdey-Gruz  and M. Volmer, Z Physik. Chem., 

157, 165 (1931). 
2. E. Budevski, V. Bostanov, T. Vitanov, Z. Stoynov, 

A. Kotzeva, and R. Kaischev, Phys. Status Solidi, 
13, 577 (1966) ; Electrochim. Acta, 11, 1697 (1966). 

3. V. Bostanov, A. Kotzeva, and E. Budevski, Bull. 
Inst. Chim. Phys., Akad. Bulgare Sci., 6, 33 
(1967). 

4. W. B. Hillig, Acta Met., 14, 1868 (1966). 
5. L. A. Borovinskii  and A. N. Zindergosen, Dokl. 

Akad. Nauk SSSR,  183, 1308 (1968). 
6. R. Armstrong and J. Harrison, This Journal, 116, 

328 (1969). 
7. U. Bertocci, Surface Sci., 15, 286 (1969). 
8. S. Stoyanov, Comm. Dep. Chem., Bulgare Acad. 

Sci., 3, 491 (1970). 
9. A. N. Kolmogorov, Izv. Akad.  Nauk  Uz. SSR, Set. 

Fiz. Mat., 3, 356 (1937). 
10. M. F le ischmann and H. R. Thirsk in "Advances in  

Electrochemistry and Electrochemical Engineer -  
ing" Vol. 3, p. 123, P. Delahay, Editor, John 
Wiley & Sons, Inc., New York (1963). 

11. V. Bostanov, R. Roussinova, and E. Budevski, 
Comm. Dept. Chem., Bulgare Akad. Sci., 2, 885 
(1969); also c . f .R .  Kaischev and E. Budevski, 
Contemp. Phys., 8, 489 (1967). 

12. V. Bostanov and R. Roussinova, To be published. 



Chemical Analysis of Electrodeposited Ni-Ni 
Bonds by Auger Electron Spectroscopy 

H. L. Marcus, J. R. Waldrop, F. T. Schuler, and E. F. C. Cain 
North Amer ican  Rockwel l  Science Center  and tCorth Amer ican  Rockwel l  Rocke tdyne  Division, 

Thousand Oaks, California 91360 

Successfully obtaining a mechanical ly  strong, re-  
liable meta l -meta l  bond in an electrodeposition process 
is not always a straightforward, wel l -unders tood pro- 
cedure. Thin  electrodeposits, for example, will  ex- 
hibit poor peel resistance unless p la t ing bath condi- 
tions are careful ly optimized, t radi t ional ly  through ex- 
perience, trial, and, perhaps, luck. It is not surprising, 
then, that diagnosis and correction of poor results is 
often difficult, especially if the problem is due to con- 
taminat ion  on the surface where electrodeposition is 
to occur. However, as Harris  (1) has suggested, Auger 
electron spectroscopy (AES) is a method of surface 
chemical analysis par t icular ly  well  suited for deter-  
mining  electrodeposition surface contaminants .  Even 
so, not much work has been done in this application 
of AES. 

The principal  strengths of AES lie in an abil i ty to 
detect elements in the first few atomic layers of a sur-  
face ( typically --10A) and a sensit ivi ty to elements 
throughout  the periodic table (2). Briefly, in AES a 
sample is excited by a beam of kilovolt electrons (the 
pr imary  beam) and the resul t ing secondary electrons 
are energy analyzed with an electron spectrometer. In  
the energy range be tween 0-1000 eV especially, the 
secondary electron spectrum contains peaks arising 
from the emission of Auger  electrons by elements at 
the sample surface (hence, Auger electron spectrum),  
the position of a given peak in energy is characteristic 
of a part icular  element. For a ful ler  description of AES 
and fur ther  references see the recent reviews by 
Chang (3), and Sickafus and Bonzel (4). 

In  this paper we report  exper iments  using AES to 
determine the chemical composition at electrodeposited 
Ni-Ni interfaces so as to diagnose and solve a vexing 
fabrication problem in a re la t ively direct manner .  Spe- 
cifically, thick nickel laminates  were formed from a 
series of individual  electrodeposits, each finished piece 
of mater ia l  thereby having several meta l -meta l  bonds. 
The resul t ing bu lk  mater ia l  showed in tensile testing 
no degradation of mechanical  properties (yield or 
u l t imate  strength) over pure Ni. On the other hand, 
samples of the mater ia l  sometimes showed min imal  re-  
sistance to crack formation and  propagat ion along a 
bond surface. By using AES techniques the chemical 
effects causing the Ni-Ni  bond embr i t t l ement  were de- 
termined.  

Experimental Procedure 
The nickel laminate  used in these exper iments  was 

electrodeposited from a nickel-sulfamate  bath. After  a 
thickness of about 0.2 in. was deposited, the mater ia l  
was removed from the deposition bath and the surface 
smoothed mechanically.  The electrodeposit was then 
chemically polished followed by cathodic activation in 
a sulfuric acid bath. Next it was placed back into the 
sulfamate bath for cont inued nickel deposition. This 
was continued for several cycles un t i l  a deposit about 
1 in. thick was formed. Samples 0.10 X 0.14 X 1.0 in. 
were cut from the deposit, the 1.0 in. direction being 
paral lel  to the growth direction. The samples were  
evaluated for tensile properties along the growth di- 
rection and resistance to impact loading transverse to 
the growth direction. Samples from mater ia l  with low- 
impact s trength were used for the AES studies. 

Two kinds of AES exper iments  were performed, each 
in a different type system. The apparatus for the first 

Key words: surface chemistry, fracture, transient deposition. 

type of exper iment  was an ul t rahigh vacuum (10 -1~ 
Torr) bakable system equipped with a sensitive cyl in-  
drical mirror  electron spectrometer (5) and an elec- 
t ron gun producing a p r imary  electron beam ,~0.4 mm 
in diameter  for sample excitation. With this system, 
the exper imental  procedure is to first bake the system 
at 200~ to reduce active gases, then to fracture a 
nickel laminate  in situ for immediate  AES chemical 
analysis. The resul t ing spec t ra  are recorded as 
d N ( E ) / d E  vs. E curves, where  N(E)  is the relat ive 
number  of electrons at energy E. After  the ini t ia l  AES 
analysis, the chamber  is backfilled with h igh-pur i ty  
argon and the sample argon ion sputtered in the m a n -  
ner  of Marcus and Palmberg  (6, 7). This technique 
allows the determinat ion of a chemical profile into the 
fracture surface, with the under ly ing  assumption that  
the 400 eV argon ions used have un i ty - spu t t e r ing  effi- 
ciency. 

The second AES exper iments  involved AES per-  
formed in a scanning electron microscope (SEM) (8). 
This technique offers high spatial resolut ion (,~0.3~) 
po in t -by-po in t  surface chemical analysis, albeit with 
a loss in sensit ivi ty compared to the apparatus de- 
scribed above. For our experiments  the  newly  de- 
veloped MacDonald and  Waldrop (9) method of Auger  
electron images was employed to determine the spatial 
homogeneity of any bond surface impur i ty  found. An  
Auger  electron image for a par t icular  e lement  is a 
two-dimensional  a r ray  of points, with each image 
point denoting the presence or absence of the  e lement  
at a corresponding sample surface point. If a con- 
vent ional  SEM micrograph is obtained of the same area 
over which an Auger image is taken, a direct two- 
dimensional  comparison of surface topography and sur-  
face elemental  dis t r ibut ion is made. 

Results and Discussion 
Figure la  shows the Auger  electron spectrum from a 

nickel-nickel  laminate  that  fractured in vacuum at 
room tempera ture  along the bond surface. The spec- 
t r um is dominated by the presence of peaks character-  
istic of silver. In addition, copper, which normal ly  wil l  
coplate with nickel, is present  in abundan t  amounts.  
To determine the extent  of high silver concentration,  
the surface was sputtered with argon ions. Figure  lb  
is an Auger electron spectrum with approximate ly  20A 
of surface removed. It is immediate ly  apparent  that  the 
silver is v i r tua l ly  absent  and that  the spectrum is 
basically that  of nickel. Copper is still present  at a 
level significantly higher than  that  shown in  a spec- 
t rum taken away from the bond line, indicat ing e x c e s s  
copper electrodeposition close to the bond surface. 

The source of the silver at the bond line was deter-  
mined by analyzing the bond surface immedia te ly  after 
the various stages of the electrodeposition process. 
During the cathodic act ivation process, thin layers of 
silver appeared that were as thick as 50A, depending 
upon the activation parameters  used. Metallic silver 
used at an earlier processing stage dissolved into the 
activation solution; this was the source of the silver 
in solution. No quant i ta t ive  measurement  of the silver 
concentrat ion was made. 

To determine the homogeneity of the silver over t h e  
bond surface, samples of the n ickel -n ickel  laminate  
were fractured in an SEM equipped for AES. The SEM 
micrograph of the surface is shown in  Fig. 2a. The 
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Fig. 1. Auger electron spectra from bond surface. (a) Initial, as 
fractured, (b) after 20.~ removed from surface. 

flat surface of the bond surface dominates, but  small  
regions that  apparent ly  plastically deformed dur ing  
fracture are also observed. Figure 2b shows the two- 
dimensional  Auger electron image of silver over the 
fracture surface. An image point  is white if a silver 
peak is present  with a height greater than  a predeter-  
mined m i n i m u m  value. It is immediate ly  apparent  that  
the surface is total ly covered except where  some 
plastic tear ing had apparent ly  taken place. This is 
consistent with the min imal  thickness of the silver de- 
scribed previously. 

When the small  amounts  of silver present  were re-  
moved from the activation baths the meta l -meta l  bonds 
were no longer fracture sensitive. The fact that  the 
silver alone was the p r imary  cause of the embr i t t l ement  
while  the copper was not is consistent with the forma-  
t ion of br i t t le  nickel-s i lver  intermetal l ic  interfaces. 
Since the copper-nickel  system does not  contain any  
intermetall ics,  it is not surpris ing that  it does not be-  
have as an  interface embri t t ler .  

The main  emphasis in  this paper  has been on the de-  
te rmina t ion  of fracture surface chemistry of electro- 
deposited mater ial  using AES. It  is clear that  AES 
serves as a means of de termining  the chemistry as- 
sociated wi th  the interface layer in plating, electro- 
forming, or any  other deposition process where  t r an-  
sient behavior  can be expected. 

Conclusions 
1. Auger  electron spectroscopy was used to ident ify 

the chemical composition of bri t t le  electrodeposited 
nickel-nickel  interfaces. Both silver and copper were 
found to be present  at higher than the bu lk  concen- 
tration. 

Fig. 2. (a) Auger electron image for Ag over bond surface. (b) 
SEM secondary electron micrograph of bond surface. 

2. Using argon ion sput ter ing profiles, the extent  of 
the excess silver was determined to be less than 20A 
but  the copper was present  after removal  of about 
100A. 

3. AES in the SEM of the fractured nickel-nickel  
shows a uni form profile dis t r ibut ion of silver, except 
where l imited amount  of plastic deformation took 
place. 

4. Removal of the silver from the electrochemical 
activation baths stops the embri t t lement .  

Manuscript  submit ted Apri l  27, 1972; revised m a n u -  
script received May 22, 1972. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the June  1973 
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Electrolytic Preparation of Azobenzenes 
S. Wawzonek* and T. W. Mclntyre 

Department of Chemistry, Unii)ersity of Iowa, Iowa City, Iowa 52240 

The macroscale electrolytic oxidation of aromatic 
amines to azobenzenes in acetonitr i le  is complicated in 
some examples by the formation of azophenines (1). 
The object ive of the present  work  was to de termine  
whe ther  such side reactions could be minimized by 
using aqueous media for the oxidation. The electrode 
reactions were  assumed to be similar  to those in aceto- 
nitri le since anodic waves are reported for aromatic 
amines in aqueous media (2). 

Experimental 
Electrochemical  oxidations were  carried out in a 600 

ml  dye beaker  using a Coor's porous cup (7.5 cm X 2.6 
cm) for the cathode compartment .  The cathode was a 
coil of No. 16 copper wire  and the anode was a rotat ing 
plat inum screen cylinder.  The cell was cooled wi th  ice 
water  during the electrolysis. In the oxidation of dis- 
persions or solutions of aniline, the anolyte was steam 
distilled and the distil late was extracted with  pentane. 
The pentane solution was washed with  di lute hydro-  
chloric acid and upon removal  of the solvent gave 
azobenzene. The hydrochloric  acid solution upon neu-  
tral ization gave aniline. A portion of the residue from 
the steam disti l lation was dissolved in acetonitr i le  and 
examined polarographical ly  for nitrobenzene. 

In the oxidation of substi tuted anilines the anotyte 
was evaporated to dryness and the residue was washed 
with water,  dried and extracted with  ei ther  ethyl  
acetate or chloroform, and the solution was chromato-  
graphed on alumina. Identification of products was 
made by infrared spectra and comparison with  authen-  
tic samples. 

Electrolytic oxidation o] p-anisidine.--p-Anisidine 
(1.0g) was oxidized in an aqueous d imethyl formamide  
(1:4) solution (90 ml) containing 0.5M sodium ni t ra te  
and pyridine (10 ml) at 10V under  nitrogen. The ini-  
tial current  of 0.1A dropped to 0.02A after 9 hr. The 
anolyte was added to ice (100g) and the result ing solu- 
tion was extracted with  ether. Removal  of the ether  
gave a solid which was dissolved in benzene and 
chromatographed on alumina. The first fraction ob- 
tained was 4,4 ' -dimethoxyazobenzene (0.033g); mp 
162~ ~ . The second fraction was an oil which upon 
crystal l ization from ethanol gave a dark red powder  
which was rechromatographed on alumina using ben-  
zene. The first fract ion was t e t r a -p -methoxyazophe-  
nine ((}.157g); mp 236~ ~ The second fract ion 

* Electrochemical  Society Active Member .  
K e y  words: electrolytic oxidation, aromatic amines ,  aqueous 

media .  

gave 2-amino-5-  (p-methoxyani l ino)  -p-benzoquinone-  
bis-(p-methoxyanil) (0.056g) ; m p  161~ ~ [Ref. (3) 
164~ The acetyl der ivat ive  melted at 213 ~ [Ref. (3) 
213~ Heating the 161~ ~ compound with  p-anis i -  
dine and concentrated hydrochloric  acid gave t e t r a -p -  
methoxyazophenine  (3). 

Results and Discussion 
The results obtained in the  electrolytic oxidation of 

aromatic amines are summarized in Table I and indi-  
cate that  the best yields of azobenzene were  obtained 
from the oxidation of ani l ine dispersions. Passing air  
through the solution during the electrolysis did not 
affect the yields of azo compound and did not convert  
the intermediate  radicals into nitrobenzene. The main 
by-product  was aniline black. 

Use of dispersions of substi tuted anilines in a mix -  
ture of acetonitr i le  and wate r  did not increase the 
yield mater ia l ly  over  that  f rom solutions using mix-  
tures of d imethyl formamide  and water.  

The oxidation of p-anis idine in a mix tu re  of di- 
methy l fo rmamide  and water  differed from the be- 
havior  observed in acetonitr i le  (1) ; 2~  
oxyan i l ino-p-benqu inone-b i s (p -methoxyan i l )  was iso- 
lated in addition to the azo compound and azophenine. 
The isolation of these products  indicates that  the pres-  
ence of water  does not mater ia l ly  affect the course of 
the oxidation of aromatic amines. The yield of azophe- 
nine was greater  (15.7%) however  than that  obtained 
in acetonitri le (1) (8.6 % ). 
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Table I. Electrolytic oxidation of aromatic amines in aqueous media 

Applied 
Compound Solvent  Electrolyte vol tage A m p  Dura t ion  Produc t s  

Aniline (a) (10g) + air 

Aniline (a) (10g) + N.2 
Aniline (b) (8g) + N2 

Aniline (b) (Sg) + air  

p-Nitroaniline(a) (2.0g) + Nz 

2,4-Dinitroaniline (a) (2.0g) + N~ 

2,4-Dinitroaniline(b) (lg) + N2 

2,4-Dichloroaniline (b) (2.0g) + N2 

2,4,6-Triehloroaniline (LOg) + N~ 

H20 (160 ml) 1M I~OH 8 1 4 hr  Azobenzene (21%) 
Ani l ine  (5%) 

H20 (160 ml) 1M KOH 8 1 4 hr  Azobenzene (18%) 
(1:2) H_~O-CHsCN 0.5M K O H  15 0.4 10 hr  Azobenzene (4.2%) 

(150 ml) 
(1:2) H~O-CH3CN 0.bM K O H  15 0.4 10 h r  Azobenzene (8.8%) 

(180 ml) Anil ine (9%) 
(3:5) H20-CHaCN 0.5M NaOAc 15 0.5-0.1 3 hr  4 ,4 ' -Dini t roazobenzene (2.8%) 

(I00 ml) 
(3:5) H20-CH3CN 0.bM NaOAc 15 0.5-0.1 3 hr 2,2',4,4'-Tetranitroazobenzene (38%) 2,4- 

(160 ml) Dinitroaniline (41.5%) 
(1:3) H~O-DMF 0.5M NaNOs i0 0.1-0.01 6 hr 2,2',4,4'-Tetranitroazobenzene (31%) 2,4- 

(100 ml) Dinitroaniline (03%) 
(2:1) H20-DMF 1M NaNOa 10 0,1 7 hr  2,2 ' ,4,4 '-Tetrachloroazobenzene (38%)(~) 

(100 ml) 2,4-Dichloroanil ine (22%) 
pyr id ine  (10 rnl) 
DMF (100 ml) 0.5M NaNOs 10 0.05 6 hr  2,2 ' ,4,4 ' ,6,6 '-Hexachloroazobenzene (47.5%) 
pyr id ine  (10 ml) 2,4,6-Trichloroanil ina (20%) 

(~) Dispersion. 
(b~ Solution. 
Co) The yield obtained of this compound in acetonitrile (1) was  30.1%. 
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Periodic Phenomena During the Anodic Dissolution of 
Iron in Sodium Chloride Solutions 

J. Postlethwaite 1 and A. Kell 

University oy Manchester, Institute of Science and Technology, Manchester 1, England 

Periodic phenomena re la ted  to unstable surface films 
have  been previously  observed for a wide var ie ty  of 
metal  electrode systems. These films may  be the pre-  
passive salt films formed prior  to t rue passivation by 
an oxide film (1) or may  be the thicker  films present  
during electropolishing (2) or other  h igh- ra te  dis- 
solution processes similar to these encountered in elec- 
t rochemical  machining (3). This note describes the 
periodic potent ial  oscillations that  have  been observed 
durin~ the galvanostat ic  anodic dissolution or iron in 
20 weight per cent (w/o )  NaC1 solution. This work  
was part  of a study aimed at a bet ter  unders tanding of 
the factors controll ing the electrode processes asso- 
ciated with  "wi ld-cut t ing ,"  which occurs in NaC1 solu- 
tions during electrochemical  machining at the low CD 
region at the edge of the machining zone. 

The iron electrodes, nominal  composition, Si trace, 
Sn 0.007, P 0.016, Ni 0.020, Cd 0.03, Cd 0.06, Mn 0.36 
w/o,  were  at the bot tom of a 3.8 cm square flow duct 
(Fig. 1), which was proceeded by an en t ry  length of 
30 equivalent  diameters.  The anode was stopped off 
wi th  lacquer  to give a working  surface 0.5 X 2 cm long; 
excessive undercut t ing  and major  changes in the elec- 
trode geometry  were  found wi th  smaller  working sur-  
faces. The anode potentials were  measured with  respect 
to an Ag/AgC1 reference electrode wi th  a probe te r -  
minat ing  2 m m  above the downst ream end of the 
anode. An  in te r rup te r  technique which has been de- 
scribed previously (4, 5) was used to determine  the 
ohmic contr ibut ion to the overpotentials.  The total  
anode overpotent ia l  was measured after 5 min  at each 
current  sett ing fol lowing which the IR drop was de-  
termined.  Separa te  exper iments  were  done wi th  the 
electrolyte  stagnant and flowing with  Reynolds num-  
bers in the range 4000 to 30,000. 

Tafel  behavior  was observed (Fig. 2) up to around 
200 m A / c m  2 fol lowing which there  was an increase in 
the resistance to the dissolution process shown by the 
increased slope of the electrolysis curves. These curves  
are corrected for ohmic overpotent ia l  as described 
later. The lat ter  part  of the electrolysis curves cor-  
responds to the start  of the ECM regime and especial ly 
to the low CD "wi ld-cu t t ing"  processes, and it was in 
this region of the  electrolysis curves that  the potent ia l  

1Present  address: Faculty of Engineering. University of Sas- 
katchewan,  Regina Campus, Regina, Saskatchewan, Canada. 

Key words: periodic, electrochemical-machining, iron, interrupter, 
overpotential. 
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Fig. 1. The electrochemical flow cell. The flow duct was 3.8 cm 
squore, with the working surface of the anode 0.5 x 2 cm longitu- 
dinal to the direction of the flow. 

oscillations were  observed. A typical  potent ia l - t ime 
trace is shown in Fig. 3a. Fol lowing the init ial  rapid 
rise in the potential  there  was a slow secondary rise 
fol lowed by a steady potential  region and then after  17 
sec the potential  started to oscillate wi th  an approxi-  
mate ly  constant amplitude.  The individual  fluctuations 
are discerned in Fig. 3b, where  the f requency is seen 
to be around 50 Hz. The oscillations which occurred in 
both the  stagnant and flowing solutions had a maxi -  
mum ampli tude at in termedia te  CD's; decreasing in 
ampl i tude  and increasing in f requency  at the higher  
CD's. 

The in ter rupter  measurements  showed the fluctua- 
tions to be largely ohmic in nature. The ohmic over-  
potentials were  determined f rom the  blank section on 
the wavefo rm on an oscilloscope screen when  a con- 
t inuous series of constant current  pulses, wi th  equal  
on and off times, was applied to the cell. As discussed 
elsewhere (5) the m a x i m u m  potential  at tained during 
each pulse, af ter  some number  o f  pulses has been 
passed, corresponds to the s teady-s ta te  potent ia l  for 
the appropriate  CD. At  the higher  CD's, the  oscillo- 
grams init ial ly took the characterist ic shape (Fig. 4a) 
observed at CD < 200 mA/cm2;  but  after some t ime 
had elapsed both the ampli tude and shape of the t ran-  
sients s tar ted to change, as shown in Fig. 4b, and the 
wavefo rm started to cycle be tween the two forms a s  

shown in Fig. 4c. During this behavior  a secondary po- 
tential  growth occurred and the result ing higher  over -  
potent ial  was seen to be main ly  ohmic in nature. The 
m a x i m u m  value of these oscillations were  the same as 
those obtained dur ing the "s teady-s ta te"  exper iments  
described above, and it seems that  these former  oscilla- 
tions were  in fact due to factors which changed the 
ohmic resistance but had l i t t le effect on the act ivation 
overpotential .  

The electrolysis curves shown in Fig. 2, were  con- 
structed on the basis of the min imum value of the 
overpotential ,  af ter  the onset of the potent ial  oscilla- 
tions. The IR drop in this condition was taken as the 
value  given when the wavefo rm had the form shown 
in Fig. 4a. 

' ! ui 4 - -  REYNOLD NUMBER _ 

o stagnant 
- o 3,720 

3 �9 232.20 
A 14~80 

"J" �9 29,760 ? ; _< 

1,1 
t- 
O 

, ?. 
0 
z 0 

I I 
0.001 0.01 O. I I0 

ANODE CURRENT, A/cm 2 

Fig. 2. Electrolysis curves, corrected for ohmic overpotential, 
for anodic dissolution of iron in 20 w/o NaCI solution at 25~ 
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Fig. 3. Periodic fluctuations of the potential during the "steady-state" galvanostatic analysis of the anodic dissolution of iron at 
2 AJcm 2, 20 w/o NaCI solution, Reynolds number, 4000. 

Fig. 4. Potential-tlme behavior during pulsed current analysis of iron in 20 w/o NaCI solution; (a), 2 A/cm 2, oscillogram in ab- 
sence of secondary growth; (b), 2 A/cm 2, secondary potentia~ growth with increased IR drop; (c) 4 A/cm ~ the two extreme forms 
of the waveform in the presence of the cyclic secondary growth. Reynolds number, 4000. 

The most l ikely reason for the potent ia l  oscillations 
is the presence of an unstable  porous nonprotective 
film. Hoare (6) and Chin (7) have reported the pres-  
ence of nonprotect ive films on Fe in  NaC1 solutions and 
other workers (3) have used motion photography to 
demonstrate the relat ion between potential  oscillations 
and the formation and disruption of such films dur ing 
the h igh-ra te  dissolution of copper. 

The electron microprobe analysis of a film formed at 
2 A/cm 2 dur ing this work showed the film to contain 
70% Fe. The sample was prepared in a beaker cell and 
wi thdrawn with the current  still switched on. Line  
analysis gave many  spots of 100% Fe, w h i c h  indicates 
an extremely porous film, al though the film may have 
been disturbed after the electrolysis. However, what -  
ever the na ture  of this film, it seems that  such films 
and the related periodic phenomena may  play an im-  
portant  part  in the "wild-cut t ing" processes and re-  
quire fur ther  investigation. 
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Brief Cornmun cadon 

Electrolytic Reduction of Titanium Chlorides 
in Fused Alkali-Chloride Eutectics 

F. Ouemper,  D. Deroo,* and M.  Rigaud* 

Department of Metallurgical Engineering, Ecole Polytechnique de Montreal, Montreal, P. Q., Canada 

There is great  interest  today  in the problem of a n  
electrolytic method for producing t i tan ium metal. One 
of the procedures involves the reduct ion of t i tan ium 
halides in the fused LiC1-KC1 eutectic. 

Many authors (1-10) have studied the reduct ion 
mechanism of t i tan ium chlorides. Bockris and co- 
workers  (3) have concluded from polarographic mea-  
surements  that  the deposition of t i tanium in fused 
alkal i -chlor ides  occurs by a secondary electrode proc-  
ess. This mechanism, which is also proposed by Dean 
(4) involves the p r imary  reduct ion of an a lka l i -meta l  
ion. 

The secondary process has been contested by Reid 
(9) and la ter  by Baboian et al. (10). These authors 
propose a direct mechanism for reduct ion of Ti ( I I I )  
and Ti( I I ) .  

In this paper data are presented for the reduction 
of t i tanium tetra- ,  t r i -  and dichloride in fused LiC1- 
KC1 and LiC1-NaC1 eutectics. The influence of impur i -  
ties in commercia l  t i tanium te t rachlor ide  has also been 
investigated. 

Experimental 
The LiCI-KC1 and LiCI-KC1-NaC1 eutectic mixtures  

were  prepared f rom Fisher  Scientific chemical  prod-  
ucts, first dried and kept in a vacuum oven. Just  before 
introducing t i tanium halides, the eutectics were  elec- 
t rolyzed with  graphi te  electrodes at 1.5V for 24-48 hr. 

Electrochemical  measurements  were  carr ied out in 
a cylindrical  furnace with  a constant t empera ture  zone 
8 in. high. Tempera tu re  was controlled to • 0.5~ by 
a Chromel -Alumel  thermocouple,  which was enclosed 
in an alumina sheath in the melt, and controlled by a 
Lindberg Hev i -Du ty  furnace regulator.  

Current  potential  curves were  plot ted by use of a 
potentiostat  Tacussel PRT 20-10 Z coupled with  a 
t r iangular  wave  generator  GSTP-2 Tacussel and a 
Hewle t t  Packard  XY recorder.  

The electrochemical  cell  was a graphi te  crucible in 
a Pyrex  glass cylinder.  Anode and cathode were  
graphite cylinders (1/4 in. d iameter) .  The anodic 
compar tment  was isolated by a sintered glass dia- 
phragm. The reference electrode was described by 
Lit t lewood and was used in the A g / A g ( I )  system (11). 

Ti tanium tetrachlor ide (Fisher  Scientific) was a 
commercial  product containing impurities.  Pu re  t i ta-  
nium tr ichlor ide and dichloride were  prepared by 
reaction of TIC14 vapor  on Ti chips at high t empera tu re  
(12). 

Results and Discussion 
The cur ren t -potent ia l  curves for TiCl4, TIC18, TIC12 

reduction at 450~ in LiC1-KC1 eutectic are shown in 
Fig. 1. We obtained the same results in LiC1-KCI-NaCI 
eutectic at the same temperature .  The range of concen- 
t ra t ion is l imited by the solubil i ty of t i tan ium te t ra -  
chloride at this temperature .  

* Electrochemical Society A c t i v e  M e m b e r .  
K e y  words: electrolytic reduction, titanium, titanium c h l o r i d e s ,  

alkali-chloride eutectics. 

In the case of TIC14, we observed four  waves. The 
last wave, which appears just  before a lka l i -meta l  ion 
discharge, corresponds exact ly  wi th  the wave  obtained 
by reduct ion of TIC12. By comparison with the results 
of Baboian and the equi l ibr ium potentials  given in 
the l i terature,  it is possible to a t t r ibute  to this wave  
the react ion 

TP I + 2e-~ TiC1 

The same a rgument  used for respect ively the first a n d  
the second wave  leads to the total  mechanism. 

Ti Iv + e-~ Ti m + e ~ TiII + 2e--> Ti 

The th i rd  wave  is the most significant. I t  was first 
observed by Russian workers  (13) and does not appear  
wi th  pure  TiCI~. The Ti(C16) 3-  complex identified in 
the mel t  by some authors (14, 15), wi l l  give a wave  in 
the case of TIC14 but also wi th  pure TiCI~. So, the 
hypothesis of kinetic wave  of complex  reduct ion is not 
applicable. 

The impur i ty  discharge is more  probable.  The most 
impor tant  impuri t ies  in t i tanium te t rachlor ide  are: 
vanadium chloride, stannous chloride, and t i tanium 
oxychloride produced by hydrolysis. 

Al though the discharge potent ial  of V zI corresponds 
exact ly  wi th  this wave  (Fig. 2), the l imit ing c u r r e n t  
is too large for the amount  of vanadium chloride in 
the melt. The concentrat ion of stannous chloride is 
also negligible and may be neglected. Hence it is 
thought  oxychlor ide  reduct ion is responsible for the 
additional wave. 

In conclusion, the p r imary  mechanism of t i tanium 
halides reduct ion was confirmed. It is noted that  pure 
t i tanium production from these melts  wil l  be in deli-  
cate balance due to hydrolysis  of TIC14 and probable 

WAVE 4 ~ d 

WAVE 3 ~ ~  / 

WAVE 2 ~ Ti (]Z) ~ ' -  Ti C 

0.5 0 -0.5 -1 -'f.5 VOLTS 

ELECTRODE POTENTIAL ( A g / A g  (z) ELECTRODE ) 

Fig. 1. Typical cathodic potential sweep on graphite electrode in 
LiCI-KCI eutectic, 450~ 66 mV mn -z. a, solvent; b, solvent -t- 
TiCI2; c, solvent + TiCla; d, solvent + TiCI4. 
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Fig. 2. Comparison between third wave of TiCI4 reduction and 
V II reduction wave (LiCI-KCI, 450~ 66 mY mn-1). 

co-discharge  of a lka l i  meta l  ion (the last  wave appears  
100 mV before  the solvent  wal l ) .  
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Ion Implantation Effects of Nitrogen, Boron, and Aluminum 
in Hexagonal Silicon Carbide 
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ABSTRACT 

The effects of the implanta t ion of 14N+, 11B+, and 27A1+ ions in  hexagonal  
6H SiC crystals were studied through optical and microanalyt ical  methods. The 
optical data taken for 60 keV 14N+ implants  indicate that little damage occurs 
up to a fluence of 1024 cm -2. For fiuences between 1014 cm -2 and 1.3 • 1015 
cm -2, there is a rapid increase of the optical absorption below --3 eV with a 
broad absorption tail  extending into the near infrared. For larger fiuences, the 
optical absorption close to the band edge actually decreases. The band edge 
shifts to lower energies with increasing fluence. The radiat ion damage begins to 
anneal  at low temperatures  but  is not completely removed unt i l  anneal ing at 
1400~ Boron and a luminum behave similar ly to ni t rogen as far as the gen- 
eral  behavior  of the damage in the implanted regions is concerned. Boron im-  
planted crystals with peak concentrat ions in the 1020 cm -3 range show weak 
yellow "boron" luminescence in the implanted areas after annealing.  Qual i ta-  
tive thermoelectric power measurements  indicate that boron implants  up to 
this level do not result  in conversion of n - type  layers to p- type  layers. For  the 
a l u m i n u m  implants  conversion from n- type  to p- type  was observed for the 
highest fluence used, 5 X 1015 cm -2. The impur i ty  profiles measured before 
and after anneal ing for crystals i rradiated with different fluences show that  
the dis tr ibut ion of the impuri t ies  is broader than  predicted by the LSS theory 
and changes with fluence. Upon anneal ing the impurit ies migrate toward the 
surface. 

Silicon carbide lies between silicon and diamond in  
its physical and chemical properties. Like silicon and 
diamond it is chemically very stable. Its dissociation 
tempera ture  (1), 2830~ compares favorably to the 
mel t ing point  of silicon, 1412~ and to the graphitiza- 
tion tempera ture  of diamond (ca. l l00~ In  common 
with silicon and at variance with diamond, silicon car-  
bide can be rout inely  doped p- and n-type.  An addi-  
t ional interest ing feature of silicon carbide is the fact 
that  it exists in a large number ,  over 150, of closely 
related polymorphic modifications, usual ly  referred to 
as polytypes. The bandgaps of some of the common 
polytypes are known to range from 2.3 to 3.3 eV (2-7). 
Thus, silicon carbide has an enormous potential  for 
device fabrication. Unfortunately,  techniques for grow- 
ing and doping silicon carbide crystals have been re-  
stricted to high temperature,  vapor phase, or silicon 
solvent methods (8). Recently ion implanta t ion  tech- 
niques have been added to the possible approaches for 
semiconductor doping, and new work on silicon :car- 
bide has been reported (9-11). Ion implanta t ion  looks 
very  attractive a priori because it permits  room tem-  
pera ture  control of both impur i ty  levels and impur i ty  
profiles. Usual ly  removal  of the radiat ion damage calls 
for anneal ing at moderately  high temperatures,  too low 
for ordinary diffusion of the impuri t ies  to occur. With 
this in mind, we decided to investigate the effects of 
the implanta t ion of nitrogen, boron, and a luminum into 

�9 Electrochemical Society Active M e m b e r .  
Key words: ion implantation, silicon carbide impurity profiles, 

optical absorption, nitrogen, b o r o n ,  a l u m i n u m  O o p i n g .  

hexagonal  6H SiC crystals. We report  in this paper  
some of the results of our investigation. 

Experimental 
The apparatus used for the boron and ni t rogen im-  

plantat ions is similar to other low energy (100 keV or 
less) accelerators already described in the l i terature  
(12) and is capable of producing resolved beams from 
5 to 60 keV. The beams are produced by extract ing 
ions from a radio frequency excited source into which 
a gas containing the desired species is leaked. The ex- 
tracted beam is accelerated and focused by a series 
of lenses before enter ing an analyzing magnet.  The 
beam passes through an in - l ine  l iquid ni t rogen trap 
before enter ing the target chamber. Resolved beams in 
the 100 nA range for liB + at 60 keV are rout inely  ob- 
tained. 

The a luminum implantat ions  were done at the Lang-  
ley Research Center of NASA and at the Hughes Re- 
search Laboratories, Malibu, California. The implanted 
6H SiC crystals were subl imat ion-grown platelets of 
hexagonal  contour. Colorless "undoped" crystals, and 
green, n- type,  ni t rogen-doped crystals with net  donor 
concentrat ions in  the 1 • 10 TM -- 5 • 101S/cm 3 range 
were used. The undoped crystals were usual ly  high 
resist ivity p- type  plates. For the implantat ions  the 
crystals were mounted  with their c-axes approxi-  
mately  parallel  to the ion beams except the A1 im-  
planted crystals which were offset by 12 ~ and 7 ~ . In  
some experiments  selected areas of the crystals were 
shielded from the incident  beam. By so doing the effect 
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of the ion bombardment  and of the anneal ing t reat-  
ments  could be more convenient ly  observed. 

For the removal of the radiat ion damage the im- 
planted crystals were annealed in silicon carbide cruci- 
bles in neut ra l  atmospheres at temperatures  of 400 ~ 
1400~ 

The analyses of the impur i ty  profiles in the crystals, 
before and after annealing,  were made at the Battelle 
Memorial  Institute, Columbus, Ohio, using a Cameca 
Ion Analzyer  IMS 300. In this ins t rument  the composi- 
tion of a microvolume of a sample is obtained by ion 
etching the sample surface and performing a mass 
analysis of the ions sputtered from the surface (31). 
In our work a 10 keV 160- beam was used to ion etch 
the surface of the SiC crystals, and the etching rate in 
the implanted region was measured using an in ter -  
ference microscope. The analysis was repeated several 
times for each sample focusing the sputter ing beam on 
different regions of the implanted area. Good repro- 
ducibil i ty was observed in all cases. 

The optical t ransmission measurements  were per-  
formed with a Cary 14 spectrophotometer on samples 
at room temperature.  

Nitrogen Implantations 
A green body color and absorption at about 0.62 and 

0.42 #m are typically observed at room tempera ture  
in 6H SiC crystals containing ni t rogen impurit ies at 
carbon lattice sites (13, 14). Optical measurements  on 
colorless plates i rradiated with 60 keV 14N+ ions thus 
seemed par t icular ly  suitable to study the effects of this 
donor type impurity.  The implanta t ion schedule for a 
colorless, high resist ivity p- type crystal, SiC No. 15, is 
shown in Table I. 

Following each ~4N + implantat ion,  t ransmission 
measurements  were made from 0.35 to 2.6 ~m. Figure 1 
shows some o f  the optical density variat ions as the 
fluence is increased from zero to 2.5 X 1017 cm -2. 
Original ly the spectrum is flat through the near  infra-  
red and the visible to the band edge. A broad, s t ructure-  
less tail extending from the absorption edge to 8000 
cm - i ,  analogous to that  observed in some amorphous 
semiconductors (16-18), develops as the fluence is in-  
creased to about 1.2 X t016 cm -2. A shoulder is ob- 
served at about 10,000 cm - i  with a fur ther  increase in 
fluence. A small shift of the band edge to lower en-  
ergies is also noticeable. 

Figure 2 shows the variat ion of optical density with 
fluence at 4300, 5000, and 10,000A. It is seen that a very 
rapid increase of the optical density occurs near  the 
band edge for fluences of 1014 to 1.3 X 10 t~ cm-2. For 
very high fluences the optical density actual ly de- 
creases with increasing fiuence. At these fiuence levels, 
however, the absorption shoulder at 10,000A increases 
markedly  with increasing fluences. 

Annealing exper~ments.--After the implanta t ion  run  
No. 10 (cf. Table I), the sample SiC No. 15 was annealed 
according to the schedule presented in Table II. After  
each anneal ing period, the optical spectra of the 
heavily (2.5 x 10 l~ cm -2) and l ightly (6.6 X 10t~ cm -~) 

Table I. 60 keV 14N+ implantations in SiC No. 15 a 

Run Fluence (cm-~) Peal{ conc(b) (cm-~) 

1 7.5 X 10 ~ g .8  x 1017 
2 4 .5  X 1 0 ~  5 .g  x 10 ~8 
3 7.5 • 10 t8 9.8 X 10 TM 
4 3.9 X I0 I~ 5.1 x I0~ 
5 6.6 X 1014(a) 8.6 X 101~(") 
6 1.3 X 10 u; 1/7 X 10 ~o 
7 4.0 x I0 ~ ~.2 x I0 2o 
8 1,2 X 10 TM 1.5 X 10 ~ 
9 6 .9  x 10 ze g.O x 10 ~ 

I0  2 .5  X 101~' 3 ,3  x 102~ 

(a) Only  part of the c rys t a l  was  i m p l a n t e d  above  6,6 X 10~4 cm-~. 
We re fe r  to the  l o w e r  i m p l a n t  r e g i o n  as SiC No. 151 and  to the  
h i g h e r  i m p l a n t  r eg ion  as SiC No. 15h. 

(b) Peak  concentrat ions  calculated from the data of  L i n d h a r d  
e t  al. (15). 

irradiated zones of crystal SiC No. 15 were measured 
and compared. Selected data are shown in Fig. 3 and 4. 
After anneal ing at 550~ much of the radiat ion damage 
is removed from the l ightly implanted region, SiC 
No. 151. Pract ical ly no radiation damage can be detected 
in SiC No. 151 after anneal ing above 1000~ The heavily 
implanted region, SiC No. 15h, still exhibits damage 
effects after anneal ing at 1400~ Neither the implan-  
tat ion alone nor  the anneal ing t reatments  introduced 
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Table II. Annealing schedule for SiC No. 15 

~ T i m e  (hr) Atmosphere  

450 24 Nitrogen 
550 40 Nitrogen 
680 26 N i t r o g e n  
810 24 Nitrogen 
930 24 N i t r o g e n  

1040 24 Nitrogen 
1250 0.5 Argon 
1400 0.25 A r g o n  

the absorption typical of ni trogen at carbon sites. The 
crystal was visibly brown for i4N+ fluences in excess 
of 10 i4 cm -2. After  1400~ annealing,  SiC No. 151 had 
recovered the original color, and SiC No. 15h showed 
light brown islands, separated by t ransparent  areas. 
Figures 5 and 6, which are low magnification photo- 
graphs of the area of SiC No. 15 where SiC No. 15h and 
SiC No. 151 meet, show the effect of anneal ing at differ- 
ent temperatures.  

Thermoprobe measurements  indicate that  after an-  
neal ing at 1040~ the i r radiated crystal surface 
changed from high resistivity p- type to weakly n-type.  
After anneal ing at 1400~ the thermoprobe response 
for SiC No. 15h was markedly  n-type.  

Nitrogen profi les.--Because of the interference of the 
N + and CO + + ions, the ni t rogen analyses were made 
using ( i4Ni60)-  and (2sSii4N)- ions as the measured 
ion species. Figure 7 shows the measured unannea led  
and annealed profiles of a 60 keV i4N+ implant  (SiC 
No. 34) at a fluence of 6.6 X 10 is cm -2 and the theo- 
retical profile as derived from the LSS theory (15). 
The i4N data are plotted as detector current  ratio, I/Io, 
where Io is the main  peak current  in the distribution, 
vs. depth in  A. The (2sSii4N)- ion current  was mea-  
sured for these analyses, and a (29Sii2C)- signal was 
monitored during each run  for signal normalization. 

Since the ni t rogen profile for very high doses might 
be significantly affected by sputtering dur ing implan-  
tation, we have tried to measure the step height, if 
any, between implanted and adjacent nonimplanted  
areas of the crystals. A Zeiss interferometer  was used 
for the measurements.  No sputtering step was de- 
tected for any of the high dose 60 keV i4N implanted 
samples. Estimated from the resolution of the in ter -  
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Fig. 3. Room temperature optical density as a function of anneal- 
ing temperature for sample SiC No. 15 at 4300 and 5000~,. One half 
of the sample, SiC No. 15h, was subjected to a maximum nitrogen 
fluence of 2.5 x 1017 cm - 2  and the other half, SiC No. 151, to a 
maximum fluence of 6.6 x 10 i4 cm -2.  The data before implantation 
were measured on the full sample SiC No. 15. 

Fig. 5. SiC No. 15 showing the heavily implanted area (SiC No. 
15h; dark area) and the lightly implanted area (SiC No. 151) after 
annealing 24 hr at 450~ in nitrogen. Note that the lightly im- 
planted area has already recovered substantially from the damage. 
The heavily implanted area is no longer optically homogeneous. The 
region between SiC No. 15h and SiC No. 151 is the transition in 
fluence between the areas. Magnification 20 •  

ferometer we find that  for our implanta t ion conditions 
the sputter ing yield is less than  ~0.1. 

We have no explanat ion at present  for the relat ively 
high surface concentrat ion which falls to a m i n imum 
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Fig. 6. SiC No. l$h after 24 hr annealing at 1040~ in nitrogen, 
Brownish amorphous islands alternate with regions of greater 
transparency. Magnification 200X. 

at about 300 and 200A for the unannea led  and for the 
annealed profiles, respectively, but  do not believe that  
it has a significant effect on the remainder  of the pro- 
files. Comparison of the unannea led  profile with the 
theoretical curve shows that  the predicted peak depth 
is about 15% less than that  measured for the u n a n -  
nealed sample, while the predicted straggling is about 
28% less. As can be seen the effect of the anneal ing  is 
to shift the main  peak towards the surface by approxi-  
mate ly  250A from the unannea led  profile. 

The effect of increasing the fluence five-fold plus the 
thermal  t reatments  listed in Table II is shown in Fig. 
8, which shows the (14N160)- ion cur ren t  for crystal  
SiC No. 15h. Comparison with the theoretical profile 
clearly shows that  the combined effect of the increase 
of fluence and of the thermal  t reatments  on the pro-  
file is to shift the peak significantly towards the surface 
and to increase the full  width at half max i mum 
(FWHM) by 20%. 

Boron Implantations 
Since 6H SiC crystals containing boron and ni t rogen 

have a yellow room tempera ture  fluorescence (19) 
when excited by  3650A radiation, the boron implan ta -  
tions were made preferent ia l ly  in ni t rogen doped crys- 
tals. Such crystals do not have any room temperature  
fluorescence, but  show a strong blue  luminescence 
when cooled to 77~ (14). Different crystals were im-  
planted with 30 and 60 keV liB+ ions to get peak con- 
centrat ions from 1.0 • 1017 to 4.8 • 1020 cm-3. For a 
fluence of 1014 cm -2, corresponding to peak concentra-  
tions of ~1019 cm -8, or more, a brownish surface layer 
developed as a consequence of the implantations.  

A gradual  clearing of the damaged surfaces occurred 
after anneal ing  the crystals at 100~ intervals  from 
550 ~ to 1050~ After anneal ing at 1050~ visual  
inspection the crystals appeared to have completely 
recovered from the damage. The implanted surfaces, 
however, did not show the yellow "boron" lumines-  
cence at room tempera ture  or the original  blue lumi -  
nescence at 77~ Fur the r  anneal ing in silicon carbide 
crucibles in argon at 1250 ~ and 1400~ resulted in the 
reappearance of the blue low temperature  lumines-  
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Fig. 7. Unannealed and annealed profiles from crystal No. 34 

implanted with 60 keV 14N+ ions to a fluence of 6.6 x 1016 ions/ 
cm ~. The crystal was annealed in argon at 1400~ for 15 min in a 
silicon carbide crucible. The data are plotted as (28SP4N)- 
detector current ratio, i/Io, where io is the peak current in the 
distribution, vs. depth in .~. A (29Sp2C)- signal was monitored dur- 
ing each profile run for (~sSi14N)- signal normalization. A 60 keV 
14N theoretical distribution is plotted on the graph in atomic per 
cent vs. depth. 

cence. Moreover, a weak room tempera ture  "boron" 
luminescence appeared in  the irradiated areas of some 
of the ni trogen doped, green colored crystals i rradiated 
to boron peak concentrat ions in the range of 102~ cm -~. 
Thermoprobe measurements  indicate that  even for this 
implanta t ion  level, the yel low fluorescing layers re-  
ta ined n - type  conductivity. Colorless crystals or crys- 
tals implanted to low boron fluence did not show any 
room tempera ture  fluorescence after  anneal ing  at 
1400~ Coating of the implanted crystals with a 2000tk 
thick layer of sputtered SiO~ before anneal ing  did not  
lead to different results. 

Boron profiles.--Figure 9 shows the measured u n a n -  
nealed profiles of crystals i r radiated with 30 and 60 
keV I~B+ ions. The data are plotted as 11B+ detector 
current  ratio, I/Io, where Io is the peak current  in  the 
distribution, vs. depth in A. A laC+ signal was moni-  
tored dur ing each profile r u n  for signal normalizat ion.  
The agreement  with the profiles predicted by the LSS 
theory (15) is only qualitative.  The theoretical peak 
depths are about 20% less than  those measured, and the 
straggling, as measured by the FWHM, is about 40% 
less. Some of these differences may  be due to the large 
relat ive atomic number  and mass differences of the 
const i tuent  atoms (~sSi and 12C). The tails extending 
on the deep side of the peaks are typical of implants  
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ing in argon at 1400~ for 1.5 min in a silicon carbide crucible. The ~ 60 KeV IxlO 14 B+/cm 2 
crystal was implanted with 60 keV 14N + ions to a fluence of 3.3 x 
101"; ions/cm 2, which is a fivefold increase in fluence of the an- 
nealed sample (No. 34) shown in Fig. 7. The data are plotted as (14Nt60)- detect~ current ratio" I/1~ where I~ is the peak cur" ~ 1 ~CI ~ ~ 
rent in the distribution, vs. depth in A. A (29Si12C)- signal was A " 
monitored during the run for (14N160)- signal normalization. A 
60 keV 14N theoretical distribution is plotted on the graph in atomic O.t ~ ~ : 
per cent vs. depth. 

c'(# 27) where,  as in this case, no at tempts  were  made to sup- 
press channeling. They also may be due, in part, to a 
radiat ion enhanced diffusion mechanism, similar to 
that  observed in silicon (20, 12). i I [ I i I i I i I i I i 

Af ter  annealing at 1400~ no boron was detected by o.�9 tooo 2000 5000 4000 5000 6000 
the microanalyzer  in crystals implanted with  30 and 
60 keV 11B+ to peak concentrat ions <~ 1019 cm -3. A 
weak yel low boron luminescence was seen, however ,  
when the crystals were exci ted by 3650A uv. It is es- 
t imated that  after anneal ing there  is less than 1 • 1011 
boron atoms cm -2 in the implanted  areas of these 
crystals. 

Aluminum Implantations 
Four  n - type  plates were  implanted to fiuences of 

2 X 1011 cm -2, 4 • 1011 cm -2, 4 X 1012 cm -2, and 
4 • 10 t3 cm -2, respectively,  wi th  60 keV 27A1+ ions 
impinging at an angle of 12 ~ to the c-axis  direction. 
Three  addit ional  crystals (No. 30, 31, and 32) were  im- 
planted to fluences of 5 • 10 TM cm -2, 5 • 1014 cm -2, 
and 5 • 1015 cm -2, respectively,  wi th  2VAl+ ions im-  
pinging at a 7 ~ angle to the c-axis  direction. For  a 
fluence of 5 • 10~3 cm-2  or more, the implanted areas 
acquired a dark brown discoloration similar  to that  of 
boron and ni t rogen implanted crystals. The discolora- 
tion disappeared after anneal ing for 15 min in argon 
at 1400~C. Thermoprobe  measurements  indicated that  
for a fluence of 5 • 10 t5 cm -2 (crystal  SiC No. 32) the 
implanted crystal  surface conver ted f rom n- type  to 
p-type.  For  the 5 • 10 TM cm -2 (SiC No. 31) and the 
5 • 1013 cm -2 (SiC No. 30) implants  a marked  decrease 
of the original n - type  signal resulted as a consequence 
of the implants. 

A l u m i n u m  profi les.--Figure 10 shows the profiles for 
the unannealed  crystals No. 30, 31, and 32. The 
data are plotted as 27A1+ detector current  ratio I/Io, 
where  Io is the peak current  in the distribution, vs. 
depth in A. A 24C2+ signal was moni tored during each 
profile de terminat ion  for signal normalization. Crystal  
No. 30 had a nonuniform a luminum background and 

DEPTH (A) 
Fig. 9. Unannealed profiles from crystals No. 15 and No. 27 im- 

planted with 30 and 60 keV l iB+ ions to a fluence of 3 x 1015 and 
1 x 1014 ions/cm 2, respectively. A 12C+ signal was monitored dur- 
ing each profile run for l iB+ signal normalization. Theoretical 30 
and 60 keV 11B profiles are plotted on the same graph in atomic 
per cent vs. depth. 

the  implant  concentrat ion lies near  the a luminum de- 
tectabi l i ty  l imit  of the ion analyzer.  Therefore,  only the 
region near the surface is presented. The a luminum 
profile calculated f rom the LSS theory (15) is also 
shown. 

The agreement  wi th  the theory  is only quali tat ive.  
For  example,  the predicted peak for the 5 X 1014 im-  
plant  is about 35% less deep than the measured one, 
and the predicted straggling is about 57% less. More-  
over, these differences increase for  the heavier  im-  
plant  to 51% and 71%, respectively.  At  the moment  
we can only suggest the presence of a rad ia t ion-en-  
hanced diffusion mechanism. An analogous effect has 
been observed in MgO implanted  wi th  3.0 MeV Ne + 
ions (21). The MgO damage profile curves obtained 
by moni tor ing the damage as the bombarded surface 
is chemical ly  r emoved  show that  as the fluence in- 
creases the FWHM increases and the damage peak in- 
creases in depth. 

Figure  11 shows the profiles after annealing at 1400~ 
for 15 min. For  SiC No. 30 the distr ibut ion shows a 
sharp gradient  up to the surface. For  SiC No. 31 and 
SiC No. 32 two regions are now present: a sharp gradi- 
ent peaking at the surface and a broad distr ibution ex-  
tending deeper into the crystal  with re la t ive ly  fiat 
max ima  at about 1300A. The considerable increase in 
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Fig. 10. Profiles from crystals No. 30, 31, and 32 implanted 
with 60 keV 27A1+ ions to a fluence of 5 x 10 t3, 5 x 1014 , and 
5 x i0  I5 ions/cm 8, respectively. The data are plotted as 27AI 
detector current ratio, I / Io ,  where Io is the peak current in the 
distribution, vs. depth in .~. A 24C2+ signal was monitored during 
each profile run for 27A1+ signal normalization. Crystal No. 30 had 
a nonuniform AI background and the AI concentration was near the 
AI + detectability limit of the ion microprobe; therefore only the 
surface region is presented. A 60 keV AI theoretical profile is 
plotted on the same graph in atomic per cent vs. depth. 

the concentrat ion of the surface a luminum is probably 
responsible for the appearance of p- type conductivity 
in SiC No. 32 and the related effects in SiC No. 31 and 
SiC No. 30. 

Discuss ion  
In  all cases the p r imary  effect of the ion implanta-  

t ion was the formation of a brownish disordered sur-  
face layer. Except for cases of extreme fluences, (for 
example, SiC No. 15h), anneal ing at 1400~ el iminated 
the radiat ion damage and restored the original 77~ 
luminescence of the crystals. Moreover, in crystals con- 
ta ining a suitable amount  of ni trogen donors, the typi-  
cal boron room tempera ture  luminescence in the yel-  
low region appeared after implanta t ion to high boron 
levels and anneal ing at 1400~ Obviously, anneal ing 
regenerated the original crystal structure, and con- 
version to polytypes stable at low temperatures,  such 
as the 2H and the 3C polytypes, did not occur. This 
observation is impor tant  because, in the event of a 
change in crystal structure, only heterojunctions could, 
in general, be prepared by ion implanta t ion in SiC. 
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Fig. 11. AI profiles from crystals No. 30, 31, and 32 after 
annealing in argon at 1400~ for 15 min in silicon carbide crucibles. 
The data are plotted as 27Al+ detector current ratio, I / Io ,  where 
Io is the peak current in the distribution, vs. depth in ~.  A ~C,2 + 
signal was monitored during each run for 27AJ+ signal normaliza- 
tion. A 60 keV AI theoretical profile is plotted in atomic per cent 
vs. depth. 

Homojunctions would be restricted to one or two poly- 
types. 

Nitrogen implanta t ion and anneal ing produced 
n- type  conductivity in the implanted areas of origi- 
na l ly  p- type crystals. This behavior has been a t t r ib-  
uted by Dunlop and Marsh (11) to the existence of a 
substantial  fraction, ~1/3,  of ni trogen atoms at donor 
sites in the SiC lattice after annealing.  It must  be re-  
membered,  however, that n - type  conductivi ty in 6H 
SiC was observed also after bombardment  with alpha 
particles, neutrons,  and electrons (22-24). Thus donor 
type defects may contr ibute  to the observed conduc- 
tivity. 

Reflection electron diffraction observations indicate 
that an amorphous layer is formed as a resul t  of the 
ion implanta t ion at high fluences. Localized electronic 
states may occur in the electronic bandgap due to the 
disorder (16-18) of this amorphous semiconductor 
layer. The absorption tail  extending from the band 
edge to lower energies thus may be due to electronic 
excitations at these localized states. 

With increasing fluence the shoulder at 10,000 cm -1 
in SiC No. 15h (Fig. 1 and 4) increases markedly  after 
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the band tail absorption near  the fundamenta l  edge 
begins to decrease (Fig. 2). Subsequently,  this shoul- 
der anneals  out completely (Fig. 4). It is thought 
that the shoulder may result  from the development  of 
aggregate defect centers at high fluences. Thus local- 
ized electronic states of lower energy may occur at the 
aggregate centers, and the absorption at 10,000 cm -1 
may be due to electronic excitations at these aggre- 
gates. The optical data indicate that  a small reversible 
shift of the band edge of SiC occurs as a result  of 14N + 
implanta t ion (Fig. 1 and 3). This behavior is quite 
different from that of GaAs and GaP, where large re-  
versible shifts of the optical absorption edge were ob- 
served after implanta t ion with argon ions and neutrons  
(25-27), and is in l ine with the we l l -known abil i ty of 
SiC to withstand radiat ion damage better  than silicon 
and germanium. 

The profiles of the implanted impurities, before an-  
nealing, show that quali tat ive agreement  exists with 
the LSS theory (15), but  the impur i ty  distr ibutions 
are characterized by the presence of a tail extending 
deeply into the crystals. Similar  observations have 
been reported for silicon (28) and for other materials  
(12). Apparen t ly  channel ing and /or  enhanced dif- 
fusion effects cannot be neglected. Moreover, for 
a luminum,  as shown by the profiles in Fig. 10, the peak 
position and FWHM change with the fiuence. 

The profiles of the annealed samples are difficult to 
interpret  in detail. In  all cases the impurit ies diffuse 
to the surface dur ing annealing.  The rate of diffusion 
may depend on the impuri ty,  on the depth below the 
surface, on the fluence level, and on the associated 
damage. If diffusion is par t icular ly  fast for the layers 
immediately below the surface, the impurit ies in that  
region migrate  to the surface rapidly and, if trapped 
there, create the surface maxima observed in some of 
the ni t rogen and a luminum implants  (crystals No. 31, 
32, and 34, Fig. 11 and 7). Outdiffusion dur ing the 
implanta t ion might be invoked to explain the 24N 
profile observed for crystal No. 34 before anneal ing 
(Fig. 7). 

The presence of large A1 peaks at the surface of the 
27A1 implanted crystals after anneal ing and the con- 
version from n -  to p- type  conductivi ty in the case of 
SiC No. 32, is par t icular ly  interesting. Marsh et al. (9, 
10) have reported the possible presence of a p- type  
layer in n- type  ~ SiC as a consequence of low energy 
a luminum implantations.  Significantly, none of the 
other impuri t ies  implanted by them at room tempera-  
ture (Be, B, Ga, In, Te, N, P, As, Sb) resulted in p- type  
conversion. Thus, A1 may be in a special position com- 
pared to other Group III dopants. It is known that a lu-  
m inum substi tutes for silicon in the SiC lattice (29), 
as might be expected upon consideration of the simi- 
lar i ty  of the te t rahedral  covalent radii of a luminum 
(1.26A) and silicon (1.17A) (30). At the anneal ing 
temperature  of 1400~ silicon slowly evaporates from 
the surface of the SiC crystals, and leaves behind a 
carbon rich layer. Under  these conditions it is possible 
that the a luminum atoms close to the surface migrate 
and replace, ful ly or in part, the missing silicon atoms 
with consequent formation of a steep gradient  in the 
concentrat ion of the surface a luminum. 

We may conclude this discussion by stating that ion 
implanta t ion looks very promising as a means to make 
SiC devices. In  particular,  the appearance of room 
temperature  boron luminescence and the presence of 
surface a luminum and ni t rogen after anneal ing clearly 
indicate that  the possibility of prepar ing doped layers 
by room temperature  ion implanta t ion in silicon car- 
bide does exist. Addit ional  work is in progress to learn 
how to prepare active devices by this technique. 
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Oxygen and Metal Activities of the Iron-Nickel-Oxygen 
System at 1000~ 

Haydn Davies* and W.  W.  Smeltzer* 

Department ol Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

The equi l ibr ium oxygen pressures for Fe-Ni  alloys coexisting with their  
oxides have been determined at 1000~ using an electrochemical cell with a 
calcia-zirconia electrolyte. These pressures were related to compositional 
determinat ions of the solid phases and the Fe-Ni-O isotherm at 1000~ Oxy- 
gen pressure over the wust i te-al loy phase field increases from 1.32 X 10 -15 
atm for Fe-FeO equi l ibr ium to 5.5 • l0 -14 atm for the invar ian t  three-phase 
field of wusti te  containing 0.51 a/o (atom per cent) Ni, spinel containing 0.6 
a /o  Ni, and an al loy containing 79.6 a/o Ni. The oxygen pressure subsequent ly  
increased through the spinel-al loy phase field to 2.5 • l0 -~z arm, that  of the 
invar ian t  phase field composed of spinel containing a calculated composition of 
l l .4  a/o Ni, nickel oxide containing 42.5 a/o Ni, and an alloy containing 99.6 
a/o Ni. Iron behaved ideally up to the alloy content  of 40 a/o Ni, but  then ex-  
hibited small negative deviations, whereas nickel deviated negat ively at alloy 
compositions greater  than i0 a/o Fe. The spinel-al loy equil ibria  have been 
described by a Gibbs-Duhem calculation and by a s t ructural  model for the 
spinel based on a lattice point defect model. 

The thermodynamics  of the Fe-Ni-O system con- 
taining solid phases at high temperatures  has been in-  
vestigated by several workers (1-12). Measurements  
based on gas equi l ibrat ion and electromotive force 
techniques have been chiefly utilized to determine par-  
tial and integral  thermodynamic  properties of the al- 
loys. In several investigations (6, 9, 11, 12), measure-  
ments  of oxygen activities have been combined with 
determinat ions of compositions and structures of the 
solids to define the fields wi thin  the te rnary  phase dia- 
gram, the results for the isotherm at 1000~ being most 
extensive (11). The purpose of this work, accordingly, 
was to obtain addit ional informat ion concerning the 
dissociation pressures of wusti te and spinel equil i-  
brated with the alloys and to collate the informat ion 
from the various sources into a complete description of 
the te rnary  system at 1000~ 

Experimental 
A solid-state electrochemical technique using calcia- 

stabilized zirconia as the electrolyte was used to deter-  
mine  the dissociation pressures of the oxides. The cell, 
which was similar to that  of Charette and Flengas 
(13), is i l lustrated in Fig. 1. The inner  reference elec- 
trode compartment  consisted of a 12 in. long tube of 
calcia-stabilized zirconia (B grade) supplied by  the 
Zirconium Corporation of America. The outer elec- 
trode compar tment  consisted of the exterior Mulli te 
tube containing an a lumina  crucible. The a r rangement  
of the electrodes and p la t inum leads, with respect to 
the electrolyte, was that  shown by Roeder and Smelt-  
zer (6). These components  were placed inside a 
grounded Nionel tube to shield the p la t inum electrode 
leads from any inductive field produced by the furnace 
windings. The cell tempera ture  was determined by a 
Chromel-Alumel  thermocouple calibrated in situ, and 
all emf's were measured with a high impedance po- 
tentiometer.  Temperatures  were controlled to _ I ~  
and cell voltages measured to 10-4V. 

* Electrochemical Society Active Member. 
Key words: thermodynamics, Fe-Ni-O system, metal and oxygen 

activities. 

There are several references to the need for "closed 
cell design" involving two hermetical ly sealed half-  
cell compartments  to prevent  oxygen transfer,  via t h e  
gas phase, between the electrode compartments.  In i -  
tially, both compartments  were sealed under  vacuum, 
but  later experiments  used a common vacuum of 10 -6 
Torr. No difference in results was obtained. The pres-  
ent  design involving electrodes of meta l /oxide  com- 
pacts together with protective amounts  of meta l -meta l  
oxide powders was satisfactory for both of the above 
conditions, and main ta ined  equi l ibr ium cell potentials. 
Fe /FeO was used as the reference electrode for all 
experiments.  

The electrode materials  were fabricated a s  t a b l e t s  
0.25 in. diameter  by 0.10 in. thick by compressing, a t  

Leo 

Zirr 

R 

Plotinum wire spProl 

i 
Alumina crucible 

Powder of eleclrode mofenol 
Chromel-Alume} fhermocouple 
in zirconia tube 

I I t~':'~"" ' ; '  Alumina Deods 

Fig. I. Electrochemical cell assembly containing a solid calcia- 
stabi|ized zirconia electrolyte tube. 



Vol. 119, No. 10 OXYGEN & METAL ACTIVITIES IN Fe-Ni-O 1363 

15,000 psi, powders of i ron and nickel [99.99 w/o  
(weight per cent) pure] in predetermined proportions 
with one, or more, of the oxides (99.6 w/o  pure) con- 
sisting of nickel oxide, magnetite,  and nickel ferrite. 
The tablets were sealed in quartz tubes containing 
argon (oxygen content  less than 2 ppm) and then an-  
nealed at 1000~ for 28 days. They were subsequent ly  
cooled to room tempera ture  wi thin  1 min  by quench-  
ing. Both these tablets and those subjected to emf mea-  
surements  exhibited identical compositional and struc-  
tural  properties. Techniques for metal lographic prepa-  
rat ion of the specimens and their  chemical analyses 
using a Cameca electron-probe microanalyzer  have 
been described (11). Fe-Ni  alloys, FeO, Fe304, and 
NiFe204 were used as standards for prepar ing com- 
positional cal ibrat ion curves for this ins t rument .  

Electromotive force measurements  were made for 
the following cells. 

Fe, FeOlelectrolytelNiO , Ni [A] 

Fe, FeOlelectrolyte I (FeNi) O, alloy [B] 

Fe, FeO]electrolytelNixFe3-xO4 , alloy [C] 

Fe, FeO I electrolyte] (FeNi) O, NixFe3- ~O4, alloy [ D] 

Since the reaction is t ransfer  of oxygen from the cath- 
ode to anode compartment,  the emf is (14) 

RT 
E ---- in  Po2"/Po2" [ 1] 

4F 

Here Po2" and Po2" are the dissociation pressures of the 
oxides in  the cathode and anode compartments,  respec- 
tively. For reversible potentials, the compositions of 
the solid phases must  remain  unchanged. The factors 
which affect the accuracy and rel iabil i ty of this tech- 
nique have been described by Steele and Alcock (15, 
16) and Sellars and Maak (17). In this investigation, 
the cell was a l ternate ly  evacuated and flushed with 
purified argon, which had been freed of 02, CO, and H2 
by passage over activated copper and unreduced cop- 
per oxide catalysts held at 150~ and then freed of 
H20 and CO2 by passage through Ascarite and a l iquid 
ni t rogen trap. The cell was then evacuated to 10 -6 
Torr and cont inual ly  pumped throughout  the equi l ibra-  
t ion period at 1O00~ and the subsequent  measurement  
period at temperatures  over the range 800~176 
For cells A and B, the equi l ibr ium time was ini t ia l ly  
20 days but  subsequent  work showed that  two days 
were sufficient. The equi l ibrat ion t ime for cell C was 
20 days but  the cell emf remained unchanged after 10 
days at temperature.  Cell D was equil ibrated for 26 
days, but  the emf did not change after 20 days. 

The method of Diaz and Richardson (18) was used 
to measure the emf. At  any supposed equi l ibr ium 
state, the cell was dis turbed by  passing a small cur-  
rent  equivalent  to 0.01-0.1 coulombs and the emf value 
subsequent ly  determined from the plateau in the cell 
emf vs. t ime curves. The most extensive measurements  
were made on the cells operating at 1000~ Measure- 
ments  were also made at temperatures  wi thin  the 
range 80O~176 by cycling the tempera ture  to values 
below and above 1000~ and allowing the cell to 
stabilize for a period of I hr. 

Cells B and C correspond to the fields containing a 
metal  phase in the Fe-Ni-O phase diagram. Cell D 
corresponds to the invar ian t  equi l ibr ium between 
alloy, nickel oxide containing iron in solid solution, 
and an i ron-nickel  spinel. Attempts  were also made to 
prepare electrodes describing the invar ian t  equi l ibr ium 
between alloy, wust i te-conta ining nickel in solid solu- 
tion, and an i ron-nickel  spinel. However, we were un-  
successful because this lat ter  three-phase field is of 
very nar row compositional extent  (11) and the com- 
positions of the fabricated tablets adjusted to two- 
phase regions dur ing  the anneal ing periods. 

Table I. Least squares analyses of emf 

E (mY)  = A + B T ( ~  Standard 
A B deviation 

S a m p l e  ( m Y )  ( m Y / ~  ( m Y )  

W A 1  8.38 0.038 0.9 
W A 2  4.90 0.048 0.9 
W A 3  -- 13.96 0.073 0.4 
W A 4  12.54 0.058 0.6 
W A 5  14,38 0 .059 0,5 
SA1 -- 68.06 0.135 0.4 
SA2  23.31 0.096 0.9 
S A 3  -- 44.76 0 .153 0.7 
S A 4  -- 18.01 0.141 0.7 
S A 5  45.26 0.108 0.S 
S A 6  45.61 0.133 0.6 

Results 
Ceil A. - -Emf  values over the range 6OO~176 

could be correlated by the l inear equation 

E(mV)  : 157.1 + 0.1OlT(~ (+--0.9 mV) [2] 

These values were in good agreement  with published 
values and the least square representat ion of these 
results (16) 

E (mV) ---- 157.6 -t- 0.10T (~ (+--0.9 mV) [3] 

Cell B.--The emf values at temperatures  in the range 
800~176 and the l inear  relationships for the cell 
temperature  coefficients obtained by the method of 
least squares are given in  Fig. 2 and Table I, respec- 
tively. The alloys invest igated contained up to 75.9 a/o 
Ni. 

Cell C.--The results are also represented in Fig. 2 
and Table I. In  this case, the alloy compositions ranged 
from 91.6 to 98.7 a/o Ni. 

Cell D.--The emf was determined only at 1O0O~ Its 
value was 270 ___ 1 mV. 

The compositions determined by the electron micro- 
probe technique for the coexisting oxide and alloy 
phases at 1000~ are recorded in Table II. The mass 
concentrat ions obtained exper imenta l ly  have been con- 
verted to atomic concentrat ions which are also given. 

2 0 0  
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E 

i , , q , i i S A 6  
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~ S  SA 4 

A 3  
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I00 
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WA 3 
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~ W A I  

50 = = = I 900 I000 1060 

TEMPERATURE (~ 

Fig. 2. E lect r ica l  potent ia ls  vs .  t e m p e r a t u r e  for cel ls  B end C. 
T h e  composit ion des ignat ions  for the plots correspond to those 
in Table II. 
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Table II. Electron microprobe analyses of coexisting alloy and oxide phases at 1000~ 

A l l o y  c o m p o s i t i o n  Oxide  c o m p o s i t i o n  
O x i d e  phase  Oxide  

S a m p l e  w / o  Ni  w / o  Fe a /o  Ni  a / o  Fe  i den t i f i c a t i on  w / o  Ni  w / o  Fe a / o  Ni  a / o  Fe  f o r m u l a  

WA1 60.8 (•  39.4 (•  59.5 40.5 W u s t i t e  * 76.1 (•  - -  47.8 Feo.,17Nio.oo~O 
WA2 66.6 (+0.4) 33.0 (~0.5) 65,5 34.5 W u s t i t e  ~ 75.9 ( ~ 0 . 3 )  - -  47.6 Feo.9~Nio oo30 
WA3 71.8 (-+-0,4) 28.5 (•  70.6 29.4 Wus t i t e  * 75.5 (~0.3) - -  47.3 Feo.~o2Nio.0o60 
WA4 74.7 (-4-0.4) 25.7 (•  73.5 26.5 Wus t i t e  * 75.4 (~0.3) - -  47.1 Feo.s97Nio.0o~O 
WA5 76.5 (•  23.4 (•  75.7 24.3 Wus t i t e  * 75.3 (•  47.1 Feoso~Nio.ooTO 
SA1 82.6 (•  17.2 (•  81.8 18.2 S p i n e l  * 70.9 (~0.6) ~ 41.9 Nio.o6Fe2.9~O4 
SA2 92.0 (•  8.7 (•  91.6 8.4 S p i n e l  * 70.1 (~0.8) 1.3 41.6 Ni0.0oFe~ olO1 
SA3 93.4 ( •  7.4 (•  93,1 6.9 S p i n e l  7.6 (•  64.6 (~ I .0 )  4.4 38.5 Nio 3~Fe2.o90~ 
SA4 95,5 (•  3.9 (•  95.2 4.8 S p i n e l  9,7 (• 63.1 (~1.0) 5.3 37,5 Nio4~Fe~ ~O~ 
SA5 97.8 (•  4.3 (•  97.5 2.5 S p i n e l  12.9 (•  59.4 (~1.3) 8.0 35.4 Nio.s~Fe2.4sO~ 
SA6 98.8 (__.0.4) 1.4 (•  98.7 1.3 S p i n e l  14.8 (~0.8) 57.5 (~1.5) 8.6 34.2 Nio.eoFe~4oO~ 
S p i n e l ~  

ox ide  99.7 (___0.3) 0.4 (4-0.2) 99.6 0.4 S p i n e l  22.6 (•  49.6 (~1.5) 13.1 29.7 Nio.~2Fe~.~O~ 
Nicke l  ox ide  67.3 (•  10.7 (~0.4) 42.5 7.5 Ni0.a-a~eo.~O 

* F o r  s amp le s  WA1-SA2,  the  n i c k e l  con ten t s  of the  ox ide  phases  were  ca lcu la ted  f r o m  the  m e a s u r e d  i ron  compos i t i ons  a s s u m i n g  tha t  the  
m e t a l  to  o x y g e n  r a t i o  wa s  t h a t  of pu re  w u s t i t e  a t  the  same  o x y g e n  pressure .  

Discussion 
The Fe/FeO electrode was used as reference in the 

galvanic cells. Steele (16) has assessed the available 
calorimetric and h igh- tempera ture  equi l ibr ium values 
and described the dissociation pressure of wusti te  by 

--27643.7 
log(Po2 atm)w ---- 

T 

( 5 4 " 6 4 )  

T(~  

The dissociation pressures of the investigated oxides 
were calculated by means of Eq. [1] and [4]. These 
values could be used with the corresponding composi- 
t ional determinat ions of the coexisting oxide and alloy 
phases to describe the variat ion of the oxygen activity 
over the Fe-Ni-O isotherm at 1000~ Fur ther  thermo- 
dynamic informat ion concerning the various phase 
equil ibria can also be calculated for part icular  ap- 
proximations and assumptions. This is outl ined as each 
phase field is discussed in detail. 

Variation of equi l ibrium oxygen pressure wi th  alloy 
composi t ion.--Figure 3 shows the values of oxygen 

-IL�9 

o t h i s  w o r k  
ref (6) I050~ .4 r, ~ I 

-I8.00 A ref (9) ~ ,/  
* ref(lO) ~ i..,~ ] 
�9 ref (12) ~ 

- - -  ideal behaviour , ~ H  / _ ' "  
-15.00 . ' "  .r - 

log (po2atm) J "  yT,h-~e ~o~ ~ J-, "1 phase 
-14.00 ~ ~ ~ " !  'field 

y , . . '  .. 
HG.O0 ,~oo" 

J i 

o.o 0.'2 ' o14  '0 . '8  ' ,.o 
ATOM FRACTION NICKEL (N~ ~) 

Fig. 3. Dissociation pressures of the oxides coexisting with Fe-Ni 
alloys at 900 ~ 1000 ~ and 1050~ The dashed curves represent the 
ideal pressures for wustite-alloy equilibria assuming ideal behavior 
of iron in the alloy. 

pressures calculated from the emf determinat ions as 
a function of atom fraction nickel in alloy, N N i  A, at 
900 ~ 1000 ~ and 1050~ Results from this and other 
investigations (6, 9, 10-12) are included. The results 
of this investigation are in good agreement  with re-  
ported values except for those of Ono et al. (12) at 
1050~ The invar ian t  oxygen pressure and alloy com- 
position reported by Kushko et al. (9) for the wusti te-  
spinel-al loy equi l ibr ium is also included. The ideal 
curve shown for wust i te-al loy equil ibria was computed 
assuming ideal behavior of iron in the alloy. At 1000~ 
the te rminal  composition of the alloy for wusti te  sta- 
bility has been reported as 0.803 (8), 0.775 (9), 0.796 
(11), and this study has used the lat ter  value con- 
sistent with the corresponding compositions of wusti te 
and spinel phases. The only reported terminal  alloy 
composition at 900~ is 0.76 (8). At 1050~ there are 
two reported values: 0.82 (8) and 0.88 (12). All of 
these terminal  compositions are shown as vertical  lines 
in Fig. 3. 

Wust i te-al loy  phase ~eld.--Dalvi  and Smeltzer (11) 
have described the Fe-Ni-O isotherm at 1000~ and 
reported that wusti te can coexist with alloys contain-  
ing up to 79.6 a/o Ni. The corresponding terminal  
composition of wusti te was 0.51 a/o Ni. The equil ib-  
r ium oxygen pressure over this phase field increases, 
with increasing values of ~rNiA, from that  correspond- 
ing to the i ron-wust i te  equi l ibr ium to the invar ian t  
oxygen pressure associated with the three-phase field, 
wust i te-spinel-al loy.  Accordingly, the experimental  
curve of Po2 vs. NNi A in Fig. 3 was extrapolated to the 
above l imit ing alloy composition to obtain an invar ian t  
pressure of 5.5 (• • 10 -14 atm. These values are 
to be compared to l imiting values of N N i  A ~ 0.775 and 
an oxygen pressure of 7.1 • 10 -14 atm determined by 
Kushko et al. (9) using a gas equi l ibrat ion method. 

Wust i te  composition as a function of oxygen  pres-  
sure . - -The  effect of nickel content  in wusti te  on its 
dissociation pressure is shown in Fig. 4. The parameter  
representing the nickel content  is the metal  atom frac- 
tion based on the total metall ic content of the wusti te 
phase. Note that  the invar ian t  oxygen pressure for 
wust i te-spinel-a l loy equi l ibr ium is less than  the mag- 
net i te-wust i te  dissociation pressure. Therefore the 
nickel metal  atom fraction in the spinel must  be 
greater than that in the wustite. 

Thermodynamic  properties of al~oy.--The dissocia- 
t ion pressure of wusti te equil ibrated with the alloy is 
given by the relat ionship 

(aFeoW) 2 
Po2 -- �9 Po2 w [5] 

(aFe A ) 2 

where Poe TM is the dissociation pressure of wusti te equil-  
ibrated with pure iron. For aFeo ~ 1 and ale A = NFe A, 
this reduces to the ideal relationship which produced 
the ideal behavior curves in Fig. 3. The exper imental  
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Fig. 4. Dissociation pressure of wustite equilibrated with Fe-Ni 
alloys at 1000~ vs. the nickel atom metal fraction in the oxide. 

values of oxygen pressure, however, become greater 
than  the calculated values, with increasing NNi A, due 
to negative deviations of i ron from ideality. 

Activities of iron in the alloys may  be obtained by 
considering the vi r tual  reaction for cell B, assuming 
pseudobinary behavior. The vi r tual  cell reaction is 

Fe + Fee w = Fe A + Fee [6] 

where Fee w represents wustite equilibrated with an 
alloy. From the Nernst equation 

RT 
E = in aFeOW/aFe A [7 ] 

2F 

The wustite phase contained small amounts  of nickel, 
less than 0.5 a/o, but  its effect on the wusti te activity 
is unknown.  The data of Swaroop and Wagner  (19) 
provided values for wusti te activity at each measured 
oxygen pressure assuming that  negligible error is in -  
troduced by neglecting the effect of nickel. The values 
of the iron activities were then calculated over the 
compos i t ional  range  of wusti te stabil i ty using Eq. [7]. 
The values of nickel activities were then obtained by 
numerical ly  integrat ing the Gibbs-Duhem rela t ion-  
ship, following the method of Darken and Gur ry  (20). 
Activity data reported by Kushko et al. (9) and 
Gatell ier  et al. (10) were used for the composition 
range 0.8 --~ NNi A < 1. The variat ions of the iron and 
nickel activities are shown in Fig. 5. Values of activ- 
ities previously determined by the electrochemical 
(6, 10) and gas equil ibrat ion (2, 9) methods are in-  
cluded. The results i l lustrate that  i ron behaves ideally 
up to approximately 40 a/o Ni and shows negative 
deviations at larger nickel  concentrations. Nickel, on 
the other hand, behaves ideally only up to an alloy iron 
content  of 10 a/o. The nickel activity coefficient over 
its range of Henr ian  behavior, 0-40 a/o Ni, was cal- 
culated to be 0.82. 

The deviations from ideality nevertheless are rela-  
t ively small. This behavior  is i l lustrated in more detail 
by the plots in  Fig. 6 showing the ideal and actual free 
energy of mixing curves. Since the activities have been 
determined, the excess free energy of mixing may be 
expressed as 

IG(excess)  = RT(NFe A in 7Fe ~- NNi A In 7Ni) [ 6 ]  

where 7 represents an alloy activity coefficient. The 
max imum excess, which occurs at an alloy nickel  atom 
fraction of 0.53, is only --240 cal /g-atom. This small  
degree of nonideal i ty  corresponds to previous findings 
(1, 2). 
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Spinel-al loy phase f ield.--I t  has been shown previ-  
ously (11), and confirmed in  this investigation, that  a 
spinel, represented by the formula Ni~Fe3-~O4 where 
0.04 --~ x < 1, can coexist wi th  alloys ranging in  com- 
position from 79.6 to 99.6 a/o Ni. The equi l ibr ium oxy- 
gen pressures over this phase field are shown in Fig. 
7. This plot consists of oxygen pressures determined 
directly by the electrochemical cell technique and of 
pressures calculated by  applying the Gibbs-Duhem 
relationship to the exper imenta l ly  determined values 
of the equi l ibr ium compositions of the coexisting spinel 
and alloy phases. 

The isothermal, isobaric Gibbs-Duhem relationship 
applied to the alloy and spinel phases gives 

No A d In ao A --~- NNi A d In aNi A + Nfe A d In are A : 0 [9] 

No s d In ao s + Nsi s d In aNi s q- NFe s d In are s -- 0 [I0] 

where Ni is the atom fraction and ai is the activity of 
a species i in the alloy (A) and spinel (S) phase. 
The variat ion of oxygen activity with respect to nickel 
activity will  then  be 

d In ao N~i s NFe A -- NNi  A N F e  S 
- -  - -  [11] 
d In a.Ni N o  A NFe  s - -  NFe  A N o  s 

Since the oxygen solubil i ty in the alloy is very small, 
<0.015 w/o (21), the term NoANFe s ~ 0. The spinel 
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may be wr i t ten  as NizFe3-zO4 assuming s toichiometry 
of the oxygen sublattice. Accordingly 

x 3 - - x  4 
NNi s ----- ~ ; NFe s -- ; No s = -- [12] 

7 7 7 
Therefore  

d In ao 3NNi A -- x 
- -  -- [13] 
d In aNi 4 (1 - -  NNi s )  

F o r  NNi A > 0.796, 0.98 < 7Ni A ~ 1.0 (9, 10), a n d  w i t h  
ao ---- (Poa) '/~, Eq. [13] becomes 

Po2 I -- NNi A* 
log -- 1,50 log 

Po2* 1 - -  NNi A 

f N~IA X 
-- 0.217 .z N.~,A*. NNiA(I __ NNi  A) d N N i  A [14] 

In this equation, NNi  A* ~--- 0.796 and Po~* ---- 5.5 • 10 TM 

arm are the a11oy composition and the invar iant  oxygen 
pressure for the wust i te -sp ine l -a l loy  phase field. Thus 
the oxygen pressure across the spinel -a l loy phase field 
can be computed for each of the alloy compositions 
given in this invest igat ion and for those repor ted  pre-  
viously (11). 

Figure  7 shows that  the oxygen pressure increases 
very rapidly for NNi A > 0.985 terminating at the hori- 
zontal line representing the pressure for the spinel- 
nickel oxide-alloy phase field. This invariant oxygen 
pressure was determined from cell D to be 2.5(+--0.1) 
X 10 -11 atm which should be compared with a value 
of 1 X 10 -11 arm determined by a gas equilibration 
method (9). 

The spinel-nickel oxide-alloy phase field is the lower 
bound, with respect to oxygen pressure, of the nickel 
oxide-alloy phase field, which can be described by 
the pseudobinary reaction 

Ni A 4- Yz 02 -- NiO [15] 

At 1000~ the dissociation pressure of pure nickel 
oxide is 4.4 X 10 -11 atm (16). Since the measured 
value of the equilibrium oxygen pressure was 2.5 X 
10 -11 atm over the alloy with nickel activity equal to 
0.996, the calculated value of the activity for nickel 
oxide was 0.75. A value of 0.73 has been reported for 
this activity at 1050~ (12). However, the measured 
value for the mole fraction of nickel oxide in this in- 
vestigation was 0.85 which is larger than the previously 
reported value of 0.74 at I050~ 
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Fig. 8. Dissociation pressure of spinel equilibrated with Fe-Ni 
alloys at 1000~ vs. the nickel metal atom fraction in the oxide. 

Spinel  composition as a funct ion of oxygen  pres-  
sure . - -Figure 8 i l lustrates the increasing equi l ibr ium 
oxygen pressure of the spinel as its nickel  content  is 
increased. Three  sets of values are given: those based 
on the oxygen pressure and composition determinat ions  
of this investigation, exper imenta l  values reported by 
Tre t j akow and Schmalzr ied (22), and pressures cal- 
culated from the Gibbs-Duhem relationship, Eq. [14], 
using repor ted  composit ional determinat ions  of the 
spinel and alloy phases (11). 

A curve  may be calculated to represent  these results 
f rom a lat t ice defect model  for this spinel proposed by 
Schmalzr ied (23). Consider the spinel phase as 
NixFe3-xO4 and denote the  te t rahedra l  cation sites as 
the A sublattice and the octahedral  sites as the B sub- 
lattice. Assume, as with Schmalzried,  that  the concen- 
t rat ion of ferric ions on te t rahedra l  sites in this inverse 
spinel is unaffected by nickel  substi tut ion into octa- 
hedral  sites, i.e., Fe+alA ] ---- 1. Since the anionic sub- 
lat t ice is stoichiometric, the divalent  and t r iva lent  
cations on B sites may be expressed as 

Ni+SIB I ----z; Ni+21B i - - x -  z; Fe+SIB] = 1 -  z; 

F e + 2 [ B l - - l - - x 4 - z  [16] 

The following reactions may  be considered. The 
oxidation and reduct ion of cations on octahedral  sites 
may be represented as 

Ni+2iBI 4- Fe+a]Bl ---- Ni+3]BI 4- Fe+2[BI [17] 
and 

z(l -- x + z) 
K1 = [18] 

(x -- z) (1 -- z) 

where  ideal behavior  of the ions has been assumed. 
The transfer  of oxygen to form stoichiometric spinel 
may be represented by 

Fe+3BA[ 4- Fe+~]Bi 4- Fe+SlB] 4- 40-2]O1 ---- Fe304 [19] 

Therefore 
(1 - -  z) (1 -- x + z) = aFe3O4 [20] 

To obtain Eq. [20], it has been implici t ly  assumed tha t  
the magnet i te  consti tuent of the spinel behaves ideally, 
and that  the spinel may be considered as a solid solu- 
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tion of the te rminal  compounds, i.e., x moles of NiFe204 
with (1 -- x) moles of Fe804. Uptake of oxygen by 
the spinel leads to formation of uncharged vacancies 
in the octahedral  sublattice by the following reaction 

2/3 02 + 3Fe+21B] ---- 2Fe+31B ] + IBI + 1/3 Fe304 
[21] 

Accordingly 
(1 - -  Z)2(IB[) (aFe804) 1/3 

K2 = [22] 
(Po2)2/3(1 -- x + Z) a 

Final ly,  a defect equation may be used to represent  
equi l ibr ium of the alloy with spinel 

Ni+21BI -t- Ni+31BI + 5/2 O-210] 

---- 2Ni(al loy) + 5 /402  + 21BI [23] 
yielding 

(aNi) 2 (Po~)5/4 (}BI) 2 
K3 ---- [24] 

(x  -- z ) z  

Equations [18], [20], [22], and [24] may be combined 
to give 

log x -- 3.1667 log (1 -- x) -~ log aNi 

+ 1.292 l o g P o 2 - - 1 o g K  [25] 

where K = (K12/K2K3) '/2 under  the restriction that  
z < <  x (the ionization energy of divalent  to t r iva lent  
nickel is about 6 eV). The constant  K can be calculated 
from the exper imental  determinat ions associated with 
the wust i te-spinel -a l loy which serves as the lower 
bound, with respect to oxygen pressure, for the spinel-  
alloy phase field. The value of log K is --15.92 (--+0.13), 
the uncer ta in ty  arising from the uncertaint ies  a t t r ib-  
uted to the parameters  of the three-phase field, i.e., x ---- 
0.042 (+_0.008), aNi  : 0 . 7 8  ( - + 0 . 0 1 ) ,  l o g  P o 2  ---- --13.26 
(_+0.05). Values of oxygen pressures vs. atom fractions 
of nickel were obtained from Fig. 7 and Eq. [25] solved 
for the corresponding values of nickel contents in the 
spinel. This predicted var iat ion of spinel composition 
with oxygen pressure is shown by the curve in Fig. 8. 
The error bars on the curve denote uncertaint ies  aris- 
ing from the computat ion using uncertaint ies  in the 
values of aNi and log K, and are not a measure of the 
accuracy of the assumptions in the model. 

The computed curve, despite the a rb i t ra ry  assump- 
t ion of ideali ty for the ionic species in the spinel, is 
close to a best-fit curve through the exper imental  
results. The compositions of the spinel  based on elec- 
t ron microprobe determinat ions of nickel contents lie 
on the nickel-r ich side of the computed curve. The 
error bars on the exper imental  results are from 
standard deviations of the counts from spinel phases. 
The two major  problems in analyzing spinel phases by 
the electron-microprobe technique were the polishing 
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Fig. 9. Oxygen pressure as a function of the nickel atom metal 
fraction for each solid phase in the Fe-Ni-O isotherm at ]O00~ 

of these phases, and the standards required. In  this 
work, Fe304 and NiFe204 were used as standards, and 
intermediate  compositions were obtained by a l inear  
interpolat ion between these two compositions. The 
discrepancies between the sets of exper imental  results 
for the spinel compositions cannot be explained. 

Oxygen  pressure variation over the Fe-Ni -O iso- 
therm at lO00~ 9 shows the oxygen pressure 
as a funct ion of the nickel content  of each phase over 
the portion of the isotherm for which a metal  phase 
exists. It  has been compiled from Fig. 3, 4, 7, and 8 
and the curves represent  the best fit to available 
results. 

Over the wust i te-al loy phase field, the oxygen pres- 
sure increases, with increasing nickel content, from 
1.32 X 10 -15 atm corresponding to i ron-wust i te  equi-  
l ibrium, to 5.5 X 10 -14 atm which is the invar ian t  
oxygen pressure associated with the wust i te-spinel-  
alloy phase field. The nickel contents of the phases in 
this field are 0.5 a/o for wustite, 0.6 a/o for spinel, and 
79.6 a/o for the alloy. Over the spinel-al loy phase 
field, the oxygen pressure increases to the invar ian t  
value of 2.5 • 10 -11 atm for spinel-nickel  oxide-alloy 
equil ibrium. The spinel and nickel oxide are repre-  
sented as Ni0.sFe2.204 and Ni0.ssFe0.150, respectively, 
but  the compositional determinafions of spinel vary  
from Nio.65Fe2.3504 to NiFe204 (11, 12, 22) and of nickel 
oxide from Nio.74Feo.260 to Nio.s7Feo.180 ( l l ,  12). The 
alloy contains 99.6 a/o Ni. Nickel oxide subsequent ly  
exists in equi l ibr ium with metal  up to the dissociation 
pressure of pure nickel oxide, 4.4 • 10 -11 atm. 
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Highly Conductive, Transparent Films 
of Sputtered In2_ Sn O  y 

D. B. Fraser and H. D. Cook 
Bel~ Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Highly conductive, t ransparent  films of In2-xSnzO3-~ have been deposited 
by  d-c diode sputter ing with Ar, O._,, N2, Xe, and O2-Ar mixtures.  Sputter ing 
targets with different In2OJSnO2 ratios were utilized and the best results 
were obtained with pure Ar or Xe gas and targets containing 9-13 mole per 
cent (m/o)  SnO2. The lowest film resistivity achieved was 1.77 • 10 -4 ohm-cm, 
but  rout ine films had resistivity values of about 3 • 10 -4 ohm-cm. The use of 
a very low sputter ing gas throughput  (10-'2-10 -1 Torr l i ter/sec) was found to 
be necessary to devetop films with a slight oxygen deficiency. Targets differing 
in density (porosity) differ in their susceptibility to reduction so that  sput-  
ter ing conditions depend on target density. The films have excellent ad- 
herence and will  tolerate cleaning, heating, polishing, and bonding without  
failure. They may be etched in heated acids with s tandard photoresist tech- 
niques used to define electrode geometry. Exposure of the films to temperatures  
of 500~ in air wil l  cause an approximate factor of 3 increase in resistance at 
room temperature.  Sputtered films with sheet resistance of 1.6 ohms/square,  
73% light transmission, and 14% reflection at 500 nm have been obtained. Suit-  
able antireflection coated films of 5-7 ohms/square  possessing over 97% light 
transmission appear feasible. 

We wish to describe deposition techniques for and 
film properties of In2-xSnxOa-y (ITO), a subst i tut ional  
alloy oxide system with oxygen vacancies. Because of 
their low visible light at tenuation,  high electrical 
conductivity, stability, and good adherence sputter  de- 
posited films of ITO are expected to find wide applica- 
tion in electrooptic device technology. 

Transparent ,  conductive films have general ly been 
obtained by vapor deposition of thin metal  films or by 
use of vapor reacted films of Sb-doped SnO2 (1). 
Recently, characteristics of films of In.,O~ (2, 3), Sn in-  
corporated in In203 (4, 5), SnO2 (3, 6), and Sb incor- 
porated in SnO2 (7), deposited by sputtering have 
been described. 

In the sputtered pure oxides the reported resist ivity 
at room tempera ture  is approximately 10-2 ohm-cm 
after vacuum or other reducing, anneal ing  t reatment .  
Unless severe reduction has taken place, the oxide 
films display a high light transmission in the visible. 
Incorporation of donors such as Sb in SnO2 and Sn in 
In203 yields higher conductivi ty without  the optical 
absorption caused by excessive reduction. Vossen (5) 
has recent ly reported the deposition of films of ITO 
by rf sput ter ing using targets of 20 m/o  SnO2:In203. 
Resistivity values of 6.25 X 10 -4 ohm-cm and optical 
properties similar to those reported here were obtained. 

The films described here have been utilized in dis- 
play devices such as ferroelectric ceramic light valves 
(8), l iquid crystal light valves (9), and electrooptic 
polarization switches (10). 

Sputtering Procedure 
Some attempts were made to deposit In203 films by 

d-c diode, reactive sput ter ing of In and In-Sn  alloys 
with mixtures  of Ar-O2. However, these films were 
deposited at very low rates with excessive substrate 

K e y  words:  transparent e lectrode indium-t in  oxide,  sput te red  
sheet  conductors. 

heating and the films had to be reduced by subsequent  
hea t - t rea tment  in nitrogen. Much more satisfactory 
films were achieved directly by d-c sputter ing from 
In203 and In203-SnO2, hot-pressed ceramic targets. 1 
Three target sizes were utilized, 4.45 cm, 12.7 cm, and 
22.8 cm diameters with most of the films described 
here sputtered from the 12.7 cm targets. A potential  
difference of 4-5 kV was used with an approximate 
current  density of 1 mA / c m 2 for the small  targets and 
0.5 mA / c m 2 for the large targets. The ta rge t - to-sub-  
strate spacing varied from 5 to 7.5 cm. A thermocouple 
gauge was used to indicate chamber pressure and 
20 • 10 -2 Tor t  was the average pressure indicated 
during film deposition. Both the target and substrate 
holder were water-cooled. The substrates were boro- 
silicate glass slides, Corning 7059 glass slides or vi t re-  
ous silica slides. No at tempt was made to thermal ly  
lock the substrates to the water-cooled holder. 

The best films of ITO are obtained with a controlled 
throughput  of gas. A 4 in. oil diffusion pump equipped 
with a liquid ni t rogen trap was used to pump on the 
chamber, an 18 in. glass cyl inder  of either 20 or 50 
l i ter  volume. Most of the films to be discussed here 
were deposited without  l iquid N2 in the trap since 
early in the investigation film properties did not ap- 
pear to be dependent  on cooling the trap. The chamber 
was equipped with an a luminum shutter  that was 
placed between the target  and substrate dur ing pump-  
down and predeposition sputtering. Initially,  the 
chamber was pumped to 10 - ~  Tor t  and then the pump-  
ing system was thrott led to main ta in  the admit ted 
sputter ing gas at approximately 20 • 10 -2 Torr. This 
usual ly  corresponded to a very low gas throughput  

z Targe t s  were  obta ined f r o m  two sources :  (i) Haselden Company,  
San Jose,  California (this company supplied the In2Oa target and 
the h igh  densi ty  9 m / o  SnO~:In203 targets) ,  and (ii) Materials Re-  
search Corporation,  Orangeburg ,  N e w  York (this company  supplied 
all other targets) .  
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rate of --10-2 Torr  l i ter/sec but  many  films were de- 
posited at throughput  rates of --10 -1 Tor t  liter/sec. 

The sputter ing gases used were O2, N2, Ar, Xe, and 
gas mixtures  such as Ar-O2, and O2-N2. No purifica- 
t ion of the gases was attempted. Generally,  the best 
film properties were obtained with pure Ar or pure 
Xe, however, the cost of using Xe may outweigh its 
advantage of higher deposition rate than  Ar. Details 
of the influence of the sputter ing gas will  be considered 
in the discussion of film properties. 

Ini t ia l ly  in the investigation only porous targets were 
used and a target condit ioning procedure was followed 
when pure iner t  gases were to be used to deposit test 
films. The procedure consisted of sputter ing with a 
gas mixture  of 80% O2 and 20% Ar for as long as 1.5 
hr, subsequently,  sput ter ing could be carried out using 
Ar or Xe. After  such an oxidizing t rea tment  the 
porous target could be operated for more than 6 hr  
of accumulated sputtering t ime with pure Ar at low 
throughput  rates with no apparent  film deterioration. 
Prolonged sputter ing in a pure inert  gas resulted in 
films with a dark appearance showing that  excessive 
reduction had occurred. With Ar or Xe the porous 
target would slowly acquire a dark appearance which 
was ascribed to a reduction of the surface. The dark-  
ening disappeared after sput ter ing with the O2-Ar 
mixture.  

Later  in the invest igat ion deposition procedures 
were modified so that porous targets could be used, 
without the O2-Ar preoxidation. The procedure con- 
sisted of sputter ing with Ar only and to begin film 
deposition on the substrates after only 4-10 rain of 
sputter ing with the shut ter  between target and sub- 
strate. Without  the O2-Ar oxidation apparent ly  suffi- 
cient 02 was adsorbed from the laboratory atmosphere 
when the system was open, to permit  film deposition 
for 30 min. 

The dense targets were used in a similar manne r  
with pure Ar except that  predeposition sput ter ing with 
the shutter  in place was of 3-5 min  durat ion and actual 
single deposition times could exceed 2 hr  duration. 

Deposition rates of ---1 ~m/hr  were rout inely ob- 
tained with Ar. The highest rates (2.5 gm/hr)  were 
obtained with Xe and the lowest rates (-..0.5 #m/hr)  
with 02 and the O2-N2 mixtures.  

Physical Properties of the Films 
Film structure.--The structure of bu lk  In203 is bcc 

(11). X- r ay  diffraction by the ITO films deposited dur-  
ing this investigation revealed a similar  structure. A 
strong fiber texture  was also detected with the [111J 
direction normal  to the substrate. This preferred al ign- 
ment  of the [111] direction has been reported for pure 
In203 films (3) deposited by sputtering. However, 

Vossen (5) has reported a [100] direction normal  to 
the substrate for ITO. The different or ientat ion may 
be due to differences in deposition parameters  such 
as substrate temperature.  

The preferred orientat ion of these films may be 
better  appreciated by studying the scanning electron 
micrographs made of two representat ive samples. In  
Fig. 1, a film approximately 2 gm thick deposited by 
sputter ing with an Ar-O2 mix ture  is shown at two 
magnifications, the apparent  viewing angle is 45 ~ . The 
lower magnification shows a uni form crystall i te size 
for the sputtered layer but  considerable surface rough-  
ness. At higher magnification, the projections appear 
as high as 0.5 ~m and are about 0.3 #m wide. It  should 
be noted that  a film such as described here will  scatter 
light and can supply enough friction that the film side 
of the substrate plate can be discerned by light rub -  
bing with a finger. 

A film approximately 1.3 gm thick deposited by sput-  
tering with Ar is shown in Fig. 2 at the same magni-  
fications as in Fig. 1. In  the micrograph obtained at 
the lower magnification a uni form crystall i te size is 
also observed for this film. At higher magnification, 
however, the crystalli tes of this film appeared to pro- 
ject only as high as 0,25 gm and are about 0.15 ~m 
wide. The two films depicted in Fig. 1 and 2 also dif- 
fered strongly in their light scattering properties with 
the film of Fig. 1 scattering more. In  the visible region 
of the spectrum these films behave as dielectrics, and 
the increased light scattering is related to crystall i te 
size and the height of projection. 

Where necessary, adequate polishing has been 
effected by the use of either 0.05 or 0.3 gm grain size 
a lumina  and a soft cloth. To remove all scratches pro- 
duced by the a lumina  grit the films have then been 
polished with a combinat ion chemical-mechanical  
polish. 2 Fi lms polished with this two-step process have 
appeared smooth when viewed in a scanning electron 
microscope. 

One general  observation should be noted: smaller 
crystallites with lower projections are obtained if 
higher power is used in the plasma (e.g., 0.7 mA or 
greater per cm 2 of target at 5 kV). The ITO films de- 
scribed here have been deposited on thermal ly  stable 
substrates which tolerate high plasma powers. How- 
ever, more delicate substrates such as single-crystal,  
s ingle-domain BaTiO3 and th in  ferroelectric ceramic 
plates have also been used. Slower deposition on these 
substrates results in slightly larger  ITO crystalli tes 
with some increase in light scattering evident, espe- 
cially when  porous targets are used. 

z Syton HT-30, Monsanto  Company,  St. Louis, Missouri .  

Fig. 1. Scanning electron micrographs of an In2-zSnxO3-y film sputtered from an In203-9 m/o SnO2 target with an Ar-02 gas 
mixture. The apparent viewing angle is 45 ~ 
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Fig. 2. Scanning electron micrographs of an In2-xSn~O~-y film sputtered with Ar only from an In20~-9 m/o Sn02 target. 
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Fig. 3. Transmission characteristics from 300 to 2500 nm of an 
In.~-zSnx03-~ film on vitreous silica sputtered from an In.~03-9 
m/o Sn02 target. 

Optical properties.--Films of ITO sputtered with  Ar  
are highly t ransparent  in the visible as may  be seen in 
the plot of per cent transmission vs. wavelength  shown 
in Fig. 3. The data plotted in Fig. 3 were  obtained from 
a 0.5 ~m thick film sputterd wi th  Ar  from an In203-9 
m / o  SnO2 target. A vitreous silica substrate 0.5 m m  
thick was used. The s t ructure  of this film is similar  
to that  depicted in Fig. 2. The reflection data for this 
film obtained at an angle of incidence of 14 ~ are shown 
for a similar  spectral  range in Fig. 4. Both the t rans-  
mission and reflection data are accurate to wi th in  1% 
and show channel  spectrum fringes. Assuming negl i -  
gible l ight absorption the reflectance max ima  occurring 
near 480 and 620 nm yield ref rac t ive  index values of 
2.03 and 1.95, respectively,  which are in good agreement  
wi th  the index values measured by Mfiller (2) for pure 
In2Oz films. Transmission fringes have  been used to 
obtain the values of film thickness, d, shown in Table 

I. Fr inges near  500 nm in wave leng th  have  been used 
with  a refract ive index of 2.0. F rom the data presented 
in Fig. 3 and 4, it is evident  that  the l ight absorbed or 
scattered by the  ITO film is about 2% of the incident 
near  500 nm and that  the major  cause of transmission 
loss is reflection. It  is clear  that  sui table antireflection 
coatings and substrates would  permit  in excess of 97% 
of the light to be t ransmit ted  within  a given spectral  
region near  500 nm wave leng th  for such ITO films. The 
film described here  has a sheet resistance of approxi-  
mate ly  7 ohms/square .  Fi lms wi th  similar  optical 
characterist ics have  been deposited wi th  even lower 
sheet resistances (approximate ly  5 ohms/square ) .  

The achievement  of the lowest  possible resis t ivi ty is 
of practical  significance in that  it provides some f ree-  
dom in selecting the film thickness while  still  ma in-  
ta ining satisfactorily low sheet  resistance. For  example,  
thin films have ve ry  broad in terference transmission 
max ima  and the use of low resis t ivi ty  films permits  
useful sheet resistance to be obtained with  m ax imum 
transmission (~90%)  over  a band of wavelengths.  

A potential ly useful characteris t ic  of these sputtered 
films is their  high reflect ivi ty in the infrared.  Trans-  
mission data obtained through film and substrate and 
reflection data are shown out to 15 ~m in Fig. 5. The 
sample used for these measurements  was the same as 
that  used for obtaining the data of Fig. 3 and 4. For  
comparison the reflection data obtained for  the vi t reous 
silica substrate are also included in Fig. 5. The t rans-  
mission is essentially zero over  the ent ire  infrared 
spectrum scanned. The infrared mi r ro r  propert ies  are 
evident  in the reflection data from the film surface 
since none of the characterist ics of under ly ing vi treous 
silica reflection was detected. 

Carr ier  concentrat ion can be re la ted by a simple 
theory  to the wave leng th  corresponding to min imum 
reflectivity which occurs before the onset of constant 
high reflectivity at longer wavelengths  (12). Calcula-  

Table I .  

Figure of  
N o m i n a l  t a r g e t  S p u t t e r i n g  R d % T (at p (10 -4 merit 

composition gas, conditions ( o h m / s q u a r e )  (]~m) 500 nm)  o h m - c m )  (% T/R) 

In2Os A r  26.8 0.500 77 13.4 2.87 
In2Os + 9 m/o SnOg O~ 285.0 0.262 81 74.5 0.284 
In~Os + 9 m/o SnOs 02 8.14 0.755 87 6.15 10.7 

(then reduced 
i n  N2 at  300~ 

InsOs + 9 m / o  SnO2 O2/Ar  (10/90) 12.2 1.02 83 12.5 5.80 
In2Os + 9 m/o SnO~ N~ 69.4 0.223 86 15.5 1.24 
]n2Os + 9 m / o  SnOs A r  3.23 0.840 70 2.72 21.7 
In2Os + 0 m / o  SnOs X e  3.21 0.770 79 2.47 24.6 
InsOa + 9 m / o  SnOa A r  3.10 0.573 83 1.77 26.8 

(T > 500~ 
subs t ra te )  

SnOs .Ax 9 • 104 0.335 78 3,02 • 10+4, 8.58 x 10-4 
SnOa + 7 m/o Sb2OJ Ar 550.0 0.990 64 540.0 0.116 
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Fig. 4. Reflection characteristics from 300 to 2500 nm of an 
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Fig. 5. Transmission and reflection for wavelengths from 2.5 to 
15 # m  of an ITO film on vitreous silica sputtered from an I n 2 0 ~ - 9  

m/o SnO2 target, For comparison, o trace of the vitreous silica 
reflectance is also shown. The reflectance data were obtained at 
an angle of incidence of 14 ~ . 

tions based on the wave leng th  for this min imum re-  
flectivity of an ITO film have yielded a carr ier  concen- 
t rat ion that  agreed wel l  wi th  a value  based on Hal l  
measurements .  Since not all the ITO films of this in-  
vest igat ion have  been measured for both reflectance 
and transmittance,  the transmission at 1.5 #m was 
chosen arb i t rar i ly  as a rough indication of carr ier  con- 
centration. For  empir ical  purposes of film evaluation, 
a roughly l inear relat ion over  a l imi ted range of film 
resist ivi ty and transmission at k - :  1.5 ~m was found; 
10% transmission for # :-  3.5 X 10 -4 ohm-cm and 77% 
transmission for p = 13 X 10 -4 ohm-cm. The ITO films 
compared were  sputter  deposited f rom a single 9 m / o  
SnO2:In203 target.  

It was found that  films deposited using gas mix-  
tures, such as O2-N2, O2-Ar, or O2-N2-Ar, scattered 
l ight  much more than films deposited using a single 
gas. This scattering could be observed even in films 
less than 1 ~m thick by placing the coated substrate 
plate edge-on in an intense l ight beam. The path  of 
the light beam was clearly revea led  by scattering. The 
scattering is related to the larger  more  pro t rudant  
crystal l i tes  formed more  readi ly  at the lower film dep- 
osition rates obtained wi th  the gas mixtures .  

Electrical properties.--The propert ies  of a number  of 
representa t ive  films are listed in Table I. The re-  
sistivity values were  obtained f rom bridge measure-  
ments  of sheet resistance and thickness values ob- 
ta ined f rom transmission channel  spectra. These re -  
sults are representa t ive  of resist ivi ty values obtained 
direct ly  f rom the sput ter ing process and involve  no 
post-deposit ion anneal ing except  where  specifically 
indicated. A film approximate ly  1.5 ~m thick deposited 
by sput ter ing with  Ar  and a 9 m / o  SnO2:In203 target  
was measured  by the van  der Pauw technique (13) 
and the parameters  obtained were:  resistivity, p -- 
3 • 10 -4 ohm-cm;  car r ie r  density, n -- 8.6 • 10 s0 
cm-8;  Hall  mobili ty,  ~H -= 24 cm2/V-sec. 

Since the goal is to obtain stable films wi th  the low- 
est sheet resistance and highest  optical t ransparency,  
a figure of mer i t  for the films has been obtained by 

dividing per  cent  l ight  t ransmit ted  at 500 nm (obtained 
f rom an average  transmission curve  d rawn through 
the fr inges over  the range 450-550 rim) by the sheet 
resistance of the film. The figure of mer i t  has units of  
[ (per  cent t ransmiss ion) .  ( squa re /ohm)] .  For  brevity,  
these units wi l l  be dropped and the figure of mer i t  
wil l  be cited as a number.  

Factors Determin ing  Film Character is t ics  
Target composition.--Incorporation of substi tutional 

Sn into the  In203 crystal  s t ruc ture  yields donor cen-  
ters; consequently,  the Sn content  of the target  in-  
fluences the resis t ivi ty  of the sput tered films. Targets 
were  obtained which ranged in composition f rom In203 
to SnO2 with  a series of the mixed  oxides vary ing  from 
2 to 23 m / o  She2 in In203. 

In order to evaluate  the influence of ta rget  composi- 
t ion on film properties,  a s tandard procedure  was de- 
veloped for put t ing a target  into service. The target  
to be tested was first oxidized in Ar-O2 by sputter ing 
for 30 min. Three distinct sputter  depositions were  then 
made using Ar  only and resis t ivi ty values were  ob- 
tained f rom the third deposition. Argon throughout  
was mainta ined at approximate ly  0.01 Torr  l i ter /sec  
and all  other  parameters  were  main ta ined  constant  
during the series of depositions. 

Comparison of the film resistivit ies on the basis of 
nominal  target  composition yielded a discrepancy for 
films deposited using a target  containing 7 m / o  SnO~. 
As a result, a count ratio of S n / I n  obtained f rom x- ray  
fluorescence of the actual films was used for a re la t ive  
Sn content  value. Since all films were  about 0.4 ~m 
thick it was assumed that  this analysis would be valid 
for a relat ive comparison. Some of the targets  had a 
speckled appearance and some segregation of the 
oxides during the target  fabricat ion could have oc- 
curred which would  cause a discrepancy be tween  the 
nominal  target  composition and actual film composi- 
tion. Incorporat ion of impuri t ies  such as Sb, Pb, Ti, or 
Bi in a target  could also increase the film resist ivi ty 
(5) and cause some of the scatter in Fig. 6. 

A plot of sputter  deposited film resist ivi ty vs. the 
x - r a y  measured  Sn / In  ratio is shown in Fig. 6 for 
targets  containing f rom 0 to 23 m / o  SnO2. Smal l  var i -  
ations in oxygen vacancy content  could account for the 
scatter of the points. Lowest  resist ivi ty films occur for 
S n / I n  ratios f rom 0.18 to 0.28. These low resist ivi ty 
films were  deposited using targets containing 9, 11, and 
13 m / o  SnO2. Vossen (5) obtained min imum resis t ivi ty 
f rom targets containing 20 m / o  SnO~ while  the present  
invest igat ion yielded min imum resist ivi ty in films ob- 
tained f rom targets  containing about 10 m / o  SnO2. The 
discrepancy in opt imal  ta rget  composit ion may  be 
ascribed to differences in film deposition conditions. 

14 
(0) 

12 0 12.7 cm TARGET 

.~ [ ]  4 . 4 5 c m  TARGET ~,o ~( 
;_o 7~ 
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0 l I I I I lj I I J I I l I I I I I I I 

0 0.04 0.08 O. 2 0.16 0.20 0.24 0.28 0.32 0.36 0.40 
S n / I n  RATIO 

Fig, 6. Resistivity of In20~ films containing varying amounts of 
SnO2 plotted as a function of the Sn/In ratio measured by x-ray 
fluorescence. The numbers in parentheses indicate nominal SnO2 
m/o content of the targets used. 
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For the films, no significant light absorption was mea-  5o 
sured and only the reflection loss l imited transmission. 
Not shown in Fig. 6 is the resistivity representat ive of ~ 40 
the SnO2 target. Under  similar sput ter ing conditions, 
the SnO2 target  yielded films with p values of 0.1 ~ 30 
ohm-cm to more than 10 ohm-cm. 

One point  concerning the data in Fig. 6 should also ~_ 2o 
be made. Note that the effect of adding even an optimal ~_ 
amount  of Sn to the In20~ film is only to decrease the ~ ~o 
resist ivity by an approximate factor of 4 from that  ob- ~= 
tained from a target  conta ining only In20~. The data 
shown in Table I and Fig. 6 indicate that  film resistiv- ~ 
i ty is more sensitive to the oxygen vacancy content  
than it is to the Sn content. For example, the ITO film 
deposited by sput ter ing with 02 gas and a 9 m/o  SnO2: 
In2Os target yielded a resistivity more than a factor 
of 5 greater than that  of the film obtained by sput ter-  o.r 
ing Ar and the In203 target. Further ,  sputter ing with 
02 gas and a 9 m/o  SnO2:In203 target  and then re- ~ o.s 
ducing the film in N2 at 300~ yielded a resistivity 
only a factor of 2 greater than that  obtained for films ~_ 
deposited from the same target using Ar. These results ~ 0.5 
indicate that  the same target may yield vastly different w 

z 0.4 resistivities depending on the extent  to which oxygen _o 
vacancies are incorporated into the deposited films. X 

For comparison, in addition to the films of SnO2-y, 0.3 
films of Snl-xSbxO2-y were also deposited using the 
same sputter ing parameters  as this series of ITO films, o.2 o 
The results for two representat ive films are included 
in Table I. The Sn-based films show higher resistivity 
and lower light transmission when  deposited by the 
same methods as the ITO films. As in the case of ITO 
films, the resist ivity of the Sn-based films was pr i -  ~4 
mari ly  dependent  on oxygen deficiency. Fur ther  oxy- 
gen deficiency would have to be incorporated to lower 12 
the Sn-based film resistivity to values comparable to 
those for the In-based films. ~ ,o 

Target density.--Most of the sputter deposition of 
ITO was carried but  using targets with 70-80% of solid 7o 8 
density. However, two targets with over 90% solid 
density were acquired and the films deposited with ~ 6 
these targets differed from those obtained from the less ~ - 
dense targets. All  the targets used in a comparison of ~ 4 ~- 
films from porous and dense sources were nominal  9 
m/o  SnO2:In2Os. Generally,  less light scattering was 2 
observed in ITO films obtained from the dense targets. 
Also, single long durat ion sputter depositions resulted o 
in dark (more reduced) films when porous targets 
were used and much lighter films when dense targets 
were used. 

Porous targets.--A series of films was deposited using a 
12.5 cm diameter  target. Prior to each deposition the 
target  was conditioned by sputter ing with an Ar-Ou 
mixture  for 10 min. The durat ion of the film deposition 
for each test film was 30 rain. Only  Ar gas was ad- 
mitted during each deposition period. Power was kept 
at 275W and spacing fixed at approximately 7 cm. The 
variable  for the deposition series was Ar throughout.  

The results of varying the Ar throughput  and sput-  
ter ing from a porous target are shown in Fig. 7-10. In  
Fig. 7, sheet resistance is plotted vs. throughput,  and 
it may be seen that sheet resistance varied by more 
than a factor of 6 over the series. F i lm thickness varied 
by  more than a factor of 6 over the series. Fi lm thick-  
ness varied by more than a factor of 2 (Fig. 8) with 
higher rates of deposition occurring at greater through-  
put of Ar. Resistivity vs. throughput  is shown in Fig. 9 
where an approximate factor of 4 decrease is shown 
over the range of throughput.  From Fig. 9, it may be 
seen that  increasing the throughput  of the Ar  should 
yield lower film resistivity. For the sput ter ing condi-  
tions used in this series of depositions such increases 
of Ar throughput  would also yield more light absorp- 
tion. A figure of meri t  was calculated for each film 
but  because transmission was l imited only by reflection 
for this series of films, the figure of meri t  was simply 
the inverse of the sheet resistance values of Fig. 7. 

I I I I l I I I 
0.02 0.04 0.06 0.08 0.10 0.12 O J4 0.16 
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Fig. 7. Sheet resistance obtained after 30 mln of sputtering vs. 

Ar throughput. 

/o 
I I I I ! I I ) t 

0 .02 0 .04  0 .06 0 .08  0J0 O.t2 0.14 O J6 0./8 0 .20  
ARGON THROUGHPUT (TORR L / s e c )  

Fig. 8. Film thickness for a 30 rain deposition vs. Ar throughput 
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Fig. 9. Film resistivity obtained for a 30 rain deposition as a 
function of Ar throughput. 

The results obtained with a porous target and Ar 
throughput  variat ion can be interpreted in terms of 
oxygen removal by an increasing flow of Ar  through 
the sputter ing chamber. At high throughput,  the in-  
creased Ar flow may scatter more 02 from the region 
between the target and substrate, thus contr ibut ing to 
lower resistivity in the deposited film. Similarly,  with 
more Ar present between the target and substrate, 
the sputter ing is more efficient and the rate of deposi- 
tion will  be increased. In  the case of porous targets 
addit ional  oxygen loss is a t t r ibuted to poor heat t rans-  
fer through the target  which causes the surface of the 
porous target to operate at a higher effective tempera-  
ture than a dense target. Some of these hypotheses 
have been investigated in experiments  with porous and 
dense targets. 

A 7059 slide with Au-Cr  electrodes defining a clear 
square in the center of the slide was used to show that 
cont inual  reduction occurs dur ing  deposition. Leads 
were attached to the metal  electrodes and sheet re-  
sistance was measured at intervals  dur ing the deposi- 
tion. A 22.5 cm diameter  target  was used and the 
throughput  of Ar  was 0.01 Torr liter/sec. The target  
was not conditioned by sput ter ing with Ar-O2. Pre-  
deposition sputter ing against a shutter  was performed 
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for 10 min. Resistance was measured af ter  approxi-  
mate ly  8 min  of sputtering. F rom previous results the 
deposition ra te  of the film was assumed to be approxi-  
mate ly  constant. Resistance of the square film area 
was measured direct ly  and the product  of resistance 
t imes elapsed deposition t ime (Rt) was assumed to be 
proport ional  to the bulk resist ivi ty of the film. A plot  
of R t  vs. t is shown in Fig. 10 where  a decrease of over 
75% in the value of the  product  occurs for the total  
deposition period. This is in terpre ted  in terms of con- 
tinuous outgassing of the target  and an increase in the 
state of reduct ion of the film as sputter ing proceeds. A 
break in the curve is due to readsorpt ion of air when  
the system was vented  to the a tmosphere  and operated 
for 30 sec wi th  the shut ter  masking the substrate. The 
film layer  deposited after  the  brief  exposure to the 
atmosphere shows a different rate  of change of r e -  
sistivity as the target  outgasses. For  sputter  depositions 
of 1 hr  wi th  this par t icular  target  the films were  
strongly reduced and darker  in appearance than films 
deposited for the same total  t ime with  a brief  in ter-  
rupt ion to introduce oxygen after  20 min  of sputtering. 

Dense t a r g e t s . - - T w o  dense targets  12.5 cm in diameter  
were  acquired and similar  ITO films were  obtained 
from them. 

A series of films was deposited using one of the dense 
targets. Argon throughput  was approximate ly  0.1 Torr  
l i ter /sec  and power  in the discharge was 275W. P re -  
deposition sputter ing was per formed for 10 min with  
the shutter  in place, and Ar-O2 sput ter ing was not used 
to condition the target. The films were  deposited by 
continuous sputtering wi thout  in terrupt ion for re-  
admission of air. F rom the l inear relat ion of film thick-  
ness and deposition t ime (Fig. 11) the deposition rate  
appears to be constant. Sheet  resistance vs. t ime is 
plotted in Fig. 12 and figure of mer i t  vs. t ime in Fig. 13. 
F rom a plot of In I /Io vs. thickness, a va lue  for the 
absorption constant at 500 nm was obtained, a ,~ l0 s 
cm -1 (0.4 dB/;~m). 

The resis t ivi ty of these films var ied f rom 4.3 X 10 -4 
to 2.9 X 10 -4 ohm-cm for the shortest  and longest 
sputter ing times respectively.  This change in resist ivi ty 
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is considerably less than the change in Rt (Fig. 10) dis- 
played by the film obtained from a porous target  and 
is a t t r ibuted to a lower  rate  of oxygen loss by the dense 
target.  F rom the assumption of constant resis t ivi ty of 
3 X 10 -4 ohm-cm and optical absorption of l0 s cm -1, a 
m ax im um  figure of mer i t  of 84 should be obtained in 
a film 7 ~m thick f rom the dense target.  

In summary,  the differences that  are observed be-  
tween ITO films obtained by sput ter ing wi th  Ar  from 
dense or porous targets  are: (i) Dense targets  yield a 
smaller  gradient  in the state of reduct ion through the 
film thickness and hence a smaller  gradient  in resist iv-  
ity. (ii) Dense targets  do not appear to be as sensitive 
to Ar  throughput.  (iii) Single depositions resul t ing in 
thick ITO films wi thout  excessive l ight absorption are 
more easily per formed wi th  dense targets. ( iv)  ITO 
films obtained f rom porous targets  tend to scat ter  l ight 
more  than films obtained from dense targets. 
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The gradient  in  resist ivity through the film thickness 
may be minimized by increasing the predeposition 
sput ter ing with a shutter  in place. However, the char-  
acteristics of a given target  may require  that  different 
sputter ing procedures be followed than those described 
for the porous and dense targets of this investigation. 

Thermat egects (target and subs t ra t e ) . - -Thermal  
effects are evident  at both the substrate  and the target. 
P re l iminary  results have shown that bonding a sub-  
strate to the water-cooled holder increases the film re-  
sistivity by more than  a factor of 102. This higher re- 
sistance is a t t r ibuted  to a lower concentrat ion of oxy- 
gen vacancies. Generally,  the higher the substrate tem- 
perature, the lower the film resistivity. An example of 
a film deposited on a substrate above 500~ is given in 
Table I. A film resistivity of 1.77 • 10 -4 ohm-cm was 
obtained. Normal substrate tempera ture  was about 
420~ dur ing film deposition. 

Target surface temperature  effects have been varied 
by operating a porous target  at the same power con- 
t inuously and in termi t ten t ly  with a 50% duty cycle 
and an on time of 30 sec. The modulat ion was accom- 
plished by on-off switching the d-c potential  applied to 
the target. For the same total elapsed sputter ing times 
the films deposited cont inuously had approximately 
half  the resist ivity of films deposited with the in ter -  
mi t ten t  plasma. Both target  and substrate temperatures  
are lower in in te rmi t ten t  operation of the plasma, and 
more oxygen will be retained by the target surface and 
more will  be accepted by the growing film. 

Applications 
Films of ITO deposited by sput ter ing from 9 m/o  

SnO.~:In20.~ targets have been used for a var ie ty  of 
applications. The major i ty  of films deposited on 7059 
slides have been used as conductive substrates for 
sputter-deposited CdS films (14), al lowing the CdS 
films to be tested through the ITO layer  which acts as 
an ohmic contact. The ITO-CdS interface has ex- 
hibited excellent adherence and CdS films over 20 
~m have been deposited without adherence failure. 
Many films have been deposited on light valve devices, 
such as the s t ra in-biased ferroelectric ceramic (ferpic) 
(8), and the ITO has not suffered adherence failure 
even though strained to more than 10 -3 in tension. In 
the same device, a layer of photoconductive CdS is 
coated with ITO and adherence failures at this surface 
have occurred only when the surface of the CdS has 
been contaminated with diffusion pump vapor. Some 
films have also been utilized in l iquid crystal light 
valve devices. A variety of heater requi rements  have 
been satisfied, such as a hot stage for a microscope 
and a substrate heater for CdS film deposition. The 
substrate heaters have operated at temperatures  as 
high as 350~ in a sputter ing chamber  with less than  
5% change in the room tempera ture  resistance. Sub-  
strate heaters of 3 ohm/square  sheet resistance have 
operated at 250~ for over 300 hr in a sputter ing cham- 
ber without change or failure. At room temperature,  no 
measurable  changes in sheet resistance have occurred 
in specimens exposed to the laboratory ambient  for 
2 years. 

The ITO films described here would appear to be 
ideally suited to longi tudinal  electrooptic devices such 
as optical polarization switches used in digital light 
deflector systems. Low optical loss and a low resist ivity 
for high switching speeds and min imal  thermal ly  in-  
duced refractive index gradients are obvious advan-  
tages. 

For electrooptic device applications where t rans-  
parent  electrodes of a specific geometry are required, 
the difficulties associated with sputter-deposi t ion 
through a mask may be avoided by etching. Various 
heated acids such as sulfuric, chromic, phosphoric, or 

mixtures  of hydrochloric and acetic acids have been 
used. A most satisfactory etchant has been o~r acid 
in 0.1 molar  concentration, which at 50~ etched ITO 
films through photoresist defined pat terns (15). Pa t -  
te rn  definition below 10 gm has been achieved. 

Conclusions 
Directly usable, highly conductive t ransparen t  films 

of ITO have been deposited by a d-c diode sput ter ing 
process. Use of pure Ar  or Xe as the sput ter ing gas 
yields low resist ivity material ,  but  the use of only 
inert  gas requires low throughput  rates to. avoid ex- 
cessive reduct ion of the film and target. Lowest re-  
sistivity films have been obtained for In20~ targets 
containing from 9 to 13 m/o  of SnO2. Target density is 
important  in that  more reduced films are obtained 
from a porous target under  a given set of sputter ing 
conditions and conditions must  be optimized for an in -  
dividual  target. Generally,  high density targets are 
superior. With suitable antireflection coatings, it is 
feasible to obtain films with sheet resistances of only a 
few ohms per square and optical t ransmission in  excess 
of 95% in regions of the visible spectrum. Due to the 
excellent adherence and to the desirable optical and 
electrical properties of the ITO films, application has 
been found in  the s t ra in-biased ferpic, l iquid crystal 
light valves, and as substrates for testing photocon- 
ductive films. 
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Rectification by Anodic Oxide Films on Zirconium 

N. Ramasubramanian* and T. Trottier 
Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada 

ABSTRACT 

The electrical  conduction characteris t ics  of anodic oxide films on zirconium 
were  studied using evaporated meta l  and aqueous electrolyte  contacts. All  the 
films tested showed electrolytic rectification. In the dry systems rectification 
was not observed, but  asymmetry  in conduction was pronounced in the case 
of films grown in the ni tr ic  acid solution. Capaci tance measurements  under  an 
applied d-c bias provided no posit ive evidence for the presence of a p -n  junc-  
tion ei ther  in the bulk oxide or at the oxide-e lec t ro ly te  boundary.  The con- 
duction characterist ics were  influenced by the anodizing electrolyte used: (i) 
the re la t ive ly  f law-free films grown in KOH gave nonohmic but near ly  sym- 
metr ica l  I-V curves; (ii) a porous and hydra ted  oxide film, essentially mono-  
clinic zirconia, grown in HNO~ resulted in asymmetr ic  conduction; and (iii) 
phosphate ion incorporation in oxides grown in a solution containing phos- 
phoric acid led to space charge l imited cur ren t  flow characteristics.  

Rectification of the electric current  by anodic oxide 
films on zirconium is known to occur when contacted 
by aqueous electrolyte  solutions (1). In the dry system 
the only reported case of rectification is by films grown 
in nitric acid and carrying evaporated a luminum elec-  
trodes (2). The oxide films grown in nitric acid have  
been shown to be unique, however .  Unlike the oxides 
grown in a number  of other  electrolytes, the ni t ra te  
grown films are porous and consist of small  crystallites, 
mostly of monoclinic ZrO2 (3, 4). Electr ical  conduc- 
tivity measurements  using evaporated metal  contacts 
have been repor ted  by a number  of workers.  In the 
case of anodic oxide films grown in KOH on Van Arkel  
zirconium, Harrop  and Wanklyn  repor ted  p- type  con- 
duct ivi ty  f rom thermo emf measurements ;  whereas  
Dawson and Creamer  assumed n - type  conduct ivi ty  
(5, 6). Thus, electrolytic and dry rectification by anodic 
zirconia films remains unexplained.  Moreover,  the 
effect of impuri t ies  a l ready present  in the start ing ma-  
terial  and defects introduced dur ing growth on the 
conduction characterist ics has been disregarded. In 
the present  study we have  chosen three  different ano- 
dizing solutions known to result  in re la t ive ly  flaw-free,  
anion incorporated and porous oxide films and used 
electrolyte  and evaporated meta l  contacts to inves t i -  
gate whether  rectification is a bulk proper ty  of anodic 
zirconia films. A study of the electrical  conduction in 
zirconia films is a part  of our research program on 
unders tanding the oxide growth and corrosion of zir-  
conium and its alloys. 

Experimental 
Crystal  bar zirconium, supplied by Wah Chang 

Corporat ion was mechanical ly  polished, pickled in a 
HF-HNO3 mixture,  washed, and anodized by the fixed 
vol tage method to var ious voltages f rom 10 to 100V 
in each of the fol lowing solutions: 0.1% KOH, 1% 
HNO3, and a complex organic solution containing phos-  
phoric acid (7). Diode structures w e r e  formed by 
evaporat ing counterelectrodes,  3 and 6 mm in diameter ,  
of A1, Au, and Pd or by contacting with  a saturated 
solution of NH4NO3. In the lat ter  case the contact area 
was defined by the opening in a rubber  gasket pressed 
down on to the oxide surface. Each specimen (2 • 2 • 
0.1 cm) carr ied 6 diode units of a counterelectrode 
mater ia l  and a total  of ~300 diodes were  tested. The 
sample tube was evacuated to 10 -~ Torr  and filled with  
he l ium to atmospheric pressure. The I -V curves were  
recorded at a sweep rate  of 1 V / m i n  using convent ional  
electronic equipment ;  a 104 ohm series resistance and a 
Kei th ley  differential  vo l tmeter  662 were  used to mea-  
sure the currents.  In  some cases the curves  were  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: zirconium, anodic oxide, electrolytic rectification, dry 

conduction. 

t raced at different polarizat ion rates; occasionally the 
diode was left  in the biased condition for a fixed 
period of t ime at the end of a polarizat ion step. An 
a-c impedance bridge (GR-1650A) was used for ca-  
pacitance measurements  at 1 kHz under  an applied d-c 
bias. 

Results 
Short ing to the base zirconium was a common occur- 

rence in thin films (10-25V) car ry ing  evaporated metal  
contacts; most of these diodes were  found in the 
shorted state immedia te ly  after  the evaporat ion step 
and a few of them became highly conducting during 
testing, wi th  applied potentials of only a few volts. A 
major i ty  of the I-V data was therefore  collected for 
films formed from 40 to 100V when  evapora ted  metal  
contacts were  used. Gold and pal ladium electrodes 
were  often associated with a switching to a h igh-con-  
duct ivi ty  state dur ing the measurements .  Al l  the I-V 
tracings showed some hysteresis effects; this was more 
pronounced in the case of nitric acid grown films. The 
results are presented under  the headings of the coun-  
tere lect rode mater ia l  concerned. 

Heat ing the diode to tempera tures  > 298~ (the 
forming tempera ture )  always resul ted in i r revers ible  
changes in the conduction characteristics. The mea-  
surements  were  therefore  made first at room tempera -  
ture  and then at lower  and higher  temperatures ,  re-  
spect ively and the room tempera tu re  characterist ics 
were  checked subsequent to each t empera tu re  change. 
The oxide films grown in the  KOH and organic solu- 
tion showed surface features s imilar  to those of the 
original pickled surfaces when examined on the scan- 
ning electron microscope. The HNO3 grown films were  
different in this respect. A few areas where  the crack-  
ing of the oxide film extended to 10 ~m or more  were  
present (Fig. l a ) ;  a number  of areas of localized 
cracking (the density of such spots averaging to about 
104/cm 2) similar to that  in Fig. l (b )  were  evident.  

Aluminum contacts.--The asymmetr ic  conduction 
was observed mainly  with  the films grown in the nitric 
acid solution. In Fig. 2 the results obtained when  test-  
ing a 40V film grown in that  solution are shown in the 
log I vs. V plots. The anodic direction was not effec- 
t ive ly  blocking in the sense of rectification; currents  
comparable  to those in the cathodic direction began 
to flow at 4 to 5V of applied potential.  The effect of 
vary ing  the t empera tu re  was also seen to be dist inctly 
different for the anodic and cathodic portions. In the 
tempera ture  range of 273~176 the slope of the 
cathodic portions increased by near ly  four  times, 
whereas  the anodic port ion of the curves remained 
very  near ly  paral le l  to each other. Similar  results were  
obtained with  films grown up to 75V in the solution. 
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Fig. 1. Scanning electron micrographs of a 62V anodic oxide film grown in 1% HNO3 solution 

An impor tant  observat ion was that  vary ing  the fo rm-  
ing voltage did not result  in any systematic changes in 
the I -V characteristics. They were  more or less the same 
for the various film thicknesses studied. A set of curves  
showing the anodic and cathodic current  flow at room 
tempera tu re  in these films is given in Fig. 3. The data 
obtained in the case of a 20V film, which became highly 
conducting during the measurements ,  is also included 
for the sake of comparison. The hysteresis effects are 
described later  in the pal ladium section. 

The films grown in 0.1% KOH passed currents  under  
anodic and cathodic bias wi th  much less asymmet ry  
than the HNO3 grown films. The difference in the 
applied voltage requi red  for a min imum measurable  
current  flow was about 1V higher  when the zirconium 
was anodic than when cathodic. A set of curves show- 
ing the effect of t empera ture  on the  current  flow 
through a 40V film grown in the KOH solution is 
plotted in Fig. 4. The anodic current  flow did not fit 
the exponent ia l  vol tage dependence relation. At tempts  
to fit the  data to other  commonly observed relat ions 
such as Schottky emission and SCLC (space charge 
l imited current)  were  equal ly  unsuccessful; however  
the data up to --6V gave reasonable l inear fits when 
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Fig.  2 .  C u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  a t  d i f f e r e n t  t e m p e r a t u r e s  
of a 4-0V anodic oxide film grown in 1% HNO3; area of the alumi- 
num c o u n t e r e l e c t r o d e  0 . 2 7  c m  ~. 
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Fig. 3. Influence of forming voltage on the current flow at room 
temperature through zirconia films grown in nitric acid solution; 
aluminum counterelectrode area 0.0675 cm ~. 
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Fig. 4. Zirconium-anodic oxide grown in 0.1% KOH solution-- 
aluminum 0.27 cm~; effect of temperature on the conduction 
characteristics for a 40V film and comparison at room temperature 
with a 60V film. 
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plot ted as log I vs.  VI/2 or log V. With increase in the 
forming vol tage the KOH grown films became more  
resistive; under  comparable  tempera ture  and applied 
vol tage conditions the current  flow and the  slope of the 
log I vs. V plots decreased with  increase in film th ick-  
ness. 

When the current  flow through the films grown in the 
three solutions was compared the films grown in the 
complex organic solution were  found to be the  most  
resistive. It is known that  phosphate ion is incorporated 
in the oxide during growth in the organic solution and 
as a result  the growth constant (oxide th ickness / form-  
ing voltage) is lower  than for KOH grown films (7). 
However,  wi th  films grown to the same forming vol t -  
age and under  comparable  testing conditions, the di- 
odes carrying the oxide grown in the organic solution 
passed currents  an order of magni tude  less than those 
carrying the KOH grown films. Unl ike  the HNO3 and 
KOH grown films the oxide grown in the organic solu- 
tion showed large variat ions in the current  density 
when different areas of a specimen were  tested and 
often exhibi ted self-heal ing type current  bursts (rapid 
rise and fall  in current )  dur ing the I - V  measurements .  
When such current  t ransients  were  absent the data 
obtained fitted an I cc Vn relation. A set of such plots 
for a 100V film is shown in Fig. 5. The l ineari ty of the 
plots and their  'n' values strongly suggest a space 
charge l imited current  flow. The asymmet ry  between 
the cathodic and anodic portions was similar to that  
observed with the KOH grown films but  less distinct 
than that  found in the case of HNO3 grown films. 

Gold  c o n t a c t s . - - T h e  films grown in the three  solu- 
tions had one common characteristic.  A major i ty  of 
the diodes switched to a high conductivi ty state at 
room tempera tu re  under  an applied bias of ~- •  
When such bistable switching did not occur the I -V 
characterist ics were  similar  to those described for the 
A1 counterelectrode,  except  that  the currents  passed 
were  sl ightly lower. The oxide grown in the organic 
solution was the most resist ive and the data for these 
diodes gave l inear plots on log I vs.  log V scales. 

P a l l a d i u m  c o n t a c t s . - - T h e  results were  essentially 
s imilar  to those described for the gold counterelec-  
trodes. The influence of the polarization rate  and a 
holding t ime at the end of polarization on the I - V  

110 

Z r -  Zr "t- 

Temp'K Slope 
o 29e a 1.1,1.5;b 2.5 

329 c !.3; d 2-1 
~ 2 9 8  �9 2 .4 ; f  2.9 
o 273 g 3.6~ h 2.8 

208 i 3.2 
�9 80 j 2.9 
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i i I I ~ J I I l o  - ' ~  i i I t L t i J  
8 7 6  5 4 3 2 1 2 3 4 S 6 7 8 9  
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Fig. 5. Current-voltage characteristics of a 100V anodic oxide 
film on zirconium grown in the complex organic solution; area of 
aluminum counterelectrode 0.27 cm ~" (a-d) and 0.0675 cm 2 (e-j). 

characterist ics is shown in Fig. 6 for a diode carrying 
a 62V film grown in the nitric acid solution. At  sweep 
rates ~ 1 V / m i n  much hysteresis was observed in the 
tracings. However ,  no systematic change was observed 
in the successive I - V  t racings due to varying the hold-  
ing t ime at the end of each cathodic polarizat ion step. 
In t racing these curves the diode was polarized in the 
usual manner  to 3.5V and held at that  potent ial  for a 
t ime st.  Then the applied vol tage  was reduced to zero 
and a set of such curves t raced for various at  values. 
In another  set of exper iments  a negat ive potent ia l  of 
4V was applied to anodized zirconium at room tem-  
pera ture  and whi le  under  the applied bias the tem-  
pera ture  was lowered to 205~ The I -V tracings then 
obtained at this lower t empera tu re  were  identical  to 
those t raced at this t empera tu re  in the  normal  manner .  

NH4NO~ so lu t ion  c o n t a c t s . - - A l l  the oxide films, 
grown to various voltages f rom 10 to 100V in the three 
solutions rectified the current.  In the cathodic direc-  
tion gas bubbles could be seen on the oxide surface 
when the bias exceeded ,~2V. The blocking in the 
anodic direct ion improved  with  increasing oxide thick-  
ness in general;  the films grown in nitric acid were  
poorer in this respect. In Fig. 7 a typical  set of curves 
is shown for films of various thicknesses grown in the 
KOH solution; data for the other  two types of films 
are also plotted for the sake of comparison. 

Impedance Measurements  under an Appl ied D - C  Bias 
In Fig. 8 the change in capacitance against applied 

d-c bias is plotted for a few diodes. With the NH4NO~ 
solution contacts, for films grown in all three  solutions 
to the various forming voltages, the capacitance showed 
a gradual  increase wi th  bias in the cathodic direction. 
At 3-4V the readings were  unsteady and increased to 
large values ra ther  suddenly; gas bubbles collected on 

Volts/rain ,~t(min) 
3 (~* 10 

o 1.5 t :  20 | 1 (,usual) 1V/rain 1 5  

14" 

1 ( ~  e 

Z r -  

1 2 3 4 2 3 
VOLTAGE[V] 

Fig. 6. Influence of the polarization rate and a holding time at 
the end of polarization on the current-voltage characteristics at 
room temperature of a diode; zirconium-60V anodic film grown 
in 1% HNO3 solution--palladium 0.27 cm 2 in area. 
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Fig. 7. Current-vo|tage characteristics obtained on anodic 
zirconio films when using saturated ammonium nitrate solution 
contacts, electrolyte contact area is 0.]5 cm 2. 
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Fig. 8. Change in capacitance vs. applied d-c voltage at room 
temperature. 

the oxide surface. Under  anodic bias conditions the 
capacitance readings ei ther  were  steady or increased 
much less rapidly  than during cathodic bias. None of 
the specimens tested showed a decrease in capacitance. 
Only a few diodes carrying thin  anodic oxide films and 
evaporated meta l  contacts were  tested because of the 
inherent  shorting problem; in all such cases the capaci- 
tance increased with  the bias vol tage in both the direc-  
tions. When thick films carrying meta l  contacts were  
tested the capacitance increased rapid ly  at a bias of 
1.5-3V in the anodic direction; under  cathodic bias the 
curves were  similar  to that  shown in Fig. 8. 

Impur i t i es  in Z i rcon ium 
The pur i ty  of the crystal  bar mater ia l  used in the 

present  invest igat ion is comparable  to that  used by a 
number  of other  workers.  The major  metal l ic  impur i -  
ties were  Fe (82 ppm) and Hf (72 ppm) ;  other  ele-  
ments  such as AI, Cr, Cu, Ni, and Ti were  present  in 
quanti t ies --~ 20 ppm. Af ter  the mechanical  and chem-  
ical polishing steps microscopic examinat ion of the 
surface showed no singularities. The scanning elec- 
t ron micrograph (SEM) of such a surface is shown in 
Fig. 9(a). A var ie ty  of aqueous electrolyte  solutions 
was tr ied for anodizing; when  a dilute (0.001N) KMnO4 
solution was used some peculiarit ies were  noticed. In 
the KMnO4 solution zirconium could be anodized, as 
in other  electrolytes,  up to ~10DV. At  the end of the 
first anodizing step, general ly  around 5-10V, examina-  

tion of the surface showed a thick porous oxide growth 
at selected areas and this surface s t ructure  persisted 
throughout  the rest of the anodizing steps. In Fig. 9(d) 
is shown the electron micrograph (EM) of a two-s tage  
replica of such an anodized sample. When a zirconium 
sample was made cathodic to ~ 5 V  in the same solu- 
tion, preferent ia l  reduct ion of MnO4- at selected spots 
was noticed. The SEM and EM of the replica of this 
deposit are shown in Fig. 9(b) and (c). By carrying 
out the reduction step first, washing off the deposit in 
a solution of oxalic acid and then anodizing, it can be 
shown that  the areas where  preferent ia l  reduct ion and 
thick porous oxide growth  occur are the same. Thus it 
would  seem that  the impuri t ies  are present  in areas 
of ex t remely  minute  size whose presence can be re-  
vealed by their  specificity towards reagents  such as 
KMnO4. 

Discussion 
From the data published in the l i te ra ture  the in- 

format ion re levant  to the present  study regarding 
anodic oxide growth on zirconium can be summarized 
as follows: (i) oxide films grown in nitric acid solu- 
tion are porous (3), (ii) phosphate  ion is incorporated 
during growth in the complex organic solution (7), 
(ii~) KOH grown films are free of occluded ions and 
less porous (3, 7), and (iv) t ransmission electron 
optical studies of the str ipped films have  shown them 
to consist of microcrystal l i tes  dis tr ibuted in a mat r ix  
that  is probably amorphous;  the ni t ra te  grown films 
are unique in being essential ly all monoclinic ZrO2, 
whereas  films grown in most other  electrolytes have 
----- 75% of cubic ZrO2 (3, 4). 

The presence of a p -n  or p - i -n  junction, result ing 
f rom nonstoichiometry induced by the oxide growth 
process, is often proposed in explaining mechanisms of 
the rmal  oxidation and rectification. The decrease in 
capacitance to be expected wi th  applied d-c bias in 
the anodic (reverse)  direction is a means of checking 
for the existence of such junctions in the oxide or at 
the oxide-countere lec t rode  boundary (8, 9). It  is also 
bel ieved that  t ransi t ion f rom homogeneous conduction 
by bulk oxide to the heterogeneous or local response 
at flaws occurs wi th  increase in oxide thickness (10). 
In the present study, on thin zirconia films the capaci- 
tance showed an increase wi th  anodic bias for both 
metal  and electrolyte  solution contacts. Of the three  
types of films tested, the ones grown in KOH should 
be re la t ively  flaw free; if a homogeneous conduction 
process was responsible for rectification then one would  
expect  these films to rectify. But  the asymmet ry  in 
conduction (dry conditions) was pronounced in the 
nitric acid grown films which showed extensive crack-  
ing of the oxide and the work  function of the electrode 
mater ia l  was wi thout  influence on the I -V  character -  
istics. These observations inevi tably  lead to the con- 
clusion that  if a junct ion is grown in dur ing anodiza- 
tion or formed by the contacting electrode then it is 
not the dominant  factor in de termining the electr ical  
conduction under  the testing conditions employed here. 

The conduction characterist ics of the oxide grown in 
KOH might  be expected to represent  those of the pure 
oxide (7). It  is evident  f rom the results  presented 
here, that  contrary to the assumptions made by Dawson 
and Creamer  (6), the conduction in these films is not 
ohmic. The current  flow under  negat ive  bias is more  of 
a f ield-act ivated type t ransport  ( reference to Charles-  
by's  work  in this respect is made  later)  whereas  that  
under  posit ive bias is more  complicated involving 
probably more than one type of process. 

The films grown in the organic solution were  the 
most resist ive and their  I -V data are seen to fit a 
SCLC relation. This finding is in agreement  wi th  
Banter ' s  observation and would support  his model  of a 
s tat ionary negat ive  space charge, created by the im-  
mobile  phosphate ions in the outer  oxide layers, con- 
troll ing the anodic growth and the electr ical  conduc- 
t iv i ty  (7). Because of the bistable switching and large 
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Fig. 9. Scanning electron micrographs: (a) pickled zirconium surface and (b) cathodic reduction of Mn04-  on zirconium. Electron 
microgrophs of two-stage replicas: (c) cathodic reduction of Mn04-  and (d) another specimen anodized in KMn04 solution to 25V. 

variat ions in current  density over  different areas of 
a specimen the thickness dependence of the  current  
could not be checked. 

Asymmet ry  in conduction, pronounced hysteresis 
effects and independence of the current  flow on the 
forming voltage (40-75V) were  observed only with  
the nitric acid grown films and must  therefore  be the 
propert ies  of a porous film of monoclinic zirconia. Ac-  

cording to Banter  the ni t ra te  grown films are hydrated 
as wel l  (7); the porosi ty of these films would  imply 
that  much of this hydrat ion water  is that  locked inside 
the pores. Based on these facts and the observat ion 
that  the polarizat ion rate  had a marked  influence on 
the current  flow and no systematic changes resul ted 
in the I -V  characterist ics w h e n  the diodes were  left  
in the biased state (repeatedly)  for long periods of 
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time, it is suggested that  protonic migrat ion (from the 
bound water)  along the cracks and pores leads to a 
high field region in the oxide and results in an easy 
forward electronic current  having characteristics s im- 
ilar to that observed in the case of KOH grown films. 
Informat ion on the permeabi l i ty  to protons of mono-  
clinic and cubic zirconia would be helpful  in this con- 
nection. 

The electrical conduction of anodic zirconia films 
when  using dry contacts is thus seen to be influenced 
by the anodizing electrolyte used and could be corre- 
lated with the anion incorporation, hydration, and 
porosity. It might  therefore be inferred that  in the 
case of oxide films grown in the three solutions em- 
ployed here the cur ren t  flow is main ly  through the 
oxide. However, the possibility exists that  the proper-  
ties of the oxide grown on and around the impurit ies 
are also influenced by the anodizing electrolyte and 
might be the areas of major  electronic conduction in 
these anodic films. These impur i ty  centers have been 
shown to be the preferred sites of electron flow and 
reaction in the reduct ion of cuprous iodide to copper 
(11). Though the presence of the impur i ty  centers was 
not detected on microscopic examinat ion  of the surface, 
stress-corrosion cracking experiments  in methanol /  
iodine solutions have revealed the presence of small  
lent icular  second phase precipitates (probably a Zr-Fe  
phase) in the grain boundaries of crystal  bar  zirconium 
(12). Therefore contr ibut ions to the conduction by the 
impurit ies present in the mater ial  cannot be ignored 
and as is evident  from Fig. 9 a contact area ~ 1.2 X 
10 -7 cm 2 would be required to el iminate such contr ibu-  
tions. 

Charlesby interpreted the anodic leakage current  
through zirconia films in terms of a field assisted (in 
surmount ing  an energy barr ier)  t ransport  because the 
I-V data fitted a "sinh law" (13). This proposal was 
rejected by Vermilyea (14), and Young has commented 
on both these suggestions and pointed out that  the 
conduction is l ikely to be through cracks in the oxide 
(15). The cathodic current  flow through KOH and 
HNO3 grown films when evaporated metal  contacts 
were used is seen to fit a log I cc V relat ion (high field 
approximation of the "sinh law") in the present study. 
However, the slope of such plots showed an increase 
with temperature;  whereas a decrease is expected if 
the current  flow was of the field assisted type obeying 
the "sinh law." The physical significance of the ob- 
served log Icc V relat ion is thus not clear. 

Electrolytic rectification was observed on all the 
films tested the common source of which could be 
traced to one or more of the following: microfissures 
( impenetrable  by evaporated metal  contacts) present  
in anodic films in general, existing impurities, or the 
property of the ZrOJe lec t ro ly te  interface. 

Conclusions 
Rectification by anodic oxide films on zirconium was 

not observed when  evaporated metal  counterelectrodes 

were used. Electrolytic rectification was observed. 
Capacitance-voltage measurements  gave no positive 
evidence for the presence of a p -n  or p - i - n  junct ion  in 
the diodes. The conduction characteristics were in-  
fluenced by the anodizing electrolyte used; the asym- 
metry in conduction observed in the case of nitric acid 
grown films is ascribed to the porous and hydrated 
oxide grown in these solutions; the incorporation of 
phosphate ions dur ing growth is related to the space- 
charge l imited current  flow in films grown in a com- 
plex organic solution containing phosphoric acid. The 
electrical conduction in anodic oxide films on crystal-  
bar zirconium (the mater ial  general ly accepted as be- 
ing of high puri ty)  is not simple as has been assumed 
previously; the impuri t ies  present  are likely to be the 
main  contr ibuting factors and work on pure zirconium 
single crystals might elucidate the situation. 
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Epitaxial Substrate Carrier Concentration Measurement 
by the Infrared Interference Envelope (IRIE) Technique 
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ABSTRACT 

Inf rared  interference measurement  of epi taxial  thickness requires  knowl-  
edge of the substrate carr ier  concentrat ion to correct for the phase shift at the 
epi taxial  layer-subst ra te  interface. A nondestruct ive technique which mea-  
sures the epitaxial  substrate carr ier  concentrat ion is described. It  uses the 
informat ion contained in the infrared interference envelope (IRIE) which is 
the same reflection spectrum used in the epi taxial  thickness measurement .  A 
model  and exper imenta l  results are presented for silicon wi th  a substrate 
carr ier  concentrat ion ranging from 1 • 1019 cm -3 to 1 • 1021 cm -3. 

Optical measurement  techniques are becoming in- 
creasingly important  and popular  because they offer 
the advantages of being nondestruct ive and contactless. 
One of the most important  optical measurement  tech-  
niques in the semiconductor industry is the infrared 
in terference technique for the measurement  of epi-  
taxia l  layer  thickness introduced by Spitzer  and Tanan-  
baum (1) in 1961. At the suggestion of W. Pliskin, ex-  
tended work  was carr ied out by Schumann et al. (2) 
which showed that  the phase shift on reflection at the 
epitaxial  layer-subst ra te  interface was a function of 
the wavelength  and the substrate carr ier  concentra-  
tion, and therefore  must  be accounted for in calculat-  
ing the thickness. Since then, the substrate carr ier  
concentrat ion was assumed from prior knowledge, 
measured before deposition of the epi taxial  layer,  or 
obtained by a subsequent independent  measurement  
such as the spreading resistance profile wi th  correc-  
tion factors (3). However ,  the  substrate carr ier  con-  
centrat ion changes during deposition of the epi taxial  
layer due to out-diffusion of substrate dopant, thus 
making the prior  measurement  inaccurate. Unfor tu -  
nately, the spreading resistance profile technique is 
destructive.  

This paper  discusses a nondestruct ive and contactless 
technique to measure  the epi taxial  substrate carr ier  
concentration. It uses the informat ion contained in the 
infrared interference envelope (IRIE) which is the 
same reflection spectrum used for the epi taxial  th ick-  
ness measurement .  

Theory 
For normal  incidence, the reflection coefficient for a 

homogeneous sample can be expressed in terms of the 
refract ive  indexes of the sample and of the medium 
adjacent  to its reflecting surface 

R= ~ - n ~  12 1"1] 
no + ~i 

For  an air  to semiconductor  interface where  no = 1, 
Eq. [1] becomes 

1 - ~z 2 
R = [2] 

1 + f i z  
o r  

(1  - n l )  2 + k l  ~- 
R = [3]  

(1 + n l )  2 + k;2 

where  nl  = nl -- ikz, the complex refract ive  index, 
nl = the real  part  of the index of refraction,  and k; 
= the ext inct ion coefficient. 

When the reflection coefficient is measured  as a func-  
tion of wave leng th  in the infrared, a min imum occurs 

t Electrochemical  Society  Act ive  M e m b e r .  
K e y  words:  infrared interference,  silicon, p lasma resonance,  e p i -  

t a x i a l  layer  thickness ,  carrier concentration,  

near the plasma resonance frequency.  The wavelength  
at which this min imum occurs, ?~mi,., is a function of 
the carr ier  concentrat ion of the sample th rough the 
optical constants as expressed in Eq. [3]. This tech-  
nique for measuring the carr ier  concentrat ion is called 
plasma resonance (4). This technique uses a set of 
calibration curves, ~,mi.. vs. N (free carr ier  concentra-  
t ion),  as shown in Fig. 1 for silicon. Plasma resonance 
provides a nondestruct ive and eontactless measurement  
of the surface carr ier  concentrat ion of a semiconductor 
sample. 

The optical constants (nl, kl) have been measured 
(5) for n-  and p - type  silicon in the infrared f rom 2.5 
to 50 ~m with carr ier  concentrations ranging from 
1015 cm -3 to 1019 cm -3. The results show nl ~ 2.5 and 
kl --  0.1 throughout  the range. For  higher  carr ier  
concentrations ( >  102~ c m - a ) ,  kz has been reported to 
be ~0.4 (6). Thus, throughout  the range of carr ier  
concentrat ion 1015 cm -a to 102~ cm -a, kl 2 ~--~< 1. F rom 
these results, the condition (nl + 1) 2 > (nz -- 1) 2 > >  
kl 2 is satisfied throughout  the range of interest  and 
Eq. [3] can be simplified to 

R = [4] 

In the case of an epi taxial  layer  wi th  thickness dl over  
a substrate as shown in Fig. 2, the reflection coefficient 
for normal  incidence (7) can be expressed as 

rz2-{ - 2rlr2 cos (2 8z -- ~) ~ r2  2 
R---- 

1 -t- 2rlr2 cos (2 51 -- ~) + r12r22 
where  

~oz 

1~ 

lO l l o1~ -  I 

[ - I  n o  ~ n l  
r l  = 

no -F- '~1 

[51 

16] 

~ type 

i ~ i , . , I  , i , ~ , i , T I  i , 1 , , i , i I  
1019 10 zo 1021 

N (cm--3)  

Fig. 1. Plasma resonance calibration curves of carrier concentra- 
tions vs. wavelength for both N- and P-type silicon. 
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In  most situations, however, (n2 -- n l )  2 > >  k22, so 

I n2 - -  nl  
r2 = n-'-~ 7 n-~ 

Equation [11] then becomes 

, dl l = f o r  ( R ) m m . _ ( n , ' - - n o n 2 \ '  ( 1 1 . 7 - - n 2  f - -  [12] 
o n12 + , n2 ) T 

n 2 n 0 =  1, nl----3.42 

k 2 Equations [12] and [4] are identical in form, the only 

Fig. 2. Light incident at angle # on sample with epitaxial layer 

is the magni tude  of the Fresnel  coefficient at the air-  
layer  interface 

r2 = -77  [7] 

is the magni tude  of the Fresnel  coefficient at the layer-  
substrate interface 

2~ 
8 ~ n l d l  [8] 

is the change in phase of the beam on traversing the 
epitaxial layer (where ?, is the vacuum wavelength of 
the incident  light) 

nl  -:  n l  --  i k l  

is the complex refractive index of the epitaxial  layer 

n 2  - -  n2 - i k2  

is the complex refractive index of the substrate, and 

' ---- t an -1  ( 2nlk2 ) [9] 
nl  2 -- n22 -- k22 

is the phase shift at the layer-subst ra te  interface. 
In  the high resistivity epitaxial layer, the extinction 

coefficient kl is usually assumed to be zero. 
From Eq. [5], it can be shown that min ima  of the 

reflectance curve occur at values of n~d l  given by  

n l d l  = (2m + I) W - -  [10] 

where m = 0, 1, 2, 3 . . . . .  Once the phase shift at the 
interface is accounted for, the thickness of the epitaxial  
layer dl can be determined, since nl  is known, L i s  
observed, and m can be determined from two succes- 
sive minima. The values of the reflectance at these 
points are 

( R ) m i n . :  ( r l - - r 2  ) 2 
1 - -  r lr2 [11] 

Using no : 1 for air, and nl  : 3.42, and kl -~ 0 for the 
epitaxial  layer, the magnitudes of the Fresnel  coeffi- 
cients become 

and 

nl  - -  no 3.42 - -  1 
1.1-- _ _ ~ _  

nl  -{- no 3.42 -t- 1 

(n~ - nl)~ + k22 )v. 
r~ = Fn~ ~ 1 ) 2  + k22 

F o r  bhe exceptional case where n2 
s h o r t  wavelength 

k2 
r 2 " - - -  

~/(n~ + nl)2 + 1:22 

and Eq. [11] becomes 

(R)min. = 9"12 --" ( 
n l  

\ n l  

---- n l  = 3.42 at very 

< ~  rl ~ 1 

- - 1  ) 2  

+ 1  

difference being the numerica l  constants. Equat ion [12] 
thus demonstrates that, similar to the plasma resonance 
technique, a m i n i m u m  of the (R)min.'S occurs, and it 
is a function of the substrate carrier concentrat ion 
through the optical constant n2. A comparison between 
the IRIE and the plasma resonance technique in Fig. 
3 shows the reflectivity vs .  wavelength for the two 
techniques. The IRIE technique relates the wavelength 
at which the envelope of the min ima or valleys ex- 
hibits a m i n i mum to the substrate carrier  concentra-  
tion. Plasma resonance can be considered the l imit  of 
this IRIE reflectance curve as the epitaxial  thickness 
goes to zero. 

Calibration Curves 
A step junc t ion  was assumed at the layer-subst ra te  

interface and the reflectance was calculated both for 
N on N + and P on P+ silicon epitaxial  layers for the 
wavelength range 2.5 to 150 ~m. 

Figure  4 is a typical plot of the (R)min.'S vs .  wave- 
length (i .e. ,  the lower envelope of the reflectance 
curve) for N-type Si. Note that the m i n i m u m  is very 
sharp and its magni tude  is close if not equal  to zero. 
The data points show the various thicknesses of the 
epitaxial layer. The result ing smooth curve indicates 
that the IRIE mi n i mum is independent  of the epitaxia] 
layer thickness. 

The theoretical calibration curves of ~. (envelope)mi,. 
vs .  the substrate carrier concentrat ion are shown in 
Fig. 5 for N- and P- type  silicon. 

Experimental Results 
A typical infrared interference reflectance curve is 

shown in Fig. 6 for an N + on N epitaxial layer. From 
this trace, the lower envelope is d rawn and the min i -  
mum of this envelope is located. Then the substrate 
carrier concentrat ion is determined from the calibra- 
tion curves in Fig. 5. Results shown in Fig. 7 are com- 
pared to those obtained from the spreading resistance 
profile with correction factors and the plasma reso- 
nance technique. Plasma resonance was performed 
on the substrate after the epitaxial layer had been 
removed. The correlation coefficient of 0.95 attests to 
the validity of this technique. The discrepancy be-  
tween the values of substrate concentrat ion determined 
by IRIE and the other techniques is due to the fact 
that the calibration curve was constructed from theo- 

Plasma Resonance IRE 

e - (1- nliz f i t  7"n29 
(I+ nl )2 (R)min " - -  

Q L 7 + ~  

IX. mln. 
Wavelength (p m) 

(R~In. IXmin. 
Wavelength ( p m) 

Fig. 3. Plasma resonance and IRIE reflectance curves compared 
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re t ica l  calculations.  In  ac tual  pract ice  the  ca l ibra t ion  
curve would  be ca lcula ted  f rom measured  results .  

Discussion 
Schumann and Schneider  (6) have  repor ted  a tech-  

nique which  gives the  ep i tax ia l  l aye r  thickness  as wel l  
as the  subs t ra te  ca r r i e r  concentrat ion.  I t  requi res  the  
magni tude  of the  reflectance e x t r e m u m  ( m a x i m u m  or 
min imum)  to be measured  as wel l  as the  wave leng th  
at  which  the  ex t r emum occurs. Therefore,  the  spect ro-  
photometer  must  be ca l ib ra ted  to give an  accurate  
measurement  of the  magni tude  of the  absolute  re -  
flectivity. 

However ,  the IRIE technique does not  r equ i re  an 
"absolute"  magni tude  measuremen t  but  ins tead  re -  
quires  locat ing the  min imum of the in te r fe rence  en-  
velope. To locate  this  m i n i m u m  accurately,  i t  is des i ra -  
ble to have as many  in te r fe rence  fr inges as possible. 
Therefore,  a th ick  ep i tax ia l  layer ,  for ins tance 5 ~m, 
gives good results.  When  the  epi tax ia l  l aye r  thickness 
is less than  3 ~m, the  number  of in ter ference  min ima  
is not adequate  to locate accura te ly  the  min imum of 
the  envelope and this  th ickness  represents  the  lower  
l imi t  for this technique.  The ca r r i e r  concentra t ion 
range  of appl ica t ion  is also l imi ted  by  the  spec t ro-  
photometer  avai lable.  For  a spec t rophotometer  having  
a 2.5-50 ~m range in wavelength ,  the range  of app l ica -  
t ion for silicon is app rox ima te ly  1 • 1019 cm -3 to 
I • 1021 cm -3. 
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Capacitance-Voltage Measurements with a Mercury-Silicon Diode 
P. J. Severin and G. J. Poodt 

Philips Research Laboratories, Eindhoven, Netherlands 

ABSTRACT 

The capacitance of a Schottky barr ier  diode measured as a funct ion of re- 
verse voltage yields the dope concentrat ion and eventual ly  the thickness of an 
epitaxial ly grown silicon layer. It is shown that mercury  can be used as the 
metal  contact to the silicon. This allows for a rapid and nondestruct ive C-V 
measurement ,  par t icular ly  when combined with an automated instrument .  The 
results obtained with different surface t reatments  are discussed. For reliable 
and reproducible results N-type silicon should be covered with a th in  oxide 
layer  about 50A thick, which can easily be made wet chemically. The pre-  
cision which can be at tained with this system in actual practice amounts  to 
_2% or better  and the accuracy depends on the definition of thickness used. 
This technique with the mercury  contacting accessory works equally well  on 
GaAs and GaP. 

In many  semiconductor applications the impur i ty  
density N as a function of depth x below the surface 
is an impor tant  parameter.  

The most appropriate method to date to measure this 
funct ion is to form a Schottky barr ier  diode and to use 
the we l l -known relationships between the capacitance 
C of the diode, the applied reverse voltage V, and the 
depletion layer boundary  depth x. For a meta l -semi-  
conductor diode the equations 

dQ [ eeO2N 
C ~  

dV 2 (V + Vd) 
and 

yield 

IV, [ la]  

,O 
C -- ~ [ib] 

x 

2 [ d C - Z ]  -1 
N - -  ~ [lc] 

e e O  2 L 

where O ---- ~ A 2 is the diode surface area, Vd is the 
diffusion potential, a n d ,  and e have their usual  mean-  
ing. Hence, on measur ing C as a funct ion of V, N(x) 
is found. 

Hi l ibrand and Gold (1) showed exper imental  results 
with the C-V method and Thomas, Kahng, and Manz 
(2) demonstrated the val idi ty by experiments  on epi- 

taxial ly  grown silicon layers. 
Usually with the C-V method the change in capaci- 

tance C per small  increment  in  reverse voltage V is 
measured on a capacitance bridge. This technique is 
ra ther  time consuming and the profile is found after 
some tedious calculations. Amron (3) produced a sim- 
ple slide rule facil i tat ing this procedure. Recently, a 
number  of proposals (4-14) have been made to over-  
come this difficulty electronically and some ins t ruments  
have become commercial ly available. They are all 
based on clever use of the nonl inear  circuit properties 
incorporated in Eq. [ la]  to [lc],  as discussed originally 
by Meyer and Guldbrandsen  (15). The authors also 
use an automated ins t rument  designed and buil t  some 
years ago by Rusche (16). It operates at a 2 MHz 
carrier wave modulated with a 2 kHz signal modula-  
t ion using a constant  cur ren t  un i t  like Copeland's in -  
s t rument  (4, 5 ) .  

Key words: epitaxial layer thickness, diode capacitance,  mercury ,  
silicon. 

All  these ins t ruments  have in  common that  they 
greatly facilitate the capacitance-voltage measurement ,  
but  the speed-determining step remains  the production 
of a diode either by evaporation of a metal  dot which 
is eventual ly  alloyed in, or by shallow diffusion of an 
opposite type impuri ty.  At the very earliest stage of 
silicon device processing a metal  probe is required 
which can be used locally and ins tantaneously  to non-  
destructively form a diode. This paper deals with a 
mercury  probe-sil icon diode which satisfies these re-  
quirements  and which can be used for rel iable C-V 
measurements.  The difficulties encountered are not spe- 
cific to the Rusche ins t rument  and are equal ly valid 
when  the mercury  probe is coupled to another  auto- 
mated ins t rument  or to an ordinary C-V bridge. 

Mercury Probe 
From the very beginning of the study of MOS struc-  

tures mercury, in part icular  as a drop, has been used 
as an electrode for ease in measur ing the oxide and 
silicon capacitance as a funct ion of d-c voltages (17, 
18). Hammer  (19) positioned the sample on a rubber  
O-r ing in which the mercury  is pressed from below. 
He obtained in  this way a precision of contact surface 
area of 5% and with a Teflon probe instead of an 
O-r ing he claims even an order better. As far as the 
authors are aware, no description has been given in 
the l i terature of mercury  as a contact mater ia l  to 
silicon for the purpose discussed in this paper. 

The experiments  described in this paper were per-  
formed with a mercury  probe in an accessory as shown 
in Fig. 1. In a perspex block (1) a channel  (2), 2 mm 
across is bored which at one end is connected to an air 
pressure valve and at the top end is narrowed to a 
diameter  of about 0.5 m m  over a length of 13 m m  and 
closed by the slice (3) under  investigation. The channel  
is part ial ly filled with mercury.  The silicon slice is 
pressed onto the perspex by  two steel pins (4 and 5) 
connected to a lever (6), with a spring as schematically 
presented in Fig. 1. After let t ing into the channel  (2) 
air with an excess pressure amount ing  to about 0.3 atm 
the mercury contacts the silicon and forms a diode. 
The electrical contact to the mercury  is made with 
screw (7) which penetrates into the channel  and to 
the silicon with the probes (4) and (5), which can be 
used separately as current  and voltage probes. The 
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Fig. 1. Schematic drawing of the mercury-silicon contacting 
accessory: perspex block (I) ,  mercury column (2), silicon slice (3), 
contact probes (4,5), lever (6), contact to mercury (7). The d-c 
circuit is also shown, in case there is no back side contact barrier; 
probes 4 and 5 can be connected. 

perspex mercury-s i l icon contact accessory is shielded 
in an earthed metal  box. 

Mercury-S i l icon  Capac i tance  Compensat ion 
Procedures 

Assuming now that  the contact of the mercury  probe 
to the silicon has been made, in principle a C-V curve 
could be measured. 

However, it is clear that  parasitic capacitances in 
parallel  may invalidate any per t inent  conclusions on 
the impur i ty  density if they are not properly compen- 
sated for. The parasitic capacitance can be divided 
formally into an edge, a stray, and an encapsulat ion 
capacitance; they are indist inguishable in actual prac-  
tice. The edge capacitance Cv is due to the nonhorizon-  
tal boundary  of the depleted region, which Goodman 
(20) estimated Cv ---- :t2~A and Copeland (21) com- 
puted to be remarkab ly  smaller, viz. Cv = 1.5=eA. The 
effect of the edge on the measured capacitance can be 
evaluated by doing the same exper iment  with various 
contact diameters. It  is impor tant  to note that both in 
the e lementary  estimate and in  the more detailed cal- 
culations it is found that  Cv is independent  of x and N. 
By the stray capacitance, Cs, is mean t  the capacitance 
between the mercury  column and the slice. By the en-  
capsulation capacitance, Ce, is meant  the capacitance 
between the mercury  column and the enclosure includ-  
ing the slice. 

A second impediment  to the sufficiently reliable use 
of the C-V technique is due to a reverse current  which 
may be too high for the ins t rument .  A phase sensitive 
detector should therefore be incorporated. 

Finally,  because the squared diode surface area fig- 
ures in Eq. [1], the diameter  2A should be reproducible 
and accurately known:  it has been found from micro- 
scopic inspection of the contact made against a micro- 
scope slide that  A = 249 _+ 1 ~m. 

The mercury-s i l icon capacitance cannot be ade- 
quately discussed without  a brief description of the 
method by which the difficulties arising from para-  
sitic capacitance can be overcome. Two ordinary ca- 
pacitors C1 and C2 are measured and the ins t rument  
produces formal ly  depth readings xl  and x2. The slope 
(C1 -- C2) / (x i  - i  -- x2 - i )  corresponding to a value of 
the parameter  ,O general ly  does not agree with the 
value found microscopically. The ins t rument  is then 
calibrated for the appropriate area so that these values 
coincide to yield Cd ---- 20 pF �9 ~m. The intercept in the 
C vs. x-1  plot is reduced to zero by compensating wi th  
a bu i l t - in  opposite-phase current.  Then the mercury  
contact to a silicon slice with plated reverse side is 
connected to the ins t rument  and assuming that  the 
impur i ty  density N is uniform, the undesired capaci- 
tances are el iminated by  measur ing the dope profile 
over a cer ta in  depth, say from 3 to 4 ~m, and adjust-  

ing the compensating facilities such that  N is a con- 
stant  over that  range. A more refined technique which 
needs a shorter range of v i r tua l ly  constant  N, uses 
the formal  ident i ty  be tween the fundamenta l  equation 

2e V 
N -- -- -- lid] 

e x 2 

and the equation on which the ins t rument  is based and 
which is merely a property of the electronic circui try 

N --- 1014 -xV: [ le]  

where N is expressed in cm -~, x in ~m, and I72 is the 
2 kHz output  voltage in mV. The ins t rument  is prop- 
erly cal ibrated when  V2 and V reduced by the appro- 
priate constants are read equal. After  correct adjust-  
ment  and cal ibrat ion the impur i ty  density can be 
measured. 

In  general, parasitic capacitances are quite unacces- 
sible, but  in  order to get a feel for their  effects the 
following experiments  have been done. Firs t  the equip- 
ment  is properly compensated with the mercury  col- 
umn  at some distance from the slice and subsequent ly  
in the measurement  situation, making N constant, as 
described above. The difference between the two read-  
ings turns  out to be independent  of slice resistivity 
and of depth: with a 3 and 18 ohm-cm N-type  slice 
between 1 and 10 #m the compensation capacitance 
amounts  to about 0.80 pF. In  a second exper iment  the 
equipment  is again properly compensated with the 
mercury  column at some distance from the slice and 
subsequent ly  with a th in  sheet of Polythene,  of thick-  
ness 5 = 30 ~m, between the mercury  and the slice. 
The difference between the two readings amounts  to 
about 0.70 pF. In  both exper iments  par t  of the com- 
pensat ion capacitance is due to a change ACe in en-  
capsulation capacitance. Assuming these to be equal 
the compensation capacitance in the first exper iment  
equals ACe § Cv and in the second exper iment  ACe -F 
Cp, where  C, is the capacitance due to the Polythene 
sheet with ~ = epee. 

A more precise measurement  is done when the 
equipment  is properly compensated in the measure-  
ment  si tuation and subsequent ly  with the Polythene 
sheet of thickness 5 between the mercury  and the 
slice. The difference between the two readings is 0.10 
pF. When  the exper iment  is repeated with thickness 
25, the difference is 0.175 pF. From the equations 
Cv -- Cp = 0.10 pF and Cv -- Cp/2 = 0.175 pF it follows 
that  Cp = 0.15 pF and Cv = 0.25 pF. This value of Cp 
suggests that ~ = 3.8 ~o which has been found to hold 
by varying the thickness. The stray capacitance associ- 
ated with Cp can be neglected. In  the exper imental  
a r rangement  with A = 249 ;~m and ~ = 11.8 eo Good- 
man 's  formula yields Cv = 0.29 pF, which shows bet ter  
agreement  than  Copeland's formula.  

Similar  effects were reported by Copeland (4) who 
found wi th  a given diode diameter  Cv -- 0.15 pF 
whereas Cv = 0.09 pF was expected. His suggestion 
that  the addit ional capacitance is probably  due to a 
slight change in probe stray capacitance as the probe 
is moved into position can be in agreement  with the 
observation reported above, though it may refer to 
par t  of the effect. 

Mercury-S i l icon  Capac i tance  M e a s u r e m e n t  
In  actual  practice, the Rusche ins t rument  wi th  the 

mercury  probe is used cont inuously to evaluate N-type 
Si layers epitaxial ly grown on an N + substrate. The 
range of applicabil i ty is l imited at the lowly doped 
side by the very small  capacitance at high voltage and 
at the highly doped side by the relat ively high voltage 
necessary to reach a given depth, whereas the maxi -  
m u m  voltage is increasingly l imited by breakdown. In  
Fig. 2, V is plotted vs. N with d as a parameter  from 
Eq. [ ld]  and the N-scale is shown converted to the 
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Fig. 2. Range of applicability of the C-V method for measuring 
a layer of thickness d and charge carrier density N or resistivity 
p is limited by breakdown. The parallel straight lines are obtained 
from Eq. [1] with e =  1].8, ~o and O----196.10 -9  m 2 and the 
breakdown characteristic is drawn with slope 0.5 through some 
measured points. 

resistivity p from Sze and Irvin 's  (22) curves. The 
breakdown voltage as a function of N is d rawn with 
slope 0.5 through some experimental  points, roughly 
according to Schumann ' s  (23) theory. 

When the depletion layer reaches the epitaxial layer-  
substrate interface this is very clearly manifested on 
the ins t rument .  In  this way not only can the resistiv- 
ity p be determined but  also, with some established 
criterion, the thickness d of an epitaxial  layer. This 
is par t icular ly important  for layers which are too thin 
to be accurately measured with the conventional  in-  
frared mult iple  interference (IMI) technique, say for, 
d ~ 3 ~m. The thickness di as measured by the IMI 
technique is uniquely  determined and is fur ther  opera- 
t ionally defined by the formalism used for the in ter-  
pretat ion (24). However, the definition of thickness as 
measured with the C-V method should be agreed on 
before the measurement :  in general  terms dr, where 
N(d~) : ~rNepi. In fact main ly  the thickness definition 
d~ where N(d~) ~ Nsubst~ : Qo, is used. Because the 
thickness is not uniquely  defined, Mantena and Bar-  
rera 's  (25) suggestion to use the IMI measured thick-  
ness value di and compensate at punch- through where 
C is known to be ~A~/di, does not el iminate the 
ignorance of parasitic capacitances to the extent  re-  
quired, especially in the case of thick layers. For thin 
layers, where the parasitic capacitance is relat ively 
unimportant ,  this method could work, but  the IMI 
technique cannot be used then. In  fact, the C-V method 
is the only method avai lable to date for direct thick- 
ness measurement  of thin layers. 

The precision obtainable depends on the ins t rument  
used: taking into account all sources of error the pre-  
cision should amount  to ___10%, but  in actual practice 
the reproducibil i ty is found to be •  The accuracy 
of the method is tenta t ively  demonstrated in  Table I. 
The four-point  probe (fpp) measured resistivity is 
compared to the C-V measured dope concentrat ion N 
converted to p with Sze and Irvin 's  (22) curves and 
satisfactory agreement  is found. It should be realized 
in interpret ing these results that a slice is essentially 
nonuni form in resistivity, as convincingly demon-  
strated with the spreading resistance technique (26). 
The four-point  probe method itself is capable of mea-  

suring with a precision of about 0.5% but  because the 
result  represents a weighted average over several 
square mil l imeters  it is subjected to larger errors (27). 
The nonuni formi ty  also affects the capacitance-voltage 
measurement  results. The same mercury  contacting 
accessory has also been used successfully on bu lk  GaAs 
and GaP where the reverse sides should be properly 
contacted and on epitaxial ly grown N on N* GaAs 
layers (28) where  this difficulty does not  arise to such 
extent. 

Mercury-Si l icon Diode 
In the preceding section the ins t rument  has been 

described as far as re levant  and its application to the 
precise, accurate, nondestruct ive and rapid de termina-  
tion of thickness and resist ivity of epi taxial ly  grown 
layers has been explained. The much more complicated 
question as to why the mercury  probe works so well  
is semiquant i ta t ively discussed in this section. 

It has been found exper imenta l ly  that  the slice 
should be polished and that before mercury  contact 
to the silicon is actually made, the slice should be 
thoroughly cleaned and chemically oxidized by boil-  
ing it for about 1 rain in HNO3 or H202 § H2SO4. This 
preparat ion process produces an oxide layer  between 
20 and 50A thick, as do all room-tempera ture  wet 
oxidizing agents (29-32). It has been found that  wi th-  
out such thin oxide interfacial  layer no rel iable C-V 
measurements  can be made on N-type silicon. 

Exper iments  on mercury-s i l icon surface barr iers  
have, as far as the authors are aware, only been re- 
ported by Donald (33). 

Neither the very  thin nor the thick oxide layer 
theories are applicable to the type of mercury  contact 
which this paper deals with. With the intermediate 
insulat ing layer thickness, between 10 and 100A, 
quan tum-mechan ica l  tunne l ing  is the dominant  mecha-  
nism (34-38). Because the voltage drop is ent irely 
across the oxide layer, the applied bias sweeps the 
Fermi level in the metal  along the different semicon- 
ductor levels. Between coincidence with the top of the 
valence band and the bottom of the conduction band, 
conductance in this system is very low and this con- 
ductance well is typically from 1 to 2V wide. This 
depends on the energy gap and interface state density. 
At the edges the d-c current  rises steeply and the I -V  
plot is fairly symmetric. If the doping level of the 
semiconductor is low or the oxide film is very  thin, 
most of the voltage drop occurs across the semicon- 
ductor, which then forms a depletion region, and the 
metal  Fermi level is not free to move, but  is p inned 
to the semiconductor Fermi  level. Dahlke and Sze (35) 
published two I -V  characteristics, which under  these 
conditions show a roughly exponent ial  rise in the for- 
ward direction and a slowly varying current  in the 
reverse direction. Strong dependence on the ambient  
temperature  proved that  emission exceeded tunne l ing  
as the current  controlling process. 

Similar  I -V  characteristics have been measured with 
the mercury - th in  oxide-covered silicon diode. An  ex- 
ample is shown in Fig. 3. The conductance well  typical 
of tunnel ing  is not observed because the voltage drop 
is main ly  across the depletion layer in this lowly doped 
material  and the conventional  diode equations are not 
satisfied because of the presence of the oxide interface. 

The influence of the oxide layer  and the si l icon-dop- 
ing type and level is more clearly i l lustrated in Fig. 4. 
Both low- and high-conduct ivi ty  N-type silicon, 
mercury  contacted just  after HF-e tching  (labeled 1Ne 
and hNe, respectively) show low-resistance ohmic 

Table I. Some measurement data obtained with the four-point probe and C-V methods on five N-type and three P-type Si slices 

N P 

f p p  p (ohra -c ra )  0.27 0.64 1.16 4.3 7.1 1.23 4.3 10.8 
C - V  p ( o h m - c m )  0.29 0.62 1.19 4.2 7.3 1.30 4.8 11.0 
p e r  ~ pfpp  
- -  100% + 7.4 - - 3 . 1  + 2.5 - - 2 . 3  + 2.8 + 5.7 + 4.8 + 1.9 

Dtpp 
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Fig. 30. Some I-V characteristics of thin oxide-covered, N-type 
Si slices in the forward direction. 

5 
I (pA) 

0.0! 

/ 
/ 

0.01 ! I z I I = , I I I I I I. 
0 ~ 20 30 

- - - , -v (v )  
Fig. 3b. Some I-V characteristics of thin-oxide covered, N-type 

Si slices in the reverse direction. 

characteris t ics .  When  oxidized before the  mercu ry  con- 
tact  is applied,  the h igh ly  doped ma te r i a l  ( labe led  
hNo) shows the  conductance wel l  discussed above, 
whereas  under  reverse  bias the lowly  doped ma te r i a l  
( labeled 1No) develops a deple t ion  layer ,  which  pre -  
sents the dominant  ba r r i e r  to cur ren t  flow. The for-  
ward  biased par t s  of the 1No and hNo mate r i a l s  are  

10 
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_ _ _  m N _ _  

10 

Fig. 3c. Some C-V curves of 
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Fig. 4. IoV characteristics of eight essentially different diodes 
on silicon: highly and lowly doped (h and D, N and P-type (N and 
P), thin oxide layer-covered or etched (o or e). Note that the 
forward and reverse currents have different scales. The following 
materJaJs are used: 1 ahm-cm, 10/~m thick, N-type epitaxial layer 
on 10 - 2  ohm-cm N+-type substrate (IN), 0.008 ohm-cm N-type 
(hN), 2.8 ohm-era, 9 /~m thick P-type epitaxial layer on 10 - 2  
ohm-cm P+-type substrate (IN) and 10 - 2  ohm-cm P-type (hP). 

about  equal,  in both charge  t r anspor t  is cont ro l led  by  
the tunnel ing process because the  main  vo l tage  d rop  
is across the  oxide. The ra t io  of fo rward  to reverse  
cur ren t  in 1No ma te r i a l  is about  104 and in hNo ma te -  
r ia l  the  conductance wel l  is centered  at  about  0.2V 
reverse  bias. F r o m  the low-vo l tage  I-V character is t ic  
the  zero-b ias  ba r r i e r  resis tance Ro is found for both 
1No and hNo ma te r i a l  to be equal  to about  105 ohms 
and appa ren t ly  the  leakage  cur ren t  dens i ty  Js is de te r -  
mined by  the oxide layer .  

The considerat ions and evidence discussed above can 
be summar ized  by  s ta t ing tha t  in lowly  doped mater ia l  
the oxide l aye r  is th ick  enough to presen t  a ba r r i e r  to 
cur ren t  flow and thin enough to a l low the reverse  bias 
vol tage  drop to exist  across the  semiconductor  dep le -  
t ion layer .  This enables  a capaci tance vol tage  measu re -  
men t  to be made.  The thin  oxide series capaci tance is 
comple te ly  negl ig ib le  wi th  respect  to the  deplet ion 
l aye r  capaci tance and conductance v ia  smal l  holes in 
the oxide l aye r  must  be exc luded  because of the  ensu-  
ing high spreading resis tance which  is not  measured.  
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To P- type  material,  HF-etched before mercury  is 
applied, no ohmic contact can be made. This is to be 
expected because for a part icular  metal  the bar r ie r  
heights to N- and P - type  mater ia l  add to about the 
semiconductor energy gap (39, 40). Therefore, hPe 
mater ial  produces about the same I - V  characteristic 
as hPo mater ia l  and 1Po mater ial  does not produce a 
more pronounced diode characteristic than  1Pe ma-  
terial. 

Summariz ing it can be said that lowly doped P- type  
mater ial  can be C-V  measured with the mercury  probe 
equal ly well with or without  oxide layer. 

Some examples of plots of V vs. d 2 ,~ 1/C 2 are given 
in Fig. 3c. The presentat ion is not typical, because with 
the automated ins t rument  reading the d-c reverse volt-  
age is not  needed; it is mere ly  shown in  order to ex- 
emplify the val idi ty of the method. The diffusion volt-  
age as read from the intercept is typical ly between 
0.5 and 1.5V. It cannot be used simply to characterize 
the mater ial  probably  because surface charge and the 
interfacial  layer are important  for the actual value. 
Such effects have been discussed by Cowley (41) and 
Sze (42) for Si, GaAs, and GaP. 

Discussion of Epitaxial  Layer Measurements  
In the procedure outl ined above it is assumed that 

over a small  depth the impur i ty  density is uniform. 
Epitaxial ly grown layers satisfy this requi rement  and 
home-grown N on N + layers with resistivities between 
0.1 and 20 ohm-cm are cur ren t ly  measured with the 
mercury  probe and automated equipment  as far as 
the impur i ty  density and thickness ranges plotted in 
Fig. 2 allow. The breakdown voltage boundary  should 
not be considered as accurate and sharp because it de- 
pends to some extent  on surface damage and prepara-  
tion and cleanliness of the epitaxial layer surface. It is 
evident  that for an N on N + layer  in the thickness range 
which can be measured with IMI this C-V  method 
obviates the N on P check slice procedure and for very 
thin N on N + layers it presents a new, rapid and non-  
destructive technique. In  Fig. 5 the results of evalua-  
tion of a batch of ra ther  thin epi taxial ly grown N on 
N + layers are shown. It would have been very  difficult 
to obtain these results in any other way, and they 
cannot be checked easily. Similar results on a batch 
of thicker layers are presented in Fig. 6 and the thick- 
ness is compared to the data obtained with IMI. It  is 
clear that a discrepancy must  exist between the two 
sets of results due to the incompatibi l i ty  of the defini- 
tions used. I Because a fairly constant difference be-  
tween both sets exists it is reasonable to assume that 
the precision obtained with the C-V  method is well 
within the l imit  indicated above, +--5%. A typical  epi- 
taxial  layer measurement  is shown in Fig. 7. 
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I M I  m e a s u r e d  th ickness  for spreading r e s i s t a n c e  d a t a  i n t e r p r e t a t i o n .  

( ~ m ) i  

1'61 
o 

1.4 ~ ~ i 

d(~rr �9 . �9 o . ~ �9 

0 11 21 3j ,~1 51 61 71 8 I 
H-175 

Fig. 5. Resistivity p and the thickness d, C-V measured with 
d~ criterion on a batch of eight epitaxially grown N on N + layers 
(Hi75). The numbers correspond to the centers of the eight slices, 
positioned in a row on the susceptor. 
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Fig. 6. Resistivity p, and the thickness d, C-V measured with the 
d1,1 criterion (4), the d~ criterion (o), and IMI measured (x) on 
a batch of eight epitaxially grown N on N + layers (H107). No gas 
dope was added to the silane, and the resistivity increases along the 
susceptor propably due to autodoplng. The numbers correspond to 
the centers of the eight slices, positioned in a row on the susceptor. 
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Fig. 7. Dope concentration as a function of depth in an epi- 
taxially grown N on N + layer (HI09-3). The uncorrected (24) IMI 
measured thickness di----12.9 /~m, whereas d~ ~ 12.25 Fm. 

Manuscript  submitted Nov. 29, 1971; revised m a n u -  
script received March 29, 1972. 

Any  discussion of this paper  will appear in a Dis- 
cusslon Section to be published in the June  1973 
JOURNAL. 
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High Concentration Arsenic Diffusion in Silicon 
from a Doped Oxide Source 

Richard B. Fair 

Bell Telephone Laboratories, Incorporated, Reading, Pennsylvania 19603 

ABSTRACT 

The properties of As-doped SiO2 and As-doped Ge/SiO2 diffusion sources 
as a function of the O2 concentration in a horizontal, open-tube deposition 
chamber are examined. The effect of the Ge doping in the oxide is to enhance 
the etch rate and to reduce As20~ incorporated during the oxidation of AsHs. 
The elemental As thus formed diffuses more rapidly than As203 in the oxide, 
thus enhancing the transport of As across the Si-oxide interface. A prediffusion 
H2 anneal of the oxide is shown to produce a similar effect. Control of the 
source doping by varying the O2 concentration in the deposition chamber, Co2, 
is shown to result in diffusions where the sheet resistance, Rs, varies as 
(Co2)-i. In terms of the molecular fraction of As in the oxide, CAs sio~, Rs cc 
(CAsSiO2)-2. Rs is shown to decrease with time as t -I/2 for t > 40 min. For 
shorter times the diffusion of As is complicated by the changing surface con- 
centration of the electrically active fraction of As. Singly diffused As profiles 
in Si are shown to be described by the solutions to the diffusion equation 
with a concentration-dependent diffusion coefficient. However, the preanneal 
in H2 is shown to cause the subsequently diffused As to have an anomalous 
electrical profile. 

The use of a rsen ic -doped  oxides has been repor ted  
for severa l  years  (1-6).  Recently,  these oxides have  
shown much promise  as emi t te r  diffusion sources in 
p lanar  t rans is tor  processing (7). In  general ,  the  ad-  
vantages  of using doped oxide diffusion sources have 
been wel l  r ev iewed  (8, 9). However ,  l i t t le  is  known 
about  the re la t ionships  tha t  exist  be tween  the p rope r -  
t ies of a r sen ic -doped  oxides and the character is t ics  
of diffusions f rom them. It  is the  purpose  of this  pape r  
to present  the resul ts  of a s tudy of shallow, high con- 
cent ra t ion  arsenic diffusions in sil icon f rom doped 
oxides whose chemical  composit ions have been exper i -  
men ta l ly  de termined.  Two genera l  types  of doped 
oxides were  depos i ted  in a horizontal ,  open- tube  
reactor :  As -doped  SiO2 and As -doped  Ge/SiO2. These 
films were  deposi ted on silicon subst ra tes  by  the oxi-  
dat ion react ions  of ASH3, Sill4, and GeH4 or GeC14 
wi th  O2. The fol lowing sections descr ibe  the  depen-  
dence of As doping in the oxides on the O2 concent ra -  
tion in the  react ion chamber .  As  a diffusion source, the 
effects of oxide composit ion and prediffusion anneal ing  
are  discussed. 

Key words: arsenic, diffusion, doped oxides. 

Experimental 
The hor izonta l  open- tube  deposi t ion furnace  tha t  was  

used in this s tudy is shown schemat ica l ly  in Fig. 1. 
This uni t  has the  capabi l i ty  of deposi t ing doped and 
undoped SiO2 films from the  oxidat ions of si lane 

vSi WAFERS ON REACTOR 
LAMINAR GAS \PLATE tHEATER BLOCK 
FLOW ~ '~ / 

DEPOSITION FURNACE 

N2 Sill4 GeCI4 AsH3 02 N2 (MAIN CARRIER} 

Fig. 1. Schemetic dillgr(:lm of the arsenic-doped germ(:lno silicate 
oxide deposition system. 
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(Sill4), and the gaseous compounds of the doping 
species. Doping gases were controlled by mass flow- 
meters. The reactor plate was heated by a 4 kW re- 
s is t ive-type heater  block. For a typical  deposition, 
wafers were placed on a vitreous carbon reactor plate. 
The reactor plate was placed on the heater  block, and 
then the gases were introduced into the chamber  (rec- 
tangular  cross section, volume ~ 300 in.3). Using a 
N2 carrier  gas flow rate of 92 l /rain,  the 5% Sill4, 10% 
ASH3, and 02 flow rates were typical ly 0.7, 0.08, and 
5 1/min, respectively. Deposition occurred in  excess 
AsH3 at ~ 500 A/ra in  for a heater tempera ture  of 470~ 
For a total  oxide thickness of 3000A, slice-to-slice un i -  
formity was • 200A over ten, 1 ~ in. wafers. 

All diffusions were performed in <100>, 1 ohm-cm 
p- type Si wafers, 1�89 in. in diameter.  These wafers 
were cut from Czochralski-grown crystals. They were 
then chemically lapped, Syton polished, and cleaned. 
Prior  to oxide deposition the wafers were rinsed in a 
buffered HF solution. 

Properties of the Source Oxide 
The dependence of As doping in the deposited oxide 

upon 02 concentrat ion in the reaction chamber  was in-  
vestigated by varying the O2 flow rate with all other 
gas flows held constant. Room tempera ture  inf rared 
spectra were obtained of as-deposited oxides so that  
the As203 content  could be determined, and neu t ron  
activation measurements  were made in order to deter-  
mine the total As doping in the oxides. The infrared 
spectra of As-doped SiO2 and As-doped Ge/SiO2 films 
deposited with Cos ---- 0.073 (mole fraction of O2 com- 
puted with respect to the total gas mixture)  are com- 
pared in Fig. 2. These kinds of spectra have been 
thoroughly analyzed by  Arai  and T e r u n u m a  (10) and 
by  Abe et al. (7). From the 10.7~ absorption lines [due 
to symmetric stretching vibrat ions of As203 (11)] it 
was estimated that  the amount  of As203 incorporated 
into the As-doped SiO2 films increases super l inear ly  
with Co2 over the range 0.045 ~ Co2 ~ 0.073. However, 
over the same range the A5203  density increases as 
Co2 V2 for the Ge/SiO2 system. Also for the case Cos -- 
0.073 the As20~ density in the SiO2 film is approxi-  
mately 40% larger than the As203 density in the Ge /  
8iO2 film. At Co2 = 0.053 the As203 concentrat ion in 
the SiO2 film is larger by 13%. In  order to determine 
if the increased As203 doping in the SiO2 films is due to 
a difference in the oxidation kinetics of the AsH3-SiH4 
system as compared with the AsH3-SiH4-GeC14 sys- 
tem, neut ron  activation of these same oxides was per-  

WAVELENGTH (MICRONS) 

70 9 I0 II 1.2 15 14 15 16 

- - - - -  As DOPED St02 7 
J-As DOPED GeO2/Si02 ~- C02 =.073 

o~ 60 ~ ' L H 2  - -  ANNEAL - 900~ _J 

" "  

~_ ENCE SPECTRA 
50 

2o I I si~ I I I I 
1200 I100 I000 900 800 700 600  

WAVENUMBER (cm -I ) 

Fig. 2. Infrared spectra of as-deposited As-SiO2 and As-Ge/SiO2 
oxides for the 02 concentration of 0.073. The spectrum of an H2 
annealed film is shown for comparison (900~ for 20 rain). 

formed in order to determine total arsenic concentra-  
tions. The results of some of these measurements  are 
summarized in  Table I for 3000A thick films. The total  
As concentration, [As], increases approximately as 
C021/~ for both the As-SiO2 and the As-Ge/SiO2 sys- 
tems, which agrees with the  independent  observations 
of Weber (12). However, the [As] in the As-doped 
SiO.~ films is larger for a given O2 concentrat ion than 
in the As-doped Ge/SiO2 films. A possible explanat ion 
for this is that the GeC14 or GeH4 molecules in the gas 
phase "t ie-up" O2 molecules for oxidation, leaving a 
lower concentrat ion of 02 available for the oxidation 
of AsH3 and Sill4. 

In  order to t ry to unders tand the effect that  the addi- 
t ion of Ge has on the incorporation of A s 2 0 3  into the 
deposited oxides, it is necessary to study the kinetics 
of the various reactions. However, some insight can be 
obtained if the following thermodynamica l ly  favorable 
reactions are considered at 470~ (13, 14) 

GeO~ -t- Si : Ge + SiO2, A G  ~ = --78 kcal [1] 

3~Ge ~ 1/2As203 --  3AGeO2 + As ,  AG ~ = --16.5kcal  
[2] 

3/45i + �89 : 3/45iO2 ~ As, AG ~ ----- --75 kcal [3] 

where • ~ is the s tandard free energy of the reaction. 
Regarding reaction [1] the presence of GeO2 in the 
Ge/SiO2 films can be seen from the spectra of Fig. 2. 
At 11.5~ the weak GeO2 absorption band is visible 
when the As-Ge/SiO2 spectrum is subtracted from the 
As-SiO2 spectrum. However etch rate measurements  
indicate that the total Ge doping density in these films 
is 1.5-2 • 1021 a toms/cm ~ (4, 12) [approximately 8 
a/o (atom per cent) in SIO2]. If all of this 8 a/o of Ge 
were in the form of GeO2, it is expected that a more 
pronounced absorption band would have been detected 
(4). The presence of other Ge compounds could not 
be detected in fu l l -spect rum measurments.  Conse- 
quently,  it is probable that  elemental  Ge dominates in 
the As-doped Ge/SiO2 oxides. The Si in Reactions [1] 
and [3] is the Si wafers and that Si which is formed 
by the pyrolysis of Sill4. Consequently, the presence 
of Ge appears to enhance the [As] over the [As203] di-  
rect ly through Reaction [2], although Reaction [3] 
may contr ibute significantly to the [As]: [As203] ratio. 

Diffusion Studies 
In  this section the characteristics of As-doped oxide 

diffusion sources are discussed in light of the informa-  
tion presented above. 

Prediffusion annealing.--In order to investigate the 
effects of prediffusion annea l ing  on the doped oxide 
characteristics, six silicon samples were s imultaneously 
deposited with 1500A of As-doped SiO2. These films 
were then capped with 1500A of SiO2. Three slices were 
annealed in H2 and three in 02, all at 900~ for 20 rain. 
Fi lm qual i ty of the H2 and O2 annealed slices was ex- 
cellent. All six slices were then placed in a 1000~ 
02 furnace for 30 rain. The average sheet resistances, 
Rs, the Rs ranges, and the diffused layer junct ion  
depths in the silicon were as follows 

RsH2 -- 34.4 +__ 2.5% ohms/square,  x j  ---- 0.18~ 

Rs o= -~ 38.3 _ 1.5% ohms/square,  x j  = 0.22~ 

Table I. Oxide* arsenic doping as a function of 0 2  concentration 

Asia3 doping Total As 
Oxide (area of absorp- doping, [As] 

composition Co i tion) curve (atoms/cm ~) 

0.073 70 ~ _ C A , z 8.35 • 10 z6 "t Co 1/2 
As-Sial 0.053 45 ~" ~" us 7.24 • 1016 [ = 

0.0  0.05  450 

* All oxide films were 3000& thick. 
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The room tempera ture  infrared spect rum of the H~ 
annealed doped oxide is shown in Fig. 2. It  can be seen 
that  the H2 anneal  has complete ly  reduced the As203 
in the film. Diffusions that  were  per formed at 1000~ 
for 30 min  in H2 yielded diffused layers  of Rs ~ 300 
ohms/square .  These observations are in agreement  wi th  
the results of Arai  and Terunuma (10). It  can, there-  
fore, be concluded that  diffusion in O2 is important  
for the efficient t ransport  of As f rom the oxide to the 
Si. Such transport  may  depend on the presence of 
As203 according to Reaction [3]. The effect of the H2 
anneal  appears to be similar to the effect of incorporat-  
ing Ge into the source oxide, i.e., to form elemental  
As which apparent ly  can diffuse through SiO2 more  
rapidly than As203. The increased diffusivity of "As" 
in Ge/SiO2 was verified at 1270~ where  DAs Ge/SiO2/ 
DAslsio2 ----- 1.5 was measured.  Enhanced As diffusivity 
in GeSiO2 also was suggested by Abe et al. (7) as the 
cause of enhanced As doping in Si. 

Effect of 02 concentration on the diffusion of As  in Si. 
- - T h e  dependence of sheet resistance and junction 
depth on the As concentrat ion in the oxide source was 
investigated. Arsenic diffusions into silicon were  per -  
formed from doped oxides that  were  deposited with  O2 
concentrations between 0.025 and 0.073 mole fraction. 
The AsH3 and Sill4 concentrations were  held constant 
at 0.00008 and 0.00043, respectively.  The deposition 
tempera ture  was 470~ measured in the heater  block. 
After  each deposition the individual  wafers  were  
scribed, and groups of four pieces were  then diffused 
for 15, 25, 30, 40, and 60 min, respectively.  Sheet  re-  
sistances and junct ion depths (angle- lap and HNOa-HF 
stain) were  measured  on each piece, and the results 
for each diffusion t ime were  averaged. The exper i -  
ments  were  repeated with  Ge doping in the oxides 
(mole fraction of GeH4 ---- 0.00003). 

The results of these measurements  for 1000~ 30- 
min  diffusions in O2 are shown in Fig. 3. The sheet 
resistance is seen to vary  approximate ly  as (Co2)-1. 
Resist ivi ty profiles of these diffusions were then ob- 
tained by a differential  four-point  probe technique, and 
Irvin 's  (15) curves were  used to obtain the result ing 
electr ical ly act ive As-doping profiles. In tegra t ion over  
these profiles yielded the total  number  of electr ical ly 
act ive As a toms/cm 2, Q. In Fig. 4 Q is shown plot ted 
against the molecular  fract ion of As in the source 
oxide. For  two diffusions, the Q of the As in the Si was 
de termined  by neutron act ivat ion analysis as wel l  as 
by resist ivi ty measurements.  These data are indicated 
in Fig. 4 by a superscript, n. 

I00 
C$if l4 = . 0 0 0 4  

r 90 ~ CA=H 3 =.00008 
\ TDIFF = IO00oc-30MIN. 

3::=E ~ e  TBOAT= 470~ 
0 80 \ �9 DATA WITH Ge 

~ �9 DATA WITHOUT Ge 

7 ~  =2.32 k 

~ ~0--  

5 0 -  I,g 
I,=.1 

, o _  �9 

3o 
~.o j I ~ I I I I 

2 .03 .04 .05 .06 .07 .08 
02 MOLE FRACTION, Coz 

Fig. 3. Variation of the sheet resistance of diffused As layers in 
Si with 02 concentration in the deposition chamber. 
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5.0-- 

O N / 
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~ nA s 
~ 3.0--  

x . __ 

o 2~  i / "  

~ ~  I o 1 I I I 
0 .075 . I .125 .150 .175 
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Fig. 4. Total arsenic concentration in silicon vs. molecular 
fraction of arsenic in the doped oxide source following 1000~ 
diffusion in O2. As-SiO2 source: �9 30 min; �9 60 min. As-Ge/SiO~ 
source: 0 20 min; x 60 rain. H2-As-Ge/SiO2 source: �9 30 rain. n: 
neutron activation data. 

In order  to determine the dependence of Rs on 
CAs sio~, the molecular  fraction of As in SiO2, the em- 
pirical equations 

2.32 
Rs = [4] 

Co2 

CAsSiO= = 0.45 Co21/= [5] 

can be combined to give 
0.47 

Rs = [6] 
(CAsS[O~) 2 

This result  is plot ted in Fig. 5 along with  exper i -  
menta l  data (from 1000~ 30-min diffusions only) .  

The var ia t ion of the sheet resistance with  diffusion 
t ime is shown in Fig. 6. It can be seen that  there  is 
approximate ly  a 13% dip in the curves at t = 30 min. 
For  t imes greater  than 40 min, the sheet resistance 
decreases as (t)-I/2. From t = 25 rain to t = 30 min, 
Rs decreases approximate ly  as t -1. The theoret ical  de- 
pendence of Rs on t can be approximated if it is as- 
sumed that  the electron mobil i ty  of the As-doped 
Si remains constant for concentrations ~> 10 TM a toms/  
cm 3. It has been shown that  for a constant Cs diffusion 
(16) 

1.56 X 1017 
RS = [7] 

x~Cs 

IO0 
A 
0 
ca 9r 

80 g 
"~ 70 
BE 

,.,; 6 o -  t.D 
Z 
~ 5o- 
,,m 40-- 

~ 30-- 
w "I" 
m 20-4, 

0 

TDIFF = IO00~ - 30 MIN. 

~ e  R - 0.47 

I I I I 
.075 .100 .125 .150 

C:: 02 

Fig. 5. Variation of the sheet resistance with molecular fraction 
of As in the source oxide. 
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Fig. 6. Variation of sheet resistance with diffusion time 

where  Cs is the electr ical ly active surface concentra-  
tion (atoms/cmZ). The val idi ty  of Eq. [7] is not de- 
pendent  on the type of As diffusion source. F rom Fig. 
7, xa can be seen to increase approximate ly  as t '/= for 
As diffusions into 1 ohm-cm p-Si  at 1000~ Under  such 
conditions, x j  can be wr i t ten  as (16) 

xa = 2.3 ~ /CsDi t_  [8] 
ni 

where  Di is the intrinsic diffusivity of As, and ni is the 
intrinsic electron density. Substi tut ion of Eq. [8] into 
Eq. [7] yields 

6.8 X 10 TM / rLi 

R S - -  ~ / ~  .VDit '~/  [9] 

It  can be seen that  Rs is a sensitive function of surface 
doping concentration, Cs. If Cs is constant, then Rs de- 
creases as t -~/=. However ,  the Cs vs. t data collected 
from As diffusions per formed with  the same source 
oxides (Cos ---- 0.058, GeC14 ---- 0) are shown in Fig. 8. 
It can be seen that  Cs becomes approximate ly  constant 
for t > 35 min, near  the beginning of the t-'l= de- 
crease of Rs. For t < 35 rain it is felt that  the dominant  
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Fig. 7. Variation of As-diffused layer junction depths in Si with 
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effect on Cs is the establ ishment  of equi l ibr ium be-  
tween monatomic As + ions and inact ive As complexes.  
According to the anneal ing studies of Schwenker  et at. 
(17), considerable t ime is requi red  for equi l ibr ium to 
obtain (15-30 min at 1000~ Also, the fact that  the 
doped oxide source is finite wi l l  cause an eventual  
decrease in Cs. 

Diffusion profiles.--Shallow arsenic diffusion profiles 
in silicon were  obtained exper imenta l ly  by a step 
anodization process in which  the sheet resistance was 
measured as a function of depth. I rv in ' s  curves  were  
then used to deduce the concentrat ion profiles. These 
profiles are shown in Fig. 9, 10, and 11. The sources for 
these diffusions were  As-doped SIO2, As-doped G e /  
SiO2, and H2-annealed As-doped  Ge/SiO2, respectively.  
The theoret ical  profiles were  obtained by numer ica l ly  
solving the diffusion equat ion 

('§ aC _ a D s i  [ I 0 ]  
at Ox 

where  Dsi is given by the expression (18) 

DIC 
Ds! = - -  

ni 

It can be seen that  Cs is h igher  for the profile shown in 
Fig. 10 than for the profile shown in Fig. 9 (an addi-  
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Fig. 9. Singly diffused As profile in Si. The diffusion source oxide 
was the As-Si02 system (1000~ far 30 rain). 
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was the H2 annealed (900~ for 20 min), As-Ge/SiO2 system 
(1000~ far 30 rain). 

t ional 1O-min diffusion would br ing Cs shown in Fig. 
1O down by only 15%). Thus, the effect of Ge doping 
in the oxide has been to increase Cs, in agreement  
with previous results (7). The H2 prediffusion annea l  
has been shown to lower the sheet resistance of the 
subsequent ly  diffused As layer. However, it can be seen 
in Fig. 11 that  the expected increase in Cs does not oc- 
cur. The exper imental  profile deviates from the theo- 
retical profile in the first 600A of the Si. The reason 
for this is not clear at this time, nor  is it certain that  
this effect is real. If there exists a large concentrat ion 
of nonelectr ical ly active As (clusters, complexes, etc.) 
in the surface region, the electron mobil i ty  could be 
significantly lowered. The lower mobil i ty  would yield 
lower inferred values of As doping from Irvin ' s  curve. 

The transistor  profile that  resulted when  As was 
diffused into Si with an ini t ia l ly predeposited B layer  
(no oxidation) is shown in Fig. 12. A comparison is 
indicated between the total  As doping profile (ob- 
ta ined by neu t ron  activation analysis) and the profile 
obtained by conductivi ty measurements  and I rvin ' s  
curves. The total doping in the surface is consistently 

Io2' "- , . , , :? l~ ,  XjE= .5~, XjB- 5Z,, 

~ X B-PROFILE (INITIAL) 
=E 

_o ~z 1019~ ~ i  

z ~ ~ B-PROFILE ( A F T E R A e  

o~ ~ IO I? -- ~ DIFFUSION) 

Iom I ' ~  I I I 
0 .I .2 .3 .4 .5 

SURFACE DISTANCE (MICRONS) 

Fig. 12. Sequentially diffused B-As transistor profile. Boron 
diffusion: 870~ 30 min; BN predeposited. Arsenic diffusion: 
1000~ 30 min from As-SiO2 source deposited at Cos = 0.058. �9 
Activation analysis. �9 Resistivity measurements. 

three to five t imes greater than  the measured electrical 
doping (for As diffusion into ini t ia l ly p- type  Si).  
This may be due to vacancy undersa tura t ion  in the 
crystal  as a result  of the very high concentrat ions of 
As. Thus, in  order for equi l ibr ium conditions to exist, 
As atoms would jump into interst i t ial  sites and then 
condense into clusters or vacancy-As complexes (19, 
20). Near the emit ter-base  junct ion  it can be seen that  
the inferred electrically active As exceeds the mea-  
sured total As. This might  be due to the enhanced 
carrier mobi l i ty  as a result  of ion pair ing (21). The 
collector-base junc t ion  was re tarded by 65% dur ing  
the As diffusion. Similar  results were obtained when 
the As was diffused from an As-doped Ge/SiO2 source 
except that  the electrical surface concentrat ion was 
only 8 X 1019 cm -a. 

Microwave transistors that  have been fabricated 
with the doped oxide emit ter  diffusion have exhibited 
low leakage currents  (IcEo < 2 hA) ,  low noise figure 
(3.5 db at 1.3 GHz) and high cutoff f requency (fw = 7.5 
GHz). Direc t -cur rent  gains have been in the range of 
50 to 100. 

S u m m a r y  a n d  C o n c l u s i o n s  
The properties of As-doped oxides that  were de- 

posited in  a horizontal open- tube  reactor have been 
investigated. Neut ron  activation measurements  indicate 
that  the total  As density is greater  in the As-SiO~ 
oxides than in the As-Ge/SiO2 oxides when  the dep- 
osition conditions are similar. However, the total  As 
doping was observed to increase as C021/2 for both types 
of oxides. 

In  the deposition chamber,  GeO~ is formed by  the 
oxidation of GeH4 (or GeC14). The Si substrate and the 
Si which is formed by the pyrolysis of Sill4 appear to 
reduce most of the GeO2 to Ge. The existence of un -  
paired Ge probably contr ibutes to the enhanced etching 
of the doped oxides (5:1 differential etch rate over 
thermal ly  grown SiO2). Elementa l  Ge also acts to re- 
duce As203 that  is formed dur ing  the oxidation of 
AsHa. The elemental  As thus formed in the doped film 
probably  diffuses more rapidly than  As~Os. However, 
the presence of AsaOs is necessary for the efficient 
t ransport  of As across the Si-oxide interface. These 
effects can account for, (i) the higher As surface con- 
centrat ions in Si after diffusions in Oe from Ge-doped 
oxides, and (ii) the lower As surface concentrat ions in  
Si after diffusions in  an H2 ambient.  

For 1000~ 30-min diffusions in Si from As-doped 
oxide sources, the sheet resistance, Rs, decreases ap- 
proximately  as (C02) -1. In  terms of the molecular  
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fraction of As in SIO2, Rs cc (CAsSiO2) -2. As a function 
of time, Rs decreases as t-J/2 for t ~ 40 min  at 1000~ 
For shorter times the diffusion of As is complicated 
by the changing surface concentrat ion of the electri-  
cally active fraction of As. 

A decrease in the concentrat ion of electrically active 
As in the surface is observed for diffusions performed 
in O2 with a preanneal  in H2. An increase in the con- 
centrat ion of electrically active As is observed when 
As diffuses into highly doped p- type Si. These var i -  
ations can probably be explained by the influences of 
complexes and ion pair ing or carrier mobility. Such 
effects were not included in the establ ishment  of I rvin 's  
curve. 

Manuscript  submit ted Nov. 1, 1971; revised m a n u -  
script received April  21, 1972. This was Paper  43 pre-  
sented at the Houston Meeting of the Society, May 7- 
11, 1972. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1973 
JOURNAL. 

REFERENCES 
1. D. B. Lee, Solid State Electron., 10, 623 (1967). 
2. A. Cuccia, G. Shrank, and G. Queirolo, Paper  305 

presented at the New York Meeting of the So- 
ciety, May 4-9, 1969. 

3. T. B. Swanson and R. Hull, Paper  87 presented at 
the Detroit Meeting of the Society, Oct. 5-9, 
1969. 

4. H. Teshima, Y. Tarui, and O. Takeda, Bull. Elec- 
trotech. Lab. Japan, 33, 631 (1969). 

5. J. Wong and M. Ghezzo, This Journal, 168, 1540 
(1971). 

6. P. C. Parekh, D. R. Goldstein, and T. C. Chan, 
Solid State Electron., 14, 281 (1971). 

7. T. Abe, K. Sato, M. Konaka, and  A. Niyazaki, 
Proc. 1st ConS. Solid State Devices, Tokyo, 1969, 
Suppl. to J. o] Japan Soc. Appl. Phys., 39, 88 
(1970). 

8. M. L. Barry  and P. Olofsen, This Journal, 116, 
854 (1969). 

9. D. M. Brown and P. R. Kennicott ,  ibid., 118, 293 
(1971). 

10. E. Arai and Y. Terunuma,  Jap. J. Appl. Phys., 9, 
691 (1970). 

11. R. V. Adams, Phys. Chem. Glasses, 2, 101 (1961). 
12. G. R. Weber, To be published. 
13. J. F. Elliot and M. Gleiser, "Thermochemistry 

for Steelmaking," Addison-Wesley Publ ishing 
Co., Reading, Mass. (1960). 

14. F. D. Richardson and J. H. E. Jeffes, J. Iron Steel 
Inst., 160, 261 (1948). 

15. J. C. Irvin, Bell System Tech. J., 41, 387 (1962). 
16. R. B. Fair, J. Appl. Phys., 43, 1278 (1972). 
17. R. O. Schwenker,  E. S. Pan, and R. F. Lever, ibid., 

42, 3195 (1971). 
18. S. M. Hu and S. Schmidt, ibid., 39, 4272 (1968). 
19. V. I. Fistul, "Heavily Doped Semiconductors," 

P lenum Press, New York (1969). 
20. S. Dash and M. L. Joshi, IBM J. Res. Develop., 14, 

453 (1970). 
21. H. Reiss, C. S. Fuller,  and F. J. Morin, Bell System 

Tech. J., 35, 535 (1956). 

Liquid Phase Epitaxial Growth of Silicon 
in Selected Areas 

H. J. Kim 
Bayside Research Center, GTE Laboratories Incorporated, Bayside, New York 11360 

ABSTRACT 
A liquid phase epitaxial  technique has been used for growing th in  Si-con-  

tact pedestals selectively on p lanar  diffused diodes. Best results were obtained 
using a solution of 80 w/o (weight per cent) Sn and 20 w/o Pb with additions 
of 0.46 w/o  Si and 0.1 w/o  Ga and cooling at a rate of 0.8~ from 750 ~ 
to 700~ The amount  of Si added was determined from a calculation based on 
the regular  solution method. The various growth parameters  used and their  
effect on morphology, doping level, nucleation, and growth, and the electrical 
characteristics of the contact pedestals are discussed. 

The growth of various I I I -V compound-semicon-  
ductors by l iquid-phase epitaxial  techniques has been 
widely practiced (1-4). Recently, this technique ~vas 
used also to grow low-defect-densi ty  silicon layers on 
{111} and {100} substrates (5). One of the advantages 
of the ]iquid phase epitaxial  growth technique over the 
vapor phase epitaxial  technique is that  the growth can 
occur at a much lower temperature,  making it possible 
to be below the polymorphic or plastic t ransformat ion  
temperature.  

In this paper a l iquid phase epitaxial  technique is 
described for selectively growing highly doped epi- 
taxial  silicon pedestals for use as ohmic contacts on 
p lanar  diffused diodes. The Si contact is believed 
superior to conventional  metall ic contacts, par t icular ly  
for severe thermal  envi ronments  where the tempera-  
ture  may fluctuate considerably creating openings in 
these whiskerless diodes. This selective growth tech- 
nique could also be extended to produce elevated elec- 
trodes for a silicon photodiode array. 

Key words: epitaxial, silicon, diode, ohmic contact, thermody-  
namics, phase diagram, gallium, tin, lead. 

The basic mechanism of the LPE growth, and var i -  
ous parameters  which affect the growth morphology, 
doping level, nucleation, and growth, are discussed. 
Also, thermodynamic  calculations of Si-solubil i ty l im-  
its for Sn -Pb  alloys are given. Growth conditions 
found most suitable for the formation of silicon diode 
contact pedestals are described. 

Experimental 
A vertical solut ion-growth system similar to systems 

used for the growth of GaAs (6, 7) was adopted for 
this study. A horizontal  growth-system (1) was also 
tried with less successful results. The system was op- 
erated using an H2 atmosphere to prevent  oxidation of 
the melt. However, there was always a thin layer of 
slag on the surface of the melt  which attached to the 
substrate during dipping, resul t ing in nonuni form 
nucleation. To avoid such a slag-contact during dip- 
ping, a special substrate holder was devised. The speci- 
men holder, shown in Fig. 1, facilitated isolating slag 
in one compartment  created by the holder and allowed 
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Fig. 2. Solubility of Si in Sn-Pb melts 

fresh melt  to wet  the substrate. The holder and the 
crucible were  made of ei ther quartz or graphite.  

A silicon planar  diode slice having 127 ~m (5 rail) 
d iameter  diffusion windows was chemical ly cleaned to 
remove  thin oxide films in the diode windows. The 
cleaned surfaces were  protected by immedia te ly  de- 
positing a thin layer  of Ni (or Au) nonelectrolyt ical ly.  
This wafer  was then placed in the cold zone of the 
furnace, and after  a hydrogen flow was established, the 
wafer  was introduced into the melt. The Sn -Pb -S i  mel t  
composition used was determined from thermodynamic  
calculations based on the data from respect ive binaries 
as shown below. The amount  of Ga added to the mel t  
as a dopant was determined f rom several  exper imenta l  
runs. In general, the mel t  was mainta ined at an equi l i -  
brat ion t empera tu re  about 200~ higher  than the dip- 
ping t empera tu re  for several  hours to homogenize the 
melt. The t empera tu re  was then reduced prior  to in-  
sertion of the substrate. 

Af ter  introducing the substrate into the melt, it was 
necessary to raise the mel t  t empera ture  about 5~ 
above the initial dipping tempera ture  to solut ion-etch 
the diode surface for improved wett ing.  A slow cooling 
rate of 0.8~ was init iated to permit  uni form 
growth of silicon inside the windows. Af ter  the growth 
of epi taxial  Si layers, the substrate was gradual ly  
wi thdrawn from the mel t  to the cold zone of the fu r -  
nace to minimize thermal  stress in the wafer.  

Calculation of Si Solubility in Sn-Pb Melts 
The solubilities of Si in Sn-Pb  alloy melts  can be 

calculated wi th  emphasis on Sn- r ich  alloys using a 
regular  solution approach original ly used for the In-  
Sb-Ge system by Lehovec and Slobodskoy (8). Al -  
though a quas i -chemical  approach has been used for 
similar  systems ( In-Ga-As,  In-As-Sb,  Ge-Si -Sn,  and 
Ge-S i -Pb)  by others (9), the assumption of a regular  
solution for the present system can be justified. This 
is based on the fact that  all three e lements  are in the 
same column in the Periodic Table, indicating the least 
chemical  interaction. 

The act ivi ty coefficient of Si in S i -Sn -Pb  te rnary  
melts can be wr i t t en  as 

action parameters .  The numbers  1, 2, and 3 designate 
Si, Sn, and Pb, respectively.  The plots of Si solubility 
in various Sn-Pb  melts  at various tempera tures  are 
shown in Fig. 2. The interact ion parameters  for Sn-Si  
and Pb-S i  were  obtained from Thurmond and Kowal -  
chik (10). The interact ion parameter  A23 for Sn-Pb  
alloy was obtained by plott ing T vs. Xsn taken from 
the phase diagram since 

T ASfsn -- AHfsn -- RT In Xsn 
A23 -- B23T = 

( 1  - -  Xsn) 2 

The following are values of the constants used: 

A12 _ 8,145 ca l /mol  B12 -- 1.5 ea l /mol  
A13 ---- 19,830 ca l /mol  B13 = 4.58 ca l /mol  
• ---- 3.3 ca l /mol  deg. AHfsn ---- 1,665 ca l /mol  
A2~ = 1,790 ca l /mol  B~  = 0 

Results and Discussion 
Growth of undoped silicon pedestals.--The regular  

solution approach provided a guide to de termine  the 
amount  of Si requi red  to saturate an 80-20 Sn-Pb  melt, 
and a re la t ive ly  wide t empera tu re  range was studied 
for silicon LPE growth using these melts. The best re-  
sults were  obtained when  the growth was init iated at 
a t empera ture  of 750~ According to the calculation, 
0.46 w / o  (weight  per cent) Si is the solubil i ty l imit  in 
an 80-20 Sn-Pb  melt  at 750~ 

Figure  3 shows the growth of Si pedestals having 
hexagonal  morphology on (111) substrate. Figure  4 
is a similar  growth on (100) silicon substrate. The 
facet formation, terminat ing at the apex of the pedestal, 
is a most pronounced feature. The cri teria used to 
judge the qual i ty  of undoped silicon pedestals were  
uni formi ty  in height  and size, restr icted la tera l  growth, 
flatness of the top of the growth, and cleanliness of 
the slice surface af ter  growth. 

There was one major  difficulty in choosing an opti- 
m u m  mel t  composition and growth temperature .  As 
shown in the hypothet ical  t e rnary  phase d iagram (Fig. 
5) which was deduced f rom the three  binaries, there  

exp 
L ; l+r 

where X is the mole fraction, r the ratio of the mole exists an immiscible two-liquid zone. The extent of 
fraction of Sn to that of Pb, and A and B are the inter- this zone has not been determined. If the two-liquid 
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Fig. 3. Growth temperature 750~176 Undoped silicon growth 
on (I i I) substrate. 

Fig. 4. Growth of undoped silicon pedestals in oxide windows on 
(110) substrate. 

327' 

52"C 

Fig. 5. Hypothetical ternary diagram of Sn-Pb-Si showing an 
immiscible two-liquid zone. 

zone extends down to the growth temperatures used 
(750~176 the epitaxial growth must occur by the 
monotectic reaction where only Liquid I is responsible 

for the formation of solid silicon and the heavier Liq- 
uid II remains at the bottom of the crucible. In a few 
cases, it was observed that the lower part of the sub- 
strate did not have any growth but was solution-etched. 
It is not possible to determine whether such results in- 
dicate the passage through the two-liquid zone during 
cooling or the existence of nonequilibrium Liquid II 
which occurred at the higher homogenization tempera- 
ture (900~ employed before the growth. 

The optimum cooling rate for the growth should be 
dictated by the speed with which silicon atoms diffuse 
to the growth interface since the total amount of sili- 
con dissolved in the solution is small. Because the 
present LPE growth process occurs under a transient 
condition without ever reaching a steady-state condi- 
tion, and the thickness of the growth is small, it is 
highly unlikely that constitutional supercooling will 
occur during growth. According to Tiller et al. (Ii), 
there must be an incubation distance for the occurrence 
of the constitutional supercooling and the distance is 
of the order of 1 mm for a typical experimental case. 
The observed flat growth interface further verifies the 
absence of such supercooling. Thus, the energetics as- 
sociated with impurity and Si incorporation at the 
growth interface are more important aspects to be con- 
sidered. 

Doped Si l icon Growth 
Several solutions (A1, Ga, Pb, Sn, and Pb -6 Sn) 

containing silicon were used in attempts to grow highly 
doped p- type Si-contact pedestals on diodes. The main 
problem associated with incorporating a p- type doping 
impurity in the growth was the resulting change of 
nucleation and growth energetics. This change appears 
to be delicately balanced with respect to the dopant 
concentration, the cooling rate, and the growth tem- 
perature. For example, various Ga additions ranging 
from 0.001 to 1.0 w/o in Sn solutions were tried to 
grow p+ pedestals at 850~ There was, for a given 
cooling rate, a critical dopant concentration, below 
which no appreciable growth was observed. Such a 
critical concentration was also affected by the type of 
protective metal  film used (either Ni or Au).  Ap-  
parently, the combined effect of Ni or Au and Ga atoms 
alters the surface energy state of the substrate. 

The best results were obtained using the same 
growth temperature (750~176 and the same Pb-Sn 
melt composition (20-80 w/o)  as used in the undoped 
Si growth plus ~0.1 w/o Ga. A cooling rate of 0.8~ 
min was also the optimum value for high yield and 
uniform growth as seen in Fig. 6a. This growth condi- 
tion produced well-defined silicon contacts as shown in 
the cross-sectional view of the growth (Fig. 6b). Little 
change was produced in electrical characteristics of 
the junctions, as il lustrated in Fig. 7. 

Neither Ni nor Au protecting films affected the 
growth for Pb-Sn  melts. However, both higher dopant 
concentration (0.2 w/o) and faster cooling rate (1.6~ 
min) produced a poor yield and nonuniformity in 
growth. Although slower cooling rates or lower dopant 
concentrations yielded a good morphological result, the 
amount of dopant incorporated in the growth was not 
high enough for good forward characteristics of diodes. 
Lower doping concentrations confirm the theoretical 
prediction as shown in the following equations (12, 13). 

Cs : keCo(l -- g)~o-1  
and 

ke -" 
--Rd 

/co+ (i -- ko) exp (----if--) 

where Cs is the concentration of dopant in the epitaxial 
growth, Co the average concentration of dopant in the 
liquid, ko the ratio of concentrations of the dopant in 
the solid and the liquid in equilibrium with it, g the 
fraction of the liquid that has solidified in the system, 
and d the thickness of the boundary layer through 
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Fig. 6. Growth of Ga-doped Si contact pedestals on (111) sub- 
strate. (a) Top view; (b) cross-sectional view. Vertical lines may 
be dislocation loops. 

which the solute must  diffuse (10-1-10 -3 cm). The 
effective dis tr ibut ion coefficient ke, which is defined as 
the ratio of the concentrat ions of solute in the solid that  
is formed to the average value for the liquid, ap- 
proaches the max imum value of one as the growth rate 
(R) increases and ke ---- ko < 1 at very low growth 
rates. Also, in view of the above equation, no st irr ing 
or agitation was employed in the present  experiment.  
This permits  the incorporation of as much dopant  as 
possible, since the mix ing  of the l iquid decreases d 
and effectively increases the diffusion coefficient D of 
the' dopant. 

In  addit ion to the effect of dopant concentrat ion and 
cooling rate on nucleat ion of Si layers, impur i ty  atoms 
and solvent atoms are known to greatly influence the 
growth morphology. In  growing pure Si from a Si 
melt, (111) planes are the slowest growing and most 
stable faces. The epitaxial  growth of Si on a (111) 
substrate can be treated as the growth of a twin  having 
the substrate plane as a twin  plane. According to Wag- 
ner  (14), in the twin  plate having a hexagonal  mor-  
phology bounded by (111) planes, the r e -en t r an t  twin  
edge is a nucleat ion site for new layers on the edges 
of the plate, and growth occurs in a <112> direction. 
However, impur i ty  or dopant  atoms and solvent atoms 
can alter the surface energy of the substrate stabilizing 
other crystallographic planes, and this change in t u rn  
affects the size-to-thickness ratio of the growth pedes- 
tals. Faust  et aL (15) examined platelets of Si grown 
from several metal  solutions and ranked them in  order 
of increasing size to thickness ratio as follows 

Fig. 7. Forward and reverse bias characteristics of silicon diodes. 
(a) Through Si-contact pedestal, (b) without the pedestal. 

Au ~ Au + Sb ~ Au + Ga < Sn ~ Ga < Zn < Ag < A1 

It was impossible to deduce from the above findings 
how the combinat ion of Ni (or Au used for substrate 
protection),  Sn, Pb, and Ga would affect the growth 
morphology. Only an empirical  de terminat ion  of the 
opt imum concentrat ion of the various elements plus 
the opt imum cooling rate and growth tempera ture  was 
possible in obtaining a desirable size-to-thickness ratio 
of the growth. 

Summary 
The l iquid-phase epitaxial  technique for growing 

th in  Si-contact  pedestals on 127 ~m (5 mil) diameter  
diodes was demonstrated. This process was found to 
be very  sensitive to melt  composition, cooling rate, 
and growth temperature.  The critical parameters  which 
give an opt imum growth with respect to yield, size, and 
substrate cleanliness were obtained. A solution of 80 
w/o Sn and 20 w/o  Pb with 0.46 w/o Si and O.1 w/o  
Ga additions produced the most favorable growth. The 
opt imum cooling rate and growth tempera ture  range 
were 0.8~ and 750~176 respectively. The solu- 
bil i ty l imits of Si in S n - P b  solutions were calculated 
assuming regular  solutions and used as a guide to pre-  
pare a saturated solution at a given growth tempera-  
ture. The Au or Ni film used as a protective coating 
prior to growth did not affect the growth of Si from 
Sn-Pb  melts. For  the m a x i m u m  incorporation of Ga 
into the pedestal, it was necessary to keep the solution 
from being agitated dur ing  growth. 
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Chlorine Adsorption at a Titanium Surface 
Segregation from the Bulk Crystal 

Interaction with Chlorine Gas 

Tennyson Smith 
Science Center, North American Rockwell, Thousand Oaks, California 91360 

ABSTRACT 

Experiments  have been conducted with a single crystal of Ti [exposing the 
(0001) face] in  an ul t rahigh vacuum system (~10 -10 Torr) using Auger  spec- 
troscopy, ellipsometry, and surface potential  difference measurements  to moni- 
tor adsorbed chlorine on the surface. It was discovered that  al though the im-  
pur i ty  level of chlorine and sulfur in the bulk  crystal are < i ppm, these ele- 
ments  segregate from the bulk  to the crystal surface at elevated temperatures  
with a segregation coefficient ~105 to 106. Above 600~ sulfur displaces the 
chlorine from the surface. Segregation coefficients and diffusion coefficients 
are measured for chlorine as a function of temperature.  Adsorption of chlo- 
r ine  gas on a clean Ti surface occurs as a nonact ivated process with a sticking 
coefficient ~0.05. The adsorption isotherms are consistent with dissociation of 
molecular  chlorine to atomic chlorine. The change in work funct ion of the Ti 
surface with a monolayer  of C1 with respect to a clean surface is ~ 1.2V. The 
index of refraction of the film is about 2.4 and the thickness of a monolayer  is 
approximately  4.5A. Ellipsometer data show that  more than a monolayer  of 
chlorine will  form at room temperature  and a chlorine pressure of ~10 - ?  Tort.  
It  is concluded that  at room tempera ture  the diffusion coefficient and segre- 
gation coefficient are much too low to allow chlorine to segregate to the sur-  
face at a crack tip dur ing stress corrosion cracking unless the stress and in-  
creased local tempera ture  are sufficient to lower the diffusion activation 
energy. 

The stress corrosion cracking (SCC) of Ti alloys in 
aqueous solutions has been related to the chloride ion 
concentrat ion in solution (1-3). However, as the chlo- 
ride ion concentrat ion is decreased the rate of crack 
propagation asymptotically approaches a l imit ing 
value. 

The question arises as to the possibility that chlorine 
impur i ty  wi thin  the Ti metal  may segregate from the 
bu lk  to the crack tip surface, thus providing the chlo- 
r ine atoms. It has been shown (4, 5) and is shown in  
this paper  that  indeed chlorine atoms of very small  
concentrat ion in the Ti bulk  (~0.2 ppm) segregate to 
the Ti surface with a very large segregation coefficient 
(~1 C1 atom per 3 Ti atoms) if the temperature  is high 
enough. However, it is concluded that the rate of seg- 
regation is much too slow and the segregation coeffi- 
cient too small  to account for an appreciably C1 segre- 
gation at a crack surface at room temperature.  The 
possibility that  the stress in the crack tip region lowers 
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measurements .  

the activation energy for diffusion sufficiently to allow 
rapid diffusion to the crack tip region at room tempera-  
ture  needs fur ther  investigation. 

Experimental 
The ul trahigh vacuum system was a Var ian low en-  

ergy electron diffraction uni t  (Model 981) with special 
windows in side flanges for ellipsometry. 

Ellipsometry.--A good description of ell ipsometry 
can be found in Ref. (6). In  brief, when plane 
polarized ]ight is reflected from a surface the light be- 
comes ell iptically polarized. That  is, the surface ren-  
ders a phase shift (A) in the normal  and parallel  com- 
ponents  of the polarized light as well  as a change in the 
ratio of the ampli tudes ( tan r of these components. 
The exper imental  parameters  measured with the ellip- 
someter are the polarizer angle p and the analyzer  
angle a, which are directly related to A and ~; A ---- 2p 
+ ~/2 and r ---- a (in zone 1). There are four quadrants  
(zones) related to the polarizer, analyzer, and compen-  
sator angles. It has been shown (6) that  averaging 
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the readings in all four zones minimizes the a l ignment  
errors. Unless otherwise stated, the ell ipsometric re-  
sults were  obtained by averaging the data in the four 
zones. A compensator  (quar ter  wave  plate) is used to 
compensate for the el l ipt ici ty such that  the reflected 
beam is plane polarized and thus can be nulled with  
the analyzer.  

If the surface is clean, ~ and ~ are direct ly related 
^ 

to its complex index of refract ion n s ( - n s ( 1  -- iKs)). 
The subscripts of the real  part  ns and imaginary  par t  
Ks, refer  to the substrate the subscript f will  re fer  to 
the film. ~s is sometimes referred to as the at tenuat ion 
index or ext inct ion coefficient. If  the surface has a film 

A A 
of different index (nf r ns), h and ~ (and therefore  p 

A A 
and a) are direct ly  re la ted to ns, nf, and the film thick-  
ness. 

Components of a Rudolph ellipsometer (sensitivity 
0.01 ~ were mounted such that the beam from a mer- 
cury arc passed through a filter ( removed 99% of the 
light except  in the range 5100-5650A) to isolate the 
5461A spectral  line. The polarizer and compensator  
were  placed before the reflecting surface, wi th  the 
analyzer  and detector  af ter  the  reflecting surface. 

Angle of incidence.--To obtain a ve ry  accurate  value 
for the angle of incidence, a quartz  pr ism was mounted  
direct ly  above the sample. The pr ism was designed 
(7) such that, when  the beam which was reflected from 
its base surface and the beam which was reflected from 
the internal  prism surfaces were  in coincidence, the 
base surface was aligned with  an angle of incidence 
79.81 ~ . The sample could then be al igned to wi thin  
0.01 ~ of this angle. 

Windows.--It  is impera t ive  to minimize the bi refr in-  
gence of windows in order to obtain accurate values 
for the optical constants by ell ipsometry.  Fused silica 
windows, selected for ve ry  low birefr ingence were  ob- 
tained 1 and sealed on to quartz  to Py rex  to stainless 
steel (% in. OD) tubes. These window assemblies were  
then welded to Conflat flanges to match the UHV sys- 
tem. To test the windows, two of the steel tubes were  
connected to a rubber  hose with  a tee connection for 
at taching to a vacuum pump. The windows were  then 
placed in the el l ipsometer  in the straight  through con- 
figuration. The windows were  rotated with  and wi thout  
vacuum whi le  observing the photometer  indicator  in 
its most sensitive mode. Movement  of the photometer  
needle of less than the smallest  division, when the 
windows were  placed in the beam, indicated the bi-  
refr ingence of the windows was negligible (~0.01 ~ 
wi th  or wi thout  vacuum. Af ter  welding the steel tubes 
to the flanges, el l ipsometric readings were  made on 
the polished Ti sample in the UHV system. Changes of 
the p and a values were  ~0.01 ~ It  was concluded that  
window effects are negligible. 

Auger electron spectroscopy.--The Auger  electron 
spectrometer  was constructed as a four grid system ac- 
cording to Pa lmberg  and Rhodin (8). The grid system 
was made of 1 rail 100 • 100, Type 304 stainless steel 
wire mesh (~81% transparent)  that  was formed with 
the technique described by Todd (9). The  electron gun 
was a Model SE-3K 15~ obtained f rom Superior  Elec-  
tronics, 2 modified with  a 1 X 5 mit  W ribbon fi lament 
and operated at 3 kV. The electron beam had an angle 
of incidence of 80 ~ wi th  respect to the  sample. The 
Auger  measurement  yields the der ivat ive  of the en-  
e rgy  distr ibution function (dN(E) /dE)  vs. the vol tage 
applied to the re tarding grid (E). 

Work function measurements.--The surface potent ial  
difference (SPD) between the sample and a W refer -  
ence electrode was measured by the Kelv in  vibrat ing 
capacitor technique and was automat ical ly  recorded by 
the se rvo-mechanism of Pa levsky  (10). The W re fe r -  

Dynasil Corporation, Berlin, New Jersey.  
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ence electrode was mounted on a flange wi th  a bellows 
such that  it could be vibrated from outside the vacuum 
system and positioned adjacent  to the sample as de- 
sired. The reference electrode could be cleaned by re-  
sistive heating. 

Sample manipulation.--The sample was mounted  on 
a Varian mul t ipurpose  feed- through (954-5031) and 
could be rotated into position for s imultaneous SPD 
and el l ipsometer  measurements  or rotated 180 ~ from 
this position for Auger  measurements .  The sample 
holder  was made of Mo. Immedia te ly  behind the sam- 
ple was a W filament heat ing element.  Two thermo-  
couples touched the sample surface at different points. 
The t empera tu re  could be mainta ined constant to ___3~ 
by a t empera tu re  control ler  connected to a th i rd  ther-  
mocouple. 

Ion guns.--A Cs ion gun was constructed by mel t ing 
a few mil l igrams of Cs impregnated  zeolite on a plat i -  
num ribbon. The  r ibbon was connected to W leads that  
were  electr ical ly insulated f rom the stainless steel 
cyl inder surrounding the ribbon. The r ibbon could be 
heated to dr ive off Cs + which was accelerated to the 
crystal  by giving the ribbon a posit ive potent ia l  wi th  
respect to ground. A grid a few mil l imeters  in front  of 
the r ibbon could be given a negat ive potent ial  wi th  
respect to the r ibbon in case the ion current  became 
l imited by saturat ion of the ion vapor  at the r ibbon 
surface. The ion current  was moni tored by placing a 
high impedance e lec t rometer  be tween  the sample  and 
ground. The ion current,  I, only indicates the flux of 
Cs + that  is adsorbed and neutral ized by an electron 
in the crystal  or receives an electron from the crystal  
and desorbs as an atom. If ions are reflected f rom the 
crystal  surface as ions and become neutral ized at the 
walls of the UHV system they are not moni tored  by 
the electrometer .  The advantages of the Cs ion gun 
are: (i) it can be operated in the  system with  ul t rahigh 
vacuum; (if) it can be used to sputter  clean and etch at 
high vol tage or for Cs adsorption at low voltage;  and 
(i~i) currents  up to 50 ~A can be obtained, depending 
on the crystal  substrate. For example,  good conducting 
surfaces (metals) give high currents, poor conducting 
surfaces such as Si3Nd/Si charge up and currents  of 
the order  of 1 ~A or less are obtained. With  t i tanium 
specimens the Cs + gun is undesirable because both Cs 
and Ti have an Auger  peak at about 47 eV, which is 
the most indicative of the Ti surface cleanliness. How-  
ever, if no peaks were  observed at 560 and 580 eV for 
Cs, the 47 eV peak was in terpre ted  to be due to Ti. 

The Ar  ion gun was a Varian Model 922-0013. Argon 
bombardment  is advantageous with  t i tanium speci- 
mens since the Auger  peaks do not coincide. However ,  
Ar  must  be let into the system and only low currents  
can be obtained in the pressure range necessary to keep 
the Vac Ion pumps working ( <  10 -5 Torr ) .  

Samples.--The Ti sample was 1 X 11/32 X 1/16 in. 
single crystal  cut to expose the (0001) basal plane. The 
surface was polished to a mir ror  finish with  600 silicon 
carbide paper and etched to remove  surface damage. 
The final chemical  polish consisted of 1~ a lumina in a 
solution, 1 part  ammonium hydroxide,  1 par t  distil led 
water,  and 1 part  30 % hydrogen peroxide. The  hydro-  
gen peroxide was added last and was fresh. A Microlon 
"D" pad was mounted  on the chemical  lap and the 
sample was held down wi th  heavy  pressure for ap- 
proximate ly  5 min. The surface was specular but  not 
optically flat. The sample and manipula tor  were  u l t ra-  
sonically cleaned in acetone before placing in the UHV 
system. 

Chlorine pressure.--A Varian dual range ionization 
gauge (Model No. 971-0014) was used to measure the 
gas pressure. A table of ionization probabi l i ty  values 
was supplied with  the ionization gauge, for various 
gases. These values are used to calculate the correct  
pressure f rom the meter  reading with  the mete r  cali- 
bra ted for N2. No ionization probabi l i ty  for Cl~ was 
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available. A fairly smooth correlation exists between 
the ionization probabilit ies (compared to N2) and the 
mass spectroscopic sensitivities compared to N2, for 
various gases (see Table I).  From the mass spectro- 
scopic sensit ivity of 2 for C12 (as compared to N2) the 
ionization probabil i ty was estimated to be 2. The meter  
readings were therefore mult ipl ied by 2 to obtain the 
C12 pressure. 

Results 
Chlorine and Sulfur Segregation 

Auger spectrograms.--For comparison with the 
Auger spectrograms reported here, Table II gives the 
electron energy values for which Auger peaks have 
been observed for various elements. Figure 1 shows the 
Auger  spectrogram for the Ti sample immediate ly  after 
placing it in the UHV system. The major  peak at 272V 
indicates heavy carbon contaminat ion which remained 
after cleaning the sample in acetone. Aside from the 
Ti peaks and the C peak, small  peaks are observed for 
O, S, and C1. Figure 2 is the Auger spectrogram for the 
Ti sample after heating to 600~ for about 2 rain. The 
ins t rument  sensitivity was 2.5 times greater for Fig. 2 
than for Fig. 1, therefore, for comparison with Fig. 2, 
the peak heights in Fig. 1 should be mult ipl ied by 2.5. 
Heat ing the sample has removed much of the carbon 
contaminat ion but  has caused C1 and S to segregate 
from inside the Ti crystal to the surface. The possi- 
bil i ty that C1 and S are degassed from the adjacent  
sample holder and heater  does not seem likely because 
these contaminants  did not appear on heating freshly 
deposited A1 films on A1 samples in the same holder. 
Study (11) of the interact ion of chlorine gas with A1 
films showed that stable chloride films are formed at 
room temperature  and C12 pressure ~10 -7 Torr. No C1 
or S was detected on the Ti sample after heat ing the 
adjacent W reference electrode to 1200~ 

The Auger peak to peak heights, defined as the dis- 
tance between the top and bottom of a peak (see the 
arrows in Fig. 2), will  be designated APPH. The units 
of dN(E) /dE  and APPH are arbi trary,  so that, only 
the relative magni tudes  have significance. 

Figure 3 shows, as a function of the t ime of heating, 
the Auger peak to peak heights for C1 and S, and the 47 
eV peak ( interpreted as Ti, since no peaks at 560 and 

Table I. Comparison of ionization probabilities with mass 
spectroscopic sensitivity (both with respect to H2) 

Mass spee. Ionization 
Gas sensit ivity probabil i ty  

N= 1 1 
0.69 0.85 

CO=, 0.83 0.95 
O= 1.21 1.22 
I-I= 2.46 2.00 
Ne 3.76 4.22 
He 4.9 6.22 
Cll 2 .0  (2.0)  �9 

* E s t i m a t e .  

Table II. Energies at which Auger peaks are observed* 

The  mos t  intense peak values are in italics 

Element Electron energies 

W 24, 40, 50. 82, 108, 135, 160, 172, 198, 210, 265, 340 
Ti 28, 47, 327, 350, 380, 372, 380, 417, 452 
Si 61, 75, 88. 1510, 1550, 1600 
Mo 20, 28, 40, 80, 87, 120, 140, 150, 162, 190, 212 
C 272 
0 477, 495, 515 
N 882 
Cs 46, 60, 400, 415, 470, 480, 560, 580 
C1 180 
S 140, 150 
A r  213, 218 

* Varian Chart  of Auger  Electron Energies,  Varian Vacuum Divi- 
sion. 
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Fig. I .  Auger spectrogram for the Ti single crystal before heating 
or cleaning by ion bombardment. 
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Fig. 2. Auger spectrogram for the Ti crystal after heating to 
600 o C. 

580 were observed for Cs). At 500~ for the first 90 
min  the C1 APPH increased rapidly then leveled off at 
about 130. Since the 47 eV electrons for Ti relate pr i -  
mar i ly  to the outermost layer of Ti, the Ti (47) APPH 
is complimentary to the C1 APPH and decreases from 
195 to 28. At 90 min  the surface was bombarded with 
Cs + at 500V, 5 ~A, 500~ for 5 rain. The Cs + sputter ing 
removed C1 (lowered C1 APPH from 130 to 25) and in-  
creased the Ti (47) APPH. Fur ther  heating of the s a m -  
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Fig. 3. Auger peak to peak heights (APPH) for Ti (47 eV), Ti 
(380 eV), CI, S, C, and O as a function of time and temperature. 

ple at 500~ caused the C1 to segregate again but  at a 
slower rate. The S A P P H  increased f rom about 2 to 15 
dur ing the first 90 rain and decreased to 8 by the Cs + 
bombardment .  Al though the C A P P H  only changed 
sl ightly (APPH ~ 22), the O A P P H  decreased f rom 
~15 to zero in 20 rain, then increased to 2 during the 
first 200 rain. At 210 min  the t empera tu re  was increased 
to 600~ The C and O peaks were  not observed on the 
spectrogram after  about 10 min  at 600~ The S A P P H  
increased rapidly  and leveled off at about 180 at 700 
min. The C1 A P P H  increased sharply during the first 
10-15 min  at 600~ then decreased as the C1 was dis- 
placed by S. The high energy 380 eV Ti peak (APPH 

35) was only Slightly affected during the entire 
t reatment ,  indicat ing that  the hea t - t r ea tmen t  has l i t t le 
effect on Ti two or three atom layers beneath  the sur-  
face. 

Cs + bombardment . - - In  Fig. 4 a plot is given of the 
ratio of the A P P H  of Ti (47 eV peak) C1 and S to that  
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Fig. 4. APPH for CI, S, and the 47 eV peak (Ti or Cs) as a func- 
tion of Cs + bombardment at 500V. The temperature wes changed, 
during the bombardment, to those indicated across the plot. 

of Ti (380 eV) as a function of ion bombardment  ex-  
posure at various temperatures .  Since the A P P H  for Ti 
(380 eV) is only sl ightly affected by adsorption at the 
surface for low coverage, the ratio of the A P P H  values 
to that  for Ti (380 eV) at low coverage is used in order 
to avoid the necessity of cal ibrat ing the Auger  spec- 
t rometer  for each measurement .  In the tempera ture  
range from 645 ~ to 500~ and integrated ion current  
(It = 0 to 180 ~A-min) ,  the Ci peak decreased and the 
S and Ti (47 eV) peaks increased. Lower ing  the t em-  
pera ture  to 250~ caused the C1 peak to rap id ly  ap-  
proach zero and the S peak to decrease. The peak at 47 
eV is drast ically increased (due to the Cs and Ti 47 
eV peaks) on removal  of C1 and S f rom the surface. 
Increasing the t empera tu re  f rom 90 ~ to 300~ caused a 
reappearance of the C1 peak and corresponding de- 
crease in the Ti (47 eV) peak. The Ti surface can be 
cleaned of C1 and S if the t empera tu re  is low enough 
that  the ra te  of segregation is s lower than  the  sputter  
cleaning process. However,  one cannot be sure that  the 
surface is not contaminated with  Cs. Other  exper i -  
ments have shown that  bombardment  wi th  Ar  ions 
also cleans the surface of C1 and S but leaves Ar  if  the 
tempera ture  is too low. The cleanest Ti surface (very 
small Ar, C1, and S peaks) was obtained by bombard-  
ing with  Ar  ions at about 550~ 

Figure  5 shows Auger  results for the A P P H  of chlo- 
r ine re la t ive  to the Ti 380 eV peak (designated C1/Ti), 
as a function of time, temperature,  and Cs + bombard-  
ment. F rom Fig. 5 an est imate of the diffusion coeffi- 
cient and concentrat ion of chlorine on the surface and 
in the bulk can be made. 

Diffusion coej~cient.--The diffusion equations are de- 
veloped in the Appendix  for the fol lowing model. It  is 
assumed that  the process controll ing the rate  of C1 
segregation at the Ti surface (as in Fig. 5) is diffusion 
of C1 in the bulk  crystal  to the interface. Thus, each 
t ime  the crystal  is annealed the surface concentrat ion 
(Cs(t))  approaches equi l ibr ium with  respect  to the 
bulk concentrat ion (C(l,t) and each t ime the surface is 
cleaned a concentrat ion gradient  forms within  the 
crystal, causing the C1 to diffuse to the surface. It  is as- 
sumed that  the process of atom transfer  f rom wi th in  
the crystal  (adjacent  to the surface) is rapid wi th  re-  
spect to diffusion to the interface so that  equi l ibr ium 
is maintained be tween  the bulk and the surface at the 
interface. This boundary  condition is expressed 

G ( t )  = KC(1,t) [1] 

where  K is the equi l ibr ium constant. K has the same 
dimensions as the crystal  thickness l (i.e., cent imeters)  
since C(l,t) has the dimension a toms/cubic  cent imeter  
and C~(t) has the dimension a toms/square  centimeter.  

Plots of C ~ ( ~ ) - C s ( t )  vs. t are given on semilog 
paper in Fig. 6, which corresponds to the data between 
t ---- 0 and t ----- 100 rain (524~ and t ---- 107 to 120 min 
(670~ in Fig. 5. F rom analysis of the theoret ical  
equation 

OC (x,t) 02C (x,t) 
= D ,- �9 [2] 

Ot Ox 2 

3.55 . . . . .  :'_--.---~= = = = = ! 

I ~ I I ~ ~--Cs + BOMBARD r / i 
I~ ~ " -  l/~-(S/Ti, i ~ L ...... -] ' ~ / T/ ' -/" t "-(S/TI) 4 
f /  (S/T,)~ ! t "  i J  m ~ 2 4 ~  / ! 

TIME (rain) 

Fig. 5. Plot of chlorine segregation vs .  time at various tempera- 
tures. The dashed line marked S/Ti represents sulfur segregation. 
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Fig. 6. Plot of Cs(~)  - -  Cs(t) vs. time 
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(see t h e  A p p e n d i x ) ,  t he  plots  in Fig.  6 should  be  l i n e a r  
at  l a rge  t, as observed .  As Cs(t)  ~ C s ( ~ )  at  100 and  
120 min,  t h e  r e l a t i v e  e x p e r i m e n t a l  e r ro r  becomes  v e r y  
large.  E x t r a p o l a t i o n  of t h e  uppe r  l ine  of Fig.  6 (524~ 
da ta )  to t ---- 0 g ives  an  i n t e r cep t  of 6.2. As  s h o w n  in 
t he  A p p e n d i x ,  th is  i n t e r c e p t  is equa l  to 

212KCo/[l(l -}- K) ~ K2Ki 2] ~ 6.2 [3] 

w h e r e  Co = C(x ,0 )  is t he  h o m o g e n e o u s  c o n c e n t r a t i o n  
a f t e r  an  annea l  and  K1 is the  first root  of  t he  t r a n -  
scenden ta l  equa t ion .  A t  t --> 

lKCo/( l  -~ K) ~ 3.55 [4] 

w h e r e  3.55 is e s t i m a t e d  to be  t he  e q u i l i b r i u m  v a l u e  
in Fig. 5. One  of the  roots  of  the  t r a n s c e n d e n t a l  e q u a -  
t ion (Append ix ,  Eq. [A-12] )  is 

KiK/l = - - t a n  K1 [5] 

So lv ing  Eq. [3], [4], and  [5] y ie lds  

K1 = 2.87 [6] 

K/ l  ---- --0.097 [7] 

K = 0.0154 [8] 

s ince t h e  th ickness  of  t he  c rys ta l  was  l = 0.159 cm. The  
slope of the  l ine  (524~ in Fig.  6 (see Eq.  [A-15] ,  
[A-16] ,  and [A-17] ,  A p p e n d i x )  y ie lds  

T1 = 12/K12D ~ 1250 sec [9] 

w h e r e  v~ is a t i m e  cons t an t  and D is t h e  d i f fus ion co-  
efficient. The  diffusion coefficient  for  C1 in Ti  at 524~ 
p roves  to be  

D ~ 2.4 • 10 -6  cm2/sec  [10] 

S i m i l a r  ca lcu la t ions  for  the  670~ l ine  y ie lds  

Ki = 2.0 [11] 

K / I  = 1.1 [12] 

K : 0.175 [13] 

D = 2.6 X 10 - s  e m2 / s e c  [14] 

F r o m  va lues  of  D at  the  two  t e m p e r a t u r e s  t h e  fo l l ow-  
ing  e q u a t i o n  for  the  diffusion of  ch lo r ine  in Ti  is ob -  
t a ined  

D ~ 9 exp  (--24,100/RT) cm2/sec  [15] 
and  

K ~ 105 e x p  ( - -25 ,000 /RT)  c m  [16] 

Chlorine concentrations.--As wi l l  be  shown,  adso rp t ion  
of a m o n o l a y e r  of  ch lo r ine  f r o m  the  gas phase  y ie lds  
a v a l u e  of (C1/Ti)  ~ 9.1. Based  on the  ionic and  a tomic  
d i a m e t e r s  (i.e., C1- 3.6A, T i  2.6A), A n d e r s o n  and Gani  
(12) show tha t  for  a r e g u l a r  a r r a y  of  C1-  on a Ti  
(0001) face, Cs ,~ 4.5 • 1014 i o n s / c m  2 and  for  a r a n d o m  
a r r a y  Cs ~ 3 • 1014 i o n s / c m  2. The  ave rage ,  Cs,avg ~ 3.7 
• 1014 i o n s / c m  2, is in  c lose a g r e e m e n t  w i t h  t h e  m e a -  
su red  (10) v a l u e  (Cs ~ 3.6 • 1014 ions /cm~) .  T h e r e -  
fo re  the  su r face  c o n c e n t r a t i o n  can  be  ca l cu l a t ed  f r o m  
the  A u g e r  va lues  of  (C1/Ti)  as 

Cs(t)  ~ [ (C1 /T i ) / 9 . 1 ]  • 3.6 • 1014 a t o m s / c m  2 [17] 

The  v a l u e  of  the  b u l k  concen t ra t ion ,  Co,o, at  t = 0 in 
Fig. 5, can  be  ob ta ined  f r o m  t h e  k ine t ic  da ta  (Eq. [4] 
and [8 ] ) ;  if  t h e  v a l u e  C s ( ~ )  ~ 3.55 is m u l t i p l i e d  by  
3.6 • 1014/9.1 (Eq. [17]) to ob t a in  uni t s  of  a t o m s /  
s q u a r e  cen t ime te r ,  i.e. 

Co,o ~ 10 • 1015 a t o m s / c m  8 [18] 

A s imi la r  ca l cu la t ion  for  Co,100 f r o m  C s ( ~ )  ~ 2.6 at  
120 m i n  y ie lds  

Co,100 ~ 1.2 • 1015 a t o m s / c m  s [19] 

A check  on the  va lues  f r o m  the  k ine t i c  da t a  can be  
m a d e  w i t h  the  e q u i l i b r i u m  da ta  as fo l lows:  s ince  at  
e q u i l i b r i u m  t h e  c o n c e n t r a t i o n  in t h e  b u l k  w i l l  be  d i -  
r e c t l y  p r o p o r t i o n a l  to t h a t  on the  surface,  Co,loo/Co,l~o 

3.55/2.6 = 1.36. Also  a mass  ba lance  g ives  (Co,100- 
Co,i2o) ---- 0.9 • 3.6 • 1014/9.1 = 3.6 • 10 TM a t o m s / c m  2, 
w h e r e  3.6 • 1013 co r re sponds  to the  a m o u n t  of  C1 
t r a n s f e r r e d  f r o m  the  b u l k  to the  su r f ace  b e t w e e n  
t ---- 107 and 120 m i n  (Fig.  5). So lv ing  for  Co,100 and  
Co,l~ y ie lds  

Co,100 ~ 0.8 • 1015 a t o m s / c m  3 [20] 

Co,12o ~ 0.6 • 1015 a t o m s / c m  3 [21] 

The  co r r e l a t i on  b e t w e e n  the  k ine t i c  resu l t  in Eq.  [19] 
and the  e q u i l i b r i u m  resu l t  in Eq.  [20] for  Co,100 is con-  
s ide red  to be  good, l end ing  suppor t  to t h e  p roposed  
segrega t ion  model .  

P r i o r  to t he  e x p e r i m e n t  r e p r e s e n t e d  in Fig.  5, abou t  
5 • 1014 a t o m s / c m  2 had been  r e m o v e d  by  ion b o m -  
b a r d m e n t .  T h e r e f o r e  t he  in i t i a l  i m p u r i t y  c o n c e n t r a -  
t ion  in the  Ti  c rys ta l  was  ~1.3  • 1016 a t o m s / c m  3, or  
0.2 ppm,  since t he r e  a re  ~5.68 • 1022 a toms  T i / c m  8. 
If  t he  c o n c e n t r a t i o n  on the  sur face  is e x p r e s s e d  in 
v o l u m e  uni ts  r a t h e r  t h a n  s u r f a c e  units,  us ing  4.5A as 
the  th ickness  of  a ch lo r ine  mono laye r ,  a s eg rega t ion  
coefficient  can  be  def ined as (see Eq. [2])  

Ks : K/4.5 • 10 - s  : 2.2 X 107K [22] 

F r o m  Eq. [8] and  [22], at 524~ 

Ks ~ 3.4 • 105 [23] 

and at  r o o m  t e m p e r a t u r e  (us ing  Eq. [16]) 

Ks ~ 1.3 X 10 -6  [24] 

Chlorine Adsorption From the Gas Phase 
Ellipsometric and SPD results.--Ellipsometric va lues  

fo r  p and a w e r e  m e a s u r e d  be fo re  and a f t e r  e x p o s u r e  
to ch lo r ine  gas. F r o m  these  va lues  of p and a t h e  r e -  
f r ac t i ve  i ndex  of  C1 adso rbed  on Ti  was  ca l cu la t ed  to 
be  a p p r o x i m a t e l y  2.4 (if  i t  is a s sumed  tha t  t h e  film is 
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t r a n s p a r e n t  to 5461A l i gh t ) .  P l o t s  of t h e  c a l c u l a t e d  
c h a n g e  in  f i lm t h i c k n e s s  as a f u n c t i o n  of  t i m e  ( fo r  
Pc1 ~ 2 X 10 -7  a n d  P c l ~  10 -~  Tor r ,  a n d  r o o m  t e m -  
p e r a t u r e )  a re  g i v e n  in  Fig. 7 ( a ) .  T h e  e x p e r i m e n t a l  
v a l u e s  of  t h e  c h a n g e  in  A (i.e., - - ~ )  a r e  g i v e n  o n  t h e  
r i g h t  o r d i n a t e  in  Fig. 7 ( a ) .  T h e  c h a n g e  in  f i lm t h i c k -  
ness  p e r  d e g r e e  c h a n g e  in  - -A p r o v e s  to be  ,~4.25A. 
T h e  c h a n g e  i n  f i lm t h i c k n e s s  p e r  d e g r e e  c h a n g e  in  ~ is  
~14 .7A.  

T h e  S P D  resu l t s ,  w h i c h  c o r r e s p o n d  to t h e  e l l i p s o m -  
e t e r  resu l t s ,  a r e  g i v e n  in  Fig.  7 ( b ) ,  w i t h  a n  a d d i t i o n a l  
c u r v e  fo r  Pc]  ~ 2 • 10 -8  Tor r .  ~V is t h e  s u r f a c e  p o -  
t e n t i a l  d i f f e r e n c e  b e t w e e n  t h e  Ti  s u r f a c e  a n d  t h e  p o l y -  
c r y s t a l l i n e  W r e f e r e n c e  e l ec t rode .  ~ (~V)  is t h e  c h a n g e  
in  •  f r o m  t h e  v a l u e  fo r  t h e  c l e a n  Ti  su r face .  V a l u e s  
of ~ (~V)  a r e  p o s i t i v e  a n d  l e v e l  to  a p p r o x i m a t e l y  c o n -  
s t a n t  v a l u e s  w i t h  t ime .  T h i s  i n d i c a t e s  t h a t  t h e  c h l o -  
r i n e  c o n c e n t r a t i o n  on  t h e  s u r f a c e  a p p r o a c h e s  i t s  e q u i -  
l i b r i u m  v a l u e  a t  a p a r t i c u l a r  c h l o r i n e  p r e s s u r e  (Pcl)  
a n d  t e m p e r a t u r e  (24~ H o w e v e r ,  t h e  e l l i p s o m e t r i c  
r e s u l t s  s h o w  t h a t  t h e  C1 f i lm t h i c k n e s s  does  n o t  l e v e l  
off i n  t h e  t i m e  of t h e  e x p e r i m e n t .  T h i s  i n d i c a t e s  t h a t  
a s e c o n d  l a y e r  is f o r m i n g .  A p p a r e n t l y  t h e  S P D  a n d  
A u g e r  m e a s u r e m e n t s  a r e  o n l y  s e n s i t i v e  to t h e  o u t e r  
l ayer ,  w h e r e a s  t he  e l l i p s o m e t e r  d e t e c t s  f u r t h e r  f i lm 
g r o w t h  a t  r o o m  t e m p e r a t u r e .  F o r  c o m p a r i s o n  w i t h  o u r  
S P D  m e a s u r e m e n t s  no t e  t h a t  A n d e r s o n  a n d  G a n i  (10) 
o b s e r v e d  8 ( ~ V )  ~ 2.1V for  a film, 5 a t o m  l a y e r s  of C1 
on  Ti  ( p r e s u m a b l y  a t  Pc1 ,~ 10 -8  T o r r ) .  T h e y  f o u n d  
t h a t  e x p o s i n g  t h e  Ti  s a m p l e  to Pc~ ---- 10 -3  T o r r  a t  
600~ for  10 min ,  f o l l o w e d  b y  p u m p i n g  t h e n  coo l ing  to  
r o o m  t e m p e r a t u r e  r e m o v e d  some  C1 a n d  r e d u c e d  
5 ( ~ V )  f r o m  2.1 to 1.1. T h e  v a l u e  of 1.1V c o r r e s p o n d s  
w i t h  t he  r e s u l t  in  Fig. 7 ( b )  for  Pc,  ~ 10 - 7  Tor r ,  w i t h  
a b o u t  1.5 a t o m  l a y e r s  of  c h l o r i n e .  

T h e r e  is a s l i g h t  c h a n g e  in  s lope  of t h e  t h i c k n e s s  a n d  
8 ( ~ V )  vs. t c u r v e s  (Pc~ ~ 2 • 10-~ T o r r )  a t  a b o u t  600 
sec (Fig.  7) .  T h i s  ef fec t  h a s  b e e n  o b s e r v e d  (9) for  Cs 
a d s o r p t i o n  on  Ti  a n d  W, a n d  is i n t e r p r e t e d  to i n d i c a t e  
t h e  b e g i n n i n g  of a s e c o n d  l aye r .  I f  t h i s  is t h e  case  [ f r o m  
Fig. 7 (a )  ] t h e  t h i c k n e s s  of t h e  f i rs t  m o n o l a y e r  of  C1 on 
Ti  is a b o u t  4.5A. Th i s  c o r r e s p o n d s  w i t h  t h e  a v e r a g e  of  
t h e  C1-  d i a m e t e r  (3.6A) a n d  t h e  TiC1 d i a m e t e r  (5 .4A) .  

A u o e r  resuI t s . - -F igure  8 s h o w s  t h e  r a t i o  of t h e  
A P P H  for  c h l o r i n e  to t h a t  fo r  Ti  (380 e V ) ,  r e f e r r e d  to 
as  (C1 /T i ) ,  as  a f u n c t i o n  of  t i m e  a n d  c h l o r i n e  p r e s -  
sure .  T h e  c u r v e  a t  2 • 10 -8  T o r r  c h l o r i n e  p r e s s u r e  
(Fig.  8) i n c r e a s e s  w i t h  t i m e  b u t  l eve l s  to  a c o n s t a n t  
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Fig. 7. Plot of calculated film thickness, - - 8 ~ ,  and 5(AV)  vs. 
time for chlorine adsorption from the gas phase at 24~ 
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Fig. 8. Plot of chlorine adsorption (with Auger spectroscopy) as o 
function of time and chlorine pressure with the Ti sample at 300~ 
The dashed straight line is the average of the values of Ln[(0-~-~i ) /  
(0 - -  0f)]  calculated from the curve at  2x10 - i s  Tort CI2. 

v a l u e  (7.4) b e t w e e n  60 a n d  120 ra in .  A t  120 r a i n  t h e  
c h l o r i n e  p r e s s u r e  w a s  i n c r e a s e d  to 2 • 10 -6  T o r r ;  t h e  
(C1/Ti )  v a l u e  i n c r e a s e d  a n d  l e v e l e d  off a t  9.1. A f t e r  r e -  
m o v i n g  t h e  c h l o r i n e  f r o m  t h e  s u r f a c e  ( to  (C1 /T i )  ---- 4) 
b y  Cs + b o m b a r d m e n t  (Pc12 "-~ 5 X 10 -10 T o r r )  t h e  
c h l o r i n e  p r e s s u r e  w a s  i n c r e a s e d  to 2 X 10 -7  Tor r ,  
y i e l d i n g  t h e  c u r v e  l a b e l e d  as  s u c h  in Fig. 8. A t  t h e  
h i g h e r  p r e s s u r e ,  c h l o r i n e  a d s o r p t i o n  w a s  m u c h  m o r e  
r a p i d  a n d  l e v e l e d  off a t  (C1 /T i )  -~ 9. I t  w a s  c o n c l u d e d  
t h a t  t h e  s a t u r a t i o n  v a l u e  for  C1 on  Ti  c o r r e s p o n d s  to a 
v a l u e  of (C1/Ti )  ~ 9.1 so t h a t  o c a n  b e  o b t a i n e d  f r o m  
0 ~ (C1 /T i ) /9 .1 .  

Kine t i c  equa t ions . - - I f  c h l o r i n e  gas  a d s o r b s  o n  Ti  w i t h  
d i s soc ia t ion ,  t h e  r e a c t i o n  c a n  b e  r e p r e s e n t e d  

k ' l  
C12 + 2s .-~ 2(s  --  C1) [25] 

w h e r e  s r e p r e s e n t s  a s u r f a c e  s i te  a n d  s --  C1 r e p r e s e n t s  
a c h l o r i n e  a t o m  a d s o r b e d  o n  a site.  T h e  f o r w a r d  r a t e  
c o n s t a n t  is k'l a n d  t h e  r e v e r s e  ( d e s o r p t i o n )  r a t e  c o n -  
s t a n t  is k -1 .  L e t  Ns b e  t h e  n u m b e r  of s i t es  a v a i l a b l e  
a n d  nc i  t h e  n u m b e r  occupied ,  so t h a t  t h e  f r a c t i o n  oc-  
c u p i e d  is 0 ----- ncl/Ns.  T h e  r a t e  of a d s o r p t i o n  c a n  b e  e x -  
p r e s s e d  

do/dt  ---- k ' l P c l ( 1  - -  0) 2 --  k_io2 [26] 

A t  e q u i l i b r i u m  do/dt  --  0, y i e l d i n g  

Of : (1 --  A / k - 1 / k l ) / ( 1  -- k - 1 / k l )  [27] 

w h e r e  kl ---- k'lPcl.  I n t e g r a t i o n  of Eq.  [26] y i e l d s  t h e  
r e l a t i o n  b e t w e e n  o a n d  t 

L n [ ( 0  + 0 i ) / ( 0 - -  of)] = s t  + ~ [28] 
w h e r e  

0i ---- - - [ ( 1  + ~ / k - f f k l ) / ( 1  --  k - 1 / k l ) ]  [29]  

~_ 2 k / k - l k l  - 2k1(1 --  0f) /ef  [30] 

;~ ---- L n [  (0o + 0i ) / (0o --  0r)] [81] 
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0 o = e  at t = 0  [32] 

For  the curve a t P c l ~  2 • 10 - s T o r r ,  & ~  7.4/9.1 = 
0.81 and from Eq. [27], k - z / k 1  ~ 0.055, yielding ei 
--1.30 from Eq. [29]. Values of (C1/Ti) f rom Fig. 8 
were  used to calculate 8 vs. t. The X's in Fig. 8 are the 
calculated values of Ln[(0 + 8i) / (e  -- ef)] vs. t, using 
the exper imenta l  values 0.81, --1.30, and 0.11 for el, 
e~, and Co, respectively.  The l inear i ty  of the curve be- 
tween 0 and 60 min  is very  sensitive to el; for example,  
the curve  becomes concave to the t ime axis for ef > 0.81 
and convex to the t ime axis for ~f < 0.81. The slope of 
the dashed line in Fig. 8 yields the approximate  value 
a ~ 0.047 and from Eq. [30], kl ~ 0.1 (min -1) and 
k-1 ~ 0.0055 (min-1 ) .  

A check on the value of k, (and therefore  the ad-  
sorption model) ,  obtained from the dashed curve in 
Fig. 8 (i.e., from ~), was made by measur ing the ini-  
t ial  rate  of chlorine adsorption as a funct ion of Pc1 
and tempera ture  with Auger  spectroscopy. The init ial  
rates d ( C 1 / T i ) / d t  are shown in Fig. 9. The pressure 
values along the abscissa in Fig. 9 are ion gauge read-  
ings. These readings must  be mult ipl ied by 2 to make 
the ionization probabil i ty  correction for chlorine as 
ment ioned in the exper imenta l  section. Al though the 
scatter of the exper imenta l  data in Fig. 9 is ra ther  
large, they can be used to est imate the relat ionship 
between the init ial  rates and C12 pressure. F rom the 
line drawn through the data 

d ( C 1 / T i ) / d t l  ~-~o ~ 0.8 X 106psee -1 [33] 

yielding 
ds/dt]o_, 6 ~ 0.7 X 105 P s e c  -1 [34] 

At Pc1 ~ 2 • 10 - s  Torr  (as for the dashed curve in 
Fig. 8), kl ~ 0.09 min-1 ;  within exper imenta l  error  of 
the value from Fig. 8 (i.e., kl ~ 0.1 m i n - D .  Calculation 
of the initial rate at Pcl ---- 2 • 10 - s  Torr  with the value 
of kl ~ 0.1 min -1 is indicated by the symbol Q in Fig. 
9. A second check or~ kl is obtained by calculat ing va l -  
ues of d~/dt[ e-~o and therefore  d ( C l / T i ) / d t  le_~6, f rom 

the SPD measurements  in Fig. 7(b).  The values of 
d(C1/Ti)/dt!o_~ ~ f rom Fig. 7 (b) are represented by the 

symbol A in Fig. 9 and are within exper imenta l  scatter 
of the other values. 

It is observed from Fig. 9 that, wi thin  exper imenta l  
error, the init ial  rate  of chlorine adsorption is inde- 

pendent  of the sample temperature ,  indicating the 
reaction to be a nonact ivated process. 

St ick ing  c o e ~ c i e n t . - - I t  is of interest  to calculate the 
probabil i ty (sticking coefficient) that  a chlorine mole-  
cule wil l  stick once it has struck the Ti surface. The 
forward rate constant can be expressed in terms of the 
sticking coefficient (designated S), the rate  of gas im-  
pingement  v, and the pressure Pcl by 

k'z : 2Sv/Ns Pct [35] 

since dnc]/dt I e-~o = 2Sv -- Ns(d~/dtto_.o.  The rate  of 

chlorine gas impingement  per uni t  area at Pc1 and at 
gas tempera ture  T, is 

v = P c l / \ / 2 n m c l k T  [36] 

where  mcl is the mass of a chlorine molecule  and k is 
the Bol tzmann constant. The equation for the sticking 
coefficient becomes 

S = (k' lNs ~ / 2 n m c l k T ) / 2  [37] 

The slope of the line in Fig. 9 is 0.6 • 106 , yielding 
de/dt  I ~ 0.7 X 105 P sec -1 and 

0 ~ 0  

k', ~ 0.7 • 105 (Tor r - sec ) -1  

However ,  in order to calculate S, k'l must  be in units of 
square cent imeter /dyne-second,  so that  

k'l ~ 0.7 • 105/1.31 • 1 0 ~  50(cm2/dyne-sec)  

From Eq. [37] 
S ~ 0.05 

for chlorine on Ti. 
Other possibilities exist. For  example,  chlorine may 

adsorb in a precursor  state as a molecule, which then 
dissociates. If equi l ibr ium is rapid with respect to the 
precursor  state, the concentration of molecular  chlorine 
on the surface can be expressed by a Langmui r  iso- 
therm 

ep : KpP/ (1  + KpP) 

where  ep is the fraction of the surface covered with 
molecular  chlorine and Kp is the equi l ibr ium constant. 
For  ve ry  small  values of P (KpP < <  1), ~, ~ KpP. The 
equi l ibr ium constant can be expressed in terms of the 
rate of adsorption into the precursor state, S~I, and the 
rate  of desorption, ~-~, by 
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Eig, 9. Log-log plot of initial CI adsorption rates as a function 
of chlorine pressure. 

Kp .~ S v l / ~ -  I 

where  vl ~ v/P. If  chlorine does equil ibrate  in a pre-  
cursor state, the exper imenta l  value 0.6 • 106 in Eq. 
[33] relates to k'lKp ra ther  than k'l and S cannot be 
determined unti l  Kp and v-1 are known. In this case 
the exper imenta l  slope taken as k'l is k'lKp and the  rest 
of the analysis remains unchanged. 

Summary and Conclusions 
Although elements  such as hydrogen and oxygen dis- 

solve in Ti at high temperature ,  it has been demon-  
strated that chlorine and sulfur segregate from within  
the Ti crystal  to the surface if the tempera ture  is high 
enough. The fact that  the Ti (380 eV) Auger  peak is 
only slightly affected by the segregation process whi le  
the A P P H  for Ti (47 eV) is compl imentary  to the 
A P P H  for C1, indicates that  only the outer  layer  has 
the high concentrat ion of C1. The segregation coefficient 
(ratio of C1 concentrat ion at the surface to that  in the 
bulk) is of the order of 105 at 525~C, but is reduced to 
~10 -6 at room tempera tu re  due to the large posit ive 
enthalpy change (~25 kcal /mole)  for the segregation 
process. Al though it appears that  these facts contra-  
dict the mechanism for SCC ment ioned in the in t ro-  
duction, these tests were  not conducted with the sam- 
ple under  stress. The large stresses and local heat ing 
that  exist in the crack tip region may  lower the diffu- 
sion activation energy and the segregation enthalpy,  
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in wh ich  case  it  is conce ivab l e  tha t  s eg rega t ion  could  
occur  r ap id ly  e n o u g h  at  r o o m  t e m p e r a t u r e .  If  the  SCC 
requ i r e s  ~ 1  C1 a tom per  3 Ti  a toms at  the  surface,  and 
the  b u l k  concen t r a t i on  is ~0.1 ppm, the  s tress  zone at 
the  c rack  t ip m u s t  e x t e n d  at leas t  106 a t o m  laye r s  deep  
in o rde r  to supp ly  sufficient C1 to the  surface.  F u r t h e r  
e x p e r i m e n t s  are  needed  to i nves t i ga t e  t h e  effect  of 
s tress on the  s eg rega t ion  process.  

I t  has  b e e n  d e m o n s t r a t e d  tha t  ch lo r ine  seg rega te s  at 
a l o w e r  t e m p e r a t u r e  and a fas te r  ra te  t h a n  sulfur .  A t  
h ighe r  t e m p e r a t u r e s  su l fu r  d isplaces  ch lo r ine  at the  
surface.  

Adso rp t i on  of ch lo r ine  f r o m  the  gas phase  is pos tu -  
l a ted  to be a n o n a c t i v a t e d  process,  t he  ra te  of in i t ia l  
adsorp t ion  be ing  i n d e p e n d e n t  of t he  t e m p e r a t u r e  of the  
sample .  T h e  adso rp t ion  ra te  on a ba re  Ti  su r face  is 
d i r ec t ly  p ropo r t i o na l  to t he  gas pressure ,  w i t h  a s t ick-  
ing coefficient  of ~0.05. 

E l t i p some t r i c  da ta  indicate: tha t  m o r e  t h a n  a m o n o -  
l aye r  of ch lor ide  wi l l  f o r m  on Ti  at r o o m  t e m p e r a t u r e  
and  at a ch lo r ine  p re s su re  in the  10-7 T o r r  range.  H o w -  
ever ,  the  S P D  and A u g e r  m e a s u r e m e n t s  s eem to be 
sens i t ive  to the  o u t e r m o s t  l aye r  only.  The  i ndex  of 
r e f r ac t i on  of the  ch lor ide  l aye r  is ~2.4  and  the  ef fec t ive  
th ickness  of the  l aye r  at  m o n o l a y e r  cove rage  p roves  
to be about  the  a v e r a g e  b e t w e e n  a ch lo r ine  ion (3.6A) 
and  the  sum of the  Ti  +2 and C1- d i a m e t e r s  (5.4A), i.e., 
~4.5A. Tab le  I I I  g ives  a s u m m a r y  of the  f u n d a m e n t a l  
cons tants  t ha t  h a v e  been  d e t e r m i n e d  for  the  s eg rega -  
t ion process  for the  C1-Ti sys tem.  
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A P P E N D I X  

Solution of the Diffusion Equations 

Assume  tha t  t he  phys ica l  sys tem can be r e p r e s e n t e d  
by  the  fo l l owing  m a t h e m a t i c a l  mode l  

1. The  diffusion equa t i on  is 

OC ( x,t  ) O2C ( x, t  ) 
_ D [A-1]  

Ot ax 2 

2. In i t i a l  concen t r a t i on  cons tan t  t h r o u g h o u t  a r eg ion  
o < x < l, su r face  concen t r a t i on  in i t i a l ly  zero 

C(x,o)  : Co, Cs(o)  = 0 [A-2]  

3. I m p e r m e a b l e  b o u n d a r y  at x ---- o 

0C 
- - .  (o,t) ---- 0 [A-3]  

0x 

4. F i x e d  seg rega t ion  cons tan t  b e t w e e n  i m p u r i t y  con-  
cen t r a t i on  in t h e  m e d i u m  and on the  sur face  

Cs( t )  ---- KC(I,t)  [A-4]  

so tha t  K is the  e q u i v a l e n t  th ickness  of t he  b o u n d a r y  
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l aye r  r e q u i r e d  to con ta in  t h e  s a m e  a m o u n t  of impur i ty ,  
at t he  concen t r a t i on  l eve l  in the  med ium,  as is p r e sen t  
in the  su r face  layer .  

5. Conse rva t ion  of ma t t e r :  impur i t i e s  w h i c h  diffuse 
f r o m  the  m e d i u m  m u s t  be accoun ted  for at  the  sur face  

[Co --  C(x,t)  ]dx = -- D (g,t')dt' = Cs( t )  
* " O X  

[A-5] 

To solve the  set of equa t ions  [ A - 1 ] - [ A - 5 ]  t he  most  
c o n v e n i e n t  p r o c e d u r e  is to use  t he  m e t h o d  of Lap lace  
t r ans fo rms ;  let  I (x ,s)  be the  t r a n s f o r m  of C ( x , t ) .  T h e n  

sI(x,s)  = Co + D - -  d2f (x,s) [A-6]  
dx  2 

dY 
"dx (o,s) -- 0 [A-7]  

f i [  ] D Of (l's) kf( l 's)  Co f ( x,s ) dx  -- 
�9 s s Ox 

[A-8]  

The  so lu t ion  of the  d i f fe ren t ia l  equa t ion ,  [A-6] ,  i nc lud-  
ing the  b o u n d a r y  condit ion,  [A-7J ,  is i m m e d i a t e l y  

J(x,s) Co ~ s = ~ -t- A (s) cosh -D-- x [A-9]  
S 

and w h e n  this  is i n t roduced  into  Eq. [A-8]  one obta ins  

~ D ~ s KCo 
- -A ( s )  - ~ -  s inh  -~---l = s 

x/§ + K A  (s )cosh  1 

o r  

A (s) = --  
KCo 

g S 
\Df-~ s inh T l -t- Ks  cosh s _  1 

D 

[A-10] 

The  t r a n s f o r m  is t h e r e f o r e  

f (x,s) - 

KCo cosh ~ / ~  x 
Co v D 

s k / ~  s inh s l d- Ks cosh D 

[A-11] 

This  f lmc t ion  has  a s imple  pole  at s ~ 0 w i t h  a r e s idue  
lCo/(l  + K)  as w e l l  as poles  g iven  by the  roots  of  the  
t r a n s c e n d e n t a l  equa t i on  

t an  an K 
- -  - -  , S n  = - -  D K n 2 / l  2 [A-12] 

an l 

For large n the roots are approximately 

K , ~  n - -  ~ +  b . . .  [A-13] 

The  re s idue  at  s ---- sn is 

Table III. Some fundamental constants for the segregation process, of chlorine-titanium system 

T e m p e r a t u r e ,  ~  

R o o m  5 2 4  670  Equation 

Sticking coefficient 0 . 0 5  

S e g r e g a t i o n  c o e f f i c i e n t  ~ 1 0 - 6  3 x 10 ~ 

Diffusion coefficient ~ 1 0  -17 2 .4  • 10 -e  

4 • 106 K~  ~ 2 .2  • 1 0 ~  e x p ( - - 2 5 , 0 0 0 / R T )  

2 .6  • 10  -5 D ~ 9 e x p ( - - 2 4 , 1 0 0 / R T )  
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2KCo cosh - -  x 
D 

Sn 

2 K I C o  c o s  (KnX/l) 

[(k + l ) l  + K2K,2]cos K, 

and the complete solution becomes 

C (x,t) 

Co 

l 

l + K  I 
~ 1  c~ 

1 - 2  5 - - - -  
: [ 1 +  jcos o 

[A-14] 

For t > 412/~2D, the concentrat ion reaches its equil ib-  
r ium value, C ( x , ~ )  = lCo/(l + K), asymptotically 
with an exponent ial  relaxation; for very small values 
of t ( t  < <  412/~2D) the series is slowly convergent but  
the successive terms a l ternate  in sign. 
Then 

Cs(t) - -KC(l , t )  = (lKCo/l+K) 

1 -- 2 e-K"~Dt"12/(1 + K~Kn2/l(l Jr K))  [A-15] 

Let 
�9 l = l~/K12D 

S~ 
l 

D 

C s ( ~ )  : lKCol (l + K) 

C s ( ~ )  -- Cs(t) : 21KCo/(l + K) 

{[e-t/r1~(1 Jr K2K12 l ( l  Jr K ) ]  . . . .  } [16] 

: Co 2 12K e-t/T1/[l(l + K) 

+K2~t  2] - - . . .  [17] 
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Gas Flow Pattern and Mass Transfer Analysis in a 
Horizontal Flow Reactor for Chemical Vapor Deposition 

R. Takahashi and Y. Koga 
Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo, Japan 

and K. Sugawara* 
Semiconductor and Integrated Circuit Division, Hitachi Ltd., Kodaira, Tokyo, Japan 

ABSTRACT 

To study mass t ransfer  characteristics in a vapor deposition reactor, gas 
flow pat terns in a horizontal tube were investigated. Combined free and 
forced convection spiral flow and pure forced convection laminar  flow were 
observed depending on exper imental  conditions of various flow rates and 
pressures. Fur ther ,  local deposition rates under  two flow behaviors were 
numerica l ly  obtained by solving a three-dimensional  mass conservation equa- 
tion. It  was estimated on the basis of calculated results that  forced convection 
laminar  flow in a rectangular  reactor produced better  uni formi ty  on the dep- 
osition rate distr ibution across the width than did combined convection spiral 
flow. 

The chemical vapor deposition process has been 
widely used in the field of crystal growth and dielectric 
film formation. For instance, the following deposition 
reactions can be cited as examples 

silicon epitaxy SIC14 + 2H2 ~ Si + 4HC1 [1] 

dielectric film Sill4 + 2 O2 --> SiO2 + 2H20 [2] 

(in N2 carrier gas) 

Since the deposited layer must  be of uniform thick- 
ness, it is necessary to s tudy the distr ibution of deposi- 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c o m b i n e d  c o n v e c t i o n ,  l o w  p r e s s u r e  o p e r a t i o n ,  con-  

c e n t r a t i o n  prof i le ,  l a y e r  t h i c k n e s s  d i s t r i b u t i o n .  

tion rates in a flow reactor. It is well  known that  the 
deposition rate is f requent ly  controlled by mass t rans-  
fer of reactant  in the gas phase (1). In  such a case, 
the gas flow pat tern  is an impor tant  factor affecting 
thickness distr ibution of the deposited layer. 

When the susceptor in a deposition reactor tube is 
locally heated by usual  h igh-f requency induction, a 
temperature  difference appears between the susceptor 
and the tube wall. Under  such circumstances, the flow 
in the reactor is subject to the influence of free con- 
vection induced by the buoyancy force. The flow in 
which free convection modulates on forced convection 
is called the combined flow or mixed flow. 
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In the case of horizontal  tubes, free convection acts 
perpendicular ly  to the direct ion of forced convection 
flow. In situations where  the forces of free and forced 
convection are near ly  equal  to one another,  the gas 
flow pat tern  becomes the spiral form (2, 3). 

However ,  it can be predicted that  the combined flow 
converts  to a pure forced flow under  an operat ing 
condition such as a large Reynolds number,  Re, or a 
small  Grashof  number,  Gr, where  Re is the  control l ing 
parameter  for forced convection flow and Gr is the 
control l ing paramete r  for free convection flow. 

This work  was conducted to ascertain the t ransi t ion 
region be tween  pure  forced flow and combined flow by 
observing gas flow patterns, and to theoret ical ly  study 
the relat ionship be tween  the two flow behaviors  and 
corresponding deposition characteristics. 

Experimental 
Figure  1 shows the schematic d iagram of the exper i -  

mental  apparatus for observing the gas flow patterns.  
Four  kinds of reactors were  used: namely, two circular  
quartz  tubes (60 and 113 mm ID) and two rectangular  
quartz  tubes (40 • 70 mm and 70 X 118 ram), all four 
tubes 1200 mm long. Silicon carbide heaters were  
placed at the bottom of each tube, on which a flat iron 
plate was set in order  to obtain a uni form tempera ture  
distr ibution by sandwiching a quartz  insulator  plate  
in between. The flow gases used were  ni trogen and 
helium. The fluid characterist ics of hel ium gas resem-  
ble those of hydrogen gas which is commonly  used in 
vapor deposition. Ti tanium te t rachlor ide  (TIC14) vapor  
was mixed through the capil lary wi th  the flowing gas 
in the tube. TiCI~ was converted into t i tanium dioxide 
by react ion with  the water  moisture contained in the 
flow gas. The fine part icles of TiO2 formed were  u t i -  
lized to trace the gas flow. Velocity disturbance by the 
TIC14 vapor  was negligible compared wi th  main flow 
velocity because of a small  quant i ty  of t i tanium te t ra-  
chloride vapor. 

A movie  camera was used to photograph the gas 
flow pat terns  from the side as wel l  as f rom the end of 
the tube. Sectional photography of the gas flow pat tern 
was made by focusing on the specified section i l lum- 
inated by spotlights. 

Gas flow rates were  f rom 0 to 60 l i ters /min,  and 
pressure var ied f rom 160 to 760 Torr. The t empera tu re  
of the flat plate and the reactor  wal l  were  measured by 
a P t - P t  �9 Rh thermocouple.  In measur ing t empera tu re  
of a gas phase, radiat ion f rom a heated plate may cause 
an error. Consequently,  three thermocouples wi th  0.2, 
0.5, and 1.0 mm diameters  were  used. When the t em-  
pera ture  is plot ted graphical ly  against the diameter,  
the point ext rapola ted  to the zero d iameter  should give 
the t rue  gas t empera tu re  (4). 

Experimental Results 
Gas flow patterns in horizontal  tubes were  photo-  

graphed by a 16 mm movie camera under  conditions 
producing various flow rates and pressures. In this 
paper, the pat terns  shown by photographs were  s e -  
lected f rom the  16 mm movie  films. 

CAP,LLARY QUARTZ TUBE ll 
TUBE .hi ~ v [ NI 

TICL4 ~ , %'~ 
SOURC I \ \~' IRON PLATE 

I ' '  [ ~  QUARTZ INSULATOR 1 WINDO~ 
[ ~ ' S~C HFATER TO TRAN.~FORMER 

�9 - LEAK VALVE [ I 1 PRESSURE GAUGE 
~ J ROTAMETERN z He I I N " (  

Hg ' ~1 ' VACUUM [ I LO" 2 I ~ -  

Fig. 1. Schematic diagram of experimental apparatus 
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It  is known that  fluid in an enclosed region heated 
f rom below forms a two-dimens ional  vo r t ex  pat tern  
by free convection (5-7). In the case of combined 
flow, fluid motion is three-dimensional .  However ,  we 
can observe a sectional pat tern  similar  to the free con- 
vect ion pat tern  by project ing a three-d imensional  
s t reamline at a cross section of a tube. F igure  2 shows 
the flow pat tern in a cross section at a ve ry  small  flow 
rate. Al though dynamical  flow behavior  is not visible 
in the photograph, the heated gas moved upward, 
s tar t ing f rom the center  port ion of the iron plate, then 
downward  along the tube wall. This motion is desig- 
nated as posit ive motion and its reverse  motion as neg-  
ative. Generally,  motion by free convection starts f rom 
the point where  viscosity is lowest (8). In most of this 
experiment ,  two vor tex  pat terns wi th  posi t ive motion 
were  observed independent ly  f rom tube geometries,  
which implies that  the t empera tu re  distr ibut ion across 
the tube width  had the highest point at the center  of 
the plate due to heat  loss toward the tube wall.  

Since the vor texes  by f ree  convection were  modu-  
lated by forced convection directed to the outlet, the 
flow st reamline actual ly  became a spiral  pattern.  In 
the situation where  two vor texes  exist in a cross sec- 
tion of the tube, two spiral flow pat terns were  gen-  
erated in the tube. 

With an increase of the flow rate, pitch of the spiral 
s t reamline was gradual ly  ex tended  in the axial  direc- 
tion of the tube; however ,  on the sectional pattern,  the 
fol lowing behaviors  were  observed. 

In the ni t rogen flow system, the posit ive vor tex  mo-  
tion observed at a low flow rate  conver ted  to a nega-  
t ive one. To examine  this behavior,  t empera tu re  dis- 
t r ibut ion in the cross section was measured  corre-  
sponding to the vor tex  pattern,  as shown in Fig. 3; that  
is, horizontal  t empera ture  distr ibution near  the heated 
plate over  the width  had the lowest point at the width 
center  when the flow rate  was high. It appears that  
this difference be tween  tempera tu re  distr ibut ion is 
re la ted to whe ther  or not the the rmal  boundary layer  
was ful ly  developed. 

Under  a fu l ly  developed state, t empera tu re  of the 
gas s t ream did not va ry  in the flow direction, and 
horizontal  t empera tu re  distr ibution over  the width 

Fig. 2. Vortex patterns produced in a rectangular tube 

"~" . . . . . . . . . . . . . . . .  iRON P L A ~  

(a) N 2 I0 I / ra in (b) N 2 40 I /rain 

Fig. 3. Temperature .profiles varying with flow rates 
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Fig. 4. Vortex patterns varying with flow rates: (a, left) He 1 liter/rain; (b, center) He 5 liters/rain; (c, right) He 10 liters/min 

was governed by heat  loss as stated previously.  In the 
region where  the thermal  boundary layer was not ful ly 
developed, on the other hand, horizontal  t empera tu re  
distr ibution depended on the veloci ty distr ibution of 
forced convection over  the width, so that  t empera ture  
of the gas s t ream in the center  part  of the tube became 
lower than that  in the outer  part, and consequently,  
the vor tex  motion was negative. 

Length  of the thermal  entrance region for laminar  
flow is wel l  known by the relat ion 

L / D e  : 0.05 Re �9 Pr  [3] 

where  L is thermal  ent rance  length and De is hy-  
draulic d iameter  of a tube. Al though the entrance 
length for combined flow somewhat  differs f rom that  
for laminar  flow, f rom the above re la t ion it is still 
est imated that  the position of observing the flow pat-  
tern, when it is 150 mm apart  f rom the inlet edge of 
the heated plate, lies in the thermal  entrance region 
when the reverse  of the vor tex  motion is observed. 

In the hel ium flow system, vor tex  pat terns were  
shifted to the corners of the cross section wi th  increas-  
ing flow rates, as shown in Fig. 4. According to the 
above est imation thermal  boundary layers  were  ful ly 
developed in all experiments.  If the vor tex  was in- 
duced locally at a position where  forced convection 
velocity is small, pat tern  var ia t ion occurred under  cir-  
cumstances that  the small  veloci ty  zone was reduced 
to the corner  wi th  increasing flow rates. However ,  de- 
tailed analysis remains  to be conducted on the hydro-  
dynamic problem. 

Under  fur ther  increased flow rates, the forced con- 
vection became predominant,  a l though there  was com- 
plex behavior  induced by expansion of both the  ther -  
mal  and hydrodynamic  entrance regions. 

A decrease in the Grashof number,  which consists 
of factors such as t empera tu re  difference and gas 
density, imparts  to the flow pat tern  the same effect as 
an increase in flow rate. McComas and Eckert  (9) have 
conducted operations at low pressure in order to ob- 

tain negligible free convection heat  t ransfer  data. In 
the present study, pressure dependence on a ful ly 
developed spiral flow was examined. Figure  5 shows 
the effect of pressure at a constant flow rate. At  low 
pressure the pure forced convection s t reamline was 
observed in contrast  with the vor tex  motion at a tmo-  
spheric pressure. The low-pressure  operat ion was 
effective in producing laminar  flow in a CVD reactor. 

Summary of Observation Results 
As described previously, two modes of flow can exist 

in a horizontal  CVD reactor.  The problem is to deter-  
mine  the transi t ion region between the two flow pat-  
terns. 

Spar row (10) has studied combined convection heat 
t ransfer  on a ver t ical  surface, in which he theoret ical ly  
classified the flow cri ter ia  by using a parameter ,  
Gr /Re  2, introduced f rom the momentum conservation 
equation as follows 

Gr /Re  2 ~ 16 free convection flow [4] 

16 ~ G r / R e  2 ~ 0.3 combined flow [5] 

0.3 > Gr /Re  2 forced convection flow [6] 

Additionally,  f rom the heat  t ransfer  data, Metais and 
Eckert  (11) have reported regimes for flow through 
vert ical  and horizontal  c i rcular  tubes. These cri ter ia  
are defined by deviat ion be tween the actual  heat  flux 
and the heat  flux caused by pure  convection. The 
transi t ion region for a semicircular  or rec tangular  tube 
may differ from the above criteria.  

Conditions for the transi t ion region obtained from 
observation results in the present  exper iment  are de- 
scribed in Table I. Values in the table are for the flow 
parameters  at which vor tex  motion disappears in the 
tube cross section. 

Regarding combined flow on a horizontal  flat plate, 
a parameter  of Gr /Re  2.5 has been theoret ical ly  derived 
by Mori (12). For  simplicity, however ,  a pa ramete r  of 

Fig. 5. Effect of pressures on flow 
patterns: (a, left) 760 Tort 1 liter/ 
rain; (b, right) 160 Tort 1 liter/min. 
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Table I, Fluid parameters representing the disappearance of vortexes 

M a x i m u m  distance Equiva lent  
b e t w e e n  hot  plate d iameter  F l o w  rate 

T u b e  t y p e  t u b e  w a l l  (ram) De (ram) ( l / r a in )  Re G r  Gr /Re~  

Nitrogen  gas 
64 m m  c i r cu l a r  55 43 

113 m m  circular 45 55 
70 • 40 r e c t a n g u l a r  19 26 
70 • 118 r e c t a n g u l a r  57 62 

118 x 70 r e c t a n g u l a r  49 82 
118 • 70 r e c t a n g u l a r  39 66 
118 :< 70 r e c t a n g u l a r  29 52 

H e l i u m  gas 
64 m m  c i r cu l a r  55 43 
64 m m  (160 Torr)  55 43 
70 • 40 r e c t a n g u l a r  19 26 
70 x 40 r e c t a n g u l a r  9 18 

118 • 70 r e c t a n g u l a r  39 66 
118 x 70 r e c t a n g u l a r  29 52 

S 45 8,200 4.1 
60 228 23,000 0.4 

5 35 1,600 1.4 
20 140 46,000 2.3 
20 100 30,000 3.0 
20 80 9,800 3.0 
20 80 4,800 1.5 

14 14 153 0.8 
1 1.3 4 2.2 
5 4.3 22 1.2 

No v o r t e x  - -  ~ - -  
20 13 600 3.5 
10 5 90 3.5 

G r / R e  2 was employed because Gr~/=/Re corresponds to 
a dimensionless veloci ty ratio of free convection 
velocity to forced convection velocity. 

As shown in the table, the disappearance of vor tex  
occurred under  the transi t ion condition of G r / R e  2 : 
0.4 to 4.1, al though it is difficult to give precise values 
since transitions are gradual  in observing flow patterns. 

Moreover, note that  vor tex  by f ree  convection was 
observed at small Grashof numbers  in the  hel ium flow 
system. In general, free convection vor tex  in the hori-  
zontal space bounded by two plane surfaces appears 
under  the conditions of Gr �9 Pr  > 1700 (8). Al though 
the l i m i t i n g  condition for producing free convection 
depends on reactor  geometry  (13, 14), the values de- 
scribed in the table are ve ry  small. This may be due 
to heat  loss, effects based on the entrance regions, the 
gravi ty  force of t i tanium dioxide particles, and so forth; 
however ,  such details wil l  be left  to advance study. 

Theoretical Consideration on the Relation between 
Flow Behaviors and Deposition Characteristics 

Deposi t ion under  forced convec t ion  laminar  l~ow.--  
Thickness distr ibution of the deposited layer makes a 
difference between pure  forced convection laminar  flow 
and combined convection spiral flow. The problem can 
be examined theoret ical ly  by solving a mass conserva-  
tion equat ion of the diffusing species, of which the 
general  form is 

~ v  �9 c : Dm V2c [7] 

where  V denotes the operator, O/Ox + O/Oy + O/Oz, V 2 
is the Laplace operator, v the veloci ty  vector of the 
gas flow, c the concentrat ion of the reactant,  and Dm 
the effective diffusion coefficient. 

Solutions of this equat ion under  different boundary 
conditions have been obtained from the analogous rela-  
tion between mass and heat  transfer. For  examp]e, the 
mass t ransfer  correlat ion in isothermal  laminar  flow 
over  a flat plate is given by 

Sh : 0.332 Rei/2Scl/3 [8] 

where  Sh represents the local Sherwood number  de- 
fined by kz /Dm with k the  mass t ransfer  coefficient, 
z the distance along the gas flow; Re is defined by w z / v  
with w the flow velocity, v the kinematic  viscosity; and 
Sc represents  the Schmidt  number  defined v/Din. In 
detail, the above is a solution obtained f rom the fol-  
lowing equat ion under  a situation of the var iable  
hydrodynamic  boundary layer  thickness 

w Oc/Oz + v Oe/Oy = D m  02c/Oy 2 [9] 

where  w is a gas veloci ty  component  in the flow direc-  
tion, z, and v is a y-d i rec t ion  veloci ty component  per -  
pendicular  to z. 

If  the hydrodynamic  boundary layer  is ful ly devel -  
oped, the te rm (including the veloci ty  component, v) 
can be neglected. Regarding a special condition of the 
l inear  veloci ty  profile, w = ay, there  is Leveque ' s  solu- 
tion on heat t ransfer  (8). The equivalent  mass t ransfer  

rate  equation can be wr i t ten  a s  

coDm ( ~ ) 1/3 
N = Dm(Oc/OY)y=6 -- 0.89------3 9Dm--------~ [10] 

On the other hand, a solution to the parabolic veloc-  
ity profile has been solved by Pigford (15). Further ,  
Rundle (16) has reported an analyt ical  solution of 
the fol lowing two-dimensionaI  diffusion equation in 
the same velocity field 

w ( y )  Oc/Oz = Dm(O2c/Oz a + 02c/OY 2) [11] 

In an actual reactor, moreover,  veloci ty is also dis- 
t r ibuted over the width. Ful ly  developed velocity pro- 
files in a rectangular  and a semicircular  section, used 
f requent ly  for chemical  vapor  deposition, have been 
calculated by Andrew (17), who suggested impor tant  
informat ion that  deposition in a rectangular  reactor 
gave bet ter  thickness distr ibution than that  in a semi- 
circular  reactor. 

In this study, deposited layer thickness distributions 
in a rectangular  reactor  in which veloci ty is distributed 
on both the axial  and the width direct ion were  ex-  
amined in a three-d imensional  diffusion system as fol- 
lows 

W ( x , y )  OC/OZ : Dm(O2c/Ox 2 Jr 02c/OY 2 "~- 0 2 C / 0 Z  2) [12] 

Consideration was given, in particular,  to the depen- 
dence of diffusion along the wid th  on thickness distri-  
butions. Also, the axial  diffusion effect was considered 
in the equation since vapor  deposition is usually con- 
ducted at small Reynolds numbers,  a l though it may be 
neglected in the ranges of Re.Sc > 10 (18). 

Generally,  the veloci ty  profile under  laminar  flow 
ful ly  developing in a rec tangular  reactor  is expressed 
by the complex formula  (17,19); however,  a con- 
venient  simple expression (19) is given by 

W / W m a x  = ( i -  teI ~) ( i -  l~l~) [i3] 

w h e r e ~  : 1 -- ( 2 x / B ) ,  ~ = 1 -- ( 2 y / H ) ,  B a n d H  a r e  
the respect ive wid th  and height  of the reactor, and m is 
a constant which is de termined by the aspect ratio of 
the reactor  section. 

By using dimensionless variables, the mass conserva-  
tion equation can be wr i t ten  as 

1 
W 8C/8Z  =- ~ (O2C/8X 2 + 82C/OY 2 + O2C/8Z 2) [14] 

Sc 

where  C = C/Co, X ~- x / H ,  Y = y / H ,  Z : z / H ,  and 
W : wH/~ .  

Boundary  conditions are C : 0 at Y : 0 when the 
react ion rate is ve ry  large at the deposition surface; 
consequently,  the deposition ra te  is control led by dif-  
fusion, C : 1 at Z : 0, OC/OZ : 0 at Z : L / H  (L : 
reactor  length) ,  OC/OX : 0 at X : 0 and B / H ,  and 
OC/OY : 0 at Y : 1. 

Concentrat ions distr ibuted three-dimensional ly  in a 
reactor  were  numer ica l ly  calculated by using a f i n i t e  
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difference approximat ion method. The finite difference 
representat ion can be expressed by approximated  con- 
centrat ions on six grid points around a selected point 
as follows 

w (i,D 
c ( i , j , k  + 1) - C ( i , j , k  - 1) 

2AZ 

_ 1 F c ( i  -5 1,j,k) -- 2C(i,j ,k) -5 C( i  - -  1,j,k) 

- T c  L aX2 

C(i,j -5 1,k) -- 2C(i~,k) -5 C(i, j  -- 1,k) + 
5y2 

C(i, j ,k -5 1) -- 2C(i,j ,k) -5 c(i , j ,k -- 1) 
[15] 

~Z 2 

where  i, j, and k are  grid numbers  spacing in the X,  
Y, and Z direction, respectively.  Calculation was ef-  
fected with  a digital computer,  HITAC 5020F. 

From the concentrat ion gradient  at the deposition 
surface, the mass t ransfer  rate N is 

coDm 
N(x , z )  = Dm(OC/Oy) -- - -  (OC/3Y) = kmAc [16] 

H 

If the diffusion boundary layer consists of the original 
concentrat ion Co, that  is Ac ---- Co, and if there  is a suc- 
cessive concentrat ion gradient, the dimensionless con- 
centrat ion gradient  is equivalent  to the Sherwood 
number  as 

R = (3C/OY)v=o = kmH/Dm = Sh [17] 

The deposition ra te  is 

 (0c) 
G = . [18] 

Mp ~ V =o 

For the values of D m =  5 cm2/sec, c ---- 0.005 mol, and 
H ---- 3 cm, a unit dimensionless concentrat ion gradient  
R = 1, corresponds to a deposition ra te  of G = 0.5 
g/min. Therefore,  (3C/OY)y=o implies a dimensionless 
deposition rate. 

Figure  6 shows calculated rate distributions across 
the width of a rec tangular  reactor  of the aspect ratio, 
B / H  = 1. Distributions in a case where  diffusion along 
the width is not considered in the mass conservation 
equation are also given for reference by the hyphen-  
ated lines. It is obvious that  the diffusion effect along 
the width  cannot be neglected. 

However ,  this consideration is still insufficient. At 
the shal low position of a reactor  the deposition rate  
may be controlled by the chemical  reaction rate be- 
cause of the thin diffusion boundary layer thickness. In 
addition, existence of a hydrodynamic  and thermal  en-  
trance region will  effect a complex rate  distribution 
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Fig. 6. Theoretical deposition characteristics for forced convection 
laminar flow inside a rectangular tube. 

such as the deposition characterist ics repor ted  by Sut-  
ton (20). These behaviors  wi l l  be analyzed by more  
detailed study, considering the above mechanisms. 

Deposition under combined free and forced convec- 
tion sp~rat f low.--The problems of combined flow have  
been studied by a number  of invest igators  in the field 
of heat transfer.  On the other  hand, regarding studies 
of combined convection mass transfer,  for instance, in-  
vestigations are found such as mass t ransfer  f rom gas 
phase to horizontal  cyl inder  during chemical  vapor  
deposition (21, 22) or diffusion in a semipermeable  plate 
associated wi th  free convect ion (23). 

In a flow system in which free convection acts per-  
pendicular  to forced convection, the flow is th ree -d i -  
mensional;  thus, the theoret ical  expression on fluid dy-  
namics is complex. Recently, combined flow with  a 
spiraling character  in a circular  tube was studied by 
Newel l  et at. (24), and also the behavior  of vor texes  
under  combined flow was repor ted  by Uchida and Mori 
(25). 

In this work, mass t ransfer  under  combined convec- 
tion spiral flow is studied to evaluate  the deposited 
layer  thickness distr ibution in a vapor  deposition re-  
actor. Consideration is g iven to the rec tangular  re-  
actor to make a comparison wi th  the deposition char-  
acteristics under  forced convect ion laminar  flow. 

We now assume an incompressible and Newtonian 
fluid with constant physical properties, except  for a 
fluid density in the buoyancy term. When combined 
flow is ful ly developed 

3u/Oz = O, 3v/Oz = 0, and Ow/Oz = 0 [19] 

dimensionless conservat ion equations can be stated as 
follows: 
Momentum 

OU OU OP 02U 02U 
U + Y - -  - -  -5 + [20 ]  

ax oY ax 

OV OV 0P 82V 02V 
U 3X -sV--_Oy ---50Y ~ - 5 - O - ~ - S G r ' . T  [21] 

3W OW OP O2W OzW 
U -5 V - -  - -  -5 [ 2 2 ]  

ox aY az + 

Continuity 
OU OV OW 

- -  -t - - - - - - 0 ,  = O [23 ]  
OX 3Y OZ 

Energy 
8T 3T 1 ( 82T 82T~ 

U -5 V - -  -- [24] 
a X  a Y  Pr - ~  -5 - - ~ /  

Diffusion 

OC V OC 8C 1 ( 82C O2C O2C ) 
U - 5  - S W  = -5 -5 

ax  oz 
[25 ]  

where  U =uH/v,  V = vH/v, W = wH/v,  and T = 
2(e -- eo)/(0a -- el) in which Oh is the upper  surface 
tempera ture  0[ the lower surface temperature ,  and 0o 
the average tempera tures  (Oh -- 01)/2. 

The boundary conditions given for this system are 

U ---- V = W = 0 at all surfaces 
T = l a t Y = O , T = - - l a t Y = l  
OT/OX = 0 at X ----- 0 and X = B/H  
C =  1 at Z = 0 ,  C = 0  at Y = 0 ,  8 C / 8 u  at 

Y = I  
OC/OX=O at X----0 and X = B / H ,  8C/OZ=O at 

Z = L / H  

The derived equation by combining Eq. [20] and [21] 
is known as the vort ic i ty  equation, that  is 

U OQ aQ aT O2Q a2Q 
3 x  -s v 8Y = G r '  8X - 5 - ~ - 5 - ~  [26] 
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where Q = (OV/OX) - (OU/OY) = - ~72~p and ~ is 
the stream funct ion defined by U O~/OY and V ---- 
Ocp/aX. This equation has been solved numerical ly  by 
Fromm (5), Samuels and Churchil l  (6), and others 
(7, 26-28) on the problem of two-dimensional  free 
convection. 

The present  calculation for three-dimensional  com- 
bined flow was conducted by uti l izing the numerical  
solution of uns teady-s ta te  free convection using a cen- 
tral  finite difference approximation, the details de- 
scribed in Ref. (6, 29, 30). When free convection 
velocity is obtained from the vortici ty and energy 
equations, a momen tum equation with respect to the 
axial velocity can be solved by the successive approxi-  
mation method. The axial velocities in laminar  flow, 
expressed according to Eq. [13], were used as ini t ia l ly 
approximated values. Also, this equation was solved 
under  a constant  condition of pressure drop. From the 
determined velocity components, the mass conserva- 
t ion equat ion was solved and the mass t ransfer  ra te  
was finally evaluated. Computat ion required about  1 to 
5 rain for values of certain Gr, Pr, Re, and Sc on the 
digital computer, HITAC 5020F. 

Figure 7 shows the vortex streamlines of a combined 
flow projected on the cross section of a rectangular  
reactor. The calculation result  refers to a rec tangular  
reactor with an aspect ratio of B/H ___ 2, which theo- 
retically produces two vortex motions (5), because two 
vortexes were f requent ly  found in the present  observa- 
t ion of flow patterns. The referenced streamlines rep-  
resent positive vortex motion; if the stream functions 
have opposite signs, vortex motion becomes negative. 

Under  the same reactor geometry, axial velocity 
distr ibutions over the width are shown in Fig. 8. It is 
evident from the figure that  axial velocity is largest 
at the center of each projected vortex pat tern  on the 
cross section of a reactor (hyphenated lines indicate 
laminar  flow). 

Figure 9 reveals contour maps of computed isocon- 
centrat ion profiles. By the positive motion of free con- 
vection vortexes, gas of the dilute concentrat ion moves 
upward at the width center so that  the mass t ransfer  
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Fig. 9. Concentration contour lines in a cross section for Gr' 
3000, Pr ~ I ,  Re ---- 200, Sc ~ 1, Z ~ 5, and B/H ~ 2. 

rate at this position becomes m i n i m u m  at the width 
center. 

For three types of gas flow (forced convection lam- 
inar  flow, and combined convection spiral flows with 
positive and negative vortex motions) the deposition 
characteristics represented by the dimensionless mass 
t ransfer  rate are shown in Fig. 10. 

Deposition characteristics under  combined flow are 
general ly wavy compared with those under  forced con- 
vection laminar  flow. Although a un i form rate dis t r ibu-  
t ion exists under  the properly selected Grashof n u m -  
ber, predictable from deposition characteristics be- 
tween forced convection laminar  flow and combined 
convection spiral flow with positive vortex motion, 
control to a t ta in  an op t imum operat ing condit ion may 
be difficult. In  the case of forced convection laminar  
flow, deposition characteristics can be fur ther  improved 
by using a rec tangular  reactor with large aspect ratios 
because of flatness velocity dis t r ibut ion over the width. 
The formation of forced convection laminar  flow in a 
chemical vapor deposition reactor can be effectively 
realized by low-pressure  operation. 

C o n c l u s i o n s  
1. In  horizontal tubes s imulat ing a vapor deposition 

reactor, two modes of flow (combined free and forced 
convection spiral flow, and pure forced convection 
laminar  flow) were observed, depending on experi-  
menta l  conditions of various flow rates and pressures. 
In  particular,  straight s treamlines were found at low 
pressure. 

2. With increasing flow rates, reverse vortex motion 
and eccentricity of the vortex center were observed. 

3. Transi t ion between the two flow modes occurred 
in the range of Gr /Re  2 ---- 0.4 to 4.1. 

4. The three-dimensional  diffusion equation was 
solved numerica l ly  under  two conditions. Concentra-  
t ion and deposition rate distr ibutions across and  along 
the tube were calculated on the basis of a rectangular  
reactor. 

5. It  was estimated from calculation results that  
forced laminar  flow in the rectangular  reactor revealed 

, . -  . . . . . .  = 8 [ -  . - - I - - - .  M O T , O N  

0 ~z I VORTEX MOTION 

I 2 .~ OL - _~ 
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Fig. 8. Axial velocity profiles across the width (Gr '  ~--- 3000,  Pr = D I M E N S I O N L E S S  W I D T H  , X 

1, and B/H ~_ 2). Fig. 10. Deposition characteristics corresponding to flow behaviors 
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an excel len t  un i formi ty  of deposi t ion ra te  across the  
width  in contras t  to combined flow. 
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SYMBOLS 
B wid th  of a r ec tangu la r  reactor,  cm 
c gas phase concentra t ion of the species of interest ,  

g /cc  
• concentra t ion difference, g /cc  
co ini t ia l  concentrat ion,  g /cc  
C dimensionless  concentrat ion,  c/co 
CD specific heat  of fluid, ca l /g  �9 ~ 
De hydrau l ic  diameter ,  cm 
Dr, effective diffusion coefficient of the species of 

interest ,  cm2/sec 
G growth  rate,  cm/sec  
Gr  Grashof  number ,  gflH3ao/v ~, dimensionless  
Gr '  Grashof  number  based on �89 t empera tu re  differ-  

ence 
H height  of r ec tangu la r  reactor ,  cm 
i i ' th  gr id  point  
j j ' t h  grid point  
k k ' th  gr id  point  
km mass t r ans fe r  coefficient, cm/sec  
L length  of a deposi t ion zone to the  ax ia l  direct ion,  

cm 
m constant  
m molecular  weight  of the species of in teres t  
M molecular  weight  of the deposi t ion film 
N mass t ransfe r  rate,  g/cm2sec 
P dimensionless  pressure ,  pH2/p'u 2 (p-f luid pres-  

sure, K-mass dens i ty  of fluid) 
P r  P r and t l  number ,  c~/ i ,  dimensionless  
Q dimensionless  vor t ic i ty  
R dimensionless  concentra t ion grad ien t  
Re Reynolds  number ,  De~/u 
Sc Schmidt  number ,  v/Dm 
Sh Sherwood number ,  kmz/Dm 
T dimensionless  t empera ture ,  2(0 --  0o)/(0h --  el) 
u veloci ty  in x -d i r ec t ion  
U dimensionless  veloci ty  in x-di rec t ion ,  uH/v 
v veloci ty  in y -d i r ec t ion  
V dimensionless  veloci ty  in y-d i rec t ion ,  vH/v 
w veloci ty  in z -d i rec t ion  

mean  veloci ty  of fluid 
W dimensionless  veloci ty  in z-di rec t ion ,  wH/~ 
x coordinate  in the wid th  direct ion of reactor  
X dimensionless  wid th  in x-d i rec t ion ,  x /H 
y coordinate  in the height  direct ion of reac tor  
Y dimensionless  height  in y-d i rec t ion ,  y/H 

coordinate  in the  axia l  d i rec t ion  of reac tor  
Z dimensionless  length  in z-direct ion,  z/H 
a constant  

coefficient of t he rma l  expans ion  
# tempera ture ,  ~ 

t he rma l  conduct iv i ty  of fluid, c a l / cm sec~ 

1 -  (2x/B) 
1 -  (2y/H) 

v k inemat ic  viscosity,  cm~/sec 
p densi ty  of the deposi ted ma te r i a l  

dimensionless  s t r eam funct ion 

Manuscr ip t  submi t ted  March  10, 1971; revised manu-  
script  received May 15, 1972. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1973 
JOURNAL. 
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Arsenic Diffusion in Silicon Using Low As O -Content Binary 
Arsenosilicate Glass Sources 
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ABSTRACT 

Arsenic diffusion from a low-As203 content  arsenosilicate glass film into 
silicon has been measured in the range I000~176 The activation energy is 
found to be 4.1 ~ 0.i eV in good agreement  with previous work. Concentrat ion 
dependence of the diffusion coefficient of arsenic in, silicon has been evaluated 
from the diffusion profiles using the Bol tzmann-Matano analysis. In  addition, 
the masking abil i ty of SiO2 toward arsenic diffusion and some diffusion pa-  
rameters  of arsenic in SiO2 have been estimated. 

Most of the diffusion studies performed on arsenic 
in silicon have been based on a gas-to-solid diffusion 
technique (1-8). The use of doped oxides such as 
b inary  arsenosilicate glasses in the process of solid- 
to-solid state diffusion of arsenic into silicon has only 
been recent ly realized since the work of Lee (9). Sub-  
sequent investigations by various authors (10-13) 
showed that  glasses prepared from the reaction sys- 
tem suggested by Lee suffer severe "glass damage" 
when heated to 100O~ and up. 

A more recent study (14, 15) shows that  CVD arsen-  
osilicate films on silicon in the range 2-20 m/o (mol 
per cent) As20~ exhibit  film detachment  upon heat-  
t reatments  at 800~ and up. Thermal  stresses gen- 
erated in the film, arising from a mismatch of expan-  
sion coefficient with the silicon substrate are largely 
responsible for the observed film detachment  from the 
substrate. However, when  the amount  of As203 in the 
film is reduced to 1.0 m/o  As203 and below, film de- 
tachment  and consequent glass damage can be el im- 
inated altogether even at temperatures  as high as 
ll00~ 

In this paper, the diffusion characteristics of arsenic 
in silicon from these low As203-content arsenosilicate 
glass films are reported. The advantages of using doped 
oxides in the technique of solid-to-solid state diffusion 
for device fabrication are well known (16-19). In  the 
case of arsenic diffusion, one distinct advantage of using 
arsenosilicate glass sources is that the quant i ty  of total 
arsenic involved is very small  (0.1 mg or less) com- 
pared with a source of the order of grams, which must  
be vaporized in the technique of gas-to-solid diffusion 
using either open or sealed tubes. Thus, health hazards 
due to arsenic poisoning may be reduced considerably. 
The junct ion depths and sheet resistivities of dif- 
fused layers have been measured systematically as a 
function of t ime and temperature  of diffusion. Effects 
of source concentrat ion and diffusion ambient  on these 
two parameters  were also studied wherever  possible. 
Moreover, in view of the current  recognition of con- 
centrat ion dependence of impur i ty  diffusion in silicon 
at high impur i ty  concentrat ion (from 1019 cm -3 and 
up),  diffusion profiles in silicon at various tempera-  
tures have been determined exper imental ly  so as to 
enable a more meaningful  evaluat ion of arsenic dif- 
fusivities and surface concentrat ions ]n st]icon. 

Finally,  by diffusing arsenic through a bar r ie r  layer 
of SiO2 into silicon, the masking abil i ty of SiO2 toward 
arsenic diffusion has been studied as a function of SiO2 
thickness, temperature,  and As20.~ concentrat ion in the 
glass. In  addition, some useful diffusion parameters  of 
arsenic in SiO2 can be estimated using a simple model. 

Experimental 
Glass deposition.--The silicon substrates used for 

glass deposition and subsequent  diffusion of arsenic 
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were 1 ohm-cm p-type (100)-surface oriented wafers 
2.5 cm in diameter  and 0.05 cm thick. These were 
heavily etched in a conc HNO3-conc HF solution (3:1 
by volume) and rinsed thoroughly in distilled water  
prior to deposition. Arsenosilicate films were deposited 
by a CVD technique using argon-di luted reaction mix-  
tures of Sill4, AsC13, and 02. The materials  and deposi- 
tion apparatus have been described elsewhere (14, 15). 
All films were deposited at 450~ Compositions of the 
as-deposited films were determined nondestruct ively  
by infrared absorption spectroscopy using a published 
cal ibrat ion for the IR absorbance ratio vs. mol per cent 
As203 obtained by chemical analysis (14). All  arseno- 
silicate films had a thickness of about 7000A, which is 
greater than the largest diffusion length of arsenic in 
the glass in these experiments.  

In  order to study the masking effect of a barr ier  
layer of SiO2 on arsenic diffusion into silicon, a layer  
of SiO2 was grown thermal ly  on the bare  silicon at 
1000~ The thickness of this thermal  SiO2 was deter-  
mined ell ipsometrically prior to arsenosilicate deposi- 
t ion and arsenic diffusion. 

Diffusion.--A conventional  horizontal diffusion fur-  
nace consisting of an electrically heated fused quartz 
tube having a projecting side arm for sample loading 
was used. The temperature  of the constant  tempera-  
ture  zone (1V2 in. long) was controlled to wi th in  2~ 
at ll00~ Diffusions were performed in  either argon 
or oxygen. 

Sample preparation.--Two modes of sample prepara-  
tions were used prior to the diffusion experiments.  For 
init ial  determinat ions of junct ion depth xj and elec- 
trical resistivity V/I  of diffused layers as a funct ion 
of tempera ture  and t ime of diffusion, and thickness of 
the sandwiched thermal  SiO2 layer, the wafer was 
divided into four quarters  after glass deposition. Each 
of these quar tered wafers was then diffused indiv idu-  
ally at the preset conditions. For profile de termina-  
tions, after the glass source had been deposited the 
wafer was halved, each piece was then diffused at the 
desired conditions. 

After  diffusion in  Ar  and glass removal, a th in  gray-  
ish b rown film was found to remain  on the silicon 
substrate. This film, which is insoluble in the buffered 
HF etching solution, renders  the silicon surface hydro-  
philic and can be removed simply by mechanical  wip-  
ing. When the diffusion is performed in O5, however, 
the resul tant  st]icon surface is hydrophobic. Format ion  
of this so-called "brown skin" has recently been re-  
ported (13) but  its chemical na ture  is still uncertain.  

Junction depth and sheet resistivity.--The junct ion  
depth and sheet resistivity of diffused layers were de- 
termined by the s tandard methods of angle lapping 
and staining, and the four-point  probe technique, 
respectively. The former was calculated from the 
width of the white band in  the micrograph of the 
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junct ion  after s taining using the appropriate magni -  
fication factor and beveling ratio. An accuracy of 
• 0.035~ has been estimated wi th  the present  proce- 
dure. By switching the probe orientat ion on the wafer 
three times and rever t ing  the current  polarity, six 
V/I  measurements  were made on each sample. The 
ari thmetic average of these V/I  values was then con- 
verted to sheet resistivity using Smits '  table (20). 

Profile determination.--Arsenic-diffusion profiles 
were determined using the technique of anodization- 
sectioning in conjunct ion with the four-point  probe 
differential sheet resist ivity measurements  (1, 21). 
The theory under ly ing  this technique has recently 
been reviewed by Donovan and Evans (22). The pro- 
cedure of profiling consisted of successively measur-  
ing the sheet resistivity of the diffused layer followed 
by removal  of a silicon layer of controlled thickness, 
and was repeated unt i l  a sheet resist ivi ty of ~2000 
ohm/square  was reached. 

All anodizations were performed in  a di luted aque-  
ous HNO3 solution at a constant voltage of 25V for 
30 min. Under  these conditions it was found that the 
thickness of the resul tant  anodized layer decreases 
with increase in sheet resistivity of the diffused layer 
due to a lower impur i ty  surface concentrat ion and /o r  
junct ion  depth. Ten reference anodized oxides of thick- 
ness varying  in the range 200-1200A were prepared 
and their  thickness measured by ellipsometry. The 
thickness of each individual  anodized layer  on the 
diffused samples was then determined to wi th in  50A 
by comparing with the color of the reference samples. 
From the refractive index of the anodized SiO~ (1.415- 
1.420 at ~ _-- 5460A) the thickness of silicon removed 
at each anodization was estimated to correspond to 
0.40 times the thickness of the anodized oxide. The 
oxide was subsequent ly  removed by etching in  a buf -  
fered HF solution. The depth at any  point is then 
the sum of the silicon increments  already removed. 

Results 
Junction depth and sheet resistivity of diJ~used lay- 

ers.--Two exper imental  parameters  are of importance 
in the characterization of diffused layers in semicon- 
ductor technology. These are the junct ion depth xj 
and sheet resist ivity ps of the diffused layer. In  the 
present  investigation these parameters  were studied 
systematical ly as a funct ion of temperature  and t ime 
of diffusion and thickness of a sandwiched SiO2 layer. 
Variation in AseO~ concentrat ion in the diffusion source 
was somewhat l imited due to the occurrence of glass 
damage on bare silicon when films containing more 
than  1 m/o  As203 are heat - t rea ted at 1000~ and up 
(15). 

In  Fig. 1, the junct ion  depth xj and sheet conduc- 
t ivity ps-1 of the diffused layers are plotted as a func-  
t ion of the square root of diffusion time, ~/~. Diffu- 
sions were performed in an Ar ambient  using a 0.8 
m/o  As20~ arsenosilicate glass, 7000A thick in  each 
case. Linear i ty  is obtained in the x] vs. ~ / t  plots while 
a monotonic increase in  ps-1 with ~/t" is observed at 
all temperatures.  The diffusion is enhanced in  the 
presence of O2 as shown by the higher junct ion  depths 
and higher sheet conductivities at ll00~ 

The junct ion depth and sheet resistivity of diffused 
layers have also been studied as a funct ion of thick- 
ness of the sandwiched SiO2 layer for a constant  diffu- 
sion time of 4 hr  at 1100 ~ and 1150~ in Ar. The results 
are plotted in Fig. 2 and 3 for a 0.8 m/o  As2Oa source 
and a 2.5 m/o  As2Oa source, respectively. It  can be 
seen that  xj decreases and ps increases monotonical ly  
with thickness of the SiOa layer, demonstrat ing a posi- 
tive masking effect of the thermal  oxide toward arsenic 
diffusion. The masking abil i ty of a given SiO2 layer de- 
creases with increase in As203 content  in the diffusion 
source. 
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Fig. 1. Plots of (a, tap) xj and (b, bottom) ps -1  of arsenic dif- 
fused layers in silicon vs. square root of diffusion time at various 
temperatures of diffusion in Ar (closed circles) and in 02 (open 
circles). The diffusion source in each case was a film of 7000X 
arsenosilicate glass containing 0.8 m/o As203. 
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Fig. 2. Plots of (a) xj and (b) Ps of arsenic-diffused layers in 
silicon vs. thickness of barrier SiO2 at 1100 ~ and i150~ All diffu- 
sions were performed in Ar for 4 hr using glass sources containing 
0.8 m/o As20~. Inset in Fig. 2(b) is an extrapolation to the masking 
thickness of SiO2. 

An at tempt to evaluate  the dependence of xj and 
ps at higher AS203 concentrat ion in the glass source 
proved to be unsuccessful due to the onset of severe 
glass damage from 5 m/o  As203 and up. Nevertheless, 
the xj and ps data obtained by diffusing As from var i -  
ous As203-content glasses up to 16 m/o  As203 through 
a 519A SiO2 layer at 1100 ~ and 1150~ for 4 hr in Ar  
are given in Fig. 4. Monotonicity is lost in  the composi- 
t ion region of glass damage. 
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Fig. 3. Plots of (a) xj and (b) Ps vs. thickness of barrier SiO~. 
Diffusion conditions were identical to those shown in Fig. 2, except 
a 2.4 m/o As203 arsenosilicate source was used. Inset in Fig. 3(b) 
shows extrapolation to the masking thickness of SiO2. 
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Fig. 4. Plots of (a) xj and (b) ps vs. glass composition at 1100 ~ 
and 1150~ All diffusions were performed through a 520.~ barrier 
SiO2 in Ar. Note glass damage beyond 2.5 m/o As203. 

Arsenic-diffusion profiles.--In Fig. 5, the sheet con- 
ductivi ty is plotted as a funct ion of depth into the 
diffusion layer at various temperatures  of diffusion 
in Ar for 4 hr from a 0.8 m/o  As203 glass source on 
bare silicon. The data for a similar diffusion in an oxy- 
gen atmosphere are also given in Fig. 5. The conduc- 
t ivi ty data were then  statistically regressed and the 
differential conductivi ty as well  as the differential 
carrier  concentrat ion at each point were obtained with 
a computer  routine. The lat ter  quant i ty  is calculated 
using the effective mobi l i ty  values compiled by I rv in  
(23). The profiles are given in Fig. 6 and represent  
the ionized arsenic distr ibutions at various diffusion 
temperatures.  It  is of interest  to note that  the flat 
regions in the init ial  port ion of the concentrat ion pro-  
files at 1000 ~ 1050 ~ and l l00~ are merely  a manifes-  
ta t ion of the l inear i ty  in the ini t ia l  portions of the 
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Fig. 5. Sheet conductivity profiles of diffused layers at various 
temperatures. The diffusion source in each case consisted of a 0.7 
m/o As20a arsenosilicate film, 70005, thick. Note the open tri- 
angles for diffusion in 02. 

respective sheet conductivi ty profiles (see Fig. 5). 
Similarly,  the upward  convexity and concavity in the 
init ial  portions of the conductivi ty profiles at 1150 o and 
1200~ in Fig. 5 are accordingly reflected in the re-  
spective concentrat ion profiles in  Fig. 6. 

The carrier concentrat ion profiles resulted from a 
4-hr diffusion of arsenic from various As2Os-content 
arsenosilicate glasses through a layer of thermal  SiO2 
of various thickness have also been studied at 1150~ 
The sheet conductivi ty profiles in  these diffused layers 
are given in Fig. 7, from which the carr ier  concentra-  
tions were determined and are shown in  Fig. 8. The 
masking effect of the sandwiched SiO2 layer  in reduc- 
ing both the carrier  concentrat ion in silicon at a given 
depth and the over-al l  junc t ion  depth can easily be 
seen from the profiles. For example, in  going from a 
diffusion through bare silicon (Fig. 8 curve a) to a 
diffusion through a 519A SiO2 (Fig. 8 curve d) the 
carrier concentrat ion at the surface drops from 6 • 
1019 to 2.4 • 1019 cm -8. Fur thermore,  increasing the 
thickness of the SiO2 layer  wil l  lower the surface car- 
rier concentrat ion as well  as the junct ion  depth (cf. 
Fig. 8 curve c and e). Enhanced diffusion in the pres- 
ence of O2 was again observed (cf. curves b and c in 
Fig. 8). 

Discussion 
Junction depth and sheet resistivity.--It can be seen 

from Fig. 1 that  the junct ion depth, xj, of the diffused 
layer  varies l inear ly  with the square root of diffusion 
time, ~/ t ,  in either an argon or oxygen ambient  at all 
the temperatures  investigated. This l inear  re la t ion-  
ship holds if the arsenic concentrat ion N(x , t )  in the 
neighborhood of the background concentration, NB, is 
given by 

N ( x , t )  : F(x/~/-t) [1] 

where x is the distance from the silicon surface, t is 
the diffusion time, and F is a function of diffusion 
temperature,  impur i ty  concentrat ion in the glass, and 
impur i ty  diffusivity in silicon. When x is equal  to the 
junct ion depth, xj, Eq. [1] becomes 

~B = F(xj/~/~) [2] 

As all the experiments  were conducted on silicon 
wafers of equal resistivity wi th  doped glasses of the 
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Fig. 6. Carrier concentration 
profiles in silicon calculated 
from the corresponding conduc- 
tivity profiles shown in Fig. 5. 
The points are computer gener- 
ated at regular depth intervals. 
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same composition, Eq. [2] is equivalent  to 

zj -- [ r -~  (NB)] X/t [3] 

where  F -z  is the inverse  of F and F - I ( N B )  is a con- 
stant  at  a given tempera ture .  

Fur the rmore ,  if the concentra t ion profile can be de-  
scr ibed by Eq. [1], then  the surface concentrat ion,  Ns, 
in silicon is invar ian t  wi th  t ime and equal  to F ( 0 ) .  
This is the case when the glass l ayer  is thick enough to 
be r ega rded  as semi-infini te  (17). Thus, a new normal -  
ized function, 1(x /~ / t ) ,  can be in t roduced by  the r e -  
la t ionship 

f ( x /x /T)  ---- F(~c/~/t) /Ns [4] 
wi th  

f ( o )  = 1 
[5] 

~(oo) = 0 

The second boundary condition is justified by the 
physical requirement that impurities diffuse into sili- 
con with a finite rate. At low impurity concentrations 
where the diffusion coefficient D of As in Si is con- 
centration independent a simple erfc distribution re- 
sults, and 

1(zl~/ ' t)  = erfc (x/2~/D-t) [6] 

which satisfies the bounda ry  conditions of Eq. [5]. 

BC 
D 

zc 
>. 

> ec 
g 
c~ 
~ 5c 

~4c 

2( 

Jol 

' ' ' �9 i , , , "~ i . . . .  I ' ' 

4 HR IN Ar  AT 1150"C 

\ (2)o,6~,o 

519 

O.S 1.0 1.5 
DEPTH, F 

Fig. 7. Sheet conductivity profiles of diffused layers at I150~ 
as a function real per cent As203 in the diffusion source and barrier 
Si02 thickness. Note the open triangles for diffusion in 02. 

The sheet  resis t ivi ty,  ps, of the diffused layer  is r e -  
la ted to the  car r ie r  concentra t ion n ( z )  by  

ps - z =  q ~ ( n )  n ( x )  dx [71 

where  q is the  e lec t ron  charge  and ~ the  ca r r i e r  mo-  
b i l i ty  which is a funct ion of the to ta l  impur i t y  con- 
centrat ion.  At  high arsenic concentrations,  the  number  
of carr iers  is only a f ract ion r of the total  arsenic im-  
pur i ty  concentrat ion N (24, 25). Fur the rmore ,  this  
f ract ion is a funct ion of N (26), so tha t  Eq. [7] be -  
comes 

ps-* = q ~(N) ~(N) N(z) dx [81 

Using Eq. [1] and [4] to subst i tu te  for  N, we have  

ps -1 = qNs ~ r f dx 

[9] 
oc 

Int roducing a new var iab le  ~ ---- _, Eq. [9] becomes 
V t  

N __ ['xjlx/~ 
ps-* = q s~/t,~0 ~(n) @(n) ] (n)  dll [10] 

The in tegra l  in Eq. [ i 0 ]  is not a funct ion of time, as 
x j / ~ / t - i s  constant and equal to F - I ( N B )  ( f rom Eq. 
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Fig. 8, Carrier concentration profiles in silicon calculated from 
the corresponding conductivity profiles shown in Fig. 7. The points 
are computer generated at regular depth intervals. 
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[3]). This implies that  the sheet conduct ivi ty  varies as 
the square root of time, as can be seen f rom the iso- 
thermal  plots of ps -1 vs. k / t ' s h o w n  in Fig. l ( b ) .  

It must be noted however  that  any deviat ion of the 
concentrat ion profile in the vicini ty  of the silicon sur-  
face f rom that  given by Eq. [1] and [4] would modify 
the k / t -dependence  of the sheet conductivity.  This is 
because close to the surface, the concentrat ion is h igh-  
est and provides the largest  contr ibut ion to the inte-  
gral in Eq. [10]. On the contrary, the t ime dependence 
of x~ is related to the evolut ion in t ime of the profile 
tail  and l inear plots of xj vs. ~ are obtained when  
N ( x ,  t) can be expressed by Eq. [1] for large values 
of x. Thus, the l inear i ty  of xj vs. h / t  can be at ta ined 
independent ly  f rom the l inear i ty  of ~s -~ vs. ~/t,  and 
vice versa. 

In the presence of an oxygen ambient, deeper  junc-  
tion depths and higher  sheet conductivit ies are ob- 
tained when  compared with  those of identical wafers  
diffused in an inert  a tmosphere  of argon under  the 
same conditions (see Fig. 1). This enhancement  of 
arsenic diffusion in silicon is fur ther  manifes ted by 
the higher  surface carr ier  concentrat ions observed in 
the profiles at 1100 ~ and 1150~ as shown respect ively  
in Fig. 6 and 8. Similar  enhancements  have recent ly  
been noted for boron and phosphorus diffusion in sili- 
con in an oxidizing ambient  (27), 

It has been established that  oxygen diffuses as an 
ionic species in silica in the process of the rmal  oxida-  
tion of silicon (28). If a similar  ionic species is present  
in b inary  borosilicate, phosphosilicate and arsenosil i-  
cate glasses, diffusion of the impur i ty  in the glass in 
the vicini ty  of the glass-sil icon interface can be field- 
aided. Thus, it is conceivable that  an enhanced impur-  
i ty flux can be obtained at this interface to give rise 
to higher  surface concentrat ions in the presence of O2. 
Fur thermore ,  a higher  surface concentrat ion can also 
result  in higher  concentrations of impur i ty  along the 
profile (compare with those obtained in Ar) .  This in 
tu rn  would  increase the diffusivity of the impur i ty  and 
give rise to a deeper junction. 

Profiles and arsenic di f fusivi ty  in s i l icon.--The diffu- 
sion profiles shown in Fig. 6 and 8 can genera l ly  be 
described by a region of almost constant concentrat ion 
near  the silicon surface, followed by a region where  
the carr ier  concentrat ion decays rapidly. P re l iminary  
examinat ion suggests that  they  do not at all appear to 
conform to simple complementa ry  er ror  functions 
which postulate an approximate  exponent ia l  decrease 
in concentrat ion in going into the junction. In Fig. 9, 
a direct comparison is made of the measured profiles 
at 1000 ~ and l l00~ (from Fig. 6) with the correspond-  
ing erfc profiles calculated from the measured  junct ion 
depths and sheet resis t ivi ty of the diffused layers 
based on I rvin 's  curves (23). It  is clear  from Fig. 9 
that  the erfc predicts a higher  than actual concentra-  
tion at the  surface and a lower  than actual concentra-  
tion gradient  in the vicini ty  of the junction. A similar  
"non-erfc"  profile at a higher  surface carr ier  concen- 
t rat ion of 1.7 • 1020 cm -3 has also been reported (7) 
for the diffusion of arsenic into silicon at 1200~ using 
a Si(As)  powdered source in an evacuated closed 
quartz capsule. 

Indeed, it is well  established exper imenta l ly  that  the 
actual diffusion profiles of Group III  and V impuri t ies  
in silicon at high doping concentrat ion and deep diffu- 
sion cannot be correct ly described by a simple erfc 
function (5, 7, 12, 21, 29-43). The assumed erfc profile 
bears essentially no re levant  relat ionship with  the 
actual profile except  at low concentrations ( ~  10 TM 

c m - a ) ,  where  the diffusivity becomes a constant. In 
the semiconductor  industry and l i terature,  a "fietive 
diffusivity" is often employed, which is so defined as 
to make the measured  junction depth and sheet re-  
sistivity, the two arbi t rar i ly  chosen parameters  for the 
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Fig. 9. Comparison of erfc distribution with actual profiles at 
1000 ~ and 1100~ from Fig. 6. 

character izat ion of a diffused layer, coincide wi th  a 
presumed erfc profile. The fictive diffusivity is also 
made to vary  with  surface concentrat ion and back-  
ground concentrat ion (1, 7, 44). Basic inconsistencies 
such as those i l lustrated in Fig. 9 often arise as a re-  
sult of the difference be tween the nature  of an erfc 
and an actual profile. To avoid these discrepanc~ies, 
Hu and Schmidt  (5) have  pointed out that  it is neces- 
sary to abandon the concept of a constant diffusivity 
and to consider interact ion of f i rs t-order importance 
in the t rea tment  of the diffusion process. 

One probable reason for a deviat ion f rom the erfc 
distribution of the car r ie r  concentration profiles re -  
sulted in the present  diffusion of arsenic f rom an 
arsenosilicate glass source into silicon is that  the dif- 
fusion coefficient of arsenic is not a constant. Using 
the Bol tzmann-Matano method (45, 46) an effective 
diffusion coefficient D of arsenic in silicon as a func-  
tion of carr ier  concentrat ion can be calculated. If 
is only a function of carr ier  concentrat ion which in 
turn wil l  change only with  x/h/ - t  but not wi th  x and t 
separately, where  x is the depth into the junct ion and 
t is the diffusion time, then 

1 
D c z -  x dc [11] 

2t ~ c  z 

F rom the profiles shown in Fig. 6 and using Eq. I l l ] ,  
the value of D as a function of carr ier  concentra t ion 
is calculated by means  of a computer  routine. The 
results are given in Fig. 10 for various diffusion t em-  
peratures.  At carr ier  concentrat ion ~ 1019 cm -a, DAs 
rises sharply wi th  increase in carr ier  concentrat ions 
at all temperatures .  Fur thermore ,  at diffusion t empera -  
tures of 1100~ and higher, distinct max ima  in the 
DAs vs. carr ier  concentrat ion plots are evident,  which 
interes t ingly  enough are quite analogous to those cal- 
culated recent ly  by the IBM group (47, 48). A some- 
what  similar  m a x i m u m  in the diffusion coefficient of 
boron in silicon at 1050~ from a borosil icate glass 
source has also been reported by Brown and Kennicot t  
(44) who plotted D as a function of surface concentra-  
tion calculated by assuming erfc distributions. 

It must  be emphasized, however ,  that  the diffusion 
coefficient of arsenic calcuIated f rom the carr ier  con- 
centrat ion profiles is val id only (a) if the  carr ier  con- 
centrat ion profiles obtained for various diffusion times 
coincide with  one another  when  plotted against  the 
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Fig. I0. Plots of DAs obtained from the Boltzmann-Matano 
analysis of the profiles shown in Fig. 6 vs. carrier concentration at 
various temperatures. Open circles are the data of Masters and 
Falrfields (6) at 950 ~ and 1150~ 
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Fig. 12. Temperature dependence of arsenic diffusivity in silicon 

n o r m a l i z e d  d i s t a n c e  x/N/ t  , a n d  (b )  if  t h e  r a t i o  of t h e  
c o n c e n t r a t i o n  of e l e c t r i c a l l y  a c t i v e  a r s e n i c  to  t h a t  of 
t h e  t o t a l  a r s e n i c  in  i n v a r i a n t  w i t h  d e p t h  i n to  si l icon.  
I n  Fig.  11, t h e  c a r r i e r  c o n c e n t r a t i o n  prof i les  of  t w o  
i d e n t i c a l  s a m p l e s  d i f fused  u n d e r  t h e  s a m e  c o n d i t i o n s  
for  t w o  d i f f e r e n t  t i m e s  a r e  p l o t t e d  a g a i n s t  x/~c;t. No 
e x a c t  c o i n c i d e n c e  of t h e  p rof i l es  is o b t a i n e d .  T h e r e f o r e ,  
t h e  e f fec t ive  d i f fus ion  coeff ic ient  o b t a i n e d  f r o m  t h e  
B o l t z m a n n - M a t a n o  t r a n s f o r m a t i o n  is o n l y  a p p r o x i m a t e  
a n d  t h e  r e s u l t s  s h o w n  in  Fig. 10 a r e  a t  be s t  to be  r e -  
g a r d e d  as f o rma l .  

S t r o n g  c o n c e n t r a t i o n  d e p e n d e n c e  of a r s e n i c  d i f fus iv -  
i ty  in  s i l i con  h a s  r e c e n t l y  b e e n  o b s e r v e d  b y  M a s t e r s  
a n d  F a i r f i e l d  (6) in  t h e i r  i s o c o n c e n t r a t i o n  d i f fus ion  
e x p e r i m e n t s  a t  v a r i o u s  b a c k g r o u n d  d o p i n g  l e v e l s  u s i n g  
a n e u t r o n  a c t i v a t e d  S i ( A s )  s o u r c e  p o w d e r  in  e v a c u -  
a t ed  q u a r t z  capsu les .  T h e i r  i s o c o n c e n t r a t i o n  r e s u l t s  a t  
950 ~ a n d  1150~ a r e  a lso p l o t t e d  in  Fig. 10 fo r  c o m -  
pa r i son .  

T h e  t e m p e r a t u r e  d e p e n d e n c e  of DAs c a n  be  o b t a i n e d  

f r o m  Fig.  10 b y  p l o t t i n g  log10 DAs as a f u n c t i o n  of t h e  
r e c i p r o c a l  a b s o l u t e  t e m p e r a t u r e  of d i f fus ion  a t  c o n -  
s t a n t  c a r r i e r  c o n c e n t r a t i o n .  I n  Fig.  12 t h e  l i ne s  ( a ) ,  
( b ) ,  a n d  (c)  r e p r e s e n t  t h e  l ea s t  s q u a r e s  fits of t h e  
c o r r e s p o n d i n g  d a t a  a t  c a r r i e r  c o n c e n t r a t i o n s  of 4 X 

~ 1 0  n 
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I I 1 i | 
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JT,/~ hr 

Fig. 11. Carrier concentration in two identical samples vs. nor- 
malized distance. 

1019 c m  -s ,  1 X 1019 c m  -3, a n d 4  X i0  ~ s c m  -3,  r e s p e c -  
t ive ly ,  u s i n g  a n  A r r h e n i u s - t y p e  e x p r e s s i o n  of  t h e  f o r m  

Q 
logt0D = logl0Do [12] 

2.303kT 

w h e r e  Do is t h e  p r e - e x p o n e n t i a l  t e r m  in  D = Do exp  
(-- Q/kT) ,  Q is  t h e  a c t i v a t i o n  e n e r g y  of  d i f fus ion ,  a n d  
k = 0.86 X 10 -4  eV deg  -1, t h e  B o l t z m a n n  c o n s t a n t ,  
W i t h  a s t a n d a r d  d e v i a t i o n  of 8% in  t h e  c o r r e s p o n d i n g  
logtoD vs. 1/T plots ,  t h e  d i f fu s iv i t y  d a t a  m a y  b e  r e p -  
r e s e n t e d  b y  (a )  D = 110 e x p  ( - -  4.1 eV/kT) ,  (b )  D = 
25 e x p  ( - -  4.0 eV/kT) ,  a n d  (c)  D = 44 e x p  ( - -  4.2 
eV/kT) ,  g i v i n g  a n  a c t i v a t i o n  e n e r g y  of  4.1 _ 0.1 eV 
for  t h e  d i f fus ion  of  a r s e n i c  i n  s i l icon.  T h i s  v a l u e  a p -  
p e a r s  to  be  c o n s t a n t  in  t h e  c o n c e n t r a t i o n  r a n g e  1 of  4 
X 101s-4 X 1019 c m  -3  a n d  c o m p a r e s  w e l l  w i t h  a n  
" a c c e p t e d "  v a l u e  of 3.9 _ 0.3 eV c i t ed  b y  M i l l e a  (49).  
D a t a  on  t h e  t e m p e r a t u r e  d e p e n d e n c e  of  a r s e n i c  d i f -  
f u s i v i t y  in  s i l i con  b y  o t h e r  w o r k e r s  (1, 3, 6, 8, 50) a r e  
a lso p l o t t e d  in  Fig. 12. D i r e c t  c o m p a r i s o n  is dif f icul t  
in  l i g h t  of  t h e  f ac t  t h a t  t h e  p r e v i o u s  c a l c u l a t i o n s  of  
DAs w e r e  b a s e d  o n  a s s u m e d  er fc  d i s t r i b u t i o n  prof i les  
w i t h  s u r f a c e  c o n c e n t r a t i o n  as  t h e  c o n c e n t r a t i o n  v a r i -  
able .  H o w e v e r ,  t h e  c o m b i n e d  r e s u l t s  of  A r m s t r o n g  (3) 
a n d  M a s t e r s  a n d  F a i r f i e l d  (6) o n  i n t r i n s i c  s i l i con  a g r e e  
q u i t e  w e l l  w i t h  t h e  p r e s e n t  d a t a  a t  c a r r i e r  c o n c e n t r a -  
t i o n  of 4 X 10 TM c m  -~. T h e  r e s u l t s  of  H s u e h  (8) o b -  
t a i n e d  f r o m  g a s - s o l i d  d i f fus ions  u s i n g  a n  AsH9 s o u r c e  
g ive  Do ---- 8.3 X 104 c m  '2 sec - l  a n d  Q = 5.2 eV, a n d  
a p p e a r  u n r e l i a b l e .  

Di~usion through a barrier SiO$ layer.--In a r e c e n t  
s y s t e m a t i c  s t u d y  (15) i t  h a s  b e e n  s h o w n  t h a t  v a p o r -  
d e p o s i t e d  b i n a r y  a r s e n o s i l i c a t e  f i lms o n  b a r e  s i l i con  
e x h i b i t  g lass  d e t a c h m e n t  a n d  c o n s e q u e n t  g lass  d a m -  
age  w h e n  g las ses  c o n t a i n i n g  m o r e  t h a n  1 m / o  As20~ 
a r e  h e a t - t r e a t e d  a t  1000~ a n d  up.  W h e n  g lass  d a m a g e  
occurs ,  u n d e s i r a b l e  c h a r a c t e r i s t i c s  s u c h  as  i r r e g u l a r  
d i f fus ion  f r o n t s  a n d  a p p e a r a n c e  of deep  s p i k e s  a r e  i n -  
t r o d u c e d  i n to  t h e  r e s u l t a n t  d i f fused  l a y e r s  (14) .  T h e  

1 Note  t h a t  on ly  DAs v a l u e s  i n  the  c a r r i e r  c o n c e n t r a t i o n  r a n g e  o f  
4 • 10~  to  4 x 1018 cm-a (i.e., those below the maximum value in 
Fig. 10) are considered in the temperature dependence plots (Fig. 
12). This is because of the fact that a maximum in the D vs. con-  
centra t ion  plot results simply from a change in curvature of  t h e  
corresponding concentration profile, which may or may not be sig- 
nificant experimentally in  the  p r e s e n t  w o r k .  
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diffusion of arsenic from these b inary  arsenosilicate 
glasses on bare silicon is therefore l imited to the use 
of low As203-content sources ( <  1 m/o  As2Oz). How- 
ever, by insert ing a barr ier  layer  of pure SiO2 between 
the silicon substrate and arsenosilicate glass, the con- 
centrat ion of As2Oa in  the source can be increased to 
2.5 m/o  As203 without  introducing glass damage when  
heat - t rea ted to 1150~ Thus, by diffusing arsenic 
through a barr ier  layer of SiO2 it is possible to obtain 
an estimate of the effects of source concentrat ion on 
the diffusion of arsenic in silicon. Furthermore,  diffu- 
sion parameters  of arsenic in  SiO2 and the masking 
abil i ty of the lat ter  may also be measured. 

From the results shown in Fig. 2(a) and 3(a) ,  the 
junct ion depth of diffusion layer in silicon decreases 
l inear ly  with increasing thickness of the barr ier  SiO2 
layer. The masking thickness of the barr ier  layer  at 
the given diffusion conditions is obtained by extrap-  
olating to xj : -  0 (51) [see insets in  Fig. 2(b)  and 
3 (b ) ] .  Thus, diffusing from a 0.8 m/o  As203 glass 
source at 1150~ for 4 hr, a 2400A thickness SiO2 layer  
is required for complete masking, whereas diffusing 
from a 2.5 m/o  As203 source at 1100 ~ and 1150~ for 
4 hr, masking thicknesses of 2400 and 5300A are re-  
quired, respectively. Under  the same conditions of 
tempera ture  and time of diffusion, therefore, a higher 
As203 content  source requires a thicker SiO2 layer  for 
complete masking. Alternat ively,  for a given masking 
thickness of bar r ie r  SiO2, a lower diffusion tempera-  
ture is required for diffusion from a higher As20~- 
content  source at constant  time. 

Of interest  too is the lack of upward  convexity in  
all the xj vs. SiO2 thickness plots shown in Fig. 2 (a) 
and  3 (a). This suggests that  the segregation coefficient 
of arsenic in silicon and SiO2 is equal  to or greater 
than 1 in accordance with the impur i ty - red is t r ibu t ion  
model of Grove et al. (51, 52). 

Furthermore,  with increasing thickness of barr ier  
S~O2 layer the sheet resistivity of the diffused layer  
increases [see Fig. 2(b)  and 3 (b ) ] .  This simply im-  
plies that  there is a progressive reduct ion of the total 
amount  of arsenic enter ing the silicon substrate. From 
the carrier concentrat ion profile shown in Fig. 8, it 
can be seen with clari ty that  not only the total amount  
of arsenic diffusing into silicon was reduced but  also 
its concentrat ion at the surface was substant ia l ly  low- 
ered. 

Arsenic  diffusion parameters  in S i02 . - -The  ratio of 
the diffusion coefficient of arsenic in SiO2, D1, to that  
in  Si, De can be calculated from the xj vs. SiO2 thick- 
ness data shown in Fig. 2(a) and 3(a) by using the 
relat ion 

: ( x j ) N -  (xj)B [13] 

where xB is the thickness of the ba r r i e r  SiO2 layer, 
and (Xj)N and (xj)B are the measured junct ion depths 
obtained by diffusing without  and with the bar r ie r  
layer, respectively. This relat ion has been developed 
by  Barry  and Olofsen (17) for diffusion of a dopant 
from a glass source through a barr ier  layer of pure 
SiO2 into a semiconductor substrate.  The results are 
summarized in Table I. 

Table I. Calculated D1/D2 ratios as a function diffusion temperature 
at two source concentrations 

As~O8 in D1/D~* 
glass, m / o  l l00~ 1150~ 

0.8 0.012 0.018 
2,5 0,037 0.102 

* Each  D1/D~ ra t io  tabula ted  is the a r i thmet i c  ave rage  of the  set of 
v a l u e s  c a l c u l a t e d  f r o m  the  respec t ive  data  points  in Fig.  2(a) o r  
Fig. 3 (a). 

It can be seen from Table I that  the diffusion coeffi- 
cient of arsenic in SiO2 is lower than that  in  silicon 
by approximately 2 to 1 order of magni tude  depending 
on source concentrat ion and diffusion temperature.  
Of more interest  is the increase of the DI/D2 ratio 
with both increase in temperature  and source concen- 
tration. A positive tempera ture  coefficient of this ratio 
implies a negative slope in the plot of In D1/D2 vs. 
1/T, as is evident  from the following 

In : -  In  D---~ / k T  

where D~ are the pre-exponent ia l  terms in the Ar-  

rhen iusexpress ion :  D---- D~ exp ( ~ T Q ) , a n d Q l  and 

Q2 are the activation energies of diffusion for arsenic 
in SiO2 and silicon, respectively. This in tu rn  implies 
that  Q1 - Q2 is positive and that  the activation energy 
of diffusion of arsenic in SiO2 is greater than  that  in 
silicon. Using the combined data of Horiuchi and 
Yamaguchi (53), Brown and Kennicot t  (44) on boron 
diffusivity in SIO2, and Millea's compilation (49) on 
boron diffusivity in silicon, a similar t rend is found 
for the activation energies of diffusion for boron in 
SiO2 (3.78 eV) and in  silicon (3.71-3.69 eV). In  the 
case of phosphorus, however, Sah et al. (54) found 
that  the ratio D~/D2 is relat ively insensit ive to tem- 
perature, at least in the range 1100~176 The pres-  
ent data show that  Q1 - Q2 for arsenic is of the order 
1 +_ 0.5 eV. 

The 3- to 5-fold increase in the DI/D2 ratio with in-  
crease in  As203 concentrat ion in the source is worth 
noting. In  the model of Barry  and Olofsen (17), it 
was assumed that  (i) the diffusion coefficient D1 of 
dopant is the same in both the glass source and pure  
SiO2 and (ii) D2 is concentrat ion independent.  The fact 
that  D~/D2 changes with source concentrat ion implies 
that  the diffusivity of arsenic in the arsenosilicate 
source varies with concentration and the val idi ty  of 
the first assumotion above is therefore questionable. 
A strong dependence on the phosphorus concentrat ion 
has also been noted by  Thurs ton  et aL (55) in  s tudy-  
ing P-diffusion in SiO2 with radiotracers. Furthermore,  
it has been shown in the discussion earlier that  the 
diffusivity of arsenic in silicon is concentrat ion de- 
pendent  in the range present ly  studied. 

It  must  be remarked, therefore, that  the above dif- 
fusion parameters  calculated for arsenic in SiO2 are 
best to be regarded as quali tat ive estimates. Fur ther  
refinements of the model and more exper imental  data 
are needed to substantiate  quant i ta t ive  evaluat ion of 
these parameters.  

Summary and Conclusion 
Diffusion of arsenic in silicon from low As20~-con- 

tent  arsenosilicate glass sources was investigated. The 
glass films were prepared by chemical vapor deposi- 
t ion using argon-di luted mixtures  of Sill4, AsC13, and 
O2 at 450~ When diffusion experiments  were carried 
out with glass in direct contact with silicon, the film 
composition was held below 1 m/o  As20~ to avoid glass 
detachment  at 1000~ and higher  (I4, 15). However, 
with a bar r ie r  layer  of thermal  SiO~ sandwiched be-  
tween the glass and silicon, the As203 content  in the 
glass could be increased to 2.5 m/ o  As2Os without  in-  
t roducing detachment  at diffusion temperatures.  

The resul tant  arsenic-diffused layers in silicon were 
evaluated (a) by measur ing the junct ion depth xj and 
sheet conduct ivi ty  ps -~ as a funct ion of t ime and tem-  
perature of diffusion in both argon and oxygen ambi-  
ents (see Fig. 1) ; (b) by measur ing xj and ps as a func-  
t ion of thickness of the barr ier  SiO2 layer  at two tem- 
peratures and two source concentrat ions (see Fig. 2-4) ; 
and (c) by determining the carrier concentrat ion pro- 
files as a funct ion of diffusion tempera ture  (Fig. 6), 
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and barr ier  SiO2 thickness and source concentrat ions 
(Fig. 8). 

The above exper imental  data show that: 
1. The slopes of Arrhenius  plots of log DAs Vs. 1/T 

(Fig. 12) at various carrier concentrat ions in the range 
4 • 10 TM to 4 • 10 TM cm -3 correspond to an activation 
energy of 4.1 _ 0.1 eV in good agreement  with an 
"accepted" value for arsenic in silicon (49). 

2. The diffusion of arsenic in silicon is enhanced in 
the presence of 02 to yield deeper junct ions and higher 
surface concentrat ions than those in Ar at constant  
glass composition. 

3. The diffusion profiles of arsenic in  silicon are dif- 
ferent from those of an erfc distribution. 

4. The ratio of the diffusion coefficient of arsenic in 
SiO2 to that  in silicon increases with increase in tem- 
perature. Q1 - Q2 is est imated to be 1.0 • 0.5 eV. 
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Effects of Hydrogen Annealing on High Power 
RF Sputtered Films on Silicon 

P. K. Ajmera, M. A. Littlejohn, and J. R. Hauser 
North Carolina State  Universi ty ,  Raleigh, North  Carolina 27607 

A study of radio-frequency (rf) sputtered A12Oa 
films has indicated that the density, dielectric constant, 
and index of refraction of these films increase while 
the P-etch rate decreases with increasing target-power  
density (1). In spite of these superior physical prop- 
erties, A12Oa films obtained by high-power rf  sput ter-  
ing have a serious drawback in that the surface-charge 
density located at the A12Oa-Si interface also increases 
with increasing power density (1). This high densi ty 
of positive surface-charge results in large negative 
values of the f iat-band voltages (VFB) of metal-A12Oa- 
Si (MAS) devices fabricated from high-power sput-  
tered films. This makes high-power sputtered A1203 
films unsui table  as insulat ing layers for field effect 
meta l - insula tor  semiconductor devices. 

In  this paper the results of a post-deposition annea l -  
ing t rea tment  which reduces the value of the effective 
surface-charge density in MAS devices are described. 
Metal-A12Oa-SiO2-Si (MAOS) devices are also investi- 
gated, and the effects of the annealing treatment on 
some of the electrical properties of the MAOS devices 
are reported. The improved properties of high-power 
rf sputtered A1203 films offers the possibility for im- 
proved performance of MAOS memory elements (2). 

Sample Preparation 
A12Oa films were deposited on both p- and n- type  

silicon substrates. The substrates were polished single- 
crystal Czochralski silicon slices of (111) orientation. 
The resistivity of the substrates was between 5-10 
ohm-cm. 

The rf  sput ter ing system used was similar to the 
one described elsewhere (1) except for the fact that  
no provision was made for applying a magnetic  field 
in the sputter ing chamber. The rf sputter ing power 
density was 500W which corresponded to a power 
density of 3.95 W/cm 2 at the target. A value of target-  
power density greater than 2.5 W/cm 2 has been found 
to yield an effective value of the positive surface- 
charge density located at the A12Oa-Si interface greater 
than  1013 e /cm 2. This value can not be significantly 
reduced by anneal ing in ni t rogen gas at 300~ (1). For 
an effective surface charge density of 2 X 1013 e/cm 2 
located at the AleO3-Si interface, the magni tude VFB 
of a MAS device is greater than 40V for a 1000A sput-  
tered A12Oa film. 

Two sets of sputtering runs were made. The first set 
of runs were made at a pressure of 5 • 10 -8 Tor t  and 
a target - to-subst ra te  distance of 1.8 in. In  this set of 
runs either only argon or 20% oxygen along with argon 
was present  in the plasma during the film deposition. 
High-pur i ty  argon and oxygen carrier, gases were used. 
For convenience, films obtained from this set of runs  
will be identified as those obtained by "method 1". The 
second set of sputter ing runs  were made at a pressure 
of 7.5 • 10 -3 Torr with a target - to-subst ra te  distance 
of 1.7 in. The plasma, for all the runs  made in this 

Key words:  a luminum oxide, sputtering,  H~-annealing, films, MIS. 

set, contained 20% oxygen-80% argon. For convenience ,  
this second set is referred to as "method 2." For both 
methods, the target  voltage was 3.53 kV (peak value) ,  
the plate current  was about 0.5A, and the substrate 
holder was grounded and water-cooled. The target  was 
a 99.98% (or better)  pure  disk of A1203. Fi lms were 
deposited on both p- and n - type  substrates s imul-  
taneously dur ing each run. The deposition rate of the 
A12Oa films was 90 A / m i n  for method 1 when only 
argon was present in the plasma and was 70 A / m i n  
with 20% oxygen. The rates, along with other physical 
properties such as dielectric constant  and breakdown 
strength compared favorably wi th  values reported by 
Salama (1). 

MAS devices were fabricated from AhO3 films of 
thicknesses varying  from about 500 to 4400A and ob- 
tained by method 1. In  the case of MAOS devices, prior 
to A1203 deposition, approximately 200A of SiO2 was  
thermal ly  grown in dry oxygen at 900~ The MAOS 
devices were fabricated from A1203 films of thicknesses 
varying from about 500 to 3140A obtained by method 2. 
A l u m i n u m  dots (10 rail diameter)  were evaporated 
on the oxide layers to form the metal  contacts for MAS 
and MAOS structures. A l u m i n u m  was also evaporated 
on the back of the Si substrates. Annea l ing  of the oxide 
layers was always carried out prior to the metal  
evaporation. A s tandard  probe was used to test MAS 
and MAOS devices on which no long- t ime bias stresses 
were applied. MAOS devices, on which long- t ime bias 
stresses were applied, were mounted  on TO-5 headers, 
bonded, and sealed in an argon atmosphere prior to 
testing. 

Experiment and Results 
Standard  C-V techniques were used to study the 

electrical properties of MAS and MAOS structures. A 
"slow" and a "fast" C-V system was used. The "slow" 
C-V system required 22-23 sec while the "fast" C-V 
system, which is described in detail  elsewhere (3), 
required 55 msec for the complete bias sweep. Slow 
C-V measurements  were made on both MAS and 
MAOS devices while fast C-V measurements  were 
made on MAOS devices. 

Slow C-V  measurement  results on M A S  devices . - -  
Slow C-V measurements  on MAS devices fabricated 
from unannea led  A1203 films obtained by method 1 
and in argon plasma showed no var iat ion of capaci- 
tance with d-c bias voltage between _40V, or up to 
the breakdown value. The fact that  the capacitances 
of MAS devices fabricated from films deposited in 
argon plasma on p- type Si substrates increased on 
applying external  i l luminat ion  while the capacitances 
of devices on the corresponding n - type  substrates were 
insensit ive to external  i l luminat ion  suggested the pres- 
ence of a large negative value of the f la t -band voltage. 
This corresponds to the presence of a large densi ty of 
positive charges either in the oxide or at the A1203-Si 
interface, or both. This is in  agreement  wi th  the results 
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of Salama (1). Also, no changes in capacitance with 
bias were observed on MAS devices fabricated from 
films obtained by method 1 or method 2 and deposited 
in argon ,and oxygen plasma for d-c bias sweep volt-  
ages between • or the breakdown value. This 
indicated the presence of a high density of charges in 
the bulk of the A1203 and /or  at the A1203-Si interface 
for films sputtered with 20% oxygen in the plasma as 
well. 

Portions of a 950A, A1203 film obtained by method 1 
in an argon plasma were annealed in either: (i) n i t ro-  
gen gas at 720~ for 20 rain; or in (ii) oxygen gas at 
730~ for 20 min;  or in (iii) forming gas (95% N2, 5% 
H2) at 425~ for 75 min. The slow C-V curves of the 
MAS devices fabricated from the above differently an-  
nealed portions of the same A120~ film were similar 
to the unannealed  case in that none of them showed 
any  change in the capacitance value with the applied 
d-c bias voltage sweeps up to • or the breakdown 
value. In Salama's  studies of rf sputtered A1203 MAS 
devices (1), anneal ing in N2 at 300~ had li t t le or no 
effect on the oxide charge for power densities above 
2.5 W/cm~. 

In one fur ther  a t tempt  to reduce the oxide charge 
the A12Oa films fabricated in either argon plasma or in 
argon and oxygen plasma by method 1 were annealed 
in H2 gas at 710~ for about 10 min. Slow C-V curves 
were observed on MAS devices fabricated from the 
above hydrogen annealed films. The presence of sur-  
face states and /or  a change in f lat-band voltage dur ing  
the bias sweep time may account for the gradual  
change in the value of capacitance with the applied d-c 
bias sweep observed on these H2-annealed devices. 
Both positive and negative values of f ia t -band voltages 
were observed; however, most of the devices made 
from films sputtered in argon plasma had large nega-  
tive f lat-band voltages. The devices made from films 
sputtered with both argon and oxygen in the plasma 
had smaller negative, zero, or positive f lat-band volt-  
ages. For this reason MAOS devices reported in this 
paper were fabricated from films sputtered with both 
argon and oxygen plasma. 

Hysteresis was observed on the slow C-V curves of 
the hydrogen-annea led  MAS devices. This hysteresis 
was, in general, found to be negl igibly small  for de- 
vices having a positive value of the f lat-band voltage. 
The devices with negative values of f lat-band voltages, 
and especially those with large negat ive values, showed 
considerably larger hysteresis. The magni tude  and the 
direction of the hysteresis loop were found to be de- 
pendent  on the applied bias voltage sweep. At low 
values of applied bias sweep, the direction of the 
hysteresis loop corresponded to that  observed for ion- 
migrat ion in the oxide, while at higher values of the 
applied bias sweep, it corresponded to the direction 
observed for charge inject ion occurring at the oxide- 
semiconductor interface. An instabi l i ty  due to charge 
inject ion has also been observed on MAS devices fab- 
ricated from low power (<2.5 W/cm 2) sputtered films 
(1). Ion migrat ion at lower applied electric fields and 
charge injection at higher applied electric fields were 
found to be the dominant  type of instabili t ies observed 
in these MAS devices. A high density of surface states 
and a probable presence of change in f lat-band voltage 
dur ing the bias sweep time make the high-power 
sputtered A1203 films deposited over Si and reported 
on in this paper unsui table  for solid-state field effect 
device technology. 

S low C - V  m e a s u r e m e n t  results  on M A O S  d e v i c e s . -  
To avoid the undesirable  A1203-Si interface, the prop- 
erties of MAOS structures were studied. This s tructure 
has been reported on by several other authors (4-6). 
MAOS devices were fabricated from (i) unannea led  
films, (ii) films annealed in hydrogen at 710~ for 10 
min, and (iii) films annealed in ni t rogen at 720~ for 
10 rain following the hydrogen-gas  anneal ing  as in 
step (ii) above. 

Slow C-V shifts were observed on all MAOS devices 
including the ones made from unannea led  films. The 
shapes of'~he C-V curves of MAOS devices indicated a 
significant reduct ion of surface states, wi th  unannea led  
devices having effective surface-charge densities of 
approximately 5 • 1021 e /cm 2. However, the MAOS 
devices fabricated from H2- and N2-annealed films 
showed a larger number  of surface states than  the 
MAOS devices fabricated from unannea led  films or 
films annealed in hydrogen alone. Nitrogen-gas anneal-  
ing following the hydrogen-gas anneal ing seemed to 
distort the shapes of the C-V curves of the MAOS 
devices, especially at the higher bias sweep voltages. 
The f lat-band voltages of the MAOS devices made from 
unannealed  films were either slightly positive, zero, 
or slightly negative (between --0.5-0.5V) while those 
of devices made from hydrogen-annea led  films or 
hydrogen-  and n i t rogen-annea led  films were always 
negative (less than  --0.5V) indicat ing the introduction 
of a net positive charge in the oxide upon annealing.  

Ion migrat ion was found to be the dominant  type of 
instabil i ty observed on the MAOS devices for small  
values of applied fields. Charge inject ion occurring at 
the SiO2-Si interface was found to be the dominant  
type of instabi l i ty  at higher applied bias voltages. 
Charge injection at the SiO~-Si interface was observed 
on annealed MAOS devices for both polarities of the 
applied bias voltages. Charge injection was observed 
at smaller  magni tudes  of applied negative bias voltages 
as compared to applied positive bias voltages. The posi- 
tive bias voltages were at least twice the magni tude  of 
the negative bias voltages required to observe charge 
injection. However, most devices began to conduct 
excessively before charge inject ion could be observed 
for positive bias voltages. Charge injection at the SiO2- 
Si interface was observed on unannea led  MAOS devices 
on the application of h igh-negat ive  bias voltages only. 
The magnitudes of negative fields necessary to observe 
the effects of charge inject ion in unannea led  devices 
were higher than the magni tudes  of the negative fields 
necessary to observe the effects of charge inject ion in 
the corresponding annealed devices. No charge injec-  
t ion was observed on MAOS devices made from u n a n -  
nealed films for positive bias voltages as large as the 
breakdown values. 

Fast C - V  m e a s u r e m e n t  resul ts  on M A O S  devices . - -  
The stabil i ty of MAOS devices under  applied bias 
stresses was investigated in detail since A1203-SIO2 
double- layer  structures showed a greater promise for 
practical applications. The fast C-V measurement  tech- 
nique was used to obtain changes in VFB with applied 
bias t ime at 40~ A fast C-V system is not only more 
accurate, as the error due to changes in VFB dur ing  
the bias sweep time is reduced, but also makes ob- 
servation of changes in  VFB possible for a small  dura-  
tion of bias time. 

Data on MAOS devices fabricated from unannealed,  
hydrogen-annealed,  and hydrogen-  and n i t rogen-an-  
nealed portions of a 930A sputtered A1203 film obtained 
by method 2 are presented. Figures 1 and 2 show 
changes (AVFB) in VFB from the ini t ial  value just  
prior to application of bias plotted against bias- t ime 
for two separate bias voltages. A positive value of 
~VF~ denotes change in VFB which corresponds to 
ion migrat ion in the oxides while  a negative value of 
~VFB denotes change in VFB due to charge inject ion at 
the oxide-semiconductor interface, regardless of the 
polari ty of the applied bias voltage. 

Under  applied positive bias voltages of magni tudes  
up to 10V, the hydrogen-annea led  devices, in general,  
were found to have the largest values for AVFB while 
the unannea led  devices were found to have the small-  
est values for ~VFB for a given bias t ime (Fig. 1). 
Under applied negative gate voltages charge inject ion 
at the oxide-silicon interface was, in general, found 
to occur in the hydrogen-  and n i t rogen-annea led  de- 
vices for the shortest durat ion of bias t ime (Fig. 2). 
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The unannealed  devices were again found to be the most 
stable with no observable charge inject ion occurring 
at the SiO2-Si interface for bias-t imes in the range of 
104-102 sec for applied negative bias of up to --20V. 
The values of ~VFB were considerably greater  for posi- 
tive values of applied bias voltages for all devices con- 
sidered as compared to the applied negative bias vol t-  
ages of the same magni tudes  as long as the effects due 
to charge injection were not significant. This is evident  
from Fig. 3 which shows aVFB with bias t ime for an  
unannea led  device for various values of applied posi- 
tive and negat ive  biases. 

The flat-band voltage of each device was allowed to 
recover to its init ial  value by shorting its leads for at 
least 6 hr after the completion of each bias cycle. The 
change in VFB of the device from the ini t ial  value of 
VFB before the application of a bias cycle was noted 
after each recovery period. Significant changes in VFB 
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were obtained after the recovery period for annealed 
devices. It should be remembered here that the values 
of ~VFB were also correspondingly high for the an-  
nealed devices. The most significant changes in VFB 
after the recovery period for annealed devices occurred 
after the application of a --20V bias cycle. For  this 
value of applied bias the effects of charge injection 
across the SiO2-Si interface were also simultaneously 
significant. Even after shorting the device for 48 hr  the 
init ial  value of VFB could not be recovered after a 
--20V bias cycle. This indicated the presence of deep 
t rapping centers in the sputtered film. No significant 
changes in the values of VFB were obtained for u n a n -  
nea]ed devices after each recovery period following 
the completion of the applied-bias cycles. S imul tane-  
ously, no significant charge inject ion was observed on 
unannea led  devices. The values of VFB and conse- 
quent ly  the values of ~VFB for annealed devices were 
hence found to depend upon the previous bias history. 

Discussion of instabilities associated with MAOS de- 
vices.--Ion migrat ion was the dominant  type of insta-  
bili ty observed in MAOS devices at low values of ap- 
plied electric fields. The hydrogen-annealed  MAOS 
devices showed the largest positive values of ~VFB 
corresponding to the largest amount  of ion migrat ion 
in the bulk  of oxide layers. Nitrogen anneal ing follow- 
ing the hydrogen anneal ing seemed to reduce this ion 
density somewhat to yield smaller amounts  of ion 
migration in hydrogen- and n i t rogen-annea led  MAOS 
devices. Unannea led  devices were the most stable, hav-  
ing the least amount  of ion migration. 

Charge inject ion across the SiO2-Si interface was 
observed in MAOS devices at high values of applied 
electric fields. Charge injection was also found to be 
strongly dependent  on the applied field. Schottky 
emission at 40~ is not the l ikely cause for the ob- 
served charge inject ion as the energy barr ier  present 
at the Si-SiO2 interface is fair ly large (7). The SiO2 
thickness of 200A is small  enough to suggest the pres-  
ence of Fowler-Nordheim tunne l ing  through the re-  
duced barr ier  width of SiO2 at fairly high applied 
fields. A possible mechanism for charge inject ion under  
an applied negative field can be Fowler-Nordheim 
tunnel ing  of holes from the Si into the traps located 
at the A1203-SIO2 interface through the reduced effec- 
tive barr ier  width of the SiO2 layer. An equivalent  
mechanism can also be inject ion of electrons from the 
A1203 into the Si. 

Conclusions 
MAS devices fabricated from high-power sputtered 

films in argon plasma or in argon and oxygen plasma 
had large values of effective surface-charge densities. 
High temperature  H2-gas anneal ing reduced the value 
of this effective surface-charge density. Ion migrat ion 
at low values of applied electric field and charge injec-  
tion at the SiO2-Si interface at higher applied electric 
fields were the dominant  type of instabili t ies in MAS 
and MAOS devices. However, MAOS devices showed 
fewer surface states than MAS devices. Significant 
changes in the f lat-band voltages were observed with 
applied bias stresses for both the hydrogen-annealed  
and hydrogen-ni t rogen annealed MAOS devices. Un-  
annealed MAOS devices were found to be the most 
stable devices under  prolonged applied bias stresses. 
The double- layer  A12Oz-SiO2 structure over Si shows 
a greater promise than the MAS structure for possible 
use of high-power sputtered A1203 films in device 
technology. 

Manuscript  submit ted Dec. 3, 1971; revised manu-  
script received June  12, 1972. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1973 Joum~AL. 
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An Effect of Organic Electron Donors and Acceptors 
on a Real Silicon Surface 

J. A. Jackson, J. R. Szedon, and T. A. Temofonte 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

Semiconductor surface-state effects have received 
considerable at tent ion in the past. From a practical 
point of view, electrical effects of such states can 
strongly influence and often l imit  the performance of 
semiconductor devices, e.g., by the formation of con- 
duct ing-surface channels, by the l imitat ion of junc t ion-  
blocking voltage capabil i ty due to surface breakdown, 
by the addition of a surface-generat ion component  to 
a junct ion-reverse  current,  and by other effects. Before 
the development of silicon-device technology and the 
use of thermal ly  grown silicon dioxide for device 
passivation, a great deal of work was done on elec- 
tr ical-surface effects of various chemical species. In  
general, this work was empirical, establishing the 
electrical effects of, for example, water  vapor on ger- 
man ium (1), acetone vapor on silicon (2), and etch- 
ants and metallic impurit ies on germanium (3). Some 
attempts have been made to provide detailed models 
for the interaction of chemical species with semicon- 
ductor surfaces, e.g., water  on silicon (4) and amines 
on germanium (5). 

Basic work on treat ing chemical effects on silicon- 
surface properties has diminished significantly with the 
development  of silicon dioxide passivation technology. 
This was probably due to the great difficulty in con- 
troll ing and modell ing surface-defect effects for the 
case of silicon surfaces coated with thick amorphous 
dielectric films. However, from a practical point of 
view, the effect of organic materials used in packaging 
unpassivated semiconductor devices is of considerable 
interest. Impuri t ies  arising from poorly matched stoi- 
chiometry affect the elevated tempera ture  performance 
of microdiodes (6) and recent work has at tempted to 
characterize the relative effect of different types of 
impurit ies (7). 

For the present  work we re tu rn  to the case of an 
unpassivated, real silicon surface, i.e., a silicon surface 
covered by a thin (~10-40A) layer  of residual oxide. 
Our aim is to demonstrate that both positive and nega-  
tive charge can be induced at a silicon surface by the 
a priori selection of an organic mater ia l  on the basis 
of its known abi l i ty  to donate or attract electronic 
charge. 

Work on the adsorption of amines on germanium 
transistors (5) suggested that  the relative effect of 
this group of compounds is associated with the ease of 
electron donation to the semiconductor surface. Amines 
have an unshared pair of electrons which they can 
donate to suitable molecules which exhibit  electron- 
accepting ability. The ease with which an amine, 
NR1R2R3, can lose an electron is determined by the 
na ture  of the group R. If R is electron repelling, then 
ease of electron donat ion is increased. One of the 
strongest electron donors (8) is N,N,N, N- te t ramethy l -  
p -pheny lene-d iamine  (TMPD). In  this paper, we have 
compared the effects of TMPD with a strong electron 
attractor on the surface conduction behavior of a field- 

Key words: silicon, surfaces, organic, charge, transfer. 

effect transistor. The cyano group has a known elec- 
t ron-wi thdrawing  effect; te t racyanoethylene (TCNE) 
is one of the strongest electron acceptors (8) known 
and for this reason was chosen for investigation of 
this effect. For a comparison of the effects of these 
two compounds, both were purified 1 then dissolved 
(approximately 20% by weight) in electronic-grade 
benzene. 

Charge effects of the organic materials  on real sili- 
con surfaces were evaluated by noting the change in 
conductance of surface-controlled field-effect t ransis-  
tors (9) prepared without  gate electrodes. Since the 
chemical species were chosen to produce strong elec- 
t ron donating and extracting effects, transistors were 
fabricated on both n - type  (20 ohm-cm) and p- type  
(30 ohm-cm) silicon. Shallow diffusions (2-4 ~m) of 
boron and phosphorus, respectively, were made into 
these materials  to provide the source and drain con- 
tacts. The silicon surfaces were passivated with ther-  
mally grown silicon dioxide (5400A) except for the 
channel  areas (25 • 350 ~m) in which the organic 
materials were expected to have their  effect. 

Consider first a s tructure of the type n + / p / n  + which 
is capable of detecting mobile electrons induced in the 
silicon channel  window area. Prior to immersion in 
the benzene solvent, the drain-source current  was less 
than 10 ~A at 4V. After  immersion of the device in 
the undoped solvent, and with application of a 4V 
peak, fu l l -wave rectified voltage to the device,2 the 
conductance had increased as shown by the lower 
curve of Fig. 1. This current  could be reduced to zero 

1 Recrys ta l l i zed  f r o m  e t h a n o l / w a t e r ,  w a s h e d  tw ice  w i t h  e t h a n o l  
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An Effect of Organic Electron Donors and Acceptors 
on a Real Silicon Surface 

J. A. Jackson, J. R. Szedon, and T. A. Temofonte 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

Semiconductor surface-state effects have received 
considerable at tent ion in the past. From a practical 
point of view, electrical effects of such states can 
strongly influence and often l imit  the performance of 
semiconductor devices, e.g., by the formation of con- 
duct ing-surface channels, by the l imitat ion of junc t ion-  
blocking voltage capabil i ty due to surface breakdown, 
by the addition of a surface-generat ion component  to 
a junct ion-reverse  current,  and by other effects. Before 
the development of silicon-device technology and the 
use of thermal ly  grown silicon dioxide for device 
passivation, a great deal of work was done on elec- 
tr ical-surface effects of various chemical species. In  
general, this work was empirical, establishing the 
electrical effects of, for example, water  vapor on ger- 
man ium (1), acetone vapor on silicon (2), and etch- 
ants and metallic impurit ies on germanium (3). Some 
attempts have been made to provide detailed models 
for the interaction of chemical species with semicon- 
ductor surfaces, e.g., water  on silicon (4) and amines 
on germanium (5). 

Basic work on treat ing chemical effects on silicon- 
surface properties has diminished significantly with the 
development  of silicon dioxide passivation technology. 
This was probably due to the great difficulty in con- 
troll ing and modell ing surface-defect effects for the 
case of silicon surfaces coated with thick amorphous 
dielectric films. However, from a practical point of 
view, the effect of organic materials used in packaging 
unpassivated semiconductor devices is of considerable 
interest. Impuri t ies  arising from poorly matched stoi- 
chiometry affect the elevated tempera ture  performance 
of microdiodes (6) and recent work has at tempted to 
characterize the relative effect of different types of 
impurit ies (7). 

For the present  work we re tu rn  to the case of an 
unpassivated, real silicon surface, i.e., a silicon surface 
covered by a thin (~10-40A) layer  of residual oxide. 
Our aim is to demonstrate that both positive and nega-  
tive charge can be induced at a silicon surface by the 
a priori selection of an organic mater ia l  on the basis 
of its known abi l i ty  to donate or attract electronic 
charge. 

Work on the adsorption of amines on germanium 
transistors (5) suggested that  the relative effect of 
this group of compounds is associated with the ease of 
electron donation to the semiconductor surface. Amines 
have an unshared pair of electrons which they can 
donate to suitable molecules which exhibit  electron- 
accepting ability. The ease with which an amine, 
NR1R2R3, can lose an electron is determined by the 
na ture  of the group R. If R is electron repelling, then 
ease of electron donat ion is increased. One of the 
strongest electron donors (8) is N,N,N, N- te t ramethy l -  
p -pheny lene-d iamine  (TMPD). In  this paper, we have 
compared the effects of TMPD with a strong electron 
attractor on the surface conduction behavior of a field- 

Key words: silicon, surfaces, organic, charge, transfer. 

effect transistor. The cyano group has a known elec- 
t ron-wi thdrawing  effect; te t racyanoethylene (TCNE) 
is one of the strongest electron acceptors (8) known 
and for this reason was chosen for investigation of 
this effect. For a comparison of the effects of these 
two compounds, both were purified 1 then dissolved 
(approximately 20% by weight) in electronic-grade 
benzene. 

Charge effects of the organic materials  on real sili- 
con surfaces were evaluated by noting the change in 
conductance of surface-controlled field-effect t ransis-  
tors (9) prepared without  gate electrodes. Since the 
chemical species were chosen to produce strong elec- 
t ron donating and extracting effects, transistors were 
fabricated on both n - type  (20 ohm-cm) and p- type  
(30 ohm-cm) silicon. Shallow diffusions (2-4 ~m) of 
boron and phosphorus, respectively, were made into 
these materials  to provide the source and drain con- 
tacts. The silicon surfaces were passivated with ther-  
mally grown silicon dioxide (5400A) except for the 
channel  areas (25 • 350 ~m) in which the organic 
materials were expected to have their  effect. 

Consider first a s tructure of the type n + / p / n  + which 
is capable of detecting mobile electrons induced in the 
silicon channel  window area. Prior to immersion in 
the benzene solvent, the drain-source current  was less 
than 10 ~A at 4V. After  immersion of the device in 
the undoped solvent, and with application of a 4V 
peak, fu l l -wave rectified voltage to the device,2 the 
conductance had increased as shown by the lower 
curve of Fig. 1. This current  could be reduced to zero 

1 Recrys ta l l i zed  f r o m  e t h a n o l / w a t e r ,  w a s h e d  tw ice  w i t h  e t h a n o l  
and  d r i ed  a t  24~ u n d e r  v a c u u m  for  16 hr .  M e l t i n g  po in t s :  TMPD 
50.0~ TCNE 197.5~ 
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by reverse  biasing the substrate wi th  respect  to both 
the source and the drain. Such a result  indicated that  
the conduction was occurring wi th in  the silicon near  
its outer  surface and not in the solvent or at the 
solvent-s i l icon interface, a A similar conduction effect 
was observed on immers ion of the complementa ry  
p + / n / p  + transistor  s t ruc ture  into undoped benzene. 
Since enhanced conduction was noted on both types of 
structures, we ascribe the effect to creat ion of a con- 
ducting channel  wi thin  the silicon by electrostatic 
induction due to potential  propagated f rom the drain 
electrode. The conduct ivi ty  value  for benzene (,-~10-~ 
mho cm -1) is large enough to support  the propagat ion 
of drain potent ia l  over  the silicon surface, but  is too 
low to be observed direct ly in terms of source-dra in  
leakage. Such propagation, supported by low conduc- 
t iv i ty  of a solid organic dielectric mater ia l  at e levated 
temperatures ,  is wel l  established (10). This model  is 
also consistent wi th  the observed increase of conduc- 
tion with  drain bias (with a t ime lag of 1-2 sec). 

Addi t ion of TMPD to the benzene solvent  increased 
the electronic channel  current  in the n + / p / n  + t ransis-  
tor  as shown in Fig. 1. The  increase in conductance in 
the 2-4V range of source-dra in  vol tage was 7 X 10 -5 
mhos, corresponding to a densi ty of 4 • 10 l~ s i tes /cm 2 
if an electron surface mobi l i ty  value of 600 cmk/V sec 
is assumed (11). The level  of conduction induced by 
the dopant was not sensit ive to drain bias in the range 
indicated in the figure. For  this reason, we at t r ibute 
the additional conduction to induction of mobi le  elec-  
trons at the silicon surface by the e lec t ron-donat ing 
action of the organic dopant. To rule out the possibility 
of enhanced dra in-potent ia l  propagat ion by the action 
of the dopant in benzene, we immersed  a comple-  
men ta ry  ( p + / n / p  +) device in benzene with  the same 
dopant and saw no increased channel  conduction in 
that  case. When removed  from the doped solution and 
introduced into undoped benzene, the n + / p / n  + device 
still exhibi ted strong channel  conduction which did not  
decay significantly over  the period of the test (~5  
min) .  This suggests that  the electron donor becomes 
strongly associated with  the  silicon surface. 

Complementa ry  observations were  made when a 
p + / n / p  + transistor  was immersed  in benzene doped 
wi th  TCNE. Hole conduction increased by 3 X 10 -5 
mhos above the level  for the undoped solvent, corre-  
sponding to approximate ly  the same charge site den-  
sity, 4 X 10 ~~ cm -2, as in the case of TMPD, when the 
lower  surface mobi l i ty  of holes is taken into account 
(11). A cross-effect exper iment ,  introduction of a 
s t ructure  of the n + / p / n  + type into benzene doped with  
TCNE, resulted in no enhanced conduction. This indi-  
cated, as in the case of TMPD, that  the dopant does 
not cause enhanced conduction in the solution, which 
could al low the drain potent ial  to affect the silicon to 
a greater  degree than in the case of the undoped 
benzene. 

We in terpre t  the  increased hole conduction for the 
p + / n / p  + device immersed  in the solution doped with  
TCNE as being due to the abil i ty of the dopant to 
accept negat ive charge. The following is proposed to 
explain the effect. A molecule  of TCNE on the real  
silicon surface is ini t ial ly neutral .  The electron-defi-  
cient region associated wi th  the n bond could provide 
empty  electronic states into which electrons f rom the 
silicon surface might  tunnel,  even with  the thin oxide 
present.  The radical  anion der ived  f rom the TCNE 
would  then represent  a static negat ive charge r equ i r -  
ing compensat ing posit ive charge wi th in  the silicon 
supplied by ionized donors and mobi le  holes. We do 
not exclude the possibility of electron t ransfer  back to 
the silicon by tunneling, but  in our case the effect is 
not dominant.  The observed effect is one of net  electron 
ext rac t ion  to form a region of nega t ive-charge  exter ior  

3 T h i s  feature of distinguishing b e t w e e n  s o l v e n t  and s e m i c o n d u c t o r  
m e c h a n i s m s  m a k e s  t h e  u n g a t e d  P E T  s t r u c t u r e  an  e x t r e m e l y  p o w e r -  
f u l  too1 for "wet"  surface s tud i e s .  
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to the silicon. The donor effect of TMPD can be ex-  
plained in a similar manner,  if we invoke the fo rma-  
tion of a radical  anion (or dianion),  which gives rise 
to a sheet of posit ive charge adsorbed on the surface. 

In exper iments  involving TCNE, ultrasonic agitation 
resulted in conduction enhancement,  about 2.5 t imes 
above that  observed in the studies wi th  TMPD. The 
data repor ted  above for both p and n devices were  
obtained with  ultrasonic agitation. We speculate that  
a concentrat ion gradient  of the electron donor or ac- 
ceptor exists near  the silicon surface which l imits  the 
rate of formation of the react ive  intermediate.  Agi ta -  
tion may  be v iewed as destroying this concentrat ion 
gradient  and hence allowing for higher  concentrat ions 
of the addit ives at the surface. The observed effect of 
agitat ion suggests that  the ra te -de te rmin ing  step (for 
TCNE, kl in Fig. 2) is dissociation of the  TMPD- 
benzene or TCNE-benzene  complexes, wi th  the re la -  
t ive effect reflecting the difference in their  stabilities. 

More detailed studies of the electronic interactions 
are needed to determine  if the organic compounds 
affect the genera t ion-recombinat ion  behavior  of the 
real  surface or if they result  in car r ie r  mobi l i ty  be- 
havior  at the silicon surface significantly different 
from that  inferred f rom studies on passivated surfaces. 
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The Solidus Boundary in the GaAs-GaP Pseudobinary 
Phase Diagram 

L.. M .  Foster,*  J. E. Scardef ie ld,  and J. F. Woods  

IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10598 

In previous articles of this series (1-5), phase 
boundaries  of the pseudobinary phase diagrams of a 
number  of I I I -V compound semiconductor systems 
were reported and, in cases where the data were suffi- 
ciently complete, thermodynamic analyses were car- 
ried out. The objective of this cont inuing investigation 
is to arrive at a model which wil l  contr ibute  towards a 
better  unders tanding of the na ture  of these interest ing 
solids. 

In  order for similarities and differences between 
various systems to be apparent,  quite precise data for 
the phase diagrams are required. Although it is now 
known that, with a few recognized exceptions (4), 
there is complete miscibil i ty in the solids of the I I I -V 
alloy systems, in many  cases the phase boundaries are 
only approximately known. Osamura and Murakami  
(6) reported data for the solidus of the GaAs-GaP sys- 
tem, but the points are badly scattered, have wide 
error l imits and, in fact, fall on either side of the ideal 
boundary  so that even an approximate calculation of 
the departure  from ideality cannot be made. In the 
present note, we will report new data for the solidus 
boundary  of this system. 

Points on the solidus boundary  were obtained by a 
technique that  was developed by  two of the authors 
for determining the boundary  of the I n P - G a P  system 
(1). In this method, a pellet pressed from in t imate ly  
mixed powders of the two components (GaAs and 
GaP) is encapsulated in fused silica and held at a 
constant tempera ture  wi th in  the two-phase region of 
the phase diagram for sufficient t ime for equi l ibrat ion 
of the l iquid and solid phases to be achieved (typically, 
a few days).  The sample is then quenched and the com- 
position of the solid-solution phase is determined by 
electron-microprobe analysis. This composition corre- 
sponds to a point on the solidus boundary  at the equili-  
brat ion temperature.  

Seven solidus points were determined for the GaAs- 
GaP system. These are listed in Table I and are shown 
in Fig. 1. The crystal lattice parameter  of the p r imary  
solid-solution phase in each sample was also deter-  
mined. This phase can readily be distinguished from 
the quenched liquid in the x - r ay  powder pattern,  
since it is present  in the largest amount  and has a 
smaller a -parameter  than any other composition in  the 
sample. That Vegard's law is strictly followed in this 
system throughout  the entire composition range is seen 
in Fig. 2. 

The excess free energy of mixing in a b inary  system 
can be calculated if both solidus and liquidus curves 
are known (2). There are no l iquidus data for the 
GaAs-GaP system; however, an estimate of this quan-  
t i ty can be made if the liquid is assumed to be ideal. 
Justification for this assumption lies in the fact that  in 

* Electrochemical Society A c t i v e  Member .  
Key words: phase diagrams, compound semiconductors, solution 

theory. 

Table I. Solidus data and lattice parameters in the 
GaAs(z-x)Px system. 

T~ x a (A)  

1267 0.194 5.612 
1290 0.341 6.577 
1329 0.548 5.542 
1354 0.644 6.521 
1392 0.766 5.499 
1420 0.850 5.482 
1448 0.920 5.465 

1 4 0 C  

112 

b l  
F -  1 3 0 r  

the systems studied to date, nonideal i ty  in  the solid 
solutions has always been substant ia l ly  greater than 
in the liquids (1-5), and quite s trongly dependent  on 
the difference in lattice parameter  between the two 
components of the alloy. The parameter  difference 
in GaAs-GaP (3.7%) is about midway between that  
of GaAs-AIAs (0.16%) and InSb-GaSb  (6.1%), both 
of which had essentially ideal liquids. 

Following the procedure described in Ref. (2) to 
determine the excess free energy of mixing, 13~x 
(1 -- x) ,  gives Bs/RT ---- 0.2 -- 0.12x, where  x is the 
mole fraction of GaP. The solid curves in Fig. 1 show 
the result ing fit to the solidus data, and the calculated 
liquidus curve, assuming B 1 = 0. The significance of the  
excess free energy in the GaAs-GaP system, and the 
relat ion of this system to the other I I I -V alloy systems 
will be presented elsewhere (7). 
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Growth of Silver Crystals in 
the Meniscus Region 

Richard J. Roethlein *'1 

Research & Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 01247 

Recently, it has been observed that  at the junct ion 
of the three-phase  interface of a par t ia l ly  immersed 
silver foil in an acid solution containing silver ions, 
there  is a tendency for si lver crystals to grow under  
certain conditions. Tests conducted on both polished 
and etched silver foils indicate that  this phenomenon 
is due to a slight t empera tu re  differential  be tween the 
l iquid electrolyte  and the vapor  immedia te ly  above 
the electrolyte  level. A series of tests was run in which 
the e lect rolyte  and surrounding a tmosphere  were  com- 
pletely saturated with ni t rogen in order to rule  out 
any effects due to differential  aeration. The electrolyte  
used was 20N phosphoric acid containing a si lver ion 
concentrat ion ranging f rom 0.1 to 1.0N Ag + ions. Tests 
were  conducted in a sealed Pyrex  cell containing a 
part ial ly immersed silver or gold foil. When the cell 
was placed in an oil bath, so that  a sl ightly lower 
tempera ture  occurred in the vapor  immedia te ly  above 
the electrolyte, s i lver  crystals were  observed to grow 
in the region of the interface on both the gold and 
si lver  substrate  (Fig. 1). This was observed to take 
place for electrolyte  tempera tures  above 40~ and 
became more accentuated with increasing temperature .  
Tempera ture  measurements  immedia te ly  above the 
electrolyte level  showed that  a 1 ~ or less tempera ture  
differential  existed. In the absence of any silver ions 
in solution, no crystal  growth or corrosion of the sub- 
strate was observed to occur at any tempera ture  up to 
85~ 

Visual inspection of the silver foil whi le  immersed 
in the electrolyte  indicated that  the region where  crys-  
tal growth occurred closely coincided with  the area of 
meniscus formation. Measurements  of the  ver t ical  
length of the crystal  deposition zone are approximate ly  

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  Ol in  C o r p o r a t i o n ,  N e w  H a v e n ,  C o n n e c t i c u t  

06504. 
K e y  w o r d s :  e lec t rode!oos i t ion ,  co r ros ion ,  t h e r m a l  g r a d i e n t ,  c r y s t a l  

g r o w t h .  

Fig. I. Ag foil partially immersed, 24 hr 70~ (20X) 

0.28 cm, which corresponds to the meniscus height  
measured previously in phosphoric acid on par t ia l ly  
immersed plat inum electrodes (1). Above the region 
of crystal  growth the silver foil surface showed evi-  
dence of severe corrosion attack. In this region, there  
is a thin film of electrolyte  on the surface of the foil 
having a thickness of less than 1~ (1). The application 
of small cathodic currents  (5-100 nA/cm 2) under  these 
conditions only accelerated the ra te  of crystal  growth 
and corrosion. The accelerated rate  of corrosion dur ing 
current  flow is probably due to concentrat ion changes 
caused by the rapid depletion of si lver ions in the upper  
meniscus thin-f i lm region. Tests conducted on par -  
t ial ly immersed gold foils produced similar  results  in 
that a si lver crystal  bui ld-up occurred only in the 
region of meniscus formation. In the case of a gold 
substrate, no corrosion was evident  in the region of 
film formation. 

The test cell apparatus was then placed in an oven 
where  the whole unit could be kept  at a un i form tem-  
perature.  Tests were  conducted on both par t ia l ly  im- 
mersed silver and gold foils at various tempera tures  
up to 85~ In no case did silver crystal  g rowth  or cor-  
rosion occur ei ther on the submerged port ion or in 
the meniscus region. Af ter  one week  in an air saturated 
system at 85~ no growth occurred; however ,  when  
the cell was placed back in an oil bath where  a t em-  
pera ture  differential  occurred, crystal  growth was evi-  
dent after a few hours. In the absence of a thermal  
gradient,  the application of a cathodic current  to the 
par t ia l ly  immersed electrode produced a un i form de- 
posit of si lver on the submerged portion of the elec-  
trode, which gradual ly  tapered off in the meniscus 
region. 

This invest igation indicates that  the si lver deposi-  
t ion-dissolution reactions occurring in the region of 
the gas / l iquid  interface on a substrate are due to a 
slight t empera tu re  differential. The effect of differen- 
tial aerat ion for the case under  consideration has been 
shown to be of negligible consequence. With the 
formation of a t empera tu re  gradient  at an e lectrode-  
electrolyte interface, there  is a corresponding poten-  
tial gradient  also formed. The potent ia l  gradient  is 
approximate ly  0.2 mV for each degree - t empera tu re  
differential. In the case of simple me ta l -me ta l  ion 
reaction 

Me ~-- Me + - b e -  

which has a high exchange current,  such as silver, a 
ve ry  small  potent ial  gradient  can cause a considerable 
amount  of dissolution and deposition to occur. Curren t -  
potential  curves for this system exhibi t  a large var ia -  
tion in current  for slight changes in potent ial  (2). 
Other  metals  having lower  exchange currents  would 
exhibi t  a proport ional ly  lower tendency to be affected 
by this type of phenomenon. Factors  such as differen- 
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Fig. 2. Cross section Ag crystal (700X) 

tial aerat ion could then become a predominant  corro- 
sion mechanism. 

Figure  2 is a cross section of a si lver foil which had 
been par t ia l ly  immersed and upon which crystal  

growth had occurred. Af te r  polishing and etching with  
a 1:1 ammonia  hydrox ide-hydrogen  peroxide  solution, 
the presence of twin planes was revealed  in the crystal  
growth structure.  The growth of twins has previously 
been shown to be impor tant  in the dendri t ic  growth 
of face-centered cubic meta l  crystals (3-5), where  
the reent rant  groove between two facets at the twin 
plane provides a low-energy  site for mobile si lver 
adions to deposit into latt ice positions. 

Manuscript  submit ted J u l y  8, 1971; revised manu-  
script received Sept. 15, 1971. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1973 
J O U R N A L .  
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Chemical Vapor Deposition of Phosphosilicate 
Glasses from Mixtures of SiH , and POCI  

M. Ghezzo* 

General Electric Corporate Research and Development, Schenectady, New York 12301 

In the fabrication of n-channel  MOS transistors wi th  
the ref rac tory  metal  gate technology (1), the drain 
and source regions are obtained by diffusion through 
a thin thermal  oxide f rom a phosphosilicate layer  in 
an inert  ambient. The use of phosphosilicate glass pre-  
pared f rom oxidation of silane and phosphine resulted 
in a soft reverse  breakdown characterist ic of the diodes 
formed by the substrate and the diffused regions. As 
this h igh- leakage  current  was due to heavy-meta l s  
contaminat ion in the silicon substrate, it was thought  
that the get ter ing action of the phosphosilicate glass 
was not sufficient and could be enhanced by the sub- 
sti tution of phosphine with  phosphorus oxychloride, 
due to the get ter ing efficiency of chlorine compounds 
(2). This led to an exper imenta l  invest igat ion of the 
feasibili ty of phosphosilicate glass preparat ion f rom a 
mix tu re  of silane, oxygen, and phosphorus oxychlo-  
ride at low substrate temperature .  

1 ohm-cm p- type  silicon wafers  with a (100) sur-  
face orientat ion sliced f rom Czochralski -grown crys- 
tals were  used as substrates. The wafers  were lapped 
and chemical ly  polished on both sides before deposit- 
ing the glass. 

The reactor  and gas flow system was similar to that  
previously described by Wong and Ghezzo (3). The 
flow rates of the gases in the react ive mix ture  were:  
argon, used as a carr ier  gas, 3200 cc /min;  1% silane 
in argon, 240 cc /min;  oxygen, 20 cc /min;  and argon 
bubbling through phosphorus oxychloride from 10 to 20 
cc/min.  The deposition t empera tu re  var ied  be tween  
300 ~ and 500~ while the t empera tu re  of the phos- 
phorus oxychlor ide was 24~ corresponding to a vapor  
pressure of 34 mm Hg (4). 

The deposition t ime was adjusted to the deposition 
rate  in order to obtain films of constant thickness 
(6000A) as determined by in terference colors assum- 
ing for the PSG the refract ive  index of pyrolyt ic  SiO2 

* Electrochemical  Society A c t i v e  M e m b e r .  
K e y  w o r d s :  p h o s p h o s i l i c a t e  g lasses ,  p h o s p h o r u s  o x y c h l o r i d e ,  s i l i -  

con  diffusion, glass damage.  

(5). Transmission infrared spectra were  taken on the 
glasses as deposited and f rom them the molar  fraction 
of P205 in the glass was determined using a calibration 
curve, which wil l  be published (6). A summary  of 
the deposition parameters  is presented in Table I, 
which shows that  both the film deposition rate  and the 
molar  fraction of P205 in the glass increase wi th  the 
substrate t empera ture  and the molar  fraction of POC13 
in the react ive mixture .  

Diffusion exper iments  were  carried out at 1050 ~ and 
l l00~ in argon for different periods of time. Af ter  
diffusion, the glass layers appeared damaged in various 
degrees, due to the presence of Newton in terference 
rings as shown in Fig. 1. F rom the number  of fringes 
it was est imated that  the height  of these defects was 
often several  t imes la rger  than the film thickness 
suggesting the possibility of a film detachment  from 
the substrate for re]ieving compressive stresses. Fur -  
thermore  it was observed that  the damage increased 
with the hea t - t r ea tmen t  t empera ture  and the molar  
fraction of P205 in the glass. A comparison be tween  
PSG layers of equal  composition and exposed to the 
same heat - t rea tment ,  but  prepared with  phosphine 
ra ther  than phosphorus oxychlor ide showed that  the 
phosphine deposition system yielded glasses more re-  
sistant to damage, capable of mainta ining s t ructural  
integri ty  after 1 hr  at l l00~ in argon and up to 12 
mole per cent (m/o)  P205. The glass s t ructure or its 

Table I. Deposition parameters 

Argon Mole  
f low r a t e  per cent 
b u b b l i n g  POCIa in  Mole  

S u b s t r a t e  t h r o u g h  I ~ p o s i -  POCl3 + p e r  cent 
t e m p e r a t u r e  POCl~ t i o n  r a t e  SiH4 P~O5 in 

(~ ( c c / m i n )  ( A / r a i n )  m i x t u r e  t h e  glass 

300 10 550 15.7 3.5 
400 10 800 15.7 4.2 
500 10 950 15.7 4.2 
300 20 700 27.3 7.8 
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Fig. I. Micrograph of a silicon wafer coated with a thin layer 
(~,6000~,) of phosphosilicate glass (4.2 m/o P205) after heat- 
treatment in argon at 1050~ for ! hr. Circular interference fringes 
and large dark areas correspond to glass damage. 

adhesion characteristics to the substrate might be re-  
sponsible for this interest ing result. 

After diffusion, sheet resistivity and junct ion depth 
were measured using a four-point  probe and by angle 
lapping and staining. The beveling ratio was 20: 1. Fig-  
ure 2 shows a picture of a beveled sample after s tain-  
ingJ The accuracy of the junct ion depth determinat ion 
was estimated to be +_ 0.1~. The diffusion data are 
plotted in Fig. 3, which shows the t ime dependence 

1 T h e  c o m p o s i t i o n  of t he  s t a i n i n g  so lu t ion  was :  49% I-IF: 70% 
NHOa: 100% CH~COOH = 1:2:12 b y  v o l u m e .  Th is  so lu t ion  was  
chosen  for  i t s  p r o p e r t y  of  no t  s t r i p p i n g  t he  glass  d u r i n g  s t a in ing ,  
w h i c h  a l lows  for  a more  accu ra t e  d e t e r m i n a t i o n  of the  Junc t i on  
dep th ,  due  to the  be t t e r  de f in i t i on  of the  g la s s - s i l i con  in te r face .  

5 , I ' I ' I ' ~ .  

MOL % TEMP. ('C) / 
4 ,o5o ,,oo 

3.5 o �9 / 
4.2 a . / / ~  
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Fig. 3. Plots of junction depth and sheet conductivity of the 
diffused layers as a function of the square root of diffusion time 
at two diffusion temperatures (1050~ and 1100~ and for three 
phosphosilicate glass compositions (3.5, 4.2, and 7.8 m/o P205). 
Points marked with arrows in the bottom plot correspond to badly 
damaged glass and irregular diffusion front. 
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of the junct ion depth and the sheet conductivity for 
two diffusion temperatures  (1050 ~ and l l00~ and 
for glasses of different composition (3.5, 4.2, and 7.8 
m/o  P205). 

Assuming a complementary error funct ion diffusion 
profile and making use of I rv in  curves (7), the sur-  
face concentration, Cs, and the diffusion coefficients of 
P in Si, D, were computed from each set of junct ion-  
depth and sheet-resist ivi ty measurements,  and the re-  
sults averaged over different diffusion times before 
their presentat ion in Table II. As expected, both Cs 
and D increased with the molar fraction of P20~ and 
with the temperature  of diffusion, providing a fur ther  
proof of the concentrat ion dependence of D at high-  
impur i ty  levels. Moreover the small  increase of Cs with 
temperature  was at t r ibuted to the temperature  de- 
pendence of the ratio between the diffusion coeffi- 
cients of P in Si and SiO2, due to the difference in  the 
corresponding activation energies [3.7 eV in SiO2 vs. 
4.2 eV in Si, as computed from Barry 's  data (8)].  

As the purpose of this investigation was to use 
phosphorus oxychloride for the deposition of a PSG 
with enhanced gettering action, this property was 
tested in the fabrication of p lanar  diodes using a pat-  
terned molybdenum layer mask (1) and diffusing 
through a thin thermal  oxide layer. No significant ira- 

Table II. Diffusion coefficients of phosphorus in silicon, D, and 
surface concentrations, Cs, as a function of diffusion tempera- 

ture and composition of the phosphosilicate glass 

Fig. 2. Micrograph of an angle-lapped section of a p-type (100) 
surface oriented 1 ohm-cm Si wafer coated with phosphosilicate 
glass (4.2 m/o P20~) and diffused in argon at 1100~ far 1 hr. 
Beveling ratio is 20:1. The junction depth is 1.1#. 

Mole I050~ II00~ 
p e r  cen t  
P~O~ i n  D Cs D Cs 

the  g lass  (cm~/sec) (cm-~) (eraS/see) (cm-8) 

3.5 4,2 X 10 -I; 4,9 X I0 TM 1.2 X 10-13 6.1 X 10 TM 

4.2 4.2 X I0 -I~ 7.3 X I0 zB 1.2 X 10 -18 8.2 • 10 TM 

7.8 1.1 X 10 -~3 2.3 X 10 ~~ 2.3 X 10 -18 2.7 X 10 ~~ 



1430 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  October 1972 

provement  was observed in the leakage current  and 
the reverse  cur ren t -vo l tage  characterist ics of these 
diodes still presented a soft breakdown. For  obtaining 
an avalanche breakdown, it was found that  the PSG 
had to be in contact with the silicon substrate, and this 
result  was independent  from the phosphorus com- 
pound used in the preparat ion of the PSG. 

Summary 
Chemical vapor  deposition of phosphosilicate glass 

layers on silicon f rom an argon di luted mix ture  of 
silane, oxygen, and phosphorus oxychloride was in- 
vest igated in an effort to enhance the get ter ing action 
of the PSG for heavy  metals  during diffusion. P roper -  
ties of these glasses as diffusion sources of P in Si 
were  studied in terms of glass composition and diffu- 
sion temperatures .  In paral le l  exper iments  wi th  glasses 
prepared f rom oxidation of phosphine and silane at 
low temperature ,  it was found that  the phosphorus 
oxychlor ide glasses are more susceptible to glass dam-  
age than the phosphine ones. Fu r the rmore  the ge t te r -  
ing action of the PSG appears unre la ted  to the deposi- 
t ion system, but  s trongly dependent  on the use or not 

of a thin the rmal -ox ide  film be tween  the PSG and 
the Si substrate. 
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Conamun cat on 

Selective Growth of Heteroepitaxial GaP 
on Si Substrates 

Osamu Igarashi 
Electrotechnical Laboratory, Tanashi, Tokyo, Japan 

Selective homoepi taxia l  depositions of Si and GaAs 
have long been realized. The method consists of the 
deposition of an epi taxial  layer  on selected areas of 
the substrate which are exposed by windows in a pro-  
tective film. Using the same technique, we succeeded in 
depositing heteroepi taxia l  GaP select ively on Si sub- 
strates. 

It has been reported that  GaP layers deposited on 
Si substrates have serious cracks (1, 2). The GaP layer  
is separated into small  regions of random sizes by 
the cracks. This phenomenon is undesirable  f rom the 
practical  v iewpoint  of device fabrications. By the use 
of se lec t ive-growth technique, this unfavorable  crack-  
ing can be overcome. In this case, however,  a selec- 
t ively  grown GaP layer  without  the cracks is re la t ive ly  
small  in size (less than 0.02 ram2). 

The selective growth of the heteroepi taxia l  GaP 
layer was carr ied out on the (111), (110), (100), and 
5 ~ off (111) faces of Si substrates. The Si substrate sur-  
faces were thermal ly  oxidized in wet  oxygen to pro-  
duce an oxide layer  of about 10,000A thickness. Win- 
dows or slits were  formed in the SiO2 film by the use of 
photoli thographic techniques and appropriate  etchants. 

A growth system repor ted  previously  by the present  
author (1) was employed to prepare  the heteroepi-  
taxial  layer. The growth method is essentially the same 
as a close-spaced technique described by Nicoll (3). In 
our system, the GaP source and Si substrate wafers  
were  spaced by about 1 mm in an a tmosphere  of pur i -  
fied hydrogen gas, and were  surrounded by graphi te  

Key words:  se lect ive  growth ,  heteroepitaxial GaP, Si substrate, 
SiO~. 

blocks and an a lumina ring. These mater ia ls  were  
heated to the desired tempera tures  by the graphi te  
blocks coupled to an ex te rna l  rf coil. During growth 
periods, the source to substrate t empera tu re  difference 
was about 20~ The source t empera tu re  was up to 
1160~ Prior  to deposition process, the Si substrate 
was slightly gas-etched in an a tmosphere  of dried 1 
HC1/50 H2 mix ture  at about 1200~ Af te r  deposition, 
a number  of Ga droplets was observed on the GaP 
source wafer  surface. 

In our growth apparatus, any t ransport  agent  was 
not in tent ional ly  introduced. We thought  that  the 
t ransport  of the GaP source occurs by evaporat ion of 
the source mater ia l  because of the significantly high 
vapor  pressure of Ga meta l  dissociated f rom GaP. The 
equi l ibr ium vapor  pressure of Ga is 2 X 10 -2 m m  Hg 
at 1100~ (4). However ,  another  possible t ransport  
mechanism is the wa te r -vapor  t ransport  react ion due 
to the presence of small amounts  of water  vapor  in 
the hydrogen ambient.  Robinson has deposited GaAs 
with growth rates of 1-3 mi l s /h r  using a close-spaced 
technique wi thout  in tent ional ly  introducing a t ransport  
agent. It has been concluded that  the t ransport  agent 
in the growth system is residual  wa te r  vapor  in the 
system which reacts wi th  the GaAs source to fo rm the 
volat i le  species Ga20 (5). Moreover,  it may  be pointed 
out that the t ransport  of GaP in our system takes place 
by the reaction wi th  residual  HC1 gas remaining in 
the reaction chamber  after the gas etching. However ,  
it should be added that  the GaP source can be t rans-  
ported to the substrate even  in a deposit ion chamber  
in which  any trace of HC1 is not used. 
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Fig. I. Photomicrograph of selectively grown GaP (about 5~ 
thickness) in windows etched through SiO2 film on 5 ~ off (111) 
face of a Si substrate. 

Figure 1 shows an optical photomicrograph of a GaP 
layer deposited on 5 ~ off (111) face of a Si substrate 
at ll00~ The growth rate of the GaP islands in Fig. 
I was about 1 ~/min. As can be seen from the micro- 
graph, the masked regions are free from GaP de- 
posits. The best surface appearance of deposited GaP 
heteroepitaxial  layers was obtained when 5 ~ off (111) 
face of the Si substrate was employed. Figure 2 shows 
an x - ray  back-reflection micro-Laue pa t te rn  originat-  
ing from a GaP island in Fig. 1. Cu radiat ion was 
used. The diameter  of the x - r ay  beam incident  on the 
sample was between 60 and 80~. In Fig. 2, a pair  of 
Laue spots is recognized. One set of these Laue spots 
disappears when  the x - ray  beam is incident  on a 
region where GaP is not deposited. Thus, one set of the 
spots is due to the Si substrate and the other due to 
the GaP deposit. It  should be noted that  the separat ion 

Fig. 2. X-ray back-reflection micro-Laue pattern originated 
from a GaP island in Fig. 1. A pair of Laue spots is observed. One 
set of the spots is due to the GaP deposit and the other due to 
the Si substrate. 

of the Laue spots or iginat ing from the GaP deposit 
and the Si substrate indicates the presence of a t i l t  
misorientat ion between the [111] axes of these two 
crystals. The angle of the misor ientat ion is probably 
less than  30'. 
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Electrical Evaluation of Doped and Undoped Cobalt Chromite 
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ABSTRACT 

Cobalt chromite is an electronically conductive oxide stable in both air and 
mixtures  of H2-H20 and CO-CO2 having oxygen partial  pressures greater 
than 10 -15 atmospheres at 1000~ It is potent ial ly useful as a mater ia l  to 
interconnect  cells of a h igh- temperature ,  zirconia-electrolyte,  fuel-cel l  battery.  
The 1000~ resistivities and conduct ivi ty- types  of cobalt chromite doped with 
manganese and vanad ium were measured over the range of oxygen part ial  
pressures of interest  for fuel cell operation. Vanadium-doped cobalt chromite 
increased in resistivity on exposure to air. Two mole per cent manganese  
doping resulted in stable 1000~ resistivities of 6 ohm-cm in  air and 50 
ohm-cm in H2-H20 mixtures  having an oxygen part ial  pressure of 10 -15 atm. 
These resistivities are sufficiently low to make manganese-doped cobalt chro- 
mite useful for the fuel-cel l  ba t te ry  application. 

The individual  cells of a thin-film, h igh- tempera-  
ture, fuel-cell  bat tery using zirconia electrolytes are 
connected in series by a film of an electrically conduc- 
tive oxide which joins the air and fuel electrodes of 
adjacent  cells, as shown in Fig. 1. Previous work (1) 
established that  cobalt chromite was a possible in ter -  
connection mater ia l  for fuel cells operat ing at 1000~ 
Electrical characteristics were studied by C o p p e t  al. 
f2), Bradburn  and Rigby (3), and Schmalzried (4). 
Resistivity at 1000~ in air varied by two orders of 
magni tude--2 ,  70, and 200 ohm-cm were reported 
respectively by these authors. 

Measurements  of a 80~ thick film of undoped cobalt 
chromite separating the air and  fuel atmospheres in the fuel-cell  bat tery configuration gave an "effective 
double-atmosphere resistivity" of approximately 200 
ohm-cm. This is four times higher than desired for 
practical fuel-cell  batteries. 

In choosing dopants to enhance the electrical con- 
ductivi ty of cobalt chromite, the observation of Brad-  
burn  and Rigby (3), that  the B cations in the normal  
spinel s t ructure  AB204 play an impor tant  role in 
determining the conductivity,  was considered. Cobalt 
a luminate  displays resistivities several orders of mag-  
ni tude higher than both cobalt chromite and nickel 
chromite. Inspection of a model of spinel reveals pos- 
sible conducting paths by way of 3d electron in ter -  
change between adjacent  B ions because of their  
coll ineari ty and small  B-B separation. Both manga-  
nese, which has a + 3  ionic radius of 0.62A and four 
3d orbital electrons, and vanadium, having a + 3  ionic 
radius of 0.66A and two 3d orbital electrons, should be 
able to occupy chromium sites as the Cr +3 ionic radius 
is 0.64A and has three 3d orbital  electrons. Either 
vanad ium or manganese might  be expected to in t ro-  
duce defects in the normal  3d electronic s t ructure  of 
cobalt chromite and hence enhance the conductivity.  
Based on these considerations, it was decided to em- 

ploy manganese sesquioxide and vanad ium sesquioxide 
as dopants to lower the resistivity of cobalt chromite. 
As discussed later, there is exper imental  evidence that 
some manganese actually subst i tuted for cobalt. 

This study investigated the feasibility of lowering 
the resist ivity of cobalt chromite by doping with 
vanad ium or manganese. Both resist ivity and con- 
duct iv i ty- type  were measured. Measurements  were 
made in the range of oxygen part ial  pressures between 
0.2 and 10 -1~ atm using air, nitrogen, and ni t rogen-  
hydrogen-water  vapor mixtures.  The tempera ture  
range  studied extended from 600 ~ to 1200~ 

Fig. 1. Cross section through the wall of a thin-film fuel cell 
battery. 

1433 
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Experimental  

Starting Materials 
Cobalt chromite.--Three types of cobalt chromite 

varying in stoichiometry and particle size were used 
to prepare the test specimens. Their properties are 
summarized below. 

Cobalt chromite, Poly Research, --325 mesh.--Cobalt 
chromite supplied by Poly Research Corporation is 
slightly rich in its chromium content  with ch romium/  
cobalt ratio of 2.29. X- r ay  diffraction identifies the 
presence of trace amounts  of chromium oxide. The 
Poly Research cobalt chromite was sieved to obtain 
--325 mesh powder for preparat ion of specimens. 

Cobalt chromite, Poly Research, air-milled.--The Poly 
Research cobalt chromite was a i r -mi l led  by Northern 
Chemical Company to achieve particles of submicron 
size. Average particle diameter  estimated from an 
electron micrograph of the a i r -mil led cobalt chromite 
powder was 0.3g. 

Cobalt chromite, Pfizer.--Cobalt chromite supplied by 
Chas. Pfizer and Company, Inc. is slightly excess in 
cobalt. The chromium/cobal t  ratio is 1.92 as compared 
with Cr/Co ---- 2 for perfect stoichiometry and Cr/Co ---- 
2.29 for the chromium-r ich  cobalt chromite from Poly 
Research. The Pfizer cobalt chromite is of submicron 
particle size, similar to that  of the air-mil led,  Poly 
Research material.  

Vanadium oxide.--Reagent grade of V203 from 
Fischer was used. It was kept under  ni t rogen dur ing 
handling.  

Manganese oxide.--Reagent grade, fine-particle 
Mn~O3 was supplied by Poly Research Corporation. 

Fig. 2. Electron micrograph of an undoped Co-rich CoCr204 
sintered bar (fractured surface). 

Preparation of Test Bars 
Undoped cobalt chromite bars.--Undoped bars were 

prepared using the three different types of s tar t ing 
materials  in the following manner .  

Cobalt chromite of --325 mesh size range, obtained 
by sieving the Poly Research material,  was first cold- 
pressed at 10 ksi to form bars of approximate d imen-  
sions 1 cm • 1 cm • 3 cm. The bars were then sin- 
tered in air for 48 hr at 1500~ 

Both the air-milled,  Poly Research mater ia l  and the 
Pfizer cobalt chromite were prepared by first cold- 
pressing at 10 ksi. The bars were sintered at 1500~ 
in air for 24 hr, followed by equi l ibrat ing the bars in 
a hydrogen-water  mix ture  at oxygen part ial  pressure 
of 10 -9 atm for an addit ional  24 hr  at 1500~ This 
atmosphere was achieved by saturat ing a ni t rogen-  
5% hydrogen forming gas with water  vapor at 58~ 
Figure 2 is a scanning electron micrograph of the frac- 
tured surface of an undoped bar after sintering. 

Vanadium-doped cobalt chromite bars.--Doping was 
achieved by dry-mi l l ing  appropriate amounts  of vana-  
d ium sesquioxide and Poly Research cobalt chromite, 
cold-pressing and sintering at 1530~ for 48 hr  in a 
hydrogen-water  mixture  of oxygen part ial  pressure 
of 10 -9 atm. Electron microprobe traces (of 5~ resolu- 
tion) showed a continuous vanad ium distr ibut ion 
throughout  the cobalt chromite sample. X- ray  diffrac- 
tion identified the doped bar  as having spinel structure. 
Electron and x - r ay  scanning microscopy did not detect 
a second phase. Figure 3 shows typical electron micro- 
graph of the 2 m/o  1 (mole per cent) vanadium-doped 
cobalt chromite bar. 

Manganese-doped cobalt chromite bars.--In the case 
of manganese-doped samples, doping was achieved by 
ba l l -mi l l ing  appropriate amounts  of manganese  ses- 
quioxide and Pfizer cobalt chromite, cold-pressing, and 

T h r o u g h o u t  t h i s  p a p e r  X-1% of  v a n a d i u m -  o r  m a n g a n e s e - d o p e d  
c o b a l t  c h r o m i t e  s y m b o l i z e s  X m o l e s  of V_-O3 (or  NInsO3) in  (100 -- 
X} m o l e s  of  CoCr204, i .e . ,  m o l a r  p e r  c e n t  of m a n g a n e s e  = 

[mo le s  of Mn~O3] 

[mo le s  of Mn~Oa] + [mo le s  of CoCr~O~} 

Fig. 3. Electron micrograph of a 2 m/o V-doped CoCr204 
sintered bar (fractured surface). 

sintering. Special effort was taken to disperse the fine 
particles of the mix ture  to increase the probabil i ty  of 
successful doping during sintering. Sinter ing was car- 
ried out in two steps. First, the pressed bars were 
sintered at 1500~C in air for 24 hr. Under  these sinter-  
ing conditions, Mn203 is expected to be oxidized to 
Mn304, which is a normal  spinel (5). Format ion of a 
solid solution between the two normal  spinels, Mr~O4 
and CoCr204, was expected at this stage. Dur ing  the 
second step of sintering, the bars were equil ibrated 
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with a hydrogen-wa te r  mix tu re  at an oxygen part ial  
pressure of 10 -9 atm at 1500~ for an additional 24 hr. 

In all the manganese-doped cobalt chromite  bars, 
the electron and x - r ay  scanning microscopic analysis 
revealed the presence of a small percentage  of a 
spher ical -shaped second phase which was rich in 
cobalt. Figure  4 is a typical  scanning electron micro-  
graph of the 2 m / o  manganese-doped cobalt chromite  
bars. An x - r a y  diffraction pat tern of the 9 m / o  manga-  
nese-doped cobalt chromite  indicated the presence of 
traces of metal l ic  cobalt. Since the lower l imit  of 
sensi t ivi ty was 5%, the absence of cobalt lines on x - r a y  
powder  diagrams of the 2 and 4 m / o  manganese-doped 
samples did not exclude the possibility of cobalt pres-  
ence in these samples. 

Lat t ice parameters  of the undoped and manganese-  
doped cobalt chromite  were  determined from the x - r ay  
diffraction pat terns and they were  

ao (undoped CoCr204) ---- 8.320A 
a~ (2 m / o  Mn-doped CoCr204) ---- 8.341A 
ao (4 m / o  Mn-doped CoCr204) = 8.344& 
ao (9 m / o  Mn-doped CoCr204) ---- 8.360/k 

It can be noticed that  the latt ice paramete r  increases 
as a function of manganese doping. As Mn +a cation is 
smaller  than Cr +3 (0.62A for Mn +a vs. 0.64A for Cr+a),  
a decrease in lattice paramete r  would be expected had 
Mn +3 substi tuted in the Cr +3 sites of the cobalt  
chromite  lattice. This is the opposite to what  we ob- 
served. 

Comparison of ionic sizes and electronic configuration 
of Mn +2 and Co +2 (0.80& for Mn +2 and 0.72A for 
Co +2) shows the possibility of Mn +2 substi tut ing in 
Co +2 sites in the cobalt chromite  lattice. As Mn +2 is 
larger  than Co 4 2, substi tution of Co +2 by Mn +2 would 
be expected to result  in expansion of the latt ice 
paramete r  of the cobalt chromite  spinel. If this had 
been the doping mechanism, the Co +2, which was freed 
by Mn +2 from the cobalt chromite  lattice, would  have 
been reduced to cobalt meta l  dur ing the second step 
of the sintering under  oxygen part ial  pressure of 10 -9 

a tm at 1500~ Indeed, x - r ay  diffraction detected the 
presence of traces of cobalt meta l  in the 9 m / o  manga-  
nese-doped sample. 

The undoped specimens sintered to 48-55% of theo-  
ret ical  density, the vanad ium-doped  specimens reached 
64-70% of theoret ical  density, while  the manganese ,  
doped specimens achieved 75-90% of the theoret ical  
density of cobalt chromite. Comparison reveals  that  
vanad ium oxide and manganese oxide at low doping 
levels, especially 2 m / o  and 4 m / o  of manganese  oxide, 
serve as densification aids to cobalt  chromite  sintering. 
These results compare with  the results repor ted  by 
Bron and Diesperova (6), who found that  additives, 
whose cations could replace Cr +3 (e.g., Ti +4, Fe +2, 
Fe +3, Zr +4, Mn +'>, Mn+8), considerably accelerated 
the ra te  of format ion and sintering of magnesium 
chromite  spinel. The fact that  the oxide dopants not 
only improve  conduct ivi ty  but  also promote  densifica- 
tion of cobalt chromite  is wor th  special notice, because 
the interconnect ion of the h igh- t empera tu re  thin-f i lm 
fue l -ce l l  bat teries must  be both highly conduct ive and 
gas- impermeable .  

Electrical Measurements 
Two bars of each composition were  tested. One bar 

was located in the hot zone of the tester  furnace for 
resistance measurement  using the d-c, four-probe tech- 
nique and the other  bar placed toward one end of the 
same furnace where  a thermal  gradient  existed for 
thermoelectr ic  studies. F rom the gauge lengths and 
the dimensions of the specimen bars, the resistance 
measurements  are accurate to •  

Resist ivi ty and Seebeck effect were  measured  as 
functions of temperature ,  in the range of 600~176 
and oxygen par t ia l  pressure, in the range Po2 ---- 0.2 to 
10 -15 a tm using air, nitrogen, and n i t rogen-hydrogen-  
water  mixtures.  The oxygen part ial  pressures were  
measured using a stabilized zirconia oxygen gauge 
operat ing at 1000~ with  air as the reference.  

Results 
Undoped cobalt chromite.--Figure 5 shows the tem-  

pera ture  dependence of resis t ivi ty of undoped chro- 
mium-excess  cobalt bars in air and nitrogen. The the r -  
moelectr ic  measurements  indicated that  the chromium-  
rich cobalt  chromite  displayed p- type  conduct ivi ty  
throughout  the oxygen par t ia l  pressure range of 0.21 
to 10 -15 atm. F igure  6 presents the Seebeck coefficients 
determined by our exper iments  as a function of oxygen 
part ial  pressure. Schmalzried 's  results a r e  shown for 
comparison. 

Figure  7 shows the oxygen part ial  pressure depen-  
dence of res is t ivi ty  at 1000~ of the two types of un-  

Fig. 4. Electron micrograph of a 2 m/o Mn-duped CoCr204 
sintered bar (fractured surface). 

E 3 Qf Calculated From 
"~>~ 10 ~ p=AeAF/RT 

~,~ ~ ~ . . . . .  p in Air ~ by Bradburn and Rigby c- 

lo21 ,/ e 

. ~ I z L ~  I I I I 
Iu 0 7.5 g,O 8.5 g.O c;.5 

lO4/TOK 

Fig. 5. Measured resistivity of undoped Cr-excess CoCr204 in 
air and N~ as a function of the reciprocal of absolute temperature. 
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doped cobalt chromite  specimens. They are compared 
to Schmalzr ied 's  data. I t  can be concluded that  both 
types of cobalt chromite  display a 1000~ resist ivi ty 
of less than 25 ohm-cm in air and a 1000~ resis t ivi ty 
of about 2 • 10 ~ ohm-cm in fuel atmospheres despite 
the difference in chromium/coba l t  ratios. 

Vanadium-doped cobalt chromite.--The chromium-  
rich cobalt  chromite  wi th  1 and 2 m / o  of vanadium 
sesquioxide doping were  sintered in reducing a tmo-  
sphere (Po2 ---- 10 -9 arm at 1530~ to preserve vana-  
dium cations in the +3  valence state, Electr ical  mea-  
surements  were  first per formed in the same atmosphere  
to speed the a tmosphere  equil ibrat ion process and the 
results are shown in Fig. 8-10. Figures 8 and 9 demon-  
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lO0 J l I 
-4 -8 -12 -16 
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Fig. 8. Effects of V-doping on CoCr204 resistivities as a function 
of oxygen partial pressure. 
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Fig. 9. Effects of V-doping on Seebeck coefficients as a function 
of oxygen partial pressure. 
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strata respect ively the variat ions of resis t ivi ty and See-  
beck coefficient wi th  oxygen par t ia l  pressure. Figure  
10 shows the tempera ture  dependence of the resis t ivi-  
ties. From Fig. 8-10, it can be observed that  vanadium 
doping of cobalt chromite  enhances n - type  conduct iv-  
i ty at low oxygen part ial  pressures. Resist ivi ty is re -  
duced init ial ly by a factor of 15 with 1 m / o  and a 
factor of 25 with  2 m/o  of vanadium doping at an 
oxygen part ial  pressure of 10 -14 arm. Vanadium doping 
reduced the 1000~ resist ivi ty in air f rom 22 ohm-cm 
to 15 ohm-cm by 1 m / o  vanad ium doping and from 22 
ohm-cm to 10 ohm-cm by 2 m / o  doping. The improve-  
ment  of bar density, f rom 48% theoret ical  density of 
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the undoped bars to 64% for 1 m/o  and 70% for 2 m/o  
vanadium-doped  bars, must  be considered in in terpre t -  
ing the resist ivity results. 

As the oxygen part ial  pressure was increased over 
10 -20 atm, gradual  loss of vanad ium dopant  by oxida- 
t ion and vaporization occurred. This was verified by 
chemical analysis of the bar  before and after electrical 
tests in the oxidizing atmosphere and by spectrographic 
analysis of a dark deposit on the upstream portion of 
the testing apparatus. The loss of vanad ium was ac- 
companied b y  an n --> p t ransi t ion in conductivi ty type 
and an irreversible increase in resistivity at low oxygen 
partial  pressures. Figure 11 shows the change in re-  
sistivity at low oxygen partial  pressures of the vana-  
dium-doped cobalt chromite vs. t ime of sample 
exposure to air. The resist ivity of the vanadium-doped  
cobalt chromite in air remained near ly  unchanged ap- 
parent ly  being insensitive to vanad ium loss to the 30% 
vanadium losses measured. 

Manganese-doped cobalt chvomite.--Figure 12 shows 
a plot of resistivity in air and in  fuel atmospheres as a 
funct ion of molar  per cent of manganese  doping at 
1000~ Doping with 2 to 4 m/o  of manganese  oxide 
reduces the resist ivity by almost two orders of magni -  
tude under  low oxygen part ial  pressures. The resistiv- 
i ty of the 2 m/o  manganese-doped cobalt chromite in 
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Fig. 11. Increase of V-doped CoCr204 resistivity in fuel 
atmosphere as a function of exposure time to oxidizing atmosphere. 
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Fig. 12. Effect of manganese doping on CoCr204 resistivities in 
air and fuel atmospheres. 

fuel atmosphere is stable over the 26 days of total 
testing time and is independent  of sample cycling to 
an oxidizing atmosphere. Its resistivity in air also ap- 
pears to be stable (Fig. 13). The resistivity of 4 m/o  
manganese-doped cobalt chromite increases steadily on 
exposure to the fuel atmosphere. It decreases slightly 
with t ime in air. The resistivity of 9 m/o  manganese-  
doped cobalt chromite is also unstable. It can be con- 
cluded from these tests that  the 2 m/ o  manganese-  
doped cobalt chromite is close to the opt imum doping 
level. Its resistivity is least sensitive to oxygen partial 
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Fig. 13. Resistivity of 2 m/o Mn-doped CoCr204 as a function 
of testing time. 
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pressure change and most stable with respect to test-  
ing t ime and  atmosphere cycling. 

Conclusions 
Undoped-cobalt chromite.--Commercially supplied, 

undoped-cobal t  chromite had a resist ivity in air at 
1000~ of 20 ohm-cm. At 1000~ in hydrogen-n i t rogen-  
water  vapor mixtures,  having an oxygen part ial  pres-  
sure of 10 -J4 atm, the resistivity was 2000 ohm-cm. 
The order of magni tude  of the resistivity and the con- 
duct ivi ty type was not sensitive to deviations of cobalt 
and chromium content  from the ideal stoichiometric 
ratio of two parts chromium to one part  cobalt between 
Cr/Co ratio of 1.9 to 2.3. Resistivity in air of undoped 
cobalt chromite is low enough for the fuel cell applica- 
tion. Resistivity in low oxygen-par t ia l -pressure  fuel 
gas atmospheres is two orders of magni tude  too high. 

Measurements  of thermoelectric power showed that  
the sample having a chromium to cobalt ratio of 2.3 
displayed "p"- type conductivi ty over the oxygen par-  
tial pressure range 10 -15 to 0.2 atm and at temperatures  
between 600 ~ and 1200~ 

Vanadium-doped cobalt chromite.--The resistivity of 
cobalt chromite at low oxygen part ial  pressure can be 
reduced by vanad ium doping. Two mole per  cent of 
V203 doping lowered the resistivity of cobalt chromite 
at 1000~ from 2000 to 80 ohm-cm at an oxygen part ial  
pressure of 10 -14 atm. 

The resistivity of the vanadium-doped  cobalt chro- 
mite was not stable after the samples were exposed to 
atmospheres having oxygen part ial  pressures higher 
than 10 -10 atm. The increase in resistivity was asso- 
ciated with a loss of vanad ium from the samples when 
in  oxidizing atmospheres. The resist ivity in air  was 
not affected by the addit ion or the loss of the vanad ium 
dopant. Vanadium-doped cobalt chromite was an "n"-  
type conductor at low oxygen part ial  pressures and 
a "p"-type conductor in air. As vanad ium was lost, 
the magni tude  of the thermoelectric power in the low 
oxygen part ial  pressure atmosphere decreased, changed 
sign, and approached the values typical of the "p"- type 
conductivi ty observed with the undoped material .  Only  
one strategy was used to incorporate the vanad ium 
doping in the spinel and these results are specific to 
that diffusion-sintering schedule. 

Manganese-doped cobalt chromite.--Three levels of 
manganese doping were tested: 2, 4, and 9 m/o  Mn20~. 
Cobalt chromite containing 2 m/o  Mn2Oa displayed 

stable resistivities. Resistivity at an oxygen part ial  
pressure of 10 -z4 atm was lowered from 2000 to 50 
ohm-cm at 1000~ Resistivity in air was 6 ohm-cm. 
Resistivity at 1000~ was stable over a testing period 
of 26 days in the low oxygen part ial  pressure atmo- 
sphere. It was not affected by cycling to air. 

The resistivity of the 4 and 9 m/o  manganese  sesqui- 
exide-doped cobalt chromite varied with time. 

Manganese-doped cobalt chromite also displayed "p"- 
type conductivity.  

Manganese-doped cobalt chromite is sufficiently con- 
ductive to be a satisfactory cell interconnect ion for 
zirconia electrolyte fuel cells operating at temperatures  
near  1000~ At this tempera ture  level, coal gasifica- 
tion rates are high enough that  a practical coal reacting 
fuel-cell  power system can be engineered. 
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Equilibrium Phases in the 
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ABSTRACT 

Equi l ibr ium phases in the l i th ium-su l fur  system on the sulfur  side of Li2S 
(the only compound observed in this system) were determined using an un-  
usual vapor t ransport  technique. In this method, equi l ibr ium compositions of 
the melts  at various temperatures  can be obtained by uti l izing the t ranspor t  
of sulfur vapor from one melt  to a second one. The l i th ium-su l fur  phase dia- 
gram exhibits a large miscibil i ty gap which extends from the monotectic 
composition, 65.5 mole per cent (m/o)  sulfur, to almost pure sulfur  (0.035 m/o  
l i thium) at the monotectic temperature,  362 ~ _ 3~ The melt ing point  of 
l i th ium sulfide was found to be 1365 ~ _ 10~ The  results are also presented 
as the l i th ium sulfide-sulfur phase diagram, in which the miscibil i ty gap 
extends from the monotectic composition, 73.7 m/o  sulfur, to near ly  pure sul-  
fur  (0.0175 m/o  l i thium sulfide). A comparison of the l iquidus at the Li2S- 
l iquid region of the Li2S-S system with those constructed using Temkin 's  
model indicates the probable existence in these melts of sulfide species such 
as S~ 2-, $32-, and $42-, in addit ion to S 2-.  

Among the systems considered in the development  
of a h igh- tempera ture  mol ten-sal t  bat tery  for vehicu-  
lar propulsion, sodium-sulfur  and l i th ium-su l fur  ap-  
pear to be promising, practical, and economical (1). 
Basic thermodynamic  data, which are essential in the 
development  of these batteries, are available to some 
extent  for the sodium-sulfur  system (2, 3), but  to still 
lesser extent  for the l i th ium-su l fur  system (4-6). This 
investigation was conducted to determine the equi l ib-  
r ium phase diagram of the l i th ium-sul fur  system. 
These data were also used to gain some insight into 
the na ture  of the l i th ium-sul fur  melts. 

The normal  techniques used in the determinat ion of 
phase diagrams cannot be applied to the l i th ium-sul fur  
system. Li th ium and sulfur  are very corrosive and 
consequently the choice of container  materials  is l im-  
ited. The container which cannot be made of metal  
because of sulfur  or sulfide reaction, has to be sealed 
to avoid the loss of sulfur  by vaporization. The phases 
involved appear to have similar  densities and are very 
fluid; therefore, the quenching technique cannot  be 
used indiscr iminately because of the difficulty in ob- 
ta ining satisfactory phase separation. Differential 
thermal  analysis (DTA) and thermal  analysis can 
only be used in l imited regions because the melts  
undercool, coupled with the fact that  the phase bound-  
aries rise very steeply with change in composition. 

Therefore, an unusua l  vapor t ranspor t  technique 
was developed in which equi l ibr ium compositions of 
the melts were obtained through t ransfer  of sulfur  
vapor from one melt  to a second one. This simple and 
inexpensive technique can also be used to determine 
the phase diagrams of other systems involving one or 
more volatile components. 

Experimental 
Materials.--Sulfur of 99.999% pur i ty  was used. 

Li th ium sulfide was used in the form of a white pow- 
der; its l i th ium content  was found by chemical ana ly-  
sis to be 29.8 weight per cent (w/o)  (30.26 w/o theo- 
retical) .  Its x - r ay  powder diffraction pa t te rn  data are 
given in Table I. The stronger diffraction lines agree 
with those calcuIated from the data reported by Zint l  
et al. (7). The present  pa t te rn  also shows more and 
weaker  l ines for which these authors might  not have 
bothered to report  the data. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  words ;  l i t h i u m ,  sulfur, l ithium sulf ide,  e q u i l i b r i u m  phases .  
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Apparatus.--A Kantha l -wound  tubu la r  furnace, ca- 
pable of being rocked through an angle of approxi-  
mately  90 ~ was used to heat the mixtures.  The furnace, 
suitable for use up to 1000~ had external  terminals  
from its heating element  every 2.0 in. By manipu la t -  
ing the power supply to two different segments of the 
furnace element, a cons tan t - tempera ture  zone about 
6 in. long was obtained. Two concentric stainless-steel 
containers (2 in. diam • 6 in. long and 1 in. diam 
• 6 in. long) were placed inside the uni form tempera-  
ture  zone to provide fur ther  uni formi ty  of tempera ture  
(Fig. 1). Auxi l ia ry  apparatus used with the furnace 
included a furnace controller  and a tempera ture  re-  
corder. Calibrated Chromel -Alumel  thermocouples 
were used for measur ing temperatures.  A Leeds and 
Northrup potent iometer  was also used to confirm the 
melt  temperatures  recorded. 

Sealed containers, made of silica (Vycor),  were used 
for l i th ium-sul fur  melts of low l i th ium content  and at 
lower temperatures.  These containers, shown in Fig. 
2, were fabricated in uncommon shapes in an effort to 
obtain clear separation of the phases on quenching. 
Dense-graphi te  containers were used for melts  of high 
l i th ium content  and at higher temperatures.  The 

Table I. X-ray diffraction data of powdered /i2S taken with 
CuK~-radiation, using nickel filter by !14.6 mm camera 

20 I d (A) 28 I d (A) 

15.9 VVW 5.57 56.3 M 1.631 
20.4 VVW 4.35 58.2 VVW 1.583 
23.3 W 3,82 59.0 VVW 1.563 
24.7 W 3.60 60.3 VVW 1.532 
27.3 VVS 3.26 65.9 MS 1.415 
29.2 VW 3.06 72.1 S 1.299 
30.6 VVW 2.92 74.9 MS 1.267 
31.6 S 2,83 83.5 S 1.156 
32.7 VW 2.74 89.8 S 1.091 
35.4 VW 2.53 100.3 MS 1.003 
36,4 VVW 2.47 106.7 S 0.960 
37.6 VVW 2.39 108.9 MS 0.947 
38.7 VVW 2,32 118.0 S Q.899 
40.8 VW 2.21 125.2 S 0.868 
45,3 VS 1.999 127.7 M 0.858 
48.2 VW 1.886 139.2 M 0.822 
50.5 VVW 1.805 149.5 S 0.798 
53.6 S 1.708 154.3 MS 0.790 

VVW = Very,  v e r y  w e a k  
W = W e a k  
S = S t r o n g  
M = M e d i u m  
MS = M e d i u m  to  strong 
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graphite containers were sealed in silica (Vycor) cap- 
sules to avoid sulfur  loss by vaporization. 

Procedure.--Lithium sulfide and sulfur  were used in  
prepar ing the l i th ium-sul fur  melt  compositions because 
l i th ium and sulfur react violently. 

Quenching methods . - - In  the p re l iminary  experi-  
ments, the desired amounts  of l i th ium sulfide and sul- 
fur were mixed thoroughly and about 5g of this mix-  
ture were placed in a silica capsule (Fig. 2A) inside 
a hel ium-atmosphere  dry  box. The silica capsule was 
then sealed under  vacuum and placed in the uniform 
tempera ture  zone of the rocking furnace. The furnace, 
while rocking, was slowly heated to the desired tem- 
perature.  The silica capsules were kept at this tem- 
pera ture  for 24-72 hr for equilibration. After  the 
equi l ibrat ion period, which was normal ly  about 24 hr, 
the silica capsule was quenched in 10% LiC1 solution 
at --10~ On solidifying, two layers were formed. The 
bottom layer  was dark red in color. The top layer was 
yellow in color and had a lower concentrat ion of 
l i th ium than did the bottom layer. 

Chemical analyses of samples from the two solidified 
layers were used to determine the compositions of the 
respective liquids at the equi l ibr ium temperature.  The 
general  pat tern of the equi l ibr ium phase diagram, con- 
sisting of a miscibil i ty gap and a solid-l iquid region on 
the sulfur  side of the l i th ium-sul fur  system, could be 
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obtained from these pre l iminary  experiments.  It  was 
also observed from these exper iments  that  the rocking 
was not necessary for equi l ibrat ion of melts  above 
500~ and that  the l ighter yel low liquid undercooled 
and appeared to separate into two layers before solidi- 
fying. 

To circumvent  the undercooling of the l ighter  yellow 
liquid, silica capsules with side arms (Fig. 2B) were 
used in subsequent  experiments.  In  these experiments,  
sulfur was solidified in  the side arms of the  capsule, 
and a l i th ium-su l fur  solidified melt  (approximately  
37 m/o  l i thium) prepared separately, was placed in 
the bottom of the capsule. Addi t ional  sulfur  was then 
solidified in the capsule over the l i th ium-su l fur  mix-  
ture  and in the region extending above the side arms. 
The capsule was sealed under  vacuum. The procedure 
was then the same as that  for capsules without  side 
arms. After  equi l ibrat ion and quenching, chemical 
analyses of the solidified contents of the side arms were 
used to determine the composition of the l ighter yellow 
liquid, and analyses of the lower portion for de termin-  
ing the composition of the dark  red liquid. The com- 
positions of the equi l ibr ium liquids could be deter-  
mined by this technique only up to about 600~ Above 
this temperature,  the silica capsule was observed to 
react with the l i th ium-su l fur  melt  and occasionally to 
explode. The silica capsule might  possibly react with 
a certain amount  of l i th ium of the melt  shifting its 
composition to a higher concentrat ion of sulfur. 

Vapor transport technique.--For determinat ion of the 
compositions of the liquids in the two-l iquid  region 
at higher temperatures  (>600~ and to check the 
compositions at lower temperatures,  an  unusual ,  s im- 
ple technique was developed-- the  vapor t ransport  
technique. In  this method, two graphite crucibles were 
used (Fig. 2C), one containing a l i th ium-su l fur  melt  
with a composition slightly different than  the expected 
equi l ibr ium composition, and the other containing a 
melt  composition from wi th in  the two- l iquid  region. 
The second crucible was placed above the first one in 
a silica capsule. The capsule was sealed under  vacuum 
and placed in the uni form tempera ture  zone of the 
furnace. The furnace was slowly heated, without  rock- 
ing, to the desired tempera ture  and kept  at this t em-  
perature  for 24-72 hr. The contents of the two graphite 
crucibles were thus equi l ibrated by t ransfer  of sulfur  
through the vapor phase. After  equilibration, which 
normal ly  required  no more than 24 hr, the capsule 
was cooled to room tempera ture  in a jet  of air. The 
composition of the melt  at the equi l ibr ium tempera ture  
was determined from the chemical analyses of the 
total contents of the bottom graphite crucible. At 
lower temperatures,  and for compositions with higher 
sulfur  concentrations, a sl ightly modified a r rangement  
was used (Fig. 2D). In  this arrangement ,  the liquid 
with concentrat ion of l i th ium less t han  equi l ibr ium 
was placed i n  the bottom extension of the silica cap- 
sule, and the two-l iquid  mix ture  was contained in a 
silica tube located in the upper  par t  of the capsule. The 
silica capsule was sealed under  vacuum and quenched 
in 10% LiC1 solution at --10~ The composition of the 
melt  at the equi l ibr ium tempera ture  was determined 
from the chemical analysis  of the total  content  of the 
extension of the silica capsule. The results obtained 
using this procedure were the same as were obtained 
from the two-graphi te-crucible  quenched- in-a i r  
method. 

The technique of using two graphite crucibles f o r  
the container was also used to determine the liquid 
composition in the solid-l iquid region of the phase 
diagram. In  this case, solid l i th ium sulfide, instead of 
the two-l iquid composition, was contained in one 
graphite capsule. 

The melt ing points of l i th ium sulfide and of sulfur, 
and the monotectic tempera ture  at 6.0, 7.1, 16.3, 21.2, 
31.0, and 41.0 m/o  Li2S were determined using both 
the heating and cooling curves from differential 
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thermal  analyses performed with  Mett ler  Thermo-  
analyzer. The specially designed sample holders of 
dense graphi te  were used to determine the mel t ing 
point of l i th ium sulfide, while  graphi te  as wel l  as 
silica sample holders were  used to determine  the mono-  
tectic temperature .  Alumina  was most ly  used as a 
reference material .  

Chemical analysis.--The melts  containing l i th ium 
sulfide-sulfur were  leached f rom the weighed graphi te  
crucibles wi th  boiling water.  The process was repeated 
several  times. After  that, the crucible was dried and 
then soaked in carbon disulfide for 10 min  or so, and 
then the crucible was again dried and weighed. The 
crucible was examined with  a stereo microscope before 
mel t  dissolution and at the end to be sure that  all the 
mater ia l  was removed.  The difference in weights  of 
the graphi te  crucible wi th  and wi thout  the mel t  was 
taken as sample weight. 

The carbon disulfide solution was evaporated to dry-  
ness, and the residue was t reated with  water.  This 
solution and the water  ext rac t  were  combined in a 
100 ml volumetr ic  flask and di luted to the volume. An  
appropria te ly  measured al iquot of this solution was 
t ransfer red  to a beaker, nitric acid was added, and the 
solution was evaporated to dryness to remove the sul- 
fide ions. A solution of potassium chIoride was added 
to a wa te r  solution of the dried residue in a volu-  
metr ic  flask, the solution diluted to volume, and 
l i thium was de termined  by flame photometry  vs. 
standard solution containing the same concentrat ion of 
potassium chloride. T h e  analysis method was checked 
for accuracy by determining l i th ium in pure l i thium 
sulfide, and sulfur  and l i th ium sulfide mixtures.  The 
analysis was found to be accurate wi th in  • 1% of the 
amount  present.  

Results and Discussion 
The phase equi l ibr ium results obtained by the var i -  

ous techniques are summarized in Table II. The equi-  
l ibr ium phase diagram of the l i th ium-sul fur  system 
based on these measurements  is shown in Fig. 3; 
su l fur - r ich  compositions are shown enlarged in the 
insert  in this figure. The measurements  represented by 
the open circles in Fig. 3 were  del ibera te ly  not in-  

Table II. Equilibrium compositions at various temperatures in the 
lithium-sulfur system 

Mole  p e r  c e n t  l i t h i u m  

L i - r i c h  S u l f u r - r i c h  E x p e r i m e n t a l  
T e m p ,  ~ l i qu id ,  I ~  l iqu id ,  L1 t e c h n i q u e  

T w o - l i q u i d  r e g i o n  
374 34.12 0.035 
415 34.61 0.031 
456 32.90 0.070 
532 32.90 0.150 
537 31.50 0.350 
588 30.80 0.220 
682 30.50 0.330 

522 -- 0.055 
620 -- 0,322 
728 29.45 -- 

776 22.74 
787 0.597 
809 24.-~0 -- 

815 21.29 -- 

843 18.60 

834 - -  0.642 
838 4.536 
860 9"~6 9.160 

S o l i d - l i q u i d  r e g i o n  
376 34.70 
442 37.93 
472 38.87 
484 36.39 
497 38.83 
55O 37.47 
632 39.93 
698 44.08 
791 44.67 
854 50.13 
867 46.95 
893 50.93 
983 50.73 

1365 66,66 

Q u e n c h i n g  t h e  e q u i l i -  
b r a t e d  m e l t s  

V a p o r  t r a n s p o r t  t e c h -  
n i q u e  

V a p o r  t r a n s p o r t  t e c h -  
n i q u e  

D T A  
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Fig. 3. The equilibrium phase diagram of the lithium-sulfur 
system. �9 and O,  vapor transport techniques; ~ ,  quenching 
technique; A, differential thermal analysis technique. 
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cluded in del ineat ing the liquidus. The measurements  
indicate sl ightly high percentages of l i th ium as a result  
of incomplete  dissolution of the sample in the early 
developmenta l  stages of the chemical  analysis. The 
l iquidus was d rawn through the points obtained after 
the difficulty of dissolving the sample was removed.  

The mel t ing point of l i thium sulfide was determined 
to be 1365 ~ _ 10~ in good agreement  wi th  the re-  
cent ly  reported value of 1372~ (4). The l i terature  
value (5) of 975~ is in considerable disagreement  
wi th  both of these results. The mel t ing point  of sulfur 
was determined to be 118~ in good agreement  with 
the l i tera ture  value (8) of 119~ 

In the range of compositions investigated, only one 
solid compound, Li2S [and not the other  two, Li2S2 and 
Li2S4 repor ted  by Pearson and Robinson(6)] ,  was 
observed (x - ray  analysis of the solidified samples) in 
the l i th ium-su l fur  system. A monotectic was observed 
at 34.5 m / o  l i th ium and 362 ~ _ 3~ The monotectic 
t empera tu re  is in good agreement  wi th  the va lue  of 
365 de termined  e lsewhere  (4). The monotectic com- 
position found in the present  work  is s l ightly lower 
than 37.0 m / o  de termined  by the la t te r  workers.  In 
the present  investigation, the  monotectic composition 
was determined by arr iv ing at an equi l ibr ium between 
l i th ium sulfide and a L i -S  mel t  on one side, and be- 
tween a l i th ium-su l fur  mel t  and a two- l iquid-phase  
mel t  on the other side. Therefore,  the monotectic com-  
position reported here, 34.5 m / o  l i thium, should not be 
in er ror  by more than the er ror  involved in the chem- 
ical analysis, and is considered to be accurate to _1  
m/o,  The solubil i ty of l i th ium in the su l fur - r ich  liquid, 
0.035 m / o  l i th ium at the monotect ic  temperature ,  is 
also in disagreement  wi th  the  0.3 m / o  l i th ium reported 
by these workers  (4). Al though it could not be mea-  
sured precisely by the vapor  t ransport  technique, the 
consolute temperature ,  or cri t ical  solution t empera tu re  
appears to lie be tween 838 ~ and 860~ The data re-  
ported by Pearson and Robinson (6) such as the com- 
pounds Li2S2 and Li~S4, a l iquidus and mel t ing  point of 



1442 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  N o v e m b e r  1972 

Li2S, 900~176 for lithium-sulfur system have no 
agreement with the present data. 

The results have also been presented in Fig. 4 as the 
lithium sulfide-sulfur phase diagram, in which form 
they may be treated elegantly in terms of Temkin's 
model of molten salt mixtures (9). The LieS-S system 
has a miscibility gap extending from the monotectic 
composition, 26.3 m/o Li2S, to nearly pure sulfur 
(0.0175 m/o LisS), at the monotectic temperature of 
362 ~ • 3~ 

From the equilibrium phase diagram of the lithium 
sulfide-sulfur system, almost pure liquid sulfur (0.017- 
0.15 m/o Li2S) is observed to be in equilibrium with a 
melt of approximately constant composition (26-22 
m/o  Li2S) in the tempera ture  range of 362~176 
This small  var ia t ion wi th  tempera ture  of the sulfur 
concentrat ion in the l i th ium-su l fur  melt  indicates that  
the heat of solution of sulfur  in these melts  is near ly  
zero. This means that the bonding energy of sulfur  in 
the near ly  pure sulfur  is not much different than the 
bonding energy of sulfur  in the l i th ium-sul fur  melt  
containing about 24 m/o  Li2S. This also indicates the 
degree of ease with which sulfur  can transfer  from 
one liquid to another. 

Temkin 's  model for molten salt mixtures  (9) appears 
to be appropriate to apply to melts of the l i th ium sul- 
fide-sulfur system. In  this model, the activity, aYiyZiz , 
of a given component,  YiyZiz, of a mol ten  salt mix ture  
is given by the product of the ionic fractions of the 
cations and anions in the mixture  

aYiyZiz : (XYi)Y " ( X z i )  z [1]  

The cationic fraction is given by 

nvi XYi -- - -  [2] 

~ n Y i  
i=1 

where ny i is the n u m b e r  of moles of cations, Yi, in the 
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Fig. 4. The equilibrium phase diagram of the lithium sulfide- 
sulfur system. �9 and C), vapor transport technique; I-1, quenching 
technique; A ,  differential thermal analysis technique 
through experimental points . . . . .  , . . . . .  , and -.-.-.- lines on 
assuming Temkin's model and reactions [3] ,  [4] and [5] ,  
respectively. 

molten salt mixture,  assuming that  the salts are com- 
pletely ionized. An analogous definition applies for 
the anionic fraction. The term, s, is the number  of 
consti tuent salts. The Temkin  model assumes that  the 
cations (anions) are randomly  distr ibuted on sites 
equal in number  to the total number  of cations 
(anions) .  

Pure  molten Li2S is assumed to ionize completely to 
Li + and S 2-. The solution of addit ional  sulfur  in the 
Li~S-sulfur melt  is assumed to proceed by any of the 
reactions 

S 2 - + S = $ 2  2 -  [3]  

S 2 -  + 2 S  = S~ 2 -  [4]  

S 2- + 3S = S~ 2 -  [5 ]  

These reactions do not appear unreasonable  in view of 
the ease with which sulfur  can t ransfer  from one liquid 
melt  to another, as pointed out before. The mole frac- 
t ion of Li2S in these Li2S-S melts would then be 

2nLi2S - -  100 3nLi2S - -  100 4nLi2S -- 100 
, , a n d  

nLisS 2nLisS 37tLi2S 

for reactions [3], [4], and [5], respectively. The mole 
fraction of Li2S is equal to the product of the ionic 
fractions because of the presence in the melts of 
lithium as the only cation, consequently, the mole 
fraction of LizS is equal to the activity of Li2S if the 
melt obeys Temkin's model. 

The activity of lithium sulfide in melts of the Li2S-S 
system may be related to the liquidus temperature, T, 
by the simplified equation 

lnaLi2S= AHm ( 1  T ) 
a ~  - T---~-- [6] 

where AHm is the heat of fusion and Tm is the melt ing 
point  of l i th ium sulfide. In  this relation, the difference 
between the heat capacities of l iquid and solid l i thium 
sulfide is assumed to be zero. The mel t ing point of 
l i th ium sulfide, 1365~ was determined in this invest i-  
gation. AHm, which is not available in the l i terature,  
has been calculated to be 10.5 kcal /mole  by assuming 
reaction [3] and applying Temkin 's  model to the 
l i th ium sulfide-sulfur melts  at very low concentrat ions 
of sulfur  using the phase diagram data of this invest i -  
gation. 

Using the activities of Lies calculated from Eq. [6], 
and assuming the Li2S-S melts obey Temkin ' s  model, 
the liquiduses corresponding to reactions [3], [4], and 
[5] have been constructed and are presented in Fig. 4. 
The constructed l iquiduses have shapes similar to those 
determined experimental ly.  At higher temperatures  
and lower sulfur  concentrations, the l iquidus based on 
reaction [3] has best agreement  with the exper imen-  
tal ly determined one, implying that the sulfur  exists 
preponderously as S2 ~-. This may be expected since 
the most likely species to form on the initial addition 
of sulfur to Li2S would be the next higher sulfide 
polymer, $22-. At lower temperatures and higher sul- 
fur concentrations, the liquidus based on reaction [4] 
has the best agreement with the experimental curve. 
This also is to be expected since species like $32- are 
l ikely to form with an  increase of sulfur  concentrat ion 
in a Li2S-S melt, and since the tendency is for higher 
sulfide polymers to exist at lower temperatures.  Gen-  
eral agreement  with the l iquidus based on reaction 
[5] with the exper imenta l ly  determined curve indi -  
cates the possibility that  the species $42- may form 
with a further  increase in the sulfur  concentration. 

In the si tuat ion where sulfur  can t ransfer  without  
much difficulty from near ly  pure sulfur to the Li2S-S 
melt, and when a general  agreement  is observed 
between the liquiduses constructed on the basis of 
reactions [3], [4], and [5] and that  determined experi-  
mental ly,  a distr ibution of the different species rather  
than one par t icular  species is more l ikely to occur. The 
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concentrat ion of species such as $22- may be pre-  
dominant  at lower concentrat ions of sulfur, and species 
such as $42- at higher concentrat ions of sulfur. 

In addition to the above, an approximation of the 
partial  pressure of sulfur over Li2S-S melts can be 
obtained from these results. For example, at 500~ 
sulfur  containing 0.1 m/o  l i thium is in equi l ibr ium 
with l i th ium-su l fur  containing 32 m/o  li thium, so the 
part ial  pressure of sulfur over these two melts is the 
same. At the same temperature,  another  melt  contain-  
ing 37 m/o  l i thium is in equi l ibr ium with Li2S, so the 
part ial  pressure of sulfur  over this melt  is the same as 
that over Li2S. The part ial  pressure of sulfur  over Li2S 
at 500~ can be approximated as 10 -2 atm by treat ing 
l i th ium-sul fur  melts similar  to sodium-sulfur  melts 
(3). If we assume that  the part ial  pressure of sulfur 
over the 32 m/o  l i thium melt  is approximately the 
same as that  over the 37 m/o  l i thium melt, then the 
partial  pressure of sulfur  over the melt  of sulfur con- 
ta ining 0.1 m/o  l i thium is approximately 10 -2 arm. 
This means that the addition of 0.1 m /o  l i thium has 
lowered the vapor pressure of sulfur  from about 2.0 
atm (10) to about 10 -~ atm. This can also be inferred 
from experiments  where two liquids, one containing 
higher and the other lower concentrat ions of sulfur, 
were sealed in a silica capsule and heated to about 
850~ The fact that  the silica capsule did not rup ture  
indicates that the vapor pressure of sulfur  is definitely 
far lower than that of pure sulfur, which is about 60 
atm under  these conditions (10). 

This lowering of the sulfur  vapor pressure may not 
be unexpected if the addition of l i th ium helps to in-  
crease the chain length of sulfur  as a result  of l i thium 
and sulfur being metallic and nonmetal l ic  in nature,  
and the l i th ium ions presumably being located at the 
ends of these chains. Then the si tuat ion becomes sim- 
ilar to that  of an ionic melt, where a sulfur  chain 
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behaves like a large anion, and the sulfur vapor pres- 
sure is comparable to that over any ionic sulfide melt. 
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A Computer-Operated Facility 
for Research Testing of Secondary Batteries 

R. F. Scarr* and F. W. Meszaros 

Union Carbide Corporation, Consumer Products Division, Research Laboratory, Cleveland, Ohio 44101 

ABSTRACT 

A working computer-operated system for the cyclic testing of up to 192 
secondary batteries is described. The computer, operating on- l ine  in a t ime-  
sharing mode, may conduct as m a n y  as 12 independent  tests simultaneously.  
This approach has several advantages over other automated methods includ-  
ing: greater flexibility in test formating, rea l - t ime updat ing of characteristic 
quanti t ies  for each battery, rea l - t ime data reduction, systematic information 
filing, and a logical capabil i ty which facilitates the handl ing of contingencies. 
System technique, configuration, and capabilities are discussed as an approach 
to bat tery  testing. 

The testing of exper imental  cells is an impor tant  
funct ion in the research and development  of bat tery  
systems. Unt i l  recently, it had been difficult to combine 
the at t r ibutes  of qual i ty  and quant i ty  into one ins ta l la-  
t ion because, for any part icular  testing device, capacity 
and complexity appeared to be mutua l ly  exclusive 
properties. With the advent  of computer systems, how- 
ever, it seemed reasonable to apply such technology to 
the problem of comprehensive testing of large n u m -  
bers of batteries. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  b a t t e r y : t e s t e r ,  t e s t e r : c o m p u t e r - o p e r a t e d ,  c o m p u t e r -  

o p e r a t e d  battery tester. 

In view of the effort required to develop a computer-  
operated bat tery  test system, it would be instruct ive 
to describe a par t icular  instal lat ion as an example of 
one solution to the problem of bat tery testing. A 
computer-operated facility for the cyclic testing of 
secondary batteries has been in operation at Parma 
Technical Center since May, 1970. While the na ture  of 
any individual  bat tery  test system is oriented toward 
the specific needs of its users, a general  description of 
this system may aid in the p lann ing  and design of other 
installations. It  is the purpose of this paper to describe 
various considerations in conceiving this bat tery test 
system, the techniques used, and the results achieved. 
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The Parma Technical Center system, in its present 
configuration, has evolved from an earlier version 
which was first developed about eight years ago (1). 
Its general  function is to cycle batteries continuously 
through a repeated step-wise sequence of constant  cur-  
rent, constant  resistance, or open-circui t  modes, while 
test data are cont inual ly  sensed and stored. Its in-  
tended use as a tool in bat tery research and develop- 
ment, however, called for special flexibilities to be 
buil t  into the system to satisfy the m a n y  potential  
users. 

Maximum freedom was required in such capabilit ies 
as the available current  range, the resolution of time 
and voltage, the number  of data points per position, 
and the sequencing of the various test modes. In addi-  
tion it was necessary to protect the wel l -being of the 
test samples; hence the system had to be capable of 
detecting malfunct ions during the progress of the test. 

While these functions could have been performed 
adequately by an electromechanical  system, the just i -  
fication for computer operation was based on four ad- 
dit ional capabilities which could be achieved in no 
other way. With one exception these features are 
related to the efficiency of the data handl ing process. 
First, voltage and current  integrals can be computed 
in real time, that  is, at the ins tant  the data are ob- 
tained. Second, data reduction can be performed in 
real time, thus minimizing the storage requirements  
necessary to describe adequately the bat tery behavior. 
Third, data are stored in an organized fashion making 
the informat ion retr ieval  problem less cumbersome. 
Fourth, the computer brings into the system a logical 
capacity which permits  in terpre ta t ion of contingency 
situations and the abil i ty to act on them. 

Most computer-operated ba t te ry  test systems, such 
as those of the Mar t in-Marie t ta  Corporation (2), 
Western Electric Company (3), San Francisco Bay 
Naval  Shipyard (4), and Electric Storage Bat tery  
Research Center (5), as well  as our original version, 
have utilized computers which are totally dedicated to 
the test facility. This approach has the advantage of 
minimizing problems of data transmission over appre- 
ciable distances and el iminat ing logical interference 
from background (or nonprocess) jobs. 

In  the present  case, however, there were several  
advantages to be gained with remote operation uti l iz-  
ing the central  laboratory computer  on a t ime-shared 
basis. The larger central  computer  affords more power-  
ful computing capability, less expensive and more 
regular  maintenance,  more complete software support, 
greater economy and flexibility in equipment  options, 
etc. As a result, it has been possible to exploit more 
ful ly than the smaller  systems the potentiali t ies of 
computer  operation, par t icular ly  with regard to in-  
formation retr ieval  and contingency situations. 

System Capabilities and Techniques 
This bat tery  test system is capable of testing up to 

192 secondary batteries in 12 groups (or banks) of 
16 positions each. Envi ronmenta l  chambers are avail-  
able in which tests may be conducted at constant  t em-  
peratures between --40 ~ and 100~ Each bank  may 
be operated independent ly  of the others in accordance 
with a predetermined but  variable pat tern  of uni t  
operations called steps. Each repeti t ion of the pa t te rn  
is designated one cycle. A cycle may consist of up to 
six steps selected from a choice of four modes: 

1. Constant  current  charge 
2. Constant current  discharge 
3. Constant resistance discharge 
4. Open-circui t  rest 

Constant  current  in the range of 50 ~A to 5A is gen- 
erated by a separate power supply for each bank. Up 
to six different current  levels in any mode may be 
established. The computer  does not control the current,  
but  it can select the designated setting and monitor  the 
level. If the cur ren t  has deviated from the desired level 
by more than  a specified amount,  the batteries are 
placed on s tandby and an error message is sent. 

Battery voltages are checked 100 times an hour at 
regular  intervals. Each bat tery position also has pro- 
vision for an auxi l iary data point which may be used 
for a reference electrode voltage, temperature,  p r e s -  
sure, or any other input  as desired. 

At the moment  each reading is obtained, certain 
computational  operations are performed which if ac- 
complished at any other stage in the data handling 
process would be less efficient. First, the voltage of 
each ba t te ry  is used to update the accumulated voltage 
from which the average voltage is later  to be cal- 
culated. Next, it is determined if the bat tery  voltage 
has changed significantly from the voltage most re-  
cently stored in memory. If so, the new value and the 
t ime at which it was measured is added to the file. The 
incremental  voltage which is used to decide whether  
or not to store the newly acquired data is a variable, 
subject to user  specification. This technique, which has 
been used in other installations, results in concentrat-  
ing the most vol tage- t ime data points in the regions 
of greatest change. The data required to characterize 
the charge/discharge curves to the desired accuracy 
are thereby minimized. The final step in the scanning 
sequence is to determine if the bat tery  voltage remains 
wi thin  a pre-established limit. If not, the bat tery  is 
temporar i ly  removed from test unt i l  the beginning 
of the next  step. 

The format of a hypothetical  test showing some of 
the variables and their  corresponding accuracy which 
the user can specify is given in Table I. It  will  be 
noted that operation at mul t ip le  current  levels may be 
achieved. Step-wise constant  current ,  if properly ad- 
justed, can be used to approximate constant voltage 
operation. The voltage logging increment  is chosen to 
produce the desired number  of data points for each 
step. If the bat tery  should reach the cutoff voltage 
before the t ime limit, it is temporar i ly  placed on open- 
circuit unt i l  the beginning of the next  step. Actual 
current  control is much better  than the current  toler-  
ance would indicate. This specification represents only 
the ma x i mum deviation which the user will  accept 
before the test is suspended. At the completion of 
step five, the sequence repeats beginning  at step one. 
The first cycle may be init iated at any step desired. 

The test data are stored temporar i ly  in an organized 
format on a hal f -mil l ion word disk. Once each day, at 
a designated time, the data accumulated on disk for 
the previous 24 hr are t ransferred to magnetic  tape. 
At the earliest opportunity,  this tape is used to produce 
a printed report of the day's results. Thus, the tu rn -  
a round time for the pr imary  record of the test is 
nomina l ly  24 hr or less. 

The structure of the data file on magnetic  tape, 
shown in  Table II, is organized to expedite data proc- 

Table h Battery test format example 

C u r r e n t  Vo l t age  Vo l t age  l o g g i n g  D u r a t i o n  
S tep  No. Mode  Load  to l e rance  l i m i t  (V) i n c r e m e n t  (mV) (hr) 

1. Const .  curr .  chg. 750 m A  -----25 m A  1.550 20 0.25 
2. Const .  curr .  chg.  100 m R  -----10 m A  1.550 15 4.00 
3. Open  circ. r e s t  0.50 
4. Const .  res is t ,  d ischg.  2.50 o h m  1.000 10 1.00 
5. Const .  cu r t .  d i sehg .  - 2 0 0  m A  -----20 m A  0.900 l0  1.50 
6. Not  used  
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Table II. Magnetic tape data format 

COMPUTER-OPERATED FACILITY 

I. D a y  n u m b e r  
I I .  V o l t a g e - t i m e  d a t a  po ints ,  up  t o  38,400 sets  

A .  P o s i t i o n  n u m b e r  
B. C o m b i n e d  cyc l e  and  s tep  n u m b e r  
C. E l a p s e d  t ime  in s t e p  
D. B a t t e r y  t e r m i n a l  v o l t a g e  
E. A u x i l i a r y  da ta  po in t  

III. S t e p  s u m m a r y  i n f o r m a t i o n  
A.  First  b a n k  on  tes t  

1. G e n e r a l  i n f o r m a t i o n  
a. A l p h a - n u m e r i c  r e p o r t  h e a d i n g  
b. T e s t  pos i t i on  o c c u p a n c y  ind ica tor  
c. D a t a  h a n d l i n g  spec i f i cat ions  
d. T e s t  con t ro l  speciflcations 

2. R a w  s u m s  data:  c u r r e n t  a n d  v o l t a g e  integrals ,  t ime  to 
cuto f f  
a. F irs t  s t ep  c o m p l e t e d  

i. F irs t  b a t t e r y  pos i t i on  
ii. S e c o n d  b a t t e r y  pos i t i on  
iii. Etc. ,  u p  to 18 pos i t ions  

b. S e c o n d  s t ep  c o m p l e t e d  
c .  Etc.,  up  to  38 s t eps  

B .  E t c . ,  up to 12 b a n k s  
C. S e c o n d  b a n k  on test  

essing. Each daily tape begins with the day number for 
identification and thereafter is divided into two main 
sections. The first contains the vol tage-t ime data for 
all  batteries on test in chronological  order, that is, 
without  regard to bank or cycle. Since, in practice, 
vo l tage- t ime profiles are required only  infrequently  by 
the user, this file is actually sorted only  when neces-  
sary. The next  section contains the step summaries  and 
other information arranged by bank. Sequential  ar- 
rangement of test data in this fashion facilitates effi- 
cient retrieval of results. Each daily tape output con- 
tains all the data necessary to reconstruct the test in 
prescribed detail. Further data processing, including 
recall  of earlier results, may  be performed on the raw 
data as needed. 

Primary record reports may  be obtained in either 
abbreviated or complete forms. The abbreviated type, 
which  is most frequently used, presents a summary of 
characteristic quantities for each test unit  in the bank. 
Summary data consists of the fol lowing descriptive 
quantities evaluated for each complete step: 

1. Time to cutoff 
2. Charge added or removed 
8. Average voltage, or in the case of open-circuit  

steps, the final voltage 
4. Energy content 
5. Electrical efficiency 

The complete  format lists, in addition to the sum-  
mary data, all the voltages and corresponding elapsed 
t imes obtained during cycling, one test position to a 
page. If a reference electrode is provided in the bat- 
tery, the anode-  and cathode-to-reference voltages 
wi l l  be g iven as well .  

A n  example  of this format is g iven in Fig. 1 for an 
actual test performed on so-called "zinc l imited cells." 
These were special ly fabricated 0.5 A - h r  rechargeable 
alkal ine cells which were being used to study how 
anode-l imited capacity affects cycle life. The cells 
contained a Cd/Cd(OH)2 reference electrode to permit 
characterization of sing]e electrode behavior. The cyclic 
test specified by the investigator consisted of a three- 
step tapered charge period to bring the cell  to a maxi -  
mum state of charge (with voltage cutoff protection),  
fol lowed by constant current discharge at a fairly 
substantial rate to discharge the cell to a preselected 
limit. The final step was a momentary open-circuit  
period to record the voltage of a discharged cel l  at 
rest. The test format is i l lustrated in the lower half  of 
Fig. 2. The accuracy with which the system fol lowed 
the test may  be seen in the vol tage-t ime profile of 
Fig. 2. It wi l l  be noted that the cell  reached its speci- 
fied voltage l imit  in the discharge step as we l l  as two 
of the charge steps, whereupon it was automatical ly  
placed on temporary stand-by. 

Occasionally, interruptions in the normal progress 
of a test may occur from either intentional or acci- 

STEP 1 
STEP 2 
STEP 3 
STEP r 
STEP 5 

STEP NO. 

UNION C A R B I ~  CONSUMER PROOUETS COMPANY 
PARMA TECHNICAL CENTER 
BATTERY TEST FACIL ITY  

BANK HUMBER 11 DAY NUMBER 212 

ZINC L I M I T  CELL 

POSITION NUMBER I CYCLE NUMBER 11 

AVG. OR 
TIME TO AMPERE F INAL D/C WATT 
CUTOFF HOURS VOLTAGE HOURS EFFCY 

0,30 0.179 1.501 0.268 

I.03 0.308 1.633 0.503 
0.57 0 . 0 6 7  E.637 0 . 1 1 0  
0.74 --O.5EO 1.157 --0.637 0.992 

0.01 0.000 1.297 

ELAPSED BATTERY CATH-REF ANODE-REF 
T IME VOLTAGE VOLTAGE VOLTAGE 

(HOURS) (VOLTS)  ( V B L T S )  (VOLTS)  

I 0.01 1.385 O.ABl --0.894 
1 0.09 ]oA6S 0.556 --0.914 

I o.a3 1.549 0.620 -0.929 

1 0.30 1.583 0.660 -0.923 

2 0 . 5 0  1.625 0.790 --0.835 
2 0.69 1.667 0.888 --0.779 

2 O.B7 3.709 0.968 --0.741 

2 1 . 0 3  1,752 1 . 0 6 1  -0.691 
2 3.00 1 . 5 4 0  0.998 -0.542 

3 0*07 1 . 5 7 3  I,024 - - 0 . 5 4 9  
3 0 . 2 2  1.60# 1 ,OE l  - - 0 . 5 5 3  
3 0 . 3 7  1 . 6 3 6  I = 0 8 0  - 0 . 5 5 6  
3 0 . 6 9  1 . 6 7 1  I*111 - 0 . 5 5 9  
3 0.58 1.705 1 . 1 4 2  -0.563 

3 0.65 1.739 1.169 -0.570 
0 . 6 7  1 . 7 5 3  1.180 - - 0 . 5 7 3  

3 3.60 1.558 1.017 -0.541 

4 0.01 1.455 0.9~6 -0.509 

A 0 * 0 3  1.412 0,915 -0.497 

Fig. 1. Complete daily report on test data 
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dental causes. The system is capable of automatical ly 
detecting, characterizing, and denoting such interrup- 
tions on all pertinent reports. 

System Configuration and Operation 
The configuration of the battery test system hard- 

ware is g iven in Fig. 3. A l l  of the equipment to the 
left of the dashed line is situated in the computer cen- 
ter, located 400 ft from the battery test room which  
is shown to the right of the dashed line. The two 
installations are connected by cable. 

The heart of the system is an IBM 1800 Process 
Control Computer wi th  24K words of core memory.  This 
computer constitutes the regular data processing facil-  
i ty for an institution of over 500 employees.  In addi- 
tion to operating the battery test faci l i ty 24 hr a day, 

Fig. 2. Reconstruction of voltage-time profile for test format 
given. 
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Fig. 3. Block diagram of battery test system 

it also runs another  data acquisit ion system and sup- 
ports a full  load of scientific and business p rogram-  
ming on a t ime-shared  basis. Of the three 500K word 
disks installed in the system, one is dedicated to the 
bat tery  test faci l i ty for data and program storage. A 
magnet ic  tape unit  is used only once a day to record 
data dumped from the disk. One 16-bit word of digital  
input is used to receive information f rom the bat tery 
test facility. Instructions to the ba t te ry  test facil i ty are 
t ransmit ted  through the 16-bit digital  output. Other  
per ipheral  gear includes those devices not normal ly  
used by the bat tery test facility, such as a printer,  
typewri ter ,  card reader /punch,  and incrementa l  plotter. 

The system operates on an in ter rupt  basis through 
the process in ter rupt  which is a set of inputs used to 
signal the computer  of some event  in the bat tery  test 
room. Thus, the in te rva l  t imer  in terrupts  the computer  
f rom its t ime-shar ing  operation once every  36 sec to 
begin the scan of the ba t te ry  test positions. The com- 
puter  determines sequential ly which test position is 
to be read and sends the appropriate instruction to the 
decoder. The mult iplexer ,  a reed relay scanner, selects 

the designated data point. The corresponding vol tage is 
then digitized by the A / D  converter .  Af te r  a specified 
delay, namely  10 msec, the computer  picks up the 
result  through the encoder. During this delay, as well  
as at the conclusion of the scan period, the computer  
temporar i ly  re turns  to t ime-sharing.  

The status of each ba t te ry  and power  supply is con- 
t rol led by relays and thei r  associated drivers. If, due 
to an error, the re  should be a loss of communicat ion 
between computer  and bat te ry  test facility, the con- 
t inui ty  t imer  wil l  switch the ent ire  system to standby 
in order to protect  the test batteries. The remote  type-  
wr i ter  fulfills many  functions: it may be used to in ter -  
rogate the computer  memory  on the status of a test, 
to receive error  messages, to t ransmit  instructions 
modifying a test once it is in progress, and to exercise 
manual  control over  the system hardware.  That  portion 
of the equipment  located in the ba t te ry  test room is 
shown in Fig. 4 and 5. 

It is est imated that  ove r -a l l  the bat tery  test job 
actual ly uses the central  processing uni t  (CPU) of 
the computer  only 5% of the time. There is, therefore,  
l i t t le in terference with other  simultaneous processing 
the computer  may  be doing. In cases where  the non-  
process job is la rge ly  inpu t /ou tpu t  there  is no observ-  
able effect, while  wi th  jobs that  are confined to the 
CPU, running t ime is slowed by a m ax im um  of 30%. 

One of the most useful features of the system to 
which the computer  is par t icular ly  adaptable is the 
abili ty to modify  a test once it is in progress. This may 
be accomplished in two ways. If the change may  be 
anticipated, it may  be p rogrammed to occur auto-  
mat ical ly  at a p rede te rmined  point. Using this capabil-  
ity, batteries may be precondit ioned in one sequence 
and tested in another. If, on the other hand, a program 
change is requi red  immediately,  the typewr i te r  is used 
in a conversat ional  mode to al ter  specifications con- 
tained in computer  memory.  Certain logical safeguards 
are incorporated into the typewr i te r  routine to prevent  
inadver tent  p rogram modification. 

The main part  of the computer  program for the 
ba t te ry  test facility, wr i t ten  in assembler  Ianguage, 
occupies 1056 words of core memory.  It contains the 
basic scan rout ine and other  programs which are used 
every  t ime a clock in ter rupt  is received. Bat te ry  test 
also uses about 2000 words of " Inske l /Common"  a 

Fig. 4. Battery test room 
equipment and control panel. 
In the foreground is the remote 
typewriter. The equipment bay 
at the left contains the inter- 
face. The control panel at the 
rear, from the top down, con- 
tains: (left)mmultiplexer, A /D 
converter, low-level analog 
amplifier, and several bank 
power supplies; (center)mlevel 
controls for presettoble current 
channels; (right)~relay power 
supply, interval timer, and the 
remaining bank power supplies. 
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Fig. 5. Battery test stand. Test 
batteries are mounted on stain- 
less steel panel. Individual test 
position is pictured in inset 
showing data point terminals 
and signal light. 

region of core which is reserved only for data storage. 
This region contains instantaneous test data, test speci- 
fications, and other informat ion cont inual ly  used by 
the system. Thus, the total  core space assigned per-  
manen t ly  and specifically to the bat tery test operation 
is only just  over 3000 words. 

The rest of the bat tery  test program consists of 
auxi l iary  subprograms which are used less f requent ly  
than the main  program. They are called from disk 
only when needed, swapping temporar i ly  with what -  
ever program resides in core at the moment.  Subpro-  
grams to start  a bank, or to change its operating mode, 
or to dump the disk to tape are in this category. These 
programs are wri t ten  largely in  Fortran.  Fur thermore,  
because they are not an integral  part  of the operating 
system but  are utilized on a "job" basis, it is not 
necessary to in te r rup t  ba t te ry  testing in order to 
modify these programs when required. 

Development  of the original programs sufficient to 
get the system into production required about 2 m a n -  
years of effort. Since then, the computer approach to 
this operation has permit ted program modification and 
improvement  to be an on-going process. 

System Evaluation and Summary 
The rel iabi l i ty  of this ba t te ry  test system has been 

good. Although it runs 24 hr a day, it is at tended by  
a single operator only dur ing daytime working hours. 
System interruptions,  when  they occur, stem from one 
of three causes with about equal frequency: l ine power 
flicker or failure, malfunct ion of a peripheral  device 
in the computer  room which binds up the central  
processor unit,  or logical program errors in a non-  
process (background) job. As a result  of such causes, 
the system is down less than 4 hr  a month. 

Prevent ive  main tenance  on the computer  and per iph-  
erals is performed biweekly. Normal ly  this does not 
require  the suspension of ba t te ry  testing. About  once 
every 2 months, it is necessary to suspend testing for 
a few hours. At such times shutdown is accomplished 
under  programmed control so as not to influence 
unduly  the test results. 

Operat ing cost for this system varies somewhat with 
the uti l ization level. At  100% occupancy of test posi- 
tions, the daily operating cost exclusive of personnel  

is about 42 cents per cell. This figure includes equip- 
ment  rental,  allocated computer operating costs, and 
the cost of final data processing. 

In  summary,  this computer-operated ba t te ry  test 
facility has provided a reliable, accurate means of 
testing a large number  of batteries of all types for 
a varied group of users. Time-shar ing  of the computer 
has worked to our advantage. All  the data necessary 
to reconstruct the test are contained on magnetic  tape 
in easily stored and retr ievable  format. Fur the r  data 
processing, in addition to that  normal ly  furnished, is 
thereby facilitated. Modification of the basic system, 
when desired, is accommodated by the modular  na ture  
of both the hardware and software. 
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Phase Equilibria in Lithium-Chalcogen Systems 
II. l i th ium-Sul fur  

P. T. Cunningham, S. A. Johnson, and E. J. Cairns* 

Argonne Nationa~ Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

ABSTRACT 

The equi l ibr ium phase diagram of the l i th ium-su l fur  system has been in-  
vestigated. A miscibil i ty gap extends from 0.2 to 37.0 atom per cent (a/o) l i th-  
ium above a monotectic tempera ture  of 364.8~ the critical t empera ture  is 
greater than  600~ The only intermediate  phase found is Li2S, which melts  
at 1372~ 

Recent research and development  work on high-spe-  
cific-power, high-specific-energy secondary cells based 
on alkali  metal /chalcogen couples (1) has focused at-  
tent ion on the need for more complete phase equil ib-  
r ium data for these systems. The work reported here 
was under taken  as part  of a broad program to deter-  
mine the l i th ium-chalcogen phase diagrams. Results 
for l i th ium-se len ium have been published (2). 

Previous work on the l i th ium-su l fur  system has not 
been extensive. 1 Bergstrom (3) reported the prepara-  
tion of l i th ium sulfide and polysulfides in l iquid am- 
monia. Pearson and Robinson (4) have reported their  
preparat ion in aqueous and alcoholic solution and by 
direct combinat ion of the elements under  boil ing 
napthalene.  Pearson and Robinson also reported a 
portion of the Li-S phase diagram between Li2S and 
Li2S2, indicating that  Li2S was stable up to its observed 
mel t ing point (900~176 and that  Li2S2 was slightly 
decomposed at its reported mel t ing point of 369.5~ 
The compound Li2S prepared in liquid ammonia  has 
been reported to have an antifluorite s t ructure  (5) 
with a lattice parameter  of 5.708A. 

Experimental 
Materials.--The sulfur  used was a special h igh-pur i ty  

(99.999+%) grade obtained from American  Smelt ing 
and Refining Company, South Plainfield, New Jersey. 
The li thium, a h igh-pur i ty  reactor grade (99.98%), and 
l i thium sulfide ( 9 7 + % )  were obtained from the Foote 
Mineral  Company, Philadelphia,  Pennsylvania .  These 
materials  were used without  fur ther  purification. Li2S 
was mixed with the appropriate te rminal  phase in a 
pur i f ied-hel ium-atmosphere  glove box (6) to obtain the 
desired composition for the various experiments.  The 
samples were contained in borosilicate glass, quartz, 
a luminum,  vitreous graphite, or n iobium depending on 
the tempera ture  range covered and the sample com- 
position. 

Apparatus and procedures.--The exper imenta l  tech- 
niques used included thermal  analysis (heating and 
cooling curves), differential thermal  analysis (DTA),  
h igh- tempera ture  centrifugation, chemical analysis, 
and x - r ay  diffraction. 

Heat ing and cooling curves were obtained on sam- 
ples weighing from 1O to 20g using a furnace-wel l  
attached to the floor of the he l ium-atmosphere  glove 
box (7). Sul fur- r ich  samples for thermal  analysis were 
contained in borosilicate glass, quartz, or a luminum 
vessels, which were usual ly  sealed to prevent  rapid 
sulfur  loss. The necessity of sealing the sample con- 
ta iner  made cooling curves almost useless because of 
extreme undercooling of samples that  were not vigor- 
ously stirred. Some samples were run  in open con- 
tainers with s t i rr ing but  the compositions of these 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  l i t h i u m ,  cha lcogen ,  su l fur ,  sulf ide.  
1 D u r i n g  t he  p r e p a r a t i o n  of th i s  paper ,  i t  came  to our  a t t e n t i o n  

t h a t  R. S h a r m a  had  also s t u d i e d  t h i s  s y s t e m  c o n c u r r e n t l y  a n d  h a d  
also p r e p a r e d  a m a n u s c r i p t .  

samples are uncertain.  Temperatures  were measured 
with p la t inum vs. p l a t i n u m - l O t  rhodium thermo-  
couples fabricated from wire which had been cali- 
brated against NBS pure t in  (mp 231.88~ zinc (mp 
419.58~ and a luminum (rap 660.0~ 

DTA samples, which weighed about  80 mg, were 
contained in a luminum or n iob ium capsules wi th  press- 
fit caps. Data were obtained with a du Pont  Model 900 
Differential Thermal  Analyzer  using a 5~  rate 
of tempera ture  change with a powdered a lumina  ref- 
erence mater ia l  and a dynamic hel ium atmosphere. The 
thermocouples used were described above and the 
over-al l  accuracy of the apparatus was determined to 
be .+_I~ using NBS standard quartz and KNOa. 2 

The mel t ing point  of Li2S was determined using a 
mo lybdenum-wound  resistance furnace. The samples 
were placed in n iobium or vitreous graphite crucibles 
and heated in an argon atmosphere. Tempera ture  was 
measured with a cal ibrated optical pyrometer  and the 
occurrence of fusion was visual ly determined. 

Chemical analysis was used to determine the com- 
positions of materials  taken from samples in which 
phase separation occurred. Phase separation under  nor -  
mal  gravi ty was usual ly slow, and in many  cases a 
h igh- tempera ture  centrifuge was used to increase the 
ra te  of phase separation. A mix ture  of Li2S and sulfur  
having the over-al l  composition of interest  was placed 
in a quartz ampoule, which was evacuated and sealed. 
The ampoules were placed in a rocking furnace and 
mixed for several  hours ( in some cases several days) 
at a tempera ture  about  25~ above the p lanned  centr if-  
ugat ion temperature  prior to placing them in the 
centrifuge. After  centr ifugation for several  hours at 
speeds corresponding to centr i fugal  forces about 250 
times normal  gravity, the ampoules were quenched in 
liquid ni t rogen and placed in a hel ium-atmosphere  
glove box where they were broken open and the zones 
of the samples were carefully separated mechanically.  
The same quenching and separation procedure was 
used for samples in which phase separation was 
achieved at normal  gravi ty  after 7 to 10 days at tem- 
perature.  Chemical analysis  was carried out on the 
separated materials  using flame photometry to analyze 
for l i thium. The sulfur content  was calculated by 
difference. The accuracy of this procedure (--+5% of 
the l i th ium weight) was confirmed by analyzing sev- 
eral  samples for sulfur  as well, using s tandard  gravi-  
metric techniques. 

X - r a y  diffraction powder pat terns were obtained for 
a large number  of samples having a wide var ie ty  of 
compositions and thermal  histories, using a 114.6 mm 
Debye-Scherrer  camera with CuK~ radiation. 

Results and Discussion 
All  of the exper imenta l  results  are summarized in 

Fig. 1. The thermal  analysis and DTA results, which 

The  q u a r t z  a n d  KNOs are S R M  755 a n d  SRM 750, r e s p e c t i v e l y ,  
a v a i l a b l e  f r o m  the  Office of S t a n d a r d  Re fe r ence  Ma te r i a l s ,  :Nat ional  
B u r e a u  of S t a n d a r d s ,  W a s h i n g t o n ,  D.C. 20234. 
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Fig. 1. Partial phase diagram of the lithium-sulfur system. 0 ,  
Thermal analysis; ~ ,  DTA; I-1, chemical analysis. 

are  presented in Table I, show that  five thermal  effects 
were  observed. The few measurements  made on the 
l i th ium-r ich  side of Li2S indicate that  Li2S does not 
affect the mel t ing point of pure l i th ium (180.5~ 
within the accuracy of these measurements  ( _ I ~  
and that there are no other thermal  invariants  present  
in this composition range below 860~ The mel t ing 

4- 10 
point of Li2S was observed to be 1372 ~ ~ in the 

- -  5 . 

resistance furnace for samples contained in both nio- 
bium and vi treous graphi te  crucibles. This value is 
considerably higher  than that  reported by Pearson and 

Robinson (4), who indicated that  the i r  exper iments  
were  vi t ia ted by rapid react ion of  the samples wi th  
their  glass and porcelain containers, a problem which 
we also encountered.  

On the sul fur- r ich  side of Li2S, thermal  effects were  
observed at 104.0 ~ • 3.7~ 115.5 ~ -- 1.0~ and 364.8 ~ +_ 
4.0~ These tempera tures  are weighted averages  
where  the weight ing is admit tedly  somewhat  subjec- 
tive. The indicated uncertaint ies  show the var iance  of 
the data. The effects observed at 104 ~ and 115.5~ are 
associated with the t ransformat ion f rom a(or tho-  
rhombic)  sulfur to #(monocl inic)  sulfur and the mel t -  
ing of # sulfur, respectively.  The accepted value  for 
the = --> # t ransi t ion is 95.5~ (8) but  in none of our 
experiments,  even wi th  pure sulfur, was the effect 
observed at this temperature.  The fact that  the ~-# 
transi t ion is observed about 10 ~ above the equi l ibr ium 
tempera tu re  is typical  and in good agreement  wi th  the 
tempera ture  for the appearance of the ~ form in thin 
films of = sulfur (9). Pure  sulfur  was observed to melt  
at llS.O~ in our experiments,  in fair  agreement  with 
the accepted value  of 118.9~ (8). With  l i th ium pres-  
ent, this t ransi t ion was observed at 115.5~ which is 
significantly lower than 118.9~ and is presumably  the 
tempera ture  of a eutectic reaction [L1 --> Li2S(s) + 
sulfur].  

The thermal  effect at 364.8~ is a t t r ibuted to a mono-  
tectic react ion [L2 -~ Li2S(s) + L1]. The extent  of the 
miscibi l i ty gap (see Fig. 1) was determined by chem-  
ical analysis of mater ia l  taken f rom two easily dis- 
t inguishable zones, which were  observed in samples 
quenched f rom tempera tures  above 375~ and of over-  
all composition f rom 15 to 30 a /o  li thium. The upper 
zone was ve ry  similar  to pure  sulfur which had the 
same thermal  history, whereas  the lower  zone was a 
red, glassy-appear ing mater ia l  which appeared to be 
homogeneous but which gave a room- tempera tu re  
x - r a y  powder  pa t te rn  clear ly  showing Li2S and ~ sul- 
fur. These zones are associated wi th  the separated 
l iquid phases LI and L2, respect ively (see Fig. 1). 
Separat ion of the l iquid phases under  normal  gravi ty  
was slow; about 6 days were  requi red  to achieve clear  
separation. With centr i fugat ion at 250g, separation was 
achieved in 6 hr. Chemical  analyses, the results of 
which are shown in Table II, were  per formed on mate-  
r ial  that  was mechanical ly  separated. Considerable 
care was taken to insure that  the samples were  homo- 
genous and cross-contamination,  which would lead 
to an apparent  nar rowing  of the miscibi l i ty gap, was 

Tabie L Summary of thermal data on the lithium-sulfur system 

O v e r - a l l  M a x i m u m  
c o m p o s i t i o n  C o n t a i n e r  t e m p e r a t u r e  
( a / o  IA in  S) M e t h o d  (~) m a t e r i a l  (~ T e m p e r a t u r e  of t h e r m a l  e f fec t s  o b s e r v e d  (~ 

100 (Li)  D T A  Nb  475 130.3 
87.1 D T A  Nb  860 160.7 
66.7 (Li2S} D T A  A1 400 No  e f fec t  o b s e r v e d  
66.7 (Li2S) T A  Q u a r t z  1080 No e f fec t  o b s e r v e d  
66.7 (Li2S) V i s u a l  N b  1425 
66.7 ( L i ~ )  V i s u a l  V i t r e o u s  g r a p h i t e  1400 
63.3 D T A  A1 400 109.3 114.6 359.1 
60.0 T A  A1 395 - -  - -  367.0 
52.2 D T A  A1 400 102.6 114.5 365.0 
47.5 D T A  A1 410 102.9 115.5 366.8 
41,9 D T A  N b  405 106.3 116.4 369.2 
40.5 D T A  N b  405 105.6 116.4 364.1 
37:3 D T A  A1 420 105.6 118.1 366.0 
36.4 D T A  A1 405 105.0 116.4 365.5 
34.3 D T A  A1 405 104.9 115.4 367.1 
30.0 D T A  A1 400 105,0 116.3 360.7 
28.2 D T A  A1 405 105,2 115.8 367.1 
23.7 D T A  A1 405 105.0 - -  364.1 
23.1 T A  AI  390 - -  365.9 
14.8 T A  Glass  400 101.9 11"4.7 359.5 
13.0 T A  Glass  410 101.0 115.0 365.0 

9.3 T A  Glass  500 102.7 114.6 366.0 
9.0 D T A  A1 400 102.6 114.5 363.4 
8.6 D T A  A1 390 102.6 114.9 365.0 
5.0 T A  Glass  400 - -  3,61.0 
4.7 D T A  A1 400 102.8 1 ~ . 9  363.0 

0.0 (S) D T A  A1 395 102.6 118.0 
W e i g h t  a v e r a g e  v a l u e s  104.0 115.5 180.5 364.8 

1372 
1372 

1372 

(a) M e t h o d s  u s e d  w e r e  h e a t i n g  a n d  coo l i ng  c u r v e s  (TA)  w h e r e  t h e  r e p o r t e d  t e m p e r a t u r e s  a r e  those  of t h e r m a l  a r r e s t s ,  a n d  differential 
t h e r m a l  a n a l y s e s  ( D T A )  w h e r e  r e p o r t e d  t e m p e r a t u r e s  a r e  t h o s e  of  t h e  i n t e r s e c t i o n .  
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Table II. Summary of chemical analysis 

C o m p o n e n t  ana lyzed  (see Fig.  1) 

T e m p e r -  L~ L~- 
a tu re  

p r io r  to  S a m p l e  L i t h i u m  A t o m  S a m p l e  L i t h i u m  A t o m  
q u e n c h i n g  w e i g h t  w e i g h t  pe r  cent  w e i g h t  w e i g h t  pe r  cent  

(~ (g) (mg) l i t h i u m  (g) (mg) l i t h i u m  

602 0.0995 0.054 0.25 0.0961 10.9 37.3 
602 0.1340 0.084 0.29 0.1573 17.2 36.2 
508 0.4032 0.15 0.17 0.2248 25.4 37.1 
508 0.3087 0.099 0.15 0.1923 21.4 36.7 
456 0.1771 0.082 0.21 0.1615 19.3 38.5 
456 0.3421 0.15 0.20 0.1143 12.8 36.8 
417 0.1735 0.012 0.032 0.1319 14.8 36.8 
417 0.1448 0.0097 0.031 0.1910 20.7 36.0 
398 - -  - -  - -  0.4123 43.4 35.2 
396 - -  0.1717 16.8 33.4 
377 0.3580 0.~ 0.~ 0.1684 19.0 37.0 
375 0.1558 0.21 0.62 0.1523 17.0 36.7 
375 0.2777 0.48 0.79 0.1981 22.0 36.6 

avoided. Scatter in the data for the l i th ium-r ich  side 
of the miscibi l i ty gap is general ly  wi th in  the experi-  
menta l  uncer ta in ty  of the analysis ( •  of the l i th ium 
weight present) ,  but  there is greater scatter on the 
sulfur-r ich side. Based on these results, the region of 
immiscibi l i ty is taken to be from about 0.2 to 37.0 a/o 
l i th ium at the monotectic temperature.  

Thermal  effects associated with l iquidus crossings 
were not observed. At tempts  to establish the location 
of the upper  l iquidus by determinat ion of the equil ib-  
r ium sulfur vapor pressure as a funct ion of tempera-  
ture  for compositions greater than  37 a /o  l i th ium gave 
very scattered results. The time necessary for equili-  
brat ion between the vapor and the condensed phase 
was at least several days. It is significant that  the 
vapor pressure of samples with less than  34 a/o l i th ium 
was not significantly different from that  for pure sulfur  
wi thin  the exper imental  uncer ta in ty  ( •  10 % ). 

X- ray  powder pat terns were taken on a large n u m -  
ber of samples of various compositions and thermal  
histories. In  all cases, the observed lines were ac- 
counted for by the appropriate te rminal  phase and 
Li2S. 

The phase diagram which we have found for the 
l i th ium-sul fur  system is very  much like that  for the 
l i th ium-se len ium system, and previous comments  (2) 
regarding that  system and the implications of the phase 
equil ibria in terms of the performance and design of 
electrochemical cells will  not  be repeated. Addit ional  
investigation of the l i th ium-sul fur  system is needed 
in the region between Li2S and l i th ium and at tem- 
peratures  greater than 600~ 
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Electrochemical Behavior of Titanium 
Effect of Ti(lll) and Ti(IV) 

N. T. Thomas* and Ken Nobe* 

Schoo~ ol Engineering and Applied Science, University of Calilornia, Los Angeles, California 90024 

ABSTRACT 
Anodic polarization of t i t an ium in  1N H2SO4 containing Ti ( IV)  showed 

that  Ti ( IV)  inhibi ted dissolution and facilitated passivation. Polar izat ion of 
t i t an ium in IN H2SO4 containing both T i ( I I I )  and Ti(1V) indicated that  
T i ( I I I )  accelerated the anodic dissolution of t i tan ium in both the active and 
passive region. An empirical expression for anodic dissolution of t i t an ium in  
1N H2SO4 was obtained 

ia : ka[H+] ~ exp (0.43 F~/RT) 

A dissolution mechanism based on the barr ier  layer model and Temkin  ad-  
sorption of an adsorbed intermediate  is shown to be consistent with the ex-  
per imenta l  data. A similar mechanism is used to in terpret  the accelerated dis- 
solution of t i t an ium with Ti (III) .  

Not m a n y  investigations on the effect of t r iva lent  
and te t ravalent  t i t an ium on the polarization of t i t an ium 
electrodes have been reported. Andreeva  and Kazar in  
(1) and Weiman (2) reported that te t ravalent  t i t an ium 
had an inhib i t ing  effect on the corrosion of t i tan ium in 

* Electrochemical Society A c t i v e  Member .  
Key  w o r d s :  anod ic  d i s so lu t ion ,  po la r i za t ion ,  corros ion.  

sulfuric acid and in boiling 5% HC1, respectively. 
Tsvetnova et al. (3) found that  the presence of t r iva lent  
t i t an ium had a depassivation effect on passive t i tanium. 
In  this study, the effect of te t ravalent  and t r ivalent  
t i t an ium on the electrochemical behavior  of t i t an ium 
is examined. 
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Experimental 

Details of the exper imenta l  apparatus are  given 
elsewhere (4). Te t rava len t  t i tanium in sulfuric acid 
was prepared by a method given by Codell (5) wi th  
a slight modification. A solution of lg  of te t rava len t  
t i tanium in one l i ter  of 1N H2804 was prepared as 
follows. Two grams of purified t i tanium (Fisher 
Scientific Company) was placed in a beaker  and 200 ml 
of disti l led water  were  added followed by 55.6 ml  of 
concentra ted sulfuric acid. The mix tu re  was warmed  
gent ly  on a hot plate unti l  all  the t i tanium dissolved 
to give a viole t -colored solution. Then, quanti t ies  of 
30% H202 were  added unt i l  an orange-colored solu- 
t ion was obtained. The solution was heated unti l  it 
was colorless. The solution was then cooled and t rans-  
fer red  to a 2 l i ter  volumetr ic  flask and di luted to 2 
liters. The pH of this solution was 0.25. It  should be 
noted that  in the method described by Codell (5) 
small  amounts  of HF were  used to facil i tate the dis- 
solution of t i tanium. In the present case, HF was not 
added. The solutions of lower  concentrat ions of t e t ra -  
valent  t i tanium were  prepared by di lut ing the ap- 
propr ia te  quant i ty  of the stock solution with  1N H2SO4. 

Ti ( I I I )  was obtained as a stock solution of t i tanous 
sulfate (Lamotte  Chemical  Company, t i tanous sulfate, 
20% standardized solution).  The analysis of the stock 
solution showed that  the solution contained 1.35M 
Ti ( I I I )  and, in addition, 0.3M of T i ( IV) .  Hence, for 
this study, te t rava len t  t i tanium was always present  
in solutions of t r iva lent  t i tanium. 

When a s teady-s ta te  corrosion potential  of t i tanium 
was at tained in 1N H2SO4, the appropr ia te  quant i ty  of 
t e t rava len t  or the t r iva lent  and te t rava len t  t i tan ium 
solution were  added. Af ter  a s teady-sta te  corrosion 
potential  was attained, cathodic and anodic polarization 
of t i tanium were  performed.  

Results and Discussion 

Effect of T i ( IV) . - -The  presence of the te t rava len t  
ion increased the corrosion potent ial  of t i tan ium in the 
noble direction. The corrosion potent ial  of t i tanium at 
different concentrat ions of Ti (IV) is shown in Table I. 
At  a concentrat ion above 5 mM Ti( IV)  the electrode 
self-passivated.  

The cathodic polarization of t i tan ium in the presence 
of Ti ( IV)  is shown in Fig. 1 and indicates that  a reduc-  
tion reaction, in addition to the hydrogen evolution, 
occurs be tween  the corrosion potent ia l  and --950 mV 
vs. SCE. The reduct ion of Ti ( IV)  can be obtained by 
subtract ing the ra te  of hydrogen evolut ion f rom the 
total  cathodic current.  The reduct ion currents  of 
Ti ( IV)  which is shown in Fig. 2 exhibi t  l imit ing cur-  
rents. The l imit ing current  values obtained are g iven 
in Table I. According to La t imer  (6) the oxidat ion-  
reduct ion potent ial  of the T i ( I I I ) / T i ( I V )  couple is 
- -142 mV vs. SCE. Therefore,  it is assumed that  the 
l imit ing diffusion current  observed is due to the reduc-  
tion of T i ( IV)  to T i ( I I I ) .  

Figure  3 shows the anodic polarizat ion of  t i tan ium 
in the presence and the absence of T i ( IV) .  As shown 
in this figure, the presence of Ti ( IV)  decreased the 
anodic current  in the act ive region. Al though there  was 
no change in the p r imary  passivat ion potential,  the  

Table I. Electrochemical parameter for titanium in 
I N  H2SO,, containing Ti(l l l)  and Ti(IV) 

~ c o r r  ~ p p  
T i ( I I I )  T i ( I V )  m V  v s .  i c o r r  m V  v s .  ice  ip i~  

m M  m M  S C E  # A / c m  2 S C E  / ~ A / c m  ~ / ~ A / c m  ~ / z A / c m 2  

11 .6  2 .6  - -  6 3 0  7 - - 5 2 0  18  5 60  
17 .8  4 .0  - - 6 1 5  10 - - 5 2 0  16 10  140  
2 4 . 5  5 .5  - - 6 0 0  13  - -  520  15  16  1 9 0  
3 5 . 0  7.8  - - 2 8 0  17 - -  
o o -680 9 -~o  ~ 0.5 
O 1.0 - - 6 4 5  9 --  520  21  0.5  4-0 
0 2 .0  --  62 5  6 - - 5 2 0  18  6 .5  1 0 0  
0 4 .2  ~ 5 8 0  6 --  5 2 0  12 0 .4  140  
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Fig. 1. Cathodic polarizotion of titanium in IN H2S04 containing 
Ti(IV). 
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Fig. 3. Anadic potentiostatic polarization of titanium in IN  
H2SO4 containing Ti(IV). 

presence of T i ( IV)  decreased the crit ical  current.  Dur -  
ing the anodic polarizat ion of t i tanium in Ti (IV) solu- 
tions, a small  cathodic current  was observed in the 
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init ial  part  of the passive region be tween  --400 to 200 -7oo 
mV vs. SCE, indicating a net reduct ion react ion in 
this potent ia l  region. The presence of Ti ( IV)  has ap- 
parent ly  no effect on the passive cur ren t  at more posi- -75o 
t ive potentials.  

F igure  4 shows the anodic dissolution cur ren t  at 
--580 mV vs. SCE and the cri t ical  current  for t i tan ium 
corrected for both the h.e.r, and the reduct ion of >~-soo 
T i ( IV) .  As seen in the Fig. 4, the presence of T i ( IV)  
decreased the anodic dissolution of t i tanium and also ,~ 
the cri t ical  current.  This decrease in anodic dissolution z~ -eso 
and crit ical  current  was found to be proport ional  to ~_ 
the concentrat ion of T i ( IV) .  Thus, it is apparent  that  o 
T i ( IV)  inhibits the anodic dissolution of t i tanium. -goo 
After  anodic polarization, the t i t an ium electrode re -  
mained passive. 

E~ec t  of  T i ( I I I ) . - - F i g u r e  5 shows the cathodic polar-  
ization of t i tan ium in the presence and the absence of 
the mix tu re  of T i ( I I I )  and T i ( IV) .  Be tween  the cor-  
rosion potent ial  and --950 mV vs. SCE a second reduc-  
tion process in addit ion to hydrogen evolut ion was 
observed. The rate of the second reduct ion process can 
be obtained by subtract ing the rate  of the h.e.r, f rom 
the net cathodic current.  This reduct ion current  is 
plot ted vs. the potent ial  in Fig. 6 and a l imit ing cur-  
rent  was observed. These l imit ing reduct ion currents  
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25 

20 
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I I / I I I 
0 I 2 3 4 5 6 
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Fig. 4. Anodic current and critical current density of titanium 
vs. Ti ( IV)  concentration. 
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Fig. 5. Cathodic polarization of titanium in | N  H2S04 containing 
Ti (111) and Ti(IV). 
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Fig. 6. Electrochemical reduction of Ti( IV) in the presence of 
Ti(lll). 

which increased with  an increase in concentrat ion of 
T i ( I I I )  and Ti ( IV)  is presented in Table I. According 
to La t imer  (6) the redox potent ia l  of the T i ( I I I ) / T i ( I I )  
couple is --0.610V vs. SCE. On the o ther  hand, the 
theoret ical  work  of George and McCIure (7) indicates 
that  the redox potent ial  of Ti ( I I I ) / T i ( I I )  is --2.54V vs. 
SCE. The exper imenta l  data of Ol iver  and Ross (8) 
supports the calculations of George and McClure (7) 
indicating that  the reduct ion process observed dur ing 
the cathodic polarization of t i tanium in the presence 
of T i ( I I I )  and Ti ( IV)  is the reduct ion of T i ( IV)  to 
T i ( I I I )  and not T i ( I I I )  to T i ( I I ) .  

F igure  7 shows a plot of l imit ing reduct ion current  
vs. concentrat ion of Ti ( IV) .  The square symbols rep-  
resent the l imit ing current  obtained wi thout  T i ( I I I )  
in the solutions. The circle symbols represent  the l imit -  
ing current  obtained for solutions containing both 
T i ( I I I )  and T i ( IV) .  As seen in Fig. 7, the two sets of 
l imit ing currents  are consistent. Therefore,  by both 
thermodynamic  considerations and comparison of the 
two sets of reduct ion currents,  it seems reasonable to 
assume that the second reduct ion current  on t i tanium 
in solution containing both T i ( I I I )  and Ti ( IV)  is due 
solely to the reduct ion of Ti (IV).  

F igure  8 shows the results of the anodic polarization 
of t i tanium in 1N H2SO4 in the presence and the ab- 
sence of the mix tu re  of T i ( I I I )  and Ti ( IV) .  At  a con- 
centrat ion of 35 mM Ti ( I I I )  and 7.8 mM Ti ( IV) ,  
t i tanium was passive. For  solutions containing only 
T i ( IV) ,  as stated above, t i tan ium passivated at con- 
centrat ions of 5 mM Ti (IV) and above. The passivation 
of t i tanium in solution containing 35 mM of T i ( I I I )  
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Fig. 7. Limiting diffusion currents of Ti( IV) reduction. Square 
points represent data for Ti(IV) solutions. Circle points represent 
data for solutions containing Ti( IV)  and Ti( l l l ) .  
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Table II. Calculated electrochemical parameters for titanium in 
1N H2S04 containing only Ti(lll) 

A n o d i c  d i s s o l u t i o n  
cur ren t*  fo r  t i t a n i u m  
at  --580 m V  vs, SCE Cr i t i ca l  c u r r e n t  

/~A/cm ~ ~ A / c m  2 

Ti (III) Ti( IV)  
m M  m M  i s (O)  i=,(a) Q(~) ia(7)  

Ti(IV) 
mM mM 11.6 2.6 - -  14 12 24 - -  19 

�9 0.0 O,O 17.6 4.0 m 12 7 27 - -  19 
~. li.6 26 24.5 5.5 ~ 12 1 33 ~ 19 

~7.8 4.0 0 0 22 25 - -  
0 24.5 5.5 
[ ]  35,0 7.8 

* Cor r ec t ed  for  the  h. e. r. and  Tt ( IV)  r educ t ion .  
(O) I N  HzSO~ (O m M  Ti  (III) ,  O m M  Ti  (IV)).  
(a) Fo r  so lu t i ons  containing Ti(III) and  T i ( IV) .  
(/3) F o r  so lu t i ons  c o n t a i n i n g  on ly  T i ( IV) .  
(3,) C a l c u l a t e d  v a l u e s  f o r  solut ions  con ta in ing  o n l y  Ti(III) 

i ( ~ )  = i ( o )  + i ( a )  - i ( ,6).  

18 26 
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Fig. 8. A n o d i r  potentiostatic polarization of t itanium in 1 N  

H2S04 containing Ti(lll) and Ti(IV). 

and 7.8 mM of Ti ( IV)  can be at t r ibuted to the presence 
of Ti( IV) .  The passive corrosion potentials observed 
with the mix ture  of Ti ( IV)  and Ti ( I I I )  were consid- 
erably lower than those of the passive corrosion poten-  
tial observed with only Ti(IV)  indicat ing a marked 
activation of t i t an ium in the passive region due to 
T i ( I I I ) .  

As seen in Fig. 8, the presence of both Ti ( I I I )  and 
Ti(IV)  decreased the anodic current  and the critical 
cur ren t  density. However, no change in the pr imary  
passivation potential  of t i t an ium in the mix ture  of 
T i ( I I I )  and Ti(IV),  --520 mV vs.  SCE, was observed. 
At the corrosion potential  of t i tan ium in solutions con- 
ta ining both Ti ( I I I )  and Ti ( IV) ,  the corrosion current  
of t i t an ium can be calculated by summing the rate of 
the h.e.r, and the rate of Ti ( IV)  reduction. These 
calculated corrosion currents  are given in Table I. In  
the above calculations, the Ti ( IV)  reduct ion current  
was obtained by extrapolat ing the cathodic curve in 
Fig. 6 to the corrosion potential  of t i t an ium in solution 
containing both Ti ( I I I )  and T i ( IV) ;  the rate of the 
h.e.r, was obtained by extrapolat ing the h.e.r. Tafel 
l ine to the same potential. 

If the anodic dissolution of t i t an ium is independent  
of Ti ( I I I ) ,  the corrosion current  of t i t an ium in solu- 
tions containing both Ti ( I I I )  and Ti(IV)  should have 
been smaller  than the values obtained. Comparison of 
the corrosion current  of t i tan ium in solutions contain-  
ing 17.8 mM Ti( I I I )  and 4.0 mM Ti(IV)  with the cor- 
rosion current  of t i t an ium in 4.2 mM Ti(IV)  solution 
indicates that  Ti (III) has an accelerating effect on the 
dissolution of t i tanium. 

The rates of anodic dissolution of t i t an ium in solu- 
tions containing Ti ( I I I )  and Ti(IV) at --580 mV vs.  
SCE after correction for the h.e.r, and Ti(IV)  reduc-  
t ion are given in Table II. Table II gives some anodic 
dissolution rates of t i t an ium in the presence of Ti (IV) 
and Fig. 4 shows that  the decrease in anodic current  
was proport ional  to the concentrat ion of Ti ( IV) .  As 
seen in Table II, the anodic current  of t i tan ium in  the 
presence of both Ti ( I I I )  and Ti(IV)  is larger than  the 
value expected when Ti ( IV)  only was present. Table 
II also gives the anodic current  of t i t an ium in  the 
absence of Ti(IV) and Ti ( I I I )  at --580 mV vs.  SCE. 
From the above results the anodic current  of t i t an ium 
in the presence of only Ti ( I I I )  is estimated and pre-  
sented in Table II. In  the potential  range of active 

t i t an ium dissolution, the oxidation of Ti (HI) to Ti (IV) 
is not possible thermodynamical ly .  Hence, it seems 
reasonable to assume that  T i ( I I I )  accelerated anodic 
dissolution of t i t an ium in the active region. It  should 
be noted that  the calculated anodic dissolution of 
t i t an ium in  the presence of T i ( I I I ) ,  ia(~), was based 
on the assumption that  the inhibi t ing effect of Ti(IV) 
is independent  of Ti ( I I I ) .  A log-log plot of ia(~) vs.  
concentrat ion of Ti (III)  in Fig. 9 shows that 

a log ia(~) 
= 0.5 [1] 

0 log[Ti ( I I I )  ] 

The critical currents  of t i tan ium in the presence of 
both Ti ( I I I )  and Ti ( IV) ,  only Ti(IV)  and in the 
absence of Ti ( I I I )  and Ti(IV) after considering h.e.r. 
and Ti(IV)  reduction are given in Table II. The 
critical current  in solutions containing only Ti ( I I I )  
have been estimated from the above results and are 
given in Table II. These results show that  T i ( I I I )  in-  
creased the critical current  of t i tanium. 

During potentiostatic anodic polarization of t i t an ium 
in solutions containing both Ti ( IV)  and Ti ( I I I ) ,  a 
small  cathodic current  between --400 and --275 mV vs.  
SCE was observed. This observed net cathodic current  
is probably due to the reduction of Ti (IV) to Ti (III) .  

As seen in Fig. 8, Ti ( I I I )  increased the apparent  
passive current.  The passive currents  were independent  
of the rotation speed of the electrode indicating the 
absence of mass t ransfer  effects. The passive current  
of t i t an ium in solutions containing both T i ( I I I )  and 
Ti (IV) at -t-800 mV vs.  SCE is presented in Table I. 

After  anodic polarization the electrode remained 
passive at all concentrations of T i ( I I I )  and Ti(IV) 
studied and the passive corrosion potential  was --270 
__+ 15 vs.  SCE. This passive corrosion potential  was 
much lower than the passive corrosion potential  of 
t i tan ium i n  1N H~SO4 in the presence and absence of 
Ti (IV). 
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Fig. 9. Anodic current, ia (31), vs. T i ( l l l )  concentration 
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The observed depassivation of t i t an ium with Ti ( I I I )  
is in  accord with the results of Tsvetnova (3) who 
reported that  T i ( I I I )  depassivated t i t an ium in IN 
H~SO4 solution containing 4.2 mM Ti( I I I )  at 65~ 
According to Tsvetnova the passive current  increased 
by approximately a factor of 20. The present  study 
also showed that  the presence of T i ( I I I )  appreciably 
increased the passive current  of t i tan ium in 1N H~SO4 
at 25~ For example, at a concentrat ion of 24.5 mM 
Ti (III) ,  the passive cur ren t  increased by approximately 
a factor of 40. 

Anod~c dissolution in the absence o] Ti(III) and 
Ti(IV).--Studies on the mechanism of t i t an ium dis- 
solution in  H~SO4 have been difficult due to the small  
active region observed. It  has been reported (4) that  
the anodic polarization of t i t an ium in sulfuric acid at 
different pH showed that  anodic dissolution increased 
with increase in the concentrat ion of hydrogen ions. 
The increase in anodic dissolution of t i t an ium with acid 
concentrat ion has also been shown by  others (9, 10). 

Since the corrosion potential  of t i t an ium did not 
change with rotat ion of the electrode, the active corro- 
sion potential  observed for t i t an ium is due to activa- 
t ion-control led anodic dissolution of t i tan ium and 
hydrogen evolution. In  the vicinity of the active corro- 
sion potential  the net  cur ren t  can be wr i t ten  

~aF -- ~cF 

i ---- ka[H+] z- e RT -- kH[H+] z" e RT [2] 

where ka and lCH are rate constants for anodic dissolu- 
t ion of t i t an ium and hydrogen evolution, respectively. 
Za and ZH are reaction orders with respect to hydrogen 
ions for anodic dissolution of t i tan ium and the h.e.r., 
and a a and ~r are the over-al l  t ransfer  coefficients for 
the anodic and cathodic reactions, respectively. 

Equation [2] can be wr i t ten  

i = icorr e_~T  A ,  - -  A* - -  e RT [ 3 ]  

where h~ ---- ~ - -  r 
For very  small  ~r values, Eq. [3] can be wri t ten  

F 
i = icorr (Ota -}- r ~ A~b [4] 

and 

Rp --- 7 / icorr (ea + e c ) F  [5]  
A ~ 0  

Figure 10 shows a l inear  plot of Ar vs. current  for 
potentiostatic anodic and cathodic polarization of 
t i t an ium at different pH. [A similar plot of galvano- 
static experiments  are given in Fig. 6 of Ref. (11)]. 
The slope of each curve is the polarization resistance, 
Rp. From the polarization resistances determined and 
the corrosion current  and the h.e.r. Tafel slope values 
reported in  Ref. (11), Eq. [5] gives the average cal- 
culated value of aa as 0.43. Since the expression for 
anodic Tafel slope is 

O~ ) RT 
[6] 

ba is 140 inV. 
"v~ F --acF 

icorr -~ ka[H+] z= e RT - -  kH[H+] z" e aT 

Thus [7] 
RT 

~corr -- (an + ar {[In kH -- In ka] + In[H + ] (ZH -- Za)} 

[8] 
(ar > RT[ZH--Za] 

[9] 
o ~  (~ + ~)F 

It has been reported (11) that  the corresponding 
potential  of t i t an ium was independent  of pH in the pH 
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range studied. Similar  independence of corrosion 
potential  with acid concentrat ion was observed by 
others (9, 12). Thus, Eq. [9] shows that  the anodic 
reaction order with respect to hydrogen ions is equal 
to the cathodic reaction order with respect to hydrogen 
ion concentration. In  studies of the h.e.r, on t i tan ium 
(11) it was found that the hydrogen evolution reaction 
order was 0.6 with respect to hydrogen ions. Thus, the 
anodic reaction order with respect to hydrogen should 
be about 0.6. 

Anodic polarization Tafel lines for t i t an ium dis- 
solution can be constructed from the corrosion poten- 
tials, corrosion currents,  and the anodic Tafel slope. 
From such a plot, the anodic reaction order with re-  
spect to hydrogen ion can be determined by plot t ing 
log ia vs. pH at constant  potential.  This lat ter  plot is 
shown in Fig. 11 which shows that  

( 01~ ) : - - 0 . 5 3  [10] 
OpH 

Hence, the reaction order for anodic dissolution of 
t i t an ium with respect to hydrogen ions is shown to be 
about 0.53. 

In  the active region, the cur ren t  due to anodic dis- 
solution of t i t an ium can be obtained at the applied 
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Fig. 11. Anodic dissolution of titanium vs. pH 
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potential  by adding the hydrogen evolut ion current  
(obtained by extrapolat ing the Tafel  line for h.e.r, to 
the applied potential)  wi th  the measured  anodic cur-  
rent. F igure  12 shows these results dur ing potent io-  
static polarization in the vicini ty of corrosion potential.  
F rom Fig. 12 the anodic Tafel  slopes obtained were  135 
mV, and the react ion order  for anodic dissolution of 
t i tanium wi th  respect to hydrogen ions was 0.57. The 
above results of the anodic Tafel  slope and react ion 
order  are in agreement  wi th  the results  obtained f rom 
an analysis of the polarizat ion resistances, corrosion 
currents, and cathodic Tafel  slope. 

In this s tudy it has been shown that  in the vicini ty 
of corrosion potential,  the  anodic dissolution ra te  of 
t i tanium in H2804 can be expressed by the rate  expres-  
sion 

F 
0.43 ~ 

i~ ---- ka[H+] ~ e RT [11] 

A mechanism for the dissolution of t i tanium must  be 
consistent wi th  the pH dependence and the presence 
of an oxide film on the surface (13, 14). When t i tanium 
dissolves in acid solution, the over -a l l  process is (15, 16) 

Ti-~ T i ( I I I )  4- 3e -  [12] 

This process does not take place in a single step, but 
ra ther  in a series of individual  reaction steps [e.g., see 
Ref. (17)]. 

As discussed earlier, the t i tanium surface is covered 
with  an oxide film at the  active corrosion potential.  
Dur ing anodic dissolution, t i tanium is assumed to pass 
through this film. The fol lowing scheme for t i tanium 
dissolution is proposed 

Ti = Ti ( I I )  4- 2e -  [13a] 

T i ( I I )  4- H + = {Ti(III)H}ads [13b] 

{Ti(III)H}ads-> Ti ( I I I )  4- H + 4- e -  [13c] 

In the above sequence, it is assumed that  step a takes 
place at the meta l -ox ide  in ter face  and steps b and c 
occur at the oxide-solut ion interface. The react ion 
rate  of step a depends on the potential  at the meta l -  
oxide interface, 4f, and the rates of step b and c depend 
on the potential  at the oxide-solut ion interface, 4s. It 
can be shown that  Eq. [11] for anodic dissolution of 
t i tanium can be der ived by assuming step c is rate con- 
t rol l ing with  Temkin behavior  of the adsorbed 
{Ti(III)H}ads species, It is also assumed that  the film 
react ion (step a) and step b are both at equi l ibr ium. 

The total  potential,  4, observed can be wr i t ten  as 
4 - -  4~ 4- @s where  4~ and 4s are the potent ial  across 
the meta l  oxide film and meta l -ox ide  solution interface, 
respectively.  Since step a is the film react ion and is 
assumed to be in equil ibrium, Eq. [14] can be applied 
to the meta l -ox ide  interface (18) 

R T  
4~ = 4~ ~ 4- - ~ - -  In [Ti ( I I )  ] [14] 

With Temkin adsorption behavior  of the adsorbed 

- 6 6 0  

- 6 8 0  

-700 
5. x IO-7 

w 
r 

E 

I -  
z 
w 
I -  
o o. 

0 pl..l 0.25  

A pH 0 . 6 0  

o ~ 2.OO 
n / /  

I ~ ~ , , , , ; ; I  
~o-e io-5 

CURRENT DENSITY ( A / c r i b }  

Fig. 12. A n o d i c  dissolut ion of  t i t an ium vs .  poten tkd  

{Ti(III)H}ads species, the rate  expression for step b 
and c can be wr i t t en  as 

r2 = k2[H + ] e-~L'o _ k-2  e (1-B)t'~ [15] 

aFr 

r~ : k3 e (t-v)t'~ e ,T  [16] 

where  fl, % and - are symmet ry  factors and $0 is the 
function which accounts for the change of free energy 
of act ivation with  coverage of {Ti(III)H}ads. When step 
b is in equil ibrium, the value of fo ---- In k2 -- In k-2 
+ In[H+] .  By substi tut ing the value of fo in Eq. [16] 

aFOs 
( k2 ~ ( 1 - ' )  

r3 : k3 \ 1 -~- -~ /  [H+] eL-v) e ~r  [17] 

Since r = r 4- r and 4f is given by Eq. [14], Eq. [17] 
can be t ransformed to Eq. [18] 

aF$ 

ia = k [ T i ( I I ) ]  -~/2 [H+] (t-~) e RT [18] 

where  k is a rate  constant. For  constant concentrat ion 
of T i ( I I )  in the film, the equat ion for  the anodic cur-  
rent  can be wr i t ten  

aF(b 

& = k [ H + ]  (t-'~':' e RT [ 1 9 ]  

With the usual va lue  of the symmet ry  factor of 0.5, 
the anodic dissolution rate for t i tan ium can be ex-  
pressed as 

F4~ 

ia = k[H+]  ~ e 2RT [20] 

which is comparable  to the exper imenta l  rate  expres-  
sion (Eq. [11]). 

By comparing Eq. [19] and [11], the symmet ry  fac- 
tors obtained in this invest igat ion for the adsorption of 
{Ti(III)H}ads and the  charge t ransfer  react ion at the 
oxide-solut ion interface are 0.47 and 0.43, respectively.  

Anodic dissolution in the presence of T i ( I I I ) . - - I n  the 
study of anodic dissolution of t i tanium in the presence 
of T i ( I I I ) ,  the react ion order for anodic dissolution 
with  respect to T i ( I I I )  was found to be 0.5. To ac- 
count for the effect of T i ( I I I )  on the anodic dissolution 
of t i tanium, the fol lowing mechanism for t i tan ium dis- 
solution in the presence of T i ( I I I )  is proposed 

Ti 4- Ti( I I I )  ~ 2Ti(II)  4- e [21a] 

T i ( I I )  4- H + ~ {Ti(III)H}ads [21b] 

{Ti(III)H}ads--> T i ( I I I )  4- H + 4- e [21c] 

In the above sequence, it is assumed that  step a occurs 
at the meta l -ox ide  interface and steps b and c occur 
at the oxide-solut ion interface. The react ion rate  of 
step a depends upon the potent ial  at the meta l -ox ide  
interface, 4r, and the react ion ra te  of step c depends 
upon the potential  at the oxide-solut ion interface, 4s. 
It  wil l  be shown below that  a rate  expression can be 
der ived giving fract ional  orders wi th  respect  to Ti ( I I I )  
and hydrogen ions for the anodic dissolution of 
t i tanium by assuming step c is rate  controlling, Temkin 
behavior  of the adsorbed {Ti(III)H}ads, and step a and 
b are in quasi -equi l ibr ium.  

The total  potential,  4, is 

4 : Ct Jr" @s [22] 

Since step a, the film reaction, is assumed to be in 
quas i -equi l ib r ium 

R T  [Ti (II) ] 2 
C f = 4 f  ~  F in [23] 

[Ti (III)  ] 

By util izing the  Temkin  adsorption isotherm for the 
adsorbed species, the rate  expressions for step b and c, 
respect ively,  are 

r2 : k ' 2 [ H + ]  ~-~'f0 - -  k ' - 2  ~(1-B')fO [24]  
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a'F~b, 

r3 = k'3 e (1- ' / ' ) re  e RT [25] 

Since step b is in quasi-equi l ibr ium, ]o ---- In k'2 -- 
In k'-2 4: In [H+].  By subst i tut ing this value of )fo in 
Eq. [25] 

a 'F~.  ( ~'2 '~ (1-7') 
r a = k ' 3  k'~-2 / [H+](1-~ ' )e  eT [26] 

Equations [26], [22], and [23] give the anodic dissolu- 
tion current  

a'F~ 
[Ti (III)  ]a' 

ia = k' [H+] (1-v') e RT [27] 
[Ti(II) ]"~' 

For constant concentration of Ti(II) in the film, Eq. 
[27] becomes 

a'F~b 

ia = k'[Ti(III)] a" [H+] <I-~'') e RT [28] 

For a' = 7' = 0.5, the anodic dissolution rate for 
titanium can be expressed as 

F~ 

i.~, = k ' [T i ( I I I ) ]  ~ [H+]0.5 e 2RT [29] 

Equation [29] predicts a Tafel slope of 120 mV for 
anodic dissolution of t i t an ium in sulfuric acid and reac- 
t ion orders of 0.5 with respect to both hydrogen ions 
and Ti ( I I I ) .  Exper iments  have shown that for the 
anodic dissolution of t i tanium, the reaction order with 
respect to Ti ( I I I )  is 0.5 which agrees with the pre-  
dicted value. It was shown above that the anodic dis- 
solution of t i t an ium in the absence of Ti ( I I I )  was 0.5 
order with respect to hydrogen ions. Thus, the proposed 
mechanism seems to provide a consistent in te rpre ta-  
tion for the observed acceleration of t i t an ium dissolu- 
tion by Ti (III) .  

Conclusions 
The electrochemical behavior o~ t i t an ium in 1N 

H2SO4 indicates that Ti( IV)  is readi ly reduced elec- 
trochemically, but  T i ( I I I )  is not reduced, at least in 
the potential  range investigated. Above a concentrat ion 
of 5 mM Ti(IV) ,  t i tan ium self-passivates. At lower 
concentrations, Ti (IV) is shown to inhibi t  active anodic 
dissolution. In  contrast, both T i ( I I I )  and hydrogen ions 
are shown to accelerate anodic dissolution. The ap- 
parent  electrochemical reaction orders for anodic dis- 
solution are one-half  with respect to both Ti ( I I I )  and 
H+. By postulat ing an adsorbed intermediate,  
{Ti(III)H}ads, and Temkin  adsorption behavior, mech- 
anisms for the anodic dissolution of t i t an ium in 1N 
H2SO4 in the presence and absence of Ti ( I I I )  con- 
sistent with the electrochemical data have been de- 
vised. 
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Electrodissolution Kinetics of Iron in Chloride Solutions 
III. AcidicSolutions 

Robert J. Chin* and Ken Nobe* 

School of Engineering and Applied Science, University of Cali]ornia, Los Angeles, California 90024 

ABSTRACT 

The dissolution kinetics of iron in acidic chloride media has been invest i -  
gated by potentiostatie polarization. An anodic Tafel  slope of approximate ly  
70 mV/decade  was obtained. An  increase in the chloride ion concentration, at 
a constant pH, increased the dissolution ra te  of iron. The fol lowing empir ical  
rate  expressions for iron dissolution and hydrogen evolution have  been deter -  
mined  f rom the exper imenta l  data 

i~ ---- ka [C1-] ~ [ O H - ]  ~ exp (0.85 F~/RT) 

ic ----kc [H + ] exp -- (F#/2RT) 

The rate  expression for iron dissolution can be developed theoret ical ly  by a 
mechanism which includes the direct part icipat ion of chloride ions in the 
dissolution of iron. 

Mechanistic studies on metal l ic  dissolution in aque-  
ous media have  been mainly  focused on  the effect of 
pH at constant anion concentration. However ,  there  
has been some work  considering the direct par t ic ipa-  
tion of anions in metal l ic  dissolution. The effect of 
anions on the kinetics of metal l ic  dissolution has been 
reviewed by Kolotyrkin  (1). Foley (2) has rev iewed  
the specific case of the effect of chloride ions on the 
dissolution of iron. 

Lorenz (3) studied the dissolution of iron in 0.5N 
H2SO4 in the absence and presence of KC1. He found 
that  below 0.1N, chloride ions did not  affect the  anodic 
polarization behavior  of iron. An anodic Tafel  slope of 
30 mV was obtained. For  concentrat ions greater  than 
0.1N, increasing the chloride ion concentrat ion de- 
creased the rate  of iron dissolution and changed the 
anodic Tafel  slope to 60 mV. At zero or low chloride 
ion concentrations, Lorenz (3) in terpreted his results 
for iron dissolution in terms of the Heusler  mechanism 
(4). At  high chloride ion concentrat ions the direct  
part icipat ion of the chloride ions in the dissolution 
process was surmised and Lorenz proposed the fol low- 
ing mechanism to explain the exper imenta l  data 

Fe -5 Cl- ~ FeCl-ads [I] 

FeCl-ads -5 Fe  ~ FeCl-adsFe [2] 

FeCl-adsFe -5 O H -  --> FeOH + -5 Fe  -5 C1- -5 2 e -  [3] 

FeOH + -5 H + -+ Fe + + -5 H~O [4] 

By assuming step [3] as ra te  de termining with the 
surface coverage of FeCl-ads approaching unity, the 
above mechanism predicts a Tafel  slope of 60 mV and 
a react ion order wi th  respect to chloride ion concentra-  
tion of -- 1. 

Heusler  and Cart ledge (5) studied the adsorption of 
iodide ions on iron and its effect on the  dissolution rate  
of iron in 1N H2SO4. At  a given potential,  increasing 
the iodide concentrat ion increased the adsorption of 
iodide and decreased the dissolution rate  of iron. I t  
was concluded that  the iodide ion part ic ipated in the 
dissolution of iron by providing a second dissolution 
path for iron and occurred in paral le l  with the Heusler  
mechanism. 

Kolo tyrk in  and co-workers  (6, 7) invest igated the 
dissolution of iron in HeSO4-NaeSO4 and HC1- 
NaC1 solutions. In both types of solutions an increase 
in the anion concentrat ion increased the dissolution 
ra te  of iron. This increase in the ra te  of dissolution 
could not be a t t r ibuted solely to a change in the solu- 

* Electrochemical  Society  Act ive  Member .  
Key words:  corrosion, mechan i sm,  polarization. 

t ion pH. It  was concluded that  both the sulfate and 
chloride ions part icipate in the dissolution of iron, and 
both have an accelerat ing effect. By addit ion of KCt 
to 0.1N H2SO4, the dissolution ra te  of iron was found 
to decrease wi th  increasing KC1 concentrat ion up to 
0.1N, similar  to the observations of Lorenz (3) and 
Heusler  and Cart ledge (5). However ,  fu r the r  increase 
in KC1 concentrat ion increased the dissolution rate. 
Kolotyrkin 's  in terpre ta t ion of these results were  based 
on the competi t ive adsorption of chloride and sulfate 
ions on the iron surface. The retarding effect observed 
when  chloride ions were  added to H2SO~ was a t t r ibuted 
to the displacement of sulfate ions by chloride ions on 
the iron surface. 

In a subsequent study by Lorenz and co-workers  (8), 
it was concluded that  the SO4 = ions did not part icipate 
direct ly in the dissolution of iron. Exper iments  were  
performed in the absence of chloride ions, but  the ionic 
strength of the e lect rolyte  var ied with the sulfate ion 
concentration. 

The compet i t ive  adsorption of sulfate and chloride 
ions on iron was studied by Hackerman and Stephens 
(9) using radiotracer  techniques. Their  results  indi-  
cated that  small  quanti t ies of chlor ide ions in a sulfate 
solution increased sulfate ion adsorption. On the other  
hand, large chloride ion concentrat ions decreased sul- 
fate ion adsorption. The inverse effect was shown with 
chromium by Maksimchuk and Rosenfeld (10). Addi-  
tions of sulfate to chloride solutions lowered the 
amount  of adsorbed chloride ion. 

As shown above, it is evident  that  the effect of 
chloride ions on the dissolution of iron is complicated 
by the presence of sulfate ions. Al though the sulfate 
ion may not part icipate direct ly  in the dissolution 
mechanism, as suggested by Lorenz et al. (8), its effect 
on the adsorption of chloride ions must  be considered. 
Thus, it is difficult to in terpret  the data obtained for 
a SO4=/C1 - system because of the indirect par t ic ipa-  
tion of SO4 = ions. 

In  this study the effect of chloride ions, at constant 
pH, on the kinetics of iron dissolution is invest igated 
using s teady-state  polarization techniques. The pH 
effect is also examined by using an inert  supporting 
electrolyte to mainta in  a high and constant ionic 
strength. The perchlorate  ion was chosen because it 
is not bel ieved to adsorb s t rongly on iron (11) nor has 
it ve ry  strong tendencies to serve as ligands in complex 
formations (12). 

Experimental 
Cylindrical  electrodes (1.24 cm in d iameter  and 0.95 

cm in length) were  made from Ferrovac E iron rods. 
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The test electrodes were  used in the form of rotat ing 
disks wi th  exposed cross-sectional surface areas of 1.2 
cm 2. The exposed surface was polished wi th  increas-  
ingly finer grades of a luminum oxide paper, fol lowed 
by degreasing wi th  boil ing benzene in a Soxhle t  column 
for 3 hr. Af ter  degreasing, the electrodes were  an-  
nealed at 700~ for 1 hr  in a vacuum. The electrodes 
were  mounted  in a Teflon assembly which al lowed only 
the prepared cross-sectional  surface to be exposed to 
the electrolyte.  

A three-e lec t rode  cell of Teflon and Pyrex  glass was 
used in the experiment .  The Teflon top has ent ry  ports 
for the test electrode, a Luggin probe, a thermometer ,  
and a bubbler  for the saturat ing gas. The Luggin  probe 
connected the reference electrode (saturated calomel 
electrode) compar tment  to the test cell, whi le  the 
auxi l ia ry  electrode (platinized pla t inum) compar tment  
was separated f rom the test cell by a f r i t ted glass disk. 
More details of the exper imenta l  apparatus can be 
found e lsewhere  (13). 

Solutions were  prepared from reagent  grade chem- 
icals and doubly distilled water.  Two type of solutions 
were  employed:  (i) 0.1N HC104 ~- x N NaC1 ~- y N 
NaCIO4( x -t- y : 1.9); (i i)  m N NaC1 + n N HCI 
(m ~- n ---- 1.0). In the first set of solutions the chloride 
ion concentrat ion was var ied while  mainta in ing both 
the total  ionic s t rength and the pH constant. In the 
second set of solutions the pH was var ied  while  both 
the total ionic s t rength and the chloride ion concentra-  
tion were  held constant. The pH of the test solutions 
were  measured with  a Beckman pH meter.  

Before immers ion of the test electrode, the test elec-  
t rolyte  was deoxygenated  for several  hours wi th  pre-  
purified nitrogen. Potent iostat ic  polarizat ion was per-  
formed using a Wenking  potentiostat.  The electrode 
potent ial  was measured with  a Kei th ley  621 R elec-  
t rometer  and the current  was measured with  a S imp-  
son 269 ammeter .  

Results 
Anodic polarization curves for iron in deoxygenated  

type 1 solutions are shown in Fig. 1. The C1- concen- 
t rat ion was var ied  be tween  0.01 and 1.9N. Increasing 
the C1- concentrat ion shifted the polarizat ion curves 
in the more active direction. This means that  the rate  
of the anodic react ion is increased by the C1-. For  all 
the C1- concentrat ions a Tafel  slope of approximate ly  
70 mV was obtained in the vic ini ty  of the corrosion 
potential.  Deviat ion f rom this Tafel  region is observed 
for low C1- concentrat ions at more noble potentials.  
The deviat ion takes the form of a sharp increase in 
current  densi ty wi th  potential,  s tar t ing at ap- 
proximate ly  --350 mV vs. SCE. 
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Fig. |.  Anodic polarization of iron in deoxygenated O.1N HCI04. 
Effect of C I -  concentration. 

-350 

~ -400 

- 450 

An increase in the pH shifted the anodic polarization 
curves  of iron towards the more  active direct ion as 
shown in Fig. 2. Again a Tafel  slope of approximate ly  
70 mV was obtained. Atomic Absorpt ion (A.A.) anal-  
ysis of the e lect rolyte  dur ing polarizat ion for dissolved 
iron was conver ted to cur ren t  densi ty-potent ia l  data 
by using Faraday 's  law. A comparison of the polar iza-  
tion data and the A.A. data for iron in 1N HC1 is also 
shown in Fig. 2. Good agreement  is observed between 
the two methods showing that  the polarizat ion curve  
corresponds to iron dissolution. 

Cathodic polarizat ion of iron is shown in Fig. 2 at 
different pH values. Increasing the pH decreased the 
rate  of hydrogen evolut ion at a given potential .  A 
cathodic Tafel  slope of approximate ly  115 mV was 
obtained. 

The corrosion potential  was a function of both the 
pH and the C1- concentrat ion as shown in Fig. 3. In-  
creasing the pH and C1- concentrat ions shifted the 
corrosion potent ial  in the active direction. The corro- 
sion current  density was de termined  by the intersec-  
tion of the corrosion potent ia l  and the  extrapolat ion 
of the anodic Tafel  lines. The effect of pH and C1- 
concentrat ion on the corrosion current  density is shown 
in Fig. 4. The corrosion current  increased wi th  increase 
in the chloride ion concentrat ion and hydrogen ion 
concentration. 
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Fig. 2. Anodic and cathodic polarization of iron in deoxygenated 
I N  C I -  solution. Effect of pH. 

- 4 4 O  

-48 

-5  
0.01 0.1 1.0 

-440 
NoCI CONCENTRATION [M) 

-480 

d 

-=o 

" 6 0 0  

- . o  ' 1 ' ~ 
pH 

Fig. 3. Effect of C I -  concentration and oH on the corrosion 
potential of iron. 



V o L  119, No .  11 E L E C T R O D I S S O L U T I O N  K I N E T I C S  O F  F e  1459 

J 
Z 

IO I i i F 11111  I I t q i t i i I  i 
O .O I  O I  1.O 

tu  K30 

_g 

I0 I I I I 
0 .0  1.0 2 .0  

pH  

Fig. 4. Effect of C I -  concentration and pH on the corrosion 
current density of iron. 

Discussion 
The elect rode potent ia l  measured  vs. the  sa tura ted  

calomel  e lect rode can be divided into four  components:  
the  potent ia l  drop across the double  layer ;  the zeta  
potent ia l ;  the  IR  potent ia l  drop; a l iquid junct ion  
poten t ia l  be tween  the  solut ion and the  reference.  For  
e lectrode kinet ic  studies, the  l a t t e r  th ree  must  be sub-  
t rac ted  f rom the measured  potential .  The zeta potent ia l  
is not apprec iable  for high ionic s t rength  e lect rolytes  
and the IR  drop is negl ig ible  for h igh ly  conduct ive 
solutions. By use of Henderson 's  equat ion (14), the  
l iquid  junct ion  potent ia l  was es t imated  and found to 
be only significant for the 1N HC1 system. In the  l a t t e r  
electrolyte,  it  was de te rmined  as 15 mV. 

The react ion order  wi th  respect  to the hyd roxy l  ion 
concentra t ion for i ron dissolution can be de te rmined  
f rom the  corrected polar izat ion curves  by  a plot  of log 
cur ren t  vs. pH,  at a constant  potent ial ,  in the  Tafel  
region. This plot  is shown in Fig. 5 and  shows tha t  

( a l o g i a  ) _--0.6 [5] 
OpH rcl-] .  ~a 

_ E ~ 

E 

I - -  

Z 
laJ  

r  

I -  
z 
w m 
m 
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Io "4 , I i I 
O LO 2 .O 

p H  

Fig. 5. Reaction order plot with respect to pH for iron dissolu- 
tion. ~a = - -450  inV. 

Without  correct ion of the  polar izat ion curves, the  da ta  
would  yie ld  a reac t ion  order  wi th  respect  to the  hy -  
d roxy l  ion concentra t ion of 0.8, which is close to the 
values  repor ted  by  other  worke r s  for the same system 
(15 ,  1 6 ) .  

The reac t ion  order  wi th  respect  to chlor ide  ion con- 
cent ra t ions  for i ron dissolution can be obta ined in a 
s imi lar  manner .  The log cur ren t  vs. log chlor ide ion 
concentra t ion plot  is shown in Fig. 6 and shows tha t  

( Ologia  ) : 0 . 5  [6] 
0 log [C1-]  ~ ,  Sa 

Similar ly ,  the react ion order  wi th  respect  to the  hydro -  
gen ions for hydrogen  evolut ion is de te rmined  f rom a 
plot  of log ic vs. p H  at constant  potent ia l  in the  cathodic 
Tafel  region. F igure  7 shows tha t  

( O l o g i c  ) 
= - 1.0 [7] 

apH 4,c 

The exper imen ta l  resul ts  can be  summar ized  by  the 
fol lowing expressions 

E 

E 

== 

10 -3 

10 TM I I I I I t I I I  L i i I = i i I I r 
0 .01  OJ 1.0 

CHLORIDE ION  CONCENTRAT ION (M |  

Fig. 6. Reaction order plot with respect to chloride ions for iron 
dissolution. ~ba = - -425  rnV. 
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Fig 7. Reaction order plot with respect to pH for the hydrogen 
evolution reaction. ~c ---- - -700 inV. 
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ia = ka [ O H - ]  ~ [C1-] 6"~ exp [0.85 F~/RT] [8] 

ic : kc [H +] e x p - -  [F~/2RT] [9] 

0~bc~ 
( ~ /  [C1-] = --70 m V / p H  [10] 

( 0~oorr ) 
= --20 mV/decade  [11] 

0 log [CI - ]  pH 

( a logicorr  ) 
= --0.4 [12] 

OpH tc~- J 

( 01ogicorr ) 
= 0.3 [13] 

0 log [C1-]  pH 

The ra te  expression for the  hydrogen  evolut ion reac-  
tion (Eq. [9] ) is in accord wi th  the work  of Bockris  (17) 
and Ke l ly  (18) and is consistent  wi th  a mechanism in 
which the discharge step is ra te  controll ing.  

The anodic Tafel  slope of 70 mV/decade  obta ined in 
this s tudy is comparable  to the values  repor ted  by  
Foroul is  (19), Stern  and Roth (20), and Smia lowska  
and Dus (21) for i ron in acidic chlor ide  solutions. On 
the  o ther  hand, Hur l en  (22) repor ted  30 mV/decade  
for iron in 1N HC1, Podes ta  and Arv ia  (23) obta ined 
values  ranging  f rom 37 to 61 mV/decade  for i ron in 
2N NaC1 (pH 1.78-2.73) and  Fel loni  (15) repor ted  va l -  
ues ranging  from 44 to 70 mV/decade  for i ron in 1N 
(HC1 + NaC1). Foroul is  (19) has a t t r ibu ted  the  differ-  
ence in anodic Tafel  slopes obta ined b y  var ious  w o r k -  
ers to the  differences in chlor ide ion concentrat ions  
and the exper imen ta l  techniques used. 

The corrosion potent ia l  behavior  of i ron in deoxy-  
genated HC1-NaC1 systems in this s tudy  are  fa i r ly  con- 
sistent wi th  da ta  in the l i te ra ture .  For  deoxygena ted  
1N HC1, Foroul i s  (19) repor ted  --460 mV, Fel loni  (15) 
--466, and Cammaro ta  et al. (24) --494 mV. In this  
study, a corrosion potent ia l  of --475 mV was observed 
for i ron in 1N HC1. 

Fel loni  (15) repor ted  a --51 mV change in cor ro-  
sion potent ia l  wi th  each unit  change in pH. Ke l ly  (18) 
found --60 m V / p H  for i ron in H2SO~ and Podes ta  and 
Arv ia  (23) found --62 m V / p H  in both perch lora te  and 
chlor ide solutions. The change in corrosion potent ia l  
wi th  pH observed in this  s tudy  was --  70 mV/pH.  

A corrosion cur ren t  dens i ty  of 100 ~A/cm ~ was ob-  
ta ined  for i ron in 1N HC1 and is lower  than  the 400 
/LA/cm2 repor ted  by  Hur len  (22) but  h igher  than  the 
45 /~A/cm 2 obtained by  Fel loni  (15). For  i ron in 4% 
NaC1 (pH 1.5) Stern  and Roth (20) repor ted  a corrosion 
cur ren t  of 260 ~A/cm 2. Podesta  and Arv ia  (23) found 
tha t  the  corrosion cur ren t  dens i ty  was pH dependent  in 
acidic hal ide  media  wi th in  the pH range  of 0-5. They 
observed tha t  

( 0 l~176 ) = --0.5 + 0.1 [14] 
OpH 

Bockris  and co-workers  (17) repor t  app rox ima te ly  the 
same value  for i ron corrosion in sulfate media.  The 
value  observed by  Fel loni  (15) for i ron in acidic 

chlor ide media  was --0.06. In  this s tudy ( 0 log icorr ) 
OpH 

= --0.4. 
The fol lowing mechanism is proposed for i ron dis-  

solution in deoxygena ted  chlor ide  media  

Fe  -b C1- + H20 ~ [FeC1OH]-ads -F H + + e -  [15] 

RDS 
[FeC1OH]-ads > FeC1OH + e -  [16] 

FeC1OH + H + ~ Fe  + + + C1- + H20 [17] 

where  the  over -a l l  react ion is 

Fe-~  Fe  ++ + 2 e -  [18] 

The kinetic pa ramete r s  p red ic ted  by  this mechanism 
are  dependent  on the  adsorpt ion  behavior  of the  in te r -  
mediate,  [FeC1OH]-ads. If  the  adsorbed in te rmedia te  
follows Temkin  adsorpt ion  behavior ,  the ra te  equat ions 
for the react ion in Eq. [15] can be wr i t t en  as (25) 

rt  ---- ks (1 -- 0) [C1-]  exp (~Fr exp (---r]6) 
[19a] 

r -1  = k -1  0 [H + ] exp [ - -  (1 --  ~)Fr 
exp [(1 --  ~)]0] [19b] 

where  r l  and r -~  are  the  ra tes  of the fo rward  and 
backward  reactions,  respect ively;  e is the  surface cov- 
erage of the adsorbed  in te rmedia te ;  [H + ] [C1-]  a re  the  
bu lk  concentrat ions of hydrogen  and chloride ions; %3 
are  the  s y m m e t r y  factors; ] is the Temkin  pa ramete r ;  
and ks and k -1  are the  ra te  constants  for the  fo rward  
and backward  reaction, respect ively.  

For  Temkin  adsorption,  0.2 ~ 0 ~ 0.8. Therefore,  in 
comparison wi th  the  exponent ia l  te rms in 0 (Eq. [19a] 
and [19b]),  the  var ia t ions  in the  (1 --  0) and 0 p re -  
exponent ia l  t e rms  are  negl ig ib le  and can be combined 
wi th  the constants  kl and k - l ,  respect ive ly  (26). Equa-  
tions [19a] and [19b] become 

r l  ---- k ' l  [C1-]  exp  (~Fr exp (--3,:fO) [20a] 
and 

r-1 = k'-1 [H +] exp [ - - ( 1  --  ~)F~b/RT] 
exp [(1 --  ~/)y0] [20b] 

With in  the  react ion in Eq. [15] in quas i -equ i l ib r ium 

r t  ~- r - 1  [21] 
and 

{ k" [C1-] e x p ( F r  [22] f0 = In k ' - i  [H+----'-~ 

The ra te  of the  react ion in Eq. [16] can be wr i t t en  
as 

r2 = k2 # exp (aFr exp (~f0) [23] 

Since the  p re -exponen t i a l  t e rm in 0 is negl igible  in 
comparison to the exponent ia l  t e rm (26), the  ra te  
equat ion can be wr i t t en  as 

rs ---- k'2 exp (~Fr exp (efo) [24] 

where  a and e a re  s y m m e t r y  factors. Subs t i tu t ing  Eq. 
[22] for f0 in Eq. [24] yields  

( [ [C1-]  exp (e + a) Fr  
7"2 --  k'2 [H + ] [25] 

By assuming values  of ~/2 for the  s y m m e t r y  factors, 
Eq. [25] can be expressed as 

i2 : -  k"2 [C1-] ~ [ O H - ]  ~ exp [Fr [26] 

Thus, the proposed mechanism predicts  values  of 60 
mV, 0.5, and 0.5 for the  anodic Tafel  slope, the  reac-  
t ion order  wi th  respect  to the  chlor ide  ion concent ra-  
tion, and  the  react ion order  wi th  respect  to the  h y -  
d roxy l  ion concentrat ion,  respect ively.  These cal-  
culated values  are  in good agreement  wi th  the exper i -  
menta l  data. 

By set t ing r = r and ia = ic = icorr in the  theo-  
re t ica l  expressions for i ron dissolution and hydrogen  
evolut ion the fol lowing expressions  are  obta ined 

/ a~bc~ 
/ [C1-] ---- --60 m V / p H  

( a ~ b c o r r )  = - - 2 0 m Y / d e c a d e  
"a log [C1-]  pH 

( 01ogicorr ) 
OpH tCl_ ]_~ --0.5 

( alOgicorr ) 
�9 --  0.2 

0 log [C1-]  vH 
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These relationships agree reasonably well  with the 
experimental  results (Eq. [10] to [13]). 

As shown in Fig. 1, the abrupt  change in the polariza- 
tion of iron in low concentrat ions of chloride ions at 
the higher potentials suggest a change in the dissolu- 
t ion mechanism. It should be noted that  at these 
higher potentials the dissolution rates are sufficiently 
large that  the measured potential  must  be corrected 
for the IR potential  drop. It  is surmised that two dis- 
solution mechanisms occur simultaneously.  One in-  
volves the direct part icipation of the chloride ions in 
the dissolution of iron, and the second is independent  
of chloride ions. At low polarization the former mech-  
anism is dominant ,  but  at higher polarization a dis- 
solution mechanism such as the one proposed by 
Bockris (17) m a y b e  dominant .  

Acknowledgment 
This work was supported by a grant  from the Office 

of Saline Water, U.S. Depar tment  of the Interior.  

Manuscript  submit ted Jan. 6, 1972; revised m a n u -  
script received Ju ly  5, 1972. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 

REFERENCES 
1. Ya. M. Kolotyrkin,  Russ. Chem. Rev., 31, 160 

-(1962). 
2. R. T. Foley, Corrosion, 26, 58 (1970). 
3. W. J. Lorenz, Corrosion Sci., 5, 121 (1965). 
4. K. E. Heusler, Z. Elektrochem., 62, 582 (1958). 
5. K. E. Heusler and G. H. Cartledge, This Journal, 

108, 732 (1961). 
6. G. V. Golovina, G. M. Florianovich, and Ya. M. 

7. 

8. 

9. 

10. 

11. 

12. 

Kolotyrkin,  Zashchita Metallov, 2, 41 (1966). 
G. M. Florianovich, L. A. Sokolova, and Ya. M. 

Kolotyrkin,  Electrochim. Acta., 12, 879 (1967). 
W. J. Lorenz, G. Eichkorn, and C. Meyer, Corrosion 

Sci., 7, 359 (1967). 
N. Hackerman and S. J. Stephens, J. Phys. Chem., 

58, 904 (1954). 
V. P. M.aksimchuk and I. L. Rosenfeld. Doklady 

Akad. Nauk SSSR, 131, 354 (1960). 
T. Murakawa, T. Kato, S. Nagaura, and N. Hacker-  

man, Corrosion Sci., 7, 657 (1967). 
F. A. Cotton and G. Wilkinson, "Advanced Inor -  

ganic Chemistry," 2rid ed., Interscience, New 
York (1967). 

13. R. J. Chin, Ph.D. Dissertation, UCLA, September, 
1971. 

14. D. A. Maclnnes, "The Principles of Electrochemis- 
try," Dover Publications, New York (1961). 

15. L. Felloni, Corrosion Sci., 8, 133 (1968). 
16. H. Lorenz, H. Yamaoka, and H. Fischer, Bet  Bun- 

seuges, Phys. Chem., 67, 932 (1963). 
J. O'M. Bockris, D. Drazic, and R. Despic, Elec- 

trochim. Acta, 4, 325 (1961). 
E. J. Kelly, This Journal, 112, 124 (1965). 
Z. Foroulis, ibid., 113, 532 (1966). 
M. Stern and R. M. Roth, ibid., 104, 390 (1957). 
A. Szaklarska-Smialowska and B. Dus, Corrosion, 

23, 130 (1967). 
T. Hurlen,  Acta Chem. Scand., 14, 1533 (1960). 
J. J. Podesta and A. J. Arvia, Electrochim. Acta, 

10, 171 (1965). 
C. P. Cammarota,  L. Felloni, G. Palmgarini ,  and 

S. Sostero, Corrosion, 26, 129 (1970). 
E. Gileadi and B. E. Conway, "Modern Aspects of 

Electrochemistry," Vol. 3, J. O'M. Bockris and 
B. E. Conway, Editors, Butterworths,  London 
(1964). 

26. R. Parsons, Trans. Faraday' Soc., 54, 1053 (1957). 

17. 

18. 
19. 
20. 
21. 

22. 
23. 

24. 

25. 

The Morphological Changes of Low Index Planes of Copper 
Single-Crystal Electrodes near Equilibrium 

V. Markovac* 
Scientific Research Staff, Ford Motor Company, Dearborn, Michigan 48121 

ABSTRACT 

The behavior of low index planes of copper s ingle-crystal  electrodes, si- 
mul taneously  exposed to deaerated and pre-equi l ibra ted  acidic copper sulfate 
solution, has been studied. The surface topographies indicated that a small  net  
dissolution reaction occurred, due to traces of oxygen present  in the experi-  
menta l  system, in spite of all the purification steps applied. Potent ia l  differ- 
ences between electrodes were wi thin  1 mV. A low rate dissolution reaction 
occurred everywhere on the exposed surfaces of all specimens, but  the extent  
of dissolution varied over the surface of the same specimen, indicating con- 
siderable heterogeneity of the metal  crystal surfaces. The surface features 
formed dur ing dissolution on all electrodes, like grooves, pyramidal  pits, 
macro ledges, hillocks, etc., are consistently bounded by the {210}, {111}, and 
{100} planes. The application of Bat terman 's  stabil i ty conditions indicates that  
these planes are slow dissolving and stable, under  present  exper imental  con- 
ditions. The crystallographic characteristics of these planes, in relat ion to the 
process of dissolution, are discussed. Mechanisms of formation of these sur-  
face features are proposed uti l izing the te r race- ledge-kink  model for metal  
crystal dissolution, and considering the effects of crystallographic structure,  
surface imperfections, and adsorbed inhibi t ing species on the step motion over 
the surface, for the given rate  of dissolution. 

The work of Jenkins  and Bertocci showed that  
under  conditions of "true equil ibrium," in acidic copper 
sulfate solution, no copper single crystal orientat ion 
spontaneously changed with t ime (1). Also, no differ- 
ences in equi l ibr ium potentials could be measured 
between different orientations, wi thin  their limits of 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words: dissolution, c r y s t a l l o g r a p h i c  p l anes ,  m o t i o n  of  s teps ,  

adsorption, inhibiting species. 

exper imental  accuracy of less than 1 mV (2). When 
air was permit ted to leak into the system, the existing 
equi l ibr ium was destroyed and dissolution of copper 
occurred (3). This resulted in potential  differences 
arising between differently oriented copper single- 
crystal electrodes and produced morphological changes 
on the electrode surfaces. 

Under the exper imenta l  conditions employed in this 
work, t rue equi l ibr ium was not attained. Very prob- 
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ably  due to some last trace of oxygen, net  dissolution 
currents  of about 1 ~A/cm 2 or less were present. Since 
the exchange current  densities for copper single 
crystals in the corresponding solution are of the order 
of magni tude  of mA/cm 2 (4), it seems reasonable to 
conclude that  the electrodes were very near  to the 
equi l ibr ium state. 

[n this work it has been demonstrated that  a low 
rate dissolution of copper occurred everywhere on the 
exposed surfaces of all three low index planes of copper 
single-crystal  electrodes, even though the system was 
only slightly displaced from equil ibrium, exhibi t ing 
potential  differences of less than 1 mV between low 
index orientations. The very interest ing morphological 
changes on the surfaces of all three electrodes, devel-  
oped dur ing dissolution, will  be discussed. It has been 
recognized that  a study of morphological changes can 
be very helpful  in the unders tanding  of mechanisms 
of metal  crystal dissolution. The exper imental  results 
show that  the {210}, {111}, and {100} planes l imit  the 
surface features formed during dissolution on the 
low index copper single-crystal  electrodes. The appli-  
cation of the Ba t t e rman- I rv ing  stabi l i ty  conditions 
(5, 6) indicates that  these planes are slow dissolving 
and stable. The mechanisms of formation of these 
surface features can be explained using the terrace-  
ledge-kink model for a crystal surface of Kossel (7) 
and Stranski  (8) in which the neares t -neighbor  atomic 
interact ion is assumed. The effects of crystallographic 
structure, surface imperfections, and adsorbed inhib-  
i t ing species on the motion of dissolution steps are also 
considered. 

Experimental 

Materials.--The high pur i ty  MARZ grade 1 single- 
crystal electrodes, used in these studies, were disk 
shaped, diameter 20 mm and thickness 10 mm, and 
cut paral lel  to the (111), (100), and (110) planes. The 
crystals were first mechanical ly  polished with emery 
papers through to 600, and then with 0.3 and 0.05~ 
alumina.  Final ly,  the crystals were electropolished in 
a copper-containing phosphoric acid electrolyte [60 
weight per cent (w/o) H3PO4]. Electropolishing was 
carried out at a constant  voltage of 1.75V, and a high- 
pur i ty  copper sheet served as the cathode. After  ~- 60 
rain, the upper layer of the specimen surface, damaged 
by mechanical  polishing, was removed and a smooth, 
very bright  finish was obtained. In  order to remove 
traces of phosphate film, immediate ly  after electro- 
polishing the crystal was rinsed with distilled water, 
immersed in 10% solution of phosphoric acid, washed 
in a stream of distilled water, r insed successively in 
ethyl alcohol, and dried with a jet of pure oxygen 
(9, 10). The general  or ientat ion of the electropolished 
copper s ingle-crystal  electrodes was determined by 
Laue back-reflection x - ray  diffraction. The misor ienta-  
t ion was determined with a Picker Diffractometer, and 
the average deviation was found to be • 0.5 ~ from 
the exact low index planes. The average dislocation 
density, in the crystals prepared in this manner ,  was 

5 • 106 cm-2. The dislocation density of copper 
single crystals was determined by etching in Living-  
ston's etchant  (11). 

The acidic 0.25M CuSO4 solution, used in these 
studies, was prepared by dissolving the twice- 
recrystallized copper sulfate in t r iply distilled water, 
and the analyt ical  reagent  grade sulfuric acid was 
added in order to obtain a 0.1M solution with respect 
to H2SO4. The solution was pre-equil ib~ated in the 
storage vessel by immersion of MARZ grade spectro- 
graphically pure copper wire, and deaerated by passing 

l The M.~RZ grade ,  99.999%, copper  s ing le  c rys ta l s  w e r e  o b t a i n e d  
f r o m  the  M a t e r i a l s  Resea rch  Corpora t ion ,  O r a n g e b u r g ,  New York.  
Typ ica l  mass  s p e c t r o g r a p h i c  ana lys i s  fo r  t h i s  m a t e r i a l  shows  the  
f o l l o w i n g  m a i n  i m p u r i t i e s :  Z n  = 5, A1 = 2, O = 1.3, S = 1, Mo 4 5 ,  
K 4 1 ,  Ni  4 1 ,  P ~ I ,  P d  4 1 ,  Sn  4 1 ,  V <1 ,  H 40 .6 ,  Ca ~0 .7 ,  Fe 
~0 .7 ,  M g  40 .5 ,  M n  40 .5 ,  N a  40 .5 ,  Ta ~0 .5 ,  Rare  E a r t h s  4 1  p p m  
by  we igh t .  

...... S 

t 
H A A B  W 

Fig. i. Schematic diagram of apparatus: H, hydrogen tank; A, 
washing bottle with Fieser's solution; B, washing bottle with 
H2S04; D, drop collector; C, column with active copper; W, wash- 
ing bottle with H20; ATC, air thermostat and Faraday cage; F, 
fan; TC, thermostatic circulator; E, electrochemical cell; S, 
storage Yessel; V, vacuum system; VM, voltmeter; R, chart recorder. 

ultra  high pur i ty  hydrogen through it for at least 1 
month  (12). 

Apparatus.--The exper imental  apparatus, shown in 
Fig. 1, consisted of an electrochemical cell with storage 
vessel, hydrogen purification unit, and electrical 
equipment.  

The modified ~ t r ipod-type electrochemical cell was 
similar to the one used by Jenkins  and Bertocci (1). 
The cell was placed in an air thermostat,  supplied with 
an outside thermostatic circulator, surrounded by a 
Faraday cage, and main ta ined  at 23 ~ -+- 0.1~ The 
electropolished copper s ingle-crystal  electrodes were 
mounted  in the "legs" of the tripod cell, so that  in 
each leg only one low index surface of disk-shaped 
electrode was exposed to the solution. The legs of the 
tr ipod cell were symmetr ical ly  positioned. The storage 
vessel of 5 liters capacity was connected with the cell 
via a glass tube provided with 2 th ree-way  solution 
lubricated stopcocks. The system was made of Pyrex  
glass. All taper joints and stopcocks were precision 
high vacuum grade, and those which were not in 
contact with solution, were greased with Apiezon N 
vacuum stopcock grease. The system was provided 
with a vacuum pump for the evacuation of the cell. 

The solutions in the ceil and the storage vessel were 
kept under  a s tream of moist highly purified hydrogen. 
The UHP tank  hydrogen, with an oxygen content  of less 
than  1 ppm, was fur ther  purified by passing through 
two washing bottles filled with Fieser 's solution (13) 
and a column filled with active copper spread on 
infusorial  earth main ta ined  at 205~ (14). 

The potential  differences between electrodes were 
measured by a high input  impedance differential volt-  
meter, Hewle t t -Packard  Model 740B, and recorded by 
the Clevite Brush Mark 250 chart recorder. The accu- 
racy of voltage measurements  was ~ 5 ~V. 

Procedure.--The three freshly electropolished low 
index copper s ingle-crystal  electrodes were mounted 
in  the cell, and the assembly was connected to the lines 
of solution, hydrogen, and vacuum as shown in Fig. 1. 
Before the introduct ion of solution, the cell was re-  
peatedly evacuated and flushed with dry hydrogen at 
least 20 times. The first amount  of solution ( ~  200 ml) ,  
which was passed through the connecting tube  between 
the storage vessel and the cell, was discarded via the 
th ree-way stopcock on the cell. After that, the solution 
was admitted into the cell, and the potential  differences 
between the electrodes were cont inuously measured 
dur ing 500 hr, which was the durat ion of a typical 
exper imental  run.  

After  the experiment,  the surfaces of all specimens 
were investigated microscopically. In  all  cases where 

I n  o r d e r  to r educe  the  n u m b e r  of poss ib l e  l e a k s  ( f au l ty  sea ls ) ,  
t h e  glass  e lec t rode  and  t he  side po r t  w i t h  the  sea led  p l a t i n u m  wi re  
(1) we re  o m i t t e d  f r o m  t h i s  cell. 
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surface features were large enough, the surface 
morphology was studied by optical microscopy. Orien-  
tations of revealed surface facets were determined with 
the Uni t ron  two-circle microgoniometer Model GM-5. 
Details of these surface features were studied by elec- 
t ron microscopy using parlodion replicas and a carbon 
film substrate shadowed with p la t inum at an angle of 
45% to the plane of the surface. In  some instances, 
where addit ional  informat ion about the incl inat ion of 
fine facets was desired, the replicas were p la t inum 
shadowed at angles of 10 ~ 15 ~ 20 ~ and 30 ~ Occasion- 
ally, incl inat ions were also calculated from the var ia-  
tions in emulsion densi ty of the shadowed replica 
micrograph plates. Densi tometry was performed by a 
double-beam recording microdensi tometer  Model MK 
IIIC, Joyce, Loebl and Company, Limited. The ledge 
heights were determined by measurement  of the 
shadowed replicas, using the shadows cast by poly- 
s tyrene spheres of 0.250~ as reference. The dissolution 
rates were calculated on the basis of all mater ia l  
removed from the electrode surfaces. 

Results 
After the experiment,  the surfaces of all specimens 

were slightly etched, indicating that the small  net  
dissolution of copper occurred, and suggesting that  the 
true equi l ibr ium was not attained. The potential  dif- 
ferences between low index copper s ingle-crystal  elec- 
trodes, measured in these studies, were wi th in  1 mV. 
The potential  of the (100) electrode was always posi- 
tive or anodic in relat ion to those of the (110) and 
(111) electrodes, and this is in agreement  with the 
observations of other authors, for nonequi l ib r ium con- 
ditions (1). The slight dissolution of copper was 
a t t r ibuted to traces of oxygen present  in the experi-  
menta l  system (1), in spite of all purification steps 
applied and efforts made to isolate the system from the 
air. The dissolution of copper can be described by a 
general corrosion reaction (3) 

Cu+ Y202+2H + ~---Cu ++ +H20 [I] 

The rate of dissolution depends on the diffusion of 
oxidizing species, through the solution to the metal 
surface (3, 12). Therefore, the rate of dissolution on 
all electrodes should be the same (15). Although dis- 
solution of copper occurred everywhere on the exposed 
surfaces of all electrodes, the extent of dissolution was 
different on different areas of the same electrode, 
indicating considerable heterogeneity of the metal 
crystal surfaces. However, different surface features 
characteristic for the particular crystal planes were 
formed during dissolution, indicating that the process 
of dissolution is also crystallographically affected. 
Obviously, measured potential differences are indica- 
tive of dissolution processes taking place on the low 
index planes of copper single-crystal electrodes. 

The possible sources of oxygen present in these 
experiments are considered to be: the bulk copper 
crystal, copper sulfate solution, hydrogen gas, adsorp- 
tion on the walls of the cell, and leakage of air into 
the system. Since it was not possible to avoid this 
problem by improved experimental conditions, it 
seems that the oxygen adsorbed on the walls of the 
cell is the most probable cause of dissolution (system 
was not bakeable). However, small contributions from 
the other possible sources cannot be entirely excluded. 

The el~ect of adsorbed contaminants  on the format ion 
of pits on the (111) p lane . - -Under  the corrosion con- 
ditions at the highest rate encountered, calculated to 
be about 1 ~A/cm 2, r andomly  distr ibuted macro pits 
were observed on the (111) specimen surface. The 
shape of the pits was an inverse t r iangular  pyramid 
with the edges of the base parallel  to the <112> 
directions (Fig. 2a). The pit densi ty was ~ 102 cm -2, 
about four orders of magni tude  less than the measured 
dislocation density for this specimen, indicating that  

Fig. 2. Effect of surface adsorbed contaminants on pit forma- 
tion on the (111) plane: (a) decreased amount of surface adsorbed 
contaminants; (b) increased surface contamination. 

only a fraction of the existing dislocations were 
revealed dur ing dissolution under  these exper imental  
conditions (16-18). In  this exper iment  a l iquid ni trogen 
trap was used in order to prevent  appreciable back- 
s t reaming of oil vapor from the vacuum pump to the 
cell, dur ing repeated evacuation and hydrogen flushing, 
before the introduct ion of solution into the cell. 

To demonstrate  the effect of surface adsorbed con- 
taminants ,  another  exper iment  was performed on the 
freshly prepared surface of the same crystal. The same 
exper imental  conditions were employed, bu t  without 
the l iquid ni t rogen trap, allowing the hydrocarbon 
molecules, from the back-s t reaming oil vapor, to enter  
the cell and adsorb on the specimen surface (19). As 
a vacuum source a Welch pump Model 1400 with a 
Duo-Seal  pump oil, supplied by the Welch Scientific 
Company, Skokie, Illinois, was used. 

After  the experiment,  only rounded pits were ob- 
served, as shown in  Fig. 2b. The formation of t r iangular  
pits, under  the conditions of decreased amount  of 
surface adsorbed contaminants,  and rounded pits with 
increased surface contamination,  indicate that  in  the 
presence of a greater amount  of contaminants  the 
anisotropic motion of dissolution steps become isotropic 
(20-22). The rounding of pyramidal  pits, at increased 
inhibi tor  concentration, was studied extensively by 
Ives et al. (21, 23) in the system l i thium fluoride- 
aqueous solution of ferric chloride. After  giving up the 
diffusion-control hypothesis, I res  postulated that  in-  
creased concentrat ion of adsorbed inhibitors stabilizes 
the large number  of monatomic steps (23). Based on 
the works of Burton et al. (24) and Keller (23), Ives 
concluded that  for monatomic steps the stable con- 
figuration is rounded. Hence, pyramidal  pits become 
rounded and finally at tain conical shape. To the 
author 's  knowledge, the mechanism of rounding of 
t r iangular  pits on copper single crystals has not been 
discussed hitherto. Although Ives' explanat ion for 
l i th ium fluoride seems suitab~.e, it is believed that  more 
exper imental  evidence for copper single crystals would 
be desirable. 

In  these exper iments  a large number  of hillocks 
were observed on the specimen surface (Fig. 2). The 
surface between pits and hillocks was general ly 
smooth and covered with a large number  of more or 
less resolvable steps (ledges). Under  the conditions 
of decreased surface contamination,  both hillocks and 
ledges appear to be more crystallographic than in the 
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Fig. 3. (a) Photomicrograph of grooves formed during dissolution 
on the (110) plane; (b) scanning electron micrograph of a groove 
showing two side faces and two "closing" facets; (c) electron 
micrograph showing the detail~ of the groove facets and the 
"ridge and vol|ey" structure on the rest of the surface. 

case of greater contaminat ion (19). The characteristics 
of these surface features will  be discussed later. 

In  all subsequent  experiments  the oil pump was 
replaced by other vacuum sources, not containing oil 
(e.g., water  aspirator) .  Nevertheless, exper imental  
results still indicate the presence of some surface 
adsorbed species, al though in much smaller  quantities,  
suggesting other possible sources of inhibi t ing particles, 
l ike the copper sulfate solution, and the bu lk  crystals. 

The ~ormation o] grooves on the (110) e lec trode . -  
In  all subsequent  exper iments  the three low index 
copper single-crystal  electrodes were s imultaneously 
exposed to the solution, at corrosion rates calculated 
to be ,-, 0.5 ~A]cm 2 or less. After the experiment,  the 
surface of the (110) electrode was par t ia l ly  covered by 
big grooves which were all al igned paral lel  to the 
<100> direction (Fig. 3a). The grooves were bounded 
by two large side faces parallel  to the same <100> 
direction (Fig. 3b). On the groove side faces arrays 
of fine ledges paral lel  approximately to the <100> 
direction were always observed (Fig. 3c). In  contrast, 
the groove's closing facets were always ledge free and 
very smooth. Between the big grooves a large n u m b e r  
of smaller, less well-developed grooves or a "ridge 
and valley" s t ructure  were observed, which were also 
aligned paral lel  to the <100> direction. 

Since some of the grooves were reasonably regular,  
the crystallographic informat ion on side faces and 
facets could be obtained uti l izing simple geometric 
analysis (Fig. 4). The side faces of 24 measured grooves 
show a mean  slope of 18.1 ~ toward the original (110) 
plane, and a mean  deviat ion of --0.3 ~ from the theo-  
retical (210) plane, which is at an angle of 18.4 ~ . The 
width of the grooves was in the range of 8-26~. Al-  
though the side faces of exper imental ly  obtained 

grooves are slightly terraced, it may be concluded that  
their  mean slopes still indicate that  they correspond 
to the {210} planes (26). The measured mean  incl ina-  
t ion of the smooth facets at the ends of grooves was 
35.1 ~ with a deviation of only --0.2 ~ from the theoret-  
ical (111) plane, which should be at 35.3 ~ Hence, it 
seems reasonable to assume that  the smooth "closing" 
facets of grooves correspond to the low index {111} 
planes. 

The "ridge and valley" s tructure between big grooves 
(Fig. 3c) appears to be composed of facets similar to 
those of the big grooves, bu t  they do not a t ta in  suffi- 
cient size very probably due to lack of a constant  dis- 
solution source (27). 

The ~ormation o~ pyramidal pits on the (100) elec- 
trode.--Under the same conditions, under  which the 

III" 

I 

Fig. 4. Schematic presentation of profile and perspective view 
of a groove developed on the (110) plane. 
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Fig. 5. Scanning electron micrograph of pits developed on the 
(100) plane. 

big grooves were formed on the (110) electrode, on 
the surface of the (100) electrode randomly  distr ib-  
uted, crystallographically well-defined etch pits were 
observed. The pits have the shape of an inverse rec- 
tangular  pyramid with the base edges always parallel  
to one of the ~100~  directions (Fig. 5). The density of 

pyramidal  pits was ~ 103 cm -2, i.e., about  3~4 orders 
of magni tude  less than the average dislocation density 
for these crystals. Besides regular  square pyramids,  
pits with the shape of t runca ted  and extended pyramids 
were also observed. Details of these pyramidal  pits are 
shown in Fig. 6. On the side faces of these pyramidal  
pits, arrays of fine ledges parallel  approximately to 
the ~100>  direction were always observed. Truncated 
pyramidal  pits observed in these studies are sometimes 
very  shallow, with large flat bottoms; but  sometimes 
they are almost complete pyramids, lacking only the 
apex. The rest of the surface, between pyramidal  pits, 
is covered with t iny  facets (Fig. 6), which look similar 
to those of the pyramidal  pits; but  they do not  at tain 
macro size, again probably due to the lack of constant  
dissolution source. At the bottom of these facets, a 
horizontal plane parallel  to the original {100} surface 
is f requent ly  revealed. 

A schematic presentat ion of pyramidal  pits developed 
on the (100) electrode dur ing dissolution is shown in  
Fig. 7. The regular  shape of these pits offers crystal lo-  
graphic informat ion about the pit side faces. The 
measurement  of 75 exper imenta l ly  obtained pyramidal  
pits (regular, truncated,  and extended) shows the 
mean  incl inat ion of their side faces to be 27.4 ~ . The 
range of widths of these pits was 8-28~. Since the 
theoretical (210) plane forms an angle of 26.6 ~ with 
the original  (100) plane, it may be concluded that  the 
sides of pyramidal  pits correspond to the (210} planes. 
Accordingly, they are the same planes which were 
noted after dissolution of the (110) electrode (Fig. 4). 
The ball  model of a square-based pyramidal  pit devel- 
oped on the (I00) plane is shown in Fig. 8. 

The yormation of macro steps and hillocks on the 
(111) eIectrode.--Although all three electrodes, the 
(110), (100), and (111), were s imultaneously  exposed 

Fig. 6, Electron micrographs of pyramidal pits formed daring 
dissolution on the (100) plane: (a) simple pyramidal pit; (b) 
truncated pyramidal pit; (c) extended pyramidal pit. Arrow indicates 
the crystallographic direction for all three micrographs. 
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Fig. 7. Schematic presentation of pyramidal pits formed during 

dissolution on the (100) plane. 

Fig. B. Bali model of a square-based pyramidal pit developed on 
the (100) plane. The light balls in the {210} planes represent 
kink atoms. 

to solution, no grooves or pits were observed on the 
(111) electrode; only macro steps (ledges) and hi l-  
locks were found on this surface. The dissolution steps 
visible on the electron micrograph, shown in Fig. 9a, 
have the fronts ra ther  i r regular ly  shaped with the 
height ranging from 200A up. Frequent ly ,  the hillock 
concentrat ion is larger in the vicini ty of the step fronts  
than on the terraces. The size of hillocks is in the 
range from several hundred  angstroms up to a few 
microns. A detailed picture of hillocks is shown in 
Fig. 9b. Very often, hillocks have the shape of hexag-  
onal pyramids, but  some of them clearly resemble 
their t r iangular  origin and look like t r iangular  pyra-  
mids with three small  addit ional facets developed on 
the corners at the pyramid base (Fig. 9b). The edges 
at the base of pyramidal  hillocks are paral lel  to one 
of the ~112> directions which lie in the (111) plane. 
A few hillocks have the shape of extended pyramids  
(Fig. 9b) which consist of two half pyramids with 
their  apexes connected by a l ine parallel  to one of the 
~112> directions. Between hillocks and large macro 
steps (Fig. 9b and c), a smooth ledge-free surface, 
paral lel  to the original  surface, and corresponding to 
the = low index (111) plane, is revealed dur ing dis- 
solution. 

On some parts  of the specimen surface the steps were 
very  large, up to severaI microns (Fig. 9b and c). 
These steps look quite crystallographic and clearly 

present  threefold symmetry.  The fronts of macro steps 
or macro ledges look like high index planes having fine 
ledges similar to those already observed at the sides 
of grooves and pyramidal  pits on the (110) and (100) 
electrodes, respectively. The mean incl inat ion of 10 
exper imental ly  obtained macro ledges was 39.0 ~ , which 
is in good agreement  with the theoretical (210) plane, 
which should be at 39.2 ~ . The straight edges at the 
base of macro ledges were near ly  parallel  to the ~112> 
directions, and the measured angles between them were 
in the range of 115~ ~ . On the ground of these 
exper imental  results, it was possible to construct the 
model which may correspond to the planes revealed 
dur ing dissolution. On the ball  model shown in Fig. 10, 
the (210) and (120) planes are presented as a possible 
set of planes developed dur ing dissolution. The angle 
between edges at the base is 120 ~ in agreement  wi th  
the values found experimental ly.  The base is, of course, 
the low index (111) plane. The appearance of the {210} 
planes as l imit ing planes of surface features formed 
dur ing dissolution of copper s ingle-crystal  electrodes 
is in agreement  with Jenkins '  observation of "extensive 
faceting with near  {012} orientations," under  similar 
exper imental  conditions (3). 

Discussion 
The sLability o~ planes revealed by dissolution.--The 

stabilization of planes revealed dur ing dissolution can 
be demonstrated utilizing the conditions for the occur- 
rence and stabil i ty of etch hillocks and pits developed 
by Bat te rman (5) and extended by I rving (6). Detailed 
atomic dissolution mechanisms are not considered in 
this approach, and the dissolution rate is regarded as 
a vector property of a macroscopic surface. In  general, 
the Bat te rman stabil i ty conditions show that, upon 
dissolution, convex surfaces are l imited by  fast dis- 
solving planes, while concave surfaces are l imited by 
slow dissolving planes. 

The application of these conditions to the grooves, 
pyramidal  pits, and macro ledges observed on the (110), 
(100), and (111) electrodes respectively (Fig. 3c, 6a, 
9c) shows that all orientat ions between l imit ing {210} 
planes are faster dissolving planes. The same applies 
for the range of orientat ions between the low index 
{111} planes and the groove side faces (Fig. 3c and 4), 
and between macro ledges and revealed basic {111} 
planes (Fig. 9c and 10). All these planes should be the 
faster dissolving ones. Accordingly, the {210} and {111} 
planes are slowly dissolving planes. 

For the application of the stabili ty conditions on the 
pyramidal  pits formed on the (100) electrode (Fig. 5 
and 6), it has to be emphasized that  the formation of 
pyramidal  pits has been related to active sites 3 on the 
electrode surface. These active sites are characterized 
by an increase in the local dissolution rate. At the 
apex of a pit a high dissolution rate is predicted, and 
this is the direction of the enhanced dissolution rate, 
say, due to a dislocation. If, for any  reason, pyramida l  
pits lose their dislocations (28) or the other causes of 
enhancement  of dissolution rate (29), they wil l  become 
truncated,  revealing the {100} plane (Fig. 6b). The 
tendency of newly  revealed bottoms of t runcated pyra-  
midal  pits toward widening, and the appearance of 
the {100} flats on the faceted rest of the surface (Fig. 
6) suggest that  the actual dissolution rate of the {100} 
plane is probably  slower than the rate for contiguous 
facets. 

The extended pyramidal  pits observed on the (100) 
electrode (Fig. 6c) consist of two half pyramids  with 
their  apexes connected by a l ine which is always 
paral lel  to the one of the <100> directions. The stable 
square-based pyramidal  pit should have the same 
dissolution rate on all faces. The appearance of ex- 
tended pyramidal  pits suggests a slight difference in 

3 In  o r d e r  to  f o r m  o b s e r v a b l e  mac ro  pi ts ,  t h e  a c t i v e  s i t e s  s h o u l d  
h a v e  some c o n t i n u i t y  i n to  the  b u l k  crys ta l ,  e.g.,  d i s l o c a t i o n s  o r  rod -  
s h a p e d  i m p u r i t y  zones  (26). 
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Fig. 9. Electron photomicrographs of steps and hillocks formed 
during dlssolutinn on the (111) plane. (a) irregular steps and small 
hillocks; (b) large hillocks of pyramidal shape; (c) macro ledges 
resembling the threefold symmetry. 

dissolution rate between two pairs of side faces on 
the same pit, exhibi t ing the extension line between 
the faster dissolving planes. The mechanism by which 
one pair of planes dissolves faster than  the other, 
crystal lographical ly equivalent  pair of planes is not  
yet  understood. 

The application of the stabil i ty conditions to the 
hillocks formed on the (111) electrode indicates that  
all orientat ions between the hillock's faces and the 
basic (111) plane are faster dissolving ones (Fig. 9b). 
At the same time the orientat ions between neighboring 
hillock faces should be the slowly dissolving planes. 
The t rend toward widening and reveal ing of large 
areas of smooth, close-packed, low index (111) planes 
(Fig. 9b and 9c) suggests that these planes dissolve 
slower than  the bounding macro ledges and hillock 
faces. This observation looks contradictory, because 
the Ba t te rman  stabil i ty conditions predict that  the 
hillock planes should dissolve slower than  the sur-  

Fig. 10. Ball model of a set of two (210} planes formed on the 
(111) plane. The light balls in the (210} planes represent kink 
atoms. 

rounding  crystal  surface. In  order to explain this 
phenomenon,  one may  assume that  on the original 
electropolished surface of the (111) electrode there 
are a large number  of active sites (see la ter) ,  where 
locally enhanced dissolution takes place, very probably 
in a s tep-wise manner .  This process shall cont inue 
un t i l  the real (111) flats are revealed, and the macro 
ledges are formed (Fig. 9b and 9c). At this stage, it 
seems l ikely that  most of the dissolution reaction takes 
place at the macro ledges (38) which may "grow to- 
gether," forming the hillocks, as a t rans ient  form in the 
process of dissolution. These ideas are supported by the 
fact tha t  hillocks are observed only on the (111) 
electrode, they cover a wide range of sizes, their  side 
faces look the same or similar  to macro ledges, and 
their apexes are fairly sharp. The occurrence of ex- 
tended hillocks indicates that  a pair  of slightly faster 
dissolving planes exist, forming a ridge be tween them 
(6). 

The exper imental  results presented here show that  
the {210}, {111}, and (100} planes consistently l imit  the 
surface features formed during dissolution on the low 
index copper s ingle-crystal  electrodes. The application 
of Bat terman 's  s tabi l i ty  conditions to these surface 
features indicates that  the (111}, {100}, and {210} planes 
are slowly dissolving and stable planes, under  present  
exper imental  conditions. 

The atomistic characteristics of planes revealed by 
dissolution.--In the previous paragraph,  the dissolution 
rate of a crystal surface was regarded as a funct ion of 
orientation.  Here, an a t tempt  is made to elucidate the 
characteristics of revealed planes, uti l izing the wel l -  
known  te r race- ledge-k ink  model for a crystal  surface 
of Kossel (7) and Stranski  (8), in which the nearest-  
neighbor atomic interact ion is assumed. 

It  was exper imenta l ly  established that  surface fea- 
tures like grooves and pyramidal  pits formed dur ing 
dissolution on the surfaces of the (110) and (100) 



1468 J.  E lec t rochem.  Soc.: E L E C T R O C H E M I C A L  SCIENCE AND TECHNOLOGY N o v e m b e r  1972 

electrodes, respectively, have the edges paral lel  to the 
<100> directions (Fig. 3 and 5). Due to the fact that  
the steps paral lel  to the ~100~  directions, in  fcc 
crystals, are not paral lel  to the close-packed directions, 
they necessarily must  be kinked. Actually, the <100> 
oriented steps are so heavily kinked that  every second 
atom in the step is a k ink  atom, as can be seen in 
Fig. 8 and 11. The same applies for the macro ledges, 
paral lel  to the <112> directions, formed on the surface 
of the (111) electrode (Fig. 9c and 10). Here, the k ink 
motion as a concept is not applicable (there is no 
length of step between kinks, along which they can 
move),  and the only process for dissolution is the "step 
motion" by the successive removal of atoms at the 
salient corners of the kinked step (30). The {210} 
plane consists of a large number  of kinked steps with 
a small  step spacing, i.e., it necessarily contains a high 
concentrat ion of kinks, and therefore is a highly 
roughened orientat ion (31). 

The appearance of the {210} planes as re la t ively 
stable planes observed on the surfaces of all three low 
index copper s ingle-crystal  electrodes suggests a 
preferent ial  adsorption of inhibi t ing species, 4 from the 
solution, on the surfaces of this or ientat ion (26). The 
preferential  adsorption may be at t r ibuted to some 
special s t ructural  at tract ion between the {210} planes 
and adsorbed species, e.g., the "hole" a r rangement  be-  
tween k ink  atoms (32), which can be seen on ball  
models in Fig. 8, 10, 11. In  addition, the occurrence and 
stabilization of the kinked edges paral lel  to the <100> 
direction 5 was explained by Keller  (25), postulat ing 
that  the velocity of a step is given by a balance be-  
tween the number  of atoms removed from the step 
and the number  of atoms "trapped" into it. I t  was 
assumed that  the t rapping processes take p~ace 
preferent ia l ly  at the kinked <100>-s tep  with its "re- 
en t ran t  corners" ra ther  than at the close-packed 
< l l 0 > - s t e p .  In  this way, the motion of the < 1 0 0 > -  
step should be slowed down more than that  of the 
close-packed < l l 0 > - s t e p ,  and the edges paral lel  to 
the <100> direction could appear. 

The sides of exper imental ly  obtained grooves, 
pyramidal  pits, and macro ledges on the (110), (100), 
and (111) electrodes, respectively, were covered with 
arrays of fine ledges (Fig. 3c, 6, and 9c); and the 
measured inclinations of these faces, corresponding 
to the {210} planes, are considered the average values. 
Although the real surfaces of these features are not 
identical  to those of the ideal bal l  model, it is l ikely 
that, on the average, they represent  k ink stepped 
ar rangements  similar to those on the ball  models, seen 

4 I n h i b i t i n g  species  a d s o r b e d  on the  e l ec t rode  sur face  can be i m -  
p u r i t i e s  a n d / o r  c o m p o n e n t s  f rom the  so lu t ion .  

K. W. K e l l e r  (25) s t ud i ed  the  e v a p o r a t i o n  of ionic  c rys ta l s  of  so- 
d i u m  ch lor ide ,  w h e r e  the  ~ 1 0 0 ~  d i r ec t i on  is the  c lose -packed  d i rec -  
t ion ,  a n d  the  < 1 1 0 >  is t he  k i n k e d  one. In  m e t a l l i c  fcc c rys ta l s  the  
s i t u a t i o n  is r eve r sed .  

Fig. 11. Left: Electron micrograph of part of a groove formed 
on the (110) plane. Right: The same feature is presented on a ball 
model. 

in Fig. 8, 10, and 11. The formation of arrays of ledges 
or terracing has been related to the kinetics of mona-  
tomic step motion which under  certain conditions, 
like adsorption of inhibi t ing species and/or  impurities,  
may lead to step bunching and formation of visible 
surface ledges (26, 33-35). This experimental  fact also 
supports the idea of adsorption of inhibi t ing species 
on the electrode surface. 

I t  is interest ing to note that  the (111) planes revealed 
dur ing dissolution on the (110) and (111) electrodes 
(Fig. 3c, 4, 9), as well as the (100) planes at the bottom 
of t runcated pyramidal  pits and the faceted rest of the 
surface, revealed on the (100) electrode (Fig. 6), were 
always ledge free and smooth. This exper imental  fact 
suggests that on the real ly low index surfaces the 
bunching of steps, due to the adsorption of inhibi t ing 
species, is less effective than on the {210} planes. I t  is 
l ikely that the dissolution process at these low index 
planes proceeds via monatomic steps and/or  bunched 
steps, but  of such diminished height that  they are un -  
resolvable by electron microscopy. This is in agreement  
with the Cabrera and Vermilyea postulation, that the 
morphological changes are a result  of changes in the 
step motion on different crystal  faces, due to differences 
in the amount  of impuri t ies  adsorbed on different 
faces (36). 

The mechanism 05 the forvaation of surface 5eatures 
revealed by dissoIut ion.--An at tempt  has been made 
to describe a possible mechanism for the formation 
of grooves on the surface of the (110) electrode, as 
shown in Fig. 11. On the left side an electron micro- 
graph of part  of a groove is shown, and on the r ight  
side the same feature is represented by a bal l  model  
with the (110) plane as the base plane. Let us assume 
that dissolution starts at some active sites, and on the 
basis of the pair-wise interact ion model it is expected 
that  it will  continue along the rows of close-packed 
atoms, parallel  to the <110> direction, as shown on the 
r ight  side of Fig. 11. It  is l ikely that  dissolution wiU 
continue in this direction unt i l  the propagation is 
slowed down and eventual ly  blocked by the accumu- 
lated contaminants  or other inhibi t ing species at the 
front of dissolution steps (20, 36). This depends, of 
course, on the rate of dissolution for the given degree 
of surface contamination.  In  order to sustain a given 
dissolution rate, the process should cont inue in the 
areas of lowest adsorption density;  and that  is, accord- 
ing to F rank  (33) the area where the previous step 
passed, "sweeping" the adsorbed impurities. Accord- 
ingly, dissolution may proceed deeper into the substrate 
and lateral ly (parallel  to the {111} plane, and also 
parallel  to the ~100~  direction) forming the grooves 
and revealing the {111} planes at their  ends. 

The step-wise model of metal  crystal dissolution 
takes into consideration two aspects of formation of 
visible surface features (e.g., pits, etc.), outl ined by  
Gi lman et al. (28), Cabrera (37), and Ives et al. (26): 
first, nucleat ion of monatomic steps at a source; and 
second, the step motion away from this source. Sources 
of dissolution steps are main ly  surface defects (e.g., 
dislocations) and misorientat ions of the actual surfaces 
from the low index planes. Measured dislocation 
densities for copper s ingle-crystal  electrodes, used in 
these studies, were of the order of magni tude  of ,~ 106 
cm -2. In  addition, it can be shown that for a mis-  
orientat ion of 0.5 ~ from the low index planes, about  
105 monatomic steps per the length of 1 cm result  on 
a copper crystal surface (38, 39). Also, it is very 
probable that  the electropolishing used in this work 
introduces a moderate undula t ion  of the surface, 
which results in an increased number  of monatomic 
steps on the specimen surface. Consequently, it is 
very likely that  the total  number  of steps, or potential  
dissolution sites, exist ing on all electrodes is large 
enough to sustain the low dissolution rates used in  
this work, and the nucleat ion of new steps does not 
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appear  necessary (15). Accordingly,  it seems reason-  
able to assume that  the motion of dissolution steps 
(monatomic and bunched) away from their  origin, 
ra ther  than the step origins themselves,  affect the 
format ion of different surface features, during the 
dissolution of low index copper s ingle-crystal  
electrodes. 

The large smooth areas, corresponding to the (111) 
plane, revealed during dissolution on the (111) elec-  
trodes (Fig. 9) are indicat ive of a s tep-wise ledge 
mechanism of dissolution and suggest that  the step 
motion across the (111) plane was able to remove  
mater ia l  required by the given rate  of dissolution. In 
contrast, the appearance of etch pits and fine facets 
on the (100) electrode (Fig. 6) suggests that  the 
motion of steps over  the (100) plane was more  impeded 
and was not able to sustain the given dissolution rate;  
and therefore  dissolution proceeded around more act ive 
sites (dislocations) forming the pits. 

The idea of a very  slow or impeded motion of dis- 
solution steps across the surface of the (100) electrode 
is supported by the behavior  of potent ia l  differences 
measured be tween different low index copper s ingle-  
crystal  electrodes, during dissolution. A typical  set of 
potential  differences be tween the (111) electrode and 
the other  two low index electrodes as a function of 
t ime are presented in Fig. 12. In this case, the (111) 
electrode may be considered as a reference electrode. 
Al though the absolute value  of the equi l ibr ium elec- 
trode potential  was not obtained, the relat ions be tween 
these potent ia l  differences indicate the relat ions be- 
tween corresponding overpotentials .  Accordingly,  the 
dissolution, or more precisely the motion of dissolution 
steps, on the (100) electrode proceeds at higher, more  
anodic, overpotent ia ls  than on the other  electrodes, 6 
indicating an impeded and very  slow step motion. The 
same pat tern  of higher  overpotent ials  and "very  slow 
and difficult" step motion, for the (100) surface was 
found by others, at anodic dissolution of copper single 
crystals in various electrolytes:  chloride solution, 
Bertocci  (40); perchlorate  solution, Jenkins  (38); and 
sulfate solution, Jenkins  and Durham (39). 

In the last par t  of the exper iment  an overpotent ia l  
decay to a lower  value  was observed for the (100) 
electrode (Fig. 12). It  seems possible that  during dis- 
solution the electrode surface and /or  the adsorption on 
the surface change to the extent  that  the effect of the 
original s t ructure of the (100) electrode on the process 
of dissolution disappears. This explanat ion is in ac- 
cordance with  the conclusion made by Jenkins  (38) 
that  once facets are developed on the surface, l i t t le 
reaction takes place on the areas covered by low index 
facets, and the surface no longer acts in a un i form 
manner.  

B It is presumed that possible differences in the active surface 
a r e a s  on different electrodes do not cause these differences in the 
measured overpotentials. 
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Fig. 12. Typical set of potential differences between the (111) 
electrode and the other two low index copper single-crystal 
electrodes, measured during dissolution in acidic copper sulfate 
solution. 

The format ion of pits on the (100) electrode and 
macro ledges on the (111) surface, when  both elec-  
trodes are s imultaneously exposed to dissolution, may 
be explained by the interact ion of surface adsorbed 
species on the s tructures of the respect ive planes. In 
Fig. 13 the ball  models  of the monatomic dissolution 
steps are presented in both the (100) and the (111) 
planes. In both cases, the inhibi t ing species or con- 
taminants  of different sizes are  randomly  distributed. 
Fol lowing the very  simple "neares t -ne ighbor"  approxi-  
mation, it is obvious that  each species on the (100) 
plane is bound to 4 nearest  neighbors, and on the (111) 
plane, to 3 nearest  neighbors. Based on this, one may 
assume that  the adsorption is s t ronger  on the (100) 
plane than on the (111) surface. When a dissolution 
step starts at some act ive site and moves  across the 
surface "sweeping" (41) and "pu.shing" the contamin-  
ants ahead of its f ront  (20, 36) it is l ikely that  it wil l  
be impeded and slowed down more  on the (100) plane 
than on the (111). In order to sustain a given dissolu- 
tion rate, the removal  of mater ia l  on the (100) plane 
continues in the areas of high act ivi ty  and lowest 
adsorption density; and those are, according to F rank  
(33), the areas where  the previous steps have  just  
passed, forming the pits around active sites, forming 
dislocation pits. On the (111) surface the re tardat ion of 
dissolution steps (monatomic and bunched) is less 
severe, and the step motion may  remove  the mater ia l  
required by the given rate of dissolution. Under  these 
conditions, of  course, there  are no reasons for  the 
format ion of classical types of pyramidal  pits on the 
(111) plane. 

It seems l ikely that  the dissolution step motion 
across crysta l lographical ly  different surfaces, and the 
corresponding overpotentials,  are affected by the ad- 
sorption of inhibi t ing species on these surfaces. This 
idea is in general  agreement  wi th  the findings of 
Jenkins  et al. (38, 39) that  the measured overpotent ials  
show pronounced orientat ion effects, but no influence of 
step density. According to proposed interpretat ions,  
for the given exper imenta l  conditions, it does not seem 
decisive for the process of dissolution how many  steps 
are present  on the surface, but  ra ther  how they are 
"pinned"  by the adsorbed species. The observat ion that  
overpotent ia ls  for the (100) plane are higher  than for 
other  orientations, as found in various solutions (38- 
40), also supports this interpretat ion.  However ,  the 
complexi ty  of the t ime-dependent  adsorption and its 
effect on dissolution processes permit,  at the present  
time, only a qual i ta t ive  t rea tment  of these phenomena.  

Conclus ions 
1. Under  present exper imenta l  conditions the t rue 

equi l ibr ium for copper s ingle-crystal  electrodes was 
not at tained; instead a slight net dissolution react ion 
occurred, caused very  probably  by traces of oxygen 
present  in the system. 

2. Dissolution react ion occurred eve rywhere  on the 
exposed surfaces of all  specimens. The extent  of dis- 

Fig. 13. Ball models of monatamic dissolution steps (dark balls) 
presented on the (111) plane (left), and on the (100) plane (right). 
Light balls on the upper layers represent adsorbed inhibiting species. 
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solut ion was different  on different  areas  of the  same 
specimen, indica t ing  c lea r ly  considerable  he te rogene i ty  
of the  me ta l  c rys ta l  surfaces. 

3. The {210}, {111}, and  {100} p lanes  consis tent ly  
l imi t  the  surface features,  l ike grooves, p y r a m i d a l  pits, 
macro ledges, etc., fo rmed dur ing dissolution on the 
low index planes  of copper s ing le -c rys ta l  electrodes.  
According to B'at terman's  s tabi l i ty  conditions, these 
are  s lowly  dissolving and stable planes,  under  p resen t  
exper imen ta l  conditions.  

4. The mechanisms o f  format ion of these  surface 
fea tures  can be exp la ined  ut i l iz ing the s tep-wise  ledge 
model  for meta l  c rys ta l  dissolution, and considering 
the effects of c rys ta l lographic  s t ructure ,  surface im-  
perfections,  and adsorbed inhibi t ing species on the 
step motion across the surface, for the  given ra te  of 
dissolution. 
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Insoluble Polybromides of Quaternary Ammonium Salts and Their 
Phase-Transitions in the Presence of Aqueous 

Bromine-Bromide Solution 
Francesco Rallo and Paolo Silvestroni 

Istituto di Chimica della Facolt~ di Ingegneria, Rome, Italy 

ABSTRACT 
By progressive addition of bromine to aqueous 1.0F NaBr solutions con- 

taining qua te rnary  ammonium bromides, the precipitat ion and phase t rans i -  
tions of t e t ramethylammonium- ,  t e t rabu thy lammonium- ,  and phenyl t r imethyl -  
ammonium polybromides have been potentiometrical ly detected at constant  
teml~erature. The results show existence of solid TMABr3.9, TBABr~.~,s.9.11, and 
PhTMABr~.5.7. Addit ion of bromine to a saturated TMAC104 solution leads to 
the precipitat ion of only TMABr9. 

Polyhalide salts of inorganic and organic cations 
have been well  known for a long time, and have re-  
cent ly  been reviewed by Popov (1, 2); the most com- 
mon examples of polyhalide anions are un iva len t  
groups formed by an odd number  of the same or mixed 
halogen atoms. Among the organic polyhalides, quater-  
na ry  ammonium salts are the most representat ive class: 
many  of these are quite stable, probably because the 
large size of such cations adapts welt  to the d imen-  
sions of polyhalide anions. This geometrical stabil i ty 
seems to be of importance also in  inorganic polyhalides 
(2). 

Since the publ icat ion of the first extensive synthesis 
report  (3), most of the exper imental  work on quater-  
nary  ammonium polyhalides has been done with poly- 
iodides or mixed iodide-halide compounds. Polybro-  
mides have been ra ther  neglected, chiefly because 
their large bromine vapor pressure prevents  studies 
on crystal l ine compounds at room temperature.  To 
our knowledge, only t e t r amethy lammonium bromide-  
bromine (4) and t e t r abu thy lammonium bromide-bro-  
mine (5) phase diagrams have been reported. It has 
been shown that  t e t r amethy lammonium bromide 
(TMABr) is able to form the t r ibromide TMABr~ and 
the enneabromide TMABr9, both solid at room tem- 
perature, and probably also another adduct containing 
16 bromine molecules, with an incongruent  mel t ing 
point  at 5.2~ For the t e t r abu thy lammonium bromide 
(TBABr)*bromine  system the phase diagram shows 
the existence of the t r ibromide TBABr3 and the hepta-  
bromide TBABrT. The stabil i ty constant  of TBABr3 in 
organic solvents has also been evaluated (6). 

Our work on organic polybromides is connected 
with their  potential  practical use in  improving the 
performances of z inc-bromine secondary cells. Sev-  
eral  patents (7) claim that  qua te rnary  ammonium 
salts are suitable for re taining a large amount  of bro-  
mine, as polybromides, in the pores of the positive 
electrode. This reduces the diffusion of bromine toward 
the negative zinc electrode, raising the self-discharge 
t ime and the electrical capacity of the cell in com- 
parison with simple z inc-bromine cell (8), in  which 
the elemental  bromine  is adsorbed on the active carbon 
paste of the anode. 

For the practical use of a qua te rnary  ammonium 
salt in z inc-bromine secondary cells, three major  re-  
quirements  must  be fulfilled: 

(i) The polybromide formation must  be reversible. 
Oxidative brominat ion  of the salt would, of course, 
drastically reduce the number  of charge-discharge 
cycles. The formation of a polybromide with low bro- 

K e y  words :  po lybromides ,  po t en t iome t ry ,  z inc -b romine  s e c o n d a r y  
tens ,  

mine vapor pressure would give an emf too low for 
practical purposes. 

(ii) The salt should give polybromides containing a 
large number  of bromine molecules per mole of salt, 
otherwise the increase in weight over the simple zinc- 
bromine cell could not be compensated for by the 
increased electrical capacity of the cell. 

(iii) The polybromides should be solid in order to 
prevent  l iquid bromine-r ich  compounds from percolat-  
ing from the positive electrode. 

On the basis of these considerations, we studied the 
formation of insoluble polybromides by progressive 
additions of e lemental  bromine to a NaBr solution 
containing qua te rnary  ammonium salts. The precipita- 
tion of polybromides and their  phase- t ransi t ions  in 
bromine-r icher  solid or l iquid compounds has been 
followed potentiometrically,  at constant  temperature,  
by measur ing after each bromine addition, the emf 
between a saturated calomel electrode and a Pt  elec- 
trode immersed in the solutions. Fol lowing this pro- 
cedure in ; exper imen t s  with TMABr and TBABr, we 
obtained quite quickly results agreeing with conven-  
t ional phase diagrams, and we extended our research 
to other qua te rnary  ammonium salts. In  this paper 
we report the results related to t e t ramethy lam-  
monium, te t rabuthylammonium,  phenyl t r imethy lam-  
monium bromides and perchlorates; other measure-  
ments  relat ing to the behavior  of penta- ,  hexa-  
and decamethy len-b i s - t r ime thy lammonium bromides 
("methonium" salts, conta ining a two-va len t  cation) 
are being carried out at present  in our laboratory. 

Experimental 
Bromine (Carlo Erba RP),  NaBr (BDH Lab. Reag.), 

NaC104 (BDH Analar )  were used as received. TMABr 
(Fluka) ,  TBABr (Fluka or Carlo Erba RP) ,  and 

pheny l t r ime thy lammonium bromide (PhTMABr, 
F luka)  were crystallized twice from ethanol or water -  
ethanol mixtures,  and kept in a desiccator over P205. 
The respective perchlorates were prepared by precipi- 
tation from aqueous concentrated solutions of bromides 
and NaC104, crystallized twice from water  and dried 
at room tempera ture  over P~Os. 

The reaction cell was a cylindrical  Pyrex  vessel, 
about 200 ec capacity, thermostated by a water  jacket, 
and fitted with a ground glass cover with four holes; 
two of these were used for the introduct ion of the two 
electrodes (a Pt  wire electrode and a saturated calomel 
electrode, with a procelain plug) .  One of the other two 
holes was used for the introduct ion of a microburet te  
with a Teflon-glass stopcock for bromine delivery. 
Using the fourth hole, a small  glass-spoon electrically 
heated, was introduced inside the cell just  below the 
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buret te  tip (about 3 cm above the solution level) .  
Addit ions of the progressive aliquots of bromine  to 
the solution were  made by dropping a known amount  
of l iquid bromine f rom the microbure t te  to the glass- 
spoon inside the cell, then heat ing the spoon until  all 
the bromine had evaporated,  leaving the vapors to be 
absorbed by the solution which was kept constant ly 
and rapidly  stirred. In this way the polybromides  sep- 
arate in the form of fine particles, and their  subsequent  
phase transit ions are reasonably rapid. If  the bromine 
is added to the solution direct ly  as l iquid drops, the 
formation of some mixed po lybromide-bromine  lumps 
is unavoidable,  and this requires  a much longer  t ime 
for reaching the solut ion-precipi ta te  equil ibrium. 

The emf  between pla t inum and calomel electrodes 
was measured by a Leeds & Nor thrup  Model 8687 
potent iometer ;  the cell t empera tu re  was control led 
within _+0.05~ 

As an example  of a typical  experiment ,  10.0 mmoles  
of TMABr were  dissolved in 50.0 ml of 1.0F NaBr  solu- 
tion in the react ion cell. Then bromine was gradual ly  
added to the solution, usually in 0.1 ml aliquots. Af te r  
each addition, a t ime of 5-20 min was requi red  for 
the equil ibrium, and the emf was recorded. The bro-  
mine was added unti l  the solution was saturated with  
l iquid bromine. The plot emf  vs.  amount  of added bro-  
mine shows several  steps, indicating the init ial  pre-  
cipitation of TMABr3 and its subsequent  t ransforma-  
tion into TMABr9. 

A part  of the added bromine is of course bound to 
the insoluble polybromides and the rest remains in 
solution as Brs - ,  B r s -  etc. To allow for this amount  of 
bromine which does not enter  into the insoluble poly-  
bromides composition, a blank potent iometr ic  curve 
was previously recorded by adding successive amounts  
of bromine to 50.0 ml  of 1.0F NaBr solution. The total  
amount  of bromine in the solution for each emf value, 
is de termined by this curve. In the exper iments  wi th  
ammonium salts, the amount  of bromine fixed as in-  
soluble polybromides  (indicated as "bromine  uptake"  
in the curves repor ted  in this paper)  has been cal- 
culated, for each emf  value, as the difference be tween 
the amount  of the added bromine and the amount  of 
bromine in solution (from the blank curve) .  

Af ter  this correction, the resul t ing plot emf vs.  
bromine uptake has the same meaning as a plot made 
by measuring the bromine vapor  pressure dur ing the 
addition of bromine to pure  TMABr. In fact, the  mea-  
sured emf is a function of the act ivi ty ratio aBr2/a2Br - 
but after the precipi tat ion of the tr ibromide,  which is 
quite insoluble, the aBr-- in the solution is pract ical ly 
equal  both in the polybromide  and blank solution. For  
all  the subsequent  phase t ransformat ions  the  b lank 
curve  corrections are operative.  

Results and Discussion 

In Fig. 1, curve  1 shows the compositions and the 
physical  states of the insoluble polybromides  formed 
during the bromine uptake by TMABr dissolved in 1.0F 
NaBr solution at t ---- 25~ At  point f the solution 
becomes saturated with  l iquid bromine, which gradu-  
al ly dissolves the enneabromide previously formed. No 
other  solid adducts appear  on subsequent  bromine 
additions. 

This behavior  agrees with the phase d iagram of the 
TMABr-Br2 system (4) which shows the existence of 
a eutectic between TMABr3 and TMABr9 of composi- 
tion TMABr4.65 and a mel t ing  t empera tu re  of 15.8~ 
At t ---- 25~ according to the phase diagram, polybro-  
mides are complete ly  l iquid in the composit ion range 
TMABr4.4-TMABr4.95. In our exper iments  the corre-  
sponding composition range (c-d tract)  was larger,  
ve ry  l ikely due to the presence of a small  amount  of 
water  in the nonaqueous phase. A similar  en largement  
of the l iquidi ty range in presence of aqueous solution 
has a l ready been noted also by Bloch et  al. (4). 

In exper iments  at a t empera ture  lower than eutectic, 
no l iquid adducts are formed in the range TMABr-  
TMABr9 as shown in Fig. 1, curve  2. 

Af ter  the end of the exper iment ,  by bubbling N2 in 
the solution for 12 hr, all the bromine fixed by TMABr 
is eliminated. A subsequent curve  of bromine  uptake 
is superimposable on the previous one. We repeated the 
exper iment  three t imes on the same TMABr  solution, 
always obtaining the same results, and thus demon-  
strat ing in our exper imenta l  conditions, the absence of 
i r revers ible  appreciable brominations be tween  TMABr 
and bromine. 

Fig. 1. EMF values for bromine 
uptake by: Curve (1) (circles), 
10.0"10 -3  mole of TMABr in 
50.0 ml of 1.0F NaBr solution; 
t ~ 25~ Curve (2) (squares), 
as in curve (]);  t = 0~ Curve 
(3) (trlangles), 10.0.10-3 moles 
of TMACIO4 in 50.0 ml of 1.0F 
NaBt and 1.0F NaCIO4 solution; 
t = 25~ 

Curve ( ~  : 

a - b :  TMABr 3 {sol id) 
86O 

b - c :  TMABr3 (so l id )+  TMABr3. ? {liquid) 

c - d  : TMABr3. 7 ([ iquid) :-- TMABr5. 3 { l iquid) 

d - e  , TMABr5. 3{liquid) + TMABr9 (solid) 

e- l '  : TMABFg (so[idJ 
84O 

W Curve ( ~  : 
ui 820 a-b : TMABr 3 {solJd~ 

b-c :TMABr 3 {solid)+ TMABr 9 (solid) 

> (~ d 
E b ~_ ~ ~ ~ ...o o ~o 

7 6 0 L 7 8 0 [ - ' / a ~ "  ~, Curve (~) 

0 t0 

a-b :TMACIO 4 (solid) 
b-e ,TMAC[04 {solid)+TMABr9 (so(id) 

~ --_-_- 

20 30 40 50 
Bromine uptake, mole .lO 3 
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Figure 1, curve 3 shows the emf variat ions during the 
bromine uptake by TMAC104 which is only slightly 
soluble in water. Our measurements  at t ---- 25~ made 
by comparing the conductivity of the saturated solu- 
t ion dilnted twenty  times and the conductivities of 
TMAC10~ solutions of known concentrations, gave, for 
the saturat ion concentration, the value (7.50 ___ 0.05) 
�9 10-2F, agreeing with previous findings (9). In  the 
experiment  related to curve 3 in Fig. 1, the solubili ty 
is made even lower by the presence of NaC104 in the 
solution, and at the beginning  of the exper iment  the 
10.0 mmoles of TMAC104 are almost completely insolu- 
ble. 

The value of emf measured in the invar ian t  tract 
b-e  of Fig. 1, curve 3 (802 mV) is very  near  to that  
measured dur ing the d-e tract  of Fig. 1, curve 1 (804 
mV).  Moreover, in experiments  made with TMABr in 
1.0F NaBr and 1.0F NaNO3 solution, at a similar ionic 
s trength of the solution used for TMAC104 experiments,  
emf value of d-e tract of Fig. 1, curve 1 is practically 
coincident with that of b-e  tract of Fig. 1, curve 3. It is 
therefore evident  that for the addition of bromine to a 
saturated TMAC104, 1.0F NaBr and 1.0F NaC104 solu- 
tion at t ---- 25~ the only insoluble polybromide formed 
is the enneabromide TMABrg, without any  formation of 
t r ibromide and liquid mixtures  TMABr-Br2 of various 
composition�9 This indicates that if the TMA + concen- 
trat ion in the solution is ra ther  low, on adding bro- 
mine  the TMABr9 precipitates earlier than  the activ- 
i ty product aTMA+ "aBr3-- reaches the value corre- 
sponding to the t r ibromide precipitation. 

For the equi l ibr ium 

TMA + 4- Br3- ~ TMABr34, 

it is possible to calculate the activity product because 
the value of the equi l ibr ium constant  for the reaction 

Br~ + B r -  ~ Br3-  
is known (10), but  for the enneabromide precipitation 
equi l ibr ium the analogous calculation is not feasible 
because the value of the Br9- ion formation constant  
is not known, even should this ion exist in solution. 

Therefore, a numerica l  quant i ta t ive  verification of our 
opinion about the relative solubilities of t r ibromide 
and enneabromide does not seem possible at the present  
time. 

Nevertheless our observation of the precipitat ion of 
enneabromide start ing from the sparingly soluble 
TMACIO4 is in agreement  with the results of Bloch 
et al. (4), who also observed separation of enneabro-  
mide only, by adding bromine to dilute solutions (less 
than 0.115F) of TMABr. 

Figure 2, curve 1 shows the compositions of the 
insoluble polybromides formed dur ing the bromine 
uptake by TBABr dissolved in 1.0F NaBr solution at 
t = 15~ This temperature  was chosen to avoid the 
formation of l iquid  po lybromides  since the existence 
of a eutectic between TBABra and TBABr7 with mel t -  
ing tempera ture  at t ---- 28~ is known (5). In  fact, at 
t ---- 15~ all the polybromides formed unt i l  the salt 
fixed 5 moles of bromine per mole are solid. The solu- 
t ion becomes saturated by liquid bromine at point 1. 

The phase diagram (5) does not show the existence 
of TBABrs, TBABrg, and TBABrl l  compounds. They 
are probably compounds with an incongruent  mel t ing 
point, undetectable  with the technique used by the 
authors of the above-ment ioned paper in the deter-  
minat ion of the phase diagram. 

The low emf value measured dur ing the precipitat ion 
of TBABr8 indicates a very low solubil i ty in water  of 
this polybromide. Unlike the behavior of TMAC104, 
the t r ibromide TBABr3 precipitates even by addition of 
bromine to a saturated TBAC104, 1.0F NaBr and 1.0F 
NaC104 solution. 

Also for the polybromides formed by TBABr, we 
found no oxidations and good reversibi l i ty of the bro-  
mine uptake by repeated bromine additions and elim- 
inations with N2 bubbling.  

The compositions of the insoluble polybromides 
formed during the bromine uptake by PhTMABr in 
I�9 NaBr solution at t -- 25~ are shown in Fig. 2, 
curve 2. The solution becomes saturated by liquid 
bromine at point f. The curve is practically identical  
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1474 J. E lec t rochem.  Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  N o v e m b e r  1972 

for 10.0 mmoles of solid PhTMAC10~ in the presence of 
50.0 ml  of 1.0F NaBr and 1.0F NaC104 solution. There-  
fore in this case, as with TBAC104, the presence of the 
perchlorate does not prevent  the t r ibromide precipita-  
tion. 

The PhTMABr~-PhTMABr7 t ransi t ion is par t icular ly  
slow. Only with very slow additions of bromine vapors 
and rapid stirring, is it possible to avoid supersatura-  
tion phenomena,  indicated with a dotted l ine near  the 
c-d tract  in Fig. 2, curve 2. 

The existence of PhTMABr~ is known. (This com- 
pound is commercially available and is used for organic 
brominat ions in nonaqueous solvents.) The compounds 
PhTMABr~ and PhTMABrT have not been reported to 
date. 

Conclusions 
The potentiometric t i trat ions we made represent  a 

convenient  screening method for detecting the forma- 
t ion of qua te rnary  ammonium polybromides in a con- 
densed phase. The results obtained with TMABr at 
t ---- 25~ and  at t ---- 0~ confirmed the existence of the 
solid compounds TMABr3 and TMABrg, and the possi- 
bil i ty of a eutectic between them. With TBABr we con- 
firmed, at t ---- 15~ the existence of the solid t r ibro-  
mide and heptabromide, and we obtained exper imental  
evidence about the formation of solid TBABrs, TBABr,3, 
and TBABrn.  PhTMABr, at 25~ is able to form the 
solid PhTMABra, PhTMABr~, and PhTMABrT. All  the 
polybromides we studied release all the added fixed 
bromine by N2 sweeping at room temperature.  

We consider of interest  the results obtained with 
TMAC104; its direct t ransformat ion in solid TMABr9 
at 25~ makes this salt par t icular ly  suitable for prac-  
tical use in z inc-bromine secondary cells because it 

avoids the formation of l iquid polybromides (obtained, 
on the contrary, with TMABr) and because the four 
bromine molecules are fixed at the same emf value. 
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Cathodic Synthesis of Tetraalkyltin Compounds 
Harris E. Ulery 

Organic Chemicals Department ,  E. I. du Pont  de Nemours  & Company,  Wilmington,  Delaware 19899 

ABSTRACT 

Methyl bromide and allyl bromide are efficiently reduced at a t in  electrode 
to form te t ramethyl  and te t raal lyl  tin. A variety of other bromides with ap- 
preciably more negative reduct ion potentials also produce te t ra-subst i tu ted  
t in  compounds but  the yields are lower. At  higher potentials, cathode dis- 
integrat ion is a consequence of the competit ive reduction of the carrier  elec- 
trolyte (E t4N+Br- ) .  

The present  manufac ture  (1) of organotin compounds 
(chiefly dibutyl  derivatives) uses the following Grig-  
nard  process 

BuC1 4- M g ~  BuMgC1 [1] 

4BuMgC1 4- SnC14 ~ Bu4Sn 4- 4MgC12 [2] 

Bu4Sn 4- SnC14 ~ 2Bu2SnC12 [3] 

Of lesser importance is the Wurtz-Fi t t ig  synthesis 
which employs finely dispersed sodium 

Bu2SnCh W 2BuC1 4- 4Na-* Bu4Sn 4- 4NaC1 [4] 
Recycle 

I 
Bu4Sn 4- SnCl4--* Bu2SnC12 4- Bu2SnC12 [5] 

A sodium-t in  alloy process is also known analogous 
to that used in  te t raethyl  lead (TEL) manufac ture  

Na4Sn 4- 4BuC1 ~ Bu4Sn 4- 4NaC1 [6] 

K e y  words :  t in  ca thode ,  t e t r a a lky l  t in,  t e t r a m e t h y l  tin, t e t r aa l ly l  
tin, electrolysis ,  ca thode  d i s in tegra t ion ,  a lky l  b romides ,  r educ t ion .  

In  recent years a number  of related anodic syntheses 
of organometall ics have been devised (2). Typical of 
these are Ziegler's electrolytic a luminum alkyl  process 
(2b) and the Grignard  process (2c). While these are 
cur rent ly  applied to the manufac tu re  of lead te t ra-  
alkyls (e.g. Eq. [7] and [8]) (3) they represent  poten-  
tial routes to t in  compounds if the tendency of this 
metal  toward anodic passivation can be overcome (4). 

Anode: 4RMgC1 -t- Pb  ~ R4Pb -t- 4MgC1 + 4- 4e -  [7] 

Cathode: 4MgC1 + W 4e-  ~ 2Mg W 2MgC12 [8] 

Formal ly  these electrochemical syntheses are ana-  
logous to the chemical methods described above where 
the anode may be viewed as providing the required 
oxidized form of the recipient  metal. Fundamenta l ly ,  
each of these schemes depends on a reactive metal  (Na, 
Mg, etc.) to provide the substant ia l  energy required to 
ini t ia l ly reduce a carbon-halogen bond to a carbanion-  
old species 

RX 4- 2M o ~ ROM(9 -? MQ 4- XG [9] 
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The principal  variat ions in these anodic schemes relate 
to how the fate of R -  is controlled. 

Each of these processes has been criticized ( la)  be-  
cause the use of the reactive metals, which are not in 
all cases reclaimed, lead to inflated raw mater ia l  costs. 
Also, the methods are hazardous to operate. A pro- 
cedure for the direct addition of alkyl groups to tin, 
therefore, would be a mat ter  of considerable technical 
merit.  

One obvious solution is to c i rcumvent  the use of a 
reactive metal  by supplying all the energy for alkyl  
halide reduct ion electrochemically. In  1963 Silversmith 
and Sloan (5) reported that  a number  of soft metals 
could be sacrificed cathodically by an alkyl  halide with 
the consequent formation of the polyalkyl  metal. This 
work was both a ref inement and generalization of the 
earlier finding by Calingaert  (6) that  Et4Pb was 
formed dur ing  the electrolysis of an EtI solution be-  
tween lead electrodes. Our purpose at this t ime is to 
report  on some init ial  studies of the application of 
this reaction to the synthesis of organotins. 

E x p e r i m e n t a l  
Apparatus.--Electrolyses were conducted in a 100 

cm 2 discoid cell operated at 10A. Cathode and anode 
were separated by an Amfion| C-310 ion exchange 
membrane.  Catholyte and anolyte were independent ly  
circulated through external  reservoirs and heat ex-  
changers, and vented through wet test flowmeters. The 
cathode was fabricated from 1/4 in. cast t in  plate which 
analyzed at 99.85%. The anode was constructed from 
oil impregnated electrolytic grade graphite. 

Procedure.--For the batch electrolyses the anolyte 
consisted of 570g of an acetonitri le solution conta in-  
ing 35 weight per cent (w/o)  t e t rae thy lammonium 
bromide (TEAB) and 10 w/o water. The TEAB was 
present  in ca. 27% excess over the amount  needed to 
form the tribromide. The concentrat ion of MeBr was 
set ini t ia l ly at 1 molar:  the total amount  of catholyte, 
therefore, varied as indicated in Table II. Both catho- 
lyte and anolyte were circulated at 500 m]/min.  The 
tempera ture  stabilized near  5O~ The total current  
passed was 0.5 Faraday. 

The continuous electrolyses utilized addit ional  feed 
reservoirs. Electrolysis was allowed to proceed with 
recirculat ion only for the first 10 min, at which t ime 
the soluble t in  concentrat ion was about 2.5%. A feed/  
bleed rate of about 7 g /min  was then established to 
main ta in  an approximately constant  concentrat ion of 
t in  in the circulating stream. The tempera ture  was 
main ta ined  at 35~ 

The amount  of te t ramethyl  t in  found was determined 
by vapor phase chromatography. The total  soluble t in  
was obtained by polarographic analysis. 

Electrolyte densities.--Densities of the three com- 
ponent  systems R4N+Br- -H20-MeCN were obtained 
to allow the conversion between weight per cent com- 
positions and fundamenta l  concentrat ion units. These 
data were fitted to the following regression equation 

d425 : 0.7768 ~- 0.002202Pw + ~Ps -t- ~PwPs 

where Pw and Ps are the t rue weight per cent of water  
and te t raalkyl  ammonium bromide. The regression 
coefficients and s tandard errors of estimate are given 
in Table I. 

Results and  Discussion 

The general  reaction under  study is 

Cathode: nRX + M + n e -  - ,  RnM -F n X -  [10] 

n 
Anode: n X -  -~ - -  X2 -~ n e -  [11] 

2 
n 

Over-al l :  nRX -~ M -b nFaraday->  RnM + ~-X2 [12] 

The case where  RX ---- an alkyl  bromide and M = Pb 

Table I. Regression coefficients and standard errors of estimates 
for densities of the three-component system R4N § Br - H20 - MeCN 

R =  a x 10:  ~ x 104 

M e - - ( a t  0.7747 --0.6222 0.015 
E t - -  0.4007 -- 0.6085 0.002 
n-Pr 0.2631 -- 0.0224 0.006 
n - B u  0.2264 + 0.3134 0.009 

(a) Me~N+Br-  f o r m s  t w o  l i q u i d  p h a s e s  a t  some  c o m p o s i t i o n s .  T h e s e  
d a t a  r e f e r  to  the  m o n o p h a s e  l i q u i d  c o m p o s i t i o n s  on ly .  

has been studied previously (7, 8). It  was found that  
with methyl  bromide the reaction is exceedingly effi- 
cient and essentially quant i ta t ive  yields of t e t ramethyl  
lead based on both electricity and lead consumed are 
possible. With ethyl bromide, n is be tween 3 and 4 and 
lower yields of both Et4Pb and Et6Pb2 are formed. 

General scope of the reaction.--The versat i l i ty of 
the sacrificial t in  cathode is suggested by the data in 
Table II. The yields assume the stoichiometry of Eq. 
[12] with n : 4; they are based on the conversion of 
cathode mater ial  to a soluble organic form and are 
referred to the consumption of current  (% el) and of 
t in  (%Sn) .  Electrical yield losses were found to be 
due largely to three competing processes: (i) reduc- 
tion of RX to RH, (ii) dimerization of RX to R-R, and 
(i/i) reduction of the t e t rae thy lammonium bromide 
(TEAB) electrolyte to t r ie thylamine.  Tin yield losses 
were due pr imar i ly  to cathode sloughing and to a 
lesser extent  the formation of insoluble organic and 
inorganic t in  salts. The te t ra-subst i tu ted  t in  product 
was identified in several cases by using known s tan-  
dards with gas chromatography and /or  mass spectrom- 
etry. 

Since the results indicate that  the electrolyses of 
methyl  and allyl bromide are both qual i ta t ively and 
quant i ta t ive ly  superior to the other examples, these 
were examined in some detail. 

(CH3) 4Sn yield vs. catholyte compositions.---Previous 
work with lead cathodes (7, 8) had shown that  the 
reduction process was sensitive to catholyte composi- 
tion. The results of Table II, therefore, do not corre-  
spond necessarily to opt imum values. The results of a 
systematic variat ion in the concentrat ions of H20, 
TEAB, and MeBr are shown in Table III for a series of 
batch electrolyses. The m i n i m u m  values for the water  
and MeBr concentrat ions were set to avoid excessive 
sloughing of Sn. The TEAB concentrat ion is con- 
s t rained by its solubil i ty and by  the power require-  
ments  of the cell. In  order that the MeBr and t in 
concentrat ion changes be about the same for each run,  
the total  amount  of catholyte was different for each 
level of MeBr. The reproducibi l i ty  of the data was 
l imited by minute  membrane  damage and lack of tem- 
perature control; high temperatures  developed during 
reduction led to outgassing of MeBr. 

A series of continuous electrolyses provided better  
control of composition variables and tempera ture  

Table II. Reduction of organic bromides (RBr) at a tin cathode 

Y i e l d s  (e) R4Sn 
R % e l  % S n  i d e n t i f i e d  

1. M e ~  80-100  u p  to 100% Yes  
2. E t - -  10-15 50-80 Y e s  
3. n - l ~  25 66 Y e s  
4. i - P r  5-15 25-75 No 
5. n-Bu 10-30 15-45 Y e s  
6. i - B u  13 00 (b) 
7. B r  ( - -CH~)  s--- 1 70 (b) 
8. CH2 = CH~---CH~-- 75(a) 75Ca) Y e s  
9. P h - -  20 84 Yes  

10. P h C H ~  1 50 (b) 
11. PhCH~ = CH~----CH~-- 2 60 (b) 

(a) T h e  r e m a i n i n g  25% c u r r e n t  p a s s e d  a n d  S n  c o n s u m e d  w e r e  ac -  
c o u n t e d  f o r  by  t h e  f o r m a t i o n  of (RaSnBr)x  �9 RaSnOH.  

(b) I d e n t i f i c a t i o n  of p r o d u c t  n o t  a t t e m p t e d .  
(c) C a t h o l y t e  = 20% T E A B ,  2 .5% H~O. 
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Table Ilk TMT--Batch electrolyses 

I n i t i a l  
c a tho ly t e  c o m p o s i t i o n  % % 
% % % Tota l  of Sn  (a) Ga s  (b) 

HcO MeBr  T E A B  ca tho ly t e  loss  f o r m e d  

Elec-  
t r o n s /  

Cel l  g - a t o m  
vol t .  Sn  

1.5 10 5 950 88.9 42 8.5 4.42 
1.5 10 5 950 98.8 46 9.0 4.09 
1.5 20 5 475 92.2 71 7.5 4.35 
3.5 10, 18 950 95.4 60 7.0 4.23 
3.5 20 18 475 97.0 75 6.5 4.14 
5.5 15 12.5 633 82.1 65 6.7 4.87 
5.5 15 12.5 633 92.2 68 6.7 4.35 

10.5 I0  5 950 61.2 114 7.1 6.56 
10.5 20 5 475 69.7 111 7.0 5.75 
10.5 10 20 950 80.7 82 6.5 4.95 
10.5 20 20 475 71.4 120 6.7 5.60 

~ E lec t r i ca l  bas is  a s s u m i n g  a 4 -e lec t ron  process.  
~b) E lec t r i ca l  bas is  a s s u m i n g  a 2 -e lec t ron  process.  F i g u r e s  i nc lude  

e n t r a i n e d  M e B r  and,  t he re fo re ,  m a y  exceed  100%. 

(Table IV). The concentrat ion of t in  in the catholyte 
reached 1.5-2.5 w/o. Water  permeat ion from the ano-  
lyte increased the average level in catholyte by 0.8- 
t.8% over the ini t ial  value. Under  the conditions of 
these experiments  all the consumed t in present in the 
product catholyte was as a soluble material .  Fu r the r -  
more, gas chromatographic analysis indicated that  TMT 
is indeed the major  reaction product initially. 1 Con- 
sequent ly  cathode weight loss in the absence of slough- 
ing may  be taken as a crude measure of TMT forma-  
tion. All  the data at present  indicate that  cur rent  effi- 
ciencies must  be based on a 4-electron process (Eq. 
[ 10] ). 

Product yields.--Regression analysis of the results in 
Table III  indicates that  most of the variat ions in yields 
based on cathode weight loss is accommodated simply 
by the differences in water  and TEAB content;  changes 
in the ini t ial  concentrat ion of MeBr did not signifi- 
cant ly  influence t in  consumption. That decreased water  
concentrat ions promote higher yields of the organo- 
metall ic product is to be expected on the basis of com- 
petition, and is a famil iar  fact in the cathodic syn-  
thesis of te t ramethyl  lead (8). By comparison, the in-  
fluence of water  is about 3 times larger in the case of 
TMT than  for TML. This agrees favorably with the 
factor of 5-6 predicted solely on the basis of polaro- 
graphic studies of the hydrogen overvoltage on t in and 
lead cathodes in related electrolytes. 

Increasing the carrier electrolyte increases the con- 
sumption of tin. While regression analysis a t t r ibutes  
a much smaller  role to TEAB than  to water, it is by 
no means insignificant. Discussion of this point  wil l  be 
deferred to a later  section, but  it should be pointed 
out that  when the TEAB concentrat ion is set above 
about 5% in relat ively dry systems, sloughing of t in  is 
observed; the current  efficiency with respect to solu- 

1 The  ca tho ly t e s  are u n s t a b l e  and  some a l k y l  t i n  b r o m i d e s  and  
i n s o l u b l e  t i n  c o m p o u n d s  f o r m  due  to  the  p r e s e n c e  of a i r  a n d  t races  
of  Br3- and  HBr.  The  ca thod ic  f o r m a t i o n  of  l o w e r  a l k y l t i n  p r o d u c t s  
w i l l  be  d i scussed  in  a l a t e r  paper .  

bilized t in is not as high. Increasing the water  content  
raises the level of TEAB required to cause sloughing. 

Gassing.--The evolution of gas is a 2-electron proc- 
ess. It  appears to be the major  side react ion under  
optimal conditions. Accordingly, gas production and 
t in consumption are inversely related and display op- 
posite dependencies on water  and TEAB concentra-  
tions. This was not t rue with alkyl  bromides with much 
higher reduction potentials than MeBr. In  these cases 
some tr ie thyl  amine is obtained from the reduct ion of 
te t raethyl  ammonium ion. 

Tetraallyltin.--The reduct ion of allyl bromide under  
conditions similar  to those used with MeBr results in 
an efficient sacrifice of the t in  cathode. The results 
parallel  those obtained by a strictly chemical method 
(9), for the preparat ion of te t raal lyl  tin. About  75% 
of the t in  consumed appears in  a soluble form, which 
at least ini t ia l ly seems to be mostly te t raal ly l  t in (g.c. 
analysis) .  The remaining  25% is accounted for as an 
amorphous, MeCN insoluble product containing 37- 
46% Sn corresponding to the probable composition 
(R3SnOH)x- (R~SnBr) .  When water  is replaced by 
MeOH and allyl chloride is used, no solid complex was 
formed. 

Less than 4 electrons/atom of consumed t in  were 
required on the average in spite of a nomina l  loss of 
electrical efficiency as a consequence of the formation 
of gas. 2 It is quite probable that  a 3-electron process 
is competing with the "normal"  4-electron reaction 

3RX + Sn -{- 3e -  ~ 1/~R6Sn2 J~ 3 X -  [13] 

The formation of hexaal ly ldi t in  would be consonant 
with the earlier observation (7) that  hexaalkyldi lead 
compounds are favored when the alkyl  groups are so 
large as to inhibi t  the formation of four carbon bonds 
to one central  metal  atom. Table V shows that  under  
similar conditions the reaction at a lead electrode 
(which also produces some insoluble complex) is com- 
parat ively less efficient. With nei ther  metal  was 
sloughing of the cathode mater ia l  itself observed. This 
is reasonable, since the reduct ion potential  of allyl 
bromide is s imilar  to that of MeBr. 

Sludge ]ormation.--At low water concentrations, the 
extent  of sludging increases very  rapidly with catho- 
lyte TEAB content. The sludge is composed pr imari ly  
of metal  fines together with some salts. An  interest ing 
t rend can be discerned: sludge rates increase rapidly 
as the catholyte approaches saturat ion with respect 
to TEAB. Table VI shows that  the per cent of satura-  
t ion is ra ther  constant  for a given level of sludge 

~- P r o p e n e  was  i den t i f i ed  a m o n g  t he  off-gases.  

Table V. Batch electrolysis of allyl bromide 

Cathode  
Metal ,  loss E l e c t r o n s /  

% H~O % T E A B  % CsHaBr M (g-a tom)  g - a t o m  M 

Table IV. TMT--Continuous electrolyses 

I n i t i a l  e a t h o l y t e  Elec-  
c o m p o s i t i o n  % t r o n s /  

% % % % S n  <a) G a s  r % Sn  to) g - a t o m  
H~O M e B r  T E A B  loss  s l u d g e  e v o l v e d  f o u n d  S n  

3 18 20 Sn  0.129 3.85 
3 18 10 Sn 0.116 4.27 
3 5 20 Sn  0.133 3.73 
3 5 10 Sn  0.127 3.91 

1 (MeOH) 3 (TEAC) 30 C~H3C1 Sn  0.115 43.0 
3 5 10 P b  0.017 12.9 
3 5 20 Pb 0.033 11.3 
1 2 3.0 P b  0.029 6.5 

1 10 3 88 0 21 74 4.62 
1 10 12 80 37 24 84 3.68 
1 10 12 85 24 14 --~r 3.94 
1 12 10 77 30 25 --(~J 5.16 
1 15 8 95 0 21 80 4.25 
1 20 3 94 0 28 82 4.29 
1 20 12 85 20 25 --(~) 3.83 
3 10 3 93 0 25 90 4.29 
3 10 12 91 0 31 91 4,43 
3 20 3 91 0 32 (107) 4.41 
3 20 12 95 0 29 94 4.23 

ca) E lec t r i ca l  basis,  a s s u m i n g  4 -e lec t ron  process.  
(b~ E lec t r i ca l  basis ,  a s s u m i n g  2 -e l ec t ron  process,  
(c) To ta l  so lub le  t i n  as pe r  cent  of to ta l  t i n  loss. 
Cd~ M e m b r a n e  l e a k  p r e v e n t e d  d e t e r m i n a t i o n ,  

Table VI. Sludge formation as a function of catholyte composition 

% of m a x  T E A B  p r e s e n t  
T E A B  w h e n  s ludge  y i e l d  is  

H20 s o l u b i l i t y  
(w /o )  (w/o)  0% 10% 20% 

0 13 S 23 39 
1 20 10 20 31 
2 24 8 17 30 
3 28 11 21 32 
4 31 6 23 41 

A v g .  9 •  2 1 ~ 4 %  37"+ '7% 
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Fig. 1. Tin cathode after electrolysis of MeBr/TEAB/MeCN, no 
sludging. 

formation dur ing  MeBr reduct ion in spite of the over-  
all  change in solution composition. 

Other data also implicate the carrier electrolyte as a 
responsible factor in the formation of sludge: (i) 
Poorer solvents for TEAB (eq. propionitrile,  benzo- 
nitr i le)  produce more sludge for a given concentra-  
t ion of electrolyte. (ii) Co-solvents wi th  reduct ion 
potentials lower than TEAB in part icular  hydroxylic  
solvents, inhibi t  sludging; by contrast, relat ively non-  
polar unreact ive solvents such as benzene, diglyme, 
and te t ramethyt  t in  increase sludge rates. A lead 
cathode behaves in much the same way (8). (iii) 
Qualitatively,  less cathode sloughing is observed with 
te t rapropyl  ammonium and te t rabuty l  ammonium 
salts than with the corresponding te t raethyl  ammonium 
salts. ( iv)  High current  densities and poor catholyte 
circulation both promote sludge formation suggesting 
that  high local potentials are responsible for non-  
faradaic metal  removal  (see below). 

In  the absence of extensive cathode disintegration 
the reduction of MeBr at a t in  or lead electrode is 
unique. This is the only alkyl bromide that yields a 
specularly etched cathode in  which the crystal l ine 

detail of the metal  is preserved down to the submicron 
level (Fig. 1 and 2). All  other depolarizers studied 
have decidedly more negative reduct ion potentials (7) 
and these remove metal  in an apparent ly  random 
fashion such that  no microscopic evidence of cathode 
crystal l ini ty is preserved (Fig. 3 and 4). When  trace 
metal  fines are produced with MeBr, cratering is ob- 
served along microcrystal l ine edges and corners (Fig. 
2b), but  not on faces-- in  other words, pi t t ing appears 
where the local potential  is the highest (10). 

I t  is suggested that  reduction of the te t raethyl  am-  
monium cation and subsequent  implanta t ion  of the 
product (Et4N') is responsible for the formation of 
cathode sludges. Implan ta t ion  of alkali  metals  is fre- 
quent ly  observed at soft metal  cathodes (11) including 
Pb and Sn. Often it results in cathode disintegration. 
Seebeck's remarkable  and still curious ammonium 
amalgam (12) is an analogous phenomenon.  In  fact, 
both NIe4N + and Et4N + yield amalgams (13), although 
that  of the lat ter  is appreciably less stable owing to 
the greater  ease of f ragmenta t ion expected when  the 
ethyl group is present. 

While the details of the implanta t ion process per se 
remain  obscure, it is clear that  the first step---reduction 
of the ca t ion-- readi ly  explains many  of our observa- 
tions. The rela t ively high potential  required to reduce 
Et4N + is not accessible as long as other reducibles are 
present. It is not surprising, then, that the following 
order for sludge inhibi t ion is observed for a given 
weight per cent of additive: H20 ~ MeOH ~ glycerol 

polyethylene glycol. The reverse might  be expected 
if adsorption of the inhibitor  was responsible instead 
of the hydroxyl  group activity. Finally,  we note that 
when a 0.5% H20/10% TEAB/acetoni t r i le  solution is 
subjected to electrolysis at (0.1 A/cm2), the electron- 
micrographs of the surface (Fig. 5) resembled those 
obtained from cathodes sacrificed to higher alkyl  bro- 
mides (cf. Fig. 4). The principal  off-gas was ethane, 
while t r ie thylamine was a major  product in solution. 
That reduction proceeds through the intermediate  
Et4N �9 is reasonable, since the cathode fines were found 
to possess a residual reactivi ty toward water. 
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Fig. 2. Detail of tin cathode after electrolysis of MeBr/TEAB/MeCN. (a, left) No sludging; (b, right) trace sludging. 
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Fig. 3. Tin cathode after electrolysis of EtBr/TEAB/MeCN. 
heavy sludging. Pattern due to membrane supporting screen. 

Fig. 4. Detail of tin cathode after electrolysis of EtBr/TEAB/ 
MeCN, heavy sludging. 

sistance were  an inva luable  contr ibut ion  throughout  
this  study. 
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Any  discussion of this  paper  wi l l  appear  in a Discus- 

sion Section to be publ i shed  in the June  1973 JOURNAL. 

Fig. 5. Detail of tin cathode after electroysis of TEAB/MeCN, 
very heavy sludging. 
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ABSTRACT 
In films forming in 2.4M H2SO4 at 5 m A / c m  2, many breakdown events  in-  

cluding pit  init iation were  found to occur continual ly but to be fol lowed by 
almost immedia te  repair,  so that  the stabili ty of film growth  was due not to 
the absence of breakdown but to the efficacy of repair.  A relat ion between the 
sites of breakdown and substrate s t ructure was not indicated. F i lm growth was 
interpreted as occurring through a compact film at pore bases, as in the 
classical mechanism, and also through b reakdown- -ex tens ion  of a pore near 
to the meta l  in te r face- -and  repair  by reanodizat ion to form a hemisphere  of 
compact film extending into the substrate. An  interpreta t ion of the geometr ical  
s t ructure of the film is proposed. 

Considerable invest igat ion of the stabili ty of surface 
films in electrolytes has been done through the macro-  
scopic e lec t rochemis t ry  of anodic behavior  in passiva-  
tion and pitting, electrolytic polishing and format ion 
of protect ive or dielectric films by anodizing. Since 
film breakdown is usual ly localized in cases of interest,  
insight into the mechanisms of fai lure may  be sought 
through direct  observations of the microtopography of 
the initial fai lure events by electron microscopy. For  
application to corrosion of aluminum, the initial work  
was based on films formed in sulfuric acid, so that  the 
extens ive  anodizing l i t e ra ture  [ the subject  of a recent  
rev iew (1)] could be used as part ial  guide and re fe r -  
ence, but  at a low current  density yielding th inner  
slowly growing films. 

In constant -current  anodizing of a luminum in 
sulfuric acid ( typically 15% or 1.5M at C.D. be tween  
10 and 100 mA/cmf ) ,  the cell voltage ( referred to a 
Pt  cathode) first rises rapidly with growth of a film 
and then, usually after  passing through a maximum,  
levels  off at a s teady-state  value (2, 3). At  least by the 
ear ly  part  of the voltage plateau, pores are init iated by 
preferent ia l  film dissolution along channels from the 
externa l  surface and the film then develops the classical 
more or less hexagonal  ar ray  of pores wi th  a scalloped 
barr ier  layer at the base (4) and maintains this s t ruc-  
ture  during thickening by growth through the barr ier  
layer  and dissolution of film at pore bases (3, 4). The 
ra te  of pure ly  chemical  dissolution as measured by 
several  methods is only <1 A / m i n  (5-7) and is respon- 

sible only for some tapering of the pore walls toward 
their  mouths  and some external  film surface dissolu- 
tion, and the rapid pore-base  dissolution which keeps 
pace with the imposed C.D. is a t t r ibuted to a field- 
assisted process (8), the details of which are not 
known. A discussion of classical pore growth has been 
given recent ly  by O'Sul l ivan and Wood in connection 
with studies in phosphoric acid, where  s teady-state  
voltage was high ( ~  100V) and where  films many  
microns thick could be studied in section as well  as on 
their  surfaces and the relations be tween forming vol t -  
age and the dimensions of the pore s t ructure  determined 
(9). For sulfuric acid anodizing, the relat ion found for 
pore diameter  was 9-10 A / V  and for cell d iameter  
25-28 A / V  (3); the value for barr ier  layer  thickness 
was not de termined  [this was 10 A / V  in phosphoric 
acid (9)]. The details of the pore initiation process are 
not established. A useful relat ion has been der ived 
f rom constant-vol tage anodizing studies in which pore 

* Electrochemical  Society Act ive  Member .  
Key  words :  f i lm-breakdown,  f i lm-repair ,  pi t t ing,  a luminum.  

format ion in various electrolytes was found to accom- 
pany protracted current  decay (10-13) and thus could 
be associated wi th  the condition, according to high-  
field film growth theory, that  the forming field had 
fallen to a sufficiently low value (11). The concept that  
film dissolution is inhibited at high fields has also re-  
ceived support f rom constant C.D. studies in sulfuric 
acid (2). 

This paper is sometimes concerned with  deviat ions 
f rom the classical pore structure,  and it is helpful  to 
refer  in general  to the conducting columns of e ,ectrolyte  
in the film as "channels"  and reserve the t e rm "pores" 
for those approximat ing the classical model  in char-  
acter and dimensions. The t e rm "breakdown" is used 
here not in the electrochemical  sense of a fall in film 
resistance but only in a broad geometr ical  sense of 
creation of a f i lm-free  zone or highly conduct ive path 
(e.g., by dissolution or cracking) which extends to or 
almost to the f i lm-substrate  interface. Since this may 
be mere ly  creation of an advance channel  through 
the ba r r i e r - l aye r  film at the base of an existing 
channel or pore, porous film growth and breakdown 
are l ikely to be related phenomena.  The initial b reak-  
down event  wi th in  a thin film would not normal ly  be 
observable  direct ly  but  its incidence and character  
would  be inferred f rom the microtopography of the 
resul t ing pit  in the substrate or zone of repaired film. 
The present observations necessarily lead to geomet-  
rical models and do not deal directly wi th  questions 
discussed e lsewhere  concerning the chemical  s t ructure 
of the film and the state of hydrat ion at various 
levels  (14). 

Experimental 
99.999% a luminum sheet containing in ppm wt. 2.4 

Fe, 1.5 Si, 1.0 Cu, and 0.6 Mg as major  impuri t ies  (Lot 
I I I -A)  was mil led into blanks 20xl0xl  mm with  a 
nar row tab and these were  annealed in air  24 hr  at 
650~ and cooled in an air stream. They were  etched 
in 10% HF and electropolished in 20 volume per cent 
(v /o)  70% perchloric acid in ethanol at --10 ~ to --15~ 
for 10 min at 100 m A / c m  2, then rinsed in a je t  of 
ethanol and dried. The intent ion was to standardize the 
procedure and the initial state of the surface whi le  
holding close to the conditions found previously (15) 
to yield surfaces wi thout  grain boundary grooves or 
level  differences be tween  grains; longer polishing t imes 
are normal ly  requi red  to yield a featureless surface. 
Anodic films were  formed in a st irred bath of 2.4M 
H~SO4 at 25.0 ~ • 0.2~ at 5 m A / c m  2 f rom a constant-  
current  source with a 50 cm 2 plat inum cathode for 
t imes up to 30 min. The acid concentrat ion (and the 

1479 



1480 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  November  1972 

batch itself) was the same as used previously to study 
the s t ructure-re la ted  free corrosion behavior of Lot 
I I I -A (16). 

Surfaces were examined by optical microscopy and 
by  scanning electron microscopy after applying a th in  
carbon layer  to prevent  charging in the beam. Fi lms 
stripped in mercuric chloride solution were examined 
in transmission [flakes of MoOa smoke (17) being used 
for focusing], and carbon replicas preshadowed at 35 ~ 
with p la t inum were taken of outer and inner  film 
surfaces, the film being removed in 10% HF without  
attack of the plat inum. Fi lm thickness estimated from 
the t ransparency to 100 kV electrons showed the 
formation efficiency was low; the 30 min  film, opaque 
to the beam, was checked by an interferometric 
method and found to be near Vz ~m thick. 

Results and Discussion 
Kinetics.--Galvanostatic anodizing at C.D. of 25- 

100 m A / c m  z gave cell vol tage- t ime curves, as for 50 
mA/cm 2 in Fig. la, similar to those reported previously 
for slightly lower acid concentrat ions (2, 3). At lower 
C.D. the max imum was broader and the plateau lower 
and 5 mA]cm~ (Fig. lb )  was chosen as yielding suit-  
able conditions for this work. The curve displayed on 
a mill ivolt  recorder was smooth with only weak voltage 
fluctuations in  the region of the maximum;  recording 
the curve on an oscilloscope with much higher fre- 
quency response did not reveal  substant ia l ly  larger 
fluctuations. Instead of the ini t ial  l inear  rise of voltage 
seen at higher C.D., the 5 mA/cm 2 curves showed a 
change in  slope near  �89 If before anodizing the 
specimen were either etched 2 min  in  10% HF or 
treated with the hot chromic-phosphoric acid film 
stripping solut ion to remove the residual  electro- 
polishing film (about 200A) 'and leave only the much 
th inner  film remain ing  after a water  rinse, the curve 
was altered somewhat below 1V, but  the remainder  
of the curve was unchanged. 

Optical and scanning microscopy.--Examination of 
anodized surfaces by bright-field optical microscopy 
or by scanning electron microscopy revealed small  
repaired pits of micron size with densities of ~ 102 
per cm% Many of these pits formed early in the anodiz- 
ing process bu t  they soon ceased to grow. F igure  2a 
shows the secondary:electron image of the surface of 
the film over a pit after 25 sec anodizing; the anodic 
film over the pit had been lifted and cracked. The 
specimen-current  image gives a "radiograph" reflecting 
the thickness of film overlying the substrate and so 
could be used to give some information in depth. This 
image (Fig. 2b) was everywhere darker  over the pit, 
i.e., the total fi]m thickness was greater there indicat ing 
that a repair  film had already formed. It was deduced 
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Fig. 2. Scanning electron micrographs at small pits in anodized 
specimens. (a) after 25 sec, secondary-electron image; (b) same 
field, specimen-current image; (c) after 15 min, cluster of pits of 
typical size, secondary-electron image. 

that  pi t t ing began by undermin ing  the original  film (3) 
and  the repair  process was a rapid reanodization of 
the exposed metal  at high local C.D. This repair  was 
effective; in specimens examined after longer anodizing 
times, pits such as those in Fig. 2a were no larger and 
most of the scattered pits present  were smaller  and 
associated with very little per turba t ion  of the external  
surface of the film, as i l lustrated by the group shown 
at higher magnification in Fig. 2c. Wood and O'Sul l ivan 
had found that  at 10 mA / c m 2 pits formed in  sulfate 
solutions only above pH 1.1 (3). In  the present  experi-  
ments, the absence of distinct pi t t ing was due not to 
the absence of a tendency for pit formation but  to the 
capacity for rapid repair. 

A more sensitive method for detecting the presence 
of geometrical features beneath  the film is dark-field 
optical microscopy, which is sensitive to minor  i r regu-  
larities in the metal  surface. In  the original  electro- 
polished surface, this revealed some bright  spots (Fig. 
3a) a t t r ibuted to shallow depressions r emain ing  from 
pits produced in the course of electropolishing and now 
almost removed by the subsequent  electropolishing. In  
specimens anodized 84 sec or more, there were many  
more spots (,~ 105 per cm 2) in the dark-field view 
(Fig. 3b) (many of these were too faint  to survive 
reproduct ion) .  Only a small  fraction of these could be 
identified by optical or scanning microscopy and most 
are thought to have represented some of the m a n y  
small depressions in the metal-f i lm interface revealed 
in the replica studies described in the following section. 
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The spots in anodized specimens showed no apparent  
preference for grain boundaries  nor was the appearance 
of individual  boundaries  altered greatly from that  
observed in  the electropolished state where grain 
boundary  grooves were usual ly  visible as faint  lines 
(arrows in Fig. 3a), their appearance varying some- 
what  with the short polishing times employed. The 
distr ibution of spots wi th in  the grains of anodized 
specimens was not s trongly associated with subgrain  
boundaries,  as determined in specimens for which the 
subst ructure  had been previously established by etch- 
ing. It was conceivable that  the spots might  be associ- 
ated with segregations of iron or other impurities,  
which under  free corrosion conditions at much lower 
C.D. ( ~  10 -2 mA/cm 2) lead to the formation of small  
pits in sulfuric and other acids (16). This was checked 
by  subjecting zone-refined a luminum containing only 
about O.1 ppm Fe and Cu to the same treatment ,  and 
the dark-field micrographs (Fig. 3c) were found to be 
essentially the same. The events giving rise to the 
bright spots were thus not strongly s t ructure-  or 
impuri ty-sensi t ive.  

Transmission and replica studies.--Transmission 
studies, made on the plateau of the cell vol tage- t ime 
curve, were limited main ly  to anodizing times up to 150 
sec because of the fogged background and obscuring 
of detail in thicker films. These studies (Fig. 4) re-  
vealed structures which were nonclassical in several 
respects. For one, instead of the classical pore s t ructure  
appearing as rounded 6O-TOA light spots on a uni form 
darker ground, the channels observed were usual ly  
elongated or streaked and there was considerable 
detail  in the background. Also, the film showed numer -  
ous dark zones indicative of breakdown and repair  
events, these being prominent  at low magnifications 
(Fig. 4f). 

With regard to the dark zones, it was determined by 
varying the focus that  these represented locally greater  
mass thickness. The presence of the zones was reflected 
in the external  surface replicas (Fig. 5a and b) only 
in minor  ways. It  was on the film underside (Fig. 6) 
that the events were manifest.  The larger ones 
appear in Fig. 6c and d as rounded projections extend-  
ing out from the film and thus represent ing the locally 
thicker regions of film giving rise to the dark zones in  
the t ransmission image. For shorter anodizing times, 
the zones were smaller and less p rominent ly  reflected 
in the film underside topography (Fig. 6a and b) .  In  
general, it appeared that  in the course of anodizing 
breakdown-repa i r  events occurred cont inual ly  in one 
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form or another  at the base of the film and the under -  
side replicas revealed those that  had taken place 
shortly before the t ime of observation before the pro- 
jections were obscured by  cont inuous un i form film 
growth. 

Extensive selected-area diffraction of these zones 
revealed no evidence of the crystal l ini ty shown by 
Zahavi and  Yahalom to be associated with breakdown 
zones at higher C.D. and higher plateau voltages (18, 
19). This could be checked even for the 900 sec film 
by using a defocused (phase contrast)  image to locate 
the zones. 

The events visible on the film underside replicas 
corresponded to depressions in the substrate-f i lm inter-  
face which could serve as light scattering centers in 
dark-field optical microscopy. Most of the events 
observed were too small  to provide sufficient intensi ty 
for detection in the present  optical studies. However, 
the events covered a wide size range and the underside 
replicas did reveal a number  of b reakdown-repa i r  
events or repaired pits larger than those shown in 
Fig. 6c and d, and it was deduced that the weak light 
spots in the dark-field optical micrographs originated 
at these ( ~  0.1 #m across). The electron-microscope 
studies indicated that  the breakdown could occur at 
any point  on the surface and thus supported the con- 
clusion of the optical studies that  these events were 
not l imited to boundaries or impur i ty  segregations in 
the substrate. 

A case of local growth of repair  film in to the sub-  
strate had been described by Renshaw (20) who studied 
t:he anodizing of a luminum (in chromic acid) through 
a substant ial  pre-exis t ing compact film and found large 
hemispheres of porous film growing from the base of 
the compact film. This was a different situation, its 
point of interest  being not an anomaly in the character 
of the porous film itself but  the fact that it started to 
grow only from discrete locations where the compact 
layer  had been penetrated.  

Consideration is now given to the nonclassical aspects 
of the pore structure. In  transmission, the structure 
that  developed (Fig. 4d) appeared to consist of major  
channels  or pores of somewhat i r regular  shape and 
between them some finer ones usual ly  of lower contrast 
and sometimes r unn i ng  in strings. The appearance of 
the channels changed somewhat on t i l t ing in a m a n n e r  
which suggested many  were incl ined to the normal  or 
jogged [they were not sloped uni formly  in one grain 
as has been reported (21)] and their  apparent  shapes 
were related to this. The diameters and spacings of the 

Fig. 3. Dark field optical micrographs of specimens: (a) as electropolished, (b) after anodizing 30 min, (c) zone-refined aluminum 
after anodizing 84 sec. Arrows indicate positions of faintly visible grain boundaries. 
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Fig. 4. Transmission electron micrographs at 100 kV of films 
farmed for various times. (a) 15 sec, (b} 25 sec, (c) 84 sec, (d) 
150 sec, (e) 25 see at higher magnification showing the details of 
the channels in the film, (f) 84 sec at lower magnification showing 
breakdown-repair events. 

major  channels after 150 sec were approximately those 
expected from Wood and O'Sull ivan 's  figures (3, 9) 
for the classical pore s t ructure  at the present  cell 
voltage. The channel  density was about half  the value 
observed at 15 sec (just after reaching the voltage 
plateau) (Fig. 4a). The density at 15 sec was approxi-  
mately 7 • 1011 cm -2 both in t ransmission (Fig. 4a) 
and in the channel  mouths visible on the external  
surface replica (Fig. 6a);  this density was retained at 
the external  surface, as seen in the 900 sec film (Fig. 
6b) where the only substant ial  change from Fig. 6a 
was that  a few of the channel  mouths were enlarged. 
These observations indicated that the origin of the 
change in channel  density seen in t ransmission was 
that  certain channels  ceased to grow and thus yielded 
insufficient contrast  to be visible after the film thick-  
ened. The density of active channels could not be 
determined from the dimensions of the pat tern  in the 
f i lm-underside replicas (Fig. 6c and d) because it  was 
not possible to make a clear distinction between the 
bases of active cells and residual  b reakdown-repa i r  
events. 

The over-al l  view given by  these observations is 
that  film structure evolved toward the classical model 
but  was per turbed and modified as a result  of the 
breakdown-repa i r  events. I t  appeared that  in the early 
part  of the cell voltage plateau (t < 25 sec) m a n y  small  
events were occurring more or less s imul taneously  all 
over the film but  later (84-1800 sec) the events were 
mult iple  or clustered and occurred in te rmi t ten t ly  at 
various locations. 

Elementary breakdown-repair process.--The in ter-  
pretat ion of the basic processes occurring in the present  
work makes use of the ideas derived from previous 
porous-film studies cited in the introduction. It  is 
supposed that  a system of channels (not necessarily 
straight) is present  and the film is growing continuously 
through a 10 A / V  barr ier  layer at the bases of these, 
as in "normal" growth of a porous film. In breakdown, 
certain channels become extended near to the metal  
interface (Fig. 7a) (usually at some angle to the 
normal) ,  and this breakdown is followed by rapid 
repair  in one of the ways indicated in Fig. 7b. In  event  
1, the repair  current  is supposed l imited by channel  
resistance. In  event 2, there is no such l imitat ion and 
hemisphere growth proceeds as rapid formation of a 
barr ier  layer film at constant  voltage to a l imit ing 
thickness hc of 13-14 A/V determined by the ins tanta-  
neous cell voltage. The hemisphere as formed, before 
protracted current  decay, is tenta t ively  viewed as 
compact. If the passage of the high local repa i r -cur ren t  
density initiates a subsequent  breakdown, the result  
will be a mult iple  event consisting of overlapping 
hemispheres. Figure 7b, event  3, shows a double event. 
The topography of the larger (N 0.1 gin) events in the 
film underside, as in Fig. 6c and d, is consistent with 
the interpreta t ion that they are clusters of smaller 
units. 

If the cell voltage remains  constant as on the plateau 
of Fig. 1, the film at hemispheres 2 and 3 can suffer 
no immediate  fur ther  growth but  must  await  decay of 
the current  at their channels and extension of these 
by some field-assisted dissolution process to reduce 
bar r ie r - layer  thickness to 10 A/V. Dur ing  this short 
period before normal  film growth at the repair  hemi-  
spheres resumes there is normal  continuous film growth 
at the bases of the other channels,  as in  Fig. 7c. There 
is thus a leveling effect on the film underside profile 
tending to keep film growth relative]y uniform. 

A special mechanism for the breakdown event  
depicted in Fig. 7a is not required. This event  may be 
viewed as a condition where the film-dissolution rate 
at the channel  base has jumped  ahead of the film- 
growth rate instead of keeping pace with it as in  
continuous film growth, i.e., the film thickness at the 
channel  base has undergone a large fluctuation from 
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Fig. 5. Single-stage Pt-shadowed carbon replicas of external film surface after (a) 25 sec and (b) 15 min anodizing. 

Fig. 6. Replicas of film at metal interface after 

the normal ly  se l f - regula ted  value hp, so that  break-  
down is not seen as represent ing a basical ly new or 
different process. The breakdown event  itself was not 
observed direct ly in this work, but  micrographs of 
such a process (the format ion of channels  extending 
f rom the base of a large pore) have  been shown by 
O'Sul l ivan and Wood in sections of a film formed at 
l15V in phosphoric acid when  the vol tage was reduced 
to 85V (9). Since channel -base  dissolution is v iewed 
as field-assisted or associated with  the passage of 
current,  the schematic of b reakdown in Fig. 7a assumes 
a small  ion current  in the film. 

The nature  of the breakdown process which ini t iated 
the observed pits is not clear. It is to be noted that  in 
addition to the re la t ive ly  few repaired pits detected 
by scanning microscopy the presence of an unde te r -  
mined number  of much smaller  size was indicated in 
the replicas. This was deduced f rom the dist inctly 
angular  outlines of some of the repair  events (several  
are visible in Fig. 6d). The angular i ty  could have  
arisen if there  had been a brief  period of meta l  dis- 
solution beneath the film yielding a small  geometr ic  
pit  which was then repaired, as indicated schematical ly 
in Fig. 8. Some nonangular  events may also have 
involved pit t ing before repair. In exper iments  in 

(a) 15 sec, (b) 25 sec, (c) 300 sec, and (d) 900 sec. 

progress in which C1- is added to the acid, a break-  
down-p i t t ing- repa i r  process is readi ly  identified and 
the film format ion efficiency is found to be lower, as 
requi red  if part  of the impressed current  is used for 
meta l  dissolution. Even  for the sulfuric acid wi thout  
additions, meta l  dissolution is thought  to have con- 
sumed a significant fraction of the impressed current.  
Recent  studies by the oxygen nuclear  microanalysis  
technique have  indicated that  in sulfuric acid anodizing 
there  is a substantial  direct dissolution current  (22). 

Breakdown and film structure.--A schematic view 
of how breakdown is re la ted to the appearance of 
pores and channels in transmission is given in Fig. 9. 
The occurrence of individual  b reakdown- repa i r  events 
at pores B, D, C is represented by the segments run-  
ning at an angle to the  normal, the straight segments 
at the bases of these pores represent ing the resumption 
of continuous growth. The breakdown at C had caused 
it to advance ahead of B which then became inactive. 
As v iewed in transmission normal  to the film (e.g., 
Fig, 4d), A and E would appear  as rounded pores and 
C and D as elongated ones and B would be elongated 
wi th  somewhat  lower contrast. The nonuniform spacing 
of these is implied in Fig. 9. The channels F - K  which 
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Fig. 7. Schematic of breakdown-repair. (a) Breakdown at three 

channels. (b) Three forms of repair event (the volume change 
associated with hemisphere formation is not represented). (c) 
Normal film growth continuing at the bases of some of the other 
channe|s; the repair hemispheres, having reached limiting thickness, 
he, have temporarily stopped growing. 

Fig. 8. Schematic of pitting-repair. (a) Small geometric pit 
growing beneath the film. (b) Film just after reanodization of the 
surface of the pit. 

became inact ive at an earl ier  stage would appear  as 
small  spots of low contrast if visible above the back-  
ground. The distr ibution of pores and channels  in the 
transmission image for anodizing t imes ~ 84 sec was 
apparent ly  often re la ted to the processes occurring in 
mul t ip le  not individual  b reakdown repai r  events and 
is not in terpre ted  in Fig. 9. The microscopic evidence 
for jogging or sloping of pores indicative of the individ-  
ual  b reakdown- repa i r  processes visualized is best seen 
in the 25 sec film, a high magnification transmission 
view of which is given in Fig. 4e. In this, a number  of 
pores (boxed) can be seen with  rounded central  
regions plus lower  contrast  tails (sometimes t e rmi -  

B 
F G H 

0 E 

Fig. 9. Schematic of the structure at the base of the film 
illustrating the interpretation of the appearance of the pores in 
the transmission micrographs. 

hating in a small  low contrast  satell i te spot) as 
expected for a pore consisting of a long straight 
section and a short inclined one. The tails are usual ly  
associated wi th  a distinct dark border  indicat ive of the 
ext ra  thickness provided by the repair  hemisphere.  

Remarks on mechanisms.--The high incidence of 
breakdown was not unique to the surface preparat ion 
used here as shown by observations, to be described 
subsequently,  of films formed after preparing the 
surface by several  different methods. In v iew of this 
and of the result  that  breakdown sites were  not 
necessarily associated wi th  defects in the substrate, 
the incidence of b reakdown is regarded as the conse- 
quence of a tendency inherent  in the film growth 
process itself. Given the present  l imited knowledge 
of the mechanisms of film dissolution, only ra ther  
general  notions and plausibil i ty arguments  can be 
dealt  with. 

It  seems useful to view breakdown as re la ted to the 
phenomenon of pore init iat ion (i.e., channel formation)  
in a compact film on a luminum when the forming field 
falls to a sufficiently low value, as in constant voltage 
anodizing wi th  protracted current  decay (11). The 
breakdown process in a film containing channels, as 
represented in Fig. 7a, may  be v iewed as init iation of 
"pores" in the compact  film at the channel  bases. Now 
in constant current  anodizing, use of a low forming 
C.D. yields a lower  average  forming field throughout  
the anodizing and thus is according to the v iew 
presented more  favorable  for film dissolution. It  is 
necessary to postulate that  the tendency to form and 
extend channels is always present  f rom the start  of 
anodizing in sulfuric acid and that it is strong enough 
at the lower C.D. used here  to produce breakdown of 
the type shown in Fig. 7a. One factor conceivably 
significant at low plateau voltages where  channels are 
nar row is the formation of constrictions in certain 
channels by mechanical  readjus tments  to vo lume 
changes associated with  the formation of new film at 
the base of the old; this could cause channel  resistance, 
normal ly  negligible, to rise and the forming field at 
the base to fall. 

In considering any effects produced by the repair  
event, it appears that  despite the possibly high local 
C.D. associated with  it local heating was not a major  
factor in this work. In forming at h igher  C.D. and 
higher  cell voltages, it is known that  there  is significant 
bulk heating, recent ly  measured for compact films on 
a luminum (23, 24), and that  b reakdown- repa i r  can 
be accompanied by local heat  input rapid enough to 
produce local crystal l ization of the amorphous film, 
which requires a t empera ture  >600~ (24). The 
nature  of the heat  flow problem, pointed out by Young 
(25), is that the heat  flow path to the substrate is so 
short that  there  is rapid heat  t ransfer  and li t t le 
t empera ture  difference across the film and normal ly  
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Fig. 10. Schematic of film disruption produced by punching 
action of repair hemisphere. 

film and substrate heat up together, as recently verified 
by detailed calculations for t an ta lum (26). The creation 
of a hot spot requires unusua l ly  fast local heat input.  
For a rough estimate of local temperature  rise in the 
present work, heat input  was considered localized at 
point K in Fig. 7b and the Joule heating idealized in 
terms of a cont inuous point  source (in an infinite 
medium) (27) operat ing long enough to form the 
repair  hemisphere. The hemisphere is so small that  
even with the choice of a high rate of charge input  
and a short pulse, e.g., 1 msec, the local tempera ture  
rise estimated was negligible. 

If local heat ing is eliminated, any  per turbat ion  of 
the film by the repair event is to be sought in a 
mechanical  process. This is l ikely to originate in the 
volume change involved in convert ing the hemisphere 
of A1 to A1203, which is 50-60% depending on the 
value used for oxide density. This volume change 
must  be taken up by forming a thickness of oxide 
greater than that  of the metal  from which it formed. 
The repair  hemisphere at the base of a pre-exis t ing film 
thus tends to force the overlying film outward. To the 
extent  the hemisphere can be idealized as a punch 
acting on the overlying cyl inder  of film, it will  disrupt  
the film along the boundary  of this cylinder, as repre-  
sented schematically in Fig. 10. The film above the 
hemisphere is a low-densi ty  solid containing channels 
and the na ture  of its response under  these c i rcum- 
stances is not clear. However, one can visualize not 
only consolidation processes (closing of channels)  
occurring but  also something like formation of a 
conical crack wi th in  the film near  its base or of short 
oblique cracks in the shear zone. I t  is assumed a crack 
would not persist as such but  be converted into a str ing 
of discrete channels  by chemical and mechanical  
processes in the course of film growth. A mechanical  
dis turbance of the film could account for (i) the ten-  
dency of the repair  event to trigger addit ional break-  
downs at its per iphery and so produce the mult iple  
events observed; (ii) the ini t iat ion of a pit. The scheme 
of Fig. 7a does not predict breakdown extending to 
the metal-f i lm interface and ini t iat ing a pit, but  these 
would be accomplished by the formation of a crack, 
as in Fig. 10, which intersects an existing channel  and 
creates a continuous path of electrolyte extending to 
the metal. Note that the mechanical  effect is seen not 
as the cause of the original breakdown but  as a product 
of its repair. Recent studies on silicon crystals have 
made use of x - ray  topography to show that tensile 
stress gradients were not the cause but  the result  of 
film "breakdown" (28). 

In  addition to calling at tent ion to the role break-  
down-repai r  can play in the evolution of film structure 

and to certain features worthy of close study, the thrust  
of the present  work is that  breakdown of an anodic 
film (including pit ini t iat ion) may occur cont inual ly  
at lower C.D. even when there are no gross manifesta-  
t ions  of film failure or pitting, and film stabil i ty de- 
pends on the efficacy of repair. This notion is l ikely 
to be applicable to other anodic processes. 
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ABSTRACT 

In the electroless plat ing of dielectric substrates, sensitization and activa- 
tion pre t rea tments  are used to provide catalytic sites. The presence of the cata- 
lytic sites provides a path for the ini t iat ion of the electroless plat ing process. 
Based upon findings in this laboratory, a new sensitizing composition contain-  
ing t in ( I I )  and t in ( IV)  compounds was developed. This sensitizer was found 
to be par t icular ly  useful in the case of hydrophobic surfaces, and has resulted 
in good uniformity  of metallic coverage on hydrophobic surfaces. I n  preparing 
the final sensitizer composition, the use of aged stannic chloride solution was 
responsible for the improved performance. The present invest igat ion reveals 
the various chemical changes taking place dur ing the aging of stannic chloride 
solution. Based upon the current  findings, it is believed that dur ing the aging 
process, a slow formation of a fl-stannic acid takes place. This mater ial  is a poly- 
meric form, which causes a light scattering effect to take place. It  is the 
presence of ~-stannic acid and its interact ion with t in (II) that  accounts for the 
improvement  in sensitizer performance. 

It has been demonstrated (1-3) that  contact angle 
measurements  can be an effective technique by  which 
sensitizer solutions may be evaluated. It  was also 
demonstrated (1, 2) that the addition of stannic com- 
pounds to t in - type  sensitizers can have a major  influ- 
ence on the effectiveness of such solutions, especially 
when hydrophobic substrates are employed. The results 
obtained (1, 2) employed sensitizers prepared by  aging 
the stannic chloride stock solution prior to mixing 
with SnCl~ solution. Specially prepared and aged (4-6) 
stannic chloride solutions are most effective when 
added in low concentrat ions to solutions for the sensi- 
t ization of dielectric substrates. By contrast, the start- 
nic chloride normal ly  present  in typical s tannous chlo- 
ride does not result  in improved wet t ing in spite of the 
fact that  it is present in the same approximate concen- 
trat ion range as the added aged stannic chloride con- 
centrations. 

However, according to Cohen et al. (7, 8) the pres- 
ence of stannic ions in conventional  sensitizers (SnC12/ 
HC1) constitutes the basis for a proposed mechanism 
of sensitization. Employing the Mossbauer spectroscopy 
of tin, a model based upon colloidal s tannic hydroxide 
(hydrated oxide) with bound stannous ions on the 
colloid surface was proposed. This colloid is present  
in bulk  solution as well as on the sensitized surface. 
Sard (9), using electron diffraction had shown that  
sensitized films derived from conventional  SnC12 sensi- 
tizers are adsorbed clumps of mater ia l  several hundred  
angstroms in diameter. Luce et al. (10) and Drotar  
et al. (11) also described sensitizers in which excess 
stannic chloride was added to conventional  sensitizer 
media (SnC1JHC1). However, in all  cases, no at tempt  
was made to precondit ion the stannic solution while 
in the present  work, the stannic halide solutions are 
first prepared, allowed to age, and then mixed with the 
stannous chloride solution. Bernhardt  (12) described 
a sensitizer ir~ which stannic chloride was incorporated 
into a sensitizer media, and the final solution was per-  
mit ted to age for about 2 weeks before use. While this 
procedure provided improvement  in performance, the 
approach was reported to be l imited to solutions in  
which the acidity content  is relat ively low. More 
recently, Kenney  et al. (13) have indicated that col- 
loidal suspensions of t in oxides or i ron oxides can wet 
hydrophobic surfaces; however, details related to solu- 
t ion preparat ion are not at present available. In  this 
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paper, the aging phenomenon of the stannic chloride 
solution has been examined in greater depth as related 
to the sensitization process. Based upon these findings, 
a model accounting for the effect(s) of stannic ions 
(1, 2) in tin sensitizers is proposed. 

Experimental Procedures 
Chemicals and solut ions.--Most  of the common chem- 

icals used throughout  this investigation were Baker 
reagent  grade. The less common chemicals were c.p. 
grade. The acids used were Mall inckrodt electronic 
grade. The water  used was deionized and then distilled. 

Contact angle measurements  and substrate prepara- 
t ion . - -The  procedure adopted was to measure the con- 
tact angle following the sensitization step. Details for 
the preparat ion of substrates, and for substrate t rea t -  
men t  have been described in detail previously (2). 

Spectral absorbance.--The spectral absorbance mea-  
surements  in the visible range were made using a 
Beckman DB-G spectrophotometer. In  all  cases, air 
was  the reference. 

Conductance measurements . - -Conductance  measure-  
ments  were made using a Beckman Type RC 16B2 con- 
ductivi ty bridge. The conductivi ty cell used had a cell 
constant of 1.0 cm -1, and all measurements  were taken 
at 23 ~ • 1~ 

pH measurements . - -These  measurements  were made 
using a Corning pH/Control ler ,  Model 10-C. 

Nephelometr ic  measurements . - -Nephe lometr ic  mea-  
surements  were made using a Coleman Model 9 Nepho- 
Colorimeter. The reference s tandard used was Coleman 
Nephelos Standard 21. A 25-mm diameter  immersion 
well and 19-ram diameter cells were used. The nul l  
reading method for total nephelos was employed, as 
suggested in Coleman Manual  D-202D. 

Results and Discussion 
In  the course of this investigation, it became ap-  

parent  that the aging of stannic chloride solutions 
plays a major  role in the sensitization process. Al-  
though the chemistry of aging stannic solutions was a 
subject of research at the beginning of the 20th century 
(14), some of the available references are vague. In 

the following section, certain aspects of the aging 
process and of the interact ion of s tannic-s tannous  com- 
ponents are reviewed as an introduction to the model 
proposed. 

1486 
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On the Aging of Stannlc Chloride Solution 
It was previously demonstrated (1, 2) that  the extent  

of lowering of the contact angle after sensitization (for 
solutions having stannic and stannous together) is 
greater than either of the corresponding values resul t -  
ing from immersion of hydrophobic substrates in 
stannic or stannous solutions, respectively. This ob- 
servation suggests that some interact ion may exist be-  
tween the stannie and the stannous components. To test 
whether  this interact ion is un ique  to the t i n ( I I ) /  
t in  (IV) system, the results of Tables I and II are sub-  
mitted. In  Table I, the contact angle was examined 
upon replacement  of the s tannous ion by an equivalent  
concentrat ion of other divalent  ions while holding the 
concentrat ions of aged stannic chloride, sodium chlo- 
ride, and hydrochloric acid at fixed values. As seen 
from Table I, in  all cases except for the incorporation 
of s tannous chloride, the resul t ing contact angle is 
either the same as the control solution (7.5 X 10-sM 
SnC14, 2M NaC1, and 4.7 X 10-1M conc. HC1) or 
greater. In  view of these results, it appears that  the 
interact ion between the stannous and stannic ions is 
of specific chemical na tu re  rather  than a coulombic 
type interact ion between the stannic ions and the 
divalent  ions added. Fur ther  examinat ion of these 
results shows that  the divalent  salts added may be 
divided into two categories. In  the first category 
(MnC12 NiCl~,Co(NO3)2, and CuC12) the resul t ing con- 
tact angle is either the same or slightly greater than  
that of the control stannic solution, while in the second 
category (MgClu, ZnC12, and PdC12) the resul t ing con- 
tact angle values are considerably greater than the 
control value (48 degrees). Poor wett ing has resul ted 
when employing these solutions. The reasons for this 
behavior are not apparent.  However, a combination of 
stannous chloride and zinc chloride with added aged 
stannic component provided good wet t ing and good 
plat ing uni formi ty  of subsequent ly  applied electroless 
deposits. It would thus seem that the interact ion of 
s tannous/s tannic  is very strong in comparison to the 
z inc/s tannic  interaction. 

In Table II the resul t ing contact angle is shown as 
varying with the addition of te t ravalent  ionic salts 
to a fixed convent ional- type sensitizer solution (SnC1J  
HC1). As seen from Table II, there is a significant low- 
ering of the contact angle (55 ~ vs. 67 ~ for the control 
solution) only in the case of SnCI~. These results fur -  

Table I. Contact angle (a) variations vs. divalent salts used 

C o n t a c t  a n g l e  
S a l t  ( deg ree s )  

N o n e  48 
MnCl2  50 
NiCl~ 53 
Co (NOs).- 5S 
CuCl2 49 
MgCl= 62 
ZnCl= 72 
PdCl= 71 
SnCl2 27 

(=7 A l l  s o l u t i o n s  c o m p o s e d  of :  7.5 x 10-SM SnC14, 2M NaC1, a n d  
4.7 • 10~IM I-It1 to  w h i c h  1.3 • 10-1M of d i v a l e n t  sa l t s  w e r e  a d d e d .  

M e a s u r e m e n t s  w e r e  m a d e  on A Z - 1 3 5 0  r e s i s t .  

Table II. Contact angle (a) vs. tetravalent salt (b) in sensitizer(c) 

C o n t a c t  a n g l e  
S a l t  ( d e g r e e s )  

N o n e  67 
ZrF4  68 
Th(NO3)4  66 
Ce ( NI-Ia ) ~ (NOB) ~ 69 
SnC14 55 

(a) M e a s u r e m e n t s  w e r e  m a d e  on A Z - 1 3 5 0  p h o t o r e s i s t .  
(b) S o l u t i o n s  of 10-~M Z r ,  Th ,  a n d  Ce w e r e  a g e d  24 h r .  T h e  SnC14 

s o l u t i o n  (0.5M) w a s  a g e d  a b o u t  1 w e e k .  
~c) F i n a l  composi t ion u s e d  c o m p o s e d  of  1.3. • 10-1M SnCl~, 4.7 • 

10-ZM HC1, a n d  1.0 X 10--'2Yl of t e t r a v a l e n t  sal t .  

ther  support  the previous conclusion that a unique 
chemical interact ion between the stannic and stannous 
ions probably accounts for the improved effectiveness 
of the t in  sensitizer solutions. 

From the ini t ial  discovery of the improved sensitizer 
composition, it has been apparent  that aging of the 
stannic chloride solution is an essential factor responsi- 
ble for the improvement.  In  order to gain a bet ter  in-  
sight into the aging phenomenon and its role in  the 
sensitization process, the data of Fig. 1-3 and Table 
III are submitted. 

Figure  1 shows the variat ions in  contact angle as 
aging (at room temperature)  of the s tannic  chloride 
stock solutions takes place. In  all cases, it is apparent  
that  the contact angle decreases as the stannic chloride 
stock solution is allowed to age. Moreover, decreasing 
the concentrat ion of the stannic chloride stock solution 
provides a more rapid and effective aging process. 

In  Fig. 2 the absorbance spectra of the t in  solutions 
in the near  ul traviolet  range are shown. As seen, the 
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resul t ing absorbance values of the combined solution 
of stannous and stannic components is nonaddit ive in 
comparison to the absorbance curves for the two com- 
ponents individually.  This behavior is consistent wi th  
the previous observation by Browne et al. (15) on the 
optical interact ion of s tannous and stannic ions. 

Craig et al. (16) suggested that  the intense nonaddi -  
tive adsorption of l ight by  systems containing an ele- 
ment  in two different oxidation states may be regarded 
as being due to the vibrat ion of electrons between the 
atoms in  the two different oxidation states. Other sys- 
tems reported (17, 18) to exhibit  this effect are: 
Fe ( I I ) / F e  (III) ,  Cu ( I ) / C u  (II) ,  Ti ( I I I ) / T i  (IV), T1 ( I ) /  
TI ( I I I ) ,  S b ( I I I ) / S b ( I V ) ,  and others. More recently, 
an extensive review related to this broad phenomenon 
was made by Allen and Hush (18). Hush designated 
the above systems as "homonuclear  in te rva lence- t rans-  
fer systems." It  should be noted that  the optical in ter -  
action (Fig. 2, curve C) takes place only under  specific 
conditions. The mixed complex which forms may be 
completely dissociated upon the addition of complexing 
agents for either the stannous or stannic ions. A typical 
complexing agent is the chloride ion. Complementary  
to the results of Fig. 1, Fig. 3 is provided in which the 
absorbanee of sensitizer solutions was monitored as 
the continuous aging of the stannic chloride stock 
solutions was taking place. As the aging process for 
the stannic solution proceeds, the absorbance of the 
sensitizer solutions is increased, but  eventual ly  levels 
off. The results of Fig. 3 fur ther  support the advantages 
of using aged dilute stannic chloride stock solutions, 
as this provides a more rapid aging, and a more effec- 
tive sensitizer solution. From the results of Fig. 1 and 
3, it is believed that a colloidal specie(s) (whose 
predecessor is stannic chloride) is formed dur ing the 
aging process. The presence of such specie(s) can 
provide the improvement  in the wett ing process, and 
also in the formation of a colored s tannous-s tannic  
complex. The formation of such complex may be in-  
hibited in bulk  solution if excess sodium chloride is 
added (17) ; however, the improvement  in the sensitiza- 
t ion process is retained. Fur ther  examinat ion of the 
results of Fig. 1 and 3 suggests that a reciprocal rela-  
tion exists between the measured contact angle and 
solution absorbance (for the conditions examined 
without  excess sodium chloride) during the different 
stages of the aging process. Specifically, as the contact 
angle values decreased, the solution absorbance values 
increased. The existence of this correlation (in the 
absence of excess chloride) justified fur ther  investiga- 
tion in which only spectral absorbance measurements  
were taken. From the reciprocal relationship, the t rend 
in spectral absorbance may be used in  est imating the 
contact angle and hence the effectiveness of the sensi- 
tizer solut ion(s) .  Figure 4 shows the spectral absorb- 
ance of sensitizer solutions made from stock stannic 
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Fig. 3. Absorbance vs. aging of stannic solutions. Solutions 
prepared composed of 0.47M HCI, 0.13M SnCI2, and 7.5 X 10-SM 
SnCI4. Cell length ----- 10 mm. 
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Fig. 4. Absorbance vs. aging condition of stannic solutions. 
Solutions prepared composed of 0.47M HCI, 0.13M SnCI~_, and 
7.5 X 10-3M SnCI~ Cell length = 10mm. 

chloride which has been aged under  var ied conditions. 
As seen, aging of stock solution (0.25M SnC14) at 45~ 
provides an improvement  in comparison to aging the 
same solution with added alkali  or acids, or to aging 
at room temperature  (see Fig. 3). Fur thermore,  the 
addition of alkali  provides a slight accelerating effect 
of the aging in comparison to the case in which acid 
was added. At tempts  to age the stannic chloride 
(0.25M) in aqueous media having a higher acid con- 
tent  (e.g., 10N HC1, H2804, or HNO3) showed that  the 
aging process is totally inhibited. Sensitizer solutions 
made by this approach did not provide the improved 
wett ing characteristics. 

In Table III, the effectiveness of aging condition and 
concentrations is demonstrated. In  order to determine 
the effectiveness of the aging condition, the concentra-  
tion of aged stannic chloride necessary to give a fixed 
absorbance value (0.72 absorbance) was determined.  

From these results, it is apparent  that more effective 
aging is carried out at higher temperatures  and at 
lower stannic concentrations. Under  such optimized 
conditions, less of the aged stannic chloride solution is 
required in order to yield a given absorbance level or 
a specific wett ing characteristic. This observation seems 
to be consistent with prior reports on the hydrolysis 
of stannic solutions. Collins et al. (19, 20) have demon-  
strated that the extent  of hydrolysis for stannic chlo- 
ride solutions is decreased as the concentrat ion of the 
t in  is increased. Specifically, the authors (20) reported 
94 and 72% hydrolysis for 0.197N and 0.396N stannic 
solution which were allowed to age at 25~ Mellor 
(14) reported that heat ing of stannic solution does 
accelerate the hydrolysis. However, caution should be 
exercised as prolonged heat ing of such solut ion(s)  
produces a heavy precipitat ion which is probably due 
to the formation of stannic hydroxide (hydrated s tan-  
nic oxide). This same precipitat ion was also found 
during the aging (at room temperature)  of stock solu- 
tions having a stannic chloride content below about 
0.1M. 

Table Ill. Effect of temperature and concentration on rate of aging 
of stannic chloride solutions 

M o l a r  c o n c e n t r a -  A g i n g  t e r n -  C o n c e n t r a t i o n  
t i o n  o f  S n C l 4  p e r a t u r e ,  ~ u s e d ,  (a) m o l a r  

0.50 80 6.0 X 10 ~ 
0 . 5 0  45  2 5  x 10-3 
0 . 2 5  80  2 . 8  x 10-3 
0 . 2 5  45  5.2 • 1 0 4  
0 . 1 0  45  3 .0  x 10  -3 

ca) C o n c e n t r a t i o n  r e q u i r e d  to  g i v e  a b s o r b a n c e  o f  0 . 7 2  ~ 0 .01  v s .  

a i r  a t  330 mlz.  I n  a l l  c a s e s  [ S n  § = 0 . 1 3 M  a n d  [ H C 1 ]  = 0 . 4 7 M .  C e l l  
l e n g t h  = 10 .0  r a m .  
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In  Fig. 5, the variat ion in turb id i ty  taking place 
dur ing the aging process for a stannic chloride stock 
solution is shown. The results of Fig. 5 closely resemble 
the general  characteristics of Fig. 3 and 4. With the in -  
creased turbidi ty  taking place during the aging process, 
there mus t  be an increase in the number  and /or  size 
of colloidal particles which cause the Tyndal l  effect. 
The colloidal particles are a polymerized specie(s) 
containing t in ( IV) .  In  a recent  publication, Cohen 
et al. (7, 8) proposed a model for the mechanism of con- 
vent ional  sensitizers. In  their proposed model, the pres- 
ence of stannic hydroxide (or hydrated stannic oxide) 
colloids in bulk  solution was invoked as being pr i -  
mar i ly  responsible for the sensitization process. The 
stannous ions were reported bound onto these colloids 
in a compositional ratio of 1- t in( I I )  to 2- t in ( IV) .  

Although the current  report  and the published work 
of Cohen (7, 8) both describe the presence of colloidal 
particles containing t in (IV), it should be apparent  that  
these are different colloids. These two colloids, al- 
though their  formulas are not known, result  in differ- 
ent chemical and physical characteristics of the final 
sensitizer solutions. Moreover, the colloidal particles 
[polymerized specie(s) containing t in ( IV)  ] present  
in the current  system may be physically included 
with conventional  sensitizer solution or be used prior 
to the immerison in the conventional  sensitizers (2). In  
both cases good plat ing uniformity  has resulted on hy-  
drophobic surfaces. By contrast, the colloids present in 
conventional sensitizers proposed by Cohen et al. (7, 8) 
are not  effective when used with hydrophobic sub- 
strates, and they are an integral  part  of the sensitizing 
media and cannot be separated from the stannous 
component. 

In  order to ascertain the nature  of ionic react ion(s)  
taking place dur ing the aging process, conductance 
measurements  were made. Figure 6 shows the m a n n e r  
by which solution conductance varies with aging time. 
In  all cases, independent  of aging condition, solution 
conductance is increased in a manne r  which resembles 
the characteristics results of Fig. 3. In  Table IV, the 
pH changes dur ing the aging process are summarized 
for typical stannic chloride stock solutions. In  all 
cases, there is an actual decrease in solution pH. The 
t rend is in good agreement  with the results of 
Gueron (21). Based upon the increase in hydrogen ion 
concentrat ion taking place (Table IV), an estimate of 
change in solution conductance was made. Specifically, 
for a 0.25M SnC14 aged at room temperature,  a 0.11 
mho increase in conductance was anticipated. The ex- 
per imenta l ly  found value (Fig. 6) was a change of ap- 
proximately  0.09 mho. The difference between the ex- 
per imenta l  and anticipated values is probably  due to 
the net effect of the hydrolysis reaction and the polym- 
erization of the stannic ions. The la t ter  effect decreased 
solution conductance. Furthermore,  based upon the 

results of Table IV, it would appear that the number  of 
hydrogen ions liberated, relat ive to the ini t ial  stannic 
ion concentration,  is increased as the concentrat ion of 
stannie ion is decreased. This observation fur ther  sup- 
ports the optimized condition for aging stannic solu- 
tions. This relative ratio (last column of Table IV) is 
probably an average value, with individual  aged 
stannic species having a greater or lower ratio than 
the average value. 

The Proposed Mechanism at Sensitization 

Before proposing a physical model that  accounts for 
the improvements  associated with the s tannous-s tannic  
sensitizer solution, a brief review of per t inent  l i tera-  
ture  references and findings from this laboratory will  
be made. 

1. As has been demonstrated in Fig. 2 and 3 of this 
paper, and in the reports by Browne (15), Craig (16), 
and Paul  (17), there is an  apparent  chemical in-  
teraction between the s tannous and aged stannic com- 
ponents resul t ing in a mixed complex. The mixed com- 
plex formed has been reported to have a fixed stoichio- 
metric ratio of s tannous to stannic ions. Specifically, 
Paul  et al. (17) reported a 1:4 S n ( I I ) - S n ( I V )  complex 
while Browne etal .  (15) reported a 1:1 S n ( I I ) - S n ( I V )  
complex. 

2. In  a previous publicat ion (2), it has been demon-  
strated that  the aged stannic chloride may be either in-  
corporated along with conventional  type sensitizers 
(SnC12/HC1), or may be used as a separate immersion 
step prior to the immersion in convent ional  sensitizers. 
In  both cases, equivalent  results were obtained follow- 
ing the plat ing step. 

3. As the concentrat ion of aged stannic component 
(;~-stannic acid) is increased to or above the approxi-  

mate level of the s tannous concentration, the un i -  
formity of metal  deposition is decreased. Although this 
type of composition is not used, it does reflect an in ter-  
esting aspect of the mechanism of the sensitization 
process. 

Based upon the findings of this investigation and 
previous reports on the subject of stannic chloride hy-  
drolysis, the following key steps are proposed to ac- 

Table IV. Effect of aging on the pH (a) of stannic solutions 

P H  a s  
[ S a C h ]  p r e p a r e d  F i n a l  p H  A [ H * ] / S n + t  

0.10 0.94 0.52 (b) 2.0 
0.25 0.50 0.19 (b) 1.3 
0.50 0.38 0.06(c) 0.9 
2.00 -- 0.05 -- O. 12 (c) 0.08 

(~) B u f f e r  1.00 as r e f e r e n c e ,  
(~) A g e d  f o r  30 days .  
(~)Aged fo r  10 days .  
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count for the mechanism taking place dur ing the sensi- 
t ization process. 

Case A: Immersion in aged stannic solution prior to 
immersion in stannous solution.--(i)  Upon immersion 
in aged stannic solution, a retention, by adsorption or 
other mechanism, of the aged stannic component takes 
place on the dielectric surface. This adsorption step is 
an equi l ibr ium reaction with some specie(s) existing 
in  bulk  solution. The active specie(s) is probably  a 
~-stannic acid which is slowly formed dur ing the aging 
process. 

(ii) Upon immersion in stannous solution, the s tan-  
nous ion is adsorbed at the interface. In  fact, it is the 
presence of the ~-stannic component at the interface 
that provides new boundary  conditions which result  in 
a new kinetic path for the adsorption of the s tannous 
component on the surface. This path is probably the 
same chemical reaction which leads to the formation of 
the mixed t i n ( I I ) / t i n ( I V )  complex. This reaction 
probably  provides the driving force for the formation 
of a final stabilized surface layer  consisting of both 
stannic and stannous components. In  the formation of 
such a layer, the s tannous component may have also 
replaced a fraction of sites previously occupied by the 
stannic component  and /or  be adsorbed in sites which 
were vacant  at the conclusion of step (i). 

Case B: Immersion in sensitizer solution composed of 
stannous and aged stannic components.--Under this 
condition, it is possible that  the mechanism described 
in Case A takes place. It is also possible to postulate 
that the existing mixed complex t in ( I I ) / t i n  (IV) is di- 
rect ly adsorbed onto the surface. This alternative,  how- 
ever, is unl ikely  in view of the fact that if the concen- 
t ra t ion of aged stannic component is made larger than 
the stannous component  (approximately 1.5 X ), there is 
a deterioration in the uni formi ty  of plating. This be- 
havior is due to the fact that  most of the s tannous 
ions are t ight ly held in the mixed complex present  in 
the solution phase and are not available for adsorption 
at the interface. This condition can be rectified by the 
addition of sodium chloride which causes a dissociation 
of the mixed complex, hence l iberat ing "free" s tannous 
capable of adsorbing at the interface. Alternat ively,  
using the stannic component prior to the stannous im-  
mersion step also rectifies this trend. In subsequent  
studies (22), the results of surface characterization of 
sensitized layers using radiochemical t i n - l l 3  have been 
found to support  the proposed mechanism. The results 
of the surface characterization also fur ther  dist inguish 
between the current  colloid and that proposed by 
Cohen (7, 8). 

Conclusions 
Aged stannic chloride solution has been shown to 

have a significant role in improving the performance of 
conventional  sensitizer solutions. The aging process in 
the stannic halide solution is believed to be a slow 
t ransformat ion of an a-stannic acid to a ~-stannic acid 
form (14, 19, 21). Such t ransformat ion is probably due 
to a water  e l iminat ion reaction result ing in a general  
s t ructure  of the type (21) 

(HO) ~-Sn- [OSn (OH) 2],,-OH 

where n may have values of 1, 2, 3, etc. reflecting the 
extent  of polymerization. In  the above structure some 
further water  condensation may take place. The in-  
creasing ;9-stannic acid character of such solutions re- 
sults in a Tyndal l  effect, probably due to the colloidal 
na ture  of the ~-stannic acid. Furthermore,  as the con- 
centrat ion of ;~-stannic component is increased, im-  

provements in the sensitizer solution's wett ing per-  
formance have resulted. 

Conditions which optimize the formation of the 
~-stannic acid were found to be consistent with earlier 
reports on this subject. Specifically, acceleration in  the 
aging process was found with increased tempera ture  
and/or  decreased stannic concentrations. High acid 
content as well as high concentrat ions of sodium chlo- 
ride were found to inhibi t  the ~ to ~ transformation.  
The t ransformat ion of the a-s tannic  acid to the 
/~-stannic acid is general ly irreversible under  normal  
conditions. However, under  those conditions in  which 
the aging process is inhibited, some degree of reversi-  
bil i ty of the ~-stannic to ~-stannic does take place. 

Although the cur ren t  work was focused upon the 
improvement  of sensitizers on hydrophobic surfaces, it 
should be apparent  that  the current  finding may be 
used for other processes in which it is necessary to con- 
vert  hydrophobic surfaces to hydrophilic type. Hydro-  
phobic surfaces immersed in aged stannic solution only 
were converted to hydrophilic type and this property 
was retained for at least several days. 
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The Use of Organic Additives to Stabilize and Enhance the 
Deposition Rate of Electroless Copper Plating 

Leonard N. Schoenberg* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 
A persistent  problem in the use of electroless copper baths has been their  

tendency to decompose spontaneously. Materials previously proposed as sta- 
bilizers have, in general, the undesirable  effect of decreasing the plat ing rate 
of the bath. It  has been found in the present  work that the orgamc addit ive 
8-hydroxy-7- iodo-5-quinol ine  sulfonic acid (HIQSA) not only stabilizes elec- 
troless copper baths but also enhances the plat ing rate by as much as 50%. 
The additive 2-iodo-3-pyridinol  stabilizes the solutions but  has li t t le effect 
on the plat ing rates. An explanat ion for this behavior  is set forth and is 
supported by the stabilizing effect, if any, of other organic additives wi th  
structures similar to HIQSA. 

Interest  in electroless copper plat ing has increased 
recent ly because of its use in the manufacture  of pr inted 
circuits and its potential  application to many  other 
processes. A persistent  problem in the use of these 
baths has been their tendency to decompose sponta-  
neously. Many materials  have been proposed to serve 
as stabilizers (1) but  in general  these have the unde-  
sirable effect of decreasing the plat ing rate of the bath. 
Okinaka and Blom (2) found that a large amount  of 
methanol  could stabilize electroless copper baths with 
only a min imal  decrease in the plat ing rate. Another  
approach involves stabilizing a copper bath by the in-  
corporation of less f requent ly  used complexing agents 
(3). This paper discusses organic additives which stabi-  
lize electroless copper solutions not only without ad- 
versely affecting the plat ing rate  but  in some cases ac- 
tua l ly  enhancing  it. The use of thiourea and other 
compounds both to stabilize and increase the plat ing 
rate of electroless nickel baths has been reported by 
deMinjer and Brenner  (4). 

The organic additives chosen for study are shown 
in Fig. 1. All were obtained from Aldrich Chemical 
Company, Inc. and used without  fur ther  purification. 
Most of the exper imental  work was carried out with 
8-hydroxy-7- iodo-5-quinol ine  sulfonic acid (HIQSA).  
The other additives shown were surveyed because of 
their partial  resemblance to HIQSA and their  potential  
to support  the proposed mechanism of stabil ization- 
acceleration discussed in a subsequent  section. 

Determination of Bath Stability 
Electroless baths often spontaneously decompose 

(i.e., deposit metal)  after a certain time whether  or not 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  e l e c t r o l e s s  p l a t i n g ,  c o p p e r  p l a t i n g .  
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HQSA HQ QSA PSA 

S05H 

Fig. 1. Structural formulas of the organic additives surveyed in 
the present work. 

they are in active use. Small  metall ic nuclei  may form 
and init iate plat ing or decomposition may be started by 
random variables such as dust particles or other im- 
purities. Thus decomposition time is var iable  and solu- 
tions prepared in identical fashion may have non-  
identical lifetimes. It  was decided that  the best way to 
achieve consistent behavior and to determine the effect, 
if any, of an additive was to run  stabil i ty tests at an 
elevated temperature  with the addition of controlled 
amounts  of impurities.  

The composition of the electroless copper bath se- 
lected for study was 0.02M cupric sulfate pentahydrate  
(CuSO4" 5H20), 0.1M disodium e thylenediaminete t ra-  
acetate dihydrate  (Na2EDTA �9 2H20), 0.4M formalde-  
hyde (added as paraformaldehyde) ,  and sufficient so- 
dium hydroxide to obtain a pH value of 12.8. Forty-five 
mil l i l i ter  aliquots of the solution were placed in a 75~ 
constant  temperature  water  bath. 

To evaluate stabilizing additives, bath decomposition 
was accelerated by the following method. [A similar 
means of inducing decomposition of electroless nickel 
baths was used by Ramirez (5).] After  a 5-min in ter -  
val to allow the solutions to reach 75 ~ three small  drops 
of an activating solution containing pal ladium were 
added. The activating solution is used in  metalizing 
nonconductors.  It  is made by dissolving lg of pal la-  
dium chloride in 10 ml of concentrated hydrochloric 
acid and di lut ing to one liter. (Pal ladium activator 
can be carried over into an electroless copper bath 
dur ing actual pr inted circuit processing.) At  75~ an 
additive free bath decomposes instantaneously.  How- 
ever, with the addition of various organic additives 
bath life can be extended significantly as shown in 
Table I. The t ime to decomposition reported in  Table 
I may vary  depending on the t ime between bath prep-  
arat ion and testing, the exact bath composition (which 
fluctuates due to normal  exper imental  error) ,  and 
random variables such as dust particles, etc. The im- 
portance of Table I is to show that  certain organic 

Table I. Decomposition times (minutes) of an electraless copper 
bath (0.02M CuSO4.5H20, 0.1M Na2EDTA'2H20, 0.4M HCHO, 

pH 12.8) with different amounts of organic additives 

A m o u n t  
Additive (mg/l) 0 1 II 33 110 220 

8 - h y d r o x y -  7 - i o d o - 5 - q u i n o -  
l i n e  s u l f o n i c  ac id  ( H I Q S A )  0 0.6 8.5 19 > 1 5 0  > 1 5 0  

2 - i o d o - 3 - p y r i d i n o l  ( IP)  0 3 20 75 - -  
2 - h y d r o x y  p y r i d i n e  (I-IP) 0 0 5 7.5 ~ 
8 - h y d r o x y - 5 - q u i n o l i n e  s u l -  

f o n i c  a c i d  ( H Q S A )  0 0 2 4 - -  - -  
8 - h y d r o x y  q u i n o l i n e  (HQ) 0 F o r m s  p r e c i p i t a t e  - -  - -  
8 - q u i n o l i n e  s u l f o n i c  a c i d  

(QSA) 0 0 0.5 1 ~ - -  
3-pyridine sulfonie acid 

(PSA) 0 0 0 0 - -  - -  
P o t a s s i u m  iod ide  (KI)  0 2 2.5 2,5 ~ 
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addit ives marked ly  improve  bath stabil i ty under  ac- 
celerated decomposit ion conditions and therefore  
would be expected to improve stabil i ty under  normal  
operat ing conditions as well.  

It can be seen that  two addit ives are highly effec- 
t ive in stabilizing the bath, namely, HIQSA and 2-iodo- 
3-pyridinol  ( IP) .  These were  selected for fur ther  
study. It  can also be noted that  iodide ion alone, in 
equivalent  quantit ies,  while  it  has some stabilizing 
influence cannot be considered an effective bath sta- 
bilizer. 

Plating Rate Studies 
Plat ing rate measurements  were  carr ied out on 0.002 

in. thick copper rectangles of approximate  dimension 
1 • ~/z in. The substrates were  etched for 15 see in 20% 
nitric acid, rinsed, act ivated for 1 min  in the 0.1% 
pal ladium chloride solution, and rinsed again. This 
resulted in a reproducible  metall ic pal ladium surface 
for plat ing ra ther  than a possibly var iable  surface of 
cuprous oxide. The substrates were  held in a ver t ica l  
position by Teflon holders. Plat ing was usually done 
f rom 90 ml  aliquots of the var ious electroless copper 
solutions at room temperature .  Pla t ing t imes var ied 
f rom 1 to 7 hr. The 7-hr  plat ing exper iments  were  
done from 180 ml  of solution to ensure  a large excess 
of copper ions. The thicknesses of the copper deposits 
were  determined by weight  gain measurements  making 
the usual assumptions that  the deposit thickness is 
uniform over  the entire surface and that  the deposit 
density is that  of bulk  copper. The appearance of the 
copper is the same as that  deposited f rom an addi t ive  
free bath. No measurements  of ducti l i ty or other  
physical propert ies were  made. 

The results with various amounts of HIQSA are 
shown in Fig. 2. The plat ing rates are plot ted as the 
differences (in ~M/hr)  between an addi t ive free bath 
and a bath containing a given amount  of HIQSA. This 
is done to el iminate effects due to random variables  
such as the solution composition and age, exact room 
temperature ,  etc. Each point on the curve  is an aver -  
age of at least two determinations.  The plat ing rate  
of an addi t ive free bath is in the vicini ty  of 1 ~M/hr  
so that  the m a x i m u m  of the curve  represents  an in- 
crease in plat ing rate  of about 50%. 

Less extensive data of the same sort for additions 
of IP are presented in Fig. 3. It can be seen that  IP has 
much less accelerat ive effect on the bath. 

Discussion of Results 
To unders tand the action of HIQSA on an electroless 

copper bath, the effects of stabilization and acceleration 
must be discussed separately. 

For  an addit ive to be an effective bath stabilizer it 
must  interact  wi th  at least two different kinds of im-  
purities. The first type is ionic impuri t ies  such as Pd 2+ 
which if reduced by formaldehyde to the metal l ic  state 
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Fig. 2. Change in plating rate of an electroless copper solution 
(0.02M CuSO4"SH20, 0.1M Na2EDTA'2H20, 0.4M HCHO, pH 
12.8) with varying amounts of HIQSA. 
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Fig. 3. Change in plating rate of an electroless copper solution 
(0.02M CuSO4"5H20, 0.1M Na2EDTA'2H20, 0.4M HCHO, pH 
12.8) as o function of added IlL 

could init iate electroless plat ing in the bulk of the 
solution. The second type is small  metal l ic  nuclei  or 
cuprous oxide particles which may  be formed in the 
solution as electroless plat ing proceeds. 

HIQSA may inhibit  decomposition by the first type 
of impuri ty  by using its ni t rogen and hydroxide  func- 
tions to form a chelate. This chelate  contains the same 
type of l inkage as those formed by meta l  ions and 
8-hydroxy quinoline (HQ), a we l l -known sequester-  
ing agent and the parent  compound of HIQSA (Fig. 4). 
The sulfonic acid group of HIQSA is responsible for 
HIQSA complexes being more  water  soluble than HQ 
complexes. 

HIQSA may prevent  decomposition of the bath by 
meta l  nuclei  or cuprous oxide particles by being ad- 
sorbed through the iodide port ion of the molecule  
(Fig. 5). We have previously  shown that  iodide ions 
in sufficient quant i ty  can poison electroless copper 
baths (7). These strongly adsorbed species are thought  
to inhibit  the kinetics of the electroless deposition. 

Plat ing is not completely  inhibited by adding the 
proper  amount  of HIQSA because it is not  present  in 
large enough quanti t ies to poison the surface on which 
it is desired that  plat ing occur, a l though larger  amounts 
of addit ive do decrease the rate  as expected. This is in 
agreement  wi th  the observations of Gutzeit  (8), who 
in a discussion of electroless nickel plat ing states that  
the adsorption density of stabilizing ions is a direct 
function of the radius of curva ture  of the catalytic 
body so that  small  particles are more rapidly and com- 

~ N  H2 o 

Fig. 4. Structural formula of diaquo 8-hydroxy quino[ine (4) 
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~.\\\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \~ 
CATALYTIC SURFACE 

Fig. 5. Speculative schematic representation of the adsorption 
of HIQSA on a catalytic surface and subsequent bond formation 
to a chelated copper ion in the solution. The copper ion in solu- 
tion is bonded to EDTA and/or methylene glycolate. 
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pletely poisoned. This observation is not elucidated 
fur ther  by Gutzeit. It  is clear, however, that  after 
plating has begun, the behavior cannot be explained by 
an area effect alone since if a large surface and a small  
particle are present  in the same solution at the same 
time, they wil l  be covered wi th  the same number  of 
adsorbed particles per un i t  area: The difference in 
poisoning of small  and large surfaces must  be due in 
some way therefore to the difference in their surface 
to volume ratios which can be expressed in  terms of 
radius  of curvature.  Their  surface energies or electrical 
potentials may be different, for example. 

The accelerative effect of HIQSA in proper ~luantity 
may be explained by visualizing it adsorbed through 
the iodide atom on portions of the catalytic surface. 
The complexing par t  of the molecule is then extending 
into the bu lk  of the solution where  it is able to form 
a bond to nearby chelated copper ions (Fig. 5). This 
would tend to accelerate plat ing by making it easier 
for the Cu 2e- l igand bond to be broken. When HIQSA 
is present  in large quantities,  however, it is able to 
poison the entire catalytic surface and electroless plat-  
ing is slowed and finally stopped. (In practice, the 
addit ion of very  large quanti t ies of HIQSA results in 
the formation of a precipitate, p resumably  containing 
copper and HIQSA.) 

The hypothesis discussed above is supported by  the 
results with additives other than HIQSA. The addi- 
tives that  do not contain an iodide atom have not 
near ly  as much stabilizing effect. The most str iking 
example of this difference is HQSA, a molecule iden-  
tical to HIQSA except for the absence of the iodine 
atom in the former. 

The other molecule which has a large stabilizing 
effect is IP. This molecule, however, has much less 
accelerative effect (Fig. 3). This is consistent with the 
proposed explanat ion for acceleration since IP con- 
tains no adjacent  ni t rogen and hydroxide functions to 
enable it to chelate with a copper ion. 

A more definitive explanat ion of the unique behavior  
of HIQSA could be obtained by a study of its effect on 
the cur rent -vol tage  curves of the two half reactions. 
Informat ion  of this na ture  for an addit ive-free electro- 
less copper solution of this type has already been 
obtained by  Okinaka (9). The effect of various addi-  
tives on the electrochemical potential  of nickel and 
cobalt baths has been discussed by Feldstein and 
Lancsek (10). 

Faster Plat ing Bath 

Although electroless copper plat ing baths which 
plate at 1.0-1.5 ~M/hr are fast enough for most appli-  
cations which involve a subsequent  electrolytic meta l -  
ization, there are certain advantages to be gained in 
using a bath  wi th  a faster plat ing rate. Consequently 
some baths with higher copper concentrat ions than 
those described previously were investigated. 

The most promising formulat ion consisted of 0.06M 
CuSO4 �9 5H20, 0.3M Na2EDTA �9 2H20, 0.4M HCHO, and 
NaOH sufficient to obtain a pH of 12.8. The change in  
plat ing rate of this bath as a funct ion of HIQSA added 
is depicted in Fig. 6. It  can be seen that  the curve is of 
the same general  shape as that of the less concentrated 
bath  (Fig. 2). The m a x i m u m  is at about 170 mg/ l i t e r  
of HIQSA and represents a plat ing rate  of about 3.1 
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Fig. 6. Change in plating rate of a more concentrated electroless 
copper solution (0.06M CuSO~.SH20, 0.3M Na2EDTA'2H20, 0.4M 
HCHO, pH 12.8) as a function of added HIQSA. 

~M/hr. This bath was able to wi ths tand 45 sec at 75 ~ 
after the addit ion of PdC12. While not a long time, this 
is still bet ter  than  the performance of a comparable 
addit ive-free bath. It  is apparent  that an electroless 
copper solution conta in ing HIQSA could be tailored 
for speed or s tabi l i ty  depending on the application for 
which it would be used. 
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The Electroreduction of Beta-Aminoethyl Mercurials 
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ABSTRACT 

2- (P iper id ino) -e thy lmercur ic  chloride (1) and 2 - (d ie thy lamino)e thy lmer -  
curic chloride (II) are each reduced by two separate one-elect ron reductions 
in DMF or 50% ethanol. The products formed are the corresponding bis-2- 
aminoe thy lmereury  compound and /or  the secondary amine  (piperidine or di- 
e thylamine)  depending on the solvent and reduction potential.  Only  traces of 
ter t iary  amine were detected. Bis [2- (p iper id ino)-e thy]]  mercury  (III) is 
reduced to piperidine in 50% ethanol, but  no reduction occurs in DMF. 

Studies of the electroreduction of mercuric salt-  
olefin addition products have been reported by several 
groups (1, 2). Alkoxy-  and hydroxymercura t ion  prod- 
ucts show electroreduction behavior similar to simple 
alkylmercuric  halides (3) except that  reduction leads 
to regenerat ion of olefin (reaction [1]) 

Electro- 
ROCH2CH2HgX ~ RO-  

reduct ion 
CH2~-~-CH2 ~- Hg ~ X -  [1] 

under  acidic conditions (2). The alkoxy-  and hydroxy-  
mercurat ion products undergo two separate one-elec-  
t ron reductions just  as the simple a lkylmercuric  hal-  
ides. Aminomercura t ion  products (~N--CH~CH2HgX),  
however, are reported to undergo only a single two- 
electron reduction (2). The products of that  reduct ion 
were not  reported. 

Studies at this laboratory have shown that  2- 
(p iper id ino)-e thylmercur ic  chloride (I) and 2 - (d i -  
e thylamino-)e thylmercur ic  chloride (II) in  fact do 
exhibit  two one-electron polarographic reduct ion 
waves in aqueous alcohol, and the reduct ion products 
are similar  to those obtained from oxymercurat ion 
products. The basic electroanalytical  data and the re-  
sults of macroelectrolyses of I, II, and b i s [2- (p iper -  
id ino)-e thyl ]  mercury  (III) are reported in this paper. 

Experimental 
Literature  preparations were used for the synthesis 

of 2 - (p iper id ino) -e thy lmercur ic  chloride (4), 2 - (d i -  
e thylamino)e thylmercur ic  chloride (4), and 1,4-di- 
p iper idinobutane (5). Piperidine, diethylamine,  e thyl-  
ene, mercuric chloride, and N-ethylpiper idine  were 
obtained commercial ly and used as received. Tetra-  
e thy lammonium tetrafluoroborate was prepared from 
aqueous t e t rae thy lammonium hydroxide and aqueous 
tetrafluoroboric acid. The water  was stripped from 
the salt and it was then recrystall ized from methanol.  
EtOH-water  mixtures  were made up from 200-proof 
EtOH and distilled water. The DMF (dimethylform- 
amide, Fisher D-119) was distilled at reduced pressure 
from anhydrous  CuSO4 and then passed through a 
column of Linde 3A molecular  sieves. 

Polarograms were obtained with a Sargent  Model 
XXI polarograph. A simple H-shaped two-electrode 
cell was used with the secondary electrode (and ref- 
erence) being a saturated calomel electrode. The cap- 
i l lary constants were M _-- 1.19 mg/sec and t ---- 9.0 sec 
(open circuit, distilled water) ,  and the mercury  co lumn 
height was 50 cm. Depolarizer concentrat ions were 1.O 
mM with 0.1M Et4N+BF4 - as the support ing electro- 
lyte. 

Cyclic vo l tammetry  was obtained at a hanging mer-  
cury drop electrode wi th  a SCE reference electrode 
and p la t inum wire  secondary electrode. The ins t ru-  

* Electrochemical  Society Act ive  Member.  
Key  words:  ~-aminoethyl  mercurials ,  polarography,  coulometry,  

cyclic vo l t ammet ry ,  macroelectrolyses.  

ments  used were a Wenking  Model 66TS10 potentio-  
stat, an Exact Electronics Inc. Model 505 function 
generator, and a Tektronix  Type 502 oscilloscope. 

Coulometry was carried out in  a fine-glass fri t  di- 
vided three-compar tment  cell with a Pt  foil anode, 
mercury  pool cathode, and SCE reference electrode. 
The substrate concentrat ion was 10 mM with 0.1M 
Et4N+BF4 - as the support ing electrolyte. A Wenking 
Model 66TA1 potentiostat  was used to carry  out the 
coulometry. 

Macroelectrolyses were performed in a medium glass 
f l i t  divided H cell with Hg pool cathode (7 cm diam) 
and Pt foil anode. The cell was cooled in a tap water  
bath at approximately 20~ The cathode potential  was 
controlled vs. a SCE reference electrode which con- 
tacted the cathode via a Luggin capillary. The cathode 
compartment  volume was 200 ml  and the anode com- 
par tment  volume was 50 ml. The support ing electrolyte 
was a 1M Et4N+BF4 - .  The catholyte was stirred with 
a magnetic st irrer or overhead mechanical  stirrer. 
Electrolyses were carried out with either a Chemical 
Electronics Corporation (1.6A model) or a Wenking 
(Model 60HU1/90) potentiostat. 

The nmr  spectra were obtained using a Varian T-60 
nmr  spectrometer and the gas chromatography was 
carried out with a F&M Model 720 gas chromatograph 
with a Model 1609 flame-ionization attachment.  

Electrolysis of I in DMF.- -Ten  grams of I were added 
to the cathode compar tment  and the electrolysis was 
carried out at --0.9V vs. SCE. After 20 hr, the cur ren t  
was less than 10 mA and the electrolysis was stopped. 
A total of 0.0304 Faraday  of electricity had been 
passed or 1.055 Faradays per mole of I. No N-e thyl -  
piperidine or 1,4-dipiperidinobutane and only a trace 
of piperidine were detected in the  catholyte by g.c. 
analysis. The DMF was distilled from the catholyte 
at reduced pressure and the residue was extracted with 
ether. The ether was stripped from the ether extract  
and the residue was st irred at reduced pressure (0.001 
mm) to remove residual DMF. The residue was 5.0g 
(82%) of crude (nmr  analysis) b i s [2 - (p ipe r id ino) -  
ethyl] mercury  (HI).  This oil was distilled at reduced 
pressure (0.04 ram) boiling at 123~ with a slight 
amount  of decomposition at the beginning of the dis- 
tillation. 

Anal. Calcd. for CI~H~sN2Hg: C, 39.56; H, 6.64; N, 
6.59. Found: C, 39.83; H, 6.89; N, 6.66. 

The nmr  spectrum (Fig. 4) consists of mult iplets  
centered at 5 -- 1.15 (4H, - -CH2--Hg) ,  1.45 (12H, 
methylenes  not adjacent  to N in the piperidine r ing) ,  
2.35 (SH, methylenes  adjacent  to N ~n the piperidine 
r ing) and 2.75 (4H, ~ N - - C H r - - C H 2 - - H g ) .  The satel- 
lites formed by split t ing due to Hg lg9 are faint ly visi- 
ble in the spectrum. 

A similar electrolysis in DMF carried out at --2.5V 
vs. SCE gave identical results with 1.04 Faradays of 
electricity passed per mole of I and a 91% crude yield 
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of III. Again, only a trace of piperidine I was detected 
by g.c. analysis  and no N-ethylpiper id ine  or 1,4-di- 
p iper id inobutane were detected. 

Electrolys is  ol  I in 50% E t O H . - - F i v e  grams of I were 
added to the catholyte and the electrolysis was carried 
out at --0.5V vs. SCE. After  0.0144 Faraday of cur ren t  
(1.01 Faradays /mole  of I )  had passed, the current  was 
negligible. Gas chromatographic analysis showed the 
presence of 0.14g of piperidine. The solvent was str ip-  
ped from the catholyte and the residue was extracted 
with ether. Evaporat ion of the ether left a residue 
of 1.8g (59%) of crude III  (nmr  analysis) .  

A similar electrolysis was carried out at --0.5V vs. 
SCE for 1.02 Faradays /mole  of I and then the potential  
was increased to --1.8V vs. SCE and an addit ional 1.08 
Faradays /mole  of I was passed. Analysis  as above 
showed 0.55g (78%) of piperidine and no III. 

An  e]ectro]ysis of I in 50% EtOH was carried out 
as above except the potential  was set at --1.3V vs. SCE 
and 5 ml  concentrated HC1 was added to the catholyte. 
Then 1.25 Faradays /mole  of I was passed and analysis 
as above showed 0.241g (20%) of piperidine and 2.07g 
(67%) of III. 

Electrolys is  o f / / . - - T h e  reduction of 8g of II was car-  
ried out in  DMF containing 0.1M Et4N+BF4 - .  The po- 
tential  was set at --0.8V vs. SCE and a total of 1.05 
Faradays of electr ici ty/mole of II was passed. The DMF 
was stripped from the catholyte at reduced pressure and 
the residue was extracted with ether. Evaporat ion of 
the ether left a dark oily mixture.  This was t reated 
with petroleum ether and decolorizing carbon. The 
solution was filtered and the  filtrate was stripped of 
solvent to give a clear oil which was distilled in a 
short -path dist i l lat ion apparatus  at reduced pressure 
(0.05 ram).  The product distilled as a relat ively un -  
stable clear l iquid boil ing at approximately  130 ~ . The 
nmr  spectrum (DCC13) was consistent with b is (2-d i -  
e thylaminoethyl)  mercury  having overlapping signals 
at ~ : 1.08 (16H, CH3-, and - -CH2--Hg) ,  a mul t ip le t  
at 5 : 2.87 (4H, N--CHz---CH2--Hg) ~ and a quar te t  
at ~ = 2.51 (8H, CH3CHz----N-~). 

Anal .  Calcd. for C12H2sN2Hg: C, 35.93; H, 7.04; N, 
6.99. Found:  C, 37.23; H, 6.97; N, 6.65. 

Results 
The results of polarography, coulometry, and macro- 

electrolyses of I, II, and III  are shown in Table I. The 
polarographic waves in 50% EtOH were normal ly  
shaped and only the waves indicated were present. 
Polarograms obtained with I or II that  had been stored 

1 I t  is  i m p o r t a n t  to  no te  t h a t  p y r o l y s i s  of I I I  l e ads  to f o r m a t i o n  of  
p i p e r i d i n e  r e q u i r i n g  t h a t  a c o r r e c t i o n  be  m a d e  fo r  g.c .  a n a l y s i s  o f  
a n y  so lu t i on  c o n t a i n i n g  I I I  s ince  p i p e r i d i n e  w a s  a l w a y s  f o r m e d  b y  
p y r o l y s i s  o f  I I I  i n  t h e  i n j e c t i o n  por t .  T h e  p i p e r i d i n e  p e a k  a r e a  w a s  
r e l a t e d  to H I  c o n c e n t r a t i o n  in  k n o w n  s a m p l e s  so t h a t  a f a i r l y  a c c u -  
r a t e  c o r r e c t i o n  cou ld  be  m a d e .  

T h e s e  s h a r p  p e a k s  a re  s p a c e d  l i k e  the  o n e s  in  F ig .  4 a t  a c o m -  
p a r a b l e  c h e m i c a l  sh i f t .  

::L 

z J LAd OC: 
rt- 

I0 

-0.5 -I .0 -L5  -2.0 -2.5 -5.0 

VOLTS vs SCE 

Fig. 1. Polarogram of I in DMF containing O.IM Et4N +BF4 - 

.-'., 

z 
ta3 
Q f .  

J I I 
-0.7 -I.5 -2.1 

VOLTS vs SCE 
Fig. 2. Cyclic voltammograms of I in DMF containing O.IM 

Et4N+BF4 - .  Solid llne represents 0.1 V/sec sweep rate and 
dashed line shows 1.0 V/sec sweep rate. 

for a few days and had apparent ly  par t ia l ly  decom- 
posed showed maxima on the second waves. Polaro- 
grams of I and II obtained in  DMF were abnormal ly  
shaped, and that for I is shown in Fig. 1. Note that  the 
max imum at around --2.2V precedes a wave with the 
diffusion current  less than twice the first wave value. 
The polarogram for II in DMF is s imilar ly  shaped. 
Compound III is not reduced in DMF. 

Cyclic vo l tammet ry  of I and II at a hanging Hg drop 
in DMF were unusua l  and scans of I at different 
sweep rates are shown in Fig. 2. Compound II gave 
similar cyclic voltammograms.  Compound I in  50% 
EtOH shows two irreversible broad peaks a t - - 0 . 8 2  
and --1.65V vs. SCE (Fig. 3). Compound II shows two 
irreversible broad peaks at --0.69 and --I.50V vs. SCE. 
The reverse trace showed a negat ive cur ren t  peak (i.e., 
the same direction as the forward trace) similar to 
those in Fig. 2 at slow sweeps. The macroelectrolyses 

Table I. Electrochemical redaction data 

C o m p o u n d  S o l v e n t  E1/2 a Id n b P r o d u c t s  r (y ie ld)  

NCH2CI-I~-IgCI 50% e t h a n o l  --0�9 1.04 0�9 I I I  (59%) + p i p e r i d i n e  (11%)  
(I} --0.70 0�9 1.96 I I I  (67%) + p i p e r i d i n e  (20%Y d 

D M F  - 0.72 1�9 0.98 I I I  (92%) 
- -2 .05f  1�9 I I I  (91%) 

(C2Hs)2NCH2CH~HgCI 50% ethanol -- 0.35 I�9 0~8 
(If) --0.62 1,09 -- 

DMF --0.70 1.97~ -- [ ( C 2H5) ~N C H=CH~'~/-~Ig 
- 2 . 0 ?  0.87 - -  

~ i ~CH~CH= ) o H g  50% e t h a n o l  - -1 ,5 !  2.12 P i p e r l d i n e  

( I I I )  

a Vol t s  vs .  SCE.  
v F a r a d a y s  of  e l e c t r i c i t y / m o l e  of  s u b s t r a t e  d e t e r m i n e d  c o u l o m e t r i c a l l y  a t  a p o t e n t i a l  j u s t  p a s t  t h e  c r e s t  of  t h e  c o r r e s p o n d i n g  p o l a r o g r a p h i c  

w a v e .  
c F r o m  m a e r o e l e c t r o l y s e s  a t  a p o t e n t i a l  j u s t  b e y o n d  t h e  c r e s t  of  t h e  c o r r e s p o n d i n g  p o l a r o g r a p h i c  w a v e � 9  

E l e c t r o l y s i s  c a r r i e d  o u t  in  t h e  p r e s e n c e  of  HC1. 
e M i n i m u m  v a l u e  b e t w e e n  t h e  f i r s t  a n d  s e c o n d  m a x i m u m � 9  See  F ig .  1. 
f B e g i n n i n g  of  t h e  m a x i m u m .  
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VOLTS vs SCE 
F~g. 3. Polarogrom (solid llne) and cyclic voltammogram (dashed 

line ? v/see) of I in 50% ethanol containing 0.1M Et4N+BF4 - 

were general ly  carried out with approximately 0.1M 
substrate. Since all of the electroanalytical  results 
were similar, the only macroelectrolysis for II was car- 
ried out to obtain a sample of (Et2NCH2CH~-~Hg. No 
1,4-dipiperidinobutane was detected in any of the elec- 
trolysis products. Only traces of N-ethylpiper id ine  
were ever detected in the electrolysis products. 

In  addit ion to the coulometric data in Table I, it was 
found that  for I in 50% ethanol after complete elec- 
trolysis at --0.5V vs.  SCE approximately 1 Faraday  of 
cur ren t /mole  of I was passed and no extra current  
would pass at --1.2V, but  at --1.8V an addit ional 1 
Faraday of cur ren t /mole  of I was passed. II  behaved 
similarly. A macroelectrolysis of I carried out s imilarly 
yielded 0.14g (20%) of piperidine on complete reduc-  
t ion at --0.5V (1.02 Faradays /mole  I).  The potential  
was then increased to --1.8V vs. SCE, an addit ional  1.08 
Faradays of electricity per mole of I was passed and 
the yield of piperidine increased to 0.55g (78%). 

Discussion 
The results of coutometry and cyclic vo l tammet ry  of 

I and II indicate an ini t ial  reversible one-electron 
reduction (reaction [2]), contrary to the previous 
report (2). It is also evident  that  the intermediate  IV 
is consumed by 

R2NCH2CH2Hg + + l e -  ~ R2NCH2CH2Hg" [2] 
(IV) 

some fairly fast reactions since no reverse is obtained 
with slow-sweep cyclic vol tammetry.  Apparent ly,  two 
reaction pathways are required to explain the two 
products observed in macroelectrolyses. Reaction [3] 
is shown as simple 

2IV -> (R2NCH2CH2Hg) 2 -> Hg ~ (R2NCH2CH2-)-2Hg 
(V) (VI) [3] 

dimerization of the radical IV to form an intermediate  
(V) which would be l ikely to disproportionate to free 
mercury  and VI at room temperature,  as has been 
observed in the reduction of simple alkylmercuric  salts 
(6). 

A n  addit ional reaction route for IV must  occur, 
however, to account for the formation of piperidine at 
the first wave. The simplest reaction to wri te  is reac- 
tion [4] 

IV-~ Hg -~ CH~-~CH2 -~ R2N" > R2NH [4] 
Solv. 

It  is not apparent  from reaction [4] why one might  
get different rates ~ in different solvents (as we observe 
in  DMF and 50% ethanol) .  The addition of amino 
radicals to olefins is a we l l -known reaction (7) and 

O n e  o f  t h e  r e f e r e e s  s u g g e s t e d  t h e  d i f f e r e n t  r a t e s  i n  r e a c t i o n  [4 ]  
m a y  b e  d u e  t o  t h e  e q u i l i b r i u m  i n  r e a c t i o n  [ 2 ] .  

the opposite of the first part  of reaction [4]. Reaction 
[5] allows for a solvent effect and bypasses the step 
of e l iminat ion 

IV ) R2NCH2CH2HgH --> RzNH 
Solvent 

+ CH2~---CH~ q- Hg [5] 

of an aminoradical  f rom ethylene. One can envisage a 
concerted reaction of the hydr ide  involving a 5-mem- 
ber cyclic intermediate.  There is evidence, however, 
that  a simple a lkylmercuric  hydr ide  decomposes to 
form the a lkyl-free  radical  (8). 

The absence of the in termediate  K2NCH2CH~" (ex- 
pected in  reaction [4]) is fur ther  indicated by the 
absence of 1,4-dipiperidinobutane in the electrolysis 
products. 

The cyclic vol tammograms obtained in  DMF are 
interest ing in that  at fast sweeps a reversible l e -  
reduction is indicated (Fig. 2), as has been reported 
for the reduction of mercuric  salts by others (9). 
However, at slow sweeps an  inverse peak occurs on 
the reverse sweep, indicat ing a radical  in termediate  
presumably  reacting with the mercury  drop (10). In  
this case, the addit ion of mercury  to the surface (reac- 
t ion [3] ) may be responsible for the unusua l  behavior. 
The first and second reductions were indis t inguishable 
in the cyclic vol tammograms in  50% ethanol (Fig. 3). 
However, a second peak occurred at a potential  at 
which no polarographic reduct ion wave appears. This 
second peak was found to correspond to tha t  for the 
reduction of III in 50% ethanol. The III  is formed at 
the first reduction by reactions [3], [10], or [11] (see 
below) and remains  at the drop surface long enough 
to be reduced when  its reduct ion potential  is reached. 
During polarographic reduct ion a two-elect ron reduc- 
t ion not leading to III  (see below) is already occurring 
when the potent ial  of the reduction of III  is reached 
and, therefore, no wave is obtained. The III formed 
at the first polarographic wave is, of course, dissipated 
because of the fresh drops being formed every few 
seconds. 

The Id values shown in  Table I for the first waves of 
I and II in DMF seem too high for a one-elect ron 
reduction. Rapid-scan cyclic vo l tammetry  indicates a 
le reduction, coulometry and macroelectrolysis at 
higher concentrat ion indicate a one-electron reduction, 
and polarography in 50% ethanol  indicates a one-elec-  
t ron reduction. Therefore, to obtain a greater  than  
one-electron reduction in DMF requires a relat ively 
slow solvent dependent  reaction of the one-electron 
reduction product leading to a reducible product. A 
possible pa thway is shown in reaction [6]. A simple 
alkyl radical would probably  not be reduced (11-12) 
or reduced only very slowly (13) 

IV ) Hg + R2NCH2CH2" 
slow 

le 
R2N(-- )  + CH2=CH2 [6] 

at this potential,  but  the be ta -amino  group may  allow 
the reduction to occur rapidly. At higher concentra-  
tions (coulometry and macroelectrolysis) reaction [3] 
predominates. In  50% ethanol the rate of reaction [5] 
may be faster than that of reaction [6]. Reaction [5] 
does not form a reducible species and, therefore, only 
a one-electron reduction occurs. 

The total Id value beyond the second polarographic 
wave corresponds to a two-elect ron reduct ion (reac- 
t ion [7] ) 

R2NCH2CH2Hg + + 2e ~ R2NCH2CH2Hg- 
(VII) 

R~NCH2CH2(--) + Hg [7] 
(VIII) 

Under  di lute  conditions (polarography) the in termedi -  
ate VII undergoes reactions like [8] or [9]. The second 
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wave  

VII--> Hg -t- R2NCH2CH2 ( - )  --> CH2~CH2 

+ R2N(--)  > R2NH [8] 
H + 

VII ----> R2NCH2CH2HgH -~ R2NH -b CH2~CH2 -t- Hg 
H + [9] 

shows a large (1.3V) potential  shift between DMF 
and 50% ethanol. This same effect is observed in the 
reduction of III  for, whereas the reduct ion begins at 
--1.5V in 50% ethanol, no polarographic wave occurs 
in DMF. Addit ion of 1.3V to the value in  50% ethanol  
gives --2.8V or reduction in the region of electrolyte 
discharge. Reduction of dialkylmercuria ls  has been 
reported to occur in this region (14) ; however, we were 
unable  to reproduce those results. 

Under  macroelectrolysis conditions a t  the potent ial  
of the second wave the products appear to be those of 
a one-electron reduction. However, routes to the bis-  
mercur ia l  (VI) are s traightforward via two-electron 
reduct ion products (reactions [10] and [11]) 

VIII + R2NCH~CH2HgC1--> C1- + V ~ Hg + VI [10] 

VIII ~ R2NCH2CH2HgC1 ~ C1- 

% 2 IV--* V--> Hg -}- VI [ i i ]  

Reaction [10] is a nucleophil ic-displacement  reaction, 
similar to a variety of known replacement  reactions 
at mercury  (15). Reaction [11] is an e lec t ron- t ransfer  
disproportionation reaction, common in cases in which 
1- and 2-electron reduction products are formed (16). 
Both are second-order resul t ing in the same product 
and, thus, are indistinguishable.  

These reactions do not explain the other products 
obtained or the apparent  two-electron reduction in 
50% ethanol by coulometry and polarography. Reac- 
tions [8] and [9] are possible routes to the observed 
product, piperidine. Reaction [8] does not seem likely, 
however, in view of the fact that  only traces of N- 
ethylpiperidine were detected, even when  the reduc-  
tion was carried out in the presence of hydrochloric 
acid. Under  conditions of polarography and coulom- 
etry in 50% ethanol, reaction [9] appears to occur 
more rapidly  than [10] or [11]. However, under  
macroelectrolysis conditions the concentrat ion of 
R2NCH2CH2HgC1 is much higher and the region near  
the cathode is probably quite basic (17) even though 
the bulk  solution is acidic, thus, allowing reactions 
[10] or [11] to compete favorably with [9]. 

The reduct ion of III ( ini t ial ly formed by reduct ion 
of I) in 50% ethanol leads only to piperidine and no 
N-ethylpiperidine.  It  would seem that  the reduction 
would proceed as in reaction [12] 

(R2NCH2CH2) 2Hg ~ R2NCH2CH2Hg ( - ) 
2e-  

R2NCH2CH~(-) [12] 

The intermediate  R2NCH2CH2 ( - )  would be expected 
to lead t o  at least some N-ethy]piperidine.  It  may  be 
possible that  the reduct ion is a concerted process with 
R2N ( - )  ~and ethylene leaving as the first electron is 
added so that  there is never  any free R2NCH2CH2 ( - )  
formed. 

Although electroreduction of I apparent ly  does not  
lead to N-ethylpiperidine,  the chemical reduct ion of I 
to N-ethylpiper idine may be accomplished with sodium 
amalgam and various metal  hydrides (18). Reduction 
of I with sodium borohydride is reported to yield some 
III in addit ion to N-ethylpiper idine;  however, their 
product is reported as a solid (mp 128~ whereas the 
product (III)  obtained here is a disti l lable colorless 

CNCH CH 2 Hg CH 2 CH 2 N ~  

I I , ,  I 

4.0 3.0 2.0 1.0 0.0 

8 PPM 
Fig. 4. Proton nmr spectrum of bis [2-(piperidino)-ethyl] mercury 

liquid. The nmr  spectrum of III  is included (Fig. 4) 
as fur ther  evidence for the structure.  
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Electrode Reactions on Demetalized Surfaces 

Ashok K. Vijh* 
Hydro-Quebec Institute o~ Research, Varennes, P. Q., Canada 

ABSTRACT 

Many electrode reactions occurring nominal ly  on metals  proceed in fact on 
a demetalized surface produced by formation of a semiconducting surface re-  
action film on the electrode. A viewpoint  is presented that  in these cases of 
electrode reactions, the electrode kinetic behavior  should be in terpre ted in 
terms of solid-state surface properties (especially the bandgap and thence 
semiconductivi ty and solid-state cohesion) of the surface film ra ther  than  the 
electronic properties of the under ly ing  metal. Equations are formulated to take 
this into account and the considerations developed provide a basis to interpret  
a large amount  of l i terature data on the following subjects: oxygen reduct ion 
reaction; oxygen evolution reaction; anodic dissolution of metals in anhydrous  
hydrogen fluoride and in sulfamic acid-formamide solutions; F e ( C N ) 6 4 - /  
Fe(CN)63-  reaction on plat inum, oxide films, and oxides; and possibly the 
open-circui t  corrosion potentials of some common metals. 

A vast major i ty  of common electrode reactions 
occurring on metals proceed, in fact, on surfaces that  
have been demetalized to some extent, by formation 
of either a chemisorbed layer or a thicker film ap- 
proaching a phase compound. This is par t icular ly  true 
of anodic reactions, al though several cathodic reac- 
tions (e.g, hydrogen evolution, oxygen reduction, some 
electroorganic reductions, etc.) also involve reaction 
intermediates  which can impar t  a demetalized char-  
acter to the electrode surface. 

In  some cases of anodic reactions in which the 
metallic electrode is clearly covered by a mul t i layer  
( ~  ~ 10A) surface film, one would expect the properties 
of the la t ter  to affect the rate of the electrode reaction. 
The film properties of interest  in this connection are 
such as the estimated semiconductivity,  solid-state 
cohesion (i.e., lattice energies, bond energies, heats of 
formation, mel t ing points, boiling points, etc), and the 
defect structure. 

The object of the present  paper is to a t tempt  an 
in terpre ta t ion of some electrode reactions involving 
surface films in terms of semiconductivi ty and related 
properties of the latter. 

Theory 
To formulate  the argument ,  consider reduction of 

oxygen on an oxide-covered metal  surface denoted by 
S. In  acidic solutions, the over-al l  reaction may pro- 
ceed either by part icipat ion of electrons of the con- 
duction band, ec, of S as 

S ~ 02 ~ 2H20 ~ 4ec--> 4 O H -  -4- S [1] 

or by involvement  of holes of the valence band as 

S ~ 02 ~ 2 H 2 0 ~  4 O H -  ~ 4p+ ~ S [2] 

Here it is assumed that  the oxygen reduction occurs 
by the four-electron process. Parenthetical ly,  the fol- 
lowing argument  wil l  not be affected even when one 
assumes a two-electron reduction. It  also is assumed 
that the oxide substrate, S, on the metal  is sufficiently 
thick ( ~ 1 0 A )  and hence may be treated as a bulk  
semiconducting surface. For the oxide reduct ion reac- 
tion, which proceeds at high anodic potentials (with 
respect to the hydrogen electrode), this assumption 
clearly would be fulfilled for metals such as Cu, Cr, 
Pd, Cd, Ni, Fe, Co, Zn, Mg, and even Ag and Au on 
which anodization can result  in quite thick oxides. For 
the case of Pt  and other "noble" metals, however, 
this assumption perhaps is fulfilled only marg ina l ly  
since phase oxide growth general ly is not observed, 
al though three to four layers (ca. 10A) can be formed 

* Elect rochemical  Society Ac t ive  Member .  
Key  words :  oxygen  reaction,  anodic dissolution, corrosion films, 

electrode react ions,  semiconductor  electrochemistry. 

easily even on plat inum. In  any  case there is direct 
evidence (1) to support that  the oxide on plat inum, 
al though rela t ively thin, sustains a potential  drop of 
about 0.7V (at 100 ~A-cm -2) across it under  conditions 
of anodization; hence it may be treated approximately 
as a semiconducting surface. 

A possible ra te -de te rmin ing  step (rds) for oxygen 
reduction (on oxide-covered p la t inum)  in acidic solu- 
tions may be as (2) 

S §  + §  [3] 

which may be wr i t ten  in two al ternat ive forms involv-  
ing either ec or p + as 

S + O 2 + H  + ~ e c ~ S O ~ H  [4] 
o r  

S - ~ O 2 ~ H  + ~  S O 2 H ~ p +  [5] 

The rates of these two al ternat ive  mechanisms may 
be represented as (3) 

i4 = ZF k4 [02] [H + ] exp (--E*4/RT) [6] 
and 

i5 = ZF k5 [02] [H +] exp ( - -E*JRT) [7] 

where i4 and i5 are the rates (current  densi t ies);  Z is 
the number  of electrons (or holes) t ransferred in the 
rds (one in the present example) ;  k4 and k5 are con- 
stants; F is the Faraday constant;  [02] and [H +] are 
the concentrat ion of oxygen and protons (hydrated of 
course) on the surface S; E*4 and E*5 are the effective 
activation energies for the steps [4] and [5], respec- 
tively, under  conditions of a :.given applied potential. 
Concentrated solutions have~ been assumed so that  
there is v i r tua l ly  no potent ial  drop in  the diffuse 
double layer of the solution. In  any case, for the wide 
bandgap semiconductors, potential  drops across the 
Helmholtz and the diffuse double layers may be ne-  
glected. 

Following Gerischer (3), we note that the presence 
of a hole, used in  reaction [5], in the valence band sig- 
nifies that an electron has been excited from a bond-  
ing state in the valence band  to an ant ibonding state in 
the conduction band. The energy difference between 
the ini t ia l  states for reactions [4] and [5] would thus 
be equal to the bandgap value, Eg. Since the t ransi t ion 
states for reactions [4] and [5] are relat ively closer to 
their  final states, as argued by Gerischer (3), the dif- 
ference in the activation energies for the two steps, 
namely,  (E*4 -- E*5) will  be close to the Eg; i.e., one 
has 

E * 4 - - E * 5 = ~ E g ;  0 . 5 < 7 <  1 [8] 

By adding rate equations [6] and [7], one gets the 
total rate of oxygen reduction, St as 

1498 
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i t ---- k' exp (--E*4/RT) + k" exp (--E*5/RT) [9'] 

where 
k'  = ZFk4 [O2] [H + ] 

and 
k" = ZF k5 [02]  [H + ] 

Dividing Eq. [9] by k" exp ( - -E*JRT) ,  one obtains 

At k' exp (--E*4/RT) 
= + 1 [I0] 

k" exp (--E*5/RT) k" exp (--E*JRT) 

o r  

where 

and 

{ ( ' " - ' " )  t At -- K K'  exp -- ~-~ + 1 

K = k" exp (--E*5/RT) 

k" 
g '  --~ 

k "  

[11] 

Combination of Eq [8] and [11] gives 

i t = K  { K ' e x p - - ( T E g ~  t - - ~ - /  + 1 [12] 

In  Eq. [12], for a given oxide substrate, S, all  the 
quanti t ies  in the  r igh t -hand  side are constant  provided 
that  one works at a constant  tempera ture  T. If  now 
one assumes that  for a number  of oxide substrates, B, 
constants K, K', and 7 change in a re la t ively minor  way 
as compared to the bandgap value, Eg, one would ex-  
pect a rough correlat ion between it and Eg values. That  
the effect of Eg in  Eq. [12], for a large number  of oxide 
substrates, is indeed paramount  as compared to any 
possible variat ions of K, K', and % as assumed, appears 
to be borne out by some exper imental  evidence pre-  
sented below where the overpotential  (at constant  it) 
increases with increasing Eg values for a number  of 
oxide substrates; this, of course, is the same thing as 
the increasing At with decreasing Eg values at a given 
overpotential  (i.e., Eq. [12]). It  may be added that  al-  
though Eq. [12] has been formulated for the reduct ion 
of oxygen on an oxide-covered electrode, the considera- 
tions developed should apply to any electrode reaction 
proceeding on a fi lm-covered metal  by means  of re-  
actions such as [1] and [2] in which an exchange of 
electrons or holes is involved. 

Electrocatalysis of the Oxygen Reaction on 
Oxide-Covered Metals 

In  Fig. 1, results of Kozawa e t a l .  (4) for the reduc-  
tion of oxygen on metals (presumably covered by 
oxide films) are plotted against the corresponding Eg 
values of the oxides. At a given current  density, higher 
electrode potentials, E, are associated with higher 
bandgap values, as predicted above. In  order to extend 
this plot to some more metals  for which the Eg values 
are not available, one may examine the graph of --AHe, 
the heat of formation per equivalent  for the highest 
valent  oxide, against the E values since (5) 

Eg ~-~ 2 (--~He) [13] 

This has been done in Fig. 2 where increasing - -~He 
( ~  1~ Eg) values are associated with higher electrode 
potentials for oxygen reduct ion at a given current  den-  
sity as reported by Kozawa et aL (4); Fig. 2 thus ex-  
tends to some other metals the conclusions d rawn from 
Fig. 1. 

In  order to make sure that  these correlations are not 
merely  fortuitous because of the par t icular  set of oxy- 
gen reduction data chosen, it is necessary to examine 
them in relat ion to data reported by other workers. 
Figure 3 gives the E (at a given it) vs. Eg plot for sev- 
eral oxide-covered metals on which oxygen reduction 
data have been reported by Khumotov  (6), after 
Tomashov (7). These E values are plotted against the 
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Fig. 1. Plot of electrode potential E (vs. SHE) for oxygen reduc- 
tion at 20 /~A-cm - 2  in 0.15M NaCI solution (phosphate buffer, 
pH 7.22) on the (oxide-covered) shown metals vs. the bandgap, Eg, 
values for the corresponding oxides. E and Eg values are from 
Ref. (4) and (18), respectively. 
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Fig. 2. E values for oxygen reduction (same data as in Fig. i )  
now plotted against - -~He  ( =  �89 Eg) values of the oxides of the 
shown metals. The - - ~ H e  values are taken from Ref. (18) and 
(21) and the references cited therein. 
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Fig. 3. Plot of electrode potential E (vs. SHE, in 0.5M NaCI + 
0.005M Na2CO~ -f- 0,005M NaHCO3, at 1 mA-cm -2)  for oxygen 
reduction (6, 7) an the (oxide-covered) shown metals vs. the Eg 
values (21, 22) for the corresponding oxides. 

corresponding --AHe ( =  �89 Eg) values in Fig. 4. It is 
clear tha t  the data of Kozawa et al. (4) and Tomashov 
(7) sustain the theoretical prediction, i.e., at a given 
rate, higher electrode potentials are observed on oxide- 
covered metals whose oxides have high Eg values (Fig. 
1-4). 

The --~He values not only signify half  the bandgaps 
(5), but  they are also related to the enthalpy (in its 
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Fig. 4. Plot of E for oxygen reduction (same data as in Fig. 3) 
vs. the - - A H e ( =  ~ Eg) values (18, 21) of the highest valent 
oxides of the shown metals. 

nomalized form, i.e., as per equivalent  (8) of the re-  
action 

MO(s) ~ M(s)  - t -  O(g) [13] 

where s and g denote solid and gas, respectively; MO 
is the metal  oxide, i.e., the substrate S in the kinetic 
equations above. The enthalpy change in reaction [13], 
(~H) ,8, is 

(AH)13 : --~He + 1/4AHD [14] 

where  V4hHD is the heat of dissociation, per equivalent ,  
of the oxygen molecule (note: AHD is heat of dissocia- 
t ion per mole, ~AHD per atom, and ~/4AHD per equiva-  
lent) .  For all  the oxides, 1/4AHD is of course the same 
so that  the bond rup ture  in Eq. [13], i.e., the enthalpy 
per equivalent  of reaction [14], may be represented by 
the heat of formation per equivalent,  hHe. It may be 
added that usual ly the bond energy (9) is represented 
by the heat of atomization per equivalent ,  i.e., the en-  
thalpy of the bond rupture  

MO(s)  --> M(g)  + O(g)  [15] 

For our considerations, however, the bond energy of 
Eq. [15] is not re levant  since bond breaking or forma- 
tion involved in various electrochemical steps never  
converts the metal  to its gaseous form. Since the metal  
in the MO bond always stays as a solid, the bond en-  
ergy corresponding to the rup ture  in Eq. [14] is ap- 
propriate. One thus concludes that - -aHe values not 
only represent  �89 but  are also an index of the aver-  
age energy of a bond l ikely to be involved in an elec- 
trochemical  step on the oxide-covered electrodes. 

With the preceding comments in mind, we proceed to 
examine a third set of data, due to Appleby (2), on 
oxygen reduction. The correlation between electroac- 
t ivity and the - -hHe values for the metals examined 
by Appleby does not follow the predictions made in the 
section on theory here. Instead, one obtains a volcano 
plot. This probably would emphasize that  for these 
metals, the semiconductivi ty (and thence Eg or 
--2~He) is perhaps not the paramount  factor (cf. Eq. 
[11]) and that the overr iding consideration is probably 
the energy of the MO bonds as represented by --AHe. 
This is not at all unexpected for these "noble" metals  
(Fig. 5) on which the Eg values are small  and the ef- 
fect of oxide main ly  shows up in terms of the s t rength 
of the MO bonds involved as predicted in the theories, 
e.g., of Parsons (10) and Gerischer (11). A similar 
volcanic relat ion also results for the oxygen evolution 
react ion (oer) when the data taken from Reutschi and 
Delahay (12), supplemented by the data given by 
Hoare (13), are plotted against the --~He value (Fig. 
6). The significance and in terpre ta t ion  of Fig. 6 is, of 
course, quite similar to that of Fig. 5. 

It  may  be ment ioned that  any  attempts to estimate 
bond energy va lues  from the Pau l ing- type  equations 
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Fig. 5. Oxygen reduction rate at 800 mV (SHE) in 85% ortho- 
phosphoric acid (2) on the shown (oxide-covered) metals plotted 
against the - -AHe values (18, 21) of the corresponding oxides. 
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Fig. 6. Electrode potential E (vs. SHE) for the oxygen evolution 
reaction, at 1 A-cm -2  in 1M KOH solution, as given in Ref. (12) 
plotted against the - -~He values (18, 21) of the oxides of the 
shown metals. The oxygen evolution data for Rh and Ir taken 
from Hoare (13); although the data on Ir is for acidic solutions, 
it may be used in the present plot (by adjusting the potential scales 
to the alkaline solutions) since the mechanism of oxygen evolution 
on Ir is the same both in acidic and alkaline solutions. 

(12) are not re levant  for the present case since these 
equations give estimates of isolated MO molecules in  
the gas phase. Similar  comments  also apply to the spec- 
troscopic values of the MO bond strengths. 

A n o d i c  Dissolut ion of  F i lm-Covered  M e t a l s  
It was shown previously (14, 15), on the basis of data 

of Hackerman et al. (16) tha t  in the anodic dissolution 
of a large number  of metals  in anhydrous  hydrogen 
fluoride (AHF),  the dissolution proceeds via relat ively 
thick fluoride corrosion films. Further ,  it was noted 
that  the solid-state properties of the fluoride films 
determine the anodic dissolution rates of the unde r -  
lying metals. Since the dissolution of the semiconduct-  
ing surface film must  proceed by reactions involving 
electron-hole exchange be tween the fluoride film and 
the electrolyte (similar to reactions [1] and [2]), the 
data (16) may now be examined in terms of Eq. [12]. 
In  Fig. 7, the normalized anodic dissolution rates of 
metals are plotted against the corresponding --~He 
(=  ~ Eg) values. The log dissolution rate roughly  in -  
creases with decreasing --~He values as required by 
Eq. [12]. 

The theoretical ideas developed here may  also be ap- 
plied to the case of anodic dissolution of metals in 
sulfamic acid-formamide solutions (17, 18). The anodic 
dissolution in this case proceeds via electrode films 
bound to the metal  by M-S bonds. It  is of interest, 
therefore, to plot the - -~He ( :  �89 Eg) values of metal  
sulfides against the anodic dissolution rates of metals 
(Fig. 8). Log (anodic dissolution rate) increases with 

decreasing bandgap values in agreement  wi th  Eq. [12]. 

Redox React ions  
One may now examine the behavior  of redox reac- 

tions such as Fe (CN)64- /Fe (CN)68-  in relat ion to the 
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dissolution rotes (16) of the shown (fluoride-covered) metals vs. 
the ---~He ( =  �89 Eg) values (14, 15) of the corresponding highest 
valent fluorides. The anodic dissolution data on Cd is not included 
since the fluoride film on Cd is nonadherent and nonprotective, a 
case not relevant to the theory of film-covered electrodes 
developed here. It may be mentioned that, perhaps for the fore- 
going reason, the anodic dissolution data on Cd does not follow 
the rough trend shown in Fig. 7. 
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Fig. 8. Electropolishing (i.e., the anodic dissolution) rates at a 
typical (3V vs. Cd/CdCI2 in KCI-saturated formamide) anodic 
potential of the shown (film-covered) metals, in sulfamic acid- 
formamide solutions (17, 18), vs. the ---~He ( :  �89 Eg) values of 
the corresponding highest valent metal sulfides (18). 

viewpoint  developed here. Moshtev (19) has recent ly 
reported s tandard exchange current  densities of this 
reaction on oxide-free p la t inum (hence Eg = 0), some 
oxide films (SnO, 7-Fe~O3, TiO2) and some bulk  oxides 
(NiO, ZnO).  SinCe pr imary  electrocatalytic effects of 
the substrate on redox reactions are zero, it is valid to 
use the exchange current  density on Pt  as the refer-  
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ence point  (Eg = 0), for the electron exchange in-  
volved in the reaction. A plot of exchange current  den-  
sities vs. the Eg values again shows that  higher rates 
in general  are associated with low Eg values (Fig. 9), 
which is qual i ta t ively consistent with Eq. [12]. 

Open-C i rcu i t  Corrosion Potentials 
For open-circui t  potentials of common metals under  

certain exper imental  conditons, it is possible to show 
that  the estimated semiconductivi ty of the corrosion 
reaction films is related to the mixed corrosion poten- 
tials. The arguments  involved are substant ia l ly  differ- 
ent from those formulated here, al though the crucial 
role of the semiconductivity of reaction films on the 
demetalized electrodes is again indicated. The t reat-  
men t  has been presented previously (20) and need not 
be elaborated here. 

Comments  on the Scope and Limitat ions of the Theory 
An assumption in the present  theoretical t rea tment  is 

that the thickness of the solid semiconducting films is 
greater than the Debye length LD, which may  be taken 
as the effective width of the space charge region. This 
assumption would appear to be contestable at first 
sight since the LD is usual ly  regarded as in the region 
ca. 103-104A (23) which would be greater  than  the 
thickness of electrodic films observed in some of the 
cases discussed. The Debye length is given by the 
formula (24) 

ekT ~1/2 
LD = (  4nne 2 / [16] 

where e is the dielectric constant  of the film, k is the 
Bol tzmann constant, T is the absolute temperature,  n 
is t h e  density of the electronic charge carriers, and e 
is the electronic charge. It  is observed that for high 
density of charge carriers (ca. >, 101s-10 u~ carriers 
cm -3) and reasonable values of dielectric constant  (ca. 
50), one can, in fact, observe values of LD substan-  
t ial ly less than  10A and even approaching the width of 
the Helmholtz layer. Al though application of the semi- 
conductor space charge theory to such cases would 
appear debatable, considerable success has been 
achieved in fitting the exper imental  data to theory for 
several cases of this kind; e.g., electrode reactions on 
bulk  graphite (25), NiO (26), PbO2 (27), and sodium- 
tungsten bronzes (28). On the basis of this evidence, it 
is concluded that  the theory developed here is ap- 
plicable even to quite thin films, provided that  the n 
values are quite high, an assumption l ikely to be valid 
for the electrodic films by vir tue of their  nonstoichiorn- 
etry and "doping" resul t ing from their intr insical ly 
composite nature.  It should be mentioned, however, 
that for thin films there exists the very real  possibility 
of tunne l ing  from the metal  Fermi  level to the reac- 
tants  in the Helmholtz double layer. This lat ter  s i tua-  
t ion would not be easy to reconcile with the theory 
and  the correlations presented here. If the tunne l ing  
barr ier  is assumed to lie wi thin  the film, however, as 
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Fig. 9. Plot of exchange current densities of the Fe(CN)e4-/ 
Fe(CN)88- reaction on Pt, SnO, "y-Fe2Oa, NiO, Ti02, and ZnO 
(19) against the corresponding Eg values (Eg for Pt = 0). 
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previously considered (29, 30), the bandgap of the film 
would again be the crucial factor in the rate equa-  
tions since it would determine the width of the tunne l  
barrier.  

A point that  meri ts  some fur ther  comment  here is 
the definition of terms in the rate equations [6] and [7]. 
In  these equations, the activation energies E*4 and E*5 
have been wr i t ten  as under  conditions of a given 
applied overpotential.  One may in fact separate the 
"chemical" free energy of activation (corresponding 
to the overpotentiaI, ~], approaching zero) and its po- 
tent ia l -dependence  in  these equations and wri te  

i4 ---- ZF k4 [02] [H +] exp (--E**4/RT) exp-nF/Rr  
[6a] 

and 
i5 ---- ZFk5  [02] [H +] exp ( - -E**JRT)  [Ta] 

where E**4 and E**5 refer to the act ivat ion energies at 
equi l ibr ium (no overpotential)  for the steps 4 and 5, 
respectively; ~] would, of course, operate almost en-  
t i rely in the space charge region of the semiconducting 
film. In  other words, one is now wri t ing Eq. [6] and [7] 
as Eq. [6a] and [7a] in order to show explicit ly the 
potent ia l -dependence of rate. I t  should be noted that  
these equations have been wri t ten  for a cathodic re-  
action (oxygen reduction) in which the potent ia l -de-  
pendence of rate is exp -~F/ar  for the electron current  
and un i ty  for the hole cur ren t  assuming a wide gap 
semiconductor; for an anodic reaction, of course, the 
reverse si tuat ion holds true. By combining Eq. [6a] 
and [Ta] one gets 

it ---- const exp-~F/Rr [ga] 

The Tafel slope then would be ca. 60 mV/decade at 
room temperature.  The exper imental  slope for the 
oxygen reduction reaction and oxygen evolution re-  
action (at low current  densities) on p la t inum in alka-  
l ine solutions is indeed about 60 mV (31). In  most of 
the other cases of electrode reactions on film-covered 
electrodes Tafel slopes equal to 120 mV or, f requently,  
higher than 200 mV are observed. These values of 
slopes, although not easily reconciled with the t reat -  
ment  presented here, can be interpreted in different 
ways, all of which assume a part  of the potent ial  drop 
as operating across the semiconducting film (32, 33). 
When the high Tafel slopes indicate that only a fraction 
of the potent ial  drop operates across the film with the 
rest avai lable across the Helmholtz double layer, one 
is led to conclude the possible influence of surface 
states, arising from adsorption of reactants, in te rmedi -  
ates, or products, on the reaction kinetics. Although 
the present  theory does not take into account the sur-  
face states explicitly, an obvious extension on these 
lines may be mentioned. Let us suppose that a radical 
reaction in termediate  gets chemisorbed on the film and 
creates a surface state with the energy term of its un -  
paired electron as ER and lying, of course, wi thin  the 
bandgap. In this case, the Eg of Eq. [12] would be re-  
placed by  the energy difference between the energy 
term Ea and the energy at the bottom of the conduc- 
tion band, Ec. Now if, (Ec -- ER/Eg) is roughly con- 
s tant  for a given electrodic film (e.g., oxide) on a series 
of metals, the present theory would stay valid. Al ter -  
natively, if ER is close to the valence band edge for 
every metal, the theory would remain  unchanged,  not-  
wi ths tanding the surface states. However, if the ratio 
(Ec -- ER/Eg) is not constant, not even roughly, for 
a series of metals, the theory would be inapplicable in 
its present  form and would need some very  complicated 
modifications, the na ture  of which is not completely 
clear at this time. 

One should probably ment ion that factors k4 and k5 
in the rate equations are frequency factors and would 
be expected to be of similar magnitude;  one could thus 
have used only one symbol for both of them except 
that  the present notat ion helps point  out their  different 
origins in different rate equations. 

Conclusions 
A case is presented that  for electrode processes pro- 

ceeding via formation of solid electrode films, a t ten-  
tion should pr imar i ly  be focused on the role of these 
films in  the electrode reactions. A possible way of tak-  
ing into account the semiconductivi ty of these films is 
outl ined and the ideas stated appear to provide in ter -  
pretat ion of l i tera ture  data on: oxygen evolution and 
reduction reactions; anodic dissolution of metals in 
some systems; redox reactions; and open-circui t  po-  
tentials  of metals. 
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ABSTRACT 

Some phenomena found in  the polarographie reduct ion of i nd ium( I I I )  in 
acidic halide and thioeyanate media have been studied by a-c polarography. 
Speculation on the role of complex formation and an ion- induced  adsorption 
on the polarographic reduction at potentials near  the hal f -wave potential  are 
given. At low l igand concentrat ions the a-c peak potential  is believed to be 
influenced by anion- induced adsorption while at high l igand concentrat ions 
the value is the thermodynamic  value predicted from bulk  complexation 
equilibria. The unusua l  d-c m i n i m u m  found at more negative potentials and 
the above phenomena are discussed in terms of the coupled occurrence of elec- 
troinactive [In(H~O)x] s+ ions at potentials where the complexed ion is elec- 
troactive and anion- induced adsorption. The reduct ion mechanism at the ha l f -  
wave potential  and at more negat ive  potentials are concluded to be similar. 
The irreversible reduction of the uncomplexed ind ium ion is a t t r ibuted to the 
slow rate  of exchange of co-ordinated water, in agreement  with other workers. 

A n u m b e r  of recent publications have dealt with the 
adsorption of metal  complexes on mercury  electrodes 
from solutions containing anions that  also adsorb on 
mercury  (1-12). Several different exper imental  tech- 
niques have been used in these studies including such 
methods as chronocoulometry and chronopotentiom- 
etry. From these studies, two mechanisms have been 
proposed to account for the exper imental  findings. 

The first mechanism, suggested by O'Dom and Mur-  
ray  (4), assumed that  one part icular  complex species 
present  in the solution, MLN, adsorbed on the mercury  
surface to produce an adsorbed species with the same 
chemical composition 

MLN Jr Hg -> LN-1M -- L -- Hg [1] 

An al ternat ive  proposal by Anson and Barclay (5) 
differs from the above in that interact ion with anions 
already adsorbed on the mercury  occurs according to 
scheme [2] 

MLN Jr L -- Hg--> L~M -- L -- Hg [2] 

Data support ing the second scheme as being the pre-  
dominant  one have been obtained for a number  of 
metals and cations (11), although in several studies 
(9, 10), authors have been unable  to choose between 
reactions [1] and [2]. The bulk  of evidence therefore 
indicates at least that the second scheme is the more 
usual  one. 

The influence of an ion- induced adsorption in some 
areas of polarography has previously been considered. 
In  particular,  Barker  and Bolzan (13) looked at the 
influence on maxima in d-c polarography and other 
areas of a-c, rf, square wave, and pulse polarography. 
Other workers (14-17) have also examined the analy t i -  
cal implications of an ion- induced adsorption on a wide 
variety of polarographic techniques. 

From these studies on anion- induced adsorption it is 
apparent  that  complexation of metal  ions both in the 
bu lk  of the solution and at the electrode surface can 
be extremely impor tant  in de te rmin ing  the na ture  of 
the observed electrode reaction. Reduction of the metal  
ion complex could occur in the adsorbed state. The 
adsorbed complex can be quite different from the 
complex existing in the bu lk  solution and this could 

* Elect rochemical  Society Act ive  Member .  
K e y  words :  an ion- induced  adsorption,  polarography,  i nd ium com- 

plexes.  

profoundly influence the observed electrode process, 
compared with that  based on calculations of bulk  
equilibria. Speculation on the polarographic reduction 
of i nd ium( I I I )  in halide and thiocyanate media is now 
considered in terms of complexation a nd  anion- induced 
adsorption. In part icular  possible influences of anion-  
induced adsorption at the ha l f -wave  potential  are con- 
sidered and then these ideas extended to more nega-  
tive potential  regions where a m i n i m u m  is f requent ly  
observed in  the d-c polarography of indium. 

Experimental 
An indium stock solution was prepared by dissolving 

ind ium( I I I )  perchlorate in  concentrated perchloric 
acid. Appropriate  al iquots  of this stock solution were 
taken to give solutions for polarography, 4.6 • 10-4M 
in indium and 0.8M in perchloric acid. 

The thiocyanate solution was prepared from labora-  
tory grade NaSCN, analyzed by t i t rat ion against  s tan-  
dard silver ni t ra te  (the Volhard method).  The halides 
fluoride, chloride, bromide, and iodide were a d d e d  a s  
the sodium salt. 

The ionic strength of 3.0 was main ta ined  by addition 
of sodium perchlorate. The concentrat ions of chloride, 
bromide, iodide, and thiocyanate used are shown in 
the tables. 

All  solutions were degassed with oxygen-f lee  ni t ro-  
gen. 

The temperature  was main ta ined  at 30 ~ ___ 0.1~ 
All  potentials measured in this work are relative to 

an Ag!AgC1 reference electrode (5M NaC1), separated 
from the indium solutions with a salt bridge contain-  
ing 5M NaC104. 

Polarograms were obtained using a Metrohm 
Polarecord E261. The a-c polarography was carried out 
using the Metrohm AC Modulator E 393 with an a-c 
voltage of 10 mV, rms at 50 Hz. 

To minimize cell impedance, a-c polarography was 
carried out with a three-electrode system, tungsten  
being used as the auxi l iary  electrode. Rapid polaro- 
graphic techniques with controlled drop times of 0.16 
sec were achieved with the Metrohm Polarographic 
Stand E 354. 

Results and Discussion 
Indium(III) electrode process at the DME.-- In  non-  

complexing acid media, such as perchloric or ni tr ic  
acid, one drawn out irreversible i nd ium( I I I )  wave is 
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observed (18). The addit ion of a low concentrat ion of 
certain ligands can accelerate the  normal ly  slow and 
i r revers ible  polarographic reduct ion of the aquated  ion 
In (H20)x  ~+ and in several  aqueous electrolyte  solu- 
tions such as the halides (18, 23-25) and the pseudo-  
halide, th iocyanate  (26-28), a revers ible  th ree-e lec t ron  
reduct ion wave  is observed. However  at potentials  
considerably more negat ive than the ha l f -wave  poten-  
tial, a curious min imum appears on the d-c polaro-  
gram. On the a-c polarogram a negat ive admit tance 
is observed over  the potent ial  region where  the mini-  
m u m  appears on the d-c polarogram (27). The nature  
of the th ree-e lec t ron  reduct ion wave  and the min im um  
have been the subject of a large number  of papers [see 
Ref. (25-32) for instance].  

The nonrevers ible  reduct ion  of indium in perehloric  
acid was confirmed in this work  with no polarographic 
wave  being observed prior  to reduct ion of the hydrogen 
ion. In 0.8M HC104 avai lable evidence (33) shows that  
hydrolysis  of indium is suppressed and [In(H~O)x] a+ 
is the major  species present. Data by Eigen (34) 
shows that  the characterist ic ha l f - l i fe  for H20 substi- 
tut ion in the inner co-ordinat ion sphere is of the order 
of 10 -a  sec. This is a re la t ive ly  slow rate of exchange 
of water  and an i r revers ible  electrode process for re-  
duction to the meta l  could be expected,  as the solvated 
water  molecules have to be el iminated (35) 

[ In(H20)z]  3+ + 3e--, In (amalgam) + xH20 

This conclusion is essentially in agreement  wi th  that  
reached by Aikens and co-workers  (23, 36). 

In accordance with  previous studies on bismuth (37), 
it is suggested that  if a covalent ly bonded ligand dis- 
places the co-ordinated water  and this l igand has a 
fast and close to diffusion-controlled rate  of exchange, 
then the rate  of the electrode process can be acceler-  
ated to the reversible  value. Whether  the complex is 
formed in the bulk solution or at the electrode surface 
via anion- induced adsorption as in Eq. [2] should be 
i rrelevant .  

In high concentrat ions of chloride, bromide, iodide, 
and thiocyanate plots of Ede VS. log i / ( i d  - -  i )  were 
]inear, wi th  slopes v e r y  close to the theoret ical ly  ex-  
pected value of 20 mV for a revers ible  th ree-e lec t ron  
reduction. Ell2  was independent  of ind ium(I I I )  con- 
centrat ion and drop time. 

The a-c polarograms were  highly symmetr ica l  wi th  
ha l f -wid ths  of 34 _+ 2 mV. Theoretically,  the half-  
widths for a revers ible  electrode react ion should be 
approximate ly  90/n mV (at 25~ and for an applied a-c 
voltage of --~ 8 /n  mV).  The value of 34 mV (uncom- 
pensated for i R  drop) obtained with  an applied a-c 
voltage of 10 mV and at 30~ is thus in satisfactory 
agreement  wi th  the theoret ical ly  expected value. Good 
agreement  was obtained between El l2  from d-c polar -  
ography and the summit  potential  Es f rom the a-c 
polarograms. Es was independent  of ind ium(I I I )  con- 
centrat ion and drop time. 

With high halide or thiocyanate concentrations, d-c 
and a-c polarograms are wel l  defined and easily in ter-  
preted, and the parameters  E1/2, Es, id, or Is are easily 
evaluated, where  El~2 --~ d-c ha l f -wave  potential,  Es = 
a-c summit  potential, id ---~ d-c l imit ing current,  and 
Is = a-c summit  current.  

At low halide or thiocyanate concentrations d-c 
polarograms are somewhat  difficult to analyze. The 
heights of the waves  are very  much lower  than  for 
high hal ide concentrations and the l imit ing height  
(il or id) Of the wave  is i l l -defined because of the 
minimum. Thus the value of id to be used in plots of Ede 
vs.  log i / ( i d  - -  i) is difficult to ascertain and the revers -  
ibi l i ty of the electrode react ion is uncertain.  The a-c 
polarograms at low concentrat ions (Fig. 1) are still 
easily evaluated for Es, f rom the potential  of the wave  
at max imum al ternat ing current.  E1/2 values, however ,  
requi re  a knowledge of the l imit ing current,  which in 
the presence of the min imum is not readi ly  known, 

Fig. 1. Typical rapid a-c polarograms of In(Ill) at low halide 
or thiocyanate concentrations for which the minimum occurs 
[NaCI].  (a, upper) 6 X 10 - 2  M, (b, lower) 10 _3 M. 

so that  accurate E1/2 values  at low halide levels  can- 
not be determined.  

It  was observed that  Es values  become more  posit ive 
wi th  decreasing halide concentration. For  the four 
systems, chloride, bromide, iodide, and thiocyanate,  an 
extrapola t ion of Es vs.  l igand concentrat ion to zero 
ligand concentration, gave a value of --0.44V vs.  
Ag]AgC1 (Fig. 2). This va lue  of Es could represent  the 
thermodynamic  value  for the uncomplexed ion, i.e., 
for the electrode process 

In(H20)~ + 3e ~ In (amalgam) + xHzO 

but this point is considered fur ther  at a later  stage as 
complications introduced by adsorption could effect 
this value. 

For  the lower concentrat ions of halide reported in 
the tables, the height  of the a-c  and d-c waves  are 
functions of l igand concentration. 

The a-c electrode process, despite the decrease in 
height  wi th  decreasing hal ide concentration, does not 
appear to al ter  f rom being highly revers ible  f rom the 
t~oint of v iew of both shape and peak potential  at least 
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Fig. 2. Extrapolation of Es to zero ligand concentration to obtain 
an apparent (Es)f. 

down to 10-SM in ligand concentration. With decreas- 
ing ligand concentrat ion the Es value always becomes 
more positive as stated above. This is consistent with 
the electrode reaction being reversible, the changes 
in Es being predominant ly  thermodynamic ones due 
to complex formation. If the charge transfer  had be- 
come less reversible, say quasi reversible, then it would 
be expected that considerable broadening of the a-c 
wave would occur and that the Es values would even-  
tual ly  become more negative, ra ther  than positive, with 
decreasing halide concentration, because of increasing 
kinetic control. 

Although many  other systems undergo anion-  
induced adsorption, and presumably  with increased 
co-ordination, the peculiarities of the ind ium( I I I )  
electrode process appear to be manifestat ions of the 
In 3+ (aq) species being electroinactive at d-c poten-  
tials where [InXn](3-n)x complexes are electroactive. 

The height of the reversible wave would appear to 
be dependent  on the concentrat ion of I n ( I I I ) - l i g a n d  
complex present, which in  t u rn  appears to be influ- 
enced by adsorption phenomena and kinetics of ad- 
sorption at the DME. 

Thus it can be postulated that the over-al l  electrode 
process at potentials near  the hal f -wave potential  is 
as follows: 

Ind ium( I I I )  species in the bu lk  of the solution are 
t ransferred toward the electrode by diffusion. A ny  
uncomplexed In  3+ is i r reversibly reduced, and com- 
plexed In ( I I I )  reversibly reduced at the DME. The 
ind ium( I I I )  complex species are in rapid equi l ibr ium 
with each other and near  or at the DME, interact ion 
can occur with adsorbed ligand, prior to reduction of 
indium (III) to indium (amalgam).  

The height of the resul tant  a-c or d-c polarographic 
waves therefore reflects the concentrat ion of in-  
d ium(I I I )  complex present near  the electrode, ra ther  
than  in the bulk  of the solution: that  is, a form of 
the mechanism Pospisil and De Levie derived for 
low concentrations of thiocyanate [at potentials where 
the min imum is observed (32)] is believed to be 
operative at all  d-c potentials. More generally,  it is 
concluded that scheme [2] is operative and at low 
halide concentrations this step is rate determining and 
is followed by reversible charge transfer:  that  is, 
despite the fact that  at low ligand concentrations the 
bu lk  solution consists almost ent i re ly  of uncomplexed 
In 3+, anion induced adsorption permits  reduction of 
ind ium (III)  complexes to occur in the adsorbed state. 

Chloride, which forms a strong ind ium( I I I )  com- 
plex, but  is not strongly adsorbed (relative to other 
ligands) is influenced main ly  by complex formation 
in the bulk  of the solution. The electrode reaction 
therefore remains  diffusion controlled and the height 
of the reversible wave increases with increasing chlo- 
ride concentrat ion because of the increase in concen- 
t rat ion of indium complex. 

Iodide, which is strongly adsorbed at the DME and 
forms only a weak complex, is much more influenced 

by complex formation of indium near  the electrode 
surface with adsorbed iodide. 

The adsorption ~ desorption equi l ibr ium of halide 
must  also be taken into account (12) and probably 
explains in part  the presence of the minimum.  Around 
the potential  of the ind ium complex wave, which is 
near the electrocapillary maximum,  the adsorbed 
l igand concentrat ion would be expected to change 
substant ia l ly  with potential  as desorption occurs. The 
concentrat ion of the absorbed ligand at potentials 
beyond the electrocapillary m a x i m u m  would decrease 
especially sharply at more negative potentials. The 
concentrat ion of ind ium complexes formed near  or at 
the electrode would thus also decrease as the potential  
becomes more negative and if this was a significant 
source of complexation then the height of the d-c wave 
beyond El~2 value, in the normal ly  diffusion-controlled 
potent ial  range, would also decrease. The decrease in 
the adsorbed ligand at the electrode surface can in this 
way give rise to the minima. 

Limiting current at very high chloride concentra- 
tions.--If the increase in direct or a l ternat ing current  
for i nd ium( I I I )  arises from the combined effects of 
electroinactive In (aq )  3+ and anion- induced adsorp- 
tion, it follows that  under  conditions where all the 
In ( I I I )  is complexed, that the l imit ing current  should 
be almost independent  of l igand concentration. For 
bromide, iodide, and thiocyanate it has been suggested 
that much of the complexation occurs in the double 
layer via anion- induced adsorption. However, for chlo- 
ride considerable complexation probably exists in the 
bulk  solution. Calculations of the percentage of each 
In ( I I I )  species present  in the bulk  solution can be 
made quite readily by appropriate computat ional  tech- 
niques (38), using reported stabili ty constants from 
the literature. Results for chloride are given in Table 
I. As stabili ty constant  data are notoriously variable, 
calculations based on three sets of data which cover 
the range of answers present  in  the l i terature,  are 

Table I. Percentage distribution of the v.rious indium(liD 
species in the indiurn(lll)-chloride system as a 

function of chloride concentration 

% InS+ % InC12+ % InC1,2 + % InC13 
A* B** Cf A* B** Cf A* B** Cf A* B** C# --log[Cl-] 

0 0 0 0 0 0 1 2 3 99 97 97 - -0 .5  
0 0 0 0 0 0 2 3 4 98 97 96 - -0 .4  
0 0 0 0 0 0 2 4 5 98 96 95 - -0 .3  
0 0 0 0 0 1 2 5 6 97 95 93 -- 0.2 
0 0 0 0 0 1 3 6 7 97 94 92 - -0 .1  
0 0 0 0 1 1 4 7 9 96 92 90 0.0 
0 0 0 0 1 2 5 9 11 95 90 87 0.1 
0 0 0 1 1 3 6 11 13 94 88 83 0.2 
0 0 0 1 2 5 7 13 16 92 64 79 0.3 
0 0 1 1 3 7 9 16 18 90 81 73 0.4 
0 0 1 2 5 11 11 19 21 87 76 67 0.5 
0 0 2 3 7 15 13 22 24 83 71 59 0.6 
0 0 4 5 10 20 16 26 25 79 64 51 0.7 
0 0 7 7 14 26 19 28 26 74 57 41 0.8 
0 1 10 11 19 32 21 31 26 68 49 32 0.9 
1 1 15 15 26 38 24 32 24 60 41 24 1.0 
1 2 21 21 33 42 20 33 21 52 33 17 1.1 
2 3 2S 27 40 44 27 32 17 43 25 11 1.2 
3 5 35 35 47 44 28 30 14 35 19 7 I.~ 
4 7 43 42 53 43 27 27 11 27 13 4 1.4 
6 9 50 49 58 40 25 23 8 20 9 3 1.5 
9 12 57 55 62 36 22 20 6 14 6 1 1.6 

12 16 63 60 64 32 19 16 4 9 4 1 1.7 
16 20 69 62 64 28 16 13 3 6 3 0 1.8 
20 25 74 63 63 24 13 10 2 4 2 0 1.0 
25 31 79 63 61 20 10 8 1 2 1 0 2.0 
30 36 83 61 57 16 8 6 1 2 1 0 2.1 
36 42 86 57 63 14 6 4 1 1 0 0 2.2 
42 48 88 53 48 11 4 3 0 1 0 0 2.3 
48 54 91 48 43 9 3 2 0 0 0 0 2.4 
54 60 93 43 38 7 2 2 0 0 0 0 2.5 
60 66 94 38 33 6 2 1 0 0 0 0 2.6 
66 71 95 33 28 5 1 1 0 0 0 0 2.7 
71 76 96 23 24 4 1 0 O O 0 0 2.8 
76 80 97 24 20 3 0 0 0 0 0 0 2.9 
80 83 98 20 17 2 0 0 0 0 0 0 3.0 

* C o l u m n  A w a s  c a l c u l a t e d  a s s u m i n g  L o g  /31 = 2.4, L o g  112 = 3.6,  
Log  ~a = 5. 

** C o l u m n  B w a s  c a l c u l a t e d  a s s u m i n g  L o g  ~1 = 2.3,  L o g  ~2 = 3.4, 
Log  ~s = 4. 

t C o l u m n  C w a s  c a l c u l a t e d  f r o m  d a t a  g i v e n  i n  Ref .  (52) ,  i .e . ,  
Log~81 = 1.4, Log/~2 = 2.2, L o g  fla = 3.2.  

A l l  p e r c e n t a g e s  a r e  c a l c u l a t e d  as m o l e  p e r c e n t a g e s .  
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given. From the three  sets of data it can be seen that  
the percentage of In (aq)  3+ becomes less than 1 when 
log [C1-] lies in the range --0.9 to --0.3, i.e., for chlo- 
r ide concentrat ions between about 0.1 and 0.5M. From 
Table II it can be seen that  for chloride, Is ceases to 
become strongly dependent  on chloride concentrat ion 
over this same concentrat ion range. Similarly,  the 
d-c id value is almost independent  of chloride concen- 
trat ion above about 0.1M, and the min imum for in- 
d ium(I I I )  reduction disappears at this high chloride 
concentration. 

With the other systems, similar  calculations on the 
percentage distr ibution of each species as a function 
of ligand concentrat ion can be made and it is most 
evident  that  the limiting, direct, or a l ternat ing cur-  
rents, which are  essentially independent  of l igand con- 
centration, are obtained long before all of the In (III) 
has been complexed in the bulk solution, in accordance 
with the theories put forward  in this work. 

Influence of fluoride.--In previous work, the other  
common halide, fluoride, has not been considered. 
Fluoride, being very  small and v i r tua l ly  nonpolar iza-  
ble, is one of the least adsorbable ligands avai lable 
(39) and its behavior  might  therefore  be different 
f rom the other  halides and thiocyanate.  With fluoride 
being nonadsorbable,  but forming quite strong com- 
plexes, it would, in fact, be expected that  compIexa-  
tion should occur only in the bulk solution, and that  
complexat ion  via anion- induced adsorption should not 
be possible. In view of this difference expected for 
fluoride it would obviously be advantageous to study 
the influence of fluoride on the polarographic behavior  
of ind ium(I I I ) .  However ,  to study fluoride, several  
difficulties are encountered,  and it is not surprising 
that  the influence of fluoride is unknown to date. First,  
fluoride exists in acid media  as hydrofluoric acid, which 
rapidly  etches the glass dropping mercury  electrode 
capillary, thus prohibi t ing measurements  wi th  con- 
vent ional  polarographic apparatus. Second, hydro-  
fluoric acid is a weak acid, and under  the acid condi- 
tions used to study ind ium(I I I )  reduction, it cannot 
be assumed that  the analyt ical  and f ree  fluoride con- 
centrat ions are identical. In fact, there  wil l  be very  
l i t t le  free fluoride available. Third, the insolubil i ty of 
Na3[InF6] could lead to problems (40, 41). 

Elsewhere  it has been repor ted  that  rapid polaro-  
graphic measurements  can be used to overcome prob-  
lems of etching the glass capi l lary (42, 43) under  the 
conditions of this work. The other two difficulties do, 
however,  l imit  the amount  of work  that  can be done 
with  fluoride, to the following: 

(i) With the same conditions used for the other  
halides no revers ible  polarographic wave  was observed 
around --0.4V vs. AglAgC1 on addition of fluoride. 

(ii) Addit ion of weighed quanti t ies of fluoride to 
solutions containing 4.6 • 10-4M indium and about 
10-2M chloride, bromide, iodide, or thiocyanate did 
not cause any al terat ion to the revers ible  ind ium(I I I )  
wave  outside of those changes a t t r ibutable  to changes 
in ionic environment .  

While the conclusions that  can be made f rom the 
work  on fluoride are limited, it has at least been 
shown that  traces of fluoride do not give rise to phe-  
nomena consistent wi th  anion- induced adsorption and 
this is in accord with  ideas presented in this paper. 

A-C summit potentiaL--Importantly, the revers ib i l -  
i ty of the electrode process for high l igand concentra-  
tions has been established in the above discussion in 
at least one sense. Work by Moussa et al. (44), who 
measured standard rate  constants, ks, for the exchange 

In ( I I I )  + 3e ~----In(Hg) 

by faradaic impedance  methods however ,  is probably 
even more convincing. 

In 1M NaC1 they calculated ks to be 3.4 • 10 -2 
cm-sec -1 and in 1M NaBr, ks was 6.5 • 10 -1 cm-sec-1.  

These rate constants are cer ta inly sufficiently fast, par -  
t icular ly  in bromide media, to define the d-c electrode 
process as being reversible.  Fur thermore ,  in the a-c 
sense, they are fast enough, so that  provided low fre-  
quency a-c polarography is used, as in this work, Es 
should equal the revers ible  ha l f -wave  potential  E l / 2  r 
(45, 46) if normal  conditions are operat ive:  that  is, 
provided anion-induced adsorption of some other phe-  
nomenon does not al ter  the Es value substantial ly (47). 

If the a-c summit  potent ial  is equivalent  to the 
"normal"  thermodynamic  ha l f -wave  potential,  then 
the use of this value as a function of l igand concentra-  
tion in standard polarographic equations could be ex-  
pected to lead to stabili ty constants in excel lent  agree-  
ment  with those obtained by potent iometry,  ion ex-  
change, solvent extraction,  etc. 

In a-c polarography the a-c summit  potential,  Es, 
is used instead of the d-c E1/2 value and the equation 
to be solved is a modified form of the DeFord -Hume  

relat ionship (48) 

Fo(X) = antilog 0.4343 [ E ~ ) f -  (Es)e] 
RT 

(If) t J -{-log (----~-c) = ~ ~,Cx' 
j=O 

where  F0(X) is introduced for convenience to repre -  
sent the exper imenta l ly  measurable  quant i ty  on the 
lef t -hand side of the equation, flj is the  format ion con- 
stant of the j th  complex, Cx the concentrat ion of the 
complex- forming  substance, and the subscripts f and c 
refer  to the free ion and complex ion, respectively.  
Other  symbols are those convent ional ly  used in polar-  
ography. 

The DeFord -Hume  equation can be solved for the 
various ~j values by a considerable number  of compu-  
tational procedures. In this work  the graphical  method 
described in detail  in the original  paper was used with 
the appropriate Fj (X) functions, where  for example  

Fo(X) -- 1 El(X)  -- ~i 

F I ( X )  = , F2(X) -- , etc. 
[Cx] [Cx] 

The reduction wave  for ind ium(I I I )  in the absence 
of halide is i r revers ible  so that  the (Es)f value  cannot 
be determined directly. Thus the value of Es ext rapo-  
lated to zero l igand concentrat ion or described prev i -  
ously was used in the first instance. 

The term log (If) / (Ic) in the DeFord -Hume  equation, 
which is normal ly  measured by d-c polarography as 
log (id)f/(id)c cannot be calculated for ind ium(I I I )  
because of the nature  of the electrode process. The 
t e rm therefore  had to be neglected. The ratio would 
be expected to be small  in any case so that  this ap- 
proximat ion should be a good one. 

Results, assuming the DeFord -Hume  (48) or the 
simpler Lingane (49) equations to apply, are given 
below. 

DeFord-Hume method.--Indium(III)-chloride sys- 
tem.--Figures 3, 4, and 5 and Table II show the graph-  
ical method of calculation of the i nd ium ( I I I ) - ch lo r i de  
system. Three complexes w e r e  observed wi th  ]~1 = 
3 • 103 (InC12+), ~2 ---- 1.5 • 105 (InC12+), and ~3 = 
1.3 • 106 (InCl,) .  

Indium(III)-bromide system.--Table III  and Fig. 3, 4, 
and 6 show the graphical  method of calculat ion of the 
indium (III) -bromide  system. Three complexes were  
observed with fil = 2.5 • 104 (InBr2+),  fir = 2.0 • 104 
(InBr2+), and ~3 = 7.7 • 104 (InBr3). 

Indium(III)-iodide system.--Table IV and Fig. 3 and 7 
show the graphical  method of calculat ion of the 
i nd ium( I I I ) - i od ide  system. One iodide complex was 
observed with ~1 = 3.5 • 102 (InI2+). 

Indium(III)-thiocyanate system.--Table V and Fig. 3, 
4, and 8 show the graphical  method of calculation of 



Vol. 119, No. 11 P O L A R O G R A P H Y  OF INDIUM 

S C N -  } CI -  

2 

o 
• 

~_o 

(3 * I" 
, ~ ; '7 

0 0 . 0 5  O l  0-'15 0 .~  
Ix'] M 

Fig. 3. Graphical analysis of the Fo(X) functions for the various 
complex systems as shown. 

the i nd ium( I I I ) - t h iocyana t e  system. Three complexes 
of thiocyanate were observed with ~1 = 3 X 103 
( In(SCN)2+) ,  f12 = 9 X 105 ( In(SCN)2+) ,  ~3 ---- 3.3 X 
106 (In (SCN) 3). 

Lingane method.--Figure 9 shows the Lingane  (49) 
method of evaluat ion of complex ion systems. Plots of 
Es (=E1/2) vs. log concentrat ion of halide or thiocya- 
nate are given. This clearly shows, as do the ~, values, 
that the order of stabil i ty is SCN-  > CI -  > B r -  
> I - .  These plots also show the existence of three 
complexes of thiocyanate, chloride, and bromide. The 
plots may convenient ly  be described by three straight 
lines of slopes 20, 40, and 60 mV, respectively, corre- 
sponding to the complexes InX 2+, InX2 +, and InX2. 
For the iodide, however, only InI  2+ is indicated over 
most of the concentrat ion range studied. The last two 
points on the graph at very  high iodide concentrat ion 
depart  from the straight l ine and provide evidence for 
a second weak complex. 

Comparison with other data.--Table VI shows a 
comparison of results obtained in this work with some 
other studies at similar ionic s trength and tempera-  
tures. The order of stabil i ty established in this work 
of SCN-  > C1- > B r -  > I -  appears to be consistent 
with most other results. 
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Fig. 4. Graphical analysis of the FI(X) functions for the various 
complex systems as shown. 
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Fig. 5. Graphical analysis of the F2(X) and F3(X) functions for 
the chloride system. 

It can be seen in Table VI that  the polarographic 
results obtained in the present  work and in  other 
studies are in general  significantly higher than  those 
reported by other techniques, especially in the case of 
iodide. However, the na ture  and number  of complexes 
formed are acceptable. 

Table II. Analysis of FflX) functions for the chloride system 

C o n e  --E, ( V  v s .  
C l - ,  M A g / A g C l )  I~, , ~ A ~  Fo  ( X )  F I  ( X )  F,~ ( X )  Fa  ( X )  

0 . 0 0 0  0 . 4 4 0 0  - -  1 . 000  ~ ~ - -  
0 . 0 0 4  0 . 4 6 5 0  0 .11  17 .66  4 1 6 5  ~ 
0 . 0 0 8  0 . 4 7 3 3  0 .2 6  4 5 . 8 1  5 6 0 1  
0.020 0.4844 0,68 164,0 8150 ~.575 • 10~ 
0.040 0,4923 1.13 406.5 1.014 X 104 1,785 • I05 
0 , 0 8 0  0 , 5 0 6 0  2 . 0 7  1 9 5 9  2 . 4 4 8  x 10~ 2 , 6 8 5  • 10~ ~ - 5  • 10 ~ 
0 . 1 6 0  0 . 5 1 9 2  2 . 5 8  8 9 2 3  5 . 5 7 6  X 104 3 , 2 9 8  • 10~ 1.1 X 10  o 
0 . 2 8 0  0 . 5 2 9 0  2 . 8 8  2 . 7 4 8  • 104 9 . 8 1 4  X 104 3 , 4 0 0  • 105 0 .7  X 10~ 
0 . 4 0 0  0 . 5 4 0 0  3 .0 5  9 . 7 2 7  x 10~ 2 . 4 3 2  x 106 6 , 0 0 5  • 105 1.1 • 10"  
0 . 6 0 0  0 . 5 5 2 5  3 .1 6  4 . 0 8 8  x 10  ~ 6 . 8 1 3  x 105 1 ,131  x lOa 1 .7  • 10~ 
1 . 2 0 0  0 . 5 6 6 5  3 . 2 6  2 . 0 4 1  x 10  a 1 . 701  x 106 1 , 4 1 8  x 10~ 1.1 • 10~ 
2 . 0 0 0  0.5828 3 . 4 6  1 .327  x 107 6 . 6 3 5  X 108 3 . 3 1 8  x 106 1 .6  • lO"  

Table III. Analysis of Fj(X) functions for the bromide system 

Cone --E. (V vs. 
B r - ,  M A g / A g C 1 )  I . ,  ~ A ~  Fo  ( X )  F1  ( X )  F~ ( X )  F8  ( X )  

0 , 0 0 0  0 . 4 4 0 0  1 . 0 0 0  - -  ~ 
0 . 0 0 2  0 . 4 5 4 7  0.-67 5 .41  2 . 2 0 5  • 10  a ~ 
0 . 0 0 5  0 . 4 6 3 2  1 .0 4  14 .36  2 . 6 7 2  x 10  a ~ 
0 . 0 1 0  0 . 4 7 0 4  1 .7 0  3 2 . 8 4  3 . 1 8 4  x 10  a ~ 
0 . 0 2 0  0 . 4 7 6 5  2 . 2 0  6 6 . 1 6  3 . 2 5 8  • 10  a ~ - -  
0 . 0 5 0  0 . 4 8 5 5  2 . 5 3  1 8 6 . 0  3 . 7 0 0  x 10 ~ 2 . 4 0  • 104 8 .0  X 10~ 
0 . 1 0 0  0 . 4 9 4 4  2 . 6 3  5 . 2 6 9  • lOa 5 . 2 5 8  • lO  s 2 , 7 6  • 102 7 .6  ~ 10.~ 
0 , 5 0 0  0 . 5 2 4 5  2 . 7 8  1 . 6 4 0  x 10~ 5 . 2 8 0  • 10 ~ 6 . 0 6  x 10  ~ 8 .1  x 104 
1 .000  0 . 5 4 0 0  2 . 8 2  9 . 7 2 7  • 104 9 . 7 2 7  • lO~ 9 . 4 8  • 101 7 .5  • 104 
1 .500  0 . 5 5 0 2  2 .8 1  3 . 1 3 9  x 105 2 . 0 9 3  • 10  ~ 1 .38  • 105 7 .9  • i 0 4  
2 . 0 0 0  0 . 5 5 7 0  2 . 8 3  6 . 8 5 5  X 1D~ 3 . 4 2 8  X 105 1 ,70  • 10 r' 7 .5  x 104 
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Table IV. Analysis of Fj(X) functions for the iodide system 

- E .  ( V  vs. 
C o n c  I - ,  M A g / A g C l )  I~, p.A~ F. (X) Fl (X) 

0.000 0.4400 - -  1.000 - -  
0.002 0.4446 1.50 1.696 348 
0.005 0.4485 2.09 2.655 331 
0.010 0.4531 2.31 4.500 350 
0.020 0.4580 2.39 7.903 345 
0 ,050  0 . 4 6 6 0  2 . 2 0  1 9 .8 3  3 7 6  
0 . 1 0 0  0 . 4 7 1 5  2 .0 6  3 7 . 2 6  3 6 3  
0 . 2 0 0  0 . 4 7 7 5  1 .89  7 4 .2 2  371  
0 . 5 0 0  0 . 4 8 6 0  1 .89  1 9 7 . 0  3 9 2  
1 .000  0 . 4 9 4 5  1 .75  5 2 3 . 0  522  

I0" 

gl. 

. ~  

x . , ,x~F2(x  ") x 10 -4 

That the polarographically obtained stabili ty con- 
stants are higher than "accepted" values is extremely 
interesting. The experimental  errors involved in the 
present s tudy are considerable. A recent paper by 
Momoki and Ogawa (59) discusses this aspect of 
ind ium (III) systems in detail. (Es)f is an extrapolated 
value and the major  contr ibut ions to the Fo(X) func-  
tion [(Es)f -- (E1/2)c], could be in error by several 
millivolts. However, despite considerable uncer ta in ty  
in the Fo(X) functions the values of fj calculated by 
polarographic procedures still do not appear to be in 
agreement  with other data. 

This apparent  anomaly needs an explanation. The 
net conclusion one could draw from these data is that 
the summit  potential  is not in agreement with the 
thermodynamic  s tandard potential, E o, at least at some 
ligand concentrations. The number  and na ture  of the 
complexes in the Lingane plot given in Fig. 9 is basic- 
ally derived from data at high l igand concentrations. 
These are essentially correct so it would appear that 
Es values at high l igand concentrat ions are in agree- 
ment  with those calculated from complexation existing 
in the bulk  solution. The magni tude  of the fin values 
however strongly depends on the (Es)f value used. This 
value is an extrapolated one and is derived essentially 
from the data obtained at low ligand concentrations. 

At low l igand concentrations, the major  species pres- 
ent in the bulk  solution is electroinactive In (aq )  3+, 
and the electrode process is assumed to occur through 
mechanism [2] via anion- induced adsorption. For the 
part icular  example of low thiocyanate concentration, 
Pospisil and De Levie (32) have shown that  the elec- 
trode process is consistent with 

slow 
In a+ -5 2SCN-(ads) ) In(SCN)2+(ads) [a] 

fast 
In(SCN)2+(~ds) + 3e ~ In(Hg) -l- 2SCN- [b] 

where the adsorption step is much slower than charge 
transfer and presumably is rate determining near EI/2. 

Measurements in this work are consistent with rapid 
and reversible charge transfer because the shape of 
both a-c and d-c waves is close to Nernstian. However 
below the I0-2M ligand concentration range the elec- 
trode process is kinetically controlled to varying de- 
grees by the anion-induced adsorption step occurring 
prior to reduction of the complex as in scheme [2] or 
step [a] reported for the thiocyanate system (32). This 
could influence the Es value so that it no longer reflects 
the thermodynamic value expected from bulk com- 
plexation existing in bulk solution. 

November  1972 
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the iodide system. 
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Fig. 8. Graphical analysis of the F2(X) and F3(X) functions for 

the thiocyanate system. 

Calculations based on data presented in Ref. (36) 
suggest that the Es value extrapolated to zero l igand 
concentrat ion [similar to Cozzi and Vivarell i 's  d-c E1/2 
value (23, 24)] is more positive than the correct (Es)f 
value and hence stabili ty constant  determinat ions using 
this value give rise to large f ,  values: that  is, when the 
influence of the anion- induced adsorption step becomes 
rate determining and is l ikened to a prior chemical 
reaction, the Es value becomes more positive than the 
reversible hal f -wave potential.  

However, if the extrapolat ion of E1/2 to zero l igand 
concentrat ion is l imited to concentrations above 2 X 

Table V. Analysis of Fj(X) functions for the thiocyanate system 

C o n c  --Es ( V v s .  
S C N - .  M A g / A g C I )  I . ,  ~ A ~  Fo  ( X )  F1  ( X )  F~ ( X )  F3  ( X )  

0 . 0 0 0  0 . 4 4 0 0  1 . 0 0 0  - -  - -  - -  
0 . 0 0 4  0 . 4 6 7 0  2. '~9 2 2 . 2 3  5 . 3 0 8  • 108 - -  - -  
0 , 0 0 8  0 . 4 7 6 6  2 . 4 6  6 7 . 0 0  8 . 2 5 0  X 10 ~ - -  - -  
0 . 0 2 0  0 . 4 9 1 4  2 . 6 2  3 6 6 . 4  1 .827  X I0~ 7 . 6 3 5  X i0~  
0 . 0 4 0  0 . 5 0 5 0  2 . 5 5  1746  4 . 3 6 3  X 10~ 1 . 0 1 5 7  • 106 ~ . 8 9  X 10 ~ 
0 . 0 8 0  0 , 5 1 8 0  2 . 4 5  7773  9 . 1 1 5  X 104 1 .177  X 106 3 . 4 6  X 10  G 
0 . 2 0 0  0 . 5 3 6 5  2 .4 2  6 . 5 0 6  • 101 3 . 2 5 3  X 105 1 . 6 1 2  X 106 3 . 5 6  X 106 
0 . 4 0 0  0 . 5 5 5 1  2 . 3 3  3 . 2 4 8  X I05  8 . 1 2 0  X 105 2 . 0 2 3  X 106 2 . 8 1  X 106 
0.667 0.5636 2.10 1.462 • 10 o 2.192 • 106 3.283 X 10 ~ 3.57 • 106 
1.000 0.5733 2.02 4.456 • 106 4.456 X I0 ~ 4.453 • 10" 3.55 X 10 '~ 
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Table VI. Comparison of values obtained for halide and thiocyanate 
complexes of indium(liD in various studies 

L o g  ~81 Log/~2 L o g  fig M e t h o d  R e f e r e n c e  

C h l o r i d e  3 .5  5.2 6.1 P o l a r o g r a p h i e  T h i s  w o r k  
4.3 6.1 - -  P o l a r o g r a p h i c  23 a n d  24 
2.4 3.6 4.0 C a t i o n  e x c h a n g e  50 
2.3 2.5 3.6 P o l a r o g r a p h i c  & po-  51 

t e n t i o m e t r i e  
1.4 2.2 3,2 C a t i o n  e x c h a n g e  52 
2,6 4.1 - -  S o l v e n t  e x t r a c t i o n  53 

B r o m i d e  3.4 4.3 4.9 P o l a r o g r a p h i c  T h i s  w o r k  
3.8 4.8 - -  P o l a r o g r a p h i e  23 a n d  24 
1.4 2.9 - -  P o l a r o g r a p h i c  & po-  51 

t e n t i o m e t r i c  
2.1 3.4 4.0 Spec t ropho tome t r i c<a )  54 
2.0 3.1 3.3 C a t i o n  e x c h a n g e  50 
2.4 3.3 3.2 S o l v e n t  ex t r ac t i on (b )  53 

Iod ide  2.5 - -  - -  P o l a r o g r a p h i c  T h i s  w o r k  
3.1 3.8 - -  P o l a r o g r a p h i c  23 a n d  24 
1.0 2.3 - -  P o t e n t i o m e t r i c  55 
1.6 2.6 2.5 Ca t i on  e x c h a n g e  50 
2 . 0  - -  - -  G l a s s  e l e c t r o d e  56 
2.0 2.2 2.2 S o l v e n t  e x t r a c t i o n  53 

T h i o c y a n a t e  3.5 5.9 6.5 P o l a r o g r a p h i c  T h i s  w o r k  
2.6 3.6 4.6 P o t e n t i o m e t r i c  55 
2.6 4.0 4.7 P o t e n t i o m e t r i c ( c )  57 
2.1 3.2 4.2 P o l a r o g r a p h i c ( d )  58 
2.4 4.1 5.1 S o l v e n t  e x t r a c t i o n ( , )  53 

(a) Log  .B4 = 4.8 [ InBr4 - ] .  
(b) L o g  ~i  = 2.2 [ InBr~- ] .  
(c) Log ~4 = 4.8 [In(SCN)4-]. 
(~ Log~4 = 4.2 [In(SCN)4-]; log /Is = 4.8 [In(SCN)5~-]; log /~G = 

4.8 [ In  (SCN)~-]. 
(e) Log ~ = 4.6 [In(SCN)4-]; log ~ = 5.5 [In (SCN)~-]. 

10-2M when kinetic considerat ions of the e lectrode 
process wi l l  not  be as impor tan t  [as was done by  
Momoki and Ogawa (59)] then  in agreement  wi th  
ideas presented  in this paper  i t  would  appear  tha t  the 
correct  (Ei/.2)f value  is obta ined  for use in s t andard  
polarographic  equations for de te rmin ing  s tab i l i ty  con- 
stants. This work  therefore  clarifies some appa ren t ly  
anomalous  resul ts  concerning s tab i l i ty  constant  de te r -  
minat ion  by  polarographic  methods  and shows how 
discrepancies  have arisen. 

In  conclusion i t  can therefore  be said tha t  a l though 
some aspects  need a more  deta i led  explanat ion,  the  
basic findings in this  work  appea r  to be  consis tent  wi th  
the resul ts  and discussion given by  other  workers  (20, 
25-32). Al l  studies show the impor tance  of adsorpt ion 
and complex format ion on the po la rog raphy  of in-  
d ium ( I I I ) .  
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Rotating Ring-Disk Electrode Studies 
of Corrosion Rates and Partial Currents: 

Cu and Cu30Zn in Oxygenated Chloride Solutions 
Barry Miller* and Maria I. Bellavance 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 
The corrosion of copper and Cu30Zn in oxygenated 0.1M HCI-1M NaCl has 

been studied by r ing-d isk  electrode methods. The corrosion rates at open 
circuit as a function of rotation speed and temperature  have been measured 
on an instantaneous basis through r ing currents  for the oxidation of the 
copper(I)  product. Results have been confirmed against solution analyses. 
Automatical ly  recorded part ial  current  curves have been obtained as a func-  
t ion of copper and alloy potential  by scanning currents  both anodie and 
cathodic to the open-circui t  condition. The Tafel plots from the anodic part ial  
currents  of copper and alloy disks under  immersion corrosion at several tem- 
peratures have been derived and compared to the predictions of a s imultaneous 
dissolution model. 

Aqueous corrosion processes at homogeneous metal  
surfaces with s imultaneously applied external  currents,  
i, may ideally be interpreted in terms of the addit ivi ty 
of all the coupled anodic, ia, and cathodic, ic, par t ia l  
currents  and their dependence on electrode potential  
(1). The dissolution rate of metal  or alloy, ia = i -- ic, 
and the ~mixed) corrosion potential  at open circuit 
can be determined from the summed part ial  cur ren t -  
potential  curves. The necessary engineer ing informat ion 
is chiefly the dependence of ia at i = 0 on solution, 
temperature,  surface, and mass t ransport  parameters.  

To these ends electrochemical techniques involving 
only the test specimen general ly  depend on passing 
external  currents  and relat ing the measured potentials, 
as by l inear  polarization (2), to the corrosion rate 
through Tafel parameters.  More extensive per turbat ion  
of the electrode allows extrapolat ion of Tafel l ines to 
the  corrosion potential  at the expense of al ter ing the 
surface and conceding instant  response. The corrosion 
current  to a known oxidation state can, of course, be 
determined from the weight loss of metal  or the 
equivalent  analysis of the contacting solution. Limita-  
tions of these averaging procedures and others have 
been discussed by Stern and Weisert  (3). A method-  
ology for measur ing instantaneous corrosion rates by 
soluble oxidants at an open circuited specimen is 
obviously of advantage and is an established experi-  
menta l  capabil i ty of the rotat ing r ing-disk electrode 
(RRDE) system (4-6). This use simply involves special 
cases exploiting the general  properties of the electrode 
pair which have been developed since the ini t ial  
s t imulus of F rumk in  and Levich (7-9). 

The ,~1/2 dependence of results gained from rotat ing 
disk electrode (RDE) experiments  alone has been 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  words:  anodic d i s so lu t ion ,  a l loy  corros ion,  brass,  so l id  so lu-  

t ions.  

used in corrosion studies to discriminate be tween mass 
transport  and kinetic control, as shown par t icular ly  by 
Zembura  and co-workers (10, 11, and loc. cit.) and by 
Heitz (12). Earlier work has been reviewed by Riddi- 
ford (13). In  these investigations, however, chemical 
analysis of the  solution was required to determine 
the  equivalent  disk dissolution current  for comparison 
to the Levich equation for mass t ransport  control (a 
l inear  1/= dependence of the l imit ing current ) .  Coupling 
the well-defined t ransport  parameters  of the disk and 
the  geometrically determined collection properties of 
the r ing allows a rea l - t ime monitor ing of the disk 
processes which assists considerably in the in terpre ta-  
tion of the corrosion system. 

In  this work we describe the acquisition of resolved 
part ial  cur rent -potent ia l  curves and corrosion rate 
data for copper and Cu30Zn disks in oxygenated acidic 
chloride media by means of amperometry  at r ing 
electrodes. These corrosion rates have been compared 
to those obtained by atomic absorption spectroscopy 
on s imultaneously sampled contacting solutions. The 
total applied current ,  the part ial  anodic component,  
and their logari thmic values have been automatical ly 
recorded on both sides of the corrosion potential.  Data 
have been obtained over a range of temperatures  and 
rotat ion speeds to in terpret  the results kinetically.  

In  the Cu-Zn b inary  alloy, significant work was done 
with the RRDE by Feller  (14) and Pickering and 
Wagner (15) on the question of selective dissolution 
in sulfate media dur ing the anodization of disks. De- 
zincification effects begin as ~ and higher zinc content  
phases appear. Confirmation of nonselective anodic 
dissolution for the s-al loy in ammoniacal  solution was 
also obtained in this laboratory (6). In  this lat ter  
work, a split r ing-disk  electrode capable of moni tor ing 
both copper and zinc dissolution at the same time was 
applied along with the conventional  technique. 



Vol. 119, No. 11 R O T A T I N G  R I N G - D I S K  ELECTRODE STUDIES  1511 

For all  these experiments,  disk dissolution currents  
were above the critical 10-6 #A/cm 2 level below which 
Pickering and Byrne (16) found zinc preferent ia l ly  
dissolved from the a-brasses by colorimetric analysis 
of the solutions. In  nonr ing  studies, Marshakov and 
Bogdanov (17) found no dissolution selectivity from 
rotated a-phase alloy specimens in 0.5M NaC1 or HC1, 
comparing anodic dissolution currents  with po!aro- 
graphic analyses of the result ing solutions. Skorchelletti  
et al. (18) concluded from the hysteresis shifts in 
repeti t ive E-i traces of a-brasses more than 25% in 
zinc in NaC1 solution that  selective dissolution occurred. 
These effects, however, were superimposed on film 
formation in  nonst i r red solutions. The corrosion rates 
which could be reasonably measured with the r ing 
electrode in  the present  work are all a,bove those 
critical values (16) at which selectivity apparent ly  
ceases, and the al loy surface is thus expected to be 
removed uni formly  unless there is specific interact ion 
with the corrodent, products, or medium. 

The anodic dissolution of b inary  homogeneous alloys 
considered as atomically dispersed heterogeneous alloys 
has been discussed with similar results by both Mueller  
(19) and Steigerwald and Greene (20). In situations 
where surface enr ichment  does not occur even though 
the component s tandard potentials are widely separated 
(for a-brass,  when  ia > 10 -6 A/cm2), they predict a 
l imit ing case in which the current -potent ia l  curves are 
dominated by the more noble component.  Data relat ive 
to this conclusion where the currents  are due both to 
soluble oxidants and anodic dissolution have been 
obtained in this work. 

Experimental 
Reagents . - -The  solution used in all experiments  

was 0.1M HCI-IM NaC1, prepared from reagent grade 
chemicals and tr iply distil led water. 

Ring-d isk  electrodes and control c i rcu i t ry . - -Two 
r ing-disk electrodes were employed, both with gold 
split rings. One was equipped with a pure copper disk, 
the second with a 70.1 atomic per cent (a/o) Cu-29.9 
a/o Zn (a-brass) disk. The electrodes were normal ly  
operated in a shorted spl i t - r ing configuration equiv-  
alent  to the convent ional  ring-d~.sk electrode. Electrode 
construction and control circuitry are all described in 
detail elsewhere (6). 

The geometric parameters  of the two electrodes were 
as follows: Cu disk, rl  = 0.238 cm, r2 ~ 0.263 cm, r3 ---- 
0.322 cm, A = 0.178 cm 2, N = 0.336; a-brass  disk, rl ---- 
0.236 cm, r2 = 0.263 cm, r3 ---- 0.319 cm, A = 0.176 cm 2, 
N -- 0.323. The inactive areas of the r ing  divisions were 
accounted for in  determining N. 

A third electrode containing a gold disk was amal-  
gamated for use as a mercury  surface (rl = 0.238 cm, 
A = 0.178 cm2). The solid metal  surfaces ( including 
the amalgam prior to applying a drop of mercury)  
were polished down to a 0.3~ Linde A finish. Excess 
mercury  on the amalgam electrode was spun off at 
10,000 rpm. 

In  addit ion to the basic control circuitry, two 
logarithmic operators (Phi lbr ick/Nexus 4350) were 
used to record log i and log ia from their  respective 
current  follower sources at 5 V/decade. The electrode 
speed control scheme has been described elsewhere 
(21). The temperature  of the solution was controlled 
by means of a jacketed cell and external  thermostated 
bath. A central  Luggin capil lary undernea th  the disk 
surface led to a saturated calomel electrode at ambient  
temperature  (effects on potential  due to the Luggin 
t ip-SCE temperature  gradient  have been ignored in  
this work) .  A Beckman RC-19 bridge was used to 
measure the conductivity of the electrolyte for cor- 
rection of IR losses from the capil lary position beneath 
the disk and the Newman theory (22). 

Procedure and prel iminary  m e a s u r e m e n t s . - - A n  
init ial  solution volume of 125 to 150 ml was used for 

each of the runs  in  which concurrent  analyses were to 
be done. In  such cases, 5 ml  samples were wi thdrawn 
at known time intervals,  typical ly every 30 min. The 
determinat ions of copper and zinc at the approximately 
1 rag/l i ter  levels involved were carried out by direct 
atomic absorption spectroscopy of the samples, using 
standards prepared by di lut ion in the pure cell electro- 
lyte. Analyt ical  accuracy at 1 ppm was estimated to 
be • 5%, improving above that  level. All  the runs  
made for purposes of comparison to solution analyses 
were carried out under  open-circui t  conditions at the 
disk, using a zero cur ren t  galvanostatic configuration. 
The r ing cur ren t  at an appropriate controlled potential  
was s imultaneously monitored on a strip chart  recorder. 

In  the chloride solutions, the dissolution of copper 
is to C u ( I ) ,  thus al lowing moni tor ing of the partial  
anodic current  of copper from the disk through the 
oxidation of Cu(I )  to Cu(I I )  at the ring. For a pure 
copper disk and one-electron reactions at both ring 

and disk, ia = . It  was independent ly  established 
N A  

that the loss of Cu(I )  by reaction with oxygen dur ing 
transi t  from disk to r ing was negligible and that  no 
intermediates  in oxygen reduction at the disk were 
reoxidized at the applied r ing monitor ing potentials. 
The first was done with split r ing measurements  
showing the equal i ty  of Cu (I) oxidation and reduction 
at the half  r ings when Cu(I )  was generated at the 
disk with an applied current  in the presence of oxygen, 
using a coulometric technique (23). The second was 
inferred from the ident i ty  of the anodic current  poten- 
tial curves observed at the gold r ing dur ing both 
applied disk current  under  ni t rogen and operi-circuit 
corrosion in  the presence of oxygen. Only C u ( I ) - ~  
Cu (II) waves were observed at the moni tor ing poten- 
tials of +0.40-0.45V vs. SCE. These conclusions are 
fur ther  substant ia ted by the comparison of solution 
analyses to electrochemical prediction, as reported 
below. It  was fur ther  established that the gold rings 
are not anodically responsive to hydrogen generated 
by impressed cathodic currents  in the experiments  
involving disk current  scan. 

In  brass dissolution, the product Zn( I I )  does not 
interfere with the anodic reaction of Cu( I )  at the 
ring, but  since mercury-coated rings were not used 
with the brass disk as in an earlier study (6) and also 
because oxygen was present, the rate of zinc dissolu- 
tion could not be directly measured. The collection 
efficiency for copper from the alloy, Ncu, is, however, 
given by the r ing current  ir for the Cu(I )  ~ Cu( I I )  + e 
reaction divided by in, and for nonselective dissolution, 
Ncu may  be calculated from the geometric N, the atomic 
fractions fcu and ]z,, and the number  of electrons 
involved in the individual  anodic dissolution reactions 
(ncu ---- 1, nzn ---- 2) as 

N c u = N  [- fcuncu ] =  (0.323)(0.540)=0.174.  
: fcunc ,+  5z,nz~ 

Exper imental  agreement  with this value indicates 
nonselective dissolution and, in such circumstances, 
the zinc dissolution can be calculated by difference. 
From the above, the partial  anodic cur ren t  of zinc 
from the disk as determined from the Cu (I) oxidation 

r ing current  i s ( . i 0 - - ~ )  (1--0.540). For comparison 

to the chemical analyses, the r ing cur ren t - t ime  integral  
was recorded on the strip chart with a Disc Chart  
integrator  if necessary, but  usual ly  the current  traces 
were either near ly  constant  or quite l inear ly  changing 
with t ime and an average current  was easy to deter-  
mine. For both copper and alloy disks, the residual  
r ing currents  were estimated by cathodically protecting 
the disk with sufficient current  to suppress any  anodic 
reaction and measur ing the result ing ir, which was 
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then independent  of any  fur ther  increase in the cathodic 
protection current .  The solution levels of copper ions 
were always kept low enough that  Cu(I I )  etching of 
metal  did not make a significant contr ibut ion to the 
corrosion rates. 

For de termining the current -potent ia l  curves, the 
applied disk current  was scanned between anodic and 
cathodic limits which corresponded respectively to the 
end of the l inear  ir vs. i traces and to the point  where 
~r reached a constant  (residual) value. The l inear  trace 

extends to i : ia, where oxygen reduction becomes 
negligible. The value of ir at i----0 read from these 
curves compared very well  to the ir obtained at a 
constant open-circui t  condition when  the surface 
changes due to corrosion or anodization had stabilized. 
Disk potentials were recorded with i and ir on a two- 
pen XYY' recorder, and when a logarithmic display 
of the cur ren t  outputs was made, the residual r ing 
current  was subtracted from the total r ing current  
before the log operator. The potential  of the disk was 
corrected for IR drop before display by analog sub-  
traction of the appropriate fraction of the voltage from 
the disk current  follower from the measured potential  
between the SCE and disk electrode. 

Results and Discussion 
A curren t -poten t ia l  curve for the reduct ion of oxygen 

saturated 0.1M HCI-IM NaC1 at a rotat ing copper disk 
is given in Fig. 1 along with curves of nitrogen, air, 
and oxygen at an amalgamated disk. The mixed poten-  
tial corrosion reaction for copper under  oxygen is 
evident  from the steep rise in the copper curve as it 
approaches the zero current  axis. The l imit ing current  
for the well-defined oxygen step at mercury  corre- 
sponds to a two-electron reduction, as is known from 
polarography. Satisfactory l imit ing currents  on copper 
were not obtained in this acidic electrolyte, and there-  
fore the corrosion current  densities later obtained were 
compared to the oxygen- l imi t ing  current  densities at 
the mercury  disk for identical rotat ion speeds and 
temperatures.  

In  s tudying the open circuited copper disk under  O2, 
it was first necessary to establish that the l imit ing 
current  for Cu(I )  oxidation at the  r ing was related to 
the anodic part ial  cur ren t  density by the expression 

ir 
ia = . The electrochemical evidence for this has 

N A  
already been given. The comparison between currents  
and dissolved metal  was then done with the i r -  t 
integrals  and the solution sample analyses. The collec- 
tion efficiency N obtained under  02 and N2, as discussed 
earlier, was consistent w i th  the geometrically calcu- 
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Fig. 1. Controlled potential cathodic sweeps in 0.1M HCI-1M 
NaCI for an amalgamated gold disk under N2, air, or 02 saturation 
(scan rate 10 mV/sec) and for a copper disk under 02 saturation 
(scan rate 5 mV/sec). Rotation speed 1600 rpm, all scans. 

lated 0.336 for numerous  combinations of rotat ion 
speed and temperature.  An exper imental  value was 

f~rdt 
obtained in each r un  and used in the ~ calculation. 

N A  
The results of the comparison are given in Tables I 
and II for two runs  at different temperatures,  showing 
total ppm Cu in  the solution phase. 

These experiments  were carried out for totals of 2 
and 3 hr, respectively, so as to get several increments  
of copper sufficient for analysis by atomic absorption 
into solution. The quoted values of ir are the averages 
dur ing the sampling periods. The agreement  between 
electrochemical and analyt ical  results is general ly 
within the exper imental  error. On this basis, we quote 
all  other ia results from r ing data alone, except for 
some corresponding analyt ical  comparisons for a-brass. 

The increase in average corrosion rate dur ing suc- 
cessive sampling periods, as indicated by the ir values 
in Tables I and II, is typical  of these experiments.  A 
spread approaching a factor of 2 from the star t ing rate 
to a stabilized value was normal.  Ini t ia l  rates could 
usual ly  be raised by  pre-etching the polished surface 
with CuCle solution on twil l  cloth before immersion. 
Data for the same temperature  and rotat ion speed, but  
from different runs, will be seen to be subject to this 
drift  in corrosion rate to varying degrees. However, 
where systematic changes in a variable were to be 
analyzed, the surfaces were allowed to stabilize before 
measurements  were begun. Thus similar t rends ra ther  
than exact reproducibi l i ty  are to be expected depend-  
ing on the exact surface condition. 

The rotat ion speed dependence of ia, calculated from 
r ing currents, is given in Fig. 2 at several temperatures  
along with the 2 electron l imit ing current  for O~ 
reduct ion at amalgamated gold under  the same condi- 
tions. The reduct ion at the l imit ing current  at mercury  
shows the expected l inear  ~ 1/2, oxygen t ransport  
governed behavior. The corrosion current  at the copper 
disk at open circuit, however,  increases weakly and 
nonl inear ly  with ~'/g, indicat ing that control by a 
surface kinetic process is more impor tant  than  control 
by transport.  

The current  due to oxygen t ranspor t  to the mercury  
disk changes very  li t t le with tempera ture  increase 
because of the near  compensation of higher diffusion 
coefficient of oxygen and reduced concentrat ion (solu- 
bility) in the Levich equat ion 

i = 0.62 n F  v-1/6wl/SD 2/3 (C b - - C  s) [1] 

The net  corrosion rate at copper, however, is s trongly 

Table I. Ring current prediction and solution analysis, 50~ 
0.1M HCI-1M NaCI, copper disk open circuit, gold ring at 

~0 .4V vs. SCE, 1600 rpm, oxygen saturation 

Cel l  N e t  I n c r e m e n t  T o t a l  Cu  in  
v o l u m e ,  a v e r a g e  T i m e ,  Cu f r o m  so lu t ion ,  r a g / l i t e r  

m l  iT, ~ r a i n  ~r, r a g / l i t e r  ~r A n a l y s i s  

150 33.9 30 0.81 0.81 0.83 
145 38.1 30 0.94 1.75 1.74 
140 43.0 30 1.10 2.85 2.79 
135 45.1 30 1.20 4.05 3.94 

Table II. Ring current prediction and solution analysis, 30~ 
O.1M HCI-1M NaC[, copper disk open circuit, go|d ring at 

-J-O.45V vs. SCE, 1600 rpm, oxygen saturation 

Cel l  N e t  I n c r e m e n t  To ta l  Cu in  
v o l u m e ,  a v e r a g e  T i m e ,  Cu  f r o m  so lu t ion ,  r a g / l i t e r  

m l  i t ,  ~A  r a i n  Jr, r a g / l i t e r  i r  A n a l y s i s  

150 14.0 30 0.35 0.35 0.47 
145 14.5 30 0.37 0.72 0.81 
140 20.0 30 0.53 1.25 1.32 
135 24.0 30 0.66 1.91 1.86 
130 24.0 30 0.68 2.59 2.51 
125 24.2 30 0.72 3.31 3.19 
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Fig. 2. Disk current densities vs. ~ s/2 as a function of temperature 
in 0.1M HCI, 1M NaCI, 02 saturated. A, amalgamated gold disk 
electrode, two electron limiting current for oxygen reduction at 
- -0.60 to --0.75V vs. SCE. B, copper disk-gold ring electrode, par- 
tial anodic current at disk calculated from ring current at Er 
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influenced by temperature,  increasing by a factor of 4 
or more at all speeds for a 20~176 change. At constant  
speed, these data give reasonably l inear  logarithmic 

1 
plots vs. - - ,  as shown in Fig. 3 for 1600 rpm. The 

T 
magni tude  of the resul t ing activation energy, 6.6 
kcal/mole, represents the summat ion of effects of the 
several tempera ture  dependent  thermodynamic,  kinetic, 
and diffusive processes which influence the corrosion 
rate. 

At 60~ the percentage of the 2e l imit ing oxygen 
current  represented by ia is 72 at 20 rpm'/2 and this 
decreases to 42 at 60 rpm'/2. The net  surface concentra-  
tion of unreacted oxygen increases with rotat ion speed 

.o t 
1 5  
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Fig. 3. Partial anodic current density at open-circuit copper 
disk under 02 saturation vs. 103/T; currents from ring current. Ro- 
tation speed 1600 rpm, 0.1M HCI-1M NaCI. T range 20~176 

and anodic par t ia l  current,  p r imar i ly  because the 
activation overpotential  of the oxygen reduct ion re-  
action more than  compensates for the decrease in  the 
cathodic concentrat ion overpotential.  The si tuation at 
lower temperatures  is even more dominated by the 
kinetics of the cathodic reaction. 

The anodic half- react ion may be studied indepen-  
dent ly  under  a ni t rogen atmosphere, and dissolution 
curves for the copper disk are shown in Fig. 4 with 
both l inear  and log recording of the current  over a 
range beyond both limits of the corrosion data in 
Fig. 2. The log slope at 30~ is 69 mV/decade of current.  
The theoretical shift due only to concentrat ion over- 
potential  at constant  rotat ion speed is 60.1 mV, indi-  
cat ing that  the Cu/CuCI2-  reaction has a sufficiently 
high exchange current  that it contr ibutes only a 
small  act ivation overpotential  at these current  densities. 

After  establishing the behavior  of the copper disk 
under  nitrogen, comparable curves under  oxygen were 
obtained using controlled current  scans crossing zero 
applied current.  At the same time, both the corre- 
sponding Cu (I) --> Cu (II) l imit ing r ing cur ren t  and 
disk potential  were recorded to derive plots of ia vs. Ed 
at fixed speeds for the 20~176 range, and the results 
are shown in Fig. 5. The corrosion currents  at open 
circuit are indicated and are wi thin  10% of the range 
of rates expressed as r ing currents  in  the longer term 
experiments  of Tables I and II. 

A more complete picture is given by a plot of i and ia 
against Ed, as in Fig. 6. These curves are plotted from 
individual  points taken from recorded traces and ic 
calculated by difference. It  is exper imental ly  convenient  
to do the original recording with i and ir on different 

axes so that  the residual  cur ren t  region (true ia =~0) 

and the ia cc i region (ic ~ 0) are immediate ly  apparent.  
It should be emphasized that  the corrosion current  
measurement  depends only on knowing the oxidation 
state changes at the r ing and the disk and the collec- 
tion efficiency, and the same is t rue for the part ial  
current  curves. If the disk films over, as by corrosion 
product precipitat ion or a similar passivating mechan-  
ism, the steady-state r ing current  still measures the 
net  corrosion rate. Complications are, of course, in t ro-  
duced by r ing deactivation or reactions in  transit .  

Logarithmic recording provides an a l ternat ive  
presentat ion of these results, giving plots of log i and 
log ia vs.  Ed. An example at 40~ under  oxygen is 

o.1 ~ 4.0 

0 . 2 - -  A B 

0 .3  - -  3 .0 

0.4 - -  

o.5- 
'~ 6 9  m V / D E C A D E  
E 2.0 

1.0 -- 1.5 

f.O 

2 . 0 - -  
0.5 

5.0 
0 

4 . 0 - -  

5.0 - 

A - 0,30 -0.25 - 0.20 - O.15 
Ed, V. VS SCE 

Fig. 4. Direct (B) and log (A) recording of current density vs. 
Ed for anodization of a copper disk under N2 from zero to maximum 
current and reverse. Rotation speed 1600 rpm, temperature 30~ 
0.1M HCI-1M NaCI. di /dt  ~ 1/~A/sec. 
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Fig. 5. Controlled current copper disk scans in cathodic direction 
from anodic start, displaying partial anodic current density (from 
ring current) vs. Ed as a function of temperature, di /dt  = 1 /~A/ 
sec. O 20~ �9 30~ A 40~ �9 50~ [ ]  60~ 0.1M HCI-1M 
NaCt. Corrosion currents and potentials at i = 0 points indicated 
on figure, di /dt  = I #A/see. 
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Fig. 6. Applied and partial anodic and cathodic current densities 
for a copper disk under 02 saturation, ia from ir, ic calculated 
from i-ia. Rotation speed 1600 rpm, temperature 20~ 0.1M HCI- 
|M  NaCI. Corrosion current and potential indicated on figure. 
di /dt  = 1 pA/sec. 

shown in Fig. 7. The slope of the log ia tracing is 69 
( 2.303 RT ) 

mV/decade -- 62.1 mV , consonant  with 
F 

the pure ly  anodic and largely t ranspor t -control led 
dissolution under  N2 at 30~ of Fig. 4. 

The measurements  in Fig. 7 have been carried 80 mV 
negative of the corrosion potential.  The net  r ing cur ren t  
at this point  was only about 3 ~A, but  with careful 
correction for residual  current ,  l inear  log ia --Ed be-  
havior is typical ly found down to this level. Such data 

/ E  d -224 mV 

-300  -280 -260 -240  -220 -200  -180 -160 -140 

E d ,mv VS. SCE 

Fig. 7. Log i and log ia for Cu disk under 02 saturation and con- 
trolled current scan from anodic to cathodic limits, ia from ir at 
Er = -[-0.45V vs. SCE. di /dt  = 0.9/~A/sec, rotation speed 1600 
rpm, temperature 40~ Ring current corrected for residual mea- 
sured when disk is cathodically protected. Ed corrected for ohmic 
resistance of 6.5 ohms. 0.1M HCI-1M NaCI. Tale| slope, corrosion 
current, and corrosion potential indicated on figure. 

are collected in a single sweep of a few minutes,  and 
the corrosion potential  and current  are directly 
measured along wi th  the anodic Tafel parameters.  If 
desired, ic or log ic could be computed by  an analog 
i -- ia subtract ion as well. 

Tafel plots for the part ial  anodic currents  accumu- 
lated from ia-Ed data as shown above are presented 
in  Fig. 8 for the 20~176 range. For this set of data 
the slopes r un  from 70 (20~ to 75 (60~ mV/deeade 

2.303 gives 58-66 mV/decade )  . A separate run  
RT \ 

F 
/ 

at 40~ (Fig. 7) gave 69 compared to the 73 mV/decade 
in Fig. 8. A reproducibi l i ty  wi th in  a 5 mV/decade span 
of the slope at each tempera ture  was typical  for all  
times of exposure and for log or l inear  recording in  
spite of the slow changes of corrosion rate in the 
ini t ia l  period of exposure of the original ly polished 
surface. It was, however, cont ingent  upon keeping the 

di 
scan rate - -  low enough to be a min imal  factor in  

dt 
de termining the slope; excessive rates produced high 
slopes. The near ly  reversible slope (concentrat ion 
overpotential)  for the anodic reaction at all tempera-  
tures combined with the t ransport  and current  level 
dependent  rates of Fig. 2 fur ther  substantiates cathodic 
activation overpotential  as the dominant  control l ing 
factor in the corrosion rate. 

Similar  approaches may be taken with an alloy once 
it is established that  dissolution is nonselective and 
that one component 's  product  may be monitored to 
determine the over-a l l  rate. Collection efficiencies for 
pure anodic dissolution in proportion to atomic com- 
position have been confirmed for copper-zinc alloys 
similar to the present  example in sulfate, chloride, and 
ammoniacal  media (6, 14, 15, 24). Under  open-circui t  
oxygen corrosion, where a collection efficiency cannot  

be measured in  the usual  electrochemical way , 



Vol. 119, No. 11 R O T A T I N G  R I N G - D I S K  ELECTRODE S TU D I ES  1515 

75 

5 0 0 0  -- 73 

73 

71 

2000 -- 70 

1000 / 

500  -- / 

c~ 
200- / 

::L 

 o~ / 
100 -- 5 0 ~  ~ 

40  ~ / 
5 0 - -  

10- -  

~ r 
- 4 0 0  - 3 0 0  - 2 0 0  - - t00 

Ed, mV VS. SCE 

Fig. 8. Plots of partial anodic current density vs. potential for 
Cu disk under 02 saturation as a function of indicated tempera- 
ture. i a from Jr. Tafel slopes in mV/decade ia indicated on figure. 
Open-circuit condition indicated by arrows. Rotation speed 1600 
rpm, 0.1M HCI- IM NaCI. 

the absence of preferential  dissolution effects can only 
be assured by independent  analysis. Although it was 
earlier shown that with this alloy (6) the copper/zinc 
dissolution ratio can be measured directly with a split 
r ing-disk electrode under  nitrogen, such measurements  
in  general  would have to take into account the possible 
interfer ing reactions at  the r ing of the reduction of 
the oxidant  (here oxygen) or the reoxidation of its 
product. 

The results of r ing current  measurements  for copper, 
of calculations for zinc on the basis of nonselective 
dissolution, and of atomic absorption analyses for both 
metals are shown for two runs  in Tables III  and IV. 
T h e  agreement  between the electrochemical and 
analyt ical  results at the concentrat ion levels involved 
is satisfactory. Considering especially the t ime spans 
involved in  each run  (170 and  375 min) ,  the results 
confirm that  no significant degree of preferent ial  dis- 
solution occurs at ia values a t t r ibutable  to oxygen 
corrosion in these oxygen saturated solutions. 

We thus calculate the total dissolution rates (as 
currents)  for the Cu30Zn disk for other experiments  
solely on the basis of r ing  currents  detecting copper. 
Measurements  under  ni t rogen with anodic dissolution 

Table III. Ring current prediction and solution analysis, 40~ 0.1M 
HCI-1M NaCI, Cu30Zn disk open circuit, gold ring +0 .45V vs. SCE, 

1600 rpm, oxygen saturation 

Inc remen t s  
Cell Net  f rom Total f rom Analysis,  

volume,  average  Time,  ir, rag / l i t e r  it, mg / l i t e r  rag/ l i te r  
ml  i t , /zA rain Cu Zn* Cu Zn* Cu Zn* 

125 8.0 30 0.23 0.10 0.24 0.10 0.35 0.13 
120 24.8 70 1.77 0.78 2.00 0.88 2.00 0.84 
115 40.8 70 3.04 1.33 5.04 2.21 4.90 2.10 

(29.9]( 6 5 . 3 7 ]  
* Mg/l i ter  Zn = (rag/l i ter  Cu) \ 7--~-.1/x 6 3 - ~ - / .  

Table IV. Ring current prediction and solution analysis, 30~ 0.1M 
HCI- IM NaCI, Cu30Zn disk open circuit, gold ring at 

-{-0.45V vs. SCE, 1600 rpm, oxygen saturation 

Increments 
Cell Net  f rom Total f rom Analysis,  

volume,  average  Time,  ir, rag/ l i ter  it, mg / l i t e r  rag/ l i ter  
ml ir,/LA min Cu Zn* Cu Zn* Cu Zn" 

130 3.4 20 0.064 0.03 0.064 0.03 0.15 0.037 
125 5.3 90 0.47 0.20 0.53 0.23 0.63 0.23 
120 7.5 90 0.69 0.30 1.22 0,53 1.26 0.50 
115 9.2 80 0,78 0.35 2.00 0.88 2.00 0.80 
110 10.2 75 0.85 0.37 2.85 1.25 2.79 1.13 

( 2 9 , 9 ] ( 6 5 . 3 7 ]  
* Mg/l i ter  Zn = (rag/ l i ter  Cu) \ 7 - - ~ . l / \ ~ / .  

gave an average copper collection efficiency of 0.171, 
as against  the theoretical  0.176 for nonselective dissolu- 
tion, in agreement  with the corrosion results  under  
oxygen at open circuit. 

From s imul taneously  recorded disk and  r ing currents,  
the total  anodic (ia,cu +ia ,zn)  part ial  current,  the 
applied current,  and the cathodic component  (by sub-  
traction) were obtained as a funct ion of a-brass  disk 
potential  as shown in Fig. 9 for a 60~ run.  When the 
current  scan data are plotted in logarithmic form, the 
set of Tafel lines for the 20~176 range in Fig. 10 is 
obtained. These data may be compared to those in  
the equivalent  plots for pure copper in  Fig. 8. From 
the analytical  data in Tables I -IV and  from the anodic 
currents  at the corrosion potential  in the two groups 
of Tafel plots (Fig. 8 and 10), it is apparent  that  the 
brass disk electrodes corrode at slower rates than the 
copper, in spite of the negative shift of the corrosion 
potential  relat ive to pure copper at each tempera ture  
and the consequent  increase in activation overpotential  
for the cathodic process. This suggests that  the ex- 
change current  for oxygen reduct ion at the 70/30 
a-brass disk is lower than that  at the h igh-pur i ty  
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Fig. 9. Applied and partial anodic current density (ia,Cu-~ia,Zn) 
for Cu30Zn under 02 saturation. Er ---- -F0.45V vs. SCE, ia,cu 
obtained from ir, (ia,cu-{-ia,zn) calculated for nonselective dissolu- 
tion. Rotation speed 1600 rpm, temperature 60~ 0.1M HCI-1M 
NaCI. Corrosion current and potential indicated, di/dt ~ 1 I~A/ 
sec. 
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Fig. 10. Plots of partial anodic current density (ia,Cu-~-Ja,Zn) for 
Cu3OZn under 02 saturation as a function of indicated temperature. 
Er = +0.45V vs .  SCE, currents obtained as in Fig. 9. Tafel slopes 
in mV/decade total ia as indicated on figure. Rotation speed 1600 
rpm, 0.1M HCI-1M NaCI. 

copper disk by more than enough to compensate for 
the more negat ive potential.  

The slopes of the Tafel  lines in Fig. 10 are only 
slightly lower than those of Fig. 8, show the same 
trend with  temperature ,  and are each essential ly 

2.303 RT 
equal  to . S imilar  and dist inctly copper- l ike  

F 

behavior  of the s-phase  alloys has been observed in 
a systematic study of the polarization curves of a 
spect rum of Cu-Zn compositions in sulfate solutions 
by Fe l le r  (14) as wel l  as in chloride solutions (17, 18). 
In Fel ler ' s  s tudy all  the ~-brass electrode curves  
crossed the zero current  axis wi th in  50 mV of pure  
copper, and only the zinc rich e-phases had zinc- l ike 
i-E curves which fell more than 800 mV negat ive  of 
those of copper. 

For  single phase solid solutions dissolving at poten-  
tials so much more posit ive than the standard potent ia l  
of the more electroact ive component  (zinc), the par t ia l  
anodic behavior  is dominated by the co-dissolving base 
metal  (copper) ,  but  the corrosion rate  itself is con-  
trolled by the exchange current  of the alloy surface 
for the cathodic reaction, oxygen reduction. Tomashov 
(25) claims that, at comparable  current  densities, the 
oxygen overpotent ia l  at zinc is about 0.7V higher  than 
that at copper. An effect in this direction would  be 
consistent wi th  the present  results. 

The constraint  of nonselect ive dissolution 

icu fcuncu 
- -  - -  [ 2 ]  

izn /znnzn 

has been v e r i f e d  here  by both r ing-disk  electrode and 
solution analysis results. If  the total  dissolution cur ren t  
at a given potent ial  were  wr i t ten  as that  of a he te ro-  
geneous alloy, wi th  the respect ive surface areas and 
appropriate  part ial  current  densities of the pure  com- 
ponents, then (26) 

Aia = acuicu ~ -}- aznizn ~ [3] 

It would be expected f rom the widely  d ivergent  
standard potentials  of copper and zinc that  izn o > >  

icu o and thus ia -'~ azniz, ~ so there  would be dezincifica- 
tion ra ther  than uniform dissolution. Such "he tero-  
geneous behavior"  is found exper imenta l ly  for the very  
low currents  and the l imited periods sustainable by 
sol id-state t ransport  mechanisms (15, 16). 

However ,  it is apparent  in the present exper iments  
that both Eq. [2] and [3] have to hold s imultaneously 
for the subst i tut ional  solid solution dissolving at the  
values of i ,  observed here. Combining Eq. [2] and [3] 
wi th  the relat ions ~ ai ---- A and ~ ~i = 1 (20), it is 
readi ly  shown that  

izn~ ~ (~cu~Cu + ~znnzn) 
ia = [4] 

izn~ + icu~ 

Ignoring any interactions be tween copper and zinc, 
then the tendency of izn ~ to be much greater  than ic ,  o 
simplifies Eq. [4] to 

ia ---- icu ~ (fcuncu + Sz,nzn) ---- 1.85 icu ~ [5] 

fcuncu 

Thus the same supposition that  leads to surface en- 
r ichment  at low currents  requires  that  the alloy appear 
dist inctly copper-l ike,  but  somewhat  more active, 
when it is dissolved uniformly.  Stated otherwise,  when 
the alloy is forced to dissolve at the current  levels 
caused by oxygen saturated, nonfilming acidic chloride 
media, the solid solution cannot act as a heterogeneous 
system and dezincify. 

This simple approach suggests that  the brass Tafel  
lines (Fig. 10) should lie negat ive to the copper lines 
(Fig. 8) at the same total anodic current  and tempera -  

2.303RT 
ture by some - -  log 1.85 mV or by 16-18 mV 

F 

over  the t empera tu re  range studied. The values of the 
average  separations for three current  densities (200, 
500, and 2000 #A/cm 2) are 34, 30, 28, 34, and 35 mV at 
20 ~ 30 ~ 40 ~ 50 ~ and 60~ respectively.  The respect ive 
brass corrosion potentials are 43, 43, 42, 45, and 47 mV 
more negat ive than those of copper, while the ratios 
of corrosion currents  at these tempera tures  are 1.51, 
1.73, 1.79, 1.49, and 1.49, averaging about  1.6. This 

2.303RT 
would give an addit ional  separat ion of some - -  

F 

log 1.6 or 12-13 mV, accounting wel l  for the 42-47 mV 
separat ion of the  corrosion potentials  as compared  wi th  
the 28-35 mV separation at equal  total anodic currents. 

The predictions by the naive model  of a 16-18 mV 
separation and of identical Tafel  behavior  are thus 
qual i ta t ively  in line wi th  the measurements  at the 
several  temperatures ,  especially when one considers 
that  the standard potentials of copper and zinc in 
chloride solution are separated by --,1V and the 
revers ible  Nernst  factors differ by a ratio of two. The 
re la t ive ly  close correspondence is ve ry  l ikely  largely 
dependent  on wel l -cont ro l led  mass t ransport  which 
has not been typical  of most previous at tempts  at 
such correlations. 

Summary and Conclusions 
In the copper (d isk) -gold  ( r ing) -ch lo r ide -oxygen  

system, measurements  of instantaneous corrosion rates 
at the disk have been made and demonstrated by in- 
dependent  solution analysis to be equiva len t  to mass 
or volume loss rates. With the geometr ic  propert ies  
of the system, the ring measurements  provide  con- 
tinuous monitor ing of the par t ia l  anodic current  at 
the disk. Instantaneous corrosion rates may  be deter-  
mined without  the prior  assumptions as to the shape 
of the part ial  curves in the vicini ty  of the corrosion 
potent ial  that  are characterist ic of the usual e lectro-  
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chemical approaches and with considerably increased 
accuracy. 

Such solution analyses were also carried out on 
an actively corroding alloy, Cu30Zn, where the cor- 
rosion reaction was determined to be nonselective 
toward the alloy components. The over-al l  corrosion 
rate could then be monitored by the oxidation at the 
r ing of the copper product, Cu(I ) .  For other metals 
or alloys, r ing reaction schemes appropriate to the 
given case must  necessarily be selected. For example, 
if the products are not electroactive in the potential  
range normal ly  accessible to r ing materials  (as with 
A1 or Mg disks), the decrease in flux of corrodent to 
the reacting disk or a corrodent product  (such as 
H20~ or He) might  be measured. Thus ic might  be the 
directly monitored quant i ty  and ia calculated, instead 
of the reverse as applied in this study. 

A major  feature of the r ing technique is the ins tan-  
taneous feedback on corrosion rate. It is commonplace 
that corrosion rates of metall ic samples often change 
with exposure time, even if the solution conditions are 
held constant,  because of surface alterations. Ring 
measurements  ins tant ly  respond to such behavior or 
any other system changes, such as inhibi t ing additives, 
as long as the monitor ing r ing reaction is not interfered 
with. Data reported in this paper show these surface 
effects when corrosion rate measurements  under  the 
same external  conditions are repeated in different 
runs. Standard  pretreatments,  such as pre-etching the 
samples briefly after polishing, accelerate the achieve- 
ment  of the higher corrosion rates characteristic of 
longer exposures. For other physical examinat ion 
studies, the advantage of measur ing corrosion wi thout  
external ly  per turb ing  the surface is desirable. The 
r ing current  gives a direct measure of the activity of 
the surface without the averaging necessary in integral  
techniques which might obscure the effects. The 
cathodic behavior of copper and copper-zinc alloys 
toward oxygen is an example of correlat ing part ial  
cur rent  measurements  with potential  so as to unde r -  
stand surface controlled relative reaction rates toward 
a common oxidant. 

Simple models of the dissolution behavior of a solid 
solution (19, 20) appear to give good correlation 
between the i-E curves of the more noble component  
and the alloy. Ring-disk electrode approaches to such 
problems offer the necessary control of concentrat ion 
overpotential  and detection of dissolution ratios that  
are required to obtain valid exper imental  data in 
this area. 
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LIST OF SYMBOLS 
disk area, cm 2 
area of metal  M in alloy surface, cm 2 
bulk  concentration, moles/ l i ter  
surface concentration, moles/ l i ter  
diffusion coefficient, cme/sec 
disk potential, V 
r ing potential, V 
Faraday 's  constant, coulombs/equivalent  
atomic fraction of metal  M in alloy 
applied current  density at the disk, A/cm 2 
part ial  anodic current  density at the disk, 
A/cm 2 (in the alloy the sum of the par t ia l  
anodic current  densities of the components) 

ic part ial  cathodic current  density at the disk, 
A/cm 2 

i M part ial  anodic current  densi ty or metal  M from 
alloy disk, A/cm 2 

iM ~ part ial  anodic current  density for pure metal  
M, A/cm 2 

ir r ing current,  A 
IR ohmic drop in solution, disk to probe, V 
N geometric collection efficiency 
NM collection efficiency for metal  M, NiM/ia 
n,nM number  of electrons t ransferred per mole of 

reaction (of M) 
R universal  gas constant, jou le /mole-~  
rl disk radius, cm 
r2 inner  r ing radius, cm 
r3 outer r ing radius, cm 
SCE saturated calomel electrode 
t time, sec 
T temperature,  absolute ~ (~ where so la- 

beled) 
v kinematic viscosity, cm2/sec 
a, rotation speed, rpm 
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Technical Note ,@, 
Electrochemistry of Sulfur in LiCI-KCI Eutectic 

John H. Kennedy* and Frank Adamo* 
Department of Chemistry, University o] California, Santa Barbara, California 93106 

The blue solution of sulfur is a well  documented 
phenomenon. An intense blue solution is observed in 
fused KSCN upon decomposition of KSCN or af ter  
the introduction of sulfur or various sulfides (1, 2). 
A polarographic study of fused KSCN or KSCN-  
NaSCN eutectic has i l lustrated that  S C N -  is reduced to 
S 2- and C N -  (3). The authors cited references to the 
blue color of sulfur, however  their  discussion did not 
revea l  the development  of the blue color dur ing their  
study. It  has been recent ly  suggested (4) that  im-  
purit ies of sulfur and sulfide may cause the blue color 
in mol ten KSCN. The blue solution of sulfur has been 
observed m a n y  times in the LiC1-KC1 eutectic. Green-  
berg, Sundheim, and Gruen  (5) gave evidence that  the 
blue solution in fused LiC1-KC1 is caused by diatomic 
sulfur molecules in the t r iplet  state. Delarue  (6-9), in 
his e lectrochemical  invest igat ion of sulfur and sulfide 
salts in LiC1-KC1 melt, observed an intense blue color 
when sulfur was added to the mel t  or when  sulfide 
salts were  oxidized by various meta l  ions. Al though 
the blue color was not direct ly investigated, Delarue  
assumed that  the blue solution was dissolved sulfur. 
Recently, Bodewig and P lambeck  (4) reported the 
electrochemical  behavior  of sulfur and sulfide in the 
LiC1-KC1 eutectic. They observed that  a blue color 
was generated when sulfur, ini t ia l ly  a colorless solu- 
tion, was coulometr ical ly  reduced to sulfide. Fu r the r  
invest igat ion showed that  the blue color disappeared 
when  chlorine was generated at the electrode, or when 
the potent ial  was held at a constant value  which was 
0.3V more posit ive than the decomposition potent ial  
of sulfur, or when a vacuum was applied. The blue 
color reappeared upon addition of sulfur. It was ascer-  
tained that  both sulfide and sulfur must  be present  to 
form the blue color. Bodewig and P lambeck  subse- 
quent ly  concluded that  the blue solution was a poly-  
sulfide formed from sulfur and sulfide, i.e., S 2- -t- Sx 
Sx+l 2-. Fu r the r  invest igat ion using uv spectroscopy 
(10) seemed to confirm the authors '  suggestion that  
the blue solution was a polysulfide. It  was definitely 
shown that  nei ther  sulfur nor sulfide alone produced 
a blue solution. 

Al though many  reasons for the format ion of the 
blue solution of sulfur have been suggested, unt i l  
recent ly  no detailed invest igat ion of the nature  of the 
blue solution of sulfur had been reported.  However ,  
Giggenbach (11) recent ly  gave evidence that  the sulfur 
species producing the blue coloration in DMF and other  
aprotic polar organic solvents is the anion radical, $2-.  
UV spectroscopy of tetrasulfide, in 25% D M F - w a t e r  
mixture,  showed two bands in the visible and nea r -uv  
region near  23.10 • 103 cm -1 and 36.2 • 103 cm -~. A 
third absorption at 16.2 • 103 cm -1 developed and 
increased when more DMF was added. Subsequently,  
it was shown that  the tetrasulfide was in equi l ibr ium 
with  $2-,  and that  the equi l ibr ium favored the anion 
radical  as the DMF content  of the solvent  mix tu re  in-  
creased. More recently,  Merr i t t  and Sawyer  (12) re-  
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ported the e lec t rochemis t ry  of sulfur, Ss, in DMSO. 
Cyclic vo l t ammet ry  and control led potent ia l  elec- 
trolysis revealed that  sulfur  is reduced to Ss 2- in two 
revers ible  one-e lec t ron steps. The product  of the first 
reduct ion step is Ss- ,  a stable anion radical. Al though 
the products of the reduct ion steps are easily oxidized, 
reoxidat ion of Ss 2-  was shown not to be a simple two-  
step oxidation. Chronopotent iometry  and uv  spectro-  
scopy established that  S s -  dimerizes, the format ion 
constant of the d imer  being 5 • 103 M -1. That  is, Ss = 
is e lectrochemical ly  oxidized to Ss - ,  and the Ss -  radi -  
cal dimerizes to (Ss)2 =. The dimer then is e lectro-  
chemical ly  oxidized to 2Ss ~ Interes t ingly  enough, a l -  
though Merr i t t  and Sawyer  did not repor t  the ob- 
servance of a blue solution, S s -  was found to absorb 
at 16.2 X 103 cm -1, the same f requency Giggenbach 
(11) repor ted  for the absorption of $2-.  The s imilar i ty  
of these two studies seems to indicate that  the blue 
solution of sulfur is caused by an anion radical  of 
sulfur, but the number  of molecules associated with  
the radical is uncer ta in  or varies. Recent  ESR invest i -  
gations of sulfur in various media  (13) support  this 
supposition. 

This paper presents addit ional  electrochemical  evi-  
dence for sulfur species in fused LiC1-KCI. 

Experimental 
Apparatus.--A Beckman Electroscan 30 was used for 

all e lectrochemical  operations. The tempera ture  of the 
mel t  was control led by a Barbe r -Co lman  tempera ture  
controller,  while  a Glas-Col  heat ing mant le  for a 
250 ml  Griffin-type beaker  was used to heat  the melt. 

As i l lustrated in Fig. 1, a 400 ml  ta l l - form,  lipless, 
Berzelius beaker  was used as the electrolysis cell. The 
cell was covered by a 1 in. thick asbestos stopper 
in which appropriate  s tandard tapered holes were  
dri l led to accommodate  the glassware. A 6 m m  glass 
tubing encased the Chrome l -Alume l  thermocouple,  
whi le  an asbestos-wick isolation compar tment  and a 
coil of p la t inum foil, 0.003 in. by  0.5 in. by 2.0 in. served 
as the reference electrode. A carbon rod % in. in 
diameter,  enclosed in a 10 mm sealing tube with  a 
medium porosi ty fr i t ted disk, was used as the auxi l iary  
electrode. When controlled potential  electrolysis of sul- 
fur  was carr ied out, a 10 m m  sealing tube with a 
medium porosity fr i t ted disk, sealed to a straight vac-  
uum adapter, served to isolate the sulfur  and the 
working electrode, a gold foil 0.005 in. by 1 in. by 1 in., 
heat  sealed to a gold wire.  A st i r r ing assembly was 
at tached to the top of the vacuum adapter.  A length 
of 12 mm glass tubing was substi tuted for the working 
electrode compartment ,  i l lustrated in Fig. 1, during 
cyclic vo l t ammet ry  studies. 

All  exper iments  were  carr ied out under  a ni t rogen 
atmosphere which w a s p r o v i d e d  by way  of a s traight  
vacuum adapter  with ~14/20 ground glass joints and 
an extended inner  tube. A tw o-w ay  stopcock was used 
to regulate  the passage of ni t rogen over  or through 
the melt. A small  air hole was blown in reference and 
auxi l ia ry  electrode compar tments  about 2 in. above 
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Fig. 1. Diagram of cell used for cyclic voltammetry 

the level  of the mel t  to accommodate a ni t rogen a tmo-  
sphere. 

R e a g e n t s . - - R e a g e n t  grade l i th ium chloride and po- 
tassium chloride were  used. Small  quanti t ies of sulfur 
were  heated in test tubes at 120~ overnight .  Before 
using, a test tube was broken, and the lump of sulfur 
was used directly. Ni t rogen was dried by passage 
through a column of Silica Gel. 

S o l v e n t . - - T h e  LiC1-KC1 eutectic salt mix tu re  was 
prepared  by combining 400g of l i thium chloride and 
488g of potassium chloride in a large jar  and tumbl ing 
the mix tu re  overnight  unti l  homogeneous. About  600g 
of the mix tu re  was then purified as described by 
Bodewig and P lambeck  (4). Four  Berzelius beakers  
were  dried at 120~ for 2-3 hr and were  placed in a 
vacuum desiccator. Af ter  quickly  t ransfer r ing  100-125 
ml  of the mol ten eutectic to each of the beakers, the 
desiccator was flushed with  dry nitrogen. Upon cool- 
ing, the beakers  were  quickly sealed with  Parafilm. 

Procedure . - -For  each experiment ,  the glassware was 
cleaned with  chromic acid cleaning solution, and the 
electrodes were  appropr ia te ly  assembled. The cell as- 
sembly was placed in an empty  beaker  and oven dried 
at 120~ for two or more hours. Af te r  the LiC1-KC1 
eutectic was al lowed to become mol ten  under  a ni t ro-  
gen atmosphere,  the cell assembly was quickly t rans-  
fer red  to the cell. The isolation compar tments  were  
then al lowed to fill over  a period of 2-6 hr. A Pt  ( I I ) / P t  
reference electrode was coulometr ical ly  generated 
using a Sargent  Coulometr ic  Curren t  Source. A cur-  
rent  densi ty of 7.5 m A / c m  2 was employed anodically, 
giving rise to a concentrat ion of 0.01-0.02M in pla t inum 
(II) .  Al l  measured potent ial  values were  converted to 
the 1.0M P t ( I I ) / P t  s tandard molar  p la t inum electrode 
(SMPE).  The t empera tu re  was adjusted to 420~ and 
af ter  purging the mel t  for a few minutes, a cyclic 
vo l t ammogram of the blank solution was recorded. 

Cyclic vo l t ammet ry  of sulfur was begun after  about 
0.1g of a lump of sulfur was dropped through the  iso- 
lation compartment .  For  control led potent ial  e lect roly-  
sis of sulfur, the working electrode was previously 
fitted closely against the inner  wal l  of the isolation 
compartment .  The gold wire  was extended out through 
the s idearm of the vacuum adapter.  A constant poten-  
tial was applied at a value  more  negat ive than the cor- 
responding peak potentials of interest.  Using a constant 
speed s t i r rer  connected to a Variac to adjust  the speed 
of rotation, the b lank was e lectrolyzed unt i l  a constant 
residual current  was obtained. A small  lump of sulfur, 
about 0.015g, was added to the mel t  through the side- 
a rm of the vacuum adapter  and the sulfur was electro-  
lyzed at an appropr ia te  control led potential.  The n-  
va lue  for the electrolysis was evaluated  f rom the re-  
corded current  vs. t ime curve. On subsequent  runs, 
the electrolysis was stopped and a cyclic vo l t ammo-  
gram of the par t ia l ly  electrolyzed solution was re-  
corded. Cyclic vo l t ammet ry  of the complete ly  elec- 
t rolyzed solution was also carr ied out. 

Af te r  each exper iment ,  the reference  electrode iso- 
lation compar tment  was r emoved  and placed in a 
desiccator. Af te r  cooling to room temperature ,  the 
isolation tube was gent ly  broken and the solid salt 
mix ture  analyzed according to procedures described 
by Bodewig and P lambeck  (4). 

Results 
Cycl ic  v o l t a m m e t r y . - - T h e  cyclic vo l t ammogram of 

sulfur in LiC1-KC1 eutectic is shown in Fig. 2. The 
init ial  scan showed a sharp rise in current  at --0.9V vs. 
SMPE, however ,  r a ther  than the formation of a peak, 
a l imi t ing current  was observed. As the  scan was con- 
tinued, a peak at --1.37V vs. SMPE developed. Two 
anodic peaks, at --1.10 and --0.83V vs. SMPE, were  
observed when the scan was reversed.  On the second 
and succeeding cycles, a peak at --1.13V vs. SMPE 
appeared where  the init ial  rise in current  was ob- 
served, as i l lustrated in Fig. 2. Coincidental  wi th  the 
initial rise in current,  a blue color developed at the 
working  electrode. As the cyclic vo l t ammet ry  was 
continued, the blue color intensified unti l  the entire 
solution was opaque. Cyclic vo l t ammet ry  using a large 
gold foil electrode showed that  the ini t ial  format ion of 
the blue color occurred only at the electrode interface. 
The blue solutions were  decolorized by standing for 
several  hours, or more quickly  by put t ing the melt  
under  vacuum. This phenomenon indicates that  the 
blue species or its decomposition product  has a mea-  
surable vapor  pressure at 420~ 

The curves in Fig. 2 show that  two steps are involved 
in the e lec t rochemical  reduct ion of sulfur. At  a scan 
rate  of 200 mV/sec,  the products of the reduct ion are 
easily reoxidized. However ,  the reactions are not 
s tr ict ly reversible,  i.e., the  difference be tween  the 
cathodic peak potent ial  and anodic peak potent ial  at 
420~ was not equal  to 132 m V / n  where  n is the num-  
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Fig. 2. Cyclic voltammetry of sulfur in IO0 ml LiCI-KCI eutectic 
at 420~ 0.3g S; sweep rate 200 mV/sec. 
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ber of electrons transferred.  The separat ion be tween 
the peak potentials of the first wave  did not va ry  with  
scan rate  f rom 200 to 40 mV/sec.  In contrast, the sep- 
arat ion of the peak potent ia l  of wave  II decreased as 
the scan ra te  was var ied  from 200 to 40 mV/sec.  In fact, 
the  separat ion of the  peak potentials was 130 mV when  
the scan rate  was set at 40 mV/sec;  consequently,  the 
second reduct ion step may be approaching electro-  
chemical  revers ibi l i ty  at slow scan rates, assuming that  
only one electron is involved  in the reduct ion step. If 
the potent ial  scan was reversed at --1.2V the anodic 
peak at --0.83V was identical  to the peak observed 
after scanning to --1.6V. Thus, the anodic peak at 
--0.83V is direct ly associated wi th  the cathodic peak 
at -- 1.13V. 

When the solution was cathodical ly scanned to 
--1.8V vs. SMPE and held at that  potential,  the cur -  
rent  increased. Af ter  holding the potential  at --1.8V 
for 3-5 rain, the solution was anodically scanned. The 
peak of wave  II decreased slightly; while  wave  I 
increased severalfold.  Also, the peak potent ial  of Wave 
I was shifted approximate ly  ~-0.05V. Revers ing the 
scan showed only the normal  development  of the 
cathodic peaks. 

Control led potent ial  e l ec t ro ly s i s . - -A  weighed amount  
of sulfur was electrolyzed at a potent ial  of --1.1V vs. 
SMPE. The current  vs. t ime was recorded and then 
in tegrated (by counting squares) af ter  the cur ren t  
reached the previously  de termined  residual current  
value. The area above the residual cur ren t  value was 
considered to be sulfur reduction and computed as 
Fa radays /g -a tom of sulfur or e - / S  atom. Since the 
sulfur was t rapped in the  electrode compartment ,  loss 
as vapor  was minimized. The values reported are the 
largest  obtained from several  runs since the only 
major  source of error  was leakage of sulfur vapor  f rom 
the  electrolysis cell. 

The current  vs. t ime curve  showed that  the sulfur 
was not being reduced in the normal  manner,  i.e., the 
current  vs. t ime curve  did not follow the normal  ex-  
ponential  decay. The current  remained constant for 
2-3 min  and then gradual ly  dropped to a lower con- 
stant value. Af te r  another  minute  or so, the cur ren t  
again dropped to a lower constant value. This sequence 
continued throughout  the electrolysis. Control led 
potential  electrolysis of the first reduct ion step, which 
took about 8 hr  to complete, revea led  that  0.265 e - / S  
atom was involved in the first' cathodic step. Controlled 
potent ia l  electrolysis of the second reduct ion step at 
--1.4V, which took about 1 hr, behaved in the normal  
manner,  i.e., the current  decayed exponent ia l ly  wi th  
time. The n -va lue  was determined to be an addit ional  
0.72 e - / S  atom. Anodic oxidations of the product  of 
the reduct ion at control led potential  were  rapid. Con- 
t rol led potent ial  electrolysis at --1.0V vs. SMPE gave 
an n -va lue  of 0.833 e - / S  atom; while fur ther  oxidation 
at --0.7V vs. SMPE gave an n -va lue  of 0.201 e - / S  
atom. 

A very  intense blue solution was formed immedi -  
ately after  the init iat ion of the controlled potent ial  
electrolysis of the first reduction step. The cyclic 
vo l t ammogram of the blue solution midway  th rough  
the electrolysis is shown in Fig. 3. The initial rise in 
current  did not develop into a peak, rather,  a l imit ing 
current  was observed. A peak, at --1.51V vs. SMPE 
developed as the scan was continued. The anodic scan 
revea led  two peaks at --1.10V vs. SMPE and --0.85V 
vs. SMPE. Al though the cyclic voI tammogram is s im- 
i lar  to the cyclic vo l t ammogram of the e lementa l  sul-  
fur, the init ial  cathodic rise and the cathodic peak were  
shifted to more  negat ive values. The blue color became 
less intense as the electrolysis at the first cathodic 
wave  neared completion. When controlled potent ial  
electrolysis at the second cathodic wave  was carr ied 
out, the blue color disappeared. The solution turned 
blue when oxidation at control led potent ial  was car-  
r ied out, a l though the color was not intense. Sul fur  

C U R R E N T ,  r mo  

- ' C  

P O T E ~ T I A C  V S  S ~ P E  

Fig. 3. Cyclic voltammetry of sulfur during controlled potential 
electrolysis at --1.15V vs. SMPE. 0.612g S; sweep rate 200 mV/ 
sec. Electrolysis was about 50% completed when scan taken. 

vapors collected on the wal l  of the isolation tube above 
the level  of the melt, when  controlled potent ial  elec- 
trolysis of the second anodic wave  was carr ied out. 

Discussion 
The electrochemical  reduct ion of sulfur  proceeds 

through two steps. The curves  in Fig. 2 indicate that  
the same number  of electrons are  involved in each 
step. Init ial  scans were  somewhat  different than suc- 
ceeding scans because of undissolved sulfur present  
initially. Af te r  the sulfur dissolved, the cyclic vo l tam-  
mograms were  reproducible.  Based on the s imilar i ty  
of the results in LiC1-KC1 to the results in DMSO (12), 
the two reduct ion steps can be described as follows 

+ e -  -I-e- 
Sn - ~ Sn-  > Sn 2- 

where  n ~ 2. 
Controlled potential  electrolysis showed that  l e - / S  

was involved during reduct ion or subsequent  oxida-  
t ion and, thus, the final reduct ion product  can be 
described as Sm m-.  However ,  it cannot be concluded 
that  n ---- m since addit ional  reactions could occur 
dur ing the long- t e rm control led potential  electrolysis 
which were  not observed dur ing cyclic vol tammetry .  
In fact, the results of control led potent ial  electrolysis 
carr ied out at the first reduct ion step of --1.1V vs. 
SMPE indicate that  n may  be 3 or 4. Both cyclic 
vo l t ammet ry  and controlled potential  electrolysis have 
shown that  the product of the first reduct ion step is 
the sulfur species producing the blue solution. 
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Lead Anode Deterioration as a Function of 
Depth of Operation 

R. P. Hollandsworth and E. L. littauer *'1 
Electrochemistry Department, Lockheed Aircraft Service Company, Ontario, CaliSornia 91761 

In recent  years, considerable a t tent ion has been 
devoted to the development  of impressed current  
cathodic protection (ICCP) systems for ships and off- 
shore structures. Significant economies accrue f rom 
the use of permanent  anodes in such installations 
because of the cost and inconvenience of drydocking 
ships outside of normal  maintenance schedules, and 
with  offshore structures, the need to employ divers 
for servicing. In the lat ter  case, such servicing can be 
ex t remely  difficult wi th  s tructures in deep water.  

ICCP systems are genera l ly  se l f - regula t ing  wi th  the 
permanent  anodes connected to the posit ive side of a 
power  supply comprising a step down t ransformer  
f rom a 220 or 440V line, a rectifier, and wi th  control  
f requent ly  accomplished wi th  a sa turable-core  reactor  
in conjunct ion with  a s i lver-s i lver  chloride reference 
electrode. The negat ive  of the power  supply is con- 
nected to the structure.  In principle, the system is 
analogous to a potentiostat.  Protec t ive  potent ial  of 
steel in sea water  is in the range --800 to --850 mV 
vs. Ag/AgC1, and this range is set on the controller.  

Systems are designed in modular  form with  outputs 
ranging f rom 50-3500A. The protect ive  current  re-  
quired is de termined f rom data of wa te r  conductivity,  
flow by rate, bare area of steel, and anode position. 
Anodes range in size f rom 1-2 ft long to 16 ft and are 
mounted  on a dielectric shield to assist in distr ibution 
of current  to all areas of the structure. Anodes may  
be mounted  on the s t ructure  or mounted  remote ly ;  
the lat ter  method assists current  distr ibut ion but may 
introduce complications such as stray current  effects. 

The most often used permanent  anode in ICCP sys- 
tems of ocean structures has been Pb based, e.g., Pb 
alloys such as Pb, 6% Sb, 1% Ag, and P b - P t  bielec-  
trodes. The lat ter  are less expensive because the cost 
of Pt  for microelectrodes is less than that  of Ag in the 
alloy anode. Also the P b - P t  bielectrode is capable of 
operat ing at somewhat  higher  current  densities (C.D.) 
which leads to a smaller  anode for the same duty. 

With Pb based anodes the active surface becomes a 
layer  of PbO2 which forms over  the original  Pb surface 
upon anodic polarizat ion in sea and fresh water.  The 
mechanisms and conditions of format ion of the chem-  
ical ly passivating PbO2 have  been extens ive ly  dealt  
wi th  in the l i tera ture  (1-3). Under  normal  conditions 
there  is l i t t le  fur ther  involvement  of the under ly ing 
meta l  once a l imit ing thickness of PDO2 has formed. 
The predominant  electrode process becomes evolut ion 
of C12 and /o r  02, depending on the C.D. and salinity 
of the electrolyte.  Init ial  format ion of PbO2 follows 
a path s imilar  to that  manifes ted by Pb  in SO42- con- 
taining electrolytes, where  an init ial  layer  of essen- 
t ia l ly  nonconducting crystall i tes of PbSO4 are con- 
ver ted to PbO2. This happens within  interstices in the 
crystal l i te  layer  at points at the meta l  solution in ter -  
face where  the potential  exceeds that  of the Pbaq 2 + "-> 
PbO2 reaction. 

* Electrochemical Society Active Member. 
1Present address: Electrochemistry Department. Lockheed Palo 

Alto Research Laboratory, Palo Alto, California 94304. 
Key words: anode dissolution, pressure hydrostatic, lead anode, 

cathodic protection. 

In fresh water  the init ial  nonconducting layer  is a 
lower oxide; in saline water  this precursor  to chemical  
passivation is PbCI2. In both cases the layer  is eventu-  
ally conver ted to PbO~ through a heterogeneous reac-  
tion (3). 

Recent  service exper ience with  Pb-based  anodes, op- 
erat ing at depths greater  than 25m, has revealed a de- 
ter iorat ion rate far greater  than that  observed in sur- 
face operation. Anode fai lures have been indicated by 
a gradual  (or sudden) increase in resistance, and in- 
spections of failed anodes have shown: (i) separat ion of 
the PbO2 from the Pb, wi th  a thick, in tervening layer  
of PbCI2 in te rmixed  with lower  oxides, and (ii) the 
thickness of PbO2 growth  is far  greater  than observed 
on anodes operating at modest  depths for an equal  
length of time. N o  explanat ion for these deter iorat ing 
effects is to be found in prior l i te ra ture  which has con- 
sidered the influence of alloy composition (4), effect of 
microelectrodes (1), t empera tu re  (5), and water  ve-  
locity (6). Accordingly,  the present  study was under -  
taken to examine  the problem in detail  under  con- 
trolled laboratory conditions, wi th  the intent ion of disL 
covering the mechanism of the depth effect as wel l  as 
defining the pressure conditions under  which Pb anodes 
can be expected to operate wi thout  deterioration. 

Experimental 

To simulate deep-ocean conditions in the laboratory,  
the exper iments  were  per fo rmed  in pressurized (316) 
stainless steel test vessels (Fig. 1) equipped with 
flanged top, anode receptacle, automatic pressure  regu-  
lat ing valve,  and pressure gauge. Prepressur izat ion was 
accomplished with  argon, which  is inert  towards the 
electrode processes and is r e la t ive ly  insoluble in sea 
water.  

The production of hydrogen and chlorine was l imited 
to less than 10% of the ul lage volume by changing 
solutions regular ly  and by automatic pressure rel ief  
valves  which mainta ined the pressure wi th in  2 psi of 
the desired value. One l i ter  of artificial sea water  
(ASTM D-1141-52) was contained in the vessel, the 
ul lage volume being about 0.51. 

Tantalum, which forms an insulating anodic oxide 
in sea water,  was chosen as the anode support  thus 
avoiding interferences in the electrode chemistry.  
Anodes were  cast into cylinders 1.75 cm X 1 cm diam- 
eter. The P b - P t  bielectrodes were  made using 99.5% Pb, 
0.5% Sb alloy (Bunker  Hil l  Company) .  A piece of 
0.76 mm (30 rail) diameter,  10% I r / P t  wire,  0.4 cm 
long was inserted into an undersized hole in one end 
so that  0.15 cm protruded;  into the other end a hole 
was tapped to accommodate  the  0.125 cm diameter  
threaded tan ta lum rod. The Pb, 6% Sb, 1% Ag anodes 
were  prepared f rom analyt ical  grade Pb, Sb, and Ag. 
The ingredients  were  weighed, melted, and mixed  in a 
porcelain crucible and cast. Analysis showed the com- 
position to be 92.8% Pb, 6.2% Sb, and 1.0% Ag which 
conformed to MIL-A-23871 for lead si lver anodes. 
Anodes were  pre formed for 7 days in artificial sea 
water  at C.D. 5 m A / c m  2 above those to be used in their  
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Results 
Photographs 1-6 in  Fig. 2 are characteristic of the 

series. Photographs 1-3 represent  the P b - P t  bielectrode 
at 40 mA / c m 2 and photographs 4-6 show the Pb, 6% 
Sb, 1% Ag anode at 30 mA/cm2; observations from all 
the experiments  typical ly i l lustrated by the photo- 
graphs are: 

(i) Cracking and striations in  the PbO2 layer in-  
crease with depth. 

(ii) Extent  of blister formation and subsequent  
blister rup ture  and spalling of PbO2 increases with 
depth. Blister formation is f requent ly  associated with 
gassing but  with Pb anodes in chloride solutions, blister 
formation is a way of rel ieving stresses at the Pb-PbO2 
interface. The PbO2 formed in this system is quite po- 
rous and has a bu lk  volume about double that  of the 
substrate. 

(iii) Rate of growth, i.e., cont inuing thickening of 
PbO2 increases with increasing depth. This is fur ther  
i l lustrated in  Fig. 3 which was obtained by measure-  
men t  of cross sections, accuracy being about 25%. 

( iv)  Failure of the lead silver anode, as shown in 
photograph 6 (Fig. 2) occurred after only about 0.3 to 
0.6 cm of PbO2 growth because the dioxide separated 
from the under ly ing  Pb. This failure is depicted in the 
curve of applied voltage vs. t ime at constant  C.D., Fig. 
4, and is representat ive of failures observed in  ICCP 
operations; i.e., anode malfunct ion  due to the onset of 
a large resistance increase. 

From Fig. 4 it may be noted that  the electrode shown 
in photograph 6 functioned normal ly  at steady voltage 
for 7 days, but  the voltage requi rement  increased at 
that time. With the high-vol tage capabi l i ty  of the 

Fig. 1. Pressure test vessel. A: pressure control relief and valve; 
B: pressurization valve; C: pressure vessel; D: lead anode; E: pres- 
sure gauge; F: Teflon gasket; G: epoxy insulation; H: tantalum 
connecting rod. 

respective long- term tests. This preforming period was 
arbi t rar i ly  chosen since measurements  revealed very 
li t t le change in the PbO2 layer  after 2 or 3 days. 

During the pressure tests, the solution was changed 
at such intervals  that  the var iat ion in C1- concentra-  
t ion was always less than  0.1N. A previous s tudy (3) 
showed l i t t le difference in electrode behavior in the 
range 0.5N to 0.1N on preformed anodes, and it is thus 
believed that the variat ion occurring in the present  ex- 
per iments  would not be a significant affector of the 
electrode processes of interest. It was also calculated 
that the hydrogen and chlorine evolved never  occupied 
more than  10% of the ullage volume. The electrolyte 
became saturated with chlorine dur ing the runs;  how- 
ever, earl ier work (7) showed that  dissolved chlorine 
has no significant influence on the anodic behavior. 

The C.D.'s were chosen on the basis of the upper  
operating limits of the anodes, i.e., 30 m A / c m  2 for the 
lead silver alloy (6) and 40 m A / c m  2 for bielectrodes 
(8). These limits have been established by laboratory 
and field experience over a number  of years. 

Constant  d.c. (<0.1% a.c.) was supplied by an 
Electronic Measurements No. C614 ins t rument  to a 
bank  of the test vessels connected in series. Tests were 
run  for 17, 30, 60, and 90 days at which time the thick- 
ness of the PbO2 layers on the anodes were measured 
by ~ slicing off cross sections and observing with a grat i-  
cule equipped microscope. 

Informat ion on the actual  weight of Pb converted 
to PbO2 was obtained by physical removal  of the di-  
oxide followed by dissolution in an aqueous solution 
containing 2% KI, 10% CHsCOOH, and 5% CHaCOONa. 
Pb  is not dissolved by this solution wi th in  the t ime 
required to dissolve the PbO2. The PbO2 quan t i ty  was 
determined by either t i t rat ion against s tandard 
Na28203, or by atomic absorption spectrophotometry. 

Fig. 2. Anode degradation (Photos 1, 2, 4, and 5 taken after 60 
days, photo 3 after 30 days, and photo 6 after 17 days of test). 
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power supply used in this study, it was found that  a 
max imum was reached after about 17 days, and this 
max imum was associated with the total  surface de- 
crepitation shown. The voltage rise from day 7 onward 
reflected the gradual ly  increasing separation of the 
PbO2 from the under ly ing  Pb, accompanied by the high 
resistance of the cavity formed between the two elec- 
tr ically conduct ing interfaces. The PbO2 finally spalled 
off completely at 17 days exposing a fresh Pb surface. 
Then once a fresh adherent  thin layer of PbO2 had re- 
formed, the anode reverted back to normal  low-voltage 
behavior  for a few days. This sequence of failure 
events was observed with the Pb alloy anode at depths 
greater than 30m regardless of the C.D., the anode 
funct ioning normal ly  for a longer t ime as the C.D. was 
decreased. 

The P b - P t  bielectrode did not suffer from this type 
of failure even though the rate of PbO2 growth was 
somewhat greater, bu t  separation of the dioxide from 
the Pb  also occurred at depth's greater than about 30m. 
However, the Pt  microelectrodes effectively provided 
a current  path between the Pb and PbO2 across the 
nonconduct ing cavity and permit ted normal  operation 
for long periods. 

Discussion 
In  the first part  of this discussion, the practical sig- 

nificance of the exper imental  data is considered. In  the 
second part  an hypothesis is presented which explains 
why depth of operation is an affector of anode deterio- 
ra t ion independent  of mechanical  pressure forces. 

1523 

Figure 3, obtained from the exper imental  data, shows 
the influence of depth on the rate of the conversion re-  
action Pb  ~ PbO~. Pb anodes wil l  apparent ly  funct ion 
with an acceptably low-deter iora t ion rate at depth to 
about 20m but  at greater depths the conversion rate 
increases significantly. However, before operational 
l imits  can be established, it  is necessary to calculate 
anode life as a funct ion of depth. These data, obtained 
assuming a convent ional  Pb anode 1.3 cm (0.5 in.) 
thick, are shown in  Fig. 5. The points were calculated 
by referr ing to the thickness of PbO~ on controls r u n  at 
atmospheric pressure alongside the pressure test speci- 
mens. Since a Pb-based  anode operating at normal  
depths manifests very little conversion once a l imit ing 
thickness has formed, the addi t ional  growth at  high 
pressures may be obtained by subtraction. To predict 
the life of P b - P t  bielectrodes, we selected 75% con- 
version as represent ing a totally depleted anode since 
field experience has shown that  these anodes wil l  oper- 
ate normal ly  up to this l eve l  of conversion. On the 
other hand, with the Pb  alloy, the cri ter ion of useful 
anode life has to be determined differently. This is be-  
cause at depths ~--30m the anode ceased to operate after 
about 30% conversion, (0.3 to 0.6 cm) of PbO2, because 
the dioxide layer separated from the under ly ing  metal, 
leaving a high-resistance cavity. This separation, due 
to abnormal  stresses on the thick layers at depth, has 
been confirmed by field experience. Thus we selected 
the onset of high resistance as the cri terion of lifetime 
for the alloy anodes in Fig. 5. 

A phenomenological  view Of the problem may be ob- 
tained by considering the difference in electrochemical 
behavior of an anode at the surface and at the depth. 
Calculations based on data obtained with a ful ly 
formed bielectrode at 40 m A / c m  2 and at atmospheric 
pressure showed that  6 • 10-~% of the current  is used 
for oxidation of Pb --> PbO~ and that  the remainder  is 
involved in decomposition of the electrolyte. However, 
at a depth of 180m, 2 • 10-~% of the current  is used 
for Pb oxidation (30 • increase),  which is reflected by 
the greatly reduced useful anode life. An  explanat ion 
is not readily apparent  from the l i terature  since pub-  
lished data are sparse on the influence of pressure on 
heterogeneous inorganic electrochemical processes. 
Initially,  when Pb  or Pb alloys are made anodic in 
C1 containing electrolytes, the Pb corrodes as Pba~ +. 
If the C.D. is sufficient, the plumbous ions react with 
C1- at or in close proximity to the corroding electrode 
and a mechanical ly passivating film of PbCla develops. 
When passivation is complete or near ing  completion, 
the current  path is restricted to interstices and pores in 
the crystal l ine layer and the potential  increases at con- 
stant  current  to a level sufficient that  lead aquocations 
derived either from the metal  surface or from dissolv- 
ing PbC12 crystallites, may be oxidized through inter-  
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Fig. 5. Calculated anode lifetime. A: Pb-Pt bielectrode at 20 
mA/cm2; B: Pb-Pt bielectrode at 40% mA/cm2; C: Pb, 6% Sb, I% 
Ag allay at 15 mA/cm2; D: Pb, 6% Sb, 1% Ag alloy at 30 mA/cm ~. 
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action with water  dipoles or hydroxyl  ions at the metal  
solution interface to PbO2 

Pb  2+ + 2H20 --> PbO2 ~- 4H + + 2e 

E = 1.455 -- 0.1182 pH -- 0.0295 log apb~+ [1] 

The PbO2 then grows within  and over the PbC12. The 
exact mechanism is different for Pb alloys and bielec- 
trodes, but  so long as there is electrical cont inui ty  
between the two conduct ing species (Pb and PbO2), 
the surface becomes totally covered with the dioxide 
and eventual ly  any  under ly ing  PbC12 is converted. 
Once PbO2 has formed, oxidation of C1- to C12, and to 
a smaller extent  H20 to 02, is observed to occur on 
the chemically passivated PbO2 surface. Actually,  O2 
evolution is energetically favored over chlorine, but  
it is highly irreversible on PbO2, and may be disre- 
garded except at high C.D.'s or in low salinities. Thus, 
the a l ternate  reaction to Pb oxidation is 

2C1- -> C12 -t- 2e 
[2] 

E = 1.359 + 0.0295 log Pc12 -- 0.059 log ac l -  

By insert ing values for aPb2+ and pH into Eq. [1], one 
may show that  the reversible potential  is 1.04V. [The 
apb2+ and pH at the Pb/solu t ion  interface were previ-  
ously determined in 0.5M NaC1 to be 1.07 • 10 -4 and 
4.5, respectively (9)].  Also, the reversible potential  
for the C1-/C12 reaction at a similar anode was cal- 
culated to be 1.33V (9). Thus, from reversible thermo-  
dynamic considerations, continued oxidation of Pb is 
to be expected, but  this heterogeneous reaction is 
kinet ical ly much slower and more irreversible than 
CI~ evolution which, therefore predominates.  It  will  
also be observed that there is no pressure sensitive 
term in Eq. [1], and that  a pressure of 100 atm only 
increases the reversible potential  of [2] by 59 mV. 
Thus, it becomes apparent  that  a reversible thermo-  
dynamic t rea tment  is inadequate to explain the pres- 
sure responsiveness of the system, but  it may be pre-  
dicted from le Chatelier 's  principle that  reaction [2] 
wil l  be  hindered wi th  increasing pressure. A s tudy of 
chemical reaction kinetics under  pressure has been 
given by Hamann  (10) who considered collision theory 
and t ransi t ion state (or activated complex) theory and 
showed that  hydrostatic pressure effects are best ex- 
plained by t ransi t ion state theory. However, to obtain 
specific quant i ta t ive data, it is necessary to have knowl-  
edge of the e lementary  intermediate  reactions in oxi- 
dations [1] and [2], and such informat ion is not yet 
available. Exper iments  to determine the kinetics of 
the reactions of interest  will  be the subject of a future  

paper. But, at the present  t ime we believe that  as 
depth increases, the Pb ~ PbO2 reaction remains  essen- 
t ial ly constant, while the C1- --> C12 reaction decreases, 
and  this causes more coulombs to be available for the 
Pb conversion reaction. 

Conclusions 
Pb-based anodes have been shown to operate with 

normal  low conversion of Pb  ~ PbO2 only to depths 
of about 30m. Below this depth, serious deteriorat ion 
occurs, and such anodes cannot be recommended for 
deep-water  use. P b - P t  bielectrodes and Pb, 6% Sb, 1% 
Ag alloy also show a dramatic increase in conversion 
in comparison to surface operation. For example, with 
P b - P t  bielectrode at 40 m A / c m  2 conversion increase 
rates at 176 and 352m were 30 and 41 •  respectively. 

The thick, chemically passive, PbO2 layers developed 
cracks and fissures and separated f rom the under ly ing  
Pb but, with the bielectrode, electrical conductivi ty 
was shown to be main ta ined  through the microelec- 
trode, thus delaying failure. The mechanical  forces 
causing the separation of Pb from PbO2 probably also 
increase with depth and thus amplify the problem. 
The increasing conversion rate of Pb ~ PbO2 with in-  
creasing depth is postulated to be due, at constant  
current ,  to the coulombs not used for the  C1- --* C12 
reaction. These coulombs become available because the 
rate of the C12 evolution reaction is believed to de- 
crease under  pressure while the Pb oxidation rate re-  
mains essentially constant. 

Manuscript  submit ted Jan. 6, 1972; revised manu-  
script received Ju ly  10, 1972. 

Any  discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 
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Thermodynamic Activity of Na O-B O  Melt 
Use of Stabilized Zirconia as an Electrode Constituent 

Seichi Sato, Toshio Yokokawa, Hideaki Kita, and Kichizo Niwa 
Department of Chemistry and The Research Institute for Catalysis, Hokkaido University, Sapporo 060, Japan 

In  the thermodynamic  studies of the oxide melts 
such as borates, silicates, and phosphates, the electro- 
motive force technique has been applied on various 
occasions. However, difficulties in the construction of 
the reference electrode and especially the selection of 
the electrode materials,  which specifies the wel l -de-  
fined electrode reaction, have retarded a wide use of 
this method, aside from the problem of the liquid 
junct ion potential.  

Meanwhile, CaO stabilized ZrO2 has proven to be 
an  excellent solid electrolyte (1), which can be used 

Key words: 02/0= reference electrode, acid-base of oxide melt, 
Na20-B203. 

to measure oxygen pressure in gaseous atmosphere, 
oxygen content in l iquid metals and so on (2). The 
present  authors have shown this mater ia l  to be very 
satisfactory for the measurement  of the thermodynamic  
activity of Na20 in  Na20-B208 melt. The unique  char-  
acteristics of this electrode are discussed. 

Experimental 
The concentrat ion cell is the type 

(Pt) O2[ZrO2 (CaO) ]Na20-B20~ (I) 

] [Na20-B2Oa (11) IZrO2 (CaO) [02 (Pt) 
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A Pt wire 

B ZrO 2 (CaO) tube 

C Sintered corundt~n tube 

D Sintered corundtln crucible 

E,F Oxide melt 

Fig. l. Celt assembly 

and its construction is shown in Fig. 1. The electrode 
react ion is given by 

O = ---- 1/z 02 + 2e [1] 

which proceeds in the forward  direct ion at the left  
e lectrode and backward  at the r ight  electrode when a 
current  of 2 Faradays  passes from left to r ight  in the 
cell. The potential  gap across the ZrOf-oxide  mel t  
interface is assumed to be set up so as to equalize the 
electrochemical  potent ial  of O = in both phases. F u r -  
ther, if it is assumed as usual that  Na + is the sole 
carr ier  of the v i r tua l  electric current  through the 
l iquid junction, the l iquid junct ion potential  is given 
by 

U l j D  ~--- - -  ( l / F )  ( / Z N a +  ( I )  - -  # N a +  ( I I ) )  [ 2 ]  

where  ~Na+ is the chemical  part  of the electrochemical  
potential  of Na + in the melt. Accordingly,  the net 
e lect romotive force is represented as 

1 1 
E = - -2F  (;~O=(I) -- go=(,I)) + ~ (~Na+(I~ -- #Na+(II)) 

~T a N a f O ( 1 )  
= In [3] 

2 F  a N a f O ( I I )  

where  aNafO is the thermodynamic  act ivi ty  of NaeO. In 
Fig. 1, p la t inum wire  (A) is in electric contact wi th  
the inside bot tom of the zirconia tube, the la t ter  being 
grooved for suspension. The corundum tube (C) which 
separates the two melts  is furnished with  a hole of 0.3 
m m  diameter  at the bottom. The assembly in a reac-  
tion tube was heated in a resistance furnace in air 
atmosphere.  A stainless tube was introduced be tween  
the furnace tube and the react ion tube and was 
grounded. The voltage was measured both by an ordi-  
nary  potent iometer  and by a vibrat ing reed e lec t rometer  
(Takeda Riken TR-84M type) .  It took about 4 hr for 
the emf  to approach close to constant value. Usual ly  
the measurement  was carr ied out in 12 hr  af ter  the 
charge. It remained constant for several  days. The sam-  
ple melt  was prepared from H3BO3 and NafCO3 of the 
guaranteed reagent  grade. 

Results and Discussion 
The measurement  was carr ied out for the NafO-B203 

mel t  over ' the  composit ion range 0.65-0.95 mole per cent 
(m/o)  BfO~, the mel t  of 0.95 being used as a reference.  
The results  are shown in Fig. 2. The data obtained f rom 
the measurement  wi th  the bare p la t inum wire  wi thout  
the zirconia tube are also plotted. Only small but  sys- 
tematic  deviat ion is found in the two sets. S tegmaier  
and Dietzel (3) have measured  the activities of Na20, 
K20, and L i f o  in the b inary  borates wi th  a cell  in 
which pla t inum wi re  electrodes were  dipped into the 
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Fig. 2. Emf value as functions of composition at 850~ 
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melt. The data are reproduced in Fig. 2 where  the emf 
value  is shifted for easy comparison, a l though they 
measured it re fer red  to 0.5-0.7 m / o  alkali  oxides. The 
order of magni tude  and gradations of emf  value  are 
in fair agreement  among the three  sets of data. This 
suggests two facts. First, e i ther  the oxygen pressure 
in the mel t  at the p la t inum electrode wi thout  the ZrO2 
tube is in equi l ibr ium with  gaseous a tmosphere  or the 
electrode potent ial  is de te rmined  pract ical ly  at the 
gas -meta l -ox ide  coexisting surface on the p la t inum 
wire. Second, the assumption that  the electrochemical  
potent ia l  of O = is at the same level  across the ZrOf- 
mel t  interface is correct. In passing, one must  note 
that  the magni tude  of emf corresponds to 107 of the 
act ivi ty  ratio at 0.65 to 0.95 m / o  B203 (Eq. [3]). This 
drastic change reminds  one of the hydrogen ion con- 
centrat ion in an aqueous solution. This behavior  is 
not observed in typical  binary melts  and wil l  be under -  
stood bet ter  in terms of the acid-base character  of the 
melt.  Thus, white O = f rom NafO neutral izes B203 to 
various degrees depending upon the strengths of ba- 
sicity and acidity of Na20 and B203 respect ively and 
upon thei r  compositions, whi le  Na + ion remains  free. 

The features  of this electrode are  the following. (i) 
The oxygen pressure is wel l  defined. Al though pla t i -  
num or graphi te  rod electrodes have  been used in 
the investigations of this kind, the pressure of O2 or 
CO has not been specified except  in a few cases (4). 
(ii) Since there  is no electronic conduction through 
the ZrO2 phase, the molecular  oxygen dissolved in the 
mel t  cannot t ake  par t  in the electrode reaction. This 
gives an advantage that  the fugaci ty of molecular  
oxygen in the melt  can be handled freely, being inde- 
pendent  of the basic oxide content. A procedure  of 
this sort becomes important,  for example,  when  one 
wishes to measure the concentrat ion ratio of F e f + /  
Fe 8+ as functions of oxygen pressure and the basicity 
of an i ron-conta ining mel t  separately.  Parenthet ical ly ,  
the fugaci ty  of molecular  oxygen in the mel t  can be 
measured  by the ordinary technique wi th  ZrO2 (2). 
(iii) The possible contaminat ion due to ZrOf-mel t  
react ion is a shortcoming, as this might  give rise to 
in terference in revers ibi l i ty  of the emf wi th  respect 
to O =. In the present system zirconia showed a much 
higher  resistance against  contaminat ion than  sintered 
corundum. 

The present method will  widen the applicabil i ty of 
the emf technique to systems for which otherwise 
revers ible  electrode cannot be constructed. This elec- 
trode wil l  function wel l  as the reference electrode 
when  one might  want  to measure  a single electrode 
potential  of an anode or a cathode in electrolysis of 
an oxide melt. There  is no need of bubbling of 02 gas 
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on the surface of the electrode (4). This electrode is 
in principle analogous to the glass electrode in a pH 
meter  in which a th in  glass layer functions reversibly 
only to hydrogen ion. 

Manuscript  submit ted April  14, 1972; revised m a n u -  
script received June  8, 1972. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the June  1973 
JOURNAL. 
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Oxidation Properties of a Zirconium-2.7 w/o Niobium Alloy 
in the Temperature Range 650~176 

V. F. Urbanic and W. W. Smeltzer* 
Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

The react ion kinetics and s tructures  of the a l loy /oxide  composite system 
were  de te rmined  for a Zr-2.7 weight  per cent Nb alloy exposed at t empera -  
tures over  the range 650~176 in oxygen at 1 a tm pressure. These kinetics 
may be represented by a parabol ic- l inear  relationship. The zirconia scales 
contained small  amounts  of the in t ramolecular  oxide, 6ZrO2 �9 Nb2Os. An in- 
vest igat ion was carr ied out on the morphological  development  of the co- 
lumnar  scale and the under lying layer  of oxygen stabilized ~-Zr plates in the 
$-Zr alloy during parabolic oxidation. The sequence of the reaction product  
layers was consistent with predictions from the Zr -Nb-O phase diagram. 

Invest igat ions on the oxidation propert ies  of Zr -Nb 
alloys containing 2-3 w / o  (weight  per cent) Nb at 
e levated tempera tures  have been only carr ied out to 
a l imited extent  (1-5). The reaction kinetics over  the 
tempera ture  range 300~176 are characterized ini- 
t ial ly by continuously decreasing rates followed by 
transit ions to more rapid approximate ly  constant rates. 
At tempera tures  less than the a + ~ eutectoid point 
at 610~ a martensi t ic  alloy oxidizes more rapidly 
than the Widmans ta t t en-s t ruc tured  alloy (2, 3). The 
zirconia scales may contain small  amounts of the 
in t ramolecular  oxide, 6ZrO2-Nb205 (2-5). At  t em-  
peratures  higher  than 900~ parabolic oxidation of a 
E-structured alloy gives rise to the format ion of an 
oxygen stabilized columnar  zone of a-Zr plates beneath  
the scale (4, 5). The objectives of this investigation, 
accordingly, were  to de termine  the tempera ture  depen-  
dence of the oxidation kinetics for the alloy in the 
a + ~ and ~-Zr structures and to examine  the mor-  
phological  development  of the scale and a-Zr  columnar  
layer  in the ~-Zr alloy. 

Experimental 
A thermograv imet r ic  technique was employed to mea-  

sure the oxidation rates of alloy plates and spheres. 
The assembly which has been described contained an 
Ainsworth,  Type AU-1, balance for continuously re-  
cording weight  gains up to 400 mg to a sensit ivi ty of 
0.02 mg (6). Test t empera tures  were  controlled to 
•176 A specimen was lowered into the react ion zone 
and held for 15 min to ensure t empera tu re  equi l ibra-  
tion after  the assembly had been flushed wi th  argon 
purified of oxygen and water  vapor. The assembly was 
subsequent ly  pumped down to less than 10 -4 Torr  and 
oxygen, 99.99% pure, then  admit ted to a pressure of 
760 Tort.  At the te rminat ion  of a run, the specimen 
was quenched by rapidly raising it into the a i r -cooled 
port ion of the assembly. 

The mater ia l  was a Zr-2.7 w / o  Nb alloy received as 
a 2 mm thick sheet and as a bar. Analyses for impur i -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  z i r c o n i u m - n i o b i u m  al loys ,  o x i d a t i o n  k i n e t i c s ,  o x i d e  

scale, a l loy  microstructures .  

ties have  been presented, the residual  oxygen content  
in the alloy being 1100 ppm (2). Plates prepared  from 
the sheet, 2 • 1 • 0.2 cm, were  wet  abraded on 220 to 
600-grit silicon carbide papers, polished on 6 and 1~ 
diamond laps lubricated with  kerosene followed by 
acetone washing and drying. Spher ical  specimens were  
prepared from the bar by machining pieces to a 
diameter  of approximate ly  1 cm. They were  then hand-  
abraded as above and lap-pol ished using a j ig which 
permi t ted  specimen rotat ion and polishing of the ent ire  
surface. The specimens, which were  sealed in evacuated 
quar tz  capsules and annealed at 1000~ for 1 hr  and 
furnace cooled, exhibi ted a typical  E-cooled s tructure 
of coarse acicular a-grains.  

Oxidized specimens were  mounted  in araldi te  self- 
setting epoxy resin. Abrasion was carr ied out to 600- 
grit  silicon carbide with  kerosene as lubricant.  Final  
polishing at the 6 and 1/4~ stages was completed on 
nylon cloths impregna ted  with  diamond paste. Speci-  
mens used for metal lographic  examinat ions  were  
etched in an aqueous solution containing 30 v / o  (vol-  
ume per cent) H2SO4, 30 v / o  HNO3, and 10 v / o  HF. 
Oxides were  identified by x - rays  using the powder  
method and reflection diffraction w i t h  nickel  filtered 
CuKa radiation. X - r a y  diffraction measurements  of 
the oxide in the underside of a scale could be made 
by dissolving away  meta l  in the etching solution held 
at approximate ly  70~ A Cambridge scanning electron 
microscope was useful for distinguishing var ious phases 
in the scale and under ly ing metal.  Variations of nio- 
bium concentrat ion in the alloy and oxide phases were  
qual i ta t ive ly  de termined  using a Cameca electron probe 
microanalyzer.  

Results 
The results are classified into those obtained at t em-  

peratures  in the range 650~176 using plate speci- 
mens and those obtained at 1000~ using the spherical  
specimens. I t  is evident  from the Zr-Nb phase diagram 
(7) that  these tempera tures  lie wi th in  the a + ~ phase 
field extending f rom 610 ~ to 840~ or the high t em-  
pera ture  ~-Zr phase field. 

1527 
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Fig. 1. Oxidation curves for the Zr-2.7 w/o Nb alloy plate speci- 
mens at temperatures over the range 650~176 in oxygen at 
1 atm pressure. 
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Fig. 2. Oxidation curve for the Zr-2.7 w/o Nb alloy spherical 
specimens at 1000~ in oxygen at 1 atm pressure obtained by the 
continuous gravimetric technique and by static tests involving 
specimen weighings before and after exposures. 

Oxidat ion curves for the plates are shown in Fig. 1. 
A continuously decreasing oxidation rate was observed 
dur ing ear ly  exposure stages up to a transit ion to more 
rapid kinetics after approximate ly  5 hr  at 650~ and 
within  2 hr at 885~ The curves exhibi ted periodic 
discontinuities at 650 ~ and 700~ which occurred more 
f requent ly  at the lat ter  temperature .  At  tempera tures  
f rom 750 ~ to 885~ the transi t ion led direct ly  to l inear  
kinetics. Specimens exposed at 937 ~ and 991~ showed 
transit ions wi thin  4 hr  to more rapid continuously in- 
creasing kinetics dur ing the subsequent  exposures 
examined.  

A scale after the terminat ion of a run  at t empera -  
tures wi thin  the range 650~176 was colored whi te  
and extensively  cracked. Specimens exposed at 937 ~ 
and 991~ were  covered predominant ly  by gray com- 
pact oxide and character ized by white  cracked oxide 
at edges and corners. The powder  x - r a y  pat terns  of 
the whi te  and gray oxide were  identical  and similar  
to the pa t te rn  for monoclinic zirconia wi th  the excep-  
tion of one reflection at 2.97A which corresponded to 
a spacing for the te t ragonal  oxide, 6ZRO2 �9 Nb205. The 
alloy was composed of a § ~ phases at tempera tures  
to 885~ At 937 ~ and 991~ the alloy microst ructure  
was character ized by a layer  of ~-Zr plates extending 
into the ~-Zr substrate at areas covered by a gray 
compact scale. This columnar  alloy s t ructure  was not 
present  at regions where  oxide cracking had caused 
enhanced localized scale growth. These lat ter  observa-  
tions correspond to those previously  reported for 
alloys oxidized within the range 870~176 (4). 

Continuous oxidat ion of the ~-Zr alloy was extended 
to longer  periods by employing the spherical  speci- 
mens. As i l lustrated in Fig. 2, the shape of the oxida-  
tion curve  at 1000~ is similar  to that  obtained upon 
oxidizing a plate  specimen. The region of continuously 
decreasing oxidation rate, however ,  was extended 
beyond 16 hr. The adherent  compact scales on the 
spheres, as shown in Fig. 3, were  of l ighter  gray color 
with increasing exposure. White oxide was only ob- 
served at localized regions of cracked scale after  the 
transi t ion to more  rapid oxidation. 

A unique columnar  s t ructure  of oxygen stabilized 
~-Zr plates existed under  the compact  scale formed 
on the ~-Zr alloy. This s t ructure  is i l lustrated in Fig. 
4. The martensi t ic  ma t r ix  is a consequence of the  
t ransformat ion  which occurs when  a specimen is 
quenched. An interest ing feature  of the a-Zr layer, 

Fig. 3. Spherical specimens oxidized at 1000~ 

which is evident  in Fig. 4 and readily apparent  at 
higher  magnifications as shown in Fig. 5, is the occur-  
rence of a finer columnar  s tructure near  the me ta l /  
oxide interface. The coarse and fine s tructures differed 
from one another  since they exhibi ted different etch- 
ing properties. The in tercolumnar  regions of the coarse 
s t ructure  was simply t ransformed ~-Zr whereas  the 
mater ia l  between the columnar  plates of the fine struc- 
ture was an oxide. Note that  these oxide str ingers 
extend inward r ight  from the meta l /ox ide  interface. 

The external  compact scale, a-Zr + oxide, and a + 
layers formed in the alloy spheres grew at rates which 
continuously decreased with  increasing exposure. As 
i l lustrated by the parabolic plots in Fig. 6, growth of 
these reaction product layers was de termined  by a 
diffusional mechanism involving inward oxygen migra-  
tion. 

Metal lographic examinat ion using the oil immersion 
technique of the oxide formed over the a-Zr  plates 
demonstrated that  the scale also exhibi ted a columnar  
s t ructure  not unl ike that  of the under lying alloy. This 
feature  is i l lustrated in Fig. 7. An in tercolumnar  region 
general ly  appears to contain a l ighter  phase wi th  the 
exception of a dark phase near  the me ta l /ox ide  inter-  
face. The scale at the me ta l /ox ide  interface subjected 
to reflection x - r a y  diffraction only revea led  monoclinic 
zirconla. Powder  samples of the scales, nevertheless,  
exhibi ted a reflection corresponding to 6ZrO~- Nb205 
which possibly arises f rom the l ighter  appearing dis- 
continuous phase. At tempts  were  made  using the elec- 
t ron-microprobe  to determine the variat ions in niobium 
concentrat ion across the columnar  regions in the alloy 
and scale. It was only possible to conclude f rom lateral  
scans paral le l  to the alloy interface, however ,  that  
these regions were  enriched in niobium since l imi ta-  
tions were  imposed on the val idi ty  of the results due 
to their  small physical dimensions. 

Discussion 
The kinetics obeyed a parabolic relat ionship in the 

early stages of the reaction. This characterist ic is 



Vol. 119, No. 11 OXIDATION  P R O P E R T I E S  OF A Z r - N b  ALLOY 1529 

Fig. 5. Scanning electron micrograph of the scale and the a-Zr 
columnar alloy region formed at 1000~ exhibiting oxide stringers 
in the intercolumnar regions of the alloy (IO00X). The metallo- 
graphically polished specimen was chemically etched. 

Fig. 4. Cross sections of spheres oxidized at 1000~ for 1 hr 
(upper) and 23 hr (lower) micrographs (140X). The micrographs 
illustrate the scales and the columnar zones beneath the scales in 
the fl-Zr alloy. 

i l lustrated by the plots in Fig. 8 for oxidation of the 
plates at several temperatures  and for the spheres at 
1000~ Scale growth, accordingly, was determined 
ini t ia l ly by a diffusional mechanism for inward  migra-  
t ion of oxygen since zirconia is an oxygen-conduct ing 
oxide (8). 

Arrhenius  plots of the parabolic and l inear  oxida- 
t ion constants are shown in  Fig. 9. Values of the l inear  
rate constants were determined from l inear sections 
of the curves or from l imit ing tangents  after the 
transit ions from parabolic kinetics. The a + ~ alloy 
apparent ly  oxidizes by  a common mechanism over the 
temperature  range 650~176 The activation energies 
for parabolic and l inear  oxidation over this tempera-  
ture  range are 38 and 31 kcal /g-atom, respectively. 
Linear  oxidation was associated with scale breakdown 
by cracking but  the role of the scale as a barr ier  to 
oxidation remains  undefined. Parabolic oxidation above 
937~ nevertheless, proceeded at a lower rate  than 
predicted from extrapolat ion of the Arrhenius  re la-  
tion. Oxygen dissolved in the alloy is known to cause 
an upward shift of the p/a + p phase boundary  tem-  
perature  (9). In  part icular  an oxygen content  of 1400 
ppm in a 2V2 w/o  Nb alloy, which is approximately the 
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Fig. 6. Parabolic plots for the growth of the scale, a-Zr + oxide 
stringer layer, and ~ + fl columnar layer in the alloy at 1000~ 

impur i ty  content  of the alloy, raises this temperature  
to 925~ Thus the t ransi t ion in the kinetics to a lower 
value above 885~ was associated with a dist inctly 
different morphological development  involving con- 
current  formation of a scale and an un ique  columnar  
layer of ~-Zr plates in the fl-structured alloy. 

A description of the oxidation properties of the fi-Zr 
alloy at 1000~ may be formulated from the results 
for the spheres. Cross sections were characterized by 
a compact scale, a region of in te rna l  oxidation com- 
prised of ~-Zr plates and oxide stringers, and a layer  
of ~-Zr as coarse columnar  plates in the ~-alloy matrix.  
Since growth of these reaction product layers followed 
parabolic relationships determined by a diffusional 
mechanism involving inward  oxygen migration, the 
al loy-oxygen system may be considered as a diffusional 
couple. 

The te rnary  isotherm available for 1500~ (10) is 
used to discuss the formation of the solid phases since 
the b inary  representat ions on the te rnary  diagram 
coincide with phase boundaries of the respective b inary  
diagrams at 1000~ A schematic representat ion for the 
compositions and microstructures of the oxidized alloy 
is shown in Fig. 10 by superimposing a path on the 
te rnary  phase diagram to correspond to the sequence 
of observed reaction product layers. This path  Which 
emerges into the ~-phase at 2.7 w/o Nb defines the in-  
terior alloy matrix.  On its emergence into the a + fl 
phase field, the crossing of t ie- l ines represents precipi- 
ta t ion of ~-Zr and growth of the ~ + ~ coarse columnar  
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Fig. 7. Micrograph of the cross section of the scale formed on 
the Zr-2.7 w/o Nb alloy at I000~ illustrating its columnar struc- 
ture (2460X). 
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Fig. 8. Parabolics oxidation plots for the uptake of oxygen by the 
alloy plates at 700 ~ 750 ~ and 832~ and the spheres at 1000~ 

layer. Crossing of the = + ~ + ZrO2 phase field defines 
the interface between the ~ + ~ and ~ + ZrO2 layers. 
Format ion  of zirconia str ingers as an in terna l  oxide 
signified that  the composition path must  cut t ie- l ines 
in the ~ + ZrO2 field. This columnar  layer  was readi ly 
dist inguishable in the cross sections due to its fine 
s tructure in comparison to that of the a + ~ layer. 
Since oxygen solubil i ty in ~-Zr decreases with increas-  
ing n iob ium concentration, n iob ium was segregated 
into the in tercolumnar  fl-Zr regions as the p r imary  
a-Zr  plates grew. Consequently,  oxygen supersatura-  
t ion created in the ~-Zr was relieved by nucleat ion and 
growth of the finer secondary ~-Zr plates. Niobium 
enr ichment  also led to formation of the observed dark  
n iob ium-enr iched  zirconia stringers extending up to 
the al loy/scale interface and into the adjacent scale. 
It  was only feasible, however, to detect this n iobium 
enr ichment  by the electron probe technique due to the 
small  width of the in te rco lumnar  regions. Subsequent  
emergence of the diffusion path from the zirconia 
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Fig. 9. Arrhenius plots for the parabolic and linear oxidation 
constants of the Zr-2.7 w/o Nb alloy over the temperature range 
650 ~ ~ C. 
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Fig. 10. A schematic representation of the reaction product layers 
formed on oxidizing the Zr-2.7 w/o Nb alloy at 1000~ and the 
sequence of these layers plotted as a compositional path on the 
Zr-Nb-O phase diagram. 

field into the ZrO2 q- 6ZrO2. Nb205 field at an angle 
incident  to t ie- l ines is consistent with the x - r ay  and 
metallographic results for the presence of the in t ra -  
molecular  oxide wi thin  the scale. 

Conclusions 
A Zr-2.7 w/o Nb alloy exposed to oxygen at 1 atm 

pressure at temperatures  in  the range 650~176 ex- 
hibits parabolic kinetics dur ing  early exposure stages 
followed by a t ransi t ion to more rapid kinetics. The 
scale became extensively cracked in the post- t ransi t ion 
interval .  Small amounts  of the in t ramolecular  oxide, 
6ZrO2" Nb20~, were contained within  the zirconia 
scales. The tempera ture  coefficient of the parabolic 
oxidation constants changed to a lower value in the 
range 885~176 which was associated with the forma- 
tion of a columnar  zone of a-Zr  plates in the ~-struc-  
tured alloy by  inward  diffusion of oxygen. The scale 
which formed over the =-Zr plates exhibited a similar 
columnar  s tructure and zirconia str ingers extended 
inward  along the alloy in te rco lumnar  boundaries.  
Diffusional growth of the reaction product  layers was 
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consistent with predictions from the Zr -Nb-O phase 
diagram. 
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Electron Injection into Anodic Valve Metal Oxides 
II. Further Experimental Results for T a O ,  Nb 0 and AI 0 

2 5 2 3 

N. I. Jaeger,* G. P. Klein,* and B. Myrvaagnes 
P. R. Mallory & Company, Inc., Laboratory lor Physical Science, 

Northwest Industrial Park, Burlington, Massachusetts 01803 

ABSTRACT 
Electron inject ing contacts can be formed at valve metal  oxide/semicon- 

ducting metal  oxide interfaces with applied fields of the order of some 106 
V/cm. Electronic current  inject ion as a function of t ime and applied field 
(activation) has been measured for Ta/Ta2Os, Nb/Nb2Oa, and A1/A1203 elec- 
trodes in contact with Fe20~ as the semiconducting t ransi t ion metal  oxide. The 
activation process is explained on the basis of interact ing ionic and electronic 
processes with the ionic charge t ransport  following the empirical  field law 
for anodic oxide growth i z A exp (BF). The explicit dependence of the 
electronic process on parameters  of the ionic conduction process has been con- 
firmed by determining the ionic conduction parameters  from the field and 
tempera ture  dependence of the activation process. Quant i ta t ive agreement  with 
values reported from measurements  of the kinetics of anodic oxide growth has 
been obtained. The electronic current  resul t ing from activation of Nb/Nb2Os/ 
Fe20~ and Ta/Ta2OJF~20~ electrodes in contact with electrolytes showed a 
field dependence typical for thermionic emission. Linear  log i vs. F 1/2 charac- 
teristics could be obtained extending over 4-5 decades with slopes in agree-  
ment  with thermionic emission following a Poole-Frenkel  mechanism. It  
appears that  valve me ta l /va lve  metal  oxide/semiconduct ing oxide electrodes 
with two oxides in in t imate  but  ini t ial ly blocking contact provide model sys- 
tems for the generat ion of coulombic centers from which thermal ly  activated 
electron emission with Poole-Frenkel  characteristic can take place. The ba r -  
rier height for the thermionic emission process and its change with progressing 
activation has been determined from measurements  of the tempera ture  de- 
pendence of the electronic current  with applied field and state of activation as 
parameters.  The barr ier  heights were found to be of the order of 1 eV. 

In a recent publicat ion (1) it has been shown that  
homogeneous electronic currents  of the order of 10 
m A / c m  2 could be injected into anodic t an ta lum oxide 
under  high field conditions after insert ing a th in  layer 
of semiconducting t ransi t ion metal  oxide between the 
valve metal  oxide and the electrolyte. The t ransi t ion 
metal  oxide layer  restricted ionic migrat ion while pro- 
viding electronic equi l ibr ium between the electrolyte 
and the surface of the valve metal  oxide 

Figure 1 shows a schematic of the exper imenta l  sys- 
tem. A th in  layer  of i ron or manganese  oxide was 
deposited on the valve metal  oxide. Upon application 
of a constant  voltage between metal  substrate and 
counterelectrode equivalent  to a field required for 
ionic migration, the level of electronic current  inject ion 
was found to rise with t ime over several decades. A 
typical inject ing Ta/Ta2OJFe203 electrode would con- 

* Electrochemical  Society Act ive  Member.  
Key  words: electron injection, Poole-Frenkel  mechanism,  thin film 

conduction, ionic interface polarization, anodic a l u m i n u m  oxide, 
n iob ium oxide, t an ta lum oxide. 

sist of Ta substrate, anodic Ta2Os, and react ively-sput-  
tered Fe203. In  response to the applied field of the 
order of 5 • 106 V/cm an ionic current  started to flow 
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Fig. 1. Schematic of experimental system: V, applied voltage; El, 
electrolyte; RE, reference electrode; Pt, counterelectrode. 
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in the anodic oxide. Migration of oxygen ions away 
f rom and metal  ions towards the Ta2OJFe20.~ in ter -  
face resulted in the accumulat ion of posit ive charge 
in the Ta205 near this interface due to the l imited 
avai labi l i ty  of oxygen ions from the electrolyte.  This 
corresponds to a polarization of the interface in an 
electrochemical  sense which causes increased eIectron 
injection from the contact. The semiconducting oxide 
with dominat ing electronic conduct ivi ty  does not 
total ly block the supply of oxygen ions f rom the elec- 
trolyte. In conjunct ion with the electrolyte  the semi-  
conducting oxide provides an electr ical  contact that  
is not plagued by destruct ive breakdowns as is com- 
mon with  metal  counterelectrodes at the high applied 
fields. 

In the case of Ta /Ta2OJFe203  electrodes the t ime-  
dependent  increase of the electronic conduct ivi ty  with 
constant applied field, the field dependence of this 
act ivat ion process, and the field dependence of the 
electronic current  have been in terpre ted  as Poole-  
Frenkel  thermionic  emission at the anodic ox ide / i ron  
oxide interface coupled with  the high field ionic con- 
duction mechanism of the anodic oxide. 

The electronic current  was found to fol low a 
thermionic emission characterist ic 

/el : io.el exp (e~F'/2 -- r  [1] 

with e, charge of an electron; t~, f ie ld- lowering coeffi- 
cient in agreement  wi th  Poo le -Frenke l  emission; F, 
applied field, r energy barr ier  at zero field; k, Boltz-  
mann  constant;  T, absolute temperature .  The process 
of act ivation was interpreted in terms of a reduct ion 
of the energy  barr ier  r as a function of the ionic cur -  
rent  resul t ing in a t ime-dependent  increase of the elec-  
tronic current  at constant applied field 

r : 4o -- const t/ion : 4o -- const t A exp (BF) [2] 

wi th  r energy barr ie r  at zero field prior to activation;  
t, time. The empir ical  relat ionship 

/ion : A exp (BF) [3] 

wi th  A : io exp ( - - W / k T ) ,  B, field constant of the 
ionic conductivity,  was used to describe the field de- 
pendence of the ionic current  for the high field case 
(2). As an approximation,  the lower ing of the emission 
barr ie r  in Eq. [2] was assumed to be proport ional  to 
the polarizat ion of the interface. Combinat ion of Eq. 
[1] and [2] led to an expression for the increase of 

the electronic current  wi th  t ime (activation) 

logl0iel : const -- const t A exp (BF) [4] 

wi th  a slope of 
s • const A exp (BF) [5] 

In this paper  addit ional  exper imenta l  results obtained 
for the act ivat ion process of A1/A1203/Fe203 and N b /  
Nb2OJFe203 electrodes, the electronic current-f ie ld  
characterist ic of Nb/Nb2OJFe208  electrodes, as well  
as measurements  of the t empera tu re  dependence of 
the act ivat ion process and the electronic conduct ivi ty  
of Ta/Ta2OdFe20~ electrodes wi l l  be presented. The 
results support  our model  for homogeneous electronic 
current  inject ion into anodic tan ta lum oxide and its 
applicabil i ty to valve  metal  oxides other  than Ta2Os. 

Experimental 
Valve meta l  electrodes were  prepared by anodic 

formation of the oxide following standard procedures. 
Capacitor grade Ta and Nb foil was degreased and 
chemical ly  polished in a hot mix tu re  of H2SO4 (98%): 
HNO~ ( 7 0 % ) : H F  (49%)-5 :2 :2  fol lowed by r insing in 
I-IF (49%) and distilled water.  The metals  were  vac-  
uum annealed at  2000~ (Nb) and 2100~ (Ta) for 2 
hr. The wacuum t rea tment  was found to considerably 
reduce the number  of electronical ly act ive  impur i ty  
sites in the anodic oxides to be formed subsequent ly 
and became a prerequis i te  for the rel iable  measure-  

ment  of controlled electronic current  injection. Anod-  
ization at 1 m A / c m  2 was carr ied out in 0.1M H3PO4 or 
0.1M H2SO4 at room temperature .  The oxide films were  
aged for 30 min at voltage, back-etched in HF for up 
to 10 sec, re formed and again aged for 30 rain. The 
procedure resul ted in a significant decrease in the 
number  of sites where  localized electronic current  in-  
jection into the anodic oxides in contact wi th  the 
semiconducting oxides could be observed a l ready at 
low voltages. The improvement  is probably due to the 
removal  of impuri t ies  accumulated in the surface of 
the anodic films during formation (3). 

-Aluminum foil (99.999%) was degreased, etched in 
1M KOH for 30 rain, r insed in distilled wate r  and 
formed at 0.3 m A / c m  2 to 100V in 0.1M potassium 
phosphate solutions (pH ~ 7). 

Thin layers of semiconducting iron oxide (FeOx with 
x ~ 1.5) were deposited by react ive sputter ing in a rf  
sputter ing system (Materials  Research Corpora t ion- -  
Model SEM-8620) with water  cooled target  and sub- 
strate holders. Target  to substrate distance was 9 cm. 
The target  mater ia l  consisted of 99.9% iron. Reactive 
sputter ing was carr ied out in a rgon /oxygen  mixtures  
containing between 1 and 20% oxygen. Typical sput-  
ter ing conditions were:  100W power input and 6 • 
10 -3 Torr  total gas pressure yielding deposition rates of 
7-10 A/min .  Electron bombardment  of Nb205 and 
Ta~O~ substrates during sput ter ing was found to cause 
i r reversible  changes in the anodic oxides effecting the 
reproducibi l i ty  of subsequent  measurements .  This 
effect could be suppressed by a tanta lum shield having 
the dimensions of the substrate (2.5 cm • 10 cm, for 
example)  that  was placed be tween  target  and substrate 
about 4 cm above the substrate. The deposition ra te  
was lowered by about one third. Deviat ions in the 
thickness of the iron oxide film deposited in the shadow 
of the shield were  only about 10% across a 2.5 cm wide 
substrate which indicated diffusion-controlled deposi- 
t ion of the sputtered material .  A1/A1203 anodes were  
sput tered without  shield. 

Fol lowing the deposition of the iron oxide layer  the 
specimens were  re turned  to the electrolytic cell. To 
insure the insolubil i ty of the iron oxide, measurements  
were  carried out in 0.5M standard acetate buffer solu- 
tions. High resolution anodic pr int ing (4) was used to 
determine  the homogenei ty  of the electronic conduc- 
t iv i ty  on a microscale during the act ivat ion process. 
Only Nb/Nb2OJFe203 and Ta/Ta2OJFe203 specimens 
which did not exhibi t  any appreciable electronic con- 
duct ivi ty  at point defects dur ing a vol tage scan from 
zero to the act ivat ion vol tage were  used in the exper i -  
ments. The electrodes were  masked wi th  Mylar  tape 
(Mystic No. 7003) and a series of exper iments  carried 

out with one area (0.07-0.3 cm 2) exposed at a time. In 
the case of A1/A12OJFe2Oa electrodes the contribution 
of defect conduction to the homogeneous electronic 
conduct ivi ty  established by activation could not be 
est imated f rom voltage scan anodic pr int ing exper i -  
ments. The anodes broke down in contact wi th  the K I /  
starch print ing gel e lectrolyte  with about one half  of 
the formation voltage applied. However ,  prints indi-  
cating homogeneous electronic current  distr ibution 
similar  to Ta and Nb-electrodes could be obtained from 
specimens fol lowing their  act ivation in phosphate 
electrolytes.  

The  field dependence of the act ivation process of T a /  
Ta2OJFe208 electrodes was measured at tempera tures  
between 0 ~ and 65~ 

The tempera ture  dependence of the electronic cur -  
rent  wi th  constant applied field was measured in the 
tempera ture  range f rom 5 ~ to 750C for various stages 
of the act ivation process. Act ivat ion was carried out 
at the highest t empera ture  to be used in the tempera-  
ture  measurements .  This was found to be necessary in 
order to avoid erroneous results due to continued ac- 
t ivat ion during the t empera tu re  cycle. The t empera -  
ture dependence was measured af ter  te rminat ing  
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the act ivation process at a desired electronic cur-  
rent  level  and decreasing the applied field suffi- 
ciently to stabilize the current.  It  was observed that  
the electronic current  decreased somewhat  wi th  t ime 
and reached a constant va lue  wi th in  minutes  after  
the applied field had been lowered. This indicated a 
part ial  revers ion of the act ivat ion process. The t em-  
pera ture  was varied continuously at rates between 
4~  and 12~ start ing and ending at 75~ 

Measurements  for different stages of the activation 
process were  carr ied out ei ther  by act ivat ing different 
areas on the specimen to different levels or by con- 
t inuing act ivat ion of the same area following one t em-  
pera ture  cycle at the preceding level. Comparing Ta 
and Nb, the Ta system proved to be the more stable 
and reproducible  of the two with  respect  to the t em-  
pera ture  measurements .  

Results and  Discussion 
A n o d i c  a c t i v a t i o n . - - F i e l d  and  t e m p e r a t u r e  d e p e n -  

dence  o f  the  a c t i v a t i o n  p r o c e s s . - - T h e  t ime dependent  
increase of the electronic cur ren t  is shown in 
Fig. 2 for three  different electrodes at 20~ T a /  
(1960A)Ta2OdFe203, Nb/(1960A)Nb2OJFe2Oa,  and 
A1/(1630A) A1203/Fe203. A 200A film of Fe203 was de- 
posited by react ive sputter ing using identical deposi- 
tion conditions for all specimens (80% Ar  -k 20% O~_, 
6 X 10-a Torr, 100W). This was impor tant  in order to 
permi t  comparison of the results for different anodic 
oxides, since it had been found that  the rate  of act iva-  
tion and the detailed s tructure of the act ivation curve  
depended on the propert ies of the sput tered oxide 
which are sensitive to the deposition conditions. 
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Fig. 2. Current-time characteristic of the activation process for: 
I ,  Nb/1960A Nb2Os/200.& Fe203 electrode, activation field F' 
3.5 mV/cm; 2, Ta/1960~ Ta2OJ200~ Fe203 electrode, activation 
field F' = 5.2 mV/cm ; 3, AI/1630.~ AI203/200A Fe203 elec- 
trode, activation field F' z 6.2 mV/cm; 4, reanodization curve 
of Nb/1960.~ Nb205 anode following activation (curve 1) and sub- 
sequent dissolution of the Fe203 layer. F' ---- 3.5 mV/cm. 

All measurements  of the act ivation process re fer  to 
l inear sections of the i - t  curves, most ly the initial 
l inear increase. The effect of the electronic propert ies 
of the sputtered transi t ion meta l  oxide in conjunc-  
tion with  the redox electrolyte on the act ivat ion proc- 
ess will  be discussed in a subsequent paper. 

The act ivat ion curves have, approximately,  the same 
initial slope indicating the same ra te  of ionic interface 
polarization, i.e., an approximate ly  equal  ionic current  
flowing in all three  anodic oxides. To obtain s imilar  
slopes the applied field had to be increased f rom 3.5 
m V / c m  for Nb20~ to 5.2 m V / c m  for Ta2Os, and 6.2 
m V / c m  for A1203, which corresponds to the decrease of 
the ionic conductivit ies of the anodic oxides g iven in 
the l i tera ture  (5). Microscopic inspection of anodic Ta 
and Nb oxide and reanodization exper iments  fol lowing 
the dissolution of the Fe203 layer  subsequent  to acti- 
vat ion had shown the act ivation process to be a sur-  
face effect that  caused no apparent  changes in the 
propert ies  of the bulk of the oxide. 

Curve  4 (Fig. 2) is the reanodization curve  for the 
Nb/Nb20~ anode measured af ter  the dissolution of the 
iron oxide layer  subsequent to act ivation (curve 1) 
wi th  the same field applied. It also represents the nor-  
mal  reanodization curve at constant voltage following 
the anodic formation of oxide. The ionic current  is 
l ikely to be smaller  than the total  reanodizat ion cur-  
rent  because of some residual electronic contribution. 
From the level  of the current  of the reanodization 
curve, it was concluded that  the contr ibution of ionic 
current  to the measured act ivat ion current  (curves 
1-3) was negligible even for ear ly  stages of the acti-  
vat ion process. The ra te  of increase of the electronic 
current  wi th  t ime was found to be very  sensit ive to the 
applied field. Applied vol tage was c o n v e r t e d  to field 
neglecting any voltage drop across Fe203 and polariza-  
tion at the Fe2OJe lec t ro ly te  interface. This appears 
justified for the low current  densities involved and at 
least for the l inear  reg ime of the act ivat ion curve, 
which is in terpreted as current  inject ion l imited by 
coulombic centers at the va lve  meta l  oxide/Fe20~ in- 
terface. Galvani  potential  differences between the var i -  
ous phases were  est imated as described previously 
(1) and were  taken into account when calculat ing the 
t rue field in Fig. 5, 6, and 8. 

Figure 3 shows the field dependence of the activation 
process for a N b / ( 1 9 6 0 A ) N b 2 O J ( 2 0 0 A ) F e 2 0 3  elec- 
t rode in the applied vol tage range from 69 to 73.1V at 
20~ Figure  4 depicts a similar  set of curves for a T a /  
(1740A)Ta2Os/(200A)Fe203 electrode in the applied 
voltage range f rom 80 to 86V at the higher  tempera-  
ture of 41.5~ 

According to Eq. [5] log s ~ B F  (s, slope of act iva-  
tion curve  log iel vs.  t) which means that  the field con- 
stant B of the ionic conduct ivi ty  of the anodic oxide 
can be obtained f rom the slope of a plot of log s vs.  the 
applied field. The init ial  l inear slope s of the act ivation 
curves  (Fig. 3 and 4) was used in these plots, but  it was 
found that  other l inear  parts of the act ivation cu rves  
could have  been used as well. 

The result  obtained f rom the set of act ivation curves 
shown in Fig. 3 for a Nb/Nb2OJFe203  electrode is 
presented in Fig. 5. The plot of log s vs.  the applied 
field is a straight line. F rom its slope the field constant 
B was calculated. The results for Nb2Os, A120~, and 
Ta20~ (1) obtained at  20~ have been listed in Table I. 
Comparison wi th  values reported in the l i t e ra ture  (5) 
from direct  measurements  of the field dependence of 
the ionic conduct ivi ty  of the respect ive anodic oxides 
indicates good agreement  wi th  our measurements .  

The tempera ture  dependence of the field constant B 
was determined for Ta205 by measur ing the field de- 
pendence of the act ivation process at four tempera tures  
be tween 0 ~ and 65~ f o r T a / ( 1 7 4 0 A ) T a 2 0 5 / ( 2 0 0 A ) F e 2 0 3  
electrodes. Plots of log s vs. the applied field as ob- 
served for one electrode at four tempera tures  are 
shown in Fig. 6. The results of four independent  mea-  
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surements  at each t empera tu re  have been listed in 
Table IL They show B to be independent  of t empera -  
ture  in the observed range. This is in agreement  wi th  
results by Vermi lyea  (2) and Young (6) from studies 
of the tempera ture  dependence of the Tafel  slope for 
the anodic formation of tan ta lum oxide. 
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Fig. 5. Slope of activation curves (from Fig. 3) vs. the true field 
F = AV/d in Nb205. AV = applied voltage, V corrected for 
Galvani potential differences ( i ) .  

At constant applied field the rate of act ivat ion in-  
creased rapidly  wi th  temperature .  Since B was found 
to be tempera ture  independent,  this result  meant  that  
the pre -exponent ia l  factor (Eq. [3]) was responsible 
for the tempera ture  dependence. F rom our measure-  
ments, the act ivat ion energy W (Eq. [6]) for ionic 
conduction at zero field could be determined.  

w ) [6] 
A = io, ion e x p  - -  k'--~" 

Log s vs.  1 / T  was plot ted in Fig. 7 for constant field 
F ---- 4.81 m V / c m  in Ta205 using the data f rom Fig. 6. 
The rate of act ivat ion s was direct ly  measured at 21 ~ 
and 41~ while  values for 3.5 ~ and 64~ were  ext rapo-  
lated from the respect ive log s vs.  field plots, since at 
the given field the act ivat ion was ei ther  too slow or too 
fast to allow a correct  de terminat ion  of the ra te  of 
act ivation s to be made. A value of W -- 0.75 eV was 
calculated f rom the slope of the log s vs.  1 / T  plot in 
Fig. 7 in close agreement  wi th  a value reported by 
Vermi lyea  (2) f rom measurements  of the t empera tu re  
dependence of the ionic conduct ivi ty  (W = 0.71 eV).  
The results  of the t empera tu re  measurements  are sub- 
ject  to the same interpreta t ions  put forward  in the 
l i te ra ture  and discussed by Young (5) to expla in  a lack 
of t empera ture  dependence of the Tafel  slope for the 
anodic format ion of t an ta lum oxide. 

Table I. Field constant B of the ionic conductivity from 
measurements of the field dependence of the activation 

process (Bexp) in comparison with values from 
measurements of the kinetics of anodic oxide 

growth (Bion) 

Bexp  X I 0  a B i o a  • I 0  ~ 
( c m  V - D  t e r n  V-~ )  

TaeO~  4 . 9 5  ~ 0 .Z 5 .2  
N b e O 5  6 .6  ___ 0 .7  6 .4  
A12Os 4 .4  _ 0 .5  4 .9  _ 0 .5  

Table 11. Field constant B of the ionic conductivity of Ta205 
from measurements of the field dependence of the activation 

process in the temperature range 3~176 

~C B • I0~ ( c m  V-~ )  

3 4 . 9  "4- 0 . 2  
20  5 .0  "~ 0 .2  
40  5 .2  • 0 .2  
60  5 ,2  ~ 0 :2  
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A direct coupling of ionic and electronic processes 
has been postulated to explain the observed behavior  
of the electronic current  during act ivat ion experiments .  
F r o m  our measurements  the characterist ic pa ramete rs  
of the ionic processes were  obtained in quant i ta t ive  
agreement  wi th  values  f rom measurements  of the ki-  
netics of anodic film growth. In part icular ,  the field 
and tempera tu re  dependence of the  ionic processes 
were  deduced correct ly f rom the characterist ics of the 
electronic process for three different oxides. This is 
considered conclusive evidence of the basic correctness 
of the assumptions under ly ing  our model  of the acti-  
vat ion process. 

C u r r e n t - f i e l d  charac t e r i s t i c  of  the  e l ec t ron ic  c o n d u c -  
t i on  process r e s u l t i n g  ~rom a c t { v a t i o n . - - C u r r e n t - f i e l d  
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trode (ZX) following activation to 10 mA/cm 2, 20~ Field cor- 
rected for contribution of Galvani potential differences to applied 
voltage (I). 

characterist ics were  measured after act ivat ion to dif-  
ferent  electronic current  levels. The measurements  
were  made at decreasing and increasing fields. Typical  
results are shown in Fig. 8 for two anodic oxide films: 
(2900A)Nb205 and (1740A)Ta20~, both sput tered wi th  
200A films of Fe203. The dependence of the logar i thm 
of the homogeneous electronic current  density on the 
square root of the applied field was found to be  a l inear 
one over  as many  as 5 decades of current  for any given 
state of activation. 

The l inear  log i vs. F 1/2 dependence (Fig. 8) is char -  
acteristic for thermionic  emission over  a f ie ld- lowered 
barr ier  (Eq. [1]). Previous results showed agreement  
wi th  the concept of electron emission f rom coulombic 
centers generated in the process of activation. This 
mechanism can be described by the simple Poole-  
Frenke l  theory (7-10) which wil l  be used here. The 
field lowering coefficient ~ (Eq. [1] ) is given by 

with  e, electronic charge; co, permi t t iv i ty  of vacuum; 
and e, re la t ive  dielectric constant. 

The slope of the log i vs. F 1/~ plots can be used to cal- 
culate the field lower ing coefficient ~. The dielectric 
constant is the only uncer ta in  value  in the formula  for 
~. Some authors (7, 8) on the subject  favor  the  use of 
the high f requency dielectric constant (,~ = n2; n, re -  
f ract ive index) .  Recently,  Hill  (10) proposed to use a 
value  of the form-g = (el -1 -- e2-1) -1 wi th  el and e2 
the high and low f requency dielectric constants of the 
bulk material ,  respectively.  Table  III  gives the  values 
for the dielectric constants eexp as calculated f rom the 
slopes of log i vs.  F'I2 curves  assuming Poo le -F renke l  
emission. For  both Ta205 and Nb205 the high f requency 
dielectric constants computed f rom the respect ive re-  
f rac t ive  indices are in excel lent  agreement  with exper i -  
menta l  values obtained f rom the slopes of log i -- Fv2 
curves when the Poo le -Frenke l  formula  is used. u = 
(et-1 _ ,2 -1) -1  values were  calculated using for the 
low f requency dielectric constants the values 
e2, (Ta205) = 27.6 and e2, (Nb:205) = 41.4 (5). The 

Table III. Dielectric constants eexp from log i vs. F ~2 plots in 
comparison with e| and e_ e| was calculated from the indices 

of refraction (5). Twas calculated according to Hill (10) 

~exp e| ~ n 2 

T a ~ O ~ l  4 . 7  5 . 1  6 . 2  
N b 2 0 ~  6 . 0  6 . 0  7.0 
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agreement  of ~exp with  u is less satisfactory and there  
appears no need to introduce an in termediate  dielec-  
tric constant into the theory describing the exper i -  
menta l  system. Within the limits of the simple Poole-  
Frenkel  theory describing the field assisted emission of 
electrons f rom coulombic centers ( t raps) ,  the results  
presented in this paper provide quant i ta t ive  verifica- 
tion of that  theory over  a wide range of current  densi-  
ties (5 decades) and for two different materials.  

Temperature dependence of the electronic conduction 
process.--Thermionic current  emission according to 
Eq. [1] is character ized by an expression for the act iva-  
tion energy 

~E = -  eflF'/z - -  ~ [7] 

which consists of the zero field barr ier  modified by 
the applied field. The mechanism of electronic act iva-  
tion, i.e., the t ime-dependen t  increase of the electronic 
current  wi th  the applied field as pa ramete r  rests on the 
assumption that  ionic interface polarization leads to a 
t ime dependent  decrease of the act ivation energy. Con- 
secutive states of act ivat ion should, therefore,  be char-  
acterized by thermionic emission barr iers  ~ reduced 
in the same sequence. Measurements  of the t empera -  
ture dependence of the electronic current  at constant 
applied field should yield the barr ie r  height  as a func-  
tion of the pre-establ ished state of act ivat ion 

log10 iel --  const + [8] 
kT  

Such measurements  are shown in Fig. 9 for a 
Ta / (1740A)Ta2OJ(200A)Fe203  electrode and three 
consecutive states of act ivation (electronic current  
levels) .  In Fig. 10 similar  measurements  for four con- 
secutive states of act ivat ion of a Nb/(1590A)Nb205/  
(200A)Fe203 electrode are shown. In all cases, l inear  
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Fig. 9. Temperature dependence of electronic activation current 
for three consecutive states of activation at constant applied 
voltage (65V) in the temperature range 5~176 Ta/1740~, Ta205/  
200A Fe203 electrode was activated at 80V, 75~ The activation 
curve is shown in insert. 
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Fig. 10. Temperature dependence of electronic activation current 
for four consecutive states of activation at constant applied voltage 
(30V) of Nb/1590~ Nb2Os/200,A Fe203 electrode following activa- 
tion at 50V, 75~ Temperature range 20~176 The activation 
curve is shown in insert. 

log ie] vs. 1/T plots were  obtained in a t empera ture  
range from 5 ~ through 75~ 

The corresponding activation curves for Ta205 and 
Nb205 have been inserted in Fig. 9 and Fig. 10, respec- 
tively. Their  par t icular  s t ructure  is related to the spe- 
cific electronic propert ies  of the iron oxide deposited 
in these cases. The interface polarization process was 
found to proceed independent ly  of the par t icular  type 
of iron oxide which means that  the lowering of the 
emission barr ier  could be considered a function of 
ionic charge t ransfer  alone. Thermionic  Poo le -Frenke l  
characterist ics were  obtained at any point of the acti-  
vat ion curves independent  of the par t icular  s t ructure 
of the act ivation curve. 

From the slopes of log i -- 1/T lines in Fig. 9 
(Ta/Ta2OJFe203)  the act ivat ion energies for three 
consecutive states of act ivation were  found to be in eV 
1.06, 0.98, and 0.94 -+- 0.02 f rom the lowest to the highest 
states of act ivation corresponding to 4.7 • 10 -5, 1.3 • 
10 -3, and 1.8 • 10 -2 A / c m  2, respectively,  for act ivation 
at 80V, 74~ For  an increase of the electronic current  
level  by three decades a decrease in the bar r ie r  height  
r by 0.12 eV was measured.  By extrapola t ing the bar -  
r ier  height  l inear ly  to zero activation, an init ial  bar r ie r  
of 1.1 eV was found for the Ta/Ta2Os/Fe208 electrode 
(Fig. 11). 

F rom Fig. 10 the act ivat ion energies for four  con- 
secutive states of act ivation of a Nb/Nb2OJFe203  elec- 
t rode were  found to be in eV 1.00, 0.93, 0.88, and 0.85 
f rom the lowest to the highest state of act ivation cor- 
responding to 3.8 • 10 -4, 3.8 X 10 -3, 2.2 • 10 -2, and 
6.8 • 10-2 A / c m  2, respectively,  for act ivat ion at 50V, 
75~ Linear  extrapolat ion of the barr ier  height  to 
zero act ivation is shown in Fig. 11 along with  results 
obtained for another  Nb/ (1590A)Nb2OJFeO~ electrode 
act ivated under  the same conditions. While the  rate of 
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Fig. 11. Linear extrapolation of the barrier height q~ to zero 
activation (Z~), Ta/1740~, Ta205/200~, Fe203 electrode; (O) ,  
Nb/1590A Nb205/200~, Fe203 electrode; (~ ) ,  Nb/1590.~ Nb205/ 
200~ FeOx electrode (x < 1.5). 

barr ier  lowering was the same for both electrodes, the 
ini t ial  barr ier  heights (1.1 eV and 1.0 eV, respectively) 
were found to depend on the properties of the sput-  
tered iron oxide, mainly  its degree of oxidation. The 
lower ini t ial  barr ier  would correspond to the iron oxide 
with the lower oxidation state. 

A fur ther  check of the thermionic log iel -- F J/2 char-  
acteristic a t t r ibuted to a Poole-Frenkel  mechanism of 
electronic current  inject ion follows from Eq. [7]. The 
activation energy hE would be expected to show a 
square root dependence on the applied field (11). In  
this case, the activation energy was obtained from log 
ie] -- 1/T plots with the applied field as parameter.  
Measurements were carried out after a fixed state of 
activation had been established at 1.8 X 10 -2 A /cm 2, 
80V, 75~ The results given in Fig. 12 show the ex- 
pected l inear dependence of hE on F'/,. 

Conclusions 
Anodic oxides on valve metals such as Ta, Nb, and 

A1 in contact with electrolytes behave as insulators 
because the rate of electron inject ion remains  low 
even at field strengths sufficient for ionic migration. 
The normal  reaction of valve meta l /va lve  metal  oxide 
electrodes in aqueous solutions and at fields of the 
order of some 106 V/cm is additional oxide formation 
with negligible electronic current.  Several  monolayers 
of semiconducting t ransi t ion metal  oxides like FeOx, 
MnOx, and others, deposited on top of the valve metal  
oxide sufficiently suppress the t ransfer  of ions to the 
valve metal  oxide/semiconducting oxide interface to 
cause the formation of an electron inject ing contact. 
The results presented in this paper have demonstrated 
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Fig. 12. Activation energy AE = �9 /~ F V= - -  ~ vs. F ~/= for Ta/ 
1740A Ta2Os/200A Fe203 electrode following activation at 80V, 
75~ to 1.8 x I0 -2  A/cm 2. 

that  this mechanism is common to at least three valve 
meta l /va lve  metal  oxide electrodes. 

Electronic current  injection as a function of t ime 
and applied field (activation) was measured for the 
Ta/Ta20~, Nb/Nb~Os, and A1/A1208 electrodes with 
Fe20~ as the semiconducting t ransi t ion meta l  oxide: 

Mechanism of act ivat ion. - -The assumption of in ter -  
acting ionic and electronic processes formed the basis 
of a model for the activation process of Ta/Ta2OJFe208 
electrodes published earlier. By assuming that  the 
under ly ing  ionic charge t ransport  followed the em- 
pirical current  field law for anodic oxide growth (i -- 
A exp BF),  a relationship for the t ime dependence of 
the activation process could be derived with explicit 
dependence of the electronic process on the parameters  
of the ionic conduction process. The val idi ty  of this 
model was confirmed by determining the parameters  of 
the ionic process from measurements  of the field and 
tempera ture  dependence of the electronic activation 
for three valve metal  oxides. Quant i ta t ive  agreement  
was found for B values obtained from the field depen-  
dence of the rate of activation and values from mea-  
surements  of the kinetics of film growth for Ta/Ta~Os, 
Nb/Nb2Os, and A1/A1203 electrodes. In  addition, the 
tempera ture  dependence of the activation process at 
constant applied field was found to follow from the 
temperature  dependence of the ionic process with B 
independent  of temperature,  the tempera ture  depen- 
dence arising from the pre-exponent ia l  factor A. From 
the tempera ture  dependence of A the  activation energy 
of ionic migrat ion could be determined. It  was found 
to agree well  with data from kinetic measurements  of 
the ionic process. 

The data presented in this paper ful ly confirm earlier 
measurements  and provide quant i ta t ive  evidence of 
the coupling of ionic migrat ion and electron injection 
in electrodes of the general  type valve meta l /va lve  
metal  oxide/semiconduct ing oxide. 

Ionic polarization in the contact between solids, of 
which oxide/oxide contacts of the type investigated 
here are a characteristic example, can lead to condi- 
tions favorable to electron inject ion into the " insulat-  
ing" oxide thus changing a blocking into an inject ing 
contact. This general  mechanism can lead to homo- 
geneous electron injection, as was found to be the 
case in the systems studied, or to localized electron 
inject ion caused by impurities.  Thermal  effects or car- 
rier mult ipl icat ion may eventual ly  lead to destructive 
breakdown of the dielectric in either case. The deposi- 
t ion of a homogeneous semiconducting oxide layer  
provided for an exper imenta l ly  controllable system. 
The use of an electrolytic contact in our experiments  
is believed to contr ibute  to the electrical s tabil i ty of 
the valve meta l /va lve  meta l  oxide/semiconduct ing 
oxide electrodes. The semiconducting oxide/electrolyte 
contact gives evidence of l imit ing the inject ion current  
at the higher activation levels in a way that  prevents  
catastrophic breakdown and destruction of the speci- 
men. The same is not t rue for semiconducting oxide/  
metal  contacts. While indications of an  in i t ia l ly  similar 
activation mechanism were present  in the lat ter  case 
as well, catastrophic breakdowns destroyed the speci- 
mens before any detailed measurements  could be made. 

Mechanism of electron in jec t ion . - -The  electronic cur-  
rent  result ing from activation of Nb/Nb205 and 
Ta/Ta205 electrodes with thin layers of Fe203 showed 
a field dependence typical for thermionic emission. 
Log iel vs. FV~ characteristics could be measured ex- 
tending over 4-5 decades of current  density. The slopes 
of these current-f ield characteristics agreed closely 
with those predicted for thermionic conduction follow- 
ing a Poole-Frenkel  mechanism. For both the Ta and 
Nb electrodes the dielectric constants determined from 
the slopes of log i vs. F'/~ curves agreed well  with the 
high frequency constants of the respective anodic 
oxides. The measurements  presented in this paper are, 
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thus, in excellent  agreement  with the basic Poole- 
Frenke l  theory. 

Exper imenta l  systems of this kind with two oxides 
in int imate  but  ini t ia l ly blocking contact provide 
nearly perfect model systems for the generat ion of 
coulombic centers in the boundary  region between the 
two oxides which become the source of thermal ly  ac- 
t ivated electron emission with Poole-Frenkel  charac- 
teristic. 

It  should be noted that  the usual  distinction between 
interface and bu lk  mechanisms (e.g., Schottky vs. 
Poole-Frenkel  characteristic) cannot  be applied to the 
exper imental  system valve metal  oxide/semiconduct ing 
oxide. Even though the sources of electron emission 
into the valve metal  oxide are being generated in  the 
interface region be tween the two oxides, the physical 
real i ty  would appear to match as close as possible the 
model si tuation of the Poole-Frenkel  theory (10). In  
our case, this model si tuation can be described as the 
field assisted emission of electrons from coulombic 
centers, e.g., oxygen vacancies as a result  of local non-  
stoichiometry, into the conduction band of the valve 
metal  oxide. It is the activation process which leads 
to the generat ion of such coulombic centers in a 
manne r  controlled by the ionic charge separation 
across the valve metal  oxide/semiconduct ing oxide 
interface. Agreement  of the measured value of the 
dielectric constant  with the high frequency dielectric 
constant  of the valve metal  oxide demonstrated that  
the valve metal  oxide provided the dielectric envi ron-  
ment  of the coulombic centers in conformity with the 
model si tuation of emission from centers located in 
the bu lk  of the oxide. 

Measurements  of the tempera ture  dependence of the 
electronic current  with the applied field and state of 
activation as parameters  yielded activation energies of 
the Poole-Frenkel  thermionic emission process. Both 
the original barr ier  height and its change with pro- 
gressing activation could be determined. Typically, 
the barr ier  height prior to act ivation was close to 1 eV 
decreasing by several tenths of an electron volt with 
increasing polarization of the valve metal  oxide/semi-  
conducting oxide interface. 

Manuscript  submit ted March 20, 1972; revised m a n u -  
script received June  9, 1972. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1973 
JOURNAL. 
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Devitrification of Steam-Grown 
Silicon Dioxide Films 

R. L. Meek* and R. H. Braun 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Devitrification of s team-grown SiO~ films has been studied as a funct ion  of 
t ime and temperature,  with special a t tent ion to impur i ty  effects, by moni tor ing  
the  refractive index of the film and by examining  the time, temperature,  and 
imuur i ty  dependent  degradation of the dielectric strength. Monitoring of the 
refractive index showed that  part ial  devitrification may occur in a t ime scale 
of weeks at room tempera ture  if the oxide was significantly [~2 (10)15 cm-2]  
sodium contaminated and had, in  addition, a h igh- tempera ture  (,.~1000~ an-  
neal  while contaminated.  As-grown slices, for which the sodium contamina-  
t ion level  is <1011 cm-2,  showed no evidence of devitrification. Electron dif- 
fraction observations confirmed the in terpre ta t ion of the refract ive index 
changes. Dielectric breakdown behavior  indicated that  the funct ion of the 
h igh- tempera ture  anneal  was to modify the manne r  in which the sodium was 
incorporated into the silica film al though nucleat ion phenomena  may  also be 
important .  The activation energy for dielectric s trength degradation is ~0.1 
eV which is much less than the activation energy for devitrification of pure 
bu lk  fused silica (2.2 eV). 

Silicon dioxide films thermal ly  grown on silicon 
form a cornerstone of the planar  device technology and 
s team-grown oxides have found wide usage par t ly  
because the growth rate is much larger than is the case 
for films grown in dry oxygen, and because lower oxi- 
dation temperatures  are possible. Here we report  
observations on the devitrification of in i t ia l ly  amor-  
phous, s team-grown silicon dioxide films. 

It  has, in fact, been known for a long t ime that  
silica films grown contaminated, by sodium or a n u m -  

* Electrochemical  Society Act ive  Member.  
Key  words:  devitrification, silicon dioxide, sodium contaminat ion,  

el l ipsometry,  dielectric breakdown.  

ber of other things, are apt to contain crystall i tes (1-5) 
and that such films possess inferior electrical proper-  
ties. Sugano et al. (6) have carried out an electron 
diffraction study in which they found that  the inci-  
dence of crystal l ini ty in grown oxide films was in -  
creased by the incorporation of water  (s team-grown) 
or boron and suppressed by the incorporat ion of P or 
Sb. They did not, however, consider changes with 
t ime explicitly. 

Pavlov and Shitova (7) and Nagasima (8a) have 
also performed oxide s tructure analyses, using electron 
diffraction and infrared absorption, of films grown on 
silicon in clean, dry  or wet ambients.  The atomic 
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a r rangement  as determined from the electron diffrac- 
tion spacings and the infrared absorption spectrum is 
very  similar  to that  of bulk fused silica. The s t ructure  
was found to be independent  of film thickness and 
whether  the oxide was grown wet  or dry. No crystal-  
lized regions were  observed, al though changes with 
t ime were  again not deal t  with. The apparent  dis- 
crepancy between these results and those of Sugano 
et al. (6) for the case of wet  oxides may be re la ted 
to undetected differences in the level  of other  impur i -  
ties, especially Na. 

There is also a large l i tera ture  [see Ref. (Sb), for 
example]  on devitr if ication of bulk glass which shows 
the devitrification rate  to be dramat ica l ly  increased by 
the addition of impuri t ies  (8b-13), especially wate r  
(12, 13) and sodium (11). Al though fused silica is 
the rmodynamica l ly  unstable  re la t ive  to the crystal l ine 
phases, r ea r rangement  is immeasurab ly  slow at low 
temperatures ;  usually measurable  devitrification does 
not take place below about 1000~ (10). [The act iva-  
tion energy for crystal l ization of pure SiO2 glass is 
51.2 kca l /mole  (14) (2.2 eV) so that  the rate at room 
tempera tu re  may be expected to be infinitesimally 
small  compared to the rate  at 1000~ all other  things 
being equal.] 

The bulk glass devitr if ication product  is cristobali te 
(10), as might  be expected, even though quar tz  is the 
room tempera tu re  stable form, since the local a r range-  
ment  of atoms in the SiO4 te t rahedra  in glass corre-  
sponds very closely to the a r rangement  in cristobali te 
(7, 8b, 15, 16). Impuri t ies  can, however,  lead to other  
devitr if ication products (8b, 10) notably t r idymite,  
but  apparent ly  only when present in concentrat ions 
greater  than 0.5% (10, 11, 17). Sugano et al. (6) found 
a high incidence of tr idymite,  as is to be expected 
since their  films contained large amounts of impurities.  
Balyagin (18) has repor ted  that  when fused silica was 
heated for 5 min  in hydrogen at 1000~ isolated 
microcrystal l izat ion took place. S t eam-g rown  oxides 
are expected to contain significant amounts of hydro-  
gen as OH or H20. 

It might  be supposed that  grown silica films on 
silicon behave considerably differently with respect  
to reconstruct ion than does bulk glass. However ,  most 
previous studies have not revea led  rapid crystal l ization 
of grown films even when contaminated.  Revesz (19) 
found that  films aged for 15 hr  in dry N~ at 1200~ 
remained noncrystall ine.  St ickler  and Faust  (4) ob- 
served some changes in intensi ty distr ibution in the 
electron diffraction pat terns  from samples held at 
450~ in vacuum for 90 hr  but they had not divitrified, 
since no sharp rings were  seen, while  Knopp and 
St ickler  (20) found crystal l ized portions in films held 
at 1235~ in vacuum for several  hours. Brodsky and 
Cubicciotti  (21) found that  the vi t reous oxide formed 
on thei r  samples exhibi ted x - r ay  diffraction lines cor-  
responding to a-cr is tobal i te  and quartz  after  it had 
been heated overnight  at 1200~ Their  oxide was 
doubtless ve ry  impure  as the silicon used was only 
98%. These results are consistent wi th  the data on 
bulk glass. On the other  hand, a recent  electron diffrac- 
t ion study in this labora tory  (22) showed that  ini t ia l ly  
amorphous s team-grown oxides sometimes devitrif ied 
at room tempera tu re  wi th in  a few weeks af ter  fabr ica-  
tion. 

Experimental 
Refract ive  index . - - In  order to monitor  the occur-  

rence of any devitr if ication or other  s t ructural  or den-  
sity changes in the films, the ref rac t ive  index in the 
visible region has been measured as a function of 
time. This method has the advantage  of simplici ty and 
it is obvious that  the measurement  process cannot 
induce devitrification. 

The ref rac t ive  index was measured  using a Gaer tner  
Model Ll19 ell ipsometer.  Measurements  were  made in 
the first and third zones and the usual precision tech-  
niques were  used (23). The ref rac t ive  index and thick-  

ness were  determined from the psi and delta der ived 
f rom measured angles by comparison to computer  cal-  
culated values. 

Both s t ructural  changes and density changes may 
of course contr ibute  to changes in the ref rac t ive  index. 
In order to identify a refract ive index change with  de- 
vitrification, it is necessary to have other  substantiat ing 
evidence; in this work, electron diffraction and optical 
microscopy. However ,  we expect  that  devitrification 
of fused silica, for which n = 1.46 at the mercury  green 
line (5461A) and room temperature ,  to e i ther  crys- 
tobalite, for which n = 1.485, or t r idymite,  for which 
n = 1.47, will  result  in an increased re f rac t ive  index. 
In fact, if it is assumed that  devitrification is the only 
change, we can compute the expected refract ive  index 
change f rom the relat ion between polarizabili ty,  index 
of refract ion and densi ty (24). In this way  we esti-  
mate  that  an increase equal  to the reproducibi l i ty  of 
the measurements  corresponds to about 1% devitr if ica- 
tion. Of course, other  changes, notably water  content  
and densi ty changes of the glass i tself  can also produce 
significant refract ive  index changes. 

The oxides for refract ive  index measurements  were  
grown at 1050~ in atmospheric pressure steam to 
thicknesses of ei ther  1250 or 3700A in order to utilize 
the m a x i m u m  sensit ivi ty for measurement  of n. The 
substrates were  ~111~,  0.5 ohm-cm,  p-type.  Ini t ial  
measurements  of the re f rac t ive  index and thickness 
were  made at several  points on the wafer.  When  var ia -  
tions over  a wafer  were  greater  than the reproducibi l -  
i ty at a given point, the slice was discarded. The repro-  
ducibil i ty of the  settings at a given point corresponded 
to a precision in n of ___ 0.0003 and in the thickness of 
• 1 The slices were  then kept in various a tmo-  
spheres at various tempera tures  and the re f rac t ive  
index and thickness were  moni tored  for t imes beyond 
a month  (700 hr ) .  

Dielectric breakdown s t rength . - - I t  is known (3, 5) 
that  the presence of crystal l i tes  in silica films causes a 
degradation in dielectric properties.  In part icular ,  
b reakdown strengths fall  around two principal  values;  
about 2(10) ~ V / c m  (secondary breakdown)  and about 
8(10) ~ V / c m  (pr imary  breakdown) .  [There are also 
sometimes a few te r t ia ry  breakdowns at ~ (10)6 V / c m  

which correlate  wi th  gross visible defe~ts and pin-  
ho]es.] Only the p r imary  breakdown voltage is found 
for clean grown oxides and the secondary breakdown 
vol tage is thought  to correlate  wi th  areas of the film 
which contain very  small  crystal l i tes not detectable 
by optical microscopy. It  might  be expected then that  
the behavior  of the distr ibution of b reakdown voltages 
could be used to de termine  the extent  of devitr if ication 
of  the film. It can be shown (25) by some simple a rgu-  
ments  that  the number  of defects per unit  area, a, is 
re la ted to the fract ion of secondary (and ter t ia ry)  
breakdowns,  f, by 

= [1 ]  
A 

where  A is the electrode area. Clearly ~ is some func-  
tion of the extent  of devitrification of the film. It has 
previously  been demonst ra ted  (3, 5) that  for a given 
oxide (constant ~) the appropriate  relat ionship be-  
tween f and A is obtained. 2 

Steam oxide films for these measurements ,  1100 ___ 
100A thick, were  grown on <100>  boron-doped p- type  

1 B y  r e p r o d u c i b i l i t y  a t  a g i v e n  po in t ,  w e  m e a n  t h e  d i f f e r e n c e  i n  
v a l u e s  o b t a i n e d  w h e n  t h e  s l ice  i s  r e m o v e d  f r o m  t h e  i n s t r u m e n t ,  r e -  
p l aced ,  a n d  r e m e a s u r e d  on n o m i n a l l y  t h e  s a m e  a r e a  of t h e  w a f e r .  
I f  l e f t  i n  p l ace ,  t h e  r e p r o d u c i b i l i t y  i n  s i m p l y  r e s e t t i n g  a n g l e s  c o r r e -  
sponds  to a p r e c i s i o n  in  n of 3(10)  -4 a n d  in  t h i c k n e s s  of 1A. S i n c e  i t  
w a s  no t  poss ib l e  to  age  a n d  h e a t - t r e a t  t h e  w a f e r s  in  si tu,  t h e  f o r m e r  
e r r o r  v a l u e s  a r e  t h e  s i g n i f i c a n t  ones ;  a n d  w e  u n f o r t u n a t e l y  lose  the ,  
p o t e n t i a l l y  v e r y  i n t e r e s t i n g ,  d a t a  on  c h a n g e s  i n  t h i c k n e s s  (or  d e n -  
s i t y ) .  

C h o u  a n d  E l d r i d g e  (3) a n d  F r i t z c h e  (5) i n  f a c t  u se  cr -- ( I / A }  In 
(1 /1  -- f)  w h i c h ,  as P r i c e  (25) p o i n t s  ou t ,  is  i n c o r r e c t  s ince  t h e  d e -  
f ec t s  a r e  i n d i s t i n g u i s h a b l e  a n d  m u s t  be  c o u n t e d  as such ,  i.e., B o s e -  
E i n s t e i n  r a t h e r  t h a n  B o l t z m a n n  s t a t i s t i c s  m u s t  be  used .  F o r  s m a l l  J', 
t h e  c a l c u l a t e d  ~ is,  of  cou r se ,  e s s e n t i a l l y  t h e  s a m e ,  f o r  l a r g e  f i t  is  
m u c h  d i f f e r e n t .  



1540 J.  E[ec t rochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  N o v e m b e r  1972 

silicon having a resis t ivi ty of 10 ohm-cm. The electrode 
was a mercury  probe (26) and the electrode area was 
0.5 m m  2. A ramp vol tage was applied in a sense so that  
the semiconductor surface was in accumulation, at a 
rate of 1 V/sec. [Chou and Eldridge (3) found the 
breakdown voltage distr ibution to be independent  of 
ramp rate at least in the range 10 -2 to 1 mV/cm-sec . ]  
Breakdown is defined as the point of occurrence of the 
first current  spike (~10 -6 A - c m - 2 ) .  The breakdown 
voltage is de termined at about 100 points on each slice 
and the data plotted vs. per cent less than the value. 
[Bar graphs may also be prepared as was done by 
Chou and Eldr idge (3) and are in some respects more 
informative,  especially when  there  are large fractions 
of secondary and te r t ia ry  breakdowns.]  

Results 
Refractive index changes.--A first set of exper iments  

was carr ied out in a dry, nonoxidizing ambient  (dry 
N2). The results are  given in Fig. 1 where  the change 
in refract ive  index is plotted vs. the t ime since oxida-  
tion. no is the initial ref ract ive  index, and a posi t ive 
hn would l ikely correspond to devitrification. At  room 
tempera tu re  (25~ no significant refract ive  index 
changes were  observed in a month 's  time. At  875~ 
the ref rac t ive  index began to decrease at about 100 hr, 
dropping to a lower, near ly  constant value at about 
300 hr. This is not devitrification (~n has the wrong 
sign) but  is probably stabilization of the glass film. 
The stabilization t ime for bulk glass at this t empera -  
ture  is of the order of hundreds of hours (27) and the 
observed change is consistent wi th  the fact that  for 
bulk silica glass the ref rac t ive  index increases wi th  
increasing fictive t empera tu re  below 1600~ (28). The 
thickness of the oxide in all exper iments  remained 
constant (+__15A) and is not discussed further .  

A second set of experiments,  the results  of which 
appear as Fig. 2, was performed in room air where  the  
water  vapor  part ial  pressure was about 10 Tort.  Again 
at room tempera tu re  (25~ the refract ive  index at 
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Fig. 1. Change in refractive index vs. time for samples aged in 
dry nitrogen, Pw is the water vapor partial pressure in the aging 
ambient. 

first decreased to a min imum at about 15 hr, then in- 
creased to a m a x i m u m  at 100 hr, followed by another  
min imum and m ax im um  at 250 and 400 hr, respec-  
tively. The detailed origin of this behavior  is not clear. 
It probably involves s t ructural  r ea r rangement  of 
S i -O-H groups, absorption of water,  and the afore-  
ment ioned stabilization. [ Incorporat ion of water  prob-  
ably reduces the ref rac t ive  index as the index for 
opal, SiO2 • H~O, is less than that  of fused silica. 
Hether ington and Jack  (29) have  also shown that  the 
refract ive  index of commercial  fused silicas decreases 
wi th  increasing "water"  content. Typically, the refrac-  
t ive  index of an oxide film grown in dry oxygen is 
greater  than that  of a film grown in wet  oxygen or 
steam (30). Al though the refract ive  index of high-  
pressure steam oxides is still greater;  their  s t ructure 
is doubtless much different, as evidenced by their  
higher density (30). It should also be noted that  the 
refract ive  indices of the complex sod ium/a lumina /  
boro/si l icate  glasses, as wel l  as that  for crystal l ine 
quartz,  are greater  than for cristobalite.] We must 
also expect  a few monolayers  of adsorbed water  on 
the SiO2 surface at room tempera ture  and part ial  pres-  
sures greater  than  a few Torr  (31). However ,  all  films 
were  exposed to the normal  humid atmosphere  during 
measurement  so that  this was a constant factor, since 
re la t ive  humidi ty  and t empera tu re  were  constant. Fig-  
ure 3 presents some addit ional  data taken  for samples 
kept in ni trogen ambients  wi th  controlled water  vapor  
part ial  pressures. The general  behavior  was similar 
to the samples of Fig. 2. There  is, in summary,  no 
evidence of devitrification. 

The oxide has also been str ipped in several  hundred  
angstrom thick layers from slices kept at room tem-  
pera ture  for many  weeks and the refract ive  index 
measured as remova l  of the oxide progressed. The 
refract ive index was found to be uniform within the 
precision of the measurements  which, of course, varies 
wi th  thickness. Also, these and other  slices having 
had various t rea tments  were  par t ia l ly  etched and /or  
angle lapped, and then examined microscopically 
under  polarized l ight  in order to detect the  incidence 
of any metastable  in ternal  crystal l i tes  as described by 
Wagstaff (16). None were  found. A slice which had 
been kept at room tempera tu re  in room ambient  for 
2000 hr  was examined by electron diffraction (32). 
The pat tern  obtained was characterist ic of vi t reous 
silica and no evidence of crystal l ization was seen, that  
is no diffraction rings were  seen. 

Finally,  sodium contaminat ion was considered as a 
cause of devitrification. Slices were  boiled in a 0.25N 
NaC1 solution for an hour and rinsed thoroughly in 
D. I. water  upon removal .  The  sodium was diffused in 
by annealing the slice in dry N2 at 600~ for about 
20 hr. The refract ive  index change of a slice t reated 
in this manner  corresponds qual i ta t ively  to that  of a 
slice which had not been sodium contaminated.  The 
effect of the NaC1 solution boil is to cause the ref rac-  
t ive  index to be very  near  1.458 i r respect ive of its 
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Fig. 2. Change in refractive index vs. time for samples aged in 
room air. 
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Fig. 3. Change in refractive index vs. time for samples aged in 
wet nitrogen. 
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Fig. 4. Change in refractive index vs .  time for sodium-contam- 
inated samples aged in dry nitrogen. 

init ial  value. Af te r  the 600~ t rea tment  it re turns  
to ve ry  near  (_+0.001) its init ial  value. A sodium con- 
taminated  slice was also examined  by electron diffrac- 
tion (32) after  being aged at room tempera ture  in 
room ambient  for about 1000 hr. Some slight banding 
but no sharp lines were  observed in the diffraction 
pattern.  No crystal l ized regions could be detected by 
optical microscopy. 

However ,  if  the slice is annealed for 5 min at 1000~ 
in dry ni t rogen after  the 600~ drive-in,  the behavior  
is marked ly  different. (The 5-min t rea tment  is chosen 
as the longest t ime at 1000~ which causes no mea-  
surable ref rac t ive  index change.) Refrac t ive  index vs. 
t ime data for two samples t reated in this way  are 
plotted in Fig. 4. At room tempera tu re  there  was now 
a steady increase in ref rac t ive  index, to An ---- +0.005 at 
290 hr. A slice aged about 500 hr at room tempera tu re  
was again examined  by electron diffraction (32). Many 
ve ry  sharp rings were  observed. Photomicrographs  of 
samples aged for a longer  t ime (about 2000 hr) show 
optical ly active, p resumably  crystal l ized areas, Fig. 5. 
I f  the dr ive- in  step is omitted, but the slice is annealed 

for 5 rain at 1000~ larger  features, Fig. 5c and d, 
are observed which are confined to the first 500A or 
so of oxide. The smaller  crystall i tes of Fig. 5a and b 
are apparent  throughout  the film. 

Degradation of dielectric-breakdown strength.--In 
Fig. 6 are plotted measured breakdown vol tage dis- 
tributions. First, it may  be noted that  the distr ibution 
of pr imary  breakdowns is decidedly not normal  but 
is ra ther  fair ly represented by a straight line (to 
about 10%) on log-probabi l i ty  coordinates. That  is, 
the distr ibution is skewed toward lower  breakdown 
voltages. This is only to be expected as there  should 
be a reasonably wel l -def ined m a x i m u m  breakdown 
voltage (the t rue dielectr ic  s t rength)  with some poten-  
tial of breakdown at any smaller  vol tage correspond- 
ing to various s t ructural  imperfections.  

Second, it can be seen that  for an as -grown oxide 
there are essential ly no secondary breakdowns and 
that sodium contaminat ion (after  growth)  plus dr ive-  
in, does not mater ia l ly  affect the distribution. There  
is also no change wi th  aging at least for up to 50 hr  
at t empera tu re  up to 500~ or for many days at room 
temperature .  This is in agreement  wi th  the absence of 
crystal l ization indicated by the re f rac t ive  index mea-  
surements.  

However ,  after a 5-min anneal  at 1000~ the mean 
breakdown strength is reduced by about 35% although 
there  are still effectively no secondary breakdowns 
(curve 4, Fig. 6). This would seem to imply that  the 
h igh- t empera tu re  t rea tment  changes the manner  in 
which the sodium is incorporated into the oxide so 
that, in fact, a somewhat  different dielectric s t ructure 
having a different dielectric s t rength is produced. F ive  
minutes  at 1000~ does not change the distr ibution for 
an uncontaminated oxide (Fig. 6, curve  5). Curves 1, 
2, 3, and 5 agree, wi thin  slice to slice variations. It may 
be noted that  a s t ructure  change producing such a 
large change in dielectric s t rength might  also be ex-  
pected to produce a re f rac t ive  index change which is, 
of course, not observed. However ,  it may  s imply be 

Fig. 5. Photomicrographs of 
sodium-contaminated sample 
surfaces aged about 2000 hr in 
room ambient. (a) and (c) are 
for parallel and (b) and (d) for 
crossed polarizers. (c) and (d) 
had the sodium drive-in step 
omitted. 10 = 25~. 
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oxides aged at 600~ Curve i, 5 hr; curve 2, 22 hr; curve 3, 42 
hr; and curve 4, 69 hr. 

that  compensat ing changes in refract ive  index due to 
two or more mechanisms have taken place. 

In Fig. 7, breakdown voltage distr ibutions of sodium- 
contaminated and 1000~ annealed oxides are plotted 
for various elapsed t imes at room temperature .  The 
fraction of secondary breakdowns increased with  t ime 
and at longer t imes te r t ia ry  breakdowns began to 
appear. Figures 8 and 9 present s imilar  data for t em-  
peratures  of 300 ~ and 600~ 

Discussion 
Refractive index changes.--It is seen that  changes in 

refract ive  index a t t r ibutable  to devitrification occurred 
only if slices were  sodium contaminated and then sub- 
jected briefly (5 min)  to a high t empera tu re  (1000~ 
As grown, the sodium contaminat ion level  is known 
to be <1011 c m - 2  f rom neutron activation analysis 
(33). The total  sodium contaminat ion introduced has 
been measured (34) using the flame photometry  
method (35) and found to be ~2(10)  is cm -2. The 
600 ~ or 1000~ t rea tments  do not change this contam-  
ination level.  Af ter  contaminat ion by boiling in NaC1 
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Fig. 7. Distribution of breakdown voltages for Na contaminated 
oxides aged at 25~ Curve 1, 24 hr; curve 2, 48 hr; curve 3, 110 
hr; and curve 4, 450 hr. 
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Fig. 8. Distribution of breakdown voltages for Na contaminated 
oxides aged at 300~ Curve 1, 19 hr; and curve 2, 42 hr. 

solution, the sodium has been dr iven into the oxide 
by diffusing at 600~ for about 24 hr  in order  to s imu- 
late a na tura l ly  occurring, g rown- in  sodium distr ibu-  
tion. (Buck et al. (36) found in their  t racer  exper i -  
ments  that  evaporat ing radioactive sodium on the 
oxide surface and then diffusing at 600~ for 22 hr  
produced Na profiles similar to those found in grown 
contaminated films.) 

The need for a h igh- tempera tu re  step is consistent 
wi th  the observations of previous investigators.  
Mathews et al. (37) found when oxides were  contam- 
inated with sodium and heated above 600~ that  a 
visible change took place ~;hich was in terpre ted  as 
devitrification and alkali  glass formation. Below 600~ 
no visible reaction occurred. Chou and Eldridge (3) 
found that  degraded dielectric breakdown behavior  
correlated with  the existence of crystal l ized regions 
in the oxide and that  it was more  severe wi th  a higher 
sodium content. However ,  they also observed, when 
~5(10)  12 ext ra  (mobile) sodiums per square cent i -  
meter  were  added to the oxide, by boil ing in NaCI 
solution after  growth, that  ve ry  l i t t le  addit ional  devi t -  
rification and degradat ion of dielectric propert ies were  
observed, at least for heating up to 50 min at 500~ 
Nagasima and Enari  (38) observed visible crystal l i tes 
of cristobalite when about a monolayer  of Na atoms 
was deposited on a silicon surface before oxidation in 
the neighborhood of ll00~ 

The conclusion is, then, that  sodium contaminat ion 
can cause part ial  devitrification of grown oxide films 
to occur at room tempera ture  in a few hundred hours, 
However ,  it is apparent ly  necessary that  the slices 
have had a high tempera ture  t rea tment  af ter  being 
sodium contaminated. The sodium contaminat ion may  
reduce the act ivation energy for devitrification. Some 
data for a sodium-contaminated  and act ivated slice 
kept at 600~ are given in Fig. 4. It  is not advantageous 
to monitor  ref rac t ive  index at e levated tempera ture  
beyond about 100 hr  since the total  ref rac t ive  index 
change includes changes due to processes other  than 
devitr if ication (compare Fig. 1 and 4). However,  if it 
is assumed that  an  is due to devitrification, for the 
tempera tures  and times of Fig. 4, which seems reason-  
able since uncontaminated oxides showed no change in 
n (Fig. 1), we can estimate an upper l imit  for the acti-  
vat ion energy. If n c c t  is assumed, E < 0.04 eV and if 
E oc t 2 is assumed, E < 0.09 eV. While sodium contam- 
ination may  enhance the devitrification, the necessity 
of a brief h igh- t empera tu re  t rea tment  suggests that  
e i ther  nuclei  must  first be present  for any significant 
devitrification to take place at room tempera ture  or 
that  the h igh- tempera tu re  t rea tment  changes the man-  
ner in which the sodium is incorporated into the oxide 
structure. This is l ikely related to the distinction 
be tween bound and unbound sodium in SiO2 (39-41). 
It  may  also be expected that  the enhanced devitr if ica-  
tion wil l  be more  serious for wet  oxides since it is well  
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known that  water  enhances sodium incorporation 
(42, 43). 

Dielectric breakdown strength.--In Fig. 10 is plotted 
the equivalent  surface defect density computed from 
the fraction of pr imary  breakdowns according to Eq. 
[1]. The data may be represented for the range of 
times and temperatures  covered by 

: (aoe--E/kr)t [2] 

where t is the time, with ao ~ 10 hr - ]  and E _~ 0.1 eV. 
Since we cannot propose a model relat ing the observed 
l inear (in t ime) increase of ~ to the microscopic details 
of the devitrification process, it is not clear that  this 
activation energy is that  for devitrification. A more 
direct quant i ta t ive  determinat ion of the devitrification 
is needed. A possibility might  be a light scattering 
exper iment  where measurement  of the scattering co- 
efficient should give a direct measure of the extent  of 
devitrification. 

It  would also be desirable to investigate the effect 
of the level of sodium contamination.  For <10 ]1 Na 
atoms cm -2 devitrification does not occur while for 
~1015 Na atoms cm -u room-tempera ture  devitrification 
does occur. Such measurements  could also be valuable  
in deciding the importance of nucleat ion since, if that  
is the important  step, the kinetics should go as the 
sodium concentrat ion to some power, n, where n is 
the number  of sodium atoms incorporated into a 
nucleus. It should be emphasized that  the present ex-  
per iments  only show sufficient, al though not perhaps 
necessary, conditions for room tempera ture  devitrifica- 
tion to take place. 

Conclusions 
Monitoring of the refractive index of s team-grown 

silicon dioxide films on silicon indicates that, in agree- 
ment  with prior electron diffraction studies (22), par-  
tial devitrification may occur in a t ime scale of weeks 
at room temperature;  but  the present study indicates 
this occurs only if the oxide is significantly sodium 
contaminated and, in addition, has had a h igh- tem-  
perature t rea tment  while contaminated.  Dielectric 
breakdown behavior indicates that the function of the 
h igh- tempera ture  anneal  is to modify the manne r  in 
which the sodium is incorporated into the silica film, 
although nucleat ion phenomena may also be important.  
The activation energy for dielectric strength degrada- 
tion is ~0.1 eV. 

However, since devitrification of bu lk  silica glass 
even when grossly sodium contaminated, does not 
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Fig. 10. Apparent surface defect density vs. aging time for Na 
contaminated oxides annealed at various temperatures. 

proceed at measurable  rates at room temperature  (8b) 
it must  also be concluded that  there may  exist subtle 
s tructural  and /or  stoichiometric differences between 
bulk  silica glass and amorphous-grown silica films. 
There is no real reason to believe that  a grown amor-  
phous film must  have precisely the same structure  as 
fused silica having a fictive tempera ture  equal to the 
f i lm-growth temperature  since the grown film has 
never  gone through a molten phase and therefore may  
not be able to relax to the same structure  as the t rue 
glass. Stabilization studies on grown films would seem 
to be in order. Stoichiometrically, there are, of course, 
small  gradients in oxygen and perhaps silicon concen- 
t ra t ion remaining  from the growth process. Also, it 
may  be noted that the oxide is under  compressive 
stress as grown (44). Since cristobalite is more dense 
(2.3 g /cm a opposed to 2.2 g /cm 3) than fused silica this 
may be expected to enhance the devitrification of 
grown films compared to bu lk  glasses. 
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High Resistance Anodic Film Formation on 
Bismuth with or without Appearance of 

Induction Period 

S. Ikonopisov and Ts. Nikolav 
Department of Physical Chemistry, Higher Institute of Chemical Technology, Sofia 56 (Darvenitsa ), Bulgaria 

ABSTRACT 
The galvanostatic oxidation of bismuth in aqueous oxalic acid solutions has 

been studied at various anodic current  densities, J, electrolyte concentrations, 
N, and temperatures,  T. An induct ion period was found to appear always when 
J is lower than a critical value, specific for given N and T. Relations considering 
the dura t ion of the induct ion period as a funct ion of J, N, and T, and the de- 
pendence of the l inear  potential  rise on t ime in absence of induct ion period 
or after its expirat ion have been established. These relations are explained 
on the basis of a model considering the precipitation of crystals of a slightly 
soluble b ismuth compound which isolates a part  of electrode surface. When the 
current  density on the rest (uncovered) surface reaches the crit ical value, an 
anodic film begins to grow on it, causing corresponding increase in the anodic 
potential. 

The formation of anodic oxide films on bismuth has 
been studied unt i l  recently in neut ra l  and alkal ine 
media only (1-6). Masing and Young (3) have found 
that  the s teady-state  kinetics of anodizing Bi in dilute 
NaOH solution are analogous to those of the typical  
valve metals, and the potent ia l - t rans ient  behavior  is 
somewhat different. De Smet and Hopper (6) reported 
that the usual  relat ion between the current  density and 
the change in overpotential  with respect to charge 
passed (which may be considered to be proportional 
to the field) is not valid for the galvanostatic anodiza- 
t ion of b ismuth in Na2CO3 solution, while the open- 
circuit t rans ient  is similar to that  of tanta lum.  

The anodic oxidation of Bi in  H2SO4 solutions has 
been reported quite recent ly by Ammar  and Khal i l  (7). 
They have shown that  in dilute H2SO4 solutions 
bismuth could be anodized to voltages over 100V. It 
has been observed in our laboratory that  high-resis t -  
ance anodic films could be formed in a n u m b e r  of 
aqueous and nonaqueous solutions of acids. The 
kinetics of growth and the properties of the films 
appeared to be s t rongly affected by the composition 
and concentrat ion of the electrolyte. The present  in -  
vestigation was under taken  to obtain quant i ta t ive data 
on the appearance of an induct ion period dur ing the 
anodization of b ismuth  in aqueous oxalic acid solutions. 

Experimental 
The anodization was carried out under  constant  cur-  

rent  conditions (using an electronic galvanostat) ,  
thermostatic regulation, and st i rr ing of the electrolyte. 
A conventional  one-compar tment  electrolytic cell 
without deaerat ion was employed. The specimens with 
a surface area of about 12 cm 2 were cut out in the form 

K e y  words:  anodic,  anodizat ion,  b i smuth ,  oxide,  film, i nduc t i on  
period. 

of plates from a block of h igh-pur i ty  b ismuth (5 ppm).  
Electrical contact was made by soldering a wire to the 
specimen and insulat ing the wire with a glass tube. 
The tube penetrated into the metal  and its edge was 
addit ionally insulated with epoxy resin. The electrodes 
were mechanical ly and electrochemically polished, 
brightened, and washed prior to anodization as de- 
scribed by Masing and Young (3). At the end of 
selected intervals  of anodizing time the anodization 
was interrupted.  The anodes were washed in conduc- 
t ivi ty  water  and dried and photomicrographs were 
taken by automatic microscope (Neophot 2, C. Z., Jena) .  

De Smet and Hopper (6) have found that  visible 
l ight  causes large changes in the overpotential  of the 
b ismuth  electrode while undergoing galvanostatic 
anodization with low cur ren t  densities. Our experi-  
ments  have shown that  the i l luminat ion  wi th  visible 
light did not noticeably influence the appearance and 
durat ion of the induct ion period or the rate of sub-  
sequent  potential  rise. Actually,  the photoeffect was 
found by De Smet and Hopper to decrease with in -  
creasing applied current  densi ty and to disappear for 
current  densities above 10 -4 A/cm 2. Consequently,  the 
lack of photoeffect in our exper iments  is probably  due 
to the higher values of the current  densities used. 
Therefore, a shadowed instead of a darkened room 
has been used. Each of the present  data is an average 
value of many  experiments.  

Results 
Formation of anodic l~lms without induction per iod . -  

Under  certain conditions (low temperatures  and low 
concentrat ion of the electrolyte and high current  
densities) the kinetics of the anodization of Bi in  
aqueous solutions of (COOH)2 are similar to those in 
alkal ine solutions (Fig. 1, curve A).  Under  galvano-  
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static conditions the potential  drop, Uf, across the film 
increases l inear ly  wi th  time, thus wi th  Q, the total  
charge density passed. The range of this l inear potent ial  
rise depends on the anodizing current  density, J.  and 
temperature ,  T, and va ry  f rom 40 to 70 (V) for J < 
1 0 m A c m  2 and 274 ~ T < 333 (~ 

A l inear relat ionship was found between the rate 
of potential  rise (oUf/oQ) and the logar i thm of current  
density J for the l imited ranges of J in which the 
potential  rise starts wi thout  any induction period. The 
results for three  tempera tures  are shown in Fig. 2. 
Such a relat ionship 

J = A l e x p [  B z (  OUf 
- ~ -  ) Qind=0 ] [1] 

is typical for anodic formation of nonporous films. 
Nevertheless,  the constants log A1 and B1 are not l inear  
functions of 1/T 

1.23 • 104 8.9 X 10 ~ 
log Az ---- 26.28 ~ , log (A /cm 2) 

T T 2 

1.37 • 10 e 9.95 • l0 s 
BI -- --0.302 -b , C cm -2 V - I  

T T 2 
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Fig. 2. Rate of change of potential as a function of the current 
density at different temperatures. 

in contrast  to the relationships usual ly found in the 
case of not ve ry  wide ranges of J and T. 

Appearance and duration of the induction per iod . -  
Under  suitable change of the conditions, e.g., a reduc-  
tion of the current  density and (or) an increase of the 
electrolyte  concentration,  the type of Uf (Q) - r e l a t i on -  
ship changes radically. Af te r  switching on the anodic 
polarization no increase in Ur is observed for a t ime 
defined as "induction period" (Fig. 1, curves B and 
C). The durat ion of this induction period can be con- 
venient ly  represented under  various conditions by the 
density of the "uneffective charge," Qind, that  has 
passed during the induction period. Af te r  this period, 
Uf begins to increase rapidly  and l inear ly  up to high 
values (Fig. 1). 

The appearance and durat ion of the induction period 
were  found to depend mainly  on three parameters :  
e lectrolyte  concentrat ion N, current  density J, and 
t empera tu re  T. As can be seen f rom Fig. 3, the induc- 
tion period does not appear  when the solution of 
(COOH) 2 is sufficiently diluted. It  appears at a certain 
concentrat ion and increases rapidly  with the increase 
of the concentrat ion and s imultaneously a wide scat- 
tering of the exper imenta l  results  for Qind is observed. 
Above a certain electrolyte  concentrat ion the uneffec- 
t i r e  charge reaches a constant and reproducible value. 
All  present  results are obtained in that  range of con- 
centrat ion that  provides good reproducibil i ty.  

The durat ion of the induction period increases wi th  
the increase of temperature .  Figure  4 i l lustrates the 
t empera tu re  dependence, under  suitable conditions, of 
the induction period. 

The increase of the current  density shortens the 
induction period. It  turns out that  a l inear dependence 
exists be tween  Qind 2/3 and log J (Fig. 5), described by 
the expression 

J ---- A2 exp - -  (B2Qlnd 2/3) [2] 

where  the constants A2 and B 2 a r e  t empera ture  func-  
tions 

log A2 ---- - -  17.8 

1.1 • 104 
+ 

T 

6.68 • 104 
B2 : 100 -- -~ 

T 

1.87 • 106 
, l o g  ( A e m  - 2 )  

T 2 

1.13 • 10T 
(C cm -2) --2/3 

T 2 

After  the induction period the anode potent ial  begins 
to increase in a l inear  fashion with time, and thus 
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Fig. 3. Dependence of uneffective charge on the electrolyte 
concentration. The shaded area limits the dispersion of experi- 
mental results. 
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Fig. 7. Slope of Uf(Q)-curves after the induction period vs. cur- 
rent density at different temperatures. 

with the electric charge Q, unti l  film breakdown com- 
menced (plots B and C of Fig. 1). Exper imenta l  results  
indicate that  a l inear relat ion exists between the slope 
of Uf (Q) -cu rves  af ter  the induction period and the 
quantity Qind 2/3. This relat ion is represented in Fig. 6 
and is expressible  in the form 

OUr 
( - ~ 1  A3 B3Qind 2/3 [3] 

Q ~ Q i n d  

where  
9.02 • 104 1.07 >< 107 

As ---- 330 -t- -, V cm 2 C -  1 
T T 2 

2.53 • 10 a 3.07 X 107 
B3 = --468 -l- -- , (C cm -2) -2/3 

T T 2 

Equations [2] and [3] suggest an exponential rela- 
tion between J and the rate of linear potential increase 
(50-70V) after the induction period, (OUf/aQ)Q>Q~,, 
analogous to the corresponding relationship when the 
potential rise commences without induction period 
(Eq. [ i ] ) .  The experimental data are given in Fig. 7 
and can be described by the expression 

J = A4 exp [B4(OUf/OQ)Q>Q~"d ] [4] 

however,  the values of the constants A4 and B4 differ 
considerably f rom those in Eq. [1], viz. 

log A4 -- -- 101.3 

6.37 X 104 1.06 X 107 
+ , log ( A e m  -2) 

T T2 

8.64 • 102 1.43 X 105 
B4 = 1.36 ~ , CV -1 cm -2 

T T 2 

Direct observations of the electrode sur]ace.--During 
the anodization wi thout  an induction period the over-  
all anode surface remains flat and bright  in terference 
colors appear wi th  the growth of the film. Small  
crystals appear and grow only at isolated surface sites. 
On the contrary, when the process begins wi th  a pro-  
longed induction period, the crystals occupy a con- 
siderable part  of the surface. When the process was 
carried out at high tempera tures  (e.g., 60~ the 
crystals were  well  shaped with  a clearly expressed 
hexagonal  symmetry.  At  low tempera tures  the crystals 
grow as acicular druses. 

In the beginning of the induction period, under  con- 
ditions of high t empera tu re  and low cur ren t  densities 
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Fig. 8. Dark field photomicrograph of one and the same part of 
the surface of the electrode anodized in 1N (COOH)2 with 1 mA/ 
cm 2 at 60~ a, In the beginning of the induction period (about 
0.05 Q~nd); b, at the end of the induction period; and c, when the 
electrode potential has reached the value of 30V. 

(providing high values for Qind), some crystals are 
formed (Fig. 8a), grow bigger and at last cover almost 
the total metal  surface (Fig. 8b). The increase of Uf 
after the induct ion period does not change the surface 
picture (Fig. 8c). 

Under  conditions of a short induct ion period the 
crystals cover only a small  part  of the electrode surface 
(Fig. 9a). After  completion of the induct ion period, the 
crystal size and number  increased (Fig. 9b), together 
with the increase of the electrode potential.  

It  is worthwhile  to ment ion  that  the electrodes were 
cut out of large-sized crystals of polycrystal l ine bis- 
muth. It  was observed that  the number ,  size, and 
spatial orientat ion of the crystals grown during the 
induct ion period were different on the different sub-  
strate crystal  faces; this effect was not investigated 
in  detail. 

Nature and structure of the films.-- X-ray  diffraction 
pat terns of the crystal films mechanical ly removed 
from the electrode surfaces, and reflective electrono- 
grams of the anodized electrode surfaces, were taken. 
X-rayograms and electronograms showed the lack of 
l ines typical for ~- and fl-Bi203. It  tu rned  out that  the 

Fig. 9. Electrode surface anodized in 1N (COOH)2 with 2 mA/ 
cm 2 at 1.5~ a, At the end of the induction period; and b, when 
the electrode potential has reached 30V. 

films were composed from Bi (OH)3 or Bi20~.CO2"H20, 
but  it is difficult to dist inguish these compounds by 
means of the electronographic and x-rayographic  anal-  
ysis because of the very  close values of the in te rp lanar  
distances. 

Discussion 
The appearance of induct ion t ime dur ing  anodic 

passivation of some metals [e.g., Cd, Pb, Zn (8), Fe (9), 
Cr (10), Sn (11), Hg (12), and Ni (13)] is well  known, 
the mechanism of the phenomenon  being under  dis- 
cussion (14-18). The passive state in all these cases is 
related with the formation of a very  thin film bear ing 
1-2V only. Something of the sort of an induct ion period 
(a t ransi t ion from a low to a higher rate of potential  
increase) have been observed in galvanostatic anodiza- 
t ion to high voltages of b ismuth  (19) and of vanad ium 
(20). A vividly outl ined induct ion period followed by 
a l inear  potential  rise to high voltages does not  seem 
to be a specific phenomenon for b ismuth only. Pre l im-  
inary  investigations have shown the appearance in 
some cases of a fairly well-expressed induct ion period 
dur ing anodization of an t imony (21) and molybdenum 
(22) to high voltages. An at tempt  for a semiquant i ta-  
tive in terpre ta t ion of this phenomenon by considering 
the e lementary  processes is given below. 

Elementary processes.--The possible e lementary  
processes at the electrode surface both when  the anodic 
polarization causes the growth of a continuous anodic 
film and when dissolution of the metal  takes place, 
are schematically shown in Fig. 10. 

Three simultaneous processes seem to occur when  the 
electrode is completely covered with anodic film: (I) 
Format ion of anodic film as a result  of the flowing of 
ionic component  Jsr, of the current.  It  is usual ly 
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Fig. 10. Schematic representation of the possible processes during 
anodic polarization of Bi in solutions of (COOH)2. 

assumed that  the metal  ions move through the film, 
but  the results would not be changed if the anion 
mobi l i ty  is commensurable  or higher. (fI) The dissolu- 
t ion of the anodic film with a rate expressed by the 
ionic current  Jdiss. (III) Electronic conduction of the 
anodic film. This electronic component of the current ,  
Je, is connected with the oxygen evolution at the anode 
and does not influence the anodic film thickness. 

There appear to be two processes of interest  in the 
absence of continuous anodic film: (IV) Oxygen gas 
l iberat ion at the metal  (current  density Jox), and (V) 
Anodic dissolution of the metal  with an ionic cur ren t  
density Jcorr. A part  of the bismuth ions formed 
deposit on the cathode, while the rest precipitate as 
crystals of a slightly soluble compound [Bi(OH)3 or 
Bi203"CO2"H20] on the anode surface. 

The appearance and durat ion of the induct ion period 
are considered to result  from variat ions in the relat ive 
rates of these e lementary  processes. 

Anodic film formation without induction period.-- 
This si tuat ion corresponds to the growth of anodic 
film which covers the electrode surface completely 
from the beginning of the process (a thin pr imary  
oxide film is supposed to exist before the anodic 
polarization).  The continued growth of the anodic film 
requires satisfying the condition Jgr ~ Jdiss. 

The total current  density, J, can be expressed as a 
sum of the three current  components, J----Jgr ~-Jdlss 

Je. Thus the efficiency h of anodic film formation is 

Jgr J~r 
~t ---- ~ __-- [5] 

J Jgr "~ Jdiss "~- Je 

The current  components Jdiss and Je are probably  
functions of N and T, hence h will  also depend on N 
and T. The film thickness D can be obtained using 
Faraday 's  law 

2z/~ 
D ---- QA [6] 

6Fpf 

where pf is the density of the film, Mf is its molecular  
weight, F is Faraday 's  number ,  and Q is the charge 
density. Using Eq. [6], the potential  clrop Uf across the 
anodic film can be determined 

MfE 
Uf = DE -- QA [7] 

6Fpf 

where E is the electric field strength. It is seen that  the 
l inear  increase of Uf with Q, found in galvanostatic 
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anodization at given N and T, and in the absence of an 
induct ion period, i.e. 

- ~ -  / J,T,N const [8] 

requires both 

(A)j,T,N ---- const and (E)J,T,N ~- const [9] 
or 

Jgr > >  Jdiss Q- Je [10] 

As will be shown, condit ion [10] contradicts the non-  
l inear  dependence of the constants in Eq. [1] on 1/T. 
For this reason it may be concluded that  in the absence 
of the induct ion period the efficiency A and the field 
s t rength E are not functions of the film thickness 
(conditions [9] are satisfied). 

The dependence Jgr (E, T) is represented by the 
wel l -known equation 

Jgr = A exp -- k'-T" [11] 

which is theoretically a first approximation for not very 
wide E and T ranges, and is usual ly observed in for- 
mat ion of insula t ing anodic films (e.g., [23]). A, B, 
and a are positive constants. From Eq. [5], [7], and 
[11] the total cur rent  density is obtained as 

Jgr A 
J = - -  = - - e x p  

A A 

- - ( k ~ )  exp [ 6Fpfa (OUf~  ] [12] 
MfkTA \ -~Q-/ A 

This equation is identical with the exper imenta l ly  
established Eq. [1]. Fur thermore,  expression [12] 
shows that the constants in Eq. [1] 

A exp_( B ) 
A 1 -  A(N ,T~  "-~ 

6Fpfa 
and B1 -- [13] 

MfkTA ( N,T) 

must  depend on T not only directly, but  also through 
the function A (N,T), i.e., log A1 and B1 should be non-  
l inear  functions of 1/T, as was found experimental ly.  
Moreover, this fact shows that A < 1 and the sum of 
the current  components Jdiss ~- Je is of the order of Jgr, 
i.e., condition [10] is not satisfied and A and E are 
independent  of D (condition [9] is valid).  

Appearance of induction period.--During the induc ,  
tion period the electrode surface is not covered with 
continuous anodic film. In this case it is necessary for  
the rate of film dissolution to be higher than the rate 
of its growth 

Jdiss :~ Jgr [14] 

The result  is a dissolution of the pr imary  oxide f i lm in 
the beginning of the process and subsequent ly  metal  
dissolution and an oxygen evolution commence. 

A quant i ta t ive  description of the processes yielding 
Eq. [14] is difficult. Only a quali tat ive description 
based on the general  properties of Jgr and Jdiss are 
given. While the ionic conductivi ty Jgr of the film is a 
funct ion of E and T, the dissolution rate Jdiss is also 
dependent  on the electrolyte concentrat ion N, b e i n g  
greater  for higher N. The absence of induct ion period 
(qind ---- 0) at given J and T and low N become com- 
prehensible, because at sufficiently low N the condit ion 
Jdiss ~ Jgr is satisfied. The current  density Jdiss in-  
creases with the increase of N and can reach the value 
of Jgr (Jdiss ~ Jgr) under  certain concentrations. In  
that range of concentrat ions small changes in the 
conditions may lead to part ial  or total dissolution or 
rebui ld ing of the anodic film, thus explaining the 
observed wide dispersion of the data for Qind. A further  
increase of N would make condition [14] valid, i.e., 
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Jdiss ~ Jgr, which leads to a reproducible  induction 
period. 

The current  components Jgr and Jdi~ depend also on 
the total current  density, J. A decrease of J causes 
the appearance of an induction period. Using this one 
may assume that JaJss decreases less rapidly with the 
decrease of J than does J~r- Hence, the value of J must  
be lower than some boundary value J* at given T and 
N in order  to satisfy condition [14] and have an 
induction period appear. 

Duration o] the induction period.-- The duration of 
the induction period (the uneffective charge Qind) 
may also be determined on the basis of the assumption 
for a min imum current  density, J*, necessary for a 
continuous growth of anodic film. If J < J* (for given 
T and N) an anodic film is not formed and J = 
Jox-~- Jcorr. The current  component  Jcorr increases the 
concentrat ion of bismuth ions around the anode and 
leads to a precipitat ion insoluble compound on the  
metal  surface. The crystals of this compound isolate 
some part  Sis of each square cent imeter  of the anode 
surface. Hence, the real  current  density Jrcal over  the  
free surface ( 1 -  Sis) increases. This process takes 
place until  Sis becomes large enough, Sis*, for Jreal to 
become Jreal : J*, determining the end of the induc- 
tion period and the magni tude  of Qind. 

Using this model, Qind may be determined as a 
function of J at given T and N. An increase in Sis of 
dSis results in a change of Jreal by  dJreal, which is 
proport ional  to the instantaneous value of Jreal and 
to dSis 

dJreal ~ CisJrealdSis 

where  Cis is a coefficient. Integrat ion from the begin-  
ning of the process (Sis = 0 and Jreal -- J )  to the end 
of the induction period (Sis = Sis* and Jreal = J*)  
yields 

J ---- J* exp -- (CisSis*) [15] 
where  

(J*)T,N : const 

The area covered with  the crystals, Sis, depends on 
their  vo lume Vis. If the anodic surface is large enough 
for the growth of a great  number  of precipi tated 
crystals, which is the case in our experiments ,  and 
taking into account the chaotic or ientat ion of the 
crystals, it is not difficult to show that the coated 
surface Sis at any moment  and at the end of t h e  
induction period is, respect ively 

Sis ~-~ Vis 2/3 and Sis* ~---Vis .2/3 [16] 

On the other  hand, we could assume that  at given T 
and N the volume of the precipi ta ted crystals is 
proport ional  to the charge Q that  had been passed 

Vis : Kis(T,N)Q i.e.,Vis* ~- Kis(T,N)Qind [17] 

where  the constant gis is a function of T and N. 
Subst i tut ing Eq. [16] and [17] into [15] yields 

J = J* (T,N) exp - -  [CisKis (T,N) Qind 2/3] [18] 

which is identical  with the empir ical  re lat ion [2] 
provided that  

A2 -- J* (T,N) 
and 

B2 ---~ CisKis (T,N) 

It is difficult to de termine  how these constants (A2 
and B2) depend on the temperature ,  because the 
change of T changes the  rate of meta l  corrosion and 
the diffusion coefficient, consequent ly the relat ion 
be tween the metal  deposits on the cathode and the 
precipi ta ted crystals of bismuth compound on the 
anode. Even the crystal  shape may  be changed (the 
re la t ive  number  of the acicular crystals increases wi th  
the decrease of the tempera ture ) .  In general, the 
diffusion of the bismuth ions and thei r  deposition on 
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the cathode, the oxygen evolut ion on the anode, the 
solubil i ty of the precipi tated crystals, etc., increase 
wi th  the increase of t empera ture  at given J and N. 
Hence, a smaller  amount  of the precipi tated crystals 
will  correspond to unit charge at higher temperature ,  
i.e., the  constant Kis in Eq. [17] will  be lower. Corre-  
spondingly, a larger  charge will  be required in order 
to reach a current  density Jreal ~-- J* and to start  the 
anodic film growth. Moreover,  the value  of J* wilt  
also be higher  at higher  temperature ,  because of the 
reduct ion of the anodization efficiency with  the in-  
crease of the tempera ture  (see Eq. [6]). Al l  this 
explains qual i ta t ive ly  the increase of Qind with T 
found in the exper iments  (Fig. 4). 

Growth ol anodic film alter the induction period.-  
After  the expirat ion of the induction period the 
electrode potential  begins to increase l inear ly  with 
the charge density Q that  had passed (Fig. 1). This 
l inear  relat ion (condition [8]) proves that  after the 
induction period, as it was in the case of the absence of 
the induction period, the film growth  efficiency A and 
the field s t rength E are independent  of the film th ick-  
ness, i.e., condition [9] is also satisfied. The fact that  
the slope (OUf/OQ)N.T.Q>Q,,a is a funct ion of the total  

current  density or of the durat ion of induction period 
(Fig. 6 and 7, Eq. [3] and [4]), however,  cannot be 
explained direct ly  wi th  the model  proposed for in ter-  
pretat ion of the durat ion of the induction period. 
According to this model  at the end of the induction 
period the current  Jreal passing through the surface 
not covered with  precipitated crystals (1 -- Sis*) must  
reach a cer ta in  cri t ical  value  J*, independent  of the 
total  current  density. Then the growth of anodic film 
on the free surface, leading to the increase of the 
electrode potential,  wi l l  be realized always by the 
same current  density, and f rom Eq. [12] 

A 
J : J* = ~ exp 

A 

-- ~ -  exp MfkT------~ x-~-]Q=Qind = const [19] 

it follows that  
(OUf/OQ) a=Qi,d : const 

Hence, if  the surface covered with the precipi tated 
crystals does not increase fur ther  after the expirat ion 
of the induction period, the slope (oUf/OQ) a>a,~ 
should be independent  of the total current  density 
and Qlnd which is in contradict ion to the exper imenta l  
data. 

The empir ical  data (Eq. [3] and [4]) require  an 
assumption of an additional increase of the surface 
insulated by the precipi tated crystals, causing an 
increase of the slope (dUf/OQ) proport ional  to the 
free surface ( 1 -  Sis*) at the end of the induction 
period 

OUr OUf ~ 
~ - - )  : ( - ~ - /  + b  ( 1 - - S i s * )  [20] 

Q~Incl (~:Qlnd 

where  b is a constant at given T and N. 
Subst i tut ing [16] and [17] into [20] one may  obtain 

an expression identical  wi th  the empir ical  equat ion [3] 

='N) 
Q~Qtnd Q=Qind 

+ b -- bKi~S/~Qi~d 2/3 [21] 
where  the constants 

( 0Uf )Q=Oind'~- A3 = ~ -  b and Bz = bKis ~/3 

should be functions of the t empera tu re  as it was 
found exper imenta l ly .  
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The dependence between the total current  density, 
J, and the slope (oUf/OQ)Q>Ol.d could be obtained 

from Eq. [21] and [18] 

J - - ~ J * e x p - -  f CisKisZ/3[ (OUf/~176176 ~- b] 

CisKisl/3(OUf) 
exp - - - - - ~ -  - ~  [22] 

Q ~ l n d  

This Eq. [22] is identical with the empirical  relat ion 
[4], where the quanti t ies  

( CisKisl/3[(OUf/OQ)Q=Oiad~- b] } 
A4 : J* exp -- b 

and 
Cisgis 1/3 

B 4 - - - -  
b 

must have constant values at given T and N, which 
was confirmed by the experiment.  

Conclusion 
The established anodic behavior  of b ismuth  in  

aqueous oxalic acid solutions can be explained by a 
m o d e l  taking into account the existence of a critical 
current  density determining the appearance of the 
induct ion period at each temperature  and electrolyte 
concentration. An induct ion period does not appear 
if the anodic current  density exceeds some critical 
value. A continuous anodic film grows from the begin-  
n ing of the process causing a l inear  increase of the 
anode potential  with time. 

If the current  density is lower than  the critical one, 
the film growth is retarded. The current  is used for 
metal  dissolution and oxygen evolution. Crystals of 
a slightly soluble compound precipitate on the anode 
surface dur ing this induct ion period. These crystals 
isolate some part  of the surface and cause an increase 
of the current  density on the free surface. When the 
current  density reaches the critical value the induct ion 
period terminates  and an anodic film begins to grow 
on the free surface, causing an increase of the anodic 
potential. In the beginning of this process, the surface 
insulated by precipitated crystals increases addi t ional ly 
and proport ionally to the free surface in the end of 
the induction period, and after that a s teady-state  
anodization is achieved. 

The l inear  increase of the anodic potential  with t ime 
in the absence of induct ion period or after its expira-  
tion suggests that the film growth efficiency and field 
s trength across the anodic film are independent  of the 
film thickness. 

The found empirical dependences of this somehow 
unusual  kinetics of anodization would be valuable  

even if the proposed explanat ions are not quite 
correct. 
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Oxidation State of Anodic Tantalum Oxide after Heat-Treatment 
I. Galvanostatic Method as Applied after Heating in Vacuum 

Gerhart P. Klein* 
P. R. Mallory & Company Inc., Laboratory for Physical Science, Burlington, Massachusetts 01803 

ABSTRACT 

During hea t - t r ea tmen t  of anodic Ta205 in vacuum (10 -5 Torr)  at t empera -  
tures in the range f rom 200 ~ to 700~ oxygen exchange between the anodic 
oxide, the Ta substrate, and the atmosphere was observed. Galvanostat ic  re-  
anodization exper iments  resulted in potent ia l - t ime (charge) curves which 
could be used to determine  the oxidation state of hea t - t rea ted  TaOn as a 
function of the distance from the e lec t ro ly te /oxide  interface into the oxide. 
Profiles of the oxidation state across the oxide were  measured for tan ta lum 
oxide anodized in 0.1M H3PO4 and 0.1M H2SO4 af ter  hea t - t r ea tmen t  at 10 -5 
Torr  and 500~ Of several  exper imenta l  variables, the t ime of hea t - t r ea tmen t  
and the oxide thickness were  chosen to i l lustrate  the method of determining 
oxidation state profiles for the case of hea t - t r ea tmen t  in vacuum. In all cases 
t reated in this paper  the reduction was carr ied out to the extent  that  the 
oxide as a whole exhibi ted high electronic conductivity.  

Anodie tan ta lum oxide is amorphous as formed on 
its substrate (1). If stripped it can be recrystal l ized at 
tempera tures  above about 600~ (2, 3). Below this 
t empera tu re  no change in its s t ructure  was observed. 
Crystal l ine forms of t an ta lum oxide are formed during 
the the rmal  oxidation of tan ta lum in oxygen contain-  
ing atmosphere  in this lower tempera ture  range. Also, 
special anodization conditions can lead to crystal l ine 
tan ta lum oxide [field crystal l ization (4)].  In the ex-  
per iments  presented in this paper only tan ta lum oxide 
in its amorphous form was involved. 

Vermilyea  (4, 5) had found an effect of hea t - t r ea t -  
ment  on the dissolution rate  of Ta205 and, at the same 
time, significant changes in the film capacitance upon 
heat ing in air, and more so in vacuum or hydrogen 
atmosphere.  Later,  Smyth  et al. (6-10) studied in 
detail  the  effect of hea t - t r ea tmen t  in air on the dielec- 
tric propert ies of Ta205. These authors in terpre ted  their  
results in terms of interactions of the amorphous oxide 
both with  the under ly ing  Ta substrate and the sur-  
rounding gas phase. 

The incorporat ion of anions from the electrolyte  into 
the anodically grown oxide was demonstrated by 
Randal l  et al. (11) for electrolytes containing phos- 
phate  and sulfate ions. Incorporat ion of phosphorous 
and sulfur was l imited to about the outer  half  of the 
oxide, indicating that  the t ransport  numbers  were  close 
to 0.5 for both tan ta lum and oxygen ions. S imi lar  
results were  obtained from reanodization curves  af ter  
hea t - t r ea tmen t  of such films in vacuum (12). 

This paper reports  the results of exper iments  in 
which Ta/Ta2Os specimens anodically formed in elec- 
t rolytes containing phosphate and sulfate ions were  
hea t - t rea ted  in vacuum followed by reanodization 
under  constant current  conditions. F rom potent ia l -  
charge curves (reanodization curves, RAC) the charge 
requi red  to restore par t ia l ly  reduced TaOn to its 
original  oxidation state (Ta2Os) was obtained while  
potent ial  was used to measure  distance into the oxide 
f rom the e lec t ro ly te /ox ide  interface. Thus, profiles of 
the oxidation state of TaO~ across the oxide film could 
be measured by electrochemical  means. 

Experimental 
Specimen preparation and anodization.--Specimens 

used in this study were  prepared in the usual way: 
capacitor grade Ta sheet (Bery lco-Kawecki  Company) 
was chemical ly polished in a mix tu re  of 5 parts H2SO4, 
2 parts  HNO3, and 1.5 parts HF (all reagent  grade, 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  anod ic  t a n t a l u m  oxide ,  v a c u u m  h e a t - t r e a t m e n t ,  re-  

anod iza t ion ,  g a l v a n o s t a t i c  p o t e n t i a l - c h a r g e  curves ,  o x i d a t i o n  s t a te  
profile.  

concentrated) ,  fol lowed by dipping in HF for about 
10 sec, r insing in distil led water,  and vacuum anneal-  
ing at 2100~ for 1 to 3 hr  at 10-5-10 -5 Torr. Anod-  
ization was done in Pyrex  glass cells wi th  Ta counter-  
electrodes. Solutions were  prepared  from A.R. reagents  
and distil led water .  To standardize anodization rates 
independent  of any electronic leakage currents  or area 
variat ions anodization was done at programmed 
l inear ly  increasing vol tage corresponding to constant 
current  anodization. Stabil ization at the anodization 
vol tage was avoided since the incorporat ion of anions 
f rom the electrolyte  during anodization had been found 
to be current  dependent  (11). Stabil ization at constant 
voltage would have led to a gradient  in the foreign ion 
concentrat ion near  the oxide /e lec t ro ly te  interface. 

Heat-treatment.--Vacuum hea t - t r ea tment  was car-  
ried out in a furnace inside a bel l  ja r  vacuum system. 
Constant pressure was maintained by means of an 
automatic  pressure regulator  (Granvi l le  Phil l ips) .  A 
furnace (Centorr  Associates) wi th  cylindrical  resist- 
ance heated zone (2.5 in. diam • 5 in. high, Hoskins 
alloy heat ing element,  Inconel heat shields) was 
mounted on an 18 in. diam vacuum feedthrough collar. 
The specimens were  heated inside ver t ica l  quartz  tubes 
which rested on the bottom heat shields. They could 
be lowered into the hot zone and raised out of it by 
means of wires operated by a rotary  feedthrough.  Tem- 
pera ture  distr ibution was found to be wi thin  5~ of 
the control  thermocouple  for a specimen 7.5 cm long 
• 1.25 cm wide. 

Galvanostatic reanodization.--The loss of oxygen 
during hea t - t r ea tment  was determined quant i ta t ive ly  
f rom potent ia l -charge  (reanodization) curves (RAC's).  
Af te r  annealing the specimens were  reanodized at con- 
stant current  density and the voltage was recorded a s  
a function of time. The schematic exper imenta l  elec- 
tronic circuit  is shown in Fig. 1A. It consisted of con- 
stant current  supply (Electronic Measurements  Model 
C633), e lec t rometer  (Kei thley Model 610A), and strip 
char t  recorder  (Hewle t t -Packard  Model 7101). To 
make efficient use of the specimens after  hea t - t r ea t -  
ment  circular  areas (0.3 cm 2) were  masked off wi th  
pressure sensitive tape with  silicone adhesive (Mystic 
Company No. 7305). A specimen with  several  test 
areas masked off in this way  was mounted on a sup- 
port  plate. The end was clamped against a copper block 
to provide  electr ical  contact to the substrate. A drop 
of electrolyte (e.g., 0.1M H2SO4) was placed on a test 
area and a p la t inum wire  mesh, serving as counter-  
electrode, was brought  in contact with the electrolyte  
(Fig. 1B). This exper imenta l  a r rangement  proved 
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Fig. i. A. Schematic of electronic circuit used to measure re- 
anodization curves. B. Masked off test area on Ta/TaOn specimen. 

highly advantageous as it permi t ted  several  tests to 
be performed on a given specimen. The test areas were  
sharply defined by the tape. No edge effect or e lectro-  
lyte  undercut t ing  was observed. 

Potent ia l  was measured  against the p la t inum 
counterelectrode,  i.e., the potential  of the hydrogen 
electrode in the same solution, approximately.  No cor-  
rections for ohmic potential  drop in the e lect rolyte  
and "pre-exis t ing"  oxide were  applied since only thick 
oxides ( typical ly 160V anodization voltage) and low 
current  densities ( typically 0.2 m A / c m  2) were  used. 
Any  error  from these sources was wi th in  the general  
exper imenta l  inaccuracy. 

Sectioning of tantalum oxide . - - In  some cases RAC's  
were  measured after  part ial  removal  of tanta lum oxide 
in 48% HF which was saturated with  NH4F at room 
tempera ture  (13). The addition of NH4F reduced the 
rate of attack and more uniform dissolution of the film 
resulted. The amount  of oxide removed was measured 
by comparison with a color gauge. The difference in 
thickness could also be obtained f rom the difference 
in reanodization voltage, as is shown later. 

Capacitance measurements . - -Capaci tance measure-  
ments were  performed in an exper imenta l  setup sim- 
ilar to the one used for reanodization experiments.  
The electrolyte  used was 5M H2SO4 and the counter-  
electrode was a platinized Pt grid. Capacitance was 
measured with  a digital  capacitance bridge (Micro 
Ins t ruments  Model 5300) at a f requency of 120 Hz. 

Results and Discussion 
Anodization and reanodization (RAC)  c u r v e s . -  

Under  the condition of negligible electronic charge 
t ransfer  across the oxide /e lec t ro ly te  interface the 
anodization of Ta at constant current  density is char-  
acterized by a l inear increase of vol tage and oxide 
thickness wi th  time. With suitably pre t reated high-  
pur i ty  Ta the ratio iion/i ~- 1 - -  iel/i ~ 1 (/ion ---- ionic, 
iel ---- electronic, i : total  current) ,  which means that  
under  galvanostat ic  anodization conditions near ly  all  
charge is used to form anodic oxide (1). Since the  
field is constant dur ing constant current  anodization, 
the thickness of the oxide is proport ional  to the anod-  
ization voltage. 

F igure  2 shows characterist ic reanodizat ion curves 
C-F  after  hea t - t r ea tmen t  in comparison with  an orig-  
inal anodization curve  A and the reanodization and 
continued anodization curve  B of a specimen without  
hea t - t rea tment .  The l inear  rise of potent ial  wi th  charge 
in curve A for the anodization of Ta at 0.2 m A / c m  2 
indicates that  the rate  of oxide growth is constant. The 
Ta/Ta205 specimen previously anodized to 160V 
showed a behavior  as in curve B when subjected to 
fur ther  anodization at 0.2 m A / c m  2. The potential  rose 
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Fig. 2. Anodization (A) and reanodization (B-F) curves of anodic 
tantalum oxide. All curves were measured at 0.2 mA/cm2. With 
the exception of A, all anodizations were done at 0.3 mA/cm 2 in 
the electrolytes given below. Heat-treatment of specimens C-F 
was carried out at 500~ 10 - 5  Torr, for 120 rain. 

Curve Electrolyte Voltage, V 
A 0.1M H3P04 (hnodization of Ta) 
B 0.1M H3P04 0-160 
C 0.1M H2SO4 0-160 
D 0.1M H3PO4 0-160 
E 0.1M H3PO4 0-80 

0.1M H2S04 80-160 
F 0.1M H2SO4 0-80 

0.1M H3P04 80-160 

steeply exceeding the original  formation vol tage (VA) 
in an overshoot, fol lowed by a decay of the overshoot 
and a l inear rise of potential,  characterist ic of the rate  
of fur ther  oxide formation. The slope of this section 
of curve B was identical  to curve  A. 

When Ta/TaOn specimens which had previously 
been anodized to 160V fol lowed by hea t - t r ea tmen t  
at 10 - s  Torr, 500~ were  subjected to the same anod- 
ization conditions, the potent ia l -charge  curves C-F  
were  obtained. Their  slopes in the potent ial  range to 
VA fell be tween those of curves A and B indicating that  
substantial  amounts  of charge were  requi red  to reach 
the original anodization voltage. Beyond VA the slope 
was again found to be identical  to that  of curve  A. 
Curve C was obtained wi th  a specimen which had been 
anodized in 0.1M H2SO4 to 160V followed by hea t -  
t rea tment  at 500~ 10 -5 Torr, for 120 min. A smooth 
rise of potential  wi th  charge wi thout  abrupt  changes 
in slope (except near  VA) was found. Curve D shows 
the reanodization behavior  of a specimen which had 
been anodized in 011M H3PO4 to 160V followed by heat -  
t rea tment  under  the same conditions as above. In this 
case the potent ia l -charge  curve  to VA showed two 
sections wi th  different slopes: to about VA/2 the slope 
was near ly  l inear and much shal lower than  that  of 
curve C. Beyond VA/2 the slope became steeper ap-  
proaching that  of the upper  par t  of curve  C. The re -  
maining curves E and F w e r e  obtained wi th  specimens 
that  had been anodized, consecutively,  in 0.1M H3PO4 
and 0.1M H2SO4 followed by hea t - t r ea tmen t  under  the 
same conditions as before. In the case of curve  E, 
anodization in 0.1M H3PO4 to 80V was fol lowed by 
anodization in 0.1M H2SO4 f rom 80 to 160V. In the 
case of curve F, the sequence of anodizations in H3PO4 
and H2SO4 was reversed. Curve E exhibi ted three  dis- 
t inct ly different slopes before reaching VA: to about 
VA/4 the  slope was steep and similar to curve  C (anod- 
ization in 0.1M H2SO4), be tween  VA/4 and VA/2 the 
shal lower slope of curve  D (anodization in 0.1M 
H3PO4) was evident,  and above VA/2 the slope was 
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again steep and similar to the upper parts  of curves 
C and D. In  curve F only two slopes were in evidence: 
to VA/4 the slope was shallow and approached that  of 
curve D (anodization in 0.1M H3PO4) while above VA/4 
curve F was near ly  identical with the corresponding 
part  of curve C. 

The general  shape of reanodization curves (RAC's) 
was found to be a funct ion of variables relat ing to 
the anodization of the original  oxide (type and con-  
centrat ion of electrolyte, rate of anodization, anodiza- 
t ion voltage VA, among others) and the conditions of 
hea t - t rea tment  (pressure, temperature,  t ime) .  Depend-  
ing on the conditions of heat - t rea tment ,  the reanodiza-  
t ion charge expressed as a fraction of the anodization 
charge could vary  between 0 and near ly  100%. At the 
given pressure the l imit ing temperatures  for these 
conditions to be established were, approximately,  300 ~ 
and 700~ 

The specific examples given in Fig. 2 i l lustrate  the 
differences in RAC's arising from differences in the 
electrolyte used dur ing anodization. The RAC's shown 
in Fig. 2 do not represent  steady-state conditions in 
the oxide, however, at 500~ 10 -5 Torr, and 160V anod-  
ization the fur ther  change of their shape with t ime 
would be a slow one beyond times of the order of 120 
rain. For  this reason, they can be considered to reflect 
quasi s teady-state conditions. In the context of this 
paper no a t tempt  is being made to systematically pre-  
sent results of the dependence of RAC's on the var i -  
ables of anodization and heat - t rea tment .  Instead, typi-  
cal RAC's are used to i l lustrate the method of galvano-  
static reanodization and its application to the measure-  
ment  of profiles of the oxidation state across heat-  
t reated TaOn. 

The RAC's C-F  of Fig. 2 have in common that  sub-  
s tant ial  quant i t ies  of charge, amount ing  to as much 
as 10% of the charge stored in oxide anodized to the 
same voltage VA, were consumed dur ing  the process of 
reanodizing heat - t rea ted oxide to the original  anod- 
ization voltage, VA. This charge consumed dur ing 
reanodization could, in principle, be either ionic 
or electronic charge. It will  be necessary to account 
for the charge consumed dur ing reanodizat ion and to 
establish the type of charge t ransfer  in the oxide and 
across the oxide/electrolyte interface before an in ter-  
pretat ion of the changes occurring dur ing hea t - t rea t -  
ment  in vacuum can be attempted. 

Initial potential  drop . - -A  fur ther  common character-  
istic of curves C-F is the absence of a steep ini t ial  rise 
of potential  immediate ly  following the switching on 
of constant  current .  Any  appreciable resistance in  the 
exper imenta l  system would lead to a corresponding 
potential  drop which would appear with a rate of in-  
crease determined by the rate of capacitor charging. 
An extreme case of this kind is i l lustrated by curve  B 
which showed a potential  drop equivalent  of the ionic 
resistance of the original oxide. In  this case, the pres-  
ence also of an ini t ial  overshoot of potential  beyond 
VA indicated ini t ial  excess resistance to ionic migrat ion 
as compared to the s teady-state  resistance. The absence 
of an ini t ial  potential  drop showed that  the anodic 
oxide film as a result  of hea t - t rea tment  had lost its 
insulat ing properties. Whether  this was due to changes 
at the oxide/electrolyte interface facil i tat ing electron 
injection, or changes in the oxide itself increasing its 
electronic conduct ivi ty will  have to be established. 

Anodizat ion e lec t ro ly te . - -A  comparison of RAC's 
C-F  reveals the influence of the anodization electrolyte 
on the behavior of Ta205 dur ing  hea t - t rea tment  in 
vacuum and subsequent  reanodizat ion to VA. From 
radiotracer exper iments  by Randal l  et al. (11), quan-  
t i tative informat ion is available concerning the in -  
corporation of ions from the anodization electrolyte 
into an outer layer, extending to about the mid-poin t  
of the oxide. The outer layer is formed by t an ta lum 
ion migrat ion and oxide formation at the electrolyte/  

oxide interface which explains the possibility of ionic 
inclusions dur ing oxide growth. The inner  half  of the 
oxide remains  unaffected by the electrolyte since it is 
the result  of oxygen ion migrat ion and oxide growth 
at the oxide/meta l  interface. According to Randall  
(11), the amount  of phosphorous incorporated into 
anodic Ta205 from dilute H3PO4 was substant ia l ly  
greater  than  the amount  of sulfur that  was incorpo- 
rated from dilute H2SO4, concentrat ions of the two 
acids being equal. 

Curve C was obtained with Ta205 anodized in 0.1M 
H2SO4, while curve D was the result  of anodization in 
0.1M H3PO4. The presence of phosphorous in the lat ter  
case must  have been responsible for the difference in 
reanodization curves, which showed a shallow slope to 
about VA/2 for phosphorous-containing oxide. In  sepa- 
rate experiments,  it was established that this slope was 
dependent  on the concentrat ion of phosphorous in the 
anodic oxide showing a decrease with increasing con- 
centration. By contrast, the slope of RAC's of oxide 
anodized in dilute H2SO4, as well as a large number  of 
other electrolytes (e.g., oxalic, nitric, hydrochloric acid, 
and their salts) was found to be independent  of the 
concentrat ion of the anodization electrolyte. For  this 
reason, it seems justified to assume that  curve C 
(H2SO4) was representat ive of anodic Ta205 which 
was not affected by inclusions from the electrolyte. The 
results shown in curves E and F for consecutive anod- 
izations in 0.1M H3PO4 and 0.1M H2SO4 correspond 
directly to the addit ional  duplex s t ructure  of the outer 
half of the oxide. With anodization in H3PO4 followed 
by H2SO4, the layer  containing phosphorous was buried 
undernea th  a layer  containing sulfur. Reversing the 
sequence of anodizations reversed the sequence of the 
layers. The inner  half  of the oxide again was not af-  
fected by incorporat ion of ions. 

The fact that  phosphorous incorporation was l imited 
to the outer half  of the oxide established by tracer  ex- 
per iments  (10) together with the observation that  the 
reduced slope of curve D (caused by anodization in 
H3PO4) was traversed first dur ing  reanodizat ion lead 
to an impor tant  quali tat ive conclusion: in RAC's of the 
type shown in  Fig. 2 the potential  scale from zero to VA 
can be related in the process of reanodizat ion to a t ra -  
versing of the oxide from the oxide/electrolyte in ter-  
face to the oxide/metal  interface. The results of curves 
E and F with consecutive anodizations confirm this con- 
clusion in that the sequence of characteristic slopes in 
the RAC's corresponded directly to the sequence of 
layers in the oxide. 

The close correspondence of those parts of the RAC's 
extending from VA/2 to VA for all anodization electro- 
lytes indicates that  this part  of the oxide is unaffected 
by ionic inclusions from the electrolyte, in agreement  
with the results by Randal l  et al (10). The cont inui ty  
in the slope of curve C between the outer and inner  
parts of the oxide is fur ther  confirmation for the pre-  
vious conclusion that  oxide anodized in di lute H2SO4 is 
unaffected by ionic inclusions as regards its behavior  
dur ing  hea t - t reamten t  in vacuum under  the given con- 
ditions. 

Nature of charge consu~ned during reanodizat ion.--  
For the correct in terpre ta t ion  of the RAC's of heat-  
treated t an ta lum oxide it is essential to determine the 
charge-consuming reactions dur ing reanodization to 
VA. In  particular,  the dis tr ibut ion of the total charge 
between electronic and ionic reactions must  be estab- 
lished. Any  electronic charge t ransferred across the 
oxide/electrolyte interface would be consumed in  re-  
dox reactions, i.e., under  the given exper imenta l  con- 
ditions the evolution of oxygen. However, this was not 
observed dur ing reanodization even though the total 
measured charge, if electronic, should have lead to 
visible gas evolution. For this reason, the major  part  
of the charge could not have been electronic. 

To determine the extent  of any  minor  electronic 
contr ibut ion to the total charge and to establish the 
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ionic current  efficiency of reanodization, the more sen- 
sitive redox pr in t -ou t  method (14) for detecting elec-  
tronic current  (e.c.) was used. Severa l  such exper i -  
ments were  performed with  hea t - t rea ted  Ta/TaO~ 
specimens. With  high pur i ty  Ta used in this study the 
results were  negative. No uniformly and negligible 
nonuniformly distr ibuted electron t ransfer  across the 
ox ide /e lec t ro ly te  interface was detectable during re-  
anodization. 

When less pure Ta specimens were  used increased 
nonuniformly distr ibuted impuri ty  conduction was 
found. Figure  3 i l lustrates a case where  the effect of 
e.c. on the reanodization curve could not be neglected. 
A pr in t -ou t  of the e.c. distr ibution was obtained by re-  
anodizing a specimen with KI / s t a rch  gel as the elec-  
trolyte. The specimen had been anodized to 160V in 
0.1M H3PO4 followed by hea t - t r ea tment  at 500~ 10 -'~ 
Torr for 120 min. The gel was supported by Mil l ipore 
paper and lif ted off the specimen after  constant current  
reanodization in steps of 10V. Fresh electrolyte  was 
used in every  voltage interval .  The RAC shown in Fig. 
3A was obtained dur ing the pr in t -ou t  experiment .  The 
anodic prints obtained in the indicated intervals  are 
shown next  to the corresponding segments of the RAC. 
There was no indication of any uni formly  distr ibuted 
e.c., however ,  random pat terns of e.c. indicating the 
presence of impuri t ies  were  observed. As was shown 
previously (14, 15), hea t - t r ea tment  of Ta or Ta/Ta205 
specimens may cause electronical ly act ive impuri t ies  to 
appear at the surface of the anodic oxide. No e.c. had 
been detected in the specimen of Fig. 3 prior to heat-  
t reatment .  

That  surface impuri t ies  were  the cause for e.c. in this 
case could be demonstra ted by the fol lowing exper i -  
ment  which revealed,  at the same time, the Strong in- 
fluence of the electrolyte  on surface impuri t ies  and re-  
sulting e.c. It was noticed that  areas on the same speci- 
men adjacent  to the one for which the prints of Fig. 3A 
were  obtained gave the dashed reanodization curve  
when reanodized in 0.1M H2SO4. In a separate  exper i -  
ment  adjacent  areas were  reanodized as indicated in 
Fig. 3B and C. One masked-off  area was first anodized 
to 10V in 0.1 H2SO4 followed by pr in t -out  anodization 
in KI for which a clear print  was obtained (Fig. 3B). 
Another  area was first anodized in KI resul t ing in the 
intensely colored print  and lit t le rise in potent ial  (Fig. 
3C). This was fol lowed by anodization to 10V in 0.1M 

Fig. 3. Reanodization of heat-treated tantalum oxide combined 
with anodic print-out of electronic conductivity. Anodic prints were 
obtained by reanodizing in KI/starch printing electrolyte during 1 
rain intervals before exchange of printing medium. Diameter of 
original print 0.5 cm. Dashed RAC's indicate reanodizatian in 0.1M 
H2SO4. For further details, see text. 

H2SO~ and a fur ther  p r in t -ou t  anodization. The second 
pr int  was clear. Whatever  impuri t ies  had been present  
af ter  hea t - t r ea tmen t  they  were  deact ivated dur ing re-  
anodization in H~SO4, whi le  KI / s t a rch  gel required 
much longer t ime to accomplish the same. Figure  3A 
showed that  KI  reanodizat ion was seriously affected 
by e.c. to about 50V with  slight impur i ty  re la ted non- 
uniform e.c. even above this level. Dissolution of im-  
purit ies by an electrochemical  mechanism tied to the 
passage of current  was the most l ikely course of de- 
activation. 

These results show that  RAC's can be severe ly  dis- 
torted in the presence of impuri t ies  and the resul t ing 
electronic charge transfer.  These problems can be 
minimized by the use of h igh-pur i ty  mater ia ls  and re-  
anodization in dilute acid (e.g., 0.1M H2804) which, a s  

was shown, e l iminated the effect of any remaining im-  
purities. Anodic prints were  used to detect any residual  
e.c. Comparison of the pr in t -out  intensity wi th  a set of 
test pat terns  made it possible to est imate the fraction 
of electronic charge and thus current  efficiency of re-  
anodization. Specimens were  rejected if the electronic 
charge exceeded a few per cent of the total  charge. 

These exper iments  demonstrated conclusively that  
the charge consumed dur ing reanodization was ionic 
charge and that  the ionic processes responsible for the 
reanodization behavior  of hea t - t rea ted  TaOn proceeded 
with an ionic cur ren t  efficiency approaching 1.0. 

Restoration o~ heat- treated tantalum ox ide . - -The  
ionic charge consumed during reanodization to VA 
must  be related direct ly to the changes that  took place 
in anodic tan ta lum oxide during hea t - t rea tment .  It  is 
postulated that  reanodizat ion means restorat ion of 
part ial ly reduced oxide TaOn to its original oxidation 
state Ta2Os. This in terpreta t ion is suggested by the fact 
that  the slopes of the reanodization curves C-F  in Fig. 
2 fall between those of the anodization of bare Ta 
(curve A) and the reanodizat ion of 160V Ta205 wi th -  
out hea t - t r ea tmen t  (curve B).  With this assumption, 
the charge consumed dur ing reanodizat ion to VA would 
measure the amount  of oxygen lost during hea t - t r ea t -  
ment. If  at the same t ime the potential  scale can be 
related to pesit ion in the oxide, then it wil l  be possible 
to determine the oxidation state of tan ta lum oxide after  
hea t - t rea tment  as a function of the distance from either 
the oxide /e lec t ro ly te  or ox ide /me ta l  interface. 

From previous experiments ,  the fol lowing conclu- 
sions pertain to this assumption: 

1. The absence of an init ial  potent ial  drop during r e -  
anodization at constant cur ren t  showed that  the oxide, 
af ter  hea t - t r ea tmen t  under  the given exper imenta l  
conditions, had become electronical ly  conductive 
throughout.  

2. Electron t ransfer  across the ox ide /e lec t ro ly te  in-  
terface was found to be inhibited. This means that  only 
ions could be t ransferred across this interface and that  
reanodizat ion had to begin at the ox ide /e lec t ro ly te  in-  
terface and proceed inward  toward the  metal.  

The following exper iments  are intended to provide  
addit ional  evidence in support  of the above assump- 
tions. 

Step-reanodizat ion curves . - -The  relat ionship of 
charge required to reach a par t icular  potent ial  on the 
RAC with  position in the oxide could be established 
exper imenta l ly  by measur ing reanodizat ion curves 
after  part ial  s tr ipping of oxide. In Fig. 4 a series of 
RAC's is shown that  were  measured f rom different 
steps in the oxide. The step pat tern  dissolved into the 
oxide is i l lustrated schematical ly  at the bot tom of Fig. 
4. The specimen used in this exper iment  was of the 
type shown in Fig. 2, curve  D. It  had been anodized in 
0.1M H3PO4 to 160V and hea t - t rea ted  at 10 -~ Torr, 
500~ for 120 min. The top curve  (solid line, marked  
step O) represents  the RAC of the oxide as a whole. 
The  subsequent  curves (marked  steps 1-5) were  mea-  
sured at progress ively  deeper  steps in the oxide. Their  
origins were  shifted to the r ight  to make the first t r an-  
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Fig. 4. Reanodization curves of heat-treated tantalum oxide from 
steps of different height dissolved into the oxide (see schematic 
at bottom). The origins of curves 1-5 were shifted to the right such 
that the steep sections of each curve coincided, on the abscissa, 
with that of the original RAC ("step O"). By upward shifting 
curves 1-5 could be superimposed on the original RAC. The only 
deviation occurred near VA and was indicated by the dotted line. 
Anodization: 0.1M H3PO4, 0.3 mA/cm 2, 160V. Heat-treatment: 
500~ 10 -5  Tort, 120 min. 

sition points (from the shallow to the steep slope) co- 
incide on the abscissa re la t ive  to the "step O" curve. 
With progressing penetra t ion into the oxide, pro-  
gressive remova l  of the shallow l inear  part  of the RAC 
left of the transi t ion point to the steeper slope was 
observed. Then the remova l  of the transi t ion point i t -  
self and the subsequent steep curve segment followed. 
At  their  top end all curves showed a sharp transi t ion 
to the shal low slope associated with  fur ther  anodiza- 
tion, corresponding to the original VA. 

As the oxide was str ipped increasing portions of the 
original  RAC were  cut off. The remaining curve  seg- 
ments  were  identical to corresponding sections of the 
original  curve. By shift ing curves 1-5 upward  they 
could be superimposed on the original  curve. They 
matched closely except  at the top end where  the  slope 
of the last step RAC (step 5) deviated somewhat  f rom 
the previous curves. This effect is bel ieved to be re-  
lated to the potent ial  overshoot which was much more  
pronounced in Fig. 2, curve  B, but  still affected re-  
anodization curves of the type shown in Fig. 4 in some 
small  degree. 

The magni tude  of the potent ial  overshoot and its 
effect on the shape of the t ransi t ion region from the 
steep reanodizat ion slope to the shallow anodization 
slope depends on the  extent  of reduct ion of the anodic 
oxide. The fur ther  the reduct ion goes, the smaller  its 
effect. In the context  of this paper the specimens used 
had been subjected to hea t - t r ea tmen t  conditions suffi- 
cient ly severe to minimize the overshoot and reduce its 
influence on the results to wi thin  the over -a l l  exper i -  
menta l  error. 

The results of this exper iment  provided evidence for 
the previously stated assumption that  reanodization of 
hea t - t rea ted  tan ta lum oxide began at the e lec t ro ly te /  
oxide interface and continued toward the metal. At  the  
same t ime it showed that  the reanodizat ion potent ial  
could be considered a direct measure  of distance into 
the oxide f rom the ox ide /e lec t ro ly te  interface. In the 
fol lowing it wil l  be shown that  reanodizat ion potent ial  
and distance into the oxide were  l inear ly  related. 

It is assumed that  in the process of reanodizat ion 
par t ia l ly  reduced oxide is restored to its original  oxida-  
tion state wi th  propert ies  similar  to those of original ly 
formed anodic oxide. The field requi red  to move ions 
through restored oxide can then be expected to be of 

comparable  magni tude as the field required for anod- 
ization. In addition, during anodization the field at 
constant current  density is known to remain  constant 
independent  of anodization voltage, making voltage a 
l inearly re la ted measure of oxide thickness. It  appears 
reasonable, therefore,  to assume that  the same holds 
t rue  for the field in oxide restored to the m ax imum 
oxidation state after  reanodization. 

Field differences between anodization and reanodiza-  
tion could arise due to differences in the s t ructure  of 
as-anodized and hea t - t rea ted  oxide and variat ions of 
the dielectric constant wi th  inclusions of ions from the 
electrolyte.  However,  the avai lable evidence suggests 
that  these are minor  effects which may affect the ac- 
curacy of the distance scale wi thout  changing ei ther 
the qual i ta t ive  picture or the charge- re la ted  quant i ta-  
t ive aspect, i.e., the determinat ion  of the oxidation 
state. 

Comparison of thickness measurements from inter- 
ference color and reanodization voltage.--During heat-  
t rea tment  in vacuum with  moderate  part ial  reduction 
of tan ta lum oxide the interference color of the oxide 
did not change noticeably, a fact which had been noted 
by Vermilyea  (4). Only when the reduct ion reached 
low oxidation states of TaOa (n < 1.5) did the oxide 
in ter ference  color change to a metal l ic  appearance. 
In ter ference  color can, therefore,  be used as a measure 
of thickness as long as the reduction has not been car-  
ried too far. 

Reanodization exper iments  can also be used to mea-  
sure oxide thickness. In Fig. 4 the voltage equivalent  
of the height  of the steps dissolved into the oxide could 
be obtained from the vert ical  displacement of the step 
reanodizat ion curves 1-5 with respect to the original  
RAC at a point beyond the steep section of the curves. 
Beyond the points on the RAC's corresponding to V'A 
reanodization had been completed and the difference in 
voltage was caused by the removal  of the oxide over  
the corresponding step. 

F igure  5, curve  A shows a comparison of thickness 
measurements  on a specimen similar  to the one illus- 
t rated in Fig. 4, as de termined  by comparison with a 
color gauge and by reanodization. The color gauge was 
cal ibrated in terms of anodization voltage. The vol tage 
equivalent  of thickness was plotted against the dura-  
tion of oxide dissolution in HF/NH4F for a par t icular  
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Fig. 5 A. Comparison of oxide thickness remaining after stepwise 
dissolution in HF/NH4F. O Thickness (in volts) measured by re- 
anodization (0.1 mA/cm2); �9 thickness by comparison with color 
gauge. B. Reciprocal capacitance vs. thickness (in volts). A Ta 
specimen after anodization to given voltages (0.1 mA/cm2); �9 
tantalum oxide heat-treated, dissolved in steps and reanodized to 
same point on original RAC (corresponding to anodization voltage 
VA). Anodization: 0.1M H3PO4, 0.3 mA/cm 2, 160V. Heat-treat- 
ment: 500~ 120 rain, 10 -5  Torr. 
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step. The rates of oxide dissolution of the outer  and 
inner parts of the oxide were  noticeably different 
which gave rise to a change in slope at about the mid-  
point of the oxide. However ,  for both sections color 
chart  and reanodization yielded closely corresponding 
values for the thickness. The general ly  lower  voltage 
readings from the color chart  may have been caused in 
part  by the lack of s tandardizat ion be tween the two 
methods. Significantly, the displacement, wi thin  ex-  
per imental  error, was constant over  the full  range in- 
dicating that  a l inear  relat ionship existed be tween  
the potent ial  differences as obtained f rom reanodiza-  
tion curves  af ter  dissolution of steps into the  oxide, 
and the corresponding changes in interference color. 

Comparison of thickness measurements from capaci- 
tance measurements and reanodization voltage.--Ca- 
pacitance measurements  provide an a l ternat ive  method 
for determining oxide thickness. Since substantial ly 
reduced oxide exhibi ted high electronic conduct ivi ty  
capaci tance measurements  could only be applied to 
reanodized oxide. Again, a step pat tern  was dissolved 
into hea t - t rea ted  oxide of the same kind used in the 
previous experiment .  The remaining oxide on each 
step was reanodized to a point on the step RAC equiv-  
alent to VA on the original RAC (transit ion point be-  
tween steep part  of RAC and shallow slope of con- 
t inued anodization).  In Fig. 5, curve  B the reciprocal  
of capacitance (top scale) was plotted vs. the thickness 
of oxide as measured by reanodization. For comparison, 
1/C vs. anodization voltage was also measured for a Ta 
specimen anodized to various voltages. Both types of 
measurements  fell  on the same straight  line indicating 
that  C • V = const, consequent ly ~ • F = const (V, 
voltage equivalent  of oxide thickness; e, re la t ive  di-  
electric constant; F, field), a result  general ly  found for 
anodic oxides of the same chemical nature  (11). 

The l inear relat ionship between 1/C and reanodiza-  
tion potential  on the one hand, and thickness deter -  
mined via interference colors and reanodization poten-  
t ial  on the other  substantiate the ear l ier  conjecture 
about a l inear relat ionship between reanodization po- 
tential  and distance into the oxide measured f rom the 
e lec t ro ly te /oxide  interface. 

Dependence of RAC's on current dens~ty.--The 
amount  of charge required to restore par t ia l ly  reduced 
tan ta lum oxide to its m a x i m u m  oxidation state should 
be independent  of the current  density used in the gal-  
vanostatic experiment .  It is assumed that  electronic 
leakage currents  can be neglected. Since potent ial  is 
used as a measure  of distance into the oxide, it is an 
additional requ i rement  that  the l inear  relat ionship 
between reanodization potential  and distance be main-  
tained independent  of the current  density used. In 
cases where  initial potential  drop and /o r  potent ial  
overshoot are observed, this condition may not be ful-  
filled. The observed potent ial  has to be corrected before 
it can be used as a l inear measure of distance into the 
oxide. While the corrections can be carr ied out, they 
were  not necessary in the cases discussed in this paper. 

In order  to establish exper imenta l ly  whe ther  the 
above assumptions were  justified, a group of RAC's 
were  measured with current  densities varying f rom 
0.05 to 1.0 m A / c m  2. The specimen was of the type 
i l lustrated in Fig. 2, curve  D (0.1M H3PO4, 160V, 10 -5 
Torr, 500~ 120 min)  and exhibi ted three  sections wi th  
the characterist ic slopes related to the outer, phos- 
phorous-containing oxide, the inner  phosphorous-free  
oxide, and continued anodization. The transi t ion be- 
tween different slopes occurred, on the potential  scale, 
at points Vm and VA with  Vm indicating the boundary 
of the P-conta in ing  oxide and VA the boundary of the 
previously formed anodic oxide. The charges requi red  
to reach these points were  qm and qA, respectively.  The 
exper imenta l  results have been summarized in Table I. 
The ratio Vm/VA measuring the fract ion of P-con ta in -  
ing oxide was found to be close to 0.5 for all current  

Table I. Characteristic voltage transition points and 
reanodization charge as a function of current density 

C.D., qm, qA, 
m A / c m e  Vm/VA m C / c m  -~ m C / c r n  ~ qm/qA 

0.05 0.50 11 12.'/ 0.86 
0.1 0.50 11.3 13 0.87 
0,2 0.50 10.8 12.2 0.88 
0.5 0.505 10.3 12 0,86 
1.0 0.505 10.1 11.8 0.86 

densities. The charge requi red  to reach Vm was qm = 
(10.7 • 0.44) m C / c m  2 and the charge to reach *CA was 
qA = (12.3 • 0.45) mC/cm% For five current  densities 
varying by a factor of 20 (0.05-1 mA/cm2) ,  the 
charges qm and qA measured to Vm and VA, respec-  
tively, were  independent  of current  densi ty wi thin  a 
s tandard deviat ion of less than _ 5 %  of the average 
charge. 

The constancy of the  ratio of the charges qm/qA to-  
gether  with the constancy of the corresponding voltage 
ratio demonstrated tha t  any current  density dependent  
effects during reanodization acted equal ly  on the outer  
and the inner oxide. The inclusion of phosphorous in 
the outer  layer and its higher  degree of reduct ion com- 
pared to the inner  oxide had no effect on the measure-  
ment  of position in the  oxide by means of potential,  as 
long as it was expressed as a fraction of VA. Absolute 
distance measurements  requi re  a cal ibrat ion of the po- 
tential  scale by optical measurements ,  for example,  
since the determinat ion of VA from RAC's is dependent  
on current  density. 

Repeatability of the egect o] heat- treatment . - - I t  was 
shown that  the incorporat ion of phosphorous into an 
outer  part  of the oxide film was responsible for a 
greater  loss of oxygen during vacuum hea t - t r ea tmen t  
than would occur under  s imilar  conditions in the pres-  
ence of sulfur, or the absence of any foreign ions. The 
increased loss of oxygen could not be accounted for by 
assuming that  P was incorporated in the form of P205 
and that  it was the source of lost oxygen. The P con- 
tent  of Ta205 was found to be of the order  of a few 
atom per cent (10) when  anodization was done in di-  
lu te  H3PO4, while  the oxygen loss could amount  to a 
much larger  f ract ion of the total  oxygen content  of the 
oxide depending on the conditions of hea t - t rea tment .  
In wha teve r  form P was incorporated into the oxide 
during anodization causing increased oxygen loss dur -  
ing hea t - t r ea tmen t  in vacuum, the effect should not 
repeat  itself af ter  the first hea t - t r ea tmen t  and re -  
anodization if P had been lost during the first vacuum 
treatment .  F igure  6 shows the results  of repeated cycles 
of hea t - t r ea tment  and reanodizat ion in 0.1M H~P04 for 
80 and 160V Ta20~. The part ial  reduction of the  oxide 
in the outer part  of the film clearly repeated itself, 
even though differences were  observed in the  degree of 
reduction. For  160V Ta205 the t rend was for the first 
hea t - t r ea tmen t  to resul t  in a sl ightly greater  loss of 
oxygen than for subsequent  cycles, whi le  the opposite 
was found for 80V (and lower)  oxides. The significance 
of these trends is not clear; however,  the  differences 
are significantly larger  than the exper imenta l  uncer-  
tainty. The result  of these exper iments  was that  phos- 
phorous which caused the increased loss of oxygen 
was not removed during repeated hea t - t rea tments  in 
vacuum. 

Egect of heat- treatment  on the structure of tantalum 
oxide.--Anodic t an ta lum oxide is amorphous and its 
s t ructure  has been described as glasslike (3). Electron 
and x - r ay  diffraction pat terns show only very  diffused 
rings from which an upper  l imit  of about 10A has been 
es t imated as the size of microcrystals,  if  indeed there  
are any. Nothing is known about their  s t ruc ture  and 
whether  they can be considered as nuclei  of any of the 
known crystal l ine modifications of Ta205. In the con- 
text  of this study s t ructural  changes dur ing heat -  
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spectively. Heat-treatment: 500~ 90 min, 10 -5  Torr. Reanodiza- 
tion: 0.1M H3PO4, 0.2 mA/cm, 80 and 160V, respectively. 

t rea tment  had to be considered since the ionic charge 
consumed during reanodization could have been related 
to changes in the s tructure of the oxide. For example,  
if microcrystals  were  in fact present  and could act as 
nuclei for the growth  of crystal l ine oxide, then heat -  
t r ea tment  might  lead to increased crystal l ini ty  of the 
oxide. The ionic charge might  then be required to fill 
gaps be tween crystal l ine areas. If microcrystals  were  
absent or could not act as nuclei, then nucleation would 
have  to occur before any recrystal l izat ion could take 
place. In this case, there  would be l i t t le  reason for 
ionic charge consumption unless crystal l ization oc- 
curred during reanodization itself. Light  and electron 
microscopy, as well  as e lectron reflection diffraction, 
were  applied to oxide films after  hea t - t r ea tmen t  at 
10 -5 Torr  in the tempera ture  range of 650~ for several  
hours. No changes in oxide topography or any sig- 
nificant sharpening of electron diffraction pat terns  
could be observed which would  indicate recrystal l iza-  
tion of exist ing amorphous oxide. It  was, therefore,  
concluded that  no significant s t ructural  changes had 
taken place dur ing hea t - t r ea tment  in vacuum and that  
ionic charge could not have been consumed in any 
s t ructure  re la ted phenomenon. 

Mechanism of reanodization.--The formation of tanta-  
lum oxide is a high-field process and involves the 
migrat ion of both oxygen and tan ta lum ions through 
the exist ing oxide (2, 16). The migrat ion of the lat ter  
leads to oxide format ion at the ox ide /e lec t ro ly te  in te r -  
face and results in the incorporat ion of ions f rom the 
electrolyte  into oxide growing at this interface (11). 
Oxygen migra t ion  leads to oxide formation at the 
ox ide /meta l  interface. At  constant current,  the voltage 
increases l inear ly  wi th  thickness and the electric field 
is constant. Af te r  hea t - t r ea tmen t  in vacuum and some 
loss of oxygen the anodic oxide as a whole becomes 
electronical ly  conductive, as evidenced by reanodiza-  
tion curves start ing from very  low voltage. Reanodiza-  
tion starts at the e lec t ro ly te /ox ide  interface and pro-  
ceeds inward  toward  the metal.  Ionic migrat ion can 
only occur in such parts of the oxide which have  been 
restored or the required high field could not be estab- 
lished. The absence of homogeneous electron inject ion 
f rom the electrolyte  shows that  the propert ies  of the 
e lec t ro ly te /oxide  interface of restored and original  
oxide are the same. 

It  is proposed that  the mechanism of reanodizat ion 
may  be similar  to that  of anodization wi th  the differ- 
ence that  no tan ta lum ions enter  the oxide f rom the 
tan ta lum substrate unti l  the  exist ing reduced oxide has 

been restored in its entirety.  I t  can be assumed that  
both tan ta lum and oxygen ions migrate  during re-  
anodization. In this case Fig. 7 shows, schematically,  
the par t ia l ly  restored oxide. Distance is expressed as 
a fraction of the total  oxide thickness, which extends 
from x ---- O (e lec t ro ly te /oxide  interface) to x = 1 
(ox ide /meta l  interface) .  

Af ter  part ial  reanodization to a depth x2, the restored 
oxide consists of three layers: the outermost  layer 
from x = 0 to xl  resul t ing from the migrat ion of 
tanta lum ions from the reduced oxide to the e lectro-  
ly te /ox ide  interface (reaction I).  These ions repre -  
sent par t  of the, meta l  excess in the reduced oxide over  
the stoichiometric composition of Ta205. The forma-  
tion of "fresh" tan ta lum oxide at the e lec t ro ly te /ox ide  
interface can be expected to proceed under  fur ther  
incorporation of ions from the electrolyte.  The second 
layer consisting of restored stoichiometric oxide ex-  
tending from xl to x2 results f rom the migrat ion of 
oxygen ions from the e lec t ro ly te /ox ide  interface in- 
ward (reaction II) and, at the same time, the migrat ion 
of tanta lum ions outward (reaction I).  In reaction II 
oxygen ions combine with  excess tanta lum at the 
boundary x2 be tween  restored and reduced oxide. In 
the third layer consisting of reduced oxide and extend-  
ing f rom x2 to x ---- 1, the current  is carried by elec- 
trons. The migrat ion of oxygen does not lead to the 
format ion of "fresh" oxide as does the migrat ion of 
tan ta lum ions since it replaces oxygen in the exist ing 
oxide. For  this reason no additional oxide free of inclu- 
sions is formed. 

In the process of reanodization, the total oxide thick-  
ness remains constant unt i l  the restorat ion reaches 
the ox ide /me ta l  interface. At  this point, additional 
oxide is formed and tan ta lum ions are added from the 
substrate. For these reasons, fresh oxide formed by 
tan ta lum ion migrat ion during reanodization is oxide 
formed from metal  excess in the reduced oxide by a 
change of place of meta l  ions between reduced oxide 
and the oxide /e lec t ro ly te  interface. The charge that  
is measured as a function of potent ial  is the resul t  of 
the sum of the part ial  ionic current  densities. 

The measured voltage across the restored oxide is 
the sum of voltage drops across the fresh and the 
restored oxide. It appears reasonable to assume that  
the fie]d in the two ldnds of oxide is of comparable  
magnitude.  In addition, it can be assumed that  the 
t ransport  mlmber  for cation migrat ion during reanod-  
ization is similar  to that  during anodization (nTa 
0.5). This means that  about half  of the meta l  excess 
exist ing after  hea t - t r ea tmen t  would be conver ted into 
fresh oxide. Since the integral  reanodization charge 
was, typically, of the order of one tenth or less of the 
corresponding anodization charge to the same voltage 
(see Fig. 2, curve D) one estimates the voltage equiva-  
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Fig. 7. Schematic diagram of reactions occurring during reanodi- 
zation after heat-treatment in vacuum. 
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lent of the thickness of fresh oxide to about one 
twent ie th  or less of the total anodization voltage. This 
means that  any differences in the potential  scale aris-  
ing from fresh oxide are completely negligible wi th in  
the exper imenta l  error. 

Oxidation state of tantalum oxide.--Reanodization 
curves of the type shown in Fig. 2, curves C-F  can be 
used to establish the profile of the oxidation state n 
of hea t - t rea ted  TaO,. This is possible since the posi- 
tion in the oxide is re la ted direct ly  to the reanodization 
vol tage whi le  the measured  charge represents  the 
amount  of oxygen lost during hea t - t rea tment .  It should 
be noted that  corrections are required in the presence 
of init ial  potent ial  drop and potential  overshoot. How-  
ever, this problem does arise in cases of strong reduc-  
tion in vacuum which is the case for all examples  pre-  
sented in this paper. 

The procedure for der iv ing the profile of the oxida-  
tion state of TaOn as a function of distance f rom the 
outer interface into the oxide is s t ra ight forward  once 
a correct  potent ia l -charge  curve has been obtained. It 
is based on a point by point comparison of the slope y 
of a par t icular  RAC with  the slope Yo of the anodiza- 
tion curve. The rate of continued anodization after  
complete reanodization of the hea t - t rea ted  oxide is 
identical  with the rate of anodization of tantalum. (It 
is impor tant  to measure  Yo sufficiently far f rom VA to 
exclude any influence of oxygen dissolved in the sub- 
strate during heat - t rea tment . )  The slope y(Vi)  of the 
reanodizat ion curve at potent ial  Vi was obtained by 
numerica l  differentiat ion of the reanodizat ion curve.  
With VA as a measure  of total oxide thickness, the 
distance into the oxide was expressed as a fraction of 
the total oxide thickness x z V/VA. The oxidat ion 
state was calculated from Eq. [1] 

n ( x )  ---- 2.5(1 - -  Yo/Y (x ) )  [1] 

where  Yo ---- ra te  of anodization (Ta--* Ta2Os) (V mC - I  
cm2), y ---- ra te  of reanodizat ion (TaO,  ~ Ta2Os) (V 
mC -1 cm2), VA : anodization voltage, and x ---- f rac-  
tion of total oxide thickness ( f rom e l /ox  interface)  
measured in terms of reanodizat ion voltage. 

Accuracy of oxidation state profiles.--The l imitat ions 
on the accuracy of the electrochemical  de terminat ion  
of reanodizat ion potent ial  and charge have a l ready 
been discussed. Once potent ia l -charge  curves have 
been obtained the der ivat ion of the oxidation state 
profile becomes a mathemat ica l  operat ion which can 
be done with  the desired accuracy. For  exper imenta l  
reasons, the determinat ion  of the oxidation state be- 
comes the more accurate the higher  the oxidation 
state of TaOn af ter  hea t - t r ea tmen t  is. [A reanodizat ion 
slope which is double the anodization slope means 
that  n has reached an oxidation state (n ---- 1.25) 
which is a l ready half  the max imum (n ----- 2.5). Com- 
pare this to the change in n f rom 2.25 to 2.47 for a 
change in the reanodizat ion slope form 10 to 100 t imes 
the anodization slope.] 

For  constant current  density, y and Yo are measured  
wi th  about the same absolute er ror  ay, causing the 
grea ter  u n c e r t a i n t y  wi th  low values of y. For  this 
reason, re la t ive  changes at high oxidation states can 
be de termined  with  high accuracy since Yo can then  
be considered constant, in spite of the re la t ive ly  large 
error. 

Somewhat  greater  uncer ta in ty  may  exist  at the 
outer  and inner  l imits of the profile. Near  the outer  
interface of the oxide, electronic current  would be 
most noticeable which would resul t  in an apparent  
decrease of oxidat ion state (Fig. 3). The absence of 
this condition has been confirmed by pr in t -out  tests 
for all  profiles given in this paper. Near  the inner  
interface, the accuracy m a y  be affected by the  presence 
of some residual  effect of the potent ia l  overshoot  even 
in cases of substantial  reduct ion as defined earlier.  
This may  increase the error  in VA slightly and, at the 

same time, make the gradient  to appear  somewhat  
steeper than it was in reality. It is es t imated that  
because of the combined sources of error  x -~ V/VA 
was accurate to wi thin  about  5% only and the profile 
became difficult to der ive  within about the same per-  
centage of the ox ide /meta l  interface. 

Profi les of the  O x i d a t i o n  State  of  T a O ,  a f t e r  
H e a t - T r e a t m e n t  

Anodization in 0.1M H3PO4.--Ta/Ta205 specimens 
were  prepared by anodization to 160V in 0.1M H~PO4. 
Hea t - t r ea tmen t  was carr ied out at 500~ 10 -5 Torr, 
for 15, 90, 180, and 360 min. The profiles of the oxida-  
tion state shown in Fig. 8 were  obtained f rom reanod-  
ization curves (e.g., Fig. 2 curve  D) measured at a 
current  density of 0.2 m A / c m  2. 

The sequence of four profiles i l lustrates the increas-  
ing loss of oxygen as a function of the t ime of hea t -  
t reatment .  As was shown before, the presence of phos- 
phorous in the outer  half  of the oxide caused the ra te  
of loss of oxygen to increase over  that  observed in 
the inner oxide. For  this reason, an abrupt  change 
in oxidation state was observed near  the center  of the 
oxide and the segments of the oxidat ion state profiles 
of the two layers  showed characterist ic differences 
wi th  t ime of hea t - t rea tment .  In the inner  oxide a 
gradient  of n (x) toward the meta l  was observed which 
changed only slowly with  time. The direction of the 
gradient  indicated that oxygen  was lost to the meta l  
substrate. 

In the outer  oxide a steeper gradient  toward  the 
inside was found after  15 min  of hea t - t rea tment .  The 
direction of the gradient  again indicated loss of oxygen 
to the metal. The oxidation state at the electrolyte  
(atmosphere)  oxide interface remained at its max i -  
mum, n ( x  ---- O) ---- 2.5. The oxidation state of the  
outer  oxide was reduced in large part  below that  of 
the inner oxide because of the presence of phosphorous 
in the former.  However ,  oxygen seemed to have  
diffused mainly  to the substrate. The profile measured 
after  90 min of hea t - t r ea tmen t  showed a fur ther  re -  
duction of the oxidat ion state of the outer  oxide. A 
gradient  toward the inside remained whi le  n ( x  = 0 )  
dropped to a lower  value  than previously  observed. 
After  180 min  a gradient  toward  the a tmosphere /ox ide  
interface appeared in addition to the gradient  toward  
the metal. At the same t ime par t  of the profile of the 
outer  oxide became near ly  horizontal, indicating con- 
stant n ( x ) .  After  360 rain n ( x )  had become constant 
throughout  the outer  oxide with  an oxidat ion state 
approaching TaO2. It should be noted that  this was 
not an equi l ibr ium composition. Fur the r  changes in 
the profile and the oxidat ion state of both the outer  
and inner oxide occurred with  continued hea t - t r ea t ,  
ment. However,  these fur ther  changes occurred much 
more slowly which gives reason to consider the profile 
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Fig. 8. Profiles of the oxidation state of TaOn after heat-treat- 
ment in vacuum. Anodization: 0.1M H~PO4, 0.3 mA/cm 2, 160V. 
Heat-treatment: 500~ 10 -5  Torr, for times given in graph. 
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reached after 360 min  as a quasi-s ta t ionary state. The 
t ime sequence of oxidation state profiles for anodic 
Ta205 anodized in 0.1M H~PO4 can serve as a basis 
for the elucidation of the kinetics of the reduct ion of 
t an ta lum oxide, a task which goes beyond the scope 
of this paper. 

Anodization in 0.1M HeSO4.--Ta/Ta205 specimens 
were prepared by anodization in 0.1M H2SO4 to three 
different thicknesses: 40, 80, and 160V. The experi-  
menta l  condit ions of hea t - t rea tment  were 500~ 10-~ 
Torr, and 120 min. RAC's were measured as in the 
previous case and oxidation state profiles shown in Fig. 
9 were computed from the potent ia l -charge curves. 

A major  difference between the. profiles of Fig. 8 and 
9 is the absence of a duplex layer s t ructure  in the case 
of anodization in H2SO4. Even  though some sulfur may  
be incorporated into the oxide, it appeared not to have 
any effect on the rate of oxygen loss dur ing hea t - t rea t -  
ment.  For  this reason, no discont inui ty  in  the n(x )  
profiles was observed near  the center of the oxide. 

The profiles shown in Fig. 9 for different oxide thick- 
ness after the same time at tempera ture  are, in a way, 
comparable to profiles of one thickness after different 
times, such as shown in Fig. 8. 

Since changes in  the oxidation state result  from the 
exchange of oxygen with the adjoining metal  and gas 
phases, it can be expected that  thicker oxides contain-  
ing larger quanti t ies  of oxygen will  require longer 
times than th inner  ones to reach a similar profile of 
the oxidation state. For this reason, the loss of oxygen 
will have progressed farthest  in the thinnest  oxide 
for the same durat ion of heat - t rea tment .  

The profile of the 160V oxide exhibited a shallow 
gradient  of the oxidation state from the oxide/a tmo-  
sphere to wi thin  a short distance of the oxide/metal  
interphase. At the former interphase, the oxidation 
state remained close to its m a x i m u m  value n (x  -~ 0)  

2.5. Near the metal  a steep gradient  was observed 
as expected if oxygen was lost to the metal. 

Both of the th inner  oxides (80 and 40V) revealed a 
near ly  symmetric  profile with gradients of the oxida- 
t ion state both to the metal  and the atmosphere. At 
both interphases the oxidation state dropped to values 
below TaO1.5. Loss of oxygen to both metal  and atmo- 
sphere was indicated. 

Consecutive anodizations in 0.1M H3P04 and 0.1M 
HzSO4.--The set of three profiles shown in Fig. I0 was 
obtained from Ta/Ta205 specimens that had been 
anodized first in 0.1M H3PO4 to VA/2 (20, 40, 80V, 
respectively),  followed by anodization from VA/2 to 
VA in 0.1M H2SO4 (20 to 40, 40 to 80, and 80 to 160V, 
respectively).  The conditions of hea t - t r ea tment  were 
the same as in the previous case. It had been shown 
previously (11) that  anodization of this kind resul ted 
in mul t i layered structures with the inner  half  of the 
oxide free from inclusions while the outer half  was 
made up of clearly separated layers with P and S 
incorporation in the sequence of anodization, i.e., in 
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Fig. 9. Profiles of the oxidation state of TaOn after heat-treat- 
ment in vacuum. Anodization: 0.1M H2SO4, 0.3 mA/cm 2, voltages 
as given in graph. Heat-treatment: 500~ 10 -5  Tort, 120 rain. 
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Fig. 10. Profiles of the oxidation state of TaO, after heat-treat- 
ment in vacuum. Anodization (0.3 mA/cm~'): A 0-80V in 0.1M 
H3PO4; 80-|60V in 0.1M H2SO4; B 0-40V in 0.1M H3PO4; 40-80V 
in 0.1M H2SO4; C 0-20V in 0.1M H3PO4; 20-40V in 0.1M H2SO4. 
Heat-treatment: 500~ 10 -5  Torr, ]20 rain. 

this case P-conta in ing  oxide bur ied under  S-containing 
oxide. The profiles of Fig. I0 correspond directly to 
this oxide structure.  

The outermost quar ter  of the oxide showed the 
behavior  typical  of anodization in H2SO4, while  the 
following quarter  showed a behavior  typical of anod- 
ization in H3PO4. Abrupt  changes in the oxidation 
state were found between the P-conta in ing  oxide and 
both neighboring types of oxide. The inner  oxide 
showed a gradient  of the oxidation state toward the 
metal  s imilar  to the corresponding parts in both pre-  
vious examples (Fig. 8 and 9). The 80-S/80-P oxide 
revealed a gradient  of the oxidation state in the S- 
containing and inclusion-free oxide toward the metal  
indicating loss of oxygen to the metal. At the oxide/  
atmosphere interphase the oxidation state remained 
at its m a x i m u m  n (x  = O) = 2.5. The P-conta in ing  
oxide sandwiched between these two layers again 
showed increased loss of oxygen, with constant  n(x) .  
The 40-S/40-P oxide lead to a similar profile, with the 
oxidation state general ly  lower than  in the previous 
case. In the 20-S/20-P oxide the same t rend continued 
with the exception of a gradient  of the oxidation state 
toward the atmosphere/oxide interphase. This t rend 
paral leled that observed in Fig. 9 for both the 80 and 
40V oxides. In the present case, the development  of 
the gradient  toward the atmosphere/oxide interphase 
was delayed and appeared only in the th innes t  of 
the three oxides. 

Mechanism o] oxide reduction.--The examples of 
oxidation state profiles given in this paper are in tended 
to i l lustrate  the method of deriving such profiles from 
galvanostatic reanodization curves. The reaction of 
anodic t an ta lum oxide with the adjoining metal  and 
gas phases is a dynamic process which precludes the 
establ ishment  of t rue equi l ibr ium conditions, except 
after very long times which would be impractical  ex- 
perimental ly.  For this reason none of the profiles given 
represent  equi l ibr ium conditions, at most they can be 
considered as quasi s tat ionary after the ini t ia l  more 
rapid changes. 

The profiles given in this paper, for the most part, 
appear to be determined by the kinetic l imitat ions of 
the decomposition of anodic t an ta lum oxide. They 
depended, in addit ion to the t ime of hea t - t rea tment  
and the thickness of the oxide, on numerous  other 
exper imental  variables, such as pressure and temper-  
ature of hea t - t rea tment  and the anodization conditions 
in cases where effects of incorporated ions were ob- 
served. The results of the s tudy of these variables wil l  
be published in the future. 

At this time, some qual i ta t ive conclusions can be 
drawn concerning the mechanism of oxide decomposi- 
tion. The inner  oxide, which can be considered free 
of inclusions from the anodization electrolyte, tended 
to lose oxygen to the metal  substrate with the rate 
determined by diffusion. From the init ial  gradients  of 
the oxidation state in the outer oxide it can also be 
concluded that  oxygen was lost to the substrate from 
oxide fur ther  removed from the substrate. In  the 
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case of P- inclusions substantial  amounts  of oxygen 
originating in the outer oxide had to be t ransported 
to the metal  by diffusion. However, the profile of the 
oxidation state revealed that  the profile was not deter-  
mined by the gradient  of the oxygen part ial  pressure 
in the oxide alone but  depended also on the composi- 
t ion of the oxide, especially the presence or absence 
of phosphorous. This does not mean that  different 
equi l ibr ium oxidation states exist for oxide with phos- 
phorous and without. Available evidence indicates that  
phosphorous affects only the rate of oxide decomposi- 
tion, i.e., its kinetics through a catalytic effect and 
that  after sufficiently long times similar quasi-s ta t ion-  
ary states are reached in all cases. 

For the oxide/atmosphere interphase the profiles 
presented in this paper lead to a surprising conclusion. 
In  those profiles that  were measured after short heat-  
t rea tment  (Fig. 8, 15 min)  in the case of anodization 
in H3PO4, or for thick oxides (Fig. 9 and 10: 160V) 
the oxidation state remained high at the interphase 
itself while a gradient  toward the metal  was in evi- 
dence. After longer t ime of heat - t rea tment ,  and with 
th inner  oxides, the profiles revealed a pronounced 
gradient  of the oxidation state toward the oxide/atmo- 
sphere interphase. These observations can only mean  
that  anodic tan ta lum oxide can lose oxygen to the 
atmosphere at the temperature  and pressure used dur -  
ing heat- t reatment .  The ini t ia l ly high oxidation state 
at the phase boundary  itself suggests a ra te- l imi t ing 
phase boundary  reaction. After  a sufficient degree of 
reduction diffusion appeared to become rate limiting. 
In  the case of P-conta in ing  oxide fur ther  complications 
seem to arise from the stabili ty of t ransi tory in ter-  
mediate oxidation states as revealed by constant  seg- 
ments  of the oxidation state profiles. 

The observation of a loss of oxygen in anodic tan ta -  
lum oxide at oxygen pressures of the order of 10 -5 
Torr and at 500~ shows that  a significant difference 
exists between this oxide and any crystal l ine modifica- 
tions of Ta2Os (17). The results given here show that  
anodic tan ta lum oxide can under  these conditions be 
reduced to lower oxides with an oxidation state n 
below 1.5. For ~-Ta205 the deviation from stoichiom- 
etry was immeasurably  small below 700~176 and 
still estimated to as low as x = 10 -9 for Ta2Os-z at 
about 1200~ and 10 -11 Torr oxygen pressure (17). 

Conclusions 
1. Constant  current  reanodizat ion of anodic t an ta lum 

oxide which had been subjected to hea t - t rea tment  in 
vacuum (e.g., 10-s Torr 02, 500~ lead to potent ial-  
charge curves which indicated that  substant ia l  amounts  
of charge were required to reach the original anodiza- 
tion potential  of the oxide. It could be shown that 
this charge was ionic charge consumed in the restora- 
tion of part ial ly reduced tan ta lum oxide (TaOn) to its 
original oxidation state (TAO2.5). 

2. The restoration of the oxide was proceeding with 
ionic current  efficiencies iion/i ~ 1.0, similar to the 
anodization of h igh-pur i ty  tantalum. Uniform or non-  
uniform electronic charge transfer  could be shown to 
be negligible wi th in  the sensit ivity of the KI-s ta rch  
pr in t -ou t  method. 

3. The rate of loss of oxygen during hea t - t rea tment  
was found to be strongly dependent  on ions which 
were incorporated into an outer half  of the anodic 
oxide during anodization. Phosphorous incorporation 
led to increased rate of loss, in the outer part  of the 
oxide, compared to oxide free of ions from the elec- 
t rolyte  ( inner  part) .  Oxide anodized in dilute H2SO4 
showed a behavior similar to oxide free of ions. Oxide 
anodized, consecutively, in  dilute H3PO4 and H2SO4 
resulted in reanodization curves after hea t - t rea tment  
which corresponded directly to the mul t i layered struc-  
ture established by radiotracer experiments  (11). 

4. From reanodization curves at constant current  
charge as a function of reanodization potential  could 

be determined. It was shown that  reanodization poten-  
tial was l inear ly  related to distance into the oxide 
from the electrolyte/oxide interface. Thus, charge re- 
quired to restore part ial ly reduced t an ta lum oxide 
could be measured as a function of distance in the 
oxide. From such measurements  the profile of the 
oxidation state of heat- t reated tan ta lum oxide across 
its thickness could be derived. 

5. The oxidation state n of par t ia l ly  reduced tan ta -  
lum oxide was arr ived at by comparing the slope of 
its reanodization curve with that  obtained for the 
anodization of t an t a lum at the same cur ren t  density. 
Several  profiles of the oxidation state n ( x )  (where 
x ---- V/VA, distance from the electrolyte/oxide in ter -  
face) of t an ta lum oxide anodized in dilute H~PO4 and 
H2SO4 were presented in this paper. Addit ional  ex- 
per imental  variables were t ime of hea t - t rea tment  and 
oxide thickness. 

None of the profiles given represented equi l ibr ium 
conditions. Under  certain conditions quasi-s ta t ionary 
states were reached. They represent  typical examples 
of t ransi tory oxidation state profiles after  substant ial  
reduction in vacuum. 

6. During hea t - t rea tment  in vacuum (typically 
500r 10 -5 Tort, 120 min)  the anodic oxide lost oxy- 
gen to the metal  substrate, as well  as to the atmo- 
sphere. This conclusion was based on the direction 
of the gradients of oxygen deficiency in the oxidation 
state profiles. 

7. The observed deviations from stoichiometry in 
amorphous anodic t an ta lum oxide result ing from heat-  
t rea tment  at temperatures  between 300 ~ and 700~ 
and at pressures of the order of 10 -5 Torr  are far 
larger than expected for t an ta lum oxide in the crys- 
tal l ine state (17). Litt le if any  tendency for recrystal-  
lization was found for anodic oxide under  the given 
exper imental  conditions. Both observations indicate 
that amorphous oxide may  be more fundamenta l ly  
different from crystal l ine oxide than  was assumed in 
the past. It is expected that fur ther  investigations of 
its behavior dur ing heat - t rea tment ,  especially the 
kinetics of reduct ion and oxidation, wil l  help to further  
clarify some of these differences. 
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�9 3 +  3+  NaLnF4.Yb ,Er (Ln:Y,Gd,La): Efficient Green-Emitting 
Infrared-Excited Phosphors 

Tsuyoshi Kano,  Ha j ime  Y a m a m o t o ,  and Yoshiro Otomo 

Central Research Laboratory of Hitachi Ltd., Kokubunfi, Tokyo, Japan 

ABSTRACT 
Hexagonal NaLnF4:Yb'~+,Er :3* (Ln:Y, La,Gd) was found to be an efficient 

green-emit t ing  phosphor with infrared excitation. It was prepared by fir- 
ing a mixture  of Na2SiF6 and coprecipitated Ln1-~-zYb~Er~F3 at 630~ 
in an argon atmosphere. The opt imum firing condition of NaYF4:Yb'~+,Er :3* 
was revealed to lie in the region where (a) the decomposition reaction 
Na2SiF6 -~ 2NaF + S iF4 is complete, (b) l iquid NaF-NaYt-~-zYb.ErzF4 and 
hexagonal  NaY~-,-zYb~jEr~F4 are coexistent, and (c) the phase t ransi t ion of 
NaYI- , -zYb,Er~F4 from hexagonal to cubic does not occur. When pumped by a 
Si-doped GaAs diode, properly prepared NaYo.57Ybo.39Er~.o4F4 is 4 ,~ 5 times 
as bright  as the commercially avai lable  LaF3: Yb 3 +,Era+. 

Many visible-emitt ing,  infrared-exci ted phosphors 
have been reported as candidates for up-conversion 
devices. Typical examples are LaF3: Yb 3 +,Er 3 + (1-3), 
YF3:yb3+,Er 3+ (1, 2, 4), BaYFb:yb3+,Er3+ (5) as 
green- l ight  emit t ing and YOChYb3+,ErS+(6),  Y203: 
Yb3+,Er ~+ (7) as red- l ight  emit t ing phosphors. In  
Y~OC17:Yb 3 +,Er 3 + (6), red and yellow visual response 
have been reported at high and low Yb concentrations, 
respectively. 

Among /R-to-vis ible  convert ing phosphors, rare 
earth fluorides containing Yb ,~ § and Er ~ + were the first 
efficient series studied and the improvement  of effi- 
ciencies has been reported on BaF2-YF3 systems con- 
ta ining Yb 3§ and Er 3+. A series of experiments  in 
search of more efficient host materials  on the b inary  
fluorides doped with Yb 3+ and Er 3+ is a na tu ra l  con- 
sequence in the course of the development  of IR-to- 
visible convert ing phosphors. As const i tuent  ions to be 
substi tuted by Yb '~ + and Er 3+, y3+, Gd 3+, and La ~ +, 
abbreviated as Ln, are admit tedly  the first candidates. 

In selecting another const i tuent  e lement  besides Ln  
in b inary  fluorides, it is of exper imental  convenience 
to choose the elements of which fluorides are stable 
solids having mel t ing points not too low to be used as 
s tar t ing materials  or intermediate  products for firing. 
The elements having higher valency than  3 are thus 
excluded in  the first stage because the fluorides of 
these elements are mostly gases, liquids, or low melt ing 
solids at ordinary  conditions. This aspect restricts the 
elements under  consideration to monovalent ,  divalent,  
and t r ivalent  ones, Of the b inary  fluorides of these 
ions and Ln, alkali meta l - ra re  earth fluorides are the 
systems where few studies have been made on the IR- 
to-visible conversion using Yb ~+ and Er~+. 1 They have 
been reported as diluents to YbOC1 and related com- 
pounds to have tunable  emission of green to red de- 
pending on excitat ion intensit ies (8). /R- to-vis ib le  
conversion in LiYF4 has been reported using Yb 3+ and 
Ha 3+. The measured efficiency, however, was an order 
of magni tude  smaller  than  for YF3:yb3+,Er3+ (9). It  
is not clear whether  the lack of efficient phosphors 
reported in this system is s imp ly  due to incomplete 
investigations or has some physical basis. One possible 
reason is that  the alkali  meta l - ra re  earth fluoride sys- 
tems general ly have complex phase diagrams (10) 
which make it difficult to obtain well-crystal l ized 
single-phase materials.  As is shown in the detailed 
phase diagram of NaF-YF3 in Fig. 1 (11), for example, 
the t ransi t ion in NaYF4 between hexagonal  and cubic 

Key  w o r d s :  f luor ides ,  l uminescence ,  phosphors ,  i n f r a r ed .  
1 D u r i n g  the  r e v i s i o n  of t h i s  m a n u s c r i p t ,  we  n o t e d  the  p a p e r  ~14) 

d e s c r i b i n g  the  emi s s ion  of NaYo.~TYbo.~Ero.a~F4, I n  the  paper ,  a 
p r i v a t e  c o m m u n i c a t i o n  (15) was  c i ted  w h i c h  i n d i c a t e d  the  s t rong  
l u m i n e s c e n c e  of the  p h o s p h o r  u n d e r  IR r ad i a t i on .  A r e l a t ed  p a t e n t  
application has been disclosed recently (16). 

phases occurs at 691~ If one wants  to fire phosphors 
at temperatures  lower than  the t ransi t ion tempera ture  
in order to have purely single-phase materials,  an 
elaborate technique will be required to obtain well-  
crystallized homogeneous products because of the low 
firing temperatures.  This requi rement  is met by the 
use of the decomposition reaction of Na2SiF6 and the 
selection of correct firing temperature  and mixing 
ratio as described in this paper. 

The new synthetic method makes it possible to 
obtain fluoride phosphors at comparat ively low firing 
tempera ture  without  using hydrofluoric acid gas. This 
firing condition contributes much to the ease of pre-  
par ing fluoride phosphors, because convent ional  quartz 
tubes can be used. T h e  characteristic firing condition 
of the method in this work is compared with the 
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Fig. 1. Phase diagram of NaF-YF3 (11) showing relative lumi- 
nescence intensities of the fired mixtures of Na~SiFo and 
Yo.soYbo.19Ero.olF3 with IR e~citation. 

A Liquid, B NaF -Jr- liquid, C NaF -I- hexagonal NaF'YF3, D 
hexagonal NaF'YF3 + liquid, E fluorite cubic NoF'YF3 - -  
5NaF'9YF3 solid solution -I- liquid, F fluorite cubic NaF'YF3 - -  
5NaF-9YF3 solid solution, G hexagonal NaF.YF3 ss -~- cubic 
NaF'YF3 - -  5NaF'9YF3 ss, H cubic NaF'YFs - -  5NaF-YF3 ss 
ordered 5NaF.9YF3 ss, I hexagonal NaF'YF3 ss, J hexagonal 
NoF'YF3 ss -I- ordered 5NQF'9YF3 ss, K ordered 5NaF'9YF3 ss, 
L hexagonal NaF'YF3 ss + orthorhombic YF~, M ordered 
5NaF-9YF3 -~- orthorhombic YF3, N cubic 5NoF'9YF3 -J- ortho- 
rhomblc YF3, O orthorhombic YF3 -J- liquid, P high-temperature 
YF3 -I- liquid. 
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Table I. Methods of preparing/R-to-green converting phosphors 
activated with Yh 3+ and Er ~+ ions 

9 0 0 ~ 1 7 6  in  I-IF 
La.~O~ ~ LaF~ IRef .  ( 2 ) l  

g 5 0 ~ 1 7 6  in  H F  
YFa, BaF~ ~ BaYF: ,  lRef .  15) 1 

1100~ in  N2 
YFs, BeF~, NH~F �9 Y F ~ ( B e F ~ *  IRef .  141 ] 

630"C,  in  A r  
YF~, Na~SiF ,  * NaYF4  ( N a F ) "  [ T h i s  w o r k  ] 

M a t e r i a l s  in  p a r e n t h e s e s  a c t  as f lux.  

reported methods of prepar ing typical /R- to -green  
convert ing phosphors in Table I. 

Exper imenta l  
Powder samples were prepared by firing the mix-  

tures of Na2SiF6 (Morita Chemical Indus t ry  Company, 
Ltd.) and Lnl-y-zYbuErzF3. The lat ter  was coprecipi- 
rated from an aqueous ni t rate  or chloride solution of 
the proper composition by hydrofluoric acid and dried 
in  air at 120~ for a day. The raw materials  were fired 
in covered p la t inum crucibles contained in  a quartz 
tube in a purified argon atmosphere. The purified argon 
was obtained by using a rare gas purifier ( Japan  Pure  
Hydrogen Company, Inc.).  The gaseous SiF4 evolved 
dur ing the firing was trapped by aqueous NaOH solu- 
tion. The aqueous Ln  (containing Yb, Er) n i t ra te  and 
chloride solutions were obtained by dissolving 99.999% 
pure oxides (Shin-Etsu  Chemical Indus t ry  Company, 
Ltd.) in nitric acid and hydrochloric acid, respectively. 

The relat ive luminescence intensit ies of the powder 
samples were measured under  infrared excitation using 
a 1 kW tungsten- iodine  lamp with a Toshiba IR-D1B 
filter as an exciting light source and RCA-1P22 photo- 
mult ipl ier  as a detector. An interference filter with a 
window around 546 nm (,~q/2 < 11 nm) in front  of the 
detector selected the green luminescence. For the com- 
parison of luminescence intensities, thick powder lay-  
ers (ca. 150 mg /cm 2) were prepared on metal  patches 
with a butyl  acetate b inder  and were mounted  at an 
identical  position. The spectral energy dis tr ibut ion of 
the luminescence was measured with a Spex 1400 II 
grat ing monochromator  using a RCA-7265 photomul-  
tiplier as a detector. 

Differential thermal  analysis was carried out by 
using the apparatus (M8006) made by  Rigaku Denki  
Company, Ltd. 

The power conversion efficiency of the phosphor-  
coated l ight -emi t t ing  diode was obtained relat ive to 
GaAsP l ight-emit t ing diode whose efficiency had been 
determined elsewhere in this laboratory. The ratio of 
visible light output  of these two different types of 
l ight -emit t ing  diodes was obtained by comparing the 
spectral energy dis tr ibut ion of the emission of diodes 
set in an integrat ing sphere. 

The brightness of the phosphor-coated diodes was 
measured by using a Pr i tchard photometer  (Photo Re- 
search Company) .  

Results and Discussion 
We obtained NaYl-u-zYbyErzF4 by reacting Na2SiF6 

with coprecipitated Yl-u-zYbyErzF3 in an argon atmo- 
sphere for 1 hr at various temperatures  according to 
the reaction 

Na2SiF6 -F 2Yl-y-~Yb~ErzF3 

-~ 2NaYI-~-~Yb~Er~F4 "F SiF4 [1] 

With y and z arb i t rar i ly  chosen to be 0.19 and 
0.01, respectively, the mix ing  ratio of Na2SiF6 and 
Y0s0Yb0~gEr0.0~F~ and the firing temperature  were 
varied to determine the opt imum conditions. The rela-  
tive green luminescence intensities of the fired mix-  
tures upon IR excitation are shown on the NaF-YFs 

phase diagram (Fig. 1). e The cubic phase in the high- 
temperature  regions was found, by x - ray  analysis, not 
to be retained at room tempera ture  with the cooling 
rate of about 50~ that we employed. As is evident  
from Fig. 1, the most efficient phosphors can be pre-  
pared in region D where hexagonal NaYF4 and the 
liquid are coexistent. Thermal  charactersitics related 
to phosphor preparat ion in the temperature  region con- 
cerned are shown in Fig. 2. In this figure, the thermal  
decomposition curve of Na2SiFa (a) and the differen- 
tial thermal  analysis of the fired product (c) are com- 
pared with the dependence of the luminescence in ten-  
sity of the fired products (opt imum mixing ratio) on 
the firing temperature  (b).  The data shown in Fig. 2 
(b) and (c) are on the phosphor samples having the 
opt imum concentrat ion of Yb 3+ and Er 3+ (see Fig. 3 
and 4). As is shown in Fig. 2(a) ,  the decomposition 
of Na2SiF~ begins around 500~ and is complete around 

-~ I t  is  to  be  p o i n t e d  o u t  t h a t  t h e  t e m p e r a t u r e  s c a l e  of  F ig .  1 is  
s h i f t e d  u p w a r d  r e l a t i v e  to the  sca l e  a p p r o p r i a t e  to t h e  a c t u a l  sys -  
t e m  s tud i ed .  As  t h e  p h a s e  d i a g r a m s  of t h e  s o d i u m  f l uo r ide  r a r e  
e a r t h  t r i f l u o r i d e  s y s t e m s  (10) s h o w  t h a t  t h e  p h a s e  t r a n s i t i o n  t e m -  
p e r a t u r e s  d e c r e a s e  w i t h  t h e  d e c r e a s e  of t h e  i o n i c  r a d i i  of t h e  r a r e  
e a r t h  e l e m e n t s ,  t he  p h a s e  t r a n s i t i o n  t e m p e r a t u r e s  of N a F - Y F 3  sys-  
t e m s  a r e  e x p e c t e d  to d e c r e a s e  b y  t h e  p a r t i a l  s u b s t i t u t i o n  of Yb  a n d  
E r  for  Y. T h e  a c t u a l  l o c a t i o n  of t h e  o p t i m u m  p o i n t  i n  t h e  p h a s e  
d i a g r a m  w a s  c o n f i r m e d  by  the  t h e r m a l  m e a s u r e m e n t  (F ig .  2 ) .  
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Fig. 2. Thermal characteristics related to phosphor preparation. 
(a) Thermogravimetry of Na~SiF6 in N2. Rate of temperature in- 
crease: lO~ (b) Relative luminescence intensity of 
NaYo.57Ybo.39Ero.04F4 under IR excitation vs. firing temperature at 
the optimum mixing ratio. (c) Differential thermal analysis of 
NaYo.57Ybo.agEro,o4F4 ~ 0.2NaF (10~ 
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Fig. 3. Re la t ive  green luminescence  i n t e n s i t i e s  of 
NaY(o.99-u)Yb~Ero.olF4 with IR excitation. 
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Fig. 4. Re la t ive  green luminescence i n t e n s i t i e s  of 
NaY(o.61-z)Ybo.39ErzF4 with IR excitation. 

650~ when the tempera ture  is increased at the rate 
of 10~ The observed weight loss closely corre- 
sponds to the calculated weight of SiF4 gas evolved 
according to reaction [2] 

Na2SiF6 ~ 2NaF ~- SiF4 [2] 

The endothermic peak around 610~ in Fig. 2(c) 
corresponds to the formation of eutectic l iquid 
phase of NaYF4 and NaF at 638~ This correspon- 
dence was confirmed by the DTA experiment.  When 
the same sample was etched by dilute HC1 to re-  
move NaF, the endothermic peak around 610~ was 
completely removed. The endothermic peak around 
650~ corresponds to the t ransi t ion from hexagonal  
NaYl-y-zYbyErzF4 to cubic NaYl-y-zYbyErzF4. Upon 
cooling, the inverse t ransi t ion occurs around 540~ as 
is shown by the exothermic peak. 3 The observed exo- 
thermic t ransi t ion (cubic-hexagonal)  is consistent with 
the result  of x - ray  analysis described previously. In  
the case of NaYF4, an endothermic peak at 690~ due 
to the phase t ransi t ion from hexagonal  to cubic has 
been reported (12). The comparison of the t ransi t ion 
temperatures  observed on NaY0.~TYb0.39Er0.04F4-NaF 
system with those reported on NaYF4-NaF system 
shows that the t ransi t ion temperatures  are lower in  the 
former than in the latter. 

From the above discussions, it is concluded that  the 
opt imum firing tempera ture  at 630~ lies in  the tem- 
perature  region where (i) the decomposition of Na2SiF6 
is just  complete, (ii) a liquid phase is formed, and (iii) 
a cubic phase is not formed. 

These conditions may favor the formation of good 
luminescent  crystals of the hexagonal phase because 
(i) the SiF4 gas evolved is expected to remove oxygen 
impurit ies which are known to be strong quenchers of 
/R-exci ted green luminescence, (ii) the intermediate  
NaF would readily react with Yl-y-zYbyErzF3 as is 
usual  for freshly formed products of decomposition re- 
actions, (iii) the l iquid phase would behave as a flux 
to help crystal  growth, and ( iv)  the product is free 
from inhomogenei ty  arising from quenching of the 
h igh- tempera ture  cubic phase and from imperfections 
produced by the phase t ransi t ion in the cooling proc- 
ess. An exper imental  support  of (i) is provided by the 
fact that efficient phosphors are obtained by firing 
mixtures  of Na2SiF6 and Y0.57Ybo.39Er0.04F~ in p la t inum 
crucibles having  extra Na2SiF6 at the bottom. The 
extra  Na2SiF6 charged at the bottom of the crucible 
significantly contr ibutes to the reproducible formation 
of efficient phosphors, al though the decomposition 
product NaF at the bottom does not contact and react 
with Yl-~-zYbyEr~F3. 

I n  addition to the use of Na2SiFo as a s tar t ing mate-  
rial, another  essential point is to use coprecipitated 
Y~-y-zYb~ErzF3. If one uses mixtures  of separately 
precipitated YF3, YbF3, and ErF3, one can obtain only 
gray-colored samples whose luminescence intensit ies 

8 T h e  s m a l l  e x o t h e r m i c  p e a k  o b s e r v e d  a r o u n d  590~ is  p r o b a b l y  
d u e  to the  local  so l id i f i ca t ion  of  t h e  l i qu id  b e c a u s e  i t  is  r e m o v e d  b y  
e t c h i n g  t h e  s a m p l e .  
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Fig. 5. Spectral energy distribution of the luminescence of 
NaYo.57Ybo.:~gEro.04F4 with IR excitation at room temperature. 

are smaller  by a factor of five than those of samples 
prepared from coprecipitated fluorides. 

As is shown in Fig. 1, the most efficient phosphors 
can be prepared not from stoichiometric mixtures  but  
from those having some excess Na2SiF0. The resul t ing 
excess NaF contributes to the formation of a l iquid 
phase that  helps crystal  growth. The fired samples con- 
tain a small  amount  of NaF and its removal  by solution 
in water  or acids did not change the luminescence in -  
tensities significantly. 

The efficiency of the fired products was found to be 
sensitive to the firing program which controls the 
decomposition rate of reaction [2]. A typical firing pro- 
gram is as follows: the s tar t ing mixtures  (1.2 Na2SiF6 
+ 2Y0.57Ybo.~9Er0.04F3 put in p la t inum crucibles having 
0.3 Na2SiF6 at the bottom) are heated to 630~ in about 
1 hr, kept at that  temperature  for 3 hr, and cooled to 
room tempera ture  in about 10 hr. 

The efficient phosphors obtained were found by 
x - r ay  analysis to have the hexagonal  gagarinite struc- 
ture in accord with the phase diagram of NaYF4. A 
spectroscopic analysis of the phosphor revealed ca. 0.1 
w/o  (weight per cent) of Si as a major  impuri ty.  

The dependences of luminescence intensit ies of 
NaYF4:Yb 8+, Er 3+ on the concentrat ion of Yb ~+ and 
Er a+ are shown in Fig. 3 and Fig. 4. The opt imum 
concentrat ions of Yb 3+ and Er 3+ are 30 -~ 40 m/o  
(mole per cent) and 3 -~ 4 m/o, respectively. 

The spectral energy dis t r ibut ion of the luminescence 
of NaY0.57Yb0.~9Er0.04F4 upon IR excitation is shown in 
Fig. 5. The ratio of the intensi ty  of green luminescence 
to that  of red luminescence decreases with the increase 
of exciting IR intensity.  The data shown in Fig. 5 were 
measured on the phosphor coated on a domed Si-doped 
GaAs diode (10% eft.) operated with 50 mA current.  
The green and red emission originate from the elec- 
tronic transitions, 2Hll/2, 4 8 3 / 2  "--> 4115/2 and  4F9/2 -> 4115/2 
of Er  ~+, respectively. The emission around 540 nm due 
to the t ransi t ion 483/2 ~ 4115/2 is dominant  and the re-  
sult ing emission appears pure green. The lifetime of 
the green emission (T1/e) was observed to be 1.2 msec 
under  IR excitation with a Si-doped GaAs diode. 

Table II. Relative luminescence intensities of NaLnF4 
(Ln:Y,Gd,La,Yb,Er,Ho) with IR excitation 

C o m p o s i t i o n  Rel .  l u m .  in t .  

NaYo.57Ybo.~Ero.o4F4 400-540 
NaYo.soYbo.19Ero.olF4 170 
NaLao.soYbo.19Ero.olF4 155 
NaGdo.soYbo.19Ero.olF4 135 
NaYo.4oGdo.~oYbo.18Ero.01F~ 140 
NaYo.32Gdo.~Lao. ~Ybo.19Ero.olF4 145 
NaYo.soYbo. 19Hoo.olF4 23 
L a F s : Y b ,  Er*  100 

* T h e  t y p i c a l  / R - t o - v i s i b l e  c o n v e r s i o n  p h o s p h o r  u s e d  on  t h e  c o m -  
m e r c i a l l y  a v a i l a b l e  g r e e n - e m i t t i n g  d i o d e  of  t h e  I R - t o - v i s i b l e  con-  
v e r s i o n  t y p e  ( G E - S S L - 3 ) .  
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Table III. Variations of conversion efficiencies of phosphors kept in various conditions 

L u m i n e s c e n c e  i n t e n s i t y  
r e l a t i v e  to t h e  phos -  

C o m p o s i t i o n  Condit ion P e r i o d  p h o r  j u s t  f i red ( % ) 

NaYo soYbo.19Er0.olF4 K e p t  in  dese iea tor  w i t h  s i l i cage l  118 days  100 
K e p t  in  c losed vesse l  w i t h  w a t e r  118 days  100 

NaYo.57Ybo.~Ero,o~F4 K e p t  a t  100~ in  a i r  4 days  97 
Bo i l ed  w i t h  w a t e r  t h e n  k e p t  a t  100~ i n  a i r  20 ra in  88  

1 day  
Trea t ed  w i t h  di l .  HCI sol. 5 h r  98 
Coated  w i t h  p o l y s t y r e n e  b i n d e r  on  G a A s : S i  diode 

opera t ed  w i t h  50 m A  c u r r e n t  
Coa ted  w i t h  epoxy  res in  on  G a A s : S i  d iode  o p e r a t e d  w i t h  

100 m A  c u r r e n t  

4414 h r  86* 

3477 h r  91" 

* These  v a l u e s  i nc lude  d e t e r i o r a t i o n  of G a A s : S i  d iodes  and  b inders .  

Relative luminescence intensities of NaLnF4:Yb 3+, 
Er 3+ or Ho :~+ (Ln ---- Y,Gd,La) prepared by the method 
described for NaYF4:Yb 3+, Er 3+ are summarized in 
Table II. The phosphor having the composition of 
NaY0.~TYb0.39Er0.04F4 was found to be 4-5 times brighter  
than commercial LaF3: yb3+, Er3+ on a Si-doped GaAs 
diode by comparing the green light output  of the two 
phosphors coated on identical diodes. The resul tant  
over-al l  power conversion efficiency of the green-  
emit t ing diode reaches 0.01% with 60 mW (1.2V, 50 
mA) d-c power, when the phosphor is coated with 
polystyrene binder  on a 0.6 • 0.6 mm Si-doped GaAs 
diode4 having 3% conversion efficiency. When the 
phosphor is settled from aqueous suspension on a GaAs 
diode and covered with epoxy resin, the over-al l  power 
efficiency of the green-emi t t ing  diode increases to 
0.02%. The brightness of the phosphor-coated diodes 
was measured to be 250-350 f t-L 3 at the brightest  spot 
with 100 mA current.  In  comparing the values of 
brightness with those of direct l ight-emit t ing diodes, it 
should be taken into consideration that  the emit t ing 
area of phosphor layers is an order of magni tude  larger 
than that  of Si-doped GaAs. The brightness is expected 
to increase 4-11 times by using 6-10% eft. Si-doped 
GaAs diodes (13) because the dependence of the green 
luminescence intensi ty on the exciting infrared light 
intensi ty  is quadratic. By coating the phosphor on a 
10% GaAs:Si  domed diode with glycerin binder, we 
have obtained a green-emit t ing  diode having over-al l  
power efficiency of 0.2% with 470 mW input  d-c power, 
which is the highest value so far reported on the green- 
emit t ing diode of the /R-to-vis ible  conversion type. 

The conversion efficiency of the phosphor-coated 
l ight -emi t t ing  diode decreases to V2 when the tem-  
perature increases from 25 ~ to 65~ 

The results of test experiments  on the stabili ty of 
NaY057Yb0.39Er0.04F4 to hea t - t rea tment  in air are 

E m i s s i o n  p e a k :  957 rim. 
5 These  v a l u e s  were  o b t a i n e d  af te r  t h e r m a l  e q u i l i b r i u m  was  at-  

t a i n e d  w i t h  the  p o w e r  s u p p l y  on. The i n i t i a l  b r i g h t n e s s  was  2.6 
t i m e s  h i g h e r  t h a n  t h a t  a t  t h e r m a l  e q u i l i b r i u m .  The  eff iciency of t h e  
G a A s  d iode  decreased  to 2% a t  t h e r m a l  e q u i l i b r i u m  w i t h  100 m A  
cur ren t .  
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Fig. 6. Relative green luminescence intensi t ies  of 
NoYo.57Ybo.39Ero.o4F4 after heating for 2 hr in air. 

shown in Fig. 6. As shown in the figure, the efficiency of 
the phosphor is not affected by the hea t - t rea tment  
lower than 400~ in air. Other results of stabil i ty tests 
of NaYF4:Yb 3+, Er 8+ are summarized in Table III. 
They show that  there is no significant degradation of 
the phosphor under  the conditions investigated. 

In  conclusion, we have succeeded in preparing a new 
class of efficient and stable infrared-exci ted phos- 
phors using decomposition reactions. The decomposi- 
t ion reactions evolve nonoxidizing gases and provide 
intermediate  products which are very useful for the 
formation of efficient fluoride phosphors. 
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Chemical Vapor Deposited Polycrystalline Silicon 
M. E. Cowher and T. 0 .  Sedgwick* 

IBM Thomas J. Watson Research Center, York town  Heights, New York  10598 

ABSTRACT 

Mirror smooth thin films of polycrystal l ine silicon suitable for FET device 
processing have been chemically vapor deposited from silane at 650~ on 
different insulat ing materials.  Hall mobilit ies of p- type  and n- type  films have 
been measured for carrier concentrat ions between 1014/cc and 1020/cc. Un-  
usual ly high mobilities, wi thin  a factor of two of bu lk  silicon, were obtained 
in the 10'4/cc to 1017/cc carrier concentrat ion range. In situ vapor doping con- 
trol was irreproducible for carrier concentrat ions below 5 X 101S/cc. Evidence 
from radiochemical analysis, electron microscopy, and x - ray  analysis indi-  
cates that  there is a large concentrat ion of electrically inactive dopant  which 
is postulated to be in the grain boundaries. Undoped polysilicon films could 
be deposited with resistivities greater than 106 ohm-cm. 

Polycrystal l ine Si (poly Si) films are beginning to 
have a wide spread impact on semiconductor device 
technology. Bean et al. (1) first described the thermal  
conductivity of thick poly Si films which were to be 
used for a dielectric isolation scheme for single-crystal  
Si devices. More recently, poly Si has been used as the 
gate in a self-aligned gate process in field effect t r an-  
sistor (FET) fabrication (2). A direct antecedent of 
this paper was the report  of the fabrication of a rea-  
sonably good FET in a poly Si film by Fa and Jew (3) 
which brought  poly Si into the realm of active device 
materials. In all  probabili ty,  poly Si devices will  never  
compete with single-crystal  Si devices in applications 
requir ing high speed and high packing density. How- 
ever, poly Si devices may fill a need in other applica- 
tions requir ing devices to be fabricated over large 
areas and where single-crystal  substrates are not avail-  
able. 

There seems to be general agreement  that the 
smoothest polycrystal l ine deposits are composed of ex-  
t remely  fine, r andomly  oriented grains (4-7). Such fine 
grain deposits have been made most successfully via 
the pyrolysis of silane at temperatures  between 500 ~ 
and 700~ Ford et al. (6) reported that smaller grains 
were obtained on Si3N4- than on SiOs-covered sub- 
strates in a Hs atmosphere, but  uni formly  fine grains 
were found on both SiO2 and Si3N4 using a He deposi- 
t ion ambient  atmosphere. Most workers report an in-  
creasing degree of preferred grain orientat ion and 
crystall i te size as the tempera ture  is increased above 
700~ independent  of the chemical deposition system. 

There are little data in the l i tera ture  on the var ia-  
t ion of Hall mobi l i ty  with carrier  concentration,  espe- 
cially at love carrier  concentrat ion levels. The most ex- 
tensive data are those of Kamins  (8) who reported that  
in layers grown at 1035~ from silane, the mobi l i ty  
reached a max imum of 40 cmS/V-sec in p- type  samples 
doped with boron to the 101S/cc level and decreased for 
both higher and lower doping levels. The mobil i ty  
peaked similar ly in arsenic-doped samples but  the 
m a x i m u m  mobil i ty  was only 30 cm2/V-sec. With the 
exception of the diffused samples of Kamins,  where  a 
mobil i ty  approximately ~/2 that of bulk  is obtained for 
samples above 1019/cc, reported mobi l i ty  values have 
been scarce, irreproducible, and usual ly  a factor of 10 
to 100 times below bu lk  values (1, 6, 9, 10). 

Most workers (6, 8, 9, 10) have reported that  doping 
control dur ing  growth was very difficult, and in some 
cases significant amounts  of dopant  were incorporated 
into the crystal in an inactive state. 

The present study was under taken  to find first, a 
poly Si deposition process which would produce a very 
smooth film suitable for s tandard photoresist device 
processing, and thus avoid the thick film growth and 

* Electrochemica l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  m o b i l i t y ,  dop ing ,  g r a in  s t ruc tu re ,  low t e m p e r a t u r e .  

polish-back technique used by Fa and Jew. Second, 
the potential  for doping dur ing growth and the Hall 
mobilit ies of the result ing doped films are evaluated. A 
model is proposed to account for the unusua l ly  high 
Hall mobilit ies and irreproducible doping levels found 
for our samples doped below 2 X 101V/cc. 

Experimental Procedure 
Poly Si films were deposited from SiH4-H2 mixtures  

at temperatures  between 600 ~ and 750~ or from 
SiBr4-H2 mixtures  at 750~176 in conventional  ver-  
tical induct ion-heated reactors. For a summary  of sys- 
tem conditions, see Table I. The set of conditions for 
each system termed "operating conditions" were em- 
ployed to deposit all poly Si films for electrical, chemi- 
cal, and crystallographical analysis. Layers typically 
1-3 gm thick were grown on three different substrates; 
1.3 ~m thermal  SiO2 on Si, fused quartz, and sapphire. 
All  the quant i ta t ive data reported in this study were 
taken on layers 2.0 • 0.1 ~m thick. The films were 
either undoped or were doped dur ing  growth with 
B2H6 (p-type) or with PH3 (n- type)  in the range 1014- 
1026 atoms/cc. The surface qual i ty of the deposited 
films depended markedly  both on substrate preparat ion 
procedures and on deposition conditions. The crucial 
step in the preparat ion of all substrates was found to 
be an "aqueous oxidation" (11) in a solution of 3 parts 
30% stabilized H202 to 97 parts HsO at 90~ for about 
20 min  just  prior to deposition. Since the crystallite 
size decreased with decreasing temperature,  giving rise 
to smoother surfaces, most depositions were made at 
the lowest possible temperature.  The smoothest films, 
comparable to good epitaxial  Si, were deposited at 
650~ in the Sill4 system on SiO2. In the SiBr4-H2 sys- 
tem, the best films (matte surface) were grown at 
840~ depositions below 840~ were avoided because 
of the tendency of submicron films to be discontinuous. 
There is a slight degradation of surface quality of the 
films deposited from SiH4-H2 with increasing dopant 
concentration at 650~ However, there was no problem 
obtaining continuous submicron films in this system. 
Undoped poly Si films deposited from both systems 
exhibited a measured resistivity of --~106 ohm-cm and 

TaMe I. System conditions for deposition of poly Si films from 
SiH4-H2 and SiBr4-H2 mixtures 

Condit ions Sill4 SiBr4 

Temperature, ~ 600-750 (650) 750-900 (840) 
Si/H2 3 • I0-:~-4 • I0-~ 1 • 10-2-5 • 10 

(3.7 X 10 -9) (9 X 10-:~) 
Growth rate, A/rain 30-600 (600) 200-3000 (2500) 
Surface morphology Shiny to matter Matte to rough 

(shiny)* (rough) * 

* Operating conditions. 

1565 
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several high-concentrat ion diffusions were made on 
these undoped samples. 

Tal lysurf  measurements  were made across an etched 
step to determine film thickness. To make electrical 
measurements  on doped samples, six, te rminal  Hall 
bars were cut ul trasonical ly from the wafers, so that  
the current  flow was parallel  to the sample surface. 
Standard d-c Hall measurements  were made to deter-  
mine resistivity, mobility, and carrier concentration. A 
modified four-poin t -probe  technique was used to mea-  
sure the resistivity of the undoped samples. A selected 
number  of n - type  (phosphorus-doped) samples were 
analyzed for total phosphorus content  using radio- 
chemical analysis. Several p- type (boron-doped) sam- 
ples were studied for crystal l i te  size, boron precipi ta-  
tion, and preferred orientat ion using carbon surface 
replicas, glancing angle x - ray  analysis, scanning elec- 
t ron microscopy (SEM), and high-voltage electron mi-  
croscopy (HVEM))  The samples were either cleaved 
(for SEM) or the substrates were removed by chemical 
etching and ion mil l ing for (HVEM). 

Results 
Film morphology and grain structure.--The most im- 

portant  factors in obtaining smooth poly Si films in 
the Sill4 system were the use of careful cleaning pro- 
cedures, especially the peroxide cleaning steps, and the 
use of low film-deposition temperature.  The best de- 
posits were obtained on thermal  SiO2. Of somewhat 
poorer qual i ty  were deposits on fused SiO2, and the 
few deposits made on sapphire were dist inctly less 
uniform. The surface qual i ty of deposits on thermal  

1 T h e  H V E M  p i c t u r e s  w e r e  t a k e n  by R. M. F i s c h e r  a n d  A. S z i r m a e  
a t  t h e  U.S.  S t e e l  F u n d a m e n t a l  R e s e a r c h  L a b o r a t o r y  in  M o n r o e v i l l e ,  
P e n n s y l v a n i a .  

SiOe was quite reproducible but  any relaxat ion in the 
cleaning procedure or inadver ten t  contaminat ion led to 
seriously degraded, nonuni fo rm surfaces. Electron mi-  
crographs of two poly Si samples grown at 650~ on 
thermal  SiO.~ and doped with boron, one l ightly (1014/ 
cc) and another heavily (101:~/cc), are shown in Fig. 
1. The electron micrographs of carbon surface replicas 
(A) show the ext remely  f ine-grain texture  of the 
lightly doped sample. This appears as a very highly 
reflecting surface to the naked eye comparable to good 
epitaxial Si layers. This photograph was taken in a 
slightly defected area to show the few large Si grains 
protruding above the surface which were occasionally 
seen and which represent the only obvious defects in 
the surface. A water  mark  on a wafer or an unclean 
wafer will give rise to a very  high densi ty of such 
grains. The heavily doped sample shows an over-al l  
rough surface tex ture  due to large grains. Electron 
diffraction pat terns (B) and high-voltage electron 
transmission micrographs (C) show that the l ightly 
doped sample consists of fairly uniform random grains 
250-350A in size and the heavily doped samples of 
slightly preferred ~110~  oriented grains 2000-3000A 
in size. The scanning electron micrographs of a frac- 
tured edge of the poly Si films show essentially no tex- 
ture in the l ightly doped sample. However, columnar  
growth does appear in the heavily doped samples. No 
evidence of a boron-r ich phase was observed in any 
sample using HVEM. These results are summarized in 
Table II along with data obtained on an intermediate  
doped sample which exhibited properties in termediate  
between those found above. 

Phosphorus-doped samples deposited at 650~ ap-  
peared visual ly identical to the boron-doped samples 

Fig. 1. Film morphology and grain struc- 
ture of lightly (1014/cc) and heavily (1019/ 
co) boron-doped polycrystalline silicon 
grown at 650~ on thermal SiO~. 
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Table II. Characteristics of boron-doped poly Si deposited on 
thermal SiO2 

S u r f a c e  m o r p h o l -  M i r r o r  
ogy  s m o o t h  S l i g h t l y  d u l l  S l i g h t l y  m a t t e  

C a r r i e r  c o n c ,  N,~, 1014 1017 101' 
cm-3 

G r a i n  size, A 250-350 900-1100 2000-3000 
G r a i n  o r i e n t a t i o n  R a n d o m  Mos t ly  r a n d o m  P r e f e r r e d  < 1 1 0 >  

as a function of doping level. Al though no detai led 
electron microscope examinat ion of the phosphorus 
samples was made, the visual  s imilar i ty and similar  
results f rom glancing x - r ay  diffraction pat terns  of both 
phosphorus- and boron-doped samples lead us to be- 
l ieve that  the grain s t ructure  is similar. The somewhat  
rougher  surface of the phosphorus samples grown at 
840~ is presumably  associated wi th  larger  grain size. 
The grain s t ructure  of the diffused samples was not 
studied. 

Doping during growth.--Most samples were  doped 
during growth with  ei ther  PH3 or B2H6. Figure  2 shows 
the electr ical ly active boron dopant or carr ier  concen- 
tration, NA, of films deposited on both thermal  SiO~ 
and fused quartz  substrates as a function of boron- to-  
silicon ratio, B/Si ,  in the vapor. (To avoid confusion 
in the following, the composition of the vapor  is always 
referred to as a ratio, B /S i  or P/Si ,  and is a pure num-  
ber, e.g., 10-5. The concentrat ion of carr iers  or elec- 
t r ical ly  act ive dopant, NA or  ND, in the crystal  is al- 
ways referred to on a concentrat ion basis, e.g., 1020/cc.) 
The NA values were  obtained f rom Hall  measure-  
ments. For  high doping levels, 5 X 1OlS/cc to 2 X 1019/ 
cc, NA was propor t ional  to the B / S i  ratio as is usually 
the case and as is shown for boron-doped s ingle-crystal  
Si grown at high temperature ,  as indicated by two 
different curves (Fig. 2, curves  A and B) from the 
l i tera ture  (11, 12). The highest doping concentrat ion 
obtained, 4 X 1019/cc, is close to the solubili ty l imit  
(13) of boron in Si ext rapola ted  to 650~ The ex-  
t remely  rapid decrease in NA below a B / S i  atom ratio 
of ~5  X 10-5 is unprecedented  as far as we know in a 
Sill4 system. In this range it was not possible to predict  
or control  the value of NA wi th in  the range of values  
f rom 1014/cc to 5 >< 101S/cc by sett ing the B / S i  vapor  
phase ratio. The samples grown on fused quar tz  seem 
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Fig. 2. Acceptor concentration, NA, vs. B/Si atom ratio in vapor 
for poly Si samples deposited from Sill4 at 650~ A ,  Thermal 
SiO2 substrates; + ,  fused quartz substrates. Single-crystal doping: 
-, boron doping of Si from B2H6 and SiCI4-H 2 at 1500~ A (11); 
B (12). 

to show the same precipitous decrease of NA wi th  de- 
creasing B / S i  ratio but  at a sl ightly higher  B / S i  value. 

F igure  3 shows the variat ions of electr ical ly act ive 
phosphorous dopant or carr ier  concentrations, ND, de- 
posited at 650 ~ and 840~ as a function of the phos- 
phorous to silicon ratio, P/Si ,  in the vapor. In a man-  
ner similar  to the boron results, ND, be tween 5 X 101s/ 
cc and 3 • 1019/cc, is roughly proport ional  to P/Si .  
Above 3 X 1019/cc, ND is no longer proport ional  to P / S i  
but it does depend on P / S i  in a manner  closely paral le l  
to s ingle-crysta l  doping curves  (Fig. 3, curves A and 
B) obtained at high t empera tu re  (12, 14). The values 
of ND drop precipi tously when  the P / S i  atom ratio is 
decreased below ~5  X 10 -5 . Therefore  it was not 
possible to control doping levels  below 5 X 1018/cc by 
vary ing  P/Si .  There  seems to be no essential difference 
be tween the data points obtained f rom deposits made 
at 840~ in the SiBr4-H2 system and those obtained at 
650~ in the SiH4-H2 system. The m a x i m u m  value of 
ND observed agrees wel l  wi th  the solubili ty l imit  (15) 
of phosphorus in Si ext rapola ted  to the two deposition 
temperatures .  

F igure  4 shows the electr ical ly active dopant concen- 
tration, ND, and the total  phosphorous dopant concen- 
tration, ND T, f rom neutron act ivat ion analysis of some 
samples as a function of P/Si .  Some of the samples had 
ND values too low to measure. The ND and ND w points 
jo ined by dotted lines are for individual  samples on 
which it was possible to make  both measurements .  ND T 
is found to be proport ional  to P / S i  over  the whole 
range and the data are fit by Eq. [1] 

ND w : P / S i  �9 35 X 1022 [1] 

which is drawn as the solid line in Fig. 4. The dramatic  
drop off in ND as ND w decreases l inear ly  wi th  P / S i  is 
discussed later and a model  is postulated (see dashed 
curve)  to describe this phenomenon.  The difference be- 
tween ND w and ND which is NGB is re fer red  to as the 
electr ical ly  " inact ive"  dopant concentrat ion and is dis- 
cussed in detail  in the section on Doping during growth. 

N G B  : N D  w - -  N D  [ 2 ]  

Hall mobility of po[y Si doped during growth.--The 
Hall  mobili ty,  ~H, was obtained f rom the ratio of the 
Hall  signal and the resis t ivi ty as measured at room 
tempera ture  and is shown for p-  and n- type  samples 
respect ively  in Fig. 5 and 6. 
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Fig. 3. Donor concentration, ND, vs. P/Si atom ratio in vapor 
for poly Si samples deposited on thermal SiO2 substrates. A De- 
posited at 650~ from Sill4, �9 deposited at 840~ from SiBr4-H2. 
Phosphorous-doped single-crystal silicon, A (14); B (12). 
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Fig. 6. Hall mobility, #H, vs. donor concentration, ND, for poly 
Si samples doped with phosphorous and deposited on thermal St02. 

Single crystal mobility (16), ,~ deposited at 650~ from 
Sill4, �9 deposited from SiBr4-H2 at 840~ [ ]  sample diffused 
using POCL3 at 825~ for an 8-min cycle. 

The variat ions of ~H with carrier concentration, NA, 
ND, is quite similar for both p- and n - type  samples. 
For carrier concentrat ions above 5 • 10Z8/cc, the Hall 

mobil i ty of poly Si grown at 650~ is 1/10 (p-type) to 
1/30 (n- type)  of bulk  values (16). On the other hand, 
the two diffused samples and the one n - type  sample, 
doped to 2 • 1020/cc carrier concentrat ion and  grown 
at 840~ exhibit  values of ~H ~ to I/4 of that  of bulk. 
With decreasing carrier density from 5 X 10]8/cc down 
to about 2 • 1017/cc, the mobil i ty  of p - type  samples 
decreases and becomes more variable. Somewhat sur-  
prisingly, in the fur ther  decrease of doping below I017/ 
cc, the Hall mobil i ty  of both n -  and p- type  samples 
r i s e s  and is I /2 to i /3  that  of bu lk  samples down to 
10]4/cc carrier density. At the lower doping levels, the 
Hall measurements  become more difficult and are less 
reproducible. Data were included in Fig. 5 or 6 only if 
the Hall  signal was greater than  60% of the cur ren t -  
voltage drop in the sample and only if all three Hall 
voltages were of correct sign and if the data were con- 
sistent in every other way. Even when employing these 
criteria, most of the data were included (8 out of 13 
samples).  

Undoped samples always had a resist ivity > 106 
ohm-cm, as measured by a modified four-point -probe 
method, but  the Hall  signals were too low to be mea-  
sured by our apparatus. 

D i s c u s s i o n  

Structure.--With regard to surface smoothness of 
undoped samples, our results appear comparable to 
those of Ford e t a l .  (6) and Deluca (4) who also grew 
poly Si at low temperatures.  Our poly Si grains, like 
theirs, are around 300A in diameter  and are randomly 
oriented. Unl ike  Ford, who grew from Sill4 in He, we 
find small grain size and highly uniform surfaces de- 
posited from Sill4 in a hydrogen ambient.  This may be 
due to the peroxide cleaning step we employed which 
is so important  in preparing substrates. The increase 
in particle size up to 3000A as the doping increases up 
to 1019/cc has not been reported previously. The s imul-  
taneous appearance of a sl ightly preferred <110> ori-  
entat ion with the larger grain  size is curious because it 
h a s  been observed that an increase in  deposition tem- 
perature produces exactly the same two associated 
effects. The smooth and shiny films obtained on ther-  
mal  SiO2 show that  it is the most uniform substrate of 
those used and that  poly Si is extremely sensitive to 
variations in nucleat ing conditions. 

Doping during growth. Figure  4 shows that  the 
s h a r p  decrease in ND for low P /S t  values occurs even 
though the total phosphorous content  of the samples 
remains  proportional to P/St.  Thus, some of the phos- 
phorous is present in the crystal in a form which does 
not contribute significantly to electrical conductivity.  

Similarly, Kamins  (8) has reported that  in vapor-  
doped poly Si grown at 1035~ ND, the electrically a c -  
t i v e  arsenic concentration, is less than the total  As con- 
centrat ion below 1018/cc. He has also inferred from an 
indirect method that boron-doped samples behave 
similarly. Although we have no data on total boron 
content of our boron-doped samples, we presume for 
the remainder  of the discussion that they behave in the 
same manner  as the one  doped with phosphorous. 

As regards the location of these electrically "inac- 
tive" atoms, we have considered several models: (i) 
preferential  deposition in grain boundaries  which we 
feel is most likely, (it) distr ibuted deposition in grain 
boundaries and in the bulk, and (Vii) formation of in-  
terstitials or clusters in  the bu lk  of the grains. We first 
present  the most l ikely model (i) and finally make a 
few comments about why (it) and (Vii) are unsat is-  
factory. We feel the inactive atoms are deposited in 
the grain boundaries  because the assumption that  dep- 
osition occurs in the bu lk  of the grains leads to a con- 
tradiction as follows: from Fig. 4 it may be seen that  the 
effective bulk concentrat ion of inactive dopant atoms, 
NGB, is high ~10Zg/cc. If these atoms were in the bulk  
they would be ionized, al though the carriers must  be 
trapped somewhere to explain their  inactivity. The 
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1019/CC density of ionized impurit ies would necessarily 
limit the m a x i m u m  mobil i ty  that could be measured 
to values of about 100 cm2/V-sec (from bulk  curve 
Fig. 6), which is an order of magni tude  smaller than 
actual ly observed because of ionized impur i ty  scatter- 
ing. Therefore we conclude that the inactive atoms are 
in the grain boundaries.  A distinct, separate, three-  
dimensional  phase, e.g., SiB6 or SiP, was not observed 
in the HVEM examinat ion of samples, and it probably 
was not formed because we are still more than  an 
order of magni tude  below the solubili ty l imit for either 
boron or phosphorous in Si. 

In  order to account for the very rapid change of, say, 
ND with P /S i  ratio, it is necessary to postulate that  
no dopant atoms are deposited in the bulk of the crys- 
tallites unt i l  the grain boundaries  are completely satu- 
rated. After  the boundaries  are saturated, any fur ther  
increase in  P /S i  will result in dopant atoms being in-  
corporated into the bulk  of the crystallites. Quant i ta-  
t ively this model may be described as follows: the 
electrically inactive dopant concentration, NGB, given 
by Eq. [2], is now defined to be the equivalent  bu lk  
density, (a toms/cm ~) of dopant atoms but  which are 
located in the grain boundaries! For a simple grain 
geometry such as a cube 

3 X A X D s X S  
NGB = [3] 

V 

where A is the area of one cubic grain  face, V the 
volume, Ds the surface atom density of Si (1.35 • 1015), 
S the fraction of surface atoms covered or associated 
with an electrically inactive dopant  atom, and the 
factor 3 is the equivalent  number  of cube faces (~/2 the 
total) associated solely with this grain. 

Combining [2] and [3] and assuming an average 
grain size of 1000A, (or A = 106 A 2, V = 109 A 3) we 
have 

N D  = N D  T - -  4.05 X 10 20 S [4] 

where N D  w is given by Eq. [1] for the data in Fig. 4. 
We have fit Eq. [4] to the data of Fig. 4 using S as an 
adjustable parameter.  The best fit (dashed curve) de- 
scribes the N D  data very satisfactorily, with S equal to 
0.024, and exhibits the rapid change of N D  with P/Si.  
From Eq. [3] then, NGB equals 9.7 • 101S/cc. 

Let us now point out that the al ternat ive model 
which postulates that dopant  atoms are distr ibuted in 
equi l ibr ium concentrat ions between the grain bound-  
aries and the bulk  of the grains cannot explain the 
present result. Such a model would give a doping curve 
with ND proportional to P / S i  but  with a lower in ter -  
cept on the ND axis. It would not predict the observed 
sharp decrease of ND with decreasing P /S i  below the 
value of 5 • 10 -5 . 

We also believe that  the inactive dopant  atoms are 
not present  as interst i t ials  or clusters in the bu lk  of the 
grains for the following two reasons: first, both in ter -  
stitials and clusters would be expected to increase 
in concentrat ion slowly with increasing total dopant 
concentration, which is not observed. Second, the con- 
centra t ion of such clusters would probably  vary  with 
temperature,  which is not observed in Fig. 3 data. 

Mobitity.--The Hall mobility, ~H, of poly Si samples 
in  Fig. 5 and 6 is always observed to be less than that  
of the bulk. This is consistent with the expectation 
that  grain boundaries  will necessarily lower ~H. Let us 
now consider various portions of the doping range 
separately. 

At doping levels above 2 X 1018/cc, we note that our 
results and those of Kamins,  Ford, and Mai indicate 
that h igh- tempera ture  processing either dur ing  growth 
or dur ing diffusion is necessary to achieve high mo-  
bility. From 2 • 1018/cc to 2 • 1017/cc, no one reports 
very high mobilit ies but  the t rend of the mobil i ty 
change with decreasing doping is different for different 
investigations. We do not have a satisfactory ex- 

planat ion for mobil i ty  in either of the above ranges 
and will not speculate fur ther  here on its cause. 

We have developed, however, a basic explanat ion to 
account for the unusua l ly  high mobil i ty 2 of most of our 
samples doped from 2 • 1017/cc down to 1013/cc. His- 
torically, it is in this doping range where ~H, measured 
in many  different polycrystal l ine materials, has been 
found to be much lower than  in bulk  single crystals. 
The mobil i ty lowering has usual ly been at t r ibuted to 
the presence of potential  barr iers  at grain boundaries 
which have an increasingly det r imenta l  effect on the 
mobil i ty  as the carrier  concentrat ion is decreased. 

Now, because of the extremely small  dimensions 
(200-1000A) of the poly Si grains in this doping range, 
the usual band model of a potential  barr ier  is inap-  
propriate. For instance, at a doping level of 1018/cc, the 
space charge width is much larger than the average 
diameter of the grains, which is about 1000A. However, 
even if a potential  barr ier  picture is inappropriate,  
t rapped charges at surface states in the grain bound-  
aries would still lower mobility, and trapped charges 
at grain boundaries  are likely to be present in any 
case due to s t ructural  defects which are inevi tably  
present due to random orientat ion of neighboring 
grains. 

However, since we do not observe low mobility, it 
seems reasonable to suspect that  such barr iers  or 
charge scattering centers are effectively removed or 
compensated in our films. 

At this point we would l ike to speculate on two 
al ternat ive mechanisms by which the trapped charge 
centers might  be el iminated or compensated: 

1. The hydrogen present at our low growth tem- 
pera ture  el iminates surface states in the grain  bound-  
aries. 

In  support of this model we note that  low-tempera-  
ture, 300~176 but  not h igh- tempera ture  hydrogen 
anneal ing  has been very effective in removing fast 
surface states at Si-SiO2 interfaces (18). 

2. The presence of the large, ~1019/cc, concentrat ion 
of the previously described electrically inactive boron 
and phosphorous atoms compensates surface states in 
the grain boundaries.  

With regard to this model, we note first that  Dumin 
(19) has obtained significant evidence, in layers of 
single crystal  Si grown on sapphire near  1200~ for the 
presence of a high densi ty of acceptors in the middle of 
the upper half of the bandgap and donors in the middle 
of the lower half  of the bandgap. These centers in-  
crease in concentrat ion near  the Si-sapphire interface 
and may be due either to an impur i ty  or a s t ructural  
defect or both. Kamins  postulated that similar defects 
are present  in poly Si films. 

Specifically, we postulate that  the electrically in-  
active boron and phosphorous atoms may be pairing 
with and therefore compensating defects to produce 
either neut ra l  pairs or localized dipoles in  the grain 
boundaries.  These pairs would be relat ively ineffective 
in lowering mobility. The low temperature  of our dep- 
ositions would favor pair  formation which would be 
less l ikely at higher deposition temperatures.  In  the 
same way, if the free energy of formation of such pairs 
were very high compared to the free energy of dis- 
solving boron or phosphorous in Si, this would explain 
why the grain boundaries  apparent ly  become com- 
pletely saturated with dopant  before any  dopant ap-  
pears in the bulk  of the crystallites, as already dis- 
cussed. If there is a one- to-one  pair ing of inactive 
dopant atoms with defects, then  the surface defect 
density is in the 101~ defects/cm 2 range. It  is important  
to note that  the relat ively shallow acceptors and do- 
nors (boron and phosphorous) would be able to com- 
pensate any defect charge center of the opposite type 

2 The h igh  mobi l i ty  found  here  cannot  be expla ined  by the in-  
homogene i ty  effects discussed by Wolfe et al (17). In  his model,  
anomalously  h igh  mobil i t ies  are observed only when  the  total 
amount  of dopant  grea t ly  exceeds that  which  is p resen t  in our  
samples.  
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as long as the defect has the deeper electronic energy 
level. 

Summary 
It has been shown that thin polycrystal l ine silicon 

films having mirror  smooth surfaces suitable for photo- 
resist processing can be deposited at low deposition 
temperatures  over large areas on thermal  SiO2. These 
films exhibit  mobil i ty values approximately 50% of 
bulk values in the concentrat ion range between 1014/cc 
to 1017/cc and above 101.~/cc. This implies that fabrica- 
tion of FET's in the 101fi/cc doping range and the use of 
heavily doped Si for gate mater ial  looks quite promis-  
ing. 

It is suggested that the i r reproducible  doping during 
growth and the unexpected high mobil i ty  of l ightly 
doped samples are associated and caused by the selec- 
tive deposition of dopant atoms in grain boundaries  
which compensate local s t ructural  defects. The re-  
sul tant  pairs are electrically neut ra l  and therefore do 
not adversely affect the mobility. (Alternat ively,  hy-  
drogen may compensate or el iminate the s t ructural  de- 
fects.) 

Above 1019/cc, diffusion processes yield samples with 
higher mobil i ty  and doping levels than  does doping 
dur ing growth. 

The feasibility of fabricat ing FET's in poly Si is 
supported by the Hall mobil i ty  in the 1016-1017/cc car- 
rier concentrat ion range, reported in the present  work, 
on the premise that some other doping process be em- 
ployed other than doping dur ing growth. 
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Diffusion of Boron from Shallow Ion 
Implants in Silicon 

Sigurd Wagner 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

The use of shallow ion implants  as diffusion sources was studied on bare 
(111) silicon wafers implanted at room tempera ture  with 30 keV, 3-1014 cm-~ 
boron. Samples were annealed in purified argon at 900 ~ 1000 ~ and ll00~ The 
diffusion profiles of boron are determined by in-diffusion into the silicon and 
by dissolution, to equil ibrium, in the thin oxide layer on the surface. The 
amount  of boron retained in silicon decreases during the ini t ial  period of an 
anneal  and then remains  constant. More boron is retained the higher the tem- 
pera ture  and the lower the oxygen content  in the ambient  gas. With ~10 
ppm 02 in argon, losses range from 15 to 35% of the implanted dose. Exper i -  
menta l  results are reasonably well represented by the mathematical  formalism 
developed. The exper imental  data indicate that  the values listed in the l i tera-  
tu re  for sheet conductivi ty mobili t ies of holes are too low. 

The anneal  of boron implanted at room temperature  
into silicon can be thought to proceed in two steps. The 
electrical activity of the dopant is developed dur ing a 
brief  hea t - t rea tment  at a relat ively low temperature,  
typically (1, 2) 30 min  at 850~ Under  these conditions 
the  diffusion length, 2~/Dt, in undamaged silicon is 

Key w o r d s :  i on  implantation, d~ffusion, silicon. 

small as compared to the s tandard deviation in the 
Gaussian dis tr ibut ion of the implanted boron. The 
concentrat ion profile of the dopant  can be expected 
to remain  essentially that  of the original implant,  even 
if some damage-enhanced diffusion occurs initially. 

Anneals  at higher temperatures  and for longer 
periods of t ime al ter  the concentra t ion profile of the 
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implanted  boron in addition to developing its electr ical  
activity. This paper reports  the character izat ion of 
such "diffusion anneals." (111) silicon was implanted 
at room tempera ture  wi th  a dose of 3 �9 1014 cm -2 boron 
ions of 30 keV energy in a random direction. The 
wafers  were  annealed in a purified argon atmosphere.  

Analysis 
The as- implanted  distribution, af ter  a 30-rain an-  

neal at 850~ is well  approximated by a Gaussian dis- 
t r ibut ion with  its m a x i m u m  in the surface of the wafer  
(Fig. 1) 

C ( x , t  = O) = C ( x  = 0, t = 0) �9 e -~/4a 

Q 
= ~ "  e -z'/4et [ 1 ]  

(A list of symbols is provided at the end of the paper.) 
This distr ibution represents the source for subsequent  
diffusion into the silicon and into the very  thin oxide 
layer  which grows on the silicon surface even in pur i -  
fied argon. As the exper imenta l  results wil l  indicate, 
this SiO2 layer  is in equi l ibr ium wi th  the boron on the 
silicon side of the SiO2/Si interface, and the loss of 
boron to the ambient  gas is negl igible  (see Discussion 
section). Therefore,  all "out-diffusion" can be ac- 
counted for by an infinitely thin sink, of growing ca- 
pacity, and located at the SiO2/Si interface. The move-  
ment  of this interface re la t ive  to the bulk of the sili- 
con can be neglected because the oxides grown are  only 
up to a few hundred angstrom units thick. 

An analyt ical  expression for the ra te  by which the 
capacity of the boron sink increases is obtained from 
a characterizat ion of the oxide growth. Af te r  ion im-  
plantat ion and cleaning a 10-30A layer  of oxide covers 
the silicon. Dur ing the anneal  rapid init ial  oxidation 
occurs up to an oxide thickness of the order of 100A. 
Then the growth begins to proceed according to the  
l inear rate  law (3) 

u = A1 -1- A2 t  [2] 

Recent  exper imenta l  data (4) indicate that  the onset 
of parabolic (af ter  l inear)  g rowth  occurs at thicknesses 
as low as 200A. In any case no single exis t ing theo-  
ret ical  expression fits the oxide growth from vi rg in  
oxide to a few hundred angstrom units. It  is proposed 
to represent  this region by a phenomenological  para-  
bolic law 

u = x /B t  [3] 

which neglects the oxide exist ing at t = 0, but  takes 
the init ial  rapid growth and the subsequent  s lowdown 
into account. 

The diffusion equat ion can now be der ived in a man-  
ner  s imilar  to that  of diffusion f rom a predeposited 
source into a thick oxide growing on the  silicon, wi th  
negligible diffusivity in the oxide. This case was ana- 
lyzed by Huang and Wel l iver  (5). 

Diffusion into the silicon from the ion implanted  
source, wi thout  net flux across the interface, is de- 
scribed by 

X2 

C +  ( x , t )  : C +  ( 0 , t )  " e 4 ( a + D t )  

Q 
: . e  4C~+Dt) [4J 

A / ~ ( a  n u D t )  

However,  the actual boundary condition at the in ter -  
face results f rom diffusion into the growing oxide while  
equi l ibr ium is mainta ined at the interface and wi th in  
the oxide (for the oxide, boron implanted and boron 
incorporated by growth  is neglected)  

~ I { ~ D - -  - - - - - -k .  C(0,t) . m u ( t )  
OX x=o.t ot 

0 } [5] 
+ u ( t )  �9 - - C ( 0 , t )  

ot 

The second te rm on the r igh t -hand  side of Eq. [5] is 
smaller  than the first unti l  0 in C(O,t) /O In t ----- - - � 8 9  
when the net flux across the interface becomes zero, 
and the first te rm becomes small  as compared to its 
init ial  value�9 Therefore  the equat ion for out-diffusion 
from the silicon can be solved (6) approximately ,  by 
neglecting the second term, to give 

( x )  
C -  (x , t )  ---- A ( t ) e r f c  2 V ~ -  [6] 

A ( t )  is found by combining the der ivat ive  of Eq. [6] 
wi th  Eq. [5] 

C - ( x , t )  = - -  C(0,t) �9 �9 k 
2 

- -  X 
�9 ~ / B . e r f e  ( 2 , v ~ _ T )  [7] 

The diffusion equat ion and the boundary conditions 
are linear. Therefore  the actual impur i ty  profile can 
be obtained by adding C - ( x , t ) ,  Eq. [7], to C + ( x , t ) ,  
Eq. [4], and by solving for C(0,t) at x = 0 

C(x,t) 
= C+ (x , t )  + C -  (x , t )  o{ 
-= x / ~ ( a  + Dt)  e 4 ( a + D t )  

)} 2 1 _/-D-- 2v97- 
1-t- A/~_ ' -~-"  

[8] 
The amount  of boron re ta ined in the silicon is 

F Q ( t )  = Q -}- A Q ( t )  = =o C ( x , t ) d x  

{ lWf -_-Q 1 -  2 1 

1 + x/~- k -} 2A/Dt 
�9 "~x/V-g-~ [9] 

The la t ter  equat ion has several  important  conse- 
quences. First, boron is lost only during an initial 
period; the amount  of boron re ta ined in the silicon 
remains v i r tua l ly  constant as soon as Dt > >  a. Second, 
the loss A Q ( t )  increases with decreasing 1 / k .  x / D / B ,  

that  is, the larger  1 / k .  A / D / B ,  the more boron is r e -  

t a i n e d .  1 / k  �9 A / D / B  can be made large by keeping the 
concentrat ion of oxidant  as low as possible, and by an- 
nealing at as high a t empera tu re  as possible: the en- 
thalpy of act ivat ion for the oxidation (3), ,~2 
e V - m o l e  -I ,  is much smaller  than that  for diffusion 
which is ~3.5 eV �9 mole -1. k appears to be independent  
of temperature .  Therefore  

0 (1 x/o ) 
OT "k-�9 B" > 1 [ 1 0 ]  

In spite of the superposit ion of an erfc-profi le  on the 
Gaussian distribution, accurate coefficients of diffusion 

can be obtained when x > >  X / D t  and D t  > >  ~. Then 
D is calculated from the slope of a plot of In C vs.  x 2 
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a In C (x , t )  1 

O (x 2) 4(a  + D t )  

1 k / D t  

l+v~ k V~ 

1 
[11] 

4 (~ -F Dr) 

Experimental 
7-14 ohm-cm As-doped silicon wafers  (3.2 cm diam, 

~0.025 cm thickness) wi th  polished (111) surfaces 
were  implanted with 30 keV boron ions in a random 
direction, ~7  ~ off the {111} axis, at a dose of 3 �9 10 TM 

cm -~. Whole wafers, or chips, were  cleaned consecu- 
t ive ly  in organic solvents, conc HF, conc HNO3, conc 
HF, and water.  Slices were  annealed on a quartz  boat 
in the quar tz  l iner  of a resis tance-heated furnace. Pur i -  
fied argon (99.996%, nominal ly  less than (in ppm) 7 02, 
2 H2 30 N2, 2 CH4, 2 CO2, dew point --95~ =A 0.037 ppm 
H20) served as a protect ive gas; it was run through 
an acetone-dry  ice trap to keep the max imum  actual 
dew point at --78~ The argon flux was 0.5 cm �9 sec -1 
(STP) except  during and for 3 min after insert ion of 
a sample, when a flux of 5 cm �9 sec -1 (STP) was main-  
tained. 

Concentrat ion profiles were  determined mainly  by 
anodization profiling and sheet conduct ivi ty  measure-  
ments. Chips were  anodized in a potassium ni t r i te-  
te t rahydrofur furo l  solution (7) (2.8g KNO2 in 100 ml 
THFol)  while  being i r radiated with  light from a 
tungsten-halogen lamp. A constant current -constant  
voltage automatic crossover power supply was set to 
del iver  15 mA cm-~  and voltages between 196V 
( ~ 500), Si) and 294V ( =A 750A Si).  The anodization 
was stopped when the current  had decayed to v i r tua l ly  
zero. The thickness of anodic oxides was measured by 
visual comparison with  an oxide chart  cal ibrated by 
ell ipsometry.  

A square a r ray  four-point  probe (point spacing 
0.064 cm, 0.0025 cm tip radius, 50g load per  point) was 
used for the sheet conduct ivi ty  measurements .  L inear -  
i ty of signal voltage with  applied current  was f re-  
quent ly  checked. The signal voltage ranged from ~1 to 
~100 mV (8). A few sheet conductivit ies were  also 
measured on a Van der Pauw configuration (9) wi th  
In -Sn  soldered contacts. Agreement  was to wi thin  3%. 

All  samples were  profiled to beyond the pn junction. 
When the junct ions were  deeper  than 1 ~m, x~, cal- 
culated f rom the sum of the thickness of the anodic 
oxides were  wi th in  10% of xj f rom angle lapping, 
staining, and interferometry.  

(~s /AX)n was calculated for each profiling step n, 
and, except  for the first step n = 1, smoothed by 
ar i thmet ica l ly  averaging over  n -- 1, n, n + 1. Then C 
was obtained from the equation 

--~'x / x  -~ "~-x-x /x'---C'q'"h(C) [12] 

The hole mobi l i ty  t,h and its dependence on C are dis- 
cussed in the Appendix.  

Carr ier  concentrat ions were  also obtained from Hall  
effect measurements  on Van der Pauw patterns. Con- 
centrat ions were  measured  on as-annealed chips, and 
on several  specimens profiled by the copper-displace-  
ment  technique (2Cu 2+ + Si -- 2Cu + Si +4) wi th  
in te rmi t ten t  anodizations to smooth the silicon surface. 

Thickness and re f rac t ive  index of surface oxides 
were  determined by ell ipsometry.  

Results 
The concentrat ion profiles of two implants  annealed 

for 30 min at 850~ are plotted as log C vs. x 2 in Fig. 
1. The exper imenta l  data are  reasonably well  approxi-  

1019 l 

I018 

850~ 
I/2 h 

, I i I t [ 0 0.05 O, tO 0.15 
X 2 (#m 2 ) 

Fig. 1. Profile of implant after 30 rain anneal at 850~ 

mated by a straight line (Gaussian distr ibution) cor-  
responding to 

x~ 

C ( x , t  = 0) = 1.05 �9 1019 �9 e 4.1.36.1o-lo [13] 

The amount  of act ive dopant 

f0= C ( x , t  = 0)dx = C ( x  = 0, t = 0) �9 X / ~  
i 

= 2.13 �9 1014 cm -~ [14] 

indicates that  not all of the implanted boron had yet  
developed its electrical  activity. This act ivi ty  develops 
most slowly in the high-concentra t ion port ion of an 
implant  (10), thus in a na r row region near  x ---- 0 in 
the present  case. Consequent ly  a fur ther  anneal  to 
3 �9 1014 carriers per square cent imeter  would not have 
had a significant effect on the slope of the implanted 
profile and on ,~. 

Exper imenta l  profiles for the 900 ~ 1000 ~ and l l00~ 
anneals are  presented in Fig. 2, 3, and 4, respect ively.  
The diffusion coefficient at l l00~ (from the 4-, 9-, and 
16-hr profiles) is 1.7 �9 10 -13 cm 2 sec - i ,  at 1000~ (from 
the 12- and 48-hr profiles) 1.7 �9 10-14 cm 2 sec-1. The 
900~ profiles are ve ry  steep at high x due to par t ia l  
penetrat ion of the probe points through the junction. 
Here  D was der ived f rom the difference in slope of the  
42- and 168-hr profile at in te rmedia te  x 2 

I [ A(X 2 ) ~(X2) ] 

D2-1 -- 9.212(t2 -- tl) A(1og C2) A(Iog C1) [15] 

and was found to be 1.5 �9 10-15 cm 2 sec-1. The diffusion 
coefficients are in ve ry  good agreement  wi th  those of 
Ref. (11) for diffusion from a doped oxide source, and 
with  those of Ref. (12) for diffusion from a B2Os-satu- 
rated N2 atmosphere.  

The amount  of boron re ta ined in the silicon, Q( t ) ,  
was arr ived at by integrat ion of the C vs. x curves, and 
in par t  also by (uncorrected)  Hall  measurements .  
These data are shown in Fig. 5. The mobili t ies leading 
to two different sets for the sheet conduct ivi ty  data 
are discussed in the Appendix.  

In Fig. 6 the oxide growth at l l00~ is shown to pro-  
ceed approximate ly  by a parabolic law with  B = 
8.9. 10 -17 cm 2 sec -1. At 900 ~ and 1000~ the oxide 
growth was irregular ,  probably because of variat ions 
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Fig. 2. 900~ diffusions; experimental points and calculated 
profiles. 

)OO~ 
5 h  

12 h 
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I0 
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O I.O 2 . 0  

x ( u . m )  

Fig. 3. 1000~ diffusions; experimental points and calculated 
profiles. 

in the oxygen  and water  content (dew point) of the 
ambient  gas during the long anneal ing t imes involved.  
For these cases B was  calculated separately for each 
sample as B ---- u2/t. 

The distribution coefficient of boron between  the 
oxide and the silicon, k, was  derived from the amount  
of  boron lost from the silicon, a Q ( t ) ,  the thickness of  
the oxide, u, and the concentration of boron in si l icon 
at the interface, C(x = 0,t) 

aQ(t)  
k - -  [161 

u �9 C(0,t)  

Because of the scatter brought in w i t h  AQ(t), C(0,t ) ,  
and u, considerable scatter can be expected for k. The 
average value (from all  but the shortest anneal at each 

iO 19 

i i O O o C  

o I /4  h 

�9 I h 

a 4 h 

s 9 h 

z~ 16 h 
I 0 1 8  �9 ~' 

. 

iO  t7 

I I f 
I.O 2 .0  3 .0  4 . 0  

x (,u. m)  

Fig. 4. ll0O~ diffusions; experimental points and calculated 
profiles. 
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Fig. 5. Amount of boron retained in silicon 

temperature)  is k ---- 16 _ 5. k is l o w  for short anneals 
because the boron has not yet  attained equi l ibr ium 
wi th in  the oxide. 

A summary  of data is presented in Table I. The dif-  
fusion profiles calculated using Eq. [8] and the B and k 
values  just discussed are shown as solid l ines in Fig. 2, 
3, and 4; the calculated retained doses, Q (t) ,  are g iven 
in Fig. 5. 

Discussion 
The experimental  results were  used as a basis for 

assumptions made  for the analysis  of the boron dif-  
fusion. The initial  profile is w e l l  approximated by  a 
Gaussian distribution wi th  its m a x i m u m  at x ---- 0 (Fig. 
1). The growth of the oxide can be expressed in terms 
of a parabolic rate l a w  (Fig. 6) .  A constant coefficient 
of distribution of boron be tween  oxide and silicon, and 
equil ibration wi th in  the oxide, is supported by  the data 
of Table I, a l though wi th  a considerable margin  of  
error. However,  the values  for k are satisfactory in 
v i e w  of the possible errors in u, C(O,t), and especial ly  
in the "lost" portion of boron, AQ(t) ,  w h i c h  is found 
as difference of  two  larger quantities, Q ( implanted)  
and Q (t) .  The complex i ty  of the processes occurring in 
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Fig. 6. Thickness of oxides, 1100~ anneals 

the oxide must  also be kept in mind:  fresh oxide grows 
at the S i O J S i  interface and displaces previously 
grown SiO2 which has a higher content  in boron. Boron 
wil l  therefore diffuse toward the interface not  only 
from the bu lk  silicon, but  also from outer layers of the 
oxide. At 900~ the growth rate B and the diffusion 
coefficient of boron in SiO~ (13) are of comparable  
magni tude  and nonuni formi ty  of the boron concentra-  
t ion in SiO2 might result. Of course, there is always 
the question whether  such very thin oxide layers can 
be treated as bulk  phases. Altogether the value of k ---- 
16 ___ 5 compares favorably to values given in the 
l i terature for the case of thick oxides grown on bu lk -  
doped silicon (14), k = 3, silicon wi th  boron prede- 
posits (5, 15), k _-- 9 and k ---- 10, and for the t ransfer  
of boron from a SiO2 + B2Os layer  to silicon (11), 
k ~ 5 0 .  

The calculated profiles (Fig. 2, 3, and 4) and re-  
tained doses (Fig. 5) agree well with the exper imenta l  
results and support  the physical concept put  forward. 
No significant losses of boron to the ambient  gas did 
occur since the entire implanted dose is accounted for 
by the boron re ta ined in the silicon plus that  dissolved 
in  the oxide. 

One simplifying assumption for the present  study 
w a s  that  the diffusion length of B in SiO2 is at least 
comparable to the thickness of the SiO2-1ayer. The 
capacity of the oxide for boron is then proport ional  to 
its thickness, and the key quant i ty  de termining  the re-  
ta ined dose is 1 / k  �9 \ / D / B .  There is another  case of 
practical interest  which can be approached in a similar 
manner :  implanta t ion  through a thick layer  of oxide, 
into the silicon and subsequent  anneal  without  fur ther  
growth of oxide. The oxide layer must  be thick in com- 
parison to the diffusion length of boron in the oxide. 
Let the max imum concentrat ion of the implant  be in 
the SiO2/Si interface. During a brief anneal  the boron 

wil l  equil ibrate  across the interface and two essentially 
Gaussian profiles wil l  be set up, one in  SIO2, the other 
in  Si. If all secondary effects are neglected, the 
amounts  of boron in Si, Q(Si ) ,  and in SIO2, Q(SiO2), 
are then related to the respective concentrat ions at the 
interface, C(Si)  and C(SiO2), by 

Q(Si)  -- C(Si)  �9 ~/~ �9 D(Si)  �9 t [17] 
and 

Q(SiO2) = C(SiO2) �9 ~ /n  �9 D(SiO2) �9 t [18] 

The m a x i m u m  of both profiles wil l  be in the interface, 
where 

C(SiO2) ---- k �9 C(Si)  [19] 

Combining Eq. [17], [18], and [19], one o b t a i n s  

Q(Si)  1 , / D(Si)  
[20] 

"--" ~ " V Q (SiO2) k D (S iO2)  

If %/D (Si) > kx/D (SIO2), the boron tends to remain  in 
the silicon. If ~ /D(Si)  < kx/D(SiO2),  much of it will  
diffuse into the oxide. At llO0~ with D(Si)  ~ 1.7 �9 
10 -13 cm s sec -1 and k : 16 from t h e p r e s e n t  investiga- 
tion, and D(SiO2) ---- 3.5 �9 10 -17 cm 2 sec -1 from Ref. 
(13) 

1 / D (Si) 
V ~ 4 [21] 

"k- " D (SiO2) 

Thus it appears feasible to re ta in  a major  portion of the 
boron implanted through an oxide layer  if the dif- 
fusion anneal  is performed without  any  concurrent  
oxidation. The entha lpy  of activation, ~H~=, for diffu- 
sion in Si, 3.5 eV �9 mole -1, is slightly smaller  than that  
for diffusion in SIO2, 3.8 eV ' mole -1 (13). As a result  
the tendency for diffusion into the oxide increases with 
increasing temperature.  However, the difference in 
AH~ is small  and diffusion at an elevated temperature  
is advisable for expediency. 
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APPENDIX 

Hole Mobility ~th(C) 
The amount  of dopant retained in the silicon, Q( t ) ,  

was obtained by integrat ion of the concentrat ion pro- 
files as described in the exper imenta l  section. Ini t ia l ly  
hole mobilities, ~h, were taken from Ref. (16); they 
agree with the values used in Ref. (17). The mobil i ty  
vs.  concentrat ion relat ionship has been shown to fit an  
empirical  Fermi-d is t r ibu t ion  curve (18) 

Table I. Summary of experimental data 

T [ ~  9 0 0  
t [ h r ]  101/2 
D [ c m S  s e e - l ]  
10-13 �9 C (0,  t )  [ e m  ~ ]  ~ . 5  

( S h e e t  c o n d .  2 . 1 6  
I0-I~ �9 Q t  [em-2]~Hall 

i.Calculated 2.28 
r ~ i  J A n g l e  l a p  0 .4  

x j  L ~ , - J  ~ . P r o f i l e  0 . 6  
108 �9 u [ e r a ]  1 2 0  
B [Era 2 see -I] 3.8 �9 10 -17 
k 8.1 

900 900 I000 I000 i000 II00 
42 168 3 12 48 I/4 

1.5 , I0 -~ -- 1.7 �9 I0 -I~ - -  

8.0 3.6 "~.4 4.3 1.3 u 
2 . 4 1  2 . 1 6  2 . 3 1  2 . 4 0  1 .00  2 . 7 8  
2 . 5 6  - -  - -  2 . 4 8  2 . 1 0  2 . 8 0  
2 . 6 0  2 . 3 6  2 . 1 5  2 . 0 5  2 . 3 3  2 . 6 7  
0 .7  1 .4  0 .0  1 .2  2 .5  0 .6  
0 . 7 5  1 .5  1 .0  1 .3  2.7 0 .65  

4 0  1 2 0  136  1 2 0  3 9 0  39  
1 .1  �9 10  - l s  2 . 4  �9 10  -15 1 .7  �9 10-18 3 . 3 .  10 -17 8 .8  - 1 0 - ~  

2 1 . 3  1 9 .6  9 .6  11 .8  2 2 . 2  5 .7  

1100  1100  1 1 0 0  1100  
1 4 9 16  

- -  1 . 7 .  1 0 - I a  
5 .6  3 .0  -~ .7  1 .0  
2.55 2.63 2.47 2.66 
2.65 2.55 2.50 2.50 
2.59 2.56 2.55 2.54 
1.0  2 .4  3 .3  4 .1  
1.15 2.35 3.3 4.4 

52 119  187  2 2 0  
- -  8 . 9  . I0-~7 - -  

15.4 10 .4  17 .0  1 5 . 4  
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#max -- /train 
#h(C) = --~ /train [22] 

1 + (C/Cref) ~ 

with #max ~--- 495 cm 2 sec -1 V -1, train ~ 47.7 cm 2 sec -1 
V -1, /~ --~ 0.76, and Cref = 6.3 �9 1016 cm -3. 

Use of this equat ion with  the constants given above 
resulted in integrated doses, Q (t),  considerably larger  
than the total implanted dose of 3 �9 1014 cm-2  which is 
considered to be accurate to ___3%. Q(t) for the l l00~ 
anneals is shown in the upper portion of Fig. 5. A simi- 
lar observation has been made by Tsai (19) for a 100 
keV boron implant  with a dose of 1 �9 1015 cm -2. (The 
wafer  was capped, af ter  implantation, with SiO2 de- 
posited from ethyl  orthosilicate, and annealed in argon 
for 1 hr at 1050~ The total  dose found by integrat ion 
of the concentrat ion profile was 1.3 �9 1015 cm-2.)  

Errors  in (•177 can be ruled out as cause for this 
discrepancy because of the agreement  of ~s measured 
with  the four-point  probe with KS on a Van der Pauw 
pat tern  with soldered contacts, and because of the 
agreement  of the junct ion depths, xi, f rom anodization 
with  those from angle lapping. In-diffusion of p- type  
impuri t ies  from the furnace can also be excluded: in 
case of in-diffusion no concentrat ion max ima  could 
appear at x > 0. 

It was therefore  concluded that  the hole mobili t ies 
taken f rom the l i tera ture  were  too low in the concen- 
t rat ion range  of interest  (1017 < C < 1019 c m - a ) .  Ex -  
t rapolat ion of Q(t) of the l l00~ samples to 3.1014 
em -2 at t = 0 was taken as cri terion for correct mo-  
bilities. The assumption was made that  the values for 
~,,,a~ and #min, which are  independent  of C, are correct  
as well  as the shape of the t,h vs. C curve, which is 
de te rmined  by /~. Thus a new #h-C relat ionship was 
established by mere ly  shifting the exist ing curve paral -  
lel to the C-axis  to a higher  value  of Cr~r = 19" 1016. 
#h and K are plotted vs. C in Fig. 7 and 8, respectively.  

Carr ier  concentrat ions f rom uncorrected Hall  mea-  
surements  now agree well  wi th  Q(t)  f rom sheet con- 
duct ivi ty  measurements  (Fig. 5). A plot of the total  
amount  of dopant under  a given depth x 

l x j  C dx 
X 

as calculated from (uncorrected)  Hall  measurements ,  

f 000 
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Fig. 7. Hole mobility vs. total boron concentration. CREF---- 
6.3-1016 literature; CREF z 19.10 t6 this study (25~ 
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Fig. 8. Conductivity vs. total baron concentration. CREF = 
6.3" ]016 literature; CREF --~ ]9" |016 this study (25~ 
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and from sheet conduct ivi ty  measurements  wi th  both 
Cref  ~ 6.3 �9 10 TM and Cref  : 19 �9 10 TM cm -3 is shown in 
Fig. 9 for the 9-hr anneal  at l l00~ 

SYMBOLS 
oxidation constants 
one half  of the var iance of the as- implanted  
Gaussian distr ibution [cm 2] 
parabolic rate constant [cm 2 sec - I ]  
exponent  de termining the shape of the  hole 
mobi l i ty  curve  
total concentrat ion of boron in silicon [cm -3] 
conc of boron f rom Gaussian diffusion [cm -3] 
formal  concentrat ion of boron due to out -d i f -  
fusion into oxide [cm -~] 
diffusion coefficient of boron in silicon [cm 2 
see -1] 
enthalpy of act ivat ion [eV mole -1] 
distr ibution coefficient of boron between SiO2 
and Si 
sheet conduct ivi ty  [ (ohm/square )  - 1] 
bulk  conduct ivi ty  (ohm -1 cm -1) 
mobil i ty  of holes as a function of total  dopant 
concentration [cm 2 sec -1 V -1] 
upper  l imit  of mobi l i ty  of holes in silicon 
lower l imit  of mobil i ty  of holes in silicon 
total  implanted dose [cm -2] 
dose of boron re ta ined in silicon at t ime t 
[cm-2]  
loss of boron up to t ime t [cm -2] 
electronic charge [C] 
t ime elapsed since beginning of anneal  [sec] 
thickness of oxide [cm] 
distance f rom SiO2/Si interface [cm] 
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P-Type Dopants for GaP Green 
Light Emitting Diodes 

O. G. Lorimor and M. E. Weiner* 
Bel~ Telephone Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

In an effort to reduce the red Zn-O emission in GaP green LED's, acceptors 
other than  Zn were considered. Crystals were grown and green LED's fabri-  
cated from C- and Mg-doped material.  In  the C-doped crystals a half-power 
dependence of Na -- Nd as a funct ion of CH4 part ial  pressure up to a max imum 
at ta inable  Na -- Nd of ~1.5 • 101~ cm -3 at 900~ was found. Mg-doped crystals 
were grown with Na - -  J ~ d  Up to 101'9 cm -3. In  double LPE green LED's fabr i -  
cated from a C,N-doped layer grown on a Te,N-doped layer, the external  
electroluminescent  quan tum efficiency, 0, was as high as 0.1% at 200 A / c m  2. 
For single liquid phase epitaxy (LPE) diodes with a Mg,N-doped p-layer,  

= 0.006%. For the acceptors Be and Mg (and also for Si and  A1) thermo- 
dynamic calculations are  presented which consider the formation of the ni t r ide 
of the dopant through the interact ion with the NH3 used to s imultaneously 
dope the crystals with N. These calculations show that  at typical LPE growth 
temperatures  and under  conditions where the Ga is saturated with N, the 
order of increasing solubili ty is Be < A1 < Si < Mg. The low solubil i ty of 
A1 precludes the growth of heavily N-doped GaxAll-xP from Ga-r ich melts. 
These calculations also predict the low Nd -- Na which results wi th  s imulta-  
neous Si and  N doping. No such reaction involving the formation of a ni t r ide 
limits the solubil i ty of C dur ing  the LPE growth process. 

One of the present problems in the growth of mate-  
rial for the fabrication of GaP green LED's is the 
el iminat ion of the red Zn-O pair bound exciton emis- 
sion which accompanies the green. Present ly  both n-  
and p - type  LPE layers (1) grown by an open-flow 
dipping technique contain un in ten t iona l ly  added oxy- 
gen. All  diodes in which the p- layer  is Zn-doped emit 
some red light which indicates the presence of Zn-O 
pairs in the p- layer  (2). In  addition, the room tem- 
pera ture  electroluminescent  (EL) spectrum usual ly 
shows the ~1.35 eV infrared emission band which has 
been identified as the bound- to- f ree  t ransi t ion at an 
isolated subst i tut ional  O atom (3). Diodes fabricated 
from Te,N-doped mater ia l  where the junc t ion  is made 
by Zn diffusion (4) behave similar ly (5). 

The most obvious way to el iminate the red emission 
is to el iminate the O from the crystal. The possible 
sources of O include the Ga, the polycrystal l ine GaP 
used to saturate the melt, the fused quartz furnace 
tube and crucible, the H2 gas stream and the NH3 mix-  
ture used for N doping. The difficulty in de termining  
the relat ive importance of such possible O sources and 
el iminat ing them is compounded by the lack of a s im- 
ple, accurate method of measur ing the O content  of the 
LPE layers. Consequently,  in  addit ion to seeking meth-  
ods of reducing or e l iminat ing the O contamination,  it 
is also attractive to seek other means of e l iminat ing 
the red emission, in particular,  the replacement  of Zn 
by another  acceptor. However, in  doing so one must  
consider the interact ion of the dopant  with the NH3 

* Electrochemical  Society Act ive  Member.  
K ey  words:  gall ium phosphide, l ight-emit t ing diodes, l iquid phase 

epitaxial  growth.  

which is used as the source of N to obtain the green 
emission. For example, if one considers a dopant hav-  
ing a very stable oxide, ( thus reducing O solubili ty in 
Ga) one must  also consider whether  that  element  also 
has a stable nitride. 

The acceptors Be, C, and Mg, will  be considered in 
detail. Because of the fast diffusivity of Be (6), only C 
and Mg have been used exper imenta l ly  as dopants in 
this study. C does not form a stable ni tr ide and thus its 
solubili ty is not expected to be significantly influenced 
by the simultaneous doping with N. Consequently only 
the interact ion of NHa with Be and Mg wil l  be con- 
sidered in the calculations. Although not acceptors, the 
interact ion of NH3 with A1 and Si will  also be con- 
sidered. 

Experimental 
C,N- and Mg,N-doped layers have been grown for 

use as the p- layers  in LED's. The C-doped LPE layers 
were grown in an open-flow dipping system from 
900~ (1). The layers were grown on { l l l }B  oriented 
l iquid encapsulated Czochralski grown (LEC) sub-  
strates or on a Te- or Te,N-doped n- type  LPE layer 
which had previously been grown at 1000~ C-doped 
layers, ranging in thickness from ~ � 8 9  to 1 mil, were 
grown by cooling the melt  l l ~  at a ra te  of 6~ 
Three of the C-doped layers were also doped with N 
to ~1 • 1019 cm -~ by the addit ion of NHs to the gas 
stream (1, 7). 

Matheson u l t ra -h igh  pur i ty  (99.97%) CH4 gas was 
used as the source of C and introduced directly into 
the flowing gas stream. In  order to give the melt  t ime 
to saturate with C, growth of the crystal was not 
started unt i l  ,~40 min  after the CH4 was tu rned  on. 
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At a C S 4  part ia l  pressure PCH4 < 0.50 atm, no black-  Io'8 

ening of the furnace tube due to decomposition of the 
CH4 was noticed. At an unknown pCH4 but larger  
than Pcn4 : 0.7 arm, the furnace tube was 
heavi ly  coated with C due to CH4 decomposition. Con- 
sequently, the study was restr icted to PCH4 ~ 0.50 atm. 

The Mg-doped LPE layers were  grown in an open- 
tube modified version of the slider system described ~- 
by Panish et al. (8). The slider assembly was graphi te  'e 
whi le  the furnace tube was quartz. E lementa l  Mg of 
99.99% puri ty  cleaned by etching in dilute HC1 was z 
used as a source of Mg. It was found that  when the Z 
melt  was not capped with  a graphi te  lid, the quartz  
tube above the mel t  was severely  at tacked by the Mg 
vapor. Even with  the lid covering the mel t  a whi te  
substance, assumed to be MgO, formed on the mel t  
surface. 

The Mg-doped layers were  grown from 950~ by 
cooling 20~ at a rate  of 20~ The surfaces of the 
layers appeared to be of high quality. They had small  
"terraces," but  were  smoother  than  layers  grown in 
the dipping system. However ,  they were  nonuni form 
in thickness. F requen t ly  l i t t le  or no growth was found 
over  part  of the substrate while  -~1 mil  was found in 
other areas. This large thickness nonuniformity  was 
not observed when undoped or Te doped layers  were  
grown in the same system. 

The net acceptor concentrations, Na -- Nd were  
determined by surface barr ie r  capacitance measure-  Io '9 

ments using a Copeland profiler (9). The measure-  
ments were  pr imar i ly  made on the surface of the lay-  
ers. An in-depth  profile of one of the  C-doped layers 
showed no decrease in Na -- Nd with increasing depth 
from the surface ver i fying that  sufficient t ime was 
given for the mel t  to come into equi l ibr ium with  the 
CH4. 

R e s u l t s  
Figure  1 shows the net acceptor concentrat ion as a e u 

function of the CH4 part ia l  pressure in the gas s tream "~ io,8 
for the C-doped LPE layers. Al though ve ry  few data 
points were  taken, they fall  reasonably wel l  on a z ~ 
straight line wi th  a slope of 1/2. In all cases the back- 
ground Nd - -  Na "~ 6 X 1015 n - type  is considerably 
exceeded. Figure  2 shows Na -- Nd as a function of Mg 
concentrat ion in the Ga + GaP melt. Because some of 
the Mg added to the melt  was removed as MgO, the 
Mg dissolved in the mel t  for a crystal  growth run was 
actual ly less than that  added and shown as the abscissa 
in Fig. 2. Consequently,  for any given Mg concentra-  
t ion the value of Na -- Nd shown is only a lower l imit  
on what  one would measure  if no MgO formed. How-  
ever, this data does show that  one can easily Mg-dope 
GaP to 1 X 1019 cm -3 and gives a lower bound of 0.02 
for the distr ibution coefficient at 950~ Consequently,  
Mg,can be used to give the needed Na -- Nd for green 
LED's. 

Two of the C-doped layers were  grown on n - type  
LPE layers previously grown at 1000~ (1). Diodes 
were  fabricated from both of these LPE structures. The 
characterist ics of these diodes are shown as samples 
1 and 2 in Table I. 

The n- layers  in samples 1 and 2 are comparable  
both in Nd -- Na and minor i ty  carr ier  l i fe t ime 

CH 4 DOPING 
9 0 0 ~  

i I I I 

J 
J 

/ 
J 

/ 
J 

J 

o J 

J 

}0 [6 I 1 1 1 [ I } I I 
o.01 0.1 1.0 

PCH 4 (ATM) 

Fig. 1. Net  acceptor concentration as a function of CH4 partial  
pressure for GaP LPE layers grown near 900~  
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Fig. 2. Net  acceptor concentration as a function of M g  concen- 
t raHon in the liquid for GaP LPE layers grown near 950~  

to those which have produced diodes of ~ > 

0.1% with Zn,N-doped p-layers.  The minor i ty  car-  
r ier  l i fet ime of the p- layer  in sample 1 is compara-  
ble to that  found in Zn-doped layers. However ,  the 
Na -- Nd of both p- layers  is lower  than that  usually 
needed (--5 • 1017 cm -3) to produce efficient diodes. 

Table I 

N - L a y e r  P - L a y e r  
Diode  N a  - -  N a  N ,  - -  N d  

n u m b e r  D o p a n t  (cm -~) rme (ns) D o p a n t s  (cm-a) rrae (ns) VEL Diode  t ype  

1 ' re  3.5 • 10 tv 54 C, N 1.5 • 101~ 39 0.019, 50 m A  A C  mesa  
(100 A / c m  2) 

2 Te, N 7.5 X 10 TM 86 C, N 7.5 • 10 TM - -  0.i, I00 mA AC die 
(75 A/cm 2) 

3 Sn 3 • 1017 LEC Mg, N 1.5 • I0 Is 12 0.006, 50 mA AC mesa 
substrate (100 A/era ~) 

P r o p e r t i e s  of l aye r s  c o m p o s i n g  the  d iodes  d i scussed  in  t h i s  s tudy .  ~',ne is  the  m i n o r i t y  ca r r i e r  l i f e t i m e  as m e a s u r e d  by  the  g reen  P L  decay  
t ime.  



1578 J. E l e c t r o c h e m .  Soc.:  S O L I D - S T A T E  SCIENCE AND TECHNOLOGY N o v e m b e r  1972 

Thus, considering that  the n- layer  in sample 1 contains 
no in tent ional ly  added N, the encapsulated quan tum 
efficiencies of these samples are quite good. The value 
of 0.10% at 100 mA (75 A/cm 2) pulsed for sample 2 
is larger than that measured for many  Zn,N/Te,N- 
doped diodes. Consequently, C itself appears to be an 
acceptable acceptor from a luminescent  point of view. 
Its actual usefulness is l imited because of its low 
solubili ty in  Ga at 900~ 

Sample 3 is a diode fabricated from a Mg,N doped 
layer grown directly onto an n- type  LEC substrate. 
The efficiency, al though low, is comparable to that ob- 
served by Logan et al. (7) for single LPE structures 
on LEC substrates. In  addition, in the slider system 
the lid, and possibly the MgO layer, over the melt  prob- 
ably inhibi ted the NH3 from saturat ing the melt  with 
N. 

Figure 3 shows the EL spectrum of diode 1 at 100 
mA (200 A/cm2). The energy positions of the ni t rogen 
bound exciton and its phonon replicas are indicated 
by the arrows (10). The arrow at 1.78 eV indicates the 
position of the red Zn-O emission if it were present 
(2). The low energy rise in emission is due to the free- 
to-bound transi t ion involving oxygen which peaks 
near  1.35 eV (3). The broad, weak peak near  1.75 eV 
is present ly  unidentified but  has been observed pre-  
viously (11-13). The spectrum from diode 3 was found 
to be very similar  to that  of diode 1. 

At current  densities of 50 to 100 A/cm -2, green- to-  
red ratios of 30:1 to 100:1 were obtained for all three 
samples. Thus, the use of C or Mg as a p- type dopant  
is a satisfactory way of obtaining large green- to- red  
ratios. 

Interaction of Dopants with NH3 
The elements, Be, Mg, A1, and Si form stable nitrides. 

Thus, when  s imultaneously doping with one of these 
elements and N, the ni t r ide of the e lement  may form 
reducing the concentrat ion of the element  in the melt. 
The following calculations consider these reactions in 
such simultaneous doping. 

The only ni trogen source considered in these calcula- 
tions is NH3. It  is the purpose of this analysis to find 
what  combinations of ammonia  part ial  pressure, PNH3, 
and concentrat ion of dopant in the liquid, X l d o p a n t ,  a r e  

permissible. Thus the following reactions must  be con- 
sidered 

3Be(l)  + 2NHs(g) KI= Be3N2(s) -F 3H2(g) [1] 

3Mg(1) -t- 2NH3(g) K2= Mg~N2(s) + 3H2(g) [2] 
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Fig. 3. Room temperature electroluminescent intensity as a func- 
tion of photon energy for C,N/Te-doped, diode 1. The energy posi- 
tions of the N bound exciton A-line and its phonon replicas as 
determined from optical absorption are noted. The arrow near 
1.78 eV denotes where the peak energy position of the Zn-O red 
emission would fall if it were present. 

K 3  
AI(I) + NH3(g) = A1N(s) + 3/2H2(g) [3] 

3Si(1) + 4NH3(g) K=4 Si3N4(s) -{- 6H2(g) [4] 

It is assumed that PH2 -- 1 atm and that solutions 
containing Mg and A1 are ideal, i.e., the activity coeffi- 
cients ~Mg and "~A1 are unity.  Activity coefficients for 
Be and Si are at tainable from the Be-Ga and Si-Ga 
binary phase diagrams (14), if it is assumed that  phos- 
phorus and ni trogen do not influence these coefficients. 
These activity coefficients are listed in Table II. Thus 

1 
X I B e 3 / 2 p N H 3  -- [ 5 ]  

E l  ]/2,~Be3/2 

1 
XIMg3/2pNH3 - V ~  2 [ 6 ]  

1 
X I A I P N H 3  = .... [7] 

K3 

1 
Xlsi3/4pNH3 = [8] 

K41/4,ysi3/4 

Note that it is assumed that  the solid ni t r ide exists 
only at uni t  activity. This may not be valid for A1 
since Ga1-xAlzN could form. In  this case, the allowed 
concentrat ion of A1 in the solution is less than the 
value calculated. The equi l ibr ium constants K1, K2, K3, 
and K4 were calculated from data in the JANAF tables 
(15) and are listed in Table III. 

In addition to interact ing with certain dopants, NH3 
also reacts with Ga to form GaN. The mi n i mum pres- 
sure of NH3 at which GaN forms is the max imum 
equi l ibr ium pressure of NH3 in the system. If the activ- 
ity coefficient of ni trogen in Ga is independent  of con- 
centration, the presence of dopants, and if no nitrides 
form, the concentrat ion of ni t rogen in the solution is 
proportional to the NH3 pressure. 

In Fig. 4, the ma x i mum dopant concentrat ions for 
which the nitr ides of Be, Mg, Si, and A1 do not form 
are plotted vs. the NH3 part ial  pressure. In addition, 
the value of PNH3 at which GaN forms is shown (16). 

The permissible dopant concentrations and NH3 
pressures lie in the area to the left of the dopant curve 
and below the GaN line. In  the region above the dopant 
curve and below the GaN line, the dopant will  be re-  
moved from the solution as a ni tr ide unt i l  the dopant 
curve is reached. Thus, from Fig. 4, it may be seen that  
only very small amounts  of A1 can exist in solution at a 
reasonable NH3 pressure. Clearly, one will  not be able 
to produce heavily N-doped GaxAll-xP by growth 
from Ga rich melts. 

Table II 

T (~ 7Be 7sl 

8 0 0  43 2 . 5  
9 0 0  26 2.0 
950 20 1.8 

1 0 0 0  1 6  1 .5  
1050 14 1.4 

A c t i v i t y  coelTicients f o r  Be  a n d  Si  d i s s o l v e d  i n  l i q u i d  G a  d e t e r -  
m i n e d  f r o m  t h e  B e - G a  a n d  S i - G a  p h a s e  d i a g r a m s  f r o m  Ref .  (14). 

Table III 

T (~  Kz K2 Ka K4 

800 1.71 • 10 e7 4.11 x 10 TM 2.30 x 10 TM 8.04 X 10 ~ 
900 1.33 X 1025 1.14 • 1017 1.72 • 10 I'-' 1.31 X I0  "~2 
950 1.59 • i0  -~r 2.37 X 1016 5.52 • 1011 7.96 X i0 "~~ 

1000 2.25 • 109 5.55 • i 0  TM 1.94 • I0 'z 6.07 • I0 ~' 
1050 3.71 X 10 ~ 1.29 • 1015 7.39 • 1010 5.75 X 102s 

Equi l ib r ium constants for  reactions [1]-[4] de termined  f rom free 
energy data in the J A N A F  tables [Ref. (15)]. 
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Sil icon has been used as an n- type  dopant. In a typi -  
cal exper iment  an LPE layer was  grown at 1000~ 
wi th  zero NH~ partial pressure and Xlsi (added to 
mel t )  ----- 2.5 X 10 -~. From surface barrier capacitance 
measurements  Nd -- Na ~-~ 1.4 X 1017 cm -3 in this 
layer. In another layer, grown under the same condi-  
t ions except for the ammonia  partial pressure being 
h e l d  c o n s t a n t  at pNH3 : 7 X 1 0 - 4  a t m ,  Nd - -  Na  : 3 X 
10 ~6 cm -3. This result is consistent w i t h  the data in Fig. 
4. The Si  added to the me l t  wou ld  be expected to react 
wi th  the NH8 forming  Si3N4 until  an actual Si  concen-  
tration in the l iquid of Xtsi ~ 1.3 X 10 -6  is reached. If 
it is assumed that the Nd - -  Na = 3 X 1016 cm -~ is the 
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Fig. 4. Maximum concentrations in the liquid of AI, Be, Si, and 
Mg without the nitride of the element forming as a function of 
ammonia partial pressure and temperature. 

total Si  concentration in the solid, a value for the dis-  
tribution coefficient of 0.5 is obtained. This  value  com-  
pares favorably  wi th  a value  of  ~0 .7  est imated from 
the low Si concentration end of the calculated curve for 
the Si so lubi l i ty  for 1040~ from Trumbore et at. (17). 

Magnes ium appears to be a suitable dopant from the 
v i ewpoint  of  its reaction wi th  NH~. Only  at very  high 
doping levels  should problems wi th  the NHa inter- 
action occur. 

C o n c l u s i o n s  
LPE layers have  been grown using C and Mg as 

p - type  dopants. The spectra of diodes fabricated from 
material  where  the p- layer  was  doped w i t h  one or the 
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other showed g reen- to - red  ratios >30:1 at 100 mA. 
This ratio is considerably larger  than ~10:1 ratio that  
has been found in many  diodes where  the p - type  dopant 
is Zn (7). 

At 900~ the max imum Na -- Nd in the C-doped 
crystals that  could be achieved was ~ 2 • 1017 cm-~. 

In one case a Te,N-C,N diode with  a quan tum efficiency 
of 0.10% at 100 mA pulsed was measured. This effi- 
ciency is quite good in view of the low p- type  doping 
at tainable wi th  C compared to the doping level  of 
~5  • 101~ cm -3 in high-efficiency green LED's where  
Zn is the p - type  dopant. Consequently,  a l though C 
appears to be a satisfactory acceptor f rom a lumi-  
nescence point of view, it is present ly  not felt  to be a 
suitable dopant when  LPE growth is at 900~ for use 
in these diodes because of its low solubility. However ,  
at h igher  growth tempera tures  it is possible that  the 
solubili ty of C would increase. 

Mg, on the other hand, is amply soluble in GaP to 
provide the opt imum doping level. However ,  its strong 
affinity for O makes this dopant difficult to use during 
crystal  growth. Consequently,  fur ther  studies using 
Mg as a dopant are dependent  upon developing more 
nearly O free systems. 

Thermodynamic  calculations show that  when  one 
s imultaneously dopes with NH3 and an e lement  having 
a stable nitride, the ni tr ide of the e lement  may form 
and reduce the concentrat ion of the doping e lement  in 
the melt. This process can be par t icular ly  impor tant  at 
the (10 -~ < PNtI3 ~ 10 -3 atmospheres)  pressures of 

NH3 needed to heavi ly  N-dope the LPE layers. Such 
a react ion precludes the simultaneous heavy doping of 
GaP with  N and A1 or Be. While such a reaction is 
expected for Mg, it is not l ikely at the doping levels 
of interest. No such reaction may occur for C. Exper i -  
menta l  results for LPE layers where  heavy Si and N 
doping were  a t tempted are consistent wi th  the the rmo-  
dynamic calculations. 
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Lifetimes and Diode Characteristics 
in Epitaxial Silicon 

P. Rai-Choudhury* and D. K. Schroder 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 
The l i fe t ime in epi taxia l ly  grown silicon p-  and n- layers  and the  reverse  

I -V characterist ics of diodes fabricated in such layers, were  measured as a 
function of various growth tempera tures  and substrates of different dopants 
and doping concentrations. The epi taxial  layers were  grown by the  hydrogen 
reduct ion of silicon tetrachloride.  It  was found that  layers grown at l l00~ had 
significantly higher  l ifet imes (up to 200 ~sec) and higher  breakdown voltages 
than those grown at higher  temperatures .  Fur thermore ,  layers grown on 
heavi ly  phosphorus-doped substrates had much bet ter  characterist ics than 
those grown on ant imony-  or l ight ly  phosphorus-doped substrates. Chelat ing 
of the substrates prior to epi taxia l  growth had the effect of reducing the scatter 
as wel l  as- increasing the value of the l ifetime. Get ter ing with  P205 had a 
lesser effect on the diode characterist ics than it did on the lifetime. 

Recent  comparisons of microinhomogenei t ies  in 
epi taxial  silicon with  those in melt  g rown silicon 
indicate that  convent ional  epi taxial  silicon f rom the 
SiCI4-H2 system is comparable  to the best melt  grown 
m a t e r i a l s ( l ) .  In terms of oxygen content, epi taxial  
silicon is comparable  to float-zoned silicon. However ,  

* Electrochemical  Society Act ive  Member .  
Key  words :  t empera tu re ,  substrates,  ge t ter ing,  phosphorus.  

devices fabricated in vapor  grown silicon often have 
poor junction characterist ics (2). The substrate surface 
is f requent ly  contaminated with  metal l ic  impuri t ies  
before epitaxial  layers can be grown. Unless these 
contaminants  are more  soluble in the substrate (such 
as Au in P-doped  n + Si) or pinned strongly by the 
substrate, these metals  wi l l  diffuse into the growing 
layer  reducing the minor i ty  carr ier  l ifetime. Recent  
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work by Kern  and Puot inen  (3) on the effectiveness 
of peroxide cleaning in reducing organic, ionic, and 
metallic impurities, and the work of Robinson et al. 
(4) on HC1 gettering to increase the minor i ty  carrier 
lifetime, give some indication of the effects of surface 
contamination. Chang (5) has observed by the Leed- 
Auger method that hea t - t rea tments  above 1000~ were 
accompanied by the appearance  of metallic impurit ies 
at the surface, which sometimes totaled over 1 • 10 TM 

atoms/cm 2 for a 5 min hea t - t rea tment  at 1250~ Thus, 
metallic impuri t ies  that  are usual ly present  as surface 
contaminants  and as rejected solutes from the bulk 
dur ing heat - t rea tment ,  often decide the fate of the 
device. It  is general ly found that p -n  junctions involv-  
ing epitaxial  silicon, such as epi taxial-substrate  junc-  
tions, epi taxial-epi taxial  junctions, or diffused junct ions 
into expitaxial  silicon, give either high-reverse leakage 
current  or considerabIy lower junct ion breakdown 
voltage than diffused junct ions  in melt  grown silicon. 
The epitaxial  junct ion is located either near  the 
substra te-epi taxial  interface, where the substrate 
surface has been extensively treated, or in the epitaxial  
mater ia l  grown on such a treated surface. In either 
case, there is the possibility that significant contamina-  
t ion of the junct ion or of the entire epitaxial layer 
exists. Thus the importance of cleaning the substrates 
effectively before epitaxial  growth cannot  be over-  
emphasized. 

EpitaxiaI s tructures are more susceptible to post- 
growth contaminat ion than diffused structures. The 
dislocations generated in the epitaxial  reactor are 
thermal ly  induced (6), relat ively clean, extend over 
larger thicknesses, and are widely separated. Any post- 
hea t - t rea tment  operation, such as base or emit ter  dif- 
fusion of transistors, could decorate these dislocations 
with heavy metals, which might develop shorted or 
extremely leaky junctions. The dislocations generated 
in a diffusion furnace are impur i ty  induced, already 
decorated (being located in the heavily doped diffused 
region),  and are usual ly  more dense. Both types of 
dislocations are essentially edge in character and slip 
on the system (111)[110]. While the mobil i ty of the 
diffusion induced dislocations may be different from 
those induced thermal ly  (7), the lat ter  type may be 
more harmful.  

The reason for the inferior performance of devices 
fabricated in epitaxial  silicon, in spite of their  high 
s t ructural  perfection, is not clear. The present invest i-  
gation was under taken  with the hope of gaining a 
better  unders tanding  of this problem and improving 
the epitaxial silicon. In this study the carrier lifetime 
and diode characteristics in the epitaxial silicon are 
measured under  various processing conditions. Some 
of the impor tant  variables considered are cleaning 
procedure, growth temperature,  and substrate material.  

Experimental Procedure 
The silicon substrates used were n-type,  2 ~ off the 

(111) orientation, float zoned as well  as Czochralski 
grown. The dopants in the heavily doped substrates 
were deliberately chosen as phosphorus (1 • 1020 
atoms/cm ~) which causes lattice contraction, and an-  
t imony (5 • 10 TM atoms/cm ~) which may sl ightly dilate 
the silicon lattice. The substrates were either chemi-  
cally polished or chem-mechanical ly  polished by the 
silicon dioxide polishing technique (8) and were free 
of any  mechanical  damage. Three methods of substrate 
cleaning were followed. The first consisted of degreas- 
ing in acetone and tr ichloroethylene followed by 
boiling in H2SOd:HNOa: :3: 1. Each step was followed 
by extensive r insing in Super Q water, i.e., cont inu-  
ously recycled deionized water. This method wil l  be 
designated for convenience as DSN. The second method 
consisted of an addit ional final step of t reat ing the 
wafers with ammoniumethylenediaminete t race ta te  
(EDTA), a complexing agent for metals, followed by 
repeated r insing in Super Q water. This second method 

is designated as DSNE. In  the third method, the EDTA 
was replaced by an H20-H202-NH4OH t rea tment  to 
remove organic contaminants  and by an H20-H202-HC1 
t reatment  to remove metallic impurities. This method 
is designated as DSNP and is described in detail by 
Kern  et al. (3). 

The epitaxial layers of silicon were grown on these 
substrates following an in situ HC1 etch. Epitaxial  
growth was carried out in a conventional  horizontal 
rf heated system, having a silicon-coated graphite 
susceptor. The SIC14 part ial  pressure was typically 
8 • 10 -2 atm, the gas velocity was 41 cm/sec, and the 
reactor was of rectangular  cross section 8 cm • 5 cm. 
Six wafers were normal ly  used for each run, and to 
el iminate any r u n - t o - r u n  or day- to-day  var iabi l i ty  in 
the data, a given run  always included two wafers of 
each of three substrates, render ing the results more 
meaningful .  Silicon was deposited from the H2-SiC14 
system and doped with B2H6 and AsHa as desired. 
Hydrogen was Pd-purif ied and all materials were of 
u l t rapure  grade. Epitaxial  layers were grown at three 
temperatures  1100 ~ 1150 ~ and 1250~ 

The carrier concentrat ion profiles and thicknesses 
of the grown layers were determined by the spreading 
resistance technique (9). They were typically 20-30~ 
thick. To measure the lifetime it is undesirable  to use 
techniques that require  a p - n  junction,  since the 
formation of a junc t ion  can alter the very properties 
we want  to measure. Methods that rely on the decay 
of excess carriers are also not suitable since they 
involve the minor i ty  carrier diffusion length. This can 
be much longer than the epi- layer  thickness and the 
measured lifetime in that  case is an epi- layer /subst ra te  
combination. 

For these reasons we chose the pulsed MOS capacitor 
technique (10) in which the generation lifetime (11) 
is determined. Here, the generation of carriers in the 
space-charge region is measured. Hence, small  volumes 
are sampled and the sample volume can be easily 
controlled through the appropriate choice of gate 
diameter and gate voltage step. The gate diameter  was 
12 mil  and the depleting voltage step was between 50 
and 100V creating a silicon space-charge region width 
of about 10~ for a 2500A thick oxide. 

'The MOS capacitors were formed by chemical vapor 
deposition of SiO2 at 750~ using the s i lane-oxygen 
process. A luminum dots were evaporated through a 
metal  mask. The effect of the Si-SiO~ interface on the 
pulsed MOS-C response is made negligible by hydro-  
gen anneal ing (12) and a proper analysis of the 
data (13). 

Diode measurements  were made on p - n  junct ions 
which were of three types, (i) shallow diffused junc-  
tions into the epitaxial  layers (boron diffusion into 
n-epi taxia l  layers) ;  (ii) substrate-epi taxial  junct ions 
(only used for boron-doped epitaxial layers on n- type 
substrates);  (iii) epitaxial-epi taxial  junct ions formed 
by growing a layer of opposite conductivity on the first 
epitaxial layer. Mesa diodes were fabricated which 
were subsequent ly  passivated by the 750~ deposited 
oxide and hydrogen annealed. Some diodes were 
gettered in a two-zone P205 furnace with the source 
at 250~ and the silicon wafers at 950~ for 45 min  
in an  argon ambient  to see if the lifetime could be 
improved. 

We found that  the p - n  junct ions  were more difficult 
to analyze than the lifetimes, since they involve not 
only the epitaxial  layer, but  also a second region of 
opposite conductivity, plus the added complexity of 
the junct ion itself. Therefore, the interpreta t ion of 
the I-V measurements  is more complicated. 

Results 
Lifetimes~--N-epitaxial layers.--The lifetime data 

for n-epi taxia l  layers are presented first. These layers 
were grown on three types of substrates: (i) 0.0009 
ohm-cm phosphorus-doped, (ii) 10 ohm-cm phos- 
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phorus-doped, and (iii) 0.008 ohm-cm ant imony-doped;  
at three temperatures:  1100 ~ 1150 ~ and 1250~ In 
addition, a comparison was made between the DSN 
cleaning procedure and cleaning using a chelating 
agent. 

The effect of the cleaning procedure is seen in  Fig. 
1 by comparing the lifetime values at 1150~ for the 
three substrates. It  is quite obvious that the chelated 
wafers had significantly higher lifetimes than  those 
cleaned in the same manner,  but  not chelated. This 
points out the heavy metal  complexing property of 
the chelating agent. Although it is not obvious from 
the data points in that  f igure--each point is the average 
of 10 measurement swthe  scatter in the data for wafers 
treated with the EDTA chelating agent is considerably 
less than that  for wafers not chelated. For example 
when the substrate was not chelated, the lifetime in 
the layer  grown on heavily phosphorus doped sub-  
strate at 1150~ varied from 1.6 to 28 ~sec; using 
chelated substrates the lifetimes improved to 91 to 
120 ~sec. A comparison of these two sets of data points 
at 1150~ which were the first to be done in these 
experiments,  prompted us to use a chelating agent 
for all  other runs. 

The second, very impor tant  observation to be made 
on Fig. 1 is that  the l ifetime increases for lower growth 
temperatures.  Although the lifetime values do not 
all change by the same amount,  the t rend of higher 
lifetimes for lower temperatures  is cer ta inly obvious. 

The third observation is that consistently higher 
lifetimes were obtained on layers grown on degener-  
ately phosphorus-doped substrates. We have found 
this to be the case for all layers grown dur ing  this 
inves t iga t ion- -n  and p-type.  

In  an at tempt  to improve the lifetime of those layers 
grown on the l ightly phosphorus-doped or degener-  
ately ant imony-doped substrates, they were gettered, 
using the conditions described earlier. This t rea tment  
had essentially no effect on the lifetime, indicat ing 
that the impurit ies responsible for the lifetime degra- 
dation cannot be easily removed by this gettering 
procedure. 

P-epitaxial layers.--The lifetime data for p-epi taxial  
layers are shown in Fig. 2. Having found on n- layers  
that chelating had a significant effect on the lifetime, 
alI substrates were chelated prior to p-epi taxial  growth. 
The substrates were identical to those used for the 
n-layers. 
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Fig. l. Lifetimes in n-epitaxial layers as a function of deposition 
temperature. For 1150~ lifetimes with and without chelating are 
shown. All others are chelated. 
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Fig. 2. Lifetimes in p-epitaxlal layers as a function of deposition 
temperature. For 1|00~ lifetimes before and after gettering are 
shown. All others are gettered. 

However, in contrast  to the results of Fig. 1, where 
P205 gettering had little effect on the lifetimes, very  
significant l ifetime improvements  were observed on 
the p- layers  following the P205 gettering cycle. For  
example, for the l l00~ deposition temperature,  values 
before and after gettering are shown and lifetime 
increases by a factor of over 100 were observed. 
Similar  effects were measured at the other deposition 
temperatures,  but  for these temperatures  only the 
lifetimes after get tering are shown. During the getter-  
ing cycle, both surfaces of the wafers were exposed 
to the phosphorus ambient  and the th in  n + skin on 
the p-epi taxial  layer  was etched off prior to the low 
temperature  oxide deposition. 

Similar  to the observations on n-layers,  the p- layers  
also showed an increase in lifetime values for lower 
epitaxial  growth temperatures,  and the layers grown 
on the heavily phosphorus-doped substrates again 
yielded the highest lifetime. 

I -V characteristics.--The lifetime results showed 
the following definitive trends: the lower the deposi- 
tion temperature,  the higher the lifetime; layers grown 
on heavily phosphorus-doped substrates gave con- 
sistently bet ter  lifetimes. It  is known that  impuri t ies  
that influence the lifetime, e.g., heavy metals, can also 
have a pronounced effect on the I-V behavior of 
reverse-biased diodes (14). They can cause micro- 
plasmas which result  in excessive leakage currents  or 
low breakdown voltage. To correlate our lifetime data 
with junct ion behavior, we measured the breakdown 
voltage of p - n  junct ions  formed in the epitaxial  layers. 

N-epitaxial layers.wA typical impur i ty  concentra-  
t ion profile of an n- layer  on a heavi ly  phosphorus- 
doped substrate is shown in  Fig. 3 indicat ing absence 
of any doping nonuni formi ty  arising either from poor 
system control or contamination.  The layer thickness 
was around 30~ and the doping varied between 5 • 1014 
and 2 • 1015 cm -3 insur ing bulk  and not punch-  
through breakdown for all  but  the lowest dopant 
concentrations. 
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Fig. 3. Typical impurity concentration profile of an n-epitaxial 
layer on a heavily phosphorus-doped substrate. 

The diodes were formed by either a shallow boron 
diffusion into the layer or growing a p+ epitaxial  
layer  on top of the n-layer .  40 rail diameter mesa 
diodes were then etched which were subsequent ly  
passivated by an oxide deposition as shown in the 
insert  of Fig. 4. The results of voltage breakdown 
measurements  are shown in Fig. 4 and Tables I and 
II. The ratio of measured breakdown to the theoretical 

Table I. Characteristics of diffused diodes on n-epitaxial layers (a) 

Roy. v o l t a g e  
C lean -  G r o w t h  L a y e r  a t  c u r r e n t  

S u b s t r a t e  i ng  temD. d o p i n g  <20gA 5 m A  V~,BD 

P 
0.0009 o h m - c m  

Sb  
0.008 o h m - c m  

P 
I0  o h m - c m  

DSN 1150 1 x 10 TM 250 320 320 
DSNE 1100 1 x 10 TM 265 300 320 
D S N E  1150 1 • 10 ~ 220 280 320 
DSNE 1250 4 X 1014 260 335 700 
D S N P  1150 1 x 1015 255 S l0  320 

DSN 1150 6 X I0 I~ 250 400 490 
DSNE 1100 4 X 1014 265 440 480 (b) 
DSNE 1150 6 X 1014 250 370 490 
DSNE 1250 4 x 1014 235 300 700 
DSNP 1150 5 x I0~ 240 470 580 

DSNE 1250 4 x 1014 200 275 700 

(a) A l l  w a f e r s  we re  che la t ed  u s i n g  DSNE p r o c e d u r e  be fore  d i f fu -  
s ion.  

(b) I nd i ca t e s  t h e o r e t i c a l  p u n c h - t h r o u g h  b r e a k d o w n  vo l t age .  

Table II. Characteristics of epitaxial-epitaxial 
diodes on n-epitaxial layers 

Clean-  G r o w t h  L a y e r  Rev.  v o l t a g e  
S u b s t r a t e  i n g  t emp .  d o p i n g  a t  b r e a k d o w n  VOBD 

P DSNE 1150 1.5 x I0 I~ 235 @ <I0~A 240 
0.0009 ohm-cm DSNE 1250 2 X I0 ~4 245 @ <I0#A 500 ca) 

Sb DSNE 1150 4 • 10 I~ 350 @ 200~A 700 
0.008 ohm-cm D S N E  1250 2 X 1014 290 @ 20~A 500 <a) 

P DSNE 1150 i x i0 I~ 240 @ 20~A 325 
50 ohm-cm 

(,o I n d i c a t e s  t h e o r e t i c a l  p u n c h - t h r o u g h  b r e a k d o w n  vo l t age .  
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Fig. 4. Ratio of measured to theoretical breakdown voltage of 
diodes in n-epitoxial layers as a function of deposition temperature. 
The open paints are for diffused and the solid points for epitaxial 
diodes. The numbers beside the points are the theoretical break- 
down voltages, where the starred numbers indicate breakdown under 
punch-through conditions. 

values, corresponding to the layer  doping, is plotted 
as a function of the deposition temperature.  The open 
points refer to diffused diodes and the solid ones to 
epi taxial-epi taxial  diodes. The numbers  beside the 
points are the theoretical breakdown voltages, with 
the starred quanti t ies  indicating that  the breakdown 
is determined by punch- through of the space-charge 
region to the n + substrate. 

The processing and growth conditions as well  as 
doping concentrat ions of the layers are given in Table 
I. The reverse voltage values are given for two values 
of current ,  less than 20 gA and 5 mA, where the 5 mA 
value was used as the breakdown voltage measure. 
Also shown are the theoretical b reakdown voltages 
(15). Similar data for the epi taxial-epi taxial  diodes 
are shown in Table II. 

The general  t rend of these measurements  is in 
accord with the lifetime data, i.e.,  lower growth 
temperatures  yielded devices with breakdown voltages 
closer to the theoretical values. Also, diodes fabri-  
cated on heavi ly  phosphorus-doped substrates had 
higher breakdown values than the other two sub- 
strates. These diodes also exhibited harder  I-V char-  
acteristics, while the others f requent ly  had a very 
soft breakdown. The very low VBD of the l ightly doped 
layers (2-4 • 1014 cm -3, with their  correspondingly 
high V%D) may be par t ly  due to surface effects. 

Contrary  to the lifetime data, the cleaning procedure 
had l i t t le influence on the breakdown characteristics, 
as evidenced by the data in Table I. The chelating and 
H202 cleaning of the substrates did not give signifi- 
cant ly  different results than those of the substrates 
not so cleaned. 

The epi taxial-epi taxial  diodes behaved very much 
like the diffused ones. This indicates that  such junc-  
tions are not inheren t ly  poor, but  that the junct ion  
characteristics are much more dependent  on the 
qual i ty of the layer  with the lower doping. 
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Fig. 5. Typical impurity concentration profile of a p-epitaxial 
layer on a heavily phosphorus-doped substrate. 

P-epitaxiat tayers . - -An impur i ty  concentrat ion pro- 
file of a p- layer  on a heavily phosphorus-doped sub-  
strate is shown in Fig. 5. This is typical of the 
p-epi taxial  layers showing the doping uni formi ty  and 
a well-defined step junction.  Since a na tura l  junct ion 
is formed when a p- layer  is grown on an n- type  
substrate, only the substra te-epi taxial  junct ions were 
evaluated for these layers. The results for l l00~ 
growth tempera ture  and DSNE chelating are shown 
in Table III. The diodes fabricated on phosphorus- 
doped substrates had higher breakdown voltages than 
those on an t imony-doped  substrates, as measured on 
n-layers.  However, there was no notable difference 
between the l ightly and heavily phosphorus-doped 
substrates. We tried to improve the reverse-character-  
istics by phosphorus gettering, the process which had 
a noticeable effect on the lifetime of p-layers.  But, 
as is evident  in Table III, get tering had li t t le effect 
on the breakdown voltage. 

Similar  to n-layers,  higher growth temperatures  
yielded junct ions with poorer reverse characteristics. 
Those measurements,  however, were not as conclusive 
as the n - layer  results, and are not shown in Table III. 

Discussion 
From Fig. 1 and 2 it is obvious that  the highest l ife- 

times were obtained on both n-  and p- type layers 
grown on heavily phosphorus-doped substrates. These 
substrates were characterized by the presence of 
considerable inhomogeneities, such as, impur i ty  
striations, phosphorus- induced precipitates, and dis- 

Table Ill. Characteristics of substrate-epitaxial diodes on 
p-epitaxial layers grown at 1100~ 

l~ev. v o l t a g e  
L a y e r  a t  c u r r e n t  

S u b s t r a t e  G e t t e r i n g  d o p i n g  < 2 0  #A 5 m A  V"BU 

P None 1 X 101~ 210 255 320 
0.0009 ohm-cm PeO~ 1 x 1015 250 280 320 

Sb None i • I015 50 eo 320 
0.008 o h m - c m  P20~ 1 • 10 l~ 45 60 320 

P N o n e  1 x 10 TM 250 265 320 
I0 ohm-cm P~O~ 1 • I0 la 280 315 320 

locations. However, an examinat ion in transmission 
electron microscopy indicated that  the epitaxial  layers 
grown on these substrates were of good quality, and 
comparable to layers grown on dislocation-free, high 
perfection, high resistivity substrates. Sirt l  etching 
(16) of the layers grown on these substrates revealed 
only a few dislocations, the number  of which decreased 
with decreasing growth temperature.  However, x - ray  
topographs of the epitaxial layers with and without  
the substrates indicated the apparent  presence of 
strain which Sirtl  etch failed to reveal. Although the 
origin of these apparent  strain effects is not known, 
their presence in layers grown on degenerate phos- 
phorus-doped substrates at all temperatures,  reduces 
their importance as lifetime control l ing factors, since 
the lifetime in these layers was very high. Thus, with 
the exception of a slight variat ion in the dislocation 
densi ty at a very low level, the layers on all sub-  
strates were free from any precipitates and stacking 
faults. Hence, an explanat ion of the lifetime results 
should pr imar i ly  come from point defect considera- 
tions. Point  defects, such as, vacancies, carbon, oxygen, 
heavy metals, and various complexes can form numer -  
ous deep energy levels (17), reducing the carrier 
lifetime. 

The high values of the lifetime in the n - type  layers 
can be taken as an indication that the deposition 
system was free of l i fe t ime-ki l l ing impurities. The 
fact that the lifetime in the p- type layers before get- 
ter ing was low is probably connected with the B2H6 
doping system. Although gettering improved the life- 
t ime in the p- layers  near  the top surface, the p-n  
junction,  i.e., the epitaxial  layer-subst ra te  interface 
region was not effectively cleaned. 

The reason for such high lifetimes in the epitaxial  
layers grown on heavily phosphorus-doped substrates 
is not d e a r l y  understood. We offer the following con- 
jecture as a possib!e explanation. The type and loca- 
tion of the impur i ty -p inn ing  centers in epitaxial  
silicon (e.g., thermal ly  induced dislocations extending 
the entire thickness of the wafer) are such, that the 
impurit ies cannot be gettered as effectively as in 
diffused junct ions in bulk material.  The diffusion 
induced dislocations on the other hand are formed in 
the heavily doped side of the junction,  with a maxi-  
mum dislocation densi ty located away from the 
junct ion plane (18, 19) and are decorated with the 
diffusing dopant. Thus the epitaxial silicon is general ly 
more susceptible to contamination,  and once contamin-  
ated, affects the device behavior adversely. The diode 
characteristics and the lifetime results together with 
the observed effects of chelating indicate that  the 
l i fe t ime-ki l l ing impurit ies originate pr imar i ly  from 
the substrate surface, ra ther  than from the epitaxial 
growth system. High phosphorus concentrat ion con- 
tracts the silicon lattice and increases the affinity and 
solubil i ty of heavy metals, such as Cu, Ag, and Au. 
An.v heavy metal  contaminat ion introduced during 
substrate preparat ion may be held more effectively 
by degenerate phosphorus-doped substrates than by 
an t imony or l ightly phosphorus-doped substrates dur-  
ing subsequent  epitaxial  growth. If the growth 
temperature  is sufficiently high so as to render  these 
adsorbed impuri t ies  mobile then the grown layer 
becomes contaminated causing a decrease in the 
measured lifetime. The metall ic impuri t ies  probably 
constitute the p r imary  mode of layer contamination,  
either as individual  point defects or as complexes with 
other point defects, such as vacancies. Decoration of 
dislocations with metallic is most l ikely only a second- 
ary mode of contamination.  

S u m m a r y  
Epitaxial  n -  (arsenic-doped) and p-layers  (boron- 

doped) were grown on phosphorus and an t imony-  
doped substrates at temperatures  from 1100~176 
The generat ion lifetime was measured in  these layers 
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by the pulsed MOS-C technique and the reverse 
junct ion characteristics were obtained on diodes 
formed in these layers. 

The lifetimes in both types of layers were compar-  
able. They improved when the substrates were cleaned 
using a heavy metal  complexing chelating solution. 
Lifetimes of several hundred  microseconds were 
measured on layers grown at ll00~ but  higher 
growth temperatures  caused the lifetimes to decrease. 
The layers grown on heavily phosphorus-doped sub- 
strates had higher lifetimes than those grown on 
l ightly phosphorus-doped or heavily ant imony-doped 
substrates. Phosphorus pentoxide gettering had little 
effect on the lifetimes in the n- layers  but  resulted 
in a significant increase for the p-layers. This is 
probably  due to lifetime kil l ing impurit ies of the 
B2H6 doping system. 

The t rend of the lifetime results was general ly  also 
observed when the breakdown voltage of the diodes 
was measured. The layers grown at the lower tempera-  
ture  (ll00~C) had breakdown voltages closer to 
theoretical values than those grown at higher tem- 
peratures. The diodes formed in layers grown on 
heavily phosphorus-doped substrates had better  
characteristics than those grown on the other two 
substrates. Getter ing had a lesser effect on the diode 
characteristics than it did on the lifetimes. 

There was no significant difference between diodes 
formed by boron diffusion into the n- layers  and those 
fabricated by growing a p- layer  on the n- layer .  This 
shows that epi taxial-epi taxial  junct ions can be as 
good as diffused-epitaxial junctions. For the epitaxial 
p- layers  on the n-substrates,  the epi taxial-substrate  
junct ions  showed some good behavior but  on the 
whole gave poorer results than those above. 
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Zn(PO )2 Glass as a Doping Source for GaP(Zn,O) 
A. S. Jordan, L.. Derick, R. Caruso, and M. Kowalchik 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

As an al ternat ive to e lemental  Zn and Ga203 powder, Zn(PO3)2 glass has 
been util ized as a convenient  s imultaneous source of Zn and O to dope GaP. 
The synthesis of Zn(PO3)2 from ZnO and (NH4)uHPO4 is described together 
with some of its advantageous properties (low melt ing point, compactness, 
small surface area for adsorption). Zn(FO3)2 was employed in the prepara-  
t ion of GaP l iquid-phase epitaxial  layers (on vapor grown substrates) and of 
solut ion-grown (SG) platelets, for which red electroluminescence and photo- 
luminescence efficiency maximizat ion curves were  determined, respectively. 
The results are comparable to those obtained previously by using Zn and 
Ga20.~. Analysis of the photoluminescence measurements,  absorption spectra, 
and below-gap excitation spectra on SG platelets indicates that  the incorpora- 
t ion chemistry of Zn and O from Zn(PO3)2 is in accord with previous findings 
using Zn and Ga203. Since the nonradia t ive  shunt  path component of the 
minor i ty  carrier l ifetime in SG platelets is hole concentrat ion dependent  for 
growth solutions containing Zn(PO3)2 as well  as for those containing Zn and 
Ga203, it seems unl ikely  that  the "kil ler center" associated with the shunt  path 
is related to the background impuri t ies  introduced by these dopants. 

The early work of Starkiewicz and Allen (1) on GaP 
red l ight -emit t ing  diodes (LED's) demonstrated the 
key role of Zn and O in the generation of the red light, 
which is now known to arise from the decay of ex- 
citons bound to Zn-O nearest  neighbor pairs (2, 3). The 

Key words: light-emitting diodes, crystal growth, compound semi- 
conductors, photolnminescence. 

usual sources of Zn and O are Zn pellets and Ga203 
powder, although ZnO (4,5), Zn3(PO4)2 (5), and 
GaPO4 (5) have also been used or considered. In  this 
paper we report on the use of Zn(PO3)2 glass as a 
promising dopant with certain advantages over these 
sources, and we consider the luminescent  properties 
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of Zn,O-doped GaP crystals grown from solutions con- 
ta ining Zn (PO3) 2. 

Our search for an al ternative approach was moti-  
vated by several considerations. First, the use of a glass 
should be advantageous due to the reduced adsorption 
of impuri t ies  from the atmosphere as compared with 
Ga203 powder, which has a large surface area. 1 Second, 
a single compact dopant was sought to el iminate the 
cumbersome handl ing of Zn pellets and Ga203 powder. 
Third, a source was desired with a mel t ing point 
below the typical growth temperature  (~1040~ (7) 
of GaP by l iquid-phase epitaxy (LPE),  in order to 
achieve rapid mixing and dissolution of the dopants 
in the solution dur ing the warmup  cycle. Zn(PO3)2 
glass, which melts at ~870~ (8), seemed to satisfy 
these requirements.  Finally,  in order to determine 
whether  impurit ies contaminat ing Ga203 powder in-  
troduce nonradia t ive  "shunt  path" (9, 10) centers, 
Zn(PO~)., was chosen because it can be synthesized 
without using Ga or Ga203. 

It was shown earlier that  the incorporation of Zn 
in GaP pulled by the liquid encapsulat ion Czochral- 
ski (LEC) technique from melts containing Zn(PO3)e 
follows the calculated solid solubility for Zn at 1465~ 
(11). Recently, the photoluminescent  properties of 
GaP pulled by LEC from stoichiometric melts and non-  
stoichiometric solutions with Zn(PO~)2 additions have 
been given (12). Electroluminescence efficiencies as 
high as 2.7% have been reported on annealed and en-  
capsulated diodes prepared by double LPE on n - type  
LEC substrates, where the p- type LPE layer was 
grown from a solution containing Zn(PO3)2 (13). The 
major  objective of this paper is to describe our experi-  
ments  concerning the uti l ization of Zn(PO3)2 for dop- 
ing GaP grown either by LPE on vapor-grown (VG) 
substrates (Work done prior to the avai labi l i ty of LEC 
substrates.) or by slow cooling of unseeded solutions 
of Ga saturated with GaP. 

Exper imenta l  Procedure 
Synthesis of Zn(PO3)z.--Zn(P03)2 was synthesized 

from ZnO and (NH4)2HPO4, both with 99.999% nomi-  
nal  purity, by the reaction 

ZnO (s) + 2 (NH4) 2HPO4 (s) ---- Zn (PO3) 2 (glass) 

+ 4NHs(g) + 3H20(g) [1] 

In  a typical run  stoichiometric proportions of the 
powdered ingredients  were mixed thoroughly and 
loaded into a shallow Pt dish.2 The mix ture  was placed 
in a box- type  furnace, slowly heated to ~1000~ and 
held there for at least 1 hr. Reaction [1] proceeded to 
completion, yielding only Zn(PO3)2 glass and gaseous 
H20 and NH3 which were exhausted via an inver ted 
quartz casserole (covering the Pt  dish) that  served as 
a chimney. Finally,  the l iquid glass was poured onto a 
clean quartz plate to solidify, crushed into convenient  
size pieces, and stored in a N2 dry  box to prevent  hy-  
dration. 

GaP crystal growth.~The feasibil i ty of using 
Zn(PO3)2 was first demonstrated by the sealed-tube 
single LPE growth of Zn,O-doped GaP layers on 
S-doped n- type  VG GaP substrates with a net donor 
concentrat ion of ~6  X 10 n cm -3. The substrates were 
deposited by  the wet hydrogen vapor t ranspor t  
method (14) on GaAs seeds, removed from the seeds, 
and mechanical ly polished on the {111} P-face to a 
thickness of ~0.3 mm. A modification of the sealed- 
tube t ipping technique (15) was used to grow a series 
of LPE layers from GaP-sa tura ted  Ga solutions con- 
ta ining between ~0.02 and 0.25 mole per cent (m/o)  
Zn (PO3)2. The VG substrate, sometimes as large as 12 
mm by 20 ram, was pinned by a quartz rod to a quartz 
pedestal before the evacuation and sealing of the fused 

i R e c e n t l y  S, a sha l l ow  donor  i m p u r i t y ,  was  f o u n d  to be  i n t r o -  
duced  w i t h  Ga_oO3 a d d i t i o n s  in  some G a P  crys ta l s  (6) .  

2 A l t h o u g h  these  p o w d e r e d  i n g r e d i e n t s  m a y  con t a in  a d s o r b e d  im -  
pur i t i e s ,  m o s t  of these  are expec t ed  to he r e m o v e d  by v o l a t i l i z a t i o n  
d u r i n g  the  h i g h  t e m p e r a t u r e  syn thes i s .  

quartz capsule. The pin permit ted the te rminat ion  of 
LPE growth at will by a 180 ~ rotation of the capsule 
along its horizontal axis. Usually ,~40 ~m thick films 
were deposited by cooling from 1050 ~ to 600~C at 10~ 
min. 

In addition, Zn, O-doped GaP platelets were grown 
by cooling saturated solutions of GaP in Ga (SG).  
Typically, unseeded solutions containing 6.9 m/o  GaP 
and between ~10 -3 and ~ 2  X 10 - I  m/o  Zn(PO3)2 in  a 
BN crucible were placed in a fused quartz tube which 
was then evacuated and sealed. The ampoule was 
heated to ~1160~ held for 2 hr, and cooled to 900~ 
at 5~ 

Exper imenta l  Results and  Discussion 
Point  contact electroluminescence measurements  

were performed at 2 and 10 mA on several 250 #m 
mesa diodes fabricated from each p- type LPE, n - type  
VG structure. The var iat ion of lIE a at 10 mA as a func-  
tion of the nominal  Zn (PO3)2 concentrat ion in the LPE 
solution is presented in Fig. 1. The max imum value of 
T|EL is achieved between ,~0.1 and N0.15 m/o  Zn (PO3) 2. 
By bonding and encapsulat ing in epoxy, the TIE L of the 
"best" diode was increased from its point contact 
values of 0.60% at 2 mA and 0.52 at 10 mA 3 to 1.20 
and 1.05%, respectively. 

Trumbore  et al. (16) reported point contact ~EL for 
similar  unannea led  diodes prepared by depositing a 
Zn, O-doped p- type  layer from a Zn, Ga2Os-containing 
t ipping solution onto VG substrates. Their ~]EL values 
were 0.11% and 0.23% for S- and Te-doped substrates, 4 
respectively (ND -- NA = ~ 4 X 1017 cm-3) .  With 
respect to Zn, their solution composition of 0.15 m/o  
Zn is the same as the composition leading to our maxi-  
mum ~EL. These workers added only 0.05 m/ o  Ga203 to 
their solution whereas we provided an amount  equiva-  
lent  to 0.3 m/o  Ga203 (0.15 m/o  Zn(PO3)2).  However, 
additions in excess of 0.008 m/o  Ga203 at ~1040~ lead 

3 The  7/EL at 2 m A  of a n n e a l e d  and  e n c a p s u l a t e d  d iodes  p r e p a r e d  
i d e n t i c a l l y  b u t  r e p l a c i n g  Zn(PO3)2 w i t h  Z n  and  GaeO~ in  ou r  L P E  
sys t em is 1.3%. A l l  the  v a l u e s  of  ~ t ,  in  F ig .  1 are  fo r  u n a n n e a l e d  
L P E  layers .  A l t h o u g h  no de t a i l ed  s t u d y  of a n n e a l i n g  was  u n d e r -  
t a k e n  here ,  the  d iodes  w i t h  the  m a x i m u m  eff iciency s h o w e d  no i m -  
p r o v e m e n t  w i t h  a n n e a l i n g ,  in  agTeement  w i t h  p r e v i o u s  f ind ings  at  
s i m i l a r  Zn  c o n c e n t r a t i o n s  in  the  t i p p i n g  so lu t ion  (7). 

4 I t  shou ld  be  noted,  h o w e v e r ,  t h a t  in  the  w o r k  of T r u m b o r e  
et al. (16) ~EL of  0.5% was  r e p o r t e d  fo r  a p r e s u m a b l y  S i -con-  
t a m i n a t e d  n - t y p e  V G  subs t ra te .  
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Fig. 1. Point contact electroluminescence efficiency, ~]EL, of GaP 
mesa diodes at 10 mA as a function of Zn(PO3)2 concentration in 
the LPE solution. The net donor concentration of the S-doped VG 
substrates is ~ 6X1017 cm -3.  The top and bottom of each error 
bar represent the highest and lowest efficiency mesa diodes fab- 
ricated from the same slice. 
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to the saturat ion of the Ga-GaP-Ga203 t e rnary  solu- 
t ion (13), and it seems l ikely that both results were 
obtained on GaP layers of comparable oxygen concen- 
tration. 

We also studied the photoluminescence properties of 
the Zn(PO3)2-doped SG unannea led  platelets. To pre-  
pare planar,  parallel  specular surfaces the platelets 
were polished on the {111} Ga and P faces on a t in  lap 
with a O.1 ~m diamond polish. For two runs, al though 
the platelets were polished, their  small  size precluded 
the preparat ion of parallel  surfaces. For every crystal 
the red (700OA) in terna l  photoluminescence qua n t um 
efficiency (9), TIpL, was measured at 25~ under  excita- 
tion with the 4880A l ine of an argon laser. The depen-  
dence of 11pL on Zn (PO3)2  concentrat ions in the solution 
is shown in Fig. 2. 

Recent exper imental  and theoretical results con- 
cerning the optical properties of Zn,O-doped GaP 
(9, 12, 17-19) provide a model for a self-consistent es- 
t imation of the total subst i tut ional  oxygen concentra-  
tion, No.t, the total zinc concentration, Nzn.t, and the 
nonradia t ive  shunt  path component, ~n, of the total  
minor i ty  carrier lifetime. For the platelets with p lanar  
and paral lel  surfaces we obtained absorption spectra 
and be low-bandgap excited photoluminescence spectra, 
the lat ter  with the 5682A l ine of a krypton laser. These 
measurements ,  in connection with ~PL, led to the deter-  
minat ion  of the minor i ty  carrier  lifetimes, ~,~ (17). 
Then, from a previousIy established correlation (18) 
of the absorption coefficient at 0.8 eV with hole con- 
centration, we estimated the hole concentrat ion and 
NA -- ND. A knowledge of NA - -  ND and TIp L permits  
the calculation of the branching ratio, s (9, 18). 

Appropriate combinations of s and ~m yield Tn (9, 12) 
and the concentrat ion of Zn-O complexes, Nzno 

1/~, = (1 -- s)/Tm [2] 
and 

Nzno ~ S/V~ntTm [3] 

where v is the thermal  velocity of the electrons and 
crnt is the cross section for the capture of minor i ty  car-  
rier electrons by the Zn-O center. In  addition, the 
relative concentrat ion of unpaired  subst i tut ional  oxy- 

t O  i i i i I i = i t I t t t I 1 0 1 9  

>-" 1018 u 
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Fig. 2. Photoluminescence quantum efficiency, ~PL, Of SG plate- 
lets as a function of Zn(PO3)2 concentration in the growth solu- 
tion, The estimated total dopant concentrations No,t and Nzn,t 
are also shown. The dashed line is the calculated Zn solubility iso- 
therm for GaP at I I00~ ( I lL  The vertical line represents the 
estimated O solubility in the solution of the Ga-GaP-Ga203 system 
at 1100~ converted to m/o Zn(POa)2 (13). The error bars for 
No,t and Nzn,t are consistent with Ref. (9) and (18), respectively. 
The "qeL of 0.01% for 10 -3  m/o Zn(POa)2 is an upper limit. 

gen can be estimated by a combinat ion of Nzno, ~PL, S, 
and the ratio of the infrared (1.32 eV) to red (1.77 eV) 
signal strengths, obtained from the below-gap photo- 
luminescence spectra (18). This relat ive value in com- 
parison with the optical properties of a previously 
characterized s tandard SG crystal (9) yields an abso- 
lute value for the concentrat ion of unpaired  subst i tu-  
t ional oxygen, No+. 

If Zn and O are the only electrically active impur i -  
ties in these SG platelets, then a knowledge of NA 
-- ND, No+, and Nz,o permits  the calculation of ]~TO,t 
and NZn.t (18). In Fig. 2 we present  No.t and Nzn.t as a 
function of Zn (PO3)2 concentrat ion in the solution. The 
calculated Zn solid solubil i ty isotherm in GaP (11) 
and the estimated O solubili ty in l iquid Ga saturated 
with Ga203 and GaP (13), both for llO0~ are also 
shown. It  can be seen that  the exper imental  -Nzn,t 
values for SG crystals grown between 1160 ~ and 900~ 
can be reasonably well represented by the theoretical 
l l00~ solubil i ty isotherm. Nzn.t for the platelet  with 
max imum efficiency (1]pL ~--- 4%) is comparable with 
the net acceptor concentrat ion reported by Saul et al. 
(7) for high efficiency p - n  junctions.  

It  has been previously ment ioned that  the Zn solu- 
bil i ty in GaP pulled by LEC from Zn (PO3)2-containing 
melts  also follows the theoretical 1465~ curve. For 
these crystals the exper imenta l  and calculated dis- 
t r ibut ion  coefficients derived from Ref. (11) are 0.16 
and 0.19, respectively, which should be compared with 
the dis tr ibut ion coefficient of 0.096 reported for GaP 
pulled by LEC from melts containing metall ic Zn (20). 
Evidently,  in contrast  to Zn, when Zn (PO3)2 is used in 
this open system, the loss of Zn from the LEC charge 
dur ing heating to the mel t ing point of GaP is almost 
negligible. 

According to Fig. 2, in agreement  with thermody-  
namic considerations (13) and recent results on LPE 
growth (21), No,t remains  constant  above the te rnary  
solubil i ty l imit  (13) in the solution. Very recent mea-  
surements  using prompt a-part icle nuclear  microanaly-  
sis to directly determine No,t in LPE layers grown at 
~ l l 0 0 ~  (22) and electrical data on SG crystals (23) 
are in accord with the indicated lower limits (7 • 1016 
cm -~) of the estimated values shown in Fig. 2 along 
the plateau. 

In  Fig. 3, we show the var iat ion of 1/Tn (obtained by 
using Eq. [2]) with hole concentration. The data 
s t rongly support a l inear  dependence of 1/Tn on hole 
concentration, as has been suggested elsewhere (9, 24). 
According to Dishman et al. (9), this relat ionship is 
consistent with the presence of a kil ler  center  in SG 
GaP which is a deep acceptor impur i ty  with a concen- 
t ra t ion independent  of the Zn doping level. Because 
the capture of electrons by this center proceeds via an  
Auger process by moving a free hole deep into the 
valence band, a l inear  relationship between 1/~n and 
hole concentrat ion results. Since our growth solutions 
were doped with Zn(POs)2 whereas those of Dishman 
et al. (9) were doped with Zn and Ga2Oz, it seems un-  
l ikely that  the killer center is related to the chemical 
contaminants  present  in either doping source. 

In  previous work a correlation has been established 
between 1/Tn and relat ive Ga-vacancy concentrat ion 
for Zn,O-doped GaP pulled by LEC from stoichio- 
metric and nonstoichiometric solutions (12). In  stoi- 
chiometric LEC samples, 1/Tn appeared to be indepen-  
dent  of hole concentrat ion (18). As all the SG crystals 
in the present s tudy were grown in the same tempera-  
ture range, their  Ga-vacancy concentrat ion is ex- 
pected to be reasonably constant. Thus, we may specu- 
late that  an addit ional  kil ler  center is present  in SG 
crystals, such as a Ga-vacancy-O complex (25), which 
may be responsible for SG crystals not having a higher 
~PL. 

Some qual i ta t ive considerations are in order con- 
cerning the shape and position of the ~PL curve in Fig. 
2. Initially,  l~pL increases from 2.1 to 4.0% with increas-  
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Fig. 3. Reciprocal of nonradiative shunt path component of elec- 
tron lifetime, 1/~n, vs. hole concentration for the SG platelets 
shown in Fig. 2. The error bars for i/Tn are based on Ref (17). 
The Zn(P03)2 concentration in the growth solution corresponding 
to each platelet is given in parenthesis in m/o. 

ing Zn(PO3)2 concentration. This is largely due to a 
rise of Nzno from --6 • 101~ to 1.6 • 1016 cm -3, which 
is only par t ia l ly  counteracted by the decrease of ~n. 
On the other hand, since the decrease of TIPL from 1.9 
to 0.76% [with greater  Zn(PO3)2 additions] is accom- 
panied by a slight increase of Nz,o from 3.2 • 10 TM to 
3.6 • 10 TM cm -3, this decrease is mainly  due to the drop 
in Tn. A similar ~PL curve has recently been presented 
by Dishman et al. (9) for unannea led  SG crystals 
grown in the same temperature  range as ours from 
solutions doped with Zn and Ga203. Somewhat similar  
~PL curves have also been obtained by Gershenzon et al. 
(26) for SG platelets prepared from solutions contain-  
ing various amounts  of Zn and Ga203. However, Ger-  
shenzon et al. (26) achieved their  peak efficiency at 
0.1 a/o Zn, whereas we find a max imum at 0.02 m/o  
Zn(PO3)2. Since their  SG platelets were grown by 
cooling from 1050~ the composition shift is in ac- 
cord with the known solid solubili ty behavior  of Zn 
in  GaP (11). To incorporate equal amounts  of Zn in 
GaP, less Zn is required in the solution for the higher 
tempera ture  growth than for the lower tempera ture  
one. This explanat ion also applies to the composition 
shift between the ~ L  curve of Fig. 1 and the ~PL curve 
of Fig. 2. 

In conclusion, the present study demonstrates that  
Zn(PO3)2 glass is a convenient  a l ternat ive to Zn and 
Ga203 as a source of Zn,O-doping in GaP. The lumines-  
cence efficiencies of GaP LED's and SG platelets grown 
from solutions containing Zn (PO3)2 are comparable to 
those of samples grown from solutions doped with Zn 
and Ga203. An analysis of the optical measurements  
for SG crystals suggests that  the incorporation chem- 
istry of Zn and O from a Zn(PO3)2 source is in accord 
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with previous results using Zn and Ga203 and that  the 
killer center is not related to the background im- 
purities introduced by either of these dopants. Fur ther  
systematic work on the preparat ion of annealed single 
and double LPE structures on LEC substrates is re-  
quired to determine whether  the use of Zn(PO3)2 can 
lead to a significant improvement  in doping control 
and device performance. 

Acknowledgments  
We acknowledge the assistance of E. A. Sigety in 

the init ial  preparat ion of Zn(PO3)2. We are grateful 
to F. A. Trumbore  for his cont inuing interest  in this 
work and for many  helpful  discussions. Beneficial 
comments by J. M. Dishman and J. S. Jayson are also 
acknowledged. 

Manuscript  submit ted Jan. 24, 1972; revised manu-  
script received ca. June  23, 1972. This was Paper 49 
presented at the Houston, Texas, Meeting of the So- 
ciety, May 7-11, 1972. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1973 
JOURNAL, 

REFERENCES 
1. J. Starkiewicz and J. W. Allen, J. Phys. Chem. 

Solids, 23, 881 (1962). 
2. T. N. Morgan, B. Welber, and R. N. Bhargava, 

Phys. Rev., 166, 751 (1968); C. H. Henry, P. J. 
Dean, and J. D. Cuthbert,  ibid., 166, 754 (1968). 

3. J. D. Cuthbert,  C. H. Henry, and P. J. Dean, ibid., 
170, 739 (1968); M. DiDomenico, Jr., J. M. Dish- 
man, and K. P. Sinha, ibid., B4, 1270 (1971). 

4. H. G. Grimmeiss and H. Koelmans, Philips Res. 
Rept., 15, 290 (1960). 

5. H. G. Grimmeiss, W. Kischio, and H. Scholz, 
Philips Tech. Rev., 26, !36 (1965). 

6. R. H. Saul, J. Electronic Materials, 1, 16 (1972). 
7. R. H. Saul, J. Armstrong, and W. H. Hackett, Jr., 

Appl. Phys. Letters, 15, 229 (1969). 
8. F. L. Katnack  and F. A. Hummel,  This Journal, 

105, 125 (1958). 
9. J. M. Dishman, M. DiDomenico, Jr., and R. Caruso, 

Phys. Rev., B2, 1988 (1970). 
10. W. Rosenzweig, W. H. Hackett, Jr., and J. S. 

Jayson, J. Appl. Phys., 40, 4477 (1969). 
11. A. S. Jordan, This Journal, 118, 781 (1971). 
12. A. S. Jordan, A. R. Von Neida, R. Caruso, and M. 

DiDomenico, Jr., Appl. Phys. Letters, 19, 394 
(1971). 

13. M. Kowalchik, A. S. Jordan, and M. H. Read, This 
Journal, 119, 756 (1972). 

14. C. J. Frosch, ibid., 111, 180 (1964). 
15. R. H. Saul and W. H. Hackett, Jr., ibid., 117, 921 

(1970). 
16. F. A. Trumbore,  M. Kowalchik, and H. G. White, 

J. Appl. Phys., 38, 1987 (1967). 
17. R. Caruso, ibid., 42, 5055 (1971). 
18. R. Caruso, M. DiDomenico, Jr., H. W. Verleur, and 

A. R. Von Neida, J. Phys. Chem. Solids, 33, 
689 (1972). 

19. J. M. Dishman, Phys. Rev., B3, 2588 (1971). 
20. S. F. Nygren, C. M. Ringel, and H. W. Verleur, 

This Journal, 118, 306 (1971). 
21. R. H. Saul and W. H. Hackett, Jr., ibid., 119, 542 

(1972). 
22. E. C. Lightowlers, J. C. North, A. S. Jordan, L. 

Derick, and J. L. Merz, Unpubl ished work. 
23. L. M. Foster and J. Scardetield, This Journal, 116, 

495 (1969). 
24. J. M. Dishman, Phys. Rev., B5, 2258 (1972). 
25. P. J. Dean, ibid., B4, 2596 (1971). 
26. M. Gershenzon, F. A. Trumbore,  R. M. Mikulyak, 

and M. Kowalchik, J. Appl. Phys., 36, 1528 
(1965). 



Nonuniform Lateral Ionic Impurity 
Distributions at Si-Si02 Interfaces 

D. J. Silversmith 

Bel l  Telephone Laboratories, Incorporated, Murray Hill, New Jersey  07974 

ABSTRACT 

The transport  of mobile  sodium ions to the Si-SiO2 interface in  a meta l -  
oxide-semiconductor capacitor causes gross distortions of the capaci tance-volt-  
age characteristics. While these changes might  be interpreted as increased 
surface-state densities, this paper shows exper imental ly  that the surface-state 
densities are unchanged by mobile ion concentrations in the 1012/cm2 range. By 
comparison of high- and low-frequency capacitance vs. voltage measurements  
and conductance vs. voltage measurements,  it is shown that  the distortion of 
C-V curves can be explained by fluctuations imposed on the surface potential  
by a nonuni form pileup of sodium ions at the Si-SiO2 interface. This a rgument  
is fur ther  supported by a theoretical reproduction of the exper imental  C-V 
curves obtained by a statistical summat ion  of ideal curves. 

Although the theoretical nature  of the voltage de- 
pendence of capacitance in metal-oxide-si l icon (MOS) 
structures is well-understood, exper imental  measure-  
ments  general ly  show significant deviations from the 
ideal curves. In  addition to flatband voltage shifts 
caused by fixed charge in the oxide and metal  contact 
potentials, deviations from the ideal capacitance struc- 
ture in the depletion domain have been ascribed to 
surface states, Nss, at the Si-SiO2 interface (1). We 
have observed a change of s t ructure in the capacitance- 
voltage (C-V) structure when sodium impurities, in-  
troduced dur ing device fabrication, are dr iven to the 
Si-SiO2 interface. Related measurements,  however, 
indicate no change in the surface-state density with 
changes in location of ionized impurit ies in the oxide. 
These changes in the capacitance s tructure are reversi-  
ble and appear to be caused by potential  variations 
due to a nonuni form distr ibution of sodium at the 
Si-SiO2 interface. 

This physical hypothesis was studied by comparing 
quasi-static and high frequency surface-state measure-  
ments  wi th  conductance measurements.  These com- 
parisons have allowed us to distinguish between dis- 
tortion caused by charge inhomogeneities introduced 
by sodium ions near  the interface and distortions 
caused by carrier t rapping sites (fast surface states) 
which might have been introduced by drifted sodium. 

C-V  Measurements 
The exper imental  data in  Fig. 1 is typical of the 

MOS C-V data. The pair  of curves on the right are 
the quasi-static ramp and 1 mHz high-frequency curves 
with sodium ions accumulated under  the field plate. 
The two curves on the left are the quasi-static and 
high-frequency curves with ions at the silicon in ter -  
face, with all measurements  taken at room tempera-  
ture. The high- and low-frequency curves were aligned 
by matching zero capacitance at high f requency with 
zero displacement current  (quasi-static) and sett ing 
the oxide capacitance to coincide with the quasi-static 
displacement current  in accumulation. This test device 
consisted of a nominal  2000A SiO2 grown in a dry  
thermal  O2 ambient  at 1100~ on a 10 ohm-cm N-type  
substrate. After  oxidation, wafers were given a 15 
rain ni trogen in situ anneal  at 1100~ and then removed 
from the furnace. Field plates were 20 mil  diameter  
dots of 200A Cr and 2000A Au. The pair of curves with 
flatband voltages (VFB) near  --0.hV correspond to the 
sodium ions quenched at the metal-SiC2 interface, 
while the pair  of curves with VFB at --1.hV had the 
ions quenched at the Si-SiO2 interface. "Quenching" is 

Key words: MOS devices, sodium contamination, interface charge 
distribution, apparent  sur face  states .  

accomplished by a _10V bias stress at 250~176 for 
3 min  and a rapid quench to room temperature  under  
bias. The bias stress procedure is compatible wi th  an 
ion-surface density measurement  by the h igh- tem-  
perature quasi-static method (2). In  addition to a 
AVFB corresponding to 1.1 • 1011 ions/cm 2, the pair  of 
curves corresponding to ions at the Si-SiO~ interface 
show an extension along the voltage axis near  flat- 
bands. 

Surface-state  density (Nss) was determined for both 
sets of C-V measurements  using a method based on 
the uniform MOS device model which compares the 
high- and low-frequency curves (3), and is given in 
Fig. 2. The voltage dependence of the surface potential  
is found from the quasi-static curve, and the dispersion 
between this curve and the h igh-f requency curve from 
accumulat ion through depletion gives the surface-state 
density as a funct ion of energy from the band edge 
appropriate to the Si doping type. The surface-state 
densities for this MOS device with sodium at either 
side of the oxide is the same (within experimental  
accuracy) and has a m i n i mum value of 7.5 X 10 l~ 
cm-2 /eV at 0.3 eV below the conduction band  edge. 
Since the Ns.~ appears to be unchanged by sodium posi- 
tion, the change in capacitance s tructure appears to be 
caused by ion pi leup at the Si-SiO2 interface. 

Conductance Measurements 
Nicollian and Goetzberger (4) have performed 

definitive measurements  of surface states by the con- 
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Fig. |. High frequency and quasi-static C-V characteristics from 
an MOS device with ions frozen in at one, and then the other, of 
both oxide interfaces. For sufficiently negative bias, both quasi- 
static curves correspond to the same value of Cox as in accumula- 
tion. At --IOV, both high-frequency curves have the same value of 
Cmin in inversion. 
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Fig. 2. Si-SiO2 surface-state density as a function of energy from 
the Si conduction band edge determined from data of Fig. 1. The 
field plate consisted of a 20 mil diameter Cr-Au dot. 

ductance technique and have shown that  the measured 
equivalent  paral le l  conductance is dominated by sur-  
face states. The magni tude  of the conductance peak is 
re la ted to Nss since the loss mechanism is controlled by 
major i ty  carr ier  capture  and emission at surface states. 
F igure  3 i l lustrates simultaneous h igh- f requency  
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Fig. 3. Simultaneous measurements of high-frequency capacitance 
and conductance for an MOS device with ions frozen in at both 
oxide interfaces. 

capacitance and conductance measurements  for a de- 
vice wi th  ions quenched at both interfaces in the MOS 
structure. The device was 1000A SiO2 grown in a dry 
thermal  furnace at l l00~ on a substrate of 1 ohm �9 cm 
P- type  Si, and given a 15 rain in situ nitrogen anneal 
at ll00~ To avoid problems due to sodium drift  under  
bias, measurements  were  taken using the pulse method 
(5). Pulse length was 3 msec with  a 6% duty cycle, 
and the measurement  f requency was 10 kHz. The mea-  
surements  in Fig. 3 were  taken at room temperature ,  
but  related curves  have  been taken down to 160~ 
Because of the use of the pulse method, the capacitance 
near zero volts corresponds to deep depletion, not in-  
version. With ions at the Si-SiO2 interface the deple-  
tion domain appears to extend an additional volt  on 
the capacitance curve. The flatband shift is equiva len t  
to 3.5 • 1011 ions /cm 2. The decrease in conductance 
peak with sodium at the Si-SiO2 interface as seen in 
Fig. 3 may indicate, in fact, a slight decrease in Nss, 
but this decrease is not significant as it is more prob-  
ably due to statistical broadening caused by the non- 
uni form sodium surface distribution. 

If  G~ MAX, the magni tude of the conductance peak  
with ions at the Si-SiO2 interface were  significantly 
greater  than Gp MAX without  ions at this interface, we 
would have proven that  Nss increases wi th  ions at the 
Si-SiO2 interface. Our experiment ,  on the contrary, 
indicates that  wi thin  exper imenta l  accuracy Nss re-  
mains the s a m e - - w i t h  or wi thout  Na ions at the Si-  
SiO2 interface. We would expect  a large increase in 
Nss if s t ructural  changes in the C-V curves were  due 
to sodium-induced surface states; consequently the 
spreading of the C-V curve  along the vol tage axis is 
a t t r ibutable  to statistical fluctuations in the local sur-  
face potential  caused by la teral  nonuniformit ies  in the 
surface distr ibution of sodium ions. The effect of the 
nonuniform distr ibution of ions near the Si-SiO2 inter-  
face increases as they are drif ted to this interface be-  
cause of s t ra igh t - forward  electrostatic considerations 
The observed C-V and G-V curves are a t t r ibutable  to 
a summation of ideal MOS curves, wi th  their  effective 
flatband voltages distr ibuted about the mean, accord- 
ing to the statistical variat ions in local charge density. 
This model is developed in the rest of this paper for 
low surface sodium densities (<10~2/cm2). 

T h e o r e t i c a l  Mode ls  

Nicollian and Goetzberger  (4) have  discussed effects 
of small local variat ions in surface potent ia l  caused by 
a random distr ibution of fixed oxide changes under  
conditions of negligible sodium contamination.  The 
C-V characterist ic was calculated for the two dimen-  
sional case where  the potent ial  in the Si varies  both 
in a direction perpendicular  to the semiconductor  sur-  
face as wel l  as along the  surface. In this model  the 
oxide charges influence the capacitance by introduc-  
ing ripples in the surface potential.  The crux  of this 
model  is the subdivision of each MOS device into a 
paral lel  ne twork  of smaller  devices, each wi th  a char-  
acteristic area ~. Within  each area the capacitance is 
independent  of the distr ibut ion of charge, and the sur-  
face potent ial  is uniform. The problem is then t rans-  
formed f rom a distr ibution of charge to one of a dis- 
t r ibut ion of surface potential  values over  an ensemble 
of devices connected in parallel.  This point of v iew has 
been corroborated by the work  of DiStefano (6). 
DiStefano has observed the format ion of inhomogene-  
ities in the Si-SiO2 barr ier  contact potent ial  as sodium 
ions are drif ted to this interface. 

For  the case of sodium ions, which may introduce 
large variations,  the mathemat ics  of this model  must  
be modified by appeal to a number  of exper imenta l  
observations. Because the densi ty of charged interface 
states is small  compared to the image charge induced 
by ions at the Si-SiO2 interface, there is no need to be 
specifically concerned wi th  changes in surface potential  
fluctuations due to interface states. Within the oxide 
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it is assumed that  all t ransportable  sodium is ionized, 
and in the vicini ty  of the Si-SiO2 interface the ions 
appear as a fixed charge distr ibution (7). A uniform 
fixed charge distr ibution manifests itself as a voltage 
shift on the C-V characteristic. The amount of shift 
is l inear with fixed charge density and is inversely pro-  
portional to distance from the Si-SiO2 interface as ex-  
pected f rom effective charge arguments.  Snow et al. 
(7) have shown that  the distr ibution of ions perpen-  
dicular  to the interface is very  narrow when ions have 
been dr iven to the silicon interface. When ions are 
quenched at the Si-SiO2 interface, the distr ibution does 
not extend deeply into the bulk and a la teral  dis tr ibu-  
tion of sodium ions is sufficient to describe the dis tr ibu-  
tion of flatband voltages. This is a less detailed ap- 
proach than in Ref. (4). 

Castangne and Vapail le have  discussed the fluctua- 
tions in capacitance s tructure in terms of a fluctuation 
of the effective charge (8). Their  point of v iew is dif- 
ferent  from ours as they consider fluctuations in the 
surface potentials at the Si-SiO2 interface ra ther  than 
local flatband voltage shifts caused by fluctuations in 
the local ion density. The formalism wi th  respect  to 
var iance as a statistical fitting parameter  is, however,  
v i r tua l ly  the same and good agreement  wi th  exper i -  
ment  is obtained. Al though conductance measurements  
confirm that  l i t t le  change in Nss takes place---within 
the sensit ivi ty of the measu remen t - -on  drif t ing ions 
to the Si-SiO2 interface, visual comparison of the 
s t ructura l  changes in the depletion region for high 
f requency and quasi-stat ic  curves indicate a change 
in the dispersion in many  cases. Because the Gaussian 
distribution, as used by Castangne and Vapaille, is 
symmetr ica l  about the mean, the apparent  dispersion 
cannot be reproduced in this model. Castangne and 
Vapaille, in fact, are unable to reproduce any disper-  
sion in their  calculat ion al though it is qui te  obvious in 
their  exper imenta l  data. 

Gamma Distribution Statistics 
We have a t tempted  to reproduce the observed dis- 

tort ion by a statistical summat ion of ideal MOS C-V 
curves. The model  assumes that  a one-dimensional  
paral le l  capacitor a r ray  represents  a MOS device with 
a slowly varying distr ibution of ions along the Si-SiO2 
interface. Consider subdividing the area of a hypo-  
thetical  Si-SiO2 interface under  the field plate into an 
ar ray  of N equal  areas. Suppose that  we  could deter-  
mine the number  of ions in each of the N areas. F rom 
this information we could plot a his togram with  the 
number  of ions per unit  area on the abscissa and the 
number  of such areas on the ordinate. This his togram 
represents  the distr ibution of ions along the surface of 
a MOS capacitor. 

Figure  4 shows continuous var iable  distributions we 
have  found applicable in this work  to sodium ions 
along the Si-SiO~ interface. This is a Gamma distr ibu- 
tion of the form 

X 
Ir(x) = e - x / ~  

where /9 is the fitting parameter, x corresponds to the 
number of ions per unit area. The mean ~ and variance 
~2 are related by ~s _-- #2/2 _-- 2/92. As seen in Fig. 4, 
the distr ibut ion cuts off abrupt ly  at x = 0 wi th  first 

1.00 F 

--0"5 [ r,<o.5 
"o.'orl 

o.z5 [ / /  ~ ,e=2 

0 0.5 1.0 2.0 3.0 4.0 5.0 
X 

Fig. 4. Gamma distributions with different values of/9 

6.0 

der ivat ive  Jr ' (0)  ----- 1//~ 2, peaks at x = /9, and the in- 
tegral  f rom x ---- 0 to 6.65/9 is 0.99. The distr ibution is 
skewed toward values of x > /~ with a point of in-  
flection at x ---- 2/~. The sharp cutoff at x ~ 0 is equiv-  
alent  to having no negative charges. The skewed be- 
havior  is what  would be expected for low level  ionic 
contamination. Even with 1012 ions /cm 2 there would be 
only one sodium ion for every  1000 silica molecules. 

The Gamma distr ibution as used in our calculat ion 
has had values skewed to the left, that  is x --* --x,  be- 
cause the free var iable  in this distr ibution model  is the 
re la t ive  flatband shift. Boulin (9) has shown that  the 
t ransformat ion f rom distr ibuted surface charge to re la -  
t ive flatband shift is linear, but wi th  an inversion of 
the horizontal  axis. Since the f ree  var iable  in this 
distr ibution calculat ion is the re la t ive  flatband shift, /~ 
is in units of volts. The sharp cutoff of the Gamma dis- 
t r ibut ion wi th  a proper choice of /~ insures that  we 
have no posit ive AVFB contributions to the statistics; 
such contributions would be inconsistent wi th  positive 
sodium ions. 

Results from Model  Calculat ions 
Calculations for typical N- and P - t y p e  materials  

are deseribed in a pictorial  a lgor i thm in Fig. 5. The 
calculations proceed from computer -genera ted  theo- 
retical  h igh-  and low-f requency  curves. For purposes 
of illustration, the ideal quasi-stat ic curve is shown in 
Fig. 5. For  a value on the vol tage axis mesh, say Vo, the 
zero of the Gamma d is t r ibu t ion- -skewed toward nega-  
t ive voltage va lues- - i s  aligned with  ideal curve. The 
ent ire  h igh-  and low-f requency  curves are mult ipl ied 
point by point wi th  the al igned Gamma distribution, 
and the product  is in tegrated from V ---- --6.65f3 to 
V ---- 0. The result ing va lue  

s Co = 6.~5B C(V)fr ,~  ( V -  Vo) dV 

is the averaged capacitance for the point Vo, which is 

AVERAGED C-V ALGORITHM 
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Fig. 5. Illustrated algorithm for obtaining "averaged" C-V curve 
from the convolution of the ideal curve with the Gamma distribu- 
tion. 



1592 J. EIectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  N o v e m b e r  1972 

a point on the statistical C-V characteristic corre- 
sponding to the start ing voltage. For purposes of com- 
parison, values of Co, as in the lowest curve of Fig. 5, 
are arbi t rar i ly  plotted at Vo -- 1~ because the ma x i mum 
of the Gamma distr ibution is at /~. For clarity, the 
l inear  shift in the voltage due to the over-al l  f latband 
shift has not been included. The calculation gives only 
the relative s t ructural  changes due to lateral  var ia-  
tions; the l inear  voltage shift along the V axis has to be 
determined separately from 

A V F B  - -  C o x d  Z p  (2:) d z  

as in Ref. (6). 
Figure 6 shows a comparison between the ideal C-V 

characteristics, dashed line, and the statistically 
summed calculations, solid line, for both low and 
high frequencies for a typical P- type  device. The dis- 
tort ion caused by fluctuations superimposed on the 
surface potential  is clearly evident  and resembles the 
exper imental ly  observed reversible distortion. A more 
suitable fitting procedure for exper imental  data would 
be to commence the mapping from the measured C-V 
characteristic with ions at the metal-oxide interface, 
instead of from the ideal C-V curve. In  this way  one 
can convenient ly  account for the effect of Nss ini t ia l ly 
present. An init ial  calculation of this type (9), also 
with /~ ---- 0.5, indicates excellent agreement, and is 
given in Fig. 7. /9 ---- 0.5 corresponds, roughly, to a 
___50% local deviation in the ion density. For example, 
o n e  could consider an average ion density of 1011 ions/  

_ _  ~ _ _ =  1.0 

' / ~ C  0.8 

~ ~  0.6 o 
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Fig. 6. Model calculation for statistical fluctuations on typical 
P-type substrate MOS devices. 
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Fig. 7. Quasi-static data of Fig. 1. showing a comparison between 
the C-V curve with sodium ions at the Si-Si02 interface and the 
corresponding "averaged" C-V curve using the C-V curve (for the 
same device) with ions at the field plate as "ideal" data, 
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Fig. 8. Model calculation for statistical fluctuations on typical 
N-type substrate MOS devices. 

cm 2 as measured by the over-al l  flatband shift, but  
with a local deviat ion of about 5 X 101~ 

Figure 8 shows similar comparative results for a 
typical  N-type device. In  addition to the distortion 
noted for the P- type  substrate in the previous figure, 
there is a dispersion evident  about fiatbands. The ap- 
parent  surface-state densi ty as indicated by the dis- 
persion would amount  to about 10ZZcm-2/eV if it were 
real. But this dispersion is an artifact of the algori thm 
we have used. This artifact is related to the  use of a 
skewed dis tr ibut ion for the local relat ive flatband 
voltage shifts. It  would be difficult to determine if 
this artifact exists in  real data because the actual 
surface-state densities are also on the order of at 
least 1011cm-2/eV. This effect may have been noted in 
the l i terature (10-12) and may  account for the recur-  
r ing concern about  interact ion be tween surface states 
and low-level  inherent  ionic contaminants.  

The success of this statistical model in describing 
the effect of sodium drift on the C-V characteristic 
substantiates the applicabil i ty of the paral lel  capacitor 
array model. Since this simple model would be inval id 
if the surface charge were, in fact, r andomly  distr ib- 
uted, the need for fur ther  study of the appropriateness 
of the random distr ibution approach is indicated. 

Conclusions 
For sodium impur i ty  levels of less than  1012 cm -2, 

the t ransport  of ions from one oxide interface to the 
other in an MOS device results in a marked  change in 
the measured C-V and G-V characteristics, in  addit ion 
to the flatband voltage shift. Measurements of surface- 
state density, Nss, indicate no changes with ion location. 
The s t ructural  changes in capacitance and conduct-  
ance are ascribed to statistical fluctuations in the sur-  
face density of sodium ions at the Si-SiO2 interface. 
In the absence of a sufficiently simple and straight-  
forward a priori calculation of the ion surface 
distribution, a model is devised which maps an ideal 
C-V characteristic into a dis t r ibut ion of fiatband volt-  
ages and results in the "averaged" C-V characteristic. 
Although a special form of the Gamma distr ibution has 
been used in the model because it appeared to be par-  
t icular ly  applicable, other s imilarly skewed distr ibu-  
tions may be applicable. While this model applies spe- 
cifically to long range nonuniformit ies,  it is sufficient 
to demonstrate that  a nonuni form distr ibution of ions 
can cause an apparent  distortion of the C-V structure. 
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The Thermal Decomposition of Germane 
LouH. Hall* 

Texas Instruments, Incorporated, Dallas, Texas 75222 

ABSTRACT 

The kinetics of the thermal  decomposit ion of germane were  studied in a 
dynamic system. The effect of substrate t empera tu re  on growth rate in the 
range of 300~176 was investigated. The effect of germane concentrat ion on 
the growth rate of ge rmanium was also studied. The mole fract ion of germane  
was var ied from 3 to 30 (x10-3).  The carr ier  and di luent  were  nitrogen. Both 
zero and first order  reactions were  observed. Act ivat ion energies were  found 
to be 0.75 eV (17 kcal) and 1.20 eV (28 kcal) for the zero and first order 
reactions, respectively.  The zero order  is ascribed to a heterogeneous reac-  
tion while  the first order is ascribed to a homogeneous reaction. Comparisons 
with results obtained f rom other studies are made. 

The use of chemical  vapor  deposition (CVD) tech-  
niques to grow films for use as coatings is wel l  known. 
Recently, we employed this technique to grow germa-  
nium films for use as anti-reflect ion coatings for appli-  
cation in aviation optical systems. 

Germane, GeH4, is a gas which the rmal ly  decomposes 
i r revers ib ly  on any surface heated above about 280~ 
to yield a germanium deposit (1-3). Hogness and John -  
son (2), and Tamaru  et al. (3) have repor ted  studies 
on the kinetics of the thermal  decomposition of ger -  
mane  by a static method. This method consists of using 
an isothermal  vessel which is evacuated to less than 
10 -4 mm Hg. This vessel is at tached to a mercury  
manomete r  and enables the decomposit ion of germane 
to be followed by measur ing the init ial  pressure of 
germane  as wel l  as the final pressure (unreacted ger-  
mane  and hydrogen) .  Hogness and Johnson found the 
rate  to be proport ional  to the one- th i rd  power of ger -  
mane  pressure at the higher  tempera tures  (275 ~ 
375~ with an inhibit ion by hydrogen in a lower t em-  
pera ture  range (2). However ,  Tamaru  et al. found zero 
and first order  reactions (3). The zero and first order 
reactions were  ascribed to heterogeneous and homo-  
geneous decomposition processes, respectively.  

Dumin  (4), and Papazian and Reisman (5) have re-  
ported the  epi taxial  growth of ge rmanium from the 
decomposit ion of germane on spinel and gal l ium ar-  
senide substrates, respectively.  Our germanium films 
were  to be used as coatings on infrared glasses for ap- 
plication in the 8-14 ~m region. These glasses have  low 
softening temperatures ,  below 400~ so it was neces- 
sary to have a l ow- t empera tu re  film growth. Single-  
crystal  mater ia ls  are obviously desirable; however ,  
amorphous or small  polycrysta l l ine  mater ia l  can also 
have low loss due to surface or grain boundary  scat ter-  
ing. If l a rge-gra in  polycrystal l ine mater ia l  is used the  
surface is rough  and scattering is large. 

This paper presents data on the kinetics of the the r -  
mal  decomposit ion of ge rmane  in a dynamic system in 
a t empera tu re  range of 300~176 

* Electrochemical Society Active Member. 
Key words: chemical vapor deposition, thin films, germanium, 

kinetics. 

Experimental 
The decomposition of germane was studied by mea-  

suring the rate of deposition of ge rmanium as a 
function of substrate t empera ture  and concentrat ion 
of germane. The substrates used were  s ingle-crysta l  
silicon wafers  (<111>  oriented; mechanical ly  pol-  
ished) and silicon wafers  which had a 10O0A oxide 
coating. The substrates were  cleaned prior  to use by 
Caro's acid (mix ture  of 280 ml H2SO4 and 120 ml  
H202) and then rinsed thoroughly wi th  deionized 
water.  The wafers  were  left  in deionized wa te r  unti l  
ready for loading into the reactor. The wafers  were  
removed one at a t ime and blown dry  wi th  h igh-pres-  
sure nitrogen. The procedure is s imilar  to that  reported 
by Berkenbl i t  et al. for the low tempera tu re  dispro- 
port ionat ion of GeI2 (6). 

The thicknesses of the germanium films were  ob- 
tained by par t ia l  masking of the film and removing  the 
unmasked port ion by use of a 35% solution of hydro-  
gen peroxide at 50~ The thicknesses were  mechani -  
cal ly measured by use of the Talystep I. In general, 
the film thicknesses ranged f rom 2000 to over  20,000A 
with  the major i ty  being be tween 10,000 and 20,000A. 

The reactor  used was a horizontal  quar tz  tube with  
an ID of 2 in. and approximate ly  12 in, in length. The 
system was r f  heated by loading into a 5 ~  in. X lSA in. 
X % in. carb ide-coa ted  graphi te  susceptor. The sub- 
strate tempera tures  were  measured by use of an infra-  
red radiat ion thermometer .  Emissivi ty  and absorption 
corrections were  made for the silicon substrates and 
quar tz  tube (7, 8). Substra te  tempera tures  ranged f rom 
300 ~ to 450~ Uncer ta in ty  in tempera ture  was less than 
_5~ Nitrogen was used as the carr ier  and diluent 
gas and was kept  at a flow of 1 l i t e r /min  for most of 
the studies. Pure  germane  (99.999%) was obtained 
f rom Matheson and was used wi thout  additional purifi-  
cation. The mole fraction was var ied  f rom approxi-  
mate ly  3 >< 10 -8 to 30 >< 10 -3 , 3 to 30 cc/min.  

Results and Discussion 
At low tempera tures  (300~ there  was a difference 

in the growth rate  on the oxidized and n0noxidized 
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silicon substrates. The growth rates are 70 and 50 
A/min ,  respectively.  The films were  approximate ly  
1000A thick. This may be due to a difference in nuclea-  
tion on the .two surfaces. However ,  at h igher  t empera -  
tures and concentrat ions (and much thicker  films) 
there was no significant difference in growth rate  on 
the two surfaces. 

F igure  1 shows the effect of germane  concentrat ion 
on the growth rate  at four different t empera tures  (300 ~ , 
350 ~ 375 ~ and 400~ The log C vs. log R graph (con- 
centrat ion vs. growth rate) shows both zero and first 
order zones. Each data point represents  at least two 
depositions. The deviat ion f rom the average growth 
rate was typical ly ___5% or less. At  300~ the slope is 
zero even at the highest concentrat ion used; however,  
the higher  the substrate t empera ture  the lower  the 
germane concentrat ion need to obtain a zero slope. 
Growth rates var ied f rom 70 A/ ra in  at a low tempera -  
ture and concentrat ion to over 2600 A / m i n  at the high-  
est t empera tu re  and concentration. At the h igher  t em-  
peratures  and concentrations the decomposition be- 
comes uncontrol lable  and "cracking or fal lout" occurs. 
For  depositions at 450~ and 1.6% germane  concentra-  
tion, the germane  had decomposed on the walls  of the 
reactor  prior to reaching the moni tor  slice. This pre-  
mature  decomposit ion is ascribed as the reason for the 
bending of the first order  curves towards zero slope at 
h igher  tempera tures  and concentrations. The data sug- 
gest that  two kinds of reactions are taking place, zero 
and first order, wi th  the former  predominate  at low 
tempera ture  and /o r  low concentrat ion and the lat ter  
predominate  at high t empera tu re  and high concentra-  
tion. 

F igure  2 shows the effect of t empera tu re  on the dep-  
osition rate. The log R vs. 1 / T  plot provides an ac t iva-  
tion energy for both the zero and first order reactions. 
Applying the Arrhenius  equation, act ivat ion energies 
of 0.75 • 0.02 and 1.20 _ 0.02 eV (17 and 28 kcal) were  
obtained for the zero and first order reactions, respec-  
tively. 
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Fig. 2. Effect of substrate temperature on deposition rate 

Tamaru  et al. (3) suggested that  in the  static system 
the zero and first order reactions are  taking place 
s imultaneously and showed that  the zero order  react ion 
was heterogeneous decomposit ion at the substrate  sur-  
face and the first order react ion was homogeneous de- 
composit ion in the gas s t ream (3). These conclusions 
appear to be val id for the dynamic system also. Fig-  
ure  3a shows the surface smoothness of a film whose 
growth is p redominate ly  controlled by the zero order 
reaction. In Fig. 3b droplets are seen on the surface of 
a film whose  growth is predominate ly  control led by 
the first order reaction; however ,  films wi th  smooth 
surfaces could also be obtained f rom depositions 
which were  predomina te ly  controlled by the first order  
(homogeneous) reaction. 

This behavior  may  be understood by the fol lowing 
considerations. The  fol lowing diagram (Fig. 4) shows 
a substrate wi th  a heterogeneous and homogeneous 
reaction zone. 

As long as the substrate surface is p roper ly  prepared  
(cleaned, etc.), a heterogeneous-control led  react ion 
wil l  provide  films wi th  smooth surfaces. It  is interest-  
ing that  films obtained f rom conditions which indicate 
a homogeneous react ion have  very  smooth surfaces. If 
gas phase decomposition occurs sufficiently close to the 
surface then the decomposed germanium atoms can 
diffuse to the surface before large clusters are formed 
or "fal lout"  occurs. The qual i ty  of films obtained from 
this homogeneous react ion depends on the germane  
concentrat ion and total  flow rate. 

The  heterogeneous reaction is zero order. In  addi- 
tion, an increase in l inear  gas s tream veloci ty  has no 
effect on growth rate. The la t ter  is in accordance wi th  
a surface control led react ion as described by Reisman 
and Berkenbl i t  (9). The fact that  the homogeneous and 
heterogeneous reactions are proceeding simultaneously 
makes it difficult to de termine  the ra te  controll ing 
process for the homogeneous reaction. If an isothermal  
reactor  is used to study the homogeneous decomposi-  
t ion of germane, it is expected that  the amount  of 



Vol. 119, No. 11 THERMAL DECOMPOSITION OF GERMANE 1595 

Fig. 3. Electron micrographs showing the surface of germanium films deposited on single crystal silicon substrates. Replica techniques 
were used. A, 300~ substrate temperature, 1.6% Ge, 7500.~; B, 375~ substrate temperature, 1.6% Ge, 7500~. 

germane decomposed would be a function of both the 
temperature  and germane concentration. However, in 
the present  s tudy there is a tempera ture  gradient  from 
the susceptor to the walls of the reactor, Ts (substrate 
temperature)  and Tw" (a temperature  d distance away 
from the substrate) (see Fig. 4). Decomposition begins 
for any  gas which passes through this zone (for the 
homogeneous case). The greater the flux of germane 
into this zone the faster the decomposition. Several  
factors can lead to an increase in decomposition rate 
of germane in  the homogeneous zone. These are: (i) 
an increase in total flow, keeping the germane concen- 
t rat ion constant, (ii) an increase in germane concen- 
tration, keeping the total flow constant, and (iii) an in-  
crease in the zone dimensions, i.e., d in Fig. 4. However, 
the total flow can also affect the size and shape of the 
homogeneous zone, e.g., through cooling. Depending 
upon several factors, e.g., total flow rate and geometry 
of homogeneous zone, the decomposed germanium may 
not reach the substrate. The germanium could be 
deposited either upstream or downstream of the moni-  
tor wafer. Exper imenta l ly  we have observed both an 
increase and decrease in growth rate with increase in 
total flow. 

As long as the homogeneous zone has a small d, de- 
composed germanium atoms apparent ly  can diffuse to 
the surface and become part  of the deposited film be- 
fore large clusters are formed or "fallout" occurs. 

A large difference was noted in activation energies 
reported here and by Tamaru  et al. for the static 
studies (3). The differences between activation en-  
ergies [(Ea 1 -- Ea~ = (Ea 1 - -  E a 0 ) d y n a m i c ]  for the 
zero and first order reactions are the same for both the 
static and dynamic system, but  there is a significant 
difference between activation energies ( E a l s t a t i c  = 

51 kcal/mole,  E a l d y n a r a i c  - -  28 kcal /mole) .  Dumin  

s 
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Fig. 4. Heterogeneous and homogeneous reaction zones 

has studied the decomposition of germane in  hydrogen 
in a temperature  region of 575~176 and reported 
an activation energy of 47.5 kcal /mole (4). 

The decomposition of germane, GeH4, has the prod- 
ucts of solid germanium and hydrogen gas. Both the 
static decomposition of germane and the epitaxial  
growth of germanium from germane and hydrogen are 
similar in that hydrogen might  be expected to act in 
a similar fashion. A flowing ni t rogen ambient  may 
condition the surface differently than  H~, and in addi-  
tion sweep the hydrogen by-products  away from the 
surface. Also, ni t rogen gas occupies the major  portion 
of the gases in the reaction zones in this study and 
certain normal  or activated properties of N2 may  have 
a definite effect on the activation energy. We have 
observed an increase in growth rate of approximately 
30 % for silicon dioxide films when grown in ni t rogen as 
compared to growth in  argon (10). 

The data presented supports an effect of nitrogen, 
impur i ty  less than 5 ppm combined H20 and 02, on 
either the mechanism of decomposition, or through an 
activated species, the activation energy. 

Still, the effect of impurities, or the possibility that  
the homogeneous (or heterogeneous) process may not 
be kinetical ly controlled and mass t ransport  is occur- 
r ing cannot be completely el iminated as factors in the 
lowering of the activation energies relative to previous 
work. 

C o n c l u s i o n  

The growth of germanium films from the thermal  
decomposition of germane in ni t rogen was studied and 
the decomposition was found to proceed by two differ- 
ent reactions, a zero and first order reaction. These 
were ascribed to heterogeneous and homogeneous proc- 
esses. Activat ion energies were calculated and found 
to be 0.75 eV and 1.2 eV, respectively, for the zero and 
first order reactions. The decomposition obtained by a 
static method (3) was compared to that obtained in 
the dynamic system, and the results are similar. 
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Nitride Layer Growths on Liquid Thorium and on 
Solid Thorium Carbon Alloys 

R. Benz 
Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico 87544 

ABSTRACT 
Nitride layers were formed on thor ium-carbon alloys by reaction with 

ni trogen (1-1600 Torr) at temperatures  between 1400 ~ and 2400~ Values of 
scale thicknesses of face-centered cubic (fcc) ThN on l iquid thor ium and of 
Th(C,N) on solid alloys with C /Th  = 0.10, 0.20, and 0.30 were found to be pro- 
port ional  to the square-root  of t ime of reaction indicating growth rates are 
controlled by diffusion. Calculated composit ion-average values of concentra-  
t ion-gradient  type interdiffusion coefficients in pure ThN at 1900 ~ 2100 ~ and 
2400~ can be represented by the equation D ---- 254 exp (--99.4 • 30 kcal /  
mole) /RT.  Diffusion coefficients in the Th(C,N) layers are approximated by 
the same method: cross effects due to presence of carbon are neglected. The 
results show that  the n i t rogen diffusion rate in Th (C,N) increases with carbon 
content and with decreasing ni t rogen pressure. Nitrogen-r ich Th(C,N) layers 
formed on alloys with C/Th ratio -~ 0.4 are preceded by a carbon-r ich  front 
containing ThC2 precipitate. This observation together with the assumption of 
negligible mobil i ty of thor ium atoms leads to the conclusion that  carbon dif- 
fuses "uphill" against  a concentrat ion gradient.  The phenomena also occurs in 
the analogous U(C,N) phase dur ing reaction under  similar  conditions. With 
increasing carbon content, ni t rogen diffusion is suggested to change from a 
vacancy mechanism in pure ThN to a subst i tut ion mechanism in carbon-r ich 
Th (C,N). 

In  a recent  investigation of the Th-C-N system (1), 
equil ibrat ion of thor ium-carbon alloys with ni t rogen 
was observed to be extremely slow under  certain con- 
ditions. The usual solution to an equil ibrat ion problem 
of increasing the anneal  time proved unsuccessful. For 
example, increasing the holding time of l - r am chips 
of ThC in 1 atm N2 at 1800~ from 6 to 600 hr did not 
give products perceptibly closer to equil ibrium. Ex- 
planat ion of this difficulty, as may be seen in the 
results of this investigation, is that atomic fluxes dur-  
ing the reaction are coupled causing an "uphill" diffu- 
sion of carbon (diffusion up a concentrat ion gradient)  
and consequently to segregation of carbon and thorium. 
Darken first reported having observed "uphill" diffu- 
sion in austenitic steels (2). It also occurs in u r a n i u m -  
carbon alloys reacting with nitrogen. The phenomena,  
which can occur in systems with three or more com- 
ponents, may  be more prevalent  than has been previ-  
ously supposed. 

In  what  follows, nitr ide layers are described which 
form on thor ium-carbon alloys by reaction with ni t ro-  
gen. At ni trogen pressures below the decomposition 
pressure of Th3N4, the reaction rate is controlled by 
diffusion and no evidence for outward migrat ion of 
thor ium is observed. Under  this condition, the growing 
ni tr ide layer  may be either single-phase face-centered 
cubic, fcc, Th-ThC-ThN solid solution, denoted 

Key  words :  diffusion in ThN, diffusion in ThN-ThC solid solu- 
tions, uphil l  diffusion, decomposi t ion pressure  of Th~N~, decomposi-  
t ion pressure  of ThCN. 

Th(C,N),  two distinct Th(C,N) phases, or a mix ture  of 
Th(C,N) and monoclinic ThC2 and/or  ThCN. Impor-  
tant  for in terpreta t ion of diffusion processes occurring 
in the growing layer is a knowledge of the thorium- 
carbon-ni t rogen phase diagram (1) and the composi- 
tion at the outer surface of the growing layer. The lat-  
ter  information was obtained from results  of equi l ibra-  
tion experiments which are described first. 

Experimental 
Materials.--Alloys were prepared with crys ta l -bar  

thor ium metal  (Metal Hydrides, Division of Ventron 
Corporation, Beverly, Massachusetts), spectroscopic 
graphite (National Carbon Company, Union Carbide 
Corporation, Fostoria, Ohio), and prepurified ni trogen 
(Big Three Industr ia l  Gas and Equipment  Company, 
Houston).  Thor ium metal  specimens and thor ium-car -  
bon alloys were arc melted by P. L. Stone as previously 
described (3). Powder ThN was obtained by  vacuum 
decomposition of Th3N4 (4). 

Apparatus and procedure.--Specimens were placed in 
a tungsten crucible which was heated by induct ion in 
a vacuum chamber. Equi l ibrat ion experiments  were 
thus made with finely divided powders of the appropri-  
ate thor ium-carbon alloy. The powder was equil ibrated 
with nitrogen at selected pressures and quenched in a 
stream of helium. Compositions of the fcc Th(C,N) 
phase coexisting with ThC2 and with ThCN were 
determined from uni t  cell dimensions with the assump- 
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t ion of a l inear  variation from the value of 5.159A in 
pure  ThN to 5.346A in pure ThC. Nitrogen decomposi- 
tion pressures of Th~N~, carbon-r ich ThaN~, and ThCN 
were determined with powder ThN, ThC0.20, and 
ThC1.00, respectively. The experiments  were carried 
out at a series of different ni t rogen pressures for a 
given tempera ture  and the decomposition pressure was 
deduced from x - ray  diffraction pa t te rn  determinat ions 
of the presence or absence of the respective phases in 
samples of the products. Layer  growths of ThN on 
l iquid thor ium were made with the thor ium spheroids 
supported on a bed of ThN powder. They were reacted 
in ni t rogen at selected temperatures  and quenched in 
a stream of helium. Ternary  ni t r ide layer growths were 
made with alloy chips having dimensions of 3 • 3 • 4 
mm. Each specimen was heated for a selected period of 
t ime in ni t rogen at a fixed pressure and quenched in 
the same way. Layer  thicknesses were measured with 
a microscope disk calibrated with a vernier.  
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Results 
Equilibration exper iments . - -Room temperature  un i t  

cell dimensions, ao, of powders which had been equil i-  
brated with various ni trogen pressures and at various 
temperatures  are listed in column 3 of Table I. Values 
of x in the formula ThCl-~Nx were calculated with the 
assumption of a l inear  dependence on ao and are 
shown in column 4. As seen in the phase dia- 
grams i l lustrated in Fig. 1 and 2, the extent  of 
solution of ni trogen in ThC2 is less than 1% and the 
amount  of carbon that can precipitate (as ThC2) from 
the nonmeta l  saturated Th(C,N) on cooling is com- 
parat ively small  too. Thus the Th (C,N) phase at t em-  
perature can also be represented to a good approxima-  
tion by the formula ThCI- ,Nx  with the same room 
temperature  values of x. 

The ni t rogen decomposition pressure at a given tem-  
perature was taken as the lowest ni trogen pressure at 
which the n i t rogen-r ich  phase was identified in 
quenched products. The thus determined decomposition 
pressures of pure ThaN4, of Th3N4[+ ThCN + 
Th(C,N)] ,  i.e., Th3N4 coexisting with ThCN + 
Th(C,N),  and of T h C N [ +  ThC2 + Th(C,N)] ,  i.e., 

Table I. Room-temperature fcc lattice parameters and x values 
of nonmetal-saturated Th(C,N), ThCz-xNx, after 

equilibration with nitrogen at various 
pressures and temperatures 

T e m p e r -  
a tu re ,  ~ P~2' To r r  ao • 1 mA* x 

2200 1000 5.218 0.683 
100 5.251 0.485 

10 5.293 0.283 
1 5.328 0.096 

2000 14.00 5.224 0,651 
1000 5.224 0.651 

100 5.241 0.560 
10 5.265 0.432 

1 5.291 0.293 

1900 440 5.222 0,661 
100 5.224 0.651 

10 5.262 0.448 
1 5,274 0.384 

1800 160 5.224 0.651 
1OO 5.225 0.645 

10 5.246 0.533 
1 5.260 0.459 

1700 59 5.220 0.672 
10 5.237 0.581 

1 5.280 0.352 

1600 18 5.224 0.651 
1O 5.227 0.635 
1 5.248 0.523 

1500 5 5.227 0.635 
1 5.230 0.619 

* T h e s e  are  values  ex t rapo la ted  to # = 90 ~ b y  the  N e l s o n - R i l e y  
f u n c t i o n  w i t h  t he  c o m p u t e r  p r o g r a m  of Vogel  a nd  K e m p t e r  (13). 

I-ThCN 
Th 

Fig. 1. Thorium-carbon-nitrogen 1600~ phase diagram and 
pressure isotherms. 
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Fig. 2. Thorium-carbon-nitrogen 1800~ phase diagram and 
pressure isotherms. 

ThCN coexisting with ThC2 + Th(C,N),  are plotted in 
Fig. 3. Based on the results listed in Table I and Fig. 3, 
pressure isotherms at 1600 ~ and 1800~ were deduced. 
These are shown schematically in Fig. 1 and 2 respec- 
tively. 

2000 ~ 1900 o 18000 1700 ~ 1600 ~ 1500 = 1400 ~ 

I000 I I ~ I I 1 

Th3N4 (§ (C,N)~ThCN~ 
o 100 

Q. 

t I I I 
4.5 5.0 5,5 6.0 

T -I x IO 4 K - I  

Fig. 3. Nitrogen decomposition pressures of pure Th3N4, Th3N4 
coexisting with ThCN + Th(C,N), and ThCN coexisting with 
Th(C,N) -~- ThC2 as a function of temperature. 
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Fig. 4. Photomicrograph of a typical ThN scale growth that was 
formed an liquid thorium in 1520 Torr nitrogen at 2100~ (X100). 

ThN scales formed on liquid thor ium.- -At  first at- 
tempts were  made to form diffusion-controlled scale 
growths of ThN on solid thorium. ThN scales which 
were  formed on thor ium at tempera tures  of 1400 ~ 
1700~ were  found, however ,  a lways to be porous 
indicating that  ThN scales do not grow by diffusion. 

Next, exper iments  were  made to produce diffusion- 
controlled ThN scale growths on l iquid thor ium analo- 
gous to those previously described to produce diffu- 
s ion-control led UN layer growths on l iquid u ran ium 
metal  (5). The resul t ing ThN scales were  dense. A 
typical scale growth is i l lustrated in Fig. 4. Layer  
thicknesses, xs, corrected for a small  t he rmal  contrac-  
tion as calculated with  h igh - t empera tu re  x - r a y  diffrac- 
t ion data (6) are listed in column 4 of Table  II. The 
ni t rogen pressures and t imes at temperature ,  t, are 
listed in columns 2 and 3, respectively.  

Th(C,N) scales formed on solid alloys wi th  C /Th  = 
0.10, 0.20, and 0.30.--Based on h igh- t empera tu re  x - r a y  
diffraction results (6) and the tho r ium-ca rbon-n i t ro -  
gen phase d iagram (1), vo lume difference be tween  
Th(C,N)  and coexisting a - thor ium is expected to 
diminish wi th  increasing carbon content.  The differ- 
ence, of course, becomes zero at a cr i t ical  composit ion 
where  the two phases merge  into a single phase, e.g., 
where  the carbon atom fract ion reaches the va lue  of 
about 0.3 at 1800~ as seen in Fig. 1. Simultaneously,  
lat t ice strains induced by volume change when  tho-  
r ium-ca rbon  alloys react  wi th  n i t rogen may be ex-  
pected to diminish with  increasing C / T h  ratio and 
eventua l ly  yield scales free of voids. 

Table II. ThN reaction-layer data and composition-average chemical 
interdiffusion coefficients 

N i t r o g e n  
T e m p e r -  p res su re ,  Time,  
a ture ,  ~ a t m  h r  x s , / a n  u D---~ em2/sec 

1900 0.4 0.33 9.5 0.0872 2.5 • lO-S 
1.00 15.0 2.0 
4,00 33.0 2.5 

2100 2.00 0,25 22.0 0.0023 16.0 
1.00 44.0 16.0 

0.20 0.25 22.0 16.0 
1.00 48.0 18.0 
4.40 101.0 19.0 

2400 2,00 0.125 52.0 0.0939 170.0 
0.500 111.0 194.0 
0.750 133.0 186.0 

Fig. 5. Photomicrograph of a scale growth on a thorium-carbon 
alloy with C/Th ---- 0.1 after annealing in 90 Tort nitrogen at 
1750~ No porosities are seen in the faintly visible surface fcc 
Th(C,N) phase (top). Precipitate particles of Th(C,N) are seen in 
the central thorium-rich phase (bottom area) (X100). 

Exper iments  were  made to form nitr ide scales on 
rec tangular -shaped thor ium-carbon  alloys wi th  the 
dimensions 3 • 3 X 4 mm. The scales formed on alloys 
wi th  C /Th  ---- 0.05 were  found to be porous but the 
porosity was less than that  formed on carbon-f ree  solid 
thor ium metal.  No porosity was at all  percept ible  in 
scales grown on alloys wi th  C /Th  = 0.10 to 0.40 pro-  
viding the ni t rogen pressure during react ion did not 
exceed the decomposition pressure of Th3N4[+ ThCN 
q- Th(C,N)] .  Microst ructure  of a typical  scale is seen 
in Fig. 5. Th(C,N)  scales were  grown on alloys wi th  
C /Th  ~-- 0.10, 0.20, 0.30 by react ion wi th  ni t rogen at 
the ThCN[q-  ThC2 -t- Th(C ,N) ]  decomposition pres-  
sure and the tempera tures  of 1400 ~ 1500 ~ 1600 ~ 1700 ~ 
1750 ~ and 1800~ The anneal  t imes and resul t ing layer  
thicknesses are listed in columns 4 and 5 of Table  III. 
In addition, one measurement  was made  wi th  the lower  
pressure of 2 mm at 1600~ and the results  are listed 
in row 15 of Table  III.  The  scale thicknesses grown in 
19 Torr  N2 at 1600~ are proport ional  to the square 
root of t ime at temperature .  Other  conditions being 
the same, the thicknesses are grea ter  in alloys wi th  
higher  C /Th  ratios. This effect results, in part,  f rom 

Table I11. Th(C,N) reaction-layer data and composition average 
interdiffusion coefficients 

T e m p e r -  A l l o y  T ime ,  __ 
a tu re ,  ~ pr~2, To r r  C / T h  h r  xs , /~m u D, cm~/sec 

1800 150 0.20 0.5 32 0.45 66 • 10 -lo 
1800 150 0.30 0.5 37 0.517 72 

1750 100 0.20 0.5 30 0.17 44 
1750 100 0.30 0.5 66 0.36 53 

1700 50 0.10 0.5 5,5 0.13 25 
1700 50 0.20 0.5 7 0.15 32 

1600 19 0.10 16 11 0.11 4.2 
1600 19 0.20 0.I 1 0,12 4.8 

1600 19 0.20 4,2 7 0,12 5.4 
1600 19 0,20 16.1 12 0,12 4.4 

1600 19 0.30 0,I 2 0.18 8.0 
1600 19 0.30 1.0 6 0.18 7.7 
1600 19 0.30 4.2 12 0.18 7.7 
1600 19 0,30 16.1 26 0.18 8.7 
1600 2 0,10 16 16 0,11 9 

1500 5 0,10 12.6 5 0.15 1.02 

1400 0.8 0.10 2 1.3 0.12 0.50 
1400 0.8 0.20 2 1.6 0.18 0.83 
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decreasing width of the thor ium Th(C,N),  two-phase 
region and, in part, from subsequent ly  described in-  
creasing rate of diffusion with increasing C/Th ratios. 

Informat ion on the direction of ni trogen diffusion 
was obtained by comparison of x- ray  diffraction pow- 
der pat terns of samples taken from the outer surfaces 
with those taken from the centers of reacted specimens. 
The results revealed no evidence for carbon to redis- 
t r ibute  dur ing the reaction. The direction of ni t rogen 
flux in Th(C,N) scales is concluded to coincide with 
directions of near ly  constant C/Th ratio. The directions 
are presumably parallel  to isochemical potential  curves 
of carbon. Representat ive ni t rogen paths are i l lustrated 
in Fig. 6 on the 1600~ isotherm. The diffusion paths in 
alloys with C/Th ratio up to 0.40 begin on the ni t rogen-  
rich boundary  of Th(C,N).  The diffusion paths in 
Fig. 6 cross the Th(C,N) phase in a skewed path de- 
viat ing slightly from paths of the constant  C/Th ratio 
as previously inferred from lattice parameter  data. The 
slight skewing is suggested on the basis of the course of 
the ThCN [-~ ThC2 + Th (C,N)] decomposition pressure 
isotherm according to which the most stable and equi-  
l ibr ium composition of Th (C,N) assumed to prevail  at 
the outer surface of the reaction layer  is ThC0.3~N0.65. 
The diffusion paths in Fig. 6 terminate  in the n i t rogen-  
rich boundary  of =-thorium in accord with the observa- 
t ion that composition gradients level rapidly in the 
lat ter  phase. 

Reaction layers ]ormed on aZloys with C/Th > 0 .4 . -  
Observations with alloys in this composition region are 
mostly quali tat ive but  cover a wide range of composi- 
t ion in the te rnary  phase diagram and form an im-  
portant  basis for an in terpre ta t ion of the diffusion 
mechanism in Th(C,N).  Reaction layers very often 
consisted of complex mixtures  of phases. Unless stated 
otherwise, only reactions in ni t rogen at the T h C N [ +  
ThC2 -b Th(C,N)]  decomposition pressure are de- 
scribed. Reaction with alloys having C/Th ---- 0.4 to 1.0 
produce a surface layer of n i t rogen-r ich  Th (C,N) hav-  
ing a ni t rogen content only slightly lower than  that  
which was found on the previously described alloys 
with lower carbon content. Microstructures of the reac- 
tion layers differ from the previously described ones 
in having ThC2 precipitate present  in the Th(C,N) 
forming a continuous series of solid solutions between 
the outer surface and the central  alloy composition. 
Reaction in ni t rogen at lower pressures yielded surface 
Th(C,N) with lower ni t rogen content and the ThC~ 
precipitate was dis tr ibuted over a broader region. 
Based on these observations representat ive ni t rogen 
diffusion paths were drawn as i l lustrated in Fig. 6. In  
specimens with the lower C/Th ratios of 0.4 to 0.8 

ni t rogen penetra t ion depths were greater and the ThC2 
precipitate appeared as small  particles in relat ively 
minor  proportions as i l lustrated in Fig. 7. In  alloys 
with the higher carbon contents of C/Th ~ 0.9 and 1.0 
the ThC2 precipitate appeared as a continuous layer 
such as seen in Fig. 8. 

Net nitrogen uptake by ThC1.00 in 1 and in 100 Torr 
ni trogen was determined. The specimens experienced 
weight gains of 5.0 and 4.2 mg nitrogen, respectively, 
in �89 hr at 1800~ Microscopic examinat ion of the 
products revealed a small  amount  of ThCa at the 
Th (C,N) grain boundaries.  

Fig. 7. Photomicrograph of an alloy with C/Th ~ 0.40 after an- 
nealing in ]50 Torr nitrogen at 1800~ and quenching. The nitrogen 
is near the ThCN ~- Th(C,N) -f- ThC2, three-phase, equilibrium 
pressure. Precipitate particles of ThC~ (light area) are seen em- 
bedded in Th(C,N). The ThC2 particles formed at temperature 
showing that carbon was displaced inward by flux of nitrogen in 
the Th(C,N) phase (XIO0). 
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Fig. 6. Typical nitrogen diffusion paths in 19 Torr nitrogen on 
the thorium-carbon-nitrogen 1600~ isotherm. 

Fig. 8. Photomicrograph of an alloy with C/Th ---- 1.00 after an- 
nealing for 9 hr in 1520 Torr nitrogen at 1500~ and quenching. 
The nitrogen pressure exceeds the ThCN -I- ThC2 -J- Th(C,N) and 
the ThsN4 --}- Th(C,N) ~ ThCN equilibrium pressures. The se- 
quence of phase layers beginning with the outer layer at top (dark 
area) is Th3N4 -I- ThCN ~ Th(C,N) -~ ThC2 (-{- small amount of 
ThCN)  -+ ThC (X300). 
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Discussion 
Diffusion coe~icients in the binary ThN phase .~Con-  

centra t ion-gradient  type interdiffusion coefficients were 
calculated with the equation 

D = Xsi/4tu 2 [1] 

as previously described (5) [see also Jost (Ta)]. Values 
of the parameter  u, as listed in column 5 of Table II, 
were calculated from the equation 

( X N "  - -  X N ' )  / ( X N "  - -  X N  ~  = X U exp u 2 erf u [2] 

in which the value of the ni t rogen atom fraction in 
ThN at the gas-scale interface was taken as XN" = 
0.500, that in ThN at the scale-liquid interface was 
taken as XN' ---- 0.494 corresponding to N/Th  ---- 0.975 
(4), and values of the ni trogen atom fraction in the 
liquid thor ium-ni t rogen  alloys, XN ~ were calculated 
from published l iquidus data (4). According to 
Wagner  (8), the symbol D represents an average value 

- 1 [;~" D dX~ [3] 
D = X N "  -- X N '  ' N' 

of the local interdiffusion coefficient /~. The calculated 
D values as listed in column 6 of Table II can be repre-  
sented by the equation 

D (cm2/sec) _-- 254 exp (--  99.4 _ 30 kca l /mo le ) /RT  
[4] 

where T denotes tempera ture  in degrees Kelvin,  indi -  
cating an effective activation energy for diffusion of 
99.4 kcal/mole.  The lat ter  value may be compared with 
120 __ 25 kcal/mote reported for the analogous UN 
phase (5). 

The D values for ThN at 2100~ are seen in Table  II 
to be essentially the same for 0.20 as for 2.00 a tm ni t ro-  
gen, a ten-fold difference in  ni t rogen pressure (Ps2)- 
Values of D for the analogous UN phase at elevated 
temperatures  have also been reported to be insensit ive 
to changes in PN2 in the same pressure range (5). This 
is consistent with our observations that  the composi- 
t ion of nei ther  ThN nor UN changes appreciably with 
equi l ibr ium PN2 in the stated pressure range. It  is 
also compatible with a vacancy mechanism for ni t ro-  
gen diffusion as proposed for UN (5) and as suggested 
for the ThN phase, if one assumes in accord with 
observations, that the N/meta l  ratio does not exceed 
the stoichiometric value of one in 2 atm nitrogen. F lux  
rate of ni t rogen in a b inary  phase can be wri t ten  

DsN CN d 
JN  = - -  /~N [ 5 ]  

RT dx 

where DSN denotes ni trogen self-diffusion coefficient 
and CN is the ni trogen concentrat ion (g ram-a toms/  
cubic cent imeter) .  Other things being equal, a ten-fold 
increase in PN2 corresponding to an increase in ~N by 
some 5 kcal /mole  might  be expected to appreciably 
increase the observed jN value, whereas JN is in fact 
insensit ive to changes in PN2 from 0.20 to 2.00 arm. 
Qualitatively, this comes about because, according to 
the vacancy theory of diffusion, DSN is proportional to 
the concentrat ion of ni t rogen vacancies (N,) and an 
increase in PN2 decreases Nv and, therefore, decreases 
DSN so as to compensate for the increase in the effec- 
t ive d/dx  ~N. Reported composition average values of 
DSN [denoted DSoN in Ref. (5)] as deduced with the 
aid of Eq. [5] for UN are lower in value for PN2 ---- 2.00 
than for PN2 -~ 0.20 atm by a factor of about 5 (5). 

Diffusion coefficients in the ternary Th(C,N) s o l i d . -  
The Onsager equations describing one-dimensional  iso- 
thermal  fluxes (gram-atom/square  centimeter-second) 
of carbon and ni t rogen relat ive to thor ium are, respec- 
t ively 

a a 
jc  - -  --kc,c-~x--x ~c - -  kC,N--~--X ~ [6] 

0 0 
j~ = --kN,C-~--x ~,c --  kN.N--~--X ~,N [71 

at each point in the isotropic solid. The ins tantaneous 
chemical potential  gradient  of the general  component  
i representing either carbon or ni t rogen in the direc- 
tion of flow is O/Ox ~i and the coefficients kij are gener-  
ally functions of composition, pressure, and tempera-  
ture. Transformations to other reference coordinate 
systems, as is well known, do not change the form of 
the flux equations, but  do general ly change the kij 
values. 

Acquisit ion of data to integrate  the flux equations 
is a formidable task and, as usual, s implifying assump- 
tions are made to describe behavior  under  l imit ing 
conditions. With assumptions of negligible drift  velocity 
of thor ium and of negligible volume change, 1 flux of 
thor ium relat ive to an ordinary  coordinate system 
such as one fixed to the outer surface of the solid can 
be wri t ten  

O O 
JTh = --KTb.C ~ ~C - -  KTh.N ~ ~ = 0 [8] 

It follows that  measurements  of Jc and iN, defined 
relative to thorium, are identical to those measured 
relat ive to the surface coordinate system of reference. 
Thus, kii = Kii and fluxes referred to the coordinate 
system fixed at the system's surface can be wr i t ten  

O O 
Jc -- --Kc,c-~--x ~c -- K c , N " ~ x  ~N [91 

O 0 
iN ---- --KN,c ~ ~C -- KN.N ~ / ~ N  [10] 

Only Eq. [10] is used in the subsequent  analysis. It  
simplifies in  the two l imit ing cases that  ni trogen 
diffuses in directions parallel  to the thor ium or to 
the carbon isochemical potential  curves. When ni t ro-  
gen diffuses at all points in directions of constant  /~Wh, 
Eq. [10] becomes 

O 
jN = --D' XN [11] 

aX 

where D' ---- [KN,N -- KN,C XN/Xc] O/OXN ;~N, XC and 
X N  are the carbon and nitrogen atom fractions, and #N 
is a function of the single composition variable XN in 
view of the pseudobinary character of the system. In 
the second case, nitrogen diffuses in a direction suffi- 
ciently close to curves of constant ~c and Eq. [I0] can 
be wri t ten  

0 
jN = --D XN [12] 

ax 
where D = KN.N o/aXN ~N. 

Along the diffusion paths in n i t rogen-r ich  Th(C,N) 
the fcc uni t  cell dimensions change only very li t t le so 
that volume changes can be neglected. Equat ion [12] 
with D a constant is assumed to describe the diffusion 
of ni t rogen in the n i t rogen-r ich  Th (C,N) scales. Solu- 
tion to the diffusion problem is analogous to that  pre-  
viously described for ni t rogen diffusion in pure ThN. 
Value of D were Calculated from observed scale thick- 
nesses with Eq. [1] and u values were calculated with 
Eq. [2]. The ni trogen atom fractions in Th (C,N) at the 
Th(C,N)-gas  interface was obtained with the formula 
XN" ---- V2 (1 -- [C/Th]) ,  where C/Th denotes the car- 
bon- to-meta l  ratio of the ini t ial  alloy. The ni t rogen 
atom fraction in Th(C,N) at the alloy-scale interface, 

1 T h e  d i s c u s s i o n  h a s  to  be  q u a l i f i e d  b e c a u s e  v o l u m e  c h a n g e s  i n  
T h ( C , N )  can  be  f ini te .  E x t r e m e  f r a c t i o n a l  c h a n g e  in v o l u m e  t h a t  
can  occu r  on the  T h C - T h N  t ie  l ine  is  g i v e n  b y  t h e  f r a c t i o n a l  v o l u m e  

V~hc -- VThN 
d i f f e r e n c e  b e t w e e n  p u r e  T h C  a n d  T h N :  0.*1 

Tt,'Th N 
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XN', and that  in the central  alloy, X N  ~  w e r e  calculated 
for the ini t ia l  C/Th ratios and published phase dia-  
grams (1). D values thus deduced for alloys having 
various ini t ial  C/Th ratios are listed in  column 7 of 
Table III and are plotted in Fig. 9 where results ob- 
tained with pure ThN are also shown. The D values for 
the alloys have a greater  uncer ta in ty  than  those for 
pure ThN because of greater uncer ta in ty  in the XN 
values. Precision of the results, however, shows that  
the D tend to higher values in alloys with higher 
C/Th ratios. The results in rows 7 and 15 of Table III  
show that  the effect of lowering the ni t rogen pressure 
at 1600~ is to increase the D value from 4.2 • 10-10 
cm2/sec (row 7) in 19 Torr to 9 • 10 -10 cmS/sec (row 
15) in 2 Torr  nitrogen. Increase of D wi th  decreasing 
ni trogen pressures is in accord with the postulated 
vacancy diffusion mechanism because an increase in 
nonmeta l  vacancy concentrat ion occurs in the Th (C,N) 
phase in ni t rogen at lower pressures and this can in-  
crease rate of transport.  The vacancy mechanism ex- 
plains the very high rates of diffusion in the extreme 
metal - r ich alloys. 

Reaction of an alloy with C/Th -- 0.4 at the same low 
nitrogen pressure of 2 Tor t  at 1600~ produced a dis- 
t inct  enr ichment  of carbon in the outer par t  of the 
Th (C,N) scale. Based on lattice parameter  values ob- 
tained with samples, the C/Th ratios are roughly esti- 
mated as 0.55 in the surface and 0.25 in the center of 
the specimen. Redistr ibution of carbon was not ob- 
served in scales formed on alloys with C/Th = 0.1 and 
0.2 that  had been reacted under  otherwise the same 
conditions. Based on an extension of the analysis of 
Wagner  (9) and reported free energy of mix ing  ThC 
and ThN (10) valid at more elevated temperatures,  
the redis t r ibut ion of carbon in  the Th(C,N) scale leads 
to the conclusion that DSc > DS~. This resul t  has to be 
regarded as tentative, however, because the composi- 
tion of Th(C,N) scales produced under  the described 
conditions deviates considerably from that  of a dilute 
solution of thor ium in the monocompound ThCI-~Nx. 

Rates of diffusion of ni t rogen in nonmeta l - r ich  
Th(C,N) can be calculated from the ni t rogen uptake 
data at 1800~ Nitrogen diffusion in nonmeta l - sa t -  
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Fig. 9. Composition average chemlcal interdiffusion coefficients 
in pure ThN and in Th(C,N) as calculated from layer growth rates. 
For comparison, a line drawn through the results for pure ThN is 
extrapolated to lower temperatures as a broken line. 

urated Th (C,N) is ten ta t ive ly  assumed to be described 
by Eq. [11] with D' constant. The assumption of con- 
stant  ~Th leading to Eq. [11] may not be strictly cor- 
rect. In  justification, one can argue on physical grounds 
that var iat ion of #Th is probably not large. As may be 
seen in the final results, D' is not constant  bu t  varies 
with composition. The values to be determined,  there-  
fore, are composition averages and are denoted by D'. 
As previously noted the composition of Th(C,N) co- 
existing with ThC2 is close to the ThC-ThN tie line. 
Thus, the surface composition in the diffusion speci- 
mens  can be described to a good approximat ion as a 
ThC-ThN solid solution and, based on Table I, consists 
of 54.1 and 35.5 m/o  (mole per cent) ThC in  1 and 
100 Torr  N2, respectively. Values of D' were calculated 
on the assumption of semi-infini te diffusion with the 
equat ion D" = ~/t  (q/2aCS) 2 (7b), where q is the gram 
atoms of ni t rogen absorbed in t ime t and C s is the 
surface concentrat ion of n i t rogen (gram-a tom/cubic  
cent imeter) .  The D' values thus obtained are 5.3' • 
10 - s  cm2/sec in 1 Torr and 1.0 • 10 - s  cm2/sec in 100 
Torr  nitrogen. These values are somewhat low due to 
the growth of reaction produced ThC2 precipitate that  
reduces the effective area, a. This effect, however, in-  
fluences both values by approximately the same factor 
because q and, hence, the quant i ty  of ThC2 precipitate 
are about the same in both experiments.  The D' value 
is higher for the Th(C,N) phase with 54.1 m/o  ThC 
than that  with 35.5 m/o  ThC. This t rend can be ex- 
pected to continue with increasing carbon contents 
approaching pure  ThC. 

jc - -  jN coupling.--The ThCz precipitate always ap- 
pears in layer  growths at a position displaced appre-  
ciably inward from the specimen outer surface. This 
observation cannot  be a t t r ibuted  to migrat ion of the 
precipitated ThC2 particles per se because unreason-  
able assumptions would be required. The displacement 
of carbon is concluded to be caused by diffusion of 
carbon, dur ing reaction, "uphill" against a carbon 
concentrat ion gradient  in Th (C,N). 

We have observed that  similar phenomena occur 
when  the analogous UC phase is reacted with low- 
pressure CO and /or  nitrogen. Evidently,  carbon diffuses 
"uphill" in  U (C,N) too. Carbon-r ich fronts thus formed 
can be seen in published photomicrographs of products 
of reaction of UC with CO as reported by Erwin  (11) 
and of UC with ni t rogen as reported by Leitnaker,  
Lindemer,  and Fi tzpatr ick (12). The solid solutions, 
ThCI-xN~, have been reported to be regular  with re-  
spect to the components  The  and ThN at temperatures  
above 2500~ (10). It  is reasonable to assume that  
stoichiometric ThCI-~Nz is a regular  solution at the 
temperatures  under  discussion too. One may not con- 
clude, however, that  nonmeta l - sa tura ted  Th(C,N) 
with very slightly greater nonmeta l  content  is a reg- 
ular  solution. Component  chemical potentials general ly 
show a strong var iat ion with composition having in-  
flections near  stoichiometric compositions. Thus, ~whc 
and ~ThN can be expected to change considerably in 
magni tude  with small  deviations from the stoichio- 
metric regular-solut ion monocompound ThCl-xNx, i.e., 
with a small  increase in  (C + N ) / T h  ratio above unity.  
The "uphill" diffusion must, therefore, be ascribed to 
a change in sign of O/OXThC ~C from negative in the 
regular  solution ThCI-xN~ to positive in the nonmeta l  
saturated Th (C,N) at a (C § N ) / T h  ratio only slightly 
greater than unity,  e.g., between 1.00 and 1.03 at 
1800~ Evidence for this can be seen by examinat ion  
of phase relat ions in Fig. 2 where the composition of 
Th(C,N) coexisting with ThC2 + ThCN is ThC0.zsN0.65. 
At this composition ~c must  have a value approaching 
#c o, the value in  pure graphite, and ~c must  decrease in 
the ThC2-saturated Th(C,N) phase boundary  in the 
direction of ThC. Based on well-establ ished phase re-  
lations in the U-C-N system, and the fact that  #c = #c ~ 
in ni t rogen-r ich U(C,N) where  it coexists with 
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graphite one can show analogously that O/Ox ~c and 
~./~x Xc have opposite signs in the greater par t  of the 
nonmeta l - sa tura ted  U(C,N) phase boundary  too 
(1200~176 and 5-1000 Torr N2). Thus, observed 
phase relations are qual i ta t ively in accord with first 
principles in showing that carbon "uphill" diffusion 
is accompanied by a decrease in ~c in both the Th (C,N) 
and the analogous U(C,N) phase. 

Interpretation of the di~usion data.--Migration of 
ni trogen atoms through the intact  thor ium sublattice 
in the ThN layer growths requires a vacancy mecha-  
nism whence flux of ni t rogen atoms is accompanied 
by an equal and opposite flux of vacancies on the 
nonmetal  sublattice. In accordance with this mecha-  
nism, D values in ni t rogen-r ich te rnary  Th(C,N) are 
observed to increase with decreasing ni t rogen pressure. 
Values of D increase with increasing carbon content  
(and with increasing uni t  cell dimensions) in the 
te rnary  monocompound phase ThCI-zN~, i.e., near  the 
ThN-ThC tie line. With increasing C/Th ratio above 
about 0.35 (x < 0.65), coupling between jc and jN 
becomes appreciable resul t ing in carbon "uphill" diffu- 
sion. A mechanism leading to such a coupling is ob- 
tained with the reasonable assumption that  carbon 
atoms have to move off lattice sites in order to make 
room for oncoming ni t rogen atoms. A carbon atom does 
not have to wait  for a sublattice vacancy to come along, 
however, because at these compositions it is ener-  
getically possible for it to join a neighboring carbon 
to form a C2 group. Excess carbon thus bui l t  up in 
front of the nitr ide layer  eventual ly  precipitates as 
ThC~. At compositions intermediate  to that of pure 
ThN and ThCl-zNx with x < 0.65, a t ransi t ion between 
the two diffusion mechanisms evidently occurs. 

Summary 
The following measurements  were made: (a) com- 

positions of ThCI-xN~ coexisting with ThC2 and with 
ThCN in ni t rogen at various pressures and at various 
temperatures;  (b) ni t rogen decomposition pressures of 
ThaN.l, Tha(N,C)4, and of ThCN; and (c) ni t rogen 
diffusion coefficients in the b inary  ThN phase and in 

the te rnary  Th(C,N) solid solutions at compositions 
near  the monocompound. 

Evidence is presented for "uphill" diffusion of carbon 
in the te rnary  solid solution Th(C,N) and some 
thermodynamic  implications are discussed. The obser- 
vations explain the observed tendency for carbon and 
thorium to segregate in the course of reaction of 
thor ium-carbon  alloys with ni trogen at moderate pres- 
sures. 
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Dislocation Etchants for,6'-Gd2(Mo04) 

A. S. Bhalla' 
National Physical Laboratory oS India, Delhi, India 

Gadol inium molybdate  Gd2(MoO4)a, an impor tant  
ra re-ear th  molybdate,  exhibits both the ferroelectric 
and ferroelastic properties (1-3). The ferroelectric 
phase below 159~ has an orthorhombic structure with 
mm2 point group (4, 5) symmetry.  Recent interest  in 
its potentiali t ies as an acoustooptic and as ferroelectric 
laser host call for studies on the imperfection in the 
crystal and their role in its properties. So far no 
dislocation etching studies have been reported on the 
single crystal of Gd2(MoO4)a. In  this note some 
chemical etchants are reported which could be useful  
for reveal ing the dislocation sites and to s tudy the 

I P re sen t  address :  Mater ia ls  Research Labora tory ,  The  Pennsy l -  
van ia  State Univers i ty .  Un ive r s i t y  Park ,  Pennsy lvan ia  16802. 

Key  words :  chemical  e tching,  cr:Ystal defects,  fer roelect r ic  ma te -  
rials. 

interact ion of the dislocations with the domain walls 
and their  movement.  

Samples were cut in the shape of a rec tangular  
plate with edges paral lel  to the crystallographic a, b, 
c axes. The c-face was polished with 0.3 and 0.1~ 
A120~ powders in succession. Samples were then 
etched at room temperature,  using various alkalis, 
acids, and salts. Hydrochloric and nitr ic acids were 
found to be the best etchants to reveal the disloca- 
t ion sites in the crystal with the etching times 10 sec 
and 45 sec, respectively. Different concentrat ions of 
these acids were tried and pract ical ly all dilutions 
produced the pits equally well  on the faces of the crys- 
tals (Fig. 1). The pits are considered to be dislocation 
etch pits on the following grounds: 
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Fig. 1. Dislocation etch pits produced on the (001) face by dilute 
HNO~ (40%), • 400. 

(i) The prominent  etch pits were point-bot tomed 
and continued etching did not al ter  this fea- 
ture but  only made the pits deeper and larger. 

(ii) If HNO3 was first used to produce the pits on 
the sample, subsequent  etching with HC1 just  
made the pits bigger and deeper. 

(iii) When the samples were polished after etch- 
ing and re-etched, the pits reappeared at the 
same locations. 

(iv) Grain boundaries were revealed by the etch- 
ants (Fig. 2). 

The above observations just ify the conclusion that  
the pits were at the dislocation sites and these acids 
can be used to detect and study the dislocation in 
(001) face of the ~'-Gd2(MoO4)3. 

Fur ther  investigations in the mobi l i ty  of the dislo- 
cations and the influence of the electric field in it are 
in  progress and the detailed results will be reported 
elsewhere. 

Fig. 2. Low-angle grain boundary and the pile up of dislocations 
against it, were revealed by HNO3:H20 (1:3), X 350. 
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The Low-Temperature Polarization of Platinum-Catalyzed 
Air Cathodes in Alkaline Electrolyte 
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ABSTRACT 

Polarization curves have been determined for oxygen reduction on Teflon- 
bonded p la t inum black diffusion electrodes in 30% KOH solution in the tem- 
perature range of 25 ~ to --40~ From this data the exchange current  densities 
as a function of temperature  and the activation energy at zero overpotential  
for oxygen reduct ion on pla t inum-cata lyzed electrodes have been calculated 
and it was shown that  the cathode potential  at any current  vs.  a s tandard 
hydrogen electrode increased (became more anodic) wi th  decreasing tem-  
perature.  

Recent observations (1, 2) have indicated that the 
performance of z inc/a i r  batteries decreases markedly  
at temperatures  below O~ The purpose of this study, 
therefore, was to determine the influence of tempera-  
ture on the polarization of the air cathodes. 

Polarization curves were determined for oxygen re- 
duction on Teflon-bonded p la t inum black diffusion 
electrodes in 30% KOH solution at temperatures  from 
25 ~ to --40~ in the current  density range of zero to 
200 mA/cm 2. From this data the exchange current  
densities as a function of temperature  and the activa- 
tion energy at zero overpotential  for oxygen reduct ion 
on Pt  electrodes have been calculated. In  addit ion it 
has been shown that, al though the cathode polariza- 
t ion increased with decreasing temperature,  the cath- 
ode potential  at any current  vs. a tempera ture - inde-  
pendent  s tandard  hydrogen electrode increased (be-  
came more anodic) with decreasing temperature.  

Experimental 
Steady-state  polarization curves for oxygen reduc-  

tion on Tef lon-bonded p la t inum black electrodes were 
determined galvanostatically in oxygen-saturated and 
in a i r -saturated 30% KOH solution at temperatures  
of 25 ~ 5 ~ --10 ~ and --40~ 

The electrodes were tested in a floating electrode 
cell (3). The working electrode (geometric area 
1 cm 2) was supported in a gold spring and it was 
floated on the surface of the electrolyte. Cur ren t  col- 
lection from the gold spring to the external  circuit 
was made via a p la t inum wire. The counterelectrode 
was a p la t inum gauze on which p la t inum was electro- 
deposited. The reference electrode was a mercu ry /  
mercuric oxide electrode which was placed in a Lug-  
gin capil lary and immersed in the test electrolyte. The 
I R  drop between the floating electrode and the tip of 
the Luggin capillary was determined using an in ter -  
rupte_r technique and all potentials given in this paper 
have been corrected for I R  drop. 

It  is essential when determining the kinetic param-  
eters for oxygen reduction t ha t  Teflon-bonded elec- 
trodes are made so that  a change in the catalyst load- 
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ing does not change the electrode structure. We were 
able to prepare reproducible p la t inum electrodes by 
the same procedure as that of Vogel and Lundquis t  
(4). These electrodes were prepared with Pt  (Engel-  

hard Industries)  loadings of 2.9, 4.7, 6.8, and 1O.0 rag/ 
cm ~, 30 w/o  (weight per cent) of Teflon 30 (E.I. du  
Pont  de Nemours) and gold-plated t an ta lum as the 
current  collector. The current  due to oxygen reduc-  
t ion on the current  collector and electrode holder was 
negligible (less than I mA / c m 2) at all potentials. 

The 30% KOH solution was prepared from Baker 
Analyzed Reagent grade chemical and tr iply distilled 
water. Oxygen, which was obtained from cylinders, 
and laboratory air were used without  purification. The 
cell temperature  was mainta ined at 25~ with a water  
bath, at 5~ with ice and water, at --10~ with ice 
and salt water, and at --40~ with dry ice and acetone. 

The polarization curves were determined both by 
increasing the current  density stepwise from open 
circuit to 200 m A / c m  2 and by decreasing the current  
density stepwise from this current  density to open 
circuit. There was no significant difference in the po- 
tentials at a given current  when  either increasing or 
decreasing the applied current  and this indicates that 
the s teady-state  potential  was attained. At each ap-  
plied current,  the cathode potential  was steady wi th in  
2-3 min  at all temperatures.  

The p la t inum area of the Tef lon-bonded diffusion 
electrodes was measured by determining the charge 
due to the oxidation of adsorbed hydrogen using the 
periodic t r iangular  voltage sweep technique on sub-  
merged electrodes (5). This technique gave a value of 
24 m2/g for the P t  surface area. 

Results 
The potential  of the mercury /mercur ic  oxide elec- 

trode is tempera ture  dependent  (6) and therefore, the 
polarization data is recorded vs.  the overpotential  for 
oxygen reduct ion and vs.  the cathode potential  with 
respect to the s tandard hydrogen electrode (SHE).  

The cathode overpotential  was calculated from the 
exper imental  cathode potentials vs.  Hg/HgO electrode 
and the reversible oxygen electrode potential  vs.  Hg/  
HgO. The cathode potent ial  with respect to SHE was 
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Table I. Calculated electrode potentials as a function of 
temperature 

Temper- 
ature (~ 

J .  E l e c t r o c h e m .  S o c . :  ELECTROCHEMICAL SCIENCE A N D  T E C H N O L O G Y  

O x y g e n  e l e c t r o d e  p o t e n t i a l  ( V )  

v s .  H g / H g O  v s .  S H E  

25  0 . 3 0 3  0 . 3 1 6  
5 0 . 3 1 5  0 . 3 5 5  

- -  10 0 . 3 ~ 3  0 ~ 8 5  
- 4 0  0 . 3 3 9  0 . 4 5 0  

calculated from the overpotential  and the reversible 
oxygen electrode potential  v s .  SHE. The calculated 
values of the reversible oxygen  electrode potential  v s .  
Hg/HgO and v s .  SHE are given in Table I. 

The reversible oxygen  electrode potential v s .  H g/  
HgO is independent of the KOH concentration and 
therefore, these potentials at each temperature (Table 
I) were calculated from the standard potentials and 
temperature coefficients of the oxygen  and mercury /  
mercuric oxide electrodes (6).  

The reversible oxygen electrode potential v s .  SHE 
was calculated from the Nernst relationship 

e : e ~ + R T / 4 F  In a2H2o/a4oH - [1] 

The values of e o at each temperature were calculated 
from the standard potential at 25~ and the tempera- 
ture coefficient of the oxygen electrode, and the water 
activity was calculated from the ratio of the vapor 
pressure of the KOH solution (7) to the saturated 
water vapor pressure (8). The activity of the hydroxyl  
ion was calculated from the KOH concentration and 
the activity coefficient at 25~ (9), since the act ivity  
of KOH solutions is essential ly independent of temper-  
ature over the range 25 ~ to --40~ (7).  

Semilogarithmic plots of current per unit  weight  of 
p lat inum (mil l iamperes per mil l igram of Pt) v s .  over- 
potential and v s .  cathode potential  wi th  respect to SHE 
are shown in Fig. 1-4 for oxygen reduction on Teflon-  
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bonded pla t inum black electrodes in oxygen-sa tura ted  
30% KOH solution at 25% 5 ~ , --10 ~ and --40~ re -  
spectively. These plots refer  to polarizat ion data ob- 
tained with several  Pt  electrodes and the applied cur-  
rent  density can be obtained f rom the values of mi l l i -  
amperes per mi l l igram of Pt  and the electrode loadings. 
The Tafel  plots were  l inear over  approximate ly  two 
decades of current,  and the current  per unit  weight  of 
Pt  in the Tafel  region was independent  of the Pt  load-  
ing (Fig. 1-4). The value of the current  per  uni t  
weight  of Pt  at which the semilogari thmic plots devi-  
ated f rom l ineari ty decreased with  increasing Pt  load- 
ing and wi th  decreasing temperature .  

The l inear i ty  of the Tafel  plots, and the indepen-  
dence of the current  per unit  weight  of p la t inum in 
the Tafel region on the p la t inum loading, indicate (4, 
10, 11) that  gas concentrat ion polarizat ion is absent, 
that  the internal  ohmic polarization across the elec- 
trode is negligible, and that  the electrode s t ructure  
did not change when the electrode loading was varied. 
Thus, the exchange current  densities can be calculated 
as a function of t empera tu re  f rom these polarization 
curves (Fig. 1-4). 

The values of the exchange current  per  uni t  weight  
of Pt  (amperes  per  mi l l ig ram) ,  the exchange cur ren t  
densi ty based on the real  Pt  area (amperes  per  square  
cent imeter) ,  the Tafel  slope (OV/O log i),  and the vapor  
pressure (7) of 30% KOH solution (p) are g iven in 
Table II. The exchange currents  per  unit  weight  of Pt  
were  calculated by extrapolat ing the semilogari thmic 
plots to the revers ible  oxygen potential  at each tern- 
perature,  while  those based on the real  Pt  area were  
calculated f rom the exchange current  per unit  weight  
of Pt  and the exper imenta l ly  determined va lue  of the 
Pt  surface area of 24 m2/g. 

These values of the exchange currents  are  for an 
oxygen part ial  pressure of ( l-p) atm. However  the 
values of p are so small  (Table II) that  the exchange 

V P  
~V log  i 2.303 of  K O H  

T e m p e r -  E x c h a n g e  c u r r e n t  ( m Y /  R T / F  solution% 
a t u r e  (~ A / r a g  A / c m  ~* d e c a d e )  ( m Y )  ( r a m  H g )  

2 5  1.0 x 1 0  -s 4 .2  x 10 -11 55 59  13 .4  
5 2 .5  x 10 -9 1 .0  X 10  - n  54  55  3 .5  

- - 1 0  9 .6  x 10 -10 4 .0  X 10 -~2 52  52 0 .9  
- - 4 0  5.2 x 10 - n  2 .2  x 10  - ~  4 9  4 6  0.1 

* C a l c u l a t e d  u s i n g  p l a t i n u m  s u r f a c e  a r e a  o f  2 4  m = / g .  
t F r o m  R e f .  (7 ) .  

currents  are essential ly those for 02 at 1 a tm pressure. 
The value of the exchange current  density at 25~ on 
Pt  black electrodes in 30% KOH solution (Table II) 
was comparable  wi th  that  de te rmined  for oxygen re -  
duction on Pt  foil electrodes at 25~ in 0.1N KOH solu- 
tion (5 X 10 -11 A / c m  2) (12), but  differed by an order 
of magni tude  f rom those determined in 0.1N NaOH 
solution (1 X 10 - l ~  A / c m  2) (13) or in IN KOH solution 
(3 X 10 -12 A / c m  2) (14). This difference may  be due 
to the lower effect of electrolyte impuri t ies  on high 
area Pt  black than on low area Pt  foil electrodes or to 
differences in the oxidation states of the p la t inum 
surfaces (15). 

The expected var ia t ion of the Tafe l  slope wi th  t e m -  
pera ture  was found (Table II) and the value  of the 
Tafel  slope was equal  to RT/F.  Similar  values  of the  
Tafel  slope at 25~ were  also found for oxygen reduc-  
tion on Pt  foil electrodes in di lute  alkal ine solutions 
(12-14). 

F igure  5 shows the semilogari thmic plot of current  
density vs. overvol tage  and vs. cathode potent ial  wi th  
respect to SHE for oxygen reduct ion on a Pt  electrode 
(loading 4.7 mg of P t / c m  2) in oxygen-  and in a i r -sat -  
ura ted KOH solution at --10~ The overvol tage  for 

IO 
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Fig. 5. Polarization curve for air, 30% KOH solution at --10~ 
electrode loading 4.7 mg of Pt/cm 2. 
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oxygen reduct ion in  the Tafel region increased by 
approximately 28 mV on switching from oxygen at 1 
atm to air at 1 atm (Fig. 5). 

The polarization increase ( ~ )  at a constant  cur ren t  
density in the Tafel region on changing from oxygen 
to air at the same total pressure is given by (10) 

0 V P air 
h~l - -  - -  l o g  ~ [ 2 ]  

8 log i Po2 

where P~ir and Po2 are the oxygen part ial  pressures in  
air and oxygen, respectively. 

At --10~ the calculated value (Eq. [2]) of zin is 
36 mV and this is in satisfactory agreement  with the 
experimental  value of 28 mV. There was good agree- 
ment  between the calculated and exper imental  values 
of nu with other electrodes and at the other tempera-  
tures. 

At applied current  densities greater than 100 m A /  
cm 2, droplets of electrolyte were observed on the gas 
side of the electrode (i.e., electrode "weeping" oc- 
curred).  Electrode weeping was not observed at cur-  
rent  densities in the activation polarization region. 
The amount  of electrolyte exuded by the electrode 
increased with increasing current  density and the gas 
side of the electrode dried very quickly on decreasing 
the applied current  density below 100 m A /  cm 2. The 
electrodes could not be observed at low temperatures  
and, therefore, it is not known whether  the current  
density at which weeping occurs is tempera ture  de- 
pendent.  

Electrode weeping in alkal ine electrolyte has been 
observed by other workers (4, 16). This behavior in -  
dicates that the electrolyte is under  a current  depend-  
ent  force which is sufficiently large to overcome the 
surface tension wi thin  the electrode pores, and it has 
been claimed (16) that this force is due to the mutua l  
diffusion of water and electrolyte in  the electrode 
pores. It is e l iminated in  meta l /a i r  batteries by coat- 
ing the gas side of the cathode with a hydrophobic 
barrier.  

Discussion 
Comparison of the polarization data at each temper-  

ature (Fig. 1-4) shows that the overvoltage for oxy-  
gen reduct ion increases with decreasing temperature.  

However the variat ion in the reversible oxygen elec- 
trode potential  with tempera ture  is included in these 
measurements  of overvoltage. In  order to analyze the 
low-tempera ture  behavior  of meta l /a i r  cells, the cath- 
ode potential  with respect to a t empera ture - independ-  
ent electrode must  be known. It was for this reason 
that the cathode potential  at each applied current  den-  
sity was calculated with respect to SHE, since this 
potential  is, by definition, zero at all  temperatures  
(17). 

The comparison of the semilogarithmic plots of cur-  
rent  per uni t  weight of Pt  at each tempera ture  (Fig. 
1-4) shows that  the cathode potential  with respect t o  
SHE at each cur ren t  density increased (became more 
anodic) with decreasing temperature.  Thus this var ia-  
tion of cathode potential  with temperature  acts to in -  
crease the voltage of me ta l / a i r  cells with decreasing 
temperature.  

The difference between the cathode potentials with 
respect to SHE at two temperatures  was greater at 
current  densities in the Tafel region (activation con- 
trol) than  at higher current  densities [activation and 
gas diffusion control (11)]. For  example with a Pt  
loading of 2.9 mg/cm ~, the cathode potential  at 10 
mA/cm ~ was 65 mV more anodic at --40~ than  at 
25~ whereas at 200 m A / c m  ~ it was 22 mV more an-  
odic at --40~ than  at 25~ This change is due to the 
influence of the mass t ransport  parameters  (oxygen 
solubil i ty and diffusion coefficient) on the electrode 
polarization at the higher current  densities. 

The present  results in the Tafel region can be used 
t o  analyze meta l /a i r  ba t te ry  performance curves s i n c e  

the polarization is independent  of electrode s tructure 
and the current  at any potent ial  is proport ional  to t h e  
Pt loading. However the results at higher cur ren t  den-  
sities (activation and gas diffusion control) only indi-  
cate the general  t rend in the variat ion of cathode 
potential  with tempera ture  and this data is not directly 
comparable with other Pt  loading electrodes since the 
cur ren t  at a given potential  is not proport ional  to P t  
loading. Fur thermore  the cathode polarization at 
higher current  densities was complicated by electrode 
weeping and this results in  an  increase in  electrode 
polarization since gas diffusion to the electrode/elec-  
trolyte interface then occurs through an  electrolyte 
film on the gas side of the electrode. 

Figure 6 shows the Arrhenius  plot of the logari thm 
of the exchange current  density vs. the reciprocal of 
temperature.  The value of the activation energy at 
zero overpotential  for the oxygen electrode calculated 
from this plot was 11.3 kcal/mole.  No correction was 
made for changes in the oxygen solubili ty with tem- 
perature  but  this correction would be small. 

The present  value for the energy of act ivation is 
significantly lower than  those determined with Pt  foil 
electrodes in 1N KOH solution (22.5 kcal /mole)  (18) 
and in 0.1N NaOH solution (15.4 kcal /mole)  (19). 
The variat ion in these values is probably due to the 
different conditions under  which the measurements  
were made. Thus the present  values were obtained 
from cathode polarization data on oxide-free P t  elec- 
trodes, whereas the previous values (18, 19) were 
calculated from oxygen evolution data on oxide-cov- 
ered Pt  surfaces. 

Thus in alkaline electrolyte the energy of activation 
for the oxygen electrode is less on oxide-free Pt  elec- 
trodes than on oxide-covered Pt  electrodes whereas 
in acid electrolyte the energy of activation is greater 
on oxide-free Pt  electrodes (20, 21). This difference 
in the energy of activation on oxide-free and oxide- 
covered Pt  surfaces in alkal ine and acid electrolyte 
may be associated with the higher coulombic efficiency 
for hydrogen peroxide formation in alkal ine elec- 
trolyte compared with that  in acid electrolyte (12, 
22-24). 
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Conductivity of Beta-Alumina and Its Dependence on 
Sodium and Magnesium Content 

John H. Kennedy* and Anthony F. Sammells* 
Department of Chemistry, University of California, Santa Barbara, California 93106 

ABSTRACT 

The relationship between conductivi ty and sodium content  has been in -  
vestigated for sintered be ta -a lumina  containing MgO. Conductivities of 3.5 • 
10 -~, 8.0 • 10 -3, and 4.4 • 10 -3 o h m - l - c m  -1 were found for mater ia l  contain-  
ing 1, 2, and 4% MgO, respectively, with opt imum sodium content. Experi-  
mental  conductivities for 1 and 2% MgO agree wel l  with calculated values as- 
suming one addit ional sodium ion for each magnesium ion present. Resistance 
measurements  were made in the frequency range 0.75-10 kHz, and conductivi-  
ties were calculated from resistances extrapolated to infinite frequency. Elec- 
trode contact was made using th in  films of silver and gold following glow 
discharge cleaning techniques. 

Beta a lumina  has been known for a considerable t ime 
and was originally thought to be a crystallographic 
var iat ion of a lumina  (1). It was soon established that 
sodium oxide was essential to the synthesis of beta-  
a lumina from a luminum oxide and that  it is in fact 
a n  alkali  a luminate  of ideal stoichiometry N a 20 -  
11A1203 (2). The x - r ay  analysis (3, 4) has proven 
conclusively that  be ta -a lumina  consists of a hexagonal  
layer - type  structure of spinel- type blocks containing 
four layers of cubic close-packed oxygen atoms with 
a luminum ions occupying all of the sites normal ly  
occupied by  the a luminum and magnesium ions in 
MgA1204 spinel. The sodium-containing layers are 
separated from the spinel blocks by A1-O-A1 bonds. 
More recently, single crystals of be ta -a lumina  were 
shown to exhibit  rapid sodium ion diffusion in the 
plane perpendicular  to the c-axis (5) and that  the 
sodium could be almost completely exchanged in suit-  
able molten salts for Ag, K, Li, Rb, and, to a lesser 
extent, Cs ions. Sodium ions have exhibited the largest 
diffusion coefficient, and the mechanism of diffusion 
has been shown conclusively to be interst i t ialcy (5, 6). 
Be ta -a lumina  normal ly  is found with an excess of 
sodium when compared to the ideal stoichiometry, 
and it has been suggested (7) that  this excess can be 

* Electrochemical  Society Act ive  Member .  
Key  words :  be ta -a lumina ,  ionic conduct ivi ty ,  m a g n e s i u m  oxide, 

thin films. 

stabilized by the presence of A1 s+ vacancies in  the 
spinel. 

For be ta -a lumina  to be of ut i l i ty  as an electrolyte 
in a bat tery system, practical ceramic-type shapes 
must  be formed from the single crystals. This necessi- 
tates the sintering of pressed mater ia l  under  strictly 
controlled conditions so that the sintered product  will 
have a final density close to that  of the single crystal. 
Sintered compacts of be ta -a lumina  for use as an elec- 
trolyte have been reported previously (8-10) and have 
been used in the exper imental  sod ium'su l fu r  battery. 
This bat tery operates in excess of 300~ so as to keep 
the reactants molten, and at such temperatures,  beta-  
a lumina  has a very  high conductivi ty of appro.ximately 
0.2 ( o h m - c m ) - l .  The conductivities reported at room 
tempera ture  by various workers have not only been 
relat ively low, but  erratic and dependent  on the type 
of electrode contact used as wel l  as on the sintering 
conditions. 

Sinter ing conditions reported (8-11) have varied 
between 1600 ~ and 1900~ with times ranging between 
15 rain and several hours. It  has always been found 
necessary to use coarse be ta -a lumina  packing so as to 
provide an alkaline atmosphere to reduce sodium loss. 

I t  has been shown (5, 7) tha t  the interst i t ialcy 
mechanism of migrat ion of ions through be ta -a lumina  
depends on an excess of sodium present  and that  the 
incorporation of MgO into the sintered mater ia l  in-  
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creases the ionic conductivi ty of the sintered mater ia l  
(9, 12). This suggests that  there  might  be some relat ion 
between the amount  of MgO present  in the sintered 
mater ia l  and sodium content requi red  for op t imum 
conductivity.  Before any comparison can be made 
however ,  a method for achieving reproducible satis- 
factory electrode contacts must  be established. 

Severa l  approaches have been made to achieve good 
electrode contacts to both single crystals and sintered 
compacts of beta-alumina.  The repor ted  ionic resis t iv-  
ities in most cases have been made at high f requency 
so as to minimize the faradaic impedance at the elec-  
t rode-e lec t ro ly te  interface. Yao and K u m m e r  (5) while 
working with single crystals of be ta-a lumina  and 
indium electrodes reported resist ivi ty values at room 
tempera ture  of 30 ohm-cm at 500 kHz and 46 ohm-cm 
at 50 kHz, and the resis t ivi ty value was found to be 
f requency independent  be tween 0.5 and 1.5 mHz. 
Whi t t ingham and Huggins (7) used a silver resinate 
solution on single crystals of s i lver  be ta -a lumina  in 
conjunction with  mechanical ly  pressed silver electrodes 
to achieve a resis t ivi ty of 150 ohm-cm at room tem-  
pera ture  and a f requency independent  range of 0.1-100 
kHz. Using sintered be ta -a lumina  containing 2% MgO, 
Wynn Jones and Miles (9) repor ted  ionic resistivit ies 
be tween 400 and 600 ohm-cm with  a 4-probe d-c tech-  
nique using si lver metal  in contact  with the ceramic 
via  solid sodium hydroxide.  Recently, Armst rong e t a l .  
(10) i l lustrated the necessity for determining f re-  
quency dependence when resistivities were  measured 
on sintered mater ia l  and worked wi th  a var ie ty  of 
electrodes and, in particular,  reported resistivit ies at 
room tempera ture  of the order of 550 ohm-cm at a 
f requency of 1.592 kHz when using sodium electrodes. 

It  is quite  evident  f rom the l i tera ture  that  electrode 
contact to single crystals of be ta -a lumina  is easier to 
achieve than to sintered compacts. This is because there  
is a greater  roughness factor in the sintered material ,  
and therefore  it is more difficult to make  good contact 
wi th  the ent i re  surface. In single crystals, contact can 
be made by initial mechanical  contact fol lowed by 
h igh- tempera tu re  annealing so as to bond the electrode 
to the crystal. Whi t t ingham and Huggins (6) also 
reported achieving good contact to single crystals by 
the novel  use of tungsten bronze electrodes. Such tech-  
niques have not been satisfactory with  sintered mate -  
rial. Sat isfactory electrode contacts can be made to 
sintered pellets using thin-f i lm techniques only if the 
substrate is perfect ly  clean before evaporation.  One 
method for cleaning sintered pellets  in situ which we 
used in this study was glow discharge. Such cleaning 
techniques minimize any possible contact resistance 
that  might  result  so that  the final extrapolated resis t iv-  
•ty should closely represent  the t rue bulk resis t ivi ty of 
the electrolyte.  

The f requency dependence of the faradaic impedance 
has been known for some t ime (13, 14). It is also well  
known that  such impedance is proport ional  to the 
reciprocal of the square root of f requency 

AR ~ kw-V2 

where  AR is the faradaic impedance, ~ is the frequency,  
and k is a proport ional i ty  constant. The measured  
resistance, Rm, consists of both bulk resistance, R, and 
the faradaic impedance at the interface 

R m  : R -~- AR : R -~ kw-~/2 

A linear extrapolat ion of resistances measured at 
different frequencies to infinite f requency by plott ing 
Rm against ~-'/* wil l  el iminate or at least minimize the 
error  due to faradaic impedance. Resistance measure-  
ments were  made in the f requency range 0.75-10 kHz 
in this study. The use of higher  frequencies can lead 
to additional complications in the in terpreta t ion of 
results (15). The dependence of the infinite f requency 
resist ivi ty on sodium content was determined using 

sintered pellets of be ta -a lumina  wi th  fixed percentages 
of MgO and thin-f i lm electrodes of gold or silver. The 
sintering conditions were  str ict ly controlled so as to 
produce final sintered densities in a na r row range so 
that  a val id comparison could be made f rom one pellet  
to another  in each run. 

As has been observed by others, the final sodium 
content  of be ta -a lumina  af ter  sintering was always less 
than the init ial  content, and in order to correlate  the 
measured resist ivi ty wi th  sodium content, a sodium 
analysis on each pellet  af ter  sintering was necessary. 
The sodium content  was determined by ion-exchang-  
ing sodium by si lver wi th  s i lver  ni trate  and subsequent  
analysis for sodium in the si lver n i t ra te  by atomic 
absorption. 

Experimental 
Preparation o~ samples prior to sintering.--Alcoa 

beta-a lumina  (325 mesh) (11) was ground to part icle 
size 0.5-1~ in a grinding mil l  using alumina balls. 
Ethylene glycol was used as a gr inding aid, and the 
final part icle size was determined with  a Uni t ron U l l  
microscope. The MgO and Na2CO3 of similar  part icle  
size were  mixed wi th  the ground be ta -a lumina  in a 
Fisher mechanical  mor ta r  and pestle (a lumina) .  To 
this powder  was then added a binder  (2% carbowax 
1000 as a 10% aqueous solution) and the mater ia l  
al lowed to dry  at 110~ over  a 24-hr period. Pel lets  
were  made in a KBr - type  press at 16,000 psi, and the 
binder was removed  by slowly heating to 400~ and 
leaving 24 hr. 

Sintering conditions.--Pellets were sintered in an 
Astro u l t ra -h igh  tempera ture  graphite resistance fur-  
nace Model No. 1000A-2560 under  oxidizing conditions 
with the use of a muffle tube assembly. The graphi te  
heating elements surrounding the alumina muffle tube 
were  protected by a ni trogen atmosphere. Pel lets  were  
kept covered with  a coarse 325 mesh be ta -a lumina  
during the sintering process so as to maintain  an 
alkaline atmosphere and hence reduce the loss of 
sodium. The pellets, together  with the be ta-a lumina  
packing, were  kept in a covered a lumina crucible 
during the sintering. Slow heat ing rates of 250~ 
were  maintained so as to prolong the muffle tube life. 
Tempera tures  of 1700~176 were achieved over  ex-  
tended periods of time. Tempera ture  control was main-  
tained by a boron-graphi te  thermocouple connected to 
a L&N 6261 Elec t romax C.A.T. controller.  Recorded 
tempera tures  were  measured direct ly  by use of a 
Micro Optical pyromete r  (Pyromete r  Ins t rument  Com- 
pany) through a v iewing port  in the side of the furnace. 

Application of thin-film electrode's.--Evaporations of 
si lver and gold were  performed in a Veeco 776 auto- 
matic high vacuum evaporator.  Electrode contact was 
improved wi th  the use of glow discharge cleaning of 
the substrate wi th  oxygen at 10 -8 Torr  using low 
potentials. If  too high a potent ial  was used in the glow 
discharge process the first electrode became oxidized 
during cleaning of the second face of the pellet. This 
oxidation was e l iminated by the use of ni t rogen in 
the second cleaning process. Ni t rogen was not as effec- 
t ive in cleaning the substrate as oxygen, but the pellet  
was thoroughly cleaned on the first cleaning so that  
nitrogen was satisfactory for the second cleaning. 

Resistivity measurements.--Measurements of pellet  
resistance were  made with  a General  Radio 1650A im-  
pedance bridge at f requencies  be tween 10 +4 and 500 
Hz by the use of a Wavetek  Model 111 vol tage-con-  
trolled generator.  Resist ivi ty values were  calculated 
f rom resistance measurements  ext rapola ted  to infinite 
f requency and the pellet  dimensions. 

Atomic absorption spectrophotometry.--Sodium anal-  
ysis was accomplished by first ion-exchanging the 
sodium for s i lver  by heat ing pellets at 220~ for 24 
hr  wi th  AgNO~. The exchange process was carried out 
twice to ensure complete  exchange of sodium. A third 
exchange did not indicate any more exchangeable 
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sodium in the sintered pellets. Sodium in the silver 
ni t ra te  was then analyzed on a Ja r re l l -Ash  82-270 
Atomsorb atomic absorption spectrophotometer by 
comparing with an appropriate cal ibrat ion curve. 

X-ray difJraction.--Surface x- ray  diffraction of s in-  
tered be ta -a lumina  pellets was accomplished with a 
Philips x - r ay  diffraction ins t rument  with CuK~ radia-  
tion, a Philips Type 52572 scinti l lat ion counter, and a 
chart  recorder. 

Results 
It was found that particle size and homogeneity were 

critical in preparing be ta -a lumina  containing MgO. A 
particle size of 0.5-1~ gave a suitable final density. 
Variation in the sodium content  was achieved by 
thoroughly mixing sodium carbonate of similar par t i -  
cle size to the start ing mater ial  prior to pellet forma-  
tion. Pellets were made at pressures of 16,000 psi giv- 
ing a "green" density of 1.91. When  pressures greater 
than this were used, laminat ions occurred in the green 
pellet and it readi ly fell apart. The binder  was re-  
moved slowly in a conventional  tube furnace by heat-  
ing slowly to 40O~ and leaving at this tempera ture  for 
24 hr. Attempts  to remove the binder  more rapidly 
than this in the sintering furnace gave noticeably lower 
final densities. Although it is unl ike ly  that  any  sodium 
loss would occur at such low temperatures  the pellets 
were covered with coarse be ta -a lumina  during the 
binder  removal.  The pellets were covered to a depth 
of �89 in. in  coarse 325 mesh be ta -a lumina  in the alu-  
mina  crucible prior to sintering, and a thin layer of 
packing was also placed between individual  pellets 
since without  such separation there was a tendency for 
the pellets to sinter together. The sinter ing furnace was 
heated up at a rate of 250~ (the recommended rate 
for the a lumina  muffle tube) .  The sinter ing tempera-  
tures and times varied significantly between pure 
be ta -a lumina  and that containing MgO. With pure 
beta-a lumina,  final densities close to theoretical could 
be achieved with temperatures  of 1720~ for 2 hr, bu t  
when 1 or 2% MgO was added, the required s inter ing 
conditions were 1750~ for 7 hr. With 4% MgO, the 
best s inter ing conditions were 1830~ for 6 hr  but  were 
not completely satisfactory in achieving ma x i mum 
density. It has been noted before that  the rate of s in-  
ter ing of ceramic material,  a lumina  in particular, is 
reduced when MgO is added (16) due to its effect on 
the grain boundary  mobility. However, other authors 
(9) report that  lower temperatures  were sufficient for 
be ta -a lumina  doped with 2% MgO, but  this has not 
been our experience. 

Two other crystal l ine forms of be ta -a lumina  con- 
ta ining MgO have been reported and designated ~"- 
(17) and ~" ' -a lumina (18). However, there was no 
indication of ~"-, or ~"'-, or ~-a lumina in our sintered 
pellets from x - ray  analysis. There was an indication of 
a small amount  of a second phase of sodium aluminate  
(possibly microdispersed) in many  samples. No pre-  
ferred orientat ion was observed in the sintered pellets. 

Several types of electrodes were investigated includ-  
ing silver paint, sodium amalgam, and metal  th in  
films. A large frequency dependence for the silver paint  
indicated poor electrode contact to the beta-a lumina,  
and in the case of sodium amalgam, difficulty was 
found in even achieving contact. Most satisfactory 
results were obtained with th in  films of silver and gold, 
and only the results obtained with these electrodes 
are reported here. Silver was found to make a bet ter  
electrode contact to the be ta -a lumina  than  did gold. 
This was determined by the larger f requency depen-  
dence of the measured resistance on samples contain-  
ing gold electrodes when  compared to those samples 
having silver electrodes as shown on Fig. 1 and 2. 
Electrode contact was also improved by the use of glow 
discharge cleaning prior to electrode deposition, and 
samples treated in this manne r  exhibited a lower fre-  
quency dependence of the measured resistance than 
those not treated by this c leaning process. 
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Fig. 1. Frequency dependence for fl-AI20s pellets with evaporated 
gold thin-film electrodes. 
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Fig. 2. Frequency dependence for fl-AI203 pellets with evaporated 
silver thin-film electrodes. 

The final densities of 1 and 2% MgO samples ranged 
between 3.0 and 3.1 with the major i ty  in  the range  3.0 
and 3.05. The density of 4% MgO material  was only 
2.9, and attempts to obtain greater density than this 
with longer s inter ing times or higher temperatures  
did not succeed. In  this case, smaller particle sizes 
might provide greater green densities prior to s inter-  
ing. However, since the main  purpose of this investiga- 
t ion was to determine the opt imum stoichiometry of 
sodium for ma x i mum conductivity,  the lower density 
pel lets  were satisfactory. 

Resistivity measurements  were made vs. frequency 
using a pellet holder with gold contacts, and no change 
in the resistance values was observed with change in 
pressure. Typical measurements  are shown in Fig. 1 
for silver electrodes and Fig. 2 for gold electrodes. 
The resistivity was measured from the pellet thickness 
and area occupied by the electrode. The electrode con- 
tact was not found to deteriorate with t ime in a vac- 
uum system but  when exposed to the atmosphere some 
deterioration with t ime was observed as shown in Fig. 
3. This deteriorat ion with t ime was at t r ibuted to the 
slow oxidation of the silver electrode thus increasing 
the contact resistance between electrode and electro- 
lyte. Sintered pellets kept in a reasonably dry  atmo- 
sphere for several months before applying electrodes 
exhibited essentially the same conductivi ty as fresh 
pellets. All  resistance measurements  on the pellets 
reported here were made immediate ly  after electrode 
deposition. 

The correlation between extrapolated resistivity and 
sodium content for a fixed percentage of MgO is shown 
in Fig. 4, 5, and 6. The m i n i m u m  resist ivity values 
were: 288 ohm-cm for 1% MgO at 6.8% Na20, 125 
o h m - c a  for 2% MgO at 7.4% Na~O, and 227 o h m - c a  
for 4% MgO at 9.5% Na20. Conductivi ty values, cal- 
culated from resistivities, were 3.5 X 10 -3 (ohm- 
c a ) - 1  for 1% MgO at 6.8% Na20, 8.0 • 10 -3 (ohm- 
cm) -1 for 2% MgO at 7.4% Na20, and 4.4 • 10 -3 
( o h m - c m ) - I  for 4% MgO at 9.5% Na20. 
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Fig. 3. Increase of pellet resistance with time exposed to the at- 
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Fig. 4. Resistivity as a function of sodium content for ~-AIsOa/ 
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Fig. 6. Resistivity as a function of sodium content for ~-AI~O~/ 
4% MgO pellets. 

Discussion 
From consideration of charge neut ra l i ty  it can be 

hypothesized that  magnesium which becomes incor-  
porated into the be ta -a lumina  s tructure on A18+ sites 
wil l  increase the number  of interst i t ia l  sodium ions 
that  can be stabilized. This hypothesis is reasonable 
when  one recalls that  the spinel - type blocks of beta-  
a lumina have the same structure as the spinel 
MgA1204. F rom this possible correlat ion be tween mag-  
nesium substi tution and sodium ion interstitials,  an 
opt imum sodium content and m ax im um  conduct ivi ty  
for any given MgO content can be calculated. 

The theoret ical  Na20 content  for pure be ta -a lumina  
is 5.24%, but our studies and those of other  invest i -  
gators (3-5) have shown that  "pure"  be ta -a lumina  
contains excess sodium. Our be ta -a lumina  was found to 
contain an average  sodium content  of 6.1% and had a 
conduct ivi ty  of 6.7 X 10 -4 ( o h m - c m ) - I  at 25~ This 
represents a 16% excess Na~O content  which may be 
stabilized by A13+ vacancies or other defects present 
in the "pure"  material .  The addition of 2 w / o  (weight  
per  cent) MgO to the be ta -a lumina  is equivalent  to 
0.59 mole of Mg 2+ per mole of be ta -a lumina  and 
should stabilize an addi t ional  0.59 mole of interst i t ial  
sodium ions. This would  amount  to an addit ional  1.5 
w / o  Na20 giving an expected opt imum sodium content 
of 6.1 W 1.5 = 7.6 w /o  Na20. There is no requ i rement  
that  when  2% MgO is incorporated the mater ia l  wi l l  
still contain the same number  of other defects, but 
Fig. 5 shows that  a m a x i m u m  conduct ivi ty  was found 
at 7.4% MgO, quite  close to the calculated value. 

Similar  calculations for mater ia l  containing 1 and 
4% MgO give expected Na20 contents of 6.85 and 9.1 
w/o.  Again, Fig. 4 and 6 show that  m ax im um  conduc- 
t iv i ty  was achieved at a Na20 content of 6.8 w / o  for 
the mater ia l  containing 1% MgO and 9.5 w / o  for ma-  
ter ial  containing 4% MgO, both values being close to 
the values calculated above. 

Conduct ivi ty  values for undoped ~-A1203 sintered to 
a density similar  to the doped mater ia ls  were  in the 
range 5.3-7.1 X 10 -4 o h m - t - c m  - t .  If  the median value 
of 6.6 X 10 -4 o h m - ~ - c m  -1 is used as a base reference 
value, then any increase in conductivi ty resul t ing from 
the additional interst i t ial  sodium ions can be calcu- 
lated assuming addi t ivi ty  wi th  this base reference 
value  

Ctot-- ao -t- ~MgO 

where  ~tot = total  conductivity,  ~o = base reference 
conduct ivi ty  contribution, and cMgo = conductivi ty 
contribution f rom addition of MgO stabilizing higher  
concentrations of interst i t ial  sodium ions. 

If we assume for the moment  that  the additional 
sodium ions wil l  have a mobi l i ty  equal  to that  mea-  
sured for pure be ta -a lumina  (1.56 X 10 -5 cm~/sec-V 
at 25~ the aMgO contr ibut ion can be calculated using 
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the equation 
~'MgO ~ NMgo~q 

where NMgo is the concentrat ion of magnesium atoms 
(which equals the addit ional  concentrat ion of sodium 
ions incorporated into the 3-A1208), ~ is the mobil i ty  of 
the additional sodium ions in 3-A1208, and q is the uni t  
of charge. The number  of conductive sodium ion in ter -  
stitials will  equal the number  of magnesium ions in -  
troduced, and for 2% MgO this is 

NMgo ( ions/cm 8) 

3.0g fl-A1208 X 0.02g MgO/g fl-A1208 X 6.02 X i02~ 

cm 8 40g MgO/mole 
: 9 X 102~ 

Therefore 

aMgO ~ 9 X 1020 X 1.56 X 10 -5 X 1.6 X 10 -18 

---- 2.25 X 10-8(ohm-cm) -1 

for 2% MgO at 25~ Consideration of tortuosity in  the 
polycrystal l ine mater ia l  would suggest that  the mea-  
sured conductivity based on pellet geometry should 
be smaller than the calculated value. The true tor tu-  
osity factor is unknown,  but  Wynn  Jones and Miles (9) 
concluded it might be as high as 3-5. 

Another  possible difference between conductivity in 
single crystals and observed conduct ivi ty in polycrys- 
tal l ine materials  is the contr ibut ion of grain bounda-  
ries. Some solid electrolytes such as silver bromide 
exhibit  enhanced conductivi ty from grain boundary  
conduction and a lower activation energy (19). How- 
ever, W y n n  Jones and  Miles suggest a grain boundary  
contact resistance with a higher activation energy 
which may impede conductivity (9). We have observed 
various values of act ivation energy from conductivi ty 
measurements  over the tempera ture  range --50 ~ to 
+70~ of 3-5 kcal /mole compared to the single crystal 
value of 3.8 kcal /mole (5). This would seem to indicate 
that possibly some contact resistance was present  in  
some of our sintered pellets, but  its contr ibut ion was 
small. Therefore, it is reasonable to compare our con- 
duct ivi ty measurements  with those on single crystals 
keeping in mind  these differences. 

On the other hand, this calculated value of conduc- 
t ivi ty based on tracer diffusion coefficient (from which 
the mobil i ty  was calculated) must  be increased by the 
correlation factor for the interst i t ialcy type mechanism 
accepted for be ta -a lumina  (5). There is still some 
debate as to the correct correlation factor to use for 
the polycrystal l ine material,  but  recent evidence (20) 
suggests that  3 is an appropriate value at room tem- 
perature. In fact, with higher sodium contents found 
in ~", correlation factors as high as 7-8 have been 
observed at room temperature.  Neglecting the un -  
known tortuosity factor and possible increased correla- 
t ion factor above 3, we expect a contr ibut ion to con- 
ductivi ty from the interst i t ial  sodium stabilized by 
the 2% MgO of 6.75 • 10 - s  ( o h m - c m ) - l .  The total 
conductivity would then be 

Ctot ~--- 6.6 X 10 -4 + 6.75 X 10 -8 

---- 7.41 X 1 0 - 8 ( o h m - c m ) - I  

which compares well  with the observed value of 8.0 
X 10 -8 ( o h m - c m ) - i  at 7.4 w/o Na20. This agreement  
may be somewhat fortuitous because of the uncer ta in-  
ties in tortuosity, correlation factor, and mobil i ty of 
the additional sodium ions. The addit ional sodium ions 
in magnes ium-conta in ing  ~-A1208 may actually be 
more mobile by occupying al ternate sites and /or  ex- 
hibit  higher correlation factors which would counteract  
the tortuosity effect expected for polycrystal l ine mate-  
rials. Aside from these uncertainties,  the measured 

values are consistent with the proposed model for 
magnesium doping of fl-A1203. 

The calculated value for 1% MgO is 4.1 X 10 -8 
(ohm-cm) -1 compared to the observed value of 3.5 
x 10 -8 (ohm-cm) -1. The observed conductivi ty of 
be ta -a lumina  containing 4% MgO was considerably 
lower than the predicted value of 14.2 X 10 -8 (ohm- 
c m ) - i  and is a t t r ibuted to the low density of these 
pellets. There appears to be a l imit to the amount  of 
MgO that  can be incorporated into the be ta -a lumina  
structure and lies between 2 and 4% MgO. 

Pellets containing larger amounts  of sodium than 
the opt imum value showed a decreased conductivity. 
This, we believe, was caused by the excess sodium 
leading to increased amounts  of sodium aluminate  
since the be ta -a lumina  structure cannot  accommodate 
the addit ional sodium ions. A quant i ta t ive  correlation 
between sodium aluminate  content  and conductivi ty 
could not be made because the amount  in all samples 
was ext remely  small, and x - ray  analysis could not 
convenient ly  be performed on pellets used for conduc- 
t ivi ty studies. 

In conclusion, it has been shown that  magnesium 
oxide will  stabilize additional sodium ions in beta-  
a lumina  leading to increased conductivity, and the 
increase in conductivi ty is proportional to MgO con- 
tent  up to at least 2 w/o. 
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ABSTRACT 

High-resolut ion  electron micrographs and diffraction pat terns  of thin dis- 
continuous cobalt and nickel films deposited electrolessly under  various con- 
ditions are presented. It is concluded that  nickel, when deposited f rom 
strongly alkal ine solutions assumes a fcc structure.  Evidence is presented that  
the s t ructure  of cobalt  deposits can be ei ther  fcc or hcp depending on the 
chemis t ry  of the metal iz ing solution. Mixed cobal t -nickel  films appear  to form 
a fcc s t ructure  l ike nickel. 

Chemical ly  (electrolessly) deposited nickel films can 
be considered as a binary system of nickel and phos- 
phorus. Some previous studies (1) have suggested that  
the initial s t ructure  of as-deposited Ni -P  film is meta -  
stable. Heat - t rea tment ,  it was found, wil l  t ransform 
it to a more  stable state of a two-phase  system con- 
sisting of fcc nickel and tetragonal  Ni3P. In the as- 
deposited state we are dealing with  a " l iquid l ike" 
mater ia l  (2). By this one means a solid solution of 
phosphorus in a ve ry  fine polycrystal l ine nickel system. 
The average  size of the crystall i tes was recent ly  esti-  
mated (3) to be about 10-20A. It  should be r emem-  
bered that  the catalytic sites on which the film growth 
is ini t iated were  stated (2) to be of about the same 
dimensions. This state of affairs is qui te  well  estab- 
lished for nickel deposited f rom acidic metal izing 
solutions. Fi lms deposited from alkal ine solutions, in 
the as-deposited state, exhibi t  a degree of crystal l ini ty 
depending on their  phosphorus content. It  is the aim 
of the present communicat ion to study this crystal l ini ty 
in some detail. It wiI1 become evident  that  a com- 
parison between Ni-P,  Ni-Co-P,  and Co-P, al l  g rown 
chemically, yields important  informat ion concerning 
this crystal l ine state. 

Experimental 
The films in this invest igation were  grown on micro-  

scope slide glasses coated wi th  Fo rmva r  (4g polyvinyl -  
formal  in one liter of e thylene dichloride) .  They were  
floated off the glass substrate in distil led water.  

The detailed compositions of the sensitizing, act ivat-  
ing, and acidic metal izing solutions for the deposition 
of nickel were  given in Ref. (2). 

The compositions of the alkal ine metal izing solution 
for the deposition of electroless nickel is given in 
Table I, along with  the compositions of the solutions 
used for mixed  Co-Ni -P  films (with a 65% nickel  
content)  and for Co-P films. The technique of t rans-  
mission electron microscopy was used throughout  the 
present work. Our ins t rument  is a Hitachi  HU-12 
electron microscope operated at 100 kV. 

All  chemicals used in the present work  were  sup- 
plied by Fisher  or Canlab and were  used wi thout  fur -  
ther  purification. 

Experimental Results 
In Fig. 1 we present  the electron micrographs of 

electrolessly deposited nickel from different a lkal ine 

Key words:  films, nucleation, crystallization, electroless. 

solutions (see Table I ) .  The pH values of the different 
solutions corresponding to the  figure are (a) pH = 7, 
(b) pH = 8, (c) pH = 9, (d) pH -- 10, and (e) pH = 
11. 

In Fig. 2 we present the corresponding electron dif-  
fraction pat terns of these films. The deposition t imes 
had to be varied (see figure captions) as change of 
the pH does affect the deposition rate, and our aim 
here  was to compare films of similar thicknesses. The 
effect of increased pH is best seen by comparing the 
corresponding diffraction patterns. In order  to ensure 
that  these effects were  due to change in pH (and hence 
phosphorus content) and not mere ly  an effect of the 
different deposition rates, the fol lowing was done. We 
prepared some films using a hot (85~ metal izing 
bath. At an elevated t empera tu re  the deposition rate  
is markedly  enhanced. We found that  for a given pH, 
raising the tempera ture  f rom 20 ~ to 85~ had about 
the same effect on the rate as increasing the pH at 
room tempera ture  by 1. The diffraction pattern,  how-  
ever,  is not affected by temperature ,  and is thus 
determined by the pH (and phosphorus content) .  

Next  we invest igated the mixed  Ni -Co-P  films (see 
Table I).  Here too, the pH of the metal iz ing solutions 
was varied. In Fig. 3 we present  the micrographs for 
films grown from solutions wi th  (a) pH = 7.5, (b) 
pH = 8.5, and (c) pH = 10.5. F igure  4 depicts the 
corresponding electron diffraction patterns. Here  again 

Table I. Composition of metalizing solution for deposition of 
electroless nickel and for mixed Co-Ni-P and Co-P films 

Ni-Co-P* 
Ni-P,* (65% Ni), Co-P,* 

g/1 g/1 g/1 

Nickel sulfate, NiSO4.61-I~o 30 

Cobalt sulfate, COSO4.7H20 

Sodium hypophosphite,  NaH2FO2.H~O 10.6 

Sodium citrate, Na3C6H50~.2H20 100 

Rochelle salt, NaKC4H40~-4H~O 

A m m o n i u m  chloride, NH4C1 53.6 

A m m o n i u m  sulfate, (NHD2SO4 

30 

30 35 

20 5-40 

- -  3 5  

200 

5 0  70 

* PH adjusted with NaOH. 
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(a) pH = 7, deposition time 9 rain (b) pH = 8, deposition time 8 min (c) pH = 9, deposition time 2V2 rain 

Fig. 1. Transmission electron 
micragraphs of electrolessly de- 
posited nickel from different al- 
kaline solutions. 

I I 

1000.~ 

(d) pH = 10, deposition time 2 ~  min (e) pH = 11, deposition time ] ~  min 

the pH affects the deposition rate, so different deposition 
times were employed as given in the figure captions. 

F ina l ly  we took up the study of Co-P films. Here 
again, ini t ia l ly  the effect of the pH of the metalizing 
solution was investigated. It  must  be noted, however, 
that in the case of Co-P one can, essentially, change 
the pH and the phosphorus content  independent ly.  The 
lat ter  is done by simply varying the concentrat ion of 
the sodium hypophosphite. 

In Fig. 5 we present the effect of these variables on 
the nucleat ion and growth of th in  electroless Co-P 

films. Specifically, Fig. 5 (a ) I  is the electron micro-  
graph of a Co-P film grown from a metal izing solution 
with pH = 7 and a hypophosphite concentrat ion of 40 
g/li ter.  Figure 5 (b) is the same except with pH = 10 
and Fig. 5(c) with pH = 12. In  order to show the 
effects of hypophosphite concentration, Fig. 5 (a ) I I  
corresponds to 5g of hypophosphite/l i ter ,  with pH = 7. 
The corresponding electron diffraction pat terns are 
shown in Fig. 6 ( a ) I  to 6(c),  and 6(a)I I .  It  wil l  be 
noted that  essentially no changes can be observed in 
comparing the pat terns in Fig. 6. The hexagonal  shaped 
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Fig. 2. Electron diffraction 
patterns corresponding to the 
films shown in Fig. 1. 

islands in Fig. 5 ( a ) I  are perhaps indicative of the 
hcp s t ructure  of as-deposited Co-P. The time of deposi- 
tion varied and is given in the corresponding captions. 

Discussion 
Effects of the amounts  of phosphorus on the mag-  

netization of nickel were studied by Albert  et al. (4). 
They too controlled the level of phosphorus by chang-  
ing the pH of the metalizing bath. This they did since 
the amount  of phosphorus incorporated into the films 
increases as the pH of the bath decreases. 

Consequently in our  case on "passing" from Fig. 
l ( a )  to l ( e )  the amount  of phosphorus in the films 
decreases. Assuming the as-deposited films to be (see 
above) a solid solution of phosphorus in a very fine 
polycrystal l ine system, it is not unreasonable  to ex- 
pect that decreasing the phosphorus content  should 
result in an increase in the average size of crystallites. 
This is not immediately observable by comparing the 
micrographs in Fig. 1. The electron diffraction pat terns 
shown in Fig. 2, however, demonstrate  this point  very 
clearly. 
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(a) pH --~ ?.5, deposition time 8 min (b) pH ~ 8.5, deposition time 4 min (c) pH ~ 10.5, deposition time 2 ~  rain 

Fig. 3. Transmission electron micrographs of electrolessly deposited mixed nlckel-cobalt (65% nickel) films. 

1000A 

Fig. 4. Electron diffraction patterns corresponding to the films shown in Fig. 3 

Further ,  assuming in Fig. 2 fcc symmetry,  one can 
infer  a lattice constant for the nickel of 3.554A. While 
this number  can be considered somewhat  too large 
(ordinary nickel has a lattice constant of 3.517A), it 

might  be indicat ive of a "strained fcc latt ice" (4). 
The influence of the change of pH in the  metal izing 

solution for mixed nickel and cobalt is shown in Fig. 
3 and 4. Here  too the decrease in P content  seems to 

result  in larger  average sizes of the crystallites. The 
crystal lographic symmet ry  of these can be a t t r ibuted 
to a fcc structure. It must indeed be remembered  that 
this is known to be one of the simplest  systems formed 
by cobalt, and nickel  can form a complete  series of 
solid solutions wi th  fcc cobalt. 

Of more complexi ty  is the series of micrographs and 
pat terns presented in Fig. 5 and 6. Here  it is l ikely 
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(a)l pH = 7, [hypophosphite] ---- 40 g/ (a)ll pH ~ 7, [hypophosphite] = 5 g/  (b) pH ~ 10, [hypophosphite] = 40 g/  
liter, deposition time 1 rain liter, deposition time 1 rain liter, deposition time 5 rain 

Fig. 5. Transmission electron micrographs of electrolessly de- 
posited cobalt from different metalizing solutions. 

I �9 

1000s 

(c) pH = 12, [hypophosphite] = 40 g/liter, 
deposition time 5 min 

that for low pH but  high phosphorus content, the 
crystal symmetry  of Co-P films is p redominant ly  
hexagonal [see shapes of "islands" in Fig. 5(a) I ] .  De- 
creasing the phosphorus content [see Fig. 5 (a ) I I ]  or 
increasing the pH changes the general  appearance of 
islands. Comparison of Fig. 2(e) with the pat terns 
in Fig. 6 reveals a significant difference. In  principle 
it should be possible to dist inguish between fcc and 
hcp on the basis of the strength of the [200] ring, but  
it is difficult to give an unambiguous  assignment  to 

the r ings in Fig. 6. Not much can be inferred quant i -  
tat ively in this case (at least at present) f rom the dif- 
fraction patterns. Our assumption, however, is that  to 
begin with the Co films constitute a mix ture  of fcc 
and hcp phases. Increasing the pH or decreasing phos- 
phorus content tips the ratio more toward the fcc 
phase. 

Frieze, Sard, and Weil (5) have studied the morphol-  
ogy of thin Co-P films in some detail. The film thick- 
ness range covered by their experiments  is 500-20,000A 
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(a)l pH = 7, [hypophosphite] ~ 40 g/  (a)ll pH = 7, [hypophosphite] ---- 5 g /  (b) pH = 10, [hypophosphite] ~ 40 g/ 
liter, deposition time 1 rain liter, deposition time 1 rain liter, deposition time 5 min 

also agree about the role of the co-deposited P as a 
"growth inhibitor," both for cobalt and nickel. As we 
see from our work the influence of P content  will  
show at much lower thickness than  1000A, and an 
al ternat ive explanat ion for the difference between Fig. 
5(a) and 5(c), for instance, might  be the change in 
fiber axis from <00Ol> to <1010>. This will, of 
course, explain also the lack of change in  passing from 
Fig. 6(a) to 6(c).  The difficulty in accepting this 
approach lies in the fact that  in very th in  films like 
ours, one would expect the ini t ial  deposition on the 
pal ladium-act ivated surface to have its basal plane 
of the hexagonal lattice predominant ly  paral lel  to the 
substrate. Only thicker  samples would be expected to 
have their fiber axis or ientat ion dependent  on the 
phosphorus content  [see Ref. (5)].  This difficulty 
re turns  us to the first suggestion of a mixed hcp-fcc 
phase. 

Manuscript  submit ted June  1, 1972; revised m a n u -  
script received Aug. 7, 1972. 

(c) pH ~ 12, [hypophosphite] : 40 g/liter, 
deposition time 5 min 

Fig. 6. Electron diffraction patterns corresponding to the films 
shown in Fig. 5. 

while we are interested here in much th inner  samples. 
In  addition, the resolution of our micrographs is at 
least ten times better  than theirs. Nonetheless, we 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the June  1973 
JOURNAL. 
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Zinc Electrode Shape Change in Secondary Cells 
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ABSTRACT 

Shape change, the reduction in zinc electrode area with cycling, is a l imit-  
ing factor in the life of most secondary zinc batteries. This invest igat ion was 
an at tempt  to elucidate the mechanism of shape change by monitor ing the 
pa t te rn  of cur ren t  and potential  distr ibution over the surface of a zinc elec- 
trode dur ing cycling. This was done while keeping all electrode and cell pa- 
rameters  similar to those found in conventional  cells. Differences in  the sec- 
ondary current  distr ibution during charge and discharge result  in exhaust ion 
of the reducible zinc species at the plate periphery in the early stages of cy- 
cling. This generates a concentrat ion cell which corrodes zinc off the plate 
edge and deposits it in the plate center. Shape change is a resul t  of these 
concentrat ion cell effects and the transfer  of zincate from the plate per iphery 
to the plate center in the early stages of discharge. Many other hitherto unex-  
plained phenomena related to shape change were rationalized on the basis 
of these findings and mechanism. 

Shape change, the reduction of the zinc electrode 
geometric area with cycling, is the l imit ing factor in 
the life of most secondary zinc batteries (1). On 
cycling the zinc active mater ial  is removed from the 
plate edges and agglomerates toward the plate center. 
The movement  of zinc continues as cycle life pro- 
gresses and results in a reduction of the capacity and 
useful life of the cell (2). 

In  the past, numerous  correlations have been made 
between the shape-change phenomena and the various 
operating and construction parameters  of secondary 
zinc cells. Both electroosmotic effects, which cause 
fluctuations in the anolyte level with cycling, and 
gravi ta t ional  effects have been ruled out as being 
major  contributors to shape change in t ightly packed 
cells (3, 4). Shape change occurs more slowly in a 
t ightly packed cell than  in a loosely fitting cell pack 
(5-7). The rate at which shape change occurs with 
cycling is reduced by decreasing the depth of discharge 
(2), lowering the KOH concentrat ion in the electrolyte 
(8), and increasing the stoichiometric ratio of the nega-  
tive to positive active mater ial  in a cell (4). The rate 
of shape change is increased by amalgamat ion of zinc 
plates and is directly proportional to the mercury  con- 
tent  of the plate. Other factors which increase the 
rate of shape change are high resistivity membranes,  
bare spots or cracks in "green" negative plates (3, 4), 
and nona l ignment  of positive and negat ive plates in 
the cell pack (4). 

Developments which mitigate shape change to some 
extent  are the addition of binders  such as Teflon 
(9, 10) or polyvinyl  alcohol (4) to the zinc plate, the 
extension of the negative plate edges beyond the edges 
of the positive plate (1, 11), the use of contoured zinc 
negatives which have more zinc oxide at the plate 
per iphery than  the plate center (1, 10, 12), or zinc 
negatives which are thicker at the plate top than  the 
plate bottom (13). 

No proven mechanism of shape change has been re-  
ported. A mechanism based on gravi tat ional  effects 
has been proposed (14), but  this mechanism is not 
consistent with the fact that  sometimes zinc also moves 
away from the plate bottom (2). It has been suggested 
that shape change is due to concentrat ion cell effects 
(3, 4). However, Lander  (2) has pointed out that the 
remote causes of shape change are still uncertain.  

This investigation was an at tempt to elucidate the 
mechanism of shape change. The analytical  approach 
in this invest igat ion was to determine the pat terns of 
potential  and current  distr ibution over the surface of 
a zinc electrode dur ing cycling. All  negative electrode 
and cell parameters  corresponded as closely as pos- 

* Electrochemical  Society Ac t ive  Member .  
X e y  words :  bat tery ,  cur ren t  distr ibution,  potent ia l  distribution, 

concentration cell. 

sible to those found in an actual operating cell. The 
current  distr ibution on the zinc electrode was deter-  
mined by monitor ing the current  to a sectioned cad- 
mium counterelectrode. The basic assumption under -  
lying the exper imental  approach was that  the current  
flow through a section of the cadmium counterelec- 
trode was a good indication of the flow through the 
portion of the zinc electrode just  opposite the section. 

Experimental 
Apparatus and m e t h o d . J T h e  test cell (Fig. 1) com- 

prised a s tandard zinc electrode, a separator system, 
a sectioned cadmium counterelectrode, an array of 
Hg/HgO reference electrodes, and a third electrode for 
cycling the counterelectrode independent ly  of the zinc 
electrode. Current  distr ibution was determined by 
monitor ing the current  to the various sections of the 
cadmium electrode. 

Zinc electrode.--The zinc electrode was made by 
evenly dis tr ibut ing and pressing 15g of electrode mix 
(94.5 w/o (weight per cent) ZnO ~ 0.5 w/o  HgO ~- 
5 w/o  binder)  onto an expanded silver screen. The 
final plate dimensions were 11.1 X 11.1 • 0.051 cm. In  
the assembled cell, the screen was on the side of the 
electrode remote from the counterelectrode. 

VOLTAGE 
RECORDER 

SHUNTS'Y~~I:=Iiii  il, ,Zn 

Fig. I. Test cell and electric circuit 
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Counterelectrode.iThe cadmium counterelectrode 
support s t ructure comprised of 16 sections of nickel 
ba t te ry  plaque (0.089 cm thick) ,  wi th  coined edges and 
spot-welded nickel tabs. These sections were  ar ranged 
on an acrylic plastic sheet as shown in Fig. 2. The 
spaces be tween each section were  filled with  epoxy and 
the coined edges were  masked with  epoxy. The finished 
sectioned electrode was perfect ly flat; the uncoined 
exposed area of each section was 2.54 X 2.54 cm and 
the space be tween each section was 0.12 cm. Cadmium 
was incorporated in the plaque sections by the stan- 
dard impregnat ion  method (15). Afterward,  the elec- 
t rode was l ight ly pressed while  still wet  and then 
given four format ion cycles against a nickel sheet 
counterelectrode.  

Reference electrodes.--The reference  electrode com- 
par tments  were  0.4 cm diam holes dri l led ver t ica l ly  in 
an acrylic plastic block (11.4 • 14.0 X 1.6 cm) as 
shown in Fig. 3. The reference electrode capillaries 
were  0.1 cm diam holes f rom the reference compar t -  

I I 

0 0 0 | 

I ~  O" o o 

. . . .  ~ ' "  o o 

.Q . . . . . .  

. _ Q  . . . .  

0 Q Q | 

I I I 
O ~ POSITION OF REFERENCE CAPILLARIES 

Fig. 2. Arrangement of  counterelectrode sections. The relative 
position of the reference capillaries are also shown. These are on 
the side of the zinc electrode opposite to the cadmium electrode. 

Fig. 3. Reference electrode compartments 

ments to one face of the plastic block. These holes 
were  dri l led at a 20 ~ angle to the normal  of the block 
face and were packed with  cellophane to prevent  de- 
wett ing.  These compar tments  were  used for the fabri-  
cation of the array of Hg /HgO electrodes. The re la t ive  
position of these electrodes wi th  respect to the cell 
pack is shown in Fig. 1, and the re la t ive  position of the 
capi l lary exits wi th  respect to the sections of the 
counterelectrode is shown in Fig. 2. 

Third electrode.--The thi rd  electrode was an electro-  
formed nickel screen wi th  a 0.25 cm ret iculated pattern. 
The screen thickness was 0.01 cm and the spacing be- 
tween openings was 0.05 cm. The screen area dimen-  
sions were  the same as the sectioned cadmium elec- 
trode. 

Apparatus as sembly . IA  schematic drawing of the 
complete  cell assembly and circui try is shown in Fig. 
1. The cell separator  system for the work  repor ted  in 
this paper  was 

Cd/1T,F-  120/2T,C-25/1T,F-200/Ni sc reen / IT ,F-  120/2T, 

FSC- 7 6 /1T, P-30 /Zn/1T, P-30 / K  O H /HgO /Hg 

where  1T ---- one layer  of separator,  2T = two layers 
of separator, F-120 ---- 0.012 cm polyamide felt, C-25 ---- 
0.0025 cm unplasticized cellophane, F-200 ---- 0.020 cm 
polyamide felt, FSC-76 ---- 0.0076 cm Fibrous Sausage 
casing, and P-30 = 0.003 cm acrylic acid graf ted poly-  
e thylene (RAI, P-2291). 

Provisions were  made to have the zinc and cadmium 
electrodes paral lel  to one another  with a spacing of 
0.114 cm between the faces of the cadmium and zinc 
electrodes, thus ensuring a snug fitting cell pack when 
the cell  was filled with  electrolyte.  The leads f rom the 
cadmium counterelectrodes were  bolted to 0.050 ohm 
shunts. 

Experimental procedure . IAf ter  the cell was wet  
down wi th  44 cc of e lect rolyte  (37.5 w / o  KOH + 
70 mg ZnO/ml ) ,  soaked for 72 hr, vacuum treated to 
remove  gas bubbles, the sectioned counterelectrode 
was deep cycled four t imes against the nickel screen 
at a current  of 1.0A. The cadmium electrode was then 
charged to wi thin  100 mV of the zinc deposition poten-  
tial and the zinc electrode was immedia te ly  charged 
for 4 hr against the cadmium electrode. The counter-  
electrode was then back-charged at 1.0A against the 
nickel  screen for 2.5 hr  and cycling of the zinc elec- 
trode against the sectioned electrode was continued on 
an automatic  cycler which had a filtered power  supply. 
During cycling, the current  to each section was moni-  
tored by measur ing the voltage across the shunts on a 
mult ipoint  recorder  that  had a zero center  scale and a 
range of --12.5 to +12.5 mV full  scale. The potential  
was recorded on a mul t ipoint  recorder  wi th  a range of 
0-2V full  scale. Occasionally the potent ial  re laxat ion 
at the end of charge and discharge was monitored by 
a scanning switch in conjunct ion wi th  a high im-  
pedance amplifier and a digital vol tmeter .  

If the cycling regime consisted of a zinc overcharge,  
the cadmium electrode was occasionally back-charged 
against the nickel screen before the cadmium capacity 
became exhausted. Whenever  the nickel  screen was 
used to charge the counterelectrode,  the cell was 
vacuum- t rea ted  af te rward  to remove  gas bubbles from 
the vicini ty  of the nickel screen. The cadmium elec- 
trode sections were  moni tored f rom t ime to t ime  to en-  
sure that  they were  still charged. 

The cycling regime for the run  reported in this 
paper was a 1.0A charge for 105 min fol lowed by a 
102-min discharge at the same current.  Provisions were 
made also to te rmina te  the charge if the zinc polariza-  
tion exceeded 200 mV; thus, the cycling regime of the 
zinc electrode was similar  to that  encountered in a 
cell wi th  an efficient posit ive electrode such as si lver 
oxide. Other runs were  made with  as much as 15% 
overcharge each cycle to simulate the conditions en-  
countered in a nickel-zinc cell (16). 
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Requirements  and choice oJ the  exper imental  
me thod . - -The  cell components and configuration were  
chosen to faci l i tate application of the findings of this 
invest igat ion to a pract ical  battery.  Cadmium was 
chosen as the counterelectrode since (a) fabricat ion of 
a flat sectioned electrode was easy; (b) gas bubble 
format ion or (c) br idging between sections was un-  
l ikely; and (d) complications due to separator  oxida-  
tion were  avoided. The cadmium electrode has the 
additional advantage of having low polarizabil i ty on 
charge and discharge, and thus does not have an over -  
r iding effect on the current  distr ibution in the cell. 

The cellulose separators expand on wetting, thus 
facil i tat ing construction of a snug-fi t t ing cell pack. The 
layer  of graf ted polyethylene separator p revented  the 
growth of zinc dendrites to the cadmium electrode. 
Short ing to the sectioned cadmium electrode would  
vi t ia te  any current  or potential  distr ibution measure -  
ment.  The other  layer  of grafted polyethylene  be tween  
the zinc anode and the reference electrode capillaries 
p revented  the growth of zinc into the capillaries during 
overcharge.  This was a problem in some pre l iminary  
cell tests where  there was no membrane  between the 
zinc electrode and the reference capillaries. 

The positioning of the reference electrodes on the 
back of the zinc electrode was possible since the elec- 
trodes were  thin and porous. This juxtaposi t ion of the 
reference electrodes and the zinc plate did not interfere  
wi th  the cell  current  distribution, ensured that  all 
capil lary exits were  equidistant  f rom the zinc elec- 
trode, and facil i tated prevent ion of dendrit ic growth 
into the capillaries. 

The counterelectrode capacity was not a l lowed to 
become discharged for the simple reason that  l imit ing 
factors at the cadmium electrode would complicate 
in terpre ta t ion of the current  distr ibution results. This 
consideration outweighed any effects the charging 
screen might  have on the current  distribution. 

The sectioned counterelectrode technique was used 
since this method gives the most direct  measurement  
and has min imum effect on the current  distribution cell. 
Fur ther  sectioning at the electrode edges would be 
desirable, but it was felt  that  the effects generated by 
such sectioning would null i fy any increase in resolu-  
tion that  might  accrue from this method. 

Results 

Post- tes t  analysis of ce lL - -A f t e r  120 cycles the cell  
was taken apart  in the charged condit ion and ex-  
amined. No visible deter iorat ion of the separators, the 
cadmium electrode, the charging screen, or the ref-  
erence electrodes had occurred during cycling. Zinc 
did not penetra te  any of the separator layers. A photo- 
graph of the zinc electrode is shown in Fig. 4. The zinc 
electrode underwent  a loss of 45% in geometr ic  area 
wi th  the zinc agglomerat ing toward the lower part  of 
the plate. No zinc grew beyond the edges of the cur-  
rent  collector screen. In the areas where  the zinc ag- 
glomerated,  the plate thickness increased by as much 
as a factor of two in some places. The front face (i.e., 
the face nearest  the counterelectrode)  of the zinc de- 
posit consisted compacted gray sponge zinc. Under -  
neath this deposit was a cake of uncharged zinc oxide, 
embedded in the electrode grid. At the edge of the 
thick zinc deposit, addit ional zinc was deposited di- 
rect ly on the grid forming a border  about 3 mm wide 
around the zinc oxide cake. Between this border  and 
the zinc oxide cake, small traces of blue zinc mater ia l  
were  observed on the back side of the electrode. In the 
electrode regions beyond the continuous zinc deposit, 
small  scat tered deposits of crystal l ine zinc dendri tes 
were  found. 

Figure  4 also shows the re la t ive  positions of the 
s ixteen counterelectrode sections and the reference 
electrode capillaries. All  of sections No. 1 and 5 were  
denuded of zinc. Lit t le  zinc remained in sections No. 9, 
13, and 2. Considerable zinc loss occurred in sections 
No. 3, 14, 15, and 16. The greatest  gain in zinc de- 

Fig. 4. Photograph of the zinc electrode after 120 cycles; relative 
positions of the counterelectrode sections and the reference capil- 
laries are also shown. The numbers refer to the portions of the 
cadmium electrode and the reference capillaries. Sections 1, 5, 9, 
]3 are along the top of the cell. 

posit thickness occurred in sections No. 7, 8, 10, 11, 
and 12. 

Current  distribution on the cadmium electrode.- - In  
the  formation process, the current  to each cadmium 
electrode section stabilized to a value of 62 •  mA 
after two format ion cycles. The current  dis tr ibu-  
tion was equal ly  even on charge and discharge. The 
over -a l l  electrode capacity was 4.5 A - h r  on the fourth 
format ion cycle. 

During the pre l iminary  cycling of the cadmium 
electrode in the cell against the nickel screen, the 
electrode capacity stabilized at 4.25 A-hr .  The section 
current  on charge was 62 --+5 mA. The heterogeneous 
deposition of zinc on the nickel  screen in the initial 
stages of discharge caused wide variat ions in the sec- 
tion current  during discharge. This zinc was str ipped 
f rom the screen in the first few minutes  of charge. The 
cadmium electrode capacity was checked at the end of 
each run  and no significant deter iorat ion of the ca- 
pacity was found. 

Reference e lec trodes . - -Af ter  the cell was wet  down 
and vacuum- t rea ted  a few times, the reference elec-  
trode potentials stabilized at values that  var ied by no 
more than 1 mV of one another.  

Current  and potential distribution on the zinc elec- 
t rode . - -The current  and potential  distr ibution for 
cycles No. 3, 19, 31, 60, 75, 100, and 120 are shown in 
Fig. 5-11, respectively.  Initially, the current  dis tr ibu-  
tion be tween sections was re la t ively  even. However ,  
the current  distr ibution be tween sections on discharge 
bore no apparent  relat ionship to the current  distr ibu- 
tion between the sections when the cadmium elec- 
trode was charged with the nickel screen. In the early 
stages of cycling, there  was a greater  var ia t ion  in the 
current  distribution during charge than during dis- 
charge. Also, in the ear ly  stages of cycling, the  current  
distr ibution on charge tended to diverge with  t ime 
whereas  the current  distr ibution on discharge tended 
to converge with  time. These t rends may  be  seen in 
Fig. 12 for sections No. 5, 7, 9, and 10 in cycle No. 2. In 
the init ial  stages of cycling, the potential  distr ibution 
was even on both charge and discharge. However ,  
after about 15 cycles, sections No. 1, 5, 9, and 13 
polarized more at the end of charge than  any of the 
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Fig. 5. Current and potential distribution on the zinc electrode, 
cycle No. 3. Inset in Fig. 5-13 shows the shape change pattern after 
120 cycles together with the relative positions of the counterelec- 
trade sections and the reference capillaries. Where there is no dis- 
tinct convergence or divergence of the current distribution, the 
data are presented as cross-hatched bands. 

Fig. 8. Current and potential distribution on the zinc electrode, 
cycle No. 60. Explanation of inset is given in Fig. $ caption. 

Fig. 6. Current and potential distribution on the zinc electrode, 
cycle No. 19. Explanation of inset is given in Fig. 5 caption. 

Fig. 9. Current and potential distribution on the zinc electrode, 
cycle No. 75. Explanation of inset is given in Fig. 5 caption. 

Fig. 7. Current and potential distribution on the zinc electrode, 
cycle No. 31. Explanation of inset is given in Fig. 5 caption. 

other sections. With this polarization, there  was a con- 
comitant  drop in current  to these sections. Af te r  about 
25 cycles, these same sections also had lower  currents  
in the la t te r  stages of discharge (Fig. 7). This type of 
t rend continued throughout  cycling unti l  eventual ly  
most of the current  was being carr ied by sections No. 
7, 8, 10, 11, and 12 (Fig. 8-11). Toward the end of 
cycling, the low current  areas of the zinc electrode 
tended to polarize on discharge (Fig. 11). The externa l  
IR correction, as determined by a 60-cycle Kordesch-  
Marko interrupter ,  was negligible (about 2 mV).  

In some runs, the cell was cycled in the horizontal  
position periodically. The various cell orientat ions pro-  

Fig. 10. Current and potential distribution on the zinc electrode, 
cycle No. 100. Explanation of inset is given in Fig. 5 caption. 

duced no changes in current  or potent ia l  distr ibution 
that  could be distinguished f rom the normal  slight 
variat ions in these parameters  that  occurred f rom cycle 
to cycle. This was true even when  these exper iments  
were  repeated with  different open-circui t  stand t imes 
of up to 24 hr  in each position before cycling. 

Similar  potential  distr ibution pat terns were  observed 
in two electrode nickel-zinc cells, thus indicating that 
the results obtained in these exper iments  were  not an 
art ifact  of the sectioned electrode. Fur thermore ,  the 
shape-change patterns in these exper iments  were  
similar  to those found in nickel-zinc cells wi th  similar  
separator  systems and electrode geometries.  

Current interruption.--One salient feature  of the 
current  distr ibution in the la t ter  stages of cycling was 
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Fig. 1 l .  Current and potential distribution on the zinc electrode, 
cycle No. 120. Explanation of inset is given in Fig. $ caption. 
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Fig. 13. Potential relaxation on zinc electrode, cycle No. 75. Ex- 
planation of inset is given in Fig. 5 caption. 
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Fig. 12. Current and potential distribution for selected sections, 
cycle No. 2. Solid lines, charge; broken lines, discharge. Explanation 
of inset is given in Fig. 5 caption. 

that the cur ren t  dis t r ibut ion was relat ively un i form for 
about the first 7 rain of discharge (Fig. 9-11), whereas 
on charge the current  dis t r ibut ion immediate ly  di- 
verged after switching to charge. However, if the cur-  
rent  was in terrupted after one or two minutes  of dis- 
charge, and the  cell allowed to stand overnight  on 
open circuit, the cur ren t  distr ibution on resumption of 
discharge had a spread similar to that  found after half  
an hour of steady discharge. On the other hand  if the 
current  was similarly in te r rupted  after an hour of 
charge, the current  distr ibution on resumption of 
charge showed a spread similar  to tha t  found at the 
beginning of charge. Thus, in te r rupt ion  of the cur-  
ren t  in  the ini t ia l  stages of discharge leads to a di-  
vergence in  current  dis t r ibut ion on switch on, whereas 
the in te r rup t iou  of the cu r ren t  in  the la t ter  stages of 
charge leads to a convergence of current  distr ibution 
on switch on. 

Potential reIaxation.wFigure 13 shows the potent ial  
re laxat ion on the electrode when  the current  was shut 
off at the end of charge and discharge during cycle 
No. 75. Figure 14 shows similar data in another run  
where  the ce l l  was  overcharged each cycle. At the end 
of charge, the potentials ini t ial ly have a wide spread 
and eventually,  with time, the potentials converge to a 
common value. At  the end of discharge, however, there  
are little differences in  the potential  across the surface 
of the electrode. 

Overvoltage on the z~nc anode.wFigure 15 shows 
zinc polarization measurements  in a two-electrode 
nicket-zLnc cell wi th  similar anode construct ion param-  
eters to the zinc electrode used in the current  dis tr ibu-  
tion measurements .  These data were obtained at the 
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Fig. 14. Potential relaxation on electrode, cycle No. 27. Charge 
and discharge current, 1.0A. Charge time, 100 rain. Discharge time, 
87 rain. Inset shows final shape change pattern afte, 7Q cycles. 
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Fig. 15. Polarization curves for zinc electrode on charge and dis- 

charge. 

same stage of electrode charge. Polarizat ion measure-  
ments  on charge were reproducible; and at each cur-  
rent  density, the polarization reached a plateau value. 
At the higher current  densities, on charge, the 
polarization went  through a ma x i mum before reach- 
ing a plateau. This type of behavior is not u n k n o w n  
(17, 18). The plateau values are shown in  Fig. 15. On 
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discharge, the polarization cont inual ly  increased with 
t ime at the higher current  densities. The var iat ion of 
the polarization with current  density was greater on 
discharge than  on charge. 

Discussion 
Significance o~ potential distribution.--Secondary 

zinc electrodes usual ly  have a silver grid and are 
cycled in such a way so as to main ta in  an excess of 
metall ic zinc in the electrode at all times. Hence, the 
potential  in the metal  will  be constant throughout  the 
whole area of the electrode, even when current  is 
passed through the cell. If the zincate concentrat ion 
does not vary  over the surface of the electrode, the 
open-circui t  potential,  as measured by a reference 
electrode capillary, will  be constant irrespective of 
where the measurement  is made on the surface of the 
electrode. However, if the concentrat ion of zincate 
varies from one position to another, a potential  dif- 
ference will  exist between these points on the elec- 
trode surface. This potential  difference will  not be the 
usual  Nernst ian potential  difference. Local differences 
in zincate activity will  result  in  con.centration cells 
across the surfaces of the electrode. In  these concen- 
t rat ion cells, the areas with high concentrations of 
zincate are the cathodes; and the areas with low con- 
centrat ions of zincate are the anodes. The si tuation 
here is a complex example of the thin-f i lm corrosion 
problem that  has been discussed by Waber and his 
co-workers (19, 21). Accordingly, the measured dif- 
ferences in interfacial  potential  depend on the relat ive 
magni tude  of a number  of parameters  that  have the 
dimensions of length, viz., the separator thickness (t), 
the radial  parameter  for the anode area (Ra), the 
radial  parameter  for the cathode area (Re), together 
with the lengths of the Wagner  parameters  (22) for 
the anode and the cathode. The Wagner  parameters  
for the anode and cathode are, respectively, ka ---~ 
~(O~]a/Oi) and kc ---- ~(O~c/Oi) where I] is the overvolt-  
age and i the current  density; ~, in this case, is a com- 
plex function of the conductivi ty of the electrolyte and 
the separator. The radial parameters  Ra and Rc will  
be the radii  of anodic or cathodic areas if they are 
circular, or the half  widths of such areas if they are 
strips along the edge or middle of the electrode. If 
Ra and Rc are large in comparison to t, ka, and kc, then 
differences in potential  can be measured over the sur-  
faces of the electrode. If one assumes ~ = 0.1 mho 
cm -1, then both ka and kc at low current  densities will  
be 0.6 cm, and at higher current  densities, kc ----- 0.02 
cm and ka "~ 0.06 cm. Consequently, the only requi re-  
ment  then for locating anodic and cathodic sites on 
a zinc electrode, by means of a closely placed refer-  
ence probe, is to have anodic and cathodic sites a few 
mill imeters  in diameter and a reference probe that 
has a capil lary diameter of a mil l imeter  or less. The 
measured interfacial  potentials will  include anodic and 
cathodic polarizations together with the ohmic drops 
in the electrolyte (23). So, even though the electrolyte 
has a high conductivity, interfacial  potential  measure-  
ments  can locate concentrat ion cell anodes and cath- 
odes if they are large enough in area. 

When current  is passed through the cell, differences 
in overvoltage can exist over the surface of the elec- 
trode either because of differences in  the loc.al current  
density or variat ions in the zincate concentrat ion at 
various points on the electrode. Ideally, for these 
measurements,  the reference capillary exits should be 
at the face of the zinc electrode, that is toward the 
counterelectrode (24). Since such an a r rangement  is 
v i r tua l ly  impossible here, the measured polarization 
values in these exper iments  will  differ from those 
found at the plate face. The external  IR correction to 
the measured potential  can be isolated by standard 
in ter rupter  techniques. On in ter rupt ion  of current ,  
however, concentrat ion cell effects can occur, thus 
render ing absolute measurements  impossible. 

It is, therefore, evident  that potential  distr ibution 
measurements  yield only qual i tat ive data. Such mea-  
surements  ,can locate anodic and cathodic sites on an 
electrode on open circuit (23), detect the position of 
concentrat ion polarization on charge, and identify 
local passive areas on discharge. 

Significance of the current distribution.--In the later 
stages of cycling, the current  to the areas without  zinc 
(section No. 1 and 5) was essentially zero throughout  
most of the charge and discharge cycles (Fig. 10 and 
11). This strongly indicates that any part icular  section 
current  was a good quant i ta t ive  measurement  of the 
current  to the zinc electrode area that  was in exact 
register to that  counterelectrode section. Since the 
electrode was amalgamated and no excessive hydrogen 
evolution was observed, the cur ren t  dis t r ibut ion on 
charge is a very direct measurement  of the meta l  depo- 
sition distribution. 

The predicted current  distribution, with no polariza- 
t ion at the electrodes, is the pr imary  current  d is t r ibu-  
t ion (25); and this is determined by the geometry of 
the electrodes, the electrolyte, and ~ny other conduc- 
tive or noncondu'ctive objects in the electrolyte. How- 
ever, high current  density points polarize and some of 
the current  is rerouted to other positions of the elec- 
trode, thus yielding the secondary or actual  current  
dis t r ibut ion (25-28). The magni tude  of the corrective 
effect of electrode kinetics on the current  distr ibution 
is described by the Wagner parameter,  k : a(O~]/Oi). 
Increasing the value of k results in a more uniform 
current  distr ibution (22). So, for a given KOH con- 
centrat ion and separator system, the current  dis tr ibu-  
t ion depends on O~/Oi, the electrode polarizabil i ty (29). 

Since the polarizabil i ty of the cadmium electrode is 
low (30), the measured current  distr ibution in the cell 
was a good indication of the current  distr ibution that  is 
inheren t  to a zinc electrode operating in  a secondary 
cell with a prismatic construction. 

Mechanism for shape change.--In a thin plate pris-  
matic secondary zinc cell, the p r imary  current  dis tr ibu-  
t ion should be the same for both charge and discharge. 
However, because the polarization behavior of zinc 
electrodes is different on charge and  discharge (Fig. 
15), the secondary current  distr ibution will  be different 
dur ing the anodic and cathodic process. The closest 
approach to the pr imary  current  distr ibution wil l  be 
expected the instant  the cell is switched to discharge 
as charging in the early stages of cycling. At the 
beginning of discharge, in  a fresh cell, there will  be 
p lenty  of active sponge zinc throughout  the plate, and 
the electrode at this stage wil l  have a low polarizabil-  
ity. The increase of this init ial  low polarizabil i ty with 
t ime would explain the convergence of the current  dis- 
t r ibut ion to more uni form values (Fig. 5, 6, and 12) as 
the discharge progresses. This increase in polarizabil-  
i ty may be due to the formation of the prepassive 
films that have been described by Powers and Breiter 
(31, 32) and by Hul l  et al. (33). At the beginning of 
charge, however, the current  distr ibution will  not be 
as close to the pr imary  current  distr ibution as at the 
beginning  discharge because high current  density 
points are temporar i ly  highly polarized in the init ial  
stages of charge (17, 18). Fur ther  on in the charge, in 
the ini t ial  stages of cycling, the zinc electrode operates 
under  conditions where the substra`te area increases 
cont inuously and metal  deposition occurs in a mil ieu 
with an excess of reducible material .  Hence, the elec- 
trode polarizabil i ty is low (Fig. 15); and, thus, the 
nonuni formi ty  and divergence of the cur ren t  dis tr ibu-  
tion on charge (Fig. 5 and 12) may be explained. 

In  a cell with plane parallel  electrodes, the pr imary  
current  dis t r ibut ion will  be high at the plate edges 
since the current  lines can pass outside ,the space be-  
tween the electrodes (22). In  a secondary zinc cell, the 
edge effect will  be greatest at the top and sides of the 
electrode. Here, the corrective effects of the electrode 
polarizabil i ty on charge and discharge will  be greatest. 
The net effect is that  at the beginning  o f  cycling more 
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zinc is deposited at the edges than  is deplated in the 
subsequent  discharge. Because of this, the zinc oxide 
and zincate supply at the plate edges becomes rapidly 
depleted in the early stages of cycling; so, after a 
short period of cycling, some of these positions polarize 
at the end of charge. This concentrat ion polarization 
results in a concomitant  drop in the current  (Fig. 6 and 
7) to these positions. 

The question arises as to how the depletion of zinc 
oxide and zincate at the plate edges results eventua l ly  
in  t h e r e m o v a l  of zinc from these positions (Fig. 4). A 
plausible explanat ion is that zinc is removed by a con- 
centrat ion cell which dissolves zinc off the plate edges 
and deposits it at the center of the plate. The results 
in Fig. 13 and 14 indicate that, after charging, the edge 
positions are negative to the center positions of the 
elec,trode. The relaxat ion of these potentials to a com- 
mon value must  occur via a concentrat ion cell ra ther  
than  by the much slower diffusion process. It is easy to 
demonstrate that  zinc can be plated and deplated by 
such a process at a reasonable rate by simply shorting 
one zinc electrode in  KOH electrolyte and another  elec- 
trode in a zincate electrolyte while having both elec- 
trolytes in contact with one another. The results of 
such a test are shown in Fig. 16. Concentrat ion cell 
effects also explain the divergence in  the current  dis- 
t r ibut ion after in te r rupt ion  of current  at the beginning 
of discharge and the convergence of the current  dis- 
t r ibut ion after cu r r en t  in ter rupt ion  toward the end of 
charge. In  the former case, the concentrat ion cell ex- 
hausts the zinc supply at the plate top edges whereas 
in the lat ter  case, the concentrat ion cell generates a 
fresh supply of reducible mater ia l  at these same posi- 
tions. These _concentration cells can occur on t e rmina-  
t ion of charge or may even possibly occur on charge 
if there is a drop in  the over-al l  electrode polarization 
dur ing charge. 

Very direct evidence of such concentrat ion cell ef- 
fects was found in one of the early runs in this inves-  
tigation. The sectioned cadmium electrode was ac- 
cidently overcharged, against the nickel screen, to po- 
tentials negative to the zinc deposition potential. When 
the current  was interrupted,  anodic and cathodic cur-  
rent  t ransients  were observed in different sections. 
Initially, these currents  were 30-60 mA, and the cur -  

Fig. 16. Zinc concentration cell, 100 hr after shorting. Cell case 
(12 x 13 x 2.5 cm) was half filled with 37.5 w/o KOH ~- 70g ZnO/ 
liter, and then filled to the top with 37.5 w/o KOH without mixing. 
The anode (10 x 5 x 0.050 cm) was electroplated dendritic zinc 
and the cathode was sheet zinc (2 x 1 cm). 

rents  decayed to zero in  about  5 rain after opening the 
cell circuit. Undoubtedly,  these currents  were  due to 
zinc concentrat ion cell effects since the sectioned elec- 
trode remained at the zinc potential  after te rminat ion  
of charge. The currents  were much larger than  those 
that could be a t t r ibuted to pH gradients  (34), and the 
relative positions of the screen and sectioned electrode 
does not facilitate the formation of pH gradients. 

After discharging the electrode, the electrolyte will 
be supersaturated with zincate (35-38); hence, the 
small  differences in the potentials across the surface 
of the electrode (Fig. 13 and 14). 

With the onset of shape change, the edge positions 
will  start to passivate toward the end of discharge. 
This passivation will result  in  a divergence in  the cur-  
rent  distr ibution in the lat ter  part  of the discharge 
cycle (Fig. 7-11). 

Because the current  dis t r ibut ion at the beginning  of 
discharge, in a fresh cell, closely approaches the pr i -  
mary  current  distribution, the anolyte at the plate 
per iphery will  become supersaturated with zincate 
before the center positions. This will  generate a con- 
centrat ion gradient  between the edge and center of 
the electrode and t ransfer  zincate toward the center of 
the plate. This t ransfer  of zincate toward the plate 
center together with the erosion of the plate periphery 
by concentrat ion cells results in shape change. 

The sequence of events that  has been postulated 
above to explain the cur ren t  and potential  distr ibution 
patterns, as well  as the remote and immediate  causes 
of shape change, is consistent with prior visual  ob- 
servations of the onset and progress of shape change. 
When a secondary zinc cell is cycled, it is observed that  
after some cycles, some edge position will  charge up 
completely. At the end of charge, this position will  
consist ent i rely of zinc whereas other positions wil l  
have both gray zinc metal  and white zinc oxide. After  
some more cycling (say, 10 cycles), this area will 
become bare of zinc; and at the end of charge only a 
few scattered dendrites will  be found here on the grid, 
thus indicating a position of high polarization on 
charge (37). Other positions like this will  develop, and 
the electrode will  start  to lose geometric area rapidly. 
Then, at the end of a deep discharge, the edges of ac- 
tive material  will  have a blue tinge. This blue color is 
due to the passive zinc films that  have been described 
by numerous  authors (31-33). 

The fact that  shape change occurs in cells that  are 
cycled horizontally, and since cell or ientat ion does not 
affect the current  distribution, it is doubtful  if gravity 
has any  major  effect on shape change. The f requent  
occurrence of shape change at the plate top is more 
l ikely due to the extended current  paths that are avail-  
able in the separator folds and to the fact that  con- 
vent ional  cell construction techniques, where cathodes 
are wrapped in separator "U" folds, tend to raise the 
top edge of the positive plate above the edge of the 
zinc electrode. Convection effects can carry zincate to 
the bottom of a cell with widely spaced electrodes (14), 
but  the possibility of convection in a t ightly fitting 
cell pack is limited. 

Consistent interpretation oS factors that a~ect shape 
change.--Any factor that  causes nonuni form current  
dis t r ibut ion will  result  in  an increase in the rate of 
shape change. Thus, the bad effects of (a) high re-  
sistivity membranes,  (b) wr inkl ing  separators, (c) 
nona l ignment  of positive and negative plates, and (d) 
plate defects and  bare spots can be readi ly explained. 
The decrease in the rate of shape change by  the reduc-  
t ion of the KOH concentrat ion from 45 to 30 w/o  (8) 
can be explained on the basis of the improvement  in 
current  distr ibution by the higher conductivity of the 
electrolyte at lower KOH concentrations. In  a second- 
ary zinc-air  cell with a third electrode (40), the cur-  
rent  dis t r ibut ion will  be very  poor once shape change 
starts, since, here, one has a relat ively reversible zinc 
electrode out of a l ignment  with a highly polarizable 
counterelectrode. Thus, the current  d is t r ibut ion will  



Vol. 119, No. 12 ZINC ELECTRODE S H A P E  CHANGE IN CELLS 1627 

be quite uniform over the third electrode whereas the 
edge of the zinc active material,  beyond which the third 
electrode extends, will  be a high current  densi ty point 
(41). Hence, shape change should proceed rapidly 

once it starts. 
If the supply of zinc oxide at the plate edges is in-  

creased, the number  of cycles required to exhaust the 
zincate supply and thus set up a concentrat ion cell, 
wil l  be increased. Hence, the onset of shape change 
will  be delayed. Thus, the beneficial effects of increas- 
ing the stoichiometric ratio of negative to positive ac- 
tive material,  extending the plate edges, and the use of 
dish-shaped negatives can be readily explained. 

Reduction of the zinc plat ing efficiency will improve 
the metal  distr ibution on the plate and will  mitigate 
shape change. The beneficial effect of removing mer-  
cury from the zinc can thus be rationalized. 

The mechanism for shape change also explains why 
shape change is independent  of the grid structure, and 
why the addit ion of mechanical  barriers, such as fibers, 
does not mitigate shape change. A possible explanat ion 
for the beneficial effect of binders is that  they main-  
ta in  the integri ty  of the plate dur ing cell construction 
and prevent  the shedding of zinc oxide. The loss of zinc 
oxide from the grid would generate a site from where 
shape change could start  and proceed by  the above 
mechanism. In  electrodes without binders, no shape 
change occurs at the plate bottom or at the lower part  
of the plate sides. The shed zinc oxide in the lower part  
of the cell is a reservoir of zincate that prevents shape 
change at these positions. Binders reduce the degree 
of shed and in such electrodes shape change can occur 
at the plate bottom. 

In  cells with large electrodes and wr inkl ing  separa- 
tors, bare spots can occur at random throughout  the 
zinc plate. The mechanism for the occurrence of these 
spots must  be the same as that  described above for 
shape change. 

The electrochemical na ture  Of the shape-change 
phenomena explains why zinc can build up with such 
enormous pressures at the plate center. In  some in-  
stances, both the centers of the zinc electrode and the 
positive electrode become densified and mechanical  
stresses sufficient to rupture  cell cases are generated. 

According to this mechanism, cycling is a necessary 
condition for the occurrence of shape change. This is in 
agreement  with the fact that  shape change does not 
occur on wet stand or when the cell is kept on float. 

The current  distr ibution effects which eventual ly  
result  in concentrat ion cells do not occur unt i l  later 
on in the discharge cycle (Fig. 12). This is in con- 
cordance with the fact that shape change occurs more 
slowly when a cell is cycled at shallow depths of dis- 
charge. 

Summary 
The pat terns of current  and potential  distr ibution on 

a cycling zinc electrode have been monitored while 
keeping the electrode and cell parameters  as s imilar  
as possible to those found in a conventional  secondary 
zinc cell. 

Differences in current  distr ibution throughout  cycling 
have been explained in terms of changes in the second- 
ary current  distr ibution resul t ing from variations in 
electrode polarizability. Differences in the secondary 
current  distr ibution dur ing charge and discharge result  
in the exhaust ion of the reducible zinc species at the 
plate per iphery in the early stages of cycling. The ini t i -  
ation and progress of shape change have been explained 
on the basis of concentrat ion cells that corrode zinc off 
the plate edges and deposit metal  at  the plate center, 
and current  distr ibution effects at the beginning of 
discharge. Fur ther  variat ions in the current  dis t r ibu-  
tion throughout  cycling have been interpreted in terms 
of local concentrat ion polarization on charge and local 
areas of passivity on discharge. 

Although the electrolyte conduct ivi ty  was high, the 
concentrat ion cells could be detected by potential  mea-  
surements  because the anodic and cathodic polarizabil-  

ities were low and the electrolyte path in  the separator 
was th in  in comparison to the radial  dimensions of the 
anodic and cathodic sites. 

The data from this investigation together wi th  the 
postulated mechanism for shape change were used to 
rationalize most of the reported phenomena related to 
zinc shape change in secondary cells. 
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Surface Preparation and Pit Propagation 
in Stainless Steels 

H. S. Isaacs *' l  and G. Kissel 

Brookhaven National Laboratory, Upton, New York 11973 

ABSTRACT 

A scanning reference electrode has been used to measure the n u m b e r  of 
active pits on 304 stainless steels in ferric chloride solution with time. The 
probabi l i ty  of a pit deactivating has been discussed in terms of the physical 
and chemical properties of solid oxide films over the pit which were originally 
on the steel and undermined  by the dissolution process. The properties of these 
films were varied by different surface preparations. 

The pit t ing of metals has been described as a highly 
localized form of crevice corrosion (1-3) and this 
analogy is fur ther  emphasized by the presence of a 
film over pits (1, 2, 4, 5) which restricts the flow of 
solute and solution in the pit cavity. It  has been sug- 
gested that  the film was the passive oxide layer which 
remained over the pit after the metal  beneath it has 
been dissolved away dur ing  pit growth (4, 5). The 
presence of the film over the pit was found to play a 
decisive role during the early stages of the pit t ing 
process as any disruption of the film rapidly led to 
passivation of the pit walls (4). The properties of the 
passive oxide layer would depend on surface prepara-  
t ion and this investigation set out to determine whether  
surface preparat ion in t u rn  influenced the propagation 
of actively pit t ing sites. 

Experimental 
The apparatus used in this study to locate active 

pit t ing sites and monitor  them dur ing exposure to 
ferric chloride solution has been described in  detail 
elsewhere (4). Basically the method consists of mea-  
suring potential  variat ions in  a pit t ing env i ronment  
with a fine capillary probe leading from a reference 
electrode. The tip of the probe scans a plane in solu- 
t ion close to and parallel  with the pit t ing surface. The 
potential  variat ions in the solution close to the sur-  
face arise from the ohmic potential  differences which 
exist between the anodic areas (the pits) and cathodic 
areas (the passive metal  surface) as current  flows be-  
tween them. The variat ions of potential  in the solution 
are recorded on an X-Y recorder and arranged to show 
a three-dimensional  potential  surface with anodic sites 
as peaks and cathodic sites as troughs. Figure 1 shows 
examples of the appearance of the X-Y recordings 
dur ing pi t t ing corrosion of stainless steel in ferric 
chloride. 

Specimens 15 X 30 mm were cut from a single sheet 
of Type 304 stainless steel, having a composition shown 
in Table I. The specimens were masked with silicone 
rubber  after surface preparation.  Surfaces in  an 
abraded and electropolished condition were tested. 
The abraded surface was prepared by polishing down 
to a 600 grade silicon carbide paper. Electropolishing 
was performed for 10 min  in  a mixture  of 60% phos- 
phoric acid, 20% sulfuric acid, and 20% water  at 25 ~ 
45~ at a current  density of about 1 A/cm 2 and 10V 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
x P r e s e n t  addres s :  Meta ls  and  Ceramics  Div i s ion ,  Oak  R idge  Na-  

t i o n a l  L a b o r a t o r y ,  Oak Ridge ,  Tennessee  37830. 
K e y  w o r d s :  s c a n n i n g  r e fe rence  e lect rode,  p i t  deac t i va t i on ,  ox ide  

films. 

t rnin " ~  

23 rain /'~ 

51 rnin 56 rain 
f 

86 rain 
Fig. 1. Potential scans above an electropolisher surface initiated 

at the times shown. 

across the cell. The electropolished surfaces were in 
addition (a) oxidized in air at elevated tempera ture  
and (b) cathodically polarized in the polishing solution 
for 10 min. Specimens were also prepared with one 
part  of the surface having a different preparat ion from 
the remaining area. For  example, an area of an abraded 

Table I. Composition of stainless steel 

Cr 17.1% M n  0.5* 
Ni  8.8% Si  0.5* 
C 0.07% MO 0.2* 

Cu  0.07* 
T i  0.02* 

* S p e c t r o g r a p h i c  ana lys i s .  
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surface was masked and the surrounding area electro-  
polished. The mask was then removed, the specimen 
degreased, and prepared  for testing in the usual man-  
net  by applying silicone rubber  to the electropolished 
area leaving both an abraded and electropolished sur-  
face exposed. 

The ferr ic chloride solution used for all the tests con- 
sisted of 0.4M FeCls wi th  approximate ly  0.03M HC1 
giving a pH of 0.9. The tests were  conducted at 25 ~ __ 
I~ wi th  the solution uns t i r red  and exposed to air. 

Results 
Recordings of the potent ial  variat ions over the elec- 

tropolished steel surface are shown in Fig. 1. The first 
scan, ini t ia ted 1 min after  contact be tween the speci- 
men  and the chloride solution, showed 14 peaks in-  
dicating an equal  number  of active pits on the surface. 
The second scan init iated 5 min after  contact showed 
tha t  10 pits were  active. Subsequent  scans showed that  
the number  of peaks or active pi t t ing sites decreased 
unti l  af ter  about 86 min only one active pit was present. 
Figure 2 gives a plot of the number  of act ive pits as a 
function of t ime for the results shown in Fig. 1 and for 
a second test wi th  an "as-electropol ished" surface. The 
la t ter  results are included to show the variat ions oc- 
curr ing be tween tests as replicate tests were  conducted 
for all surface preparations.  F igure  2 also includes re-  
sults for different surface t rea tments  of electropolished 
specimens. Specimens cathodically polarized showed 
that  any pits on the exposed meta l  surface rapidly de- 
act ivated as no active pits could be seen on scanning 
for 1 min  or less after contact be tween  meta l  and the 
chloride solution. However ,  about 10 p i t s /cm 2 were  
present on the exposed surface after removing the 
specimen from the solution, indicating that  pit t ing did 
take place and what  may be termed crevice corrosion 
developed ex t remely  rapidly at the specimen-insula-  
tion interface. These crevices were  init iated by pits 
which "fanned" out under  the protect ive insulation. 
The broken line in Fig. 2 for the cathodically po]arized 
specimen is only approximate,  giving the min imum 
rate  of pit decay deduced f rom the observations that  
10 pits were  observed after  exposure and no active 
pits were  present  dur ing the first scan which took 3 
min. 

Air  oxidation for 24 hr  above 100~ increased the 
number  of act ive pits and decreased the rate  at which 

I00 

50 

I 0 l-~i\ ~ A 165oc 

I I O ~  

AS ELECTROPOLISHED 

IIi CATHODIC 

I 
0 50 I00 150 

TIME MINUTES 

Fig. 2. Influence of surface treatment on the variation of active 
pits with time for electropolished surfaces. Specimens were oxidized 
far 24 hr at the temperatures shown. The "cathodic" curve for a 
cothodically treated surface is an approximation. 

these pits deact ivated as shown in Fig. 2. These ef fec ts  
became more pronounced as the tempera ture  of oxida-  
tion was increased to 240~ Recordings of scans for 
a specimen oxidized at 240~ is shown in Fig. 3. When 
the density of act ive peaks was high (>30 p i t s / cm 2) 
difficulty in counting small  peaks was encountered.  
Amplification of the potent ial  var iat ions did not  help 
as this gave over lapping of the larger  peaks to an ex-  
tent  that  their  number  could not be counted. The pro-  
cedure that  was adopted involved a low amplification 
so that  the larger  peaks could easily be counted, but  
necessitated the assumption that  peaks which d e -  
v e l o p e d  after a period of t ime resulted f rom pits which 
were  ini t iated when  the specimen was immersed  in 
the ferric chloride, but grew slowly. The corrosion 
potentials of the specimens were  also recorded (4) 
and when  high densities of pits were  present the po- 
tent ia l  dropped rapidly during the first 20 rain of ex-  
posure to less than 0.1V re la t ive  to the saturated 
calomel electrode (i.e., less than 0.15V re la t ive  to 
hydrogen) .  This value  is below that  for the critical 
pi t t ing potent ial  of Type 304 stainless steel in 1.2N 
chloride solutions (6), and pits would therefore  not be 
expected to ini t iate  during the test. 

The effect of higher  oxidat ion tempera tures  for short  
t imes were  also studied. These results  are shown in 
Fig. 4 for specimens heated at 250 ~ 300 ~ and 375~ 
for 2 hr. The shorter  oxidation period gave essentially 
the same behavior  as may be seen on comparison of 
the 2-hr  oxidation at 250~ wi th  the results  of heat ing 
at 240~ for 24 hr. The ra te  of decay of act ive pits 
on specimens heated at 375~ was significantly dif- 
ferent  f rom those oxidized at lower  temperatures .  
This specimen also showed a f irs t-order s t raw inter-  
ference color that  disappeared during exposure to 
ferr ic chloride, suggesting that the oxide had dissolved. 

The results for abraded stainless steel surfaces were  
similar to those for the cathodically polarized electro-  
polished surface, as the pits -which formed on the ex-  
posed surface deact ivated within  a few minutes  and 
crevice corrosion developed. Oxidat ion of abraded 
surfaces at 240~ also increased the life of pits but  

2 4  min 

2 0 0  mln  

Fig. 3. Potential scans above an electropolished surface oxidized 
for 24 hr at 240~ initiated at the times shown. 
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Fig. 4. Influence of oxidation temperature on the variation of 
active pits with time. O ,  + ,  e ,  oxidized for 2 hr at temperatures 
shown; + oxidized at 240~ for 24 hr. 

even these pits deactivated wi thin  a relat ively short 
period. 

The behavior of active pits on a surface with areas 
having different preparat ions was simply an ex ten-  
sion of the above results. For  example, when the sur-  
face had one area which was electropolished and a 
second area that was abraded active pits propagated 
only on the electropolished area. The abraded area 
showed no active pits but  was dist inctly more cathodic 
than the unpi t ted electropolished area. This was clearly 
indicated by a trough on the X-Y recordings which 
corresponded to the abraded surface. In  another  test 
with a cathodically t reated electropolished area and 
a second as-electropolished area, active pits were 
again present  only on the lat ter  area. In this case, the 
unpi t ted  area did not show the marked cathodic be-  
havior. An air oxidized electropolished area also 
showed a higher density of pits than  an as-electro- 
polished area on which all the pits decayed after about 
40 min. 

Discussion 
The results in  Fig. 2 and 4 clearly show that  both 

the number  of active pits and the rate at which they 
decrease with time depends markedly  on surface t reat-  
ment  of the steel. If the probabi l i ty  of pits deactivat-  
ing remained constant  for a given surface preparation,  
the curves would be linear. This appears to be the case 
for the major i ty  of the results at longer times after 
some init ial  curvature.  The l inear  portions of the 
curve which are the more important  in assessing cor- 
rosion resistance from a practical point of view, may 
be related to a half- l i fe  of active pits. The half-l ife is 
equal to the t ime taken for half  of a given number  of 
active pits to passivate. Table II gives the half-l ives for 
each of the surface preparat ions investigated. The 
smaller the half-life, the greater will  be the probabi l i ty  
of an active pit on the exposed surface deactivating 
and the greater  will  be the resistance to pi t t ing cor- 
rosion. From Table II it is, therefore, coricluded that  
the abraded surfaces and the cathedically polarized 
electropolished surfaces are the more pi t - resis tant  sur-  
face preparations. Similar  conclusions have been 
reached by other investigators using different tech- 
niques (6, 7). 

The variat ions in pit life result  from changes brought  
about dur ing  pit t ing by the different surface prepara-  
tions. These changes were not the result  of electro- 
chemical kinetics. The electrochemical properties of 

Table II. Variation of pit half-life with surface preparation 

Pi t  ha l f - l i f e ,  
S u r f a c e  t r e a t m e n t  r a in  

E l e c t r o p o U s h e d  a n d  c a t h o d i c a l l y  p o l a r i z e d  
As  e l e c t r o p o l i s h e d  
E l e c t r o p o l i s h e d  a n d  o x i d i z e d  a t  l l 0 ~  fo r  24 hr 
E l e e t r o p o l i s h e d  a n d  o x i d i z e d  a t  165~ f o r  24 hr  
E l e c t r o p o l i s h e d  a n d  o x i d i z e d  a t  240~ fo r  24 h r  
E l e e t r o p o l i s h e d  a n d  o x i d i z e d  a t  250~ f o r  2 h r  
E l e c t r o p o l i s h e d  a n d  o x i d i z e d  a t  300~ fo r  2 h r  
E t e c t r o p o l i s h e d  a n d  o x i d i z e d  a t  375~ f o r  2 h r  
A b r a d e d  w i t h  600 g r a d e  S iC  
A b r a d e d  a n d  o x i d i z e d  a t  2S0~ f o r  8 h r  

< 1  
22 
g0 

150 
430 
480 
340 
270 
< 1  

5 

* M a x i m u m  v a r i a t i o n  of  20%.  

the metal  surface wi th in  the pit would not, per se, be 
influenced by surface preparation,  specifically, when  
the surface t rea tment  did not involve heating the steel 
and probably when the heat ing was conducted for 
only a few hours at temperatures  below 400~ Tests 
with specimens prepared with one part  of the 
surface having a different preparat ion from the re-  
main ing  area, showed that the pit life depended on the 
surface t rea tment  of the par t icular  area. The lives of 
these pits were similar  to those in  Table II and were 
independent  of the t rea tment  of the remain ing  area. 
These observations also indicate that nei ther  the 
cathodic reduct ion kinetics nor  variat ions in the cor- 
rosion potential  (which would be expected to in -  
fluence pit t ing or interactions of small pits),  played 
any major  part  in the life span of active pits in ferric 
chloride. The influence of surface preparation, how- 
ever, would be expected to influence the properties of 
the passive oxide layer. 

It has been shown that the perpetuat ion of small 
active pits depended on the presence of a solid film over 
the pit. When these films were purposeful ly disrupted 
dur ing the early stages of growth, the pit t ing action 
ceased (1, 4). The presence of the film, therefore, 
played a decisive role in the perpetuat ion of pi t t ing 
probably by restr ict ing the diffusion of the high 
chloride concentrat ion from the pit cavity. The im-  
portance of a physical barr ier  prevent ing  diffusion of 
chloride away from the pit may be seen on considering 
the factors which influence the concentrat ion in the 
active pit. Changes in chloride concentrat ion result  
from the differences in fluxes of chloride to and away 
from the pit, carried by the current  (8) and diffu- 
sion, respectively. 

If a pit is small  and open to the bulk  solution, the 
concentrat ion gradient  down which chloride diffuses 
away from the pit will be large and the rate of 
chloride loss will  be high. The diffusion gradients 
would decrease as the pit radius increased, i.e., the 
rate of concentrat ion change would be inversely re-  
lated to the radius. Assuming that  the cur ren t  density 
at the pit walls is constant  the flow of current  and 
hence the flow of chloride to the pit will  be propor- 
t ional to the square of the radius. The difference be-  
tween these rates, as a funct ion of pit radius, indicates 
that  when the pit is small and open, loss of chloride 
will  predominate and the pit would passivate. How- 
ever, if the radius is greater  than some critical value, 
an open pit would then remain  active. In  agreement  
with this model, earlier investigations did show two 
stages in the propagation of pitting. The second stage 
was reached after a pit had grown on electropolished 
surfaces for over an hour and did not deactivate on 
removing the film (4). 

On the basis of this approach, during the early 
stages of pit growth (when the pit is small) ,  the in-  
tegri ty of the film over the pit plays an impor tant  role 
in determining whether  a pit will  r emain  active or 
passivate, e.g., weak films which are easily disrupted 
or perforated give a rapid rate at which pits passi- 
vate. The results in Fig. 2 and 4 may then be in te r -  
preted in terms of the properties of the film on the 
steel. However, owing to the meager amount  of in-  
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format ion avai lable re la t ing to the chemical  and physi-  
cal propert ies of thin oxides (<500A) it has not, in 
general, been possible to predict  the relat ionship be-  
tween surface t rea tment  and the behavior  of pit t ing 
once it has initiated. A large number  of factors play 
a role in the complex behavior  of the oxide (9) pr ior  
to and af ter  it has been separated f rom the meta l  by 
the pit t ing process. 

The in tegr i ty  of the film depends on the stress acting 
on it. Stresses wil l  arise f rom both internal  and ex-  
ternal  forces. The externa l  forces that  result  f rom 
convection currents  in the solution and possibly pres-  
sure buildup wi th in  the pit  may be considered to re-  
main  approximate ly  constant and independent  of sur-  
face preparation.  

The influence of the externa l  forces on the break-  
down of the film over  pits depends on the film th ick-  
ness as the resul t ing stresses would be inversely  pro-  
port ional  to the thickness. Changes in the intrinsic 
mechanical  propert ies  of the oxide (e.g., plasticity and 
f rac ture  stress) wi th  thickness do take place but if 
these were  not marked,  the th inner  film would be 
more susceptible to breakdown and the hal f - l ives  
would be shorter. This is, in general, borne out ex-  
per imenta l ly  as shown in Fig. 2. The thinnest  films on 
the cathodical]y polarized surface gave the shortest  
ha l f - l i fe  (<1  rain).  The film thickness on the as- 
electropolished surface would be in termedia te  be-  
tween the cathodically polarized surface and that  
formed by air oxidation above 100~ and the th ick-  
ness would  be expected to increase wi th  increased 
oxidat ion temperatures .  The half - l i fe  of the act ive 
pits does va ry  in accord (Table II) and for the speci- 
men oxidized at 240~ it was 430 min. These results 
show that  the probabi l i ty  of pits deact ivat ing can be 
var ied by over  two orders of magni tude  by changes 
in the thickness of the oxide. Rhodin (10) has also 
shown that  the pit t ing of Type 304 stainless steel in 
10% ferric chloride (0.67M FeC13) depended on the 
oxide thickness. His results give a l inear  dependence 
be tween the est imated oxide thickness and weight  
loss. However ,  with films formed by oxidation, there  
is a change in the characterist ics of the film when 
grown above 300~ 

The composit ion of the oxide formed on stainless 
steel varies wi th  surface preparation,  as shown by 
Rhodin (9), and these variat ions could also lead to 
changes in the physical and chemical  propert ies of the 
oxide. For  example,  oxides grown in oxygen at 100~ 
had substant ial ly higher  chromium concentrat ions 
(37.2%) than oxides grown in an oxidizing aqueous 
solution (5% HNO3 Jr 0.5% K2Cr207 at 60~ which 
contained 20 % chromium. These changes would be ex -  
pected to influence the point defect concentrations in 
the oxide which in turn  would  alter the plasticity of 
the oxide (12) and the pit t ing characteristics, as has 
been c lear ly  demonstrated by Bianchi et al. (13) for 
annealed oxide films. Variations in composition may  
also lead to changes in the dissolution rate of the film. 
It  was clear that  the oxide formed after  oxidation at 
375~ did dissolve on exposure to ferric chloride as 
the in ter ference  color disappeared. In this test the pit 
behavior  was also markedly  different (Fig. 4) and no 
definite slope was observed for up to 200 min. These 
observations suggest that  above about 250~ chemical  
changes take place in the oxide film which render  it 
more soluble and increase the probabi l i ty  of pits de-  
activating. This effect reverses the t rend of increased 
pit  stability wi th  increased oxide thickness as ob- 
served up to 250~ 

During the first few minutes  of exposure of the steel 
to the ferr ic chloride solution the results in Fig. 2 and 
4 indicate that  the number  of act ive pits increased wi th  
increased oxide thickness. This observation contrasts 
with that  of Bianchi et al. (13) whose results for 
oxidized surfaces showed a m a x i m u m  density of pits 
after exposure at 300~ Nevertheless,  in v iew of the 
different behavior  of act ive pits on the surface oxidized 
at 375~ (Fig. 4) f rom those at lower  temperatures ,  

the different solutions used for pit t ing the steels and 
the method  of measuring the presence of pitting, the 
two sets of results are not in conflict. Both i l lustrate 
marked  changes in the characterist ics of the oxide 
when oxidized above 300~ 

In terna l  forces wi th in  the film wil l  depend on proc- 
esses during its formation. The ratio of the volume of 
oxide formed f rom a given volume of metal  ( the Pil l -  
ing-Bedwor th  ratio) would be greater  than uni ty  and 
there  is the possibility that  high compressive stresses 
could develop. However,  the development  of the stress 
depends on the diffusing species in the oxide and as 
these are predominant ly  cationic (11), low or no com- 
pressive stresses will  be present  in the film on the 
meta l  (12). Compressive stresses in the oxide, even if 
present, would lead to the oxide blistering when un-  
dermined by pit t ing and would be less l ikely to re -  
sult  in rupture  of the film dur ing pi t t ing than tensile 
forces, unless the film showed a sufficient degree of 
plasticity to re l ieve the tensile stress. Abrading  the 
surface of the steel would be expected to introduce 
both defects and stresses in the oxide grown on the 
surface (9). The results in Table II do show that  the 
active pits on the abraded surfaces even after  oxida- 
tion at 250~ have  very  small half - l ives  and probably 
reflect both the presence of internal  stresses and dis- 
rupt ion of the meta l  surface. 

The results obtained at t imes less than 50 rain show 
that  the number  of active pits increased as the rate of 
their  decays decreased. This suggests that  the number  
of ini t iated pits on contacting the  steel and the  ferr ic  
chloride solution may  not differ marked ly  with  sur-  
face t reatment .  If this was the case then the influence 
of the propert ies of the oxide on the steel plays the 
major  part  in determining the number  and growth of 
pits ra ther  than factors involved in pit  initiation. 
Hence, the scanning technique, as do other  techniques 
which depend on current  flow from a pit of greater  
than 10-10A (corresponding to approximate ly  a 100A 
pit),  gives information only about the presence of an 
act ive pit and conjecture re la t ing to its initiation. 

Summary 
1. The propagat ion of act ive pits is h ighly dependent  

on the surface preparat ion of stainless steel specimens 
which reflects the propert ies  of the oxide film on the 
surface. 

2. The hal f - l ives  of act ive pits increase wi th  in- 
creased thickness of the oxide when  grown thermal ly  
below 300~ At and above this t empera tu re  signifi- 
cant dissolution of the oxide occurs reflecting changes 
in the chemical  propert ies of the oxide, and reducing 
the life of act ive pits. 

3. The number  of active pits is more readi ly  related 
to the propert ies  of the film than to factors that  relate 
t o  their  initiation. 
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Passivation of Iron in Sulfuric Acid Medium 
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ABSTRACT 

A "Z-shaped" current  voltage curve is shown to be controllable wi th  a 
new device which is equivalent  to a voltage source in series with a negative 
resistance, both being adjustable. The lat ter  was bui l t  with an operational 
amplifier. Using this original regulat ing device, the steady-state anodic polar-  
ization curve of an iron rotat ing disk in  molar  sulfuric acid was studied as a 
function of the rotation speed. The Z-shaped curve thus obtained exhibits a 
continuous and reversible t ransi t ion between active and passive states. This 
part icular  shape of the polarization curve explains the steep transi t ions ob- 
served with a potentiostatic regulation. In the passive to active state t ransi t ion 
the dissolution of the disk is localized to a r ing part  of the surface, the dimen- 
sions of which were followed as a function of the total cur rent  and of the rota-  
tion speed. The explanat ion of this quite heterogeneous distr ibution of current  
density can be found in the coupling between the convective-diffusive mass 
t ransfer  and a very steep var iat ion of current  density vs. potential.  

The anodic behavior  of iron in molar sulfuric acid 
solution, when  controlled by a potentiostat, is char-  
acterized by a current-vol tage curve which exhibits 
two steep transit ions between active and passive 
state. When the potential  is increased toward more 
anodic values, a sudden drop of current  takes place 
at a passivation potential,  Vp. When decreasing the 
potential, from values more anodic than Vp, a jump of 
current  takes place at an activation potential, VA, 
less anodic than Vp. The activation potential  has been 
considered to be identical with the Flade potential  (1), 
as defined by the potential  decay method. This idea 
seems to us more valid than the al ternat ive one which 
identifies Vp with the Flade potential, because the 
high current  densities in the active state, at potential. 
Vp, lead to considerable overvoltages which originate 
from ohmic drop and concentrat ion gradients. More- 
over, the presence of crystal l ine FeSO4.TH20 layers 
on the electrode surface (2) may induce oscillations 
in the system. 

According to some authors, ohmic drop (3) and /or  
mass t ransfer  (4) might  induce such steep transi t ion 
as ment ioned above, between active and passive state, 
as well  as oscillations of the electrochemical system, 
which could be explained by a breaking down of 
control. The observed potentiostatic behavior would 
thus not be a fundamenta l  property of the i ron-  
sulfuric acid solution interface. In  order to verify 
this assumption, we devised an electronic control 
apparatus different from the potentiostat. 

Polar i za t ion  Cont ro l  
Principle.--Let I be the current  flowing through an 

electrochemical cell from a counterelectrode E2 to a 
working electrode E1 (Fig. la) .  The lat ter  may be 
connected to ground either directly (position 1) or 
through a resistor R (position 2). If I is a positive 
current,  E1 is an anode, in the opposite case it is a 
cathode. If U is the voltage between E 2 and ground, 
and if the cell is fed by a voltage source E in  series 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  anod ic  d i s so lu t ion ,  c o n v e c t i v e - d i f f u s i o n ,  d i sk  elec-  

t rode,  d i s c o n t i n u o u s  c u r r e n t  d i s t r i b u t i o n ,  r e gu l a t i on .  

with a resistance p, then, whatever  the behavior of 
the cell may be, we can write 

) 

U : E --pI [I] 

I 

t I 

| L C RI ..~C' 
/ / 

' ~  U o g U 

(b) 

I 
T L (~'=0) L' 

/ (r<o) b~ (C) 

Fig. 1 (a). Electrochemical cell fed by a voltage source E in 
series with a resistance p. El, working electrode; E2, counterelec- 
trode; E3, reference electrode. E1 can be connected to ground either 
directly at I, or through a resistor R at 2. (b). Current-voltage 
curve refering to (a) with working electrode grounded (curve C) or 
connected to ground through R (curve C'). L is the load line corre- 
sponding to U = E - -  pl, p > O. (c) Curve C' of (b) with L, load 
line with p = 0 and L', load line with p < O. 
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The related "load l ine" L, in the U-I plane, is drawn 
on Fig. lb. Its slope is --1/p. On the other hand, the 
electrochemical  cell, with the working electrode con- 
nected to ground may  be characterized by a curve such 
as C in the U-I plane. If L crosses C in one point 
(Uo, Io), this point is an equi l ibr ium one for the system 
consisting in the cell and the polarization device. In 
many circumstances, it is possible, wi th  a proper choice 
of p, to de termine  C only by varying E. The electro-  
chemical  cell  is then said to be controllable by the 
polarization device. The current  I being a steady one, 
the voltage V between the working-  and counter-  
electrode can be measured independent ly  by means 
of a reference electrode, Ea, so that  one gets the usual 
plot of cur ren t -vo l tage  curves in the V-I  plane. 

In the par t icular  case when  one value of I corres-  
ponds to a value of U, the resistance p can be chosen 
as zero (L paral lel  to the I axis).  But this requ i rement  
is not always met, as it can be seen on Fig. lb where  
the curve C' corresponds to the same cell as before, 
but with a resistor R between working electrode and 
ground. This situation may also arise from an ohmic 
drop be tween  work ing-  and counterelectrode.  A load 
l ine paral le l  to the I axis (p ---- 0) crosses C' in three 
points if V1 < E < v~ 2 (Fig. lc) .  We sha]l call "Z- 
shaped" this kind of curve. With this regulat ion device, 
the part  a -b -d  of C' is obtained at increasing voltage. 
If U is fur ther  increased, I drops f rom d to e, then 
e-h  is obtained. At decreasing voltage, start ing f rom 
h, h - e - f  is obtained, then I jumps from f to b. An  
analogous situation is met  when using a potentiostat,  
if the cur ren t -vol tage  curve in the V-I  plane is Z- 
shaped. Whenever  the load line is tangent  to the 
curve in a point such as d or f, this point is unstable 
(5) and a steep transit ion of current  takes place from 
the corresponding value  of the current  to another  one. 
We shall recall  this r emark  later, when discussing the 
transit ions which are observed wi th  an anode of iron 
in sulfuric acid solution. 

Coming back to the control device of Fig. 1, it is 
easy to see that  an electrochemical  system, wi th  a 
curve such as C', can be controlled if the load line L' 
has a positive slope (Fig. lc) ,  i.e., if p has a negat ive 
value. This can be achieved by using a negat ive 
impedance conver ter  (NIC) ,  a two port device which 
has the proper ty  that  the impedance seen at its output  
is the negat ive of the impedance connected across its 
input. 

Polarization control using a NIC. - -A  NIC can be 
defined in terms of the two port variables (E',I'), 
(U, I) shown in Fig. 2, by the equations 

U ' = U  
I ' = - - K I  K > 0  [2] 

If a vol tage source E, in series wi th  a resistance p, 
is connected across the input  

U ' : E  --pI '  

Using Eq. [2], this equation is wr i t ten  

U : E + KpI [3] 

In the U-I plane, the corresponding load line has a 
positive slope 1/Kp. In other  words, the control device 

I N . I . C .  

Fig. 2. Negative impedance converter. Sign conventions for cur- 
rents and voltages. 
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acts as a voltage source E in series with a negat ive 
resistance -- Kp. 

The NIC, the propert ies of which have been known 
for a long t ime (6), may be realized by using a differ- 
ent ial- i l /put  operat ional  amplifier as the act ive e lement  
(7), as shown on Fig. 3 which gives the whole set-up 
used to record current  voltage curves in the V-I  plane. 
With the usual s implifying assumptions used when 
dealing with  operat ional  amplifiers, the constant K 
equals R2/R1 (full  details are given in the Appendix) .  
The values of p and E can be adjusted in order  to get 
any load line wi th  posit ive slope in the U-I plane, 
and the cur ren t -vol tage  curve in the V-I  plane is 
obtained by varying ei ther E, or p, or both, as necessary. 
As no current  flows into the negat ive input  point of 
the amplifier, the  current  flowing through the cell is 
the same as the current  flowing through R2. It is 
measured with  the help of a differential  amplifier D. 

Test of the polarization control device.--The test has 
been carried out wi th  an austenitic stainless steel disk 
electrode, rotated at 2000 rpm in 2N H2SO4. The com- 
position of the alloy is 16% Cr, 14% Ni, 4.2% Si. The 
exper iment  covers the transpassive region. The same 
curve 1 (Fig. 4) has been obtained, using a poten-  
tiostat (8) or the present polarization control  device 
wi th  e = 0. This result  holds wi th  a grounded working 
electrode. A 50-ohm resistor is then inserted between 

r 
I 

,F 
I 
I _ 

N . I . C .  

X-Y Recorder 

Fig. 3. Experimental set-up. E, adjustable voltage source 
( - - 5V  ~ E ~ 5V); p, adjustable resistor (0 ~--- p ~ 10 kohms). The 
operational amplifier is Analog Devices, 406 Model, with A 
95 db; R1 = 100 ohms; R2 = 1 ohm. The frequency compensating 
circuits are not shown. D is a differential amplifier. 

10 

10 1.5 V I V 2 2,0 

POTENTIAL -o',6 S.CE. (V} 

Fig. 4. Test of the NIC control device, carried out with a stainless 
steel rotating disk electrode (diameter 4 mm). Curve 1 is current 
voltage curve of the working electrode connected to ground, drawn 
either with a potentiostat or the NIC control device with p = 0. 
Curve 2 is current voltage curve of the working electrode connected 
to ground through 50 ohms (the voltage is taken between reference 
electrode and ground). Same polarization device as in curve 1. 
Curve 3 is current voltage curve of the same system as curve 2, 
drawn with the NIC control device with p :~ O. 
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this electrode and ground. With a potentiostat,  as wel l  
as wi th  the present control  device wi th  p ---- 0, curve  
2 is obtained. It exhibits  two steep transitions d-e  
and f-b, and the current  is not the same at increasing 
( a -b -d -e -h )  or decreasing (h - e - f -b - a )  voltage, as 
shown by the arrows on Fig. 4. With the polarization 
control device using a NIC, and a value of p different 
f rom zero, a continuous curve  3 ( a - b - d - f - e - h )  is 
obtained. The dashed part  d - f  cannot be drawn with  
a potentiostat,  while the remaining parts coincide with  
the corresponding potentiostatic drawing. This curve  
does not depend on the value  of E and ~ used to draw 
it. It is perfect ly  reproducible  and reversible.  More-  
over  it coincides wi th  the theoretical  curve which can 
be deduced from curve 1 by adding the ohmic drop 
corresponding to the resistance R ---- 50 ohms. The 
same curve  is also obtained when the current  I is not 
measured in the way shown in Fig. 3 (i.e., f rom the 
voltage across Ru) but f rom the vol tage across a 
resistance in series wi th  the counterelectrode.  With 
this last procedure, the exper imenta l  data is free f rom 
any possible art ifact  coming from the polarization 
control device, as long as each point  of the curve is 
an equi l ibr ium point, since the measured current  is 
the very  current  which flows through the interface. 

Results 
The rotat ing electrode, which may be disk- or 

square-shaped,  is the cross section of an iron rod 
(Johnson-Mat they) ,  embedded in an insulat ing 
acrylic resin cyl inder  of circular cross section. The 
molar  e lectrolyte  solution is prepared f rom Merck 
Suprapur  sulfuric acid, and water  purified with  ion- 
exchange resins. Oxygen is removed from the solution 
by argon bubbling (Air Liquide, "U" qual i ty) .  The 
tempera ture  of electrolyte is 25~ control led wi th in  
~O.I~ 

Current voltage curves.--Figure 5 shows the s teady- 
state behavior  of a disk electrode (5 mm in diameter)  
rotated at 750 rpm. The curve in Fig. 5(a) refers to 
potentiostatic conditions, the curve  in Fig. 5(b) to 
polarization control wi th  the device using a NIC. The 
voltage V is measured between the working electrode 
and a reference  electrode (SCE).  With a potentiostat,  
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Fig. 5. Current-voltage curves of a disk electrode (diameter 5 mm) 
rotated at 750 rpm: (a) using a potentiostat, (b) using the device 
of Fig. 3. 

the curve is described through the points a - b - d - e - h  
at increasing potential, h - e - f - b - a  at decreasing poten-  
tial. When the rate  of potential  sweep is too fast, a 
m a x i m u m  of current  is observed in the vicini ty  of 
point b (2, 9), but  it disappears under  s teady-sta te  
conditions. The steep transit ions which take place at 
VA and Vp do not occur when  the NIC device is used 
(curve b).  The dashed part  d-d '  of the line corresponds 
to the average value  of a fluctuating current  which 
cannot be controlled. The magni tude  of these fluctua- 
tions is not negligible, they are ra ther  slow, but  have 
no well-defined frequency.  They are not to be mis-  
taken for the oscillations which are known to occur 
with certain potent iometr ic  polarization conditions (3, 
4). The a -b-d  and h -e - f  part  of the curves (a) and (b) 
are identical wi th  both techniques,  but, when  using 
a NIC, any point can be reached at ei ther increasing 
or decreasing potential.  The continuous transi t ion d ' - f  
be tween active and passive state is also reversible.  
However  in the vicini ty  of point f, at currents  lower  
than a few mil l iamperes  (not visible on the scale of 
the drawing) ,  it is difficult to ascertain the revers i -  
bil i ty of the curve. We shall ignore this point  because 
all the results to be presented here have been obtained 
at much higher currents.  Anyhow, the shape of curve 
(b) in the vicini ty of f explains the jump of current  f -b  
observed with  a potentiostat,  as discussed above (see 
Fig. lc) .  The t ransi t ion d-e  (curve a) is probably 
induced by the coming of the fluctuation observed in 
d-d '  (curve b).  

Exper iments  have been carr ied out at various rota-  
t ion speed fl (Fig. 6). In regions such as b-d  (see Fig. 
5), the current  is l imited by diffusion. It increases as 
fl'/=, in agreement  wi th  Levich 's  theory (10), extended 
in this laboratory to concentrated solutions (11). 

Localized dissolution oy the electrode.--Figure 7 
shows photographs of a rota t ing disk electrode after 
it has been polarized in the transit ion region be tween  
passive and active state [part of d ' - f  of curve (b), Fig. 
5], wi th  a schematic drawing of the corresponding sec- 
tions. The general  case (12) corresponds to the dissolu- 
tion of a r ing-shaped part  of the surface (Fig. 7c). The 
depth of field of a convent ional  microscope is small 
enough for the depth of at tack to be determined within  
•  ~m. The edges of the r ing are sharp, and its dia- 
meters  are de termined easily wi th  a micrometer .  The 
remaining part  of the electrode is not a t tacked as it 
can be seen by refer r ing  to the insulated part  of the 
disk. An actual profile is given in Fig. 8. It has been 
tested independent ly  by direct observation after  the 
electrode has been cut along its axis. 

The inner  and outer  d iameters  of the ring, di and de, 
va ry  with  current  and rotat ion speed (Fig. 9). As 
l imit ing cases, di reduces to zero (Fig. 7b), or de 
becomes identical  wi th  the d iameter  of the disk (Fig. 
7a). At  a given rotat ion speed, dissolution takes place 
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Fig. 6. Current-voltage curve of a disk electrode (diameter 5 mm), 
at rotation speeds: curve 1, 750 rpm; curve 2, 1600 rpm; curve 3, 
3000 rpm; curve 4, 4500 rpm. 
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Fig. 7. Localized dissolution of a disk electrode. (a) Rotation 
speed: 750 rpm; I ---- 60 mA; V ---- 740 mV/SCE. (b) Rotation 
speed: 4500 rpm; I ~ 60 mA; V ---- 740 mV/SCE. (c) Rotation 
speed: 3000 rpm; I ---- 250 mA; V - -  1190 mV/SCE. Under each 
photograph, schematic section of the electrode. 

Scale: 1 0 p m ~  
1ram 

Fig. 8. Actual profile, determined from measurements with a mi- 
croscope, corresponding to Fig. 7c. 
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Fig. 9. Inner and outer diameter of the ring-shaped dissolved part 
of a disk electrode, vs. current, at various rotation speeds: [ ]  solid 
line 4500 rpm, Z~ broken line 750 rpm. 

on an increasing area when  current  increases, unti l  
the whole disk is attacked. 

Exper iments  have also been carried out wi th  rota t ing 
square-shaped electrodes. F r o m  the hydrodynamical  
point of view, the rotat ing body behaves  in the same 
way  as in the previous exper iments  since the electrode 
is embedded in an insulat ing coating of circular  cross 
section, but  the boundary conditions are different. A 
localized dissolution is again observed. The at tacked 
part  may  have many  different shapes, depending on 
rotat ion speed and current.  The l imit ing cases are 
given in Fig. 10. At low speed, the undissolved part  is 
a square, the sides of which are paral le l  to the sides 
of the electrode (Fig. 10a). At high rotat ion speed, the 
attacked region is a circular ring (Fig. 10b). Its center  
coincides wi th  the center  of rotat ion of the system 
even if the lat ter  is not the center  of the square. 

In the transi t ion region be tween  passive and active 
state, the total  current  is used to dissolve meta l  wi th  
valency 2, as it has been verified by a spectrophoto-  
metr ic  t i t rat ion of Fe + +, wi th  o-phenantro l ine  as an 
indicator. I t  proves that  no electrochemical  react ion 
of appreciable ra te  takes place on the part  of the 

Fig. 10. Localized dissolution of a square shaped electrode. (a) 
~ 750 rpm; I ---- 20 mA; V ---- 500 mV/SCE. (b) ~ ~ 3000 rpm; 

f ~ 60 mA; V - -  740 mV/SCE. Under each photograph, schematic 
section of the electrode. 

electrode which is not attacked. Then it is possible to 
der ive  the average dissolution current  density f rom 
the current  and the area of the a t tacked surface 
(Fig. 11). 

Discussion 
As shown by using a new polarizat ion control device, 

a continuous and revers ible  t ransi t ion does exist 
be tween the active and passive state of iron in 2N 
sulfuric acid solutions. The steep transitions which 
can be observed when  using a potentiostat  are not 
related to mere ly  electrochemical  processes, as they 
are general ly  thought  to be (13). They result  f rom 
the fact that  a potentiostatic regulat ion is not appropri-  
ate when dealing with  Z-shaped polarization curves. 

The decrease of current  f rom a l imit ing value to 
zero (d' to f in Fig. 5) is due, not only to a decrease 
of the active area, but also to a decrease of current  
density (Fig. 11). As far as we know, this is the first 
example  of an electrochemical  system for which 
several  over -a l l  react ion rates can exist for a given 
potential.  To be sure that  it is a fundamenta l  property 
of the i ron-sulfur ic  acid interface, it is necessary to 
est imate the ohmic drop, which, if large enough, is 
able to t ransform a bel l -shaped curve  into a Z-shaped 
curve  [(8) and Fig. lb] .  The ohmic t e rm is not 
proport ional  to the current,  since the act ive area  is 
not constant. 

The ohmic drop has been measured wi th  the in ter -  
rup ter  technique at the point d' (Fig. 5b) where  the 
whole area of the electrode is active. Af te r  correction, 
this point is more  cathodic than the point f if the 
rotat ion speed is h igher  than 1600 rpm. But it is more 
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Fig. 11. Full line: experimental current density, i.e., total mea- 
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average current density for the attacked surface, i.e., total mea- 
sured current, divided by the area of the attacked part of the elec- 
trode. 

§  

J 
4.0 



1636 J. E lec t rochem.  Soc.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  D e c e m b e r  1972 

anodic at  lower  ro ta t ion  speeds. Then the ohmic drop 
cannot comple te ly  exp la in  the shape of the polar iza-  
t ion curve. Mass t ransfe r  has also to be taken  into 
account, in pa r t i cu la r  for the  point  d'. I t  also p lays  
a par t  in the  localized dissolution of the  electrode, as 
shown by the above exper iments ,  since the  shape and 
the size of the a t tacked region depend not only  on the 
shape of the  electrode, but  also on the ro ta t ion speed. 
Coupling be tween  mass  t ransfer  by  convective diffu- 
sion, ohmic drop in the electrolyte,  and charge t ransfer  
have  been s tudied by  Newman (14) from a theore t ica l  
point  of v iew in the  case of a ro ta t ing  disk electrode.  
According to the  author,  who assumes an exponent ia l  
re la t ionship to exist  be tween  the charge  t ransfe r  re -  
action ra te  and the potential ,  a m a x i m u m  of cur ren t  
can take  place at  a distance f rom the center  of the  
disk. I t  resul ts  in a lack of un i formi ty  in the  dissolution 
of the  electrode.  This is not  in quant i ta t ive  agree -  
ment  wi th  the  present  case. However ,  if the 
charge t ransfer  react ion rate  is not  assumed to va ry  
according to an exponent ia l  law, but  r a the r  s teeply 
in a n a r r o w  range  of voltage, the main  fea tures  of 
Newman 's  model  could expla in  the  localized dissolution 
of the electrode:  a cont inuous d is t r ibut ion  of potent ia l  
along the radius  of the disk would resul t  in discon- 
t inuous var ia t ions  of cur ren t  density. Fu r the r  exper i -  
menta l  and  theoret ica l  work  is in progress  to suppor t  
this  in terpre ta t ion .  

APPENDIX  

Equations of the Negative Impedance Converter 

Figure  A-1 shows the NIC real ized wi th  a different ia l  
input  opera t ional  amplifier.  The la t te r  is character ized 
by  a gain A, an input  impedance  Zi, and an ou tput  
impedance  Zo. The th ree  quant i t ies  refer  to open- loop 
conditions. Since a vol tage U" -- U is appl ied  across the 
amplif ier  input,  its output  (be tween B2 and ground)  
acts as a vol tage source A(U" -- U) in series wi th  Zo. 
The circuit  of Fig. A-1 is then equiva lent  to the  circuit  
of Fig. A-2. Kirchoff 's  laws, appl ied  to U, U', I, I', and 
the aux i l i a ry  cur ren t  I z lead to 

U' = RI ( I '  ~- Is) ~ Zo(I'  -- I) ~- A ( U '  -- U) 
A(U" - -U)  : Zo(I  -- I') + R2(I + 12) + U 

0 : ZiI2 -}- (12 "l- I') R1 -'}- (Is -}- I) Rs 

Fig. A-I.  Schematic drawing of the NIC. A, open loop gain; Zo, 
open loop output impedance; Zb open loop input impedance. 

Z L 

I( I2 ) I 
B ~ R I - R 2 JB 

U § U 

U--U) 

Jo 

Fig. A-2. I:lectrlcal network corresponding to Fig. A-1 showing the 
r ts used to write down Kirchhoff's law. 

Eliminat ing  /2 be tween  these equations leads to the 
NIC equations 

(A --  1)U'  -~ (R2 -t- Zi) ~- Zo I '  

: AU q- Z----~ % Zo I 

( RIR2 )I '  
A U' + Z----~ + Zo 

_-- (A -/- i )  U -{- ~ (Rt + Z0 -{- Zo I 
Zt 

where  Zt : R1 + R2 -~- Zi. 
Solved for U' and I', they  are  wr i t t en  

U' = 
1 R2 Z o Z t )  1 Zo ~ ) R 2 I  

I p 

l ( R 2  ZoZt ~ 
1 + 7  + / 

R2!. [ 1 1 ( R1 ZoZt ) ] 1 Zt U 
1+ + Z-:R-: 

I ( ZoZ  ) 

The equat ion for the load line in the U-1 plane  is 
then  wr i t t en  

1 E [  1-k ~-  ( R2 ZoZt 

=U 1--~- 1 Zi RIZi Zi 

-N- + ( 1 +N+R  

R1 Zo Zt )] 
As Zo is ve ry  smal l  and Zi ve ry  large, R1 and R2 

can be chosen so tha t  the  fol lowing approximat ions  
hold  

Rl + R2 <=~ Zl R1 ~ Zo R2 ~ Zo 

They lead  to 

E 
U :  

~ ( ~ - - ~ )  

I pR2 1 R1 p -}- --~i [IH-~'-~-(I--~)] 
The open loop gain A can be chosen la rge  enough for  

these  equations to be wri t ten,  in accordance to Eq. [2] 
and  [3] 

R~ R2 
U' = U; I ' =  - - - ' ~ I ;  U-- E-{- Ip_--- 

R1 RI 
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The Polarization Behavior of Fe-Ni-Cr Alloys 
in Concentrated Sodium Hydroxide Solutions 

in the Temperature Range 25 ~ to 150~ 

A. K. Agrawal, K. G. Sheth, K. Poteet, and R. W. Staehle* 
Department of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

Results are reported for the potent iodynamic polarization at 600 mV / h r  of 
Fe, Ni, Cr, and seven Fe-Ni-Cr  alloys in concentrated NaOH solutions in the 
temperature  range 25~ to the boiling point. I ron and nickel, as well  as the 
Fe -Ni -Cr  alloys, showed an active-passive t ransi t ion which correlates very 
well  with the predictions of the Pourbaix  diagram both with respect to 
M/HMO~- dissolution and oxide formations. Chromium on the other hand ex- 
hibited a transpassive Tafel behavior with an inflection corresponding to the 
C r O 3 - - - / C r O 4 - -  equil ibrium. The HER and OER follow general ly predicted 
behavior. The corrosion rates increased with an increase in the tempera ture  
and NaOH concentration. In the sodium hydroxide env i ronment  nickel is the 
most corrosion resistant  and desirable componet in the Fe-Ni -Cr  alloys, 
whereas Cr is general ly deleterious. 

The purpose of this study was to survey the polariza- 
t ion behavior of Fe-Ni-Cr  alloys in caustic solutions in 
the temperature  range 25 ~ to the boil ing point and in 
NaOH concentrations from 1 to 19.5N (saturated) .  
Anodic and cathodic scans were conducted all at the 
same scan rate, 600 mV/hr .  

Compared to the numerous  polarization studies in 
acid solutions, only a few studies have been conducted 
in alkaline solutions: Fe (1-8), Cr (9-11), Ni (12-14), 
and Fe-Ni -Cr  (15-17). The behavior of Ni in alkaline 
solutions is also given in some detail by Hoare (18). 
In  summary,  the previous work of this alloy system 
in caustic envi ronments  has not been extensive. The 
work reported here is the first broad survey. This 
s tudy was conducted potent iodynamical ly  to rapidly  
obtain the broadest view of the problem. Certainly, 
future  studies must  examine regions of special interest  
more intensively.  

Experimental 
Three h igh-pur i ty  metals Fe, Ni, and Cr, and seven 

of their alloys were investigated in this study. Sources 
of metals and alloy preparations are described else- 
where (19). The caustic solutions were prepared by 
using double-dist i l led water and carbonate-free satu-  
rated NaOH solution. High-pur i ty  n i t rogen was used 
for deaerat ing the solution in the cell. The ins t ruments  
used were Wenking potentiostat  Model 68TS3, Keithley 
electrometer Model 602, Erwin  Halstrup motorpoten-  
t iometer Model MP165, and Esterl ine Angus recorder 
Model S-601-S or Hewlett  Packard x-y  recorder 
Model 7001A. 

The specimens were cylindrical  with a 0.32 cm diam. 
The exposed surface area was 1.0 cm 2. One end of the 
specimen was threaded as shown in Fig. 1A. A s ta in-  

E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  cor ros ion ,  F e - N i - C r  a l loys ,  s o d i u m  h y d r o x i d e ,  e lec-  

t rode  kinetics, polarization. 

less steel rod which was fitted into a Teflon tubing 
was threaded at one end and was then screwed into 
the specimen. Before mounting,  the specimen was 
abraded with emery paper ranging from 200- to 600- 
grit finish, washed with distilled water, and dried 
with acetone. This t rea tment  of the specimens gave 
fairly reproducible results. 

A schematic a r rangement  of the equipment  is shown 
in Fig. lB. The cell was made of Teflon and heated by 
heating tapes wrapped around its outer surface. Nitro- 
gen was bubbled continuously through the solution in 
the cell. The counterelectrode was a circular Pt  gauze. 
A Luggin probe was made from a Teflon U- tube  with a 
ny lon  wick runn ing  inside it. One end of the probe w a s  

positioned near  the specimen in the cell and the oppo- 
site end was connected, via a NaOH bridge, to a satu- 
rated calomel reference electrode in saturated KCI 
at room temperature.  All the potential  measure-  
ments  were made against this reference electrode 

F Stainless 
Steel Rod 

~ S c r e w  

--Teflon 
Tubing 

-Specimen 

-032mm 
~ 064ram 

(A) (B) 

Fig. 1. Schematic diagram of the experimental arrangement used 
for polarization studies. 
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and subsequent ly  converted, by adding 242 mV, to the 
s tandard hydrogen electrode scale for reporting. 

After  the cell was assembled and proper connections 
were made, the open-circui t  potential  was measured. 
In  most cases it took approximately 30 min  to obtain 
the steady-state value. The potent ial  was scanned at 
600 m V / h r  either in the noble direction for the anodic 
curve, or in the active direction for the cathodic curve. 
[This scan rate was arbi t rar i ly  chosen after a pre l im-  
inary  survey at various scan rates showed no significant 
changes in the over-al l  pat tern of the polarization 
curves, although the current  densi ty did vary. A similar  
observation is reported for 18-8 stainless steel in 1N 
H2SO4 by Green et al. (20).] Only one polarization 
curve (anodic or cathodic) was obtained at a time. 
For the other curve, the specimen was reabraded and 
the ceil reassembled with a fresh caustic solution. 

Resul ts  

The anodic and the cathodic polarization curves of 
Fe-Ni -Cr  alloys in NaOH solutions are shown in  Fig. 
2-8. Figures 2-4 show the effect of increasing tem- 
perature on the polarization behavior  while Fig. 5-8 
show effects of changing the NaOH concentrat ion and 
the alloy composition. 

The corrosion potential, Ee, of the specimens as 
functions of temperature  and caustic concentrat ion is 
shown in Fig. 9 and 10, respectively. The corrosion 
potential  of the specimens became more negative (ac- 
tive) with an increase in temperature  or caustic con- 
centration. The Er of Fe, Ni, and Cr in 10N NaOH 
changed from --900, --180, and --150 at 25~ to --950, 
--720, and --270 mV (SHE) at 118~ respectively. 
Similarly, the change in Ec with an increase in  caustic 
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Fig. 2. Polarization behavior of Fe, Cr, and Ni in 10N NaOH in the temperature range 25~176 
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concentration from 1 to 1ON NaOH at 70~ for Fe, Ni, 
and Cr was from --220, --40, and 100 to --830, --180, 
and --190 m V  (SHE),  respectively.  The Er of alloys, in 
general, l ies intermediately between those of their 
pure components. The addition of Ni and/or Cr shifted 
the corrosion potential of Fe alloys to more noble 
values. 

The anodic polarization curves of Fe and Ni  in 
caustic solutions showed conventional  active-passive 
behavior, Fig. 2, 5, and 7. However,  the anodic scan of 
Fe in both 1 and 5N NaOH at 70~ showed only  the 
passive and transpassive part of the polarization curve, 
Fig. 5. This occurred because the corrosion potential  in 
these cases was in the passive region. The critical peak 
of Fe in 10N NaOH between 25 ~ and 118~ lies within 
40 mV of its corresponding corrosion potential. The cur- 
rent density in the post-passive region in certain in-  
stances is higher than that at the critical peak; e.g., 
in Fig. 7a an anodic hump, which is 750 mV above 
(noble) the Critical peak, has one order of magnitude 
higher current density than at the critical peak. Jones 
et aL (7) have reported similar observations with mild 
steel polarization in 1 and 5N NaOH at 300~ 

The critical anodic peak in the polarization curves 
of Ni does not appear below 90~ in solutions of con- 
centration less than 10N NaOH, Fig. 2 and 5. Nickel,  
l ike Fe, shows a hump in the post-passive region; with 
an increase in temperature or caustic concentration, 
the value of current density at the hump approximately 
equals that at its critical peak, see Fig. 2c and 7a. 

Chromium in caustic solutions did not exhibit  an 
active-passive behavior, Fig. 2, 6, and 8. The anodic 
scan produced a Tafel- l ike  increase of the current 
density from its corrosion potential  to the end of the 
scan 450 mV (SHE).  A change in the slope of log i vs.  g 
plot occurred, depending on the caustic concentration 
and temperature, at 50-100 mV from its corrosion 
potential. 

The effects of increases in the NaOH concentration 
and in temperature on the passive current density of 
pure metals  at a fixed potential are summarized in Fig. 
11 and 12. An  approximately linear dependence of log 
i vs.  1 / T  is clearly seen for Fe and Ni which corre- 
sponds to an apparent energy of activation of 6.1 kcal. 
Log i is also directly proportional to the log of NaOH 
concentration. The slope of log i vs.  log N is one for Fe 
and Ni but ,-,2 for Cr. In identical environments  the 
current density of Cr is a decade or more higher than 
that of Fe which in turn is approximately a decade 
higher than that of Ni. 

The anodic current density of alloys is intermediate 
between those of their pure components. The anodic 
kinetics in the passive region in 10N NaOH at 70~ 
for 95Fe-5Ni is ~ � 8 9  decade less, and that for 8 0 F e -  

1200 

I000 

S00 

6O0 

400  

200 

o 

'E - 2 0 0  

- 4 0 0  

~. -600 

-800 

- I000 

-1200 

-1400 

-1600 

-leO0 

1 T 1 
(a) IN NaOH 

7O'0 

90 Fe- I0 Ni~-~ _ ~ ~ _ . - _ ~ _ - 2  

, ~  ~ 95Fe-5 Ni 

too n~-~, ,4' ~ : ; ] ~  ~o Fe- 20 ni 
/ / /  ~/"~/1 

7~" " ~ "  I 0 0 Fe 

, ~ , ~ -  80 Fe - 20Ni ,oo..\\\ 
)OFe - I O N i ~ ' ~  

95Fe-5Ni ~ ~ ~  

I0 

T 

(b) 5N NoOH 
70~ 

F T F l q 

_ ( c ) / O N  N e O H  
70"0 

90Fe-IO N i ~ ; 7 , ' ! ~ ' ~  - 
h /  / I 

/-" ~J f95 Fe-5 Ni 

/ I , ~ : \  L 

"" I - / 2  . . . . . .  ~J~aOFe-2ONi / i / ~ i 

" / t / 

/ "  �9 " ~  I 0 0  Fe  

90 Fe - I0 N i ~ ' - . . . . _ ~  

BO F e - 2 O N i ~ ~  

Anodic ScQn . . . . . . . .  

 i2222.  
I02 I 0 3  I I 0  I 0  z i 0  ~ 

Current Density (H- A/cm~) 

Fig. 5. Polarization behavior of Fe, Ni, and the Fe-Ni binaries in 1, 5, and I0N NaOH at 70~ 

/ /  i ,~ f  / ! 
It ~ / } f ~ - - 9 5 F e - 5 N i  
z / l l  , 

S0Fe-20Nr'~.// / ~ P~__IOOFe 
# : i i 

�9 / /  I i 
90Fe-lONi --~,./~ s J / , ~  / / 

/" 11 

:./_~_~ . . . . . .  ~ 8 0 F e - 2 O N i  

9 0 F e - I O N i ~  

IOOFe ~j" 

k 
I0 102 10 S I0 ~I 



1640 

1200 

I000 

800  

6 0 0  

4OO 

2OO 

T 0 

"~ - 2 0 0  

- 4 0 0  : 

I:~ - 600  

-800  

- I000  

- IZO0 

-14oo i 
-1600 

-1800 
I 

J. EIec trochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  D e c e m b e r  1972 

i i i I [ I 

(o)/NNaOH -I (b) 5 N NoOH 
70~ 70o0 

80 Fe- 20 Cr 

0 Fe-20 Ni-20 

e - 4 5 N , - 2 0 C r ~ /  / \ ~,?" &, 

i i I 

(c) /0 N NQOH 
7o oc 7 

: ~  . . . . . . . .  :35 F-e _ 45 Ni _ 20 C r . ~ 2 ~  _ _.._._ E~_.:~=_--'_:_ - - 

\\~ -e~ 80Fe- 20Cr J / / , I i / ~F 80Fe-20 cr 

0 Fe-2OCr 

35 Fe-45Ni-20Cr 
35 Fe-45NH20C 

A n o d i c  Scan . . . . .  
C a t h o d i c  S c a n - -  

!-2OCt 

60 Fe 

I I I I 
IO 2 Io 3 I io I'o 2 nLo 3 ~o IJo = 

Current Density ( F A/crn =) 

Fig. 6. Polarization behavior of Cr and the Fe-Ni-Cr alloys in ], 5, and 10N NaOH at 70~ 

I 
i10 m 104 

w 
T 
O') 

> 

E 

13 

C 
eJ 
~s 
DL 

I0001 

600 f 

200 I 

F 
- 2001 

I 

- 6 0 0  f 

- [ 0 0 0  I 

- 1400 I 

I 0 '  

(o) 25~ 195N NoOH 

.... ~--~d'-~ t " .  
I00 N i ~ / ~  [ I | ~ ' \  

~ ' /  I I  1 ~ 9 5  Fe ~ 1 0 0  Fe 
/ I I L. 5 Ni \ 
I I I I ~ - '  

I I / I / - "  
18OF^ I I / / / 
20N;~ i I , / "  

r n ~ V 
i I ~ l [  
~ I | ~ . ~ 9 0  Fe-- IONi 

------ I00 Ni ~- '~ '~ ' \  '~'\ 

~ ~ 95 Fe - 5 Ni 
lOOFe ~ ~ \- 

80 Fe - 20 Ni . . . .  

! I I I r 

(b) /50~ I:~5N NaOH 
uoo Fe_~. 

8 0  Fe- 2 0 N i - ~  ~ - ~  ~ - - - - "  

~ - 9 0  Fe 
/ ~ ' < "  If" no Ni A n o d i c  Scan . . . .  . -  ~ I j  

C a t h o d i c  S c a n - -  I i/~j 

~- 90  Fe - IONi I00 Ni 

\ 80 re ZO NiT I ~  

~5 Fe -SNi / ~'\ I00 Fe 

i /  JO0 N 

, i i i I i 
I0 ~ I0 j ]0 z tO s I0 -l I0 ~ I0 P I0 z 103 I04 IO s 

Current Density(~.A/cm z] 

Fig. 7. Polarization behavior of Fe, Ni, and the Fe-Ni binaries in 19.5N NaOH at 25~176 

20Ni is ~ 1  decade less than that of  Fe. At e levated 
temperature in concentrated caustic the results are 
not as significant; e.g., in 19.5N NaOH at 25~ Fe -Ni  
binaries show the above-ment ioned trend but at 150~ 
the current densities in the passive region are approx-  
imate ly  the same as that of Fe, Fig. 7. 

The anodic polarization curves of Cr alloys in con- 
centrated solutions (--~10N NaOH) or at high tempera-  
tures (>70~  show two distinct anodic peaks be low 
the oxygen  evolution potential,  Fig. 4 and 8. At  lower  
temperatures (_~70~ in 1-10N NaOH, since the cor- 
rosion potential  of  Cr alloys lies closer to that of  Cr, 
the anodic polarization curves exhibi t  on ly  the second 
peak region. A comparison of the polarization curves 
of  Cr alloys wi th  those of  pure metals  Fe, Ni, and Cr 
indicates that the current density in the first act ive-  
passive region is controlled by Fe-Ni  dissolution and 
formation of their oxides. The second peak in alloys 
is due to Cr. The current density at the second anodic 
peak matches  closely wi th  the corresponding current 

density of pure Cr. The current density at the  second 
anodic peak, depending on the caustic concentration 
and temperature,  is ~ � 8 9  to 2 decades higher than that 
at the first active peak. 

The oxygen evolut ion region of the anodic polariza- 
tion curves of  Fe, Ni, and all  their alloys exhibit  Tafel 
behavior, Fig. 2-8. The average value of the OER Tale1 
slope in caustic solutions used in this study between  
temperatures of 25 ~ and 150~ is 45 • 10 m V  ~or the 
majority of the specimens.  This value is in ful l  agree- 
ment  wi th  that reported in the literature (18). In a 
f e w  exceptional  cases, the observed Tafel  slope is quite  
high, e.g., 90 m V  for Fe in IN NaOH at 70~ and also 
for 80Ni-20Cr in 10N NaOH at 118~ 

The OER potential  is s l ight ly  lowered w i t h  an in-  
crease in the caustic concentration or temperature.  The 
OER potential  for Ni, depending on the concentration 
and temperature, is 50-100 m V  less noble than for Fe, 
and that for all  their al loys is intermediate  between 
the two. The effects of the NaOH concentration and 
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the tempera ture  on OER kinetics over  Fe  and Ni is 
summarized in Fig. 13 and 14, respectively. The OER 
rates increased direct ly  in proport ion to the NaOH 
concentrat ion with  a react ion order of two. The ap- 
parent  energy of act ivation for the OER on Fe and Ni 
is approximate ly  25.6 and 14.5 kcal, respectively,  in 
10N NaOH. 

The cathodic polarization curves of specimens in 
Fig. 2-8 all show similar behavior.  There are two dis- 
tinct regions in each curve. During the cathodic scan 
the surface oxide and oxyanion reduction occur at 
high potential.  As the potent ial  decreases the  hydrogen 
evolut ion reaction (HER) occurs and exhibits Tafel-  
type behavior.  The oxide and the oxyanion reduction 
in caustic solutions ~10N NaOH at tempera tures  25 ~ 
118~ appears complete, in all cases except  Cr, when 
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the cathodic current density reaches --100 # A / c m  2 
at --950 -4- 50 mV (SHE) .  The current density and 
the potential  in 19.5N NaOH at 25~ are, except for 
Cr, --50 ~ A / c m  2 and --1050 __ 50 m V  (SHE) .  The 
cathodic scan in 19.5N NaOH at 150~ was  done over 
a very  l imited  potential  range because of experimental  
difficulties; therefore, the above region is not identif i-  
able in the polarization curves. 

In the case of Cr, the oxide and oxyanion reduction 
in 5 and 10N NaOH at various temperatures appears 
complete  at --100 ~ A / c m  2 as shown in Fig. 2 and 6. 
The corresponding potential  values  vary considerable, 
e.g., in 10N NaOH the approximate values  at 25 ~ and 
90 ~ are --1450 and --900 m V  (SHE) ,  respectively.  
The potential  and the current density in 1N NaOH at 
70~ are --1150 m V  (SHE) and --500 ~ A / c m  2, wh i l e  
in 19.5N NaOH the respective values  at 25~ are --1250 
m V  (SHE) wi th  10 ~ A / c m  2, and at 150~ --110 m V  
(SHE) wi th  --400 gA/cm% 

The va lue  of the Tafel  slope for HER on Fe -Ni -Cr  
alloys as a function of temperature and caustic concen-  
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Fig. 14. Arrhenius plot for OER on Fe and Ni in 10N NaOH 

tration is l isted in Tables I and II. There is no specific 
effect of temperature or caustic concentration on the 
HER Tafel  slope. The slopes on Fe and Ni  are approxi-  
mate ly  75 and 100 mV,  respectively.  The slope for Cr 
varies irregularly wi th  temperature and caustic con- 
centration from 75 to 325 inV. 

Figures 15 and 16 show the effects of NaOH con- 
centration and temperature on the HER kinetics. The 
rate of the HER on Fe and Ni  decreased wi th  an 
increase in the caustic concentration except for Cr 
where  the opposite effect was  observed. The apparent 
energy of activation for all  three metals  is approxi-  
mate ly  11 kcal  in 10N NaOH. 

Discussion 
For convenience in relating the features of the polar- 

ization curves wi th  the thermodynamic  boundary con- 

Table I. Tafel slopes for HER on Fe-Ni-Cr alloys in 
1 to 19.5N NaOH solutions 

Alloy 

T a f e l  s l o p e ,  m V  
N a O H  c o n c e n t r a t i o n  

I N  5 N  1 0 N  1 9 . 5 N  1 9 . 5 N  

T e m p e r a t u r e ,  ~  

70 70 70  2 5  150 

F e  80  70  75  80  7 0  
9 5 F e - S N i  80  85  75  50  5 5  
9 0 F e - 1 0 N i  90  75  60  90  5 0  
8 0 F e - 2 0 N i  9 0  125  90  35 2 0  
N i  100  1 0 0  90  80  5 0  
8 0 F e - 2 0 C r  110  135  125  60  - -  
6 0 F e - 2 0 N i - 2 0 C r  115  90  75  80  - -  
35Fe-45Ni-20Cr 125 I i0  125 75 -- 

80Ni-20Cr 100 100 100 125 - -  
Cr 175 250 120 100 - -  

Table 11. Tafel slopes for HER on Fe-Ni-Cr alloys in 
10N NaOH in the temperature range 25~176 

A l l o y  

T a f e l  s I o p e ,  m V  
T e m p e r a t u r e ,  ~ C 

2 5  50  70  90  1 1 8  

F e  75  85  75  75  75  
9 5 F e - 5 N i  100  75  75  75  - -  
9 0 F e - 1 0 N i  125  80  65  110  - -  
8 0 F e - 2 0 N i  130  100  90  125  
N i  100  1 0 0  100  100  125  
S 0 F e - 2 0 C r  110  120  125  110  110  
60Fe-20N~20Cr 125 135 i i0  80 75 
35Fe-45Ni-20Cr 125 125 125 75 50 
80Ni-20Cr 130 130 I00 80 60 
Cr 70  75  120  3 2 5  1 5 0  
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ditions we show on the polarization curves of the 
pure components the location of the re levant  equil ibria 
in Fig. 17. Where a soluble species is involved we take 
its concentrat ion as 10-6M and the pH is taken as 14. 
The equi l ibr ium data for Fe and Cr was taken from 
the Pourbaix  Atlas (21) and that for Ni at 100~ was 
taken from Cowan and Staehle (22). 

With respect to correlating the potentiodynamic 
determinat ion with the Pourbaix diagram the OER and 
HER occur in potential  ranges where they are ex- 
pected. 

For iron the anodic peak occurs in the region just  
above the Fe /HFeO2-  equi l ibr ium as expected. The 
passivity observed at higher potentials is possibly due 
to the formation of FesO4 and then Fe203. The curves 
for pure iron show also a sharp depression at --550 
mV. The current  dropped below 1 #A in one case 
(curve shown as discontinuous because of the scale 
l imitat ion) ,  Fig. 2a. This is probably due to the part ial  
anodic and cathodic current  densities being of the 
same order of magnitude,  al though the HER potential  
is more negative at --825 mV. It would seem then 
that  the ini t ia l ly formed Fe304 is very protective but  
the subsequent Fe203 is less so. 

For  pure nickel, like iron, the anodic peak occurs 
in the region defined by the Ni/HNiO2- equil ibrium. 
Despite the broad range of stabili ty of HNiO2-, a pro- 
tective film forms above the anodic peak and extends 
for several hundred  millivolts. At approximately the 
potential  where Ni804 is stable the film becomes less 
protective. 

In  the case of pure Cr while the C r / C r O 3 - - -  equi-  
l ibr ium occurs at about --1400 mV the anodic region 
for chromium is not observed unt i l  --200 inV. This 
may simply result  from a submerged anodic region 
rendered inaccessible by the addit ivi ty of part ial  cur-  
rents. These part ial  currents  appear to result  pr imar i ly  
from the reduction of Cr203 previously present  on the 
surface. An inflection in anodic kinetics is observed 
in Fig. 2 where the product changes from C r O 3 - - -  to 
C r O 4 - - .  The inflection occurred at --50 mV compared 
to the predicted --190 mV from the Pourbaix  diagram. 
Second, for alloys containing Cr, see Fig. 4, the film 
loses its integri ty  where C r O 4 - -  becomes stable al-  
though at a sl ightly higher potential  a new but  less 
stable film forms. In  the 80Ni-20Cr alloys in Fig. 4d 
it is possible to observe peaks at 0 and 220 mV. T h e  
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lower peak  is due to C r O 4 - -  format ion  and the 
h igher  peak  is due to the format ion  of Ni304. 

The significant fea tures  of the curves for the a l loys  
c lear ly  depend on the character is t ic  fea tures  of the  
pure  components.  One has only to compare  the pure  
Fe  and Ni curves wi th  that  for Fe -Ni  al loys in Fig. 2 
and 3. 

I t  is in teres t ing tha t  an "anomalous"  pass iv i ty  is 
obta ined in the  caustic solution as in the  acidic solu- 
t ion which is more extens ive ly  descr ibed in the l i t e ra -  
ture. In  pa r t i cu la r  for Ni whi le  the soluble oxyanion  
HNiO2-  is the  most stable species the  specimen ex-  
hibits  excel lent  passivi ty.  

Since the  purpose of this  s tudy was a b road  survey  
no deta i led  mechanis t ic  a rguments  a re  advanced.  The 
kinet ic  pa rame te r s  obta ined are  not  sufficient for 
mechanist ic  in te rpre ta t ion  of the results.  A careful  
analysis  of the  pa r t i a l  currents,  obta ined  by  chemical  
analysis  of the e lect rolyte  for dissolved components,  
both in the active and the passive regions, would  be 
requi red  to supplement  the  present  study. Such a s tudy 
is u n d e r w a y  in our labora tory .  

With  respect  to using these al loys in caustic service, 
the  a l r e ady  we l l - known  des i rab i l i ty  of nickel  is v indi-  
cated. In  par t i cu la r  see Fig. 5 and 6. In  Fig. 5 the 
pure  nickel  is at  least  one order  of magni tude  more  
corrosion res is tant  than  the pure  iron. In  Fig. 6 the  
80Ni-20Cr a l loy is over  an order  of magni tude  be t te r  
than  the 80Fe-20Cr binary.  Polar iza t ion  in 1-10N con- 
centra t ions  of caustic solutions show genera l ly  s imi lar  
pat terns.  However,  in the s a t u r a t e d  solution (19.5N) 
all  al loys exhibi t  app rox ima te ly  the  same features  
below --250 mV while above this value  the  super ior  
behavior  of the Ni -Cr  is again evident.  

Conclusions 
1. The dominant  effects of the al loy composit ion for 

F e - N i - C r  in caustic solutions at the boil ing point  and 
below are  the  fol lowing:  (a) The presence of n ickel  
in i ron or chromium alloys produces significant im-  
p rovement  in corrosion resistance. (b) Adding  chro-  
mium to nickel  or i ron is genera l ly  deleterious.  

2. Increas ing the t empera tu re  f rom room t empera -  
ture  to the boil ing point  increased the react ion ra te  by  
1-3 orders  of magni tude .  

3. Increasing the NaOH concentrat ion f rom 1 to I0N 
at constant  t empera tu re  increased the  react ion ra te  
about  one order  of magni tude.  

4. F e - N i - C r  al loys in the  caustic solut ion exhib i t  
an ac t ive-pass ive  behavior .  Pure  chromium exhibi ts  
only the t ranspass ive  behavior .  

5. Significant fea tures  of the polar izat ion curves  
cor re la te  ve ry  wel l  wi th  predict ions  of the Pourba ix  
d iagram both with  respect  to M/HMO2-  dissolution 
and oxide formations.  

6. HER and OER react ions fol low genera l ly  p re -  
dicted behavior.  

7. The corrosion potent ia l  shifts  to negat ive  values  
wi th  an increase in t empe ra tu r e  and caustic concen- 
trat ion.  

Acknowledgments 
It  is a p leasure  to acknowledge  the  Uni ted  States  

Atomic  Energy  Commission who suppor ted  these 
studies under  Contract  AT (11-1)-2018. Some suppor t  
was also p rov ided  by  the College of Engineer ing  and 
the Gradua te  School of the  Ohio S t a t e  Univers i ty .  

Manuscr ip t  submi t ted  Feb.  29, 1972; revised manu-  
script  received Aug. 5, 1972. 

A n y  discussion of this  p a p e r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  June  1973 
JOURNAL. 

REFERENCES 
1. I. A. A m m a r  and S. A. Awad,  J. Phys. Chem., 60, 

871 (1956). 
2. T. Hurlen,  Electrochim. Acta, 8, 609 (1963). 
3. M. J. Humpher ies  and  R. N. Parkins ,  Corro~on 

Sci., 7, 747 (1967). 
4. M. Nagayama  and M. Cohen, This Journal, 109, 

781 (1962) ; 110, 670 (1963). 
5. J. Thomas and T. Nurse, Brit. Corrosion J., 2, 13 

(1967). 
6. C. H. Shepherd  and S. Schuldiner ,  This Journal, 

115, 1124 (1968). 
7. R. L. Jones, L. W. St ra t tan ,  and E. D. Osgood, 

Corrosion, 26, 399 (1970). 
8. S. Asakura  and Ken  Nobe, This Journal, 118, 536 

(1971). 
9. I. M. Issa, I. A. Ammar ,  and  H. Khal ifa ,  J. Phys. 

Chem., 59, 492 (1955). 
10. F. F. Fa izul l in  and V. K. Levina,  Zashch. Metal., 2, 

623 (1966). 
11. R. D. Arms t rong  and M. Henderson,  J. Electroanal. 

Chem., 32, 1 (1971). 
12. J. L. Weininger  and M. W. Breiter ,  This Journal, 

llO, 484 (1963); U l ,  708 (1964). 
13. A. I. Tsinman, Zhur. Fiz. Khim., 37, 1343 (1963). 
14. B. E. Conway, M. A. Sat tar ,  and D. Gilroy,  Elec- 

trochim. Acta, 14, 677 (1969). 
15. I. P. Dezidereva and R. M. Sageeva,  Anodnaya 

Zash. Metal., 483 (1964); from C. A., 62, 3663C 
(1965). 

16. M. S. Nigman Khodzhaeva  and P. Z. Fisher,  Dokl. 
Akad. Nauk, USSR, 19, 47 (1962); 20, 26 (1963): 
from C. A., 57, 16317C (1962) ; 60, 8898d (1964). 

17. R. N. O'Brien and P. Seto, This Journal, 117, 32 
(1970). 

18. J. P. Hoare, "The Elec t rochemis t ry  of Oxygen,"  
Interscience Publ ishers ,  New York  (1968). 

19. R. W. Staehle  et al., Corrosion, 26, 451 (1970). 
20. N. D. Greene  and R. B. Leonard,  Electrochim. 

Acta, 9, 45 (1964). 
21. M. Pourbaix ,  "At las  of Elect rochemical  Equi l ib r ia  

in Aqueous  Solutions," Pe rgamon  Press,  New 
York (1966). 

22. R. L. Cowan and R. W. Staehle,  This Journal, 118, 
557 (1971). 



Electrolytically Formed Polyimide Films and Coatings 
I. Electrodeposition from Colloidal Dispersions 

D. Colin Phillips 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

A process was developed for the electrophoretie deposition of polyamic 
acids onto metal  electrodes and subsequent  conversion to the corresponding 
polyimide. Polyamic acids were electrodeposited from colloidal dispersions of 
amine salts of the corresponding acids contained in a mixed organic solvent 
system. The tough, adherent,  p in-hole  free coatings have excellent mechanical,  
physical, and thermal  properties. Correlations of coating thickness with current  
density, bath composition, and electrodeposition t ime are discussed and a 
mechanism for polymer electrodeposition is postulated. 

Most electrophoretic deposition studies (1) have 
been involved with aqueous systems. For industr ia l  
scale-up of the process, these systems present obvious 
advantages, such as lack of dangerous fumes, min i -  
mized fire hazard, and inexpensive bath media. How- 
ever, aqueous depositions are adversely affected by  gas 
evolution (from water electrolysis) at the electrodes. 
Often, in  such systems, gas bubbles prevent  good film 
formation at the electrode by rup tur ing  and dislodging 
the deposit. Electrophoretic deposition is also possible 
from nonaqueous solvents (2) and, in this instance, the 
solution conductivi ty is governed by  laws different 
from those valid in aqueous solutions. In nonaqueous 
solvent systems, solution conductance is often very  low, 
but  may be compensated by applying high voltages at 
low currents  without  incurr ing solvent electrolysis or 
high heat ing effects. 

The process of organic electrodeposition is thought  
to be highly complex (3). During electrocoating, sev- 
eral mechanisms are believed to occur to varying 
degrees. These are general ly  thought to be electro- 
phoresis, electrocoagulation, electro-osmosis, and elec- 
trode reactions (4). 

Electrophoresis involves the movement  of charged 
particles or ions, dispersed or dissolved in a l iquid 
medium, toward an electrode under  the influence of 
an electric field. Whereas simple ions have only one to 
four uni ts  of charge, colloidal particles car ry  a large 
number  of uni t  charges on their  surfaces. Each of 
these particles is thought to be surrounded by a cloud 
of counterions. The charge of these particles gives 
rise to the electrokinetic potential  or the zeta potential, 
which is defined as a measure of the electrokinetic 
charge that surrounds suspended part iculate matter.  
Because of this charge, there is a mutua l  repulsion of 
these particles and this is why these dispersions are 
stable. The charges on the colloidal particles are prob- 
ably due to a combinat ion of adsorbed ions from the 
solution, from adsorbed surfactant  groups, and  from 
the particle itself having ionized groups at the l iquid-  
particle interface. The mobil i ty is affected by the 
viscosity of the medium and the size, shape, and con- 
centrat ion of particles, pH and concentrat ion of elec- 
trolyte. 

Electrocoagulation is the coalescence of charged 
moving particles in the vicinity of the electrode. The 
densification is a highly complex reaction. There is 
not complete agreement  as to the actual process which 
occurs at this point in the electrodeposition when  
the particle loses its charge and coagulates. The resin 
particle has several adsorbed ions distr ibuted on its 
surface. These negat ively charged ions sur rounding  the 
resin particle will  at tract  positively charged ions, and 
thereby create a secondary region encompassing the 
resin particle. This effect is known as the cloud layer  

K e y  words: eleetrodeposition, poly imides ,  po lyamic  acids,  e lec t ro-  
coat ing,  coatings. 

or double layer. Each particle finds itself in an atmo- 
sphere of ions of opposite sign, with a concentrat ion 
gradient  depending essentially on the charge of the 
particle and on the composition of the dispersing 
medium. The double layer is thought to be diffuse, 
with the outer layer possessing an electric density 
fall ing off according to an exponential  law. The re- 
pelling effect exerted when two charged particles ap- 
proach each other exists only if the l iquid medium 
possesses some degree of ionizing action. Electro- 
phoresis involves a tangent ia l  motion of one phase of 
the double layer with respect to the other, and it occurs 
only if the two phases carry free charges of opposite 
sign. 

Electro-osmosis is the movement  of the liquid phase 
under  the influence of the electric field and is often 
referred to as the reverse mechanism of electrophoresis. 
The medium in which the resin particles are dispersed 
moves in  the opposite direction, that is, away from 
the film forming on the electrode. This seems to be 
caused by the counterions of the deposited particles 
which move away from the film. 

Numerous organic and inorganic electrochemical 
reactions occur at or around the electrodes (4). The 
importance of the significant role played by the electro- 
dissolved metal  has been indicated by F ink  (5) and 
Tawn et al. (6). A more comprehensive study of the 
electrode reactions occurring dur ing electrodeposition 
has been made by Smith and May (7, 8) and substant i -  
ated by Mercouris et al. (4). 

Prior  to this work, polypyromell i t imide (polyimide) 
films have been produced by solution casting, followed 
by a heat cure. One major  problem with producing 
polyimide films by the solution casting technique is 
that only relat ively th in  films can be produced in a one 
coat process. Heavier  coating or film thickness must  be 
made as a mult icoat  system, with each coat being dried 
(solvent removal)  and cured before applying the sub-  
sequent coat. Also, polyimide coverage of i r regular-  
shaped objects has proven to be impossible by solution 
casting. Most, if not all, of the above-ment ioned prob- 
lems are el iminated or become quite insignificant if the 
polypyromell i tamic (polyamic) acid precursor is elec- 
trodeposited directly onto the substrate. Solution vis- 
cosity becomes irrelevant;  solvent problems are greatly 
minimized;  much heavier  single coat thicknesses are 
achievable; and the resul t ing corner and edge coverage 
is more than adequate. 

In  the present  work, commercially available poly- 
amic acids have been successfully electrodeposited 
from colloidal dispersions of amine  salts of the cor- 
responding acids in mixed organic solvent systems. 

Experimental 
Materials.--Commercially available polyamic acid 

solutions, such as, Pyre-M.L. wire enamel  (E.I. du Pont  
de Nemours Company) ,  Dynimel  (3M Company),  and 
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AI-8 wire enamel  (Westinghouse Electric) were used 
as received. The solvents (Fisher Scientific Company),  
acetone (containing 0.5% water) ,  dimethylsulfoxide 
(containing 0.2% water) ,  dimethylacetamide (con- 
ta in ing 0.2% water) ,  N-methyl -2-pyr ro l idone  (con- 
ta in ing 0.5% water) ,  and the bases (Aldrich Chemical 
Company) ,  t r imethylamine,  t r iethylamine,  N,N-di-  
methylbenzylamine,  1-methylimidazole, were used 
without  fur ther  purification. 

Apparatus.--Briefly, the apparatus consists of a 1000 
ml glass reaction vessel with cover. F rom the cover, 
two stainless steel rods are suspended. These are sealed 
into two glass tubes by means of Teflon insert  rings. 
Normally, two a luminum or copper electrodes were 
suspended from the lower ends of the steel rods, each 
electrode having a surface area of approximately 44 
in. ~. The size of electrode or metallic composition could 
be varied, depending on the parameter  being invest i-  
gated. Approximate ly  600 ml of colloidal dispersion 
was placed in the vessel and connection to a d-c power 
supply (Kepco, Model SM160-4) was made through the 
two stainless steel bars. 

Procedure.--Formation of a colloidal dispersion, suit-  
able for electrodeposition, ini t ial ly involves dissolving 
the commercial ly available polyamic acid in a solvent, 
such as dimethylsulfoxide. An amine is added to this 
solution to produce the organic salt of the free car- 
boxyl groups, present in the polyamie acid. The solu- 
tions is heated to approximately 40~ and main ta ined  
at this temperature  for 15 min. Finally,  the resul t ing 
solution is added to a nonsolvent,  such as acetone, dur -  
ing which t ime the acetone is st irred vigorously. This 
results in the production of a colloidal suspension of 
the salt, contained in a mixed organic solvent system, 
comprised of acetone and dimethylsulfoxide. 

Suitable commercial ly available polyamic acids are 
Pyre-M.L. wire enamel, Dynimel,  and AI-8 resins. 
Organic bases, such as t r imethylamine,  t r iethylamine,  
N,N-dimethylbenzylamine,  and 1-methylimidazole 
were used for salt formation. Al ternat ive  solvents for 
the resins were dimethylacetamide and N-methy l -2-  
pyrrol idine and higher boiling ketones could be sub-  
sti tuted for acetone. Nonsolvents which electrolyzed 
dur ing  the passage of current  were not suitable, since 
most of these produced gaseous products which pre-  
vented good film formation at the electrode. 

After  electrodeposition, the polyamic acid films and 
coatings, which were produced at the anode, were heat 
cured to ~300~ in a convection oven over a period of 
30 min. This led to the formation of smooth, uniform, 
pin-hole free polyimide coatings over the entire anode 
surface. 

Results and Discussion 
Parameters investigated.--The relat ively large n u m -  

ber  of parameters  involved in this type of system 
present many  difficulties. In  general, only the param-  
eters involved in the optimization of electrodeposition 
were investigated. These were solution composition, 
electrodeposition time, electrode material ,  and cur ren t  
density. 

Correlations of final, cured coat ing  thickness with 
base, dimethlylsulfoxide, and acetone bath content  
have been made. No apparent  interact ion occurred be-  
tween the amine component and the ace tone/dimethyl -  
sulfoxide solution. The var iat ion of coating thickness 
with t r ie thylamine:Pyre-M.L,  ratios is shown in  Fig. 
1. In  these experiments  all variables, other than  the 
one under  investigation, were kept constant. The 
current  densi ty was varied for each concentrat ion and 
the final coating thicknesses were determined by 
means of a Permascope film thickness measur ing de- 
vice. A l u m i n u m  electrodes having a total surface area 
of 44 in.2 with a 1-in. separation were used. It can be 
seen that  each current  density curve flattens when  the 
t r ie thylamine:Pyre-M.L,  ratio is approximately  0.2: 1. 
Hence, in  this instance, opt imum coating properties are 

1.0 i r i i 

~ - ~ ~ "  ~ ~ 

0 . 5  

0 d~"- I I I o.1 0.2 o.3 o14 o:s 
Ratio of Triettlylamine: Pyre-M. L. by vo]un~ 

Fig. 1. Variation of coating thickness with triethylamine: Pyre- 
M.L  ratios. �9 Current density 4.6 mA/in. ~, O current density 3.4 
mA/in. 2, ~ current density 2.3 mA/in. 2, Q current density 1.1 
mA/in3. Electrodeposition time 20 sec. Total aluminum electrode 
area 44 in. 2. Electrode separation 1 in. 

achieved when the polyamic acid concentrat ion is five 
times that  of the base. In  dispersions having polyamic 
ac id /amine  ratios of greater than 5: 1, film thickness is 
var iable  because complete salt formation between all 
the available carboxyl groups, along the polymer 
chain, has not occurred. Dispersions having polyamic 
acid/amine ratios of ~5  gave, essentially, the same 
coating properties. At these values, all  the available 
carboxyl groups, along the polymer chain, have re- 
acted to give the salt. Hence, film thickness is invar ian t  
when  the amine is in  excess of that needed for salt 
formation. 

Figure 2 shows the var iat ion of coating thickness with 
acetone:dimethylsulfoxide ratios. Constant  electrodep- 
osition times of 20 sec were employed for each set of 
current  densities. In  this case, opt imum coating thick- 
nesses were achieved when the acetone to dimethyl-  
sulfoxide ratio is five to one. Whereas the organic salt 
is soluble in dimethylsulfoxide it  is not  soluble in 
acetone. In  solutions having acetone/dimethylsulfoxide 
ratios <5, some of the organic salt was soluble in  the 
solvent system. As the solution s t rengthened in  di- 
methylsulfoxide content, this reduced the concentra-  
t ion of colloidal particles wi th in  the over-a l l  disper-  
sion. Hence, less particles are available for electro- 
deposition and coating thickness is reduced as the 
amount  of acetone decreases in the ace tone/dimethyl -  
sulfoxide ratio. The salt is not soluble in solutions hav-  
ing acetone/dimethylsulfoxide ratios ~ 5  and at these 
values the coating thickness is invar ian t  with acetone 
concentration. 

Util izing the results found in Fig. 1 and 2, the bath 
composition giving rise to opt imum coating properties 
was considerd to be: 50 ml  Pyre-M.L., 10 ml  t r ie thyl -  
amine, 200 ml  dimethylsulfoxide, and 1000 ml  acetone. 

An  addit ional series of exper iments  was done to 
determine the effect which deposition t ime and current  

1.0 
�9 a ; 

o o 

~ 0 . 5  

o ~ ~ ~. ~ ~ 
Ratio of Acetone: Dimethylsulfoxide, by volume 

Fig. 2. Variation of coating thickness with acetone:dimethyl- 
sulfoxide ratios. �9 Current density 3.4 mA/in. 2, C) current density 
2.3 mA/in3,  (]$ current density 1.1 mA/in3. Electrodepositiun time 
20 sec. Total aluminum electrode area 44 in3. Electrode separation 
1 in. 
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density had on the final coating thicknesses. The re-  
sults are shown in Fig. 3, which depicts the var iat ion of 3 
coating thickness with the former parameters.  Again, 
identical bath composition, electrode area, and separa- 
t ion were used. Thicker coatings were obtained at -~ 
longer deposition times and  a l inear  relationship ~ 
existed between applied current  densi ty and final coat- 
ing thickness. Wet (uncured)  coatings of >10 mils 
could be obtained when the current  density was ap- 
plied for a sufficiently long period of time. Similar  re-  
sults were discovered in a series of exper iments  in ~1 
which the effect of applied voltage was studied. Figure  
4 shows the effect of applied voltage and electrodeposi- 
t ion time. Again, when  other variables were kept con- 
stant, a l inear  relat ionship existed between anode 0 
coating thickness and  applied voltage over a t ime in-  
terval  range of 20-60 sec. 

The decay of current  density with electrodeposition 
t ime at constant applied voltage was observed in an-  
other series of experiments.  Some observations were 
made using a copper anode and cathode, whereas  
others were made with an a luminum anode and cath-  
ode. For similar current  densities, very  similar coating 
thicknesses were obtained on both a luminum and cop- 
per anodes. Figure 5 shows different current  density 
fall-off curves for each electrode pair. A n  identical 
electrodeposition set-up was used in each instance, 
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Current Density, mA/sq in. 

Fig. 3. Variation of coating thickness with current density and 
electrodeposition time. �9 Bath time 70 sec, G bath time 40 sec, 
(]) bath time 10 sec. Total aluminum electrode area 44 in. s Elec- 
trode separation 1.25 in. Bath composition: 50 ml Pyre-M.L, 10 ml 
l-methylimidiazole, 200 ml DMSO, ]000 ml acetone. 
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Fig. 4. Variation of coating thickness with applied voltage and 
electrodeposition time. �9 Bath time 60 sec, Q bath time 40 sec, 
(]) bath time 20 sec. Total aluminum electrode area 40 in. 2. Elec- 
trode separation 1.5 in. Bath composition: 200 ml Pyre-M.L., 300 ml 
dimethylacetamide, 40 ml 1-methylimidazole, 75 ml methyl isobutyl 
ketone. 

Copper Anode Aluminum Anode 

~ ~ ~ I'o 
Electrodeposition Time, minutes 

Fig. 5. Constant voltage, current-time plots for colloidal solu- 
tions using copper and aluminum anodes. Electrode separation 2 in. 
Bath composition: 200 ml Pyre-M.L, 40 ml 1-methylimidazole, 300 
ml DMSO, 3200 ml acetone. 

only the electrode mater ial  was varied. The current  
density fall-off was found to be much more rapid 
when  an a luminum anode and cathode were used. 
Lower peak current  densities were found on a luminum 
than  on copper. This is consistent with the possibiIity 
of an oxide layer  being present  on the a luminum.  

~Finally, a comparison of the electrocoating capabil-  
ities of various commercial ly available polyamic acids 
was made. The solutions had identical bath composi- 
tions, electrode area, and separation. The electrodep- 
osition time, in each instance, was kept constant  at 20 
see and the results are given in Fig. 6. The variat ion of 
anode coating thickness with applied cur ren t  density 
is shown. Surprisingly,  the electrocoating capabili ty is 
almost identical for Pyre-M.L., Dynimel,  and AI-8 
resin. This seems to suggest that  the basic composition 
of each of these polyamic acids is very similar. All  give 
rise to approximately  a 1 rail coating thickness after 
applying a current  density of 5 mA/ in .  ~ for an  electro- 
deposition t ime of 20 sec. It would appear that the slight 
differences which were observed were due to the small  
variat ions in the solid contents of the original polyamic 
acid resins. 

Under  convent ional  electrodeposition times, in -  
creased bath tempera ture  was not observable. Only 
when the bath was r un  cont inuously for more than  3 
hr was an appreciable rise in temperature  noticed. 
Bath pH was always in the 8-9 region and for sho r t  
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" Pyre-ME (initial 16, ~o Solid~s) . . ~  
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Fig. 6. Variation of coating thickness with current density. Elec- 
trodepositian time 20 sec, aluminum electrode separation 1.25 in. 
Bath composition: 50 m[ resin, 10 ml 1-methylimidazole, 200 ml di- 
methylsulfoxide, 1000 ml acetone. 
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electrolysis times (i.e., 15 rain and under) ,  there was 
no necessity to stir the solution, as no precipitat ion or 
agglomeration of the resin was observed. 

Analysis of coatings.--Infrared and emission spectra 
analyses were made on the "wet" (uncured)  and final 
coatings in order to better  unders tand  the electrodep- 
osition process mechanism. The conversion of the free 
polyamic acid to the polyimide can be followed spec- 
troscopically by the disappearance of the - - N H  band at 
3.1~ (3230 cm -1) and the appearance of imide bands 
at 5.64~ (1770 cm-1)  and 13.9~ (722 cm-~) .  The ap- 
pearance of these same bands can be seen in the spectra 
in  Fig. 7, which show the conversion of polyimide from 
wet electrodeposited polyamic acid films. 

A comparison was also made between the infrared 
spectra of a polyamic acid cast from dimethylsulfoxide 
solution and the same acid electrodeposited from col- 
loidal dispersion. The spectra are essentially identical. 
The corresponding spectra of the cured polyimide 
were also the same. Hence, no amine component (used 
in salt formation) is present  in the wet electrodeposited 
film. The identical na ture  of the spectra is substan-  
t iated by the fact that  the electrical and mechanical  
properties of polyimides cast from solution and elec- 
trodeposited are very similar. 

Emission spectra analyses of cured coatings, which 
had been carefully stripped from a luminum and copper 
substrates, were determined. A l u m i n u m  content  of the 
coatings was <10 ppm, whereas copper content  varied 
from 0.1 to 2.9% depending on electrolysis time, bath 
concentration, etc. By comparison with the emf series 
in aqueous solutions, such behavior is expected. The 
lat ter  range for copper compares with iron content  
figures of 0.13-0.27% and 0.01-2.0% found in electro- 
phoretically deposited resin coatings by May (8) and 
Mercouris (4), respectively. Mercouris was concerned 
with polyacrylic acid deposition and May with epoxy 
deposition, both from aqueous media. The iron con- 
tent  in these coatings has not yet been successfully ex- 
plained. Explanations, for the existence of iron, vary  
from stable iron oxides (9) to organometall ic salts 
(4, 10) of the form [ (Colloid-R) COO]2Fe. 

A copper compound, similar to the above organo- 
i ron salt, does not appear to be a feasible suggestion 
to explain the copper contents of the electrodeposited 
polyamic acid films, since such a compound would have 
been detected by infrared analysis, which showed nor-  
mal  polyamic acid films. At this time, the formation of 
stable inorganic copper salts cannot be ignored, but  
fur ther  work appears necessary to elucidate the true 
role of copper in this system. 

Mechanism.--From analysis studies and the various 
parameters  investigated, the following over-al l  mecha-  
n ism for electrodeposition is postulated. 

Polymer salt formation 

ta in ing carboxyl and amide groups. Addit ion of a base, 
such as tr iethylamine,  produces the t r i e thy lammonium 
salt of the free carboxyl  group. 

Ionization and migration 

+ ~ R  / CO0~--NH (C2H5) 3 / 

Cathode 

Under  the influence of the electric field, it  is envisaged 
that  the salt ionizes to produce the t r i e thy lammonium 
ion and the carboxyl ion of the polymer, which sub- 
sequently migrate to cathode and anode, respectively. 

Anode and cathode reactions.--At the anode, trace 
amounts  of water  (present in acetone dimethylsulf-  
oxide, etc.) are thought  to be involved in  the electro- 
deposition 

H20-+ 2H + + �89 O~ (gas) + 2e 

followed by hydrolysis of the salt at the anode surface 

- - +  
2R'--COONH (C2H3)a 4- 2H + 

+ 
2R'--COOH 4- 2 (C~Hs)aNH 

where the remainder  of the polymer chain is wri t ten  
as R'. 

At the cathode, the following reactions are thought 
to occur 

2H20 4- 2e-~ H2 (gas) 4- 2(OH) 

4- 
2(C~Hs)3NH 4- 2(OH) - ~ 2(C2Hs)3N 4- 2HzO 

The over-al l  cell reaction becomes 

--4-  
H20 4- 2R'--COONH(C2Hs)8--> H2 (gas) 4- �89 O2 (gas) 

4- 2R'--COOH 4- 2 (C~Hs)sN 

Hence, the formation of the polyamic acid film on the 
anode would appear to be the consequence of the in-  
creased local acidity of the region immediate ly  ad- 
jacent  to the anode which results from the electrolysis 
of water. 

Heat cure 

CONH--J~ n 
+ H20 

,,,,,j~ / ~oo. [ / ~~176 
~ ~ + N(C2H5) 3 --~ R -~ 

COXH-'~"-3~n 7 " C O N ~ n  

The polyamic acid is depicted by a polymer chain con- 

c 50 

c 

s 
0 

3(B0 20OO 1000 500 
Waven urnber cm -I 

a. Infrared spectrum of uncured Pyre-M.L. film (elec- 
trodeposited from colloidal solution). 

Subsequent  heat cure at 30O~ gives rise to the loss of 
water  and produces the characteristic polyimide r ing 
structure. 

Coating properties.--It appears that, using the solu- 
t ion formulations previously described, polyamic acids 
can be successfully electrodeposited on any metallic 

lOO I 

Wavenumber cm -1 

b. Infrared spectrum of cured Pyre-M.L. film (electro- 
deposited from colloidal solution). 

Fig. 7. Infrared spectra of uncured and cured electrudeposited films 
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surface. Adherent  polyimide electrocoatings have been 
produced on such metals as a luminum,  copper, nickel, 
iron, zinc, t i tanium, lead, chromium, tin, and plat inum. 
Aromatic polyimides are extremely heat-s table  organic 
polymers and main ta in  their  mechanical  and physical 
properties over a wide tempera ture  range ( ~  --60 ~ to 
+400~ A summary  of some of these properties is 
shown in Table I. Some tests were made on films, 
which had been carefully stripped from the metallic 
substrate, whereas others were performed on coatings 
adherent  to the metal.  

The electrical properties of the electrodeposited 
coatings are v i r tual ly  identical with the same poly- 
imide, which has been cast from solution in the con- 
vent ional  manner .  From Table II, it can be seen that  
the coatings have a high dielectric s trength (~5-6  kV/  
miD, low dissipation factor (~0.0007 at 60 Hz), and 
moderately high dielectric constant  (~3-3.5 at 60 Hz). 

Table I. Mechanical, physical, and thermal properties of 
electrodeposited Pyre-M.L. 

Typical  value  
P rope r ty  at 25~ Test  me thod  

Folding endurance* >30,000 cycles ASTM D-2176-63T 
Ul t imate  elongation* 60-70% ASTM D-882-64T 
Impac t  t es t t  80 in- lb (direct and Fal l ing ball impac t  

reverse)  
Abras ion resistance% >400g  Hoffman scratch test  
Adhes ion & f lexibi l i tyt  No c rack ing  or loss Conical mandre l  

of adhesion (1/16 
in. bend) 

The rma l  a g i n g t  Expec ted  life >10,-  AIEE Method 57 
000 h r  at 250~ 

Tensile s t rength* 24,000 ASTM D-682 
Coefficient of friction* 0.42 ASTM D-1505 

" Test  eva lua ted  on s t r ipped film. 
t Test  eva lua ted  on subs t ra te  (Cu and A1). 

Table II. Electrical properties of electrodeposited Pyre-M.L. 
at 25~ 

Typical  ASTM test  
P rope r ty  value  me thod  

Dielectr ic  s t r eng th  at 60 Hz (kv /mi l )  5-6 D149 
Diss ipat ion fac tor  at 60 Hz 0.0007 D150 
Dielectr ic  constant  a t  60 Hz 3-3.5 D150 
Volume res i s t iv i ty  (ohm-cm) 10 ~7 D257 
Surface  res i s t iv i ty  at  1 kV, 50% RH (ohms) 101~ D257 

Insula t ion resistance is infinite when  dry, and ~5  • 105 
megohms after boiling 10 min  in water. These proper-  
ties manifest  themselves over a wide temperature  
range. 

Conclusions 
The work reported here shows that an electropho- 

retic technique can be utilized to produce polyamic 
acid coatings, which subsequent ly  can be heat cured 
to produce the corresponding polyimide coatings. The 
technique seems to be applicable to all metall ic sur-  
faces and gives rise to defect-free coatings, having 
strong adherence to the metall ic substrate. 

The parameters,  which were investigated show that  
reproducible electrodeposition rates can be achieved, 
under  a variety of exper imental  conditions. By these 
means, coating thickness can be predicted to a high 
degree of accuracy. 

Thin and thick polyamic acid coatings can be heat 
processed to effect r ing closure without  any apparent  
deterioration of the film properties. The electrical, 
mechanical,  and thermal  properties of the electro- 
deposited polyimide films manifest  themselves over a 
wide temperature  range. 

Manuscript  submit ted May 1, 1972; revised manu-  
script received Ju ly  17, 1972. This was Paper  191 pre-  
sented at the Cleveland Meeting of the Society, Oct. 
3-7, 1971. 

Any  discussion of this paper will  appear  in a Discus- 
sions Section to be published in the June  1973 JOURNAL. 
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The Inhibition of the Dendritic Electrocrystallization 
of Zinc from Doped Alkaline Zincate Solutions 

John W .  Diggle *'1 and A. Damjanovic 2 

The Electrochemistry Laboratory, The University of Pennsylvania, Philadelphia, Pennsylvania 19104 

ABSTRACT 

The effect on zinc dendri te  ini t iat ion and propagat ion in 10% KOH of the 
inhibitors lead, qua te rnary  alkyl  ammonium salts, Emulphogene BC-420, Tri-  
ton X-15 and X-100 is examined. All  these are found to affect zinc morphology 
to varying degrees, lead and qua te rnary  salts being the most effective den-  
drite inhibitors. The role and type of adsorption, either specific or nonspecific, 
is discussed and related to the effectiveness of inhibition. 

Much interest  has been shown recent ly (1-3) in the 
use of polyethoxylated aliphatic and phenyl  hydroxyl  
compounds as inhibitors in electrochemical power sys- 
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terns with rechargeable zinc electrodes to prevent  the 
occurrence of zinc densification, and so-called shape 
change, and hence extend useful cell cycle life (4). 
Such inhibitors include the compounds with trade 
names, Emulphogene, Triton, and igepal, in which 
ethylene oxide is combined with an aliphatic grouping 
(Emulphogene) ,  or a subst i tuted aromatic grouping 
(Tri ton and Igepal) in various proportions ranging 
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from about 10 to 70% ethylene oxide content. Adsorp-  
tion of such compounds on zinc was reported (5) to 
affect zinc morphology in the potential  range in which 
a zinc electrode is recharged.  Emulphogene  members  
are shown to be especially effective in re tarding zinc 
densification and related zinc capacity losses (1, 6). 

It  is the aim of this work  to examine  the effect of 
Emulphogenes,  Tritons, and some other  compounds 
on another  problem of the solid zinc electrode, that  of 
the init iat ion and propagat ion of zinc dendrites. For  
this purpose, the effect of the fol lowing three  classes 
of compounds was examined:  

1. The Pb(OH)~ = ions in alkal ine solutions. Lead 
was chosen since it has been shown to affect zinc 
morphology (7) and reduce the corrosion rate of zinc 
(8). The addition of metal  cations has long been known 
to affect zinc morphology (9, 10) but  l i t t le  has been 
offered in the way  of explanat ion apart  f rom the 
obvious codeposition. 

2. A series of the qua te rnary  alkyl  ammonium 
cations ranging from methyl  to pentyl.  These cations 
are reported to remain adsorbed even at low negat ive 
potentials  far  below the assumed potent ial  of zero 
charge (11, 12) and they are thought  to be pre fe ren-  
t ial ly adsorbed on dendri tes (13). 

3. The polar  molecules (2) Emulphogene BC-420, 
Tri ton X-15, and Tri ton X-100. These compounds 
were  chosen to elucidate the effect of their  molecular  
s t ructure  on zinc deposition and inhibit ion of dendri te  
growth. Such an effect is expected on the basis of the 
studies of Blomgren,  Bockris, and Jesch (14), and 
Meibhur  (15) according to which aromatic compounds 
are  adsorbed more strongly than aliphatic ones. Emul -  
phogene BC-420 has the given formula  t r i -decy l -O-  
(CH3CH20)n-l-CH3CH2OH, Tri ton X-15 is CsHI~. 
C~H4 �9 O �9 CH3CH2OH, and Triton X-100 CaH17-C6H4 �9 
O .  (CH3CH20):~CH3CH2OH. Any s t ructural  effect can 
be ascertained by (a) comparing Emulphogene BC-420 
(with est imated n ---- 1) wi th  Tri ton X-15 (n ---- 1), this 
will  ascertain the influence of the aromatic  or aliphatic 
f ragment  at approximate ly  constant e thylene oxide 
content;  and (b) comparing Triton X-15 with Tri ton 
X-100 (n = 10), this wil l  ascertain the influence of the 
e thylene oxide content  which is 18 and 70%, respec-  
tively. 

Experimental 
Solution preparation.--The solution used throughout  

this work  was a 10% w / v  potassium hydroxide  con- 
taining 0.1M ZnO. No special purification of the solution 
was made, since it has been shown that  ex tended 
purification produces no significant effect on the ex-  
per imenta l  results (16). 

The inhibitor  was added to the zincate solution in the 
as-received condition. The qua te rnary  alkyl  ammo-  
nium salts were  supplied by Eastman Organic Chem-  
icals, and lead, as Pb304, was of the Baker  analyzed 
purity. The Emulphogene  and Tri ton compounds were  
kindly presented by the General  Anil ine and F i lm  
Corporation, and Rohm and Haas, respectively.  Addi -  
tion of the Pb304, Tri ton X-100, and qua te rnary  salts 
to the alkaline zincate solution did not present any 
difficulties. However ,  some difficulties were  exper i -  
enced with  the addition of Emulphogene BC-420 and 
Tri ton X-15 due to the low solubilit ies of these com- 
pounds in the alkaline zincate solutions. The solution 
preparat ion for these two compounds was as follows: 
to the requi red  amount  o5 Emulphogene and conduc-  
t iv i ty  wate r  a sufficient amount  of acetone was added 
to render  the Emulphogene soluble. This solution was 
then added to a concentrated alkal ine zincate solution, 
fol lowed by dilution with conduct ivi ty  water  to near  
the required z inca te -KOH concentration. Occasionally, 
it was necessary to add more acetone to solubilize the 

Emulphogene.  3 The final solution was opaque, thus 
making difficult the  microscopic in-situ observation of 
the propagation rate  of dendrites. Therefore,  measure-  
ments with the Emulphogene  and Tri ton are  somewhat  
more approximate  than was previously the case wi th  
other additives or in pure zincate solutions (17). The 
effect of lead was studied in the concentrat ion range 
10 -3 to 10-6M, of qua te rnary  salts in the range 1M to 
10-hM, depending upon the individual  member,  and of 
the Emulphogene 4 and Tri ton in the range 1.5 • 10 -4 
(this being, under  present  conditions, saturated for 
BC-420) to 1.5 • 10-5M, and 1.8 • 10 -4 to 1.8 • 
10-hM, respectively.  

Electrode preparation.--Preparation of the zinc elec- 
trodes was the same as reported previously (17). 

Procedure.--Potentiostatic control (Wenking poten-  
tiostat) was used throughout  this work. The cell for 
deposition was similar  in design to that  used in a 
previous work (17). The volume of the present  cell 
(70 cm 3) was, however,  smal ler  than in the previous 
cell (500 cm~). The i l luminat ion for microscopic ob- 
servat ion was provided via two 1/s in. diam fiber l ight 
pipes inserted into glass guide tubes which projected 
through the cell  walls to wi th in  1 cm of the opposite 
sides of the electrode. F iber  l ight  pipe i l luminat ion 
was supplied through a quartz  iodine bulb housed in 
an i l luminator  source (Ealing Corporat ion).  

Exper imenta l  procedures were  identical  to those out-  
l ined in a previous work  (17). Cathodic polarizat ion 
curves, when determined,  were  obtained wi th  freshly 
prepared electrodes which, af ter  the polarizat ion ex-  
periments,  were  not used any further .  Al l  potentials  
reported here are wi th  respect  to the zinc electrodes 
in the same solution. 

The effect of inhibitors on dendri te  propagat ion was 
determined in "solution exchange" experiments .  In this 
procedure, dendrites were  ini t iated in zincate solution 
without  an inhibitor  and the ensuing propagat ion was 
al lowed to continue for some time, then  the length 
of several  dendri tes was measured (17). The zincate 
solution was then wi thd rawn  and quickly  (30 sec) 
replaced by the zincate solution containing an inhibitor  
and the same dendri tes were  then observed in the 
microscope to ascertain if, and to what  extent,  the 
inhibitor affected their  g rowth  and rate  of propagation. 
The potentiostat  was in the off posit ion dur ing the 
exchange of the solution and 2 rain fol lowing the 
exchange. This was done because some i r regular  be-  
havior  in the total  cu r ren t - t ime  was observed for a 
short  period (about 1 min)  fol lowing the exchange. 5 

Results 
Effect of Lead ions on Dendritic Growth 

Initiation time.--Figure 1 i l lustrates the effect of 
lead ion concentrat ion on the total  cur ren t  densi ty-  
t ime behavior.  6 The effect is negligible at 10-6M, and 
complete ly  effective at 10-4M lead. At the la t ter  con- 
centrat ion the i - t  relat ionship is indicat ive (16) of 
compact zinc deposition. At  10-hM, the behavior  is 
indicative nei ther  of dendri t ic  nor of compact growth, 
but  reflects the observed disk- l ike morphology (Fig. 
2) where  the real  surface is apparent ly  increasing 
faster than in the case of dendri t ic  growth. 

Table I summarizes the influence of lead concentra-  
tion on the init iat ion of dendri tes and the morphology 
of zinc deposits at various overpotentials .  At  the over-  

8 C o n c e n t r a t i o n  of a c e t o n e  w a s  u s u a l l y  200  cm~/1000 cm~ of t h e  
f ina l  so lu t ion .  T h i s  c o n c e n t r a t i o n  of a c e t o n e  i n  p u r e  z i n c a t e  e l e c -  
t r o l y t e ,  i .e . ,  in  t h e  a b s e n c e  of E m u l p h o g e n e  o r  T r i t o n ,  w a s  f o u n d  
to  h a v e  no  s i g n i f i c a n t  e f f ec t  on  e i t h e r  t h e  i n i t i a t i o n  t i m e  or  t h e  
d e n d r i t e  p r o p a g a t i o n  r a t e .  In  t h i s  r e s p e c t ,  a c e t o n e  is  as i n e f f e c t i v e  
as b e n z e n e  (16),  p r o b a b l y  d u e  to  n e g l i g i b l e  a d s o r p t i o n  a t  p o t e n t i a l s  
far n e g a t i v e  w i t h  r e s p e c t  to t h e  ze ro  c h a r g e  p o t e n t i a l  of  z inc .  

4 I n  t h e  case  of E m u l p h o g e n e  B C - 4 2 0  1.5 • 10-~M, w a s  e q u i v a l e n t  
to  7.4 x 1 0 4 %  w / v .  

5 T h e  e s s e n t i a l  e f fec t s  of  t h e  i n h i b i t o r  w e r e  u n a f f e c t e d  b y  similar 
e x c h a n g e  p r o c e d u r e s .  

8 I n  a l l  m a t e r i a l  t h a t  f o l l o w s  r e f e r e n c e  to  a t o t a l  C.D. i m p l i e s  t h e  
t o t a l  c u r r e n t  f l o w i n g  d i v i d e d  by  t h e  i n i t i a l  c a t h o d e  a r e a  3 • 10-2 
cm~. T h u s  as t he  s u r f a c e  a r e a  of t h e  c a t h o d e  c h a n g e s  d u r i n g  deposi- 
tion, so t h e  t o t a l  C.D. r e f l ec t s  s u c h  c h a n g e s .  
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Fig. 3. Sponge-type morphology typical of that formed below 
dendrite initiation overpotentials. 10% KOH -[- 0.1M ZnO. T = 
35~ Magnification X300. 

Fig. 2. Disk-type zinc morphology produced under the following 
conditions: 10% KOH, 0.1M ZnO, 10-SM Pb, ~ = - -100 mV, T = 
35~ Magnification X22. 

potential  of --100 mV, the morphology changes f rom 
dendrit ic through a disk type of deposit (Fig. 2), to 
a spongy (Fig. 3), and finally to a compact zinc deposit 
as the concentrat ion of lead ions increases f rom 10 -6 to 
10-4M. When the lead ion concentrat ion was increased 
fur ther  to 10-3M, lead dendrites, instead of zinc den-  
drites, appeared to have formed. The lead dendri tes are 
distinguished f rom zinc dendri tes by the angle that  the 
side branches subtend to the main dendri te  axis, this 
being 90 ~ for lead and 120 ~ for zinc (18). F rom the 
same table it is evident  that  the effectiveness of lead 

Co tes 

o 

iO 4 X X X X 

i0 -a 

,1 I I 
0 -50  -70  -90 -I10 t 3 0  -I,50 

Zinc overpotential (mY) 

Fig. 4. Zinc morphology profiles with respect to overpotential and 
dopant lead concentration. Basic electrolyte 10% KOH -I- 0.1M 
ZnO. T : 35~ 

ions in prevent ing  the format ion of dendri tes decreases 
as the zinc deposition overpotent ia l  becomes more  
negative.  Thus, at the concentrat ion of lead of 10-6M, 
no dendri tes are formed at overpotent ials  of --90 or 
--100 mV, but they do form at --120 or --140 inV. The 
higher  the concentrat ion of lead ions, the more  nega-  
t ive is the potential  (higher  overpotent ial)  at which 
dendri tes wil l  appear  (Fig. 4). 

Propagation of dendrites.--Table I summarizes  also 
the effect of the presence of lead ions in the zincate 
solution on the rate  of propagat ion of dendri tes found 
in solution exchange experiments.  The t rend observed 
paral lels  that  found for the ini t iat ion of dendrites, i.e., 
when the zincate solution wi th  no lead ions is replaced 

Table I. Influence of lead concentration on the initiation and propagation of zinc 
dendrites. Basic electrolyte throughout: 0.10 molar zincate in 10% w/v 

potassium hydroxide. Temperature 30~ 

Initiation 
L e a d  c o n -  Z i n c  o v e r -  E f f e c t i v e  i n  
e e n t r a t i o n  p o t e n t i a l  p r e v e n t i n g  M o r p h o l o g y  

( m o l a r )  ( m V )  i n i t i a t i o n  o b s e r v e d  

Propagation (solution exchange) 
Effective Morphology 

in stopping produced after 
propagation solution exchange 

1 0 - '  - -  1 0 0  Y e s  C o m p a c t  
- -  140  Y e s  S p o n g e  

10-5  - - 9 0  Y e s  C o m p a c t  & S p o n g e  
- -  100  Y e s  D i s k s  
- -  120  N o  D e n d r i t e s  
- -  140  N o  D e n d r i t e s  

10  -~ --  9 0  P a r t i a l l y  D e n d r i t e s  & s p o n g e  

- -  100  N o  D e n d r i t e s  

Y e s  C o m p a c t  
Y e s  S p o n g e  
Y e s  S p o n g e  
Y e s  D i s k s  
N o  
N o  
V e r y  s l i g h t l y  

e f f e c t i v e  
N o  
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by the solution containing lead ions in the concentra-  
tion of 10-6M, the dendri tes which had ini t ia l ly grown 
in pure zincate solution continued to grow, whereas 
when the solution was replaced by the one containing 
10-4M lead ions dendrites stop propagating. Figure  5 
shows the total cur rent  density at overpotential  of 
--100 mV before and after solution exchange with 
10-4M lead ion solution. The data on the exchange of 
pure  zincate solution with 10-SM lead ion solution are 
also shown. It  is evident  that  the lead ion concentra-  
t ion of 10-6M does not re tard dendri te  propagation to 
any  extent  (the i : t  behavior being identical to that  
obtained in  the zincate solution without  lead) whereas 
in the presence of lead ions in the concentrat ion of 
10-4M any fur ther  dendri te  growth is completely pre-  
vented, as observed in the microscope. Consequently,  
as already formed dendri tes stop propagating and new 
dendrites are not nucleated, any fur ther  rapid increase 
in  total current  ceases. Double exchange of solution, 
i.e., zincate solution with no lead, followed by the solu- 
t ion with 10-4M lead ion and then  followed again by 
zincate solution, shows the i - t  behavior as in  Fig. 6. 
Upon subsequent  removal  of the solution containing 

D e c e m b e r  1972 
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Fig. 5. Total current density-time behavior observed during solu- 
tion exchange experiments. 0 represents the behavior of pure 10% 
KOH + O.]M ZnO, ~1 ---- --100 mV, T ---- 27~ x exchange solu- 
tion containing 10-4M Pb and + exchange solution containing 
10-6M Pb. Solutions exchanged after 40 min. 
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Fig. 6. Total current density-time behavior observed during 
double solution exchange with IO-dM Pb doped alkaline zincate. 
/x Pure system 10% KOH +t- O.1M ZnO. ~1 ---- --100 mV. T 
27~ 0 Double solution exchange with first exchange after 50 
min, second exchange after 55 min. 

Fig. 7. Photomicrographs illustrating the dendrite tip geometry 
before (top) and after (bottom) solution exchange with 10-4M Pb 
doped 10% KOH before and after solution exchange with 10-4M 
Pb doped 10% KOH + 0.1M ZnO, ~1 = --100 inV. T ~ 35~ 

lead ions, dendrites recommence to propagate at a rate 
close to the original  rate as judged from the similar  
slopes of the i - t  curve at points of the same currents,  
and microscopic observations. 

Figure 7 shows the dendri te  tip before and after 
solution exchange with I0-4M lead ion solution. 7 After 
the exchange, the tip appears to have lost the radius 
of curvature  which was considered to be essential for 
the fast rate of dendri te  propagation (17). 

Effect of Quaternary Ammonium Salts on Dendritic Growth 
Initiation time.--Figure 8 illustrates the effect of the 

addition of te t rabuty l  ammonium bromide on the i - t  
behavior as a function of concentrat ion of te t rabuty l  
ammonium bromide in the range I0-5- I0-2M.  8 The 
effectiveness in suppressing the dendrit ic growth and 
producing a compact zinc deposit, as indicated 
by the i - t  behavior  (cf. Fig. 8) and confirmed by 
microscopic observations, increases as the concentra-  
t ion of te t rabuty l  ammonium bromide increases. In  
the solutions with more than  10-3M of the salt, the 
total current  at the overpotential  of --I00 mV is near ly 
invar ian t  with t ime and is less than that obtained in 

v T h e s e  p h o t o m i c r o g r a p h s  w e r e  o b t a i n e d  i n  t w o  s e p a r a t e  e x p e r i -  
m e n t s .  

s Concentrations in this range of KBr have been ascertained as 
having no influence on either the initiation or propagation of zinc 
d e n d r i t e s .  
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Fig. 8. Total current density-time behavior observed for zinc 
deposition from �9 pare alkaline zincate solution 10% KOH -I- 
O.1M ZnO, ~1 = --100 mY. T = 30~ x Doped with 10-4M 
(C4Hg)4N'Br, 0 I 0 - 3 M  (C4Hg)4N'Br, �9 10-2M (C4Hg)4N'Br. 

the  undoped  sys tem or  in those corresponding to 10 -3 
and 10-4M of the  salt. 

The polar izat ion curves  repor ted  here  in Fig. 9, 11, 
14, and 15 were  obtained using a s t eady-s ta te  potent io-  
stat ic technique a l lowing min imum t ime at  each po ten-  
t ia l  for cur ren t  stabil izat ion.  In  al l  exper iments  re -  
por ted  g raph ica l ly  in Fig. 9, 11, 14, and 15, the  po la r iza -  
t ion curves  could be  const ructed  wi th in  5 rain. I n  such 
a t ime, according to Diggle and Lovrecek  (19), cathode 
surface area  changes should have been min imal  and 
thus  the  real  area  r e l evan t  to Fig. 9, 11, 14, and 15 can 
be considered equal  to the or ig inal  ca thode a rea  3 • 
10-2 cm9. 

A corresponding t r end  to that  depicted in Fig. 8, 
name ly  the  decrease in the  cur ren t  a t  --100 mV over -  
potential ,  is ev ident  f rom the polar iza t ion  curves for  
zinc deposi t ion in the  presence of t e t r abu ty l  ammonium 
bromide  (Fig. 9). There  is a negl igible  effect of 10-4M 
t e t r abu ty l  ammonium bromide  on the log i-~ behavior  
when  the  l a t t e r  is compared  wi th  tha t  of the  un in-  
h ib i ted  systems. Wi th  10-3M, however,  a nea r ly  l inear  

x 

~  _: I~  / ."  

~o 

! I I I I I 
-40 -80 -120 -160 -200 -240 

Overpotentiol, (rnV) 

Fig. 9. Polarization curve for the deposition of zinc from pure and 
doped 10% KOH -I- 0.1M ZnO. T = 30~ 0 Pure system, A 
10-4M (C4Hg)4N'Br, x IO-~M (C4Hg)4N'Br, �9 10-2M 
(C4Hg)4N �9 Br. 
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Table II. Influence of quaternary ammonium cations on the 
initiation of zinc dendrites from an electrolyte of 0.1 

molar zincate, 10% KOH at 30~ and - -100 mV 

Q u a t e r n a r y  sa l t  

M i n i m u m  m o l a r  c o n c e n t r a t i o n  
f o r  c o m p l e t e  e f f e c t i v e n e s s  i n  

p r e v e n t i n g  z inc  d e n d r i t e s *  

(CH~)dCOH 1 
(C~I-I~) ~NBr 1 0 t  
(C~'IT) ~NBr 10-= 
(C4Hg) d ~ B r  10 4 
(CrJHn) ~NI 1 0 t  

* A t  t h e  q u o t e d  c o n c e n t r a t i o n ,  a n d  a b o v e ,  t h e  m o r p h o l o g y  o~' the  
z i n c  e l e c t r o d e p o s i t  w a s  a l w a y s  c o m p a c t ,  e x c e p t  f o r  t e t r a m e t h y l  
w h e r e  t h e  z i n c  d e p o s i t  w a s  o f  a s p o n g y  n a t u r e .  

region of ~-log i is observed at  overpoten t ia l  less than  
--80 mV; at  overpotent ia l s  g rea te r  t han  --100 mV, the  
l imi t ing cur ren t  dens i ty  is observed;  in 1O-2M in-  
h ibi ted  solutions, Tafel  re la t ionship  is ev ident  wi th  
the slope close to O.llV in the  region of ~] > 100 inV. I t  
is apparent ,  f rom Fig. 9, tha t  the  deposi t ion of zinc at  
the  overpoten t ia l  of --100 mV becomes more  act ivat ion 
control led  as the concentra t ion of t e t r a b u t y l  ammo-  
n ium bromide  increases.  

No dendr i te  ini t ia t ion was observed at  ~] = --100 mV 
for t e t r abu ty l  concentrat ions  grea te r  than  or equal  to 
10-3M. In Table  I I  the  concentrat ions  are  given of 
t e t r abu ty l  ammonium bromide,  a long wi th  o ther  
qua t e rna ry  salts, which  are  requ i red  to suppress  
dendr i t e  in i t ia t ion at  overpoten t ia l  of --100 mV; a 
definite dependence  on the s t ructure  of the  t e t r a -  
a lky l  group is evident .  The effectiveness, at  the  same 
concentrat ion,  in e l imina t ing  dendr i tes  increases f rom 
t e t r a m e t h y l  to te t rapenty l .  The min imum concentra t ion 
requi red  to suppress  the  dendr i tes  ini t ia t ion decreases 
by  about  one order  of magni tude  on passing from one 
member  to the  nex t  in the range  of compounds  e x a m -  
ined. At  the  min imum concentra t ion of each member ,  
except  te t ramethy] ,  compact  z inc  is deposited.  In  the  
presence of te t ramethy] ,  a spongy type  of deposi t  is 
formed.  

Propagatio~ rate.mFor any  qua t e rna ry  salt,  except  
t e t ramethy l ,  the re  is a m i n i m u m  concentra t ion at  
which, in so lu t ion-exchange  exper iments ,  dendr i t es  
stop growing (c]. Table  I I ) .  F igure  10 shows the i - t  
behavior  for  solution exchange wi th  10-SM t e t r a b u t y l  
ammonium bromide  (cf. Fig. 5, 10-4M lead) .  As in the  
lead  inhibi ted  system, changes in the dendr i t e  tip 
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Fig. 10. Total current density-time behavior observed during 
solution exchange experiments. 0 represents the behavior of pure 
10% KOH -t- 0.1M ZnO, ~1 = --100 inV. T = 30~ x Exchange 
solution containing 10-3M (C4H9)4NBr. Solutions exchange after 
40 min. 
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radius of curvature  are observed on the addit ion of 
inhibitor.  

Effect of Polyethoxylated HydroxyLCompounds an 
Dendrite Growth 

Emulphogene BC-420.--Figure I I  i l lustrates the ~-log 
i polarization curves in zincate solution to which Emul -  
phogene BC-420 was added to concentrat ions of 7.4 
and 3.7 X 10-SM for both increasing and decreasing 
overpotential.  As the overpotential  was made increas-  
ingly negative, s tar t ing from --50 mV, there is a 
gradual  increase in current  unt i l  an overpotential  is 
reached at which a large increase in the current  
occurs. This lat ter  overpotential  is --110 mV and --240 
mV for 3.7 • 10-sM and 7.4 X 10-SM solutions, 
respectively. For  the 7.4 X 10-SM doped solutions at 
these high potentials, substant ial  hydrogen evolution 
was noted. When the overpotential  became more posi- 
tive, a different ~-log i relat ionship was observed and 
a strong hysteresis in ~-log i was evident  (cS. Fig. 11). 

At  overpotentials of --50 mV, or less negative, the 
current  at a given overpotential  becomes unstable  and 
decreases with time, as indicated in Fig. 11 by the 
descending arrows. Figure 12 shows the total current  
on an electrode which was ini t ia l ly held at an over-  
potential  more negative than that  at which sudden 
increase in current  is observed and then brought  to 
--50 inV. The decrease in the current  is the more rapid 
the more concentrated the inhibitor;  the slope di/dt  
increases approximately 2.3 times for a two-fold in-  
crease in  the Emulphogene concentration. Steady-state  
current  density is established in about 500 and 1000 
sec for 7.4 and 3.7 X 10-SM solutions, respectively, in 
unst i r red solutions. In  stirred solution the steady state 
is established faster. 

The above phenomenon is indicative of slow adsorp- 
t ion-fast  desorption of the Emulphogene, in conformity 
with the findings of Payne, Tachikawa, and Bard (2) 
at similar concentrations. 

Initiation Process in the Presence of Emulphogene BC-420 
In  systems containing Emulphogene, at an overpo- 

tent ia l  of --I00 mV, two different total cu r ren t - t ime  
relationships are found depending on whether  the 
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Fig. 11. Polarization curves for the deposition of zinc from 10% 
KOH -I- 0.1M ZnO, T = 33~ containing 0 3.7 x 10-5M and �9 
7.4 x ]O-SM. Emulphogene BC-420. The points 0 and �9 were 
determined with potentials moving cathodic, and the points x, 
illustrating the hysteresis, were determined with potentials moving 
anodic. 
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Fig. 12. Total current-time behavior representing Emulphogene 
BC-420 readsorption at ~ ---- - - 50  mV following desorption at high 
potentials 10% KOH "-b 0.1M ZnO. T ~ 33~ doped with x 3.7 x 
lO-SM and 0 7.4 x lO-SM Emulphogene BC-420. 

ini t iat ion was at tempted before or after the apparent  
desorption of the Emulphogene.  The ini t iat ion did not 
occur within 180 rain when  the electrode was main-  
tained at the potential  corresponding to point A in 
Fig. 11 (compared to normal  ini t iat ion times in iden-  
tical uninhibi ted  systems of 10 rain),  whereas ini t ia-  
tion proceeded normal ly  when the electrode was 
ini t ia l ly kept at the potential  corresponding to point 
B in the same figure. Two i-t  dependences were found 
only when the Emulphogene concentrat ion was higher 
than 1.5 X 10-SM. Below this concentration, the 
cathodic polarization curve and the ini t iat ion times 
were found essentially to duplicate those in  the un in -  
hibited system. 

Comparison of photographs obtained in the inhib-  
ited system (containing 1.5 • 10-SM Emulphogene 
BC-420) with those from the uninhib i ted  system, at 
the same deposition time, shows that an apparent  
higher ini t ia t ion rate exists for the inhibi ted system 
(Fig. 13). It was observed that  al though dendrites do 
init iate in the inhibi ted system, and propagate in the 
main  axis direction at a rate close to that  observed 
in the uninhibi ted  system, they do so only for a short 
period. This period of "free" growth appeared to 
depend on the Emu]phogene concentration, being the 
shorter the higher the concentration. At the cessation 
of propagation, side branching and tip spli t t ing o c c u r  
(cf. Fig. 13). This phenomenon of tip spli t t ing to pro- 
duce side branches has been observed by the present  
authors occasionally in the uninhib i ted  system and is 
well documented in other dendrit ic systems (20-22). 

Triton X-15.--The polarization curve for zinc deposi- 
t ion in the presence of 1.5 X 10-4M Tri ton X-15 is 
shown in Fig. 14. Again, as in the case of the Emulpho-  
gene, as the potent ial  is made more cathodic the cur-  
rent  increases at first gradual ly  and then, at a given 
potential, a larger increase in current  occurs. Ini t ia t ion 
and growth of zinc dendri tes at ~l = --100 mV pro- 
ceeds as in the uninhibi ted  system. Readsorption of 
Tr i ton X-15 following 5 min  desorption at --80 mV is 
considerably faster than for Emulphogene BC-420, 
being essentially complete in  seconds rather  than  in 
minutes  (cf. Fig. 11). At the concentrat ion of 1.5 X 
10-4M (the highest used for Emulphogene BC-420), 
Tri ton X-15 is less effective in  prevent ing  dendri tes 
than Emulphogene BC-420. 

Triton X-lOO.--Figure 15 shows the cathodic polar-  
ization curves for the deposition on zinc in the pres- 
ence of 1.8 X 10 -4 , 1.4 X 10 -4 , and 8.8 X 10-SM 
Triton X-100. A rapid increase in current  occurs at 
overpotentials in the range --270 to --290 mV, which 
is somewhat smaller than the value reported by  
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Fig. 13. Typical zinc morphology for the deposition of zinc from pure 10% KOH ~ 0.1M ZnO, ~1 = --100 mV, T = 30~ after 
35 (a) and 40 (b) min and from Emulphogene 8C-420 doped solution (1.5 x 10-5M) also after 35 (c) and 40 (d) min Magnification in all cases 
X22. 

Stachurski (5). Some evidence exists as to a concentra-  
t ion dependence of this potential, but  this is not so 
marked as for Emulphogene BC-420 (Fig. 11). Hys-  
teresis in the ~-log i relationship was observed on 
reducing the cathodic potential, but  it is considerably 
less than that  observed for the zincate system doped 
with Emulphogene. Inhibi tor  readsorption is more 
rapid for Tri ton X-100 than for Emulphogene BC-420, 
but  not as rapid as for Tr i ton  X-15. 

Discussion 
In  any  invest igat ion of inhibi t ion the action of an 

inhibitor  by two basic processes must  be considered, 
(a) inhibi t ion by pure blocking action and (b) inhib i -  
tion arising from a change in electrode kinetic param-  
eters, e.g., specific adsorption of ions could cause a 
change in the difuse layer  P.D. and thus produce either 
an increased or decreased P.D. across the reaction plane, 
i.e. the Helmholtz double layer. This lat ter  effect has 
been reported (23) as being unable  to account fully for 
some electrode reactions in the presence of specific 
adsorption. In  the presence of specific adsorption a 
displacement of the discharge reaction plane position, 
being outward from the metal  for retarded cathodic 
reactions (23), and a change in the activity coefficient 
for the activated complex (24) have been proposed 
as refinements to process (b).  

In  the following discussion an at tempt wil l  be made 
to discuss the applicabil i ty of these possible inhibi t ion 
mechanisms. 

Inhibition due to lead-bearing species.--Lead ions 
are well  known in their  influence on the morphology 
of crystallizing solids (25, 26), blockage by codeposi- 
tion usual ly  being invoked as an explanation.  Figure 
4 shows a summary  of the influence of lead as a zinc 
morphology modifier, the degree of modification being 
dependent  both on the lead concentrat ion and the elec- 
trode potential. This potential  dependence suggests 
that  the inhibi t ing species is, at least, par t ia l ly  charged 
as an ion or adion. 

A change in morphology from dendrit ic to compact 
zinc at ~ = --100 mV by the addit ion of 10 -4 molar  
lead has been observed (cf. Fig. 4), i.e., the ini t ia t ion 
overpotential  for zinc dendrites is now ~ / - - 1 0 0 / m V .  
According to previous theory (17), a lowering of io 
leads to an increase in the numerica l  value of the 
critical overpotential  ~]crit required for dendri te  ini t ia-  
tion. Thus, if the addit ion of lead ions lowered the 
io for zinc deposition, then compact zinc, ra ther  than 
dendrites, might  be expected at --100 mV. Fur the r -  
more, with any one lead concentration, increasing the 
cathodic overpotent ial  should eventual ly  produce 
dendrites (as Fig. 4 shows). An al ternat ive explana-  
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Fig. 14. Polarization curve for 10% KOH ~ 0. |M ZnO doped 
with 1.5 X 10 -4M,  Triton X-15, T = 25~ 
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Fig. 15. Polarization curves for Triton X-100 doped 10% KOH -t- 
0.1M ZnO. T ~ 25~ [ ]  8.8 x 10-5M,  A 1.4 x 10-4M,  O 1.8 x 
10-4M. A typical polarization hysteresis is indicated by the points 
x being, in this case, for the concentration 1.8 x 10-4M.  The hys- 
teresis (marked by the downward arrows) observed here is much more 
short-lived than that in Fig. 11. 

t ion could be that  although the applied overpotential  
remains  constant, the essential dr iving force for the 
discharge of a zinc ion, i.e., the electrostatic field, de- 
creases. This could occur when  an adsorbed lead spe- 
cies displaces the zinc ion discharge plane outward 
due to its large ionic size (see later discussion). 

Inhibition due to tetra-alkyl ammonium salts.-- 
From Fig. 9 it can be seen that  the character of the 

E-log i plot changes from diffusion to activation con- 
trol at ~ ---- --100 mV as the concentrat ion of te t ra-  
butyl  ammonium bromide increases. The potential  at 
which the polarization curve, in the presence of te t ra-  
butyl,  merges with the un inhib i ted  curve becomes 
more cathodic as the te t rabutyl  concentrat ion in -  
creases. This is in  agreement  with the results of 
Chuang-Hshin  and Iofa (27) who fur ther  reported a 
"desorption potential" for 10-3M te t rabuty l  ammonium 
chloride in 1M KC1 of --1.6V (NHE), i.e., approxi-  
mately  --1.0V relat ive to zpc. In  the present  work, a 
value for this "desorption potential" is found to be 
a p p r o x i m a t e l y - - 1 . 3 V  (NHE) for 10-3M te t rabuty l  
doped zincate solution. 

Inhibition mechanism.--Specific adsorption of te t ra-  
alkyl  cations is well  known (28) and has been shown 
to produce both accelerating and re tarding influences 
on the discharge of ions (29). From Gierst (29) and 
other workers (30-32) it may  be concluded that  the 
discharge of cations will be retarded by te t ra -a lkyl  
cation adsorption due to process (b) outl ined earlier, 
and fur ther  retarded due to the blockage process (a) 
of the electrode surface. However in the present  ex- 
periments  where the KOH electrolyte concentrat ion is 
2M, inhibi t ion processes based on changes in  diffuse 
layer  P.D. are considered unlikely.  

Since specific adsorption of both lead ions and te t ra-  
alkyl cations appear to be involved, a process other 
than  simple electrode surface blockage may  be in -  
volved. This may take the form of an increasingly 
outward displacement of the discharge plane as dis- 
cussed by Elliott (23) and Fawcett  (33). If the inhibi -  
tion were due to simple blockage then the results 
shown in Fig. 9 are surprising, since electrode block- 
age would lead to a decrease in current  (as observed) 
without  the apparent  change from diffusion to activa- 
tion control as the te t ra -a lky l  ion concentrat ion in-  
creases. Thus, the tentat ive conclusion is that  the 
dendri te  inhibi t ion observed here on addition of te t ra-  
alkyl  ammonium salts (and perhaps lead) is that  spe- 
cific adsorption leads to a lowering of the electrostatic 
field promoting zinc ion discharge arising from an 
outward movement  of the discharge plane. This con- 
clusion is in no way inval idated by the recent  work 
of Bockris, Nagy, and Damjanovic (34) who have con- 
cluded that  the discharging species is a hydroxy-zinc  
anion. Only in the case of simple inhibi t ion by process 
(b) could one say that  adsorbed cations inhibi t  the 
discharge of a zinc cationic species. The knowledge that  
a retarding effect is observed for tetra-alkyls ,  in the 
case of anionic discharge, itself indicates something 
other than  process (b),  process (a) being over- ru led  
on previous evidence. 

Inhibition due to polyethoxylated hydroxy  com- 
pounds.--Facts are: (i) dendri te  initiation, in the pres- 
ence of Emulphogene, was found to occur following 
the process of inhibi tor  desorption, (ii) in  the presence 
of inhibitor  adsorption on the zinc substrate [adsorp- 
tion occurring under  diffusion control due to the low 
inhibitor  concentrat ion (2)] no ini t iat ion is observed, 
(iii) the propagation of dendri tes in the presence of 
inhibitor  above a certain concentration, proceeds only 
for a short time before cessation. 

The occurrence of initiation, after inhibi tor  desorp- 
tion, could be due to the fact that the ini t ia t ion t ime 
is less than the t ime required for complete inhibi tor  
adsorption, e.g., compare adsorption t ime for 7.4 • 
10-SM Emulphogene (Fig. 12) with the ini t iat ion 
period for the system, in the absence of Emulphogene, 
of 10 min  (17). Since the dendrites, when  initiated, 
possess a low radius of curvature  (10-4-10 -5 cm) com- 
pared to 50 = 10 -2 cm the diffusive flux of inhibi tor  to 
the tip is greatly enhanced. Thus, propagation pro- 
ceeds unimpeded for only a short time unt i l  complete 
adsorption of the inhibi tor  reduces fur ther  charge 
transfer, and hence, growth, to a low level. The t ime 
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of unimpeded or "free" growth should decrease as the 
inhibitor concentration increases, as observed. The 
higher frequency of dendrite initiation in Emulpho- 
gene doped zincate solutions, compared to that in the 
uninhibited system, is possibly due to the higher linear 
diffusive flux of zincate which will flow to the sub- 
strate surface in the absence of a larger number of 
spherical diffusive flux points, i.e., propagating den- 
drites. In the uninhibited systems the presence of 
these spherical diffusive flux points, i.e., continually 
propagating dendrites, the linear diffusive flux of 
zincate ions to the substrate could be considerably 
reduced and thereby reducing the dendrite initiation 
rate. 

The conclusion that Emulphogene BC-420 is more 
effective as a morphology modifier than Triton X-15 is 
somewhat surprising since aromatic compounds are 
reported to be more strongly adsorbed, and hence, 
should influence morphology more, than aliphatic com- 
pounds (14). This conclusion, however, assumes that 
the hydrocarbon end lies adjacent to the rnetal surface. 
For Ernulphogene compounds, Payne, Tachikawa, and 
Bard (2) have suggested, and have evidence to show, 
that the negatively charged ethylene oxide grouping 
lies adjacent to the metal surface, i.e., they have shown 
that the electrocapillary maximum moves cathodic as 
the Ernulphogene concentration increases. In contrast, 
Meibhur (15) has reported that the electrocapillary 
maximum moves anodic for polyethoxylated naphthyl 
hydroxyl compounds, from which it may be concluded 
that in the aromatic compounds there is a positive 
charge adjacent to the metal. 

It is suggested that in the case of Emulphogene the 
molecule is oriented with negatively charged ethylene 
oxide groups adjacent to the metal, s whereas in Triton, 
although ethylene oxide groups are still adjacent to 
the metal, they are positively charged due to the elec- 
tron withdrawing power of the aromatic ring. This 
situation is analogous to that of methanol and phenol 
(35) when one considers only static inductive effects 

CH~ OH C6Hs OH 
+ -- -- + 

This would perhaps suggest that the orientation of 
these polyethoxylated hydroxyl compounds is con- 
trolled more by steric than by polarity considerations. 
The faster readsorption of Triton X-15 would appear 
to confirm the suggestion that Triton is adsorbed with 
a positive grouping adjacent to the metal (hence there 
is a migration term, as well as a diffusion term, assist= 
ing readsorption) whereas Emulphogene has a nega- 
tive grouping adjacent to the metal (hence readsorp- 
tion occurs only when diffusion supplies sufficient 
adsorbate). Decreasing the charge density of the posi- 
tively charged ethylene oxide grouping in Triton may 
be expected to (a) increase the time required for 
adsorption, and (b) move the electrocapillary maxi- 
mum more cathodic, resulting in a shift of the desorp- 
tion potential in the cathodic direction. Results re- 
ported for Triton X-100 suggest that both (a) and (b) 
are observed. 

Polarization curves (Fig. 11) in the presence of 
Ernulphogene show that, providing the Emulphogene 
remains adsorbed, only a small current flows (region 
A); in this condition morphology is affected. Desorp- 
tion of the Emulphogene at high cathodic overpoten- 
tials is accompanied by the appearance of the mor- 
phology observed in the absence of Ernulphogene, and 
the occurrence of substantial H2 evolution. 

One reason for the large difference in the desorption 
potentials between Emulphogene BC-420 (Fig. 11) and 
Triton X-15 (Fig. 14) may be due to the fact that the 
zinc zpc, in the presence of Emulphogene, is much 

0 This conclusion differs from that of Meibhur (15) who concluded 
f r o m  s u r f a c e  exces s  m e a s u r e m e n t s ,  a s s u m i n g  ~ = 1, t h a t  t h e  h y -  
d r o c a r b o n  a n d  e i t h e r  a p a r t ,  o r  a l l ,  of  t he  e t h y l e n e  o x i d e  c h a i n  l i e  
p a r a l l e l  t o  t h e  m e t a l  s u r f a c e .  T h i s  c o n c l u s i o n  d e p e n d s  on  t h e  v a l i d -  
i t y  of  t h e  a s s u m p t i o n  t h a t  f u l l  c o v e r a g e  of t h e  m e t a l  s u r f a c e  is  
unity. 

more cathodic than the zinc zpc in the presence of 
Triton. Another consideration must be that the 
cathodic desorption of a molecule with a positive end 
adjacent to the metal may be more difficult than the 
desorption of a molecule with a negative end adjacent 
to the metal. 

Since a dependence of the shift of the zpc of a metal 
on the adsorbed inhibitor concentration is known (14), 
and has been observed for Emulphogene (2), the 
desorption potential will be expected to move cathodic 
for Emulphogene and anodic for Triton as the added 
inhibitor concentration increases providing all other 
factors are constant. Figure 11 shows this to be valid 
for Emulphogene BC-420. 

From the work with Triton X-15 and X-100 it would 
seem that the higher the value of n, the more cathodic 
the desorption potential. This is in agreement with a 
decreasing charge density on the positively charged 
ethylene oxide chain, and a subsequent cathodic shift 
in the zinc zpc, as the value of n increases. 

Triton X-100 shows some small concentration de- 
pendence (Fig. 15) of the desorption potential. It does, 
however, appear to be in the opposite direction to that 
expected from the above argument. 

Triton X-15 is found to be ineffective as a morphol- 
ogy modifier since it is desorbed at ~ ---- --80 mV (Fig. 
14). Triton X-100, which possesses higher ethylene ox- 
ide content, is much more effective than X-15 and as 
equally effective as Emulphogene BC-420. 

In contrast to the tetra-alkyl inhibitors, polariza= 
tion curves in the presence of polyethoxylated com- 
pounds do not exhibit any marked Tafel region, but do 
exhibit a marked desorption potential. Therefore, it 
is suggested that the influence, as inhibitors, of poly- 
ethoxylated compounds is due to a blockage, or other 
related effect, and is unrelated to specific adsorption. 
Adsorption of polyethoxylated inhibitor compounds on 
zinc effectively reduces the area available for deposi- 
tion and consequently the total current, under poten- 
tiostatic control, decreases. Thus in conclusion, the 
polyethoxylated compounds do lead to some small im- 
provement in the recharging processes of the zinc elec- 
trode, but are inferior to both lead and tetra-alkyls. 

Conclusions 
I. The addition of 10-4M lead to alkaline zincate 

solutions was found to effectively suppress zinc den- 
drite initiation and propagation. Lead concentrations 
10-4M were partially effective or completely ineffec- 
tive. At lead concentrations greater than 10-4M, lead 
dendrites were formed preferentially. 

2. The potential dependence of the lead inhibition 
process suggests that the inhibiting species is, at least, 
partially charged. 

3. The influence on zinc morphology of the tetra- 
alkyl salts was found to be directly analogous to that 
of lead. Specific adsorption is tentatively proposed as 
an explanation. 

4. Ernulphogene BC-420 and Tritons X-15 and X-100 
were found to be inferior as dendritic inhibitors to 
both lead and the tetra-alkyls. All three polyethoxyl- 
ated compounds exhibited desorption potentials which 
were a function of the inhibitor concentration. 

5. The desorption potentials observed for Emulpho- 
gene BC-420 were cathodic with respect to those for 
Triton X-15. This was suggested as being due to the 
zinc zpc, in the presence of Emulphogene, being 
cathodic with respect to the zinc zpc in the presence 
of Triton X-15. Since the shift in the zpc is dependent 
on the inhibitor concentration, the desorption poten- 
tial may also be expected to exhibit an inhibitor con- 
centration dependence. 

6. Cathodic shift in zpc for Emulphogene, and the 
anodic shift for Triton is suggested to be due to the 
ethylene oxide grouping, adjacent to the zinc surface, 
possessing a negative charge in the case of Ernulpho- 
gene and a positive charge in the case of the Tritons. 
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7. The inhibi t ion of zinc dendr i te  morphology  by  
lead and t e t r a - a l k y l  ammonium sal t  addi t ions  is t en ta -  
t ive ly  suggested as being due to an ou tward  shift  in 
the  discharge plane, fol lowing specific adsorption,  and 
the  consequent  lower ing of the e lectrostat ic  field fac i l -  
i ta t ing discharge.  

8. The influence on zinc morphology  of the  E m u l -  
phogene and Tri ton inhibi tors  was suggested as being 
l a rge ly  a blocking action, and effective in p reven t ing  
dendr i t e  ini t ia t ion only when  adsorbed.  Desorpt ion of 
the  Emulphogene,  at high cathodic potentials ,  resul ts  
in subs tant ia l  H2 evolution.  
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Electrochemical Oxidation of Uric Acid and Xanthine 
at the Pyrolytic Graphite Electrode 

Mechanistic Interpretation of Electrochemistry 
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ABSTRACT 
The quant i ta t ive  course of electrochemical oxidation of uric acid and 

xanth ine  at the pyrolytic graphite electrode has been examined between pH 
1-7, the most commonly encountered pH range in biological systems. Basically, 
uric acid is oxidized in a p r imary  2e-2H + oxidation of the C4=C5 bond 
to give a readi ly reducible and highly reactive bis-imine.  The bis- imine  can be 
detected as a cathodic peak by fast sweep cyclic voltammetry.  Complete hy-  
drat ion of the bis- imine gives rise to uric acid-4,5-diol that  breaks down to 
al loxan and urea at pH 1, a l lantoin and a small  amount  of urea at pII 7, and 
at in termediate  pH values mixtures  of alloxan, allantoin, urea, and occasionally 
traces of parabanic acid are formed. Xanth ine  undergoes a 4e-4H + oxidation 
that  proceeds by two 2e-2H + stages. The first involves oxidation of the 
- -C8-- - -N9--  bond to give uric acid which, being more easily oxidized than 
xanthine,  is immediately fur ther  oxidized (2e-2H +) to the uric acid bis- 
imine. This then hydrates and fragments in essentially the same way as de- 
scribed for uric acid, the same products being observed. Mechanisms are de- 
veloped which explain the observed electrochemistry and over-al l  formation 
of products from this reaction. The na ture  and yields of products formed elec- 
trochemically and the effect of pH on the reaction parallels the biological 
(enzymatic) oxidation of these compounds. 

Over the past five to six years several reports have 
appeared concerned with the electrochemical oxida- 
tion of na tura l ly  occurring biologically impor tant  
purines (1-11). All of these reports, however, are 
pr imar i ly  concerned with quali tat ive identification and 
quant i ta t ive  measurement  of the products of the reac- 
tions and with detection of possible intermediates  using 
fast sweep cyclic voltammetry.  Detailed electrochem- 
ical and related chemical mechanisms have not been 
developed. 

The first modern  report  of the electrochemical oxida- 
tion of a pur ine  is that of Struck and Elving (1) who 
indicated that uric acid is oxidized at a wax- impreg-  
nated spectroscopic graphite electrode in 1M HOAc in  
a process that  involves about 2.2e per mole of uric 
acid oxidized. The products formed were CO2 (0.25 
mole),  a l lantoin or an al lantoin precurser  (0.25 mole) ,  
urea (0.75 mole),  parabanic acid (0.3 mole),  and 
al loxan (0.3 mole) per mole of uric acid oxidized. On 
the basis of these products a scheme was proposed 
whereby uric acid was oxidized in a pr imary  2e proc- 
ess to a short- l ived dicarbonium ion, with the positive 
charge 'localized on the C4 and C5 carbon atoms, which 
was unstable  and underwent  hydrolysis to a l lantoin 
or its precurser, al loxan and urea and fur ther  sec- 
ondary oxidation to parabanic acid and urea. There are 
however several objections to this scheme. First, the 
peak for oxidation of uric acid at both spectroscopic 
and pyrolytic graphite  electrodes is strongly pH de- 
pendent  (1, 5) and hence protons must  be involved 
in the electrode reaction. The earlier scheme does not 
indicate the involvement  of protons in the pr imary  
electrochemical step. Second, the dicarbonium ion 
formed in the pr imary  electrode reaction was claimed 
to be fur ther  oxidized to parabanic  acid at potentials 
where uric acid is oxidized. The probabi l i ty  of a doubly 
positively charged species readily losing the two fur-  
ther  electrons required to give parabanic acid is obvi-  
ously remote. In  addition, oxidation of the dicarbonium 
ion intermediate  to parabanic acid, theoretically a 2e 
process, and formation of 0.3 mole of parabanic acid 
on complete oxidation of uric acid should result  in a 

Key words: 2,6,S-trihydroxypurine, 2,8-dihydroxypurine, purine- 
2,6,8-triol, purine,2,6-diol, bioelectrochernistry. 

total t ransfer  of 2.6e per mole of uric acid not 2.2e as 
claimed (1). Thus, serious questions are raised as to 
the actual amount  of parabanic  acid formed and /or  
electrons t ransferred on electrochemical oxidation of 
uric acid, and to the actual na ture  of the pr imary  prod- 
uct formed. Dryhurs t  (4) subsequent ly  claimed that  
in order to account for the pH dependence of the 
oxidation peak of uric acid (I, Eq. [1]) at the PGE 
that the pr imary  product of the oxidation was a uric 
acid-4,5-diol (II, Eq. [1]). 

O 0 
H.N,,,.~ HN~..  H II OH H 

H H HOHH 
(Z) ('FF) [1] 

Fast sweep cyclic vo l tammetry  of uric acid also 
reveals that the p r imary  electrode product is very 
readily reducible, and that it is very unstable  so that  
at slow scan rates (i.e., < 300 mV-sec -1) the reducible 
in termediate  cannot be detected by cyclic vol tammetry  
(4). It was proposed that the uric acid-4,5-diol (II, Eq. 
[1]) was the unstable  highly reducible pr imary  prod- 
uct (4), and that it very  rapidly decomposed to the 
observed products proposed by Struck and Elving (1), 
one of which was parabanic acid. The lat ter  was 
thought to be the cause of a second cathodic peak ob- 
served on cyclic vo l tammetry  of uric acid at the PGE. 
However, the major  objection to this scheme is that the 
uric acid-4,5-diol would not be expected to be very 
readi ly reducible, there being no electrochemically 
reducible sites in the molecule. Similar  4,5-diol prod- 
ucts have been proposed to be formed upon electro- 
chemical oxidation of adenine (2), guanine (5), xan-  
thine (7), methytated xanthines  (7-9) as well  as uric 
acid (4, 7, 10). Clearly, nei ther  of the p r imary  prod- 
ucts (dicarbonium ion or uric acid-4,5-diol) proposed 
for oxidation of these compounds fits the observed 
exper imental  data. 

Complete product analysis and characterization in 
1M HOAc has been carried out for all the purines 
ment ioned above using pyrolytic graphite  as the elec- 
trode mater ia l  with the exception of uric acid, where  
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spectroscopic graphite was used, and xanth ine  which 
has not previously been examined in detail. In  view of 
the uncer ta in ty  regarding the n -va lue  and yield of 
parabanic  acid formed on oxidation of uric acid, the 
difference in electrode mater ia l  used for macroscale 
oxidation (1) and cyclic vo l tammetry  (4,8) of uric 
acid, and' the lack of quant i ta t ive  data on xanthine,  and 
the obviously incorrect assignment of the structures of 
the pr imary  electrochemical product of these and other 
purines, a complete reinvest igat ion of the uric acid- 
xan th ine  systems at the PGE has been carried out. On 
the basis of the data reported here a different and 
plausible pr imary  electrode product is proposed and 
detailed fol low-up chemical and electrochemical 
mechanisms are proposed. In  order bet ter  to compare 
the  mechanisms and products of electro-oxidation of 
uric acid and xanth ine  to known biological oxidations 
the electrochemical oxidation of these two compounds 
was studied over a fair ly wide pH range. 

Exper imental  
Apparatus  employed for d-c vol tammetry,  cyclic vol t-  

ammetry,  coulometry, and controlled potential  elec- 
trolysis has been described in detail  elsewhere (2, 4, 5, 
7-10). The pyrolytic graphite used in this s tudy was 
obtained from the Super -Temp Company (Santa Fe 
Springs, California).  The fabrication of the micro PGE 
for vo l tammetry  and massive electrodes for controlled 
potential  electrolysis have been outl ined in earl ier  re-  
ports (2, 12). Analyt ical  methods for the detection and 
determinat ion of parabanic  acid, allantoin, urea, and 
al loxan have also been detailed previously (1, 5, 7-10). 
All  potentials are referred to the SCE at 25~ 

Results and Discussion 
Voltammetry.--Uric acid and xanth ine  both give rise 

to a single pH-dependent  voltammetric  oxidation peak 
at the PGE in aqueous solution. For uric acid the peak 
potential  (Ep) is described by the equat ion Ep ---~ 0.755- 
0.069 pH between pH 0-12 (Fig. 1A). For xanth ine  
Ep ---- 1.034-0.056 pH over the same pH range (Fig. 1A). 
These equations are based on vol tammograms obtained 
at a scan rate of 5 mV-sec-1  and under  such conditions 
indicate that  the peak of xanth ine  occurs 300-400 mV 
more positive than the peak of uric acid. The observed 
peak currents  for uric acid and xanth ine  are largest at 
low pH and decrease more or less cont inuously with 
increasing pH (Fig. 1B). The reason for the very large 
peak current  values at low pH is no doubt related to 
the very  strong adsorption of these compounds. This 
is evidenced by the very sharp spike-l ike appearance 
of the peaks for both compounds, by increases in  the 
peak cur ren t  function with increasing voltage scan 
rate, and depressions of the base current  in a l ternat ing 
current  vol tammetry;  the lat ter  two studies have been 
reported elsewhere (13). Assuming a value for the 
diffusion coefficient of uric acid and xan th ine  of 10 -6 
cm2-sec -1 and n values of 2 and 4, respectively, (vide 
in]ra) the theoretical reversible peak current  for uric 
acid under  the conditions outlined in Fig. 1 is 1.11 ~A 
and for xanth ine  3.5 ~A. These values are considerably 
smaller  than the exper imenta l ly  observed peak cur-  
rents which may indicate that both uric acid and 
xanthine  are appreciably adsorbed even at pH 12. The 
effect of pH on the extent  of adsorption of these com- 
pounds and hence the magni tude  of the peak current  
is no doubt  related to their  very  low solubil i ty at low 
pH and increasing solubil i ty at higher pH. 

By use of fast-sweep cyclic vol tammetry,  it is shown 
that oxidation of uric acid (peak Ia, Fig. 2A) gives rise 
to a very  reactive yet very easily reducible product 
(peak Ic, Fig. 2A). The latter peak cannot be observed 
unless the scan rate exceeds about 300 mV-sec -1 (4, 7). 
A fur ther  cathodic peak at more negative potent ial  
(peak IIr Fig. 2A) is also observed. 

The involvement  of uric acid in the electrochemical 
oxidation of xanth ine  is clearly established by fast- 
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Fig. 1. (A) Variation of peak potential with pH for electro-oxlda- 
tion uric acid (I) and xanthine (11) at the PGE. (B) Variation of 
peak current with pH for uric acid (I) and xanthine (11). Data 
token at - uric acid concentration of 0.164 mM and xanthine 0.183 
raM. Scan rate 5 mV-sec -1,  

sweep cyclic voltammetry.  After  having scanned the 
p r imary  oxidation peak of xanth ine  (designated peak 
IIa, Fig. 2B) a very  readi ly reducible product  can be 
detected (peak Ic, Fig. 2B) and a second product re-  
duced with greater difficulty (peak IIc, Fig. 2B). The 
peak potentials for cathodic peaks Ic and IIc of xan-  
thine (Fig. 2B) are the same as for peaks Ic and IIc 
of uric acid (Fig. 2A). On the second posit ive-going 
sweep xanth ine  exhibits a second and new anodic 
peak (peak Ia, Fig. 2B). This peak occurs at almost the 
same peak potent ial  as peak Ia of uric acid. As fur ther  
confirmation of the fact that  peaks Ia, Ic, and IIc ob- 
served on cyclic vo l tammetry  of xan th ine  are identical 
to the corresponding uric acid peaks a cyclic vol tam- 
mogram of a mix ture  of the two compounds was taken 
(Fig. 2C). The very  small  differences in peak poten-  
tials observed in  peak Ia (the uric acid oxidation peak) 
shown in Fig. 2A, B, and C are caused by differences in  
concentrat ion of uric acid which must  be smaller  in  
the si tuation extant  in  Fig. 2B than in Fig. 2A or 2C 
(vide infra). This is so because the peak potential  for 
peak Ia of uric acid (and indeed peak IIa of xanth ine)  
is strongly concentrat ion-  and scan-rate  dependent.  
Thus, for a 0.2 mM solution of uric acid in acetate 
buffer pH 4.7, Ep for peak Ia is 0.45V at 0.005 V-sec -1 
and 0.65V at 5.0 V-sec -1. In  the same medium but  
0.01 mM in uric acid, Ep ---- 0.50V at 5.0 V-sec -1. These 
shifts of peak potential  are due to adsorption effects 
and to some extent  to uncompensated ohmic drop in 
the ins t rumenta t ion  employed (14). As fur ther  evi- 
dence that  peaks Ir IIc, and IIa of xan th ine  are ident i -  
cal to those of uric acid the value of the peak potentials 
for these peaks of both compounds were measured as a 
funct ion of pH and scan rate (Fig. 3). Clearly, the pH 
dependence of all peaks can be described by a single 
straight line indicat ing that the species giving rise to 
each peak from uric acid and xanth ine  are identical. 
This informat ion confirms that  oxidation of xanth ine  
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Fig. 2. Cyclic voltammograms at a clean PGE in acetate buffer 
pH 4.7. (A) 0.075 mM uric acid; scan pattern: 0.00 ~ --1.20 V 
-*  1.30V -> - -120V --> 0.00V. Scan rate 5.0 V-see -~.  (B) 0.03 
mM xanthine; scan pattern - -0.40V ~ - -1.40V -> 1.50V -> 
--1.40V --> 1.50V. Scan rate 5.0 V-sec -1 .  (C) 0.03 mM uric acid 
plus 0.03 mM xanthine; scan pattern: 0.00V --> --1.40V -> 1.50V 
�9 -* - -1.40V -> 0.00V. Scan rate 5.0 V-sec -1 .  

gives rise to the same readi ly reducible product ob- 
ta ined on oxidation of uric acid (peak Ic), the reduc-  
tion product of which is uric acid which can be de- 
tected by  cyclic vo l tammet ry  as peak Ia. Peak Ilc is 
also due to the same product as evidenced by the 
agreement  between the peak potentials of the peak ob- 
served from both uric acid and xanthine.  

Coulometry and mass electrolysis.--Coulometry of 
uric acid and xanth ine  was carried out at various pH 
values between pH 1-7, the most commonly encoun-  
tered pH range in biological systems. Typical coulo- 
metric data is presented in  Table I which clearly in -  
dicates that  at all pH values examined the n value for 
uric acid is 2 and  for xan th ine  is 4. 

Table I. Coulometric n-values for the controlled potential 
electrolysis of uric acid and xanthine at the PGE 

A p p l i e d  
Mi l l imoles=  p o t e n t i a l ,  

p H  Buf fer  s y s t e m  e l ec t ro lyzed  V v s .  S e E  n - V a l u e  

I . U  i 
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Fig. 3. Comparison of peak potentials for peaks la, Ic, and IIc of 
uric acid and xanthine as a function of scan rate and pH. (A) Peak 
la; scan rate 5 V-sec -1 .  (B) Peak la; scan rate 50 V-sec -1 .  (C) 
Peak Ic; scan rate 5 V-sec -1 .  (D) Peak Ic; scan rate 50 V-sec -1 .  
(E) Peak IIc; scan rate 5 V-sec -1 .  (F) Peak lie; scan rate 50 
V-sec -1 .  Open circles uric acid, solid circles xanthine. When two 
data points were identical a half-shaded circle is used. Uric acid 
and xanthine concentrations ca. 0.03 mM. 

U r i c  ac id  
1.0 C h l o r i d e  0.253 0.80 2.08 
2.3 I M  ace t ic  ac id  0.169 0.70 1.95 
4.7 Ace t a t e  0.203 0.55 2.30 
7.0 M c I l v a l n e  0.220 0.40 2.01 

X a n t h i n e  
1.0 C h l o r i d e  0.272 1.05 3.75 
2.3 I M  ace t ic  ac id  0.181 1.1O 3.90 
4.7 Ace t a t e  0.215 0.85 3.85 
7.0 M c n v a i n e  0.108 0,60 3,.93 

After  complete electro-oxidat ion of solutions of uric 
acid or xan th ine  in various background media between 
pH 1-7 quali tat ive and quant i ta t ive  analyses of the 
electrolysis products were carried out. The various 
analyt ical  data are presented in Table II. The notable 
difference between these data and those reported earlier 
by Struck and Elving (1) at pH 2.3 (1M HOAc) is that  
al loxan and urea are by far the major  products. Much 
less a l lantoin is formed and only minute  traces of para-  
banic acid. 

It is also clear that  at low pH the only products of 
oxidation of both uric acid and xanth ine  are al loxan 
and urea. With increasing pH the amount  of al loxan 
decreases while the yield of a l lantoin  correspondingly 

Table II. Quantitative analytical data on products of 
electrochemical oxidation of uric acid and xanthine at the PGE 

Produc t ,  m o l e s / m o l e  of  u r i c  ac id  
or x a n t h i n e  e lec t ro -ox id ized= 

Para- 
Buffe r  Allan- banlc 

p H  s y s t e m  A l l o x a n  U r e a  t o in  ac id  

U r i c  ac id  
1.0 Ch lo r ide  1.0 1.0 ND b 
2.3 1M H O A c  0.8 0.8 0.2 
4.7 Ace t a t e  0.37 0.37 0.63 
7.0 M c n v a i n e  ND 0.18 0.82 

X a n t h i n e  
1.0 Ch lo r ide  1.0 1.0 ND 
2.3 1M H O A c  0.8 0.8 0.2 
4.7 Ace t a t e  0.49 0.4 0.64 
7.0 M c n v a i n e  N D  0.29 0.71 

ND 
c a .  0.03 

ND 
ND 

ND 
c a .  0.06 

ND 
ND 

ac id  or  x a n t h i n e  = G e n e r a l l y ,  b e t w e e n  0.15-0.30 mrnoles  of  uric  
�9 A l l  e l ec t ro lyses  we re  c o n t i n u e d  u n t i l  a l l  u r i c  ac id  or  x a n t h i n e  i n  150 m l  of buf fe r  w e r e  ox id ized .  

w a s  oxid ized ,  b N o t  d e t e c t e d .  
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increases. At pH 7 the major  product is a l lantoin with 
smaller  amounts  of urea and alloxanic acid (not ana-  
lyzed quant i ta t ive ly  but  detected by th in  layer  chro- 
matography) .  The change in major  product  from al-  
loxan at low pH to a l lantoin  in weakly acid and neut ra l  
solution is most interest ing because it parallels the 
effect of pH on the products observed on oxidation of 
uric acid in the presence of peroxidase enzymes (15, 
16). Parabanic  acid could only be detected in ex- 
ceedingly small  amounts  in  the products of electro- 
oxidation of uric acid and  xanth ine  in 1M HOAc pH 2.3. 

I t  should also be noted that the relat ive yields of 
products obtained at any  pH were somewhat  variable  
from one electrolysis to another, the values quoted in 
Table II  are simply typical values. It  can also be s e e n  
that  on occasion the sum of total products does not 
total 100% of the init ial  uric acid or xan th ine  oxidized. 
The product yields however can be regarded as equiva-  
lent  to a complete mater ia l  balance in  view of the ana-  
lytical accuracy achieved by this worker. 

Mechanisms 
In  summary,  the electrochemical and analyt ical  data 

reported here reveal that  uric acid is oxidized in a 2e, 
pH-dependent  process at the PGE. A very  unstable,  
very reducible product is formed (peak Ic, Fig. 2). 
The species giving rise to peak IIc cannot be due to re-  
duction of parabanic acid to 5-hydroxyhydantoin  (17) 
as proposed earlier (4, 5, 7) because there is insufficient 
parabanic  acid formed to account for the relat ively 
large peak observed by cyclic vol tammetry.  

Cyclic vol tammetry  and analyt ical  data clearly re-  
veal that  xan th ine  is ini t ia l ly oxidized to uric acid 
which is then fur ther  oxidized to the same products 
obtained with uric acid as the s tar t ing material .  

As noted earlier, the product giving rise to peak 
Ic cannot  be uric acid-4,5-diol as proposed earlier 
(4, 5, 7-9). However a diol is formed at some stage in 
the reactions following e lect ron- t ransfer  as evidenced 
by the fact that in the presence of methanol,  oxidation 
of uric acid appears to give a 4,5-dimethoxy derivative 
(10). 

In  view of these facts, a mechanism is proposed 
where uric acid (I, Fig. 4) is ini t ia l ly electrochemically 
oxidized in a 2e-2H + process to give the species desig- 
nated II (Fig. 4) which will  be referred to in subse- 
quent  discussion as a bis-imine.  The bis- imine formed 
from uric acid could exist in two tautomeric forms (II~, 
IIb, Fig. 4). Such a system of conjugated double bonds 
would be expected to be very readily electrochemically 
reducible, indeed molecules having somewhat similar 
b is - imine  structures such as riboflavin (18-23), quin-  
oxalines (24), and bis-quinazolines (25) are rather  
readi ly reduced electrochemically. Aldimines and 
ketimines are also very  easily electrochemically re-  
duced (26-28). The expected ease of reduction of struc- 
tures IIa and/or  IIb along with their  expected facile 
hydrat ion across the imine-N----C-double bonds to give 
a 4,5-diol accounts nicely for part  of the observed 
cyclic vol tammetry  of uric acid. Thus, provided the 
sweep rate is fast enough, IIa or IIb formed as the 
p r imary  products of oxidation of uric acid can be de- 
tected as a very reducible species (peak Ic, Fig. 2). At 
slow scan rates IIa or IIb cannot be detected because 
they are hydrated too rapidly to uric acid-4,5-diol or 
other species (vide inSra). Cathodic peak IIc is ob- 
served at slower scan rates than is peak Ic (10) and 
occurs at potentials very close to those expected for re-  
duction of parabanic acid. However, at completion of 
an  exhaustive electrolysis of uric acid only a very small  
quant i ty  of parabanic acid is detected (and that  only in 
llV[ HOAc solution),  quite insufficient to account for 
the relat ive peak cur ren t  observed for peak IIc. Ac- 
cordingly it is proposed, without  any  direct support ing 
evidence, that  the b is - imine  formed on oxidation of uric 
acid hydrates in  two stages, the first fast, the second 
slower. Addit ion of the elements of one molecule of 
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Fig. 4. Primary electrochemical oxidation, and reactions of cyclic 
voltammetric peaks observed for uric acid. 

water  gives rise to III  (Fig. 4). It  may  be this com- 
pound that gives rise to peak IIc of uric acid being due 
to reduction of III  possibly to IV (Fig. 4). Addit ion of 
a second molecule of water  to III  would give rise to 
the formation of uric acid-4,5-diol (V, Fig. 4). This 
diol is a typical  in termediate  of an imine- l ike  hydrol-  
ysis and would be expected to readily f ragment  to the 
observed products. A plausible mechanism for forma- 
t ion of a l lantoin  from uric acid-4,5-diol involves cleav- 
age of the C5--C6 bond of the diol (I, Fig. 5) giving 
an imidazole isocyanate (II, Fig. 5). A hydrogen shift 
reaction must  occur in  compound II to give III  which 
on hydrolysis would readi ly form CO2 and al lantoin 
(V, Fig. 5). A simple f ragmentat ion of the 4,5-diol to 
al loxan (VI, Fig. 5) and urea (VII, Fig. 5) can also 
be written. Although only very  minor  amounts  of 
parabanic acid are formed on electrochemcial oxidation 
of uric acid at the PGE in 1M HOAc, large amounts  are 
claimed to be formed at spectroscopic graphite  elec- 
trodes in the same medium (1). Format ion of para-  
banic acid necessarily involves some secondary electro- 
chemical oxidation. A mechanism is proposed in  Fig. 5 
where uric acid-4,5-diol undergoes a r ing  opening re-  
action to give the structures VIIIa or VIIIb. In  acid 
solution VIIIa should readily cleave across the  original 
C5--C6 bond to give an  isocyanate (IX) and 2-oxy-  
4,5-dihydroxyimidazole (X).  Al terna t ive ly  the com- 
pound VIIIb could undergo a r ing closure to give XI, 
which in  tu rn  should cleave to X and IX. Simple hy-  
drolysis of the isocyanate IX would give urea and CO2. 
2-Oxy-4,5-dihydroxyimidazole (X, Fig. 5) is an enediol. 
Enediols are normal ly  very  readi ly oxidizable to a-di-  
ketones even by such weak oxidizing agents as cupric 
ion and, on occasion, oxygen (29). Accordingly it is 
proposed that  the parabanic  acid (XIV, Fig. 5) which 
sometimes appears during the electro-oxidation of uric 
acid is formed as a result  of electrochemical oxidation 
of the enediol (X) in a 2e-2H + process. The very pro-  
nounced difference between the amount  of parabanic  
acid formed on electro-oxidation of uric acid at s p e c -  
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Fig. 6. Primary electrochemical oxidation and reactions of cyclic 
voltammetric peaks observed for xanthine. 

uric acid-4,5-diol (Fig. 5) should accordingly be re- 
garded as tentat ive since actual ly several equal ly 
plausible mechanisms could be writ ten.  However, the 
basic mechanism presented here can be used to satis- 
factorily account for the electrochemistry and prod- 
ucts formed on electro-oxidation of other pur ines  (11). 

troscopic graphite  (1) and pyrolytic graphite can only 
be rationalized by invoking some specific electrode 
effects related to the na ture  of the electrode materials.  

The mechanism of electrochemical oxidation of xan-  
thine (I, Fig. 6) clearly proceeds by an  init ial  2e-2H + 
oxidation of the C8=N9 (or NT~--=Cs) bond to give uric 
acid (II, Fig. 6). Since uric acid is more readily oxi- 
dized than  xanth ine  (Fig. 1A) it is immediate ly  oxi- 
dized in  a fur ther  2e-2H + process to the uric acid bis- 
imine (IIIa, IIIb, Fig. 6). Thus, the single ini t ial  vol t-  
ammetr ic  peak of xanth ine  (peak IIa, Fig. 2B) corre- 
sponds to the 4e-4H + oxidation to the bis- imine (IIIa, 
IIIb, Fig. 6). Cathodic peak Ic observed cyclic vol tam-  
metr ica l ly  is due to reduct ion of the b is - imine  back to 
uric acid (IIIa, or IIIb -+ II, Fig. 6). Par t ia l  hydrat ion 
of the b i s - imine  gives IV which is possibly the species 
giving rise to cathodic peak IIc resul t ing perhaps in 
compot~nd V. Complete hydrat ion of the b is - imine  
gives uric acid-4,5-diol which decomposes by exactly 
the same route as shown in Fig. 5. The anodic peak 
(peak IIa) observed on the second posit ive-going 
sweep of xanth ine  is simply reoxidation of uric acid, 
formed in the peak Ic process, back to the bis-imine.  

It should perhaps be noted here that  there is in-  
sufficient evidence at this t ime to definitively explain 
the effect of pH on the yield products. It is l ikely how- 
ever that  the various decomposition reactions of uric 
acid-4,5-diol are acid or base catalyzed hence changing 
the yields and na ture  of products with pH. The mecha-  
nisms actual ly proposed for the decomposition of the 

Conclusions 

At the single pH (1M HOAc, pH 2.3) where the 
electro-oxidation of uric acid has been examined at 
both the PGE and spectroscopic graphite electrodes 
(1M HOAc, pH 2.3) the products obtained are qual i ta-  
t ively similar  but  quant i ta t ively  quite different. More 
extensive product analyses over pH 1-7 reveals that  at 
the PGE the major  products in solutions be tween about 
pH 1-3 are al loxan and urea. With increasing pH the 
yield of al loxan and urea decreases and al lantoin be- 
comes the major  product. 

Product  analysis, cyclic and  l inear  sweep vol tam- 
met ry  allow a detailed mechanism for the pr imary  
electro-oxidation and fol low-up chemical and electro- 
chemical processes to be writ ten.  Combinat ion of data 
obtained from l inear  and cyclic sweep vol tammetry  
with controlled potential  electrolysis and product  anal -  
ysis data to develop a mechanism is always based on 
the assumption that  the electrochemical and related 
mechanisms are identical. There is no way in which 
one can confirm this assumption. Nevertheless the data 
obtained in this s tudy are all  consistent with a com- 
mon mechanism. Although oxidation of uric acid and 
reduct ion of its p r imary  2e-2H + product, a bis-imine,  
form an almost reversible couple as evidencd by  cyclic 
vo l tammetry  (Fig. 1), meaningfu l  in terpre ta t ion of 
the kinetics of the e lect ron- t ransfer  process and the 
rates of chemical fol low-up reactions is not possible. 
This is so because uric acid is very  strongly adsorbed 
at the PGE (13) which results in shifts of the anodic 
and cathodic peak potentials with concentration. In  
addition, there are clearly on occasion three paral lel  
fol low-up reactions which are very  complex and a r e  
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not amenab le  to s tudy  by, for  example ,  cyclic vol t -  
ammetr ic  methods.  

The products  and the i r  yields  obta ined on e lec t ro-  
chemical  oxidat ion  of uric acid a lmost  exac t ly  para l l e l  
those repor ted  for the  enzymatic  oxida t ion  of uric acid, 
pa r t i cu la r ly  wi th  the  peroxidase  enzymes (15, 16). Ac-  
cordingly  i t  is propsed tha t  the mechanisms developed 
here for  the e lec t rochemical  and re la ted  chemical  re -  
actions of uric acid can be used to descr ibe  the  bio-  
logical oxidat ion of this  compound.  

The mechanism of oxidat ion  of xanthine,  once the 
ini t ia l  2e-2H + oxidat ion  to uric acid has occurred,  
almost  exac t ly  para l le l s  the mechanism for the  l a t t e r  
compound. 

The mechanism of oxidat ion  of o ther  na tu ra l ly  oc- 
cur r ing  biological ly  impor tan t  pur ines  can also be 
nicely  expla ined  by  advocat ing  tha t  the  p r i m a r y  elec-  
t ro -ox ida t ions  proceed th rough  sequent ia l  2e-2H + ox i -  
dat ions of ava i lab le  unsubs t i tu ted  r ing - - C : N - -  bonds 
leading  u l t ima te ly  to oxidat ion of the C4=C5 bond to 
give a b is - imine  or on occasion a b i s - imin ium ion (e.g., 
in the case of 3 ,7-dimethylxanthine ,  me thy la t ion  at  N~ 
and N~ resul ts  in fo rmat ion  of a cationic b i s - imin ium 
ion in te rmedia te ) .  Hydra t ion  to a 4,5-diol then occurs 
fol lowed by  its decomposi t ion to the var ious  products.  
Detai ls  of these mechanisms and thei r  re la t ionship  to 
biological  oxidat ions of these pur ines  wi l l  appear  else-  
whe re  (11). 
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The Mechanism of the Zinc(ll)-Zinc Amalgam 
Electrode Reaction in Alkaline Media 
As Studied by Chronocoulometric and 

Voltammetric Techniques 
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Department o] Chemistry, The University of Texa~ at Austin, Austin, Texas 78712 

ABSTRACT 

The reduction of zinc (II) and the oxidation of zinc amalgam was studied in 
0.18-4.0M KOH solutions. The pr imary  electrochemical technique employed 
was potential  step chronocoulometry with data acquisition on a small digital 
computer. The kinetic parameters  were obtained by fitting the exper imental  
charge- t ime curves to the complete theoretical equation for a stepwise elec- 
t ron t ransfer  mechanism. The sytem was also studied by d-c and a-c polar-  
ography and l inear scan voltammetry.  The results of this study were com- 
pared to those of previous workers and shown to be consistent with a mecha-  
nism based on stepwise electron t ransfer  

Zn(OH)42-  ~ Zn(OH)~ + 2 O H -  

Zn (OH) 2 + e ~--- Zn (OH)=- 

Z n ( O H ) 2 -  ~-  Zn(OH)  + O H -  

Zn(OH)  ~u Hg -t- e ~=~Zn(Hg) -b O H -  

One of the most significant features of the study of 
electrochemical kinetics during the last 20 years has 
been the evolution of theoretical and exper imental  
procedures which are useful in uncovering the differ- 
ent stages in the complex series of processes which 
comprise an electrode reaction. An investigation of the 
kinetics of an electrochemical reaction would ideally 
lead to the elucidation of the na ture  of the various 
steps and a determinat ion of their rate constants, the 
identification of the intermediates and products, and 
the determinat ion of the adsorption isotherm for all 
adsorbed species. Usually, because of exper imental  
and theoretical limitations, only par t  of the informa-  
t ion is accessible for a given system. Although charac- 
terization of intermediates is of prime importance, di-  
rect observation of these may not be possible if their  
concentrat ions are too low or their lifetimes are too 
short. However, analysis of the cur ren t -poten t ia l  rela-  
t ionship obtained by several nonsteady-sta te  methods 
can yield fur ther  informat ion on complex mechanisms 
and faster processes. 

Of part icular  interest  in this work is the study of 
electrode processes involving more than one electron 
t ransfer  step (1). Vetter (2-4), Hurd (5), and Mohilner 
(6) have calculated the steady-state polarization 
curves for a set of two or more consecutive single elec- 
t ron transfer  steps. Some reactions for which consecu- 
tive electron transfer  mechanisms have been proposed 
on the basis of steady s ta te-measurements  are T I ( I I I ) /  
TI(I)  (7) and qu inone /hydroquinone  (8). The theory 
of consecutive electron transfer  mechanisms for elec- 
trochemical techniques involving potential  steps, cur-  
rent  steps, and a-c polarography has also been given 
(9-15). 

The establishment of the mechanisms of an electrode 
reaction often requires acquiring large amounts  of ac- 
curate exper imental  data and fitting this data to com- 
plicated theoretical equations. Digital data acquisi- 
t ion systems (16-21), especially those based on general  

* Elect rochemical  Society Act ive  Member .  
1 Presen t  address :  Tennessee  E as tman  Company,  KingsDort ,  Ten-  

nessee 37660. 
Key  words :  potential  step chronocoulometry,  electrode react ion 

kinet ics ,  polarography,  digital  data acquisit ion,  consecut ive  electron 
transfer reactions.  

purpose programmable  digital computers (20, 21), have 
been very  useful, par t icular ly  for exper imental  times 
in the sub-second region, in obtaining this data. The 
data obtained by these methods can be fitted to the 
equations in their complete form, without  the necessity 
of approximations or l inearizations sometimes required 
to make the analysis of data tractable. We report  here 
a study of the z inc ( I I ) -z inc  amalgam system using 
several electrochemical methods and digital data ac- 
quisit ion techniques. 

A number  of studies of the alkaline zinc electrode 
reaction have been made. A significant part  of this 
effort has come from the space program's search for 
high energy-densi ty  pr imary  and secondary batteries 
and the important  role of s i lver/zinc and zinc/a i r  
p r imary  batteries in this connection. Although studies 
of the alkal ine zinc electrode reaction often are con- 
cerned with reactions at the pure metal  electrode, it is 
common practice in  batteries to amalgamate the zinc 
plates. Hence, we deemed a study of the alkaline 
zinc (I) -zinc amalgam electrode reaction justified. 
Moreover, the reaction at the amalgam electrode is 
easier to unders tand than the reaction at the pure metal  
electrode, which may  be complicated by the crystal-  
l ization process and more difficult surface preparation.  

A number  of workers (22-31) have studied the alka-  
l ine zinc (II) -zinc amalgam electrode reaction with 
somewhat different results. Gerischer (22, 23) deter-  
mined reaction orders of hydroxide, zinc, and zincate 
by measur ing the change of the charge t ransfer  re-  
sistance with concentrat ion and expressed the exchange 
current,  io, as 

io = 2FAk~176 ]~ ~176 [1] 

This result  led to the reaction mechanism in Eq. [2] 
and [3] 

fast  
Zn(OH)42- ~ Zn(OH)2 ~ 2 OH- [2] 

Zn(OH)2 ~ 2e ~ Zn (Hg) ~ 2 OH- [3] 

Farr and Hampson (24) duplicated Gerischer's results 
in ultrapure solutions by faradaic impedance measure- 
ments. Matsuda and Ayabe (25) studied the reduction 
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process by d-c  polarography and found that  the mecha-  
nism was the same as that  of Gerischer,  but that  a was 
0.42 Behr et al. (26) and Morinaga (27) also obtained 
results which were  consistent wi th  the above mecha-  
nism. S t romberg  and co-workers  (28-31) obtained re-  
sults which were  similar to those of Matsuda and 
Ayabe  (25) for the reduction process but found that  
the oxidation process did not fit the mechanism pro-  
posed f rom the study of the reduction reaction. They 
proposed that  the reduct ion and the oxidation involved 
two different, total ly i r revers ib le  reactions, each in- 
volving a single two-e lec t ron  t ransfer  step. Their  
mechanism for the oxidation react ion was 

Zn(Hg)  + OH- -* Zn(OH) + + 2e [4] 

Zn(OH) + + 3 OH---> Zn(OH)42-  [5] 

wi th  ~r~ = 0.39 (for [3]) and 1 -- ao = 0.23 (for [4]). 
The measurements  of Gerischer,  Morinaga, and Far r  

and Hampson showed that  there was essentially no 
dependence of the exchange current  on hydroxide con- 
centration, while  the mechanism of Popova and S t rom-  
berg (31) would predict  a fair ly large var ia t ion of 
exchange current  wi th  hydroxide concentration. The 
mechanism we propose, based on the results shown 
below, involves consecutive one-elect ron t ransfer  steps. 

Experimental 
C h e m i c a l s . - - S t o c k  solutions of 4.0M KOH and 4.0M 

KF  were  prepared  f rom "Baker  Analyzed" Reagent  
grade KOH and KF  obtained f rom the J. T. Baker  
Chemical  Company. The KOH solution was s tandard-  
ized by t i t rat ing a known amount  of reagent  grade 
potassium biphthalate  using phenolphthalein  as an 
end-point  indicator. A stock solution of 0.05M.zinc (II) 
was made by dissolving "Baker  Analyzed"  ZnO in 50 
ml of stock KOH solution. The Zn( I I )  solution was 
standardized by t i t ra t ing with  EDTA buffered to pH 
10. Purification of exper imenta l  solutions wi th  acid 
washed activated charcoal (Barker 's  method) was 
tried, but  the results were  the same with  or wi thout  
this step, so this procedure was not used regularly.  
Solutions were  prepared by pipeting a known amount  
of KOH stock solution into a volumetr ic  flask and 
then diluting with  the stock KF  solution, so that  all 
solutions were  at the same ionic strength. Zinc amal -  
gam was prepared from 99.9% zinc wire and purified 
mercury.  The zinc wire was amalgamated  by dipping 
in mercuric  chloride solution for a few seconds before 
it  was placed in the mercury  to aid in more  rapid 
dissolution of the zinc. The amalgam was stored under  
vacuum and removed from the storage vessel under  
a blanket  of prepurified helium. Under  these condi-  
tions, the concentration of zinc in the amalgam would 
remain  stable for more than a week. 

All  exper iments  were  carried out under  a blanket  
of nitrogen. Commercial  wa te r -pumped  nitrogen was 
purified by first bubbling it through distilled water,  
then through a solution of vanadous chloride stand- 
ing over saturated zinc amalgam, then passing over  
copper strands heated to at least 350~ and finally 
through distil led water  again. The copper strands had 
previously been exposed to oxygen at high t empera -  
ture and then been reduced by passage of hydrogen 
gas at high tempera ture  in order to assure an active 
surface. The water  used in all exper iments  and in prep-  
arat ion of solutions was deionized wate r  that  had been 
fur ther  purified by disti l lation f rom alkaline potassium 
permanganate  in a Barnstead water  still; its conduct iv-  
ity was less than 10 -7 (ohm-cm) -1. Potassium hydrox-  
ide, potassium fluoride dihydrate,  and zinc oxide were  
reagent  grade chemicals and were  used wi thout  fur -  
ther  purification. Commercial  mercury  was washed in 
5% HNO8 wi th  air bubbling for several  days, then 
splashed at least twice through a 5% HNO3 scrubbing 
tower. Af te r  drying, the mercury  was disti l led twice 
under  vacuum. 

A p p a r a t u s . - - A  single compar tment  electrolytic cell 
manufactured  by Metrohm Ltd. (Model EA664) and 
obtained from Br inkmann  Inst ruments  was used for 
all experiments.  The working electrode was ei ther a 
hanging mercury  drop electrode (h.m.d.e.) or a drop-  
ping mercury  electrode (d.m.e.). The auxi l ia ry  or 
counterelectrode was a piece of p la t inum wire  im-  
mersed direct ly  in the solution. The reference electrode 
was a saturated calomel electrode (SCE) which was 
separated from the solution by a Luggin-Haber  cap- 
illary. The tip of the capi l lary was placed as close as 
possible to the working electrode to minimize  uncom- 
pensated resistance. The hanging mercury  drop elec- 
trode was manufactured  by Metrohm Ltd. (Model 
E-410). A fresh drop of 0.032 cm 2 theoret ical  area was 
used for each run. The capi l lary tip had to be cut off 
at intervals  since the strong alkali  solution at tacked 
the glass, and eventua l ly  the tip would  not hold a drop 
of the proper  size. Electr ical  contact to the drop was 
made by insert ing a p la t inum wire  into the reservoir  
through the pumping nipple. 

The d.m.e, was constructed f rom a length of Sargent  
6-12 second capillary. The mercury  flow rate  of the 
d.m.e, was measured before each exper iment  since the 
capi l lary did not last long before the t ip had to be cut 
off, changing the flow rate. 

Potent ia l  step chronocoulometry  was per formed 
wi th  an ins t rument  previously described (32) con- 
structed from Phi lbr ick sol id-state operat ional  ampli -  
fiers. A fraction of the vol tage generated by the cur-  
rent  fol lower could be fed back to the potentiostat  for 
resistance compensation; the stabilization scheme of 
Brown et al. (33) was used. A-C  and d-c polarography 
were  performed using a Pr inceton Applied Research 
Corporation, Princeton, New Jersey, Model 170 electro-  
chemical  instrument.  Data from potential  step exper i -  
ments were taken using a PDP-12A computer  system 
(Digital Equipment  Corporation, Maynard, Massachu- 
setts).  Data for potential  sweep exper iments  at sweep 
rates below 300 mV/sec  were  recorded on a Moseley 
2D-2 X-Y recorder.  For  sweep rates above 300 mV/sec,  
a Tektronix Model 564 storage oscilloscope was used 
with  Type 2A3 (Y axis) and Type 2A63 (X-axis)  p lug-  
ins. Permanent  records of oscilloscope data were  made 
with a Polaroid camera mounted on the oscilloscope 
using 3000 speed film. 

Init ial  and final potentials for potential  step exper i -  
ments and init ial  potentials for potent ial  sweep ex-  
per iments  were  measured wi th  a Uni ted Systems Cor- 
poration Model 204 vo l tmete r  to an accuracy of •  inV. 
Two of the relays in the r e l ay  register  of the PDP-12 
computer  were  used to control  the potentiostat  and 
integrator.  Timing of data acquisit ion was controlled 
by internal  computer  cycle counting; the t ime scale 
was cal ibrated by acquiring data f rom a function 
generator  (Wavetek Model 114). 

Data were  taken at the same potentials and the same 
t ime scales wi th  and without  zinc present. Different 
t ime scales were  used at different potentials so that  
the charge measured with  zinc was significantly larger  
than that  without  zinc, but at short enough times that  
sufficient kinetic informat ion was still present. The 
quant i ty  nFADI/2C/~ '/2, which is the slope of a Q vs. t'/2 
plot when the potential  is stepped far enough so that  
the react ion ra te  is control led by mass transfer,  was 
evaluated for the reduct ion of z inc( I I )  by stepping 
f rom --1.0 to --1.TV and for the oxidation of zinc 
amalgam by stepping f rom --1.7 to --1.0V and least 
squares analysis on the Q - t'/2 data. Three or four 
steps were  averaged for each potent ial  using a fresh 
drop each time. 

The data acquisit ion system was checked by record-  
ing a cur ren t - t ime  curve wi th  a simple R C  dummy 
cell (R ---- 5 kohm, C ---- 1 ~J) for the potential  stepped 
f rom 0 to +0.400V. The accuracy of measurement  was 
1.2% or better. Fur ther  details about the apparatus,  
procedures, and calibrations are avai lable (34). 
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T h e o r y  

The best  method  of proving  tha t  a charge t ransfe r  
react ion consists of more  than  one e lect ron t ransfe r  
step is to demons t ra te  the  existence of the  in t e rmed i -  
ate products  by  some unambiguous  technique (1). 

Consider  the case 

0 -t- n~e ~ Y E1 ~ [6] 

Y -b n2e ~ R E2 ~ [7] 

At  equi l ibr ium,  f rom the Nerns t  equat ions for [6] and 
[7] 

C~ "~+n, { n,n2F } 
: K = exp - -  (E i~  --  E2 ~ [8] 

CRnlCo n2 RT 

Hence, for a given to ta l  concentra t ion of O and R, C*, 
the m a x i m u m  amount  of Y is present  when CR = Co. 
If  E~o, is much grea ter  than  E~ ~ then solutions con- 
ta ining essent ia l ly  only Y can be made.  I f  E~ o' = E2 o', 
then K : 1 and for n~ : n2 = 1, the  m a x i m u m  Cy is 
given by  Co : Cy : Cm As the quan t i ty  E1 o' - -  E~ o" 
becomes more  negative,  the  m a x i m u m  amount  of Y 
that  can be present  decreases rapidly .  For  example ,  
for nl : n2 = 1, and Co : C~ : C*, if E1 ~ --  E2 ~ = 
--0.2V, then  Cy ~ 0.03 C*, whi le  if E~ ~ --  E2 ~ : 
--0.4V, Cy~  (4 X 10-4) C *. 

However ,  depending upon the values of the ra te  con- 
stants for steps [6] and [7], the  existence of s tepwise 
electron t ransfe r  and t rans ien t  format ion  of an in te r -  
mediate,  Y, can be deduced f rom elect rochemical  mea -  
surements  [see Ref. (1) and genera l  t r ea tmen t  of 
A l b e r y  and Hi tchman (35) ]. 

Potent ia l  step chronocoulometry  (33, 34) was chosen 
as the pr inc ipa l  e lect rochemical  inves t igat ive  p ro -  
cedure  in this  research,  because in tegra t ion  of the  
current  signal  removes  most of the h igh- f requency  
noise f rom this signal. Moreover,  the in tegra ted  signal  
a lways  s ta r t s  f rom zero and  can a lways  be ad jus ted  
to s tay on a given scale, whi le  in ch ronoamperomet ry  
ini t ia l  doub le - l aye r  charging  cur ren t  m a y  be severa l  
orders  of magni tude  la rger  than  the faradaic  cur ren t  
so tha t  to obta in  sufficient precision in the  region  of 
interest ,  the signal must  be a l lowed to overdr ive  the  
amplif iers  of the  measur ing  inst rument .  Chronocoulom- 
e t ry  can also be used to obtain informat ion  about  the  
double  l aye r  (36, 37). Al though the theore t ica l  equa-  
tions for s tepwise e lec t ron t ransfers  in chronocoulom- 
e t ry  have not  been presen ted  previously,  they  can be 
obtained qui te  easi ly  by  in tegra t ion  of the  appropr i a t e  
equat ions of chronoamperomet ry .  

Potent ios ta t ic  cu r r en t - t ime  behavior  for systems in-  
volving a quas i - revers ib le  two-s tep  charge t rans fe r  
was first der ived  by  Hung and Smith  (10) for the  
ana ly t ica l  solution for  this  case in a -e  po larography.  
The par t i a l  dif ferent ia l  equat ions and bounda ry  con- 
dit ions used by  these authors  in obtaining the fo l low-  
ing resul ts  a re  g iven in the  Appendix .  Fo r  the  react ion 
given in Eq. [6] and [7] and fol lowing the notat ion of 
Hung  and Smi th  (10), let  

i l  ( t )  
~ ( t )  - [9]  

n i F A C *  oDo'A 

Pt = 1 - -  ai ( i  = 1 ,2)  [10 ]  

D1 : D o ~ D y  ~ D2 : D ~ : ~ D ~  [11] 

I1 = fortify az f2 = fY~fR c~2 [12] 

Erz/~..z:EI~ RT l n ( f Y ) ( D ~  
- -  "t~l---'F- ~ O  Dy / [13]  

Erl/2,2"-E2 ~ R T  l n (  fR ) ( D y e � 8 9  
-- n2---F ~-Y DR / [14] 

n~F 
Ji = - - ~  ( E  - -  Er~/~.t) ( i  = 1,2) [15] 
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These authors  showed tha t  the  cur ren t  dur ing  a step 
to potent ia l  E is given by  Eq. [16]. 

i ( t )  = FAC*oDo' /2  [n l~ l ( t )  -{- n2~2(t)] [16] 
where  

~ l ( t )  = [ ( x - -  ~2) exp (x -2 t )  
(1 + eJl) (x+ + x - )  

erfc ( x - t  ~/,) - -  ( x +  - -  ~2) exp ( x + S t )  erfc (x+tV,)]  [17] 

~s(t)  ---- [exp (x+2t) 
(1 + eh) (1 -b eJ0 ( x -  - -  X+) 

erfc (x+t ' /2)  - -  exp  (x-St )  erfc (X- t ' / , ) ]  [18] 

X----- : [19] 
2 

[ eJ2-~- e-Jl-~ e (j,-h) ] 
K ~--- ~1~2 [20] 

(1~- e j~) (1 -~ eJO 
k~ . . 

~i : ~ t e  -a~Jl + e ~d') (i : 1,2) [21] 
Di Y2 

Since we are in teres ted  here  only in the  case where  
E1 ~ < ~  Es ~ and because E ~ Erl/2 = (Eri12,1 -~ 
Erl / s ,2 ) /2 ,  some simplif ications can be made  in  these 
equations,  y ie ld ing  

~1 ( t )  : [~2 exp (x -S t )  erfc ( x - t  '/2) 

2c ~-1 exp (x+st )  erfc (x+t ' /2 ) ]  [22] 

~1X2 
~2(t) = [exp (x-~ t )  erfc ( x_ t~2)  

(1 + eJO (;~ + X2) 

- -  exp  (x+St) erfc (x+t'/,)] [23] 

The express ion for Q (t)  is obta ined by  in tegra t ing  the 
above  equations to obta in  Eq. [24] and [25] 

f ~ l ( t ) d t  - -  (1 + eJ~) (~1 + ~2) ~ _ 2  exp (x -2 t )  

2X-t'A ) ~LI ( 
erfc (x - t  ~/2) -t- ~ 1 Jr - -  exp (x+2t)  

X+ 2 

erfc (x+ t  v2) +,-------if-- 1 [24 ]  

M~2 [ xl_2( exp (X_~)  
f C~(t)  ----- ( l + e J 0 ( ~ l + X 2 )  

2 x - t v ~  1 -- exp  (x+2t) erfc ( x - t F ~ )  + ~ 

2x+t' /" 1 ) ]  [25] erfc (x+t~2)  + -  ~'/~ 

Since x+ is much grea te r  than  x - ,  the  t e rm in the 
above equations in x+ can be neglected compared  to 
the  t e rm in x - .  Under  these conditions, then 

f ~ 1  (t) d t  : f ~ 2 ( t )  d t  [26] 

and, defining Zr as in Eq. [27] 

(n~ -k n2) FADo' /2C* o~I~2 
Zc : [27] 

(1 + e j~) (~.1 -{- X2) 
then 

Zc ( 2x-t ' /2 ) 
Q ( t )  : ~ exp ( x - s t )  erfc (x_t~'2) -~ ~'/~ 1 

[28] 

For  the  case where  R is in i t ia l ly  presen t  but  not O and 
the  potent ia l  is s tepped  in the  posi t ive direction,  the 
express ion for  Q (t)  is the  same as tha t  in [28] except  
tha t  Z~ is rep laced  by  Z ,  
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(nl + n2) FADRV2C*RLlks 
Za = [29] 

(1 + e -J2)  (~.1 -~- ~.2) 

Thus, for a two-s tep  electron t ransfer  reaction, the 
equation for Q( t )  is identical  in form to the expres-  
sion for Q( t )  for s ingle-step charge transfer,  Eq. [30] 
(36, 37) 

K (  2~t~ 1 )  [30] Q(t)  = - ~  exp (L2t) erfc (Ltv,) "t- "--'~-/=- 

ko 
k - -  ~ (e  -aJ  -i- e~J) [31] 

D~'= 

nF  
j - -  ~ (E - -  E o') [ 3 2 ]  

K = n F A k o ( C * o e  -cd --  C*Re~,~) [33] 

To use Eq. [28] or [29] to determine kinetic pa ram-  
eters and reaction mechanisms, one steps f rom a po- 
tential  where  no appreciable current  flows to one 
where  a measurable  cathodic or anodic current  is ob- 
tained and measures the Q vs. t behavior.  F rom this 
data  K and k are determined.  These values are  deter -  
mined at a number  of potentials and then the loga- 
r i thm of K and k are plotted vs. the potential. For  a 
s ingle-step charge t ransfer  case, the plot of In K vs. E 
is a s traight  line wi th  a slope equal  to - -anF/RT.  The 
plot of In ~ vs. E is a curve  which has a min imum near  
E ~ and asymptot ical ly  approaches straight lines for E 
grea ter  than and less than E ~ The slope of the asymp-  
tote for E less than E o' is - -anF/RT,  whi le  for E grea ter  
than E o', it is ~nF/RT. 

In the case of a two-s tep  charge t ransfer  reaction, Z 
and x -  can be determined from Q vs. t (or i vs. t) data 
in the same manner  as K and ~ in a one-step reaction. 
However,  the behavior  of the plots of In Z and In x -  
vs. E can be more complex than in the one-step Case. 
It  is this difference in behavior  that  can sometimes 
allow one to demonstrate  the existence of a two-s tep  
mechanism. The behavior  of In x -  vs. E and in Z vs. E 
can be i l lustrated by some examples:  

(i) If  kOl and k% are very  large, then the over -a l l  
rate  of the react ion may  be so fast that  the react ion 
appears  to be Nernstian. In this case, it is not  possible 
to calculate x -  and Z and the react ion is indist inguish- 
able from a one-step mul t i -e lec t ron  t ransfer  react ion 
(10). 

(ii) For  k~ > >  k~ when (RT/F)  In (k%/kOl) < E 
< Erl/22, then 0 In Zc/OE = - - (1  + a2)F/RT [see Fig. 1 
(Zc,1) ] and in x -  has a m in imum near  E = 0 (where  
Erz/2.1 is taken as --0.2V, and E5/2.2 is +0.2V).  When 
(RT/F)  In (ko2/kol) < E < O, then O l n ( x - ) / O E  = 
- - (1  -t- a2)F/RT [Fig. 1 ( x - 2 ) ] -  When 0 < E ~ Eq/2,2 
8 l n ( x - ) / S E  -- (1 -- a ) F / R T  [Fig.1 ( x - . l ) ]  and 0 In 
Za/OE = ~2F/RT [Fig. 1 (Za,1)]. When  Eq/2,1 < E 

(RT/F)  In (k%/kOl), then 0 In Zc/OE = --axF/RT 
[Pig. 1 (Zc,2)], 8 In Z/OE - - (2  -- a l ) F / R T  [Fig. 1 
(Za,2)] and ~ In (X-) /OE : - -azF/RT [Fig. 1 ( X - , 3 ) ] .  

(iii) For ko2 > >  ko,, the  results are the mi r ro r  
image of those for case (ii) above. 

(iv) The results for ko2 -- k% are shown in Fig. 2. 
Therefore,  to de termine  whe ther  a react ion is single 
step or mult i -s tep,  not only must the over -a l l  react ion 
be slow enough to be  measurable,  but  also the ra te  
must  be slow enough to be measurable  in the vic ini ty  
of 

Erl/2,1 -~- Erl/2,2 R T  k~ 
E' ---- + In , [34] 

2 F k~ 

Otherwise,  the react ion is indist inguishable f rom a 
single-step reaction. For example,  for k% > >  k%, if  the 
most positive potent ial  at which measurements  of Z 
and x -  can be made is less than E' in 38, then O In Za/ 

LOG,o(X_) 
0 

, i r J , I , 

2 

2 

Za 
- 4  

LOGlo ( Z )  

- - 6  

i i i i i i I 
3 2 I o 1 - - 2  - - 3  

P O T E N T I A L  ( 2 . 3 R T / F  v o l t s / d i v . )  

Fig. 1. Log X -  and log Z vs. E for case (ii). a l  "-- c~ - -  0.5, 
Erl/9.1 = - - 0 . 2 V ,  E r l / 2 , 2  = --I-0.2, k ~  = 2.0, k% -- 0.02, nl " -  

n2 - -  1, D1 ','= - -  D2 V= = 0.00316, f l  - -  f2 == 1.0, Co = CR = 
2.03 x 10 - e  moles/cm 3, A == 0.032 cm 2. 

0 

L O G , o l X  I 

--2 

i [ i i ] I I 

L O G I o  [Zl  

6 

i i i i i i i 
3 2 1 O --1 - -2  - -3  

P O T E N T I A L  { 2 . 3 R T / F  v o l t s / d i v . ]  

Fig. 2. Log X -  and log Z vs. E from case (iv). The conditions are 
the same as in Fig. 1 except k~ --  0.02. 

aE = (2 - - ~ I ) F / R T  and a In Zc/aE : - - . I F / RT .  Under  
these conditions a In Za/aE -- a In Zc/aE -- 2F /RT and 
the results cannot be dist inguished f rom a single-step 
react ion with  the same over -a l l  rate  and ~ : ~1/2. The 
behavior  of In ( x - )  is s imilar ly  indistinguishable. 

In order  to assign values to both ~i and a2, both 
cathodic and anodic plots of In Z and In x -  vs. E must  
have  l inear segments whose slope is less than nIF/RT. 
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Then al can be obtained from the slope of the cathodic 
plot and a2 can be obtained from the slope of the anodic 
plot. (Erl/2,1 -5 Erl/2,2)/2 can be determined from the 
potent ial  where Za = Zc 

nlErl/2,1 -5 n2Erl/2,2 R T  C*o 
Ezafzc : -5 In 

~%1 JI- T/'2 (nl  -5 n2)F C*R 
[35] 

Even here kol, k~ Erl/2,1, and Erl/2,2 cannot be assigned 
absolute values, since the value of Erl/2.2 -- Erl/2,1 is 
not known. We can, however, measure k~" and k2' at 
(Erl/e.1 -5 Erl/2,2)/2.  

F o r n l : n ~ =  1 
kOl 

k1' -- [36] 
[ --alF / Erl/2,2 Erl/2,1 

exp [ k 
ko2 

k2 t 
[ (I -- a2)F -- Erl/2,1 

exp [ 
[37] 

If we could measure the concentrat ion of Y at equi-  
l ibrium, we could then determine the value of Erl/2,2 
--  Erl/2,1. For purposes of calculation it is sufficient to 
select a value of E2 -- E~ greater than  0.2V and use that  
to calculate k% and k~ from the observed k l '  and k2'. 
Using the values determined above for al, a2, Erl/2,1, 
Erl/2.2, nl ,  n2, k~ and k~ one can calculate Z and x -  
over the whole potential  range and see if these values 
give a good fit in the nonl inear  portions of the In Z and 
In x -  vs.  E plots. If the fit is good, one can say with 
confidence that  the charge t ransfer  is mult i-step.  

Clearly, potential  step techniques are par t icular ly  
useful for dist inguishing between single-step and 
mult i -s tep electron transfer. Hurd (5) has stated that  
unequivocal  proof of a two-step consecutive electron 
transfer mechanism can only be obtained from steady- 
state polarization curves if the exchange currents  of 
the two steps differ by a factor of 100 or more while 
still being less than the mass t ransfer  l imited current.  
Hence, if rate constants are about equal, concentrat ion 
ratios would have to be very large in order to achieve 
the necessary exchange currents.  Large concentrat ion 
ratios usual ly mean large concentrations, high currents, 
and problems from solution resistance. Potent ial  step 
techniques allow examinat ion of the current -potent ia l  
behavior over a wider range of potentials and larger 
rates than is possible with steady-state techniques 
since the effects of mass t ransfer  can be accounted for 
by proper application of potential  step theory. 

Results 
P o t e n t i a l  s t ep  c h r o n o c o u l o m e t r y . - - K i n e t i c  param-  

eters are usual ly  determined by l inearizat ion of Eq. 
[30] by taking Q values only at times where kt ~/2 > 5, 
so that  exp (k2t) erfc (kt'/,) is negligible compared to 
the other terms in this equat ion (36). A similar  pro- 
cedure is often followed in chronoamperometric experi-  
ments  (38, 39) where current  values at times corre- 
sponding to ~t'/, < 0.1 are used. The difficulty of using 
these approximations in practice has been discussed 
[see, for example (40, 41)] and is based on the neces- 
sity of knowing the value of ~, the parameter  to be 
determined by  the experiment,  before the valid ap-  
proximat ion zone is established. Moreover, the zone 
of the approximation may be located where per turba-  
tions caused by double layer charging or convection 
are important.  However, the best use of the data is 
made by fitting the exper imental  results to the com- 
plete theoretical Eq. [30] using a high speed digital 
computer, and this procedure was followed here. 
Because digital data acquisition was employed, the 
data were in a par t icular ly  convenient  form for fur-  
ther processing on the computer. The procedure fol- 

lowed consisted of guessing init ial  values of K and 
and calculating values of Q for each t using [30], Qcalr 
These values are compared to the exper imental  ones, 
Qexp, and the total variance, which is the sum of (Qexp 
- Qc,lc)~, determined. The values of K and k are 
changed unt i l  the variance has been minimized. Details 
of this procedure and the method for calculating 
exp (y2) erfc (y) are discussed elsewhere (34). Pre-  
l iminary  chronocoulometric measurements  showed 
that nei ther  reactant  (zincate) or product (zinc in 
mercury)  were adsorbed, so that  the number  of cou- 
lombs required to charge the double layer capacitance, 
Qdl, was determined on a test solution lacking zinc (II) 
with a pure mercury  electrode; Qexp was then taken as 
Qmeas - Qd], where Qmeas is the measured charge. This 
procedure assumes that Qdl is not affected significantly 
by the presence of the small amounts  of zinc in solution 
or mercury.  

The log ~ and log K values at various potentials and 
various hydroxide concentrations determined by this 
procedure are given in Table I. These values were 
plotted vs. E and an and/~n were determined from the 
slopes of the l inear  parts of the cathodic and anodic 
branches of the plots at constant hydroxide concentra-  
tion. The dependence on hydroxide ion concentrat ion 
was determined from plots of log K at constant poten- 
tial vs.  log [OH-] .  The results are given in Table II. 
The diffusion coefficients of zinc (II) and Zn (Hg) were 
determined by measur ing K / ~  when [E -- Erl/2[ was 
large. For the reduction process, this gives the value 
of n F A C * o D o  '/2, while for the oxidation n F A C * R D R  I/,. 
The effective surface area of the Kemula  type Metrohm 
h.m.d.e, has been shown to be about 90% of the geo- 
metrical  area (42) yielding a value for our electrode 
of 0.0291 cm 2. With this value for A, C*o ---- 2.03 X 10 -8 
moles/cm 3 and K r  = 2.82 X 10 -5, we obtain a Do lj~ 
= 2.47 X 10 -3 cm/secV2. Similarly, with K a / k  ---- 2.66 
X 10 -5 and Da '/~ ---- 3.98 • 10 -3 cm/sec'/, (43), the 
concentrat ion of zinc in the amalgam, C*m was found 
to be 1.19 mM. The potentials for the intersection of 
Ka and Kc and the concentrat ions of Zn( I I )  Zn(Hg) ,  
and O H -  can be used to calculate Eq/2 for the over-al l  
reaction. A plot of Erl/2 vs. log [OH-]  had a slope of 
--0.118V and an intercept of --1.445V vs.  SCE. 

D - C  p o l a r o g r a p h y . - - T h e  zinc ( I I ) / z inc  amalgam sys- 
tem in alkal ine media exhibits a quasi-reversible 
polarographic reduction wave. The t rea tment  of the 
data follows the t rea tment  of Meites and Israel (44) 
and is similar to that  of Matsuda and Ayabe (25). 
F rom the Ilkovic equation and the values m = 1.07 
mg/sec, t ---- 1.0 sec, i d = 7.64 /~A and  C*o ---- 2.03 mM, 
we find a value of Do w ---- 2.53 • 10 -3 cm/sec ~/~, in good 
agreement  with the value obtained from the potential  
step experiment.  To determine kinetic data, a plot of 
l o g [ i / ( i d  - -  i ) ]  VS. E according to the equation for a 
total ly irreversible reaction (44) 

0.059 1 .349ko tV ,  0.0542 
E = E ~ -5 log - -  log . 

an Do '/2 an ~d --  i 
[38] 

was made for values of E sufficiently negative as to 
make the reverse reaction slow enough to be negligi- 
ble. Results are given in Table II. 

A-C polarography.--Measurement of kinetic param- 
eters by a-c polarography involved phase-sensitive de- 
tection of the current, so that the phase angle of the 
current as well as its magnitude was measured. From 
this data the cotangent of the phase angle, 8, was deter- 
mined and used to calculate k at different values of E 
(45) 

Cot (8) ---- Ioo/Igoo ---- 1 + (2~) w/~ [39] 

The kinetic parameters  can be obtained from a plot of 
log X vs.  E or directly from a plot of cot(0) vs.  E by 
measur ing the potential  and magni tude of the maxi-  
mum value of cot(0) (45) 
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Table I. Potential step chronocoulometry. Results 

(a) R e d u c t i o n  r e a c t i o n ;  S t e p s  f r o m  - - 1 . 0 0 V  vs .  S C E  t o  E ;  s o l u t i o n  
c o n t a i n e d  2 . 0 3  m M  z i n e ( I I )  a n d  K O H ;  e l e c t r o d e  w a s  H g  d r o p  

E S t a n d .  d e v .  
[OH-] ( V  v s .  S C E )  L o g  k L o g  K • 107 

0 .18  - - 1 . 3 6  - - 0 . 5 6 7 5  - - 5 . 4 3 9 9  6 . 7 4  
- -  1.38  -- 0 . 3 1 8 9  -- 5 . 0 0 4 9  9 . 1 2  
- -  1.40 + 0 . 0 0 5 5  -- 4 . 6 4 0 6  11 .20  

- -  1.42 0 . 3 1 9 3  -- 4 . 3 0 9 6  2 5 . 2 0  
-- 1 .44  0 . 7 8 6 3  -- 3 . 9 7 8 9  2 5 . 6 0  
-- 1 .46 0 . 7 7 2 9  -- 3 . 8 0 1 2  5 . 1 4  
--1.48 1 . 0 1 7 7  --3.5614 2 . 4 6  
-- 1 .50  1 .2498  -- 3 . 3 1 5 3  15 .40  
-- 1 .62 1 .4933  - - 3 . 1 0 8 0  13 .50  

0 .34  -- 1 .40  -- 0 . 6 8 2 9  -- 5 . 3 4 7 1  1 2 . 7 6  
-- 1 .42 -- 0 . 4 7 7 6  -- 5 . 0 0 8 2  3 8 . 0 0  
--1.44 - - 0 . 1 5 9 8  - - 4 . 6 5 5 5  17 .10  
-- 1 .46  + 0 . 1 8 8 1  -- 4 . 3 4 6 6  7 . 6 4  
- -  1.48 0 . 4 8 7 6  -- 4 . 0 6 0 7  6 . 9 4  
- -  1.50 0 . 8 0 2 6  -- 3 . 7 6 7 0  7 .84  
-- 1.52 1.0215 -- 3.5505 14.40 
--1.54 1 .2627  --3.3110 3.05 
--1.56 1 .4239  --3.1461 2.65 

0.96 -- 1.43 -- 0.5593 -- 5.8622 6.30 
--1.45 - - 0 . 6 9 9 1  --5.4614 9 . 9 6  
-- 1.47 -- 0.4673 -- 5.0589 12.20 
- -  1.49 --0.1595 -- 4.7091 10.90 
--1.51 +0.1403 --4.3978 6.51 
- - 1 . 5 3  0 . 4 4 7 8  - - 4 . 1 1 2 9  9 .58  
-- 1 .55 0 . 7 0 0 0  -- 3 . 8 5 0 4  I 0 . 0 0  
- -  1.57  0 . 9 3 1 6  -- 3.6158 2 . 8 8  
- - 1 . 5 9  1 .1671  - - 3 . 3 9 0 3  2 . 0 5  
-- 1 .61 1 .3156  -- 3 . 2 3 1 7  2 .02  

1 .76  - - 1 . 4 6  - - 0 . 5 4 3 4  - - 5 . 8 8 3 2  8 .95  
-- 1 .48  -- 0 . 6 7 8 8  -- 5 . 4 3 2 3  9 .77  
-- 1 .50  -- 0 . 4 6 9 8  -- 5 . 0 2 8 0  1 6 . 3 0  
- - 1 . 5 2  - - 0 . 1 7 4 8  - - 4 . 7 1 3 8  1 6 . 2 0  
-- 1 .54  + 0 . 0 9 8 7  -- 4 . 4 2 5 4  13 .40  
- - 1 . 5 6  0 . 3 8 2 1  - - 4 . 1 4 2 7  1 1 . 5 0  
- -  1.58  0 . 6 5 7 3  -- 3 . 8 8 5 7  19 ,80  
- -  1.60 0 .9402  -- 3 . 6 3 6 9  1 4 . 5 0  
-- 1 .62 1 .0412  -- 3 , 4 8 3 9  7 .25  
- -  1,64  1 .2536  -- 3 . 3 0 6 9  7 .29  

(b)  O x i d a t i o n  r e a c t i o n :  S t e p s  f r o m  - - 1 . 7 0 0 V  v s .  S C E  t o  E ,  s o l u t i o n  
c o n t a i n e d  n o  z i n c ( I I )  a n d  K O H ,  e l e c t r o d e  w a s  z i n c  a m a l g a m  w i t h  a 
[ Z n ]  = 1.2 m M  

[OH-] E Stand. dev. 
( M )  (V vs .  S C E )  L o g  k L o g  K x 107 

0 .18  - - 1 . 3 8  - - 0 . 2 1 1 7  - - 5 . 8 5 3 4  4 . 9 7  
-- 1 .36  -- 0 . 3 6 4 1  -- 5 . 4 8 4 3  1 0 . 2 0  
- -  1.32  -- 0 . 4 5 6 3  -- 5 . 1 2 3 8  6 . 4 7  
- - 1 . 2 8  - - 0 , 1 3 3 5  - - 4 . 7 5 4 2  6 . 7 9  
-- 1 . 2 4  + 0.1061 -- 4.4880 4.80 
-- 1.20 0.3460 -- 4.2348 3.65 
--1.16 0.6573 --3.9680 16.3.0 
-- 1.12 0 . 7 9 9 3  -- 3 . 7 6 4 1  2 .42  
-- 1.08 1.0502 -- 3.5123 10.40 
-- 1 .04  1 .5222  -- 3 . 0 9 7 5  3 6 . 4 0  

0 .34  -- 1 .42 -- 0 . 8 2 4 2  -- 8 . 0 2 4 4  10 .60  
- - 1 . 4 0  - - 0 . 8 5 0 4  - - 5 . 6 4 7 9  15 .60  
-- 1.36  -- 0 .8181  -- 5 . 1 5 9 2  2 7 . 9 0  
- - 1 . 3 2  - - 0 . 1 5 1 5  - - 4 . 7 3 7 6  6 8 . 3 0  
-- 1 .28  -- 0 . 0 1 2 0  -- 4 . 4 9 6 3  10 .30  
- - 1 . 2 4  + 0 . 3 4 9 7  - - 4 . 2 2 1 7  3 . 8 5  
- -  1 .20  0 . 6 1 6 6  -- 3 . 9 5 9 5  3 .45  
--1.16 0.8588 --3.7272 3.88 
- - 1 , 1 2  0 . 9 0 9 7  - - 3 . 6 4 1 6  8 .35  
- -  1.08  1 ,2846  -- 3 . 2 8 5 3  2 . 7 9  

0 .96  - - 1 . 4 7  - - 0 . 3 6 7 0  - - 5 . 8 5 4 5  2 . 7 7  
- -  1.45  -- 0 . 5 1 6 7  -- 5 . 5 9 1 0  4 . 4 6  
- -  1.41 -- 0 . 3 8 6 4  -- 5 . 0 5 9 0  4 . 3 3  
-- 1.37 -- 0.0143 -- 4.6425 12.60 
--1.33 +0.2119 --4.3768 5.53 
-- 1.29 0 . 4 4 2 8  -- 4 . 1 4 3 1  4 . 3 0  
-- 1 .25  0 . 6 8 7 1  -- 3 . 8 9 7 5  2 . 6 7  
- - 1 . 2 1  0 . 8 7 4 4  - - 3 . 7 0 2 3  3 . 5 9  
-- 1 .17  1 . 0 7 9 7  -- 3 . 4 9 8 7  1 6 . 0 0  

- -  1.13  1 . 3 4 6 8  -- 3 . 2 4 3 4  2 . 6 4  

RT 
[E]max = Erl/2 + - ~  l n ( = / ~ )  

(2~D) '/" 
[cot(0)]max = 1 + 

ko[ (~ /~ ) -~  + (~/~)~] 

The results are shown in Table II. 

Potent ia l  s w e e p  v o l t a m m e t r y . - - K i n e t i c  parameters  
can be obtained from l inear potential  sweep vol tam- 
met ry  at a s tat ionary electrode by observing the var ia-  
t ion of Ep or of Ep -- Ep/2 with scan rate, v (46). 
Kinetic parameters  for the cathode reaction were ob- 
tained from experiments  in a 1.0M KOH solution con- 
ta in ing 2.03 mM zinc(II)  at a mercury  electrode while 
those for the anodic reaction used a zinc amalgam elec- 
trode, [Zn] = 1.2 mM and 1.0M KOH (34). Kinetic 
parameters  obtained from these measurements  are 
shown in Table II. 

Discuss ion  
The results obtained by the different electrochemical 

methods in Table II are in fair agreement  with each 
other. These results show that  the electrode reaction 
of zinc in alkal ine media is not a simple quasi- revers i -  
ble two-electron transfer. First, the quan t i ty  an + Bn 
is much less than two, when ~ and ~ are calculated 
from the appropriate slopes measures well  away from 
Erl/2. Second, the log K vs. E plots show definite curva-  
ture in the region n e a r  E r l / 2 .  This curvature  cannot 
be due to double- layer  effects, since the rate of change 
of potential  at the outer Helmholtz plane with elec- 
trode potential  is near ly  constant  in the region of in -  
terest, which is far negative of the potential  of zero 
charge, and the solution has a high ionic strength. Nor 
can it be explained by uncompensated resistance, since 
the region of ma x i mum curvature  is in the region 
where K was less than 100 ~A, and the uncompensated 
resistance was less than 10 ohms, i.e., where the curva-  
ture was most pronounced, contr ibutions from IR  
effects were at a min imum.  These features correspond 
quite closely to a consecutive electron transfer  mecha- 
nism, however, and the following mechanism appears 
to fit the exper imental  data quite well  

Z n ( O H ) 4 2 - ~  Zn(OH)2 + 2 O H -  [42] 

Zn(OH)2 + e ~=~ Zn (OH)2-  [43] 

Z n ( O H ) 2 -  ~ Zn(OH)  + O H -  [44] 

H g +  Zn(OH) + e~=~Zn(Hg) + O H -  [45] 

Comparison of this model to the exper imental  results 
is simplified by using a modification of the notation 
of Hung and Smith (10), with O representing Zn (OH)2; 
YO, Z n ( O H ) 2 - ;  YR, Z n ( O H ) ;  and R, Zn(Hg) .  With ]o 
= [OH-]2,]vo = 1.0, ]YR = [ O H - l - l ,  and fR = [OH-] ,  
the following equations hold for Erl/2.1 and Erl/2,2 

RT Do RT ]o 
Erl/2,1 : E1 o' + In + - In [46] 

2F Dro F f ro  

R T  Do R T  
E r l / 2 , 1  = E1 ~ + - -  l n - -  - -  l n [ O H - ]  2 [47] 

2 F  D y o  F 

R T  D y R  R T  
Erl/2,2 = E2 o' + In - -  - -  l n [ O H - ]  2 [48] 

2F DR F 

[40] At constant E -- Er]/2, the hydroxide dependence of 
~, is proportional to ft and ~2 to f2, where $1 and f2 are 
given by Eq. [49] and [50] 

[41] [49] f l  - -  fo~lfY0 ~1 = [ O H - ] - ~ 1 7 6  

f2 = [ O H - ] - ~  [50] 

Table II. Summary of experimental results by different techniques 

~n 

0 l o g  K c  0 l o g  K~. 
Erl/9 DO1~ ~ . 

kOc lDol /2  kOa /DRl l  2 ( V  VS. S C E )  ( c m / s e c  1/2) 0 l o g  [ O H - ]  0 l o g  [ O H - ]  

P o t e n t i a l  s t e p  0 .82  0 . 3 4  0 .17  0 .30  -- 1 .445  2 . 4 7  • 10 -a -- 1 .85 + 0 . 8 3  
D-C polarography 0.82 -- 0.33 -- --1.445 2.53 • 10 -s -- 
A-C polarography 0.83 -- 0.18 . . . . .  
L i n e a r  p o t e n t i a l  
s w e e p  v o l t a m m e t r y  

(a) (Ep vs .  l o g  v )  9 . 7 8  0 .33  0 .40  0 . 3 4  . . . .  
( b )  ( E p  -- Ep/s) 1 .00  0 .46  . . . . . .  
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- 4  

L O G I o ( K )  

O 0 . 1 8 M  K O H  I ! r O ~ I 

/ , / A  , / 6  , , , 
- . , o  .,.,o - , . o  

P O T E N T I A L  ( v o l t s  vs.  s .c .e . )  

Fig. 3. Log Kc vs. E for reduc- 
tion reaction. Comparison of ex- 
perimental data from poten- 
tial-step chronocoulometry 
([Zn(OH)42-] = 2.03 raM) 
with values calculated from con- 
secutive-electron transfer theory. 

This means that for any  given value of E --  Erl/2, the 
hydroxide dependence will  be small. In  particular,  
when  kl is near ly  equal to ~2, and the hydroxide con- 
centrat ion is about 1.0M, the hydroxide dependence of 
log K and log ~ wil l  be zero. Since the region where  
~1 is equal  to ~2 is also the region of curvature  of the 
log K vs.  E plot, the apparent  ~ measured in this 
region will  be between the values for the high and 
low slope l inear  regions; for the Zn ( I I ) / Z n  (Hg) reac- 
tion an would be equal to about 1.0 in this region. 

The measured values of the hydroxide dependence 
of log K at constant  potential  yield the following val-  
ues for ]1 and f2: fl - - - -  [OH-]-~  and ]2 = [OH- ]  +0as. 
To obtain a quant i ta t ive  comparison between model 
and results, we take al = 0.82, a2 ---- 0.66, kol -- 0.228, 
ko2 = 0.0209, and use these parameters  to calculate 
values for log K and log ~ from consecutive electron 
transfer  theory 

R T  
Erl/2.1 - -  - -  1.645 - -  ~ l n [ O H - ]  2 [51] 

F 

RT 
Erl/2,2 -- --1.245 - -  - -  l n [ O H - ] 2  [52]  

F 

We find that  the potent ial  step data fits the theoretical 
curves quite well  (Fig. 3-6). In  particular,  in the plot 
of log Ka vs. E where  the curvature  is most pronounced, 
the fit is excellent. 

These same parameters  can also be used to calculate 
a-c and d-c polarograms using Hung and Smith 's  equa-  
tions (10). In calculating polarograms, the Matsuda 
function (47) was used instead of exp (~2t) erfc (kt~/,), 
because a d.m.e, is used for polarography and p lanar  
diffusion no longer occurs. The fit between the theo- 
retical a-c polarographic data (cot 0 vs.  E )  and d-c 
polarographic data [ l o g ( i / i d  - -  i)  VS. E l  and the ex- 
per imental  results are shown in Fig. 7 and 8. The 
agreement  between theory and exper iment  for a-c 
polarography is not too good, but  Delmastro and Smith 
(48) pointed out that  amalgam formation reactions 

- 4  E3 Q 

LOGI0 (K) O 0.18 M KOH 

1~4 M KOH 

- $  

6 

I I I I I i I \ "~i 
1.1 1.2 1,3 --1,4 

POTENTIAL (volts vs.s.c.e.) 

Fig. 4. Log Ka vs. E for oxidation reaction. Comparison of data 
from potential-step chronocoulometry ([Zn(Hg)] = 1.2 raM) with 
theoretical calculations. 

may show large distortions of the current  because of 
spherical diffusion inside the drop. Since the theoret i-  
cal curves in these figures were calculated with param-  
eters from the potential  step experiment,  the agreement  
must  be considered satisfactory. 

It  is of interest  to compare our results with those of 
previous studies (Table III) .  Gerischer (22, 23) and 
later Fa r r  and Hampson (24) determined the exchange 
current  io by measur ing the charge t ransfer  resistance 
(RT = R T / n F i o )  at the equi l ibr ium potential  of a solu- 
t ion and thus determining the var ia t ion of io with 
reactant  concentration. From io, one can determine a 
and k o from the relat ion 

io = n F A k ~  a [ 5 3 ]  

The exchange current  can also be determined from 
consecutive electron transfer  theory, either from the 
equation derived by Vetter (2-4) or from the t reat-  
men t  of Hung and Smith (10) 

LOC-Io { )Q 

2.C ~ I I I I 

o 0.18 ~ K O H  

D 0~4 M K O H  • D 

0.96 M K O H  o ~ & o 

1,E (~ 1.76 i K O H  O 

O.C e e [~ e 

-lC ,14o , -,'~o ' - & o  
POTENTIAL (volts vs. s.c,e.) 

Fig. 5. Log ~. vs. E for reduction reaction. Comparison of data 
from potential-step chronocoulometry with theoretical calculations. 

i i i i I I i I 

1.0 

O . 5  

LOGIo (~) 

o D o.18 M K O H  O 

[3 0 .34M K O H  

o.96M K O H  

O z~ 

- o . 5  

i I i I I I ~ I 
-1.1 - I . 2  -1 .3  1.4 

POTENTIAL (vol ts  vs. s e e )  

Fig. 6. Log ;~ vs. E for oxidation reaction. Comparison of data 
from potential step chronocoulometry with theoretical calculations. 
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50 I O I I 

40 

30 .~ 
COT(0) 

20 

10 O 

I I I 
1.30 -1,40 -1.50 

POTENTIAL (vol ts vs. s,c.e.) 

Fig. 7. Comparison of Cot(g) vs. E data from a-c polarographic 
measurements with theoretical calculations. The solution contained 
[Zn(OH)42-]  ~- 2.03 mM and [ O H - ]  --- 0.18M. The d.m.e, was 
mercury with a drop time of 1 sec. ~ ---- 11,0 Hz. 

LOG10 

i / ( i  d i )  

0 -- 

1 

-2 
-1.30 

I I i I 

I I I I 
-1.40 -1.50 

POTENTIAL ( v o l t s  v s .  s.c.e.) 

Fig. 8. Comparison of log i l ( i~  - -  i) vs. E data from d-c polarog- 
ruphy with theoretical calculations. Conditions same as in Fig. 7. 

).1).2 
io = 2FAC* oDo ~/= 

(1 + eJ,) (~1 + X2) 

~1),2 
-- 2FAC*RDR v= [54] 

( 1  2 I- e - J ~ )  (;L1 Jr  ~2)  

Using the kinetic parameters  obtained from potent ial  
step measurements  to calculate io and RT and compar-  
ing these results with the data in  Fig. 2 of Fa r r  and 

December  1972 

1.2 

0.8 

LOG10 (R T) 

0.4 

I 

o 

I I I I 

A 
%,, 

A 
o ' ~  ~ _ 

�9 -- 

I I I I I 
- '  - 6  -5  - 4  

LOG10(Zn(Hg)) (moles/cm 3) 

Fig. 9. Log RT VS. log [Zn(Hg)] for different concentrations of 
Zn(OH)4 2 - .  Comparison of theoretical calculations with experi- 
mental data from Farr and Hampson (24). Squares, [Zn(OH)42-]  

5.05 x 10 -6  moles/cm3; triangles, [Zn(OH)42-]  ~ 6.8 x 10 -5  
moles/craB; circles, [Zn(OH)42-]  ~ 1.834 x 10 - 4  moles/cm 8. 
Open symbols are data from this work, solid symbols are from Farr 
and Hampson. 

Hampson (24), we calculate an RT which is larger than 
their  values by a factor of 3.5. This difference may be 
at t r ibuted to differences in the conditions of measure-  
men t  in  the two studies; for example, the ionic s trength 
of Far r  and Hampson's  solutions was 3.0M, while in  the 
present  work, it was 4.0M. They used NaOH and 
NaC104 while KOH and K F  were used in the present  
work, and the solutions used by Fa r r  and Hampson 
were purified by circulation over activated charcoal 
for at least 28 days. However, when  the RT values cal-  
culated from potential  step data are divided by 3.5, 
the values at different Zn(Hg)  and O H -  concentra-  
tions agree fair ly well  with those of Fa r r  and Hampson 
(Fig. 9). 

Matsuda and Ayabe (25) studied the reduction proc- 
ess by d-c polarography. Using the t rea tment  for quasi-  
reversible polarographic waves they obtained the re-  
sults shown in Table III, which agree very  well  with 
ours for the reduction process. 

Stromberg and Popova (29-31) studied both the oxi- 
dation and reduct ion reactions by  d-c polarography 
with a dropping zinc amalgam electrode used to study 
the oxidation reaction. Their  results do not agree very 
well  with the results of the present  work for the oxi- 
dation reaction, al though the agreement  is fair ly good 
for the reduction reaction (Table I I I ) .  However, their  
results still lead to the conclusion that one hydroxide 
is involved in the oxidation reaction rate l imit ing step, 
since the oxidation rate shows a dependence on the first 
power of the hydroxide concentration. This observation 
led Stromberg and Popova to conclude that  the oxida- 
t ion reaction was a two-electron reaction which oc- 
curred by a completely different path than that  of the 
reduct ion reaction (Eq. [4] and [5]). However, if they 
were correct, then a plot of log K vs. E for any  one 

Table III. Comparison of our results to previous studies 

aTI, ~Sn l og  koe log ko= Era/= 

O log /Ce 

log  [OH-] 

log K= 

8 log  [OH-] 

P r e s e n t  w o r k  0,82 0.34 -- :~.37 --2.92 -- 1.445 -- 1,85 
F a r r  a n d  H a m p s o n  (24) 1.00 1.00 -- 3.00 ~ - -  
M a t s u d a  a n d  A y a b e  (25) 0.84 - -  --3.3 - -  --1.444 --1"-.82 
Papaya a n d  S t r o m b e r g  (31) 0.78 0.46 --3.43 --3.70 --1.434 --2.3 

+ 0.83 

+ 1,4 
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hydrox ide  concentra t ion should be l inear  over  the  
whole  potent ia l  range  (except  for cu rva tu re  due to 
double  l ayer  effects and dis tor t ion due to uncompen-  
sated res is tance) ;  this is not  the case. Moreover,  this  
mechanism does not  p red ic t  the  negl igible  var ia t ion  
of the  exchange cu r ren t  wi th  hydrox ide  concentra t ion 
at  equ i l ib r ium which severa l  o ther  researchers  have  
repor ted  (22-24, 26, 27). The consecutive electron 
t ransfe r  mechanism expla ins  all  the observed  features.  

Recent ly  Despic and co -worke r s  (49) demons t ra ted  
that  the  C d ( I I ) / C d ( H g )  sys tem in H2SO4 solutions, 
long thought  to represen t  a mechanism involving a 
s imple two-e lec t ron  charge t ransfe r  step, p robab ly  
occurs by  a two-s tep  single e lect ron exchange mecha-  
nism. The findings here  on the Z n ( I I ) / Z n  (Hg) system 
para l l e l  these resul ts  and suggest  that  o ther  e lect rode 
react ion mechanisms prev ious ly  thought  to involve 
mul t ip le  electron t ransfe r  steps bear  reinvest igat ion.  
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charge t ransfer  coefficient for i th steps 
= 1 - - a l  
s tandard  heterogeneous ra te  constants  for  
i th  s tep 
F a r a d a y ' s  constant  
ideal  gas constant  
absolute  t empera tu re  
t ime 
der ived  parameters ,  see Eq. [15]- [21] 
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A P P E N D I X  

The equations and boundary  condit ions for the  solu-  
t ion of the cu r ren t - t ime  behavior  for a quas i - reve r s i -  
ble two-s tep  charge t ransfe r  are  as follows (1O) 

F o r t  : 0 ,  a n y x  

For  t > 0, x -* 

For  t > 0, x --  0 

0Co 02Co 
= D o -  [1A] 

Ot Ox 2 

8Cy 02Cy 
= D y  [2A] 

Ot Ox 2 

OCR 02CR 
: DR ~ [3A] 

Ot Ox 2 

Co : C*o [4A] 

C~ : Cr  = O [5A] 

Co ~ C*o [6A] 

CR "~ C:~ ~ 0 [7A] 

~Co il  ( t)  
Do : [8A] 

ax nlFA 
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aCy i2 (t)  i ,  ( t)  
Dy 

Ox n2FA nlFA 
OCa - - i2( t )  

DR - - - -  
Ox n2FA 

[9A] 

[10A] 

i l ( t )  _ Cox=0 exp ~ - - ~ l n l F  [E( t )  --  El~ t 
nIFAks.1 L RT 

- -CYz=0exp  { ( 1 - a l ) n l F  } RT [E( t )  -- El ~ [ I IA]  

i2(t) -- CYz=o exp ~--02~2F } 
n~FAks.2 [. ~ [E (t) -- E2 ~ 

-- CRx=o exp { ( 1 -  a2) n2F } RT [E( t )  --  E2 o] [12A] 
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The Kinetics of the p-Toluquinhydrone Electrode 
F. Kornfeil* 

Electronics Technology and Devices Laboratory, 
United States Army  Electronics Command, Fort Monmouth, New Jersey 07703 

ABSTRACT 

The reaction mechanism of the redox system p- to luquinone / to luhydroqui -  
none ( to luquinhydrone electrode) on smooth p la t inum was elucidated with the 
aid of the electrochemical reaction order method. It  was found that in the pH 
range 0.1-3.2 the reaction proceeds according to the scheme Q % H + ~=~ HQ +, 
HQ + + e -  ~ HQ, HQ -~ H + ~ H2Q +, H2Q + + e -  ~=~ H2Q. This mechanism 
is identical with the Hel le  sequence determined by Vetter for the benzoqui-  
none electrode. The relat ively fast rate of the charge- t ransfer  steps, however, 
necessitated measurements  of the electrode polarization in the nonsteady state. 
A method is described to determine the individual  exchange current  densities 
in moderately  fast consecutive charge- t ransfer  reactions. 

The reaction mechanism of the redox couple p- 
benzoquinone/hydroquinone  (quinhydrone electrode) 
was first elucidated by Vetter (1) who interpreted the 
steady-state overpotential  on smooth p la t inum with 
the aid of the electrochemical reaction order method. 
He showed that, in the over-al l  electrode reaction 
H2Q ~:~ Q -}- 2H + -}- 2e- ,  the electrons are exchanged 
in two different charge- t ransfer  steps. Hale and  Pa r -  
sons (2), using the Koutecky method on dropping 
mercury, and Eggins and Chambers (3), employing 
cyclic vol tammetry  on polished p la t inum electrodes, 
arr ived at essentially similar conclusions in more 
recent studies of the reduction of benzoquinone and 
other p-quinones.  The consecutive charge- t ransfer  
mechanism is, however, challenged by Loshkarev and 
Tomilov who account for their exper imental  results 
obtained on Pt (4, 5) and other metals (6) by postu- 
lat ing that  both electrons are t ransferred s imul tane-  
ously in  a single charge- t ransfer  step. 

The present  paper describes an investigation of the 
kinetics of the redox system methy l -p -benzoqu inone /  
methy l -hydroquinone  ( to luquinhydrone electrode). 
The aim of this study has been (i) to clarify the si tua-  
tion with respect to the reaction mechanism and (it) 
to ascertain what  effect, if any, the addit ion of the 
CH~-group to the benzene r ing may have on the 
kinetic parameters  of the quinhydrone  electrode 
reaction. 

Experimental Procedure 
All measurements  of the overpotential  were made 

at the same constant temperature  (25 ~ • 0.5~ in 
solutions of equal ionic s trength ~/2zcjnj: ---- 1.0. The 
excess of support ing electrolyte accomplished, as usual, 
the suppression of the ~-potential to negligible values, 
min imal  t ranference numbers  tj, and the vir tual  con- 
stancy of the activity coefficients of all reacting species 
Sj, thereby making the substi tut ion of cj for aj possible. 

Electrolyte solutions.--Both the toluquinone and the 
to luhydroquinone used were obtained from Eastman 

* Electrochemical Society Act ive  Member .  
K e y  words:  to luquinhydrone  electrode, react ion mechanism,  ex-  

change current densities, e lectrochemical  react ion order. 

Kodak "practical grade" reagents. The toluquinone 
was purified by subl imat ion under  atmospheric pres- 
sure and the sublimate collected as canary-yel low 
needles (mp 68.0~ The toluhydroquinone,  however, 
required repeated recrystal l ization from benzene and 
had to be subsequently twice sublimed in vacuo before 
snow-white  crystals could be obtained (mp 126.5~ 
All  other reagents used in the electrolyte solutions 
were of C.P. qual i ty and were used without  fur ther  
purification. Triply distilled water  served as the 
solvent. The toluquinone and toluhydroquinone con- 
centrations varied from 10 -2 to 10 -4 molar. 

Because of the known  vulnerabi l i ty  of aqueous 
solutions of to luquinhydrone  to photodecomposition (7) 
the toluquinone and to luhydroquinone were dissolved 
in the electrolyte immediately before the start  of each 
experiment.  No decomposition could be detected within 
a 6-hr period, provided that  the solutions were kept 
free of dissolved oxygen. Purified argon was, therefore, 
bubbled through the electrolyte at the start of each 
series and also, in termit tent ly ,  between individual  
measurements  wi th in  a series of determinat ions of the 
overpotential. This procedure insured sufficient sta- 
bil i ty during the 2-3 hr normal ly  required for estab- 
l ishing the anodic and cathodic current  densi ty-  
potential  relat ion at a given concentration. 

Reierence electrodes.--The values of all electrode 
potentials �9 are referred to the SHE and were measured 
against a Ag/AgC1/KCI(1M) electrode (co = 40.2387 
V). Highly stable reference electrodes were prepared 
by the electrolytic formation of AgC1 on thermal ly  
reduced spheres (r ~ 0.2 cm) of Ag20 (8) attached to 
small  Pt  spirals. The scatter of potential  differences 
among these electrodes never  exceeded 0.05 inV. 

Electrolysis celI.--A Pyrex  cell as shown in  Fig. 1 
was used in all the polarization measurements  described 
in this paper. The working electrode, a smooth Pt  wire 
(r ,~ 0.25 mm) ,  was sealed into a glass tube leaving 
2.55 cm exposed to the electrolyte solution, and was 
located along the axis of a cylindrical  Pt  counter-  
electrode through which a small  hole had been drilled 
to accommodate the Haber -Luggin  capi l lary of the 
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W . E .  

C E  

R.E. 

TEFLON PLU(  

I M P E L L E B  

Fig. !. Electrolysis cell. W.E., working electrode; C.E., counter- 
electrode; R.E., reference electrode; C,C', argon inlets. 

reference electrode. A machined Teflon plug served 
as the bear ing of a Lucite impeller  which, dr iven by 
a synchronous motor, circulated the electrolyte solu- 
tion through the cell in the direction indicated by the 
arrows in  order to realize conditions of controlled mass 
t ransport  dur ing the s teady-state  electrolysis. The 
speed of flow (25 cm/sec) was the same as the one 
reported by Vetter (1) in his work on the benzoquin-  
hydrone electrode and was chosen to facilitate the 
direct comparison of the test results. 

The electrolyte could be drained from the apparatus  
through stopcocks C and C' which also served as the 
inlets for the argon. Keeping the working electrode 
immersed in chromosulfuric acid when not in use and 
thorough r insing with distilled water  before each 
series of polarization measurements  were the only 
other precautions necessary to at tain a reproducibil i ty 
of about ___5 mV over the major  port ion of the cur ren t  
potent ial  curves. 

ElectricaL--In the measurements  of the steady-state 
overpotential  under  forced convection the polarizing 
current  i • A (i = current  density in amperes /square  
centimeters, A = apparent  surface area of the working 
electrode in square centimeters) was controlled 1 by 
switching in various portions of a high-ohmic ne twork  
of induct ion-free  resistors connected to a d-c power 
source 2 of about 400V. The resistance network was 
designed so that  successive switch positions resul ted 
in logarithmic increases of the polarizing current .  The 
potential  difference between the working and reference 
electrodes was measured using the Poggendorff com- 
pensation method. 8 

The same circuit was also used in the galvanostatic 
pulse measurements  except that  in this case the poten-  
t iometer circuit was replaced by a cathode-ray oscillo- 
scope 4 connected to a mercury  wetted relay 5 in the 
tr iggering circuit. This relay was a new type of high 
contact resistance ( >  5X10 ~ ohm) and capable of 

z Measured wi th  Gre ibach  mi l l i ammete r  Model 700. 
= Fluke,  Model 407 D. 
8 Leeds  & Nor th rup  po ten t iomete r  Type  K-3. 
4 Tek t ron ix  Type  561 A, t ime-base  p lug- in  Type  3B3, di f ferent ia l  

amplif ier  Type  3A3, wi th  inpu t  res is tance modif ied to 10 m e g o h m ,  
c a m e r a  sys tem C-12. 

5 Bell Laborator ies ,  under  Uni ted  States G o v e r n m e n t  contract. 

rapid ( <  10 -9 sec), chat ter-free closing of the contact. 
The same mi l l iammeter  served to preset the circuit 
for each desired current  density, the electrolysis cell 
having been temporar i ly  replaced by a suitable resistor. 

The electrolyte solution was kept at rest dur ing pulse 
polarization but  was circulated between recordings of 
the potent ia l - t ime traces in order to expedite the re- 
establishment of the equi l ibr ium potential  Co. Ext rap-  
olation of the potential  t ransients  for t ~ 0 and 
correction for the /R-drop between the working elec- 
trode and the tip of the Haber -Luggin  capi l lary were 
carried out according to the method of Gerischer (9). 

Results and Discussion 
GeneraL--Throughout  this discussion i and ~] will  be 

reckoned positive for the anodic and negative for the 
cathodic branches of the polarization curves. 

The over-al l  redox electrode reaction can be wr i t ten  
as a net oxidation process in the generalized form 

]~=,jSj -5 h e -  = 0 [1] 

with the equi l ibr ium potent ial  given by 

co : go -5 RT/nFZvj in aj [2] 
where vj is the stoichiometric coefficient of the species 
Sj (vj < 0 for a reduced, vj > 0 for an oxidized species), 
Eo is the s tandard electrode potential  and the remain-  
ing symbols have their  usual  significance. In  the case 
of the toluquinone electrode (Eo : 0.623V, n ---- 2) 
the vj's have, therefore, the following values: ~'H2~ ---- 
- - I ,  ~ : -51, p H  § - -  -~-2.  

For the sake of brevi ty  the following indices wil l  be 
used for ~, Sj, and later  for the electrochemical 
reaction order zj: to luquinone (Q) = 1, to luhydro-  
quinone (H2Q) = 2, hydrogen ion (H +) = 3. 

The theoretical  relat ionship be tween the t ransfer  
overpotential  of a redox electrode and the current  
density in the s tat ionary state was first derived by 
Vetter (10, 11) for an electrode reaction of the type 
Sr ~ So -5 2e-  proceeding via two consecutive charge 
t ransfer  steps under  the formation of an in termediate  
S m  

Sr ~ Sin-5 e -  ( t ransfer  step 1) [3] 

S m ~  So-5 e -  ( t ransfer  step 2) [4] 

each charge t ransfer  step having its own characteristic 
t ransfer  coefficient (el, c,2) and exchange current  
density (io, z, io,2). Moreover, each species appearing in  
Eq. [3] and [4] may  itself be involved in sufficiently 
fast chemical reactions. 

Under  these conditions the i-~1 relat ionship is, in  its 
most perspicuous form 

(' =IF ) 
i = 2io,1 exp ~ - ~ -  tl X 

2F l--exp (----R~) 
[5] 

1 + as -- al ) 
1 -5 (io.1/io,2) exp RT F~t 

1 -- a2 ) 
i = --2io,2 exp R------T F11 X 

1 -- exp ( 2F ) 
1-t-a2--az F~]) 

1 -t- (io,2/io,1) exp RT 

[Sa] 

Equations [5] and [Sa] are identical. However, the 
consequences of large overpotentials (Tafel lines) and 
high values of the ratios of the exchange cur ren t  den-  
sities in  the intermediate  range of ~1 (pseudo-Tafel  
lines) can be seen more clearly when Eq. [5] is used 
for anodic (~ > 0) and Eq. [5a] for cathodic (~ < 0) 
polarizations. The complete theoretical polarization 



1676 J.  E l e c t r o c h e m .  Soc.:  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  D e c e m b e r  1972 

curves have been systematical ly examined more re-  
cent ly by Hurd  (12) who also invest igated the general  
case of n consecutive transfer  steps with numerica l  
solutions supplied for n = 3. 

In the exper imenta l  determinat ion of the i-*l re la-  
tionship the concentrat ions of toluquinone (cl) and 
to luhydroquinone (c2) were  var ied  in the fol lowing 
electrolyte  solutions: 1M HC1 (pH = 0.1), 0.01M HC1 
+ 0.99M KC1 (pH ---- 2.14), and 0.03M CH3COOH + 1M 
KCI (pH = 3.15). 

S t e a d y - s t a t e  po lar i za t ion . - -F igure  2 shows a typical  
polarization curve  obtained at cl = c2 = 10 -2 molar  
in 1M HC1. In all s teady-state  measurements  the ir-  
regular  (,~1 Hz) fluctuations of the electrode potential  
due to the variat ions in the mean  thickness of the 
diffusion layer  in turbulent  flow, characterist ic of a 
diffusion current,  were  observed when  the current  
density approached the l imit ing value  iL. The l imit ing 
anodic current  density was found to be proport ional  
to the to luhydroquinone concentrat ion 

( i L ) a  - -  0.6 C2 ( A / c m  2) [6] 

and the l imit ing cathodic current  density proport ional  
to the toluquinone concentrat ion according to 

(ia)c : 0.9 Cl ( A / c m  2) [7] 

The values of these proport ional i ty  constants are some- 
what  lower  than those determined by Vet ter  (1) under  
identical  conditions, as would be expected f rom the 
larger  size of the methyl -subs t i tu ted  molecules. It  
follows (13) f rom the above that  the overpotent ia l  
associated with  the l imit ing currents  is pure diffusion 
overpotent ia l  ~ld wi th  no measurable  reaction over-  
potential  ~r present. 

It can also be seen f rom Fig. 2 that  the contr ibution 
of the charge- t ransfer  overpotent ia l  to the total over -  
potential  is not near ly  large enough for Tafel lines to 
be drawn with  a sufficient degree of accuracy. In 
addition, the ra ther  steep anodic slope of the polar iza-  
tion curve  suggests s trongly the possibility of mis taking 
a pseudo-Tafel  line for a true Tafel line. It was for 
these reasons that  the contr ibution of ~d was e l iminated 
by employing the nonsteady-sta te  method (pulse 
polarizat ion).  

Pulse  Po lar i za t ion . - -The  appearance of the factor  2 
immedia te ly  following the equal i ty  signs in Eq. [5] 
and [5a] is due to the fact that, by definition of the 
stat ionary state, both charge- t ransfe r  reactions proceed 
at the same rate (il : i2 : 0.5/), otherwise there  
would occur a net accumulat ion or depletion of Sin. 
This condition does, of course, not necessari ly prevai l  
at any t ime before the system has reached the sta-  
t ionary state. It  is, therefore,  necessary to introduce a 
"current  distr ibution coefficient" 7 in the derivat ion of 
the corresponding equat ion reflecting the condition of 

the nonsteady-state.  The factor 7 is then defined a s  
that  fraction of the total current  density giving rise 
to the first charge- t ransfer  reaction (Eq. [3]):  v -- 
i l / i ,  1 -- v - i2/i. Fol lowing the arguments  (10) used 
in the der ivat ion of Eq. [5] and [5a] one obtains 

i =/0,1/7 exp ~ n X 

2F 
l--exp (---~-~) 

[6] 
(I--7)io, i ( l+=2--al ) 

1 + exp F~ 
7 io.2 R T  

(l--a~F~l) X i : -- /o,2/(I -- 7) exp R T  

(1§ 
7/0,2 exp F~ 

1 + (1 - -  v)io,1 R T  

of which the s teady-state  equations are the s p e c i a l  c a s e  
for 7 = 0.5. 

At sufficiently large overpotent ials  Eq. [6] and [6a] 
s implify to 

a lF 
i = /0,t/T exp  ( - ~ - n )  

and i = -- /0,2/(1 -- "y) exp R ~  Fn [7] 

In a plot of log i vs. ~ one ought therefore  obtain 
Tafel  lines wi th  intercepts Ia = /0,1/7 and Ic = io,2/ 
(1 -- 7) and anodic and cathodic slopes determined by 
the values of al and (1 -- ~ ) ,  respectively,  provided 
that  v remains reasonably constant over  the range of 
overpotentials  under consideration. That this is indeed 
the case can be seen in Fig. 3-5 which were  taken by 
varying the concentrat ion of only one species at a 
time, keeping all other  concentrations constant. A 
comparison of corresponding pairs of polarization 
curves demonstrates  that  the anodic and cathodic 
Tafel  lines have different intercepts. F rom the slopes 
of the Tafel  lines the t ransfer  coefficients were  calcu-  
lated as ~1 = 0.40 and a2 = 0.55, independent ly  of the 
concentration. Both cri ter ia  for the occurrence of 
consecutive charge- t ransfer  reactions (Ia =fi [c, al ~ aS) 
are therefore  fulfilled. 

Figure  4 also shows the appearance of a pseudo- 
Tafel  line in the in termedia te  range of the anodic 
overpotent ia l  before the t rue  Tafel  region is reached 
at still larger  overpotentials .  This phenomenon occurs 
when the concentrat ions are chosen so that  Ia > >  Ic 
(10, 12). Under  this condition, and at sufficiently large 
overpotent ials  (exp 2F~/RT > >  1) Eq. [6a] assumes 

3 

7 ! 

I I I I I I I I I 

I I I I I I I 
0.2 04  06 08 

(VOLT) 

Fig. 2. Steady-state polarization curves for c l = c 2 = l O - ~ M ,  
pH = 0.01. 
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Fig. 3. Pulse polarization curves, r variable; c2 = lO-3M,  pH 
= 0.01. �9 cl = IO-~M,  0 cl = lO-3M.  
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In  the presence of a large excess of support ing 
electrolyte the expressions for Cr and co follow from 
t h e  law of mass action as  

C r  : KrIICjZr,j [10] 

co : KoIICjZo,j [1Oa] 

Subst i tut ion of Eq. [10] in the expression for t h e  
e x c h a n g e  current  density of t ransfer  step 1 results in  

(~ 
io,1 = k l  Cr e x p  \ ~ ,o 

i I I I I 

[ I I I 
0 7 0.9 

Fig. 5. Pulse polarization curves, c3 variable; cl = I0-2M, c:2 = 
10-3M. @ pH : 0.01, 0 pH : 2.14, & pH = 3.14. 

the pseudo-Tafel  form (1+ ) 
i -- io,2/(1 -- 7) exp a2-Fn [8] 

R T  

with an apparent  anodic t ransfer  coefficient ~a = 
(1 -t- a2) whose magni tude  1 < aa < 2 simulates the 
existence of a t ransferred particle of charge 2e- .  If 
one fur ther  considers that the intercept  io.2/(1 -- 7) 
is identical with the cathodic intercept Ic then it is 
easily appreciated that in a steady-state exper iment  
under  the same conditions, where the anodic l imit ing 
current  density is approximately 1 mA, the true Tafel 
l ine could never  be observed. One would then be 
forced to conclude that  the two electrons are indeed 
t ransferred in a single step. It  seems most l ikely that  
these difficulties led Loshkarev et  al. (4-6) to postulate 
a single-step mechanism. Such a mechanism is, in 
any event, difficult to accept unless one is prepared to 
assume the existence of a dimer electron. 

E l e c t r o c h e m i c a l  r eac t ion  orders ,  r eac t ion  m e c h a n -  
i s m . - - I t  is well known that  the electrochemical re -  
action order method provides a convenient  and 
powerful  means of ident i fying the stoichiometry of 
the species Sr and So part icipat ing directly in the 
charge-transfer  reactions (14), provided that these 
substances are v i r tual ly  in thermodynamic  equi l ibr ium 
with other species Sj (i.e., ~lr -> O) 

Zr,lS1 ~- Z r , 2 S 2 " ~ - . . . ~ . . .  ~- (--Zr,p) Sp 
"~- . . .  ( --Zr,q)  Sq -~- S r  [9] 

Zo, IS1 ~- Zo,2S2"~- . . . ~ . . .  -~- (--Zo,p) Sp 
+t- . . .  (--zo,r + So [9a] 

- :  KlIIcjZr,j  
a l F  

exp \ - ~ ' e ~  [11] 

for t ransfer  step 2 and, analogously, using Eq, [10a] 

( 1 - - a 2 F . o )  io,2 -- k2 Co exp R-----~- 

(1_o  / 
: K2IIcjzo,i exp R-T" Feo [11a1 

where the rate and equi l ibr ium constants have been 
taken together to form the new constants K1 and K2. 
The stoichiometric coefficients of the equil ibria  [9] 
a n d  [9a] reappear now as the anodic and cathodic 
electrochemical reaction orders Zr,j and zo,j, respec- 
tively, whose knowledge a11ows the computat ion of the 
stoichiometric formulas of Sr and So according to 
the equations 

Sr  = ~Zr,jSj and So = ~Zo,jSj [12] 

which follow at once from Eq. [9] and  [ga]. 
In t roducing the Tale1 l ine intercepts la : io,I/~, a n d  

Ic : io,2/(1 --'y) and taking logarithms, Eq. [11] and 
[11a] become 

aiF 
I n l a : - - I n ~ F + Z Z r j I n c J + ~ e o + l n K l  [13] 

In Ic : -- In  (1 -- ~) + Zzoj  In  cj 

1 - -  a2 
- -  Feo Jr In K s  [13a]  

R T  

The electrochemical reaction orders can now be cal- 
culated by part ial  differentiation of In la and In Ic 
with respect to the equi l ibr ium potential  eo, varying 
the concentrat ion ck of the species Sk at a time, keeping 
all other concentrat ions constant  

: al + 2 [14] 
0% cj~ RT ~k 

2.303 - -  : a2 + 2 - -  1 [14a]  
0 e  ~ C J ; ~ k  R T  v k 

where Eq. [2] has been used to obtain O log Ck/0~o. 
In  the present  case a plot of log Ia.c vs. eo is preferable 

to the more f requent ly  used 0 log i/O log Ck because 
the actual concentrat ion of Sj may  not accurately be 
known owing to the holoquinone/mer iquinone  equi-  
l ibria  (15) present  in the electrolyte solutions. The 
mer iquinone is believed to be the source of the inter-  
mediate to sustain the second charge-transfer  reaction 
at t = 0 in the nonsteady-sta te  experiments.  

In  Fig. 6 and 7 the dependence of the anodic and 
cathodic intercepts is shown as a funct ion of the 
equi l ibr ium potential  eo, using the variable Ck as the 
parameter.  With the aid of Eq. [14] and [14a] the 
Zr.j's are calculated from 0 log Ia/O ~o and the zo.j's from 
0 log Ic/Oeo as 

Zr,1 = O, Zr,2 : + 1, Zr,3 :--- 0 

To.1 : + 1 ,  To,2 : 0, To,3 : + 1  [15]  

Subst i tut ing these values in Eq. [12] it follows immedi-  
ately that  Sr = H2Q, the to luhydroquinone molecule 
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Fig. 6. Determination of the anodic electrochemical reaction or- 
ders. Curve 1, Zr, l; curve 2, zr,2; curve 3, Zr,8. 
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Fig. 7. Determination of the cathodic electrochemical reaction 
orders. Curve 1, zo,1; curve 2, Zo,2; curve 3, zoo. 

itself, while So = HQ +, the protonated toluquinone.  
Since the charge exchanged in each t ransfer  step is 
obviously e - ,  it is clear that the over-al l  electrode 
reaction proceeds according to the scheme 

Q + H + ~=~ HQ + chemical equi l ibr ium 
HQ + + e -  ~ HQ transfer  step 
HQ + H § ~ H2Q § chemical equi l ibr ium 

H2Q + + e -  ~:~ H2Q transfer  step 
Q + 2H+ -F 2 e -  ~ -  HzQ over-al l  electrode react ion 

Thus, the mechanism of the to luquinhydrone  elec- 
trode is the same as the Hel le  mechanism of the benzo- 
quinhydrone  electrode as determined by Vetter (1). 

Determinat ion of the individua~ exchange current  
densi t ies . - -Al though the elucidation of the electrode 
mechanism has been shown not to depend on the 
knowledge of the individual  exchange cur ren t  densities 
io,1 and io,2, it  would still be desirable to ascertain their  
values in order to be able to see the influence of the 
subst i tuent  on the rates of the charge- t ransfer  reactions. 

When the transfer  steps are too fast the Tafel lines 
become obscured by the early development  of l imit ing 
current  densities in  steady-state measurements .  On 
the other hand, inspection of Eq. [6] and [6a] demon-  
strates that, using the current  pulse method alone, the 
three unknowns  io,1, io,2, and ~ cannot  be separated 
because they invar iab ly  occur in the same combinat ion 
/o,1/~ and ion~ (1 -- ~), i.e., the Tafel l ine intercepts. I t  
is, however, possible to measure % and hence the 
exchange current  densities, by combining the results 

of the pulse experiments  with measurements  of the 
steady-state overpotential  in  the vicini ty (--10 ~ 11 

+ 10 mV) of the equi l ibr ium potential  in  the follow- 
ing way: the pulse measurements  yield directly the 
values of the intercepts Ia = io.1/~ and Ic = io.~/ 
(1 -- ~). Now, differentiation of Eq. [5] or [5a] with 
respect to ~ for ~ ~ 0 gives the expression for the 
charge- t ransfer  resistance Rt (13) 

= + [16] 

independent ly  of the values of the t ransfer  coefficients 
(10). One can, therefore, calculate ~ by  combining the 
expressions for the intercepts Ia and Ie with the slope 
Rt at the origin of the i-~ curve. This leads at once 
to the equat ion 

"y = - - A / 2  • 4 Ia B [17] 

1 1 4 F  
with A : - -  1, and B : Rt. 

Ic B Ia B RT 

The results of measurements  taken near  the equi-  
l ibr ium potential  are presented in Fig. 8 and 9. In  Fig. 
8 the exper imental  conditions were cl : 10 -3, c2 -- 
10-2, pH : 0.10 for which the intercepts had been 
determined as log Ia : --2.26 and log Ic : --4.68 
(cf. Fig. 4). Using Eq. [17] with R~ = 0.6 rnV/~A, 7 
is calculated as ~1 : 0.47 and ~2 -- 0.005. For the 
experiment  performed with cl : 10 -2, c2 ----- 10 -3, 
pH : 3.14 (Fig. 9) the corresponding intercepts a r e  

I 

-IO -5  
I I 

2 0  

J 

I 

q (my) 
--IO 

-20 

Fig. 8. Determination of the charge-transfer resistance Rt at the 
equilibrium potential. Experimental conditions: ci - -  10 -3M,  c2 - -  
I 0 - 2 M ,  pH - -  0.10. 
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Fig. 9. Determination of the charge-transfer resistance Rt at the 
equilibrium potential. Experimental conditions: cz = 10 -2M,  c2 
10 -3M,  pH - -  3.14. 
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log Ia = --4.03, log Ic = --6.05 (cf. Fig. 5), and Rt = 
15 mV/~,A, resul t ing in  ~1 : 0.52 and 72 = 0.007. 

Although it is much more probable that  -~ N 0.5 is 
the correct value the ambigui ty  arising from Eq. [17] 
having two roots can be removed by employing Eq. 
[16] with the values of the Tafel line intercepts and 
charge- t ransfer  resistances obtained in  two different 
sets of experiments.  In  this case 

R~ = - ~ ' ,  I--s + Ic(1---~) 
RT(1 1 )  

Rt'=-W" I--~ + Xc'(1-~) 

Ic -- KIc" 
and "~ -- [19] 

K(Ia'  -- Ic') -- (Ia -- Ic) 

where K = RtIaIc/RdIa'Ic'. 
Making use of the same exper imental  data as in  the 

calculations above one finds 7 = 0.5. Apart  from the 
need of two separate sets of polarization data it is 
preferable to use Eq. [17] because the error in the 
calculation of -y using Eq. [19] can become quite 
appreciable due to the presence, in both numera tor  
and denominator,  of AI's. It  should also be pointed out 
that  the close agreement  between the values of 7 
obtained with the two methods is, therefore, somewhat 
misleading and is a t t r ibutable  to the choice of suitable 
pairs of polarization curves. Equation [19] can, how- 
ever, serve a useful purpose in deciding between the 
roots of Eq. [17]. The fact that  ~ is found to be so close 
to 0.5 demonstrates that  on the time scale of the 
Gerischer extrapolat ion the current  distr ibution of the 
steady state is rapidly reached and that  the s tat ionary 
concentrat ion of Sm can differ only slightly from its 
thermodynamic  equi l ibr ium concentration. 

Having thus ascertained the numerical  value of 7 
it is now an easy mat ter  to make a direct comparison 
between the exchange current  densities of the tolu- 
quinhydrone and benzoquinhydrone electrodes. Taking 
Vetter 's results and the data presented in this paper 
it is seen that, at corresponding concentrations, the 
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exchange cur ren t  densities of the to luquinhydrone 
electrode are invar iab ly  higher, at some concentrat ions 
by as much as a factor of about 300. It seems therefore 
that the to luquinhydrone electrode should funct ion as 
the superior indicator and reference electrodes from 
the point of view of its greater reversibility. This 
advantage will, however, in most practical cases be 
negated by the easy photodecomposition of its electro- 
lyte solution. 
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The Electrochemistry of the Liquid Crystal 
N-(p-Methoxybenzylidene)-p-n-butylaniline (MBBA) 

The Role of Electrode Reactions in Dynamic Scattering 

Ann Lomax, Ryo Hirasawa, and Allen J. Bard* 
Depar tment  oJ Chemistry ,  The Univers i ty  of  Texas  at Aust in ,  Aust in ,  Texas  78712 

ABSTRACT 

The electrochemical reduction and oxidation of MBBA were studied by 
cyclic vol tammetry  and by controlled potential  eoulometry. The reduction in 
DMF leads to the formation of the radical anion which decomposes with a 
half-l ife of about 4 sec, apparent ly  by both ec and ece pathways. The oxida- 
tion product was unstable  on the t ime scale of this study. The possible im-  
portance of electrode reactions in in terpret ing the dynamic scattering phe- 
nomenon  in nematic  l iquid crystals is suggested. 

The l iquid crystal (LC) Schiff base N - ( p - m e t h o x y -  
benzy l idene ) -p -n -bu ty i an i l i ne  (MBBA) has been of 
much recent  interest  because it undergoes "dynamic 

C H 3 0 - - ~  - - C H = N - - ~  - - C 4 H 9  

MBBA 

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words:  e lec t ro -o rgan ic  chemis t ry ,  cycl ic  v o l t a m m e t r y ,  coul-  

omet ry ,  e lectron spin resonance ,  Schiff  base. 

scattering" (DS) when  subjected to d-c or a-c electri-  
cal fields; this electrooptic effect forms the basis of LC 
display devices. Dynamic scattering has been shown to 
occur when  the LC, sandwiched between two closely 
spaced (e.g., 10-100 ~m) electrodes above a certain 
threshold voltage, begins to undergo first l aminar  and 
then tu rbu len t  flow (1). The mechanism of this phe- 
nomenon  has been the subject of a number  of recent 
studies (2-8) and is apparent ly  different for d-c and 
low frequency a-c excitations, where the electrodes 
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must  contact the LC phase, and for high f requency a - c  
excitations, where  the electrodes may be insulated or 
"blocked" f rom the LC. The d-c low f requency  mech-  
anism is based on the "inject ion of electrons" into the 
low conduct ivi ty  LC leading to space charges; t ransfer  
of momen tum f rom the result ing moving ions under  
the influence of the field to the aligned LC molecules 
results in cellular hydrodynamic  flow (1-3). In an al-  
ternate  model  the space charges in the nematic  LC 
originate in the anisotropic conduct ivi ty  of the LC 
(4-6). These models general ly  ignore the e lect rochemi-  
cal processes occurr ing at the e lect rode-LC interface 
and the nature  of the ionic species formed in the proc- 
ess. Because these processes can affect the threshold 
voltage for the onset of dynamic scattering and have 
important  ramifications in the occurrence of secondary 
chemical  reactions which may l imit  the life of the LC 
device, we have  under taken  a study of the electro-  
chemical  behavior  of LC materials.  

Most of the electrochemical  studies of MBBA de- 
scribed here  were  performed using the aprotic solvents 
N,N-dimethyl formamide  (DMF) or acetonitr i le  (ACN) 
as reaction media; a few pre l iminary  studies in neat  
MBBA were also at tempted,  however.  Previous elec- 
t rochemical  studies on the reduction of the related 
molecule, N-benzyl ideneani l ine  (BA) (9-12) and the 
oxidation of N-  (p -methoxybenzy l idene)an i l ine  (MBA) 
(13) have been described. 

H H Ph--C--~N~Ph CHsO--~--C-~N--Ph 
BA MBA 

Exper imental  
The MBBA was special, h igh-pur i ty  mater ia l  ob- 

tained from Texas Instruments.  The supporting elec-  
t ro lyte  materials,  t e t r a -n -bu ty l ammon ium perchlorate  
(TBAP) and iodide (TBAI) ,  were  polarographic grade 
(Southwestern  Analyt ical  Chemicals) and were  dried 
in a vacuum oven before use. Purification of the sol- 
vents DMF and ACN followed previous practice (14, 
15). 

All  e lectrochemical  data were  obtained with  a 
Pr inceton Applied Research Corporation (PAR) Model 
170 electrochemical  system. Solution preparat ion on a 
vacuum line and f r eeze -pump- thaw techniques were  a s  
previously described (14, 15). The cell for vo l t ammet -  
rie studies contained e i ther  a p la t inum disk or a hang-  
ing mercury  drop working electrode, a p la t inum auxi l -  
iary electrode in a separate  chamber,  and an aqueous 
saturated calomel electrode (SCE) connected to the 
test solution by an agar bridge with its tip positioned 
near  the working electrode. The coulometric studies 
were  done in the same cell wi th  a p la t inum gauze 
working electrode. Electron spin resonance (ESR) 
spectra were  obtained on a Varian V-4502 spectrometer  
and electrolytic cell accessory. The solutions were  de- 
gassed by the f r eeze -pump- thaw method and t rans-  
ferred to a reservoir  above the ESR electrolytic cell. 
The cell was flushed with  ni t rogen and fresh solution 
from the reservoir  was employed for each experiment .  

Results 
Electrochemical reduction.--The reduction of MBBA 

at a p la t inum electrode was studied by both cyclic 
vo l t ammet ry  and controlled potential  coulometry  to 
obtain informat ion about the electrochemical  behavior  
of the system on both a short and a long t ime scale. A 
typical  cyclic vo l t ammogram for the reduct ion in DMF 
is shown in Fig. 1. The first reduction wave  occurs at 
--2.06V vs. SCE and is near ly  reversible  at scan rates 
above 5 V/sec. The second reduction wave  occurs at 
--2.60V and shows no reversal  current  even at high 
s c a n  rate. The reduct ion potential  of the first wave  is 
more  negat ive than that  of BA (--1.83V) (9) as ex-  
pected for the introduction of an e lec t ron-donat ing 
group into the molecule,  and is close to that  for MBA 
(--2.15V) (10) in DMF solutions. 

1 2o0 

�9 I - - ~  t - 2 I~ - 

Fig. 1. Cyclic voltammogrom at a Pt disk electrode of 6.65 mM 
MBBA in DMF, O.IM TBAP. The scan rate was 2 V/sec. 

Figure  1 shows, in addit ion to the two major  reduc-  
tion waves of MBBA (1, 3) and the oxidation of 
MBBA ~ (2), two waves of lesser height. An anodic 
wave (at --0.54V) (4) appears to a slight extent  after 
scanning through only the first wave, and to a greater  
degree if the scan is continued beyond the second main 
reduction wave. The small  cathodic wave  (at --1.38V) 
(5) appears only after  having  scanned through wave  4. 

Nei ther  the nature  nor the source of these waves was 
investigated. The anodic wave  4 was found to be the 
only wave  remaining af ter  exhaust ive electrolysis of 
the solution at a potential  on the plateau of the first 
wave. The behavior  of the diagnostic criteria, ipa/ipe and 
ipJvll2, for the first reduct ion wave  is shown as a func-  
tion of scan rate, v, in Fig. 2 (ipe and ipa are the cathodic 
and anodic (reversal)  peak currents, respect ively) .  The 
peak height and peak potential  separation, as wel l  as 
the coulometric and ESR results below, show that  the 
first reduct ion wave  leads to the product ion of the 
radical  anion in a one-e lec t ron reaction. The upper 
curve  (Fig. 2a) i l lustrates the extent  of react ion of the 
radical  anion; the react ion is near ly  complete  at slow 
scan rates, while  at fast scan rates it has scarcely be-  
gun. The qual i ta t ive  shape of curve 2a is characterist ic 
of both the ec and ece mechanisms, where  an ec mech-  

Ip a 

Ipc  

Ip~ 

v~/2 

1 . 0  

0 . 8  

0 . 6  

3.0 

2.0 

I I I 

b 

I I l 
0 .  I ! .O I 0 . 0  

V 

Fig. 2. (a) The peak current ratio, and (b) the normalized catho- 
dic peak current vs. scan rate for the reduction at a hanging mer- 
cury drop electrode of 1.66 mM MBBA in DMF, 0.01M TBAP. v is 
in V/sec, ipe/V% in/kA sec'/2/Y z/2. 
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anism involves reaction of the e lectrogenerated prod-  
uct to a nonelectroact ive species, whi le  an ece mech-  
anism implies that  the product  of the chemical  react ion 
is reduced at potentials where  MBBA is reduced. The  
data in Fig. 2b are useful in distinguishing between the 
two. In the ec case, the m a x i m u m  change is about 10% 
while  for the ece case, in which the product of the re-  
action is more  easily reduced than the start ing mate -  
rial, a max imum change of 50% can be observed (16, 
17). The change of about 33% observed in the reduc-  
tion of MBBA indicates a significant degree of ece be-  
havior.  The effect of v on the peak potential  (Table I) 
is to shift the peak to more negat ive values at faster  
scan rates, as would be expected for an i r revers ib le  
chemical  react ion following electron transfer.  

Exhaus t ive  controlled potential  coulometr ic  reduc-  
tion on the plateau of the first reduct ion wave  gave an 
apparent  number  of faradays per mole of MBBA, 
napp, of 1.2 to 1.9. 

In ACN only the first reduction wave  of MBBA was 
observed. Its peak potent ial  was more  negat ive 
(--2.15V) than in DMF (--2.06V); no reversal  current  
was detected, even at scan rates of 20 V/sec. 

Electrochemical oxidation.--The oxidation of MBBA 
in ACN occurs in two steps; a typical  cyclic vo l tammo-  
gram is shown in Fig. 3. Waves 1 (1.45V) and 2 (2.0V) 
correspond to the oxidation of MBBA, while  wave  3 is 
present  in the solvent-support ing electrolyte medium 
before the addition of the depolarizer. Similar  two-  
step oxidations have been repor ted  for other  Schiff 
bases (13). A small  wave  at 0.8V is also evident  and is 
presumably  caused by an impur i ty  in the MBBA. 

Though the occurrence of the second wave  at a po- 
tent ial  where  the residual  current  is large makes its 
analysis difficult, a study of the peak characterist ics of 
the first wave  indicated that  both the peak potential  
and the normalized peak current  were  dependent  on 
the scan rate;  the behavior  is shown in Fig. 4, wi th  the 
poor reproducibi l i ty  of the current  and potential  mea-  
surements  probably resul t ing from electrode filming. 
Nei ther  wave  yielded a detectable reversa l  current  at 
scan rates up to 20 V/sec. 

An  napp value  determined by controlled potential  
coulometry at the first wave  ranged f rom 0.88 to 1.2 
e lec t rons/molecule ;  the major  electroact ive product  of 
the oxidation was reducible at --0.8V. 

At tempts  to invest igate the electrochemical  behavior  
of neat  MBBA using TBAP or octadecyldimethyl-  
benzy lammonium bromide as support ing electrolytes 
in a small three-e lec t rode  cell were  thwar ted  by the 
low solubil i ty of the salts in MBBA and the con- 
comitant  low conductivity.  The solution of MBBA with  
15 volume per cent (v /o )  DMF and TBAP had back-  
ground limits of --1.SV corresponding to the reduct ion 
of MBBA, and +0.SV, probably the oxidation of the 
impur i ty  noted in the oxidation of MBBA; there  was 
no significant electrochemical  process detected between 
the two limits. 

Electron spin resonance results.--Intra muros elec- 
trolysis of a 1.5 mM MBBA solution in 0.1M TBAI-  
DMF at a constant current  of 0.2 mA resulted in the 
ESR spectrum shown in Fig. 5. At tempts  to s imulate  
the spectrum and extract  coupling constants have thus 
far  been unsuccessful. Alkal i  meta l  reduct ion in MTHF 
did not produce a radical  sufficiently stable to be de- 
tected. 

Table I. Peak potentials for reduction waves of MBBA (a~ 

V vs. SCE V vs.  S C E  
v ,  V / s e c  --]/pc ( I )  --Epe (2) 

0.2 2.04 2.54 
2.0 2 .06 2.60 

20.0  2 .08 2.66 

(') The solution w a s  0 .1M T B A P  in  D M F ,  6.65 nu'~r MBBA; the 
electrode,  a P t  disk. 

E,W_ sce 

1 

Fig. 3. Cyclic voltammogram at a Pt disk electrode of 2.24 mM 
MBBA in ACN, 0.1M TBAP. The scan rate was 0.2 V/sec. 
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Fig. 4. (a) The peak potential, and (b) the normalized anodic 
peak current vs. scan rate for the oxidation at a Pt disk electrode 
of 2.24 mM MBBA in ACH, 0.1M TBAP. v is in V/sec, Ep in V vs. 
sce, ipa/V�89 in/~A secl/a/V 1/2. 

A few exper iments  were  per formed in the SEESR 
cell  (18) to de termine  the stabil i ty of the radical  anion 
and the potentials where  it is formed. For  a constant-  
cur ren t  pulse where  the potent ial  remained on the first 
vol tammetr ic  wave, the ESR signal showed a l inear 
increase during the pulse, and a slow decay when  the 
current  was off. Cons tan t -cur ren t  steps where  the po- 
tential  reached those of the second wave  showed a de-  
crease of ESR signal at these potentials.  

Discussion 
The electrochemical  and ESR results for the reduc-  

tion provide evidence for init ial  format ion of the anion 
radical  of MBBA with  a half- l i fe  in DMF of approxi-  
mate ly  4 sec. The evidence suggests that  the  radical  
anion reacts in fol lowing ece and ec reactions. S imi lar  
behavior  has been reported for the reduct ion of BA 
(9-12), where  both protonat ion (in the ece pa thway)  
leading to conversion of the - - H C = N - -  s t ructure  to 
- - C H 2 - - N H - - ,  and dimerizat ion (in the ec pa thway)  
occur. Andr ieux  and Saveant  (9) and Kononenko et 
al. (11) concluded that  both pathways  were  impor tant  
and occurred simultaneously.  Note that  by labeling 
the protonat ion react ion as ece we only imply a reac-  
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Fig. 5. The ESR spectrum of the 
MBBA radical anion in DMF, 
0.1M TBAI. 

5 G 
I 

t ion pathway leading to ul t imate  consumption of two 
electrons per molecule and do not reject other possible 
paths (e.g., disproportionation followed by protonat ion 
of the dianion) which may yield similar  voltammetric  
and coulometric behavior. 

The oxidation of MBBA in ACN parallels a previous 
study (13) and suggests that the oxidation product  
(perhaps the cation radical) is very  unstable  wi th in  the 
vol tammetr ic  t ime scale of these experiments.  

Although these experiments  were conducted in  dilute 
solutions of MBBA in DMF and ACN rather  than in 
pure MBBA, the results should have some relevance 
to dynamic scattering studies in MBBA. The measured 
potentials for reduction and oxidation here are prob-  
ably somewhat smaller  than  those for the same proc- 
esses in  MBBA, since the polar solvents DMF and ACN 
probably  solvate the MBBA ions more strongly than  
MBBA itself. Moreover, the fast reaction following the 
oxidation electron t ransfer  reaction in ACN shifts the 
Epa to values less positive than its reversible value. As a 
first approximation, however, we can take the 
"decomposition voltage" of MBBA as at least 
Epa(ACN)--Epc(DMF),  or about 3.5V. The threshold 
voltage of dynamic scattering must  be above this value 
and include the /R-drop through the MBBA liquid 
layer  at currents  (or ion flows) sufficient to induce tu r -  
bulence. Although previous explanat ions of DS were 
given in terms of charge inject ion and  Schottky emis- 
sion of carriers (1), the current-vol tage  behavior  was 
independent  of the work functions of the metal  used 
for the electrodes. Descriptions in terms of electrogen- 
eration of radical ions and a cell current-vol tage  char-  
acteristic determined by the electrode kinetic equations 
(which bear a close resemblance to the Schottky emis- 
sion equation) (19) and resistive drop in  the liquid 
bear consideration. In  a recent invest igat ion (20), it 
was found that  trace amounts  of water  are necessary 
in an anisyl idene-p-aminophenylaceta te  (APAPA) LC 
device to promote conduction and DS; this was ex- 
plained by a model in which water  molecules assist 
the APAPA molecule in accepting an electron from the 
cathode. A more probable explanat ion in tetras of our 
study is that ions from water  (or hydrolysis products 
of APAPA) increase the conductivity of the LC mate-  
rial and improve the na ture  of the electrochemical cell. 
Doping of the LC with small  amounts  of different salts 
should serve the same purpose and decrease the possi- 
bil i ty of attack of water  molecules on the radical ions. 
Decomposition of the radical ions, par t icular ly  the 
radical cation, into products which decrease the pur i ty  
and disrupt  the a l ignment  of the molecules in the 
nematic LC may also be of importance in l imit ing the 
life of LC display devices. Finally,  although migrat ion 
of the ions is probably  the major  mode of conduction 
through the liquid medium, direct electronic conduc- 
t ion by means of rapid electron exchange between 
radical ion and parent  molecule is also a possibility, 

especially in  a solvent composed of pure  paren t  mole-  
cules where the parent  concentrat ion is very high 
(21, 22). This conduction mode may be of less impor-  
tance in this LC system, however, where the a l ignment  
of the molecules and s t ructural  considerations (i.e., the 
presence of the nonconjugated n - bu t y l  group) de- 
crease the rate of the intermolecular  electron transfer  
reaction. 
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ABSTRACT 

Transient  mass t ransfer  at the rotat ing disk has been investigated theo- 
retically and exper imenta l ly  for cathodic reduct ion of ferr icyanide in the redox 
system ferr icyanide-ferrocyanide with potassium hydroxide support ing elec- 
trolyte. It has been shown that  overpotent ia l - t ime predictions for the rotat ing 
disk are fitted very well for decay (current  in ter rupt ion)  but  poorly for bui ld-  
up following switching on of constant  current .  As an explanat ion for this 
behavior, a t tent ion is directed to the inadequacy of the assumption that  a 
radial ly  independent  concentrat ion profile exists at the disk surface just  at the 
start  of galvanostatic current  passage. 

o f  great importance in the design of electrodes for 
practical electrolytic processes is knowledge of the 
current  distribution. Predict ive methods based on con- 
cepts of "throwing power" have been devised for sev- 
eral geometries and types of electrode reaction. These 
developments are all  related to the steady state, i.e., 
constant current  density and overpotential.  The ques- 
t ion of current  distr ibution dur ing nonsteady electrode 
processes appears to be hitherto untouched theoret-  
ically. Transient  electrode processes such as double 
layer charging, slow kinetic and diffusion steps are of 
course associated with electrode system impedance. 
Relat ively little at tent ion has been directed to the 
problem of current  distr ibution dur ing t ransient  elec- 
trode response. However, it is essential to know the 
redis t r ibut ion of cur ren t  over an electrode surface 
dur ing the unsteady portion of the electrode behavior  
in practical systems such as periodic reverse plat ing 
and pulsed bat tery charging sequences. 

The method chosen for invest igat ing the possible 
existence of nonuni form t ransient  current  distr ibution 
was the t ime varying behavior of overpotential  for a 
cathodic redox reaction on a rotat ing disk electrode. 
This is of advantage since no change in the roughness 
of the surface occurs and because the hydrodynamics  
controlling convection transport  are well known. The 
ferrocyanide-ferr icyanide-potassium hydroxide system 
was selected since the exchange cur ren t  density is 
known (1) to be sufficiently large so as to ensure 
purely  diffusion-controlled kinetics and also because 
t ransport  parameter  data are well  known (2). The 
study was based on comparison of overpotential  re-  
laxat ion following current  steps of simple on or off 
switching. To this end, the decay problem was solved 
to provide a match for the well-s tudied bui ld-up  
transient.  Both bu i ld -up  and decay were determined 
exper imental ly  for comparison with theory. 

Theoretical 
Because of disk symmetry,  the t ime-dependent  con- 

vective diffusion equation based on the axial and radial  
directional coordinates (cf. Eq. [1]) theoretically de- 
scribes mass t ransfer  in the concentrat ion boundary  
layer  adjacent  to a rotat ing disk 

8C Vr OC OC 
0t + ~ + Vz 0z 

~ D  
. . . - +  . , -  + r or 

[11 

* Electrochemical  Society Active Member.  
Key  words:  rotat ion disk, t ransient  overpotential ,  mass  t ransfer ,  

current  distribution, galvanostatic.  

Previous theoretical developments (3, 9-11) for non-  
steady mass t ransfer  dur ing galvanostatic overpotential  
bu i ld-up  have all been based on the assumption that 
the disk acts as a uni formly accessible surface through-  
out the t ransient  interval.  On the basis of this assump- 
tion, all derivatives of the concentrat ion with respect 
to the radial  coordinate can be set equal  to zero, re- 
sul t ing in  the following simplified version of Eq. [1], 
i.e. 

OC OC 02C 
- - +  V z  = D . . . .  [2 ]  

8t 8Z 8Z 2 

It should be noted that  Levich first introduced the 
concept of uniform accessibility in terms of a zero con- 
centra t ion of depleted species all  along the disk at the 
max imum rate of steady-state mass transfer. This ra-  
dially independent  boundary  condition facilitated the 
calculation of the s teady-state  concentrat ion profile de- 
veloped in the boundary  layer (Eq. [2] with t ime de- 
r ivat ive equal to zero). Thus, the concept of uni form 
accessibility dur ing  nonsteady mass t ransfer  ( implying 
a concentrat ion which varies with t ime but  not with 
radial  position) is merely  a convenient  assumption 
used to simplify the mathematics.  

If uniform accessibility is assumed for nonsteady 
mass transfer,  the following dimensionless variables 
may be introduced 

C -- Cb Dt Z 

- Co,o--Cb' ~=--~-~' ~ =  ~c [3] 

where 6c is the s teady-state  concentra t ion boundary  
layer thickness arbi t rar i ly  defined as the point  at  
which 99% of the bu lk  conditions are achieved, Cb is 
the t ime independent  bulk  concentration, and Co,o is 
the concentrat ion at the electrode surface at t ime zero. 
A model for Vz has been based on we l l -known  rotating 
disk hydrodynamics  (12) which approximates a para-  
bolic axial velocity distr ibution in the concentrat ion 
boundary  layer corresponding to laminar  flow in a solu- 
t ion of large Schmidt number .  Thus 

Vz : --0.51~s/~ - 1/zZ~ [4] 

Following the approach developed by Levich (13), 5c is 
described as 

8c : 2.54D1/3~ 1/0~-1/~ [5] 

Subst i tut ing Eq. [3], [4], and [5] into Eq. [2] yield 
the dimensionless result  

- -  -- 8.361~ 2 - -  - -  -- 0 [6] 

aT at o~ ~ 

1683 
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In  order to theoretically predict mass t ransfer  be-  
havior occurring dur ing overpotential  bui ld-up,  Eq. [6] 
was numerica l ly  solved in conjunct ion with boundary  
conditions specifying a constant mass flux at ~ = 0 (Eq. 
[7]) and a constant bulk  concentrat ion at ~ = 1 (Eq. 
[8]) and in conjunct ion with an ini t ial  condition spec- 
ifying a uniform concentration, Cb throughout  the 
boundary  layer (Eq. [9]). 

0~(0,~) 
- -  -- 1.572 [7] 

0~ 

r  = 0 [8] 

~(~,0) = 0 [9] 

Mass t ransfer  occurring during overpotential  decay 
was theoretically solved using Eq. [6] together with 
boundary  conditions specifying a zero flux at ~ = 0 
(Eq. [10]) and a constant  bulk  concentrat ion at ~ = 1 
(Eq. [8]). The init ial  condition was obtained follow- 
ing the method of Levich (13), the concentrat ion dis- 
t r ibut ion in the boundary  layer being expressed in 
terms of an incomplete gamma function (Eq. [11] ). 

large number  of terms are necessary in order to d e -  

s c r i b e  the concentrat ion behavior. 

Build-up and Decay: Present Solutions 
Numerical  solutions of Eq. [6], [7], [8], and [9] 

(bui ld-up)  and [6], [8], [10], and [11] (decay) were 
obtained using a machine computed relaxat ion tech-  
nique modified as suggested by Allen (14) to allow for 
solution of parabolic part ial  differential equations. The 
grid spacing and the error cri terion were systemati-  
cally reduced unt i l  tess than  a 1% var ia t ion in  succes- 
sively calculated values for r was obtained. A 
square grid spacing of 0.02 and an error cri terion of 
0.001 produced the desired convergence and the com- 
puted values for r  dur ing  bui ld-up and decay are 
shown in Table I. The electrode-electrolyte interface 
concentrat ion ~(0,z) has been compared with Hale's 
numer ica l ly  computed results. Of all the bu i ld -up  solu- 
tions available in the l i terature,  Hale's values for 
r are the most comprehensive. Good agreement, 
i.e., within  3%, is shown compared with the present  
results throughout  the t rans ient  interval,  T < 0.8. It 
should be noted that  the present  t rea tment  provides a 

0~ (0,z) 
- -  - o [ 1 0 ]  

8~ 

g , ( ( , O )  = 1 - -  1.572 e -2.759g" dg [ 1 1 ]  

where g represents a dummy variable  of integration. 

Build-up: Previous Solutions 

spatial bound (Eq. [8]) not present in the Hale t reat-  
ment  based on the Crank-Nicholson finite difference 
procedure applied to Eq. [6], [7], and [9]. The agree- 
ment  of ~ ( 0 j )  bu i ld-up  obtained by the present  re laxa-  
t ion technique provides a degree of cer ta inty  that  a 
correct solution has been obtained using this technique 
for the new, yet mathemat ical ly  analogous, problem 
of nonsteady mass t ransfer  dur ing overpotential  decay 
(cf. Eq. [2], [8], [10], and [11]). 

The theory of unsteady-s ta te  processes on the rotat-  
ing disk electrode has already received considerable 
attention. Levich (3) presented a solution to the non -  
steady convective diffusion equation (cf. Eq. [2]) in 
his t rea tment  of t rans ient  mass t ransfer  dur ing gal- 
vanostatic overpotential  bui ld-up.  His first order ap- 
proximation for the concentrat ion gradient  in the con- 
vective te rm (based on a solution for diffusion-con- 
trolled mass t ransfer)  however, severely restricts the 
time interval,  i.e., T < 0.15, over which reasonable cor- 
relat ion between theory and exper iment  may be ex- 
pected. Subsequently,  theoretical problems related to 
nons ta t ionary  disk processes were solved using the 
hydrodynamics of the system only to specify a con- 
stant concentra t ion  boundary  condition at Z _-- 5c, 
while neglecting the convective mass t ransfer  te rm 
(4,8). Fil inovskii  (9) solved Eq. [2] using Laplace 
t ransforms and an appropriate change of variables to- 

r 1 ( r  o,r(J /Jox.lim) 
(~c)r = 0.059 log ] 

L 1 + (~JRED)O,r(J/Jox.lim) 

gether with approximations to permit  inversion. The 
approximations were based on consideration of a na r -  
row region within  the concentrat ion boundary  layer, 
immediate ly  adjacent  to the disk surface. With in  this 
region a term proport ional  to the fourth power of the 
distance was omitted which reduced the problem to 
the canonical equation for Airy functions. As a result, 
Fil inovskii 's  analytical  solution does not correctly de- 
scribe the mass t ransfer  behavior  occurring at re la-  
t ively long dimensionless times, i.e., �9 > 0.4 of the 
t rans ient  interval.  Hale (10) has used a Crank-Nichol-  
son finite difference technique to numerica l ly  solve for 
the concentrat ion distr ibutions occurring dur ing  gal-  
vanostatic overpotential  build-ups.  His solution can be 
used to describe mass t ransfer  behavior  occurring 
throughout  the t rans ient  interval.  

Recently, Kry lov  (11) has developed an analyt ical  
technique for determining a complete solution to the 
problem in  terms of a series of parabolic cylinder func-  
tions. The major  drawback of his technique is that  it 
becomes exceedingly cumbersome at long times since a 

Relation of Concentration and Overpotential 
Time-concentra t ion behavior is only implicit ly re-  

lated to the directly measured overvoltage transient,  
so that the Nernst  equation has been used to l ink  
the functional  behavior  of the predicted overpotential  
to the concentrat ion at the electrode-electrolyte in ter -  
face. Using concentrat ions in place of activities for a 
redox reaction at 25~ n = 1, the Nernst  equation 
gives for a net  cathodic reaction overvoltage 

( C O X )  0,r ( C R E D  ) b 
�9 lc - -  0.059 log [ 1 2 ]  

(Cox) b (CRED) 0,, 

where OX and RED refer to the oxidized and reduced 
species, respectively. Substituting in Eq. [12] for 
(Cj)o,r in terms of (r (cf. Eq. [3]) and relating 
the galvanostatic current density to the steady-state 
concentration at the electrode surface yields 

(Dox/DRED)2/3(Cox)b(CRED)b -1 ] [13] 

Equation [13] permits computat ion of concentrat ion 
overvoltage, for both bu i ld-up  and decay in terms of 

Table I. Tronsient concentration 

Decay, Bu i ld -up ,  B u i l d - u p  [Hale (10) ] 
r ~ (0,r) ~ (0,r) ~ ~ (0,~) 

0 1.000 0.000 
0.04 0.663 0.367 
0.08 0.510 0.515 
0.12 0.402 0.617 
0.16 0.322 0.643 
0.20 0.261 0.753 
0.24 0.213 0.801 
0.28 0.174 0.834 
0.32 0.142 0.870 
0.36 0.118 0.894 
0.40 0.098 0.914 
0.44 0.082 0.930 
0.48 0.070 0.943 
0.52 0.060 0.954 
0.56 0.052 0.962 
0.60 0.046 0.968 
0.64 0.041 0.973 
0.68 0,037 0.977 
0.72 0.035 0.980 
0.76 0.033 0.982 
0.80 0.030 0.984 

0 0.000 
0.041 0.352 
0.081 0.492 
0.122 0.593 
0.163 0.871 

0.244 0.788 
0.284 0.824 
0.325 0.857 

0.446 0.923 
0.487 0.937 
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the theoretical time dependent  dimensionless concen- 
trations, (~)0,~ (cf. Table I),  the fraction of the l imit ing 
current  passing through the system dur ing the electro- 
chemical reaction, J/Jox.lim, and the diffusion coeffi- 
cients, D, and the bu lk  concentrations, Cb, of the redox 
species. The l imit ing current ,  Jlim, is related (Fick's 
first law) to the max imum mass flux at the electrode as 

Jllm = - - nFD 8C I Cb 
- -  nFD [14] 

OZ i max 8c 

Exper imental  
The disk consisted of a cylindrical  nickel plug (0.5 

in. X 0.625 in. diam) imbedded in a 1.25 in. diam Teflon 
cylinder. The nickel disk was polished smooth using 
s tandard metallographic equipment  so that  projections 
greater than 1# were eliminated. The Teflon cylinder 
was attached to a glass epoxy shaft which was ro-  
tated by a rubber  belt dr iven by a variable speed 
Bodine % hp d-c motor (Model NSH-54RL). A Minarik  
Electric Company control uni t  (Model SH 63W) was 
used to regulate the motor speed. Disk speeds were 
preferably selected by  a series of gear t rains enabl ing 
the motor to operate near  its max imum speed rating, 
thereby el iminat ing major  speed fluctuations. Disk 
speed fluctuations were usual ly  less than 1% of set 
value. 

The rotat ing disk was made the cathodic working 
electrode. An  anodic counterelectrode consisting of a 
circular piece of nickel foil placed atop an adjustable  
Teflon platform served to complete the electrochemical 
cell. Its area was more than  twenty  times that  of the 
disk, so that concentrat ion overpotentials of the anode 
were small  when  compared with those occurring at 
the disk. Potent ial  for an electrochemical reaction at 
the disk surface was provided by low voltage power 
supply (bat tery  e l iminator) .  

The electrolyte was equimolar  (5 X 10-~ 3) 
K3Fe(CN)s and K4Fe(CN)6 in excess KOH (2 X 
10-3gmole/cm3). The supporting KOH electrolyte ren-  
dered negligible the contr ibut ion of migrat ion to the 
over-al l  mass t ransport  of the reacting species, and 
minimized the resistive (ohmic) potential  drop in  the 
cell. The potential  of the working electrode was con- 
t inuously measured with respect to a saturated calomel 
reference electrode connected to the electrolyte by 
means of a KC1 salt bridge. The location of the bridge 
was found to have no influence on the measured poten- 
tials for the currents  used, i.e., there was a negligible 
resistive potential  included in the overpotential  mea-  
surement.  The disk-reference potential  was monitored 
by a high impedance electrometer (Keithley 610B) 
whose output  signal was fed into a Tektronix  (Model 
555) oscilloscope. A permanent  record of the t rans ient  
voltage was obtained with a Model C-12 Tektronix  
camera using Polaroid film (Type 47). T ime-dependent  
cathodic bu i ld-up  and decays were obtained for frac- 
t ional current  densities (J/Jlim) ranging from 0.225 
and 0.995. The rotat ional  Reynolds number  was varied 
between 130 and 8500 so as to produce corresponding 
relaxat ion times of about 50-0.5 sac. 

Results 
Typical data for t ransient  decays are shown in Fig. 1 

and for bui ld-ups  in Fig. 2 where the solid lines rep-  
resent theoretical prediction based on Eq. [13]. In  a 
typical sequence at each rotat ional  speed, the current  
fraction, J/Jnm, was chosen by adjust ing the current  
unt i l  a desired steady-state overpotential,  (,lc)~, was 
obtained, based on Eq. [13] for (~ox)0,~ : (~RED) 0,| 
: 1. Data of Arvia (2) were used for the ratio of 
diffusion currents  of the redox species. 

The exper imental  overpotentials have been conven-  
iently replotted as discrete points vs. log dimensionless 
t ime based on Dox according to Eq. [3]. The correlation 
of the exper imental  data with theory as shown in Fig. 
1 and 2 is typical  of a general  t rend indicating that 
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Fig. 1. Transient decay of overpotential; initial value 0.047V for 
J ---- 0.715 Jura. Solution: 2M KOH, 0.005M K4Fe(CN)6, 0.005M 
K3Fe(CN)6. Symbols: �9 2.6 rad/sec, Re ---- 132; �9 8.4 rad/sec, 
Re ---- 429; A 26 rad/sec, Re ---- 1320; O 45 rad/sec, Re = 2290. 
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Fig. 2. Transient build-up of overpotential for J = 0.715 Jlim. 
Solution: 2M KOH, 0.005M K4Fe(CN)6, 0.005M K3Fe(CN)6. Sym- 
bols: A 2.6 rad/sec, Re - -  132; �9 8.4 rad/sec, Re ---- 429; A 26 
rad/sec, Re = 1320; C) 45 rad/sec, Re - -  2290. 

t ransient  overpotential  decay data for a given solution, 
speed of rotation, and current  density fraction exhibits 
bet ter  agreement with theory than overpotential  bui ld-  
ups obtained under  the same conditions. 

Discussion 
The poor fit of the bu i ld-up  data obtained for experi-  

menta l  hydrodynamic  conditions essentially identical 
to those present  dur ing  decay suggests that  previous 
t reatments  have oversimplified the model necessary to 
describe overpotential  build-ups.  Since the present  
t rea tment  also includes the assumption of constant 
concentrat ion at the electrode-electrolyte interface, i.e., 
~(0,T) independent  of radial  position, the discrepancy 
can be related to the theoretical in terpreta t ion of the 
boundary  condition at the disk surface dur ing the 
bu i ld-up  period. 

In  order to utilize a one-dimensional  model to de- 
scribe mass transfer,  a uni formly  accessible surface 
has been assumed. In  fact, however, at the start  of the 
transient,  the overpotential  bu i ld-up  has not had time 
to develop; therefore a nonuniform,  i.e., primary,  cur-  
rent  dis t r ibut ion must  be present  at the electrode sur-  
face. When there is no overpotential  on the electrode, 
the potential  dis t r ibut ion in the electrolyte of course 
still satisfies the Laplace equation 

V~r = 0 [15] 

The solution of Eq. [15] for disk geometry is well 
known (15) with the current  density distr ibution given 
a s  

J/JAvo : 0.5/%/1 -- (r/a) 2 [16] 
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The boundary  condition at ~ = 0 is, therefore, more 
complicated than ini t ia l ly considered, and must  be a 
function of the radial  coordinate and time, i.e., OC/OZ 
= f ( r , t ) .  Using a general  representat ion of Fick's first 
law, cf. Eq. [14], to relate this mass flux at the disk 
surface to the current  density, together with the rela-  
tion describing the pr imary  current  distr ibution ini-  
t ial ly present  at the disk during bu i ld -up  yields 

ozOC I z=0 ---- --0.5 JAVG/nFD~/1 --  ( r /a)  s [17] 

However, as steady-state conditions are approached 
(z : oo), a uniform current  distr ibution can be as- 

sumed for near  l imit ing current  densities, so that  

8C / : - - J A v G / n F D  [18] 
OZ I z=o 

A mathematical  solution based on this t ime-vary ing  
boundary  condition is difficult to obtain. However, the 
solution may be bounded for x = 0 and x = oo. At long 
times, one may expect the development  of a significant 
amount  of overpotential  at near  l imit ing current  densi-  
ties so that a uni formly accessible surface is closely 
approximated (16) and Eq. [18] is an appropriate 
bounding condition. Indeed, it may be seen (cf. Fig. 2) 
that  at J/Jl im = 0.715, a bounding constraint  based on 
a uni formly accessible surface is a good approximation 
at long times, since the potential  at tains the value 
predicted from steady-state,  radial ly independent  con- 
siderations. 

At short times, however, there is marked deviat ion 
from a theoretical model based on uniform accessibility 
and a bounding condition represented by Eq. [17] is 
appropriate. 

For the inclusion of a radial ly dependent  boundary  
condition, the two-dimensional  Eq. [1] is an appropri-  
ate s tatement  of the nonsteady convective diffusion 
equation. As a first approximation, mass t ransfer  due 
to radial  convection may be considered to be greater 
than mass t ransfer  due to radial  diffusion, so that  
Eq. [1] reduces to 

OC 82C 8C OC 
= D '" - -  V z - -  - -  Vr " - -  [19] "dt OZ 2 8Z Or 

For a substance depleted at a cathode, i.e., ferr i-  
cyanide, the rate of accumulat ion in the boundary  
layer must  be negative, and OC/8t in Eq. [19] is a nega-  
tive quanti ty.  The contr ibut ion of the term - -Vr  8C/dr  
to the total rate of accumulat ion is always positive for 
a species undergoing cathodic reduction, because: (a) 
OC/8r < 0 throughout  the boundary  layer [current  
density at an electrode is always greater at the edges 
(cf. Eq. [15] for ~ _-- 0) than at the center  forcing the 
concentrat ion to be less at the edges], and (b) Vr > 0 
throughout  the boundary  layer. Therefore, the surface 
concentrat ion calculated on the basis of Eq. [19] must  
be greater (at any given time) than the surface con- 
centrat ion calculated when neglecting the radial  term 
(cf. Eq. [2]), causing a slower a t ta inment  of steady- 
state conditions. Similarly, if a substance is bui l t  up 
at a cathode, i.e., ferrocyanide, its rate of accumula-  
tion in the boundary  layer  is positive, 8C/8t  is positive, 
and the contr ibut ion of the term --Vr dC/ar  is nega-  
tive. The surface concentrat ion calculated on the basis 
of Eq. [19] is less (at any  given time) than the surface 
concentrat ion calculated when neglecting the radial  
term, also contr ibut ing to slower a t ta inment  of steady- 
state conditions. 

The good agreement  of the decay data with a theory 
(cf. Fig. 1) which omits radial  terms suggests that  a 
uni formly  accessible surface, i.e., radial  independence 
of surface concentration, does exist throughout  the 
overpotential  decay interval.  This is to be expected 
since a significantly large amount  of overvoltage is 
ini t ia l ly  present  dur ing decay when J/Jlim = 0.715 

essentially producing a radial ly  independent  surface 
concentrat ion at T = 0. The subsequent  decay behavior  
is not controlled by electrochemical reaction so that  
a radial ly independent  concentrat ion behavior  con- 
t inues to exist. 

A quant i ta t ive basis for est imating the relat ive un i -  
formity of current  dis t r ibut ion at steady state may be 
simply obtained from the famil iar  throwing-power  
parameter.  The relat ion of this dimensionless group to 
the ratio between interface and ohmic resistance has 
been discussed by Nanis and Kesselman (17). Uniform 
current  density distr ibution is general ly  obtained when 
the dimensionless group in Eq. [20] is numer ica l ly  
greater than unity.  Equat ion [13] may be used to 
obtain an estimate for 8~]/OJ at steady state by  setting 
r = 1. Simplification is possible by  considering Dox : 
DRED and Cox = CRED. Thus, a cri terion for uni form 
current  density at 25~ is a large value of the quant i ty  

a 7 = 0.0513 aJL (1 -- J / J L )  (1 4- J / J L )  [20] 

In general, Eq. [20] indicates that  uni formi ty  is 
enhanced by reducing disk size and increasing electro- 
lyte conductivity. In addition, uni formi ty  is seen to 
be promoted with small  values of JL. In  turn,  Eq. [14] 
and [5] may be used to indicate that  the greatest con- 
trol for diminishing the l imit ing current  densi ty is 
afforded by proportional decrease in the concentrat ion 
and decrease in the square root of the rotat ional  speed. 
The J / J L  factor in Eq. [20] strongly influences current  
uniformity.  As J / J L  approaches unity, the denominator  
factor (1 -- J/JL) goes to zero, causing a large increase 
in the throwing power parameter.  For the conditions 
shown in Fig. 2, Re ---- 2290 (430 rpm) represents the 
least favorable current  dis t r ibut ion situation, accord- 
ing to the above discussion. Using the l imit ing current  
density, 1.4 mA cm -2, together with K = 0.375 ohm -1 
cm -1, a ---- 0.794 cm and J / J L  = 0.715, Eq. [20] is equal 
to 35, thus assuring uniformity  of current  in the steady 
state. At very small  cur rent  densities ( J / J L  approach- 
ing zero), Eq. [20] becomes numer ica l ly  equal to 17, 
more than satisfying the cri terion for uni formi ty  for 
Re ---- 2290. As discussed above, present results for 
slower speeds must  therefore also be associated with 
steady-state uni formi ty  of current .  In  equivalent  terms, 
the boundary  layer thickness is uniform at steady state 
in the present study. 

In  order to relate the poor fit of bu i ld -up  data to 
theory in terms of the good fit for decay, it is helpful 
to consider the t ime behavior  of this mass t ransport  
boundary  layer. Initially, the depletion layer  does not 
yet exist and commences growth with the ini t iat ion of 
current.  According to the p r imary  current  distr ibution 
given in Eq. [16], a stable boundary  layer  thickness 
should be reached first at the edge of the disk, followed 
by radial  spreading inward  to the center. This behavior 
is not taken into account in the mathematical  state- 
ment  of Eq. [2] since radial  terms have been omitted. 
Since, as indicated above, the steady-state boundary  
layer thickness was independent  of radial  position, i.e., 
uniform current  density prevailed, the assumption of 
radial ly independent  ini t ial  condition (Eq. [11]) for 
decay was valid. Likewise, the radial  terms are rea-  
sonably omitted from Eq. [1] applied to decay. I t  
should be noted that  the boundary  condition given in 
Eq. [8] describes a model meant  to approximate the 
actual behavior of the concentrat ion profile at the 
outer edge of the boundary  layer. During actual decay 
following current  interruption,  the thickness of the 
concentrat ion depletion layer  may  increase but cer- 
ta inly  will not become smaller, since this would corre- 
spond to increased stirring. Thus, the present  solution 
(Table I) for the decay of concentrat ion overpotential  
with t ime corresponds to a l imit ing bound of fastest 
possible decay. Finally,  since t ransient  current  dis- 
t r ibut ion is a most general ly applicable concept, re-  
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newed at tent ion should be directed to related technical 
implications in  cyclic plat ing and pulse bat tery  charg-  
ing (macro and porous electrode size scales) as well  as 
to the rotat ing disk electrode. 

Summary 
Exper imental  mass t ransport  controlled overpoten- 

tial decay data exhibit  bet ter  correlation with a theory 
based on uniform accessibility at the rotat ing disk 
electrode than do overpotential  bu i ld -up  data. The 
discrepancy of the bu i ld -up  data may be associated 
with nonuni form current  dis t r ibut ion (nonuni form 
accessibility) present at the disk dur ing  the ini t ial  
stages of bui ld-up.  

SYMBOLS 
a disk radius, cm 
b subscript, refers to a bu lk  condition 
C concentration, gmole/cm 8 
D diffusion coefficient, cm2/sec 
F Faraday constant, coulombs/gmole (96,500) 
J current  density, A / c m  2 
n number  of electrons t ransferred per gram atom 

of reaction 
OX subscript, refers to oxidized species 
r radial  direction, cm 
RED subscript, refers to reduced species 
t time, sec 
V velocity, cm/sec  
Z axial  direction, cm 
8e concentrat ion boundary  layer, cm 
~]c concentrat ion overpotential,  volts 
o angular  position, radians 
v kinematic viscosity, cm2/sec 

dimensionless distance 
dimensionless t ime 

r Ohm's law type of potential  drop in the electro- 
lyte, volts 
dimensionless concentrat ion 

~, angular  velocity, radians/sec 
K electrolyte conductivity, ohm -1 c m -  I 
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Transient Behavior During Reactant 
Depletion in Porous Electrodes 

Richard Alkire* and Barry Place** 
Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

Transient  behavior of porous electrodes dur ing  reactant  depletion is 
modeled by a one-dimensional  pseudo steady-state calculation based on t rans-  
port equations. Numerical  results are presented for both constant  current  and 
constant  potential  electrolysis. 

Withdrawal  of energy from a bat tery is a batch 
process in which the chemical energy ini t ia l ly available 
as reactant  species is converted into electrical energy 
upon discharge by electrochemical reaction. Porous 
electrodes are used in batteries in order to achieve a 
high reaction rate per uni t  volume. Since most re-  
actants and /or  products are usual ly incorporated in 
the solid electrode phase, the conduct of electrolysis 
wil l  lead to changes in the composition and configura- 
t ion of the electrode mater ia l  itself. Although extensive 
fundamenta l  studies have been conducted on porous 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  Assoc i a t e .  
K e y  w o r d s :  p ~ r o u s  e l ec t rode ,  t r a n s i e n t  b e h a v i o r ,  m a t h e m a t i c a l  

m o d e l ,  r e a c t a n t  dep l e t i on .  

electrode systems of invar ian t  s t ructure (1, 2), rather  
few analyses have treated t ransient  behavior during 
discharge of the electrode phase (3-5). 

The following study provides an analysis of t rans ient  
behavior dur ing  discharge owing to depletion of a 
l imited quant i ty  of solid reactant  from favorable re-  
action regions wi th in  the porous electrode structure. 
The study represents a step toward the analysis of 
practical systems which are usual ly  complex. In  many  
electrochemical systems, the local reaction rate is 
highest on certain portions of the porous electrode 
surface. During operation, reactive mater ial  in these 
regions would be consumed and subsequent  reaction 
would take place elsewhere wi thin  the porous electrode. 
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Eventual ly  reactants  even in the inaccessible regions 
would be discharged by reaction. Determinat ion both 
of the electrode regions which are most accessible and 
of the rate at which active mater ial  becomes depleted 
depends on the current  distr ibution throughout  the 
porous electrode. 

The reactant  depletion process involves a s traight-  
forward type of composition change in the solid phase 
in which a local region is either reactive or not de- 
pending on the quant i ty  of reactant  that is locally 
available. In  actual bat tery  systems, more complicated 
phenomena take place such as crystallization or precip- 
i tat ion of insoluble product  salts on the reacting surface 
which can lead to gradual  insulat ion of the surface 
and obstruction of the pore cross-section (6-8). The 
investigation of the somewhat prist ine model which 
follows will  provide a basic approach which may be 
extended toward the more complex systems once 
sufficient kinetic data become available. 

Model Formulation 
The theoretical model is based on consideration of 

a slab of porous electrode mater ia l  of high conductivity, 
of uniform specific surface area, a, and of thickness, I. 
The porous electrode is contacted on one side (y = 0) 
by a metallic plate, and on the other (y = l) by the 
electrolytic solution which also fills the void volume 
within  the electrode. The pores are sufficiently small 
that  the potential  and solute concentrat ions vary  along 
the pores in essentially one dimension alone. There 
is no convection of electrolyte wi th in  the pores. 

Prior to discharge, a l imited quant i ty  of solid reac- 
tant  is uni formly dispersed throughout  the inter ior  
surface of the porous electrode. During discharge, the 
distr ibution of solid reactant  wi thin  the electrode is 
changed owing to electrolysis and is determined from 
Faraday 's  law 

q(y, t )  = qo--  j (y , t )  dt [1] 

(The notat ion is provided at the end of the text.) The 
current  distribution, j ( y , t )  varies in t ime dur ing  the 
discharge process and is to be calculated by application 
of t ransport  laws to the movement  of solute species 
wi thin  the porous electrode. 

Under  many  practical circumstances, concentrat ion 
gradients will  become established dur ing electrolysis. 
As reactive species become depleted, however, the 
concentrat ion distr ibutions wi thin  the porous electrode 
will  vary. In  order to take into account the effect of 
concentration variations dur ing discharge, an approxi-  
mate method of analysis has been chosen which avoids 
excessive inves tment  in computat ion time. It  is 
assumed that  the concentrat ion profiles adjust them- 
selves rapidly to small changes in the reactivi ty distri-  
bution wi thin  the electrode. That  is, a pseudo steady- 
state condition is said to prevail  under  which the con- 
centrat ion distr ibutions change dur ing depletion; but  at 
any given moment  the concentrat ion distr ibutions are at 
the steady state which corresponds to the reactivi ty 
conditions prevail ing at that moment.  During the 
init ial  moments  of discharge, concentrat ion gradients 
will  achieve a steady state before depletion sets in if 

alq~i * 

"n2Fgcr2D r- ~ I 

The model may now be formulated from the one- 
dimensional  pseudo steady-state conservation equation 
for each solute species 

d2ci ziDiF d d~ viaa 
Di + - -  (ci -~y ) : - -  j [2] 

dy 2 R T  dy nF 

The homogeneous species source term is related to 
the rate of the electrochemical reaction 

zt 
~" viMi --" h e -  [3] 
i 

through the reaction rate expression. The example 
calculations presented here are intended for compari-  
son with exper imental  data on a system for which t h e  

Butler-Volmer  form applies. Upon discharge, the solid 
reactant  begets a soluble ion (species 3) so that  the 
cathodic part ial  reaction is concentrat ion dependent.  

j = i o  

- R---T ( ~  - -  e e )  ( ~  - -  ~)  ca RT [4] 
e - - - - e  

c3 o 

In  addition, electrical neu t ra l i ty  is assumed to prevail  
throughout  the pore region 

�9 zici = 0 [5] 
i 

Two sets of boundary  conditions have been chosen 
for study: galvanostatic discharge and potentiostatic 
discharge. In  both cases, the boundary  conditions at 
the metal  backing plate (y = 0) are the same since no 
current  passes through the rear  plane 

de dci 
- -  = 0 [6] 

dy dy 

At the boundary  which faces the electrolyte solution, 
the solute concentrations are equal to their values in 
the bulk of the electrolyte 

ci(/,t) = ci ~ [7] 

Under  potentiostatic discharge, the potential  in t h e  

solution at the pore entrance is mainta ined at a con- 
stant  value 

r = @o [81 

Under  galvanostatic discharge, however, the flux of 
product ions (species 3) released during discharge is 
constant 

D dc3 zaD3Fc3 d @  io 
~-~-y + R~ au z3F [91 

In  order to render  the mathematical  model more 
compact, the variables may be wr i t ten  in dimensionless 
form 

y ~ K  
l 

F 
---- (r - -  4 , ~ )  

RT 

q 

qo 

The equations become 

d2Ci d d 
dV----T + zi-~--- (Ci-~---) 

crvi~ { - - a n ~  
___ ~ e - - - -  

gi 

Ci 
Ci = D 

Cr 

al2j 
J - -  _ _  

~FCrDr 

nFcrDrt 

al2qo 

C i  - -  (6 -- 1)nr  
e ~ [10] 

% 

~ziCi : 0 [11] 
i 

Q = 1 --[~Jd'~ [12] 

For constant potential  discharge the boundary  condi- 
tions are 

dCi d~ 
. . . .  o a t Y = O  
dY dY 

Ci - - C f  a t  Y ---- 1 [13] 

r  at Y - - - - 1  
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For constant current  discharge the boundary  condi- 
tions are 

dCi d~ 
. . . .  0 at Y = 0  
dY  dY  

Cl----Ci o at Y =1  [14] 

de8 de n~ 
+ z3C3 . . . .  at Y ----1 

dY  dY  zzn3 

The dimensionless parameters  which arise in the 
foregoing development  are 

ioal 2 

nFcrDr 

Ci  o 

~ ' i  ---~ 
C r  

i*l 2 

nFCrDr 

Di 

Dr 

Method of Calculation 
The calculation of t ransient  behavior  dur ing dis- 

charge was carried out in a stepwise manner .  At each 
time step, the electroneutral i ty  and conservation 
equations, [10] and [11] were solved by using finite 
difference techniques. The electrode region was divided 
into segments of equal size and linearized forms of Eq. 
[10] and [11] were wr i t ten  for each segment;  the 
coupled tr idiagonal  matrices thus obtained were in-  
verted by a computer - implemented  method (9). Cal- 
culation of discharge behavior  was started by solving 
the electroneutral i ty  and conservation equations, as 
described above, to obtain the steady-state current  dis- 
t r ibut ion under  the condition of uniform reactivi ty 
throughout  the electrode. The steady-state distr ibution 
was assumed to prevai l  throughout  the first moments  
of electrolysis unt i l  sufficient charge passed to deplete 
reactants from the electrode segment where the re-  
action rate was highest. A new current  distr ibution 
was then determined for which the electrode was 
reactive throughout  except for the one exhausted 
segment. With the revised current  distribution, the 
t ime necessary for depletion of the second electrode 
segment was determined. In  a like manner ,  the t ime 
needed for depletion of each successive port ion of the 
electrode was computed with use of the prevai l ing 
steady-state current  distribution. 

The numerica l  results presented below were found 
not to change appreciably below electrode segments 
of width 0.005. Calculations were conducted on an IBM 
360 computer with FORTRAN IV programming com- 
plied in  FORTRAN G language. 

Results and Discussion 
The calculations reported below are intended for 

comparison with data from experiments  on copper- 
coated porous stainless steel electrodes. Upon dissolu- 
tion in acid sulfate electrolyte, the copper will dissolve 
to form the soluble cupric ion; local depletion of copper 
will be followed by passivation of the stainless steel 
substrate. The physical properties of the acid copper 
sulfate system, given in Table I, have therefore been 
chosen in order to conduct calculations. 

Pr ior  to any depletion whatsoever, the steady-state 
current  dis t r ibut ion for a given current  or potential  

Table I. Physical properties of the acid copper sulfate 
system chosen for calculations 

S p e c i e s  z~ ,~ ~-~ w 

H +  + 1 2 , 0 0  9 , 3 1 2  0 
S O t =  - -  2 1 , 1 0  1 . 0 6 5  0 
Cu++ + 2 0 . 1 0  0 . 7 1 8 8  - -  1 

depends on the value of the dimensionless parameter  
as indicated in the lower port ion of Fig. 1. For  la,,ge 

values of f, the electrode reaction is relat ively revers-  
ible and takes place main ly  near  the electrolyte side 
of the porous electrode. For sluggish reactions in  thin 
electrodes (small D, charge t ransfer  overpotential  
near  the pore entrance region forces current  to pene-  
t rate  into the porous electrode so that for a given 
applied potential  the reaction is more un i formly  dis- 
t r ibuted at the expense of a lower total current.  The 
concentrat ion distr ibutions wi th in  the porous electrode 
are also affected by the value of ~ as indicated in the 
upper  portion of Fig.1. For large values of f, the current  
is large so that  significant concentrat ion differences 
arise between the bulk  and the "pore" solutions in  
order to t ransport  reaction products out of the pores. 
For small  values of f, smaller concentrat ion differences 
are encountered. For a given applied potential, the 
concentrat ion gradient  at the pore ent rance  increases 
with f since the total current  increases. 

Constant Potential Discharge 

Transient  behavior dur ing bat tery  depletion depends 
on whether  discharge proceeds under  conditions of 
constant  potential  or of constant current.  The constant  
potential  conditions, specified by the boundary  condi- 
tions of Eq. [13]), are reported first. All calculations 
are reported for a dimensionless depletion potential 
of r _-- _1.0. Figure 2 indicates how the total current  
varies during discharge for various values of $. It may 
be seen that  the t ime required for depletion of the 
first segment of the electrode depends on the uniformity  
of the current  distribution, that  is, on ~. For large 
values of ~, the current  is large bu t  drops off rapidly 
since the forward portions of the electrode are rapidly 
depleted owing to the highly nonuni form current  dis- 
tr ibution.  For small  values of ~, a much lower current  
is wi thdrawn from the device owing to charge- t ransfer  
overpotential,  but the current  distr ibution is more 
uniform with the result  that a uniform current  may 
be wi thdrawn for longer periods of time. 
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Fig. 1. Steady-state current and concentration distributions in 
porous electrode prior to reactant depletion for ~o = - -1 .0 .  
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Fig. 2. Current variation during depletion in porous copper 
electrode for a constant applied potential of r = --1.0. 

Figure 3 provides the coulombic state of charge 
dis tr ibut ion during constant  potential  depletion for 

---- 1.0. At the onset of electrolysis, the coulombic 
distr ibution (of copper) is uniform throughout  the 
porous electrode. For the example shown here, the 
reactant  nearest  the electrolyte side of the porous 
electrode becomes completely consumed at a d imen-  
sionless t ime of T ----- 0.432. Subsequent  consumption 
proceeds in  the interior regions; the var iat ion of total 
current  dur ing  the depletion process has already been 
presented in Fig. 2. 

Dur ing  the depletion process depicted by Fig. 3, the 
current  and concentrat ion distr ibutions vary  as shown 
in  Fig. 4. From the upper  port ion it is seen that con- 
centrat ion gradients become established but  that  they 
decrease dur ing the course of depletion; the mass 
transfer dr iving force decreases as the current  drops 
off during depletion. The lower portion of Fig. 4 shows 
the current  distr ibutions wi th in  the electrode at various 
times dur ing depletion. The dashed line in the lower 
portion gives the local reaction rate at the "leading 
edge" of the reaction zone, Jr, as it recedes wi th in  the 
electrode dur ing depletion. It may be seen that  Jf is 
init ial ly large and that  it decreases dur ing ini t ial  
stages of depletion. The dashed line in  the upper  por-  
t ion of Fig. 4 gives the cupric ion concentrat ion at the 
leading edge of the reaction zone as depletion sets in; 
it is seen that  dur ing init ial  moments  of depletion the 
concentrat ion at the leading edge increases in order to 
provide a greater diffusion driving force for removal  
of product ions. When depletion first sets in, a portion 
of the applied (constant)  potential  is consumed by 
concentrat ion overpotential  so that  the potential  avail-  
able for reaction decreases. However, the concentrat ion 
overpotential  cannot increase indefinitely, since the 
total quant i ty  of product species retained wi th in  the 
pores is decreasing during depletion. Eventually,  the 
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Fig. 3. Coulombic state of charge distribution during onodic 

depletion of copper from a porous electrode at constant potential, 
~ o - -  _ 1 . 0 a n d S =  1. 
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Fig. 4. Current and concentration distributions during potentio- 

static anodic depletion of copper from a porous electrode, r = 
- - 1 . 0 a n d S =  1. 

concentrat ion at the leading edge of the reaction zone 
attains a max imum value and subsequent ly  decreases. 
Similarly, the potential  at the leading edge attains a 
min imum value and subsequent ly  increases. Thus J~ 
attains a m i n i mum value dur ing depletion. During 
the init ial  moments  of depletion, the decrease in 
current  is due pr imari ly  to the appearance of a 
diffusion resistance associated with the unreact ive zone 
of the electrode. During lat ter  stages of depletion, the 
decrease in current  is due to the reduced surface area 
available for electrolysis in the active region which 
remains. The current  distr ibution becomes more un i -  
form during depletion because the electrode can 
produce more product species than the depleted 
(diffusion) zone can disperse. 

Constant Current Discharge 
When current  is applied to the electrode at a con- 

stant  rate, the electrode overpotential  will  increase 
during depletion with the result  that the useful cell 
voltage decreases. The constant  current  calculations 
reported below for the acidified copper sulfate system 
were carried out for ~ ---- 1. Figure 5 i l lustrates the 
variat ion of potential  at the electrolyte side of the 
porous electrode dur ing  depletion. For small  values 
of 4, the beginning charge- t ransfer  overpotential  is 
large and the useful cell potential  is small, but  the 
current  dis t r ibut ion is uniform so that the potential  
plateau is long. During constant  current  operation, the 
solute concentrat ion increases wi thin  the electrode 
since an ever larger driving force is needed for re-  
moval of product species through the discharged zone. 

The current  distr ibutions dur ing constant  current  
depletion are shown at various stages of discharge in 
Fig. 6. Since 

s = J dY = constant  

the area under  each dis tr ibut ion curve is the same. 
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depletion of copper from a porous electrode at constant current, 
F ~ l a n d  ~-- -  1. 

The dashed l ine corresponds to the react ion ra te  at  
the leading edge which would be observed if the  
current  d is t r ibut ion  were  uniform throughout  dep le -  
tion. I t  m a y  be seen tha t  the cur ren t  d is t r ibut ion  over  
the  active zone becomes a lways  more  uni form as 
deple t ion  proceeds.  

Concluding Remarks 
The calculat ions presented  here, a l though l imited 

in scope, demons t ra te  tha t  a s imple conceptual  model  
can serve as a basis for approaching  t rans ient  phen -  
omena in porous e lect rode systems. The resul ts  a re  
capable  of verif icat ion by  somewhat  s imple exper i -  
ments  which avoid the complicated phenomena  which 
occur in most  secondary  ba t t e ry  systems. An  especial ly  
in teres t ing in te rp lay  occurs dur ing  constant  potent ia l  

deple t ion  in which the reac t iv i ty  of the leading edge 
of the  reac t ive  zone passes th rough  a minimum.  

The model  examined  above has some features  in 
common wi th  the t r ea tmen t  of Dunning et al. (5), 
which ascr ibes  t rans ient  behavior  to mass  t rans fe r  
l imi ta t ions  be tween  crys ta l l i tes  of spar ing ly  soluble 
reactants .  In  contradist inct ion,  the present  model  
centers  a t tent ion on var ia t ion  of surface reac t iv i ty  
dur ing  operat ion.  

The analysis  of more  complex systems can be 
accomplished by  a s t r a igh t fo rward  extension of the 
foregoing pr is t ine  model. The pseudo s t eady-s ta te  
assumption,  a l though economical,  is not necessary  and 
could be d iscarded in favor  of more  r igorous uns t eady-  
state calculat ion methods.  Chemical  in terac t ion  be-  
tween solute species wi th in  the  porous e lec t rode  may  
be accounted for easi ly by  superposi t ion of equi l ib-  
r ium-cons tan t  constraints  on the  equat ion network.  
Mul t ip le  e lectrode reactions,  such as occur dur ing  
gassing, could be incorpora ted  into the p resen t  model  
wi thout  addi t ional  complication.  Different  forms of 
react ion ra te  express ions  could also be employed  were  
they  avai lable ;  in par t icular ,  a ra te  expression which 
reflected gradua l  insulat ion and blocking of the  surface 
dur ing  discharge could be used for examining  the 
role of insoluble products  a n d / o r  reac tan t  species upon 
behavior  dur ing  cycl ing of secondary  ba t t e ry  systems. 
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SYMBOLS 
specific surface area,  cm2/cm s void 
concentra t ion of species i, g - m o l e / c m  s 
concentra t ion of species i, ci/cr, dimensionless  
reference  concentrat ion,  g -mo le / e r a  s 
diffusion coefficient of species, i, cm2/sec 
reference  diffusion coefficient, cm2/sec 
F a r a d a y ' s  constant,  96,500 cou lomb/g -eq  
exchange cur ren t  dens i ty  at  bu lk  concent ra-  
tion, A / c m  2 
cur ren t  dens i ty  in the  solut ion at  y = l, A / c m  2 
local reac t ion  ra te  a long e lect rode surface, 
A / c m  2 
local react ion rate,  ajl2/nFcrDr, dimensionless  
thickness  of electrode, cm 
chemical  symbol  for species i 
number  of electrons tak ing  par t  in e lect rode 
reaction,  g - e q / g - m o l e  
quan t i ty  of reac tan t  ava i lab le  local ly  wi th in  
electrode, cou lomb/cm 2 of e lectrode surface 
quan t i ty  of r eac tan t  in i t ia l ly  avai lable ,  cou- 
l o m b / c m  2 
quan t i ty  of reac tan t  avai lable ,  q/qo, d imen-  
sionless 
gas constant,  8.31 jou l e s /g -mole  ~ 
time, sec 
t e m p e r a t u r e , o K  
spat ia l  va r iab le  along porous electrode, cm 
spat ia l  var iable ,  y / l ,  dimensionless  
charge  n u m b e r  of species i 

t ransfer  coefficient in react ion ra te  equat ion 
cur ren t  dens i ty  in the  solut ion at  Y ---- I t  
i* 1/nFCrDr, dimensionless  
bulk  concentra t ion of species i, cio/cr, d imen-  
sionless 
s toichiometr ic  coefficient of ove r - a l l  react ion 
for species i 
ra t io  of diffusion resistance to charge  t ransfe r  
resistance,  ioal2/nFcrDr, dimensionless  
diffusion coefficient of species i, Di/Dr, dimen-  
sionless 
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a reactivi ty coefficient for reactant  (1 if reactive, 
0 if depleted) 

T time, nFcrDrt/aDqo, dimensionless 
potential  in the so,ution, V 

r potential  in the solution at equil ibrium, V 
potential  in the solution, F (~  -- ee)/RT, di- 
mensionless 

~o applied potential, F (r _ ee)/RT, dimension-  
less 
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Technica  

Synergistic Effects of Anions in the Corrosion of 
Aluminum Alloys 

A. A. Adams,* K. E. Eagle, and R. T. Foley* 

Department o:f Chemistry, The American University, Washington, D. C. 20016 

In  a pre l iminary  note (1) it was reported that  in 
specific electroiyte mixtures, i.e., specific concentra-  
tions and specific NaC1-NaNO3 ratios, the corrosion of 
a luminum alloys Type 7075 and 2024 was increased by 
an order of magni tude  over that in NaC1 solutions of 
the same concentration. This was unexpected as it was 
known that NaNO3 inhibits  the corrosion of a luminum 
alloys and, although it was recognized that a lower 
critical amount  was required to achieve passivation 
(2), no accelerating effect had been reported. We have 
studied this phenomenon in more detail  with chloride- 
ni t rate  mixtures  of other cations. We have also con- 
ducted supporting experiments  with the objective of 
throwing light on the mechanism by which these elec- 
trolyte mixtures  accelerate the corrosion of a luminum 
alloys. 

Experimental 
The exper imental  procedure was similar  to that re- 

ported previously (1). Three a luminum alloys, Types 
1199-H14, 2024-T3, and 7075-T6, in sheet form were 
used. The specimens were prepared by s tandard meth-  
ods and, following corrosion, were stripped of corrosion 
products, also by s tandard procedures. Corrosion prod- 
ucts and corroded surfaces were examined by x - ray  
diffraction and x - r ay  fluorescence techniques. Metallo- 
graphic cross sections of selected specimens were 
examined microscopically. The pH's of the solutions in 
which the samples were corroded were measured be- 
fore and after sample exposure. Because it was very 
per t inent  to follow the fate of the NOs-  ion during 
the course of the reaction the solutions were qual i ta-  
t ively analyzed for ni tr i te  ion and ammonia,  reduction 
products of nitrate. The benzidine test (3) was used 
for ni t r i te  detection and the p-ni t robenzene diazonium 
test (4) for ammonia.  

Results and Discussion 
Some selected but  representat ive data obtained with 

alloy Type 2024 are given in Table I. Some general  
observations can be made with respect to data not 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  a l u m i n u m  a l loy  7075, a l u m i n u m  a l loy  2024, a c c e l e r -  

a t e d  corrosion, pitting, complexions.  

shown. The first has to do with the dependence on alloy 
composition. There was no evidence of accelerated cor- 
rosion of alloy 1199 with any electrolyte mixture.  The 
behavior of alloys Type 2024 and 7075 were similar 
semiquanti tat ively.  The second observation has to do 
with solutions containing NOs-  without C1-. The cor- 
rosion was low in every case so these figures are not 
tabulated here. 

The results in Table I for the sodium-salt  mixtures,  
wherein corrosion is enhanced by a factor of 8-9, is 
consistent with previously reported results and those 
obtained with alloy Type 7075 in which case there is 
a tenfold increase in corrosion in  a 0.01N NaC1-0.007N 
NaNO3 solution compared to that in a 0.01N NaC1 solu- 
tion. In the earlier work mixtures  of potassium and 
l i thium salts in this same concentrat ion range were 
examined but  no synergistic mixture  was disclosed. 
However, when the concentrat ion range was extended 
and other ratios were studied it was found that there 
existed for these two systems a specific mix ture  in 
which corrosion was accelerated. These mixtures  are 
shown in Table I; the same mixture  applies to alloy 
Type 7075. For the potassium-salt  solutions a mix ture  

Table I. Immersion tests with alloy 2024 in potassium, 
lithium, and sodium solutions 

Wt. loss  
D u r a t i o n  ( a v e r a g e )  

Solution (days )  m g / c m  2 

0. I N  K C I  13 0.83 
0.1N K C I / 0 . 0 0 5 N  KNOB 13 11.94 
0.1N KC1/0.001N K N O s  13 10.49 
0.1N KCI/O.O]N KNO.~ 13 0.84 
0 .1N KCI/O.O5N K N ~  13 1.14 
0. I N  L i C I  18 0.22 
0.1N LiCI/O.OOSN LiNOa  18 0.55 
0.1N L i C I / 0 . 0 1 N  Lil~Oa 18 1.03 
0 .1N LiCI/O.O2N LiNOa  18 0.48 
0.1N L i C I / 0 . 0 5 N  L i N O s  18 0.23 
0.1N L i C I / 0 . 1 N  L iNOa  18 0.13 
0.01N N a C I  14 1.03 
0.01N IV, aCI/O.OO3N NaNO3 14 3.72 
0 .015 /NaCI /0 .005N N a N O a  14 7.98 
0.01N N a C I / 0 . 0 0 7 N  NaNO3 14 8,72 
0.01/7 N a C I / 0 . 0 1 N  N a N O 3  14 8.44 
0.01/9" NaC1/O.O5N N a N O a  14 0.13 
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of 0.1N KCl and O.005N KNOB yields a fourteenfold 
increase in rate  whi le  for the l i th ium-sa l t  solutions a 
mix ture  of 0.1N LiC1 and 0.01N LiNOs gives about a 
fivefold increase in rate. It is possible that  there  are 
other  synergistic mixtures,  but it is apparent  that  for 
each of the alkali  metals  there is at least one specific 
mix ture  which accelerates corrosion, usual ly by an 
order of magnitude.  With  the sodium-sal t  system the  
concentrat ion as wel l  as the ratio appear to be specific. 
There was no accelerated corrosion when the same 
rat io was used at other  concentrations. Fur thermore ,  
when electrolyte  mixtures  outside the alkali  meta l  
group were  investigated, it was observed that  syner-  
gistic mix tures  wi th  A1 +++,  Be ++, and NH4 + also 
exist. In certain ammonium-sa l t  solutions corrosion 
reaches a catastrophic stage during 1-2 week  ex-  
posures. Specifically, in mixtures  of 1.0N NH4C1-0.5N 
NH4NO3 and 1.0N NH4C1-0.2N NH4NO~, the corrosion 
rate is enhanced by a factor of 100 and 600, respec-  
tively, over a 14 day period. 

The corrosion in the alkal i -sal t  solutions starts wi th  
many  small  pits scattered over  the surface. The at tack 
spreads rapidly,  covering the entire surface and pro-  
ducing a thick layer  of corrosion product. In the am-  
monium-sa l t  solutions the at tack appears to be con- 
cen t ra ted  at fewer, deeper  pits which leads to the 
complete penetrat ion of a 0.8 m m  strip in 14 days. 
Where at tack commences at an edge, the strip is ex-  
foliated in several  days (Fig. 1). 

The kinetics of the react ion of alloy Type 2024 in 
0.01N NaC1-0.005N NaNO3 and 0.1N KC1-0.005N KNO3 
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Fig. 2. Reaction of aluminum alloy Type 2024-T3 with synergistic 
mixtures. O ~ corrosion in 0.01N NaCI-0.005N NaNO3 solution; 
�9 = corrosion in 0.1N KCI-0.005N KNO3 solution. 

Fig. 1. Cross section of aluminum alloy Type 2024-T3 coupon 
corroded in 1.0N NH4CI-0.2N NH4NO3 solution. Magnification, 
52 •  Duration of test, 14 days. Dark bands ore fissures in the 
metal. Located within fissures ore white and blue colored 
precipitates. 

is shown in Fig. 2. The incubation period is character -  
istic of sodium and potassium salt solutions but  not for 
ammonium in which corrosion commences during the 
first day. 

In addit ion to the corrosion data there  are  other 
observations that  are useful in developing a mechanism 
to explain how these synergistic solutions accelerate 
corrosion. 

The test for ni t r i te  ion was negat ive  in the K +, Na +, 
and NH4 + synergistic mix tures  before immersion of 
the coupons. Af te r  one day the test was positive and 
persisted for the durat ion of the experiment .  

The test for ammonia  in the K + and Na + synergistic 
solutions was negat ive at the start  and remained nega-  
t ive during the incubation period (Fig. 2). The test 
became posit ive coincident wi th  the increase in reac-  
tion rate. 

The pH's of the solutions of the a lka l i -meta l  salts 
rose during the reaction proport ional  to the weight  
loss. For  the synergistic mix tu re  the rise was about 5 
pH units, e.g., f rom 5.73 to 10.78. For  the ammonium 
solutions the increase was less, usually about 2 units, 
e.g., f rom 5.18 to 7.52, never  exceeding 8. 

X - r a y  diffraction examinat ion  indicated that  the 
main corrosion product  from NaC1 solutions and from 
NaC1-NaNo3 synergistic mixtures  was the same, ~- 
AI~O~ �9 3H20. 

X - r a y  fluorescence measurements  on samples cor- 
roded in synergistic solutions and str ipped in the 
chromic-phosphoric  acid str ipping solution showed a 
depletion of al loying element,  Cu or Zn, on the metal  
surfa~ce. Specimens corroded in a similar fashion but  
wi th  the main corrosion layers scraped f rom the sur-  
face indicated an enr ichment  of the alloying e lement  

�9 at the surface. In the case of alloy Type 2024 this con- 
sisted of what  appeared to be a layer  of Cu stratified 
between the meta l  and the corrosion scale. 

It  is obvious f rom the foregoing that  a number  of 
reactions are taking place simultaneously, and the cor- 
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rosion reaction must  be a mult is tep process. However, 
the following sequence of steps may be postulated. 

The first step, preceding any electrochemical or 
chemical step, is the adsorption of CI- ,  NO3-, H20, and 
O2 at the oxide-solut ion interface. This process and 
the effect of specific anions on the properties of the 
oxide film related to subsequent  t ransport  processes 
has been described by Pryor  (5). Fol lowing adsorp- 
tion, reactions take place affecting either the anodie 
or cathodic process. 

Anodic Reactions 
(i) Initiation of pitting by Cl-.  

AI + 4CI-  -~ AICI4- 

The evidence for this step has been given by Bogar 
and Foley (6) and takes place with all three alloys. 

(ii) Hydrolysis of aluminum chloride complex. 

AICI4- + H20-+ v-AI203 " 3H20 + H + + CI- 

The main product is the hydrated oxide observed here 
by x - ray  diffraction. At points of local acidity protons 
can be reduced to H2. 

Cathodic Reactions 
(iii) Reduction of Oz. 

O2 + 2H20 + 4e -~ 4 O H -  

During active corrosion the pH of the solution will  rise 
as indicated above. 

(iv) Reduction oi NOs-,  when available, simultane- 
ous with (iii). 

NOB- W 2 e = N O 2 -  E~  (7) 

NO2- + 6 e ~ N H ~  E ~  

Nitrite is produced at the start of the reaction. Am-  
monia is produced after the incubat ion period. 

(v) Chemical reactions between NHs and inter- 
metallic compounds (9). 

in alloy 20241 CuA12 ~ 4NH3 = Cu (NH3) 4 + + 
K i n s t a b i l i t y  : 2 . 4  X 10 -23 (10) 

in alloy 70752 MgZn2 + 4NHs : Zn (NHs)4 + + 
K i n s t a b i l i t y  "-- 3.46 • 10 -20 (1O) 

N o m i n a l  Cu  c o n t e n t  = 4.4%. 
N o m i n a l  c o m p o s i t i o n  ~- 5 .6% Zn ,  2 .5% Mg,  1.6% Cu.  

Both complexes are very soluble and will accelerate 
the attack. 

( vi) Dissociation of soluble complexes in sites of high 
alkalinity. 

Cu(NH3)4 ++ = Cu ++ -t- 4NHs 

This leads to deposition of either Cu ~ or CuO as a red 
layer  at metal-oxide interface as indicated by x - r ay  
fluorescence. Alloy Type 1199 is immune  to this type 
of accelerated attack because it contains nei ther  Cu nor 
Zn as alloying elements. 

The existence of specific concentrat ions and anion 
ratios in solutions with different cations is difficult to 
explain. However, it appears reasonable that  the ca- 
tions of different polarizabil i ty will  be adsorbed in 
the electric double layer to dii terent degrees and in-  
fluence the composition of the oxide-solution interface. 
This in tu rn  would influence the relat ive adsorption 
of CI- ,  NOB-, H20, or O2. 
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D I S C U S S I O N  

' S E C T I O N  I i ii 

This Discussion Section includes discussion of papers appe~a'ing in 
the Journal o/ the Elec~rochemica! Society, Vol. 118, No. 7, 9, 11, 
and 12; July, September, November, and December 1971; Vol. 119, 
No. 1 and 4; January and April 1972. 

Hydrogen Embrittlement and Hydrogen Traps 

J.O'M. Bockris and P.K. Subramanyan (pp. 1114-1119, 
Vol. 118, No. 7) 

G. Dubpernell:2 It  is good to see the consideration 
given to the possible spreading of microcracks in the 
metal. This theory was suggested by Ferguson and 
Dubpernel l  a long time ago, 2 in an invest igat ion of 
the behavior of p la t inum and pal ladium membranes.  

1 M & T  C h e m i c a l s  Inc . ,  1700 E a s t  N i n e  Mi le  Road, Ferndale, M i c h -  
i g a n  48220. 

A.  L.  Ferguson and G. D u b p e r n e l l ,  Trans. Electrochem. Soc., 
64, 221 (1933). 

i i i ii iii i I 

A number  of questions or comments  occurred during 
reading the paper under  discussion. Why were the 
membranes  annealed for 3 hr at 600~ prior to the 
experiment? What  results are obtained if this t reat -  
ment  is omitted? 

The deposition of a th in  layer  of pal ladium on the 
back of the Armco iron membranes  seems unnecessary 
and un impor tan t  in  this instance. I ron would show 
lit t le anodic dissolution in  0.1N NaOH. Was the rate 
of dissolution checked? It would seem bet ter  to use 
p la t inum for this purpose if anyth ing  is needed, as 
pal ladium has a greater tendency to anodic dissolution. 
What was the visual  appearance of the 1.13 cm 2 area 
of the back of the membranes  after the experiments? 
Was any  corrosion evident  compared to the unexposed 



Vol. 119, No. 12 D I S C U S S I O N  S E C T I O N  1695 

parts of the membranes,  since the back is subjected to 
anodic t rea tment?  

One would expect  these exper iments  to be made at 
room temperature .  Why was a t empera tu re  of 50 ~ and 
60~ used, and in one case 70~ 

On page 1116 of the paper  by Bockris and Subra-  
manyan  there  is a discussion of "H damage." Hydrogen 
is sometimes refer red  to as H2. Is the H in "H damage"  
mere ly  H2, and could the expression just  as wel l  be 
"Ha damage," or is a different  form of hydrogen in- 
tended to be indicated by the plain "H"? 

This wr i t e r  feels that  the results of these exper i -  
ments are due to the porosity of the membranes,  and 
not to hydrogen diffusion at all. Gross porosity of the 
membranes  could readi ly  be checked by the method 
which has been suggested 2 of revers ing  the polar i ty  
of the charging current  on the front  of the membrane  
and seeing if there  is an immedia te  change in the 
polari ty of the back of the membrane.  This method 
depends upon the presence of thin threads of solution 
through the capillaries in the metal  of the membrane,  
f rom front  to back. 

If the capillaries in the metal  of the membrane  are 
small  enough and few enough, it is conceivable that 
the threads of solution in them might  make  a poor and 
i r regular  connection f rom the front  to the back of the 
membrane  which could easily be broken as by hydro-  
gen bubbles, and easily be re-es tabl ished when the 
current  was shut off as dur ing the decay tests shown 
in Fig. 3 and 4 in the paper  under  discussion. Such 
re-es tabl i shment  of solution connections would permit  
any residual cathode polarization on the front  of the 
membrane  to affect the potential  on the back, and 
this would  be an explanat ion of the effects noted in 
Fig. 3 and 4. 

The closely-connected report  of Beck, Bockris, Gen-  
shaw, and Subramanyan  a is also of considerable inter-- 
est. The solubili ty of hydrogen in nickel is given as 
almost 1000 t imes the solubili ty in iron, and yet  the 
permeabi l i ty  of i ron-nickel  alloys falls to about one 
thousandth of that  of iron at about 40% or more of 
nickel. This contradict ion does not seem adequate ly  
explained. 

An  excel lent  correlat ion is noted be tween the per -  
meabi l i ty  of the membranes  and their  corrosion re -  
sistance, the membranes  wi th  40% or more  of nickel 
having about 1000 t imes the corrosion resistance of 
iron. The authors suggest that  the higher  permeabi l i ty  
of iron may  be due to the format ion of pits caused by 
corrosion and the spreading of cracks to the surface. 
Is not this tan tamount  to saying that  iron membranes  
may become more porous than 40% nickel  membranes  
due to corrosion, and that  the permeabi l i ty  of iron 
membranes  in which hydrogen is less soluble, is due to 
porosity? 

The wr i te r  again wishes to bring into question the 
val idi ty  of the method proposed by Devanatban,  
Stachurski,  and Beck 4 for determining the permeabi l -  
i ty of metal  membranes  to hydrogen. 

Adsorption of Thiourea and its Derivatives 
at the In-Hg/Eiectrolyte Interface. 

R. Narayan and N. Hackerman (pp. 1426-1430, %1. 118, No. 9) 

A. N. F rumkin  and N. B. Grigoryev:  5 Star t ing f rom 
1928 s the adsorption of thiourea at the me ta l / e l ec t ro -  
lyte  solution interface has at t racted the at tention of 
electrochemists  as an example  of a revers ible  adsorp- 
tion process result ing f rom a chemisorpt ive interact ion 

W. B e c k ,  J .  O 'M.  B o c k r i s ,  M. A.  G e n s h a w ,  a n d  P.  K .  S u b r a -  
m a n y a n ,  Metallurgical Transactions, 2, 883 (1971). 

M. A.  V. n e v a n a t h a n ,  Z:  S t a c h u r s k i ,  a n d  W.  B e c k ,  This Journal, 
110, 886 (1963). 

5 I n s t i t u t e  of  E l e c t r o c h e m i s t r y ,  A c a d e m y  of  S c i e n c e s  of  t h e  
U.S .S .R. ,  M o s c o w .  

c A .  F r u m k i n ,  Ergeb. Exakt .  Naturw.,  7, 235 (1928); Coil, Syrup. 
Ann., 7, 89 (1930).  

of the funct ional  gr'oup and the meta l  surface. This 
problem is also t reated in the interest ing paper under  
discussion of Narayan and Hackerman,  who considered 
the case of thiourea adsorption on indium amalgams. 7 
The aim of this note is to fill up some gaps in their  
paper. 

Adsorpt ion of thiourea leads to a shift of pzc towards 
negat ive potentials, which is due to the orientat ion of 
the C-S bond with  the negat ively  charged sulfur 
atom to the meta l  surface. This conclusion, first ob- 
ta ined f rom electrocapi l lary curves, 6 was confirmed 
by the determinat ion  of pzc f rom the m in im um on 
the C,E curves in diluted electrolyte  solutions, 9 Ana ly-  
sis of these curves showed that  unl ike the  desorption 
max ima  of many  aliphatic and aromatic compounds, 
the desorption m ax im um  for solutions wi th  thiourea 
additions is due to the strong shift of pzc in the nega-  
t ive direction, ra ther  than to the effect of thiourea on 
the double layer  capacity. The adsorption of thiourea 
on a dropping gal l ium 10 and on a lead electrode w a s  

investigated. 11,1~ The adsorption potential  shifts on 
gal l ium are greater,  and on lead smaller, than on 
mercury.  Exper imenta l  data on thiourea adsorption 
on mercury  9 and gal l ium ~1 were  used for verification 
of the theory  of the discrete double layer  at the m e t a l /  
solution interface in the presence of specific adsorption 
of dipole molecules and adsorption of solvent  mole-  
cules. 18 The Es in-Markov coefficient, calculated with  
the use of reasonable values of the double layer  
parameters ,  agreed well  with the exper imenta l  values 
and, in conformity wi th  the theory, decreased when 
passing f rom mercury  to gallium. 

It was shown 14 that  the influence of thiourea adsorp- 
tion on the kinetics of electrochemical  processes on 
mercury  and on thal l ium amalgams can be well  ac- 
counted for by taking into consideration the ~-effect. 
Meur~e and Gierst  14 described for the first t ime the 
interest ing phenomenon, which .is also considered in 
the paper  under  discussion, viz., the appearance of 
sharp peaks on the C,E curves during simultaneous 
adsorption of thiourea and halogen ions. Such sharp 
peaks point to a drastic change of the surface charge 
in a nar row potent ial  range and to the presence of a t -  
t ract ive interactions be tween adsorbed part icles at 
more positive potentials. Narayan and Hackerman,  in 
the paper  under  discussion, suppose that  in this case 
at anodic potentials thiourea molecules turn  towards 
the amalgam surface with  their  positive ni t rogen end. 
We think that, considering that  urea shows pract ical ly 
no surface act ivi ty  at the mercury / so lu t ion  interface, ~ 
this concept is unlikely. However ,  this problem cannot 
be cleared up wi thout  a more  thorough examinat ion 
of the characterist ics of the adsorption layer  of thio-  
urea  in the presence of halogen ions. The C,E curves 
wi th  such peaks were  obtained at our laboratory 
during thiourea adsorption on mercury  in the presence 
of I - ,  but  we decided not to publish them unt i l  they  
could be invest igated in more detail. 

T h e  cho ice  of i n d i u m  a m a l g a m s  a s  a d s o r b e n t  is  p e r h a p s  n o t  o p -  
t i m u m  o w i n g  to t h e  c h a n g e  i n  t h e  s u r f a c e  l a y e r  c o m p o s i t i o n  w i t h  
c h a n g i n g  po ten t i a l .  I n  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of  t h i s  d e p e n -  
d e n c e  t h e r e  a r e  s o m e  d i s c r e p a n c i e s  b e t w e e n  B u t l e r ' s  r e s u l t s ,  w h i c h  
a r e  u s e d  b y  N a r a y a n  a n d  H a c k e r m a n ,  and  t hose  o b t a i n e d  b y  F r u m -  
k i n  et  ai.S W e  sha l l  n o t  d w e l l  on  t h i s  p r o b l e m  h e r e  s i n c e  r e c e n t l y  
i t  w a s  t h o r o u g h l y  d e a l t  w i t h .  

s A.  F r u m k i n ,  N.  P o l i a n o v s k a y a ,  I .  B a g o t s k a y a ,  a n d  N.  G r i g o r y e v ,  
J. EIeeSroanaL Chem.,  33, 319 (1971). 

9 A.  M o r o z o v ,  N.  G r i g o r y e v ,  a n d  L B a g o t s k a y a ,  Etektrokhimiya ,  
3, 585 (1967). 

lo O n  a s t a t i o n a r y  g a l l i u m  electrode11 in  t h e  p r e s e n c e  o f  t h i o u r e a ,  
t h e  c a p a c i t y  w a s  f o u n d  to d e p e n d  on  t h e  a -e  f r e q u e n c y  a n d  o n  th e  
a g e  of  t h e  e l e c t r o d e / s o l u t i o n  i n t e r f a c e ,  w h i c h  p o i n t s  to a s l o w  c h e m i -  
cal  i n t e r a c t i o n  of  g a l l i u m  w i t h  t h i o u r e a  ( w i t h  a d r o p p i n g  g a l l i u m  
e l e c t r o d e  s u c h  p h e n o m e n a  are  no t  o b s e r v e d ) .  I n  th i s  c o n n e c t i o n  i t  
w o u l d  p e r h a p s  be  u s e f u l  to c a r r y  ou t  m e a s u r e m e n t s  w i t h  a d r o p -  
p i n g  I n - H g  e l ec t rode .  

I .  B a g o t s k a y a ,  S. F a t e e v ,  N. G r i g o r y e v ,  a n d  N.  B a r d i n a ,  E l e k -  
trokhimzya,  6, 369 (1970); N.  G r i g o r y e v ,  S. F a t e e v ,  a n d  I.  B a g o t -  
s k a y a ,  ibid., 7, 223 (1971). 

N.  G r i g o r y e v  a n d  D.  M a c h a v a r i a n i ,  ibid., 6, 89 (1970). 
N.  G r i g o r y e v  a n d  V. K r y l o v ,  ibid., 4, 763 (1968);  V. K r y l o v  a n d  

N. G r i g o r y e v ,  ibid., 7, 511 (1971). 
14 N.  M e u r ~ e  a n d  L.  G i e r s t ,  Collection Czech. Chem. Commun. ,  

36, 389 (1971); E x t e n d e d  A b s t r a c t s  21st  C I T C E  M e e t i n g  P r a h a  
(1970). 



1696 J.  E l e c t r o c h e m .  S o c . :  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  D e c e m b e r  1 9 7 2  

Final ly  we should l ike to ment ion that  there  are  
ra ther  numerous data in l i tera ture  T M  on the effect 
of thiourea and its der ivat ives  as corrosion inhibitors, 
ment ioned in the paper under  discussion. 

R. N a r a y a n  a n d  N .  H a c k e r m a n :  We thank the 
authors of the above discussion for bringing to our 
at tention the extensive Russian l i tera ture  on the sub- 
ject. However ,  our paper  was presented at the 1967 
October meet ing of The Electrochemical  Society held 
in Chicago, and t r iangular  correspondence across 
10,000 miles delayed the publication. So, in effect, the 
paper was wr i t ten  pr ior  to the appearance of the 
recent  references noted by F rumkin  and Grigoryev.  
Therefore, the recent  references were  not included. 

There are at least two points of major  difference 
be tween  the results of But le rn ,  ls and that  of the 
Russian school:19 (i) var ia t ion of the negat ive surface 
excess of indium with  the potential  calculated f rom 
electrocapil lary measurements  and ( i i )  the presence 
of the hump in the capacitance curves. Our measure-  
ments  show the second observation and the results 
are in general  agreement  wi th  those of Butler.  

The sharp peaks in the capacitance curves in the 
presence of thiourea and chloride ions could be ob- 
served only with  the amalgam electrodes of 20 mole 
per cent In or more. The negat ive surface excess of 
indium also shows a m a x i m u m  at this concentrat ion 17,1s 
and hence this result  was emphasized. However,  the 
suggestion by F rumkin  and Gr igoryev regarding pos- 
sibility of compound formation was also included. 

The l i tera ture  20 avai lable  shows that  thiourea in- 
var iably  enhances the double- layer  capacitance for 
the Hg, Pb, and Ga electrodes. Our results show that  
wi th  In -Hg  electrodes there  is a region of potentials 
in which the capacitance is depressed by the presence 
of thiourea. A transi t ion hump is also obtained wi th  
amalgams of higher  indium concentrations. This hump 
apparent ly  becomes a peak in the presence of chloride 
ions. The mechanism for the peak format ion is not 
clear. As Frumkin  and Gr igoryev point out s trong 
at t ract ive interactions come into play. Our suggestion 
was that  the adsorbed  anions reduce the  mutua l  re -  
pulsions be tween  adsorbed thiourea species and that  
the posit ive end of the dipole may be oriented towards  
the amalgam. This suggestion is based on the fact that  
interfacial  composition of indium increases wi th  posi- 
t ive polarization. The absence of surface act ivi ty of 
urea at the Hg solution interface probably indicates 
the absence of H g - N  interaction. Would this also mean  
the absence of In -N  interaction? 

An impor tant  fact which we did not consider was 
that  th iourea is present  to a large extent  as the 
protonated species in acid solutions. The proton is 
at tached to the sulfur atom. We have evidence of this 
based on studies wi th  Fe  and Hg electrodes in solu- 
tions of varying pH containing thiourea and N-subst i -  
tuted thioureasyl  What  would be the nature  of the 
meta l - th iourea  interact ion under  these conditions? I t  
is also wor thwhi le  carrying out investigations wi th  a 
dropping amalgam electrode. 

We described perhaps for the first t ime the appear-  
ance of peaks in the C-E curves dur ing simultaneous 
adsorption of thiourea and chloride ions, when  pre -  
senting the paper in Chicago. Gierst  and co-worker  

~z. Jofa, 2-~me sympos. Europ. sur les Inhibit. de Cortes., 
Ferrara, 1966, p. 93; Z. Jofa and G. Tomashova, Zh. Fiz. Khim. ,  34, 
1036 (1960), Z. Jofa, Zashchita Metal.. 6, 491 (1970). 

16L. C a v a l l a r o ,  5~1 Fe l lon i ,  G.  T r a b a n e l l i ,  a n d  F.  P u l i d o r i ,  E~ec- 
t r o c h i m .  Acta, S, (1963) ; L .  C a v a l l a r o ,  L .  l~elloni, G.  T r a b a n e ] l i ,  
a n d  F.  P u l i d o r i ,  ib id . ,  9, 485 (1964); L.  C a v a l l a r o ,  L.  Fe l lon i ,  G.  
T r a b a n e ] l i ,  a n d  F. Z u c c h i ,  2 - ~ m e  S y m p o s .  E u r o p .  s u r  les  I n h i b i t .  de  
Cor t e s . ,  F e r r a r a ,  1966, p. 417. 

~ J .  N .  B u t l e r ,  M. L.  M e e h a n ,  a n d  A.  C. M a k r i d e s ,  J. Electroanal. 
Chem., 9, 237 (1965). 

ls j .  N.  Bu t l e r ,  J. Phys.  Chem., 69, 3817 (1965). 
~ E. V.  Y a k o v l e v a  a n d  N .  V. N i k o l a e v a  F e d o r o v i c h ,  Soviet  E[ec- 

trochem., 6, 29 {1071). 
m F t n .  8, 9, i i ,  12, 13 ( E n g l i s h  t r a n s I a t i o n ) .  
m R .  N a r a y a n  a n d  K.  C h a n d r a s e k a r a  P i l l a i ,  Trans. of SAEST,  

India ( A p r i l - J u n e ) ,  I n  press .  

observed such peaks in the presence of bromide ions. 
F rumkin  and Gr igoryev claim such observations in 
the presence of iodide ions. Recent  studies in the 
Indian Inst i tute  of Technology, Madras, by tensam- 
me t ry  showed that  such peaks, ra ther  small  and sharp, 
c a n  be obtained in the presence of chloride ion also 
using a d.m.e. The min imum chloride ion concentrat ion 
corresponds to 0.25M KC1 or 0.2M HC1. Fu r the r  work  
is in progress. 

The reference in our paper regarding data  on cor- 
rosion inhibit ion was only an i l lustrat ion of work  
which emphasizes the cumula t ive  effects of anion and 
thiourea der ivat ives  on the process of corrosion. 

The Electrochemical Behavior of Technetium 
and Iron Containing Technetium. 

G.H. Carfledge (pp. 1752-1758, Vol. 118, No. 11) 

S. Trasatti: 22 In the paper  under  discussion, the 
author reports  the va lue  of about 9 • 10 -5 A cm -2 
for the exchange current  of the electrolytic hydrogen 
evolut ion reaction on Tc. To my  knowledge,  this is 
the first measurement  of this kind repor ted  for Tc, a 
meta l  for which data regarding surface propert ies are 
indeed almost n o n e x i s t e n t .  As an example,  in the 
most recent  rev iew by Hayward  2a on chemisorpt ion 
f rom the gas phase, Tc is tabulated always in brackets 
because of lack of any data for characterization. At  
first sight, it would  therefore  appear impossible to 
ascertain the rel iabi l i ty  of the io,H value repor ted  by 
Cartledge, wi thout  repeat ing exper imenta l  measure-  
ments. However,  I wil l  he re  a t tempt  to under take  this 
task by making use of a number  of correlations I 
have recent ly developed 24"27 between electrochemical  
propert ies and work  function of metals. Conversely, 
this attempt, if positive, will  constitute in turn a 
valuable  test of the rel iabi l i ty  of such correlat ions 
original ly devised to predict  unknown propert ies  of 
metals  or  metal l ic  materials.  

The ground datum f rom which this analysis wi l l  
start  is the value of Paul ing 's  e lect ronegat ivi ty$ s 
(XM). Recent  considerations 28 show that  Paul ing 's  
values are genera l ly  dependable  also in the case of 
less common metals. Correla t ion exists be tween  XM 
and the work  function r which in the case ef  t ransi-  
tion metals  is expressed by the equation ~ 

XM = 0.50~, -- 0.55 [1] 

Using for Tc XM ---- 1.9, we obtain ~ ---- 4.9 eV. Now, 
this value can in turn  be used in the correlat ion be-  
tween io.H and �9 which, for t ransi t ion metals, is given 27 
by 

log io.H = 6.74 -- 36 .6  [2] 

Thus, f rom Eq. [2] the value  of 1.6 X 10 -4 A cm -2 is 
der ived for io.H of Tc. In v iew of the factors which 
may affect exchange current  measurements  and the 
fact that  the value  of XM given by Paul ing is approxi-  
mate  to the first figure 26,2s the agreement  be tween 
observed and calculated values of io, H for Tc can be 
considered a s  ve ry  satisfactory. It  may be noted that  
coincidence of the two values is obtained wi th  a XM 
value  of 1.88. Once established that  the io,n obtained 
by Cart ledge is basically correct, it is more reasonable 
to refine the value  of XM from the exper imenta l  value 
of ie, n than the reverse, as the exper imenta l  uncer -  
ta inty of electrochemical  measurements  is intr insical ly 
lower than that  per taining to XM values as claimed by 
Pauling. 2s 
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While a disagreement  be tween observed and cal- 
culated values of io.H for Tc would not reveal  in pr in-  
ciple which value is to be considered as incorrect  
(however,  rel iabil i ty of the correlat ion is already sup- 
ported by the fact that  it has been der ived f rom data 
for more than 30 metals) ,  the resul t ing agreement  
be tween the two values should be regarded in my 
opinion, as a reciprocal check of the rel iabi l i ty  of 
both the exper imenta l  result  and the der ivat ion of 
the correlations. 

I would also like to consider along the  same lines 
some more  aspects of that  par t  of Cart ledge 's  paper  
which deals wi th  the Tc/H2 system. The very  high 
rapidi ty  of hydrogen ionization observed by the author  
should indicate a nonact ivated hydrogen adsorption 
on Tc, which, together  wi th  a Tafel  slope for the 
cathodic reaction of about 40 mV would suggest, along 
the lines of Thomas'  analysis, 29 a fast proton dis- 
charge fol lowed by a rate de termining ion + atom 
reaction. This mechanism is conceivable in the light of 
the correlat ions ment ioned above. In fact, f rom Pa r -  
sons' analysis a0 it is known that  the relat ionship be-  
tween io, H and the strength of the M-H surface bond 
should pass through a maximum.  This has been ver i -  
fied27, 31 and transi t ion metals  as a result  located 
in the descending branch of the resul t ing volcano-  
shaped curve. Cart ledge's  value of io.H places Tc be-  
tween Pt, Pd, Rh, Ir, for which the combination is the 
ra te -de te rmin ing  step, and those metals  for which the 
ion + atom reaction is rate determining,  about in the 
same position of Re which in fact belongs to the same 
group and behaves similarly. It should be of interest  
to note that  Ru and Os 82 present about the same io,H 
as that  of Tc and the react ion is governed by the 
ion § atom mechanism. 

A value  of 64 kcal mol -1  for the s t rength of the 
Tc-H surface bond in solution during hydrogen evo-  
lution at ~ -> 0 can be der ived from the volcano curve. 
According to a~guments given by Krishtal ik  31 this 
value should be capable of being .ascertained f rom 
exper imenta l  data. Such a check would definitely 
prove the rel iabil i ty and usefulness of correlat ions 
proposed elsewhere.  2s-27 It should be added that  the 
value of 64 kcal tool -1 for E ( M - H )  and the exper i -  
menta l  value of io.H for Tc are  compatible wi th  a 
ra ther  high equi l ibr ium coverage with  atomic hydro-  
gen, so that  the combinat ion reaction should possess a 
ra te  comparabIe to that  of the ion + atom reaction. 

I would l ike to emphasize here  the fact that, albeit  
Mn belongs to group VIIA like l~e and Tc and the re -  
fore all of them possess 7 electrons in the va lency 
band, the behavior  of Mn is qui te  peculiar.  Practically,  
Cart ledge's  results demonstra te  that  Mn is the  sole 
t ransi t ion meta l  (more  likely, the sole metal)  which 
does not take the expected place in correlations. This 
would suggest a quite pa r t i cu la r  s t ructure  (or prop-  
erty)  of 3d band in respect of other  outer d bands. 

G. H. Cart ledge:  Professor Trasat t i  has developed 
correlat ions among several  propert ies of metals which 
are also related to their  behavior  as cathodes for the 
evolut ion of hydrogen. He observes that  the exchange 
current  density which I reported for the technet ium 
cathode is in close agreement  wi th  the calculat ion he 
makes on the basis of his equations and the est imated 
e lec t ronegat iv i ty  value  of Pauling. For  his calculation, 
Trasatt i  used the J0.H value given for a cathode of 
technet ium plated over  gold, whereas  for massive 
technet ium or technet ium ra ther  heavi ly  plated over  
p la t inum the value is 10 -3 A cm 2 His Eq. [2] is not  
very  sensitive to differences in J0.n, but  use of the 
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better  value gives ~b = 5.02 and, by Eq. [1], x• = 1.96. 
It  is grat i fying to note the consistency of the results. 

Trasat t i  points out, also, the close s imilar i ty  of the 
electrochemical  behavior  of technet ium to that  of 
platinum. This was apparent, not only in the ready 
response of the technet ium electrode to hydrogen, as 
shown in my paper, but  also by reference to the cor- 
relat ion be tween  the heat  of adsorption of atomic 
hydrogen on a meta l  and the overvol tage  for l ibera-  
tion of hydrogen ,at a fixed current  density, as given 
by Bonhoeffer in 1923. This also indicated a AHads of 
ca. 64 kcal  mole  -1, in agreement  wi th  Trasat t i ' s  com- 
ments. 

Professor Trasat t i  concludes, further ,  that  my data 
indicate the probable mechanism of the discharge of 
hydrogen on technetium. It  is to be noted, however,  
that  the diagnostic propert ies  of the plated electrodes 
were  ra ther  sensitive both to the nature  of the sub- 
s t rate  and to the presence of slowly reducible  surface 
films. In addition, earl ier  work  33 suggested strongly 
that  the behavior  of technet ium electrodes may  be 
affected by their  radioactivity,  though circumstances 
did not permi t  fur ther  invest igat ion of this point. 
Because of these uncertainties,  I chose not to discuss 
the mechanism of the discharge of hydrogen, though 
I agree that  the data, so far  as they go, are in accord 
with  the Heyrovsky  mechanism, as Trasat t i  suggests. 
Such a conclusion is consistent also wi th  the observa-  
tion (cf. p. 1754 of the paper under  discussion) that  
the cathodic current  density at a given overvol tage is 
temporar i ly  decreased when the degree of coverage 
by adsorbed hydrogen is reduced. 

I am grateful  to Professor Trasat t i  for his interest ing 
discussion. 

A Secondary, Nonaqueous Solvent Battery 

J. S. Dunning, W. H. Tiedemann, L. Hsueh, and 
D. N. Bennion (pp. 1886-1890, Vol. 118, No. 12) 

J. B e s e n h a r d  a n d  H. P. Fritz:  34 The authors describe 
a secondary, nonaqueous battery,  consisting of a 
l i th ium negat ive and a graphi te  compound positive 
electrode, LiC104/dimethyl  sulfite being the electro-  
lyte;  they  suggest the format ion  of lameUar graphite 
compounds, e.g., CnC104, in the aprotic system, n is 
es t imated to be 89 and in contrast  to the results  in 
acids, 35 no color change, no stage formation, and 
unlimited,  i r revers ible  expansion of graphi te  on oxi-  
dation is reported. 

We, however,  found a fair accord with the behavior  
of graphite oxidized in conc. acids, par t icular ly  with 
respect to s toichiometry and ionic structure.  ~6 

Formation of stages.--On oxidation in aprotic sol- 
vents  the potential  of a graphite electrode slowly 
rises to a constant value. Galvanostat ic  oxidation of 
graphi te  foils (~0.2 mm thick) in 1M solutions of 
LiC104 or KPF6 in propylene carbonate (PC) with  
low-cur ren t  densities (30-50 ~A �9 cm - s  geometr ical  
surface) yields a constant final value of about 2.2V 
vs. SCE after a current  passage corresponding to the 
s toichiometry C24X; with  higher  current  densities 
this constant potential  is at tained before the graphite 
has reacted completely.  Fur the r  stages n > 24 can 
be detected, however,  they cannot be assigned un-  
ambiguously due to their  "unsharpness." On fur ther  
oxidat ion no stages n < 24 were  as yet  observed; the 
products formed, however,  are revers ibly  reducible, 
so that  in suitable solvents a markedly  higher  maxi -  
mum charge storage capacity is obtained than that  
calculated on the basis of C24X, in analogy to the 
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While a disagreement  be tween observed and cal- 
culated values of io.H for Tc would not reveal  in pr in-  
ciple which value is to be considered as incorrect  
(however,  rel iabil i ty of the correlat ion is already sup- 
ported by the fact that  it has been der ived f rom data 
for more than 30 metals) ,  the resul t ing agreement  
be tween the two values should be regarded in my 
opinion, as a reciprocal check of the rel iabi l i ty  of 
both the exper imenta l  result  and the der ivat ion of 
the correlations. 

I would also like to consider along the  same lines 
some more  aspects of that  par t  of Cart ledge 's  paper  
which deals wi th  the Tc/H2 system. The very  high 
rapidi ty  of hydrogen ionization observed by the author  
should indicate a nonact ivated hydrogen adsorption 
on Tc, which, together  wi th  a Tafel  slope for the 
cathodic reaction of about 40 mV would suggest, along 
the lines of Thomas'  analysis, 29 a fast proton dis- 
charge fol lowed by a rate de termining ion + atom 
reaction. This mechanism is conceivable in the light of 
the correlat ions ment ioned above. In fact, f rom Pa r -  
sons' analysis a0 it is known that  the relat ionship be-  
tween io, H and the strength of the M-H surface bond 
should pass through a maximum.  This has been ver i -  
fied27, 31 and transi t ion metals  as a result  located 
in the descending branch of the resul t ing volcano-  
shaped curve. Cart ledge's  value of io.H places Tc be-  
tween Pt, Pd, Rh, Ir, for which the combination is the 
ra te -de te rmin ing  step, and those metals  for which the 
ion + atom reaction is rate determining,  about in the 
same position of Re which in fact belongs to the same 
group and behaves similarly. It should be of interest  
to note that  Ru and Os 82 present about the same io,H 
as that  of Tc and the react ion is governed by the 
ion § atom mechanism. 

A value  of 64 kcal mol -1  for the s t rength of the 
Tc-H surface bond in solution during hydrogen evo-  
lution at ~ -> 0 can be der ived from the volcano curve. 
According to a~guments given by Krishtal ik  31 this 
value should be capable of being .ascertained f rom 
exper imenta l  data. Such a check would definitely 
prove the rel iabil i ty and usefulness of correlat ions 
proposed elsewhere.  2s-27 It should be added that  the 
value of 64 kcal tool -1 for E ( M - H )  and the exper i -  
menta l  value of io.H for Tc are  compatible wi th  a 
ra ther  high equi l ibr ium coverage with  atomic hydro-  
gen, so that  the combinat ion reaction should possess a 
ra te  comparabIe to that  of the ion + atom reaction. 

I would l ike to emphasize here  the fact that, albeit  
Mn belongs to group VIIA like l~e and Tc and the re -  
fore all of them possess 7 electrons in the va lency 
band, the behavior  of Mn is qui te  peculiar.  Practically,  
Cart ledge's  results demonstra te  that  Mn is the  sole 
t ransi t ion meta l  (more  likely, the sole metal)  which 
does not take the expected place in correlations. This 
would suggest a quite pa r t i cu la r  s t ructure  (or prop-  
erty)  of 3d band in respect of other  outer d bands. 

G. H. Cart ledge:  Professor Trasat t i  has developed 
correlat ions among several  propert ies of metals which 
are also related to their  behavior  as cathodes for the 
evolut ion of hydrogen. He observes that  the exchange 
current  density which I reported for the technet ium 
cathode is in close agreement  wi th  the calculat ion he 
makes on the basis of his equations and the est imated 
e lec t ronegat iv i ty  value  of Pauling. For  his calculation, 
Trasatt i  used the J0.H value given for a cathode of 
technet ium plated over  gold, whereas  for massive 
technet ium or technet ium ra ther  heavi ly  plated over  
p la t inum the value is 10 -3 A cm 2 His Eq. [2] is not  
very  sensitive to differences in J0.n, but  use of the 
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better  value gives ~b = 5.02 and, by Eq. [1], x• = 1.96. 
It  is grat i fying to note the consistency of the results. 

Trasat t i  points out, also, the close s imilar i ty  of the 
electrochemical  behavior  of technet ium to that  of 
platinum. This was apparent, not only in the ready 
response of the technet ium electrode to hydrogen, as 
shown in my paper, but  also by reference to the cor- 
relat ion be tween  the heat  of adsorption of atomic 
hydrogen on a meta l  and the overvol tage  for l ibera-  
tion of hydrogen ,at a fixed current  density, as given 
by Bonhoeffer in 1923. This also indicated a AHads of 
ca. 64 kcal  mole  -1, in agreement  wi th  Trasat t i ' s  com- 
ments. 

Professor Trasat t i  concludes, further ,  that  my data 
indicate the probable mechanism of the discharge of 
hydrogen on technetium. It  is to be noted, however,  
that  the diagnostic propert ies  of the plated electrodes 
were  ra ther  sensitive both to the nature  of the sub- 
s t rate  and to the presence of slowly reducible  surface 
films. In addition, earl ier  work  33 suggested strongly 
that  the behavior  of technet ium electrodes may  be 
affected by their  radioactivity,  though circumstances 
did not permi t  fur ther  invest igat ion of this point. 
Because of these uncertainties,  I chose not to discuss 
the mechanism of the discharge of hydrogen, though 
I agree that  the data, so far  as they go, are in accord 
with  the Heyrovsky  mechanism, as Trasat t i  suggests. 
Such a conclusion is consistent also wi th  the observa-  
tion (cf. p. 1754 of the paper under  discussion) that  
the cathodic current  density at a given overvol tage is 
temporar i ly  decreased when the degree of coverage 
by adsorbed hydrogen is reduced. 

I am grateful  to Professor Trasat t i  for his interest ing 
discussion. 

A Secondary, Nonaqueous Solvent Battery 

J. S. Dunning, W. H. Tiedemann, L. Hsueh, and 
D. N. Bennion (pp. 1886-1890, Vol. 118, No. 12) 

J. B e s e n h a r d  a n d  H. P. Fritz:  34 The authors describe 
a secondary, nonaqueous battery,  consisting of a 
l i th ium negat ive and a graphi te  compound positive 
electrode, LiC104/dimethyl  sulfite being the electro-  
lyte;  they  suggest the format ion  of lameUar graphite 
compounds, e.g., CnC104, in the aprotic system, n is 
es t imated to be 89 and in contrast  to the results  in 
acids, 35 no color change, no stage formation, and 
unlimited,  i r revers ible  expansion of graphi te  on oxi-  
dation is reported. 

We, however,  found a fair accord with the behavior  
of graphite oxidized in conc. acids, par t icular ly  with 
respect to s toichiometry and ionic structure.  ~6 

Formation of stages.--On oxidation in aprotic sol- 
vents  the potential  of a graphite electrode slowly 
rises to a constant value. Galvanostat ic  oxidation of 
graphi te  foils (~0.2 mm thick) in 1M solutions of 
LiC104 or KPF6 in propylene carbonate (PC) with  
low-cur ren t  densities (30-50 ~A �9 cm - s  geometr ical  
surface) yields a constant final value of about 2.2V 
vs. SCE after a current  passage corresponding to the 
s toichiometry C24X; with  higher  current  densities 
this constant potential  is at tained before the graphite 
has reacted completely.  Fur the r  stages n > 24 can 
be detected, however,  they cannot be assigned un-  
ambiguously due to their  "unsharpness." On fur ther  
oxidat ion no stages n < 24 were  as yet  observed; the 
products formed, however,  are revers ibly  reducible, 
so that  in suitable solvents a markedly  higher  maxi -  
mum charge storage capacity is obtained than that  
calculated on the basis of C24X, in analogy to the 
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Fig. !. Cyclic voltammogram at a graphite electrode (foil, 0.2 mm) 
in LiClO4/dimethyl sulfite ( IM).  Scan rate 300 mV/min; first cycle. 

s i tuat ion in conc. H2SO4. We found the react ion 
fol lowing the oxidat ive  format ion  of C24HSO4 �9 2H2SO4 
(the so-cal led "bu i ld -up  of an oxygen overvol tage  ''35) 
to be revers ib le  and leading  to charge s torage capac i ty  
five t imes h igher  than  for the C~-s tage .  

The steps in the  oxida t ion  cur ren t  and severa l  
c lose- ly ing reduct ion peaks  can be easi ly detected 
by  cyclic vo l tammograms;  especial ly  on cycl ing wi th  
increasing ampl i tude  in many  organic e lec t ro ly te  
solutions, among them LiC104/dimethyl  sulfite, severa l  
consecutive reduct ion peaks  were  observed.  

Existence ol electrolytic lamellar compounds .~The  
postula te  of ionic graphi te  compounds in aprot ic  sol-  
vents  was proved  by  conduct iv i ty  measurements ;  on 
cycl ing a "L i /g raph i t e "  cell  in 0.1N LiC104/PC the  
conduct iv i ty  of the e lec t ro ly te  solution changed to 
about  60% of the theore t ica l  va lue  expected for the  
reac t ion  

LiCIO4 + nC ~ C,C104 + Li  

For  the  discharged cell  the e lec t ro ly te  conduct iv i ty  
decreased af ter  cycl izat ion only sl ightly.  Dur ing  these 
measurements  the size of the  graphi te  e lec t rode  was 
such, tha t  only compounds wi th  n > 24 were  formed, 
which was checked by  measur ing  the potent ia l  vs. a 
reference  electrode.  

M a x i m u m  couIombic capac i ty .~Try ing  to find a 
m a x i m u m  oxidat ion  stage of g raph i t e  in LiCIO4/PC 
we as ye t  had no success in es tabl ishing a definite 
upper  limit.  Wi th  increasing charge input  the coulom-  
bic efficiency decreases (see Fig. 2), s ince ma in ly  
solvent  is decomposed;  however,  a charge output  of 
more  than  1000 coulomb g-1  was ob ta ined  wi th  a 
cur ren t  dens i ty  of about  1 mA cm -2 and a cutoff 
potent ia l  of 3.5V vs. L i / L i  + (1M). The discharge 
character is t ics  of these oxidat ion products  are r a the r  
flat over  a wide  range;  however,  the  b r e a k  downward  
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Fig. 2. Coulomblc efficiency (charge output/charge input) of 
graphite foil in LiCIO4/PC (1M); first cycle. Current density (dis- 
charge) ~ I mA/cm2; cutoff potential 3.5V vs. Li/Li+(1M). 
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Fig. 3. Typical galvanostatic discharge curve for a graphite 
electrode (foil sandwiched between porous glass) in LiCIO4/PC 
(1M). Current density 1 mA/cm2; previous charge input 10,150 
coulomb g-Z at 2 mA/cm2; first cycle. 

in the  curve is get t ing less sharp  wi th  increas ing 
charge input  (Fig. 3). 

In  many  other  organic solvents  we were  able to 
^ 

obtain charge outputs  of > > 3 3 5  coulomb g-1  ( : .  
C24X). The repor ted  ve ry  low m a x i m u m  coulombic 
capaci ty  of g raphi te  in LiC104/dimethyl  sulfite was 
also observed dur ing  our study, a l though wi th  ex t reme  
charge input  we obtained a h igher  charge output  
than  90 coulomb g-1.  Since LiC104/dimethyl  sulfite 
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shows a marked ly  lower oxidation stabili ty at p la t i -  
num electrodes, the ease of oxidation of d imethyl  
sulfite possibly causes the low-charge  storage capacity. 
The grave loss of cell capacity on wet  stand is 
cer tainly due to solvent oxidation; graphite electrodes 
vacuum-dr i ed  immedia te ly  after  anodic oxidation 
could be stored remarkab ly  well. 

Cycling tes ts . - -When cycling a half  cell in LiC104/ 
PC (charge current  2 mA cm -2, discharge current  
1 mA cm -2, charge input 167.5 coulomb g - l )  we 
observed after 13 cycles no essential changes in the 
charge as well  as the discharge curves, if the discharge 
was complete, i.e., unti l  start ing reduct ion of PC at 
g r aph i t eY  Under  these conditions a charge efficiency 
of about 90% is obtained. With higher  cutoff potentials  
the graphite electrode is discharged only incompletely;  
increasing coulombic efficiencies during the first cycles 
are due to this fact. 

Expansion of graphite.--The expansion of graphi te  
is s trongly dependent  on external  pressure and the re -  
fore caused not only chemically, but  mainly  mechan-  
ically; the solvent  also influences the degree of 
expansion. In order to be able to work  quant i ta t ive ly  
with high charge input, our investigations were  done 
with graphi te  foils sandwiched under  pressure be-  
tween porous glass plates. 

J. S. Dunning,  W. H. Tiedemann, L. Hsueh, and 
D. N. Bennion: The resul t  of Besenhard and Fr i tz  
appear to confirm the results we found. The closer 
agreement  which they observed between their  results 
and the behavior  of lamel lar  compounds of graphi te  
formed in pure  acids might  be at t r ibuted to two causes. 
(i) We used d imethyl  sulfite as a solvent  ra ther  than 
propylene carbonate in most of our experiments.  
Apparent ly  propylene carbonate is somewhat  more 
stable under  these strong oxidizing conditions than 
dimethyl  sulfite. (ii) We used polycrystal l ine graphi te  
ra ther  than large, wel l-defined pyrolyt ic  graphite in 
most of our experiments.  Thus, the blue might  not 
have been easily seen and the stages averaged out. 
In spite of the discrepancies noted, it has been our 
general  opinion that  lamel lar  compounds of graphite, 
simiIar to those formed by oxidation in strong acids, 
are formed by oxidation in selected aprotic, e lectrolyte  
solutions. It is grat i fying to see that  the results of 
Besenhard and Fri tz  tend to confirm that  opinion. 
However ,  the low-cur ren t  efficiencies observed in 
some of their  tests wi l l  requi re  fur ther  investigation. 
It might  be noted that  we did observe some long 
cathodic current  plateaus at be tween 2 and 2.5V vs. 
lithium. However,  we were  concerned that  such pla-  
teaus might  be due to previously formed solvent de- 
composition products or other  impurities.  

Mass Transfer to a Rotating Sphere at 
High Schmidt Numbers 

J. Newman (pp. 69-71, Vol. 119, No. 1) 

D. T. Chin: ss In the paper under  discussion, Newman  
used the Lighthi l l  t ransformat ion to calculate the rate  
of mass t ransfer  to a rotat ing sphere at high Schmidt  
numbers.  He made use of Manohar 's  numerica l  
results 89 of the meridional  veloci ty gradient  at the 
surface, (OVo/Or)~=~o, as the shear stress in the 
transformation,  and integrated the resul t ing equation 
numerical ly  to give a correction to Chin's o-expression 
theory 4~ for the rate of mass transfer  at large o. 

Manohar 's  results for the tangent ial  veloci ty grad-  
ient, (OVJOr),.=~o, can also be used for such calcula-  

~ 2~. N. Dey  a n d  B. P. S u l l i v a n .  This Journal, 117, 222 (1970). 
m E l e e t r o c h e m i s t r y  D e p a r t m e n t ,  Resea rch  Labora to r i e s ,  G e n e r a l  

Motors  Corpo ra t ion ,  War r e n ,  M i c h i g a n  48090. 
30 R. Manoha r ,  Z. Angew. Math. Phys., 18, 320 (1967). 
~ I ) .  T. Chin ,  This Journal, 118, 1434 {1971). 

tions provided that  the  Chi l ton-Colburn  analogy 41 

Shx = Rez Sc 1/3 (fx/2) [1] 

is used for the analysis. Here  Sc is the Schmidt  num-  
ber; Shz, Rex, and fx are the local Sherwood number,  
the local Reynolds number,  and the local fr ict ion coeffi- 
cient, respectively,  based upon the surface distance, x, 
f rom the leading edge of the boundary layer  flow. 

Al though the Chi l ton-Colburn  relat ion is empirical  
in nature, it is a s impler  method. It has been found 
to give a reasonably accurate est imate of the rate of 
heat  and mass t ransfer  for flow over a flat plate 42 
and for channel  flows. 43 In the case of a ro ta t ing-disk  
electrode, the use of Eq. [1] leads to the fol lowing 
relat ion for mass t ransfer  at high Schmidt  numbers  44 

Sh = 0.616 Re 1/2 Sc 1/8 [2] 

This equat ion agrees to wi thin  1% with  Levich's  exact 
solution, 45 which predicts a 0..620 Rel/2Sc 1/a dependence 
for the Sherwood number.  

For  flow induced by a rotat ing sphere, the leading 
edge of the boundary layer  occurs at the pole of 
rotation, and x should be taken as roe. Thus, using 
ro~sin~ as a characterist ic veloci ty for every  local 
point on the sphere surface, Shx, Re~, and fx can be 
calculated f rom the fol lowing relations 

kroO 
Shx -- [3] 

D 

ro2w0sin8 
Rex ---- [4] 

y 

( OV4, 

I x  ~ - [51 
1/2 pro2w2s in26  

Subst i tut ing Eq. [3]-[5] into Eq. [1], and making use 
of the dimensionless tangent ia l  veloci ty  and the  di-  
mensionless radial  coordinates defined as G = VJro~ 
and ~1 = (r -- to) (a/v) 1/2, respectively,  we have  

( kr~ ) = _ R e l / 2 S c l / 3  (OG/O~l)~=~ 
Shioc : --D-- sino [6] 

Here, Re is the Reynolds number,  ro2~/v, based on the 
sphere radius. 

The tangent ial  shear stress distribution, (OG/O~l)n=o, 
has been obtained numer ica l ly  by Manohar39 A curve  
fitting of his results indicates that  (OG/O~)n=o can be 
expressed as 

( OG ) =O.615920--O.1894603--O.O~819sin~O 

[7] 

Subst i tut ing the above relation into Eq. [6], we im- 
media te ly  arr ive  at a correlat ion for the local rate  of 
mass t ransfer  to the  sphere surface 

S h l o c  = R e l / 2 S c l / 3  

0.615920 -- 0.1894608 -- 0.05819sinS# 
[8] 

sin0 

Equat ion [8] is plotted in Fig. 1 as the  thick curve 
for Shloc/Rel/2Sc 1/s vs. O. For comparison, Newman 's  
results in the paper  under  discussion based on the 
meridional  shear stress distr ibution are given as the 
thin curve. The dashed curve is calculated f rom Chin's 

~1 T. H. C h i l t o n  and  A. P. Co lbu rn ,  Ind. Eng. Chem., 26, 1183 
{1934). 

4~ H. Sch l i ch t i ng ,  " B o u n d a r y  L a y e r  T h e o r y , "  M c G r a w - H i l l  B o o k  
Co., New York  (1960). 

~3 D. S. H u b b a r d  a n d  E. N. L i g h t f o o t ,  Ind. Eng. Chem. Funda- 
mentals, 5, 370 {1966). 

4~ L. A. D o r f m a n ,  Soviet Phys, "Doklady," 8, 248 (1958). 
4~ V. G. Lev ich ,  " P h y s i c o c h e m i c a l  H y d r o d y n a m i c s , "  P r en t i c e -Ha l l ,  

E n g l e w o o d  Cliffs, N. J.  (1962). 
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Fig. !. Local mass transfer rate on the surface of a rotating 
sphere. The thick curve is the result of the present analysis as 
calculated from Eq. [8] .  Newman's results based on the meridional 
shear stress distribution are given as the thin curve. The dashed 
curve represents Chin's 0-expansion theory for small 0. 

0-expansion solution 40 for small  values of 0. It is seen 
that in spite of being empirical  in nature,  the present  
results obtained with the Chi l ton-Colburn  analogy are 
in good agreement  with the two previous theories 
based on more rigorous mathematical  t reatment .  
Whereas Chin's 0-expansion solution considerably 
overestimates the rate of t ransfer  at large 0, the pres- 
ent  results give a good approximation for the rate of 
t ransfer  in  the equatorial  region. The max imum  devi- 
ation of Eq. [8] from Newman's  curve, which occurs 
approximately at 0 ---- 80% is less than 9%. At the pole 
of rotat ion (0 ---- 0 ~ and at the equator (0 ---- 90~ the 
accuracy of the present  results is bet ter  than 99%. 

Equat ion [8] can be integrated to give the average 
rate of mass t ranfser  to the spherical surface 

R e l / 2 S c Z / S  
Sh = (0.3079602 - -  0.04736564 

1 -- cos0 

+ 0.019397 (sin2O + 2) cosO -- 0.03879} [9] 

For a sphere or a hemisphere whose ent i re  surface is 
subject to mass transfer, Eq. [9] gives a 0.433 Rel/2Sc 1/3 
dependence for the average Sherwood number ;  this 
correlat ion is only 4% smaller than  Newman's  results 
which predict a value of 0.451 for the numerica l  coeffi- 
cient. 

In  conclusion, we have used the Chi l ton-Colburn  
analogy to discuss laminar  mass t ransfer  on a rota t ing 
spherical electrode. It  is shown that  in spite of its em- 
pirical nature,  the Chi l ton-Colburn  relat ion is a simple 
and powerful  tool to give a good approximation of the 
rate of ionic t ransfer  on a complicated electrode geom- 
e t ry  (such as the rotat ing sphere),  where the exact 

solution is difficult to obtain. The procedures i l lustrated 
in this work can also be used for other rotat ing sur-  
faces, such as a cone or an ellipsoid. 

LIST OF SYMBOLS 
D diffusivity of diffusing species, cm2/sec 
f~ local friction coefficient based upon the surface 

distance, x, from the leading edge of the flow 
boundary  layer, dimensionless 

G dimensionless azimuthal  (or tangential)  veloc- 
i ty defined as V~lro~ 

k local mass t ransfer  coefficient, cm/sec 
K average mass t ransfer  coefficient, cm/sec 
r radial coordinate, cm 
ro radius of spherical electrode, cm 
Re Reynolds n u m b e r  defined as ro2=/v, dimension-  

less 
Re~ local Reynolds number  based upon the surface 

distance, x, from the leading edge of the flow 
boundary  layer, dimensionless 

Sc Schmidt number  defined as v/D, dimensionless 
Sh average Sherwood number  defined as Kro/D, 

dimensionless 
Sh]oc local Sherwood n u m b e r  defined as kro/D, di-  

mensionless 
Sh~ local Sherwood number  based upon the surface 

distance, x, from the leading edge of the bound-  
ary layer, dimensionless 

Vo meridional  velocity component, cm/sec 
V~ azimuthal  (or tangent ia l )  velocity component, 

cm/sec 
x surface distance from the leading edge of the 

boundary  layer, cm 
dimensionless radial  distance defined as ( r -  
to) (~/~) 1/2 

0 lat i tude coordinate, rad  
v kinematic viscosity, cm~/sec 
p density of electrolyte, g /cm 3 

azimuthal  coordinate, rad 
angular  velocity, rad/sec 

Electrolyt ic  D e t e r m i n a t i o n  of Porosity in 
Gold  E lect roplates  

R. J. Marrissey (pp. 446-450, Vol. 119, No. 4) 

F. Mansfeld: 46 In  the paper discussed here and else- 
where 47 Morrissey uses an expression derived by 
Stern 4s for an electrochemical determinat ion of poros- 
ity in gold electroplates. Several  corrections are neces- 
sary for Eq. [1] in Morrissey's paper. The exact (and 
complete) expression for the galvanic current  Ig flow- 
ing between two dissimilar metals is 49 

~c _ ~A Pc 
log lg = + log ACiCeorr 

Ha -I- tic Ha -l- /~c 

+ log AAiAcorr [1] 

where 0 c and CA are the corrosion potentials and iaeorr 
a n d  iAeorr are the corrosion C.D. (not exchange C.D. for 
the anodic and cathodic processes) of anode and cathode 
before galvanic coupling. A c and A A are the respective 
areas of the two dissimilar metals (not area fractions).  
Under  Morrissey's assumption 4~ Eq. [1] can be sim- 
plified to 

Ig  = C I ( A  A) #=+~e [2] 

The form of Eq. [2] (and Eq. [4]) in this paper 47 seems 
to result  from a typographical  error. 

It  will  be noted that  r and CA are the corrosion po- 
tentials of the uncoupled metals. No informat ion can 
therefore be obtained for the potential  ~be of coupled 
metals. This relationship has been shown by Stern 4a 
and later by Mansfeld 49, to be 

~ N o r t h  Amer ican  Rockwell  Science Center, Thousand Oaks, 
California 91360. 

~7 R. J.  Morrissey, T h i s  Journa l ,  117, 742 1970). 
�9 s M. Stern, Corrosion, 14, 329t (1958). 
o F. Mansfeld, ibi~., 27, 436 (1971). 
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;~cSa A c 
Cg = k -5 log [31 

fla -5  /~e A A 
A A 

If the area fraction of the anode AA -- is 
A c -5 A A 

used instead of the area ratio A C / A  A, Eq. [3] can be 
wri t ten  as 

~c~a 1 --  AA 
Cg : k + ~ log - [Ja] 

fla + ~ c  A A  

Since the area fraction of Cu is very small (AA < <  1) 
under  the conditions of Morrissey's experiments,  Eq. 
[3a] can also be wr i t ten  in the form 

~ a  
Cg : k - -  log AA [Jb] 

which predicts that the potential  of gold plated Cu 
becomes more negative as the area fraction of Cu 
increases. 

The der ivat ion by Stern  assumes that only an oxida- 
t ion process occurs on the anode and only a reduction 
process occurs on the cathode. It  is fur ther  assumed 
that the reactions are completely under  charge t rans-  
fer control. It is unl ikely  that the lat ter  assumption 
is t rue for a Cu-Au couple in aerated 0.1N KC1 or 
0.IN NH4C1. In  these solutions the cathodic reaction 
is more l ikely controlled by diffusion of oxygen. In  
this case the potential  of the galvanic couple was 
shown by Mansfeld 49 to be related to the are~ ratio 
A C / A A  by 

C g = C  A +  palog - ~ - 5 1  [4]  

Upon introduct ion of the area fraction of the anode 
AA 

(Cu) AA -- A A - 5  A c  , Eq. [4] can be wr i t ten  as 

C~ : C A -- palogAA [5] 

A plot of the potential  of a Cu-Au couple vs. area 
fraction of Cu should therefore result  in a straight 
line with a slope of --Pa. The plots by Morrissey have 
slopes of --34 to --36 mV (Fig. 2, 347), while a Tafel 
slope Pa ---- 51 mV is reported for Cu. Luborsky et  ak so. 
on the other hand, show plots of log A C / A  A = A c / A A  
vs. galvanic potential  r of Cu-Au couples in 1M NH4C1 
which result  in a straight line with a slope of 58 inV. 
The results of Luborsky also suggest that  the cathodic 
reaction is under  diffusion control since the potential  
of the couple becomes independent  of the area ratio 
for ACu/A  An > 0.05. This behavior is predicted by Eq. 
[4] which shows that  for A C / A  A < <  1 

Cs ~ C A : constant 

An in terpre ta t ion of the results of Fig. 3 in the paper 
under  discussion cannot be given since the author 
does not state clearly how he calculated the "gross 
area C.D." in the expression ~ J / ~ V  (mho �9 cm2). 
Under  the assumption that charge t ransfer  control 
occurs, which is doubtful  as pointed out above, Eq. 
[1] and Eq. [3] can be combined to give a correlation 
between the galvanic potential  r and the galvanic 
current  I s 

~r : r A -- Pa log iAcor r A A + ~a log I~ [6] 

A correlation can also be given be tween r and the 
galvanic current  density ig A = Ig /A  A with respect to 
the area of the anode (Cu) 

~g : C A -- Pa log i%orr + Pa log iSA [7] 

From Eq. [6] and Eq. [1] it follows 

O Cs O log A A 
- - - P a - P ~ - - -  & [81 
a log I s a log Ig 

~OF. E. L u b o r s k y ,  M. W. Bre i te r ,  a n d  B. J .  D r u m m o n d ,  This 
Journal.  119, 92 (1972). 

while from Eq. [7], one d e r i v e s  

8 log is A 

Since both Ig and ig are proport ional to the polariza- 
t ion admittance, one would expect that a logarithmic 
plot of A J / ~ V  ~ ig A VS. Cg results in a straight l ine 
wi th  a slope of -sPa, whi le  a similar plot of A I / A V  ~ Ig 
should lead to a slope of --Pc. I f  the current density in 
Fig. 3 were based on the exposed area of Cu, then one 
would expect a slope of -551 mV according to Morris- 
sey's data. Instead a l ine wi th  a slope of --73 mV is 
reported. 

All  derivations above do not take account of poten-  
tial ( IR )  drops in  the pores, which could significantly 
affect cur rent -potent ia l  relationships. It  could also 
affect l inear  polarization measurements.  The results 
of Fig. 2 which indicate a l inear  relationship between 
current  and potential  over a potential  range of more 
than  50 mV are ra ther  surpris ing in light of recent 
considerations 5a and might  very  well be significantly 
influenced by IR  drops in the pores. 

A fur ther  t rea tment  of the dependence of galvanic 
current  and galvanic potential  on porosity of a meta l -  
lic coating can be found in  the paper by Oldham and 
Mansfeld.ht 

Morrissey also mentions leakage current  measure-  
ments  for determinat ion of porosity in electrodeposits. 
A similar technique has recent ly  been described by  
Mansfeld and Parry.  52 Using a potential  sweep tech- 
nique a quant i ta t ive  electrochemical test for porosity 
in permalloy plated memory  wire was described. In  
this test, which should also be of value for Au plated 
Cu, a potential  sweep is applied to the metal  couple 
immersed in 3.5% NaC1 in a potential  region where 
the dissolution rate of the cathode (Au, Permalloy)  
is very low, while that  of the anode (Cu) is high. 
From integrat ion of the resul t ing current  peak, the 
area of Cu exposed through pinholes can be deter-  
mined after suitable calibration. 

R. J. Morrissey: As has been pointed out in the fore- 
going discussion, the mathematics appearing in the 
paper  under  discussion and also in our  previous 
reference 47 are based on expressions or iginal ly given 
by Stern. 48 These expressions were derived under  the 
assumptions that  only oxidation was proceeding at  
the anode and only reduction at the cathode, and that 
the over-al l  process was under  activation control. 
Mansfeld 49 has recent ly derived a series of general  
expressions describing the var ia t ion of the corrosion 
potential  and the corrosion current  with the respective 
anodic and cathodic areas. For the case of act iva- 
t ion control, the results of the Stern and Mansfeld 
t reatments  are consistent, and NIansfeld's Eq. [Jb] 
above is identical to Eq. [2] in  Morrissey. 4~ 

Mansfeld expresses the opinion that  for gold-copper 
couples in 0.1M NH4C1 or 0.1M KC1, the cathode re-  
action is probably controlled by the diffusion of 
oxygen. He then derives expression [5], showing that  
for this case, a plot of corrosion potential  vs. the 
logari thm of the anode area fraction should yield 
a slope equal to Pa, ra ther  than  to (PAPc/PA + PC), 
which would be the case under  activation control. He 
then cites data from Luborsky et al., 5o purportedly in 
support of this hypothesis. 

In  our own previous work, 47 plots of corrosion 
potential  vs. the logari thm of the anode area fraction 
yielded slopes of 34-36 mV, which was felt to be in  
excellent agreement  with the value of (PA~C/PA -5 PC), 
and thus indicative of act ivat ion-control led kinetics. 
Luborsky et al. plot corrosion potential  vs. the 

51K. B. O l d h a m  a n d  F. Mansfe ld ,  Submi t t ed  to J. AppL  Elec- 
trochem. 

a,2 F. Mansfe ld  a n d  E. P. P a r r y ,  Co~'rosion, 26, 542 (19#0). 
aa K. n .  O l d h a m  a n d  F. M a n s l e l d ,  ib id . ,  ZT, 434 (19"/1). 
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logari thm of the ratio of the anodic and cathodic 
area fractions (not of the areas, as implied by Mans-  
feld). At small  values of the anode area fraction, 
this reduces to a plot of corrosion potential  vs. the 
logari thm of the anode area fraction alone; and in 
0.1M NH4C1 Luborsky et al. obtain a slope of approxi-  
mate ly  32 mV, which is in close agreement  with our 
own data. In  1.0M NH4C1, these authors obtain a slope 
of greater than 50 inV. This value approximates that  
of flA, implying that  in this lat ter  electrolyte the 
cathode reaction is diffusion-controlled. This is quite 
reasonable, in view of the reduced oxygen solubili ty 
in more concentrated electrolytes. It  is also significant 
that the data of Luborsky et al. show that the curve 
for 1.0M NHaC1 begins to depart  from l inear i ty  at 
smaller values of the anode area fraction than does 
that for 0.1M NI-I4C1. One can thus make a strong 
case for diffusion control of the cathode reaction for 
gold-copper couples in 1.0M NH4C1. It  seems equally 
clear, however, that  at small  values of the anode 
area fraction, the kinetics in  0.1M NH4C1 are activa- 
t ion-controlled.  

Mansfeld questions the significance of plott ing 
values of (AJ /hV)  in Fig. 3 of the paper under  dis- 
cussion, and derives Eq. [8], which shows that in the 
case of activation control, a plot of corrosion potential  
vs. the logari thm of the galvanic current  (or, by 
extension, of ~I /AV)  should yield a slope of --tic. He 
also expresses surprise at the l inear i ty  of the polariza- 
tion curves obtained, citing a previous publicat ion by 
Oldham and himself51 which states that  polarization 
curves should ordinari ly  show curvature  in the vicini ty 
of the corrosion potential  in order for the Stern-  
Geary relationship to apply. He then suggests that  
the apparent  l inear i ty  might  be indicative of ohmic 
control by the IR drops in the pore channels. 

The values of ( h J / h V )  obtained in this work were 
arrived at by dividing the exper imental ly  determined 
values of (~I /AV)  by the total geometric areas of 
the various specimens. These were 2.5 cm 2 for the 
gold-plated copper specimens and 10.8 cm 2 for the 
solid gold specimens. Figure 3 was presented in the 
form shown because, plotted in this form, the data 
points for the solid gold specimens fall nicely along 
the l ine extrapolated from the data points for the 
various gold-plated specimens, whereas in a plot of 
corrosion potential  vs. the logari thm of (~ I /~V)  they 
fall well off the line. Such a p~ot is shown in Fig. 3a. 
The slope of this plot is --90 mV, which is in excellent  
agreement  with the value of 93.5 mV obtained for 
tc  and in accordance with Mansfeld's Eq. [8]. It  had 
been shown in the paper under  discussion that, also 
in the case of activation control, a plot of the logari thm 
of ( •  v~. the logari thm of the anode area frac- 
tion should yield a sloue equal to (tA/tA -b tic). Figure 
4 of the paper under  discussion is such a plot, and the 
slope obtained is in close agreement  with the predicted 
value. 

As to the l inear i ty  of the polarization curves ob- 
tained, I can only cite the wealth of instances in the 
l i terature of polarization data which are l inear  or, 
as noted by Jones,54 at least approximately so wi th in  
the discrimination capabi]ities of available ins t ru-  
mentat ion,  even over extended ranges of potential.55 
It remains the opinion of this wri ter  that  since the 

e~ D. A. Jones ,  Corrosion, 28, 180 (1972). 
e$ S. B a r n a r t t ,  Cor ros /on  ScL, 9, 145 (1969). 
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Fig. 3a. Comparison of corrosion potential and polarization admit-  
tance values. 

Stern-Geary  expression represents an approximation, 
ordinar i ly  applicable over only a relat ively l imited 
range of potential, any at tempt to ascribe physical 
significance to what  amounts  to the derivative of 
such a function should be approached with caution. 

The question of ohmic control by electrolyte in  the 
pore channels has been raised previously, 47 and is 
the basis of Clarke and Bri t ton 's  original t rea tment  5e 
of l inear  polarization data obtained on specimens 
coated with porous electroplates. As has been re i ter -  
ated in these comments, all  of the evidence available 
for gold-copper couples in  0.1M NH4C1 electrolyte is 
indicative of act ivat ion-control led kinetics at small  
overpotentials and for small  values of the anode area 
fraction. A direct test of the effects of concentrat ion 
and resistance polarization on the corrosion poten- 
tials of gold-plated copper specimens in 0.1M NH4C1 
has been described. 47 The results, shown in Table II  
in that  paper, indicated that  such effects were negli-  
gible for copper specimens plated with gold deposits 
of 50, 100, 200, and 400 #in. (1.27, 2.54, 5.08, and 10.16 
#m) thickness. 

M. Cla rke  and  S. C. B r i t t on ,  Trans. Inst. Metal Finishing, 38, 
58 (1958). 
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High-Resolution Negative Photoresist 
R. M. Waiters and R. Brecher 

Bayside Research Center, GTE Laboratories Incorporated, Bayside, N e w  Y o r k  11360 

ABSTRACT 

A negat ive-working high-resolut ion photoresist system is described. The 
preparat ion of the polymer and sensitizer components of the photoresist is 
outlined. The importance of the molecular  weight distr ibution of the polymer 
on the properties of the photoresists is discussed. Consideration of this, and 
other, parameters  has lead to a resist formulat ion capable of funct ioning in 
film thicknesses of 2000-3000A, showing an acceptably low pinhole density and 
having a resolution capabil i ty of 400 l ines/ram. 

Negat ive-working photoresists are materials  of fun-  
damenta l  importance in the fabrication of semicon- 
ductor devices by means of photolithographic pro-  
cedures. In  recent  years there has been a t rend toward 
microimage device geometries, and the fabrication of 
these devices calls for etching in silicon dioxide l ine-  
widths in the range 1-5 ~m. The advent  of large scale 
integrated circuit devices has also occurred in recent 
years, and these two factors have placed increasingly 
severe demands on the available photoresist technol-  
ogy. 

Kodak Thin  Fi lm Resist (KTFR) has received much 
at tent ion in this field and Clark and Turner  (1) have 
investigated the high-resolut ion capabilities of this 
resist. However when  used in film thicknesses of 5000A 
or less, which are necessary to achieve a resolution of 

400 l ines /mm, the tendency of this resist to pinhole 
can present problems (1, 2). 

In  view of the need for a photoresist with the cap- 
abil i ty of giving 1 ~m lines on 1 ~m spaces (a resolu- 
tion of 500 l ines /mm)  using appropriately thin resist 
films with acceptably low pinhole densities (i.e., --~ 30 
pinholes/in.2),  the negative resist system described by 
Kornfeld (3) was investigated. This resist consists of 
an ul t raviolet-sensi t ive diazido compound which is 
used as the photo-ini t ia tor  (or sensitizer) for the cross- 
l inking of an unsaturated alkyd resin. This system is 
at tractive since the polymer and sensitizer components 
of the resist are prepared ini t ia l ly  as separate species 
and can then be combined over a wide range of ratios 
in  photoresist formulations. This system was consid- 
ered to offer a greater probabi l i ty  of giving a resist 
with the required resolution capabilities than at tempts 
to modify chemically any of the commercially avai l -  
able negative resists. 

Experimental 
The sensitizer is 4,4' diazido benzophenone-p-car -  

boxyphenylhydrazone;  a pale yellow crystal l ine solid, 
designated (ABH). This compound is prepared, in a 
three step synthesis, from 4,4' diamino diphenyl-  
methane. In i t ia l ly  the amino groups are converted to 
azide groups via diazonium salt intermediates.  Oxid, a- 
tion of the central  methylene  group to carbonyl  is then 
accomplished with chromium (VI) to give 4,4' diazido- 

Key words: photolithography, micro-imaging, resist-composition. 

benzophenone. Reaction of this species with p-carboxy 
phenylhydrazine  gives ABH. The over-al l  yield of ABH 
is 40%. The ul traviolet  absorption spectrum shows a 
ma x i mum at 360 nm, and ABH shows good photore- 
sponse to a high-pressure mercury  arc. 

The polymer component  of the resist is the com- 
mercial  alkyd Rezyl 387-5 obtainable from Koppers 
Company. A fractional precipitat ion method was used 
to obtain polymer samples with different molecular  
weight distr ibution (4). The standard fract ionating 
procedure was to dissolve 100g of raw alkyd in 2.28 
moles of tr ichloroethylene followed by the addition of 
10 moles isopropanol. This solution was st irred at a 
constant rate and water  (i.e., the nonsolvent)  was 
added at a constant rate of 10 g/rain unt i l  the required 
amount  of water  had been added. The bottom resin 
phase which separates is d rawn off and the solid poly- 
mer  precipitated with petroleum ether. After  severa] 
washings with petroleum ether the polymer is dissolved 
in methy]ethylketone (MEK) and then reprecipitated 
with petroleum ether. The polymer is again washed 
with petroleum ether and again dissolved in MEK. 
Vacuum disti l lation of this solution served to distill 
off all  the petroleum ether. The polymer solids content  
of the solution was estimated gravimetr ical ly  and then 
sui tably dilute polymer  stock solutions were prepared 
by adding the required solvents. Molecular size dis- 
t r ibut ion data were obtained using a Waters Model 
200 gel permeat ion chromatograph. Photoresist solu- 
tions were prepared on a weight /weight  basis, by dis- 
solving ABH in a quant i ty  of polymer stock solution. 

Resist films were applied to the wafers by spinning. 
Fi lm thickness was measured with a Talysurf  Profilom- 
eter. This method proved to be quick and convenient  
and acceptably accurate (5) for resist thicknesses down 
to 2000A. The Talysurf  data correlated well  with a 
series of resist film thicknesses measured by  an  in ter -  
ferometric method (6). The Talysurf  method was also 
used to gain information on the surface quality, i.e., 
the flatness of the resist films after having first estab- 
lished the flatness of the wafer substrates. 

The silicon dioxide films of the various thicknesses 
used were grown on the silicon wafers as follows: 
10,000A SiO2 films were grown by using a 1V4-hr steam 
oxidation at 1200~ followed by a 5-rain dry oxidation 
at the same temperature.  The 4000A SiO2 films were 
grown using a 4-hr  dry oxidation at 1200~ 
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The pinhole densities were  measured in the fol lowing 
way. A blank measurement  was made on the original  
SiO2 layers, after which the wafers  were  prepared  
and coated with resist and then given the same expo-  
sure as was used for imaging in the resist. The mask 
used in the exposure was a 5.0 • 5.0 cm glass blank, 
with no opaque areas on it, so that  the entire resist film 
area was exposed. The exposed wafer  was put through 
the development  and post bake cycle followed by an 
etch in buffered hydrofluoric acid. The etching t ime 
was tha t  known to be requi red  for the part icular  sili- 
con dioxide thickness being used. The etched and 
stripped wafers  were  examined by scanning the wafer  
at 200X magnification and counting the number  of cir-  
cular pinholes, of 1 ~m diameter  or greater,  occurring 
randomly  in the silicon dioxide layer. Clusters of pin-  
holes around obvious oxide defects were  not included 
nor were  pinholes occurring at the v e r y  per iphery  
of the wafer.  

The two masks of main  interest  used were  obtained 
from Qual i t ron Corporat ion and were  5 • 5 cm chrome 
on glass. The repeat  unit  pat terns  of these two masks 
are shown in Fig. 1 and 2. In Fig. 1 the narrowest  set of 
L shaped lines are 2.5 ~m lines on 2.5 ~m spaces. The 
interdigi ta ted finger pa t te rn  of lines are  also 2.5 ~m 
lines on 2.5 ~m spaces. In Fig. 2 the numbers  on the 
mask refer  to microinches and the narrowest  l ine 
geometries  on this mask (50 ~in.) are 1.25 ~m lines on 
1.25 ~m spaces. The photoli thographic work  was done 
in a class 100 clean room. 

A typical  photoresist  process cycle would  be as fol-  
lows. 

1. Substrates are cleaned wi th  a cycle of various 
organic solvents. Before coat ing a 5-rain bake at 1200~ 
is given. 

2. Spin coat on Headway spinner, 4000 rpm for 30 
sec typically. The resists were  fil tered at point of use 
by dispensing the resist onto the wafer  from a glass 
syringe fitted wi th  a Mill ipore 1 gm "Duralon"  filter. 

Fig. 1. Unit pattern of Qualitron mask 

Fig. 2. Unit pattern of Qualitron mask 

The wafer  surface was flooded wi th  resist immedia te ly  
prior to spinning. 

3. Air  dry for at least 10 rain. The use of a prebake 
is not necessary and is in fact deleterious to the be-  
havior  of the resist in the development  and etching 
steps. 

4. Expose. A Kulicke and Sofia Model 6822 al ign- 
ment  tool was used. 

5. Dip development  in xylene  for 2 min fol lowed by 
a 20 sec isopropanol rinse. Spray  development  and 
rinsing can be used wi th  equal  effect. 

6. Postbake for 10 min at 250~ 
7. Etch. 
8. Strip off photoresist  film with  J-100 ( Indus t -Ri -  

Chem Laboratory)  15 rain at 140~ followed by a s im- 
i lar  t rea tment  with fresh J-100. 

Results and Discussion 
The occurrence of pinholes in the silicon dioxide 

layer  during the various photol i thographic steps, in 
the manufac ture  of integrated circuits, is one of the 
major  factors governing the yield of the devices (7). 
In general, pinholes of greater  than 1 ~m diameter  
present  the most serious problems. The occurrence of 
pinholes etched into the oxide arise f rom pinholes in 
the resist film which occur during the photomasking 
process f rom a var ie ty  of distinct causes. Pinholes in 
the resist film can occur as the resist is being applied 
onto the wafer;  the presence of silicon spikes through 
the oxide, part iculate  mat te r  on the oxide surface dur-  
ing spinning, and the inherent  f i lm-forming quali t ies 
of the resist (at the par t icular  resist thickness being 
used) are impor tant  factors at this point of the proc- 
ess. Immedia te ly  before, and during, the exposure step 
the presence of opaque part iculate  mat ter  on the resist 
surface, or on ei ther surface of the mask, wil l  tend to 
interfere  wi th  the insolubilization of the  resist and 
result  in the formation of pinholes in the resist and 
subsequent ly in the oxide. 

The above factors wil l  a lways operate to some degree  
but can be minimized by close control of the processing 
procedures. A fur ther  source of pinholes, which is 
more difficult to control, lies in the na tu re  of the 
chemis t ry  of negat ive  working photoresists. The com- 
mercia l  negat ive resists used in microcircuitry,  and 
the system under  discussion, all  appear  to be based 
on the crosslinking of polymer  molecules init iated by 
a l ight-sensi t ive sensitizer species which furnishes free 
radicals upon i r radiat ion wi th  uv l ight (8). The ex-  
posure of such a film is thus a process whereby  the 
normal ly  soluble polymer  molecules are crosslinked 
and become insoluble, by v i r tue  of the increase in 
molecular  weight  which has occurred. Thus in those 
areas of the resist film where  the photocrosslinking 
does not occur to a sufficient extent  to wi ths tand t h e  
solvent action of the developer,  a pinhole is l ikely to 
result. This effect is the major  source of pinholes in 
high-resolut ion work  since achieving adequate  cross- 
l inking in the necessary thin resist films becomes in-  
creasingly more  difficult (1). The pinhole data p re -  
sented later  were  der ived f rom exper iments  where  
every  effort was taken to exclude pinholes f rom other 
sources and the pinhole density data obtained are, in 
the main, a measure of the abi l i ty of the resist to 
crosslink effectively and so withstand the processing 
conditions. 

The resolution capabil i t ies of the resist  has been 
measured in terms of the image s t ructure  etched into 
the silicon dioxide layer. A pat tern  of lines on spaces, 
of any part icular  width, was used since it is genera l ly  
more  difficult to achieve such an etched pat te rn  ra ther  
than a single line of the same dimension. The resolu-  
tion at tainable is dependent,  among other parameters,  
on both the thickness of the  photoresist  layer  and the 
thickness of the silicon dioxide film to be etched 
through. Both of these films must  be as thin as possible 
to achieve m a x i m u m  resolution. The silicon dioxide 
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must  be of sufficient thickness to constitute an effective 
diffusion mask and 4000A of silicon dioxide was used 
since this fulfills the diffusion mask criteria and yet 
still  allows the etching of l ine pat terns of 500 l ines/ram, 
i.e., 1 #m lines on 1 #m spaces. The resist film must  be 
as th in  as possible commensurate  with good adhesion, 
etch resistance, imaging properties, and pinhole be-  
havior. 

Molecular weight distribution.--The molecular  
weight distr ibution of the polymer component  of the 
photoresist is one of the major  factors governing such 
properties of the resist as adhesion, etch resistance, 
image l ine quality,  the tendency to pinhole, and also 
the ease of handl ing  of the resist. Exper iments  were 
therefore carried out to investigate the effect of vary-  
ing the molecular  weight dis t r ibut ion of the Rezyl 
alkyd on the resist properties. Fract ions of the Rezyl 
387-5 of different molecular  weight dis t r ibut ion were 
obtained using the fractional precipitat ion method de- 
scribed previously. In  the various fractionations differ- 
ent amounts  of water  were added to the reaction mix-  
ture, at a constant  rate of 10 g/min,  to isolate frac- 
tions with different molecular  weight  distributions. 
Stock solutions were prepared from each quant i ty  of 
polymer using a 1: l ( w t : w t )  mix ture  of MEK and cy- 
clohexanone as the solvent system. The fractions were 
characterized quant i ta t ive ly  with respect to their  
molecular  weight distr ibutions by  the gel permeat ion 
chromatograph (GPC) method (9). The ins t rument  
was calibrated with a series of polystyrene standards 
(Waters Associates). The raw data from the GPC are 
in  terms of molecular  size, or polymer  chain length, 
and from these data apparent  number  average chain 
lengths, AN, and weight average chain lengths, Aw, 
can be calculated and expressed as angstrom uni t  
values. The data are presented in  this way since the 
molecular  weight of the polymer per angstrom uni t  of 
chain length, (i.e., the Q factor) is not  known with any  
precision. 

Table I shows the AN and Aw values obtained by the 
GPC characterization of six samples of fract ionated 
Rezyl. The different fractions were obtained by adding 
different numbers  of moles of water  to the s tandard 
fractionation mixture.  

The AN values are probably  more reliable than  the 
Aw values due to the marked sensit ivity of Aw to errors 
in the est imation of the highest molecular  weight  
species in the samples. Figure  3 shows the AN values 
plotted as a funct ion of the number  of moles of water  
used in the fractionation. These values fall on a smooth 
curve which becomes asymptotic to the measured value  
of 210 for the n u m b e r  average chain length of the r aw 
Rezyl alkyd. 

In  view of the necessity of working with as th in  a 
resist film as possible, it became of interest  to deter-  
mine  how the polymer solids content  and the spinning 
speed influenced the thickness of the resist film ob- 
tained. Figure  4 shows the resist film thickness ob- 
tained on our apparatus using 20, 15, and 10% polymer 
solids in 1:1 MEK/cyclohexanone as solvent, with spin- 
n ing speeds in the range 4000 to 9000 rpm. The solutions 
were prepared using polymer fractionation 4 in  Table 
I. The curves show that  the polymer solids content  of 

Table I. A'--N and A'w values obtained by GPC characterization 

Moles  w a t e r  P o l y d i s -  
a d d e d  to p e r s i t y  

F r a c t i o n -  r e a c t i o n  rat io_ 
at ion  No .  m i x t u r e  A~ Avr Aw/AN 

1 22.2 322 8,670 26.9 
2 19,5 354 7,650 21.3 
3 16.7 3"/0 9,540 25.7 
4 13.9 433 10,010 18.2 
G 11.1 599 11,720 19.5 
6 8.3 1,012 15,420 15.2 
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Fig. 4. Resist film thickness vs. spinning speed 

the resist is the most impor tant  parameter  to be var ied 
to achieve film thicknesses of <3000A and that  the 
final sp inning speed is less impor tant  as a parameter  
since the curves for the 15 and 10% solutions are essen- 
t ial ly paral lel  to the abscissa above a sp inning speed of 
5000 rpm. Therefore adjust ing the polymer solids con- 
tent  of the resist solution was the method used to vary  
the resist film thickness. 

Accordingly a series of ten  photoresist solutions was 
prepared from each of the six polymer fractions with 
the polymer concentrat ion going in 1% increments  over 
the range 1-10% polymer. A constant  ratio of polymer 
solids to sensitizer was mainta ined;  the sensitizer con- 
centrat ion being 8% of the amount  of polymer  present. 
It  was found that  below 5% polymer, for all  the frac- 
tions, the resist films pinholed badly in all eases dur ing 
development;  vary ing  the sensitizer concentrat ion could 
not correct this condition. For the polymer  fractions of 
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AN > 550 the resist solutions became increasingly 
difficult to filter down to the 1 ~m level as the polymer 
concentrat ion increased above 5%. Also the resist im-  
ages became increasingly difficult to develop out and 
the l ine qual i ty  of the images consequent ly  deterio- 
rated. For  the polymer fractions of AN < 400, the 
t rends observed were reduced adhesion of the resist 
dur ing  etching and an increasing tendency for the re-  
sist to pinhole dur ing the development  step. This 
tendency to pinhole could not be corrected for resists 
up to 10% polymer and 8% sensitizer. 

Thus, the opt imum region for photoresist behavior, 
for the fractionation procedure described, was judged 
to be where  AN is between 400 and 500 with Aw in 
the region of 10,000. 

High-resolution capabilities of the tea/s t . - -The high- 
resolution capabilites of photoresist solutions prepared 
with polymer from fractionation 4, in Table I, were 
evaluated. The chrome mask whose repeat uni t  is 
shown in Fig. 1 was used. Figure  5 shows sets of 
L-shaped lines of 5.0 and 2.5 ~m width etched in  4000A 
of SIO2. Figure 6 shows the interdigi tated pat tern  of 2.5 
~m lines again etched in 4000A of SiO2. These pat terns  
were obtained with v i r tua l ly  100% yield over the 
wafer. The photoresist solution used was 10 % in poly- 
mer solids with a sensitizer concentrat ion 8% of the 
polymer solids. This solution had a viscosity of 3.7 cp 
and  yielded 2800A films when spun on at 4000 rpm. 
Exposure t ime was 2 sec, otherwise the processing was 
as described previously. At tent ion was then turned  to 
the chrome mask whose repeat uni t  is shown in Fig. 2 
since this mask contains pat terns of l ines on spaces 
down to 1.25 ~m. It was found that the narrowest  line 
pat terns  that  could be etched satisfactorily into 4000A 
of silicon dioxide, with 100% yield over the wafer, were 
the 100 pin. lines or 2.5 ~m lines on 2.5 #m spaces. 
Figure 7 shows such patterns. Although the pat terns 
of 1.25 ~m lines were present  in the developed photo- 
resist layer, these images had not been etched into the 
oxide and they occurred only i r reproducibly over the 
wafer. 

The problem in etching out these lines was found to 
be due to incomplete development of the resist from 
the 1.25 ~m line areas which caused a subsequent  
interference with the etching step. Careful microscopic 

Fig. 5. Dark-field light micrograph of 2.5 and 5.0 /~m lines 
etched in 4000A of Si02. 

- 

Fig. 7. Resolution test pattern etched in 4000A of SiOs 

250  

examinat ion indicated the presence of a very thin layer  
of resist, remain ing  after development,  in  the  1.25 #m 
line areas, whereas the unexposed resist was com- 
pletely removed down to the oxide, from the 2.5 ~m, 
and larger, image areas. The presence of resist in the 
1.25 ~,m lines is presumably  due to part ial  crosslinking 
of the resist by scattered light to a sufficient extent  to 
prevent  clean development.  

Various approaches were taken to c i rcumvent  this 
problem; these included increasing the developing 
time, extending the etching time, using lower sensitizer 
concentrations, and the use of more powerful  develop- 
ing solvents. In  addition, the polymer solids content  of 
the resist was lowered to allow the use of films approxi-  
mately 2000A thick. Although these approaches often 
resulted in a higher proportion of the 1.25 #m lines 
being etched out, there was often either an increase in 
pinhole density, to an unacceptable level, or a deterio- 
rat ion of the image quality. None of the approaches, 
then, consti tuted a satisfactory solution to the  problem. 

The resists prepared from fractionations 5 and 6 in 
Table I had shown quite s t r ikingly that  the ease of de- 
velopment  of unexposed photoresist areas is s t rongly 
dependent  on the molecular  weight distr ibution of the 
polymer. The highest molecular  weight species were 
more difficultly soluble in the developer. Also the 
effects of scattered light over the wafer  surface dur ing 
the exposure step, will  be most pronounced with high 
molecular  weight polymer molecules since relat ively 
few chemical crosslinks are needed to give a species 
which shows much reduced solubili ty in the developer. 
Thus, it was reasoned that the removal  of the highest 
molecular  weight components  of the polymer might  
enable a photoresist to be prepared which would de- 
velop cleanly from unexposed 1.25 ~m line areas, due 
to the reduced effects of scattered light. 

Table II  shows the results obtained in  three frac- 
t ionations of the raw Rezyl where a first addit ion of 
water was used to separate out the highest molecular  
weight polymer. This was separated off and discarded. 
A second addition of water  caused a fur ther  quant i ty  of 
polymer to separate out. This was isolated and proc- 
essed by the usual  procedure. The total amount  of water  
used in these three fractionations was 13.9 moles in 
each case. 

Table II. Results of three fractionations of raw Rezyl 

Moles Moles  
water  water  
added added Polydis- 

Fraction- in first in second persity 
ation No. addition addition .4~v AW ratio 

Fig. 6. Dark-field light micrograph of interdigitated 2.5/~m lines 7 s.oo 8.9o 43o 8,o63 18.7 
etched in 4000./~ of Si02. 8 5.56 8.34 392 4,999 12.0 9 6.12 7.78 381 3,089 s . s  
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Fig. 8. Resolution test pattern etched in 4000A of Si02 

I t  is apparent  from the ~?~w values shown that  this 
modified fractionation procedure has effectively re-  
moved the higher molecular  weight polymer species to 
a degree depending on the amount  of water  used in  the 
first addition. 

Photoresist solutions were prepared from these three 
fractions and examined. The t rend toward easier de- 
velopment  of the 1.25 /~m lines as the AN and A~w 
values decrease was immediately evident. Fract iona-  
tions 7 and 8 gave ]ess than 100% yields of the 1.25 ~m 
lines, but  no development  problems were experienced 
with the resists prepared from Fract ionat ion 9, and 
100% yields of the 1.25 ~m lines on space pat terns  
were consistently obtained with the normal  xylene de- 
velopment.  Figure  8 shows the 1.25 ~xn lines etched 
through 4000A of silicon dioxide. The lines on spaces 
are clearly resolved and correspond to a resolution 
capabil i ty of 400 l ines /mm. The processing conditions 
were as described previously and the 1.25 ~m lines 
were obtained using photoresist solutions containing 
10 and 8% polymer solids, respectively, with a sensi- 
tizer concentrat ion of 8% of the polymer solids in both 
cases. The solvent system was the usual  1:1 MEK/cy-  
clohexanone. The resist film thicknesses obtained at 
4000 rpm spinning speed were 3000 and 2200A from the 
10 and 8% polymer solutions, respectively. The other 
impor tant  features of the resist such as acid resistance, 
adhesion, and image qual i ty  were judged to be com- 
parable to when  polymer of AN = 430 and Aw = 10,000 
was used. 

Pinhole data comparison wi th  K T F R . - - T h e  pinhole 
data accumulated for the two Rezyl fractions of main  
interest  are shown in Table III together with compara-  
tive data for KTFR. The pinhole data are also pre-  
sented as a function of the percentage of polymer 
solids, and hence film thickness, of the resist. The 
KTFR was centr ifuged ini t ia l ly  and then all the photo- 
resist systems were filtered to the same 1 ~m level. 

The photoresists of various types prepared from the 
Rezyl polymer, and described in  Table III, are thus 
capable of funct ioning in  films in  the thickness range 
of 2000 to 3000A with an acceptably low pinhole den-  
sity of 30 pinholes/ in.  2. At a film thickness of 3000A, 
KTFR shows an unacceptably high pinhole density, and 
it is only when  a KTFR thickness of 10,000A is used 

Table IIh Pinhole data for two Rezyl fractions and KTFR 

P h o ~ r e ~ s t  AN 

P o l y m e r  
so l ids  F i l m  P i n h o l e  
in  t he  Vis-  t h i c k -  d e n s i t y  
r e s i s t  cos i ty  ness  ( p i n h o l e s /  

~-w (%) (cp) (A) in.a) 

Rezy l  f rac-  433 10,015 10 3.7 2,800 10 
t ion  No, 4 8 2.7 1,800 20 

Rezy l  f rac-  361 3,089 10 1.6 3,000 20 
t i on  No. 9 S 1.4 2,200 S0 

K T F R  - -  - -  7 - -  3,000 ~--.1,000 
12 i 0 , 0 0 0  30  
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that  the pinhole densi ty becomes approximately equal 
to the pinhole densities exhibited by the resists de- 
scribed. 

It  will  be noted, however, that  no pinhole data are 
presented for any  Rezyl photoresist solutions of less 
than  8% polymer solids. For all  the Rezyl fractions no 
useful photoresist of less than  5% polymer could be 
prepared since all developed a large number  of p in-  
holes in the development  step. Ini t ial  pinhole measure-  
ments  made on photoresist films obtained from 6% 
polymer photoresist solutions prepared using both 
Rezyl fractionations 4 and 9 gave acceptably low pin-  
hole densities in films ,-d400A thick. The use of these 
resists on a day- to -day  basis, however, showed that  the 
successful funct ioning of these resists depended mark -  
edly on rigorous control of the processing conditions; 
otherwise the resists pinholed badly. It  was observed 
for instance that  on days when the humidi ty  in the lab-  
oratory was toward the high end of the allowed limits, 
the resist tended to behave in a nonreproducible  m a n -  
ner  (10). This nonreproducibi l i ty  negated the routine 
use of 6% polymer resists. A polymer solids content  of 
at least 8% produced a completely reproducible be-  
havior, wi thin  the errors of evaluation, on a day to day 
basis. The somewhat thicker resist film allowed for the 
necessary lat i tude in the processing conditions. 

The use of photoresists on phosphorus-doped silicon 
dioxide surfaces often presents adhesion problems 
(11). Acordingly a series of silicon wafers were steam 
oxidized at 1200~ to give a 10,000A film of silicon di- 
oxide followed by a 7-min doping with phosphorus 
oxychloride at 1050~ Pat terns  of various geometries 
(down to 10 ~m) were etched into the doped oxide us- 
ing a photoresist prepared from Rezyl fract ionation 4 
in Table I. The l ine qual i ty was judged to be not quite 
as good as obtained with undoped oxide and so the 
usual  techniques, taken with KTFR, etc., to prevent  
loss of adhesion on phosphorus-doped surfaces, such 
as a steam leach or the deposition of a th in  film of 
pyrolytic oxide, are probably also appropriate for the 
Rezyl-based photoresists to insure good adhesion. 

Photoresist s tabi l i ty . - -The stabil i ty of the photore- 
sists wi th  respect to time, i.e., the shelf life, is of great 
practical importance. The stabil i ty of the individual  
chemical components of the resist is of almost equal 
importance to the stabil i ty of sensitized photoresist 
solutions. The ABH sensitizer, in the solid crystall ine 
state, is stable when  stored under  appropriate condi- 
tions, i.e., protected from light and in  a cool place 
(~20~ Solid sensitizer stored for eighteen months 
showed no signs of decomposition as evidenced by the 
appearance of the crystals, infrared spectra, and the 
behavior  of photoresists prepared from it. 

Photoresist solutions prepared from polymer having 
A--N = 433 and Aw = 10,015 were used on a day- to-day  
basis for six months  with reproducible resist prop- 
erties; beyond this period, some deteriorat ion in l ine 
qual i ty  was observed. The use of butyla ted  hydroxy 
toluene (an ant i -oxidant )  (12) is cur ren t ly  under  in -  
vestigation as a stabilizing additive. The data accumu- 
lated so far indicate that this compound is an effective 
stabilizer, for polymer  stock solutions and sensitized 
photoresist solutions, with no adverse effects otherwise 
on the performance of the resist. 

Conclusions 

The foregoing discussion has covered various photo- 
resist parameters  with emphasis on the molecular  
weight distr ibution of the polymer. Variat ion of this 
lat ter  parameter  has allowed the formulat ion of a 
photoresist capable of funct ioning in  films in the thick- 
ness range of 2000-3000A, which allows 1.25 ;~m lines 
to be etched through an appropriate thickness, i.e., 
4000A of silicon dioxide, and which yields an ac- 
ceptably low pinhole density. The resolution capabil i ty 
demonstrated is therefore 400 l ines/ram. Although 
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masks with l ines-on-spaces pat terns smaller  than 1.25 
~m were not readily available, single 1 ~m lines were 
obtained and the resist formulat ion described probably 
possesses a resolution capabil i ty of 500 l ines /mm. 
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The Interaction of Photoresists with Metals and 
Oxides during RF Sputter-Etching 

J. L. Vossen* and E. B. Davidson ~ 
RCA Corporation, David Sarno~ Research Center, Princeton, New Jersey 08540 

ABSTRACT 

When photoresists are used as masks for rf sputter-etching of various ma- 
terials, interactions between the material being etched and the photoresist 
occur as a result  of backscattering of some of the ejected material.  We have 
studied these interactions in a variety of ways. Most of the interactions are 
s imilar  to the interactions of the materials  with carbon, and the intr insic 
sput ter-etch rate of photoresists is the same as that of carbon. When metals  
and photoresists are etched simultaneously,  both materials  are eroded at 
the same rate because backscattering converts the surface to a uni form mix-  
ture  of all materials  present. The etch rate of the composite surface increases 
over the intr insic etch rate of the photoresist if metal  carbide intermetal l ics  
can form. When only solid solutions can form, the composite etch ra te  de- 
creases with decreasing solubil i ty of carbon in the metal. When oxides are back- 
scattered onto photoresists, the etch rate of the composite surface varies in a 
way which we cannot explain, and the photoresist is etched preferent ial ly  
because of oxide decomposition followed by "chemical sputtering." The 
abi l i ty  of a photoresist to mask oxides varies from one photoresist mater ia l  to 
another. It  is not possible to correlate the performance of a sput ter-etch resist 
to its s tructure at this time, but  it is clear that  different materials  behave dif- 
ferent ly in every respect. 

Radio frequency (rf) sput ter-etching has been used 
extensively to clean substrate surfaces prior to film 
deposition (1) and to delineate pat terns in film sur-  
faces using sacrifical photoresist masks (2-8). The 
lat ter  application is the subject of this paper. Spe- 
cifically, we shall describe the techniques required to 
prepare photoresist layers for sput ter-etching and cer- 
ta in  observed interactions between photoresists and 
other materials  during sputter-etching.  

In  rf  sputter-etching,  the photoresist mask and the 
mater ial  being etched are both eroded. The max imum 
etch depth is l imited by the thickness and qual i ty of 
the photoresist mask (2, 3, 5, 7). The definition of 
etched pat terns is l imited only by the definition of the 
photoresist mask and there is no undercut t ing  (2-8). 
Therefore, near ly  all the l imitat ions of rf sput ter-  
etching are related to the photoresist. 

Preparation of Photoresist for Sputter-Etching 
Commercial ly available photoresist materials are in-  

tended pr imar i ly  for chemical etch masking, not  for 

* Elect rochemical  Society Act ive  Member .  
1 P resen t  address :  S inger  Corporation,  Litt le Falls, N e w  Jersey 

07424. 
Key words: etching, films, polymers, ion bombardment. 

masking energetic ions. One might well  inqui re  as to 
how the resist layer should be prepared for sput ter-  
etching as compared to chemical etching. 

It  has long been recognized that reactive gases can 
cause "chemical sputtering" of certain materials  (9). 
Chemical sputter ing refers to the formation of a vola- 
tile compound at the target  surface under  the influence 
of reactive gas ion bombardment .  If a photoresist is 
bombarded by oxidizing gas ions, the photoresist is 
much more rapidly eroded than it would be by iner t  
gas ion bombardment  (physical sputtering) (3, 10). 
Indeed, this process is often used to strip photoresist 
materials  after etching processes (11-13). Clearly this 
implies that reactive gases should be excluded from 
the sputter ing system dur ing  rf  sputter-etching.  To 
accomplish complete solvent removal  from the photo- 
resist layer and to avoid oxidation of the layer, we 
have found that  the post-development  hea t - t rea tment  
of the photoresist layer is critical. Figure 1 shows the 
apparatus used. The substrates are heated on a hot- 
plate while the photoresisted surface is convectively 
cooled in a gas jet. The photoresist is thus heated from 
the bottom of the film, al lowing all solvent to escape 
before the top surface of the film becomes too dense. 
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Fig. 1. Apparatus for baking photoresist films 

We have observed that oven-baked photoresists tend 
to develop large holes under  mild ion bombardment ,  
whereas hot -p la te-baked photoresist layers can wi th-  
s tand higher bombarding voltages. Presumably,  the 
holes are a result  of exploding pockets of trapped sol- 
vent. 

The atmosphere used during the hea t - t rea tment  
should be inert. Figure 2 i l lustrates the max imum 
sputter-etch depth into a photoresist pat terned SiO~ 
surface which was obtained for fixed ini t ial  photore-  
sist thickness and fixed sputtering conditions. The 
det r imenta l  effect of heat ing in oxidizing atmospheres 
is evident. The data plotted in Fig. 2 are for an ex- 
per imenta l  photoresist that will  be described later. 
The temperatures  at which the maxima occur va ry  
from one photoresist to another. These temperatures  
are given in Table I. The t ime of the hea t - t rea tment  
for the data given in Fig. 2 and Table I was 20 min. 
There was little difference observed if the t ime was 
extended. 

Reproducibility of the Sputter-Etch System 
Assuming that the photoresist layers are prepared in  

op t imum fashion, it was necessary to check the r e -  
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Fig. 2. The effect of post-development photoresist bake tempera- 
ture and atmosphere on the maximum sputter-etch depth into SiO2. 
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Table I. Optimum post-development bake temperature for 
various photoresist materials in N2 

Material Temperature (~ 

Shipley AZ-111 and 1350 100 
Shipley 1350H 125 
Kodak  KPR|  KTFR|  and KMER(~ 150 
RCA Exper imenta l  2 0 0  

producibil i ty of the r f -sput ter ing system, as nonre-  
producibil i ty would invalidate results requir ing r u n -  
to - run  repeatabili ty.  The system used has been de- 
scribed previously (5). 

Six 3 cm diameter silicon wafers were photoresisted 
with the exper imental  resist. The photoresist pat tern  
consisted of 1 mm lines and 1 mm spaces. The wafers 
were sputter-etched one at a time on backing plate 
smaller  than  the wafer diameter under  the following 
conditions: 

Residual pumpdown pressure 
Argon pressure 
Average target  potential  
Peak- to -peak  rf  voltage 
Magnetic flux density 
Etch t ime 

1 • 10 -6 Torr 
15 mTorr  
--700V 
2700V 
50 gauss 
20 min  

This target configuration was purposely chosen to 
yield a nonuni form etch profile across the silicon wafer 
since this provides the most severe test for repro- 
ducibil i ty in  the sputter ing system. After  sput ter-  
etching, the etch depth was measured at every step 
across the wafer using mult iple  beam interferometry.  
The results are plotted in  Fig. 3. The total spread in  
measured depths from wafer to wafer is about 10%, 
which is wi thin  the accuracy of the thickness measur-  
ing technique. It was concluded that  the system and the 
photoresist preparat ion techniques used were repro- 
ducible. 

Limiting Bombarding Voltages and Etch Rates for 
Various Photoresists 

As we shall show later, the presence of other ma-  
terials on target surfaces has a profound influence on 
the etch rate of photoresists. To el iminate this variable, 
all data reported in this section refer to the rf sput ter-  
etching of 1.7 ~m thick optical filters which consist of 
m a n y  al ternate  layers of ZnS and ThF4. The same 
photoresist pat tern  was applied to the films, bu t  the 
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Fig. 3. Range of sputter-etch depths into 5i measured at regular 
intervals across the Si surface for six different Si wafers. The 
photoresist films used to mask the Si were deposited at different 
times. 
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Table II. Maximum bombarding voltages for various photoresists 

Material  Voltage (V) 

Shipley AZ-111 and 1350 600 
Shipley 1350H 700 
Kodak  KPR(I~ and K T F E |  900 
Kodak KMER(~ 1,000 
RCA Exper imenta l  1,400 

photoresist materials were varied. Each photoresist 
was bombarded at successively higher voltages unt i l  a 
threshold for large crack and/or  hole formation was 
observed. These threshold voltages are given in Table 
II. These are the average d-c target  sheath potentials 
and should be taken as being relative to each other 
ra ther  than absolute, since different materials  being 
etched, different discharge conditions, or different back-  
ing plates can change the absolute values. The advan-  
tage of higher bombarding potentials is a higher etch 
rate as shown in Fig. 4. 

All  fur ther  experiments  were conducted at bombard-  
ing potentials substant ia l ly  lower than the thresholds 
given in Table II. 

In teract ion of M e t a l s  with Photoresists 
It  has been noted in the past (5) that  "the" sput ter-  

etch rate of a photoresist has li t t le meaning.  When a 
film is pat terned with photoresist and sputter-etched, 
both the film and the resist are sputtered. Whenever  a 
surface is ion-bombarded in a glow discharge, some of 
the sputtered mater ial  is reflected back to the target  
surface (14). Recently, the amount  and spatial distri-  
but ion of the back-scattered mater ia l  has been mea-  
sured (1, 14). The spatial distr ibutions determined 
were surpris ingly uniform over fair ly large areas (up 
to 5 cm2). As a result  of this phenomenon,  some re-  
sist mater ia l  is back-scattered onto the film surface 
and vice versa unt i l  a new and uniform surface 
composition comprising film and photoresist mater ia l  
or fragments  of photoresist mater ial  is present  every-  
where on the surface being etched. When metals  are 
sput ter-etched with photoresist patterns, the compos- 
ite surface formed by backscattering results in a un i -  
form etch rate for all species on the surface. That  is, 
there is no preferent ial  removal  of photoresist or 
metal  regardless of the metal  used. This implies that  
the photoresist thickness needed to mask for a given 
etch depth into a metal  surface is only slightly greater  
than  the etch depth (to account for nonuniformit ies  in  
photoresist thickness).  For example, in Fig. 3, the 
photoresist thickness averaged 10,000A, and the wafers 
were sput ter-etched unt i l  the photoresist was almost 
completely removed near  the wafer edges. The etch 
depth near  the wafer  edge averages about 9000A, 
which is very  close to the original photoresist thick-  
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Fig. 4. RF sputter-etch rate of ZnS-ThF4 optical filters vs. target 
sheath potential. 

ness. Similar  observations have been made for a va-  
r iety of metal-photoresist  combinations. 

These interactions affect the over-al l  sput ter-etch 
rate of the composite surface. In  an at tempt to deter-  
mine  the magni tude  of these interactions, Si wafers 
were completely coated with the exper imental  photo- 
resist, flood exposed, and baked in N2 at 200~ for 
20 min. The wafers were all spin-coated with approxi-  
mately  the same thickness of photoresist, but  the ac- 
tual  thickness was measured using spectrophotometric 
techniques (15), and all data were normalized for 
thickness variation. The wafers were sput ter-etched 
while resting on 7.5 cm diameter  target backing plates 
of various metals. The backing plates were pre-sput -  
tered for at least 2 hr in Ar  before the sputter~etching 
runs. The sput ter ing conditions used to etch the photo- 
resist are: 

Residual pumpout  pressure 
Argon pressure 
Target sheath potential  
Peak- to-peak  rf  voltage 
Axial  magnetic flux density 

1 X I0 - s  Torr  
5 mTorr  
--700V 
2800V 
50 gauss 

The wafers were sputtered unt i l  all  the photoresist 
was removed. The time to removal  and the mea-  
sured resist thickness were used to calculate the ef- 
fective etch rate. The data thus obtained for metal  
backing plates are plotted in Fig, 5 as a funct ion of the 
sputter ing yield of the metal  backing plate. Two fea- 
tures of the curve are evident. The relationship dis- 
plays a ma x i mum etch rate for the Pt-photoresist  
combinat ion and the Cu-photoresist  combinat ion is 
anomalously low. This behavior  is suggestive of spe- 
cific, but  different, chemical interactions be tween  the 
backscattered materials.  

Since the major  const i tuent  element  of p h o t o r ~ a t  
is carbon, it was expected that the interact ions were 
between the metals and carbon. Several  exper iments  
supported the expectation. 

First, a glass target  backing plate was completely 
covered with a thick layer  of photoresist, flood ex-  
posed and baked. A photoresisted silicon wafer was 
then sputter-etched using this "photoresist backing 
plate." The etch rate of the photoresist in this con- 
figuration was the same as the etch rate of the photo- 
resist resting on a C backing plate wi th in  the limits of 
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Fig. 5. Relative sputter-etch rate of experimental photoresist 
films vs. the sputtering yield of the metal backing plate upon which 
the sample was resting. Each point represents an average of 3 runs. 
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exper imental  error. Hence, the intrinsic etch rate of 
the photoresist is the same as that of carbon. 

Next, carbon films were rf sputtered from a vi-  
treous carbon target onto silicon wafers. These carbon 
films were then rf sputter-etched while resting on 
backing plates of the same metals used in the earl ier  
experiments.  Figure  6 shows the resul t ing etch rates 
and compares the carbon and photoresist etch rates. 
The shapes of the curves are qual i tat ively the same 
and the anomalously low Cu point is evident. 

All of the metals having  sputter ing yields lower than  
that  of Pt  form in ter -meta l l ic  carbides (16, 17), while 
the metals having sputter ing yields equal to or higher 
than Pt  form solid solutions of vary ing  degrees of 
solubil i ty with C (18). If carbide formation in the 
photoresist is the operable mechanism for the in -  
creased etch rates observed, then one must  assume that  
the carbides are formed uniformly over the photore- 
sist surface. This fur ther  implies that  the sput ter ing 
rate of the metal  carbides and the metal-photoresist  
composites are the same. If the entire surface being 
sputtered is for all practical purposes metal  carbide, 
then the ratio of the sputter ing yield of the carbides 
to that of carbon should be the same as the ratio of 
the etch rates of the metal-photoresist  combinations 
to the intrinsic etch rate of the photoresist. We have 
measured the effective sputtering yield of TaC and 
Mo2C, by the method of comparing the rf  sput ter -dep-  
osition rate of these materials  with metals of known 
sputter ing yield in a system with fixed geometry and 
using fixed sput ter ing conditions (19, 20). In  this 
technique, metals of known sputter ing yield and the 
u n k n o w n  materials are deposited and their  thicknesses 
measured, yielding sput ter ing rates (R). The "effec- 
t ive yield" or the relat ive sput ter ing rate (S) is then 
given by the simple proport ion 

S x  "-- S M e ( R x / R M e )  

where the subscripts x and Me refer to the u n k n o w n  
and the metal  s tandard respectively. The metals used 
as standards were Ta and Mo. As has been pointed out 
by  Maissel (20), this method of measur ing yields is 
subject to various uncertaint ies  (different secondary 
electron yields, re-emission coefficients, etc.). There-  
fore, it is advisable to use more than one s tandard to 
average out these effects. In  this case, the ratios of 
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Fig. 6. Relative sputter-etch rate of carbon films vs. the sputter- 
ing yield of the metal backing plate upon which the sample was 
resting. The data for photoresist films are also shown for compari- 
son. Each point represents an average of 3 runs. 

Table III. Effect of intermetallic carbide formation on 
rf sputter-etch rate 

E f f e c t i v e  
S p u t t e r i n g  s p u t t e r i n g  

M e t a l  o r  y i e l d  (19)  y i e l d  
carb ide  ( a t o m s / i o n )  ( a t o m s / i o n )  

Y i e l d  o f  m e t a l  o r  c a r b i d e  

C 0 . 1 2  ~ 1 . 0 0  
T a  0 . 5 7  - -  4 . 7 5  
T a C  ~ 0 . 1 3  1 .08  
M o  0 . 8 0  ~ 6 . 6 7  
M o ~ C  - -  0 . 1 5  1 .25  

the measured deposition rate to the known sputter ing 
yield of Ta and Mo differed by less than 10%. The re- 
sults are tabulated in Table III. The sputter ing yields 
given are for 600 eV Ar + bombardment  at normal  
incidence on polycrystal l ine targets (21). The ratio of 
the sputter-etch rates for the photoresist on Ta and 
Mo backing plates to the intr insic etch rate of the 
photoresist are 1.10 and 1.25, respectively (Fig. 5). The 
agreement  with the carbide data in Table III  is quite 
close, implying that carbides are formed in the photo- 
resist such that  the effective etch rate is increased. 

For metals that  form solid solutions with carbon, a 
decrease in etch rate with increasing sputter ing yield 
is observed. The apparent ly  anomalous Cu points fit 
reasonably well in a plot of etch rate vs. solid solubil-  
i ty of C in  metals (Fig. 7). 

The general  tendency toward lower etch rates for 
these metal-photoresist  or metal  carbon combinations 
may be explained qual i ta t ively based on the back- 
scattering data presented for metals on Si earlier (1). 
The amount  of mater ia l  backscattered general ly  de- 
creases with increasing sput ter ing yield, thus leaving 
more low yield photoresist exposed to the ion bom- 
bardment .  For the l imit ing case of an infinite sput ter-  
ing yield, no backscattering would occur and there 
would be no interactions with the photoresist. Hence, 
the etch rate of the surface would revert  to the in-  
trinsic (low) etch rate of the photoresist. 

Similar  results to those given in Fig. 5 and 6 have 
been obtained for other photoresists. Figure 8 i l lus- 
trates the etch rate of a photoresist similar to Kodak 
KTFR|  as a funct ion of the sput ter ing yield of the 
backing plate metal. Here, the variat ion is dist inctly re- 
solved into two separate modes of interaction, the 
formation of intermetal l ic  carbides or solid solutions 
of the metals and carbon. 

In teract ion of  Inorganic Oxides wi th  Photoresist 
To determine the effects of sput ter-etching photo- 

resists in the presence of inorganic oxides, experi-  
ments  similar to those wi th  metals were conducted 
using 16 hot-pressed oxide backing plates. Before 
each r u n  the backing plates were pre-sput tered in 
pure O3 for at least 3 hr to ensure that  a stoichiometric, 
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Fig. 7. Relative sputter-etch rate of experimental photoresist 
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points of the metals. [Solubility data from Ref. (18)] 
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Fig. 8. Relative sputter-etch rate of photoresist films similar to 
Kodak KTFR| vs. the sputtering yield of the metal backing plate 
upon which the sample was resting. Each paint represents an 
average of 3 runs. 

clean surface was present. The photoresist films were 
prepared in the same manne r  as before. 

Since there are no data available on the "sputtering 
yield" of oxides, it was necessary to measure the 
"yields" for each of the oxides used in the study. This 
was done by the method of deposition rate comparison 
as described earlier. Caution should be exercised in  
using these yield data (Table IV).  Many of these ma-  
terials are known to reduce, chemically, under  the 
influence of Ar ion bombardment  (5). Therefore, the 
surface composition changes cont inual ly  dur ing ion 
bombardment .  Furthermore,  the meaning of "yield" for 
compounds is not clear since one has no way to de- 
termine the na ture  of the ejected species (atoms, mole-  
cules, clusters).  Therefore, we shall refer to the 
"reIative deposition rate" of the oxides. These relat ive 
deposition rates are normalized to the sputter ing rate 
of metals having known sputter ing yields. The metals 
used as standards were Si, Pt, Cr, and Au. The ra-  
tios of the measured deposition rates to the known 
sput ter ing yields of these metals differed by less than  
10%. The average of these ratios was used to normalize 
the oxide deposition rates to the sput ter ing yield of the 
metals. 

The var iat ion of photoresist etch rate with the rela-  
tive deposition rate of oxides is shown in Fig. 9. The 

Table IV. Relative deposition rate of inorganic oxides 
(Normalized to the sputtering yield of metals) 

Oxide 

Relat ive depo- 
sition rate  

Ta~Os 0.15 
AI~ 0.18 
Cr~O8 0.18 
NI~O~ 0.24 
ZrO~ 0.32 
MgO 0.36 
La~Os 0.37 
V~Os 0.47 
,In208 0.57 
Fe2Os 0.71 
SnO~ 0.96 
TIC)= 0.96 
ZnO 1.18 
Bi=Oa 1.32 
SiO~ 1.34 
Sb2Os 1.37 
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Fig. 9. Relative sputter-etch rate of experimental photoresist 
films vs. the relative deposition rate of the hot-pressed oxide 
backing plate upon which the sample was resting. The data for 
metal backing plates are also shown for comparison. Each point 
represents an average of 3 runs. 

etch rate for the metal  backing plates is replotted in  
the same figure for reference. We have no satisfactory 
explanat ion for the shape of the oxide curve. It does 
not relate to any thermodynamic  or thermochemical  
property of the oxide backing plate, nor to the possi- 
bil i ty of chemical reduct ion followed by either carbide 
or solid solution formation by backing plate cations 
with C in the photoresist. All that can be said with cer- 
ta inty is that the etch rates for oxide backing plates 
are general ly higher than those for metals. This leads to 
the possibility that oxygen is being released from the 
backing plates into the discharge, thus superimposing 
chemical sput ter-etching on physical sputtering. Be- 
cause chemical sputtering, resul t ing from part ial  
chemical reduct ion of oxides, may cause preferent ial  
etching of photoresists when  compounds are etched, 
it is necessary to determine the ratio of photoresist 
thickness to etch depth required for oxides. 

"Protect ion Factor"  for Si02 
N-type  (111) silicon wafers with 10,000X of steam 

oxide were whir l -coated with photoresist and exposed 
through a mask so that one-hal f  of the wafer was pro- 
tected by photoresist after development. The wafer 
was placed on a SiO2 backing plate in the sput ter ing 
system and half of it was shielded by a second oxi- 
dized silicon wafer  (Fig. 10). 

The oxide was sputter-etched for 20 rain under  the 
following conditions: 

Residual pumpdown pressure 1 • 10-6 Tort  
Argon sput ter ing pressure 5 mTorr  
Target sheath potential  --700V 
Axial  magnetic flux density 25 gauss 

The wafer was then removed, a th in  layer  of chro- 
mium was evaporated onto it, and the resul t ing sur-  
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SHIELDING WAFER 

Fig. I0. Sample configuration for sputter-etching of photoresist 
on Si02 for determination of oxide etch rate and protection factor. 

face was examined with a Bendix Proficorder| The 
a r rangement  permit ted determinat ion of (i) the orig- 
inal  oxide thickness, (ii) the amount  of photoresist 
removed, and (iii) the amount  of oxide removed (Fig. 
11a). The resist was then characterized for the rate of 
removal  of oxide in A / m i n  and for the protection it 
afforded in terms of the ratio of photoresist sputtered 
to oxide sputtered. A good sput ter-etch resist is char-  
acterized by a large value for the rate (of oxide re-  
moval) and a small value for the protection factor 
(P.F.). 

The sput ter ing conditions were chosen so that the 
photoresist was not completely removed after 20 min  
of sputtering. Occasionally a run  did result  in complete 
removal  of the photoresist resul t ing in the condition 
pictured in Fig. l lb .  In  this case the effective t ime of 
sput ter ing must  be calculated since dur ing a portion of 
the 20 rain period oxide was being sputtered off at an 
equal rate from both sides of d resul t ing in no change 
in  height. In  these cases, the rate (A /min )  is calculated 
a s  

d 
Rate (A/min)  = 

c+d] 
20- [ --W-J 

where the value 90 A / m i n  is the intrinsic sput ter-etch 
rate of SiO2. The P.F. value in this ease is a/d. 

In  either ease, an in terna l  check on the measure-  
ments  is available since (a -t- c) should equal (b -I- d). 
Table V lists the rate of oxide removal and the protec- 
t ion factor for the materials  evaluated. Individual  step 
heights are not given, however, the per cent deviation 
of the individual  sums (a + c) and (b + d) from the 
average [(a  -t- c) + (b -I- d ) ] / 2  is listed for each 
ma te r i a l  

A var ie ty  of materials  were examined incIuding 
commereial ly available photoresists and other mater i -  
als which could be formulated into photoresists. 

This lat ter  group, which includes the RCA experi-  
menta l  resist, was made up of drying oil alkyd resins 

Table V. Rate of oxide removal and protection factor (P.F.) 
of commercial and experimenta! photoresists 

% D e v i a t i o n  of  Ra te  of o x i d e  
a + c and  b + d r e m o v a l  

f r o m  t h e i r  a v e r a g e  (A/ ra in )  P.F.  

KTFR(~(a, b) 2.6 45 6.0 
KMER| 1.2 45 5.3 
A Z  1350 (c) 1.5 30 8.2 
AZ 1350H (c) 0.1 45 3.8 
AZ 111~ c) 2.2 45 4.8 
Waycote<~) 0.5 53 5.4 
R C A  0.7 53 5.7 
RCA( ' )  4.8 68 4.7 
p - i s o p h t h a l a t e  8.1 45 4.3 
p - o - p h t h a l a t e  1.4 45 5.3 
Rezy l  387-5<t) 2.6 40 8.0 
Rezy l  873-1(f) 4.2 30 12.3 
Rezy l  412-i-50<r) 3.3 8.2 7.0 
Rezy l  i i 02 -5 ( / )  2.3 45 6.0 
A m b e r l a c  8 0 x ~  0 45 7.0 
Amberlae 292x~> 5.8 53 S.1 
Beckoso l  11-147(~) I . I  72 8.5 
Beckoso l  12-I01(~ 5.7 50 7.6 
A l k y d o l  12-704~) 2.9 45 8.0 
13-031(~> 2.7 38 7.2 
13-040< ~> 2.6 50 5.0 
13-046(~) 1.0 45 7.0 
13-077ck) 1.2 41 7.2 

(a~ A l l  c o m m e r c i a l  pho to re s i s t s  we re  b a k e d  a t  t h e i r  r e c o m m e n d e d  
t e m p e r a t u r e s  u n d e r  N~ fo r  10 ra in;  e x p e r i m e n t a l  res i s t s  we re  b a k e d  
u n d e r  N2 at  185 ~ fo r  10 ra in  un less  s t a t ed  o the rwise ,  

~b~ E a s t m a n  K o d a k  C h e m i c a l  C o m p a n y .  
r S h i p l e y  Company .  
r H u n t  Chemica l  C o m p a n y .  
(e> Unbaked. 
(?) Moppers Chemical Company. 
(r Rohm and Haas. 
(h) R e i c h h o l d  C h e m i c a l  Company .  

of the class reported by Walters and Mocsary- 
Weisz (22). 

Species Sputtered from Photoresists 
Spark source mass spectroscopy was employed in 

an at tempt to determine the na ture  of the species 
sputtered from photoresists. Films were deposited 
from a photoresist-covered sputter ing target, yielding 
informat ion on the manner  in which the photoresist is 
removed from the target. This film was compared with 
a photoresist film that  had not been ion bombarded and 
with an rf sputtered C film. 

The photoresist layer that  was not bombarded 
showed a preponderance of high molecular  weight 
species. The sputter  deposited photoresist film shows 
hydrocarbons to the extent of the mass scale (280), 
but  species above C4, C~ C6 are very weak, indicat ing 
that the polymer has been thoroughly fragemented by  
the ion bombardment .  The films deposited from the 
vitreous carbon target  showed main ly  C clusters, with 
traces of hydrocarbons. 

b 

0 

r i 
Fig. 11. S~hstrate configuration after sputter-etching (a, left) with photoresist remaining, (b, right) with photoresist entirely removed 
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Summary and Conclusions 
The main  conclusions that may be drawn from this 

work are as follows: 

1. The pre t rea tment  of the photoresist before sput-  
ter-etching clearly affects its performance. Baking 
in an inert  atmosphere improves the performance 
relat ive to no-baking  up to a point;  then the per-  
formance declines. The performance of the resist 
when  baked in air is always poorer than if no-  
bake were employed. 

2. When prepared under  op t imum conditions, there 
is a l imit  to the max imum bombarding voltage 
that the photoresist can withstand. This max imum 
varies from one mater ial  to another. 

3. The mass spectra of sputtered photoresist differs 
from that  of unsput tered photoresist and carbon. 
The unsput tered photoresist shows the presence 
of masses to the l imit of the ins t rument  (M~280) 
with a preponderance of high-mass species. Fi lms 
deposited from a "photoresist target" showed 
masses to the extent  of the mass scale, but  species 
above C6 were very weak. The films of rf sput-  
tered carbon showed main ly  C clusters with 
traces of hydrocarbons. 

4. The intrinsic sput ter-etch rate of photoresists is 
very close to that of C. 

5. When metals and photoresists are sput ter-etched 
simultaneously,  the entire target  surface is 
eroded at the same rate, presumably  because 
backscattering converts the surface to a mixture  
of the materials  present. 

6. Metal-carbon combinations sputter-etch in a way 
that  is very similar to metal  photoresist combina-  
tions. 

7. The interact ion of backscattered metals with car- 
bon or photoresist depends upon whether  an in-  
termetall ic carbide or a solid solution with carbon 
is formed. When carbides are formed, the etch 
rate of the composite surface is increased over 
the intrinsic etch rate of the photoresist by  an 
amount  approximately proportional to the ratio 
of carbide to carbon sputter ing yields. When solid 
solutions are formed, the etch rate decreases with 
decreasing solubili ty of carbon in the metal. 

8. When oxides are backscattered onto photoresist, 
the etch rate of the composite surface varies from 
one oxide to another  in a way which we cannot 
explain. 

9. In  the photoresist-oxide case, photoresist is etched 
preferentially,  probably because of oxide decom- 
position followed by chemical sputtering. The 
abil i ty of a photoresist to mask oxides varies from 
one photoresist mater ia l  to another. 

10. It is impossible to correlate the performance of a 
sput ter-etch resist to its s tructure at this time. It  

is clear, however, that  different materials  behave 
differently in  every respect. 
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Nuclear Study of the Fluorine Contamination of 
Tantalum by Various Polishing Procedures and 

of Its Behavior during Subsequent Anodic Oxidation 
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ABSTRACT 

The fixation of fluorine in the film left  on tan ta lum by chemical  polishing 
in a H2SO4-HNO3-11F mix ture  was studied using microanalysis  by the nu-  
c lear  reactions F l g ( p , a )  O 16 and O16(d,p)OIL Typical ly  2 X 1015 a toms/cm 2 of 
fluorine is found in films containing 20 • 1015 a toms/cm 2 of oxygen. Leaching 
in boiling water  decreases the amount  of fluorine by about 50%. On the other  
hand, the dissolution of these films in a NH4F saturated 40% HF solution re-  
duces the fluorine contaminat ion to less than 1.5 X 1014 a toms/cm 2. Hence 
this double chemical  t rea tment  appears to be an effective procedure  to obtain 
low fluorine contaminations on polished tantalum. Leached samples were  
anodically oxidized in a 5% ammonium citrate aqueous solution up to 90V at 
1 m A / c m  2. It was found both by dissolution techniques and by the observa-  
tion of the 872 keV nar row resonance of the F19(p,a~,)O 16 reaction, that, af ter  
oxide growth, the fluorine remains near  the meta l -ox ide  interface. The oxide 
growth laws for the various surface preparat ion procedures described were  
investigated. The presence of F I') on the surface of tan ta lum seems to have  
l i t t le  influence on the growth laws; the small  changes induced are discussed in 
detail. 

It is well  known that  a metal  is subject to contam- 
ination by various elements  during the process of sur-  
face t rea tment  by chemical, electrochemical,  or me-  
chanical  polishing procedures. The present  paper  is 
devoted to an invest igat ion of the contaminat ion with 
fluorine of the surface of tan ta lum samples subjected 
to various t rea tments  in f luorine-containing baths. 
At tent ion was paid to the localization, as a function of 
depth, of fluorine atoms af ter  anodic oxidation of the 
specimens. The oxide growth Iaws on various tan ta lum 
surfaces were  also investigated. The results will  be 
discussed mainly  with  reference to the work  of Young 
(1) and to several  papers (2-4) f rom this laboratory,  
the present work  being a continuation of the latter. 
Anodic oxidation leads in most electrolytes, except  
those with  high fluorine content (5), to the format ion 
of nonporous, amorphous, highly insulating films. 
Young (1) has shown that  the thin layer  of tan ta lum 
oxide which remains after chemical  polishing has 
propert ies  different f rom those of anodic tan ta lum 
oxide; he has explained this fact by a possible in t ro-  
duction of fluorine impuri t ies  due to the polishing 
treatment .  However ,  to the best of our knowledge, no 
direct evidence, ei ther quant i ta t ive  or quali tat ive,  has 
yet  been obtained for the existence of such traces of 
residual fluorine. In the present paper, we made use 
of a recent ly  developed method for determining the 
absolute quanti t ies  of fluorine and oxygen on the sur-  
face of tantalum: that  of microanalysis  by direct ob- 
servat ion of nuclear  reactions. 

Analytical Techniques 
The method of microanalysis  used for the measure-  

ment  of fluorine traces and of oxygen (0  TM ) contents 
of oxide layers consists in the direct observation of 
charged part icles coming from the nuclear  reactions 
F 19 (p,a) O 16 and O 16 (d,p) O1L One mi l l imeter  diameter  
proton or deuteron beams were  produced by the 2 MeV 
Van de Graaff  accelerator of the Ecole Normale  Sup~ri-  
eure  of Paris. A detailed description of this method 
has been reported in Ref. (6-9), Ref. (6) being 
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1Present  address: Laboratoire Cent ra l  Thomson-CSF,  Corbevil le .  

91 - -Or say ,  France.  
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oxidation,  nuclear reactions.  

devoted to the general  technical details of the 
method, Ref. (7) mainly  to 0 TM, and Ref. (8) 
and (9) to F 19. It  wil l  be recalled here that  the count-  
ing rates reach the order of 100 counts for a durat ion 
of measurement  of 15 min (i.e., 10% statistical accu- 
racy) for layers of thickness 

1.5 X 1013 016 a toms/cm 2 (--4 X 10 -4 #g /cm 2) 
1014 F 19 a toms /cm 2 (~3  >< 10-a ~g/cm 2) 

under  the exper imenta l  conditions used ( intensi ty of 
the beam 1 ~A; detection of charged part icles by three 
identical  3 cm ~ si l icon-surface barr ier  detectors, at an 
angle of 150 ~ with  respect to the direction of the beam, 
subtending a total  solid angle of detection of 0.86 
steradian).  These figures re la te  to bombarding energies 
near  the plateaus of the cross-section curves at 900 keV 
for O 16 and 1270 keV for F 19 [using the broad reso- 
nance of F19(p,a)O 16 at 1348 keV, the above-count ing 
may  be reached in the same conditions for 2 • 1013 
a toms /cm 2 F19; this procedure, somewhat  more critical, 
was not necessary in the present  experiments] .  Since 
the s tandard er ror  varies  as the square root of  the 
counts, it is clear that  accuracy improves rapidly for 
oxygen or fluorine contents exceeding the above-orders  
of magnitude.  For  instance, the oxygen contents dealt  
wi th  in the present  investigation, which were  of the 
order of 1016 a toms /cm 2, were  determined within  1 
min with  a statistical precision of the order of 1%. 

The absolute oxygen standard was provided by a 
film of anodic oxide grown on tan ta lum under  wel l -  
defined conditions. (3). It  has been shown in the lat ter  
paper  that  precise coulometric  measurements  permit  
in this case the absolute de terminat ion  of the number  
of 016 atoms per  cm 2 wi th  an accuracy of about  3%. 
The absolute fluorine standard was a vacuum deposited 
film of CaF2 on a tan ta lum backing, known with  an 
accuracy of about 7% (8, 9). 

Quantitative Results on the Contamination Phenomena 
Unannealed,  rol led tan ta lum specimens (from 

Kawecki-Berylco Ind.) (rated bulk pur i ty  99.95%) 
were  used in this investigation, wi th  a thickness of 0.2 
ram. Before use, they were  careful ly  degreased in 
acetone (3, 4). Investigations of specimens which had 
not been subjected to any t rea tment  except  for de- 
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greasing showed a surface contaminat ion with  fluorine 
varying from 1.4 • 1014 to 3 • 1014 F 19 a toms /cm 2. 
As measurements  of F 19 on h igh-pur i ty  silicon yield 
zero counts, for measurement  t imes equal  to those used 
for tan ta lum (5 min) ,  it appears improbable  that  the 
presence of the measured quanti t ies of fluorine on 
tan ta lum specimens of high pur i ty  is caused by con- 
taminat ion in the vacuum of the nuclear  react ion de- 
tection chamber. This contaminat ion of the raw-ro l led  
tanta lum surface remains  as yet  unexplained.  Mea- 
surements  of 0 TM did not allow us to find a correlat ion 
be tween the observed quanti t ies of O 16 and F 19. The 
results are shown in Fig. 1 where  the number  of F 19 
atoms is plot ted vs. that  of O 16 atoms contained within  
the surface layer  of na tura l  oxide (the two measure-  
ments  refer  to the same beam impact  point of the 
specimen).  It is seen that  the quanti t ies of oxygen 
vary  be tween  3 • 1016 and 8 • 10 TM a toms/cm 9, which 
corresponds to natural  oxide layers  of the order  of 
50-150A [considering this oxide to be Ta2Os, the equ iv-  
alence is 5.45 • 1014 a toms /cm 2 of oxygen for 1A, 
assuming a density of 8.0 as in Ref. (4) ]. 

The residual  fluorine contaminat ion was invest igated 
on tan ta lum specimens 11 by 20 mm polished chem-  
ically for 15 sec in a mix ture  of 5 parts of H2SO4 (95%), 
2 parts of HNO3 (53%), and 2 parts of HF (40%), as 
in Ref. (2-4), a classical mix ture  s imilar  to that  used 
previously by Young [Ref. (1), p 46]. Af te r  washing 
wi th  t r ip ly-dis t i l led  water  at room tempera ture  for 
1O min, the specimen surfaces showed an appreciable 
fluorine content, which was ra ther  variable.  It may be 
noted that  measurements  at various points of the same 
sample yield a similar  spread of the results as that  
obtained for different samples. These results (Fig. 1) 
show that  the contaminat ion amounts  on the average 
to 23 • 1014 F 19 a toms /cm 2. Figure 1 also shows that  
the F 19 content  is stat ist ically independent  of the th ick-  
ness of the oxide layer,  i.e., its oxygen content. The 
thickness of this na tura l  oxide layer  is of the order 
of 20-45A. Washing the specimens in boiling t r ip ly-  
distilled water  for 5 min  el iminates a large fract ion 
of the fluorine (about 50%), which par t ly  confirms 
the s tatements  of Young [ (1), p 67]. Prolonged wash-  
ing wi th  boiling water  (1 hr) does not lead to any 
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Fig. l. Correlegram of the F z9 and 016 contents found on the 
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washed with cold water; (G) ,  polished and washed with boiling 
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noticeable fur ther  decrease in the fluorine content, 
which is hence on the average near  10 la F 19 a toms/cm 2. 

The influence of the re la t ive  proportions of the con- 
stituents of the polishing bath on the extent  of fluorine 
contamination after  boiling in water  was next  invest i -  
gated in part icular  as a funct ion of the HF proportion. 
No noticeable change in contaminat ion was observed, in 
both the al terat ion of the polishing bath by an excess 
or the defect of HF by as much as •  

If one assumes that  the 1015 F 19 a toms /cm 9 are con- 
tained in a pure uni form compound of composition 
TaF5 (density 4.7), taking a roughness factor for the 
polished tan ta lum near  uni ty  (1O), the corresponding 
thickness is near  2A. Hence, the two ex t reme  possi- 
bilities are that  the fluorine is contained ei ther  in a 
pure submonomolecular  fluoride layer, or dispersed 
throughout  the residual  oxide layer of thickness near  
40A, i.e., containing about 5 fluorine atoms per 100 oxy-  
gen atoms. 

In order to a t tempt  to reduce the fluorine contamina-  
tion of the polished tan ta lum specimens, they  were  
immersed for 5 min  in a bath of NH4F-HF (about 300g 
NH4F per l i ter  of 40% HF) which is general ly  used for 
dis~colving the oxide. The use of such a solution was 
suggested by Pr ingle  (Pr iva te  communication, 1966) 
and the technique was applied in our laboratory (2-4). 
Recent ly  Pr ingle  published this method (11), where  
he also describes a double t rea tment  s imilar  to that  
invest igated here for its effects on F 19 contamination.  
This operation was performed at 27.5~ as usual for 
oxide dissolution. The samples were  then washed for 5 
rain wi th  boiling t r ip ly-dis t i l led  water.  As seen f rom 
Fig. 1, the fluorine content  drops to an average value 
of 1.5 • 1014 a toms /cm 2. The best results were  obtained 
with  a solution saturated wi th  NH4F. Figure  2 shows 
the spectra recorded dur ing the measurements  of the 
fluorine content  by means of the F19(p,~)O TM reaction 
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Fig. 2. ~ particle energy spectra from the reaction F19(p,a)O TM 

recorded for Ta specimens subjected to various treatments. (G) ,  
raw tantalum; (e ) ,  polished and washed with cold water; (A) ,  
polished and washed with boiling water; (X ) ,  polished, treated 
in the NH4F-HF bath, and washed with boiling water. 
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on the same t an ta lum specimen subjected, after polish- 
ing, to the various successive t rea tments  described 
above. It  clearly appears that  this double t rea tment  
provides a method for effectively minimizing the 
fluorine content  of the surface of polished tanta lum.  
Moreover, it is seen from Fig. 1 that  the thickness of 
the spontaneous oxide which results from this double 
t rea tment  is the same as that  encountered after wash- 
ing in boiling t r iply-dis t i l led water  only. 

From these results it may be inferred that  the mech- 
anism of polishing leads to the formation of an oxide 
heavily contaminated with fluorine, which then under -  
goes gradual  dissolution. The fluorine atoms seem to be 
located wi thin  the spontaneous oxide layer (or in a 
region close to the metal)  which remains  on the 
mater ial  after stopping the polishing process. The NH4F 
saturated bath dissolves this film while introducing 
much less fluorine contamination.  The spontaneous 
reoxidation of the sample leads to an oxide layer  of 
similar  thickness as before. 

Location of Fluorine af ter  Anodic Oxidat ion of 
Polished T a n t a l u m  

When the polished tantalum samples are subjected 
to anodic oxidation, the fluorine atoms located on the 
specimen surface or within the spontaneous residual 
tantalum oxide undergo a transport phenomenon under 
the effect of the electric field. After anodic oxidation, 
the fluorine atoms may be located at the metal-oxide 
interface, near  the oxide surface or may be distr ibuted 
throughout  the bulk  of the oxide. Tan ta lum samples 
polished as above and washed for 5 rain in boil ing 
t r iply-dis t i l led water  were anodically oxidized in an 
aqueous solution according to a procedure similar to 
that  used in Ref. (2-4), i.e.,  a pH 6 buffer solution of 
high pur i ty  (Merck) ammonium citrate (5% by 
weight) in t r iply-dis t i l led water of resist ivity 0.5 
megohm-cm. The oxidations were carried out at a 
tempera ture  of 26.5~ at a constant current  of 1 
mA/cm 2, up to a final potential  of 90V between anode 
and p la t inum cathode. 

The location of fluorine in this oxide layer was first 
studied by successive dissolution of anodic oxide layers 
in the above used NI-I4-HF bath; the remaining  number  
of 016 and F TM atoms per cm 2 was recorded as a func-  
t ion of the t ime of dissolution. The results are shown 
in Fig. 3. They correspond to a series of ini t ia l ly iden-  

a\ . .o" 3 

"-0 2 

0 5 10 15 20 
DISSOLUTION TIME (rain.) 

Fig. 3. F z9 and O z6 contents Found on the surface of polished 
To specimens First subjected to anodic oxidation up to 90V and 
immersed For various times in the dissolution bath: (O), Ole; 
(X ) ,  F 19. Statistical error is indicated For F19; it is negligible 
for 0 zs. 

t ically prepared samples. The ini t ia l  oxide layer  con- 
tained 7.8 • 10 I~ atoms of oxygen per cm 2 (i.e., equiv-  
alent to 1410A). From the l inear  decrease with t ime 
of the oxygen content  of the remain ing  film one can 
calculate the dissolution rate under  our exper imental  
conditions, i.e., 4.1 X 1016 atoms/cm ~ (or 75A) per 
minute. The oxygen content becomes stationary for 
dissolution times above about 18 rain; this level of 
stabilization corresponds to the spontaneous formation 
of a thin oxide layer about 40A thick. The fluorine 
measurements show that the concentration remains 
stationary during the dissolution (around 1.4 • 10 Is 
fluorine atoms/cm s) ; when the oxide is completely dis- 
solved, one observes a sharp drop in the fluorine con- 
tent (factor 4). This means that the fluorine which 
remains after polishing is found in a region close to 
the metal-oxide interface. A complete dissolution of 
the oxide allows one to eliminate most of the fluorine, 
while the residual contamination is probably due to the 
dissolution bath itself. Complementary experiments 
showed that the total amount of F 19 before and after 
anodic oxidation is, on the average, the same. Hence 
the F TM content is conserved during anodic oxidation. 

In order to further confirm the location of the 
fluorine atoms in the oxide near the oxide-metal inter- 
face, we resorted to a second technique in which the 
ambiguity of the first method (i.e., that the dissolution 
bath itself contained fluorine) was avoided. The local- 
ization was achieved here by the observation of a 
narrow resonance in the F z9 (p,a~)016 reaction, accord- 
ing to a method described in Ref. (6), (8), and (9). 
The 4.2 keV wide resonance at 872 keV was used, the 

rays being detected with a 3 in. by 3 in. NaI(TI) 
scintillation detector. Such a measurement is based 
on the principle that if the fluorine is detected on the 
surface, the resonance occurs at the energy Eo which 
is the actual energy of the resonance. However, if the 
fluorine is found at a certain depth, the incident pro- 
tons must lose an energy AE before reaching the fluo- 
rine atoms; consequently, the resonance occurs at an 
energy Eo -{- AE. Knowing the stopping power of the 
matrix material to incoming particles (9), one is able 
to calculate the depth of penetration. The resulting 
excitation curves are shown in Fig. 4. Curve (a) shows 
the resonance at 872 keV observed by automatic 
energy scanning (6) (768 eV/channel) on a tantalum 
sample chemically polished and then washed for 5 
min with boiling triply-distilled water. Total content 
measurements using the F19(p,a)O TM reaction showed 
that 5 • 1014 F 19 atoms/cm 2 were on the surface of 
this specimen. Curve (a) was taken as the reference 
excitation curve. Curve (b) shows the same resonance 
observed in identical conditions for the same sample, 
but further subjected to anodic oxidation up to 90V, 
as above. This curve is shifted by about AE ---- 11 keV 
and is somewhat broader than the reference curve (a). 
The shape of curve (b) may be fully interpreted by 
assuming that the fluorine atoms remain, after anodic 
oxidation, in a thin layer near the oxide-metal inter- 
face, thus confirming the results obtained by the dis- 
solution method. Full theoretical calculations of the 
shape of curve (b) according to this assumption are 
published in Ref. (9). The broadening of curve (b) 
is well explained by the energy straggling of the 
incident protons in the F 19 free anodic oxide. The 
combination of the results of Fig. 3 and 4 allows us to 
conclude that the F Is is contained, after further anodic 
oxidation by the order of 1400A, in a film less than 50A, 
near the oxide-metal interface. 

Anodic Oxide Growth Laws for Various Surface 
Treatments of Tantalum 

The investigation by Siejka et al. (4) of the oxide 
growth laws on tantalum, as a function of the applied 
voltage Vex at various current densities, was achieved 
with samples polished and washed in boiling water, as 
above. The question arose whether the presence of 
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Fig. 4. Excitation curve for "y rays near the 872 keV resonance 

of the F19(p,~,)016 reaction: (a) Ta specimen polished and washed 
with boiling water, (b) same specimen, anodically oxidized up 
to 90V. 

F 19 on the surface of these samples, as evidenced in 
what  precedes, has a noticeable influence on these 
growth laws. In  the exper imenta l  conditions of Ref. 
(4) used here, these laws No = f(Vox) are straight 
lines relat ing Vox, No, and Vox(O), No being the n u m -  
ber of oxygen atoms per cm 2, and Vox(O) the extrap-  
olated value of Vox for No = 0. This basic relat ion and 
its implications, in part icular  the meaning of Vox(O), 
are ful ly discussed in Ref. (4), to which we refer 
here systematically. The study of the influence of the 
various surface preparat ion techniques described here 
on the values of Vox(O) and of the slope dNo/dVox 
was under taken.  

All  samples were cut in the form of rectangles o f  
2.2 cm 2 by using a special cutt ing tool (3,4) in order 
to ensure an effective reproducibil i ty of their  areas. 
Electrical contact with the specimens was achieved by 
a special t an ta lum clamp (12), as in Ref. (4). Anodic 
oxidation was performed as described above, except 
for greater care in the measurement  of the applied 
potentials, using a calomel reference electrode, as in 
Ref. (4). In  the following, the potentials are expressed 
in the hydrogen scale. 

F igure  5 shows the results; it  appears that, at a 
given potential,  the quant i ty  of oxygen in films grown 
on polished Ta is the same, for samples washed in  
either cold or boiling water. Moreover, the oxygen 
content, at a given potential,  of films grown on speci- 
mens subjected to the double chemical t rea tment  de- 
scribed above systematically exceeds that found on 
specimens which were only polished. The lat ter  effect 
results, on the one hand, in a shift of Vox(O) towards 
negative potentials by about 0.5V, on the other hand, 
in  an increased slope of the curve No = ~(Vox). I t  
should be noted that  this slope is even greater for 
raw tantalum, while Vox(O) is fur ther  shifted in this 
case towards negative potentials by about 0.3V. Figure 
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Fig. 5. Growth laws No = f(Vox) of onodic oxide on Ta. (O) ,  

Unpolished; (-I-), polished, washed with cold water; (F1), polished, 
washed with boiling water; (&) ,  polished, treated in the NH4F-HF 
bath, and washed with boiling water. 

6 shows in more detail the data from Fig. 5, repre-  
sented so as to emphasize the slopes of the growth 
laws. The corresponding values for raw, doubly- t rea ted  
and only polished Ta are respectively (in 101~ atoms/  
cm 2 V):  8.9, 8.6, 8.5, with errors i l lustrated by Fig. 6. 
The average slope represented being near ly  constant, 
so is the local slope dNo/dVox. 

It  appears that  the influence of F 19 on the oxide 
growth laws is only slight. The small observed differ- 
ences wil l  be discussed in the next  section. Moreover 
the presence of fluorine on the surface of Ta seems 
to have little effect on the breakdown voltage for 
anodic oxidation in the above used solution, this vol t-  
age being around 200V. 

Discussion 
Tanta lum seems to behave with respect to fluorine 

in sharp contrast to silicon, which was studied by 
Croset and Dieumegard (13). These authors found, 
using the same analytical  techniques as in this paper, 
that  the fluorine contaminat ion of silicon after etching 
in HF and washing in cold water  is below 1013 a toms/  
cm 2, i.e., about a hundred  times less than here. More- 
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Fig. 6. N o / ( V o x  - -  Vox (I-])) as a function of Vox for anodic 
oxides on Ta submitted to various treatments (same symbols as 
in Fig. 5). 
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over, the presence of 1.5 • 1014 fluorine atoms per cm 2 
in anodic oxide films on silicon (formed in diethylene 
glycol) leads to a breakdown voltage smaller  by at 
least a factor of 3 than  without  fluorine contaminat ion 
of the oxide, whereas the effect of even higher con- 
taminat ions  on the breakdown voltage seems to be 
small  if any for tantalum. MSller and Starfelt  (14) 
[using a F19(p,~-y)O16 broad resonance with a quoted 
sensit ivi ty of 0.01 ~g/cm 2] observed, on the other 
hand, comparable fluorine contaminat ions of Zircaloy 
for various polishing procedures. Barrandon (15) 
[using the F 19(p,~)O 16 reaction] found very high fluo- 
rine contaminations,  of the order of 10 TM atoms/cm ~, of 
zirconium polished chemically in a HF-HNO3 bath, the 
washing procedure being not specified. No other direct 
measurement  of low level fluorine contaminat ions of 
metals or semiconductors seems to have appeared in 
the li terature. 

The fact that  the fluorine left by chemical polishing 
on  the surface of t an ta lum remains near  the oxide- 
metal  interface after anodic oxidation is in good agree- 
ment  with the observations of Pawel  et al. (16). These 
authors demonstrated, using an ion microprobe, that  
fluorine introduced in the oxide film in the course of 
anodic oxidation in a fluorine containing aqueous bath 
has a tendency to migrate towards the oxide-metal  
interface and to accumulate there. Although the way 
in which fluorine is introduced here in the film is 
different, the analogy between the two observations is 
strong; fur ther  exper iments  are in progress to estab- 
lish whether  fluorine originating in chemical polishing 
or incorporated dur ing anodic oxidation in fluorine 
containing solutions behave in a completely similar 
way from the point of view of atomic transport.  

The value found for Vox(O) for chemically polished 
t an ta lum at 1 mA/cm 2, --1.3V, is in good agreement  
with that  of Siejka et al. (4), i.e., --1.15 _+ 0.06V, tak-  
ing into account our estimated error, __0.1V. The iden-  
t i ty of the curves No = f(Vox) for samples washed in 
cold or boiling water is on the other hand  in contrast  
to the results of Young [Ref. ( I ) ,  p. 66] who reports 
capacity measurements  and who observes a shift 
towards negative potentials of the curve 1/C = f(Vox) 
for samples not leached in boiling water. This might  
be due to the presence on the surface of a fluorine 
containing, oxygen-poor compound, which is prac-  
tically soluble in hot water  only, and which, while 
causing a negligible potential  drop at a current  densi ty 
of 1 mA/cm 2 still contr ibutes to the total capacitance 
of the film as measured in the frequency region of 
1 kHz. The increased adhesion of the oxide films after 
leaching in  boiling water, reported by Young [Ref. (1), 
p. 68] is clearly not associated wi th  a complete e l im- 
inat ion of fluorine. It  might  be due to a diffusion effect 
which would change the distr ibution and (or) chem- 
ical state of fluorine in the spontaneous oxide layer. 
The above-ment ioned experiments  in progress might  
shed light on this point. 

The behavior of No = f(Vox) for raw tan ta lum 
observed here is similar to that observed by Siejka 
et al. (4). The higher slope of No = f(Vox) and the 
shift of Vox (O) for the samples subjected to the double 
chemical t reatment ,  as compared to those only polished, 
might be explained by the observation of Halbr i t ter  
(17), who used the N H ~ - H F  bath described here to 
treat n iobium surfaces. This author observed higher 
residual skin effect rf-losses in superconducting nio-  
bium cavities treated in this way and at t r ibuted this 
effect to grain boundary  etching of the metal. In  fact, 
this bath does not seem to attack the metal  bu t  might  
do so preferent ia l ly  at defects like grain boundaries  
inducing ra ther  nar row and deep microfissure type 
corrosion figures. This would increase by the order of 
1% the roughness factor and increase from 8.5 to 8.6 
dNo/dVox (4). This might also explain the shift of 
Vox(O) by --0.5V, by the effect of filling the narrowest  
microfissures by oxide at the early stage of the oxida- 

tion; this would appear as an  increase of the oxygen 
coverage by a constant ANo, which by shifting No = 
f(Vox) upwards results in a shift of Vox(O) towards 
negative potentials (4) (ANo ~ 4 • 1015 at .oxygen/  
cm 2 being equivalent  to --0.5V). Scanning microscope 
measurements  might  confirm this interpretat ion.  It  
may be concluded that  the presence of 1015 at .f luorine/ 
cm 2 near  the metal-oxide interface has negligible in -  
fluence on the oxide growth laws and that  the observa- 
tion of Siejka et al. (4) are correct. In  particular,  the 
fact that  for t an ta lum Vox(O) is very near  to the  
thermodynamic equi l ibr ium potential  for the forma- 
t ion of t an ta lum oxide is confirmed, the observed 
shifts of Vox(O) for some surface t rea tment  procedures 
being probably artifacts. 

Work is in progress to improve the double chemical 
t rea tment  above so as to obtain in a simple fashion 
fluorine free and still satisfactorily flat t an ta lum sur-  
faces. The electrochemical polishing procedure de- 
scribed by Diepers et al. (18), which seems to give 
such surfaces for niobium, will  be investigated for 
fluorine contamination.  Extension of the present  work 
to n iobium is considered with potential  applications to 
the preparat ion of the surface of n iobium supercon- 
ducting rf-cavit ies as studied, among others, by Kneisel  
et al. (19). 
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Luminescent Properties of Thiogallate Phosphors 
II. Ce~+-Activated Phosphors for Flying Spot Scanner Applications 

T. E. Peters" 

G TE Laboratories Incorporated, Waltham, Massachusetts 02154 

ABSTRACT 

The eathodoluminescence emission and decay properties of MGa2S4: Ce, Na 
(M 2+ ----- Ca, Sr, Ba) phosphors were investigated to determine their  suit-  
abil i ty for use in flying spot cathode ray tubes. The thiogallate phosphors ex- 
hibit  radiant  efficiencies as high as 7.0% and their  fluorescence decays to 1% 
of ini t ial  brightness in  1.3-1.55 ~sec. S t ron t ium thiogallate phosphors with 
decay times as short as 0.6 ~,sec were obtained by  compositional modifications. 
Maintenance measurements  indicate tha t  SrGa2S4:Ce, Na is more  stable in 
CRT applications than  Ca2A12SiOT: Ce. 

A previous publication (1) presented crystal lo-  
graphic data for thiogallate compounds of the general  
formula MGa2S4 (where M : Ca 2+, Sr2+, Ba2+, Pb2+, 
Eu 2+, [Na 1+, La a+] and [Na 1+, Ce3+]) and described 
some of the luminescence properties of the unact ivated 
and the Ce ~+ or Eu 2+ activated alkal ine earth com- 
pounds. In  this report  the cathodoluminescence emis- 
sion and decay characteristics of the Ce3+-activated 
phosphors are described, par t icular ly  as they relate 
to the use of these materials  in flying spot cathode ray 
tubes. 

The fluorescence decay times of Ce 3 +-phosphors are 
always very short (~0.1 #sec) because allowed 2D --> 
2F electric dipole transit ions are involved in the 
emission process. Short decay phosphors that fluoresce 
in the visible region of the spectrum are of part icular  
interest  for use in certain types of flying spot scanner  
tubes that  are employed as playback transducers  for 
color television (2). As reported previously (1) the 
Ce3+-activated alkaline earth thiogallates fluoresce in 
the blue spectral region and consequently an invest i-  
gation of their  cathodoluminescence emission and decay 
properties was conducted to determine their suitabil i ty 
for use in this type of device. 

Experimental 
Phosphor preparation.~The start ing materials  em- 

ployed in the preparat ion of the Ce3+-phosphors were 
high pur i ty  alkaline earth carbonates, Ga2Os (99.99%) 
and CeO2 (99.9%). All reagents were subsequently 
converted to their respective sulfides by reaction at 
900~176 in a s tream of H2S gas. 

It was found desirable to provide valence compen-  
sation for the Ce 3+ ion when it substi tutes for the 
divalent  alkal ine earth in the thiogallate lattice. 
Initially, monovalent  sodium was introduced in the 
form of NaC1 to provide compensation according to 
the general  formula MI-2~CexNa~Ga2S4. In  later exper-  
iments  it was found that  the use of 0.035 moles Na2SO4/ 
mole MGa2S4 in excess of that  required for electro- 
neut ra l i ty  resulted in improved activator incorporation 
and valence compensation. 

Stoichiometric quanti t ies of the various sulfides, 
together with NaC1 or Na2SO4, were thoroughly mixed 
by grinding in  a glass mortar  and the result ing blend 
was subjected to a solid-state reaction at 900~176 
for 2 hr  in  H2S. The phosphor cake was then mortared 
(NaCI compensation) or washed (Na2SO4 compensa- 
tion) and sieved prior to evaluation. 

Measurements.~Standard analytical  techniques were 
employed to monitor  the pur i ty  and stoichiometry of 
the sulfide reagents and finished phosphors. X- ray  
powder diffraction was used to ascertain formation 
of the thiogallate compounds. 

Emission and excitat ion spectra are given in terms 
of relat ive energy and relative energy efficiency. Abso- 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words: fast decay, short persistence. 

lute radiant  efficiencies under  cathode ray excitation 
(~cr) were determined in a m a n n e r  analogous to that 

described by Bril and Klassens (3). 
Relative efficiency values (~cr Rel.) were obtained 

by comparing the integrated area under  the spectral 
energy dis t r ibut ion curves to that of selected thiogallate 
and NBS-1021 phosphors of known absolute efficiency. 

Blue brightness levels were measured under  con- 
ditions s imulat ing those found in a color video playback 
system employing flying spot scanners (2). Phosphor-  
coated conducting glass slides were placed in  a de- 
mountable  CRT and excited with a 25 kV-100 ~A 
electron beam which was scanned at the normal  TV 
rate over a 2�88 • 3 in. raster. The emission was 
detected by a Gamma photometer equipped with a 
Wrat ten  No. 47B filter. 

Cathodoluminescence decay times were measured by 
pulsing a 20 kV electron beam of a 5 in. cathode ray 
tube at a rate of 60 Hz with a pulse dura t ion of 100 
nsec. The fluorescence was detected by a photomult i -  
plier tube and displayed on an oscilloscope. 

Phosphor main tenance  studies were also conducted 
on the sealed 5 in. CRT's using excitat ion conditions 
identical  to those employed for the blue brightness 
measurements.  

Thermoluminescence curves were obtained by cool- 
ing the phosphor to l iquid ni t rogen temperatures  in 
an evacuated quartz chamber, i r radiat ing with a 
3650A lamp and then increasing the temperature  at 
~8~  while monitor ing the emission with a 
photomult ipl ier  tube. 

Results and Discussion 
The cathodoluminescence properties of NaC1 

(Na/Ce -- 1) compensated M2+Ga2S4: Ce, Na phosphors 
are compared to those of Ca2A12SiO7: Ce, a commercial 
flying spot scanner  mater ia l  (Table I) .  The radiant  
efficiencies of the calcium and s t ront ium thiogallates 
are greater than that  of the bar ium analog and are 
comparable to that  of the Ca2AI2SiOT:Ce. It  is to be 
emphasized that  the ~lcr values given in Table I were 
obtained on samples whose syntheses were not opti-  
mized and are intended only to i l lustrate the relat ive 
performance of analogous alkal ine earth compositions. 
Later in  the text it will  be pointed out that  the 11cr 

Table I. Cathodoluminescence properties of 
MGa2S4:Ce, Na phosphors 

~maz~ ~r (6) D e c a y  
Phosphor" n m  % ~, / tsee fl, p, sec 

C a G a 2 S t : C e . N a  468 4.5 0.08 1.50 
SrGa~S~:Ce,Na 455 5.0 0.08 1.55 
BaGw~St:  C e . N a  455 2.9 0.07 1.30 
C a ~ . l ~ i O ~ : C e  405 4.5<~) 0.05 0.52 

�9 4?$ Ce ,N a Cl  c o m p e n s a U o n ,  N a / C e  = 1. 
~)  R a d i a n t  e f f i c i ency  20 k V .  
<b~ V a l u e  f r o m  R e f .  (4). 
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of SrGa2S4:Ce,Na can be improved substant ial ly by 
modifications in the preparat ion method. 

Two decay times, T and /~, are given in the last two 
columns of Table I. The fluorescent lifetime ~, is the 
t ime required for the fluorescence to decrease from 
its ini t ial  value Io to Io/e. This assumes that  the decay 
curve is represented by an exponential  decay I a e -at  
(where a ---- z - l ) .  In  many  cases, however, the decay 
curves of Ce~+-phosphors exhibit  a nonexponent ia l  
tail. A more meaningful  decay value, par t icular ly  for 
the application in question, is one which includes the 
nonexponent ia l  part  of the curve, i.e., the t ime required 
for the fluorescence to decrease to 1% Io. This value is 
designated as /~ in Table I and in the subsequent  text. 
Although the ;~ values in Table I show the thiogallates 
to have significantly longer decay times than the 
aluminosilicate, this characteristic alone does not pre-  
clude their  use in flying spot scanner tubes. The decay 
times are of a magni tude  which would permit  electronic 
compensation to obtain acceptable performance (2). 
Thus the Ce3+-activated alkaline earth thiogallates 
are potential ly useful flying spot scanner materials. 

The z values in  Table I indicate that  the exponential  
portions of the decay curves are similar for the 
aluminosil icate and thiogallate phosphors. Larger 
differences in the decay rates of the phosphors occur 
in the nonexponent ia l  part  of the curve. This is evident  
from the divergence of the # values and can be clearly 
seen in the representat ive decay curves given in Fig. 
1. Figure 1 also indicates that the decay of Ca2A12SiOT: 
Ce is not ent i rely exponential .  Bril et al. (4) have 
shown that  Ca2A12SiOT:Ce and m a n y  other Ce ~+- 
activated phosphors exhibit  long decay components 
that  deviate significantly from the exponent ial  law. 
They suggested that  the afterglow might  be due to 
the storage of excitation energy in traps provided by 
defects or impurities. In  order to test this hypothesis 
as it relates to the thiogallate phosphors, thermo-  

I 0 0  

8 0  

6 0  

4 0  

( o )  Co zAIzSiOT:Ce 

( b )  SrGozS4:Ce, No 
2 0  

0 

~. ~o 

I /  0 I L % I 

o 0.4 o28 ,.2 ,'.s 2.o z 4  
TIME AFTER EXCITATION IS REMOVED 

(M.sec) 

Fig. 1. Decay of fluorescence of Ce 3+ phosphors 

luminescence measurements  were performed on 
Ca2A12SiOT:Ce and several SrGa2S4:Ce,Na phosphors 
and the results are presented in Fig. 2. In  the figure 
the relat ive heights of the thermoluminescence peaks 
do not constitute a meaningful  measure of the con- 
centrat ion of t rapping species because the surface area 
and quant i ty  of phosphor varied from sample to 
sample. However, the curves do yield quali tat ive in -  
formation as to trap depth and distribution. In  accord 
with the hypothesis the thermoluminescence curve 
for the aluminosil icate phosphor indicates a broad 
distr ibution of deep lying traps centered around 80~ 
The curves for the thiogallate phosphors, on the other 
hand, exhibit  only one thermoluminescence peak cen- 
tered at --140~ This indicates that  only shallow traps 
are present that should not be populated at room tem-  
perature.  Thus a simple t rapping process does not 
seem to explain the nonexponent ia l  behavior of the 
decay of Ce ~ + fluorescence in SrGa2S4. 

The decay of the Ce ~+ fluorescence in the SrGa2S4: 
Ce,Na phosphor can be shortened by (i) concentrat ion 
quenching, (ii) improved valence compensation, (iii) 
energy transfer  to Nd 3+, and (iv) t ransi t ion metal  
quenching. This is shown in Fig. 3 where the decay 
to 1% Io (/~) is presented as a function of [Ce 3+] for 
SrGa2S4: Ce,Na, SrGa2S4: Ce,Nd,Na, and SrGa2S4: Ce,Na, 
Co. In  all of the phosphors examined a reduction in the 
decay was effected by increasing the [Ce 3+] beyond 
2 atomic per cent (a/o) which is opt imum for br ight-  
ness; the reduction in decay at t r ibuted to concentra-  
t ion quenching is also accompanied by a decrease in 
emission intensi ty  and a slight shift in ~,max to lower 
energy. 

The effect of improved valence compensation on the 
Ce ~+ decay is indicated by a comparison of (a) and 
(b) in  Fig. 3. These data are for two series of 
SrGa2S4: Ce,Na phosphors prepared with NaC1 (Na/Ce 
---- 1) and Na2SO4 (Na/Ce _-- 1 -J- 0.07/Ce) respectively, 
as the source of the monovalent  compensating ion. 
It can be seen that  substant ia l ly  smaller /~ values 
result  when an excess of the compensating ion is 
included in the phosphor formulation. Similar  reduc-  
tions in  ;~ have been observed when other sodium 
compounds have been employed in the synthesis 
provided there is an excess of Na + over that  required 
for electroneutrali ty.  Sodium sulfate is preferred, how- 
ever, because it also serves as a mineral izer  which 
improves the uni formi ty  and crystal l ini ty of the 
phosphor. 

The effect of Nd a+ coactivation on the decay of Ce ~+ 
fluorescence in SrGa2S4:Ce,Nd,Na is given by  (c) 
in  Fig. 3. The observed shortening of the decay time 
is a t t r ibuted to Ce 3+ -> Nd ~+ energy transfer.  Energy 
t ransfer  between these ions has been reported by 
Gandy et al. (5) in  a Ce,Nd coactivated silicate glass. 

Evidence for the Ce 3+ --> Nd ~+ energy t ransfer  in 
SrGa2S4:Ce, Nd, Na is given in the excitation spectra 
shown in Fig. 4(a-c) .  Comparison of the excitation 
spectra for Nd 3+ emission at 900 nm shows that  there 

~_ I 0 0  

hJ 
~: so 

w 
_z 4 0  

o 
~ 2 0  

~ o 

(O) COzAIzSi07: Ce 
(b) SrGozS4:Ce,No 2%Ce 
(c)  SrGozS4:Ce, Na 8% Ce 

-160 -J20 -so -40 0 40 so 120 iso zoo 
TEMPERATURE (=C) 

Fig. 2. Thermoluminescence of Ce ~'+ phosphors 
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Fig. 3. Decay time #8 vs. [Ce ~ + ] for SrGa2S4:Ce,Na phosphors 

is a strong absorption band at 410 nm in the coacti- 
vated phosphor (Fig. 4a) which is absent in the 
material activated only by Nd 3+ (Fig. 4b). That this 
band is due to Ce 3+ absorption can be seen in the 
excitation spectra for the 460 nm Ce 3+ emission of 
SrGa2S4: Ce,Na (Fig. 4c). Thus excitation into the Ce 3+ 
band at 410 nm produces Nd 3+ emission at 900 nm 
confirming Ce 3+ -~ Nd 3+ t ransfer  in the SrGa2S4:Ce, 
Nd,Na phosphor. 

Figure 3 (d) depicts the p values for sodium sulfate 
compensated SrGa2S4:Ce, Na(4 a/o) phosphors con- 
ra ining 0.025 and 0.05 w/o cobalt. A comparison of 
these values with that  of the cobalt free 4 a /o  Ce 3+ 
phosphor shows that  extremely small  concentrations 
of cobalt can reduce the decay time of SrGa2S4: Ce, Na 
by approximately 50-70%. Similar  reductions in decay 
resulted when  phosphors were prepared with 0.01-0.1 
w/o of i ron or nickel. 

It  is believed that  the principal  effect of the t rans i -  
t ion metal  ion is to increase the probabil i ty  of radia-  
tionless t ransi t ions to the ground state. In support  of 
this content ion it is noted that the decay curves of 
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the cobalt quenched phosphors exhibit  a nonexponen-  
tial tail  similar to that  of the unquenched SrGa2S4: Ce, 
Na and that the increase in decay rate manifested itself 
in both the exponential  and nonexponent ia l  parts of 
the curve. Furthermore,  the intensi ty  of the Ce 3+ 
fluorescence, for phosphors containing up to 0.1 w/o  
Co, was found to decrease in proport ion to the increase 
in decay rate. 

Of the four methods found effective in reducing the 
decay of SrGa2S4: Ce,Na only improved valence com- 
pensation results in  an increase rather  than  a decrease 
in cathodoluminescence efficiency. For example, a 
SrGa2S4:Ce, Na (4 a/o Ce) phosphor prepared with 
excess Na2SO4 exhibits an ~cr Rel. of 6.5% as compared 
to 5.0% for a similar phosphor (see Table I) compen- 
sated with NaC1 (Na/Ce ---- 1). 

In  a color flying spot scanner  system both the 
efficiency and spectral energy dis tr ibut ion of the 
phosphor must  be considered because it is the response 
of the systems' photodetectors t ha t  constitute the TV 
signal in video playbacks. Relative brightness mea-  
surements  were made under  conditions s imulat ing the 
blue detector response in a color flying spot scanner 
system and the results are given in  Table II. 

In  Table II the blue brightness of several of the 
phosphors described in  Fig. 3 are compared to that 
of a sodium sulfate compensated SrGa2S4:Ce,Na (~cr 
Rel. ---- 7.0%). Similar data is reported for a 
Ca2A12SiOT: Ce phosphor that  is employed as the blue 
screen component  in a commercial color flying spot 
scanner tube. The best brightness levels were recorded 
for the SrGa2S4:Ce, Na phosphors activated with 2-4 
a/o Ce 3+. These materials yield a blue detector 
response which is 1.5-2.0 t imes that  of the Ca2A12SiOT: 
Ce. The remaining  thiogallates in the table provide 
examples of the brightness levels available from phos- 
phors that  employ concentrat ion quenching, t ransi t ion 
metal  quenching, or energy transfer  to improve their 
decay properties. In  general  these materials  exhibit  
somewhat lower brightness levels than  the Ca2A12SiO~: 
Ce. 

Tr ivalent  cer ium-act ivated phosphors are f requent ly  
found to be unstable  in  cathode ray tube operation. 
For example, losses in  efficiency have been reported 
for Ca2A12SiOT:Ce (6), Ca2MgSi2OT:Ce (7), and 
(Y,Gd, La)PO4:Ce (8) and we have observed similar 
losses for the recent ly  described Y~SiOs:Ce (9). The 
SrGa2S4: Ce,Na phosphor is remarkab ly  stable in this 
respect as i l lustrated by the maintenance  data given 
in Fig. 5. In  this figure the ini t ial  intensi ty  of each of 
the phosphors has been normalized to 100%. The 
thiogallate phosphor loses only 10% of its ini t ial  
intensi ty in 10 hr, while the aluminosil icate phosphor, 
shown here for comparison, suffers an in tensi ty  loss 
of 50% in the same time period. 

Phosphor stabili ty is an impor tant  consideration in 
the manufac ture  of a flying spot scanner tube because 
drastic changes in  brightness f requent ly  make it 
necessary to age the tube unt i l  a relat ively stable 
level of emission in tensi ty  is achieved. Use of the 
SrGa2S4:Ce,Na phosphor could el iminate or curtai l  
this costly process. Fur thermore,  the thiogallate phos- 

Table II. Relative blue brightness of SrGa2S4:Ce, Na* 

M e c h a n i s m  u s e d  w / o  R e l a t i v e  
to i n c r e a s e  T r a n s i t i o n  b lue  
d e c a y  r a t e  a / o  Ce a / o  N d  m e t a l  b r i g h t n e s s  

C o n c e n t r a t i o n  ( 2.0 - -  ~ 1OO 
q u e n c h i n g  l 4.0 N m 75 

12.0 - -  - -  40 
f 4.0 m 0.025 Co 46.5 

T r a n s i t i o n  4.0 - -  0.05 Co 19.5 
m e t a l  4.0 - -  0.1 Co 15.0 
q u e n c h i n g  4.0 - -  0.1 Nt  14.0 

4.0 ~ 0.1 F e  11.7 
E n e r g y  t r a n s f e r  12.0 0.fi N 10.0 

Ca2Al~SiOT:Ce 50.0 

�9 NasSO~ C o m p e n s a t i o n ,  N a / C e  = 1 + 0.07/Ce.  
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Fig. 5. Maintenance of efficiency of Ce 3+ phosphors 

20.0  

phors exhibi t  an even greater  brightness advantage 
when compared to an aged Ca2A12SiOT: Ce. Considering 
the data in Tab]e II i t  is apparent  that  some of this 
brightness advantage could easily be t raded for a 
somewhat  faster decay by employing transi t ion metal  
or concentrat ion quenching. 

Summary 
The cathodoluminescence emission and decay proper-  

ties of M2+Ga2S4:Ce,Na (M 2+ ----Ca,Sr,Ba) phosphors 
have  been invest igated to determine  their  suitabil i ty 
for use in a version of the flying spot scanner tube 
that  is employed as a playback t ransducer  for color 
television. Relat ive  efficiencies (~]cr Rel.) as high as 
7.0% have been recorded for opt imum SrGa2S4:Ce, Na 
compositions. The fluorescence of the M2+Ga2S4: Ce,Na 
phosphors decays to 1% of initial intensi ty (8) in 1.3- 
1.55 #sec. The decay of Ce ~+ fluorescence in SrGa2S4 
can be shortened by (i) improved valence compensa-  
tion, (ii) concentrat ion quenching, (iii) energy t ransfer  
to Nd 3+, and (iv) t ransi t ion meta l  quenching. F luor -  

escence decay t imes (~) as short as 0.6 #sec have been 
achieved by application of one or more of these 
mechanisms. Measurements  conducted under  condi- 
tions s imulat ing the blue detector  response in a color 
flying spot scanner system indicate that  the brightness 
of several  SrGa2S4:Ce,Na compositions exceeds that  
of the blue screen component,  Ca2A12SiOT:Ce, em-  
ployed in a commercia l  color flying spot scanner tube. 
Phosphor maintenance measurements  also show the 
SrGa2S4:Ce,Na to be much more stable than the 
aluminosil icate in CRT operation. 
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Formation of Ultrathin Oxide Films on Silicon 

Francis P. Fehlner* 

Coming Glass Works, Research and Development Laboratories, Coming, New York  14830 

ABSTRACT 

Thin silicon dioxide fi]ms on silicon have been grown by thermal  oxidation 
in dry oxygen at 400 ~ The kinetics of the process and the effect of both im-  
purit ies and ul t raviole t  i rradiat ion have been examined and compared wi th  
models of the oxidation process. 

Silicon dioxide films, in the range of 5-50A thick, are 
useful in the fabricat ion of silicon tunnel ing devices. 
Examples  of such devices include the memory  field 
effect t ransistor  (1), and the tunne l ing-mode  transistor  
(2). In both cases, one needs a uniform, h igh-qua l i ty  
film which is essentially t ransparent  to electrons under  
the influence of a high electric field. 

Pr ior  work  (3) has shown that  the the rmal  oxidation 
of silicon at one a tmosphere  occurs ve ry  slowly when  
compared with  that  of metals. As a result, t empera -  
tures in the range of 600~ have been utilized (4) to 
obtain oxide thicknesses in the range 15-60A. Higher  
tempera tures  have also been used in conjunction with  
a reduced par t ia l  pressure of oxygen (5, 6) or with 
an oxide of ni t rogen (7, 8). 

* Elect rochemical  Society Act ive  Member .  
K e y  words:  oxidation, si l icon surfaces ,  sil icon dioxide,  l ow- tem-  

perature oxidation,  MNOS devices,  tunnel  transistors. 

Thin oxide films have been observed to grow on 
silicon at tempera tures  lower than those noted above. 
At room temperature ,  approximate ly  one and one- 
half  monolayers  of oxide grow in 2000 min  at 40 Torr  
oxygen (9). In air, a thicker  film is formed (10). Boil-  
ing, deionized water  containing dissolved oxygen forms 
films approximate ly  I3A thick (11). Nitr ic  acid has 
also been found useful  in forming 10-20A thick oxide 
films on silicon (12). 

No reports  on the rate  of oxidat ion in the t empera -  
ture range 100~176 have been found in the l i tera-  
ture. Since it appears to be the range in which 15- 
30A films can be convenient ly  grown in oxygen, an in-  
vest igat ion of the growth rate  of silicon dioxide on 
silicon at 400~ in one atmosphere of dry oxygen has 
been carr ied out. The results are repor ted  below as a 
function of impur i ty  content and ul t raviole t  i r radia-  
tion. 
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Exper imenta l  Procedure 
MOS-qual i ty  silicon wafers  [6-9 ohm-cm, n-type,  

(111)], as supplied by Monsanto Corporation, were  
cleaned as follows. Approx imate ly  1~ of oxide was 
grown by wet oxidation at 1050~ in an MOS-qual i ty  
tube furnace. The wafers were  stored in this form unti l  
needed. The oxide was eventual ly  stripped in a solu- 
tion of four parts deionized (D• water  to one part  
48% hydrofluoric  acid (electronic grade) unti l  clean 
as de termined by el l ipsometer  measurements .  The 
final rinse was for 15 min in DI water,  after which the 
el l ipsometer  showed a 4.9 _ 0.SA film remaining on 
the silicon surface. 

A saturated iodine-anhydrous methanol  solution (13) 
was substi tuted for the water  rinse in some cases, in an 
a t tempt  to remove  the residual fluorine which is known 
to adhere to silicon wafers  cleaned in HF (14). The 
iodine, in turn, was removed by a 25 min bake at 
550~ in dry argon. 

After  an exper iment  had been completed, the wafers  
were  recla imed by a one minute  dip in 1: 4 H F / H 2 0  and 
a 15 min  rinse in DI water .  

Oxidat ion was carried out in one of two reactors. 
Both utilized rf-heated,  silicon carbide coated, 
graphi te  susceptors. They differed in the construction 
of the surrounding quartz  tube. 

The first reactor, shown in Fig. 1A, consisted of a 
quartz tube closed at the ends with  steel plates and 
silicone rubber  gaskets. The adhesive (Dow Corning 
732RTV) used to at tach the rubber  to the steel later  
proved to be a source of acetic acid (HAc),  so a second 
system was constructed. This is shown in Fig. lB. The 
closures on this quartz tube were  quartz  end caps. 

The thermocouple  which controlled the susceptor 
tempera ture  was Chromel -Alumel  encased in a stain-  
less-steel  sheath. 

Gas was supplied via stainless steel tubing as shown 
in Fig. 1C. Matheson ul t rahigh pur i ty  argon and oxygen 
were  used. A 2 l i ter  water  bubbler  held at room t em-  
pera ture  was used to humidify  the gas for some ex-  
periments.  

A. 

GAS 

B .  

C. 

~SS PLATES 

I SUSCEPTOR \ 

I R.E COIL 
THERMOCOUPLE ~ 

, , i  , ,  , , , ,  ~ 1 y  - ' - ' ~  

Q U A R T Z  TUBE 

Film thicknesses were  measured with an el l ipsom- 
eter, a Rudolph Model 43603-200E, using 546 m~ radia-  
tion and 70 ~ angle of incidence. Polar izer -ana lyzer  
readings were  reduced using a t ime-shared  computer  
program wri t ten  by J. Conragan. The measurements  
were  reproducible to _ I A .  

The silicon substrate optical constants were  taken to 
be 4.05-0.027 i (15). The re f rac t ive  index of bulk SiO2, 
1.46, was rounded off to 1.5 on the assumption that  the 
si l icon-rich interface layer  would have a higher  re-  
f ract ive index than bulk silica. However,  it proved 
difficult to check this assumption, since the oxide 
thickness determined from the el l ipsometer  data was 
insensit ive to small  changes in refract ive index. 

Results 
The study of silicon oxidation at 400~ proceeded 

only after the question of clean, reproducible start ing 
conditions had been settled. The first apparatus used, 
shown in Fig. 1A, turned out to be contaminated with 
acetic acid vapors emanat ing from the silicone rubber  
cement  used to at tach the gaskets to the meta l  end 
plates. Al though deemed unfor tunate  at the time, this 
event  later  proved useful in showing that  silicon oxida- 
tion can be an impur i ty-cont ro l led  process, as con- 
cluded by Revesz and Evans (16). 

The presence of acetic acid was detected by a change 
in the rate  of oxidat ion after  continued use of the ap- 
paratus. The initial results are  shown in Fig. 2 by X's 
and squares. An induction period of 60 min was fol- 
lowed by a logari thmic growth rate. I r radia t ion of the 
silicon using a medium-pressure  mercury  arc ( I l lumi-  
nation Industries Inc. 202) resulted in an accelerated 
rate  of film growth, perhaps due to acetic acid pho- 
tolysis and the incorporation of hydrocarbons in the 
oxide film. Acetic acid is known to yield methyl  radi-  
cals during photolysis (17). 

An increase in water  vapor  content  caused an in- 
crease in the photolytic effect. This behavior  can be ex-  
plained by the fact that  moisture leads to faster  curing 
of the silicone rubber  cement, wi th  concomitant  faster 
release of acetic acid. 

Af te r  a time, the initial results could not be re-  
produced, due to depletion of the source of con- 
tamination. The induction period lengthened to 100 
rain and the rate  of logari thmic oxidation decreased. 
Lit t le  or no effect due to wate r  vapor  or i r radiat ion 
could be found. This resul t  is shown by the circles in 
Fig. 2. 

The sudden change in behavior  was difficult to ex-  
plain, until  every  var iable  in the system had been 
checked. Water  vapor, cleaning procedures, and gas 
pur i ty  were  all discounted as causes. The initial re-  
sults could be reproduced only when  the gaskets were  
reglued. The presence of fresh acetic acid vapor  from 
the silicone cement  was the only addition to the  sys- 
tem which gave the original results. 
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Fig. 1. Apparatus used for oxide growth at 400~ A, Initial 

setup; B, final setup; C, gas inlet assembly. Fig. 2. Oxidation of silicon at 400~ 
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The problem, once found, was e l iminated  by con- 
s t ruct ing a new system as shown in Fig. lB. Quartz  end 
caps e l iminated the problem of silicone rubber.  All  
other  parts of the system remained the same. 

Excel lent  results were  obtained at 400~ as shown 
in Fig. 3. No point on the graph is more  than 1A o f f  

the  line. The use of (100) n- type  or (111) p - type  
wafers  gave the same results at 1200 sec as (111) n-  
type silicon. Even  the displacement of the original  
fluoride layer  by an iod ine-d ip-and-bake  gave no 
change in oxidation rate, as also found by van der  
Meulen (5). 

It  should be noted though, that even the oxide film 
grown under  the more careful ly control led conditions 
contained impurities.  P re l iminary  results of Auger  
spectroscopy showed that  ~0.01 monolayers  of fluorine 
and a trace of copper were  present in the oxide films 
studied in the present  work. Presumably,  hydrogen 
and carbon were  also present.  

D i s c u s s i o n  

Revesz and Evans (16) conclude that  the oxidation 
of silicon is an impur i ty-cont ro l led  process. Their  work  
is confirmed by the results of the present  study. The 
greater  the degree of contamination, as shown in Fig. 
2, the greater  the rate  of film growth. Dry, clean oxy-  
gen gave a growth rate at 400~ of 4.2 A /  
decade. The addition of a small  amount  of mois ture  
and acetic acid raised the rate to 6.SA/decade. The 
combinat ion of moist acetic acid and ul t raviole t  radia-  
tion gave a rate  of 13.1 A/decade.  

The results of the react ion of silicon with  oxygen 
under  clean dry conditions at 400~ are compared in 
Fig. 3 wi th  the results of Goodman and Breece (4) at 
6 0 0 ~  and Archer  and Gobeli  (9) at  25~ Goodman 
and Breece original ly in terpre ted  thei r  work  in te rms  
of a l inear process, but  it wi l l  be shown below that  a 
logari thmic plot fits just  as wel l  for dry oxidation. 

Cabrera  and Mott (18) give an expression for esti-  
mat ing the upper  t empera ture  l imit  for application of 
the inverse logari thmic growth law. For  aluminum, 
they found an upper  t empera ture  l imit  of approxi-  
mate ly  300~ For  silicon, the l imit  is higher. 

A graph of current  density vs.  applied field for 
anodized silicon (19) was compared wi th  the theore t i -  
cal expression of Cabrera  and Mott  [p. 180 of Ref. 
(18) ]. An  upper  t empera ture  l imit  for inverse  logar i th-  
mic growth  of approximate ly  500~ was calculated 
using only data at the highest fields (where  anodiza-  
tion was occurring) and an oxidat ion efficiency of 1%. 
An ionic jump distance of 2.8A was also calculated. 
As a resul t  of these findings, an a t tempt  to present  
the results of Goodman and Breece in inverse loga- 
r i thmic form seemed justified. 

However ,  direct logari thmic kinetics also had to be 
considered. Since silicon dioxide is an excel lent  net-  
work  former  in glassy systems, the work  of Feh lner  
and Mott (20) would predict  growth by anion t ransport  

30 
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Fig.  3 .  Dry  o x i d a t i o n  o f  s i l icon 

at constant field, leading to direct  logar i thmic kinetics 

x = C -t- D log (t -t- to) [1] 

( q a F / 2 )  --  W 2.3 k T  (/~N~2v) 
where  C _ -F ~ log ~ ,  D ---- 

/~ /~ k T  
2.3 k T  

, x = oxide thickness, t = time, T = t empera -  
# 

ture, N -~ the number  of anions in position to move 
across the oxide, ~ _-- volume of oxide per ion, v --- 
f requency of vibration,  W ---- barr ier  to ion motion, q 
---- charge on the ion, a ---- jump distance of the ion, F --- 
field across the oxide ( V / x ) ,  /~, k,  to = constants. 

The data f rom Fig. 3 have  been plotted according to 
Eq. [1] and are shown in Fig. 4. The value  of to cor-  
responding to the initial oxide thickness was est imated 
to be 1200 sec. Al though reasonable s t ra ight - l ine  plots 
resul ted and an increase in ~ wi th  T was found, it 
proved impossible to calculate a positive value of W -- 
q a F / 2  in Eq. [1] f rom the data in Fig. 4. As pointed 
out by Fehlner  and Mott, s t ra ight- l ine  plots are insuffi- 
cient to prove the val id i ty  of any par t icular  rate  law. 
One must  be able to calculate physical parameters  
which have reasonable values. 

Since the direct logari thmic expression was not com- 
pletely applicable, an inverse logari thmic plot was 
tried. This is shown in Fig. 5 for the expression 

3C 
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Fig.  5 .  D a t a  for  t h e  d ry  o x i d a t i o n  o f  s i l icon p l o t t e d  a c c o r d i n g  

to  t h e  inverse  l o g a r i t h m i c  low.  
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Fig. 6. Rate data for the low-temperature oxidation of silicon 
tested against the inverse logarithmic law. 

4.6W 
where A - - - -  

qaV 

4.6kT 
and B -- - -  

qaV 

1 
- -  ---- A - -  B l o g  t [ 2 ]  
X 

~g 

qa'---V- log 

as derived by Hauffe (21). 
Again, reasonable s t ra ight- l ine plots resulted, simi- 

lar  to those found by Ligenza (22) for the low- tem-  
perature oxidation of germanium. Following Ligenza, 
a plot of x log (dx /d t )  vs. x (see Fig. 6) was used to 
find a value of V assuming q = 4e and a ---- 5A. This 
value was checked by determining V directly from 
Eq. [2] and the data in Fig. 5. The results are shown 
in Table I. The values calculated from Fig. 5 are 
considered to be more accurate, since the determinat ion 
of dx /d t  was done graphically. The room-tempera ture  
values are only approximate due to scatter in the 
data of Archer and Gobeli. The values of V so deter-  
mined agree with work function changes found for 
a similar system, oxygen on germanium (23). 

Again following Ligenza, an at tempt  to determine 
the activation energy W was made from a plot of the 
slopes in Fig. 6 vs. 1/T. The three points which were 
available did not fall on a straight line. This would 
agree with the results found by Ligenza for germanium, 
which implies that the activation energy is tempera-  
ture  dependent.  However, it should be noted in Eq. 
[2] that W is also a funct ion of x and V. As such, it is 
not a simple matter  to graphically find the tempera-  
ture  dependence of W. 

Since it was possible to calculate reasonable values 
of V from the data presented in inverse logari thmic 
form, it appears that the Cabrera-Mott  mechanism is 
applicable. It is probable then that the oxidation of 
silicon at low temperatures  proceeds main ly  by cation 
migrat ion under  conditions of constant voltage (20). 

At high temperatures,  anions are the mobile species 
(24, 25) dur ing  silicon oxidation, but  dur ing  anodiza- 
t ion at low temperatures,  anions and /or  cations can be 
mobile (26). The determining factor appears to be the 
field applied across the oxide. At low fields, Schmidt 

Table I. Calculated values of voltage across 
thin oxide films on silicon 

Oxidation 
t e m p e r -  C a l c u l a t e d  f r o m  the  

a ture ,  ~ s lope of F ig .  5 (16) 

Voltage across oxide 
C a l c u l a t e d  f r o m  the  
d i f f e r en t i a l  p lo t  (22) 

25 0.2 0.11 
400 0.25 0.35 
600 0,33 0.60 

and Ashner (26) have shown that  hydroxyl  ions move 
from the oxide surface into the oxide. Conversely, at 
high fields, cations move from the silicon interface 
through the oxide. A less str iking example of the 
same type of behavior is found with aluminum (27) in  
which a greater fraction of cations move as the field 
is increased. Brook et al. (28) have discussed a similar 
phenomenon, observed dur ing  the anodization of zir- 
conium and a luminum. They propose that  the relat ive 
rates of movement  of two differently charged ions in 
a growing oxide inver t  as a funct ion of applied field. 

The same reasoning may explain the behavior  of 
silicon dur ing low-tempera ture  oxidation. At low tem- 
peratures, charge separation induces a large field 
across the oxide such that  cation migrat ion would 
be favored. At higher temperatures,  the effect of the 
field is lessened when compared with thermal  effects, 
so that anion movement  can predominate.  It must  not 
be overlooked though, that  as with a luminum,  both 
anions and cations may be mobile and only the ratio of 
the two changes as a funct ion of tempera ture  and  
applied field. Even  so, theories which treat  only  one 
mobile species would still be valid in the extremes. 

The absence of any noticeable effect of ul traviolet  
i r radiat ion on the oxidation rate of silicon under  dry, 
clean conditions may also be related to the thesis that 
oxidation is an impur i ty-contro l led  process. However, 
Cabrera (29) reported that  the rate of a luminum 
oxidation in air  at room temperature  is doubled under  
the influence of ul t raviolet  irradiation. Oren and 
Ghandhi  (30) have also shown that  ul traviolet  light 
can affect the oxidation of silicon at high temperatures.  
Apparently,  both sets of experiments  were done under  
clean, dry conditions. No explanat ion for the dis- 
crepancy between these results and the present  work 
is yet available. 

Conclusions 
The kinetics of the oxidation of silicon at relat ively 

low temperatures  have been analyzed according to the 
models of anion and cation movement.  The best agree- 
ment  has been found with the cation model, which im-  
plies that both cations and anions can be mobile in 
silicon dioxide depending on the temperature  and ap- 
plied field. The present  work cannot resolve this 
question completely, especially in view of the effect of 
impurities. It wil l  be necessary to perform marker  ex-  
per iments  similar to those of Davis et al. (27) and 
Siejka et at. (3I) before the complete mechanism of 
oxide growth on silicon can be resolved. 
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Heteroepitaxial Thermal Gradient Solution Growth of GaN 
R. A. Logan and C. D. Thurmond* 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

The growth of s ingle-crystal  epitaxial  layers of GaN onto (0001) oriented 
sapphire substrates from the liquid phase is shown to require three conditions: 
(i) the part ial  pressure of NH3 in the H2 ambient,  PNH3, greater than  the 
equi l ibr ium pressure, (ii) the growth melt  positioned in a thermal  gradient  
to t ransport  the dissolved GaN to the growth interface, and (iii) the control 
of nucleat ion by the addition of Bi to the  growth melt. Studies of growth at 
temperatures  from 850 ~ to 1050~ show that  the layer thickness, t, is approxi-  
mate ly  l inear  in t ime and varies with growth tempera ture  and atom fraction 
of Ga, XGa, in the growth melt. When  t >~ 30~, in ternal  cracks in the [1~0] 
basal p lane  hexagonal  directions develop at the layer-subs t ra te  interface 
and for t ~> 75~ they propagate to the surface and are thermal ly  etched. A de- 
scription is given of the interact ion of l iquid Ga with NHa as a function of T 
and PNn3. The low solubili ty of GaN in Ga (3 • 10 -5 mole fraction at 1150~ 
prevents  useful growth by slow cooling of the melt. The inabi l i ty  to change 
the electron concentration, n, with Zn doping and the decrease of n with XGa 
in the growth melt  support but  do not unambiguous ly  confirm the model 
that the nat ive donor is a ni t rogen vacancy. 

The bandgap of GaN is both wide (~3.4 eV at 300K) 
and direct (1), so that GaN is potential ly an extremely 
useful electroluminescent  material .  Single-crystal  
growth has been achieved by several vapor deposition 
techniques: by reacting the volatile Ga species GaC1 
with NH3 to form epitaxial  layers on sapphire (2), by 
heat ing GaN in an atmosphere of NH3 to form GaN 
needles possibly by vir tue of the volatile oxide Ga20 
(3), by thermal ly  decomposing a volatile gall ium 
bromide ammonia  complex (4), or by reacting Ga with 
N generated from N2 by gaseous discharge (5) or rf 
fields (6). The fai lure to obtain p- type crystals to date 
may imply a l imited solubil i ty of the common ac- 
ceptors in the face of a highly soluble unidentified 
donor impur i ty  or of compensation of the acceptors by 
a nat ive donor defect as is observed in  the I I -VI  semi- 
conductors (7). 

GaN can be formed by reacting NH3 with Ga when  
the part ial  pressure of NH~ in H.,, PNH3, is greater  than 
the equi l ibr ium pressure, P*. At 1000~ P* :_ 1 • 
10 -3 arm and has a shallow tempera ture  dependence 
(8) (0.53 eV). Growth of GaN has been obtained by 
reacting NH3 with Ga (9) or with Ga compounds (10) 
that dissociated at the growth temperatures,  to form 
small crystals of GaN with dimensions of a few mi-  
crons. The extension of this growth process to the epi- 

* Electrochemical Society Active Member. 
Key words: gallium, bismuth, ammonia,  zinc, electrons. 

taxial  growth of GaN on sapphire substrates has been 
l imited by the extensive nucleat ion of small  crystal-  
lites on the substrates, so that, in general, only dense, 
unconnected,  small  crystals are typical ly obtained. 

It  has been found that  two modifications are re- 
quired for epitaxial  growth. By addition of Bi to the 
growth solution, nucleat ion is inhibi ted and by im-  
position of a thermal  gradient  across the growth melt, 
dissolved ni t rogen is t ransported to regions of lower 
tempera ture  where  growth occurs. While there is no 
detailed unders tanding  of the effect of Bi upon the 
nucleation, a similar  effect was observed (11) in  the 
solution growth of GaP where the addit ion of Bi to the 
growth melt  both increased the crystal size and re- 
duced the number  of crystals obtained in a given 
growth procedure. The low solubili ty of GaN in the 
liquid phase does not permit  useful amounts  of crys- 
tals to grow by  slow cooling. The thermal  gradient  
produces a concentrat ion gradient  of dissolved GaN 
and thereby a t ransport  mechanism. 

In  this paper, a description is given of the growth 
procedures used to grow reproducibly epitaxial  layers 
of GaN on sapphire substrates from the liquid phase. 
In  addition, a description is given of the interact ion 
of l iquid Ga with NH3 at high temperatures  as a 
funct ion of PNFI3. Two features of this interaction, 
which are encountered under  some growth conditions, 
are described and explained: (i) the flow of Ga out of 
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the growth boat and (ii) the spat ter ing or propel l ing 
of Ga droplets out of the growth crucible onto the 
furnace wal l  direct ly over  the crucible. 

Exper iments  per formed in a t tempts  to clar ify the 
source of the h igh-e lec t ron concentrat ion in the crys-  
tals are described. The inabi l i ty  to change the elec- 
t ron concentration, n, wi th  Zn doping and the decrease 
in n wi th  reduced atom fraction of Ga in the growth 
melt  support  the suggestion that  the native donor is a 
ni t rogen vacancy. 

Apparatus and Procedures 
Epitaxial  layers of GaN were  grown onto single 

crystal  sapphire substrates f rom Ga (or Ga diluted 
with Bi) solutions heated under  a part ial  pressure of 
NHa in H2. The growth occurred in a horizontal  fur-  
nace system in which the spontaneous dissociation of 
NH3 was negligible and the NH3 pressure could be 
moni tored  and remained constant dur ing growth. The 
basic design of the furnace system has been described 
because of its previous usage to grow (12) epi taxial  
layers of N-doped GaP and to determine  (8) the equi-  
l ibr ium pressure of N2 over GaN. The principal  fea-  
tures of the furnace are: (i) a low level  of oxygen 
(and wate r  vapor)  in the ambient  which was achieved 
by the use of stainless steel, Pyrex,  and Teflon tubing 
connecting the gas sources to the main furnace tubing 
and contr ibuted to the prevent ion of spontaneous dis- 
sociation of NH3 in the heated furnace (850~ < T < 
1150~ and (ii) an easily replaceable quartz  l iner  
inside the main quartz  furnace tube so that  each 
growth occurred under  reproducible  conditions. The 
exit  gas f rom the furnace could be t i t ra ted wi th  a 
di lute solution of HC1 of known volume and normal -  
ity, containing methy l  red indicator. By observat ion of 
the t i t rat ion time, the NH3 pressure could be moni-  
tored closely. The gas flow rate was genera l ly  140 cc /  
rain. 

Spontaneous dissociation of NH3 in the hea ted-empty  
furnace was caused by contaminants  in the furnace 
(devitrified quartz or an inadver tent  leak in the gas 

flow system) and was easily detected by the observa-  
tion of a var ia t ion of PNH3 with furnace temperature .  
When such dissociation was detected it could easily 
be eliminated.  Devitrif ied quartz was replaced with  
new quartz, cleaned in de-ionized H20 and alcohol 
prior  to use. No bake out was necessary. 

The epitaxial  layers were  grown in pyrolytic graph-  
ite boats, of dimensions 7.8 cm • 1.3 cm • 1.3 cm. 
These boats did not cause NH3 decomposition and the 
weight  loss during growth was negligibt.e (<1 mg for 
heatings at 850~176 for 20 hr ) .  Quartz and boron 
nitr ide boats were  also used but the former  were  more 
difficult to clean be tween runs due to wet t ing by the 
melts  and the la t te r  are re la t ively  expensive. 

The single-crystal ,  Czochralski-grown sapphire sub- 
strates were  optically polished, oriented slices, 250~ 
thick. While several  substrate orientations were  in-  
vestigated, the best growth was achieved with  the 
(0001) orientation. Pr ior  to use, the sapphire sub- 
strates were  cleaned in hot aqua regia and rinsed in 
de-ionized water  and alcohol. In some instances, the 
sapphire substrate was first covered wi th  a vapor -  
deposited layer  of GaN, a few microns thick, provided 
by M. I legems (13). 

The growth solution consisted of 10-20g of 6-9's 
pur i ty  Ga or Ga-Bi  alloys. Because of the wet t ing 
action of the Ga in the presence of NH3 (to be de-  
scribed in the fol lowing section) the substrates, each 
of area ~1 cm 2, were  placed on top of the me!t  for 
atom fractions of Bi, xm, in the mel t  <0.5. At  higher  

values of xm, where  wet t ing was less, improved large 
area layer  growth was obtained by placing the sub- 
strates just below the surface of the melt.  This 
was accomplished by loading the growth boat wi th  
about 75% of the small  particles of Bi and Ga, placing 
the substrates into the boat and covering them wi th  

the remaining Bi -Ga  mixture.  Af ter  the growth run, 
the substrates were  genera l ly  covered wi th  a th in  
layer  of melt,  wi th  GaN growth on both sides of the 
substrate, but  wi th  much thicker  growth on the upper  
side. 

The c rys ta l -growth  cycle consisted of insert ing the 
loaded boat into the cold furnace, flushing the furnace 
for 1 hr, and then heat ing at the growth tempera ture  
for typical ly  20 hr. Approx imate ly  30 rain were  re-  
quired to reach the growth t empera tu re  and after  the 
growth another  30 min to lower the furnace t empera -  
ture  to ~600~ when  the boat was removed.  The sub-  
strates and mel t  were  then soaked in both HNO3 and 
aqua regia. In addition to recovering the substrates 
with their  epitaxial  layers in this digestion, approxi-  
mate ly  250 mg of small  crystals of GaN, which grew 
away from the substrates, was also obtained. 

I t  was observed that  the layer  growth was dramat i -  
cally improved in area coverage when growth occur-  
red in a tempera ture  gradient  ra ther  than in the flat 
zone of the furnace. The crystal  growth described here 
was obtained wi th  about 1/2 of the length of the boat 
extended into the uniform tempera ture  zone of the 
furnace and a carbon rod heat sink at tached to the 
downstream colder end of the boat and extending 
about 10 cm to the end of the furnace. The carbon 
heat  sink was 1.7 • 1.2 cm in cross section and had 
a 1.5 cm long cutout that  closely fitted around one 
end of the growth boat. The tempera ture  of growth 
reported in this work corresponds to that  read by a 
Pt -Pt ,  10% Rh thermocouple  contained in a quartz 
protection tube inserted into the growth melt.  

Zinc as a dopant was added to the growth mel t  by 
vapor  t ransport  f rom an independent ly  heated up-  
stream source. Since similar  procedures were  used to 
grow epitaxial  layers of Zn-doped GaP from Ga solu- 
tions in a 30 rain growth cycle (12) the Zn concentra-  
t ion in the mel t  is expected to be at a s teady-sta te  
value  during most of the 20 hr  growth cycle. Less 
volat i le  impuri t ies  such as Ge, were  added direct ly to 
the melt. Carbon doping was achieved by adding meth-  
ane to the gas ambient.  

Results and Discussion 
NH~-Ga(1) react ion.--When the NH3 pressure is less 

than the equi l ibr ium pressure, P*, Ga may  be heated 
without  visible reaction; the Ga remains shiny and 
clean. Since there  is no evidence for volat i le  nitr ide 
species (14), any weight  loss beyond that  expected 
from the vapor  pressure of Ga would be due to oxides 
contaminat ing the gas phase and react ing with  Ga to 
form Ga~O. Heating 40g of Ga at 1150~ for 16 hr, 
with PNH3 = 4.7 • 10 -4 atm ( <  P*) ,  and a gas flow 
of 280 cc /min  resulted in a weight  loss of 0.135g. This 
weight  loss is about a factor of 2 higher  than expected 
f rom the vapor  pressure of Ga. The  additional weight  
loss can be used to est imate the part ial  pressure of 
H20 in the carr ier  gas by assuming that  the water  re-  
acts with Ga to equi l ibr ium producing Ga20. A part ial  
pressure of 5 • 10 -5 atm would be requi red  to ac- 
count for the additional weight  loss of the Ga. We do 
not bel ieve that  this ra ther  high pressure of H20 is 
present in the carr ier  gas enter ing the furnace. We 
bel ieve the reaction of H2 with  SiO2 in the furnace is 
the probable source of the contamination. The equi-  
l ibr ium pressures of H20 and SiO from the H2-SiO2 
reaction at 1150~ gives about  2 • 10-5 arm of each 
as calculated f rom avai lable  thermodynamic  informa-  
tion (15). The excess weight  loss of our sample can 
be accounted for wi thin  50% by this reaction. 

Digestion of the Ga in HNO3 and filtration of the 
residue through filters of 0.8~ porosity yielded resid-  
uals of ,-,1 mg. In three  determinat ions  the amount  of 
residual var ied approximate ly  l inear ly  wi th  PNH3 < 
P*. If one assumes that  the ni trogen dissolved in the 
Ga formed GaN during the cooling of the melt, then 
the extrapolat ion of the three exper imenta l  points to 
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PNH3 = P* (1.5 • 10-a atm) (8) gives a solubil i ty of 
3 • 10-5 mole fraction of GaN in Ga at 1150~ 

As the NH3 pressure is increased beyond P*, visible 
reaction with the Ga occurs for heating at tempera-  
tures in  the range 1000~176 A str iking feature of 
this reaction is the flow of the Ga melt. With PNH3 
2P*, the melt  flows up the inside walls of the boat but 
is contained inside the boat for heating times as long 
as 20 hr and will  overflow in longer heat ing times 
(e.g., 60 hr) .  The rate of Ga flow increases with PNH3 
and at PNH3 : 10 P*, most of the melt  will  flow out 
of the boat in about 1 hr, and collect p redominant ly  
upstream. In  all of the above cases, the Ga reacts with 
NH3 to form smaIl crystals of GaN. The crystal color 
and dimensions vary  with PNH3, with black crystals of 
dimensions 75-500~ at low pressures and smaller, g r a y  
crystals 20-100~ in dimensions formed at higher pres-  
sures. 

A quali tat ive explanat ion for the flow of Ga will  
now be offered, together with observations that  test 
and support this explanation. It  is proposed that  Ga 
evaporates and reacts with NH3 to form a film of GaN 
on the surfaces adjacent to the melt. The Ga wets and 
spreads over the GaN vapor deposited film unt i l  the 
Ga supply is either exhausted or completely reacted. 
With a large Ga supply at 1025~ and PN~3 = 0.03 arm, 
the Ga has been observed to flow upstream about 20 
cm, where it stopped at a region where the local tem- 
perature  was ~850~ while there was negligible flow 
downstream. 

The following two observations support this explana-  
tion. A drop of Ga was placed on a large area vapor 
deposited GaN crystal and heated in  H2 on a strip 
heater and watched. At room tempera ture  no wet t ing 
was observed but  as the tempera ture  was increased 
to ,~800~ the Ga wetted the surface as a th in  film. 
Upon cooling to room temperature,  the Ga drew back 
into a droplet. In the second experiment,  a quartz 
boat 2 cm • 2.5 cm • 0.7 cm deep containing 3g of Ga 
was heated for 1 hr  at 1025~ with PitH3 ---- 0.{)2 arm. 
The Ga flowed so that  all walls of the boat, both inside 
and out, were wetted, as well  as the quartz furnace 
l iner  in the vicini ty of the boat. Weight loss of the 
boat indicated that about 50% of the Ga had left 
the boat. The Ga contained small  crystals of GaN, and 
was covered wi th  a gray GaN film. Three more grams 
of Ga were added to the boat and reheated using a 
new quartz furnace l iner  and a hydrogen ambient.  
Again 2.2g of Ga flowed over the sides of the boat, 
confirming that  the presence of the GaN was essential  
to the Ga flow. 

At lower temperatures  (T < 950~ no apparent  

reaction occurs when  Ga is h e ~ e d  in a uni form tem-  
perature  zone of the furnace, even with PN~s as high 
as 0.2 atm. This is due to the formation of a th in  crust 
of GaN over the melt  which blocks fur ther  reaction. 
If the melt  is agitated by mechanical  vibrat ion or 
placed in a temperature  gradient  (using the carbon 
heat  s ink described above),  the reaction characteristics 
are similar to those described above for heat ing at 
higher temperatures.  

The growth of GaN epitaxial  layers on sapphire 
substrates was studied under  conditions where  the 
melt  was contained in the growth crucible and this 
was general ly achieved with PNH3 ~2P*.  A phenom- 
enon, termed spattering, was usual ly  observed. This 
was characterized by  the formation of droplets of Ga 
or crystallites of GaN directly over the boat on the 
quartz furnace liner. The amount  of spattered Ga and 
GaN was general ly far greater than  that  vapor t rans-  
ported to the downstream cold end of the furnace, as 
discussed above. The spattering is a t t r ibuted to disso- 
ciation of GaN, releasing Ne filled bubbles  in  the melt, 
which form at the surface or rise to the surface and 
burst, causing drops of melt  to be propelled out of the 
boat. N2 pressures greater than 1 atm can be formed 

by dissociation of GaN to Ga and N2 since the equi l ib-  
r ium N2 pressure is ,~100 arm at 1025~ (8). If the 
spattering occurred dur ing the early part  of the growth 
cycle, the Ga drops would react with NH~ to form GaN. 
The spattering phenomenon was reproduced by heat-  
ing GaN crystallites under  Ga in a He ambient  with 
a heat ing cycle used in  layer  growth (20 hr at 1025~ 
Ga drops were formed over the growth crucible on 
the quartz furnace l iner  as observed dur ing growth. 

Epitaxial layer g~owth.--Growth from Ga melts  pro- 
duced GaN crystals predominant ly  on the top sides of 
the sapphire substrates. Numerous,  well-faceted crys- 
tallites were formed along with occasional small  areas 
(1-3 mm in dimension) of epitaxial  growth. There 
usual ly  were evident  regions of thermal  etching or 
local dissociation after growth in the small areas of 
epitaxial  layer  growth. The small  crystalli tes also grew 
off of the substrate, predominant ly  on the walls of the 
boat and were recovered after digestion of the growth 
melt. Crystallites, 120~ thick on the top surface and 
a few microns thick on the bottom side were obtained 
after growth for 16 hr at 1000~ (with PNH3 : 2 • 
10 -3 a tm).  Growth thickness was roughly proportional 
to the growth time. After 64 hr  at 1000~ (with PNHa 
= 1.3 • 10-8 a tm),  the top surface crystallites were 
~300~ thick while the bottom side contained a con- 
t inuous epitaxial  layer  6~ thick. The dissociation rate 

of GaN to Ga + N2 at tempera ture  ~1050~ is small  
compared to the growth rate (16). 

While there was a possibility that  the addition of Bi 
to the growth melt  might increase the solubil i ty of 
N (and hence the growth rate) ,  the dominant  effect 
was the suppression of spurious nucleat ion so that  
growth occurred predominant ly  on the sapphire sub- 
strate. With melts  containing 10-90 atomic per cent 
(a/o) Bi, the epitaxial growth extended over large 
areas of the sapphire substrate, typically from 50 to 
100% of the total area. In  those areas where layer  
growth was incomplete, the surface was covered with 
closely spaced crystal]ites. The effect of the Bi is ap- 
paren t ly  to suppress nucleat ion so that  the ini t ia l ly 
nucleated crystalti tes grow laterally,  as well  as in 
thickness, to give complete coverage. The nucleat ion 
could be fur ther  assisted by using substrates contain-  
ing a th in  vapor deposited film of GaN. Using vapor 
deposited films (13), a few microns thick, general ly  
with featureless surfaces, solution growth produced 
clear layers with faceted surfaces, grown reproducibly 
over the ent i re  substrate area. While the double layer  
growth procedure was quite successful, it was not 
rout inely  used since single layer  growth was also quite 
reproducible in supplying large area epitaxial  layers. 

The single-crystal  epitaxial layers grow in the [0001] 
direction, the same orientat ion as the substrates gen- 
erally used. However, the layer  growth orientat ion 
was unchanged with (1120) oriented substrates, a 
phenomena previously observed in GaN vapor growth 
by Wickenden et al. (2). 

The epitaxial  layer surfaces were sharply  faceted 
and representat ive surfaces are shown in Fig. la  and 
2a. The surface structure ranged from flat-topped 
hexagonal  platelets (Fig. la)  to surface pat terns con- 
ta ining the three [110] basal plane hexagonal  direc- 
tions of the sides of the hexagonal platelets (Fig. 2a). 
The small  black regions in  Fig. l a  are smal l  crystals 
that grew above the layer, and were randomly  ori- 
ented. They were found on m a n y  layers. 

As the atom fraction of Bi, xm, in the growth melt  
increased, a proport ionate increase in PN~3 was re-  
quired to achieve growth. With GaN in equi l ibr ium 
with the melt, the NH3 pressure will  increase as a 
result  of a decrease in  Ga activity with Bi addition. 
Using data where  good layer  growth occurred in 
growth times of ,--20 hr  at 1000~ (Fig. la  and 2a 
being typical of the surfaces of such layers) ,  the NH3 
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Fig. 1. (a) The surface of a (0001) GaN epitoxial layer containing hexagonal facets with [110] edges, viewed with incident illumina- 
tion. The layer was grown at 1000~ in 24 hr with XGa : 0.13 and PNH a ~ 0.02 arm on a (0001) sapphire substrate containing a 
predeposited GaN layer and is 40~ thick. (b) The same area, below the surface of the layer viewed with transmitted light revealing 
subsurface cracks at the layer-substrate interface. The cracks lie predominantly in the [1~0] directions of the edges of the surface 
hexagonal facets. 

input  pressure is plotted in Fig. 3 against the atom 
fraction of Ga, xca ---- 1 --  XBI in the growth melt. The 
variat ion in xGa, due to Bi evaporat ion dur ing  the 
growth, is indicated. The layer thickness, t, grown 
directly onto the (0001) sapphire substrates is also 
plotted against xGa. If it is assumed that  Ga and Bi 
form an ideal l iquid solution, and  that  GaN is only 
slightly soluble in it, the dependence of the NH3 pres- 
sure on the Ga atom fraction can be obtained from 
the reaction 

GaN + 3/2 H2 ---- Ga -~ NHs [1] 

with the equi l ibr ium constant, K, given by 

XGaPNH3 ~--- K [2] 

The equi l ibr ium constant  of the above reaction con- 
tains the observed inverse l inear  relat ionship be-  
tween P~H~ and ~cca. The fact that  the layer thickness 
decreased with decreasing Ga atom fraction indicates 
that  the N atom fraction decreases as Bi is added to 
the melt,  as would be expected if the solubil i ty of GaN 
is less in Bi than in Ga. 

Figure lb  shows the same region of the layer  of 
Fig. l a  bu t  viewed with t ransmit ted light. The series 
of lines which general ly  follow the [1[0] directions of 
the hexagonal  surface s tructure are cracks which ap- 
pear to originate at the interface of the layer and the 
substrate. It is noted that  the cracks do not propagate 
to the surface of this 40~ thick layer, or to the back 
of the substrate. For  thicker layers (,-,I00~ thick) 

grown with higher xoa in an otherwise similar  growth 
cycle, many  of the cracks propagate to the surface and 
cause the thermal  etching (or dissociation) shown in 
Fig. lb. From observation of the surface structure, it 
is evident  that  the thermal ly  dissociated regions were 
formed near  the end of the layer  growth. Surface dis- 
sociation effects were general ly  not observed in layers 
~75~ thick nor  were subsurface cracks observed in 

layers ~30~ thick. 

Che~r~cal doping.--The small  GaN crystals that  nu -  
cleated and grew away from the substrate were rou-  
t inely recovered from the growth melt  after  digestion 
in aqua regia. Spectroscopic analysis of undoped crys- 
tallites gave impur i ty  concentrat ions at the level of 
10 parts per mil l ion or less. Hall  measurements  on the 
undoped layers yielded electron concentrat ions ~3  • 
1019 cm -3, approximately 2 orders of magni tude  larger 
than the detected impur i ty  levels. 

Atomic absorption analysis of the small  crystals 
obtained with Zn doping showed that the Zn concen- 
t rat ion was pr imar i ly  determined by the growth tem-  
perature  provided the Zn was distilled into the gas 
s t ream from a source boat at T ~ 600~ For  growth 
with XGa : 0.1, PNH3 : 0.02 atm, Fig. 4 shows a plot of 
Zn concentrat ion against growth temperature  with the 
Zn source temperature  indicated at each exper imental  
point. Also shown are the electron concentrations de- 
termined by Hall  measurements  obtained using epi- 
taxial  layers grown under  s imilar  conditions. While  the 
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Fig. 2. (a) The surface of a (0001) epitaxial GaN layer grown on a (00X}l)-oriented sapphire substrate in 20 hr at 1000~ with 
xca = 0.88 and PNH3 ~ 0.006 ate and is 100~ thick. The three [11"0] directions are evident in the surface facets. (b) Another 
region of the surface where grooves have developed in the surface during the latter part of the growth by thermal dissociation of 
cracks that propagated to the layer surface. 
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Fig. 3. The NH8 input pressure and the epitaxial layer thickness 
as a function of XOa in the growth melt for 20 hr growth at 1000~ 

Zn concentrat ion ranged up to 3.5 X 1020 cm -8, the 
electron concentrations did not vary  significantly from 
~3 X 10 l~ cm -a. The indicated var ia t ion in  the lat ter  
concentrat ions are due to the local variat ions in  the 
layer  thickness, which ranged from average values of 
4-17~ depending on the growth T, and by examinat ion  
of the edge of the layers, the thickness fluctuated ___2~ 
about average values. The trends expected in Fig. 4 are 
approximately seen. At constant  growth temperature  
the Zn concentrat ion should increase with Zn pressure 
and therefore with Zn  boat temperature;  at constant 
Zn pressure and therefore Zn boat temperature,  the 
Zn concentrat ion is expected to decrease with increas-  
ing growth tempera ture  since the heat of solution of 
Zn should be positive. The electron concentrat ions are 
near ly  constant at about the value found when  no 
Zn is added suggesting that  most of the zinc has 
precipitated. 

Precipitates were general ly observed in the Zn-doped 
layers, and a representat ive sample is shown in  Fig. 5. 
The layer was grown at 850~ with xca ---- 0.1, PNHa -- 
0.02 atm, and t ~5~. Figure 5a, viewed with incident  
i l lumination,  shows the hexagonal  platelet  s tructure 
often observed whereas Fig. 5b shows the same area 
viewed with t ransmit ted  light wi th  precipitates in  the 
form of fine l ines and inclusions. The lines appear simi- 
lar  to decorated dislocations which have been observed 
and identified in other semiconductors (17). I t  is noted 
that the lines, which are general ly  not  observed in u n -  
doped layers, lie in  the [110] directions of the edges of 
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Fig. 4. The concentration of Zn (-[-7- from atomic al~orption 
analysis) end of electrons ( -O-  from Hall effect measurement) 
plotted against the growth temperature with the Zn-source boot 
temperature indicnted at each experimental point. The dashed 
lines indicate the genernl trend of the variation of the zinc 
and electron concentrations with the growth parameters, as 
discussed in the text. The layers were grown in 20 hr with XGa = 
0.0| end PNH3 = 0.02 otto and ore 4-]7/~ thick. The error bars 
on the Hall results are due to the estimated variation in the 
layer thickness. 

the hexagonal  surface structure similar to the cracks 
observed in thick layers. Hall  measurements  indicated 
that  while the electron concentrat ion was unaffected 
by the Zn doping, the  room tempera ture  Hall mobil i ty  
decreased, however, from ,~75 cme/V-sec in undoped 
layers to ~4  cm2/V-sec in  the Zn-doped layers. The 
evidence of precipitat ion accounts for the abil i ty to 
dope with high Zn concentrat ions without  observing 
the electrical behavior expected for the subst i tut ional  
Zn acceptors. 

Atomic absorption analysis of crystals grown from 
Ga-Bi  solutions at 1000~ give a l imit  on Bi at ,--10 TM 
cm -3. After  the digestion of these crystals from the 
growth melt  in aqua regia, the white  precipitate bis- 
muth  oxychloride forms when the crystals are r insed 
in water. While the analyzed crystals were recleaned 
in aqua regia, the presence of the precipitate qualifies 
the results of this analysis. The photoluminescent  spec- 
t ra  of undoped crystals grown from Ga-Bi  solutions 
were indis t inguishable from those grown from Ga solu- 
tion. Carbon doping was achieved by adding methane  
gas to the growth ambient.  The growth properties were 
unaffected by the presence of methane, but  decomposi- 
t ion of the methane  (with black carbon deposits) was 
observed when the fraction of methane in the ambient  
exceeded 20%. Decomposition is expected when  the 
CH4 pressure in  H2 is greater than about 1% (15). 
While the addition of these impurit ies did not cause 
changes in the electron concentration, as compared to 
undoped layers grown under  similar Conditions, lumi-  
nescence studies indicated characteristic spectral fea- 
tures that  will  be discussed elsewhere (18). 

Dependence o] n upon Xca.--It has been suggested (2) 
that  ni t rogen vacancies are the source of the electron 
carriers in GaN. In  principle, the suggestion can be 
tested by anneal ing GaN under  various pressures of 
NH3 in H2. If electrons come from the ionization of a 
ni t rogen vacancy, the relat ionship between the elec- 

t ron concentrat ion and  the ammonia pressure can be 
calculated 

3/2 H2 + NN : NH3 + V+N -F e -  [3] 

The equi l ibr ium relationship follows 

PNHS 
- -  [ V + N ] [ e - ]  = K [4 ]  

PHz 3/2 

and since the electron and vacancy concentrat ions are 
equal 

[ e - ]  = KI/SPH2S/4PNHs-1/2 [5] 

That is, for PNH3 ~ <  PH2, [ e - ]  cc PNH3 -1/2. 
Experiments  by Montgomery (19) have shown that  

no resistivity changes occur in GaN epitaxial  crystals 
annealed at 900~ under  NH3 pressures up to �89 atm. It  
was suggested that  no changes were observed because 
diffusion processes were too slow. 

We have been able to grow GaN crystals from melts 
containing Bi. As a result  it has been possible to grow 
crystals under  various NI-I3 pressures simply by vary-  
ing the Bi atom fraction in the melt. The fact that  Bi 
in GaN is an isoelectronie center keeps it from being 
an electrically active center. I t  has been shown (Eq. 
[2]) that  PNHS is inversely proport ional  to the Ga atom 
fraction. Consequently the electron concentrat ion and 
the Ga atom fraction are related by the expression 

= [ e - ]  ~ XGa I /2  

While n may be determined by Hall  measurements ,  
growth thickness variat ion discussed above, place a 
large exper imental  uncer ta in ty  on n in  th in  layers 
(t < 10~). Reflectivity measurements  by  Barker  and 

I l e ~ m s  (20) are found to be independent  of t 
(provided t ~ 5~) and the spectral position of the re-  
flectivity m i n i mum is a funct ion of n that  can be estab- 
lished independent ly  by Hall  measurements.  The ex- 
per imental  precision of this method, applied to GaN 
layers, has not been assessed and the effect upon the 
reflectivity measurement  of surface t rea tment  (pol- 
ished, as-grown, etc.) and sample un i formi ty  is cur-  
rent ly  being investigated (20). Refleetivity measure-  
ments  on our as-grown epitaxial  layers have been used 
to complement the Hall measurements.  

Using a group of layers grown at 1000~ in 20 hr 
with various values of xGa in the growth melt  (and 
with PNH3 correspondingly adjusted as in obtaining the 
data of Fig. 3) n obtained from reflectivity and Hall 
effect data is plotted against Xca in Fig. 6. The pairs of 
exper imental  points at the same value of XGa were 
measured by both procedures and scaled to match at 
xGa = 1. Due to evaporat ion of relat ively small  
amounts  of Bi dur ing the layer growth, the plotted 
values of Xca are average values. Since it is believed 
that  the exper imental  uncer ta in ty  in n, in all  cases, 
exceeds that  of xoa, the lat ter  var iat ion has not been 
indicated (but  is identical to that in the data of Fig. 3). 

Due to the large exper imental  uncer ta in ty  in the 
measured n, the results support  bu t  do not unambigu-  
ously confirm the dependence n cc xoal/2. It  is noted that 
results from three doped layers are plotted in  Fig. 6. 
The Zn-doped sample contained 6.2 • 10 Is Zn / c m 3 and 
the two carbon-doped layers were grown under  a par-  
t ial  pressure of methane  (with 8% CI-I4, n = 4.5 • 1019 
cm -3 and with 25.6% CH4, n = 3.0 X 10 TM cm-3) .  To 
wi th in  the exper imental  scatter of the data, the values 
of n are indist inguishable from those in undoped layers. 

If one assumes that  vapor growth of GaN occurs 
under  near equi l ibr ium conditions, then from the de- 
pendence in n upon PH23/4pNH3 -1/2 in  Eq. [5], one 
would expect a decrease in n by 103 from the value of 
3 X 10 ~9 cm -3 observed here. While values of n ap-  
proach this value occasionally in  vapor grown layers 
(13, 21), n is general ly comparable to the high values 

observed here. 
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Fig. 5. (a) The surface of a (0001) epitaxial GaN layer grown on a (0001) sapphire substrate, viewed with incident illumination. The 
layer was grown in 20 hr at 8S0~ with xGa = 0.1 and PNn3 = 0.02 arm with the Zn boat temperature at 815~ The layer is ,~5~ 
thick and from atomic absorption analysis, contains Zn = 3.5X102~ cm -3 .  (b) The same area of the layer, viewed below the surface 
with transmitted light showing precipitates in the form of both lines and inclusions. 

Temperature dependence of growth.--Most of the 
layers obtained in these studies were obtained at a 
growth tempera ture  of 1000~ The layer-growth char-  
acteristics did not  change appreciably over the tern- 
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Fig. 6. Carrier concentration determined by Hall effect and 
ref|ectivity measurements vs. Xca in epitaxial layers grown in 20 
hr at 1000~ The dashed line indicates the expected dependence 
of n a xo�9 1/2. 

pera ture  range 875~176 For the 20 hr growth cycle 
used, Bi evaporation became appreciable at 1050~ 
(~.-40% of the original melt)  and at higher tempera-  
tures severe dissociation of the GaN to Ga and N2 is 
anticipated (16). 

The layer  thickness was observed to vary  with 
growth temperature,  and log t is plotted against 104/T 
K in Fig. 7 for a series of layers grown for 20 hr  wi th  
xoa = 0.12 and 0.40. The variat ion in t is indicated. The 
increased t obtained at a fixed tempera ture  wi th  in-  
creased XG�9 is consistent with the data of Fig. 3. The 
slope of the l ines drawn through the data is 1.5 eV and 
if the growth rate is pr imar i ly  dependent  upon the N 
concentration, this value may tentat ively  be ascribed to 
the heat of solution of GaN in  Ga-Bi  alloys and in Ga. 

Reflectivity measurements  on three samples grown 
at 900 ~ 1000 ~ and 1050~ with xc�9 = 0.4 showed n be-  
tween 2.5 X 1019 and 1.5 X 1020 cm -3, uncorrelated 
with T and evidencing the same unexpected scatter ob- 
tained in the data of Fig. 6. 

Summary and Discussion 
Because of the low solubili ty of GaN in Ga (mole 

fraction approximately 3 X 10 -~ at 1150~ it has not 
been possible to grow GaN with useful crystal d imen-  
sions from the l iquid phase by cooling of saturated 
melts. However, in  a thermal  gradient, with PNH3 > P*, 
the equi l ibr ium pressure, epitaxial  layers of GaN may 
be reproducibly grown onto oriented sapphire sub-  
strates from the l iquid phase if the nucleat ion is con- 
trolled by addition of Bi to the growth melt. 

The heating of Ga in an NH3 ambient,  with PNH3 
2P* at high temperature  (T > 950~ forms a vapor 
deposited film of GaN adjacent to the melt  which is 
wetted by the melt  and causes the melt  to flow out of 
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Fig. 7. The layer thickness vs. growth temperature for two sets 
of layers grown for 20 hr with XGa = 0.12 and 0.40 with corre- 
sponding PNH3 = 0.02 and 0.009 atm respectively. 

the  growth  boat. A t  low levels of PNH3 ~ 2P*, this  
effect is sufficiently reduced so tha t  the  mel t  is con- 
t a ined  dur ing  growth  (20 hr  at  t empera tu res  in the  
range 850~176 At  T < 950~ a crust  of GaN in-  
hibi ts  the  react ion of Ga wi th  the  NH3 ambien t  even  
up to ve ry  high NH3 pressures.  By mechanica l  v ib r a -  
t ion or by  placing the mel t  in a t e m p e r a t u r e  grad ien t  
the  GaN crust  is d i s tu rbed  and the react ion cha rac t e r -  
istics are  s imi lar  to those at h igher  T. A second in-  
te res t ing  react ion observed dur ing  growth  was t e rmed  
spat ter ing.  This was character ized by  the format ion  
of drople ts  of Ga d i rec t ly  over  the  boat  and shown to 
be due to dissociat ion of GaN to Ga and N2 in the melt ,  
wi th  the  bubbles  of N2 r is ing to the  surface and bur s t -  
ing, propel l ing  Ga drople ts  out of the boat. Whi le  the 
compet ing process of GaN dissociation to Ga + N2 can 
only be suppressed at ve ry  high N2 pressures  [PN2 ~> 
102 a tm at 1000~ (8)] ,  this  dissociation ra te  is small  
compared  to the growth  ra te  for g rowth  t empe ra tu r e  

1050oc (16). 
The suppression of spontaneous nucleat ion of c rys ta l  

g rowth  by Bi is not  unders tood but  the  phenomena  
appears  s imi lar  to tha t  encountered in the solut ion 
g rowth  of GaP (11). The var ia t ion  of g rowth  th ick-  
ness wi th  growth  time, tempera ture ,  and Xca are  con- 
sistent  wi th  exper ience  for solut ion growth.  The 
growth  mechanism appears  to depend on the t ranspor t  
by  diffusion of dissolved N, f rom the me l t - ambien t  
in ter face  through a th in  film of mel t  to the substrate,  
in a region of s l ight ly  lower  tempera ture .  We conclude 
tha t  the  s ing le-crys ta l  GaN layers  are  grown by he te ro-  
ep i tax ia l  solut ion g rowth  in a t he rma l  gradient .  

I t  has been noted tha t  even though sapphi re  and 
GaN possess different  c rys ta l  lattices, in the  c-axis  or 
(0O01) or ienta t ion of the  ep i tax ia l  l ayer  and substrate,  
the  [110] basa l  p lane  hexagons  are  mismatched  in di-  
mensions by  13% (5). Evidence of s t ra in  at  the epi-  
tax ia l  l aye r - subs t r a t e  interface is given by  the appea r -  
ance of in te rna l  cracks in the  [11"0] basal  p lane  d i -  
rections, when  the layer  thickness exceeds ~30~. In 
th icker  layers  (t  ~< 75#), the cracks  propagate  through 
the l aye r  and a re  t h e r m a l l y  etched by  dissociat ion du r -  
ing the  la t te r  par t  of the growth  cycle. 

Addi t ion  of Zn impur i t ies  at concentrat ions  as high 
as 3 • 102~ cm-3  did not  apprec iab ly  change the elec-  
t ron concentra t ion of ~3  • 1019 cm-~  measured  in un-  

doped crystals .  Zn prec ip i ta tes  were  v i sua l ly  observed 
in most  Zn-doped  layers.  Whi le  s imi lar  negat ive  resul ts  
wi th  Zn doping were  observed in vapor  g rown layers  
by  I legems (18,21), h igh-res is t iv i ty ,  Zn-doped  GaN 
(p > 109 ohm-cm)  has been grown by  Maruska  and 
Tie t jen  (2) also using va po r -g row th  procedures,  but  
wi th  H2 car r ie r  gas ins tead of He and a 200~ lower  
growth  t empe ra tu r e  of 825~ Since there  is p resen t ly  
no informat ion  avai lab le  about  the  Zn concentra t ion 
and physical  character is t ics  of the  h igh- res i s t iv i ty  
layers,  it  is not  possible to give a deta i led  compar i -  
son wi th  the presen t  growth.  The decrease  in n wi th  
decreased XG~ in the growth  mel t  supports,  but  does 
not unambiguous ly  confirm, the  model  tha t  the  crys-  
tals  contain a na t ive  donor defect, a n i t rogen vacancy, 
because of the large exper imen ta l  unce r t a in ty  in the  
de te rmina t ion  of n. The inab i l i ty  to reproduc ib ly  
change n wi th  Zn doping and the  var ia t ions  in n ob-  
ta ined  wi th  differing g rowth  procedures  indicate  tha t  
n is dominan t ly  influenced by  growth  detai ls  tha t  a re  
cu r r en t l y  not understood.  There  is no evidence ye t  tha t  
GaN can be doped to low resis t ivi ty,  p- type .  

A c k n o w l e d g m e n t s  

The Hal l -effect  measurements  were  pe r fo rmed  by 
H. C. Montgomery  and the optical  ref lect ivi ty  resul ts  
were obta ined by  A. S. Ba rke r  and M. Ilegems. We 
also thank  M. I legems for he lpfu l  comments  and for 
provid ing  the  sapphire  subs t ra tes  containing CaN 
vapor  deposi ted epi tax ia l  layers.  The atomic absorp-  
t ion and spectrographic  analysis  were  obta ined  by J. P. 
Wright .  We acknowledge the assistance of H. G. Whi te  
in per forming  m a n y  of these exper iments .  

Manuscr ipt  submi t ted  May  8, 1972; rev ised  m a n u -  
script  received J u l y  27, 1972. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the June  1973 JOUaNAL. 

REFERENCES 

1. J. I. Pankove,  H. P. Maruska,  and J. E. Be rkey -  
heiser,  Appl. Phys. Letters, 17, 197 (1970); 
R. Dingle, D. D. Sell. S. E. Stokowski ,  and 
M. Ilegems, Phys. Rev., B4, 1211 (1971). 

2. H. P. Maruska  and J. J. Tietjen,  Appl. Phys. Let- 
ters, 15, 327 (1969); D. K. Wickenden,  K. R. 
Faulkner ,  R. W. Brander ,  and B. J. Isherwood,  
J. Crystal Growth, 9, 158 (1971); H. M. Mana-  
sevit, F. M. Erdmann,  and W. I. Simpson, This 
Journal, 118, 1864 (1971); M. Ilegems, J. Crystal 
Growth, 13, 14, 360 (1971). 

3. R. B. Zet ters t rom, J. Materials Sci., 5, 1102 (1970). 
4. T. L. Chu, This Journal, 118, 1200 (1971). 
5. B. B. Kosicki  and D. Kahng,  J. Vacuum Sci. Tech- 

nol., 6, 593 (1969). 
6. H. J. Hovel  and J. J. Cuomo, Appl. Phys. Letters, 

20, 71 (1972). 
7. See C. H. Henry,  K. Nassau, and J. W. Shiever,  

Phys. Rev., B4, 2453 (1971) and references  ci ted 
therein.  

8. C. D. Thurmond and R. A. Logan, This Journal, 
119, 622 (1972). 

9. W. C. Johnson, J. B. Parsons,  and M. C. Crew, 
J. Phys. Chem., 36, 2651 (1932); H. G. Gr immeiss  
and H. Koelmans,  Z. Natur$orsch., 14a, 264 
(1959). 

10. M. R. Lorenz and B. B. Binkowski,  This Journal, 
1{}9, 24 (1962); J. I sherwood and D. K. Wicken-  
den, J. Materials Sci., 5, 869 (1970). 

11. F. A. Trumbore,  M. Gershenzon, and D. G. Thomas, 
Appl. Phys. Letters, 9, 4 (1966). 

12. R. A. Logan, H. G. White, and W. Wiegmann,  
Solid-State Electron., 14, 55 (1971). 

13. M. Ilegems, J. Crystal Growth, 13, 14, 360 (1971). 
14. Z. A. Munir  and A. W. Searcy,  J. Chem. Phys., 42, 

4223 (1965); R. C. Schoonmaker ,  A. Buhl, and  
J. Lemley,  J. Phys. Chem., 69, 3455 (1965). 

15. D. R. Stull,  P ro jec t  Director ,  Dow Chemical  Co., 
Midland, Michigan, JANAF Thermochemical 
Tables (1967). 



Vol. 119, No. 12 G R O W T H  OF GaN 1735 

16. C. D. Thurmond  and R. A. Logan, To be published. 
17. W. C. Dash, J. AppI. Phys., 27, 1193 (1956); M. Ger-  

shenzon and R. M. Mikulyak, J. Appl. Phys., 35, 
2132 (1964). 

18. M. Ilegems, R. Dingle, and R. A. Logan, Bull. Am. 

Phys. Soc, 17, 233 (1972), J. Appl. Phys., 43, 3797 
(1972). 

19. H. C. Montgomery, Pr ivate  communication. 
20. A. S. Barker and M. Ilegems, Pr ivate  communica-  

tion. 
21. M. Ilegems and H. C. Montgomery, To be published. 

Solid-State Ionics-Mixed Ionic and Electronic 
Conduction in AgSe-AgPO  Solid Solutions 

Takehiko Takahashi* and Osamu Yamamoto 

Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Nagoya, Japan 

ABSTRACT 

New solid solutions, the conduction in which is par t ly  ionic and par t ly  
electronic, have been prepared in the Ag2Se-Ag~PO4 system. Solutions con- 
ta ining 5-10 mole per cent (m/o)  Ag3PO4 have the ~-Ag2Se structure and high 
ionic conductivi ty at room temperature.  For example, (Ag2Se)0.925(Ag~PO4)o.075 
has an ionic conductivi ty of 0.13 ( o h m - c m ) - I  at 25~ The electronic conduc- 
t ivi ty and Hall coefficient have been measured as a function of the cat ion-to-  
anion ratio. The excess electron concentrat ion varies l inear ly  with the change 
in the ca t ion- to-anion ratio. The solid solution containing 7.5 m/o  Ag3PO4 
which has been equil ibrated with metallic silver has an excess electron con- 
centrat ion of 4.3 • 1019 cm -3 at 18~ Coulometrie ti tration, carried out with 
the galvanic cell Ag/RbAg4IJspec imen/P t ,  gives the ratio of the effective mass 
to the free electron mass. At constant  temperature,  the effective mass increases 
with increasing electron concentration. 

We may distinguish three  types of solid conductors, 
namely,  pure electronic, pure ionic, and mixed (part ly 
electronic and par t ly  ionic). Pure  electronic conduc- 
tors such as metals and semiconductors are well  
known. Silver halides are typical pure ionic conduc- 
tors, which general ly have extremely low conductivi-  
ties at room temperature.  In recent years, however, 
some ionic conductors such as Ag3SI (1, 2) and RbAg415 
(3, 4) with high conductivities, comparable with those 
of aqueous electrolytes, have been reported. Silver 
ehalcogenides and copper chalcogenides are mixed con- 
ductors. Solids having both high ionie and high elec- 
tronic conductivi ty have not been reported, except for 
high temperature  modifications such as a-AgeS 
(>175~ a-Ag2Se (>133~ a-Ag2Te (>143~ 

Na0.4WO3 (5), and Na20 �9 5 (Fe0.95Ti0.05A103) (6). 
Ionic conduction in solids is of interest both be- 

cause of its effect on their electrical properties and 
because of its role in their application to electrochemi- 
cal elements (7-9). The purpose of this study has been 
to discover mixed conductors with high ionic and 
electronic conductivity at or near room temperature. 
The ionic conductivities of the mixed conductors known 
so far are summarized in Table I. This table shows that 
the high temperature (a-phase) modifications have 
extremely high ionic conductivity and the low tempera- 
ture (E-phase) modifications very low. Crystal struc- 
ture analysis (14-16) indicates that all the a-phases 
have the same type of structure, in which cations ap- 
parently move freely through a large n u m b e r  of sites. 
Therefore, if a compound exists which has this s truc-  
ture  at room temperature,  it should have high ionic 
conduct ivi ty  at room temperature.  In  order to search 
for such compounds, we have under taken  studies on 
various systems of silver compounds. It has been found 
that  some solid solutions obtained by thermal  reaction 
in the Ag2Se-Ag3PO4 system have a s tructure like 
a-Ag2Se and as expected have extremely high ionic 
conductivities at room temperature.  This paper reports 

�9 Elec trochemica l  Soc ie ty  Act ive  Member .  
K e y  w o r d s :  r ionic  conductivity, electronic conductivity, 

eoulometr ic  titration. 

the results of x - r ay  diffraction, differential thermal 
analysis, electrical conductivity, and coulometric t i t ra-  
t ion investigations on this system. 

Experimental Procedure 
Preparation of samples.--Silver selenide was pre-  

pared from the elements. Stoichiometric quanti t ies of 
silver powder (99.999% puri ty)  and selenium powder 
(99.999% puri ty)  were weighed, thoroughly ground 
together, sealed under  vacuum in a Pyrex  tube, and 
heated at 350~ for 48 hr. Si lver  phosphate was pre-  
pared by mixing  aqueous solutions of silver ni t rate  
(reagent grade) and sodium hydrogen phosphate (re- 
agent grade).  The precipitate was washed by decanta-  
tion, filtered, dried in vacuo over phosphorous pentox-  
ide, and then heated in flowing ni t rogen gas at 1O0~ 

To react Ag2Se and AgaPO4, weighed quanti t ies of 
these materials  were thoroughly ground together, and 
the mixture  was heated at various temperatures  be- 
tween 400 ~ _ 5~ and 800 ~ _ 5~ for 17 hr in a sealed- 
evacuated silica tube. The dependence of the na ture  
of the reaction products on the reaction temperature  
was studied. It was found in the pre l iminary  experi-  
ments  that the mel t ing points of the solid solutions 
were 830~ for 5 mole per cent (m/o) ,  AgaPO4, 750~ 
for 10 m/o  Ag3PO4, and 650~ for 15 m/o  Ag3PO4. The 
solid electrolyte, RbAg415, was prepared by Owens'  
procedure (3) for combining AgI with RbI. 

X-ray diffraction investigation.--X-ray diffraction 
pat terns for powdered samples were obtained with a 

Table I. Ionic conductivity of mixed conductors 

T e m p e r -  C o n d u c t i v i t y  Refe r -  
C o m p o u n d  ature (~ (ohm-cm)  -1 ence  

Cu2S 400 2 • 10-1 (10) 
r 150 2.7 (11) 
~-AgzTe 160 7 • 10 -1 (11) 
~-Ag2S 150 3.8 • i0-~ (12) 

150 1.6 • i0 -~ (II) 
, 8 -AgUe 105 0.3-7 X 10 -4 (13) 
,6-Ag2Te 97 4-5 • 10-~ (13) 
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Gigerflex D-3P diffractometer  (Rigaku Denki Com- 
pany, Ltd.) using CuK~ radiation. The scanning speeds 
were l ~  for s t ructure  analysis and 1/a~ for 
lattice constant determinations.  

DilTerential thermal analysis.--Differential thermal  
analysis was used to determine  the phase transit ion 
t empera tu re  as a function of AgaPe4 content. Each 
sample (about lg)  was sealed in a Vycor tube under  
vacuum, preheated to 800~ cooled gradual ly  to room 
temperature,  and kept at room tempera ture  for sev-  
eral  days before the experiment .  It was then heated 
and cooled at an automatical ly  controlled rate of 3.5~ 
min  whi le  the t empera tu re  difference between the 
sample and an a-A12Oa standard was measured wi th  
a Chromel -Alumel  thermocouple.  

Ionic conductivity measurements.--The ionic con- 
duct ivi ty  was measured by the method described in a 
previous paper (13). The configuration is shown in 
Fig. 1. Since the ionic conduct iv i ty  of the mater ia l  
studied was re la t ive ly  high, a cyl indrical  sample 2-3 
mm in diameter  and 12-13 mm long was used, and 
Ag/RbAg415 probes were  used for potent ial  difference 
measurements .  With this a r rangement  the effects of 
electrode polarizat ion were  negligible. When it was 
desired to change the ca t ion- to-anion ratio in the sam- 
ple, current  was passed between the lower si lver elec- 
trode and the p la t inum electrode wound around the 
sample. 

Electronic conductivity and Hall coefficient measure- 
ments.--The mater ia l  was rol led under  a pressure of 
about 2000 kg / cm 2 to form a slab 1-2 m m  thick and a 
s ix -a rm br idge- type  sample was cut out. The length-  
to -wid th  ratio was 3.2. The cell assembly used to mea-  
sure the electronic conductivi ty and Hal l  coefficient is 
shown in Fig. 2. The sample was placed between two 
si lver ion t ransfer  electrodes, Ag/RbAg4Is, which were  
used to change the ca t ion- to-anion ratio of the sample 
by passing direct current  be tween electrodes 3 and 7 
or 8 in Fig. 2. 

Measurements  of the Hall  coefficient and resistance 
were  made by standard d-c methods. A constant sam- 
ple current  of about 100 mA was supplied between 
electrodes 1 and 5 in Fig. 2. The Hall  vol tage was 
measured be tween 3 and 6. The  adopted voltage was 
the ar i thmetic  mean of the four values obtained by 
revers ing directions of both the magnet ic  field and 
sample current  in order  to cancel errors  due to, for 
example,  the thermoelectr ic  effect and probe mis-  
al ignment.  Fields of 1900 and 3750G were  u~ed. The 
resistance was calculated from the voltage drop be-  
tween 2 and 4. The electronic conduct ivi ty  is equal  to 
the electrical  conduct ivi ty  measured by the ar range-  
ment  shown in Fig. 2 because the contribution to the 
sample current  due to ionic conduct ivi ty  is negligible 
in this case. 

silver Plate 
/ 

R b Ag41. 5 __~ ~ ~ -  R b Ag41 6 
~l:l~lm~i~ ~ ~  + AB 

RbAcj415 ~ I~,/'/I Pt wire 
+Ag " ~ ~ ~  sample 

RbAg4l 5 I I 
,, R bAg41 5 

/* Jr Ag 
sliver Plate 

Fig. I. Arrangement for ionic conductivity measurements 
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7 

+Ag ~ 5  

-8 

R bAg4] 5 
+Ag 

R bAg41 5 

Fig. 2. Arrangement for Hall coefficient and electronic con- 
ductivity measurements. Numbers 1-8 represent platinum electrodes. 

Coulometric titrations.--The activi ty of si lver in the 
sample was determined as a function of the cat ion- to-  
anion ratio by means of coulometric  t i t rat ions using 
the cell 

A g / R b A g 4 I J s a m p l e / R b A g 4 I J A g  
? 

Pt  

which is analogous to that  for si lver sulfide (17). The 
solid e lectrolyte  RbAg415 is essentially a si lver ion 
conductor and a wel l -def ined amount  of si lver may  be 
removed from the sample by passing a current  across 
the cell. The sample was a pressed plate, 0.2-0.5 m m  
thick, contacted on the edge by a p la t inum wire. At 
each tempera ture  the potential  difference be tween the 
pla t inum and the silver electrode was first mainta ined 
at about 100 mV for several  hours, af ter  which the 
coulometric t i t ra t ion was carr ied  out. A constant cur-  
rent  of 50-100 gA was passed be tween the p la t inum 
and the left  hand silver electrode, and the cel l  vol tage 
was measured using the p la t inum and the  r ight  hand 
silver electrode. 

Experimental Results and Discussion 
Crystal structure of Ag~Se-Ag3P04 solid solutions.-- 

Mixtures of Ag2Se and Ag3PO4 in various proportions 
were  heated at a number  of tempera tures  for 17 hr  
and furnace-cooled to room temperature.  The x - r a y  
diffraction patterns indicated that  the react ion products 
containing 5 to 10 m / o  Ag3PO4 prepared above 400~ 
were  single-phase solid solutions wi th  a body-centered  
cubic s t ructure  like that  of a-Ag2Se. There was a differ- 
ence in relat ive intensities of x - r a y  lines between a- 
Ag2Se and the solid solutions. For  a-Ag2Se the in ten-  
sities of the (200) and (211) lines were  the same, but  
for the solid solutions the intensi ty of the (200) line 
was the strongest. The detai led crystal  s t ructure  of 
the solid solutions could not be de termined  because 
no single crystals have been obtained. Samples in the 
composition range of 5 to 10 m / o  AgaPe4 which had 
been kept at room tempera tu re  for 6 months or more 
showed the same x - r a y  diffraction pa t te rn  as those 
which had been cooled abrupt ly  from 800~ to room 
temperature.  This result  indicated that  the a-Ag2Se 
s t ructure  was stable at ambient  temperature .  

Samples  containing 4 m / o  Ag3PO4 or less gave two-  
phase pat terns corresponding to the #-AguSe and ~- 
Ag2Se structures. In the range 15-40 m / o  AgsPO4, the 
samples prepared above 500~ gave only broad lines 
at 20 = 34 ~ . Above  40 m / o  Ag3PO4, both the broad 
lines and lines due to AgsPO4 were  observed. 
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In order to determine the range over which the 
a-Ag2Se phase exists at room temperature,  the var ia-  
tion of lattice constant of this phase with over-al l  sam- 
ple composition was measured. The results, as shown 
in Fig. 3, indicate that  the upper l imit  for the e-Ag2Se 
phase is 12 m/o  Ag3PO4. The lower l imit  could not be 
established from these data  because the diffraction 
lines for this phase were broad below 3 m/o  Ag3PO4. 

The/~ --> a t ransi t ion in Ag2Se, which occurs at 133~ 
(15), is an endothermic process. The t ransi t ion tem- 
perature as a function of composition in the Ag2Se- 
AgsPO4 system was determined by differential thermal  
analysis performed while the samples were heated 
from room temperature.  The results are shown in Fig. 
4. The t ransi t ion temperature  is lowered by the addi-  
t ion of Ag3PO4 and no thermal  arrest was observed 
for samples containing more than 3 m/o  Ag~PO4. This 
result  confirms 4 m/o  Ag3PO4 as the lower l imit  of the 
composition range over which the ~-Ag2Se phase is 
stable at room temperature.  

The mel t ing point in the Ag2Se-Ag~PO4 system 
decreased as the Ag~PO4 content  was increased from 
0 to 50 m/o. The mel t ing point was about 400~ for 50 
m/o  Ag3PO4. The phase diagram for the ent i re  Ag~Se- 

5.10 

5.0 0 - 

O - - "  

v 

I l t I ( I I I 
0 10 

Mole Percent Ag3P Q 
Fig. 3. Lattice constant, a, at 25~ as a function of over-all 

composition for solid solutions with the ~-Ag2Se structure in the 
Ag2De-Ag3PO4 system. 

200. 

f ~ .o 
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Mote Percent Ag3PO 4 
Fig. 4. ~ ~ ~ transition temperature as a function of composition 

for the Ag-~X (X = S, De, Te)-Ag~PO4 systems. 
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AgsPO4 system is too complex to be determined by 
thermal  analysis alone. 

Both Ag2S and Ag2Te exhibit  # ~ a t ransi t ions with 
increasing temperature.  Their  a phases have structures 
similar to that of a-Ag2Se and show high ionic conduc- 
tivity. In  order to compare the Ag~S-AgsPO4 and 
Ag2Te-Ag3PO4 systems with the Ag~Se-AgsPO4 sys- 
tem, their /~ ~ a t ransi t ion temperatures  were mea-  
sured as a funct ion of Ag3PO4 content. The results are 
shown in Fig. 4. In  both cases, the t ransi t ion tempera-  
ture  is independent  of composition, indicat ing that  
solid solutions are not formed. This was confirmed by  
the x - ray  diffraction pat terns of the thermal  reaction 
products in these systems, which showed only two- 
phase mixtures  of Ag3PO4 and Ag2S or AgsPO4 and 
Ag2Te at room temperature.  

Ionic conductivity.--The ionic conductivi ty was mea-  
sured by means of the cell shown in Fig. 1. The rela-  
t ion between the current  passed between the two silver 
plates and the voltage measured between the two 
Ag/RbAg415 probes obeyed Ohm's law, and the ionic 
conductivi ty was calculated from the slope of the cur-  
rent-vol tage curve and the dimensions of the sample. 
The var iat ion in ionic conductivi ty at 30~ with AgsPO4 
content  is shown in Fig. 5 for samples prepared at 
800~ cooled to room temperature,  and equil ibrated 
with pure  silver by connecting the p la t inum and silver 
electrodes for about 10 hr at 30~ before making  the 
conductivi ty measurements.  Samples containing 5-10 
m/o Ag3PO4 show very  high ionic conductivity, about 
0.1 (ohm-cm) -1 at 30~ This value is comparable 
with that  of RbAg4Is, 0.28 (ohm-cm) - t  at 25~ In  
Fig. 6, the ionic conduct ivi ty  of (Ag~Se) 0.985 
(Ag3PO4) 0.0~5 equil ibrated with silver at each measure-  
ment  temperature  is plotted as a function of tempera-  
ture. The energy of activation computed from the 
graph is 4.0 kcal tool -1. The high ionic conductivi ty 
and low energy of activation are consistent with the 
a-Ag2Se structure assigned to the composition on the 
basis of x - r ay  diffraction analysis and differential 
thermal  analysis. 

The a-phase solid solutions exhibit  deviations from 
stoichiometry, and their ionic conductivi ty changes 
with the cat ion- to-anion ratio, as observed for/~-Ag2Se 
and/~-Ag2Te (13). However the stoichiometric compo- 
sition of the a-phase solid solutions cannot be deter-  
mined by means of the theory of Wagner  and Schottky 

"" 

8 

[ i I 1 
0 10 20 30 40 

Ivb[e Percent Ag3PO 4 

Fig. 5. Ionic conductivity at 30~ as a function of composition 
for Ag2Se-Ag3PO4 samples equilibrated with pure silver at 30~ 
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(18), which was used for ~-Ag2Se and #-Ag2Te (13), 
because the a-phases contain high concentrat ions of 
both mobile ions and electrons. In this case, therefore,  
the composition equi l ibrated wi th  pure silver was 
chosen as reference state. 

The ionic conduct ivi ty  (~)  of a sample containing 
7.5 m / o  Ag3PO4 was measured at l l0~  as a function 
of the amount  of si lver (r) r emoved  from the sample 
after  it had been equi l ibra ted with pure  s i lver  at  110~ 
The reduct ion in s i lver  content, which was produced 
by passing current  between the p la t inum electrode and 
the lower  s i lver  electrode, was calculated from 

q 
r = - [1] 

xF  

where  q is the number  of coulombs passed, x the 
number  of moles of anion in the sample, and F the 
Faraday  constant. The re la t ive  conductivity,  ~i/~i, 
where  ~'i is the ionic conduct ivi ty  of the sample equil i -  
brated with  pure silver, is plotted as a function of r 
in Fig. 7. The change in r with r is small, and the 
exper imenta l  error  in ~ i /~  is about __0,001. 

Si lver  ions in a solid l ike ~-Ag2Se may  be free to 
move through a large number  of sites wi thin  the crys-  
tal. In that  case 

#i : eni~i [2] 

where  ni is the concentrat ion of s i lver  ion, m the ion 
mobility, and e the electronic charge. If it is assumed 
that  all the silver is ionized, the relat ion be tween nt 
and r may  be expressed by 

ni : ffi -- r ( N o / V m )  [3] 

where  ~i is the concentrat ion of si lver ion for the sam- 
ple equi l ibrated with  pure  silver, Vm the molar  vo lume 
of the material ,  and No Avogadro 's  number.  F r o m  Eq. 
[2] and [3], if ~+i is independent  of hi, we have 

~t r N o / V m  
= 1 -- _ - [4] 

�9 i n i  

According to this equation, the value of ~i may  be 
determined from the slope of the *i/#i vs.  r curve. 
From the slope of the curve  in Fig. 7, one obtains 
3.5 • 1021 cm -3 for ni. The ionic mobi l i ty  calculated 
f rom ~i and ni is about 5 X 10 -8 cm2/V-sec. The total  

\ 
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rxlO 3 
Fig, 7. Relative ionic conductivity, cri/~, of (Ag25e)o.9~5 

(Ag3P04)0.075 at l lO~  as a function of the deviation, t, from 
the composition equilibrated with pure silver at 110~ 

concentrat ion of si lver ion calculated f rom Vm ( =  40 
cm 3) is 3.1 X 1022 cm -8 in (Ag2Se)0.92~(Ag3PO4)o.975, 
which is about ten t imes larger  than the exper imenta l  
value  of hi. A possible explanat ion of this difference is 
that  the t ransport  of ions in solids with an a-Ag2Se 
type s t ructure  differs from transport  in liquids, due to 
interactions be tween the mobile  ions and the other  ions. 

The concentrat ion of mobile si lver ions in the a- 
Ag2Se solid solution cannot be compared with that  in 
a-Ag2Se, because the la t ter  has not been reported. I t  
may be concluded, however,  f rom the exper imenta l  
results that  the concentrat ion of mobile s i lver  ion in 
the solid solution is ex t remely  high compared with  
that  in ~-Ag2Se, which is only 3.5 >< 10 ~7 cm -~ at 105~ 
(13). 

Hal l  coef f ic ient  and  e l e c t ron i c  c o n d u c t i v i t y . - - T h e  
Hall coefficient and electronic conductivi ty of the 
Ag2Se-AgaPO+ solid solutions have also been measured 
as functions of r. The Hall  coefficient R was negat ive 
over  the whole range of r. The excess electron con- 
centration, he, was calculated by using the one-car r ie r  
equat ion 

1 
ne --  - -  [5] 

eR 

The excess electron concentrations in (Ag~Se)o.92~ 
(Ag~PO4)0.075 are shown in Fig. 8 as a function of r. 
The concentrations are fa i r ly  large and comparable  to 
those in a-Ag2Se, which were  found by Miyatani  et aL 
(19) to be in the range f rom 0.6 • 1019 to 6 • 1019 
cm -8 at 150~ In the range in which the hole con- 
centrations in (Ag2Se) 0.925 (Ag304) o.or5 are negligible 
compared to those of excess electrons, the relation 
between ne and r is given by 

ne = ne -- r ( N o / V m )  [6] 

where  ne is the excess electron concentrat ion when the 
sample is equi l ibrated with  pure  silver. According to 
this equation the slope of the ne vs.  r curve  is No/Vm.  
The exper imenta l  slope in Fig. 8 is 1.3 X 1019 cm -3 
at each tempera ture  investigated, in good agreement  
with the calculated value of 1.5 X 1019 cm -3 for No/Vm. 

The dependence of electronic conductivi ty on r for 
(Ag2Se)o.925(Ag3PO4)o.or5 is shown in Fig. 9. The Hall  
mobil i ty  calculated f rom ~e ---- ae/ene is shown in Fig. 
10. It depends fa i r ly  strongly on r, that  is, on the 
excess electron concentration. 
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Fig. 8. Electron concentration, he, in (Ag2Se)o.g25(Ag3PO4)o,075 
as a function of the deviation, r, from the composition equilibrated 
with pure silver at each measurement temperature. 
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Fig. 10. Hall mobility, #e, in (Ag~Se)o.925(Ag3PO4)o.o75 as a 
function of the deviation, r, from the composition equilibrated 
with pure silver at each measurement temperature. 
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Fig. 9. Electronic conductivity, ae, in (Ag2Se)o.925(Ag3PO4)o.075 
as a function of the deviation, r, from the composition equilibrated 
with pure silver at each measurement temperature. 

Coulometric titration.--The potential  difference (E) 
between the p la t inum electrode and one of the silver 
electrodes was measured while a constant  current  of 
50-100 ~A was being passed between the p la t inum elec- 
trode and the other silver electrode. Reproducible 
results were obtained up to a potential  of 160 mV for 
both addition and removal  of silver. Above 160 mV, a 
slow decay of the open-circui t  potential  was observed, 
possibly because of a slow decomposition of the Ag2Se- 
Ag3PO4 solid solution to fl-Ag2Se and Ag.~PO4. Typical 
results for E as a funct ion of r, obtained at 95~ for 
the sample containing 7.5 m/o  Ag3PO4, are shown in 
Fig. 11. The curves obtained in the tempera ture  range 
from room tempera ture  to 100~ for samples contain-  
ing 5 to I0 mlo Ag3PO4 are similar to the one shown in 
Fig. 11. 
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Fig. 11. Coulometric titration curve for (Ag~Se)o.92s 
(AgsPO4)o.075 at 95~ 

For excess electron concentrations (ne) as high as 
those in the present samples, Re is given by Fermi 
statistics as 

(8m*ekT) 3/2 
ne ---- F (~e/RT) [7] 

2h3 

where m*e is the effective mass of an excess electron, 
k the Bol tzmann constant, h Flanck 's  constant, ~e the 
chemical potential  of the electrons, and F(~e/RT) the 
Fermi-Dirac  function. By combining Eq. [6] and [7], 
and differentiating the resul t ing equation with respect 
to #e, we obtain 

No dr ~(8m*ekT) 3/s 
F' (#e/RT) [ 8 ]  

Vm dpe 2h3RT 

Dividing Eq. [8] by Eq. [7] gives 
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Table II. Properties of Ag2Se-Ag3P04 solid solutions equilibrated with pure silver 

Ag3PO4 Temp ~q Ce ne /~e 
(m/o)  (~ ( o h m - c m ) - I  ( o h m - c m ) - I  (cm ~)  (cms/V-sec)  m * e / m  

7.5 18 0.I0 1.8 x I0 ~ 4.3 x 10 TM 2.6 • I0 ~ 0.21 
55 0.25 1.8 X I0 s 4.5 x IOS~ 2.5 X I0 ~ 0.21 
75 0.33 1.7 X los  4.8 x 10 TM 2.2 x 10 e 0.21 
95 0.44 1.7 X los  S.1 x 10 TM 2.1 x 10 ~ 0.21 

10 15 0.060 1.5 • los 3.6 x 1019 2.6 • lO s 0.26 
55 0.17 1.5 X 103 3.'7 x 10 TM 2.5 • l 0  s 0.24 
75 0.27 1.6 x 10 ~ 3.8 x 10t~ 2,5 x los 0.24 
95 0.40 1.6 • los 3.9 x I0 TM 2.5 X los 0.23 

0 (c~-AgsSe) 150 2.7(a) 4 X I03<b) 6 X 101,(b) 4 X I0 ~(~) 0-16 <b) 

ca) Ref  (Ii). 
(b) Ref  (19). 

No dr ne F" (#,/RT) 
- -  - -  - -  [9]  

Vm d#e RT F (#e/RT) 

The chemical potential  of silver, ~Ag, is related to the 
electromotive force, E, by 

DAg - -  D~ = - -EF  [10] 

where D~ is the chemical potential  of silver in its 
pure state and F the Faraday constant. Denoting the 
chemical potential  of silver ion by DAg+, we have 

DAg + + De = DAg [II] 

In view of the high degree of disorder of silver ions in 
the sample, the chemical potential of silver ions is 
essentially independent of small variations in the 
cation-to-anion ratio. Hence, it follows from Eq. [10] 
and [11] that 

r ide ~ dDAg ~ - - d ( E F )  [12] 

From Eq. [12], Eq. [9] is rewri t ten  as 

dr F' (De/RT) 
- -  ne (F/RT) (Vm/No) [ 13] 

dE F ( pe/R T ) 

By using the values of dr/dE and ne obtained respec- 
t ively by coulometric t i t rat ion and Hall  coefficient 
measurements  together with tabulated values of F 
and F' (20), F (#e/RT) can be evaluated for each value 
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Fig. 12. Ratio of the effective mass, m'e, to the free electron 
mass, too, in (Ag2Se)o.925(Ag3PO4)o.075 as a function of the 
deviation, r, from the composition equilibrated with pure silver 
at 75 ~ and 95~ 

of he, and m*e is then found by using Eq. [7]. The 
values of m*e/mo obtained in this way for (Ag2Se)o.m5 
(Ag3PO4)0.075 at 75 ~ and 95~ are shown as a function 
of r in  Fig. 12. These results are comparable with the 
values of m*e/mo (0.1-0.15) for a-Ag2Se measured by 
Miyatani  et al. (19). 

S u m m a r y  
The properties of Ag2Se-AgsPO4 solid solutions with 

the a-AgzSe structure are summarized in Table II, 
together with the corresponding values for a-Ag2Se. 
This table shows that  the characteristic quanti t ies for 
these solid solutions are comparable with those for 
a-Ag2Se. 

The solid solutions with a-Ag2Se structure are mixed 
conductors which have both high ionic and high elec- 
tronic conductivi ty at room temperature.  These mixed 
conductors are suitable electrode materials  for the 
electrochemical analog memory  element  proposed by 
the present authors (13), because the silver ion diffuses 
sufficiently fast to main ta in  a homogeneous activity in 
the solid phase. 

Manuscript  submit ted Jan. 3, 1972; revised m a n u -  
script received Ju ly  6, 1972. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 
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A Thorough Thermodynamic Evaluation of the 
Silicon-Hydrogen-Chlorine System 

L. P. Hunt and E. Sirtl 
Dew Coming Corporation, Solid State Research and Development, Hemlock, Michigan 48626 

ABSTRACT 

A sensitive computat ional  method allowed the determinat ion of 
~Hf~ = --116.9 • 0.7 kcal /mol  based on various previously re-  
ported exper imental  investigations. For the first t ime the gaseous compounds 
SiCI~ and Si~C16 were included in a thermodynamic  evaluat ion of the Si-H-C1 
system. Diagrams relat ing C1/H (0.01-10) to Si/C1 over the temperature  range 
of 400~176 indicate the equi l ibr ium state of the system with respect to the 
corresponding increase or decrease of silicon in the gaseous phase. 

Many papers have appeared in the l i terature which 
have used thermodynamical ly  calculated equi l ibr ium 
states to aid in  explaining exper imental  data from the 
synthesis, hydrogenation, pyrolysis, and reduction of 
various ehlorosilanes. Some of these publicat ions con- 
tain individual  solutions for thermodynamical ly  de- 
scribing the Si-H-C1 system. More detailed analyses 
have been made by Lever (1), Niederkorn and Wohl 
(2), and Harper  and Lewis (3). Since the various 
thermodynamic  analyses lead to widely varying  re-  
sults, a recent article (4) critically evaluated the 
thermodynamic data used in  the equi l ibr ium calcula- 
tions and presented results based on the suggested 
values. This article also provides a detailed survey of 
per t inent  thermodynamic  li terature.  

The current  work thoroughly examines the s tandard 
enthalpy of formation of tr ichlorosilane since prior 
calculations had indicated that  the calculated equil ib-  
r ium molar  ratio of SiCL~/SiHCI~ was highly sensitive 
to the SiHC13 enthalpy used, relat ive to a fixed en-  
thalpy value of SIC14. The purpose of this paper, based 
on the revised SiHCla enthalpy and the evaluat ion of 
other per t inent  thermodynamic data, is to graphically 
present  the equi l ibr ium Si-H-C1 system in  a form that  
depends only upon the ini t ial  and final states of the 
system. We have selected, similar to Lever  (1), the 
temperature  var iat ion of the Si/C1 ratio as a funct ion 
of the C1/H ratio. 

Computational Techniques 
Modified versions of a computer  program, similar  to 

that  described by Cruise (5), were used for all equi-  
l ibr ium calculations. The generalized program mini -  
mizes the free energy of a system through an i terative 
technique in which the concentrat ion of specified spe- 
cies is varied in a controlled manner .  A condensed 
phase species is automatical ly excluded from the com- 
putat ional  process when  its concentrat ion reached a 
preset lower limit. Any  number  of probable species 
may be included in the program since input  is in the 
form of a matr ix  represent ing the elemental  d is t r ibu-  
tion among the species. 

The only restraint  on the init ial  estimate of species 
concentrations is that the species concentrat ions repre-  
sent the ratios of the atoms contained in  the reactants. 
The final equi l ibr ium state of a system is independent  
of the original dis t r ibut ion of the atoms among the 
species as long as the init ial  atomic ratios are the same. 
For example, one reaches the same equi l ibr ium mix-  
ture  from either 1 mole of SiH2C12 or from ~ mole 
each of Sill4 and SIC14. Therefore, the C1/H ratio is 
used to un ique ly  define the gas-phase composition of 
the Si-H-C1 system since it represents an infinite n u m -  

Key words: silicon, thermochemica l  equilibrium, transport, en- 
thalpy, vapor deposition. 

ber of conditions made possible by us ing different 
proportions of start ing materials.  

Since the once selected C1/H ratio has to remain  
constant  for a reaction in this system, the Si/C1 ratio 
is used to represent  the changing composition of the 
gas phase due to silicon either enter ing or leaving it 
via the condensed phase of elemental  silicon. 

In addition to using the tempera ture  and total pres- 
sure of the system as input  to the computer program, 
the physical state of each species must  be noted along 
with its basic thermodynamic  values. It  is the devia- 
tions in these values, the s tandard enthalpy of forma- 
tion, AH~~ standard entropy, S~ and the tempera-  
ture  funct ion of the heat capacity equation, C~ 
that cause different results to be obtained for the final 
computed equi l ibr ium state of a system. 

Thermodynamic Data 
Discussed below are chemical species for which the 

thermodynamic  data have been revised since our pre-  
vious publicat ion (4), or species that have been added 
to more thoroughly complete this analysis of the Si -H-  
C1 system. Data for the species Cl(g) ,  C12(g), and 
Si(g)  are considered well  enough characterized to be 
taken directly from the l i terature  (see Table I) .  

Standard Enthalpy ar Formation 
Trichlorosilane.--Scrutinization of AHf~ 

is necessary since the only two exper imental  deter-  
minat ions in the l i terature  differ by 13 kcal/mol.  
Reuther  (6) stated that  his value of --112 kcal /mol  
probably was too positive due to part ial  reaction of 
elemental  chlorine, l iberated by the combustion proc- 
ess, with the calorimeter. On the other hand, the 
enthalpy of --125 kcal/mol,  determined by Wolf (7) 
and corrected for the revised SiO2 enthalpy, seemed 
incompatible with exper imental  data close to equil ib-  
r ium conditions (8). Similar  to the case of several 
determinat ions of the s tandard enthalpy of SIC14, as 
discussed by Sch~fer and Heine (9), the supposed ex- 
per imental  error in Wolf's data may likewise be due 
to incomplete hydrolysis, and would therefore lead to 
a negative deviat ion from the most probable SiHC13 
enthalpy. Although past estimates (8) of the enthalpy 
of formation of SiHC13 appeared to yield satisfactory 
results when comparing calculated and experimental  
data (4, 8), the value of --116 kcal /mol  had no direct 
exper imental  basis, since it had been obtained by l inear  
interpolat ion between the enthalpies of SiH4(g) and 
SIC14 (g). 

During the course of our studies, it became obvious 
that  the entha lpy  of formation of tr ichlorosilane could 
be determined from already existing exper imental  
data. This is possible because the equi l ibr ium molar  
ratio nsic14/nsiHc13 is very sensitive (Fig. 1) to the 
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Table I. Thermochemical data 

A H ] O ~  So~s C ' p  = A + B T  + C T  -= (eu)  
Species ( k c a l / m o l )  Ref.  (e.u. )  Re f .  A B x 10 s C • 10  -~ ]get.  

CI= {g )  0.0 (=) 53 ,29 (25)  8.85 0 .16 - -  0 .68 (21)  
C l ( g )  28.1 (25) 39.46 (25) 5.53 - -  0 .16 - 0.23 (21) 
HCI  (g)  - -  22.0  (23) 44.65 (23) 6.27 1.24 0,30 (21) 
H~(g) 0 ,0  (6) 31.21 (23) 8.52 0.78 0.12 (23) 
S i ( g )  107.7 (17) 40.12 (17) 4 .82 0.18 0.42 (23) 
S i ( s )  0.0 (6) 4 .50 (17) 5.70 0 .70 -- 1.04 (21) 
S i H t ( g )  7.3 (20) 48.87 (27) 15.38 4 .88 - -6 .35  (17) (~) 
S i I ~ C I  (g) -- 34.0  (8) 59 .85  (27) 14.13 7.65 -- 3.82 (17) (a) 
SiH=Cl~ (g) -- 75.0 (8) 68,47 (27) 20 .34 2 .58 -- 5.86 (17) (o) 
S i H C l s ( g )  -- 116.9 (b) 74.85 (27) 22.79 1.43 -- 4.76 (17) (o) 
StC1,  (g) - -  156.7 (9) 79.01 (27) 25.39 0.23 -- 3.51 (17) (o) 
S i C l ~ g )  - - 76 .0  (b) 74.42 (17) (~) 19.60 0.14 -- 2.44 (20) (e) 
SiCI2 (g) -- 38.2 (13) 67.4 (20) 13.62 0,22 -- 1,26 (20) (o) 
SiC1 (g) 45.7  (17) 56.82 (17)  8.89 0.12 --  0 .34 (17) (o) 
Si=C16(g) - -  236.0  ()) 101.0 (~) 42.15 1.03 - 8 .46 (17) ~4) 

(=) Z e r o  b y  d e f i n i t i o n .  
(b) T h i s  p a p e r .  
(~) T h e  coef f i c i en t s  w e r e  o b t a i n e d  f r o m  a r e g r e s s i o n  a n a l y s i s  o n  t h e  d a t a  c i t ed .  
(~) R e g r e s s i o n  a n a l y s i s  o n  d a t a  f o r  C12C6(g). 
(e) T h e  d a t a  o f  P C l s ( g )  w a s  u s e d .  

Table II. Calculated values of ~Hf~ for various experimental SiCI4/SiHCI3 ratios at PT --" 1.0 otto unless otherwise noted 

R e f e r e n c e  

n s l o l  4 
F e e d  m i x t u r e  A s y m p t o t e  A H I ~  

(Si  p r e s e n t )  C I I H  T e m p  (~  c o r r e c t i o n  n s I H c l  s ( k c a l / m o l )  

(10) SiC1./H= 0.23 1200 N o  1.6 -- 117.4 
(10) S iHCIs /H~ 0.14 1200 N o  1.3 -- 117.6 
(28) I-I~/HC1 0.048 948 N o  0.48 -- 118.5 

0.048 1073 N o  1.5 - -  116.5 
0.20 948 N o  1.5 -- 117.4 
0.20 1073 N o  3.3 - -  115.9 

( I I )  SiHCI~/H3 0.21 1243 N o  3 .0  --  116.0 
0.25 1243 No  4.3 --  115.2 

(29) SiCIJI-I~ 0,30 1023 No 2.8 -- 116.4 
Y e s  2.0 -- 117,1 

(30) S I H C h / N s  3.0 948 N o  5.4 -- 117.5 
(P~ = 0.25) Y e s  11.0 - -116 .2  

Yes 8.3 - -  116.4 
(31) S iCI~ / I~  1.0 773 N o  2.3  -- 117,5 

s tandard  en tha lpy  of format ion  of SiHC13, assuming 
the  en tha lpy  of SIC14 as fixed, and  because a less com- 
p lex  chemical  equilibria exists  at  lower  temperatures .  
Below about  1250~ a negl ig ib ly  smal l  pa r t i a l  p ressure  
of SIC12 exists  such tha t  the  gas phase essent ia l ly  
contains only the molecules  SIC14, SiHC13, HC1, and 
H2.1 Therefore,  the on ly  uncer ta in  en tha lpy  is tha t  of 

1 T h e  v a r i a t i o n  of  t h e  i n t e r p o l a t e d  s t a n d a r d  e n t h a l p y  f o r  SiH~2I~ 
(g) b y  "+-2 k c a l / m o l  s h o w e d  no  m a j o r  i n f l u e n c e  on t h e  c a l c u l a t e d  
p a r t i a l  p r e s s u r e s  of  t h e  a b o v e - m e n t i o n e d  spec ies .  
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Fig. 1. Temperature variation of the equilibrium 5iCI4/$iHCI3 
ratio for various values of ~Hf~ at CI/H = 1.0, ! 
arm total pressure, and ~Hf~ = --156.7 kcal/mol. 

SiHC13 since the  work  by  Sch~ifer and  Heine (9) has 
given high re l i ab i l i ty  to AHf~ (SIC14). 

Ashen e t a / .  (10) pursued  the  same p rob lem in a 
s imi lar  way, based on the i r  da ta  obtained f rom the  
the rmal  decomposi t ion of SiHC13 and SIC14 in presence 
of hydrogen.  However ,  they  accepted the SiHClz value  
(uncorrected)  as the point  of reference and var ied  the  
SIC14 va lue  unt i l  agreement  was found wi th  thei r  k i -  
netic data. 

There  are severa l  exper imen ta l  s tudies ava i lab le  
which  al low comparison of the different  SiC14/SiHCI~ 
rat ios close to or ex t rapo la ted  toward  infinite res idence 
time. These data, and others, compi led  in Table II, 
show our ca lcula ted  values  of ~H~~ from 
react ions involving the  decomposi t ion of SiCla or 
SiHC13, the  hydrogena t ion  of SIC14, and  the format ion 
of chlorosi lanes by  hydrochlor ina t ion  of silicon. The 
most p robab le  en tha lpy  value  of --116.9 _ 0.7 kca l /  
real  devia tes  only s l ight ly  f rom the va lue  --116 ob-  
ta ined  f rom the  l inear  re la t ionship  wi th in  the  sequence 
Sill4 --> SIC14 proposed  ear l ie r  (8). The da ta  given 
by  Hata  et a/. (11) mus t  be weigh ted  l igh t ly  due to 
the i r  exper imen ta l  difficulty of t r app ing  the product  
gases. 

Due to the  large concentrat ion of gaseous si l icon di-  
chlor ide in a h i g h - t e m p e r a t u r e  react ion zone the ana l -  
ysis of exhaust  gases in any known silicon deposi t ion 
reactor  system must  lead to erroneous the rmodynamic  
conclusions. The ma jo r  reason for  this  is the  r ecom-  
b ina t ion  of the  dichlor ide  wi th  hydrogen  chlor ide  to 
form t r ichlorosi lane in the  downs t ream area. Depend-  
ing on the quenching rate,  po lymer  subehlor ides  of 
ve ry  low vola t i l i ty  also m a y  be formed addi t iona l ly  
influencing the  resul ts  and  the  meaning  of any  gas 
analysis.  

Silicon subchlorides.--A thorough s tudy of the  Si-  
SiCI4 system up to 1575~ by  Sch~fer and  Nickl (12), 
and suppor ted  by  more  recent  s tudies (13, 14), indi-  
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cates that SIC14 and SIC12 are the only gases present  
to wi th in  less than the 2% exper imental  error in the 
measured part ial  pressures. Nevertheless, for theo- 
retical as well as practical reasons, we wanted  to com- 
plete our thermodynamic  analysis of the Si-H-C1 sys- 
tem by also including the gaseous compounds SIC1, 
SiCI~, and Si2C16. Although SIC13 has not been re-  
garded as an equi l ibr ium species by authors (1, 2) who 
have considered SIC1, recent EPR measurements  (15) 
have shown the relat ive concentrat ions of species in 
the Si-C1 system to be SIC12 > SiCh > SiC1 at tem- 
peratures greater than 600~ Equi l ibr ium calculations 
in our subsequent  paper (16) are found to agree with 
these exper imental  observations in the lower tempera-  
ture area. 

The s tandard enthalpy value for SiCl(g) was taken 
from the JANAF Tables (17). The appreciable uncer-  
ta in ty  (445.7 +_ 15 kcal /mol)  is the result  of two dif-  
ferent  spectroscopic evaluations. However, calculations 
at 1500~ using even the lowest value (430.7) show 
that  the amount  of SiC1 is <8 X 10-2% in the Si-C1 
system. 

A small change has been made in the enthalpy of 
SiC12(g) based on the work by Sch~fer et at. (13). 

There is no l i terature  concerning the standard en-  
thalpy of formation of SIC18 (g). Unfortunately,  a sim- 
ple l inear  interpolation, as it was applied successfully 
to the sequence of "saturated" compounds in the series 
Sill4 -~ SIC14, is no longer meaningful  in the case of 
Si(g)  -> SiC14(g). The energy states of the unbonded 
valence electrons are different in each case, as are the 
bonding angles of the ligands. It  can be assumed that  
the compounds having an  unpaired  electron deviate 
from incrementa l  l inear i ty  in an endothermal  sense 
(more positive enthalpy of formation) .  This is demon-  
strated by the diagram shown in Fig. 2. The s tandard 
enthalpy of silicon trichloride was obtained from a 
computat ional  analysis of the Si-C1 system where, 
based on studies by Sch~ifer and Nickl (12), the part ial  
pressure of SiCl3(g) was not allowed to exceed 0.3%. 
This gave a m in imum enthalpy  value of --78 kcal /mol  
which supported our hypothesis. 

A basic estimate leads to the chosen value of 
AHf~ When one mole of Si2Cl6(g) is syn-  
thesized from 2 moles SiCl3(g), the heat of reaction 
consists of the sum of the heat of formation of a sili- 
con-sil icon bond plus a " rear rangement  energy," AHR, 
of the SIC13 molecules characterized by the spatial 
deviation of the Si-C1 bond orbitals from their te t -  
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Fig. 2. Entholpy relotionship for the series Si(g)'-~SiCI4(g) 

rahedral  a r rangement  in SIC14. Since the term 
~H(SiC13,g) 4 AHR, by definition, is nothing else but  
the hypothetical  value of an "ideal" SIC13 molecule 
obtained by l inear interpolat ion (Fig. 2), the s tandard 
enthalpy of gaseous Si2C16 can be calculated directly 
as follows 

AHf~ (Si2C16,g) = 2[AH (SiC13,g) 4 AHR] 4 ~Hm-si 
----2(--91) 4 (--54) 
= --236 kcal/mol:  

According to Pau l ing  (18), AHsi-si is the negative 
value of one-half  of the atomic subl imat ion  energy 
hH~ of silicon. The l imit  of accuracy is esti- 
mated to be less than --+2 kcal/mol.  

The catalytic thermal  decomposition of Si2C16 has 
been reported (19) to be complete at temperatures  
between 350 ~ and 400~ according to the reaction 

2Si2C16(g) --> 3SiC14(g) 4 Si(s) 

This is in  agreement  with our calculations and, thus, 
supports the val idi ty  of the proposed enthalpy of for- 
mat ion of hexachlorodisilane. 

Standard Entropy 
The entropy of SiCl~(g) taken from recent ly  tabu-  

lated data (20) is near ly  2 kcal /mol  higher than  that  of 
A1C18 (g) or PC13(g). Since the entropy values of both 
A1CI~(g) and PCls(g) are well  established, we ac- 
cepted the entropy of SIC13 (g) to be equal to that  of 
PCla (g). 

No entropy data appears in the l i terature in the case 
of Si2C16(g). The only compound related to Si2C16 is 
C2C16 (A12C16 has a different molecular  s t ructure) .  
Fortunately,  entropy data for hexachloroethane are 
tabulated (17). Thus, comparisons within a homologous 
group can be used to make fair ly accurate estimates. It  
is our experience that, wi thin  a homologous series of 
reactions, the difference in reaction entropies be- 
tween the first and the second element  in  a group of 
the Periodic System general ly  amounts  to 1 or 2 eu. 
Using the reaction M2C16(g) -> 2MCls(g), a value 
of 101 -+ 1 eu (cal /deg mol) was calculated for 
S~ (Si2Cl6,g). 

Molar Heat Capacity, C~ 
The heat capacity data for HCI(g) and Si(s)  re-  

ported (4) earlier have been replaced by more accurate 
values. 

The coefficients of the terms in the heat capacity 
equation were determined in m a n y  cases by regression 
analysis of the original data cited over a tempera ture  
range of 298~176 The ma x i mum deviat ion of the 
calculated from the original data is <2% for the com- 
pounds predominate  under  normal  conditions. A single 
form of the heat capacity equation was chosen be-  
cause of convenience and  of its more  general  use in  
compilations (21-23). 

Results and Discussion 
Computations over the CI/H range of 0.01-10 and 

over temperature  and total pressure spans of 300 ~ 
1700~ and 0.1-1.0 a tm were carried out with the data 
compiled in  Table I. The thermodynamic analysis in -  
dicates that  the following species can be ignored at 
equi l ibr ium due to their  low par t ia l  pressures while 
main ta in ing  --~99% accuracy: Sill4 SIC1, SIC18, Si2C16, 
C1, C12, and Si (g). A comparat ive discussion of the ex- 
per imenta l  and calculated behavior  of individual  
species is given in a subsequent  article (16). 

The Si-H-C1 equi l ibr ium system is well  i l lustrated 
by Fig. 3 and 4 which show the var iat ion of the final 
silicon content  of the gas phase (Si/C1 ratio) with the 
ini t ial  chlorosilane concentrat ion (and, therefore, C1/H 
ratio) at various temperatures.  There are three Si/C1 
values in this system that  are approached asymptoti-  
cally in the diagrams; 0, 0.25, and 0.50. Total conversion 
to elemental  silicon (Si/C1 = 0) is the ul t imate  case to 
be reached at very  low C1/H ratios and increasing tern- 
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Fig. 3. (a, left) The silicon content of the gas phase as a function of the CI /H ratio at 1 arm total pressure for 50 degree tempera- 
ture increments. (b, right) An enlargement of a portion of (a). 

peratures. Silicon tetrachloride (Si/C1 = 0.25) is the 
major  compound of significance at high C1/H values 
and at temperatures  up to approximately 13O0~ At 
lower temperatures  and decreasing C1/H ratios, the 
silicon content  of the gas phase is changed due to the 
relat ive importance of tr ichlorosilane (Si/C1 = 0.33) 
with respect to silicon tetrachloride. Both high tem- 
peratures and increasing C1/H ratios strongly favor 
the formation of silicon dichloride (Si/C1 = 0.50), the 
most stable of the gaseous subchlorides below the 
mel t ing point of silicon. 

Figures 3 and 4 are par t icular ly  useful  in de termin-  
ing the max imum yield of silicon from chlorosilane de- 
composition, or the direction and magni tude  of silicon 
t ransport  reactions. Negative yields, preferably ob- 
ta ined with HC1, HC1-H2, or SiC14/H2 mixtures  indicate 
the dissolution (etching) of silicon. 

In  the first case, the theoretical silicon yield (n) 
can be easily calculated from the equation n = 

101 

100 

1 0 - I  

10-2 
�9 I I I I 

0.1 0,2 0.3 0 .4  

Si/CI 

Fig, 4. The silicon content of the gas phase as a function of 
the CI /H ratio at 0.1 atm total pressure for 50 degree temperature 
increments. 

( V -  V')/V, where V is the Si/C1 ratio of the start ing 
mix ture  and V' is the ratio at equil ibrium. The t rans-  
port direction of silicon in a temperature  gradient  for 
a given C1/H ratio, can be determined from the equi-  
l ibr ium Si/C1 ratios (VI', V2') existing at two silicon 
subsystems. Transport  will  occur by diffusion in the 
direction of the lower Si/C1 ratio. The t ransport  dr iv-  
ing force can be formulated according to hPsi = 
VI' -- V2'. In  the case of Tt > T2 a positive value of 
hPsi corresponds to a silicon transport  to higher tem- 
peratures. For a quant i ta t ive  t rea tment  of a diffusion- 
l imited t ransport  process, equations given in  Sch~fer's 
book (24) may be used. 

The application of the different diagrams to a n u m -  
ber of practical cases will  be demonstrated in a sub-  
sequent paper (16). 
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Light Scattering from Photoresist Films 
F. P. Laming I and R. E. Straile 

Bell Telephone Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Nonfluorescent light scattering at 6328A from films of Kodak Metal Etch 
Resist and Kodak Thin Fi lm Resist has been measured over an angular  range 
of l~ ~ from the incident direction. A correlation is made between these 
measurements  and resolution loss due to scattering which can occur when  the 
resists are used for photolithography. It  is found that  such resolution loss can 
occur if certain limits on thickness or exposure are exceeded. 

When high resolution is not an essential requi rement  
there are few unsolved problems in the technology of 
pat tern generation for thin-f i lm circuits. However, 
when it is required to generate a pat tern  in which 
components are separated by distances of the order of 
only one micron, not only do problems become acute 
but  the origins of many  difficulties are as yet u n -  
determined. Although a number  of factors contr ibut-  
ing to resolution loss can be postulated, they cannot 
be placed in order of precedence unt i l  they have been 
quant i ta t ive ly  evaluated. The results  reported here 
will allow the relat ive importance of light scattering to 
be assessed when other contr ibut ing factors (such a s  
edge diffraction, reflection, etc.) have been similarly 
determined. 

Light scattered by a resist film consists of three 
distinct factors: (i) inelastic scattering, such as fluo- 
rescence, (ii) elastic scattering of absorbed light or 
resonance fluorescence, and (iii) elastic bu t  nonab-  
sorbed scattering, such as that considered by Mie or 
Rayleigh. In  this report  we are concerned only with 
type (iii). 

Nonfluorescent scattered light from thin-f i lm ma-  
terials can originate either at interfacial  boundaries  or 
wi thin  the film material.  The relat ive contr ibut ion 
from the two sources depends on the na tu re  of the film 
mater ial  and the refractive index differences at the in -  
terfaces. In  most studies of th in  films, interracial  effects 
are el iminated as far as possible since informat ion on 
the s tructure of film mater ia l  is obtained pr imar i ly  
from the bulk-f i lm scattering (1). In  the present  work 
it is the total  nonfluorescent l ight scattering which 
is of interest. Our measurements,  therefore, include the 

1Presen t  address: In ternat ional  Business Machines Corporation, 
East Fishkill Facility, Hopewell  Junction, New York 12533. 

Key words: light, scattering, photoresist, Rayleigh. 

contr ibut ion of boundary  scattering as a significant 
factor. 

Figure  1 shows the interact ion between a photo- 
resist film and an incident  perfectly collimated beam 
of light of intensi ty I. For simplicity, only scattering 
originating at the film surface is illustrated, but  simi- 
lar  diagrams could have been d rawn at any  depth 
wi thin  the film material.  The scattered light intensi ty 
will, of course, be greatest when  the scattering angle e 
is small, d iminishing to a m i n i m u m  at 0 ---- 90 ~ Back- 
scattering will  not be considerd. If the scattered in ten-  
sity at a given angle 0 is sufficient to expose the photo- 
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Fig. 1. Scattering of light from a photoresist film 
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resist, then loss in resolution wil l  occur. Our present  
purpose was to de termine  at wha t  angle o such resolu- 
tion loss first begins to occur under  the conditions of 
normal  photol i thographic practice. 

E x p e r i m e n t a l  
Kodak Metal  Etch Resist (KMER) was chosen as the 

mater ia l  of p r imary  interest  since it is known to give 
poor resolution (2) and is the least purified resist  sup- 
plied by Kodak. It should, therefore,  present  more of 
a scat ter ing problem than any other  resist. Kodak Thin 
Fi lm Resist (KTFR) was also studied. 

The resists were  deposited as films on glass micro-  
scope slides by spinning, wi thout  purification by filtra- 
tion. Thickness measurements  were  made using a Taly-  
surf Model 4. Each film was baked at 100~ for 30 min  
prior  to use. 

A diagram of the scat ter ing apparatus  is presented 
in Fig. 2. The design is similar to that  described by 
Lundberg  et al. (3) for measur ing l ight scattering f rom 
molecular  solutions. 

The output  of a 25 mW H e / N e  laser was in te r rupted  
at a ra teof  400 Hz by a PAR* Model BZ-1 light chopper, 
positioned inside the laser cavi ty to el iminate edge dif-  
fraction f rom the chopper blades. The  p r imary  beam 
was deflected so as to pass at normal  incidence through 
the sample under  investigation, which was mounted  on 
a fixed stage above a ro ta tory  table. The beam met  
the sample at a point precisely above the  center  of 
the table. Scat tered l ight  was observed wi th  the pr i -  
mary  photomult ipl ier  fixed to a r igid a rm at tached to 
the center  of the table. The arm was moto r -d r iven  at 
a ra te  of 6 ~ per rain. 

The apparatus was used as described for measure-  
ments  down to 15 ~ , and with  some care down to 10% 
Below I0 ~ however ,  a sl ight modification was neces-  
sary because the extension tube at tached to the pri-  
mary  photomult ip l ier  began to contact  the main  l a s e r  
beam. For  low-angle  measurements ,  therefore,  the long 
extension tube was replaced by a short  tube with  a Ye 
in. c i rcular  aperture.  This "pin-hole"  a r rangement  en- 
abled measurements  to be extended to 1 ~ though the 
wider  acceptance angle of such an a r rangement  re -  
sulted in some loss of accuracy. The motor  dr ive  for 
the detector  a rm was not used in this mode of opera-  
tion. Accuracy  of the data  decreased with  decreasing 
angle and was approximate ly  ___5% above 15 ~ , ___10% 
down to 3 ~ , and ___20% at 1 ~ 

In order  to e l iminate  minor  fluctuations due to small  
dai ly changes in exper imenta l  conditions all scat ter ing 
measurements  were  made wi th  respect  to a fixed stan- 
dard; a 3 mm thick sample of Mylar  ~ was found to be 
appropriate.  Scat ter ing f rom this sample at 45 ~ was ob- 
served af ter  each determinat ion  of resist scattering, 
and the ratio between the la t ter  and the former  taken 
as a measure of absolute scattering intensity. The ratio 

�9 A commercial polyester resin. 

obtained in this way  also includes a contr ibut ion f rom 
the microscope-sl ide substrate. This contr ibut ion arises 
main ly  from one surface of the glass slide (neglecting 
scattering wi th in  the bulk of the glass) since the other  
glass face presents an almost  index-matched  surface 
to the resist. The required resist scattering is, therefore,  
given by the expression 

/SUB 
lOBS 

2 
I R - -  

IMYL 

where  IR : scat ter ing measurement  required;  lOBS : 
observed scat ter ing intensi ty at angle 0; /SUB : ob- 
served scattering f rom substrate  alone at angle 0; IMYL 
: observed scattering from Mylar  s tandard at 45 ~ 

Table I lists values of IR obtained for two sets of 
KMER films down to 15 ~ Al though no specific a t tempt  
was made to vary  film thickness, one set of slides was 
4.37~, thick and the other  4.20~. The precision of these 
measurements  was sufficient to show clear ly  the differ- 
ence in scattering be tween  the two thicknesses; the dif-  
ference, AIR, must  arise f rom the  bulk film material .  
Values of AIR are also quoted in Table I. Each figure 
quoted is an average value  taken f rom a min imum of 
12 separate measurements  on six specimens of each 
sample. 

Below 15 ~ a fur ther  correction to the above expres-  
sion is required because in this region the main  laser 
beam begins to contact the  p r imary  photomult ip l ier  
housing resul t ing in an increasingly significant contr i-  
bution to the measured intensi ty f rom unwanted  reflec- 
tions. A measure of this contribution, Ii, was obtained 
by scanning down to 1 ~ in the absence of e i ther  micro-  
scope slide or sample. The revised  equation is then 

l O B S - -  ( - - T  + l~) ISUB 

I a  = 
IMYL 

Because measurements  in this region were  not so 
precise, changes in scattering due to small  var iat ions 
in film thickness were  not apparent.  Table  II  lists the 
results obtained for KMER and K T F R  films together  
with substrate measurements  over  the range 15 ~ to 1 ~ 
The difference between KMER and K T F R  can best be 
seen in Fig. 3. Both sets of data were  taken from films 
approximate ly  4~ thick. It  is apparent  that  the intensity 
of scattered l ight  f rom films of KMER exceeds that  
f rom KTFR by approximate ly  40 times. 

In order to conver t  IR values to absolute units ( a s  
percentages of incident intensi ty) ,  the intensi ty of the 

Table I. Scattering intensities IR • 10 ~ for various 
scattering angles 8 

10 ~ 15" 30" 45" 00" TO" 

~WEDGED MIRROR FILTER 

ATTENUAT(NG CHOPPER-~ POLARISER~ ~:~ POLARISER 

/-ROTARY TABLE 

SPECIMEN 
SECONDARY % 

LIGHT TRAP ~ .  PRIMARY 
PHOTOMULTIPLIER 
RCA 6r99 

K/VIER 
thickness 520 112 16.5 6.36 2.68 0.91 

4.3"//~ 
KMER 

thickness 300 80,0 14.2 5.57 2.35 0.86 
4.20/L 
A/a 

thickness 20 32.1 2.3 0.70 0.33 0,05 
0.17~ 

�9 Figures in this column are the least accurate. 

Table [[. Scattering intensities IR for 0 ---~ 15 ~ 

1 ~ 3" 5* 10" 13" 

KMER 40 6.8 3.4 0.80 0.18 
KTFR 1.0' 0.16 0.050 0.014 0.008 
Glass 0.5" 0.050 0.020 0.012 0.000 

" Estimate. Fig. 2. Light scattering apparatus 
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a plane glass slide, (B) a slide coated with KTFR, and 
(C) a slide coated with KMER. Measured values of I 
incident at 0 ~ are 7900, 7600, and 7500 for A, B, and  C, 
respectively. The observed difference between these 
values is largely due to the absorption of the films at 
6328A which in each case is approximately 5%. Clearly, 
the total scattered intensi ty  over a solid angle of 4~ 
steradians is an insignificant contr ibut ion to the loss in 
forward intensity.  

The observed IR value of 6.8 (see Table II) for a 
KMER slide at 3 ~ is therefore equivalent  to 0.086% of 
the incident  intensity,  while that  of 0.16 for KTFR at 
the same angle is equivalent  to 0.002% of incident.  

Exposure of photoresist materials  to light results in 
s t ructural  changes in  the resist mater ial  which alter 
its solubili ty in the developing solvent. For  negative 
resists, such as KTFR and KMER, unexposed areas are 
thus preferent ia l ly  removed from the substrate during 

D 

SCATTERtNG ANGLE iN DEGREES 

0 , 8  

<r 0 . 6  

: 0 . 4  

z 0 .2  

4 0  

KTER 

I I I I 
0 I 2 3 4 5 6 7 8 9 I0 

SCATTERING ANGLE |N DEGREES 

Fig. 3. Light scattering below 10 ~ from films of KMER and 
KTFR. 

incident beam relat ive to the Mylar s tandard was mea-  
sured by scanning through 0% To do this the incident  
in tens i ty  was reduced wi th  a neut ra l  density filter of 
t ransmi t tance  0.1%. Figure  4 i l lustrates the scattering 
profile of the incident  beam as observed through (A) 

O3 
/-- 

>- 
rr" 
<~ 
gl:: 
I'- 

n-" 
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>,- 
I'- 

Z 
IJJ 
I"-- 
Z 

A = CLEAR GLASS SIDE 
B = KTFR 
C = KMER 

0 I 2 5 4 5 

ANGULAR SEPARATION FROM INCIDENT IN DEGREES 

Fig. 4. incident beam profiles close to 0 ~ 

development. Since the development  process is differ- 
ential  there can be some areas where the solubili ty 
has been decreased only sufficiently for par t ia l  re-  
moval  to occur. Normal  photolithographic procedure 
at tempts to e l iminate  the effect of par t ia l ly  exposed 
areas by fair ly severe washing techniques, tak ing  ad- 
vantage of the lower adhesion of the film in  these areas. 
A characteristic curve applicable to this practical ap- 
proach is represented by the solid l ine of Fig. 5. This 
curve is analogous to a photographic H&D curve. Be- 
low point  A adhesion of the resist to the surface breaks 
down and the mater ia l  can be completely removed by 
the developing agent. 

We have extended this characteristic curve for 
KMER by using a less vigorous development  technique 
so as to re ta in  even the less adherent  film. Each slide 
was exposed to an i l luminat ion of 1800 lumens / f t  2 from 
a 100W Black Light Eastern high pressure mercury  
lamp. Exposure times varied between 5-60 sec. After 
exposure, each slide was developed using KMER devel-  
oper as follows. The exposed slide was immersed 
photoresist upwards in a shallow Petr i  dish containing 
rapidly st irred solvent. Dur ing  the final 10 sec of the 
3 rain wash the upper surface of the slide was sub- 
jected to a jet  of solvent applied wi th  a syringe. The 
slide was then removed and dried in a s tream of warm 
air. A measure of the amount  of photoresist retained 
on the glass slide was obtained by measur ing the ab- 
sorption of the retained film at 400 rn~ with a Beck- 
ma n  DU2 spectrometer. 
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The resul t ing characterist ic curve  is shown as the 
solid and dashed lines of Fig. 5 down to point B. At  B, 
resist adhesion broke down even under  the mild  condi- 
tions described above. The dotted curve  is an ex t rapo-  
lation. 

Results and Discussion 
The pr ime purpose of this work  was to de te rmine  

whe ther  the intensi ty of  nonfluorescent l ight scattered 
from a photoresist  mater ia l  is a significant factor  in 
determining the resolution of the photoli thographic 
process. The highest  scat ter ing value  determined f rom 
the above measurements  was for the KMER film at 1 ~ 
and amounted to only 0.51% of the incident intensity. 
It must  be remembered,  however,  that  this figure was 
determined using l ight of wave length  6328A. Nor-  
mally,  these resists are exposed to a high pressure 
mercury  lamp wi th  a peak emission at about 3600A. A 
correction for this discrepancy can be made if the scat- 
te r ing  follows Rayleigh theory, when  the intensi ty  of 
scattering wil l  va ry  inverse ly  as the four th  power  of 
the wavelength.  A scattered intensi ty of 0.51% at 
6328A is therefore  equivalent  to a scattered intensi ty 
of 4.9% at 3600A, and it is this which womd be en-  
countered in pratcice. Whether  this wil l  result  in a 
significant resolut ion loss depends on the intensi ty of 
light used in the exposure step. 

Typically, exposure t imes of 60 sec are used for films 
of K T F R  and KMER 1500A thick at an intensi ty of 
4500 lumens / f t  ~. Assuming a l inear  relat ionship be- 
tween exposure intensi ty and exposure  time, this is 
equivalent  to an exposure t ime of 150 sec with our in-  
tensity of 1800 lumens / f t  2. Four  and n ine- tenths  per 
cent of the typical  exposure used in practice would, 
therefore,  be equiva len t  to an exposure  t ime of approx-  
imate ly  7.5 sec under  our conditions. This corresponds 
to a point be tween A and B on our sensit ivi ty curve  
and would therefore  resul t  in resolution loss if a mild  
development  procedure were  used. But  no effect would  
be observed using the more vigorous convent ional  
development  technique. 

It  is now possible to calculate the amount  of over -  
exposure  necessary to produce a known resolution 
loss due to scattering. F rom Fig. 6 it can be seen that  
a perfec t ly  col l imated beam of light wil l  be broadened 
by an amount  2x _-- 2t �9 tan ~ af ter  passing through a 

I N C I D E N T  C O L L I M A T E D  RAY 

::iiiiiiiiiiiiiii 
I .#i;ili!~i~iliiiiiiiii 

/ F 

,, 
t 

LUeO 

- - 0  x ~ 

~o ~ 
XSCATTERED X ~ 

L I G H T  ~ o~ 

= MEASURED SCATTERING ANGLE 

= TRUE SCATTERING ANGLE 

2 x  = POSSIBLE RESOLUTION LOSS 

t = F I L M  THICKNESS 

Fig. 6. Resolution loss 

resist layer  of thickness t (actually this assumes that  
the total measured scattered intensi ty arises at the 
init ial  resis t -air  interface; the calculated resolution 
loss is therefore  an over -es t imate) .  The t rue  scattering 
angle r is related to the measured angle by Snell 's  
Law (for a good index match between resist and glass 
slide). Measured values of 0 = 15 ~ 10 ~ 5 ~ 3 ~ and 1 ~ 
are therefore  equivalent  to r values of 9~ ', 5~ ', 3~ ', 
2~ ', and 0~ ' respectively.  

It  can thus be seen that  if the scattering intensity at, 
say, 0 ---- 10 ~ is sufficient to produce adherence in the 
photoresist, then a 1~ line will  be broadened to a 1.23~, 
l ine for a resist layer  1# thick, and to a 1.03# line for 
a resist layer  only 1500A thick. For  this to occur the 
intensi ty at e ---- 10 must be equivalent  to an exposure 
of 12 sec at 1800 lumens / f t  2 (see Fig. 5). Since the 
scattered intensi ty at this angle is only 0.067% of the 
incident intensi ty exposure to an i l luminat ion of 4500 
lumens / f t  2 would have  to be continued for  6.5 X 103 
sec for the resolution loss to be real. Such gross over -  
exposure is not  l ikely  to occur in practice. F igure  7 
i l lustrates values which have  been calculated in this 
way for KMER and KTFR films 4~ thick. For  th inner  
resist films the resolut ion loss would be less than that  
shown because (i) there is a l inear  relat ionship be-  
tween line broadening and film thickness, and (//) the 
intensity of scattered l ight  wil l  decrease wi th  film 
thickness. 

It  should be r emembered  that  the scattering mea-  
surements  reported here do not include any contr ibu-  
tion f rom resonance fluorescence. Since a 1~ film of 
resist will  absorb approximate ly  50% of the incident 
3600A light, this fluorescence may  be an appreciable 
factor, al though much of this energy wil l  no doubt be 
dissipated thermally.  Reflect ivi ty of the substrate  has 
also been ignored for the present, but it should be 
borne in mind that  this may  increase scat ter ing reso-  
lut ion loss s l ightly because of mult iple  reflections. T h e  
effect may not be severe, however,  because of the high 
resist ext inct ion coefficient. 
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Fig 7. Degradation as a function of exposure time at an exposure 
intensity of 4500 lu/ft 2. 
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Conclusion 
Nonfluorescent light scattering from films of Kodak 

Metal Etch Resist (KMER) has been measured over an 
angular  range of 1~ ~ and from films of Kodak Thin  
Fi lm Resist (KTFR) over an angular  range of 1~ ~ 
Scattering from KMER is approximately 40 times that  
from KTFR. 

The intensi ty  measurements  reported here are used 
to determine to what  extent  nonfluorescent light scat- 
ter ing from resists wil l  contribute towards image 
degradation in high-resolut ion photolithography. It is 
concluded that  such scattering will  not contr ibute to 
resolution loss providing the exposure employed does 
not exceed certain limits which are specified. 

Manuscript  received June  16, 1972. This was Paper  
319RNP presented at the Boston Meeting of the So- 
ciety, May 5-9, 1968. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 
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Silicon Epitaxial Growth by Rotating Disk Method 
Kafsuro Sugawara* 

Semiconductor  and Integrated Circuits Division, Hitachi, Ltd., Kodaira, Tokyo,  Japan 

ABSTRACT 

By a rotat ing disk method which had quant i ta t ively  been treated in fluid 
motion, silicon epitaxial  deposition using the SiC14-H2 system was effeeted 
at various susceptor rotat ion speeds and various pressures. Calculation of the 
growth rate was ini t ia l ly made with a one-dimensional  model of an in-  
finite diameter  disk without considering na tura l  convection caused by local 
heating. This was followed by a numerica l  solution of Navier-Stokes equations, 
cont inui ty  equation, and equation of energy of cylindrical  coordinates, using a 
three-dimensional  model and taking na tura l  convection into consideration. 
With the three-dimensional  model including na tura l  convection, a quant i ta t ive 
description can be given of the influence of susceptor rotat ion speed and pres-  
sure on the growth rate at a temperature  higher than 1150~ 

The SiC14-H2 system is most widely used for silicon 
epitaxial  growth. As pointed out by Bylander  (1), epi- 
taxial  growth is mass- t ransfer  controlled in the higher 
temperature  region, with about 1150~ as the dividing 
line; while  in the lower temperature  region, chemical 
reaction on the substrate surface is the ra te -de te rmin-  
ing step. For a bet ter  qual i ty  of crystal l ini ty required 
for semiconductor devices, the reaction is desirably 
performed in the higher tempera ture  region. Conse- 
quently,  the growth is closely connected with the con- 
centrat ion of supplied gas, its flow pattern, and the 
flow-rate control. For this reason, the gas-flow pat tern 
was observed in a horizontal reactor in  relat ion to the 
pressure, flow rate, and na tura l  convection, using TiO2 
fumes as a tracer (2-3). Then the relat ion of gas-flow 
pat tern to the epitaxial deposition rate dis t r ibut ion was 
investigated. This was followed by consideration of a 
boundary  layer of certain thickness on the susceptor, 
which was determined by the gas-flow rate and pres-  
sure. Then a diffusion equation that  took into account 
the diffusion and na tu ra l  convection of the reactant  
gases was solved and a comparison with the experi-  
mental  value was at tempted (4). However, since the 
thickness of the boundary  layer was subst i tuted by the 
value estimated from the experiment,  it lacked accu- 
racy. Eversteyn et at. (5) s imilarly treated SiI-I4 epi- 
taxial growth, and found an agreement  between 
boundary  layer thickness from gas-flow pat tern  ob- 
servation and that  derived from their model., 

Thus, a t tent ion was given to the rotat ing disk 
method, by  which fluid velocity distr ibution and thick-  
ness of the boundary  layer  could be quant i ta t ive ly  ob- 
tained due to its axial symmetry,  and the deposition 
rate was acquired by changing the rotat ion speed of 

* Electrochemical Society Active Member. 
Key words:  epitaxy by SiCh-H2 system, Navier-Stokes equation, 

convective diffusion equation, natural convection, numerical calcu- 
lation. 

the susceptor and the gas pressure. Then calculations 
were made with the one-dimensional  model of an 
infinite diameter disk without considering na tura l  con- 
vection. This was followed by a numerica l  solution of 
the Navier-Stokes equations, the equation of continuity,  
and the equation of energy of cylindrical  coordinates, 
taking na tura l  convection into consideration. In  the 
following pages, theoretical considerations, the experi-  
menta l  method, and the results are presented, and a 
comparat ive examinat ion  of the exper iment  and cal- 
culations is sought. 

Theory 
As shown in Fig. 1, a susceptor acts as a rotat ing 

disk and silicon epitaxial  deposition is effected on its 
surface. 

Velocity and tempera ture  dis tr ibut ion.--In  cylindri-  
cal coordinates, the Navier-Stokes and cont inui ty  equa-  
tions take these forms (6) 

OVr Vr 2 
V r - -  

0r r 
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- -  W V y - -  - -  

OY p Or 

/ O2Vr 1 cgVr Vr 
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( 02Vr 1 

=~ ~ - +  r 
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GAS INLET BOUNDARY CONDITION: 

III r 
ItJ / w = o  
II'l l vv-eo V r - -  

v#,-o 
a$ ~0 

ON T~ WALL 

V r - - O  
V v - O  
Vr O 

T - V ~  ( O ~ , y l f f )  
4= . (T -T~ (y-I~'~ "I" T~' ( h'=ly :S h ) 

ON THE SUSCF--L=TOR 
~ - O  
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Fig. |. Model system in the Dnolysis of silicon epitaxiDI deposition 
by the rotating disk method ond its boundory conditions. 

OVr Vr OVy 
+ + - = 0 [4] 

Or 7. Oy 

where  Vr, V,,  and Vy are  the  radial ,  tangent ial ,  and 
axia l  veloci ty  components  respec t ive ly  and 5f is a cor-  
rect ion factor  of the  na tu ra l  convection. 

To e l imina te  the  te rms of the pressure  in [1] and 
[3], O/Oy [1] - -  O/Or [3] is ca lcula ted  as 
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Then, the Nav ie r -S tokes  equations can be given in the 
forms of 

0~o Vrco 0to Y~b 0V~ 
- -  + v y - - - 2 - -  

Or 7. Oy 7. Oy 

( 0'~ 02~ ~o 1 0~ ) OAT 

: r 7 -~ aY 2 r 2 {- + ]g~ r ar  0r 

o r ,  V~V~ OV~ 
+ +vy  

Or r OY 

( 02V~ 1 0V, V,  0 'V ,  ) 

= ,, ,---~-y-r~ + - - + ~  7. Or *r 2 Oy 2 

[ 8 ]  

[2] 

where  ~, a t e rm re la t ing  to the  rotat ion,  is defined as 

0Vr 0Vy 1 0 s ~  1 0~ 1 0e~ 
., _ - -  - -  - + - -  [ 9 ]  

Oy Or r Oy 2 7 .2 Or 7" c3r 2 

A s t ream function ~ is in t roduced in such a w a y  tha t  
the  equat ion of cont inui ty  is au tomat ica l ly  satisfied. 
In cyl indr ica l  coordinates,  the veloci ty  components  
can be expressed as der iva t ives  of ~ (7) 

1 O@ 
Vy --  [10] 

~" Or 

Vr = - -  [11] 
r Oy 

The equat ion of energy in te rms of the  gaseous t r ans -  
por t  proper t ies  is given as [12], tak ing  axia l  s y m m e t r y  
and small  viscosity coefficient into account 

pCp(Vr OTor + Vy 00@ ) 
{1 o(o ) 

= k  + 0y-- r -  
[12] 

where  C, and k a re  the specific hea t  at  constant  p res -  
sure and the the rmal  conduct iv i ty  of hydrogen  respec-  
t ively.  

The boundary  condit ions a re  de te rmined  as follows, 
re fe r r ing  to the  calculat ion of t empera tu re  d is t r ibut ion  
of the Czochralski  pul l ing c rys ta l  (8) in solving the 
six par t ia l  dif ferent ia l  equat ions [2], [8], [9], [10], 
[11], and [12]: 

at the gas inlet  (y----0, - - R w ~ r = < R w )  
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(y = h, Ra<--r<--- Rw, --Rw_~r<= - -R j )  
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Concentration distribution.--Following the calcula-  
tion of the veloci ty and tempera tu re  distribution, the 
concentrat ion distr ibution of SIC14 can be obtained by 
using the fol lowing convect ive diffusion equation in 
cylindrical  coordinates 

Vr OC OC (D2C O2C 1 OC ) - -{-- - -  "- D1 + - -  + ~-- [17] 
Or Yy Oy \-~y~ Or2 Or 

The boundary  conditions are: 

at the gas inlet  C = Co (Const) 

on the wal l  OC = 0 
Or 

on the susceptor C = a -- x 1 
OC 

at the gas outlet  = 0 
Oy 

Growth rate.--Deposition rate of silicon is 

[18] 

where  

m 
G ( r )  = - - F  (cm/sec)  [19] 

Mpl 

0C(r)  ) 
F = - - D ~  ~ y = h ( g / s e c - c m 2 )  [20] 

~ = atomic weight  of Si, M ---- molecular  weight  of 
SIC14, p1 "- densi ty of Si, D2 ~ diffusion constant at the 
substrate temperature ,  shown in Appendix  II. Symbols 
and numerica l  values used in this calculation are  
summarized in a List of Symbols at the end of this 
paper. 

These part ial  differential  equations were  rewr i t t en  
in calculus of finite differences, and both the y and r 
directions were  divided into meshes at every  1 cm in- 
t e r v a l - - y  direction and r direction: 31 • 12. Fol lowing 
the flow chart  given in Fig. 2, the s t ream function r 
flow velocities Vr, Vy, and Vr t empera tu re  T, and 
connected with  rotat ion were  calculated successively, 
and while  judging the convergence by the values of Vr 
and Vy, numerical  calculations were  effected. The com- 
puter  used was the HITAC 8500 and 20 repeti t ions re-  
quired about 90 sec. 

In order to speed up convergence 

0.181r~a / < [ 1'~ \ 

h h \ l - - - ~ /  

w ere m is number  of divisions made of h, 
0.181 is the max imum value of F in Eq [24a] [21] 
of the infinite rotat ing disk method (6), Vr = 0 
at y = 0, satisfying the boundary condit ion of 

r ~ j  ~q. [13], vy = lo, v ,  = T y 

were  given and the first calculation was made. In Fig. 
1, calculations commenced from the upper, l e f t -hand  
corner. Also, gas veloci ty components Vr, Vy, and V,, 
density p, and kinematic  viscosity coefficient v were  
corrected by considering t empera tu re  dependence of 
high t empera tu re  H2 as an ideal gas. 

z a - x  is  c a l c u l a t e d  f r o m  t h e  e q u i l i b r i u m  c o n s t a n t  o f  t h e  r e a c t i o n  
b e t w e e n  SiCI~ a s d  I-I2, as  s h o w n  in  A p p e n d i x  I.  

START ) 
i 

( D A T A  READ]  

INITIAL 
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CONDITION 
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V~ AND 
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ITER ] 
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OF Vr, W,T 
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NO 

CALCULATI ON [ 
OF GROWTH 
RATE G 

OUTPUT 
PRI N T 

( END ' )  

Fig, 2. FIow chart at the numerical calculation of silicon epitaxla! 
deposition by the rotating disk method. 

Experimental 
As shown in Fig. 3, a quartz  tube with  an I.D. of 110 

mm was used as a reactor  for silicon epi taxial  deposi- 
tion. The susceptor was heated in the reactor  by using 
a 400 kHz rf  generator.  The susceptor was rota ted with 
a var iable  speed changer at a speed for rotation, 0-300 
rpm, combined with a 1:5 pulley. The reactant  gas 
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Fig. 3. Schematic diagram for the reactor of silicon epitaxial 
growth by the rotating disk method. 

flowed from the upper part  of the reactor. When de- 
sired, pressure was reduced to the regulat ion level by 
a rotary pump. A liquid ni t rogen trap was provided 
between the reactor and the pump for absorbing un-  
reacted SIC14 gas. Figure 4 is a photograph of the re- 
actor; the layout of the reactor system by the rotat ing 
disk method appears in Fig. 5. 

Silicon substrates used for the exper iment  were 
Czochralski-grown, Sb-doped, and ( l l l ) - o r i e n t e d  
crystals with resist ivity of 6 • 10-3-2 • 10 -2  ohm- 
cm; these were sliced, lapped, and chemical ly /mechan-  
ically polished. Their  thickness was 250~. A susceptor 
50 mm in diameter was used, made of h igh-pur i ty  
graphite and having a 300~ coating of SiC. The lower 
part  was scooped out for achieving uniform tempera-  
ture distr ibution in the radial  direction of the susceptor 
dur ing rf heating. A slight protrusion was made on the 
upper  part  to prevent  scattering of the wafer  by the 
centrifugal  force generated dur ing rotation. 

A cleaned substrate wafer was placed on the sus- 
ceptor which had been rotated in advance to suppress 
eccentricity. Then the quartz tube was fixed, 40 l i ters /  
min of H2 was inserted, and rf heating was effected. 
After  reaching the set tempera ture  for the epitaxial  
reaction, a 5 rain in terval  was taken before feeding 
SiCl4 together with H~. Reading the wafer temperature  
with an optical pyrometer,  emissivity was corrected 
according to Allen's  data (9) and the real temperature  
was obtained. The mole fraction of SIC14 and H2 had 

Fig. 4. Reactor of the epitaxial growth by the rotating disk 
method. 
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t TRAP 

Fig. 5. Layout of the silicon epitaxial reactor system by the ro- 
tating disk method. 

been obtained in advance by the method given below. 2 
After 10-15 rain reaction, power was cut off and the 
wafer  was taken out when  it was cooled. 

Thickness of the epitaxial  layer was measured by the 
infrared interference method (10-12). The infrared 
spectrophotometer used was the Hitachi EPI-G2 with 
a wavelength range of 2.5-25~. 

Results 
Temperature dependence of epitaxial growth r a t e . -  

The relation of growth rates to tempera ture  at SiCi4/H2 
mole fractions of 0.005, 0.01, and 0.02 at 760 Torr is 
given in Fig. 6, while the result  of pressure change at 
the mole fraction of 0.005 appears in Fig. 7. 

In  the figures, hyphenated lines represent  calculated 
values of the one-dimensional  model in the case of a 

The  S iCh /H~  mo le  f r ac t i on  was  m e a s u r e d  w i t h  a P e r k i n  E l m e r ' s  
a t o m i c  abso rp t ion  s p e c t r o p h o t o m e t e r  (Model  303). The  SiC1,-H2 m i x -  
t u r e  is  b u b b l e d  t h r o u g h  a 4% w a t e r  so lu t i on  of NaOH. The  a tomic  
a b s o r p t i o n  m e a s u r i n g  w a v e l e n g t h  was  2516A and  a n a l y s i s  was  m a d e  
i n  N20 a n d  C2Hs gases .  The  c a l i b r a t i o n  c u r v e  was  d e r i v e d  f r o m  a 
s t a n d a r d  sample  o f  Si  f u s e d  i n  a lka l i .  
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disk of infinite diameter;  for details of calculations 
refer to Appendix III. The chain lines represent  the 
case of a finite diameter  disk without  considering 
na tu ra l  convection, and the thick, solid lines represent  
calculated values with na tu ra l  convection considered 
as calculated under  the method cited in the theory. As 
the equi l ibr ium constant  of Eq. [28] diminishes in the 

lower temperature  range, the calculation displays a 
diminishing growth rate when the tempera ture  drops 
below 1000~ while in the higher temperature  region 
above this, the equi l ibr ium constant  and the growth 
rate are approximately constant. 

In  the experiments  the temperature,  where the ra te-  
de termining step of the reaction was shifted from 
surface reaction at the substrate to diffusion in the 
gaseous phase was higher than  the calculated value; it 
was approximately 1150~ The difference in the lower 
temperature  region between theory and experiment  
was caused by neglecting the surface reaction because 
only mass t ransfer  of the reactant  species in the gaseous 
phase and the chemical equi l ibr ium of the reaction at 
the substrate surface were considered in the calculating 
process. Calculation of activation energies was sought 
from Arrhenius  plots in Fig. 6 and 7. In  the diffusion- 
limited, higher temperature  range, they were about 
1-3 kcal /mol;  while in the reaction-l imited,  lower 
temperature  range, the average value is 20-30 kcal /  
mol. 

The actual growth rate at a higher tempera ture  and 
760 Torr, in the one-dimensional  model, represents  an 
approximate matching of the calculated and actually 
measured values. However, as pressure was  reduced,  
the actual ly measured value became larger than that  
calculated. The calculated value of a three-dimensional  
model of the finite diameter  disk approximately coin- 
cided with the exper imental  value. 

Pressure dependence of epitaxial growth rate.--Fig- 
ure 8 represents exper imental  results at 1200~ and 
mole fractions of 0.005, 0.01, and 0.02 rendered into a 
dual  logari thm graph; Fig. 9 gives the growth rates 
when the susceptor rotation was changed under  the 
mole fraction of 0.005. At 120 rpm and normal  pres- 
sure, the growth rate of the one-dimensional  model 
approximately coincides with the calculated value. 
The pressure (P) dependence is not proportional to 
pl12 as was calculated, but  it is approximately propor-  
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various SiCI4/H2 mole fractions. Growth temperature, 1200~ 
speed of susceptor rotation. 120 rpm. 
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t ional to p1/5 to p~/3 dependent  on rotat ion speed which 
is not to be expected from the theory belonging to the 
oversimplified model. 

Under  pressure changes, the three-dimensional  
model produced results close to the actual ly measured 
values. 

Susceptor rotation dependence oi epitaxial growth 
r a t e .~The  results of investigation by varying  the rota- 
tion between 60 and 1030 rpm and the mole fraction 
at the epitaxial  tempera ture  of 1200~ are given in 
Fig. 10. F igure  11 gives the exper imental  results ob- 
tained by varying  the pressure at the mole fraction of 
0.005. 

With the one-dimensional  model, the differences in 
rotat ion speed dependence are large between the mea-  
sured and calculated values; but  with the three-d i -  
mensional  model of finite diameter  disk, these values 
match well. 

Discussion 
Difference o~ diameter in a rotating disk sys tem.~ 

The motion of the fluid in relat ion to the infinite diam- 
eter rotat ing disk was first clarified by yon Karman  
(13) and subsequent ly  by Cochran (14). Assuming that 
the disk diameter  was large enough to ignore the effect 
of disk edges, solutions to the Navier-Stokes and con- 
t inu i ty  equations were obtained as below, and the re-  
sults were as given in Fig. 12. Incidentally,  y -- 0 on 
the axis of abscissa of this figure is on the disk, cor- 
responding to the h = 30 cm point  in this numer ica l  
calculation. 
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Fig. I0. Growth rate as a function of susceptor rotation speed at 
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Fig. 11. Growth rate as a function of susceptor rotation speed 
under various pressures. Growth temperature, 1200~ SiCI4/H2 
mole fraction, 0.005. 

Meanwhile, numerical  solutions obtained by the 
method of calculus of finite differences are diagram- 
mat ical ly  indicated in the order of Vr, Vy, V~, T, and 
C in Fig. 13 ( a ) - ( e )  with and without na tu ra l  convec- 
tion. In  the figures, the hyphenated lines represent  the 
case where the effect of nau t ra l  convection was not 
considered, while the solid lines represent  the case 
where na tu ra l  convection was taken into account. For 
reference, the calculated value of the infinite diameter  
disk mentioned above--calculated for 800~ in  Fig. 
12--has been included in the chain lines. 

The difference between finite and infinite diameter  
was as follows: (i) In  the case of finite diameter, flow 
velocities Vr, Vy, and V~ were larger by about one 
digit. (ii) In the case of Vn with finite diameter, dimi- 
nut ion  occurred from the m a x i m u m  value, al though in 
some places, the flow direction was reversed, possibly 
due to effect of the disk edge. (iii) In  the case of the 
finite disk, Vy increased for a t ime by the effect of to-  
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ta t ing disk, and after reaching the max imum value, it 
diminished, approaching the flow velocity at the gas 
inlet. (iv) With V~, after the rate was determined by 
the susceptor rotation speed on the disk, a monotonous 
decrease occurred. As shown above, the edge effect ap- 
peared conspicuously when  the disk was finite reveal-  
ing a broad difference from the former analysis of in-  
finite diameter  disk. 

'In1~uence of natural convection.--Figure 13(a ) - (e )  
gives the flow velocities, temperature,  and concentra-  
tion distr ibutions for the presence or absence of na tura l  
convection. F rom this figure, the following conclusions 
may be drawn:  (i) The flow velocities, Vr and, Vy, di-  
rectly above the susceptor decreased when convection 
was considered. (ii) Changes in flow velocity dis tr ibu-  
tions appeared as changes occurred in the concentra-  
tion distribution, resul t ing in  differences in the growth 
rates. 

Figure 14 gives the calculated growth rate, when  na t -  
ura l  convection is represented as a temperature  differ- 
ence of ~T = 200~ and the correction factor f is 
changed. The growth rate is the calculated value of 
y : 0.5 cm. Since d iminut ion  which occurred along 
with an increase of ] from 2.05 ~ /min  in the case of 
f -- 0, and 1.15 ~ /min  at f = 0.025 became approxi-  
mately  equal to the exper imental  value, the correction 
factor was used to under take  numerical  calculations at 
the pressure of 760 Torr. 

A variat ion of correction factor f along with pres-  
sure change is conceivable. Here na tura l  convection is 
proport ional  to Gr, the Grashof number ;  but  since it is 
through kinematic viscosity v cc 1/p that  the relat ion 
arises with pressure, a correction factor of 0.025 at 
normal  pressure having the l inear  function of pres- 
sure was assumed as shown in Fig. 15, and calculations 
were made for cases of pressure variation. 

Pressure dependence of epitaxial growth rate.--As of 
this date, Bradshaw's paper (16) is the only study 
made of epitaxial  growth rate in relat ion to pressure. 
He stated that  the growth rate was proportional to half 
the square of pressure. This conclusion was arrived at 
from the fact that  the thickness L of the boundary  
Iayer from the leading edge was 

L cr 0-1/2 = ~ [251 

where M indicated the mean  molecular weight in the 
boundary  layer. The growth rate became 

1 p~/~ 
G cc ~ oc [26] 

L 

His experiment  was conducted wi th  a vertical  re-  
actor provided with a special nozzle. The result  was 
proportional to p0.44. 

With the one-dimensional  model under  the rotat ing 
disk method also, D1/3v-1/8--actually D~/3pl/6--in the 
equation for the boundary  layer 8 was related to pres-  
sure, and the calculated value was proportional to 
p1/2. This is identical with that  which Bradshaw ob- 
tained, though the procedure for calculation is differ- 
ent. 

With the three-dimensional  model, al though a 
definite implication of meaning is difficult, concentra-  
t ion C and diffusion coefficient D respectively are pro- 
port ional  and inversely proportional to the pressure. 
The flow velocities are obtained by complicated cal- 
culations, and as in the case of Vy shown in  Fig. 16, 
they increase together with the pressure but  are not 
necessarily proport ional  to it. As over-al l  results, 
therefore, calculations from the concentrat ion distri-  
but ion given in Fig. 16 (a) and (b) produce the results 
shown in Fig. 8 and 9. As the disk is finite, the effects 
of the edge and na tura l  convection double up, render -  
ing the exper imental  and calculated value closer to 
each other. 

Susceptor rotation dependence of epitaxial growth 
rate.--Olander exper imented with epitaxial  growth 
under  the rotat ing disk method, using Ge -- I2, which 
proved easier in t reat ing the system thermodynami-  
cally and which grew at low tempera ture  (17). Apply-  
ing the gas from below and holding the Ge substrate 
face down, which differed from this experiment,  he ex- 
per imented with reaction temperatures  up to 450~ 
He showed that the effect of rotation was proportional 
to ~1/2 theoretically anticipated at 450~ and 900 rpm, 
but  that below this value the dependence of the ex- 
per imental  value diminished. He concluded that  fai lure 
to follow the t rend of calculated values under  900 rpm 
arose from the influence of na tura l  convection. 

In  the silicon epitaxial growth, using SIC14, the effect 
of na tura l  convection is more easily exerted due to 
temperatures  as high as 1200~ Also, because of prob- 
lems arising from the shape and rotat ing mechanism 
of the susceptor, the above tendency is conceivably 
magnified compared with the case of Ge -- I2, since it 
is not possible to raise the rotat ion above 1000 rpm. The 
effect of the per iphery of the susceptor is also added. 

With the three-dimensional  model, the effect of sus- 
ceptor edge and na tura l  convection is exerted because 
of the susceptor rotation, and Vy and C distr ibutions 
become as shown in Fig. 17(a) and (b), thus ul t imately  
explaining the experimental  result. 

Conclusions 
Taking note of the rotat ing disk method, which allows 

a quant i ta t ive t rea tment  of fluid motion, the solid and 
gaseous phase boundary  layer  of an infinite diameter  
disk was calculated and the growth rate was sought 
through calculations of a one-dimensional  model. How- 
ever, matching of the actual ly measured values of 
pressure dependence and susceptor rotat ion depen- 
dence of the growth rate was unsatisfactory. Therefore, 
Navier-Stokes equations of the cylindrical  coordinates, 
taking na tura l  convection into account, were numer i -  
cally solved under  the calculus of finite differences--  
for a three-dimensional  mode l - - and  the results were 
compared with the actual ly measured value. 

1. The calculated, both one- and three-dimensional  
model, and actual ly measured values of epitaxial  
growth rate matched in the order tendency at normal  
pressure and at temperatures  higher than 1150~ Be- 
low this temperature,  the exper imental  value was in-  
explainable.  

2. With the one-dimensional  model, pressure (P) 
dependence of the epitaxial growth rate was propor-  
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3. Suseeptor  r o t a t i o n  speed (~,) dependence of  the  
growth rate  was the calculated result  of the one- 
dimensional  model, which was proport ional  to ~1/2, but  
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Fig. 13. Calculated curves of velocities, temperature, and con- 
centration distributions. Pressure, 760 Torr; temperature of the 
susceptor, 1200~ speed of susceptor rotation, 120 rpm; numeri- 
cals show the distance along the radius of the rotating disk (cm). 
(a, upper left) Calculated values of Vr distribution. - - - - Without 
considering natural convection, ~ taking natural convection 
into account, correction factor of natural convection f ~ 0.025. 
(b, center left) Calculated values of Vy distribution. - -  �9 - -  In the 
case of the rotating disk with infinite diameter as shown in Fig. 12. 
(c, bottom left) Calculated values of V~b distribution. (d, upper 
right) Calculated values of the temperature distribution. (e, lower 
right) Calculated values of the concentration distribution. 

the exper imenta l  value  was proport ional  to ~1/20_ 
(,.11/10. 

4. The difference be tween  exper imenta l  and calcu- 
lated values of presure and rotat ion speed dependence 
of the growth rate conceivably arose from diminish-  
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ing of the boundary  layer  calculated under  the rotat ing 
disk method, due to the effect of a finite diameter  disk 
and na tu ra l  convection. In  other words, because of the 
finite rotat ing disk diameter, the pressure and sus- 
ceptor rotation dependence of the growth rate became 
smaller than  in  the case of the one-dimensional  model. 
Also, because of the effect of na tura l  convection, the 
flow velocities on the susceptor diminished, thus d imin-  
ishing the growth rate and coinciding with the ac- 
tual  measured value. 

Acknowledgments  
To Prof. H. Inokuchi  of Tokyo Univers i ty  for his 

critical review of and his sincere advice on this m a n u -  
script, and to Dr. N. Kobayashi  of Toyama Univers i ty  
for his helpful suggestion to set boundary  conditions of 
the part ial  differential equations, I express my  sincere 
gratitude. Appreciat ion is also due to the cont inued 
support  of this work by Dr. S. Tauchi and Mr. S. Ni- 

Vy 
{cm/sec 

50c 

1757 

o ; ,'o ,~ ~o ~5 3 0  ( o r e )  

Y 

C 
(g/crY) 

5 

5 

,6'  

5 

j6 ~ 

8 0 0  Torr  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ -) 

0 5 (b) I0 15 20 25 30 (cm) 
Y 

Fig. 16. Calculated values of the velocity and concentration dis- 
tributions, considering the influence of the natural convection. 
Temperature of the substrate, 1200~ speed of the susceptor ro- 
tation, 120 rpm; position: r = 0.5 cm. (a, upper) Vy distribution, 
(b, lower) concentration distribution. 

shida, the helpful  discussions with Mr. R. Takahashi, 
and the assistance in computer programming and nu-  
merical calculations rendered by Mr. Y. Ishikawa and 
Mr. H. Tochikubo. 

Manuscript  submit ted Feb. 15, 1972; revised m a n u -  
script received June  23, 1972. 

A ny  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 

APPENDIX I 

Concentration of SiCI4 at the Surface of the Susceptor-- 
Calculated Values from the Equilibrium Constant of SICI4-H2 

Reaction 
The equi l ibr ium constant  of Eq. [27] is given by the 

following equation 
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Fig. 17. Calculated values of the velocity and concentration 
distributions, considering the influence of the natural convection. 
Pressure, 760 Torr; temperature of the substrate, 1200~ position, 
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distribution. 

SiCl4(g) + 2Hs(g) ~ Si(s)  + 4HCl(g)  [27] 

PHcl 4 K.--  
Psic14 - PH2 2 

(4x) 4 P 

( a - - x ) ( 1 - - 2 x )  2 N [28] 

where  PHCt ---- part ial  pressure of HC1, a -- mole  n u m -  
ber of input  SIC14, x = mole number  of reacted SIC14, 
N = mole  number  of al l  gases, P _-- total  pressure. 
The concentrat ion of SIC14 at the  surface of the sus- 
ceptor was calculated and tabulated in Table I. The  
equi l ibr ium constant Kp of SiC14-H~ react ion in 
Eq. [28] was calculated by using the free energy in 
" J A N A F  Thermochemical  Data"  (18). 

A P P E N D I X  II 
Diffusion Constants in the Gaseous Phase 

Fuji ta ' s  diffusion equat ion (19-20) and Wilke 's  
formula  (21-22) were  used to evaluate  the diffusion 
constants in the  binary system and in the mul t i com-  
ponent  system of gaseous phase respectively.  
Fuj i ta ' s  formula  

0.00070T 1.sSs 
D S i C , 4 . H C I  - -  

- met+ + "~'~/HcI 

Wilke's  formula  

DA, -- 
Ys 

DAB 

Ms,c,----7 + ~ [29] 

1 -- YA 

~ D  

2-/-r + - 5 ~ - - +  . . . . .  -- + DAC 

[30] 

where  Tc = crit ical  t empera ture  (~ Pc -- critical 
pressure (atm),  M = molecular  weight,  DAB ---~ diffu- 
sion constant of a component  A in B gas, YA -- mole 
fraction of a component  A in the mixed  gas. Values 
thus obtained are plot ted in Fig. 18. 

A P P E N D I X  III  

Deposition Rate Calculation of Epitaxial Growth by Rotating 
Disk Method Using One-Dimensional Model 

In computing, the  fol lowing assumptions were  made:  
(i) On the  susceptor there  is a boundary layer  pro-  
duced by the rota t ing disk wi th  an infinite diameter.  
(ii) Tempera tu re  of the boundary layer  is the same as 
that  of Si substrate. (iii) Epitaxia l  reaction occurs only 
at the susceptor. (iv) Only the react ion 
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Fig. 18. Diffusion constants in the reaction gases 
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Table I. Concentration of SiCI4 at the surface of the rotating disk 
SiCI4(g) @ 2H2(g) = Si(s) ~ 4HCI(g) 
a - -  x 1 - -  2x x 4x 

1759 

Torr 
a ~ 100 200 300 500 760 800 

5.0 • 10 -s 1000 2.6 • 10 "-.s 2.9 • 10 ̀-̀3 3.1 x 10 ~ 3.3 • 10- "s 3.5 • 10 ~ 3.5 • 10- ,s 
1300 2.5 • l 0  s 4.8 • 10 ~ '7.1 X 10 ~ 1.2 X 10 ~ 1."/ • 10-4 1.'7 • 10-'~ 
1500 9.0 • 10-7 1.8 x 10 ~ 2.6 • 10 ~ 4.4 • 10 ~ 6.7 X 10-6 '7.0 • 10 ~ 

1.0 X 10 -~ 1000 7.0 • 10- ~ 7.4 • 10 ~ 7.6 • 10 -~ 7.9 X 10 -3 8.1 • 10- 3 8.1 • 10 -a 
1300 3.5 • 10-4 6.3 • 10-4 8,5 • 10 -4 1.2 • 10-a 1,6 • 10 -3 1.6 • 10- a 
1500 1.4 • 10 ~ 2.8 x 10-" 4.2 • 10-" 6.9 • 10 ~ 1.0 • 10 4 1.1 • 10-~ 

2.0 X 10 -2 1000 1.6 X 10 -~ 1.7 x 10 "~" 1.'7 x 10-"- 1.7 X 10 JJ 1.8 • 10 ~ 1.8 x 10 -s 
1300 3.2 x 1 0 ~  4,6 • I 0  -3 5.5 x 10-- :j 6.6 X 10 ~ '7.5 • 10-.~ 7.6 x 10- a 
1500 2,2 • 10-~ 4.3, x 10-~ 6.2 X 10 -~ 9.6 x 10 ~ 1.3 X 10 -3 1.4 • 10 -a 

SiC14(g) -p 2H2(g) ~ Si(s)  ~- 4HCI(g) [27] 

occurs at the susceptor as Lever (23) and Bradshaw 
(16) have calculated due to a very  low concentrat ion 
of SIC14. (v) Hydrogen is stagnant.  SIC14 and HC1 
move in the boundary  layer by  molecular  diffusion. 
(vi) Consideration of na tura l  convection is not given. 

Thickness of boundary layer.--The thickness of the 
boundary  layer is expressed by the following equation, 
when the rotat ing disk with an infinite diameter  is 
used (6) 

b : 1.60D1/3v1/6~-l/2 [31] 

where 5 is thickness of the boundary  layer. 

Mass transfer coefficient.--When H2 is s tagnant  in 
three component system H2-SiC14-HC1, mass t ransfer  
coefficient takes the form of 

DSiCI4.HCI 
k s -- P [32] 

5RT 

where kK -- mass t ransfer  coefficient (mole/cm2sec) 
and DSiCl4-HCl = diffusion constant which is for t e rnary  
nonequimolal  counterdiffusion with one compqnent H2 
stagnant  (24). 

Di]]usion potential.--In the t e rnary  system with one 
component stagnant,  diffusion potential  is given by 

DSiCI4.HCI - -  DttC1.H2 ysic14.i  

1 1 I yHCl.i 
"~- DSiCI4-HC1 DSiC14.H2 T ( 1 
+ DSiC14.H2 DHC1.H2 

In 1 1 
( - ) ysic14 

DSiCl4.HC1 DHC1.H2 

"~ 'DsicI4.HCI - -  "Dsic14.H2 

-~- DSiCI4.H2 DHC1.H2 
[33] 

1 
Ay = 

l - - x  

where DA.B = molecular  diffusion constant  of A and B 
component (cme/sec), yAi = mole fraction of A com- 
ponent  at the surface of the susceptor, YA "-- mole frac- 
tion of A component in the gaseous phase, YKc] = 0 
for HC1, x = ratio of mole number  out of the surface 
to that  towards the surface; in this case x = 4, because 
of the s tagnant  hydrogen. The value of yAj was com- 
puted by  using Eq. [28]. 

Growth rate of Si . - -Growth  rate is expressed unde r  
the above-ment ioned assumptions 

M s i  
G = k s �9 Ay [34] 

Pl 

a - x  

Co 

LIST OF SYMBOLS 
Numerical  Va lues - -  

Symbols 760 Torr 
concentrat ion of SIC14 on 9.43 • 10 -9 g /cm 3 at 
the susceptor 1200~ 
concentrat ion of SIC14 at 1.54 • 10 -5 g /cm 3 at 
the gas inlet  400~ 

Cp specific heat  at constant  3.61 cal/g ~ at 800~ 
pressure of hydrogen 

D1 diffusion constant  at the 2.88cme/sec at 800~ 
average tempera ture  of 
the reaction gas 

D2 diffusion constant  at the 5.15 em2/sec at 1200~ 
substrate temperature  

f correction factor of na -  0-0.025 
tural  convection 

fo gas velocity at the gas 15.75cm/sec at400~ 
inlet  

G growth rate  cm/sec 
g gravi tat ional  acceleration 980 cm/sec 2 
h length of reactor tube 30 cm 
k thermal  conductivi ty of 1.01 X 10 -3 cal /cm 

hydrogen sec ~ at 809~ 
M molecular  weight of SIC14 170 
m atomic weight  of Si 28 
Rj radius of the susceptor 2.5 cm 
Rw radius of the reaction 5.5cm 

tube 
Tj tempera ture  of the sus- 1200~ 

ceptor 
Tw tempera ture  of the wal l  400~ 

expansion coefficient of 1/273 
gas 

v kinematic viscosity 6.95 cm~/sec at 800~ 
p density of hydrogen 2.27 • 10 -5 g /cm 3 at 

800~ 
pl density of Si 2.33 g /cm 3 
~j speed of rotat ion of the 12.56 rad. (120 rpm) 

susceptor 
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Thermal Oxidation of Silicon and Iron-Coated 
Silicon in the Temperature Range 692~176 

Rong Yau Wang and Owen F. Devereux* 
Department of Metallurgy and Institute of Materials Science, University of Connecticut, Storrs, Connecticut 06268 

ABSTRACT 

Polycrystal l ine silicon wafers, both clean and with a thin coating of metall ic 
iron, have been oxidized in steam and in moist air (PH2o ---- 24 mm) in  the 
temperature  range 692~176 Data were analyzed in terms of a l inear-  
parabolic rate equation. For clean silicon oxidized in steam, the parabolic rate 
constant displays an activation energy for the process of 26.9 kcal /mole below 
903~ and 16 kcal /mole above this temperature.  The iron coating was as- 
sumed to oxidize and diffuse homogeneously in the oxide film within  a rela-  
t ively short period of oxidation; no evidence to the contrary could be found. 
In  steam, the effect of iron was to extend the "high temperature"  Arrhenius  
behavior  to lower temperatures.  In moist air, a single Arrhenius  l ine cor- 
responding to the "low temperature"  behavior of clean silicon was seen. The 
activation energies of the "high temperature"  and "low temperature"  re-  
gions of silicon oxidation correspond to those reported for wet and dry 
oxidation, respectively. An interpretat ion of these phenomena in terms of a 
short range order t ransi t ion in the vicinity of 900~ is postulated. 

In their critical survey of their own and previous 
work, Deal and Grove (1) established that thermal  
oxidation of silicon in dry or wet oxygen could be 
described by the relat ion 

x 2 - k A x = B  (t ~-T) [1] 

where x is film thickness, t is oxidation time, and T is 
a factor to correct for the presence of an oxide film at 
t----0, or for an early stage of oxidation no~ described 
by this relation. Thus, early oxidation is l inear  in time, 
with a rate constant B/A, while later  oxidation is dif- 
fusion-controlled, with a parabolic constant, B. 

In  their  studies, Deal and Grove found an activation 
energy for parabolic oxidation of 16.3 kcal /mole under  
wet conditions and 28.5 kcal /mole under  dry conditions, 
while the l inear  oxidation had an activation energy of 
46 kcal /mole in either case. The values of the activation 
energy for B were found to be in accord with those for 
diffusion of the oxidizing species, hydroxyl  ion (2), and 
superoxide ion (3), respectively. The parabolic con- 
stant, B, was found to be proportional to the part ial  
pressure of the oxidant. The t ime constant, ~, was 
found to be zero under  wet conditions, and to cor- 
respond to a positive oxide thickness under  dry condi- 
tions, reflecting a dependence of the shape of the dif- 
fuse charge distr ibution in the oxide on the ionic con- 
tent. Many of these observations were confirmed in a 
very careful study by Pl iskin (4). 

The mechanism of oxidation is less well  established. 
This question is discussed at some length by Nakayama 
and Collins (5), who cite market  studies indicat ing 
that  the oxidant is the diffusing species. Jorgensen (6) 
studied the effect of an external  fie!d on oxidation, 
concluding that the diffusing species was ionic. How- 
ever, Raleigh (7) demonstrated that these results were 
also consistent with an electrolytic reaction involving 
diffusion of a neut ra l  species. The flow of another  

�9 Electrochemical  Society Act ive  Member .  
Key words :  oxidation,  silicon, impur i ty ,  hot  corrosion. 

charged species in the film, required in  the case of 
ionic diffusion to main ta in  a zero net charge flux, is 
discussed by Collins and Nakayama (8), but  there are 
no definitive data dealing with this aspect of the 
mechanism. 

More recently Revesz and Evans (9) have described 
the very significant effect of sodium ( ~ 1 % )  incor- 
porated in the oxide film during oxidation. In  brief, 
they postulated an interst i t ialcy mechanism for oxy- 
gen diffusion in the oxide in a dry oxygen environ-  
ment, with both molecular  and ionic t ransport  oc- 
curring. The presence of sodium in the amorphous 
silica structure increases the density of broken Si-O-Si  
bridges, increasing the pre-exponent ia l  portion of the 
diffusion coefficient, but  hinders  the motion of oxygen, 
thus increasing the activation energy. They held oxida- 
t ion by water  to be very  complex, with silanol 
(Si-OH),  interst i t ial  H2, and interst i t ial  H20 possible 
as defects. An increase in the pressure of water  vapor 
leads both to an increase in the pre-exponent ia l  con- 
s tant  and a decrease in  the activation energy due to 
an increased density of broken Si-O-Si  bridges. 
Inclusion of sodium in the s tructure increases the 
degree to which O H - c a n  be incorporated, but  also 
hinders the movement  of this species, thus increasing 
the activation energy. 

In  a recent paper Devereux, Wang, and Chien (10) 
reported on the oxidation of silicon through films con- 
ta ining significant quanti t ies of sodium oxide (10- 
20%). They found that oxidation was cubic in its early 
stage, but  became parabolic at longer times. Both cubic 
and parabolic constants exhibited an activation energy 
of 40.8 kcal /mole in wet air ( P H 2 0  ~ 24 ram). These 
data were found to be consistent with two proposed 
models. In  one, t ransport  rate (diffusion coefficient) 
decreased in proportion to the increase in viscosity 
(decrease in broken Si-O-Si  bridges) occasioned by 

addition of silica to a phase containing a fixed quant i ty  
of sodium oxide. The al ternat ive proposal was similar, 
but  considered two phases, with the high sodium phase 
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Table h Amount of Fe applied to Si wafers, equivalent weight gain 
if oxidized to Fe203, and time required for such oxidation at 

observed rate 

Elapsed 
Environ-  T e m p e r -  Wt, Fe  Wt, gain t ime 

raent ature  (~ ( m g / c m  =) ( m g / c m  =) req'd (b.x) 

Wet  a i r  692 0.03031 0.01302 10 
798 0.01480 0.00646 0.6 
903 0.01256 0.00539 0.2 

1003 0.01482 0.0U636 <0.2  
S t e a m  692 0.01559 0.00669 2.0 

790 0.00811 0,00346 0.3 
903 0.01248 0.00536 <0.1  

1003 0.01547 0.00664 <<~0.1 

decreasing in  proport ion to the extent  of oxidation. As 
this phase would conduct the major  par t  of the mass 
transport,  this would lead to cubic kinetics. Although 
in either case the proposed dilution of the sodium con- 
tent  was continuous, the cubic kinetic behavior did not 
proceed indefinitely, in accord with the autocatalytic 
mechanism described by Charles (11) where in  a rela-  
t ively small  amount  of sodium ion in glass produces 
a disproportionate amount  of hydroxyl  ion. 

In  the work reported herein, the authors have con- 
taminated the growing film on oxidizing silicon with 
the oxide of a more refractory metal, iron, in  order to 
establish a comparison to the effect of the low melting, 
highly soluble sodium oxide described above, i n  view 
of the large radii  of both ferrous and ferric ions 
(0.83 and 0.67A, respectively) compared to that  of 
Si +4 (0.39A) it was not expected that  i ron would 
substi tute for silicon in the tetrahedral  oxygen struc- 
ture, but  would enter  intersti t ially,  as does Na + 
(0.98A), contr ibut ing its oxygens to neighboring 
SiO4 -4 tetrahedra, thus breaking Si-O-Si  bridges (12). 
However, al though iron would contr ibute more oxygen 
per cation than  would sodium, the degree of ionization 
is much less, and less breaking of the structure would 
be expected than  in  the case of the sodium-contami-  
nated film. 

Experimental  
Specimen preparat ion and exper imental  technique 

were essentially that described previously save in the 
method of introduct ion of the contaminat ing  impur i ty  
(10). Silicon wafers were prepared from a 1 in. d iam- 
eter polycrystal l ine ingot of n ine  9's purity.  1 After  
slicing and l a p p i n g t h e  wafers were degreased in h ot  
t r ichloroethylene followed by hot nitr ic acid and r insed 
in  deionized water. The wafers were then polished in  
a solution of 60 parts nitr ic acid, 20 parts acetic acid, 
and 8 parts hydrofluoric acid. After  polishing the 
wafers were r insed in  deionized water  and s t o r e d  
under  methanol.  F ina l  thickness was approximately 
200#. Clean, control specimens were oxidized as pre-  
pared; i ron-contaminated  specimens were coated on 
both sides with a vacuum-deposi ted layer  of metal l ic  
i ron (99.95%) prior to oxidation. Amounts  of i ron  
applied are shown in  Table I. 

Specimens were oxidized in  both steam (1 atm) and 
wet air (PH2o - :  24 ram).  Oxidation was conducted in a 
refractory tube with a flowing environment ,  us ing a 
resistance furnace with current  proport ioning control 
that  main ta ined  tempera ture  at the specimen within  
I~ Oxidation rate  was determined by periodically 
removing the specimens and weighing them. For this  
purpose a Cahn RG electrobalance wi th  a Var ian 
G-100O recorder as nul l  indicator was used, yielding 
a typical weighing accuracy of 10-eg. This technique 
was used previously (10) and was found to be more 
accurate than  a continuous recording of the specimen 
weight. The effect of the thermal  cycles on removing 
and reinser t ing the specimens was evaluated by com- 
parison to spec imens  left in the furnace for extended 
periods of oxidation; the mean  deviat ion b e t w e e n  c o n -  
t inuous and discontinuous te rminal  weight  gain w a s  

1 Analysis stated by supplier, Alfa Inorganics, Beverly, Massa- 
chusetts. Spectroscopic analysis indicated B: 0.0002 ppm, P: 0.0006 
ppm, O: 0.000000 ppm. Resistivity given as p > 1600 ohm cm. 

1 7 6 1  

2.25% of the mean  weight gain and the RMS v a l u e  
was 11.3%. There was no pa t te rn  to the sign or mag-  
ni tude of the deviation, which was  thus neglected in  
this t reatment .  Use of a direct weight m e a s u r e m e n t  
was preferred over an  optical film thickness de te rmina-  
t ion because of the complex na ture  of the b ina ry  o x i d e  
film. 

Results 
Kinet ic  data . - -Weight  gain data for  c l e a n  s i l i c o n  

specimens in steam in  the temperature  range 692 ~ 
1003~ are shown in  Fig. 1; data are presented as  
~w vs. t'/= for convenience and clarity. Oxide film thick- 
ness, assuming an oxygen density of 1.0 g /cm s in  t h e  
film, is  also indicated. Data for i ron-coated silicon in  
moist air are shown in  Fig. 2, and data for i r o n - c o a t e d  
silicon in  steam are shown in Fig. 3. 

Since the graphical representat ion used in  Fig. 1, 2, 
3 will  be a straight l ine corresponding to the diffusion- 
l imited region of oxidation only if the earlier l inear  
and other nonparabolic  weight gain is negligible, the 
appearance of l inear i ty  or lack of it in these figures i s  
not proof of parabolic behavior. These data were 
analyzed by a least squares technique corresponding to 
Eq. [1]. Although there was no reason, a priori, to as- 
sume that  oxidation of i ron-coated silicon would follow 
the l inear-parabol ic  relation, use of Eq. [1] did pro- 
vide a means for correcting for early nonparabolic  
behavior  in  de termining the kinetic constants for the 
parabolic region. An  independent  evaluat ion of the 
parabolic constants was made graphically from simple 
~w ~ vs. t plots. On these plots all experiments  save the 
iron-coated silicon in  wet air at 692~ with the 
slowest rate observed in  the study, did exhibit  at least 
a t e rmina l  parabolic region. Parabolic constants from 
both of these evaluations are compared in Table II. 
Arrhenius  plots of these constants, using the graphical 
evaluation, are shown in  Fig. 4. P re l iminary  experi-  
ments  with clean silicon in moist air, not reported here, 
showed a reproducibil i ty of the parabolic constant of 
2%. 

Pre-exponent ia l  constants and activation energies 
determined from this figure, together wi th  values from 
the l i terature for comparison, are given in Table III. 
The parabolic constants for clean silicon oxidation 
show a behavior not previously reported. In  the tem-  
pera ture  range 692~176 a clearly l inear  de- 
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pendence is seen in  steam ( P H 2 0  - -  1 a tm) ,  but  with an 
activation energy characteristic of that  seen in dry, or 
near ly  dry, oxygen, 26.9 kcal/mole.  (See results of Deal 
and Grove, Nakayama and Collins, and Revesz and 
Evans cited in Table III.) The slope changes above that  
temperature ;  as shown in the figure an exact cor- 
respondence to the results of Pl iskin (4) and of Deal 
and Grove (1) is seen. The plot for iron-coated silicon 
oxidized in steam shows a behavior  similar  to the 
h igh- tempera ture  region of the  clean silicon plot; 
however, it is not clear whether  the h igh- tempera ture  

behavior is fol lowed over the who le  range of data, or 
a break, as for clean silicon, exists. The pre-exponen-  
tial constant is not significantly different from that 
for clean silicon at high temperature. The behavior of 
iron-coated sil icon in wet air, however,  parallels the 
low-temperature  c lean sil icon behavior, with a slope 
corresponding to 26.9 kcal /mole .  Approximately  a first 
order dependence on water vapor pressure is seen. 

M i c r o s c o p y . - - O p t i c a l  examinat ion of the oxidized 
specimens was made directly and in tapered section. 

Table II. Parabolic oxidation rate constant determined statistically from Eq. [1] ,  and graphically 

S y s t e m  T e m p e r a t u r e  

S t a t i s t i c a l  G r a p h i c a l  

B ( rag  = hr-Z crn-* x 106) B ( c m  = sec-D B ( m g  s h r  - I  cm-~ • 1O s) B ( cm = sec-D 

S i  i n  s t e a m  692 16.69 4.64 x 10 -zt 15.1 4 .20x  10-~ '  
798 70.70 1.97 x 10 - ~  60.7 1.69 x 10-14 
903 195.6 5.34 • 10-~  166 6.17 • 10-~ 

1003 321.8 8.95 • 10-Io  292 8.12 • I 0 - ~  
F e - S I  i n  w e t  a i r  692 0.2015 5.60 • 10-- 1~ ~ - -  

692 0.3762 1.046 • 10  - ~  ~ - -  
7 9 8  2 . 2 8 2 7  6 . 3 5  • 10  - ~  2 . 0  5 . 5 6  • 1 0 - ~  
9 0 3  6 . 0 7 4 5  1 . 6 9  • 10-- It  5 . 1 3  1 . 4 3  • 10-~4 

1003 14.10 3.92 x 10 -z~ 14.6 4.06 • 10 -~4 
F e - S i  in  s t e a m  692 14.44 4.01 x I0  -z4 22.6 6.28 • 10-- z~ 

798 88.28 2.46 • 10  - ~  73.3 2.04 • 1 O - ~  
903 116.1 3.23 X 10 -]8 117 3.25 • lO-Z3 

1003 177.7 4.94 x 10-~ 200 6.56 • 10-~ 

Table 1tl. Kinetic constants 

Temp. 
Authors System E n v i r o n m e n t  range (~ ko (eros sec-Z) * ,~H= (kca] /mole)  * 

T h i s  s t u d y  Si  H ~  (760 T o r r )  692-903 6.2 • I0  --s 26.9 
T h i s  s t u d y  SI  H~O (760 T o r r )  903-1003 4.7 • 10 -1o 16 
T h i s  s t u d y  F e - c o a t e d  S t  I H~0  (24 T o r t )  L 798-1003 1.6 • 10 -9 26.9 

~ a i r  (736 Torr~ S 
T h i s  s t u d y  F e - c o a t e d  S |  H=O (760 T o r t )  692-1003 3.2 • 10- ~o 16 
D e a l  & G r o v e  (1) Si  O= (760 T o r r )  700-1200 3.7 x 10 -o 28.6 
R e v e s z  & E v a n s  (9) S i  O~ (760 T o r r )  900-1300 1.2 • 10-~ 27.6 
N a k a y a m a  & Col l ins  (6) S i  H~O (4.6 T o r r )  . 850-1217 1.1 • 10- ~o 25.1 
D e a l  & G r o v e  (1) S i  (O=  (415 T o r t )  ~ 920-1200 6.6 x 10-1o 16.6 

~H=O (346 T o r r ) J  
P l i s k i n  (4) Si  H~O (760 T o r r )  917-1202 5.6 • 10-1~ 16.3 
R e v e s z  & E v a n s  (9) Si  H 2 0  (760 T o r t )  920-1200 4.3 • 10 - ~  12.45 
R e v e s z  & E v a n s  (9) Si  ( ~ 1 %  Na=O) H 2 0  (760 T o r r ) .  920-1200 4.4 • I0--r 52.8 
D e v e r e u x ,  W a n g ,  C h i e n  (I0)  Si  ( t r a c e  Na=O) [ I-I~O (24 T o r r )  ~ 702-1052 3.2 • 10 -7 39.6 

~ a i r  (736 T o r r )  
D e v e r e u x ,  W a n g ,  ChJen  (10) S i  ( ~ 1 0 %  Na=O) [ H = O  (24 T o r t )  ~ 702-1052 1.9 • 10-~ 40.8 

~ a l r  (736 T o r t )  J 

" B = ko e x p  ( - - A H k / R T ) .  
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Typical observations are shown in  Fig. 5, represent ing 
the final surface of the iron-coated silicon specimens 
oxidized in  wet air at (a) 692~ (b) 798~ and  

Fig. 5. Microstructure of the film on iron-coated silicon oxidized 
in moist air at  (a) 692~ (b) 798~ and (c) 1003~ 

(c) 1003~ A similar sequence of  characteristics was 
seen for the iron-coated silicon oxidized in  steam and, 
surprisingly,  for clean silicon oxidized in  steam. The 
lower tempera ture  specimens display a random crack 
or grain  boundary  pattern,  an effect which progres- 
sively disappears with increase in  oxidizing tempera-  
ture, being only suggested at 1003~ Similar  pat terns 
were seen on examinat ion  of the tapered sections. 
These sections provided the addit ional informat ion of a 
marked decrease in roughness at the si l icon/oxide in -  
terface with increasing temperatures,  demonstrat ing 
the increasing significance of diffusion control. Scan- 
n ing electron microscopy of a clean, unoxidized speci- 
men  revealed a slight "orange peel" effect due to 
preparation;  this was of a smaller  order of magni tude  
than  the pa t te rn  shown in Fig. 5 and gradual ly  dis- 
appeared with increasing oxidizing time. 

While these specimens were removed from the fur-  
nace at regular  intervals  for weighing in order to es- 
tablish the oxidation rate, it is apparent,  due to con- 
currence with weight gain data for specimens removed 
only after a t e rmina l  period of oxidation, that  the ob- 
served pat tern  is not one of thermal-shock-produced 
cracks in either the metal  or the oxide film. Al te rna-  
tively, if the possibility of thermal ly  produced cracks 
is admitted, then the conclusion must  be reached that  
such cracking had no effect on oxidation rate. 

X-ray digraction.--X-ray diffraction analyses of the 
oxidized specimens were made, in which the wafer 
was employed essentially as a powder sample. Other 
than a weak diffraction peak from the oxidized iron-  
coated silicon specimens corresponding to a lattice 
spacing of 4.1068A, no diffraction lines other than  those 
from silicon were seen. 

Discussion 
The technique used to contaminate  the silica film 

with iron oxide offered a controllable, clean means of 
put t ing a quant i ty  of iron on the surface, but  has a 
disadvantage in  that  the dis tr ibut ion and oxidation 
state of the iron in the oxide film are not known  and 
that  the concentra t ion of i ron in  the  film, and possibly 
the distribution, is a funct ion of the thickness of the 
oxide film. It has been assumed by the authors that  
the iron in  each case save one was fully oxidized very 
early in  the experiment.  Justification is given in Table 
I, where in  on assuming oxidation to Fe2Os, it is shown 
that the weight gain necessary for compmte oxidation is 
a t ta ined in  a relat ively short time. The exception, the 
exper iment  performed in wet  air at 692~ was the 
one with the slowest oxidation rate and the only ex- 
per iment  failing to show a clear parabolic region. 
Support ing this assumption is the failure to observe a 
discrete iron or i ron oxide phase by x - ray  diffraction. 
A quali tat ive analysis made of the iron-coated sample 
oxidized at 798~ in  steam by x - r a y  fluorescence in  a 
scanning electron microscope at 20 kV revea!ed a 
Fe /S i  count ratio of 0.04, fortuitously approximately 
the weight ratio of Fe to Si in the oxidized film if all 
iron applied were retained in the film and uni formly  
distributed. No i ron was seen in an uncoated, oxidized 
sample. 

A surprising aspect of Fig. 4 is the demonstrat ion of 
a low- tempera ture  oxidation behavior of clean silicon 
in  steam that  differs from the well-establ ished be-  
havior at higher temperature.  Although the onset of 
purely  parabolic behavior occurs in  the vicinity of 
1000~ as opposed to the l inear  parabolic behavior 
seen at lower temperatures,  the authors are confident 
that their analysis of the data, in view of the con- 
currence of both graphical and statistical methods, 
have yielded true parabolic constants as shown. The 
data in the range 692~176 show a very clear 
Arrhenius  behavior that  is quite distinct from that  
in the in terval  903~176 which, al though defined 
only by two points, is in excellent agreement  with the 
work of Deal and Grove (1) and of Pl iskin (4). The 
authors have not seen previous ment ion  of such an ef- 
fect, but, on the other  hand, the s i l icon/steam oxida-  
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tion system does not seem to have been studied pre-  
viously in this tempera ture  interval  (Table III) .  An  
at tempt was made, using a digital nonl inear  regres- 
sion program, to fit all of the oxidation data reported 
herein for a given system to a single relation, with 
both l inear  and parabolic constants expressed in terms 
of an activation energy and a pre-exponent ia l  con- 
stant, Eq. [2] 

1 1 
t -- - -  exp (~Ha/RT) -~ 7-- exp (~Hk/RT) 

ao ~o 
[2] 

It  was not possible, however, to make a satisfactory 
correlation, fur ther  substant ia t ing the change in slope 
depicted in Fig. 4. 

Thermal  oxide films on silicon are normal ly  re-  
garded as amorphous, in accord with the observation 
that  devitrification of silica in  this tempera ture  range  
is exceedingly slow and with the absence of any  
evidence of crystall inity.  While it has been reported that  
water  does not alter the relative phase s tabihty  in 
silica significantly at  other than very high pressure 
(13), water  does dissolve in silica in  appreciable 
quant i ty  and more recent  work has suggested that  this 
might  lead to an altered stabil i ty diagram (14, 15). 
Such water  would enter the silica s tructure by replace- 
ment  of bridging oxygen atoms by nonbr idging hy-  
droxyl groups, thus greatly increasing s t ructural  
mobility. It might be reasoned that such a s t ructure  
would possess short range order characteristics more 
near ly  akin to those of the thermodynamical ly  stable 
crystal. Support ing this argument ,  the temperature  at 
which a change in kinetic behavior is seen is very  
near ly  that  of the quar tz / t r idymi te  transition, 867~ 
(15). As the t ransi t ion to cristobalite occurs at 1470~ 
a comparable effect due to this t ransi t ion would not 
have been seen in ~he previously reported work. The 
resemblance of the " low-temperature"  behavior  of 
silicon oxidation in steam to that in  dry oxygen is in 
accord with the relat ive openness of the t r idymite  
s tructure in comparison to that of quartz, the densities 
being 2.30 and 2.655 g/cm 3, respectively (16). That is, in 
the absence of definitive data, it may be anticipated 
that the solubili ty of water  in the low temperature  
s t ructure  is less than  in the high tempera ture  struc-  
ture, giving corresponding greater importance to the 
"dry" t ransport  mechanism dur ing low-tempera ture  
oxidation. 

The introduct ion of i ron into a silica film oxidizing 
in steam does not appear to alter its behavior  sig- 
nificantly. Despite obvious concentrat ion variat ion dur -  
ing film growth, parabolic behavior  is still seen for 
long- te rm oxidation. The kinetic parameters  are not 
significantly different from those for clean silicon ex-  
cept that  the high tempera ture  behavior  may, in steam, 
extend over the ent i re  tempera ture  range of the ex-  
periments.  This might be interpreted as an effect of 
the solute on a short range structure t ransi t ion as 
postulated above, thus stabilizing the more open struc- 
ture  at lower temperatures.  In  moist air, again a 
s imilari ty between clean and iron-coated silicon is 
shown with, however, the "low temperature"  or "dry 
oxygen" activation energy being displayed for the 
iron-coated case. 

Conclusions 
Clean silicon appears to exhibit  different kinetic be-  

havior during oxidation in steam below 900~ from 
that observed at higher temperatures.  It  is suggested 
that this might be due to a change in shor t - range struc- 
ture corresponding to the quar tz / t r idymi te  transition. 
The quartz s tructure is less open than the higher tem- 
perature tridymite,  suggesting a reduced solubil i ty for 
water  at lower temperatures,  in accord with the ob- 
servation that  the activation energy for the parabolic 
constant at low temperatures  in steam is characteristic 
of that  seen dur ing "dry" oxidation. 

The effect of iron in the oxide film in steam oxida- 
tion is to extend the range of h igh- tempera ture  be- 
havior; in terms of above model, this would resemble 
a solute-lowered t ransi t ion temperature.  In  moist air 
in which clean silicon already approaches the be-  
havior seen in  dry  oxygen, i ron-coated silicon ex- 
hibits a behavior characteristic of "dry" oxidation. 

The authors have no other evidence to suggest the 
occurrence of a short range order t ransi t ion in amor-  
phous silica and, thus, at this point are mere ly  sug- 
gesting such a t ransi t ion as a model to explain the 
behavior reported. 
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The Etch Rate and Deterioration of Magnesium 
Aluminum Spinel in Hydrogen 

J. M .  G r e e n *  

IBM Thomas J. Watson Research Center, York town  Heights, New Y o r k  10598 

ABSTRACT 

Magnesium a luminum spinel is commonly used as a substrate for the 
heteroepitaxial  chemical vapor deposition of silicon. Hydrogen is usual ly  used 
as a carrier gas, and a h igh- tempera ture  pre t rea tment  in hydrogen is typi-  
cally performed on the substrate with the idea that  abrasion polishing damage 
will either be annea]ed or removed. In  this paper  the rate of mater ia l  removal  
in hydrogen of stoichiometric spinel is presented as a function of crystallo- 
graphic orientation, time, and temperature.  For example, at 1000~ the rate is 
~1 A/min ;  at 1300~ ~100 A/rain.  However, it was found that  such a hydrogen 
ambient  promotes crazing of the substrate surface, thus degrading its suit-  
abil i ty for heteroepitaxy. This phenomenon was studied, and it is suggested 
that the cause is due to a preferent ia l  out-diffusion of magnesium from the 
surface, which induces a strain large enough to result  in bri t t le  fracture. It  
has been shown that  the crazing is obviated by the use of hel ium as a carrier 
gas. 

The heteroepitaxial  deposition of silicon on insula t -  
ing substrates has been under  invest igat ion by several 
workers. Good reviews together with bibliographies 
are given in references (1-3). Sapphire was the first 
m~terial  to be used successfully (4); however, mag-  
nesium a luminum spinel has been thought  to have 
some advantages over other materials  where con- 
sideration is given to compatibil i ty with silicon with 
respect to crystal class, lattice parameter,  temperature  
coefficient of expansion, and tendency to incorporate 
consti tuents into the silicon film. 

The silicon heteroepitaxy technologies for both 
sapphire and spinel have been extensively studied. 
Nonetheless, preparat ion of the substrate surface re- 
mains  a crit ical consideration for improvement  of the 
epitaxial  film quality. At present  the wafers are usual ly 
abrasion (mechanically) polished. This process in -  
duces considerable damage into the wafer surface, 
which must  be removed. Several wet etches have been 
proposed for both sapphire and spinel (1, 2, 5-8), but  
a gaseous etch in situ would be advantageous. In  this 
regard, oxide reduction by hydrogen clearly suggests 
itself: it does not contr ibute baneful  reaction products; 
and it is the usual  carr ier  gas used in the chemical 
vapor deposition of silicon, and, therefore, convenient  
to use. The etch rate of sapphire in hydrogen was 
studied by Zeveke et al. (7); the etch rate of spinel is 
reported in this paper. 

Hydrogen is commonly used to prepare sapphire 
wafers for epitaxial  deposition of silicon, and there has 
been no report  of deleterious effects due to this  pro- 
cedure. However, a pernicious phenomenon is at-  
tendant  to the polishing of spinel by this method: the 
wafers tend to craze (or crack) by br i t t le  fracture. 
This is also discussed below. 

Etch Rate D e t e r m i n a t i o n  
The mater ia l  removal  rate of the spinel  was de- 

te rmined by gravimetry  using a Mett ler  Micro Gram-  
Atic Balance. The etch rate was calculated using a 
value of 3.58 for specific gravi ty  (3, 6). The heat - t rea t -  
ments  were effected in a relat ively standard horizontal 
epitaxial  reaction chamber  (60 cm long by 5 cm in 
diameter)  which was fabricated from fused silica. The 
wafers were supported by an uncoated graphite suscep- 
tor which was heated by  rf induction. The hydrogen 
was purified in an Englehard Industr ies  Pa l lad ium 
Diffusion Unit, and it flowed through the chamber  with 
a gas stream velocity of ,~10 cm/sec. The temperature  
was measured using a Pyrometer  Ins t rument  Corn- 

* Electrochemical Society Active Member.  
Key  words: substrates, polishing, spinel, etch rate. 

pany Micro Optical Pyrometer  which had been cali- 
brated for this par t icular  series of experiments  at the 
melt ing points of germanium, copper, and silicon. The 
start ing substrates were fabricated from Czochralski 
grown, single-crystal,  stoichiometric, magnesium 
a luminum spinel by the Crystal Products Division of 
Union Carbide. They measured 1 in. in diameter  and 
20 mils in thickness. The face being investigated was, 
in each case, abrasion polished to a specification of 
1 ~ in. absolute; the reverse face, 1 ~ in. C.L.A. (center 
l ine average).  There was no noticeable evidence of 
reaction between the wafer 's  reverse side and either 
the hydrogen or the carbon susceptor. 

The etch rate data were collected for wafer or ienta-  
tions of (111), (110), and (100), at each of four tem- 
peratures which lie wi thin  the usual  silicon deposi- 
t ion range (1000~176 and for two to five in-  
tervals  of t ime at  each temperature.  As an example the 
data for 1320~ are given in Fig. 1. Here the in -  
tervals were 9, 10, 10, 10, and 26 min, and the average 
rate for each in terval  was plotted at the mid- in te rva l  
time. All  the data are summarized in the Arrhenius  
plot of Fig. 2. Here the etch rates were averaged at 
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Fig. 1. The etch rate of magnesium aluminum spinel in hydrogen 
at 1320~ as a function of duration of heat-treatment. 
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each temperature  for each orientation. The associated 
activation energy for the curve as shown is ~3  eV. 

The submicroscopic character of the surface of a 
(100) wafer after moderate hydrogen etching (10 rain 
at 1250~ can be seen in the replica electron micro- 
graphs of Fig. 3. The rectanguloid etch figures are de- 
pressions (Fig. 3b);  the largest are ~170A deep and 
~600A across. Note fur ther  that deep spike-l ike wells 
are formed dur ing  hydrogen hea t - t rea tment  (Fig. 3a). 
These wells have been seen to extend to a depth of 
more than  3 ~m. The typical  density of occurrence as 
exhibited in Fig. 3a is of the order of l0 s per cm 2. The 
diameter  of the latex spheres is 5000A. Note that the 

surface before hydrogen etching would appear  feature-  
less by comparison. 

Deter iorat ion 

A phenomenon which accompanies the hydrogen 
etching of spinel substrates is the cracking or crazing 
of the surface of the wafer. The crazing is evident  
when observed in the optical microscope at 100X. And 
it can be seen to init iate at the sample per iphery after 
it has been heated in  hydrogen at >1000~ for a 
period as short as 5 rain. A severe example is shown 
in the photographs of Fig. 4. A magnification of the 
cracks is seen in Fig. 5. Typical ly they are 1 rail deep; 
this depends of course on the extent  of the hea t - t rea t -  
ment,  but  the cracks do not  extend through the thick- 
ness of the wafer. They init iate pr incipal ly  from the 
periphery of the wafer, and align themselves in low- 
index crystallographic directions. Occasionally a small  
surface section of the crazed wafer will  break off and 
quit  the wafer bulk;  this leaves a depression of the 
order of 1 rail deep. Also a small  elongated section 
may break off at one end and appear as if it were a 
curled shaving like those that  might  be left by  a wood 
plane. None of the above evidence of deteriorat ion has 
been seen after lengthy heat - t rea tments  in a ni t rogen 
or a hel ium ambient.  

Two possible causes of the crazing were briefly in -  
vestigated and discounted because of negative results: 

1. Thermal  shock dur ing rapid heating or cooling. 
Wafers which were heated briefly to ~1500~ and 
cooled to room temperature  for a few cycles in hydro-  
gen or for >30 cycles in n i t rogen ambient  did not ex-  
perience crazing. 

2. Relief of asymmetric  stress. The two faces of the 
wafers as received have been polished to different 
finishes, and hence have different induced strain due to 
the abrasion-polish damage. However, wafers with 
some 3 mils etched from each face in  hot phosphoric 
acid and then exposed to hydrogen exhibited similar 
crazing to that  of unt rea ted  wafers. 

However, the following tentat ive mechanism does 
account for the crazing: magnesium is preferent ial ly  
depleted at the wafer surface. This results in a com- 
position gradient. And in as much as the lattice param-  
eter is a funct ion of the composition (9), a lattice 
parameter  gradient  is created, thereby inducing a 
strain large enough to produce br i t t le  fracture of the 

Fig. 3. Replica electron micrographs of a (100) spinel surface after heat-treatment in hydrogen at 1250~ for 10 rain. The diameter of 
the latex spheres is 5000.~,. 



VoL 119, No. 12 M A G N E S I U M  A L U M I N U M  S P I N E L  1767 

Fig. 4. Photomicrograph of a crazed (111) spinel wafer after heat-treatment in hydrogen at 1350~ (a) for 20 rain and (b) for an addi- 
tional 20 rain. The wafer is ! in. in diameter. 

crystal  at its surface. To invest igate  this hypothesis 
three exper iments  were  performed:  

1. Electron microprobe analyses were  made on three 
wafers  to de termine  the chemical composit ion (i) on 
the surface of an "as received" wafer,  (ii) after ex ten-  
sive hea t - t r ea tmen t  in ni trogen (16 hr  at 1300~ 
(iii) after  hea t - t r ea tmen t  in hydrogen on the surface 
of a wafer  "shaving," and (iv) undernea th  the  same 
shaving. The results, which are presented in Table Ia, 
show a composition gradient  normal  to the surface: 
Note that  the theoret ical  weight  fractions for a per -  
fect ly stoichiometric spinel are 17.1% magnes ium and 
37.9% aluminum. 

2. Ano the r  electron microprobe analysis was pe r -  
formed on a single wafe r  after each of various t rea t -  
ments:  (i) on the "as received" wafer,  (ii) after  the 
wafe r  had been hea t - t rea ted  in hydrogen at a normal  
processing t empera tu re  (1200~ and period (1 hr) ,  
(iii) after  an additional 2 hr  hea t - t r ea tment  in hydro-  

gen, (iv) af ter  a subsequent  etch in a mix tu re  of sul-  
furic and phosphoric acids (3: 1) (8) at 265~ for 60 
min, which removed  ~1  rail f rom each face. The re-  
sults are  presented in Table Ib and again show a com- 
position gradient. At  each step of the analysis, the 
wafer  was scanned wi th  the microprobe in an a t tempt  
to detect  inclusions or  precipitates, however,  no evi-  
dence of such inhomogenei ty  was  found. The accuracy 
of these analyses is bet ter  than ~ 5 %  of the amount  o/ 
the e lement  detected (i.e., ___3/4% for Mg and •  
for A1). Pure  stoichiometric MgO and A1203 were  used 
as standards. 

3. The re la t ive  etch rates in hydrogen of wafers  of 
magnesia (MgO), spinel ( M g O .  A120~), and sapphire 
(A1203) were  determined at 1200~ This was accom- 
plished using the same gravimetr ic  method used for 
spinel which was discussed above. The magnesia and 
spinel wafers  were  hea t - t rea ted  for 2 hr; the sapphire, 
for 11.8 hr. The data are presented in Table II. 

Discussion 
The data seem to support  the preferent ia l -deple t ion-  

of -magnes ium hypotheses. Af ter  3 hr  of hydrogen heat-  
t reatment ,  the spinel wafers  do indeed have  a com- 
position gradient  wi th in  a rail or two of the surface. 

Table I. The magnesium and aluminum concentrations as 
determined by electron microprobe analysis of spinel wafers after 

various treatments 

(a) 

Sample Treatment w / o  Mg w / o  A1 

D5 (111) As rece ived  17.2 39.4 
D2 (111) Af te r  16 h r  i n  N~ at  13O0~ 16.7 40,5 
D3 (111) Af te r  40 m i n  in H~ at  1300~ 

On shav ing  15.3 41.7 
Under  shav ing  16.8 40.2 

(b) 

Sample Treatment w/o Mg w/o A1 

Fig. 5. An interference contrast photomicrograph of the wafer 
shown in Fig. 4b. 

L2 (100) As rece ived  17,8 39.0 
L2 (100) Af t e r  1 h r  in Ha at  1200~ 17.1 39,0 
L2 (100) Af te r  an addi t ional  2 h r  in  

H2 at  1200~ 15.9 42.4 
L2 (100) Af te r  subsequent  acid etch to 

r e m o v e  ~ 1  r a i l  16.9 41.8 
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Table II. The etch rates of magnesia, spinel, and sapphire in 
~/min 

[Note that the sapphire etch rate given here is more than an 
order of magnitude lower than that given by Ref. (7).] 

I n  H2 a t  1200~ In N2 a t  1300~ 

M g O  MgO-A12Oa A]:O3 MgO.A120~ 
(100) (100) 60 ~ off c - a x i s  (100) (111) 
278 35 1.5 3.9 2.7 

The lattice parameter  differential at the surface as 
calculated from the compositions given in  Table I and 
the data of Wang et al. (9) indicate that  a tensile s train 
as high as 0.3% could have been achieved. This level of 
strain in all probabil i ty  is in excess of that  needed to 
cause br i t t le  fracture. This is especially true, since the 
abrasion polishing of the wafers induces considerable 
surface damage (10, 11), which serves as Griffith cracks 
and lowers the br i t t le- f racture  s trength of the material.  
In  this regard it should be noted that wafers which 
have been more gently abrasion polished show less 
tendency to craze. It has also been shown that  near  
1200~ the rate of the hydrogen reduct ion of mag-  
nesia is more than  two orders of magni tude higher 
than that  of sapphire (cf. Table II) .  I t  is therefore 
suggested that  the etching of spinel can be considered 
as essentially two separate reactions 

MgO 4- H2--> Mg~ 4- H20'~ 
and 

AlaOa q- 2H2-~ A120 t 4- 2H2Ot 

In addit ion to A120, A1203 may decompose to other 
suboxides or to the metal. This is discussed by Readey 
and Kuczynski  (12). The above a luminum equation is 
representat ive of the rate-control l ing step, reduction 
reaction of A1203. And it is assumed that  this reaction 
is much slower than that for the reduction of magne-  
sium. Note that in equi l ibr ium all these reactions are 
thermodynamical ly  unfavorable.  However, in an open- 
tube system such as is used for the present work, the 
reaction products are rapidly swept away, and, there-  
fore, the reaction is l ikely far from equilibrium. 

Now hydrogen is known  to diffuse rapidly through 
various materials (13-16), hence it can be expected to 
diffuse with high mobil i ty through the spinel wafer. 
It  is therefore reasonable to believe that  the mag-  
nesium ions are preferent ia l ly  reduced to the neut ra l  
metal, leached from the wafer by out-diffusion, and 
evaporated from the surface. This process is consistent 
with the very high vapor pressure of magnes ium as 
compared to that  of a luminum and its oxides (12, 17). 
A similar leaching process was observed by Komarek 
et al. while they were s tudying the reactions of carbon 
with magnesia, spinel, alumina, and other oxides (18). 

The decreasing etch rate with t ime shown in  Fig. 1 
corresponds to the establishing of a steady-state dif- 
fusion of magnesium; the rate decreases because of 
the depletion of magnesium. This rate decrease could 
be augmented by the concomitant  removal  of the 
damaged layer  which is left after abrasion polishing 
and may exhibit  an increased etch rate. The increase in 
rate beginning at ~-20 rain can be at t r ibuted to an in -  
crease in the surface area due to crack formation. The 
data of Table I also shows that  even for ni trogen heat-  
t reatments  there is a slight t endency  for the magnes ium 
to leach out. 

The spike wells of Fig. 3a could be due to prefer-  
ential  etching along dislocation lines. If this is the 
case then the dislocation density would be a surprising 
l0 s per cm 2. This is in contrast to values of 10~-105 

per cm 2 determined in conjunct ion with hot, l iquid 
etches (5-7). 

Summary 
The etch rate of magnes ium a luminum spinel in 

hydrogen has been established for purposes of sub-  
strate preparation. However, as a general  practice 
hydrogen should be used with caution as an ambient  
for processes which use spinel as a substrate. Its use 
either as a pre t rea tment  etch or as a carr ier  gas for 
silicon heteroepitaxy is l iable to cause surface de- 
terioration through c~azing. 

Recently hel ium was reported to have been used as 
a carrier gas for silicon iso-epitaxy (19). We have 
seen that spinel wafers processed in such a fashion 
do not craze. Also the use of essentially hydrogen-free 
reaction gases should have the beneficial side effect of 
lowering the autodoping by minimizing the l iberat ion 
of metal  atoms by oxide reduction. 

Acknowledgments 
The author grateful ly acknowledges the many  con- 

t r ibutions of his colleagues, especially those of J. M. 
Eldridge, J. D. Kuptsis, J. W. Matthews, and T. O. 
Sedgwick. 

Manuscript  submit ted Dec. 18, 1970; revised m a n u -  
script received June  26, 1972. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 

REFERENCES 
1. J. T. Milek, "Epitaxial Silicon and Gal l ium Ar-  

senide Thin Films on Insula t ing Ceramic Sub-  
strates---A State of the Art  Report," Air  Force 
Contract F 33615-68-C-1225. Hughes Aircraft  Co., 
Culver City, Calif., 1968. 

2. J. D. Fi lby and S Nielsen, Brit. J. Appl. Phys.., 18, 
1357 (1967). 

3. G. W. Cullen, J. Crystal Growth, 9, 107 (1971). 
4. H. M. Manasevit  and W. I. Simpson, J. Appl. Phys., 

35, 1349 (1964). 
5. J. E. A. Mauritz and M. L. Hammond,  Paper  

221RNP presented at Electrochem. Soc. Meeting, 
Detroit, Michigan, Oct. 5-9, 1969. 

6. R. Aeschlimann, F. Gassmann, and T. P. Woodman, 
Mater. Res. Bull., 5, 167 (1970). 

7. T. A. Zeveke, L. M. Kornev, and V. A. Tolomasov, 
Soviet Phys. Cryst., 13, 493 (1968). 

8. A. Reisman, M. Berkenblit ,  S. Chan, and J. Cuomo, 
This Journal, 118, 1653 (1971). 

9. C. C. Wang et al., "Single-Crystal  Spinel for Elec- 
tronic Application," Technical Report for Air  
Force Contract AFML-TR-68-320 October 1968, 
p. 26. 

10. T. M. Buck and R. L. Meek, "Proceedings of the 
Symposium on Silicon Device Processing;" Na- 
tional Bureau of Standards, Gaithersburg, Md., 
June  1970. 

11. B. G. Koephe and R. J. Stokes, J. Met. Sci., 5, 240 
(1970). 

12. D. W. Readey and G. C. Kuczynski, J. Am. Ceram. 
Soc., 49, 26 (1966). 

13. R. Muller and Hs. H. Gunthard,  J. Chem. Phys., 
44, 365 (1966). 

14. A. Van Wier ingen and N. Warmoltz, Physica, 22, 
849 (1956). 

15. R. W. Lee, J. Chem. Phys., 38, 448 (1963). 
16. D. G. Thomas and J. J. Lander, ibid., 25, 1136 

(1956). 
17. American Institute of Physics Handbook, D. E. 

Gray, et al., Editors, pp. 4-218, McGraw-Hil l  Book 
Co., New York (1963). 

18. K. L. Komarek, A. Coucoulas, and N. Linger, This 
Journal, 110, 783 (1963). 

19. D. Richman and R. H. Arlett,  ibid., 116, 872 (1969). 



Technica  

A Novel Method for Fabrication of Ultrafine 
Metal Lines by Electron Beams 

T. O.  Sedgwick,*  A.  N.  Broers, and B. J. Agule  

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

The m i n i m u m  width of metal  lines fabricated by 
means of e lec t ron-beam resist technology has steadily 
decreased during the last five years. The most im- 
portant  reduct ion in l ine width was achieved by the 
development  of a high-resolut ion electron resist, poly- 
methylmethacrylate .  With this resist metal  lines down 
to 1000A in  width can be rout inely fabricated using the 
following procedure developed by Hatzakis (1 ,2) :  
apply electron resist, expose, develop, evaporate metal, 
and finally strip excess metal  and unexposed resist. 

The l imit ing factor now in  obtaining still nar rower  
metal  lines is due to the lateral  exposure (Fig. la)  of 
the resist from electrons scattered in  the substrate 
(dashed line area).  Since most of these electrons from 
a 15 kV beam are scattered wi thin  a depth of about 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
K e y  words :  silicon ni t r ide,  resolution, subs t ra te  p re fe ren t ia l  

etching. 

~ lncident Electron Beam 

. ~  Limit of Resist Exposure 
~L~ ~ due to Scattered Electrons ~ 

i ) / \  / \  / 7- 7"w'~176176 
Penetration of Primary Electrons Masking 

(a) Film (b) 

Fig. 1. Schematic diagram of (a) lateral electron resist exposure 
using n conventional substrate, and (b) reduced lateral resist ex- 
posure using a thin-film "window" substrate. 

Fig. 2. SEM photographs of 
etched Si window structure. 
Masking film opening (top of 
photo) is 27 mils on a side (a), 
(b), (c) angle view, (d) top view; 
(b), (c), (d) metalized before 
photographing. 

1769 
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2;~ in the substrate, presumably  the lateral  resist ex- 
posure could be great ly reduced by removing most 
of the substrate in  the region to be e lect ron-beam ex- 
posed. This note describes experiments  which show 
that if the usual  thick (compared to 2~) substrate  is 
replaced by  a very th in  substrate, e.g., a 1500A thick 
insulat ing film, as in  Fig. lb, the degree of lateral  
resist exposure is significantly reduced. 

The "window-l ike"  structure of Fig. lb  was fabri-  
cated by selective etching of a Si wafer (1 in. diameter, 
5-10 mils thick, n - type  2-3 ohm-cm, < lO0>)  as fol- 
lows. The polished (top) side of the wafer was coated 
with a thin insulator  film of vapor deposited 300- 
1500A Si3N4 (3) or sputtered or thermal  SiO2. The 
lapped (bottom) side was coated with 15O0A SizN4 for 
use as a masking film. A pat tern of square openings 
was developed in the masking film with sides oriented 
along the (110) directions in the wafer. The Si wafers 
were etched using aqueous 33.5 weight  per cent (w/o)  
NaOH at 90~ (4) or e thylene diamine 31.5 w/o, 
pyrocatechol 3.7 w/o, water  61.2 w/o at l l0~ (5) to 
remove the Si under  the "window." The NaOH did not  
etch the Si3N4 films noticeably dur ing  removal  of the 
Si. However the NaOH etched SiO2 films so fast that  
SiO2 was not useful  as the masking film. The e thylene-  
diamine-pyrocatechol  solution etched both the SiO2 
and the Si3N4 films at about 100 A/hr. The Si etchants 
were highly preferent ial  and exposed near  perfect 
reflecting <110> planes as walls of the holes. The 
size of the openings in the masking films was calcu- 
lated to give a window size at the bottom of the hole 
varying from about 4 mils square up to 36 rails square. 
An opening 14 mils on a side would etch down through 
a 5 mils  thick wafer to produce a window about 4 mils 
on a side. 

Figure  2 is a series of scanning electron micrographs 
(SEM) of a pat tern  of etched window structures all 
shown from the bottom or masking film side of the Si 
wafer. (View Fig. lb  from the bottom.) The wafer is 
8-10 mils thick and the masking pa t te rn  is 27 mils 
wide. The exceptional smoothness of the exposed 
<II0> Si pTanes which constitute the sides of the holes 
is apparent. The edges of the crossed pattern of mask- 
ing film appear white in the photos because they are 
no longer supported by Si which was undercut during 
the etching. Several defects are apparent in Fig. 2a 
and 2b showing Si wails that have been etched away 
probably due to defects in the masking film. The in- 
sulator windows (hole bottoms) are very flat as seen 
in Fig. 2b, 2c, and 2d which were metalized to prevent 
charging while taking the SEM photos. Figure 2a was 
not metalized and shows an apparent,  but  not real, 
i r regular  bottom surface due to charging while taking 
the SEM photo. 

The SiO2 windows were fragile and easily broken if 
larger than 10 mils on a side. The sputtered SiO2 films 
gave slightly dimpled or stretched windows, while 
the thermal  SiO~ gave clearly wrinkled windows, both 
of which made it difficult to spin on thin uniform 
electron resist layers for metal  l ine fabrication. On 
the other hand, the Si3N4 windows were extremely 
flat and relat ively strong. Windows as large as 36 mils 
on a side and only 1500A thick were made. The win-  
dows used for the e lectron-beam resist exposure and 
metal  l ine fabrication described below were only 4 
mils on a side and 1500A thick and most windows were 
not broken during normal  handl ing procedures. It 
was even possible to make SizN4 windows about 4 mils 
on a side down to a thickness of 300A. In order to test 
the notion that  a thin substrate would enable u l t ra -  
fine l ine fabrication due to reduced electron back- 
scattering, the following experiment  was performed: 
several 1500A thick Si3N4 window structures were 
coated with polymethylmethacrylate  resist and ex- 
posed with a I00A diameter  electron beam (25 kV) 
at a l ine-charge density of 1.2 X 10 -10 coulombs/cm. 

Fig. 3. (a) Metal line pattern fabricated over Si wafer (light, 
right portion) and over 4 mils Si3N4 window (dark, left portion); 
(b) higher magnification view of metal lines over window. 

The beam current  was 1.5 X i0-10A. A l u m i n u m  metal  
lines (ca. 600A thick) were fabricated both over the 
bulk (light port ion of Fig. 3a) and over the window 
(dark portion of Fig. 3a). The fact that the SEM image 
is darker  over the window is direct evidence that  
fewer electrons are scattered back out of the th in  
window-l ike  substrate. From Fig. 3a it can be seen 
that the width of the metal  lines is about 1OO0A over 
the Si (light portion) and only 600A over the Si3N4 
window (dark port ion).  The smaller  l ine width over 
the window (shown more clearly in Fig. 3b) is ap- 
parent ly  due to the reduced intensi ty  of scattered 
electrons which cause lateral  exposure of the resist. 
The reduction in l ine width described here was re-  
peated in several experiments.  A systematic study of 
meta l - l ine  width as a function of substrate "window" 
thickness has not yet been undertaken.  I t  should be 
noted, however, that  the meta l - l ine  width is reduced 
gradually, as would be expected, as the lines pass 
from right to Ieft in  Fig. 3a over the edge of the Si 
substrate which is tapered due to the etching process 
(see Fig. lb)  and onto the "window" proper. 
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The Rate of the Reaction of Nickel with Gaseous 
Phosphorus and the Profiles of the Scales Formed 

Yoshinori Sasaki and Shiro Ueda 
Department of Synthetic Chevnistry, Faculty of Engineering, Chiba University, Yayoi-cho, Chiba, Japan 

Many studies on nickel phosphides have been re- 
ported previously. Recent ly the catalytic activity of 
nickel phosphides has been of interest,  e.g., the re-  
duction of ni t robenzene (1), the polymerizat ion of 
a-olefins (2), and the hydrogenat ion of acetylene 
hydrocarbons (3). 

In  an earlier paper (4), the kinetics and mechanism 
of an attack of phosphorus vapor on nickel  sheets were 
studied by gravimetric means. However, only a few 
morphological observations were made. The present  
paper deals wi th  the profiles of the scales produced, 
together with the kinetics on an increase of the thick-  
ness of the phosphide layer. 

The specimens phosphidized in a preceding research 
(4) were used in this study. They were embedded in a 

polyester resin, and then their cross sections were 
mirror-pol ished wi th  a very  fine powder of Cr~Oa. 

Thicknesses of these phosphide layers were deter-  
mined by microscopic observation, and plotted against 
a square root of the elapsed time. Figure  1 shows that  
the reactions have a tendency to follow a parabolic 

Key words: phosphtdatlon of Ni,  scale morphology.  
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behavior. The scatter in the data may result  f rom the 
difference in porosity of the layers. Even on the same 
phosphidized specimen, the thickness is not necessarily 
the same for the position chosen. All the phosphide 
phases obtained are very  stable at room temperature.  

The parabol ic-rate  constants obtained at the 2 a tm-  
reactions were as follows: 39 _ 10 ~2/hr, 400~ 114 • 
27 #2/hr, 450~ 455 -+- 108 #2/hr, 500~ 2000 +__ 400 
~2/hr, 550~ 10,400 __ 4,000 #2/hr, 600oc. Their  Ar-  
rhenius  plot yielded the activation energies of 26 • 5 
kca l /mole  (400~176 and 42 +_ 9 kcal /mole (500 ~ 
600~ 

The x - r a y  pat terns showed that the Ni2P compound 
is certainly formed under  all  the conditions. The x - ray  
peaks of NiPs were surely observed at 400 ~ and 450~ 
but  not at 500~ and above. The peaks of NieP5 were 
very low, but  were recognized in  the early stages 
through 400~176 and, especially at 400 ~ and 450~ 
were comparat ively higher (4). 

Faceted phosphide grains developed over large parts 
of the surface are shown in Fig. 2, which reveals the 
crystals to grow stepwise. Its x - r a y  diffraction peaks 
(4) were identified as belonging to those of Ni~P, 
showing the epitaxial  growth of a (111) plane 
(20CuK~ = 40.8) and (300) + (0.02) planes (20CuK~ = 
54.2). Faceted grains were not formed except at 
500~ in 1 Torr  phosphorus for 3-11 hr. 

Phosphide whiskers were f requent ly  observed on 
reactions in 2 arm phosphorus at 450 ~ 500 ~ 550 ~ and 
600~ and in 1 and 4 Tort  at 500~ but  not  at 400~ 

The growth of platelets was a common phenomenon 
at 500~ in 1-1520 Torr phosphorus, but  was not ob- 
served except for these conditions. It  is not clear, why 
such phenomenon took place at 500~ alone. It  is not 
evident  by x- ray-spec t rography whether  the different 
phase has been formed. 

Typical  platelets and whiskers, which developed at 
500~ are shown in  Fig. 3: a platelet hav ing  corners 

0 2 1. 6 8 10 
T I M E ( hr vz) 

Fig. 1. Parabolic phosphidation of nickel in 2 arm phosphorus: Fig. 2. Faceted phosphide grains formed at 500~ for 11 hr in 1 
0 600~ �9 550~ A 500 ~ �9 450 ~ [ ]  400~ Tort phosphorus. 
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Fig. 3. The nickel-phosphide platelets and the whiskers grown on 
surfaces of specimens phosphidized at 500~ at (a) 4 Torr for 1 
hr, (b) 4 Tort for 8 hr, and (c), (d), and (e) 1 Torr for 8 hr. 

of an angle of 120 ~ (Fig. 3a); a platelet  possessing 
several  creases (Fig. 3b);  a whisker  growing on the 
top of a platelet  (Fig. 3c) ; a s tepwise growing platelet  
(Fig. 3d);  and the coexistence of a platelet  and a 
whisker  (Fig. 3e). The  last three platelets  (Fig. 3c, d, 
e) have  grown at different parts of the same specimen. 

Cross sections of phosphide- tarnishing layers formed 
at 400~ (Fig. 4) indicate the format ion of thick, con- 
t inuous phosphide films which appear to be in very  
close contact wi th  the under lying metal.  Long lines of 
fine pores are visible. In particular,  it is of interest  

Fig. 4. Cross sections of specimens phosphidized at 400~ in 2 
atm phosphorus for 3.5 hr (top) and for 60 hr (bottom). 

that  the position of voids f rom the unchanged nickel  
was not al tered significantly throughout  the reaction 
t ime at 400~ The format ion of voids might  be due 
to the collapse of cation vacancies. Al though the cross 
sections of a series of specimens phosphidized at 400~ 
were  etched wi th  cone nitric acid at room temperature ,  
this t rea tment  did not cause an appearance of a new 
phase. 

Figure 5b shows some phase boundaries on the 
e tch ing- t rea tment  appearing in the same way, namely, 
showing an existence of two or three phases. Af ter  re -  
action for 65 hr  (Fig. 5c), there  is a double line of 
large elongated voids, paral le l  to the phosphide /meta l  
interface. This double l ine was more plainly v iewed at 
lower  magnification in a microscope. 

In the 500~ reaction, the inner  layer  (Fig. 6a) cor-  
responds to Ni2P, and the outer  to higher  phosphides. 
The same etching showed that  the phases near  the 

Fig. 5. Transverse sections of specimens 
phosphidized at 450~ in 2 atm phosphorus 
for (a) 40 hr, (b) 40 hr, etched with conc 
HNO~, and (c) 65 hr. 

Fig. 6. Transverse sections of speci- 
mens phosphldized at 500~ in 2 atm 
phosphorus for (a) 16 hr, (b) 16 hr, 
and (c) 40 hr; (b) and (c) etched with 
conc HNO3. 
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Fig. 7. Transverse sections of specimens phosphidized in 2 atm 
phosphorus. Upper micrograph, phosphidized at 550~ for 6 hr; 
lower micrograph, at 600~ for 1 hr. 

solid-solid interfaces are corroded much more quickly 
than  bulk  phases (Fig. 6b), and that  at ]east three 
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layers exist (Fig. 6c), being consistent with the phos- 
phorus distr ibution curve obtained by an  electron 
microprobe (4). The transverse sections in the case 
of lower phosphorus pressures, namely,  1, 4, and 20 
Torr  at 500~ were almost similar to those in  2 atm 
phosphorus at the same temperature.  

In  the case of the 550~ reaction too (Fig. 7), the 
outer layer  is obviously porous and the inner  is com- 
parat ively  dense. The dark portions near  the solid- 
solid interfaces are a groove which appeared dur ing  
polishing, probably because of br i t t le  layers. When the 
layers of Fig. 7 were etched by conc nitric acid, the 
aspects similar to Fig. 6c were observed. 

When the nickel sheets were phosphidized to com- 
pletion at 500 ~ 550 ~ and 600~ numerous  large voids 
were observed at the centers of their t ransverse  sec- 
tions. 

The phosphidation rates which were determined by 
the measurement  of the change of both the weight 
and the thickness were parabolic, and the factor gov- 
erning the reaction appears to be diffusion processes 
complicated with the generation of a large number  
of voids and with the growth of various crystals. 

Manuscript  submit ted May 11, 1972; revised m a n u -  
script received Aug. 1, 1972. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1973 JOURNAL. 
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Nondestructive Photovoltaic Technique for the Measurement of 
Resistivity Gradients in Circular Semiconductor Wafers 
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and L. J. Swartzendruber 

Institute for Materials Research, National Bureau of Standards, Washington, D. C. 20234 

Resistivity gradients in a semiconductor wafer can 
adversely affect the characteristics, yield, and rel iabi l i ty  
of devices fabricated from such a wafer. It is therefore 
of critical importance to be able to identify and cull 
out wafers with unacceptably large resistivity gra-  
dients. The method (1) commonly used to measure 
resistivity variat ions in semiconductor wafers involves 
six four-probe resistivity measurements :  two at the 
wafer center, and four, 3.2 mm from the edge, 90 ~ 
apart. Several  problems are encountered with this 
method. Swar tzendruber  (2) has discussed a basic 
l imitat ion in  the application of the four-probe method 
to the measurement  of resistivity variat ions due to 
the relat ively large sampling region of the probes. 
Recently, Vieweg-Gutber le t  and SchSnhofer (3) 
have examined this l imitat ion in greater detail and 
have recommended that to obtain more exact informa-  
t ion about the radial  resistivity profile along a diameter  
of a wafer, two-probe measurements  should be made 
on a bar  cut along that  diameter  of the wafer. Another  

K e y  words:  germanium,  inhomogenei t ies ,  m e a s u r e m e n t  method,  
photovoltaic  effect, resist ivity,  semiconductors,  si l icon. 

problem is that the off-center correction factor (4) is 
very sensitive to the location of the probe near  the 
wafer  edge. As a result, small  uncertaint ies  in the 
probe placement  produce large errors in  the apparent  
resistivity. Another  drawback to the s tandard method 
is the lack of information about the resist ivity var ia-  
tions between the center and the measurement  points 
near  the edge of the wafer. Perhaps the most critical 
difficulty with the four-probe technique results from 
the placement  of the probes on the wafer surface. The 
damage caused by the probes may of itself be detr i-  
menta l  to the rel iabil i ty and yield of devices fabricated 
in  the  region of the damage. 

A practical a l ternat ive  to the four-probe technique 
for making resistivity gradient  measurements  along 
the diameter  of a circular semiconductor wafer is de- 
scribed in this paper. This technique, which is based 
upon the bulk  photovoltaie effect of Taue (5), re-  
quires no contact with the flat surface of the wafer 
and permits a continuous measurement  of the re-  
sistivity gradient  along the wafer diameter to be made. 
Oroshnik and Many (6, 7) and Baev and Valyashko 
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(8, 9) have  described photovoltaic techniques for mea-  
suring resist ivi ty variat ions in bar-shaped ge rmanium 
specimens and in rec tangular  ge rmanium wafers.  
Munakata  (10) has described an etectron voltaic effect 
which might  also be applied to the measurement  of 
resist ivi ty gradients in semiconductors. Oroshnik and 
Many (11) have also described a photovoltaic tech-  
nique for making qual i ta t ive  resist ivi ty gradient  mea-  
surements  on circular silicon and ge rmanium wafers, 
but no practical  application of the photovoltaic effect 
to the quant i ta t ive  measurement  of resist ivi ty gra-  
dients of circular  semiconductor  wafers  has been at-  
tempted. 

In this paper, a mathemat ica l  expression is der ived 
which relates the resis t ivi ty gradient  along a wafer  
d iameter  to the photovol tage measured at the d iameter  
ends on the r im of the wafer.  A measurement  tech-  
nique is described which allows one to determine  the 
radial  resis t ivi ty profile along a wafer  d iameter  using 
the derived mathemat ica l  relation. Resis t ivi ty pro-  
files as de termined by the photovoltaic technique are 
compared wi th  four -probe  resist ivi ty profiles made  on 
the same wafer  d iameter  and with  two-probe  re -  
sistivity profiles made on bars cut along that  wafer  
diameter.  

Theory 
T auc (5) has der ived the under ly ing physical law 

of the photovoltaic phenomenon and has discussed its 
physical  aspects. The bulk photovoltaic effect is a 
physical phenomenon which occurs when elect ron-hole  
pairs are photogenerated  in a region of an impur i ty -  
density gradient.  In the region of an impur i ty-dens i ty  
gradient,  or equivalent ly  a resis t ivi ty gradient, an in-  
te rnal  electric field exists in the semiconductor.  This 
is much l ike the situation at a p -n  junction, only one is 
concerned here  with a much smaller  impur i ty-dens i ty  
gradient  and thus a much smaller  electric field. When 
excess e lect ron-hole  pairs are generated in this region, 
they are separated by the in ternal  electric field. The 
s teady-sta te  distr ibut ion of the separated carr iers  is 
such that  the magni tude  of the net  in ternal  field is 
reduced. It is the reduct ion in magni tude  of the net 
in ternal  field which results in the photovol tage which 
can be measured at contacts made  to the specimen. I t  is 
possible to relate this measured  photovoltage to the 
resis t ivi ty gradient  in the region where  the excess 
e lec t ron-hole  pairs are distributed. 

The theory  of Tauc (5) is basically a one-d imen-  
sional theory, val id for a nar row semiconductor bar. 
In the measurements  which have been performed on 
bar shaped specimens (6-9), a na r row line of l ight 
i l luminates the entire width of the bar and the photo-  
vol tage is measured at the ends of the bar. The photo-  
voltage which is measured  is proport ional  to the  number  
of excess e lec t ron-hole  pairs generated as wel l  as the 
local resis t ivi ty gradient.  Thus a de terminat ion  of the 
number  of excess carr ier  pairs generated is also needed 
in order  to calculate the resis t ivi ty gradient. This can 
be accomplished by measuring the photoinduced 
change in specimen resistance, AR, as measured at the 
same contacts as the  photovoltage, if one knows the 
relat ion between ~R and the photoinduced change in 
resistivity, z~p, in the region of the excess carr ier  con- 
centration. The change in resist ivi ty is related to the 
change in carr ier  densi ty  by the equat ion 

~p = p~]q] (~n~n + ~p• [1] 

where  an is the excess electron densi ty and Ap the 
excess hole density. The relat ion be tween hR and Ap 
for the case of a na r row semiconductor  bar is trivial,  
but the development  of the relat ion for the case of a 
c ircular  wafe r  is somewhat  more involved. An outline 
of this development  appears later  in this section. 
Numerous,  not ful ly controllable, factors such as sur-  
face reflect ivi ty and effective carr ier  l ifetime, affect 
the number  of excess carr iers  generated. Since these 
may, and probably  will, va ry  as a function of position 
on the specimen, it has been recognized (6) that  it is 

impor tant  to measure ~R as a function of position along 
the specimen. 

The extension of the photovoltaic technique  to the 
measurement  of resis t ivi ty gradients along the d iam- 
eter of circular  wafers  requi red  that  expressions be 
developed which describe how the circular geometry  
affects both the measured photovoltage, V, and ~R. 
The assumptions made in the der ivat ion are: (i) the 
excess carr ier  concentrat ion is essentially uni form wi th  
depth in a cross section beneath  the area i l lumina ted  
by the light;  (ii) the excess carr ier  concentrat ion is / 
always zero at a measurement  contact; (iii) the excess 
carr ier  concentrat ion is a lways much less than the 
equi l ibr ium carr ier  concentrat ion;  ( iv)  the resist ivi ty 
gradient  is only radial  ( that  is, along a d iamete r ) ;  
(v) the light is a lways several  l ight spot d iameters  

removed f rom a measurement  contact. Except  for ( iv)  
and (v) ,  these assumptions are the same as for the 
case of bar-shaped specimens. Condition ( iv)  is r e -  
quired so that  excess carr ier  pairs are not separated in 
a direction perpendicular  to the measurement  diam- 
eter. Such carr ier  pairs contr ibute  to the measured 
hR but contr ibute only second order effects to V. Condi- 
t ion (v) is required because of the b reakdown of geo- 
metr ical  correction factors as the l ight spot nears the 
edge of the wafer.  Contrary  to the case for bars, a 
current  shunting the i l luminated region exists in the 
wafer  when  the photovoltage is generated. The speci- 
men  geometry  appropriate for der iving the expressions 
describing the effect of the circular  geometry  on V and 
AR is i l lustrated in Fig. 1. The wafe r  is i l luminated by 
a circular  spot of l ight located at a point on the X 
(measurement)  axis. 

To obtain the desired expressions, the art i fact  of 
replacing the charge separat ion in the region of the 
light spot by a potential  dipole ~UE~,  is used, where  
U is the voltage and �9 the distance be tween the posi- 
t ive and negative poles. To facil i tate the der ivat ion of 
the relat ion be tween ~ U ~  and the potent ia l  dif-  
fe rence  at the contacts at the wafer  rim, a cur ren t  
dipole is placed inside the potent ial  dipole such that  
the proper  potential  dipole is obtained. The relation, 
obtained by the method of conformal  t ransformation,  
is 

2 ~ U e ~  I 
V ---- - -  [2] 

b 1 -  ( x /b )2  

where  b is the wafer  radius and x is the light spot 
position with respect to the wafer  center. To obtain 

Fig. 1. The specimen geometry for which Eq. [9] applies 
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the appropriate dipole strength, the expression given 
by Tauc (5) for the photovoltage measured at the 
ends of a nar row bar  when i l luminated by a nar row 
line of light is used 

2kT 1 dp 
U ----' Loha [3] 

q (1 + ~M/#m) dx 

where Lo is the length of the i l luminated segment. For 
ha < <  ~o, this can be wri t ten  

2kT 1 1 dp hp 
U : Lo [4] 

q ( l + ~ M / # m )  p dx p 
where p is the resist ivity at the region i l luminated.  To 
simplify the measurement ,  p is replaced by 3, the 
average specimen resistivity, in this expression. Using 
Eq. [4] and appropriately averaging over a circle of 
radius a, the average voltage dipole s trength for a 
circular spot of radius a becomes 

4kT 1 1 dp hp  <Ue> - -  - - -  a 2 [5] 
3q ( l + ~ M / # m )  - dx - 

P P 

Included is a factor of ~/2 to account for the potential  
drop wi th in  the i l luminated region which is a result  
of the current  generated by the shunt ing of the sepa- 
rated charge by the surrounding material.  The factor 
of ~/~ is an approximation based upon the fact that, 
for a circular spot on an infinite sheet, the resistance 
of the spot as measured at points at the ends of a 
diameter  of the spot assuming the remainder  of the 
infinite sheet removed, is equal to the resistance of 
the infinite sheet as measured at the same two points 
with the spot removed. 

For contacts as shown in Fig. 1, the resistance of 
the wafer is 

Ro---- 2 P ' l n  ( 2 - - d / b  ) [6] 
~t d/b 

where d is the radius of the contact, ~ is the average 
specimen resistivity, t is the thickness of the wafer, 
and the contacts are assumed to be ohmic. The per tur -  
bat ion in Ro caused by a spot of radius a and resistivity 
p + Ap can be calculated if it is assumed that  a < <  b 
and d < <  b. The contacts are replaced by cur ren t  
sources of values + 2 I  and --2I  and it is assumed the 
spot lies on an infinite sheet. This yields a problem 
which can be solved analyt ical ly  by conformal t rans-  
formation to yield 

hR hp (a/b)2 1 
= [7] 

Ro - [ 2 - -  (d/b) ] [1-- In d/b 

To el iminate the need to know d, Eq. [6] and [7] can 
be combined to give 

hpa 2 ~- hRb2-~ 1 -- [8] 

Equations [2], [5], and [8] can be combined to give 
the relationship of the resistivity gradient  at the l ight 
spot to V and hR. 

dp 3q ,~-~ ) v(x) 
- [9] 

dx 4~kT 1 - - ( x / b )  ~ bt ~R(x)  

Apparatus 
The electrical circuit used to make  measurements  

of the photovoltage and photoinduced change in speci- 
men resistance is shown in Fig. 2. The lock-in  amplifier 
was used because the magnitudes of the photovoltaic 
signals were general ly 1 ;tV or less. The rate at which 
the light is chopped must  be adjusted so that the on-  
t ime of the light is long enough to achieve a steady- 
state excess carrier distribution. The X-Y recorder 
produces continuous plots of the photovoltage or 
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Fig. 2. Schematic of electrical circuitry used to measure the 

photovoltage and photoinduced change in specimen resistance. 
With the switch in position 1, the photovoltage can be measured; 
in position 2, the photoinduced change in specimen resistance can 
be measured. 

SIGNAL FROM MOTOR 
DRIVEN POTENTIOMETER 

photoconductivity as a funct ion of position along the 
wafer diameter. 

The light source was a tungs ten  filament lamp. The 
light was concentrsted on a circular aperture of var i -  
able diameter  which was focused by a l ens -mir ror  
system onto the wafer surface to form the light spot. 

The specimen holder used in  this study is shown in 
Fig. 3. There are four sets of double knife-edge con- 
tact elements. The four contact elements permit  the 
measurement  of the average wafer resistivity, ~, by 
the van  tier Pauw technique (12, 13). It  is this value  

Fig. 3. Schematic illustration of specimen holder, where W is the 
wafer and K the knife edge. The springs, S, allow a variable 
knife-edge contact pressure to be applied. The knife-edge holders, 
B, are insulated from the knife edges. A is a moveable carriage to 
accommodate various wafer sizes and to allow knife-edge pressure 
adjustments. 
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of average specimen resist ivity which is used in the 
evaluat ion of Eq. [9]. When  the photovoltage or photo- 
induced change in specimen resistance is being mea-  
sured, only the two contact elements at the ends of 
the measurement  diameter  are in contact with the 
wafer; the other two are retracted. When the photo- 
voltage is measured, only one knife-edge at each 
contact element is used. When the change in  specimen 
resistance is measured, both knife-edges at the con- 
tact e lement  are used, one to carry the current ,  the 
other to measure the small, photoinduced change in 
potential  across the specimen. This el iminates the prob-  
lems associated with t rying to measure a small  change 
in potential  with a nonohmic, cur ren t -car ry ing  con- 
tact. 

Results and Discussion 
Both n-  and p- type silicon and germanium wafers 

were measured in this study. The average resistivities 
ranged from about 1 ohm-cm to over 5000 ohm-cm. 
Most of the measurements  were made on wafer sur-  
faces lapped with 5 ~m alumina abrasive. Pre l iminary  
measurements  indicate that  photovoltaic measurements  
made on chemical ly-mechanical ly  polished surfaces 
differ l i t t le from measurements  made on lapped sur-  
faces. 

To use Eq. [9] to determine the resistivity at points 
a long  the measurement  diameter, an integrat ion is 
required. In  practice, values for V(x )  and aR(x)  are 
determined for small  segments of equal but  a rb i t ra ry  
ler~gth for the entire diameter and a summat ion is 
performed. An  absolute determinat ion of p(x) is not 
obtained, but  the value obtained differs from p(x) by 
the constant  of integration, po, the value of the re-  
sistivity at the point on the diameter  where  the sum- 
m'ation begins. The photovoltaic profiles in the figures 
have been adjusted to give a best fit to the two-probe 
or four-probe profiles, since, for this study, it was 
impor tant  to establish how well  the photovoltaic tech- 
nique was able to determine resistivity variations. 
Since one also measures F, the average specimen re-  
sistivity, a good indication of the range of absolute 
resistivity values is obtained. 

A comparison of a photovoltaic and four-probe re-  
sistivity profile made along a diameter  of a 1 ohm-cm, 
n - type  silicon wafer is shown in Fig. 4. 

It has been found that, in general, the agreement  be-  
tween the photovoltaic profiles and the four-probe and 
two-probe profiles has been very good in the central  
region but  deteriorates somewhat beyond approxi-  
mately one-half  the radius. The deteriorat ion in agree- 
ment  can par t ia l ly  be explained by the presence of 
nonohmic measurement  contacts. Since the meta l  

knife-edges are simply making  a pressure contact wi th  
the wafer rim, the contact is not ohmic. Carriers which 
are photogenerated and which can diffuse to the 
metal-semiconductor  contact without recombining, in  
violation of assumption (ii), generate a barr ier  photo- 
voltage which is superposed on the bulk  photovoltage. 
This does not appear to affect the photovoltaic mea-  
surement  unt i l  the light probe is wi th in  a few carrier 
diffusion lengths of the contact if the wafer r im has 
been abraded or if the wafer  has been cut from a cen- 
terless ground crystal. 

An  indication of the effect of vary ing  the  ohmic 
qual i ty of a measurement  contact can be seen in  Fig. 5. 
The apparent  increase in  resistivity as measured by 
the photovoltaic method on an as-grown rim, as one 
approaches the edge of the wafer, results from diffusion 
of carriers to this highly nonohmic contact. When the 
r im is abraded, the contact becomes more ohmic and 
the photovoltaic and  four-probe profile are in  much 
better  agreement. The nonohmic na tu re  of the con- 
tacts was determined by  measur ing  the specimen re-  
sistance between the contacts and comparing the mag- 
ni tude for current  in both directions between the 
contacts. A large difference in measured resistance for 
the two directions of current  with the as-grown r im 
indicated that one of the contacts was much less ohmic 
than the other. This is also indicated by the asymmetry  
of the photovoltaic profile for the as-grown case in 
Fig. 5. 

Three different resist ivity profiles for the same wafer  
diameter are shown in Fig. 6. A four-probe profile and 
a photovoltaic profile were made on the circular wafer 
and a two-probe profile was made on a bar cut from 
the measurement  diameter  of the wafer. As ment ioned 
previously, it has been recommended that  to obtain 
more exact informat ion about the resist ivity gradient  
of a semiconductor wafer, par t icular ly  when  steep 
gradients  are present, a two-probe resistivity profile 
should be made in place of a four-probe profile (3). 
Note the agreement  of the photovoltaic profile with the 
two-probe profile at the wafer center  compared to 
the agreement  between the four-probe and two-probe 
profiles at the center. It is not uncommon for the four-  
probe measurement  to underes t imate  the depth of the 
valley in the resistivity profile at the wafer  center  
when a steep gradient  is present, as in Fig. 6. This is 
due pr imar i ly  to the large area over which the four-  
probe measurement  averages the resistivity. It  is ob- 
vious that in this par t icular  instance the resolution of 
the photovoltaic technique is superior to that  of the 
four-probe technique. 

Another  difficulty encountered with making  four-  
probe measurements  is the sensitivity of the measure-  

t.3o . ~  ~ - - L I G H T  PROBE DIAMETER 45 i-  " ~  a FOUR-PROBE 

1.26~ ~ D FOUR PROBE RESISTIVITY o ~- ~ o PHOTOVOLTAIC (rirn-osgrown) 

L'22 F 

__ I overage p ~Q / 

~4t 

59 

1,06 ~_ ~ 12: I0 8 6 4 2 0 2 4 6 8 10 12 
102 L / I I I I I [ I I I I I DISTANCE (ram) 

Iz to s 6 4 z 0 z 4 6 s IO 12 Fig. 5. Photovoltaic and four-probe resistivity profiles mode along 
DISTANCE (ram) the diameter of a p-type silicon wafer. The effect of the nonohmic 

Rg. 4. Photovoltaic and four-probe resistivity profiles made along nature of the measurement contact on the photovoltaic profile is 
the diameter of an n-type silicon wafer, shown. 



VoL 119, No. I2 P H O T O V O L T A I C  TEC H N I Q U E 1777 

He~_ �9 t I I l I I I I I I I 7 5 ~  , , I , I 

!"t 
96 1 ~ m 65 f // // . -    ROBE 

o - -  P H O T O V O L T A I C  

92  ' 63  

I- 
t I I 1 1 l I I 1 ee,2 ,o e 6 ~ z a z 4 ~ e ,o ,z s , -  

DISTANCE (ram) I_ | 

Fig. 6. Photovoltaic, four-probe, and two-probe resistivity profiles ssl I I ~ I 12 I0 8 6 4 
made along the same diameter of an n-type silicon wafer. The 
photavoltaic and four-probe profiles were made on the circular 
wafer while the two-probe profile was made on a bar cut from along 
the measurement diameter. 

I I I I I 

~..- J ,  

I 1 I I I I I 
2 0 2 4 6 8 I0 
D I S T A N C E  ( ram)  

12 
Fig. 8. Four independent photovoltaic resistivity profiles made 

along the same diameter of an n-type silicon wafer. 

ment  near  the wafer edge to the placement  of the 
probes. A small error in probe placement  may result  
in a large error in the measured resistivity. This effect 
can be seen in Fig. 7 where the original four-probe 
profile was made with an error in the placement  of the 
probes of approximately 0.3 mm. The photovoltaic mea-  
surement  is relat ively insensit ive to slight errors in the 
location of the moving light spot. An error of 0.3 mm in 
light spot location would be barely detectable for the 
profile seen in Fig. 7. 

In  order to obtain an indicat ion of the reproducibi l-  
ity of the photovoltaic technique, four independent  
photovoltaic resistivity profiles were made along the 
diameter  of an n - type  65 ohm-cm silicon wafer. The 
results of these measurements  can be seen in Fig. 8. 
The max imum difference at any point between any  
of the four profiles is less than 2% of the average spe- 
cimen resistivity. Since the wafer had a large nonradia l  
resistivity gradient  along the chosen measurement  di- 
ameter, and since the apparent  resistivity profile of the 
wafer varied considerably as the measurement  diam- 
eter was changed slightly, the reproducibi l i ty  is con- 
sidered to be indicative of that which could be obtained 
under  less than ideal conditions. 

45.4 i / i ] i i i i i ] i 
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Fig. 7. Photovoltaic and four-probe resistivity profiles made along 
the diameter of a p-type silicon wafer. The effect on the four-probe 
resistivity measurement of a slight misplacement of the probes near 
a wafer edge is shown. 
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Since the magni tude  of the photovoltage is pro- 
port ional  to the resist ivity gradient, general ly  the 
higher the mater ial  resistivity the larger the photo- 
voltage. For example, the magni tude  of a 1% gradient  
in 10 ohm-cm mater ia l  is 10 times the magni tude of a 
1% gradient  in 1 ohm-cm material .  It is this fact which 
has not made it possible with the apparatus and tech- 
nique described to measure resistivity gradients in ma-  
terial  of resistivity less than 1 ohm-cm. Experiments  
indicate that  the resistivity gradients of specimens with 
resistivities of less than  0.1 ohm-cm may be measured 
using the same measurement  technique with a 25 mW 
He-Ne laser in place of the tungs ten  filament l ight 
source. 

C o n c l u s i o n  
The theoretical and exper imental  basis has been 

provided for a quanti tat ive,  nondestruct ive measure-  
ment  of the resistivity variat ions along the diameter  of 
a circular semiconductor wafer. The measurement  tech- 
nique requires little or no special specimen preparat ion 
and requires contact only with the r im of the wafer. 

It has been shown that resistivity variat ions in the 
central  port ion of a wafer as determined by the photo- 
voltaic technique general ly agree very well  with those 
determined by the two-probe technique and with those 
determined by the four-probe technique when  steep 
resistivity gradients are not present. When  steep gra-  
dients exist in the central  portion, it has been  found 
that  the photovoltaic resistivity profiles agree better 
with the two-probe profiles than  the four-probe pro- 
files do, indicat ing that  the spatial resolution of the 
photovoltaic technique in these instances is superior to 
that  of the four-probe technique. The abil i ty of the 
photovoltaic technique for making  resistivity gradient  
measurements  wi th in  a few carrier  diffusion lengths of 
a contact is l imited by the nonohmic na ture  of the 
measurement  contacts used. 

The relative insensi t ivi ty of the photovoltaic mea-  
surement  to l ight-spot location is contrasted with the 
extreme sensit ivi ty of the four-probe technique near  
the edge of a wafer  to the placement  of the probes. 
The photovoltaic measurement  has been found to be 
repeatable  to wi th in  a few per cent of the average 
specimen resistivity, even under  less than  ideal condi- 
tions. 
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LIST OF SYMBOLS 
V voltage measured at wafer rim, V 
U voltage at potential  dipole, V 

dipole separation, cm 
Ro wafer resistance as measured at diameter  ends, 

ohm 
• photoinduced change in specimen resistance as 

measured at diameter  ends, ohm 
b wafer radius, cm 
x light spot position along the wafer diameter  

with respect to wafer center, cm 
d measurement  contact radius, cm 
t wafer thickness, cm 
k Boltzmann's  constant, e rg /~  
T absolute temperature,  ~ 
q major i ty  carrier charge, C 
;~M major i ty  carrier mobility, cm2/V �9 sec 
~tm minor i ty  carrier mobility, cm2/V �9 sec 
dp/dx average resistivity gradient  at i l luminated re- 

gion, ohm 
p uni l luminated  specimen resist ivity at region of 

i l lumination,  ohm-cm 
i average specimen resistivity, ohm-cm 
A~ change in conductivi ty of i l luminated region, 

1/ohm-cm 

0" o 

~tn 

~P 

uni l luminated  conductivity, 1 /ohm-cm 
electron mobi l i ty  
hole mobi l i ty  

REFERENCES 

1. Methods of Test for Bulk Semiconductor Radial 
Resistivity Variation (ASTM Designation F81-70) 
in "Annual  Book of ASTM Standards," Par t  8. 
American Society for Testing and Materials, 
Philadelphia (1971). 

2. L. J. Swartzendruber ,  Solid-State Electron., 7, 413 
(1964). 

3. F. Vieweg-Gutber le t  and F. X. SchSnhofer, Arch. 
Tech. Messen, No. 369, 237 (October, 1966) and 
No. 370, 259 (November, 1966). 

L. J. Swartzendruber,  Natl. Bur. Std. Tech. Note 
199, (April, 1964). 

J. Tauc, Czech. J. Phys., 5, 178 (1955). 
J. Oroshnik and A. Many, Solid-State Electron., I, 

46 (1960). 
J. Oroshnik and A. Many, This Journal, 106, 360 

(1959). 
I. A. Baev and E. G. Valyashko, Soviet  Phys.-Solid 

State, 6, 1357 (1964). 
I. A. Baev and E. G. Valyashko, ibid., 7, 2093 

(1966). 
C. Munakata,  Microelectronics and Reliability, 6, 

27 (1967). 
A. Many and J. Oroshnik, Testing of Semiconduc- 

tors, U.S. Pat. No. 3.034.056 (1962). 
L. J. Van der Pauw, Philips Res. Rept., 13, 1 (1958). 
Standard Method for Measuring Hall  Mobility in 

Extrinsic Semiconductor Single Crystals (ASTM 
Designation: F76-68) in "Annual  Book of ASTM 
Standards," Par t  8. American Society for Testing 
and Materials, Phi ladelphia (1971). 

4. 

5. 
6. 

7. 

8. 

9. 

10. 

11. 

12. 
13. 

An Improved Polishing Technique for GaAs 
V. L. Rideout 

IBM Thomas J. Watson Research Center, Y o r k t o w n  Heights, New  Y o r k  10598 

Certain electronic device applications that involve 
single-crystal  GaAs are critically dependent  on the 
substrate condition, i.e., surface finish and flatness. In  
particular,  the surface flatness of GaAs wafers is im-  
portant  in the fabrication of: (i) u l t ra th in  epi taxial-  
layer  devices such as semiconductor superlattices (1) 
or mul t i layered acoustic transducers;  (ii) surface- 
wave acoustic devices using electron-beam exposure; 
and (iii) microwave- integrated circuits, meta l -semi-  
conductor field-effect transistors, and other device 
structures that  involve photolithographic processing. 

Since its development  by Reisman and Rohr (2, 3), 
the NaOC1 chemical-polishing technique has become 
a popular  technique in the semiconductor indust ry  for 
obtaining smooth mirror-f inish surfaces on GaAs. Re- 
cently, another chemical polishing technique using 
H202 and NH4OH has been developed by Dyment  and 
Rozgonyi (4). All of these researchers, however, em- 
ployed the same mechanical  means to distr ibute the 
chemical etchant  over the wafer surfaces, and we find 
that this can introduce certain undesirable  effects. 

The procedure employed unt i l  now is that the wafers 
to be polished are affixed to a disk which is allowed to 
rotate freely about a fixed point near  the edge of a 
polishing plate which is covered by a polishing cloth. 
The rotation of the wafer-disk assembly is caused by 
the friction between the wafers and the liquid layer  
between the wafers and the polishing cloth (3). Dur ing  
rotat ion the etchant distributes itself over the wafer 
surfaces. Pressure on the wafers is provided by  the 
weight of the wafer-disk assembly alone. In  using this 
procedure we observed that  the wafer-disk assembly 

Key words: GaAs, c h e m i c a l  p o l i s h i n g ,  surface flatness, NaOC1. 

often rotated nonuni formly  which invar iably  resulted 
in poor qual i ty surfaces. In i t ia l ly  the etchant  was ap-  
plied periodically at 1 min intervals. During this in -  
terval  the l iquid is dispersed by the polishing action 
and hence the coefficient of friction varies dur ing the 
t ime period. Thus we assumed that  conversion to a 
more uniform feed rate would solve the problem; 
however, nonuni form rotat ion still often occurred, 
par t icular ly  when square-shaped or large-area sam- 
ples were used. Increasing the weight of the disk led 
to more uniform rotation, but  then edge rounding was 
greatly enhanced. To circumvent  the problem we used 
an electric motor to drive the wafer-disk assembly at 
a constant rotat ional  speed in the na tura l  direction of 
free rotation. Subsequent ly  it was found that  if the 
wafer-disk assembly was motor driven at a speed 
slightly higher than the na tu ra l  speed of rotat ion due 
to friction alone, then edge rounding of the polished 
wafers was significantly decreased, and surface flat- 
ness enhanced. 

Exper imenta l  conditions for a typical polishing 
operation are as follows. The samples are affixed to a 
4 in. diameter 1/4 in. thick glass disk (weight, 140g) 
with wax, and Japped using 6/~ garnet  powder in  a 
water  slurry. About  3-4 mils of material  are removed. 
After  careful r insing and washing with a mild soap 
solution to remove particles, the disk is placed on a 12 
in. diameter polishing plate. The center  of the disk is 
positioned 3 in. from the center of the plate. Motor 
speed of the plate is 60 rpm while that of the disk Js 
30 rpm (the free rotational speed of the disk is about 
20 rpm) .  The disk motor is constrained by a stop that  
prevents  any downward force from being applied to 
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Fig. 1. Chemical polishing apparatus 

the disk (see Fig. 1). The Poli tex PS Supreme polish- 
ing cloth (Geoscience Ins t ruments  Corporation) was 
found to be superior to the Pellon PAN-W for our ap- 
plications. The etchant solution is 20:1 H20:NaOC1 
(Fisher reagent  grade) and is replenished every hour. 
The feed rate is 4 ml of solution every 30 sec and the 
total polishing t ime is approximately 3 hr  dur ing  
which time about 1 rail of material  is removed. 

IMPROVED P O L I S H I N G  TEC H N I Q U E FOR GaAs 1779 

Both Cr-doped (semi-insulat ing)  and Te-doped 
(4 X 1017 cm - s  n- type)  single-crystal  <100>,  
< I l I > A ,  and < l l l > B  GaAs surfaces have been suc- 
cessfully polished with our apparatus. Measurements 
with a Talysurf  ins t rument  showed a surface flatness 
of bet ter  than _ 500A over 250 mils of surface. Dyment  
and Rozgonyi (4) achieved flatnesses of approximately 
10,0O0A over a l inear  dimension of 1 cm, however, they 
made no at tempts  to optimize the over-al l  flatness of 
their wafers. To explain the improved surface flatness 
with our technique we propose that  since the NaOC1 
polishing process is pr imar i ly  chemical ra ther  than 
mechanical, the p r imary  purpose of mechanical  motion 
is to distr ibute the etchant as uni formly  as possible 
over the wafer surface. Thus mechanical ly dr iv ing the 
wafer-disk assembly in its na tu ra l  direction of free 
rotation, but  at a speed somewhat higher than  its 
na tura l  speed of free rotation, results in  a more even 
exposure of the wafer surfaces to the etchant, and 
hence achieves flatter surfaces. 

Manuscript  received Ju ly  6, 1972. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June  1973 JOURNAL. 
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The Variation of the Solid Composition During 
the LPE Growth of Ga _ AIAs 

W. G. Rado and R. L. Crawley 
Ford Motor Company, Scientific Research Stag, Dearborn, Michigan 48121 

The phase diagram of the Ga-A1-As te rnary  system 
has been calculated and explored  exper imental ly  by 
Ilegems and Pearson (1) and Panish and Sumski (2). 
Recently addit ional exper imental  data were presented 
by Alferov et al. (3) and by Rado, Johnson, and Craw- 
ley (4) on the variat ion of the AlAs concentrat ion in 
LPE-grown Gal-zAlzAs with the A1 concentrat ion in 
the Ga-rich growth solution, as a funct ion of growth 
temperature.  Although these data were in moderately 
good agreement  with the calculated isotherms, devia- 
tions as high as 30% in the solid composition were 
found for solution compositions in the 0.003-0.006 atom 
fraction A1 range for growth temperatures  between 
800 ~ and 950~ The purpose of this note is to present  
exper imental  data on the variat ion of the solid 
Gal-zAl~As composition with tempera ture  dur ing LPE 
growth runs. 

The LPE growth apparatus and the technique for 
determining the relationship between layer thickness 
and instantaneous growth tempera ture  have been 
described previously (5). Briefly, after the ini t ia l  
contact between a Ga-A1-As solution and a GaAs sub-  
strate was established, at each of two lower tempera-  
tures the solution was pushed off 1/4 of the substrate, 
te rminat ing  growth on that  part, so that a three-step 
growth profile was obtained. The temperature  interval  
between successive pushes ranged from 20~176 

Key words: solution growth, ternary systems, phase diagrams, 
I I I - IV alloys, LED, 

Each grown layer was analyzed by slicing the wafer 
parallel  to the push direction, lapping, polishing, and 
finally staining with 8 K~Fe (CN)6 :12  KOH: 100 H20 
by weight to reveal the subst ra te- layer  interface. The 
thicknesses of the growth steps were measured from 
photomicrographs and by using the "push" tempera-  
tures a correlation between thickness and temperature  
was established. 

The alloy composition was determined by electron- 
microprobe analysis. Measurements were made along 
the direction of growth in 2-20 am steps. The error 
in these measurements  was estimated to be ___2%. The 
var iat ion of the solid Gal-xAlxAs composition with 
the grown layer thickness was converted to a variat ion 
with temperature  by using the correlation between 
thickness and tempera ture  established for the same 
layer earlier. The data for 8 runs  are shown in Fig. 1. 
For comparison, curves calculated by Ilegems and 
Pearson (1) are also included. The growth parameters  
of the individual  runs are given in  Table I. 

The values of the ini t ial  AlAs concentrat ion in the 
LPE-grown solid next  to the GaAs substrate, given 
in Table I, are in good agreement  with previous experi-  
menta l  observations (4) except for run  4, which has 
a value slightly higher than expected. 

The exper imental ly  determined variations of the 
solid composition with instantaneous growth tempera-  
ture  plotted in Fig. 1 are in very good agreement  wi th  
the corresponding calculations of Ilegems and Pear-  
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Table I. Initial composition for growth of Gal-zAIzAs 

5 

t 4 

_z 

w 

w 

Init ial  
A t o m  A t o m  m o l e  

per  cent  per  cent  per cent  
Run Tsaturatlon AS (in A1 ( in  A l A s  
No.  (~  so lu t ion )  so lu t ion )  ( in  solid) 

1 909 4.90 0.25 20.0 
2 900 4.46 0,29 23.9 
S 899 4.44 0.29 24.8 
4 892 3.51 0.45 39.0 
5 873 2.61 0.50 45.8 
6 812 1.32 0.34 42.6 
'/ 847 1.51 0.55 51.3 
8 880  2.23 0.91 57.6 
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Fig. 1. The measured temperature variation of the solid 
Gal-xAIxAs composition during growth from a Ga-AI-As solution 
(solid lines). The numbers correspond to the run numbers in Table 
I. The dashed lines are curves calculated by Ilegems and Pearson (!). 

son (1). Therefore, al though the solid-l iquid equil ib-  
r ium concentrat ions calculated by Ilegems and Pear-  
son (1) for specific temperatures  deviate somewhat 
from exper imental  observations (3, 4), once an ini t ia l  
composition of the solid is determined, the variat ion of 
the solid's composition with temperature  dur ing  a 
growth run  can be predicted rel iably by using the 
calculations of Ilegems and Pearson (1). 

A ny  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1973 JOURNAL. 
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Calculation of the Solubility and Solid-Gas Distribution 
Coefficient of N in GaP 

G. B. Stringfellow 
Hewlett-Packard Company, Palo Alto, Calilornia 94304 

Several investigators have found that the presence 
of N in GaP increases the efficiency of green electro- 
luminescent  diodes (1-4). Logan et al. (4) found that 
N could be incorporated into GaP dur ing l iquid-phase 
epitaxial (LPE) growth at 1000~176 by using a 
mix ture  of NHs and H2 at atmospheric pressure as the 
N source. The following is a list of phenomena observed 
by Logan eta l .  (4), Lorimer and Dawson (5), and 
Thurmond  and Logan (6) : (i) The N concentrat ion in 
GaP increased l inearly with NHs part ial  pressure 
(PNH3) up to a concentrat ion 1 of .~2.5 • cm -~ at  
PNH3 : 10 -2 atm; (ii) The efficiency of LED's fabr i -  
cated in this mater ial  increased monotonical ly with 
PNH3 below 10-3 atm; (iii) With PNH3 ~ 10 -3 atm the 
crystal growth became disturbed and the efficiency of 
LED's began to decrease with increasing NH~ part ial  
pressure; (iv) Lorimer and Dawson found that  at 
1000~ increasing PNH3 above 10 -3 atm produced no 
increase in the N content  of the GaP and caused GaN 
precipitat ion in the liquid. 

K e y  w o r d s :  G a P - G a N  s y s t e m ,  t h e r m o d y n a m i c s ,  p h a s e  d i a g r a m s ,  
s o l u t i o n  t h e o r y ,  so l idus  ca l cu l a t i on .  

1 T h e  N c o n c e n t r a t i o n s  r e p o r t e d  b y  L o g a n  et  al.  (4) w e r e  ob-  
ta ined f r o m  m e a s u r e d  op t i ca l  a b s o r p t i o n  coe f f i c i en t s  b y  u s i n g  a 
p r o p o r t i o n a l i t y  c o n s t a n t  w h i c h  L i g h t o w l e r s  (7) f o u n d  to b e  too  
h i g h  b y  a f a c t o r  o f  f ou r .  T h e r e f o r e ,  t h e i r  r e p o r t e d  c o n c e n t r a t i o n s  
h a v e  b e e n  d i v i d e d  b y  f o u r  b e f o r e  b e i n g  u s e d  in  th i s  p a p e r .  

From this informat ion it is clear that the solid 
solubili ty of N in GaP and the solid-gas distr ibution 
coefficient, defined as the ratio of the GaN content in 
GaP to PNH3, are impor tant  parameters  in de termining 
the crystal-growth conditions for GaP:N to be used 
for the fabrication of green LED's. The purpose of the 
present paper is to calculate the tempera ture  depen- 
dence of these parameters  by using the Phi l l ips-Van 
Vechten model (8, 9) for the sol id-pseudobinary alloy 
GaPl-xNx. 

The reaction for incorporation of N dur ing  LPE 
growth of GaP may be wr i t ten  

NHs(g) + Ga(1) : GaN(s)  -J- 3/2 H2(g) [1] 

The s tandard Gibbs free energy of reaction is given by 

$/2 

AGo = - - R T l n  [ aGaz(sl (an2(g)) ] [2] 
aNH3 (g) aGa (1) 

where ai (j) is the activity of component i in phase j. 
AG ~ may be obtained by considering the reaction to 
be the sum of two reactions 

~THs(g) : 3 /2H2(g)  -~ t /2N2(g) ;aG~ [3] 
and 
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�9 A ~ l / 2 N 2 ( g )  + G a ( 1 )  : G a N ( s ) ,  G 2  [4] 

Both AG~ and •176 have been determined as 
functions of t empera tu re  and thus ~G ~ = ~G~ W ~G~ 
can be evaluated.  

Two approximations can be made to simplify the 
calculation: (i) At tempera tures  below l l00~ Xoa (I) 
--- 1, thus aGa 1 ,~ 1; (ii) For the conditions of interest  
PNH3 < <  PH2,  giving a l l 2  ~- 1 and aNH3 ~ PNH3.  

The only other  parameter  needed to calculate the 
solid-gas distr ibution coefficient from Eq. [2] is 
aGaN (s) which is equal  to XYGaN, where  x is the mole 
fraction of GaN and ~GaN is the act ivi ty  coefficient of 
GaN in the solid. The act ivi ty coefficient may be 
wr i t ten  

7GaN -- exp (GOaNXS/RT) [5] 

where GGaN zs is the partial molar excess free energy 
of GaN in GaP. The excess free energy of the solid 
solution is 

G zs -" AH M -- TAS M'xs [6] 

where AH M is the enthalpy of mixing and AS M,zs is the 
excess entropy of mixing. For the GaP-GaN system 
where the solubility limit of GaN in GaP is small, 
indicating a very large positive AH M, AH M >> T• M,xs 

and 
- -  0 (No AH M) { 
GGaN xs --~ 

0 NGaN NGaN = 0 
[7] 

= 'dAHM x 
dx : 0 

which is the part ial  molar  enthalpy of mixing at 
infinite dilution, denoted H*OaN. No in Eq. [7] is the 
total moles of GaP and GaN. From Eq. [5] and [7], 
aGaN (s) : X e x p  ( ~ * G a N / R T ) .  

Substi tut ing the values of ~G ~ and the 4 activities 
into Eq. [2] gives the fol lowing expression for the 
solid-gas distr ibution coefficient 

x/PNH3 -- exp [-- (AG~ + ~G~ -5 -H* GaN) /RT] [8] 

The procedure for the calculat ion of H*GaN is a modi-  
fication of a method developed in detail previously  
(11). It  consists of using the Phi l l ips-Van Vechten 
model  (8, 9) to calculate AH~ the standard enthalpy 
of formation of the alloy, as a function of alloy com- 
position. This is used to determine  the dependence of 
AH on x, f rom which ~*GaN may be obtained. 

The Phi l l ips-Van Vechten expression for the en-  
thalpy of format ion of the pure compounds and their  
pseudobinary alloys is 

A H ~  : A H o a o  - 3 . f i P  [ 9 ]  

where  AHo is a scaling parameter  equal  to 1.24 X 104 
AS-kcal/mole,  and ao and ]i are the lattice parameter  
and fraction of ionic character, both of which are 
taken as l inear in composition. P is the dehybridizat ion 
factor, which is related to the direct valence to-con-  
duct ion-bandgaps Eo, El, and E2 by the expression 

P ---- 1 -- [0.432 E2/(Eo -5 E1)] 2 [10] 

For  the GaPl -xNx alloys the variat ion of each energy 
gap with composition is assumed to be parabolic 

E j  : EGaP, j  (1  - -  X)  -5  EGaN,jX - -  C j X ( 1  - - X )  [ 1 1 ]  
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Fig. 1. Nitrogen concentration in GaP vs. PNH 3 at various tem- 
peratures. The experimental paints are based on the data of Logan 
et al. (4) at 1090~ ( O )  and 1040~ ( •  The solid lines were 
calculated as described in the text. 

with j = 0, 1, 2. The values of Eo, El, and E~ have  been 
measured for GaP (12, 8). GaN has the wurtz i te  
lattice, but the bandgaps as wel l  as ao can be calculated 
for a hypothet ical  zincblende GaN as explained in 
(8, 13). The bowing parameter ,  cj, m a y  also be 
calculated as described in (13). It is the sum of two 
components 

Cj - -  Ci,j "~- Ce [12] 

where  Clj is the intrinsic component  due to the non- 
l inear dependence of Ej on crystal  potential, which is 
l inear  in x, and Ce is the extr insic component  due to 
the e lect ronegat iv i ty  difference be tween N and P (13) 

Ca "-- ( C N P )  2 : [1.5e Z ( 1 / r N -  1 / ? ' p ) e - - k s R ]  2 [13] 

Due to the large difference in the radii  of N and P, 
Ce : 21.9 eV. 

The compositional dependence of AH M can now be 
calculated by using the relat ion 

AH M : (1 - -  x) AH~ GaP -~- xAH~ -- AH~ [14] 

where  AH~ AH~ and ~H~ for the alloy are 
calculated using Eq. [9-11] and the parameters  listed 
in Table I. 2 From the calculated ~ H  M vs. X, H*GaN w a s  
determined  f rom Eq. [7] to be 23 kcal /mole .  

The concentrat ion of N in GaP vs.  PNH3 at various 
tempera tures  can now be calculated with no adjust-  
able parameters  by using Eq. [8]. The results, which 
are plot ted as solid lines in Fig. 1, are in excel lent  
agreement  wi th  exper imenta l  points at 1090 ~ and 
1040~ based on the data of Logan et al. (4). It should 

a The va lue  of AH~ G a N  ca lcu la ted  us ing  the  Ph i l l ips -Van  Vech-  
ten  mode l  is 52 kea l /mole .  This  is m u c h  h ighe r  t h a n  the  exper i -  
m e n t a l  va lue  of 26.4 keal/mole (6) because  of  the  s trong N - N  
tr ip le  bond  in  the  gas  phase ,  w h i c h  t ends  to m a k e  the  G a N  less 
stable  re la t ive  to Ga l iquid plus  Ns gas.  Since we  a re  concerned 
only  w i th  bond ing  in the  solid, this  d i screpancy  has no  effect  on  
our  calculation.  

Table I. Parameters used in the calculation of H*Ga~r 

Compound $1 a= (A) Eo (eV) E1 (eV} ~2 (eV) c i , o  (eV) C~,1 (eV) el,= (eV) 

G a P  {).330 5.45 2.97 3.73 5.27 
G a N  0.500 4.49 2.95(=) 6.16(=) 10.38(=) 
G a N - G a P  -- 1.6 -- 0.6 0.7 

<=) Ca lcu la ted  b y  the  p r o c e d u r e  descr ibed  in  Ref. (8) us ing  Day. As discussed in footnote  2 of th is  paper ,  Day gives be t t e r  a g r e e m e n t  wi th  
expe r imen t  t h a n  the  ref ined va lue  of D. Thus  the  values  do no t  agree  w i th  those quoted  in Table  VII of Ref. (18). 
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Fig. 2. Solid solubility of N in GaP vs. T. The solid line was cal- 
culated as described in the text. The data are taken from Logan 
et al. (4) (: I :) and Lorimer and Dawson (.5, 6) ( ~ ) .  

be ment ioned that a comparison of their results with 
our calculated results assumes their NHa pressures to 
be equi l ibr ium pressures, which would be the case if 
the NH3 did not decompose. Thurmond and Logan (6) 
report negligible decomposition if the NH3 contacts 
only clean fused SiO~ and graphite while it is at high 
temperatures.  However, they found that devitrified 
SiO2 furnace tubes catalyzed the decomposition of NH~. 
In that case the NHa pressure required to produce a 
given N concentrat ion in the solid would be larger. 

Also included in Fig. 1 is the solubility limit of N 
in GaP, which makes the N concentrat ion independent  
of PNH3 above a given pressure at each temperature.  
At the solubili ty limit, N-saturated GaP is in equil ib-  
r ium with P-sa tura ted  GaN. The solubili ty l imit was 
calculated by equat ing the chemical potential  of GaN 

December 1972 

in the two solid phases 

~ G a N  ( I )  - -  # G a N  ( I I )  [15] 

where the superscripts I and II represent  the GaP-  
and GaN-rich solid phases respectively. Since the 
s tandard state is the same for both phases and ~ = 
no + RT In a 

X~Ga~r = aGaN (n) ~ 1 [16] 

assuming that the GaN-r ich phase is near ly  pure GaN. 
Thus the temperature  dependence of the solid solubili ty 
of GaN in GaP may be wri t ten  

x = e x p  ( - - H * G a N / R T )  [17] 

Figure 2 is a plot of calculated N solubil i ty vs. T. It 
includes estimates of the solid solubil i ty at t000~ 
based on the data of Logan et al. (4) and Lorimer and 
Dawson (5, 6), which are in  excellent agreement  with 
the calculated curve. 

The results of the calculations are useful for deter-  
min ing  the conditions under  which N can be incor-  
porated into GaP crystals dur ing LPE growth. In the  
experiments  of Logan et al., the efficiency of light 
emit t ing diodes increased with increasing N concen- 
t rat ion up to the solubil i ty limit. Since the calculations 
indicate that  the solubil i ty of N increases significantly 
with increasing temperature,  they suggest that diodes 
with higher efficiencies might  be obtained by LPE 
growth at temperatures  above ll00~ 

Manuscript  submit ted March 3, 1972 revised manu-  
script received June  19, 1972. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in  the June  1973 J O ~ N A L .  
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Brie  Co mun ca : on 

Preparation of X-Ray Sensitive Monoclinic BaYb2Fs:Er 
Upconversion Phosphor 

Lyuji Ozawa* 
Zenith Radio Corporation, Chicago, Illinois 60639 

It  has been recently reported (1) that  the upconver-  
sion efficiency for infrared to green light of monoclinic 
BaYb2Fs:Er markedly  changes upon x - ray  i rradiat ion 
and that  no x - r ay  sensit ivity is found with other effi- 
cient upconversion phosphors. A screen of BaYb2Fs:Er 
has a possibility of being used as the screen of an in-  
version viewer of negative film and as the screen for 
nondestruct ive inspection by x-ray.  

This brief communicat ion describes the preparat ion 
of this x - r ay  sensitive monoclinc BaYb2Fs:Er upcon-  
version phosphor. It  was found that the x - r ay  sensit iv- 
i ty  only occurred when the monoclinic BaYb2Fs:Er 
was prepared with BaC12 flux (which was coprecipi- 
tated with BaF2 from BaC12 solution).  

The phase diagram of the Ba-Yb fluorides is given 
by  Zhigarnovskii  and Ippolitov (2) who characterized 
monoclinic BaYb2Fs. The samples prepared were ex-  
amined by x - r ay  diffraction analysis to make sure the 
crystal forms. Our exper imental  results, however, in-  
dicated that  the firing of the proper mix ture  of BaF2 
and YbF3 at 950~ in ni trogen atmosphere always re-  
sulted in a mixture  of crystals, p redominant ly  of cubic 
phase. The same results (mainly  cubic crystals) were 
obtained even after firing was repeated several times 
with hard grinding between the refirings. However, an 
addition of 20-30 weight per cent (w/o)  BaC12 to the 
BaF2 resulted in monoclinic BaYb2Fs crystal. 

Alternat ively,  the BaF2, which was precipitated from 
BaC12 solution with an addition of HF solution, usu-  
ally contained about 30 w/o BaC12 by chemical deter-  
mination.  This coprecipitated BaF2 and BaC12 mixture  
was preferable in making the x - ray  sensitive mono-  
clinic BaYb.~F~:Er upconversion phosphor. 

The most efficient and x - ray  sensitive upconversion 
phosphor was obtained a.s follows: the mixture  of BaF2 
precipitated from BaC12 solution and of (Yb,Er)F3, 
mixing  ratio one-to-one,  was fired at 950~ for 2 hr in 
an oxygen-free ni t rogen atmosphere. The fired sample 
was washed with deionized water to remove the excess 
BaC12. The sample was dried at 105~ and then the 
x - r ay  sensitive monoclinic BaYb2Fs:Er upconversion 
phosphor was obtained. Chemical determinat ion indi-  
cated that  the amount  of chlorine in the BaYb2Fs:Er 
washed was less than 1 w/o. The upconversion effi- 
ciency of monoclinic phosphor obtained was compar-  
able to that  of cubic Ba(Y,Yb,Er)Fs phosphor which 
had been reported as ten times more efficient than the 

* Electrochemical  Soc ie ty  Act ive  Member ,  
K e y  words:  upconvers ion  phosphor,  x - r a y  sensitive, BaYb~Fs:Er. 
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Fig. i .  Luminescent spectrum in green color region of monoclinic 
BaYb2Fs:Er phosphor under infrared excitation. 

monoclinic phosphor (3). Monoclinic BaYb-2Fs:Er up-  
conversion phosphor was also prepared with other 
chloride fluxes (such as NH4C1), but  the phosphor was 
not sensitive to x - r ay  i rradiat ion and did not have high 
efficiency. 

The luminescent  spectrum in the green color region 
of monoclinic BaYb2Fs: Er phosphor under  the infrared 
excitation is shown in  Fig. 1. All of the luminescent  
lines indicated in the figure were identified as t rans i -  
tions from ~$3/2 to 4Ils/~. 

Manuscript  submit ted June  16, 1972; revised manu-  
script received Aug. 4, 1972. 

Any discussion of this paper wilI appear in Discus- 
sion Section to be published in the June  1973 JOURNAL. 
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Preparation of Beta-Rhombohedral Boron Whiskers 
I. Ahmad and W. J. Heffernan (pp. 1670-1675, Vol. 118, No. 10) 

K. Ploog: 1 The purpose of this note is to indicate, 
that  it is impossible to prepare whiskers of tetragonal  
boron, B4sB2, in a pure form, because this cited boron 
modification investigated by Hoard et al. 2 is not a t rue 
polymorph of pure e lementary boron. 

In  our investigations we found~ that the I I - te t ra -  
gonal boron, B192, (a = 10.12A, c = 14.14A, d = 2.36 
g/ml,  space group: P4122, s t ructure as yet unknown)  
is the only boron modification formed by the reduc-  
t ion of BBr~ and BCI~ with hydrogen at 950~176 
on an iner t  substrate. On the other hand we have now 
developed a new method to produce the tetragonal  
lattice of BdsB2 in a reproducible manner  by prepar ing 
a tetragonal  boron carbide of composition BdsB2C2 and 
a tetragonal  boron ni tr ide of composition B~sB2N2) In  
these tetragonal  B-C and B-N phases (space group: 
Pd~/nnm) the unstable  lattice BdsB2 is stabilized by 
C- resp. N-atoms, which occupy holes in the tetragonal  
icosahedral framework. 

The authors report  that especially on graphite leads 
whiskers of tetragonal  boron, BdsBi, are formed. I 
suggest that  the formation of this boron "modification" 
in the reported experiments is induced in the following 
way: the deposited boron picks up some carbon from 
the substrate and reacts on the surface, resul t ing in 
the nucleat ion and growth of whiskers, which actually 
are tetragonal  boron carbide and not pure tetragonal  
boron. A decision between BdsB2 and BdsBiC2 only by 
x - r ay  diffraction methods is difficult, but  it is easily 
accomplished by determining the density of the mate-  
rial  and by  analyzing the carbon content. 

Activity Coefficients for a Regular Multicomponent 
Solution 

A. S. Jordan (pp. 123-124, Vol. 119, No. 1) 

K. Y o s h i d a  5 and  IE. W. Dewing:6 Jordan has given the 
activity coefficient for a regular  mul t icomponent  solu- 
t ion in the form 

RTlnTi= ~ aijxjs-5~ ~Xk:rj(aij-saik--akj) 
J = l  k = l  J = l  

[i]  

(his Eq. [8] ). This is inconvenient  since the coefficients 
~ij and aik in  the second summat ion also appear as alj 
in the first. Par t  of the second sum can be replaced by 

~ XkXj(aij-5 aik) -~ ~ Xjc~ij ~ xk [2] 
k = l  j = l  ~=1 k = l  

K ,  P l o o g ,  M i n e r a l o g i s c h e s  I n s t i t u t  d e r  Un ive r s i t f i t ,  Ab t .  f .  K r i s -  
t a l l s t r u k t u r l e h r e  u n d  N e u t r o n e n b e u g u n g ,  D 53 B o n n ,  P o p p e l s d o r f e r  
Schloss ( B R D ) .  

J .  L.  H o a r d .  R.  E. H u g h e s ,  a n d  D.  E. S a n d s ,  J. Am. Chem. Soe., 
80, 4507 (1958). 

a E. A m b e r g e r  a n d  K .  P loog ,  J. Less-Common Metals, ~3, 21 
(1971). 

K.  P loog ,  H.  Schrn id t ,  E. A m b e r g e r ,  K .  H.  K o s s o b u t z k i ,  a n d  G.  
Will ,  ibid., 29, 161 ~1972). 

N i p p o n  L i g h t  M e t a l  R e s e a r c h  L a b o r a t o r y  Ltd . ,  K a m b a r a ,  S h i -  
z u o k a ,  J a p a n ,  

A l c a n  R e s e a r c h  L a b o r a t o r y ,  A r v i d a ,  Que . ,  Canada. 

since 
m 

k = l  .~=1 k = l  j = l  
k <i,i~k,i~i k > i,i~kj~k 

by interchanging j and k. 
Combining Eq. [2] with [1] yields 

R T l n T i = ~  ~ i j x j ( 1 - - x i ) - -  ~ ~ ~kjXkXj 
j = l  k = l  j = l  

[4] 

since 

xk + xj -- 1 -- xi [5] 
k=l 

Each coefficient now only appears once. For  m ---- 4 
and i = 1, for example 

R T  In ~1 = al2X2 (1 -- Xl) -5 a13x3 (1 -- Xl) 
+ aldXd(1 -- Xl) -- a23x2x3 -- ~24X2X4 -- a34x3x4 [6] 

and it can readily be verified by inspection of Jordan 's  
Eq. [9] that the two are identical. 

Equat ion [6] is inheren t ly  suitable for finding the 
coefficients a by l inear  regression analysis, whereas 
Jordan 's  equation is not. Furthermore,  if exper imental  
values are available for the activity coefficients of 
several components they can all be treated s imul tane-  
ously in the same analysis. 

A. S. J(~rdan: Yoshida and Dewing present  the deri- 
vat ion of an al ternat ive form to Eq. [8] (their Eq. [1]) 
of my paper concerned with the activity coefficients for 
a regular  mul t icomponent  solution. A careful reading 
of the paper under  discussion reveals that  the final re-  
sult of Yoshida and Dewing (their Eq. [4]) was im-  
plicit ly stated in the original work. To show this, I 
quote the following section from the paper 

1 
R T  in  'Yi "-- eXijXj - -  - -  a k j S f k X j  [ 6 ]  j=l 2 k=l j=l 

By separating the quadratic terms present in Eq. 
[6], a more convenient expression for In 71 can be 
derived. Let us exclude the terms from the double 
sum in Eq. [6] for which k : i and j ---- i and absorb 

the resulting single sum 

1 ~ i j x i x j  - -  a k i X k X l  "-- - -  a i j X i X J  
2 ~=1 = 5---1 

in the single sum in  Eq. [6]. 
For the sake of brevity, this indicated substi tut ion 
leading to my Eq. [7] was not explicitly given in the 
printed text, but  the operation yields 

1 
RT In 7i = ~ijxj (i -- xi) -- -~- k = I j= 1 aklXkXj j=l 

i = j k ~ j.c#k,~# J 
[6.5] 

which is identical with Eq. [4] of Yoshida and Dewing 
apart  from a notat ional  difference (1/2 of the double 
sum and k ~ j being equivalent  to the whole sum and 
k < j ) .  It  should also be noted that  the derivat ion of 
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Yoshida and Dewing's  Eq. [4] f rom m y  Eq. [8] is a 
reversa l  of m y  procedure  to obta in  Eq. [8] f rom Eq. 
[6.5]. 

My aim in present ing  Eq. [8] ins tead of Eq. [6, 5] as 
the  final resul t  is to some extent  a ma t t e r  of esthetic 
preference.  Certainly,  the  quadra t ic  (in composit ion) 
represen ta t ion  expl ic i t  in Eq. [8] is ve ry  much in ac-  
cord wi th  the  prev ious ly  publ i shed  forms of ac t iv i ty  
coefficients for r egu la r  b i n a r y  and t e r n a r y  solutions. 

Moreover,  a r ap id  s t r a igh t fo rward  genera t ion  of ac t iv -  
i ty  coefficients for  a r egu la r  solut ion of any  number  of 
components  can be real ized from m y  Eq. [8]. 

However ,  I agree wi th  Yoshida and Dewing that  
grouping te rms wi th  the  same ~ij'.s is the prac t ica l  way  
to t rea t  p rob lems  by  l inear  regression analysis.  Never -  
theless, to obta in  for a qua te rna ry  solut ion the i r  Eq. 
[6] f rom m y  Eq. [9] which is given in a quadra t ic  
form requires  only  e l e me n ta ry  a lgebra ic  manipulat ions .  
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